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ABSTRACT 

 

 

Hyperpolarized noble gas MRI using 3He and 129Xe has allowed void space 

imaging of the lungs for several years. Hyperpolarized 83Kr MRI has also been 

shown to provide an MRI contrast sensitive to the surface-to-volume ratio and 

chemistry of synthetic porous systems. Ex vivo animal models of pulmonary 

diseases and in vitro experiments were used in this thesis to examine three 

methodological advances allowing for the measurement of pulmonary 

physiological parameters using 129Xe and 83Kr. 

The 83Kr quadrupolar property was explored in a rat model of pulmonary 

surface-to-volume ratio degradation, i.e. emphysema. The surface quadrupolar 

relaxation (SQUARE) of the noble gas provided maps of the longitudinal 

relaxation in control and emphysematous rat lungs. The relaxation observations 

were regionally correlated to the histological measurements of the alveolar 

degradation. 

The 129Xe solubility in the lungs, blood, and more generally liquids, was the 

basis for the design of a new biosensor composed of a cryptophane cage 

tethered to a paramagnetic agent. The depolarization of the 129Xe atoms 

encapsulated by the cryptophane, followed by chemical exchange with the 

surrounding medium was investigated in vitro. This model biosensor will lead 

to a future switchable biosensor that will be deactivated by the enzymatic 

cleavage of the encapsulating cage and the paramagnetic agent. 

Finally, the 129Xe solubility was further utilised to study the gas transfer 

through ex vivo rat lungs after blood replacement by a perfluorocarbon 

emulsion. The large chemical shift separating the 129Xe peaks for the gas 

phase, the tissue and the perfluorocarbon emulsion, allowed for a selective 

excitation of each phase and the independent observation of their signal build-

up after inhalation. This mechanism will be used as a biomarker for gas 

transfer impairment in animal models of pulmonary fibrosis. 

  



 ii  

 

ACKNOWLEDGEMENTS 

 

I would like to acknowledge all of the people who have helped me during the 

course of the work contained in this thesis. Firstly, I would like to thank my 

supervisors Thomas Meersmann and Galina Pavlovskaya for their everyday 

guidance and numerous pieces of advice during the past three years and half. 

 

I would like to acknowledge the team I have worked with, and particularly my 

two first laboratory colleagues Joseph Six and David Lilburn without whom I 

would not know how to hyperpolarize, how to dissect rat lungs, how to work in 

this laboratory and how to multitask. I doubt I will ever forget the long nights 

working with them in the laboratory. I also want to thank Nicola Rogers for the 

real support and inspiration she gave me from the time she joined the group in 

my second year, after both Joe and David had left. These three people deserve 

my gratitude for preparing me for my research projects and for their friendship. 

I also want to thank Fraser Hill-Casey for his friendly assistance in the 

laboratory every day of the week and Zahra Rahemtulla for making my life 

easier with an automated recompression unit. I would also like to thank Alan 

Dorkes who fixed all of my broken equipment, and improved all of the designs 

I brought him. 

 

I am also very thankful to the valuable friends I have met at the MRI centre 

from the moment I arrived. A lot of support also came from the friends who 

didnôt know anything about MRI, my first year hall friends, and my colleague 

tutors. All of these people opened my mind to new horizons and helped me 

through this unforgettable experience. 

 

Finally, I would like to thank my family and friends who encouraged me from 

Bordeaux and Paris. 

 

Merci infiniment ! 



 iii  

TABLE OF CONTENTS 

 

Abstract ........................................................................................................... i 

Acknowledgements......................................................................................... ii  

Table of Contents .......................................................................................... iii  

Chapter 1 Introduction ................................................................................... 1 
1.1. Motivation  ......................................................................................................... 1 
1.2. Imaging lung disease ........................................................................................ 1 
1.3. Small animal study of pulmonary pathology ................................................. 3 
1.4. Thesis overview ................................................................................................. 3 
1.5. References ......................................................................................................... 4 

Chapter 2 Introduction to magnetic nuclear resonance and noble gas 
hyperpolarization ............................................................................................ 7 

2.1. Purpose of the chapter ..................................................................................... 7 
2.2. Basics of Nuclear Magnetic Resonance (NMR) ............................................. 7 

2.2.1. Nuclear spin properties ...................................................................................... 7 
2.2.2. Polarization at thermal equilibrium ................................................................. 11 
2.2.3. Excitation and detection of the NMR signal ................................................... 12 

2.3. Hyperpolarization through spin exchange optical pumping (SEOP) ........ 14 
2.3.1. Optical pumping of the alkali metal ................................................................ 16 
2.3.2. Spin exchange to the noble gas ....................................................................... 17 
2.3.3. Parameters involved in the polarization efficiency ......................................... 18 

2.4. Relaxation mechanisms .................................................................................. 19 
2.4.1. Transverse relaxation ...................................................................................... 20 
2.4.2. Longitudinal relaxation ................................................................................... 21 

2.6. Magnetic Resonance Imaging (MRI) methods using hyperpolarized 

systems .................................................................................................................... 24 
2.6.1. Spatial encoding using magnetic field gradients ............................................. 24 
2.6.2. Gradient-echo imaging .................................................................................... 27 
2.6.3. Variable flip angle (VFA) fast low angle shot (FLASH) imaging sequence ... 28 

2.7. Hyperpolarized noble gases MRI of rodentsô lungs .................................... 29 
2.7.1. Hyperpolarized 129Xe MRI .............................................................................. 30 
2.7.2. Hyperpolarized 83Kr MRI ................................................................................ 37 

2.8. Ex vivo rat lung protocol ................................................................................ 39 
2.7. References ....................................................................................................... 44 

Chapter 3 Hyperpolarized 83Kr magnetic resonance imaging of alveolar 
degradation in a rat model of emphysema .................................................... 53 

3.1. Introduction .................................................................................................... 54 
3.2. Material and methods .................................................................................... 56 

3.2.1 Motivation ........................................................................................................ 56 
3.2.2. Elastase-induced pulmonary emphysema in rats: induction and preparation for 

ex vivo MRI ............................................................................................................... 57 
3.2.3. Alveolar cross-section measurements ............................................................. 58 
3.2.4. Hyperpolarization, gas recompression, transfer and hp gas inhalation ........... 60 
3.2.5. MRI protocol ................................................................................................... 60 
3.2.6. Image reconstruction and analysis ................................................................... 61 

3.3. Results and discussion .................................................................................... 63 



 iv 

3.3.1. SQUARE contrast in the control and emphysema groups ............................... 63 
3.3.2. T1 maps and histograms comparison ............................................................... 65 
3.3.3. 83Kr T1 relaxation as a biomarker of the alveolar dimensions ......................... 71 

3.4. Conclusions ..................................................................................................... 79 
3.5. References ....................................................................................................... 83 

Chapter 4 Hp 129Xe Chemical Exchange Relaxation Transfer of Cryptophane-
GdDOTA biosensors ..................................................................................... 90 

4.1. Introduction .................................................................................................... 91 
4.2. Motivation ....................................................................................................... 92 
4.3. Material and methods .................................................................................... 93 

4.3.1. Synthesis of the molecule ................................................................................ 93 
4.3.2. Experimental design ........................................................................................ 95 
4.3.3. NMR protocol for longitudinal relaxation measurements ............................... 97 
4.3.4. HPLC ............................................................................................................. 100 

4.4. Results and discussion .................................................................................. 101 
4.4.1. T1 characterization of the compound and its derivatives ............................... 103 

4.5. Conclusions ................................................................................................... 110 
4.6. References ..................................................................................................... 112 

Chapter 5 Fluorinated synthetic blood as a contrast agent for 129Xe NMR of ex 
vivo rat lungs .............................................................................................. 115 

5.1. Introduction .................................................................................................. 116 
5.2. Motivation ..................................................................................................... 117 
5.3. Material and methods .................................................................................. 118 

5.3.1. Ex vivo rat lung MRI protocol ....................................................................... 118 
5.3.2. Animal model of pulmonary fibrosis: the bleomycin rat model .................... 119 
5.3.3. Perfluorocarbon emulsion as synthetic blood and 129Xe carrier .................... 120 
5.3.4. 129Xe lung MRI protocol ............................................................................... 121 
5.3.5. 129Xe NMR protocol ...................................................................................... 121 
5.3.6. 129Xe Chemical Shift Saturation Recovery (CSSR) ...................................... 123 
5.3.7. 83Kr longitudinal relaxation measurement ..................................................... 124 
5.3.8. Data analysis ................................................................................................. 124 

5.4. Results and discussion .................................................................................. 124 
5.4.1. Preliminary 129Xe MRI and NMR of ex vivo fibrotic lungs .......................... 124 
5.4.2. 83Kr NMR of ex vivo fibrotic lungs ............................................................... 130 
5.4.3. In vitro 129Xe NMR of synthetic blood .......................................................... 131 
5.4.4. 129Xe NMR of synthetic blood in excised rat lungs ....................................... 133 

5.5. Conclusions ................................................................................................... 145 
5.6. References ..................................................................................................... 147 

Chapter 6 Conclusions and future outlook ................................................. 152 
References ............................................................................................................ 155 

Appendices  ............................................................................................... 157 
Appendix 1: Birdcage coil construction for 129Xe excitation and detection in the 

University of Nottingham preclinical MRI facilities  ........................................ 157 
A1.1. Rung capacitor value determination .............................................................. 158 
A1.2. Conductor thickness in the RF shield ............................................................ 159 
A1.3. 129Xe birdcage coil outline and manufacturing .............................................. 159 
A1.4. Testing, troubleshooting ................................................................................ 162 

Appendix 2: Hp 129Xe MRI of bleomycin-treated and control lungs using a 

Variable Flip Angle (VFA) FLASH pulse sequence ......................................... 163 
References ............................................................................................................ 166 



 1 

CHAPTER 1 

INTRODUCTION 

 

1.1. Motivation  

The decrease of the number of infectious diseases and their virulence led to a 

shift of the worldwide main causes of death to chronic conditions such as 

pulmonary or heart diseases. Moreover, the environmental changes and the 

increase of tobacco exposure in the population induced a dramatic increase in 

chronic pulmonary diseases (COPD), which include number of non-reversible 

respiratory conditions (e.g. emphysema) with a slowly progressing decrease in 

lung function. The annual cost for taking care of the 3 million patients with 

COPD in the UK (although 2 million are undiagnosed) represents £36 million 

(1). According to the WHO, COPD is predicted to become the third leading 

cause of death in 2030 (2). Idiopathic pulmonary fibrosis is another respiratory 

disease related to tobacco smoking. This chronic and progressive interstitial 

disease occurs in 4200 new patients each year in England (3). Chronic 

pulmonary diseases show variable symptoms and are often not diagnosed in the 

early stage of the disease. They often require the collaboration of numerous 

medical specialists, and necessitate X-rays and spirometry tests. 

Some early stage biomarkers would be beneficial for an earlier diagnosis of 

these pulmonary diseases and would allow for targeted treatments and a better 

management of the symptoms.  

1.2. Imaging lung disease  

The most commonly used clinical method to diagnose or longitudinally 

monitor lung disease is high-resolution computed tomography (HRCT). Even 

though this imaging technique provides excellent anatomical features, it also 

involves the use of ionising X-rays radiations. Lung function tests such as 

spirometry or plethysmography give a global evaluation of the lung volumes 

and the ability to exchange gas, without spatial resolution. But the anatomical 

and functional changes caused by pulmonary diseases are not homogeneous 

over the organ. 
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At the difference of CT, magnetic resonance imaging (MRI) is a non-invasive 

tool that can be used to investigate lung disease. However, the low proton 

density of the lung (4), and the short relaxation times caused by the air-tissue 

interface (5) are major drawbacks for the technique. Fast acquisitions have 

been developed to overcome the fast relaxation in the pulmonary tissue (6), but 

the low tissue density is the main feature of the organ that cannot be amended. 

MRI has however the advantage to be able to image different nuclei such as the 

noble gases 3He, 129Xe or 83Kr, enabling harmless imaging of the airspace after 

the inhalation of a noble gas. Recent developments in spin exchange optical 

pumping (SEOP) in the past three decades have allowed for a great increase of 

the hyperpolarized noble gas signal intensity, and therefore high-resolution 

ventilation imaging. Ventilation imaging gives a spatial resolution of the 

ventilation defects, whereas the spirometry test is only providing a global 

evaluation of the ventilation function. 

Different methods using hyperpolarized noble gases have been giving 

functional parameters. For example, the inhaled gas being subject to a 

restricted diffusion in the alveoli, the 3He apparent diffusion coefficient (ACD) 

can define the alveolar dimensions (7, 8). Changes in this diffusion can be used 

as a biomarker for the alveolar degradation caused by emphysema (8-10). 

Hyperpolarized 129Xe ADC was also demonstrated to be able to distinguish 

emphysematous lung to healthy lung (11). 

129Xe also presents the unique property to dissolve in the lung tissue after 

inhalation. The large 129Xe chemical shift when dissolved in the pulmonary 

tissue or the blood has been used as an advantage to study the lung gas 

exchange using MRI. 129Xe gas exchange through the lung barrier is used as a 

biomarker for parenchymal thickening caused by pulmonary fibrosis (12). 

Finally, hyperpolarized 83Kr MRI has been demonstrated to be an alternative 

biomarker for the alveolar destruction. Its nuclear electric quadrupole moment 

is a probe for surfaces. Such interactions are detected by measuring the 83Kr 

longitudinal relaxation (Ὕ) in the gas phase (13-15). 

Hyperpolarized noble gas imaging is a method allowing longitudinal 

pharmacological studies without an over-exposition to ionising radiations and 

providing functional biomarkers that cannot be obtained using HRCT. 
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1.3. Small ani mal study of pulmonary pathology  

Small animal models of human pulmonary diseases have been commonly used 

for both pharmacological development and imaging methodology 

development. Rodents are often used because of their fast breeding and their 

low cost. The use of small animals however requires the improvement of most 

techniques that were developed for humans. Various difficulties are 

encountered when using small animals for in vivo imaging experiments. 

Beyond the need of higher resolution, the main issue is the impossibility to 

make the animals breath-hold and stay still like a human subject would do. By 

a matter of fact, a ventilator and neuromuscular blocking agents are necessary 

to force the animal having a controlled behaviour similar to a human (16). 

Some other groups have developed free breathing hyperpolarized rodent lung 

imaging, involving increased motion artefact, the necessity for averaging and 

data post-processing (17). 

Ex vivo lung experimentation was used to study the pulmonary physiology (18-

20) but has also been utilised by our group as a tool for hyperpolarized lung 

imaging methodology development. Ex vivo lung imaging comports the 

advantage to avoid all of the in vivo numerous difficulties, whilst producing 

physiologically relevant measurements for new hyperpolarized noble gases 

imaging technique developments (15, 21, 22). 

1.4. Thesis overview  

Research outlined in this thesis has the objective to investigate potential 

pulmonary disease biomarkers using hyperpolarized gas NMR and MRI. The 

two noble gases 129Xe and 83Kr are hyperpolarized to probe ex vivo rat lungs, 

taking advantage of their unique characteristics to provide spatially resolved 

diseases biomarkers. These biomarkers provide information on the lung 

physiopathology such as the alveolar radius, the presence of an enzyme or a 

fibrotic thickening.  

Chapter 2 presents an overview of the interdisciplinary background of this 

thesis, from the concepts of magnetic resonance and hyperpolarized noble 

gases technologies, to the ex vivo rat lung experimentation. 

Chapter 3 demonstrates the promising hyperpolarized 83Kr MRI as a novel 

biomarker for the alveolar microstructure. The surface sensitive 83Kr relaxation 
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allows for the discrimination of diseased and healthy lungs in an ex vivo rat 

model of the COPD emphysema. 

Chapter 4 presents the first results obtained with a newly designed biosensor 

able to host hyperpolarized 129Xe in solution. The encapsulation of the 129Xe 

into a cryptophane A cage tethered to a paramagnetic group induces its fast 

relaxation. The biosensor relaxivity on the hyperpolarized 129Xe is investigated 

and an in vivo enzymatic biosensor is demonstrated. 

Chapter 5 examines the use of synthetic blood as a potential source of 129Xe 

MRI contrast for interstitial diseases. Two perfluorocarbon emulsions are used 

as a blood replacement in ex vivo rat lungs to evaluate the gas transfer through 

the lung parenchyma. 
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CHAPTER 2 

INTRODUCTION TO MAGNETIC NUCLEAR 

RESONANCE AND NOBLE GAS HYPERPOLARIZATION 

2.1. Purpose of the chapter  

This chapter aims to provide the reader with background knowledge in basic 

nuclear magnetic resonance techniques, and an introduction to noble gas 

hyperpolarization technique, used in all of the described research in this thesis. 

Most of this chapterôs material that is related to nuclear magnetism and 

resonance are taken and adapted from the textbooks published by A. Abragam 

(1), P. T. Callaghan (2), M. H. Levitt (3), and E. Mark Haacke (4). In addition 

to these four books, the theoretical parts associated to the hyperpolarization 

were supported by numerous relevant publications illustrating some 

applications using hyperpolarized noble gases for spectroscopy and imaging. 

Some more specific background about pulmonary diseases and animal models 

will be given in the next chapters of this thesis. 

2.2. Basics of Nuclear Magnetic Resonance (NMR)  

Nuclear Magnetic Resonance (NMR) is a physical phenomenon widely used in 

research and medical imaging applications. The NMR spectroscopy and 

imaging techniques are both based on the fact that nuclei placed in a magnetic 

field will interact with radiofrequency radiation. This interaction will cause a 

coherent precession of the nuclear spins that, in turn, will induce an electric 

signal in a surrounding receiving coil. 

2.2.1. Nuclear spin properties  

NMR and MRI are techniques using the properties of the atomic nuclei. The 

nuclei are composed of protons and neutrons that will determine the nuclear 

spin Ὅ. The spin is an intrinsic property of all of the subelements of the 

nucleons, namely the quarks. The angular momenta of all the nuclear quarks 

are added up, defining the nuclear spin angular momentum ά. The angular 

momentum is used to describe the direction of the spin polarization axis. 

Nuclei with an odd atomic number ὤ or an odd mass number will have an 
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integer of half integer nuclear spin value Ὅ π and will be considered NMR 

active. The nuclei used in this work and their properties are listed in Table 2.1. 

 

Isotope Spin Natural 

abundance 

(%) 

Gyromagnetic 

ratio 

ρπϳ  

(rad.s-1.T-1) 

NMR frequency 

at 9.4 T 

(MHz) 

1H ρςϳ  100.00 267.522 400.228 

3He ρςϳ  0.000137 -203.802 -304.899 

19F ρςϳ  100.00 251.815 376.729 

83Kr ωςϳ  11.58 -10.331 -15.456 

129Xe ρςϳ  26.44 -74.521 -111.488 

131Xe σςϳ  21.18 22.091 33.049 

Table 2.1 Nuclear isotopes used in this work and their properties. Table adapted from reference 

(5). 

In the case of a single spin placed in a static magnetic field ὄ, the total energy 

of the nuclear spin is defined by the Hamiltonian operator Ὄ . The Hamiltonian 

contains the gyromagnetic ratio , the magnetic field ὄ and the nuclear spin 

operator Ὅ which eigenvalues are the magnetic quantum numbers ά  (Eq. 2.1 

and 2.2). 

 Ὄ ᴐὄὍ 
Eq. 2.1 

 Ὄ Ὅ 
Eq. 2.2 

where  is the gyromagnetic ratio of the nucleus, and ᴐ  with Ὤ the 

Planckôs constant. 

The eigenvalues of the Hamiltonian describe the energy of a spin state. In the 

absence of a magnetic field, the different nuclear energy levels of the spin 

states are degenerate; they all have the same ground state energy. If a magnetic 

field ὄ is applied along the z-axis, an energy splitting is therefore observed, 

producing ςὍ ρ sublevels taking the values ά Ὅ, Ὅ ρ, é, Ὅ, this is 

called the Zeeman splitting. NMR is the detection of this nuclear Zeeman 

splitting sublevels. In the energy diagram on Figure 2.1, these states are 
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represented by horizontal lines. The energy levels Ὁ are directly calculated 

from the above Hamiltonian. 

 Ὁ ᴐὄά  Eq. 2.3 

 

Any nucleus with a spin Ὅ π, will not present any Zeeman splitting at all, 

making them NMR silent. 

 

 

Figure 2.1 Energy level diagram for a population of two 129Xe spins (Ὅ ρςϳ ). In the absence 

of an external magnetic field ὄ, the energy levels are degenerate. The presence of an external 

magnetic field along the z-axis induces a Zeeman splitting of the different spin states. 

Another intrinsic property of the nucleus is the magnetic moment ‘ caused by 

the nuclear magnetism. The magnetic moment ‘ and the nuclear spin angular 

momentum Ὅ are proportionally linked by a constant  called the gyromagnetic 

ratio (Eq. 2.4). Magnetic moments can be described as vectors ‘ᴆ defining the 

spin polarization. The magnetic moment takes the value: 

 ‘ ȢᴐȢὍ Eq. 2.4 

where  is the gyromagnetic ratio (see Table 2.1), ᴐ the Planckôs constant 

divided by ς“ and Ὅ the nuclear spin angular momentum. 

In the absence of magnetic field, the vectors are randomly oriented, resulting in 

no net magnetization (В‘ π) (Figure 2.2.a). In the presence of a static 

magnetic field ὄ, the magnetic moments will align with the direction of the 
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field, inducing an anisotropic spin polarization distribution (В‘ π) (Figure 

2.2.b). This positive net magnetization at thermal equilibrium is called the 

macroscopic magnetization, ὓ В‘. 

 

 

Figure 2.2 (a) Isotropic distribution of the magnetic moments in the absence of magnetic field. 

(b) Anisotropic distribution of the magnetic moments in the presence of a static magnetic field 

ὄ yielding a macroscopic magnetization ὓ π. 

As discussed in the previous paragraph, the external magnetic field will 

orientate the spin polarization. The angular momenta will precess around the 

axis formed by the magnetic field ὄ. The frequency of precession is called the 

Larmor frequency   (Eq. 2.5), and is directly proportional to the 

gyromagnetic ratio  of the nucleus and the magnetic field ὄ applied to the 

nucleus: 

  Ȣὄ Eq. 2.5 

The Larmor frequency can be positive or negative, depending on the sign of 

the gyromagnetic ratio (see Figure 2.3). That implies the angular momentum of 

different nuclei may precess in different directions around the magnetic field 

axis. For a positive gyromagnetic ratio, the Larmor frequency is negative, and 

the nucleus will precess clockwise around the field (when looking from the top 

of the field). For both noble gases nuclei 129Xe and 83Kr used in this thesis, the 
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gyromagnetic ratio is negative, implying an anticlockwise Larmor precession 

around ὄ. 

 

 

Figure 2.3 Precession of the nuclear spin magnetic moment around the external magnetic field 

axis for a spin with positive or negative gyromagnetic ratio. Figure adapted from (3). 

2.2.2. Polarization at thermal equilibrium  

The uneven spin population distribution in each Zeeman energy levels will 

induce a very small magnetization. This macroscopic magnetization ὓ  is 

oriented parallel or anti parallel to the external magnetic field (Figure 2.2.b). It 

is called the longitudinal magnetization ὓ . This magnetization will be directly 

dependent on the difference of population of the spin orientations. 

At thermal equilibrium, given a temperature Ὕ, the spin population in each 

energy state follows the Boltzmann distribution. This means the spin density 

” ȟ at a spin state Ὥ will be equal to: 

 ” ȟ

ὔ

Вὔ

ÅØÐ 
Ὁ
ὯὝ

В ÅØÐ 
Ὁ
ὯὝ

 Eq. 2.6 

where Ὁ ᴐὄά  is the energy at the spin state Ὥ. 

The polarization of a spin system is proportional to the longitudinal 

magnetization at thermal equilibrium. It corresponds to the ratio of the 

longitudinal magnetization over its maximum value. Therefore, for a spin ρςϳ , 

e.g. 129Xe, where ὔ  ᴻand ὔ  Ȣare the number of spins in each energy level, the 

polarization ὖ is equal to: 
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 ὖ
ὔᴻ ὔᴽ

ὔᴻ ὔᴽ
 

Eq. 2.7 

 ὖ
ÅØÐ 

ᴐὄ
ςὯὝ ÅØÐ 

ᴐὄ
ςὯὝ

ÅØÐ 
ᴐὄ

ςὯὝ ÅØÐ 
ᴐὄ

ςὯὝ

 Eq. 2.8 

The thermal energy is always much bigger than the energy between two 

Zeeman sublevels, therefore making the thermal equilibrium spin populations 

difference very small. Because the high temperature limit is met, i.e. Ḻρ, 

the polarization equation for a spin ρςϳ  can be simplified to: 

 ὖ
ȿȿᴐὄ

ςὯὝ
 Eq. 2.9 

The polarization is directly dependent on the magnetic field ὄ but also, the 

gyromagnetic ratio . This is of particular importance when handling nuclei 

with low gyromagnetic ratio such as 83Kr. 

The longitudinal magnetization ὓ , or thermal equilibrium polarization, 

corresponds to a very small population difference between the energy levels 

and is almost undetectable. It is defined by: 

 ὓ ὓ
ὔᴐ

ς
ὖ
ὔᴐςὄπ
τὯὝ

 
Eq. 2.10 

 

We will see in the next section how the polarization induced by the magnetic 

field can be measured. 

2.2.3. Excitation and detection of the NMR signal  

This section describes how to excite the nuclear spin in the system and detect 

the signal from it. Some considerations for the construction of a custom-built 

129Xe coil for the in vivo preclinical MRI Bruker scanner, located in the 

psychology department of the University of Nottingham, are given in the 

Appendix 1. 

The application of an oscillatory field in the radio frequency (RF) range, with a 

frequency ’ equal to the Larmor frequency of the sample spins will induce a 

Zeeman energy level transition. The energy absorbed by the system to induce 

the energy levels transition is equal to the difference between Ὁ ϳ  and Ὁϳ  

(Eq. 2.11). 
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 ɝὉ Ὁ ϳ Ὁϳ ɾᴐὄ   Eq. 2.11 

The RF pulse induces a phase coherence of the spins, generating a non-zero 

transverse magnetization ὓ , polarizing the bulk polarization off the z-axis 

(Figure 2.4). When the RF pulse is turned off, all of the spins will start 

precessing around the z-axis again, inducing the rotation of the transverse 

magnetization ὓ  in the xy-plane at the Larmor frequency. The transverse 

magnetization ὓ  will decay from ὓ  to zero, while the longitudinal 

magnetization ὓ  will recover its equilibrium value ὓ  over time. The 

precession of the bulk magnetization produces an oscillating electric current in 

the detection coil (usually the same as the excitation coil). The signal will 

decay because of dephasing described by the rate constant Ὕᶻ (transverse 

relaxation) and the decaying signal detected by the coil is called the free 

induction decay (FID). Relaxation mechanisms related to hyperpolarized 

systems are explained further on this chapter. 

 

 

Figure 2.4 Excitation of a sample of spins ρςϳ . (a) The Boltzmann distribution of the spins at 

thermal equilibrium produces a bulk magnetization along the z-axis (along ὄ), the spins have 

random phases. (b) The application of a RF pulse induces the phase coherence of the spins, 

leading to a magnetization ὓ  in the transverse plane. 
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2.3. Hyperpolarization through spin exchange optical pumping 

(SEOP) 

NMR and MRI of gas phase nuclei is challenging as compared to conventional 

MRI that images hydrogen atoms contained in the human tissue. This is due to 

the low density of a gas as compared to nuclei in the condensed state, and its 

associated low signal intensity. One way to increase the signal would be to 

increase the number of spins by increasing the gas pressure. Highly pressurised 

thermal samples are used to measure the thermal polarization of a gas sample; 

it is however not a practical option when used for pulmonary application for 

example. 

Different strategies can be used to enhance the polarization. The polarization 

equation (Eq. 2.9) states that the polarization is dependent on the gyromagnetic 

ratio of the nucleus , the static magnetic field ὄ and the temperature Ὕ. By 

consequence, in identical conditions 129Xe will provide a 7-fold stronger 

polarization than 83Kr. However, an increase of the magnetic field often limits 

the working space in the magnet bore, and cooling down a sample can be 

impracticable when doing preclinical or clinical studies. 

Hyperpolarization is a technique that creates a low spin temperature, enabling 

high polarization values at low pressure and ambient temperature. The work 

presented in this thesis utilises the spin exchange optical pumping (SEOP) 

hyperpolarization technique, which is the most commonly used method to 

hyperpolarize noble gases such as 3He, 129Xe and 83Kr. Other existing 

techniques to hyperpolarize noble gases are being developed, for example 

metastability exchange optical pumping (MEOP) that has been efficiently used 

to hyperpolarize 3He (6), dynamic nuclear polarization (DNP) has been applied 

to 129Xe in its liquid phase, directly followed by its sublimation (7), and 129Xe 

óbrute-forceô hyperpolarization by placing the system at very low temperature 

of the mK range to hyperpolarize the spins, followed by a rapid heating of the 

system (8). 

The primary aim of SEOP is to increase the sensitivity of the spectroscopy by 

increasing the longitudinal magnetization ὓ  to overcome the low signal as 

discussed above (Figure 2.5). The purpose of this method is to obtain highly 

non-equilibrium nuclear spin polarization. 
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Figure 2.5 (a) Spin energy levels distribution and 129Xe signal at thermal equilibrium and 

corresponding spectrum, acquired with 1024 averages (scan duration: 4h 40min) (b) Spin 

energy levels distribution and 129Xe signal after enhancement by spin exchange optical 

pumping hyperpolarization and its corresponding spectrum, acquired in a single scan (scan 

duration: 6 s). At thermal equilibrium the spin population difference is very small, the signal 

has been averaged, producing a signal-to-noise ratio, ὛὔὙσπππ. After hyperpolarization, a 

single scan allows for a 5-fold SNR enhancement (ὛὔὙρτπππ). Note that the thermal 

sample was containing 8 bar Xe ï 1 bar O2 (total pressure, 9 bar), and the hp gas mixture 25 % 

Xe ï 75 % N2 was hyperpolarized for 6 min at 316 K and 682 mbar, for a detection pressure of 

0.42 bar after recompression. Representative spectra acquired for recompression unit tests (see 

Section 2.3.3.). 

The studies in this thesis only employ the SEOP technique with the existing 

laboratory equipment, and without analysing nor improving the method, a brief 

description of spin exchange optical pumping hyperpolarization is given in this 

section to provide a general understanding to the reader. The SEOP 

hyperpolarization process can be divided into two steps, optical pumping of the 

alkali metal and spin exchange with the noble gas. 
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2.3.1. Optical pumping of the alkali metal  

The SEOP cell containing the noble gas and the alkali metal rubidium is placed 

in a magnetic field produced by Helmholtz coils (15.54 mT) to induce the 

Zeeman splitting of rubidium (Rb). The SEOP cell is also heated with warm air 

to produce a rubidium vapour of appropriate density. Alkali metals such as 

rubidium or cesium are used because they have a single unpaired electron on 

their valence shell. 

 

Figure 2.6 Schematics of the optics components of the polarizer. The laser light is transmitted 

to an optic fibre. A collimator focuses the light on a beam splitter, placed 25 mm away. The 

beam splitter linearly polarizes the light beam. The light then goes through a quarter-wave 

plate (ɚ/4 plate) that circularly polarizes the beam. Finally, the beam is expended with a 

telescope to create a parallel beam having a diameter of the size of the SEOP pumping cell 

holder front window. 

The laser light is circularly polarized using a beam splitter and a quarter-wave 

plate as described in Figure 2.6. In general words, the circularly polarized laser 

is tuned to the D1 transition of the valence electron of the Rb (794.7 nm), 

present in the vapour state in the SEOP pumping cell. It will induce the 

transition of the angular momentum from the light to the electron spin. 

Resulting to the selection rule, the angular momentum is preserved and 

excitation will only happen from the ά ρςϳ  sublevel of the 2S1/2 state to 

ά ρςϳ  of the 2P1/2 state (Figure 2.7). We say the electrons are in their 

excited state. Some collisions between Rb atoms will induce mixing of the 

excited states. The electrons will then decay back to their ground state. Due to 

ongoing laser pumping, the population of spins in the ά ρςϳ  sublevel of 

the 2S1/2 state is continuously depleted by the circularly polarized light 

excitation, therefore increasing the population in the ά ρςϳ  sublevel. 
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Figure 2.7 A left circularly polarized laser optically pumps the alkali metal electron. The 

sublevel ά ρςϳ  is populated through the continuous pumping of the ά ρςϳ  by the 

laser, tuned at its D1 transition. 

Nitrogen (N2) is included to the gas mixture, alongside with the noble gas, in 

order to quench the radiation caused by the relaxation of the excited electrons 

to their ground states. Instead of releasing the energy by emitting a photon that 

would be deleterious for the polarization build-up of the Rb, the energy is 

converted into the N2 vibrational mode. 

2.3.2. Spin exchange to the noble gas  

The transfer of polarization is done by spin exchange that will transfer the 

angular momentum from the alkali metal electron spin to the noble gas nuclear 

spin. As illustrated in Figure 2.8, it can be accomplished by two processes: 

binary collisions or van der Waals complexes formation. Binary collision is the 

main spin exchange mechanism for 83Kr, whereas 129Xe will also undergo spin 

exchange through van der Waals complexes. In both cases, the energy transfer 

happening during the contact between the alkali electron spin and the noble gas 

nuclear spin induces a flip flop of the Rb electron spin and the noble gas 

nuclear spin, increasing the populations of noble gas atoms with the same 

nuclear spin orientation. 
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Figure 2.8 Alkali metal spin exchange between a rubidium electron spin and a 129Xe nuclear 

spin by (a) collision and (b) van der Waals interaction (three-body collisions). 

2.3.3. Parameters involve d in the polarization efficiency  

The use of very diluted noble gases mixtures requires cryogenic separation 

after SEOP hyperpolarization. However, this cryogenic concentration is not a 

feasible process in the case of 83Kr, due to its fast quadrupolar relaxation in the 

condensed phase that would lead to almost complete depolarization (9). An 

alternative to this is to hyperpolarize a higher concentration of noble gas, but at 

lower pressure. The polarization equipment in our laboratory has been adapted 

to such applications. Most parameters involved in the polarization level have 

been studied by Six et al. and published in the online journal PloS One in 2012 

(9). 

The polarization level of any nucleus placed in a magnetic field is defined by 

Eq. 2.9. The polarization of a known sample (see Figure 2.5(a) for example) at 

thermal equilibrium is calculated before each hyperpolarized gas experiment. 

This measurement will be used to define the polarization of the hyperpolarized 

gas after SEOP. The signal intensity recorded during shuttle delivery 

hyperpolarized gas experiments also requires taking into account the N2 buffer 

gas. It is easy to understand that the actual noble gas polarization has to be 

scaled to the dilution of the noble gas in the gas mixture. The apparent 

polarization ὖ  takes into account this dilution factor: 

 ὖ ὖϽ
ὖ

ὖ
 Eq. 2.12 

where ὖ  is the polarization in the pure noble gas, and ὖ  the SEOP 

pressure, including the buffer gas. The highest polarization levels were 
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obtained using 40-50 % xenon and 25 % krypton gas mixtures, with ὖ

ρυȢυϷ and ὖ τȢτϷ respectively. 

The polarization is shown to increase as the total SEOP cell pressure was 

decreased from 3.5 bar to a maximum polarization reached at around 0.2 ï 0.3 

bar for 129Xe and 0.35 ï 0.5 bar for 83Kr. When the pressure decreased from the 

optimum pressure, the polarization is rapidly decreasing to zero. 

The temperature is another important parameter involved in the formation of a 

high-density rubidium vapour. A higher SEOP hyperpolarization temperature 

has been shown to be beneficial to 83Kr, counteracting the lower Rb-83Kr 

exchange rate, but also reducing the quadrupolar relaxation on the SEOP cell 

surface. The highest polarizations have been reached with 373 K for 129Xe and 

433 K for 83Kr. 

To summarize, our laboratory settings allow the steady state spin polarization 

to be reached after 6 min of hyperpolarization at 373 K for 129Xe and 8 min at 

433 K for 83Kr. 

The drawback of using the highest polarization pressure conditions is that it 

cannot be delivered without recompression to ambient pressure. The idea of 

recompression of the gas was already used for metastability-exchange optical 

pumping applications (10). Similarly, for all imaging experiments in this work, 

a piston has been used to recompress the gas to ambient pressure before being 

delivered to excised lungs. This method consists in delivering the gas directly 

from the SEOP cell to a pre-vacuumed recompression chamber by gas 

expansion, and to subsequently recompress it by pushing a piston in the back 

of the chamber with pressurized nitrogen gas (11). Recompressed 

hyperpolarized gas was shown to not significantly alter the polarization of the 

noble gas. Up to 100 % and 75 % of the spin polarization was maintained for 

129Xe and 83Kr respectively. 

2.4. Relaxation mechanisms  

Instead of directly measuring the longitudinal magnetization, NMR will 

measure the magnetization that is perpendicular to the magnetic field ὄ, called 

the transverse magnetization ὓ . At thermal equilibrium in a large magnetic 

field, this transverse magnetization is null. 
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2.4.1. Transverse relaxation  

After the application of a 90 ° RF pulse, the spins will be in phase coherence, 

forming a transverse magnetization as seen in Figure 2.4. From the time the RF 

pulse is off, the spins start losing their synchrony due to the presence of 

slightly difference local magnetic fields from the influence of neighbouring 

spins. Their phase will start cancel each other out over time; this loss of phase 

coherence will therefore induce an irreversible transverse magnetization 

relaxation, also called the spin ï spin relaxation, or Ὕ  relaxation. The 

relaxation behaviour of ὓ  can be describe by an exponential decay as 

follow: 

 ὓ ὸ ὓὩ ϳ  Eq. 2.13 

where ὸ is the time after tipping the magnetization in the xy-plane and ὓ  is 

the initial transverse magnetization. 

 

Figure 2.9 Transverse magnetization (ὓ ) relaxation of 129Xe after full excitation with a 90 ° 

RF pulse. The transverse relaxation constant Ὕ corresponds to the time passed where ὓ

σχ Ϸ. 

On the envelope of the FID, the transverse decay that is actually observed is 

the 4ᶻ relaxation decay that also takes into account ὄ field inhomogeneities. 

4ᶻ is directly measured from the envelope of the FID and is linked to Ὕ and 

Ὕȟ  by the relation in Eq. 2.14. 
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ρ

Ὕᶻ
ρ

Ὕ

ρ

Ὕȟ
 Eq. 2.14 

 

 Ὕ (ms) Ὕᶻ (ms) 

129Xe σςȢω πȢυ  ρȢχχ πȢσχ  

83Kr ρφφρρ  ρσȢρ πȢψ  

Table 2.2 Transverse relaxation constants of the two nuclei of interest 129Xe and 83Kr, in the 

gas phase in the absence of oxygen, in ex vivo rat lungs, recorded at 9.4 T in the laboratory 

Bruker spectrometer. Data taken from J.S. Six PhD thesis (12). 

Experimental Ὕ and Ὕᶻ were measured in ex vivo lungs and displayed in Table 

2.2. The transverse relaxation is of particular importance in imaging sequences 

such as the gradient-echo sequence, where the signal is recorded a long time 

after the RF excitation pulse, making it more complicated for systems with 

short Ὕ. 

2.4.2. Longitudinal relaxa tion  

First letôs consider a thermal system, e.g. an ensemble of 1H. After a RF 

excitation pulse, as the transverse magnetization ὓ  decreases, the 

longitudinal magnetization ὓ  grows back to its initial thermal value ὓ . The 

ὓ  regrowth process is called the longitudinal relaxation, or spin ï lattice 

relaxation and is defined by Eq. 2.15. 

 ὓ ὸ ὓ ρ ςὩ ϳ  
Eq. 2.15 
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Figure 2.10 Longitudinal magnetization (ὓ ) evolution as a function of time after a full 90 ° 

excitation pulse. Magnetization recovery resulting to ὓ φσ Ϸ occurs when the time passed 

equals the longitudinal relaxation constant Ὕ  

This phenomenon is caused by interactions of the nuclear spins with the 

surrounding nuclear spins magnetic fields (the lattice). The spins will return to 

their lower energy state with time. 

In the case of hyperpolarized noble gases, the system has been hyperpolarized 

such that the initial longitudinal magnetization before RF excitation is much 

greater than the thermal equilibrium polarization. The Ὕ relaxation is the 

mechanism by which the spins will return to their thermal equilibrium, 

inducing the decay of the longitudinal magnetization to thermal equilibrium 

magnetization. 
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Figure 2.11 (a) Small flip angle train of spectra. A fit of the Eq. 2.16 is displayed in blue, 

illustrating the longitudinal relaxation mechanism. (b) Schematics of the small flip angle pulse 

sequence. Example taken from Chapter 4. 

Ὕ is obtained by using a small flip angle train of excitation pulses (Figure 

2.11.b). The longitudinal magnetization after the ὲ-th pulse will be dependent 

on the Ὕ relaxation (s), but also on the flip angle — (rad) as described in Eq. 

2.16 (13). 

 ὓ ὲ ὓ π ὧέί— Ὡ ϳ  
Eq. 2.16 

where † (s) is the repetition time between two pulses. 

The flip angle was set to 6 to 24 °, depending on the signal intensity of the hp 

gas in the medium. A weak signal such as dissolved 129Xe signal will require a 

high flip angle, whereas a strong gas phase signal will allow the use of a very 

low flip angle. Flip angles and delays were calibrated before each experiment, 

and are specified in each experimental chapterôs methodological part. 

Experimental Ὕ values for hyperpolarized 129Xe and 83Kr recorded in ex vivo 

lungs are displayed in Table 2.3. The longitudinal relaxation of 129Xe is 

drastically shortened to ~20 s by the presence of 21 % oxygen in the case of in 

vivo experiments. 

 

 Ὕ (s) 

129Xe ςππςπ 

83Kr ρȢςυ πȢπχ 

Table 2.3 Longitudinal relaxation constants of the two nuclei of interest 129Xe and 83Kr, in the 

gas phase in the absence of oxygen, in ex vivo rat lungs, recorded at 9.4 T. 129Xe and 83Kr data 

are taken from reference (11), and (14) respectively. 
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2.6. Magnetic Resonance Imaging (MRI) methods using 

hyperpolarized systems  

When NMR defines the sample at the atomic and molecular levels, it however 

does not give any spatial information inside the RF coil. MRI allows the spatial 

resolution of quantitative NMR data. More precisely, a spatial dependency of 

the frequency and the phase properties of the nuclear spin is created by varying 

the magnetic field across the sample. Multi-dimensional data sets are acquired 

in the form of a spatial frequency image called k-space. The k-space is the 

Fourier transform of the image. The image is reconstructed by calculating the 

inverse Fourier transform of its corresponding k-space. 

An overview of the mechanisms involved in the k-space discrete sampling is 

given in this section, adapted to the construction of a typical image oriented the 

zy-plane of the MRI scanner, with a slice oriented along the x-axis, which was 

the most used geometry in this thesis. 

2.6.1. Spatial encoding using magnetic field gradie nts  

The spatial encoding of the NMR signal is realised by applying magnetic field 

gradients to the sample in addition to the static magnetic field ὄ . The 

magnetic field gradients are linear along the x-, y- and z- axes, and will 

produce a very unique local magnetic field aligned with ὄ at every point of 

the sample. The spins will experience different local magnetic field 

corresponding to a combination of the static magnetic field and the linear field 

gradient, ὄ ὼὋ, where Ὃ is a given gradient in x, y or z (Figure 2.12). 

 

Figure 2.12 Magnetic field representation along the x-, y- or z-axis. The linear gradient field is 

added to the static field from the superconducting magnet, generating a very unique total 

magnetic field, dependent on the spatial location along the gradient axis. 
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Frequency-encoding gradient In the presence of a magnetic field gradient 

along the z-axis, the spins experience different local magnetic fields, and 

therefore resonate at slightly different Larmor frequencies when located at 

different coordinate along the z-axis. Eq. 2.17 describes how a spin located at 

the coordinate ᾀ will precess under a total magnetic field composed of the 

static magnetic field ὄ and a gradient field Ὃ. 

  ὄ ὼὋ  Eq. 2.17 

The local spatial distribution of the spins across the sample at a given location 

can be directly determined from the frequency content of the MR signal. This 

frequency-encoding gradient is used to define the direct direction of the k-

space (Figure 2.13.A). The inverse Fourier transform of the signal made of 

spatial frequencies will be directly proportional to the spin density at a location 

ὼ, giving a spin density profile. The field-of-view (FOV) in the frequency-

encoding gradient direction is defined by: 

 Ὂὕὠ
ρ

‡Ὃ Ὀὡ
 Eq. 2.18 

where ’ is the gyromagnetic ratio of the nucleus in Hz/T, Ὃ is the strength of 

the frequency-encoding gradient in T/m and DW is the dwell time (sampling 

interval) in s. 

Phase-encoding gradient After a flip angle in applied, identical spins in an 

identical environment will spin at the same Larmor frequency. This can be 

altered by a gradient applied along the y-axis. The spins will now experience 

different local magnetic fields, and will be precessing at different frequencies. 

The gradient causing this dephasing is called the phase-encoding gradient. The 

number of phase-encoding gradient increments and the phase-encoding 

gradient strength will define the resolution in the second direction of the image 

Figure 2.13.A). The FOV in the phase-encoding gradient direction is defined 

by: 

 Ὂὕὠ
ρ

‡ɝὋ 
 Eq. 2.19 

where ’ is the gyromagnetic ratio of the nucleus in Hz/T, ɝὋ  and  are the 

strength of the phase-encoding gradient step in T/m and the duration of the 

phase-encoding gradient in s respectively. 
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Figure 2.13 (A) Example of k-space sampled using a gradient-echo pulse sequence with 256 

complex points echo acquisition and 64 phase-encoding steps. The frequency-encoding 

gradient was set along the z-axis, and the phase-encoding gradient along the y-axis. (B) 

Corresponding 128 x 64 image after inverse Fourier transform and rotation of the matrix. 

Slice selection The selective excitation of a slice is realised thanks to the use of 

a gradient in the third direction, combined to the application of a spatially 

selective RF pulse. The best slice profile is reached using a sinc RF pulse that 

will give, after inverse Fourier transform a frequency distribution with 

rectangular profile, or bandwidth. A linear gradient is applied in the z-direction 

orthogonal to the x-axis of the slice, so that only a slice will be excited by the 

RF pulse. The frequency of the RF pulse will define the position of the slice 

and its spin density profile. The slice thickness is defined by the RF pulse 

bandwidth BW in Hz and the gradient strength Ὃ in T/m: 

 ὛὰὭὧὩ ὸὬὭὧὯὲὩίί
ὄὡ

‡Ὃ
 Eq. 2.20 

where ’ is the gyromagnetic ratio of the nucleus in Hz/T. 

The slice-encoding gradient is followed by a rephasing lobe (Figure 2.14.A) to 

compensate the dephasing of the slice spins during the slice-selective gradient. 

In this work, all imaging experiments have been conducted using gradient-echo 

imaging with a linear sampling of the k-space, from negative to positive phase-

encoding gradient. The next sections outline the gradient-echo imaging 

method, and the rapid acquisition technique gradient-echo technique fast low 

angle shot (FLASH). Finally, the variable flip angle (VFA) adaptation of the 

FLASH sequence for hyperpolarized systems is described. 
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2.6.2. Gradient -echo imaging  

Imaging sequences consists in building a k-space by putting together the 

frequency encoding, the phase encoding, and the slice selection if necessary. In 

order to fill the k-space with negative and positive frequency values, an echo is 

formed by the use of gradients. The echo was first introduced in spin-echo 

sequences in 1950 by Erwin Hahn (15), constituted of two RF pulse, a 90 ° 

pulse followed by a second pulse (ideally a 180 ° pulse), also called refocusing 

pulse. The spins will begin to dephase just after the 90 ° pulse. The 180 ° pulse 

will induce the tipping of the spins in the xy-plane, inversing their phase. All 

the spins will return to the zero-phase point at the same time equal to two times 

the interpulse delay, called the echo time. 

 

 

Figure 2.14 (A) Gradient-echo sequence diagram for the coverage of a 16 x 16 k-space matrix 

with 16 RF excitations. A sinc RF pulse is applied in concomitance with the slice-selection 

gradient. The echo is induced by a set of two lobes of frequency-encoding gradients of 

opposite polarity. The k-space is covered using a step increment of the strength of the phase-

encoding gradient. The echo time TE is the time between the centre of the RF pulse and the 

centre of the echo. The repetition time TR is the time for each phase-encoded loop. (B) k-space 

diagram of the coverage by linear sampling of a 16 x 16 matrix, starting from the most 

negative phase-encoding gradient value. The red dot represents the (0,0) point where the phase 

and the frequency are null. The dashed arrows represent the trajectory in the k-space when the 

phase-encoding and frequency-encoding gradients are applied simultaneously. The discrete 

sampling of the 16 data points is illustrated by the green dots. 
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In the gradient-echo imaging sequence, the same idea of refocusing the spins is 

used. The spins are dephased by a first gradient, and will be rephased using a 

gradient of opposite sign. The echo will be created by a frequency-encoding 

gradient composed of two lobes of opposite sign. The gradient-echo sequence 

is illustrated in Figure 2.14. The slice-selection gradient is applied with the RF 

pulse, and followed by a rephasing gradient, so that the spins in the slice are in 

phase. The first frequency-gradient lobe is negative and dephases the spin. A 

phase-encoding gradient is applied simultaneously with the dephasing 

frequency-encoding gradient, to encode the second direction of the k-space. 

The second frequency-gradient positive lobe is of the same amplitude as the 

defocusing frequency-encoding gradient, but twice as long and of positive sign. 

The change of sign of the gradient induces a rephasing of the spins and creates 

an echo similar to the spin-echo, in the middle of the positive rephasing 

gradient. The frequency-gradient lobe producing the echo is also called the 

read-gradient as the data are discretely sampled during the echo time. 

The phase-gradient encoding strength is incremented N times from Ὃ  to 

+Ὃ  to cover the k-space. The maximum signal intensity is reached when the 

phase-gradient strength is set to zero. 

2.6.3. Variable flip angle (VFA) fast low angle shot (FLASH) 

imaging sequence  

The gradient-echo sequence presented in the previous section implies the 

transverse magnetization has completely depleted before the next incremental 

loop is started. This way, we get a steady-state magnetization for each k-space 

line. The introduction of low flip angle gradient-echo sequence has 

significantly fastened image acquisition of thermal systems, such as 1H, by 

reducing the TR to values lower than Ὕ  (16). This fast low angle shot 

(FLASH) sequence is commonly used for hyperpolarized noble gas imaging, 

allowing the utilization of only a small part of the initial non-renewable 

longitudinal magnetization for each RF excitation pulse. The remaining 

longitudinal polarization after ὲ RF excitation pulses is proportional to 

ὧέί—, where — is the flip angle, leading to a signal decrease during the 

course of the k-space acquisition. Zhao et al. developed the variable flip angle 

FLASH pulse sequence (VFA FLASH) (17). This imaging method adapted 
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from the FLASH sequence maximises the amount of polarization that is used 

during the image acquisition by increasing the flip angle during the course of 

the image acquisition, up to 90 °, compensating for the polarization loss 

created by the preceding pulse (i.e. for the preceding phase-increment). In the 

case a total acquisition much shorter than Ὕ, the n-th excitation pulse will 

produce a flip angle — defined by the relation in Eq. 2.21. 

 — ὸὥὲ
ρ

Ѝὔ ὲ
 Eq. 2.21 

2.7. Hyperpolarized noble gases MRI of rodentsô lungs 

To date the most widespread atom used for hyperpolarized gases MRI is 3He. 

The larger 3He gyromagnetic ratio leads to a higher NMR and MRI signal 

intensity that led to a boost in the human hyperpolarized 3He imaging research 

in the past two decades (18-20). The main source of 3He comes from the 

nuclear weapons program (i.e. from tritium decay). The demand of 3He supply 

exceeding the available quantities, the world is facing a drastic shortage and a 

price inflation (21). The non-sustainable production of 3He pushed the 

researchers to extend their effort to hyperpolarized 129Xe pulmonary MRI. 

Xenon is a naturally occurring element and represents 0.05 ppm of air, and can 

be extracted by fractional distillation of liquefied air. The 129Xe isotope of 

interest for MRI represents 26.4 % of xenon gas. The first noble gas imaging 

actually was the image of a mouse lung preparation using hyperpolarized 129Xe 

(22). Because 129Xe has a 2.7 times smaller gyromagnetic ratio than 3He (Table 

2.1), 129Xe MRI was initially a much difficult task. Recent improvements in the 

hyperpolarization techniques compensated for the inherent lower signal and 

allowed 129Xe imaging to reach SNR values comparable to 3He MRI (23-25). 

The purpose of this thesis is to demonstrate some new sensor application in ex 

vivo rat lungs and in solution. An overview of the progress in hyperpolarized 

129Xe and 83Kr research in rodent pulmonary imaging research related to this 

work is presented in this section. A description of the ex vivo imaging protocol 

is given at the end of this chapter. 
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2.7.1. Hyperpolar ized 129Xe MRI 

2.7.1.1. Ventilation imaging  

As discussed in the first part of this chapter, the NMR signal intensity is 

defined by the energy difference between the spins orientations, and is 

therefore directly proportional to the gyromagnetic ratio and the field strength. 

Therefore, identical conditions will lead to smaller 129Xe signal intensity than 

3He. The increasing interest in 129Xe spin exchange optical pumping in the last 

decade led to a significant progress in noble gas SEOP polarizers (23-27). 

Static ventilation imaging, usually realized using a FLASH (Flash Low Angle 

SHot) pulse sequence, allows imaging of the gas distribution within the lungs. 

An abnormal gas distribution may be the indication of one or more ventilation 

defects. Quantitative explorations of chronic obstructive pulmonary disease 

(COPD) and asthma in human have shown correlation between effective 

ventilation and gold standard clinical spirometry and plethysmography (28). 

The variable flip angle (VFA) FLASH sequence has been implemented to 

reduce the exponential signal decay due to a train of constant flip angles (17). 

Sequence imaging using VFA FLASH has been shown to create excitation 

field inhomogeneity artefacts when using human-size excitation coils (29), 

requiring field correction. This technique is however ideal for rodent lung 

imaging FOV of a few cm, using small probes (30, 31). 

2.7.1.2. Diffusion imaging  

The change of location of the gas atoms during the signal acquisition due to 

diffusion is often a problem causing imaging artefacts. It can however be used 

as a tool to evaluate the gas diffusion in restricted environment. During a 

breath hold, the gas is restricted by the pulmonary anatomy. As a consequence, 

the dimensions of the alveolar microstructure will directly affect the apparent 

diffusion coefficient (ADC) mapping. The diffusion in lungs has recently been 

defined as anisotropic, even in the more distal parts as mostly following 

cylindrical structures (32). The gas diffusion changes caused by destructive 

diseases such as emphysema seem to induce more variations in the transverse 

direction, perpendicular to the main diffusion axis (33). 

Because of its high signal intensity, and almost insolubility in tissue, most 

ADC studies were realised using 3He. Free 3He diffusion coefficient in air is 
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equal to Ὀ πȢψφὧάȾί (34). This value is significantly decreased when 

restricted by boundaries such as the alveolar walls (ὃὈὅπȢρτ πȢπςὧάȾί 

in healthy rat lungs alveolar space, measured at the end of expiration). An 

increased 3He ADC was observed in emphysematous rats (ὃὈὅπȢρχ

πȢπςὧάȾί) (34). 

Although the 3He is the gas of choice for ADC MRI investigation, the progress 

in the 129Xe hyperpolarization overcoming the weaker signal, and the inflation 

of the 3He price induced a shift of the research effort to 129Xe ADC MRI. 129Xe 

self-diffusion in air is slower than for 3He, with Ὀ πȢρτὧάȾί, allowing 

for some smaller scale diffusion measurements. Boudreau et al. measured a 

significant increase of the transverse component of the anisotropic gas 

diffusion from Ὀ πȢππςρπȢπππυὧάȾί in a control rat to Ὀ πȢππυ

πȢππρὧάȾί in the emphysematous rat lungs (35). 

3He ADC and 129Xe ADC have been correlated in control and emphysematous 

rabbits, providing equal results in quantifying the microstructure impairment 

(36). Finally, the longer diffusion times when using 129Xe would involve lower 

gradients strengths, which would be easier to implement on clinical MRI 

scanners. 

Note that the 83Kr hyperpolarized technique described further in this section 

can also be used to evaluate the alveolar microstructure. The work presented in 

chapter 3 correlates the hyperpolarized 83Kr relaxation behaviour to the 

alveolar geometry changes caused by emphysema in rat lungs. 

2.7.1.3. Dissolved phase imaging  

Since its discovery at the end of the 19th century, 129Xe has been a rich topic for 

the scientific community. 129Xeôs solubility has been of particular interest from 

the late 1940ôs, when the first anaesthetic effect was observed in mice (37). 

The solubility of the noble gas has been further studied in aqueous media and 

in the different compartments of the body. 
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 Ostwald solubility coefficient 

Noble 

gas 

Water 

(mL/mL) 

Plasma 

(mL/mL) 

RBC 

(mL/mL) 

Adipocytes 

(mL/g) 

Human lung 

homogenate 

(mL/g) 

3He 0.0094 (a) - - - 0.01325 (b) 

129Xe 0.1217 (a) 0.1277 (a) 0.4312 (a) 2.0184 (a) - 

83Kr 0.0672 (a) 0.059 (b) 0.107 (b) 0.4622 (b) - 

Table 2.4 Ostwald solubility coefficient in water and biological compartments of interest. 3He, 

129Xe and 83Kr data were taken from references (38), (39, 40) and (40, 41) respectively. Note 

that measurements were taken at (a) at 20 °C and (b) 37 °C. 

Table 2.4 reports literature measurements of the Ostwald solubility coefficient 

for 3He, 129Xe and 83Kr in water and tissues. The Ostwald solubility coefficient 

is defined by the ratio of the volume of gas absorbed by the volume of the 

absorbing liquid at a given temperature. 129Xe presents a solubility 13 times 

larger than 3He, and 2 times larger than 83Kr. In addition, 129Xeôs solubility is 

enhanced by a factor 16 in fat tissue, with an Ostwald coefficient of 2 mL/g 

(39). The 129Xe higher solubility has been used to explore and image the 

hyperpolarized 129Xe transfer from the airspace to the bloodstream, whereas 

3He remains confined in the alveoli, used as a morphological marker in 

ventilation and diffusion imaging. 

Dissolved phase imaging is possible thanks to the relatively long Ὕ of 129Xe 

with 200 s in the alveolar gas phase in absence of oxygen (11), 15 s in presence 

of 20 % of oxygen (42), 12 s in the lung parenchyma (43), and 4.0 ï 6.4 s in 

the blood (44), allowing for the transfer of hyperpolarized gas before the signal 

decay occurs. 

129Xe exhibits different chemical shifts when experiencing different chemical 

environments due to its large electron cloud making it precess at slightly 

different rates. Furthermore, there are significant differences in the resonance 

frequency when 129Xe is bound to a variety of molecules, including 

hemoglobin (45, 46). The different 129Xe chemical shifts observed in rodents 

and humans spread over 200 ppm, and allow us to differentiate the different 

compartments, from the gas phase, through the parenchyma, to the 

bloodstream. Rodents and human static and dynamic studies have shown four 
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peaks arising from the 129Xe in the lungs. The gas phase peak is used as a 0 

ppm reference, and three peaks appear at 191, 199 and 213 ppm, representing 

129Xe dissolved in plasma, lung parenchyma and red blood cells respectively 

(47). 

This large chemical shift between the 129Xe present in the alveoli and dissolved 

in the lung tissue allowed for chemical shift selective imaging of the dissolved 

phase, thus giving a spatially resolved information of the gas transfer over time 

(48). The dissolved 129Xe unfortunately represents less than 1-2 % of the total 

129Xe present in the lungs after inhalation. This low proportion makes chemical 

shift imaging of the dissolved phase more complicated, but can be 

accomplished through signal averaging, selective RF excitation, and radial 

acquisition (49, 50). 

This property has been used to show gas transfer impairment in rodents and 

human. For example, gas transfer is reduced in interstitial diseases such as 

idiopathic pulmonary fibrosis (51, 52). Dynamic spectroscopy showed a 

delayed and decreased 129Xe signal arising from the lungsô vascular system 

(47). The first exploration in rodents showed a decreased signal in the blood 

compartment was observed due to a fibrotic thickening of the alveolar 

membrane (48). 

An imaging techniques has been derived from the fact that the signal intensity 

arising from the dissolved 129Xe is a lot smaller than that of the gas phase. This 

imaging technique called xenon transfer contrast (XTC), inspired from CEST, 

compensates the low dissolved 129Xe signal by detecting it indirectly through 

the gas phase after saturation of the dissolved phase and subsequent gas 

exchange (53, 54). Two gas phase images have to be acquired, the first one 

following a saturation of a region without 129Xe signal (-200 ppm), and the 

second one following the saturation of the dissolved 129Xe (200 ppm). A 

decrease of signal intensity in the gas phase would indicate a gas transfer from 

the lung parenchyma to the alveolar space (55, 56). 
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2.7.1.3. Gas carriers for disso lved 129Xe signal 

enhancement and contrast  

Because the hyperpolarized 129Xe signal arising from the lungs tissue is a 

factor of 100 times smaller than the gas phase signal after inhalation of the gas, 

methods to increase the concentration of 129Xe in the bloodstream have been 

investigated using various biocompatible carrier agents and membrane 

technologies (50, 57, 58). 

In vivo imaging however is still limited by the poor solubility of 129Xe in the 

blood requiring continuous perfusion of hp 129Xe directly into the bloodstream 

via a gas exchange module (Membrana MicroModule®, Charlotte, North 

Carolina, USA). These hollow-fiber membranes used in blood oxygenators 

have been employed to increase the concentration of dissolved 129Xe both in 

blood and in solutions (50, 57-60). Membranes have been used as they greatly 

reduce the degree of foaming that occurs when the relatively insoluble gas is 

delivered to solution as only small bubbles diffuse across. This method is 

suitable for in vivo animal experimentation but is unlikely to find widespread 

clinical acceptance due to issues with invasiveness and coagulation within the 

gas exchange device itself. This extracorporeal circulation composed of a gas 

exchange module has been used in rats to observe the hp 129Xe transferring 

back from the bloodstream to the alveoli, by imaging the gas phase (50). 

It has been shown to be less technically demanding and less invasive to prepare 

hp 129Xe into a solution and then infuse the prepared solution into the animal 

itself (61, 62). Biologically ñinertò substances that produce little coagulation 

can avoid the need for delivery through extracorporeal circulation of blood. 

Carrier agents with high solubility have been investigated, as it is known that 

129Xe has a much higher solubility in lipid and perfluorocarbon based 

compounds (Ostwald coefficient > 1) (63). Hyperpolarized 129Xe imaging and 

spectroscopy using gas carrier have been used to investigate the dissolved 

129Xe signal by angiography (64), in the brain (65, 66), heart and kidneys (67), 

but also the gas exchange in the lungs (68). 

Table 2.5 lists the particle size, 129Xe solubility and Ὕ in gas carrier agents. 

Perfluorocarbon emulsions (PFCE) have been developed from the late 1980ôs 

as blood substitutes taking advantage of their faster exchange with oxygen than 
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hemoglobin. 1st and 2nd generation PFCE blood substitutes, and perflurooctyl-

bromide (PFOB) have been investigated as hp 129Xe carrier agents (57, 63, 69). 

 

 Diameter 

(ɛm) 

Ostwald 

solubility 
Ὕ (s) Chemical shift 

(ppm) 

Plasma - 0.13 τχȢς υȢρ 194 

RBC 7.0 0.43 2.2 ï 7.8 ¶ 213 

PFCE 1st generation 

Fluosol 

0.20 N/A N/A ~110 

PFCE 2st generation 

Oxygent 

0.16 ï 0.19 N/A N/A ~110 

PFOB 0.4 ï 5.0 § 1.2 ψσȢτ σȢσ 106 

Liposomes 8 N/A ρρφȢς φȢς 0.6 

Intralipid suspension 20 % N/A 0.62 τπȢπ σȢπ 197 

Table 2.5 Ostwald solubility and 129Xe Ὕ longitudinal relaxation times in different carriers 

from references (39, 57, 62, 64, 69). ¶ in deoxygenated and oxygenated blood respectively. § 

eggyold concentration dependent. 

When introduced to the PFCE such as Fluosol (Green Cross, Osaka, Japan) or 

Oxygent (Alliance Pharmaceutical Corp., Wiltshire, UK), hyperpolarized 129Xe 

displays a broad peak with a chemical shift relative to the gas phase at 110 ppm 

as compared to the RBC peak at 216 ppm (57). 

PFOB emulsions show a narrower peak centered at 106 ppm. The linewidth 

with PFOB is emulsion-dependent, with larger droplets producing the least 

exchange and a narrower peak (62). The best peak resolution was obtained 

with droplets bigger than 5 ɛm, but such particle size has been associated with 

various side effects such as thrombocytopenia in some patients after synthetic 

blood transfusion (70). 

Liposomes-filled 129Xe provides a narrow peak located at 0.6 ppm, that could 

be used as a 129Xe sensor in vivo, providing the organ of interest is not in the 

proximity of the lungs where the 129Xe gas phase signal would overlap with the 

liposome signal (69). 

Although better 129Xe spectral results (narrower dissolved phase peak) are 

expected with PFOB or liposome agents, most interest should be given to the 

less harmful gas carriers, such as PFCE with diameter under 0.2 ɛm. 

The peaks associated with the 129Xe in the tissue and in the blood are adjacent, 

at 191 ppm and 213 ppm in the rodent 198 and 218 ppm in human, and can be 

difficult to differentiate. The introduction of a carrier agent injected in the ratôs 
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lung pulmonary bloodstream has been explored in Chapter 5, taking advantage 

of the different chemical shift of 129Xe dissolved in two different 

perfluorocarbon emulsions (PFCE). 

2.7.1.3. 129Xe biosensors  

129Xeôs solubility and wide chemical shift have also been used for molecular 

sensing. Some encapsulating molecules have been synthetized to host the 129Xe 

in the dissolved phase. Spence et al. designed the first 129Xe biosensor in 2001 

(71), composed of a cryptophane A tethered to a ligand able to target a protein. 

The 129Xe dissolved in the solvent will be encapsulated in the cryptophane 

cage. The signal from the encapsulated 129Xe in a free biosensor appears at 70 

ppm, whereas the binding of the ligand to its target induces a chemical shift to 

72.5 ppm. Cryptophane E was also used as a 129Xe host for molecular 

biosensing, with a chemical shift close to 40 ppm (72). More in vitro essays 

have used human proteins targets (73), but the chemical shift created by the 

molecular biding was always below 7.5 ppm, leading to overlapping 129Xe 

NMR peaks. Although this 129Xe NMR is feasible in vitro, using high 

resolution NMR probes, in vivo detection of such small chemical shift change 

remains highly difficult. Taratula et al. thought of increasing the local 

concentration of encapsulated 129Xe by using dendrimers able to congregate 

several cryptophanes without tethering them (74). 

HyperCEST technique based on the XTC was developed (75). This NMR and 

MRI technique uses the detection of the dissolved phase (medium signal at 193 

ppm) after the saturation of the encapsulated 129Xe at 65 ppm or control at -65 

ppm. This technique inspired from CEST was also used by Garcia et al (76) to 

improve the sensitivity of the very low encapsulated signal. 

Finally, Klippel et al. used a combination of two 129Xe hosts, cryptophane A 

(60 ppm) and perfluoroctyl bromide (PFOB, 120 ppm) (77). Two cell cultures 

were labelled with one of each allowing a selective CEST saturation of each 

cell population. 

Chapter 4 uses an encapsulating cryptophane A, tethered to a paramagnetic 

gadolinium-DOTA (GdDOTA) group. The transient vicinity of the 129Xe and 

the GdDOTA induces its fast depolarisation. The relaxivity of the biosensor 

has been evaluated. 
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2.7.2. Hyperpolarized 83Kr MRI  

Nuclei with nuclear spin Ὅ ρςϳ  have a completely spherical electric charge 

distribution; the nuclear electric energy will be entirely independent of the 

orientation of the spin in space, and of its electrical environment. On the other 

hand, nuclei with nuclear spin Ὅ ρςϳ  such as 131Xe (Ὅ σςϳ ) or 83Kr (Ὅ

ωςϳ ) have a non-spherical electric charge distribution, called quadrupolar 

electric charge distribution. The electric quadrupole moment of the nucleus 

interacts with the electric field gradient (EFG) generated by external distortions 

of the electronic cloud. This electric quadrupolar interaction in typically an 

intramolecular process caused by chemical bonding, except for noble gas 

isotopes that are inherently monoatomic. Figure 2.15 illustrates how adsorption 

or collision cause a deformation of the electronic cloud, inducing the formation 

of an Electric Field Gradient (EFG) that will interact will the nuclear 

quadrupolar moment. The resulting fast quadrupolar driven relaxation will 

depolarize the 83Kr nuclear spin. 

 

Figure 2.15 83Kr collisions and surface adsorption causing quadrupolar relaxation. 

The 83Kr quadrupolar relaxation was shown to provide a Ὕ contrast dependent 

on the surface-to-volume ratio in the porous medium, but also on the surface 

hydration. 

Porous media made of glass beads have been used to demonstrate the 

quadrupolar relaxation. A high surface-to-volume ratio increases the 
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probability of adsorption or collisions of the 83Kr atoms with the surface. 

Shorter Ὕ  were observed with high surface-to-volume ratio media (78). 

Furthermore, hydrophobic surfaces cause shorter Ὕ than hydrophilic surfaces 

due to stronger interaction with the surface during the adsorption (78, 79). 

The surface quadrupolar relaxation (SQUARE) previously described in 

synthetic porous media was also validated in ex vivo rat lungs. Excised healthy 

rat lungs were used as a biological model for porous media with an increasing 

surface-to-volume ratio from trachea to alveoli. 

Stupic et al. used non-localized Ὕ  spectroscopy with different inhalation 

schemes to demonstrate the relaxation behaviours in the different lung 

compartments (14). The inhalation of smaller volumes of hyperpolarized 83Kr 

followed by thermal gas allows to specifically localize the signal without 

spatially resolve the spectroscopy (Figure 2.16.a). 83Kr is shown to relax faster 

in the distal parts of the pulmonary system (Figure 2.16.b). 

 


