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Abstract

Analysis of in vivo proton magnetic resonance spectroscopy ( 'H  MRS) data is 

complicated by overlapping resonances and phase modulated multiplets. A linear 

combination of in vitro model metabolite spectra (LCM), used to analyse an in vivo 

spectrum, resolves closely overlapping resonances by the fitting of non overlapping 

resonances from the same metabolites. Also in vitro phase modulation effects and 

lineshape characteristics reflect those in vivo because the model spectra are acquired 

using exactly the same data acquisition as in vivo.

Basis sets of PRESS voxel localisation and surface coil model spectra (acquired 

at the 2.4 T and 7 T field strengths respectively) were constructed using the major ‘H 

MRS detectable brain metabolites: alanine; aspartate; (3-hydroxybutyrate; choline 

containing compounds (Cho); creatine plus phosphocreatine (Cr); y-aminobutyrate; 

glutamine; glutamate; glycine; lactate (Lac); myo-inositol; N-acetyl-aspartate (NAA); N- 

acetyl-aspartate-glutamate; scyllo-inositol; and taurine.

Brain spectra from newborn infants were analysed using the PRESS basis sets 

and LCM. The results were compared with those found from Lorentzian frequency 

domain fitting. LCM analysis improved estimates particularly of Lac and NAA levels 

and also their T 2 relaxation. LCM was also applied to the analysis of (surface coil) 

spectra from studies of cerebral hypoxia-ischaemia in the newborn piglet. LCM 

determined changes in all the metabolites in the basis set, rather than only a few as by 

Lorentzian fitting. Changes in relative metabolite concentrations reproduced in the 

newborn piglet resembled those seen in birth-asphyxiated human infants. Results showed 

that hypothermia was cerebroprotective whereas intravenous magnesium was not.

Local brain temperature was estimated by in vivo 'H MRS. Relative to the Cho, 

Cr or NAA singlet resonances, the chemical shift of water measured from surface coil 

piglet brain spectra depended linearly on temperature from 30 - 40 "C. Thalamic and 

occipito-parietal temperatures in human infants were estimated with adequate sensitivity 

(± 0.6 "C).



Errata

p34, line 7 Replace "3 MHz" with "300.3 MHz"

p36 Eqn 2.37 is for single phase detection. For a quadrature system it is

twice this

p40, para 2 Replace "RF pulses" with "gradient pulses"

p47, para 3 "There will be an apparent increase in the Tj* of the narrow

resonances..."

p49, para 4 "the positive rising exponential cancels the natural T2* decay of the FID

and hence degrades SNR..." 

p57, para 2 Replace "domina" with "domain"

p57, para 3 Replace "T 2 *" with "T 2 "

p57, para 4 "A chemical shift range is selected local to a particular peak"

p58, para 2 "Also prior knowledge of simple multiplets can be incorporated into the

fit"

p63, para 2 "S, also automatically accounts for the line broadening observed in vivo

(due to shorter T 2  times). Therefore takes into account the differences 

in T 2  from one metabolite to the next, which is..." 

p90, para 2 Delete sentence: "the broad baseline curvature signal was removed via

LIRE procedure with T ^  = 1.5000 and f  = 10" 

p92 Figure 6.20 legend (d) should be at "540 ms"

p i 22, para 3 Replace "sufficient variability" with "sufficiently low variability"

p l24 , line 1 Replace first "7.24" with "7.23"

p i 24, line 2 "The fits are reasonable good up to -3 .6  ppm..."

p l45 , para 1 "[NTP]/[exhangeable phosphate pool (EPP)]"

p i 56, para 2 Replace "8194" with "8192"
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One

Introduction

Every year in England and Wales about 700 babies will experience during labour 

a reduction of oxygen, known as hypoxia, and a diminished blood supply to the brain, 

known as cerebral ischaemia [1]. These physiological events constitute birth asphyxia 

which is a major cause of perinatal brain damage leading to disability or death. During 

cerebral hypoxia-ischaemia, a reversible acute transient cerebral energy failure occurs 

which resolves on resuscitation resulting in the recovery of the normal brain energy 

metabolism. Initially the baby may seem to be normal, but often 12 to 24 hr later a 

delayed secondary energy failure commences, resulting in brain damage or death

[2,3].

For clinical diagnosis and prognosis or assessment of neuroprotective therapies, 

cerebral monitoring techniques are needed [4]. X-ray computed tomography and 

ultrasound can provide structural information. However disturbances of the brain 

metabolism and circulation usually occur well before structural changes are observable 

by these techniques. Imaging techniques must therefore be supported by other methods 

which can measure the functional status of the brain. Functional techniques include: 

Doppler ultrasound which monitors blood flow changes; positron emission tomography 

and single photon emission computed tomography use radioactive tracers, which are 

administered into the body, to monitor blood flow and glucose metabolism; near infra

red spectroscopy monitors haemoglobin levels and the cytochrome oxidase redox state 

as well as measures blood volume and flow; and magnetic resonance imaging (MRI) 

[5] measures water relaxation, perfusion and diffusion, which may be related to energy 

metabolism.
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In vivo magnetic resonance spectroscopy (MRS) is an important non-invasive 

technique capable of continuous monitoring and quantitation of the concentrations of the 

many biochemicals in tissue, intracellular pH and temperature. MRS can provide 

information about the normal and pathological metabolic processes of the brain which 

is inaccessible to other techniques e.g. biopsies. Phosphorus Ĉ ’P) MRS can monitor the 

high energy phosphates which are important in cellular energy production and 

metabolism. However 'H MRS studies a wide range of compounds [6,7], e.g. lactate, 

which is a product of anaerobic metabolism, is an important marker for tissue hypoxia- 

ischaemia, or N-acetylaspartate, which is found almost exclusively in neurons, can be 

considered a neuronal marker [8]. ‘H MRS offers complementary information to ^'P 

MRS, since an increase in lactate is generally accompanied by reduced high energy 

phosphates. An important clinical application of ‘H MRS is in the study of brain injury 

following perinatal hypoxia-isehaemia, including birth asphyxia [9,10,11,12].

Problems arise with the acquisition of in vivo MRS data. The MRS signal must 

be confined to the tissue of interest so as to avoid contamination from other tissues. 

Localisation techniques must therefore involve a precise definition of the signal volume. 

The predominant in vivo 'H MRS signal comes from water having a concentration 10  ̂ - 

10'  ̂ greater than that of the metabolites of interest. The metabolite signals sit on the 

wings of the water peak, and are therefore difficult to see in the presence of water 

because the water signal fills the dynamic range of the spectrometer analogue to digital 

convertor. Data acquisition must also include the suppression of the water signal.

Quantitative analysis of MRS data involves the measurement of peak positions 

(chemical shifts) and areas in order to identify the biochemicals present in tissue and to 

determine their concentrations. Differences in chemical shifts can be used to estimate 

in vivo temperature, intracellular pH and metal ion concentrations. Quantitation of the 

peak areas of in vivo ‘H spectra is particularly difficult. Many resonances occur in a 

narrow spectral frequency range which results in considerable peak overlap. This causes 

difficulties in picking out specific metabolite resonances from within the crowded 

speetrum and in calculating the contribution of the resonance component in the overlap. 

Spin-spin coupling gives rise to multiplet peaks whose signals, for spin-echo pulse 

sequences, follow a complex amplitude-phase modulation, which are difficult to

14



interpret.

For quantitative analysis methods to be clinically useful, they must be objective, 

reliable and reasonably fast. Such techniques generally fit a model function to the 

measured data. The experimental MRS (time domain) signal is often assumed to be an 

exponential decay which upon Fourier transformation gives a Lorentzian profile in the 

frequency domain spectrum. Exponential or Lorentzian model functions are usually fitted 

in the time or frequency domain respectively. However, these functions are difficult to 

fit objectively to overlapping resonances and complex phase modulated multiplets.

Fitting a linear combination of model (LCM) spectra [13] to the in vivo ‘H 

spectrum may be the best method that overcomes the above analysis problems. In vitro 

model spectra of all the major ‘H MRS detectable brain metabolites are acquired using 

the same pulse sequence as used in vivo, thus ensuring the same resonance structure as 

in vivo (this is particularly important for complicated multiplets). The model spectra thus 

provide prior knowledge about chemical shifts, relative peak areas, phase modulation 

and effects specific to the acquisition technique. Closely adjacent resonanees from 

different metabolites can be separated from each other by the non-overlapping 

resonances from the same metabolites.

One aim of this project was to apply LCM to the quantitative analysis of 'H 

spectra acquired from the brains of newborn infants. Basis sets of model spectra were 

constructed using single-voxel localised MRS at the 2.4 T field strength acquired at 

various echo times. Using this data and the LCM technique, spectra from both normal 

infants and infants with hypoxic-ischaemic cerebral injury were analysed. The results 

were compared with those found from Lorentzian frequency domain fitting. In vivo 

relative concentrations of all the metabolites in the basis set were then determined by 

LCM, rather than the values for only a few by Lorentzian fitting. Relationships were 

elucidated between metabolite relaxation time and neurodevelopmental outcome and 

between metabolite concentrations and neurodevelopmental outcome.

A basis set of surface coil model spectra (acquired at 7 T) was also constructed. 

LCM was then applied to the analysis of spectra from ongoing studies of cerebral



hypoxia-ischaemia in the newborn piglet. These studies involved reproducing the 

changes observed in birth-asphyxiated human infants and also investigating the 

cerebroprotective effects of hypothermia and intravenous magnesium. The spectra were 

also analysed by Lorentzian fitting, and results were compared to those from LCM.

The estimation of local brain temperature may be important for investigating the 

cerebroprotective effects of hypothermia. Additional work that formed part of this thesis 

involved calibrating the temperature dependence of the proton chemical shift of water. 

The calibration was then used to estimate thalamic and occipito-parietal temperatures in 

normal and birth-asphyxiated human infants.

16



Two

Nuclear Magnetic Resonance

2.1. Nuclear Spins in a M agnetic Field

Atomic nuclei which have odd mass numbers and/or odd atomic numbers possess 

a non-zero quantum spin number I (associated with the intrinsic angular momentum of 

the nucleus). A moving charge generates a magnetic field in its neighbourhood and so 

such nuclei also possess a magnetic moment fi, which is proportional to its angular 

momentum J. The magnetic moment operator p. is given by,

[2.1]

where y is the gyromagnetic ratio (for the proton, y = 2.675x10*^ rad T '  s'" or 42.57 

MHz T ') and J is the angular momentum operator. For a nucleus j  can be expressed

by,

J  = h i [2.2]

where h is Planck’s constant ( 6 . 6 2 6 x 1 J s) and h=h/27t. Î is the dimensionless spin 

angular momentum operator with eigenvalues / 1 ( |  4- 1 ) .  The z component of Î ( Ï J  has 

eigenvalues m, with 2I-I-1 possible values of I, I-l,...,-I.

From equations 2.1 and 2.2, p has discrete values such that the z component 

has eigenvalues which are yh multiples of those of Î,.

\x̂  = y h n i  m = 1 , 1 - 1 , [2.3] 

In the presence of an external uniform magnetic field (Bq), the interaction energy
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of the nucleus is given by the Hamiltonian or energy operator:

For the case when is orientated parallel to the z-axis, then

[2.4]

[2.5]

The eigenvalues of H are "jèBo multiples of those of Therefore the allowed 

energies are given by,

E = - y  hB^m in = /, / - 1 , - I [2.6]

For the proton, which has a spin Vi, m can only have values ±Vi and so there are 

only two nuclear energy states possible in the presence of B„ (see figure 2.1). The 

orientation due to the lower energy spin state is in the same direction as Bq, where as 

the other is anti-parallel. The energy difference between the two states is given by.

A £  = [2.7]

Energy

AE

Figure 2.1. The energy states of the proton

m= -1/2

m = l/2

For transitions between the energy states to occur, energy must be either 

absorbed into or emitted by the system, the energy of a photon of angular frequency cOq 

is given by,

A E - A w ,  [2.8]

For a bulk sample, the proton nuclei constantly change between the two energy 

states. At thermal equilibrium the populations of the nuclei in the upper (N_) and lower



(N+) energy states follow a Boltzmann distribution which is given by.

N A E \  [2.9]
-

k T )

where k is Boltzmann’s constant ( I .3 8 1 x l0 ‘  ̂ J K‘‘) and T is the temperature of the 

sample. The total number of nuclei is N = N_ + and the difference in the populations 

is given by,

N  -  N  = A^tanh
 ̂ 2 k T  

2 k T

[2.10]

y h B ^ < < k T

At room temperature in a 7 T B^ field the population difference for the proton 

is approximately 24 spins per million nuclei.

At thermal equilibrium the net magnetisation (M), which is the resultant of the 

precessing magnetic moment vectors of all the nuclei in the upper (p+) and lower (p_) 

energy states respectively, is given by,

M = [2.11]

= ix = [2.12]

Substituting equations 2.3 and 2.10 into 2.11 gives,

M . 1 A ( W  [2.13]
2 " ■ ^ k T

The stronger the Bq field the greater the magnetisation signal that is available for 

NM R detection. As the population difference, and hence the net magnetisation, is very 

small, NM R is not a very sensitive technique. However the ‘H nucleus has almost 100% 

natural abundance, the highest intrinsic sensitivity and is the commonest nucleus in vivo. 

Signals from metabolites containing ‘H nuclei are therefore readily detectable.

For a bulk system of non-interacting spins, M obeys the classical equation of 

motion for a magnetic moment experiencing a torque due to an applied external

19



magnetic field B [14].

d M
 : y M x B
dt

[2.14]

For B = Bq, M precesses about Bq with Larmor angular frequency co„.

(Oq = yBq [2.15]

CÛO is in the radiofrequency (RF) range for B^ = 1 to 10 T. Applying a RF pulse 

at frequency co generates an alternating linear magnetic field which may be considered 

to consist of two counter-rotating components each of strength Bj. One component 

rotates in the same sense as M and the other in the opposite sense. Near resonance, 

when 0 ) “ (Oo, the counter-rotating component can be neglected [14]. The total applied 

external field B is given by,

[2.16]

M experiences a torque due to B, and so simultaneously precesses about both Bq 

and B|. In the laboratory frame this is a spiral motion (see figure 2.2).

Figure 2.2. The motion of M due to a 90" pulse in the

laboratory frame of reference
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2.2. Rotating Fram e of Reference

To understand the concepts of NMR more easily, it is convenient to deal with 

a rotating frame of reference rather than a stationary laboratory frame. For B, to be 

static in the rotating frame, the axes x ',  y \  and z '  rotate about at the angular 

frequency co (= cOq). With B^ applied in the z direction, z '  = z and the x" axis is along 

the B, direction. The effective magnetic field is given by [14],

[2.17]

M experiences a torque due to and hence precesses about at frequency yB̂ jy 

(see figure 2.3).

e ff

7
X

>  y

Figure 2.3. The motion of M about B̂ ff in the rotating 

frame of reference

At resonance when co = co,,, B̂ r̂ = B,. M experiences a torque due to B, only, and 

precesses about B,. A RF pulse of duration x rotates M about the x '  axis through an 

angle 0, where

0 - yB , t [2.18]

A 90" pulse rotates M from the z '  axis to the y '  axis (see figure 2.4). M  then
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precesses at the frequency cOq in the laboratory xy plane, but is static in the rotating \ ' y '  

plane.

X

Figure 2.4. The motion of M due to a 90" pulse in 

the rotating frame of reference

2.3. Relaxation

Once M has rotated into the x'y" plane, for energy stability M returns to its 

equilibrium value (M^). The longitudinal component of M (M J  relaxes to Mq via spin- 

lattice relaxation, while its transverse component returns to zero via spin-spin

relaxation.

The spin-lattice or longitudinal relaxation involves the spin states losing energy 

to the surrounding molecular environment. The relaxation of is assumed to be 

exponential with decay time T,. 5T[S give -99%  relaxation. When repeated 

measurements are made, ideally almost all of M must recover and hence be available 

for the next excitation. Sufficient time must be allowed for T, relaxation; usually the 

repetition time (TR) is > 5T,. However data has often to be collected more rapidly that 

this in order to optimise the signal to noise ratio (SNR) per unit acquisition time. T, of 

water-protons varies from a few 100 ms in neonatal brain tissue to over 1 s for 

cerebrospinal fluid.

Spin-spin or transverse relaxation involves the exchange of energy between the
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spin states. The relaxation of M^y is assumed to be exponential with decay time Tj. It 

arises from nuclei experiencing slight time dependent, random variations in the local 

field due to the varying proximity of neighbouring nuclei. This results in the nuclear 

magnetic moments precessing at different frequencies in the x ' y '  plane i.e. faster or 

slower than the average co,). The magnetic vectors lose phase coherence (termed 

dephasing) and spread out completely around the x 'y '  plane, resulting in zero xy 

magnetisation (see figure 2.5). To is always < T^, with the water-proton T 2  in neonatal 

brain tissue -2 0 0  ms.

> y > y

M,y = 0

Figure 2.5. After a 90° pulse, the T
D

> y

reference

Because of B„ inhomogeneity, due to the magnet design (see section 2.8) and 

magnetic susceptibility variations in the tissue sample, there is an enhanced dephasing. 

The NMR signal has a decay time T 2 * which is less than Tj. T 2  relaxation is random 

and hence irreversible, however the dephasing effects due to Bq inhomogeneity can be 

reversed by using a ‘refocussing’ pulse to produce a spin-echo.
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The motion of M (see equation 2.14) must include its relaxation and can be 

described by the modified Bloch equations [14,15] for the rotating frame,

dM^

dM M
[2.19]

5 .
dt  '  '  T.

2.4. Spin-Echo Data Acquisition

The basic spin-echo technique [16] is a two-pulse sequence with the pulses 

separated by time TE/2;

90» —  TE/2 —  180’ —  TE2 —  acquire —  TR

The magnetisation M initially rotates 90" from the z '  axis to the y '  axis (see 

figure 2.6). To* relaxation occurs during the first TE/2 period and so the magnetic 

vectors dephase. At the end of this period a 180" ‘refocussing’ pulse is applied about the 

x '  axis, thus rotating the magnetic vectors onto the -y" axis. The magnetic vectors 

maintain their precessions with the same frequencies and in the same senses and so 

move towards the -y '  axis, meeting or refocussing at the echo time TE. A so called spin- 

echo is detected with maximum amplitude at TE. The ISO" pulse only reverses the 

dephasing process caused by inhomogeneity but not from T^ relaxation which is a 

random process. The signal amplitude at time TE is given by,

TE,T [2.20]
S(TE) - A e  ' ^

where A is the amplitude of the signal immediately after the 90" pulse.

By varying TE and measuring the signal S(TE), T, can be found. Due to proton 

metabolites of interest having long T^ resonances, the spin-echo technique is well suited 

for application to in vivo 'H MRS. Using longer TEs will produce simplified spectra of
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90"

A TE/2
180'

C TE/2
Echo 

D

Effect of 90" pulse At TE/2

B

Effect of 180" pulse

3

At TE

D
Figure 2.6. The evolution of a spin-echo in the rotating frame of reference

resonances with only long T^s, since signals from metabolites with shorter ones will 

have decayed away.

2.5. Spectroscopy

The ability to distinguish between various metabolites by spectroscopic means 

arises from the difference in the local magnetic field experienced by nuclei in different 

molecules or located in various chemical groups in the same molecule. The local 

molecular electronic structure of the nucleus produces a local magnetic field that 

opposes Bq. The electrons shield or screen the nucleus from B„, giving rise to an 

effective field B •
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where a  is the screening factor that varies from nucleus to nucleus in the molecule and 

from molecule to molecule. Nuclei of the same type therefore resonate at slightly 

different frequencies depending on their local molecular environment. NMR 

spectroscopy can therefore be used for chemical analysis and molecular structure 

determination.

The same nuclei observed at different field strengths will resonate at different 

frequencies:

[2.22]
“ o -

In order to eliminate dependence, resonance frequencies are always quoted 

as chemical shifts in units of parts per million (ppm) of the static magnetic field 

strength. Chemical shift (5) is defined by,

Ô .  X io«

where 0)̂ ^̂  and œ are the resonant frequencies of the reference nuclei and the nuclei of 

interest respectively. For proton studies the reference substance is usually 3- 

trimethylsilyl-propionate (TSP) because its chemical shift is very stable in different 

chemical and physical environments.

The chemical shifts of some resonances depend strongly on pH, metal-ion 

concentrations or temperature. Hydrogen-bound (acid) and unprotonated (base) chemicals 

have different chemical shifts due to the difference in electronic structure. As the acid 

and base states are in rapid chemical exchange, a single resonance with the average 

chemical shift of the relative equilibrium populations is observed. The local 

concentration of hydrogen ions (and hence pH) determines the acid-base populations and 

so alters the chemical shift e.g. inorganic phosphate (Pi) in ^'P MRS [17]. In a similar 

way metal-ions, e.g. Mg""  ̂ [18], affect chemical shifts. As the temperature of the 

sample increases, molecular motion intensifies. The chemical bonds weaken due to
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stretching or breaking. The electronic shielding of the nuclei (a) increases and so the 

resonant frequency decreases (see equation 2.21) and the chemical shift is reduced e.g. 

the 'H chemical shift of water has an almost linear dependence on temperature between

0 °C and 40 ”C, changing by approximately -0.01 ppm "C ' [19].

The chemical shift range for most in vivo 'H resonances is about 8 ppm. To 

excite all the nuclei in this range, the RF pulse must have a spread of frequencies 

(bandwidth) that include all the resonant frequencies e.g. > 2.4 kHz for a 7 T field. 

To obtain adequate frequency resolution, a strong but highly homogeneous (to within

1 part in 10^) field (> 1.5 T) is required so as increase the dispersion or separation 

of resonances (see equation 2.22).

2.5.1. Spin-Spin Coupling

Spins of adjacent nuclei affect resonance energy levels, splitting the observed 

peaks into various multiplet structures. The coupling is not direct but is mediated by 

electrons in the chemical bonds between the nuclei and allows a given nucleus to ‘sense’ 

the spin states of its neighbours. The coupling can be between similar (homo-) or 

different nuclei (hetero-nuclear). However chemically equivalent protons do not couple 

to each other.

For example, the 'H spectrum of lactate consists of ç q OH  CH CH

two resonances, a doublet and a quartet, due to the -CH^ and j

-CH protons respectively (see figure 2.7). The -CH proton OH

has two possible spin orientations, parallel or antiparallel to H gure 2.7. The

Bo and is constantly changing between the spin states. Half chemical formula of

of the time, the -CH, protons will sense the -CH proton lactate

parallel state and the remaining time, the antiparallel state.

The spin states of the -CH proton are at slightly different energy levels and due to 

electron mediation a slight change in the local magnetic field is experienced by the three 

equivalent -CH, protons, splitting the resonance into a doublet with components of 

approximately equal amplitude. However, the -CH proton experiences eight possible 

combinations for the -CH, protons as shown in figure 2.8. Because some of these
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Figure 2.8. Spin-spin coupling of lactate

combinations are indistinguishable, there are effectively four possible combinations of 

spin states and so the -CH resonance splits up into a quartet: corresponding to all three 

-CH, spins parallel; all anti-parallel; two parallel and one anti-parallel; one parallel and 

two anti-parallel. The component amplitudes depend on the relative probabilities for the 

possible states, approximately 1:3:3:1. The total intensity of the doublet is three times 

more than that of the quartet because there are three equivalent -CH, protons and only 

one -CH proton. The separation of the multiplet components is known as the coupling 

constant J, measured in Hz. It is independent of field strength. The coupling constants 

for the lactate multiplets are approximately 7 Hz.

2.5.2. Phase M odulation

Spin-spin coupling affects the amplitudes and phases of spectral peaks obtained 

by spin-echo techniques [20]. Let us consider the lactate doublet, for convenience 

resonance is set at the frequency half way between the two components of the doublet 

[21]. During the first TE/2 period, the two magnetisation components (1 and 2) 

separate in the x 'y '  plane and also dephase due to T 2 * relaxation (see figure 2.9). When 

the 180° pulse is applied, only the effects due to B(, inhomogeneity are refocussed.
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However, if the 180" pulse is broadband (i.e. flips the coupled as well as coupling 

protons) the separation of the individual magnetisation components is not reversed, but 

in fact increased. The spins of -CH^ protons swap frequencies: component 1 is now 

processing at the previous frequency of component 2 and vice versa (see figure 2.9).

Effect of 90" pulse At TE/2

B 2

Effect of 180" pulse

C2

At TE

Figure 2.9. Phase modulation of the lactate doublet in the rotating frame of

reference

At TE the components are separated in phase by,

^  = J  TE
[2.24]

The signal of the lactate doublet varies sinusoidally with TE and so can become 

inverted or zero. Phase modulated signals are usually compared with a singlet whose 

signals do not phase modulate because all the nuclei precess at the same frequency. If 

the receiver is arranged to detect the -y '  magnetisation only, then an in-phase signal 

(with maximum amplitude) is detected when components 1 and 2 are along the -y '  axis 

i.e. when (j) = 0, 4ti, 871, 12%, etc...

TE = 0, 2IJ, 4/J, 6/J, etc... [2.25]

No signal is picked up when components 1 and 2 lie along the x '  and -x ' axes 

respectively, i.e. when (|) = 7t, 3ti, 5%, etc...

29



[2.26]
TE -  \l2J ,3>IU ,5l2J,e tc...

A 180° ont of phase signal is obtained when components I and 2 coincide with

the y '  axis i.e. when ({) = 271, 67:, 10%, etc...

[2.27] 
TE= \ /J ,3 /J ,5 /J ,e tc . . .

The lactate doublet, with J “ 7 Hz, is phase inverted at TE -135  and -4 1 0  ms 

and phase normal at TE -2 7 0  and -540  ms. The phase modulation of triplets and 

quartets can be accounted for in a similar fashion. The central component of a triplet is 

not phase modulated, and the frequency of the phase modulation of the two outer 

components is 2J. The inner and outer components of a quartet are phase modulated at 

frequencies of J and 3J respectively. Phase modulation of complicated multiplets leads 

to complex profiles.

2.6. Localised Spectroscopy

Some spectroscopic pulse sequences can localise the signal to a volume of

interest (VOI) [22]. Current state of the art localised MRS methods rely on the use

of magnetic field gradients and selective RF pulses. Nuclei in two identical molecules 

but located at different positions, say in the x direction, and placed in a uniform field, 

will precess at the same frequency (0„. If a linear magnetic field gradient G(x), is applied 

in the x direction, then the net magnetic field in the z direction B^(x) is given by,

[2.28]
+ %(;(%)

The nuclei located at the different positions will be exposed to different fields 

according to equation 2.28, and hence will resonate at different frequencies co(x) (see 

equation 2.29). If the magnitude of G(x) is known, then the position of the nuclei in the 

X direction, can be deduced from the frequency.
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When a RF pulse having a narrow spread of frequencies (bandwidth) is applied 

in the presence of G(x), only spins resonating at frequencies within that bandwidth (and 

so within a slice perpendicular to the x direction) are excited. Such pulses are termed 

selective and hence this is called slice selective excitation.

For single VOI localised MRS (e.g. point resolved spectroscopy; see section 3.1), 

three frequency-selective RF pulses, each coincident with one of three mutually 

orthogonal pulsed magnetic field gradients, G(x), G(y), and G(z), give slice selection in 

the X,  y and z directions respectively. The VOI is defined at the intersection of the three 

slices. The VOI position is selected from previously acquired ‘scout’ images. The 

position, size and shape of the VOI are defined by the user simply by adjusting the RF 

pulse frequency bandwidth and/or the strength of G(x), G(y) and G(z).

2.7. Signal Analysis

The precessing magnetisation M^y leads to a varying magnetic field at the 

detection coil which induces an electromotive force/voltage that can be measured using 

a RF receiver. The voltage, which oscillates at frequency co„ and decays exponentially 

with relaxation time Tj*, is termed the free induction decay (FID) signal:

S(f) -  A exp[i(0(,« -  t lT l \  [2.30]

The FID signal is typically a few millivolts or less in amplitude. Background RF 

noise from interference, receiver coil and sample contributes to the signal and therefore 

must be minimised. For 'H in vivo studies, the concentrations of the metabolites of 

interest are in the millimolar range and therefore the SNR for their FID signals is low. 

Measurements are normally repeated and the data summed in order to improve SNR.

To obtain a spectrum, the FID signal is usually processed by Fourier 

transformation (FT). This is a mathematical method that converts a signal from the time 

domain S(t) to the frequency domain Y(co) and is defined by.
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y(w) - [2,31]

The FT of the complex FID of equation 2.30 gives two outputs: the absorption 

a(co) and dispersion d (C L ))  spectra (see figure 2.10 and equations 2.32 and 2.33).

T(o)) =û(g)) + id{(ô)

a t ;
a(w )  =

d{iù)

1 + [7̂ 2 (Wq-O)}]'

A

1 + [7^ (o)q-0 ))] '

[2.32]

[2.33]

FT

absorp t ion  sp ec tru m

FT

dispers ion  sp ec tru m  

Figure 2.10. FT of a complex FID signal
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The absorption spectrum of an exponentially decaying FID signal has the profile 

for a Lorentzian line shape. The full width at half maximum height of the profile 

(FWHM) is given by,

^  [2.34]
n

The width depends upon T 2 * and so on inhomogeneity as well as the mobility 

of the metabolite concerned. Small and therefore mobile molecules in vivo e.g. amino 

acids have long Tj times and so produce narrow spectral lines. Macromolecules, such 

as proteins, are relatively immobile. They produce broad spectral lines that are difficult 

to detect because they get encompassed into the baseline which underlie the narrower 

peaks. Poor optimisation of B,, homogeneity (shimming) will also produce broad peaks. 

B() must be homogeneous to better than 1 part in 10  ̂ in order to obtain narrow 

linewidths and hence resolvable peaks.

The modulus spectrum m(co) is given by.

/n(o)) = ya(w)^ +

a t ;  [2.35]

The FW HM of the modulus profile is given by,

_ 2 / 3
F W H M ^ ^  = ^  [2.36]

T2

The area of the profile is proportional to the number of nuclei present in the 

sample (see equation 2.13). Hence, relative concentrations can be determined from the 

measurement or quantitation of spectral areas. For quantitative analysis of overlapping 

spectra, it is generally preferred to work with the absorption spectrum rather than the 

modulus spectrum, because the spectral lines are narrower by a factor of / 3 ,  c.f. 

equations 2.34 and 2.36.

33



2.8. Spectrom eter System

The Broker Biospec 24/40 and 70/20 spectrometers utilise liquid-helium 

superconducting magnet systems and can perform both imaging and spectroscopy. 

Superconducting magnets are the most stable source for B,,. They are the only type of 

magnet that can achieve very homogeneous and strong fields >0.4 T over the large 

volumes which are essential for in vivo spectroscopy. The 24/40 and 70/20 Biospecs 

operate at 2.4 T and 7.0 T field strengths (giving ‘H resonant frequencies of 100.3 MHz 

and 3 MHz), and have horizontal clear bores of diameters 40 cm and 21 cm 

respectively.

Inside the magnet are mounted the shim coils, the linear gradient field coils and 

the RF transmitter and receiver coil. Computer controlled variable-current power 

supplies drive the shim and gradient coils. A block diagram of the spectrometer is 

shown in figure 2.11.

Transmitter/
Receiver
C oils

Magnet

\ /

\ /

1 Receiver
\ /

ADC iShim
Coils

Computer

Gradient
C oils

: Data Storage ! D isplay

Transmitter
Shim

Supplies

Gradient
Supplies Frequency

Generator

Figure 2.11. Block diagram of the spectrometer

The 2.4 T and 7 T systems should have a homogeneous volume of 7 cm and 4 

cm diameter respectively. Since the mechanical layout of the superconducting Bq 

solenoid or the solenoid position in the cryostat will never be exactly as designed, it is 

impossible to produce a perfectly homogenous magnetic field. Also, when a sample is
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placed in the magnet, its own magnetic susceptibility often distorts the field. Shim coils 

improve the homogeneity. These are sets of superconducting and resistive coils wound 

so that they produce fields, generally of the order of a few mT, over the sample volume. 

The currents through the superconducting shim coils are pre-set but the resistive coil 

currents can be adjusted so as to further improve the homogeneity and cancel out the 

inherent gradients. Since complex shapes like the human body produce complex field 

distortions, there is a high resolution shim system in each spectrometer consisting of 15 

shim coils: x; y; z; xy; z"; etc...

Gradient coils are designed to produce fields that vary across the sample as 

linearly as possible. They are required for spatial localisation in imaging and localised 

spectroscopy. Three orthogonal gradients G(x), G(y) and G(z) are used with the origin 

defined as the magnet centre. The gradients are switched on and off rapidly, typically 

within 0.5 ms. This induces eddy currents in the conductive parts of  the magnet which 

cause time dependent B,, perturbations. These are reduced either with actively-shielded 

gradient coils (2.4 T: Bruker S-260; 26 cm diameter) which are designed such that the 

external field produced by the gradient coil is reduced or by a physical gap between the 

gradient coil and cryostat (offset gradients) so as to minimise the coupling with the 

cryostat. In addition ‘pre-emphasis’ (used at both 2.4 T and 7 T) changes the shape of 

the gradient pulses so as to compensate for the eddy current effects.

A frequency generator produces a continuous reference RF wave. According to 

the pulse program parameters, RF switching gates the frequency generator signal and 

produces a pulse, which is then amplified and finally sent to the transmitter coil. The 

coil can transmit the RF pulses to the sample (to produce the pulsed B, field) as well 

as receive (with high sensitivity) the resulting NMR signal. Alternatively two coils can 

be used. For the studies described in this thesis, a Helmholtz head coil of diameter and 

length 15 cm [23] and a single-turn surface (transmit/receive) coil of diameter 2.5 cm 

were used on the 2.4 T and 7 T Biospecs respectively. The coils were balanced-matched 

(inductively coupled) to the 50 Q pre-amplifier impedances and transmitter so that 

maximum power was transferred from the coils to the receiver.

The FID signal picked up by the receiver coil is amplified in a low noise, fast
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recovery preamplifier. Phase sensitive quadrature detection involves mixing the FID with 

a sine and a cosine wave to produce the real and imaginary components. The main 

receiver further amplifies the signal and changes the frequency from radio to audio for 

digitisation.

Analogue-to-digital converters (ADC) convert the receiver output into a digital 

form for input into the computer. The ADCs are of dual channel construction for 

quadrature detection, with dwell times of 4 ps to 409 s in 1 ps steps and resolution of 

16 bit. The ADC defines the system’s dynamic range: a n-bit ADC has a dynamic range 

of 2"-‘- l : l .

The Aspect 3000 is the central computer (24 bit) for the Biospec. The continuous 

FID signal is discretely sampled at regular intervals (At) for a finite time until the signal 

is down to the noise level. The FID must be sampled at least at the Nyquist frequency, 

i.e. twice the highest frequency of the spectrum. This prevents the aliasing of 

frequencies outside the spectral range which will otherwise be reflected back into the 

spectrum at the wrong frequencies. The spectral width (in Hz) of the spectrum is given

by,

S J r - —  [2.37]
2 A t

A discrete Fourier transformation (DFT) of the digitised FID signal gives a 

digitised spectrum. Fast Fourier transform techniques (FFT) are used to implement the 

DFT computationally [24].

Virtually all NM R pulse sequences can be generated and/or programmed into the 

Aspect 3000. Pulse programs with a high degree of timing control accuracy can be 

produced. Most of the spectrometer adjustments and the entire data acquisition process 

are under computer control. User commands are displayed on a visual display unit 

(VDU). A second VDU displays the FIDs, spectra and images and the parameters 

pertaining to the pulse sequence. Data was transferred from the spectrometer via ethernet 

to a Sun-Spare workstation where the data analysis was performed.
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Three

Data Acquisition Pulse Sequences for In Vivo MRS

The predominant in vivo ‘H signal comes from water protons having 

concentrations of about 100 M in neonatal brain tissue compared with the metabolites 

of interest which have millimolar concentrations. Detection of these metabolites is a 

problem because the water signal fills the dynamic range of the spectrometer system, 

leaving the last few bits in the ADC to digitise the metabolites. The higher the number 

of bits of the ADC the greater the dynamic range and therefore the better digitisation 

of the metabolites. The signals from the metabolites are superimposed upon the 

significant wings of the water peak and hence are on a curved baseline, thus making 

analysis difficult. The water signal must be suppressed in order to obtain quantifiable 

spectra.

Pulse sequences available for spectrum acquisition should also enable localisation 

of the signal to the tissue of interest in order to avoid signal contamination from other 

tissues. Ideally the volume of interest (VOI) from which the NM R signal is acquired 

should have a sharply defined boundary, with no signal contribution from outside.

The pulse sequences used in the studies described in this thesis were: point- 

resolved spectroscopy (PRESS) [22,25] for voxel localisation with chemical-shift 

selective (CHESS) [26] pulses for water suppression (used at 2.4 T to acquire ‘H 

spectra from the brains of human infants); and the EXORCYCLE 1Ï-22 binomial water 

suppression spin-echo with a surface coil (used on the 7 T Biospec to acquire ‘H piglet- 

brain spectra).
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3.1. PRESS Localisation with CHESS W ater Suppression

Immediately before the PRESS sequence, chemical-shift selective (CHESS) [26] 

pulses were used for water suppression. Three Hermitian [27] frequency-selective 0 

(> 90°) pulses (duration - 3 0  ms) were applied, separated by interval i  (see figure 3.1). 

The pulses were set to the water frequency and had a bandwidth that only excited the 

water magnetisation. During x, ‘spoiler’ gradients were applied in the x, y, and z 

directions, in order to enhance the dephasing of the xy magnetisation. The second and 

third pulses excited any water magnetisation (M J  that may have been available due to 

Tj relaxation. Very good suppression was obtained with the water signal reduced by a 

factor of about 10  ̂ and hence the receiver dynamic range was optimum for the 

metabolites of interest. The PRESS localisation sequence was applied after a brief 

duration s o  as to minimise the available water

X A X A I
 J  <--------   >PRESS

(3(x)

(3(y)

G ( z ) ____________________________________________  L

Figure 3.1. The CHESS pulse sequence
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PRESS localisation [22,25] is achieved by a single pulse sequence and is termed 

a single-shot technique. After global shimming, a scout image (TE 31 ms and TR 400 

ms) is acquired, from which the position, shape and size of the VOI are defined. The 

filling factor i.e. the VOI compared with the sensitive volume of the receiver coil is 

often small, and so a reduction in SNR occurs. Many FIDs have to be summed in order 

to obtain spectra of acceptable SNR. PRESS has the advantage of localised VOI 

shimming and hence optimisation of spectral resolution.

PRESS is based on the simple spin-echo sequence extended by the addition of 

a further refocussing pulse (see figure 3.2) and hence the echoes are Tj-weighted. The 

first slice-selective (see section 2.6) Hermitian RF pulse nominally 90° rotates the 

magnetisation into the x ' y '  plane. The spins in the slice then precess at a rate dependent

RF

X. - r  X,

G(x)

G(y)

G(z)

Figure 3.2. The PRESS pulse sequence

on their location and the gradient strength (see equation 2.29). This leads to dephasing 

of the spins. So that no signal is lost, a negative gradient is applied of equal strength but 

half the duration of the slice selective gradient. This causes the spins to refocus. All the
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spins are in phase and precess at the Larmor frequency. However during T, the spins 

also dephase due to relaxation. The following two Hermitian 18(T pulses refocus the 

xy magnetisation due to B(, inhomogeneity but not due to the intrinsic T^. The actual 

rotation angle may deviate from 180" producing undesired transverse magnetisation 

outside the intersection of the slices. This can be dispersed by spoiler gradient pairs (the 

hatched gradients of figure 3.2), which were applied in orthogonal directions to the 180" 

pulse. The first spoiler gradient dephases all the magnetisation. After the refocussing 

180" slice selective pulse, the second spoiler gradient refocusses the spins (due to 

inhomogeneity) within the volume of intersection of the slice selection, but further 

dephases the spins that lie outside this region.

The pulse sequence used on the 2.4 T Biospec (Bruker VSEL package version 

930101.0) was asymmetric and is given by,

90% - I ,  - 180% - T,+i2 - 180", - Tj - acquire

where T , +%% = TE/2. T, = 7.6 ms and Xj »  T, so that any eddy currents produced from

the RF pulses would have decayed away substantially before the echo was digitised.

Also a brief T, optimised sensitivity for lactate detection [28].

Due to the characteristics of the NMR receiver system the FID signal is 

superimposed on a constant offset voltage. For a multi-scan sequence, the offset voltage 

uses up available data storage bits, and could possibly cause data overflow. This is 

avoided by using a cyclically ordered phase sequence (CYCLOPS) [29]. The 90" pulse 

and the receiver phase were phase cycled by 90" (see table 3.1). The signal will always 

be added and the offset voltage cancels.

Scan 90" pulse phase Receiver phase

1 X X

2 y y
3 - X - X

4 -y -y

Table 3.1. The CYCLOPS sequence 
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Another single-shot voxel localisation technique is stimulated echo acquisition 

mode (STEAM) [22,30]. Like PRESS, the three frequency selective RE pulses of 

STEAM are applied in the presence of mutually orthogonal field gradients, unrefocussed 

magnetisation is eliminated by the spoiler gradients, and the echoes are T 2 -selective. 

However PRESS has twice the SNR to STEAM and was therefore preferred.

3.2. Surface Coil: EXORCYCLE 1Ï-22 W ater Suppression Spin-Echo

For a surface coil [31] placed against the tissue of interest, the volume from 

which the signal is detected is contained mainly within a hemisphere of radius 

approximately equal to that of the coil. With suitable selection of coil diameter, data can 

be acquired from certain organs with little contamination e.g. brain tissue. The sensitive 

volume does not have a sharply defined boundary, and so localisation of the signal is 

not precise. The SNR is larger than achieved by voxel localisation, due to the larger 

filling factor of the coil.

The RF field generated from a surface coil is inhomogeneous and so the 

magnetisation rotation (flip) angle 0 varies as a function of position (see equation 2.18). 

For a surface coil, the spin-echo pulse sequence can be written as,

0 - TE/2 - 20 - TE/2 - acquire - TR

Only a small region of the sample experiences rotations close to 90" and ISO". 

Large deviations of 0 and 20 from 90" and ISO" respectively generate spurious signals 

termed phantoms and ghosts. They were due to non-refocussed magnetisation that 

produces LTD signals in the spin-echo. Ghosts arise from the xy magnetisation (M,^y) ihat 

experiences no refocussing pulse at all i.e. for 0 < 45". Phantoms arise from a z 

magnetisation component (M J, due to a 0 pulse < 90" or from T, relaxation during 

TE/2. M^ is then rotated by the 20 pulse (< ISO"), to give a signal in the xy plane. Using 

the EXORCYCLE sequence these artefacts cancel [32].

EXORCYCLE is a 4-scan sequence: a 0 pulse is applied followed by the 20 

pulse which is phase cycled for each scan by 90" about the x% y \  -x" and - y '  axes (see
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table 3.2). In the EXORCYCLE sequence, the receiver reference phase is alternated 

about the x" and -x ' axes or if kept constant, the computer alternately digitally adds and 

subtracts the resulting signal. Magnetisation M is rotated through angle 0 (# 90") and 

can be resolved into and M^y respectively (see figure 3.3).

Scan 0 pulse phase 20 pulse phase Receiver phase

1 X X X

2 X y - X

3 X - X X

4 X -y - X

Table 3.2. The EXORCYCLE sequence

Assuming that M is on resonance, M^y is stationary in the rotating frame of 

reference. Figure 3.3 shows the rotation of M^y and due to the 20 pulse. 

EXORCYCLE cancels the contribution (resolving along the z '  direction the and 

M, ŷ components for each scan in figure 3.3, the net signal is zero), while the xy 

magnetisation signal is detected (resolving along the x '  and y '  directions the and M^y 

components for each scan in figure 3.3, the net signal is 4M,^ySin^0). Angles far from 90" 

give small M^y signals, and so most of the signal measured from a surface coil is from 

the region where 0 is close to 90". If the pulse amplitude is such that 0 = 90" at a 

certain depth in tissue, then surface coils provide some degree of localisation (though 

not a precisely defined VOI) when spin-echo sequences are used with EXORCYCLE. 

Receiver offset errors can be removed by phase cycling the 0 pulse by CYCLOPS. So 

the four-scan EXORCYCLE sequence is extended to give a sixteen-scan sequence

[33].

Binomial pulse sequences maintain water suppression for any rotation angle

[34], and so are ideal for use with surface coils with their non-uniform B, field. 

Examples were 11, 11 and 121, where the iT pulse sequence for a surface coil can be 

written as,

0. - T - 0_
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E ffect o f 0 pulse

Scan

z'

Scan 3 

z

z

M

M.„ =  M sinB

Effect o f  20  pulse for each scan

X I

> y

■y

X

Scan 2 

z

-X

Scan 4

z!

-X

X

Figure 3.3. The elimination of ghosts and phantoms signals using the 

EXORCYCLE pulse sequence

where T is the interval between pulses, and x and -x indicate magnetisation rotating 

about the x and -x axes respectively.

To obtain water suppression, the water signal is put on resonance (although for 

some sequences, e.g. 11, the metabolites of interest are centred on resonance). The
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suppression effect can be explained visually by a series of vector diagrams as shown in 

figure 3.4.

RF

E ffect o f  0, (=  45") pulse

M „+ M,

X

> y

FID

D

AT-

B

P recession  o f  during x

I.

X

> y

c
E ffect o f  0

> y

D

At the end o f  sequence  

z
t

A  M„

y

Figure 3.4. The 1 1 binomial water suppression
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For the 11 pulse, the 0, pulse rotates the water magnetisation (M^,) and the 

metabolites’ magnetisation by 0. is the magnetisation of a metabolite at the centre 

of the spectral band of interest. During x, in the rotating frame, M^, remains stationary 

but the metabolites’ magnetisation processes about the z axis, x is set so that will 

have processed by 180". The 0  ̂ pulse then rotates back again on̂ ^o the z '  axis, but 

is rotated towards the x 'y '  plane. Only when 0 = 45", will end up exactly on the 

xy plane. However M^, will always end up along the z '  axis for any angle 0. If the 

centre of the required spectral band is off resonance (i.e. at a different resonant 

frequency to water) by v Hz, then x is set to l/(2v). The magnetisation of a metabolite 

2v Hz off resonance, will precess 360" during x and hence will return to the starting 

point. The 0  ̂ pulse will rotate it back to the z '  axis along with the water. So its signal 

will not be detected.

Binomial sequences can be incorporated into more complicated sequences, e.g. 

the 11-22 spin-echo achieves both water suppression and T^-selectivity.

1Î - TE/2 - 22 - TE/2 - acquire - TR

The 22 pulse sequence represents,

26, - T - 28.,

The excitation sensitivity profile for a binomial pulse sequence is non-uniform

[35]. The profile of the 11 type sequence has maximum sensitivity at v Hz but is null 

on resonance, while sequences of the 11 type have sensitivity nulls at ±v Hz and 

maxima at 0 Hz. Other resonances are reduced by varying amounts depending on their 

chemical shifts and so their peak areas must be corrected for them to be comparable 

with the resonance at maximum sensitivity.
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Four

Conventional MRS Data Processing

Prior to quantitative analysis in the frequency domain, processing methods are 

usually applied so as to improve the quality of in vivo spectra i.e. remove broad baseline 

signals (baseline smoothing) or to improve either SNR or spectral resolution [36]. 

Spectral resolution and SNR can be enhanced in the time domain, while baseline 

smoothing can be performed in both the time and frequency domains. The techniques 

must be objective, repeatable and satisfy quality control tests. The most common data 

processes are described in this chapter, with some of them used prior to the Lorentzian 

frequency domain fitting (see section 5.2.2) of in vivo ‘H spectra.

4.1. Raw Data (FID) Processing

The FID signal decays approximately exponentially with time. Ideally the ADC 

should sample the FID immediately after the transmitter pulse until the signal has 

decayed to less than the noise level.

4.1.1. Baseline Correction

Due to constant voltage offsets in the NMR receiver system the digitised FID 

signal does not decay to zero. The FT of this signal would give a spectrum with a large 

spike at zero frequency. This FID offset can be removed by calculating the mean value 

of the last 10% or so data points (which are assumed to be normally distributed about 

zero with a standard deviation corresponding to the noise level) and then subtracting this 

mean value from the entire set of data points.
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4.1.2. Apodisation

Apodisation is a filtering process which can remove either FID truncation 

artefacts or broad signal components from immobile molecules or improve either 

spectral resolution or SNR.

Sometimes the sampling of the FID signal is completed before reaching the 

noise level. The truncated FID can be considered to be a complete FID multiplied by 

a step function. The FT of these two functions would give a convolution of a Lorentzian 

and sine functions producing lineshape distortions in the spectrum. Applying a function 

that would smooth the FID and hence removes jumps would eliminate truncation 

artefacts.

Broad spectral components have large amplitudes in the first few digitised points 

of the FID, whereas narrow spectral components have longer signals. Towards the end 

of the FID the major contribution to the signal is background noise. If the signal at the 

beginning of the FID can be reduced, then the broad signals will be suppressed relative 

to the narrow resonances. There will be an apparent increase in the decay (T 2 *) of the 

narrow resonances resulting in line narrowing. Spectral peak overlap is decreased and 

hence the resolution is improved. However the noise at the end of the FID will increase 

and will therefore contribute greatly to the spectrum noise; SNR will be degraded. A 

function that preserves the useful signal at the beginning of the FID while reducing the 

noise at the end will improve SNR. There are always trade-offs between spectral 

resolution and SNR i.e. resolution enhancement leads to SNR degradation and vice 

versa.

4 .1 2 .1 . Linear Ramp

The first few data points of the FID can be multiplied with a linear apodisation 

function which increases from zero to one. Broad resonances are removed and spectral 

resolution is improved. In addition, the noise at the end of the FID can be reduced by 

multiplying the last 25% or so data points with an apodisation function which decreases 

linearly from one to zero. This function smooths the FID and avoids truncation artefacts.
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Linear apodisation is a crude approach, e.g. broad resonance removal can lead to 

distorted baselines, and so optimum results are not always obtained.

4 .1 2 .2 . Exponential M ultiplication

Noise at the end of the FID can also be reduced by multiplying the FID with an 

exponentially decaying function;

where is the time decay constant.

SNR is improved and/or truncation artefacts can be removed. Bringing the FID 

to zero in a shorter time corresponds to an apparent reduction in the of the nuclei, 

with an associated broadening of the spectral lines by an amount equal to 2/T^. For this 

reason the method is often known as line broadening. Even though peak widths are 

increased, peak heights are decreased and so peak areas remain unchanged. However the 

determination of areas of strongly overlapping peaks becomes more difficult due to 

increased peak overlap. For optimal SNR should equal T^* [36]. If peaks with 

different values of Tj* are present, a compromise value for all the spectral lines is 

chosen for T̂ ,.

An exponentially rising function (T ,̂ < 0) would improve spectral resolution and 

remove broad resonances. However the SNR would decrease because of the increased 

intensity of the noise at the end of the FID. A trade-off between SNR and resolution 

enhancement must be found.

4 .1 2 .3 . Lim ited Rising Exponential Function

The limited rising exponential (LIRE) function can be used for resolution 

enhancement [37] or for the removal of broad spectral lines [38]. The FID is 

multiplied by the following function.

48



A ( t ) --------------   [4.2]
1 * f e x p i - t l T J

w h e r e / i s  the smoothing factor and is the decay time constant, / a n d  dictate the 

severity of the technique.

After applying equation 4.2, the intensity of the FID progressively increases up 

to some limit after which A(t) approaches a constant value. In this way signals from 

broad spectral lines are reduced at the beginning of the FID, while not excessively 

increasing the relative contribution of noise at the end. For baseline smoothing, the value 

of is the decay time constant of the broad component in the FID. If the technique is 

applied severely, baseline distortions can occur in the spectrum such that the narrow 

peaks will be in troughs. The value o f /m u s t  be chosen so as to give a flat baseline. The 

operator has more subtle control than that provided by linear and exponential 

apodisation.

4.I.2 .4 . G aussian Transform ation

Gaussian lineshapes have narrower wings (and hence less peak overlap) than 

Lorentzian lineshapes of the same half height width. This is advantageous when 

determining peak areas in the frequency domain. The FID can be multiplied by an 

apodisation function that transforms the spectral lineshape from Lorentzian (with decay 

constant T^) to Gaussian (with decay constant Tg):

4 ( f ) - e x p  [ / / r „ - ( t / r p ^ ]  [4.3]

With T^ = T 2 *, the decaying exponential cancels the natural T,* decay of the 

FID and hence improves SNR (see section 4.1.2.2). The positive squared exponential 

produces the Gaussian lineshape and hence improves spectral resolution.

4.1.3. Lineshape Correction

The experimental time domain function (and hence frequency domain spectrum 

lineshape) is not exactly known and may differ considerably from its theoretical
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exponential function (or Lorentzian lineshape). Lineshape distortions are mainly due to 

Bo inhomogeneity and hence are shim-dependent. A time domain deconvolution method 

that results in quantification improvement by converting the experimental lineshapes to 

the Lorentzian type (QUALITY) can be applied [39]. Lineshape distortions can be 

determined from a reference FID signril e.g. the water signal for ‘H MRS or an isolated 

resonance in the spectrum via inverse FT. The lineshape is corrected by dividing the 

complex experimental FID by the complex reference FID. Pure exponential decays or 

Lorentzian lineshapes should be obtained while preserving the FID signal amplitudes or 

spectral peak areas.

4.1.4. Zero Filling

The spectral resolution Av is given by,

Av -  ^  [4.4]
N A t

where N is the number of data points and At is the sampling interval used by the ADC 

to digitise the FID.

Once the FID is significantly less than the noise level, little more useful 

information can be gained. Increasing the number of data points by adding a number of 

zero data points to the end (zero filling) can improve the spectral resolution. The 

apparent increased sampling results, after the FT, in a spectrum with more data points 

and consequently a smooth interpolation between the original spectrum data points, and 

thus improves the visibility of otherwise unresolved peaks. Also, the determination of 

the positions and heights (and hence areas) of resonances is more precise because more 

points are available to define the peaks. Increasing the data set to 2N complex data 

points also results in a / 2  SNR improvement of the integrated peak areas (the sum of 

the data points). Apodisation must be applied before zero filling in order to avoid 

truncation artefacts.
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4.2. Frequency Domain (Spectrum) Techniques

After the FT of the FID, the spectrum often needs further processing such as 

phasing and baseline corrections. This improves the quantitation of peak areas by 

integration or curve fitting in the frequency domain (see section 5.2).

4.2.1. Phase Correction

The FID is usually assumed to be a sum of K exponentially decaying sinusoids 

(plus random noise). Each component has amplitude A,., resonant frequency (Ô,, T j \  

effective relaxation and (j),. phase parameters, and can be described by,

K

S { t ) - Y .  )e x p i(o )^ f+ 4) )̂ [4.5]
t-i *

(j)î  is the phase shift due to receiver filters and other spectrometer hardware. An 

additional phase shift occurs when there is a time delay tj between the end of the 

transmitter excitation pulse and the start of the data acquisition so that the FID is 

truncated at the beginning.

The FT of this FID signal is given by equation 4.6 and gives equation 4.7.

y(cô) = J'sit + tJexpC-icûOdt [4-6]

K
y (o ))  = ^  [a^(w ) + id^(o))] exp(i4>^') [4 -’7]

k-l

where a,̂ ((jL)) and d, (̂o)) are respectively the absorption and dispersion spectra for 

resonance k.

fl^(o)) = ---------------------

[4.8]



where A /  and ())/ are respectively the amplitude and phase at the start of the receive 

period.

4>t' -  <f>t +
Ao)^ = 0 )^ -0 )

The outputs from the FT of the complex FID consist of two phase dependent 

spectra commonly called real R(co) and imaginary Kco).

K K

^  ^  [a (̂o))cos4)  ̂- Ĵ (o))sin<t)̂ ]
^-0 k-O

K K

/(w) = Y . = Z} [a (̂w)sin4)  ̂+ 6f (̂w)cos(|)[]
k-O  k -0

[4.10]

The modulus spectrum of the two outputs is phase independent (see equation 

2.35). To obtain analysable absorption and dispersion spectra, R((n) and I(o)) are phase 

corrected according to,

a(w ) -  R(co)cos4)(a)) + /(a))sin(j)(a)) [4.11]
J(o)) = -/?(co)sin4)(a))+ /(a))cos4)(co)

where (f)((jL)) is a frequency dependent phase correction that approximates (])/ and is 

represented by,

(])(g)) =4>q + (|)̂ G) [4.12]

where (j)̂  and (j), are the zero order and first order phase corrections respectively.

A perfectly phased spectrum is characterised by symmetrical singlet peaks and 

a smooth baseline. Automatic phase correction methods have been developed 

[40,41,42] but are not very reliable for strongly overlapping spectra which have 

no isolated singlet peaks e.g. ‘H in vivo spectra. When using spin-echo pulse sequences, 

the spectra include complex phase modulated signals (see sections 2.5.2 and 6.1) which 

are difficult to interpret and hence phase correct. Manual phasing is often preferred but 

is subjective. Successively acquired spectra should require similar phase corrections 

providing there are no hardware (e.g. pulse timer) instabilities.
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4.2.2. Baseline Subtraction

The spectrum baseline can be flattened by least-squares fitting either a single 

polynomial, e.g. third order, or multiple polynomials is commonly used. Data points 

between the highly resolved peaks are selected as baseline sections. The curve is fitted 

to the sections and is then subtracted from the complete spectrum. This procedure is 

subjective and must be applied with care. The same baseline sections of successively 

acquired spectra must be consistently selected. Otherwise changes to the shape of the 

peaks can lead to inconsistencies when determining peak areas.
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Five

Quantitative Analysis Techniques

Quantitative analysis of MRS data sets out to determine: the position (chemical 

shift) of the spectral peaks in order to aid the identification of the metabolites or obtain 

physiological parameters such as pH, metal-ion concentrations and temperature; 

linewidths and hence T?s (and T[S) provide information about binding, mobility, and 

intracellular viscosity; and the time domain signal amplitudes or spectral peak areas 

which are related to concentrations.

In vivo data do not have the finely detailed spectroscopic resolution of in vitro 

cellular extracts studied at high-field; for most in vivo studies many peaks overlap, e.g. 

'H brain spectra have many resonances within a narrow chemical shift range. Peak 

overlap makes it difficult to accurately quantitate peak areas because correct resonance 

assignments and hence their contribution to a spectral peak is difficult to determine. For 

spin-echo pulse sequences, complex phase modulation of multiplet signals produces 

resonances that are difficult to interpret. Quantitation is further complicated both by a 

limited SNR and spectral resolution, and by spectrum baseline problems. However the 

spectra should have been optimally processed (see previous chapter) so as to reduce 

these effects.

Peak areas can be quantified manually, but to minimise subjectivity and operator 

bias, computer techniques are preferred. For analysis techniques to be quantitative, they 

must be reliable, objective, and ideally fully automatic. They must be accurate, 

particularly in determining the spectrum baseline, and accounting for lineshape 

distortions (e.g. due to inhomogeneity) and phase modulation effects. In addition, the
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results should be obtainable in a reasonably short time, ideally less than 1 0  minutes, so 

that rapid clinical assessments can be made. However most of the common analysis 

methods do not satisfy these criteria to an ideal degree. There are many existing 

techniques with novel ones continuously being developed and published.

This chapter describes the commonest computer-based methods, developed in 

either the time or frequency domain [43]. Most attempt to fit a model function to the 

real data. There are no restrictions on the choice of the model function, but one based 

on theory should be better. The use of prior knowledge obtained from model spectra of 

metabolite in vitro solutions will also be discussed, together with a method that uses a 

linear combination of such model spectra (LCM) to analyse an in vivo spectrum [13].

5.1. Tim e (FID) Domain

Quantitative analysis in the time domain avoids the use of data processing as 

described in the previous chapter as well as the FT. An incomplete FID or a dataset that 

has not been uniformly sampled is not a problem. The first few data points, which 

contain signals mostly from rapidly decaying immobile nuclei, and the last few data 

points, that are at the noise level, can be ignored in the analysis. So it is possible to 

select a section of the FID which has good SNR. In the frequency domain, a FID 

truncated at the beginning or at a point before the signal has decayed to the noise level 

leads to phase or lineshape distortions respectively, thus hampering reliable quantitation 

of spectral peak areas. These problems are avoided in the time domain, where FID 

truncation is permissible.

The FID is usually assumed to be a sum of K exponentially decaying sinusoids. 

Each component has amplitude A,., resonant frequency co,., T j \  relaxation and phase 

If there are N data points sampled at interval At, then the nth data point can be modelled 

as,

K

'4*exp(i(()j) exp[(io)j - l / r ;  ) « A f ]  [S-C
k-l

In order to fit such a model to an in vivo FID, an iterative, non-linear least-
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squares (NLLS) fit is used. Computer based statistical fitting techniques are best: e.g. 

those minimising the square of the residual X  (i e. the difference between the real data 

and the calculated fit). In this process the model FID (S„) is calculated from starting 

values for A^, (Ô , T 2\  and and then compared with the experimental data giving 

The parameters are adapted iteratively, successively finding new values that give smaller 

This is usually done by a gradient-search technique which finds the direction in 

which say a small change of A,, reduces A^ is then changed by small increments in 

this direction until reaches a minimum. Further iterations are performed for co,., T̂ *,, 

and (j),,. Finally, the process is terminated once the difference between successive fits is 

negligible. Convergence to the correct solution is generally slow so the Levenberg- 

Marquardt algorithm [44] is usually used to speed up the process. Due to its iterative 

nature, the solution may converge to a local minimum giving a wrong solution and 

wrong error bounds. Therefore good starting values are essential to increasing the 

probability of finding the global minimum. Although a least-square fit can be found, the 

model curve may not accurately represent an actual FID component. So the results 

obtained are not necessarily very accurate. However this problem may be overcome by 

using QUALITY (see section 4.1.3).

The fitting precision depends on SNR, the number of degrees of freedom, 

spectral resolution, and the interdependence between fitted parameters. The number of 

degrees of freedom can be reduced by fixing those parameters whose values are known 

very accurately i.e. using prior knowledge e.g. to fit multiplet peaks by giving the 

multiplicity, J coupling and relative intensities. This increases the accuracy of the results 

as well as decreases the processing time because less parameters have to be fitted. Also 

low SNR signals are better discerned from the noise. Good spectral resolution helps to 

reduce the correlation between fitted parameters of overlapping peaks.

Other time domain approaches include: an iterative variable projection matrix 

method which has been used successfully in MRS [45]; and a non-iterative linear 

prediction method using single value decomposition (LPSVD) to distinguish between 

signal and noise [46]. LPSVD is limited to an exponentially decaying model function 

whereas there is no limitation on the choice of model functions for iterative techniques. 

Non-iterative methods require no starting values and no prior knowledge. A^, (O,,, T, ^
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and ())|̂  are found automatically and immediately. This considerably reduces computer 

time, however the reliability at low SNR is less than that with iterative techniques, 

LPSVD can be speeded up by using the Hankel-Lanczos algorithm (HLSVD) 

[47,48]. In 'H MRS, the FID signal from water as well as the metabolites must be 

fitted. HLSVD can be used to remove water or any other large unwanted features from 

the spectrum [49], after which the resulting FID can be subjected to a more 

sophisticated analysis method.

5.2. Frequency (Spectrum ) Domain

The spectrum, obtained by FFT, is excellent for pre-viewing and interpreting time 

domain data, and also for procuring starting values. However, for accurate quantitative 

analysis in the frequency domina perfect phase and baseline corrections (see section 4.2) 

are essential. A spectral analysis window (chemical shift range of interest) can be chosen 

so as to avoid unwanted resonances e.g. the water signal in ‘H spectra.

Relative peak areas can be determined from relative peak heights provided that 

all the resonances have the same width. However nuclei decay with their own 

characteristic Tj* and hence produce peaks of different widths. Also many resonances 

are multiplets making this approach subject to large systematic errors. Early researchers 

found peak areas by cutting and weighing the plotting paper. Obviously the latter 

method is inaccurate and subjective.

5.2.1. Spectral Gating (Integration)

This is the digital equivalent of cutting and weighing. A chemical shift range is 

selected with local to and containing a particular peak. Ideally the chemical shift range 

should be chosen such that the edges are at the spectrum baseline. However due to peak 

overlap this is often impossible. The peak area is found by integration (i.e. summing the 

data points) over the chemical shift range. There are distinct problems associated with 

integration. For example, integration of a Lorentzian peak over a frequency range of ten 

linewidths gives only 93.7% of the total area. Furthermore, this approach does not take 

into account peak overlap and so works well only for isolated resonances. To avoid
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subjectivity, the same local spectral bandwidth settings (although different for each peak) 

should be used for each spectrum. Optimum settings can be determined by inspecting 

good quality spectra. However care must be taken when peaks are shifted e.g. due to pH 

or temperature.

5.2.2. Lorentzian Curve Fitting

A curve is selected that models the peak profile. Commonly used are either 

Lorentzian or Gaussian profiles or a mixture of both. The model function usually fitted 

is a discrete sum of Lorentzian profiles,

-  E  - T — ^ ---------  [5.2]

Starting values for the number of peaks to be fitted, and their chemical shifts, 

widths and heights are needed for this iterative NLLS procedure (see section 5.1). Also 

prior knowledge of simple multiplets. By adjusting the parameters, a curve is fitted to 

each resonance so that the sum of all the components simulates the spectrum. Successive 

iterations using e.g. the gradient search technique produce better and better fits to the 

in vivo data. Once the best fit has been computed, the chemical shifts, and peak widths 

and areas can be obtained from the parameters of each of the fitted components.

The poor spectral resolution of in vivo spectra makes it very difficult to separate 

closely adjacent resonances when fitting Lorentzian (or exponential) functions. In many 

instances, a peak containing contributions from several metabolites is fitted with a single 

component. This introduces systematic errors when measuring the areas of particular 

metabolites: consequently T?s determined using acquisitions at several TEs will also be 

subject to error.

Simple multiplets, e.g. the lactate doublet in ‘H MRS, can be analytically 

determined and incorporated into the Lorentzian (or exponential) fit. However complex 

phase modulation effects, where the J coupling is not known (e.g. multiplets due to 

glutamate ‘H resonances), cannot be determined. Consequently phase cancellation of 

unresolved multiplet components, leads to the determination of an apparent resonance
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amplitude which is often fitted as a broad singlet. This may be completely 

unrepresentative of the true amplitude and hence not directly related to metabolite 

concentration. Therefore Lorentzian (and exponential) fitting is not very reliable.

5.3. Prior Knowledge From  Model Solutions

Prior knowledge of chemical shifts and peak characteristics including phase 

modulation, obtained from model spectra of metabolite solutions, improved the fitting 

accuracy and precision to in vivo 'H brain spectra [50,51]. The metabolites used to 

obtain the model spectra were those that were expected to be observed in the in vivo 

spectrum. The spectral overlap in the 1.0 - 3.3 ppm region was investigated, and was 

found to be mainly due to alanine (Ala), aspartate (Asp), choline containing compounds 

(Cho), creatine plus phosphocreatine (Cr), glutamine (Gin), glutamate (Glu), lactate 

(Lac), N-acetyl-aspartate (NAA) resonances (see table 6.1). Fully relaxed model spectra 

were obtained for each metabolite using exactly the same pulse sequences and echo 

times as in vivo. This ensured similar phase modulation effects and relative peak areas 

so that there was no change in the structure of the metabolite spectrum between in vivo 

and in vitro, provided that the in vivo spectra were fully relaxed also. If not then 

different resonances from the same metabolite may be T, weighted by different amounts. 

The relative chemical shifts of the metabolite resonances must be the same in vitro and 

in vivo, e.g. the difference in chemical shift of the Lac doublet and the Lac quartet is 

pH dependent. So factors affecting chemical shifts, e.g. pH, must be the same in vitro 

and in vivo.

After QUALITY lineshape correction and Gaussian transformation (see sections

4.1.3 and 4.1.2.4 respectively), Gaussian lines were fitted to the model spectra so as to 

determine the spectral parameters of interest i.e. chemical shifts, widths and heights of 

the peaks. For each metabolite, this prior knowledge of chemical shifts, and relative 

linewidths and amplitudes was used to fit in vivo rat brain spectra (TE = 8 6  ms) by 

least-squares frequency domain procedure [50]. Each metabolite bas its own ‘finger 

print’ 'H spectrum, so two metabolites with overlapping peaks at one chemical shift 

could still be separated if their spectra were different at other chemical shifts. 

Apparently good fits were obtained considering that the prior knowledge did not take
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into account the background signals from unknown metabolites in the in vivo spectrum. 

However the amplitude found for any component may not be accurate in terms of its 

true amplitude. Also modelling the resonances with pure Gaussian lines is not a realistic 

approach for phase modulated multiplets.

The above technique was also used to analyse short TE (20 ms) ‘H STEAM 

human brain spectra [52,53]. Model spectra of Cho, Cr, Glu, Gin, y-aminobutyrate 

(GABA), Glucose, NAA, N-acetyl-aspartate-glutamate (NAAG), scyllo-inositol (Scyllo) 

and taurine (Tau) were collected so as to analyse the 1.9 to 3.5 ppm spectral range. 

Gaussian curves were fitted to the model spectra so as to obtain the a priori of chemical 

shifts, and relative linewidths and amplitudes. At short TE, T^ relaxation and phase 

modulation effects are small, so the multiplet components are nearly Gaussian. Broad 

macromolecule resonances [54] fitted as part of the baseline tended to be 

underestimated, because there is an incomplete a priori knowledge of these resonances, 

thus leading to overestimation of the metabolite concentrations.

5.3.1. Linear Com bination of Model Spectra (LCM )

LCM analyses an in vivo ‘H spectrum as a linear combination of model 'H 

spectra of metabolite solutions in vitro [13]. A priori information about chemical shifts, 

relative areas, number of equivalent protons, and phase modulation effects are input as 

complete, individual model spectra rather than using (Gaussian) models of the spectra 

as described in the previous section. The model spectra form a basis set for the analysis 

of the in vivo spectrum. LCM is fully automatic, with the user only inputting the model 

and in vivo spectra into the program. LCM determines the levels of all metabolites 

included in the fit even those with minor resonances and multiplets struciures which are 

difficult to ascertain using other approaches e.g. Lorentzian fitting. The method is 

model-free such that smooth lineshapes and baselines, consistent with the data, are 

determined rather than assumed. Usually assumptions e.g. polynomial spectrum baseline 

subtraction (see section 4.2.2) are over-simplified because otherwise they are too 

complicated to specify a priori: too few parameters introduce bias and too many produce 

artefacts and instabilities causing large errors.
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The nth data point of the in vivo discrete spectrum Y (v J  is modelled as,

^ 3  K Yv [5 3]
F (v J  -  exp[-i(<t)„ + v„<(),)] Pÿfi;(''„) + E Pt E

y - 1  k-l l--N^

with the constraints,

Ns
p , i  0, Y* i  0, E

l -N ,

(j>o and (j), are the zero and first order phase corrections respectively. Ng cubic 

splines with coefficients |3j are fitted as the baseline signal, is the concentration 

scaling factor of metabolite k. A finite convolution function of data points and 

lineshape coefficient S, takes into account the in vivo lineshape distortion, without 

changing the peak areas of the model spectra

= F F T lm /f)  exp[-(y^ + ie^)f]} [5.5]

where m ,̂(t) is the time domain data of the kth metabolite, Yk is the T 2  line broadening 

factor (shorter T^s should be expected in vivo than in vitro), and e,. is the chemical shift 

referencing factor.

A Levenberg-Marquardt constrained régularisation least-squares method 

determines the relative concentrations, phase corrections, baseline and lineshapes, see 

equation 5.6. The first term is the minimisation, the next two terms are the smoothing 

constraints on the lineshape and baseline corrections and the last terms represent the 

normal probability distributions for the Yk and prior knowledge.

+ IlOsiïjSf +
( j \Y )  n-l

K

-E
k-l

[Y*-Yh' 4
[5.6]

m inim utn

where CT(Y) is the standard deviation (SD) of the noise level of the real data, I I  I I  is the 

Euclidean norm, and are the régularisation parameters and Rg and Rg are the 

smoothing régulariser matrices [55] for the lineshape coefficients and the spline



baseline respectively, yj' is a priori information of the line broadening factor 

corresponding to a 2  s ' increase in I/T 2  from in vitro to in vivo, with an a priori value 

for the SD o (y J  of 1 s '. The model spectra are chemical shift referenced by e,.. 

However the a priori value of 0.004 ppm for a ( e j  allows small errors in referencing 

the model spectra to the in vivo spectrum: except that G(Ej = 0.002 ppm for NAA and 

NAAG (so as to prevent them from strongly overlapping) and = 0.006 ppm for

Cho (because of the variety of choline-containing compounds).

The spectral analysis window should ideally cover all the resonances of the basis 

set so no important information is lost, typically from 1.0 to 4.1 ppm. Preferably the 

spectral window should extend up to 4.1 ppm to get the myo-inositol peaks or up to 4.2 

ppm to also get the baseline clear of the major resonances. A higher chemical shift limit 

will be too close to the water resonance.

The in vivo spectrum is initially chemical shift referenced by cross-correlation: 

firstly with a unit delta function for the water peak at -4.65 ppm and secondly with a 

sum of unit delta functions with default chemical shift positions at 3.56, 3.22, 3.03, 2.01, 

1.33 (+3.66 Hz) and 1.33 (-3.66 Hz) ppm (representative of myo-inositol, Cho, Cr, NAA 

and the two components of the Lac doublet respectively). The first cross-correlation 

function (CCF) yields a good estimate of the shift of the in vivo spectrum with respect 

to on-resonanee because the huge water peak is hard to miss. However if the peak is 

grossly distorted by water suppression, the first CCF can be omitted. The second CCF 

is usually more accurate.

Starting values for the phase correction parameters in equation 5.3 are found 

automatically. The (}), value that maximises the absolute value uf the integral over the 

real spectrum in the analysis window and the (jtj, value that minimises the integral over 

the imaginary part to zero are sought. These values are then used to start the cross

correlation of the in vivo spectrum with a sum of Gaussian-Lorentzian lineshapes (with 

the same default chemical shift positions as the delta functions used in chemical shift 

referencing) on a 3D grid of 6 0 , 6 | and £j.. The analysis is repeated many times until the 

correlation function is optimised. This method seems to be able to phase nearly all the 

spectra. This preliminary analysis together with the chemical shift referencing takes a

62



large part of the total analysis time, approximately 80%. Considerable time can be saved 

(usually 50%) by providing good-guess phase correction starting values.

A finite zero-boundary broadening function is convoluted with the basis set of 

model spectra so as to approximate the in vivo lineshape. The function extends over a 

wide enough range to cover the linewidth, but not so far that computation time becomes 

unacceptably long. All the lines in the spectral window are used to determine S,, and so 

the lineshape found is quite reliable. S, also automatically accounts for the shorter 

times observed in vivo. So ŷ . takes into account the difference in the lineshape from one 

metabolite to the next (mainly due to differences in T^), which is usually negligible 

compared to the lineshape broadening function [13].

Ng cubic splines of equal lengths are fitted as a baseline. The baseline includes 

signals from substances not present in the basis set e.g. broad macromolecular features, 

incomplete water suppression and artefacts in the data. A residual (the difference 

between the LCM fit of the basis set and baseline from the in vivo spectrum) is also 

determined.
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Six

Basis Set of Model Spectra

The model spectra must be of a very high quality because they are the basis of 

the LCM analysis. Significantly better SNR and resolution than that obtained in vivo are 

needed. Higher metabolite concentrations and increased numbers of scans improve SNR. 

More scans can be acquired as there are less time constraints in vitro. In vitro solutions 

have a uniform environment, i.e. no cells, so there are no variations in magnetic 

susceptibility and therefore better shimming is possible. The metabolites have longer TjS 

in solution than in vivo, and so produce narrower spectral lines. To avoid unnecessary 

loss of information, the acquisition time for the in vitro time domain data should be 

enough that the signal decays into the noise.

The model spectra must be acquired with exactly the same pulse sequence, echo 

time and T, relaxation conditions as the in vivo spectrum so as to ensure similar phase 

modulation effects. Hence, in vitro and in vivo multiplet profiles are comparable. The 

basis set of spectra must be scaled consistently with each other [56] and therefore they 

must all be acquired under exactly the same conditions e.g. the coil loading must not 

vary or must be corrected for. The only differences fhat are allowed between model 

spectra acquisitions are factors which have linear relationships with signal amplitude e.g. 

number of scans, concentration, VOI. Scaling factors between the model spectra must 

be known otherwise the concentration ratios determined from in vivo spectra will be in 

error. The in vivo concentration of metabolite k is given by,

C* -  P* X C , [6 .1]

where is the scaling factor of equation 5.3 and ,.,1̂,, is the known in vitro
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concentration of model metabolite k.

Using the same pulse sequence at different magnetic field strengths, gives spectra 

of different resolution, and so the appearances of multiplet spectra change dramatically. 

It is therefore not possible to use model spectra, acquired at a field strength different to 

that of the in vivo spectrum that is to be analysed. However model spectra acquired in 

one laboratory can be used at another laboratory if they have the same NM R system at 

the same field strength and the pulse sequence and other acquisition conditions are 

exactly the same. A library of the basis sets could be set up and distributed to other 

laboratories, saving considerable time acquiring the model spectra and also allowing 

consistent data analysis.

Chemical shift referencing of the model spectra requires the presence of a well 

defined peak, preferably a singlet (unaffected by phase modulation). If a particular 

metabolite does not have a suitable singlet resonance then a reference marker should be 

added. This reference resonance can be subsequently edited out by interpolation of the 

baseline. Ideally the added reference should have a resonance that is outside the spectral 

analysis window of interest so as to avoid editing e.g. the TSP 'H singlet at 0 ppm is 

very stable with respect to many chemical and physical variables. A second singlet 

resonance is often needed so as to obtain accurate phase corrections. The phase 

correction markers should ideally be on either side of the spectral analysis window e.g. 

TSP at 0 ppm and the formate ‘H singlet at -8 .45 ppm.

6.1. Brain M etabolites Detectable by ‘H MRS

The cerebral metabolites that are expected to be observed in a *H in vivo 

spectrum must be included in the basis set: alanine (Ala); aspartate (Asp); p- 

hydroxybutyrate (BHBA); choline containing compounds (Cho); creatine plus 

phosphocreatine (Cr); y-aminobutyrate (GABA); glutamine (Gin); glutamate (Glu); 

glycine (Gly); lactate (Lac); myo-inositol (Ino); N-acetyl-aspartate (NAA); N-acetyl- 

aspartate-glutamate (NAAG); scyllo-inositol (Scyllo); and taurine (Tau). Figures 6.1 -

6.3 give details of their chemical formulae and table 6.1 gives details of their MRS 

signals [57,58,59].
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A lanine
a

C O O H  —  CH —  CH,

NH,

A spartate
a  p 

C O O H  — CH — CH . — C O O H

NH.

P-hydroxybutyrate
a  P y 

CO O H  —  CH. —  CH  —  CH ,

OH

CH,

C holine OH —  CH , —  C H , —  N —  CH,

CH,

NH

C reatine CO O H  — CH. — N —  C — N H .

CH,
Figure 6.1. Chemical formulae of Ala, Asp, BHBA, Cho and Cr
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a  (i y 
y-am inobutyrate COOH —  CH, —  CH, —  CH, — NH,

G lutam ine COOH —  CH —  CH, — CH, —  C
^ N H ,

NH,

G lutam ate a  p y
COOH —  CH —  CH, — C H , — COOH

NH,

Glycine COOH — CH, — NH,

a  p
Lactate COOH — CH — CH,

I
OH

Figure 6.2. Chemical formulae of GABA, Gin, Glu, Gly and Lac
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N-acetylaspartate
a  p 

COOH —  CH —  CH, — COOH

NH

O = C

CH,

N-acetylaspartate
glutam ate

Asp Q

a  P  I I
COOH

COOH — CH —  C H .— C —  NH —  CH a

NH

O =  C

CH,

Glu
CH, P 

C H , Y

COOH

Phosphocreatine

NH

COOH — CH. — N — C — NH

CH, OPO,

Taurine SO,H — CH, — CH, —  NH,

Figure 6.3. Chemical formulae of NAA, NAAG, PCr and Tau
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Metabolite Resonance Chemical shift 

(ppm)"

Peak structure*"

Ala P-CH, 1.46 d

a-C H 3.76 qrt

Asp P-CH, 2 . 6 8 dd

P-CH, 2.79 dd

a-C H 3.89 dd

BHBA y-CH, 1.19 d

a-C H , 2.28 dd

a-C H , 2.37 dd

P-CH 4.12 c

Choline N T C H J , 3.21 s

P-CH, 3.52 t

a-C H , 4.07 t

Creatine N(CH,) 3.02 s

CH, 3.92 s

GABA P-CH, 1.90 qnt

a -C H , 2.27 t

y-CH, 3.02 t

Gin P-CH, 2.14 c

y-CH, 2.44 c

a-C H 3.77 t

Glu P-CH, 2.09 c

y-CH, 2.33 c

a-C H 3.75 dd

Gly CH, 3.55 s

Table 6.1. Assignments of the major ‘H detectable resonances in brain spectra, (a) 

chemical shift measured relative to TSP at 0 ppm. (b) multiplicity of peaks: s - 

singlet; d - doublet; t - triplet; qrt - quartet; qnt - quintet; dd - doublet of doublets;

and c - complex.
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Metabolite Resonance Chemical shift 

(ppm)"

Peak structure^

Lac P-CH, 1.32 d

a-CH 4.11 qrt

Ino H5 3.29 t

HI, H3 3.54 dd

H4, H 6 3.61 dd

H2 4.07 t

NAA N-acetyl-CH, 2 . 0 1 s

P-CH, 2.47 dd

P-CH, 2 . 6 6 dd

a-C H 4.38 dd

NAAG Glu P-CH, 1.91 c

N-acetyl-CH, 2.06 s

Glu P-CH, 2.06 c

Glu y-CH, 2 . 2 2 c

Asp P-CH, 2.55 dd

Asp p-CH, 2.75 dd

Glu a-C H 4.14 dd

Asp a-C H 4.64 dd

PCr N(CH,) 3.03 s

CH, 3.94 s

Scyllo ring protons 3.35 s

Tau N-CH, 3.29 t

S-CH, 3.41 t

Table 6.1. (continued) Assignments of the major ‘H detectable resonances in brain 

spectra, (a) chemical shift measured relative to TSP at 0 ppm. (b) multiplicity of 

peaks: s - singlet; d - doublet; t - triplet; qrt - quartet; qnt - quintet; dd - doublet of

doublets; and c - complex.
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6.2. PRESS M odel Spectra

The same metabolites mentioned in section 6.1 plus propan-1,2-diol (PD; the 

injection medium phenobarbitone medium often given to birth-asphyxiated babies) and 

glycerolphosphorylcholine (GPC; a singlet at -3 .24  ppm) were used to construct a 

PRESS basis set. A 3 L solution of distilled water containing 150 mM potassium 

chloride (KCl), 0.3 mM TSP and 50 mM sodium formate was made. KCl was used to 

provide a similar coil loading as in vivo. TSP was used as a chemical shift reference 

marker, and together with the formate peak (at -8 .45 ppm) provided accurate zero and 

first order phase corrections. From the stock solution, 200 ml samples were made, using 

100 mM metabolite concentrations, apart from GABA (150 mM), Ino (200 mM) and 

NAAG (4.2 mM). Many resonances have pH dependent chemical shifts so the solutions 

were buffered to normal brain pH (7.1), using potassium hydrogen phosphate (KH 2 PO 4  

acid or K 2 HPO 4  base). Scyllo is expensive and only resonates as a singlet. Hence, to 

simulate Scyllo, the Gly model spectrum was used with its singlet peak shifted to 3.35 

ppm. The Gly peak was also used to simulate GPC (at -3 .24  ppm).

Phase-cycled water-suppressed PRESS (see section 3.1) model spectra were 

obtained at 2.4 T from 8  ml cubic voxels located at the centre of a spherical glass 

container of diameter 6.5 cm using the 15 cm inductively coupled Helmholtz probe. The 

spherical container was positioned at the centre of the Helmholtz coil and hence the 

voxel position was the same for all the model solutions. The water peak was shimmed 

to a FW HM of less than 0.05 ppm which enabled optimal suppression. Acquisition 

conditions were: TR 20 s (essentially fully relaxed); 1024 complex data points; SW 1.25 

kHz; 64 scans (128 scans for NAAG); and TE 25, 135, 270 and 540 ms.

The model FID signals were zero filled (to 2084 data points) and then a FFT was 

performed. The model spectra were chemical shift referenced and manual phased for (j)̂  

and ({),. The basis sets of model spectra were then scaled in order to account for the 

different numbers of summed echoes (NAAG) and differing molarities (GABA, Ino and 

NAAG).

To obtain accurate concentration scaling of the basis set, the formate peak was
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used as an internal coil loading reference. The metabolite solutions were made from the 

same stock, thus ensuring the same formate concentration. For a particular TE, each 

model spectrum in the basis set should have the same formate signal amplitude, when 

normalised to the same number of scans and voxel size. Any differences in the signal 

amplitude would be due to coil loading variations. The formate peak areas of all the 

model spectra for a particular TE were integrated and then the model spectra were 

scaled such that the formate peak areas were the same.

The PRESS model spectra for all the metabolites acquired at TE 25, 135, 270 

and 540 ms are shown in figures 6.4 - 6.19 (see table 6.1 for chemical shift positions 

and multiplet structures). Some of the model FID signals were truncated e.g. Tau at TE 

135, 270 and 540 ms (see figure 6.18). This was not a problem because the LCM 

program accounts for truncation effects (y,.; see equation 5.5). Because of its low 

concentration, the NAAG model spectra (see figure 6.16) include contributions from the 

water signal (up to -4 .3  ppm). However they are outside the spectral analysis window 

of 1.0 to 4.1 ppm.

The PRESS Lac doublet amplitude (phase inverted) is substantially less than 

expected at TE 135 ms [60] (c.f figures 6.138 with 6.13C). If the slice profiles in the 

PRESS sequence are not close to the rectangular ideal, then a substantial fraction of the 

voxel volume will not experience flip angles close to the nominal 90° and 180°. The 

phase modulation will be less than anticipated e.g. see the base of the lactate doublet at 

TE ~ 270 ms and ~ 540 ms in figures 6.13C and 6.13D respectively. Moreover, if a 

coupled proton (e.g. the -CH^ Lac) does not experience the 180° refocussing pulse due 

to chemical shift artefact (i.e. the -CH^ Lac voxel is not the same as for the -CH Lac) 

piiase modulation will be further reduced.

6.2.1. In  Vitro M easurem ents

Spin-echo pulse sequences produce Tj-weighted signals. Signal amplitudes or 

peak areas estimated by exponential or Lorentzian fitting respectively are weighted only 

by the in vivo Tj. However the concentrations estimated by LCM (C^,,, of equation 

6 . 1 ) are weighted by both the in vitro and in vivo T^s because the model spectra
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TE = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms

4 6 4 0  3 8  3 6  3 4  3 2  3 04 4 4 2 2 62 8 2 4 2 2 2 0 8 1 6 I 2 1 0 0 8 f  0 60  0 40
Chem ical Shill (ppm)

Figure 6.4. A la model spectra acquired using PRESS localisation
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TE = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms

4.6 4 2 4 04.4 3 8 3 6 3 4 3 2 3 0 2 8 2 6 2 2 2 0 8 1.6 1 2 1 0 0 80  0 60  0 402 4 1 4
Chemical Shill (ppm)

Figure 6.5. Asp model spectra acquired using PRESS localisation
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TE = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms

1 0 0 80 0 60 0 404 0 3 8 3 6 3 4 3 0 2 8 2 6 2 4 2 2 2 0 8 1 6 14 1 24.6 4 4 4 2 3 2
Chemical Shill (ppm)

Figure 6.6. BHBA model spectra acquired using PRESS localisation
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t e  = 25 ms

T E =  135

TE = 270 ms

TE = 540 ms

Chem ical Shill (ppm)

Figure 6.7. Cho model spectra acquired using PRESS localisation
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TE = 25 ms

2 -.'
I TE = 135 ms

TE = 270 ms

LL
TE = 540 ms

^  I ' I ' I ' I ' I ' I ' I ' 1 ' I ' I ' I ' 1 ' I ' I ' I ' I ' I ' I ' I ' r
4 6  4 4  4 2 4 0  3 8  3 6  3 4  3 2  3 0 2 8  2 6  2 4  2 2  2 0  1 8  1 6  14  1 2  1 0 0 80 0 60 0 40

Chemical Shift (ppm)

Figure 6.8. Cr model spectra acquired using PRESS localisation
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TE = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms

1 0 0 80 0 80 0 402 4 2 2 2 0 8 I 6 14 1 24 0 3 8 3 6 3 4 3 2 3 0 2 8 2 64 6 4.4 4 2
Chemical Shill (ppm)

Figure 6.9. GABA model spectra acquired using PRESS localisation
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TE = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms

4 6 4 4 4 2 4 0 3 63 8 3 4 3 2 3 0 2 8 2 6 2 4 2 2 2 0 1 0 0 80  0 60  0 401 8 16 1 4 1 2

Chemical Shill (ppm)

Figure 6.10. Gin model spectra acquired using PRESS localisation
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TE = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms

1 0 0 80  0 60 G 402 0 1 23 4 3 0 2 8 2 6 2 4 2  2 1 8 1 6 1 44 0 3 8 3.6 3 24 6 4 24 4
Chem ical Shift (ppm)

Figure 6.11. Glu model spectra acquired using PRESS localisation
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TE = 25 ms

Ĥtterxa
TE = 135 ms

i l
TE = 270 ms

5 TE = 540 ms

n—'—I—'—I—'—I—'—I—'—I—'—I—'—I—'—I—'—I—'—t—'—I—'—I—'—I—'—I—'—I—'—I—'—I—'—I—'—I—'
4 6 4 4 4.2 4 0 3 0 3 6 3 4 3 2 3 0 2 8 2 6 2 4 2 2 2 0 1 8 1 6 1 4  1 2 1 0 0 8 0  0 60 0 40
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Figure 6.12. Gly model spectra acquired using PRESS localisation
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TE = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms

1 0 0 80  0 60 0 404 6 4 2 4 0 3 8 3 6 3 4 3 2 3 0 2 8 2 6 2 4 2 2 2 0 8 1.6 1 214
Chemical Shilt (ppm)

Figure 6.13. Lac model spectra acquired using PRESS localisation
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TE = 25 ms

TE = 135 ms

TE = 270 ms

A—

TE = 540 ms

1 0 0 8 0  0 60 0 401 24 2 4 0 3 6 3 4 3 2 3 0 2 8 2 6 2 4 2 2 2 0 1 8 1 6 1 44 6 4 4 3 8
Chemical Shih (ppm)

Figure 6.14. Ino model spectra acquired using PRESS localisation
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TE = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms

4 6 4 4 4 2 4 0 3 8 3  6 3 4 3 2 3 0 2 8 2 6 2 4 2 2 2 0 8 1.6 1 2 1 0 0. 80 0 60 0 401 4
Chem ical Shid (ppm)

Figure 6.15. NAA mode! spectra acquired using PRESS localisation

84



TE = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms

4 0 2 0 1 2 1 0 0 80 0 60 0 404 6 4 2 3 6 3 6 3 4 3 2 3 0 2 8 2 6 2 4 2 2 8 16
Chemical Shifl (ppm)

Figure 6.16. NAAG model spectra acquired using PRESS localisation
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TE = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms
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Figure 6.17. Scyllo model spectra acquired using PRESS localisation
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t e  = 25 ms

TE = 135 ms

TE = 270 ms

TE = 540 ms

4 6 4 4 4 2 4 0  3 8  3 6  3 4 3 2 3 0 2 8 2 6 2 4 2 2 2 Ü 8 16 1 0 0 80 0 60  0 401 1 21 4
Chemical Shili (ppm)

Figure 6.18. Tau model spectra acquired using PRESS localisation
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Figure 6.19. PD model spectra acquired using PRESS localisation



themselves are weighted by the in vitro T 2 . In order to obtain relative concentrations, 

LCM results m ust be corrected by the factor:

/  .  [6 .2 ]

The in vitro m etabolite T 2 S must be obtained directly from the model spectra. 

Because of the TE dependence of the phase modulation, and hence the variable amount 

o f phase cancellation of unresolved multiplet components, it is impossible to measure 

multiplet T 2 S rigorously when using a simple mono-exponential decay model as used for 

singlets. Therefore in vitro  T 2 S of only the singlet peaks i.e. Cho, Cr and NAA and the 

Lac doublet (using TE 270 and 540 ms spectra) could be calculated. The peak areas 

were found by Lorentzian frequency domain fitting. The in vitro T 2  values estim ated 

from the PRESS model spectra (TE 135, 270, 540 ms) were: Cho 1097 ms; Cr 1067 ms; 

NAA 854 ms; and Lac 695 ms. These values are com parable to published results at 2.35 

T [61].

The model solutions could be doped in order to reduce the in vitro T j  so that 

they are sim ilar to in vivo. This would avoid correcting for differential T 2 , however in 

vivo T j can change in pathology [62] and so in vitro T j must be known in order to 

evaluate any in vivo T j  changes.

6.2.2. Quality Assurance o f the LCM  Results

In order to test the LCM software, a quality assurance phantom  was constructed 

containing 150 mM KCl, 10 mM Cho, 20 mM Cr, 20 mM NAA and 10 mM  Lac in 

distilled water. The solution was buffered to pH 7.1.

PRESS spectra were acquired from the phantom with TE 25, 135, 270, and 540 

ms, using exactly the same acquisition method described in section 6.2, except 32 scans 

were collected. SNR was double than that obtained in vivo. The spectra were analysed 

with LCM and only the model spectra for the substances used in the phantom  were 

included in the basis set i.e. Cho, Cr, NAA and Lac. The LCM fits (bold) to the spectra 

(feint) acquired from the phantom, together with the underlying baseline (feint) and
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residual (top panel) are shown in figure 6.20. The relative concentrations estim ated with 

LCM are shown in table 6.2 and are close to the true values.

TE (ms) [Cho]/[Cr] [NAA]/[Cr] [Lac]/[Cr]

True 0.50 1 . 0 0 0.50

LCM 25 0.50 1 . 0 0 0.50

135 0.50 0.99 0.50

270 0.50 1 . 0 1 0.50

540 0.50 1 . 0 0 OJW

Lorentzian 25 0.50 1.03 0.47

135 0.56 1.03 -

270 0.55 1.06 0 . 6 8

540 0.53 1.09 0.83

T ab le  6.2. Relative metabolite concentrations in the quality assurance phantom  as 

determined by LCM and Lorentzian fitting.

For com parison, the quality assurance spectra were also analysed by Lorentzian 

fitting (see section 5.2). Prior to the analysis, the following data processing methods 

were performed (see chapter 4): receiver offset baseline correction; the broad baseline 

curvature signal was removed via the LIRE procedure with = 1/1500 s a n d / =  10; 

the FID was zero filled to 2048 data points; then a FFT was perform ed; m anual zero 

order and first phase correction; and polynomial baseline subtraction was then applied. 

The Lorentzian peaks to be fitted to the spectrum were defined by the user by providing 

starting values of chemical shift, multiplicity (singlet or doublet) and peak height and 

width.

In order to obtain true relative concentrations, the Lorentzian peak areas were 

corrected for T? relaxation by the factor,

4 - e x p ( r e / r „ „ „ , j  [6.3]

The in vitro  T2 values found from the model spectra (see previous section) were
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3 2 2 2 » 2

B

F ig u re  6.20. LCM  fits to the spectra obtained from the quality assurance phantom

at TE 25 (A) and 135 (B) ms

91



c

3 6

D

F ig u re  6.20. (continued) LCM fits to the spectra obtained from  the quality 

assurance phantom  at TE 270 (C) and 135 (D) ms
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used. Also the spectral peak areas were weighted (and hence must be corrected) for the 

num ber of equivalent protons e.g. the Cho peak at -3 .20  ppm has nine protons 

contributing to the signal whereas the Cr peak at -3 .02  ppm has three. The corrected 

Lorentzian peak areas are shown in table 6.2. All these corrections were unnecessary for 

the LCM  estimates; the model spectra are weighted for in vitro Tj and the num ber of 

equivalent protons.

LCM performed better than the Lorentzian fitting, particularly for [Lac]. In table

6.2, no result is given for [Lac]/[Cr] at TE 135 ms by the Lorentzian technique because 

fitting the phase inverted Lac doublet was difficult; whereas LCM accounted for the 

phase inversion intrinsically. The TE 540 ms spectrum (see figure 6.20D) demonstrated 

that 540 ms, (and also 270 ms), was not exactly optimal for complete rephasing of the 

phase m odulated Lac signal: there were distinct phase modulation effects visible at the 

base of the Lac doublet at TE 540 ms. The Lorentzian fit assumed perfect phasing and 

this may account for the poor results for the Lac ratios at TEs 270 and 540 ms (see table 

6.2). However, the LCM analysis technique took these phase m odulated features into 

account and fitted the Lac doublet well.

6.3. Surface Coil M odel Spectra

Model solutions were made up in 50 ml D^O (5 % distilled H^O) with m etabolite 

concentrations of 50 mM (100 mM for both GABA and Ino), 150 mM KCl and -2 0  

mM sodium formate. Spherical glass containers of diam eter 4.5 cm were used. The 

formate peak (at -8 .45  ppm) was used as a phase correction marker. The singlet of a -  

hydroxyisobutyrate (a-H IB ; 3 mM) at -1 .34  ppm was used as a chemical shift reference 

m arker for Asp and Ino (and was subsequently edited out). The solutions were buffered 

to pH 7.1 as described in section 6.2. The Gly model spectrum was used as a surrogate 

for Scyllo.

The model spectra were acquired using a 2.5 cm diam eter surface coil and the 

EXORCYCLE 1Ï-22 binomial pulse sequence (see section 3.2) at 7 T. The water peak 

was shim m ed to a FW HM  of less than 0.05 ppm for maximal suppression. W ith water 

on resonance, the pulse sequence sensitivity was optimal for the NAA peak at 2.01 ppm.
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This ensured similar pulse sequence sensitivity for the model spectra and the in vivo 

spectra, thus avoiding peak area corrections due to the different excitation sensitivity 

profiles (see section 3.2). Acquisition conditions were: TR 20 s; TE 270 ms; 1024 

complex data points; SW 4 kHz; and 64 scans.

The model FID signals were zero filled (to 2084 data points). Due to the 

excitation sensitivity profile and hence the unsuppressed wings of the 5% water signal, 

there was a broad curved baseline in the region containing the m etabolite signals of 

interest. The baseline was removed from the spectrum by using LIRE profile correction 

(see section 4.1.2.3) with T^ = 1/1500 s a n d / =  10 because otherwise it would have 

introduced errors during subsequent LCM analysis. A FFT was performed, followed by 

chemical shift referencing and manual phasing of the model spectrum. The basis sets of 

model spectra were then scaled in order to account for the different concentrations 

(GABA and Ino).

The basis set of model spectra are shown in figures 6.21 - 6.25 (for chemical 

shift positions and multiplet structures see table 6.1). The effects of chemical shift 

overlap can be seen in figure 6.22; GABA and Cr both have peaks at approxim ately 3 

ppm but their spectra are different at other chemical shifts, thus enabling their separation 

when using LCM to analyse in vivo spectra.
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Ala

A 6 4 0  3 8  3 6  3 4 3 2 3 0 2 6 2 2 2 0 1 2 1 0 0. 80 0 60 0 404 4 4 2 2 8 2 4 1 8 1.6 1 4
Clioiiiical Shill (ppni)

S

Asp

4 6  4 4  4 2 4 0  3 8  3 6  3 4  3 2  3 0  2 8  2 6  2 4  2 2  2 0  1 8  1 6  1 4  1 2  1 0  0 80 0 60 0 40
Chemical Shili (ppm)

S
BHBA

4 6 4 4 4 2 4 0 3 8 3 6 3 4 3 2 3 0 2 8  2 6 2 4 2 2  2 0 1 8 1 6  1 4 1.2 1 0 0 80 0 60  0 40
Chemical Shili (ppm)

Figure 6.21. Ala, Asp and BHBA surface coil model spectra
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Cho

) 0 0 80 0 60 0 401 22 0 8 1 6 1 43 2  3 0 2 8  2 6  2 4
Chemical Shill (ppm)

2 2 14 0 3 8  3 6 3 44 6 4 4 4 2

|,

4 6  4 4 4 2  4 0  3 8  3 6 3 4  3 2 3 0  2 8  2 6  2 4 2 2  2 0  1 8  1 6  1 4  1 2  1 0  0 80 C 60 0 40
Chem ical Shill (ppm)

GABA

1 0 0 80 0 60 0 401 22 2 2 0 8 1 6 144 6 4 2 4 0 3 8 3 6 3 4 3 2 3 0 2 8 2 6 2 44 4
Chemical Shill (ppm)

Figure 6.22. Cho, Cr and GABA surface coil model spectra
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Gin

1 0  ObO 0 60 0 404 0 3 8 3 6 3 0 2 4 2 2 2 0 8 I r, 1 24 6 4 4 4 2 3 4 3 2 2 8 2 6 1 1 4
Chemical  Shill (ppm)

GIu

1 0 0 80 0 60 0 402 0 1 6 1 24 6 4 4 4 2 4 0 3 8 3 6 3 4 3 2 3 0 2 8 2 6 2 4 2 2 1 8 1 4
Chemi cal  Shill (ppm)

Gly

4 6 4 2 4 0 3 8 3 6 3 4 3 2 3 0 2 8  2 6
Chemi cal  Shill (ppm)

2 2 2 0 0 80 0 60 0 40

Figure 6.23. Gin, Glu and Gly surface coil model spectra
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Lac

0 00 0 60 0 401 G 1 2 I 04 2 3 8 3 4 2 4 2 2 2 0 1 8 \ 44 6 4 0 3 6 3 2 3 0 2 8 2 6
Clicmicnl Sl'ill Ippm)

Ino

3 8 3 2 3 0 2 8  2 6 2 4
Cliemir.ll Sliiii Ippiii)

2 2 2 0 0 80 0 60 0

n a a

4  2 4 0 3 8 3 6 3 4 3 2 3 0 2 8 2 6

CIv mir. ll  51"Il (ppm!
2 2 2 0 0 80  0 60  0 40

Figure 6.24. Lac, Ino and NAA surface coil model spectra
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4 6 4 4  4 2  4 0 3 8 3 6  3 4  3 2  3 0  2 8  2 6  2 4 2 2  2 0  1 8  1 6  1 4  1 2  1 0  0 80 0 60 0 40
Chemi cal  Shill (ppm)

Scyllo

3 6  3 4  3 2 3 0  2 8  2 6  2 4  2 2
Chemi cal  Shill (ppm)

2 04 6 4 2 4 0 3 8

Tau

4 6  4 4  4 2 4 0  3 8  3 6  3 4  3 2 3 0  2 8  2 6  2 4  2 2 2 0  1 8  1 6  1 4  1 2  1 0  0 80 0 60 0 4
Chemi cal  Shill (pp<n)

Figure 6.25. NAAG, Scyllo and Tau surface coil model spectra
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Seven

Quantitative Analysis of In Vivo PRESS Spectra

Birth asphyxia, often leading to perinatal cerebral hypoxic-ischaem ic injury, is 

a m ajor cause of physical handicap and neurological impairment or even death. Clinical 

diagnosis and prognosis could be helped by identifying the physiological and 

biochem ical changes that trigger the mechanisms of delayed secondary energy failure 

which follow acute cerebral hypoxia-ischaemia.

Although a great deal of interest has been expressed in the interpretation of 

changes in the amplitudes and relaxation of the Cho, Cr, NAA, and Lac peaks, the less 

prom inent peaks in *H brain spectra (many of which are m ultiplets) are also of great 

interest. For example, cerebral anoxia enhances Glu release and large amounts 

accum ulate in cerebrospinal fluid during ischaemia [63]. Hence, quantitation of Glu 

may be of great clinical importance e.g. during cerebral hypoxia-ischaemia. However, 

the Glu resonances are all multiplets and overlap with resonances due to other 

m etabolites (see section 6 .1 ) and therefore, Glu is difficult to quantitate objectively when 

using conventional techniques e.g. Lorentzian frequency domain fitting.

The LCM  spectrum analysis technique could enable the separation of minor 

resonances from the m ajor peaks and hence reliably determine the strengths o f m inor 

and multiplet resonances with reduced random and systematic error and thus would 

greatly increase the clinical utility of localised in vivo *H MRS.

The aims of the work presented in this chapter were; a) to apply the LCM 

technique to the quantitative analysis of PRESS ‘H brain spectra acquired both from
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normal infants and from infants with severe hypoxic-ischaemic cerebral injury [64]; 

b) to compare results with those found using Lorentzian fitting; and c) to elucidate 

relationships between metabolite relaxation and neurodevelopmental outcom e and 

between absolute metabolite concentrations and neurodevelopm ental outcome. 

Physiological interpretations of results are beyond the scope of this thesis.

7.1. Subjects

Tj-w eighted relative metabolite concentrations were m easured in 19 normal 

infants (gestational plus postnatal age GPA 37.3 ± 3.0 wk), and in seven infants (GPA 

38.1 ± 1.7 wk) with suspicion of hypoxic-ischaemic injury (all had clinical histories 

consistent with perinatal or postnatal asphyxia). O f the latter seven infants, three died 

by one year of age and the remaining four had neurodevelopmental abnorm alities at age 

one year.

T 2  relaxation was measured in the same 19 normal infants, and in ten infants 

(GPA 38.7 ± 1.8 wk) who were later confirmed to have sustained hypoxic-ischaem ic 

brain injury (abnormal group). Of the latter ten infants, three died by one year of age 

and seven had major neurodevelopmental abnormalities. Absolute m etabolite 

concentrations were measured in 16 of the 19 normal infants (GPA 37.2 ± 3.2 wk) and 

in seven from the abnormal group (GPA 38.1 ± 1.7 wk).

The infants were studied with head-supine and during natural sleep on the 15 cm 

diam eter Helmholtz coil that was placed in a 25.5 cm diam eter plastic transport 

incubator specially designed to include full physiological m onitoring. An evacuable 

plastic bag containing expanded polystyrene beads was m oulded around the head in 

order to provide gentle constraint.

7.2. Data Acquisition

PRESS phase-cycled water-suppressed spectra (see section 3.1) were obtained at 

2.4 T from an 8  ml cubic voxel centred in the thalamic region (predom inantly grey 

matter). Acquisition conditions were; TE 270 ms; TR 5 s (essentially fully relaxed); 512
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or 1024 complex data points; SW 1.25 kHz; and 64 scans. Using longer TEs (> 135 ms) 

simplified the spectra in respect to baseline and the number of overlapping peaks. Broad 

signals from macromolecules had decayed away [65] and m ultiplets were less 

prominent due to phase modulation.

To obtain metabolite concentrations, T 2  relaxation must be determ ined from 

multi-TE spectra. Due to the time constraints in clinical studies, TR 1.73 s was used. 

The spectra were also acquired with TE 135, 270 and 540 ms, and 128, 128 and 256 

scans respectively. As a result of phase m odulation, optimum PRESS TEs for Lac 

detection and quantitation were -2 7 0  and -5 4 0  ms (see section 2.5.2) and hence these 

TEs were used to determine Lac T 2 .

7.3. Lorentzian Frequency Dom ain Analysis

Prior to the Lorentzian fitting (see section 5.2) of the in vivo spectra, the 

following data processing methods were performed (see chapter 4): receiver offset 

baseline correction; exponential (1 Hz) line broadening; the FID was zero filled to 2048 

data points; then a EFT was performed; manual zero and first order phase correction; 

and polynomial baseline subtraction was then applied. The user defined the num ber of 

Lorentzian peaks to be fitted to the spectrum, providing starting values for chem ical shift 

position, and peak height and width, and prior knowledge of the doublet peaks (J = 6  

Hz) of Ala (at -1 .4 6  ppm), Lac (at -1 .32  ppm), BHBA (at -1 .1 9  ppm) and PD (at -1 .13  

ppm). The average processing time of one spectrum on a Sun-Sparc workstation (version 

4) was about 10 min.

Figure 7.1 shows a Lorentzian fit (dashed) and residual (below) to a brain 

spectrum  (TE 270 ms and TR 5 s) from a normal infant. Cho (at -3 .2 0  ppm), Cr (at 

-3 .0 2  ppm), and NAA (at -2.01 ppm) are clearly visible and although small (because 

the spectrum  is from a normal infant), the Lac doublet is detectable at -1 .3 2  ppm. In 

addition to these four resonances, a further Cr peak (at -3 .92  ppm) and peaks from Gin 

+ Gin (at -3 .75  ppm) and Ino + Gly (at -3 .55  ppm) are discernible.

The Lorentzian fit (dashed) and residual (below) to a spectrum (TE 270 ms and
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TR 5 s) from the brain of an abnormal infant is shown in figure 7.2. Relative to Cr, Lac 

is exceedingly high whereas NAA is reduced. The peaks due to Gin + Glu and Ino + 

Gly are higher relative to Cr. GPC (at -3 .24  ppm) is nearly resolved from Cho. Doublets 

due to Ala and PD are also visible.

TTT
4 3 2

C h cm ic il ïh if t (ppm )

F igu re  7.1. Lorentzian fit to a spectrum (TE 270 ms and TR 5 s) from the brain

of a normal infant

A vv

C hem jcal shifi (ppm )

F igu re  7.2. Lorentzian fit to a spectrum (TE 270 ms and TR 5 s) from the brain 

of an infant with hypoxic-ischaemic cerebral injury
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7.4. LCM Analysis and Fitting

LCM is fully automatic, in as much that the in vivo time domain signal and the 

basis set are the only inputs into the software program. No data processing apart from 

zero-filling (to 2048 data points) and a FFT were performed on the in vivo FID signal. 

The basis set of phased model spectra is the same for the analysis of all the in vivo 

spectra at a particular TE. The average processing time on a Sun-Sparc workstation was 

about 30 min per spectrum.

The convention of the LCM figures presented in this chapter is; LCM  fit (bold); 

the in vivo spectrum (feint); the underlying baseline (feint); and the residual (top panel). 

Figures 7.3 and 7.4 show the LCM fits to the ‘H brain spectra from a normal infant and 

an infant with hypoxic-ischaemic cerebral injury (c.f. figures 7.1 and 7.2) respectively. 

Figures 7.5 - 7.18 also show the separate m etabolite components as fitted by LCM to 

the spectrum presented in figure 7.4. Comparisons of the spectra, show that LCM  gave 

better fits than Lorentzian fitting e.g. LCM resolved the NAAG peak (at -2 .0 6  ppm) 

from NAA.

Initial fits to the spectra from infants with hypoxic-ischaemic cerebral injury were 

inadequate at -3 .2 4  ppm (see figure 7.19). LCM provided very good fits to the spectra 

if the model spectrum for GPC (at -3 .24  ppm) was included. In addition, the inclusion 

gave much better fits in the region up to -3 .6  ppm (c.f. figures 7.4 and 7.19). GPC was 

not discernible in ‘H spectra from normal infants and initially the GPC model spectrum 

was not expected to be an essential requirem ent for LCM fitting (see figure 7.3): it may 

be present but unresolved from Cho.

Figures 7.20 - 7.22 show LCM fits to spectra acquired from an abnormal infant: 

the differential effects of phase modulation are demonstrated at TE 135, 270, and 540 

ms (TR 1.73 s). The LCM fits could be comprom ised by the different T ,-w eighting of 

the resonances from the same metabolites in vivo (partially relaxed) and in vitro (fully 

relaxed) [13]. Phase m odulation of the Lac doublet is incomplete resulting in a smaller 

am plitude (phase inverted) at TE 135 ms than at TE 270 ms (c.f. figures 7.20 and 7.21) 

and incomplete rephasing at TEs 270 and 540 ms spectrum (see figures 7.20
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i  2 4 0 3 8 3 6 3 4 3 2 3 0  2 6 2 6 2 4 2 2 2 0  1 6 1 6  1 4 1 2  10
Ch#mic#4 ShA (ppm)

F igu re  7.3. LCM fit to a spectrum (TE 270 and TR 5 s) from the brain of

normal infant.

Figure 7.4. LCM fit to a spectrum (TE 270 and TR 5 s) from  the brain of an

infant with hypoxic-ischaemic cerebral injury
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F ig u r e  7.5. Ala com ponent (bold) as fitted by LCM  to the

presented in figure 7.4

sam e spectrum

Figure 7.6. Cho com ponent (bold) as fitted by LCM  to the same spectrum

presented in figure 7.4
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Figure 7.7. Cr component (bold) as fitted by LCM to the same spectrum presented

in figure 7.4

Figure 7.8. Gin component (bold) as fitted by LCM to the same spectrum

presented in figure 7.4
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Figure 7.9. Glu component (bold) as fitted by LCM to the same spectrum

presented in figure 7.4

Figure 7.10. Gly com ponent (bold) as fitted by LCM  to the same spectrum

presented in figure 7.4
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Figure 7.11. GPC component (bold) as fitted by LCM to the same spectrum

presented in figure 7.4

Figure 7.12. Lac component (bold) as fitted by LCM  to the same spectrum

presented in figure 7.4
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Figure 7.13. Ino component (bold) as fitted by LCM to the same spectrum

presented in figure 7.4

W  A

Figure 7.14. NAA component (bold) as fitted by LCM to the same spectrum

presented in figure 7.4
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Figure 7.15. NAAG component (bold) as fitted by LCM to the same spectrum

presented in figure 7.4

Figure 7.16. Scyllo component (bold) as fitted by LCM to the same spectrum

presented in figure 7.4
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Figure 7.17. Tau component (bold) as fitted by LCM to the same spectrum

presented in figure 7.4

Figure 7.18. PD component (bold) as fitted by LCM to the same spectrum

presented in figure 7.4
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Figure 7.19. LCM fit without GPC to a spectrum (TE 270 and TR 5 s) from the 

brain of an infant with hypoxic-ischaemic cerebral injury

42 3 S 3 6 3 4 3 2 3 0 2 8 2 6 2 4
C hem ical Shift (ppm)

2 2 2 0 18

Figure 7.20. LCM fit to a spectrum (TE 270 ms and TR 1.73 s) from the brain 

of an infant with hypoxic-ischaemic cerebral injury
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Ch*m caJ Sh,m (ppm)

Figure 7.21. LCM fit to a spectrum (TE 135 ms and TR 1.73 s) from the brain 

of an infant with hypoxic-ischaemic cerebral injury

% ' ;

12 4 0  3 8 3 6 3 4 3 2 3 0 2 8 2 6 2 4 2 2 2 0  >8  1 6 14  >2  10
Ch#mca1 ShiH (ppm|

Figure 7.22. LCM  fit to a spectrum (TE 540 ms and TR 1.73 s) from the brain

of an infant with hypoxic-ischaemic cerebral injury
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and 7.22). However, LCM took these features into account and fitted the Lae doublet 

very well (e.f. figure 7.2). Visual inspection of the LCM fits and the small deviations 

of the residuals in figures 7.3, 7.4 and 7.20 - 7.22 showed that this technique performed 

well.

7.5. Tj-W eighted Relative M etabolite Concentrations

The direct outputs from the LCM analysis of fully relaxed spectra (TE 270 ms 

and TR 5 s) gave T 2 -weighted metabolite concentrations relative to that of Cr and they 

are presented in table 7 .1. Mean values were taken whenever an infant was studied more 

than once. Ino and Gly are quoted as the sum of the relative concentrations for these 

two metabolites since because it is difficult to separate their resonances reliably.

Metabolite

To-weighted concentrations (relative to Cr)

Normal (n = 19) Abnormal (n = 7)

Ala 0.09 ± 0.06 0.16 ± 0.16

Asp 0.39 ± 0.89 0.43 ± 0.43

BHBA 0.02 ± 0.03 0.05 ± 0.06

Cho 0.63 ± 0 .1 2 0.46 ±0.13*

GABA 0.03 ± 0.06 0.08 ± 0 .1 5

Gin 0.91 ± 0.48 2.21 ± 1.5*

Glu 2.15 ± 0.76 2.14 ± 1.30

GPC 0.06 ± 0.06 0.18 ± 0.15'

Ino 4- Gly 2.74 ± 1.40 2.30 ± 1.10

Lac 0.28 ± 0.14 1.34 ± 1.10

NAA 1.35 ± 0.25 0.81 ± 0.34"

NAAG 0.23 ± 0.37 0 . 2 1  ± 0.18

Scyllo 0.07 ± 0.05 0.04 ± 0.05

Tau 1.18 ± 0.85 0.65 ± 0.59

PD 0.03 ± 0.04 0.44 ± 0.59^^

Table 7.1. LCM Tj-w eighted relative m etabolite concentrations in normal infants and

in infants with hypoxic-ischaemic cerebral injury (mean ± SD). M ann-W hitney two-

tailed U test vs normal infants: t  p < 0.05; * p < 0.02; and # p < 0.002.
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The results shown in table 7.1 indicate the enormous potential of LCM for 

objectively determining the levels of metabolites which have overlapping or/and 

multiplet resonances. These are difficult to measure using more conventional approaches, 

e.g. Lorentzian fitting, which limits the analysis to objective assessments of Cho, Cr, 

NAA, and Lac only and even then the measurements may be subject to systematic error 

due to adjacent minor peaks. Of the metabolites used in the basis set, in addition to the 

four just mentioned. Gin, Glu, Ino + Gly and Tau appear to be measurable by LCM with 

reliability adequate for clinical studies. Some variability in results from the abnormal 

infants may be due to differences in the severity of the injury.

The results from abnormal infants showed that Gin, GPC and Lac ratios 

increased whereas Cho and NAA were reduced. Other studies of newborn infants 

following hypoxic-ischaemic cerebral injury have shown similar changes in spectral peak 

area ratios indicating a rise in Lac [66,67], and a fall in NAA [66,67,68]. 

However using LCM analysis, the alterations in Gin and GPC provide further insight 

into the metabolic processes accompanying the evolution of perinatal hypoxic-ischaemic 

cerebral damage. For example, GPC is not discernible in 'H spectra from normal infants 

(see figure 7.3). The visibility of GPC in the spectrum from the abnormal infant (see 

figure 7.4) may not be due solely to a relative reduction in [Cho], but to an increase in 

the concentration of detectable GPC. The GPC peak was visible in ^'P spectra from the 

brains of newborn infants [69] and newborn piglets [70], however GPC (as 

determined from the phoshodiester PDF signal) did not increase during cerebral hypoxic- 

ischaemic injury [70]. PDF includes contributions from GPC and glycerolphosphoryl- 

ethanolamine (GPF); an increase in GPC could be nullified by a decrease in GPF.

Possible changes in metabolite T^s could create important problems if MRS data 

are to be interpreted only on the basis of T^-weighted relative concentrations (or peak 

area ratios) determined from a single spectrum acquired at a particular TF. PRFSS 

localisation is echo based, so changes in metabolite T^s may mask altered metabolite 

concentrations or indicate changes in apparent concentrations when no such change has 

occurred. For example, if the NAA Tj increases so will the amplitude of the NAA 

signal; any reduction in signal that may be expected as a result of a reduction in [NAA] 

could be nullified or signal amplitude may even be increased.
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7.6. Tj Relaxation M easurements

‘H MRS revealed that metabolite TjS in the newborn piglet increased linearly as 

adenosine triphosphate depleted during secondary energy failure [62]. However in the 

quoted study, the data were analysed using Lorentzian fitting and may be subject to 

systematic error due to peak overlap and multiplet phase modulation. This problem is 

particularly important if the amplitudes of peaks which normally have a high SNR 

approach those of adjacent minor resonances e.g. following severe cerebral hypoxic- 

ischaemia [NAA] fa[ls and the NAA signal amplitude becomes comparable with those 

of the nearby Gin, Glu and NAAG resonances [12].

Because the TEs were long enough to make broad features negligible [65], a 

simple mono-exponential decay model was used to measure To. In vivo T^s of only the 

singlet peaks i.e. Cho, Cr and NAA and the Lac doublet (using TE 270 and 540 ms 

spectra) could only be calculated (see section 6.2.1 ). (Lac is an important marker for 

hypoxia-ischaemia and as it is fairly isolated Lac To could be determined with 

reliability.) The T 2 -weighted concentrations found by LCM fitting were corrected for in 

vitro T 2  using the values quoted in section 6.2.1. Mean metabolite ToS were taken 

whenever an infant was studied more than once. The results from Lorentzian and LCM 

fitting are shown in table 7.2.

Group

Analysis

Method

Metabolite T 2  (ms)

Cho Cr Lac NAA

Normal 

(n = 19)

Lorentzian

LCM

340 ± 100 

340 ± 120

205 ± 35 

211 ± 35

2 2 0  ± 1 1 0  

300 ± 120*

331 ± 90 

303 ± 85*

Abnormal 

(n = 10)

Lorentzian

LCM

398 ± 48 

397 ± 52

257 ± 50 

254 ± 28

331 ± 81 

336 ± 59

460 ± 150 

362 ± 6 1 t

Table 7.2. Brain metabolite T 2 S in normal infants and in infants with hypoxic- 

ischaemic cerebral injury (mean ± SD). Paired t-test Lorentzian vs LCM: t  p < 0.05;

and * p < 0 .0 2 .
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The LCM results could have systematic errors due to the T,-weighting of the in 

vivo spectra. These errors would be avoided if fully relaxed spectra were acquired. 

However the metabolite T^s in normal infants (see in table 7.2) are similar to results 

published from other studies of neonatal [71,72], adolescent [71] and adult 

[72,73] brain (even though the voxel locations are not strictly comparable). Lac T 2  in 

normal neonatal human brain has not been previously reported.

Due to peak overlap, in vivo Tj measured using the Lorentzian method should 

be regarded as apparent rather than specific to the substance nominally assigned to the 

resonance. The apparent T 2  is an average value resulting from all the contributing 

signals. LCM should specifically select the signals from the nominal substance and 

therefore give a more reliable T 2  value. This may be the reason for the significant 

difference between the NAA T 2 measurements (see table 7.2) for the two techniques in 

both the normal and abnormal groups. [NAA] appears to be reduced in the abnormal 

group and so the apparent NAA T 2  is much more dependent on the relaxation and phase 

modulation characteristics of Gin, Glu and NAAG.

LCM accounted for the incomplete phase modulation of the Lac doublet whereas 

the Lorentzian technique assumed perfect rephasing at TEs 270 and 540 ms. Hence the 

Lorentzian fit for the Lac doublet would not be accurate, especially when its signal is 

low as it is in normal brain spectra. This may be a reason for the difference between 

LCM and Lorentzian results for Lac T 2  (see table 7.2).

The SDs between the two quantitative analysis methods were comparable in the 

normal group but were lower (Cr, Lac and NAA) or comparable (Cho) for LCM in the 

abnormal group (see table 7.2). A possible reason for lower SDs may be because LCM 

eliminates operator-dependent errors related to spectrum phasing and polynomial 

baseline fitting.

There were no differences between LCM metabolite T 2 S for the normal and 

abnormal groups, except that Cr T 2  was higher for the abnormal group (Mann-Whitney 

two-tailed U test; p < 0.02). However metabolite T 2 S for the abnormal group, measured 

using Lorentzian fitting, were all higher compared with those of the normal group: Cho

118



(p < 0.002); Cr and Lac (p < 0.02); and NAA (p < 0.05). The results from Lorentzian 

fitting were probably subject to systematic error due to peak overlap and multiplet phase 

modulation e.g. in the abnormal group the apparent Cho could include an increased 

contribution from the GPC peak at -3 .24 ppm (see table 7.1). GPC may have a different 

T j to that of Cho and hence considerably alter the apparent Cho Tj giving rise to the 

observed difference between normal and abnormal groups.

Cerebral relaxation times of Cho, Cr, NAA and Lac can be estimated by LCM 

with sufficient variability to be of clinical use. However their determination leads to the 

quantitation of absolute concentrations of only these metabolites.

7.7. Absolute M etabolite Concentrations

Although much useful information is obtained from relative concentrations (see 

section 7.5), quantitation of absolute concentrations is very important e.g. in order to 

determine tissue loss. There are two main approaches, using either an external 

concentration reference (e.g. a phantom) or an internal concentration reference (i.e. 

found naturally in the tissue of interest) [74,75]. The NMR signal can be calibrated 

from a known external concentration reference (ECR), e.g. a model spectrum, using the 

amplitude of either a non-selective 90" pulse [61] or a modified water suppression pulse 

[76]. These ECR methods rely on the principle of reciprocity [77] and thus take into 

account changes in coil loading. However, the absolute quantitation method employed 

in the studies described here uses the known water content of tissue as an internal 

concentration reference (ICR) [73,78].

The LCM peak area for Cr from the fully relaxed in vivo spectra (TE 270 ms and 

TR 5 s) was calculated:

^Cr ^ Pcr ^ ^Cr,in vitro

where p^r is the LCM concentration scaling factor for Cr (see equation 5.3) and wm- 

is the Cr peak area (at -3 .02  ppm; found by Lorentzian fitting) from the model spectrum 

(TE 270 ms and TR 20 s).
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Sç^ was then compared with a fully-relaxed (TR 10 s), corrected brain-water 

signal from the same voxel (no water suppression). Due to the possibility of 

cerebrospinal fluid (CSF) occupying part of the voxel the brain- and CSF-water signals 

were separated [12]. Water spectra were acquired with TE 25, 270, 540, 1000, 1500 and 

2000 ms, and analysed using Lorentzian fitting. The brain-water signal (T 2  -2 0 0  ms in 

neonatal brain) was partitioned from that of CSF (T^ -1 s) by fitting (least-squares X" 

minimisation; SigmaPlot version 5.0) the water peak areas, Sh2 o(TE), to a double 

exponential function:

exp(-TE/7l2^^^) [7.2]

where SH2 o.b(0 ) and Sh2 o,csf(C>) are the brain- and CSF-water signal at TE 0 s, and T^y 

and T 2 CSF are their respective T 2 S.

The absolute Cr concentration (mmol/kg wet wt) was determined by:

ĉr exp(TE/7^^p [H^OM 
[Cn = --------------------------------------------

^Cr

where T 2 _cr is the in vivo T 2 of Cr, nH2 o (= 2) and n̂ ^̂  (= 3) are the number of equivalent 

protons for water and Cr respectively, and [H2 0 ,b] is the brain-water concentration 

(mmol/kg wet wt) assumed from the following relationship for whole post-mortem infant 

brain [79]:

[ H p ,  b] = 556.0 X (94.7 - 0 . 1 7  GPA)  [7.4]

The GPA dependence is due to the fact that the brain-water fraction decreases 

during development until adult values are approached at about one year of age.

Absolute concentration of metabolite k was found by,

[k] .  X [Cr] [7.5]

where R̂ . is the T 2 -weighted concentration of metabolite k  relative to that of Cr and f^y2 .k
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and f^T2 .cr the differential factors (see equation 6.2) for metabolite k  and Cr 

respectively. The in vitro Tj values quoted in section 6.2.1 were used.

A similar procedure was used for the results obtained from Lorentzian fitting; 

metabolite peaks areas were found directly and were then compared with the water 

spectrum. The results of the two analysis methods are shown in table 7.3.

Group

Analysis

Method

Metabolite concentrations (mmol/ kg wet wt)

Cho Cr Lac NAA

Normal 

(n = 16)

Lorentzian

LCM

5.2 ± 1.8

4.3 ± 1.8'

1 1 . 6  ± 2 . 8  

9.6 ± 2.0*

3.1 ± 1.2 

1.9 ± 1.0*

9.7 ± 2.1 

8.4 ± 2.2*

Abnormal 

(n = 7)

Lorentzian

LCM

3.0 ± 0.9

2.5 ± 1.2'

8.2 ± 3.9

8.4 ± 3.6

7.4 ± 5.1 

6.2 ± 4.2

5.7 ± 2.9 

5.0 ± 3.0

T able  7.3. Brain metabolite concentrations in normal infants and in infants with 

hypoxic-ischaemic cerebral injury (mean ± SD). Paired t-test Lorentzian vs LCM: t  p

< 0.05; + p < 0.005; and § p < 0.001.

The Lorentzian technique gave higher concentrations in the normal group 

compared with those from LCM. This could be due to peak overlap effects e.g. the Cho 

peak could include contributions from GPC (at -3 .24  ppm) and both Ino and Tau (at 

-3 .29  ppm), combined with any differences in the T 2 S measured by the two techniques 

e.g. for Lac and NAA (see previous section).

In the normal infants, [Cho], [Cr] and [NAA] estimated by LCM were higher 

than values reported from studies of neonatal brain (the voxel locations are not 

comparative) [71,72]. Phosphoethanolamine (resonating at -3 .2  ppm) [80] has a high 

concentration (up to - 8  mmol/kg wet weight) in neonatal mammalian brain [81,82] 

and may increase the apparent [Cho]. [Cho] was higher than, but [Cr] and [NAA] were 

similar to, values reported for adolescent [71] and adult [61,71,72] brain. In newborn 

infants the region near the thalamus may be relatively developed [83], and so [Cr] and
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[NAA] may already be close to adult values. [Lac] was similar to that measured in 

healthy preterm infants [84].

LCM metabolite concentrations for the abnormal group were lower for Cho 

(Mann-Whitney two-tailed U test; p < 0.05) and NAA (p < 0.02) but higher for Lac (p 

< 0.02) compared with those from the normal group. There were no significant 

differences for Cr. This was similar to results determined by Lorentzian fitting: lower 

Cho and NAA (p < 0.02); and higher Lac (p < 0.05). During cerebral hypoxia-ischaemia 

injury, thalamic [Cho] and [NAA] were reduced whereas [Lac] increased. These results 

are consistent with the those presented in section 7.5.

Cerebral concentrations of Cho, Cr, NAA and Lac can be estimated by LCM 

with sufficient variability for them to be clinically useful. The LCM technique should 

be able to determine the levels of metabolites of clinical importance especially those 

from minor resonances and phase modulated multiplets, e.g. Glu, which are difficult to 

ascertain using other approaches e.g. Lorentzian fitting. However when using long TEs, 

LCM analysis, as well as Lorentzian fitting, is hampered by T 2 -weighted spectra. There 

is insufficient Tj d^ta to allow for correction of the multiplet resonances, and 

consequently their concentrations cannot be determined. For the estimation of 

concentrations of all the metabolites in the basis set, short TE spectra must be acquired.

7.8. S h o r t  Echo  T im e Spec tra

At short TEs (e.g. 25 ms) relaxation effects can be considered negligible and T 2  

correction unnecessary, thus avoiding the acquisition of multi-TE spectra. However the 

spectra include significant contributions from overlapping multiplet peaks which have 

not phase modulated sufficiently to reduce their signals and from rapidly decaying 

macromolecular (due to short T 2 S) signals in the baseline. At short TEs, the large 

macromolecule contribution and poor resolution due to the overlapping peaks only 

allows reliable estimates by LCM of high SNR peaks [85] e.g. Cho, Cr and NA A in 

normal neonatal ‘H brain spectra, since significantly different combinations of the model 

spectra would fit the data within experimental error. Even so, LCM should give better 

estimates than those from Lorentzian fitting because contributions from overlapping
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and/or multiplet signals are eliminated.

F igu re  7.23. LCM fit to a spectrum (TE 25 ms and TR 1.73 s) from the brain

of a normal infant

— r— '— I ■ ;— '— t ' ! ' ’ 1— '— r— '— i— ■ r  » i— '— » • i • >
4 2 4 0 3 d 3 6 3 4 3 2 3 0 2 8 2 6  2 4 2 2 2 0 1 8 1 6

C h*m cal ShA (ppm)

F igure  7.24. LCM fit to a spectrum (TE 25 ms and TR 1.73 s) from the brain 

of an infant with hypoxic-ischaemic cerebral injury
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LCM fits of short echo spectra (TE 25 and TR 1.73 s) from a normal and an 

abnormal infant are shown in figures 7.24 and 7.24. No statistical analysis is given 

because n = I. The fits are reasonably good up to -3 .6  which is probably due to effects 

of poor water suppression. LCM should give promising results: determining the 

concentrations of all the metabolites in the basis set.

24



Eight

Studies of Cerebral Hypoxia-Ischaemia in the Newborn

Piglet

To prevent or ameliorate the delayed secondary energy failure (SEF) and its 

damaging consequences which follow acute cerebral hypoxia-ischaemia, clinically 

feasible neuroprotective interventions must be developed. Such potential therapies must 

be tested for efficacy and safety on suitable animal models before they can be applied 

to infants.

A reproducible model of SEF due to acute hypoxia-ischaemia similar to that 

experienced in birth-asphyxiated human infants has been produced in the newborn piglet, 

and verified by ^'P MRS studies [70]. In the model, cerebral [PCr]/[Pi], [nucleotide 

triphosphate (NTP)] and intracellular pH (pH,) fell during the acute insult (which 

consisted of bilateral carotid artery occlusion plus inspired oxygen reduction to - 1 2  %), 

but these measurables returned towards normal on resuscitation. [PCr]/[Pi] and [NTP] 

then fell again over the next 48 hr, but pH, remained normal or went slightly alkaline. 

When oxidative phosphorylation is impaired, increased glycolysis with the production 

of Lac is expected. ’H MRS studies in human infants have shown a rise in [Lac] and 

a fall in [Cho] and [NAA], and these changes have been associated with an adverse 

outcome (see section 7.7).

*H MRS studies using the newborn piglet model have reproduced the changes 

in Cho, Lac and NAA peak area ratios (estimated by Lorentzian frequency domain 

fitting) seen in birth-asphyxiated infants and have determined their time course 

[86,87]. However, overlapping multiplet resonances cause difficulties in the
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assignment of resonances and in the accurate measurement of peak areas in spectra 

analysed by Lorentzian fitting, e.g. the reduced NAA peak was dependent on the 

overlapping resonances due largely to Gin, Glu and NAAG. Analysis of the spectra 

could be helped by using LCM. LCM has the added potential of determining changes 

in all the metabolites in the basis set, not just in Cho, Cr and Lac as determined by 

Lorentzian fitting.

Results from the following studies, with the data originally analysed by the 

Lorentzian technique were re-analysed using LCM and comparisons were made with the 

Lorentzian fitting results. Primary aims of these studies were to reproduce the changes 

observed in birth-asphyxiated human infants (see section 7.5) and to elucidate the 

benefits of cerebral hypothermia and intravenous magnesium as cerebroprotective 

therapies. Physiological interpretation of results will not be discussed.

8.1. Newborn-Piglet M odel

Continuous cerebral monitoring by interleaved ‘H and ^'P MRS was performed 

in healthy Large-White piglets (aged <24 hr). Each piglet was sedated, anaesthetized and 

ventilated [70]. Inflatable cuffs were positioned around both the common carotid arteries. 

The piglet was placed, with the head stereotactically immobilised, on a temperature 

regulated water filled mattress within a cylindrical perspex incubator pod, designed to 

fit into the horizontal bore of a 7 T magnet. Care was taken to ensure consistent 

positioning of the animals within the pod, and the pod within the magnet bore. Heart 

rate, blood pressure, and rectal and tympanic temperatures were continuously monitored 

and regulated.

A 2.5 cm diameter surface coil was positioned on the intact scalp over the 

parietal lobes, so as to obtain spectra from approximately a 4 ml volume of brain tissue. 

The water FID was shimmed to a FW HM of -0.1 ppm. Spectra were acquired using the 

1Ï-22 binomial pulse sequence (see section 3.2). With water on resonance, excitation 

sensitivity was optimised for the NAA peak (at -2.01 ppm). Acquisition conditions 

were: TE 270 ms; TR 5 s; 1024 complex data points; SW 4 kHz; and 32 scans.
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After collecting a baseline spectrum, an acute cerebral hypoxic-ischaemic insult 

was produced by reducing the inspired oxygen fraction to 0 . 1 2  and inflating the carotid 

artery occluders. The insult was continued until severe cerebral energy depletion was 

seen on the ^‘P spectra which were plotted automatically during the acute insult. When 

PCr was either completely or almost totally depleted and NTP had fallen below about 

a third of its baseline level, resuscitation was commenced by releasing the carotid 

occluders and increasing the inspired oxygen 60 % such that normal blood saturation 

was attained. The duration of the insult was typically about 45 minutes. The piglets were 

monitored during the insult and for 48 hr thereafter. TR was 1 s during and for one hour 

after the insult (for rapidity of acquisition) and 5 s thereafter. Six piglets served as 

‘normal’ controls, undergoing the same surgical procedures and studies in the NM R 

system for the same duration, but without being subjected to cerebral hypoxia-ischaemia.

8.2. LCM  Fitting

The convention of the LCM figures presented in this chapter is: LCM fit (bold); 

the in vivo spectrum (feint); the underlying baseline (feint); and the residual (top panel). 

Figure 8.1 shows a LCM fit to a fully relaxed spectrum from a control piglet. The Cho, 

Cr and NAA singlet peaks (at -3 .20, -3 .02 and -2.01 ppm respectively) are clearly 

visible, with the Lac doublet just detectable at -1 .32  ppm. Other discernible peaks 

include Cr (at -3 .92  ppm). Gin -t- Glu (at -3.75 ppm and between 2.1 - 2.5 ppm), Ino 

4- Gly (at -3 .55 ppm) and Tau (at -3.41 ppm).

Figure 8.2 shows a fully-relaxed spectrum from a piglet 48 hr after acute 

hypoxic-ischaemic insult and figures 8.3 - 8.15 give the separate metabolite components 

as fitted by LCM. Relative to Cr, Ino + Gly and Lac peaks are high whereas NAA is 

substantially reduced. A shoulder appears on the left-hand side of the apparent NAA 

peak which could be related to the NAAG peak at -2 .06  ppm or the Glu resonances at 

2.1 - 2.5 ppm (see figures 8.13 and 8 . 8  respectively). The doublet of Ala (at -1 .46  ppm) 

is also visible.

A typical sequence of spectra from a piglet subjected to hypoxia-ischaemia (as 

fitted by LCM) is shown in figure 8.16. A rise in the Lac doublet peak relative to the
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Figure 8.1. LCM fit to a fully relaxed spectrum (TE 270 ms) from the brain of

a normal piglet.

Figure 8.2. LCM fit to a fully relaxed spectrum (TE 270 ms) from the brain of 

a piglet subjected to cerebral hypoxia-ischaemia
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LA'

Figure 8.3. Ala component (bold) as fitted by LCM to the same spectrum

presented in figure 8 . 2

Figure 8.4. Asp com ponent (bold) as fitted by LCM to the same spectrum

presented in figure 8.2
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Figure 8.5. Cho component (bold) as fitted by LCM to the same spectrum

presented in figure 8 . 2

w/

Figure 8.6. Cr com ponent (bold) as fitted by LCM to the same spectrum  presented

in figure 8.2
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Figure 8.7. GAB A component (bold) as fitted by LCM to the same spectrum

presented in figure 8 . 2

Figure 8.8. Glu component (bold) as fitted by LCM  to the same spectrum

presented in figure 8.2

131



Figure 8.9. Gly component (bold) as fitted by LCM to the same spectrum

presented in figure 8 . 2

Figure 8.10. Lac component (bold) as fitted by LCM to the same spectrum

presented in figure 8.2
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Figure 8.11. Ino component (bold) as fitted by LCM to the same spectrum

presented in figure 8 . 2

Figure 8.12. NAA component (bold) as fitted by LCM to the same spectrum

presented in figure 8.2
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Figure 8.13. NAAG component (bold) as fitted by LCM to the same spectrum

presented in figure 8 . 2

Figure 8.14. Scyllo component (bold) as fitted by LCM to the same spectrum

presented in figure 8.2
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Figure 8.15. Tau component (bold) as fitted by LCM to the same spectrum

presented in figure 8 . 2

other peaks was observed during the acute insult which fell towards baseline on 

resuscitation (2 hr). A second rise in Lac was then observed over the subsequent 48 hr. 

During the acute insult, the NAA singlet peak fell in comparison with baseline but 

returned to baseline on resuscitation (2 hr). By 48 hr, the NAA peak was reduced in 

height relative to the other major peaks, and resonances in the region of 2.1 - 2.5 ppm, 

due largely to Gin, Glu and NAAG, were more prominent.

The good LCM fits and the small deviations of the residuals in figures 8.1, 8.2 

and 8.16 showed that the technique performed reasonably well. However the underlying 

baselines of the LCM fits should be relatively smooth curves due to the sensitivity 

profile of the 1 Î - 2 2  pulse sequence and the broad signals from macromolecules having 

decayed away during the long TE [65]. The prominent baseline signals could be due to 

weighted distortions of the spectral lineshapes caused by the pulse sequence sensitivity 

profile: LCM should account for this intrinsically. The chemical shift of water (6 ^2 0 )
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Baseline

Acute insult

2  hr

Figure 8.16. LCM fits to a sequence of spectra from a piglet subjected to

cerebral hypoxia-ischaemia
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was on resonance in the 1 Î - 2 2  pulse sequence for water suppression as well as to ensure 

consistent chemical shift dependent sensitivity of the in vivo spectra. 6 ^ 2 0  has an almost 

linear dependence on temperature between 0 °C and 40 changing by approximately -

0.01 ppm [19]. In vivo spectra were obtained at a typical brain temperature of -38.5 

°C whereas the model spectra were acquired at room temperature. A temperature 

difference of about - 2 0  °C between the model and in vivo spectra would shift the 

temperature dependent 6 ^ 2 0  by about -0 .2  ppm. Consequently the peak area sensitivity 

weighting would be slightly different in vitro and in vivo e.g. the Lac doublet (at -1 .32  

ppm) of the model spectrum would have a weighting lower than that of the in vivo 

spectrum, thereby possibly causing prominent baseline signals in the LCM  fit to in vivo 

spectra (see figure 8.2). Provided that the chemical shift dependence on the sensitivity 

function is the same for all the in vivo spectra, the trends and comparisons of the LCM 

results for the studies presented in this chapter are still valid.

24 hr

48 hr

F ig u re  8.16. (continued) LCM fits to a sequence of spectra from a 

piglet subjected to cerebral hypoxia-ischaemia
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8.3. Reproducibility of LCM

Reproducibility was evaluated from repeated measurements on a control piglet 

studied over 12 hr. T 2 -weighted metabolite concentrations relative to that of Cr are 

presented in table 8.1. Mean relative concentrations (± SD) are given for all the 

metabolites in the basis set.

Metabolite

T 2 -weighted concentrations 

relative to Cr (n = 6 )

Ala 0 . 0 1  ± 0 . 0 2

Asp 0.05 ± 0.09

BHBA 0.07 ± 0.03

Cho 0.50 ± 0.03

GABA 0 . 1 1  ± 0 . 0 2

Gin 0.16 ± 0 . 2 1

Glu 1.85 ± 0.30

Ino + Gly 2.12 ± 0.52

Lac 0 . 1 1  ± 0.06

NAA 1.63 ± 0.27

NAAG 0.36 ± 0.09

Scyllo 0 . 0 0  ± 0 . 0 0

Tau 1.08 ± 0.05

Table 8.1. LCM T 2 -weighted relative metabolite concentrations from 6  repeated 

measurements over 1 2  hr in a control piglet.

Predictably, there were large SDs for the low SNR peaks e.g. Asp and Gin (see 

table 8.1). However good reproducibility was obtained for BHBA, Cho, Glu, Ino + Gly, 

Lac, NAA, NAAG and Tau and therefore these metabolites could provide 

physiologically important information during pathological brain injury.
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8.4. Cerebral Hypoxic-Ischaem ic Study

Twelve piglets underwent a cerebral hypoxic-ischaemic insult. Figures 8.17 - 8.20 

show the time courses of the T 2 -weighted metabolite concentrations relative to that of 

Cr (mean ± SD) for both the control and hypoxic-ischaemic groups. The T 2 -weighted 

metabolite concentrations (mean ± SD) are presented in table 8.2.

Metabolite

T 2 -weighted concentrations (relative to Cr)

Baseline Acute insult 48 hr

Ala 0.03 ± 0.03 0.30 ± 0.24* 0.41 ± 0.34"

Asp 0.02 ± 0.04 0.05 ± 0.09 0.56 ±0.41*

BHBA 0.18 ± 0 . 1 2 0.06 ± 0.09" 0.10 ± 0.19

Cho 0.53 ± 0.12 0.42 ± 0 .1 2 ' 0.40 ± 0 .1 2 '

GABA 0.05 ± 0.07 0.14 ± 0.07 0.08 ± 0 . 1 2

Gin 0.28 ± 0.27 0.59 ± 0.30 0.64 ± 0.93

Glu 2.77 ± 0.51 1.58 ± 0.69 2.33 ± 0.55

Ino -t- Gly 1.84 ± 0.95 1.64 ± 0.70 3.10 ± 1.10"

Lac 0 . 2 0  ± 0.08 4.30 ± 1.40" 2.20 ± 1.40"

NAA 2.73 ± 0.19 1.87 ± 0.80' 0.80 ± 0.39"

NAAG 0.32 ± 0 .1 3 0.13 ± 0.16* 0.16 ± 0.13

Scyllo 0 . 0 2  ± 0.06 0 . 0 2  ± 0 . 0 2 0.02 ± 0.03

Tau 1.24 ± 0.22 1.06 ± 0.29 1.18 ± 0.30

Table 8.2. LCM T 2 -weighted relative metabolite concentrations in piglets subjected 

to cerebral hypoxia-ischaemia. Mann-Whitney two-tailed U test vs baseline: t  p <

0.05; * p < 0.02; and # p < 0.002.

Lorentzian fitting of the data showed that the Lac ratio increased whereas NAA 

and Cho decreased [86,87]. These results agree with those found from LCM fitting. 

However LCM provided additional information about all the metabolites in the basis set 

(see table 8.2 and figures 8.19 - 8.20): during the acute insult relative to baseline, the 

Ala and Lac ratios increased whereas BHBA, Cho, NAA and NAAG were reduced; and
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Figure 8.17. Time course of the T^-weighted concentrations of (A) Ala/Cr (B)
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48 hr later, Ala, Asp, Ino + Gly and Lac were increased and Cho and NAA decreased. 

The rise of Lac and the fall in NAA ratios were accompanied by the fall in [PCr]/[Pi] 

and [NTP] as observed in the parallel ‘̂P MRS studies [86,87],

Some of the changes in ‘H metabolite T^-weighted relative concentrations 

reproduced in the newborn piglet closely resembled those seen in infants with severe 

hypoxic-ischaemic cerebral injury i.e. increased Gin and Lac ratios and reduced Cho and 

NAA (see section 7.5). An increase in the Gin ratio was not observed in the piglets; 

LCM results for Gin were less reproducible in the newborn piglet (consider the 

fractional SDs in tables 8.1 and 8.2) than in the normal infants (see table 7.1). The 

increase in Ala, Asp and Ino + Gly ratios may not have been observed in the newborn 

infants because of the low LCM reproducibility (Ala and Asp) or because of the 

differences in the severity of the brain injury in the infants. The changes observed in 

human infants could be initiated in the same way as those seen in the newborn piglet

i.e. by a severe transient episode of perinatal hypoxia-ischaemia.

8.5. Cerebral Hypotherm ia Study

Mild hypothermia could be cerebroprotective against the effects of hypoxia and 

ischaemia [88,89,90]. Hypothermia (35 "C) initiated at the time of resuscitation 

and maintained for 1 2  hr, markedly reduced the subsequent changes in ^‘P metabolite 

peaks that are characteristic of SEF [91]. A ‘H MRS hypothermia study was 

performed using the newborn piglet model so as to investigate whether a reduction in 

the delayed rise in Lac/Cr ratio and a reduction in the delayed fall in NAA/Cr ratio 

would occur [92,93].

Nine piglets underwent a transient cerebral hypoxic-ischaemic insult (see section 

8 . 1 ), but coincident with resuscitation, cooling was initiated by fanning the pod with 

cold air and by circulating cold water through the mattress (Haake K20 refrigerated 

water bath and Cl immersion circulator). Rectal (YSl series 400 reusable temperature 

probe) and tympanic (RSP Paediatric tympanic temperature probe 400 series thermistor) 

temperatures, which were consistently within 0 . 1  "C of each other, were maintained at 

35 °C until 12 hr after resuscitation. Gradual warming was then commenced at the rate
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of 1 "C h r '  until normothermia (-38.5 ”C) was resumed. The study was then continued 

until the end of the 48 hour period after acute insult. The severity of the insult, 

determined by the time integral of the acute depletion of [NTP]/[EPP], in the 

hypothermic group was similar to the group of piglets subjected to an acute hypoxic- 

ischaemic insult but subsequently maintained normothermic (see previous section) [9 3 ].

Figure 8.21 illustrates the LCM fits to a sequence of spectra from a piglet subject 

to acute hypoxia-ischaemia followed by hypothermia (c. f. the normothermic group; 

figure 8.16). The rise in the Lac peak (at -1 .32  ppm) and fall in the NAA peak (at -2.01 

ppm) relative to the other peaks were observed during the acute insult and returned 

towards baseline on resuscitation (2 hr). However the second rise in Lac and fall in 

NAA was not observed over the subsequent 48 hr.

The results presented in table 8.3 constitute T 2 -weighted metabolite 

concentrations relative to that of Cr (mean ± SD). Figure 8.22 shows the time course of 

the mean (± SD) T 2 -weighted concentrations of Cho, Lac and NAA relative to Cr for 

the hypothermic group of piglets, (c.f. figure 8 .2 0 ).

Baseline

Acute insult

F igu re  8.21. LCM fits to a sequence of spectra from a piglet subjected to cerebral

hypoxia-ischaemia followed by hypothermia 
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2  hr

24 hr

48 hr

Figure 8.21. (continued) LC M  fits to a sequence of  spectra from a piglet subjected to

cerebral hypoxia-ischaemia followed by hypotherm ia

146



A
O
o

CJ

B

C

6

0 .5

0 .4

0 .5

0.2

0  1 0  2 0  5 0  4 0  5 0

4
u

0

1 r

i

0  10  2 0  5 0  /lO 5 0

4   1--------1------- !------- T------- -------- —

o

g

5

2

0

T T

j I

0  1 0  2 0  5 0  ^ 0  5 0

T i m e  ( h r )

Figure 8.22. Time course of the T^-weighted concentrations of (A) Cho/Cr, (B)

Lac/Cr and (C) NAA/Cr for the control ( • )  and hypothermie (■ ) groups

147



Metabolite

T,-weighted concentrations (relative to Cr)

Baseline Acute insult 48 hr

Ala 0.02 ± 0.19 0.21 ± 0.23' 0.10 ± 0.15

Asp 0.15 ± 0.23 0.34 ± 0.52 0 . 2 2  ± 0 . 2 2

BHBA 0.12 ± 0.17 0.13 ± 0.31 0 . 0 0  ± 0 . 0 1

Cho 0.54 ± 0.09 0.46 ± 0 .1 4 0.45 ± 0.08

GABA 0.05 ± 0.05 0.16 ± 0.08' 0.07 ± 0.08

Gin 0.32 ± 0.27 0.55 ± 0.38 0.56 ± 0.40

Glu 2.60 ± 0.81 1.41 ± 0.28* 2.03 ± 0.50

Ino 4- Gly 1.81 ± 0.54 2.38 ± 0.55 2.90 ± 2.00

Lac 0.17 ± 0.07 3.90 ± 2.00̂ ^ 1.30 ± 1.50

NAA 2.80 ± 0.53 1.77 ±0.32* 1.17 ± 0.52"

NAAG 0.35 ± 0.29 0.18 ± 0.18 0 . 2 2  ± 0 . 1 0

Scyllo 0 . 0 2  ± 0 . 0 2 0.09 ± 0.09 0 . 0 1  ± 0 . 0 2

Tau 1.12 ± 0.23 0.93 ± 0.41 1.03 ± 0.38

Table 8.3. LCM T 2 -weighted relative metabolite concentrations in piglets subjected 

to cerebral hypoxic-ischaemia followed by hypothermia. Mann-Whitney two-tailed U 

test vs baseline: t  p < 0.05; * p < 0.02; and # p < 0.002.

The results from the hypothermic piglets were not different with those from the 

normothermic group during acute insult. On resuscitation and commencement of 

hypothermia, Lac/Cr fell towards baseline, although it remained significantly above 

baseline and control values (see figure 8.22). Lac/Cr subsequently remained close to 

control values, thus demonstrating a reduced secondary rise compared to that in the 

normothermic group (see figure 8.20). With respect to Lac/Cr, LCM results agreed with 

those found from Lorentzian fitting [92,93]. However at 48 hr LCM showed that 

NAA/Cr was significantly lower than baseline and control values, this was in direct 

contrast with Lorentzian fitting which showed no difference [92,93]. During SEF, as 

NAA falls, overlapping peaks e.g. Glu become more prominent. Lorentzian fitting of the 

apparent NAA peak could include these contributions, thus giving higher ratios that are 

closer to those in controls.
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Between the 24 hr and 48 hr, Lorentzian fitting results showed that Lac ratios 

were different between the two groups whereas NAA ratios were not. At 48 hr, apart 

from Asp (p < 0.02) which has a low reproducibility, none of the LCM metabolite ratios 

were significantly different from those in the normothermic group. However at 48 hr 

only the NAA ratio was different to its baseline value (see table 8.3). Mild hypothermia 

may be partially cerebroprotective against the effects of hypoxia-ischaemia by delaying 

the rise in Lac/Cr during the 48 hr following resuscitation. These results are consistent 

with those from MRS studies where [NTP] remained at baseline levels and the fall 

in [PCr]/[Pi] was less in the hypothermic piglets than normothermic [91].

Hypothermia may have a therapeutic role following birth asphyxia in newborn 

infants. However further studies using the animal model are required in order to assess 

the permanency of cerebroprotection and to design the optimal protocol.

8.6. M agnesium  Cerebroprotection Study

Magnesium sulphate (MgSO^) could be neuroprotective against the effects of 

hypoxia-ischaemia [94,95]. A ‘H MRS study was performed using the newborn- 

piglet model to investigate whether intravenous MgSO^ following cerebral hypoxia- 

ischaemia would prevent or ameliorate the subsequent rise in Lac/Cr and fall in NAA/Cr 

[96,97]. Twelve piglets underwent an acute cerebral hypoxic-ischaemic insult (see 

section 8.1). The duration of the insult was 53 ± 32 min. The piglets received either 

MgSO^ (n = 6 ) or NaCl placebo (n = 6 ) at 1, 12 and 24 hr after resuscitation. The 

severities of the primary insults were similar in the MgSO^ and placebo groups; 5.90 ± 

2.30 min and 5.52 ± 1.90 min respectively.

Results were compared between the MgSO^ and placebo treated groups. Figure 

8.23 shows the time course of mean (± SD) T 2 -weighted concentrations of Cho/Cr, 

Lac/Cr and NAA/Cr for the two groups. Following resuscitation, there was no difference 

in the progression or severity of SEF between the two groups as judged by Lac/Cr and 

NAA/Cr. These results are in agreement with those found by Lorentzian fitting and in 

the parallel MRS studies [96,97]. No differences between the two groups were found 

for the other metabolites in the LCM basis set. In combination with other agents, MgSO^

149



B

C

o
o

- H

o

0.7

0.6

0 .5

0 . 4

0 .5

0.2

0.1
0  1 0  2 0  5 0  4 0  5 0

o

§

6

4

2

0

0  1 0  2 0  5 0  4 0  5 0
4

5

2

1

0
0  10  2 0  5 0  4 0  5 0

i m e

Figure 8.23. Time course of the To-weighted concentrations of (A) Cho/Cr, (B)

Lac/Cr and (C) NAA/Cr for the MgSO^ (T) and placebo (V) groups

150



could be cerebroprotective [94,95,98,99], but as a single agent MgSO^ did not 

decrease the severity of SEF following acute hypoxia-ischaemia.
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Nine

Quantitation of Local Brain Temperature

The estimation of local brain temperature may be important for investigating the 

cerebroprotective effects of hypothermia, e.g. during and after ischaemia [88,91]. 

Enzyme-mediated biochemical reactions operate at rates that depend critically on 

temperature. Small spatial variations in local brain temperature may explain some of the 

inconsistent results obtained in studies of pharmacological cerebroprotection. Therefore, 

in MRS studies of brain, additional information about metabolism and disease states may 

be obtained by an in vivo temperature probe.

In vivo temperature is usually measured either non-invasively on the body surface 

as close as practicable to the tissue of interest, or invasively using thermocouple 

microprobes [88,100]. The non-invasive measurements are approximate estimates 

because of local variations caused by thermal conduction gradients and surface cooling. 

Invasive procedures are not always clinically acceptable and also not possible in certain 

tissues such as the brain. The use of water relaxation [100,101,102] and diffusion 

coefficient [103,104] as a MRI temperature probe may not be suitable because 

relaxation and diffusion changes may depend on perfusion as well as temperature 

[104,105]. An alternative temperature probe could consist of an endogenous 

substance that only has a MRS temperature dependent chemical shift.

In MRS, the chemical shift difference between the a -  and p-resonances of 

magnesium bound adenosine triphosphate (MgATP) is temperature dependent [106]. 

Although these resonances are readily observed in normal brain, M gATP is rapidly 

depleted during hypoxia-ischaemia [70]. Furthermore, the chemicals shifts are dependent
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on both pH [107] and metal-ion concentration [18].

A ‘H MRS temperature probe of the chemical shift of the amide NAA resonance 

(at -7 .83  ppm) relative to that of the Cr (at -3.01 ppm) was suggested [108]. 

However, the T j of the amide NAA resonance is short, and when observed using long 

echo times its signal amplitude is small making its chemical shift difficult to measure.

As an alternative, the ‘H chemical shift of water (6 ^2 0 ) has an almost linear 

dependence on temperature between 0 "C and 40 ”C, changing by approximately -0.01 

ppm ° C ‘ [19]. Also Ôh2 o is insensitive to pH and ionic-strength fluctuations within the 

ranges encountered physiologically (pH range 6.0 - 8.0 and ionic strength -1 5 0  mM) 

[109]. In proton-resonance frequency imaging techniques, changes in 6 ^ 2 0  cause 

alterations in image phase which can be calibrated in terms of relative temperature 

[110,111]. However absolute rather than relative temperature estimates may be 

more clinically useful. An MRS temperature probe which utilises the temperature 

dependence of 6 ^2 0 , provided that a suitable internal chemical shift reference (6 ,̂ ,̂ ) is 

available, would be better.

5 h2 o measured relative to the chemical shifts of pyruvate (at -2 .36  ppm), acetate 

(at -1.91 ppm) and lactate (at -1 .32 ppm) has been used to estimate the temperature of 

an in vitro cell culture preparation [112]. The chemical shifts of all three resonances 

were insensitive to temperature from 31 “C to 50 "C. A calibration of 8 ^ 2 0  relative to a -  

glucose (at -5 .23 ppm) has been used to estimate temperature in human blood plasma 

and cerebrospinal fluid [113]. The dependence of 8 ^ 2 0  measured relative to the 

resonance of an intravenously-induced temperature-sensitive lanthanide complex has 

been used to measure liver temperature of rats [114]. The chemical shift of ’H in 

thulium 1,4,7,10-tetra-azacyclododecane-1,4,7,10-tetrakis(methylene phosphonate) is 

about two times more temperature sensitive than 8 ^ 2 0  [1 15]. However, under normal 

conditions all these resonances are not prominent in brain spectra.

8 h2 o measured relative to the NAA resonance (at -2.01 ppm) in a model solution 

has a linear relationship with temperature between 15 °C and 40 'C [116]. This linear 

relationship was used to estimate in vivo piglet brain temperature, and a good correlation
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was found with implanted thermistor probes [116], The chemical shift of the NAA 

(Ônaa) resonance is independent of pH in the range 5.5 - 9.5 [117]. In normal, mature 

brain, even with long TE, the NAA resonance has a relatively high amplitude and is 

isolated from other strong peaks. Therefore the determination of more precise

and thus make it a strong candidate as a suitable

The aims of the study presented in this chapter were: to elucidate suitable 

using the major peaks visible in brain ‘H spectra i.e. Cho at -3 .20  ppm, Cr at -3.01 ppm

[118] and NAA at -2.01 ppm [119] by measuring 8 ^ 2 0  relative to these peaks as 

a function of piglet brain temperature; and to use the calibration data to estimate local 

temperature in the brains of newborn infants.

Two single-shot methods are described: a partially water-suppressed 1Ï-22 

binomial pulse sequence and non water-suppressed PRESS localisation. Both provide 

spectra in which the water, Cho, Cr, and NAA resonances are adequately digitised 

without the much larger water signal overloading the ADC of the spectrometer. 

Therefore 8 ^ 2 0  ^nd 8 ^̂, could be determined from the same spectrum, thus providing a 

more accurate measurement of 8 H2 0  ref’ ^^id hence better temperature estimates. The 

alternative of obtaining both a non water-suppressed spectrum followed by a water- 

suppressed metabolite spectrum is susceptible to errors, e.g. subject movement between 

the water and metabolite spectrum acquisition could alter the relative resonance 

frequencies.

9.1. In  Vivo Calibration of the MRS Tem perature Probe

The MRS temperature probe was calibrated in an anaesthetised newborn Large- 

white piglet (< 24 hr old). The piglet was prepared in the same way as described in 

section 8.1. Tympanic ear temperature was measured using a RSP Paediatric tympanic 

temperature probe 400 series thermistor. Its calibration was checked with a British 

Standard mercury thermometer, and was found to be accurate to ± 0.1 "C. The tympanic 

probe was secured with adhesive tape covering the external auditory meatus, so 

inhibiting the circulation of air currents that may influence temperature measurements. 

Rectal temperature was also measured (YSl series 400 reusable temperature probe), and
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kept within the normal range (38.5 "C - 39.0 ”C) during preparation.

The tympanic temperature was assumed to be the same as that of the brain tissue 

interrogated by the MRS surface coil. The mean temperature at the surface (with scalp 

removed) of a piglet brain was 0.75 "C less than at a I cm depth [116]. However in the 

study presented in this section, the scalp was intact, thereby providing thermal insulation 

between the tissue interrogated by MRS and the ambient environment. In the piglet, the 

tympanum is located 2.5 - 3.0 cm in from the external auditory meatus. The tympanic 

temperature will therefore be much closer to deep brain temperature than that measured, 

for example, at the cranial surface. Tympanic and central brain temperatures in the piglet 

were within 0.4 "C of each other during both stable mild hypothermia (tympanic 

temperature -3 4  "C) and normothermia (-39  ”C) [120]. Therefore the tympanic 

temperature was close to the temperature of the tissue (depth -0 .5  - 1.5 cm) interrogated 

by the surface coil.

The piglet was placed on a water-filled mattress, within the incubator pod. The 

piglet was cooled by circulating cold water through the mattress (Haake K20 refrigerated 

water bath and C l  immersion circulator), and fanning the pod with cold air. The 

incubator air temperature was kept at - 2 0  "C and the water was gradually cooled from

32.0 °C to 22.5 "C thus reducing the tympanic temperature from 39 °C to 30 °C. The 

rectal temperature was consistently < 0 . 2  °C lower than that measured at the tympanum.

Spectra were acquired using the 11-22 binomial pulse sequence at 7 T (see 

section 3.2). With water on resonance, sensitivity was optimised for NAA at -2.01 ppm. 

However, the spectrometer was operated 150 Hz off resonance from the water signal, 

and so the optimal sensitivity was shifted 150 Hz from NAA towards the water peak. 

This allowed the collection of spectra in which water was only partially suppressed. It 

was therefore possible to obtain the chemical shifts of all the required resonances in one 

acquisition. The FID water signal was shimmed to a FW HM of -0.1 ppm. The quality 

of the shimming affects the spectral resolution and hence the precise determination of 

the chemical shifts. Acquisition conditions were: TE 540 ms; TR 5 s; 1024 complex data 

points; SW 4 kHz; and 64 scans were summed. Spectra were obtained for each 0.5 °C 

drop in tympanic temperature. The effective tympanic temperature applicable to each
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spectrum was taken as the average of the values at the start and finish of each 

acquisition.

The following data processing methods were performed (see chapter 4) on the 

MRS signal: receiver offset baseline correction; the FID was zero filled to 8194 data 

points (giving a spectral resolution of 0.0016 ppm); then a FFT was performed; manual 

phase correction; and polynomial baseline subtraction was then applied. The water and 

NAA resonances were analysed separately and manually phased with zero order 

correction only. The Cho and Cr resonances were analysed together because their 

chemical shifts were within - 0 . 2  ppm of each other and hence there was significant peak 

overlap. They were manually phased by both zero and first order correction. The 

chemical shifts of the required peaks were found by Lorentzian fitting (see section 

5.2.2).

The relationship between the chemical shift difference of water relative to that 

of Cho (0 H2 o-cho) ^nd tympanic temperature (x) is shown in figure 9.1 A (linear regression 

- solid and 99% confidence limits - dashed). 6 ^ 2 0  chn changed by -0.0108 ± 0.0006 ppm 

"C ’ (mean ± SD) and linear regression gave (p < 0.001):

X = 166.4(±7.3)-88.7(+4.9)0,,^^_^^^ [9.1]

The chemical shift difference of water relative to that of Cr (Snzo-cr) changed by 

-0.0099 ± 0.0004 ppm "C ‘ of tympanic temperature (see figure 9 . IB) [118] and linear 

regression gave (p < 0 .0 0 1 ):

X = 1 9 9 .0 (± 6 .8 )-9 9 .0 (± 4 .0 )0 ^ ^ ^ _ c , [9.2]

A correlation of p < 0.001 was found between the chemical shift of water

measured relative to that of NAA (Ôh2 o-naa) ^"d tympanic temperature (see figure 9.1C)

[119]. 5 h2 o-naa changed by -0.0104 ± 0.0004 ppm "C‘‘ and linear regression analysis 

gave:

T -  287(±  10) -9 4 ,0 (*  [9.3]

The temperature dependence of the chemical shift difference of water from all 

these references was comparable with results from previous work which showed that
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5 ,,20 changes by -0.01 ppm "C ' (19].

The compartmentation of the extra- and intra-cellular water gives different MRS 

water signals. Ideally the resonance from intracellular water should be measured as 0 ^2 0 - 

If this is difficult, then a weighted mean is found. Determination of ô^ho and ô^r may not 

have been so precise because Cho appeared to include at least two significant 

components, and Cr has a low signal amplitude (due to its short T,) and is within -0.2 

ppm of Cho. is fairly isolated and so was the easiest to measure accurately. 

However NAA is often depleted in infants with cerebral hypoxic-ischaemic injury (see 

section 7.7), rendering NAA redundant as a reliable 5̂ ,̂. An alternative using the 

average chemical shift of Cho, Cr and NAA (see figure 9.2; linear regression - solid and 

99% confidence limits - dashed) was investigated [121].

T -217.i(±7.5)-93.9(±3.9)5^o-r, / [9.4]

2 . 0 5

& 2.00

. 9 0

1 . 8 5
45A  r ,5025

Temperature TA

Figure  9.2. In vivo calibration of the temperature dependence of the chemical 

shift of water measured from that of the average reference of Cho, Cr and NAA.

9.2. In  Vitro M easu rem en ts

To corroborate the in vivo calibration of the temperature dependence, ÔH2 o-ref was 

measured as a function of temperature in a phantom solution. Individual solutions of 20

58



mM Cho, 20 mM Cr and 10 mM NAA were buffered to pH 7.1 with either K 2 HPO 4  or 

KH 2 PO 4  and were held in a plastic container around which a plastic tube was wound. 

Cooled water from the same refrigeration apparatus as used in the in vivo calibration 

was passed through the tubing so as to vary the temperature of the phantom solutions, 

which was monitored using the YSl thermocouple (as used for rectal temperature). 

Spectra were acquired at regular intervals (either 1 °C or 0.5 °C) between 24 °C and 43 

"C using the same acquisition method as for the in vivo calibration, but with TR 1 s and 

128 scans. The spectra were processed and the chemical shifts were determined using 

the same analysis method as for the in vivo calibration spectra. To investigate the 

temperature dependence under a different physiological pH, these measurements were 

repeated with the solutions buffered to pH -5.8.

The relationships between ÔH2 o-cho model solution temperature at pH 7.1 and 

pH 5.8 are shown in figure 9.3A (linear regression - solid and 99% confidence limits - 

dashed). At pH 7.1, the temperature dependence was similar to that obtained in the in 

vivo calibration (see figure 9.1 A). 0 H2 o-cho changed by -0.0094 ± 0.0002 ppm ‘̂ C ’ and 

linear regression analysis gave:

T = 190.2(± 2 .7 ) -1 0 5 .5 (± T8)0^^_^^^ [9.5]

At pH 5.8, the gradient of the temperature dependence was similar (Ôuio.cho 

changed by -0.0098 ± 0.0001 ppm “C '), but the regression line was -0 .025  ppm (-2 .5  

"C) higher than at pH 7.1. However the resonance assigned as Cho in brain spectra has 

many components, such that the in vivo could be pH independent.

The relationships between 6 ^2 0 - 0  ^"d model solution temperature at pH 7.1 and 

pH 5.8 are shown in figure 9.3B. The temperature dependence were almost identical to 

that obtained in the in vivo calibration (see figure 9 . IB). At pH 7.1, linear regression 

showed that 0 H2 o cr changed by -0.01072 ± 0.00007 ppm "C ':

X = 188.4(± 1.0)-93.18(±0.62)0^^o_^^ [9.6]

At pH 5.8, the regression of the temperature dependence was similar (ÔH2 o-cr 

changed by -0.0105 ± 0.0001 ppm "C ‘) to that at pH 7.1, indicating that is 

practically independent of pH in this range.
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The relationships between Ô^oo-naa ^rid model solution temperature at the 

different pH conditions are shown in figure 9.3C. At pH 7.1, the temperature 

dependence was similar to that obtained in the in vivo calibration (see figure 9.1C). 6 ^2 0 . 

NAA changed by -0.0096 ± 0.0001 ppm ‘ and linear regression gave:

T .  312.3 (± 4 .3 ) -  103.5 (+ 1 .6)0^^_^^ [9.7]

At pH 5.8, the gradient of the temperature dependence was similar (Ôh2 o-naa 

changed by -0.0100 ± 0.0002 ppm °C ‘), but the regression line was -0.01 ppm ( - 1  °C) 

lower than at pH 7.1. The shift compared well with the shift in Ô^aa that would be 

expected at lower pH [117].

Possible differences between the in vivo calibration and the in vitro 

measurements could be due to overlapping peaks contributing to the resonances and 

hence altering the apparent chemical shifts. Cho resonances could include contributions 

form Tau and Ino. NAA could include contributions from Glu, Gin, NAAG and G ABA. 

The long echo time used (TE 540 ms) for the in vivo calibration would reduce their 

effects, because they would have decayed away.

9.3. Surface Coil M easurem ents in Piglet Brain

Tympanic and MRS temperatures (using equations 9.1 to 9.4) and pH, by ^'P 

MRS [17,70] were measured in six normal piglets. pH, was 7.08 ± 0.09.

Tympanic (°C)

MRS temperature (°C)

Cho Cr NAA Average

38.6 ± 0.3 38.5 ± 0.9 38.5 ± 0.9 38.3 ± 0.9 38.4 ± 0.9

Table 9.1. Piglet-brain temperature

Paired t-test gave no significant differences between the MRS temperature 

estimates. Temperature estimates using Cho, Cr and NAA appear to have a similar 

accuracy. However during cerebral hypoxia-ischaemia in the newborn piglet, brain pH
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can be as low as -5.8 [70]. lends to shift to a lower value under acidic conditions 

and thus could give too low a temperature when using equation 9.1. Conversely 

tends to shift to a higher value under acidic conditions [117] and thus could give too 

high a temperature when using equation 9.3.

In a hyperthermia study on a piglet, tympanic temperature was increased from

38.0 °C to 40.5 "C. Figures 9.4 and 9.5 show the correlation between MRS and tympanic 

temperatures (linear regression - solid and 99% confidence limits - dashed). Using NAA 

as ôref gave the best correlation (p < 0 .0 0 1 ) compared with the average (p < 0 .0 1 ), 

Cho Sref (p < 0.02) and Cr 8 ,,̂  (p < 0.05) and hence is the most reliable for temperature 

measurements. However using the average 8 ^̂, may give the best temperature estimates

in studies of cerebral hypoxic-ischaemic injury when the NAA signal is low.
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9.4. PRESS M easurem ents in the Brains of Newborn Infants

PRESS localisation was performed on human infants at 2.4 T (see section 7.2). 

In addition to the water peak, the Cho, Cr and NAA resonances were clearly visible in 

phase-cycled non water-suppressed spectra obtained with an 8  ml cubic voxel located 

in the thalamic or occipito-parietal regions. Acquisition conditions were: TE 270 ms; TR 

2 s; 1024 complex data points; SW 1.25 kHz; and 32 or 64 scans. The data were 

baseline-corrected for receiver offset, exponentially line broadened by 1 Hz, and zero- 

filled to 2048 data points and the chemical shifts were determined using a similar
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analysis method as for the in vivo calibration spectra.

MRS temperatures (using equations 9.1 to 9.4) were measured in the thalamic 

(thal) region of eight normal infants (GPA 36.4 ± 3.2 wk) and twelve birth-asphyxiated 

(abnormal) infants (GPA 3G.9 ± 2.2 wk), and in the occipito-parietal (OP) region of six 

normal infants (GPA 36.5 ± 2.0 wk). The results are presented in table 9.3.

MRS temperature ("C)

Cho Cr NAA Average

Normal (thal) 

Abnormal (thal) 

Normal (OP)

37.5 ± 0.4

37.5 ± 0.6 

38.0 ± 0.3

36.8 ± 0.6

36.9 ± 0.6 

37.3 ± 0.8

38.0 ± 0.7

37.7 ± 0.6 

38.6 ± 1.2

37.5 ± 0.5 

37.4 ± 0.6 

38.1 ± 0.5

Table 9.3. MRS temperature in the brains of newborn infants.

Statistical analysis by Mann-Whitney two-tailed U test gave no significant 

temperature differences between the thalamic and occipito-parietal regions as well as 

between normal and birth-asphyxiated infants for all the ô^^:.

Using Cho as gave the lowest SD because Cho has a large signal amplitude 

which makes chemical shift determination more accurate. Using Cr and NAA as ô̂ et̂  

gave lower and higher temperature estimates respectively (paired t-test; p < 0 .0 0 2 ) than 

when using the other 0^^:. Using NAA as the temperature estimated in the occipi 

to-parietal region was not as accurate as in the thalamus because of its relatively low 

signal [122]. Using the average 0̂ ,̂ the SDs for all the groups were smaller than 

those using Cr or NAA the OP SD was less than half that obtained using NAA as 

ôref. The use of the average 6 ^̂  should enable estimation of local brain temperature with 

improved sensitivity even when [NAA] is reduced following perinatal hypoxic-ischaemic 

injury.

The use of a particular resonance as a reference may be compromised by the 

possibility that factors other than temperature, such as pH| may influence Ô̂e,. Ô̂ r is pH
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independent within the range expected in vivo. Any pH dependence of and ô^aa 

would not be expected to affect temperature estimates in infants with hypoxic-ischaemic 

injury: MRS reveals only a very slight alkalinity [3].

The MRS temperature estimates from PRESS localised spectra may not be the 

same as those from surface coil. The excitation profile of the l I -22  binomial pulse 

sequence distorts the shapes of all the resonances slightly so that the apparent peak 

positions are moved by a small amount towards the chemical shift corresponding to 

maximum sensitivity. Thus the 6 h2 o-naa measured using the 1Ï-22 sequence may be 

slightly smaller for a given temperature compared with that measured using PRESS. 

However the apparent ô^ho and are moved in the same direction as 6 ^2 0 , but by 

different amounts; 0 H2 o-cr and 6 H2 o-cho may be slightly larger for a given temperature. 

Hence temperature estimated in the infants may be slightly low when using Ôh2 o-naa and 

slightly high when using 0 H2 o-cr and ÔH2 o-cho- An in vivo calibration using PRESS 

localisation would eliminate this problem.

Spatial temperature variations across the entire brain could be assessed by 

chemical shift imaging (CSI) temperature maps [123,124]. Implementing such 

maps or PRESS localisation of piglet brain a more accurate calibration could be 

obtained. MRS temperature near the tympanum could be compared with tympanic 

temperature so as to reduce any systematic differences in temperature between brain near 

the tympanum and the region from which the MRS data were acquired.
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Ten

Conclusions

LCM has the potential to be a powerful tool for the quantitation of all the 

metabolites in the basis set, even those which have minor resonances and/or multiplet 

structures which are difficult to ascertain using other approaches e.g. Lorentzian fitting. 

When quantitating long TE spectra, LCM (and Lorentzian fitting) is limited by fact that 

only the singlet peaks, e.g. NAA at -2.01 ppm, can be Tj corrected. Hence only 

concentrations pertaining to singlets can be estimated. Even so, concentrations are more 

accurate when obtained by LCM because problems of peak overlap and phase 

modulation are solved directly. To obtain the concentrations of all the metabolites in the 

basis set, fully relaxed, short TE (e.g. 25 ms) spectra will need to be acquired, so that 

T 2  relaxation can be ignored.

Basis sets of PRESS and surface coil model spectra were constructed using the 

major 'H MRS detectable brain metabolites (see chapter 6 ). The model spectra must be 

of the highest possible spectral resolution and SNR; the former is limited by T 2 * 

relaxation. If analytical functions could be used to simulate all the model spectra in the 

basis set, then noise, lineshape distortions (and hence any shimming variations between 

the model spectra), and the need for correction of in vitro T 2  would be eliminated. In 

addition, in vivo T j could be determined from the fits of analytical model spectra. 

However full knowledge of the resonance chemical shifts, T 2  relaxation (and T, for 

partially relaxed spectra), multiplicity and J-coupling, and the TE-dependence of phase 

modulation on the localisation pulse sequence are needed. Unfortunately at present there 

are insufficient data for the development of an analytical approach.

LCM fits to the quality assurance and in vivo spectra were good. The presence
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of unexpected metabolites could be revealed by inadequate fits obtained using the 

existing set of model spectra, especially in regions not associated with a peak in any of 

the model spectra. However, differential T,-weighting of resonances could compromise 

LCM fits of fully relaxed model spectra to partially relaxed in vivo spectra. To eliminate 

T, relaxation, fully relaxed spectra should be acquired. Also, when using binomial pulse 

sequences, the model spectra should be acquired at the same temperature as in vivo (e.g. 

brain temperature is -38.5 °C) so as to ensure that the chemical shift dependence on the 

pulse sequence sensitivity function is the same in vitro and in vivo.

Inadequate fits could also be due to temperature dependent chemical shifts; in 

vivo spectra were obtained at -38.5 "C whereas the model spectra were usually acquired 

at room temperature. A priori information about the relative chemical shifts from a 

model metabolite spectrum could be incorrect when applied to in vivo temperature. The 

chemical shift of water ( 6 ^2 0 ) changes by approximately -0.01 ppm “C ‘ [19] and this 

was confirmed in results presented in chapter 9, where 6 ^ 2 0  was referenced to the singlet 

peaks of Cho (at -3 .20  ppm), Cr (at -3 .02  ppm) and NAA (at -2.01 ppm). This 

indicates that the Cho, Cr and NAA chemical shifts as well as the Lac doublet (at -3 .2  

ppm) [112] may be temperature independent. However the other chemical shifts of the 

resonances of these metabolite may depend on temperature, e.g. the amide NAA 

resonance (at -7 .83 ppm) [108], and therefore the chemical shifts of all model spectrum 

resonances will need to be investigated. If there are significant differences in the relative 

chemical shifts of metabolites between room and brain temperatures, then the model 

spectra should be acquired at -38.5  "C. Other factors that can affect chemical shifts, e.g. 

pH, and their effects on each metabolite also need further investigation. However brain 

pH does not change by much during cerebral hypoxic-ischaemic injury in newborn 

infants [3].

The time required to analyse one spectrum by LCM is considerably longer (up 

to 3-4 times) than for Lorentzian fitting. However a faster computer would speed up the 

processing considerably e.g. each spectrum would only take about 1 0  min to analyse on 

a Sun-Sparc 20. With a dedicated computer running batched in vivo spectra, no operator- 

interaction is necessary with LCM.
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Spectra from the brains of normal human infants and those with cerebral 

hypoxic-ischaemic injury were analysed using the PRESS basis sets and LCM  (see 

chapter 7). LCM  analysis improved measurements particularly o f  Lac and NA A  levels 

and also their T 2  relaxation. The results from the infants with brain injury showed that 

[Cho] and [NAA] were reduced whereas [Lac] was increased. However further 

measurements are required in order to ascertain more clearly the relationships between 

changes in T 2 S and metabolite concentrations and the eventual extent of cerebral damage. 

In order to elucidate the regional effects of pathological brain injury, PRESS spectra 

acquired near the occipito-parietal region of infants will be analysed with LCM.

LCM was also applied to the analysis of surface coil spectra from studies of 

cerebral hypoxia-ischaemia in the newborn piglet (see chapter 8 ). Changes in relative 

metabolite concentrations reproduced in the newborn piglet resembled those seen in 

birth-asphyxiated human infants (see chapter 7). LCM detennined the time course of all 

the metabolites in the basis set: Lorentzian fitting could only determine time courses for 

a few major resonances. LCM analysis provided additional information, e.g. the increase 

in Ino + Gly during cerebral hypoxic-ischaemic injury (see section 8.4), which may 

further help to explain the biochemical pathogenesis. Results obtained from LCM 

confirmed the cerebroprotective effect of hypothermia: intravenous magnesium proved 

ineffective.

The metabolites can be roughly classified in order of decreasing LCM 

detectability: (A) NAA, Cr, Cho; (B) Ino, Glu, Scyllo, Lac, Ala; (C) Gin, NAAG; (D) 

Asp, GAB A, Tau [85]. These results are subject to resolution and SNR considerations. 

However, it helps to explain the large errors apparent in the in vivo data, particularly for 

low SNR peaks, e.g. Ala, Asp, BHBA, GAB A (see table 7.1 and tables in chapter 8 ).

Further work could be undertaken to assess the accuracy and reliability of LCM 

in estimating the concentrations of metabolites which produce low SNR signals in vivo 

and which are subject to complex modulations, e.g. Glu and Gin. LCM fits to quality 

assurance spectra obtained from model solutions which simulate brain tissue could be 

investigated. Although the LCM  fits to the quality assurance spectra described in section 

6.2.2 were good, the metabolites of Cho, Cr, Lac and NAA are fairly isolated and so the
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fits do not indicate if LCM reliably fits overlapping resonances. However, a 50 mM 

equimolar mixture of  NAA, Glu and Gin yielded concentration ratios of 1 : 1.01 : 1.03, 

and a 1 : 1: 0 mixture yielded 1 : 0.97 : 0.02 [13]. Concentrations of the other 

metabolites were small with large estimated relative uncertainties. These experiments 

tested the algorithm and showed that LCM  can reliably separate overlapping resonances.

However, tests with spectra of realistic {in vivo) resolutions, baseline distortions 

and SNRs would be better. It would be possible for the model spectra in the basis set 

to be altered computationally so as to produce similar resolution, baseline and SNR 

characteristics as observed in vivo, then spectra could be made from known linear 

combinations (similar to ratios observed in vivo) of these computer modified model 

spectra and used to test LCM. Alternatively in vitro spectra of known concentrations of 

all the metabolites in the basis set could be acquired from a phantom using different 

resolutions (measured from the FW HM of the water peak) and SNRs (i.e. changing the 

number of scans).

Future work involves implementing PRESS localisation for the piglet studies 

performed at 7.0 T. This would allow the absolute quantitation of metabolites. Basis sets 

of PRESS model spectra at 7.0 T will need to be constructed so as apply LCM  to the 

analysis of PRESS piglet brain spectra. PRESS localisation will also avoid having 

sensitivity weighted chemical shifts of spectra as in binomial pulse sequences.

Local brain temperature can be estimated by in vivo ‘H MRS (see chapter 9). 

Relative to Cho, Cr and NAA singlet peaks or the average chemical shift of these 

resonances, 6 ^ 2 0  depended linearly on temperature from 30 - 40 °C. Temperature was 

estimated in normothermic piglet brain (SD; ± 0.9 °C) and in the brains of newborn 

infants (SD; ± 0.6 °C). The relatively small SDs show that localised brain temperature 

in humans could be reliably estimated in a short period of time (~1 min). This method 

could be applicable to studies of regional brain temperature in animals during controlled 

insults, in pathological cerebral injury in newborn infants and adults and during 

hypothermic cerebroprotective therapy. Furthermore, there is a potential use of the 

temperature dependent chemical shift of Cr for measuring temperature in skeletal 

muscle.
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A p p e n d ix  A . T h e  R o le  o f  H  M R S  M e t a b o l i t e s  

E n e r g y  M e t a b o li s m  I n c lu d in g  th e  R o le  o f  M R S  M e t a b o l i t e s

Efficient production of energy in the brain is required to support its physiological 

processes. The brain has no reserves of chemical energy, and therefore needs a 

continuous supply of oxygen and glucose from the blood. Absence of either, e.g. during 

cerebral hypoxia-ischaemia, results in unconsciousness within seconds, followed shortly 

by permanent brain damage or death.

Energy is produced normally from oxidative phosphorylation via aerobic 

glycolysis (see figure A .l) . Under normoxia, glucose is converted into pyruvate and in 

turn into to Acetyl CoA. Acetyl CoA enters the tricarboxylic acid (TCA) cycle releasing 

electrons into the respiratory chain to produce adenosine triphosphate (ATP).

Glucose + ADP + Pi + O 2  ^  ATP + Pyruvate + H 2 O + CO 2

With its three phosphate groups, ATP is the principal source of free energy for 

neurons and other brain cells. On hydrolysis to adenosine diphosphate (ADP) and 

inorganic phosphate (Pi), ATP liberates a large amount of energy.

ATP + H 2 O <-> ADP 4- Pi + + free energy

ATP provides energy for biosynthesis, e.g. Gin is synthesised from Glu via the 

hydrolysis of ATP, as well as for ATPase activity e.g. in osmoregulation and 

neurotransmission [1]. Due to the rapid utilisation of ATP, steady and rapid production 

of ATP (via oxidative phosphorylation) is essential in order to maintain its levels.

If oxidative phosphorylation is impaired, e.g. during cerebral hypoxia-ischaemia, 

ATP is generated via anaerobic glycolysis, and lactate is produced instead of pyruvate.

Glucose + ADP -H Pi Lactate + ATP
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The ATP levels are reduced because more is consumed (in order to produce 

energy) than created; hence both ADP and Pi levels rise. The glucose levels in neonatal 

brain are not high enough to be detected by MRS, however during hypoxia-ischaemia 

the increase in Lac can be observed. Intracellular acidosis, which is caused by Lac 

accumulation and increased pCOz, can impair ATP synthesis [2]. pHj can be measured 

by ^^P MRS using the shift of the Pi resonance with respect to that of PCr.

Lactate is converted to pyruvate when oxygen is available so that aerobic 

metabolism replaces anaerobic, e.g. on resuscitation following a primary cerebral 

hypoxic-ischaemic energy failure. Some lactate can slowly diffuse away if blood flow 

is still present, but the loss rate is low.

Creatine (Cr) can be phosphorylated by creatine kinase, to produce 

phosphocreatine (PCr), a high energy phosphate store, from which ATP can be rapidly 

generated,

PCr + ADP <-> Cr + ATP

Due to its role in replenishing ATP, [PCr] may fall (observable by ^'P MRS), but 

the total creatine level should remain constant (observable by ‘H MRS) provided that 

there is no cell death. Thus the ratio [PCr]/[Pi] can alter rapidly during cerebral hypoxia- 

ischaemia.

If glucose is unavailable, the building blocks of proteins can provide energy by 

entering the aerobic metabolic pathway e.g. the ‘H MRS detectable amino acids Ala and 

Gly can be converted to pyruvate. The pool of free amino acids NAA and Glu and their 

derivatives Asp, Gin and G ABA can also enter the TCA cycle.

O s m o r e g u la t io n

Cerebral hypoxia-ischaemia is usually accompanied by cell oedema (swelling)

[3]. The severity of oedema can be related to the degree of intracellular acidosis [3]. 

ATP controls the osmotic balance via the Na'^/K'^ cell pump. The hydrolysis of ATP is
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catalysed by the enzyme NA^/K^-ATPase such that 3Na^ leave and 2K‘" enter the cell

[4]. Depletion of ATP levels leads to pump failure and hence water enters the cells and 

organic osmolytes leave. There are many 'H  MRS detectable organic osmolytes present 

in brain tissue [7]:

amino acids: Glu, Gin, NAA 

amines: Cr, Tau, GPC

polyols: Ino, Scyllo-inositol

Some of the osmolytes are specific for individual cell types e.g. Ino for 

astrocytes [5]. NAA is found exclusively in the neurons and although its role is 

unknown in mature brain it can be considered as a neuronal marker [6]. Tau is 

synthesised from cysteine in glial cells but not in the neurons [7].

Biochemical interpretation of the prominent 'H MRS Cho resonance is difficult 

because of the many choline containing compounds. However complementary ^*P MRS 

indicates that Cho could mainly originate from phosphocholine (PCho) and GPC [8].

N e u r o t r a n s m is s io n

Neurotransmitters are chemicals which convey electrical impulses across the 

synapse (i.e. junction) from one neuron to another. An excitatory neurotransmitter 

produces a postsynaptic potential (due to Na^ entering and leaving the cell). 

Inhibitory neurotransmitters cause a return to the resting potential via NA'^/K^-ATPase 

activity. Depletion of ATP levels leads to neurotransmission failure.

Asp, G ABA, Glu and Gly are ‘H MRS detectable neurotransmitters. GAB A and 

Gly have inhibitory influences on brain cells. Glu is present in all types of  brain cells, 

though its concentration is higher in neurons. Glu is one of the major excitatory 

neurotransmitters in the brain. High levels may cause irreversible ischaemic damage to 

neurons [9]. NAAG is co-localised with NA A in the neurons. N A A G  may act as a Glu 

store SO as to protect the neuron from the excitatory, and potentially neurotoxic, action 

of high levels of Glu [6].
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