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Kurzfassung

Die Kernspin-Magnetresonanz (Nuclear Magnetic Resonance, NMR) wird seit ihrer
Entdeckung vielféltig, zunéchst als spektroskopische Methode in Physik und Chemie
und spéter vorwiegend als bildgebendes Verfahren in der Medizinischen Diagnostik
genutzt. Als spektroskopisches Verfahren in vivo am Menschen angewandt, bietet die
NMR-Spektroskopie die Moglichkeit, Stoffwechselvorgéinge in physiologischen und pa-
thologischen Fragestellungen anhand der Metabolitenkonzentrationen und ihrer Ande-
rungsraten nichtinvasiv, lokalisiert und zeitaufgelost zu verfolgen, wobei abhingig vom
angeregten Kern verschiedene , Beobachtungsfenster” also das Ensemble messbarer
Groflen, genutzt werden konnen.

Mechanismen der Resynthese von Adenosintriphosphat (ATP) als direktem Ener-
gietrdger fiir Muskelkontraktionen sind u.a. Spaltung von Kreatinphosphat (PCr),
Glykolyse, 5-Oxidation und schliellich oxidative Phosphorylierung. Wihrend der Bei-
trag dieser Stoffwechselprozesse zur Deckung des Energiebedarfs der Muskulatur in
bekannter Weise abhéngig ist von Art und Dauer der Beanspruchung, ist die Funk-
tionsweise ihrer Regulationsmechanismen noch Gegenstand aktueller Forschung. Ein
grofler Anteil des Wissens iiber den Metabolismus des Muskels basiert auf bioche-
mischen Analysen von invasiv gewonnenem Gewebe (Biopsien, Mikroperfusion) oder
der Bestimmung von Parametern die lediglich eine Aussage iiber den Stoffwechsel des
Gesamtorgansmus zulassen (Blut- oder Atemgasanalyse). Mittels lokalisierter NMR-
Spektroskopie konnen hingegen zeitaufgeloste Daten aus einem definierten Volumen
in vivo, nichtinvasiv akquiriert werden.

Im Gegensatz zur iiberwiegenden Mehrheit der publizierten Studien, in denen NMR-
Spektroskopie mit der Anregung nur eines Nuklids (meist 'H, 3P oder '3C) oder
mehrere solche Experimente hintereinander durchgefithrt wurden, 6ffnet diese Ar-
beit ein weiteres Fenster zur Beobachtung des Metabolismus, indem multinukleare
NMR-Spektroskopie in ein einziges Experiment verschachtelt (,interleaved*) wihrend
Ruhe, Belastung und Erhohlungsphase der Wadenmuskulatur in vivo durchgefiihrt
wurde. Mit dieser Methodik sind unter anderem die Konzentrationen von Kreatin-
phosphat, anorganischem Phosphat, ATP, totalem Kreatin und erstmals auch Laktat
im menschlichen Gastrocnemius-Muskel direkt, das heifit ohne die Anwendung physio-
logischer Modellannahmen einer nichtinvasiven lokalisierten zeitaufgelosten Messung
zuginglich und der intrazellulire pH-Wert kann ebenfalls anhand von 3'P-Spektren
bestimmt werden. Die Quantifikation von Laktat mittels NMR-Spektroskopie stellt
dabei eine besondere Herausforderung dar, da das Laktatsignal im Muskel erstens
von vielfach stédrkeren Signalen des intramuskulédren Fetts iiberlagert ist und zweitens
orientierungsabhingige Modulationen aufweist, deren Verhalten von Parametern wie
Muskelfaserorientierung, intra- und extrazelluldrer Volumsanteil und Relaxationszei-
ten abhingt, die nur schwer einer Messung zuginglich sind.



Die Arbeit gliedert sich in eine Einfiihrung zur Muskelphysiologie und der zum Stu-
dium des Metabolismus angewandten Methoden, gefolgt von einem Kapitel zur theo-
retischen Beschreibung der lokalisierten NMR-Spektroskopie mittels STEAM und der
zur Laktat-Quantifizierung im Muskel entwickelten Doppelquantenfilter-Pulssequenz
(erginzt durch eine Zusammenfassung des Produktoperator-Formalismus zur Beschrei-
bung des Doppelquantenexperiments fiir die Laktat-Quantifizierung im Anhang).

Der zweite Teil ist den am 3 Tesla Ganzkérper NMR-Scanner des , Exzellenzzen-
trums Hochfeld-Magnetresonanz* an der Medizinischen Universitdt Wien durchgefiihr-
ten Experimenten gewidmet. Er beginnt mit der Beschreibung des im Zuge des Pro-
jekts konstruierten Geréts zur Aktivierung der Wadenmuskulatur wihrend der Mes-
sung im NMR-Gerét und einem Kapitel mit Beispielen einfacher Muskel-NMR-Spek-
troskopie. Weiters ist die aus der Verschachtelung zweier STEAM-Sequenzen, (eines
'H- und eines 3! P-Experiments) bestehende multinukleare Spektroskopie-Methode be-
schrieben. Ein weiteres Kapitel behandelt die lokalisierte Doppelquantenfilter-Sequenz,
welche zur Unterdriickung starker, die Laktat-CHs-Resonanz iiberlagernder Lipidsi-
gnale der Muskel-Spektren entwickelt wurde. Dabei waren erst im letzten Jahr in Publi-
kationen beschriebene Ordnungseffekte im Muskelgewebe zu beriicksichtigen, ohne de-
ren Kenntnis eine Quantifizierung von Laktat in dieser Weise unméglich ist. Schlieflich
wird das Experiment beschrieben, in dem Doppelquanten-gefilterte Laktat-Spektren,
H- und 3'P-STEAM Spektren in einer einzigen Messung zeitaufgelost aufgenommen
wurden, wihrend die Versuchsperson im Magneten durch ischéamische Plantarflexion
und mit Hilfe der beschriebenen Konstruktion die Wadenmuskulatur aktiviert.

Der abschlieende Teil besteht aus den Schlussfolgerungen, dass die mit 3'P-NMR-
Spektroskopie in vivo akquirierten Daten und gleichzeitig bestimmte Laktatkonzentra-
tion der Kliarung aktueller Diskussionen iiber intrazellulire Ht-Pufferkapazitiit dient
und die Methodik geeignet ist, aus Laktatkonzentration, pH und PCr wihrend Erho-
lung nach ischaemischer Belastung metabolischen Fluss zu bestimmen und wihrend ae-
rober und anaerober Belastung angewandt werden kann, um die Kontrollmechanismen
von Glykogenoslyse und Koordination oxidativer und glykolytischer ATP-Produktion
zu studieren. Mogliche Weiterentwicklungen der Methodik sind weitere Verbesserung
der Spezifizitit, etwa durch multinukleare Spektroskopische Bildgebung und Steige-
rung der Sensitivitdt und damit verbunden der Zeitauflésung, durch den Einsatz noch
hoherer Feldstérken.
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Abstract

Nuclear magnetic resonance (NMR) has been used as a spectroscopic method in physics
and chemistry before it was developed to become a diagnostic imaging tool in medicine.
When NMR Spectroscopy is applied to human tissue, metabolism can be studied in
normal physiological and pathological states in vivo. Metabolite concentrations and
rates can be monitored dynamically and with localisation of a defined region of interest.
The “window” which is opened for observation, i.e. which quantities are measured,
depends on the nucleus used for RF excitation.

Mechanisms of adenosine tri-phosphate (ATP) resynthesis, as a direct source of
energy for muscle contraction, are phosphocreatine (PCr) splitting, glycolysis, (-
oxidation and, finally, oxidative phosphorylation. Whilst the dependency of these
processes’ fractional contribution to muscular energy supply on exercise type and du-
ration is well known, quantitative models of the regulating mechanisms involved are
still subject of current research. A large fraction of the established knowledge about
metabolism is based on biochemical analysis of tissue acquired invasively (e.g. micro-
dialysis and open-flow microperfusion) or representing averaged metabolic concentra-
tions for the whole body (via serum metabolites or gas exchange analysis). Localised
NMR spectroscopy, however, is capable of non-invasively acquiring time-resolved data
from a defined volume of interest, in vivo.

In contrast to the vast majority of MRS studies investigating metabolism, where
spectra of a single nucleus (commonly 'H, 3'P or 3C) were acquired or several MR
spectra with different nuclei were measured in separate experiments, this work opens
an additional “window” on muscle metabolism by interleaved localised acquisition
of 'H and 3'P NMR spectra from human calf muscle in vivo, during rest, exercise
and recovery, in a single experiment. Using this technique, the time courses of the
concentrations of phosphocreatine, inorganic phosphate (P;), ATP, total creatine, and
lactate in human gastrocnemius muscle can be quantified directly, without using phys-
iological model assumptions, while intracellular pH can be derived from the chemical
shifts of P; and PCr in 3'P MR spectra. Quantifying intramuscular lactate by NMR
spectroscopy is a challenging task, because the lactate signal is overlapped by strong
lipid resonances and exhibits modulations which dependent on factors hard to con-
trol or measure, like muscle fibre orientation relative to the magnetic field, intra- and
extracellular compartmentation and relaxation times.
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The thesis is organised into an introduction to muscle physiology and methods for
studying metabolism, followed by a theoretical chapter on localised NMR, spectroscopy
using STEAM and the localised double quantum filter (DQF') pulse sequence which was
implemented for in vivo lactate detection. The theoretical sections are supplemented
by an outline of the product operator formalism to describe the NMR spectroscopy
experiments mathematically, in the appendix.

The second part describes the experiments which have been conducted at the 3 Tesla
whole body NMR scanner installed at the “High Field MR Centre of Excellence”,
Vienna Medical University: The non-magnetic exercise rig constructed for activation
of human calf muscle during NMR measurements is presented. Examples of basic
muscle MR spectroscopy are given and the interleaved 'H and 3'P STEAM sequence
implemented on the NMR scanner is explained in detail along with its application
during calf muscle exercise, employing the exercise rig. Then the localised double
quantum filter (DQF) pulse sequence is introduced which was developed for detection
of the lactate CHj3 resonance and suppression of overlaying lipid signals. Lactate
quantification is only possible with this method due to the incorporation of knowledge
about ordering effects published by other groups in the previous year. The final chapter
of the experimental part comprises the time resolved interleaved localised DQF, 'H and
31p STEAM measurements during ischaemic calf muscle exercise using the exercise
rig.

In conclusion, 3'P MRS data and lactate concentrations measured simultaneously
by 'H MRS help to confirm model assumptions about cellular proton buffering capac-
ity. Questions on metabolic efflux can be addressed when studying lactate, pH and
PCr changes during recovery from ischaemic exercise with high time resolution, as
well as control of glycogenolysis and coordination of oxidative versus glycolytic ATP
production in aerobic and ischaemic exercise. Perspectives are further improvement
of specificity by multi nuclear spectroscopic imaging and an increase of sensitivity and
time resolution by transferring the technique to an even higher field strength.
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Part |I.

Rationale and Theoretical
Background



Introduction

An overview about the rationale and biochemical questions related to this PhD thesis and
the underlying research project. Want was measured, observed and why is this relevant?

1.1. Energy Sources of Muscle Contraction

The metabolism of contracting muscle is described in textbooks on physiology (e.g.
“Taschenatlas der Physiologie” by S. Silbernagl et al. [1] or “Review of Medical Phys-
iology” by W.F. Ganong [2]).

Adenosine tri-phosphate (ATP) is the direct source of energy for muscle contractions.
But as the ATP pool in muscle cells is restricted, it would be depleted after e.g.
10 — 20 metres of running, if it was not continuously resynthesised, resulting in a
largely constant intracellular ATP concentration even during increased ATP use.

ATP can be regenerated by:

e phosphocreatine (PCr) splitting
e anaerobic glycolysis
e aerobic oxidation of glucose and fatty acids.

As the latter two processes need some start-up time, the chemical energy of PCr
is used to meet a temporary ATP shortfall immediately after the onset of exercise:
Adenosine di-phosphate (ADP) which is produced during ATP splitting is transformed
to ATP and Creatine (Cr) by cytosolic creatine kinase (CK). This process allows high-
power exercise of short duration, i.e. 10 — 20s, until the PCr pool (ca. 25pmol/g
muscle) is depleted.
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Anaerobic glycolysis follows PCr splitting and reaches its peak after ca. 0.5 min.
Glycogen stored in the muscle is metabolised to lactic acid via glucose-6-phosphate
(G6P) which yields 3 ATP per glucose rest. During moderate exercise, the lactate gen-
erated in this reaction is further broken down in the heart and liver under consumption
of H'. After approximately 1min, the much more efficient aerobic decomposition of
glucose and fatty acids supersedes glycolytic ATP production. If this is yet insuffi-
cient under strenuous exercise, glycolysis continues, now decomposing mainly glucose
delivered via the blood (from glycogenolysis and glyconeogenesis in the liver), with a
net yield of only 2 ATP/glucose, as blood glucose has to be phosphorylated to G6P
using 1 ATP.

Long-term exercise requires aerobic ATP resynthesis from glucose (which yields 2
+ 34 ATP/glucose) and lipids. Pulse- and respiratory frequency are increased until
the requirements of muscle metabolism are met, finally arriving at an equilibrium.
Reaching this steady state takes several minutes during which anaerobic ATP synthe-
sis, increased O2 uptake from blood and an activation of intramuscular Oy storage
(myoglobin) bridge the gap until oxidative ATP production sets in.

When exercise intensity is further increased and the steady state becomes unsus-
tainable — at approximately 370 W for athletes, dependent on the rate of maximal
O2 uptake (VO2max) and aerobic glucose and lipid decomposition — the energy gap
can be matched temporarily by anaerobic ATP regeneration. But as HT consumption
during lactate decomposition cannot keep pace with a high rate of glycolytic lactate
production, H™ accumulate. At 60 — 65% of VOgmax, plasma concentration of lac-
tate increases rapidly and reaches the “anaerobic threshold” at 4 mmol/1 above which
power output cannot be increased. Finally, the concomitant pH drop (acidosis) in-
hibits the chemical reactions necessary for muscle contraction, causes a shortfall in
ATP and results in rapid fatigue and, ultimatively, failure to continue exercise.

For a short period (ca. 40s), a threefold power output compared to aerobic exercise
can be achieved with PCr splitting and glycolysis. This high level exercise is associated
with an Os deficiency which has to be overcome during a subsequent recovery period
mainly serving the regeneration of storages and decomposition of lactate in the liver
and heart.

Motivation of this work: While the various mechanisms of ATP resynthesis (i.e. PCr
splitting, glycolysis, oxidative phosphorylation) and the respective regimes they act
in (short- or long term, high- or low power exercise) appear to be well established
textbook knowledge, the question which processes exactly trigger their invocation
remain subject of debate. Here, this work seeks to contribute by investigating muscle
metabolism by means of localised multi-nuclear NMR spectroscopy ([N]MRS) during
exercise.

Most of the knowledge on muscle metabolism is gathered from biochemical meth-
ods — often invasively and/or yielding whole body averages (see section 1.2). NMR
spectroscopy is a non-invasive technique that can yield time resolved data from a
specifically selected volume. In contrast to the vast majority of previously published
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NMR studies, this work opens two windows on metabolism by employing interleaved,
i.e. multi-nuclear MRS. With this approach it is possible to monitor the time courses
of phosphocreatine (PCr), inorganic phosphate (P;) and ATP by 3P MRS and, si-
multaneously, quantify the intramuscular concentration of lactate, total creatine (and
other metabolites) by 'H MRS.

This work therefore helps in verifying and improving quantitative models of energy
metabolism in human muscle.

1.1.1. Muscle Anatomy

In this study, subjects performed plantar flexion exercise with a straight knee, in supine
position. This type of exercise activates primarily the gastrocnemius muscle [3,4].
Therefore, spectra were acquired from this muscle with a focus on the medial head of
gastrocnemius, as it was positioned in the centre of the magnet.

1.2. Techniques to Study Muscle Biochemistry

This chapter closely follows the biochemical rationale and motivation for the application
to FWF grant P15202-B02 to E. Moser.

All techniques applied to measure dynamic metabolic events involved in muscu-
lar contraction and recovery are indirect methods. Methods established so far are

m. tibialis anterior

m. popliteus
m. soleus
m.plantaris
m. gastrocnemius (lateral head)
m. gastrocnemius (medial head)

Figure 1.1: Muscles of the human lower leg. Figure reproduced from [5] (modified).
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measurements of serum metabolites and gas exchange analysis, representing averaged
metabolic changes for the whole body. More direct and localised methods are mus-
cle biopsies, microdialysis or open-flow microperfusion [6], the latter also enables the
sampling of macromolecules from muscle interstitial fluid (ICF) in humans, however,
both techniques show significant limitations, in particular their invasiveness.

Magnetic Resonance Spectroscopy (MRS) has evolved from Nuclear Magnetic Res-
onance (NMR) methods developed in physics and chemistry and applied with humans
in vivo after the development of RF-surface coils [7] and the broader availability of
(very) high-field whole-body magnets. First, phosphorus (3'P) MRS has been de-
veloped to follow non-invasively and repeatedly metabolic changes in human muscle
in vivo during rest, exercise and recovery. Volumes-of-interest (VOI) were selected
via the size of the RF-coil and the excitation flip-angle applied, thus being taken as
representative of the muscle as a whole (e.g. [8]).

Several research facilities have developed large scale research programs over the last
2 decades to study metabolic events in the human muscle using 3'P MRS. Later on,
13C MRS and 'H MRS have been used to study lactate, glucose and lipid metabolism
in the human in vivo, respectively. In addition, several localisation techniques have
been developed to gain flexibility in choosing the size and location of the VOI (e.g.
ISIS, STEAM, PRESS). The different nuclei used to study particular aspects of the
complex metabolic pattern, however, have different sensitivity (in the order 'H >
31p > 13C) and various problems concerning background signals (i.e. water, fat,
unresolved macromolecules), and allow only a glimpse through a ”metabolic window”.
How metabolism looks depends partly on the window used.

In this work, the focus is on a combination of in vivo 'H and 3'P MRS in human
skeletal muscle. First a short summary of the strength and weakness of the two meth-
ods for studying muscle metabolism is given and how the combination of both meth-
ods, together with improved models, should enhance the quantitative understanding
of energy metabolism in human muscle.

1.2.1. Muscle Metabolism as Viewed by 3P MRS

An important window on muscle metabolism in vivo is via 3'P MRS, a non-invasive
technique that despite measuring all-fibre average concentrations of relative few metabo-
lites, can yield time-resolved metabolic data hard to obtain in any other way. In
muscle, the creatine kinase equilibrium (see Fig. 1.2) ensures that a temporary short-
fall in ATP production is met by a fall in phosphocreatine (PCr) concentration, with
a corresponding rise in inorganic phosphate (P;) and free creatine (Cr). Figure 1.2
shows metabolism divided into an ATP-consuming block (in exercising muscle dom-
inated by the myosin ATPase responsible for generating mechanical force, but also
containing e.g. Na®, KT-ATPase) and an ATP-producing block comprising two com-
ponents, glycolytic and ’oxidative’ (i.e. TCA cycle and oxidative phosphorylation).
Glycolysis of glucose to lactate generates 2 ATP molecules (3 ATP per glycosyl unit
of glycogen) while full oxidation generates a further 34 ATP. The creatine kinase
equilibrium buffers ATP, so any any shortfall in ATP synthesis tends to decrease
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Figure 1.2: Muscle energy metabolism as viewed by 3'P and 'H MRS. ATP passes from
the ATP synthesis block to the ATPase, ADP and P; in the reverse direction. Creatine
kinase equilibrates PCr, creatine, ADP, ATP and H™. The metabolites denoted with a
sketched spin (@) can be detected either by 3P or 'H MRS. In pure closed-loop control
a stimulus activates the ATPase, and consequent changes in some signal related to the

creatine kinase equilibrium increase ATP synthesis accordingly. In pure open-loop control
the stimulus activates ATP synthesis directly (adapted from [9,10]).

phosphocreatine and increase free creatine and inorganic phosphate [11,12]. Free
adenosine di-phosphate (ADP) may increase manifold, but remains lower than adeno-
sine tri-phosphate (ATP), which changes little [11,12]. If oxidative or glycolytic ATP
production can increase, a new steady state may be reached. 3'P MRS can detect
PCr, P; and ATP directly, and cell pH, free ADP and the free energy of ATP hy-
drolysis (AGarp) can be calculated indirectly [13]. PCr splitting is accompanied by
pH-dependent net ”consumption”of protons [14], and the algebraic sum of this and
the generation of protons accompanying lactate production determines the direction
of pH change during exercise: usually acidification follows an initial brief alkalinisation
phase when proton consumption dominates. The size of the pH change is determined
by the ratio of the net proton load to the cytosolic buffer capacity [15,16]. 3'P MRS
measurements can be used in various ways to study glycogenolytic rate [17,18,19],
contraction cost [13,20], acid efflux [21, 18] and oxidative (mitochondrial) ATP syn-
thesis [9,22]. There is a measure of agreement on the fundamental principles of this
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kind of analysis, but still considerable controversy about first, many technical aspects
of the calculations, and second the correct interpretation of the results in terms of
metabolic regulation and (in disease states) metabolic pathophysiology.

1.2.2. Muscle Metabolism as Viewed by 'H MRS

Another window on muscle metabolism in vivo is 'H MRS, a technique with somewhat
higher sensitivity compared to 3'P MRS, however, hampered by the strong signals from
water and lipids. Again, all-fibre average concentrations of relatively few metabolites
are measured and the strong anisotropy of muscle fibres may cause problems with
interpretation/quantification. Also 'H MRS requires efficient volume localisation and
water- and fat suppression for quantification of total creatine (Cr, i.e. PCr plus free
Cr), choline-containing compounds (Cho) and lactate (Lac). So far, 'H MRS of muscle
in vivo has been used to identify Cr changes in response to dietary Cr supplementation
[23] and — more controversially — turnover during exercise [24], it has also been used
to study extra- and intracellular lipids [25,26,27,28,29,30]. Other metabolites (e.g.
taurine, carnosine) may be identified using short Ty and, preferentially, high field
'H MRS techniques, although quantification is difficult due to line splitting, spectral
overlap and relaxation time effects. For analysis of muscle energetics, the two most
relevant measurements are of total creatine and lactate. Total creatine, which is known
to vary in relation to dietary creatine intake (and also other factors such as training
state, insulin status, etc.), will be important in the accurate quantification of free ADP
concentration. As will be explained below, lactate measurements will be of importance
in confirming the assumptions of analysis of 3'P MRS studies, and in the assessment
of cytosolic buffer capacity. There has so far been only one study of this kind, in
isolated frog muscle using interleaved, non-localised 'H/3'P MRS at 40 °C and 7 Tesla
which suggested that calculations of lactate anion (Lac™) concentration in exercising
muscle estimated via 3!P MRS may overestimate Lac™ production [31]. Therefore, an
appropriate combination of 'H and 3'P MRS techniques and exercise protocols in vivo
should help to improve quantitative interpretation of muscle bioenergetics [15].

In summary, 3'P MRS provides information about metabolism hard to obtain in any
other way in human muscle. Despite a certain degree of agreement about techniques
and interpretation, there are a number of areas where assumptions need to be assessed
critically, and competing hypotheses tested. This work seeks to contribute to this
discussion by combining 3'P with 'H MRS, complemented by specific information on
the fibre type and gross structures in the muscle under study.

1.2.3. Current Limitations and Potential Improvements

The main limitations of 3'P MRS are the inherently low sensitivity and the fact that
lactate must be calculated indirectly using several model assumptions not yet fully
validated in vivo [9,31]. On the other hand, 'H MRS allows direct measurements
of lactate but also has potential problems, including relaxation effects, modulated
visibility due to residual dipolar coupling of creatine [32,33] and carnosine [34] and
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particularly overlapping strong lipid resonances (at 0.5 — 1.5ppm) and dipolar cou-
pling effects resulting in reduced lactate visibility [35, 36,37, 38, 39,40, 41,42, 43, 44].
Misinterpretation of any of these effects could result in inaccurate lactate quantifica-
tion. Early attempts were made to combine the information available from MRS of
various nuclei (i.e. 'H, F, 23Na, 31P) [45,46]. However, it turned out that too much
may be less, i.e. coil optimisation is less effective if too many frequencies are used
and large chemical shift differences do not allow to actually measure spectra from the
same VOI. Improved MRS techniques optimised for a particular scientific question in
combination with higher field strength, i.e. higher sensitivity and better spectral reso-
lution [47,48,49], should allow to overcome or reduce several complications discussed
above.

The general hypothesis for the interleaved 'H/3'P MRS methodology is that in-
creased sensitivity and spectral resolution at 3 Tesla as well as complementary in-
formation on both free and total creatine levels, pH and lactate, allow to study the
complex pattern of muscle metabolism in human skeletal muscle in vivo from a broader
perspective; the view is improved by looking through more than one window. There
have been attempts to measure "H and 3'P MRS simultaneously from the same sample
(e.g. in isolated mitochondria [50], in brain [45,51,52] or in isolated frog muscle [31,19]).
A study by Brillault-Salvat et al. [53,54] focussing on interleaved NMR imaging and
NMR spectroscopic deoxy-myoglobin and lactate detection and non-localised 3'P MRS
using a surface coil was carried out on human calf muscle, yet only in relative units for
lactate concentrations due to unresolved NMR visibility questions [55] at that time.
Vanderthommen [56] recently studied voluntary and electrically induced contractions
by interleaved 'H and 3'P MRS in humans, albeit without lactate quantification.



Theory of MRS

Relevant theory of NMR basics, especially localised spectroscopy (focussing on STEAM),
relaxation, motivation for interleaved measurements and quotation of the product operator
formalism to derive an analytical expression of S(71,72) for the DQF lactate signal.

2.1. Introduction

The fundamentals of nuclear magnetic resonance can be looked up in various excellent
text books, e.g. [57,58] or lecture notes [59] and have also been reproduced manifold
in diploma theses. Here, only selected details which are of particular relevance to this
work are outlined, complemented by the basics of the product operator formalism for
the description of an NMR experiment in appendix B.1.

2.2. Localised NMR Spectroscopy, STEAM

STEAM (STimulated Echo Acquisition Mode) [60,61,62] is a single shot technique
which is capable to acquire By gradient localised NMR spectra from a cuboid volume of
interest (VOI or “voxel”). The signal which is detected is the stimulated echo formed
by three consecutive 90° pulses.

In the basic pulse sequence which does not comprise any By gradients, three free
induction decays (FIDs), four spin echoes and one stimulated echo are generated,
as shown in Fig. 2.1. This phenomenon was described as early as 1950 by Erwin
L. Hahn [63] and he stated that “The stimulated echo at T'+7 is particularly interesting
and useful in view of the fact that if 7 is sufficiently small [...], the signal survives as
long as T} permits”.
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Figure 2.1: RF signals occurring during a sequence comprising three RF pulses: Three
FIDs, four spin echoes (SE) and one stimulated echo (STE) are generated. The stimulated
echo is formed at t = Tg + Tu.

To observe only the stimulated echo, however, all other echoes and FIDs have to be
eliminated. In principle, this could be achieved by phase cycling of the RF pulses, but
since this approach, when used alone, is prone to motion artifacts and degrades the
sequence’s single scan character, the use of crusher gradients in the middle period Ty
is preferred. However, when signal is averaged, as is usually the case during in vivo
measurements, both methods are applied. The ‘Ty-crusher’ removes all unwanted
coherences except the FID after the last pulse of the sequence which can be dephased
by applying a further By spoiler gradient in the first Tgx/2 delay and an identical
spoiler in the last Ty /2 period [57].

Besides excellent localisation accuracy, the advantage of the sequence is that the
echo time can be extremely short while the Ty period can be used for additional water
suppression in '"H-NMR spectroscopy. The main disadvantage is that the stimulated
echo represents only 50 % of the available signal from the VOI. The sequence is shown
with localisation gradients in Fig. 2.2.

The phase modulation of J-coupled spins is far more complicated with STEAM
than for e.g. a PRESS sequence (basically consisting of 90° — 180° — 180° pulses) since
the multiple 90° pulses can create multiple quantum coherences. A product operator
formalism using raising and lowering operators (as introduced in section 2.3) can be
applied to derive analytical expressions for an IS spin system or for IS and I3S spin
systems [57,64]. After the first 90; pulse, the density operator for the I spin, o1(0+)
is given by

o1(0+) = % (It —1I7). (2.1)

In the first Tg/2 period, the coherences evolve under chemical shift, J-coupling and
the Tg crusher gradient G;. Immediately prior to the second 90° pulse, the density
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Figure 2.2: Schematic of the STEAM sequence. Three 90° pulse are applied in the

presence of balanced slice selection gradients (G, Gy, G,). Crusher gradients dephase
unwanted magnetisation.

operator is, therefore, given by

Tg
2

wJ
2

+(ITe ™ — 17e*?) Sy sin <7TJ2 ) (2.2)

i

2

=

or( ) (Ite ™ — 17e*) cos (

=

with

GZWITE

T
+ 7 /O Gy (t)dt, (2.3)

i.e. the sum of chemical shift evolution and By gradient dephasing, where T is the
length of the first gradient pulse.

After the second 903 pulse the density operator or(Tx/2+) consists of longitudinal
magnetisation, single-, double-, and zero-quantum-coherences. All transverse compo-
nents are dephased by the Ty crusher gradient, except zero-quantum-coherences.

Continuing the computations [57,64] with the reduced density operators and taking
into account polarisation transfer between the spins I and S finally yields the net
doublet signal S(Tg + Tw) for the real part of the doublet signal of spin I in an I,,S

11
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spin system

—_

T 1 T
S(Te+ Tv) = 5 (COS2 <7TJ2 E) - isin2 <WJ2 E>

[1 — cos™ ! (WJ2TE> cos <A2TE>}

x cos" ! (wJ Typ) cos (AwJ TM)> (2.4)

X

where Aw = wr — wg. The first term originates from the I single quantum coherence
which was along the longitudinal axis during 73;. The second term includes contribu-
tions from the I and S spins, it originates from zero quantum coherences during Tr.
The latter term causes rapid fluctuations in signal for varied Ty but is small for echo
times short compared to 2/(Jm). The fact that in the stimulated echo only 50 % of
the available magnetisation is refocused, can clearly be seen from the first factor in
eq. 2.4.

2.3. Product Operator Formalism and DQF Spectroscopy

The product operator formalism for the description of NMR pulse experiments has
been introduced by Sgrenson in 1983 [65] and is described in text books on NMR [58]
and various review articles [66]. The formalism is applicable to weakly coupled spin
systems and represents a middle course between classical vector model (intuitive but
incapable to describe e.g. the evolution of multi quantum coherences) and the more
precise density operator theory which rapidly becomes cumbersome for the description
of pulse sequences comprising more than just a few pulses.

2.3.1. Principle of a Double Quantum Filter

A double quantum filter exploits the property of double quantum coherences (DQC, see
Appendix B.1) of being twice as sensitive to By gradients as single quantum coherences
(SQC) (eq. B.8). Zero quantum coherences (ZQC) are not sensitive to By gradients
at all. When a spin system is prepared in such a way that it is in double quantum
state while a By field gradient G is applied, and brought to single quantum state
before a gradient Gy with half the amplitude (and same duration) is applied, only
magnetisation for which this particular condition (see section B.1.3) holds true can be
detected at a later stage in the sequence.

This property can be exploited for filtering out overlaying lipid resonances from 'H
spectra by selectively irradiating the coupling partner of the lactate CHs resonance
and thus creating exclusively lactate DQC. The double quantum filter, however, never
works perfectly, i.e. it does not destroy lipid resonances by 100 %. Spurious mag-
netisation is only defocussed deterministically by the spoiler gradients according to

12
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sin/cos functions. Additional phase cycling can improve the suppression of unwanted
magnetisation.

A double quantum filter can be rendered volume selective [67] (i.e. transformed into
a single voxel spectroscopy sequence) by applying slice selection gradients during non-
frequency-selective RF pulses, as shown in Fig. 2.3.

2.3.2. Lipid Pre-Inversion

A pre-inversion module can further reduce unwanted lipid magnetisation by taking
advantage of the short T3 of lipid resonances (77 = 300ms). Due to the signal’s
inversion recovery function S(Tjr) = So (1 — 2eT®/T1) the magnetisation may be
prepared to cross the zero z-magnetisation when the DQF sequence is applied after
the inversion recovery time of Tir = 208 ms. The lactate resonance (717 & 1s) is also
inverted and reduced in amplitude by 37 %, but lipid contamination of spectra can be
reduced significantly, so that this SNR loss is rewarded by a gain in specificity.

2.3.3. Orientation Dependence and Residual Dipolar Coupling of Lactate
in Skeletal Muscle

Lactic acid is a carboxylic acid, its chemical formula is C3HgO3. The systematic name,
2-hydroxypropanoic acid, reflects its structure. In solution, lactic acid can lose a proton
from the COOH carboxy group, turning into the lactate anion CH3 CH OH COO~.
Decoupling experiments on the triple quantum coherence of the lactate .53 spin system
done by Asllani et al. [35] showed that the observed frequency splitting was mainly
due to the dipolar interactions between the methine (CH) and methyl (CHj3) protons
of the lactate molecule. The authors therefore conclude that all the proton resonances
of the lactate molecules in muscle behave anisotropically in the magnetic field.

Two pools of lactate can be observed in postmortem muscle, one which exhibits
anisotropic dipolar coupling interactions and the other without any detectable dipolar
coupling effects [35]. Transverse relaxation rates of these pools differ.

gradients for spatial localisation

S NN N—" a1

— | — —
Goar 2 Gpar
90 180 90° 90, cy 180
A" L 0. ) |
/\ /\ /\ vAv zwn /\ AV UI\ ﬂnﬂvl\
fat CHESS UUV
inversion  water suppr.

- - > <
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Figure 2.3: Schematic diagram of the double quantum filer (DQF) pulse sequence for
lactate detection in muscle.
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The observed splitting [35] for a spin system with both dipolar (Ag.) and scalar
(J = Apn) coupling (i.e. the pool exhibiting dipolar coupling effects) corresponds to
the algebraic sum A = Agpyg + Aqe [68].

The signal received after application of the DQF sequence for selective lactate de-
tection and suppression of overlaying strong lipid resonances at the spectral position
of the lactate CHs group at 1.3 ppm (see Fig. 2.3) can be calculated using the product
operator formalism for an 1S3 spin system (see appendix B.1 and Asllani et al. [36])
and is given by

A=A {a sin(mJ71) sin(mJ72) (1 4 cos®(wJ71)) e T/ T2/ Ty

bsin(rA7y) sin(rA7r) (1 + COSQ(TFATl)) e*Tl/TQSe*TZ/TZS} . (2.5)

Here, the symbols denote:

Ao the measured NMR methyl lactate signal

Ay ...o... theoretical maximum methyl signal at 71 = 0 and 7 = 0 in the absence of
modulation

71,72 .... echo time delays in the DQF sequence (see Fig. 2.3)

J oo scalar coupling constant; J = Agy = 7 Hz

Ao observed coupling constant, A = Aq. + J, where Ag. is the orientation

dependent dipolar coupling constant, governed by a term (3 cos?¢ — 1)
(neglecting a transformation between the laboratory- and the molecular
frame of reference, as detailed below).

a,b ...... fraction of lactate in each pool; a =19+ 3%, b=82+2%

Toy, To, .. transverse relaxation times of the lactate pools; To; = 142 + 8 ms, Th, =
37 £ 6 ms

The dipolar coupling contribution Ag. can be calculated according to [35,32], with
the FEuler angles 6 and ¢ defining the transformation between the laboratory frame and
the molecular frame of reference which indicate the orientation of the methine-methyl
vector in lactate molecules:

Age = 1.5 Dy [1 — 3(cos § cos o — sin 6 sin ¢ sin ) ?]. (2.6)

The angle « is defined to be zero when the fibres are oriented parallel to By. The
dipolar coupling constant Dy, # and ¢ were found by Asllani et al. [35] via fitting data
acquired from bovine ex vivo muscle specimens: Dy = —5.9Hz, § = 10°, ¢ = 26°.

2.3.3.1. Numerical Simulations of the DQF Signal

As has been pointed out in the previous section and is implicitly comprised in eq. 2.5,
the lactate methyl NMR resonances behave differently with respect to echo time of the

14
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NMR pulse sequence used for acquisition (see Fig. 2.3), when dissolved in an isotropic
medium (e.g. in aqueous solution) or in an anisotropic structure (e.g. muscle tissue).
Fig. 2.4 shows the dependence of the lactate methyl signal over echo time for a solution
and for muscle tissue which is oriented parallel to the magnetic field. In the latter
case, dipolar components oscillating with the frequency A appear as multiplicative
factors. Note that optimum signal is obtained for Tg &~ 135ms (with an additional
Ty dependence) in an isotropic medium only, while in muscle tissue the maximum is
found at a shorter echo time. In muscle tissue the signal S(71,72) may even cross zero
at Tg = 71 +72 = 135 ms. In the example in Fig. 2.4, S(67 ms, 67 ms) is negative, with
a very low magnitude. This behaviour has previously been described as “low lactate
visibility” in muscle [55,40].

The DQF signal’s echo time dependence has been simulated and is shown in Fig. 2.5,
varying 71 (with constant 72) and varying 7o (with constant 71). The fibre orientation
chosen for this simulation is parallel to the By field (¢ = 0°). Fig. 2.6 shows simulations
of the same methyl lactate signal measured with the same DQF sequence (Fig. 2.3)
as surface- and contour plots, i.e. with 71 and 7 on the two abscissae. Four fibre
orientations, which are very likely to occur in muscle tissue when the limb is placed
parallel to the magnet, are shown: ¢ = {0°,24° 30°,40°}, with parallel orientation
(o = 0°) being the least realistic. The maximum signal yield is expected when all
muscle fibres are oriented parallel and the echo time is chosen accordingly, i.e. (71, 72) ~
(10 ms, 20 ms) and Tg = 30 ms.
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. f(t)) — 8ol /" o A f(ty)
60 fswmp\_('h) i ! i ! : | T, decay -.---
: Te=135ms T,decay - 60} ! i 4 i scalar coupling -
— P o i dipolar coupling -~
201 ] 40~ \ i i i : | ; )
S T 5 Y SR - N P R
S20f T ; P
0 T S L b A
i i i ! i i ' i
—20r i -60r { ’,' Vo ' ’,' Lo
-80 L [Ny Ve Vo
—40 L L L L L L —10! L L L L L L
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T/ ms T/ ms

(a) In an isotropic medium, (aqueous so-
lution or brain), maximum signal is ob-
tained at an echo times close to Tg =
135 ms, depending on T>. (Tw = 71 + T2,
T2 = 67.0ms)

(b) Components of the lactate signal sim-
ulated for anisotropic tissue, e.g. muscle fi-
bres oriented parallel to the magnetic field
By. The maximum is shifted towards a
shorter echo time. (71 = 20.4 ms)

Figure 2.4: Simulation of the methyl lactate signal (eq. 2.5) measured with the se-
quence shown in Fig. 2.3, in an isotropic medium (a) and in muscle (b), dissected into its

components.
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Figure 2.5: Simulation of the methyl lactate signal measured with the DQF sequence
(see Fig. 2.3) as given in eq. 2.5 against 71 2, with 751 fixed. Muscle fibres are oriented
parallel to the magnetic field By.

This set of parameters may cause the NMR system to hit a technical limit, given
a specific sequence design, as e.g. spoiling gradients require some minimum delay
(d > 3ms) to take effect without causing noticeable eddy current artifacts and the pulse
sequence needs to meet some symmetry requirements. But this technical limitation,
which could eventually be overcome quite easily, is not the only reason why not to
employ such short echo times, as is detailed below.

2.3.3.2. Choosing the Best Possible Compromise for the Echo Time

The question which echo time — or pair of 7 and 75 — is an optimal choice for quan-
tifying lactate in skeletal muscle has to be considered carefully: The orientation of
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Figure 2.6: Simulation of the methyl lactate signal measured with the DQF sequence (see
Fig. 2.3) as given in eq. 2.5 against 71, 7o with the orientation ¢ relative to By as parameter.
Note that the peak signal amplitude decreases and the peak moves towards longer echo
times (71,72) as the angle ¢ between muscle fibre orientation and the orientation of the
main magnetic field By increases. Please also note that each graph is scaled differently.

fibres varies between muscles and, to a lesser extent, also across a single muscle itself
(imagine the calf muscles being pressed against other muscles or even a hard object,
e.g. the surface coil). In gastrocnemius muscle, the fibres are oriented at ca. 24° — 35°
relative to By, when the leg (femur) is placed parallel to the magnet bore [69].

In the ideal case a fibre orientation of ¢ = 24° is assumed. The optimum pulse
sequence parameters (71, 72) to yield maximum signal for this orientation can be read
from Fig. 2.6 to be approximately (15ms, 22ms). Deviations from the assumed fibre
orientation of 24° by factors like non-parallel orientation of the limb relative to the
magnet, deformation of the muscle caused by positioning and strapping to the exper-
imental apparatus or biological variations may introduce severe quantification errors,
as signal inevitably drops when the optimum can no more be sustained. This can
be seen in Fig. 2.7 which visualises the angle dependence of S(71, 72, ). Fig. 2.7 (b)
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Figure 2.7: Simulation of the methyl lactate signal measured with the DQF sequence
(see Fig. 2.3) as given in eq. 2.5, varying orientation ¢, with fixed 7 2. The effective
splitting J + Ay is calculated according to eq. 2.6. The parameters 71 o are chosen to
follow the trace of the global maximum of S(7y,72), that can be seen in the surface- and
contour plots in Fig. 2.6.
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corresponds most closely to the situation assumed here, (71, 72) = (15ms, 22 ms). The
signal is maximal if fibres are oriented at 24°, which is as close to parallel to By, as ever
possible for gastrocnemius fibres. If the orientation changes by only +10° to 35°, the
region of the steepest slope of the curve in Fig. 2.7 (b) is reached, which means severe
signal drop of ~ 25% from approximately 35 to 25 in arbitrary units of S(71, 72, ¢),
dependent on the hard to control parameter of fibre orientation.

It seems, therefore, advisable not to aspire an optimum signal which is achievable
when all parameters are tuned to their (theoretically) ideal values (i.e. the muscle being
oriented with the smallest angle relative to éo and 71, 7 adjusted to the maximum
signal for this orientation), as detailed above, but to choose a robust compromise where
the signal yield is still acceptable but deviations result in smaller quantification errors.

A more realistic example is a fibre orientation of ~ 30° in human gastrocnemius.
(Orientations between 24° and 35° have been found by Vermathen et al. [69].) The
simulated lactate methyl signal has a flat maximum in the particularly interesting
regime of 25° < ¢ < 35° using the parameters 20ms < 7 < 25ms and 28ms < T3 <
32ms, as can be seen Fig. 2.7(c) and (d). Around this maximum, the orientation
angle dependence of S(y) is reduced compared to the situation of (71, 72) = (15 ms,
22 ms) described above, where the slope of S(15ms, 22 ms, ) is steep around ¢ = 30°.

Considering that the calf muscle may move to a slightly tilted position at the onset of
exercise, the parameters (71, 72) = (25 ms, 32 ms) were chosen for the final experiments.

S(25ms, 32ms, ) has its maximum of ca. 26 a.u. at ¢ ~ 33° (see Fig. 2.7(d)) and
drops to ~ 24 or ~ 22 a.u. when the orientation changes by 4 10°, corresponding to a
signal variation of only 7% and 15 %, respectively.

Even if fibre orientation is more parallel than 33° which was the assumption for
the previous consideration, (71,72) = (25ms, 32ms) is a better choice than a shorter
echo time with respect to robustness, because the slope of S(71, 72, ) is flatter towards
lower angles than towards larger angles, and possible error as well as SNR loss is small.
A source of error on the order of 10% - 15% (or even less) seems acceptable, given
the inaccuracy of the other parameters of influence, last but not least the fitting error
of NMR spectra with low SNR. An inaccuracy of 25 % however, as would be the case
for a very short echo time tuned to an assumed angle of 24° may easily become the
dominating factor of total measurement error.
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Construction of the Exercise Rig

Features of the MR compatible ergometer, calibration of its sensors and tests of the MR
compatibility and of the effectiveness with respect to calf muscle activation.

3.1. Introduction

Several ergometer designs, useful in an MR magnet, have been published (e.g. [70,71]),
however, none of them is fully convincing or commercially available. Therefore, an
ergometer, optimised for application in our 3 Tesla magnet (Fig. 3.1) was developed.

3.2. Mechanics

The geometry of the ergometer’s pedal is shown schematically in Fig. 3.2. The pedal’s
pivot point has to be coaxial with the ankle, otherwise the foot will inevitably slip on
the pedal during exercise. The maximum and minimum pedal angle is restricted to
—12° and 456° relative to the leg’s longitudinal axis, which corresponds to the angular
range a normal subject can easily bend the foot during plantar flexion. During con-
struction of the pneumatic system, care has been taken that the angle of the pneumatic
piston itself (displacement volume: 1,71) covers a range which ensures that an angular
increment on the pedal is transformed into as approximately constant displacement
increment of the piston, in other words: that there is no change of leverage or even a
dead centre over the pedal’s operative range. An important boundary condition was
to fit the whole system into the relatively small magnet bore of © = 55 cm, also not to
use ferromagnetic materials, and only few conducting materials, e.g. aluminium bolts
(not moving during exercise) for fixation on the patient bed.
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Figure 3.1: The 3T Bruker Medspec S 300 DBX whole-body scanner (Bruker Biospin,
Ettlingen, Germany), installed at the MR Centre of Excellence, Vienna Medical Univer-
sity. The inner diameter of the magnet bore including the whole-body gradient system is
55cm. A background light is shining through a glass sphere.
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Figure 3.2: Geometry of the ergometer’s pedal, schematically. The maximum and
minimum pedal angle is restricted to the angular range, a normal subject can easily bend
the foot during plantar flexion. “M&T” denotes the adjustment rods for matching and
tuning the RF coil. Length units are given in mm.
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The surface coil is also shown schematically, in Fig. 3.2. It is positioned in a groove
in the exercise rig’s plywood frame, directly below the subject’s calf and can be shifted
lengthwise for adjusting the position to the subject’s size. Figs. 3.3 and 3.4 show the
individual parts of the exercise rig’s pneumatic system and pedal and the complete
rig, half inserted into the magnet bore.

The lower leg and foot can be strapped to the rig and pedal with three belts (white
straps in Fig. 3.5) to minimise motion of the calf muscle. By varying the pneumatic
pressure the pedal force can be adjusted remotely and even during the NMR mea-
surement, e.g. to match the subject’s maximum voluntary contraction force (MVC)
— which is useful for multi-power (e.g. ramp) exercise protocols. Exercise is recorded
continuously by the force and angle sensors on the pedal described below (see Fig. 3.5
and Results section), an LED bar has been constructed to indicate the pedal angle for
subject feedback.

3.3. Sensors

3.3.1. Sensor Hardware

Two force sensitive resistors (IEE FSR™, type FSR—154 AS, Conrad Electronic
GmbH & Co.KG, Wels, Austria) with a square active area of 14.2 cm? were attached
to the pedal of the exercise rig. The FSRs are arranged side by side near the pedal’s
tip at the position of the ball of the foot when exercising. Their position is shifted
by 2.5cm in A-P direction to match the shape of a right foot (see Fig. 3.6). For
reproducible activation, the sensors are activated via a perspex plate (2 = 14mm)
and bevelled butyl rubber pads. This is necessary because the FSR reacts very sensible
to the exact distribution and angle of the force exerted (hence the fixed perspex plate)
but needs to be activated by a ductile medium.

A force sensitive resistor has a strongly non-linear characteristic curve R(F) and

Figure 3.3: Individual parts of the ergometer’s pneumatic system and pedal: cylinder
(a) and its axis (b), piston (c), pedal (d) and its axis (e), flexible pneumatic tube (f),
throttle valve (g) connecting tube and reservoir (not shown).
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3. Construction of the Exercise Rig

Figure 3.4: Ergometer (exercise rig) installed on the patient bed, half inserted in the
magnet bore. Note: Force sensors not yet attached.

Figure 3.5: Non-magnetic ergometer with pneumatic piston, RF coil and sensors for
monitoring pedal force and angle. Photograph taken outside the magnet for better visi-
bility.
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perspex
plate

FSR1 FSR2
a, a1
e T iy
I ]
(a) Position of force sensitive resistors (FSR) (b) Side view of the pedal’s geometry,
on the pedal. unit in mm

Figure 3.6: Position of force sensitive resistors (FSR) on the pedal (a). The sensors are
located under the ball of the right foot of an average male subject. Forces ﬁl /2 can be
converted to torque M using the geometric relation shown in the side view (b).

is commonly used together with an operation amplifier to compensate for this non-
linearity, as described in the FSR-154AS’s data sheet. (For circuit diagram see ap-
pendix A.1.) The sensors are driven by U = 12V DC fed to the circuit via the filter
plate (located in the wall of the RF shielded magnet room).

A pedal angle sensor was constructed by attaching a potentiometer and a series
resistor to the pedal’s axis and measuring the voltage drop across the potentiometer.
The angle sensor is also powered by 12V DC and connected to the voltage source and
measurement device via shielded cables, connected across the magnet room’s filter
plate.

A data acquisition card (Meilhaus Electronics, Puchheim, Germany) was installed
in a PC running Linux (SuSE 7, Kernel 2.4, later Debian SID, Kernel 2.6). Kernel
modules provided by the manufacturer were tailored and a command line tool for data
acquisition and storage in ASCII format were programmed in C++ (acknowledgements
to DI Michael Kilzer).

Data were recorded in differential mode with 100 samples per second and per chan-
nel, sweeping three channels. The angle sensor is connected to channel 1, the two
force sensors on the pedal (for their positions see Fig. 3.6) are connected to channels 3
(FSR1) and channel 5 (FSR2). Switching time between the channels was 1 ms. Trigger
signals from the NMR scanner were also recorded (on channel 0). All channels were
set to a dynamic range of =5V to +5V).
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3. Construction of the Exercise Rig

3.3.2. Calibration Data

For calibration data — i.e. voltage over angle and voltage over force — of the sensors, see
Figs. 3.7 and 3.8. The pedal was moved or loaded in steps of 5° or 100 N, respectively.

For the measurement series with dual STEAM acquisition (chapter 5), the subject’s
maximum test force was estimated using a Biodex Multi-Joint-System 3 Pro (Biodex
Medical Systems, Inc., NY, USA) dynamometer (acknowledgements to Dr. Carina
Zoch and Dr. Richard Crevenna, Department for Physical Medicine and Rehabilita-
tion, Vienna Medical University, Austria). Measurements were done with a straight
knee, during dynamic plantar flexion at constant angular velocity (2 seconds for one
plantar flexion, imposed by the dynamometer), individually for each subject one week
before the NMR measurement. The Biodex system’s output is a torque, given in Nm.

Torque and force on the pedal can be converted using the geometric relations shown
in Fig. 3.6 (b), with a; = 167mm, ay = 132mm, and the cathetus in Fig. 3.6 (b)
90 mm, which is the distance between the pedal’s fulcrum and the point where the heel
touches the pedal, as given in Figs. 3.2 and 3.6 (b). The result of this consideration
is that the forces correspond to torques as follows: M; = F; - 0.176 Nm/m and
My = Fy - 0.132Nm/m, with total torque M = M; + M.

Later, for triple interleaved measurements and lactate quantification (chapter 7), the
maximum force was estimated using the non-magnetic ergometer itself, by increasing
the pressure in the cylinder until subjects could do isometric contractions for deter-
mination of MVC. This reduces total measurement overhead and simplifies handling
of the volunteers. Using the same custom-built ergometer for estimation of MVC and
exercise at 50 % MVC may reduce accuracy in terms of absolute MVC, while increasing
precision, as systematic errors in force measurement will cancel out.

Angle: -20° ... +45°, step 5
1.6 T T

"channel01.txt:

Figure 3.7: Calibration of the pedal’s angle sensor.
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Figure 3.8: Calibration of the pedal’s force sensors, in steps of 100N. Sensor output
signal is given in Volts.

3.4. Testing the Exercise Rig in Vivo

Spectra from human calf muscle were acquired with the dual interleaved 'H/3'P
STEAM sequence described in chapter 5, to test whether the custom built ergometer
can be used for calf muscle exercise (aerobic, at this stage of development) causing
PCr depletion and accumulation of P; in the NMR magnet during acquisition, without
producing disturbing artifacts in 'H or 3'P spectra, as shown in Fig. 3.9.

The spectral quality is indeed sufficient to clearly identify P; and PCr in 3!P spectra
and creatine (Cr), choline (TMA) and EMCL/IMCL in 'H spectra at rest and during
exercise. No visible artifacts caused by the pneumatic exercise rig, its moving parts,
sensors or cabling deteriorate the signals. In 3'P spectra substantial PCr/P; changes,
as expected during exercise, can be observed (Fig. 3.9) which demonstrates that the
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Figure 3.9: Localised 'H and 3'P spectra of human m. gastrocnemius acquired at
rest and after plantar flexion exercise using the custom built ergometer. T = 2s for
'H spectra (left) and T = 8s for 3P spectra (right). Both Tg = 8ms, Ty = 30ms,
BW = 2500 Hz, 1024 data points (zero filled to 8k). The 'H VOI was 1.7cm? and the
31P VOI was 34 cm? to partly compensate for the 15 times lower sensitivity of 3'P vs. 'H.

apparatus is suitable as an ergometer for calf muscle exercise in a 3 Tesla magnet.

Fig. 3.10 shows an example of a dynamic exercise time series. In 'H spectra (a),
the Cr3 peak and in 3!'P spectra (b) the sum of PCr and P; was used as a reference
to check for motion during rest, exercise and recovery. Peak areas showed variations
as low as 1.7 &+ 0.6 % for Cr3 and 2 + 0.6 % for PCr+P; (given as standard errors)
during the measurements. These numbers are the average over the subjects (n = 4)
studied.

The next chapter is dedicated to basic MR spectroscopy of skeletal muscle in vivo,
with and without localisation techniques, the question of temporal resolution versus
SNR and specificity versus sensitivity.
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Figure 3.10: CHj3 peak of Cr in 'H spectra (a) and the sum of PCr and P; in 3! P spectra
(b) during rest, exercise and recovery. Peaks were quantified using AMARES. Average
variation of these parameters was 2% and 1.7 %, (SEM) respectively. Each time point
corresponds to 8s, i.e. total measurement time was 6.4 min.
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Basic 'H and 3'P MRS in Resting Human
Calf Muscle

Basic concepts of MRS (non-localised and localised spectroscopy) are illustrated with
example spectra measured in human skeletal muscle in vivo. The influence of repetition
time on spectral appearance is discussed.

4.1. Introduction

4.1.1. Non-localised Spectroscopy
4.1.1.1. Proton Spectroscopy

Nuclear magnetic resonance spectra acquired in a pulse-acquire scheme (often called a
“one pulse” experiment) without applying any localisation technique except the spatial
distribution of the coil used for RF transmission and/or reception usually benefit from
a higher signal to noise ratio (SNR) than localised spectra, of course provided that
relevant acquisition parameters are equal, for example repetition time (7g), echo time
(Tg) if applicable, pulse angle and number of averages.

Proton spectra acquired in vivo without localisation are only usable in very few
cases, because water suppression is almost impossible to achieve and lipid signals,
mainly from subcutaneous bulk fat dominate the spectrum, apart from the resonance of
water. In the non-localised 'H spectrum in Fig. 4.1 (a), acquired from human forearm,
only resonances of water and the CH,, groups of lipids can be distinguished and the
peaks are very broad, with FWHM ~ 30 Hz. Such spectra may be used for quantifying
total water and fat content of tissue, but if a surface coil is used for excitation, the
spatial distribution of pulse angles introduces a spatial weighting and e.g. fat content
may be overestimated manifold by the dominant contribution of subcutaneous fat.
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(a) 'H pulse-acquire spectrum, Tgr = 1s, (b) 3'P pulse-acquire spectrum, Tr = 65,
2 averages. FWHM is ca. 30Hz, no line 32 averages. FWHM of PCr is 17 Hz after
broadening was applied in post processing. 8 Hz exponential line broadening.

Figure 4.1: 'H pulse-acquire spectrum of human forearm (a). Due to the lack of water
suppression and strong lipid signals, mainly from subcutaneous fat, only water and fat
are visible. 3'P pulse-acquire spectrum of human forearm (b). Note that the base line in
the non-localised P spectrum is not as well-defined (i.e. flat) as in localised spectra, for
example as shown in Fig.4.3.

4.1.1.2. Phosphorus Spectroscopy

The situation is obviously better for non-localised ' P spectroscopy and it has become
a clinical tool for monitoring metabolism long before 'H spectroscopy was established
for in vivo use.

In the 3!'P spectrum shown in Fig. 4.1 (b), also acquired in human forearm, metabo-
lites which are subject to change under exercise and in pathology (PCr, P;, ATP and
also PME and PDE when the number of excitations is increased) are quantifiable and
have a high signal to noise ratio with relatively few averaged signal accumulations (32
in this case), compared to single voxel spectra shown in section 4.1.2.

The spectrum in Fig. 4.1 (b) still represents an accumulation of signal from a large
volume, defined by the RF profile of the coil. Typically, several muscles and subcu-
taneous tissue contribute to the spectrum. Note that the base line is not as flat and
well-defined as in the localised spectrum in section 4.1.2; but exhibits a hump which
has to be subtracted or modelled as a separate spectral contribution when quantifying
non-localised 3'P spectra.

4.1.2. Localised (STEAM) Spectroscopy

The main advantages of localised spectroscopy are the increased specificity in terms
of definition of a volume of interest (VOI) and, in 'H MRS, the feasibility of water
suppression.

The price to be paid for increased specificity is lower signal to noise. On the one
hand, peak area is proportional to the number of contributing spins and, therefore,

31



4. Basic 'H and 3'P MRS in Resting Human Calf Muscle

the volume of interest. On the other hand, a localisation sequence may destroy a
fraction of the available magnetisation due to its intrinsic properties (see chapter 2,
particularly eq. 2.4 which shows that in STEAM only half of the magnetisation is
available for generating the stimulated echo signal).

Due to the smaller volume contributing to the signal, the shim, i.e. the homogeneity
of By in a voxel, is improved, line width is reduced and the loss in SNR (which can
be defined as peak height over standard deviation of spectral noise) is not necessarily
indirectly proportional to the reduction of VOI [72].

Lower SNR can be compensated by accumulating signal. This in turn reduces
temporal resolution by a factor of ASNR?, as in-phase signals accumulate linearly,
while incoherent noise accumulates proportional to the square root of the number of
averages.

4.1.2.1. Single Voxel Proton Spectroscopy

As a consequence of the definition of a VOI, the contamination by dominating lipid
resonances is reduced to the fraction which corresponds to the lipid content of the tis-
sue under investigation, see Fig. 4.2 (a). In localised spectra with water suppression,
metabolites like IMCL, EMCL, creatine, choline (TMA) and others can be quanti-
fied — depending on spectral resolution, orientation effects caused by residual dipolar
coupling and signal to noise ratio. With dedicated NMR pulse sequences for lipid
suppression, steps can be taken towards lactate detection and quantification.

water residual
water

EMC-Lip
IMC—Lip

) fat

7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0
ppm ppm
(a) STEAM localised 'H muscle spectrum, (b) STEAM localised 'H muscle spectrum,
without water suppression. Ty = 7.5ms, with water suppression. Ty = 7.5ms,
Tr = 2s, voxel size = 2x2x2cm?, 4 aver- Tr = 2s, voxel size = 1.5x1.2x 1.5cm?,
ages. 36 averages.

Figure 4.2: Localised 'H STEAM single voxel spectra of human gastrocnemius muscle
without (a) and with (b) water suppression. T = 7.5ms. The ordinates’ scales differ by
a factor of several thousands.
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4.1.2.2. Single Voxel Phosphorus Spectroscopy

Applying single voxel spectroscopy sequences like STEAM to the 3'P nucleus also
results in smaller line width (see Fig. 4.3) and better base line definition (compare
to Fig. 4.1(b)). The increased specificity is at the cost of reduced SNR which can
be compensated by signal accumulation. This in turn reduces time resolution, and a
compromise has to be found for the particular application. If only PCr and P; have to
be measured with high time resolution in an exercise study, SNR of ATP, PME and
PDE is of minor interest and can be increased by accumulating sub-samples of spectra
during post processing, i.e. by averaging temporal blocks.

4.2. Longitudinal Relaxation and Repetition Time

4.2.1. Why (Not) To Use Short Repetition Times

The intrinsic signal to noise ratio of a pulse-acquire (or “one pulse”) experiment with-
out localisation is far higher than for localised spectroscopy, e.g. using STEAM. This
intrinsically high SNR allows to sacrifice signal-to-noise for the benefit of higher tem-
poral resolution by shortening repetition times or even the acquisition of spectra in a
single acquisition step without averaging.

Decreased SNR per unit time (SNR/#) is not the only effect of shortening Tgr to
values comparable or even lower than 77 of the metabolites. SNR/t is optimum at
1.27 Ty if 90° pulses are applied. This is the case for STEAM (in the volume of interest,
at least) but not necessarily for pulse-acquire experiments using a surface coil where
pulses are preferably adjusted to the Ernst-angle within the VOI. Short repetition
times do also introduce the need to correct for saturation effects in absolute quantifi-
cation and even relative quantification using peak ratios because the metabolites’ Tis
differ significantly [73].

PCr

Pi v-ATP
PME PD o -ATP B-ATP
{0 5 0 75 10 15 20

ppm

Figure 4.3: 3'P STEAM spectrum of human calf muscle. T = 7.5ms, Tr = 85, voxel
size = 4.3x2x5cm?, 96 averages.
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4.2.2. A Short Repetition Time Experiment

The effect of altered spectral appearance by varying TR can be clearly seen in the
appearance of the “one pulse” spectra, acquired in human calf muscle with varying
TR as shown in Fig. 4.4.

The peak areas of P; and NTP* in the data of Fig. 4.4 are shown as a function
of TR in Fig 4.5, normalised to the PCr signal. The spectra were quantified using
AMARES [74] in the jJMRUI [75] spectral data processing package. Most strikingly,
the NTP resonances become more prominent, the shorter TR is chosen.

4.2.3. Discussion

Choosing TR below the optimum value of 1.27 T of the metabolite of main interest
can make sense in terms of SNR per unit time if either SNR is not critical for this
particular metabolite anyway (which may be the case for PCr, a metabolite with long
Ty and high abundance in skeletal muscle) or if a high temporal resolution is vitally
important for the experiment so that SNR per unit time may be sacrificed.

* Nucleoside tri-phosphates (NTP) is a more accurate denotation of the “ATP” peaks in a *'P
spectrum, as other nucleoside phosphates give rise to resonances at the same spectral position,
however, adenosine triphosphate prevails

Figure 4.4: A series of simple “one pulse” experiments with varying repetition times
illustrates the effect of Ty on spectral appearance. Note the strong increase of the PCr
peak with increasing Tr, whereas ATP is much less affected due to its faster T} relaxation.
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Figure 4.5: Relative peak areas of P; and NTP as fraction of PCr and scaled to their
values at Tg = 8s.

Moreover, the parameter T} of PCr and v-ATP obtained from a progressive sat-
uration experiment, is not the "true”or intrinsic longitudinal relaxation time 77, as
these metabolites undergo chemical exchange. It rather represents an ”apparent” T}
relaxation time [76,77,78], and there has been discussion whether this fact impedes
the use of monoexponential functions to correct for saturation or whether chemical
exchange effects can be neglected [79,79].
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Dual Interleaved 'H/3!P STEAM MRS

Before the double quantum filter NMR sequence for lactate detection was developed and
later incorporated into a triple multi-nuclear interleaved acquisition scheme, a dual inter-
leaved STEAM sequence was implemented for acquisition of localised 'H and 3P spectra.

5.1. Introduction

As the name implies, “NMR” is a resonance phenomenon, and nuclei with distinct reso-
nance frequencies can be excited simultaneously without mutual interference. The res-
onance frequencies of 'H and 3!P differ by a factor of 2.47 (125.63 MHz vs. 50.58 MHz
when By = 3T), 'H and 3!P spectra can, in principle, be acquired simultaneously (dis-
regarding hetero-nuclear coupling effects) and spectra may be acquired synchronously,
if hardware permits. Interleaving multi-nuclear acquisitions is a more versatile ap-
proach than simultaneous acquisition of NMR spectra or images, because By gradi-
ents used in a sequence always act on both nuclei synchronously and simultaneous
experiments are no longer strictly independent as soon as By gradients are employed.
Moreover, acquiring multi-nuclear NMR spectra or images simultaneously, requires
the scanner’s hard- and software to be capable to use two receive and transmit chan-
nels simultaneously, while for interleaved acquisition, rapid switching of the channels
is sufficient if exact synchronisation and time keeping is warranted. The Bruker Med-
spec whole body system, as installed at the MR Centre of Excellence, Vienna Medical
University, is equipped with two RF transmit channels and one RF receive channel
which can be switched between reference frequencies.

The term “interleaved”, as it is used here, means nesting 'H and >'P MRS ex-
periments in such a way that excitation and acquisition of one nucleus’ spectra is
accomplished during the recovery period, TR, of the other.
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5. Dual Interleaved 'H/3'P STEAM MRS

In contrast to previous studies [80, 56,81, 19] which mainly used surface coils and
no further localisation techniques, an interleaved STEAM sequence was developed to
acquire 'H and 3'P gradient-localised spectra in one experiment. In vivo experiments
showed, that this has the further benefit of NOE enhancement of the 3P spectra [82].
The main advantage of localised versus non-localised spectroscopy is its increased
specificity: the signal originates from a distinct region of interest only, e.g. an exercising
muscle, excluding surrounding tissue which may be activated to a lesser extent or even
not at all. In addition, the feasibility of dynamic interleaved localised 'H and 3'P
spectroscopy during plantar flexion exercise is demonstrated using the custom built
pneumatic system for muscle activation described in chapter 3.

5.2. Methods

5.2.1. Sequence Design
5.2.1.1. Implementation of the Interleaved STEAM Experiment

The MultiScanControl (MSC) Tool (Bruker Biospin, Ettlingen, Germany) was used
as framework to develop a pulse sequence for interleaved acquisition of 'H- and 3'P
spectra with STEAM localisation for both nuclei. The MSC-Tool (its base window is
shown in Fig. 5.1) handles initialisation, setup and deriving of parameters for multiple
experiments, starts the experiment and directs the data flow to separate scan direc-
tories. The scripts which define the exact operations necessary to merge two or more
experiments, which are then executed by MSC, have to be written by the developer

Eile Edit Options

Method Name: steam_0.1.0

Ratio 1H/31P |4

Accumulations for final (31P) Experiment |2

Nr of Blocks for final Experiment |64
Repetition Time (min=max(TR 1H/31P)) |?.0000

Averages for Setup |¢ 1 ||V 4||v 8|I1

Setup Exp 1 | Setup Exp 2 |

Acquire Experiments |

Figure 5.1: Base window of the Multiple Scan Control Tool tailored for a dual inter-
leaved 'H and 3'P STEAM experiment with a configurable ratio of acquisitions on the
two respective RF channels (which is useful due to the differing 7T; relaxation times).
Parameters chosen here would result in 64 3'P STEAM spectra with 2 accumulations per
spectrum and a repetition time of 7s and 64 'H spectra with 8 averages and Tg = 1.75s.
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who also needs to write a new pulse program containing both (or more) experiments.
The STEAM VOlIs can be chosen individually (with independent size, shape and po-
sition of the voxels) in the standard geometry editor, all sequence parameters can be
set individually in the standard editors of the acquisition software, except the ratio of
Trs which is determined by the factor supplied by the operator via the field “Ratio
1H/31P” in the MSC base window (see Fig. 5.1).

The freedom to select different VOIs does not pose any restrictions (as voxels may
also be set to be identical if required) and follows inherently from the necessity to
rescale gradients by gyromagnetic ratios v1y;/731p in the merged pulse sequence pro-
gram. This is due to the fact that the effect of By gradients for slice selection scales
linearly with ~.

5.2.1.2. Relaxation, Repetition Times and Interleaved Experiments

In any Fourier spectroscopy experiment the signal to noise ratio per unit time (SNR/¢)
can be calculated as a function of RF pulse rotation angle («) and repetition time (TR)
between consecutive acquisitions [83]. When the excitation flip angle is large, optimum
SNR is obtained for T that does not allow complete T} relaxation: Choosing v = 90°,
as is the case in a STEAM experiment, optimum 7§ is 1.27- T} [84]. This also applies
for surface coil excitation, as the pulse angle is adjusted to 90° within the VOI (which
is small compared to the coil’s dimensions) by seeking the maximum signal achieved
with a STEAM acquisition, individually for each subject and voxel position.

Since longitudinal relaxation times of 3'P and 'H metabolites differ significantly,
the repetition time should preferably be chosen individually for each nucleus. Tis of
31P metabolites are relatively long, ranging between 3s (a-NTP) and 6s (PCr) at 3
Tesla [73] compared to the Ty of 'H metabolites which are typically of the order of 1s,
although they can be as short as 300 ms for lipids [85]. To account for this fact, the
sequence design allows the acquisition of an arbitrary number of 'H spectra between
excitations on the 3'P channel, as illustrated in Fig. 5.2.

The volumes of interest were placed in the medial head of the gastrocnemius muscle,
because plantar flexion exercise with the leg extended activates primarily the gastroc-
nemius muscles [3,4] and its medial head is in the centre of the magnet bore in y
(patient’s left-right) direction when the calf is strapped to the exercise rig. The 'H
voxel’s volume was 2.7 cm? and the 3'P VOI was 31.4cm? to partly compensate for
the lower 3'P sensitivity (‘H :3!P = 1:6.63-1072). The 'H voxel was not chosen to
be the same size as the 3'P VOI to avoid broad 'H line widths which would render
spectra unusable, but both VOIs were positioned in the same muscle, about concentri-
cally (see Fig. 5.3) and avoiding subcutaneous fat, especially for the 'H voxel. A short
echo time Ty = 7.5ms, Ty = 30ms, receiver bandwidth BW = 2500 Hz and 1024
data points were chosen for both nuclei. A CHESS scheme was used for water sup-
pression [86]. Volume selective shimming was achieved with Bruker’s implementation
of FASTMAP [87], selecting a 5x5x5 cm? volume of interest (VOI). The time domain
fit routine AMARES [74] in the jJMRUI software package [75] was used to quantify
phosphocreatine (PCr), inorganic phosphate (P;), total creatine (Cr) and pH changes.

38



5. Dual Interleaved 'H/3'P STEAM MRS

exercise
blocks

Gz DHD 0 0 DHD O

L N Y "W " W w N

31
RF=>'P Dhﬁ i

™)

Figure 5.2: Schematic representation of the interleaved 'H and 3'P STEAM sequence.
An arbitrary number of 'H spectra (four in this example) can be acquired during each
31P acquisition Tr to optimise SNR of each spectrum despite the large differences in
T7. Outlined rectangles schematically represent RF and By gradient pulses, grey boxes
indicate NMR, inactive periods suitable for plantar flexion exercise.

\ (lateral)
(medial™ m. gastrocnemius

Figure 5.3: Typical position of the volumes of interest for interleaved STEAM spec-
troscopy in human medial gastrocnemius muscle. 'H: V' = 2.7 cm?, due to lower the lower
sensitivity of phosphorus in NMR, the 3P VOI’s size is V = 43.1 cm?.

5.2.2. Scanner Hardware

The NMR scanner hardware used in all experiments was a 3T Bruker Medspec S 300
DBX whole-body scanner (Bruker Biospin, Ettlingen, Germany) equipped with a
whole body gradient system BG-A55) and a double-tuned surface coil (d = 10cm)
for RF transmission and reception, see Appendix A.2, also manufactured by Bruker.
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5.2.3. Subjects

Seven healthy subjects (6 male, 1 female), with a mean (£ SD) age of 31.5+9.2 years
and a body mass index (BMI) of 23.6 + 2.5 kg/m? (mean + SD) were examined. Each
subject’s maximum test force was estimated using a Biodex Multi-Joint-System 3 Pro
(Biodex Medical Systems, Inc., NY, USA) dynamometer, one week before the NMR
examination. Written informed consent to the protocol, which was approved by the
local ethics committee, was obtained from all subjects.

5.2.3.1. Sequence Timing During Exercise

To reduce calf motion (a potential source of artifacts) during acquisition subjects were
instructed to exercise only during periods without NMR signal excitation, i.e. not to
push the pedal during and shortly after gradient noise. Before starting the experiment
they were trained in a test run with the gradients turned on for acoustic triggering
but without signal acquisition. The optimum 7Ty for >'P is 8s. Although optimum
SNR for 'H would, in principle, allow shorter repetition times, Tr = 2s leaves 1.2
between data acquisition (taking tacq = 409ms) and subsequent 'H excitation; long
enough to allow plantar flexion. The most suitable number of 'H acquisitions between
consecutive 3P acquisitions is therefore four. After 3 consecutive plantar flexions
and 'H acquisitions, subjects paused once, allowing 3'P acquisition without motion.
Verbal support was given during the experiment whenever necessary.

5.3. Results
5.3.1. Test Objects

The performance of the STEAM sequence had been evaluated using a two-compartment
test object [73]. Contamination of the spectra by signals originating from outside the
nominal VOI was C' = 0 & 2% under fully relaxed conditions and C = 3 + 2% for
short Tg, i.e. TR = 1s < Tj.

The interleaved 'H/3'P STEAM sequence had been tested extensively on phantom
solutions to ensure that spectra acquired in interleaved experiments are equivalent to
spectra acquired separately.

5.3.2. Resting Muscle

Proton spectra of resting human calf muscle acquired in a subgroup of n = 4 subjects
for in vivo evaluation of the interleaved sequence were equivalent to standard STEAM
experiments, whilst SNR from 3!P spectra was higher by a factor of 1.34 4 0.06 for
PCr and 1.06 £ 0.13 for P; due to NOE (see Fig. 5.4).

Voxel sizes for 1H and 3P spectroscopy: The proposition that 'H spectra should
be acquired with smaller voxel sizes than 3'P spectra due to line width- vs.-SNR
considerations was tested in one subject.
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Spectra from a small 'H voxel with 14x12x15mm? = 2.52 cm and a large 3'P voxel
with 40 x 14 x 50mm?® = 45 cm?® were compared to spectra from equal VOIs for both
nuclei with an intermediate VOI of 18 x 14 x 20 mm? = 5.04 cm?.

The line width, measured as full width at half maximum (FWHM) of the Cr CH3
peak in the 'H spectrum was decreased from 13 Hz to 9 Hz when shrinking the 'H
voxel from 5.04cm? to 2.52cm®. The FWHM of PCr in 3'P spectra increased only
from 8.5Hz to 10 Hz when increasing the 3'P voxel to the larger VOI size, but SNR
increased from 7.6 to 51 with 8 averages for both acquisitions.

5.3.3. Exercising Muscle

Typical 'H and 3!P in vivo spectra of exercising muscle are shown in Fig. 5.5. After a
baseline period of 2 minutes at rest, plantar flexion was executed for 6.5 min at 50 %
MVC (adjusted individually for each subject via air pressure in the reservoir tank)
followed by 15 min of recovery. The repetition time was 2 for 'H spectra (Fig. 5.5 (a))
and Tk = 8s for 3'P spectra (Fig. 5.5 (b)).

Spectral quality is sufficient to clearly identify peaks of creatine (Cr), choline (TMA)
and EMCL/IMCL from 'H spectra and P; and PCr from 3!P spectra. Changes in
the EMCL signal in some subjects can be attributed to motion, as tissue with higher
EMCL concentration may contaminate the VOI at the onset of exercise despite fixation
of the calf and foot and confinement of acquisition to periods without motion. The
variation of the Cr CHj peak area during rest, exercise and recovery , given as standard
error, was low as 1.7 %. In 3!P spectra substantial PCr/P; changes, as expected during
exercise, can be observed without perceptible deterioration of signals, e.g. by motion
or artifacts caused by the pneumatic exercise rig (Figs. 5.5 and 5.6). Similar to the
total creatine signal in 'H spectra, the variation of the sum of PCr and P; signals was
only 2 % during the measurement, which indicates that motion did not affect spectral
quality. This exercise setup produced a mean (+ SD) pH decrease from 7.12 +0.11 to
6.94 £ 0.19 and a mean relative PCr depletion of 63 4 18 % after 6.5 min of exercise
at 50 % MVC (n =4).

Whilst 6.5 min of moderate exercise is not expected to deplete IMCL or alter total
creatine concentration, the insert in Fig. 5.5 shows a drop in peak amplitude of the
CHs; signal of Cr alone during exercise and its recovery post exercise, which can not
be fully explained by variations in line width.

5.4. Discussion

Interleaved MRS experiments have been used to investigate metabolism in muscle
tissue [80,56, 81] with surface coils and have been demonstrated with a combination
of TEM and surface coils for 'H, 'H-{!3C}, 3P STEAM and ISIS NMR spectroscopy
in the human brain [51,52]. In this chapter, a method for interleaved acquisition of
'H and 3'P NMR spectra with STEAM localisation for both nuclei using a dual tuned
surface coil is presented along with its application to human calf muscle during plantar
flexion exercise in a 3 Tesla whole-body MR system. STEAM was chosen because it
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SNR = 53. VOI = 62cm?®, Tr = 8s, 16 PCr SNR = 71. VOI = 62cm?, Tr = 8s,
averages 16 averages

Figure 5.4: Comparison of single and dual acquisition of 'H and 3'P STEAM spectra
in resting human gastrocnemius muscle. The measurement time per spectrum was 2 min
8s for each spectrum. (Both interleaved spectra were acquired within the same 2min 8s
measurement time). Note the increased signal-to-noise ratio in 3! P spectra in interleaved
acquisition of SNR = 71 for PCr (d), compared to standard (single) acquisition of SNR =
53 (c). 'H spectra are virtually identical.
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/

(a) (b)

Figure 5.5: 'H (left) and 3'P (right) STEAM spectra from human gastrocnemius muscle
acquired in interleaved mode during rest, exercise and recovery. 'H spectra (a) were
acquired with Ty = 7.5ms, Tg = 2s,VOI = 2.7ml, and averaged to blocks of 64 for
display (2°08” per spectrum). The insert shows a magnification (x3) of the Cr2 resonance
around 4.0 ppm. 3P spectra (b) were acquired with Tg = 7.5ms, T = 8s, VOI = 31.4ml,
2 avgs, yielding a time resolution of 16s. The relative PCr change was 74 %, pHyest = 7.1,
pHex = 6.7. (Only the first 50 of 96 3P spectra are shown, for clarity).
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Figure 5.6: Pedal angle and force (Fy, Fy: output of two strain sensors located on
the pedal, next to the subject’s ball of the foot) recorded during an interleaved *H/3'P
spectroscopy experiment. Grey bars indicate periods between the first RF pulse and the
end of acquisition of the STEAM sequence, as recorded via the NMR scanner’s trigger
output. (Dark grey: 3'P, light grey: 'H) Note that there is no motion during acquisitions
in this example.
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is a robust single shot sequence that performs better with the surface coil than e.g.
PRESS, especially when large voxels are used for 3'P spectroscopy (which has also
been verified on test objects [88]).

Localised spectroscopy has the advantage of increased specificity compared to non-
localised measurements. The signal originates only from the region of interest, i.e.
one can focus on the muscle which exercises most and exclude surrounding tissue
which may be activated to a lesser degree (adjacent muscles) or not at all (skin,
fat- or connective tissue). SNR is lower as a consequence of smaller tissue volume
contributing to the signal. STEAM localised 3'P VOIs were typically 30 — 40 cm?,
while the sensitive volume of a 10 cm surface coil is a hemisphere with a volume of
ca. 260 cm?, significantly larger than the STEAM VOI. On the other hand, line width
and shape, baseline and spectral resolution of multiplets is clearly better in localised
spectroscopy.

Note that 3'P spectra were acquired with long Tr = 8s here, to achieve optimum
SNR for PCr and P; the metabolites of major interest during exercise. The intensity
of metabolite signals with shorter T1s (NTP) is therefore reduced compared to short
Tr measurements, where in fact PCr and P; are partially saturated and need strong
corrections for 17 relaxation.

Voxel sizes for 'H and 31P spectroscopy: Small VOIs are favourable in MRS because
line width can generally be reduced by decreasing voxel sizes [72]. This is particularly
important for 'H spectra of muscle tissue [89], which are characterised by orientation-
dependent splitting of resonances [33].

A line width of 13 Hz in 'H spectra may prevent quantification of spectra, as peaks
(e.g. EMCL/IMCL) can not be distinguished clearly, which have been separated with
FWHM = 9Hz. The increase of SNR in 3'P spectra by a factor of 6.4 corresponds to
a gain in measurement time of a factor of 40, if compensated by averaging. Therefore,
a large 3'P VOI, that may still be well within the muscle or muscle group of interest
is obviously desirable, if not a prerequisite in time resolved localised 3!P spectroscopy.

Characteristic line splitting may become less clear in the accumulation of signal from
regions with locally different fibre orientation in a large voxel, as fibre orientation
is mostly, but not completely uniform across a muscle.See e.g. Fig. 7b in [69], the
distribution of spectral patterns for m. gastrocnemius medialis.Water suppression is
also less efficient for large VOIs, due to the inhomogeneous Bji-field of surface coils.

In 3P MR spectroscopy SNR is inherently lower, and a big voxel (> 30 cm?), covering
a large fraction of the exercising muscle under investigation seems more appropriate.
Studies mapping T» of exercising muscle revealed that recruitment does not differ
significantly across a single muscle [90]. We can therefore justifiably assume that
our interleaved measurements of 'H and 3'P metabolites are representative of the
whole medial gastrocnemius muscle. Contributions from adjacent muscles, known to
be recruited to a highly different extent during exercise [90,3,4] can still be largely
excluded from the VOI due to the efficient suppression of contamination [73] of the
31p STEAM sequence.
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If improved time resolution is desired, repetition times may be reduced, with the
proviso that exercise be confined to periods without NMR signal excitation or ac-
quisition to minimise motion. Moreover, for metabolites with long T; at 3T, such
as PCr [73], this decreases SNR per unit time and may introduce complications in
quantification due to 77 weighting and chemical exchange [77] for other metabolites.

NOE Enhancement of 3!P Spectra in Interleaved Experiments: The quality of 'H
spectra acquired in interleaved mode here is equivalent to single mode experiments,
while the corresponding 3'P spectra benefit from higher SNR compared to standard
acquisition due to Nuclear Overhauser effect (NOE).

The extent of NOE enhancement depends on RF power irradiation and is usually
accomplished by saturating the water resonance using CW or WALTZ [91,92]. In the
experiment described here, the NOE is induced by the RF pulses of the 'H STEAM
sequence which is interleaved with 3'P STEAM acquisitions. Since neither 'H pulse
amplitude nor duty cycle were maximised to achieve 'H saturation, but '"H RF pulse
power was optimised for 'H STEAM signal amplitude and water suppression, the
observed NOE is not the maximum achievable. NOE enhancements between 43 %
(NTP) and 64 % (PCr) in calf muscle have been reported in a 1.5T study [91]. In
brain, 25-30 % enhancement was achieved for PCr at 1.5 and 7T [93,92], P; signal was
increased by 15.7% in this 7T study. These results match our non-optimised NOE
enhancement factors. Including e.g. a WALTZ scheme for increasing NOE would
be feasible, albeit at the cost of "H SNR due to saturation of water and adjacent
resonances, depending on saturation bandwidth, but is beyond the scope of this work.

Longitudinal relaxation times of PCr and Pj, in human calf muscle are 6.4 = 0.2s
and 5.2 + 1.0s [73], resulting in saturation factors of 0.71 and 0.78, respectively, for
Tr = 8s. This partly compensates the different NOE factors from 1.34 and 1.06 to
correction factors of 0.96 and 0.83, neglecting any chemical exchange effects.

1H STEAM spectra during exercise: Whilst substantial changes in PCr/P; are ob-
served in 3!P spectra, the concentration of metabolites in 'H spectra (creatine methyl
resonance (Cr3), TMA, IMCL) are not expected to change significantly during 6.5
minutes of exercise with 50 % MVC. Intramyocellular lipid depletion in muscle be-
comes measurable with '"H MRS after prolonged sub-maximal exercise, e.g. running
for several hours [27,28]. Similar to findings in isometric exercise of tibialis anterior
muscle under ischemia [41], a drop in peak amplitude of the methylene group of crea-
tine (Cr2) during exercise and its recovery post exercise can be observed in 'H spectra
in this work (see insert in Fig. 5.5), which can not be fully explained by increased line
width during exercise.

During strenuous exercise protocols — and also sporadically at lower exercise inten-
sities in some subjects — a resonance attributed to acetyl carnitine (AcCt) [94] was
described in 'H spectra of human muscle. Interleaved acquisition of 'H and 3!'P spec-
tra can, in principle, be used to simultaneously acquire time courses of AcCt and high
energy phosphates during a high workload exercise protocol.
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5.5. Conclusion

In summary, in this chapter the feasibility and quality of time-resolved localised 'H
and 3'P spectroscopy of exercising skeletal muscle in a single interleaved experiment at
3T was demonstrated. The benefits of this approach are reduced total measurement
time and NOE enhancement of 3'P spectra. Most significantly it opens the possibility
of studying the dynamics of metabolism with multi nuclear MRS in a single run, e.g.
examining PCr depletion and resynthesis with 3'P MRS and the concomitant time
course of the Cr2 resonance in 'H spectra. The method has been tested to be feasible
and reproducible when applied to human calf muscle during exercise on a custom-built
pneumatic ergometer and shown to be effective.
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Double Quantum Filter Sequence for
Lactate Detection

The DQF NMR protocol was tested on phantom solutions and meat specimens during
sequence development, to obtain optimum lactate signal amplitude and lipid suppression
while minimising contamination and artifacts.

Although he did not believe that lactate would be quantifiable during exercise, he
paved the way. Thank you, Vlado!

6.1. Introduction

The principle of a double quantum filter (DQF) for selectively detecting lactate in
skeletal muscle [57, 35,36, 67] is described in section 2.3. In muscle tissue, strong
lipid signals (between 1 and 2 % of the water signal’s amplitude, which corresponds to
several hundred to thousand millimoles per litre) overlap the resonance of lactate which
is expected to vary in concentration between zero in resting muscle and approximately
20 mmol/] after ischaemic exercise. It is therefore vitally important to take care that
the lactate signal is free from lipid contamination to enable proper quantification of
lactate. The lactate doublet is moreover subject to orientation dependent intensity
modulations due to residual dipolar coupling in an anisotropic tissue, e.g. muscle fibres,
which was previously described as “reduced lactate visibility” in muscle tissue [55].
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6.2. Sequence Design

6.2.1. The RF Pulses

The full pulse sequence diagram is given in Fig. 6.1. The pulse shapes used are
sinc3 pulses, defined by the function sin(x) / x for the non-frequency-selective 90°-and
180°-pulses used for spatial slice selection. The 90°-pulse creating the double quantum
coherences is a non-frequency-selective block pulse (i.e. rectangular shape), followed by
a frequency-selective 90°Gaussian pulse on the frequency of the lactate CH resonance
at 4.11 ppm which converts DQC back into SQC.

The last pulse does not cause modulations of the DQF signal if its frequency has
an offset relative to the frequency of reference and was therefore chosen to be slice
selective in y (vertical, A-P) direction, because patients can be easily moved along
the x and z axis by either shifting left/right on the patient bed or moving the bed
itself into or out of the magnet bore. Pulse powers were adjusted without volume
selection, using a birdcage coil and a spherical test object (V' ~ 21) and rescaled
to the surface coil and in vivo situation using the known relations for the RF gain
attenuators (logarithmic scale, —6 dB = +100 % pulse power).

6.2.1.1. Water Suppression and Fat Inversion

The DQF sequence is preceded either by a CHESS water suppression module compris-
ing three Gaussian pulses [86], as shown here, or the first CHESS pulse can be replaced
by an adiabatic inversion pulse with an inversion recovery time of Tig = 208 ms which
further reduces lipid resonances to support the double quantum filter’s fat suppression.
The principle of lipid suppression by pre-inversion is based on the fact that T} of lipids
is far shorter (77 = 300ms) than other resonances’ 77 and the lipid’s magnetisation
crosses zero 208 ms after inversion (see section 2.3).

6.2.1.2. The 7’ Delay

The DQF sequence which is suggested e.g. in de Graaf’s textbook on in vivo NMR
spectroscopy [57] and by Asllani et al. [35,36] comprises a 180° pulse in the 7" delay.
The use of 180° pulses introduces a source of error by imperfect pulse power calibration
in any real world experimental setup and especially when using surface coils with
inhomogeneous B; fields in vivo. Refocussing magnetisation by a 180° pulse in the
delay 7 between two 90° pulses of different duration (as is the case here) also requires
to increase 7’.

The DQF sequence was therefore implemented without a 180° pulse in the 7" delay,
as suggested by Jouvensal et al. [67] and Asllani et al. [35]. A schematic representation
of the pulse sequence was given in Fig. 2.3, for the full sequence diagram, see in
Fig. 6.1. The delay 7" was varied in a phantom experiment to verify experimentally
whether the effect of omitting this 180° pulse is restricted to a frequency dependent
phase modulation, as implied in [36] or eventually results in a modulation of signal
amplitude by the term cos(wy + wg) with the frequencies w; and wg relative to the
frame of reference.
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Figure 6.1: Double quantum filter (DQF) pulse sequence for lactate detection in muscle.
“READ”, “PHASE” and “SLICE” denote the spatial directions (a convention originating
from k-space sampling concepts in NMR imaging) along which the By field gradients
take effect. “F1” denotes RF channel 1. At the time points marked “SQC” and “DQC”
(arrows), the magnetisation of the lactate 1S3 system is in single- or double quantum
state, respectively, and is “filtered” by the gradients “t3” and ”t4”. The DQF sequence, as
shown here, is preceded by a CHESS water suppression module comprising three Gaussian
pulses. An additional adiabatic inversion for further lipid suppression can be switched on.
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6.3. Phantom Studies

In order to test the DQF performance on isotropic solutions, several experiments were
conducted with phantoms filled with lactate solution, “brain soup” and a mixture of
lactate and lipid emulsion.

The DQF signal intensity is theoretically 50 % compared to the signal of a PRESS
sequence with the same echo time (135ms in a solution), because only the fraction
of magnetisation which is in double quantum state (i.e. 50 %) during the first DQF
gradient contributes to the signal. Initial measurements on a spherical test object
containing 21 of 20 mmol/1 lactate solution showed that the effective signal yield using
localised DQF with a voxel size of 2x1.2x2cm? in combination with the surface coil
was 43.4 + 0.7 % compared to PRESS with Tg = 135ms. This result shows that the
DQF experiment is feasible using the surface coil for RF excitation and reception.

6.3.1. The Effect of 7/ Without a Refocussing Pulse
6.3.1.1. Experimental Setup

A spherical phantom (V' = 300ml) was filled with 100 mmol/1 lithium lactate (T} =
1.224+0.08s, To = 660 + 110 ms, measured via saturation recovery by varying Ty and
Ty in a STEAM experiment, respectively) placed on the double tuned surface coil
(@ = 10 cm) which was also used in all ex vivo and in vivo experiments.

6.3.1.2. Fitting Spectra

Spectra were processed using the AMARES [74] time domain fit routine, as incorpo-
rated in the JMRUI software package [75], (http://www.mrui.uab.es/mrui/). Only
“soft constraints” (i.e. defining extremal values for the parameter to be fitted) were
applied to the frequencies of the two lactate peaks, and the “first order overall phase”
was fixed to zero. The “zero order phase” was estimated by AMARES.

6.3.1.3. Results

Here it is shown that no intensity modulation occurs when 7’ is varied (Fig. 6.2),
the signal amplitude only decays with T>* relaxation, i.e. To* = 33.6 & 1.5 ms (fitted
using the implementation of the nonlinear least-squares (NLLS) Marquardt-Levenberg
algorithm of the free software gnuplot [95]).

6.3.2. Calibration for Quantification of Absolute Concentration

6.3.2.1. Preparation of Lactate Solution

For preparing the lactate solutions, lithium lactate, (CsH5LiOs, m, = 96,01 g/mol,
>97% pure, by Sigma Aldrich GmbH, Steinheim, Germany) was dissolved in water,
and successively diluted from highest to lowest concentration.
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(a) DQF lactate CHs signal amplitude. (b) Phase of the DQF lactate CHs signal.
So = 8.69+0.04 (a.u.), T2 = 33.6+1.5ms, a=1272+0.2,6=879+0.9, \/x% =2.3.
vx?=0.1.

Figure 6.2: Lactate signal intensity (a) and phase (b) in spectra acquired with the
DQF sequence as function of 7/. (100mmol/] lactate solution.) Peak intensities and
phases were fitted using AMARES. No periodic modulation of peak amplitude is visible
(a) while the phase depends linearly on 7’ (b). Acquisition parameters: 8 averages,
Tr = 10s, Tg = 135ms, voxel size = 18 x 12x 20 mm?3.

6.3.2.2. Results

The calibration curve for the signal of the DQF sequence as function of lactate con-
centration between 10 and 50 mmol/l in solution is shown in Fig. 6.3. For each con-
centration, Ty was estimated by varying T of a STEAM sequence and selecting the
echo times where J evolution refocusses the signal (Tg = 7.48,270, 545 and 830 ms),
see Tab. 6.1. For C' = 50 mmol/l, Ty was varied in small steps to follow the signal
modulation of the lactate IS5 spin system for STEAM with varying Tg, (see Fig.
6.4). The sin/cos modulation of S(7T%g) is not modelled in the fit function, as spectral
quantification was done by peak area integration, dropping phase information (i.e.
Fig. 6.4 does not show any negative data points). T3 of the solutions was measured

Table 6.1: Ty and T, relaxation times of lactate solutions of different concentrations.

[Lac] / mmol/1 Ti/s Ty / ms
100 1.22£0.08 660+£110
50 n. m. 609 + 10
25 n.m. 496 + 21
15 1.224+0.09 438420
10 n.m. 330 £ 18
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Figure 6.3: Signal of the DQF sequence as function of lactate concentration in solution.
a=1.0254+0.024, b = —0.8 £ 0.5, 1/x? = 0.933.
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Figure 6.4: T5 fit curve for lactate in solution (C' = 50 mmol/1)

for [Lac] = 100 mmol/l and 15mmol/l and showed no concentration dependent vari-
ation: 77 = 1.22 £ 0.09s (see Tab. 6.1). The regression curve in Fig. 6.3 was fitted
using gnuplot [95]. The fit yielded the parameters a = 1.025 +0.024, b = —0.8 £ 0.5,
VX2 =0.933. (x? is the sum of the squared differences or residuals’ (SSR)).

6.3.2.3. Conclusion

The excellent match between lactate concentration in solution in the range of 10 —
50mmol/l and of the relaxation-corrected data points indicates that lactate solution
can be used as a quantification reference and concentrations can be interpolated be-
tween zero and 50 mmol /1, when lactate concentrations are measured with the localised
DQF MRS sequence in vivo and in meat specimens ex vivo, after application of back-
calculation factors discussed later.
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6.3.3. Test Object Containing Brain Metabolites (“Brain Soup”)

A spherical test object (V' =~ 21) containing an aqueous solution of metabolites typi-
cally measured in human brain (i.e. creatine, choline, N-acetyl-aspartate, glutamine,
glutamate and others) and lactate was used to test the performance of the double
quantum filter sequence with respect to suppression of resonances at frequencies other
than the lactate CHs’s 1.3 ppm. (Such a phantom is colloquially called “brain soup”.)

Fig. 6.5 shows two spectra acquired with and without the double quantum filter, with
otherwise comparable pulse sequence parameters. The upper spectrum, acquired with
a PRESS sequence with T = 135 ms shows the typical pattern of brain metabolites
in solution, similar to in vivo brain. In the lower spectrum, acquired with the DQF
sequence (also 71 + 79 = Ty = 135ms), only lactate is visible. For RF excitation and
reception, the dual tuned 10 cm surface coil was used.

6.3.4. Test Object Contatining Lipid and Lactate

Another test object was made of lipid emulsion, 5% (Intralipid, Fresenius Kabi, Graz,
Austria), lithium lactate, 20 mmol/1 (Sigma-Aldrich, Steinheim, Germany) and potas-
sium phosphate, 20 mmol/1 (Sigma-Aldrich, Vienna, Austria) to verify the suppression
of lipids and detection of lactate by the DQF sequence.

In Fig. 6.6, the spectra acquired with 3P STEAM (12cm3), 'H STEAM (8cm?)
and localised DQF (8 cm?) are shown. STEAM spectra were acquired with short echo
times (7.4 ms), the DQF spectrum with T = 135 ms. For all spectra, T was 4s with
16 averages.

Figure 6.5: PRESS spectrum (top) and localised DQF spectrum (bottom), both acquired
with Ty = 135 ms. Resonances other than lactate are suppressed by the double quantum
filter. Note also the improved base line in the in the DQF spectrum.

53



6. Double Quantum Filter Sequence for Lactate Detection

31p STEAM IH STEAM DQF edited 'H spectrum
(Lactate)
Lipid groups —_ Lac
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Figure 6.6: 3'P STEAM (a), 'H STEAM (b) and DQF (c) Spectra from a solution
of lipid, lactate and phosohate. For sequence parameters, see text. The lactate doublet
is only visible in the double quantum filtered spectra, where lipid signals are virtually
perfectly suppressed (c). The artifact between 3 and 4ppm in the DQF spectrum is
caused by the RF pulse that selectively inverts the coupling partner of the lactate CHg
resonance. Spectra were acquired in a single interleaved experiment, see chapter 7.

6.4. Measurements on Meat Specimens

In order to validate the double quantum filter NMR sequence for detecting lactate in
muscle tissue, test measurements have been performed on several specimens of porcine
and bovine meat. The aim was to verify the echo time- and orientation dependence
of the DQF signal as simulated in section 2.3.3.

6.4.1. Variation of Echo Time
6.4.1.1. Specimen

A specimen of porcine meat (m = 0.8kg) was placed on top of the double tuned
(*H, 3!P) surface coil with approximately parallel orientation of fibres relative to By.
STEAM and localised DQF spectra were acquired.

6.4.1.2. Results

The short echo time (T = 7.4 ms) STEAM spectrum (Fig. 6.7) of a porcine meat spec-
imen shows EMCL and IMCL at 1.5 and 1.3 ppm, but no lactate is visible, although it
is abundantly present in meat specimens ex vivo. Lactate is masked by the strong lipid
signals. The same applies to STEAM and PRESS spectra (not shown) with long 7% in
muscle tissue. When lipids are suppressed by the double quantum filter, lactate finally
becomes visible, see Fig. 6.8. Here, echo times are varied (Tg = 135,44.6 and 36.6 ms),
and the signal increases manifold for shorter echo times. SNR increases from about
2.5 over 4.6 to 6.7, when shortening the echo time, as indicated.

6.4.1.3. Discussion

The 2.7-fold gain in SNR when applying short echo times is an enormous improvement.
It means that in vivo measurements, which suffer from low SNR, typically starting
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Cr
EMCL IMCL

TMA

Lac not
directly visible

LI B B L e e LI L B S B S B B B B B e
] 4.0 3.5 3.0 2.5 2.0 1.5 1.0 .5 0,0

Figure 6.7: The STEAM (Tg = 7.4ms) spectrum of a porcine meat specimen shows
EMCL and IMCL at 1.5 and 1.3 ppm, but no lactate is visible, although abundantly
present in meat specimens ex vivo, due to the overlapping lipid signals. The resonances at
3.0 and 3.25 ppm are labeled “Cr” and “TMA”, as these metabolites have their respective
peaks here, in in vivo NMR spectra.

below the threshold of detection may become possible. Indeed, as a fetch-ahead to
chapter 7, DFQ spectroscopy experiments performed during this study using long
Tx (135ms) yielded disputable results in the best case, in most cases only noise.
Employing short echo times only makes in vivo detection and quantification of lactate
during and after ischaemic exercise possible.

6.4.2. Variation of Angle Between Fibre Orientation and Magnetic Field
6.4.2.1. Specimen

Fresh porcine meat, similar in size and shape to the specimen of bovine meat shown
in Fig. 6.9, approximately 1kg, (readily available in Austria as “Schweinenuss”) was
chosen, due to its relatively low fat content of 2% (which was found to be a realistic
estimate, in 'H spectra without water suppression) and, mainly, because of its almost
round shape and visible striation on the surface. Spherical objects are preferable
for use in MRS because of better shimming behaviour and, therefore, narrower lines
achievable, compared to more irregularely shaped objects. A meat specimen of m =
1 kg fits well onto the surface coil and allows matching and tuning to optimal values,
similar to the in vivo situation when measuring human calf muscle.
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Lactate

T t t t T t 1 t t 1
v 3.0 3.2 3.4 16 3.8 A0 4.2 —d.d 4.8

(a) Te = 135ms

Lactate

(b) Tg = 44.6 ms

Lactate

(¢c) Tg = 36.6ms

Figure 6.8: DQF spectra of porcine meat specimen, visible striation oriented parallel to
EO, with varying echo times. Note the 2.7-fold increase of Signal (and SNR) for short Tg.

6.4.2.2. Results

Double quantum filtered spectra acquired from the meat specimen described are shown
in Fig. 6.10. Measurements were done at two angels relative to the main magnetic
field, an orientation- and echo time dependence is visible.

6.4.2.3. Discussion

The effect of changing orientation is not quite as clearly visible in Fig. 6.10, as one
might expect from the numerical simulations described in section 2.3.3, Figs. 2.5, 2.6
and 2.7 or observed when varying echo time, as demonstrated in in Fig. 6.8. At least
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Figure 6.9: Bovine meat specimen. Note that superficial striation (a, b) is not nec-
essarily parallel to gross fibre orientation at the centre (c¢) and may be further altered
by positioning the pliable specimen in the shallow pit of the surface coil. The hole (a,
c¢) was cut after NMR spectroscopy, although this particular specimen was not assayed
biochemically. The low bulk fat content of the specimen can be seen in (c¢) and (d).

a pronounced maximum at short echo times is not visible in Fig. 6.10 (a), as observed
experimentally in Fig. 6.8. This may be due to the unpredictable and heterogeneous
fibre orientation in the meat. The porcine meat (no photograph available) had more
heterogeneous fibre orientations than the beef shown in Fig. 6.9.

6.4.3. Conclusion

The measurements on phantom solutions and meat specimens showed that the DQF
sequence is capable of suppressing unwanted lipid resonances while yielding lactate
signal as expected from numerical simulations in section 2.3.3. Selecting and position-
ing a suitable meat specimen turned out to be more challenging than expected, most
likely due to the uncertainity of fibre orientation inside a meat specimen.

The experiments confirm the reasoning in chapter 2.3.3, according to which a shorter
echo time than Ty = 135 ms, the optimum for lactate detection in isotropic media, is
preferrable. Care has to be taken, however, to choose the best compromise between
maximising signal under otipmum conditions by choosing extremely short echo times,
e.g. (11,72) = (10ms, 20 ms), and finding a robust set of parameters for realisic con-
ditions, when fibre orientation can not determined precisely but has to be assumed
within a range of uncertainity. The compromise chosen for in vivo measurements in
chapter 7 was (71, 72) = (25ms, 32 ms).
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20 + 27 ms =47 ms
30 +40 ms =70 ms
40 + 55 ms = 95ms

67 + 67 ms = 136 m¢

ppm

(a) The meat specimen is oriented as parallel to By as possible by
estimating fibre orientation without cutting into the meat before the
NMR measurement. (Line width and SNR was not sufficient to mea-
sure the frequency splitting of the multiplets.)

20 + 27 ms =47 ms
30 +40ms =70 ms
40 + 55 ms =95 ms

67 + 67 ms = 136 ms

ppm

(b) Orientation of the meat specimen has been altered by 45° relative
to (a). The splitting of the lactate peak is A f ~ 8+2Hz in accordance
with the numerical simulation in Fig. 2.6.

Figure 6.10: DQF spectra of a meat specimen shown in Fig. 6.9 at two orientations,
varying echo time Tx = 7 + 72. A clear maximum is visible in (b) at Ty = 70ms,
which is expected for fibres oriented at ¢ ~ 40° relative to éo, according to the numerical
simulations shown in section 2.3.3, Fig. 2.6. Note also the lactate peak’s splitting in (b).
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Triple Interleaved 'H DQF/3!P/1H MRS

This part comprises the cumulated efforts to solve several problems in one experiment:
Specificity (via localisation and DQF) and temporal resolution, to follow dynamic changes
of muscle metabolism and still keeping sensitivity acceptable for absolute quantification of
muscle metabolites.

7.1. Introduction

Phosphorus magnetic resonance spectroscopy, as a non-invasive method, has long been
used to study cellular energy metabolism in vivo, paradigmatically in skeletal muscle.
In addition to exercise science and research of muscle diseases as such, muscle function
is important in ageing and chronic diseases, and its exercise response has analogies to
brain activation of interest in functional neuroimaging.

While the non-invasiveness of 3'P MRS has great advantages for the recruitment
of experimental subjects (particularly clinical patients and elite athletes) and can
be repeated almost unrestrictedly, the major disadvantage of 3'P MRS compared to
needle biopsy has been the inability to quantify lactate directly. This has necessitated
indirect approaches [96] which have become matter of some debate [97,98] in connexion
with the control of glycolysis [99] and cellular acid handling [100, 96].

Several technical obstacles for quantifying lactate in muscle tissue in vivo have to
be overcome: Overlaying lipid resonances have to be suppressed adequately, and ori-
entation dependent ordering effects, compartmentation and relaxation lead to limited
lactate visibility of only a fractional amount of the true concentration if neglected.

Here an interleaved 3'P and 'H MRS method for monitoring lactate accumulation
and the accompanying changes in phosphorus metabolites during exercise and recovery
is described. Good agreement has been found between directly measured lactate and
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7. Triple Interleaved 'H DQF/3'P/'H MRS

that measured biochemically and inferred indirectly from 3'P MRS data. The results
advance present knowledge of muscle cellular acid-base metabolism, and open the way
for much more detailed studies of the latter and the control of glycolysis.

7.2. Methods

7.2.1. Sequence Design

The dual interleaved multi-nuclear STEAM sequence described in 5 was further ex-
tended by including a double quantum filter (DQF) for localised acquisition of lactate
spectra, as it is introduced in chapter 6.

In analogy to the reasoning about long 3!'P and short 'H relaxation times detailed in
section 5.2.1.2, the triple interleaved sequence comprising a localising double quantum
filter for lactate detection, 3'P and 'H STEAM, was also implemented with the feature
of “asymmetric” acquisition of spectra. In this case, n > 1 DQF lactate spectra can be
acquired per 3'P / 'H STEAM acquisition, as shown in Fig. 7.1. The full sequence
diagram is shown in Fig. 7.2. Again, the dual tuned surface coil (@ = 10 cm) was used
in connection with the 3T Bruker Medspec (both manufactured by Bruker Biospin,
Ettlingen, Germany).

The DQF sequence was used with the adiabatic inversion pulse as described in
section 2.3, to further suppress the abundant lipid resonances of skeletal muscle which
have an identical chemical shift as lactate (i.e. 1.3 ppm).

According to the reasoning in section 2.3.3, confirmed by measurements on meat
specimen shown in section 6.4, the echo time parameters 71 = 25ms and 7™ = 32ms
were chosen for measuring lactate spectra with the double quantum filter sequence.

'WDQF  HDQF ¥ H 'WDQF  'HDQF ¥ H
Gx/y/z £ £ | [E [E
1
RF:'H l 11, [T, " " L,
| L ¥ ¥ L }
.31
RF:%p ‘w i
off ]A(HDQF)  efifyH) et Ta(HDQF) = eff Ty(HDQF)  eftTy(H)
| e |

Figure 7.1: Schematic representation of the interleaved localised 'H DQF, 3'P and 'H
STEAM sequence. An arbitrary number of 'H DQF spectra (two in this example) can be
acquired during each 3'P / 'H STEAM acquisition Tr to optimise SNR of each nucleus’
spectra despite the large differences in 7. Outlined rectangles schematically represent
RF and By gradient pulses.
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7.2.2. Subjects and Materials

Healthy subjects (n = 7) executed ischaemic plantar-flexion on a pedal-ergometer [82].
Ischaemia was induced by a cuff placed on the thigh above the knee, which the subjects
were instructed to inflate at a given time and were allowed to release air after a self-
chosen ischaemic post-exercise period which lasted typically ~2min. The DQF VOI
was chosen between 3.9 and 5.4cm?, the 'H STEAM voxel’s volume was ~ 2.6 cm?
and the 3'P VOI was ~32cm?, depending on the individual size of the gastrocnemius
muscle, similar to the dual interleaved measurements (chapter 5). The 'H voxels were
not chosen to be the same size as the 3'P VOI to avoid broad 'H line widths and
lipid contamination in the DQF spectra from subcutaneous fat, which would render
spectra unusable. All VOIs were positioned in the same muscle, about concentrically
(see Fig. 7.3) and avoiding subcutaneous fat, especially for the 'H voxels. A short
echo time Ty = 7.5ms and T\ = 30ms was chosen for both STEAM experiments,
receiver bandwidth was BW = 2500 Hz and 1024 data points were acquired in all three
interleaved experiments.

A phantom replacement technique employing test objects filled with lactate solutions
(25 and 50 mmol /1) matching the coil load of an in vivo measurement and a small vial
placed below the surface coil used as external reference to estimate the coil’s sensitivity
was used for absolute quantification. The knowledge about fibre orientation and the
parameters of eq. 2.5 as given in [36], i.e. compartmentation ratios, and relaxation
times (also of the test objects) together with back-calculation factors for varying voxel
sizes, receiver gains and number of averages were taken into account when calculating
lactate absolute concentrations. The voxel was positioned identically in calf muscles in
vivo and in the phantom used as absolute concentration reference within an accuracy

Figure 7.3: Typical position of the volumes of interest for interleaved localised DQF and
multi-nuclear STEAM spectroscopy in human medial gastrocnemius muscle. Localised
DQF for lactate detection: voxel size V = 4.0cm?, 'H STEAM: V = 2.6 cm?, 3P STEAM:
V =31.3cm3.
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of <1cm relative to the surface coil. For deviations from the the identical position
in y (vertical, A-P) direction which were typically 6 mm, a further correction factor,
interpolated from measurements on test objects with varying voxel position along y
(see Tab 7.1) and constant RF amplitudes were applied.

Table 7.1: DQF lactate signal in a test object with varying voxel position along y
(towards (4) and away from (—) the surface coil), relative to the standard measurement
position at y = —6.3cm below the magnet’s and gradient coils’ iso-centre. The DQF
signal was measured by peak integration.

shift along y /cm  signal / %

—0.6 94
-0.3 97

0 100
+0.3 91
+0.6 81

For quantitative validation, lactate concentration in fresh porcine gastrocnemius
was measured by standard biochemical methods several times immediately before and
after MRS, and after further 4 and 48 hours of storage at 4°C. Muscle samples of
~ 50 mg were weighed, filled into test tubes with 1 ml perchloric acid per sample and
stored in a freezer (—80°C) for subsequent enzymatic assay, similar to the procedure
described in [35].

Cytosolic concentrations of inorganic phosphate (P;) and phosphocreatine (PCr)
were calculated from fully-relaxed 3!P MRS measurements of PCr/ATP and Pi/ATP
at rest (assuming ATP concentration of 8.2 mmol/1 cell water), with exercise changes
obtained by proportion, and cytosolic pH was obtained from the chemical shift of
P; [101]. Cytosolic lactate concentration was calculated from muscle lactate (mmol/1
muscle) assuming muscle density of 1.04kg/l and cytosolic water content of 0.661/kg
[102]. Expected lactate concentration was calculated from pH, P; and PCr changes by
summing the protons consumed by net hydrolysis of PCr [14] and buffered by P; and
non-P; buffers [96], the latter assuming a non-P; buffer capacity of 20 slykes at rest,
increasing 55 slykes/unit as pH falls, figures were derived indirectly from a 3'P MRS
analysis of ischaemic forearm exercise [96]. Results are given as mean + SEM.

7.3. Results

Lactate concentration measured with the double quantum filter sequence was 40
mmol/l muscle wet wt. (for an estimation of error, see discussion section) in porcine
gastrocnemius, ex vivo, close to the biochemical measurement of 39 +5 mmol/l (mean
+ SD).

Time resolved series of spectra acquired in human gastrocnemius muscle in vivo are
shown in Fig. 7.4. Localised DQF lactate spectra, 3'P STEAM and 'H STEAM spectra
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Figure 7.4: Localised DQF lactate spectra with short (57ms) echo time
(32 averages/spectrum), 'H STEAM (16 averages/spectrum) and 3'P STEAM
(2 averages/spectrum) all acquired in a single interleaved experiment on human
gastrocnemius.

were acquired in a single interleaved experiment, during rest, ischaemic exercise (50 %
MVC), a post-exercise ischaemic period and recovery.

DQF 'H spectra show a lactate resonance at 1.3 ppm after ischaemic exercise, which
persists during post-exercise ischaemia and vanishes after release of the cuff. In 3P
spectra, a PCr drop and increase of P; is accompanied with the pH induced shift of
the P; peak towards the PCr resonance. In 'H spectra the CHy resonance of creatine
follows the PCr drop of PCr in 3!P spectra while other metabolites remain unchanged,
or show spurious variations according to motion in case of EMCL (lipids are not shown
in Fig. 7.4.)

The absolute concentrations of lactate for all subjects are listed in Tab. 7.2. (DQF
spectra of subject E were not quantifiable. Data related to this subject are given in
the table but were excluded from the calculation of averages and standard deviations.)
Here, the symbol BMI denotes the body mass index, VOI is the volume of interest.
i.e. voxel size. The factor for taking into account the effect of varying coil load for an
in vivo and a phantom measurement is denoted “ref” and is given in percent. The
backcalculation factor “back-calc” relates the concentration of the phantom reference,
the fitted peak amplitudes in phantom and in vivo measurements via the theoretically
modelled DQF signal ampiltude to the absolute concentration of lactate in vivo. A
muscle fibre orientation of 24° was assumed in the numerical simulation of the DFQ sig-
nal’s modulation. Note the large distribution of values for the back-calculation factor
and the nonetheless small standard deviation for the calculated lactate concentrations.

In triple-interleaved MRS experiments, ischaemic exercise in healthy subjects re-
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Table 7.2: Summarised results for lactate concentrations given in in mmol/l wet weight
in exercising human gastrocnemius muscle. Results are given as mean £ SD. For an
explanation of symbols see text, page 64.

subject  age h m BMI  VOI ref back- [lactate]
a m kg kg/m? ml % calc.  mmol/l w.wt.
A 26.6 1.78 65 20.5 3.9 94.3 530.9 10.6
B 37.1 1.82 88 26.6 4.0 n.m. 2216.8 21.2
C 25.5 1.75 73 23.8 4.4 91.0 1789.8 15.6
D 33.7 1.72 75 254 4.3 100.2  2786.7 16.5
(E)  (229) (1.90) (80) (22.2) (5.3) (1208) - -
F 27.2 1.73 7 25.7 5.0 110.5 21329 16.3
G 26.3 1.74 64 21.1 5.0 114.8  4321.3 16.5
23.942.5 10210 16.1+3.4

sulted in a pH decrease of 0.47 £ 0.06 below the resting value of 7.06 £ 0.03, and PCr
decrease to 24 + 2% of resting calf muscle (n = 6). This corresponds to an expected
lactate concentration of 24 + 2mmol/l cell water. In close agreement, the observed
lactate concentration was 24 + 2mmol/l, after converting the data in Tab. 7.2 from
wet weight cellular water concentrations.

ATP before and after exercise was constant within 3.5 %. After releasing the cuff,
PCr recovered back to baseline with a halftime of 66 4 9s.

7.4. Discussion

The method gives a remarkably good fit both to biochemically measured lactate con-
centration in porcine gastrocnemius and to the lactate concentration in human calf
muscle expected on the basis of changes in pH, Pi and PCr. As the latter calcula-
tion uses cytosolic buffer capacity based on an indirect analysis of proton handling
in ischaemically exercising forearm muscle, the agreement supports both the present
method and the analysis of the forearm data [96].

Estimation of propagated error: For a single NMR measurement of lactate con-
centration, a rough estimation of total error can be given: The dominating factor

Table 7.3: Lactate concentration in a specimen of porcine gastrocnemius given in in
mmol/l wet weight and data of phantom solution used as absolute concentration reference.

type VOI  ref  back- [lactate]
ml % calc. mmol/l wet wt.
porcine meat 4.0  95.6 11360 40.4
solution 4.3  100.0 474.7 25
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is presumably the uncertainty in fibre orientation which may affect signal amplitude
by up to 15%, but probably less, as discussed in section 6.4. The effect of the re-
maining factors contributing to the signal simulated analytically in eq. 2.5 (intra- and
extracellular lactate pool fractions a,b and relaxation times Ths,To and T3) is ap-
proximately 5% each, or less. The propagated error of these multiplicative factors is
19 %. This corresponds to an absolute concentration and error of 40 4+ 7mmol/1 for
the lactate concentration of the porcine meat specimen, and 16 + 3 mmol/l wet wt.
for a single measurement in human gastrocnemius. As these errors argee well with
the standard deviation of averaged data, it may be concluded that the total error for
single measurements represent the upper limits in the experimental setup.

Several studies have demonstrated the effect of increased pennation angle as response
to resistance training and muscle hypertrophy [103,104], while disuse muscle atrophy
causes pennation angles to decrease [105]. Smaller pennation angles were observed in
different leg muscles of sprinters compared to distance runners [106]. No direct relation
was found between the architectural parameters and fibre composition [107,108].

Our subjects were normal healthy volunteers, some doing physical exercise on a
regular basis (distance running or cycling on several days per week).

Consequences and Limitations: Current data acquired in this work help to confirm
assumptions about cellular proton buffering capacity which have, although widely
accepted, become subject of dispute, recently [98,97,109].

Sensitivity and, hence, time resolution is a limiting factor. Although it has been
possible to drastically increase sensitivity by the use of short T, (compared to the
classically used 135 ms), the time resolution for which lactate quantification is approx-
imately 96s. Improving sensitivity by increasing voxel sizes is limited by the size of
the muscle under investigation and lipid contamination increases beyond the capabil-
ities of the suppression techniques applied, when subcutaneous fat or bone marrow is
included in the VOI.

To address metabolic efflux, lactate, pH and PCr changes during recovery from
ischaemic exercise need to be studied with better time resolution and to investigate
control of glycogenolysis and coordination of oxidative versus glycolytic ATP produc-
tion requires time-resolved studies in exercise, aerobic and ischaemic.
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Conclusion

In this work, NMR pulse sequences for time-resolved localised and double quantum
filtered 'H and 3!P spectroscopy in a single interleaved experiment have been developed
and applied to human skeletal muscle while the subjects were exercising in the NMR
scanner using a custom built non-magnetic exercise rig.

As a first step, a dual interleaved 'H and 3'P stimulated echo acquisition mode
(STEAM) sequence was implemented and used in measurements during dynamic aer-
obic calf muscle exercise. The benefits of the approach of interleaved multi-nuclear
NMR spectroscopy experiments are reduced total measurement time and signal en-
hancement by the nuclear Overhauser effect of 3!P spectra. Most significantly it opens
the possibility of studying the dynamics of metabolism with multi nuclear MRS in a
single run, e.g. examining PCr depletion and resynthesis with 3'P MRS and the con-
comitant time course of the creatine CHy resonance in 'H spectra.

After developing and testing a localised double quantum filter (DQF) 'H MRS pulse
sequence for detection of the lactate CH3 resonance in the presence of strong overlay-
ing lipid signals of human muscle, the method was extended to a triple interleaved
experiment, comprising 'H DQF, 3'P STEAM and 'H STEAM. The lactate CHs dou-
blet is subject to orientation dependent intensity modulations due to residual dipolar
coupling in an anisotropic tissue, therefore, the echo time parameters of the DQF
sequence hat to be tuned thoroughly to achieve near-optimum sensitivity while main-
taining a robust signal with low intensity variation for an uncertain orientation of fibre
angle relative to the magnetic field.

Time resolved spectra of human gastrocnemius were acquired using the triple inter-
leaved '"H DQF, 3'P and '"H STEAM pulse sequence during ischaemic calf muscle ex-
ercise. The acquired data help to confirm assumptions about cellular proton buffering
capacity which have, although widely accepted, become subject to some controversy,
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8. Conclusion

recently. Sensitivity and, hence, time resolution is a limiting factor, although it has
been possible to drastically increase sensitivity by the use of short Tg, (compared to
135 ms, classically used in isotropic media, as e.g. brain). With improved time res-
olution, the developed method can be used to study metabolic eflux by quantifying
lactate, pH and PCr changes during recovery from ischaemic exercise. Control of
glycogenolysis and coordination of oxidative versus glycolytic ATP production can be
investigated using this technique in time-resolved studies during aerobic and ischaemic
muscle exercise.
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Perspective

So far, the methods developed in this work have been applied to muscle tissue at
rest, under aerobic and ischaemic exercise and recovery with the aim of verifying and
improving the quantitative understanding of muscle metabolism in normal healthy
subjects. Interleaved acquisition of 'H and 3'P STEAM spectra either with or without
the localised double quantum filter, depending on the expected lactate production
and accumulation under the given experimental conditions may also be used to study
metabolic pathologies, e.g. diabetes or muscle dystrophies and may be applied to
monitor the metabolism of professionally trained athletes. The latter may help to
validate training schemes individually.

While the short-term effect of exercise on the PCr and P; resonances in 3'P muscle
spectra is evident, as a PCr drop, P; increase and a pH-induced shift of the P; resonance
frequency, and a lactate peak occurs in spectra acquired with dedicated 'H double
quantum filtered (DQF) sequences after ischaemic exercise and during post-exercise
ischaemia, 'H STEAM spectra show little variations within the time frame of several
minutes, relevant for an interleaved MRS experiment. A drop and rise of the creatine
CHj, signal at 4 ppm which follows the PCr time course, can be observed in healthy
muscle tissue.

During strenuous exercise protocols, however — and also sporadically at lower exer-
cise intensities in some subjects [94] — a resonance attributed to acetyl carnitine (AcCt)
was described in 'H spectra of human muscle [94,110]. Interleaved acquisition of ‘H
and 3'P spectra can, in principle, be used to simultaneously acquire such time courses
of AcCt and, additionally of high energy phosphates during high workload exercise
protocols.

The combination of 'H and 3'P STEAM and, eventually, interleaved DQF spec-
troscopy for lactate quantification may be combined with the acquisition of T5 pa-
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rameter NMR images in a follow-up project to the work described here, studying the
effect of functional electrostimulation in denervated muscle. The recruitment of muscle
can be mapped via Ts maps, and long term effects of electrostimulation of paraplegic
patients can be monitored using proton and phosphorus NMR spectroscopy. The dual
interleaved 'H/ 3P STEAM protocol will be used to study the kinetics of absolute
concentration of brain metabolites. For brain tissue, lactate editing by a DQF se-
quence is unnecessary, as here, no lipid signals are present which could overlap the
lactate resonance (if present) at 1.3 ppm, and no orientation dependence is observed.

When the methodology of interleaving multi-nuclear NMR, spectroscopy experiments
is applied to protocols with intrinsically long acquisition times, such as spectroscopic
imaging (CSI, chemical shift imaging) experiments with high spatial resolution, the
gain in net measurement time of a factor of 2 for dual acquisition is particularly high.
A single CSI measurement itself can easily take 30 — 45 min, while the overhead time
for subject handling and for adjustments prior to the measurement (e.g. matching and
tuning the coil, shimming and possibly also adjustment of transmitter and receiver
gains, altogether typically 20 — 30min) is equal for a single and for an interleaved
experiment. It is therefore an interesting challenge to extend the method to 'H/ 3P
CSI for application to brain or muscle, considering that a 3'P CSI data set comes “for
free”, within the same measurement time as for a 'H CSI acquisition.

A spectroscopic imaging technique with higher temporal resolution than CSI, at the
cost of sensitivity, spatial resolution and spectral width is echo-planar spectroscopic
imaging (EPSI) [111,112,30]. This method may be implemented for application to
human calf muscle [113] and an extension to a multi-nuclear version is conceivable in
order to eventually combine metabolic and dynamic information and keeping sufficient
spatial resolution and volume coverage.

In theory, a higher field strength increases the sensitivity of an NMR experiment
by SNR oc wi/(wi + ozwé/Q)l/Q [114], with wy = v Bp. This term approximates to
a linear By dependence at high field strength, and to a factor of Bg/ * for low fields.
The actual gain depends on the nucleus chosen, lower sensitivity nuclei will gain more.
When migrating an NMR spectroscopy experiment from 3 to 7T, a theoretical gain
by a factor of 2 in SNR may thus be expected, which could be transformed into a
4-fold time resolution, neglecting any By related increase of T} and other influences.
At higher field strength, the effect of susceptibility gradients is pronounced and the
concomitant increase in line width needs to be compensated by the use of high order
shim coils and automated localised non-linear shim procedures with the perspective
that these more efficient and robust approaches will also help to improve measurement
and processing techniques at 3 Tesla. This way, 3T MRS applications may become
more widely used in clinical research and diagnosis. Some technical aspects need to
be considered for the perspective of interleaved multi-nuclear spectroscopy at higher
fields. The method makes demands on the scanner’s hard- and software which are
not commonly met by a system which has been designed with primarily MR imaging
in clinical routine or neuroscience in mind, even if it is equipped with multiple RF
amplifiers, at least one of them being a broadband amplifier for excitation of nuclei

71



9. Perspective

other than 'H. Some of these aspects appear trivial at first glance but can shape
up as an insurmountable obstacle for interleaved NMR measurements, for example
a dual tuned coil either needs to be equipped with two cables, one for each of the
two RF channels (e.g. a 'H channel and a 3'P channel), if two transmitters and/or
receivers are available, or otherwise sufficiently rapid switching between the channels
must be possible. Switching the receive and transmit channels needs to be executed
under preservation of phase information of the currently inactive channel and switching
back must be done phase coherently to ensure proper phase cycling and coherent
accumulation of signal. When these prerequisites are met, the methods developed
during this work can benefit from the higher sensitivity of NMR, scanners with very
high fields which become increasingly available to research facilities in the near future,
and experiments studying time courses of lactate, PCr, P; and pH with higher time
resolution during recovery from ischaemia and during aerobic and ischaemic exercise
will improve the quantitative understanding of human metabolism in vivo.
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Cirquits, Diagrams and Detail Drawings

A.1. Circuit Diagram of the Operation Amplifier IC for Force
Sensors

Two force sensitive resistors (FSR, Model No. FSR-154-AS Conrad Electronic, Wels,
Austria) each with an effective area of 14.2cm? were attached to the pedal of the
exercise rig. To compensate for the strongly non-linear characteristic curve R(F') of
the FSR, an operation amplifier (LM348, Quad 741 Op Amp, National Semiconductor,
Arlington, TX, USA) cirquit was manufactured, as suggested in the FSR-154-AS’s
data sheet. The circuit diagram is in Fig. A.2 (a). The potentiometer for pedal angle
measurement and FSRs are connected to the measuring card in a Linux-PC using
coaxial cables via the magnet room’s filter plate. For future reference, the BNC
connections are also displayed, see Fig. A.2 (b).

R [kQ1

1000 e fen

0,1 1 10 100 IN]

Figure A.1: Characteristic curve of a force sensitive resistor. (Specific to each FSR.)
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(a) Circuit Diagram of the Operation Amplifier IC for Force Sensors
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(b) Connectors to
the filter plate

Figure A.2: Circuit diagram of Op Amps for FSR (a), BNC Connectors at the filter

plate (b).
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A.2. Block Diagram of the Dual Tuned Surface Coil

The coil used during all in vivo measurements is the standard “dual tuned surface
coil @ 100 mm, 125/50 MHz”, commercially available from Bruker Biospin. The coil
is actively decoupled (a feature which was not used). A block diagram of the coil

circuitry is shown in Fig. A.3.

H_,w. I active decoupling F1

4

X I "H

3ip

B R

Medizintechnik

suc
@ =100 mm
125/50 MHz

Figure A.3: Block diagram of the curface coil circuitry.
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A.3. Ergometer, Engineering Detail Drawing

a2

bis Ende Basis

1330 mm

Magnet -Mitte
|

I -Unterkante

Tunne

Figure A.4: Engineering detail drawing of the pneumatic system and pedal.
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Mathematical Appendix

B.1. Product Operator Formalism

The concept of product operator formalism for the descriptio of NMR experiments of
weakly coupled spin systems can be looked up e.g. in the original reference [65] and
is reproduced in textbooks on NMR [58,57]. Here, only the most relevant formulae
necessary for the understanding of the evolution of the 1S3 (or AX3) spin system of
lactate and the double quantum filter sequence are recapitulated in compact form.

B.1.1. Nomenclature

I, ... Polarisation of spin I (longitudinal magnetisation)
I.,I, ... Inphase x- and y- coherence of spin I
(transverse magnetisation)
21,5, 2I,S. ... x- and y- coherence of I in anti-phase
21,5, 21,5y, with respect to S
21,S;, 21,S, ... Two-spin coherence of I and S
21,5, ... longitudinal two-spin order of spins I and S. (B.1)

(B.2)

The cartesian product operators defined above, which always consist of a superposition
of multiple quantum coherences can be rewritten to raising and lowering operators:

It = IL+il,
I~ = IL—il,
Iy = L (B.3)
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which can be rearranged to linear combinations which reflect pure zero-, single- and
double quantum coherences (ZQC, SQC, DQC).

st 1S~ ... DQC
I+SQ, IS~ ... SQC
ST, 1St ... 7QC (B.4)

B.1.2. Evolution of Product Operators

In this section, the evolution of product operators under the effect of RF pulses,
chemical shift, By field gradients and spin-spin coupling is described.
All terms of the Hamiltonian

A= Ule) + DD w20k 1iz) (B.5)
P .

k<l
describing the evolution of the spin density operator under weak coupling commute,
therefore the calculation can be computed in arbitrary order.
B.1.2.1. RF Pulses

The effect of a (strong non-selective) RF pulse with a flip angle 6 can be considered
separately for each single-spin oprator. For rotation about the z- axis the effect is

5, Y=, oq
1, LN I, cos+1, sin
I, SZEN I, cos —I sin (B.6)
and about the y-axis
oI
I, —% I, cos—I, sin
0
, 2o,
oI
I, —% I, cos+I, sin. (B.7)

B.1.2.2. Chemical Shift and By Field Gradients

shift frequency w

wtl .
I, L= coswT + Iy sinwr
wtl .
I, =% Iycoswr — I sinwr (B.8)

The modulation frequency w under the effect of chemical shifts and By field gradients is
w = wr+twg for double quantum coherences, i.e. the sensitivity of DQCs to By gradients
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is twice the sensitivity of SQCs, while ZQCs are not influenced by By gradients. As a
consequence, By gradients may be used to filter out coherence pathways by applying
a gradient GG1 during a time interval when the magnetisation of the spin system of
interest has been brought to double quantum state and refocussing with a gradient
|Ga| =2 [Gyl.

B.1.2.3. Spin-Spin Coupling

I, %L1 cos(ndT) + 21,8, sin(wJ7)
I, mJr2LS: | I cos(nJ71) — 21,8, sin(nJ7) (B.9)

B.1.3. Effect of a 90°-180°-90° Pulse Train on an 1.S Spin System
I.+ S, (B.10)

e, g, -8, (B.11)
after effect of J evolution (eq. B.9) during 7

T

—  o(1—) = =1, cos(nJT) + 21,5, sin(nJ7) — Sy cos(nJT)+ 21,5, sin(rJ7) =
= —(I, + S:) cos(nJT) + (21,5, + 2I,S,) sin(nJ1) (B.12)

The chemical shift evolution during 7 has been refocused by the 180° pulse at t = 7/2.

D5 G(r4) = —(L + S.) cos(wdT) — (21,8, + 21,S.) sin(rJ7) (B.13)
N————

DQC,

Only magnetisation which is in double quantum state at this point in time can pass
the filter consisting of |G2| = 2 - |G1], as detailed e.g. in [57].

B.2. J Evolution of an 1S3 System

The previous rules were valid for an IS (or AX) system of spins I = 1/2. The
evolution of an 1S3 (or AX3) system during the pulse sequence 90°-180°-90° can be
deduced straightly from eq. B.9. The magnetisation has evolved under the infulence
of J coupling, just before the second 90° pulse, to

wJT2I,51,
—

I, I cos(mJ1) — 21,5, sin(nJT) (B.14)

I 205 ({y cos(mJT) — 21, Sy, sin(wJ7)) cos(mJT)—

— 2 (I cos(mJT) + 2I,Ss, sin(wJ1)) Si, sin(rJ7) =
= I, cos*(nJ7) — 21,(S1. + S2.) cos(mJ7) sin(nJ7) — 41,51,5s, sin®(7J7) (B.15)
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TJT2L5: I, (:053(7TJ7') — 21, (512 + S22 + S32) cos” (mJ7) sin(mJ7)

— 41, (5152, + S1.53. + S2.53.) cos(mJT) sin2(7rJT)
+ 8 151,552,953, sin3(7r.]7') (B.16)
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magnetic resonance imaging (p. 4)

magnetic resonance,
“When I dictate 'nuclear magnetic resonance’ to my secretary, she writes
'unclear magnetic resonance’; quote by R.R. Ernst [115] (p. 4)

magnetic resonance spectroscopy (p. 4)

MultiScanControl-Tool or Multiple Scan Control Tool, software by Bruker
Biospin (p. 42)

not measured (in tables) (p. 57)

nuclear magnetic resonance (p. 4)

nucleoside tri-phosphates (p. 39)

phosphocreatine, also called creatine phosphate (CrP) in the literature (p. 3)
inorganic phosphate (p. 5)

signal to noise ratio (p. 35)

signal to noise ratio per unit time (p. 38)

single quantum coherence (p. 14)

STEAM stimulated echo acquisition mode (p. 11)

Tg
Tir

echo time (p. 35)
inversion recovery time (p. 15)

middle period, between the second and third 90° pulse in the STEAM sequence
(p. 12)

repetition time (p. 35)

volume of interest (p. 11)
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