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Summary

From day to day, the role of HRMAS (High-Resolution Magic Angle Spinning) Nu-
clear Magnetic Resonance Spectroscopy (NMRS) in medical diagnosis is increasing.
This technique enables setting up metabolite profiles of ex vivo pathological and
healthy tissue. Automatic spectrum quantitation enables monitoring of diseases.
However for several metabolites, the values of chemical shifts of proton groups may
slightly differ according to the micro-environment in the tissue or cells, in partic-
ular to its pH. This hampers accurate estimation of the metabolite concentrations
mainly when using quantitation algorithms based on a metabolite basis-set.

The present work is devoted to the optimization of NMR metabolite basis
set signals, particularly to the algorithms of chemical shift mismatch correction.
Two signal processing (“warping”) methods were developed for simple and fast
spectrum optimization: signal stretching/shrinking (resampling) and spectrum
splitting. Then, another optimization method, QM-QUEST, coupling Quantum
Mechanical simulation and quantitation algorithms was implemented. The lat-
ter provides more robust fitting while limiting user involvement and respects the
correct fingerprints of metabolites. Its efficiency is demonstrated by accurately
quantitating signals from tissue samples of human brains with oligodendroglioma,
obtained at 11.7 Tesla and spectra of cells acquired at 9.4T by HRMAS-NMR.

As the necessity of fast NMR signal simulation based on Quantum Mechanics
is raised in the thesis, a part of the work is dedicated to an approximate method
speeding-up the calculations. The algorithm based on spin-system fragmentation
could become an important part of the QM-QUEST optimization method and will
be implemented as an option of simulation in NMR-SCOPE, module of the jMRUI
software package.

Keywords: Nuclear Magnetic Resonance Spectroscopy, HRMAS-NMR, Quan-
tum Mechanics simulation, optimization, quantitation.
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Résumé

La Spectroscopie de Résonance Magnétique Nucléaire (RMN) Haute Résolution
a l'angle magique (HRMAS) joue un role de plus en plus prépondérant pour le
diagnostic médical. Cette technique permet d’établir les empreintes ex vivo des
métabolites de tissus sains et pathologiques. Cependant, pour certains métabolites,
les valeurs des déplacements chimiques des groupes de protons peuvent légerement
varier en fonction de 'environnement des tissus ou cellules, particulierement de
son acidité. Cet effet géne 'estimation correcte des concentrations des métabolites
lorsqu’on utilise des algorithmes fondés sur des bases de métabolites.

Ce travail est dévolu aux méthodes d’optimisation des bases de métabolites,
notamment aux algorithmes de correction des changements des déplacements chi-
miques. Deux méthodes de traitement du signal ont été développées pour l'opti-
misation simple et rapide des signaux/spectres : contraction/expansion du signal
moyennant ré-échantillonnage et fractionnement du spectre. Une autre méthode,
QM-QUEST, conjuguant la simulation par Mécanique Quantique et la quanti-
fication, a été mise en ceuvre. Cette derniere permet l'ajustement plus robuste
des spectres en limitant I'implication de 1'utilisateur et préserve les empreintes
correctes des métabolites. Son efficacité est démontrée pour la quantification de
spectres RMN de biopsies cérébrales humaines d’oligodendroglioma, obtenues a
11.7 Tesla et de spectres de cellules acquis a 9.4T par la technique RMN-HRMAS.

Etant donné la nécessité de simulation rapide des signaux RMN basée sur la
Mécanique Quantique, une partie du travail est vouée a une méthode approchée
accélérant la simulation. L’algorithme fondé sur la fragmentation du systeme de
spins pourrait devenir une partie importante de la méthode d’optimisation QM-
QUEST et sera mis en ceuvre en tant qu’option de simulation de la méthode
NMR-SCOPE, module du logiciel jMRUI.

Mots-clés : Spectroscopie de Résonance Magnétique Nucléaire, RMN-HRMAS,
simulation par Mécanique Quantique, optimisation, quantification.



Notations

Greek letters

Damping factor
Gyro-magnetic ratio
Chemical shift

Frequency

Nuclear shielding constant
Phase

Angular frequency

Q

€ 9 Q9 T &2

Latin letters

By Static magnetic field

By RF field

Cm, m'” metabolite concentration
f Frequency

I Hamiltonian

ts Sampling time

Ty, Ty, TS Relaxation times
Abbreviations

AMARES Advanced Method for Accurate, Robust and Efficient Spectral fitting
FFT Fast Fourier Transform

FD Frequency domain

HSVD Hankel Singular Value Decomposition
HR High-Resolution

LS Least Squares

MAS Magic Angle Spinning

MRS Magnetic Resonance Spectroscopy
NMR Nuclear Magnetic Resonance
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QUEST Quantitation based on quantum estimation
SNR Signal-to-Noise Ratio
TD Time Domain

Metabolite abbreviations

Cho Choline

Cr Creatine

Eth Ethanol

Gle Glucose

Gln Glutamine

Glu Glutamate

Gly Glycine

GPC Glycerophosphoryl Choline
Lac Lactate

Lip Lipids

MM Macromolecules

NAA N-acetylaspartate

NAAG N-Acetylaspartateglutamate
PCr Phosphocreatine

tCr Total Creatine (Cr+PCr)

Other symbols

|2l Module of complex number z
? Square complex root of -1 (22 = —1)
D Estimated parameters



Introduction

During the ages the sciences needed methods for analysis of chemical compounds.
Evolving from one method to another, in the second half of XXth century mankind
obtained a very powerful instrument based on Nuclear Magnetic Resonance (NMR)
phenomena. NMR was first described and measured in molecular beams by Isidor
Rabi in 1938 [1], and in 1944, Rabi was awarded the Nobel Prize in physics for this
work [2]. In 1946, Felix Bloch and Edward Mills Purcell expanded the technique
for use on liquids and solids, for which they shared the Nobel Prize in physics in
1952 [3]. They noticed that magnetic nuclei, like 'H and 3'P, could absorb radio
frequency energy when placed in a magnetic field of a strength specific to the
identity of the nuclei. When this absorption occurs, the nucleus is described as
being in resonance. Different atomic nuclei within a molecule resonate at different
(radio) frequencies for the same magnetic field strength. The observation of such
magnetic resonance frequencies of the nuclei present in a molecule enables any
trained user to discover essential, chemical and structural information about the
molecule.

Nowadays NMR is widely used in chemistry, medecine and other branches that
need non-destructive and non-invasive analyses. The application of NMR best
known to the general public is Magnetic Resonance Imaging (MRI) for medical
diagnosis and MR Microscopy in research settings; however, it is also widely used
in chemical studies, notably in NMR spectroscopy such as proton 'H NMR, carbon
13C' NMR and phosphorus 3'P NMR. Biochemical information can also be obtained
from living tissue (e.g. human brain tumours) with the technique known as in vivo
Magnetic Resonance Spectroscopy (MRS). As one of the two major spectroscopic
techniques used in metabolomics, NMR is used to generate metabolic fingerprints
from biological fluids to obtain information about disease states or toxic insults.

With the development of computer sciences some tasks in the NMR domain
were automated. One of the major of them is spectrum quantitation — computing
of the relative concentration of the chemical compounds in the sample, which a
spectrum has been taken from. Rather often, these analyses comprise the spec-
trum misplacement correction (which can appear due to an inexact reference peak
position). The correction of such type is rather easy and accurate in low reso-
lution experiments and analyses. However, for high resolution spectra (such as
NMR spectroscopy of liquids or HRMAS spectroscopy) the small mismatches of
chemical shifts become significant with respect to reduced line width. This work
is devoted to some methods of correction of chemical shift mismatches prior to
quantitation.
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Goals and outline of the thesis

The thesis attempts to review some problems linked to NMR-peak shifts due to
environment influence. As it will be shown, small changes in the environment
acidity or in its temperature can cause variations of chemical shifts of the metabo-
lites subject to NMR spectroscopy. Specific attention will be paid to spectrum
quantitation based on simulated metabolite basis sets. The higher the resolution
of the acquired spectrum, the finer must be the precision of the chemical shift data
used for the spectrum simulation. Even small (of the order of some Hz) changes in
chemical shifts can significantly hamper the quantitation. Different parts of this
work describe various methods of chemical shift correction either based on signal
processing or Quantum Mechanics.

Chapter 1

The first chapter introduces the main principles of Nuclear Magnetic Resonance
and, particularly, NMR spectroscopy. Physical mechanisms are described in clas-
sical and Quantum Mechanical formalism, principal processes are explained. The
main human brain metabolites are presented with their principal biochemical func-
tions in the human organism. Some experiments proving the chemical shift de-
pendence on the solution pH are provided.

Chapter 2

Improvement of spectrum simulation is proposed in this chapter to enable spec-
trum simulation of large spin systems. After having analyzed the main computing
time costs for the simulation, a method is presented to decrease the spin system
(thus — Hamiltonian) size. An approximate algorithm based on the coupling chain
fragmentation is developed. Its application to the simulation of large spin systems
will be discussed with analyses of the respective errors.

Chapter 3

The following chapter is devoted to two simple methods of basis-set spectrum
correction. They are based on signal processing and are parts of so-called “warping
methods” (see e.g. [4]). Thus correct metabolite fingerprints are not respected
after the algorithm application. The margins of applicability of these methods are
estimated, respective results are presented.

Chapter 4

The final chapter presents an accurate algorithm for basis-set spectrum optimiza-
tion based on automatic chemical shift mismatch correction. The algorithm is
based on the spectrum resimulation with the conventional approach of Quantum
Mechanics [5]. The optimization is done as an iterative approach (gradient de-
scent) to maximize the cross-correlation between the investigated and optimized
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NMR basis-set signals. The algorithm is tested on HRMAS spectra of biopsies of
human brains, with oligodendroglioma as well as on spectra of cellular HRMAS

spectroscopy.
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Préambule

Depuis les temps anciens, les sciences nécessitaient des méthodes d’analyse de
composés chimiques. Evoluant d’une méthode & I'autre, dans la deuxieme moitié
du XXeme siecle, ’homme obtint un outil tres puissant fondé sur le phénomene
de Résonance Magnétique Nucléaire (RMN). Pour la premicre fois, la RMN a été
décrite par Isidor Rabi en 1938 [1] et, en 1944, auteur a regu le Prix Nobel de
physique pour ce travail [2]. En 1946, Felix Bloch et Edward Mills Purcell ont
étendu la technique aux liquides et solides, en ayant, par la suite, partagé le Prix
Nobel de I'année 1952 [3]. Ils ont remarqué que les noyaux magnétiques, comme
le proton 'H ou le phosphore 3!P, pouvaient absorber I'énergie de radiofréquence
en présence d'un champ magnétique d’une intensité spécifique au type de noyau.
Pendant cette absorption, les noyaux sont considerés comme étant “en résonance”.
Les différents noyaux atomiques dans une molécule résonnent a des fréquences
différentes pour la méme intensité du champ magnétique. L’observation de ces
fréquences des noyaux présents dans une molécule permet a un utilisateur qualifié
de découvrir 'information essentielle et structurelle de la molécule.

De nos jours, la RMN est tres largement appliquée en chimie, médécine et
dans d’autres domaines nécessitant des analyses non destructives et non invasives.
L’application de la RMN la plus connue au monde, est 'lmagerie de Résonance
Magnétique (IRM) pour la diagnostic médical et la Microscopie en RM. En méme
temps, la RMN s’utilise largement dans les études chimiques, notamment en spec-
troscopies RMN telles que la RMN des protons (‘H), RMN du carbone (}3C) et
RMN du phosphore (*'P). L’information biomédicale peut aussi étre obtenue & par-
tir de tissus vivants (e.g. tumeurs cérébrales humaines) par la technique connue
comme Spectroscopie de Résonance Magnétique (MRS) in vivo. Comme elle est
une des deux techniques spectroscopiques principales pour la métabolomique, la
RMN est utilisée pour obtenir les empreintes de métabolites des tissus et liquides
biologiques. Cela permet d’obtenir 'information sur 1’état de la maladie ou des
influences de produits toxiques ou de médicaments.

Avec le développement des sciences informatiques, plusieurs taches dans le do-
maine de la RMN ont été automatisées. L'une des principales est la quantification
de spectres — le calcul des concentrations relatives des composés chimiques dans
I’échantillon a partir du spectre. Tres souvent, ces analyses comprennent la reca-
lage du spectre (nécessaire parfois comme la conséquence de la position inexacte du
pic de référence). Cette correction est assez simple et précise pour les expériences a
basse résolution. Cependant, pour les spectres haute résolution (tels que ceux obte-
nus en spectroscopie des liquides ou en spectroscopie HRMAS) les petits décalages
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des déplacements chimiques deviennent significatifs comparés a la largeur de raie.
Ce travail est dévolu aux méthodes de correction des décalages de déplacements
chimiques avant la quantification.

Buts et contenu de la these

La these vise a examiner certains problemes liés aux changements de déplacements
chimiques dans les spectres RMN en raison de l'influence de l’environnement.
Il a ét¢ démontré que les petits changements de 'acidité ou de la température
de I'environnement peuvent provoquer des variations des déplacements chimiques
des métabolites étudiés pas spectroscopie RMN. Une attention particuliere sera
portée a la quantification de spectres fondée sur les bases de métabolites simulées.
Meilleure est la résolution du spectre acquis, plus la précision des déplacements
chimiques doit étre fine pour la simulation des spectres de base des métabolites.
Méme les petits changements (de l'ordre de quelques Hertz) peuvent géner signi-
ficativement la quantification. Les chapitres de cette these décrivent differentes
méthodes de correction des déplacements chimiques fondées soit sur le traitement
du signal soit sur la Mecanique Quantique.

Chapitre 1

Le premier chapitre introduit les principes généraux de la Résonance Magnétique
Nucléaire et, particulierement, la spectroscopie RMN. Les lois physiques fonda-
mentales du phénomene sont présentées a l'aide du formalisme classique et de
la mécanique quantique, les processus principaux sont expliqués. Les métabolites
plus importants du cerveau humain sont présentés avec leurs fonctions biochi-
miques principales dans 'organisme humain. Certaines expériences prouvant la
dépendance des déplacements chimiques en fonction du pH de la solution sont
fournies.

Chapitre 2

Une méthode approchée de simulation de spectres est présentée dans ce chapitre,
elle permet la simulation de grands systemes de spins. Apres avoir analysé les cotits
de temps de calcul de la simulation, nous présentons une méthode permettant de
réduire la taille du systeme de spins (ainsi que du Hamiltonien). Un algorithme
approché fondé sur la fragmentation de la chaine de spins couplés est dévéloppé.
Son application a la simulation des grands systemes des spins sera effectuée ainsi
que 'analyse des erreurs respectives.

Chapitre 3

Le chapitre suivant est voué a deux méthodes de correction des bases de métabolites.
Elles sont fondées sur le traitement du signal et font partie des méthodes dites
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“warping” (a voir, par exemple [4]). Cependant, les empreintes correctes des mé-
tabolites ne sont plus respectées apres application de ’algorithme. Les marges
d’applicabilité de ces méthodes sont estimées, les résultats respectifs sont presentés.

Chapitre 4

Le chapitre final présente un algorithme précis pour l'optimisation des spectres
de bases des métabolites fondé sur la correction automatique des décalages des
déplacements chimiques. L’algorithme est fondé sur la resimulation du spectre en
approche conventionnelle par Mecanique Quantique [5]. L’optimisation est faite
lors d'une approche itérative (algorithme du gradient) maximisant la corrélation
croisée entre les signaux RMN a quantifier et les signaux de la base a optimiser.
L’algorithme a été testé avant la quantification de signaux HRMAS de biopsies
cérébrales humaines d’oligodendrogliomas et sur des spectres HRMAS de cellules.
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Chapter 1

Nuclear Magnetic Resonance
Spectroscopy

1.1 Physics of NMR spectroscopy

1.1.1 General overview

Nuclear magnetic resonance spectroscopy [6, 7], most commonly known as NMR
spectroscopy, is the name given to the technique which exploits the magnetic
properties of certain nuclei. The most important applications for the organic
chemistry are proton NMR and carbon-13 NMR spectroscopy.

Nuclear magnetic resonance phenomenon

Each nucleus has its property called spin quantum number I (or simply, spin)
which can take only discrete values, namely: to be integer, half-integer or zero.
The nuclei, which have a non-zero spin, present a magnetic moment p that can be
expressed as:

=" (I%) (1.1.1)

where 7 in the gyromagnetic ratio: v = 5>, h is the Planck’s constant, e is the
proton charge.

The protons and neutrons have a spin quantum number I = !/2. Having
knowledge about an element’s atomic number one can judge about its nuclear spin.
If the atomic number and mass number are even, then the magnetic moments of
protons (as the ones of neutrons) are compensated. In this case I = 0. This, for
example, is the case for [2C or {°0. If the mass number is odd and the atomic
number is even (this means that the nucleus has an even number of protons and
the same number of neutrons), its nucleus has an integer spin (+*N, #D). Finally,
if the mass number is odd, the nucleus has an half-integer spin. These nuclei are
particularly suitable for NMR spectroscopy: 1H, {°F, $iP, 13C, I5N. They all have
I =1/2 so no electric quadrupole.

13



14 CHAPTER 1. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Being placed into a magnetic field By, each atom, which has a non-zero nuclear
magnetic moment, can occupy 2/ + 1 different energy levels. For the simplest
case of I =1/2 they are +uBy and —uBy, which correspond to equal and opposite
orientations of the magnetic moment in the external magnetic field. Usually, these
spin states are noted as o and (3 (see Fig. 1.1).

.Bo

L \M

Figure 1.1: - and -states of a nucleus spin placed into an external magnetic field
By.

The energy difference of 2By between possible states leads to the nuclear
magnetic resonance condition. The nucleus will be subject to the NMR effect if,
being placed into a static magnetic field By, it is irradiated by an electromagnetic
field with a frequency 1y which is

_ 2By _ 7B
- h 2

Becausg of Larmor precession, all magnetic moments will precess around the
direction By with the frequency

o (1.1.2)

Wo = 27TVO = ’YB() (113)

This is expressed in the laboratory system of coordinates xyz. In the system
2'y'z, rotating with the frequency w around the axe z (which corresponds to the
direction of EO), we will be interested in the difference of the Larmor frequency
and the frequency of the system: wy — w.

Magnetizations and relaxations

Let us now introduce the macroscopic magnetization:

M=>"ji (1.1.4)

In the free state, the global magnetization of a sample is equal to zero: the
thermal motion of the molecules leads to a chaotic orientation of the magnetic
vectors. But being put into a static magnetic field, the sample obtains a magne-
tization according to Boltzmann equilibrium because of reorientation of magnetic
moments along two possible orientations:



1.1. PHYSICS OF NMR SPECTROSCOPY 15

N e (2L (1.1.5)
el e 1.

where N and N~ are respectively the numbers of spins parallel and antipar-
allel with the magnetic field, E is the potential energy of the spin in a field
(= —/ﬂ?), k is the Boltzmann constant, and 7" is the absolute temperature.

The bigger the magnetic field strength, the bigger is the energy difference
between the levels and the difference between the level populations. Schematically,
this is illustrated in Fig. 1.2

E b Gee

o« ©6Ee B

Figure 1.2: The nuclear spin energy diagram for I = 1/2. [-state is the high-
energy state because of the antiparallel alignment between By and p,. a-state is
the low-energy state, thus its population is higher than the population of g-level.

While an RF-field B, orthogonal to By, with a resonance frequency w = wy,
is applied to a set of spins placed in By, the vector of magnetization turns to the
transverse plane xy. In other words: the vector of magnetization starts to precess
around the direction of B, perpendicular to B, creating a transverse magnetization
M,,, leaving its z-component (longitudinal magnetization) to decrease (Fig. 1.3
a).

After switching the RF-field B; off, in the assumption of absence of any spin-
spin interaction and of the perfect homogenity of By, the vector of magnetization
would return to the direction of z-axis following the exponential law:

z,B0 z,B0

\'51 y

y

c)

Figure 1.3: Spin behaviour ( a) rotation, b) spin-lattice relaxation, c) spin-spin
relaxation) in a magnetic field.
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M.(t) = M, {1 —exp (—iﬂ (1.1.6)
T

where M is the equilibrium longitudinal magnetization and 7} is a character-
istic time of the process. The cause of this effect is the restoration of Boltzmann
equilibrium (see Eq. 1.1.5). The time T3, present in Eq. 1.1.6, is called the char-
acteristic time of spin-lattice relaxation.

This time is comparatively large relatively to the characteristic times of the
other relaxation process present in the described system. 75 describes the so-
called spin-spin relaxation or transverse relaxation. This is an entropy-process
which corresponds to the exchange of the energy between the spins:

My (t) = My (0) exp (—t> (1.1.7)
15

These two characteristic relaxation times — 7} and 75 — were introduced in
the assumption of the totally homogeneous field By. In the real experiment this
condition can never be achieved. So, another relaxation time 73 is considered
which takes into account two processes: spin-spin relaxation with the characteristic
time 75 and the dephasing of the spins due to the effects of inhomogenity of B
(see Fig. 1.3, ¢):

L_1, 1
17 1o Thimn

(1.1.8)

The latter introduced relaxation time 7% is the smallest of all the mentioned
ones. But the effects of dephasing due to Ts;,, are not irreversible. For example,
the spin-echo experiment [8] allows to rephase the spins, dephased due to T3, to
obtain echo signals whose amplitudes decay with 75.

Schematically, the two decay times are presented in the spin-echo pulse se-
quence in Fig. 1.4

NMR signal

While the transverse magnetization in the plane xy exists and is not constant, its
changes create the changes of magnetic flux through a chosen surface.

q):/ BdS (1.1.9)

If a coil corresponds to the introduced area, then, due to the changes of the
flux, an electromotive force is induced into it:

d
f=—-B—P(t 1.1.1
emf = —B—-®(t) (1.1.10)

So, it is possible to read an electro-magnetic signal induced by a rotating
magnetization vector in the transverse plane. If we read the signal induced in
two orthogonal directions z and y, then, conventionally, the x component is the
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B, 2 d)

m
H !)

Figure 1.4: Spin echo sequence and relaxation times: a) excitation pulse; b) ro-
tation of M,, appearance of the transverse magnetization; c) dephasing due to
inhomogenities of By, characteristic time 7%; d)rephasing pulse; e) rephasing of
the spins in the transverse plane, echo; f) spin-spin relaxation, characteristic time

S(1) = Sx(1) + 154(1)
S(t) = So(t)exp(-1mot)exp(-t/T>*)

S«(1)

Mﬂmm time

e

Figure 1.5: Complex representation of an NMR signal. 75 represents the charac-
teristic time of the decay.

real part of a complex-represented signal and the y component is the imaginary
part (see Fig. 1.5).

The signal is called free-induction decay, or, simply, FID.
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Demodulation

The conservation of data of spin rotation in laboratory frame is redundant. Only
the difference wy — w between the Larmor frequency and the precession frequency
of the particular vectors of magnetization is of interest. In fact, the “raw” FID-
signal is a modulated signal with the modulation frequency wg. The process of
subtraction is called demodulation.

This is illustrated in Fig. 1.6. If one looks at the signal from the laboratory
frame, the oscillations at a high frequency w are observed. Let us firstly imagine
that the magnetic field in the experiment is totally homogenous, thus all the vectors
of magnetizations precess with the Larmor frequency w = wy (Fig. 1.6, top). After
the demodulation of such signal, one obtains the free induction decay enveloppe:
exp —t/1y (Fig. 1.6, middle). If some frequencies in the sample are different from
the Larmor one because of some inhomogenities of the external magnetic field,
then the demodulated signal will show the oscillations at the frequencies w — wy,
which are much smaller than the Larmor frequency (see Fig. 1.6, bottom).

Wi—

Figure 1.6: Top: an NMR signal seen from the laboratory frame; middle: de-
modulated signal from a magnetization vector which rotates at Larmor frequency;
bottom: demodulated signal from a magnetization vector which rotates at a fre-
quency, slightly different from the Larmor one.

The sum of these different demodulated oscillations will produce the total NMR
signal:

s(t) = ; Sm(t) = ; Crm €XP <T§;> exp [¢(w t + ¢m)] (1.1.11)
where ¢, is proportional to the m-th resultant vector of magnetization which
(after being demodulated) oscillates with the frequency w,,, having an initial phase
¢m and decaying with the characteristic time /73, .
These signals are often represented as spectra, after being subject to a fast
Fourier transform:

2
S(wn) = ) _ s(ti)exp (—Wﬂzwnto w=0,...,wy (1.1.12)
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Here we talk directly about the discrete but not the continuous Fourier trans-
form, because the acquired signals are digitized.

A simulated signal, consisting of four spectral components, and its fast Fourier
transform are presented in Fig. 1.7

time

J

o

frequency

Figure 1.7: Complex signal representation: red — real part, blue — imaginary part.
Top: A signal as a sum of four spectral components; bottom: its fast Fourier
transform.

1.1.2 Intramolecular nuclei characteristics

Chemical shift

Depending on the molecule’s structure each nucleus has its own property called
chemical shift. The total magnetic field experienced by a nucleus includes local
magnetic fields induced by currents of electrons in the molecular orbitals (note
that electrons have a magnetic moment themselves).

Let us consider an atom with a symmetric electron shell. In an external mag-
netic field atom electrons precess around the axis which passes through the centre
of the atom and is colinear with the field direction. This precession creates a
secondary field B which, close to the nucleus, is opposite to the main field EO,
In turn, the field strength B’ is proportional to the angular velocity of electrons’
precession, so, to the strength of the external field:

B = —0oD, (1.1.13)
where o is the shielding constant. This means that the nuclei are situated in
an efficient field Bog, caused by “screening” of the external field by the electrons:
Bcﬁ':BO_UBOZBO(l_U) (1114)
Equation 1.1.14 can be rewritten to express o:

By— Besg AB
- = 1.1.15
B B, ( )
The electron distribution of the same type of nucleus (e.g. 'H, '3C) usually
varies according to the local geometry (binding partners, bond lengths, angles

o
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between bonds, ...), and it influences the local magnetic field at each nucleus.
This is reflected in the spin energy levels (and resonance frequencies).
Using Eq. 1.1.14, the resonance condition of Eq. 1.1.2 can be modified to:

B
v="17001_¢) (1.1.16)

2
The chemical shift, labeled later as ¢ , shows the ratio between the difference of
the resonance frequency and that of a reference peak to the resonance frequency.
Since the numerator usually has the order of tens or hundreds hertz, and the order
of denominator is of hundreds megahertz, delta is generally expressed in ppm which

means “part per million”:

V — Vref

5= x 10° (1.1.17)

Vref

The value of the chemical shift is given with respect to a reference frequency
or to a reference sample — usually a molecule with a barely distorted electron
distribution.

The detected frequencies for 'H, *C, and ?°Si nuclei are usually referenced
against TMS (tetramethylsilane, see Fig. 1.8). Because all twelve hydrogen atoms
in a tetramethylsilane molecule are equivalent, its 'H NMR spectrum consists of a
singlet, which is assigned the chemical shift of zero. The majority of compounds
studied by 'H NMR spectroscopy absorb downfield of the TMS signal, thus there
is usually no interference between the standard and the sample. For example, the
water hydrogens have the chemical shift around 4.7ppm relatively to tetramethyl-
silane singlet.

Figure 1.8: Tetramethylsilane spatial structure and its 'H NMR spectrum ac-
cordinlgy to the Spectral Database for Organic Compounds, SDBS (National In-
stitute of Advanced Industrial Science and Technology, Japan)[9].

Proton-proton coupling

Some of the most useful information for structure determination in a one-dimen-
sional NMR spectrum comes from J-coupling or scalar coupling (a special case
of spin-spin coupling) between NMR active nuclei. This coupling arises from the
interaction of different spin states through the chemical bonds of a molecule and
results in the splitting of NMR signals. These splitting patterns can be complex
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or simple and, likewise, can be straightforwardly interpretable or deceptive. This
coupling provides detailed insight into the connectivity of atoms in a molecule.

Coupling to n equivalent (spin !/2) nuclei (the nuclei in a molecule which are
transformed into each other by rotations, reflections, or combinations of these
operations, leaving the molecule invariant) splits the signal into an n+ 1 multiplet
with intensity ratios following Pascal’s triangle as described in Tab. 1.1. Coupling
to additional spins will lead to further splitting of each component of the multiplet
e.g. coupling to two different spin 1/2 nuclei with significantly different coupling
constants will lead to a doublet of doublets (abbreviation: dd). Note that coupling
between nuclei that are chemically equivalent (that is, have the same chemical
shift) has no effect on the NMR spectra and couplings between nuclei that are
distant (usually, more than 3 bonds apart for protons in flexible molecules) are
usually too small to cause observable splitting. Long-range couplings over more
than three bonds can often be observed in cyclic and aromatic compounds, leading
to more complex splitting patterns. In Tab. 1.1 some examples of splitting are
presented.

For example, in the proton spectrum of ethanol CH3~CH,—~OH, the CH3 group
is split into a triplet with an intensity ratio of 1:2:1 by the two neighboring CH,
protons. Similarly, the CHj is split into a quartet with an intensity ratio of 1:3:3:1
by the three neighboring CHs3 protons. In principle, the two CHy protons would
also be split again into a doublet to form a doublet of quartets by the hydroxyl
proton, but intermolecular exchange of the acidic hydroxyl proton often results in
a loss of coupling information.

Multiplicity | Intensity Ratio
Singlet (s) 1
Doublet (d) 1:1
Triplet (t) 1:2:1
Quartet (q) 1:3:3:1

Quintet 1:4:6:4:1
Sextet 1:5:10:10:5:1
Septet 1:6:15:20:15:6:1

Table 1.1: Relative intensities of the multiplet’s peaks

The sequence of “Pascal triangle” for the intensity distribution within a mul-
tiplet is only valid for weakly coupled spins. The effects of strong coupling can
lead to additional redistribution of the energy between the peaks. The Quantum
Mechanical explanation of this effect will be provided in the following section.

Coupling combined with the chemical shift tell us not only about the chemical
environment of the nuclei, but also the number of neighboring NMR active nuclei
within the molecule. In more complex spectra with multiple peaks at similar
chemical shifts or in spectra of nuclei other than hydrogen, coupling is often the
only way to distinguish different nuclei.
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1.1.3 Quantum mechanics modelling

The energy of an atom, or radical, containing unpaired electrons and nuclei with
nonzero spins, can be expressed in terms of the Hamiltonian (energy) operator. To
simplify the explanation, we will continue with the assumption of two-spin case.
All the other cases can be derived similarly as, for example, it is presented in [5].
The Hamiltonian for two-spin system with isotropic coupling is

- =
A =61l + 0sloy + J1, - I, (1.1.18)

considering h = 1.

The spin Hamiltonian has a dimensionality (21; + 1)(2/; + 1) = 4 for the
case I} = Iy = 1/2, and there are a corresponding number of basis function or
ket vectors, |I; Iamyms), which will be written in the shortened notation |mms),
where m; and my are the magnetic quantum numbers of the respective atoms

(m1 = :l:%, Mo = :i:l)
1 1
'§> = <0> = «-state,
(1.1.19)

2
'%> :<§)> = [-state.

Consequently, the ket vectors [m;msy) are expressed by direct product expansion
of these kets:

(1.1.20)

) -00-

One must calculate the matrix elements (¢;|7|¢s), where ¢; and ¢; are the
basis functions. The eigenfunctions ; of the Hamiltonian will be linear combina-
tions of these basis functions.

— OO0 O OO0 OO, O OO o

Each operator in the spin Hamiltonian is a 2 x 2 matrix. As a result Eq.
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(1.1.18) becomes:

1 1 0 10 10 1 0
7o B)e (o) alot) =6 5))
J /(0 1 0 1 0 —i 0 —i 1 0 1 0
)= (o) )= ()@ )= )
(1.1.21)
After all the calculations done one gets a 4 x 4 Hamiltonian matrix:

J
bitdtyg 0 0 0
J
1 0 6 — 0y + = J 0
H = — 2 7 (1.1.22)
2 0 J b -8 -3 0
0 0 0 —52—51+g

Each basis function is a product of the wave functions |1, m) of each nucleus
defined as:

L |I,m) =m|Il,m)
*|I,m) = I(I+1)|I,m) (1.1.23)
I [I,m) = [(IFm)(I £m+1)]"2|I,m+1)

Here I is the transition operator. So the basis functions will be:

where each ket corresponds to its particle. In the Tab. 1.2 the simplified nota-
tion is used:
|+) for |1/2,1/2),  a-state

|—) for |Y2,—1/2), [-state
After being diagonalized this matrix provides the eigenvalues, whose differences

correspond to the frequencies of the spin system, and the set of eigenvectors, which
will allow to find the amplitude for each transition.

(1.1.25)

H | |++) [+=) =) =)
|++) | 01+ 02 + g 0 0 0
|+—) 0 61 — b2 + % J 0
1) 0 ] 5y — 0, _g 0
|——) 0 0 0 —8y — 01 + g

Table 1.2: General form of the Hamiltonian for a two-spin system
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Each row and column of this Hamiltonian matrix corresponds to a basis func-
tion (see Tab. 1.2). Let us have a look at the structure of the Hamiltonian matrix.
It is partially diagonal, since it is in the form of Table 1.3.

[++) =) =+ =) |
[++) [[1x1] O 0 0
|+—) 0 0
T 22 0
|——) 0 0 0 [1x1

Table 1.3: Block representation of the Hamiltonian.

The transition operator, described in (1.1.23) can be also rewritten in matrix
form:

It =1, 411,
) " (1.1.26)
Im =1, —1,
where
N (1 /10 2 0 1 for i —i—1
o Z 2\0 1 10 ST
o 65=1 Lo ® Lo otherwise;
U\t 0 1 ’
(1.1.27)
(1 /1 0 0 — S
Nspins ~ ® for ] =1 — 17
2\0 1 v 0
b= ; L0\ (L 0Y orw
: \ 01 o 1) Otherwise.
For example, for two-spin cases this gives:
0110 0000
0001 1 000
+ _ - _
= 0001 1= 1 000 (1.1.28)
0000 0110

The expressions (1.1.28) show a correspondence of the possible transitions be-
tween the states to the respective cell values. The zeros of the transition matrices
show the impossibility of the transitions between the states for which

> oy # £l (1.1.29)

where 0;; represents +1 or -1 for the wave functions |+) or |—) respectively.

So, having now the I™ and I~ operators and the eigenvectors v of the diago-
nalized Hamiltonian, we are able to calculate the probabilities (thus — intensities)
of the respective transitions:

Py = (i (I + 1) [1y))° (1.1.30)
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1.2 HRMAS Spectroscopy

Nowadays, medical diagnoses often exploit results obtained from High-Resolution
Magic Angle Spinning Nuclear Magnetic Resonance (HRMAS-NMR) 'H spec-
troscopy. This technique enables setting up metabolite profiles of ex vivo patho-
logical and healthy tissue, i.e. biopsies [10-22]. There are two directionally de-
pendent interactions commonly found in solid-state NMR [23]: the chemical shift
anisotropy (CSA) and the internuclear dipolar coupling.

1.2.1 Chemical Shift Anisotropy

The chemical shift tensor can be diagonalized:

511 512 513 511 0 0
0= (521 (522 (523 — 0 (5&2 0 (].2].)
031 032  Os3 0 0 033
B 7Bo [1 _ in? 0 cos? L2 2 2
g = (011 8in” 0 cos® ¢ + g99 sin” O sin” ¢ + o33 cos 9)}
27 (1.2.2)
7By

=5 (511 sin? 0 cos? ¢ + 09 sin? O sin? ¢ + 33 cos? 8)
T

The chemical shift tensor can be placed into its principal axis system (PAS) —
the reference frame in which it is diagonal and all off-diagonal components are zero
— by diagonalization. The eigenvalues that result — 07, d5, and 655 — are called the
principal components, and the eigenvectors are the direction cosines that relate the
PAS to the frame in which the tensor was originally expressed. This is usually the
lab frame (defined by the field direction) or the molecular frame (defined by the
local molecular symmetry). The average value of the tensor elements is one third
of the trace of the tensor, where the trace is the sum of the diagonal components:

1 1
Oiso = 5(011 + 092 + 033)  Oiso = 5(511 + 022 + 033) (1.2.3)

The resulting chemical shift Hamiltonian includes terms which depend on the
orientation of the tensor with respect to the magnetic field:

Mg = By [1 — (011 510 0 cos® ¢ + 799 sin® O sin® ¢ + 033 cos? 0)} I,

R 1.24
=B, [611 sin? 0 cos® ¢ + 09 sin’ O sin® ¢ + 053 cos® 0] 1y ( )

1.2.2 Dipolar Coupling

Magnetic dipole-dipole interaction, also called dipolar coupling, refers to the direct
interaction between two magnetic dipoles [24]. The Hamiltonian of the interaction

is as follows: i
0

I = i (3(m; - ejx)(my - €j5) — m; - my) (1.2.5)

ik
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where e, is a unit vector parallel to the line joining the centers of the two dipoles,
rjr is the distance between two dipoles, m; and m;.
For two interacting nuclear spins:

= POk (3 e ) (T ep) — 1 - T) (1.2.6)

3
A7 Tk

75, Vi and 7, are gyromagnetic ratios of two spins and spin-spin distance respec-
tively.

These interactions strongly depend on the molecular orientation and make it
impossible to obtain high-resolved spectra. For example, the line width of the
'H NMR resonance of water is of the order of 0.1Hz, while the line from a static
sample of ice is approximately 100kHz wide, i.e. a million times broader[24].

If one considers the case of protons as dipoles, from Eq. 1.2.6, one obtains:

1
H = —Ed[m2 —31.15.](1 — 3cos? ) (1.2.7)

where d is the dipolar coupling constant and 6 is the angle between the direction
of the magnetic field By and the vector connecting two protons.

The isotropic reorientation of molecules in liquids reduces the spectral effects
of the dipolar interaction because the integral

/(1 — 3cos” 0)dS (1.2.8)

over the sphere vanishes.
The same effect may be obtained by choosing the angle

1
f = arccos | —= | . 1.2.9
(%) 12
called “magic angle”.

To see the application of this, we will assume a sample rotating in the magnetic
field By inclined with an angle a. One proton is placed at the origin. Denoting
the angle between the directions to the second proton and the axis of rotation as
3, one can deduce (as it shown in [24]):

3cos’h — 1= gsin 2asin 2 cos ¢ (1.2.10)

where ¢ is the rotation angle: % = (). As the angles o and S are constant and

the average value of the cosines cos2¢ and cos ¢ are zero, we obtain:

3COS29—1:%(3008205—1) (3cos® B —1) (1.2.11)

Thus, if the value of a corresponds to the “magic” angle, then 3cos?6 — 1 = 0,
independently of the value of § which may differ for different pairs of protons.
This means that all dipolar interactions between protons within the sample are
then reduced to zero.
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1.3 Main Metabolites

Our work being devoted to the optimization of the metabolite basis-sets, it is
important to say some words about the most current metabolites. Let us take as
an example a spectrum, presented by Cheng et al. in 1997 [25]. It is a Proton MR
spectrum (400 MHz) of human brain tissue collected from superior temporal gyrus
histologically determined to be mildly affected with Pick disease. Despite the fact
that the tissue was not healthy (high Lactate concentration), the spectrum from
Fig. 1.9 finely represents major metabolites, observed in HRMAS spectroscopy of
the brain tissues.

4.00 3.00 2.00 1.00  pem

Figure 1.9: Proton MR spectra (400 MHz) of human brain tissue collected from
superior temporal gyrus histologically determined to be mildly affected with Pick
disease [25].

In this section, we will describe most of the metabolites, following the order in
which they are presented in Fig. 1.9.

1.3.1 Lactate

Lactic acid is mostly present in the tissues as the ions CH3CH(OH)COO™ of its
salts — Lactates. Two well resolved peak groups are represented as a quadruplet
at 4.1 ppm [26], corresponding to the signal of the CHy protons, and a doublet at
1.3 ppm [26], produced by the !CHjz proton group. In healthy organism lactic acid
is mostly observed in muscular tissue, where it is produced in the hypoxia con-
ditions, later being evacuated either by oxidation to pyruvate by well-oxygenated
muscle cells, which is then directly used to fuel the Krebs cycle, either by Cori cycle,
being conversed to glucose via gluconeogenesis [26]. For brain tissues, markedly
elevated lactate levels are common after severe head injury [27]. Acidoses of lactic
acid as the consequences of fluid-percussion trauma were observed by Inao et al. in
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[28]. Some studies represent Lactate as an important energy source for the human
brain [29]

1.3.2 Inositol

In the particular case shown in Fig. 1.9 the 2CH group of Myo-inositol represents
the majority of the Inositol in the tissue. Inositol or cyclohexane-1,2,3,4,5,6-hexol
is a cyclic compound (-CHOH-)g, having nine possible stereoisomers. The most
observed of them in brain tissues are myo- and scyllo-inositols. Commonly clas-
sified as a member of the vitamin B complex [30], it is discussed to be related
to them because it is produced by the human body from glucose. In 'H NMR
spectroscopy it appears as the singlet of scyllo-inositol at 3.34 ppm and multiplets
at 3.5 and 3.6 ppm with a recognized triplet at 4.05 ppm of myo-inositol [26].

1.3.3 Creatine

Creatine is one of the best-resolved in HR 'H-NMR spectroscopy metabolites.
Usually represented as tCr — total Creatine — which means the sum of the Creatine
and Phosphocreatine. It has two singlets at 3.03 ppm and 3.92 ppm respectively.
Concentrations in the human brain are approximately 4.0—5.5 mmol/kg of wet
weight for Phosphocreatine, and 4.8—5.6 mmol/kg of wet weight for Creatine [31].
Because of its small variation in the case of brain pathologies, as well as due to the
high SNR observed for their singlets, Cr and PCr are generally used as internal
references for the estimation of the other metabolite concentrations.

1.3.4 Glycine

Glycine has the smallest molecular size of the twenty amino acids commonly found
in proteins. In human brain it is normally biosynthesized through Serine from 3-
Phosphoglyceric acid resulting in a concentration of approximately 1 mmol/kg
of wet weight in humans [31]. It is reported to increase its concentration in tu-
mor tissues and to have it significantly high in Glioblastomas, Ependynomas and
Medulloblastomas [32].

1.3.5 Taurine

Taurine is seen as two neighbour triplets at 3.4 ppm and 3.25 ppm distorted due
to the strong-coupling effects. It is one of the few known naturally occurring
sulfonic acids. Taurine is remarkable, both for its high concentrations in animal
tissues and for the variety of functions that have been ascribed to it. Its normal
brain concentrations, observed in rat brain tissues are up to 5 mmol/kg [33]. High
concentrations (up to 30 mM) in medulloblastomas have been reported [34].
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1.3.6 Choline

Choline and its derivatives — Phosphoryl choline and Glycerophosphocholine —
are observed as a large peak on low resolved spectra and can be recognized as
independent singlets in the HRMAS spectra at 3.18 ppm, 3.20 ppm and 3.21 ppm
respectively. Nowadays researches bind the Choline concentration incrementation
with progressive cerebral glioma [35], medulloblastoma and adenoma [32] tumours.
Normal concentrations are of the order 1-2 mmol/kg of wet weight and known to
be nonuniformly distributed [36].

1.3.7 Glutamine

Glutamine (Gln) is the most abundant free amino acid in human blood [37]. Glu-
tamine is synthesized by the enzyme glutamine synthetase from glutamate and
ammonia. The most relevant glutamine-producing tissue is the muscle mass. Glu-
tamine is also released, in small amounts, by the lung and the brain [38].

1.3.8 Glutamate

Glutamate (Glu) is often taken into account together with Glutamine, abbreviated
as Glx in this case. As for the latter, Glutamate also has a role in protein synthesis,
while the former is the most abundant excitatory neurotransmitter in the nervous
system. Typical values for Gln and Glu are 12 mmol/kg and, respectively, 24
mmol/kg. Changes in the GIn/Glu ratio have been used as markers for cerebral
ischemia, hepatic encelopgraphy and Rett’s syndrome [26].

1.3.9 GABA

~v-Aminobutyric acid (GABA) is a primary inhibitory neurotransmitter that is
present in the brain at a concentration of approximately 1 mmol/kg. It is syn-
thesized from glutamate using the enzyme L-glutamic acid decarboxylase and
pyridoxal phosphate (which is the active form of vitamin B6) as a cofactor via
a metabolic pathway called the GABA shunt. This process converts glutamate,
the principal excitatory neurotransmitter, into the principal inhibitory neurotrans-
mitter GABA. GABA synthesis is unique among neurotransmitters, having two
separate isoforms of the rate-controlling enzyme, glutamic acid decarboxylase. The
need for two separate genes on two chromosomes to control GABA synthesis is un-
explained. Two metabolites of GABA are present in uniquely high concentrations
in the human brain. Homocarnosine and pyrrolidinone have a major impact on
GABA metabolism in the human brain. Both of these GABA metabolites have
anticonvulsant properties and can have a major impact on cortical excitability [39].

1.3.10 N-acetyl-aspartate

N-acetyl-aspartate (NAA) is highly recognizable by the 2.01 ppm singlet, with
other multiplets at 2.48 ppm, 2.67 ppm, 4.38 ppm and 7.82 ppm. Reported NAA
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concentrations in the human brain are between 7-16 mmol /kg. NAAG is primarly
detected via the 2.04 ppm resonance peak therefore apearing as a lineshape defor-
mation of the 2.01 ppm NAA peak [40]. NAA is a concentrated, neuron-specific
brain metabolite routinely used as a magnetic resonance spectroscopy marker for
brain injury and disease [41]. In [42] NAA was presented as an acetyl source in
the nervous system.

1.3.11 Ethanol

The spectrum presented in Fig. 1.9 has considerable peaks produced by ethanol
molecules. Despite the fact that ethyl alcohol is not a metabolite of healthy brain
in the normal state, it may appear rather often in spectra, obtained ex vivo, as a
trace of biopsy procedure as it is in the present case [25].

1.3.12 Lipids

Lipids are present in the brain in their free form mainly due to cell and membrane
degeneration and have been proposed as a marker for necrosis.

Because lipids have T5 relaxation times much smaller than the main metabolites
they produce very large spectral peaks, with the main contributions at 1.3 ppm
and 0.9 ppm. Lipid concentrations are typically very small, but have been reported
to drastically increase in the case of tumours. Another cause of high lipid peaks
in MRS is subcutaneous fat tissue present in the skull, either because the tissue
is part of the acquired voxel or because of signal contamination due to chemical
shift artefacts [40].

1.4 Spectrum quantitation

Each chemical compound has its own “fingerprint” in the mixture of substances
(see Fig. 1.10). Having knowlege about chemical shifts and spin-coupling data
of a certain compound one can judge about its presence in the investigated ma-
terial and, moreover, find out its relative concentration. This process is called
quantitation of a spectrum.

There are different ways to segregate the quantitation methods. For example,
methods are usually classified according to what input is used for the quantitation
algorithm: time-domain (TD) (which is also the measurement domain) methods
use the raw signal, frequency domain (FD) methods use a spectral estimate of
the raw signal (mostly by DFT, while TD-FD approaches combine the two). An-
other classifcation, very common in MRS quantitation literature, concerns the
presence of an underlying physical model in the quantitation algorithm [40]. Non-
parametric methods, also called black-box methods, are based on a mathematical
description of the signal, such as a decomposition by HSVD or FT. Due to the
general possibility of complete or partial signal reconstruction from the mathemat-
ical decomposition, black-box methods have been mainly used in the recent years
as preprocessing methods. Parametric methods, on the other hand, are based on
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modelling of the acquisition process, and tend to give values directly related to
physical measures.

GlursGin

2500 5000

Freguency (points)

Figure 1.10: Region of interest of an HRMAS spectrum from a tissue sample of a
human brain with an oligodendroglioma tumour, acquired at 11.7T.

1.4.1 Methods of quantitation

The need to monitor diseases and pharmaceutical follow-up requires automatic
and reliable quantitation of HRMAS 'H signals [17, 43-45]. Surely, nowadays
the process of spectrum quantitation is well automatized [46-48]. But whichever
algorithm is chosen it will need certain prior knowlege to be successful. For ex-
ample, peak-finding algorithms [49, 50] need the ratios between the peaks on the
respective positions. Others (e.g. [48, 51]), widely talked about in this work, use a
basis-set of signals which needs to be simulated or acquired before the quantitation
(e.g. Fig. 1.11)
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Typical basis-set of metabotite signals used for quantitation of

HRMAS cerebral biopsy spectra (11.7T).
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1.4.2 Quantitation with QUEST

Signal quantitation method QUEST was proposed by Ratiney et al. in 2005 [48].
In this method, a complex-valued time-domain model signal is written as a linear
combination of the M weighted metabolite model z,, of the basis-set:

M
T = exp (2¢) Z (CmTm exp ((1Awy, + Aay,) t) exp (1Ady,)) (1.4.1)
m=1

¢m 18 proportional to the concentration of the metabolite m, Aa,,, Aw,,, Aoy,
are small extra damping factors, angular frequency shifts and phase shifts en-
abling to automatically compensate for distortions due to the magnetic field het-
erogeneities with respect to the ideal signals of the metabolite basis-set. Passing
these parameters through a non-linear least squares optimisation method the al-
gorithm returns all found optimal values and the residue as a difference between
the investigated signal and the sum of basis-set signals with respective found pa-
rameters.
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Figure 1.12: Example of a screenshot with results of quantitation obtained with
the algorithm QUEST of jMRUI4 software package.

Nowadays [52] this method is a part of the NMR signal processing software
package called JMRUT [53, 54].

It should be mentioned that in this case the extra signal damping is considered
to have the exponential-decay shape, which is rather natural [55]:

f(z;20,0) = ! {( - ] : (1.4.2)

T | (x —10)? + a?
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where xq is the peak position (corresponds to the main frequency of the harmonic),
and « is a scale parameter (corresponds to the linewidth of the mentioned har-
monic).

1.5 Influence of micro-environment in tissues on
quantitation

It is widely known that the exact values of the chemical shifts are not only the
subject of the molecule configuration but also depend on the molecule’s environ-
ment [56]. Its changes can significantly influence the electronic clouds’ distribution
and, due to this, affect the chemical shifts [57-59]. Thus, for example, the temper-
ature dependence of certain peak positions enables temperature mapping on the
images [52, 58, 60], the pH-dependence [56, 61, 62] gives a possibility to analyse
acidity maps [63]. This dependence, which is a subject of interest of this work,
can be simply demonstrated by providing several MR scans of the solution of the
same substance at different pH values in the sample (similar works [61, 64]). A
0.1M solution of citric acid in DO was taken at five different fixed pH values.
The pH of the sample was modified by adding a sodium hydroxyde D,O solu-
tion. The acidity was measured by a voltmetric pH-meter HI9025 (pH-diapason
1.00..14.00, err.£+0.01pH) calibrated by 1 point calibration on 7.01 pH buffer so-
lution (HI 70007). The solution temperature was 24.940.1°C. The spectra were
obtained on a Bruker-DRX300 spectrometer (300MHz). The dependence of the
absolute peak positions is easily seen in Fig. 1.13. Also, the changes of the dis-
tances A between the peaks as a function of the pH-factor are evident. Moreover,
the spectra show the redistribution of the peak intensities as a consequence of
strongly-coupled protons. These data are presented in Tab. 1.4.

pH 9.47 6.21 5.00 3.40 2.26
Amplitudes a.u. | 244 :1([240:1(222:1]1.82:1|167:1
Ratio 2.44 24 2.21 1.82 1.66

Table 1.4: Relative values of peak’s amplitudes in doublets of citric acid 'H NMR
spectrum respectively to environment acidity.

Environment influences the HRMAS spectra significantly and ham-
pers the accurate quantitation. Basis sets simulated at certain conditions
can be inappropriate for the quantitation of spectra obtained at other conditions
[51, 65]. The spectra of the same tissue obtained at different conditions are pre-
sented in Fig. 1.14.

Whereas the temperature changes are usually easy controllable (e.g. the “tempe
rature-at-acquisition” value is usually saved in the signal data file [66]), the pH
value is rarely known. The acidity of the sample can differ accordingly to tissue of
the sample, state of the tissue, temperature itself and others. This dependence can
not be described in general case; however it can either be known from the prior
knowledge (titration curves) or be predicted by quantum chemistry calculations.
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Figure 1.13: 'H NMR spectrum of citric acid solution at different pH-factors.
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Figure 1.14: Zoom in in the regions of interest of seven HRMAS NMR spectra
of the brain tissue affected to oligodendroglioma obtained at same temperature
conditions.

For example, the software package ACD Labs [67] enables prediction of NMR spec-
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tra and even certain influences of the environment acidity can be provided such
as absolutely negatively ionized, neutral or protonized molecule of the substance
can be investigated (an example of HNMR-spectra for lactic acid estimation is
presented in Fig. 1.15).

@
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Figure 1.15: An example of 'H NMR-spectrum estimation by ACD Labs HNMR-
Pro [67] software as an overlap of the signals of a neutral and a deprotonized
molecule of lactic acid at 500MHz.

Unfortunately, these investigations are not enough to predict peak positions
with enough accuracy because the dependences are not linear [56] and their ana-
lytical functions are not known.

The common values for the peak position variations were obtained during the
investigation of the series of spectra of human brain biopsies of oligodendroglioma
tumors. Specific attention was paid to the Creatine (see Tab. 1.5) and Lactate
peaks.

# Peak position Distance, ppm
Right, ppm | Left, ppm
1 3.873 2.97 0.90304
2 3.9145 3.0088 0.90565
3 3.9116 3.0062 0.90539
4 3.9139 3.0081 0.90573
5 3.9196 3.0145 0.90513
6 3.922 3.016 0.90599
7 3.9218 3.0163 0.90547
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8 3.9233 3.0175 0.90573
9 3.924 3.0181 0.90591
10 3.9226 3.017 0.90556
11 3.9072 3.0021 0.90513
12 3.9167 3.0094 0.90721
13 3.9112 3.0059 0.9053
14 3.9169 3.0107 0.90626
15 3.9175 3.0117 0.90582
16 3.9114 3.0058 0.90565
17 3.922 3.0169 0.90513
18 3.9151 3.0097 0.90539
19 3.9245 3.019 0.90547
20 3.9239 3.0186 0.9053
21 3.9218 3.016 0.90573
22 3.9223 3.0167 0.90556
23 3.9207 3.0146 0.90617
24 3.9216 3.0164 0.90521
25 3.9236 3.018 0.90556
26 3.9169 3.0113 0.90565
27 3.9248 3.0191 0.90573
28 3.919 3.0141 0.90487
29 3.928 3.0225 0.90556
30 3.9168 3.0109 0.90591
31 3.9238 3.018 0.90582
32 3.9185 3.013 0.90547
33 3.919 3.0136 0.90539

Table 1.5: Creatine peak positions and distances between
the peaks for a series of spectra from human brain biop-
sies with oligodendroglioma.



Chapter 2

Speed-up of NMR Quantum
Mechanics simulations

2.1 Overview of the methods

The simulation procedure has significant computing times for the systems having
a large number of spins. What is important, is that the computing time increases
not linearly but exponentially as a function of the spin number Ngpying:

t oc 22Nspins (2.1.1)

Certainly, the fact that independent simulations of n- and m-spin systems re-
quire less time than the simulation of (n + m)-spin system raises the idea to find
ways to split a spin system before the simulation of its NMR signal. Evidently,
not all the molecules can be subject to such action. The majority of common
brain metabolites has “dense” spectra (in the peak position sense) and must be
simulated as entire spin systems. However some others present independent spin
sub-structures (Creatine, Choline), either without 'H-coupling between their ele-
ments (GPC), or with groups for which the weak-coupling approximation is appli-
cable (Glucoses, Threonine). For such systems, there are some ways to optimize
the signal simulation. This will be discussed in the following sections, starting
from the simple decomposition and advancing to the uncoupling possibilities with
a discussion about the gains of computing time, obtained by implementing these
methods.

2.2 Decomposition

Analyzing different spin-systems, one can notice that in some molecular structures
there are independent proton groups or even independent sub-systems. In this case,
there is no necessity of putting all the spin-system in one Hamiltonian. One may
just independently proceed the respective parts of the system into the simulation
algorithm and simply add the output signals. A simple recursive algorithm has
been developed for this procedure:

37
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e setting initial component-ID for each group to 0,

e starting from the first spin, the component identifier binds all spins which
have non-zero J-coupling value to the processed spin; then the procedure is
recursively applied for all of mentioned spins (end condition for recursion:

current spin is only coupled to the spins already marked as non-zero),

e repeating the previous step in the loop of counter component-ID,

e rearranging the processed system by constructing new spin systems, each
one with the same component-ID value.

For example, for the phantom spin system, presented in Tab. 2.1, the algorithm
separates it as it is presented in Tab. 2.2 and returns Tab. 2.3.

Table 2.1: A phantom spin structure with particularly coupled spins.

o, ppm | Multiplicity J-coupling, Hz
1.00 1 0.0 [ 12.0] 0.0 | 0.0 | 0.0 | 0.0
2.00 2 120 0.0 | 0.0 [ 24.0] 0.0 | 0.0
3.00 1 0.0 { 0.0 | 0.0 | 0.0 | 0.0/ 36.0
4.00 2 0.0 {24.0] 0.0 | 0.0 | 0.0 | 0.0
5.00 1 0.0 | 0.0 | 0.0 | 0.0 | 0.0 0.0
6.00 2 0.0 | 0.0 | 36.0| 0.0 | 0.0 0.0

o, ppm | Multiplicity J-coupling, Hz
1.00 1 0.0 1201 0.0 | 0.0 ] 0.0 | 0.0
2.00 2 120 0.0 | 0.0 | 0.0 |24.0| 0.0
4.00 2 0.0 0.0 | 0.0 |00] 0.0 | 0.0
5.00 1 0.0 2401 0.0 | 0.0] 0.0 | 0.0

Table 2.2: The recursive assignment of the component-ID property to each spin.
Here, the component-ID is presented as grey color intensity.

o,ppm | M J, Hz
1.00 1 0 120 0
2.00 | 2 [12.0 0.0 24.0
5.00 1 0 240 O

Table 2.3: Results of the decomposition procedure:

systems.

o,ppm | M

J, Hz

o,ppm

J, Hz

4.00

0.0

three independent spin-

This simple procedure is expected to have negligibly small time costs in execu-
tion compared to the simulation algorithm. So the expected computing time gains
will be due to the decrease of the Hamiltonian size (in general, by a factor of two
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for every spin detachment). One of the important features of this algorithm is its
user independency. That means, firstly, that the small time cost enables to run
it for all the spin systems to be passed to the simulation, secondly, the absence
of any prior knowledge (initial values) needed for the algorithm to be executed.
In the nearest future it could be implemented in a release of the j]MRUI software
package.

Unfortunately, it should be noticed, that in its first form, the algorithm of
decomposition is applicable only to a few number of the common brain metabo-
lites. Creatine, Choline, Phosphoryl Choline, Glycerophosphoryl Choline [26] are
the more common ones (as brain metabolites) for which the algorithm provides
computing time gains. It is especially true due to the fact that Choline moieties
contain a nine-proton singlet which can not be separated in some implementations
of Quantum Mechanics simulations. If we consider this possibility of splitting,
we can obtain the time gains presented in Tab. 2.4. Despite the narrow field of

Metabolite Usual simulation (CA) | Decomposition 4+ Simulation | Ratio
Creatine 0.219 s 0.172 s 0.785
Choline 0.250 s 0.219 s 0.876

Phosphocholine 0.266 s 0.234 s 0.951
Glycerophosphocholine 2765.3 s 304.8 s 0.110

Table 2.4: Computing time costs for simulations with and without using the pro-
posed decomposition algorithm (CA: conventional approach).

its direct application, the method becomes important and absolutely necessary,
when being applied to previously fragmented systems, discussed in the following
section.

2.3 Splitting of spin-systems

2.3.1 “Buffering” effect

This section is devoted to the spin systems which have a specific property: a spin
(or the spins, or the spin groups) in the “middle of the chain of coupled spins” can
be considered as weakly coupled to each other. This is, for example, the case for
Glycerophosphorylcholine, a- and f—Glucoses, Valine etc. [26] at high fields.

Let us step by step explain this specificity. First, we will consider the phantom
spin structure presented in Tab. 2.5.

o, ppm | M J, Hz
A 3.00 1 0 1230 O
M| 2.00 312301 0 |120
X 1.00 1 0 [120| O

Table 2.5: An AM3X phantom parameters.

Important properties of the phantom are:
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e to be an AMX,
e to have AM and MX spins coupled,

e to have A and X spins uncoupled.

All the parameters in the example given in Tab. 2.5 are subject to these condi-
tions and are more or less real for a metabolite, investigated by 'H NMR. Values
of multiplicity are not principally important. In our investigation, we will keep
the groups of 2ppm and 3ppm at fixed positions and the position of the remaining
group (ox) will be variable (it is schematically marked by red color in Fig. 2.1).
In the following explanation, we will give the names A, M and X for the groups
from left to right (A — 3ppm, M — 2ppm, X — variable).

I M |

: X
JLJuk

4.00 3.80 3.60 3.40 3.20 3.00 2.80 2.60 2.40 2.20 2.00 1.80 1.60 1.40 1.20 1.00 0.80 0.60 0.40 ppm

Figure 2.1: Spectra of the phantom corresponding to the spin parameters given
in Tab. 2.5: blue — initial spectrum, red — group with variable position, green —
spectrum of the system after displacement of the variable group.

Let us investigate the changes of intensity distribution in the multiplets of
the fixed groups A and M (their “shapes”; in simple words) as a function of the
position of the variable group X. The simulation was set to move the X multiplet
along the frequency axis (ox €[0.4ppm..1.6ppm]N[2.4ppm..3.6ppm]). The 0.4ppm
area around the M-group is not taken under investigation to avoid AB structures.
The spectral region of the M-multiplet was assumed to be +0.15ppm and the sum
of absolute differences between the original and distorted spectra relatively to the
integral area under the spectrum in the window has been taken as a measure of
distortion.

The behaviour of the dependence is more or less as expected (Fig. 2.2). When
the difference between the chemical shifts of M and X is small, the system has
the behaviour of an AB-system, which significantly increases the relative error.
When moving X away from the investigated group, the system becomes less and
less coupled, decreasing the error. The zero-error point, observed on the red graph
and absent on the blue one is absolutely normal, because it corresponds to the
1ppm position of the X-group which transforms the system to exactly match the
initial one (Tab. 2.5).

There are no more important points in this investigation except the numerical
values of the error. We emphasize that they need to be remembered to be compared
with the analogous ones from the following simulation.
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Figure 2.2: Left: original (green) and distorted (red) spectra in the surroundings
of the 2ppm spectral group. Right: relative error between the spectra on left for
the increasing (blue) and decreasing (red) displacement of the X-group position.

Now we move to the same investigation for the A-group. Remember that the A-
spin is coupled to the second one (M) but has no proton-proton couplings with X.
The shape of graph (Fig. 2.3) is rather familiar, with one exception: it is impossible
to analyze the errors between the spectra when an additional group arrives in the
window of interest (factually, the tentative to do that will lead to relative error
of order n/(n + m) where n and m are the multiplicities of the respective groups,
which is much more than the investigated errors). So for the first analysis, the
region around the +1ppm position has been cut off. The picture in other regions is
already known. But the most important is the fact that, numerically, these errors
are more than one order less than for the “buffering” group.

Zoom in in the peaks at 3.0ppm 0.012 Relative error
A 1 0.01

] = 0.008
| «
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3.15 3.11 3.06 3.02 2.98 2.94 2.89 ppm 16 1.5 14 1.2 1.1 1.0 0.9 0.8 0.6 ppm

Figure 2.3: Left: original (green) and distorted (red) spectra in the surroundings
of the 3ppm spectral group. Right: relative error between the spectra on left for
the increasing (blue) and decreasing (red) displacement of the X-group position.

The intermediate conclusion is that in strongly coupled spin-systems with con-
secutive coupling, the middle groups have a “buffering” effect not allowing the
indirectly coupled spins to influence each other.
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2.3.2 Peak identification

It is not the same task that will be necessary for splitting algorithms (ch. “Op-
timization of the metabolites basis-sets”, sec. “Splitting of spectra”). For the
following work, we need the exact information of the belonging of each frequency,
returned by the simulation method, to a certain spin. This will be achieved in the
following way. As it is known, the Hamiltonian is a function of two sets of data:
chemical shifts and coupling constants. Furthermore, if the diagonal elements of
the matrix are dependent on the both of them, the non-diagonal elements are
either zeros, or linear combinations of the coupling terms only:

flo,J) 0 0 0
0 fle.d) f(J) ... 0
Aa =1 0 ) flo gy ... 0 (2.3.1)
T T T

For assumed AMX systems the values of non-diagonal elements are small rel-
atively to the diagonal ones. This leads to the fact that if one considers the
Hamiltonian for the same system but without couplings (Eq. 2.3.2) and runs a
diagonalization procedure for both of them, then the order of the eigenvalues cor-
responding to the respective diagonal elements will be the same in both data outputs.

flo,J) 0 0 0
0 f(o,J) 0 0
AaH =] 0 0 fle,J) ... 0 (2.3.2)
0 0 0 ... o)

Remembering, that the order of Hamiltonian construction is not random, but de-
pends on the order of reading input data, one can infer the correspondence between
eigenvalues and chemical shifts. That means, that each frequency, obtained as a
difference between the respective eigenvalues, can be interpreted as

V; = f(O'Z) —+ O(Jl..JN),’i = 1..Nfreq (233)

This enables to make a direct link between the frequency set and the input
chemical shift data set. For example: input data are presented in Tab. 2.6, the
algorithm output — in Tab. 2.7.

2.3.3 Pseudo-intensities

The pseudo-intensities are the additional data set to be introduced in the simula-
tion procedure. By default, three data sets are needed to describe the behaviour of
a spin system during a one pulse NMR experiment: chemical shifts, group multi-
plicities and coupling constants. Now, knowing at which group a peak belongs, it
is helpful to introduce a parameter for the virtual spectral intensity of each group
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Resonance frequency = 1GHz
o,ppm | M J, Hz
1.00 | 1 0 |12.013.0
200 |1 ]120] 0 |230
3.00 | 1]13.0(230] O

Table 2.6: An example spin system to be simulated by Quantum Mechanics with
the conventional approach, at 1000MHz.

Frequency | Amplitude | Group
-3.0182 0.0002 3
-2.0174 0.0003
-1.0124 0.0003
-1.9944 0.0002
-0.9994 0.0003
0.0003 0.0000
-2.9952 0.0003
-2.0002 0.0000
-1.0004 0.0002
-4.0001 0.0000
-3.0052 0.0002
-2.0054 0.0003
-0.9874 0.0002
-1.9824 0.0002
-2.9822 0.0003

WIN N WO RN W O NN

Table 2.7: Output of the simulation procedure. The last column shows the spin
group which produces the peak of the respective frequency.

called in the following “pseudo-intensity”. Omne should note, that for uncoupled
spin systems this factor is identical to the multiplicity parameter (see the exam-
ple given in Tab. 2.8). However, for the systems with coupled spins, multiplicity
and pseudo-intensity have different physical meanings: multiplicity is an integer
(strictly) and it changes the intensity distribution within the multiplets, while
pseudo-intensity can be fractional and it corresponds to the total intensity of the
spin group signal (see Tab. 2.9). In other words: multiplicity of a group influences
its signal but also splits the signals of neighbour groups; pseudo-intensity does only
change the intensity of the signal of a certain group but it does not split the
signals of neighbour groups into multiplets. This is illustrated in Tab. 2.8 and
Tab. 2.9.

In Tab. 2.8 an uncoupled spin system is presented. The vector of pseudo-
intensities (denoted as “I”) is added into the simulation. One sees that changes
of the multiplicities have the same effect as the changes of the pseudo-intensities
— both spectra are the same. In Tab. 2.9, another spin system is presented. The
chemical shifts are the same as in the system described in Tab. 2.8 but the spin
groups are coupled (Ji2 = 10Hz). Changes of the multiplicities give an effect of
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splitting (in the figure on the left, the multiplets in the spectrum are split in ac-
curate correspondance to the A3Xy system) but the changes of pseudo-intensities
influences the peak amplitude only (in the figure on the right the spectrum corre-
sponds to the AX system).

o,ppm | M | I J, Hz o,ppm | M | I J, Hz
3.02 311 0 ]0.0 3.02 1131 0 100
3.92 211(00] O 3.92 112100] 0
3000: : @ 3000

2500 1 2500
2000 1 2000
1500 - 1 1500

1000 1 1000

500 ‘ 1 500 Jt L’
0 G . R 0 . . L

4.10 3.80 3.50 320 4.10 3.80 3.50 3.20

Table 2.8: Identity of pseudo-intensity and multiplicity for uncoupled spin systems.

o.ppm | M | I J, Hz oppm | M | I J, Hz

3.02 311 0 |10.0 3.02 113 0 |10.0

3.92 2 111100] 0 3.92 112100 O
jJJJL ' U _

Table 2.9: Different physical meanings of the pseudo-intensity and multiplicity for
coupled spin systems.

Both of these facts will be used in following algorithm implementation.

2.3.4 Fragmentation procedure. The kernel

Let us consider an hypothetical molecule with a CH-R chain. The chemical struc-
ture is totally unimportant for the following explanation. The important fact is
the consecutive couplings between the set of nuclei in the molecule (Fig. 2.4, top):

Jij = 0for i —j| #1 (2.3.4)

Assuming the general case (01 # 09 # 03 # 09 # 05, J1o # Joz # J34 # Ju5)
one can guess the spectrum of the molecule (Fig. 2.4, bottom).
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Figure 2.4: A coupled spin structure (chain) and its corresponding spectrum.

Specific attention will be paid to the third group marked in red. This is the
chosen key point of the fragmentation procedure. Remember that (see subsection
“Buffering effect”) due to its position in the structure it “buffers” the coupling
effects, thus separating the molecule in two almost independent structures. All
the peaks (and sets of frequencies and amplitudes) belonging to this group can be
inferred.

Let us present the same data in the usual way (Tab. 2.10):

| Chemical Shift | Multiplicity || J-couplings |
(o] 1 0 J 12 0 0 0
09 1 J 12 0 J 23 0 0
03 1 0 J 23 0 J 34 0
(o] 1 0 0 J 34 0 J 45
log3 1 0 0 0 |Jss| O

Table 2.10: The coupled spin system shown in Fig. 2.4. o-J-representation.

The kernel of the fragmentation procedure (which is always run relatively to a
precise spin, so-called “key spin”) is to split the structure in three substructures:

e the “left” part — from the very beginning of the chain to the key spin,
e the middle part, consisting of the key spin and all the spins coupled with it,
e and the “right” part — from the key spin to the very end of the chain.

Schematically it is represented in Fig. 2.5. Firstly, the pseudo-intensity prop-
erty, introduced in the previous subsection, will be used. Certainly, one must not
have more than one contribution to the signal from the “copied” proton groups.
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Figure 2.5: Representation of the coupled spins in the initial chain and its sub-
chains.

In Fig. 2.5, these extra groups are repeated and are marked with white. Their
pseudo-intensities were set to zero. Those groups, which are left with intensity of
1, conserve their colors.

Let us make some conclusions at this step:

e the total number of spins in the system is conserved,
e no any additional links were created,
e the couplings are not changed for all the spins that have non-zero intensity.

The table representation can be seen in Tab. 2.11.

| Chemical Shift | Multiplicity | Intensity || J-couplings

Table 2.11: Fragmented spin system, ready to be decomposed.

The under-diagonal part of the coupling matrix is never considered due to the
symmetry. Here it is presented filled for reader’s convenience. The row colors are
introduced to show the independent groups for future decomposition. Notice that
the last two rows in the list above are the most important. As it was shown in
Tab. 2.9, changing the pseudo-intensity of the group does not change the intensity
distribution within the multiplet. That means, for this example, that the spins 2,
3 and 4 still behave as being coupled to their respective neighbours, despite the
zero-intensity peaks, produced by some of them.
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CS|M|I J CS|M|I J CS|M|I J

op 1 1 0 Jip| O og | 1| 1] 0 | Jgs5 | Jas
09 1 1 J12 0 J23 05 1 1 J45 0 0
03 1 0 0 J23 0 03 1 0 J34 0 0

Table 2.12: Fragmented and decomposed spin system to be passed to a Quantum
Mechanical simulation procedure (Here, “CS” means “chemical shifts”).

The last step before the simulation is to recognize the system as three inde-
pendent spin systems which is done by the decomposition algorithm. The result
is presented in Tab. 2.12.

The computing time gains, even for this simple example, are evident: the
Hamiltonian size for the coupled structure is 2°, so the matrix has 32x32 = 1K el-
ements and the simulation algorithm provides a signal comprising 210 frequencies,
while after the fragmentation procedure three 8x8 matrices (192 elements each)
return 55 frequencies (165 in total), many of them have zero intensity.

2.4 Results

This method provides advantages for more than four-spin systems. Simply, because
the minimum possible output of the procedure is three systems of 2-3-2 spins,
which, in time-costs resources, are equivalent to 2* + 2% 4+ 2* = 96 Hamiltonian
elements plus 4 + 14 + 4 = 22 frequencies. The four-spin general Hamiltonian has
16 x 16 = 256 Hamiltonian elements and produces 55 frequencies. The comparative
computing time costs are presented on p. 82.

For the five-spin systems computing time gains are evident, so let us consider
the accuracy of the simulation. In all the following simulations all the frequency-
amplitude pairs returned by the simulation method are considered for the signal
construction.

2.4.1 Phantoms

First tests are set on phantoms. The general conditions were to mimick an HRMAS
experiment. A spin system is presented in Tab. 2.13. The transmitter frequency
was chosen to 500Mhz. The apodization factor was set to 4Hz.

| | Chemical Shift, ppm | Multiplicity || J-couplings, Hz |

1 1 0[2]0(010

A 2 1 2100141010
B.M 3 1 0(4|10]6/0
X 4 1 0/0]6]0|8
5) 1 0/0]0([8]0

Table 2.13: A coupled spin system. o-J-representation.
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AMX spin system

The third spin has a frequency variable from 2.2 ppm to 3.8 ppm (marked with
red in Fig. 2.6). The goal of the simulation was to compute the relative errors and
correlation changes between the exact simulated signal and the signal, simulated
after fragmentation of the spin system at KeySpin = 3 with respect to the relative
group positions. Results can be seen in Fig. 2.6.

Blue - exact simulation; Green - simulation after fragmentation
1000 \ \ \ \ \ \ \ \ \ \ \ \ \
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Figure 2.6: Error dependence for the AMX spectrum as a function of the M-group

position.

The graphs are not symmetrical with respect to the point at 3 ppm, as ex-
pected. Despite the equal differences between the chemical shifts of the groups,
their coupling constants are not equal, which makes the 4 ppm group showing
an AB-behaviour when the moving group approaches 4 ppm. Important are the
numerical values, which show negligibly small differences between the signals sim-
ulated with and without fragmentation. The relative error does not exceed 0.05%
in a 0.8ppm interval. Zoom in in the [2.5pmm..3.3ppm]| interval is presented in
Fig. 2.7.

Error, a.u.
N
T |
Q A
|

2.51 2.59 2.67 275 2.83 291 2.99 3.07 3.15 3.23
M-group position, ppm

Figure 2.7: Zoom in in the [2.5pmm..3.3ppm]| interval of the Fig. 2.6.

ABX spin system

The next investigation is the influence of the fragmentation procedure on the
quality of simulation of an ABX spin system, fragmented at A point. For this, the
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spin system from Tab. 2.13 was simulated at different (from 3.8ppm to 4.2ppm)
positions of the third group with a fragmentation at the second one. Results are
presented in Fig. 2.8.

Blue - exact simulation; Green - simulation after fragmentation

400—
200— l —
0 | | | \m m | | | | | | | | | | | |

5.50 5.25 5.00 4.75 4.50 4.25 4.00 3.75 3.50 3.25 3.00 2.75 2.50 2.25 2.00 1.75 1.50 1.25 1.00 0.75

L
3,80 3.84 3.88 3.92 3. 4.08 412 4.16

'%B-group p%jgition, ppm4'04
Figure 2.8: Simulation error dependence for the ABX spectrum as a function
of the B group position. Top: blue — spectrum simulated with QM conventional
approach, green — spectrum simulated after the spin system fragmentation; middle:
correlation between the two simulated signals as a function of the B group position;
bottom — error obtained as the sum of squares of differences between the two
simulated signals as a function of the B group position.

The relative error is below one percent for the distances between the groups
larger than 0.1ppm (see Fig. 2.9).

0.01p7
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%.80 3.84 3.88 3.92 3.96 4.00 4.04 4.08 412 416
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Figure 2.9: Zoom in in the [0..1%] interval of the relative simulation error given in
the Fig. 2.8.

2.4.2 Metabolites

Our fragmentation method is then applied to spectrum simulation of metabolite
spin-systems that are the subject of this work. Spectra were simulated twice: with
and without fragmentation using the same Quantum Mechanics method. Initially
all the simulations were done using the chemical shifts and J-coupling data from
[26] at a magnetic field strength of 11.7T. For each simulation the computing time
was recorded. Results are presented in Tab. 2.14, where the column “1-Corr”
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represents the difference between 1 and the cross correlation of the two signals
which, in its turn, is:

N

Corr(Sy, Sy) = ) S1(i)Sa(i).

i=1

Metabolite W 1 — Corr t1,s | ta, s | Ratio
Cho 4.723e-013 | 2.220e-016 | 0.453 | 0.172 | 2.632
PhC 3.391e-013 | 0.000e4-000 | 0.359 | 0.157 | 2.288
Gly 5.898e-002 | 5.299e-004 | 0.421 | 0.797 | 0.528
Myo 5.359e-002 | 4.718e-004 | 1.610 | 0.390 | 4.132
Val 5.881e-004 | 8.077e-008 | 39.78 | 44.95 | 0.885
a-Gl 6.172e-002 | 8.316e-004 | 6.703 | 0.359 | 18.52
B8-Gl 5.626e-002 | 5.696e-004 | 6.594 | 0.328 | 20.10
GPC 1.477e-001 | 2.366e-003 | 2879 | 11.51 | 250.1

(2.4.1)

Table 2.14: Comparison between accuracies and computing time costs for the
simulation of main brain metabolites. ¢; corresponds to the exact simulation with
the conventional Quantum Mechanics approach; t, — to the simulation with the
fragmentation procedure.

A

Figure 2.10: Glycero Phosphoryl Choline spectra: red — simulated with the con-
ventional approach (2800 s), blue — simulated with the conventional approach after
fragmentation (12 s).

The region of interest of GPC-spectrum (chosen as the worst in terms of accu-
racy) is presented in Fig. 2.10. Analyzing the data in the Tab. 2.14 one sees some
points of attention. In the first two lines the errors between the simulations seem
to be quite small. It is due to a specific case of the procedure implementation.
Choline and phosphocholine have no spins convenient for the fragmentation. That
means, that the fragmentation procedure executes only its last step — decompo-
sition. As we already know, these metabolites are decomposable, so the results,
obtained here, are more or less the same that the results seen in Tab. 2.4. Numer-
ically they correspond to two different algorithm implementations used in the first
and the present cases.

Other interesting results are those, where despite of using fragmentation meth-
ods, we observe an increase of computing time costs. The reason of this is masked
in the scheme of coupling bounds in the structure. For example, Glycerol decom-
position is schematically presented in Fig. 2.11.
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Figure 2.11: Glycerol fragmentation.

Execution of the fragmentation procedure for the Glycerol spin system did not
decrease the number of spins in the largest structure. In other words, we added
two new three-spin structures without gaining anything. Another time consuming
aspect of the same origin is observed with Valine. So, the implementation of the
fragmentation on these systems was totally senseless.
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Figure 2.12: GlyceroPhosphoCholine spin system fragmentation.

Despite this Glycerol example, the fragmentation of Glycerophosphocholine is
still profitable. This can be understood after taking a look at Fig. 2.12. The ne-
cessity of fragmentation at point “6” is clear: the 10-spin structure (=~ 1 million
Hamiltonian elements) is transformed into three structures with a maximum of 7
spins. But the first of them should be fragmented too (at point “3”) to decrease
the maximum spin number to 6 (4K elements). This last step is not absolutely
necessary, because it is an issue of quality /speed ratio. Values of errors and com-
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puting time gain for the last fragmentation are presented in Tab. 2.14. In case
of the fragmentation only at point “6” one obtains 14.9s as the simulation time,
1.369 - 107! as the integral relative error, and (1 — 5.45 - 107°) as the correlation
value.

Choosing from the list in Tab. 2.14 the metabolites, for which the method is
appropriate (Myoinositol, a-Glucose, S-Glucose) we can estimate the error depen-
dence on the By field. Respective graphs are represented in Fig. 2.13.
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Figure 2.13: Errors and correlations, induced by the fragmentation method, as a
function of the transmitter frequency.

Myoinositol is a cyclic compound (as in chemical sense as in coupling one).
This means that fragmentation must be done in more than one point (otherwise
one will only cut the ring but increase the total number of coupled spins). It
is rather logic to choose the KeySpins at opposite sides of the ring, and for the
provided simulations the most distanced (in spectral sense) groups at 4.04ppm and
3.26ppm were chosen.

For both Glucoses, the choice of the fragmentation point on the triplet at
3.38ppm (4th group selon Govindaraju et al.[26] interpretation) is natural.
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2.4.3 Implementation details

The method was firstly implemented as MATLAB code, including all the steps
and basing the simulation on a matrix multiplication procedure (creation of the
Hamiltonian from the Pauli matrices, calculation of the transition operators). This
implementation enables to work out the pseudo-intensity parameters of the spins,
but is slow in comparison to the compiled programs.

The conventional approach simulation, done by A.-R.Allouche as a part of his
Gabedit software [68], implemented in C, was used initially to do the fragmenta-
tion. But this implementation does not return the data of peak belongings to the
groups. For the following analysis, use of MATLAB matrix realization is suggested.

It must be noticed that both described simulations are dedicated to get the
signals as a response of the one pulse NMR sequence. But the simulations of NMR
signals for more complicated sequences are also possible. One of the softwares,
enabling to proceed different pulse sequences, has been mentioned already and is
part of JMRUI package [52].

It is interesting that the current implementation of simulation by the Baker-
Campbell-Hausdoff (BCH) formalism [69], implemented in jJMRUI, has a vector
of multiplicity values for a simulated spin system. In fact, the definition used in
NMR-SCOPE corresponds to the pseudo-intensity previously described.
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Chapter 3

Optimization of metabolite
basis-sets based on Signal
Processing

3.1 Introduction

The problem caused by chemical shift dependence on the environment being obvi-
ous, we will present in details the different methods of corrections of mismatches
between the investigated spectrum and the spectra from the basis sets used for
quantitation. Two simple methods — stretching/shrinking and splitting — will be
first discussed. Their advantages and limitations will be established and discussed.
It will be shown that using any of these methods leads to some spectrum shape
distortions and corrupts the correct metabolite fingerprints. In chapter 4, a new
method, based on the Quantum Mechanics conventional approach will be intro-
duced. The latter method, despite the important computation time costs, is the
only method which respects the correct metabolite fingerprints.

3.2 Stretching/Shrinking

If one needs to scale the time representation of a signal by a factor a, one needs
to scale its spectral representation with the reciprocal factor 1/a:

flat) = ﬁF(w/a) (3.:2.1)
where f and F signifies the function in the time domain and its Fourier transform
respectively.

This time scaling property of the Fourier transform leads us to the idea to cor-
rect the spectrum mismatches by resimulation of the simulated basis-set spectra,
used for quantitation, with another sampling interval. However, if the metabolite
basis-set spectra, used for quantitation, are not simulated but acquired, this ac-
tion is not possible anymore. To solve the problem of basis set optimization in this
case, the stretching/shrinking method, based on the artificial signal resampling,

95
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was introduced. Stretching/shrinking was proposed as a simply way to correct
for the mismatches between the peak positions of the signal to be quantified and
the metabolite basis-set signals. Starting from the method QUEST presented in
(1.4.1), we propose to modify the metabolite basis-set signals 2™, sensitive to pH
changes, by just slightly stretching/shrinking (expansion/contraction) the corre-
sponding spectrum. This is justified by the fact that to first order approximation
a change of pH can produce a linear change of the width of the spectrum of a
metabolite of an AB and AX system. Stretching/shrinking can easily be done by
introducing a frequency scaling parameter r,, and by directly using the inverse
scale change of the 2} time-domain signals (frequency scale expansion results in
contraction of the time scale and vice versa). This avoids splitting of the metabo-
lite basis-set signals of given metabolites into basis sub-components according to
chemical groups and adding appropriate constraints (prior knowledge) to the pa-
rameters of the groups. Either k,, can be estimated prior to quantitation by
maximizing the correlation between the ex vivo signal and 2™ or by introducing
Km in the quantitation procedure. In the Fig. 3.1 a schematic image of stretching
for lactate spectrum is presented. In the example the extremely (pH=1) distorted
(respectively to the normal one, pH~T7) Lactate spectrum was matched to the
positions of the respective peaks of a human oligodendroglioma biopsy spectrum.

Figure 3.1: Matching of a simulated spectrum of lactic acid (blue) to the respective

peaks in an acquired spectrum of a human oligodendroglioma biopsy spectrum
(red).

Stretching/shrinking is well suited to improve quantitation of AX spin sys-
tems like lactate, Creatine, Ethanolamine, etc.. But, despite the simplicity of the
method, there are some points of attention in its implementation which will be
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discussed below.

3.2.1 Interpolation

To implement the stretching method, numerous out-of-sample values of the signal
are necessary. The necessity of the approximation forces us to use a method of
interpolation. Three different algorithms of interpolation were investigated and
tested to choose the optimal one for the implementation in the stretching algo-
rithm:

e Linear interpolation
e Cubic-spline interpolation

e FEF'T-interpolation

Linear interpolation

Linear interpolation [70] is the simplest (after the nearest-neighbour interpolation)
method of interpolation. Using

f(551) - f(%)

f(@) = f(xo) + (z — o) (3.2.2)
1 — X
the error is bounded by
2
1Byl < L0 e (o) (3.2.3)
zo<z<z1

which shows the major dependence on the expected second derivative of the inter-
polated function which, in turn, makes clear the fact that the more “curved” the
function is, the worse are the approximations made with simple linear interpola-
tion.

Cubic-spline interpolation

Interpolation using natural cubic spline [71, 72] can be defined as

Zig1(r — 23)° + zi(2i41 — 1)° i h; i Dy
Si(z) = 1 ) 6h, (i1 ) —|—<yhtl - €2i+1> (:C—xz)-l-(fyb—l - Ezz) (Tiy1—1)
(3.2.4)

where

The coefficients z; can be found by solving this system of equations:

Z():O

hi_lzi_l + Q(hi_l + h,)zz + hizi“ =6 (lyi—Hh_ Ji - gi ]; yi_l) ,i = 1, o.on—1
1 i—1

zp, =10
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The error for this interpolation depends on the fourth derivative of the inter-
polated function and could be bounded as

B < 517 (327)

for the natural spline interpolation and has the same order but five time less

E(t TV n? 3.2.8
)] < g7l 7 (328)
for cubic Hermite splines [73], where ||f|| is the infinity norm of a function f :

R — R over an interval [a, b] is defined as

||f||oo,[a,b] = max |f(2)| (329)
i€la,b]

But, as it was presented by Ron [74], even with the assumption that evaluating
the derivative is at least as costly as evaluating the function, we obtain that finding
cubic Hermite splines over N subintervals is twice more expensive than finding
cubic splines. That means that looking at time costs of the algorithm, we may
choose at least twice more point cubic splines as we use for cubic Hermite splines
for the same time cost. So, the normalized accuracy will be:

Bl = ) (B) = By (3.2.10)
384 5] T 16-334 -

Thus, the fact that 5/16 < 1 enables us not to take cubic Hermitic splines for our
calculations.

Trigonometric interpolation

Taking into consideration that NMR signals are more or less periodic it seems
rather logical to look for specific interpolation. That is why the fast Fourier trans-
form interpolation [75] was studied. A trigonometric polynomial of degree n has
the form

p(x) = ap + Z A cOS(Ma) + Z by, sin(ma). (3.2.11)
m=1 m=1

This expression contains 2n + 1 coefficients, ag, aq, ..., a,, b1, ..., b, and we wish to
compute those coefficients so that the function passes through N points:

p(rg) =yp, k=1,...,N. (3.2.12)

Since the trigonometric polynomial is periodic with period 27, it makes sense to
assume that
0<z <20 <---<2xN <27 (3.2.13)

The interpolation problem is now to find coefficients such that the trigonometric
polynomial p satisfies the interpolation conditions.
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Under the above conditions, there exists a solution to the problem for any
given set of data points {xy, p(x)} as long as N, the number of data points, is
not larger than the number of coefficients in the polynomial, i.e., N < 2n + 1
(a solution may or may not exist if V > 2n + 1 depending on the particular set
of data points). Moreover, the interpolating polynomial is unique if and only if
the number of adjustable coefficients is equal to the number of data points, i.e.,
N =2n+1.

The solution can be written in a form similar to the Lagrange formula for
polynomial interpolation:

2n+1 2TL+1 Sin %(m o .’L'm)

p)=>w [ — e (3.2.14)

k=1 m=1,m#k

This can be shown to be a trigonometric polynomial by employing the multiple-
angle formula and other identities for sin §(z — z,).

Comparison

These three methods of interpolation were studied respectively in terms of accuracy
and time of execution.
The steps of the study were:

e to simulate a very accurate signal,
e to simulate a low-resolved signal,
e to interpolate the second signal to the number of points in the first one,

e to look at the difference between the original and interpolated signals and
consequently at the interpolation quality criterion.

A simulated signal was set up by the quantum mechanics conventional ap-
proach [5] of Hamiltonian with the Zeeman and spin-spin terms. The simulated
signal was the sum of signals with equal molar concentrations of the common cere-
bral metabolites (Cr, Lac, Ala, Myo, Asp) and the ethanol (Eth) often found as
a trace of the biopsy procedure. The simulation parameters were chosen to fit
usual HRMAS signals obtained at resonance frequency of 500MHz (magnetic field
11.9T), sampling interval 160msec, damping factor 4s~!. The number of points
of the signal was chosen equal to 256k to consider this signal as an ideal signal.
For the interpolated signal much more lower number of points was chosen start-
ing from 8k (to subject the signal to the Nyquist criterion [76] for the highest
peak frequencies). Typical results of these interpolations using built-in MATLAB
functions are presented in Fig. 3.2.

3.2.2 Time- or frequency-domain

The subsequent idea was to investigate which domain would be better to process
a signal. There are two points of attention here to be taken into account. Firstly,



60 CHAPTER 3. SIGNAL PROCESSING BASIS-SET OPTIMIZATION

x10°
25

0
4.20 4.00 3.80 3.40 3.20 3.00 2.80 2.60 2.40 2.20 2.00 1.80 1.60 1.40 1.20

Time = 0.17231 sec., Err = 8.80e+005

Linear

Cubic Spline

TN

4.20 4.00 3.80 3.60 3.40 3.20 3.00 2.80 2.60 2.40 2.20 2.00 1.80 1.60 1.40 1.20
Time = 0.273 sec., Err = 1.35e+005
x 10°
25
2 |
® 15 —
=
3
£ 1 *
N JJ\ Jh JL JJL ]
0 | e | | T ] | | | | | |
4.20 4.00 3.80 3.60 3.40 3.20 3.00 2.80 2.60 2.40 2.20 2.00 1.80 1.60 1.40 1.20

Time = 0.078429 sec., Err = 1.11e+006

Figure 3.2: Spectra, times of execution and relative errors for different types of
interpolation applied to a simulated HRMAS-spectrum (500MHz).

it is more or less logical to test the interpolation methods applied to the FFT of
the signals, because the spectrum of a simulated signal approaches zero for the
majority of the bandwidth:
arf
—f ~0,n=0,1,2,... for W =>> wo,

o W << Wy (3.2.15)

which undergoes the condition 3.2.3 of the error minimization (here, wy signifies a
peak position).

Secondly, it is easily seen that if for the expansion (in time-domain) procedure
we have some redundant points which can be simply cut off, the contraction action
will lead to an undetermined region of the signal. This fact is clearly represented
in the Fig. 3.3.

A signal of about 14000 points was simulated for a Lactate sample with usual
HRMAS parameters (500MHz, ¢,=0.16ms, a=-4Hz). Subsequently, a contration
procedure was applied with a stretching ratio of 0.999. The cubic-spline algorithm
was used for the interpolation. Fig. 3.3 clearly shows the ambiguity of the sig-
nal extrapolation for the last points in this case as a consequence of the cubic
interpolation (the last “sine oscillation” is prolongated by a cubic polynomial).
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Figure 3.3: Ambiguity of the final pixels after application of the contraction proce-
dure. Blue — original phantom signal, red — a signal contracted with a ratio 0.999.
Last points’ behaviour is the consequence of a cubic-spline interpolation.

Certainly, this artefact will have influence on the quantitation results. Simply,
it can be represented by the distortion of the spectrum (see Fig. 3.4).
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Figure 3.4: Distortion of the spectrum after applying the stretching procedure
(with cubic spline interpolation) with a ratio of 0.995. Note the appeared artefacts
easily seen in the bottom zoom in at right.
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This distortion can be decreased by using other processing methods applied
to the end of the FID signal. Firstly let us take into attention the fastest way
which is the zero filling for the non-determined part of a signal. The time- and
frequency-domain results of this procedure are presented in Fig. 3.5.
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Figure 3.5: Zero-filling method for decreasing the contraction effects: A) Lactic
acid phantom FID signal, B) Zoom in in the region of interest, C) Spectrum, D)
Zoom in in the region of interest of the spectrum. The zero-filling leads to the
spectrum distortion.

Also, rather satisfactory results can be obtained with leaving the undefined
part of a signal unchanged. This means that the last points of the shrinked FID
signal will be copied from the unstretched signal. The visual representation of this
procedure is shown in Fig. 3.6.

Now the same procedures will be applied in the frequency domain. As it was
noticed above, there are large “low-information” regions in the spectral domain.
Having executed the procedures one can simply notice the advantage of this im-
plementation. Computing times are more or less the same (that was expected
due to the same number of points in FID and its FFT). The execution of FFT-
interpolation is senseless in that case because, firstly, the spectrum is not periodic
and, secondly, the Fourier transformation has been already done so now the imple-

mentation of linear or cubic interpolation is already the fact of interpolating the
FID with the help of FFT.
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Figure 3.6: Conservation of the last points for the contraction procedure: A)
Simulated lactic acid signal, B) Zoom in in the region of interest, C) Spectrum,
D) Zoom in in the region of interest in the spectrum. Notice: the blue part at the
end of the signal is not “absent”; it is just exactly overlapped by the red one.

The only analysis which should be done is the error analysis for the interpo-
lation routine. As it was shown in 3.2.3 and in 3.2.7 the top limit of the error
depends on the “curvature” of the interpolated function for the linear interpola-
tion and on the fourth derivative for the cubic spline interpolation. Thus, now our
goal will be to compare the derivative values for the normal signal and its FFT.

3.2.3 FID cumulated error estimation

For the general representation of a free induction decay with “zero” initial condi-
tions (ty = 0, ¢o = 0)

f(t) = Aexp((iw — a)t) (3.2.16)

it is simple to calculate the derivatives with respect to t:
f"(t) = Aw — o) exp((w — a)t) (3.2.17)
FO ) = A(w — a)* exp((w — a)t) (3.2.18)

For the FID error calculations, we will assume that w >> « which is totally
natural for HR signals. In this case for the total error estimation, we can start
from one-period error calculation neglecting the decay function:
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1S

"
Eyn < 8||Th2T = 1o AT %2,
15791l iy S
Eeu < Wh‘*T = 120Ax* ¢!

where t, is the sampling interval, v is the frequency, T" - the period of signal.

The accurate derivations of formulae mentioned above and below are presented
in the Appendix.

Taking into consideration that the total acquisition time is N, - ¢, (where N, is
the number of points in the processed signal) one can derive the number of periods
during the acquisition

Nperiods = Np - ts - v (3.2.20)

which allows us to interpret the total error as

Nperiods
Ein < ) AT eV (3.2.21)
n=0
for linear interpolation and
Nperiods
Ee < Y 120An*v'tle™ (3.2.22)
n=0

for the cubic spline which can be respectively estimated assuming that n — oo
relatively to the scales of calculation:

Am?u3t2
200
Yotriy (3.2.23)
a

Ein <

Ecub X

3.2.4 Spectrum cumulated error estimation

Let us consider the FFT interpolation error calculation. However, here we do not
have a natural time interval to be considered as small one relatively to the other
parameters. So it will be chosen as dw — the element of spectral resolution — and
later used for integration.

As it was noticed in Eq. 1.4.2 the shape of the peak which results of FID Fourier
transform can be described as

fw) =2 <L> . (3.2.24)

T \w? + a?

which will be used to compute the needed derivatives:

¢f __ 24a ( L —1) (3.2.25)

de T (WQ —+ a2)2 w2 + 012
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(3.2.26)

d*f B 24 A 16w* 12uw? L
dw' 7 (w? +a?)® \(w? 4+ a2)?  w?+a?
Unfortunately, the obtained functions are too complicated to be integrated

analytically. But it can be shown that it is limited by the easily integrated function
f(w) with respective coefficients and powers:

d2

/ < 6/ w € (—00..00),
dw? w24 a? (3.2.27)
d*f 120 f o

dw*  (w? 4 a?)?

Graphically it is presented in Fig. 3.7. These functions are easily integrable (the

35

304

254

1 20]

Figure 3.7: Visual representation of the bounding of the derivatives (grey) of the
Lorentzian function superposed on the function itself (red). A) second derivative,
B) fourth derivative.

integrals are given in the Appendix):

[e.e]

6f 34

w? + a2 du A
- (3.2.28)

120f . _ 454

(w? + a?)? v ot

So, after multiplication by the respective coefficient for error calculations, we can
state that the integrated errors on the total bandwidth can be expressed as:

2
Elin < ML?
202N2E2
75 AT

8ol Nt

(3.2.29)

Ecub <

These calculations are presented in details in the Appendix.
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3.2.5 Error comparison

Actually, the last multiplication by the axis scaling parameter is a little redundant
because we are interested in the “whole-signal cumulated error” normalized to the
bandwidth. That means that the error results obtained for time-domain will be
normalized with respect to the decay time and the frequency-domain ones — to
the bandwidth respectively. To make it clear, these comparisons are represented
in Tab. 3.1.

Time domain | Frequency domain
: : : A7, “3AnZ_
Linear interpolation SN, 50 NZL2
. . . 20A7TA¢3 75 AT
Spline interpolation N, Bl NATE

Table 3.1: Comparison of the cumulated errors when using the linear and spline
interpolations procedures on a signal represented in time and frequency domains.

For linear interpolation (approximatively) the ratio between the respective er-

rors
Etp

FErp
is the criterion of preference of frequency domain for the algorithm implementation.
For common HR NMR signal parameters (v ~ 10%Hz, t, ~ 10™*s, a ~ 1Hz,N,, ~
10%) it leads to 10 > 1 which is true, so the selection of frequency domain is useful.
And for the natural cubic spline interpolation,

~ v*t2aN, > 1 (3.2.30)

Etp

FD

~viIa’ N < 1 (3.2.31)

gives an advantage for time domain processing. But, looking at the orders of the
compared values one can notice that this decision is not absolute and sometimes
can vary accordingly to the task.

3.2.6 Akima interpolation

One specific case for which this subsection is dedicated is the case of low-resolved
signal. Despite the fact that the “HR” in “HRMAS” has the meaning “high
resolution”, the low-resolution signals remain of interest. The point is that such
signals are highly resolved in physical sense but have lost their resolution after
certain signal processing operations (as, for example, cutting a certain number
of points). In this case it is extremely necessary to do a good interpolation to
restore the maximum information. And also, taking into consideration that the
frequency domain is chosen for signal processing, it will be very important to
find the interpolation algorithm avoiding the cubic-spline artefacts. The most
significant of them is the “oscillation” behaviour near the point for which the
value is rather different from the average value of the region (see Fig. 3.8, top).
That is why the Akima interpolation [77| must have our attention. In this
method the series of five consequtive points ([1..5]) are investigated. Firstly,
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the slope in the middle point is calculated from the four known linear slopes
(12,23, 34, 35):

b — |TR4 — ’I’I’L3|’ITLQ + |m2 — m1|m3

(3.2.32)
|y — mg| + [my — ma|

where m;, mo, ms, and my, are the slopes of the line segments 12, 23, 34 and 45,
respectively.

Then, for each pair of points, we express the curve between them using the
values of two ordinates and two slopes at the ends as a polynomial of, at most,
degree three. The polynomial, though uniquely determined, can be written in
several ways. As an example we shall give the following form:

y=po+pi(x — x1) + pox — 21)* + ps(z — 1)’ (3.2.33)
where
Po = Y1,
P11 = tl?
Y2—y1 B
pp— S 2T (3.2.34)
To — I
ty by — 28278 _op ¢,
P3 = 2o
(z9 — 11)?

Cubic spline interpolation
T

Akima interpolation

0 1 1
0 5 10 15

Figure 3.8: The cubic spline interpolation (top) in comparison to the Akima one
(bottom)(MATLAB realisation by Shamsundar [78]).

And, finally, at each end of the curve, two more points have to be estimated
from the given points. We assume for this purpose that the end point (x3,ys)
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A

KA
Figure 3.9: Visual representation of the stretching consequences: top — original
signal, bottom — signal to be fit(blue) and stretched signal(red)

"“ J(k-1)

and two adjacent given points (z,ys2) and (x1,y1), together with two more points
(4,ys4) and (x5, ys) to be estimated, lie on a curve expressed by

y=go+ g1(z — x3) + g2z — 23)?, (3.2.35)
where the ¢g’s are constants. Assuming that
Ts — T3 = Ty — Ty = Ty — T, (3.2.36)

we can determine the ordinates vy, and ys, corresponding to x4 and x5, respectively,
from Eq. 3.2.35. The results are

(s —ys) (a—ys) _ (a—ws) (s—w) _ (—1) @-—u) (3.2.37)

Ty — Ty Ty — I3 Ty4 — I3 T3 — TI9 T3 — T2 To — X1

The positive consequences of replacing the cubic spline interpolation by the
Akima one are easily seen on the examples with the outliers. An example of the
demonstrating interpolations is shown in Fig. 3.8, bottom.

3.2.7 Theoretical limits of the method

But, certainly, the method has some limitations in its implementation. They ap-
pear due to fact that small changes of chemical shifts do not induce changes of
J-coupling values. But the stretching/shrinking method changes the distances be-
tween the peaks in each multiplet. This makes certain limitations to the stretching
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values respectively to the J-coupling values and distances between the peaks. The
stretching coefficient can be defined as k = (A + ¢)/0, where A is the chemical
shift difference between two groups of spins, ¢ is the mismatch of the peaks to be
corrected. Mathematically the limitation can be expressed as

J(k—1) < a/2 (3.2.38)
or Ads
+ «Q
J|————1 — 3.2.39
(332-1) <3 (3239
for the general case. This expression can easily be simplified to
aA
— 2.4
0 < 57 (3.2.40)

Visually this effect is illustrated in the Fig. 3.9.
An analysis of matching this criterion for interesting metabolites has been
provided in Tab. 3.2.  All the calculations were done for a resonance frequency

AX- 5 5
Metabolite Spectrum distance, 77 | MO
Hz ppm

ppm

Alanine | b J . I ¥ 5 160 | 0.32
Aspartate | M . 109 31.3 | 0.063
Citrate : - — 0.13 4.1 0.008

Creatine 5 & & X 0.89 - -
Lactate | A . . . J |28 167 | 0.334

Table 3.2: Metabolites, well processed with the method. The limit of correction
was calculated for a resonance frequency of 500MHz and a damping factor of 2Hz.

of 500MHz and a damping factor of 2Hz. A remarkable point in this table is the
absence of any correction limit for the Creatine spectrum. The reason is very



70 CHAPTER 3. SIGNAL PROCESSING BASIS-SET OPTIMIZATION

simple: both groups of protons of Creatine produce singlets but not multiplets.
So there is no distortion of the spectrum because of stretching. To be strict, we
must notice that there is still a limitation of stretching for such types of spectra,
related to possible peak shape distortion. Being stretched too much the signal
will feel artificial damping factor changes. Fortunately, the stretching parameter,
needed to make this effect considerable, is too large and thus is not a subject of
investigation.

3.3 Splitting of spectra

Splitting of spectra, as method of correction, is evident. It is based on splitting
of the spectrum in independent parts that can be moved independently along the
frequency axis. This method has also numerous advantages for the correction of
spectra consisting of more than two multiplets. It has not the disadvantages of
multiplet shape distortion due to stretching/shrinking discussed previously and
presented in table 3.2.

There are different methods for signal decomposition. The main task now will
be to split automatically the spectrum in different groups and to determine the
belonging of the peaks to a certain group.

3.3.1 Group selection

Because of the discrete nature of spectra and assuming Lorentzian lineshapes,
we had to introduce the parameter d (see Fig. 3.10) greater than the half-height
linewidth of peaks in order to not lose peak area when delimiting a peak. The
normalized error between the total area and the integral on the interval [—d; d] of
a peak area as a function of d is given in Fig. 3.11.

A

d d

Figure 3.10: Lorentzian function with its linewidth and limits of integration pre-
sented.

For the following investigation this function will sometimes be read as the
inverse: we will know the necessary peak size d as a function of the desired accuracy
of the peak selection (:
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Figure 3.11: Plot of the selection accuracy ( as a function of the chosen peak size
d.

d = atan (%) (3.3.1)

where « signifies the half-height line width.

As the area of one peak is dependent on the accuracy of processing, the area
of a group of peaks will also be dependent on it. If all the peak positions are
known, we will start the procedure of group selection. In all cases, it starts from
the selection of the most distanced peaks (Fig. 3.12). Recall that we work with
the simulated spectrum and there is no noise distortion, so the peaks will really
belong to the specified groups.

A J

Figure 3.12: The most distanced peaks selection.

The second step is to define the middle point between the selected peaks.
Working with the assumption of an AX-case, we assume that there will not be
any peak in the interval [+d; —d] from the middle point. The width parameter d is
defined in Fig. 3.10 and computed in Eq. 3.3.1. So, after selecting the middle point,
one can trust that both multiplets are on the different sides from it (Fig. 3.13-2).

The next peaks to be found are the two peaks closest to the middle point and
belonging to each part of the spectrum. Fig. 3.13-3 shows how they are determined.
This allows us to be sure that everything between the selected bounding peaks
belongs to the respective groups. And, finally, we need to surround each group by
the interval of precision d defined in Eq. 3.3.1. This is illustrated in Fig. 3.13-4.

An additional algorithm of selection must be introduced for three-group spectra
where the fact of choosing middle point is senseless.
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Figure 3.13: Group selection scheme. AX-case.

The initial idea is the same — to select two most distanced peaks in the spectrum
(Fig. 3.12). We will consider all consecutive frequency intervals between the peaks
choosing the two largest frequency intervals. This step is shown in Fig. 3.14-A. So
now the border peaks of each group are known and, as in the previous case, we
surround each group by an interval d to achieve the necessary precision of selection.

% X| X
AL L B 1 IR
‘ B P wdd i dddl
i;AAEE In:'\":\né

A W e V1V ol Il L

Figure 3.14: Group selection scheme. AMX-case.

3.3.2 Theoretical limitations

Certainly, this procedure has some limitations in its implementation. Sometimes,
certain groups are too close to be separated with the necessary accuracy. Obvi-
ously, to make this selection, the distance between two border peaks of neighbour
groups must be larger than 2d. Mathematically this can be expressed as

TLJl + mJ2
2

where A is the distance between the centres of the multiplets, n and m are the
multiplicities of the groups and J; and J; are the respective coupling constants.

A > d (3.3.2)
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We need to notice that in the general case J; and J, are different because the
neighbour multiplets have different couplings.
If one expresses d, we obtain:

A— M > atan (%T) (3.3.3)

And, neglecting the differences of coupling constants and taking into consider-
ation the quadruplets as a maximum level of coupling (for some common cases as
Lac, Cit, Ala etc.) one can estimate the limits of accuracy:

2 A—3J
¢ < — arctan ( ) (3.3.4)
T a

This limitation is visually represented in Fig. 3.15. The following plots (Fig. 3.16)
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Figure 3.15: Visual representation of the splitting implementation limits.

illustrate dependencies of possible accuracy with respect to the parameters:

e Plot A - ((a, A), J is set to 10H z,
e Plot B - ((A/a, J/a) — in the usual ranges for NMR spectra,
e Plot C- ((A/a) for J/a = 2.

3.3.3 Accuracy-time dilemma

As is evident, the accuracy parameter, has an influence on the width of the moved
region of the spectrum. This could raise a question about its influence on the
computing time of the algorithm. The empirical way to see this dependence was
chosen.

Starting from the simulated spectrum (Lactic acid NMR spectrum at 500Hz
artificially apodized by a Lorentzian with damping factor of 4Hz) another spectrum
was simulated with the position of the 4.09ppm quadruplet artificially shifted to
4.11ppm. The second spectrum was subject to the splitting procedure implemented
in the MATLAB code. The goal was to select the groups and to shift the respective
group to its normal position (a known fixed value of —0.02ppm). Shifting of
the group was implemented in the frequency domain. The obtained signal was
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Figure 3.16: Some numerical estimation of the limits of the splitting implementa-
tion.
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Figure 3.17: Computing time and method accuracy as a function of the group
selection precision. Whole region.

compared to the initial one by maximizing their mutual correlation in the time
domain. The results of this virtual experiment are presented in Fig. 3.17 and 3.18.

The behaviour of the precision graph is as predicted. It should be only noticed
that the experimental function is not monotone which is quite normal, especially
in the low-accuracy region. The reason is the discrete dependence of the number
of selected points within +d on the precision argument. This raises the fact that
for different (but close) values of precision the same regions of spectrum might be
selected. This can easily be seen by having a look at the values from the graph in
Fig. 3.16-C. So these regions will produce the same errors in analysis of correlation.

But surprising was the dependence of the execution time against the size of se-
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Figure 3.18: Method accuracy as a function of the group selection precision. Zoom
in in the high-precision region.

lected region (precision of selection). The time of algorithm execution is incredibly
weakly dependent on the accuracy. The only high-value point presented on the
graph is an outlier and could not be avoided because of MATLAB-implementation
properties (this additional time is spent for the first call of the procedure). This
interesting fact will give us more freedom in future, granting a possibility of free
choice of necessary accuracy.

A part of specific attention should be paid to the graph in Fig. 3.18 with zoom
in in the last points. It appears that after some value of precision the accuracy
of calculation starts to decrease. But this fact has a logical explanation. After
achieving a certain value of the precision the width of the selected zone is so
large that it “takes” points from other multiplets. The criterion Eq. 3.3.4 of the
theoretical limits of the algorithm is not valid anymore.

3.3.4 Integer-valued shift

In the stretching/shrinking section, we had to resort to methods of interpolation.
For the splitting algorithm we have the possibilities to use or not to use inter-
polation. We may shift a group with an integer number of points, so as to save
time but to lose accuracy, or to find the exact value of the necessary shift of a
group position but perform interpolation and have computing time which could
be important. We will try to analyze it empirically, simulating the same phantom
for which the computing time dependencies will occur.

This virtual experiment consists of simulating two lactate signals with a dis-
placement of position of one group of 0.02ppm. Series of shifts of the group po-
sitions will be executed and computing time and accuracy values recorded. For
the representation of Fig. 3.19 one thousand of possible shifts were done within
the interval 40.01ppm around the initial value (with the distance of 2 - 10~°ppm
respectively). Accuracy of group selection was chosen to .998.

The values were chosen in the way to make each 20 displacement value integer
(in points). In this case the algorithm skipped the interpolation procedure, directly
replacing points positions. As it is seen from Fig. 3.19, the integer shifts are
considerably (up to two times) faster than the interpolation ones. Also this graph
allows us to estimate the minimum error to be allowed to consider shift values as
integer-point and to round the shifting value.
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Figure 3.19: Time and accuracy dependence on the displacement. Integer-points
shifts are up to two times faster.

3.3.5 Strongly-coupled spins

Due to the properties of the Splitting method, strongly-coupled protons need to
be investigated in more details. The reason of this is the dependence of the distri-
bution of the energy within the multiplet (in simple words: the shape of spectral
group) on the distance between the groups.

Normally, if two strongly-coupled spin systems have the same values of coupling
constants but different AB-distances in NMR spectra, they will produce multiplets
which are similar but never totally “overlappable”. This can be understood if we
appeal to the derivation in page 23. Because of the diagonalization procedure non-
diagonal elements of the Hamiltonian will have an influence on the eigenvectors
which will later influence the transition probabilities, and consequently the ampli-
tudes of the peaks. The fact that the peak amplitudes change when varying o/.J
value has already been mentioned in this work and this influence was presented in
Tab. 1.4. So, the following subsection is to study this influence more in details.

To do that, two phantom spectra of type AB were simulated. The first one
had a fixed AB distance (A = 04 — dp), the second one had a displacement of
0A of one of the peaks. The multiplet signals in the second spectrum were taken
independently (the method was explained more in detail in Ch. 2). After this, the
spectral group of the mismatched group was shifted over ¢ and its position was
optimized my minimization of the root mean square of the difference between the
signals with standard MATLAB [sqnonlin. The residue after this minimization
has been taken as a criterion:

Npoints

min Z (S1(3) — So(i))? (3.3.5)

The variables were the mismatch 0 and AB-distance A. So, the series of 3D-
plots enable us to see the expected dependence (see Fig. 3.20).

Plots were built for different combinations of the multiplets, produced by the
common NMR spin systems, such as: AB, AB,, AB3, AyB,, AyB; and A3Bj
(where the latter might be a little redundant because chemically it corresponds to
a carbon-proton structure CH3—CHj3 which is ethane by itself but not a part of
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Resudie (relative to signal)
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Position Error (ppm)

AB distance(ppm)

0.002

Figure 3.20: Relative mismatch of a strongly-coupled A,B, signal and the shifted
A5B, signal after shifting correction of a group position as a function of the AB
distance (in ppm) and the signal shift of A group position.

any common myo- or cerebral metabolite). These 3D-plots are more representative
being plotted as maps, as presented in Fig. 3.21.

The necessity of using an optimization procedure (impossibility to do manual
correction due to the great number of experiments) has some consequences. Firstly,
some outliers (as, for example in Fig. 3.21-A;B;) are found. Secondly, maps of
AB,,, show non-monotone behavior in certain non expected regions.

But despite the presence of such artifacts, this simulation showed important
results. By studying these maps, one can judge the possibility of using the dis-
cussed way of correction. It is easily seen that beyond a certain AB-distance, the
error becomes negligibly small. For instance, for the A;Bs-case, presented in the
Fig. 3.20, the relative error is less than 10% for all mismatches to be corrected
if the distance between the groups is larger than 0.25ppm. Moreover, the data
maps were acquired using the common HRMAS parameters, so one can estimate
the expected errors for implementation of this method of correction.
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Abstract—High-resolution magic angle spinning (HRMAS)
'H spectroscopy is playing an increasingly important role for
diagnosis. This technique enables setting up metabolite profiles
of ex vivo pathological and healthy tissue. Automatic quantitation
of HRMAS signals provides reliable reference profiles to monitor
diseases and pharmaceutical follow-up. Nevertheless, for several
metabolites chemical shifts may slightly differ according to the
micro-environment in the tissue or cells, in particular its pH. This
hampers accurate estimation of the metabolite concentrations
mainly when using quantitation algorithms based on a metabolite
basis-set. In this work, we propose a user-friendly way to
circumvent this problem based on stretching of the metabolite
basis-set signals and maximization of the correlation between the
HRMAS and basis-set spectra prior to quantitation.

Index Terms—Magnetic Resonance Spectroscopy, HRMAS,
Quantitation, Stretching, jMRUI Software Package.

I. INTRODUCTION

High Resolution Magic Angle Spinning (HRMAS) Nuclear

Magnetic Resonance (NMR) is playing an increasingly im-
portant role for diagnosis. This technique enables setting up
metabolite profiles of ex vivo pathological and healthy tissue,
i.e. biopsies [1-8]. Automatic quantitation of HRMAS signals
[9-12] will provide reliable reference profiles to monitor
diseases and pharmaceutical follow-up.
'H HRMAS signals of ex vivo tissues contain several overlap-
ping spectral components from many metabolites, see Fig 1.
For several metabolites chemical shifts may slightly differ
according to the micro-environment in the tissue or cells,
in particular its pH, see e.g. [13]. This hampers accurate
estimation of the metabolite concentrations mainly when using
quantitation algorithms based on a metabolite basis-set [14—
16]. The values of mismatch (around 2 - 10~2 ppm) between
the ex vivo signal and those of the metabolite basis-set are not
significant for in vivo (low-resolution) spectroscopy. But for
HRMAS spectroscopy, this increases the error of quantitation
to tens percents for certain metabolites (e.g. Creatine, Lactate).
In this work, we propose a user-friendly way to circumvent
this problem based on stretching of some metabolite basis-set
signals prior to quantitation with the method QUEST [15].

978-1-4244-6493-7/10/$26.00 ©2010 IEEE
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Fig. 1. Region of interest of an HRMAS spectrum from a tissue sample of
a human brain with an oligodendroglioma, acquired at 11.7T.

II. METHOD
A. Quantitation with QUEST

In Magnetic Resonance Spectroscopy, quantitation based on
a metabolite basis-set has become very popular in the last ten
years. In this work, we used the method QUEST. The complex-
valued time-domain model signal is written as a linear com-
bination of the M weighted metabolite model " — either
quantum-mechanically simulated or in vitro measured — of the
basis-set, see Fig. 2. The model samples, Z,,n =1,2,..., N
where NV is the number of data-points, can be written as

T = exp(igg) X

M
Z am @ expl(Acy, + iAwp )t, + iAdy,] , 1)
m=1

where

e« 2™, m being a superscript, represents the metabolite
basis-set signals.

e a,, are M amplitudes to be estimated. Note that these
amplitudes represent the relative proportions of the M
metabolites signals 2™ in the signal x rather than the
amplitudes of individual spectral components.

o Ay, Awp,, Ad,, represent small changes of the damp-
ing factors, angular frequencies, and phase shifts respec-

tively. These changes — relative to the initial values in
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the metabolite basis set — are included in the estimation
procedure to automatically compensate for the effect of
magnetic field inhomogeneities. Most often Ag,, = 0.
Soft constraints on Ac,, and Aw,, have been used in
the minimization procedure,

o ty, =nts+ty,n =1,2,..., N, are the sampling times,
in which tg is the dead-time of the receiver — included
in the estimation — and ¢4 the sampling interval,

e ¢ is an overall phase, included in the estimation,

L] Z2 == _1.

- 7 v
Icheling

Phacohatatn J "

Planyisinne x

Fig. 2. Fourier transform of a metabolite basis-set at 11.7 Tesla, simulated by
Quantum Mechanics with NMR-SCOPE for a one pulse sequence. This basis
set was used in QUEST for quantitation of human brain HRMAS signals.
Lorentzian lineshapes were used.

The basis-set signals were simulated directly in the time-
domain with NMR-SCOPE which is based on the density
matrix and product operator formalism [17]. Spin param-
eters were taken from [18]. We refined them. Twenty-five
metabolites — Acetate (Ace), Alanine (Ala), Aspartate (Asp),
Creatine (Cr), Choline (Cho), Cysteine (Cys), Ethanolamine
(Eth), ~y-amino-butyric acid (GABA), Glucose (Glc), Gluta-
mate (Glu), Glutamine (GIn), Glycerol, Glycine (Gly), His-
tamine, Hypotaurine, Lactate (Lac), Myo-Inositol (ml), N-
acetylaspartate (NAA), Phosphoryl-choline (PC), Phospho-
creatine (PCr), Phenylalanine (Phe), Serine (Ser), Succinate
(Suc), Taurine (Tau) — were included in the basis-set. Signals
modelling the lipids (Lip) at 0.9 and 1.3 ppm were not included
in the basis set, considering that their model function is
insufficiently known. They are estimated with the background
signal. The metabolite basis-set computed with NMR-SCOPE
and used in QUEST for quantitation of human brain HRMAS
signals is shown in Fig. 2. As mentioned above, for several
metabolites chemical shifts can slightly differ according to the
micro-environment in the tissue or cells, in particular with its
pH. That means that prior knowledge based on the metabolite
basis-set signals is not entirely correct anymore: the finger-
prints of metabolites slightly differ.

B. Stretching of the Basis-set Signals

We propose to modify the metabolite basis-set signals 2",
sensitive to pH changes, by just slightly stretching (expan-
sion/contraction) the corresponding spectrum. This is illus-
trated in Fig. 3 where the lactate spectrum of the basis-set dif-

fers from the ex vivo spectrum. Stretching can easily be done
by introducing frequency scaling parameters k,, for given
metabolites and by directly using the inverse scale change of
the 2™ time-domain signals (frequency scale expansion results
in contraction of the time scale and vice versa) [19]. This
avoids splitting of the metabolite basis-set signals of given
metabolites into basis sub-components according to chemical
groups and adding appropriate constraints (prior knowledge) to
the parameters of the groups. Either %, can be estimated prior
to quantitation by maximizing the correlation between the ex
vivo signal and 2™ or by introducing k., in the quantitation
procedure.
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Fig. 3. Needs for stretching of a basis-set spectrum/signal. Red: oligoden-
droglioma spectrum, blue: Lactate basis-set spectrum presenting a mismatch
with respect to the corresponding ex vivo Lactate spectrum.

C. Theoretical Limitations

Small changes of chemical shifts do not induce changes
of J-coupling values, but the proposed method changes the
distances between the peaks in each multiplet. This leads to
some limitations of the stretching values with respect to the J-
coupling values and distances between the peaks. A stretching
coefficient can be defined as x = (A + J§)/A where A
corresponds to the distance between two multiplets (or to the
difference between two chemical shifts) and & corresponds
to the frequency shift resulting from the stretching of the
spectrum. Mathematically, the limitation can be expressed as
J(k — 1) < «/2 where « represents the linewidth of a
peak ie. J((A + 9)/A —1) < «/2 for the general case.
This expression can easily be simplified to 6 < aA/2J. A
schematic illustration of the stretching consequences on J cou-
pling values is given in Fig. 4. It is then possible to establish
the maximum limit of corrections possible, for instance, for
Alanine, Aspartate, Citrate, Creatine and Lactate, see table I.
Theses values were calculated for a resonance frequency of
500 MHz and a damping factor of 2 Hz corresponding to
HRMAS spectra. As an example, for Alanine § values less
than or equal to 160 Hz can be corrected with the proposed
method. For AB spectra, the distortions related to stretching of
the signal became more important and lead to more significant
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Fig. 4. Schematic illustration of the stretching consequences: Blue: spectrum
with changeable peak positions, red: stretched spectrum.

limitations of the method’s applications, e.g. the limit of
correction of peak positions in the Citrate spectrum is about
4 Hz. Certain metabolites (e.g. Creatine) have no significant
limitations as their proton groups are singlets. In this case,
the artificial changes of the spectral linewidth is the only
consequence of the method and it is insignificant.

TABLE I
METABOLITES WELL-PROCESSED WITH THE METHOD. THE LIMIT OF
CORRECTION WAS CALCULATED FOR A RESONANCE FREQUENCY OF
500MHZ AND A DAMPING FACTOR OF 2HZ; - UNCOUPLED PROTONS.

Metabolite | AX-distance, ppm | dpax in Hz/ppm |

Alanine 2.31 160/ 0.32
Aspartate 1.09 31.3 7/ 0.063
Citrate 0.13 4.1/ 0.008
Creatine 0.89 -

Lactate 2.78 167 / 0.334

ITI. RESULTS

Thirty spectra from tissue samples of human brains with
oligodendroglioma acquired at 11.7T, were quantitated. Mis-
matches between the basis-set signals and some ex vivo signals
were observed. For the latter, adaptation of the basis-set signals
was necessary. Results are illustrated on such a spectrum,
see Fig. 1 and Fig. 5. Lactate, Creatine, Alanine and others
signals of the basis set were automatically stretched prior to
the quantitation procedure as mentioned above by maximizing
the correlation between the ex vivo and basis-set signals. It can
easily be seen that, thanks to stretching, one can independently
”shift” the different multiplets of the spectrum. This enabled
us to adapt artificially the chemical shifts variations due to
pH. Stretching coefficients automatically found for Alanine,
Creatine and Lactate for the considered oligodendroglioma
and basis-set spectra, are given in Table II. Quantitation was
significantly improved.

IV. CONCLUSION

We proposed a very simple method to account for chemical
shift changes related to pH in quantitation methods based on a
metabolite basis-set and used for quantitation of HR-MAS or
high resolution signals. The method avoids splitting of the

TABLE II
STRETCHING COEFFICIENTS FOUND FOR ALANINE, CREATINE AND
LACTATE FOR THE CONSIDERED OLIGODENDROGLIOMA AND BASIS-SET

SPECTRA.
[ Metabolite [ Ala | Cr | Lac |
Stretching coefficient | 1.004 | 0.994 | 1.009
Shift, Hz 5.9 0.55 0.32

metabolite basis-set signals of given metabolites into basis
sub-components thus decreasing user involvement. It is well
suited to improve quantitation of AB and AX spin systems like
Citrate, Lactate, Creatine, Ethanolamine, etc.. For the more
complicated spin systems like Glutamate and Glutamine, the
method is less suited but still improves the quantitation results.
A more accurate method based on Quantum Mechanics is
under development and will be implemented in the version
4.x of the jJMRUI software package [20].
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Chapter 4

Optimization of metabolite
basis-set signals based on a
Quantum Mechanical approach

4.1 Introduction

In parallel to our work presented in Ch. 3, Giskegdegard et al. have recently stud-
ied (Analytica Chimica Acta, September 2010) the problem of the difference of
spectra of the same chemical compounds acquired at different conditions, trying
to correct mismatches between the spectra [4] . Developed methods were tested on
tissues of cervical, breast and colon cancers. All five presented methods are called
warping methods, meaning that the signal needs to be distorted in a certain way to
get the necessary correction. This distortion implies a one-directional irreversible
mapping of the frequencies on the new ones so as to improve the optimization
criterion (correlation, in majority). Some of the methods use the stretching opti-
mization that we previously reported in [79], others are new, showing promising
possibilities. In in vivo MR Spectroscopy, chemical shift recalibration based on
linear interpolation was recently proposed [80]. In this chapter, we will present
a new method enabling to correct such mismatches without distorting the signal
and keeping all the metabolite fingerprints correct.

4.2 Method

As we already pointed out above, both presented methods — stretching and splitting
— still lead to some signal distortions and, sometimes, important limitations of
implementation. Knowing the origin of signal distortion, one can arrive at the
conclusion that the only way to get a non-distorted signal is to resimulate it using
Quantum Mechanics with new parameters. This is the optimization algorithm,
presented below.

It should be remarked that signal simulation based on Quantum Mechanics is
a rather resource-intensive procedure. Consequently, not all the methods of signal
simulation are applicable. In the optimization procedure, the conventional Quan-

79



80 CHAPTER 4. OPTIMIZATION BASED ON QUANTUM MECHANICS

tum Mechanical approach [5] is used to speed up the calculations. The method is
based on the time-independent Schrodinger equation

AV = BV (4.2.1)

where U are the wave functions and £ the energy levels of J#. The frequencies
and corresponding transition probabilities (thus: amplitudes) of the spectral com-
ponents are obtained after diagonalization of .77 which is taken equal to the strong
coupling spin Hamiltonian (see Eq. 1.1.22).

Taking into account that the differences of the eigenvalues (energy) provide the
frequencies, the final output of the method will be a 2 x n-matrix of frequencies
and their relative amplitudes (ny represents the number of frequencies). A simple
example of results for an AB3 spectrum is presented in Tab. 4.1.

ir | Frequency, ppm | Amplitude, a.u.
1 1.459399 2.981021
2 3.752972 1.018979
3 3.767391 0.807593
4 3.767391 0.198674
5 1.459445 0.063201
6 1.459445 0.930532
7 3.767391 0.198674
8 3.767391 0.807593
9 1.459445 0.930532
10 1.459445 0.063201
11 3.767527 1.006088
12 1.459446 3.974933
13 1.473954 3.018979
14 1.473909 0.963001
15 1.473909 0.043266
16 1.473909 0.043266
17 1.473909 0.963001
18 3.781855 0.993722
19 3.781855 0.993722
20 1.473909 4.025067
21 3.781990 0.993558
22 1.459491 2.981375
23 1.473865 3.018625
24 3.796364 0.981375

Table 4.1: An example of the output data from the quantum mechanics conven-
tional approach simulation. n; = 24.

The value ny is the total number of frequencies provided by the algorithm. For
the most general case the number of frequencies is strictly defined by the number
of spins. But for real implementation, some frequencies have the same value (for
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instance, the values ##14-17,20 in the example), so their intensities should be
added, also some of them have negligible intensities (peaks 5,10,15-16 in Tab. 4.1)
and they may be ignored.

The next step is to create the theoretical signal. Using the general form which
corresponds to Eq. 1.4.1 one obtains:

nf nf
S=Y 8, =Y A exp((2mfi — a)t) (4.2.2)
ip=1 ip=1

where A;, and f; are the respective amplitude and frequency outputs of the Quan-
tum Mechanics algorithm and « is an artificial decaying factor. The signal in this
form is considered to have a Lorentzian decay but any decay can be imposed as
well. As the simulation corresponds to a 90°-pulse excitation, the signal is assumed
to have the zero order phase equal to zero for all spectral components.

4.3 Computing time costs

The importance of computing time and/or quality of the algorithm becomes evi-
dent after the investigation of the computing time costs for the different steps of
the algorithm. Three main steps should be reviewed separately:

e Hamiltonian matrix representation and its diagonalization,

e Matrix-product calculation to compute the transition probabilities (ampli-
tudes),

e Signal calculations (Eq. 4.2.2).

For the first investigation, the matrix implementation of the algorithm in MAT-
LAB was launched for different spin systems to be simulated. Three “step times”
were recorded independently. Simulation parameters were chosen as usual mim-
icking HRMAS signals, the most important of them for this experiment — number
of points in the FID — was chosen to 16k points. These results are presented in
Fig. 4.1.

Some conclusions can be set after analyzing these data. Firstly, it is easily seen
that the time, spent for Hamiltonian diagonalization is negligible with respect to
other times. Secondly, the time costs for the computation of transitions between
the energy levels and signal construction have different relative values for different
spin systems.

Now, considering the behaviour the time function as a function of Nypins, We
will ignore the values of:

e t,, — the time of double matrix multiplication for the transition,

e and fpp — the time of Npgints signal construction according to Eq. 1.1.11.
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HamiltonianTime
TransitionsTime

ExponentTime

8 Spins. AllCoupled (8 spins)
Choline. AllCoupled (7 spins)
Choline. "Normal" (7 spins)

Choline. Uncoupled (7 spins)

Myoinositol (6 spins)

A2X2 (4 spins)

A2B2 (4 spins)

Lactate. A1X3 (4 spins)

Creatine (3 spins)

HamiltonianTime
TransitionsTime
ExponentTime

Figure 4.1: Computing times of simulation for the various steps of the Quantum
Mechanics algorithm. Top-left — small spin systems, max.time ~ 1 s; bottom-right
— up to eight spin systems, max.time ~ 10? s.

The number of transition to be calculated increases with the Hamiltonian ma-
trix size. An Ngpins-spin system has a Hamiltonian matrix of 2Nspins 5 2Nspins gjze,
Thus, this value will be a determinant parameter for the time needed for the
transition calculation. Certainly, it will not be equal to the exact multiplication

tyy = 22Nepinst (4.3.1)

as it would be in the simplest algorithm implementation. There are several ways
to decrease the number of calculated transitions. First, the Hamiltonian matrix
and the complete transition matrix are symmetric so there is no need to calculate
transitions from both sides of the diagonal. This decreases the total number of
operations by a factor of two. Secondly, some changes in the order of Hamiltonian
construction will make possible the block-by-block calculation of transitions. To do
this, the Hamiltonian matrix must be arranged so that to increase the z component
of the basis vectors as was done in [81].

This will be explained in more details for a three-spin system. Using the general
form (Eq. 1.1.21) to construct a Hamiltonian one obtains a matrix of a form given
in Eq. 4.3.2.
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This form has no convenient block structure. And its basis vector order is as
follows:

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
of’ fof fof ot 1’ foy1’1o1’101’ (4.3.3)
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1

The basis vectors are obtained by direct product expansion of the |[+) and |—)
kets introduced in Eq. 1.1.25 in the convention that

=00 "

To overview the general structure of the Hamiltonian, we will introduce the
following notation in the Hamiltonian matrix: D — diagonal element, N — non
diagonal element. So the form is as presented in Tab. 4.2.

) 4y =) =) ) |-

+++/| D 0

i i T P
+
I
[
coococoo
cocooZoZdo

N
D
0
N
0
0
0

oZZoTJooco
cooco o Z2Zo

— 0

Table 4.2: Schematic view of a non-arranged three-spin system Hamiltonian.

Arranging the basis function order according to the sum of states, one obtains
the block-by-block structure of the Hamiltonian presented in Tab. 4.3 [81].

After this transformation, it could easily be seen (either from the matrix rep-
resentation of the transition operator, or from the rules of the allowed transitions
(Eq. 1.1.29)) that the transitions with a non-zero probability could appear only be-
tween two consequtive blocks. This important fact allows to decrease the number
of matrix multiplication operations to be done during the transition probability
calculation.

The computing time gains can be estimated taking into consideration, that
the number of elements in the Hamiltonian increases as 2™ (accordingly to
Eq. 4.3.1), and the block diagonal in the arranged Hamiltonian corresponds to an
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Table 4.3: Schematic view of an arranged three-spin system Hamiltonian.

Ngpins-th line of Pascal’s triangle:

1 5 10 10 5 1

(for the examples with Nypins = 2 and Ngpins = 3, see Tab. 1.3 and 4.2 respectively).
It is known that the sum of the squares of the n'* row of Pascal’s triangle equals
the middle element of row 2n — 1:

;::0 (Z)Q - <2:) (4.3.5)

The exact evaluation of the formula in Eq. 4.3.5 is expressed in factorial terms

(Z) =G = /<:'(+l/q)' (4.3.6)

but we will be interested in its power function approximation, derived from Stir-
ling’s approximation [82]:
n! 4
Elln —k)!  /mn
The error of the estimation for n = 10 is about 1072. The computing time gain
is the ratio between Eq. 4.3.1 and Eq. 4.3.7:

as n — 00 (4.3.7)

9 Nspins
Q%T = WNspins (438)

This was verified experimentally, see Fig. 4.2.

Re-arranging the Hamiltonian matrix gives the major gains in computing time,
avoiding to take into account non-probable transitions. Another gain will be
obtained with verifying the third condition of allowed transitions (presented in
Eq. 1.1.23 or in Eq. 1.1.29) before doing matrix multiplication, thus avoiding un-
necessary multiplications by zero.
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Figure 4.2: Comparison of the simulation time for non-arranged (black) and block-
by-block (gray) arranged Hamiltonians.

4.4 Algorithm implementation

4.4.1 Gradient descent method

A gradient descent method [83] for a function F' depending on an argument vector
x with a descent coefficient A

Z U+ — bl _ )\MVF(?U]) (4.4.1)

was chosen to optimize the peak positions of the metabolite basis-set. The steepest
descent condition
M = argmin, F(zV — AV E(V)) (4.4.2)

has not been chosen due to the very significant related computing time costs. So
the fractional step was taken. This means that \ was decreased by certain factor
k at each the step:

\GHI A\
k'’ (4.4.3)
AUl = =i )01

4.4.2 Cost function

There were two possibilities to choose the cost function:

e sum of squares of point-by-point signal differences between the signal to be
analyzed and the estimated signal;

e signal correlation function of the signal to be analyzed and the estimated
signal

The least squares method often converged to local minima. Unfortunately, the
correlation method has this risk at considerable distances from the cost function
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minimum too. But the sum of squares criterion function showed this behaviour
even at the very epsilon of the sought-for minimum point due to the beating effect
at certain ratio of the frequencies of periodical signals. This effect, simulated for
the lactic acid HR-NMR spectra phantom, is presented in Fig. 4.3.

0.445 w " : w 0.965

044 1 0.96

0.435

Corr, a.u

sum(DxQ), a.u
o
e
NOR
GO

042

0415

0'410 200 400 600 800 1000 o] 200 400 600 800 1000

Shift value, a.u. Shift value, a.u.

Figure 4.3: Oscillating behaviour of the least squares difference function due to the
beating effect in comparison to the monotone character of the correlation function
as a function of the shift value of one simulated signal respectively to the other
one.

So the signal correlation function was chosen as the cost function.

4.4.3 Descent coefficient

Working in the mode of decreasing the descent coefficient A (from Eq. 4.4.1) it is
always difficult to choose the necessary initial value and final condition. If for the
exit condition everything is determined by the desired precision of optimization

|z — 7)) < ¢ (4.4.4)

then for the starting value of X it is always good to find the optimum because for
higher values one risks to miss the sought-for minimum and for the lower ones the
number of iterations before reaching the exit condition increases.

Actually, the optimization algorithm was tested as pre-processing method.
Theoretically, nothing hampers its implementation as a part of a quantitation
method. But the number of degree of freedoms will increase significantly leading
to time costs incompatible with normal times expected for a quantitation proce-
dure.

Ex altera parte, the algorithm being described used as preprocessing puts all
the spectral groups at their correct positions corresponding to those observed in
the quantitated spectrum. In turn, this means that the correction value Aw,, in
Eq. 1.4.1 is no more necessary, so it will decrease by one the number of degrees of
freedom for each signal during the QUEST-procedure. Of course, this is not an
advantage of quality in the most general case. The consequences will be discussed.
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4.4.4 Optimization loop

The optimization loop is schematically presented in Fig. 4.4. The main steps are:

N For all metabolites:

N\ Lt =I“'M '

A .
0™ md™ n

Y s

—r l

QM Simulation

X, =F(87 7). i =12.N]

Cross-correlation

N
*am
max[z X, % J

=1

S

» +

+
Maximization

Optimized basis-set

Quantification

Figure 4.4: The optimization algorithm based on Quantum Mechanics resimula-
tion.

e Simulation with NMR-SCOPE [52, 84] of the basis—set {im =1,2,...,M}
using the initial spin parameters {67 and J',i,7 = 1,2,..., N }

17 7 ) splns

e Sclection of metabolites that are subject to pH changes leading to Mg
metabolite signals to be optimized.

e For each of the M,y metabolites:
Quantum Mechanical calculations and maximization of corr(z, ™) = {o/"

% opt’ =
1? 27 : spms} and Iopt

¢ Simulation with NMR-SCOPE of the optimized basis-set {:copt, =1,2,..., Myu}
using the spin parameters {07, and Ji7'}, 4,5 = 1,2,..., NI}, . }.

spins

e QUEST quantitation using the optimized basis-set {Z{};,m = 1,2,..., M}.

4.5 Results

The proposed method was first tested on simulated signals mimicking HRMAS-
NMR signals and then on the real HRMAS-NMR signals.
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Figure 4.5: Optimization of the group positions for an HRMAS spectrum phantom.
Legend: cyan — phantom signal, black — initial basis-set metabolite positions,
magenta — optimized spectrum positions.

4.5.1 Simulated signals

Thirty three spectra from tissue samples of human brains with oligodendroglioma
acquired at 11.7T (sampling interval: 0.143ms, N = 16384) were quantitated. The
relevant part of the spectra was first extracted with ER-Filter [85] as mentioned
n [17]. Then, each chemical shift was shifted with a random value limited to
0.01ppm (taken after overview of the series of HRMAS NMR signals).

Results are illustrated for an oligodendroglioma simulated spectrum of the
series in Fig. 4.5. Lac, Cr, Asp, Eth and others signals of the basis set were
automatically optimized prior to the quantitation procedure as mentioned above by
maximizing the correlation between the ex vivo and basis-set signals. An Ethanol
spectrum (A5X3) is also included despite its weak sensitivity to the pH of the
environment.

The QM-method enables independent movements of the different multiplets
of the spectrum, keeping all strong-coupling effects, contrary to methods which
decompose the basis-set signals into sub-components. This enabled us to adapt
the chemical shift variations due to simulated pH.

Series of simulations showed that with usual shift values (0.01ppm) the sim-
ulated AX, AMX spectra matched well the phantom ones. But even in these
cases there were some conditions where a secondary minimum" was chosen by the
optimization algorithm.

1

"'When we say “minimum” it has its general meaning in the optimization sense. As was shown
before, here a “minimum” is, in fact, the maximum of correlation between the simulated and HR

MAS signals.
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Figure 4.6: Gradient descent path for two simulated creatine signals. Colour
intensity corresponds to the cost function value. Red — iterative values of the
correction vector Ao, Aoy

To interpret the results, a series of more detailed simulations was set. For the
2D-mode (the optimization problem with two degrees of freedom for AX-spectra)
map plots were built for some simulations. Firstly a simulated AX-signal with an
artificial displacement of both group positions was simulated. After this, the maps
of the cost function were built in the ranges

Sax = £ G (4.5.1)

where Adpa.. 18 the maximum displacement expected — parameter limits for the
optimization problem. Having launched the optimization algorithm with printing
the parameter values at each iteration, one can follow the iterative trace of the
run (see Fig. 4.6).

Optimization of a Lactate (AX3) spectrum shows more interesting behaviour
and needs additional analysis. The cost function map was built for +0.02ppm shift
ranges (for both groups) for a 500MHz resonance frequency. A gradient descent
with a constant gradient feedback parameter was launched twice (A;/Ay = 1/5).
For the low value of A the algorithm missed the optimum point and for the high
one it has diverged. The traces are presented in Fig. 4.7. For these simulations
the errors were set manually (non-randomly) between —0.01ppm and 0.015ppm.

The reason of the appeared problem can be explained with a simple 1D exam-
ple. Let us imagine that we need to find the minimum of the potential plotted in
Fig. 4.8. This is not just an “any” smooth function with a minimum. Very im-
portant is the behaviour of its first derivative. At the initial point the derivative is
low, it is high on the way to the optimal point and it is (as is normal) zero at the
minimum. Choosing a gradient feedback for descent one will face the problem:

e low and constant values of the feedback coefficient hamper arrival at the
minimum point within an adequate amount of time;

e high and constant values enable to start with an appreciable “speed” of
approaching but lead to a risk of overshoot the optimal positions;
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Figure 4.8: Different behaviours of the minimization algorithms for different .

Red — low value, green — high value, blue — decreasing value, yellow/magenta -
sought-for point.

e finally, the decreasing feedback coefficient must decrease enough to avoid the
previous disadvantage but in this case it will not work properly in the region
of the cost function around the optimum, where the gradient has a small
absolute value.

The fact, that Lorentzian functions, very common for lineshapes in HR NMR,
are subject to the problems described above, hampers successful optimization.
Even for a case of steepest descent, the section of 2D map in the gradient direction
rather often will resemble the schematic example in Fig. 4.8.

Some promising results (especially in time costs) were obtained with a decre-
ment coefficient equal to 2 (k = 2 in Eq. 4.4.3). Results can be seen in Fig. 4.9.
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Figure 4.9: Creatine peak position optimization by the steepest descent. Decreas-
ing step is used with the ratio coefficient of 2 (see Eq. 4.4.3). The green circles
show the A\ decrementation at each iteration.

4.5.2 Real spectra. Oligodendroglioma

Thirty three spectra of the brain biopsies were used to test the method on real
HRMAS NMR signals. Keeping the parameters of the simulation the same as in
the test on the phantom spectra, optimization was launched for twenty five metabo-
lites: Acetate (Ace), Alanine (Ala), Aspartate (Asp), Creatine (Cr), Choline (Cho),
Cysteine (Cys), Ethanolamine (Eth), y-amino-butyric acid (GABA), Glucose (Glc),
Glutamate (Glu), Glutamine (Gln), Glycerol, Glycine (Gly), Histamine (Hist), Hy-
potaurine (HTau), Lactate (Lac), Myo-Inositol (ml), N-acetyl-aspartate (NAA),
Phosphoryl-choline (PC), Phosphocreatine (PCr), Phenylalanine (Phe), Serine (Ser),
Succinate (Suc), Taurine (Tau) and Ethanol (Eth) as a trace of the biopsy pro-
cedure. Spin parameters were initially taken from [26] and we refined them to fit
rodent brain HRMAS spectra [17].

Several series of optimizations showed that for some of the metabolites listed
above it was difficult to optimize their chemical shifts. These are the metabolites of
weak concentrations, having their fingerprint peaks in the region of 3.2-3.9 ppm,
tightly covered with different spectral compounds. For instance, these weakly
recognized groups are: Choline multiplet at 3.5ppm, Ethanolamine multiplet at
3.8ppm, Glucose and Glycerol peaks. On the other hand, for example, myo-Inositol
spectrum, despite being into the mentioned region, is often recognizible due to its
high relative concentration in the tissues. Some important problems also appeared
due to the impossibility to distinguish Choline, Phosphocholine and Glycerophos-
phocholine peaks at 3.2ppm, the same applies to Creatine and Phosphocreatine
peaks at 3.0ppm and 3.9ppm.

So now let us consider well optimized metabolites. It can easily be seen in
Fig. 4.10 that the mismatches between the basis-set and HRMAS spectra have been
reduced for Cr, Lac, Eth. Asp multiplets at 2.80 and 2.65 ppm have amplitudes of
the same order as the noise level which makes the recognition of the peak positions
more difficult.
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Figure 4.10: Zoom in on the Cr, Lac, Asp and Eth multiplet regions in an HRMAS
spectrum from a tissue sample of a human brain with an oligodendroglioma, ac-
quired at 11.7T and the basis-set ones (blue: raw spectrum; black: original basis-
set spectra; magenta: optimized basis-set spectra).

The optimized chemical shifts for Lac and Cr for the thirty three spectra are
shown in Fig. 4.11. The left plots represent the chemical shifts of two spin groups
(or of two chosen groups for the Asp in Fig. 4.12). The red dots correspond to
the starting values provided to the optimization procedure. In absence of pH-
dependence, a straight line (corresponding to a global spectrum shift) would be
expected. The “cloud points” represent independent changes of the chemical shifts
of the different multiplets due to the environment changes. On the right, the series
of optimized chemical shift differences are plotted as a function of the experiment
number. Again, it can be easily seen that independent chemical shift corrections
are needed to adapt the distance between the metabolite multiplets. Comparing
the results obtained for Creatine and Lactate to those obtained for Aspartate, one
can see the poor optimization quality for the latter, see Fig. 4.12. The Aspartate
spectra after optimization are not (or slightly) changed. This is due to the small
amplitude of Aspartate signal in the investigated spectra. For more complicated
spin systems like glutamate and glutamine, the residue of the fit decreases but
the commonly low concentrations of these metabolites do not allow us to conclude
about the efficiency of the proposed method.

Results show an improvement of quantitation quality when using the optimized
basis-set. As quality criterion of the method, we chose the estimated standard
deviations on the amplitudes provided by QUEST for metabolites subject to pH
changes. Comparing these values obtained using the initial and optimized basis-
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Figure 4.11: Optimized chemical shift values of Lac and Cr for thirty three spectra
from tissue samples of human brains with oligodendroglioma acquired at 11.7T.
Left: chemical shifts 9; and 0, of the two proton groups; Right: differences §; —
05. The red dots correspond to the starting values provided to the optimization
procedure.

sets respectively, one finds decreases of as much as 30-40%. Moreover, parameters
Aw,, of the model function (Eq. 1.4.1) become redundant after optimization of the
chemical shifts, thus reducing the number of free parameters in the quantitation
procedure.

To verify the nature of the corrected mismatches, an additional study was car-
ried out. As the changes in chemical shifts are supposed to appear in part due
to the pH changes of the environment, we used the Ethanol spectra as a refer-
ence because its CH3 and CHy chemical shift values are weakly dependent on the
environment acidity. A series of 15mmol/l aqueous Ethanol solutions were inves-
tigated. The pH factor of the solution was changed by adding citric acid and was
measured with a HANNA Instrument pH-meter HI9025 (one point calibration).
Obtained samples were analysed on a Bruker DRX400 NMR spectrometer. The
D>0O peak was taken as the spectrum shift reference. Water was not suppressed
(chosen Ethanol concentration is enough to clearly recognize all the CH3 and CH,
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Figure 4.12: Optimized chemical shift values of Asp for thirty three spectra from
tissue samples of human brains with oligodendroglioma acquired at 11.7T. Left:
chemical shifts §; and 9, of the two proton groups at about 2.8 and 3.9 ppm; Right:
differences 0; — d5. The red dots correspond to the starting values provided to the
optimization procedure.

peaks).

Obtained spectra were analyzed in order to find the differences between the
chemical shifts of the two proton groups ¢; and d,. Spectra were artificially de-
phased to make one of the quadruplet strongest peaks slightly higher than the
others. This had no significant influence on the triplet shape, so the middle triplet
peak position was taken into account as the chemical shift of CH3 group. Auto-
matically the distances d; — d; were found. They are presented in Tab. 4.4. Having

pH | 0; —dy, ppm
3.15 2.4629
3.78 2.4629
4.6 2.4626
5.19 2.4634
5.5 2.4630
5.62 2.4624
5.75 2.4631
6.34 2.4638
10.9 2.4632
11.32 2.4625

Table 4.4: Differences 01 — 02 between the chemical shifts of the two proton groups
of the Ethanol spectrum as a function of the solution pH.

found that the standard deviation on dependence of AJ with pH is equal 4 - 10~*
ppm, we may conclude that the Ethanol peak positions are very weakly dependent
on the environment acidity. Moreover, this can be confirmed by the plot §; — 05 as
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a function of the pH of the solution (see Fig. 4.13). The absence of any monotony
is another reason to consider the deviations as statistical.
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Figure 4.13: Differences between the chemical shifts of the two proton groups in
the Ethanol spectrum as a function of pH.

Based on this knowledge, we analyzed the reasons of peak mismatches in the
spectra of oligodendroglioma biopsies. To establish possible correlation between
the obtained variations in chemical shifts across different metabolites among the
thirty-three investigated biopsies, the differences in chemical shifts 9; — 05 of the
two proton groups for Lac were sorted in ascending order, see Fig. 4.14, left. On the
right are shown the differences in chemical shifts 0; — 05 of the two proton groups
for Cr for the corresponding sorted experiments. A certain dependence exists.
Pearson’s r between the two series is 0.29 corresponding to a small correlation.
But note that the trends of pH curves for different chemical shifts and various
metabolites are different [56, 86]. The r between Eth and Lac, Eth and Cr series
were also computed and found equal to 0.52 and 0.47 respectively showing a rather
large correlation. That means that differences in chemical shift changes is not
only due to pH. This can also be confirmed by the analysis of the chemical shift
correction data distribution (0; — d2). We used the chemical shifts corrections
and looked at the distances between the peak. The regions of interest (1394.5,
1397.5Hz for Lactate, 452.2, 453.4Hz for Creatine) were divided into sub-intervals
and numbers of occurences of d; — d5 in each sub-interval were counted. Plot
of the histograms (Fig. 4.15) of the optimized chemical shift differences d; — 2
set suggests the statistical nature of chemical shift mismatches. Distributions are
rather close to Gaussian distributions.

4.5.3 Quantitation of cell spectra

The optimization of a metabolite basis set for quantitation of signals of cells ap-
peared much more difficult than that of the tumour biopsies. The “difficulty” is
due to the sensitivity of prior knowledge: firstly, to the global spectrum displace-
ment (the position of the water peak, which the spectrometers are often tuned to,
is pH dependent, and the acidity variations in cellular samples are more important
than in the brain biopsy samples); secondly, to the starting values of chemical
shifts (due to the same reason). Moreover, the background due to macromolecular
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Figure 4.14: Left: optimized chemical shift differences 6; — d5 of the two proton
groups at about 1.3 and 4.1 ppm of Lac for thirty three spectra from tissue samples
of human brains with oligodendroglioma, acquired at 11.7T and sorted in ascending
order. Right: differences d; — d5 of the two proton groups at about 3.01 and 3.91
ppm for Cr corresponding to sorted experiments.
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Figure 4.15: Data distributions of the Lactate and Creatine peak position correc-
tions (coloured) and the corresponding Gaussian fits (white).

signals is much more significant, sometimes larger than the important reference
peaks as it can be seen in Fig. 4.16.

Therefore, the majority of the tests were done in order to optimize the Creatine
and Lactate basis-set signals, as these metabolites are the most recognizable and
most dependent (due to presence of the acetic groups) on the acidity of the envi-
ronment. The spectral regions of interest of these metabolites do not overlap the
spectral components of other metabolites, so the initial conditions for the optimiza-
tion procedure have relatively big margins. Obtained corrections are presented in
Tab. 4.5. The maximal number of the loops in the optimization procedure was set
to 200, thus the value of 200 in the “Iterations” column means the imposed exit
from the loop. Results of optimization of Creatine and Lactate chemical shifts for
a spectrum of cells are presented in Fig. 4.17.

As a conclusion to these optimizations, we must note their two main differences
from the basis-set optimization for the brain tissue samples. First of them is the
fact that the smaller Ty times lead to larger peak linewidths. This means that



98 CHAPTER 4. OPTIMIZATION BASED ON QUANTUM MECHANICS

x 10*
25 [ T T T T T T T
2 | Cho .
3
s 1.5F i
B
i | —
g 1
< GABA Lac
0.5F Cr Tau Cr Glx Ala Lip Lip B
O :————JWM 1
4.50 3.94 3.38 2.81 2.25 1.69 1.13 0.56 ppm
Frequency

Figure 4.16: An NMR spectrum of a cellular sample, acquired at 400MHz. The
only high-resolved peak is the Choline’s singlet. Creatine and Alanine groups are
also recognizable. The Lactate doublet is almost masked by the lipid peak at 1.3

Experiment | Metabolite 01 09 Iterations
1 Creatine | 3.920859 | 2.986938 200
1 Lactate 4.093038 | 1.302997 2
2 Creatine | 3.927632 | 3.004597 200
2 Lactate 4.093547 | 1.290304 163
3 Creatine | 3.931533 | 2.998504 200
3 Lactate 4.093049 | 1.287755 67
4 Creatine | 3.929975 | 3.019971 2
4 Lactate 4.093254 | 1.288410 163
5 Creatine | 3.932643 | 2.999818 101
5) Lactate 4.093045 | 1.293825 22
6 Creatine | 3.932555 | 3.009200 143
6 Lactate 4.093036 | 1.304134 23

Table 4.5: Chemical shift corrections for the series of six spectra from cellular
samples.
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Figure 4.17: Zoom in on the Cr and Lac multiplet regions in an HR MAS spectrum
from a cellular sample acquired at 400MHz and the basis-set spectra (blue: raw
spectrum; black: original basis-set spectra; magenta: optimized basis-set spectra).



4.6. CONCLUSION 99

small displacements of the peaks due to pH variations might not be as significant
(relative to the linewidth) as they were in brain biopsy spectrum quantitation.
Secondly, the variations of the acidity are bigger than previously, so the effect is
more significant. Whether to apply or not the optimization method — must be the
user decision before the quantitation of each series.

4.6 Conclusion

We proposed a new Quantum Mechanics-based method accounting for pH /tempera-
ture-related chemical shift changes prior to quantitation. Despite the fact that the
method is time consuming for large spin systems, it offers significant advantages:
1) it is the only method which respects the correct fingerprints of metabolites;
2) parameters Aw,, of the model (Eq. 1.4.1) become redundant after optimization
of the chemical shifts, thus reducing the number of free parameters in the quan-
titation procedure. The proposed method is well suited to improve quantitation
of metabolites with well resolved spectra (lactate, creatine, aspartate, inositol,
ethanol as a trace of the biopsy procedure, etc.). For more complicated spin sys-
tems like glutamate and glutamine, the method works well if these metabolites
have sufficient concentrations. The proposed method will be implemented in the
version 4 of the jJMRUI software package.
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Abstract

High-resolution magic angle spinning (HRMAS) nuclear magnetic resonance (NMR) is
playing an increasingly important role for diagnosis. This technique enables setting up
metabolite profiles of ex vivo pathological and healthy tissue. The need to monitor diseases
and pharmaceutical follow-up requires an automatic quantitation of HRMAS 'H signals.
However, for several metabolites, the values of chemical shifts of proton groups may slightly
differ according to the micro-environment in the tissue or cells, in particular to its pH. This
hampers the accurate estimation of the metabolite concentrations mainly when using
quantitation algorithms based on a metabolite basis set: the metabolite fingerprints are not
correct anymore. In this work, we propose an accurate method coupling quantum mechanical
simulations and quantitation algorithms to handle basis-set changes. The proposed algorithm
automatically corrects mismatches between the signals of the simulated basis set and the signal
under analysis by maximizing the normalized cross-correlation between the mentioned
signals. Optimized chemical shift values of the metabolites are obtained. This method,
QM-QUEST, provides more robust fitting while limiting user involvement and respects the
correct fingerprints of metabolites. Its efficiency is demonstrated by accurately quantitating 33
signals from tissue samples of human brains with oligodendroglioma, obtained at 11.7 tesla.
The corresponding chemical shift changes of several metabolites within the series are also
analyzed.

Keywords: magnetic resonance spectroscopy, HRMAS-NMR, quantitation, quantum
mechanics, JMRUI software package

1. Introduction important role for diagnosis. This technique enables setting
High-resolution magic angle spinning (HRMAS) nuclear UP metabolite profiles of ex vivo pathological and healthy

magnetic resonance (NMR) is playing an increasingly tissue, i.e. biopsies [1-10]. The need to monitor diseases and

0957-0233/11/000000+09$33.00 1 © 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Region of interest of an HRMAS spectrum from a tissue sample of a human brain with an oligodendroglioma, acquired at

11.7 tesla.

pharmaceutical follow-up requires an automatic and reliable
quantitation of HRMAS 'H signals [11-14].

Proton HRMAS signals of ex vivo tissues contain several
overlapping spectral components (many hundreds) from many
metabolites, see figure 1. For many metabolites, the values of
chemical shifts of proton groups may slightly differ according
to the micro-environment in the tissue or cells, see e.g. [15-17].
In fact, it is widely known that the exact values of chemical
shifts are not only subject to the molecular geometry but also
depend on the molecular environment. Thus, for example,
the temperature dependence of certain peak positions enables
temperature mapping [18-20], the pH dependence gives the
possibility of analyzing acidity maps [15]. The influence
of temperature on chemical shifts can also be predicted by
quantum chemistry calculations [21]. These changes of
chemical shift values hamper the accurate estimation of the
metabolite concentrations mainly when using quantitation
algorithms based on a metabolite basis set [22-24]: the
metabolite fingerprints are not correct anymore.

The values of mismatches (around some Hz) between
the signal to be fitted and those of the metabolite basis
sct arc often not significant for in vivo (low-resolution)
spectroscopy. But for HRMAS spectroscopy, this increases
the error of quantitation to tens of percents for certain
metabolites (e.g. Creatine, Lactate). Several methods were
proposed to circumvent this problem, see for instance [25] and
references herein. Subdividing the basis-set signals of given
metabolites into basis sub-components according to chemical
groups and adding appropriate constraints (prior knowledge)
to the parameters of the groups were proposed in [13]. To
limit user involvement, a simple method for chemical shift
correction based on signal processing and stretching/shrinking
of the metabolite basis-set signals was previously reported in
[26, 27]. In in vivo MR spectroscopy, chemical shift
recalibration based on linear interpolation was recently
proposed [28]. In this work, we propose a more accurate
method QM-QUEST, based on coupling quantum mechanical
simulations and quantitation algorithms to handle basis-
set changes, thus respecting the correct fingerprints of
metabolites. The method is applied to the quantitation

of 33 signals from tissue samples of human brains with
oligodendroglioma, obtained at 11.7 tesla.

This paper is set up as follows. In section 2, we
first describe the experiments and the quantitation method
QUEST and then detail the quantum mechanics methods
used to optimize the chemical shifts of metabolites. In
section 3, our method is applied to automatically quantitate
series of 'H HRMAS signals from biopsies of human brain
with oligodendroglioma. The obtained chemical shift changes
of several metabolites within the series are analyzed. In
section 4, results and the method are discussed.

2. Method

2.1. Experiments

1D '"H HRMAS NMR spectra were obtained on a Bruker
Avance 500 spectrometer operating at a proton frequency
of 500.13 MHz using a 4 mm double resonance ('H, '3C)
gradient HRMAS probe using a CPMG sequence as described
previously [29]. The amount of tumor tissue used ranged
from 16 to 20 mg. The whole HRMAS study was performed
at 4 °C and was started immediately after the temperature
inside the probe reached the equilibrium condition (5 min).
Thirty-three spectra from tissue samples of human brains
with oligodendroglioma were acquired (sampling interval:
0.143 ms, number of data points N = 16 384).

2.2. Quantitation with QUEST

In magnetic resonance spectroscopy, quantitation based on
a metabolite basis set has become very popular in the last
10 years. In this work, we used the method QUEST [23].
The complex-valued time-domain model signal is written as a
linear combination of the M weighted metabolite models "”"—
either quantum mechanically simulated or in vitro measured—
of the basis set, see figure 2. The model samples, %,,n =
1,2,..., N, where N is the number of data points, can be

written as
M

R0 = exp(igho) Y anf) expl(Acy, + 1 A0y +1A¢,], (1)

m=1
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Figure 2. Fourier transform of a metabolite basis set at 11.7 tesla, simulated by quantum mechanics with NMR-SCOPE for a one-pulse
sequence. This basis set was used in QUEST for the quantitation of human brain HRMAS signals. Lorentzian lineshapes were used.

where

X, mbeing a superscript, represents the metabolite basis-
set signals.

a, are M amplitudes to be estimated. Note that these
amplitudes represent the relative proportions of the M
metabolite signals *” in the signal x rather than the
amplitudes of individual spectral components.

Aoy, Aw, and Ag¢, represent small changes of the
damping factors, angular frequencies, and phase shifts,
respectively. These changes—relative to the initial values
in the metabolite basis set—are included in the estimation
procedure to automatically compensate for the effect of
magnetic field inhomogeneities. Most often A¢,, = 0.
Soft constraints on A«,, and Aw,, have been used in the
minimization procedure.

t, = nty+to,n = 1,2,..., N, are the sampling times,
in which ¢ is the dead-time of the receiver—fixed to O in
this study—and ¢, is the sampling interval.

¢o is an overall phase, fixed to O in this study.

12 =—1.

2.3. Optimization of the basis-set signals

Two quantum-mechanical simulators were used to simulate
the basis sets. The first one is the NMR-SCOPE algorithm
based on density matrix formalism [30], the second one, used
in the optimization procedure, is based on the conventional
approach [31].

2.3.1.  Density matrix approach: NMR-SCOPE. NMR-
SCOPE is based on the density matrix and the product
operator (super operators) formalism, and commutator
algebra. It handles a product-operator description of strongly
coupled spin % systems and enables to simulate signals of
the metabolites in response to magnetic resonance pulse-
sequences. It can handle various pulse sequences such as
STEAM and PRESS and provides directly the time-domain
signals. It is applicable to 'H, 3C, '°F, 3'P,. .., nuclei, and
arbitrary field strength. The equation of motion of the density
matrix operator p () under the influence of a time-independent
Hamiltonian H is given by

p(1) = exp(—tH1)p(0) exp(1'H1) (@)

where p(0) is the density operator at the beginning of the
experiment. Then, the evolution of the density matrix product
operators was computed according to equation (2) for each
pulse-sequence event by adapting 7 and ¢. During free-
precession time intervals, H was taken equal to the strong
coupling spin Hamiltonian

Npins

H = Z‘Siliz‘i'

where Ngpins 1 the number of spins of the molecule /metabolite
under consideration, /;,, I;y, I;; represent the components of
the spin I;, §; represent the chemical shifts and J;; represent
the coupling constants of the metabolite spins.

Nspins Nspins

Z Z 2JTJ,'jI,'.Ij,
J

i<j

3
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For radio-frequency (RF) pulses, H is equal to

Nspins

Hrr =0 (I cos g + Iy sin ), (4)

where 6 is the magnetization flip angle and ¢ is the phase of
the RF pulses. The Hamiltonian for selective RF pulses also
includes the free-precession Hamiltonian.

In the detection period, the sampled signal is directly
simulated in the time-domain leading to X™.

2.3.2. Conventional approach. In the optimization
procedure, the conventional quantum mechanical approach
[31] is used to speed up the calculations as at this step, one
needs signals with accurate frequencies. The method is based
on the time-independent Schrodinger equation

HY = EW 5)

where W are the wavefunctions and E are the energy levels
of H. The matrix representation of H and eigenvectors in
the spin system were obtained by working in the appropriate
direct product space. Thus, for two spins %, o >, laff >,
|Ba >, |BB > were used as basis set, where o and S
represent the % and —% states, respectively. The frequencies
and corresponding amplitudes of the spectral components are
obtained after diagonalization of the matrix representation of
‘H corresponding to equation (3) on the mentioned basis set
thus enabling to compute .

2.3.3. Metabolite basis sets. The basis-set signals were
simulated with NMR-SCOPE. Spin parameters were initially
taken from [32] and we refined them to fit rodent brain
HRMAS spectra [33]. Twenty-five metabolites—acetate
(Ace), alanine (Ala), aspartate (Asp), creatine (Cr), choline
(Cho), cysteine (Cys), ethanolamine (Eth), y-amino-butyric
acid (GABA), glucose (Glc), glutamate (Glu), glutamine
(GIn), glycerol, glycine (Gly), histamine (Hist), hypotaurine
(HTau), lactate (Lac), myo-inositol (ml), N-acetylaspartate
(NAA), phosphoryl-choline (PC), phosphocreatine (PCr),
phenylalanine (Phe), serine (Ser), succinate (Suc), taurine
(Tau) and ethanol (Eth) as a trace of biopsy procedure—were
included in the basis set. Signals modelling the lipids (Lip) at
0.9 and 1.3 ppm were not included in the basis set, considering
that their model function is insufficiently known. They are
estimated with the background signal.

As mentioned above, for several metabolites, chemical
shifts can slightly differ according to the micro-environment
in the tissue or cells, in particular with its pH. That means that
prior knowledge based on the metabolite basis-set signals is
not entirely correct anymore: the fingerprints of metabolites
slightly differ.

2.3.4. Optimization of metabolite chemical shifts. The goal
was to correct the possible mismatches between the signals
of the simulated basis set and the experimental signal and to
optimize the chemical shift values of the metabolites.

As mentioned above, the basis-set signals X depend
directly on the spin parameters (chemical shifts §" and
coupling constants J;) of the metabolite m:

2= f(om, I,

i i i j =12 N 6)
We propose to modify the metabolite basis-set signals
X", sensitive to pH and/or temperature changes, before
quantitation by maximizing the normalized cross-correlation
between each of these signals and the investigated HRMAS

signal x as a function of chemical shift values:

N
corr(x, £") = Y " x/&!" (7
i=1
where * indicates complex conjugation. This means that
the chemical shifts 8", initially provided to the quantum
mechanical simulation procedure for metabolite subject to pH
and/or temperature changes, will be optimized and new §;",
estimated. The normalized cross-correlation, chosen as the
cost function, avoids signal normalization.

To the best of our knowledge, such work has never
been reported. If fitting of spin parameters is a well-
known problem in high-resolution NMR, the problem tackled
here is much more complicated as the signals under
analysis show rich biomedical profile from a mixture of
metabolites with unknown concentrations and overlapping
spectral components. Minimization of the residue between
the fitted and theoretical signals of a metabolite, usually used
in high-resolution NMR, could not be used anymore.

2.3.5. Algorithm scheme. The optimization scheme of MQ-
QUEST can be summarized as follows:

(1) simulation with NMR-SCOPE of the basis set {x", m =
1,2,..., M} using the initial spin parameters {8;" and
I =12, N

(2) selection of metabolites that are subject to pH changes
leading to M,y metabolite signals to be optimized,;

(3) for each of the M,y metabolites:
maximization of corr(x, X")

1,2,..., Nt} and £2;
(4) simulation with NMR-SCOPE of the optimized basis
set {fcm m=1,2,..., MPH} using the spin parameters

opt?
{3rp and I} i j = 1.2 NG )

(5) QUEST quantitation using the optimized basis set

= (& ,i =

i,opt®

{fcgl‘)t,mzl,Z,...,M}.
Note that the conventional quantum mechanical

simulation algorithm is inside the maximization procedure
(based on the steepest descent algorithm) of the cost function.
The optimization was performed in Matlab (©MathWorks)
using the conventional quantum mechanical algorithm in C
[34] and quantitation was performed with the JMRUI software
package [20].

As a quality criterion of the method, we chose the
estimated standard deviations based on the estimated Cramér-
Rao lower bounds on the amplitudes provided by QUEST [23]
for metabolites subject to pH and/or temperature changes.
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Figure 3. Zoom in on the Cr, Lac, Asp and Eth multiplet regions in an HRMAS spectrum from a tissue sample of a human brain with an
oligodendroglioma, acquired at 11.7 tesla and the basis-set ones (blue: raw spectrum, black: original basis-set spectra, magenta: optimized

basis-set spectra).

3. Results

The proposed method was first tested on simulated signals
mimicking HRMAS-NMR ones (not reported in this paper)
and then on HRMAS-NMR signals. Thirty-three spectra
from tissue samples of human brains with oligodendroglioma,
acquired at 11.7 tesla were quantitated. The region of interest
of the spectra was first extracted with ER-Filter [35] as
mentioned in [33]. Mismatches between the initial basis-
set signals and some ex vivo signals were observed. For
the latter, adaptation of the basis-set signals was necessary.
Results are illustrated for an oligodendroglioma spectrum of
the series in figure 3. Lac, Cr, Asp, Eth, the latter as a
trace of the biopsy procedure, and other signals of the basis
set were automatically optimized prior to the quantitation
procedure as mentioned above by maximizing the correlation
between the ex vivo and basis-set signals. The method
enables independent movements of the different multiplets of
the spectrum, keeping all strong-coupling effects, contrary
to methods which subdivide the basis-set signals of given
metabolites into sub-components. This enabled us to adapt
the chemical shift variations. It can casily be scen in figure 3
that the mismatches between the basis-set and HRMAS spectra
have been reduced for Cr, Lac, Eth. Asp multiplets at 2.80
and 2.65 ppm have amplitudes of the same order as the noise
level which makes the recognition of peak positions more
difficult.

The optimized chemical shifts for Lac and Cr for the
33 spectra are shown in figure 4. The left plots represent
the chemical shifts of two spin groups (or of two chosen

groups for Asp in figure 5). The red dots correspond to the
starting values provided to the optimization procedure. In
the absence of pH-dependence, a straight line (corresponding
to a global spectrum shift) would be expected. The ‘cloud
points’ represent independent changes of the chemical shifts
of the different multiplets due to the environment changes.
Note that the Cr chemical shift at about 3 ppm is nearly the
same for all biopsies, in agreement with [36]. On the right,
the series of optimized chemical shift differences are plotted
as a function of the experiment number. Again, it can be
easily seen that independent chemical shift corrections are
needed to adapt the distance between the metabolite multiplets.
From the estimated chemical shifts of Cr in the series and the
titration curves given in [36], one could cautiously estimate
that the pH in these biopsies was about 7-8. Comparing the
results obtained for Cr and Lac to those obtained for Asp,
one can see the poor optimization quality for the latter, see
figure 5. The Asp spectra after optimization are not (or
slightly) changed. Thisis due to the small amplitude of the Asp
signal in the investigated spectra. For more complicated spin
systems such as Glu and Gln, the residue of the fit decreases
but the commonly low concentrations of these metabolites do
not allow us to conclude about the efficiency of the proposed
method.

To establish possible correlation between the obtained
variations in chemical shifts across different metabolites
among the 33 investigated biopsies, the differences in chemical
shifts §; — &, of the two proton groups for Lac were sorted in
ascending order, see figure 6, left. On the right the differences
in chemical shifts §; — &, of the two proton groups for Cr for
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the corresponding sorted experiments are shown. A certain
dependence exists. The Pearson product-moment correlation
r between the two series is 0.29 corresponding to a small
correlation. But note that the trends of pH curves for different
chemical shifts and various metabolites are different [16, 36].
Pearson’s r between Eth and Lac, and Eth and Cr series were
also computed and found equal to 0.52 and 0.47, respectively,
showing a rather large correlation. That means that

differences in chemical shift changes are in part due to pH as
expected.

Results show an improvement of quantitation quality
when using the optimized basis set. As a quality criterion
of the method, we chose the estimated standard deviations on
the amplitudes provided by QUEST for metabolites subject
to pH and/or temperature changes. Comparing these values
obtained using the initial and optimized basis sets, one finds

Q1
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Figure 6. Left: optimized chemical shift differences §; — 3, of the two proton groups at about 1.3 and 4.1 ppm of Lac for 33 spectra from
tissue samples of human brains with oligodendroglioma, acquired at 11.7 tesla and sorted in ascending order. Right: differences §; — &, of
the two proton groups at about 3 and 3.91 ppm for Cr corresponding to sorted experiments.

decreases of as much as 30-40%. Moreover, the parameters
Aw,, of the model function (equation (1)) become redundant
after the optimization of the chemical shifts, thus reducing the
number of free parameters in the quantitation procedure.

The computing time for the optimization procedure
depends mainly on the spin number of the considered
metabolite as the quantum mechanical simulation is iteratively
computed in the cost function. It was about 8 s for Cr, 63 s
for Lac, 44 s for Asp and 67 s for Eth, on a laptop PC with an
Intel Core Duo with a 2.4 GHz processor and 2 GHz of RAM,
running Windows XP.

4. Discussion

A novel method based on quantum mechanical simulations
was developed that provides an automatic approach for the
accurate quantitation of the metabolite concentrations in high-
resolution signals from biopsies. As previously demonstrated,
the method when combined with a quantitation algorithm
(for instance, QUEST, leading to the method QM-QUEST)
provides more robust fitting. In particular, it is well suited to
improve the quantitation of metabolites with well-resolved
spectra (Lac, Cr, Asp, ml, Eth as a trace of the biopsy
procedure, etc) in HRMAS spectra. Moreover, it limits
user involvement as only metabolites for which chemical
shifts have to be optimized must be selected, whereafter
optimized chemical shift values for these metabolites are
provided automatically. Compared to methods based on
subdividing the basis-set signals of given metabolites into basis
sub-components according to chemical groups and adding
appropriate constraints (prior knowledge) to the parameters of
the groups [13], the proposed method limits user interaction
and the number of parameters used in the quantitation routine.
The simple method for chemical shift correction based on
signal processing and stretching/shrinking of the metabolite
basis-set signals, we previously reported in [26, 27], does not
provide optimized chemical shifts.

The reliability achieved in the final fits was assessed using
the estimated Cramér—Rao Bounds and shows decreases of
as much as 30—40% for metabolites for which the basis-set
signals have been optimized. For a given metabolite, results
depend on the signal-to-noise ratio (SNR) related to the spin

numbers and concentration and on the overlap between the
spectral components of other metabolites. For example, the
scyllo-Inositol singlet appears near other metabolite multiplets
around 3.3 ppm, which makes its chemical shift hardly
optimizable. For several metabolites, the estimated changes in
the chemical shifts were unique; this result differed from one
biopsy to the other. Only the Cr chemical shift at about 3 ppm
was nearly the same for all biopsies. No strong correlation
has been observed between changes in the §; — &, of pairs
of metabolites, indicating that these changes are due not only
to pH.

Besides important improvements, the method has some
limitations. For metabolites with very similar spectra such as
Cr and PCr, it was not possible to adjust their chemical shifts
separately and only total Cr was considered. Note that in
most of the spectra of the series, PCr was not identifiable.
For more complicated and overlapping spin systems such
as Glu and GIn, o and g Glc, the method works well if
these metabolites have sufficient concentrations. When the
SNR is low, the quantum mechanical optimization procedure
should be included into the quantitation algorithm. This would
enable to quantitate signals with an optimized basis set but the
computing time would substantially increase. As mismatches
of peak positions between the basis-set signals and the signal
under analysis are of the order of some Hz, the optimization
algorithm is also sensitive to the presence of local minima of
the correlation function.

The method would also be well suited for the accurate
quantitation of prostate tissues, mainly because of citrate
chemical shift changes according to pH [16].

5. Conclusion

We proposed a new quantum mechanics-based method
accounting for pH- and/or temperature-related chemical shift
changes prior to quantitation. Its advantages are as follows:
(1) itis the only method which respects the correct fingerprints
of metabolites; (2) it limits user involvement, (3) the
parameters Aw,, of the model (equation (1)) in QUEST
become redundant after the optimization of the chemical shifts,
thus reducing the number of free parameters in the quantitation
procedure. The proposed method QM-QUEST is well suited
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to improve the quantitation of metabolites with well-resolved
spectra (lactate, creatine, aspartate, myo-inositol, ethanol as
a trace of the biopsy procedure, etc). For more complicated
spin systems such as glutamate and glutamine, the method
works well if these metabolites have sufficient concentrations.
The proposed method QM-QUEST will be implemented in the
coming version 4.2 of the JMRUI software package.
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Chapter 5

General conclusions

The primary objectives of this work were to analyze the changes of NMR spectra
due to environment variations, estimate the margins of this effect for HRMAS
spectra of human brain biopsy samples and to develop methods to minimize un-
desirable concomitant spectrum distortions.

This work led to several results applicable to various NMR spectroscopy do-
mains.

The first results belong to the spectrum quantitation subdomain and are dedi-
cated to improve the quality of spectrum quantitation. As it was shown at the end
of the third chapter, the developed methods for chemical shift optimization per-
mit to decrease significantly the residue in the method QUEST thereby improving
the quantitation quality. The methods of stretching/shrinking and splitting have
shown good efficiency combined with an easy implementation and modest calcu-
lation resources requirements. If one needs to correct rapidly the peak positions
in spectra such as Lactate or Creatine, these algorithms will be indispensable.

The method of optimization, based on Quantum Mechanics resimulation, en-
abled automatic actions, previously done only manually, adjusting step-by-step the
parameters of the spin systems and resimulating the theoretical spectra again and
again. The chemical shifts of numerous A, X,,,, AMX, and ABX spectra of basis-set
metabolites can now be optimized before quantitation of HRMAS spectra. Cur-
rently implemented in MATLAB, the algorithm can be easily transcribed to Java,
enabling its implementation in the JMRUI software. The program is implemented
in modular approach. The spectrum simulation modules were successfully im-
plemented and tested in MATLAB (which makes the program source-modifiable,
cross-platform, but slower) and written in C and compiled into Win32-executable
application (which makes the entire program platform-dependent but brings gains
in computing time).

The described methods of optimization can increase the accuracy of further
quantitation up to 30-40 percents (for high-resolved metabolite spectra) with com-
puting time costs of minutes in the case of resimulation in Quantum Mechanics and
of seconds in optimization by spectrum stretching/shrinking or splitting. These
important improvements are not possible for all brain metabolites. Comparative
analysis of Creatine, Lactate and Aspartate chemical shifts optimization results
showed possible difficulties related to the optimization. A peak, being weakly re-
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solved with respect to the noise level or to the neighbour proton peaks, can not
always be found by the minimization algorithm.

An additional important result of the Quantum Mechanical optimization
method (QM-QUEST) is that it enables to obtain optimized values of chemi-
cal shifts. Methods of stretching/shrinking and splitting enable only to adjust
the basis-set signals to the analyzed ones. This means, that once a spectrum, for
which the acquisition conditions are known, is processed, the values of corrected
chemical shifts can be used in further investigations without losses of time due to
repetition of the optimization procedure. Having a sufficient number of acquired
spectra, one can create a database of the metabolite spectra. This database can
be used directly in further quantitations or as a guide of prior knowledge in case
of additional optimizations.

Another part of the work was dedicated to speed up Quantum Mechanical
simulations. In Ch. 2, analyses of computation time costs for signal simulation
were done. Different steps of the simulation process were investigated, such as
Hamiltonian construction, Hamiltonian diagonalization and signal creation. The
Hamiltonian matrix size increases exponentially as a function of the number of
spins, thus preventing the simulation for large spin-system molecules. The method
is based on virtual metabolite structure to minimize the number of J-coupling
values. Its first part enables the decomposition of large spin structures into smaller
parts and is an easily implemented method to save some simulation time. The
simulation of Choline previously needed eight minutes on a 2.4 GHz processor
computer. It takes now no more than some seconds. Being implemented in Java,
the method can become a useful tool to accelerate the NMR-SCOPE simulations.

The next step, focused on losses of quality, is based on neglecting proton-proton
J-coupling interactions of topologically distant spins. The losses of second order in
accuracy led to computing time gains which increase exponentially with molecule
size. The analyses of introduced inaccuracies were done and represented in maps,
taking the chemical shifts and their relative differences as parameters. Being de-
veloped with the goal to extend the performance of the NMR-SCOPE module of
the JMRUTI software, the algorithm has been implemented in Java- and C-codes,
enabling now to decrease the time of simulation of cyclic compounds (such as
Inositols or Glucoses) to some seconds and to perform the simulations of spec-
tra of metabolites such as Phosphocholine and Glycerophosphocholine, previously
impossible to be simulated with the strong-coupling Hamiltonian. Generally, the
precision losses of the method are not above 10% (calculated as integrated absolute
difference between the ideal and fast-simulated spectra relative to the spectrum
integral), and the correlation between the results of optimized simulation and the
ideal one reaches 0.99 for the majority of common brain metabolites for magnetic
field strengths higher than 7T. These fields (thus — frequencies above 300Mhz) are
the subject of high-resolution magnetic resonance spectroscopy.

Parallel to the previously mentioned algorithm, numerous useful MATLAB
functions were written to process the NMR spectra. Among them are the signal
preprocessing procedures (time circular shift, phasing, ER-filter), all the opti-
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mization methods (stretching, splitting etc.), simulation tools and output func-
tions. The ensemble of proposed methods is well suited to improve quantitation
of metabolites with well resolved spectra.

The proposed method QM-QUEST will be implemented in version 4 of the
jMRUI software package.
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Appendix

Interpolation errors (Eq. 3.2.19)

Linear interpolation

The error of the linear interpolation on an interval [a, b] is
"
< s, o

where

F o) = max | f(2)] (5.0.2)
i€[a,b]

and h signifies the interpolation interval. For the equidistant points case (see
Fig. 5.1):

_b—a

h

(5.0.3)

N

a
Figure 5.1: A function to be interpolated with N data points on the interval [a, b]

For the harmonically oscillating function with the angular frequency w and the
amplitude A, the maximum maximorum estimation (for b —a = 7'/2, the limit of
the Niquist criterion) gives:

" o) = Aw? (5.0.4)
and the error:
A 2
Ejin < —;U t2 (5.0.5)
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where t, is the sampling time.

Cubic spline interpolation

Similar calculations for the cubic spine interpolation lead to:

BT

cub X

Integration to obtain Eq. 3.2.28

Eq. 3.2.28.1
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Spectrum errors (Eq. 3.2.29)
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Fragmentation implementation in jMRUI

Current realization of simulation by BCH formalism, implemented in jMRUI, has
a vector of multiplicity values for a simulated spin system. In fact, the definition
used in NMR-SCOPE corresponds to the pseudo-intensity previously described
in this work. This enables to use the NMR-SCOPE multiplicity values as the
fragmentation procedure output.

Data, intercepted right before the start of simulation were transformed in a
structure Metabolite with the fields:

e double|| Shifts

int[] Multiplicity

double]] Intensity

double]][] Couplings

Metabolite[] Components

So, the last field has the same representation and ready to be simulated. It is
passed to the simulation procedure. Simulating one by one the “Components” of
the spin-system from the respective array, one obtains the series of signals which
will be added to get the final output.

The changed version of the sequence window interface of NMR-SCOPE is pre-
sented in Fig. 5.2.
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£ jMRUI v4 [ N [=] ]
File Edit Display Preprocessing Quantitation Custom Options Window Help

BCH Simulation

n Spin parameters ‘T X
umber of spins(max : 6 for strong, 8 for weak ). T
ransmitter frequency(Mhz): a00.132
ucleus : Unknown | -
Chemical Shifts Coupling
n®|_ Multiplicity | Shifts{pprm) ! 1 2 8 4 & 4} i
1 1 4.312 1 0 0 31 5.9 267 E.03 0
2 1 4.312 2 0 0 5.4 3.1 267 E.03 0
3 1 3659 3 31 a4 0 0 0 0 0
4 1 3.659 4 5.4 31 1] 1] 0 0 1]
5 1 11 5 2.67 267 0 0 0 0 0
] 1 11 ] 6.03 6.03 0 0 0 0 0
L e} 3212 L 0 0 0 0 0 0 1]
Carrier Frequency (ppm): 4.7 |
KeySpin: ( 0 ) |
File name: |D:IWorIdjMRUIIeruM.D_buiId_DTB norkI0E - PreReleaseld_Simules\GPH-Choline.spn |
New Save Load Quit

Description of the sequenc:
File Actions

Method
) Density matrix /Weak coupling ® Density matrix / Strong coupli... ' Classical approach ) Strong + Decomposition
Add to sequence
Detection period |v i Type_ Duration | Pulse angle Phase [Freq. of select. |
Options Hard p.ulses \Wh arbitrary phase 1] a0 u] 1]
Detection period 1] 1] -40 1] i
Duration |
Pulse angle
Phase -a0 | =
Phase cycling. Sequence : 11
o | [ I I | |
Acquisition parameters
® Mode 1D (Z) Mode 2D
No. of points (t2): [1024 |sampling step in t2 (ms): ]
No. of points (t1): Sampling step int1 (ms):
Damping factor (Hz): 2 |
Launch simulation ’--_..._Launch decomposition and simulation
New | Save | Load Quit

Figure 5.2: Screen shot of the NMR-SCOPE module of jMRUI. Please, note the
added options of simulation: simple decomposition (suitable for Creatine, Choline,
GPC) and fragmentation (for Glucose, myo-Inositol, PhC, GPC).



