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ABSTRACT

Hyperpolarizd noble gasMRI using *He and **°Xe has allowed void space
imaging of the lungs for several years. HyperpolarfZ&d MRI hasalsobeen
shown to provide an MRI contrast sensitive to the suiffas®lume ratio and
chemistry of synthetic porous systenix vivo animal models of pulonary
diseases anth vitro experiments were used in this thesis to examine three
methodological advances allowing for the measurement of pulmonary
physiological parameters usiftfXe and®Kr.

The &Kr quadrupolar property was explored in a rat modelpolimonary
surfaceto-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 coelated to the histological measurements of the alveolar
degradation.

The *?°Xe 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. Tdepolarization of the'?*Xe atoms
encapsulated by the cryptophane, followed by chemical exchange with the
surrounding medium was investigatiedvitro. This model biosensor will lead

to a future switchable biosensor that will Heactivatedby the enzymat
cleavage of the encapsulating cage and the paramagnetic agent.

Finally, the **Xe 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 sepmmgtthe 1?°Xe 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 mechanisnmwill be usel as a biomarker for ap

transfer impairment in animal models of pulmonary fibrosis.
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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 environmengaigels and the
increase of tobacco exposure in the population induced a dramatic increase in
chronic pulmonary diseases (COPD), which include number ofex@rsible
respiratory conditions (e.g. emphysema) with a slowly progressing decrease in
lung functicn. 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 203@). Idiopathic putnonary fibrosis is another respiratory
disease related to tobacco smoking. This chronic and progressive interstitial
disease occurs in 4200 new patients each year in End@BndChronic
pulmonary diseases show variable symptoms and are often not diagntsed

early stage of the disease. They often require the collaboration of numerous
medial specialists, and necessitateays and spirometry tests.

Some early stage biomarkers would be beneficial for an earlier diagnosis of
these pulmonary diseases amoluld 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 higlesolution computed tomography (HRCT). Even
though ths imaging technique provides excellent anatomical features, it also
involves the use of ionising -¥ays radiations. Lung function tests such as
spirometry or plethysmography give a global evaluation of the lung volumes
and the ability to exchange gas, vaitht spatial resolution. But the anatomical

and functional changes caused by pulmonary diseases are not homogeneous

over the organ.



At the difference of CT, magnetic resonance imaging (MRI) is aimaasive

tool that can be used to investigate lung disebk®vever, the low proton
density of the lund4), and the short relaxation times caused by théissue
interface (5) are major drawbacks for the technique. Fast acquisitions have
been developed to overcome the fast relaxation in the pulmonary (@shat

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 gasedHe, 12°Xe or8Kr, enabling harmless imaging of the airspace after
the inhaléion 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 thereforeréggtution
ventilation imaging. Ventilation i@ging 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 exalmp the inhaled gageing subject to a
restricted diffusion in the alveoli, tiféle apparent diffusion coefficient (ACD)

can define the alveolar dimensigfTs 8) Changes in this diffusion can be used

as a biomarker for the alveolar degradation cause@ryghysema8-10).
Hyperpolarized'?®Xe ADC was also demonstrated to be able to distinguish
emphysematous lung to healthy luig).

12%e also presents the unique property to dissolve in the lung tissue after
inhalation. The largé?®Xe chemical shift whemlissolved in the pulmonary
tissue or the blood has been used as an advantage to study the lung gas
exchange using MRI?°Xe gas exchange through the lung barrier is used as a
biomarker for parenchymal thickening caused by pulmonary fib(d2)s

Finally, hyperpolarized®*Kr 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 measurfiigrthe
longitudinal relaxation{) in the gas phagéd 3-15).

Hyperpolarized noble gas imaging is a method allowing longitudinal
pharmacological studies without an owxposition to ionising radiations and

providing functional biomarkers that cannot be obtained using HRCT.



1.3. Small ani mal study of pulmonary pathology

Small animal modelsf humanpulmonarydiseasetiave been commonly used

for both pharmacological development and imaging methodology
developmentRodents are often used because of their fast breeding and their
low cost. Theuse of small animalhowever requires the improvement of most
techniques that were developed for humans. Various difficulties are
encountered when using small animals for vivo imaging experiments.
Beyond the need of higher resolution, the main issudasimpossibility to
make the animals breattold 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 hufb@pn

Same other groups have developed free breathing hyperpolarized rodent lung
imaging, involving increased motion artefact, the necessity for averaging and
data posprocessind17).

Ex vivolung experimentation was used to study the pulmonary physi¢lédgy

20) but has also been utilised by our group as a tool for hyperpolarized lung
imaging methodology developmenEx vivo lung imaging comports the
advantage to avoid all of tha vivo numerous difficulties, wist producing
physiologically relevant measurentenfor new hyperpolarized noble gases
imaging technique developmerfisd, 21, 22)

1.4. Thesis overview

Researchoutlined in this thesis has the objective to investigate potential
pulmonary disease biomarkers using hyperpolarized gas NMR and MRI. The
two noble gases?®Xe and®3Kr are hyperpolarized to prokex vivorat lungs,
taking advantage of their unique characteristics to provide spatially resolved
diseases biomarkers. These biomarkers provide information on the lung
physiopathology such as the alvaoladius the presence of an enzyme or a
fibrotic thickening.

Chapter 2presents an overview dghe interdisciplinarybackground of this
thesis, from the concepts of magnetic resonance and hyperpolarized noble
gases technologies, to the vivorat lungexperimentation.

Chapter 3demonstrates the promising hyperpolariZédr MRI as a novel

biomarker for the alveolar microstructufghe surface sensitiiéKr relaxation



allows for the discrimination of diseased and healthy lungs iexamivorat
model ofthe COPD emphysema.

Chapter 4presents the first results obtained with a newly designed biosensor
able to host hyperpolarizeéd®e in solution. The encapsulation of théXe

into a cryptophane A cage tethered to a paramagnetic group induces its fast
relaxation. The biosensor relaxivity on the hyperpolariZ&de is investigated

and ann vivo enzymatic biosensor is demonstrated.

Chapter 5examines the use of synthetic blood as a potential sourtéxef

MRI contrast for interstitial diseaseBwo perfuorocarbon emulsions are used

as a blood replacement @x vivorat 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 tprovidethe reademith background knowledge in basic
nuclear magnetic resonance techniques, and an introduction to noble gas
hyperpolariation technique, used in all of the describeskarchn this thesis

Mo st of this <chapteros materi al t hat
resonance are taken and adapted from the textbooks published by A. Abragam
(1), P. T. Callaghaif2), M. H. Levitt (3), and E. Mark Haackét). In addition

to thesefour books, the theoretical parts associated to the hyperpolarization
were supported by numerous relevant publications illustrating some
applications using hyperpolarized noble gases for spectroscopyagihg.

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 withradiofrequency radiationThis interaction will causa
coherent precession of timidear spinsthat, in turn, will inducean 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 deterthie nuclear
spin 'O 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 momeatufhe angular
momentum is used to describe the chien of the spin polarization axis.

Nuclei with an odd atomic numbéror an odd mass number will have an



integer of half integer nuclear spin val@® mand will be considered NMR

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

Isotope | Spin Natural Gyromagnetic NMR frequency
abundance ratio at94T
(%) rjp (MHz)

(rad.s®.T?

H Pj G 100.00 267.522 400.228

He Pi G 0.000137 -203.802 -304.899

19¢ Pl G 100.00 251.815 376.729

83Kr W C 11.58 -10.331 -15.566

12%Xe | pig 26.44 -74.521 -111.488

Blxe |gjc 21.18 22.091 33.049

Table 21 Nuclear isotopes used in this work and their properties. Table adapted fesanoef

().

In the case of a single spin placed in a static magneticdiglthe total aergy
of the nuclear spin is defined by the Hamiltonian oper&@oiThe Hamiltonian
containsthe gyromagnetic ratip, the magnetic field and the nuclear spin
operatorOwhich eigenvalues are the magnetic quantum numbe(&qg. 2.1
and 2.2)

o) " 98 'O Eqg. 21

0 10 Eq. 22

where[ is the gyromagnetic ratio of the nucleus, and — with "Qthe

Pl anckds constant.

The eigenvalues of thélamiltoniandescribethe energy of a spin stat@ the
absence of a magnetic field, the different nuclear energy levels of the spin
states are degenerate; they all have the same ground state Hreergggnetic

field 6 is applied along the-axis, an energy splitting is therefore observed,
produdng ¢'O p sublevels taking the valugs QO p, € D this is
called the Zeeman splitting. NMR is the detection of this nuclear Zeeman

splitting sublevels. In the energyiagram on Figure 2,1lthese states are



represented by horizontal lines. Tkeergy level€O are directly calculated
from the above Hamiltonian.

O 126 Eq. 23

Any nucleus with a spifD 1T, will not present any Zeeman splitting at all,

making them NMR silent.

é m =+1/2
When B,=0,
the levels are degenerate
m =-1/2

B

0

AE = yhB

>

Figure 21 Energy level diagram for a populationtafo 12°Xe spins © pj ¢). In the absence
of an external magnetic fiefdl , the energy levels are degenerate. The presence of an external

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

Another intrinsic propety of the nucleus is the magnetic momertaused by
the nuclear magnetism. The magnetic momeauhd the nuclear spin angular
momentumGare proportionally linked by a constégntalled the gyromagnetic
ratio (Eq. 2.4) Magnetic moments can be debed as vectorsdefining the

spin polarization. The magnetic moment takes the value:

where[ is the gyromagnetic ratio (s€kable 2.}, 0 the Plack s const an
divided by¢“ and"@he nuclear spin angular momentum.

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

no net magnetizationB® ) (Figure 2.2.a) In the presence of a static

magnetic fieldd , the magnetic moments will align with the direction of the



field, inducing an anisotropispin polarization distributiong(* 1) (Figure
2.2.b) This positive net magnetization at thermal equilibrium is called the

macroscopic magnetization, B*.

~~

TN
o, &
g Q R

Figure 22 (@) Isotropic distribution of the magnetic momentshe eibsence of magtic field.

No external magnetic field
M, =0

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

6 yielding a macroscopic magnetization T

As discussed in the previous paragraph, the external magnetic field will
orientate the spingdarization. The angular momenta will precess around the
axis formed by the magnetic fietd . The frequency of precession is called the
Larmor frequency] (Eq. 2.5) and is directly proportional to the
gyromagnetic rati¢ of the nucleus and theagnetic fieldd applied to the

nucleus:

The Larmor frequency can be positive or negative, depending on the sign of
the gyromagnetic rati(see Figure 2.3)That implies the angular momentum of
different nucleimay precessn 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 nudféXe and®3Kr used in this thesis, the

10



gyromagnetic ratio is negative, implying an anticlockwise Larmor precession

aroundo .

et

v>0 vy<0

Figure 23 Precession of the nuclear spin magnetic moment around the external magnetic field

axis for a spin with positive or negative gyromagnetic ratio. Figure adapted3jom

2.2.2. Polarization at thermal equilibrium
The uneven spin populah distribution in each Zeeman energy levels will
induce a very small magnetization. This macroscopic magnetizatiois
orientedparallel or anti parallel tthe external magnetic fieldrigure 2.2.b) It
is called the longitudinal magnetization. This magnetization will be directly
dependent othe difference of population of tlspin orientatios.
At thermal equilibrium, given a temperatué the spin population in each
energy state follows the Boltzmann distribution. This means the gmisity
" at a spin stat&will be equal to:

o
, U ABD ™ gy Eq. 26

i - .
BO B A0y

whereO o6 & isthe energy at the spin st&fe

The polarization of aspn 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 agg@n
e.g.12%e, wherel) M and( ¥ are the number of spins @ach energy level, the

polarizationd is equal to:

11



. OV 0? Eq. 27
o s

o6 20
~ Agob QY Aob QY

o6 20
AoD 2 o AGBEC .
The thermal energy is always much bigdean the energy between two
Zeeman sublevels, therefore making the thermal equilibrium spin populations

difference very small. Because the high temperature limit is met+&. p,

the polarization equation for a spng can be simpligd to:

5 ¢ §)6 Eq. 29
¢QY
The polarization is directly dependent on the magnetic Gieldut also, the

gyromagnetic ratip . This is of particular importance when handling nuclei
with low gyromagnetic ratio such &&r.

The longtudinal magnetizatiord , or thermal equilibrium polarization,
corresponds to a very small population difference between the energy levels
and is almost undetectable. It is defined by:

Uroﬁ 0r 256, Eq. 210
C QY

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 itSome considerations for the construction of a cushonitt
129e coil for thein vivo preclinical MRI Bruker scanner, located in the
psychology department of thgniversity of Nottingham, are given in the
Appendix 1.
The application of an oscillatory field 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 weti@e ; andOj
(Eq. 2.1).

12
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The RF pulse induces a phase coherence of the spins, generatingeraon
transverse magnetizatian , polarizing the bulk polarization off theaxis
(Figure 2.4. When the RF pulse is turned off, all of the spins will start
precessing around theaxis again, inducing the rotation of the transverse
magnetizatiord  in the xyplane at the Larmor frequency. The transverse
magnetizationd  will decay from0 to zero, while the longitudinal
magnetizationd  will recover its equilibrium valued over time. The
precessiorof the bulk magnetizatioproducesan oscillating electric current in
the detection coil (usually the same the excitation coil). The signadill
decay because of gqehasing described by the rate constaht(transverse
relaxation) and the decaying signdg¢tectedby the coil is called the free
induction decay (FID). Relaxation mechanisms related to hyfzeiped

systems are explained further on this chapter.

(b) “

Figure 24 Excitation of a sample of spip§ ¢. (2) The Boltzmann distribution of the spins at
thermal equilibrium produces a bulk magnetization along tagisz (alongd ), the spins have
random phases. (b) The application of a RF pulse induces the phase coherence of the spins,

leading to a magnetizatian 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 #baging as compared wnventional

MRI that images hydrogen atoms contained in the human tissue. This is due to
the low density of a gas as compared to nucléhecondensed statand its
associated low signal intensity. One way to increase the sigmald be to
increase th@aumber ofspins 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 and the temperatui®y By
consequerg, in identical conditions?®Xe will provide a Zold stronger
polarization thar¥*Kr. 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 dimical 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)
hyperpolaization technique, which is the most commonly used method to
hyperpolarize noble gases such #$e, ?°e and 83%Kr. Other existing
techniques to hyperpolarize noble gases are being developed, for example
metastability exchange optical pumping (MEOP) tret heen efficiently used

to hyperpolariz€He (6), dynamic nuclear polarization (DNP) has been applied
to ¥?°Xe in its liquid phase, directly followed by its sublimatitf), and'?*Xe
Obrfudreced hyperpolarization byratppd aci ng
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 to overcome the low signal as
discussed abovf@-igure 2.5) The purpose of this method is to obtain highly

nonequilibrium nuclear spin polarization.

14



(a) 1024 scans
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Figure 25 (a) Spin energy levels distribution ardd®Xe signal at thermal equilibriurand
corresponding spectrum, acquired with 10&¢#krages (scan duration: 4h 40min) (b) Spin
energy levels distribution anéf°Xe signal &er enhancement by spin exchange optical
pumping hyperpolarizatiomand its corresponding spectrum, acquired in a single scan (scan
duration: 6 s) At thermal equilibium the spin population difference is very smétie signal

has been averageproducing asignatto-noise ratio;’Y0 'Y o Tt 1t After hyperpolarization, a
single scan allows foa 5-fold SNR enhancemen{*Y0 'Y p T )t Note that the thermal
sample was coatning 8 bar Xd 1 bar Q (total pressure, 9 bar), and the hp gas mixture 25 %
Xe i 75 % Nowas hyperpolarized for 6 min at 316 K and 682 mbar, for a detection pressure of
0.42 bar after recompression. Representative spectra acquired for recompressesissee
Section 2.3.3.)

The studies in this thesis only employ the SEOP technique with the existing
laboratoryequipment, and without analysing nor improving the method, a brief
description of spin exchange optical pumping hyperpolarization is giveris
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 FEOP cellcontaining the noble gas and the alkali metal rubidaipiaced
in a magnetic field produced by Helmholtz coils (15r64) to induce the
Zeeman splitting of rubidium (Rb). The SEOP cell is also heated with warm air
to producea rubidiumvapour ofappropriate density. Alkali metals such as
rubidium or cesium are used because they have a single unpaired electron on

their valence shell.

Linearly polarized Circularly polarized

light |Icg’|:lt # _@. _@’
= — | = —| %
Optic fiber — — I —} ‘®- -®’
— — — <6
Collimating optics Beam splitter N4 plate # '@- '@'
Telescope SEOP cell

Beam block

Figure 26 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 splitte linearly polarizes the light beam. The light then goes through a cqueater
plate (o/4 plate) t hat circularly polarizes
telescope to create a parallel beam having a diameter of the size of the SBERgmell

holder front window

Thelaser light is circularly polarizedsing a beam splitter and a quaieave
plateas described ifrigure 2.6 In general words, the circularly polarized laser
is tuned to the Dtransition of the valence electron of the RI94.7 nm)
present in the vapour state in the SEOP pumping tellvill 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 happerirom thed pj ¢ sublevel of theSy, state to

a pj ¢ of the 2Py, 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 backein gnound stateDue to
ongoing laser pumping, theopulation of spins in thé p] ¢ sublevel of

the %Sy, state is continuously depleted by the circularly polarized light

excitation, therefore increasing the population inthe  pj ¢ sublevel.
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Figure 27 A left circularly polarized laser optically pumps the alkali metal electron. The
subleveld pj ¢ is populated through the continuous pumping oféthe  pj ¢ by the

laser, tuned at its faransition.

Nitrogen (N) is included to the @ mixture, alongside with the noble gas, in
order to quench the radiation caused by the relaxation of the excited electrons
to their ground states. Insteafireleasing the energy by emitting a photon that
would be deleterious for the polarization buifol of the Rb, the energy is
converted intdhe N> 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 gasanucl
spin. As illustratedn 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 $&r, whereas'**Xe will also undergo spin
exchange through wader 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 tHeb electron spirand the noble gas
nuclear spin, increasing the populationsnolble gas atoms with the same

nuclear spin orientation.
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exchange

Figure 28 Alkali metal spin exchange between a rubidium electron spin dftkea nuclear

spin by (a) collision and (b) van der Waals interaction (ttuedy 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 casé®¥r, due to itsfastquadrupolarelaxationin the
condensed phagtat would lead to almost complete depolarizati8h 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 suchapplications. Most parameters involved in the polarization level have
been studied by Six et al. and published in the online journal ®h&Sn 2012
9).
The polarization level of any nucleus placed in a magnetic field is defined by
Eq. 2.9 The polarizéion of a known samplésee Figure 2 (&) for example)at
thermal equilibrium iscalculatedbefore each hyperpolarized gas experiment.
This measurement will be useddefinethe polarizationof the hyperpolarized
gas after SEOP.The signal intensity recded during shuttle delivery
hyperpolarized gasxperiments also requires taking into account tadnfer
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 appare

polarizationd  takes into account this dilution factor:
. , U
where0 is the polarization in the pure noble gas, and the SEOP

pressure, including the buffer gas. The highest @alton levels were
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obtained usingl0-50 % xenon and 25 % krypton gas mixtures, with

p & Pandd 18 Prespectively.

The polarization is shown to increase as the total SEOP cell pressure was
decreased from 3.5 bar to axmaum polarization reached at around 0.2.3

bar for?°e and 0.35 0.5 bar for’*Kr. When the pressure decred$rom the
optimum pressure, the polarizatisrapidlydecreasing to zero.

The temperature is another important parameter involved ifothetion of a
high-density rubidium vapour. A higher SEOP hyperpolarization temperature
has been shown to be beneficial %Kr, counteracting the lower REKr
exchange rate, but also reducing the quadrupolar relaxation on the SEOP cell
surface. The higkst polarizations have been reached with 373 Kfe and

433 Kfor 8Kr.

To summarize, our laboratory settingifow the steady state spin polarization

to be reachedfter 6 min of hyperpolarization at 373 K féf°Xe and 8 min at

433 K for®Kr.

The dawback 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 metastabithange optical
pumping application§l0). 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 psacuumed recompressiochamber by gas
expansion, and to subsequently recompress it by pushing a piston in the back
of the chamber with pressurized nitrogen gé&kl) Recompressed
hyperpolarized gas was shown to not significantly alter the polarization of the
noble gasUp to 100 % and75 % of the spin polarization was maintained for

12%¢e and®3Kr respectively.

2.4. Relaxation mechanisms

Instead of directly measuring the longitudinal magnetization, NMR will
measure the magnetization that is perpendicular to the magnetio fjatelled
the transverse magnetization . 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 sedfigare 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 att cancel each other out over time; this loss of phase
coherence will therefore induce an irreversible transverse magnetization
relaxation, also called the spin spin relaxation, ofY relaxation. The
relaxation behaviour ob can be describe by an exponential decay as
follow:

whereodis the time after tipping the magnetization in thepkgne and) is
the initial trangerse magnetization.

100 7
80 —

60 —

M,, (%)

40 —

I : 1 1 1
0.0 0.1 . 0.2 0.3
Time (s)

Figure 29 Transverse magnetizatiod ( ) relaxation of'?®Xe after full excitation with a 90

RF pulse. The transverse relaxation constémprresponds to the time passed where

oX.

On the envelope of the FJQhe transverse decay that is actually observed is
the4’ relaxation decay that also takes into acc@urfield inhomogeneities.
4’ is directly measuik from the envelope of the FIBnd is linked tdY and

Y, by the reléion in Eq. 2.14.
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PP _ P Eq. 214
N v
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Table 22 Transverse relaxation constants of the two nuclei of intét®& and®Kr, in the
gasphase in the absence of oxygenginvivorat lungs, recorded at 9.4 T in the laboratory
Bruker spectrometeData taken from J.S. Six PhD theglR).

Experimental’Y and”Y were measured iex vivolungs and displayed in Table
2.2.The transvese relaxation is of particular importance in imaging sequences
such as the gradieetho sequence, where the signal is recorded a long time
after the RF excitation pulse, making it more complicated for systems with
short™Y.

2.4.2. Longitudinal relaxa tion
First | et 6s consi derensembledbfhitd. rAflea d RFs y st e n
excitation pulse, as the transverse magnetization decreases, the
longitudinal magnetizatiod grows back to its initial thermal valie . The
0 regronvth process is called the longitudinal relaxation, or Spilattice
relaxation and is defined iyqg. 2.15

5o b p ! Eq. 215
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Figure 210 Longitudinal magnetization( ) evolution as a function of time after a f@I0 °
excitation pulseMagnetization recovery resultingto ¢ d> occurs when the time passed

equals thdongitudinal relaxation constaiY

This phenomenon is caused by interactions of the nuclear spins with the
surrounding nuclear spins magisdfields (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 thanhe thermal equilibrium polarization. TH¥ 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 211 (a) Small flip angle train of spectra. A fit of titey. 2.16is displayed in blue,
illustrating the longitudinal relaxation mechanism. (b) Schematics of the small flip angle pulse

sequence. Example taken from Chapter 4.

“Yis obtained by using a small flip angle train of excitation pul(segure
2.11.H. The longitudinal magnetization after theth pulse will be dependent
on the"Y relaxation (s), but also on the flip angl€rad) as described i&g.
2.16(13).

6 ¢ O m HEi— Q | Eq. 216

wheref (s) isthe 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 dissol¥®a signal will require a

high flip angle, whereas a strong gas phase signablolv the use of a very

low flip angle. Flip angles and delays were calibrated before each experiment,
and are specified in eaelxperimentat h a p methodblsgicapart.

Experimental’Y values for hyperpolarizetf®Xe and®Kr recorded inex vivo

lungs are displayed iTable 2.3 The longitudinal relaxation ot?°Xe is
drastically shortened to ~20 s by the presence of 21 % oxygen in the dtase of

vivo experiments.

N )

2% ¢ g
83Kr P& v T\ X

Table 23 Longitudinal relaxation constants of the two nuclei of intet&te and®Kr, in the

gas phase in the absence of oxygemxivivorat lungs, recorded at 9.4 ¥Xe and®Kr data

are taken from referengél), 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
resoldion 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. Mdithensional data sets are acquired

in the form of a spatialrequency image called-gpace. The 4space is the
Fourier transform of the image. The image is reconstructed by calculating the
inverse Fourier transform of its correspondingpace.

An overview of the mechanisms involved in thapgace discrete sampling

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 thgix, 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 dield The
magnetic field gradients are linear along the % and z axes, and will
produce a very unigue local magnetic field aligned Witkat every point of
the sample. The spins will experience different local magnetic field
corresponding to aocmnbination of the static magnetic field and the linear field

gradientd  w "Qwhere’Ois a given gradient in X, y or Figure 2.12)

AAAAAAAAA A

. ,.MTT _
Sl

Static field B, Linear gradient field G Total field

Figure 212 Magnetic field representation along the w or zaxis. The linear gradient field is
added to thetatic 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 zaxis, the spins expience different local magnetic fields, and
therefore resonate at slightly different Larmor frequencies when located at
different coordinate along theazis. Eq. 2.17describes how a spin located at
the coordinatéx will precess under a total magnetic field composed of the
static magnetic field and a gradient fieldD.

T ré O Eq. 217
The local spatial distribution of the spins across the sample at a given location
can be directlydetermined from the frequency content of the MR signal. This
frequencyencoding gradient is used to define the direct direction of the k
space [igure 2.134). The inverse Fourier transform of the signal made of
spatial frequencies will be directly propional to the spin density at a location
@ giving a spin density profile. The fielof-view (FOV) in the frequeney

encoding gradient direction is defined by:

o~ P Eq. 218
VO 500

where’ is the gyromagnetic ratio of the nucleus in HZO js the strength of

the frequencyencoding gradient in T/m and DW is the dwell time (sampling
interval) in s.

Phaseencoding 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 gradientpalied along the 3axis. The spins will now experience
different local magnetic fields, and will iEecessingt different frequencies.
The gradient causing this dephasing is called the pévaseding gradient. The
number of phasencoding gradient increemts and the phasscoding
gradient strength will define the resolution in the second direction of the image
Figure 2.13A). The FOV in the phasencoding gradient direction is defined
by:

P Eq. 219

O o

where’ is the gyromagetic ratio of the nucleus in Hz/%'O and] are the

strength of the phasencoding gradient step in T/m and the duration of the

phaseencoding gradient in s respectively.
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Figure 213 (A) Example of kspace sampled using a gradienho pulse se@nce with 256
complex points echo acquisition and 64 phaseoding steps. The frequeregcoding
gradient was set along theaxis, and the phasencoding gradient along theaxis. (B)

Corresponding 128 64 image after inverse Fourier transform andtioteof the matrix.

Slice selectioriThe selective excitation of a slice is realised thanks to the use of
a gradient in theahird direction, combined to the application of a spatially
selective RF pulse. The best slice profile is reached using a sinc §d-tpat
will give, after inverse Fourier transform a frequency distributigith
rectangular profileor bandwidth. A linear gradient is applied in thdiection
orthogonal to the Jaxis 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 stren@din T/m:

v A0 08 .Qiigi% Eq. 220
where’ is the gyromagnetic ratio of the nucleus in Hz/T.
The sliceencoding gradient is followed by a rephasing Idbigyre 2.14A) to
compensate the dephasing of the sliagassguring the sliceselective gradient.
In this work, all imaging experiments have been conducted using gradient
imaging with a linear sampling of thedpace, from negative to positive phase
encoding gradient. The next sections outline the gradiemd imaging
method, and the rapid acquisition technique graedehb 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
Imagng sequences consists in building ssgace by putting together the
frequency encoding, the phase encoding, and the slice selection if necessary. In
order to fill the kspace with negativend positive frequency values, aoho is
formed by the use of géents. The echo was first introduced in sggoho
sequences in 1950 by Erwin Halfib), constituted of two RF pulse, a 90
pulse followed by &econd pulse (ideally 880 ° pulsé, also called refocusing
pulse. The spins will begin to dephase just dfter90° pulse. The 180 pulse
will induce the tipping of the spins in the-pjane, inversing their phase. All
the spins will return to the zeqhase point at the same time equal to two times

the interpulse delay, called the echo time.

RF
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" loop 16 times with G
Figure 214 (A) Gradientecho sequence diagram for the coverage of a 16 xsp@ade matrix
with 16 RF excitations. A sinc RF pulse is applied in concomitance with thesslieetion
gradient. The echo is induced by a set of two lobes of frequemoyding gradients of
opposite polarity. The-kpace 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 @meseled loop. (B)4space
diagram of the coverage by linear sampling of a 16 x 16 matrix, starting from the most
negative phasencoding gradient value. The red dot represents the (0,0) point where the phase
and the frequency are null. The dashed arroweesent the trajectory in thedpace when the
phaseencoding and frequenegncoding gradients are applied simultaneously. The discrete

sampling of the 16 data points is illustrated by the green dots.
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In the gradientcho imaging sequence, the same wle@focusing 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 freqeEmmyding
gradient composed of two lobes of opposite sign. The graddm sequersc

is illustrated inFigure 2.14 The sliceselection 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 frequengyradient lobe is negative and dephases the spin. A
phaseencaling gradient is applied simultaneously with the dephasing
frequencyencoding gradient, to encode the second direction of thgake.

The second frequenagyradient positive lobe is of the same amplitude as the
defocusing frequenegncoding gradient, buivice 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 spicho, in the middle of the positive rephasing
gradient. The frequenegradient lobe producing the echo is alsdlechthe
readgradient as the data are discretely sampled during the echo time.

The phasgyradient encoding strength is incremented N times fréB  to

+'0 to cover the kspace. The maximum signal intensity is reached when the

phasegradient strength is set to zero.

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

imaging sequence
The gradienecho sequence presented the previous section implies the
transverse magnetization has completely depleted before the next incremental
loop is started. This way, we get a steathte magnetizatiofor each kspace
line. The introduction of low flip angle gradieatho sequencehas
significantly fastened image acquisition of thermal systems, such,aby
reducing the TR to values lower thawi (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 renewable
longitudinal magnetization for each RF excitation pulse. The remaining
longitudinal polarization aftee RF excitation pulses is proportional to
wé i —where—is the flip angle, leading to a signal decrease during the
course of the dspace acquisition. Zhao et al. developed the variable flip angle
FLASH pulse segence (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 99 compensating fothe polarization loss
created by the preceding pulse (i.e. for the preceglrageincrement. In the

case a total acquisition much shorter thénthe nth excitation pulse will

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

P Eq. 221
no £

— o6

2.7. Hyperpolarized noble gases MRI of
To date the most widespread atom used for hyperpethgases MRI igHe.

The larger®He gyromagnetic ratio leads to a higher NMR and MRI signal
intensity that led to a boost in the human hyperpolarigsdimaging research

in the past two decadgd48-20). The main source ofHe comes from the
nuclear weapas program (i.e. from tritium decay). The demandré supply
exceedinghe available quantities, the world is facing a drastic shortage and a
price inflation (21). The nonsustainable production ofHe pushed the
researchers to extend their effort hgperpolarized!?®Xe 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. TH&Xe isotope of
interest for MRI represents 26.4 % of xenon gdse first noblegas imaging
actuallywasthe image of a mouse lung preparation using hyperpolalt®¢d

(22). Becausé?Xe has a 2.7 times smaller gyromagnetic ratio s (Table
2.1),1%°Xe MRI was initially a much difficult task. Recent improvements in the
hyperpdarization techniques compensated for the inherent lower signal and
allowed!?°Xe imaging to reach SNR values comparabHe MRI (23-25).

The purpose of this thesis is to demonstrate some new sensor applica&xon in
vivo rat lungs and in solution. Anverview of the progress in hyperpolarized
12%¢e and®Kr research in rodent pulmonary imaging research related to this
work is presented in this section. A description ofdkeszivoimaging protocol

is given at the end of this chapter.
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2.7.1. Hyperpolar ized 1?°Xe 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 aedfigdld strength.
Therefore, identical conditions will lead to smaltétXe signal intensity than
3He. The increasing interest 1#?Xe spin exchange optical pumping in the last
decade led to a significant progress in noble gas SEOP poldA3e2¥).
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 exjorations of chronic obstructive pulmonary disease
(COPD) and asthma in human have shown correlation between effective
ventilation and gold standard clinical spirometry and plethysmogré@a)y
The variable flip angle (VFA) FLASH sequence has been impiéedeto
reduce the exponential signal decay due to a train of constant flip &h@)es
Sequence imaging using VFA FLASH has been shown to create excitation
field inhomogeneity artefacts when using huprs@ée excitation coilq29),
requiring field corregon. This technique is however ideal for rodent lung

imaging FOV of a few cm, using small prol&§, 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 imagiadefacts. 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 affaet 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 structureg32). The gas diffusion changes caused by destructive
diseases sucas emphysema seem to induce more variations in the transverse
direction, perpendicular to the main diffusion ad8).
Because of its high signal intensity, and almost insolubility in tissue, most

ADC studies were realised usifge. Free®He diffusion cefficient in air is
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equal toO @) @ & Ti (34). This value is significantly decreabevhen
restricted by boundaries such as the alveolar wall® 6 T T T8t @ & fi

in healthy rat lungs alveolar space, measured at the end of expiration). An
increased®He ADC was obsrved in emphysematous ratd Q6 1@ X

T8 @ G 1) (34).

Although the3He is the gas of choice for ADC MRI investigation, the progress
in the'?*Xe hyperpolarization overcoming the weaker signal, and the inflation
of the®He price induced a shift dfie research effort t5°Xe ADC MRI. 1?°Xe
seltdiffusion in air is slower than fotHe, with'O T To & 11, allowing

for some smaller scale diffusion measurements. Boudreau et al. measured a
significant increase of the transverse componehtthe anisotropic gas
diffusion fromO T8t Tt ¢ prdt T MWW Ti in a control rat td® TSI TT L

T8t iep G 71 in the emphysematous rat lun@s).

3He ADC and'?®Xe ADC have been correlated in control and emphysematous
rabbits, providing equalesults in quantifying the microstructure impairment
(36). Finally, the longer diffusion times when usifgXe would involve lower
gradients strengths, which would be easier to implement on clinical MRI
scanners.

Note that thé®¥Kr hyperpolarized techniqudescribed further in this section
can also be used to evaluate the alveolar microstructure. The work presented in
chapter 3 correlates the hyperpolarizZ&#r 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 thé"t@ntury,***Xe has been a rich topic for
the scientific community!*Xe6 s s ol ubi l ity has been of
the latel 9400 s , when the first mam@&B8).t hetic
The solubility of the noble gas has been further studied in aqueous media and

in the different compartments of the body.

31



Ostwald solubility coefficient

Noble | Water Plasma RBC Adipocytes Human lung

gas (mL/mL) (mL/mL)  (mL/mL) (mL/g) homogemte
(mL/g)

*He 0.0094® - - - 0.01325")

129 | 0.1217@ 0.1277®  0.4312@ 2.0184@ -
83Kr 0.0672@ 0.059® 0.107® 0.46220) -

Table 24 Ostwald solubility coefficient in water and biological compartments of inteltdst.
129¢e and®Kr data were taken from referend@s), (39, 40)and (40, 41)respectively. Note
that measurements were takefPat 20 °C and® 37 °C.

Table 24 reports literature measurements of the Ostwald solubility coefficient
for *He, 12°Xe and®3Kr in waterand 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 temperatut&Xe presents a solubility 13 times
larger thar’He, and 2 times larger thaiKr. In additon, *Xed s s ol u b i
enhanced by a factor 16 in fat tissue, with an Ostwald coefficient of 2 mL/g
(39). The 1?°Xe higher solubility has been used to explore and image the
hyperpolarizedt?®Xe transfer from the airspace to the bloodstream, whereas
®He remains confined in the alveoli, used as morphological markein
vertilation and diffusion imaging.

Dissolved phase imaging is possible thanks to the relatively” o€ 12%e

with 200 s in the alveolar gas phase in absence of ox§Iggnl5 s inpresence

of 20 % of oxygen42), 12 s in the lung parenchyn3), and 4.0i 6.4 s in
theblood (44), allowing for the transfer of hyperpolarized gas before the signal
decay occurs.

12%¢e exhibits different chemical shifts when experiencing different d¢baim
environments due to its large electron cloud making it precess at slightly
different ratesFurthermore, there are significant differences in the resonance
frequency when'?®Xe is bound to a variety of molecules, including
hemoglobin(45, 46) The different'?®Xe 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 hawe felio
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peaks arising from th&°Xe 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
129e dissolved in plasma, lung parenchyma and red blood cells respectively
(47).

This large ckmical shift between th€%e 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?*Xe unfortunately represents less tha@ % of the total

12%¢e 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 RFAtagion, 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 fibrosig51, 52) Dynamic spectroscopyhswed a
delayed and decreasét’Xe si gnal arising from the
(47). The first exploration in rodents showed a decreased signal in the blood
compartment was observed due to a fibrotic thickening of the alveolar
membrang48).

An imagingtechniques has been derived from the fact that the signal intensity
arising from the dissolvett®Xe is a lot smaller than that of the gas phase. This
imaging technique called xenon transfer contrast (XTC), inspired from CEST,
compensates the low dissoiv&°Xe signal by detecting it indirectly through

the gas phase after saturation of the dissolved phase and subsequent gas
exchangg53, 54) Two gas phase images have to be acquired, the first one
following a saturation of a region witho&t®Xe signal €200 ppm), and the
second one following the saturation of the dissolN&Xe (200 ppm). A
decrease of signal intensity in the gas phase would indicate a gas transfer from

the lung parenchyma to the alveolar sp@&dée 56)
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2.7.1.3. Gas carriers for disso Ived 1*°Xe signal
enhancement and contrast
Because the hyperpolarizéd®Xe 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'®Xe in the Hoodstreamhave been
investigated using variousiocompatible carrier agents and membrane
technologieg50, 57, 58)
In vivo imaging however is still limited by the poor solubility ¥fXe in the
blood requiring continuous perfusion of K3Xe directly into the bloodstream
via a gas exchange modu(®embrana MicroModule®, Charlotte, North
Carolina, USA) These bllow-fiber membranes used in blood oxygenators
have been employed to increase the concentration of dissGRasboth in
blood and in solution§0, 5760). 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 meéshod
suitable forin vivo animal experimentation bug unlikely to find widespread
clinical acceptance due to issues with invasiveness and coagulation within the
gas exchange device itselthis extracorporeal circulation composed of a gas
exchange module has been used in rats to observe th&Xeptransérring
back from the bloodstream to the alveoli, by imaging the gas [(b@se
It has been shown to be less technically demanding and less invasive to prepare
hp *?°Xe into a solution and then infuse the prepared solution into the animal
itself (61, 62) Bi ol ogi cally Ainertod substances
can avoid the need for delivetiirough extracorporeal circulation of blood.
Carrier agentsvith high solubilityhave been investigated, &ss known that
12%¢e has a much higher solubilityn lipid and perfluorocarbon based
compoundgOstwald coefficient > 1§63). Hyperpolarized**Xe imaging and
spectroscopy using gas carrier have been used to investigate the dissolved
129 e signal by angiograph4), in the brain(65, 66) heart and kideys(67),
but also the gas exchange in the lu(Gf.
Table 2.5 lists the particle siz&%Xe solubility and’Y in gas carrier agents.
Perfl uorocarbon emul sions (PFCE) have

as blood substitutes taking advantage of their faster exchange with oxygen than
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hemoglobin.1st and 29 generain PFCE blood substituteand perflurootyl-
bromide (PFOB) have been investigated a&’Pfe carrier agent(7, 63, 69)

Diameter  Ostwald  "Y(s) Chemical shift
(em) solubility (ppm)
Plasma - 0.13 T8 LD 194
RBC 7.0 0.43 221 7.81 213
PFCE *'generation 0.20 N/A N/A ~110
Fluosol
PFCE 2'generation 0.161 0.19 N/A N/A ~110
Oxygent
PFOB 0471508 1.2 ya& o 106
Liposomes 8 N/A pplp o8 0.6
Intralipid suspension 20 % N/A 0.62 T 8t o8t 197

Table 25 Ostwald ®lubility and *2°Xe "Y longitudinal relaxation times in diffené¢ carriers
from reference¢39, 57, 62, 64, 69) in deoxygenated and oxygenated blood respectigely.

eggyold concentration dependent.

When introduced to the PFCE suchFhsosol (Green Cross, Osaka, Japan) or
Oxygent (Alliance Pharmaceutical Corp., Whlire, UK),hyperpolarized?®Xe

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

as compared to the RBC peak at 216 §pir).

PFOB emulsions show a narrower peak centeretD@ppm. The linewidth

with PFOB is emulsiomdependent with larger droplets producing the least
exchangeand a narrower peak62). The best peak resolution was obtained
with dropl ets bi gpadide sitethasibee®associated iitnt s U
various side effects such as thrombocytop@misomepatients after synthetic

blood transfusior(70).

Liposomesfilled *?°Xe provides a narrow peak located at 0.6 ppm, that could

be used as &¥%e sensoin vivo, providing the organ of interest is not in the
proximity of the lungs where thé°Xe gas phassignal would overlap with the

liposome signa{69).

Although better'?°Xe 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 diameted er 0. 2 & m.

The peaks associated with tH#Xe in the tissue and in the blood are adjacent,
at191ppm and 213 ppm in the rodetf?8 and 21%pm in human, and can be

di fficult to differentiate. The introd
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lung pulmonary bloodstream has been explore@hapter 5, taking advantage
of the different chemical shift of'*®Xe dissolved in two different

perfluorocarbon emulsions (PFCE).

2.7.1.3. 129Xe biosensors
2% e 6s solubility and wieaheasedforenolécdan | s h i
sensingSome encapsulating molecules have been synthetized to h&SXene
in the dissolved phase. Spence et al. designed thé?fXst biosensor in 2001
(71), composed of a cryptophane A tethered to a ligand able to tgpgatiea.
The 12%Ke dissolved in the solvent will be encapsulated in the cryptophane
cage. The signal from the encapsulat€¥e 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. Cyptophane E was also used as'?@&Xe host for molecular
biosensing, with a chemical shift close to 40 p{fR). More in vitro essays
have used human proteins targét8), but the chemical shift created by the
molecularbiding was always below 7.5 ppm, tidag to overlapping‘?®Xe
NMR peaks. Although this'?®Xe NMR is feasiblein vitro, using high
resolution NMR probesn vivo detection of such small chemical shift change
remains highly difficult. Taratula et al. thouglof increasing the local
concentratin of encapsulatetf®<e by using dendrimers able to congregate
several cryptophaseavithout tethering then{74).
HyperCEST technique based on the XTC was devel¢pgd This NMR and
MRI technique uses the detection of the dissopealse (medium signat 493
ppm) after the saturation of the encapsuldt&de at 65 ppm or control a65
ppm. This technique inspired from CEST was also used by Garcid7&) &b
improve the sensitivity of the very low encapsulated signal.
Finally, Klippel et al used a ombination of two'?°Xe hosts, cryptophane A
(60 ppm) and perfluoroctyl bromide (PFOB, 120 pdi#yj). Two cell cultures
were labelled with one ofachallowing aselective CEST saturation of each
cell population.
Chapter 4 usean encapsulating cryptophar®, tethered to a paramagnetic
gadoliniumDOTA (GdDOTA) group. The transient vicinity of tHé%Xe and
the GADOTA 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 spifO pj ¢ 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 spi® pj ¢ suchas®*e (O gj ¢) or 8Kr ('O
o} ¢) have a nosspherical electric charge distribution, called quadrupolar
electric charge distribution. The electric quadrupole moment of the nucleus
interacts with the electric field gradient (EFG) generated by extdistaktions
of the electronic cloud. This electric quadrupolar interactiotypically an
intramolecular process caused by chemical bonding, except for noble gas
isotopes that are inherently monoatonkigure 2.15llustrates how adsorption
or collisioncause 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 th&Kr nuclear spin.

Figure 2158%Kr collisions and surface adsorption causing quadrupolar relaxation.

The &Kr quadrupolar relaxation was shown to providey @ontrast dependent

on the surfacéo-volume ratio in the porous medium, but also on the surface
hydration.

Porous mdia made of glass beads have been used to demonstrate the
quadrupolar relaxation. A high surfat®evolume ratio increases the
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probability of adsorption or collisions of tHEKr atomswith the surface.
Shorter”Y were observed with high surfat@volume ratio media(78).
Furthermore, hydrophobic surfaces cause shortdran hydrophilic surfaces
due to stronger interaction with the surface during the adsor@r79)

The surface qualrupolar relaxation (SQUARE) previously described in
synthetc porous media was also validateceinvivorat lungs. Excised healthy

rat lungs were used as a biological model for porous media with an increasing
surfaceto-volume ratio from trachea to alveoli.

Stupic et al. used nencalized™Y spectroscopy withdifferent inhalation
schemes to demonstrate the relaxation behaviours in the different lung
compartmentg14). The inhalation of smaller volumes of hyperpolariZéc
followed by thermal gas allows to specifically localize the signal without
spatially resolve the spectroscopfigure 2.16.1 8Kr is shown to relax faster

in the distal parts of the pulmonary systdfig(ire 2.16.h
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