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Abstract

Magnetic resonance imaginglR1) and spectroscopy (MR$J sodium £Na) areof
great interest imiomedicalresearch due to their sensitivity to tissue viability and ion
homeostasigMadelin, Lee, et al., 2014)n biological tissuesodium experiences
restricted and anisotropic motion through interaction witferent macromolecules
Because of itguadrupolar natursodiumpossessesbi-exponentiatransverse NMR

relaxation with componentsy and"Y which account for60% and40%,

respectively.

Recently, a new paradigm has appearedatuaigside renatodium regulatiomn the
human bodyskin also participatesn the control of sodium homeostagiSelvarajah
et al., 2018) The <«in dermis is enriched withproteoglycans (PGs) and
glycosaminoglycans (GAGS) in the extracellutaatrix, which providea high density
of negatively charged sites twsmotically inactivatesodium cationgTitze et al.,
2004)

In this thesis, ype 2 Diabetes Mellitus (T2DM) was chosen as a clinical model to
investigate’>Na relaxation in human skif.2DM accounts for 90% of attases of

diabetes in thevorld, whichis estimatedt 537 million (IDF, 2021) Thisthesisaims

to demonstrate thatodium relaxation times)Y and”Y , and quadrupolar
interactionn  in human skin may serve as a biomarker for the presence of T2DM and
provide more insight nt.nSinglequartuen (SND) and a s e 6 s
multiple-quantum filtering (MQF) spectroscopy was appliedstovivo human skin

samples in ultrdnigh 9.4 Tto determine these parametdrse poposed methodology

can be translated to othdéisease#volving sodium homeosteaslike chronic kidney

disease and cystfibrosis.

Sincelow-field portable NMR devicebave been developed recerdlyd found their
biomedicalpplication in profiling tendons and sKiitchell et al., 2006)thesodium
relaxation properties theskin studied in a high magnetic fietmeated a motivation
to translatethis work into sodium measurements liow inhomogeneous fieldA
STRAFI setup wasdesigned where poorshielded superconductir@y4 T magnet
served as a source of thelarizing magnetic fieldd , and two probes with different
diameters were constructegibdium signaacquisitions and relaxation measurements

were conductedh a fringe field of0.5 T withastatic gradient of 4.T/m onphantoms



with a range of sodium concentrations from satura@dtionsto 0.125 M The
experiments aimetb assess the feasibiligf sodiumdetectionfrom concentrations
close toones inbiological tissuesln the future this work could serve as a basis for
the design of a new portable sodium sers®ed on a permanent magnet to perform

sodium measurements in the skin of pati@mtgvo.
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1 Introduction

1 Introduction

Magnetic resonance imaging (MRI) is a widely used diagnostic tool which alays
significant rolein modern healthcare routines. Conventional MRI technique uses
proton nucleiexcitation of which byadiofrequencyRF) pulses and spatial encoding

with magnetic field gradients produces an MR image. However, MRI or more general
nuclear magnetic resonance (NMR) phenomenon can be observed on other nuclei
whosespin quantum number is naero. One particular nucleus of most interest in

this thesis is sodium.

Sodium is a vital ion and also the second NBHRsitive nucleuthatis most abundant

in living organismssodium is a primarcaion found inthe extracellular fluid of the
human bodyGuyton & Hall, 2006)which is about 50% othe total body water by
weight(Ruperto et al., 201950dium performsnanyessential functionsn a cellular
level: osmotic regulation, transmitting nerve impulses axaitation of musclesand
energy turnovernwhich translates to proper functioning on the organ and body level
(Guyton & Hall, 2006) Changes incell homeostasi®ften precedemacroscopic
appearances of pathological conditiofiserefore, it is of high interest to detect these
changess early apossible and this is where sodium NMRasthe potential to fulfil

these needs.

Over the pastfour decades,”®Na MRI has undegone significant technical
advancemento becomea viable tool in biomedical researc{Madelin, Lee, et al.,
2014; Ouwerkerk, 2011Petecting alterations in the total tissue sodium concentration
is crucial because it can indicate an inabibtyNa’/K* ATPas&o maintain the sodium
gradient across the cell membrane, whaan revealthe presence ofpathology
(Pirahanchi et al., 2023)n addition, investigating the molecular surroundings of
sodium ions through sodium NMR, such as the interaction of sodium with
proteoglycans, is an intriguing avenue that could ywealdableinsightsinto the health
status of specific tissues and org@Wéeaton et al., 2004iRecent findingsevealed

a correlationbetweendietary sodium chloride intake and blood pressarel as a
consequencehypertensionand oppose the traditional viewof exdusively renal
handling of sodium balancen the human body(Selvarajah et al., 2018)he
traditional paradigm was challengleglan examination of sodium and water excretion
4 h after the infusion of hypertonic saline in healthy individ¢@lsle Engberink et

al., 2017) It was shown thahe amount of sodium observed in the urine was only half

1
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of the anticipated quantity. This suggests that a portion of the infused sodium was
retained inthe bodyosmotically inactie. Thereforgit was promsed that skin might
serve as a buffer for sodium ions (Naby being full of negatively charged
macromoleculesvhich can store sodium osmoticalhyactive (Titze et al., 2004)In
addition, elevated sodium content was foundtire skin of patients withtype 2
Diabetes Mellitus(T2DM) compared to hypertensive subje¢annenkeril et al.,
2019) indicating that there arsupplementaryunexplored rechanisms of sodium
regulation and retentionin the skin in T2DM. Understandingthe molecular
environment of sodium iong the skincan begainful for a betterunderstandingf

the pathophysiologyand monitoringof the dsease.

This thesis is divided into 3 chapteFststly, Chapter2 overviewsthe basts of the

Nuclear Magnetic Resonang@henomenonlt starts withintroducing fundamental
guantum mechanicaropertiesuchasnuclearspin,whichleads taheZeeman effect
and definition of macroscopinagnetzation Thenthe nuclear sensitivity idiscussed

engagingother nuclei tha protonlike sodium

The dynamics of spi¥B/2 nuclei is better described by quantum mecharsesdnd
part of Chapter2). Spin density operatar and irreducible tensor formalism are
introducedwhich are well adaptetbr illustrating the relaxation of spirB/2 nuclei
under electric quadrupolanteraction. Types of electric quadrupolanteraction
correspondingnotional regimesndrelaxation timesre describedSingle quantum

(SQ) andmultiple quantum(MQ) coherenceare introduced.

One approach tanalysethe molecular environment of sodium nuclei in the skin is to
investigate its relaxation characteristimg examining the time evolution &Q and
MQ coherencedo obtain sodiuntransverserelaxation times'Y and Y
Relaxation times of the coheren@es affected byhespeed of molecular motion and
tissue orderingvhich links with quadrupolar interactiom$ the quadrupole moment
of the sodium nucleus with electric field gradients (EFG) createddmomolecules
in the tissugNavon et al., 2001)The nfluence of either wadrupolainteraction or
slow motion on sodium relaxation can be probed separatghulsgsequencebke
double quantum filter with magic anglPQFMA) and triple quantum filte(TQF)
correspondinglyChapter3 describeshow the Carr-PurceltMeiboomGill (CPMG)
pulse sequencnd multiple quantum filtenmientioned abovare appliedo studythe

molecular environment aodium in theex vivoskin samplesof patients suffering
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from type 2 Diabetes Mellitus and their control counterp®tstained results and
interpretations of the measurements egpored As biexponential relaxation of
sodium is observed in biological tissu@éadelin, Lee, et al., 2014CPMG decag
were fit to extract™Y and”Y . In DQFMA experiments only coherences
arising fromthe quadrupolamteraction are detecteth TQF experiments, onlslow-
moving sodiunmproduces a signal. Analysing thieme evolutionof MQ coherences,
Y Y and the value of quadrupolar interaction can be obtainedThe
values of"Y Y and]  of control and diabetic patientse comparedo
extractthe potentialdifference inskin sodiumregulationand tissue propertidgke
degree of order and viscosiyith and without T2DM.In addition,a comparison of
the SQand MQmethodss discussed.

SodiumMRI has been shown to be a useful tool for studying sodium in skin tissue
(Kopp et al., 2013; Linz et al., 2014; Wang et al., 20HOwever,these studies are
severely restrictedecause of thenability to reach aresolutionhigh enough to
distinguishdifferent skin structuresAlso, in some situations, a patient cannot be put
inside an MRI scanner due to some physiological conditions or exegogiment
such as a haemodialysis machthging treatmen{Dahlmann et al., 2015; Kopp et
al., 2018) Nonethelessit might be very important to monitahne efficiency of the
intervention by measuring sodiuconcentration irthe skin ofpatients with diseases
like hypertensior{Kopp et al., 2013)chronic kidney disease (CK@\Nerbass et al.,
2018; Qirjazi et al., 2021and type 2 Diabetes Mellituannenkeril et al., 2019;
Kopp et al., 2018)To overcome the practical difficulties of measuring skin sodium
with wholebody MRI scanners, portable NMR devices can be develtpsdare

based ompermanent magnets.

Portable NMR devices likihneNMR-MOUSE and GARFieldvere developed to study
samples much bigger than NMR prol@&:umich et al., 2008and planarsamples
including human skiriDias et al., 2003; Landeghem et al., 20ddipg proton nuclei
Both setups can be considered \zwieties of STRAy Field Imaging $TRAFI)
(Randall, 2011)as measurements are performed in a stray field of a pern@anent
superconductingnagnetlike in a standardSTRAFI arrangementThe described
measuring systemsan bepotentially adapted for detecting sodiusignalin living
tissueslike skin. However, only a couple gbapershave beerpublished so far

describing sodium signal acquison by devices based on permanent magnets
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investigating salt disposition iwalls ofancientbuildings(Zia, 2016)andsalt content

in cheese produc({&reer et al., 2013hat are very far from biomedical applications.
The gplication of devices possessing a high magnetic field gradweritiological
tissuedgs complicatel due to low sodium concentrations and short relaxation t{fmes
Boada et al., 2005)As in biological tissuessodium possesses biexponential

transverse relaxation witty andY  componerd, short echo times should be

usedto detect’Y as it is responsible for 60% of the signal.

In order toconstruct a portable device for sodium measurements in biological tissues
in vivo, the feasibility of sodium detection in inhomogeneous fieldsassessed.his

is the aim of Chaptet, which describeshe utilization of thefi | {SKR&AFI0 setup
usinga fringe field of a poeshielded superconducting magnebmebuilt volume
probes with different diameters andmaniaturized spectrometerBeforehand, he

fringe magnetic field of the magnet was simulatedMATLAB and thenaccurately
measuredin an axial direction and on a perpendiculaiplanar surface with two
gaussmeterwith different geometries afensingprobes.Then &dium measurements
were performedvith phantoms of aqueousdaCl solutions of concentratiorisom
saturated to 0.125 Mwind in an agar gelwith 4.87 M NaCl Two probes were
constructed to examine the effectiveness of increasing the excitation slice area on
signalto-noise ratios (SNRs) and overall measurement times, as indicated in the

findings

Chapters containsgeneral conclusion®r all Chapters of the thesandfuture work

is outlined.



Effect of the COVID-19 Pandemic on my PhD research
study

My PhD study started in Decemieranz@®l18 ,0ran
Scholarship foResear ch Excel | enc e 6l9 paodemiBbegare ar s .
three months into my"2year. My research activities in the laboratory at the Sir Peter
Mansfield Imaging Centre (SPMIC) were heavily disrupted due to the lack of access

to laboratory facilities. At that time, there were three main projects that | was working

on: (1) sodium MRIof human skin samples 9.4 T, processing of the MRI data
(Chapter 3) and establishing a pipeline of performing@ES analysis in the School

of Chemistry to determintle absolute sodium concentration in different parts of skin
samples (dermis, fat and plasma). These activities were very important as the
publication of the results was expected by the project collaborators; (2) development

of a portable sodium NMR devideased on permanent magnets to measure sodium
from planar objects and human skmvivoin a low inhomogeneous magnetic field
(Chapter 4); (3) development of a protocol of X@%on detection on the 7T clinical

scanner with its future adaptation to hunsabjects.

Although sodium MRIn 9.4 Twas performed for a significant number of human skin
samples before the COVHDO pandemic occurred in March 2020, more deliveries of
the human skin samples were planned for MRI scanning and performin@HESP
analysis in the School of Chemistry. These expents were important for the
preparation of th@ublicationwhich was expected as soon as possible by the project
collaborators from Coventry. | was doing my best to develop skills for working on an
NMR spectrometer, data pressing and helping my lab PhD colleagues by learning
rat lung extraction techniques. H@P, | was developing skills in dissecting human
tissue, working with strong acids for the digestion of the hutisane,and accurate
pipetting for diluting the digested material. To perform ICP, | needed to rely on other
researchers in the School of Chemistry and their workload due to limited access to
expensive equipment. Firstly, | was testing the digesting pipelinesbphgintoms

with known sodium concentratioa thake sure that it was producing adequate results.
After that, | could move to chicken tissues and then human skin samples. By the time
the pandemic occurred, the ICP analysis was performed only for two skin samples.

The development of the portable NMR device for sodium measurements was at an

early stage. | was developing skills in building NMR probes, learning how to operate
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a miniaturzed NMR spectrometer and also allocating my time to oversee
undergraduate students working in our laboratory. While designing a new NMR probe
from scratch, | also was trying to fix anotifeandmadeprobethata lab colleague
broke before the start of my PhD.

The development of a protocol for 88non {?°Xe) detection on the 7T clinical
scanner was also at an early stage. A té&te NMR probe needed to be tested with

gas phantoms containing pressuri$&Xe to obtain a xenon signal. My supervisor
and | were trying to understand the details of the transrodive tract of the 7T
clinical scanner to be able to control the power applied to the probe. Also, the scanner
should have been programmed to work it new coil and new nucleus. Due to the
extreme waokload of my supervisor as a faculty manager at the SPMIC and the limited
booking availability of the 7T scanner as a shared piece of equipment, | was not able

to have the appropriate training to become an independent scanner operator.

When the first lockdown was announced in March 2020, my main supervisor and |
decided to shift the focus to data processing for the human skin samples and prepare
a draft of a paper. In Apr2020,1 made a presentation at the Respiratory Division

Science meeting at the School of Medicine.

After the COVID-19 pandemic occurred in March 2020, communications with one of
my supervisorsveredrastically reduced due to his overwhelming responsibilities as a
safety officer. Tis responsibility continued posbckdown. Because of this, | could
not acquire new skills in working on a clinical 7T M&dannerwhich was originally
planned to form part of my thesis. Therefore, it was decidedaNitfi my supervisors

that it was not feasible to continue working on this project anymore.

In June 2020, my mot her and grandmot her
COVID-19 and were administered thospital in Russia, where they live. My
grandmother died after 7 days in the hospital due to serious complications. Although

my mother had not fully recovered from the infection, she neededganre a
bereavement by herself as at that time | could not leave the UK to help her because
Russia had its borders closed, and my mother had not fully recovered and therefore

there was a risk to me catching COVID with unknown outcomes.

The fact that | was not able to help my family in any way heafilgctedmy mental
health. Unfortunately, | struggled to cope, and my mental health declined. Therefore,



| sought support from the university health centre and cognitive behaviour therapists
(CBT). However, | had na@jotan opportunity to go home to my family due to COVID
19 restrictions. This was an aggravating circumstance for my mental health.

My projects were not included in the list of selected priority projects of the School of
Medicine until January 2021, thereby | could not use laboratory facilities for 10
months (March 2020 December 2020). Also, from January 2@810une2021,the
capacity of the laboratory was limited due to pandemic restrictions. Therefore, my
time in the laboratory was limited as other PhD students also needed to work in the

lab and social distancing restrictions were in place.

At the beginning of May 2021, my ot her
and again | could not participate in the bereavement due to CQ¥@strictions.

The described events, as well as general anxiety during the pandemic, heavily affected
my mental health and my ability to work towards my PhD. In July 2021, by the
university health centré was recommended to have additional CBT sessions to help

me with recovering.

Despite struggling with my mental health, | presented a digital poster at ISMRM 2021
(1520 May), made a presentation at the SPMIC seminar (June 2020), obtained the
required training credits and continued working on the data processing and

construction othe new sodium probe.

As 10 months of lack of access to laboratory facilities heavily impacted my research
activities, | requested 4 months of unfunded extension to my registered period of
study: from December 2021 to March 2022. | dedicated the extension time to
developing thedesign of the sodium probe and performing -feeid sodium
measurements. Before the start of the extension time, the psogajective was
modified to align with the available reduced time frame. Therefore, instead of
constructing a device based on pamant magnets, it was decided to change it to a
construction of a volume coil apeérformmeasurements in the inhomogeneous fringe

field of the superconducting magnet.

Overall, the impact of the COVHR9 pandemic on my PhD can bemmarzed as
follows: (1) the project with 129enon at 7 T had to be cancelled; (2) deliveries of

human skin samples were interrupted and consequently the@E3Panalysis could



not be done; (3) the time in the laboratory required for the development of the sodium

probe was extremely reduced.



2 Theoretical background

2 Theoretical background
This Chaptercontairs 2 sections. Sectiad1 providesa basic quantum mechanical
description of the NMR phenomenadn general Section 2.2 gives a quantum

mechanical explanation specifically for the spi@ systems.
2.1 Basics of Nuclear Magnetic Resonance

The fundamentalsf NMR are describedA more comprehensivéheory of NMR
physics (classical and quant descriptionycan be found irfLevitt, 2008)

2.1.1Nuclear Spin and Zeeman Effect

Any nucleusconsists of protons and neutrons whibssess an intrinsic angular
momentum called spiff.he in of the nucleudepends on the number of protons and
neutrons andt is identified by the spin quantum numb&Nuclei with nonzero™O

possesa nonrzeromagnetionoment as in eq[2.1]:

9, [ @ [2.]]

where’ is the gyromagnetiatio which isisotopespecific Units off areradians per
secom per tesla - - As nuclear spin(angular momentujnis quantized the

magnitude othemagnetic momeris alsoquantizedeq.[2.2]):

“ o2 00 ph [2.2]
whered is the reduced Planck constéot Dirac constantqual tathePlank constant
divided by¢" [joule-secondsJ-4. It is a fundamental constant connectthg mass,

energy andrequency ofa proton.

If a nucleus is placed in a magnetic field of internal or external origgnmiagnetic
moment of the nucleusateracts with the magnetic fiel@nergy levelsof the nucleus

split into several subleve(statesand this phenomenon is callde Zeeman effect.

To the nuclear spin corresponds a spin opef@or CHOHO . Usually, the direction

of the external magnetic fiel® is chosen along thé-axis. Eigenvaluesof the g-
component of the angular momentoperatofOare’O & 2, whered is a magnetic
guantum number which can take value¥di® p, €é'©O p, "OHenceany given
nucleus can posses® p angular momentum states or Zeeman s{atedgtt, 2008)

Thed-component of the magnetic momean beexpressed as eq.[2.3]:
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‘ ('@ I 8 [2.3]

In the absence of a magnetic fielde thuclearstateswith different’Oare degeneratie

they have the same enerdl/a nucleus is placed in a magnetic field, howetle,
degeneracy can be liftethe nuclear magnetic moment interaet#h the external
magnetic fieldand the states no longer have the same energgenergyof the
Zeeman state with magnetiquantum numbedt can be describeloly eq.[2.4]:

O © 0 [ ¢6 8 [2.4]
As a result, the energy difference betwéstwo states is equal {®q.[2.5]):

YO (26 8 [2.5]

AsYO o] hit can be derived thgeq.[2.6])

1 réh [2.6]
wherg  — is the frequencyf the electromagnetic radiation requitednducea
transitionbetween the energy levels.

The Zeeman splitting fgaroton ¢H) and sodium®Na) nucle is shown inFigure?2.1.

The distance between energy levelspends linearly on the applied fiedd and,

thereforeg)

At the thermal equilibrium hie probabilityto find the systenof O spinswith energy
O at an absolutetemperaturg “Y (Kelvin, K), is described by the normalized
Boltzmann facto(Haacke et al., 1999s in eq[2.7]:

. Q.
5 h [2.7]
w
EB" 'H,1=1/2 E‘Dn *Na, I=3/2 me3
o] I‘n:_l 0]} 2
= 2 5
F3 4} =
-~ 1‘1’1:_l
- 2
M o)
S <
-~ - _+l
g "
m=+% Jm=+3
0 By, T 0 B, T

Figure 2.1. Nuclear Zeeman states of protéh(Z = 1/2) and sodiuntNa (I = 3/2). As~y
is different for these nucldinedistance between the energy levels and, therefol
are different

10



2 Theoretical background

whereQ is the Boltzmann constafi/K], and@is the partition functiomefined by
eq.[2.9]:

@ Q8 [2.8]

The thermal average of tilecomponent of the magnetizatioB can be expressed as
in eq.[2.9]:

a h [2.9]

where” 0j wis thenumber ofspins O per volumew, i.e. spindensity Given eq.
[2.3]-[2.4], the equilibrium magnetization &s follows(eq.[2.10]):

J
. B aQ
0 "ro 8 [2.10]

o)

B Q

If we designaté 2 (Boltzmann factor)at room and body temperatures, L

QYL p , thereforefor protonsit can be writterasin eq.[2.11]:

Q p 'O Eep op pmo 8 [2.11]

The expression for the equilibrium magnetization caagpoximated byq.[2.12]:

‘00 pr o,
20 Pl o, 212
covy ©8 [2.12]

2.1.2NMR sensitivity

The hghestgyromagnetic ratio andbundance in the human body made protbaes
mostusedanddiagnostically important nuclei in NMRLhe wse of other nucleior
MRS and MRI in the human body is challengihge tolow signal strength relative to

protons.Rotatingmagnetizatiorof the spinsn asamples defined as in ed2.13]:
0 06 040 My0 0 QP %y [2.13]
where%o is the initial phase in the transverse plaine. 0 creates a timearying

magnetic flux thainduceselectromaive force (EMF)in a receiving coibccordingto
Far ad a.ENMFIs defimed as in ef2.14] (Haacke et al., 1999)

~

Q g
000 . QidPEHDd B b h [2.14]
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where the receive coil produces the magnetic fi®ld b per unit current.
Making the assumptions that spatial variation®®b and & b are small

and the time dependencel® D is caused mainly by precession, one can simplify
that EMF is proportional tp 0 . Using eq.[2.12] and noting ® [, therelative
signal strengtlfor sensitivity)'Y of a given nuclarisotopecan be expressed mseq.
[2.15) (Haacke et al., 1999)

Y gstit®dit 00 ph [2.15
wherei is the relative abundance of theclearisotope in the humamody(i  p for
protong, and @ is a natural abundancelative to all stable isotopeof the given
nucleus Thecharacteristics mentioned abdwee several nuclepresentecbundantly
in the human body are shownTable2.1. The molarity oftH in thehuman body can
be calculated as follows: considering a mass fractidhl @ the human body as 9.5%
(Rundo & Bunce, 1966}the average density of the human bédy was taken as
1.05 g/mli(Pollock et al., 1975, 1976and a molar mass & O  is 1 g/mol, then
average hydrogen molariy can be calculated as follows (¢8-17)):

’ a T8t Wl aéa

6 5 o p o Y% 9%0P g

The elative abundance of soditfiNa in the human body wasilculated in a similar
fashion consideringthe total concentration of sodium ions as B¥q/kg(Bhave &
Neilson, 2011which equalgo 1.242 g/kg then average sodium molarily  can
be calculated as follow®q.[2.17]):

a
! “ A
w t

aéa .
n&ﬁucp—5— L @daOh [2.17]

Table 2.1. Several nuclei with their characteristics: gyromagnetic fatiol j ¢*, spinC
relative abundance in the human badynatural abundancéy and relative sensitivityy

normalized byH relative sensitivityY .

Nucleus in the human body = MHz/T  E > + 47
H, average 42577 1/2 1.0 1.0 1
2Na, average 11.262 3/2 5.6810* 1.0 5.26-10°
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whered =23 g/mol is a molar mass of sodiuRtom theretherelative abundance

i of sodium to proton can be found by dividiag by o

Due totherelatively high abundance in the human haglydium can be considered to

bethesecond mosiMR-sensitive nucleuafterH.
2.2 Basics of quantum mechanics for spin = 3/2

2.2.1Spin density operator

In qguantummechanicsthe state of the particl€can bedescribed by a continuous
complex wavedunctionay dwhichin general depends on space coordinates and time.
The wave function cabe representeth termsof ibasi s fgudth citjeqp ns 0
[2.18]):

where® 0 is a complex coefficient which is generatiyne dependentAny spin
state of a nucleusith a guantum numbé@nay be representedthebasisof the¢'O

p Zeeman eigenstate§ 0of the operatoiQ Hence fora nucleus withO qj ¢, there
are 4Zeemarstates -, -, - and -, andin the basis of these states, the
wave functiorof a nucleugsan begivenas follows(eq.[2.19)):

N ¥ o < p x p I o
a w - ® - W - -8 [2.19]
W TQ TC L TQ

When anensemble of nuclei is considerdd,describe its staté is useful to use a

density matrixor a density operatoy) as in eq[2.20]:

which elements can be calculatedrasq.[2.21]:

Lon 005 DB GOWBWDE G Gh [2.21]

where the overbar indicates the average over all particles in the ensemble.

The quantum state of a sggi2 ensemble may be presented as ar density matrix,
as followsin eq.[2.22] (Levitt, 2008)
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nS | O ” h ” F] ” F]
oo ” F] ” s J d ” F] ” F]
" - . . 2.2
$ m s ” h ” h » g ] G ” h [ 2]
” F] ” F] ” F] ”g J EX

Diagonal elements denoted | &.s j &»s j @and,s ; a(0 0)representthe
populations of the four Zeeman stat€bey are real and positive numbewrsd are
normalized to unityThe offdiagonal elements (6 0) definecoherenceszach
coherencéas an ordei] (thefirst number in the indegositionin eq.[2.22]) which

is equal to the difference in Zeeman quantum loensx@ for the connected states:
N a G ; andrp (second number in the index position in §22]) is a
satellite order which is determined s & a . Coherences are complex

numbers and they come in conjugate pairs.

The dfference n the populationglepictsa longitudinal magnetizatio.ransverse
magnetization iglescribed by the presence of coherentests turn, coherences
requirea certain level of alignment of thteansverse polarization vectors of spins,
which corresponds to the amplitude of coheremke coherences are complex
numbers, theyalso have a phasewhich indicatesthe direction of the transverse

magnetizationn thew eplane
As one can seaspin-3/2 systemsupports 12 coherenc@sgure2.2):

1 3 (-1)- and 3 (+1)quantum(single quantum, or SQyoherences between
neighbouring energy levels)(  p). The coherence involving pj ¢ is
particularly important and associated with the central transition of the3pin

system.

Ol.ap2>
|3
|}
Gf.”f) | N %
o 13)

Figure 2.2. Spin3/2 energy levels associated with quantum numbeand transitions
between them;, ,., # .» i SQ (green), § .., i DQ (red) and,  TQ

(yellow) coherencessrey balls on the energy levels represent populations.
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1 2 (-2)- and 2 (+2)quantum(double quantum, or DYZoherences\ Q);
{ and a pair of triple quantu(TQ) coherences( 0).
2.2.2Transformations under RF pulses

Let's examine a singlepulse experiment wherehard “j ¢ pulse isappliedto a
spin3/2 ensembleThe density matrix at thermal equilibrium contains populations
that adhere to the Boltzmann distribution amal coherencesWithin the high

temperature approximatian L TQ"Y(Boltzmannfactof 2L p), thethermal

equilibrium spin density operator at time point (1) (before the pulse) is given by eq.
[2.23] (Levitt, 2008)

=10
=10

vo =P =GB [2.23

A casewill be considered whethe RF field satisés the strongpulse condition

-6 OE+ |1 1 ,whered is a magnitude of an applied oscillating RF field,

— is an angle betwee® andd@® (both fields are applied at certain directions), and
1 is defined by ed.2.39]. In this case, after theard “j ¢ pulseat time point (2)

the spin density operator will be defined as in[é@4]:

, Yy -, v = Pp Pig [2.24]
C C T T
whereY — i s a pul se pr opag alteatt, 2008jandthe gpint at i 0 |

operatorOfor the spir3/2 has the following matrix representation (&R5)):

O gh’ Vo T C T[\_ﬁg [2_25]
CQ n ¢ T Vo
6n m W nOo
Consequently, can be cal cul 422¢)d: as foll ows (eq.
P —Vio T T N
o B BN
I L Qom s [2.26]
T - ~
oy P O _
n Q © L ?MO'
2 T T —Vio
o c p ©
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It can be seen thdlhe “j ¢ pulsedoes nokexcite the doubleandtriple-quantum

coherences, while the excited }-quantum coherences are expressed as folleqis

[2.27)):

$oi g [227)
m

. R SR,

T

¢

” F]

Eﬁjsll
i

Equationg2.26] and[2.27] show the “j ¢  pulseequalizes populations of all energy
levels and creates (+Huantum coherencegherethe central coherence has a larger

amplitude than the satellitwherencegFigure2.3).

—ao—|) 9

—ao000— |3 —agog00—|-3
(11/2) /

A 4 1

—Q000000— [+5 —Qo9000— [+5)

-

-COOOaI0D- |+%> |+%)

Figure 2.3. The esult ofthe action of the “j ¢ pulse all populations are equalized and
(¥1)-quantum coherences are creatédntral, j coherence haghigher amplitude which

is shown by thicker arrows.

After the “j ¢ pulse during a time periodt] ¢, the spirs in the ensembleavill
dephase. I n the o,pevidtloreswflviMEt ahngwdeltlatd mn
a combinat i on0Oa h@Wewimotgoirtordetailsoaheyelaxation

of the spin3/2 system during this time periéok now, howeverit will be covered in

the following sectionsAfter 1j ¢, a“ pulse is appliedFrom the transformation

properties of theaising and lowering operatoi®@ O “Was in eq[2.29]:
Y ¢ 0oy *“ 'Oh 'Y “ QY * "Oh [2.28]

it can be seen that the pulse inverts the coherence ord&he (+1)}quantum
coherence is converted liye* pulse into the-(l)-quantum coherence which gives
rise to the echo signal after the tinieq from the“ pulse.This sequence of two
pulses, “j ¢ and“ , isthespin echo and its coherence transfer diagram is shown

in Figure2.4. The diagram shows only (+tuantum coherence which solely gives an

NMR signal at the end of the pulse sequence.
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Spin echo pulse sequence timing diagram
angle m/2 g

phase 0° 90’ Pacq
acq
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/

Figure 2.4. Timing diagram othe spin echqulse sequence. Correspondsgigglequantun
coherence pathways are shown underneath.

2.2.3Irreducible Tensor Formalism

For spinrl/2 systemsit is common to usproduct operators in Cartesian coordinates.
To describe the evolution of coherentmsspin3/2 systemsit is more suitabléo use
irreducible spherical tensor operators (ISTOS)with the ranka= 0, 1, 2, 3 and order

G ch & phB h &which form a complete and orthogonal bagBrmnst et al.,

1987) In this casethe density operator can epresented in this basisia®q.[2.29):

~

) ® Y h [2.29]

h

where® arethe complexcoefficients.In this caseft can beequalized with the
coherence ordef. All 16 ISTOsand their expressions through the Caate'Oand
raising and lowering operatof® O " can be found i(Madelin, Lee, et al.,
2014)

The spin interaction in a static magnetic field can be described by the Hamilignian

in eq.[2.30] (considering eq.2.6]):

O 160 1 "Yqih [2.30]

where”Y;  Orepresenttongitudinal magnetizatiol.o describgransformations of
the tensa during an application of aRF pulse and relaxatiomne can use the

following rules(Ernst et al., 1987)
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1. A nonselectiveRF pulse changes the order of coherender & ) within the

limits 1S  a(equivalent to rotation in thregimensional space)

2. A free precession (withoubhe RF field) changes rankwithout changing the

orderr). Consequently, quadrupolar relaxation can only change

The schematic representation of these rules is showriguare 2.5. Horizontal
conversions of tensors can be performed with the helpRF pulse (in one or several

steps),andvertical transformations occur due to relaxation. In thermal equilibrium,

the density operator contains ol and”Yj terms.

rf pulse

o
S
S ! !
Ti 17_&.2 Ti,l Ti?,() TI'ZJ f?
Izi’.—.? Ti’ -2 ]?5',—1 T:; o TJ 7 TJJ TL‘;’:J

Figure 2.5. Conversion of ISTOs bRF pulses and relaxatiofSTOs epresentoherences
Adapted fromErnst et al., 1987)

In isotropic liquids under the influence of quadrupolar relaxatmiy oddrank
tensors”Y; can be formed. Iran anisotropicenvironment, where the residual
quadrupolar interaction (RQIjSubsections2.2.42.2.5 does not vanish due to
averaging, tensors dhe second ranKY; can be also generated. To distinguish
between these two cases, different MQF experiments cparfimed For instance,

in the case of RQI generatéd; can be reformed by another pulse to a double

quantum coherence (DQCY; , as it cannot be obtained due to only relaxation.

2.2.4Electric quadrupolar interaction

Besides magnetic dipolar moment, nuckgih spin > %; or quadrupole nuclei like
sodium, have an electric quadrupolar monvemth originates from the nespherical
distribution of the electricharge in the nucleu3he energy of an interaction of the
sodiumnucleus with thesurroundingelectric field can be written in the multipole

representatioas in eq[2.31] (Levitt, 2008)
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0 0 0 0 Eh [2.31]
whereO is defined by eq.2.32):
: P A
@] c Pbw QD [2.32]

where” b is an electric charge densigndw b is an electric potentiandé

is an order of the derivativelhe oddtermsof O  vanish due to the symmetry
property ofthe parity conservationThis means that for all spity2 nuclej there is
electric energy only associated wigppint charge approximationThis is not
particularly important in NMR as it does not give information about the internal
structure of the nucleus or its orientation in sp8cs for the spin systems wit® p

the termO is particularly importantlt represents an interaction thie quadrupolar
moment of the nucleusith an electric field gradiedEFG)w b (e.g., the gradient
formed by electrons surrounding the nusl| a molecule)The electric field gradient

@ can be representexsa seconerank tensor with the componentés described

by eq.[2.33]:

6 1@ g 2.33
T [2:33

Then ageneralquadrupolar Hamiltoniai©® can be gren asn eq.[2.34]:

Q w 0 h [2.34]

P
® i
where0 B ow w 183 is a tensor of an electric quadrupole moment

of the nucleusvhich describes deviation of the charge distribution of a nucleus from
a spherical symmetnand i ahuhd; ‘Qis an elementary charge and summation is

performed only over charged particles in the nucleus, i.e. protons.

The tensor of the electric potential is symmetric by definition. Principle axean
be found for w, that make crosscomponents vanishw T when | T.

Furthermorepomu st sati sfy Yap ahicermakes thepotantial o n :

tracelessw @ @  Ti(Slichter, 1996)A principal component of the electric

field gradient tensow is usually defined aim eq.[2.35]:
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®» Qf [2.35]

wheren is a field gradient per unit of chargn asymmetry parameter can be

designatedsin eq.[2.36]:
- ———h [2.36]

andthe quadrupolar Hamiltonian can be writter(eg.[2.37]):

"0 Tgﬁ—wm O -0 O 8 [2.37]
10O p
In the case othe electricfield gradientwith axial symmetry(— 1) anda small
quadrupolar interaction compared to the interaction of the nucleus with the external
static magnetic fieldand considering ed2.30], the ull Hamiltonian with the first

order quadrupolanteractioncan be written am eq.[2.38]:

O O Qi ‘0O O Y "Yi h 2.38

1 TOC0 p o 1 ool R [2.38]
where| is a firstorder quadrupolar couplingnd Y} = c0 OO0 pp is
quadrupolar spin polarizatiofMadelin, Lee, et al., 2014Energy levels will be

described by the following equatipa39] (Slichter, 1996)

QR0 .cAl & p. | .
— t t oa 00 p
00 p C [2.39]

~

J & 9 h

O 0]

where—is an angle between the gradient of the electric §eddientandthemagnetic
field 6 .Ineq.[2.38]-[2.39], thefirst term represents Zeeman splittingd thesecond

termis afirst orderquadrupolar interaction

It is worth mentioning thathe interaction of a nucleus with a magnetic figlablies

that it is so called external interactias it originates fromthefii nt e rohant i on o
investigatedsample withan NMR scanner Meanwhile the electric quadrupolar
coupling is an internal interactipmas it comes fronthe internal properties of the

sample itself.In NMR, the external interactions are usually much larger than the

internal interactions.

Fornuclei withspin>1/2, electric quadrupolar interactiosithe strongest among other

internal interactionsn solids and anisotropic liquiden descending ordgr dipole-
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dipole interaction,chemical shift anisotropy (CSAand J-coupling (Levitt, 2008)

Quadrupolar interaction is absent in isotropic liquids.
2.2.5Quadrupole relaxation

In a sample, mlecular tumbling causes fluctuatintagnetic anelectric fieldso o .
The £mporal evolution of tsefields, i.e. the speed of thie fluctuations can be

describedyy an autocorrelation functiofOt defined in eq[2.40] (Levitt, 2008)

0ot 60606 t mh [2.40]
wheret is an intervalbetween two points in time under consideratibime bar above
indicates an average over the ensemble of ndtthe fields are fluctuating very fast,

the autocorrelation function rapidly decays to z#ng.accurate enough sssume the
following form for'Ot asin eq[2.41]:

SS
"ot 6 Q h [2.4]]

wheret is the correlation tim#éat can charaetize molecular motion. Rapid motions
havea short correlation timeyhereasslow motionshave longt . Thus,t changes

with temperature.

An importantfunction in NMR is aFourier transformation o0t , 0] Qu

whichrepresents spectral dems#of the timevarying fields(eq.[2.42]):

whereo is thecoefficient of normalizatioriThese functions from efR.42] present in
an equatiorj2.43] of the time evolution of the density operator under the relaxation
described by thguadrupolar Hamiltoniaxlefined by eq[2.38] (Van Der Maarel,
2003)

Q— 22: “Yi b, Yy h“Y; h, 0 4 QA h [243

Qo L0
wheretheindexd coi nci des wi t hThapare dle ngvesandmall or der
dynamic frequencyshift but it is usually neglectedas itis too small to measure

experimentally.
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In the case of the quadrupolar interactigth an axialy symmetical EFG tensqrthe

normalization coefficientd is equal to ¢ 0 j @ {Madelin, Lee, et al., 2014)

whered is a quadrupolar coupling constatefined by eq[2.44]:

Q;‘ % [2.44)

In the case ofanisotropic environmeniith EFG averaged to zerthefirst term in
eq.[2.43] vanishesAlso, due to its symmetry propertiéise double commutatgiives
decoupled equations for tensorsesfen and odd rank/an Der Maarel, 2003)A
solutionfor thespin polarization tensoi¥} and”Yj can be presented asfollowing

equationg2.45]:

Y Jﬁ Qo Ye'Q B
[2.49

¢

"YF] .Jﬁ "Yﬁ "0 "Yﬁ 0

where the relaxation function® ,"Q ,"Q , and’Q are the followingas in eq.

[2.46] with the relaxation rate¥ and’Y

¢
=
(@)
e}
¢

Q Q 1Q Q

CcC|D©

9 0 %‘Q o0 K [2.46]

where the spectral densifynctionshave notationsd 01 and0 U g

and the superscript (M)dicatesd z eqgqrucant umdé, | ongi tudi nal r

From the eq[2.45], it can be seen thdhe longitudinal magnetizatiofiy; and
octopolar spin polarizatioriY;; are coupledand the longitudinal relaxation is

biexponentialvith relaxation timeSY and”Y (eq.[2.47]):

v P - . p
Y — ¢mhh Y — ymH 2.4
v vl (247

Time evolution of single quantum coherent¢s and’Y}; is given asn eq.[2.48]:
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Yao o4 YR, Q Yo "Q h
[2.48]
Yoo 4 Yy Q Yy Q h
with the followingbiexponential relaxation functiorss in eq[2.49]:
Q P s cQ h
v
Q g cQ oQ h
[2.49
7 .
Q Q e Q Q h
V]
Y O oh Y O 0h

wherein Y ;;  the terms of dynamic shift are omittedcauseheir contributions can

benegleced The spinspin relaxation is alsshown to béiexponentialvith its short

and long components in eq[2.50]:
P s P

Y — @mHE Y
Y

T8 [2.50]

Time evolutiors of the quadrupolar spin polarization tens¥ and ranktwo SQ
coherenceY; are not shown, aghey cannot be created either IRF pulse or

relaxation in the isotropic environment. Therefotlgeir relaxation rate are
unavailable.

In the casef an anisotropic environmergyen and odd rank tensors are no longer
decoupledFull equations for the tensors and their solutions are provid@timDer
Maarel, 2003)but expressions for the longitudinal relaxation stié the same as for
the isotropic casgeq.[2.45]-[2.47]). However for the transverse relaxatiomthe case

of] 1 0, the relaxation functionsan be slightly simplifiechs shown in ed2.51]
(Reddy, Li, et al., 1997; Van Der Maarel, 2003)

P

o)
N - -0 cQ
L G

[2.51]
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. p o
Q Q < - Q Q
(]
QGQ ogl oh
-
"Q Q —(pE'Q Q E'Q
L G G
Vi e .
TCPQ A0 Q h
"Q BQ Q h
C
"Q Q ‘L_Q Q h
Np Tt
. p . . -
Q GQ oQ Q h

with relaxationeigenvaluess in eq[2.52]:

Y 0 0 O0h Y 0 08 [2.52]
Y and’Y are therelaxation rates of the sateltend the central transition
correspondinly. It is worthnotingthat they are differerftomy  andY  inthe

isotropic caseDepending onthe molecular systemyY and'Y are equal to

pj Y , Where”Y is a short relaxation time, and , Y areequal to

pl Y ,where’Y is along relaxation time.

This thesis is focused on sodium behaviour in biological tissues. Typical ranges of
sodium concentrations and relaxation times in some human tissvi@s and some

types of sodium solutions are givenTiable2.2.

It should be noted that sodium relaxation tinmediological samples andqueous
solutionsare distributed irmrelatively wide range (from 12 to 73 ms fof, 046-6.3
ms for”Y and 560 ms for”Y ) (Constantinides et al., 2000owever,”Y
appears to be more than one order less lttragitudinal relaxation time for protons.
It has its advantages adtawbacksShort™Y is beneficial for NMR signal acquisition

as it allowsmore signal averages per unit of tinghort transverse relaxation times,
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Table 2.2. Sodium concentrations and, “Y values for some human tissues and some tyj}
of sodium water solutions (adapted fr¢@onstantinides et al., 2000; Madelin, Lee, et al.,
2014). Y(Buist et al., 1991)ND T no data.

Tissue or sample  [Na*,mM 4 ,ms 4 ,p.ms 3 «..Ps Magnetic field, T
Articular cartilage 250-350 14-20 0.7-2.3 8-12 15
ND 1.0°0.1 121 15
Blood plasma (human) 140150 30.81.3 ND 171 4.7
NaCl
Aqueous solution 20 ND ND 58.7 15
8ot 57 ND 54 7.05
In deionized water 100 60 ND 60 4.7
Aqueous solution 140 54 ND 54 8.5
In deionized water 1000 53°2 ND 54°3 15
Saline solution 71°5 ND 57°7 8.3
52.91.4 ND 54°3 1.5

on the other hand;ould causea loss of more than half of the sign&eq. [2.50)).
Different methods should be considered to overcome these difficulties.

2.2.6Types of dectric quadrupolar interaction

Depending on theuclearenvironmentcharacterized by molecular motionfour
types ofasingle quantum specim might be obtainefbr spin-3/2 nuclei like sodium
(Rooney & Springer, 1991b)

T Type fido eatsedalled nertéeme narro@limit. This is usually
observedn homogeneoublaCl water solutiong-luctuations of are very
rapid, such ast L pj1 , consequently T L p. Quadrupolar interaction
averages to zero over tirne 1, and it does nadffectthe energy levels of
the nucleugFigure2.6). Three SQ coherences can be observed which give rise
to one narrow spectrum linedBoth longitudinal and transverse relaxation
decaysare nonoexponetial with relaxation timess in eq[2.53] (Farrar &
Becker, 1971)
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T Typ

o
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2 — - ‘\/'\/'\ _____

P p P p Qnbd
Y Y Y pT 2

t8 [2.53]

e Nco eamsstsaf tavasoibtypes:

The environment ifomogeneoudyut the motions of the nuclei are
slowed downAn aqueous solution obtubilized micellesmay serve

as an exampleThus the correlation timé  pj1 ( T p), but

it is still shorter thanpj1 . A central(- © -) coherences

overlapped withwo satellite coherences-(© - and - © -)

with the relaxation timef the lattey"Y , beingmuch shorter than
one of the former Y . Hencethe spectrum line is generally
broadenedFigure 2.6). For a singlgpool of sodium ions;Y and
Y have 60 and 40% contributions respective{Burstein &
Springer, 2019)Relaxation rates are equal (®eq.[2.54]) (Madelin,
Lee, et al., 2014)
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Figure 2.6. Energy level diagrams of a spai2 system in four different molecular environm:

(Aao, 4]

bo, Aicd and Ado) . Correspondi ng¢

Descriptionof the typesan be found in the textolours of the arrow mean the same dsigure
2.2. Adapted from(Rooney & Springer, 1991b)
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: P s . p .
Y P v oun [2.54]
~ :
Y YL b 08

In this casemultiple quantum(MQ) coherences can be generated.

o The environmentpossesss a slow motion along with a partial
alignment] t p). Such environmentan be found, for example,
in biological tissues. The presence of negatively charged large
macromolecules slows down the fluctuationg of of sodium ions.
The relaxation ratesf the SQ coherencese the followingexpressions
as in eq[2.55] (Madelin, Lee, et al., 2014; Van Der Maarel, 2003)

Y O 0 0 O 1 h
[2.55]
Y O 08
In this casg 0, therefore, both relaxation rates are reahbers

A spectrum consists of three overlapping Lorentziassthere is no
splitting. As is the previous case, MQ coherences casbgerved

T Type fibodo eanbeichamatenzedithe correlation timg which is
longer than pj1 . The nuclé are locatedin domains with different
orientations of . This gives rise ta powdetlike spectrum central farp
resonance is superimposed withp owd er patternsao fror
resonancegFigure 2.6). The relaxatioreigenvaluesare still defined byeq.
[2.55], but in this casge 0. They are complex, but relaxation rates are

defined by real partsf the eigenvalues. Satellipeaks are shéd from the

central peak by 1 0 . Suchspectrum can be obtainddr examplefrom
a water suspension of unoriented cylindrical mice(Rsoney et al., 1988)

T Type faod eanbe calledanystatiike systemit is characterized

by anisotropy on a macroscaénd the quadrupolar interaction is not
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fluctuating anymoré it has a specific positivealue all the timeand] 1 0.

This leadsto a permanent shift of the energy levels)  (but the energy
differencebetween- © - levelsdoes not chang&nd three distinguished

spectral lines witlB:4:3 intensities and]  distancebetween thenfFigure

2.6). Relaxation rates are defined’y andY ineq.[2.52]. With redued

water content in the water suspensidoe toageing, cylindrical micelles
becameoriented forming a Iquid crystal which can @ve the spectrum
described abov@Rooney et al., 1988)

In the case of slow motion with biexponential relaxation obsevady p e MQhi ¢ 0 )
coherences can be created aeléctively detected with the help of multiple quantum
filtered sequencedNavon et al., 2001; Wimperis & Wood, 1991fh)ereby providing
additional opportunities for the identification of sodium whigmvolved in binding

with macromolecules.

Aty pe fAcodo s pectinadi (wavksoluidn efdavineesdrum albumin

in NaCl solutionanda concentrated suspension of'Nzaded yeast cells for bothe
intracellular and extracellulaisodium (Rooney & Springer, 1991afhinar et al.
studiedsodium inmammalian and human red blood céBinar et al., 1993hey

found that sodium anisotrap movement arises from interaction withe intact
cytoskeletal network eesistingmainly ofthe spectrin and actin proteinkhis study

iIs in agreement witTauskela & Shoubridge, 1993hat the value of residual
quadrupolar interaction is small about 22 Hzandit is related to at least one
population ofsodium ions inside theelts that givesthet ype FfAb o Bl pectr L
because is less than a linewidtlit,looks likethet y p e fi ¢ 0Theheaneater u m
discoid shape of erythrocytes compatedhesphericalyeast cells is responsible for

incline towards theodiumt y p e i b oin teegoen®eit r u m

Aty p e spettram was found bovine nasal cartilageith a residual splitting

¢ X Hz (Eliav & Navon, 1994) Investigation of hydrated collagdibre powder

showed thatitgavane ven br oader type 0bd®dnthegothert r um |
hand, quadrupolar splitting does not manifestgalatine {enatured collagen in a

soluble fornm) and chondroitin sulphate separatetyiggesting thathe lefthanded

28



2 Theoretical background

helical conformation of collageis responsible for creating a microscopic order

experienced by sodium spi(Bliav & Navon, 1994)
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3 Sodium NMR of the human skinin 9.4 T

3 SodiumNMR of the human skinin 9.4 T
Experiments presented in this Chapter weggformed by Dr G. Pavlovskaya at the

Sir Peter Mansfield Imaging Centre at the University of Nottingham. Dr G.
Pavlovskaya also developed the original concept and the design of the scanning
protocol. An analysis of CPMG dataere initially performed in collaboration
andpresentedt an international meetingomina D. \,, Sadykhov E. G., Hanson P.,
Philp C. J., Randeva H. $,6lare J. P., Pavlova O. S., Anisimov N. V, Makurenkov

A. M., Pirogov Y. A., Barber T. M., Meersmann T., & Pavlovskaya G. E. (2021).
Sodium NMR relaxation times of human skin as potential biomarkers for Type 2
Diabetes MellitusProc. Intl. Soc. Mag. Reson. Med.,2991(Fomina et al., 2021)

MQF data were analysed by Mrs. Daria Fomina using previously published
methodologyEliav & Navon, 2016h)Statistical analysis of all experimental data was

performed by Mrs Daria Fomina.
3.1 Introduction

3.1.1The biological role of sodium

In biological tissues sodium is located in two environments: within the cells
(intracellular sodium with a concentration ofL5 mM) and out of the cells in the
extracellular matrix (concentration 1460 mM) (Alberts et al., 2015) The
intracellular fluid constitutes approximately -80% of the tissue volume and the
extracellular fluid volume fraction (including the vascular compartment) accounts for
the res{Guyton & Hall, 2006) In healthy tissues, cells maintain this large gradient of
sodium concentration between the intracellular and extracellular compartments across
the cell membrane. The sodium flux in and out of cells is supported by several kinds
of transport proteins buhost importantly by the N&*-ATPase(Figure3.1) (Skou

& Esmann, 1992)

The Nd/K*-ATPase is a protein complex associated with the plasma membrane of
every cell in living organisms. By pumping three sodium ions)Nat of the cell and

two potassium ions (K into the cell in one cycle, it maintains the electrochemical
gradients of these ions across the membrane that requires energy provided by
adenosine triphosphate (ATP) hydrolygiglichael Burnier, 2007) The @dium
electrochemical gradient plays a vital role in protecting the cell from rupture due to

osmotic pressure and also induces an electric potential that is used for transmitting
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Extracellular

[K'] = 5 mM

Intracellular

[K*] = 140 mM

ATP

Na*-K'-ATPase

K+

Na* Cell membrane

Figure 3.1. A diagram of the NaK*-ATPase.

nerve impulses and for transferring ions (such as protons, chloride, calcium, and
phosphate), metabolites and nutrients (such as glucose and amino acids) and
neurotransmitters (such as glutamate) across the cell membrane through different
types of sodiurdependent transporter€sagnon & Delpire, 2021) Therefore,
disruption of the transporters which highly depend on the electrochemical gradient
created by the N& - ATPase leads to a wide variety of pathological conditions. For
example, a lack of ATP reduces a function of thé/KlaATPase that increases the
intracellular sodium concentratiofbagnon & Delpire, 2021; Murphy & Eisner,
2009) Excessive Namay lead to tissue hypertrophy or cell dg@&hrros et al., 2002)

3.1.2Sodium in the skin

Total body sodium has been compartmentalized into intracellular (IC) and
extracellular (EC) sodium, the latter divided into intravascular (IV) and interstitial
sodium(Bhave & Neilson, 2011)With an increase in salt intakewasbelieved that
sodium accumulates in the EC space followedahyactionof water due to the
phenomenon of osmosis. However, a st(@ide Engberink et al., 201 has shown

that in healthy humans sodium content in the urine was about twice lower than the
expected amount after infusion with hypertonic saline. It means thatrthghe be

nonosmotic storage of sodium in the bddin an additional third compartment.

The skin might serve as a potential depot of sodium. The skin consstgeoétissue
types: epidermisdermisand hypodermigor subcutaneous tissugigure3.2(a)). The

epidermis is an external epithelium of a layered structure, which does not contain
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blood vessels, with a width in a range ofI&D mm (up to 600Mm on palms/soles)

Thick skin (hairless) Thin skin (hairy)

Hair shaft
Opening of sweat duct

Epidermis-[ RS . _
- ' _ 3 Dermal papillae
Superficial B - I
arteriovenous 1%‘ " / - -

plexus
Papillary dermis
v VEITEIN

- Reticular dermis s ’ﬁﬁ

E )

E. Meissner's "—Arrector pili muscle
8 corpuscle N y

Sweat duct —— — Sebaceous Gland
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Subcutaneous fat
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hypogierm is

Hair follicle
. Eccrine sweat duct
Dermal nerve fibres .
Eccrine sweat gland
Eccrine sweat gland
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()
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Proteoglycan (~ 400 nm)

Figure 3.2. (a) Skin layers and structures within. Image is taken frdviadhero88 &
Komorniczak, 2012)No modifications to the image were mafl®. A diagram of a typical
proteoglycan in the skin dermis (adapted fr@dtijst et al., 2015)
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(Tobin, 2006) The dermis is 4 mm thick ands considered a connective tissée
significant portion of its volume is made up of a fibrous extracellular m@e@M)

which consists of collagens (mainly types I, Ill and ($mith & Melrose, 2015)
elastic fibres, and an extrafibrillar matrix consistingabbut75% ofwater(Téllez

Soto et al., 202])glycoproteins, and proteoglycariSCM is interspersetietween
vascular, lymphatic and neural networkend much fewecells T fibroblasts.The
fibroblasts are responsible forthe production and degradation of the ECM
componentsThe proper formation and maintenance of a normal, healthy collagen
matrix alignmentin the ECMdepend on specific proteoglycai&oteoglycans are
formed by the binding of a protein to glycosaminoglycans (GAG&jure 3.2(b),
(Comper & Laurent, 1978)GAGs are big (hundreds of kDa) polysaccharides with a
negative charge provided mainly by sulphate groups, able to bind water and ions.
Some physiologically important GAGs includgermatan sulphategchondroitin
sulphate, keratin sulphate, heparan sulphate, heparin, and hyaluronic ac{ i)

& Melrose, 2015) HA is one of the GAGs that is not attached to any protein
(Anderegg et al., 2014A foundation of the dermis ithe subcutaneous tissue or
hypodermis.The subcutaneous layer, also known as the subcutis, is a skin layer
abundant in adipose tissue and serves as a reserve for energy andrtlias a
support foithe epidermis and dermM/ithin the subcutis, there are clusters of fat cells
called lipocytes or adipocytes, which are arranged into lobules separated by fibrous
connective tissue called sepherves, blood vessels, and lymphatic vessels emerge
into the septdlta, 2020)

An abundance oPGsin the skindermis(for exampledecorin,biglycan (Li et al.,
2013)andversican(Zimmermann et al., 1994pnfirmed by immunostaining of the

skin) and their GAGsand HA (Oh et al., 2011kan provide a significant negative
charge density capable of binding sodilimrats, it was found that Nanay be stored
osmotically inactive in the skin (without water accumulation) which increases the total
skin sodium concentration and its storage may be regulated by changing the degree of
GAGs 6 p ol y(hteeretialz, 2004)lrohamans, it was shown that skin sodium
content increases with NaCl loading in a d@®¢lvarajah et al., 2018)milar to the

animal study mentioned previously. Discoveries likested to a current change in

a paradigm from an exclusively renal control of sodium homeostasis to an addition of

extrarenal regul ation represented by sKki
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adjustable ability of sodium storage in response to altering salt i(Gakearajah et
al., 2018)

The mechanism of sodium accumulation in the skin needs to be explored. To achieve
skin, firstly sodium needs to pass through the intestine wall to the bloodstream.
Sodium can be transferred from the intestinal lumen to enterocytes by either a co
transportrepresented by sodiugiucose like transportersi2ZSGLT-2 (Wright et al.,

2011) glucose transporteisGLUT, and N&/H" exchanger¢Gurney et al., 2017r

by a passive transport through sodium channel E{&@poletti & Malinowska,

2012) Later it is excreted to the ECF by M&a*" ATF-ase. After, sodium can diffuse

into the capillaries to travel around the whole body to reach the skin interstitium.
However,it is still unclear how sodium gets into the skBelvarajah et al., 2018)

Two hypotheses exist: first is that skin can serve as a sodium depot to prevent vascular
damage. On the other hand, an accumulation of sodium in the skin may be a

consequence of vascular damage. Future investigations are required.
3.1.3Sodium NMR as a diagnostic tool

As an alteration of local sodium concentration is an indicator of cell viability in an
investigated region of biological tissue, sodium magnetic resonance imagiag (
MRI) has been implemented on a range of human oigamgoto visualize them with

and without different pathologigdladelin, Lee, et al., 2014An observed sodium
concentration in a tissue is usually a weighted average of iatch extracellular
sodium concentrations. Some impairments are usually characterized by increased
sodium content. For example, in patients with multiple sclerosis tisedaim
concentration (TSC) in lesions is significantly higher than in white matter that appears
normal, but also TSC in the white and grey matter of the patients is much higher than
that in healthy volunteefinglese et al., 2010p5everal brain tumours (different grades

of oligodendroglioma and astrocytoma) were studied and they all showed a
significantly elevated sodium level 6iNa MRI(Ouwerkerk et al., 2003ppplication

of sodium”Y or "Y relaxation weighted imaging in addition to the regafiia spin

density weighted imaging reveals a deeper characterization of brain tumours compared
to the spirdensity weighted imaging onf{Nagel et al., 2011 fumours of the WHO

grade IV could be differentiated from ones of the WHO graidie |
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It was determined that the elevated sodium level is also associated with malignancy of
breast lesionfOuwerkerk et al., 2007The mean tissue TSC in the case of myocardial

infarctions is higher than in healthy cag@siwerkerk et al., 2008)

Sodium MRI was shown to be suitaldler measuing a corticomedullary sodium
gradient in a human kidney to assess its functionéitgril et al., 2006; Rosen &
Lenkinski, 2009) The gradients increased significantly in water deprivation
conditions compared to normal or{&aril et al., 2006)A sodium spatial distribution

map was obtained for a human prostate which can serve as an indicator for prostate
cancer prediction in the futufelausmann et al., 20123 odium MRI was successfully

used to evaluate GAG content in cartilage and its loss in osteoarthritis, and estimate
the effectiveness of different tissue repair procedures afterinjuZeb T R et. al
Fluid-suppressing techniques allow one to eliminate contamination from the synovial

fluid in the determination of sodium concentration in the cartilage.

Multiple quantum filtering techniques (spectroscopy and imaging) allow one to detect
MQ coherences that can only be generated by slow and/or anisotropically moving
sodiumionst pj1 ). Therefore, they were also shown to be sensitive to different
organ pathologiesespecially those associated with structural degradafitwe.
apparent short component of sodiuv, “Y (affected by tissue anisotropy),
measured by*Na TQF spectroscopy in a muscle was significantly longer in patients
with myotonic dystrophy (MyD) compared to contrélushnir et al., 1997)Also,

the total sodium content measured as a ratféNd to'H (water) signals in the MyD
patients increased by up to tda@d and its combination withY is a sensitive
marker of the disease severigodium™Y and quadrupolar interaction (

1 J¢") were studied imsteoarthritic (OA) and osteoporotic (OP) cartiléigeinan
Adamsky et al., 201050dium quadrupolar interactiomas found to be increased in

the OA cartilage relative to controls. For the OP cartilagéogether withpj Y

were significantly larger than for control and the OA cartilage. The measured effects
might be explained bthedepletion of PGBorthakur et al., 20029nd decalcification

in OA and OP correspondingly. Analysis of the DQF and EMQ¥ behaviour vs
creation timet of sodium from annulus fibrosus and nucleus pulposus of a spinal disc
might serve as a diagnostic tool for detecting a degeneration of th@dists et al.,
2008)
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In cartilage, TQF imaging allows one to exclude sodium signals from surrounding
tissues like synovial fluid, blood and bone marr@uworthakur et al., 1999; Reddy,
Insko, et al., 1997)During ischemic stroke, using SQ and #¥a MRI a time
window can be established during which the tissue damage is reversible by treatment
(F. E. Boada et al., 2012Hlowever, as the TQF technique is very sensitiieRand
magnetic field inhomogeneities, a method was proposed to separatamutraxtra
cellular sodium using®Na MRI with the help ofH double inversion recovery MRI
(Madelin, Kline, et al., 2014)

3.1.4Sodium NMR in the skin

Sodium magnetic resonance imaging and spectroscopy weretasedestigae
sodium content in the skin in health and diseblsing >Na MR, it was found that

men had higher sodium content in the skin than in the muscle, witipplosite result

for women, and this difference increasvith age(Kopp et al., 2012; Wang et al.,
2017) Skin sodium concentration was shown to be an indicator of some pathological
conditions. Refractory hypertension was associated with skirmbaimulation and

skin sodium content increaswith age in both healthy men and won{&wopp et al.,
2013) Dahlmann et al. also supported the latter finding, additionally showing the same
results in patients with erstage renal disease (ESRD) undergoing haemodialysis
(HD) (Dahlmann et al., 2015Furthermore, they demonstrated that sodium can be
partially removed from the skin by HD and the patients with a higher amount of
VEGFC factor (vascular endothelial growth factor C) in the plasma ended up with
lower tissue sodium concentration after tteatment. HD patients over 60 years old
had an elevated level of skin sodium compared tenaggehed healthy controls
(Dahlmann et al., 2015)it was also found that highdrood pressureand left
ventricular hypertrophy (LVH) are positively correlated with increased skin sodium
content in patients with CK¥Schneider et al., 201750dium was found to be
increased in the fibrotic skin of patients with systemic sclerosis (SSc) compared with
skin from controls and nefibrotic SSc skiKopp et al., 2017)Iin patients with acute
heart failure sodium content in the skin successfully decreased after treatment with a
diuretic without a change in the water content of the tigsiaanmon et al., 2015)

This finding supports the hypothesis that sodium might be storedsrmatically in

the skin.
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To support MRI data, chemical analysis of skin tissue should be perfokmagltical

methods such as inductively coupled plasma optical emission spectrometry (ICP
OES), flame photometry and so on, are very powerful for the estimation of the content

of different elements in biological samp(&rochowski et al., 2019; Kopp et al., 2012;
Selvarajah et al., 2017; Titze et al., 2004%" concentration was determined in the

human skin, muscle and artery and compared with G&@#ent(Fischereder et al.,

2017) El evated skin and arteri al sodium | e

content, supporting an earlier study in aninf&isze et al., 2004)

Sodium in the skin has been studied by NMR relatively rarely compared to other
organs, partially because the skin is a very thin tissue and high res@¢tu@idmm)
is required to visualize it using sodium MRI. This requires high magnetic fields and
coil designs developed specifically for certain positioning on the human(biodyet
al., 2014) Blood sodium concentrations alone do not give a full picture of the sodium
distribution in the body to monitor certain conditiqg®pp et al., 2013)Therefore,

studying sodiunNMR relaxationin the skin is of particular interest in this thesis.
3.1.5Type 2 Diabetes Mellitus

Diabetes is a lonterm metabolic disorder characterized by the inability of the body

to produce insulin or the inability of cells to respond to insulin which leads to a
significant increase in blood glucose levels. It is estimated that 537 million people
between the ageof 20 to 79 years worldwide have DiabetgbF, 2021) If
unmanaged, high glucose levels usually result in serious;thliéatening
complications such as cardiovascular diseases, peripheral neuropathy, kidney failure,
blindness, and amputation of lower limbs. Fortunately, Diabetes can be controlled by
appr@riate medicine, diet and exercise, which can increase the quality of life and

prevent complicationdDF, 2021)

There are two main types of Diabetes: (1) type 1 Diabetes which is an autoimmune
disease when insuliproducing betaells of the pancreas are being destroyed, and (2)
type 2 Diabetes (T2DM) which is mainly caused by insulin resistance. The prevalence
of type 2 Diabetes is about 90%. It is not completely understood what triggers the
development of type 2 Diabetes but there is a strong connection with obesity and
overweight, increasing age, ethnicity, family history, and polygenic and
environmental factordDF, 2021)
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Cases of both nemsulin-dependent type 1 and type 2 Diabetes can be characterized
by sodium retention that leads to hypertension and kidney f§lRRoge & Valdes Jr,
1994; Weidmann & Ferrari, 1991p0dium retention can beainly caused by two
mechanisms: (1) insulkdependent mechanism through stimulation of the renal
tubular N&/K*-ATPase and (2) insulimdependent mechanism due to
hyperglycaemia that results in hyperfiltration of glucose in glomeruli which stimulates
a sodiumglucose like transporter 2 (SGLT2) in a proximal tubule of the kidney. To
regulate blood glucose levelsinabetes, SGLT2 has become a major target of drug
developerqWright et al., 2011)Impairment of sodium homeostasis might play an

important role in the development of type 2 Diabetes.

Skin sodium content in T2DM has been studied by sodium MRI. As mentioned earlier,
sodium in the skin and muscle was found to be increased in arterial hypertension
(Kopp et al., 2013)In patients with T2DM, there is an even higher sodium content in
both tissues compared with ndrabetic hypertensive subjedtKannenkeril et al.,
2019) HaemodialysigHD) patients with type 2 Diabetes Mellitus also had higher
skin sodium content in comparison to participants on HD but without T@Qidp et

al., 2018) With ex vivoskin samples from control and T2DM patientsing®*Na GE

and TQF MRI,it was shown that free and bound sodium are located in the dermis of
the skin; diabetic patients accumulate more free sodium but less bound sodium, which
indicates that the sodium binding capacity of their skin is reduced compared to controls
(Hanson et al., 2021 herefore, T2DM can be characterized as a condition with a
heavy sodium overload but reduced buffering function of the skin which leads to renal

and cardiovascular complicatioftdanson et al., 2022)
3.1.6Registration of SQ andMQ coherences

A typical pulse sequence for detecting the sodium coherences with thie rgnkDQ

or TQ coherences) usually consists of three pulsgs-, and— with corresponding
phases ,« ,ande , and can be described by the following equaf®h] (Navon

et al., 2001)

—e f —e 0 —e 0 8 [3.4]

The pulse sequence is depicted graphicallfigure 3.3. Firstly, SQ coherences
("Yyp ) are generated by the first pulse w 1 During an evolution time, SQ

coherences of the higher rank canfbaned: in isotropic medjaonly odd rank
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MQF pulse sequence timing diagram

angle 6, 0 0, 0,
Phase Y1 Pr P2 ¥z Lijm'q
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Figure 3.3. Timing diagram of a general pulse sequence to excite DQ and TQ cohe
Corresponding coherence pathways are shown underneath.

coherences described by the terid@r develop under the quadrupolar relaxation; in
the anisotropic media in the presence of-mero quadrupolar interactipndd rank
tensors’Yyp can occuas well In the middle oft, a— p Y 1pulse can be applied

to refocus magnetic field inhomogeneities and chemical shifts. Aftertmilse,
high-rank SQ coherences are transformad DQ and TQ coherencesyf , Y
and”Yj ) which evolve during the evolution time&, . As MQ coherences cannot be
detected directly, the third pulse is applied to convert them back tg; , "Y;

which then during evolution time develop under the influence of relaxation or
quadrupolar interaction into the observabtherence€Y;; which can be detected
during the acquisition timé . Different orders of coherences can be detected by
choosing combinations of flip anglesRF pulses and the phase cycle. As in the case
of nonvanishing quadrupolar interactighe tensor8Y; and’Y; are coupledvan

Der Maarel, 2003)doublequantum filtration (DQF) detects the contribution from

both of these tensordence, using ed2.51], a signal after the DQF can be expressed
asin eq.[3.2] (Navon et al., 2001)
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where—is a flip angle ofthe pulses— and—, and using eg[2.39],7 in the
laboratory frame can be definediasq.[3.3]:
oAl &
5 20 = Py [3.3]

T o)
C

Free induction decayF(D) after triple quantum filtration (TQF) is given &s eq.

[3.4]:
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Transfer functionssO E+and-OE+ocAT & p for the tensorsY; |, "Y;

correspondingly from the DQF experiment aa® E +or only"Y; from the TQF
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Figure 3.4. Transfer functions vs pulse flip anglfor the tensorsY;; , Yy (DQF) anc

Yy (TQF) in the MQF pulse sequence.
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experiment arg@lotted inFigure3.4. It canbe seen that if the pulses are —

w Tt Inaximum contributions from botty; and”™Y; can be detected in the DQF
pulse sequence. = — v & JImagicanglei MA), “Y; vanishes and only the
contribution of Yy, is detected, which arises exclusively from the anisotnegsiciual
quadrupolar interactiorRQI) (Eliav et al., 1992; Eliav & Navon, 1994)he tensor

“Yy arising due to the slomotion can be detected by the TQF sequence with its

maximum amplitude a — w t(Navon et al., 2001)
3.2 Hypothesis and Aims

Sodium in the skin especially in T2DKasmainly beenstudied by?*Na magnetic
resonanceredominantlyby imaging techniques. The aim of the thesis is to apply
sodium MR single and multiple quantum spectroscopynial@a-high field of 9.4 T

to study the relaxation behaviour of sodium, determine its short and long components
of transverse relaxation timéy and”Y , and quadrupolar interaction to
assesshe sodium molecular environment and the order of the skin tissue in patients
with type 2 Diabetes compared to controls. It is hypothesized that the sodium
molecular environment in the skin of T2DM patients is different from control patients

and sodium relaxain timesand]  can be potential biomarkers of the disease.

3.3 Materials and Methods

Sections3.3.2:3.3.3introduce the components of the experimental setup in 9.4 T.
Section3.3.4describes the MR sequences used in experiments and the parameters of

the sequences for individual sets of measurements.
3.3.1Spectrometer

Experiments were performed using an uhiigh field NMR spectrometer (Avance llI,
UltraShield 400WB Plus, BrukerRheinstetten,Germany which contains a
superconducting magnet generating a magnetic field of 9.4 T (resonance frequency
400 MHz for*H and 105.86 MHz fof*Na) (Figure3.5). The magnet is equipped with

an active shimming system operating at room temperature, a temperature control unit,
and a set of amplifiers. The latter contains a selective amplifier (proton amplifier)
specifically designed to amplify the higher frequescissociated withH, and a
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Figure 3.5. Ultra-high field 9.4 T NMR spectrometer by Bruker. Temperature inside th

can be controlled by the temperature control unit.

broadband amplifier (also namedBB) used to amplify a wide range of frequencies
besides'H. The X-BB amplifier was used to perform experiments on a resonance
frequency of sodium?{Na). The spectrometer is operated by the software TopSpin
3.2 (Bruker).

3.3.2Probes

2Na NMR experiments were conducted using a siagknnel sodium microimaging
probe with a 25 mm internaliameter and 40 mm lengthanufactured by Bruker
(Figure3.6). The probe contains a volureaddlecoil, and it operates in both transmit

and receive modes. The probe is attached to a probe base which is universal for all
probes provided by Bruker in our laboratory. The probe base has regthatastend

to trimmer capacitors of the probe to make tuning and matching of the probe possible

outside the magnet bore. The bats® supports a duahannel option.

Figure 3.6. 2°Na probe by Bruker with an internal diameter of 25 mm used for s

experiments.
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3.3.3Skin samples

Human skin samples were provided by Arden Tissue Bank after skin reduction surgery
from 15 patientsExclusion criterigfor age, weight, and sex were not imposed. The
necessary ethics permits for this study were in place and obtained in collaboration with
the Clinical Diabetes research group of the University of Warwick and UHCW NHS
Trust. Patients were subdivided into two gwsucontrol and diabetic. The main
criterion for the diabetic group of patients was existing T2DM only. Group

characteristics are sumarized inTable3.1.

13 human skin samples fronténtrol patients and 10 samples from 6 diabetic patients
were scanned. 4 samples from control patients and all samples from diabetic patients
were obtained from the foot/leg. The remaining 9 samples from the control patients
were taken from the abdomeraple3.1). Samples were vacuupacked individually

and delivered on ice within 4 hours after surgery. An example of the skin sample used

for the experiments is shown kigure3.7.

All the samples were positioned inside the magnet in a waythbataxis of the
sample inFigure 3.7 was parallel to thé-axis of the magnet bore and the probe (the
longest side of the skin sample was perpendicular tootiglang. All the samples

were scanned at 37°C.

Table3.1.Characteristics of the studied pi
each patient is indicated. Samples were obtained from two body parts: foot/leg and a

Control Diabetic
PatientID Age Gender Samples Location | PatientID Age Gender Samples Location
C1 27 female 1 abdomen D1 61 Male 2 foot/leg
Cc2 62 female 2 abdomen D2 71 Male 1 foot/leg
C3 53 female 2 abdomen D3 73 Male 2 foot/leg
C4 46  female 2 abdomen D4 56 Male 2 foot/leg
C5 33 female 4 foot/leg D5 61 Male 2 foot/leg
C6 49  female 2 abdomen D6 - Female 1 foot/leg
9 abdomen
Total: Total: 10 foot/leg
4 foot/leg
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Figure 3.7. A photograph of a human skin sample obtained from the control patien

from the foot. Epidermis, dermis and subcutaneous fat are pointed with arrows. (a) 1
(b) bottom side. All the samples were positioned inside the magnet in a wihyethaixis o
the sample was parallel to theaxis of the magnet bore (skin perpendicular taithlang.

The white letters seeim the photo belong to the vacuum packaging.

3.3.4Methods

This subsection describes pulse sequences used in the experiments conducted in 9.4
T. In these sequences, spatial encoding was not used, therefore, the signal was acquired
from a whole sample inside the coil. Experiments with the skin samples were

performel in domestic collaboration.
3.3.4.1Flip angle calibration

The flip angle was calibrated for each skin sample, firstly together with the phantoms
(if scanned with the phantoms), and secondly when the phantoms were removed. A
flip angle of the pulse depends the amplitude otthed field of a probe and a pulse
durationt as in eq[3.5] (Haacke et al., 1999)

— 16t8 [3.5]

RF power was left constant at 200 W (the samagnitudeof 6 ), andt was changed

i n theacipulrseed s e g ueuratorof & I80° pulse. d'histwase
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determinedvherethe first registered point of the FID becomzesa Then this pulse
duration was divided by 2 to obtaimlarationof 90° pulse. For different skin samples,

the length of the 90pulse varied in a range of 69 ns.
3.3.4.2Spectroscopy
3.3.4.2.1CPMG pulse sequence

TheCarrPurceltMeiboomGill sequence, or CPMG, is shown to significantly reduce
the effect of diffusion while measuririy. This method follows an equatian Tt J

T puymnXt (Carr&Purcell, 1954; Meiboom & Gill, 1958)here¢ T is the echo

time (TE). However, on the spectrometer used in this thesis, the sequence was
implemented as follows: to acquigeth echo, an excitation 9GRF pulse and a train

of ¢ 180 RF pulses are appliedr{gure3.8). The time between 9&nd 180 pulses

is half of the echo time. Each 18pulse refocuses spins in a transverse plane that
leads to the formation of an echo at the TE (or TE/2 after the fi8Be) but
acquisition happens only after the last 180lse. With increasing the number of 180
pulses, heating effects may appear causing phase and frequency shifts of the spectra.
However it was established that these shifts are smaller thasthindeof the line

width, thus they can be neglected. CPMG was conducted with TE = 2 ms, 32 echoes,
and 32 scans; receiver gain (RG) was s82tal01 or 1030 depending on the sodium
signal intensity of the samples. All measurements were performed@t 8dse to

body temperature.

CPMG timing diagram
angle 90° 180°
phase P1 P Pacq
acql
RF
acq 2
RF
acgn
RF
_ TE 27,

Figure 3.8. CPMG pulse sequence timing diagram performed on Bruker spectromete
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3.3.4.2.2DoubleQuantum Filtering with Magic Angle

Doublequantum filtering (DQF) can detect contributions from coherences described
by the tensorsYy , “Yy which arise due to residual quadrupolar interaction and
slow-motion regime in anisotropic media correspondingly. The timing equation of the
DQ filter pulse sequence is— s e “ tHqg —e 1T =,
where flip anglesre— — — w1 Jis the creation (or preparation) time, and

1 is the evolution time. A 180° pulsé fulse) may be applied between and—
pulses to refocué inhomogeneities. If the last two pulses of the sequence are set to
— — UL ® T @nagic angle), the contribution from the slowotion regime is
suppressed’Y; ), leaving the coherences only from the anisotropic environment to
detect Figure3.9). Therefore, the DQ filter with magic angle, DQFA, is a unique

and selective tool to study these environments.

A 30-step phase cyclwasapplied for DQFMA: all possible combinations of phases
 ,* ,ande , wherethey can take valued 0°, 90°, 180° and 270ande )

. b g

DQFMA experiments were conducted with theme lengths of 9Gand 180 pulses

as in the CPMG experiment. The length of the 54.74° pulse was calculated

accordingly. A time between 90° and 180° pulées (and also between 180° and

thefirst 54.74° pulse) was varied from 168 to 500 ms in 23 steps logarithmically.

Therefore, 23 FIDs were obtained from each sample in 1440 scans. From the timing

DQF-MA pulse sequence timing diagram

angle 90° 180° 54.74°  54.74° 90°
phase ¢, Or ©s ©3 Pacq ©;
acq
RF
St B A N R A B A TR

SQ and pQ cc;)heréance p:athvéfays

m
3 ] ; ] ] 0 T ] i
2 - - ' . — '
1— T—=15 : 7 N\
0 To — \/ V \ E
1 = — /\ /\ \'T‘.).'I-'Ti.—t
2 Tyg=15, \ /
15
3 5.

Figure 3.9. DQFMA sequence timing diagram with coherence pathways (w 17 3—
— VLTI
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diagram inFigure3.9, 0 s related to the preparation tinfeand 90°, 180° and
54.74° pulse lengths by the equatian: T 1t jg f 3T 8 I ¢
Repetition time (TRyas 200 ms.

The first aim of the experiment was to investigate the interactions of the sodium nuclei
with the macromoleculesuch as collagen§AGs and PGs, in the skin tissue by
measuringheshort component of the relaxation tie ~ and residual quadrupolar
interactiory . The second aim was to examine if the valué¥of obtained from

the fitting of DQFMA build-up curves were in agreement withe CPMG

experiments.
3.3.4.2.3Triple-quantum filtering

Triple quantum filtered (TQF) spectroscopy is used to detect the cohémgnce
derived due to the slowwotion regime. A timing diagram of the TQF pulse sequence
is similar to DQF Figure3.10) where— — — o 1thlut a48-step phase cycle
wasappliedwherethe phases is running through the valued)°, 90°, 150°, 210°,
270°, 3307+ holds values 00°, 60°, 120°, 180°, 240° and 300°, buttakes values

of bothe ande ;e TT }Je alternates between 0° and 180QF spectroscopy
was performed to resolve the long component of sodium relaxation,, as’Y

and can be derived from DQMA.

TQF spectroscopy was performed with the following parameters: lengths of all 90
pulses and the 18(ulse were the same as in the CPMG experiment, with varying
time between pulses from 100ns to 500 ms (as in DQMA); TR = 200 ms.

TQF pulse sequence timing diagram

angle 90° 180° 90° 90° 90°
phase ¢, Pr ©s P Pacq P
acq
RF
S s om
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Figure 3.10. TQF sequence timing diagram with coherence pathways.
47



3 Sodium NMR of the human skinin 9.4 T

Another aim to conduct a TQF spectroscopy experiment is to determine a preparation

timet  which gives a maximum signal for the TQ coherence. Later;tthiswas

used to perform TQF imagir(idanson et al., 2021)
3.3.4.3Data processing
3.3.4.3.1CPMG

During the Fourier Transform (FT) of sodium CPMG echoes, line broadening of 20

Hz was applied for each CPMG echo train a
over the frequency domain. The integration range was constant for each experiment

(20 ppm) br each sample and was broader than the peak atidthbaselntegration

was preferred to the peak intensity duéhechanging contributions of short and long
relaxation components with the echo tiBeown & Wimperis, 1994)As the samples

were scanned with differeRG, integral values obtained in the previous step were

divided byRG value.

Three diabetic samplésample2 of patient B4, sample 1 of patiesD5 and D§ had

asymmetric CPMG spectmaith an extra small peak present on the right side of the

main sodium peakHigure 3.12). To separate this additional component, spectral
deconvolutiorwas performeth Igor.Probefore the integratiodwo peaks were fitted

with Gaussian line shape$he line shapes were choggaussian but not Lorentzian

to compensate fatistribution ofchemical shifts arising due gignificant lengtk (3-

4 cm)and widtts (2-3 cm)of the skin samplessan excitation was performed without

slice selectionn Pu-heguiredo experiments of these s¢
to determinghe widths of theGaussians which wertien used to fit CPMG echoes

and were kept constant for every value of TE

The additional peak on the right was determindattavider and smallén heightthan
the main sodium peak. Then, tmegral of the main sodium peak was calculated
plottedvs TE and fitted to determine the origirsaldium relaxation times which are

not contaminated witkignal excitations outside tlF probe.

To perform fitting of the CPMG echo train for each sanple following model was
used. For slownoving sodium interacting with macromolecules in the skin, relaxation
is biexponential with short and loriy times (Y and”Y ) with 60 and 40%
contributions respectivelfeq.[3.6]):
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o
™ DO — 8 [3.6]

Oo O N wn oV Y

The skin samples contained a physiological liquicextracellular fluid (ECF).
Considering a slow exchange between slow sodium in the skin with ECF sodium, there

is a separate term for ECF sodium that relaxes monoexponentially with its own time

constanfY: ' OQ wn — . Bearing in mind that the fraction of ECF sodium is much

smaller than the fraction of bound sodium in the diiopsies ‘'OL 'O andthe
relaxation time of ECF sodiuitY is much longer thafiY  of the bound sodium, an

approximation was madeq.[3.7]):
U
OQoonW wéEeEi Bwe O [3.7]
Therefore, a final fitting model is described by the following equd8dj:
o~ s .. 0 .. 0
(O] OT[EQ)CJQoor],,Y— TLS:IIwr]T € 'QQBC [3.8]

The parametersQ, € "QQf WO and Y were obtained by fitting the
experimental data teq. [3.8] using the Levenberlylarquardt algorithm in the
softwarelgor.Pro 8 (WaveMetrics®, USA). Constraints were appliedYor to be

less than 5 ms according to the literat(ivadelin, Lee, et al., 2014)The heating
effects mentioned previously did not affect fitting results.

3.3.4.3.2DQFMA spectroscopy

Firstly, the line broadeninf-B) was applied to each of the 23 FIDs from the DQF

MA spectroscopy experiments with the facto® p v Hz for every sample to
improve SNR. Also befor&T, the data was zeffidled once up to 1024 complex
points. After FT, the complex pseu@® spectrum was processed using a homemade
routine in MATLAB. In particular, 23 spectra for each skin sample were summed up
to make a projection. Then this projectivas phased in a way that its real part has a
shape of an antiphase pair of two spectral lines in an alsorpode(Navon et al.,

2001) Then the obtained phase was applied to all individual 23 spectra. Next, the
amplitude of the signal was determined as a sum of absolute values of positive and

negative peaksod6 hé&ights for every value
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The time evolution of the DQMA signal is affected only by a short component of

the”Y relaxation,”Y , and the residual quadrupolar interactionas in eq[3.9]:
Y tho h bOET tQ OEBT o Q 8 [3.9]
Y and  can be determined from a fitting of a buig curve (eq[3.10]):
Y h 00EBT tQ [3.10]
of the spectra intensities ¥s

3.3.4.3.3TQF spectroscopy

FID obtained after TQ filtration can be described by the equiidd:

Y 1A 0 Q AT10tQ
[3.11]

Q AT1006 Q 8

Using“Y and] obtained fromthe fitting of the DQFMA build-up curve for
each skin sample, a TQF builgh curve’Y  th  can be fitted v with only two
free parameters, amplitudeand”Y  (eq.[3.12)):

Y th b Q AT10t Q 8 [3.12]

3.3.4.4Statistical analysis

Data are presented as means with standard deviations&ifi¥tical analysis was
performed using lgor.Pro and consisted of several steps: firstly, the data were tested
for normality and random selection. To test if the data is randomly distributed in its
sequence, a serial randomness (SR) test was used. Tswyées applied to determine

the normality of the datégheKolmogorov+Smirnov (KS) test antheJarqueBera (JB)

test. In Igor.Pro a default JB test works for a number of data points in theofdiige
2000]. As the control group of foot samples baly 4 samples, the test was performed
manually. Skewness, kurtosis, and JB statistics were calculated using Excel
(Microsoft, Redmond, Washington, USA). JB cumulative distribution function (CDF)
for¢ 1 was simulated using the Mor@arlo method in Igor.Pro. Then JB statistics

was compared with the critical value of JB CDF at the 0.95 level.
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If data in the group is a normally distributed random selection, the next step is to
compare variances of the groups using ANOVA. If the hypothesis of equal variances
cannot be rejected, the statistical significance of differences between groups should be
established using an unpaired ttaded tt e s t . I f the normality
established properly, for example, due to a small sample size, or the data does not

follow a normal distributionthe Wilcoxon Rank Test is performed.

Bar charts to show data distribution within the groups were built in Prizm (GraphPad
Software©, USA). The results of the statistical analysiglpes, are indicated on the

graphs.
3.4 Results

This section describes the results of the single quantum and multiple quantum

spectroscopy experiments performed in 9.4 T with the samples of humaax skwo
3.4.1Singlequantum spectroscopy

This subsection includékeresults of CPMG spectroscopy (Subsec8ahl.) of the
skin samples. Thpulsesequence anids parameters were described in Subsection

3.3.4.2.1 Data processing procedures were given in Subse@i8rs33.3.4.4
3.4.1.1CPMG

A typical>Na NMR pseudeD spectrum of human skin obtained by using the CPMG
pulse sequence is presentefigure3.11. This spectrum contains Fourier transforms

of all the echoes obtained at a different echo time TE. As described in Subsection
3.3.4.3.1 these spectra were integrated, and integral values were plotted vs TE and
fitted with the equatioif3.8].

Theshape of the spectsdnown inFigure3.11is symmetrical. Howevesample 2 of
patient D4, the sample 1 of patiei5 and D6possess asymmetrical spectra with a
tail or an additional small peak on the right side of the main peak. Examples of these
spectra are shown Figure3.12(a) and the asymmetries are indicated by arrows. The
frequency axes of the spectra are zoomed in 4 timdsotnspecta to show the
features more explicitly. These spectral attributes might indio&teesonance

excitation of som@hysiological fluid outside thBRF coil.
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Intensity, arb.u.

Hz 6000 0

Figure 3.11. 2Na NMR Fourier transformed CPMG echoes obtained from the humsz

sample from an abdomen of a control patient as a function of the TE.

For the samples with asymmetric spectra, spectral deconvolution was performed
(Subsectior8.3.4.3.). Figure3.12(b) showshow echo 5 of the D5
is decomposed into twBaussianspeak 1 corresponds to the primary sodium peak,
while peak 2 represents the sigeatitedoutside theRF probe.Time evolution of

peak 1 only was considered.

Plots of the echo integrals as functions of TE for foot/leg samples, one from the control
and one from the diabetic patients are showRigure3.13(a). Values of thditting
coefficients,”Y and”Y , for a range of samples from control and diabetic
patients are presentéd TableB.1. Bar chartsshowing the mean values * standard
deviation (SD) argiven inFigure3.14.

Figure3.13((b) and (c)) shows a semilogarithmic dependence of echo integrals on the
echo time of the same pair of skin samples&sgure3.13(a). The experimental data
points on these graphs are fitted with a logarithm of a monoexponential decay
described by ed3.13:

1 TOos [3.13]
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It can be seen fromigure3.13 ((b)-(c)) that the relaxation curve of the sodium signal

in the skin is not monoexponential, it is biexponential: several first points deviate from
a straight fitting lineevealing two distinct relaxation time componeiitserefore, the
fitting model described by efB.8] is validated Additionally, both biexponential and
linear fits can be compared by-Btatistics:R?> = 0.9927 for the control and?R:
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Figure 3.12. (a) Examples of fith echoes in CPMG train for two diabetic foot/leg samr
(sample 1 of the patients D5 and )D@he z-axis was zoomed in 4 times for a be
representation of the spectral featuradditional peakon both graprs are indicated by re
arrows. (b) Spectral deconvolution of thd" ®cho of sampld of the patient D5 with tw
Gaussianspeak 1 represents the main sodium peak, peakr2sponds to the signal exci

outside the rf probeTwo light grey lines showhe positions of maximums of peaftsand 2
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0.9973 for the diabetic patient of the biexponentialFiggre3.13(a)) is higher than
R? = 0.9558 and R= 0.9853 for the control and diabetic patients correspondingly of

the linear fit.

According to the performed statistical analysis (described in Subs&c8aehj, all

the data within the grougsontrol abdomen, control foot/leg and diabetic foot/isg)

5 x10’
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. Diabetic (fit)
=
o
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—
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2
)
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o
=
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25}
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Figure 3.13. Sodium CPMG echo integrals of the foot/leg skin samples from control (
and diabetic (red) patients as a function of echo time {T) original(R? = 0.9927 an
0.9973 correspondinglypnd (b)(c) semilogarithmic scalgR?> = 0.9558 and 0.98!
correspondingly) Squares represent experimental data; solid lines correspond

calculated fitting function [3.4].
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a normally distributed random selection. Based on the results of ANOVA, equal
variances were assumed between groups of foot/leg and abdomen samples from
control patients and between groups of samples from cdiatsdbomen and foot/leg
samples togethe@nd diabetic patients for botty and”Y . Therefore, an
unpaired twetailed ttest was performed to estimate the significance of the difference

between the groups. The results of thest,p-values, are shown igure3.14.

For samples from the control patients, no significant difference was found between
two skin locations, foot/leg and abdomen, for bath  and”Y  (Figure3.14(a)).
Therefore, abdomen and foot/leg samples from control patients were combined in one
control group and compared with foot/leg samples from diabetic patients.

In the patients with T2DM, the336 lengthening ofY  was observedompared to
controls(Figure3.14(b)) whichwassignificant ¢ < 0.0001)."Y was found to be

indifferent to the presence of Diabetes Mellitus.

In the CPMG experiments described above, the sodium signal is the sum of signals
obtained from the different parts of the skin sampld® compositiorof the in
samplesex vivowas studiedusing high-resolution proton imaging to identityssue
elements and then sodium gradient echo (GE) imaging was perfoordetetmine

sodiumlocalization(Hanson et al., 2021Main skinlayerslike theepidermis, dermis,

Tosnorty ms Toiongy ms s Tosnorty ms T1ongy ms
1.5 T 25 . 25
[ Control [ Control ns * % % %
ns
p—
= [ 207 ns 20+ T
o
L T T |7 L 2
— - 159 — - = T 159 —— o5
0 % ™~ n < o) S
12| o4 [ S]] = | 18 | 1d] =
0.5 — 0.5 —
5+ 5
ol |+ ol |+ = = 2| 'S
) |1 o N | I S | o
0.0 T T 0 T T 0.0 1 I 0 T T
(a) abdomen foot abdomen foot (b) Control Diabetic Control Diabetic

Figure 3.14. Mean = SD of sodiumY and”Y obtained from biexponential fitting
CPMG (a) for samples collected from the foot/leg and abdomen from control patients
for all samples from control and diabetic patients (samples from foot/leg and abdom
control patients are presented dtdwmer in one control group). ***p < 0.0001, ris

nonsignificant.
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hypodermisand also micro blood vessels could be identifieth the axial proton
imageswith specally developed contragFigure 3.15). Whenthe protonimage was
overlayed with a nonselective axmddium GEimage it can be seen théte dermis
area hashe highest signal intensitfigure3.16). Therefore, it is assumed that most
of the sodium signal in the spectroscopieasurements is coming from the dermis.
Someof thesodium signal that appears in the aseaubcutaneous fat might originate

from the physiological fluid of the tissue.

56



3 Sodium NMR of the human skinin 9.4 T
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Figure 3.15. (A)-(B): Anatomical'H imagesof thehuman skiracquired af.4 T with "YO
= 2 msfrom control (A) and diabetigdB) patients.(C)-(D): The increase ofY'Qo 8 ms
shows better contrast skin layes (dermisis darker)in the same skin samplg€)-(F):
"Y maps for control£) and diabeticK) skin samplesverlaid with anatomicdmagesto
emphasizeshort”Y valuesin the dermis layer ankbng “Y valuesin the adipose tissal
(G)-(H): Distributions ofproton”Y valuescorrespondingo eachskin layerare showrfor
control (G) anddiabetic(H) skin sampls. The @ntrol samplehas an additional peak

immobile water atY = 5 ms. Reproduced froianson et al., 2021)
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Figure 3.16. (A) A photograph of a typical skin sampgledicatingdifferent skin structures
and anMRI axial view (left) and a higkresolutionaxial*H MR | slice (931
revealingthe anatomy of theiabeticskin sample (right). (BA slice of histological GAG
staining ofatypical skin specimen (i.ediabetiq (left) which isscaledand overlaid ontdhe
H MRI slice ofthe diabetic sampl® demonstrata prevailinglocalization of GAGs in the
dermis layer (right)The depth ofistological GAG stainingis indicated by thélue ling
while thered linehighlights aboundary of the dermis layer. (®) nonselective®®Na MR
image(left) andits overlay withananatomicafH MRI slice (right)showthelocalization of
free sodium inthe diabetic skin sampléD) A nonselectiveTQF #Na MR image (left)
overlayedwith ananatomicalH MR image(right) localisesbound sodium ithe diabetic skin
sample Note thabothfree and bound sodiunolocalizepredominantly with the dermis layer

where GAGs arsituated Reproduced fronfHanson et al., 2021)
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3.4.2Multiple Quantum Spectroscopy

This section describes Double Quantum Filtered with Magic Angle (MAJand
Triple Quantum Filtered (TQF) spectroscaggperiments in the skin sampkesvivo
The sequences and their parameters were given in Subsé&c8ah2.2and3.3.4.2.3
correspondingly. Data processing procedures were described in Subse&idrds2
3.3.4.3.3and3.3.4.4

3.4.2.1DQF spectroscopy with Magic Angle

In this Subsection, the results of #ida DQFMA measurements in the skin samples
are presentedStatistical differences between different categories of samples
(abdomen vs fodieg in the control group, the control vs diabetic group) were
investigated. Also, a comparison of DQFA Y values with CPMG'Y

values was made.

A representative DQIMA spectrum of a skin sample obtained from a lower limb of

a control patienat T 1@ msis shown inFigure 3.17(a). As was mentioned in
Subsectiors.3.4.3.2 its real part was phased as two antiphase spectral lines in an
absorption mode and the amplitude of the signal was determined as a sum of absolute
values of positive and neg a.tAidependepce afk s 0
the sodium signal amplitude on the preparation tinseshown inFigure3.17(b). The

red curve is a fit to equatiof8.10]. The relaxation timeyY and the residual
quadrupolar interaction can be obtained from the fiEigure 3.18 presents a
dependence gf on T for the same sample as Figure 3.17. Data points are
connected by straight lines to guide the &gr.eacht, values of were determined

as difference in frequency between positive and negative ieksp-Harper et al.,

1994) It can be seefmom Figure3.18thatthe distribution of is present in the skin

and its components are evolviagdifferent speesl Similar behaviar was observed

for all the skin samples. Also, farlong T SNR decreases dramatically, and precise
determination of peak positions becomes difficult. Thereforehesespectrawith t

> 3.5 ms it was impossible to determime . Thus, the single value pf obtained

from the fitting of the builelp curve is a weighted average of all present in a skin
sample. As) 6 p v Az was applied, and the value]of defines the size of the

splitting of the satellite transition&liav & Navon, 1994)an actual value of is
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masked by the line broadening of the spectra. Therafooshould be subtracted from

the values found from the fitting to r

quadrupolar coupling

The values ofY and  with theirerrorsandfor every samplén the control and
diabetic groups arsummarized imMableC.1. The mearvalues of Y and  with

their standard deviationare calculated ifable3.2 and also presented as bar charts

in Figure3.19. Y and] values were in the range of 0:483 ms and -%78.1

Hz correspondinglyf-or the DQFMA fitting, two skin samples from patienB2 and

D6 of the diabetic group were discarded: the former due to bad SNR which did not
allow a fitting procedure tde performed correctly, and the latter was removed
because the phantoms were not extracted from the coil before performing the MQF
experiments. Therefore, only 8 diabetic samples were considered in the statistical

analysis.

Values of'Y for control abdomen, control foot/leg and diabetic foot/leg samples
were identified as normally distributed random samples by SR, KS, and JB tests. The
hypothesis of equal variances was not rejected by ANOVA for every pair of compared
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Figure 3.17. (a) DQFMA spectrum of*Na in a human skin sample obtairfeam a foot/le
of a control patient at T& ms. (b) #Na signal amplitude measured by DO pulse
sequence as a function of the preparation fifna buildup curve, for the same skin sam
The data was fitted to equatig®10]. Thet axis was limited to 25 ms out of 100 ms fi

better representation of the rise and fall of the curve.
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T, ms

Figure 3.18.1 vst for the same sample as figure3.17. Data points are connected

straight dotted lines to guide the eye.

groups. Therefore, a twiailed ttest was performed to assess the significance of the
differences between the groups in pairs. The results of-tistst are indicated in
Figure3.19(a). An averageY of the foot/leg samples was more than 30% higher
than the averagey of the abdominal samples within the control graug 0.09.
Although the values ofY for the foot/leg samples from the control and diabetic
groups are not significantly different from each other, there is a trend of decreasing
Y for the case of T2DMIn addition, the control abdomen samples were found

not significantly different from the diabetic foot/leg samples.

Y fitting results of the DQMMA were compared withY values additionally
determined by CPMG (Subsectidnrt.1.]). The DQFMA values of'Y alongside
the CPMG values ofY are shown inrable3.2. Y values obtained with the

two methods were in agreement within the margins of errors.

Values of for control abdomen, control foot/leg and diabetic foot/leg samples were

identified as normally distributed random samples by the SR and KS tests. However,
the JB test rejected the hypothesis of a normal distribution for the control abdomen
and the footkg samples as separate groups and when they were combined in one

control groupAs the s Bormality for these samples was determined by the KS test,

also™Y s were normally distributed, and the values offor the diabetic samples
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Figure 3.19. Summary of sodium mealy (@) and (b) values with their SD obtain

from fitting of sodium DQFMA build-up curves with ed.3.10] for the control and diabe
patients, abdomen and foot/leg sampt@s0.05,nsi nonsignificant.

followed the normal distribution, it was assumed thas of the control samples are

also normally distributed.

When comparing the abdomen and foot/leg samples from the control patients,
ANOVA determined inequality of variances and the Wilcoxon Rank test was
performed. Nevertheless, when these samples were united into one control group, the
result of theANOVA test supported the hypothesisqgiial variances with the diabetic
group. Therefore, a twtailed ttest was performed to estimate the significance of the
differences between these groups. The results aViloexon Rank test and theest

are indicated inFigure 3.19b). No significant difference was found between the
abdomen and foot/leg samples in the control group; hence they were united in the one
control group as mentioned earlier. Also,s from the control samples were found

not significantly different from the ones of the diabetic foot/leg samplesn these
results it can be assumed that the degree of order in control and diabetic skin is the

same
3.4.2.2TQF spectroscopy

This Subsection presents the results of TQF spectroscopic measurements of the skin
samples. Statistical differences between different categories of samples (abdomen vs
foot in the control group, the control vs diabetic group) were examined. Furthermore,

TQF"Y  values were compared with the valuesXof obtained fronCPMG.
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A representative TQF spectrum of a skin sample obtained tinerabdomen of a
control patienatt p&® p msis shown inFigure3.20(a). A typical dependence of
the sodium signal intensity of the real part of the spectrum on the preparatioh time
is shown inFigure3.20(b). The red curve represents a fit to the equdtdit?]. The
relaxation time'Y and the residual quadrupolar interaction obtained from the
fitting of the DQFMA build-up curve were used as fixed parameters in the fitting to
obtain™Y

The values ofY  with their errors and for every sample in the control and diabetic
groups aressummarized inrableC.1. Values of"Y for control abdomencontrol

foot/leg and diabetic foot/leg samples were identified as random and normally
distributed samples ihe SR, KS, and JB tests. ANOVA did not reject the hypothesis

of equal variancebetween the groups in comparison: conabtomen vs control
foot/leg and united control vs diabeticherefore, tweailed ttests were performed to

find a level of significance for differences between the grotipse. mean values of

“Y  with their standard deviations and separately for foot/leg and abdomen samples
in the control and diabetic groups are summarizethinie 3.2 and also presented as

bar charts inFigure 3.21 together with e results of the-tests. No significant

difference was found between the abdomen and foot/leg samples in the control group
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Figure 3.20. (a) TQF spectrum dfNa in a human skin sample obtairfem an abdomen
acontrol patientat p&® p ms. (b)?*Na signal amplitude measured by TQF pulse seq
as a function of the preparation tirhé a buildup curve, for the same skin sample. The
was fitted to equatiofB.12].
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Table 3.2. Summary of®Na meariY .Y  and  values with their SD obtained frc

fitting of sodium CPMG, DOQMMA and TQF data. Values are presented for the contrc
diabetic patients, abdomen and foot/leg samples separately.

Experiment ~ Patient group Location 9 y . 9§ 3| we - NS o, Hz

abdomen 0.88°0.16 13.77 +£0.85 -
Control
CPMG foot/leg 0.890.23 14.59+1.14 -

Diabetic foot/leg 0.790.12 18.66 +1.39 -

abdomen 0.80+0.21 23.42° 3.10 111.60+182.4C

DQF-MA/ Control

TOF foot/leg  1.05+0.14 25.81° 1.20 74.30+46.26

Diabetic foot/leg  0.81+0.25 27.42° 3.52 87.94+79.42

(Figure 3.21(a)), therefore, these samples were combined in one control group and

compared with the diabetic foot samplésg(re3.21(b)). Y  values were found
in the range of 20:83.8 ms."Y values of the diabetic group were found to be

increased relative to the control group by about 1A% @.05).

To validate TQF'Y fitting results, values ofY were also determined by

CPMG (Subsectior8.4.1.). Table 3.2 shows fitting results of the TQF builtp
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Figure 3.21. (a) Summary of sodium meds  values with their SD obtained from fitti

of sodium TQFouild-up curves with ed.3.12] for the abdomen and foot/leg samples ir
control group. (b) Control group contains both skin locations and is compared v

diabetic patients*p<0.05,nsT nonsignificant.
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curves compared withy  values from CPMG. The former ones are larger by 50

87%.

As in the case of CPMG, TQF spectroscopy was executed without the slice selection

and the obtained signal is a superposition of all soghiarticipatingin slow motion
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Figure 3.22 Evaluationof free and bound sodiugoncentratiorobtained from sodium
imagingwith salinestandards for 3kin samplegatheredrom 2 different patientdree
and bound sodiumare denoted by red arrows, suggesting heterogeneity in so
deposition in the skinAdditionally, the right middle panelepictsthe bound sodium ir
the endothelial tissue of a large blood vesBkie arrowshighlight the incidentalnoise
detectedat sodium frequency. Sodium levels are determined within + 7 mM using ¢

stardards. Reproduced fro(Rlanson et al., 2021)
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across the skin sample. To visualize the location of this-stowing sodiumin the

skin, TQF imagingcan be performedHanson et al., 2021)IQF image of some
diabetic sampke are presented irFigure 3.22. Thesesamples were scanned with
calibration phantoms that were the water solutions of NaCl. The calibration phantoms
cannot be seen on the TQmages as the triple quantum filtration suppresses
motionally narrowed sodium in saline solutions. The signal from the phantoms hereby
serves as an internal check for monitoring the filteringieficyof the TQF sequence.

In addition, t can be seen that bound (stowoving) sodium collocates with free
sodium in thedermis(Figure3.22) (Hanson et al., 2021Yhis makes the TQF signal
more sensitive to sodium in the dermis than to the other surrounding tissues like

subcutaneous fat and physiological fluids.
3.5Discussion

In this Chapter, a variety of methods were used to characterize human skin from the
control patients, as well as patients suffering from type 2 Diabetes Mellitus. This
section discusses the results of the main findings ofGhépter. To the best of the
aut hor 6s knowl edge, single guantum and
implemented on human skin sampésvivofor the first time in a preclinical 9.4 T
Bruker spectrometer. Firstl{’Na transverse relaxation raté¢, and’Y , were
measured by CPMG and compared with results obtained with-ld®Rnd TQF
spectroscopy. Secondlsesidual quadrupolar interaction constantand”Y of
sodium involved in anisotropic motion were measured for human skin samples for
control and diabetic cases by ENQA filter. Thirdly, TQF spectroscopy was
performed to determinéy of sodiumin the skin All the measured parameters
were comparetetweerdifferent skin locations and betwepatients with T2DM and

their controlcounterparts.
3.5.1Single quantum spectroscopy
3.5.1.1CPMG

One of he main findingof our current research is that sodilvn  determined from

CPMG decays longer in the skin of patients with T2DM compared to control patients.
Regardless of age, weight, sex of the patients, location of the skin and other preexisting

conditions, skin sodiurfiY ~ has appeared to be a sensitive indicator of the presence
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of T2DM. Effects of pable3ilandnedidatignanrsedimat er s

relaxation times are a subject of future investigations.

Deviation of the experimental data from the monoexponential decay is clearly shown
in Figure3.13((b) and (c)). The representation of the data on a semilogarithmic scale
validates the biexponential fitting model described by[88]. In addition,the R*-

statistics of the biexponential fit of the data in the original scale is higher than the one

of the linear fit (eq[3.13]) of the data in the semilogarithmic scale.

As the CPMG experiment was performed without the slice selection, i.e. the signal is
obtained from the whole sample, measured values “¥f and Y are
superpositions of relaxation times arising from different domains: intracellular and

extracellular sodium within the dermis and epidermis, fat and liquid phases.

It can be seen fromigure3.11t hat skin possesses a type 0
can be observedype fico can be obtained at a cer
Afasbt es and type Ado domai ns (Sprimgea20@han di

Type Ado domains can be represedgtiesmay by pbh
arise fromthe interaction of sodium ions with orientated macromolecules (GAGs,

PGs, collagen, etc.However, the magnitude af is not high enough for a full

splitting to be observed. For cartilagewas found that anisotropy experienced by

sodium ions mainly comes from collagen fib(E§av & Navon, 1994)Cartilage was

shown to have regions with high parallelism of collagen filjBtset al., 2005)in

contrast to the skinwhosecollagen fibres have a more random orientaifgan

Zuijlen et al., 2003)Overall, due to less ordering compared to the cartilage tissue,

skin possesses a sodium spectrum bet ween
3.5.2Multiple Quantum Spectroscopy

This sectiordiscusses the results@buble Quantum with Magic Angkgectroscopy

(Subsection 5.1.2.1) and Triple Quantum filtered spectroscopy (Subsection 5.1.2.2).
3.5.2.1DQF spectroscopy with Magic Angle

DQF spectroscopy with magic angle is a unique tool to study the residual quadrupolar
couplings in loosely ordered samples like biological tissues. Compared to the standard
DQF experiment, the DQWMA pulse sequence detects a signal only from satellite

trangtions, as the contribution of the tenssf, s filtered out, allowing observation
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of the development ofY; coherences arising exclusively from anisotropic

environmentgEliav & Navon, 2016a)

Another method which is widely used to study quadrupolar couplings is the
quadrupole echo pulse sequebeer, 2002) However, it is mainly used for nuclei
with ‘O p as it fully refocuses the quadrupolar interaction. It also can be us€d for

gl ¢ nuclei but some considerations need to be taken into ac(®liat & Navon,
1995) The quadrupole echo is widely used in solids, cnt#talor powder samples
which can be characterized by a slow exchange between different dgmaing:

p, wheret is time of the ion being found in a given domd®pringer, 2007)
However, to study more complex systems where not all compartments contain non
zerg , DQFMA is more appropriate because it records the dynamic of only satellite

transitions and depends solely'dh  andl  (Woessner & Bansal, 1998)

According to the eq[3.2], the signal intensity of the DQWA spectrum can be
measured as a function of the evolution timé&his type of measurement eliminates
the problem of losing the short component of the relaxation time dhe dead time
of the spectrometer or a prob&imperis, 2011) Therefore, the measurementvs

was chosen in this thesis.

Since the DQRVIA experiment relies on a fliangle effect to selectively observe
sodium ions involved in anisotropic motion, its performance can be significantly
affected by pulse imperfections add inhomogeneitiesOther versions of the DQF

MA pulse sequence where only the last or penultimate pulse is set as 54.78° were
shown to have a better performaic¢he sense of suppression™f; in the case of

the inhomogeneous (Gast et al., 2018 However, they are more sensitive to errors

in flip angles than the classical sequence with — v & W Jhe 180° pulse can

be usedn the middle of the preparation tinfeo refocusd inhomogeneities but it

could also be a sourcd unsatisfactory suppression of thirahk tensors.

It is reported in this thesis that the short component of the sodium relaxation time
Y of the foot/leg is significantly longer thaty of an abdomen sample.

Hence, care should be taken in choosing a skin location when comparing the control
group with a case of pathology. This result shows that skin from the abdomen and
foot/leg has different viscous properties. These body parts experience different

mechanicaloads and therefore have different thicknesses of the dédttigu et al.,
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2018) The skin dermis contains much fewer cells than the epidermis and the
extracellular compartment of the dermis has a sodium concentration (about 140 mM)
much higher than the intracellular compartment (approximately 10 (ANgrts et

al., 2015) We can assume that the sodium signal in our measurements is dominated

by extracellular sodium. Therefore, we can suspect that the skin of different body parts
has different densities of macr omol ecul e

match the mechmcal load.

Although the values ofY for the foot/leg samples from the control and diabetic
groups are not significantly different from each other, there is a trend of decreasing

Y for the case of Diabetes MellituSimilarly with the human articular cartilage
whereadecrease ifiY was found to be associated wi
(Insko et al., 1999; KeinaAdamsky et al., 2010pne can assume that the shortening

of 'Y in the skin of diabetic patients might indicate a prevailing PG degradation.

The abdomen samples from the control patients were found not significantly different
from the foot/leg samples from the diabetic patienfthis fact diminishes the

differentiation between the abdomen and foot/leg skin. Hence, skin location might be
an important criterion when comparing sodium dynamics in pathological cases and

their control counterparts.

As the DQFMA signal is generated exclusively from the satellite transitions relaxing
with Y without any contribution from”Y |, thence the DQMA experiment

is more univocal in the determination of than CPMG. Also considering that

the echo time in CPMGYO ¢ ms is longer than the mean value'8f (< 1.05

ms), the CPMG train of echo integrals does not have enough data points, especially at
the beginning of the decay, to resoie adequately compared to the DQFA

build-up curve Therefore the difference betweethe two skin locations foi'Y

obtained from CPMG could not be observed.

It was found that s from the abdomen and foot in the control group belong to the
same distribution As the value of indicates the extent of macromolecular

organization within the tissugliav et al., 1992)based on these findings, it can be
inferred that the level obrderin both control and diabetic skin is comparable
However, there is trend of diminishment for the foot samples. This result supports

the finding of the elongation of the 18y compared to the abdominaf .In
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the DQFMA spectrum]  corresponds to a difference between peaks in frequency
for every value of the creation timfgNavon et al., 2001)and it was observed that it
changes with (Figure3.18) due to the heterogeneity of the skin and the distribution
of quadrupolar interactions within the tissue. Therefore obtained from the fit of

the buildup curve is a weighted average of all in the investigated systefdeinan
Adamsky et al., 2010)herefore, the difference between the two skin locations might
not be properly resolved.

3.5.2.2TQF spectroscopy

TQ filter gives the highest signal intensity among other muHipiantum filters

(Springer, 2007) but its ability to discriminate the quadrupolar interaction when

Y Y and type Abo spectr aWmpedsp0tly pe A c
asthe TQF signal originates regardless of the presence of the electrigfaddent

(Van Der Maarel, 2003)Therefore in this thesis, the TQF experiment was used to

determine only théY ~ component.

Multiple-quantum filtration (DQFMA and TQF in this case) givé¥ and”Y

which are the same relaxation characteristics obtained from %joglgum
experiments like CPMG. The main disadvantage of the MQF is its much lower SNR
compared to ordinary SQ experiments. Nevertheless, the use of MQF grants many
advantages. The first eris that the ability to record the sodium signal by EN)&

and TQF shows a piece of direct evidence that the sodium ions in the skin are outside
the extremenarrow motion regime. Moreover, DEMA specifically demonstrates

that some sodium is involved inQR Second, the functioi2  which contains the

subtraction of one exponential function framother has more turning points than the
"Q  function composed of a sum of two exponents. Therefore, it is believed that

"Q should give a more reliable fit th&®  to separate two relaxation components,
especially wherfiY and”Y  are close (however, it is not the case here). Third,

a baseline of the MQF spectrum is usually less distorted than one of the SQ spectrum
because the FID of the former starts from g®vamperis, 2011)

One can see from the €8.4], the TQF spectrum signal intensities can be recorded as

a function of the evolution timé& This type of measurement eliminates the problem
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of losing”Y due to a dead time of the spectrometer or a pfdbeperis, 2011)

Therefore, the measurementivaas performed in this thesis.

However, performing a multiplguantum experiment or even an ordinary sgiho

for in vivo or ex vivosamples can be tricky due to theinhomogeneities. Usually, a
nominal 180° pulse is used in the middle of the evolution intental prevent the
measured relaxation times from being compromised by an inhomogehefiek.

But in real experimental conditions, a 180° flip angle may not be reached for the whole
sample. The distribution of flip angles occurs within the sample and apart from the
desired coherence pathway p© v p, other pathways will contribute to the
signal. A refocusing pulse with a flip angle- p  7still forms an echo, but the

density operator componentd}; and "Y; will have different contributing

amplitudesThis results in the triexponential transverse relaxation with MtesY

and- Y 'Y  which relative amplitudes depend on the actual flip argiethe

refocusing pulse that makes them spatially inhomogené®msvn & Wimperis,

1994) A solution for TQ filtration specifically might be not to use a 180° pulsedut
introduce a specific phase cycle that eliminates all unwanted coherence pathways
exceptyl]  ¢.

The problem of contamination described above may serve as a possible explanation
for the mismatch ofY  values obtained by CPMG with the ones gained from TQF
build-up fitting. Another possible reason can be a structure of the fitting functions for
the CPMG decay and the TQF builg curve (eq[3.8] and[3.12] correspondingly).
Following the second paragraph of this section[242] have more extrema than eq.

[3.8] (one point vs none) which is believed to give a more reliable fit. Also, an offset
term is introduced irthe CPMG fitting equation[3.8] to compensate for sodium
relaxation in a physiological fluid phase. A contribution of this offset towards the
maximum intensity of the CPMG train is determined automatically, not especially
regulated and it is much larger than the noise. This can leashiortef’yY  than its

true value which is unknown. In contrasie TQF build-up fitting function[3.12] does

not contain any offset as the sodium signal from the liquid phase does not pass the
filter. These make the TQF experiment superior to CPMGtudyng sodium
involved exclusivelyin slow anisotropic motion in the skin. In addition, the CPMG

train might also nabelong enough to observe the whole echo decay. In the described
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experiments, the signal evolution is measured up to 64 ms. In comparison, TQ
coherence evolution is tracked up to 100 ms, almost tasdeng asin CPMG.
Thereby, an unmeasured signal would be masked in the offset term. As a consequence,
Y  obtainedrom CPMG will be shorter than from TQF.

In this work, it was shown that sodium's long relaxation Téte obtained by TQF
spectroscopysl onger in diabetic patients by a
this difference is significant. As it wascoveredwith the human articular cartilage

wherelengtheningdf Y was found to occur with proteoglycan degradatlosko

et al., 1999)we may presume that theduction of the binding capacity of GAGs in

the skinof diabetic patientkeads taan increase iflY  in the skindue to deprivation

of proteoglycans from the skin tissue matrix in the case of T2DM. It is also known
thatthe collagen network in diabetic skin is structurally different from one in healthy
skin (Argyropoulos et al., 2016)t may be assumed that an impaired organization of
the collagen matrix can be an additional mechanism of change in sodium relaxation

parameter¢Eliav & Navon, 1994)
3.6 Conclusion

The main indings of thiThapter are: (1) sodium relaxation tifmé measured by

the DQFMA sequencean serve as a probe for a skin location on a human body; (2)
the long component of sodium relaxation tifive  (and potentiallyY and )

in the skin may serve as a biomarker for type 2 Diabetes Mellitus. The lattbe can
explained in several ways: (a) there is a reduced density of the macromolecular
network and its damaged architecture in ECM of the skin of diabetic patients; (b)
extracellular volume fraction is increased in the skin of patients with T@@ivpared

to their control counterpartén the former case, macromolecule maintenance might
be shifted towards proteoglycan degradatitrat changes the3D collagen
organizationcomparedo control/healthy skin. In the latter case, the sodium balance
between intraand extracellular compartments could be disturbed. Both of these
situations are indicators of tissue pathology (skin in this case) that opens a new insight
into thepathophysiologyf type 2 Diabetes Mellitus.
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4 SodiumNMR in the inhomogeneous magnetic field of
05T

A 24-mm probe used for experiments in this Chapter was developed by Dr G.
PavlovskayaUsing this probe, sodium measurements wedormed for several
phantoms with different concentrations of NaCl: aqueous sokibbsaturated, 0.93

M, 05 M, 0.25 M and 0.125 M NaClunder international collaboration
(Unpublisheddata, 2018)The measurements were conducted at66108 MHz in

the magnetic field 00.542 Twith the gradientO = 4.7 £ 0.2 T/mFor the aturated
NaCl, SNR = 81.7 was achieved & minutes For 0.93 M NaC] SNR = 42was
acquired in21.3 min.For the sampl®.5 M NaC| SNR = 13.5wvasobtained in20.5

min. For the0.25 Maqueous solution dfiaCl, SNR = 14was gained ir82 min.For

the lowest sodium concentratidn125 M NaCJ SNR = 7.8 was obtained inhour 22

min. In addition,”Y relaxation measurements were performed for the saturated NacCl
phantom and 0.93 M NaCl water solutidiY. was obtained 37.5 £+ 1.4 nfier the
saturated NaCFor 0.97 M NaCl water solutigiY was found 41 + 18 m3he results
mentioned abovéielped in develapg an idea of constructing a wider probe to
perform sodium measuremerits a similar set of phantom® increase SNR and

reduce the measurement time.

Magnetic field measurements of the Oxford magnet iriritieection were performed

by Mrs D. Fomina together with Dr Evgeny Petrovskyder international
collaboration Magnetic field measurements in tbeoplane and simulations were
performed by Mrs D. Fomina. A 4@m probe and sodium chloride phantoms for this
probe used for exgsimentdan this Chapter were made by Mrs D. Fomina. Experiments
with the 40mm probe and data processing of all experiments were performed by Mrs
D. Fomina.ln additionto the 46mm coil mainly used for the sodium measurements,

the 24mm probegUnpublisheddata, 2018yvas used for purposes of comparison.
4.1 Introduction

As described in Sections 3.1311.2, sodium performs a variety of roles in a human
organism. Mechanisms of sodium regulation in the human skin are not completely
understood and they are of great interest for investigation. Sodium NMR has been
shown to be useful and powerful tool for studying sodium in skin tissue. However,

performing sodium spectroscopy or imaging to study skiwivo using conventional
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whole-body MRI scanners seems to be impractical due to the small thickness of the
tissue. Also, in some situations, a patient cannot be put inside an MRI scanner due to
some physiological conditions or external equipment such as a haemodialysis
machine. Bty as described in previous sections, it might be very important to monitor
sodium concentration for efficiency and effectiveness of the intervention in patients
with several diseases like hypertension and type 2 Diabetes Mellitus. To overcome the
practica difficulties of measuring skin sodium with whelbedy MRI scanners,
portable NMR devices can be developed. The portable NMR devices should have a
size and weight of several orders of magnitude reduced compared to the MRI scanner
and they must be mobile be delivered to a patient. These features can be achieved
by using permanent magnétscreat the main polarizing magnetic field. The idea of

a portable NMR device was developed from the insideNMR approach whera
probeandthe permanent magnatelocated near (or inside) the sample and not the

sample inside thmagnet

Firstly this insideout NMR approach was introduced in 1991 andvais used in
borehole investigations, which are of considerable importance in oil well logging and
drilling (Coates et al., 1999) aterthe NMR-MOUSE (MObile Universal Surface
Explorer) was built in 1998-igure4.1): a small singlesided NMR sensor weighting

of the order of 2.5 kg with a magnetic field gradient higher than 10 T/m at a field
strength of about 0.5 T was discovered to be useful for materials fes@aguring
signal of protons and its relaxati@Bidmann et al., 1996) ater, similar singlesided
sensors were constructed. A shim unit was introduced taNMB-MOUSE to
increase an exciting volume by reducing the gragienich also makes the field more
homogeneous in a plane perpendicular to the grafliandeghem et al., 201I)he
permanent magnets create a strong magnetic field gradient which is very useful in
acquiring highresolution 1D profiles of materials. On the other hand, the gradient
reduces sensitivity which is of extreme importance when measuring nuclei other than
protons, for instancé®Na. In this regard, special methods should be used to increase

the sensitivity and, consequently, SNR. They are described in the following sections.

To study solids and solitike materials in inhomogeneous magnetic fields, very large
gradients need to be applied to deal with broad spectral lines. One of the first
techniques developed for this purpose was STRAFBTRAy Field Imaging
(McDonald & Newling, 1998)A fringe field of a superconducting magmsetrvesas
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a polarizingd field (Figure4.1). The signal is collected from a very thin slice defined

by the naturally created large magnetic field gradient and the lengthR¥¥ paolse
(eq.[4.1]). If needed, a sample can be mechanically moved through the sensitive slice
to obtain 1D profiles or spatial maps of other parameters ¥ké&Y and diffusion
coefficients. The magnetic field gradient is usually so large that it generally
overpowers all couplings (dipolar, quadrupolar) and interactions in the spin

Hamiltonian, therefore STRAFI is very useful for imaging solids.

Within the region of interest in a STRAFI experimetite high curvature of the
magnetic flux does not allow one to achieve the best resoluipecifically for
studying planar samples, new geometries of permanent magnets were developed to
produce particularly flat excitation slices and homogeneous gradients within them.
The panarsamples include a broad spectrum of materials, including polymer films,
paints, and human skimhis newkind of type of imaging system was called GARField
(Gradient At Right angles to Fiel@plover et al., 1999)Figure4.1). GARField uses
specificallydesigned shapes of the permanent magnatagly magnets with curves
poles, which generate lines of magnetic flux running parallel to the sensitive plane
with constant magnitudd.he nmagnetic field gradient is orthogonal to the sensitive

plane.

Albeit, both techniques, NMIMOUSE and GARField, can be attributed to STRAFI
However, while STRAFLUtilizes the stray field ofa superconductinmmagnet NMR-

MOUSE and GARField use permanent magnets as sources of the polarizing magnetic

field. In addition the mutual direction of the main magnefield ® and its gradient

STRAFI GARField NMR-MOUSE

—_
B, By

0

Figure 4.1. NMR techniques based on inhomogeneous fields: STRAFI, NMMIRISE ani
GARField. Field lines of the main magnetic field are shown in dark gregndones of th

@ field of the coil (red) are shown in light grey. Directiongif its gradient® and® are
indicated by arrows.
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"® is different in these imaging systems: in STRAFIlis parallel to®, when in the

systems with permanent magnéisis perpendicular t8® (Figure4.1).
4.1.1NMR methods in inhomogeneous fields

This Subsection describes methods that are commonly used to perform NMR
measurements in the inhomogeneous magneticdield more extensive description

can be found iriCasanova et al., 2011)

In theinhomogeneous magnetic fiedd, the gradientO determines the thickness of

the excited slic¥a as in eq[4.1]:

Ya £2F1 [4.1]
[ 'O

where Y"Qis an excitation bandwidth aridis a gyromagnetic ratio of a nucleus.
Excitation bandwidth"Qis inversely proportional to the pulse lengft.), therefore,
all appliedRF pulses become selective. A noniform spatial distribution of bott
and6 leads to a nomniform spatial distribution of flip angles across the investigated
sample (eq[3.5]): if it is 90° for spins at the centre of the excited slice, it is quite
different at the edges of the slice. With increasing the frequency offset, the efficacy of
excitation decreases fast. Therefore, the observed total magnetization may be regarded
as acomplex superposition of the responses of the spins to a varying flip angle and
phase. This results in that not all longitudinal magnetization of the sample experiences
a 90° rotation and there is some residue alongxtheis. This residual longitudinal
magnetization relaxes witlY and it is not influenced by the presence 6f gradient,
while a created transverse magnetization relaxes Witland it is additionally
dephased by the field gradieit. This creates an undesired interference of different
coherence pathways. Unwanted coherence pathways can be eliminated by specially

developed phase cycles.

Due to a continuously present gradient that creates a distribution of resonance
frequencies, additional spreading of the transverse magnetization occurs during the
application of theRF pulse, thus a signal appears attenuated already at the end of the
pulse. Moreover, the» tinagnetization dephases further after the pulsetizaeID

decays very fast, in timaf the order of the dead time of tR& probe. Consequently,
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i n inhomogeneous fields, the FBDqoaneot

experiment.

A refocusing of the dephased magnetization is possible by applying at least two pulses
with a time intervalf between them: the formation of an echo will occur at the time
¢t. In inhomogeneous fields, the following pulse sequences are widely used: the
quadrature echo (or solid echgpin echo and the CaRurcellMeiboomGill
(CPMG)(Callaghan, 1991; McDonald, 1997)

4.1.1.1Spin echo

Originally a spirecho was discovered by Hahn who used two 90° p(isd, 1950)
But later Carr and Purcell proposed to use a 180° pulse for refocusing which helped
to obtain a higher signéCarr & Purcell, 1954)

A timing diagram of thespinecho pulse sequence is presentefigure4.2. In stray

field experiments, it is more advantageous to doublethglitudeof the 180°RF

pulse with respect to the 90° pulse and keep the same length. To a sufficient extent,
this provides an equal bandwidth of the pulses and, therefore, maintains the same
excitation volume for each pulse. In some cases when an application &Hyghver

is limited, it consequently leads to a reduction in power for the 90° pulse (assuming
the highest power for the 180° pulse) which results in longer pulses, which in turn

excite narrower slices in the sample.

Due to the dephasing of the magnetization during the firdRg@ulse, one can define
a zeretime point for the sequence at the centre of the 90° pulse. As an echo is

generated at a time df T j ¢ after the refocusing pulse, whetds the distance

Spin Echo timing diagram

angle 90° 180°
phaSE o)) Pa Pacq
acq
RF .
7 T Tp T o/ 2
TE

Figure 4.2. A timing diagram of thepinecho pulse sequence. The 90° and 180° pulses
the same lengthi , but amplitude of the 180° pulse is twice of that of the 90° pulse.

forms at a timéYO
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betweerpulses Figure4.2), the sequence is symmetrical about the centre of the 180°

pulse and the echo tini¥ s equal tot T .

As mentioned above, in the presence of a constant gradient of the static magnetic field
the resonance offset created by the gradient defines the effect produced by an applied
RFpulse. Therefore, as for the 90° pulse, onlyresonance spins experience a perfect
180° rotation. Even assuming a homogendbysluring a real experiment, there is a
simultaneous detection of signals with different frequencies that interfere strongly
with each other in the time domain. This results in a detectable echo bandwidth about
twice assmallasthe excitation bandwidth of tHeF pulse(Casanova et al., 20114s

the latter depends on pulse duration, it is assumed that the former also depends on the
length of theRF pulse. A quite accurate empirical assumption is that the echo width

is approximately equal to the pulse length. Consequently, an acquisition window
should be about the length of the excitat®R pulse to maximize the sensitivity

(Casanova et al., 2011)

Thespinecho pulse sequence is an important method especially to measure very short
“Y relaxation times of the order of several dead times of RReprobe. The
performance of thepin echo is not affected by magnetic field inhomogeneities,
resonance offsets, and distributions of flip angles across the sample, therebi¥a pure
decay can be measured as in homogeneous fields. However, in the tgsé of
samples in the presence afstrong static gradienpure”Y is heavily affected by
diffusion and errors due to imperfect 180° pulgkBtchell et al., 2006) In the
presence of diffusion, the signal dependencéYd@an be described &s eq.[4.2]

(Casanova et al., 2011)
RS YO P e &
Y'YO YA@D — —£ 0'0t"YO h [4.2]
Y p
whereQOis a diffusion coefficient.

4.1.1.2CPMG

In most cases, a very short echo tirhe YY) can be set in spinecho experiment that
allows one to acquire a multitude of echoes after the application of a train of refocusing
pulses with the appropriate phase. This sequence of pulses is CPMG, and it is used to
measure’Y in a single sho{fMeiboom & Gill, 1958) To avoid an accumulation of

distortions arising from imperfe&F pulses and the influence of the resonance offset,
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CPMG timing diagram
angle 90° 180° 180°
phase P P2 Pacq Po Pacqy
acq acq
RF
T:p T Tp /2 T TP/IQ
= TE = TE g

Figure 4.3. Timing diagram of the CPMG pulse sequence. Only two echoes are show

the phase of the refocusing pulses should be shiftéd Qywith respect to the first
90° pulse. This makes the CPMG sequence very robust either in homogeneous or

inhomogeneous fields. The timing diagram of the sequence is shdugune4.3.

It was demonstrated that in inhomogeneous magnetic fields where a nonuniform spin
excitation is generated, the echo signals detected during the refocusing train are a
complicated superposition of coherence pathways that leads to a formation of direct,
indirect and stimulated echoéSoelman & Prammer, 1995; Hurlimann & Griffin,
2000) Imperfect pulses and distribution of flip angles in a sample create a
magnetization that is stored along tiraxisin addition tothe desired magnetization
in anw eplane As this longitudinal magnetization is a subjectYofelaxation and the
remaining transversenagnetization relaxes withy, an experimentally measured
decay time iSY  which contains contributions from botiiand™Y relaxation times.
If we define rotation of the magnetization around an effectivetga¥s A  which
depends on the resonance offet 1 o ( is the frequency of arRF
pulse) and amplitude of tHeF pulseg 0 , and do not consider transient effects
affecting the first echoes, a CPMG signal decay can be approximated[dy8Eq

0P & "Y'Oé a "YO.

s Pt 2iQY QY AQDTh [4.3]

whered is an echo numbetP is an initial complex magnetizatian 0 T

0 QR QY is an offset distribution function over the sample, avid is

defined asn eq.[4.4] (Hurlimann & Griffin, 2000)

P A ~ AP
~ & QEY 03 Q,BYh [4.4]

Y
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where the angle brackets indicate an average of the square of the projectiomsoof

the eplane and thé-axis correspondingly.

An accumulating interference of coherence pathways leads to a signal decay that
differs from a monoexponential decay, especially for long decay times. This effect is
more pronounced in situations with an increasing difference betiwéemd Y.
However, even for a large]j "Y ratio, an error in estimating trii¥ from a fitting of

a CPMG echo train does not exceed 1&36elman & Prammer, 1995)his shows

that even in the presence of a strong static gradient of a magnetic field, the CPMG
pulse sequence can be successfully used to measure the transverse relaxation time.
Also, the error in determiningy can be reduced if considering only a part of the echo

decay of the order 6¥.

As in the case of the Hanh echo, the signal decay in CPMG is additionally attenuated
by diffusion. When the gradiei® is not very high andnly direct echoes contribute

to the signal, the signal depends’¥itn the following manneas in eq[4.5]:

Y& 'YO YA@D % pﬂcr "0t"YOO ta Y& [4.5]
The equatiori4.5] shows that the increase in the static gradient and the diffusion
coefficient shorten the signal decay measured by a CPMG sequence in the case of self
diffusion of molecules. A way to reduce this shortening is to decrease the echo time
“YOHowever, this can be accomplished only up to a certain extent, as the stronger the

gradient is, the shorter the signal decay is.

When a CPMG sequence is implemented in inhomogeneous field conditioRs$; the
pulse length and the minimum echo time must be optimized carefully. In these
conditions, the acquired signal intensity is a value averaged over the sensitive volume,
and the pulse duration needs to be set to maximize the signal intensity which can be
obtaned by integrating the echod8litchell et al.,, 2006) The ¢ distribution
generated by theF coil defines the position of the maximum intensity. Regarding the
echo time, the maximum number of echoes should be obtained during the echo train
to maximize the sensitivity and increase SNR. It can be achieved by setting the shortest
“Y'Qohut one needs to avoid signal contamination arising fiteerdead time of the

resonance circuit.

80



4 Sodium NMR in the inhomogeneous magnetic field of 0.5 T

TheCPMG pulse sequence is a very powerful method to use in inhomogeneous fields
as it is capable of measuring a wide range of transverse relaxation times and echoes
can be summed up to increase SNR, especially when it is operated at the shortest echo

time asmentioned earlier.
4.1.2NMR in the inhomogeneous field for biomedical applications

Singlesided NMR has been shown to be useful in measurements of human tissues,
especially skin and tendons. Skin depth profiling gives distributions of a phéord
diffusion coefficient which helps to differentiate between different skin layers
(Landeghem et al., 2011I)Y relaxation time was measured in the different depths in
the skin andAchilles tendon by NMRVIOUSE and served as an indicator for tissue

differentiationin vivo (Miltner et al., 2003) It was shown that a high macroscopic

order of tendon tissue causes orientation dependeridérefative to® (Haken &
Blimich, 2000)

Applying CPMG with different echo times allows one to obtain a different contrast
between studied tissues. This technique was applied to measure depth profiles of the
skin of the palm and forearm: the contrast between different skin structures (layers of
epidermis and dermis) is obtained by diffusion weighting and the use of a specially
designed weighting functiofCasanova et al., 2008} was shown that the dermis is
more affected by diffusion than the epidermis. Obtained profiles show a thinner
epidermis of the lower arm compared to the palm of the human body. The time
evolution ofthe absorption of cosmetireans into the skin was studied in both skin

locations.

It is possible to miniaturize a permanent magnet and a coil to fit in a standard catheter
to investigate the walls of the coronary arte(Biank et al., 2005)A device like this
might be useful to study vulnerable coronary plaques which are too small to be

properly resolved by conventional MRI.

GARField imaging systems with specially shaped magnets to straighten the magnetic
field profile were used to study skin hydration and the effects of differentcaken
product ingredients on human skmvitro andin vivo(Backhouse et al., 2004; Ciampi
etal., 2011; Dias et al., 2003; McDonald et al., 2008 dimensional deptinesolved

“Y, Y and seldiffusivity maps were obtained fathe skin of several healthy

volunteersn vivo (Ciampi et al., 2011; McDonald et al., 2005)
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Applications of STRAFI were mainly developed in the area of solids and
solidifying/drying materials (building materials, polymers and films), as the strong
gradient allows one to overcortge problem of very broad spectral lines caused by
short"Y relaxation times of the samplesquadrupolar coupling8odart et al., 1997;
McDonald, 1997; Mitchell et al., 2006) herefore, applications in biomedicine have
been limited to teeth and bon@aumann et al., 1993; Randall, 2011)

4.1.2.1Sodium NMR in an inhomogeneous field

A single-sided NMR device was built to measure sodium in ancient objects of art to
study salt dispositioiiZia, 2016) Applying the inverse Laplace transform, one can
study distributions ofY relaxation times in a sample that correlates with the pore sizes
and degree of dissolution of sodium ions in water inside the pores. As the
measurements were made with saturated salt solutions, high concentrations of sodium
ions allowedone to perform signal measurements in an adequately fast manner (about
5 minutes) which gavér 0 'Y 1. However, measuring sodium in a biological tissue
faces several complications: several orders of magnitude lower sodium concentration
and an appearance of shortrelaxation component which contributes to 60% of the
signal and is hard to detect. In a range of concentrations close to ones in biological
tissues, sodium quantification using a portable NMR sensor was performed in different
types of cheese with sodiunorcentrations in a range of 0.18L g/100 g(Greer et

al., 2019which corresponds to 8462 mM (considering an average density of cheese

as 1.073 g/cth(lezzietal.,2013). To the best of the Aut hc
no sodium measurements performed by a portable NMR device on biological tissues
in vitro or in vivoyet. Some preliminary work should be done to assess the feasibility
of these measurements: estimation of a measurement time and size of an excited

volume to achieve an optimal SNR.
4.1.3SNR

NMR in inhomogeneous fields suffers from low sensitivity due to high field gradients.
However, the sensitivity can be increased significantly, and measurement times can
be decreased at the same time by applying faatio techniques like CMPG pulse
trains. Echoes generated by these pulse trains can be summed up which gives an

undeniable advantage compared to single echo methodsplikecho.
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The sensitivity can be characterized by SNR. An analytical expression for SNR was
extensively studied and given floult & Richards, 1976)However, in the single

sided NMR or STRAFI, objectander investigatiorcan be much larger than the
detecting coil. Therefore, instead of having a volume with a uniforracrossa
sample one should introduce a definition ad@nsitive volume which depends on both

0 andd spatial distributionsAlso, a delicate balance needs to be found between the
strength of the polarizing field and its gradient: the stronger field enhances the
sensitivity, but the higher gradient reduces the excitation volume. Alsmsaffiance
effects need to be taken into account. It needs to be found out to what extent these
factors affect SNR.

Based on the expression of SNR given(Hpult & Richards, 1976)a more general
equation4.6] can be obtaine(Casanova et al., 2011)

Or o000 p . O o} e o
t — 30MYQQ h [4.6]

YU 'Y 0

(PME Y~ Y'Qy
where0 is the spin density in the unit volunieis a gyromagnetic ratio that defines
nucleus sensitivityp i s a reduced '©if the musledrsspinoinn st ant
Bol t zman n &%is anaeysisitienrbandwidth (inversely proportional to the

acquisition time)Y'Qis anRF-circuit bandwidth,Y is the resistance including the

probe, the sample and electrical components of the transmit/receive tract of an NMR

spectrometenyp is a sample volume,— is the component of tHeF field per unit

of current perpendicular to the magnetic fi@ldands 6 i Y'Q is a dimensionless
complex function of the signal response to a particular sequence of pulses (single
pulse spinecho, CPMG, etc.). A spatial dependence défines the sensitive volume.

Spatial integratiorfd is performed over the sample volue

The integral in eql4.6] can be solved numerically under several assumptions which
are related to the singlkided sensor and/or STRAFI. In the case of a stibng
gradient, the excited volunie is proportional to the excitation bandwidth of fREE
pulseY'Q as in eq[4.7]:

® e wYQh [4.7]
wherew’ is the magnetic field homogeneity factor which can be expressedegs
[4.9]:
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1

9
=

1 Z

W h [4.9]

wheredis thedimension of thékF coil in a plane perpendicular to the gradiéht e’
indicates a volume per frequency unit. Thenthecase of a homogeneods over
the excited volume, one can obtain.[4.9]:
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4.1.3.1SNR in CPMG pulse sequence

The excitation bandwidth"Q can be defined either by the lengthR¥ pulses the
circuit bandwidthor both If all the pulses (90° and 180°) in the CPMG have the same
lengtht , then the bandwidth of the pulse sequence is definedeas[4.10]:

. P
> 58 [4.10]

TheCPMG bandwidth is twice as narrow as the bandwidth produced by a single pulse

due to a mixture of different coherence pathw@asanova et al., 201Ihe number

of echoeg that can be collected and summed up to increase SNR is limit&taby

the sample and the echo tiM€OThe minimum'Y'Gs limited bythedead timed

of the probe and acquisitiontimme . The average of the echoe
by the time of YOs approximately twahirds of the initial echo amplitude, therefore,

the SNR of the CPMG experiments can be expressiedeas[4.11] (Casanova et al.,

2011)

g 1Yoy

2
YO Y e A1 [4.11]

co

aln
aln

The dead time& is the time needed for a voltage induced inRigprobe due to
the application of th&F pulsew to decrease toardsthe level of an RMS voltage

of the noisew and it is defined by the circuit parameter®dsmductance) andy

(coil resistanceas in eq[4.12]:

o) Cfi —=8 [4.12]
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The logarithm of the ratie—— can be considered constant (~ 25) for different coils
and in a wide range &F power.
Using eq[3.5], the 90° and 180° pulses can be defined feonji4.13]:

16 T JEh 6t 5h [4.13

where the magnetic field created by fRE coil 6 can be defined through the cail

efficiency —  and theRFpowerd as in eq[4.14)]:

5
- 4.14
A [4.14]

Yol he)

It can be seen from ef#.14] that the higher the coil efficiency— , the higheib

andthe shorter th&®F pulses for a given flip angle (ef.5]). However,as highe
requires highecw , this results in a longer deadtime of the RF pr@up[4.12]).

TheRF circuit bandwidthY Qis defined byY andd and SNR is maximized whéfiQ

is matched to the excitation bandwidfl) as in eq[4.15]:

yo — vo -8 [4.15)
“ i‘) .l. J .

From here, the coil resistande that gives a maximum SNé&an be foundrom eq.

[4.16]:

r o 5 g [4.16]

v 0
¢ Q
Considering all the above, a final equation for the SNR o€iRBIG pulse sequence
can be given as eq.[4.17]:

0or o 00 p Y

YO 'Y - 5
P Q7Y | [4.17]
L. 6 1 6jR o
e~ - _~ h
two 0 ) V)

where the coefficieniQ is defined asn eq.[4.18]:
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wW. W
Q -1 F— “8 [4.18]
T

It is interesting to note that the SNR of the CPMG pulse sequence in the
inhomogeneous fields depends on the inductance of theé) @b the appliedRF
powerw , which does not happen in homogeneous fields.RFheoil sensitivityis
defined asn eq.[4.19]:

woow T
0]Q
NG Y J [4.19
07

which can be maximized by changing the coil size and number of turns and adding
additional resistance to the circuit if needed as long as the total coil resistance does not

exceed the specified value'df  (eq.[4.16]).

In the case of signal averaging (number of s€ans p), which is common practice
in time domaiMMR, the SNR of the signal obtainedlinscans is given bgq.[4.20]
(Nalcioglu & Cho, 1984)

YO YO D WO Y0 Yo [4.20]
where"Y0 YO is theSNR whend  p.

4.2 Aims

There are several steps towards the construction of a setopasure sodium

concentratioprelaxation or both,in biological tissues that need to be accomplished:

1 To identify a source of the polarizing magnetic field: it can be a fringe field of

a superconducting magnet or a permanent magnet.

1 To create anRF circuit containing a coil for the excitation and signal

acquisition for the chosen field geometry.
1 To assess the excitation volume of the magoétsetup.

1 To assess the total measurement time and SNR for phantoms with a sodium

concentration close to one in biological tissues.

1 To measure sodium sigisdtom a sample of biological tissurevitro and then

in vivousing the constructed setup.

In thescope of thiThapter of théhesis the following aims were set:
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1 To use a 9.4 T superconducting magnet with poor shielding as a source of an

inhomogeneous polarizing fiefd .

1 To construcawider RF coil than the 24nm probe that was used before in our
laboratory(Unpublisheddata, 2018)

1 To prepare phantoms with descending concentrations of sodium: from

saturated to one close to biological tissue (around 140 mM in plasma).

1 To measure a sodium signal from the phantoms thighcorstructedcoil in a
fringe field of around 0.5 T. 0.5 T field strength was chosen by some practical
considerations which were: (1) 0.5 i§ a maximumfield strength of
quadrupolepermanenmagnet assemblies constructed our laboratoryfor
sodium measuremenis consideration of future work of constructing a
portable mobile device based on permanent magn&t€).% T is a field
strength of a clinical scanner available at the University of Nottingham to have

an opportunity to test the constructed sodRifmcoilsin a homogeneous field.

1 To compare the performance of the constructed coils in terms of SNR and

scanning time.
4.3 Materials and Methods

Sections4.3.14.3.3 describe the experimental components in the inhomogeneous
field of around 0.5 T. Sectich3.4.2describes the MR sequences used in experiments

and the parameters of the sequences for individual sets of measurements.
4.3.1Spectrometer

To perform STRAFI experiments, an ulnggh field NMR magnet Oxford (Oxford
Instruments, Abingdon, UK) which is a peshielded superconducting magnet
generating a magnetic field of 9.4 T in its centre (resonance frequency 400 MHz for
'H and 105.86 MHz fof*Na) (Figure4.4(a)), a portable higfrequency spectrometer
Kea (Magritek, Wellington, New Zealand), an external linear pulse power amplifier
LPPA 14020 (Dressler) with a maximum 2 kW outpkig(ire 4.4(b)); a laboratory
computer with an operating system Windows 7 with Prospa V3.56 (Magritek)

operating the spectrometer were used.
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Figure 4.4. (a) The 9.4T pooeshielded NMR magnet Oxford and (b) a portable
frequency spectrometer Keaith an external amplifier LPPA 14020.

The poor shielding of the Oxford magnet provides a fringe field where a location of
the sensitive slice can be found for a nucleus of interest by a choice of the
corresponding resonance frequency, according t¢2&8]. Alternatively, when the
position of a probe can be varied under the magnas changed accordingly, so that

one can operate at a fixed frequency.
4.3.2Probes

For the experiments in the 0.5 T fringe fieddhomebuilt probe vasused. According
to the eq[4.19], the contribution of the coil to the total SNR depends on the coil
sensitivity® j “Gand the coil inductandg parameters that can be adjusted during the

coil construction process.

The homebuilt probe contains a saddle coil made fromisolatedflat thin copper

wire (1.3 mm width, 0.5 mm thicknesg)ound on a Gl@ibreglasstubeof the 39.4

mm externaldiameter(later on named the 4@m probe) diagram is shown oRigure

45@). The coil 6s | ength was 22 mm which 1is
ribbon wire has lower AC resistance than a round wire of the samesercgsn when

the ratio of width to length is more thanPerman, 1943yhich is the case for the

used copperwirel he noi se induced by the inductor
a lot of NMR experiments, therefore it should be kept (Mispelter et al., 2015)

Thus the coil has only two | oops. The <col
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|l ong as the <coil 6s natur al resonance i ¢

frequency(Watzlaw et al., 2013)hich was the case fthis coil.

The lumpeeparameter equivalent circuit of thigF probeis depicted inFigure 4.6

and includes fixed capacitance for both tundingand matching . Due to the
relatively small inductance, a large tuning fixed capaciténee4 nF (comprising of

4 ceramic plate capacitors of 1 e&ch manufacturing discontinued) was added in the

series circuit for tuning to reach a frequenéwround 5.6 MHz. The matching of the

40-mm coil at 5.6 MHzfor 2Na required 6 ceramic plate capacitafs47 pF each

X

Figure 4.5. (a) A diagram of the hombuilt40mm sodi um saddl e c«

dimensions and an angle between the windings. A direction of the clisesfitown by gree
arrows.(b) The homemade 46mm sodium probe with the saddle coil used for fringe
experiments.d) The 40mm probe with the G10 shield on to cover the capacitdjsTle
sensor is under the magnet covered by the external copper foil shield and hold by a
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Figure 4.6. Resonant circuit for the 4dm probe.R and 0 represent resistancanc
inductanceof the coil correspondinglyé andd6 are tuning and matching capacits

respectivelyEffective values of the capacitance are indicated (see text).

(overall capacitancé =282 pF,manufacturing discontinued). Because of high
a large variable capacitance is neettethe circuit to perform finguning andfine-
matching of the probe in a reasonable rafgihin 0.51 MHz), but it was not

available.

The G10 tubef the coil basés mounted on a PTFE holder which holds onto a PTFE
rod (10 mm in diameterY.he probe also has a shield that covers an areee dfining

and matchingcapacitors and was grounded to RE grounding terminal Kigure

4.5(c)). It was made of the same diameter G10 tube which was used for the coil base

and was covered with a 4@n-thick copper foil. A PTFE disk (38 mm in diameter
and 6 mm thick) is mounted on the end of the rod to stabilize the G10 shield.
standardlexible5 0 q coaxi al cabl e ( RGD5a8d)recawa s
the NMR signal.

The influence of capacitance adjustments on the resonant frequency guivdre
reflecied by the probewere measured with a network analyser (N&B00A, t
1000MHz, AVCOM of Virginia Inc, USA)With the values of6 andod reported
above the minimum of the reflected power wasonounced in a frequency range of
5.35i 5.75 MHz dependingonaphantomias e pr obeds tuning
with the load. The position of the probe under the magiwetevery phantonwas
adjusted accordingly0 was measured with tH217 M table salt phantom andas

equal to 68.

The probe was also used with an external shigigufe4.5(d)) which was madén
our laboratory before thstart of my PhD The shield is a cylinder made of thick
cardboard which is covered by one layer oh®thick copper foil. The shield has an

external diameter of 67.4 mm (with the joéind an internal diameter of 63.6 mm.

and

Edges of the copper foil are soldered together making it enclosed. The upper end of

the shield was wrapped in a foam rubber that provides a tight and centred fit of the
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shield inside the magnet bore. The shield can be grounded teRtgFounding
terminal of the probe. This configuration allows one to use the shield with different
probes. The shield covers the coil with a sample inside and it slightly overlaps with
the G10 shieldKigure4.5(d)).

After tuning and matching the probe with different phantoms monitored by the
network analysetthe probe was then placed under the NMR spectrometer and tested
by registering a proton signal at the appropriate magneticdiédcb MHz. After that

t he B mpasiioasd were adjusted under the magnet to perform sodium

measurements. Results can be sound in Subsdctich

The probenvasheld under the magnet by a tripod with electrically isolated clamps, as

depicted irFigure4.5(d). The probevasalso used ilothtransmit and receive modes.

Volume coils can provide a homogenedusfield along the central axis. NMR in a
fringe field has to deal with a magnetic
This means that a signal is collected from a slice whose thickness is limited by the
gradient (and also limited by the length ofexmitation pulse). Finding the position of

the slice which corresponds to a certain frequency can be challenging. Therefore, using
volume coils that are much longer than the slice thickness is beneficial as they reduce

sensitivity to precise positioning.

An RF shield is expected to reduce noise which can interfere with the signal on the
same frequency and other frequencies. The effectiveness of the shield depends on the
resistivity ” and magnetic permeability of the conductonit was made ofand
operating frequengdy . In most cases, the depthio which radiation can penetrate the
shield (the sacalledskin depth) can be calculated using the following formula (eq
[4.21]):

1 ——Nh [4.2]]
where* is the permeability of free space and is the relative permeability of the
conductor. Copper is the most commonly used material for RF shielding. A copper

foil with a 40 nm width used in the shield construction can protect fexternal

electromagnetiiterferencawith frequencies in a range afé @ H MHz.
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4.3.3Phantoms

A set of NaCl solutions with different concentrations of sodium were ntatié:M

2.78 M,0.93M, 0.5 M, 0.25 M, and 0.125 NA 5.17M solution was made using a
table salt with an anticaking agent (sodium ferrocyanide). As the amount of sodium
ferrocyanide in eatable table salt is less than 20 m@&g Lim et al., 2018; Younes

et al., 2018) it was considered negligible and not used in the calculations of NaCl
molarity. For lower concentrations, NaCl powder of high purity was (Segima
Aldrich, Gillingham, Dorset, UK)AIl phantoms were stored in plastic bottles with a
37.6mm external diameter which had a tight fit inside the coil, thus, the filling factor

for the 40mm probe wasnaximized

Agarose isa more electrically neutrgbolymerthan kappacarrageenarPiculell &
Nilsson, 1989)and it is a major component of agar (about 7qZgece, 2020)
Therefore due tathehigher costs of pure agarosgar was chosen to prepare a tissue
equivalent phantom with a high concentration of NaG3,7 M, in 4% agar gel. An

agar concentration of 4% means 4 g of agar powder per 100 g of water. Agar powder
and NaCl(both Sigma Aldrich)crystals were added to deionized water in a glass
beaker while stirring with a magnetic stirrer and heating on a hotfBafere the
heating, the whole beaker with the mixture was weighted on analytical scales. In
addition, he beaker was covered with a glass plate to prevent excessive evaporation
of waterwhile heating on the hotplatéfter the mixture boiled, the heating was
reduced and stirring was continued until everything dissolved completely, tteger
whole beaker with the mixture was weighed again laoidwater was added to the
mixture to compensate for the evaporated water. After short mixing, the solution was

transferred to the plastic bottle for the-#dn probe to cool down and solidify.

In STRAFI experiments, the problem of sample levelling under the magnet can be
significantly reduced by using samples long indkteti r ect i on, t herefor
heights were much greater than the excitation slice. For both probes described in
Subsectio.3.2 phantoms were longer than the coil by at least 0.5 cm, but all the
phantoms in a set had the same height.
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4.3.4Methods
4.3.4.1Simulation of the magnetic field of the Oxford magnet

For a better understanding of the distribution of the fringe magnetic field of the Oxford
magnet under its bore, a simulation was performed using -Aouse routine in
MATLAB based on the fABi ot Savart magneti c
of theBiot-Savart law(Queval, 2022)

The BiotSavart law can be presented in its integral and differential fasme eq.

[4.22]:

CoEPa iR ¢ @Py iR
h Q@ ———h [4.22]
T l% T |22

where® b is a generated static magnetic field depending only on spatial coordinates,
‘Pis a vector along the pathalong which the integral is calculat@€igure4.7). A
magnitude oLPds the length of thdifferentialelement of the wire in the direction of
acurrenfOL et 6 s ¢ o n sHemdefrwhiech paints cabardinates o ho i

onthe pathd. Then the vectarge b 8&is the fulldisplacement vectdrom the wire

element(Péat the poinBto the pointe at which the field is beingomputed

o hd fr ). Themagnetic constant has its usual meaning.

The cross produé®a iBean be presented as a determinant of a manix eq[4.23]:
Q Q Q
Py ik W W A j [4.23]
where’Q, 'Q and'Q are unit vectors alongy w and & axes correspondinglyThe

determinant iseveaed in eq[4.24]:

P il Qo ta Qi tae Q QG ted M foee

, ’ [4.24]
Q wtow Qo tees

ThenQ®from eq.[4.22] can be presented @& which has a definition as eq.[4.25]:
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Figure 4.7. Schematic representation of the solenoid (@a#hown in red) in a coordinat

system for the numerical calculation of Biet-Savart law.
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Finally, using eq[4.22], [4.24] and[4.25], the following differential equations can be
obtained(eq.[4.26]):

B — - @ h [4.26]

AsibP b 8 1P can be represented imseq.[4.27]:

iD o ® a a8 [4.27]

When the equatior{gl.26] need to be solved numerically, the following substitutions
are madeQ W, ®w and A & , whereQis a

discretization index. Similarly @& o, e ©® 0, & a a and
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ib W ® W W a a . Then the integral fo® b
will be just a sum of all separate field componé@is, 5 andQ) .

4.3.4.2Magnetic field measurements of Oxford magnet

The magnetic field of the Oxford magnet needed to be measured to provide the
positioning of the probes under it as accurately as possible according to their resonance
frequency. The magnetic field was measured along the central axis of the ndgagnet (
direction) with a gaussmeter (model 6010, F.W. Bell®, Portland, Oregon, USA) with
an axial probe. Also, at a distance from the bottom of the magnet bore where the field
equals 0.5 T, the magnetic field was measured in a horizab@@lp{ane with two
gaussmeters: with the axial probe as used before and with a transverse probe (model
GMO7, Hirst Magnetic Instruments Ltd., Falmouth, UK). The measurements are also
important to determine values of the magnetic field gradieqtand  dlirections:

‘0O and"O correspondingly. The gradiei® determines the thickness of the excited
slice Y& according to eqi4.1]. Excitation bandwidtY"Gis inversely proportional to

the pulse length, therefore, shorter pulses can excite a thicker slice. However, the
minimum width of the 90° pulse is limited by the coil s&el its efficiency

The gradientO determines the size of the area that the coil can collect the signal
from: "O introduces a frequency offset which determines the line width of the

spectrum. How wide the line width can be detected depends on the acquisition

parameters.
4.3.4.3Flip angle calibration

A flip angle calibration in the fringe field was performed by a pulse sequence

A CP MG A Bigue4.8): it is a typical CPMG pulse sequence which produces a train

of RF pulses. Unlike the Bruker spectrometer used in Chaptdre pulses (one 90°

and¢ 180° pulsesproduced by Keahave the same length but different amplitudes

(the amplitude of the 180° pulse is 6 dB higher ttiat of the 90° pulsg and the
acquisition happens after each 180° pulse, hence a whole train of echoes is produced
in one scan. Specifically for ACPMGAddO,
together in the time domain and then the result of summation is Fourier tragdform
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CPMG(Add) timing diagram
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Figure 48.CPMG and ACPMGAddoO pul se sequenc

shown. In CPMGAdd all echoes are summed up to increase SNR.

To determine an optimal 90° pulse, lengths or amplitudes gfulses can be varied.

If the pulses are not optimized, neffective excitation happens along with inefficient
refocusing which leads to a signal decrease. The maximum signal will be observed
only when both optimal excitation and refocusing are implemented

The constructed probe was undergoing a pulse calibration for both AHci@id?*Na.
Parameters of the pulse calibrations are indicateébalrie 4.1 along with the used
phantoms for protoand sodiunmeasurement$ulse calibration was performed by
repeating the A CP MRgarddBowittpachasgeg milsedengthn ¢ e
A time domain (TD) sindoell squared filter was applied to the sum of echoes before

the Fourier transformation unless stated otherwise.

The sinebell squared filter is represented by the equd#édz8]:

"QQa O Qi o Al 6

[4.28]

where the parametér 0j ¢ andU is a number of complex pointdn obtained
spectrum after Fwithout zerefilling was extracted frorRrospaand therphased and
integrated in MATLAB. As a result, the integral values are plotted vs the pulse length.
The pulse sequence parameters were adapted to the relaxation times of the used
phantoms.The btal scanning time for each value of pulse length can be
calculated as follows®Y "YY & 68 QN O0E Results are found in
Subsectiort.4.3

The coil with a larger diameter requires a longer ptdsehe same flip angle-To
avoid the overheating of the spectrometer amplifier, Prospa has a limitation for a duty

cycle inside the pulse sequence: the length of the 90° pulse can be no more than 20%
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Table4l.Par amet ers of the ACPMGAddO pul se

and sodium measurements.

Nucleus ~ Phantom 4 gms Echoes SW,kHz TR, ms Scans
H 5.17 M table salt 260 64 500 10000 16
Na  5.17 M table sali 300 64 500 500 512

of “YOTherefore, with increasing the pulse lengishould be lengthened as well.

Consequently, signal loss can be observed which may lead to a decrease in SNR.

After the pulse calibration, measuremenitsodium signalere performed using the
ACPMGAddoO sequence with (iddeondequentlydl80d pt i me
pulse)for a range of phantoms to assess the time required to achieve an appropriate
SNR for each concentration of sodium. All experiments were conducted at room

temperature (20°C).
4.3.4.4Calibration of the probe by *H measurements

The aim of proton measurements with the constructed probe was to demonstrate the
performance of the probe with the nucleus of highest sensitilybiefore moving
towards experiments with sodium which has much lower sensitivity (Subsection
2.1.2.

Resultsof the proton pulse calibration for the-#tim probe are shown Higure4.9

using a water solution &.17M table salt as a sample. On the graph, an integral of
the proton signal is plotted vs the pulse length. 16 scans were averaged to obtain each
point of the plot without a TD filter, TR = 10 s which was found sufficiently long for

a water solution of NaGkithout any paramagnetic agent (3&ble4.1). The whole
experiment took 1 h 7 min. The optimum pulse length was found to be Egure

4.9(a)). *H echo sumand its Fourier transform obtained with the optimum pulse are
shown inFigure4.9(b). SNR = 106 of the spectrum was obtained in 16 scahmin

40 swithout the TD filter as wellSNRs were calculated by the following form(da.

[4.29)) (Wetterling et al., 2012)

!\Y l’-’)
YO 'Y — [4.29
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1 -2
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Figure 4.9. (a) *H pulse calibration for the 48m probe. An optimum 90° pulse length is
ms. (b)'H FID and spectrum obtained by CPMGAdd with the pulse lengthrs186 scan
without the TD filter, spectrum SNR = 106.

where"Yis the maximum spectral intensity of the sigrialis a mean signal outside
the area of the signal peak representing noise, aixd is a corresponding standard
deviation of the noise mean. Noise areas were manually determined for each

experiment presented in this thesis.

Experi ments were performed at 5.49 MHz.

the probe itself was positioned at 0.129 T respectividlis means thahe value of

the field gradientO was0.58 + 0.15 T/m. ACPMGRFp ul ses 0 Isexcget h of
a range of frequencies of about 28 kldg.[4.10]), which under the 0.58 0.15T/m

field gradient generated at the probeods

thickness.

-%—-0.12&

Figure410Pr obes 6 position in the fringe fi
positioned Mtmaadurimdntiforand t hObM) farriNe

measurementg@ndicated by the arrow).ight grey lines represent magnetic field lin@sly

bottom part of the Oxford magnet is shown.
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After calibration with'H measurements, the probasmovedto the higher magnetic
field of the Oxford magnet to perform sodium signal acquisitions with approximately

the same resonance frequencissvere used wittH measurements={gure4.10).
4.3.4.5Sequence parameters fof3Na measurements

After the 40-mm probe wvas calibrated by performing proton measurements
(Subsectiod.3.4.4 and optimal 90° and 180° pulses that give maximum sodium
signalfor phantoms were found (Subsect#i3.4.3, the CPMGAdd pulse sequence
was usedo acquire sodium signal from all the phantoms with different concentrations
of NaCl The measurements were performed with the following param#tertgngth

of the 90° pulse was PL = 6@, its amplitude PA =17 dB;the amplitude of the 180°
pulse is 6 dB higher than the 90° PA. For all phantéi®& 300 ¢e€s, 64 ech:
collected with SWH = 500 kHz. Other parameters as TR and number of scans were
varied for different samples and their values are showrable4.2. TR was varied
depending on a scanning time available in the laboratory: for some sggpkand

0.25 M), TR was shortened to reduce scanning time during therttayever, a full
recovery of magnetization was expected for both samples as séWiumwater
solutions is shorter than 60 rditchell, 2016) The number of scans was increased

to compensate for SNR reduction due to decrease in sodium concentration.

Table 4.2. TR and number of scaffort he A CPMGAddo pul se
measurement®r phantoms with different concentrations of NaGingthe homebuilt 40-

mm probe Other sequence parameters are indicated in text

Phantom TR, ms Scans

5.17 M table salt 500 3600

2.78 M NaCl 200 3600

0.93 M NaCl 500 7200

0.5 M NaCl 500 25600

0.25 MNacCl 300 25600

0.125 M NaCl 1000 32768
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4.3.4.6Measurement of a relaxation time

In the fringe field, the sphspin relaxation timéY was measured using a standard
CPMG sequence without the echo summation. The echo train was Fourier transformed
without zerefilling, phased, and integrated using a homemade routine in MATLAB.
For the NaCl solutions, the integral values were fittedYi@using the Levenberg

Marquardt algorithmn Igor.Pro by an ed4.30]:
. PN
O o0 "OQwn ~ [4.30]

with fitting parametersOand”Y. For the agar sample, the integrals were fitted with

an equatiorn3.8] for a biexponential relaxation.

Parameters of CPMG pulse sequence to deterifioEsodium are presentedTiable

4.3. 'Y measurementsvere performed only for the phantom with the highest
concentration of NaCI5(17 M) of the aqueous solution and in the 4.87 M 4 % agar
gel sincdower sodium concentrations lead to dramatic increase in measurement time

due to very low SNR.

Table 4.3. CPMG parameters to determine sodii¥rin different samples using tR&-mm

probe.

Phantom 1 Fms Echoes SW, kHz TR, ms Scans

5.17 M table saltsolution 300 256 500 700 7200

4.87 M NaCl + 4% agar 300 128 500 3000 12800

4.3.4.7Comparison of two coils with a different diameter

In additionto the 40-mm coil mainly used for the sodium measurements, theng#
probe(Unpublisheddata, 2018was used for purposes of comparisda.compare
SNRsbetween the probes, several conditions should be kept the same. The same pulse
length found for the 40nm probe was used with the-B#m probe, and the power

level was calibrated for it. The 28m probe was also used with the external shield to
provide thesame noise level. Other acquisition parameters Ykgnumber of echoes,

dwell time (DW), number of complex points, RG and TR were kept the same as for
the40-mm probeThe experiments were performed using the same sathplevater
solution of 5.17 M table salt.
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4.4 Results

This section presents the results of simulations of the distribution of the magnetic field
of the Oxford magnet (Subsectidm.]), actual measurements of the magnetic field
using two gaussmeters (Subsectos.2 and results of sodium measurements in the
fringe field of 0.5 T (Subsectiof4.3 with the 40mm homebuilt probe.

4.4.1 Simulation of the magnetic field of the Oxford magnet

For the magnetic field simulation, the Oxford magnet was representesioéenaid
with a radius of 0.05 m and 0.8 m in length madera layer ofnfinitely thin wires.
The above dimensions approximate the size of the magnet bore. To simulate the
superconductivity, the number of turns in the solenoid and the current strength were

set in such a way that the field in the centre of the solempidd & 1) was
approximately equal to 9.4 T. The calculated magnitude of the magneticdbield

0 6 0 isshown inFigure4.11in aw ¢plane (P is parallel to thex axis).

The colour scale was set up in a way that the field value of 0.5 T is highlighted in red.
Due to axial symmetry, the field pattern is the sam@ @lane. This means that the

0.5 T field surface has a fAbowl 0 shape.

B, magnitude, T
-0.35 N

com N w = w (@) ~l co o

-0.55 ' :
-0.15 0.1 -0.05 0 0.05 0.1 0.15

X, m

)

Figure 4.11. The simulated magnitude of the magnetic fiéRl of the Oxford magnetp
plane. A field line of 0.5 T is highlighted in red.
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are normal to théraxis and are convex. A most straightforward way to position a

volume coil under the magnet is where a normal to this surface is parallel to the central

axis of the magnet, i.e.,at «® mandd a at @ 0.5 T(Figured.1l).
4.4.2Magnetic field measurements at a level of 0.5 T

The magnetic field of the Oxford magnet was measured along the central axis of the

magnet boréa direction)to determine the distance at which the magnetic field of 0.5

T is located. Thé& componentg , of the magnetic field® is plotted as a function of

the distance from the bottom of the magneFigure4.12. A field line of 0.5 T is
located approximately at 81 mm. In the region between 70 and 95 mm, the magnetic
field has a gradieri© equal to4.1+ 0.2T/m.

To determine a curvature of the magnetic field profile at 0.5 Twas measured in

w oplane with two gaussmeters. A measured area was a circle with a diameter of 60
mm, and its centre was positioned on the central axis of the magnet bore. The magnetic
field was measured with a spatial resolution of 2.5 mm. Variations ah the

measured area are showrFigure4.13(a). Deviation of the field isolines (lines with

the constant value of the magnetic field) from the circular shape and the presence of

S 0me Aspi kesd ar e related to the i nstr

gaussmeters. The magnetic field map was recalculated into a frequency offset map for

=
1.2 _\ M data
- fit

1.0 H

0.8 1
= Level of 0.5T

-

o 0.6 —

0.4 —

G,=-4.1+0.2T/m

0.2

0.0 -

0 100 200 300 400 500
Distance, mm

Figure 4.12. Dependence of the fieldl along thed direction. The field has a gradi€f of
4.1 + 0.2 T/m between 70 and 95 mm from the bottom of the magnet bore. Negative

means that the gaussmeter probe was inserted inside the bore.
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sodium23 and it is shown ifigure4.13(b). The frequency offset map is normalized
to a frequency of sodium at 0.5 T, 5.63 MHz, and red lines mark frequency increments
of 20 kHz.

If positioned on the central axis of the magnet, the® probe would cover up to 80

kHz, whereas the 2¢hm probe used for initial measuremefitspublisheddata,

30

0.5

0.498

0.496

0.494

0.492

0.490

0.488

0.486

(a) X, mm
Sodium frequency offset, Hz

= 0

Yy, mm

-10
=12

-14

30 20 -10 0 10 20 30  x10°
(b) X, mm

Figure 4.13. (a) A contour plot o6 measured with two gaussmeters with a resolution «
mm. (b) Sodium frequency offset map normalized to the sodium frequency at 0.5
MHz). Red lines highlight frequency increments of 20 kHz. Two black dashed

represent cross sections of #&mm and 24mm probes.
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2018)would cover 20 kHz of the frequency off§Etgure4.13(b), twodashed circles)

These frequency offsets will add additional broadening to the line width of the sodium

spectrum.

4.4.3Measurements of sodium signal in solutions of different

concentrations of NaCl

This subsection describes experimental results obtainediveé#0-mm homemade
probe. The main aim of building the protéh a wider diametewas to perform
measurements of the sodium signal in a fringe fiéttl degeasng concentrations of
NaCl in aqueous solutionand to compare experimental times and SNRs with
measurements made with the@nprobe(Unpublisheddata, 2018)But before that,
the probe \astested for signal acquisition from the most sensitive nuchysising
the aqueous solution d@.17M NaCl asa sample(this was described in Subsection
4.3.4.9. SNRs and experimental times fdNa signal acquisitions performed the

40-mm probe are giverater inthe currentsection.

Results of the pulse calibration for sodium, namely a signal integral plotted vs the
pulseamplitude performed with the 48nm probe are shown fRigure4.14(a) using

a water solution 05.17M table salt as a sample. To provide the same flip argle (

“J ¢) for sodium for the sam& , a pulse length should be’ |t o& yimes

longer tharone for protons (ed3.5]). Therefore, a pulse calibration for sodium was

. 3 2
x10 *Na pulse calibration x10 Echo sum x10 Spectrum
12 - " 19 N —Re
. T 4 -
= [ 20— 2 —1Im
<10 u E =
= ) g
-~ 7 o _1 ] "2 ]
E 8- £ g
Y a2 2
L g —Re =0 -
E 6 — [ | M data < -3 4| —Im g-‘
| | I I I LI | I L | I LI | < B Ll I 1 L | 1 I Ll 1 L | I 1
-20 -19 -18 -17 -16 0 50 100 -200 0 200
(a) Pulse amplitude, dB (b) Time, ps Frequency, kHz

Figure 4.14. (a) ®Na pulse calibratioperformed using the 4m probe andhe agueot
solution of5.17M table saltas a sampld-or a 60ns duration,an amplitude of the 90° pul
that gives a maximum signa -17 dB Consequently, 180° pulse amplitude-14 dB.(b)
ZNa FID and spectrum obtained by CPMGAdd with ¢iptimal pulseamplitude With the
TD filter, 512scans, SNR 22
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performed with PL =60 ns and the pulse amplitude was variédfound 90°pulse
amplitudethat give a maximum signatas-17 dB The amplitude of the 180° pulse

was-11 dB correspondingly**Na echo sum and its Fourier transform obtained with

the optimum pulse are shownkigure4.14(b). A spectrum SNR 22 was obtained

in 512 scans after the application of the sl squared filter in the time domain.

With the60 ns excitation pulse}.02+£0.19T/ m fi el d gradient at t

in 0.485 T, the thickness of the excitation slice is calculated 184¢ 18 nm.

After the pulse calibration, sodi um meas
were performed for each phantom (see Subsedti®d: 5.17M table salt2.78M,

0.93M, 0.5 M, 0.25 M and 0.125 MacCl. Pulse calibration was performed in advance

only for the aqueous solution &.17 M table salt due to low sensitivity of sodium

nuclei in lower concentrationsespecially in inhomogeneous fieldsuning and

mat ching of the probe depended on the sod
under the magnet was adjusted to match the resonance frequency. Sodium spectra
obtained from the 3 most concentrated samples5theM table salt,2.78 M, and

0.97M NacCl phantors, were evaluated quantitativélyubsectior.5.3.

Results of the sodium measurements perfor
6 calibration phantoms: water solutionssof7M table salt2.78 M, 0.93M, 0.5 M,

0.25 M, and 0.125 M NacCl, are showrHigure4.15. The sinebell squared filter was
applied in the time domain. As the probe
and there are no trimming capacitors in the circuit of thend® probe due to high

fixed capacitance, the position of the probe undemthgnet was adjusted accordingly

to provide a resonance of sodium nuclEie magnetic field corresponding to the
resonance frequenof the probe with the phantom was measured byg#ussmeter

with an axialprobe.All experiments were performed a range 06.381 5.56 MHz

(0.4777 0.494T). For this difference in positioning in the magnetic figlk slice

thickness for PL = 66 changes from 184 + 18n to 177 £ 16rm. Theratio ofthese
thicknesses is 0.96 = 0.14 which makesdifference in the slice thickness negligible.

The number of scans, the experimental time and an achieved SNR are indicated in the
legend of Figure 4.15 for each samplelt can be seen thawith the sodium
concentration going down, the influence of noise is increasing dramatically.
Therefore,the measurement timeas increagd with the decrease in the sodium

concentration. For concentration below 0.25 M, echo shapes become distorted due to
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the big influence of noise. For sodium concentrations b&®&8 M, it can be seen

that the measurement time is more than an hour; especially for the 0.125 M phantom
it reaches 9 hours which seems impradtycédng. However, when there was an
opportunity to run experiments overnight with Iong¥o minimize the heating of the
spectrometer and the sample, it was used. Nevertheless, an SNR of only 7.7 was

achieved for the 0.125 M NaCl phantom, even after more than 32 thousand scans.

The ACPMGAddO experiment wad487MMINaCb4%per f or

agar gel as a tissue equivalent phantom. The experiment was performetbstitt

5.17 M table salt 2.78 M NaCl
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x10 Echo sum x10 Spectrum x10 Echo sum x10 Spectrum
0 547 —re| °7] —Re Elz_ —Re
% . §3_ —Im %4_ —Im §8_ —Im
@ & < B
= 527 S 2 N
£-10 k= = g4
= _ E1- a0 E
BT & E g4
<< —Im g0 < 2 E‘
I Trrr I Trrr I TT < T I T 1 7T I T 1 1 I I Trrr I Trrr I T T 4 T I T T I 1T 'l
0 50 100 -200 0 200 0 50 100 -200 0 200
(a) Time, ps Frequency, kHz (b) Time, ps Frequency, kHz
0.93 M NaCl 0.5 M NaCl
-4 -3 -4 -1
%10 Echo sum %10 Spectrum %10 Echo sum x10 Spectrum
0 N 8 —Re 0 N 37 —Re
% E 6 —Im| = E i —Im
-1 = E =2
o g4 < 17 E
227 g g o1
= T2 = =
g.‘_g | —=Re .é 3-2 —1| —Re E
< —Im é—-o 7] < 4| =Im E'O n
_4 - I T I TTTT I T < T I T T T I 1T I I TTrTT I LI I T <ﬂ . T I L I T T T I
0 50 100 -200 0 200 0 50 100 -200 0 200
(C) Time, ps Frequency, kHz (d) Time, ps Frequency, kHz
0.25 M NaCl 0.125 M NaCl
-5 -4 -5 4
%10 Echo sum x10 Spectrum x10 Echo sum 15 x10 Spectrum
w20 —Re| . 5 N —Re
Z 5 o5 —Im| E T10 —Im
5 = 50 =
vg 0 EﬂlO =] B E‘ 5
[ b Q
= -5 < 5 =h ke o 4
g I £ o £ |[re 2"
=10 -Im g 5 -10-|—Im E‘-S—
| TTr 1T I Trrr I T T < - T I T T T I T T T I l TTrrr I Tr1rrr | L < T I T T T I T T T l
0 50 100 -200 0 200 0 50 100 -200 0 200
(e) Time, us Frequency, kHz (f) Time, us Frequency, kHz

Figure 4.15. Sodium measurements with the-dbn probe. (ap.17M table salto = 3C
min, SNR = 74.7. (b2.78M NaCl.o =12 min, SNR = 43.7. (§.93MNaCl.o =1h
SNR =33.9. (d)0.5MNaCb =3h33min, SNR=35.8.(e) 0.25MNaGl =2h¢
min, SNR =11.8. (f) 0.125 M Na@® =9h6 min, SNR=7.7.
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theparameterbeing the samas for thes.17M table salt except repetition time (TR),
resonancdrequencyand hence the position under the magnet, tamchumber of
collected echoe#\s the sodium relaxation timi& in the agar gel was expectedbe
shorter than one in a water solution, it was experimentally confirmed that reduction of
TR from 500 ms to 200 ms and number of echoes from 64 wo&6 not have a
negative effect on SNR but evarcreases itTo keeph e ¢ lmestrhaéclsing with

the agar samplaswith thewater solutiorsample the tuningneeded to behanged

the coil with the agar sample needed to be positioned in a slightly hgdgretic
field (0.487 T) compar edwatensolutidn®.478 Ensor 6 s
However, as calculated earlier for the field rang6.477i 0.494 T, the difference in

the slice thickness is negligible. The same hold#i®range 0.4780.487 T.Results

of the signal collection from sodium in the agar ge¢ shown inFigure 4.16.
However, br the same number of scans aNthe SNR of the sodium signal from

the agar sample is 2.6 times smaller than for5th& M table salt solutionPartially

this difference in the signal intensity comes from the differencéhén sodium

concentration.

Measurements of the relaxation timi¥ were performed only for the highest
concentration of sodium chloridé,17 M and 4.87 Mfor liquid and gel samples
correspondinglyas phantoms with lower concentrations were having extremely long
times of measuremefnore than 5 hours)he fits of the CPMG echo trains for the
5.17M table salt and the agar gel wittB7M NaCl are shown ifrigure4.17. For the

water solution, the data were fitted by the equaf®80] for a moneexponential

-4 3
x10 Echo sum x10 Spectrum
N —]
= 17 E 8 —Re
g 0 =6 —Im
4 =
o '1 - .\4 ]
E Q
=-2- g
= B2
g -3 | —Re a,
4 —[—Im g 0
I LI I | I LI I LI} 1 I 1 I 1 l 1 1 1 I
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Figure 4.16. Sodium measurements with the-#n probe in the 4% agar sample WAt
M NaCl. 3600 scan® = 12 min, spectrum SNR = 31.6.
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Figure 417.1 nt egr al s of echoesd spectra 548M
table salt and (b) the 4% agar gel wit87M NacCl.

relaxation. For the agar sample, equafi@B] of the biexponential decay was used
to fit the data. The long component“dfof the agar gellY =103+ 1.4 ms,is
almost 3 times shorter than thé of the saltwatersolution (29.7 + 1.8 ms). For the
same time interval defined agQnultiplied by the number of acquired echd256
echoes in the cas# the saltwatersolution), less sodium signal and more noise are
collected from the agar gel due to its short sodi¥m . Short relaxation times of
sodium in the agar gdd toSNRdecreasén the experiments depictedkigure4.16

even withthereduced length of the echo train
4.4.3.1Comparison of two coils with adifferent diameter

To investigate whether the benefit of increasing the coil diameter takes place, sodium
signal measurements were performed by botmg#(Unpublisheddata, 2018and
40-mm probes with the same experimental conditions: the optimal 90° pulse should
be found for the 24nm probe with acquisition parameters used for thend®probe.

The pulse length = 6@ wasused andanamplitude was found fdhe 24mm probe.

The aqueous solution of 5.17 M table salt was used as a sample for both Arobes.
example of the pulse calibration for the-24n probe is shown ifigure4.18(a): a

signal integral is plotted vs pulse amplitude in BBure4.18(b) shows the echo sum

and its spectrum obtained with the optimal pulse amplit&edB.
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