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Abstract

A proton nuclear magnetic resonance spectrum obthigin vivo contains peaks
from every proton-containing molecule in the braé@ensitivity limitations mean that
only those molecules present at concentrationstaeast a few millimolar are
detectable in a reasonable period of time; thisledaves many important molecules
such as amino acids and other small metabolitest Blfotheir resonance frequencies
fall in the region between 1.0 and 4.5 p.p.m.. Aid¢sl linewidthin vivo is about
0.05 p.p.m., so the number of distinct peaks olad®evis restricted. The use of two-
dimensional NMR techniques such as COSY can sppea#ts out into a second

dimension enabling otherwise overlapping peakstoelolved.

This thesis describes the development, testing appudication of two such 2D
NMR pulse sequences, dubbed ISIS-COSY and ISIS-JRBE8&y are based on an
existing magnetisation localisation sequence aruiteexietected magnetisation in a
manner analogous to the high-resolution sequend®$YC and 2D J-resolved
spectroscopy. A method for quantifying the metabslivisible in an ISIS-COSY
spectrum from their cross-peak intensities is dieedr and results presented from
both control rat brains and those of animals tbatéh vigabatrin, an inhibitor of
GABA-transaminase that has the effect of increasingn y-amino butyric acid
(GABA) levels. Further applications mentioned are the study of neutrophil-

infiltrated rat brain and adaptation of the ISIS&0technique for human use.



Chapter 1: Introduction

1.1 InVivo Nuclear Magnetic Resonance Spectroscopy
Over the last thirty years, nuclear magnetic resoaedas proved an increasingly

useful and popular tool for investigating livingdue and organisms. A vast array of
different techniques has vyielded information abdbe anatomy, physiology,
biochemistry and metabolism of samples varying froell populations to human
beings. Some of its prevalence may be accordedistnon-invasive and non-
destructive nature which facilitates longitudina&ing-course studies on a single
sample or specimen. NMR is also a diverse fieldh wiany different pulse sequences
affording a wealth of information about the samgled even a variety of nuclei on

which to perform experiments.

Most earlyin vivo work focused ori'P NMRL-3, aimed at detecting the energetic
state of cells through measurement of high-energysphates such as ATP and
phosphocreatine and, through the chemical shith@finorganic phosphate peak, the
pH of the intracellular space. Since then, otheslgiuhave also been investigated,
such a$*Na#-6 and®’Rb- 8 (used as an NMR-observable replacemenf¥r which
suffers from an extremely low gyromagnetic ratio)d aparticularly**c9-11 (used
generally by introducing isotopically-enriched ghge to observe metabolic pathways
as the label is incorporated into various compouatdiifferent rates); however, these

are eclipsed by the growing use'bffas a target for NMR investigati&hl

The principal advantages that protons have oveerotiuclei are their almost
universal distribution in bio-molecules and thagh(in NMR terms) sensitivity. The
former implies that a wide range of molecules dbate signal to an NMR spectrum
and are potentially observable; the latter that teme-averaging of the signal will be
required to obtain a certain signal/noise levelm8omajor challenges are posed,
though: living tissue invariably contains high l&/@f water, in which the proton
concentration is often four or five orders of magde greater than in the other
molecules whose investigation is sought. Thus,viheer signal potentially swamps
the smaller signal from these molecules. Spect@iding, particularly between 1
and 4 p.p.m., coupled with limited resolutionvivo of around 0.05 p.p.m., means

that far fewer molecules can be resolved than iergially the case. In the brain, for



example, while a number of key amino acids andateamsmitters have signal in the
2—4 p.p.m. range, most routirtel spectroscopy studies concentrate solely on the
singlets fromN-acetyl aspartate (NAA), creatine / phosphocreatne choline-
containing compounds at 2.0, 3.0 and 3.2 p.p.npecs/ely, and also the lactate

doublet at 1.3 p.p.m. which becomes elevated ange of pathological conditions.

1.2 Localised Spectroscopy
Localisation of the signal to a predetermined regad interest is particularly

importantin vivo, either to cut out undesired signals (for exampjed from the
scalp) or to study a particular pathological sectmf the sample. A variety of
techniques have been proposed, from using thetsatysprofile of a small surface
coil20 to chemical-shift imaging approacBésFor the purposes of this thesis, only

techniques used to produce a 1D spectrum from aidalbvoxel will be considered.

The main sequences fitting into this category 8i&%, PRESS3 and VOS¥4 or
STEAM?25 (the latter two being essentially the same teakighe acronym STEAM
will be used throughout this thesis). They aresiflated in Figure 1.1. The mechanism
of the ISIS sequence (Figure 1.1a) is describesestion 4.1.1.1; it is a difference
technique, relying (for localisation in one direct) on the subtraction of a FID in
which the voxel region is inverted from one whetrasinot to isolate the desired
signal. This may be extended to full three-dimemaidocalisation by combining
eight FIDs, one with each combination of preseras®ace of each 180° inversion
pulse (see Figure 1.1b).

The PRESS sequence (Figure 1.1c) is conceptualgithplest of the three: it has
three slice-selective pulses arranged to form alospin-echo. The first 90° pulse
excites a slice of magnetisation, a band of whictefocused by the first 180° pulse to
form the first spin-echo; the remainder is dephasgdhe crusher gradients. The
second 180° pulse forms a second spin-echo for et@gtion from within the
selected voxel, whilst the remainder of the bandeighased. Thus, only signal from

within the selected voxel is acquired.

The approach used by STEAM (Figure 1.1d) is shghifferent: the three 90°
pulses are used to form a stimulated echo. After first 90° pulse, the slice

magnetisation is dephased with a gradient pulss #ghband of this is stored back on

10
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Figure 1.1: Localised one-dimensional spectrosc@oyse sequences. (a) ISIS;

(b) Cycle of eight transients for 3D localisatiosing ISIS @ = pulse present;
O = pulse absent); (b) PRESS; (c) STEAM.

the z axis by a second slice-selective 90° pulse, odhafto the first. A period of
time (usually called the mixing timeyX during which no precession occurs (often
used for additional water suppression) is follovisgdthe third 90° pulse that brings
the magnetisation from theaxis back into they plane. A second gradient pulse then
rephases any magnetisation that experienced the gmadient, and dephases the
magnetisation from the remainder of the slice. Tleiaves signal from just the
selected voxel; however, 50% of the signal is Ibysthe combination of spreading the
magnetisation around thxg plane and the storing of this on thaxis.

1.3 Why do 2D NMR In Vivo ?
As for in vitro situations, the use of two-dimensional NMR methaplses

considerably greater scope for resolving molecafasterest. The second dimension
means that two properties of each proton are usetetermine its position in the

spectrum. The coincidence of two properties in lateed molecules is considerably

11



less likely than of one, so a signal in a certaication in a 2D spectrum is more

diagnostic of the presence of a particular molethd® in a 1D spectrum.

A whole raft of approaches from the high-resolutdNR field have potential
applicability in vivo. Perhaps the simplest, in terms of pulse sequahdeast, is
COSY26-28 (correlation spectroscopy). The two propertiegalated in a 2D COSY
spectrum are the chemical shifts of two protons #énaJ-coupled together. Another
relatively straightforward sequence is 2Bresolved spectroscopy 30 Here, the
chemical shift of a proton forms one dimension, Isthis J-coupling properties form
the second. The mechanism for these two sequesickescribed in detail later in this
introduction. Other techniques such as NOBS32 or TOCSY84 could be applied,

but are not covered in this thesis.

1.4 Spectral Editing
A complementary procedure for observing moleculessge signal is partially or

wholly obscured in a simple 1D pulse-and-colleactpum is provided by spectral
editing®>-37. Several types of experiment fall under this deson; a common feature
of these is that the final spectrum is obtainednfrthe difference between two
acquisitions. In one, a proton resonance is sekdgtitreated (e.g., by presaturation
with a long r.f. pulse during the time between asijons). The difference between

the two shows the effect of the selective treatnoarthe whole spectrum.

A specific example is provided by the Rothman editiechniqué’ for GABA. A
90° excitation pulse is followed by a semi-seleethinomial refocusing pulse that
forms a spin echo @= 68 ms) with an intensity envelope that is zertha chosen
frequency of 1.91 p.p.m. (thezQ@esonance of GABA). This null inhibits th&
modulation of the ¢ resonance at 3.0 p.p.m. arising from the couptmdghe G
resonance. A DANTE sequence is positioned symnadlfyi@bout the refocusing
pulse to invert the £resonance and indudecoupling between the two resonances;
this causes the outer sidebands of thé&i@let to invert at the echo time, chosen to be
equal to 1/2. An edited spectrum is obtained as usual fromdifference between a
spectrum acquired using the DANTE sequence andobteaned without the extra
pulses. It shows peaks only from protons coupleprédons around 1.9 p.p.m.; other

peaks are largely cancelled by the editing process.

12



Other recent spectral editing experiments are dft@sed on a double-quantum
filter specially tuned to the molecule of intere$he pulses used in the double-
guantum filter may be made selective to the regiontaining the desired peaks,
whilst the evolution delays in the filter are setmhaximise the formation of double-
guantum coherence for the molecule of interest amdimise it for likely
contaminating molecules. This can greatly increts® selectivity of the pulse

sequence to the detection of that particular mdéecu

Editing has some major shortcomings. Firstly, therthe problem associated with
other protons resonating close to the selectedpr@ny other protong-coupled to
these will also appear in the edited spectrum aleitly those from the molecule of
interest. Secondly, the editing experiment hasdodpeated for each molecule of
interest. Not only does this take longer, but ihéessary to know which molecules
are of interest prior to the experiment. This rextua considerable benefit of NMR,
namely that many different molecules are simultasgo observed which permits

unexpected effects to be seen as well as thosésoug

The relative merits of editing and 2D NMR for obgeg metabolites in the brain

are discussed later (section 6.3).

1.5 Review of Localised 2D NMR
Several sequences have been proposed for localifedspectroscof+2

illustrated in Figure 1.2. Two areas of contradiMeen the sequences may be noted:
firstly, some (SLO-COS¥0, STECSY¥S, 2D J-PRESY?) use the same r.f. pulses for
localisation as for the 2D excitation, whilst thé¢hers (COSY-VSRZ VOSY-
COSY38) perform the two functions sequentially in the gaulsequence. Secondly,
three of the examples (STECSY, 2ZEPRESS, VOSY-COSY) clearly show their
relationship to the STEARF or PRESZ 1D localised sequences, whilst the other
two (SLO-COSY, COSY-VSR) show a stronger relatiopsio the 2D unlocalised
COSY sequence.

One feature shared by all of these sequences, leowisvthe need to form either
spin or stimulated echoes during the localisatienqga of the sequence. (Note that the
SLO-COSY sequence is only localised in two dimemsiaf full 3D localisation is

sought, a slice-selective 180° pulse is added atetid of the sequence and a spin-

13
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Figure 1.2: Localised two-dimensional spectroscepyuences: (a) 2[-resolved
PRESS; (b) STECSY; (c) SLO-COSY; (d) COSY-VSR;\(€)SY-COSY.

echo formed.) This suffers from a number of disatlvges. During the period of echo
formation (k), the magnetisation is in the transverse planghefrotating frame,
where it is subject to transvers&)( relaxation. Many molecules in the brain have
fairly short T, times (for example, the creatine / phosphocregheak has &, of

165 ms at 4.7 #3), meaning that a significant proportion of theiklde signal can be
wasted during the formation of the echo.

A further problem for molecules containindrcoupled spins is that of-

modulation during the echo time. Consider the ¢ftdcthe simple spin-echo pulse
sequence

90% — & — 1803 — & — acquire
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Figure 1.3: (a) Stacked plot showing modulationseaubyJ-coupling during a spin-
echo pulse sequence. The spectra were simulatdteg@rogram described in section
3.2 using the following parameters: spectral widbl00 Hz; 90° pulse duration,
0.01ps; spin system, AX and solvent; solvent resonarfitsety) 0 Hz; AX resonance
offsets, 100 & —200 Hz;-coupling constant, 5 Hz; sequence 8@>-180%t=—
acquire, with ¢ incremented from 0 to 200 ms in 5 ms steps. Rétax#s neglected;
the lines are broadened to 5 Hz by multiplicatidrth@ signal by an exponentially
decaying function prior to Fourier transformati@n) Section through (a) at —206 Hz
showing modulation of J-coupled peak intensity.Segtion through (a) at £ 40 ms.

on an AX spin system. At the start of acquisititimee signal may be expressed in

product operator notatiéfas

exp(__lz_:EJ{— (A, +X, )cod2mt )+ (2A X, +2A X )sin(2t. )} (1.1)
(see section 1.7.2 for a derivation of this, exiogpthe relaxation term). The second,
sine-modulated, term is antiphase and 90° out aé@hvith the first term (see Figure
1.3c) and so contributes relatively little to thgnal observedin vivo where
linewidths are typically greater thad-coupling constants. The first, cosine-
modulated, term is the normal doublet observedatrésonance frequency of each
nucleus. The modulation of this term by the&oupling means that the intensity
observed depends on both theoupling constant and the echo time. The resulting
signal is illustrated by the simulated spectraiguFe 1.3. This shows the effect of a
spin-echo pulse sequence with a range of echo imessample consisting of an AX
pair of nuclei and an isolated non-coupled nucléitmis, different molecules with

different coupling constants will be observed #ffedent intensities irrespective of the
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fact that they may be present at the same contiemtird his effect can be minimised

by reducing the echo time as far as possible, &mnat be completely eliminated.

One final consideration for sequences using stitadla@choes is their intrinsic
loss of 50% of the signal in forming the echo. Ratarly for 2D work, where time is
inevitably short, the need to acquire four timesrasy transients to obtain the same

signal/noise is a major drawback.

In this thesis, a new approachitovivo 2D NMR is investigated which aims to
circumvent such problems by avoiding the need tonfechoes for localisation. The

method is discussed in section 4.1.1.1.

1.6 COSY Spectroscopy

1.6.1 Sequence
The simplest COSY pulse sequence consists of tWopQes separated by an

incremented delay.tOther variations exist, such as replacing these@ulse with a
45° pulse (“COSY-45", designed to simplify spectra t@gucing the amplitude of
certain peaks within multiplets) or a series of pQfses (“relayed COSY”, which can
produce cross-peaks between all protons linked @han byJ-coupling), but it is
with the simple form that this thesis is concern&dseries of FIDs is acquired with
t; = 0,Aty, 2Aty, ..., (ni—=1)At; whereni is the number of;tincrements to be recorded.
These are Fourier transformed twice, once alondy 4D to form a series ofi
interferograms, and once perpendicular to thisthm t direction, to form a two-

dimensional spectrum.

The apparent simplicity of the process belies at hafs complications and
subtleties that are beyond the scope of this cuwerk; some of the more elementary

concepts involved are mentioned below.

1.6.2 Mechanism
Consider a molecule containing two non-equival&obupled protons A and X

with resonance offsef@, andQyx. Considering initially the effect of the pulses An
the first pulse results in the magnetisation preiogsat frequency2 around thez-

axis. After a time there is a second 90° pulse, the effect of whithbe discussed
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shortly, then a further period of free precessighduring which the NMR signal is
recorded. If the second pulse had no effect, tleegssion frequency would remain
the same; after two Fourier transforms, the spectwould contain a single peak at
(Qa, Qa). This would be rather uninformative: the 1D pedsel-collect spectrum

would simply be reproduced along the diagonal efZB spectrum.

Imagine, however, that the magnetisation could $mwebe transferred from A to
X by this second pulse. Then, during theeriod, the magnetisation would precess at
frequency Qx, giving a peak in the 2D spectrum d&a(Qx). There is then a
correlation between the two nuclei: this is whategi rise to the name COSY

(correlation spectroscopy).

The mechanism for this transfer is theoupling between the nuclei. Provided
that Jax is sufficiently high (on which more later in thsgction), an off-diagonal or
cross-peak should be observed @i,(Qx) and, because the magnetisation could
equally well have started on X and been transfetoed, at Qx, Qa) in the COSY

spectrum.

A more detailed description of the processes irslvn COSY requires the use of
product operatofd. Using the same model as above, and again comgidenly the

A nucleus initially, the effect of the COSY pulssgsience may be described®as

A, 08 -A (1.2)
The first 90° pulse converts longitudinal to tragi®e magnetisation.
(A, cosQ, t,+A,sinQ, t,)cosIt, L.3)

7 +(2A,X, cosQ, t,+2A X, sinQ, t, )sin/d t,

During the t period, this evolves under the influence of chenishift andJ-

coupling.

(-A,cosQ, t,+A sinQ, t,)cosmlt,

O - . :
+(-2A,X, cosQ, t,-2A X, sinQ, t, Jsin7d t,

(1.4)

The second 90° pulse converts the magnetisatioraimumber of terms. Of these, the

first (A, is zero-quantum magnetisation and the third,&) double-quantum
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magnetisation, so neither of these is observalble; second Ax) corresponds to
magnetisation remaining on A throughout, so cowads to a diagonal peak at
(Qa, Qa), whilst the fourth (A,X,) represents magnetisation transferred from A to X
giving a cross-peak alf, Qx). Of course, if the X nucleus is also includecthe
starting magnetisation, a diagonal peak Qk,Qx) and a further cross-peak at

(Qx, Qa) would also result.

Examining the observable terms carefully, it cansben that the cross-peak is
antiphase with respect to thecoupling between A and X (implicit by the presente
A; in the operator), while the diagonal peak is iag# Also see that the two types of
peak will be 90° out of phase in:Rhe operators ard, and A,Xy, thex andy
implying this phase difference. Exactly the sammlifigs can be shown in thg F

direction by expanding the trigopnometric proddgtse.
A, sinQ, t,cost, = A, i{sin(Q, +)t,+sin(Q, - 3)t,} (1.5)
and
-2A,X, sinQ, t;sin/t, =-2A,X, 3{codQ, - 7a)t,-codQ, +7)t,}. (1.6)

The in-phase nature of the diagonal peak (two ®nms are added) and antiphase
character of the cross peak (two cosine termsub®acted) is readily apparent; they
are 90° out of phase with each other, evidencedr®/term being sine-modulated,

the other cosine-modulated.

The effect of these phase differences is that peetsum cannot be phased such
that all the peaks are in phase simultaneously.nNhe cross-peaks are phased to be
absorptive, the diagonal peaks are dispersive. Wihersequence is appliead vivo,
where the diagonal is typically intense comparedh® cross-peaks, this gives an

undesirably broad band around the diagonal thabbanure nearby peaks.

Relaxation may be included in a simple fashionhe above calculations. If it is
assumed that thé&, is the same for A and X, the evolution of the srpsak as a

function of § and t is given by
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SCP(tl,tz):siniz]tlsinzﬂtzexp{@}, (1.7)
2

modulated by the resonance offset in each direclitie diagonal peak evolution is

similar, with the sine terms replaced with the gglént cosines.

The requirement for a cross-peak to be observaibke COSY spectrum is that
Sp> 0 at some point {tt;) during the acquisition period. This may be brokiemwn
into two components: (a; > 0 before the last increment (where; t= (ni — 1)At;),
meaning that significant evolution under the infloe of theJ-coupling during the;t
period, and (b) exp{<t/ T2} > 0 at some point where condition (a) is fulfillag.,
transverse relaxation does not destroy the magtietis before it has a chance to
evolve. Similar conditions apply to thedirection, but they are not generally limiting
as the maximumy tis invariably lower than the maximum tn practical terms, under
in vivo conditions, it would be expected that most 2-band 3-bondJ-couplings
(couplings between protons on the same or adja@gbbn atoms) would produce an
observable cross-peak (2-bofAtly ~ 15 Hz; 3-bond®Jyy ~ 7 Hz), subject to the
molecular concentration being sufficient, whereasgker-range couplings would be
too weak to seel(typically < 2 Hz).

1.6.3 Acquisition
COSY is a very robust technique that produces esgpéctra under a range of

conditions. The exact calibration of the 90° pulsesot critical; no phase cycle is

necessary for spectra to be acquired (but see pelow

Whilst the frequency of precession of a signalhe § period is readily apparent
in the 2D FIDs, the sign of it is not. There is way to discriminate between one
rotating at frequency@ or one at Q. This is akin to a spectrometer that does not use
guadrature detection in the directly detected dsman The effect of this is that all
signals appear in the spectrum paired with a daggipositioned symmetrically about
the L = 0 axis. There are three ways to approach tliblem. The simplistic one is
to place the transmitter at one end of the spec{say, —1 p.p.m.) and acquire double
the spectral width in each dimension. There are tiveo copies of the spectrum
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related by symmetry, but they will not overlap, @awe can be disregarded. This is

inefficient as three quarters of the 2D spectrutthagintain no useful data.

The second method is to ensure that the senseecégsion is known relative to
the sense in 4 This may be achieved by phase cycling or gradiased coherence
selection (see discussion in section 1.6.5). Ferl#tter, a pair of strong gradient
pulses is positioned symmetrically about the seca®fdr.f. pulse. If the sign of the
gradients is the same, only those coherences ta@ige precession sense at the 90°
pulse remain to be detected (these are known agyp¢ peaks); if the sign is
opposite, only coherences that maintain their sansenot dephased (known as ‘P’-
type peaks). Either of these may be transformexargpectrum without the duplicate

peaks, but the ‘N’-type spectra are usually bétter

The final approach is to acquire the data in sualag that the phase information
is retained. Two techniques are used for this, qmportional phase incrementation
(TPPI¥8 and the hypercomplex method of Stagesl49, but both use essentially the
same principle. If each increment is repeated with the phase of the sepuhsk
having had 90° subtracted from it, the second datdhus generated may be treated
as the imaginary component of a complex matrixhwite normal acquisition as the
real component. These may be treated with a comiptexier transform to yield a

phase-sensitive spectrum.

1.6.4 Artefacts and Suppression
The phase cycle typically used for COSY (appliedaddition to any phase-

sensitive acquisition for quadrature detectionindénsists of alternating the phase of
the second 90° COSY pulse (0°, 180°, ...) whilst keg@ll other phases, including
that of the receiver, constant. This cycle is desihto suppress artefacts arising from
magnetisation which relaxes back towards equilioriduring the i period. In this
case, equilibrium magnetisation is excited by thesad 90° pulse only which gives a
ridge parallel to the Faxis along = 0 (‘axial peaks’). As an additional measure, on
alternate £ increments, 180° is added to the phase of thenslepalse. This has no
effect if both steps are used; however, if just il step is used (for instance, to
reduce the number of transients required and hemgenise total acquisition time),

the ridge is moved to the edges=F=SW,/2 where its presence is less objectionable.
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This may be combined with quadrature artefact seggion in the f-dimension using

CYCLOPS if desired, giving a phase cycle up to eggbps long.

An additional class of artefact in a COSY spectrignt; noise. Any random
fluctuations in the intensity of eachitcrement unrelated to evolution during the t
period (for example, static magnetic field drifentperature fluctuations, sample
motion, etc.) will appear in the final spectrumbkasds of noisy signal parallel to the
F1 axis around intense peaks.vivo, this is particularly noticeable for the water bea
as this is typically the most intense peak in thectrum. A major source of hoise

for the water peak would be small fluctuationshia water suppression efficiency.

1.6.5 Gradient-based Coherence Selection
Instead of using phase cycling to remove unwantdgtiences, a gradient-based

suppression scheme may be employed. StByfeeld gradient pulses are included in
the pulse sequence with amplitudes and duratiods that the dephasing of desired
coherences caused by one gradient pulse is refddysthe action of another pulse,
whilst for other coherences, the second pulse éurtlephases the magnetisation and

no net signal is recorded.

The dephasing caused byBa gradient pulse is proportional to its amplitu@Ge
and duratiort, and the coherence level of a particular signal:

@ 0 pGt, (1.8)

where p is the coherence level (single-quantum coherence 15 longitudinal
magnetisation = 0, etc.). Thus, as discussed alaoeeherence change frgm= + 1
top = — 1 at the second 90° pulse in the COSY experimeay be selected using a
pair of gradient pulses symmetrically disposed abiis pulse, with the same
amplitude and duration. The first gradient dephdkessignal by an exter® [ Gt;
the second by an amoud¥ [0 -Gt, so the signal is rephased. Any longitudinal
magnetisation (for instance, magnetisation thatxesd back to the axis during theit
period) is not dephased by the first gradignt Q); after the 90° r.f. pulse, which
transfers it into single-quantum coherence wth = 1, the second gradient pulse

dephases it and no net signal arising from it tected.

21



Gradient-based coherence selection may be use®@38¥Gor the selection of ‘P’-
and ‘N’-type peaks as discussed in section 1.6.8.gxadient-based scheme for
suppressing the ;= 0 artefact, together with phase-sensitive adiisin the K

dimension, is available, however.

There are advantages to both phase cycling andiegtdshsed methods of
coherence selection. A significant benefit accrumogn the gradient methods is that
they are single-shot, that is, one acquisitionlighat is required to obtain the desired
signal. By contrast, phase cycling requires mudtiptquisitions to be differenced.
This can suffer from differencing errors causedshynple motion, a factor that must
be consideredh vivo: if the sample is not in exactly the same locatidren the two
FIDs are acquired, the unwanted coherences wiltatally cancel and an artefact will
remain in the resultant spectrum. The multiple FiBguired can increase the total
acquisition time; however, if they are also reqgifer signal-to-noise considerations,

the phase cycle imposes no additional burden.

Non-ideal gradient hardware will produce difficaki with the use of gradient-
based coherence selection. In particular, the eddyents induced in metallic
structures within the gradient coils (e.g., theb@powill cause a considerable period
after the last gradient pulse (up to the order afliseconds on a high-field
spectrometer, even after pre-emphasis compensatidrgre the By field is
insufficiently stable for the acquisition of a FID.

For no net signal to be recorded after magnetisdtam a particular region of the
sample has been dephased, the phase sgraadst be much larger tharvi2The
phase spread is proportional to the length of ¢élggon; for areas as small as 1 mm (a
reasonable figure for rodent brain), strong or Igngdient pulses are required. This
places stringent demands on the hardware, or ¢act difie quality of spectra through
imperfect dephasing or long delays in the pulseisece.

1.6.6 Processing
In trying to identify and quantify different moldes in the brainn vivo, the

cross-peaks are the more useful in the spectruhe-diagonal peaks could just as
readily be obtained in a 1D spectrum. Their intgnsiay be enhanced over that of

the diagonal peaks by using a sine bell weightumction on the 2D FIDs prior to
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Fourier transformation. Optimum sensitivity is db&l using a matched filter, of the
same shape as the evolution described in eq. Ir&agonable approximation is to use

a sine bell centred at t ;4 in each dimension, where

- Lleosti 1 (1.9)

tmax
20" | i+ ()

is the first maximum of the evolution curve, for AX spin system. IfJ is 7 Hz and
T, is 150 ms, this occurs at 58 ms. This require$ dada be collected to at least
t; = 116 ms or truncation artefacts will appear & sipectrum; this would often not be
the case in thejflimension. Additionally, the ideally matched filigbviously cannot

be achieved for all cross-peaks in the spectruomeg.

These last two considerations imply that less tidaal filtering has to be used.
However, good enhancement may still be obtaineld anty sine bell around the ideal
value for the time of its centre point. The valuggically used to process vivo
spectra in this thesis are 27.5 ms inalRd 40 ms in f Different values were used

because data was only collected out to 55 ms to reduce experimental time.

If sine bells are used as weighting functions, pitese-sensitive spectrum
possesses unhelpful phase properties, with all pediernating rapidly between
positive and negative points across their widthigTcomes from the properties of a
Fourier transform: the amplitude of the first paimtthe FID defines the total area of
the spectrum. With sine bell weighting, this fipgint is set to zero, so the net area
under the spectrum curve is also zero, i.e., p@sdnd negative areas are equal.) This
is usually circumvented by presenting the spectrabisolute-value mode, where each

point is plotted as the magnitude, rather tharrélaépart, of the complex value.

An optional last step of processing is to symmetrihe spectrum about the
F1 = R, axis by comparing each point with its symmetrytipar and taking either the
smaller intensity (the method used here) or themaoéashe two. This makes use of the
inherent symmetry of the spectrum to remove unvehntase peaks that do not have
an equivalent peak on the other side of the axise @ust be exercised during this
process to ensure that no genuine peaks are ldsthah any artefactual peaks that

remain are nevertheless disregarded. The lattequéa easily occur, for example,
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Figure 1.4: High-resolution COSY spectrum of vigaina 4-amino-hex-5-enoic acid,
in D,O at 9.4 T. Protons connected to carbons 2—6 ardergd on their diagonal
peaks; W is unsuppressed water. The non-identicatops on carbon 3 are
diasteriotopic.

take the situation where two intense diagonal péftksn water and a concentrated
metabolite, say) have long bands phbise associated with them that pass over the
region where a cross-peak between the peaks wqpdaa The symmetrization
procedure would leave the “cross-peaks” whilst reimgp the remainder of the t
noise, which could lead to misinterpretation of #$pectrum. The loss of genuine
peaks can happen if, for some reason, one of themgyry-related pair is much
weaker than the other. Consider the water-suppie€¥@SY spectrum of NAA
dissolved in water. The NAA has a resonance ap44n. that isJ-coupled to two
other resonances at 2.7 and 2.5 p.p.m.. If thervgaggpression (centred at 4.7 p.p.m)
also partially saturates this resonance, the quea&s at (4.4, 2.7 p.p.m.) and (4.4,
2.5 p.p.m) will disappear, whereas those at (2.4,p4.m) and (2.5, 4.4 p.p.m.)
would not. The symmetrization would then removeséheross-peaks also, leading to

an unnecessary loss of information in the spectrum.

1.6.7 Spectra
Figure 1.4 shows a typical COSY spectrum of vigabata small organic

molecule containing eight protons visible in thiestrum (for chemical structure, see
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section 2.7). It shows the characteristic diagariaignals along); = &, with cross-
peaks elsewhere. All of the three-bod@ouplings can be seen to have generated
cross-peaks, while longer-range ones have not. Tikeaso a two-bond cross-peak
visible between the two protons attached idl@belled 3 and 3’), where the chemical
shift difference between the non-identical protesufficient to resolve the cross-
peak (unlike the protons attached tg).@©f course, the residual water peak shows no
cross-peaks: the small peaks at 2.6, 4.7 p.p.m3a8)d}.7 p.p.m. are artefacts. (Note
the absence of corresponding peaks at 4.7, 2.8 pgnd 4.7, 3.3 p.p.m..)

Notice how one can trace along the carbon chaith@aross peaks. For example,
starting at the protons attached tg Dere is a cross-peak with each of thepdtons,
thence to G and so on. This can be of great worth in eluadatinknown chemical
structures. Of more concern to this project, howeigethe fact that the cross-peaks
can be well separated from the diagonal so, eveanvitie diagonal is crowded such

asin vivo spectra, there is the potential to identify andrgify these compounds.

1.6.8 Summary
The COSY pulse sequence is a simple sequence thatates the chemical shifts

of two J-coupled protons in a two-dimensional spectrumti®dar processing to
enhance the intensity of cross-peaks over the delgueaks may be applied, but the
spectra then must be shown in absolute-value mblde.spectra produced have a
diagonal along the /= F, axis resembling the 1D pulse-and-collect spectwith
cross-peaks away from this indicating correlatiebneen pairs of nuclei. The greater
spacing of these cross-peaks means that they aHowmgreater opportunity for

guantifying particular compoundis vivo.

1.7 J-Resolved Spectroscopy

1.7.1 Sequence
The 2D J-resolved pulse sequence consists of a 90° puléewed by the

incremented delay, in the centre of which is plagelB0° pulse. This is followed by
the & acquisition period. Once again, a series of terisi are recorded with

successively incremented valuesaiot generate a 2D dataset. Rather than correlating
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chemical shifts of protond-coupled together, this sequence correlates thmiclhaé

shift of a proton with itg-coupling pattern.

1.7.2 Mechanism
The principle behind this sequence is that of tha-eph®?. 51 This refocuses

evolution under chemical shift or resonance offsétpermitsJ-coupling to continue
to evolve, enabling the separation of the two e$feic the spectrum. Once more, the
effects of the pulse sequence may be explored ysduct operator calculations for

the AX spin system.

Considering first the effects on the A nucleus, fegnetisation evolves through

the pulse sequence as foll®#is

A, 0B -A (1.10)
The first 90° pulse excites transverse magnetisation
Qpty mt, s Qaty mt,
- A, cos=*cos—t + A, sin=5=cos—t (1.11)

- Qpty iy /L s Oty i 7Ot
+2A, X, cos=tsin—* + 2A X, sin—=*sin—*

During the first half of the echo, this evolves andhe influences of chemical shift
andJ-coupling.

Qaty 7ty A Qaly Mty
—A, Costcos—t — A, sin=5tcos—t

+2A, X, costsin S - 2A X, sin24tsin S

Rt} (1.12)

The 180° pulse inverts all magnetisation not aldmgytaxis. Note that the X,
term is unaffected as both components of the prtodperator are inverted; two
inversions imply no net effect. For simplicity, tleéfects of chemical shift and
coupling are considered separately during the weky (this is possible as their
Hamiltonians commute, i.eH;Hcs = HcHj). Firstly, chemical shifts:

~ A, cos’ 25 cos™t + A, COSP52 sin4t cos

— A, cos?4tsin2st cos™t — A sin’ 241 cos™
Qpty

Qpty oy At s Qaty i 70t
+2A, X, cos’ =52 sinSt + 2A X, cos4t sin=42 sin

Qpty qin Qaly iy 74t 12 Qpty o 70t
—2A X, costsin=tsin=* + 2A X, sin” == sin—*

Of'rr - (1.13)
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The terms inA, and A X, cancel; the trigonometric relationship tost sifo=1
may be used to cancel the dependence of the ramgaigims on chemical shift. The
above term is thus equal to

~ A, cos5 +2A X, sin5 (1.14)

Lastly, the effects a¥-coupling are considered.

O PIrf - —Ay(cos2 b —sin? ”“1)+ 2AXXZ(sin71'] t, cos™ +cosd t, sin7d tl)(1.15)

2 2

Using the trigonometric relationships &@s- sirf 6 = cos B and 2si® co® = sin B

simplifies the above expression to
—A, cosrdt,+2A, X, sin/d t, (1.16)

This final expression represents one doublet infitted spectrum: the first termA()

is an in-phase doublet, while the secon@,,) is an anti-phase doublet. The
evolution in the t period is evidently independent €fs whilst depending onJ,
whereas that during will show the usual dependence on bdthndQa: the desired

separation of-coupling effects has been achieved.

This signal differs from the one in COSY in one damental respect. The
amplitude of thel-resolved signal does not change as a function;afst phase is
what varies. This type of modulation is knownpdase modulatiom contrast to the
amplitude modulatiomdisplayed by COSY. The advantage of this is thatdense of
precession imtcan be determined without recourse to hypercomadepiisition. The
distinct disadvantage is that it is impossible bbatn purely absorptive lineshapes by
any phasing procedure; the shape produced is krasvaphase twist This really
must be displayed in absolute-value mode, andsexyabroad line in comparison to a
purely absorptive one. The resolution obtainetus less than optimal.

1.7.3 Acquisition
The acquisition parameters used fdresolved spectroscopy are somewhat

different to those used for COSY. The indirecf) @mension is d-coupling domain,

so its spectral width need be large enough onlycdeer the broadest multiplet
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anticipated, say 30-50 Hz or so. To digitise thisge at reasonable resolution (about
1 Hz would be more than adequate given the lin@edwoing fromT, relaxationin

vivo) requires relatively few;tincrements, perhaps 32. This means that a complete
dataset can be acquired in considerably less tiae for COSY. As discussed above,
the sense of precession in thedirection is inherent in the one set of FIDs, €0 n

hypercomplex acquisition is required.

The linewidths obtained from&resolved experiment are intrinsically different in
the two dimensions. In the,FRdimension, the linewidth is the same as for a
conventional 1D pulse-and-collect experiment, propoal to 1T,*. In the R
dimension, however, the 180° pulse refocuses tleellroadening caused By field
inhomogeneity, so the linewidth is proportionallf@,. This results in narrower lines
in this dimension, particularlin vivo, where local magnetic susceptibility variation

often means thak, >> T,*.

An imperfect 180° pulse results in artefacts in Jaesolved spectrum arising
from magnetisation that is not refocused by thes@ulThe phase cycle
EXORCYCLE3 was designed to suppress such artefacts. It ¢srdisncrementing
the phase of the 180° pulse in 90° steps whilstdtting the phase of the receiver 0°,
180°, .... A multiple of four steps are required fwoper suppression of the artefacts.
Again, CYCLOPS may be superimposed to suppressrauumd artefacts in Jif

needed; this would make the cycle sixteen steps lon

1.7.4 Processing
The weighting used on &resolved dataset is similar to the treatment dDa

spectrum: there are no cross-peaks to differeptethance, so an exponential filter
(for example, 0.5 Hz inJFand 5 Hz in Efor in vivo data) is adequate. After Fourier
transformation in each direction, the spectrumfisrosheared by 45°. This ensures
that theJ-coupling multiplets are perpendicular to the cheahishift () domain.
While the K direction contains only-coupling modulation, theFirection contains
both chemical shift and-coupling modulation; the shearing transformatiaaug@lly
called rotation) effectively removes the latter. &/Ihemains is a spectrum with the
peaks distributed with chemical shift along theakis and thel-coupling multiplets
spread symmetrically about this axis.
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Figure 1.5: High-resolutiod-resolved spectrum of NAA in J® at 9.4 T. Columns
are labelled according to the protons originatihgirt signal; W is unsuppressed
water.

As a final step in processing, the spectrum magymemetrized about the xis.
This is more reliable than the equivalent symmatian used for processing COSY
spectra, probably because the peaks being compagechore closely related, being
part of the same multiplet rather than a separatd.pPeaks cannot be lost as by the
mechanism discussed for COSY. The problems withnsginzing a J-resolved
spectrum are from the shearing transformation. Thisses relaxation broadening of
the peaks to be at 45° to the axes rather thanlgla@the F axis. This means that
the peaks are not perfectly symmetric and can gieene signal loss on

symmetrization.

1.7.5 Spectra
A J-resolved spectrum df-acetyl aspartate (NAA; see structure in sectiaf) &.

shown in Figure 1.5. It shows the symmetry aboat Bh= 0 axis and the coupling
patterns linked with each proton. The acetyl;Gi¢ak atd, = 2.0 p.p.m. shows no
coupling; each of the other NAA peaks is a doulsletdoublets (the other three
protons are in the aspartate group and aréedlupled together). This is particularly

obvious for thea-proton; thep-protons suffer rather from artefacts. The origin o
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these is that thel-coupling between the tw@-protons is high relative to the
difference in their chemical shifts. The comple&paration ofJ-coupling and
chemical shift onto the two axes relies on the wealkpling approximation, thalkis
much less than the difference in chemical shifp(egsed in Hz at the magnetic field
used). When this approximation breaks down, exé@kp are observed between the

desired ones, as is seen in the above spectrum.

There is nothing in the spectrum to indicate whichton is coupled to which
other one, save the magnitude of the coupling emtsThis is of marginal concern to
potential applicationin vivo, where the concern is with identifying particular

molecules from their “signatures” in a spectrum.

1.7.6 Summary
J-resolved spectroscopy is a two-dimensional putsgience designed to separate

the effects of chemical shift adecoupling onto the two axes of the 2D spectrum. The
sequence refocuses chemical shifts during fhgetiod but permitg-modulation to
remain. Thus, the spectrum contains ahtyoupling effects on the;Faxis; the k axis
contains both chemical shift an#icoupling effects, although the latter may be
removed by a shearing transformation. Strong cagplivhere it exists, causes a
breakdown of the separation and extra peaks mappbberved between the expected
ones. The off-axis peaks are potentially more sgpdrthan peaks in a 1D spectrum,
so this sequence may be of usevivo for observing peaks from molecules not

otherwise visible.

1.8 Outline
Chapter 2 outlines the methods used in the expatsmeported in the remainder

of the thesis. It details the spectrometers usaetithe probes used with them, the
samples and their preparation. Further sectiongritbes preparation of animals,
extracts and solutions for NMR. The chapter conetudith the means used to assign

peaks in spectra to specific groups of protons.

In Chapter 3, the various forms of computer simafatised to support the project
are set out. A general discussion of the functibrsimulation precedes detailed
accounts of the three main applications: programsatculate the effect of arbitrary

30



pulse sequences on simple spin systems, COSY agdecttomplex spin systems and
to model the water suppression sequence WET togg#tiits parameters. Each has its

method and implementation described, and a sanppléation or results presented.

A description of the development of the novel pidequences at the heart of this
thesis may be found in Chapter 4. Each sequerdiesscted in detail, giving reasons
for the choice of each component and the testimtgrgone, botln vitro, to evaluate
the components individually and for comparison veflisting techniques, and vivo,
to demonstrate the usefulness of the sequence li@alestic scenario. There is
discussion on optimisation of the sequence parameied on quantification of the
spectra. Two sequences are covered: ISIS-COSYSIBAIRES.

Applications are the subject of Chapter 5, thregarticular. Firstly, a study of the
effect on metabolite concentrations in the ratrbm@ vigabatrin was undertaken—
these are well documented, and this demonstrateesefficacy of ISIS-COSY to
measure then vivo concentrations of many metabolites simultaneowsiyin a
reasonable timescale. Secondly, an investigatitsmtime possibility of detecting the
presence of activated neutrophils in the braingidiMR was carried out. Results are
shown fromin vitro suspensions of activated human neutrophils arai@lgivo in
the treated rat brain. Thirdly, a demonstrationtlsd ISIS-COSY sequence in the

normal human brain is shown.

Finally, in Chapter 6, conclusions about the progge drawn: the usefulness of
the different sequences developed and how they amntp existing techniques, with

a mention of possible future applications.

Appendices are provided giving supplementary infran: Appendix A shows
high-resolution spectra for fifteen metabolitesaabasis for assigning vivo data,
while Appendix B displaygpost mortemspectra used in the optimisation of ISIS-
COSY and the comparison with VOSY-COSY. Appendixa@htains a summary
table of the possible assignment of many peaksdounanin vivo or extract
spectrum, and Appendix D lists correction factassdiin the quantification of ISIS-
COSY spectra, to convert relative peak volumes inmtative metabolite

concentrations.

31



Chapter 2: Methods
2.1 High-field Phantom and In Vivo NMR

2.1.1 Spectrometer
The NMR spectrometer used for development of tbbrtgjues presented in this

thesis, phantom testing amd vivo application was a Varian Inova. It was equipped
with a 7.0 T vertical-bore magnet (Oxford Instrunsgrcontaining actively-shielded
gradients combined with an 18-channel shim set (& The gradients were
powered by two twin-channel audio amplifiers (Text)rand capable of providing
24 G/cm with a rise time of 1Q@s. The system operates at a proton frequency of
300 MHz.

The spectrometer software was Vnmr version 6.1ks Was used for running the
acquisitions, processing and displaying of all expental data, volume integration

and exporting spectra for presentation.

2.1.2 Probes
Two probes were used on this spectrometer, bothebaith. The first was used

for phantom studies, and also for early developrsittg mouse brain (not presented
here). It has an Alderman-Grant &8il24 mm in diameter and 27 mm long for
transmission and reception of r.f. signals. korvivo work, a blanket heated by
passing warm water through it is provided to mamtzody temperature. A typical

90° rectangular pulse duration wasp&at 20 W power.

Metabolite Concentration (mM) in solution

A B C
Creatine 20
Glutamate (sodium salt) 20 20
Glutamine 20 20
Lactate (lithium salt) 1000 20
Taurine 20
DSS trace
TSP trace

Table 2.1: Composition of solutions used in develept and testing of pulse
sequences. DSS is sodium 2,2-dimethyl-2-silaperbagsidphonate; TSP is sodium
3-trimethylsilyl-1-propanoate; both are referenckigons.
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Figure 2.1: Two-compartment glass phantom usedefsting localisation properties
of pulse sequences. The outer compartment was fili¢h olive oil, the inner with

water. The square box shows the size and positionh® voxel selected for
localisation.

The second probe was used for rat brain studiesorsisted of an actively-
detuned colil pair. For r.f. transmission, an AldeamGrant coil 34 mm in diameter
and 44 mm long was used, whilst for reception, &min single-turn surface coil was
employed, positioned on the top of the head, diretiove the brain. This probe also
had a similar blanket. A typical 90° rectangulatspuduration for the transmit coil

was 160us at 20 W power.

2.1.3 Phantom Samples
Several phantom samples were used in the courseeoivork presented here.

Most were dilute solutions of metabolites made mgléionised water and placed in
glass tubes 18 mm in diameter and 150 mm long.cbhgposition of three solutions
is shown in Table 2.1. The pH of each was measiarbé about 7.

For testing the localisation properties of pulsequemces, a glass two-
compartment phantom was manufactured, as illustraté&igure 2.1. The concentric

cylinders were filled with oil and water as a crudedel of the head.

2.2 High-resolution Solution and Extract NMR

2.2.1 Spectrometer
High-resolution NMR spectra were acquired on anothéarian Inova

spectrometer. It had a 9.4 T magnet (Oxford Ins&mts) and a standard 18-channel
shim set. It was equipped with conventional acaéssoincluding a temperature
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controller and three gradient amplifiers (of whiehly thez was used, to drive the

probe gradient coil). It operates at a proton feaguy of 400 MHz.

The software was Vnmr version 6.0. This was agaedufor all aspects of data

acquisition and processing.

2.2.2 Probe
The probe used was a Varian-supplied 5 mm inverseephaving an inneét coil

and an outer broadband coil (not used), with ah&rrfH lock channel. It is also
equipped with a single gradient coil in thalirection, and facilities for temperature
regulation. A typical 90° rectangular pulse dumatiwas 6us at 25 W power. The

ability to spin the sample about th@xis was not used.

2.2.3 Samples
Samples were prepared as solutions y®© Ovith 1 mM TSP as reference (see

sections 2.5 and 2.6). A volume of 0.8 ml was ug¢aced in a 5 mm thin-walled
NMR tube.

2.2.4 Experimental Protocol
All the high-resolution results presented in thisedis followed the same

experimental protocol. The sample was inserted magically into the probe and
allowed to reach experimental temperature (nomyrd°C; in practice, about 27°C
as measured with a mercury-in-glass thermometgresuied in the magnet bore). The
probe was tuned and matched and the deuteriumdsidblished. The magnet was
shimmed to a TSP linewidth of 0.8-1.4 Hz. The darabf a 90° pulse was found,
then a series of inversion-recovery experiments witferent inter-pulse delays was
used to find thd; for the significant components of the sample. €hesre used to
set the repetition time TR for the acquisitions—ttoe 1D spectrum, a TR of 15 s or 4
times the largest; of interest (all peaks except water and TSP wesargkd to be of
interest), whichever was larger, was used. For gértsa, the TR used was half of
this figure.

A 1D spectrum was acquired, with a 5 kHz spectralthwcentred at 5.0 p.p.m.,

using 16 transients preceded by 4 ‘dummy’ scarestablish a steady state. (For TR
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Parameter Unit 1-D COSsY J-resolved

Spectral width Hz 5k 3k x 3k 3k x 50
Transmitter offset from TSP p.p.m. 5 3 3
Acquisition time S 2 2 2
Repetition delay S 15 7.5 7.5
Minimum multiple ofT; 4 2 2
Number of transients 16 2 4
Steady-state transients 4 4 4
Number of { increments 320 64
Phase-sensitive acquisition Yes No
Water suppression No Yes Yes
Total time min 5 160.5 (2h 40m) 32.5
Line broadening (F2 dimension) Hz 0 1 - 1
Line broadening (F1 dimension) Hz 5 - 0.5
Sine bell centre (F2 dimension) S - - 0.1 -
Sine bell centre (F1 dimension) S - 0.042 -
Display mode PhasedAbsolute Absolute
Fourier number (F2 dimension) 32k 16k 2k 16k
Fourier number (F1 dimension) 1k 1k 512

Table 2.2: Summary of parameters used in high-uéisol NMR experimental
protocol.

~4T, the dummy scans are scarcely necessary as theetisagion will relax virtually
back to equilibrium between acquisitions; howevteese extra scans will ensure the
water peak (wher&; ~ 15 s) is also in a steady state and thus ofcestlintensity.) A

2 s acquisition time was used. For the typical TRL®s, this took 5 minutes. The
water suppression used for the 2D spectra (a falsepVET sequenée see section
4.1.1.3; this is used to suppress residual waténensample) was then optimised by
varying the 90° water suppression pulse power toimse the amplitude of the
residual water peak. A 2D COSY spectrum was rui wisiter suppression: 320 t
increments, 4 transients per increment (includihgse-sensitive acquisition in the F
dimension by the hypercomplex meth®dand 4 steady-state scans. The spectral
width was 3 kHz in each dimension, centred at 330np.. For a TR of 7.5 s, this took
2 hours 40 minutes. Finally, a 2Bresolved spectrum was acquired: 6/htrements,

4 transients per increment (not phase-sensitivé asteady-state scans. The spectral
width was 3 kHz in the Fdimension and 50 Hz in thg Bimension. With a 7.5 s TR,
this took 33 minutes. The entire protocol, inclydiset-up and calibration, took

around 4 hours to complete.

The data were processed as follows. The 1D FID zess-filled to 32k points

then Fourier transformed with no apodisation. TH2SE dataset was processed in
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two ways: firstly, with a line broadening of 5 Hz, and 1 Hz in |, and zero filling

to 1k x 16k points prior to Fourier transformation each direction; secondly
apodisation with a sine bell centred at (0.04280@s) in (k, ) and zero filling to
1k x 2k points prior to Fourier transformation iack direction. The former was
presented as a phase-sensitive spectrum; the éstar magnitude spectrum. These
two processing methods were used to compare tketefof each on peak intensity:
the first has minimal effect whilst the second ésigned to enhance cross-peaks over
diagonal peaks.

The J-resolved dataset was line broadened 0.5 Hz isn 1 Hz in k& zero filled
to 512 x 1k points then Fourier transformed in edichction. It was rotated through
45° to ensure that th&resolved multiplets were perpendicular to theakis, then
symmetrized about this axis. It was presented asagnitude spectrum. The

parameters used in the protocol are summarisedhe™.2.

2.3 Whole-body System

2.3.1 Spectrometer
The spectrometer used for human brain investigatiamd phantom studies in

preparation for this, was a Bruker Avance. It h&@T magnet (Oxford Instruments)
with a 1 m diameter horizontal bore. The self-stedl gradients (Magnex) were
capable of 2.5 G/cm with a 3Q8 rise time, driven by MTS amplifiers. The r.f.
amplifier had a peak power output of 1 kKW.

The software consists of two parts: ParaVisiongngr 1.0.31), used for imaging,
set-up and simple spectroscopy experiments, andnXNMR (version 1.0), used for
more advanced spectroscopy experiments (such agDRhexperiments presented

here) and processing.

2.3.2 R.F. Coll
A homebuilt 16-leg birdcage coil was used for bm#msmission and reception of

the r.f. signal. It has an inner diameter of 25 dmis driven in quadrature for
optimum efficiency: the amplifier output is split two, the phase of one signal is
shifted bytv2 and the two signals passed into the birdcage légs apart. A typical

90° pulse power was 2 dB below maximum power fdD@us rectangular pulse, i.e.
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800 W. Specific absorption rate (SAR) was monitoadall times by the r.f.

“supervision” unit integral to the spectrometer.

2.3.3 Phantom
The phantom used was a glass sphere of 10 cmdiataeter filled with a 50 mM

solution of creatine, taurinegycinositol and lithium lactate.

2.4 Animal Preparation
All experiments involving the use of animals weegfprmed by trained personnel

in accordance with Home Office regulations.

The animals used in the experiments presentedisnthisis were all adult male
Wistar rats, 170-230 g in mass. Anaesthesia wasetlwith 4% halothane in a 1:1
nitrous oxide: oxygen gas mixture. The rat was tpmsed in the probe and secured
using a bite bar placed between the teeth. Thestiretee line was taped to end close
to the nose. The water blanket was wrapped roueddtis body and taped together
and to the probe. The surface coil was securedttirabove the centre of the brain.
The probe was positioned in the magnet then thetheahe turned down to 1-1.5%

for maintaining anaesthesia.

If the brain was to be extracted for high-resolntMMR, the animal, whilst still
under the anaesthetic, was killed by cervical dalion and the brain rapidly excised

and frozen in liquid nitrogen. It was stored at 2@@rior to extraction.

2.5 Extract Preparation
Perchloric acid (PCA) extracts were prepared frooadn brain tissue as follows.

A percussion pestle and mortar were cooled todieuirogen temperatures then used
to crush the tissue. This was placed in a cryoamal returned to the liquid nitrogen
dewar to cool again. An eppendorf tube was labefleden and weighed, then about
200 mg tissue was added and the tube reweighealdolate the exact mass used. To
this, 1 ml of 6% PCA was added; the tube was vede mix then placed on ice for
a few minutes while other samples were prepareflirther 0.6 ml PCA was added,
then the tube was centrifuged for five minutes “@.4The supernatant was pipetted

off and neutralised with potassium hydroxide, farguia precipitate of insoluble
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potassium perchlorate. The remaining solution wasea in a round-bottomed flask,
which was partially immersed in liquid nitrogenfteeze the sample. The flask was
then freeze-dried for several hours to remove the&ry then stored at —20°C until
needed. For spectroscopy, the powder was madeaipdtution with RO and the pD
adjusted to 7 (measured using an electronic pH mhes&ing for a pH of 6.4) with

drops of dilute NaOD or DCI as necessary.

2.6 Solution Preparation
Solutions for high-resolution NMR were preparedfalfows. 0.1 mMol of the

compound was dissolved in 1.9 mLA) then 0.1 ml of 20 MM TSP (sodium
3-trimethylsilyl-1-propanoate) added. This was s&mako ensure complete mixing.
The pD of the solution was checked and correctedDa= 7 with drops of dilute
NaOD or DCI if necessary. This gives a solutionnd in the compound of interest
and 1 mM in TSP. 0.8 ml of each solution was plaiced 5 mm thin-walled NMR

tube for spectroscopy.
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Figure 2.2: High-resolution spectra of GABA. (a) Hblse-and-collect spectrum;
(b) COSY processed with line broadening; (c) COS¥écpssed with sine bells;
(d) J-resolved. Acquisition and processing parameterdeagsribed in section 2.2.4.
TheT; for the GABA protons was 2.5-3.5 s.
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2.7 Spectral Assignment
Peaks were assigned in one- and two-dimensionaltrspen the basis of their

chemical shifts relative to the added reference pmund (the TSP singlet at
0.00 p.p.m.) foiin vitro spectrajn vivo spectra were referenced to the NAA methyl
singlet at 2.02 p.p.m. or the creatine singlet .@23%.p.m.. Assignment was from
tables of reference dafa >’ and from high-resolution NMR spectra recorded of
individual metabolites. To the latter end, a seakespectra were recorded on a set of
solutions (prepared as per section 2.6) of metasolikely to be observable i
NMR of the brain. Each spectrum was acquired andgssed identically, according
to the protocol set out in section 2.2.4, to prevadgood basis for assigningvivo
spectra. A typical set of spectra (that yeeminobutryric acid, GABA) may be found

in Figure 2.2; the complete series is in Appendix A

The peaks in each of the spectra were assignedrassfpossible to individual
protons or proton groups and the connectivities &ndupling constants measured.

The results of this are presented below.

Molecule Protons o) J-coupling
(p.p.m.) constants (Hz)
L-Alanine HC O CH 3.76 a-p 7.3
Fa—d CHs 147 B 7.3
H,N  OH
Choline HO—2 CHs CHs 3.20 -
1=N-CHjg 1-CH, 4.06 1-2 5.3
CH, 2-CH, 352 2-1 5.3
Creatine NH CHs 3.03 -
CH 3.92 -
HZN)J\II\I/\I‘%O 2
CH; OH
GABA a-CH, 2.29 a-B 7.7
HZN/V\B/G\(O B-CH, 189 B 7.7
OH B-y 7.7
y-CH; 3.00 yB 7.7
D-glucose _ 1-CH 5.2 1-2 3.7
"o o 2CH 354
2 3-CH
HO 4\3_2/1 OH A-CH
s 5-CH 3.2
HO  OH 6-CH, 4.6 65 8.0
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Molecule Protons o) J-coupling
(p.p.m.) constants (Hz)

L-glutamate OH OH a-CH 3.74 a-pB 7.2
P NP B-CH, 21 B-a 7.2

o v e o B-y 8.5

NH; y-CH; 2.35 v-B 8.5

L-glutamine NH, OH a-CH 3.76 a-B 6.5
- 2.13 - 6.5

O)\V/B\?AO e 53 8

NH, y-CH; 2.44 v-B 8
myo-inositol OH [1,3]-CH 3.52 [1,3]-2 2.8
HO, _5_ .OH [1,3]-[4,6] 9.9
67 4 2-CH 4.04 2-[1,3] 2.3
13, [4,6]-CH 3.61 [4,6]-[1,3] 9.7
HO™ =" "OH [46]-5 9.7
OH 5-CH 3.26 5-[4,6] 9.3
L-Isoleucine 2-CH 3.66 2-3 4.0
3-CH 1.97 3-2 4.0
3-4 9.3
3-4 4.8
3-6 7.0
¢, on 4-CH 1.26 4-3 9.3
Lo 4-4 13.4
HeC™ 27730 4-5 7.4
M, 4#-CH 147 43 4.8
4-4 13.4
4-5 7.6
5-CHs 0.93 5-4 7.4
5-4’ 7.6
6-CHs 1.01 6-3 7.0

Lactate HeC O CH 4.10 CH-CH 75
Fa—d CH, 1.33 CHCH 7.3

HO  OH

L-Leucine (I)H 2-CH 3.72 2-3 7.0
HaCo 3 _1x 3-CH, 1.72 3-2 7.0
57 27 70 4-CH 1.72 4-[5,6] 7.0
CHz NH; [5,6]-CH; 0.98 [5,6]-4 7.0
L-Lysine 2-CH 3.74 2-3 6.1
3-CH, 1.89 3-2 6.1
OH 3-4 7.1
H,N 1. 4-CH 1.47 4-3 7.1
2N Ny \|2/ o) 4.5 75
NH; 5-CH, 1.72 5-4 7.5
5-6 7.6
6-CH, 3.02 6-5 7.6
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Molecule Protons o) J-coupling
(p.p.m.)  constants (Hz)

L-NAA a-CH 4.38 a-B 10.2
OH a-p’ 4.1
HOTB\?/KO B-CH 2.48 o-p 10.2
O HN__O p-p 15.8
b B-CH 268 p-a 4.0
CHs B-B 15.7

CH; 2.02 -
Taurine (”) S-CH 3.42 ChH-CH, 6.7
HO—S—\_ N-CH,  3.25 CH-CH, 6.7

o NH,

L-Valine 2-CH 3.60 2-3 4.3
§he o1 3:CH 226 32 4.4
H,C™ Y27 S0 3-4,5 7.0
*NH, 4-CH;  0.98 4-3 7.0
5-CHs 1.03 5-3 7.0
Vigabatrin a-CH 2.23 a-B 7.7
a-p’ 7.3
o-o’ 15.5
o’-CH 2.28 o-B 6.5
a’-p’ 8.3
ao’-a 15.5
B-CH 1.90 B-a 8.3
B-a’ 6.5
B-p’ 13.7
B-y 8.8
Hzg\\? B-CH 2.01 B-a 6.5
B-a’ 8.2
HZN/V\B/G\(O B-B 13.7
OH B-y 5.4
y-CH 3.70 v-B 8.8
v-pB’ 5.4
y-0 8.0
3-CH 5.82 -y 8.1
0-€ 17.1
3-€ 10.6
e-CH 5.41 £-d 17.0
e-¢' 0.8
g'-CH 5.43 £-8 10.6
g-€ 0.8

Table 2.3: Structures, chemical shifts, assignnaedtJ-coupling constants for some
metabolites observable fil NMR of the brain. Vigabatrin is included as itasdrug
that was used in a study (see section 5.1).
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This table forms the basis for the assignment aedteal quantification of the 2D
in vivo spectra. An alternative version, sorted by peaudency, is provided in
Appendix C. The two frequencies of a COSY crosdmzen be looked up in the table
for a candidate molecule containing two proton gsuhat resonate at these

frequencies that arkcoupled together.
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Chapter 3: Simulation

3.1 Why Simulate?
Simulation has been used in two principal mannersttie work of this thesis:

firstly, to calculate NMR spectra and evaluate pusquences during development,
and secondly, to derive parameters to minimiseekilual water signal at the end of

a WET water suppression sequence.

There are several advantages to using a simulatiogram in the development
and testing of a pulse sequence. Many non-idealitie experimental testing are
circumvented by simulation. Instrumental and sanplgerfections are removed, so
no time is needed for shimming and calibrating @ut®wers, etc. There are no
signal/noise ratio difficulties, nor limits on tremitter power or digitiser resolution.
The sample properties are precisely known and @rgletely uniform. No relaxation
losses occur during the sequence, so the effectselakation may be studied

separately from sequence performance.

Simulation does suffer from some drawbacks, howevery complex cases can
take prohibitively long to calculate; it is not pdde to modelin vivo data
satisfactorily as the anatomical structure is & intricate for approximation using
cuboids. There is also the potential to simulatecsp that are so ideal that
implementation on a real spectrometer would bealistée.

The WET water suppression method minimisationssraghtforward calculation
in simulation, but would be tedious to optimise exmentally: four independent flip
angles (i.e., pulse powers) to systematically \arg find the water signal minimum.
This procedure would be prone to experimental earat finding local, rather than

global, minima in the function.

3.2 Arbitrary Sequences on Simple Spin Systems

3.2.1 Program
The first program is a general-purpose simulatiesighed to calculate the effects

of an arbitrary pulse sequence on the magnetisafiensimple AX spin system, and

to calculate the FID(s) that would be recordedsTdan subsequently be transformed
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Category Specification

Spin System J-coupled spin | = ¥ nuclei and 1 isolated spin | ndéleus
Nuclear Properties Resonance offSetpupling constant, relative concentration

Sample Properties Point sample, or position anedgions of up to 9 cuboids and relative
concentrations of nuclei in each

General Properties Any spectral width, resonareguiency and gradient strength; up to 1024
complex points per FID, and up to 1024 FIDs forRMR

Pulse Sequence Up to 32 consecutive events, ilseg delays, incrementing delays (for 2D
NMR), crushers or double-quantum filters

Pulses Any shape, phase, power, offset, duratigy;xand z-gradients. Can be
‘presence cycled’ for ISIS-type sequences

Relaxation Not included

Additional Facilities  Display of density matrix aeftone or all events in pulse sequence; recording
any magnetisation component instead of RID+(il, component)

Table 3.1: Capabilities of the NMR pulse sequemeeiigation program.

into one or two-dimensional NMR spectra. The maipabilities of the program are

summarised in Table 3.1.

The program was written in Fortran 90 and compftadSolaris 2.6 running on
the departmental server (a Sun E450 with two 30&Mirdocessors and 512 Mb
RAM). It is around 2200 lines of code long, withfarther 500 lines in library
modules. The entire program was written from st¢ratith the exception of a matrix
diagonalisation routirf8. Development of this simulation program was neagssas
the available simulation programs were aimed ategding a pulse-and-collect
spectrum from a complex sample, whereas the regeine was for a program to
generate spectra for simple spin-systems and anpipulse sequences. No program
was known with the capability of simulating spdyialiverse samples, magnetic field
gradients, shaped pulses and ‘presence cyclinggfalvhich are necessary for the

development of localised 2D sequences.

3.2.2 Method
The program simulates the free-induction decay dfcaupled AX pair of spin

| =% nuclei using the results of density matriedhp®. This permits the effects of
chemical shifts (equivalently, transmitter offsetd, field gradients) and-coupling

to be included, but not relaxation.
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The state of the spin system at a given time ivisrgby the wavefunctiow(t).

This may be expressed as a linear combination ggnéiinctions of the Zeeman

Hamiltonian:
W(t)=>c (t)i). (3.1)

wherec, is the coefficient of the eigenfunctid)ir) in the wavefunction. The density

matrix a(t), which is a complex 4 x 4 matrix for an AX spirsgm, is defined as

oft) =[WR)WE) = 23 c, 0 1) p)(al 32)

where| W(t)) is the wavefunction of the state ang}, |g) are eigenfunctions of the

Zeeman Hamiltonian; the overbar denotes an averagethe sample. The diagonal
elements of this matrix represent the populatidnde four energy levels of the AX
system, while the off-diagonal elements represemherent superposition

(“coherence”) of the states.

The evolution of a density matrix under the infloerof effects such akcoupling
and radio-frequency irradiation (a pulse) may beantb using theLiouville-von

NeumanrequatiofR®

990 - [ 1) o). @3

which, if the HamiltoniarH is time-independent, has solutions given by
0(t+) = exd— th}a(t_)exr{+ th}. (3.4)

This equation may be used to simulate the effeC® jpulse by settingd to be the

matrix representation of the Hamiltonian for thdspuandt equal to the duration of
the pulse. This changes the density matrix befoeepmlsea(t_), into that after the
pulse,a(t+). A complex r.f. pulse (e.g., a sinc or sech puissimulated by breaking

the shape down into many (e.g., 128) small stepgglwhich the Hamiltonian is

approximately constant, and applying the above ouéor each step.
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Figure 3.1: Simulation of the inversion profile @fsech (black line) and 5-lobe sinc
(grey line) pulse. Simulation parameters: spin &ystspin-%2; point sample; 90°
pulse duration, 10Qs; points per FID, 1; take trace will; arrayed parameter,
transmitter offset (128 points, range 5 kHz, outasit2D). The sech pulse duration
was 20 ms at 15% maximum power; the sinc pulse ain®2.5% power. Each line
took about 5 s to simulate. This parameter set ureasthe z-magnetisation at 128

points over the range + 2500 Hz directly; no preoes (line broadening, Fourier
transform, etc.) was required to generate the éigur

Calculating the effect of a pulse sequence maydbgeaed as follows. Firstly,
0(0) Is set to the equilibrium magnetisation. The dfffceach pulse and delay is then

successively calculated, using the density matsulting from each calculation as
the starting point for the next one. Thus, the dgnsatrix at the end of the entire

pulse sequencw,(tf ) may be found.

The FID may be derived from this by noting that poént at time t is given by
F(t) = Tr{ot)a* +x* ), (3.5)

whereTr{x} denotes the trace af andA* +X* = (A, +XX)+i(Ay +Xy). The FID is

calculated by taking the trace (equation (3.5)hgdhe density matrix for the start of

the FID,a(tf ) then using equation (3.4) to calculate the dgmaatrix some time\t

later using the Hamiltonian for free precessionisTis repeated until the desired
number of points has been found. The time intet¥alis chosen according to

At =1/SW, where SW is the spectral width required.

3.2.3 Applications
One of the principal uses of simulation is in indegent evaluation of different

elements of the sequence. For example, the perfarenaf one particular pulse shape

can be compared with that of another for inverbing region of the spectrum: Figure
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Figure 3.2: Simulation of COSY (a, ¢) and DQF-CO8) d) spectra with two
different linewidths. Simulation parameters: AX rs@ystem, resonance offsets 150
and 350 HzJax 10 Hz, spectral width 500 Hz, 128 x 128 complei® 0.01us 90°
pulse duration. Processing parameters: 20 Hz (ay B0 Hz (c, d) line broadening,
zero-filled to 256 x 256 complex points.

3.1 shows a comparison of the performance of aabatic full-passage sech pulse
with a 180° sinc pulse for inverting a region ag@ectrum. This effect can be seen in
isolation from factors that would complicate th&uation, such as relaxation. When
combined with the ability to examine each elemdnthe density matrix before and

after the pulse, this is a powerful technique farefully evaluating pulse shapes or

other elements of a pulse sequence.

The performance of whole sequences can also bedtesing this program. For
instance, the simulated COSY and double-quantuerdédl (DQF) COSY spectra of

an AX spin system at two different linewidths areown in Figure 3.2. (The
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linewidths are applied by multiplying the two-dinsgonal FIDS by an exponentially
decaying function prior to their Fourier transfotioa.) The example shown here
demonstrates the considerably greater linewidthhef dispersive COSY diagonal
peaks as compared to the absorptive DQF-COSY dagmaks and how, even with
a very high linewidth, the DQF-COSY peaks remainllveeparated. This might
influence a decision as to which of the sequencas more appropriate for a given
application. Further examples of the use of thisusation program may be found in
Figure 1.3 and the section on testing compositegsu{4.2.2).

Simulation has the advantage over theoretical ptiedi such as product-operator
calculations that it can include a wider range itdiadions, for example strongr
coupling, finite length pulses, shaped pulses, aadon. This gives it a greater
applicability and means it better approximates éRkperimental situation. A further
benefit is that signal intensity can be measuremfthe spectrum for comparison

between pulse sequences, and with experimentalrapec

3.3 COSY for Complex Spin Systems
Many factors influence the peak intensity obserirech COSY spectrum. The

antiphase nature of the cross-peaks makes theinitndg particularly sensitive to
linewidth. The sine-bell processing typically usknst COSY spectra (see section
1.6.5) means that th&, relaxation time andl)-coupling parameters also have a

bearing.

To account for these factors in quantifying compisifrom the intensities of their
cross-peaks in a COSY spectrum, it is simplestaimpare the cross-peak volumes
from the sample of interest with either those fr@mectra recorded on single
metabolite phantoms and processed identicallyroulsited data. To this latter end, a
program was needed that was capable of generatid§YCdatasets for the small
molecules responsible for cross-peaks present pereérental spectra. The general-
purpose program described in section 3.2 abovetisuitable as it is restricted to an

AX spin system, whereas the molecules needed lanmsoa¢ complicated than this.

48



3.3.1 Method
The method of simulation used is fundamentally Eimio the general-purpose

program. The same density matrix equations are, tpted for the different spin
systems. The calculation is specifically optimisedCOSY spectra: for instance, the
Hamiltonian for each period of free precessionafd t) on each it increment is

identical, so this is calculated and diagonaliseddvance to save repetition of effort.

The main difference from the other simulation pergris the capability to work
with spin systems (all spin |1 =2%2) of arbitrary qalexity. This requires that the
density matrices can be of different size dependinghe molecule of interest. In
place of the 4 x 4 matrices used for an AX systemn matrices are used, where

n= 2NumSpin' (36)

Thus, for moderate or large spin systems, the tenstrices become enormous. The
rate-limiting step in the calculations is matrix ltfplication, for which the time taken
is approximately proportional t°, so the simulation rapidly becomes prohibitively
slow as the complexity of the spin system increa$he size of the density matrices
can be reduced by including magnetic equivalencéofmcf® and separating non-
coupled spins into a separate calculation (e.@,niethyl protons in NAA are not
coupled to the aspartate protons); however, it wedtsthat the extra time spent
including these in the program would not be repaiderms of reduction of total
simulation time for the molecules of interest, whiall have six or fewer protons

visible by NMRin vivo.

3.3.2 Program
The fact that the program is dedicated to COSY tspedone greatly simplifies its

structure. Only two loops are required—fqrand % increments—as there is no
allowance for magnetic field gradients, shapedegsjletc. The major complication in
comparison to the program outlined in section 32the variable-sized density
matrices. It was felt that this would be more sfindfiorward to code iMathematical

than a conventional programming language, becaweséatilities for generating and

handling arbitrary-sized matrices are consideratdye advanced.
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I z[k_]:= D agonal Matrix[Tabl e[S gn[S n[2 P : '21/2]], {i, 1, Zmna’i”s}]]/Z;

I x[k_] : = Tabl e[ Wii ch|
j-i =2, (Sgn[sin[2A | 1/2 1+1) /2,

i =2k (Sign[Sin[ZPi 1/2 ]+1 /2
True, 0], {i, 1, 2N®irsy, {J. 1 2““”3“5}]/2

ly[k_1:=1 Tabl e[ Wii ch[
j-i =21 (Sgn[sin[2R "1’2 ]+1) /2

-} =2, (S gn[sn[2m ] l/2]]+1/2
True, 0], {i, 1, 2V}, (j, 1, 2V} /2

Listing 3.1:Mathematicafunctions defining elementary density matritgdy andl,
for each nucleuk.

The first step is the definition of the spin systerhis is given by a composite

parameter, as in the following example:

|actate = {
{({"A", 4.1y, ("X, 1. 3333,
{{"AX', 6.9}}

b (3.7)

The first line gives the spin system (a shorthasmahffor “AXXX”); the second, the
chemical shifts in p.p.m.; the third, tBecoupling constants in Hz. The letters “A”
and “X” are arbitrary; no distinction is made beemestrongly coupled (“AB”) and
weakly coupled (“AX”) systems as the simplificatoarising from assuming weak
coupling are never used. A function is used to eonthis parameter into the required

n-long list of resonance offsets and n array ofJ-coupling constants.

Next, the basic matrices representingy andl, for each nucleus are constructed
using the formulae shown in Listing 3.1. Other ncas are built up from these, for

example

lzlztk , | _1:=1lztky. lz[l7; (3.8)
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NINgoi ns
Del ayHam: = 2 = VS Ofsetsgkylz[k] +

=1
NunEDiNS-1 ey s
2n ’i Jeongk, I dzlzik, I'1+IxIx[k, I'7+1ylyk, I7)
=) | ska1

Nungpi ns
Pul seHam: = Del ayHank+ w ’§ I X[k]
1

Listing 3.2: Mathematicafunctions defining Hamiltonians for delays and gas.
O f set s andJcon are the arrays prepared from the spin systemitlefinw is the
B, field strength in rad'§

and
M : = Suml z k1, {k, Nun®pi ns};. (3.9)

Two further functions yield the Hamiltonians appriage for pulses and delays (see
Listing 3.2).

The portion of code responsible for simulating ®®SY sequence begins by
calculating the pulse and delay Hamiltonians, dmdising them and hence finding
the propagatoP =e™" and its inverse for each, where t is the duratiimese are
rounded to machine-precision real numbers for spefedater calculations. The
magnetization after the first pulsyuse-Mo. Ppusse iS found as it is common to each
t; increment. Finally, a table is constructed thathe 2D FID by, for each row,
applying the second pulse then a series of detafsulating the signal amplitude at

each point, exactly as in eq. (3.5) above:

trw= N[M7;
No = ppi nv. N[MD1. pp;
Tabl e[net = ppinv. no. pp; no=dpinv. no. dp;
Tabl e[f = Tr [not . trw]; not =dpinv. not. dp; f, {i2, 1, np31, (i1, 1, np311 (3.10)

Figure 3.3 (Overleaf): Composite simulated spectaimine metabolites found in the
mammalian brain. Each was simulated with parameteaghing the experimental
ones used fain vivo spectroscopy: spectrometer frequency, 300 MHz;tsplewidth,

2 kHz centred at 3.5 p.p.m.; 90° pulse durationug0110 x 160 complex points;
14 x 14 Hz line broadening; sine bell centred atb240 ms in i t;; zero-filled to
256 x 256 points; absolute-value mode.
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wherepp is the pulse propagatodp the delay propagator amgbi nv anddpi nv
their inverses. (This function was subsequentlerdéd to calculate non-square 2D

FIDs for direct comparison with experimental datage

This 2D FID may be exported for external processiog treated within the
Mathematicaenvironment. In the latter case, it is multipligoint-by-point with a 2D
sine bell or other weighting function, has zeropamled in each dimension to
interpolate the spectrum, then Fourier transform&te resultant spectrum is
displayed in one of the built-in formats such aoatour or surface plot.

Further functions were written to integrate the gig@ctrum around each peak with

guantification of experimental spectra in mind.

3.3.3 Application
The program was used to produce a reference spedtmucomparison withn

vivo brain spectra for quantification purposes. The §yistem was defined for each
metabolite to be included in the model (e.qg., lects shown in eq. 3.7) and a COSY
FID generated using the same parameters as expealimgpectra (spectrometer
frequency, number of points, spectral width). Edeld was multiplied by an
exponentially decaying function in both and % directions to broaden the lines to
typical in vivo values (14 Hz), then processed using the samebsgitheveighting as
used forin vivo data. Each spectrum was colour-coded, leadinghéocomposite
spectrum shown in Figure 3.3. (N.B. only the N@zHmoiety of choline was

included in the model, not the chain protons.)

The individual spectra were integrated around gesetk by summing the intensity
of each point that fell within a square of sifiecentred on the peak, wheid¢ = 0.1,
0.2 or 0.4 p.p.m.. Three values were used to attéonpclude as great a proportion of
the intensity in each peak as possible, whilstwekalg any from other nearby peaks.
For each peak, the intensity thought to be mostirate was chosen (generally that
for Af = 0.2 p.p.m. unless this was elevated due tohmmogpeak within this range,
when Af=0.1 p.p.m. was used). This was corrected totogoroconcentration

(assuming the metabolite itself has unit conceiatnatas follows:
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Metabolite &1 (p.p-m.) & (p.p.m.) Correction Factor

Choline 3.19 3.19 0.11
Creatine 3.91 3.91 0.50
NAA 2.02 2.02 0.33
NAA 2.70 2.52 1.91
GABA 2.31 1.91 1.79
GABA 3.02 1.91 1.81
Taurine 3.40 3.20 1.18

Table 3.2: Correction factors for a selection ofkseto correct peak volumes to
metabolite concentrations.

(3.11)

wherelg, |, andlqno are the corrected, raw and raw choline intensitaspectively.
The choline peak was chosen as a reference focohisction as only one singlet is
present in the spectrum, so contamination from rofieaks is impossible, and the
proton concentration represented in the peak ictgx&nown as there is nd-

coupling present.

The desired output from the simulation is a setaftection factors to multiply
experimental peak volumes with to correct Jecoupling and processing effects to
give values that more closely reflect concentraiohmetabolites in the brain—only
T, and T, relaxation remain unaccounted for. These correcfactors may be
obtained by taking the reciprocal of the correcteinsitiesl. defined above. A
representative sample is listed in Table 3.2; apleta listing may be found in

Appendix C.

3.4 WET modelling
The WET water suppression sequéfamnsists of a series of narrow bandwidth

r.f. pulses, typically four, to excite the waterafe interspersed with time periods
during which crusher gradients are applied to depleny transverse magnetisation
generated by the pulses. It is optimised for ai@aer sample type (i.e., a particular
range ofT; relaxation times and variations in tBe field) by varying the flip angles
of the pulses, and optionally the time periods leetwthem, to minimise the residual
water signal. Four pulses were used following @gal5>, there is little practical
benefit in using more, as the influence of thetfpalse is then negligible in any
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Figure 3.4: Generic WET water suppression pulseesscg.

practical application, whilst using three pulsesnarginally inferior in suppression

performance to four.

3.4.1 Method
The WET sequence is shown diagrammatically in EgB4. The pulses are

represented by the flip angl@s and the time periods between themthyCertain

times are labelled above the axis and are refeorbelow.

The aim of the optimisation procedure is to minenithe residual water
magnetisation dt=t,, where the excitation of the FID starts. The caltton assumes
the pulses are perfect and of zero duration; thieasonable provided thatis set to
the time between the centre of puisand pulsda + 1. It is further assumed that the
crushers are of sufficient strength to completedplthse all transverse magnetisation,

implying that the calculation can neglect this k.

The calculation proceeds as follows: the initiatt@vamagnetisation MO) is set
to 1, so all magnetisations are expressed asdrectf this initial magnetisation. The

effect of pulsa is given by

M z(ti—l) Dml - M z(ti—ll) = M z(ti—l) COSfBi ’ (312)
where
f= B 3.13
- nominal | ’ ( ’ )
B

and the effect of delayby

M, (t_) OO0 - M, (t) =1—{(1— Mz(ti_;))e_“i} . (3.14)
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wet [flipfac_, t1 , flips_, taus ]:-=
Mbdul e[{i, n, nf, nt, nag},
nf = Dnensions[flips][[1l]1];
nt = O nensi ons[taus] [[1]1;
n= Mn[nt, nfy;
nag = 1,
Dor
mg= (1- (1 - mag Gos(flips[ri1]flipfac Degree]) Expr-tausi[i1] /t11);
, AL, M
If[nf ==nt, nag, -2] (» Return -2 as error is paraneter lists are different length «)
]

Listing 3.3: Function to calculate the residual metgsation after a WET water
suppression pulse sequence.

rmswetrange[flr_, tir_, flips_, taus_]:=

Sumpwet [distribpf, flry, distribrt, tiry, flips, tausi2, (f, flr[[311}, {t, tir[[311}]
flrrr311tlr311

Listing 3.4: Function to average residual magng&tsaover a range of; andf.

Appling these two equations sequentially for eaalsg and delay yields the final
magnetisation Mt,). The calculation is repeated for a rangeTofelaxation times
andB; field variationsf, and a mean residual magnetisation found. Thisymesidual
is then minimised as a function of the flip anddgsand optionally the time periods
The calculation gives the optimal set of flip arsgl®**} for use in the pulse

sequence.

3.4.2 Implementation
The algorithm was implemented dfathematica The flip angles and delays are

stored as lists,[{1, B2, ..., Bn} and {14, 12, ..., T5}. A function was developed to use
the above algorithm to calculate the residual magggon after the WET sequence
defined by these flip angles and delays, shown isting 3.3. It accepts four
parameters as input: the lists of flip angles asldyk, the watef; and the ratio of the
actual B; field to the nominal valuef (n eq. 3.13); the return value is the residual

magnetisation, or —2 as an error if the two lisesa different length.

A further function (shown in Listing 3.4) is usemdalculate the root mean square
(r.m.s.) residual over a range ®f andf values. The parameters to this are the flip
angles and delays as before, and the rangds ahdf over which to calculate the
r.m.s. residual. Each of these is described byreetpart list fnin, max npointg,

wheremin andmaxare the smallest and largest values to considérnpointsis the
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Ti range B1(®) B=(°) Ba(®) Ba(®)
2.9s 94 92 82 146
0.5-3.0s 88 99 82 161

Table 3.3: The optimal flip anglds— 34 for the four-pulse WET water suppression
sequence, to the nearest degree. For minimisaticangeters, see text.

number of points in the range to sample. This foncts the one that it is desired to
minimise to produce the optimum water suppressi®he intrinsic function

Fi ndM ni mumis used for this purpose, for example

Fi ndM ni nun]f rmswetrange[ {.9,1.1,9}, {.5,3.,9}, {b1l, b2, b3, b4},
taudel ays], {b1,90}, {b2,690}, {b3,90}, {b4,90}] (3.15)

which finds the optimum flip angles b1-b4 (startthg search at 90° for each) fBg]||
from 90% to 110% of nominal, and between 0.5 and 3.0 s. Nine sample points are
used for each. It is assumed thatdel ays has already been set to the desired list of
four delays, e.g., {0.025, 0.025, 0.025, 0.025} four equal delays of 25 ms. The
results are returned in the form {0.00697308, {31.3232, b2»102.809,
b3—62.1915, b4-168.057}}. The first number is the minimum of thenttion; the
optimal flip angles b1-b4 (in degrees) follow.

3.4.3 Result
Two situations were modelled using the above famsti The first was designed

to correspond to a metabolite solutionvitro; the second, rodent brain vivo. The
parameters used were as follows:t, = 25.1 ms (the sum of the water suppression
pulse and crusher used experimentally, see sedtibA.3), B;| = 90% to 110% of
nominal in 9 stepsT;=2.9s for the first case (typical of tligs measured for
metabolite solutions), and 0.5 to 3.0 s in 9 sfepshe second (a reasonable range to
coverT; valuesin vivo at 7 3. 63, The optimal flip angles as calculated for the tw
sample types are listed in Table 3.3.

These flip angles can be used to calculate theluakimagnetisation for any
combination ofT; andf, to show the low sensitivity of the suppressioficefncy to
these parameters. The results of this simulatiensaown graphically in Figure 3.5.
Note that over the optimised range (actual fliplarg81-99°:T; = 0.5-3.0 si{1 vivo)
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Figure 3.5: Calculated residual magnetisation at the end of a four-pulse WET
sequence optimised foin vivo (black line) and solution (medium grey line)

situations, shown as a function of the water(left graph) and actual flip angle

(right). For comparison, the values for a 3 CHES®® suppression sequence are
shown in light grey.

or 2.9 s (solution model)), the calculated residnagnetisation is less than 0.1% of

the total water magnetisation.

Both WET sequences show superior suppression ceapara 3-pulse CHESS
scheme. This may be principally assigned to thédridlip angle of the last pulse.
With CHESS, the magnetisation after the last pulseapproximately zeroil;
relaxation after the last pulse during the crustedient causes the recovery of
around 1% of the signal (for & of 2.9 s and an inter-pulse gap of 25.1 ms). & th
WET sequences, the magnetisation after the thitslepis nearly zeroJ; relaxation
during the following delay also permits recoveryabbut 1% of the signal. The fourth
pulse largely inverts this to —1%; during the finkglay, this relaxes back to around
zero. For this range (x 1%), thie relaxation curve is very close to linear, so the

residual magnetisation is very small.

Experimental implementation of these WET sequeisasnfortunately, unlikely
to produce such good suppression. The performahdbeofinite-length selective
pulses used will be less predictable than the penfsstantaneous pulses used in the
model. The crusher gradients will be less thanljoédfective. As a result of all these,
it would not be expected to achieve the 1000:1 saggon factors predicted by this
model. Thein vitro testing is presented in section 4.1.2.3. Humanicgin is

discussed in section 5.3.
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Chapter 4. Development
The aim of the sequences developed is to overcome sf the spectral crowding

issues discussed in the introduction with the ds2DoNMR techniques adapted from
existing high-resolution ones. They must allow lszdion of the signal and offer
good water suppression to ensure maximal informdtimm the molecules of interest.
The localisation should avoid the use of spin onslated echoes for the reasons set
out in section 1.5. Two similar sequences were ld@eel and are discussed in detail
below.

4.1 ISIS-COSY
The first sequence is a localised CGS¥sequence. COSY is a simple 2D pulse

sequence, but gives spectra that are relativelssss the peaks are spread over two
chemical shift dimensions. It is relatively robukgving low sensitivity to mis-set
pulse flip angles (importantn vivo where B; field inhomogeneities make it
impossible to produce a uniform 90° pulse across wiole sample). It is well-
characterised, meaning that things such as typitafacts and methods to suppress
them are established. COSY is discussed at lenglhttee mechanism described in

section 1.6.

4.1.1 Pulse Sequence
The new sequence, dubbed ISIS-COSY, achieves tiee trimary functions

(water suppression, localisation, COSY excitationp modular manner within the
pulse program. A fourth module, outer-volume supgian, is also included to
improve the efficiency of the localisation. The gsence is shown in Figure 4.1. All
pulse durations and bandwidths mentioned belowf@r¢he implementation of the
sequence on the 7 T spectrometer. Variations fer 2l whole-body system are

discussed in section 5.3.1.

4.1.1.1 Localisation
Localisation of the NMR signal without the needféom echoes is provided by

the standard ISIS sequeRéeusing three orthogonal slice-selective 180° i@
pulses followed by a non-selective 90° pulse toitexobservable magnetisation.

Eight transients are recorded, one with each coatioim of presence/absence of each
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Figure 4.1: The ISIS-COSY pulse sequence. OVS tisrerolume suppression.

180° pulse. These are combined, by modulatingdheiver phase, in such a way that
the resultant signal arises from within the sel@etggion only. The acquisition order
of the transients was chosen to minimise outeriwelcontaminatidf®. The principal
advantage of this sequence is that the magnetisatimaintained on theaxis until
the acquisition period, except for brief periodsridg the pulses. This approach
therefore reduces-modulation andT, relaxation effects to an absolute minimum,

making ISIS the ideal localisation scheme for tvimehsional experiments.

The inversion pulses employed were adiabatic faigage hyperbolic secant
(sech) pulse$-67 (512 points calculated witly=5 and 3= 400 &), selected for
good slice profile and insensitivity to variatiomsthe B; field. A duration of 4 ms

was used, giving an inversion bandwidth of appratety 4 kHz.

4.1.1.2 Outer-Volume Suppression
The localisation in ISIS is reliant on subtractioage transient from another in

which the magnetisation from the region of intetess$ the opposite sign. Where this
region is small compared to the remainder of tmepda within the coil, this can cause

a range of problems, as the recorded signal isied| difference between a number
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of large transients. Firstly, any small variatiorthe amplitude of any transient causes
a relatively large change in the calculated signain the voxel, causing potential
contamination problems. Secondly, dynamic ranggcdifies arise: the signal from
the entire sample is large whilst that from the elas relatively small; the receiver
gain must be sufficiently low to permit digitisati@f the whole signal, so relatively
little range is available for the voxel signal. Example, if the voxel volume is 1% of
the outer volume, only 650 or so levels of a 16(88536-level) receiver can be used
for the voxel signal. The problems would clearlylbssened if the intensity of the
outer-volume signal were reduced: the subtractroore would be attenuated and the
receiver gain could be increased such that thelwggeal is digitised using more of

the available levels.

Outer-volume suppression is therefore includednathe OSIRIS extension to
ISIS68: this consists of 3 pseudo-random noise péfsiesthe presence of orthogonal
gradients, whose excitation profile is designed randomise outer-volume
magnetisation whilst leaving that within the regamfrinterest unperturbed. Each pulse
consists of 512 points, with a total duration ofr@® and a bandwidth of 26.7 kHz, of
which the central 10% is unaffected. The widthlos tmiddle window is matched to
the inversion width of the ISIS sech pulses by gsifower gradient strength for the

noise pulses than the sech pulses.

4.1.1.3 Water Suppression
The proton NMR spectrum of the brain is dominatgdHe water peak, since the

concentration of protons in water (~100 M) is themds of times greater than in a
typical metabolite (~10 mM). In order to observe thetabolites, it is necessary to
reduce the water signal to a significantly lowevele Many methods have been
proposed to achieve thAks 70-84 including frequency-selective excitatkdn79-81or

refocusing®, selective inversion and a deldy’8 and presaturation of the water
signabB2-84 The most useful methodis vivo, selected for low power deposition and
minimum distortions in the baseline, are WEFT?E a frequency-selective inversion
pulse followed by a delay to permit recovery of Wer signal to its null point, and
CHESS)9, a selective excitation pulse followed by a crugiradient, usually repeated
three times. The WEFT method requires the samerwadgnetisation at the start of

each iteration of the pulse sequence which in #psglication, due to the ISIS
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Ti range B1(®) B=(°) Ba(®) Ba(®)
2.9s 94 92 82 146
0.5-3.0s 88 99 82 161

Table 4.1: The optimal flip anglgs— (34 for the four-pulse WET water suppression
sequence, to the nearest degree.

inversion pulses, would require full relaxationveegén each acquisition. This may be

restrictive forin vivoapplications.

For this reason, the method chosen for water sgpjue is based on CHESS. It is
an improved version, known as WET which allows forT; relaxation during the
pulse sequence and for inhomogeneity in Biefield. This consists of a train of
narrow bandwidth r.f. pulses which selectively éxthe water peak, interleaved with
crusher gradients which dephase the transverse atisgtion generated (see Figure
3.4). For this sequence, four pulses are used. flineangles of these pulses are
numerically optimised for a particular sequence sanhple type to provide the best
suppression over a range of values of transmitédd {B;) and water longitudinal
relaxation time Ty) values. The optimisation is discussed at lengtkeiction 3.4 and
the results for a typicah vitro andin vivo sample shown, duplicated in Table 4.1 for

convenience.

The pulses used were 15 ms five-lobe sinc pulsesigga bandwidth of 400 Hz.
A 10 ms crusher gradient was used. Together withpsOgradient rise-time, this

gives 25.1 ms between pulses—the figure usemasin the optimisation.

4.1.1.4 Excitation
The final component in the pulse sequence is thatagion of the observed

magnetisation. A conventional 90°—t90° COSY6-28 sequence was used (for a
general discussion of COSY, see section 1.6). Wais rendered phase-sensitive in
the R dimension using the hypercomplex method. For coispa, ‘N’- and ‘P’-type
gradient-selected COSY sequerfée®were also implemented. The pulses were hard
rectangular pulses, about @5 in duration for rat brain work, and #8 forin vitro

experiments, in either case optimised to give ta@imum signal for each sample.
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Figure 4.2: Spectra from the two-compartment phanteith water in the inner
compartment and olive oil in the outer. (a) ISI®apum from a 5 x 5 x 5 mhvoxel

in the inner compartment. Inset: vertical scaleOR.1 Note the absence of
contamination from outer-volume lipid signals, dersating excellent localisation.
(b) Same, but acquired withgradient set to zero, so signal comes from a Snob
column along the-axis. Note the large lipid signals at 1-3 p.p.md &-6 p.p.m.. The
OVS was not used in either case.
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4.1.1.5 Phase Cycle
The phase cycle used is as discussed in sectioh Tléein vivo acquisitions used

64 transients pey increment, 32 for each half of the hypercompletasit, i.e. 4 per
ISIS step. This implies that axial peak suppresgancluded but that only half of the
CYCLOPS cycle is present. Quadrature artefacts weoé detected on the

spectrometers used, so this fact does not presgrditiiculties.

4.1.2 In vitro Testing

4.1.2.1 Localisation
The localisation was evaluated using the two-coinpamt phantom described in

section 2.1.3 and illustrated in Figure 2.1. A5 x5 mn? voxel was selected in the
centre, as illustrated in the figure, and a spectrecorded using just the localisation
module with a 90° excitation pulse. There is appmately 8500 mmoil in the active
region of the coll, all of which is outside theesgled voxel. Nevertheless, there is no
evidence of contamination of fat in the spectrusgrnewhen multiplied by two orders
of magnitude (see Figure 4.2a), demonstrating é&elocalisation. For contrast, the
gradient amplitude on theaxis was set to zero and another spectrum obtaired
arising from a line along the-axis with a 5 x 5 mmsquare cross section, which

contains about 300 nihwil. This showed considerable contribution frore til (see
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Figure 4.3: The effectiveness of the outer volumgpsession module demonstrated
by recording two spectra, one with OVS off (a) ame with it on (b); in both cases,
the water suppression and the ISIS localisationewsf. Voxel: 5 x 5 x 5 mrhin
centre of tube. Acquisition parameters for eachctspm: 32 transients, 5 kHz
spectral width, 15 s repeat time; total time 10 utes. Processing parameters: 2 Hz
line broadening.

Figure 4.2b). Such a signal from a relatively serallolume of oil merely emphasises

the absence of contamination in the first spectrum.

4.1.2.2 Outer-Volume Suppression
The OVS module suppression was tested by recorsiyegtra without the ISIS

localisation. A 5 x 5 x 5 mvoxel was selected in the centre of an 18 mm diame
tube of water. With the water suppression alsoedroff, a spectrum was recorded
both with and without outer-volume suppression, #redintensities of the water peak
compared. The ratio of the two showed a ten-fottliction in the outer-volume signal

(see Figure 4.3a), thus reducing contamination foomside the selected voxel.

4.1.2.3 Water Suppression
Experimental comparison of WET with three CHESSspsishowed that slightly

better suppression was afforded by WET. Perhapse nmoportantly, the water
suppression pulse power needs little or no calidmabr each new sample: the power
required is a constant fraction of the 90° pulsevgromeasured over the entire

sample.

To test the water suppression, ISIS spectra wexarded both with and without
water suppression on a phantom containing sodiurtaigiate and glutamine with

DSS as a marker (sample B in Table 2.1). The iegu$jpectra can be seen in Figure
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Figure 4.4: The effectiveness of the water suppryastemonstrated by recording two
spectra, one with WS off (a) and the other witlnt (b). Sample: solution B from
Table 2.1. Voxel, acquisition and processing patamseas for Figure 4.3. The
vertical scale for the water-suppressed spectrudf@stimes that of the other.

4.4. The relative intensities of the water peakdc{dated as the root mean square of
the intensity between 5.5 and 4.5 p.p.m.) is apgprately 400:1. Such a reduction in
the amplitude of the unwanted signal is extremelydficial: it enables a significantly
higher receiver gain to be used, with all the bigmehis brings (see discussion in
section 4.1.1.2); the problem of metabolite peadadlost on the ‘tails’ of the water

peak is also largely eliminated.

4.1.2.4 COSY
The COSY module was tested initially without waseppression on a sample of

1 M lithium lactate in water. This test was desigjte verify the functioning of the
COSY component without the need for fine-tuningtleé other modules. The high
concentration of the lactate anion means thatnt lma observed easily even in the
presence of unsuppressed water. A typical COSY teprcacquired from an
8 x 8 x 8 mni voxel placed in the middle of the sample is iltagtd in Figure 4.5.
This shows the characteristics of a COSY spectralong the diagonad, = &,, the
normal one-dimensional spectrum appears (a doahl&t33 p.p.m and a quartet at
410 p.p.m., see Appendix A), whilst off this diagb (for example at
(01,0, =4.1, 1.3 p.p.m.) cross-peaks appear correlaiiogupled protons (in this
case, thea- and B-protons of the lactate anion). The large band a@fe along
0, = 4.8 p.p.m. isitnoise associated with the large water peak. Thisaused by
fluctuations of the recorded signal betweegnincrements (due to environmental

variations, instrumental instabilities, drift inethmagnetic field, etc.) that introduce
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Figure 4.5: Localised COSY spectrum of 1 M lithidactate in water. Voxel:
8x8x8mm in centre of tube. Acquisition parameters: 32 siants, 400 it
increments, 3 kHz spectral width in each dimensiotal time 7% hours. Processing
parameters: sine bell centred at 55 ms in eachrdiioe, absolute-value mode.

modulations not intrinsic to the experiment; affaurier transformation, they are

manifest as;tnoise.

4.1.2.5 Whole Sequence
A further test was performed on a sample contairnguixture of compounds

typically observed ifH NMR spectra of the brain, at concentrations @f onder of
their occurrence there (solution C in Table 2.1hisTtest was done to assess the
guality of spectra that could be obtained from aamgbm broadly similar in
concentration to a brain within the time constsimposed byn vivo work, limiting
acquisitions to around two or three hours. The spetrecorded is shown in Figure
4.6. This has an excellent signal/noise (S/N) ratibth good resolution of the peaks.
For example, the S/N for both the lactate crosdped.3, 4.1 p.p.m. and the taurine
cross-peak at 3.2, 3.4 p.p.m. is 320:1.

4.1.3 Animal Testing
After thein vitro testing, the next stage of development was evaluaif the

pulse sequence in animal brain. This was initialtyne post mortem then later

followed up within vivo experiments in anaesthetised animals.
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Figure 4.6: ISIS-COSY spectrum of mixed-metabopteantom to demonstrate the
feasibility of in vivo application in a reasonable timeframe. Cross-peagdabelled
as follows: L, lactate; X, glutamate/glutamine;tdurine; C, creatine diagonal peaks.
Voxel: 8 x 8 x 8 mmin centre of 18 mm diameter x 150 mm long tubeguisition
parameters: 16 transients, 128nicrements, 2 kHz spectral width in each dimension
5 s repetition time; total acquisition time 2 hob6s minutes. Processing parameters:
sine bell centred at,tt; = 35, 70 ms, absolute-value mode.

4.1.3.1 Post Mortem
The first animal tests of the sequence used miexer@l experiments were

performed to gain experience with the sequence iamglove acquisition and
processing techniques. However, the small size mibase brain (typical voxel size
restricted to less than about 3 x 6 x 3 hmakes signal/noise a critical issue: in a
typical ISIS-COSY spectrum taking around 2 hoursss-peaks could be observed
only from lactate, taurine amdycinositol (see Figure 4.7).

For this reason, further work used the rat. Sigaiitly larger voxels may be

placed within the brain (e.g., 6 x 9 x 5 s0 the signal/noise is much better.

A typical experimental protocol for rat brain steslifollowing positioning of the
rat in the probe in the magnet consisted of turangd matching the probe (both
volume and surface coils), performing a global shiimeasuring the 90° pulse
duration and the water resonance frequency. Therirdter offset was adjusted to set

the water on resonance and a coronal gradientiewge acquired (TR 0.2 % ms,
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Figure 4.7: ISIS-COSY spectrum opost mortem mouse brain. Voxel:
6 x 2.75x 3 mm in centre of brain. Acquisition parameters: 16nsiants per it
increment, 256;tincrements, 2 s TR, 2 x 2 kHz spectral width; totale, 2¥4 hours.
Processing parameters: 12 Hz resolution enhancen®e@f s sine bell in each
dimension; absolute-value mode.

4 x4 cm field of view, 1 mm slice thickness, 12828 data points, 30 s total
acquisition time). This was used to position a tsalgslice along the mid-line for

another image (same parameters).

Next, a series of nine coronal slices 1 mm aparéewesitioned to cover the entire
front of the brain and a multislice image set acepli These were used to position a

Figure 4.8: Fast spin-echo image of rat brain. Agitjan parameters: see text.
Processing parameters: zero-filling to 1024 x 10Q@ihts.
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Figure 4.9: Spectra gfost mortenrat brain. Key: W, unsuppressed water; L, lactate;
Cr, creatine + phosphocreatine; Ch, choline; N, NAAmyainositol; G, GABA;
I/mm, lipids/macromolecules; Glu, glutamate; Glhytgmine; T, taurine. (a) ISIS.
Acquisition parameters: 450 transients, 2 kHz gpéutidth, 2 s repetition time; total
time, 13 minutes. Processing parameters: Loren@aoss transform (10 Hz
resolution enhancement, 0.035 s Gaussian weight{bg)ISIS-COSY. Acquisition
parameters: 16 transients, 128ihcrements, 1.8 kHz spectral width in each
dimension, 3 s repetition time; total time, 1% lwWrocessing parameters: sine bell
centred at 1t t, = 0.035, 0.07 s; absolute-value mode. The bandaide between
o, ~ 3 and 4 p.p.m. is hoise (see section 1.6.4) associated with the nmiemse
diagonal peaks.

voxel for spectroscopy and to ensure that the esrnéthe box did not encounter
regions of the head with poor local magnetic fialmmogeneity (such as near the
sinuses) or the skull. For some animals, in ordeshbw more structural detail, a final
T,-weighted coronal image was acquired through thdreeof the voxel (fast spin
echo, 7 echoes per FID, TR 3 8,18 ms, 3.5x 3.5 cm field of view, 2 mm slice
thickness, 128 x 126 data points, 2 transients, sl@8tal acquisition time). An

example of such an image is shown in Figure 4.8.

The voxel was shimmed using single-shot excitatigna STEAM sequenée
(TR, 2s; £, 40 ms; %, 50 ms). The S/N was measured for a one-tranSé&EAM
spectrum (i) using the Alderman-Grant coil for samt and receive, and (ii) using the
surface coil to receive. This was to confirm cotrremctioning of the surface coil.
The linewidths were also compared in the two ca3gpical values were about
1800:1 and 2200:1 for the S/N and about 14 HzHedinewidths.
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The final preparatory stage was the set-up of 818 lsequence. The 90° pulse
duration for the voxel was found. The transmitterqfiency for the slice-selective
pulses in the OVS and ISIS modules was offset §y/10 so that the chemical shift
displacement of the voxel is such that the metabgeaks arise from the best-
shimmed region of the brain. Such an offset plgmesks around 3.0 p.p.m. in this
position. (Since the inversion pulses had a baniwid approximately 4 kHz, this
offset moves the voxek its length in each direction; for a typical 6 x 8 mn?
voxel, the displacement will be approximately 0.715125, 0.625 mm in the three
dimensions.) The water suppression was then tuoneaind the power of the pulses
optimised for minimum residual water signal. Lastlhe receiver gain was

maximised subject to not overflowing the ADC.

Spectra were then recorded: first, a 1D ISIS th2b &SIS-COSY. An example of
each, prior to fine-tuning the acquisition paramgefer the ISIS-COSY (as described
in section 4.1.4), may be found in Figure £28st mortenstudies were used for this

optimisation of the sequence and for comparisoh W®SY-COSY (section 4.1.4).

4.1.3.2 Anaesthetised
The last stage of testing the pulse sequence wagamon in live, anaesthetised

rats. The experimental protocol was the same apdst mortenstudies, using the
parameters determined from them as optimum. Inetuda 15-minute 1D ISIS
spectrum and a two-hour 2D ISIS-COSY acquisitidme tentire protocol from
administration of anaesthetic to finishing acqiosittook about 3% hours. The
experiment was repeated several times to gainemofl repeatability and to build up
a small database of control animals before undegakstudies involving

interventional treatment.

A typical pair of spectra from a live rat brain ilmstrated in Figure 4.10. Of
particular interest is the superior quality of #espectra compared to earligost

mortemexperiments owing to subsequent optimisation otistipn parameters.

4.1.4 Optimisation and Comparison with VOSY-COSY
Many experiments were performed to optimise thefoperance of the ISIS-

COSY pulse sequence. A selection of these are idedcbelow. Some were carried
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Figure 4.10: Spectra ah vivo rat brain. Key: Cr, creatine + phosphocreatine; Ch
choline; N, NAA; |, mycinositol; G, GABA; I/mm, lipids/macromolecules; Gl
glutamate; GIn, glutamine; X, glutamate + glutamimetaurine. The peaks marked
1-3 in (b) are of unknown origin, although peals likely to be from an amino acid
such as lysine, either free or in a peptide. Peakd@vs a position consistent with
phosphoethanolamine or histidine, but its identis not been verified. (a) ISIS.
Acquisition parameters: 256 transients, 2 kHz gpéutidth, 3 s repetition time; total
time, 13 minutes. Processing parameters: Loren@awoss transform (15 Hz
resolution enhancement, 0.03 s Gaussian weightifgd).ISIS-COSY. Acquisition
parameters: 64 transients, 111ncrements, 2 kHz spectral width in each dimension
1 s repetition time; total time, 2 hours. Procegguarameters: sine bell centred at
t1, t, = 0.0275, 0.04 s; absolute-value mode, symmetrized

out in conjunction with comparing ISIS-COSY with B¥-COSY38, one of the best
of the existing localised 2D NMR techniques disedss section 1.5.

4.1.4.1 The VOSY-COSY Pulse Sequence
The sequence was adapted from an existing STEAMeseg by the addition of

an incremented; tdelay and a hard 90° pulse immediately prior tquésition. The

VOSY (the same pulse sequence as STEAM) localisatioocedure causes
difficulties for a phase-sensitive COSY acquisitisn gradient-selected ‘P’ and ‘N’-
type COSY were implemented instead. This is becadlisehard 90° pulse would
excite magnetisation from outside the voxel; thesber gradients used in the
gradient-selected variants dephase it before atignisbut the phase-sensitive variant
lacks these. Water suppression in the VOSY-COSYesstp was provided by an

inversion-recovery element prior to the first losation pulse and a single CHESS
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Figure 4.11: The VOSY-COSY pulse sequence. PulsekketiaWS are water
suppression pulses.

pulse/dephasing gradient in theperiod of the sequence. A diagram of the sequence

may be found in Figure 4.11.

The pulses used for localisation were 2 ms fiveelsimc pulses with a bandwidth
of 3 kHz; the CHESS pulse was a 30 ms sinc pul8@ & bandwidth); the inversion
pulse was a 60 ms sech pulse (bandwidth approxiyn2® Hz); the hard 90° pulse
had a duration of 8Qs. The echo time-twas 40 ms, whilstt had a value of 50 ms.
Optimising the water suppression for the VOSY-CGs&guence consisted of finding
the best power for the CHESS and inversion puleddiae recovery time. This has to
be done separately for each TR used as the optaoavery time depends strongly on
TR.

4.1.4.2 Sequence Order
The ordering of the different modules in the ISIS®Y pulse sequence may

affect the spectra acquired. Unlike most sequenbesyever, there are several
reasonable orderings. The excitation module muwesrlyt go at the end; since the
other modules merely alter tkanagnetisation of different molecules in the sample
they could in principle go in any order. The maonsideration in choosing which of

these orders is best is that modules coming lathenpulse sequence will be more
effective than those coming early. For examplé&af water suppression module is the
first module, a considerable period of time wilagbe after it before acquisition,

permitting recovery of the suppressed water sigiies: means that the suppression
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efficiency will be lower than if it were the lastaaiule before excitation. The most
important module apart from excitation is the I$38alisation: if there is much time
between it and the excitation, relaxation of theeited magnetisation will reduce the
efficiency of the localisation. Therefore, this mtalis placed third in the sequence,

immediately prior to excitation.

The ordering of the remaining two modules is lessightforward. To determine
which ordering produced better quality spectra,a& pf 1D ISIS spectra were
acquired from the glutamate/glutamine/DSS phantone with the OVS before the
WET module, one the other way round. The resultingtspevere of broadly similar
quality, with the one with the OVS first being $itty better. Therefore, the ordering
used is that illustrated in Figure 4.1: OVS follaMgy WET, then ISIS and excitation.

This comparison was undertakienvitro, where therl; of the water was 2.7 s and
the metabolite protons around 1.5-2 s. This isauftper limit of the expectelsin
vivo, so the validity of the findings fan vivo application must be addressed. If the
waterT; were reduced, this is likely to affect the wat@pression in the WET-OVS
ordering more severely than the OVS—-WET one, reiirigrthe above findings. The
experiment did not clearly delineate outer-volun@ntamination anyway, So is
difficult to assess the effect of sequence ordethi®m parameter. When a detailed
investigation, including measuring outer-volume teomnation, of the effect of
sequence order on signal contamination in a hunodumteer (see section 5.3.3.1),
albeit at a different field strength with a somewtiderent sample, the findings were

in agreement with this OVS—-WET ordering.

4.1.4.3 COSY type
A comparison of the spectra generated by the ttypes of COSY experiment

implemented in the ISIS-COSY sequence (phase-sensiP’-type and ‘N’-type
COSY: see section 4.1.1.4) and the two variant¥ @5Y-COSY was undertaken.
The sample used was the multi-metabolite phantoranfjeim C in section 2.1.3); a
voxel 8 x 8 x 8 mm was selected in the centre of the tube. After sfimy and
optimisation of the water suppression in each secpiefive spectra were acquired
consecutively from the sample, one with each CO&Mant. The parameters used

were 16 transients per increment (including pha&sesitive acquisition in Fwhere
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Sequence COSY type Cross-peak S/N

Taurine Lactate
ISIS-COSY Phase-sensitive 320 320
‘N’-type 310 380
‘P’-type 120 100
VOSY-COSY ‘N'-type 230 230
‘P’-type 130 60

Table 4.2: S/N for cross-peaks in different locais€OSY sequences run
consecutively on a multi-metabolite phantom. Eagbeexent took 3 h.

appropriate), 128tincrements, 5s TR, total time 3 h per spectrum.s&éheere

processed using sine bell apodisation and Fouaastormed.

The S/N of two cross-peaks in each spectrum (tawings.2, 3.4) p.p.m. and
lactate at (1.3, 4.1) p.p.m.) was measured by etigarows of the 2D spectrum and
comparing the height of the peak with a region ammg only noise. The results may

be seen in Table 4.2.

Two comparisons within the data prove interestingstly, the S/N for ISIS-
COSY is significantly higher than for VOSY-COSY ftire ‘N’-type COSY, perhaps
around 50% higher. This would be expected fromfélee that the VOSY localisation
procedure discards 50% of the available signaloidly, the type of COSY used
greatly affects the S/N obtained. ‘P’-type COSYeasily the worst performer, so its
use cannot be recommended by these data; the dsoipdretween ‘N’-type and
phase-sensitive COSY is less clear-cut. Despitestigitly increased S/N for the
‘N’-type, for the lactate peak at least, the lindthi is apparently greater. On balance,
it was felt that the phase-sensitive COSY offeitael best quality spectra, so it was

this variant that was used for further developnveorik.

The poor performance of ‘P’-type COSY is eloquemtkplained in the paper by
Keeler and Neuha#s There is much inhomogeneous broadening of thespeakvo
arising from local variations in thB, field. The intrinsic lineshape of a peak in a
gradient-selected COSY spectrum is the phase-twlitth consists of an absorptive
and a dispersive Lorentzian component. In a ‘Pety@OSY spectrum, the
inhomogeneous broadening is parallel to thegative lobes of the dispersive
component (i.e., perpendicular to the ridge of phase-twist), so the broadening
results in the cancellation of some of the signainf protons resonating at a slightly
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different frequency. Contrastingly, in an ‘N’-tygeectrum, the broadening is parallel
to the positive lobes of the dispersive component (i.e., pardtiethe ridge of the
phase-twist), implying that peaks from protons nedimg at a slightly different
frequency will reinforce each other. Thus, the peimks ‘P’-type spectrum of an
inhomogeneous sample will be less intense tham iiNatype spectrum of the same

sample.

The phase-sensitive acquisition leads to pure-phpsetra which reinforce in a
similar manner to the ‘N’-type COSY peaks.

4.1.4.4  Acquisition Parameters
The final stage of optimisation of the sequence thasacquisition parameters,

specifically the repetition time, number of tramégeper increment and number of t
increments. The total acquisition time is the pradat these three quantities;
assuming it is fixed, increasing one parametere®ranother to be reduced. The
combination of the three that gives the best 8/Nivo for a given total time is
sought. This test was combined with an experimentampare ISIS-COSY with
VOSY-COSY in the brain.

Since this is highly dependent @nand other sample properties, the optimisation
was performed irpost mortenrat brain. A voxel was selected and shimmed, then
water suppression optimised for ISIS and VOSY lgagsion for TR of 1, 2 and
3 seconds. A preliminary test was to compare tief& a 1D spectrum run for each
localisation procedure at each TR. To this end, i@sef 1D ISIS and VOSY spectra
were run (for each sequence: TR = 1, 2 and 3 s 90t 450 and 300 transients
respectively, 8 steady-state transients; each adokit 15 minutes to acquire). These
showed the expected S/N difference, that ISIS waetthe S/N of VOSY for a given
TR. The S/N for a TR of 1 or 2 s was about 75% grehean that for TR =3 s for a

given pulse sequence.

For the 2D comparison, a target total acquisitiometof 2 h was set as being a
reasonable time fan vivo rat work. Seven consecutive two-hour experimergsew
run in the same voxel in the same rat to test @iffecombinations of the parameters
to see which yielded the best spectra. It was asdutmt metabolite concentrations

would be reasonably stable over this period of ¥hefollowing death, there is a
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Seq. TR ni nt sb sh SIN for peak at £ F (p.p.m.)

(s) (ms) (ms) lactate GABA taurine
13,13 13,41 19,31 3.2,3.2 3.2,3.4
IC 3 150 16 35 35 50 12 <5 23 8
2 222 16 55 55 45 15 5 17 5
35 35 25 7
2 111 32 35 275 100 20 12 35 12
1 222 32 55 55 60 20 5 30 12
35 35 100 23 8 37 15
1 111 64 70 275 116 27 7 45 11
35 275 200 50 13 80 16
vC 3 150 16 35 35 25 21 7 25 8
1 111 64 35 275 50 38 5 40 9

Table 4.3: S/N for five peaks in localised COSY s$peof post mortenrat brain.
Each of the seven acquisitions took 2 hours. Abhatmens: Seq., sequence (IC, ISIS-
COSY; VC, VOSY-COSY); ni, number of increments; nt, number of transients
(including phase-sensitive acquisition in for the ISIS-COSY experiments); ;b
time of the centre of the sine bell in the dimension; sh time of the centre of the
sine bell in the Fdimension.

short period (a few minutes) over which lactatedmees greatly elevated as a result of
anaerobic metabolism; after this, most small mdimbdevels (in particular,
glutamate, glutamine, lactate, creatine and insite relatively stable for in excess
of 24 hours. GABA is seen to rise over the coursa tew hours (approximately a
factor of two between 3 and 22 hoyrsst mortern this would tend to favour the
VOSY-COSY experiments as they were performed ataitawo of the seven.

The FIDs were processed using sine-bell apodisaisee table) and Fourier
transformed; the resulting spectra are shown inefydpx B. The S/N of three cross-
peaks and two diagonal peaks was measured in eackriem. These results may be
found in Table 4.3. The best S/N for all the peakssueed can be seen to be in the
ISIS-COSY experiment run with TR=1s and 64 trants for each of 111t
increments; the spectrum is shown in Figure 4.12s Thmbination was therefore
used for allin vivo experiments. Comparison of this spectrum with stadwn in
Figure 4.9 shows the considerable improvement thatoptimisation process has
made to the quality and usefulness of the spedtteout increasing the experimental

time significantly.
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Figure 4.12: ISIS-COSY spectrum pdst mortenrat brain. Key: L, lactate; N, NAA;
I, myoinositol; G, GABA; X, glutamate + glutamine; T, tine; A, aspartate. The
peak marked 1 is of unknown origin, but is liketylie from an amino acid such as
lysine, either free or in a peptide. Acquisitionrgraeters: 64 transients, 131t
increments, 2 kHz spectral width in each dimensibg, repetition time; total time,
2 hours. Processing parameters: sine bell centrgdta= 0.0275, 0.035 s; absolute-
value mode.

4.1.5 Quantification
One of the major benefits of NMR over some othemf® of spectroscopy is that

the information it provides contains quantitative \@ell as qualitative data. In a
simple 1D*H NMR spectrum of a solution of a small moleculee intensity of a
particular resonance line is proportional to thenasmtration of the proton(s)
contributing to it. This advantage is retained imwentional 1D spectroscopy vivo,
say using the STEAM or PRESS sequences, provideefieats arising fronT; and

T> relaxation are corrected for.

Obtaining the absolute concentration of a particaialecule within the sample is
the ideal goal of any quantification procedure.sTis complicated in NMR by the
multitude of influences on the magnitude of theorded signal, from the tuning of
the probe to the effective sample volume in thd. cbne solution is usually to
measure concentrations relative to some other miglechose concentration is either

known (e.g., an added reference molecule such a3 @iSmay be assumed (e.g.,
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water in the braimn vivo); the assumption is that the complicating influehaffect all
resonances equally and so do not alterréhative intensity of the peaks. This is the

approach adopted here.

Once the realm of 2D spectroscopy is entered, nsdbiecome more complicated.
The intensity of a cross-peak in a typical COSY-tgpectrum depends on tlde
coupling within the molecule, the acquisition paedens (particularly resolution in
the K dimension), the processing parameters (if sinkapeldisation is used) and the
relaxation properties, in addition to the concerdra To convert cross-peak intensity
to concentration, these various effects must bewatded for. This may be achieved
by comparing the experimental spectrum to a reterespectrum either recorded from
or simulated for single metabolites, acquired armt@ssed under identical conditions.
Once again, the complicating effects should bestrae in each spectrum, so taking

the ratio of the intensities from each should chtieam.

The program discussed in section 3.3 was designsithtadate reference FIDs for
each metabolite of interest that could be procegtsttically to experimental data to
account forJ-coupling effects, acquisition and processing pa&tans within the
spectrum, leaving just relaxation as a factor uoacted for in the resulting
concentrations. Rather than taking ratios of intesss a set of correction factors were
calculated as described in section 3.2.3—thesehareeciprocal of the intensity of
each peak in the simulated spectrum, so each ittemseasured from the
experimental spectrum may be multiplied by the egponding correction factor to

remove the undesirable effects. The correction facce listed in Appendix C.

The remaining effects aré&; and T, relaxation. The former will reduce the
intensity recorded owing to saturation of the sigraa fast repetition rate (short TR)
gives insufficient time for complete relaxation Ween FIDs. Provided thal; is
known for each metabolite of interest for the ctiods in the sample at the magnetic
field used, this effect can be calculated and tlamsoved. It may be estimated by
performing the experiment twice, once with a TR l@rgpugh that the metabolites
may be assumed to be fully relaxed {s@ffects are negligible) and once with the TR
set to the usual value and comparing the intessiigtained. Thel, corrections

obtained should apply to all similar samples.
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Accounting for theT, relaxation effects is slightly more difficult. Ithe
appropriaterl, values are known, the simulation could be exteridedclude them, at
the cost of taking considerably longer to calculad® approximation assuming
negligible relaxation during pulses would be simpbymultiply each point in the

calculated FIDs by, where
— ~ (t1+ tz)
R=exg —=—2/ (4.1)

is the effect ofT, relaxation during the; tand ¢ periods of the pulse sequence. The
effects of T, relaxation are more complex, as the inhomogeniibadening is
partially refocused by the second COSY 90° pul§g.i§ the apparent relaxation time
when the line-broadening effects of an inhomogead®yifield are added to the
intrinsic relaxation tim&5,.) However, it is difficult to findT, for protons that are not
well resolved in the 1D spectrum, so exact valeesrfany metabolite protons vivo

are elusive.

The quantification in this thesis does not includerection for relaxation effects,
but all other factors are included. The metabolitesen for a concentration reference
is creatine: it has an intense diagonal peak in2ldespectrum, which reduces the
error in measuring its intensity, and the conceéianaof the molecules contributing to
the peak (creatine and phosphocreatine) are appabely constant across a range of

condition&’. The value assigned for the concentration in rainbvas 8.5 mMNr.

Quantification then proceeds as follows. The spectigee Figure 4.10b) is
integrated around each peak of interest. Each pedkme is multiplied by the
corresponding correction factor to account Jezoupling, etc., to give a corrected
intensity. This is divided by the corrected inteysit the creatine peak and multiplied
by 8.5 mM, the assumed concentration of creatinphesphocreatine, to give a
concentration for that metabolite (albeit uncoredcfor relaxation). An example of
this process is shown in Table 4.4 for a normal Tée resultant concentrations

compare well with published d&fa®4
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Metabolite k F, Peak Correction Corrected Concentration
(p.p-m.) (p.p.m.) Volume  Factor Intensity (mM)

NAA 2.5 2.7 22.8 2.00 0.88 7.5

NAA 2.7 2.5 22.5 2.00 0.87 7.4

NAA 2.0 2.0 133.5 0.33 0.85 7.2

GABA 1.9 3.0 3.7 2.00 0.14 1.2

GABA 3.0 1.9 4.8 2.00 0.19 1.6

GABA 1.9 2.3 4.6 1.90 0.17 1.4

GABA 2.3 1.9 4.4 1.90 0.16 1.4
Glx (glu) 2.1 2.4 18.8 5.70 2.08 17.6
GlIx (gln) 2.1 2.4 18.8 1.60 0.58 4.9
Glx (glu) 2.4 2.1 19.1 5.70 0.59 17.8
GlIx (gln) 2.4 2.1 19.1 1.60 2.10 5.0
Glx (glu) 2.1 3.7 7.0 15.00 2.02 17.2
Glx (gln) 2.1 3.7 7.0 4,70 0.63 5.4
Glx (glu) 3.7 2.1 6.1 15.00 1.79 15.0
GlIx (gln) 3.7 2.1 6.1 4,70 0.56 4.7
Taurine 3.2 3.4 22.6 1.20 0.53 4.5
Taurine 3.4 3.2 24.1 1.20 0.56 4.8
Inositol 3.3 3.6 14.3 2.60 0.72 6.1
Inositol 3.6 3.3 12.7 2.60 0.64 5.4
Creatine 3.0 3.0 156.8 0.33 1.00 8.5
Creatine 3.9 3.9 141.1 0.50 1.36 11.6
Choline 3.2 3.2 124.9 0.11 0.27 2.3

Table 4.4: Example of quantification of a spectrunchsas that shown in Figure
4.10b. GlIx (glu) indicates quantification assumthg glx peak is all glutamate; Glx
(gln) indicates quantification assuming it is jgtitamine; the actual situation is
somewhere between the two, but cannot be deternfinedthis NMR experiment.
The peak volume of creatine at 3.9, 3.9 p.p.m. é&vatkd by contributions from

overlapping peaks such as inositol and the diagpeaks associated with the peaks
labelled 2 and 3 in the figure.

4.1.6 Summary
The ISIS-COSY pulse sequence has been shown tbthdficriteria for which it

was designed. It has good localisation and satmfacwater suppression; the
resolution of cross-peaks from the diagonal is ksice Extensive testing has proved
that the various elements of the sequence areifumragy correctly. The optimisation

of the sequence, particularly the acquisition patans, yielded considerable
improvements tgost mortemdata, which were reflected when the technique was
appliedin vivo. Phantom and animal spectra are encouraging,seithral metabolites
clearly visible in the spectrum from a two-hour aisgtion that are not resolved in a
normal 1D spectrum. They are superior to spectraiméd in an equivalent manner

using VOSY-COSY, a pre-existing technique with $&maims to ISIS-COSY.
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Figure 4.13: Diagram of the ISIS-JRES pulse sequence

Quantification of the spectra via integration obss-peaks has proved to be a
valuable extension of the process. Whilst the &fet T, and T, relaxation are not
accounted for in this, the results are nonethef@esnising. The concentrations
obtained in this manner compare favourably withlighled data obtained using other

techniques.

4.2 ISIS-JRES
The second pulse sequence developed is a locakiszsblved sequence. This is

another simple 2D sequence, but it yields spedmesvhat different to the COSY
sequence described above. The second dimensionJisoapling domain, so its
spectral width need be only a few tens of Hertzdwer all signals. This means that
good (say <1 Hz) resolution can be achieved witlatikely few t increments;
however, it also implies that separation betweeskpewill be less, if only because
there is less space for them to spread over. Theesegq is more sensitive to flip
angle variation then COSY, particularly in the 18filse, and can suffer from
artefacts partly as a result of this; some careb@wred by phase cycling (see below),

while the sensitivity td; field strength may be reduced by employing a caipo
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Sequence Reference r.f. field range Offset rangg (H

180% — + 6% + 1400
18015c1804c180;o¢ 95 + 20% + 800
1801045360313..180104.:18% 96 + 31% + 1400

Table 4.5: Constant rotation composite 180° pulskda( adapted from Levitt's
review?’). r.f. field range is variation from nominal r.field that keeps net
magnetisation after the sequence within 10° otdésred value. Offset range is range
of resonance offsets over which the net magnetisatiter the sequence is within 10°
of the desired value for an r.f. field equivalem&at 100us 90° pulse.

180° pulse (also discussed later). A general dsonsof 2DJ-resolved spectroscopy

may be found in section 1.7.

4.2.1 Pulse Sequence
Most of the pulse sequence is identical to the ISCEY sequence detailed

above. The outer-volume suppression, water suppressid localisation modules
remain unchanged; only the excitation of the 2Mai@nd the associated phase cycle
differs. The sequence is illustrated in Figure 4.13.

4.2.1.1 Excitation Module
The excitation module used is the same as a higitutésn J-resolved sequence:

90° — /2 — 180° — /229, 30 (see discussion in section 1.7). The pulses usaé we
rectangular pulses, approximately|89(90°) and 16@s (180°) in duration for use in

the rat brain.

4.2.1.2 Phase Cycle
The EXORCYCLES phase cycle was used to suppress artefacts repdifm

imperfections in the 180° pulse, as discussed rtise 1.7.3. The number of
transients per;tincrement used fan vivo acquisitions was sufficient to additionally

include the full CYCLOPS quadrature artefact supgpi@n cycle.

4.2.1.3 Composite 180°pulses
An alternative means to reduce the artefact leiglgrovided by the use of a

composite 180° pulse. A composite pulse is a safesontiguous r.f. pulses with
different phases and only nominal delays betweemtht is designed to mimic the

effect of a simple r.f. pulse, but with superiooperties in one or more aspects of its
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Figure 4.14: Simulated 2DJ)-resolved spectra showing the effectiveness of a
composite pulse or the EXORCYCLE phase cycle at tieduartefacts from an
imperfect 180° pulse. (a) Spectrum simulated usisgmple 180° pulse. (b) Same as
(@) but using EXORCYCLE. (c) Spectrum simulated usihg composite pulse
180120180:40180120. (d) Spectrum simulated wusing the composite pulse
180104.5360313.41801045180). Simulation parameters: spectral width, 500 x B@Q 90°
pulse duration, 75% of the nominalug; AX spin system (chemical shift of A,
+120 Hz; chemical shift of X, —180 Hz-coupling constant, 50 Hz); number of
complex points per FID, 256; number of incrememts?2. Processing parameters:
4 Hz line broadening in;Fand 8 Hz in EFdirections; absolute-value mode.

performance, for example greater bandwidth or redwsensitivity to variations in the
B, field strength. It is this latter property thasisught for this application.

Many composite pulses have been designed for \@armplication®’. Here, a
constant rotation composite 180° pulse is needétl,awgreater r.f. field range than a
simple 180° pulse. Great insensitivity to resonawitget is relatively unimportant, at
least for the high-field applications, as the baiadwof a typical simple 180° pulse is
easily sufficient to excite the entire chemicalftsrange present in the samples. Two
composite pulses stand out for their relative siaiyland improved r.f. field range:
their properties are summarised in Table 4.5. It marseen that some three to five
times the variation in thB; field strength can be tolerated using the compqsiise

sequences than a simple 180° pulse.

82



180° pulse sequence 180° correct 180° mis-set

18 100% 72%
1801218041801 97% 91%
180404.:360313..180,04.:180 94% 93%

Table 4.6: Relative signal recovery after a spineefdrmed by one of three 180°

pulses with the pulse duration either correct as-g@t. This was measured by finding
the height of 13 peaks in the 1D spectrum of thétirmetabolite phantom for each

of the six sequences and taking the ratio withameesponding peak height in the
first spectrum. The percentages above are the nfghis @et of figures.

4.2.2 Simulation Testing
The effectiveness of the composite pulses at reduaitefacts in a 2[3-resolved

spectrum was evaluated by simulating the effecth®fsequence with a simple 180°
pulse then a composite one. The duration of theepugas deliberately mis-set to
provide a challenge for the 180° pulse.

As Figure 4.14 shows, the artefacts are greatlyaed in magnitude by the use of
a composite 180° pulse in place of a simple 1808epuThis will increase the size of
the signal recovered by the spin-echo and redweestjuirements placed on the phase
cycle (which is, of course, just as compatible vatkomposite 180° pulse as with a

simple one).

4.2.3 In vitro Testing
Experimental comparison of the performance of tifieint ways of suppressing

artefacts from an imperfect 180° pulse was undertak the usual multi-metabolite
phantom. An 8 x 8 x 8 mivoxel was selected in the centre of the tube aimdmed.
The water suppression was optimised and the 90°L860¢8 pulse durations carefully
calibrated as 68s and 133us respectively. To exaggerate the effect of pBer
homogeneity, the ‘180°’ pulse duration was setQqu9 (a 120° pulse) for one set of

experiments; for the other set it was left at tbenmal value.

Firstly, a set of 1D experiments was run, to chéek signal recovery from the
spin-echo. Each of the three 180° pulses shown lokeT&5 was used, with the 180°
pulse both correct and mis-set. The results are sused in Table 4.6. They show
that using a composite pulse is largely successfitdducing the signal loss otherwise
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Figure 4.15: 2DJ-resolved spectra of the multi-metabolite phantdime 180° pulse
duration is set correctly in (a) and to 120° foj{e). (a), (b) and (d) use a simple
180° pulse, whereas (c) and (e) use the;zb880,40180,20 composite pulse. The
EXORCYCLE phase cycle is used for (d) and (e). Théicadrscale is the same for
each spectrum. Processing parameters: 1 Hz linadbrong in 5 2Hz in K,
absolute-value mode.

associated with a poor quality (in this experimetgliberately miscalibrated) 180°

pulse.

Secondly, a series of 2bresolved spectra were acquired, to assess thadrte
level and the spectrum quality. The same six scesas for the 1D were tested, this
time both with and without the EXORCYCLE phase cycleaking twelve
experiments in all. A representative set of spectey be found in Figure 4.15. The
top spectrum (a) has the 180° pulse correctly ol and shows the expected

splitting of the lactate (doublet & = 1.3 p.p.m.) and taurine (two tripletséat= 3.2
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and 3.4 p.p.m.) peaks, amongst others. The othersfpectra were recorded with a
180°" pulse duration equivalent to a 120° puldend steps are taken to counter the
effects of this, spectrum (b) results: note theatiyereduced intensity for the taurine
peaks in particular; also, note the artefacts;abf= 0, 1.3 p.p.m. and between the
peaks of the taurine triplets. Using the EXORCYCLEag# cycle improves the

quality of the spectrum somewhat (spectrum (d))sTHas greater signal intensity in

the desired peaks, although the artefacts argstdent.

Of the other seven spectra, all those acquired with 180° pulse correctly
calibrated resembled spectrum (a), implying thatyitro at least, theB; field is
sufficiently uniform that any inhomogeneity has smperceptible effect on the
spectrum. The final two spectra, acquired with thie-set 180° duration and the
180104.5360313.41801045180y composite pulse with and without the EXORCYCLE
phase cycle, appear the same as the corresponpietra for the other composite

pulse, (c) and (e).

The use of a composite 180° pulse (spectra (c) aj)dcan be clearly seen to
produce the cleanest spectra. There is no discerraatdfact between peaks of the
multiplets, and the signal intensity is similartt@t in spectrum (a). The benefit of
EXORCYCLE is marginal in this case: it adds littlettee quality of the spectrum,
but, if sufficient transients are to be acquiregvaay, it might as well be included as a
secondary defence to poor calibration or homoggrmdithe 180° pulse. The S/N for

the lactate cross peak at B, = 3 Hz, 1.3 p.p.m. in spectrum (c) was 320:1.

4.2.4 Post Mortem Testing and Comparison with JPRES S
Testing of the ISIS-JRES techniquepost mortenrat brain was accomplished in

the same experiments as a comparison of its peaficenwith JPRESS, another of
the 2D localised NMR sequences discussed in sedtibn This was chosen for
comparison with ISIS-JRES as it gives the same ty@pectra and is readily adapted

from the established PRESS pulse sequ@énce

4.2.4.1 The JPRESS pulse sequence
The sequence was adapted from a PRESS pulse seduentaking one of the

echo periods an incremented one, as shown in Figu@. Water suppression is
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Figure 4.16: Diagram of the JPRESS pulse sequence.

provided with a WET module prior to the first 90° gl For the 90° and 180° pulses
in the PRESS module, 1 ms five-lobe sinc pulses wessl, giving a bandwidth of
6 kHz. The WET pulses were 15 ms five-lobe sinc pulgésng a bandwidth of
400 Hz. A 10 ms crusher gradient was used, exastin the ISIS-JRES sequence.

4.2.4.2 Comparison
The comparison proceeded in the usual manner: d waseselected in the brain,

shimmed (using STEAM as normal), and the water s@gspe adjusted for each
pulse sequence. A series of 2D spectra were thmrded using the ISIS-JRES and
JPRESS sequences with different combinations of ThRpber of increments and
number of transients per increment. A represergagpectrum may be seen in Figure
4.17. The JPRESS spectra appeared similar, butgeerigh slightly less of a broad
underlying hump. This would likely be from macronmiées, whose shortdi times
results in the signal being largely filtered outidg the first £ period of the JPRESS

pulse sequence.

The S/N of the lactate peaks af, B, = = 3.5 Hz, 1.3 p.p.m. was measured for
each spectrum by extracting rows through the 2Btsp@and comparing the height of
the lactate peak with the mean height of a regibnaise; the figures are found in
Table 4.7. They show that the S/N for the ISIS-JRE®issistently greater than that
of the JPRESS sequence. The magnitude of this differas unexpected—the
JPRESS sequence does not discard 50% of the sikmal BETEAM-based sequence
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Figure 4.17: ISIS-JRES spectrum mdst mortenrat brain. Acquisition parameters:
164 increments, 256 transients per increment, 1.5s, HBRectral width

5 kHz x 50 Hz. Processing parameters: 0.2 Hz lireadening in 5 5Hz in K,
rotated 45°, symmetrized, absolute value model &atguisition time, 1 h 44 min.
would. Perhaps it is the lipid or macromolecule tabation underlying the lactate
peak that is partially responsible. Within eachusege, the pattern of S/N is similar
to ISIS-COSY: increasing the number of transieatgn at the expense of a shorter
TR or fewer 1 increments, increases the S/N. Thus the spectritimtine best S/N is

the one shown in the figure.

Despite the reasonably high S/N values for theatacpeaks, the spectra are
largely uninformative. Very few peaks may be digtished; those that can are

Sequence TR (s) ni nt Total Acquisition Time S/Nawftate peaks

ISIS-JRES 3.0 32 64 1 h 44 min 35
15 32 128 1 h 44 min 45
1.5 16 256 1 h 44 min 55
1.5 16 128 52 min 45
JPRESS 30 32 64 1 h 44 min 20
15 32 128 1 h 44 min 20
1.5 16 256 1 h 44 min 30
1.5 16 128 52 min 25

Table 4.7: Comparison of the performance of theS{ERES and JPRESS pulse
sequences ipost mortenrat brain. Abbreviations: ni, number qfihcrements; nt,
number of transients per increment. S/N measured tiie lactate peaks at
Fi, F=x235Hz 1.3 p.p.m..
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extremely broad and would be of very limited usedoantification owing to overlap

from neighbouring peaks. In the same length of tithe ISIS-COSY sequence yields
a spectrum with well-separated cross-peaks that tmayassigned to specific
molecules and are suitable for quantification. @is basis, the applications of the
development work discussed in this chapter werelysdlased on the COSY variant,

not theJ-resolved one.

4.2.5 Summary
Replacement of the excitation module of ISIS-COStwa J-resolved sequence

gives a different approach to 2D spectroscapy vivo. The spectral width
requirements in the;Fimension are considerably lower than for the CQO@&Want,
leading to hopes of substantial time savings. Thgquence is sensitive to the
performance of the 180° pulse, so methods involyphgse cycling and composite
pulses to reduce this sensitivity to miscalibratiointhe flip angle andB; field

inhomogeneities were implemented and tested inlalioa andin vitro.

A post mortenrat brain comparison with JPRESS, a similar teqpimialready
published, showed that better S/N for the off-gxémks was consistently obtained
using ISIS-JRES. However, the spectra produced stdtevery disappointing. Only
one pair of off-axis peaks, from lactate, couldassigned; the linewidths were very
high and consequently the spectrum is of slighttytior any quantitative analysis.
Consequently, the applications developed for 2D MRSivo, shown in the next
chapter, are all based on ISIS-COSY.
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Chapter 5: Applications

Three areas ofn vivo application for the ISIS-COSY pulse sequence were
undertaken. The first of these was an investigatimo the effect of Vigabatrin, a
GABA-transaminase inhibitor, on metabolite concatnidns in the rat brain. These
have been extensively investigated by other methindtuding a 2D NMR studi
(unlocalised), so this was a validation of the mawWise sequence. Secondly, a study
was performed to ascertain whether any markersofrophil infiltration into the rat
brain could be detected by ISIS-COSY, with potdnéipplications in examining
central nervous system inflammation. Finally, teguence was adapted for use on a
whole-body magnet system and some preliminary sp&atre recorded from human

volunteers.

5.1 Vigabatrin Study
This study was designed to demonstrate the effutiss of the ISIS-COSY pulse

sequence at quantifying metabolite concentratinribe brain and measuring changes
in these. A drug that alters the concentrationsarhe of them in a well-known
fashion was sought: vigabatrin provides this.

5.1.1 Vigabatrin
y-aminobutyric acid, GABA (see Figure 5.1a), is $wsisedin vivo from

glutamate by glutamic acid decarboxylase (GAD, EC.1415). The degradation
pathway is to succinate semialdehyde, catalysed GABA-transaminase (4-
aminobutyrate-2-ketoglutarate aminotransferase, E6.1.19). These metabolic
pathways are shown in Figure 5.2. GABA is the prymahibitory neurotransmitter
in the mammalian cort@% 190and abnormalities with its metabolism are assediat
with a range of neurological disorders. For examptame regions of the brain in

individuals who suffer from certain forms of episgpare deficient in GABA.

a b\

a_ 0O y a O
HN"">p7 hd HN" > \f
OH OH

Figure 5.1: The structures of (a) GABA and (b) \again.
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Figure 5.2: GABA metabolism in the mammalian brdimzymes responsible for
particular transformations are shown in italicsgabatrin inhibits the action of
GABA transaminase.

Vigabatrin (see Figure 5.1b) is an analogue of GAfBAt acts as a selective,
irreversible inhibitor of GABA-transamina¥B-104 Administration of a suitable dose
leads to an increase in the GABA concentratiomékrain. This in turn causes, via a
negative feedback loop, a decrease in the rate ABAGsynthesis, resulting in an
increase in the levels of glutamate also. Thesectffhave lead to the use of

vigabatrin as a treatment for epilepsy.

Its employment for controlling GABA levels in theain and as a therapeutic
agent in epilepsy have meant that vigabatrin ha Istudied extensively, both in
humans and in rats. Many different dosing regimmgehbeen used in the ¥at-107
Some are chronic and others acute; some injectusateously or i.p., some deliver
the drug orally. A recent papéf shows that significant effects are observed after
three days’ treatment at 100 mg/kg/day and thaetkeéfects are not greatly increased
by either lengthening the treatment period to eidays or increasing the dose.
Therefore, this protocol was adopted for the cursndy. These doses are not

thought to be neurotoxic.

Magnetic resonance measurement of GABA in the higusually achieved with
a spectral editing experimént 105, 106, 108-113These techniques were discussed in
section 1.4. For the detection of GABA, tldecoupling from the[-protons at
1.9 p.p.m. is selectively collapsed (e.g., witlorag r.f. pulse during a spin-ecdi¥§) in
alternate acquisitions and theprotons at 3.0 p.p.m. observed. This combination

gives the fewest problems with co-editing of undEsiresonances, although care
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must be taken over contamination from macromolecublnd, in humans,

homocarnosine.

5.1.2 Methods

5.1.2.1 Animals
Two groups of male Wistar rats weighing 180-220 grevstudied. Group A

(n = 6) were gavaged with 20 mg vigabatrin dissolwe 0.5 ml water (100 mg/kg)
daily for three days, administered under halothanaesthesia. The dose was later
doubled to 200 mg/kg/day: see results section3p.Spectroscopy was performed on
the fourth day, 24 h after the last drug adminigira Group B were untreated control
animals (n = 10: 8 from the development phase efptitoject and 2 specially for this
study; animal sizes were similar and spectroscppacedures identical throughout).
Free access to food and water was permitted thoaighAll procedures were

approved by the Home Office.

5.1.2.2 Spectroscopy
The rats were prepared for spectroscopy as perose2t4d. The spectroscopy

protocol used was as described in section 4.1.3uinmary, the protocol involved
performing a global shim, acquiring scout imagepdsition the voxel, shimming that
voxel, optimising the water suppression and acagitwo spectra, a 1D ISIS (3s TR,
256 transients, 15 min acquisition time) and a ZRSICOSY (1s TR, 114t

increments, 64 transients per increment, 2 h attguistime); the entire protocol

including preparation took about 3% h per animablldwing spectroscopy, the
animal, whilst still under anaesthetic, was killedcervical dislocation and the brain
rapidly excised and frozen in liquid nitrogen. Tisswas stored at —80°C prior to

extraction forin vitro analysis.

The spectra were processed in the usual mannerLd®ntz-to-Gauss transform,
zero-filling, Fourier transform; 2D: sine-bell apsation, zero-filling, Fourier
transform and presentation in absolute-value madahy of the peaks in the ISIS-
COSY spectrum were integrated to provide intersiéie a basis for quantifying the
metabolites represented in the peak. Section 4ikéusses the quantification at

length.
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Peak o 9, Control 1" 2 3 4 5 6 Treated % Change  Treated % Change
(n=10) (n =6) (n=5)
NAA 24 27 8272069 7.73 8.21 8.04 7.22 8.21 10.18 8.26+1.01 9%0.1 7.88 £0.42 -4.7%
NAA 27 25 810x066 7.51 8.05 773 715 7.89 995 8.05+0.98 -0.7% 7.67+0.35 -5.4%
NAA 20 20 754066 6.90 7.15 711 6.70 699 839 7.21+0.60 -45% 6.97£0.18 -7.6%*
Lysine 1.7 3.0 1.19+£0.14 1.24 1.12 1.26 1.13 1.16 1.58.58 1.23.29H0.17 4.7%7/% .18.8 68.0806 -0.9%
Lysine 3.0 1.7 1.21£0.13 1.25 1.14 1.31 1.15 1.15 1.62 1.27 & 0.1 5.0% 1.20+£0.08 -0.8%
GABA 1.9 3.0 1.07 £0.17 1.85 1.18 244 257 2.29 3.92 2.38%02.1%*** 2,07 £0.57 93.3%***
GABA 30 19 1.35+£0.20 2.18 1.64 292 3.05 311 516 3.01&1m®225%*** 258+0.64 90.7%***
GABA 19 23 1.06 £0.23 261 1.38 256 284 256 584 2.96& 15/9.0%** 2.39 £ 0.58 124.8%***
GABA 22 19 1.04+0.23 258 1.40 261 286 268 580 2991147 2868 2.43+0.59 132.8%***
Glx(glu) 21 25 14.75+1.52 19.28 16.02 18.94 17.96 17.93 20.438.43+1.50 24.9%*** 18.03+1.27 22.2%**
Glx(gin) 21 25 414+043 541 450 532 5.045.05.035.786.745.154DHD.LLJYWF** 5006 H.8B6 222%F5**
Glx(glu) 25 21 15.04+1.46 19.42 16.07 18.838.27 18.03 20.61 1854+152 23.2%** 18.12 +1.2720.5%**
Glx(gin) 25 21 422+041 545 451 5.295.13 506 578 5.20+£043 23.2%*** 5.09 +0.3620.5%**
Glx(glu) 21 3.8 17.98+3.32 2130 17.49 23.308.31 17.06 35.76 2221+7.07 23.5% 19.50 + 2.708.4%
Glx(gin) 21 3.8 505+093 598 4091 6.545.14 479 10.04 6.23+£1.98 23.5% 5.47 £0.76 8.4%
Glx(glu) 3.7 21 17.00+£3.25 19.81 16.87 22.988.02 16.66 30.91 20.87+5.44 22.8%* 18.86 + 2.611.0%
Glx(gin) 3.7 21 477+091 556 4.73 6.455.06 468 868 586153 22.8%* 5.30+£0.7311.0%
Taurine 3.2 34 3192050 405 3.46 3.663.51 3.69 2086 BHELHIO3®6 11149% 3B 7H=0022315.1%*
Taurine 34 3.2 358+049 428378 404 372 428 353 394+0.31 10.0% 4.02 + 0.272.3%*
Inositol 3.2 36 586+048 561 525 572 534 567 476 5.39+0.36 -8.1%* 5,52 +0.21 -5.9%
Inositol 3.6 3.2 539+040 497 474 515 474 557 432 4921042 -8.8%* 5.04 £ 0.346.6%
Creatine 3.0 30 850+0.00 850850 850 8.50 850 850 8.50+0.00 0.0% 8.50 + 0.000.0%
Creatine 39 39 951+286 10.99847 11.24 9.67 9.18 6.76 9.38+1.66 -1.3% 9.91 +1.184.2%
Choline 32 32 1.93+£0.21 1.98 1.94 1.78 1.79 1.77 190 1.86+0.09 -3.5% 1.85 +0.1684.0%
Water l/w 16.3+2.9 13.9 15.9 164 127 12.7 14.6 144+1.6 -11.9% 14.3+1.712.1%




spectrum (1D ISIS without water suppression). Teéaand control columns
expressed as mean + 1 standard deviation. Theedtrelta are analysed twice: once
for all 6 animals, and once for just animals 1% tb concerns over the results from
rat 6. GIx (glu) is quantification of the glx peaksuming it is entirely glutamate;
Glx (gIn) assumes it is entirely glutamine. Theuatsituation is between the two, but
cannot be distinguished using this experiment. %ngk is treated vs. control;
significance was determined using a two-tailedst-tdhe changes for each GABA
peak and one pair of the gIx peaks were highly iBggmt (*** P <0.001,

** P <0.002). One NAA peak, taurine amaycinositol show a trend towards a
difference between treated and control groupssimge the trends are only apparent
in one of the two treated analyses in each caskthensignificance is low (P < 0.1),
these results should be treated with great caufibe. peaks assigned to lysine are
only a tentative assignment, so the concentrasamot corrected fod-coupling and
Qrocessing effects and should be read as if intrarlgi units rather than mM.
Vigabatrin dose 100 mg/kg/day; all other animal® &ty/kg/day.

5.1.2.3 Extracts
The frozen brains were extracted with perchlorid §€CA) using the method

described in section 2.5. High-resolution NMR wasf@grmed on the resultant
solutions according to the protocol depicted irtisec2.2.4. Selected peaks in the 2D
COSY spectrum were integrated to provide a qudivt@omparison with tha vivo

spectroscopic results obtained using ISIS-COSY.

5.1.3 Results

5.1.3.1 Invivo
The 1D ISIS and 2D ISIS-COSY spectra (see Figusg &btained from each rat

were similar to those shown in Figure 4.10; in igatar, the difference in size of the
GABA peaks between controls and treated animalswegassimilar to the eye. After
the first two rats had been studied, there was stonbt about the size of the increase
in GABA levels, so the dose for the remaining fowmas doubled to 40 mg
(200 mg/kg) daily to ensure the GABA-transaminases wotally saturated. The 2D
spectra were quantified relative to the diagon@atine peak assuming that this
metabolite had a concentration of 8.5 mM. The tedol the six treated animals are
listed in Table 5.1.

Treated rat number 2 has GABA peaks that fall cldasethe range for control
animals than for treated ones, albeit at the higiner of the range. This may indicate
that it has failed to respond to the treatmentstome reason, or that its response was

considerably less than the other five rats. Thiseolation was what prompted the
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Figure 5.3: ISIS-COSY spectrum of vigabatrin-trelatat brainin vivo (rat number
3). Acquisition parameters: 64 transients, Llih¢rements, 2 kHz spectral width in
each dimension, 1 s repetition time; total tim&ofrs. Processing parameters: sine
bell centred at ;ft, =0.0275, 0.04 s; absolute-value mode, symmetriZéeak
identification as for Figure 4.10b.

increased vigabatrin dose for the subsequent fatist The spectrum from rat 6 has
poor S/N relative to the other treated rats; thangfication produced peak integrals
all significantly below those from the other spactihe intensity of the diagonal
creatine peak was especially low, so quantifyirigtiee to this is the explanation of
the anomalously high concentrations seen for mb#teometabolites. Other spectral
parameters (for instance, the width of the watakpé&ell within the range of the other
five rats; the spectra themselves were ostensilolylas, and no reason for the
abnormal quantifications could be discerned. Dasilthhus cast on the accuracy of the
figures for rat 6, so analysis of the treated gpewtas performed both including
(n = 6) and excluding (n = 5) the data from this Tdis permits an assessment to be
made as to the validity of any differences obserwednetabolite concentrations
between control and treated rats, and whether dhisg solely from the contribution

of rat 6; any that do are necessarily to be reghvdth caution.

The table also contains, for each metabolite, tlEanmmconcentration and its
standard deviation for ten control spectra andpieentage difference between the
control and treated groups. The significance oheaicthese differences was tested
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Figure 5.4: Graph of changes in metabolite cona#iotis in vigabatrin-treated rat
brain versus controls as measured by ISIS-COSY6nall treated rats; n =5, only
rats 1-5. Error bars are + 1 standard deviation.

using a two-tailed t-test, the results of which ateo included in the table. A
graphical summary of the changes observed in treddd rats versus the controls is

presented in Figure 5.4.

The significant changesP(< 0.002) in treated versus control rats are large
increases in GABA concentration (up to ~150% insegawith smaller increases (20—
25%) in the glutamate / glutamine composite pedds, dhese changes are observed
in the analysis both with and without rat 6. Sublargyes are entirely consistent with
the inhibition of GABA-transaminase, as explainedhe introduction to this section:
the rate of GABA breakdown is drastically redudedgding to a build-up of GABA; a
negative feedback loop reduces the rate of itshegn from glutamate, causing its
concentration to increase also. The magnitudee®f3ABA changes is in accordance
with the results of a previous study with a simildosing regime, where the
concentration measurement did not use magnetimaesé®. This study did not
measure glutamate or glutamine concentrations,theitmodest increase reported

above seems entirely credible.
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Symmetrically related cross-peaks clearly show msimilar changes than
unrelated cross-peaks. The four GABA peaks arenaeroent demonstration of this:
in the n =5 analysis, the first two peaks symroatly located at (1.9, 3.0 p.p.m.) and
(3.0, 1.9 p.p.m.) both show increases of around,90Btist the other pair of peaks
show increases around 130%. The similarity betwsgmmetric pairs would be
entirely expected, however, as the spectra are ggriaed prior to quantification; the
minor differences arise from slightly different gas and size of the integration
boxes. The relatively large difference betweengars of unrelated cross-peaks for
GABA is difficult to explain. Looking at the glx p& n =5 analysis reveals a similar
trend: the pair of peaks including (2.1, 2.5 p.p.smow a 20% increase, with the pair
including (2.1, 3.8 p.p.m.) having a 10% increasere, the origin of the difference is
clearer: the latter peaks are much weaker, so tkareich greater uncertainty in the
measurements, reflected in the standard deviatiessciated with these peaks being

approximately twice as large (particularly appaiarfigure 5.4).

Table 5.1 also shows possible small increases entdbirine concentration and
decreases in NAA anaycinositol, although these are much less signifi¢®nt 0.1)
and only observed in one analysis (either n =5 er6) in each case. Such low
significance, and the reliance on including or asolg one specific rat from the
analysis, means that no real importance can behattiato these observations at this
stage. Larger numbers of animals to confirm or degte the trends would be needed.
The mechanism for any changes, if indeed they anelige, is not known. However,
substantiation of any effects in a larger studyldoprove an interesting and
illuminating demonstration of a side effect of \iigérin, potentially furnishing greater
insight into its function in the brain.

5.1.3.2 Extracts
A typical 1D spectrum of a PCA-extracted rat brdivat of treated rat number 6)

is shown in Figure 5.5. This shows peaks from aewidnge of water-soluble
metabolites, plus TSP (added as a reference). @nesstolution is attained in the two-
dimensional COSY spectrum (Figure 5.6). These shmwh similarity with thein
Vivo spectra, albeit with a considerably reduced linkhwi(~1 Hz versus ~14 Hn

Vivo).
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Figure 5.5: 1D spectrum of PCA extract from vigaipatreated rat number 6.
Acquisition parameters: 15s TR, 5 kHz spectral tnidl6 transients; total time,
5 min. Processing parameters: 0.5 Hz line broademyssignment:d = 1.3 p.p.m.,
lactate;d = 1.75, TSP = 1.0, GABA, acetated = 2.0, NAA; d = 2.05, glutamate;
0 =2.15, glutamate + glutamingy=2.3, GABA; b = 2.35, glutamatep = 2.45,
glutamine;d = 2.5, NAA; d = 2.65, aspartate) = 2.7, NAA; 6=2.9, TSP;0 = 3.0,
creatine;d = 3.2, choline;p = 3.25, taurine #nmyainositol; d = 3.4, taurinep = 3.5—
3.6, myainositol; d = 3.75, glutamate + glutaminé;= 3.9, creatined = 4.05, myo
inositol; & = 4.1, lactated = 4.4, NAA.

The cross-peaks in the COSY extract spectra wetegrated to provide
guantitative information about the concentrationeath metabolite in the extracted
solution. Since the correction factors (for defont see section 4.1.5) have not been
calculated for the magnetic field and acquisitiangmeters used for these spectra, the
numbers are in arbitrary units, different for epelak. However, comparisons can be
made between spectra as the same conditions wedefarseach. A summary of the
key peaks, most of which were also quantified mithvivo spectra, is presented in
Table 5.2. Once again, the data have been processledor all six animals and for
only rats 1-5. Unlike tha vivo figures, however, the extract results for rat&\aary
similar to the other five sets, so there is litdason to use the n =5 results over the
n = 6 ones. There were only two control extractpedone as only the two rats used
specially for this study had their brains extractéde other eight from the
development phase were not thus treated.
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Figure 5.6: 2D COSY spectrum of same sample asr&igub. Cross-peaks are
labelled with conventional abbreviations. Peaks &eifrom unknown compounds; 2
and 3 also appear in tha vivo spectrum (see Figure 4.10). The former has a
resonance pattern consistent with phosphoethanotanar histidine, but the
identification has not been verified. Acquisitiomrameters: 7.5s TR, 3 x 3 kHz
spectral width, 4 transients per increment, 32@drements; total time, 2 h 40 min.
Processing parameters: sine bell centred &tt 0.042, 0.1 s, absolute-value mode.

The results are somewhat disappointing, in thatsta@dard deviations for the
treated spectra are rather greater for many op#aks than would be desired, and
significantly greater than the corresponding omethein vivo quantification. Several
are larger than 10% of the mean intensity for thakp However, the GABA results
do show a considerable increase of around 80%eseinréated versus control animals,
although this is smaller than the ~150% increassddn vivo. Interestingly, the
separate measurement of glutamate and glutamingibf®sn the extract spectra
implies a small (not significant) decrease in ghdde but a rise in the glutamine
levels P < 0.1) on treatment with vigabatrin. This is cab what was predicted in
the introduction to this section: a rise in glutaeni@vels would be expected, with any

changes in glutamine being relatively smaller.
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Peak o o6,  Control 1 2 3 4 5 6 Treated % Change Treated % Change
(p.p.m.) (n=2) (n=6) (n=5)
NAA 27 25 698+022 641 682 719 797 645 7.38 7.04+0.60 0.8% 976064 -0.2%
NAA 44 25 080+032 064 053 043 040 0.44 041 0.48+0.09 9U&5 0.49 + 0.10 -38.9%*
NAA 2.0 20 33.40+293 3530 35.38 3534 37.06 34.10 33.21 35.08%1 5.0% 35.44+1.05 6.1%
GABA 19 23 142+023 343 131 242 263 224 331 2.56=0.780.3%* 2.40+0.76 69.7%
GABA 30 19 145+£020 293 145 266 279 241 348 2.62%0.680.6%* 2.45 +0.59 68.8%*
Glutamate 2.3 2.1 280002 317 234 265 213 243 205 246%10422% 2.54+0.40 -9.3%
Glutamate 2.3 2.1 4.03+0.29 507 337 284 240 318 227 3.1921.21.0% 3.37 £1.02 -16.4%
Glutamine 2.4 2.1 3.28+0.18 577 425 449 568 3.95 5.24 4.90%0.49.5%* 4.83+0.84 47.4%*
Glx 3.7 21 6.60+037 6.72 523 574 578 5.23 5575.71+055 -13.5%* 5.74+0.61 -13.0%
Taurine 34 33 6.82+046 995 646 7.21 780 6.22 7.307.49+134 9.8% 753+1.49 10.3%
Taurine 34 34 764+065 836 884 1040 9.68.74 9.22 9.21+0.74 20.5%** 9.20 + 0.8220.5%*
Inositol 36 3.3 450+£056 654 375 4.004.06 322 371 421+£118 -6.3% 4.32 +1.29-4.0%
Inositol 37 36 927+138 353 482 045150 220 050 217+£1.74 -76.6%*** 2.50 + 1.7273.0%***
Inositol 40 35 279050 159 154 155196 1.39 190 1.66+0.22 -40.6%*** 1.61 £ 0.2142.3%***
Inositol 3.6 3.6 2273+358 6.44 1323 3.866.55 7.18 421 6.91+£3.38 -69.6%*** 7.45 + 3.4767.2%***
Lactate 1.3 1.3 32.00+0.50 32.01 25.68 24.24.53 34.79 19.63 27.36+5.43 -14.5% 28.91 + 4.359.7%
Lactate 41 1.3 190+052 163 087 095.60 117 102 1.21+0.33 -36.6%* 1.25 + 0.3634.6%*
Aspartate 2.8 2.7 221%+$€#000 1¥33168 130 107 138 0.78 132+0.36 -37.3%** 1.43 £ 0.282.2%**
Aspartate 3.9 2.7 2.06+0.07 1.081.54 107 080 123 0.64 1.06+0.32 -48.6%*** 1.14 £ 0.2-A4.5%***
Creatine 3.0 3.0 50.00+0.00 50.060.00 50.00 50.00 50.0050.00 50.00 +0.00 0.0% 50.00 £ 0.00 0.0%
Creatine 39 39 3260+054 31.731.86 31.68 32.67 30.94 31.60 31.75+056 -2.6% 31.7%2 0 -2.5%
Choline 3.2 32 1478+1.30 10.438.15 11.66 9.68 7.79 10.11 9.63+1.45 -34.8%*** 9.54 a01. -35.4%***
TSP l/lw 1.1 +0.2 0.8 0.9 1.2 0.8 0.8 1.0 0.9+0.2 -12.7% 0.9 £ 0.214.3%




linewidth (Hz). Treated and control columns expeelssas mean =1 standard
deviation. The treated data are analysed twicee docall 6 animals, and once for
just animals 1-5, as for thie vivo results. The intensities are normalised to the
diagonal creatine peak at 3.0 p.p.m.. %Changee&dd versus control; significance
was assessed using a two-tailed t-te®® €0.1; ** P < 0.05; ** P < 0.01).

One possible reason for the increase in the glk peang mostly glutamine could
be related to the cycling of glutamate and glutanthrough different cell populations
in the brain. Glutamate is highly active in the aytic space as an excitatory
neurotransmitter, whereas glutamine is relativert. This is used by the brain in the
glutamate / glutamine cycle: glutamate is reledsedeurons into the synaptic space
as an excitatory neurotransmitter, from where ittaken up by astrocytes and
converted back to glutamine. This may be releasad into the synaptic space for
the neurons to take up again (and convert backlutargate) without causing
unwanted excitation. It could be that any exceasaghate caused by down-regulation
of the synthesis of GABA from glutamate is convertey astrocytes to glutamine,

which is the molecule observed in the extract data.

The GABA levels observed for rat 2 are again seelbéd more similar to the
control rats rather than the other treated restitss tallies with than vivo figures,
where the rat was also shown not to have respotal@tabatrin treatment to the

same extent as the other rats.

The most significant R < 0.01) changes between control and treated éxtrac
spectra were seen in the choline, aspartate ané sbrthemyaoinositol peaks. The
latter is difficult to explain, particularly givethe absence of any difference in the
other myainositol peak quantified. The apparent cholinenges are also puzzling:
there is no evidence for any differenéesvivo, and no connection with the known
action of vigabatrin is apparent. It could be atefact of the low numbers of control

animals used.

5.1.4 Discussion and Conclusions
ISIS-COSY has been successfully demonstrated ableapf measuring changes

in the concentration of cerebral metabolitesvivo. Specifically, the changes in
GABA levels induced by chronic vigabatrin treatmanthe rat have been determined

and found to be similar to those previously repifté
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The measurement of GABA concentrations using th8-[30SY sequence offers
significant benefits over other magnetic resonanethods. One primary advantage is
that any changes in other metabolite concentratoaslso observed simultaneously,
for instance the 25% increase in the intensityhef glx peak, that would have been
missed if GABA had been detected using spectrdingdiOther possible differences
in metabolite levels have been seen, although #reypresently of low statistical
significance: should further experiments to incesathe sample numbers be
undertaken and the differences prove to be genumeghanisms to explain these
side-effects of vigabatrin would have to be fornteda leading potentially to a greater

understanding of the system being studied.

The main useful contribution made by the extradad®a the study was the
discrimination between glutamate and glutamine iptesgrom the greater resolution
achievedn vitro. This permits speculation about the metabolic\patts affected by
treatment with vigabatrin. Some of the extract feguare confusing and show a rather
large variability between animals not evident ie i vivo spectra. This may be at
least partially due to poor extraction techniqueistag, for example, different
amounts of metabolic decay arising from allowing #amples to warm up too much

prior to extraction.

However, the aims of the study, to follow changesnetabolite levelsn vivo
using magnetic resonance in animals undergoingoaigim treatment, were fulfilled.
The capabilities of ISIS-COSY in this respect habeen unambiguously

demonstrated.

5.2 Neutrophil Study
Inflammation is a major component in many diseasésthe brain, from

Alzheimer’'s disease and AIDS-related dementia tdtiple Sclerosis, stroke and
trauma resulting from injul4 It is a natural constituent of the host's respgotts
these insults, designed to destroy diseased agfotssue. Sometimes, however, the
inflammatory response is excessive and healthydistose to the damaged region is
also affected: the so-called “bystander effectivdtuld be extremely beneficial if the
response could be mediated such that the sideteffezre curtailed and no healthy

tissue was damaged. Such intervention would reqheereliable detection of the
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inflammatory processes which, in a closed syst&mtlie brain, is demanding. Short

of taking a biopsy, inflammation is more inferrén detected.

The aim of this study was to identify NMR markefsimflammatory-response
cells that could be used to recognise regions efhbitain affected by inflammation,
with a view to ultimately being able to apply thé human patients as a diagnostic
tool. These markers would preferably be not pregembore than trace amounts in

normal tissue, and ideally not in quiescent inflaatony-response cells either.

5.2.1 Inflammation and Neutrophils
The inflammatory response to an insult to normssue function is extremely

complex. Early detection of the disruption of nolrfinction is provided by cells
already present at the site. They send out chersigahls to cause recruitment of
leucocytes, normally circulating in the bloodstream deal with the problem. An

important class of cells recruited are neutrophils.

Leucocytes (white blood cells) are normally made oifp about 30-40%
lymphocytes (T and B cells) and 60—70% granuloéyte©f the latter, some 90% are
neutrophils. They provide protection from a varietly micro-organisms and are
arguably the most important white blood cells istdgying non-viral infections. On
receiving appropriate signals, they become activated emigrate from the blood
vessels into the tissues in a process known asatag&is. Once at the site, they can
engulf the foreign cell (phagocytosis) and desitayith a range of chemical toxins.
These toxins may under some circumstances be eeleagracellularly—this is part

of the reason that inflammation can damage neaghithy tissue.

An activated neutrophil, as part of the phagocgtgsiocedure, undergoes a
respiratory burd#® This is characterised by a marked increase ingemy
consumption by the cell and results in the productdf a large number of free
radicals. These are mostly oxygen-based radicals asi the superoxide and hydroxyl
radicals. Under normal conditions, they are cleangetby enzymes such as superoxide
dismutase (SOD), but in an activated neutrophily thee produced in too high a
guantity for these endogenous pathways to cope Wil main chemical pathways
involved in this processed are summarised in Figuretl’. One of the by-products

can be seen to be hypochlorous acid, HOCI. Thia i®active oxidant that has
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Figure 5.7: (a) The production of reactive oxygeecses in a respiratory burst. e
indicates a reduction step. (b) The production lobmtaurine from taurine and
hypochlorous acid.

microbicidal properties. In a neutrophil, it wilften react with taurine (present in

relatively high concentration in such cells) togwoe chlorotaurine (Figure 5.7b).

This molecule was thought to be a possible markenétivated neutrophils as it
is present in only negligible quantities in norntalls. Its structure is similar to
taurine, which is readily detected by NMR vivo, particularly by a 2D technique
such as ISIS-COSY.

5.2.2 Chlorotaurine Study
A brief study was undertaken to characterise theRNMoperties of chlorotaurine

to enable its identification in spectra of cellsrovivo.

5.2.2.1 Methods
A solution of chlorotaurine was prepared using adifi@ation of a previously

reported method8 Separate equimolar solutions of taurine and sodiypochlorite
(NaOCl) were prepared in,D buffered to pH 7.4 with 0.1 M potassium phosphate
They were mixed and allowed to react at room teatpee. The formation of
chlorotaurine was monitored by UV absorption: is@ids maximally at 252 nm,
whereas the chlorite solution absorbs maximall2%t nm. Thus, the disappearance
of one peak and appearance of the other can th@c&xtent of the reaction. The final
solution was estimated to contain about 3 mM cli&rone and 2 mM unreacted

taurine.
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Figure 5.8: Spectra of the chlorotaurine and taummxture. (a) 1D. Acquisition
parameters: 5 kHz spectral width, 15 s TR, 16 tesms; total time, 4 min. Processing
parameters: 1 Hz line broadening. (b) 2D COSY. Agitjan parameters: 3 x 3 kHz
spectral width, 15 s TR, 4 transients per increm@®dd § increments; total time, 10 h.
Processing parameters: sine bell centred,at £ 0.1, 0.2 s, absolute-value mode.
The peak ab, &, = 3.63, 3.63 p.p.m. is an origin spike arisingnira DC offset in
the recorded FID.

'H NMR spectroscopy was performed on the solutibnvds placed in a 5 mm
NMR tube, equilibrated to a nominal 30°C and shirdmEgheT; was measured for
some of the peaks in the spectrum; for the wates was greater than 15 s, but for the
other peaks, it was less than 4 s. A 1D water-ags@d spectrum was acquired (15 s
TR, 16 transients; total time, 4 min), then a 2&xg@sensitive COSY, fully relaxed
(15 s TR, 4 transients per increment, 60htrements; total time, 10 h). Finally, a
further 1D spectrum was run to assess whether tiatdeen significant decay of the

chlorotaurine during the spectroscopic examination.

5.2.2.2 Results
The one- and two-dimensional spectra may be foun#&igure 5.8. The main

differences that can be seen from those of purgnaysee Appendix A) are the
additional singlet at 3.75 p.p.m. and the increasadltiplicity of the peak at

3.25 p.p.m.. The 2D spectrum is consistent with gaak being two triplets, one from
taurine at 3.25 p.p.m. and the other from chlonot@uat 3.28 p.p.m.. There are

naturally no cross-peaks arising from the singléie origins of the singlet are
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unknown, presumably from a by-product of the resctr a contaminant. The NH
protons will have exchanged with the deuteronfiésolvent and so will show in the
NMR spectrum as HOD (downfield of the range showihie figure). Assuming that
the singlet does not arise from the chlorotauriméecule, thesen vitro spectra imply
that, in a cellular suspension ior vivo, it is unlikely to be possible to distinguish
taurine from its chlorinated derivative. The gredieewidths in such cases make it
doubtful that the peaks from taurine and chlorateuaround 3.25 p.p.m. would be
sufficiently well resolved. No significant differees were observed between the 1D

spectrum run after the 2D and the one run befolkhan

5.2.3 High-Resolution Study
It is possible to isolate neutrophils from blood fo vitro study; they can be

activated by the addition of an external compoumchsas lipopolysaccharide (LPS)
or tumour necrosis facter (TNF-a)119-121 This study was designed to observe NMR
spectra of neutrophil® vitro and compare the quiescent and activated statemslt
intended to obtain NMR markers unique to activatedutrophils, perhaps

chlorotaurine, for comparison with vivo spectra.

5.2.3.1 Methods
Neutrophils were isolated from human blood by tgké® ml blood and mixing

with 15 ml 15% dextran and leaving for 45 minuteséparate out blood cells. The
supernatant containing the cells was removed ayetdd on top of 15 ml histopaque
ficoll gradient, then centrifuged for 30 minutes &b44 r.p.m. (40@). The
supernatant was removed and discarded, then 6,@lddded to the pellet (which
contains neutrophils and red blood cells); this vedsfor 1 minute to lyse the red
blood cells.

Phosphate-buffered saline (PBS) was prepared a% 3&6d 0.9% w/v
concentration by dissolving 3.6 g or 0.9 g sodiurtogde in 100 ml RO containing
0.1 mM sodium phosphate (mixture of N&, and NaHPQO,) to buffer the solution
to pH = 7.2. After the minute had passed, 1 ml.6#@PBS was added to restore the
osmotic pressure of the solution to the equivatdn®.9% saline. A further 1 ml of
0.9% PBS containing 1 mM glucose as an energy scamd 40 mg/ml DNA-ase to

reduce cell clumping was mixed in. This solutionswspun at 1200 r.p.m. for
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Figure 5.9: 1D spectrum of LPS-activated neutragphicquisition parameters:
2500 Hz spectral width, 4 s TR, 256 transientsaltdime, 17 min. Processing
parameters: 0.5 Hz line broadening.

5 minutes. The supernatant was discarded, leavimqelket consisting solely of

neutrophils.

This pellet was resuspended in 000.9% PBS containingl mM glucose and
40 mg/ml DNA-ase. This suspension was used fotbk resolution spectroscopy.
On certain occasions, an aliquot was removed, edilut:10 with 0.9% PBS and
subsequently 1:2 with trypan blue. This permittell counting and assessment of cell
viability on the basis of trypan blue exclusion.

Conventional water-suppressed 1D and 2D COSY spewotre acquired in the
usual manner from a suspension of the cells 4@ h a 5 mm NMR tube. Some
settling of the cells towards the bottom of theetwlver the course of the experiments
was observed; to check the effects on the spectra wot excessively deleterious,
selected experiments had a second 1D spectrumradaafier the 2D had finished for

comparison with the one performed first.

5.2.3.2 Results
Cell counting revealed a concentration of 5 %d@utrophils/ml in the final

suspension (3 x IGeutrophils in the 600l used). The viability determination

showed that > 95% of the cells were viable at tha sf the NMR protocol.
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Figure 5.10: COSY spectrum of quiescent neutropitguisition parameters: 7.5 s
TR, 3.0 x 3.0 kHz spectral width, 2 transients iperement, 240,tincrements; total
time, 2% h. Processing parameters: sine bell arate;, t; = 0.04, 0.1 s, absolute-
value mode.

The one-dimensional high-resolution spectrum of #otivated neutrophils is
shown in Figure 5.9. Several peaks may be distgigdl in this spectrum, particularly
lactate + lipid at 1.3 p.p.m. (this may very likddg mobile lipid signal$?d, lysine at
1.7 and 3.0 p.p.m. and taurine at 3.2 p.p.m.; opleaxks are generally a mixture of
several molecules. Nevertheless, no peak attribut@bchlorotaurine can be seen:
between 3.70 and 3.75 p.p.m., where the unknowgledimppeared in thm vitro
spectrum, there is merely the edge of several amand peaks. The taurine peak at
3.2 p.p.m. consists of more peaks than a tripetatsleast one other molecule is
contributing signal to this region; however, thigayrbe attributable to phenylalanine

rather than chlorotaurine, as evidenced from thes&rtrum (see over).

A separate spectrum recorded of a solution of LP®e concentration used to
activate the sample for the above spectrum showezkaks at all in the 1D spectrum,
except for the TSP used as a marker, so a COSYsaogu was not performed on it.
This implies that none of the peaks in the actiateutrophil spectra are artefacts

coming from the activating solution itself.
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Figure 5.11: COSY spectrum of activated neutropl@isss-peaks are labelled with
conventional abbreviations. Peaks marked ? are fuaRnown compounds; those
labelled A and E are attributed to lipid signalseafMay et all20, Acquisition
parameters: 3 s TR, 2.5 x 2.5 kHz spectral widéhirdnsients per increment, 2Q0 t
increments; total time, 8h. Processing parametessie bell centred at
t1, = 0.04, 0.04 s, absolute-value mode.

The COSY spectrum of quiescent neutrophils (FigaiE)) shows cross-peaks
from taurine, lactate and glycerol. Upon activatidre 2D COSY spectrum (Figure
5.11) shows cross-peaks arising from a considerksbyer number of molecules,
including many common amino acids, lactate andeglyic There are also two which
May et al120 attribute to lipid signals (labelled A and E battthis figure and the one

in their paper).

The most prominent features of this 2D spectruntfaeamino acids, particularly
lysine at 1.7, 3.0 p.p.m. and alanine at 1.5, 338m. There is also a large lactate
peak at 1.3, 4.1 p.p.m., although that may bealbrlue to some cells dying over the
course of the experiment. This experiment wouldyssgthat the NMR feature most

able to distinguish activated neutrophils from nakrbrain tissue would be these
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Figure 5.12: Image of a 5@m thick, cresyl violet stained, section of rat brai
obtained from a region close to the AD5-IB-injection site. The area of intense
staining indicates abundant neutrophil presence.

amino acids: lysine is typically present in an K&IOSY spectrum of rat brain vivo
recorded over two hours or so (see Figure 4.1G%ample), but alanine is usually
absent due to its lower concentration. The simelas appearance of alanine and
increase in lysine levels in such a spectrum cdedd indicative of neutrophil

infiltration within the brain.

5.2.4 In vivo Study

5.2.4.1 Methods
Neutrophil infiltration was induced in the bramvivo as follows. A male Wistar

rat (230 g) was anaesthetised with hypnorm and ¢wgin(fentanyl / fluanisone and
midazolam, each diluted 1:1 with water); 1.35 mlgboth diluted solutions was
injected i.p.. An adenoviral vector (AD5-IL3] was injected into the left striatum
(coordinates from bregma were AP + 1 mm, left 3 mepth 4 mm) using a 50m-

tipped glass pipette. The injection consisted &ffl@que-forming units (PFU) in{ll

0.1% BSA in endotoxin-free saline. The AD5-13-Adenovirus has previously been
showri23 to result in intense neutrophil influx to the iced striatum and some
surrounding cortical areas, as shown in Figure ,5alBistological section from the

brain studied spectroscopically vivo. The recruitment profile over the duration of
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Figure 5.13: Fast spin-echo image of neutrophiltmated rat brain showing the two

voxels used for spectroscopy. Acquisition paranset@r echoes per FID, TR 3 s,
te 18 ms, 3.5 x 3.5 cm field of view, 2 mm slice #ness, 128 x 126 data points, 2
transients, 108 s total acquisition time. Procegsparameters: zero-filling to

1024 x 1024 points.

the experiment was entirely restricted to neutrispmo other leukocyte populations
were observed in the brains. The rat was allowetetover and had spectroscopy

performed four days later.

Spectroscopy was performed using the usualivo methods and protocol (see
section 4.1.3). Given that neutrophil infiltratiras only induced in one half of the
brain, the spectroscopy voxel was reduced in siz&.8 x 5.0 x 5.0 mfhand placed
only over this half. The contralateral hemispheeswsed as an internal control (see
image in Figure 5.13 for voxel positioning). Théxluction in voxel size by a factor of
two naturally reduces the S/N similarly; to obsetive familiar range of cross-peaks
at comparable S/N requires that data be acquinetbto times as long. In principle,
appropriate placement of the surface coil spedificaver the treated hemisphere
should slightly counterbalance this; in practicey auch effects are too small to be

significant.

5.2.4.2 Results
A 1D ISIS and 2D ISIS-COSY spectrum was acquireinfrthe voxel in each

hemisphere using the standardvivo parameters; the fact that two spectra were

acquired increased the total experimental timerémrad 7% hours (this was a non-
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Figure 5.14: One-dimensional spectra from each &gere of the brain of a rat

treated to induce neutrophil infiltration in thédtlside. Lower trace: left (treated) side.

Upper trace: right (control) side. Acquisition paweters for each spectrum: 5 kHz
spectral width, 3 s TR, 256 transients; total tif3emin. Processing parameters: 2 Hz
line broadening.

recovery experiment, with the animal being sacaiicwhilst still under the

anaesthetic and the brain excised for perfusiohg o one-dimensional spectra
(Figure 5.14) were similar to each other; the magnceptible difference is a possible
greater level of the lipid + lactate signal at f.8.m. in the lower (treated) spectrum.
There is also some evidence for a decrease in NAG[{.p.m.) and an increase in

choline (3.2 p.p.m.) in the same spectrum.

The two-dimensional spectra (see Figure 5.15) shgw a marked similarity in
appearance. There are more noise peaks in thewpeitbom the left hemisphere, but
all remaining peaks exhibit a correspondence beiviee two spectra. Analysing the
spectra quantitatively for each peak, then takingato between the intensities
(normalised to the diagonal creatine peak at $0wp) in the left hemisphere and
those in the right gives the figures graphed iruFeégs.16. This shows, for this animal
at least, a 30% decrease in the intensity of aldiNAA peaks measured and a 48%
rise in the choline peak signal in the treated)leémisphere versus the control half,

with smaller changes in the levels of other metiaéml
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Figure 5.15: 2D spectra from each hemisphere obth@n of a rat treated to induce
neutrophil infiltration in the left side. The spexdcopy was performed 4 days after
treatment, at approximately peak neutrophil activit) left (treated) side. (b) right

(control) side. Acquisition parameters for each cspen: 2.5 x 2.5 kHz spectral

width, 1s TR, 64 transients per increment, 11lintrements; total time 2 h.

Processing parameters: sine bell centred;,at, &= 0.0275, 0.04 s, absolute value
mode.

Alanine could not be detected in the 2D spectruomfeither voxel; neither could
most of the other amino acids observed initheitro study of activated neutrophils.
The S/N of these spectra from relatively small Iexg insufficient to raise the cross-
peaks above the noise level. No evidence for tlesgmce of chlorotaurine can be
detected either; this is not surprising given lisence from the spectra in timevitro

study.

In this pilot study, the sample size of only onevants any definite conclusions
from being drawn, particularly from the smaller nbas observed. Nonetheless, the
increases observed in the lysine and taurine sgngbarticular would be consistent
with the spectra observed from activated neutrgplnil the preparatory study
described above. The two-dimensional quantificat®osupported by the qualitative
observations made from the one-dimensional spec#ioout NAA and choline. The
increase in lactate levels speculated about tlsen®ti backed up by the 2D work: no

lactate cross-peak may be seen in either 2D spectrlowever, a cross-peak from
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Figure 5.16: Ratio of intensity of each peak in lBE&-COSY spectra from the two
hemispheres of the brain of a rat treated to incheagrophil infiltration in the left
side. Multiple references to the same metaboliteespond to different peaks in the
spectrum; the peaks are ordered as for Table 5.1.

lipids (analogous to the one labelled A in Figurgl) has been observed in a later
repetition of thein vivo experiment, recording spectra from the injectechisphere
only, with an increased acquisition time of 7 h.isTthas been confirmed using

chloroform/methanol extractions of the b

The physiological meaning of the NAA changes isleac Two possible reasons
for the decrease can be envisaged: firstly, thegoree of the neutrophils, which lack
NAA, in large numbers has displaced normal brasue and hence reduced the NAA
signal levels. Perhaps more likely is that the lingbat triggered neutrophil
recruitment or the neutrophils themselves have dachdhe brain cells and caused
them to lose their NAA; NAA is often considered be a marker of healthy

neurone&?4-126 although it is also present in other brain ogles27.

The choline peak is made up of contributions frawesal molecules, principally
glycerophosphorylcholine and phosphorylchold¥e Phosphatidylcholine also
contributes signal, but has a very shbrtvalue; free choline is usually a very small
proportion of the signal. These molecules, phosgWaholine in particular, are
associated with cell membranes. Changes in theinghgleak levels are often
associated with alterations of membrane compositioictivated neutrophils have

very active membrane turnové? allied with phagocytosis, so the finding of an
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increased choline peak signal in the hemispheré&agong neutrophils is reasonable,

and concurs with the lipid observations discusseties.

5.2.5 Conclusions
Inflammation is an important and complex processolved in dealing with

challenges to normal tissue function. One of thgomeell types involved with the
inflammatory response is neutrophils that are tigegufrom the bloodstream to the
site of the inflammation. Detecting them in theibiia vivo is extremely problematic,
SO magnetic resonance markers of activated neulsoplere sought. The first
suggestion was chlorotaurine, whose NMR spectm@apgaties were characterised in
section 5.2.2. A study of isolated human neutrgpadtivatedn vitro failed to show
detectable levels of this compound, but did reeedistinctive pattern of cross-peaks

in the COSY spectrum, attributed mainly to variansino acids and some lipids.

Attempts to findin vivo markers for neutrophils in the brain produced s@ve
results that were consistent with reasonable eafiens (increase in taurine, choline
and lipids; decrease in NAA; other changes too ktoabe reliable). However, none
of them could be stated as distinctive of neutrspli “fingerprint” for them. The S/N
in the spectra was insufficient to observe and tityass many molecules as would be
desired. With an improvement on that front, theyeaidistinct possibility that the
continuation of this work will uncover useful margeof inflammation that can be
detected by two-dimensional magnetic resonanceivo. Once markers have been
identified, it might be more time-efficient to déop a spectral editing sequence to
actually detect them rather than using the fulld#iguisition each time.

5.3 Human Application
Adaptation of the pulse sequence to make it agpkce human investigations on

a whole-body magnet is vital if the technique idb&oused in the future in research on
volunteers and patients and ultimately as a diagndsol. There are various
considerations to take into account in the adaptafirom a small-bore high-field
system, and these are dealt with first. The negtime demonstrates thie vitro
testing of the modified sequence. This is followsd preliminary spectra obtained

from human volunteers.
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Ethical approval was obtained from the Central @XfdResearch Ethics
Committee (COREC) prior to the human experiments] @ach subject gave their

informed consent.

5.3.1 Pulse Sequence Adaptation

5.3.1.1 Considerations
There are fundamental differences working on a widee 2 T whole-body

spectrometer as compared to a 7 T narrow-bore witerlso rodent experiments. The
lower field strength means that different specivalths are required. This is of little
consequence in one-dimensional spectra or thetljirdetected dimension §J of
two-dimensional spectra — fewer points are acquingth a greater dwell time
between each — but for the indirect dimensioy),(fewer § increments are required
for the same resolution (measured as Hz/point)|yimg that a reduced experimental

time may be obtainable.

The lower magnetic field strength also means tal1 times for metabolites will
be shorter. This manifests itself in more rapididgium recovery after a pulse, and
also in increased losses from relaxation duringpthlee sequencd; times are rather
less field-dependent; a modest increase is expexttéalver field (for example, the
creatine + phosphocreatine peak hds af 165 ms at 4.7 T in rat brdi# whereas in
the human brain at 1.5-2 T, it is 210 ms (averagjaevfrom 5 papetd®-133). The
linewidth attainable with a good shim from a typigaxel is reduced (in terms of
Hertz) at lower field whilst thd-coupling is independent of field; this implies tiiae
peaks of aJ-coupled multiplet are potentially better resolvad2 T than at 7 T.
However, strong coupling effects are more significenen, which can complicate
spectra. The greater separation of peaks withiruliptet is particularly useful for
cross-peaks in COSY spectra where cancellation d@miwpositive and negative

components of the multiplet can cause significadtiction of the observed signal.

The r.f. transmit/receive coils used for human mrstudies are obviously much
larger than those used for small animal work. Aéarsample volume is available,
which improves the S/N; however, the coils are mlesk sensitive than smaller ones,
rather counteracting the larger sample volumesnd@lwith the reduced sensitivity,

much more power is nheeded to obtain a 90° pulseg@)0 W power, a 90° pulse is
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approximately 40Qs on the whole-body system, whereas 20 W pulse mpowe

produces a 16Qs 90° pulse on the high-field system.

In conjunction with this, safety regulatidd$ 135require that the mean rate of
energy absorption by the human brain is less th&fikg) (to keep local tissue heating
to less than 1 °C); a reasonable estimate of ddalh mass is ~ 2 kg, leading to a
maximum mean power deposition of ~ 6 W. This bemeonsideration for pulse
sequences like ISIS-COSY with moderately rapid tigdpa rates and high pulse
powers (such as those used for adiabatic pulsgssech pulses). When the final
version of the sequence was testedivo, it was found not to be above about 50% of

this maximum permitted mean power level.

Using humans as subjects for study also incredmeshances of sample motion,
which can result in imperfect cancellation in diffiecing two transients (as is used in
ISIS) and increased; tnoise, which is largely unavoidable. The total ike
experimental time is also reduced by consideratadromfort. The target was set at
a total examination of less than one hour, to idelall imaging, shimming, pulse
power calibration, etc.; this limits the time fdDd 3pectroscopy to about 40 minutes.

Considering all of the above factors, it was felbe feasible to obtain reasonable
two-dimensional ISIS-COSY spectra from the humaairbwithin a sensible period

of time.

5.3.1.2 Sequence Order
The order of the modules decided in section 4.1a&2best for the high-field

spectrometer needs to be reconsidered for the wioalg system in the light of the
considerations discussed above. Each of the modutagostantially longer, resulting
mainly from the greater pulse durations employethia implementation. Combined
with the shortefT; values at lower field, this results in more londinal relaxation
during each module. Thus, if the water suppress&gmerformed prior to the outer-
volume suppression, there is much greater scopeitfto relax away from its
optimally suppressed levels during the OVS modul@ @sult in less efficient water
suppression. Conversely, if the OVS module prec#uesvater suppression, there is
the potential for more contamination of the voxghal with unwanted outer-volume

signals.
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Figure 5.17: WET optimisation for the whole-bodystgm implementation. OVS
represents the outer-volume suppression module rfis4@uration);t is the time
between the start of successive WET pulses (45)5tms arrows ) indicate the
point at which the water magnetisation is desiredbe zero. The parameters
optimised were the flip anglgs - B4 and (for b) the additional delayy. The results
are presented in Table 5.3. (a) OVS — WS ordefimgivVS — OVS ordering. A box is
drawn around the water suppression module in easé. c

Whilst calculations may be performed to attemptapproximate the relative
importance of these two effects, they are best e&in experimentally. The
contribution of inner- and outer-volume water te thpectrum was estimated by
replacing the standard 1D excitation with a 1D imgdprofile) readout. This enables
the positional origin of the signal to be assessHte results are presented and
discussed below (sections 5.3.2r8\{tro) and 5.3.3.1 vivo)).

5.3.1.3 Pulses
The pulses used for the whole-body implementatibnSéS-COSY were as

follows. The inversion pulses used in the ISIS meduere adiabatic full-passage
sech pulses, as for the high-field implementatidnduration of 10 ms was used,
leading to a bandwidth of 1.5 kHz. The outer-volusuppression used 512-point
pseudo-random noise pulses, 44 ms long, with avatid also of 7.5 kHz of which

the central 20% (1.5 kHz) was unaffected by thesguThe WET water suppression
module used 256-point Gaussian pulses (truncatéldeai% signal level), of 30 ms
duration and 80 Hz half-height. The COSY excitatwas provided by a pair of

400us rectangular pulses.

5.3.1.4 WET Parameters
The WET water suppression was optimised again &stion 3.4) for the

different timing involved in this implementation. it 30 ms pulses, 15 ms crusher
gradients and 500s gradient rise-time, there was a total of 45.5lpesween
successive pulses. THR range optimised over was set at 0.2-3 s; Bhefield

variation accounted for remained at + 10%. Two aditns were optimised (see
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Case B1(*) B2(%) Ba(*) Ba(®) Textrg(MS)

OVS-WS 86 100 80 165 0
WS-OVS 90 90 90 175 185

Table 5.3: Optimal parameters for the WET waterpsegsion sequence on the
whole-body magnet. Flip angles are given to theestadegree. The minimisation
parameters used were as follows: 1 = 45.5 ms;13 = 45.5 MS Hexira T4 = 45.5 ms
(first case), 185.5 ms (second cas8)| ¥ 90% to 110% of nominal in 9 steps,
T, =0.2t0 3.0 sin 9 steps.

Figure 5.17): firstly, the WS module appearing raftee OVS module, so the water
magnetisation should be zero immediately after WHeT sequence; secondly, WS
before OVS, so the zero-crossing should be somers4(the duration of the OVS
module) after the end of the WS module. To allontfids second case, an extra delay
Textra WaS introduced into the WET sequence between lihid aind fourth pulses
whose duration was also included in the optimisajwocess. The results of this

process are shown in Table 5.3.

Note that the two parameter sets are quite diffetée first is very similar to the
high-field sequence optimal parameters (Table 3\Bjje the second resembles an
inversion-recovery type sequence. The first thredsgs approximately null the
magnetisation, which recovers a certain amouniduhetex, delay and is inverted
by the fourth pulse. During the OVS module, it thecovers again back towards
zero. Provided that; is long compared to the delay times, this procedan results
in almost perfect nulling of the water signal. Heseme of the wateF; will not be

sufficiently long for this, so some residual maggsegion will remain.

5.3.2 In vitro Testing

5.3.2.1 Localisation
The localisation of the sequence was tested usirgmall (5 cm diameter)

spherical phantom filled with water. A 5x5x5%tmoxel was selected

encompassing the sample and a 1D ISIS spectrumrradquhis was used as a
baseline to compare subsequent spectra with. Sikefuspectra were recorded, one
with the voxel offset just to each side of the gbamin each direction. The spectra

were examined for evidence of signal infiltratisarh the phantom. In none of the six
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was more than about 1% of the original signal I@lederved, so it was concluded that

the localisation was functioning adequately.

As a further test of the stability of the sequertbe, power of the ISIS inversion
pulses was set to zero and a spectrum acquiredtfreroentre of the 10 cm spherical
phantom. With no inversion, the eight transientstted ISIS cycle should cancel
completely and leave no signal. In practice, leéss1t1% of the signal remained after

the whole cycle, again confirming good performaatthe localisation module.

5.3.2.2 Signal level
Confirmation was sought that the sequence was migtexcluding outer-volume

signals effectively but also including as much asgible of the inner-volume signal

and not losing any significant quantity owing tar fexample, poor inversion

efficiency. A small spherical water phantom wasdygglaced in the centre of the
magnet. Firstly, a 1D pulse-and-collect (unlocal)sgpectrum was obtained to define
the maximum possible signal recovery from the samfil was performed using a
long TR to ensure the sample was fully relaxed betweach of the eight transients
acquired. Next, a voxel slightly larger than theapiom was positioned on a scout
image. This was used to acquire two spectra (usiegame receiver gain as the first
spectrum), one using ISIS, the other with STEAM domparison; these also used

eight transients and the same long TR.

The results were exactly as expected. The ISISesexguattained virtually 100%
signal recovery; the STEAM sequence about 50%rayisiom the loss associated
with the use of a stimulated echo in the local@atiThis is further substantiation that

the ISIS module is functioning correctly.

5.3.2.3 Sequence Order
Two variants of the ISIS pulse sequence were prograd, one with the OVS

before the WS module, the other with the order nea@ Each had its excitation
module replaced with a 1D profile imaging readdl@00 Hz/cm gradient strength,
256 complex points, 40 kHz spectral width, 6.4 negussition time). Both WET

modules were loaded with their optimised paramédsas section 5.3.1.4). A series of
profiles was recorded on the 10 cm spherical gidssitom for each sequence with
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Figure 5.18: Graph showing the maximum residualewatagnetisation (arbitrary
units) from the inner and outer volume regionsraifte pulse sequences WS—-OVS—
ISIS—Profile (WO) and OVS-WS-ISIS—Profile (OW) asuaction of the 90° pulse
gain.

the power used for the WS module varied aroundntirainally correct value. The
profiles obtained were similar in appearance tos¢hshown in Figure 5.22. The
maximum amplitude of the signal inside and outdlde voxel was measured and is

shown on the graph in Figure 5.18.

This shows that there is little to choose betwden ttivo sequence variants in
terms of the residual magnetisation at the besp8®e power for each. However, the
ordering with the OVS before the WS produces mamsistently good suppression
of the water, especially outside the selected voXeéis is surprising, given the
conclusions of section 4.1.4.2, that whichever ni@@omes second is likely to have
better performance than the one coming first in skequence. The graph shows
generally reduced outer-volume signal levels frbom ®VS—WS module order. Since
the inner-volume signal is similar for the two agaments, it seems likely that better

performance will be obtained using this order.

These measurements are rather dependent oh thiethe sample in question, so
the applicability of the results in the brain iscartain. Nevertheless, the tests were a
useful basis for the vivo testing using the same approach, which is disculsger
(section 5.3.3.1).
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Figure 5.19: Spectra recorded on a 5x5 x & exel in the mixed metabolite
phantom on the whole-body spectrometer. (a) ISISsighment:d=1.3 p.p.m.,
lactate;d = 3.0, creatined = 3.25, taurine ‘myainositol; d = 3.4, taurine = 3.5—
3.6, mycinositol; 6 =3.9, creatine;d = 4.1, mycinositol + lactate. Acquisition
parameters: 500 Hz spectral width, 8 transients, TR, total time 40 s. Processing
parameters: 1 Hz line broadening. (b) ISIS-COSYy:He lactate; T, taurine; inyo
inositol. Acquisition parameters: 500 x 500 Hz gpdcwidth, 16 transients per
increment (including phase-sensitive acquisitiorFijy 64 t increments, 2.5s TR;
total time 43 minutes. Processing parameters: lsatlecentred at;f t; = 64, 500 ms;
absolute-value mode.

5.3.2.4 Whole Sequence
Evaluation of the whole sequenae vitro was undertaken in the usual 10 cm

spherical glass phantom containing a 50 mM soluttbncreatine, taurinemyo
inositol and lithium lactate. Once a voxel had beelected from scout images and
shimmed using STEAM, the water suppression wasrogdid. A 1D ISIS spectrum
was then recorded, shown in Figure 5.19a. This shinve expected distribution of
peaks. Because tl¥ecoupling is much larger compared to the separatiggeaks and
the linewidth at this lower magnetic field strengthe signal from molecules like
myainositol appears much broader than on the 7 TesysiThis is why the taurine
and myainositol signals appear as a broad peak betwezmardd 3.6 p.p.m. (with a
spike from themyainositol [1,3] and [4,6] protons, which all rest@at between 3.5

and 3.6 p.p.m.).

An ISIS-COSY spectrum of the same sample is pregemt Figure 5.19b. This

differs slightly in appearance from how an equiwélspectrum on the 7 T system
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Figure 5.20: Images showing position and size ofelaised for spectroscopy in the
human brain. (a) Sagittal gradient-echo scout. Agitjon parameters: 65 ms TR,
10 ms t. (b) Ti-weighted gradient-echo axial image, one of fiveapal slices.
Acquisition parameters: 500 ms TR, 10 ms% mm slice slickness, 2.5 mm inter-
slice gap, 80° pulse flip angle, 25.6 cm field edfw, 256 x 256 data points.

would look. Particularly noticeable is the resadatiof the eight peaks within the
lactate cross-peak at (1.3, 4.1 p.p.m.) which wapgear as one large peak on the
higher-field spectrometer. (This may be readily rapfted by considering that the
peaks are separated bydz, which is independent &, field strength; the linewidth
is approximately proportional to th®, field as inhomogeneity of this field is the
dominant factor in the linewidth, and the inhomagiéas in the phantoms will be
similar. This means that at higher field the peakes not so well resolved.) All the
expected peaks are present, although the taurmes-peak at (3.2, 3.4 p.p.m.) is
weaker than might be hoped, based on the experadrtbe 7 T phantom spectra. The
S/N for the lactate diagonal peak at (1.3, 1.3mp.pwas 450:1, and for the cross-peak
at (1.3, 4.1 p.p.m.) was 150:1.

These spectra show considerable promisenfaivo application. Their timescale
is realistic and quality perfectly acceptable. Tlaso show the different appearance
of peaks at this field: multiplets appear much deya so cross-peaks in the ISIS-
COSY spectrum are more spread out; individual carepts of the peaks are also
discernable, and diagonal peaks also show substeucthese last two points mean
that a little caution must be exercised when det@ng cross-peaks in a spectrum: to

take a trivial example, there might appear to leeoss-peak at (1.33, 1.34 p.p.m.) in

122



80

70

007 WO: |

50 —— . nner
—o— WO: Outer

40 -

30 - —a— OW: Inner
—=— OW: Outer

20 -

10

0 . —— 34
0 1 2 3 4 5 6
TR (s

Figure 5.21: Graph showing levels of maximum watgnal amplitudein vivo
(arbitrary units) in the inner- and outer-volumegjioms as a function of TR and
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the above 2D spectrum, whilst in fact this is oriehe four sub-peaks within the

diagonal peak of lactate.

5.3.3 Human Testing

5.3.3.1 Sequence Order & Repetition Time
An in vivo investigation of the sequence order and repetiime (TR) and their

effects on the level of contamination on the spamtiby outer-volume signal and
water was undertaken. The same two pulse sequerscemployed for thén vitro
testing were used. All profiles were acquired ie thrain of a normal volunteer; a
5x 5 x 5 cm voxel was selected centrally in the occipital Idbem a scout image
(see Figure 5.20), the 90° pulse power calibrated the voxel shimmed using a
STEAM sequence to < 7 Hz.

The first part of the study was concerned with dfffect of different repetition
times on the level of outer-volume contamination.séries of four profiles with
TR=1, 2, 3 and 5.5s was acquired for each of tthe sequences. The water
suppression was turned off to increase the outkmwe signal level to facilitate the
measurements. Figure 5.21 displays a graph ofabeld of maximum water signal
amplitude within and outside the voxel. Note thas is the maximum amplitude and
does not account for the proportion of the outdtw® containing unwanted signal
(e.g., Figure 5.22b has a similar outer-volume #@ombt to Figure 5.22a, but much
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Figure 5.22: Comparison of the efficiency of owetume suppression using
(a) OVS-WS and (b) WS-OVS sequence orderimgivo. Profiles were acquired
with water suppression turned off (pulse powerstsetero). The intense band of
signal in each profile arises from within the 5 tong voxel; the remainder comes
from outside it. Acquisition parameters: 8 transie2 s TR. Processing parameters:
absolute-value mode. Each profile has the sameakscale.

more of the outer volume produced this unwantedad)gAt TR = 1 s, the best OV
suppression was afforded by the WS-OVS orderinghatlonger TR of 2 s, the
converse is true (see Figure 5.22; compare the té\vauter-volume signal in the two
profiles). The best outer-volume suppression oVv&ras provided by a TR of 2 s and
the OVS-WS module ordering (Figure 5.22a).

The second portion related to assessment of therwappression as a function of
pulse power and module order. All experiments weeied out at TR = 2 s as this
produced the best outer-volume suppression. A Iprefas acquired, this time with
the water suppression on, for a series of WS pubseers for each module order. A
graph showing the approximate levels of outer- amker-volume water signal is
provided in Figure 5.23. It is evident that the tb@ater suppression, especially for
inner-volume water, was given by the OVS-WS ordgrias might be expected.
Within the voxel, there is about a fivefold deceean the residual water signal

compared to the WS—OVS ordering.

It was concluded that the best parameters to useadquisitionin vivo on the
whole-body system were a TR of 2 s and the OVS-\Wiermmg. Notice how the

saturation-recovery curve displayed by the uppeces in Figure 5.21 shows that
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Figure 5.23: Graph of the residual water signal lgoge (arbitrary units, but same
scale as used in Figure 5.21) in the inner- andrewdlume regions as a function of
gain of the first WET pulse and the sequence oidey: WO, WS-OVS order; OW,

OVS-WS order.

50% more inner-volume signal is achieved by a TR sfrather than 1 s. The best
that could be expected from a doubling of the numdddransients acquired, made
possible by halving the TR, is a 41% improvemerfator ofv2) in S/N, so it is not

worth the more rapid acquisition, especially as thtreases the r.f. power deposition

for the subject.

5.3.3.2 Whole Sequence
The whole sequence was tested in volunteers. lingigerimental sessions

concentrated on one-dimensional spectra, of whigre 5.24 shows an example.
This shows the full range of peaks that could beeeted from normal brain. As is
usual forin vivo ISIS spectra, there is a lot of underlying broagnal from

macromolecules such as proteins, which increaseshhllenge of quantification to
the point where it would be extremely unreliablenir this 1D spectrum. There are
just too many overlapping peaks to permit reliadsignment of concentrations to

particular molecules.

It is for this reason that the 2D ISIS-COSY seqeen@s designed. Its greater
resolving power should be able to distinguish ciesaks from many of the molecules
identified in the 1D spectrum above. Unfortunatelyg, 2D spectrum of good quality
has yet been recorded from the human brain usit8C®SY. An example spectrum

is provided in Figure 5.25. Substantial lipid caniaation is evident in this spectrum,
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Figure 5.24: ISIS spectrum of a 5 x 5 x 5%croxel in human brain. Key: Cr, creatine
+ phosphocreatine; Ch, choline; N, NAA;nycinositol; G, GABA; Asp, aspartate;
I/mm, lipids/macromolecules; Glu, glutamate; Gliutgmine; T, taurine. Acquisition
parameters: 64 transients, 3 s TR; total time, 3butas. Processing parameters:
Lorentz-to-gauss transform (10 Hz resolution enbkarent, 0.15s Gaussian
weighting).

and no cross-peaks can be discerned. Given theraale S/N of themycinositol
peak on the diagonal, and tlm vitro phantom data previously discussed, some
evidence of cross-peaks might be expected, but earabmation of processing
parameters could be found to show them. ImproviregS/N sufficiently to make the
spectra useful in the human brain will require saombination of hardware (e.g., a
surface coil, preferably quadrature, to receivestenger By field would also
contribute.) and acquisition (e.g., larger voxehcreased experimental time)

measures.

In the human application of ISIS-COSY, many techhichallenges have been
raised and subsequently surmounted, but a goodrgpebas remained elusive thus
far. However, demonstration that the technique woslell in the rat brain (section
4.1) indicates that the problem is likely to be afeimplementation rather than

fundamental to the sequence.
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Figure 5.25: ISIS-COSY spectrum of human brain.Rejjection onto thé, axis;

(b) 2D spectrum. Acquisition parameters: 500 x B@0Ospectral width, 2s TR, 16
transients for each of 64 tncrements; total acquisition time 42 min. Prooess
parameters: sine bell centred attt = 64, 250 ms. Assignment of diagonal peaks and
projection: 6=1.0-1.7 p.p.m., lipid; 6=2.0, NAA; 0=3.0, creatine +
phosphocreatine;d = 3.2, choline; d = 3.6, mycinositol; 6=3.9, creatine +
phosphocreatine. The line alodg= 2.95 p.p.m. appears as a result of the faildire o
the automatic d.c. offset correction software.

2.0
o,/ p.p.m.

5.3.4 Conclusions
The ISIS-COSY pulse sequence has been adapted pbcaon in the human

brain on a whole-body spectrometer. Testing of theous modules making up the
sequence yielded excellent results and showedhbdiest ordering of the modules is
the same as for the high-field system, OVS-WS—ISISSY. The whole sequence
has been shown to produce good speaatndtro, both 1D ISIS and 2D ISIS-COSY.
The use of the sequengevivo has demonstrated very good 1D spectra, but a good

2D spectrum has hitherto not been acquired.

The ultimate goal of this particular application hget to be achieved.
Nevertheless, the foundations are now in placetferhuman application of ISIS-
COSY and all the potential benefits of this.
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Chapter 6: Conclusions

6.1 ISIS-COSY
The development and testing of the ISIS-COSY putspience was discussed at

length in section 4.1. The sequence has been stopmoduce useful spectra within a
timescale viable foin vivo studies. Quantitative analysis of the spectraates been

demonstrated to give concentrations of cerebrahbadites in good agreement with
published data. Further validation was providedthe application (described in
section 5.1) to measure changes in metabolic coratEms as a result of chronic
treatment with vigabatrin: highly significant inases in GABA and the glutamate +
glutamine peak were observed, as expected, witlsiljeschanges in NAA and

taurine additionally.

Comparison of the technique with VOSY-COSY showhdt tbetter S/N was
consistently obtained using ISIS-COSY. This was & dxpected given that the
stimulated echo in VOSY discards 50% of the avé&laimnal.

The fundamental drawback of the technique is the &/allable in the spectra.
Were this higher, the acquisition time could beoadmgly reduced, or the range of
metabolites observable increased correspondinglysohoe extent, improvements in
the hardware such as probe and coil design (equadrature surface coil to receive)
will help. Narrower linewidths may result from ingohentation of an automated
gradient-based shimming routine, which would imgre@ensitivity also. One of the
disadvantages of COSY spectra is the antiphaserenaifi the cross-peaks: the
linewidthsin vivo at 7 T (~12 Hz) are greater than typidatoupling constants, so
some signal is lost to cancellation within eachtiplgt.

It may be that an alternative excitation sequenash sas SUPER-COSY% or
indeed, subject to power constraints, TOG%Yhat yield in-phase cross-peaks would
prove to be more sensitive for excitation. Howevke, spin-echo delays in SUPER-
COSY (a total of 4, whereA = 0.30 =~ 40 ms forJ= 7 Hz) might lose much signal
from T, decay. NOESY would be extremely problematicvivo: the combination of
motion (both microscopic and macroscopic) during Th period, dominating solvent
NOEs from the water and a cross-peak S/N per ung typically much lower than

that obtained from COSY would be a severe challe@gparation of molecules
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according to their diffusion properties (e.g., DQSffers slightly better potential;
however, most molecules that are present in amleciquantities in the brain are
similarly small, so would possess comparable diffiusoefficients. Molecules such
as proteins that would diffuse at very differertesaare present in low concentrations,
so would be problematic to detect in a reasonadi®@. There is again the trouble of
motion during the diffusion periods, particularlg the sequences are intentionally
sensitive to motion in order to detect diffusioreedless to say, however, any of these
excitation sequences would be compatible with tMSONET-ISIS magnetisation

preparation sequence.

The major conclusion of this section of the reseasckthat ISIS-COSY gives
useful spectra from the rat brain containing cnessks from several molecules not
readily resolved in a one-dimensional spectrum iwith quite reasonable period of

time. These peaks may be quantified to give conagoirs of the metabolites.

6.2 ISIS-JRES
One alternative excitation sequence investigatéehagth (see section 4.2) was 2D

J-resolved spectroscopy. This produces spectra that & much lower spectral width
requirement in § so fewer { increments are required for good resolution irt tha
dimension. They suffer from reduced spread of trek@emaking the assignment of a
peak at a particular position in the spectrum mamrgiguous. In the rat brain, the
spectra are very broad to the extent that no af-pgaks could be discerned except
lactate. The S/N was reasonable, slightly greatam tHPRESS in identical conditions,

but the resolving power was poor.

The off-axis peaks in &resolved spectrum are disadvantaged by the fatthie
magnetisation for each proton is spread througtiwmumultiplet, which inJ-resolved
spectroscopy can occupy a significant proportiothefspectral width in 4 If strong
coupling is a factor, as it is for several metaksliat 2 T, this will further distribute

the magnetisation around still more peaks.

An intrinsic problem with separating peaks on tlasig of theirJ-coupling in the
brain is that many, if not mosi;coupling constants for the molecules of interafit f

in the range 6-8 Hz. This is not surprising — Sheoupling between adjacent GH
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groups in freely rotating carbon chains is aboudz7— but it reduces the likely

separation of peaks in tleresolved spectrum.

Two-dimensionall-resolved spectroscopy did not prove to be infoiveaas a
sequence for resolving metabolite peaks in thenbrbut it was a constructive
exercise, demonstrating the flexibility of the OWSBET-ISIS magnetisation
preparation sequence and giving the chance toyvedhniques such as the use of

composite pulses in the brain.

6.3 Comparisons
The use of ISIS rather than STEAM or PRESS for locadithe NMR signal to

the region of interest within the sample has sdwetgantages. Principally, there are
no spin- or stimulated-echoes required, so them® isignal loss fronT, relaxation or
J-modulation effects (see discussion in section B EAM also suffers from a 50%
signal loss from the stimulated echo. Another ath@ga that ISIS has over PRESS is
that the adiabatic sech pulses available to ISI$88S inversion pulses have a good
slice profile with sharp edges, whereas the sinsgsutypically used for the 180°
refocusing pulses in PRESS perform relatively po¢sie simulation in Figure 3.1).
This can make a PRESS voxel relatively poorly defirmedl also wastes some of the

signal available from within the voxel.

The principal disadvantage that ISIS suffers over SWiEshhd PRESS is the fact
that it is a difference technique, relying on eigfainsients to locate the signal from
the region of interest. The dynamic range probleas wddressed in section 4.1.1.2;
further difficulties are caused by motional artéadarising from incomplete
cancellation of outer-volume signal). It is alsa@onvenient that a different pulse
sequence must be used for shimming, although thenadf automated shimming
procedures will reduce this issue. ISIS needs roareful preparation than STEAM
or PRESS, but can produce spectra with peak intessinore faithful to the
concentrations of molecules within the brain. Thsemce ofT, filtering increases
crowding in the 1D spectrum with all the additiopabks, but is a significant asset to

a 2D sequence capable of resolving these extrespeak

There are numerous issues surrounding the use ofYC@%$sus J-resolved
excitation sequences, many of which have been skgtliearlier in this thesis. The
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separation of peaks is generally greater in a CQp&ctrum; the spectral width,
number of 1 increments required and total acquisition time bammuch less fod-
resolved. Some of the resolution difficulties foe tlatter arise from the clustering of
J-coupling constants of most metabolites around ,/rétducing the spread of peaks in
the R dimension. Thel-resolved spectra are also more prone to artefeats mis-
calibrated pulses, which can be ameliorated byueeof phase cycling or composite
pulses, and strong coupling, which is intrinsi¢hte spectrum and cannot be removed.
The final analysis has to be of spectra from thenbemd their ability to resolve peaks
from different molecules. In this respect, the CO§)éctra were vastly superior to

theJ-resolved spectra.

Spectral editing, introduced in section 1.4, is afernative means to observe
peaks from overlapping peaks in a crowded 1D spectThe principle is that the
intensity of one peak from a particular moleculeyrbe altered with a selective r.f.
pulse directed at a different peak in the same cotdethat is coupled to the first. If
two spectra are acquired, one with this perturlmatith and another with it on, and the
difference calculated, most of the spectrum is eled, leaving the edited peaks
behind.

As mentioned in the introduction, there are two nMmahortcomings with this
approach. The first is the difficulty in finding aitably isolated peak to use for the
selective pulse: if any other peaks share the msmnfrequency, the protons they are
coupled to will co-edit with those in the desirealetule, which complicates the
procedure. The second downside is the need to knlmehwnolecule is of interest
before performing the experiment. This removes on&the benefits of NMR, that
molecules that are not necessarily of interestqantified as well as those being
sought: unexpected changes are observed alongamighanticipated ones. Two-
dimensional NMR such as ISIS-COSY retains this tpasiaspect. For example, in
the vigabatrin study (section 5.1), if the NMR enpent used had been a GABA
editing sequence, the changes in the glutamateutargine peak would have been
overlooked, as would possible alterations in othmatabolites such as NAA and

taurine.

Spectral editing requires much less acquisitioretitman 2D NMR, which is an
advantage, particularlyn vivo. On balance, it is probably preferable to use tsakec
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editing to monitor one or two metabolites for whietliting is possible, and to use a
2D sequence to observe a greater number, or wigeextict nature of the anticipated

metabolite changes in a particular applicatiomisnown.

Two-dimensional localised spectroscopy, and ISIS-€QO% particular, has a
wide range of potential uses and applicationgivo. It has the ability to follow the
concentrations of many important cerebral metag®lisuch as amino acids non-
invasively, permitting serial studies on individuahimals. This could reduce the
numbers of animals needed for measuring the effetctsertain interventions and
decrease biological variability between samplesaligwing the same subject to be
studied repeatedly. Improvements in S/N (e.g., froetter r.f. coils, shimming,
acquisition methods, data handling, etc.) can omtyease the usefulness of ISIS-
COSY and the range of situations where it providalsiable information about the

metabolic state of the brain vivo.

Such spectroscopic methods would be extremely alein the study of many
multifaceted disorders, particularly those affegtihe central nervous system, such as
Huntington’s, Alzheimer’'s and Parkinson’s diseadd® genetic factors in many of
these are becoming increasingly understood; tHiyatoi follow biochemical changes
to the brainin vivo in a non-invasive manner would complement this igaloty. The
changes are likely to affect many metabolites, smigersal approach like 2D NMR
has much to offer.

6.4 Summary
Two novel pulse sequences for localised two-dimeradigpectroscopyn vivo

have been developed, tested and applied in then.b@i these, ISIS-COSY is
considerably more promising than ISIS-JRES. It has/gd capable of resolving
peaks in the 2D spectrum from several metabolitethe rat brain not separately
observable in the 1D localised pulse-and-collececspm, within a timescale
reasonable fom vivo investigations. These spectra are also suitablgdantitative

analysis.

The technique may be applied to a wide variety wfasions, two of which were
developed in this thesis. Quantitative changes reinbGABA levels, and other
metabolites, were observed in the rat brain upgoreh treatment with vigabatrin. A
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study on neutrophil infiltration into the brain sted some interesting changes
comparing the metabolic profile of neutrophitsvitro with the normal brain; tha
vivo results, due to a lower S/N, showed fewer diffeesnfrom the control, but some
interesting observations were nonetheless made.ig s ongoing application, and
future experiments should hopefully be able to destrate NMR markers for

neutrophil infiltrationin vivo.

Future applications could include studies of maiifeknt brain disorders, from
dementia to cancer, in both animal models and husndrects. It is hoped that ISIS-
COSY will become a valuable weapon in the armoufythe in vivo NMR

spectroscopist.
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Appendix A: High-Resolution Metabolite Spectra

The high resolutioH NMR spectra of fifteen molecules thought to béeptially
observable in the braim vivo are shown below, together with Vigabatrin, thegdru
used in the study in Chapter 5:. For each moledola, spectra are shown (as per
section 2.2.4), labelled a-d clockwise from the lefp: (a) 1D; (b) COSY, sine-bell
weighting, absolute-value mode; (c) COSY, exporniieighting, phase-sensitive

mode; (d)J-resolved, exponential weighting, rotated and syinmex, absolute-value

mode.
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Appendix B: Post Mortem Spectra for Comparison of
ISIS-COSY Acquisition Parameters

The following spectra were recorded past mortenrat brain to compare the
effect of different acquisition parameters on tB¢SFCOSY pulse sequence and to
compare it with VOSY-COSY (see section 4.1.4.4). lfEapectrum took 2 h to
acquire, with a 2.0 x 2.0 kHz spectral width, asdlisplayed in absolute-value mode.

Other parameters are shown below:

Spectrum Sequence TR/s ni nt sp/ms sb/ms Contour
A IC 3 150 16 35 35 2
B IC 2 222 16 35 35 2
C IC 2 111 32 27.5 35 2
D IC 1 222 32 35 35 2
E IC 1 111 64 27.5 35 1
F VvC 3 150 16 35 35 4
G VC 1 111 64 27.5 35 2

Key: IC, ISIS-COSY; VC, VOSY-COSY; ni, number gfihcrements; nt, number

of transients; sh sk, sine bell in the F F, dimension; contour, relative amplitude of
lowest contour (arbitrary units).
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Appendix C: Peak Assignments

The table below contains the resonances from sdlen@ecules found in the

brain and observable itH NMR spectra eithein vivo or in PCA extracts. The

labelling of protons is as per Table 2.3. For a nextgaustive list, see Govindaragti

al.57,
5  Multiplicity ' J Coupled tod Proton
p.p.m. Hz p.p.m.
0.93 t 7.4,7.6 1.26, 1.47 Isoleucine 5CH
0.98 d 7.0 2.26 Valine 4-CH
0.98 d 7.0 1.72 Leucine [5,6]-GH
1.01 d 7.0 1.97 Isoleucine 6-GH
1.03 d 7.0 2.26 Valine 5-CH
1.26 m 7.4,13.4,9.3 0.93,1.47,1.97 Isoleuch@#
1.33 d 7.3 4.10 Lactate GH
1.47 m 7.6,13.4,4.8 0.93,1.26,1.97 IsoleucireH4
1.47 d 7.3 3.76 Alanine GH
1.47 m 75,7.1 1.72,1.89 Lysine 4-CH
1.72 m 7.5,7.6 1.47, 3.02 Lysine 5-€H
1.72 m 7.0 0.98 Leucine 3-GH
1.72 m 7.0 3.72 Leucine 4-CH
1.89 m 7.1,6.1 1.47,3.74 Lysine 3-€H
1.89 m 7.7,7.7 2.29,3.00 GABA B-CH,
1.97 m 7.0,9.3,4.8, 1.01, 1.26, 1.47, Isoleucine 3-CH
4.0 3.66
2.02 S NAA CH
2.10 m 8.5,7.2 2.35,3.74 Glutamate3-CH,
2.13 m 8.0, 6.5 2.44,3.76 GlutamineB-CH,
2.26 m 7.0,7.0,4.4 0.98,1.03,3.60 Valine 3-CH
2.29 t 7.7 1.89 GABA a-CH;
2.35 t 8.5 2.29 Glutamatey-CH,
2.44 m 8.0 2.13 Glutaminey-CH,
2.48 dd 15.8, 10.2 2.68,4.38 NAA B-CH
2.68 dd 15.7, 4.0 2.48,4.38 NAA B-CH
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3.00 t 7.7 1.89 GABA y-CH,

3.02 t 7.6 1.72 Lysine 6-CH
3.03 S Creatine CH
3.20 S Choline CH

3.25 t 6.7 3.42 Taurine N-GH
3.26 t 9.3 3.61 myainositol 5-CH
3.42 t 6.7 3.25 Taurine S-GH
3.52 dd 9.9,238 3.61, 4.04 mygcinositol [1,3]-CH
3.52 t 5.3 4.06 Choline 1-CGH
3.60 d 4.3 2.26 Valine 2-CH
3.61 dd 9.7,9.7 3.26, 3.52 myainositol [4,6]-CH
3.66 d 4.0 1.97 Isoleucine 2-CH
3.72 t 7.0 1.72 Leucine 2-CH
3.74 t 6.1 1.89 Lysine 2-CH
3.74 dd 7.2 2.10 Glutamaten-CH;
3.76 t 6.5 2.13 Glutaminea-CH;
3.76 o} 7.3 1.47 Alanine CH
3.92 S Creatine CH
4.04 t 2.3 3.52 myainositol 2-CH
4.06 t 5.3 3.52 Choline 2-GH
4.10 o} 7.5 1.33 Lactate CH
4.38 dd 10.2,4.1 2.48,2.68 NAA o-CH

" Apparent multiplicities: s, singlet; d, doubletttiplet; q, quartet, m, multiplet;
dd, doublet of doublets.
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Appendix D: Correction Factors

The following table lists the correction factors toultiply experimentally
determined peak volumes by to correct for multipficJ-coupling and processing
effects, assuming the following parameters: speatter proton frequency, 300 MHz;
line width, 14 Hz; sine bell centred att = 27.5, 40 ms (see section 3.3.3).

Metabolite & (p.p.m.) & (p.p-m.) Correction Factor
Creatine 3.03 3.03 0.33
Creatine 3.91 3.91 0.50
Choline 3.19 3.19 0.11
NAA 2.70 2.70 3.31
NAA 2.52 2.52 6.56
NAA 4.40 4.40 1.92
NAA 2.02 2.02 0.33
NAA 2.70 2.52 1.91
NAA 4.40 2.70 8.86
NAA 4.40 2.52 3.96
Glutamate 3.74 3.74 1.60
Glutamate 2.04 2.04 3.08
Glutamate 2.12 2.12 2.52
Glutamate 2.34 2.34 1.01
Glutamate 2.35 2.35 1.06
Glutamate 3.74 2.04 10.63
Glutamate 3.74 2.12 11.92
Glutamate 2.12 2.04 2.73
Glutamate 2.34 2.04 5.47
Glutamate 2.34 2.12 4.62
Glutamate 2.35 2.04 5.74
Glutamate 2.35 2.12 4.85
Glutamate 2.35 2.34 1.03
Glutamine 3.75 3.75 1.62
Glutamine 2.13 2.13 1.28
Glutamine 2.11 2.11 1.30
Glutamine 2.43 2.43 1.20
Glutamine 2.45 2.45 1.13
Glutamine 3.75 2.13 4.07
Glutamine 3.75 2.11 4,12
Glutamine 2.13 2.11 1.29
Glutamine 2.43 2.13 1.55
Glutamine 2.43 2.11 1.57
Glutamine 2.43 2.45 1.16
Glutamine 2.45 2.13 1.54
Glutamine 2.45 2.11 1.55
Glutamine 2.45 2.43 1.17
Lactate 4.10 4.10 2.29
Lactate 1.33 1.33 0.46
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Metabolite & (p.p.m.) & (p.p.m.) Correction Factor

Lactate 4.10 1.33 1.72
Taurine 3.20 3.20 0.90
Taurine 3.40 3.40 0.93
Taurine 3.40 3.20 1.18
GABA 2.31 2.31 0.94
GABA 1.91 1.91 1.48
GABA 3.02 3.02 0.94
GABA 2.31 1.91 1.79
GABA 3.02 1.91 1.81
Inositol 3.54 3.54 1.01
Inositol 4.06 4.06 1.10
Inositol 3.62 3.62 0.90
Inositol 3.28 3.28 2.49
Inositol 4.06 3.54 11.94
Inositol 3.62 3.54 1.08
Inositol 3.62 3.28 2.61
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