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Abstract

Dynamic phosphorus magnetic resonance spectroscopy (3'P-MRS) with high temporal resolu-
tion enables, through measurement of phosphocreatine (PCr) recovery after exercise, a non-
invasive evaluation of mitochondrial capacity of the skeletal muscle in vivo. The aim of this
master thesis is the comparison of different parameters that can possibly influence the results
of 3!P-MRS investigation on muscle metabolism. To this end, three independent studies were
performed at two MR sites.

First study deals with the impact of ergometer type, coil diameter and magnetic field strength
within the same group of subjects. Measurements of the calf muscle exercise in eleven subjects
on a 3T MR system with home-made mechanical ergometer and on 3T and 7T MR systems
equipped with commercial pneumatic ergometer were performed at three different workloads.
Higher magnetic field strength improves the data quality (higher SNR, better fitting accuracy),
increasing reliability, but no significant differences were found in the metabolic parameters be-
tween magnetic field strengths. In the inter-institution comparison, significant differences were
found in the concentration of PCr measured at rest and in the depletion of PCr causing signif-
icant difference in mitochondrial capacity (Qmax) at low workload. From this study it can be
concluded that metabolic parameters measured by dynamic 3'P-MRS do not depend upon used
magnetic field strength. However, same workload and same protocols for measurement and
evaluation are important for comparison of data acquired with different ergometers, especially
when effects of very mild exercise are examined.

Second study is dedicated to evaluate the depth resolved surface coil MRS (DRESS) as a non-
echo based localization method for dynamic 3'P-MRS at 7T. Two dynamic examinations of
plantar flexions at 25% of maximal voluntary contraction, one without spatial localization and
one with the DRESS slap positioned obliquely over the gastrocnemius medialis, were conducted
in fourteen volunteers. Significant differences in metabolic parameters were found between
the non-localized and DRESS localized data. Splitting of the inorganic phosphate (Pi) signal
was observed in several non-localized data sets consisting of a mixture of signals from several
muscles, but in none of the DRESS-localized data sets. In conclusion, the DRESS localiza-
tion scheme yields good spatial selection and provides muscle specific insight into oxidative
metabolism even at relatively low exercise load.

Third study targeted on the comparison of single voxel localization through slice selective lo-
calization by adiabatic selective refocusing (semi-LASER), with DRESS and surface coil local-
ization. Five volunteers performed three dynamic examinations on plantar flexions, one with
each localization method, at the same workload. Signal from gastrocnemius medialis acquired
by DRESS and semi-LASER localization shows a higher PCr depletion, a trend towards lower
7 and lower pH at the end of exercise in comparison to non-localized acquisition. Since the
relatively long echo time needed for semi-LASER limits the quantification of J-coupled spin
systems (e.g., ATP), a calculation of Q. is not possible. The results suggest a favored applica-
tion of semi-LASER than DRESS when higher anatomical and physiological specifity is needed
with the advantage of DRESS in calculation of Qpax.






Kurzfassung

Dynamische Phosphor-Magnetresonanzspektroskopie (*'P-MRS) mit hoher zeitlicher Aufls-
sung erlaubt einen nicht-invasiven Einblick in die mitochondriale Kapazitit von Skelettmuskeln
in vivo durch Messung der Regeneration von Phosphokreatin (PCr) nach Muskelbetitigung. Das
Ziel dieser Diplomarbeit ist der Vergleich verschiedener Parameter, die moglicherweise einen
Einfluss auf die mit 3'P-MRS gemessenen Ergebnisse von Muskelmetabolismus haben. Zu die-
sem Zweck wurden drei unabhéngige Studien an zwei MR-Forschungsstandorten durchgefiihrt.
Die erste Studie befasst sich mit der Auswirkung von Ergometerart, Spulendurchmesser und ma-
gnetischer Feldstirke innerhalb derselben Probandengruppe. Es wurden Messungen des Waden-
muskels mit drei verschiedenen Muskelbelastungen an elf Probanden in einem 3T MR-System
mit einem selbstgebauten mechanischen Ergometer und in einem 3T und 7T MR-System mit ei-
nem kommerziellen pneumatischen Ergometer durchgefiihrt. Hohere Magnetfeldstéirke verbes-
sert die Datenqualitét (groBeres SNR, bessere Fitting-Genauigkeit) und daher die Zuverldssig-
keit, dennoch wurden keine signifikanten Unterschiede in den metabolischen Parametern zwi-
schen den Magnetfeldstirken festgestellt. Bei dem Vergleich zwischen den Instituten wurden
signifikante Unterschiede in der PCr-Konzentration in Ruhe und im Abbau von PCr gefunden.
Dies fiihrt zu einem signifikanten Unterschied in mitochondrialer Kapazitit (Qmax) bei niedriger
Muskelbelastung. Aus dieser Studie kann geschlussfolgert werden, dass metabolische Parame-
ter gemessen mit 3'P-MRS nicht von der Magnetfeldstirke abhingen. Jedoch ist es fiir den
Vergleich von Daten, die mit verschiedenen Ergometern aufgenommen wurden, wichtig, glei-
che Muskelbelastung und gleiches Mess- und Auswertungsprotokoll zu verwenden. Dies gilt
besonders bei der Untersuchung von Ergebnissen mit sehr niedriger Muskelbelastung.

Die zweite Studie widmet sich der Bewertung von DRESS (depth resolved surface coil MRS) bei
7T als eine Lokalisierungsmethode fiir dynamische 3'P-MRS, die nicht echo-basiert ist. Es wur-
den zwei dynamische Messungen von Plantarflexionen (eine nicht ortliche und eine mit schief
tiber Gastrocnemius Medialis positionierten DRESS-Streifen lokalisierte Messung) bei vierzehn
Probanden mit 25% der maximal erreichbaren Kontraktion durchgefiihrt. Signifikante Unter-
schiede in den metabolischen Parametern zwischen nicht-lokalisierten und DRESS-lokalisierten
Daten wurden gefunden. Eine Aufspaltung des Phosphatsignals (Pi) wurde in mehreren nicht-
lokalisierten Datensétzen beobachtet, jedoch in keinen der DRESS-lokalisierten Datensétzen.
Schlussendlich erbringt die DRESS-Lokalisierungsmethode eine gute ortliche Markierung und
liefert muskelspezifischen Einblick in den oxidativen Metabolismus sogar bei relativ niedriger
Muskelbelastung.

Die dritte Studie visiert den Vergleich von Lokalisierung durch ein Volumenselement (Voxel)
durch ,,slice selective localization by adiabatic selective refocusing® (semi-LASER) mit DRESS-
und Oberflichenspulenlokalisierung an. Fiinf Probanden fiihrten drei dynamische Messungen
von Plantarflexion, je eine pro Lokalisierungsmethode, mit der gleichen Muskelbelastung durch.
Das Signal von Gastrocnemius Medialis erhalten durch DRESS- und semi-LASER-Lokalisierung
zeigt einen groferen Abbau von PCr und einen Trend zu kleineren 7 und kleineren pH am En-
de der Muskelbetitigung im Vergleich zur nicht-lokalisierten Erfassung. Aufgrund der relativ
langen Echozeit von semi-LASER ist die Quantifizierung von J-gekoppelten Spinsystem (z.B.
ATP) begrenzt und daher eine Berechnung von Qpax nicht moglich. Die Ergebnisse empfeh-
len eine bevorzugte Anwendung von semi-LASER bei dem Bedarf von hoher anatomischer und
physiologischer Spezifitidt, DRESS hat jedoch den Vorteil von moglicher Qn,x-Berechnung.
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CHAPTER

Preface

The anatomy of the human body was mostly unknown in the previous history of men before the
last century due to religious and moral reasons. Nowadays, it is obvious how the inside of the
body looks like due to technical inventions like the computer tomograph, ultrasound or mag-
netic resonance tomography (MRT). Nuclear magnetic resonance (NMR) technique is one of
the most widely used and versatile methods in biological sciences. Milestones of the MRT was
the mathematical background found by Jean-Babtiste Fourier (~1800), the work with magnetic
fields done by Nikola Tesla (~1900), the physical discovery of the nuclear spin by Felix Bloch
and Edward Purcell (1946) and finally the technical realization of the MRT by Paul Lauterbur
(1973).

Magnetic resonance imaging (MRI) is the most prominent section concerning MRT in clinical
praxis, but magnetic resonance spectroscopy (MRS) is another useful application of MR, which
can identify and quantify metabolites inside the body. Next to the most common hydrogen pro-
ton MRS, phosphor nuclei can also be chosen for MRS. Dynamic phosphorus MR-spectroscopic
(3'P-MRS) examinations during muscle exercise allow non invasive assessment of changes in
the concentrations of phosphocreatine (PCr) and inorganic phosphate (Pi), which are associated
with the energy consumption in muscle. Different pathological conditions, e.g. insulin resis-
tance [/1[], peripheral artery disease [2] [3[] or neuromuscular disorders, different medication, e.g.
long-term zidovudine therapy for HIV patients, as well as training may alter the mitochondrial
content in the muscle responsible for energy consumption. 3'P-MRS may also be used for eval-
uation of fiber type composition in the human muscle, adenosine triphosphate (ATP) turnover
during muscle contraction and determination of intracellular pH [4].

In this master thesis, a bi-centric study was performed to assess the impact of different equip-
ment used on the muscle metabolic parameters measured by dynamic 3'P-MRS within the same
group of subjects. Second and third study deals with the comparison of different localization
methods at ultra-high field MR (i.e., 7T). Each method proposed in this thesis was carefully
planned, prepared and tested in vivo on healthy volunteers and the obtained spectra were eval-
uated and interpreted. Clinical relevance of these studies was demonstrated through performed
tests and literature referencing.







CHAPTER

Fundamentals of Magnetic Resonance

NMR is the study of the magnetic properties and energies of nuclei. When nuclei are placed
in a strong external magnetic field, absorption and emission of electromagnetic radiation can be
observed. MRI holds a great relevance and potential for clinical and research purposes due to the
ability to noninvasively display high-resolution anatomy images. Its versatility and accuracy in
soft tissue imaging is unmatched by any other individual imaging modality and therefore MRI is
very sensitive to certain pathologies. NMR is based on the concept of nuclear spin. Every nuclei
possesses a spin, that implies the nuclei is spinning around itself. [5]] [|6] [7] [8]]

2.1 Classical Description

Before going into details of quantum physics some relations from classical physics will be in-
troduced which will simplify further explanations. “Although classical physics is incapable of
describing the quantum mechanical spin, it can be used to create a familiar frame of reference in
which the existence of a spin angular momentum can visualized. [3]]

Linear or rotational motion of an object of mass m and velocity v has a corresponding linear or
rotational momentum p:

P =muv (2.1)

Momentum can be seen as the tendency for an object to continue its motion. The momentum
only changes when a force F'

_(dp\ _
F = <dt> = ma 2.2)

is applied (according to Newton’s second law; a = acceleration).
During a rotational motion, consider the object moving with a constant velocity about a fixed

3




point at a distance . This motion can be described with an angular momentum vector:

L=rxp (2.3)

The magnitude of L is muvr and its direction is perpendicular to the plane of motion. Angular
momentum can be changed when an external torque is applied (analogy: linear momentum can
be changed with force). The external torque 1" (or rotational force) is defined as:

dp dL

T-er-rx(dt>—(dt> 2.4)
where 7 is the distance over which the force has to be delivered.

When the object carries an electrical charge, a current loop occurs and therefore a magnetic

field is generated, which is characterized by the magnetic dipole moment g, which is defined

in general as current times area. For an object with mass m and charge e rotating at constant

rotational velocity v about a fixed point at distance =, the magnetic moment g results in:

o= [%} rr (2.5)

With L = mwr, a fundamental relation between magnetic moment and angular moment can
be obtained:

o= (im) L=~L (2.6)

where v is the (classical) gyromagnetic ratio. When the rotating object is located in an
external magnetic field By, the loop will feel a torque given by:

T = 1 x By 2.7)
Combining equations and results in:

d
(;j) — yp % By (2.8)

Since the amplitude of p is constant, the differential equation in formula [2.8|reveals the fact
that p changes its orientation relative to By, i.e. p rotates (precesses) about Bg. The interaction
with an external magnetic field is called Zeeman interaction. The precession of @ about By can

be described by:
dp
Ll 2.9
< 7 ) B X wo (2.9)
Looking at equations [2.8|and [2.9] the Larmor frequency results:
wo = vBo (2.10)
or w -
0
=(=)=(--)B 2.11
o ( 27 ) (27T> 0 ( )



The spin of a nuclei can be visualized as a spinning top with the exception that a spinning
top decelerates and stops when no energy is given to it. The spin of a nuclei never stops. When
an external force is applied on the spinning top (e.g., gravitation force) and tries to change the
position of the rotation axis, there is an evasive movement of the spinning top, the so called pre-
cession movement. The same happens to the spin when placed into the external magnetic field
By. The magnetic field By acts like the external force and because of By all spins are oriented
along the magnetic field performing a precession movement. The precession movement occurs
with the Larmor frequency wy (e.g. hydrogen protons in 1.5 Tesla: wy = 63.9 MHz; hydrogen
protons in terrestrial magnetic field: wy ~ 1kHz). [5]] [9]

“A magnetic moment in an external magnetic field also has an associated magnetic energy de-
fined as:

E=—u-Bg=—uBycosb (2.12)

where 0 is the angle between the magnetic momemt g and the external magnetic field By.
Equation [2.12]indicates that the magnetic energy is minimized when g is parallel with Bg
(0 = 0°) and maximized when p is antiparallel with Bg (8 = 90°). According to equation
the classical magnetic moment may assume any orientation (0° < 6 < 180°), with energy
varying between +p By and —uBy.
Therefore, even though classical mechanics can create a familiar picture of the relation between
angular momentum, magnetic moment and Larmor frequency, it cannot explain how the general
resonance condition for spectroscopy, AE = hv, relates to the magnetic energy associated with
the magnetic moment. A quantum mechanical treatment is necessary to obtain information about
the interaction of electromagnetic waves and nuclear spins.* [5]]

2.2  Quantum Mechanical Description

In quantum mechanics the angular momentum of elementary particles is limited to discrete val-
ues, i.e. the angular momentum L is quantizied and its amplitude equals:

h
L= <2W> I(I+1) 2.13)

where I is the spin quantum number, which can only be integral or half-integral and & is the
Planck’s constant. For a full description of L the direction is also needed. It is specified by a
second quantum number m, which can only have certain discrete orientations with respect to a
given direction and a maximum amount of 27/ + 1 values (m = I,I — 1,1 — 2,..,—1I). The
component of angular moment in z direction is:

h
L,=—m (2.14)
2T
By analogy with equation elementary particles also have a magnetic moment:
=L (2.15)



where «y is again the gyromagnetic ratio. “Since the angular momentum is quantized, the
magnetic moment will also be quantized.” [5] The component of the magnetic moment along
the longitudinal z axis is given by:

Uy =7 <h> m (2.16)
2T

Combining the classical description of the magnetic energy (equation [2.12)) with the quan-
tum mechanical formuation of magnetic moment gives:

h
E=—u,By=—v (27T> mBy 2.17)

Since m is a discrete quantum number, the energy levels are therefore also quantized. For
a particle with I = 1/2 (e.g., hydrogen (H) or phosphorus (*'P) atom), there are two energy

levels (m = —1/2 and m = 1/2) and following energy difference is resulting (see also figure
2.1):
h
AE =v|-— ) By = hy (2.18)
27
with
v = LBy (2.19)
27

With an applied magnetic field perpendicular to x, oscillating with a frequency v and with
the energy equal to the magnetic energy given in equation the resonance phenomen in
NMR can be achieved. As one can see the formula for the Larmor frequency is the same for the
classical and the quantum mechanical calculation (equations [2.1Tand [2.19). [5]

A B

Figure 2.1: (A) The nuclear spin energy for a spin-1/2 nucleus as a function of the external
magnetic field strength By. (B) The lower energy level (« spin state) corresponds to magnetic
moments parallel with By, while spins in the higher energy level (3 spin state) have an antipar-
allel alignement with By. [5]]



2.3 Macroscopic Magnetization

Figure 2.2]A shows the precession of a magnetic moment around an external magnetic field in a
classical view. Quantization of magnetic moment and magnetic energy can be seen. According
to quantum mechanics the angle 6 between p and By is defined as:

cos = __m (2.20)

I(I+1)
For a nucleus with a spin / = 1/2 and therefore two energy levels m = 4 1/2 there are two
different angles § = 4 54.74°. These two states are often referred to as « and /3 spin states.
Considering now a macroscopic sample with many spins, there will be a small difference in
the population of these spin states that can be calculated using the Boltzmann equation:

<n°‘> — (AE/KT _ hw/kT (2.21)
ng

where n,, is the number of spins in the « (low energy) state and ng is the number of spins in

the 0 (high energy) state, k is the Boltzmann constant and 7" is the absolute temperature. With a
simplification (% << 1) and truncation of a Taylor series it results in:

N\ hv
(i) =1+ () 222

Figure 2.2: (A) A nuclear spin precessing in an external magnetic field Bg. The spin magnetic
moment g precesses about By, in wich the orientation # and the amplitude (along z) u, are
quantized. (B) In a macroscopic ensemble of nuclear spin-1/2, the spins distribute themselves
among two possible orientations according to the Boltzmann equation. [5]]



For a macroscopic sample with one million nuclear spins of *H at 37°C (7 = 310.15K) and

in a magnetic field of 9.4 T, corresponding to v = 400 MHz, the population difference between
« and [ spin states is only 31 spins (= 0.0031%).
The total net magnetic moment M (i.e. the magnetization) of a macroscopic sample is the
sum over all individual magnetic moments p. As in figure [2.2B can be seen, there is no net
component of M in the transverse xy plane. However, there is a net component in the z direc-
tion due to the population difference. At thermal equilibrium the magnitute of the longitudinal
magnetization M is:

h

n
My = Z:U'z = Nallz + Nl =7y (47‘() (noz - nﬁ) (2.23)
=1

Using Z—; << land n = nq +ng = total number of nuclear spins, the population difference
(no — ng) is given by:

(na —ng) = (%) (2.24)
The resulting amplitude of the macroscopic magnetization vector at equilibrium is:
vh 2 /nBy
My = (271) <4k:T> (2.25)

From equation [2.25]several features concerning the sensitivity of NMR can be deduced: The
macroscopic magnetization My is proportional to the square of the gyromagnetic ratio. Since
v v, nuclei resonating with high frequency result in relatively intense NMR signal. Hydrogen
has the highest «y of the commonly known nuclei, and has therefore the highest relative intensity.
This fact, together with its high abundance make hydrogen the most used nuclei in NMR. Due
to the proportionality of Mg and By there is a trend towards the use of higher magnetic field
strengths which now typically range from 1.5 T to 17.5 T (or up to circa 11.7 T for experimental
in vivo applications). The reverse proportionality of temperature and macroscopic magnetization
cannot be used for in vivo applications. [3]]

2.4 Excitation and Detection

Once placed into strong magnetic field Bg, a macroscopic magnetization of nuclei is generated.
In thermal equilibrium all spins are orientated in accordance with the Boltzmann distribution,
therefore, there is no phase coherence in the transverse plane and the net longitudinal magne-
tization is a static vector. Further interaction can be achieved with an electromagnetic radio
frequency pulse (RF-pulse) that rotates the net longitudinal magnetization towards or onto the
transverse plane. For the existence of a resonance condition, the frequency of the RF-pulse
has to be equal to the Larmor frequency. The pulse oscillating in the RF range (MHz), i.e.
Bimazcos(wt), is applied for a finite time T and turned off again. During the RF pulse, mag-
netization will precess about Bg and B;. The initially longitudinal magnetization in the z axis
experiences a torque from the applied B field in the xy plane, which results in a rotation of M

8



towards this plane. When the applied B; field is long enough, Mj can be completely excited
onto the transverse plane (90° excitation, see figure @A) or even inverted to the -z axis (i.e.
180° inversion RF-pulse). In addition, because of the RF pulse, the spins come into a state of
phase coherence giving rise to transversal magnetization - the measurable magnetization. For
the sake of completeness it is mentioned that during this excitation process electromagnetic ra-
diation with the Larmor frequency is emitted and can be detected with a coil using Faraday’s
induction law. [5] [10]

X Y

Figure 2.3: (A) After a RF pulse M, rotates back in its thermal equilibrium. The magnetization
vector can be described by a helix. The transverse compononent M, produces measurable
electromagnetic radiation. (B) Gray bar represents the RF-pulse; the so generated MR-signal
(measurable with a coil perpendicular to the z axis) is called “free induction decay* (FID) and
is an exponential damped oscillation. [[10]

2.5 Bloch Equations

Equations [2.4] and reveal that a magnetic moment g placed in a magnetic field B expe-
riences a torque proportional to the time derivate of the angular momentum. Looking at the
sum of all magnetic moments, the expression of motion of a single magnetic moment can be
generalized for the total magnetization:

dM (1)
dt

= M (t) x B (t) (2.26)

where B(t) may include time-varying components additionally to the static magnetic field
By. In thermal equilibrium (no time-varying magnetic fields) there are no x and y components
but only a constant z component:

dM, (t)
dt

=0 (2.27)
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Figure 2.4: Decomposition of a linear oscillating magnetic field (A) into two rotating magnetic

fields (B) with frequencies —w and w, respectively. [S]]

“The magnetic component of a RF field that is linearly polarized along the x axis in the

laboratory frame can be written as:
B (t) = 2B1maxcos wt [x] (2.28)
where B, 1S the maximum amplitude of the applied field, w is the angular transmitter
of carrier frequency on the RF field and [x] represents a unit vector along the x axis. The lin-
early polarized field can be decomposed into two circularly polarized fields rotating in opposite

direction about the z axis (see figure [2.4) according to:

Bi (t) = Bimagz (coswt]z] + sinwt|y]) + Bimaz (cos wt[x] — sinwt[y]) (2.29)

Only the field rotating in the same sense as the magnetic moment interacts significantly with
the magnetic moment. The counter rotating field influences the spins to the order (B1/2By)?,
which is typically a very small number known as the Bloch-Siegert shift. Since under most
conditions the counter rotating field can be ignored, the linearly polarized RF field (formula

[2.29) is then equivalent to a rotating magnetic field given by:

Biz (t) = Bimaz (coswt[z] — sinwt[y]) = Bigcoswt + Biysinwt (2.30)

A similar expression can be derived for Byy.“ [5]
Expanding the equation [2.26] for two magnetic fields Bg and By, the Bloch equations in the

laboratory frame of reference in the absence of relaxation can be derived as:

deﬂCt © _ 1M, (1) Bo — M. (t) By, 2.31)
My (1) _ v [M, (t) Bz — M, (t) Bo) (2.32)

dt
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dM., (t)
dt

The process of return to thermal equilibrium after a perturbation is called relaxation. The
components M, M, and M relaxate in an exponential manner:

= 7 [M, (t) Biy — M, (t) Bi,] (2.33)

dMz (t) M (t)

= - 2.34
at T (2.34)
dM, (t) M, (1)
= - 2.35
it i (2.35)
dM. (t) M, (t) — My
= - 2.36
dt T (2.36)
A detailed explanation of the relaxation time constants T and T, can be found in section
2.6
Combining equations [2.36]yields the complete Bloch equations in the laboratory frame:
dM, (t M, (t
= () _ v [M, (t) By — M (t) Byy] — — ®) (2.37)
dt T
dM, (t M, (t
ut) _ v [M: (t) B — My (t) Bo] — M, () (2.38)
dt T
dM, (t M, (t) — M,
dzt( ) v [My (t) By — My (t) Bia] — w (2.39)

The laboratory frame is a fixed Cartesian frame fixed with respect to the laboratory. More
convenient is a frame with a new set of Cartesian axes (x’, y’ and z’) rotating about the static
magnetic field Bg with frequency w. The z and z’ axes of the laboratory and rotating frames,
respectively, are collinear with By. The magnetization in the rotating frame is:

M, = Mycoswt + Mysinwt (2.40)
Mz// = Mycoswt — M, sinwt (2.41)
M = M, (2.42)

As a consequence the Bloch equations in the rotating frame can be calculated using equations
[2.42]and the definitions of B}, and By, in
In a frame rotating with a frequency equal to the frequency of By, By appears static. Figure
[2.5)A depicts the generation of transverse magnetization for w = wy. The magnetization simply
precesses about the applied B; field towards the transverse plane, since the vectors are drawn in
the rotation frame of reference. In comparison to figure [2.4] which shows the same situation in
the laboratory frame, a rotating frame is much clearer.
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Figure 2.5: Magnetic field vectors encountered in the rotating frame of reference x’y’z’ during
excitation. (A) On-resonance: The effective, external magnetic field vector equals the magnetic
field vector B; along x’. The longitudinal magnetization experiences a torque and will rotate to-
wards the transverse plane through an angle 6. (B) Off-resonance: the frequency of the magnetic
field B; no longer equals the Larmor frequency, resulting in an additional magnetic field vector
Aw/~ along z’. The effective magnetic field B, then equals the vector sum of By and Aw/7y.
The longitudinal magnetization will experience a torque from this effective field, resulting in a
more complex rotation about Be. [3]]

For the case w # wq the precessional motion of the magnetization (wg = —7vBp) seems to be
reduced to a value wg — w. It is, therefore, convenient to define an effective magnetic field Be,
which is the vector sum of (wyg — w)/~ and By, since the magnetization precesses about the
effective field. The magnitude of Be is given by:

2
B. = |B.| = \/B% + <°’07 “) (2.43)

On-resonance (i.e. when the frequency of the applied RF pulse w equals the Larmor fre-
quency wy) the equation reduces to B = Bj. In the event of a nonvanishing off-resonance
vector (i.e. w # wy), the effective magnetic field B is tilted from the transverse plane. The
magnetization will precess about Be, leading to a more complex rotation when compared with
the on-resonance situation, as illustrated in figure 2.5B. [3]]

2.6 Relaxation Times

The relaxation time constants T; and T, describe the movability of the molecules in a tissue
respectively the quantum mechanics interactions of nuclei with their sourrounding.
The longitudinal T, relaxation is a process, in which energy is transferred from the spins to the
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surrounding *molecule lattice’ (therefore also called spin-lattice relaxation time). T; relaxation
is the slower relaxation and the T relaxation time declares the time after a RF-pulse in which
63% of longitudinal magnetization M, in equilibrium has reappeared:

M, (t) = My (1 T ) (2.44)

After three T times already 95% of M. is reached.
The transverse T, relaxation is an entropy-process, since spins exchange energy between them-
selves (no net energy transfer) causing a decrease in phase coherence, i.e. an increase in global
chaos or entropy (therefore also called spin-spin relaxation time). T is the faster relaxation and
the T, relaxation time declares the time after a RF-pulse, in which 37% of transverse magneti-
zation Mg (at the time of excitation) is still existing:

My (1) = Mpo-e T (2.45)

After three T, times only 5% of M still exists.

Dephasing of the spins in the xy plane is also caused by a different reason: For a synchronized
precession, i.e. Larmor frequency of all spins are equal, an absolutely homogenous magnetic
field B would be necessary. This is not possible due to the technical limitations of constructed
tomographs with magnetic fields in this order of strength as well as the magnetic properties of the
examined sample. The sample is responsible for local magnetic field changes, that are especially
high in the regions where the magnetic properties change, e.g., in tissue border areas. In these
regions the spins dephase faster than in other regions; the time constant of the exponential signal
decrease is called T," or “effective transverse relaxation rate* and typically takes from 10 to
100 ms in human tissue in clinical MRI scanners (1.5 T). [5] [10] [[L1]] [12] [13]]

2.7 REF Pulses

There are three basic types of RF pulses: excitation pulses, inversion pulses and refocusing
pulses.

An excitation pulse tips the magnetization vector away from the direction of the main magnetic
field By. As described in chapter [2.4/magnetization aligned only with By does not create any MR
signal, since there exists no transversal component of magnetization. The standard excitation
pulse is implemented by switching on (i.e., pulsing) the RF field modulation envelope, denoted
by B, for a short time. This range is short enough so that T and T, relaxation during the pulse
typically can be neglected.

Excitation pulses are characterized by their flip angle, the angle between the direction of the main
magnetic field, and the magnetization vector immediately after the excitation pulse is terminated
(for more detailed information about flip angle see chapter [2.8). Standard RF pulses obey
following relationship between B; and the flip angle:

T
0=~ / Bu(t)dt (2.46)
0
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where 7' is the pulse width and -y is the gyromagnetic ratio.
Typically a flip angle § in the range of 5-70° is used for gradient echo pulse sequences and a
flip angle of 6 = 90° is set in spin echo pulse sequences (see chapter [2.8). Slice-selective ex-
citation pulses consist of a slice-selection gradien to produce an excited section, or slice of
magnetization. The flip angle can vary across the selected slice, which results in a distribution
of transverse magnetization when plotted versus either position or frequency. This distribution
is called the slice-selective profile. An ideal slice profile consists of an uniform flip angle within
the desired slice and a flip angle of 6 = 0° outside, but the ideal slice profile cannot be achieved
in practice because it requires an excitation pulse of infinite duration.
Inversion pulses nutate the magnetization vector from the direction of the magnetic field By to
the negative B¢ direction. Although an inversion pulse rotates the magnetization vector by 180°,
the flip angle can be slightly larger or smaller either by design or due to system imperfections.
A non-180° pulse can still function as an inversion pulse, as long as the z-component of the
magnetization vector is negative at the end of the pulse. The selectivity of an inversion pulse is
determined by both its pulse width and pulse shape. Inversion pulses with amplitude modulated
pulses are usually frequency selective, whereas pulses with constant RF amplitude (i.e., rectan-
gular pulses) are typically nonselective.
A refocusing pulse rotates dispersing spin isochromats about an axis in the transverse plane to
achieve a rephasing (or refocusing) of the magnetization vectors at a later time. The refocused
magnetization is known as spin echo (for more detailed explanation of phase dispersion and
spin echo see chapter [2.8)). Refocusing RF pulses commonly have a flip angle of 6 = 180°,
where the transverse magnetization is optimally refocused and the largest spin echo signal is
produced. [14]

Adiabatic pulses are a special kind of RF pulses that can excite, refocuse or invert mag-
netization vectors uniformly, even in the presence of a spatially nonuniform B; field. Unlike
nonadiabatic RF pulses, adiabatic pulses do not obey the conventional relationship between the
flip angle and the B; field amplitude (equation [2.46).

Instead, the flip angle of an adiabatic pulse depends on how the B; field varies its amplitude
as well as modulation frequency (or the phase) during the pulse. By properly manipulating the
modulation functions, spins that experience different B; fields can be excited with the same flip
angle, as long as the amplitude of the B; modulation envelope exceeds a certain threshold. This
property gives adiabatic pulses their excellent robustness to variations in B; field. [[14]

In nonadiabatic RF pulses, the full band of spectral frequencies is excited simultaneously in a
static B field with the use of a pulsed B; field, where typically the carrier frequency of the pulse
remains constant and is applied at the center of the spectral region of interest. Adiabatic pulses
are pulses with variation of the carrier frequency with time during the pulse. [[15]]

The original meaning of an adiabatic process contains no input or output of heat within a system.
Transformed to MR pulses, an adiabatic process is the fast frequency sweep in the resonance fre-
quency region, resulting in a negligence of relaxation phenomena. ,,In analogy to the classical

!'The gradient is an additional magnetic field to By with the same direction which is a spatial linearly varying
weak magnetic field that is superimposed to the static temporal and spatial strong magnetic field of Bo. Through this
additional magnetic field a separation of the Larmor-frequencies of the hydrogen protons depending on its position
can be accomplished. [10] [[12]
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continuous wave experiment, the different spectral components are rotated in succession during
the adiabatic frequency sweep. When the total sweep time is short relative to T, the transient
response of the spin system can be induced, which allows observation of NMR phenomena (e.g.
FIDs or echos) related to the pulsed method. In a sweep of either By (classical experiment) or RF
pulse frequency (adiabatic experiment) from one side of resonance to the other, the net rotation
of the magnetization vector M is highly insensitive to changes in By amplitude. This desirable
property has led to the common use of adiabatic pulses in NMR experiments performed with
surface coils.

Across the spectral bandwidth of interest, spins with different precession frequencies (isochro-
mats) are sequentially rotated as the frequency sweep wgrp (t) approaches the resonance fre-
quency wyg of each isochromat. With some types of adiabatic pulse, such as adiabatic full pas-
sage (AFP, see figure [4.2), the bandwidth AQQ is dictated solely by the range of the frequency
sweep. For the spins precessing within this frequency band, the flip angle will be uniform, pro-
vided that the orientation of the effective magnetic field changes slower than the rotation of M
about this effective field. This requirement, which is known as the adiabatic condition, can be
satisfied by using a sufficiently high B; amplitude or by a slow frequency sweep. With the latter
method, AS) can be arbitrarily wide, even when using low peak RF power, provided that the
pulse length T, can be sufficiently long. The ability to achieve uniform flip angles over broad
bandwidths with low B; amplitude is a unique feature of these adiabatic pulses. With conven-
tional constant-frequency pulses, A() is always inversely proportional to T,, whereas A} and
T}, are independent parameters in certain types of adiabatic pulses. The ability to invert magne-
tization uniformly across wide bandwidths with arbitrarily low B; amplitude has led to a major
advance in broadband decoupling with minimal sample heating in high resolution NMR applica-
tions. With these broadband pulses, in vivo NMR can also benefit from reduced peak RF power
requirements and the ability to minimize voxel displacement for different chemical shifts. [[15]]

2.8 Sequences

A pulse sequence is a preselected set of defined simple or complex RF and gradient pulses, that
is usually repeated many times during a scan. The time interval between the pulses and the
amplitude and shape of the gradient waveforms will control NMR signal reception and affect
the characteristics of the MR images. Differences in T, T, and proton density (i.e., the number
of 'H nuclei) in various tissues create differences in tissue image contrast. Two key parameters
- repetition time (TR) and echo time (TE) - are key to the weighting of the acquired MR signal
on relaxation times and, therefore, creation of the desired image contrast. [[16] [[17]]

TR is the repetition time between two RF pulses. If the TR is too short, the magnetization can
relax back only partially and the generated MR-signal is smaller [[10]. A 90° pulse reduces the
longitudinal magnetization to zero, after which it is allowed to recover through T; relaxation
according to equation Mto M,(TR) = M, for TR > 5T}. The amplitude of the transverse
magnetization is M, = M.sin o = M. Even though there is a full excitation, the experiment
is not optimal in terms of signal per unit of time, because the majority of scan time is used to
wait for recovery of the longitudinal magnetization.

Another solution is the excitation with smaller flip angle and shorter TR to improve the signal-
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to-noise ratio per unit of time (SNR/ut). The optimal nutation angle (known as Ernst angle) for
maximum signal per unit time is given by:

_TR
Qlopt = ATCCOS (e T ) .47

But theoretical calculations and phantom measurements according to Chmelik et al. [[18]]
showed that, if the Ernst angle condition is fullfilled, the SNR/ut is improved only by approx-
imately 10% whereas the setup preparations needed to find and define the amplitude for such
angle take additional time. Chmelik et al. also showed that SNR/ut is optimal for TR = 1.27T}
with a 90° pulse.

The relation [2.47|is illustrated in figure With long TR, the exponential term vanishes
and the optimal flip angle is 90°. On the other hand, with shorter TR, the nutation angle gets
smaller in order to reduce the saturation of longitudinal magnetization and to maximize the ac-
quired signal. The reduced saturated longitudinal magnetization is then available for the next
excitation even when TR is very short. [S]

There are three basic sequences: the inversion recovery, the spin echo and the gradient echo se-
quence [9]. Modifications of these sequences and new approaches using the principles of these
sequences are the majority of all sequences used in NMR. In this chapter, the inversion recovery
and the spin echo sequence are explained in more detail:

The inversion recovery sequence is the ’gold-standard’ for determination of T relaxation times.
It consists of two pulses and two delays. After a long TR for full signal recovery, an inversion
pulse (180°) inverts the longitudinal magnetization from +z’ axis to -z’ axis. The magnetization
can only partially recover during an inversion recovery delay time (called inversion time T1I), be-
fore it is excited onto the transverse plane by a 90° excitation pulse. After the signal acquisition,
the sequence can be repeated, starting with recovery of longitudinal magnetization during the
repetition time TR.
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Figure 2.6: Relation between optimal Ernst angle (in degrees) and the ratio of repetition time
TR to the T, relaxation time. [5]]
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“The signal intensity M (t) during the recovery period t following the 180° inversion pulse can
be described by:

M. (£) = My — (My — M. (0)) e s (2.48)

where M, (0) is the longitudinal magnetization at ¢ = 0, immediately following the inver-
sion pulse.” [5] For a perfect inversion pulse M, (0) = — M) is valid. T can be obtained by
acquiring NMR spectra or images at different TI between 0 and 5T;. If T'T = 0, the longitudinal
magnetization is fully excited to the -y’axis by a 90° pulse along the -x’ axis since the longitu-
dinal magnetization could not recover at all. On the other hand, for { = 577, the longitudinal
magnetization can fully recover to the +z’ axis before the 90° pulse and therefore the magneti-
zation is fully excited to the +y’ axis.
Figure illustrates inversion recovery spectra as a function of the recovery time ¢, figure
is the estimation of T; with the results of Figure and equation [2.48] Zero-crossing of
the longitudinal magnetization at time t,,,;; is given by 77In2 and can provide a crude estimate
of T1 .
The inversion recovery sequence is the most robust technique for the estimation of T; with an
inherent insensitivity toward Bg and B; magnetic field inhomogeneities. A disadvantage of
this technique is the experimental duration, since it is dictated by the return of thermal equilib-
rium of magnetization following excitation. Therefore, faster sequences were developed, e.g.,
the saturation recovery where the 180° is replaced by a 90° pulse. At time ¢ = 0 the longi-
tudinal magnetization is zero, irrespective of the signal recovery prior to excitation, therefore
saturation recovery does not require a long repetition time and the temporal resolution can be
increased. [5]] [9]

signal
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recovery time, t -1
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recovery time, t (s)

Figure 2.7: Inversion recovery method for determination of T relaxation time: (A) After 180°
excitation, longitudinal magnetization relaxes back to its thermal equilibrium value with a T}
relaxation time constant. Excitation of this signal at different time points results in spectra
representing a discrete sampling of the T recovery curve. (B) Fitting of the results of (A) with
equation Zero-crossing of the longitudinal magnetization at time t,,,;, given by T1in2,
provides a crude estimate of T;. [5]]
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The spin echo sequence deals with phase coherence whose existence is finite due to T,"
relaxation. The T, relaxation consists of intrinsic T, relaxation and dephasing by macroscopic
and microscopic magnetic field inhomogeneity. Phase coherence is generated with a RF pulse,
but because of T," relaxation, no information about T, can be gained directly. However, it
is possible to seperate the contribution of T, and magnetic field inhomogeneity by generating
so-called spin-echoes.

90° 1800

Spin echo

Free induction decay
(FID)

Figure 2.8: The free induction decay occuring after the initial 90° excitation exhibits rapid
signal loss via T," dephasing. The 180° pulse leads to a formation of the spin-echo whose
amplitude is restored. The amplitude at echo time TE is attenuated by T»> decay mechanism. [[13]]

Figure [2.8] shows the simplest sequence called Hahn sequence: The first 90° pulse (irradi-
ated along the -x’ axis) excites the longitudinal magnetization from the +z’ axis to the y-axis.
After this pulse the transverse magnetization vanishes with T,", i.e. magnetization starts losing
coherence (the spins dephase), see figure This can be described with a visualization: Due
to magnetic field inhomogeneities, some spins have a greater Larmor frequency, are ,.faster*
and, therefore, have covered a greater distance than the “slower* spins with a smaller Larmor
frequency, similar to runners on track, causing differences in the phase based on spatial position
and local magnetic field variations. The phase ¢ (1) acquired by spins at position r is given by

TE

¢ (r) =vABy (r) - (2.49)

whereA By () represents the magnetic field inhomogeneity between the nominal magnetic
field across the entire sample (B;,0,) and the magnetic field at position r (By (7)). After half of
the set spin echo time (TE), a second pulse (180° pulse) reverses the direction of all magneti-
zation vectors, leading to a resetting of the acquired phase from +¢ () to —¢ (). Going back
to the visalization, after the 180° pulse the “fast* spins have to cover a bigger distance to come
back to the original point, similar to runners with different constant velocities that turn around.
Since the magnetic field inhomogeneities have not changed, the frequencies of the spins stay
the same, the “fast™ spins catch up with the “slower spins (the spins rephase) and at TE after
the first RF pulse they are all in phase again and an echo can be detected. The visalization of
the runners with different velocities is not fully correct, since the 180° pulse does not change
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the orientation of the movement (runners turn around) but changes the orientation of the spins
(runners are set to a position where any advance results in a deficit).

The signal decrease observed in the spin-echo sequence is caused exclusively by inherent T,
relaxation. The spin-echo sequence can be used to measure the T, relaxation time by perform-
ing several experiments in which the echo time is varied, as illustrated in figure [2.10] The
corresponding spectra can be fitted to an exponential curve

TE
Mgy (TE) = My, (0)e T2 (2.50)
to obtain the relaxation time constant T. [5] [9] [10] [13]]

A B

dbhwe

Figure 2.9: (A) After the excitation, (B) the spins dephase in the transverse plane during the first
half of TE due to By magnetic field inhomogeneity and frequency offsets. (C) The refocusing
180° pulse mirrors all magnetization vectors along the y axis and the spins rephase during the
second half of TE due to the same By magentic field inhomogeneity and frequency offsets. (D)
At the echo time TE the rephasing is complete and a spin-echo is formed. The signal has decayed
due to T, relaxation. [5]]
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Figure 2.10: Spin echo method for determination of T, relaxation: (A) NMR spectra obtained
at different echo times. (B) Fitting of the results of (A) with equation [2.50] [5]
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2.9 Shimming

The optimization of B field homogeneity is called shimming and is critical to obtain high spec-
tral resolution as well as to avoid image artifacts. Homogeneity of the magnetic field decreases
as soon as a sample is placed in the magnetic field due to its magnetic properties. Reduced
homogeneity is more pronounced in MRS where it leads to increased linewidth, reduced sen-
sitivity, and consecutively poorer spectral quality. Compensation of these local magnetic field
inhomogeneities can be achieved by small adjustments to the static magnetic field by using ex-
ternal shim coils to make the field in the volume of interest as uniform as possible.

The shimming is carried out automatically for MRI, but usually performed manually for MRS.
(10] [19]

2.10 High Field MR

Due to the proportionality of My and B (greater number of spins orient along the main axis) as
explained in chapter [2.3|there is a trend towards the use of higher magnetic field strengths to
gain a more intense NMR signal. However, the increase of magnetic field strength has an impact
not just on the signal, but also on the SNR.

Noise of the MR signal can be caused by imperfections of the MR signal (e.g., thermic noise
of RF-coils, non-linearity of the signal amplifier), the operation of image processing and move-
ments of the subject (e.g., heart beat, breathing). In general, SNR is depending on slice thick-
ness, bandwidth, field of view, size of image matrix, number of measurements, image parameters
(TR, TE, flip angle), magnetic field strength and choice of emitting and receiving coil. The SNR
dependence of different factors is given by:

B, B2
SNR x 1Bovn 2.51)
\/4kTAI/ (Rco’il + Rsample)

where Bj is the RF magnetic field, By is the static magnetic field, n is the number of av-
erages, 1" is the temperature, Av is the bandwidth, & is the Boltzmann constant, and R..;; and
Rsampie are the coil and sample resistance, respectively. This equation shows that thermal noise
at very low magnetic field strength (< 0.3 T) is primarily defined by the resistance of the coil,
which is proportional to v/By. Therefore, the overall SNR is proportional to Bg/ . Conversely,
as By increases (> 0.3 T), resistance of the sample eventually exceeds that of the coil and from
this follows: [9]] [20] [21]

SNR x By (2.52)

Besides SNR, increasing magnetic field strength influences also the relaxation times, espe-
cially Ty. It has been shown that ,relaxation in 'H-MRS is dominated by magnetic dipole -
dipole interactions. Therefore in 'H-MRS the T; relaxation times are increasing with By. How-
ever, for 3'P-MRS, both dipolar relaxation and chemical shift anisotropy (CSA) are the two
major, competing relaxation mechanisms. In contrast to dipolar interaction, the contributions of
CSA to 1/T; and 1/T, relaxation rates are proportional to the gyromagnetic ratio (7), B3, the
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asymmetry of the magnetic shielding (o), and the molecular correlation time (7¢).

CSA contributions can, therefore, be expected to become increasingly important with increasing
Bg. Phantom studies indicate that CSA is the dominant mechanism for nucleotide triphosphate
(NTP) at higher By, while dipolar interaction dominates T relaxation at lower fields and for
more symmetric molecules such as phosphocreatine (PCr) and inorganic phosphate (Pi).* [[22]]
Bogner et al. [22]] showed that T and T, times for 31P metabolites of the human calf muscle
decrease with increasing field strength from 3T to 7T.

In addition to the improved SNR and shortened relaxation times in high-field MR, there are ad-
ditional improvements in 3'P-MRS: The linewidth broadening of the phosphate resonance peak
in increased field strength is not linearly correlated with the field strength and is smaller than the
magnitude of field strength increase. Bogner et al. [22]] expected the linewidth to increase with
~ Bg, but observed an increase from 7Hz to 11 Hz (or = 72%). ,,Moreover, increasing field
strength lineary increases the chemical shift dispersion of in vivo 3'P-MRS. The combination of
these two facts (i.e. large increase in chemical shift dispersion and relatively small increase in
linewidth broadening) improves the 3'P spectral resolution at 7T.“ [23]
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CHAPTER

Fundamentals of MR-Spectroscopy

Along with the big development of magnetic resonance imaging in the last two decades, in vivo
MRS is also becoming an important research tool with clinical applications [24]]. MRS offers the
unique ability to detect chemical composition and important metabolites noninvasively [9]] [19].
In addition to being dependent on physical factors that influence the local magnetic field (see
section [2.6)), the NMR signal is also dependent on the local chemical environment of the nuclei.
In principle, molecules can thus be considered to have a “spectral* signature, with resonances at
different frequencies within a few parts per million (ppm) at intensities reflecting the abundance
of spins in that environment. [[13]]

Hydrogen ('H), also called proton NMR spectroscopy is very prominent, since the hydrogen
nucleus is, besides the abundance of the hydrogen isotope tritium, the most sensitive nucleus
for NMR in terms of intrinsic NMR sensitivity (high gyromagnetic ratio) and high natural abun-
dance (> 99.9%). Since nearly all metabolites contain hydrogen, in vivo 'H NMR spectroscopy
is a powerful technique to observe, identify and quantify a large number of biologically impor-
tant compounds in tissue. However, the concentration of the metabolites is so small in com-
parison to the concentration of bulk water, that the signals of metabolites can be neglected in
imaging (with the exception of lipid signal from fat tissue). In 'H MR spectra the signals of
metabolites can also only be seen when there is a strong suppression of the water signal. Also
other large signals like extracranial lipids can overwhelm small metabolite signals.

Next to hydrogen nuclei (*H) phosphorus (3'P) and carbon-13 (*3C) nuclei are commonly used
for MRS. “Even though the number of relevant nuclei are limited, each nucleus provides a wealth
of information, since a large number of metabolites can be detected simultaneously. 'H MRS
allows the detection of a number of important neurotransmitters, such as glutamate, gamma-
aminobutyric acid (GABA) and aspartate and related compounds, like glutamine, as well as
the end product of glycolysis, lactate. '3C MRS offers the possibility to study noninvasively
the fluxes through important metabolic pathways, like the tricarboxylic acid cycle, in vivo. 3'P
MRS provides information about energetically important metabolites, intracellular pH, mag-
nesium concentration and reaction fluxes.* [5]] Since the integrated resonance area is directly
proportional to the concentration of the compounds, MRS is a quantitative technique.
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This chapter will review different aspects of MRS, like chemical shift, scalar coupling constants
and the application of MRS in this master thesis.

3.1 Chemical Shift

When a macroscopic sample contains only one type of nuclear spin, it has one resonance fre-
quency given by the Larmor Equation (equation [2.10). “If the frequency of nuclear spins were
solely determined by the resonance condition of this equation, NMR spectroscopy would be of
minor importance in chemistry and medicine. Nuclei of the same element (or isotope) even in
different molecules would resonate at the same frequency because of their identical gyromag-
netic ratio. Fortunately, however, the resonance frequency w not only depends on the gyromag-
netic ratio « and the external magnetic field By, but is also highly sensitive to the chemical
environment of the nucleus under investigation.” [5] This is the so-called chemical shift caused
by shielding (screening) of nuclei from the external magnetic field by electrons surrounding
them. Electrons will rotate about By in an opposite sense to the proton spin precession. This
precession involves motion of charge and therefore there will be an associated magnetic moment
e additionally to the nuclear magnetic moment. The electron magnetic moment opposes By
and reduces the magnetic field that is effecting the nucleus. The effective magnetic field By at
the nucleus is:

B=Bo(l-o0) 3.1)

o is the shielding constant depending on the chemical environment of the nucleus, which is
dimensionless and normally expressed in ppm. The equation of the Larmor frequency (equation
[2.T1)) can be modified in the following way:

v=-By(1-o0) (3.2)

The frequencies of the metabolite signals are measured in Hertz but expressed in ppm to
avoid different values for different magnetic field strengths. An absolute quantification in Hz
would be, therefore, less reproducible.

As an example, the difference of frequency between the water (4.7 ppm) and N-Acetylaspartat
(2.0 ppm) signal in a magnetic field of 1.5 Tesla can be calculated with:

(2.0ppm — 4.7ppm) - 42.58 MHz/T - 1.5T = —172Hz (3.3)

42.58 MHz/T corresponds to the magnetogyric ratio of the hydrogen nucleus. The N-Acetyl-
aspartat signal is in 1.5 T therefore by a frequency of 172 Hz lower than the water signal.
Using a relative comparison with ppm, another signal than the interested one serves as reference
signal. By convention the chemical shift is defined as

5= Y ref 108 (3.4)
Vpef

where v is the frequency of the investigated compound and v, the frequency of the refer-
ence compound. The reference compound should have a chemically inertness and a chemical
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shift that is independent of external variables like shift reagents, temperature or ionic strength.
The resonance signal of the reference compound should be well separated from all other reso-
nances. For 3'P-MRS PCr is commonly used as reference signal (0.00 ppm).

The recent development and the increasing number of high field MR tomographs is positive for
the MRS, since the chemical shift is proportional to the magnetic field strength (see chapter
[2.10] Higher magnetic field strength leads to an increased spectral resolution and a sharper edge
of the spectral peaks. Therefore clear separation of metabolites, indistinguishable at lower fields
is possible. [S] [9]]

3.2 Spin-spin Coupling

Additionally to the splitting of the resonance frequency into different frequencies due to chem-
ical shift, in high-resolution MRS the splitting of resonances into several smaller lines can be
observed. This phenomen is referred to as scalar coupling, J coupling or spin-spin coupling.
Nuclei with magnetic moments can influence each other besides dipolar coupling (interactions
between spins directly through space) also through scalar coupling (interactions between spins
through electrons in chemical bonds). In dipolar interactions there is no net interaction between
nuclei since rapid molecular tumbling averages the dipolar interactions to zero. However, inter-
actions through chemical bonds do not average to zero.

A Fermi contact

Fermi contact

1

Pauli exclusion principle

1

Figure 3.1: Spin-spin interactions involved with scalar coupling. (A) Isolated atoms: The Fermi
contact energetically favors antiparallel orientation between nuclear and electronic spins. (B)
Chemical bonds: The Pauli principle demands that the electron spin are in an antiparallel orien-
tation thereby potentially forcing nuclear and electron spins in an energetically higher parallel
orientation (depending on the nuclear spin state). [5]]
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In figure [3.T)A there is an isolated proton and an isolated carbon-13 atom. ,Electrons in
s-orbitals have a finite probability of being at the nucleus, giving rise to a hyperfine interaction
between nuclear and electronic spins. The Fermi contact governs the interaction between the
nuclear and electron spins and (energetically) favors an antiparallel over a parallel arrangement.
In terms of energy level diagrams, the two separate (two-level) 'H and '3C energy level diagrams
can be combined into one diagram (figure [3.2A) with four energy levels, corresponding to the
four nuclear spin combinations. The four allowed energy level transitions (for which the spin
quantum number m changes by £ 1) give rise to two resonance frequencies, vy at the proton
frequency and v¢ at the carbon-13 frequency.” [5]]

Figure 3.2: (A) Energy level diagram for two isolated carbon-13 and proton nuclei: Two carbon-
13 transitions with the same frequency v¢ and two proton transitions with the same frequency
vy giving rise to singlet resonances in the carbon-13 and proton NMR spectra, respectively. (B)
Energy level diagram for a '3C'—! H *molecule’ with a covalent bond between the carbon-13 and
proton nuclei (nuclear spins affect each other through the bonding electrons). The a« and 56
spin state (i.e. the nuclear spin for both 13C and ! H is in the o and 3 state, respectively) becomes
energetically less favorable as one of the two nuclear-electronic spin orientations is forced to be
parallel, whereas in the o5 and B« spin states all spin orientations can be antiparallel. The same
energy-level perturbations now give rise to two carbon-13 transitions with different frequencies
vo + J/2 and v — J/2 and two protons transitions with different frequencies v + J/2 and
v — J/2.[5]
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When the proton and the carbon-13 nuclei are covalently bound, the Pauli exclusion prin-
ciple demands that the electron spins are antiparallel. When both nuclear spins are antiparallel
to the external magnetic field By (i.e. the high-energy (5 state), the two electrons now cannot
be antiparallel to the nuclear spins, leading to an energetically less favorable state (see figure
B.1B). ,,The 34 energy level increases by an amount proportional to ' Jir¢/4 where ' Jp ¢ is the
one-bond, heteronuclear scalar coupling constant. Similar arguments can be used to describe the
energy increase for the avv state. However for the o5 and S« states the electron spins can be
antiparallel to the nuclear spins leading to an energetically more favorable situation. The energy
level diagram for a scalar coupled two-spin system still only allows four transitions, but they
now correspond to four different frequencies at vy +! Jue /2 and vy L Jye /2 on the proton
channel and at v +' Jyo /2 and v¢o L Iy /2 on the carbon-13 channel (see figure ).
Each of the resonances has been divided into two new resonances of equal intensity separated
by 'Jcp, giving rise to the MR spectrum shown in figure Similar arguments can be used
to explain scalar coupling over two or three chemical bonds. While scalar coupling constants
over one and three chemical bonds are typically positive, the scalar coupling constant over two
chemical bonds is typically negative as can easily be deduced following arguments identical to
those used for figure [3.I] Because the basis of scalar coupling relies on magnetic interactions
between electron spins and distant nuclear spins, the scalar coupling constant rapidly decreases
with increasing number of chemical bonds and can typically be ignored for four or more bonds.
The scalar coupling constant is independent of the applied external magnetic field, since it is
based on the fundamental principle of spin-spin pairing and is therefore expressed in Hz.“ 3]

;
/\ J

VH
. ) J
I I I |

v (H=B)  v¢ (H=a) vy (C=B) vy (C=a)

-

frequency (Hz) frequency (Hz)

Figure 3.3: Scalar coupling between carbon-13 and proton nuclei leads to a splitting of the
singlet resonances into so-called doublet resonances. The resonances at the lower and higher
frequencies are associated with energy level transitions, in which the nuclear spin of the scalar-
coupling partner is in the « and § spin-state, respectively. [5]
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J coupling as can be seen in figure [3.3is only valid when the frequency difference between the
two scalar-coupled spins is much larger than the scalar coupling between them. The described
example has a frequency difference of several tens of MHz while the heteronuclear scalar cou-
pling is less than 200 Hz. When the condition |v4 — vx| >> J4x holds, the two-spin AX spin
system is referred to as a weakly coupled spin system and the corresponding NMR spectrum
referred to as a first-order spectrum. However, for many homonuclear interactions the frequency
difference |v4 — vp| is of the same order of magnitude as the homonuclear scalar coupling con-
stant J4 g, referred to as strongly coupled spin systems. In a strongly coupled spin systems the
two spin states o3 and Sa become mixed and the simple four-resonance-line spectrum becomes
more complicated. [3]]

3.3 Phosphorus-31 NMR Spectroscopy

“The relatively high sensitivity of phosphorus NMR (circa 7% of protons), together with a 100%
natural abundance allows the acquisition of high-quality spectra within minutes. Furthermore,
the chemical shift dispersion of the phosphates found in vivo is relatively large (~30 ppm), result-
ing in excellent spectral resolution even at low (clinical) magnetic field strengths. Phosphorus
NMR is very useful, because with simple NMR methods it is capable of detecting all metabolites
that play key roles in tissue energy metabolism. Furthermore, biologically relevant parameters
such as intracellular pH may be indirectly deduced.* [3]]

Figure shows a typical, localized, in vivo 3'P muscle tissue NMR spectrum. The ex-

act chemical shift position of almost all resonances is sensitive to physiological parameters like
ionic (e.g. magnesium) strength and intracellular pH. By convention, the PCr resonance is used
as chemical shift reference (0.00 ppm). At pH of 7.2 and full magnesium complexation, the
resonances of ATP appear at -7.52 ppm («), -16.26 ppm (5) and -2.48 ppm (). Inorganic phos-
phate (Pi) has its resonance at 5.02 ppm. Resonance peaks can be split into several lines due to
spin-spin coupling as can be seen in the ATP peaks in figure [3.4]
The dependence of chemical shift and different physiological parameters as mentioned before is
caused by the fact that protonation (or complexation with magnesium) of a compound changes
the chemical environment of nearby nuclei and hence changes their chemical shift. A slow
chemical exchange between the protonated and unprotonated forms results in two separate reso-
nance frequencies with the resonance amplitudes indicating the relative amounts. However, for
most compounds observed with phosphorus NMR, there is a fast chemical exchange (relative to
the NMR time scale) and only a single, average resonance is observed. The resonance frequency
is now indicative of the relative amount of the protonated and the unprotonated form, and hence
the pH can be described by the Henderson-Hasselbach equation:

)

pH = pK + log [ —22 3.5)
da—0

where ¢ is the observed chemical shift, § 4 and dz7 4 the chemical shifts of the unprotonated

and protonated forms of compound A, and pK 4 the logarithm of the equilibrium constant for
the acid-base equilibrium between HA and A.
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Figure 3.4: Typical in vivo 3'P NMR spectrum from a skeletal muscle at 1.5 Tesla (PME =
phosphomonester, Pi = anorganic phosphate, PDE = phosphodiester, PCr = phosphocreatine,
ATP = adenosine triphosphate). Intracellular pH can be calculated with the difference of fre-
quency between PCr and Pi. The ATP molecule consists of atoms with three different chemical
environments resulting in three different chemical shifts «, 8 and ~. The y-ATP peak may also
include contribution from /3-adenosine diphosphate (ADP) nuclei, and the a-ATP peak may inl-
cude contributions from a-ADP nuclei together with nicotinamide adenine dinucleotide (NAD)
and nicotinamide adenine dinucleotide phosphate (NADP). The three ATP peaks are sometimes
referred to as nucleotide triphosphates (NTP). In this spectrum, the spin-spin splitting of the
and o ATP peaks into doublets and the 5 ATP peak into a triplet can be seen. [25] [26]]

“Even though almost all resonances in 3! P NMR spectra have pH dependence, the resonance
of inorganic phosphate (P1i) relative to PCr is most commonly used for several reasons. Its pK is
in the physiological range (pK = 6.77), it is readily observed in most tissues (with muscles being
a possible exception) and its chemical shift has a large dependence on pH.* [5] [|27]]

3.4 Chemical Conversion during Muscle Activation

Basis of every muscle activity is the ATPase-activity of the myosin heads, a protein, that is in
combination with another protein, actin, responsible for the elastic and contractile properties
of muscles [28]]. The chemical energy of the hydrolysis of ATP is the instantaneous source of
energy for the muscle contraction. Hydrolysed ATP is delievered constantly with such high
efficiency that there does not occur a decrease of the ATP concentration (8.2 mME] [29]) during
workload. ATP is a nucleotide, consisting of an adenine group, a ribose ring and a triphosphate

unit (figure [3.5).

"mM = millimol/liter
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Figure 3.5: Chemical structure of ATP. [3]]

There are three main mechanism of ATP regeneration in the muscle:

o ATP is regenerated out of phosphocreatine according to the Lohmann reaction (creatine
kinase (CK) reaction), where PCr and Creatine (Cr) serve as an energy buffer: Phospho-
creatine is split up into phosphate and creatine to convert ADP into ATP:

PCr+ ADP +— Cr+ Pi+ ADP +— Cr + ATP (3.6)

The ATP concentration stays constant until the PCr concentration drops from 20 mMol/kg
at rest to 2.5 mMol/kg at exercise. This conversion works without oxygen consumption
and lactat generation, meaning anaerobic-alactacid. On the other hand during a surplus of
ATP, PCr and ADP can also be produced: When one phosphate group is donated to cre-
atine in the creatine-kinase-catalyzed reaction to form phosphocreatine, ATP is converted
to ADP.

e Through oxidative phosphorylation 36 Mol ATP/Mol glucose can be produced in the mi-
tochondria. It is called ’oxidative phosphorylation’ because the reaction starts with an
oxidation, a loss of electrons, and there is a phosphorylation of ADP to form ATP. Energy
delievering substrates are carbohydrates and lipids. This ATP supply is aerobic-alactacid.
The ATP generated in the mitochondria cannot leave the mitochondria directly: Accord-
ing to the Lohmann reaction Pi is transferred to Cr and can enter the sarcoplasma in form
of PCr. PCr is then used for regeneration of ATP out of ADP.

e ATP is generated during glycolysis where glucose is reduced. With reduction of glyco-
gen 3 Mol ATP/Mol glucose can be produced, with reduction of free glucose only 2
Mol ATP/Mol glucose can be generated. This process is anaerobic and generates lactat
(anaerobic-lactacid).

Once a muscle starts to be active, anaeorbic regeneration of ATP is the only active mechanism
since the oxidative phosphorylation takes time to adjust to the increased demand of ATP. There-
fore PCr decreases according to the Lohmann reaction, while ATP stays constant. After the
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end of exercise PCr is regenerated out of ATP with the reversed Lohmann reaction. The ATP
needed for this reversed reaction is produced with the oxidative phosphorylation. The rate of
ATP hydrolysis during exercise can increase 50 to 100-fold to the rest metabolic rate. The oxy-
gen consumption increases also by 50 to 100-fold, since the oxygen consumption per ATP stays
constant as long as ATP is exclusively produced out of oxidative phosphorylation. When the
border of ATP production through oxidative phosphorylation is crossed, then ATP is generated
out of glycogen reduction (anaerobic). This is only a short-term solution since the glycogen
reserves are limited and the end product lactat is accumulated in the muscle fibers and in the
blood plasma. This increase of lactat results in a decrease of pH. [5[] [19] [30] [31]] [32]

3.5 Dynamic *'Phosphor MRS

Dynamic 3!P MRS is a method established for direct measurement of the metabolic changes
in the muscle during and after physical exercise to study the kinetics of energy metabolism in
vivo [33]].

Several approaches to measure, interprete and quantitatively analyze 3!P-MRS observations of
energy balance in the muscle during and after exercise have been proposed. In addition, it
is possible to estimate the rates of glycogenolytic and aerobic ATP synthesis, i.e., oxidative
capacity, employing protocols addressing various types of exercise, e.g., pure aerobic exercise
under steady-state conditions or during work jumps, ischemic exercise, and mixed exercise.
Dynamic measurements of the initial rate of PCr depletion during pure aerobic work jumps yield
an estimate of the total rate of ATP synthesis. [34]

The initial recovery rate of PCr (Vpc;) can be expressed as a recovery-time constant and is
thought to reflect maximal ATP turnover from oxidative metabolism via the CK reaction at the
end of exercise [33]. The muscle oxidative capacity (Qmax) can also be calculated. Because
the PCr concentrations are proportional to the rate of oxygen consumption and the rate of PCr
recovery represents the maximal rate of oxygen consumption, the PCr resynthesis rate after
exercise represents Quax. ,,However, the use of the PCr resynthesis rate as an index of muscle
oxidative capacity can be applied only under a condition in which the intracellular pH does not
significantly decline, because the rate varies not only due to the muscle oxidative capacity but
also due to the intensity of exercise performed. It has been reported that high-intensity exercise
induces a significant decrease in intracellular pH, which slows the rate of PCr resynthesis.* [34]
As described in chapter [3.3] an additional and important piece of information retrievable from
3P spectra is intracellular pH which can be deduced from the chemical shift of Pi relative to
PCr [33]].

Figure shows a typical time course of 3!P spectra: According to the Lohmann reaction
(equation [3.6), during exercise, ATP concentration stays constant whereas PCr concentration
decreases and Pi concentration increases. The level of depletion yields an estimate of the total
rate of ATP synthesis and, therefore, about the difficulty of the exercise. With the PCr recovery
time constant (7) revealing the steepness of the PCr curve directly after the exercise, the initial
recovery rate of PCr and, consecutively, oxidative flux can be deduced.
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Figure 3.6: Time course of the 3'P spectra during rest, exercise and subsequent recovery.

3.6 Exercise-induced Linewidth Changes in NMR Spectra

In dynamic 3'P-MRS data, changes in linewidth of PCr and Pi peaks can be commonly observed.
Exercise-induced linewidth increase of intramyocellular PCr is related to myoglobin oxygena-
tion, as one can observe a slow increase on start of exercise [36]].

A general explanation can be done with BOLD (blood oxygenated-level dependent) contrast
commonly used for functional MRI (fMRI) that is based on the same principle. The contrast aris-
ing from the BOLD effect occurs due to the combination of three key effects: First, changes in
tissue activity are accompanied by local changes in blood oxygenation. Oxygenated hemoglobin
contains no unpaired electrons and is therefore diamagnetic, which means the magnetic field in
the oxygenated hemoglobin is lower than that outside. Deoxygenated hemoglobin contains four
unpaired electrons per heme unit (there are four heme units per hemoglobin molecule) and is
therefore paramagnetic. The magnetic field of deoxygenated hemoglobin is higher than that out-
side, and the field change is linearly proportional to the strength of the external magnetic field.
The net effect is that the magnetic field inside blood vessels can be altered depending on the
blood oxygenation level. The second key effect is the effect of spatial magnetic field distortion,
such as that caused by a magnetic field gradient between inside and outside a blood vessel, on
the magnetic relaxation times, particulary T, and T»". Third, the increase in oxygen consump-
tion occurs simultaneously with a local increase in blood flow. The increase in oxygen delivery
exceeds the increase in oxygen demand, and the net change is an increase in blood oxygen level
when tissue is active.

Going back from BOLD contrast in fMRI to dynamic 3! Phosphor MR spectoscropy, Andreisek
et al. explains the physiologic changes during exercise of the calf muscles: ,,During mus-
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cle activity, increased oxygen consumption typically increases the oxygen extraction fraction,
causing decreased T»" relaxation times. At the same time, increased inflow of fresh oxygenated
blood counteracts the increased oxygen extraction fraction; once the oxygen supply caused by
this inflow exceeds the increases in oxygen extraction fraction, T, starts to increase. The muscle
response also includes vasodilatation, which increases the overall capillary blood volume. An
increased absolute amount of oxygenated blood in the arterial system of capillaries will increase
the overall T»", similar to overcompensation in oxyhemoglobin. At the same time, however, the
volume of deoxyhemoglobin in the venous system of the capillaries increases as well, which re-
sults in a larger pool of blood with inhomogeneous signal, so the T, contributions can increase,
resulting in lower T," signal. In addition to the vascular changes, an increasing amount of de-
oxygenated myoglobin during muscle activity can be observed, which compounds the effects of
deoxygenated hemoglobin on T,".“ Varghese et al. [39] shows the coupling of exercise induced
changes in T1 and T, in lower extremities and changes in blood flow.

Schmid et al. [40] deals with exercising calf muscle T," changes resulting not only from al-
terations in capillary blood oxygenation and volume but most prominently from tissue water
distribution. The study found a strong link between mitochondrial function, cellular energy
metabolism, acid-base equilibrium and T," during exercise and recovery. In particular, pH time
courses apparently induce the observed T, weighted signal time course. Osmotic effects of
altered metabolite and acid-base equilibrium contribute to alterations in the water content. In-
creased metabolic activity such as glycogenolysis into lactate and PCr breakdown into Pi and
PCr results in accumulation of metabolites to which the cell membrane is relatively imperme-
able. The accompanying osmotic pressure leads to water shift between intra- and extracellular
compartments and hence to observable T» changes. [40]

This effect is seen in the spectroscopic linewidth since it is inversely proportional to the lifetimes
of the energy states under observation according to Heisenberg uncertainty principle [41]]: Since
linewidth is energy uncertainty (hAv), Heisenberg’s relation can be formed to:

AEALS 3.7)
2w
h
hAVAE > - (3.8)
2
D)2 > — (3.9)
1204 = 90T ‘
> 1 (3.10)
Vij2 Z T .

with 7" being the relaxation times, v /5/2 the half-width at half height and therefore vy,
width at half height [42]].
,»The effect is far less pronounced in nonlocalized spectra which contain larger fractions of
resting tissue and have a larger linewidth due to stronger By inhomogeneities across the large
sensitive volume.* [|36]]
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CHAPTER

Fundamentals of used Localization
Methods

In most dynamic 3'P-MRS measurements a surface coil is used because of its simplicity, high
sensitivity and favorable filling factmﬂ ,»A small sample in a large coil produces a much lower
signal-to-noise ratio than the same sample with a smaller RF coil. Surface coils are therefore
useful in vivo MRS, as they limit the reception of noise and signal to the tissue region of interest.
However, the depth of penetration in the sample is limited to approximately one radius of the
surface coil. Larger coils are much less sensitive but provide a more uniform RF field for accu-
rate RF pulse transmission. The combination of transmission with a large coil for RF excitation
homogeneity and reception with a small surface coil for increased sensitivity makes use of the
advantages of both types of coils.* [[19]]

The whole sensitivity volume of the surface coil is used in many studies as the volume of in-
terest, from where the signal is acquired. The fundamental disadavantage of the surface coil
localization method (often referred to as non-localized method) is the poor resolution between
different tissues or tissue structures. For improved localization, it is customary to use a technique
that employs pulsed sequences. [43]] With localization methods signal from a defined volume of
interest is acquired, while signal contamination from surrounding tissue is minimized [44].
Two different localization methods that have been used in this master thesis for the signal local-
ization from the gastrocnemiculs medialis muscle are described in this chapter.

!, The filling factor is a measure of the geometric relationship between a magnetic resonance imaging coil and
the body. This relationship affects the MR signal-to-noise ratio and, ultimately, image quality. Achieving a high
filling factor requires fitting the coil closely to the body, thus potentially decreasing patient comfort.* [28]]
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4.1 Slice-Selective Localization by Adiabatic Selective Refocusing
(semi-LASER)

Before handling with semi-LASER localization, localization by adiabatic selective refocusing
(LASER) shall be discussed first.

LASER is a single-scan 3D localization method executed with adiabatic multiple spin-echo
scheme and refocusing RF pulses. Instead of using three 180° slice-selective pulses in three
directions, three pairs of adiabatic full passage (AFP) pulses are used after a nonselective exci-
tation by a 90° adiabatic B;-independent rotation (BIR)-4 pulse (see figure {.1). [45]]

,»The B1 produced by a surface coil varies throughout space, but the sensitivity gain provided
by such coils is a major advantage for many in vivo NMR applications. Within the sensitive
volume of a typical surface coil, the amplitude of By varies by > 10-fold, which means the
flip angle also varies by > 10-fold across the sample when conventional (constant frequency)
pulses are transmitted with this coil. In many experiments, flip angle errors cause sensitivity
losses, quantification erros, and artifacts (e.g. undesirable coherences).” [[15]] Adiabatic pulses
(see chapter [2.7) can excite, refocuse or invert magnetization vectors uniformly, even in the
presence of a spatially nonuniform B; field, and are therefore predicted for the use with surface
coils.

A single AFP pulse (see figure {.2) in the presence of a magnetic field gradient can achieve
slice-selective refocusing. ,,However, the frequency modulation of the pulse induces a nonlinear
B and position dependent phase across the slice which will lead to severe signal cancellation. A
second, identical AFP pulse can refocus the nonlinear phase such that perfect refocusing can be

AFP,;
a0° g 1

BIR-4

Figure 4.1: Pulse sequence for 3D LASER localization: A nonselective excitation is applied
using the adiabatic pulse BIR-4, while refocusing is performed with three pairs of AFP pulses,
each selecting an orthogonal spatial slice, thereby defining a 3D volume. Magnetic field crusher
gradients surrounding the AFP pulses ensure removal of all unwanted coherences from outside
the localized volume. The echo-time TE is defined from the end of the BIR-4 pulse to the
beginning of acquision. [5]]
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achieved. Since frequency-selective adiabatic excitation pulses remain elusive, the entire sample
is excited with a nonselective adiabatic excitation pulse after which three pairs of AFP pulses
achieve 3D localization by selectively refocusing three orthogonal slices.* [5]]

,Universal rotations can be accomplished with the class of composite adiabatic pulses known as
B1-insensitive rotation (BIR, see figure 4.2)). BIR pulses can uniformly rotate all components of
magnetization lying in a plane perpendicular to the rotation axis which remains constant despite
changes in B; ampitude.* [15] BIR-4 consists of a double BIR-1, which is the first generation
of plane rotation pulses and provides a constant rotation axis for moderate resonance offsets.
The BIR-4 pulse achieves excitation while refocusing is performed with three pairs of AFP
pulses. [5] [[15]]

a AFP b BIR-1 ¢ BIR-4
. o Y [
Y /o

Il

e “‘“‘VJK

Figure 4.2: Examples of adiabatic pulses: (a) AFP (b) BIR-1 and (c) BIR-4. [|15]

In slice-selective localization by adiabatic selective refocusing (semi-LASER), a non-adiabatic
slice selective excitation module is applied instead of the BIR-4 pulse and one refocusing AFP in
LASER. Thererfore, a 3D localization scheme is accomplished with only two pairs of frequency-
selective AFP refocusing pulses. This localization method is designed for use with a surface coil,
as a surface coil produces a RF field, which is relatively homogeneous in the direction parallel
to the plane of the coil. The slice-selective excitation is, therefore, applied along this direction.
An advantage of the adiabatic refocusing RF pulses used in the semi-LASER sequence is the
high bandwidth and the alleviation of the effects of the inhomogeneous amplitude of the B; field
of a simple loop coil that is used for excitation and signal detection. [46] [45]]

4.2 Depth-resolved Surface Coil Spectroscopy (DRESS)
Localization

The depth-resolved surface coil spectroscopy (DRESS) technique was developed by Bottomley
et al. [47] DRESS couples surface coil localization with a slice-selective gradient analogous to
that used in imaging. A simultaneous application of a frequency-selective RF pulse (90°) and
linear By gradient excite the spins in a plane parallel to the surface coil (see figure {.3)). This is
achieved by an B gradient along the axis that is perpendicular to the plane of the surface coil.
The combination of the narrow-bandwidth selective excitation pulse and applied gradient field
excites a flat plane of nuclei parallel to the surface coil plane. To gain a rectangular profile of
the selected slice, the amplitude of this RF pulse must not be constant but must have a SINC
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(sin(x)/x) or similar shape. Position and thickness of the selected slice can be easily controlled
by changing the strength of the magnetic field gradient, the frequency of the excitation pulse
and/or its duration. The extent of the sensitive volume within the selected plane is determined
only by the diameter of the receiving surface coil and the distance of the receiving surface coil
from the selective plane.

,Due to the static gradient during the excitation, nuclei at various depths within the selected slice
will have different phases after the selection, leading to loss in signal intensity. In order to cor-
rect for this, a rephasing gradient pulse is applied immediately after the selective RF excitation
pulse. The free induction decay is acquired immediately after this rephasing gradient and the
Fourier transform of the FID provides a localized spectrum from a disc-shaped volume* [43|]
The positioning of the selective slice can be easily done on a reference NMR image. The DRESS
method substantially eliminates surface tissue contamination of the chemical shift spectra. How-
ever, it should be remembered that as one goes deeper into the tissue, the signal received will be
weaker, in accordance with the B; distribution of the surface coil. Another disadvantage is that,
as it is only a one-dimensional gradient selection technique, movement of the region of interest
along the other two dimensions requires moving the surface coil. [43] [44]] [48]

Excitation

Figure 4.3: DRESS pulse sequence: A linear By gradient, leading to excitation of spins in a
plane parallel to the surface coil, followed by a frequence-selective RF pulse (90°). [43]]
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CHAPTER

Aim of the Thesis

Dynamic 3!P-MRS during exercise allows non-invasive determination of mitochondrial capac-
ity of the skeletal muscle in vivo. Although exercise-recovery 3'P-MRS experiments are used in
many institutions for a range of appplications, the published values in healthy volunteers often
differ between the sites [49] [S0] [51] [52]. This discrepancy is often referred to as caused by
different subject pool, measurement protocol, data processing or equipment used. The individ-
ual differences can, of course, play a major role in small studies, but their importance tend to
decrease in more populated studies. On the other hand, most of the experiments use surface RF
coils with different geometry for signal localization, and there are, next to commercially availabe
MR compatible ergometers, many home-built devices [|53[ [54] [55]]. The study equipment used
(e.g., the ergometer or the RF coil) counts then probably as the most likely source of differences
of the whole experiment.

Another inaccuracy can arrise from the rough signal localization by the sensitive volume of the
surface RF coil. This is often used for dynamic 3!P-MRS measurements due to its high SNR,
simplicity and robustness. However, accuracy of such localization is poor and therefore dis-
tinction between muscle groups, involved differently in muscle exercise [40]] [56] [57], is not
possible. Identifying the impact of small, spatially defined injuries, myopathies or functional
deficits in peripheral arterial diseases is also not possible without more precise localization ap-
proach [58].

Therefore, aim of this master thesis is to investigate the impact of magnetic field strength, er-
gometer construction, RF coil diameter, workload and localization method on the metabolic
parameters measured by dynamic 3'P-MRS in soleus and gastrocnemius muscle during plantar
flexion. To address all of the risen questions, three individual studies were conducted:

1) Impact of different magnetic field strength and experimental equipment on the mea-
sured metabolic parameters
This multicenter study was conducted in two research institutes: MR-Unit, Dept. Di-
agnostic and Interventional Radiology, Institute for Clinical and Experimental Medicine,
Prague, Czech Republic in the following chapters referred to as first institute and High-
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2)

3)

Field MR Center of Excellence, Department of Biomedical Imaging and Image-guided
Therapy, Medical University Vienna, Vienna, Austria in the following chapters referred to
as second institute. Specific points:

e Impact of ergometer design (pneumatic and mechanic)
e Impact of surface coil diameter
e Impact of magnetic field strength (3 Tesla and 7 Tesla)

e Comparison of three different exercise workloads: low (7.5 kg ~1.2 bar), mild (11 kg
~1.8 bar) and heavy (2.4 bar)

Comparison of non-localized vs. DRESS localization method
This study was performed at the High-Field MR Center of Excellence in Vienna using a
MR system with a magnetic field strength of 7 Tesla. Specific point:

e Comparison of two different localization methods: Non-localized and DRESS local-
ized data (as explained in chapter [)

Comparison of DRESS vs. semi-LASER localization and non-localized method

This study was also performed at the High-Field MR Center of Excellence in Vienna
at 7 Tesla. Gastrocnemius medialis specific oxidative metabolism measured with semi-
LASER and DRESS localization sequences was compared to each other and to non-
localized acquisition.



CHAPTER

Methods

6.1 Region of Interest: Posterior Leg

The posterior compartment of the leg is subdivided by a transverse septum into two parts, su-
perficial and deep. The transverse septum is attached to the soleal line of tibia above, the medial
border of tibia medially, the posterior border of fibula laterally and is continuous with the flexor
retinaculum below. The superficial region, which is the region of interest for this master thesis,
can be subdivided into three superficial muscles of the calf, two large ones, the gastrocnemius
and soleus (figure @, and one small muscle, planetaris, that lies between the other two.

The gastrocnemius muscle is the most superficial of the posterior leg muscles and is a bulky
muscle with two heads. It forms the principal mass of the calf. The muscle arises by two heads
from the posterior surface of the femoral condyles (lateral head from lateral condyle of femur;
medial head from upper and posterior part of medial condyle). The tendinous origin of the me-
dial head is separated from the capsule of knee joint by a bursa.

Figure 6.1: 1: Calf muscles, 2: Medial condyle of the femur, 3: Lateral condyle of the femur,
4: Gastrocnemius, 5: Soleus, 6: Achilles tendon [|59]
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The soleus muscle, on the other hand, is a very powerful muscle situated deep to the gastrocne-
mius that has a broad, horseshoe-shaped origin in the upper one-third of the posterior surface of
the upper fibula and the soleal line of the tibia.

Planetaris is a vestigial muscle with a small belly and long tendon, lying under cover of the
lateral head of gastrocnemius.

The gastrocnemius, planetaris and soleus join to form a tendon called tendocalcaneus (Achilles
tendon) by which it is inserted into the middle one-third of the posterior surface of calcaneus.
The gastrocnemius and soleus together provide the main propulsive force in walking and run-
ning, though gastrocnemius is more active in these movements. More specifically, these two
muscles are involved in the plantar flexion of the foot at the ankle joint. While gastrocnemius
plays pivotal role in plantar flexion of a leg with extended knee, as it is the flexor of knee joint,
in flexed position of the knee it cannot act on the ankle joint, so soleus alone is responsible for
the plantar flexion in flexed knee. [[60]] [[61]] In this master thesis, the movement of plantar flexion
of the foot with extended knee is examined, therefore, the medial head of the gastrocnemius is
expected to be the most intensely working muscle. At the position selected for spectroscopy, its
cross-sectional area occupies approximately 20% of the total cross-sectional area of calf mus-
cles [36].

6.2 Study participants

In the multicenter study eleven healthy subjects (3f/8m, 36 4 12 years, BMI: 23.5 4 2.5 kg/m?,
no active sportsman or smoker) have participated (for detailed information see [A.1]).

Fourteen healthy subjects (4f/10m, 42 + 6 years, BMI: 30.8 4 4.1 kg/m?, no active sportsman or
smoker) were recruited for the non-loc/DRESS study (for detailed information see |B.1]).

Five healthy male subjects (27 + 1 years, BMI: 22.0 + 2.5 kg/m?, no active sportsman or smoker)
participated in the DRESS/semi-LASER/non-loc study (for detailed information see [C.T).

The local ethics committee approved the study protocols and written informed consent was ob-
tained from all subjects.

6.3 Used Equipment

Both institutes used MR-compatible erogmeters suitable for plantar flexion exercise in supine
position. In the first institute a home-built mechanical ergometer is available whereas the second
institute uses a commercially available ergometer with a pneumatic piston and sensors for force
and pedal angle (,, Trispect” by Ergospect, Innsbruck, Austria) as can be seen in figure [6.2]

In the custom-built ergometer the pedal force was adjusted with the Professional Control Unit
provided by Ergospect, Innsbruck, Austria (program software ,,ErgoSpectControl* regulating
the ergometer’s pneumatic system). The workload in the home-built mechanical ergometer is
defined by the weight of counterweights pulling the pedal into upright position.

To secure same workloads on the different ergometers in both institutes, the force for pressing
the pedal was calibrated. The used workloads 7.5kg and 11 kg in the first institute equals to
1.2 bar and 1.8 bar in the second institute due to the performed calibration.
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Figure 6.2: Left: Home-built ergometer with mechanical system used in first institute. Right:
Ergospect ergometer with pneumatic system used in second institute.

31P-MRS acquisition was performed on three MR systems from the same manufacturer (Siemens
Healthcare, Erlangen, Germany): 3T (TIM Trio) in the first institute and 3T (TIM Trio) and 7T
(Magnetom) whole-body MR system in the second institute. The mulitcenter study contains
data from all three systems, whereas the measurements of different localization methods (non-
loc/DRESS and DRESS/semi-LASER/non-loc) were solely compared on the 7T system in the
second institute.

For RF transmission and reception of NMR signals a flexi dual channel 'H/3'P surface coil (©
11 cm, Rapid Biomedical, Rimpar, Germany) was used in the first institute, whereas the coils
used in the second institute were inflexible dual channel 'H/3'P surface coils (» 10 cm, Rapid
Biomedical, Rimpar, Germany). Both coils in the second institute although built for different
MR field strengths, have similar sensitivity volumes IE]] The coil was fixed to the medial head
of the gastrocnemius muscle to minimize possible misplacement artifacts.

6.4 Coil map evaluation

To assess the impact of different sensitivity profiles of the RF coils used, maps of 3'P signal
from calf muscle of five volunteers participating in the multicenter study were measured and
compared.

Measurements were performed on 3T systems at both sites using a 3D MRS imaging sequence
with VOI = 200 x 200 x 200 mm, matrix = 12 x 12x 12, 2 averages, and the rest of the parameters
similar to the dynamic experiment to gain the best conditions for comparison (TE = 1 ms, TR =
2 s, flip angle = 42°, vector size = 1024, bandwidth = 3000 Hz and rectangular excitation pulse
duration = 400 us).

The maps of PCr signal were calculated from the center slice of the 3D 3'P MRSI data using the
fitting routine of the Syngo MR software (Siemens Healthcare, Erlangen, Germany). Regions of
interest were manually drawn over soleus, gastrocnemius medialis and gastrocnemius lateralis
muscles. The ratio of the signal within these muscles to the total PCr signal measured by the coil
was calculated using a home-written software in MATLAB (Mathworks, Natick, Massachusetts,
USA).
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6.5 Exercise Protocol

The subjects were instructed to perform plantar flexions once every 2 seconds over the normal
range of foot flexion in distal direction with the left leg in the multicenter study and with the
right leg in the other two studies. To minimize motion-related artifacts, the subjects were trained
to return their foot to the neutral position before each MR excitation and acquisition, which was
triggered acoustically.

A standardized exercise protocol was performed according to [62]: 2 minutes rest - 6 minutes
exercise and 6 minutes recovery (2 minutes of rest in the beginning serve as baseline measure-
ment). For the multicenter study this dynamic measurement was carried out two times in the
first institute with different workloads in the following order: low workload (7.5kg) - 7 min-
utes break - mild workload (11 kg). In the second institute the dynamic measurement was done
three times with different workloads: mild workload (1.8 bar) - 7 minutes break - low workload
(1.2 bar) - 2 minutes break - heavy workload (2.4 bar). Due to the lower workload of the second
measurement, the break between second and third measurements was decreased. Adding up the
measured resting and recovering periods the physical inactivity duration for the muscles was 15
minutes and 10 minutes respectively (figure [6.3)). The heavy workload was not performed in the
first institute due to the limitation of the ergometer to a smaller workload.

mild low heavy
Period rest ex rec b rest ex rec b |jrest ex rec
Time [min] 2 6 6 7 2 6 6 2 2 6 6
- | ! | '
Physical | 15 minutes | ] 10 minutes I
inactivity | I l |

Figure 6.3: Exercise protocol in multicenter study at second institute: Three dynamic measure-
ments with plantar flexion exercise, spaced by 10 and 15 minutes of physical inactivity. (ex =
exercise, rec = recovery, b = break)

In the comparative measurements of DRESS and non-localized region of interest, the order
of DRESS and non-localized dynamic measurement was randomized to avoid any possible in-
fluence of the order on results of the comparison. The protocol of each dynamic measurement
was identical to the multicenter study. Physical inactivity of the muscles between the two exer-
cises was 15 minutes (7 minutes break between measurements). The workload, equal for both
exercises, was set to 25% of the maximum volunary contraction (MVC) beforehand measured
on a home-built decive similar to [53]] (for detailed settings see table [B.T).

The comparative measurements with DRESS, semi-LASER and non-localized region of interest
were also done in randomized order. The five subjects exercised three times with a force always
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set to approximately 124.3 N (=2 bar). The physical inactivity between the exercises was at least
15 minutes.

6.6 NMR Pulse Sequences

In the images obtained by the localizer sequence the adjustment volume was set to the region of
interest (gastrocnemius and soleus) and the homogeneity of the local magnetic field was adjusted
until the linewidth at half maximum of the water peak was at its minimum, approximately 40
and 50 Hz (magnitude mode).

The non-localized acquisition sequence in the mulitcenter study was identical for both 3T sys-
tems in both institutes (rectangular 400 us excitation, TE* = 0.4 ms) and for the 7T system with
the increase in acquisition bandwidth (5 kHz instead of 3 kHz). The global signal maximum was
used to define a 90° pulse and consecutively the excitation flip angle was set to 42° and 48° for
3T and 7T respectively, to achieve the highest SNR per unit of time during the dynamic protocol
based on the published relaxation times [22]. Table @ shows calculated flip angle (formula
values for different T relaxation times. It can be seen, that a flip angle with focus on PCr
and Pi was chosen.

In the non-loc/DRESS study for the non-localized acquisition sequence identical adjust-

ments as in the multicenter study were set (rectangular 400 us excitation, TE* = 0.4 ms band-
width 5kHz), except for the flip angle (52°). A flip angle of 52° was chosen to focuse on the
PCr peak. DRESS localization was performed with a slice-selective sinc 600 us excitation and
TE* = 0.4 ms with no additional pulse adjustment.
Similar to non-loc/DRESS, in the DRESS/semi-LASER/non-loc comparative study, pulse ad-
justment was performed once in non-localized fashion, while the semi-LASER measurement
had to be adjusted individually to the set single voxel volume. For DRESS and non-loc a flip
angle of 52° was taken. For semi-LASER measurements the adjustment values were chosen
according to [46] (TE = 23 ms, TR = 6 s and consequently 140 measurements instead of 420 due
to the increased TR). The flip angle was set to 90° due to the longer TR. The performance of
plantar flexion was nevertheless done every 2 seconds (three times during TR) to secure similar
exercise intensity.

mean of mean of
PCr Pi ~-ATP PCrand | PCr,Pi me:;l‘ of
Pi and ~-ATP
3T 421 416 46.0 418 43.1 437
7T 527 433 56.9 473 50.0 54.0

Table 6.1: Calculated flip angle for different 77 relaxation times according to [22]]: Flip angle
according to the relaxation time 77 of the metabolites PCr, Pi and -ATP, the mean value of
PCr and Pi as well as PCr, Pi and ~-ATP and the mean value of the most prominent metabolites
in the muscle (phosphomonoesters (PME), Pi, phosphodiesters (PDE), PCr, a-ATP, 5-ATP and
~v-ATP).
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TR and TE of semi-LASER is increased in comparison to the other measurements due to the
duration of the refocusing pulses. With shorter repetition times it would not be adiabatic due to
the lack of power within the specific absorption rate (SARﬂimitS. The minimum achievable TE
of 23 ms can slightly increase when the refocusing RF pulse durations are adapted depending on
the required RF power, with the maximum transmitter voltage applicable to the surface coil as
the limiting factor.

For the assessment of metabolite concentrations, in all studies a partially relaxed static spectrum
(TR =155, 16 averages) was recorded. For the first two studies, a non-localized static spectrum
with a flip angle of 90° and TE* = 0.4 ms was recorded. In the DRESS/semi-LASER/non-loc
study the static spectrum for DRESS was done with TE* = 0.4 ms and a flip angle of 60°, because
the coil was at its power limit. The static spectra of non-localized and semi-LASER localized
were acquired with a flip angle of 90°.

Figure [6.4]shows the positioning of the region of interest (slice for DRESS localization and sin-
gle voxel for semi-LASER localization) done in the gastrocnemius medialis muscle measured
for this master thesis. The region of interest was placed in an oblique fashion over the muscle,
avoiding overlap to adjacent muscle groups.

Figure 6.4: Non-localized region of interest of 3!P/'H coil (white), 20 mm wide DRESS selec-
tion slab (yellow) (left picture) and semi-LASER localization (right picture) in the gastrocnemius
medialis muscle (subject #1 from DRESS/semi-LASER/non-loc study). Size of the single voxel
can slightly vary between subjects depending on the muscle mass. The green box depicts the
adjustment volume for shimming.

!'The specific absorption rate is defined as the RF power absorbed per unit of mass of an object and is measured
in watts per kilogram. It is a parameter that describes the potential for heating of the patient’s tissue due to the
application of the RF energy. It increases with field strength, radio frequency power, transmitter-coil type and body
size. SAR can be reduced by lower flip angle and longer repetition times. [|63]]
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6.7 Data Postprocessing in jJMRUI

Quantification of the 420 spectra (14 minutes with TR = 2s, non-localized and DRESS local-
ization) and 140 spectra (14 minutes with TR = 65, semi-LASER localization) was done in
JMRUI (5.0 software package) using the AMARES (Advanced Method for Accurate, Robust
and Efficient Spectral fitting) time domain fitting routine [64]]. Prior applying the AMARES
algorithm, the spectra were phased, but no zero-filling or filtering was applied. The peaks were
fitted as single Lorentzians, besides ATP signals where the a- and v-ATP were modeled as
Lorentzian doublets and S-ATP as a triplet. Intracellular pH was calculated according to [65]]
(Henderson-Hasselbalch equation, see also chapter [3.3)), using the relative chemical shift differ-
ence 0 between Pi and PCr in parts per million (9):

0 — 5HA):| ©.1)

(

pH pK+log[(5A_5)

with pK = 6.75, g4 = 3.27 and § 4 = 5.69.
Since several muscles are detected in non-localized data, the Pi peak can split up in two peaks
when exercise changes the pH in the active muscle, but not in the less active muscles. The
splitting up of the Pi peak cannot be seen in every subject, since the relative difficulty of the
exercise and involvement of muscles in the performed exercise varies between subjects. For
an untrained subject acidosis can occur faster and two Pi peaks are seen sooner. When two
Pi resonances became discernible, they were fitted as two separate Lorentzian peaks (giving
non-acidifying pH; and acidifying pH). For further calculations, only the pH; near 4.94 ppm,
determined in all volunteers, was used.
The range of linewidth was soft constrained for the v-ATP, Pi and PCr peak. Since y-ATP stays
constant during rest and exercise, the range of linewidth was set to just &= 1 Hz. In a few data sets
from the first institute this range was too narrow leading to underestimation of the ATP signal
and, therefore, in these special cases linewidth of ATP was not soft constrained at all.
The range of linewidth for Pi and PCr was set bigger than in v-ATP due to the increase of
linewidth during exercise. Exercise-induced linewidth increase of intramyocellular PCr can be
explained with the effect on myoglobin deoxygenation as explained in chapter [3.6] Pi linewidth
is known to change due to intracellular pH changes and has been attributed to compartmentation
as explained in chapter @] [36]]. The increase of intracellular concentrations of hydrogen ions
(pH) changes the magnetic field and, therefore, relaxation times as shown by Schmid et al [40]
similarly to deoxygenated hemoglobin in the BOLD effect.

6.8 Further Calculations

The integrated signal intensities and calculated pH values for each of the 140 respectively 420
spectra gained from the processing in j]MRUI were further evaluated in MATLAB.

The signal intensity has to be divided by a correction factor to gain the magnetization for the
PCer, the Pi and the y-ATP signal:

signal

(6.2)

correction factor
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whereas the correction factor is deduced from the relaxation formulas M («, T ) and M, (o, T5)
given in [5]:

TR
(1 - e_TT) _re*
correction factor = - sin(FA-pi/180°)-e T2 (6.3)
1—cos(FA-pi/180°)-e T

The used parameters used for formula [6.3are given in table [6.2]

mag. | study & FA | TR Ty T, TE*/
field localiz. PCr \ ~-ATP \ Pi PCr \ ~-ATP \ Pi TE
3T 1. nonloc 42° 6.7s 5.5s 6.9s | 354ms | 61.9ms | 153ms
7T ) 48°
2. nonloc
7T 2s
2. DRESS || 5, 4s | 33s | 63s|217ms | 29ms | 109ms | 0TS
3. nonloc
7T | 3. DRESS
3.sLAS. || 90° | 6s 23ms

Table 6.2: Parameters (flip angle FA, repetition time TR, spin-lattice relaxation T, spin-spin
relaxation T, according to [22]] and acquisition delay time TE*/echo time TE) used in the formula
of the correction factor. Study 1 = Multicenter study, study 2 = nonloc/DRESS, study 3 =
DRESS/semilLASER/nonloc.

Then the absolute concentration of PCr for each spectrum is calculated with vy-ATP res-
onance as the internal reference, as the 5-ATP resonance was influenced by the shape of the
excitation pulse:

M_PCr
av_ATP

whereas av_ATP is the averaged value of ATP over the last four minutes measurement
time (last 120 data points) in the multicenter study and over the total measurement time in the
other two studies. conc_ATP is the assumed constant concentration of ATP in the skeletal
muscle [29]:

conc_PCr = - conc_ATP (6.4)

conc_ATP = 8.2mM (6.5)

With averaging 40 seconds, the concentration of PCr at the end of exercise and at the end
of recovery (conc_PCr_endex and conc_PCr_endrec respectively) are calculated. With these
two values, the drop in concentration can be calculated in mM and %.

The initial rate of PCr synthesis Vp¢, roughly represents ATP turnover at end of exercise
and was calculated according to Schmid et al. [66] as follows:

Vper = k - (conc_PCr_endrec — conc_PCr_endex) (6.6)
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whereas the rate constant k = % and 7 is obtained from the Curve Fitting Toolbox in MAT-
LAB. The determination of 7 in the Curve Fitting Toolbox was carried out with fitting of the
PCr time-dependent changes during the recovery period (last 6 minutes of measurement time)
to an exponential curve described by the equation [66]:

PCr(t) =PCr_end- (1 —b- exp%t) (6.7)

whereas ¢ = time and PCr_end = averaged value of PCr signal intensity at end of measure-
ment (calculated with last 40 seconds).
With the assumption of 15% of total Cr at resting state being not phosphorylated and conclud-
ing that 85% of total Cr is phosphorylated at resting state [67]], the concentration of Cr can be
calculated out of the concentration of PCr at resting state:

conc_Cr = w (6.8)

85
The maximum rate of oxidative ATP synthesis ();,q.[mM/min] (oxidative capacity) of the
mitochondrial pool in a muscle is a function of the density and capacity of working mitochondria
and the supply of substrate and oxygen, but is independent of muscle mass. Therefore, it is a
valuable parameter to evaluate the muscle function. [68]] 0, Was calculated using the initial
rate of PCr synthesis Vpc, during the recovery period and the concentration of ADP at the end

of exercise conc_ ADP_endex [69] [70]:

Km
Cmas = Veor - <1 * ConC_ADP_endex) ©9)

with the Michaélis-Menten constant K,,,:

Ky, = 0.03mM (6.10)

The concentration of ADP at the end of exercise (conc_ADP_endex) can be calculated as
follows [|69]:

ATP - C d
conc_ADP_endex = —= ORI BT K, 6.11)
conc_PCr_endex

H* = 107 PH-endex (6.12)

with the apparent equilibrium constant of the CK reaction K., [71]:

K., = 1660000000 (6.13)

and pH_endex as the averaged value of pH at the end of exercise (based on mean of 40
seconds).
The signal-to-noise ratio (SNR) of PCr and linewidth of PCr and Pi, defined as the full width
at half maximum (FWHM), were both determined in the frequency domain. Temporal SNR
is defined as mean of PCr signal divided by standard deviation of PCr signal, whereas static
SNR was calculated with mean of PCr signal divided by standard deviation of noise gained from
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residue in jJMRUI.

Cramér-Rao lower bounds (CRLB) were determined for the PCr and Pi peak to assess the quality
of the spectral fitting. In the multicenter and nonloc/DRESS study CRLB was deduced using the
non-localized static spectrum (16 averages), for the DRESS/semi-LASER/nonloc study static
spectra of all three localization methods were taken. The glycerophosphoethanolamine (GPE)
and glycerophosphocholine (GPC) peaks, two muscular phosphodiesters (PDE), are combined
for calculation of the overall concentration of PDE. The Cramér-Rao lower bound was calculated
with following formula:

std.ampl.

CRLB = (6.14)

ampl.

For examination of the existence of a statistical significant difference between two samples,
a paired, two-tailed Student’s t-test was performed. For a p-value < 0.05 there is a significant
different, whereas for a p-value > 0.05 there is no significant difference between two tested
groups.
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CHAPTER

Results

7.1 Comparison between different magnetic field strengths and
ergometers at two institutes

Information on the comparison of the measured dynamic parameters depicted as mean values of
all volunteers is given in table [7.T|and [7.2](for more detailed results see tables [A.2] [A.3] [A.4]
and in the appendix).

The comparison of dynamic parameters, when different equipment in two institutes was used,
showed significantly higher values in PCr drop and concentration of PCr at the end of recovery
(p < 0.05 in low and mild workload) in the first institute (see figure [7.1)). This results in higher
values of Vpc; and Quax (p < 0.05) at low workload. The pH value at the end of exercise also
differs significantly at low workload (p < 0.05), but no longer at mild workload (p = 0.52).
Mitochondrial capacity was found to be increasing with workload in both institutes as seen in

figure

35.78£2.99*% | 33.46+3.52 || 36.9443.12%

workload low mild
institute first \ second first \ second
| PCrdrop [%] || 20.38+13.72* | 12.0944.47 || 32.93+14.81* | 22.21+9.96 |
y 7 [s] | 34184854 [30.5146.46 || 41.11+9.89% | 30.46+6.59 |
| pHendex [ 7.05+0.03* [ 7.0940.02 || 7.04£0.04 | 7.06+0.04 |
| Veee [mMJ/s] [ 0.2240.13% [ 0.13+£0.05 || 031+0.14 [ 0.24+0.11 |
| Qmax [mM/s] [[ 046+0.19% [ 0.3240.09 || 0.53+0.17 [ 0.48+0.16 |
| | | |

| PCr conc. [mM] 33.01£3.16 |

Table 7.1: Dynamic parameters measured in two institutes at 3T using mechanical and pneu-
matic ergometer. The data are given mean + standard deviation. Concentration of PCr measured
at end of recovery (last 40 seconds). endex = end of exercise (last 40 seconds); *) p < 0.05

51




(4

workload low mild heavy

field strength 3T [ T 3ar | 1T 3T \ 7T
| PCrdrop [%] [ 12.094+4.47 | 12.30+3.52 || 22.2149.96 | 20.87+7.83 || 31.23+13.52 | 28.10+12.72 |
y 7 [s] | 30.514+6.46 | 33.37+5.20 || 30.46+6.59 | 31.68+7.80 || 31.27410.33 | 30.94+7.28 |
| pHendex [ 7.0940.02*% | 7.07+0.01 || 7.06+0.04 | 7.06+0.03 [ 7.04+0.03 | 7.05+0.02 |
| Vper [ImM/s] [ 0.13£0.05 | 0.13+0.04 || 0.24£0.11 | 0.23+0.09 [ 0.33£0.09 | 0.28+0.11 |
| Qumax [mM/s] [ 0.3240.09 | 0.31+0.09 || 0.48+0.16 | 0.48+0.17 [ 0.58+0.11 | 0.52+0.11 |

|

| PCr conc. [mM] [| 33.46+3.52 | 33.50+3.41 || 33.0143.16 | 33.38+3.58 || 32.5743.22 | 31.79+2.15 |

Table 7.2: Dynamic parameters measured in second institute using different magnetic field strenghts. The data are given mean +
standard deviation. Concentration of PCr measured at end of recovery (last 40 seconds). endex = end of exercise (last 40 seconds); *) p
<0.05



No significant difference was found between 3T and 7T in the second institute in PCr drop
(p=0.81,p=0.55and p=0.71 in low, mild and heavy workload, respectively), 7 (p =0.08, p =
0.47 and p = 0.56 in low, mild and heavy workload, respectively), pH at end of exercise (p = 0.65
and p = 0.92 in mild and heavy workload, respectively), Vpcy (p =0.49, p=0.55 and p=0.38 in
low, mild and heavy workload, respectively), Qmax (p = 0.85, p =0.96 and p = 0.27 in low, mild
and heavy workload, respectively) and concentration of PCr at end of recovery (p = 0.97, p =
0.75 and p = 0.69 in low, mild and heavy workload, respectively). The only significant difference
between 3T and 7T found was the pH measured at the end of exercise with low workload (p <
0.05).

Typical time course of the PCr signal at different institutes and magnetic field strengths is shown
in figure The use of stronger magnetic field (7T against 3T) resulted in increased SNR
(static: 655+51 vs. 270141, temporal: 11125 vs. 38 £ 10, both at rest and mean of all
three workloads) and fitting precision (92.9 & 8.5 vs. 68.6 4= 20.8, mean of all three workloads)
as can also be seen in table Temporal and static SNR show lower values at the end of
exercise (for more detailed results see tables [A.§] [A.9] [A.10] [A.TT]and [A.12]in the appendix).
Table also depicts a lower CRLB for PCr than for Pi and a positive correlation of age and
concentration of PDE (for more detailed results see table [A.13]in the appendix).

Linewidth of PCr and Pi at rest, end of exercise, immediately after exercise and end of recovery,
defined as FWHM, for the data sets with generously constrained PCr and Pi linewidths in jMRUI
(meaning more than 1 Hz range of linewidth) is shown in table (for more detailed results see
tables [A.T3] [A.T6] [A.14] [A.18] [A.19)and [A.T7]in the appendix). PCr linewidth shows a small
increase from rest to end of exercise followed by a small decrease immediately after exercise
and end of recovery. The same maximum at end of exercise can be seen in the linewidth of Pi.

] H Rest \ End of exercise \ Post exercise \ End of recovery
3T 1%tinst. | 5.7+1.8 8.5+4.2 7.3+£2.7 7.1£2.8
PCr | 3T 2%inst. || 9.340.8 10.0+0.8 9.74+0.8 9.2+0.7
7T 2%t inst. || 12.343.1 13.6+£3.2 13.4£2.8 13.3£2.8
3T 1%tinst. || 9.843.2 12.24+4.0 11.2£3.8 10.33.4
Pi | 3T 2%inst. || 13.3%+1.5 13.6+3.9 13.6+3.9 13.4+2.5
7T 2%tinst. || 17.4+4.9 18.94£5.3 18.6+4.9 17.6+4.7

Table 7.3: FWHM of PCr and Pi in Hz at rest (mean of 1 minute), at end of exercise (last
minute), immediately after exercise (mean of 20 seconds) and at end of recovery (last minute).
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Figure 7.1: Time courses of the PCr signal intensity. The data are normalized to resting PCr
signal intensity. The exercise period (6 min) is indicated in gray. Upper picture: PCr signal
intensity measured with different workloads at 3T and second institute at the same subject #10.
Lower picture: PCr signal intensity measured with 3T at both institutes and 7T in second institute
with low workload at the same subject #11.
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3T first institute 3T second institute 7T second institute
low | mild low | mild | heavy low | mild | heavy
Temporal SNR endex 29+14 22410 33+10 30+9 24+7 96+30 61£18 62+33
Temporal SNR endrec 47+15 44413 3949 36+8 39412 107£21 117430 | 110+24
Static SNR endex 290+52 232+49 245450 218+44 175+43 559+74 546+60 | 4314+102
Static SNR endrec 355425 352429 273445 262443 274435 667155 630452 | 669+45
R-square | 73.5+23.6 | 84.2+14.1 [| 52.3£19.6 | 69.3+25.2 | 84.1+17.6 || 86.8+£14.7 | 95.14+7.2 | 96.8+3.6
CRLB of PCr 1.07£0.59 1.2240.38 1.06+0.44
CRLB of Pi 13.72+7.74 13.924+5.63 15.44+6.86
conc. of PDE* 1.36 2.84 1.86
conc. of PDE** 1.80 3.80 2.69

Table 7.4: Temporal and static SNR at end of recovery (last 4 minutes) and at end of exercise (last 2 minutes), goodness of fit (r-square of
tau-fitted curve to original data in percentage), Cramér-Rao lower bounds of PCr and Pi in percentage and age-dependent concentration

of PDE. The data are given as mean =+ standard deviation. *) = age 20-30 (mean 25.6) **) = age > 30 (mean 47.3)




The sensitivity maps of the used coils are depicted in figure The size of the manually
selected muscle regions of gastrocnemius medialis, gastrocnemius lateralis and soleus are shown
in table The selected areas in the data of both institutes are similar in size, only gastroc-
nemius medialis is chosen slightly bigger in the second institute. The results of the sensitivity
maps comparison denoted in table show that the flexi coil (11 cm in diameter) of the first
institue provides in average more signal from the gastrocnemius medialis.

first institute second institute
Gastro Lat. | Gastro Med. | Soleus || Gastro Lat. | Gastro Med. | Soleus
1 8.9 12.1 14.7 5.6 11.2 19.8
2 5.3 11.1 27.9 6.8 12.3 21.3
4 5.6 7.3 9.8 6.7 10.8 17.4
10 12.9 16.1 24.3 20.1 19.3 23.5
11 11.2 14.4 15.0 10.4 17.6 14.8
| mean || 8.8 12.2 | 183 | 9.9 \ 14.1 19.4

Table 7.5: Size of manually selected muscle regions in cm? (total image size: 324 cm? in the
first three data sets of the first institute, 400 cm? in the last two data sets of the first institute and
in all data sets in the second institute).

first institute second institute
Gastro Lat. | Gastro Med. | Soleus || Gastro Lat. | Gastro Med. | Soleus
1 15 20 24 10 9 27
2 8 11 40 12 12 25
4 11 29 28 11 20 29
10 18 17 29 25 17 28
11 16 16 18 15 23 22
| mean || 14 19 28 | 15 16 26

Table 7.6: Coil sensitivity maps evaluation: Muscle signal/total signal.
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Figure 7.2: Sensitivity map evaluation of both coils used in the same subject (#4). Upper pic-
tures: 11 cm flexi coil (first institute). Lower pictures: 10 cm rigid coil (second institute). Left:
'H image with manually drawn mask (red: gastrocnemius medialis, yellow: gastrocnemius lat-
eralis, blue: soleus). Right: Signal intensity map of the PCr signal calculated from the acquired
2D 31p CSL
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Figure shows the comparison between 1 Hz-constrained and non-constrained y-ATP
curve recorded in the first and second institute. For data of the second institute, non-constraining
of the y-ATP curve was not necessary.
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Figure 7.3: v-ATP curve: The blue line shows the y-ATP curve with 1 Hz constrained linewidth,
the green line shows the v-ATP curve with non-constrained linewidth. Time between spectra is
TR = 2. Upper picture: Data from subject #8, first institute, 3T, low workload, first measure-
ment. Lower picture: Data from subject #5, second institute, 3T, mild workload.
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7.2 Comparison of non-localized vs. DRESS localization method

Information on the comparison of the measured dynamic parameters depicted as mean values
of all volunteers is given in table (for more detailed results see table [B.2]in the appendix).
The relative change in PCr signal intensity is significantly greater in DRESS-localized than non-
localized (p < 0.01) resulting in significantly higher Vpc; (p < 0.01). The comparison of 7 be-
tween non-localized and DRESS-localized does not show a difference. The end of exercise pH;
shows a tendency to be lower in the localized experiment. The Qnax calculated for the DRESS-
localized experiment (0.58 £ 0.18 mM/s) was significantly higher (p < 0.05) in comparison to
non-localized experiment (0.45 £ 0.12 mM/s). There is a trend towards increased concentration
of PCr at the end of recovery in the DRESS-localized measurements.

| | Non-localized | DRESS-localized || T-Test |

PCr drop [%] 34.89£11.16 49.49+21.09 0.01
7[s] 47.84+14.97 49.78+17.96 0.49

pH; | 7.03£0.03
pH endex pH, | 6.7320.00 6.95+0.12 0.06
Vpcor[mM/s] 0.27£0.08 0.39£0.17 0.01
Qmax[mM/s] 0.45£0.12 0.58+0.18 0.05
PCr conc [mM] 35.1242.35 37.63+4.56 0.12

Table 7.7: The comparison of the dynamic parameters in non-localized and DRESS-localized
experiments: Concentration of PCr measured at end of recovery (last 40 seconds). Both pH val-
ues at end of exercise (last 40 seconds) are given for the non-localized experiment; the nonacid-
ifying pH; (n = 14) and the acidfiying pH, (n = 6); pH; is used in the t-test comparison depicted
in the last column. The data are given as mean =+ standard deviation.

The time course of the 3P signals during plantar flexion experiments for the non-localized
and DRESS-localized measurements is depicted in figure The signals of PCr, Pi and ATP
were detectable already in single acqisitions and no time averaging was necessary for further
analysis. The relative change in PCr signal intensity during non-localized and DRESS-localized
experiment is shown in figure Higher drop in PCr signal intensity can be seen in DRESS-
localized data. Corresponding time course of Pi signal can also be seen. Splitting of the Pi signal
was observed in six of the non-localized datasets, but in none of the DRESS-localized data sets.
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Figure 7.5: Time courses of the PCr and Pi signal intensity measured with DRESS-localization
(upper picture) and without localization (lower picture) to the gastrocnemius medialis from the
same subject #9. The data are normalized to resting PCr signal intensity. The exercise period
(6 min) is indicated in gray. The Pi;, not found in the DRESS-localized data, becomes distin-
guishable first after 1-3 minutes of active exercise. The sum of the two fitted Pi peaks is also
depicted.
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Temporal and static SNR at the end of exercise and end of recovery as well as goodness of
fit (r-square) is depicted in table (for more detailed results see table in the appendix).
Temporal and static SNR of DRESS is approximately half the value of the non-localized data
also seen in figure [7.5] The r-square value of the fitted curves is lower (but still high) for the
DRESS-localized data as well. Table [7.8]depicts a reliable quality of the spectral fitting for PCr
and Pi (for more detailed results see table [B.3]in the appendix).

’ H non-localized \ DRESS-localized

Temporal SNR at end exexercise 38+13 1748
Temporal SNR at end of recovery 66+27 29+10
Static SNR at end of exercise 434+99 172483
Static SNR at end of recovery 616+69 287490
R-square | 943+74 | 90.149.5
CRLB of PCr 1.31+0.24
CRLB of Pi 16.63+3.47

Table 7.8: Temporal and static SNR at end of recovery (last 4 minutes) and at end of exercise
(last 2 minutes), goodness of fit (r-square of tau-fitted curve to original data in percentage) and
Cramér-Rao lower bounds of PCr and Pi in percentage. The data are given as mean =+ standard
deviation.

Linewidth of PCr and Pi at rest, end of exercise, immediately after exercise and end of
recovery, defined as FWHM for the data sets with generously constrained PCr and Pi linewidths
in jJMRUI (meaning more than 1 Hz range of linewidth) is shown in table (for more detailed
results see table in the appendix). Linewidth of PCr increases after rest to a slightly bigger
value at the end of exercise and immediately after exercise. Similar tendency can be seen in the
linewidth of Pi: There is a big change of linewidth at the end of exercise and immediately after
exercise compared to rest. In the non-localized data, the linewidth of Pi decreases faster again
to its original value at rest than in the DRESS data.

H Rest Endexercise | Postexercise | Endrecovery

PCr DRESS || 13.245.0 14.14+5.2 14.1£5.2 13.845.1
non-loc || 16.5+3.2 17.54+3.8 16.8+3.3 15.842.5

Pi DRESS || 23.3+4.9 30.£17.0 31.7+16.4 27.8+9.8
non-loc || 22.6+4.5 27.6£7.1 26.5£5.8 229453

Table 7.9: FWHM of PCr and Pi in Hz at rest (mean of 1 minute), at end of exercise (last
minute), immediately after exercise (mean of 20 seconds) and at end of recovery (last minute).
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7.3 Comparison of DRESS vs. semi-LASER localization vs.
non-localized method

The size of the voxel of interest (VOI) for semi-LASER was adjusted so as to be constrained to
the muscle. VOI dimensions ranged from 31 to 47 cm?, with average dimensions of 3.9x 1.8 x 5.3
cm = 36.3 cm? (for more detailed results see table in the appendix).

Information on the comparison of the measured dynamic parameters depicted as mean values of
all volunteers is given in table (for more detailed results see table [C.3]in the appendix).
The relative change in PCr signal intensity is greater in DRESS and semi-LASER localized than
non-localized (see figure [7.6). A trend towards lower 7 and pH was found in the localized
measurement.

| | Non-localized | DRESS | semi-LASER
PCrdrop [%] || 31.23+833 | 43.80£18.29 [ 43.47+21.81

T[s] 45.18+£12.36 | 44.95£17.17 | 40.91+9.12
pH endex 7.05+0.04 6.921+0.17 7.00+0.06

Table 7.10: The comparison of the dynamic parameters in non-localized, DRESS and semi-
LASER-localized experiments. Mean pH value measured at the end of exercise (last 40 sec-
onds). The data are given as mean =+ standard deviation.
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Figure 7.6: Time courses of the PCr signal intensity measured without, DRESS and semi-

LASER localization to the gastrocnemius medialis from the same subject #5. The data are
normalized to resting PCr signal intensity. The exercise period (6 min) is indicated in gray.
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Linewidth of PCr and Pi at rest, end of exercise, immediately after exercise and end of
recovery, defined as FWHM is shown in table (for more detailed results see table [C.4]
in the appendix). Linewidth of PCr increases after rest to a slightly bigger value at the end
of exercise and immediately after exercise. Similar tendency can be seen in the linewidth of
Pi: There is a big change of linewidth at the end of exercise and immediately after exercise
compared to rest.

Temporal and static SNR at the end of exercise and end of recovery as well as goodness of fit
(r-square) is depicted in table (for more detailed results see table in the appendix).
SNR and r-square value is decreased in localized acqusition as can also be seen in figure

Table depicts a reliable quality of the spectral fitting for PCr in all acqusitions and for Pi
in non-localized and DRESS acquisition. The quality of the spectral fitting of the Pi peak for
semi-LASER localization is above the reliable border of 25% (for more detailed results see table

[C.6)in the appendix).

] | Rest | Endexercise | Postexercise | Endrecovery

non-loc 13.9+£24 15.2+2.1 14.5+£2.2 14.1+3.0

PCr DRESS 15.6£3.7 14.8+2.4 14.6£2.7 13.94+3.2
semi-LASER | 8.4+£1.1 8.7£1.3 8.8£1.1 8.4+1.2
non-loc 24.8+3.1 | 31.0£12.5 31.6+12.6 23.9+2.5

Pi DRESS 27.8+£7.0 | 389+21.3 38.7+20.0 32.0+£13.5
semi-LASER || 17.44+5.6 | 29.8+15.1 30.6+16.8 22.849.6

Table 7.11: FWHM of PCr and Pi in Hz at rest (mean of 1 minute), at end of exercise (last
minute), immediately after exercise (mean of 20 seconds) and at end of recovery (last minute).

y | Non-localized | DRESS | sLASER |

Temporal SNR at end of exercise 50+15 1748 13+6
Temporal SNR at end of recovery 6118 37+17 27+11
Static SNR at end of exercise 443419 187482 1944139
Static SNR at end of recovery 618+91 317450 297490
| R-square | 937459 | 89.1+14.7 | 78.1£215
CRLB of PCr 1.224+0.12 1.9240.53 | 1.11£0.51
CRLB of Pi 20.63+1.81 | 25.62+4.86 | 21.844+9.12

Table 7.12: Temporal and static SNR at end of exercise (last 2 minutes) and at end of recovery
(last 4 minutes), goodness of fit (r-square of tau-fitted curve to original data in percentage) and
Cramér-Rao lower bounds of PCr and Pi in percentage. The data are given as mean + standard
deviation.
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CHAPTER

Discussion

8.1 Comparative multicenter study between different magnetic
field strengths and ergometers

In this study, parameters of muscle metabolism measured by dynamic 3!P-MRS under different
experimental conditions were compared. Measurements were performed using two ergometers,
two coils and three MR systems (2x3T & 1x7T) in the same study population at three different
workloads.

It has been shown, that the first exercise bout potentially alters the parameters measured in the
following bouts if strong acidification is present and too short time between bouts for relaxation
is provided [72]]. The chosen workloads at 0.5 Hz frequency used in our study are not that stren-
uous what can be seen also on the relatively high end exercise pHs of 7.07 +0.02, 7.05 £ 0.04
and 7.05 %+ 0.03 in low, mild and heavy workload respectively. Forbes et al. [73] showed that
the influence of previous exercise on intracellular HT became undetectable after 15 min of rest,
used also in this study for the muscle recovery period between mild and low workload. For the
period between low and heavy workload 10 min of rest was sufficient.

Mechanical and pneumatic ergometer in combination with different coils were compared at 3T
and the influence of magnetic field strength (3T vs. 7T) was tested with the same ergometer
and similar coil. As the same healthy volunteers were measured in a short time without life-
style interactions, physiological changes in metabolism were unlikely and our study reflects the
influence of used experimental equipment and exercise intensity on the calculated metabolic
parameters. Non-localized acquisition was used for its simplicity, robustness and wide-spread
use. Higher magnetic field strength improves the data quality, increasing the reliability, but no
significiant differences between metabolic parameters were found in this respect. On the other
hand, different equipment used was found to have significant influence on the results, especially
in exercise at low workloads.

In general, the values achieved can be compared to previous studies: Kemp et al. [74] state that
their results of PCr concentration at rest of 33 &2 mM are close to the overall mean values of
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ten published studies on calf muscle. These results are in agreement with ours (36 2 mM and
33 + 3 mM in first and second institute, respectively).

Trends in metabolic parameters in relation to workload observed in the study are in good agree-
ment with literature [[75] [76]. Previous reports on repeated knee-extension exercise [[77]] show a
PCr depletion of 20 + 8% and 30 4 8%, time constant 7 of 36.1 & 13.5s and 33.9 +12.7 s, Vpc;
0f 0.19 £ 0.09 mM/s and 0.26 &+ 0.06 mM/s and Quax 0f 0.35 £ 0.18 mM/s and 0.46 £+ 0.13 mM/s
at mild and heavy workload, respectively, which shows good agreement with the results of
this study, involving calf muscle exercise (PCr depletion 22 + 9% and 30 + 13%, time con-
stant 7 31.1+7.2s and 31.1 £8.8s, Vpcr 0.24 £0.10mM/s and 0.31 £0.10 mM/s and Qpax
0.48 £0.17 mM/s and 0.55 4= 0.11 mM/s at mild and heavy workload in second institute). Layec
et al. [77] stated also high reproducibility of the non-localized 3'P-MRS even in examination
one year apart, justifying the time delay (one month) between measurements performed in this
study at the two institutions. Small intra-subject variability can be explained by low relative
reliability obtained from Layec et al. at rest from surface-coil-localized 3'P-MRS spectra. 3!P-
MRS cannot be considered to be sensitive enough to detect changes at rest in a homogenous
population. Furthermore, Layec et al. observed increase in PCr depletion, Vpc; and Qpax be-
tween mild and heavy exercise with higher reliability of the results at heavy workload. This is
in consistence with our data where mean values of PCr drop, Vpcr and Qpax measured on all
three MR systems also differ between workloads. Exercises with moderate work rates, used in
this study, are characterized by a linear relationship between PCr breakdown and workload as
well as steady-state conditions for PCr hydrolysis (oxidative phosphorylation can supply all ATP
needs), whereas exercises with heavy work rates show a non linear relationship. The beginning
of constant-load exercises bases on PCr and anaerobic glycolysis covering the initial period of
muscle activity until the blood supply and the mitochondrial metabolism are adapted. This initial
period is regarded as oxygen deficit which magnitude is directly related to the exercise work-
load. It is primarily reflected in the extent of PCr hydrolysis and the accumulation of lactate.
The blood flow increases at onset of the exercises and reaches a plateau level during constant
dynamic exercise, that is dependent on the workload. These results are in line with the findings
of PCr drop, as the extend of workload corresponds to the plateau level of PCr hydrolysis. [[75]]
But for maximum exercise oxidative phosphorylation will be stimulated to its maximum limit
although PCr can partially buffer significant declines in ATP. At the maximum limit of oxidative
phosphorylation, the higher drop of PCr and the slower return of PCr (resulting in a greater 7)
to the rest values should cancel each other out in the ideal case, so that Vpc; and Qpax are equal
with different workloads. Once the limit of oxidative phosphorylation is exceeded far beyond
what could possibly be supported by even maximal oxidative phosphorylation, anaerobic gly-
colysis provides the ATP needs, resulting in a decrease of pH due to the lactating character of
this reaction. [[78]] The extent of intracellular acidosis reached at the end of exercise determines
the rate of PCr resynthesis [77] [79] [80] [81]]. In the data of this master thesis the difference in
Qmax between low and mild workload is even more pronounced in comparison to the difference
betweeen mild and heavy workload, showing that the use of higher workload better reveals the
real mitochondrial capacity. As the pH tends to decrease at high workloads, special care was
taken not to allow the muscle acidification and the assumption can be made that the exercise was
performed under aerobic conditions.
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Cramér-Rao lower bounds for PCr and Pi were determined to assess the quality of the spectral
fitting which is widely used in magnetic resonance spectroscopy [82]. Reliable results are ob-
tained with CRLB < 20% [|83|] which could be achieved for the PCr and Pi peak. The CRLB
values are in the range of published data of the calf muscle [[18]].

Table shows a positive correlation of PDE concentrations and age of the subjects. This is
in agreement with [[84]] [85]. Szendroedi et al. [84] investigated the relationship of muscular
PDE in middle-aged patients with or without type 2 diabetes mellitus and in young non-diabetic
humans. Szendroedi et al. stated that body mass and glycemia mainly determine the positive
correlation of PDE with resting mitochondrial activity, insulin resistance and age.

The calculated temporal SNR depicts the change of SNR over time, that increases after exercise,
since the PCr signal decreases during exercise. Static SNR is defined as mean PCr signal divided
by standard deviation of noise, i.e., depicting information about the overall noise character of
the coil. After exercise, static SNR logically increases as well.

Temporal and static SNR show approximately twice to three times the values for 7T in com-
parison to 3T. This is in accordance to Bogner et al. [22] who measured a doubling in SNR
of PCr when jumping from 3T to 7T. The decrease of T;, with which the paper deals, leads
to an additional increase in SNR per unit time. Together, this translates to a possible increase
in SNR per unit time of up to +150%. This improvement in SNR resulted into better data
fitting and therefore more reliable calculation of mitochondrial capacity. However, lower accu-
racy of the 3T MR system did not cause any differences in calculated 7 (31 =65, 30 £ 7 s and
31£10s vs. 33+£5s,32+8s and 31 +7s), Vpcr (0.13£0.05mM/s, 0.24 £0.11 mM/s and
0.33£0.09mM/s vs. 0.13+£0.04 mM/s, 0.23 £0.09 mM/s and 0.28 +0.11 mM/s) and Qax
(0.32 £0.09 mM/s, 0.48 £0.16 mM/s and 0.58 = 0.11 mM/s vs. 0.31 +0.09 mM/s, 0.48 £0.17
mM/s and 0.52 + 0.11 mMY/s) between 3T and 7T (low, mild and heavy workload) respectively.

PCr concentration has been estimated with the popular approach of using the concentration ra-
tio PCr/ATP with ATP concentration as an internal standard. The justification for this is the
relatively small variation in ATP concentration between individuals and the lack of difference
among different muscle fibre types (e.g., soleus has 80% slow twitch fibres whereas gastrocne-
mius muscle has 50% slow twich fibres) [74]. This was a good choice since there is no variation
of PCr concentration between the data of the second institute. However, significantly higher
values of PCr concentration were found in the first institute compared to the results from the
second institute. In combination with significantly increased PCr depletion, these differences
caused also significantly higher values of Vpc; and Qpax, however only at the lowest workload,
where the reproducibility is lower [[77]].

The increased concentration of PCr in the first institute is probably caused by difference in the
used surface coil. Although both coils were from the same manufacturer, the flexible construcion
and 1 cm extra in diameter (11 cm vs. 10 cm) of the phosphorus channel can cause a difference in
the sensitivity volume of the coil from the first institute. The measured sensitivity maps confirm
the assumption of different detection volumes between the coils. Even though the size of the
manually selected muscle regions do not differ between the facilities for gastrocnemius lateralis
and soleus and is even greater for gastrocnemius medialis in the second institute (inflexi coil),
the sensitivity maps show that the flexi coil provides better coverage of the calf and therefore
in average more signal from the gastrocnemius medialis and soleus muscles. The concentration
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of PCr is higher in gastrocnemius medialis [86] [87] and as it is the most active muscle during
plantar flexion [36], this difference in sensitivity can be at least partly responsible for the dif-
ferences in measured PCr concentration and depletion. However, also imperfectly reproduced
measurement position can contribute to these differences and has to be considered as a limitation
of the current study.

The mentioned higher PCr depletion in the first institution could have been caused also by dif-
ferent construction of the pedal. Although care was taken to set similar pedal resistance in
both institutes, greater range of pedal movement of the mechanical ergometer possible probably
caused higher overall work done. While the pneumatic ergometer enables rotation in the ankle
axis, resulting in a more natural pressing of the pedal and less motion artifacts, the home-made
ergometer has its axis of rotation underneath the ankle inducing a more complex motion, possi-
bly leading to higher PCr depletion. Due to the different rotation axis to the ankle, the physical
work and, therefore, the PCr drop is greater in the ergometer of the first institute.

PCr drop is directly related to Vpcr and Qax Which can be seen in the significant difference
between both institutes with low workload (no significant difference with mild workload due to
the dependence of pH). The significant difference in PCr drop may also have an impact on 7, as
can be seen in the significant difference with mild workload.

Due to the constant concentration of ATP in the skeletal muscle in accordance to literature [29],
the jMRUI evaluation of the spectra took place with a 4+ 1 Hz constrained linewidth of the ATP
peak. In a few data sets from the first institute it could be found that this limitation influences the
results. The underestimation of ATP resulted in an overestimation of the concentration of PCr
and, therefore, also in an overestimation of Vpcy and Qpax. The changes in measured ATP signal
intensity during exercise are caused by motion artefacts during exercise and could be found only
in the first institute’s but not in the second institute’s data. An explanation for this could be the
differences in both ergometers and overall leg movement described above. The change in signal
intensity of ATP is the reason why average ATP signal is calculated with the averaged value of
ATP signal over the last four minutes measurement time in the multicenter study but with the
total measurement time in the other two studies. Also for the few data sets of the first institute,
where a motion artifact could be found in the ATP signal, the jJMRUI evaluation of the spectra
was done with non-constrained linewidth of the ATP peak.

Linewidth of PCr and Pi defined as FWHM was calculated at rest (first minute), at end of exer-
cise (last minute), immediately after exercise (mean of 20 seconds) and at end of recovery (last
minute). The time period for mean calculation are chosen according to Meyerspeer et al. [36].
In general, the data shows a greater value of linewidth in 7T than in 3T. This is in accordance
with literature (see chapter [2.10). PCr and Pi linewidth increases during exercise, decreases
slightly immediately after exercise and stays approximately at the same or a slightly smaller
value until end of recovery. Even though PCr linewidth during exercise has a big variability due
to motion, the mean values of the PCr linewidth still shows a maximum at the end of exercise.
This can be explained with the myoglobin oxygenation as explained in chapter [3.6] Exercise-
induced linewidth decrease of intramyocellular PCr on cessation of exercise can only be seen
tendentially in the data. This is in agreement with [36[]: The difference between the postexer-
cise linewidth and recovery is far less pronounced in nonlocalized spectra (than localized data)
which contain larger fractions of resting tissue and have a larger linewidth due to stronger B
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inhomogeneities across the large sensitive volume. The increase of Pi linewidth during exercise
can be explained with the change of intracellular pH according to [40]. Schmid et al. found a
strong link between mitochondrial function, cellular energy metabolism, acid-base equilibrium
and T," during exercise and recovery (see chapter .

Besides the already mentioned imperfect repositioning of the surface coil, there are other subject-
related limitations. Fixed values of workload were taken instead of setting the workload levels
according to individual’s MVC, leading to intra-subject differences in PCr depletion. How-
ever, the differences in metabolic parameters in dependence of workload are analysed and intra-
subject variability was not subject of this study. Another anatomical limitation of our study
includes the working muscles in plantar flexion, which can differ between subjects. Since sim-
ilar data from other literature measured with non-localized acquisiton have identical limitation,
it can be neglected.

8.2 Comparative study of non-localized vs. DRESS localization
method

In this study, the usability of a DRESS sequence for in vivo determination of localized mitochon-
drial capacity in gastrocnemius medialis muscle by dynamic 3!P-MRS at 7T was investigated.
The DRESS-localized data were compared with non-localized MRS with the same time reso-
lution (2s) and same workload. Significant differences in PCr depletion, end exercise pH, as
well as initial PCr resynthesis were found. In addition, exercise-induced splitting of the Pi peak
was observed only in the non-localized data. The FID acquisition of the slice-selective DRESS
localization method allowed for quantification of ATP resonances and, therefore, calculation of
the maximal oxidative flux in gastrocnemius medialis muscle, which was found significantly
higher when compared to the non-localized acquisition.

The comparison of the two acquisition strategies was performed within one session of repeated
plantar flexion exercise. To eliminate the influence of previous exercise on intracellular HY, 15
min of muscle recovery period was chosen, even though the workload of 25% MVC at 0.5 Hz
frequency used in our study is not that strenuous, what can be seen also on the relatively high
end exercise pHs of 7.03 +0.03 (6.73 £ 0.09) and 6.95 £ 0.12, in non-localized (pH;) and lo-
calized experiment respectively. Nevertheless, even though the workload was relatively low and
the 15 min of rest should provide enough time for full recovery, the order of DRESS-localized
and non-localized exercise bouts in the present study was randomized, avoiding any residual
influence of examination order on the comparison of the results.

Dynamic 3!'P-MRS has been often used without localization, but recent studies have shown that
muscle recruitment during plantar flexion exercise is not uniform [40] and may even vary be-
tween subjects [88[]. Investigations of the heterogeneity of PCr dynamic in the calf muscles,
either by spectrally selective MRI [89] [90] or gated MRSI protocol [91] reported higher PCr
signal drops in the medial gastrocnemius in comparison to soleus. The results of this study are in
good agreement with these reports as the data from gastrocnemius medialis muscle, as acquired
by DRESS-localization, show significantly higher PCr depletion (49.5% + 21.1%) to the non-
localized acquisition data (34.9% 4 11.1%) which consist of a mixture of signals from several
muscles (i.e., gastrocnemius medialis, gastrocnemius lateralis and soleus). Moreover, a signifi-
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cantly higher initial recovery rate of PCr (0.39 £0.17 mM/s vs. 0.27 £ 0.08 mM/s) in localized
acquisition can be reported. This is in good agreement with the recent study by Meyerspeer et
al. [36], where data acquisition by a single-voxel, semi-LASER sequence were compared to a
non-localized data acquisition.

A trend towards shorter recovery rate time constants in the localized measurements (only active
muscles contribute to 7) as found by Meyerspeer et al. [36] could not be found in this study.
FID-acquisition of the DRESS sequence allows measurement and quantification of fast relaxing
metabolites and spin systems undergoing J modulation (e.g., ATP), what is not possible with re-
focusing techniques (semi-LASER) requiring relatively long TE [46]. Therefore, the ATP signal
can be directly used for absolute quantification of the metabolite concentrations and no addi-
tional external reference standards measurements are needed. According to Takahashi et al. [92]
PCr and Pi concentration of muscles show a strong positive correlation with the content of type
II fibers. Rzanny et al. [93]] observed higher PCr and Pi concentrations for the medial part of gas-
trocnemius compared to the lateral part possibly caused by fiber distribution. Commonly, both
parts of gastrocnemius exhibit nearly the same content of type I and II fibers, whereas soleus is
predominantly composed of type I fibers. This should amount to only a 5% difference in PCr
concentration and no difference in ATP concentration. [74] The trend towards increased PCr
concentration in the localized acquistion, where gastrocnemius medialis solely was measured,
could be caused by this effect. Nevertheless, this trend is not significant as in non-localized
acquisition soleus is not measured alone but together with gastrocnemius medialis. The trend
towards increased PCr concentration in gastrocnemius medialis (35.1 2.4 mM in soleus and
37.6 £4.6 mM in gastrocnemius medialis) can also be explained with the paper of Valkovic et
al. [87]]. In the paper gradient offset independent adiabacity-based lD—ISIﬂ localization was
tested comparing soleus with gastrocnemius medialis. A significant difference of PCr concen-
tration was found between the muscle groups (31.2 +2.2 mM in soleus and 33.9+ 1.2mM in
gastrocnemius medialis).

The information about metabolite concentrations can be consecutively used for calculation of
maximal oxidative flux. This was found to be significantly higher in the localized experiment
(0.58 4= 0.18 mM/s) when compared to the non-localized data (0.45 4= 0.12 mM/s). This is caused
by the already mentioned increased initial recovery rate of PCr and due to the decreased pH at
end of exercise in the localized data. Due to the pH-dependence of various processes contribut-
ing to net H' efflux in muscle, higher rates are seen for the localized data, where pH changes
during exercise are larger than for pH;, the nonacidifying pH in the nonlocalized data as de-
scribed by Meyerspeer et al. [[36]]. The active gastrocnemius medialis muscle contributes to the
pH signal gained from the localized data, whereas also soleus and gastrocnemius lateralis, less
active muscles, contribute to the pH; signal gained from the non-localized data. The pH for the
more acidic moiety of the non-localized acquisition (pH,) is smaller than the pH of the DRESS-
localized acqusition in agreement with the results from Meyerspeer et al. [36].

The high temporal resolution of the current study (2 s) is higher than previous reports using semi-
LASER approach (6 s) [46] [36] because the DRESS sequence is less demanding on the SAR
and, therefore, shorter TR can be used at 7T. The gated MRSI protocol also allows high tempo-
ral resolution [91]], but for acquisition of larger matrix sizes, long measurement time would be

!one-dimensional image-selected in vivo spectroscopy
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needed. The reduction in TR results in an optimal excitation angle lower than 90°, what can be
also beneficial in the presence of inhomogeneous B field, as the variability of the flip angles is
lower for smaller excitation angles [94].

Cramér-Rao lower bounds for PCr and Pi were determined to assess the quality of the spectral
fitting which is widely used in magnetic resonance spectroscopy [82]. Reliable results are ob-
tained with CRLB < 20% [83]] which could be achieved for the PCr and Pi peak. The CRLB
values are in the range of published data of the calf muscle [[18].

As a consequence of the smaller volume in DRESS-localized acqusition, lower SNR is expected
for localized measurements. In this study, approximately half as much SNR with localized spec-
troscopy could be observed in comparison with non-localized spectroscopy. Consequently, the
goodness of fit is also smaller in DRESS-localized acqusition.

With localized 3'P-MRS, a distinct decrease of PCr and Pi linewidth from an elevated value
at the end and immediately after exercise toward the resting value is observed. This can be
explained with the myoglobin oxygenation as explained in chapter [3.6] The statement of Mey-
erspeer et al. [36]] that the difference between the postexercise and recovery linewidth of PCr is
far less pronounced in nonlocalized spectra, could not be found in this study, probably caused by
the large intersubject variability and low workload. The increase of Pi linewidth during exercise
can be explained with the change of intracellular pH according to [40] (see chapter [3.6). The
faster decline of Pi linewidth in the non-localized data can be explained by the contribution of
passive muscle parts to the signal in which the intracellular pH has not changed during exercise.
Meyerspeer et al. [36] observed splitting of the Pi resonance in the non-localized data only. Sim-
ilar observation could be done in the present study, when only one Pi peak was observed in the
DRESS-localized data while in six non-localized datasets two Pi peaks were visible, proving
good localization performance of the DRESS sequence. No Pi compartmentation within one
muscle group, as suggested in the literature [56] [95], was observed in this study. Although
spatial selection only in one direction is used, this is sufficient for superficial muscles (e.g.,
gastrocnemius). For spatial selection of deeper muscle groups (e.g., soleus), the semi-LASER
approach would be still beneficial. Slab selective localization was previously suggested and
successfully tested at 2T by Walter et al. [96] using 1D-ISIS. This approach allows also FID
acquisition and has low chemical shift displacement error (CSDE), however the ISIS subtraction
scheme is prone to motion artifacts and the need of two acquisitions decreases the time reso-
lution. In addition, the use of narrow selection slabs and short excitation pulse in our DRESS
approach decreases the CSDE to a comparable level [[18].

8.3 Comparative study of DRESS vs. semi-LASER localization vs.
non-localized method

In this study, semi-LASER sequence for in vivo determination of localized mitochondrial capac-
ity in gastrocnemius medialis muscle was compared with DRESS sequence and non-localized
acquisition by dynamic >'P-MRS at 7T. A trend towards greater PCr depletion, smaller 7 and
smaller pH could be found in both localized acquisition. The FID acquisition of the slice-
selective DRESS localization method allowed for quantification of ATP resonances whereas
single-voxel semi-LASER localization does not allow adequate quantification of ATP reso-
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nances. Therefore, no comparison of maximal oxidative flux in gastrocnemius medialis muscle
was done.

The acquisition of the three localization methods was performed within one session of repeated
plantar flexion exercise in random order. Similar to the other studies performed in this master
thesis, 15 min of muscle recovery period were chosen, to eliminate the influence of previous
exercise on intracellular H'.

The application of semi-LASER has the advantage of alleviating the effects of the inhomoge-
neous amplitude of the radio frequency field B of a simple loop coil. A second advantage
is the better defined (3D) volume of interest detected in semi-LASER compared to DRESS-
localization. However, the applicable RF power is restricted due to technical limiations of the
coil as well as due to SAR limits which results in a temporal resolution of 6 sec instead of 2 sec
used in DRESS and non-localization. The consequence of increased TE is smaller signal inten-
sity, already lowered by the small region of interest. The relatively long TE of semi-LASER is
mainly a disadvantage for the detection of metabolites with short T, or spin systems undergoing
J modulation, such as ATP. Meyerspeer et al. [46] calculated the losses due to T and T, relax-
ation measured with semi-LASER (TR = 6 s and minimum TE = 23 ms): The ~-ATP signal is
decreased by 45% due to T, relaxation in addition to T; saturation to a level of 84%. The main
source of signal loss is J-evolution, a decrease of signal amplitude to 27%, which adds up to a
total of only 10% of visible ATP signal. In accordance to Meyerspeer et al. the calculated values
for the inital rate of PCr resynthesis and maximal oxidative flux include a large systematic error
due to the assumption of ATP sustaining a constant concentration and large random error result-
ing from ATP quantification from low SNR data acquired by accumulating spectra. Therefore,
the focus is on PCr and Pi quantification, where reliable results could be found.

Heterogeneity of PCr dynamic in the calf muscle could be investigated, as the signal from gas-
trocnemius medialis muscle acquired by DRESS and semi-LASER localization shows higher
PCr depletion than non-localized acquisition. This is in accordance with literature [[89]] [90] [91]]
where higher PCr signal drop is reported in the medial gastrocnemius in comparison to soleus.
Small variation in PCr drop between DRESS and semi-LASER localized data is caused by the
different size and location of volume of interest and the signal consisting of different amounts
of muscle fibres. In subject #5 even the DRESS-localized acquisition shows two Pi peaks. This
measurement was therefore repeated with a great care taken on the slab positioning. As the two
Pi peaks were reproductively visible, the possibility of wrong slab positioning was excluded.
The explanation for this phenomen is probably the different muscle fibre composition within
gastrocnemius medialis causing two different intracellular pH values and Pi peaks.

Similar to the data from Meyerspeer et al. [36] a trend towards lower 7 value as well as a de-
creased value of pH at end of exercise could be found in the localized data. Since the working
muscle gastrocnemius is the only muscle contributing to the signal in DRESS and semi-LASER,
the recovery is faster and pH changes during exercise are larger than for pH;, the nonacidifying
pH in the non-localized data. The change of pH in semi-LASER compared to non-localized data
is less discernible due to the worse spectral fitting of the Pi peak in the dynamic measurements.
Reliable results of CRLB of the static spectra (CLRB < 25% [97] [98]]) could be obtained for Pi
and PCr peak with all three localization methods. For one subject, in the semi-LASER data no
detection of the Pi peak was possible.
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Linewidth of PCr shows smaller values for semi-LASER results than for DRESS or non-localized
data which is in agreement with literature [36]. However, there is only a trend towards a distinct
decrease of PCr linewidth from an elevated value immediately after exercise toward the resting
value in semi-LASER data, as described by Meyerspeer et al. This is caused by larger inter-
subject variability and low number of subjects for this study. Linewidth of Pi is also slightly
decreased for semi-LASER data. The elevated values at the end of exercise and immediately
after exercise can be seen more clearly in the case of Pi. As already described in chapter [3.6]
this is known to change due to intracellular pH changes.

Even though the signal intensity is always bigger in DRESS than semi-LASER, static SNR is
smaller in DRESS acquisition in some cases due to the increased standard deviation of noise.
This is caused by the positioning of the slice, being outside of the muscle for some parts of
the slice. In general, the increased specifity of localized MRS comes at the cost of lower SNR
per unit time, which may in turn necessitate temporal averaging, thus resulting in low temporal
resolution. At lower field strengths a comparison of localized vs. non-localized acqusition is
difficult due to the limited SNR per unit time. The increased SNR and reduction of the T re-
laxation times of 3! P metabolites at 7T [22] provide the conditions to record reliable data with a
temporal resolution higher than the typical changes to be observed. A temporal resolution on the
order of seconds are required, since the dynamics in MR signals during exercise and recovery
occur with half times on the order of minutes and below. This gap between temporal resolution
and dynamic, localized MRS has narrowed nowadays with the introduction of ultra-high field
whole-body MR scanners. [36] [46]
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CHAPTER

Conclusion

In this master thesis, the impact of magnetic field strength, ergometer construction, RF coil di-
ameter, workload and localization method on the metabolic parameters measured by dynamic
3IP_MRS in soleus and gastrocnemius muscle during plantar flexion was investigated. To ad-
dress all of the risen questions, three individual studies were conducted.

The first study was dedicated to define the impact of ergometer design, surface coil diame-
ter, magnetic field strength and different exercise workloads on measured parameters of muscle
metabolism. The results show that several factors have to be considered in determination of
mitochondrial capacity. It was shown that there is an influence of ergometer construction and
surface coil type on metabolic parameters measured by 3!P-MRS. For multicenter studies it is
also important to set the same workload and use similar measurement and evaluation protocols.
It was shown that more intensive exercise provides more reliable results which are directly com-
parable between research sites. Furthermore, it was found that the strength of the magnetic field,
although increasing data quality, does not significantly affect the determination of Qpax.
Slab-selective localization of DRESS sequence was compared to non-localized acquistion in the
second study. DRESS showed good spatial selection and provided muscle specific insight into
oxidative metabolism even at relatively low exercise load (25% of MVC). Significant differences
in PCr depletion, end of exercise pH, inital rate of PCr resynthesis and maximal oxidative flux
as well as a trend towards shorter recovery rate time constants in the localized measurements
was found. A splitting of the Pi resonance was observed only in the non-localized data, as they
consist of a mixture of signals from several muscles.

The third study compared DRESS vs. semi-LASER localization in relation to non-localized ac-
qusition. Heterogeneity of PCr dynamic in the calf muscle could be investigated, as the signal
from gastrocnemius medialis muscle acquired by DRESS and semi-LASER localization shows
higher PCr depletion, smaller 7 and smaller pH than in non-localized acquisition. However,
unlike the DRESS sequence, the semi-LASER does not allow adequate quantification of ATP
resonances and, therefore, no comparison of the specific maximal oxidative flux in gastrocne-
mius medialis could be carried out. The lower SNR, that comes with the increased specifity of
localized MRS, was still acceptable due to the use of an ultra-high MR system.
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APPENDIX

Detailed results - Multicenter Study

| Gender || Age | Height [cm] | Weight [kg] | BMI [kg/m’] |

1 m 66 183 85 25.4
2 f 43 155 50 20.8
3 f 27 162 55 21.0
4 m 25 173 74 24.7
5 m 25 190 90 24.9
6 m 27 196 75 19.5
7 m 44 188 102 28.9
8 m 33 177 74 23.6
9 m 46 170 65 225
10 m 33 180 80 24.7
11 f 24 171 67 229

mean-+ std | 36+12 177+12 74+14 23.542.5

Table A.1: Physical characteristics of the subjects participating in the multicenter study.
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6

low mild heavy
3T 1% inst. \ 3T 2%t inst. | 7T 2%t inst. || 3T 1% inst. \ 3T 2% inst. \ 7T 2%t inst. || 3T 2% inst. \ 7T 2% inst.
1 13.64 9.57 12.99 23.79 15.42 13.85 23.08 20.48
2 50.50 19.56 15.95 56.38 3734 18.56 2452
3 1332 17.12 16.26 234 3476 35.00 49.90 4420
4 5.74 6.11 9.00 11.58 10.46 18.13 20.23 20.55
5 9.68 6.83 6.13 21.07 8.10 13.00 13.94 8.92
6 243 11.49 16.63 4259 27.97 20.56
7 724 5.97 6.74 1022 6.69
8 38.77 17.00 13.45 5423 2487 2622 3481 31.33
9 11.05 12.86 1337 20.86 19.18 22.00 19.15 24.03
10 18.50 14.68 1411 31.01 33.49 3127 5458
11 31.48 11.79 10.64 45.42 22.49 248 39.92 4717
mean 20.38 12.09 12.30 32.93 22.21 20.87 31.23 28.10
std 13.72 4.47 3.52 14.81 9.96 7.83 13.52 12.72
T-Test 3T-3T 0.04 0.04
T-Test 3T-7T 0.81 0.55 071

Table A.2: Calculated PCr drop in percentage.




€6

low

mild

heavy

3T 1% inst. \ 3T 25U inst. \ 7T 25 inst.

3T 1% inst. \ 3T 25 inst. \ 7T 25 inst.

3T 25 inst. \ 7T 25 inst.

1 48.26 37.25 42.25 60.38 37.63 37.65 38.79 38.30
2 46.39 38.13 35.47 41.29 31.00 33.83 33.70
3 22.45 2434 32.74 30.91 41.60 42.47 43.77 40.36
4 41.04 25.44 29.61 38.87 25.88 35.04 22.34 25.58
5 34.55 17.66 24.58 41.84 26.43 21.28 17.75 19.22
6 30.91 33.70 27.53 47.16 34.25 43.90
7 30.43 26.41 32.19 2031 20.84
8 42.41 3542 32.59 54.75 32.16 33.74 3521 34.52
9 26.32 36.87 42.63 28.73 20.48 21.45 12.53 24.63
10 26.13 26.05 33.53 31.56 28.50 30.72 39.95
11 27.07 34.33 33.96 35.60 36.84 27.59 37.39 33.99
mean 34.18 30.51 33.37 41.11 30.46 31.68 31.27 30.94
std 8.54 6.46 5.20 9.89 6.59 7.80 10.33 7.28
T-Test 3T-3T 0.21 0.02
T-Test 3T-7T 0.08 0.47 0.56

Table A.3: In Curve Fitting Toolbox evaluated 7 in seconds.




Y6

low mild heavy
3T 1% inst. ‘ 3T 2%t inst. | 7T 2%t inst. || 3T 1% inst. ‘ 3T 2% inst. ‘ 7T 2%t inst. || 3T 2% inst. | 7T 2% inst.
1 7.04 7.10 7.07 7.05 7.04 7.06 7.05 7.08
2 6.98 7.11 7.08 6.99 7.08 7.07 7.05
3 7.01 7.07 7.07 7.04 6.97 7.10 7.01 7.07
4 7.08 7.08 7.09 7.07 7.08 7.07 7.08 7.08
5 7.06 7.08 7.06 7.06 7.07 7.07 7.08 7.04
6 7.06 7.08 7.04 7.05 6.99 7.11
7 7.09 7.09 7.09 7.09 7.07
8 7.09 7.09 7.06 7.08 7.07 7.01 7.03 7.01
9 7.07 7.05 7.07 7.06 7.06 7.07 7.07 7.05
10 7.02 7.13 7.08 6.95 7.07 7.03 6.98
11 7.04 7.10 7.05 7.04 7.07 7.04 7.05 7.03
mean 7.05 7.09 7.07 7.04 7.06 7.06 7.04 7.05
std 0.03 0.02 0.01 0.04 0.04 0.03 0.03 0.02
T-Test 3T-3T 0.02 0.52
T-Test 3T-7T 0.01 0.65 0.92

Table A.4: Calculated mean pH value at end of exercise (last 40 seconds).




low mild heavy
3T 1 inst. | 3T 2% inst. [ 7T 2% inst. || 3T 1" inst. | 3T 2% inst. [ 7T 2% inst. || 3T 2% inst. | 7T 2% inst.
1 0.11 0.09 0.10 0.15 0.15 0.12 0.21 0.17
2 0.38 0.19 0.16 0.55 0.41 0.19 0.27
3 0.20 0.21 0.16 0.24 0.25 0.27 0.35 0.36
4 0.05 0.078 0.11 0.11 0.13 0.16 0.29 0.24
5 0.09 0.10 0.08 0.16 0.08 0.19 0.22 0.14
6 0.29 0.11 0.20 0.37 0.28 0.18
7 0.07 0.08 0.06 0.17 0.09
8 0.32 0.15 0.12 0.33 0.26 0.21 0.31 0.26
9 0.16 0.12 0.11 0.28 0.33 0.36 0.43 0.33
10 0.30 0.22 0.17 0.40 0.45 0.40 0.51
11 0.43 0.11 0.11 0.47 0.19 0.31 0.36 0.48
mean 0.22 0.13 0.13 031 0.24 0.23 033 0.28
std 0.13 0.05 0.04 0.14 0.11 0.09 0.09 0.11
T-Test 3T-3T 0.03 0.02
T-Test 3T-7T 0.49 0.55 0.38

¢6

Table A.5: Calculated initial rate of PCr synthesis Vpc; in mM/s.
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low mild heavy
3T 1% inst. ‘ 3T 2% inst. ‘ 7T 2%t inst. || 3T 1% inst. ‘ 3T 2% inst. ‘ 7T 2%t inst. || 3T 2% inst. ‘ 7T 2% inst.
1 0.28 0.20 0.26 031 0.34 0.30 0.41 0.36
2 0.56 0.38 036 0.75 0.63 0.42 053
3 0.67 0.48 0.39 0.52 0.45 0.42 0.50 0.54
4 0.20 0.22 0.26 033 033 036 0.62 0.49
5 0.24 0.29 0.24 033 0.23 0.46 0.53 0.40
6 058 0.29 0.49 0.56 0.54 0.40
7 021 025 0.13 0.46 031
8 0.47 032 0.28 0.42 0.48 0.43 0.54 0.47
9 0.44 0.30 0.25 0.62 0.72 0.84 0.80 0.64
10 0.66 0.49 041 0.80 0.75 0.72 071
11 0.74 0.26 0.29 0.69 037 0.64 0.56 071
mean 0.46 0.32 0.31 0.53 0.48 0.48 0.58 0.52
std 0.19 0.09 0.09 0.17 0.16 0.17 0.11 0.11
T-Test 3T-3T 0.01 0.23
T-Test 3T-7T 0.85 0.96 0.27

Table A.6: Calculated maximum rate of oxidative ATP synthesis Qmax in mM/s.
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low

mild

heavy

3T 1% inst. \ 3T 25U inst. \ 7T 25 inst.

3T 1% inst. \ 3T 25 inst. \ 7T 25 inst.

3T 25 inst. \ 7T 25 inst.

1 38.57 36.33 33.66 39.00 36.19 33.88 34.67 32.26
2 3472 37.02 35.75 39.97 34.23 34.95 36.64
3 33.93 30.50 32.66 32.79 29.42 32.39 30.77 33.25
4 35.75 32.25 34.55 37.73 31.08 30.46 32.19 29.78
5 31.29 26.08 31.27 31.80 26.79 31.24 2821 30.71
6 37.27 33.61 33.43 38.79 33.78 383
7 31.49 35.05 2834 34.45 28.52
8 33.97 30.64 28.24 32.87 33.09 27.65 3171 28.18
9 37.72 33.97 34.36 38.12 35.20 35.56 27.85 33.67
10 41.84 39.78 41.17 41.19 38.40 39.08 37.68
11 37.99 32.87 35.06 37.19 30.49 34.67 33.43 34.66
mean 35.78 33.46 33.50 36.94 33.01 33.38 32.57 31.79
std 2.99 3.52 341 3.12 3.16 3.58 3.22 2.15
T-Test 3T-3T 0.02 0.00
T-Test 3T-7T 0.97 0.75 0.69

Table A.7: Calculated concentration of PCr at end of recovery (last 40 seconds) in mM.




3T 1% institute 3T 2™ jnstitute 7T 2™ institute
low [ mild || low | mild | heavy | low | mild | heavy
1 11 9 22 29 19 42 83 21
2 21 17 16 12 41 99 92
3 22 13 30 26 15 118 38 66
4 24 30 44 38 28 84 41 53
5 39 22 36 39 31 130 72 131
6 24 20 42 44 62 65
7 55 49 33 58 64
8 9 10 30 34 23 114 36 56
9 34 37 38 29 18 114 42 74
10 49 35 27 22 20 94 75
11 35 31 27 22 24 141 62 35

meanztstd || 29414 [ 22410 [[ 33+10 | 30£9 | 24+7 [ 96+30 | 61£18 | 62433

Table A.8: Temporal SNR at end of exercise (last 2 minutes).

3T 1% institute 3T 2" institute 7T 2" institute
low | mild low | mild | heavy low [ mild heavy

1 47 41 40 34 37 99 122 105
2 42 47 24 18 46 123 144

3 36 32 35 29 27 112 44 82
4 24 46 44 42 70 110 135 96
5 33 26 36 46 42 150 146 160
6 76 45 51 46 95 82

7 52 58 34 68 125

8 46 26 33 35 36 99 114 128
9 74 69 35 43 28 103 102 97
10 39 47 36 38 36 87 137
11 52 62 31 27 32 133 137 98

meanztstd || 47£15 [ 44413 [ 3949 | 3648 | 39+12 || 107£21 [ 117430 | 110£24

Table A.9: Temporal SNR at end of recovery (last 4 minutes).
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3T 1% institute 3T 2" jnstitute 7T 2™ institute

low | mild low | mild | heavy low | mild | heavy
1 235 251 197 245 171 564 712 286
2 223 164 139 126 182 449 602
3 279 193 210 176 111 497 499 418
4 326 265 307 246 266 499 522 491
5 320 249 266 245 199 699 556 636
6 299 276 322 268 573 553
7 367 282 255 472 502
8 219 141 271 165 152 568 524 361
9 378 298 215 188 181 557 509 431
10 285 263 238 232 123 663 522
11 264 222 248 245 194 610 506 391

meantstd || 290452 | 232449 || 245450 | 218+44 | 175443 [| 559474 | 54660 | 431£102

Table A.10: Static SNR at end of exercise (last 2 minutes).

3T 1% institute 3T 2" institute 7T 2" institute

low | mild low | mild | heavy low | mild heavy
1 316 376 245 228 244 691 639 733
2 326 364 175 172 270 659 581
3 327 292 283 262 249 619 560 678
4 372 375 308 289 361 743 601 655
5 347 369 301 282 254 593 657 582
6 410 383 316 341 662 663
7 369 337 280 591 534
8 358 309 251 238 268 647 648 641
9 368 350 224 224 259 704 669 687
10 357 367 306 273 263 655 721
11 356 332 263 298 303 773 652 704

meanztstd || 355425 [ 352429 || 273+45 | 262443 | 274435 || 667£55 | 630+52 | 669+45

Table A.11: Static SNR at end of recovery (last 4 minutes).
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3T 1% institute 3T 2" jnstitute 7T 2" jnstitute
low | mild [ low | mild | heavy || low | mild | heavy

90.1 89.8 742 | 884 | 92.8 | 923 | 99.1 | 994
90.0 94.1 60.3 | 29.1 | 454 || 922 | 958 | 973
10 83.9 94.9 773 | 879 | 97.7 || 89.1 | 99.3
11 94.1 96.3 330 | 87.2 | 922 | 90.6 | 98.8 | 99.3

mean || 73.5 84.2 523 | 69.3 | 8&4.1 86.8 | 95.1 | 96.8
std 23.6 14.1 19.6 | 25.2 | 17.6 147 | 7.2 3.6

1 54.3 73.5 333 ] 613 | 87.1 || 91.3 | 96.0 | 953
2 98.4 98.4 517 | 784 | 88.5 || 97.8 | 97.7

3 67.0 62.0 79.9 | 943 | 955 || 95.8 | 994 | 99.7
4 44.6 74.0 29.1 | 71.1 | 93.7 || 87.3 | 932 | 97.0
5 26.7 64.6 394 | 342 | 64.1 842 | 969 | 895
6 93.3 94.1 73.6 | 944 90.8 | 95.6

7 65.9 45.1 | 36.5 44.0 | 74.2

8

9

Table A.12: Goodness of fit: R-square of tau-fitted curve to original data in percentage.
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CRLB concentration
Age PCr Pi PDE
3T 1% inst. \ 3T 2"9jnst. \ 7T 2"inst. || 3T 1%tinst. \ 3T 2"djnst. \ 7T 2"inst. || 3T 1%tinst. \ 3T 2"djnst. | 7T 2"9inst.
1(1) | 66 0.99 1.44 1.26 13.23 15.30 18.76 4.47 4.18 3.55
12) | 66 1.30 1.03 16.58 16.86 4.22 3.06
2 43 1.14 1.44 1.20 15.14 18.26 19.30 2.82 3.44 2.60
3 27 1.75 1.43 0.99 20.42 13.90 14.73 9.38 2.42 1.52
4 25 1.11 1.19 1.02 13.61 13.12 15.01 3.34 3.00 2.41
5 25 1.71 1.65 0.89 24.81 14.65 13.54 2.10 2.85 1.92
6 27 1.16 1.40 15.52 18.54 3.11 1.94
7 44 1.33 1.56 15.64 26.32 4.42 3.40
8 33 1.17 1.15 16.20 10.85 3.57 2.99
9 46 1.04 1.05 1.15 10.64 9.94 12.91 1.89 2.46 0.90
10 33 0.85 1.27 1.30 11.93 16.69 18.15 3.44 4.27 2.33
11 24 1.32 0.97 16.08 16.78 8.91 1.52
mean 1.07 1.22 1.06 13.72 13.92 15.44
std 0.59 0.38 0.44 7.74 5.63 6.86
mean* 1.36 2.84 1.86
mean™* 1.80 3.80 2.60

Table A.13: Cramér-Rao lower bounds of PCr and Pi peak in percentage, age and concentration of muscular phosphodiesters (PDE) of
all subjects. Subject #1 performed the exercises in two measurement bouts, therefore static spectrum was done twice. *) = age 20-30
(mean 25.6), **) = age > 30 (mean 47.3)



] H Workload H Rest Endexercise | Postexercise | Endrecovery
1 low 4.7 5.1 4.8 4.4
2 low 5.8 52 5.5 5.7
3 low 8.1 15.9 10.7 10.6
3 mild 94 18.1 12.6 12.0
4 mild 54 55 5.6 10.7
4 mild 4.9 5.9 8.9 8.7
5 mild 8.6 9.4 9.7 9.3
6(2) mild 4.4 6.8 6.5 4.3
7 low 4.2 4.1 4.2 4.2
8(1) low 4.3 9.9 4.8 4.4
8(1) mild 5.1 8.6 5.7 54
8(2) low 4.3 6.8 6.1 5.2
8(2) mild 4.6 9.0 9.7 7.0
| meantstd || 57+1.8 | 85+42 | 73+27 | 71428 |

Table A.14: Linewidth of PCr in Hz at rest (mean of 1 minute), at end of exercise (last minute),
immediately after exercise (mean of 20 seconds) and at end of recovery (last minute) at 3T, first
institute. Subject #6 and #8 performed the exercises twice.

] H Workload H Rest Endexercise | Postexercise | Endrecovery
2 low 8.6 9.6 9.2 9.3
2 mild 10.0 10.7 9.9 94
3 heavy 9.6 10.5 10.0 9.7
10 low 9.9 10.3 10.1 10.0
10 mild 10.0 10.3 10.4 9.8
10 heavy 10.1 11.3 11.2 9.9
11 low 8.5 8.9 8.7 8.3
11 mild 8.6 9.5 9.3 8.3
11 heavy 8.3 9.0 8.9 8.3

meantstd [ 93408 | 100+08 | 97+08 | 9.2+07 |

Table A.15: Linewidth of PCr in Hz at rest (mean of 1 minute), at end of exercise (last minute),
immediately after exercise (mean of 20 seconds) and at end of recovery (last minute) at 3T,

second institute.
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] H Workload H Rest Endexercise | Postexercise | Endrecovery

3 heavy 8.9 11.5 11.5 11.0

4 mild 9.2 11.5 11.5 11.5

4 heavy 11.9 13.0 13.0 12.8

6 mild 15.9 18.8 17.8 16.5

7 low 15.2 14.2 14.3 152

9 mild 12.0 13.5 13.2 14.0

10 low 17.1 18.8 18.0 17.8

11 mild 9.9 10.5 10.5 10.5

11 heavy 10.5 11.0 10.8 10.2
meantstd || 123+3.1 | 13.6432 | 134428 | 133428 |

Table A.16: Linewidth of PCr in Hz at rest (mean of 1 minute), at end of exercise (last minute),
immediately after exercise (mean of 20 seconds) and at end of recovery (last minute) at 7T,
second institute.

’ H Workload H Rest Endexercise | Postexercise | Endrecovery
1 low 6.5 7.7 6.0 6.4
1 mild 8.0 8.0 7.7 7.9
2 low 10.3 14.2 12.7 9.6
2 mild 8.2 12.7 11.9 8.4
3 low 14.0 20.0 18.9 14.7
3 mild 16.8 20.6 17.3 18.1
4 low 9.3 9.3 9.6 9.9
4 mild 8.6 9.6 10.0 9.5
5 low 15.2 15.9 14.2 15.3
5 mild 12.3 14.0 13.9 12.2
6(1) mild 12.3 11.4 12.9 12.5
6(2) mild 7.2 9.9 10.0 7.9
8(1) low 7.4 12.0 10.5 8.1
8(1) mild 7.7 11.0 5.6 7.6
8(2) low 6.8 8.9 8.2 7.7
8(2) mild 8.6 14.5 13.9 12.2
11 mild 6.8 7.0 7.0 6.6
| meantstd || 9.8+32 | 122440 | 112438 | 103+34 |

Table A.17: Linewidth of Pi in Hz at rest (mean of 1 minute), at end of exercise (last minute),
immediately after exercise (mean of 20 seconds) and at end of recovery (last minute) at 3T, first
institute.Subject #6 and #8 performed the exercises twice.

103



] H Workload H Rest Endexercise | Postexercise | Endrecovery

3 heavy 10.9 114 11.4 11.0

9 heavy 13.2 9.5 9.7 11.2

10 low 14.6 13.8 13.4 14.4

10 heavy 14.4 20.0 20.0 17.1

11 mild 13.6 13.2 13.7 13.3
meantstd || 133+15 ] 13.6439 | 136439 | 134425 |

Table A.18: Linewidth of Pi in Hz at rest (mean of 1 minute), at end of exercise (last minute),
immediately after exercise (mean of 20 seconds) and at end of recovery (last minute) at 3T,
second institute.

] H Workload H Rest Endexercise | Postexercise | Endrecovery
3 mild 14.3 15.6 15.8 14.7
3 heavy 11.9 12.0 12.0 12.0
4 mild 13.6 15.0 14.8 14.4
4 heavy 16.8 20.0 20.0 16.4
6 mild 15.7 16.0 15.7 15.5
7 low 27.2 30.0 279 26.9
9 mild 18.0 21.7 20.4 194
10 mild 24.9 25.0 25.0 24.8
11 mild 17.0 17.0 17.0 16.9
11 heavy 15.0 17.0 17.0 15.3
meantstd || 174449 | 189453 | 186449 | 17.6+47 |

Table A.19: Linewidth of Pi in Hz at rest (mean of 1 minute), at end of exercise (last minute),
immediately after exercise (mean of 20 seconds) and at end of recovery (last minute) at 7T,
second institute.
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APPENDIX

Detailed results - Nonloc/DRESS Study

Gender| Age Height Weight BMI Pressure Force
[em] [kgl [kg/m?] [bar] [N]

1 f 41 165 75 27.5 1.6 450
2 f 42 166 71 25.8 1.7 500
3 m 40 180 108 33.3 32 1000
4 m 30 176 90 29.1 3.2 1000
5 m 36 185 108 31.6 2.9 900
6 m 52 176 78 25.2 3.0 950
7 m 50 182 115 34.7 2.25 700
8 m 35 182 105 31.7 29 900
9 m 33 175 95 31.0 2.75 860
10 m 40 183 116 34.6 2.75 860
11 f 43 158 78 31.2 2.4 750
12 m 48 178 92 29.0 2.75 800
13 m 47 183 88 26.3 1.9 600
14 f 48 162 107 40.8 1.7 500

mean-tstd || 4246 175+8 95+15 | 30.844.1

Table B.1: Physical characteristics of the subjects participating in the non-localized vs. DRESS
localized study. The shown pressure indicates the set pressure at the commercial, pneumatic
ergometer calculated from the desired force.
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PCr-drop [%] T[s] pH endex Vecr[mM/s] Qumax[mM/s] conc_PCr endrec [mM]

non-loc | DRESS || non-loc | DRESS || Pi; | Pi; | DRESS || non-loc | DRESS | non | DRESS || non-loc | DRESS

1 26.15 | 3123 || 4635 | 3034 [[7.02]682] 7.03 0.20 038 [ 038] 068 34.72 36.75
2 12.73 | 3090 [ 2051 | 3479 [ 7.06 7.04 0.20 023 [[050| 039 32.73 26.10
3 39.69 | 4523 || 55.69 | 53.30 [ 7.05 6.94 0.25 034 [ 040 0356 3533 39.84
4 60.09 | 6794 || 66.09 | 74.85 [ 7.04 656 | 694 0.33 039 [[042] 049 36.42 42.61
5 4326 | 2404 | 5278 | 56.13 [[7.00 | 6.70 | 7.11 0.31 016 [ 047 | 029 37.82 38.06
6 3672 | 69.65 || 37.09 | 3572 [ 7.05 6.91 0.31 065 [ 050 | 0.79 31.78 33.18
7 1847 | 3270 [ 30.64 | 49.72 | 7.05 7.00 0.21 023 049 041 34.93 34.93
8 3049 | 81.73 || 38.83 [ 78.69 [ 7.06 682 6.69 0.29 042 | 049 051 36.49 40.49

9 4206 | 6477 | 8365 | 79.46 | 6.98 6.70 0.18 032 [[027] 048 35.11 39.67
10 2407 | 2872 || 46.90 | 28.03 [ 7.02 7.06 0.18 036 [ 036 0.64 34.24 34.79
11 39.37 | 5977 || 31.84 [ 3422 [[7.03]6.76 | 6.97 0.41 071 [[0.65] 096 33.53 40.85
12 4496 | 8141 [ 5625 | 5576 | 7.06[670 | 692 0.32 068 [ 048] 078 40.11 46.71
13 23.19 | 3047 || 47.65 | 4071 [ 7.05 7.01 0.32 024 [ 030 045 30.50 31.77
14 2509 | 2570 || 28.14 [ 30.15 [ 697 7.07 0.15 025 [[068] 46 35.56 29.54
mean || 3489 | 4949 | 4784 [ 49.78 [ 7.03 673 | 6.95 0.27 039 [[045] 058 35.12 37.63
std 11.16 | 21.09 [ 1497 | 1796 | 0.03]0.09 | 0.012 0.08 017 [0.12] 0.8 235 4.56

| T-Test || 0.01 I 0.49 | 0.06 0.01 | 0.05 | 0.12

Table B.2: Dynamic parameters in non-localized and DRESS-localized experiments: Concentration of PCr measured at end of recovery (last
40 seconds). pH at end of exercise (last 40 seconds) is splitted in pH; and pH, in the non-localized data. Last column depicts student’s T-test
between non-localized and localized data.




LOI

Temporal SNR Static SNR R-square CRLB
endex endrec endex endrec

non-loc | DRESS | non-loc | DRESS || non-loc | DRESS | non-loc | DRESS || non-loc | DRESS || PCr | Pi
1 40 28 82 42 442 332 689 370 96.0 90.6 1.09 | 12.24
2 36 17 47 31 545 193 583 278 92.2 69.2 1.00 | 12.15
3 34 31 54 39 415 263 677 386 98.4 98.4 1.37 | 17.26
4 20 10 31 19 252 154 542 350 98.4 98.4 1.83 | 22.10
5 29 24 72 35 428 224 693 35 98.8 90.6 1.57 | 20.32
6 34 6 48 19 422 49 534 213 95.0 87.5 1.39 | 14.74
7 53 12 90 15 563 145 562 203 90.7 73.8 1.13 | 13.80
8 33 7 124 16 563 58 726 289 95.9 98.4 1.23 | 18.03
9 28 14 30 16 394 140 567 270 98.6 97.0 1.54 | 18.14
10 46 20 78 37 458 225 618 321 93.0 87.0 1.24 | 17.06
11 47 16 91 40 370 118 681 340 99.1 97.7 1.04 | 15.95
12 39 7 44 30 275 74 548 336 97.5 98.5 1.14 | 13.24
13 73 24 79 35 554 256 662 307 95.1 91.9 1.22 | 14.76
14 26 19 47 35 399 176 538 321 70.5 82.5 1.55 | 23.11
mean 38 17 66 29 434 172 616 287 94.3 90.1 1.32 | 16.57
std 13 8 27 10 99 83 69 90 7.4 9.5 0.23 | 3.50

Table B.3: Temporal and static SNR at end of exercise (endex, last 2 minutes) and at end of recovery (endrec = last 4 minutes), goodness
of fit (r-square of tau-fitted curve to original data in percentage) and Cramér-Rao lower bounds of PCr and Pi in percentage.
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DRESS Non-Localized
Rest | Endexercise | Postexercise | Endrecovery || Rest | Endexercise | Postexercise | Endrecovery

1 11.8 13.8 13.3 12.9 (1 Hz constrained linewidth)
2 7.9 8.0 8.3 9.3 11.8 20.4 16.2 12.7
3 (1 Hz constrained linewidth) 14.2 15.0 15.0 14.1
4 26.0 27.9 27.8 27.5 21.3 15.0 15.9 18.0
5 11.7 12.7 12.5 11.7 17.3 16.6 16.8 16.1
6 11.7 14.5 14.1 13.6 20.7 23.0 22.7 20.6
PCr 7 14.4 14.8 15.1 14.1 15.3 14.7 14.8 14.5

8 134 14.0 14.3 13.7 (1 Hz constrained linewidth)
9 18.9 18.8 19.0 18.4 19.2 14.0 14.1 15.1
10 10.6 11.7 11.9 10.9 13.0 13.9 13.6 12.8
12 13.0 12.7 13.7 13.6 14.7 18.5 16.6 16.4

13 11.7 11.1 11.1 12.0 (1 Hz constrained linewidth)
14 || 77 9.3 8.6 7.5 175] 240 | 227 | 174
mean || 13.2 14.1 14.1 13.8 16.5 17.5 16.8 15.8
std 5.0 5.2 5.2 5.1 3.2 3.8 3.3 2.5
1 18.2 19.9 20.0 18.6 14.5 19.8 19.9 15.8
2 19.8 12.7 18.6 18.8 20.0 20.0 20.0 20.0
3 24.0 30.0 30.0 26.4 26.1 28.0 28.0 27.7
4 24.8 35.0 35.0 26.9 28.6 41.3 344 26.7
5 14.9 17.8 19.1 16.1 22.8 30.0 30.0 23.5
6 30.0 67.1 69.4 45.9 31.0 33.0 33.0 31.7
Pi 7 22.7 23.5 25.0 23.6 20.2 18.8 19.6 19.2
8 26.2 58.6 60.0 35.5 17.3 19.7 20.0 18.2
9 324 46.3 42.2 46.5 23.2 30.0 30.0 17.8
10 27.5 17.3 19.1 32.4 21.1 25.0 25.0 22.0
12 194 30.0 29.9 21.4 19.9 34.9 27.2 19.6
13 21.5 25.0 25.0 23.6 23.3 23.9 22.4 22.9
14 21.1 15.2 18.9 25.9 26.1 34.6 35.0 324
mean || 23.3 30.6 31.7 27.8 22.6 27.6 26.5 22.9
std 4.9 17.0 16.4 9.8 4.5 7.1 5.8 53

Table B.4: Linewidth of PCr and Pi in Hz at rest (mean of 1 minute), at end of exercise (last minute), immediately after exercise (mean
of 20 seconds) and at end of recovery (last minute).



APPENDIX

Detailed results -
DRESS/semi-LASER/nonloc Study

Gender | Age | Height [cm] | Weight [kg] | BMI [kg/m?]
1 m 24 190 90 249
2 m 27 196 75 19.5
3 m 28 185 76 222
4 m 26 172 76 257
5 m 27 180 66 20.4
mean-tstd || [ 27+1 | 18749 76+7 22.0£2.5

Table C.1: Physical characteristics of the subjects participating in the DRESS vs. semi-LASER
vs. non-localized study.

y | Length [cm] | Width [em] | Height [cm] || Volume [em®] || TE [ms] |

1 4.0 1.8 5.0 36.0 23
2 3.6 1.8 4.8 31.1 23
3 45 1.8 5.8 47.0 25
4 4.0 1.8 5.0 36.0 25
5 3.4 1.6 5.8 31.6 24
| mean || 3.9 1.8 5.3 I 36.3 [ 24

Table C.2: Single voxel size and set TE in the semi-LASER localization.
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Or1

PCr-drop [%] T[s] pH endex
non-loc | DRESS | sLASER || non-loc | DRESS | sLASER || non-loc | DRESS | sLASER

1 21.58 | 3470 | 3291 3836 | 3370 | 3637 7.08 7.02 7.08

2 28.10 | 3437 | 2592 31.19 | 3630 | 38.29 7.06 6.98 6.99

3 1734 | 2650 2971 | 3031 7.02 7.05

4 3419 | 69.28 | 55.39 55.51 | 7055 | 53.97 7.00 6.62 6.95

5 41.06 | 6332 | 71.73 55.65 | 5448 | 45.62 7.06 6.95 6.95

mean 3123 | 43.80 | 4347 4518 | 4495 [ 4091 7.05 6.92 7.00

std 833 | 1829 | 2181 1236 | 17.17 9.12 0.04 0.17 0.06
DRESS-sLASER 0.79 0.34 0.23
DRESS-nonloc 0.05 0.47 0.13
sLASER-nonloc 0.12 0.68 0.08

Table C.3: Dynamic parameters in non-localized, DRESS- and semi-LASER-localized experiments: pH value measured at the end of
exercise (last 40 seconds). Last three column depicts student’s T-test.



LTl

PCr Pi
Rest | Endexercise | Postexercise | Endrecovery || Rest | Endexercise | Postexercise | Endrecovery

1 14.3 14.7 14.4 13.8 28.7 22.2 23.5 27.2

2 12.1 18.1 17.6 18.2 234 234 23.5 23.8

non-loc 4 11.5 14.8 13.3 11.1 25.6 49.1 50.0 23.5
5 12.6 13.2 12.6 13.1 214 29.2 29.5 21.1

mean || 13.9 15.2 14.5 14.1 24.8 31.0 31.6 23.9

std 2.4 2.1 2.2 3.0 3.1 12.5 12.6 2.5

1 17.8 16.0 15.8 15.1 20.9 20.2 20.6 22.7

2 13.6 14.0 13.6 12.0 25.8 29.2 29.7 25.3

DRESS 3 15.8 14.7 14.7 14.8 21.9 21.9 22.6 19.3
4 10.6 11.5 10.8 9.6 35.6 66.5 60.6 49.7

5 20.1 18.0 18.0 18.0 34.8 56.6 60.0 43.2

mean || 15.6 14.8 14.6 13.9 27.8 38.9 38.7 32.0

std 3.7 2.4 2.7 3.2 7.0 21.3 20.0 13.5

1 8.6 9.8 9.8 9.6 12.0 16.0 12.4 16.3

2 6.5 9.5 8.6 7.3 13.3 24.7 27.0 19.7

sLASER 3 9.5 9.6 9.3 94 17.8 17.7 18.6 14.9
4 8.7 6.8 7.0 8.5 17.9 39.3 41.9 24.4

5 8.7 7.9 9.1 7.0 26.3 51.1 53.1 38.8

mean 8.4 8.7 8.8 8.4 17.4 29.8 30.6 22.8

std 1.1 1.3 1.1 1.2 5.6 15.1 16.8 9.6

Table C.4: FWHM of PCr and Pi in Hz at rest (mean of 1 minute), at end of exercise (last minute), immediately after exercise (mean of
20 seconds) and at end of recovery (last minute).



\1\2\3\4\5\\meanistd

Temporal nonloc 60 54 27 58 50£15
SNR atend | DRESS 15 24 25 5 14 1748
of exercise | SLASER 8 15 20 16 5 13+6
Temporal nonloc 68 59 67 52 6118
SNR atend | DRESS 33 63 42 18 29 37+17
of recovery | SLASER 10 37 34 30 22 27+11
Static SNR | nonloc 434 | 460 457 | 421 443+19
at end DRESS 189 | 274 | 264 | 99 | 112 187482
of exercise | SLASER 84 | 272 | 397 | 153 | 65 194+139
Static SNR | nonloc 553 | 748 615 | 558 618491
at end DRESS || 301 | 395 | 315 | 256 | 316 317+50
of exercise | SLASER || 179 | 345 | 398 | 332 | 231 297490
nonloc 90.9 | 86.7 989 | 98.2 || 93.7£5.9
R-square DRESS || 89.9 | 96.5 | 63.6 | 98.0 | 97.8 || 89.1+14.7
SLASER || 43.4 | 859 | 71.7 | 949 | 944 || 78.1£21.5

Table C.5: Temporal static SNR at end of exercise (last 2 minutes) and end of recovery (last 4
minutes) and goodness of fit (r-square of fitted curve to original data in percentage).

non-localized DRESS-localized semi-LASER
PCr \ Pi PCr \ Pi PCr \ Pi
1 1.29 21.01 2.07 21.54 1.94
2 1.35 18.88 1.50 28.17 0.84 18.11
3 1.85 23.64 0.78 11.99
4 1.09 23.00 1.43 21.85 0.73 33.45
5 1.15 19.62 2.74 3291 1.28 23.81

meanzstd || 1.2240.12 | 20.63£1.81 [| 1.92+0.53 | 25.6244.86 || 1.11£0.51

Table C.6: Cramér-Rao lower bounds in percentage. There was no detection of Pi peak for
semi-LASER data of subject #1 possible.
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