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Abstract
Cardiac metabolism is designed to provide large amounts of chemical energy for the
heart to ensure uninterrupted cardiac function. Due to its high rate of energy
consumption the metabolic energy supply of the heart is critical, even under normal
conditions. As a result compromised energy metabolism plays a central role in many
states of cardiovascular disease. A detailed investigation of cardiac metabolism, its
alteration and the underlying processes are of high importance for identifying and
understanding pathologic pathways. Insights into metabolism and metabolic changes can
help to characterize and diagnose different cardiovascular diseases and disease states and
to guide therapeutic strategies.
The only technique to non-invasively assess cardiac metabolism in vivo, without
ionizing radiation, is magnetic resonance spectroscopy (MRS). In contrast to magnetic
resonance imaging (MRI), which is mainly based on the 1H nuclei in the water and fat
molecules in the body, MRS allows the study of the chemical composition of anatomic
structures including the heart. Nuclei such as 1H, 13C and 31P have been utilized to study
endogenous substances in the heart involved in cardiac energy metabolism and many
questions have been answered. However, the low sensitivity of nuclei other than 1H, the
low concentration of endogenous substances involved in cardiac metabolism, which is at
least 1000 times lower compared to 1H, and the fact that the heart is in constant motion,
make cardiac MRS technically challenging. As a consequence, 1H MRS has hitherto been
restricted to large single voxels placed in the cardiac muscle, hence providing only
information of global metabolic changes in the heart. In 13C MRS only recent development
of hyperpolarization techniques have enabled spatially resolved imaging of the heart.
In this thesis, methods for metabolic imaging using 1H and hyperpolarized

13C

are

proposed. These methods are based on spatial and spectral encoding with fast switching
magnetic field gradients, cardiac and respiratory motion compensation strategies, the use
of large detector coil arrays for 1H MRS and partially undersampled data acquisitions in
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combination with the use of spatiotemporal correlations in dynamic hyperpolarized

13C

MRS.
In a first study reconstruction methods for combining 1H MRS data from detector coil
arrays with and without the use of additional reference data are proposed. The work
investigates the use of large detector coil arrays with 32 elements for single voxel 1H MRS
of the heart. An increase of 20% in signal-to-noise ratio (SNR) compared to a 5 element
detector coil array was found, enabling a 1.4 fold reduction in scan time without
compromising sensitivity.
A fast spectroscopic imaging sequence for 2D 1H metabolic imaging of the heart based
on echo planar spectroscopic imaging is described as a second line of work. The proposed
method combines navigator echoes and cardiac triggering for respiratory and cardiac
motion compensation and a field of view reduction technique with fast spectroscopic
imaging incorporating rapidly switching magnetic field gradients. To our knowledge, this
study shows the first successful implementation of 2D 1H metabolic imaging on a clinical
MRI system to estimate myocardial triglyceride and total creatine content.
The third part of this thesis proposes methods for spectroscopy and fast metabolic
imaging to investigate cardiac metabolism in perfused heart models. An echo planar
spectroscopic imaging sequence was implemented to map real time metabolism in the
perfused heart following injection of hyperpolarized 13C labeled pyruvate.
Finally methods for accelerated image acquisition by partial k-space undersampling
using k-t PCA for dynamic imaging of hyperpolarized

13C

labeled compounds are

investigated. Successful implementations of data acquisition and reconstruction for realtime metabolic imaging of the in vivo rat heart of hyperpolarized 13C labeled pyruvate and
its downstream products are presented. Using the technique, 3.5 fold scan acceleration
was achieved.
Beside this methodological work on metabolic imaging of the heart, contributions to
the development of a multi-sample dissolution Dynamic Nuclear Polarizer for the
production of hyperpolarized

13C

compounds have been made. The polarization system

was used for parts of the hyperpolarized metabolic imaging work described.
In conclusion, the methodological improvements described in the present dissertation
allow for improved resolution and accuracy of metabolic imaging of the heart using 1Hand hyperpolarized
clinical setting.
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13C-MRS

and hence promote its use in both the pre-clinical and

Zusammenfassung
Der Stoffwechsel des Herzens ist dafür ausgelegt, grosse Mengen chemischer Energie
bereitzustellen und somit eine ununterbrochene Herzfunktion zu gewährleisten.
Aufgrund des hohen Energiebedarfs ist die metabolische Energieversorgung des Herzens
auch unter normalen Bedingungen immer ein kritischer Faktor. Daher spielen
Änderungen und kleinste Störungen des kardialen Energiestoffwechsels eine zentrale
Rolle in vielen kardiovaskulären Erkrankungen. Detaillierte Untersuchungen des
kardialen Stoffwechsels, im Hinblick auf Veränderungen und der zugrunde liegenden
Prozesse, sind daher von grösster Bedeutung für die Identifizierung und das Verständnis
pathologischer

Änderungen.

Metabolismus

können

Einblicke

daher

dazu

in

Veränderungen

beitragen,

des

kardiovaskulären

Herz-Kreislauf-Krankheiten

zu

charakterisieren, zu diagnostizieren und geeignete Therapien zu identifizieren.
Die einzige nicht-invasive Technik, die ohne ionisierende Strahlung Einblick in den
kardialen in vivo Stoffwechsel erlaubt, ist die Magnetresonanz-Spektroskopie (MRS). Im
Gegensatz zur Magnetresonanz-Bildgebung bzw. der Kernspintomographie (MRI), die
hauptsächlich auf den Signalen von Kernspins des Wasserstoffprotons (1H) in
körpereigenen

Wasser-

und

Fett-Molekülen

basiert,

ermöglicht

die

MRS

eine

Untersuchung der chemischen Zusammensetzung von anatomischen Strukturen
einschließlich des Herzens. Kernspins von Atomen wie 1H, 13C und 31P wurden genutzt,
um körpereigene Substanzen des kardialen Energiestoffwechsels im Herzen mittels MRS
zu studieren und Fragenstellungen des Stoffwechsels zu beantworten. Aufgrund geringer
Empfindlichkeit,

niedriger

Konzentration

stoffwechselaktiver,

körpereigener

Substanzen, deren Konzentration mindestens 1000 mal kleiner ist als jene der 1H Kerne,
und der Tatsache, dass das Herz sich in einer konstanten Bewegung befindet, ist MRS im
Herz jedoch technisch sehr anspruchsvoll. Die 1H MRS wird daher nur in einzelnen,
großen Voxeln im Herzmuskel durchgeführt, wodurch nur Information über globale
Veränderungen des Stoffwechsels im Herzen gewonnen werden können. Im Gegensatz
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dazu erlauben die aktuellen Entwicklungen von Hyperpolarisationstechniken eine
Mehrvoxel-Bildgebung des in vivo Herzens mittels 13C MRS.
In der vorliegenden Arbeit werden weiterentwickelte Methoden zur metabolischen
Bildgebung mittels 1H und hyperpolarisierten
auf

der

räumlichen

und

spektralen

13C

vorgestellt. Diese Verfahren beruhen

Kodierung

mit

schnell

schaltenden

Magnetfeldgradienten, Strategien zur Kompensation von Herz und Atembewegung, auf
der Verwendung von großen Detektorspulenarrays und partiell unterabgetasteter
Datenerfassungen in Kombination mit der Nutzung von

räumlichen und zeitlichen

Korrelationen in Daten der dynamischen MRS von hyperpolarisierten 13C.
In einer ersten Studie wurden Rekonstruktionsverfahren zur Kombination von 1H MRS
Daten von multiplen Detektorspulen mit und ohne Verwendung von zusätzlichen
Referenzdaten vorgestellt. Im Rahmen dieser Arbeit wurde der Nutzen von großen
Detektorspulenarrays mit 32 Elementen für 1H MRS des Herzens untersucht. Eine ca. 20
prozentige Steigerung des Signal-zu-Rausch-Verhältnis (SNR) wurde für das 32
elementige Detektorspulenarray im Vergleich zu einem 5 Kanalarray festgestellt. Damit
kann bei gleichbleibender Empfindlichkeit eine 1,4-fache Reduktion der Messzeit erreicht
werden.
In einer zweiten Studie wird eine schnelle Sequenz für die zwei-dimensionale
Bildgebung des Herzens mittels 1H MRS vorgeschlagen, welche auf echo-planarer
spektroskopischer

Bildgebung

basiert.

Das

Verfahren

kombiniert

die

Nutzung

sogenannter Navigatorechos und EKG-Triggerung für die Kompensation von Atem- und
Herzbewegung

und

Techniken

für

die

Messbereichsreduktion

mit

schneller

spektroskopischer Bildgebung. Nach unserem Wissen zeigt diese Studie die erste
erfolgreiche Implementation der zwei-dimensionalen metabolischen Bildgebung mittels
1H

MRS am Herzen zur Messung des myokardialen Triglycerid- und Kreatin-Gehalts auf

einem klinischen MRI-Scanner.
Der dritte Teil dieser Arbeit schlägt Methoden für die Spektroskopie und die schnelle
metabolische Bildgebung zur Untersuchung des myokardialen Stoffwechsels im
perfundierten

Herzmodell

spektroskopischen

vor.

Bildgebung

Dazu

wurde

implementiert,

eine
um

echo-planare
den

Sequenz

zur

Echtzeitstoffwechsel

im

perfundierten Herzen nach Injektion von hyperpolarisierten und 13C-markiertem Pyruvat
darzustellen.
Schließlich werden Methoden zur beschleunigten Bildaufnahme durch partielle kRaum-Unterabtastung
hyperpolarisierten
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mittels

k-t

13C-markierten

PCA

für

die

dynamische

Bildgebung

von

Verbindungen untersucht. Hierzu wurden Methoden

Zusammenfassung
zur Datenerfassung und Rekonstruktion für die Bildgebung des Echtzeit-Stoffwechsels im
in vivo Herzen des Kleintiers nach Injektion von hyperpolarisierten,

13C-markiertem

Pyruvat implementiert. Mit den vorgestellten Techniken wurde eine 3,5 fache
Beschleunigung der Datenaufnahme erreicht.
Neben der Arbeit zur Methodik der metabolischen Bildgebung des Herzens erfolgten
Beiträge zur Entwicklung eines Multi-Proben-Polarisators zur Hyperpolarisierung von
13C

Verbindungen. Dieser Polarisator wurde für einen Teil der Bildgebungsexperimente

verwendet.
Zusammenfassend wird festgehalten, dass mit den methodischen Entwicklungen, die
in der vorliegenden Arbeit beschrieben sind, sowohl für die präklinische als auch
klinische Anwendung eine verbesserte Auflösung und Genauigkeit von Verfahren zur
metabolischen Bildgebung des Herzens mittels

1H-

und hyperpolarisierter

13C-

Spekrtoskopie ermöglicht wird.
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1. Cardiac Energetics

Energy Metabolism
The heart’s major role is to pump blood through the cardiovascular system. Metabolic
processes within the heart provide the chemical energy in form of adenosine triphosphate
(ATP) to fuel this pump. The correlation between myocardial energy supply and
contractile function is a fundamental concept in cardiac physiology and has been
extensively studied in the past. Cardiac metabolism links flow and contraction and has
been considered an integral part of cardiac function as it provides buffer mechanisms that
have been referred to as metabolic reserve [1]. A simplified overview of cardiac energy
metabolism is given in Figure 1. It is mainly based on three metabolic components;
substrate utilization (red), energy production (blue) and energy transportation and
buffering (green). There are two major pathways of cardiac substrate utilization to
generate ATP; the beta-oxidation of fatty acids to about 70% and, to a lesser extent of
about 25%, the glycolysis of carbohydrates [2]. The main production of energy in form of
ATP, the oxidative phosphorylation of free fatty acids, takes places in the mitochondria of
the myocytes. Myocardial ATP synthesis is directly proportional to the rate of ATP
utilization or myocardial demand. Under normal conditions, this leads to a turnover of up
to 5kg of cardiac ATP per day, corresponding to about 17 times the heart’s own weight [24]. Since cardiac ATP stores are relatively small and stable in healthy hearts, increases in
myocardial workload (contractile reserve) must be closely matched by increased ATP
synthesis (metabolic reserve), providing a complete turnover of the myocardial ATP pool
approximately every 10s [5, 6]. The creatine kinase (CK) reaction acts as the transportation
system of high-energy phosphates from the mitochondria to the myofibrils and as a major
temporal energy buffer [7]. In case of increased energy demand the CK reaction provides
constant levels of ATP at the myofibrils [8]. In the following an overview of the most
important mechanisms of cardiac metabolism relevant for the presented work will be
given. For a detailed review please refer to [2, 3, 6, 9].
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Figure 1: Simplified schematic of the cardiac energy metabolism. Cardiac energy metabolism can
be divided into three parts; substrate utilization (red), oxidative phosphorylation (blue) and ATP
transfer and utilization (green). It is based on the beta-oxidation and glycolysis of free fatty acids
and glucose respectively. Adapted from [10].

Glucose Utilization
Glucose is transported across the cell membrane and mainly transformed into pyruvate
by glycolysis [3]. Glucose can be viewed as efficient substrate in terms of oxygen
consumption as it produces 3.17 moles ATP/mole O2 compared to free fatty acid
utilization, which produces only 2.80 moles ATP/mole O2 (Table 1). Glycolysis itself is
oxygen independent and occurs equally under aerobic and anaerobic conditions [6]. The
product of glycolysis, pyruvate, stands at a metabolic crossroad between aerobic and
anaerobic energy production. Under normal, well oxygenated conditions, pyruvate is
mainly transported into the mitochondria and converted, by pyruvate dehydrogenase
(PDH), into acetyl coenzyme A (acetyl-CoA), which can be oxidized in the Krebs cycle.
Under anaerobic conditions, pyruvate is reduced to lactate by lactate dehydrogenase
(LDH). Anaerobic glycolysis yields a total of 2 moles of ATP per mole glucose. In contrast,
about 38 moles of ATP per mole of glucose are generated by aerobic glycolysis and
oxidative phosphorylation (Table 1). Within the aerobic context PDH is the rate-limiting
enzyme for glucose utilization. In addition to lactate formation and oxidation by PDH,
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pyruvate enters the Krebs cycle by anaplerotic transformation to either malate or
oxaloacetate, which is in equilibrium with aspartate [2, 6].

Fatty Acid Utilization
Fatty acids can be viewed as concentrated energy, yielding 135 moles of ATP per mole
of fatty acid, compared to only 38 moles of ATP per mole of glucose in aerobic utilization
(Table 1). Fatty acid uptake by the heart is primarily determined by their concentration in
the plasma. About 70%-90% of the fatty acids entering the myocardial cell are
immediately oxidized, and 10%-30% enter the myocardial triglyceride (TG) pool [3, 6].
Myocardial TGs are a storage form of fatty acids within the cell and an important source
of fatty acids, if uptake of exogenous fatty acids is decreased. If required, TGs can be
turned back into free fatty acids, which enter the mitochondria and are transformed to
acetyl-CoA by beta-oxidation. Unlike glucose utilization, fatty acid utilization is fully
aerobic; no energy production can take place under anaerobic conditions [2].
Table 1: Energy balances; ATP production from glucose and fatty acid utilization and it oxygen
efficiency. Adapted from [3, 11].

Substrate

Anaerobic

Aerobic

moles
ATP/mole
Substrate

moles
ATP/100g
Substrate

moles
ATP/mole
Substrate

moles
ATP/100g
Substrate

moles
ATP/mole
oxygen

Glucose

2

1

38

20

3.17

Fata

-

-

135

50

2.80

avalues

are based on palmitic acid

Oxidative Phosphorylation
Acetyl-CoA is the point of the myocardial energy metabolism at which both branches
of myocardial substrate utilization, glycolysis of carbohydrates and beta-oxidation of free
fatty acids, meet. Acetyl-CoA enters the Krebs cycle, which drives the respiratory chain
and phosphorylation of low-energy adenosine diphosphate (ADP) to high-energy ATP,
which can be seen as the fuel for mechanical contraction of the heart [2, 3]. Oxidative
phosphorylation can only take place in the presence of oxygen and hence is a fully aerobic
process.
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ATP Transfer and Utilization
To allow for rapid diffusion of high-energy phosphates from myocardial mitochondria
to myofibrils and low-energy phosphates back to mitochondria, the CK reaction transfers
the high-energy phosphate bond from ATP to creatine (Cr) to form phosphocreatine (PCr)
[3]. PCr rapidly diffuses to the myofibrils where it is reconverted to Cr and ATP, which
finally fuels the mechanical work of the heart. Cr rapidly diffuses back to the
mitochondria and closes the cycle of the CK reaction. Beside the energy transfer, the CK
reaction acts as an energy buffering system [5]. In case of increased energy demand
during increased work or stress, constant levels of ATP at the myofibrils are provided by
PCr via the CK reaction, which is thought to be ten-fold faster than all other means of ATP
synthesis and hence acts as the major myocardial high-energy phosphate reservoir [5]. Cr
itself is produced in the liver and taken up from plasma levels by the heart.
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Substrate Selection and Cardiac Function
Substrate selection for myocardial energy production is regulated by a variety of
processes such as the arterial carbon substrate concentration, the hormone concentration,
coronary flow, inotropic state, and the nutritional status of the tissue [6]. Its equilibrium is
important for proper ATP production. The cardiac metabolic system is designed to
provide large amounts of ATP to support high rates of cardiac output, however, at rest
the heart operates at only about 15%-25% of its maximal oxidative capacity, allowing
changes in substrate selection without necessarily affecting ATP production or flux [6].
Uptake of fatty acids by the heart is mainly determined by the concentration of fatty acids
in the plasma. Under conditions of metabolic stress or starvation, plasma fatty acid
concentrations, which are released from triglycerides in adipocytes, can increase to much
higher levels. With fasting and a resulting low insulin concentration, the release of fatty
acids will also be elevated, resulting in a high rate of fatty acid uptake and oxidation by
the heart [6]. Otherwise, a high insulin concentration or increased work elevates the
uptake and utilization of glucose in the heart [6]. This cyclic regulation is referred to as
Randle’s cycle [12]. Additionally, the use of intra cellular glucose stores is activated by
adrenergic stimulation and a decrease of ATP content. The conversion of pyruvate, the
product of glycolysis, is mediated and rate limited by PDH. The oxidation of glucose and
pyruvate and the activity of PDH in the heart are decreased by elevated rates of fatty acid
oxidation that occur if plasma levels of free fatty acids are elevated. Moreover, pyruvate
oxidation is enhanced by suppression of fatty acid oxidation as observed with decreased
plasma free fatty acid levels or by a direct inhibition of fatty acid oxidation [6]. On a
theoretical basis, fatty acid oxidation is associated with a greater rate of oxygen
consumption for a given rate of ATP synthesis as compared to carbohydrates (Table 1).
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Metabolism and Substrate Selection in
Pathophysiology
Cardiac diseases, which usually lead to a change in cardiac function, are commonly
associated with changes in energy substrate metabolism. These changes may be
categorized as increasing or decreasing cardiac metabolic efficiency. Hence, the key
question is whether a primary change in cardiac metabolism causes cardiac disease or
dysfunction, or whether the process of a developing cardiac disease secondarily leads to a
change in cardiac metabolism, e.g. in substrate selection. In the latter the change may be
adaptive, serving to preserve cardiac function [9]. This potentially beneficial impact of
substrate selection on cardiac performance is based on the concept of metabolic efficiency
(Table 1). Utilization of free fatty acids yields more mol ATP per mol substrate when
oxidized compared to glucose, however, this comes at a greater cost of oxygen. Hence,
glucose is the more efficient substrate in terms of oxygen consumption and can be
considered more versatile due to its ability of aerobic, anaerobic and anaplerotic
metabolism. This important relationship between energy substrate metabolism and
contractile function of the heart has also been recognized as therapeutic option for
treatment of cardiac diseases [2, 4, 6]. In the following this introduction will be restricted
to ischemic heart disease and diabetes mellitus. Metabolic changes in ischemic heart
disease and diabetes mellitus are summarized in Figure 2.

Ischemia and Reperfusion
In ischemic heart disease the continuous supply of oxygen is diminished or completely
interrupted resulting in hypoxia or ischemia, respectively disturbing oxidation of the
various substrates and hence ATP production. As a result of the limited availability of
oxygen, substrate selection changes in favor of glucose metabolism [4]. In hypoxia
metabolism is characterized by increased glucose uptake and glycolysis, preserving only
some mitochondrial pyruvate oxidation, depending on remaining coronary flow and
oxygen availability. Due to a decreased free fatty acid oxidation, free fatty acids and
intermediates will accumulate inside the cell and may additionally lead to mitochondrial
damage [9]. However, total ischemia results in increased glycolysis from intracellular
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glucose stores and a complete stagnation of mitochondrial oxidative metabolism, leading
to rapid onset of necrosis and cell death. In both cases lactate production is increased due
to decreased mitochondrial activity. In the human heart, irreversible damage begins after
40 to 60 minutes of complete ischemia [4]. Hypoxia or short-term ischemia almost always
causes contractile dysfunction, which may be caused by an insufficient ATP production.
However, when coronary flow is restored (reperfusion) contractile dysfunction often
remains also referred to as stunning. This may be caused by a stimulation of free fatty acid
oxidation during reperfusion, which is energetically inefficient [9]. It has been found that
mitochondrial oxidation of pyruvate is still diminished in myocardial reperfusion after
ischemia or hypoxia and has been described as a mitochondrial “memory effect” [13].
Moreover, it has been found that reperfusion of acute ischemia can cause damage to
functioning myocardial cells, referred to as reperfusion injury [14].

Figure 2: Overview of metabolic changes in ischemic heart disease (a) and diabetes mellitus (b).
Changes in substrate concentrations are shown by the red arrows, changes in the equilibrium of
substrate selection are shown by the blue arrows.

Diabetes
Diabetes mellitus is a metabolic disease which occurs in two different forms; type 1 is
based on an insulin deficiency caused by a destruction of islet cells in the pancreas, and
type 2 is based on an insulin resistance often part of the metabolic syndrome and most
often caused by obesity [9]. Type 2 diabetes accounts for most of all cases of diabetes. It
has been observed that cardiac contractile function may be decreased in this disease and
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has led to the suggestion, that diabetic cardiac dysfunction may be primarily based on
changes in substrate flux and utilization that characteristically occur in diabetes. Despite
other changes, plasma levels of free fatty acids are elevated in diabetes and hence,
according to Randle’s cycle, diabetic hearts can be characterized as having increased
reliance on free fatty acid oxidation and a decreased oxidation of glucose, despite high
glucose exposure [9, 12]. Increased uptake of free fatty acids by the heart is associated
with increased accumulation of intracellular lipids in form of triglycerides (TG) [15, 16].
Cellular lipid overload is a potential mechanism for impaired cardiac function
(lipotoxicity) [6, 9]. In type 1 diabetes hearts retain insulin sensitivity and hence the
metabolic flexibility is maintained, allowing for an increase of glucose utilization. Type 2
diabetic hearts, however, demonstrate metabolic inflexibility, which may be caused by
insulin resistance of the myocytes themselves.

19

20

Chapter 2

Magnetic Resonance
Spectroscopy

21

2. Magnetic Resonance Spectroscopy

22

2. Magnetic Resonance Spectroscopy
A limited number of tools exist to study cardiac metabolism. Besides invasive methods
such as chemical analysis of tissue samples, non- or minimal-invasive methods involving
radionuclide tracers such as Single Photon-Emission Computed Tomography (SPECT)
and Positron-Emission Tomography (PET) allow for in vivo assessment of cardiac
metabolism [17]. However, despite high sensitivity, these methods present significant
drawbacks [18]. Beside the exposure with ionizing radiation in both techniques, SPECT
does not provide quantitative measures of metabolism and provides only poor temporal
and spatial resolution. Moreover, only a few radiopharmaceuticals are available to
evaluate metabolism using SPECT. Although SPECT allows distinguishing between
different radiolabeled nuclei compared to PET, both methods do not allow for separating
reaction steps in metabolic pathways. Glucose analogs such as

18F-fluorodeoxyglucose

(18F-FDG) are only partially metabolized. Accordingly, data from analogs need to be
corrected for different affinities of transporters and enzymes. Considering this, Magnetic
Resonance imaging (MRI) and spectroscopy (MRS) present potential advantages over
nuclear techniques. In contrast to MRI, which is mainly based on the 1H nuclei in the
water molecules in the body, MRS allows the study of chemical composition of structures
including the heart. Nuclei such as 1H, 13C and 31P have been utilized to study endogenous
substances in the heart involved in the metabolism of fat, glucose and high-energy
phosphates [5, 13, 19-22]. Compared to nuclear techniques, MRS allows not only for
distinguishing between different nuclei but also between nuclei in different molecules,
and hence enables assessment of multiple metabolic pathways, non-invasively, in vivo.
The combination of MRS with MRI techniques offers the possibility of joint investigation
of cardiac function and viability in the same examination. Despite the promises, the low
sensitivity and long acquisition times render the method challenging and its use has
mainly been confined to research applications.
In the following sections basic concepts of signal generation and signal encoding in
MRS and MRI techniques are summarized.
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Signal Generation and Encoding
The evolution of magnetization in MR can be described by the Bloch equations [23].
Assuming a static magnetic field B0   0, 0, B0  and the radio frequency (RF) field



B 1   B1 x , B1 y , 0  of an RF pulse, the magnetization M  Mx , My , Mz



 is given by



dM x
1
  M y B0  M z B1y  M x
dt
T2
dM y
dt

   M z B1x  M x B0  



1
M
T2 y

(2.1)



dM z
1
  M x B1y  M y B1x   M z  M0 
dt
T1
where  is the gyromagnetic ratio of the nucleus, M 0 is the net magnetization along
the z-direction and T1 and T2 are the longitudinal and transversal relaxation times,
respectively. Numerically, the signal evolution can be computed by a combination of
rotational matrices R around the principal axis x, y and z in the rotating frame

1
0
0 


R x     0 cos  sin  
 0  sin  cos  


 cos  0  sin  


1
0 
R y     0
 sin  0 cos  


 cos  sin  0 


R z      sin  cos  0 
 0
0
1 


(2.2)
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The rotation angle  is linearly proportional to the effective B field and given by

   BT

(2.3)

where T is the temporal length of the interactions. Any given combination of signal
manipulations can be calculated using a combination of signal rotations, neglecting
relaxation effects [24].

RF Pulses
The simulation of a shaped RF pulse can be approximated by a set of infinitesimal
short block pulses in combination with free precession after each block pulse. In this case
the effect of the block pulse can be described as a rotation around the B1 vector along the
x-axis, the free precession as a frequency dependent rotation around the z-axis

R step  R z   dt  R x   B1 dt 

(2.4)

where B1 is the RF transmit field, dt the discretization step size and   is the
spectral distance of interest

   0   

(2.5)

0   B0

(2.6)

and

This simulation principle is illustrated in Figure 3 for a shaped frequency selective
excitation RF pulse. The simulated excitation profile of this pulse for a flip angle of 30°,
90° and 180° is shown in Figure 3 d-e.
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Figure 3: Principle of RF pulse simulation using discretized steps and rotation matrices. (a) Full B1
waveform of the RF pulse. (b) The RF pulse shape is divided into discrete steps, consisting of
infinitesimal small block pulses and a free precession time dt (c). (d-f) The excitation pattern for the
magnetization Mxy and Mz for a flip angle α = 30°, 90° and 180°, respectively.

Gradients
A magnetic field gradient G generates a spatially varying resonance frequency G at
position r according to

G  r    G r

(2.7)

This spatially varying frequency G is additive to the resonance frequency. In presence
of a magnetic field, equation (2.4) can be modified to





R step  R z    G (r , t )  dt R x   B1 dt 

(2.8)
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Acquisition
During acquisition, the signal is in free precession or in case of acquisition during
readout gradients it experiences a spatially varying magnetic field. This can be described
according to equation (2.8) as



R step  R z    G (r , t )  dt



(2.9)

The magnetization is recursively modeled in every time step

M (r,  , t )  R step (r,  , t )M (r,  , t  dt )

(2.10)

where M(r ,  , t ) is the magnetization at the position r for the frequency of interest

  at the time t and M(r ,  , t  dt) is the magnetization at one time step before.
Assuming a single coil experiment an integral over the spatial distribution of frequencies
is detected. Hence, the acquired signal can be modeled as

Sacq (t ) 

B

r ,

1 ( r )

 M (r ,  , t)  iM (r ,  , t)
x

y

(2.11)

where M x ( r ,  , t ) and M y (r ,  , t ) are the x and y component of the magnetization
at position r at the frequency of interest   and time t , respectively. B1 ( r ) is the
spatially dependent coil sensitivity.

Relaxation
Transversal relaxation effects can be modeled as

 e  T2

ET2   0

 0

dt

0
e

 Tdt

2

0

0

0

1


while longitudinal relaxation is written with an additive part C using
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ET

1


0
1 0

0
 0 1

 dt
 0 0 e T1










(2.13)

and





0


C
0


 dt 
 M  e T1 
 0


(2.14)

Resulting in the complete treatment of T1 and T2 relaxation according to

M(r ,  , t)  EM(r ,  , t  dt)  C

(2.15)

with

 e  T2

E 0

 0

dt

0
e

 Tdt

2

0

0 

0 

 Tdt
1 
e


(2.16)

and C from equation (2.14). Moreover, T2* relaxation can be treated according to T2
relaxation in equation (2.12). However, it must be considered that T2* relaxation can be
refocused by RF pulses. Hence, in many cases it is convenient to model T2* not before the
last RF pulse or the last spin echo.
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Motion
Motion can be modeled by introducing a motion transformation matrix T(r, t ) .
Incorporating this into equation (2.4), (2.8) or (2.9) leads to

R step  T  r , t  R z   dt  R x   B1 dt 

(2.17)

R step  T  r , t  R z     G (r , t )  dt  R x   B1 dt 

(2.18)

R step  T  r, t  R z     G (r, t )  dt 

(2.19)

and

respectively. In combination with realistic motion transformations T this provides the
basis for simulations of motion dependent signal voids in cardiac MRS as presented in
chapter 5.
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Sensitivity
The Intrinsic Sensitivity
The intrinsic signal to noise ratio (SNR) of an MR experiment describes the inherent
quality of the data. It can be calculated using the principle of reciprocity [25, 26], which
states that a coil receives signals with the same sensitivity or efficiency as it transmits a
signal. The maximum signal voltage U received with an RF coil is given by [25]

U ( r )   B0 VvoxelS( r )M xy ( r )

(2.20)

where  is the gyromagnetic ratio, B0 the main magnetic field, Vvoxel is the sample
volume, M xy is the transverse component of the magnetization and S( r ) denotes the
sensitivity distribution of the coil, depending on its geometry. The transverse component
of the magnetization M xy is proportional to the equilibrium magnetization M0 which is
given by [23]

M0   2  2

B0 NS
4 kBTs

(2.21)

where N S is the number of spins contributing to M0 in the sample volume Vvoxel , kB
is the Boltzmann’s constant, Ts the temperature of the sample and  Planck’s constant.
Taking equations (2.20) and (2.21) together, it can be concluded, that the maximum
intrinsic signal induced in a coil is proportional to

U (r)     3 B02 S(r ) N SVvoxelTs1

(2.22)

where  is a constant factor. To calculate the SNR the noise has to be characterized as
well.
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Thermal fluctuations of electric charges induce noise in an RF coil and the standard
deviation thereof is described by [25]

N  4kBT BWacq Reff

(2.23)

where T is the temperature, BWacq is the receiver bandwidth and Reff is the effective
resistance, which is composed of two main contributions, the resistance of the electronics

Rc and the impedance of the object Rs
Reff  Rs  Rc

(2.24)

The value of Reff can be seen as the power P dissipated when the coil is driven by a
reference current I 0 with frequency 0

Reff 

P

(2.25)

I 02

On modern clinical MR systems, the contribution of the coil electronics to the total
noise can be neglected. Only for small coils in combination with low magnetic fields the
resistance of the coil electronics may contribute significantly to Reff . However, in the
scope of this work it can be neglected for both the human and the small animal
experiments.
To a good approximation, losses due to magnetic mechanisms are negligible in living
tissue and hence, considering the principle of reciprocity, the dissipated losses are
determined by the Ε field of the coil

Rs 



VSample

2

E(r )  dr
I02

where  denotes the sample conductivity and VSample is the sample volume.
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Taking the signal dependency from equation (2.22), the noise from equation (2.23) and
neglecting the noise contributions of the coil electronics, the intrinsic SNR of a MR
experiment can be written as

SNRi 

U (r )
N

 

 3 B02 S( r ) NS Vvoxel
BWacqTs Rs  Ts

(2.27)

According to equation (2.26) and Faradays’ law of induction it can be found that

Rs   02 . Hence, if the noise is dominated by the sample the SNR dependency becomes

SNRi   2

(2.28)

Table 2 shows a comparison between different nuclei, usually employed for MRS, on
basis of equation (2.28). It is apparent that 1H provides by far the highest sensitivity.
Because of the low sensitivity of conventional MR experiments, it is usually necessary to
acquire multiple averages to increase SNR, at least for MRS experiments. Thereby the
SNR scales with the number of averages NSA according to

SNR  NSA

(2.29)

As a consequence of equation (2.29) the number of averages needed for an experiment
with nucleus X compared to 1H scales with

1
NSAs   H
 X

Considering the same concentration as 1H, a






4

(2.30)

13C

experiment would need 250 signal

averages to provide the same SNR as a single 1H experiment as summarized in Table 2.
However, in most cases the concentration of

13C

labeled nuclei is far lower than the

concentration of 1H nuclei, as most metabolites have only a concentration in the mM
regime, against about 50 M of water, and the natural abundance of 13C is only about 1%.
Hence, 13C experiments without external supply of 13C labeled material or hyperpolarized
13C

are impractical due to SNR limitations.
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Table 2: Relative sensitivity of different nuclei and number of averages (NSA) needed to provide
the same SNR in comparison to 1H. All parameters such as coil geometry sample volume and
sample density are considered constant.

Nucleus
1H
13C
31P

SNR
1
0.0632
0.1639

NSA
1
250
37

Single Voxel MRS vs. Multi Voxel MRSI
In single voxel MRS most commonly a number of signal averages NSA are acquired to
increase the SNR of metabolites with low concentrations as indicated in equation (2.29)
and Table 2. In contrast for multi voxel MRSI sequences a number of encoding steps are
needed for the spatial encoding. Considering a single voxel point resolved spectroscopy
(PRESS) [27] MRS sequence and a chemical shift imaging (CSI) [28] MRSI sequence, the
sensitivity of a MR experiment neglecting relaxation effects is given by [29]

SNR  SNRi

N x N y N z NSA
F

(2.31)

or

SNR 

Vvoxel N x N y N z NSA
BWacq

(2.32)

where SNRi is the intrinsic SNR from equation (2.27), F > 1 is the constant system
noise figure, NSA is the number of signal averages and N x , N y , N z are the spatial
encoding steps. However, for comparison reasons, SNR efficiency of a sequence may be
more meaningful than the SNR metric, which can be described by the SNR per time unit (

SNRt )

SNRt 
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SNR Vvoxel N x N y N z NSA

Ttot
Ttot BWacq

(2.33)
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where Ttot is the total time of the experiment. If the parameters, including the voxel
size Vvoxel, are the same for the PRESS and the CSI sequence, equation (2.32) can be
simplified to

SNRvoxel 

NSA  N x  N y  N z 

N enc

(2.34)

For single voxel methods N x , N y and N z are equal to 1. The total time Ttot of an
experiment is given by

Ttot  N enc  TR

(2.35)

And the SNR efficiency can be written as

SNRt 

SNRvoxel
1

Ttot
Nenc

(2.36)

Hence the SNRt is equal for the PRESS and the CSI method, given that the number of
encoding steps N enc and thus the total time of the experiment Ttot is equal for both
methods. However, equation (2.36) shows that the SNR efficiency decreases with the
number of encoding steps. In contrast to the PRESS method, the information content is
larger in the CSI method as it simultaneously acquires signals from a number of voxels
given by

N voxel  N x  N y  N z

(2.37)

In other words, a CSI experiment with an acquisition matrix of N x  16 , N y  16 and

Nz  1 will reveal the same SNR in every voxel as a single voxel PRESS experiment with
the same voxel size and NSA  256 averages. Hence, CSI does not provide an increase in
SNR compared to single voxel sequences such as PRESS but it provides a gain in the
amount of acquired information per time unit compared to single voxel PRESS of

gCSI  Nx  N y  Nz

(2.38)

35

2. Magnetic Resonance Spectroscopy
Accordingly CSI sequences are preferred over single voxel methods if the voxel size in
both experiments is the same. However, the minimum number of encoding steps N enc is
larger for CSI compared to PRESS. To this end, fast spectroscopic imaging sequences can
help to overcome this limitation in minimum scan time Ttot and are discussed in chapter 4.
If the acquired voxels are smaller than a considered region of interest (ROI) and
multiple voxels ( N avg ) within a ROI are averaged post acquisition to form a larger voxel

V ROI , the SNR according to equation (2.32) and (2.36) can be modified to

SNR  V ROI N avg  V ROI

V ROI
Vvoxel

(2.39)

and

SNRt 

VROI
 VvoxelVROI
N avg

(2.40)

On basis of equation (2.40) matching the acquired voxel size to the ROI yields the best
SNR efficiency SNRt . Compared to post acquisition averaging of voxels, matching the
acquired voxels to the desired ROI gives a gain factor of [30]

g ROI 

VROI
Vvoxel

(2.41)

where V ROI is the size of the region of interest and Vvoxel is the size of the acquired
voxel and Vvoxel  VROI .
If several voxels have to be averaged from a CSI data set post acquisition to provide a
single voxel, the acquisition with a voxel which was prospectively matched to the desired
ROI reveals higher SNR per time unit. However, selective excitation of arbitrary shaped
voxel which match an arbitrary shaped ROI, is not straight forward. Developments in
multi-dimensional pulse design [31] and parallel selective RF transmission [32] may
overcome these limitation for single voxel sequences in the future.
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Instrumentation
The sensitivity of an MR experiment is not only given by the sample and the
considered nucleus, but it significantly depends on the employed instrumentation. These
dependencies are in large part described by the intrinsic SNR in equation (2.27) and will
be analyzed in the following section.

Main Magnetic Field
The main magnetic field has direct influence on the magnetization of a sample but also
on the acquired noise. Reducing equation (2.27) to the dependency on B0 leads to [33]

SNRi 

B02
B02

 B0

(2.42)

Hence, the intrinsic SNR linearly increases with main magnetic field strength, if the
noise is dominated by the sample. However, line broadening due to spatial field
inhomogeneities caused by susceptibility effects, problems in optimal coil design at high
frequencies and RF limitations because of safety concerns may decrease the SNR
dependency on the main magnetic field strength given in equation (2.42) for a real MR
experiment.

Radio Frequency Coils
Single loop solenoid coils are usually employed as so called surface coils in MR
experiments and provide one of the most simple and at the same time most sensitive type
of coil. However, one big drawback is the inhomogeneity of the B1 field it produces.
Especially in the case of signal transmission this poses a problem, as with B1+ also flip
angles will vary across the spatial region of interest. For that reason single loop
transmit/receive solenoid coils have widely been replaced by combinations of a birdcage
volume coil for signal transmission and solenoid surface coils for signal reception.
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Thereby a homogeneous B1+ is ensured in the transmission case, while retaining high
sensitivity in the receiving case. If the birdcage coil is only used for signal transmission it
has no effect on sensitivity as the signal is only dependent on the receiving coil, as stated
in equation (2.27). As a result, birdcage RF coils for signal transmission on 1H are already
integrated in clinical MR systems. However, for nuclei others than 1H, single loop
solenoid coils are still often used, because of their simplicity and due to the lack of
commercially available alternatives.

Coil Arrays
In recent years the design of receiver coils changed from single loop coils to coil arrays,
as they combine high SNR and a large field of view (FOV) [34]. Figure 4 shows a
comparison of single loop coils and a coil array. It is apparent that the coil array combines
the high sensitivity of a small single loop coil with a large FOV. However, this only holds
if the signals of the individual coil elements of the array are optimally combined. After
Fourier transformation, the complex data dc acquired by each coil of a coil array can be
described by the true object ρ , the coil sensitivity Sc and additive noise nc

dc (r )  Sc (r )ρ(r )  nc (r )
c  1, 2,..., C

(2.43)

where r is the spatial position, and C is number of individual coil elements. With
known coil sensitivities and completely uncorrelated noise between the single coil
elements the image i can be calculated by

i  d(r )SH (r )

(2.44)

However, in case of non-zero correlation of noise nc (r) between the individual coil
elements the noise correlation matrix ψ has to be taken into account and the optimal SNR
reconstruction is given by [34]

d (r ) ψ 1S H (r )
i opt (r ) 
S (r ) ψ 1S H (r )
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where d(r ) and S(r ) are vectors of coil images and sensitivities, respectively. The
superscript H denotes the transposed and complex conjugate. The signal combination
from multiple receivers according to [34] and equation (2.45) is also referred to as Roemer
combination. However, the challenge remains to estimate correct coil sensitivities S( r ) .

Figure 4: Comparison of coil sensitivities of a coil array consisting of four small coil elements (a), a
small single loop coil (b) and a large single loop coil (c) at a fixed distance of the coils. It is
apparent, that the small single loop coil provides high SNR but low spatial coverage, whereas the
large single loop coil shows large spatial coverage but low SNR. The array consisting of four small
coils combines the benefits of both coils; it provides high SNR and large spatial coverage. Figure is
adapted from [34].

The so called sum of squares reconstruction, which can be used to reconstruct images
from multiple coils without an estimation of the coil sensitivities S( r ) , reconstructs
absolute valued images according to [34]

iSoS (r)  d(r)ψ1d H (r)

(2.46)

However, as signal phases are of central interest, equation (2.46) cannot be used for coil
combination in case of MRS and MRSI sequences.
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The inherent low sensitivity is a major drawback of MR techniques. The magnetization
of magnetic active isotopes is given by (3.1) and is on the order of parts per million for 1H
at room temperature and a main magnetic field of B0 = 3.0T. MRI techniques, which
usually employ 1H nuclei of water molecules benefit from high water concentrations in
vivo (about 50M) and hence allow imaging with comparable high resolution in clinically
feasible measurement times. However, MRS and MRSI techniques are usually employed
with an interest in endogenous, metabolic active substances in the mM concentration
regime and therefore reveal the lack of sensitivity of MR experiments. Moreover, this
renders the estimation of sub mM concentrations of endogenous substances in vivo with
MRS or MRSI impossible. The situation is even worse if nuclei other than 1H are of
interest as these have a much lower gyromagnetic ratio, which has a direct effect on
sensitivity as described in chapter 2.
Several methods to increase the thermal polarization for MR experiments have been
proposed and are usually referred to as hyperpolarization methods. These methods
include optical pumping of noble gases [35, 36], para-hydrogen-induced polarization
(PHIP) [37, 38] and dissolution dynamic nuclear polarization (DNP) [39, 40]. DNP is the
most versatile method and theoretically allows hyperpolarizing a wide range of
magnetically active nuclei. For decades, DNP was mainly applied in nuclear and particle
physics [41]. As DNP most efficiently works at very low temperatures (≈ 1K), only recent
developments of dissolution DNP allow its use for in vivo applications [39]. In this case
the low temperature sample is rapidly diluted with overheated water or buffer,
preserving its polarization, to form a solution at room temperature which can be injected
into an in vivo organism. Since a dissolution DNP system was employed in the present
work, the hyperpolarization technique of dissolution DNP will be considered in the
following.
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Concepts of DNP
The most intuitive method of hyperpolarization is the so called “brute force” method.
In this method the sample of interest is cooled to very low temperatures, hence the
requirement of equation (2.21), is not given any more. The polarization of the sample can
be described by

P

N up  N down
N up  N down

  B0 
 tanh 

 2 k BT 

(3.1)

and approaches 100% for temperatures approaching 0K. Figure 5 shows the
polarization as a function of the temperature for 1H,
temperatures of T < 0.01K, where 1H and

13C

13C

and electrons. However,

approach polarizations of 100% are

technically impractical. Due to the high gyromagnetic ratio of electrons, their polarization
approaches 100% already at temperatures of about 1K. DNP exploits the electron
polarization by transferring it to nuclei under microwave irradiation at low temperatures
of about 1K. Therefore, the solution with the nuclei to be hyperpolarized has to be doped
with free electrons in form of stable radicals. To provide inhomogeneously broadened
electron spin resonance (ESR) lines and a homogeneous distribution of the radicals, the
sample has to be frozen in a glass like condition.
Historically, several mechanisms have been proposed describing DNP, such as the
“solid effect” [42], the “cross effect” [43], and “thermal mixing” [44]. Thermal mixing
requires ESR line widths to be comparable to or larger than the NMR frequency of the
nucleus to be polarized and benefits from the requirement of weak microwave field
strengths. Both these requirements are fulfilled in DNP systems as used for dissolution
DNP. Therefore, thermal mixing is a suited mechanism to describe DNP at these
conditions and will be briefly introduced in the following. For a more detailed description
the reader is referred to [44].
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Figure 5: Polarization of 1H, 13C nuclei and electrons in static magnetic field of 3T in dependency of
the temperature. The polarization of the nuclei approaches 100% for temperatures below 0.01K,
whereas the polariazion of electrons already approaches 100% at temperatures of about 1K.

Thermal Mixing
Thermal mixing is a two-step process: the first step is called “dynamic cooling” and
can be seen as cooling of a reservoir of electron spins reflected by the broad ESR line
width, commonly called electron non-Zeeman reservoir. The second step is the thermal
mixing itself in which the spin temperatures of the electron non-Zeeman and the nuclear
spin reservoir are mixed in a thermodynamical sense.

46

3. Hyperpolarization

Figure 6: Thermal mixing depicted as compartment model. The microwave irradiates the ESR line
and cools the non-Zeeman electron spin compartment to the temperature Tr, which relaxes against
the lattice temperature TL. This process, marked by the two vertical arrows, is referred to as
dynamic cooling. The non-Zeeman electron spin compartment is in thermal contact with the
nuclear spin compartment, equilibrating both temperatures Tr and Tn and hence transfering
polarization to the nuclei. This process is represented by the horizontal arrow and is referred to as
thermal mixing. The direct relaxation of the nuclei towards the lattice temperatur TL can be
neglected as it is much slower than the thermal mixing process and the electron relaxation.

Dynamic Cooling
Off-resonant irradiation of the electronic spin system with a microwave field at
frequency  m , which differs from the electron Larmor frequency 0s by  0  0s  m ,
leads to a decrease of the electron spin temperature Te if 0  0 . This process is depicted
on the left in Figure 6 by the two vertical arrows. As the glass forming sample and its g
anisotropy lead to an ESR powder like spectrum, the effect of microwave irradiation on

Te can be described by the Borghini model [45]. Here the ESR spectrum is modeled by a
superposition of resonances from individual spin packets with different frequencies. It is
assumed that dipol-dipol interactions within the ESR line will maintain a unique spin
temperature among all resonances within the ESR line due to fast cross relaxation over the
different packets. Moreover, spin-lattice relaxation is assumed between electron spins and
the lattice. The electron spin temperature Te can then be described by [40]

 (    0 )   0  
 0 s  
tanh 
d

   f () tanh 
 2k BTL  
 2k BTe   0

(3.2)
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where f () is the shape function of the ESR line and  is the considered frequency.
An experimental evaluation of equation (3.2) is shown in Figure 9.

Thermal Mixing
The second step in the thermal mixing process of DNP is the thermal mixing in the
strict sense. The low electron non-Zeeman spin temperature Tr is equilibrated with the
nuclear spin temperature Tn . This process can be described by a flip-flop transition of two
electron spins and one nuclear spin, which can be seen as a relaxation process. For this to
happen an interaction between two electron spins is needed, and hence a certain
concentration of electron spins within the sample, and a dipolar interaction between one
of them and a nuclear spin. The conservation of energy requires that the difference of the
ESR frequencies of the two electron spins equals the NMR frequency of nuclear spin. This
is the reason why a broad ESR line is required in the first place. This process can be seen
as thermodynamical equilibration of the two reservoirs of electron spins and nuclear spins
and is depicted in Figure 6 by the horizontal arrow. In analogy to thermodynamics the
resulting equilibrium temperature will also depend on the heat capacity of the two
reservoirs. Moreover, there are pathways for spin lattice relaxation for both the electron
spin and the nuclear spin polarization. However, the nuclear spin lattice relaxation times
are on the order of minutes to hours at low temperatures and can be neglected. The
electron spin lattice relaxation times need to be at least long enough to allow for dynamic
cooling and thermal mixing, as those processes are in direct competition. To investigate
processes of thermal mixing in detail, a system of differential equations according to the
compartmental model in Figure 6 has to be set up and solved. In this way experimental
data can be described by thermodynamic theory.

Prediction of Maximum DNP
Using a known shape of the ESR line f () and a numerical solution of equation (3.2)
several theoretical predictions on the expected DNP process can be made [40, 44]. The
maximum enhancement, which is achievable, by DNP can be described by the inverse
electron spin temperature  e 
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, which can be expressed as [44, 46]
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 max   L

0 s

T1L
2 D T1D

where D is the ESR line shape including all inhomogeneities,  L 

(3.3)
1
k BTL

is the inverse

lattice temperature and T1L and T1D are the electronic lattice and dipolar relaxation times.

49

3. Hyperpolarization

50

3. Hyperpolarization

Instrumentation1
The following introduction is based on the DNP system presented in [47], which was
constructed by our group during the time of this thesis. A schematic drawing of the DNP
system is shown in Figure 7.

Figure 7: Schematic drawing of the dissolution DNP system presented in [47]. 1) Reservoir of
liquid helium for cooling of the sample space (2) inside the cryostat (4). 2) Cryostat insert that
contains the sample space, sample changer, microwave cavity including an NMR coil and a port
for the dissolution of the hyperpolarized sample. 3) Pumping system for reducing pressure in the
cryostat and sample space (2). This allows to reach temperatures below the boiling point of liquid
helium at 4.2K. 4) Cryostat sitting inside a conventional vertical bore magnet. An opening at the
top allows to insert the samples to the sample space (2) and the stick for dissolutions. 5) The
microwave, which is connected with a wave guide to the microwave cavity in the sample space (2).
6) Dissolution system which provides overheated water at high pressures for the dissolution
process. It is connected to the dissolution stick (7) and controlled by a variety of valves and
pressure sensors. 7) The dissolution stick which can be inserted to the cryostat and is used for
diluting the low temperature sample and transfer to the nearby MR spectrometer. 8) NMR console
to monitor the polarization buildup of the nuclear spins. It is connected to the NMR coil in the
sample space (2). 9) The NMR console (9) and all sensors, such as pressure sensors, liquid helium
sensors and temperature sensors are connected to a computer, to monitor and control all
experimental parameters. Figure adapted from [47].

Adapted from reference 47.
Batel, M., et al., A multi-sample 94 GHz dissolution dynamic-nuclearpolarization system. Journal of magnetic resonance, 2012. 214(1): p. 166-74.
1
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For a DNP experiment the cryostat is cooled down to temperatures of around 4.2 K.
Samples are prepared by a mixture of the substance to be hyperpolarized. In the present
work [1-13C] labeled pyruvate was mixed with a trityl radical. The samples are inserted
into the sample space. With a rotation of the base plate the position of the samples can be
changed in a revolver style and samples shuttled between sample loading/dissolution
port and the microwave cavity. The arrangements in the sample space are shown in
Figure 8.

Figure 8: Detailed schematic of the sample space and the revolver like sample arrangement (1). The
rotation and translation (up and down) axis connects the sample plate to room temperature
components at the rop of the cryostat and operates the rotation of the sample plate (2). On the
sample plate, six identical components of the microwave cavity (3) are mounted where the sample
cups (7) can be placed. The upper part of the microwave cavity includes an ESR coil on the outside
and a NMR coil on the inside to monitor the polarization process (4). The dissolution port (5)
connects the sample space with the outside of the cryostat and functions as sample port for sample
loading and dissolution using the sample grabber (6). Figure adapted from [47].

For the actual DNP process, a sample is positioned within the microwave cavity and
liquid helium is collected inside the sample space, so that it covers the sample. If the
sample space is completely filled with liquid helium, the helium inlet is closed and the
pumps are operated at full power. This leads to a very low pressure (< 2mbar) inside the
cryostat and correspondingly low temperatures of 1.3 K. This process is called “single
shot” and allows cooling of the sample space until the liquid helium in the sample space
is completely evaporated, which takes about 3 hours. In this time the sample is irradiated
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by microwaves. The optimal frequency for maximum DNP can be calculated by solving
equation (3.2). A measurement of the DNP efficiency in dependency of the microwave
frequency is shown in Figure 9 (a), the broadened ESR line of the radical (Trityl) is
overlaid.

Figure 9: (a) DNP enhancement in dependency of the applied microwave frequency overlayed to
the ESR line of the trityl radical. The DNP enhancement curve can theoretically be described by
equation (3.2). Positive DNP appears at microwave frequencies of
frequencies of

0  0 , negative DNP at

0  0 , with 0 . (b) DNP build up curve at about 1.3K. A polarization plateau of

about 45% is reached after 4000s of microwave iradiation. Figure adapted from [47].

The microwave frequency is adjusted for optimal positive DNP enhancement. In
response to microwave irradiation (see dynamic cooling and thermal mixing above) the
nuclear spin polarization will build up in the sample as shown in Figure 9 (b). After about
1 to 1.5 hours a polarization plateau is reached; the sample has maximum nuclear spin
polarization and can be used for a dissolution experiment. Therefore the sample has to be
transferred to the position of the loading/dissolution port. The cryostat needs to be
pressurized and the dissolution stick inserted into the system. This process will increase
the temperature to 4.2K, the temperature of liquid helium. To avoid a massive liquid
helium boil off during the dissolution process, the sample is lifted and sealed to the
dissolution stick (Figure 8). Now the dissolution process is started to rapidly dissolve the
sample by overheated water or buffer. The sample is then collected outside the DNP
system in a vial or is directly shuttled to an MR system. In case of the use of [1-13C] labeled
pyruvic acid as polarizing agent, the sample has to be neutralized using sodium
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hydroxide to reach a pH value of about 7.5 before injection into an in vivo organism. The
time between cessation of polarization and dissolution is of central importance, as the
nuclear spin polarization starts to decay if the sample is not irradiated with microwaves.
Moreover, the relaxation time T1 of the nuclear spin decreases with increased temperature
and cannot be neglected anymore at 4.2K. Hence, a delay between polarization and
dissolution will result in a loss of effective liquid state polarization. Once in liquid state
the nuclear spin polarization will decay with T1 of about 50s. Figure 10 shows a series of
spectra of hyperpolarized [1-13C] labeled pyruvate sample and the signal decay observed
in the MR system. The maximum polarization of the sample at the time point of
dissolution reaches about 25%. This corresponds to an enhancement factor of about 30’000
compared to the thermal equilibrium polarization of 13C at a main magnetic field of 9.4T
and room temperature.

Figure 10: Hyperpolarized signal of [1-13C] labeled pyruvate. The signal constantly decays towards
thermal polarization with relaxation constant T1 ≈ 50s. Depending on the pH value pyruvate
assumes an equilibrium with pyruvate hydrate. The time point zero is the time when the
dissolution was initiated, the time of the first signal point corresponds to the time delay of the
dissolution and the MR measurement, including the time needed for the dissolution process and
the shuttling time.Figure adapted from [47].
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Sensitivity
The description of the sensitivity of a MR experiment from chapter 2 is only partly
valid for hyperpolarized experiments. In the hyperpolarized case the magnetization is not
given by polarization due to an external magnetic field. Hence, the magnetization is better
described by the polarization itself. The magnetization from equation (2.21) can be
rewritten

M0 


2

NS P

(3.4)

where P is the polarization of the nuclear spins which in turn is given by equation
(3.1). N S is the number of spins in the volume element Vvoxel contributing to the signal.
With equation (3.4) the signal dependency from equation (2.20) changes to

U(r)   2 B0 S(r) P NSVvoxel

(3.5)

In case of hyperpolarization the polarization is produced by DNP, which is
independent on the parameters of the MR system used for the experiments. However, the
noise is still dependent on the parameters of the MR system and the measured object.
Hence, equation (2.27) for the intrinsic SNR in the hyperpolarized case changes to

SNRi 

U (r )
N



 2 B0 S(r ) NS Vvoxel
BWacqTs Rs  Ts

(3.6)

Again only the case of sample-dominated noise is considered. Hence, the SNR depends
linearly on the gyromagnetic ratio in case of a hyperpolarized MR experiment but is
independent of B0

SNRi  

(3.7)
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As long as sample noise is dominating, the resulting SNR is independent of the main
magnetic field B0 .

Sensitivity Comparison to 1H
Enhancement factors of 20’000 and more have been reported for dissolution DNP of 13C
compounds. In comparison to conventional 1H experiments relative sensitivity may be
estimated. Assuming sample dominated noise, equation (2.27) and (3.6) lead to

SNR13

C ,Hyp

SNR1



H

 13 P13 N
C

C

 1 P1 N
H

H

S 13 C

(3.8)

S 1H

where N S is the concentration of spins contributing to the signal, P13C is the
polarization given by the DNP process and P1

H

can be calculated according to equation

(3.1). For 1H an in vivo concentration of 100M (about 50M water with two identical 1H
nuclei) and a temperature of 37°C is assumed. For 13C a dose of 80mM is assumed, which
is diluted by a factor of 10 in vivo, resulting in an effective plasma concentration of about
8mM. Assuming a hyperpolarization of 30%, equation (3.8) leads to

SNR13

C ,Hyp

SNR1

 0.121

(3.9)

H

This corresponds to an injected hyperpolarized tracer and a single signal excitation
with a perfect 90° pulse without a delay between dissolution and signal acquisition.
However, a delay of about 10s between dissolution and the MR experiment has to be
added, as the agent is transported from the DNP to the MR system. Based on a relaxation
time constant of T1 = 50s and the result from equation (3.9) one obtains

SNR13

C ,Hyp

SNR1
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 0.099

(3.10)
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For downstream metabolites occurring at 10-fold lower concentration the result of
equation (3.10) changes to

SNR13

C , Metabolite

SNR1

 0.010

(3.11)

H

Hence, the hyperpolarized 13C signal of metabolites of interest in an MR experiment is
about 1% of the 1H signal, if a single experiment employing a 90° signal excitation is
considered. However, in most cases dynamic MR measurements using small flip angles
are desired. Considering a realistic flip angle of 10° for dynamic spectroscopy, equation
(3.10) and (3.11) change to

SNR13

C , Hyp

SNR1
SNR13

(3.12)

H

C , Metabolite

SNR1

 0.017
 0.002

H

Hence, the signal of hyperpolarized downstream products is 500-fold weaker
compared to conventional 1H, which compares to a decrease by an isotropic factor of 8 in
resolution.
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Beside the conventional spectroscopy sequences such as PRESS [27] and CSI [28] a
range of advanced spectroscopy methods have been proposed over the years. These
methods incorporate readout gradient encoding and/or utilize prior knowledge to speed
up data acquisition. Moreover, undersampling techniques have been developed which
can be combined with a variety of sequences to minimize the required number of
encoding steps.
In the following advanced methods for fast MRSI will be discussed. Basic principles of
three sequences relevant for the current work will be described and SNR efficiency for
assessed. A comprehensive comparison of the SNR performance of MRSI methods can be
found in [48].
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Echo planar spectroscopic imaging
In echo planar spectroscopic imaging (EPSI), the signal is acquired during an
oscillating gradient waveform as shown in Figure 11a. The EPSI gradient provides
simultaneous spatial and spectral encoding. A single lobe of the gradient waveform can
be compared to a standard readout gradient as used in gradient echo sequences. The
periodic inversion of the gradient lobe during the readout enables the encoding of
spectroscopic signals as a single k-space line is repeatedly acquired as shown in Figure
11b, with a spectral bandwidth given by

BWspec 

1
te

(4.1)

where te is the temporal distance between two gradient lobes as depicted in Figure
11. In the case where the signal is also sampled during the gradient slope, te can be
described by the readout bandwidth BWread and the number of points Nread acquired
during a single gradient lobe

BWspec 

BWread
Nread

(4.2)

BWread  Nread BWspec
where Nread  N x .
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Figure 11: a) Spin echo EPSI sequence as used for cardiac 1H spectroscopy in chapter 5. After slice
selective signal excitation the signal is selectively refocused perpendicular to the excited slice
resulting in a slab selection. This technique is also referred to as local-look. The signal is sampled
such that the middle of the first gradient lobe coincides with the maximum of the spin echo.
During signal acquisition an oscillating readout gradient is switched on. The spectroscopic
bandwidth is described by the time

te

between two subsequent gradient lobes. b) The sampling

corresponds to a zig-zag trajectory in kx-t space. The k space center of two subsequent lines reveals
the temporal distance

te .

For comparison of EPSI and CSI, all parameters are kept the same. For both methods
the SNR dependency can be reduced to

SNR 

N x N y N z NSA
BWacq

(4.3)

where BWacq is identical with spectral bandwidth BWspec for CSI and with the
readout bandwidth BWread from equation (4.2) for EPSI. Due to the simultaneous spatial
and spectral encoding EPSI uses N x fewer encoding steps than CSI. Hence, the ratio
between the SNR of EPSI and the SNR of CSI can be described by
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SNREPSI
1

SNRCSI
Nx

BWspec
BWspec



1
Nx

(4.4)

However, data acquisition with EPSI is also much faster compared to CSI, as one
spatial dimension is encoded in a single shot

Ttot ,EPSI  N y N z NSA  TR
Ttot ,CSI  N x N y N z NSA  TR

(4.5)

As a consequence the SNR efficiency given as SNR per unit time ratio between EPSI
and CSI is given by

SNRt , EPSI
SNRt ,CSI



1 N x N y N z NSA  TR
1
N x N y N z NSA  TR

(4.6)

Hence, EPSI is one of the most sensitive methods for conventional MRS comparable to
CSI [48, 49]. On first sight the reconstruction of EPSI data is the same as for CSI data. Due
to Cartesian sampling a Fourier transformation along all spatial and the spectral
dimension will lead to an MRSI dataset in spatial and frequency domain. However,
gradient hardware delays and non-uniform k-space sampling will lead to typical ghosting
artifacts as known from echo planar imaging (EPI) [50]. In EPSI, the so-called Nyquistghost appears in the spectral domain, as replicas of the acquired resonances shifted by
BWspec
2

. The Nyquist ghosts are caused by a shift between even and odd echoes leading to

oscillating phase change along the temporal direction. Several methods have been
proposed to overcome this artifact [51-53]. A separation of even and odd echoes will
remove this artifact; however it will also reduce the spectral bandwidth by a factor of two.
The use of an EPSI fly-back scheme, where data are only acquired during gradient lobes
with the same polarity, will also remove this artifact but also reduces the spectral
bandwidth. However, the SNR efficiency of the EPSI scan will be decreased as gaps
during data acquisition have to be introduced for the fly-back gradients. A way to correct
for spectral ghosting and to preserve the full spectral bandwidth and SNR efficiency is the
minimization of the ghosting artifact by correcting the shift of the k-space lines in postprocessing. Thereby the k-space profiles are Fourier transformed to image space and
linear phase shifts along every second profile are applied. The linear phase shift with
minimal ghost to peak ratio is searched for. To provide reliable results it has to be ensured
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that the ghosting used for minimization does not coincide with another resonance peak.
This technique has been found to provide robust reconstructions for cardiac MRSI [54] as
presented in chapter 5.
For EPSI acquisitions no particular prior knowledge is needed. Knowledge of the
minimal spectral bandwidth to be covered is sufficient to choose the acquisition and
reconstruction parameters. This is a major advantage of EPSI compared to spectral-spatial
and multi-echo methods introduced in the following sections.
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Multi-Echo Imaging
In multi-echo imaging, also referred to as multi point Dixon [55, 56] or IDEAL [57, 58]
imaging, a set of images are acquired using echo times with a spacing of TE . To choose
an optimal echo time shift TE and an appropriate reconstruction, the frequencies q of
all Q resonances in the measured sample of interest have to be known a priori. The
acquired signal dm with an echo time shift m   TE , neglecting B0 inhomogeneities can
be written as

dm 

i e



i q TE0  mTE 



q

q

m  1..M
q  1..Q

(4.7)

where TE0 is the minimum echo time and i q is the intensity of the resonance with
frequency q . Equation (4.7) can be written in matrix notation as

d  Ei

(4.8)

where d is a vector containing the elements [d1 , d2 ,.., dm ] , i is a vector containing the
elements [i1 , i2 ,.., iq ] and E

is the encoding matrix Eq ,m  e





i q 0 TE0  mTE 

 . The

reconstruction step to separate the resonances in the acquired signals S can then be
written as a matrix inversion

i  E† d

(4.9)

where † denotes the Moore-Penrose pseudo inverse. This matrix inversion causes
†

noise amplification depending on the condition number of E . The noise enhancement
can be described by the effective number of averages for every resonance q
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NSAq 

1

 EH E 

1

(4.10)

q ,q

In practice at least M  Q  1 encoding steps are acquired as the off resonances due to

B0 inhomogeneities are unknown and have to be estimated as well. Several approaches
for B0 estimation have been proposed [56, 58, 59]. Alternatively B0 inhomogeneities can
be mapped using an additional acquisition. There are several alternatives how multi echo
images can be acquired. Similar to EPSI, multiple echoes of one k-space line can be
obtained within one shot, as shown in Figure 12a, or an imaging sequence can be repeated
several times to acquire a set of echo times as depicted in Figure 12b.

Figure 12: Multi-echo sequences. a) EPSI like multi-echo sequence, where a single k-space line is
acquired several times with different echo times TE within one shot. This encoding is similar to
EPSI and has to be repeated for phase encodings. b) EPI based single shot sequence, which acquires
one echo time TE per signal excitation, but covers the full k-space. This sequence has to be repeated
for different echo times.

If multiple echo times are acquired within one shot a multi-echo acquisition can be
considered an EPSI sequence. For this case, neglecting relaxation effects, equation (2.32)
can be modified to
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SNR 

Vvoxel N y N z N spec NSA
N read BWspec

(4.11)

where N spec is the number of spectral points acquired. In case of multi-echo
acquisition within one shot N spec can be replaced by NSAq , NSAq  N spec . With

Nread  N x , the SNR comparison to CSI can be written as
SNRmulti echo
1

SNRCSI
Nx

NSAq
N spec

(4.12)

The minimum repetition time TR is dependent on the number of echoes acquired

TR  Texc 

N spec
BWspec

(4.13)

where Texc is the time required for signal excitation. SNRt then reads

SNRt ,multi echo
SNRt ,CSI


N spec 

N x N y N z NSA   Texc 


BW
NSA
spec 
1
q



N x N spec

NSAq 

N y N z NSA   Texc 

BWspec 



N spec 
 Texc 

BWspec 
NSAq 

N spec 
NSAq 
 Texc 


BWspec 



(4.14)

If the time needed for signal excitation is much smaller than for signal acquisition,
equation (4.14) will result in
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SNRt ,multi echo
SNRt ,CSI
Texc 

1

NSAq

(4.15)

BWspec

Hence, in the optimal case multi-echo imaging provides the same SNRt if data
acquisition time is sufficiently long while neglecting relaxation effects.
Multi-echo imaging requires prior knowledge of the resonances to be measured. The
resonances have to be well separated since overlapping resonances will lead to
incomplete separation during reconstruction. Resonances, which are close to each other
will either require large echo spacing TE or a large number of signal acquisitions M .
As a result multi-echo imaging is mainly applied for water fat separation and estimation
of metabolites after injection of hyperpolarized 13C labeled pyruvate.
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Spectral-Spatial Excitation
Instead of resolving different resonance lines using multiple echoes, single spectral
components can be excited selectively and imaged using encoding strategies used for MRI
of a single 1H resonance. However, in most experiments slice selective excitation is of
central interest and hence signal excitation has to be selective in both spatial and spectral
domains at the same time. Spectral-spatial (SPSP) excitations are based on RF pulses in
combination with time varying gradients and can be described for small flip angle
approximation by [23]
T

T

M x , y (r,  )   M 0  B1 (t )ei (t ) eit e



 i r G ( t  ) dt 
0

dt

(4.16)

0

where (t) is the phase of the RF pulse and   is the frequency offset of interest. For
numerical simulations the equation can be rewritten according to the discretized rotation
matrix calculations introduced in chapter 2. Without motion, a spectral-spatial pulse can
be described using equation (2.8)





Rstep  R z    G (r , t) dt R x   B1dt 

(4.17)

In most cases an EPSI like oscillating gradient in combination with shaped RF pulses
on each gradient lobe as shown in Figure 13a is used. In Figure 13 the outer and the inner
pulse follow a Gaussian shape, which results in Gaussian-shaped selective excitation in
spectral and spatial dimensions (Figure 13b). The spectral excitation bandwidth BWspec ,exc
is given by the temporal distance t p of the sub-pulses. The slice selection and the
spectral selection profile is determined by the inner and the outer shape of the RF pulse
respectively.
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Figure 13: Spectral-spatial selective excitation. a) The RF pulse is formed by a set of sub pulses (11
in this example) which are modulated with an outer intensity envelope, indicated by the gray,
dashed line. The shape of the sub pulses defines the selection in slice and the outer envelope the
selection in frequency direction (b). For this example a Gaussian profile was chosen for both, the
sub pulses and the envelope. For the slice selection an EPSI like oscillating gradient waveform is
played out. b) Excitation pattern of the spectral-spatial pulse shown in (a) for a flip angle of 90° and
180°. It consists of a pass band of frequencies, which are excited within a defined slice, and a stop
band where no excitation takes place. The distance of two pass bands corresponds to bandwidth

BWspec ,exc of the pulse, which is defined by the time t p between two sub lobes.
More complicated pulse shapes can be used, however, the resolution of the pulse
shapes is limited by the temporal distance and the number of RF sub-lobes. Hence, more
complicated RF shapes may lead to long excitation pulses. The maximum bandwidth
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BWspec ,exc is limited by the gradient performance, especially by the minimum switching
time of the gradient system. Similar to EPI and EPSI scans, gradient delays may lead to
ghost excitation which will be shifted by

BWspec ,exc
2

with respect to the excitation band in

spectral dimension. However, this ghosting excitation cannot be corrected during
reconstruction, but has to be corrected prospectively. A flyback gradient design can
reduce this problem, but decreases the excitation bandwidth BWspec ,exc . Moreover, the
minimum slice thickness is limited by maximum gradient strength and slew rate. Besides,
the passband and stopband design of the spectral-spatial pulse as shown in Figure 13,
SPSP pulses can also be designed to provide different flip angles at individual resonances.
SPSP selective excitation is mainly used for individual excitation of water or fat
resonances in

1H

imaging [60-62] and has found a new field of application in

hyperpolarized MR providing the possibility of varying excitation angles for different
frequencies. For hyperpolarized 13C, passband and stopband designs have typically been
used in combination with single shot readouts, such as EPI or spiral [63, 64]. Varying flip
angle designs have been used in combination with spectroscopic readouts, such as EPSI or
multi echo acquisitions [65, 66]. However, with increasing main magnetic field B0 , SPSP
pulses become very challenging due to large BWspec ,exc and resulting large demands on
gradient switching times. Moreover, comparably long SPSP pulses will reduce sensitivity
as a result of long echo times.

73

4. Advanced Spectroscopy Methods

74

4. Advanced Spectroscopy Methods

Undersampling
Acquisition speed is important in many MR applications, especially for dynamic MRI
and MRSI. Undersampling methods, which violate the Nyquist criterion and thus only
acquire parts of the full k-space data, provide a possibility to reduce the measurement
time per image. However, appropriate data reconstruction schemes are necessary to
correct aliasing artifacts produced by sub-Nyquist sampling. Those methods usually
exploit redundancy in spatial and/or temporal or any other transform domain of the data.

Parallel imaging
One of the main reasons for the widespread use of coil arrays nowadays is the
possibility for accelerated image acquisition using parallel imaging [67-69] and parallel
MRSI [70, 71]. One of the most prominent techniques for parallel imaging is sensitivity
encoding (SENSE) [67]. In SENSE, scan time reduction is achieved by increasing the
distance of k-space samples while maintaining the maximum k-space values. This leads to
a reduction of the FOV and hence to folding of signals outside the reduced FOV. The
spatial heterogeneity of coil sensitivities S( r ) can be used to unfold the image with the
unfolding matrix [67]

U

S H ψ1
S H ψ1S

(4.18)

according to

i unfold  Ud

(4.19)

where d is the undersampled data and iunfold is the reconstructed image. For SENSE
accelerated MRSI, the spatial response function (SRF) has to be modeled and taken into
account in equation (4.19) to avoid artifacts, as a voxel cannot be modeled by a delta peak
in image space, due to the coarse resolution in an MRSI experiment [70]. For fully
sampled data, equation (4.18) represents Roemer combination as presented in equation
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(2.45). In parallel imaging the spatial heterogeneity of the coils S (r) has to be known or
estimated. This can be done in a separate experiment. However, acquisition of coil
sensitivities in an interleaved fashion, so called autocalibration, allows estimation of coil
sensitivities in cases where no background signal is available, such as experiments
involving hyperpolarized agents [68, 72-74]. Similar to fast MRSI, parallel imaging
decreases image acquisition time but also decreases SNR compared to the fully sampled
case in conventional MR according to [67]

SNRp 

SNR full
g R

(4.20)

where SNR full is the SNR in the fully sampled case, R is the reduction or acceleration
factor and g is the geometry factor of the coil array which scales between 0 and 1.

k-t Acceleration
To accelerate dynamic MR experiments, acquisition efficiency is increased by
undersampling data in k-t space. Compared to parallel imaging, signals alias in x-f space
rather than in the x space. The reconstruction approaches of k-t BLAST and k-t SENSE
resolve this aliasing using prior knowledge about the signal distribution in x-f space
obtained from a fully sampled but low resolution training dataset. With a fourfold
undersampling in k-t space the signal aliasing in x-f space is described by [75]

ialias ,x

 i1 ( x1 , f1 ) 


i2 ( x2 , f 2 ) 

  1 1 1 1
 i 3 ( x3 , f 3 ) 


 i4 ( x4 , f 4 ) 

(4.21)

where i( xi , fi ) is the signal intensity of the object at position ( xi , fi ) in x-f space in the
fully sampled case and ialias is the aliased signal due to undersampling. Using estimates of
the signal covariance M x2 from the acquired training data
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M 2x  diag i train , x

2



(4.22)

where i train is the estimated signal intensity from the low resolution training data,
equation (4.21) can be solved in a least squares sense according to [75]

i x  M 2x EH  EM 2x EH   ψ  i alias , x
†

(4.23)

Where E is the encoding matrix, † denotes the Moore-Penrose pseudo-inverse and the
superscript H is conjugate transpose. The training data can be acquired either in a
separated scan or, similar to the autocalibrated parallel imaging methods, in an
interleaved fashion, together with the undersampled data. An overview of the k-t BLAST
reconstruction scheme is shown in Figure 14.

Figure 14: Schematic of k-t BLAST/k-t SENSE. The dynamic raw data is a combination of a low
resolution training scan and an in k-t space undersampled scan. Temporal coefficients in x-f space
are estimated from the training data and used to unfold the undersampled data. A basis transform
can be added to estimate the temporal coefficients in an optimized basis. A principle component
analysis is used for this step in the k-t PCA approach. This figure is adapted from [76].

Further developments, employing basis transformations using principle component
analysis (PCA) for k-t PCA [77] and the introduction of spatial dependent basis functions
[78], increased the temporal fidelity of the k-t BLAST reconstruction approach for high
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acceleration factors. Compared to parallel imaging or compressed sensing, acquisition
acceleration using k-t sampling methods is restricted to dynamic MR experiments.

Compressed Sensing
Compressed sensing theory states, that a signal can be reconstructed from a subset of
measurements, if the signal is sparse in some domain, using nonlinear convex
minimization [79]. Hence, for MR experiments there are two requirements; the data need
to be sparse in some domain and the sampling or undersampling of the data must be such
that it produces incoherent aliasing in this sparsity domain. Image reconstruction can then
be formulated as

argmin Eu i  d 2   Ψi

1

(4.24)

where i is the reconstructed image, d is the acquired k-space data, Eu is the encoding
including the undersampling and Ψ is the sparsifying transform. The term Ψi 1 is the l1
norm and promotes sparsity and the term

Eu i  d

2

enforces data consistency. The

nonlinear problem of the l1 norm minimization can for example be solved by a conjugant
gradient method. In MR experiments finite-differences are often used as a sparsifying
transform, also referred to as total variation. It has been found that random Fouriersampling almost always provides incoherent aliasing and a variable density sampling,
with higher sampling density in the central k-space region has been found to be optimal
[79]. The incoherent undersampling in compressed sensing is not restricted to spatial
domains, but can be extended to spectral and temporal or any other domain. Hence,
compressed sensing finds its application in accelerated acquisition of static [79, 80] and
dynamic [81-83] MRI and MRS including hyperpolarized MRSI [66, 84, 85].
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SNR Considerations for Advanced Spectroscopy of
Hyperpolarized 13C2
In the last section of chapter 3 the intrinsic SNR of a hyperpolarized MR experiment
was derived. In the following a theoretical SNR framework for dynamic imaging of
hyperpolarized compounds will be introduced. To correctly describe signal dynamics and
metabolic conversion of metabolic active substances such as pyruvate, a compartment
based signal model is assumed.

Theory
Assuming that noise is dominated by the sample, the SNR of a frame at time point t of
a dynamic scan can be rewritten using equations (2.31) and (3.6) as

SNR(t) 

 NSVvoxel Nenc N p
BW

P(t)

(4.25)

where P(t ) is the polarization of the hyperpolarized agent at time point t . N enc is the
number of encoding steps or signal excitations. Accordingly the term

N enc is referred to

as the encoding term in the following. N P denotes the acquired points during the readout
of the sequences (e.g. acquisition of a FID) and BW is the acquisition bandwidth. Hence,
the term

Np
BW

is referred to as readout term in the following.

Encoding
The signal in each encoding step of a single frame of the dynamic series is modulated
by T1 relaxation and flip angle  according to

Adapted from the abstract: “On SNR performance of sequence designs for dynamic imaging of
hyperpolarized 13C compounds”, submitted to ISMRM 2013
2
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N enc 1  nTR
T
e 1


n0

N enc  N enc

sin( ) cosn ( )
(4.26)

N enc

where TR is the repetition time of the encoding steps within one frame.

Signal Readout
For sequences with long signal readouts, such as spectroscopy or single shot
sequences, signal T2* relaxation during the acquisition has to be considered in the readout
term. In case of spin echo sequences also the transversal relaxation T2 needs to be included

N p 1 

Np
BW



Np

TEge  nptsamp

e

T2*

e



TE
T2

np  0

Np

BW

(4.27)

where TE is the echo time of a spin echo sequence time, TEge is the echo time of a
gradient echo sequence, TEMultiEcho is the echo time shift in multi echo sequences and N p
is the number of points acquired during a single readout. The parameter tsamp is the dwell
time of the sampling during the signal acquisition and is connected to the acquisition
band width BW according to

BW 

1
tsamp

(4.28)

Signal model
The polarization P (t ) is decreased in every frame due to signal excitation and due to
T1 relaxation towards thermal equilibrium. In the case of the primary metabolic tracer
such as pyruvate, metabolic conversion has to be considered, whereas the polarization of
a secondary tracer such as bicarbonate is fully fed by the metabolic conversion of
pyruvate. A one side exchange model with two compartments as shown in Figure 15 can
be used to describe this dynamic system, leading to a set of differential equations
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Nenc  

1 

  kPB    1  cos( P ) t   PPyr (t )


dt
T1 



N
1 
enc  
dPBic
 kPB PPyr (t )     1  cos( B ) t   PBic (t )

 T1 
dt




dPPyr

(4.29)

with the metabolic conversion rate kPB from pyruvate to bicarbonate, the dynamic
repetition time t and the signal excitation angles  P and  B on pyruvate and
bicarbonate, respectively. The differential equations (4.29) can be solved analytically.

Figure 15: Two compartment, one side exchange model used to describe the signal evolution
during an experiment using hyperpolarized pyruvate. This model is described by equation (4.29).

If equations (4.25), (4.26), (4.27) and the solution of (4.29) are taken together, the SNR
equation for a dynamic experiment of hyperpolarized compounds can be written as
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SNR( nd )   NVvoxel  P(t ) 
N enc 1   nTR
 T1
e





n0





sin( ) cos ( )  e
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N p 1 

e





TEge  nptsamp
T2*

e









(4.30)

TE
T2

np  0

BW N p

This equation allows the comparison of SNR performance of spectroscopy sequences.

Results
For all methods a dynamic scan with a total length of 1 minute and a temporal
resolution of  t  3 s is considered and the total SNR of the first 20 dynamics for this scan
can be described as
20

SNRtot   SNR(nd )

(4.31)

nd 1

Figure 16 shows the results of equation (4.27) as a function of the number of acquired
points N p and the acquisition bandwidth BW for a relaxation time T2* of 10.6ms as
estimated from non-selective cardiac spectroscopy experiments of hyperpolarized
pyruvate, in vivo, at 9.4T and as given in Table 3. As already found by others [48] the
*
optimal acquisition time is tacq  1.26  T2 with tacq  N p  tsamp .
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Figure 16: Relative SNR from signal readout as stated in equation (4.27), a) as a function of BW and
number of acquired points assuming a relaxation time T2*=10.6ms. b) Optimal sampling time of
1024 points indicated in (a) by the dashed line. The optimal acquisition time given as tacq = Np *
tsamp corresponds to 1.26 T2*, which is in agreement with previous results [48].
Table 3: Parameter used to calculate relative SNR according to equation (4.30) for a field strength
of 9.4T.

Parameter

EPSI

Multi-Echo EPI

SPSP EPI

T1

30s

30s

30s

T2*

10.6ms

10.6ms

10.6ms

Np

32 x 38

32 x 32

32 x 32

Nenc

32 / 16a

7

1

BW

90 957 Hz

76 595 Hz

76 595 Hz

BWspec

2842 Hzb

-

-

TEge

1ms

1ms

2.3ms

∆TE

-

0.38ms

-

TR

15ms / 180msc

15ms / 180msc

-

∆t

3s

3s

3s

a Number

of phase encoding steps was reduced for TR = 180ms, to enable a dynamic repetition
time ∆t = 3s.
b Spectral bandwidth needed to cover the spectral range of 13C metabolites after hyperpolarized [113C] pyruvate injection.
c The TR of 180ms refers to cardiac triggered experiment in a rat.
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For the SNR comparison of the advanced spectroscopy methods the acquisition
parameters were assumed optimal for each sequence. Figure 17a shows the maximum
SNR of pyruvate and bicarbonate depending on the flip angle for the three sequences
with parameters presented in Table 3.

Figure 17: SNR performance of SPSP (black), Multi-Echo (red) and EPSI (blue) for pyruvate (solid
line) and bicarbonate (dashed line) according to equation (4.30). (a) Mean SNR depending on flip
angle at pyruvate (solid line) and bicarbonate (dashed line). Flip angles for maximum signal were
3° for EPSI and 7° for MultiEcho. For SPSP a flip angle of 5° was chosen for pyruvate where the
mean SNR of pyruvate is the same as for bicarbonate (indicated by the arrow), which is excited
with an optimal flip angle of 27.5°. (b) Dynamic SNR curves for optimal flip angles according to (a).
All parameters used for the simulations are shown in Table 3.

The EPSI sequence provides the highest SNR for pyruvate, based on short echo times
TEge and ΔTE. For bicarbonate, SPSP selective excitation provides highest SNR for all flip
angles. With the condition that the mean SNR is the same for pyruvate and bicarbonate,
an optimal flip angle at the pyruvate resonance of about 5° was found for SPSP as
indicated in Figure 17a, providing a 22% increase in mean SNR at bicarbonate compared
to EPSI as shown in Figure 17b. However, optimal flip angles depend on the dynamic
repetition time Δt, the relaxation time T1, the rate constant kPB and the number of encoding
steps per dynamic Nenc. Undersampling techniques reducing Nenc do not automatically
lead to a decrease in SNR in contrast to conventional imaging. If flip angles are adapted to
optimal values, the SNR will stay the same. For single shot readouts the situation is
similar. SNR remains the same if the BW is adapted to the reduced number of points Np,
so that the acquisition time is kept constant. However, if the maximum BW is limited due
to technical limits such as maximum slew rate or gradient strength, acceleration
techniques allow enhanced image resolution with optimal SNR as shown in Figure 18.
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Figure 18: SNR dependence on the acceleration factor for dynamic imaging sequences of
hyperpolarized compounds, utilizing single shot readouts. If the maximum acquisition bandwidth
BW is limited for technical reasons, undersampling can increase SNR compared to full sampling. In
this example the acquisition bandwidth BW is limited by BW=BWopt/4, where BWopt is the optimal
acquisition bandwidth.
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Cardiac Proton Spectroscopy using Large Coil Arrays
NMR in Biomedicine, 2012 (Epub ahead of print)

Introduction
Magnetic resonance spectroscopy (MRS) can provide fundamental insights into the
role of cardiac metabolism in normal and diseased hearts [86, 87]. Localized proton MRS
(1H-MRS) in particular has been demonstrated to be a valuable technique for the noninvasive measurement of human myocardial triglyceride (TG) and total creatine (CR)
content [19, 20, 88, 89]. Recent studies based on 1H-MRS have highlighted correlations
between lipid accumulation in the myocardium and reduced cardiac function, and they
have revealed the role of steatosis in the pathogenesis of type 2 diabetes mellitus [15, 16,
20]. Assessment of total CR content, which reflects the sum of creatine and its
phosphorylated form phosphocreatine, has been reported and depletion in the failing
heart demonstrated [88, 89].
Several technical and practical issues have, however, limited the widespread use of
cardiac 1H-MRS in clinical routine so far. Cardiac and respiratory motion degrade the
spectral quality because of inhomogeneous B0 and B1 fields, outer voxel contamination
and phase changes due to motion of the spins during localization gradients. While ECG
triggering to end systole is commonly used to synchronize volume selection and data
acquisition with cardiac motion, several approaches have been proposed to compensate
for respiratory motion. Triggering based on respiratory signals provided by air-pressure
sensors has been shown to improve the quality of cardiac spectra [90]. Breathholding has
been used to assess myocardial TG content [91, 92]. However, restricted breathhold
durations inherently limit the number of signal averages and hence the sensitivity to
detect myocardial CR. An alternative method used to synchronize the acquisition to endrespiration is based on navigator echoes for measuring the position of the diaphragm [93,
94]. Navigator gating was found to be a prerequisite for reproducible assessment of
myocardial triglycerides [19].
Other practical issues of cardiac MRS concern radio-frequency (RF) coil selection and
coil placement for signal reception. Traditionally, single-element surface coils are

89

5. Cardiac Proton Spectroscopy
positioned on the chest wall of the subject. However, the use of single-loop coils has
drawbacks. The limited spatial coverage requires careful positioning of the coil as close as
possible to the region of interest to maximize the signal-to-noise ratio (SNR). Coil
repositioning is necessary in some cases to accurately place the coil center over the mitral
valve level of the heart [19]. At the same time, single-channel receive coils continue to be
replaced by coil arrays on modern MR systems providing larger spatial coverage and
permitting accelerated acquisition using parallel imaging techniques. Coil arrays with 32
elements are becoming a standard for highly accelerated cardiovascular imaging [95, 96].
The large spatial coverage provided by these coil arrays renders coil re-positioning during
exams unnecessary. Accordingly, it would be desirable to use large coil arrays for both
imaging and spectroscopy of the heart and thereby facilitate the integration of cardiac 1HMRS into clinical workflow.
The purpose of the present work was to explore the use of large coils arrays for
navigator gated and ECG triggered detection of myocardial creatine and triglyceride
content using cardiac 1H-MRS. Suitable reconstruction techniques of spectroscopy data
from multiple receiver elements are compared and in vivo results obtained with 32- and 5element coil arrays in eleven healthy volunteers are presented.

90

5. Cardiac Proton Spectroscopy

Figure 19: Position of the PRESS voxel (inner box) and the shimming volume (outer box) in short
axis view (a) and four chamber orientation (b). Spectra from three different volunteers acquired
with the 32- and 5- channel coil arrays show the resonances of myocardial trimethylammonium
compound (TMA), total creatine (CR) and triglycerides (TG) (c-e).

Methods
Sequence implementation
A short echo time (TE = 33 ms) navigator gated Point Resolved Spectroscopy (PRESS)
sequence [27] was used for single-voxel (SV) localization in the interventricular septum to
avoid epicardial fat contamination (Figure 19a,b). Pencil-beam navigator echoes were
implemented for respiratory motion compensation [94]. Prior to data acquisition iterative
shimming was performed during a breathhold using a voxel slightly larger than the SV
(Figure 19a,b). Navigator triggering was employed for water suppression optimization.
The PRESS sequence was ECG triggered to the end-systolic phase, the minimum
repetition time (TR) was set to 2000 ms and voxel dimensions were 10mm x 20mm x
40mm resulting in an 8 ml volume. Water suppression was implemented using two
frequency selective RF pulses each followed by a gradient spoiler. 1024 complex data
points were collected with a spectral width of 2000 Hz.
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In vivo experiments
In vivo experiments were performed using a 1.5T Philips Achieva system (Philips
Healthcare, Best, The Netherlands) on a total of fifteen volunteers who gave their written
informed consent before participating in the study. Cine images in four chamber (4CH)
and short axis (SA) views were acquired to accurately place the SV volume in the septum
and to determine the trigger delay of the end-systolic phase (Figure 19a,b). A balanced
steady-state free precession sequence was used with following parameters: TR = 3 ms, TE
= 1.5 ms, flip angle = 60°, spatial resolution: 2 mm x 2 mm, slice thickness = 8 mm and 40
heart phases. Data were collected during free breathing using navigator gating in endexpiration to plan the SV volume. Two different protocols were used for the 1H-MRS
acquisitions. For the comparison of the 5- and 32-element cardiac coil arrays, experiments
were performed on 11 volunteers (7 men, 4 women; mean age ± standard deviation (SD),
33 ± 11 years, range, 20 – 54 years; mean body mass index ± SD, 23 ± 3 kg/m2, range 17 –
27 kg/m2). In every acquisition a total of 8 water-unsuppressed scans and 128 watersuppressed scans were acquired resulting in an overall scan time of 11:20 minutes with a
gating efficiency of about 40%. Both the 5- and 32-element cardiac coil arrays were used
consecutively for signal reception in the same session, changing the order of both coils for
every other volunteer.
To test reproducibility for each coil array, experiments were performed on 4 volunteers
(2 men, 2 women; mean age ± SD, 30 ± 12 years, range, 21 – 47 years; mean body mass
index ± SD, 24 ± 2 kg/m2, range 21 – 25 kg/m2). In every acquisition a total of 8 waterunsuppressed scans and 64 water-suppressed scans were acquired resulting in an overall
scan time of 6 minutes with a gating efficiency of about 40%. The volunteers were taken
out of the scanner and were repositioned in-between two subsequent scans using either
the 5- and 32-element cardiac coil array for signal reception. The measurement was
repeated using the other coil array for signal reception on the same volunteer in a second
session. The time between the two sessions was approximately 1 week. Each session
including subject preparation, acquisition of MRI cine images and acquisition of MRS data
took approximately one hour in total.
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Figure 20: Overview of reconstruction steps of multi-channel SV data (a). Four different
approaches were implemented and tested to estimate complex coil weights for coil combination.
The noise correlation matrix of the individual channels of the 32-element coil before and after noise
decorrelation is shown (b). Coil element weights for the 32- (c) and 5- element coil arrays are given
as a function of coil element number (d).

MRS data processing
For each dataset, offline reconstruction of multi-channel MRS data was performed
using Matlab (The Mathworks, Natick, USA). Data reconstruction steps are listed in
Figure 20. Noise covariance matrices were estimated from a separate noise scan and were
used to decorrelate the coil channels before coil combination. This step has been shown to
be a prerequisite for optimal combination of spectra from receive coil arrays at low SNRs
[97, 98].
For subsequent coil combination four strategies to estimate complex coil weights Wc
were compared. The first approach was based on a linear combination of the coil signals
using an SNR weighting (SNRW) approach [99]. The second approach was based on
principal component analysis (PCA) of the coil signals [98, 100] from the water
unsuppressed reference scans (PCAW). The third strategy employed PCA of the mean
signals of the water-suppressed scans (PCAS). The PCAW and PCAS coil combination
strategies are summarized in Figure 21. In the fourth approach complex coil weights were
estimated from cine images in SA and 4CH orientation acquired for optimal placement of
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the SV. While the first and second approach required water-unsuppressed data, the third
and fourth coil combination methods did not rely on any additional type of reference
data.
Using the estimated complex coil weighting factors Wc the individual coil signals were
combined according to:

S comb (t )   Wc S c (t )

(5.1)

c

where Sc(t) refers to signals of the individual coils and Scomb(t) to the resulting combined
signal at time point t of the free induction decay (FID).
The general processing steps as outlined in Figure 20 were identical for all coil
combination strategies. A phase correction procedure of individual acquisitions was
applied after coil combination before coherent averaging to reduce SNR loss due to
residual

motion-induced

phase

fluctuations

[101].

Phase

correction

of

water-

unsuppressed spectra was performed using the first points of the FID, phase correction of
the water-suppressed spectra was based on the spectral peak of the main triglyceride
resonance located at 1.3 ppm.

Figure 21: Schematic of Principal Component Analysis (PCA) based coil combination. PCAW: nonwater suppressed signals of the individual coils are analyzed by principal component analysis to
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estimate the coil weights Wc. PCAS: water suppressed signals of the individual coils are analyzed
by a principal component analysis to estimate the coil weights Wc.

Coil combination using SNR weighting approach
The SNR of every coil was calculated as the ratio of the signal amplitude and the SD of
the noise in the time domain. The phase and the amplitude of the water-unsuppressed
signals were estimated from the first points of the FID, the SD of the background noise
was estimated from the last points of the FID where the signal was already decayed. The
SNR and phase of every coil were used to estimate the complex weighting factors Wc. The
coil signals were subsequently combined according to equation (5.1).

Coil combination using PCA approach
PCA is used to reduce dimensionality of a problem by projection onto a subspace. In
the case of coil combination for SV spectroscopy the Hermitian matrix Q was calculated
according to:

Q   Sˆ (t ) Sˆ (t ) H

(5.2)

t

where Sˆ (t ) contains the data from all n coils for time point t of the FID. PCA was used
to perform a singular value decomposition of Q such that:

Q  UFV H

(5.3)

with F containing the sorted eigenvalues as described in [102] for coil array
compression. The complex coil weights Wc were approximated by the first column of U
and the signals were combined according to equation (5.1).
For the PCAW approach Sˆ (t ) contained the signals of the water-unsuppressed
reference data. For the PCAS approach the mean signal of the water-suppressed data was
used to populate Sˆ (t ) in equation (5.2). This is summarized in Figure 21.

Coil combination using reference images
The complex valued reference images acquired for correct placement of the SV were
used to estimate the complex coil weights. All pixels within the region of the SV (Figure
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19a,b) were averaged and normalized leading directly to the complex coil weights Wc
which were used for coil combination according to equation (5.1).

Data analysis
Water-unsuppressed and water-suppressed spectra were fitted in the time domain
using the AMARES function of the Java-based MR user interface software (jMRUI version
3.0) [103]. The full width at half maximum (FWHM) of the water peak in waterunsuppressed spectra was calculated. Three lipid resonances with chemical shifts of 0.9,
1.3 and 2.1 ppm, the total creatine (CR) resonance at 3.01 ppm and the resonance of the
trimethylammonium compound (TMA) at 3.2 ppm were fitted in water-suppressed
spectra. The sum of the amplitudes of the TG resonances at 0.9 and 1.3 ppm and the
resonance of CR was divided by the amplitude of the water peak and multiplied by 100 to
yield percentage of myocardial TG and CR content [19]. Correction for longitudinal and
transversal relaxation was applied using T1 = 1100 ms and T2 = 40 ms for myocardial
water [104], T1 = 280 ms and T2 = 86 ms for TG estimated in skeletal muscle [105-107] and
T1 = 1500 ms and T2 = 135 ms for myocardial CR [89, 105].
The SNR of the signals after coil combination was calculated from time domain
amplitudes of the fitted water and main TG signals at 1.3 ppm and the standard
derivation of the last 128 points of the FID. To test differences between the individual
measurements obtained with the 5- and the 32-element coil arrays and the different coil
combination strategies a two tailed paired t-test was used. For comparison of the
quantification results of TG content using the 5- and 32-channel coil arrays, intra-class
correlation coefficients were calculated using a mixed effect analysis of variance. A level
of P < 0.05 was considered statistically significant. Analyses were performed using IBM
SPSS (IBM SPSS, version 19; SPSS, Chicago, USA).

Numerical simulations
Numerical simulations were carried out to investigate the noise dependence of the
PCAS, PCAW and SNRW coil combination approaches. Water and water suppressed
spectra including three lipid resonances with chemical shifts of 0.9, 1.3 and 2.1 ppm, the
CR resonance at 3.01 ppm and the resonance of TMA at 3.2 ppm were simulated using
parameters obtained from an in vivo scan. To simulate the 32-channel array the simulated
FIDs were split into 32 channels using complex coil weighting factors Wc estimated from
an in vivo scan using the SNRW approach. Random noise was added to the individual coil
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signals to provide SNR values of the main TG peak at 1.3 ppm of 3, 4, 5, 6, 8, 13, 23, 38,
and 50 in the coil combined water suppressed signals and associated SNR values of 100,
150, 200, 250, 300, 500, 900, 1500 and 2000 of the water peak in the coil combined water
unsuppressed signals. To optimize the PCAS coil combination strategy, the Hermitian
matrix Q in equation 2 was calculated from a filtered subset of the FIDs which were
filtered using a matched filter and cropped to an acquisition time of TFID  2  T2*
according to [108], where T2* is the exponential decay time estimated from the FID of the
coil with highest signal. Complex coil weighting factors Wc were estimated using the
PCAS, PCAW and SNRW approach and the signals were subsequently combined according
to equation 1. As a reference standard the simulated signals were additionally combined
using the known, correct complex coil weights Wc used for simulating the signals of the
individual coils. All resulting signals were fitted, signal SNR values were calculated and
mean values were compared as described above for the in vivo data. All simulations were
repeated 100 times. The resulting SNRs are presented as mean ± SD.

Figure 22: Numerical simulations. Estimated SNR after coil combination using the PCAS approach
using a filtered subset and all points of the FIDs to estimate the complex coil weights Wc (a).
Comparison of the PCAS, PCAW and SNRW combination approach (b). A filtered subset of the FIDs
was used to estimate Wc using the PCAS approach (b). No significant differences were found
between the different combination strategies. All values are plotted against the reference SNR (ref.
SNR) values for coil combination using the known weights Wc.
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Figure 23: Spectra of one healthy volunteer. Signals of the individual coil elements were combined
using complex coil weights estimated by: SNR weighting (SNRW), PCA of the water reference
signals (PCAW), PCA of the mean of the water suppressed signals (PCAS) and the image-based
approach. The resonances of myocardial trimethylammonium (TMA), total creatine (CR) and
triglycerides (TG) are indicated. Differences between coil arrays were not statistically significant.

Results
Figure 19c-e) show representative spectra acquired with both coil arrays in three
different volunteers. Spectra obtained with the 32- and 5-channel coil arrays were found
to agree well. In all spectra the TG resonance at 1.3 ppm, the CR resonance at 3.01 ppm
and the resonance of TMA at 3.2 ppm are clearly visible. Spectral quality and sensitivity
were found to be comparable for both coils. For low SNR signals (SNR < 10) the results of
the numerical simulations revealed significant differences in the SNR after coil
combination using the PCAS approach. However, no significant differences were found
when only filtered subsets of the FIDs were used to calculate the complex coil weights Wc
using the PCAS approach. Differences in resulting SNR when the full FIDs or filtered
subsets of the FIDs were used are shown in Figure 22a. However, no significant
differences were found for high SNR values (SNR > 10). Figure 22b compares the SNR of
the three different coil combination strategies (PCAS, PCAW, SNRW) relative to the SNR of
coil combination using known complex coil weights. No significant differences were
found between the combination strategies.

In vivo spectra obtained with the 32- and 5-

channel arrays for the four coil combination strategies are shown in Figure 23. In all
spectra the resonances of TG, CR and TMA are well defined. Spectral quality and
sensitivity appear similar in the spectra of the investigated coil combination strategies. A
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quantitative estimation of the resulting SNR using the PCAW, PCAS and the SNRW
approach for coil combination and the two coil arrays is given in Table 4.
Table 4: Comparison of SNR performance of the different coil combination strategies using 5- and
32- channel coil array data. SNR was determined using the water and triglyceride (TG) peaks. For
the PCAS approach only the SNR of the TG peak was estimated as no water reference is available
for this method. All values are reported as mean ± SD.

Reference

Coil

SNRW

PCAW

PCAS

5

2181±1067

2180±1067

-

32

2698±1392

2700±1379

-

5

47.3±33.5

47.2±33.5

47.4±33.7

32

53.8±33.9

54.0±33.9

54.1±33.8

Water

TG

Differences between the mean values of the SNR for the combination approaches were
found to be small for both coils and not significantly different. SNR values obtained with
the 32-element coil were 24% higher compared to those of the 5-element coil array on
average (Table 4), although differences did not reach statistical significance. SNR
variations between subjects were found to be large as reflected by the large SDs (Table 4).
Figure 24 shows the comparison between the complex coil weights Wc estimated from
water-unsuppressed spectra using the SNRW approach and from images in SA and 4CH
view orientations. For both coils, combination weights estimated from spectroscopic
(SNRW) and imaging data were found to be highly correlated. Mean values of the FWHM
of the water peak across all subjects were below 10 Hz for both coils (Table 5). The
estimated values for myocardial TG and CR content after correction for T1 and T2
relaxation can be found in Table 5. A close agreement is seen between the mean values
across subjects obtained with the two coil arrays. In particular, the percentage of TG
content was very consistent between coil arrays, showing an intra-class correlation
coefficient of 0.76 (p<0.003). No significant differences of the CR and TG content between
the two coil arrays were detected.
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Table 5: FWHM of the water line, myocardial TG and CR content estimated from 5- and 32-coil
array data. All values reported as mean ± SD.

Coil

FWHM water

TG [%]

CR [%]

5

8.6±1.5

0.45±0.17

0.05±0.01

32

9.8±2.0

0.44±0.19

0.05±0.02

Figure 24: Comparison of complex coil weighting factors estimated using the SNRW approach and
the image-based approach for the 5- channel (a) and 32-channel (b) coil arrays. Angles reflect phase
differences with respect to the coil element with maximum SNR. The line of identity is shown in
gray.

For the 5-element coil the two elements with the highest signal provided 99% of the
SNR (Figure 25a). For the 32-element coil 16 elements with the highest signals provided
99% of the SNR (Figure 25b). The test-retest reliability measurements on four healthy
volunteers (N = 4) showed a higher SNR for the 32-channel array compared to the 5channel array in both measurements (Figure 26a). However no significant differences
were found for estimated myocardial TG and CR content, neither between two
subsequent measurements with the same coil array nor between the two coil arrays
(Figure 26b). Differences between coil combination approaches (PCAS, PCAW, SNRW)
were statistically non-significant.
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Figure 25: Relative SNR depending on the number of coils used for reconstruction of the 5-channel
(a) and the 32-channel (b) coil array data. In the case of the 5-channel array 2 coil elements provide
99% of the maximum SNR (dashed line in a)). For the 32-channel array 16 coil elements provide
99% of the maximum SNR (dashed line in b)). The SNR values were normalized to the mean SNR
of the 5 channel coil array. The data presented is the mean over all 11 volunteers reconstructed
using the PCAW approach.

Figure 26: Signal-to-noise ratio of the main TG peak at 1.3 ppm of the 5- and 32-channel coil array
in the reproducibility experiments on 4 healthy volunteers (a). Estimated myocardial TG content of
the repeated measurements with both coil arrays given as percentage of the water reference (b).

Discussion
In this work, the feasibility of proton cardiac spectroscopy using large coil arrays has
been demonstrated. The performance of a 32-channel coil array was assessed relative to a
5-channel array in the same scanning session. In all volunteers and with both coil arrays
spectral quality allowed for estimation of CR and TG content. TG content showed a high
correlation for both coil arrays and no statistical significant variation of the estimated CR
and TG content was found between data obtained with the different arrays. Furthermore
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estimated values for myocardial CR and TG content are in good agreement with values
reported previously [19, 54].
Four different strategies for coil combination were implemented and compared in
terms of SNR performance using numerical simulations and in vivo measurements. The
test-retest reliability of the measurements was evaluated on 4 healthy volunteers using
both coil arrays and the presented coil combination strategies. No significant differences
were found. Hence, the reproducibility of navigator gated and cardiac triggered SV
spectroscopy reported previously [19] was confirmed. All coil combination approaches
showed comparable SNR values and quality in the resulting spectra. However, the
numerical simulations revealed a dependence of the PCAS approach on the number of
points of the FIDs used to estimate the complex coil weights for low SNR (SNR < 10).
When a large number of points of low SNR FIDs are used, the PCA is dominated by noise
and the PCAS coil combination approach may fail as shown in Figure 22a. For low SNR
data it is beneficial to restrict the PCA to a small number of points at the beginning of the
FIDs, where the signal is still high before it decays into the noise level. To address this
issue a matched filter was applied and only a subset of the points of the FIDs [108] were
used to estimate the complex coil weights Wc. Given these considerations, the numerical
simulations did not reveal significant differences between the PCAS, PCAW and SNRW
(Figure 22b). In general, spectral quantification of TG becomes unreliable at SNRs below
10 and CR resonances approach noise level.
The investigated coil combination strategies differ in the amount of information
required to estimate the complex coil weights Wc. Both the SNRW and the PCAW approach
are based on water-unsuppressed reference scans which need to be acquired in addition.
The PCAS approach, estimating the complex coil weights Wc from the water-suppressed
data itself, does not require additional data. Likewise, image-based coil weight estimation
utilizes cine images and hence makes use of survey images acquired in any case for SV
planning purposes. Both the PCAS and the image based coil combination allow shortening
exam time if alternative quantification approaches are applied [109] and water reference
data is not required as internal reference. However, for the estimation of the complex coil
weights from images the exact position of the SV needs to be known and translated into
the orientation of the image itself, adding some complexity to the reconstruction process
as compared to the PCAS approach. Furthermore, the images need to be exported as
complex data for every coil element, which is usually not part of standard imaging
workflow and has not been done for all data sets in the current work.

102

5. Cardiac Proton Spectroscopy
On average, the mean SNR of the 32-element array was about 24% higher (Table 4)
compared to that of the 5-element coil. However, no statistical difference was found. This
is related to the fact that a high variation of SNR between volunteers was detected, which
led to large SDs of the mean SNR values. Parts of this large variation may be explained by
variations in the cardiac trigger delay of the PRESS sequence. In initial tests it was
observed that small changes in the trigger delay lead to large changes in the SNR of the
acquired signals. This is partly associated with the motion sensitivity of the PRESS
sequence introduced by gradient spoilers to suppress FID signals generated by imperfect
RF pulses. Further investigations are warranted to study these effects in detail.

Figure 27: Signal-to-noise ratio of the 32-channel coil array data as a function of the size of the areaof-interest in a spectroscopic imaging experiment. The 2D spectroscopic imaging data was
acquired using an echo planar spectroscopic imaging sequence with a 3 mm x 3 mm x 15 mm
resolution [54]. Short axis view image illustrating different sizes of the area-of-interest (a). Signal to
noise ratio for voxel wise coil combination using the SNRW (SNRW, voxel wise) and the PCAW
(PCAW, voxel wise) approach and for coil combination after summing over all pixels in the area-ofinterest using the PCAW approach, mimicking a single voxel (PCAW, single-voxel). Typical voxel
sizes for 1H and 31P spectroscopy are indicated by the vertical, dashed lines.

In single-voxel coil combination methods only spectral correlations can be utilized as
demonstrated with the PCAW and PCAS combination strategies. In contrast, multi-voxel
techniques can take advantage of the spatial variation of coil sensitivities for optimal
signal combination. To this end, the presented coil combination approaches can be
applied on a voxel by voxel basis for spectroscopic imaging data.
Figure 27 shows the SNR after coil combination as a function of the size of the area-ofinterest of a spectroscopic imaging scan using the 32-channel coil array. Three approaches
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have been used for coil combination; voxel wise SNRW and PCAW of a spectroscopic
imaging scan [54] and, to simulate a SV, PCAW coil combination was applied after
summing over all voxels in the area-of-interest. Voxel wise SNRW and PCAW coil
combination showed similar performance. For a small number of voxels the difference
between the voxel wise coil combination and the combination after averaging over all
voxels, mimicking a SV, was found to be small. In case of a single spatial point, all
methods will give the same results. However, losses due to spatial phase variations
cannot be recovered in SV acquisitions and, accordingly, extended single volumes may
compromise optimal coil combination as can be seen in Figure 27. For typical single voxel
sizes as used for proton MRS, losses due to spatial varying coil phases are minimal and
may be neglected. However, for MRS of less sensitive nuclei such as phosphorus larger
voxels are used and losses due to spatial variations of coil phases may become more
prominent.
Given the availability of large coil arrays in cardiovascular imaging today, the results
of the current work will contribute towards integration of cardiac spectroscopy into
clinical protocols. Besides an advantage in SNR performance, large coil arrays also
provide sufficient coverage and hence render coil repositioning during exams
unnecessary.

Conclusion
This study has demonstrated the use of large coil arrays for consistent detection of total
creatine and triglyceride content in the human heart. Four different coil combination
strategies have been compared and differences were found to be insignificant. Principal
component based coil combination was found to be a simple and practical approach as it
operates on the water-suppressed data directly and hence does not require additional
data as input. Accordingly the approach can be easily integrated on clinical MR systems.
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Metabolic MR Imaging of Regional Triglyceride and
Creatine Content in the Human Heart
Magnetic Resonance in Medicine, Volume 68, Issue 6, pp. 1696-1704, 2012

Introduction
Single voxel proton magnetic resonance has been shown to be a promising tool for
assessing total creatine and triglyceride content in the myocardial muscle in humans [20,
88, 110]. The specificity of in vivo proton magnetic resonance spectroscopy to probe
myocardial triglycerides in humans has recently been validated [111]. Myocardial
triglycerides (TG), a cellular storage form of fatty acids, are indirectly connected to
myocardial energy metabolism [6]. Therefore one focus of interest is the correlation
between myocardial triglyceride content and cardiac dysfunction [16]. Total creatine,
which reflects the sum of creatine and its phosphorylated form phosphocreatine gives
insight into the myocardial creatine kinase reaction [88]. Being the primary energy reserve
in myocardial tissues during periods of ischemia, hypoxia, and stress [10, 87], the creatine
kinase reaction reversibly transfers high-energy phosphate between phosphocreatine and
adenosine triphosphate (ATP). It has been found that total creatine (CR) content is
depleted in the failing heart [88, 89].
While spectral information from a single volume is sufficient when alterations with
global effects on the heart are studied, a demand for higher and flexible spatial resolution
exists when probing local changes, like in ischemic heart disease [87, 112]. Spectroscopic
imaging has been used previously for studying high-energy phosphates using

31P

spectroscopy in humans in vivo [113-115]. Due to the low sensitivity of this nucleus spatial
resolution is very limited and methods utilizing protons as a signal source are preferred.
To this end, implementation of 1H spectroscopic imaging of the heart can give insight into
regional differences of total creatine and triglyceride content and hence potentially allows
for detection of heterogeneous myocardial pathologies.
Technically, 1H spectroscopic imaging of the heart is challenging. Results of earlier
attempts of spectroscopic imaging of myocardial triglyceride content were found to be
dominated by epicardial lipids [110]. Parts of the problem have been associated with
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motion sensitivity and the long scan times. In order to compensate for cardiac and
respiratory motion, navigator‐based dual triggering has been proposed [93, 94], which has
been found to be a prerequisite for reproducible proton spectroscopy of the heart [19, 20].
However, long scan times of conventional phase encoded chemical shift imaging (CSI)
techniques make cardiac spectroscopic imaging with sufficient resolution and size of the
field-of-view not feasible. Therefore fast spectroscopic imaging techniques trading signalto-noise ratio (SNR) per unit time and effective scan time are needed [48].
The objective of the current work was to implement and optimize an echo-planar
spectroscopic imaging (EPSI) technique [116, 117] which permits mapping of spatial
distribution of triglyceride and total creatine content of the in vivo heart during free
breathing acquisitions. Cardiac triggering and respiratory navigator gating were
incorporated for motion compensation. A spin-echo based local-look field-of-excitation
(FOX) reduction and appropriate reconstruction were incorporated. The sequence was
tested on a series of volunteers and the results were compared to data from single voxel
spectroscopy.

Figure 28: a) Schematic representation of the local look navigator gated EPSI sequence. The ECG
trigger is followed by the acquisition of the pencil beam navigator for respiratory motion
compensation and the water suppression pulses. The signal is acquired using an echo planar
readout train. b) Schematic drawing of the spin echo based orthogonal excitation using a 90° and a
180° pulse. The 90° excitation pulse is selective in phase encoding direction. Slice selection is
achieved by the selective 180° refocusing pulse. The echo maximum is centered on the first readout
of the echo planar readout train. The signal is sampled during gradient plateaus only.
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Methods
A local-look navigator gated spin-echo EPSI (Figure 28a) sequence was implemented
on a 1.5T Philips Achieva system (Philips Healthcare, Best, The Netherlands). For all
experiments an equatorial slice in short axis view was acquired (Figure 29a and b). To
avoid signal contamination from tissue outside the region of interest, field-of-excitation
(FOX) reduction based on an optimized selective excitation pulse in phase encoding
direction and a slice selective refocusing pulse was implemented (Figure 28b, Figure 29c
and d). Pencil-beam navigator echoes were integrated for respiratory gating purposes. To
minimize both scan time and residual respiratory motion, weighted gating was
incorporated with a gating window of 4 mm and 3 mm for 70 percent of the outer- and 30
percent of the inner k-space, respectively. In every measurement, water suppressed and
unsuppressed reference scans were acquired. Water suppression was implemented using
two frequency selective excitation pulses each followed by a gradient spoiler just before
signal excitation. During preparation iterative localized linear shimming was performed
using a breath hold scan to avoid respiratory motion artefacts. All scans and preparations
were acquired using cardiac triggering during an end-systolic phase to have maximum
thickening of the cardiac muscle, as can be seen in Figure 29a and b.

Figure 29: Position of the PRESS voxel (solid line) and the field of excitation (FOX) of the EPSI
acquisitions (dashed line). a) Short axis view with the limited FOX in phase encoding direction of
the EPSI acquisitions. b) Four-chamber view with the EPSI slice prescribed. c) Excitation profile of
the FOX in phase encoding direction. d) Refocusing profile in slice direction.
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The parameters of the EPSI sequence were as follows: FOV 300x150mm2, FOX 65mm to
85mm, nominal resolution 3x3mm2, slice thickness 15mm, spectral band width 1064Hz,
spectral resolution 4.2Hz, TE/TR 12/750-1250ms depending on heart rate, 8 signal
averages

for

water

suppressed

scans,

nominal

acquisition

time

for

water

suppressed/unsuppressed scans: 6:40/0:50 minutes resulting in a total acquisition time of
about 18:45 minutes with a navigator efficiency of 40%. The cardiac trigger delay to peak
systole was estimated using cine scans at approximately 320 ms after the R-wave. To
optimize SNR of the total creatine (CR) resonance at 3.01 ppm, Ernst angle excitation for
the water-suppressed scans was used leading to an excitation angle of 115-125 degree
combined with a 180 degree refocusing pulse, depending on heart rate.
For comparison a navigator gated and cardiac triggered Point Resolved Spectroscopy
(PRESS) sequence was implemented and applied in the same session (12). Both water and
water-suppressed spectra were acquired. Prior to data acquisition iterative linear
shimming of the single voxel using breath hold and water suppression optimization using
navigator triggering for respiratory motion compensation were performed. To avoid
contamination from epicardial fat the single voxel was placed in the septum (Figure 29a
and b). For PRESS, only data from this single position was acquired. The parameters of
the PRESS sequence were as follows: voxel size 10x20x40mm3, TE/TR 33ms/2000ms, 128
signal averages for water suppressed and 8 signal averages for the water unsuppressed
scans, nominal acquisition time for water suppressed/unsuppressed scans: 4:16/0:16
minutes, resulting in a total acquisition time of 11:20 minutes with a gating efficiency of
40%.
For all experiments the body coil was used for signal excitation and a 5 channel cardiac
array was used for signal reception. A total of 12 healthy volunteers (mean age: 29 years,
range 23-46 years) were measured upon informed consent was obtained according to
institutional guidelines.

Reconstruction – EPSI
A flow chart of the EPSI reconstruction steps with illustrations of their effect on water
unsuppressed data are shown in Figure 30.
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Figure 30: a) Flow chart of the EPSI reconstruction. After preprocessing of the data, complex coil
maps are calculated from the water unsuppressed reference scans and coils are combined. Spectral
N/2 ghost artefacts are corrected based on parameters estimated from the water scans. After
spatial Hamming k-space filtering the data are corrected for B0 inhomogeneities. Finally spectra in
the individual segments are phase corrected and subsequently averaged. Correction results
without the reconstruction steps marked by * and ** are shown in Figure 32a and b respectively.
Correction steps are illustrated for water unsuppressed data in b)-m); b) data before and c) after
coil combination, d) spectrum before and e) after spectral N/2 ghost correction, f) spatial point
spread function (PSF) before and g) after Hamming filtering, h) spectrum before and i) after B0
correction, j) segmentation of the myocardium, k) spectrum before and l) after phase correction.
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Coil combination
Coil sensitivity maps were calculated using the water unsuppressed data. Taking into



account the noise variances  i of coil i the sum-of-squares SoS  x  and the phase-



corrected signal maps  i  x  at spatial positions x are given by:
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where  ʹi   i 1  i refers to the noise variance weighted maximum signal in each coil’s



FID and * denotes complex conjugate. Coil sensitivity maps Si  x  can then be computed
according to:
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Using the coil sensitivity maps Si  x  the actual time-domain signals i  x , t  of the
water suppressed and unsuppressed EPSI data were combined using [34]:







  x, t    i  x, t Si*  x 
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i

Ghost correction
Spectral N/2 ghosts resulting from delays between even and odd readout gradients
were corrected for by maximizing the water and fat signals in the water unsuppressed
scans [51]. The delays of the gradients cause a linear phase shift along the readout
direction in image domain after spatial Fourier transformation according to the Fourier
shift theorem. To estimate this phase shift a trial set of phase shifts between 0 and 2π were
applied to every second point of the FIDs to every pixel of the spectroscopic images and
the shift with the lowest N/2 ghost was detected. The estimated optimal phase shifts were
then fitted with a linear function along the readout direction. Finally the linear phase
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shifts were applied to every second readout of the FIDs to minimize the spectral N/2
ghosts in both the water suppressed and unsuppressed scans.

Spatial filtering
To reduce effects of the point spread function side lobes k-space data was filtered using
a Hamming function in the spatial dimensions resulting in an effective spatial resolution
of 4.4 x 4.4 mm2 [118].

Figure 31: a) Six segments for the mid-cavity region used for data analysis. b) Segments were
chosen on basis of a water image from the non-water suppressed reference scan (gray) and a fat
image from the water suppressed scan (green overlay) to avoid partial volume effects. c) B0 map as
estimated from the position of the water resonance in the water unsuppressed scans. The position
of the posterior vein of the left ventricle where strong B0 inhomogeneities are visible is indicated. d)
Line width map of the water resonance in the water unsuppressed scan on a voxel-by-voxel basis.

B0 correction
For B0 correction the position of the water and fat peaks were detected using a model
spectrum for every pixel in the spectroscopic images of the water unsuppressed scans.
From the position of the water peak B0 maps were estimated. Using the B0 maps,
corrections were performed on a pixel-by-pixel basis using linear phase shifts applied to
the time domain signals of the water suppressed and unsuppressed signals.

Cardiac segmentation
For analysis, the myocardial muscle was divided into 6 segments (Figure 31a, b). As
spatial reference the water image of the water unsuppressed scan was used. A fat image
from the water suppressed scan was utilized as a second spatial reference (Figure 31b) to
accurately draw the epicardial contour, hence avoiding the contamination from epicardial
fat in the segments.

111

5. Cardiac Proton Spectroscopy
Constructive averaging
To ensure phase coherent averaging, all spectra within each of the 6 regions of interest
and all averages of the water suppressed scans were phased using the fat resonance at
1.3ppm [101]. The water unsuppressed scans were phased using the first points of the
FIDs. All spectra from the selected regions were subsequently averaged.

Figure 32: Water unsuppressed spectra of one segment in the lateral wall of the EPSI scans
showing different reconstruction steps of the EPSI data. a) Spectrum without the B0 correction step,
b) without spectral N/2 ghost correction, c) with all correction steps.

Reconstruction – PRESS
Coil phases were automatically estimated using the water peak in the water
unsuppressed scans [101] and used for coil combination for the water unsuppressed and
the water suppressed data. To remove motion related phase differences and to ensure
constructive averaging, all scans were phased before averaging in a manner identical to
the one used for EPSI reconstructions.

Quantification and statistical analysis
For quantification of both the EPSI and the PRESS data the resonance of trimethyl
ammonium compound (TMA) at 3.2 ppm, the resonance of CR at 3.01 ppm and the fat
resonances at 2.1 ppm, 1.3 ppm and 0.9 ppm in the water suppressed spectra of the 6
defined segments were fitted using the AMARES function of the jMRUI software package
[103, 119]. Prior to fitting of the water suppressed spectra, the residual water peak was
filtered using a Hankel-Lanczos singular value decomposition (HLSVD) method [120].
Additionally, the water peak was fitted using AMARES in the same segments of the water
unsuppressed reference scans. All estimated signal amplitudes were corrected for
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longitudinal and transversal relaxation effects and the Ernst angle excitation used for the
water suppressed EPSI scans. Relaxation values were taken from literature as follows: T1 =
1100 ms and T2 = 40 ms for myocardial water [104], T1 = 280 ms and T2 = 86 ms for TG
estimated in skeletal muscle [105-107] and T1 = 1500 ms and T2 = 135 ms for myocardial
CR [89, 105]. The TG signal was estimated as the sum of the fat resonances at 0.9 ppm and
1.3 ppm [19]. TG and CR intensities were then calculated as a fraction of the unsuppressed
water peak in the same region of interest. Moreover, the water peak was fitted on a voxelby-voxel basis to assess the line width distribution of the waterline over the myocardial
muscle.
For comparison of the quantification results of TG content with EPSI and PRESS, intraclass correlation coefficients were calculated using a mixed effect analysis of variance. To
test differences between mean values of line widths and concentrations of the EPSI and
PRESS measurements a two-tailed paired t-test was used. A level of

P < 0.05 was

considered statistically significant. The analyses were performed using IBM SPSS (IBM
SPSS, version 19; SPSS, Chicago, USA).
Table 6: Measured line width (Hz) of the water resonance in water unsuppressed EPSI reference
scans for the six regions of interest (Figure 31a, b) and of the PRESS measurements (N = 12). Mean
values over all subjects and mean values of the standard derivations across voxels of the individual
subjects are shown for the EPSI data.

Segment

1

2

3

4

5

6

PRESS

Mean
over
subjects

9.0±1.6

9.1±1.5

8.7±1.0

9.6±1.3

11.6±2.3

10.2±1.6

11.2±1.8

Mean
over intrasubject SD

2.70±0.91

2.08±0.91

1.94±0.54

2.11±0.69

3.33±1.65

2.42±0.61

-

Results
Results of the reconstruction steps are shown in Figure 32. Spectral N/2 ghosts were
reduced by 90.9 ± 6.1 % (Figure 32a, c) resulting in a remaining ghost signal of 1.54 ± 0.57
% of the water peak height. Line broadening due to B0 inhomogeneity in the regions of
interest was reduced from 12.3 ± 3.8 Hz to 9.7 ± 1.8 Hz (Figure 32b, c). Overall field map
values across the myocardium showed variations of 29.6 ± 7.6 Hz (Figure 31c). However,
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the actual line widths of the water unsuppressed resonance in the individual voxels
varied between 5 Hz and 25 Hz (Figure 31d). Line width variations in the six regions of
interest from the EPSI data and the single voxel of the PRESS scan across all twelve
subjects are shown in Table 6. The small line widths and the small variations in the septal
region (segment 2 and 3) allowed for detection and a good discrimination of the
resonances of TMA at 3.2 ppm and CR at 3.01 ppm. However, the increased line widths
and variations in the lateral segments 5 and 6 caused a degradation of the spectral quality
in these regions. For the PRESS measurements line widths of the water resonance in the
reference scans significantly exceeded those obtained in the septal region in the EPSI scans
(Table 6). Despite this observation, no statistical differences were found between line
widths of the EPSI data in the lateral wall and the PRESS data in the septal region. For the
EPSI scans, the line widths of the water resonance were significantly higher in the lateral
segment 5 compared to every other segment.
Figure 33 shows spectra from 6 regions of interest located in the mid cavity region of
the heart and a PRESS spectrum from the septal wall for comparison. Spectra from two
measurements of a single volunteer are shown for every segment. Between the two scans
the subject was taken out of the scanner and subsequently repositioned. The mean values
of all segments for the two measurements were 0.42 ± 0.06 % and 0.41 ± 0.08 % for TG
content and 0.063 ± 0.025 % and 0.081 ± 0.024 % for CR content. The spectral quality of the
EPSI spectra was found to be comparable to the PRESS spectrum in the septum (Figure
33).
The quantification results of all 12 volunteers are summarized in Table 7 and Table 8.
The intra-class correlation coefficient (ICC) for the TG content estimated with PRESS and
EPSI was found to be 0.72 (95% confidence interval: 0.27 0.91; p<0.004) for the septal
segment 2 and 0.67 (95% confidence interval: 0.12, 0.90; p<0.001) for the mean over all
segments. All correlation values are shown in Table 8. For the EPSI and PRESS
measurements, the coefficient of variation was 24 %. Linear regression and Bland-Altman
plots for the segments and the mean over all segments are shown in Figure 34. Within the
subjects a mean coefficient of variation of 21 ± 6 % was found for the different segments.
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Figure 33: a) PRESS (SV) and EPSI regions of interest indicated in the EPSI reference scan. b)
Spectra from the regions of interest indicated in a). To illustrate the reproducibility of the EPSI
scans, two spectra from a single subject are shown for every segment. In all spectra the triglyceride
resonance at 1.3 ppm (TG) and the total creatine resonance at 3.01 ppm (CR) can clearly be seen.
For comparison a PRESS (SV) spectrum is shown.
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Table 7: Quantification results in each volunteer and mean values over all volunteers for EPSI and
PRESS. For EPSI mean values over all segments are shown. Values for triglyceride content (TG/W)
and creatine content (CR/W) are given as percentage of water fraction after T1 and T2 correction.

Volunteer
1
2
3
4
5
6
7
8
9
10
11
12
Mean

EPSI

TG/W [%]
EPSI

mean of
segments

septal
segment 2, 3

0.40±0.10
0.39±0.07
0.32±0.05
0.71±0.09
0.36±0.08
0.68±0.14
0.56±0.16
0.25±0.07
0.16±0.05
0.39±0.06
0.39±0.06
0.51±0.11
0.43±0.16

0.45
0.45
0.34
0.73
0.37
0.69
0.72
0.30
0.18
0.43
0.47
0.64
0.48±0.18c

PRESS
0.47
0.59
0.47
0.77
0.68
0.59
0.75
0.25
0.31
0.39
0.39
0.53
0.52±0.17c

Creatine was not found in this spectrum
Average and SD of 11 volunteers
c No significant differences have been found (p < 0.35)
d No significant differences have been found (p < 0.40)
a

b
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EPSI

CR/W [%]
EPSI

mean of
segments

septal
segment 2, 3

PRESS

0.09±0.02
0.08±0.03
0.06±0.02
0.09±0.05
0.06±0.03
0.05±0.04
0.07±0.03
0.05±0.02
0.02±0.01
0.03±0.02
0.04±0.02
0.04±0.01
0.06±0.02

0.08
0.11
0.06
0.10
0.04
0.04
0.09
0.03
0.02
0.07
0.06
0.04
0.06±0.03d

0.06
0.09
0.08
0.08
-a
0.06
0.10
0.05
0.09
0.05
0.06
0.06
0.07±0.02b,d
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Figure 34: Linear (a) and Bland-Altman plot (b) of EPSI and PRESS. The line of identity is indicated
in a) by the solid line. In b) the solid line indicates the mean values; the dashed lines indicate mean
value plus and minus 1.96 times the standard deviation. Data is shown for mean values over all
segments and the single segments 1, 2, 3, 4, 5 and 6 in comparison to the PRESS measurements.
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Due to line broadening in the lateral wall and the region of the posterior vein of the left
ventricle (Figure 31c), spectra from the lateral segments 5 and 6 revealed lower effective
spectral resolution and a lower spectral quality. Moreover, coil sensitivities were lowest in
this region (Table 9). As a result, the correlation and significance of the correlation
relative to the PRESS measurements found for segment 5 (ICC 0.32, 95% confidence
interval: -0.29, 0.74; p<0.047) was comparably low (Table 8). No significant differences
were found between the septal region of the EPSI (segments 2 and 3) and the PRESS
scans, demonstrating good agreement of the two measurements (P = 0.05). However,
significant differences were detected between the mean of all segments of the EPSI
measurements and the PRESS measurements in the septal region (p<0.021). The lower
mean TG content measured with EPSI indicates that the EPSI measurements
underestimate the TG content compared to the PRESS measurements.
Table 8: Quantification results for the different segments for EPSI and single septal PRESS voxel.
Values for triglyceride content (TG/W) and creatine content (CR/W) are given as percentage of
water fraction. Intra-class correlation coefficients (ICC) are given.

Segment
TG/W
[%]
ICCPRESS
P<
CR/W
[%]
Na
a

1

2

3

4

5

6

PRESS

0.45±0.20

0.52±0.21

0.44±0.16

0.42±0.21

0.37±0.14

0.36±0.16

0.52±0.18

0.66
0.007

0.71
0.004

0.67
0.003

0.65
0.003

0.34
0.047

0.52
0.002

-

0.04±0.03

0.07±0.03

0.06±0.03

0.06±0.03

0.07±0.05

0.06±0.04

0.07±0.02

10

11

12

9

11

12

11

Number of volunteers where creatine was successfully fitted using jMRUI.

Discussion
An optimized EPSI sequence has been proposed to map relative total creatine and
triglyceride content in the heart in a proof-of-principle study including 12 healthy
volunteers.
EPSI spectra showed significant correlation with single-voxel data acquired in the
septum for all segments. Correlation coefficients were found to be in accordance to
previous values obtained with navigator gated single voxel spectroscopy [19]. The values
measured for TG with EPSI and PRESS are in good agreement with values reported
earlier by van der Meer et al. [19]. The CR content as measured in the current study,
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however, was found to be lower compared to previous data from single voxel
measurements (2,9). Although T1 and T2 was not measured in this study, absolute CR
concentrations, based on a mean tissue water content of 76.4 % (2), literature T1 and T2
values [89, 104-107] and nominal scanner flip angles, are projected to be about 17.2 ± 8.6
μmol/g and 20.0 ± 5.7 μmol/g wet weight for EPSI and PRESS, respectively. These values
are smaller than previous estimates of 28 ± 6 μmol/g [88] and 28.9 ± 4.4 μmol/g wet
weight [89] possibly reflecting uncertainties in the relaxation corrections, differences
between time and frequency domain spectral analysis and partial contamination of the CR
signal if the TMA resonance at 3.2 ppm is not fitted independently. However, when
comparing the data of the present work against biochemical analysis of CR concentrations
(17.9 μmol/g [121] and 20.8 ± 4.5 μmol/g [122]) very good correspondence is noted.
Likewise, when comparing the data to

31P

measurement results with phosphocreatine

(PCr) concentration found at 9 ± 1.2 μmol/g wet weight [123] and assuming a flux ratio of
creatine to PCr of 0.81, as derived from isolated perfused rat hearts [124], a total creatine
concentration of 16.3 μmol/g wet weight is found in reasonable agreement with the
results of the present study.
Table 9: Comparison of sensitivity in the six compartments. The intensities of the water
unsuppressed signals are compared to the water unsuppressed signal from segment 2, the segment
with the highest mean intensity.

Segment

1

2

3

4

5

6

S/N compared to
segment 2

0.91±0.13

1

0.88±0.12

0.70±0.08

0.68±0.10

0.81±0.11

The lateral segment in the region of the posterior vein of the left ventricle was found to
be compromised with significantly lower correlation when compared to both EPSI and
PRESS data from the septal region. This finding is associated with strong B0
inhomogeneities induced by the vicinity of deoxygenated blood inside the posterior vein.
Significant stronger line broadening compared to all other segments was detected in the
related segment 5 (11.6 ± 2.3Hz, Table 6) in agreement with previous data by Reeder et al.
[125]. B0 inhomogeneities also compromised the individual estimation of TMA and CR
resonances. These resonances are separated by 0.19 ppm which corresponds to 12.1 Hz at
1.5T. Furthermore coil sensitivity drop-off due to greater distance between the lateral wall
and the coil array (Table 9) relates to the reduced sensitivity in the lateral area. Relative to
the antero-septal segment, the signal-to-noise ratio in the postero-lateral segment was
reduced by 30 %.
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Overall, shimming was found to be a limiting factor. Voxel volumes were 0.290 ml for
EPSI and 8 ml for PRESS. Accordingly, significantly smaller line widths were detected in
the septal region for the EPSI scan compared to the PRESS scans (Table 6). With the
availability of higher order shims, the line width limitations in the regions of the lateral
wall and the posterior vein of the left ventricle can be addressed in future work. Multiple
channel coil arrays are expected to leverage the limited sensitivity in lateral and posterior
regions alongside translating the work to higher B0 field strengths. High field application
will also improve the separation of the TMA and CR resonances, which was found to be
limiting in this study at 1.5T.
The quantification of TG and CR was corrected for longitudinal and transversal
relaxation effects based on literature values for T1 and T2. The effect of T2 correction on the
quantitative results was found to be small for EPSI given the short echo times used. The
echo time of the double spin echo PRESS sequence, however, was almost 3 times longer
and hence inaccuracies in T2 may have resulted in significant differences in the
quantitative results of the PRESS measurements. The T2 correction factors for TE of 33 ms
(PRESS) / 12 ms (EPSI) did change relative TG and CR content by 36 % / 15 % and 44 % /
19 %, respectively. Assuming a 10% uncertainty in T2, the correction factors for PRESS /
EPSI are offset by 12 % / 5 % and 11 % / 4 % for TG and CR and thus may explain in parts
the difference seen between PRESS and EPSI in the septal region. Correction for
longitudinal relaxation did change the relative TG and CR content by 26 % ± 5 % and 9 %
± 4 % depending on heart rate. A 10% uncertainty in the estimated T1 relaxation time
would result in an offset for TG and CR content of 6.7 % and 11%, respectively. As the
influence of T1 relaxation for EPSI and PRESS is comparable differences of TG and CR
content measured with EPSI and PRESS are not explained by the uncertainty in T1 values.
However, they may partly explain differences compared to CR content reported in the
literature [88, 89]. In other applications it was demonstrated that corrections for
longitudinal and transversal relaxation effects can introduce systematic errors [105, 106].
Accordingly, subject-specific measurements of relaxation constants seem warranted and
need to be included in future studies.
The variance found across all segments of the EPSI data is attributed in parts to the
reduced coil sensitivity for lateral and posterior segments and to a loss in spectral
resolution given strong B0 gradients in particular close to the posterior vein of the left
ventricle compromising time-domain fitting of the TG and CR resonance lines.
In contrast to single voxel techniques the presented EPSI technique allows assessing
myocardial CR and TG content from several regions of interest. These regions of interest
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were defined according to a 6-segment model for a mid-cavity region. Contamination
from epicardial fat would be a potential risk in all but the septal region and could lead to
an increase in the measured TG content [20]. Segments were chosen to avoid voxels which
were biased by partial volume effects. These voxels could be clearly identified using a fat
map from water suppressed scans (Figure 31b) as the epicardial fat content is about two
magnitudes higher compared to the intra-myocellular TG content. To prevent signal
contamination due to a non-optimal point spread function, Hamming filtering was used,
reducing the side lobes of the point spread function. To reduce partial volume effects, two
strategies could be used in future work. First, the EPSI grid can be freely moved using the
Fourier shift theorem, thus the number of voxels used for analysis can be maximized.
However the shape of the point-spread function would still be non-optimal and
Hamming filtering would still be required. The second strategy could be based on the
approaches of SLIM [126] and SLOOP [127]. These methods reconstruct signals in a
predefined region of interest from a set of phase encodings, optimizing the point-spread
function for these regions of interest. Coil sensitivities can be used additionally to localize
the signals from different regions of interest as it has been shown recently for brain
spectroscopy [128].

Conclusion
This study has demonstrated that spatial distributions of myocardial total creatine and
triglyceride content can be assessed by means of navigator gated and cardiac triggered 2D
local-look EPSI during free breathing acquisitions. The presented method is considered a
promising tool for investigation of spatial alterations of myocardial energy metabolism in
cardiac diseases.
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Developing Hyperpolarized 13C Spectroscopy and
Imaging for Metabolic Studies in the Isolated
Perfused Rat Heart
Applied Magnetic Resonance, Volume 43, Issue 1-2, pp. 275-288, 2012

Introduction
The Langendorff perfused heart is an ex vivo model that allows the investigation of
cardiac function and metabolic processes in a strictly controlled environment [129].
Various physiological and pathophysiological conditions of the heart can be reproduced
using this model by direct control of its environment, substrate supply or energy
requirements. Moreover, it provides the possibility to investigate the effect of endogenous
and exogenous substances on cardiac metabolism, making it a key pharmacological
research tool. In combination with appropriate non-invasive methods like magnetic
resonance spectroscopy (MRS) and imaging, it is a powerful preclinical approach for basic
research, allowing the assessment of the effects of various cardiac interventions, such as
small molecule inhibitors [130], up- and down-regulation of signal transduction pathways
[131] and response to ischemia-reperfusion injury [132].
Magnetic resonance spectroscopy can give insight into the role of cardiac metabolism
under various conditions. In the perfused heart
measure

intracellular

concentrations

of

31P

MRS is traditionally employed to

adenosine

triphosphate

(ATP)

and

phosphocreatine (PCr) [133-135]. 1H MRS has been previously used to measure total
creatine content [136] and triglyceride accumulation in ischemic myocardium [137],
whereas 13C MRS can be used to measure glucose oxidation [138]. Both 31P and 1H MRS
have been translated to clinical application, for the quantification of pathophysiological
changes in myocardial high energy phosphate metabolism, creatine and triglyceride
concentrations in patients, which can be affected by aortic stenosis [139], cardiomyopathy
[140], ischemia [88] or diabetes [15, 141]. However, due to its relatively low sensitivity,
the range of metabolites which are quantifiable by MRS for dynamic in vivo investigation
are limited.
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The recently introduced method of dissolution Dynamic Nuclear Polarization (DNP)
provides a possibility to enhance the MRS signal from nuclei by the order of tens of
thousands [39], to facilitate the measurement of the kinetics of metabolic processes in
healthy or diseased tissue previously inaccessible to NMR. Hyperpolarized [1-13C]
pyruvate infusion has previously shown to allow the measurement of pyruvate
dehydrogenase activity (PDH) ex vivo in the perfused rat heart [142, 143] and in vivo under
conditions such as diabetes and hypertrophy [144, 145]. Hyperpolarized [2-13C] pyruvate
can be used to assess the Krebs cycle showing significant decreases of TCA cycle
intermediates, such as

13C

citrate and

13C

glutamate, in response to ischemia [146].

Moreover, PDH activity and TCA cycle can be assessed simultaneously through the use
of hyperpolarized [1,2-13C2] pyruvate [147]. Fatty acid metabolism has also been probed
through the buffering of hyperpolarized acetate with acetyl carnitine in response to
recovery from periods of ischemia [148] or through the addition of water soluble fatty
acids such as octanoate [142].
While information from non-selective MRS is sufficient for estimating metabolic
changes and pathologies with global effects, spatially resolved spectroscopy is needed to
study local effects in the heart. Magnetic resonance spectroscopic imaging (MRSI)
potentially provides the capacity to study local effects in the heart, allowing the
characterization of heterogeneous metabolic changes and pathologies such as found in
ischemic heart disease [13, 149, 150].
MRSI of hyperpolarized material poses additional challenges compared to that of more
traditional

thermally

polarized

1H

MRSI.

The

rapidly

decaying

nature

of

hyperpolarization to thermal equilibrium and the metabolic conversion by enzymatic
reactions

require

fast

spectroscopic

imaging

techniques.

The

hyperpolarized

magnetization needs to be traded between individual images and the number of
dynamics in the imaging series. To preserve the magnetization for all dynamics, a low
number of signal excitations in combination with small flip angles are desired. At the
same time sufficient SNR needs to be assured. Various approaches have been proposed to
address these challenges [64, 151] and in vivo applications of these techniques have been
demonstrated in pig hearts [63].
In the present work, an experimental set up for hyperpolarized 13C-MR spectroscopy
and imaging was implemented in perfused rat hearts. In our experiments we detected the
metabolic conversion from pyruvate to lactate, alanine, HCO3- and CO2, as well as a
previously unobserved conversion from pyruvate to aspartate attributed to anaplerotic
metabolism via the action of pyruvate carboxylase. To address the need for spatial
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resolution, fast spectroscopic imaging was implemented using echo planar spectroscopic
imaging (EPSI) [116] allowing dynamic visualization of the spatial distribution of
bicarbonate and lactate metabolites. Regional heterogeneity of these metabolite signals
was observed.

Experimental Methods
Isolated heart perfusion
All animal experiments were carried out in accordance with local regulations (Home
Office Guidance on the Operation of Animals (Scientific Procedures) Act 1986, HMSO
(London)). Male Wistar rats (250-300 g) underwent terminal anesthesia by intraperitoneal
injection of 0.4 mL of sodium pentobarbitone. After assuring the absence of pedal pain
withdrawal reflexes, 0.2 mL of heparin was injected into the femoral vein. The heart was
harvested and placed in cold Krebs-Henseleit buffer to temporarily arrest it and minimize
ischemic injury [152]. The isolated heart was cannulated to re-establish vascular perfusion
[153] employing a plastic cannula (ø=3mm) inserted into the aorta and perfused with
modified Krebs-Henseleit buffer (NaCl 118 mM, NaHCO3 25 mM, MgSO4 1.2 mM, KCl 5.9
mM, Na2EDTA 0.6 mM, glucose 11.1 mM, CaCl2 2.5 mM, pH~7.4, continuously
oxygenated by bubbling 95% O2, 5% CO2) at a constant flow of 14 ml/min using a
peristaltic pump, which corresponded to a constant pressure at the coronary arteries of 76
mmHg. Temperature was maintained at 37 °C using a thermostatically controlled waterjacketed system.

Dynamic Nuclear Polarization
14 µl of [1-13C] pyruvic acid containing 15 mM trityl radical and 1mM Gadolinium (Gd)
(Dotarem) was hyperpolarized in a HyperSense® (Oxford Instruments) DNP at 3.35 T and
1.4 K for ̴1hr. Dissolution was performed employing 4ml of 40mM TRIS buffer. Pyruvic
acid was neutralized by addition of a number of moles of NaOH equal to that of the
pyruvate sample to the collection vessel. The solution state hyperpolarization was
measured in a separate experiment to be of the order P≈22% (extrapolated back to the
instant of the dissolution), corresponding to an enhancement factor of ≈27,000 measured
with respect to the thermal signal of the same sample acquired under Ernst angle
conditions after signal decay. Immediately following dissolution, 3ml of hyperpolarized
[1-13C] pyruvate (50 mM) was injected into the perfusion line at constant flow (1ml/min)
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from an automated injector, resulting in a final concentration of hyperpolarized solution
of ~3.3 mM pyruvate in the perfusion buffer at the arrival to the heart.

Figure 35: a) Time frame from a short axis 1H cine image acquired as reference for the 13C images.
The left ventricle can be seen in the middle of the image. The right ventricle can be seen on the top
left. The white dots outside the heart are incoming (bottom) and outgoing (top) perfusion line. b)
Four chamber view of the isolated perfused heart form a 1H cine scan. The left ventricle can be seen
on the right, the right ventricle on the left. The closed aortic valve is visible as a bright spot at the
top of the left ventricle.

MR spectroscopy and imaging
All experiments were carried out on a vertical wide bore Bruker 9.4T Avance III
spectrometer with the bore maintained 37 °C. The perfused heart was inserted in a glass
tube (ø=15 mm, with a silicone bung) filled with Krebs-Henseleit buffer. Coronary
perfusate was aspirated from the top by a gravity-fed siphon.
For non-selective spectroscopic measurements (n=5), the tube containing the perfused
heart was placed within the isocenter of a custom-built 23Na/13C saddle coil (ø=15 mm),
and inserted into the spectrometer. Shimming was carried out using the
(FWHM 13Hz), and then re-tuned to

13C.

23Na

signal

Acquisition of the NMR data was commenced at

the end of the dissolution and a time-series of 13C-MR spectra (n=128) was acquired using
a single acquisition per spectrum, a small flip angle pulse (Ɵ=10°) and a time resolution of
2 seconds.

13C-MRS

data were processed and analyzed using TopSpin (Bruker). All

spectra were baseline corrected and integrals of each peak extracted as a function of time.
To estimate variability between measurements, we summed the entire time-series of
spectra for each heart, estimating the total area under the metabolite peak, normalized to
the total pyruvate area, as well as the ratio HCO3-/ CO2 and the corresponding pH. In the
imaging experiments (n=2) a dual-tuned 1H/13C birdcage coil with 20 mm inner diameter
was employed. Shimming was performed on the water signal using the 1H channel of the
coil (FWHM 35Hz). Standard 1H cine images were acquired in short axis (Figure 35a) and
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four chamber view (Figure 35b) for planning purposes using a self-gated gradient echo
sequence [154] with the following parameters; TE: 2.9 ms, TR: 8 ms, acquisition matrix:
128 x 128, field of view: 32 mm x 32 mm, spatial resolution: 250 µm x 250 µm, slice
thickness: 5 mm, flip angle: 20°, 10 cardiac frames. Hyperpolarized

13C

spectroscopic

images were acquired using an echo planar spectroscopic imaging (EPSI) sequence as
shown in Figure 36. The acquisition parameters were as follows; TE: 1.315 ms, TR: 89 ms,
time between dynamic images: 5 s, acquisition matrix: 16 x 16, field of view: 32 mm x 32
mm, flip angle: ≈ 20°, spatial resolution: 2 mm x 2 mm, slice thickness: 5 mm, spectral
bandwidth during acquisition: 6250 Hz, spectral resolution 12.2 Hz. For each experiment
64 images were acquired in a total time of 320 seconds starting with the dissolution of the
sample. MRSI data were reconstructed using Matlab (Mathworks Inc., Natick, MA). To
avoid spectral N/2 ghosts, even and odd echoes of the echo planar readout were
combined after linear phase correction of the even echoes, resulting in a spectral
bandwidth of 3125 Hz. For spatial visualization of the distributions of pyruvate, lactate
and bicarbonate, peak integrals were estimated on a pixel by pixel basis and overlaid as
color-coded

13C

metabolite images to the 1H reference images, interpolated to the same

matrix size as the cine images. The color scales are normalized independently to the
maximum intensity for each metabolite.

Figure 36: Schematic diagram of the echo planar spectroscopic imaging (EPSI) sequence. Slice
selective excitation is followed by phase encoding. The signal is acquired during an alternating
gradient train.

Spectra were averaged within regions of interest for a given time frame and phased
using the pyruvate signal. The spectra reveal a linear phase due to the echo time of 1.315
ms. This linear phase is taken into account by analyzing the data in the time domain using
the AMARES function of the jMRUI software package [103, 119]. The resonances of
pyruvate at 173 ppm, pyruvate hydrate at 181 ppm, lactate at 185 ppm and bicarbonate at
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162 ppm in the individual time frames were fitted assuming Gaussian line profiles. For
interpolation and display of the data signal time curves of pyruvate, lactate and
bicarbonate estimated with AMARES were fitted using a bi-exponential function
according to:

S(t )  a  e bt  (1  e ct )

(6.1)

where S is the observed signal and a, b, c are free fitting parameters.

Figure 37: a) Example hyperpolarized spectrum obtained by summing the entire time-series (128
spectra) acquired as described in the methods section. Peaks correspond to pyruvate C1, natural
abundance pyruvate C2 and pyruvate hydrate and the metabolites that are produced
corresponding to lactate C1, alanine C1, HCO3-, CO2, aspartate C1 and aspartate C4 as well as some
other minor metabolites not yet assigned as seen in the figure detail (top left). The peak * is a noise
spike from the coil. b) Time series of 13C-MR spectra of hyperpolarized pyruvate C1 and its
downstream metabolites shown in (a).
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Results
A representative summed 13C spectrum is shown in Figure 37a, obtained by summing
the entire hyperpolarized 13C time-series acquired after injection of [1-13C] pyruvate. The
spectrum shows a range of different metabolites that can be detected including signals
arising from pyruvate C1, natural abundance pyruvate C2 and pyruvate hydrate, and the
metabolites that are produced by enzymatic conversion corresponding to lactate C1,
alanine C1, HCO3-, CO2, aspartate C1 and aspartate C4 as well as some other minor
metabolites not yet assigned as seen in the figure detail (top right). These minor peaks
were not observed in the pyruvate preparation. Figure 37b shows the temporal variation
of each of these observed metabolites peaks displayed as a function of time.

Figure 38: (a) Mean and standard deviations (n=5) of the total area under the curve formed by the
peak integrals of lactate C1, aspartate C4, alanine C1, aspartate C1, HCO3- and CO2 normalized to
the total pyruvate signal. (b) Means and standard deviations (n=5) of the HCO3-/CO2 ratio and
calculated pH.

Figure 38a presents the mean and standard deviation for the total area under each
metabolite curve from the non-localized spectroscopic experiments (n=5), corresponding
to the peak integrals of lactate C1, aspartate C4, alanine C1, aspartate C1, HCO3- and CO2,
normalized to the total pyruvate signal. Figure 38b shows the mean and standard
deviations of the HCO3-/CO2 ratio and corresponding pH calculated using the
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Henderson-Hasselbalch equation. The latter is consistent with the intracellular
physiological pH in the heart measured previously [155].

Figure 39: (a,b) Time series of 13C images from a slice in short axis view of the myocardium
overlaid on the 1H reference image (Figure 35a). (a) and (b) show two different hearts. Images of
pyruvate, lactate and bicarbonate signals are shown in the 1st, 2nd and 3rd column respectively. The
temporal resolution between the images is 5s, where time t=0s is defined to be the last image
without 13C signal before appearance of hyperpolarized [1-13C] pyruvate. The arrow in time frame
t=5s in (a) indicates the incoming perfusion line, the arrow in time frame t=30s in (a) indicates the
outgoing tubing. (c) and (d) Mean images of time frames t=10s to t=20s from the image series in (a)
and (b). The images show a clear heterogeneous distribution of lactate and bicarbonate signals in
experiment 1 ((a) and (c)). In experiment 2 the distribution of lactate and bicarbonate is much more
homogeneous (b) and (d). The region of high lactate and bicarbonate production in experiment 1 is
indicated by arrow 1 and 2 respectively.
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Time series of images for pyruvate, lactate and bicarbonate from two individual
experiments are shown in Figure 39a and b overlaid onto a time frame of a 1H cine image
in short axis view (Figure 35a). The temporal interval between the dynamic images is 5s.
The time frame t = 0s was chosen to be the last time frame without 13C signal before the
appearance of the hyperpolarized signal. Starting with injection of hyperpolarized
solution into the perfusion line, the signal of pyruvate is visible in the inlet line indicated
by the arrow in the pyruvate image in time frame t = 5s (top of Figure 39a). Signal in the
outflow tube can be found in time frame t = 30s, indicated by the arrow (bottom of Figure
39a). The metabolic products lactate and bicarbonate are visible in the myocardium from
time frame t=10s. To further increase the SNR of the images the mean of the time points t
= 5s to t = 20s is shown in Figure 39c and d. It is apparent that in experiment 1 (Figure 39a
and c) the distributions of pyruvate perfusion and the production of lactate and
bicarbonate are not homogeneous over the whole myocardium. In comparison,
experiment 2 (Figure 39b and d) shows a much more homogeneous distribution of the
metabolic products lactate and bicarbonate. The regions indicated by the arrows 1 and 2
in the lactate and bicarbonate images of experiment 1 (Figure 39c) reveal enhanced
production of lactate and bicarbonate respectively, representing different metabolic
processes taking place in these regions. Time courses of pyruvate, lactate and bicarbonate
signal amplitudes estimated with AMARES from the two regions of interest in experiment
1 and from the whole myocardium in experiment 2 are shown in Figure 40a, b and c.
Fitted spectra of the region of high lactate production and the region of high bicarbonate
production of experiment 1 and the whole myocardium of experiment 2 are shown in
Figure 40d, e and f together with fit residuals. Differences of the lactate resonance at 185
ppm and the bicarbonate resonance at 162 ppm between the two regions in experiment 1
and in experiment 2 are visible. Figure 40g, h and i show a stacked plot of the absolute
spectra estimated with AMARES from the two regions of interest indicated in Figure 39b.
Overall the signals from spectroscopic imaging are clearly limited by SNR as can be seen
in the images in Figure 39 and the fitting residuals in Figure 40d to f. Furthermore the
temporal resolution is lower compared to non-selective spectroscopy. However, the time
courses of the signals are comparable between the two techniques.
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Figure 40: Time courses of the pyruvate, lactate and bicarbonate signals, estimated with AMARES
from the two experiments shown in Figure 39. For experiment 1 data from the region of high
lactate production (a) and the region of high bicarbonate production (b) indicated by arrow 1 and 2
in Figure 39c was extracted. For experiment 2 mean data of the whole myocardium is shown. The
solid lines show a fit of the data using a bi-exponential equation for interpolation and display
purposes only. (d-f) AMARES fitted spectra and fit residual at the time point indicated by the
dashed lines in (a), (b) and (c). (d) Average spectrum of nine voxels in the region of high lactate
production of experiment 1 (e) Average spectrum of fifteen voxels in the region of high bicarbonate
production of experiment 1. (f) Average spectrum of all voxels in myocardium of experiment 2.
Bottom shows stacked plots of the spectra of the time series estimated with AMARES from the two
regions of interest in experiment 1 (g-h) and the whole myocardium in experiment 2 (i). For better
visualization without baseline distortions due to the linear phase of the spectra, absolute values are
shown.

Discussion
A schematic diagram of the metabolic pathways we observed is shown in Figure 41.
We observe conversion of hyperpolarized [1-13C] pyruvate to lactate catalyzed by lactate
dehydrogenase (LDH), to alanine catalyzed by alanine transaminase (ALT), to bicarbonate
catalyzed by PDH, and interconversion of bicarbonate and CO2 catalyzed by carbonic
anhydrase (CA). We also observe the conversion of hyperpolarized [1-13C] pyruvate to
aspartate C1 and C4 by transamination via oxaloacetate. This is attributed to anaplerotic
metabolism via the action of pyruvate carboxylase (PC). The C1 label appears from direct
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conversion of pyruvate via oxaloacetate. It has been suggested that the C4 signal in
aspartate arises from TCA cycle conversion of oxaloacetate to malate and fumarate where
the position of the hyperpolarized signal is scrambled in this symmetric molecule [156].
The aspartate C4 signal was less intense than the aspartate C1 signal. However we did not
observe oxaloacetate, malate or fumarate in any of our experiments and therefore it is not
possible to distinguish between this process and possible direct carboxylation of pyruvate
by hyperpolarized CO2*. We further observed two unknown peaks that were not present
as impurities in the pyruvate preparation. The one at 170.7ppm is consistent with
asparagines whilst the identity of the peak at 174.2ppm remains to be determined.
The aspartate C1 and C4 peaks which we observed have previously been described in
the liver, where AcetylCoA is produced via the competing metabolic pathway called
anaplerosis and not through PDH as in cardiac metabolism [156]. However, anaplerotic
reactions are also essential in the heart to maintain the intermediates of the TCA cycle (e.g.
oxaloacetate, malate, α-ketoglutarate) constant under different metabolic conditions. It has
previously been reported under similar perfusion conditions of 3mM and 6mM pyruvate
that 80% of the acetyl CoA generated arises from pyruvate metabolism whilst only 8-10%
is attributed to anaplerosis. PC and PDH activity were estimated in our experiments using
the relative amplitude of the aspartate C1 signal and the HCO3- signal and was found to
be of the order 7%, therefore in good agreement with that reported previously [157]. To
date, anaplerosis has only been studied using

13C-isotopomer

analysis by MR [142, 157-

159], but no real-time estimation of this important metabolic pathway has been carried
out. Hyperpolarized tracers, such as [1-13C] pyruvate, may therefore be a useful tool for
real time investigation of anaplerotic metabolism in the perfused rat heart ex vivo with the
potential to also be studied in vivo.
In the present work, fast spectroscopic imaging was implemented to dynamically
image perfusion with pyruvate, and to follow its conversion to lactate and bicarbonate in
the isolated perfused heart. The early upslope of the bicarbonate signal in experiment 1
shown in Figure 39a and Figure 40b compared to the pyruvate signal is a visual effect due
to the down scaling of the pyruvate signals. In fact, the upslope of the pyruvate signals is
earlier than that of the bicarbonate signals. In experiment 1 the bicarbonate signal reaches
its maximum point about 5 seconds earlier in region 2 (between t = 10s and t = 15s)
compared to region 1 (between t = 15s and 25s). The image series and the spectra of
experiment 1 presented in Figure 39 and Figure 40 show a heterogeneous distribution of
lactate and bicarbonate within the myocardium, indicated by the two regions in Figure
39c. In contrast the imaging series of experiment 2 display a more homogeneous
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distribution of metabolites. In our experiments, where the heart is well oxygenated, we
speculate that the differences are possibly due to regional variations of the pyruvate
perfusion and related differences in regional metabolism. Spatial differences in
metabolism may also be caused by regional differences in PDH activity, for example
partial ischemia due to imperfect experimental conditions. Similar metabolic changes
would be expected in an ischemic region which could also be investigated using these
methods. However, for a precise investigation of these effects well controlled models of
ischemia or metabolic perturbations are needed and are beyond the focus of the current
work. Nevertheless the detected heterogeneities of metabolism in the myocardium cannot
be detected using non-selective spectroscopy, which averages these signals over the entire
volume.

Figure 41: Schematic representation of pyruvate metabolism with the metabolites observed using
non-selective spectroscopy shown in red. We observe conversion of hyperpolarized [1-13C]
pyruvate to lactate, alanine, bicarbonate, CO2 and aspartate under the action of the enzymes lactate
dehydrogenase (LDH), alanine transaminase (ALT), pyruvate dehydrogenase (PDH), pyruvate
carboxylase (PC) and transamination of oxaloacetate to aspartate. The outer box corresponds to the
plasma membrane whilst the inner box is the mitochondrial membrane. From our experiments we
are not able to distinguish between pyruvate carboxylation via hyperpolarized CO2* or
symmetrization of oxaloacetate via conversion to fumarate.
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There are currently some limitations in our methodology for both the non-selective
spectroscopy and the spectroscopic imaging experiments. Even though all our
experiments were performed following a standard protocol, some variability in the
intensity of the metabolite peaks (Figure 38a) was detected. Our experiments were carried
out without monitoring cardiac function, meaning that we were unable to assess the
consistency of our heart perfusion protocol after it is inserted into the spectrometer. A lack
of ECG triggering leads to image blurring along the phase encoding direction (left, right),
due to residual motion as seen in the

13C

images in Figure 39a and b. In future

experiments, the primary cardiac parameters (e.g. coronary flow, left ventricular
developed pressure and heart rate) will be detected using a balloon inserted in the left
ventricle, which will be connected to a pressure transducer. Insertion of a balloon into the
left ventricle will also ensure physiological workload on the heart. Moreover, heart rate
(and thus energy demand) will be maintained constant using an MR-compatible pacing
system, which is currently under construction. This system can also be employed to
trigger image acquisition, and minimize motion-related image blurring.
Cardiac metabolism is very sensitive to changes in substrate availability. The choice of
the composition of the Krebs-Henseleit buffer is crucial to obtain physiologically relevant
results [160]. In these experiments, the buffer contained glucose but not fatty acids, which
has been previously shown to greatly affect the conversion of pyruvate, for example in the
presence of octanoate [142]. However, physiological long-chain fatty acids bound to
albumin confound hyperpolarized 13C-MR measurements due to a significant shortening
of T1 [157]. Furthermore, in our experiments the concentration of pyruvate required to
give sufficient signal-to-noise is more than 10 times higher than physiological
concentrations of pyruvate in blood [157] thus influencing substrate utilization in the
heart. Further investigations are needed to understand the physiology of the selection of
substrates by perfused hearts.
Our imaging experiments are currently limited by sensitivity and therefore also by
temporal resolution. Advanced methods to optimize excitation angles for pyruvate,
lactate and bicarbonate independently using spectral-spatial pulses in combination with
EPSI [65] or single shot EPI (echo planar imaging) [64] readout could be used in future
work to overcome these limitations. Additionally, partial k-space undersampling
techniques exploiting spatiotemporal correlations such as k-t PCA [77] could be used to
minimize the number of signal excitations and thus further accelerate image acquisition.
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Conclusion
We have implemented protocols for real-time metabolic studies in the perfused rat
heart employing both non–selective 13C MR spectroscopy and slice-selective spectroscopic
imaging for localized measurements. In agreement with previous studies [142, 143], we
have shown that it is feasible to detect the conversion of hyperpolarized [1-13C] pyruvate
to lactate, alanine, HCO3- and CO2 using non-selective spectroscopy experiments. We have
also demonstrated the conversion of hyperpolarized [1-13C] pyruvate to aspartate C1 and
C4 which we attribute to anaplerotic metabolism. Information on the spatial distribution
of hyperpolarized pyruvate, lactate and bicarbonate were obtained using slice selective
spectroscopic imaging employing an echo planar readout. Spatial distributions of the 13C
metabolite signals can be measured and heterogeneous metabolism within the
myocardium can be detected. Fast spectroscopic imaging of hyperpolarized compounds is
therefore a promising tool for the investigation of the myocardial metabolism in the
isolated perfused heart model, and an exciting prospect for pharmacological studies.
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Accelerating hyperpolarized metabolic imaging of
the heart by exploiting spatiotemporal correlations
NMR in Biomedicine (Submitted)

Introduction
The application of dissolution Dynamic Nuclear Polarization (DNP) to endogenous 13C
labeled substances provides more than 10’000-fold signal enhancement [39] and hence
offers the possibility of studying in vivo biochemical reactions in real time [146]. However,
due to the transient life time of hyperpolarized signals and fast metabolic conversion of
injected endogenous substances such as pyruvate, suitable fast spectroscopic dynamic
imaging sequences have to be developed as the desired information is encoded in the
spatial, spectral and temporal domain of the data. Hence general concepts from 1H
imaging have to be adapted and cannot be directly translated to

13C

imaging of

hyperpolarized compounds. Moreover, the small size of rodents in preclinical
experiments poses the challenge of resolving small anatomical structures at high heart
rates.
Various strategies have been proposed for rapid data acquisition of hyperpolarized
nuclei in vivo mainly using prior knowledge of resonance frequencies of the expected
compounds [63, 65, 161-163]. Strategies employing spectrally and spatially selective
(SPSP) pulses have been shown beneficial for acquisitions of hyperpolarized

13C

[63-65,

164] for two different reasons. Firstly, they allow exciting different resonances with
different flip angles and hence allow for independently optimized flip angles for primary
and secondary metabolic compounds. Secondly, spectral encoding can be skipped
altogether if only a single resonance is excited at once [64]. To further accelerate data
acquisition, strategies have been proposed based on parallel imaging using multiple
receiver coils. Acceleration factors of two- [72, 165] and four-fold [165] have been achieved
by parallel spectroscopic imaging of hyperpolarized compounds in two and three
dimensions, respectively. Moreover the inherent sparsity of 13C data in the spatial domain
has been exploited using compressed sensing [66, 84, 85]. Significant acceleration of threedimensional dynamic spectroscopic imaging has been reported [66].
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In single-shot gradient-echo imaging the full k-space has to be sampled after a single
excitation and during the T2* decay of the signal. As a result the maximum sampling time
is limited and hence only a limited number of k-space points can be acquired
compromising spatial resolution. To this end, data undersampling may be used to capture
a larger spatial frequency band and hence permit acquisition at higher spatial resolution if
the missing samples can be repopulated based on properties of the object and/or
additional encoding information. In cardiac gated hyperpolarized imaging, acquisition
times are additionally restricted to quiescent periods of the cardiac cycle, which is a
particular challenge in small animals having high heart rates.
While frame-by-frame sparsity or transform sparsity of hyperpolarized images has
already been explored, there is little work exploiting spatiotemporal redundancy of
hyperpolarized data. Recent studies have indicated that spatiotemporal undersampling
can efficiently be used for accelerating proton-based dynamic bolus perfusion scans of the
heart using various implementations of k-t undersampling methods [77, 78, 166].
It is the objective of the present work to exploit spatiotemporal correlations for
accelerating dynamic imaging of hyperpolarized 1-13C pyruvate and its downstream
products lactate and bicarbonate in the rat heart in vivo. An SPSP excitation pulse in
combination with undersampled variable density echo-planar imaging (EPI) and k-t PCA
reconstruction was implemented. Numerical simulations and experiments of the in vivo
rat heart are presented.

Methods
Theory
In k-t PCA [77] data is undersampled along a regular grid in k-t space as shown in
Figure 42, where k denotes spatial frequency and t time. Undersampling leads to signal
aliasing in the reciprocal x-f space, where x denotes spatial position and f temporal
frequency. The underlying assumption of k-t PCA is that the unaliased data  can be
compactly represented by

  Aw
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where A  BT  I contains spatially invariant temporal basis functions B as derived
using Principal Component Analysis (PCA) from the fully sampled central portion in k-t
space. The temporally invariant weights w in (6.2) are obtained by solving:



w  M 2 E H EM 2 E H  



†

 alias

(6.3)

where M 2 denote the signal variance estimated from the fully sampled central portion
in k-t space and E the encoding matrix upon transformation using matrix A while 
refers to noise variance [77].

Figure 42: Sampling pattern for 5-fold k-t undersampling with 5 training profiles. Filled circles
indicate acquired data points while blue ones refer to training data profiles.

Numerical simulations
A numerical phantom was designed based on segmented data of a rat heart in short
axis (SA) view providing a dynamic image series of pyruvate, lactate and bicarbonate
with spatial and temporal resolutions of 1x1 mm2 (field of view: 60x60 mm2) and 3 sec,
respectively. Signal intensity curves were simulated using in vivo data obtained from slice
selective spectroscopy of hyperpolarized [1-13C] pyruvate, lactate and bicarbonate. Signal
intensity curves of pyruvate in different anatomical structures, including aorta, right and
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left ventricle of the heart and the myocardium were modeled based on data from
gadolinium enhanced perfusion imaging. Lactate and bicarbonate signals were confined
to the myocardium (Figure 43).

Figure 43: Simulated data of hyperpolarized signals of pyruvate, lactate and bicarbonate of the
heart in short-axis view. (a) Fully sampled data with SNR values of 30, 16 and 5 for pyruvate,
lactate and bicarbonate, respectively. (b) 5-fold and (c) 8-fold undersampled k-t PCA data. (d)
Signal intensity curves of the anterolateral segment (indicated on the top in (d)). (e) Linear
regression of the relative reconstructed and the relative true, noise-free signal curves.

To test reconstructions simulated data was undersampled according to the pattern
shown in Figure 42. The central k-space region was fully sampled providing training data.
Nominal undersampling factors of 2, 5, 8, 12 and 16 in combination with 3, 5, 11, 15 and 21
training profiles were simulated. To assess signal-to-noise ratio (SNR) performance,
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random white noise was added to the images providing SNR values of 2 to 15 for
bicarbonate, 6.5 to 50 for lactate and 16.5 to 125 for pyruvate. Linear regressions of the
reconstructed data were calculated as a measure of correlation to the true, noise-free data
(Figure 43e). Reconstruction quality was measured using the relative root mean square
error (rRMSE) with regard to the fully sampled noise free simulated data (Figure 44).
Assessment of rRMSE was based on regions of interest (ROI) including the complete heart
(myocardium, right and left ventricle) for pyruvate and the myocardium only for lactate
and bicarbonate.

Figure 44: Relative root mean square error (rRMSE) of k-t PCA reconstructions and fully sampled
noisy data of the numerical model shown in Figure 43. (a, b) Dependency of rRMSE on the number
of training profiles for bicarbonate and pyruvate. The denoising capability of k-t PCA reduces the
rRMSE below the rRMSE of the fully sampled data for very low SNR values (a). (c,d) Dependency
of rRMSE on SNR for bicarbonate and pyruvate.

Experiments
Dissolution dynamic nuclear polarization
A home-built multi-sample dissolution DNP system [47] was used for all experiments.
A 25.4µl mixture of [1-13C] labeled pyruvic acid and 13.5mM trityl radical doped
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with1.5mM Dotarem (Guerbert, France) was hyperpolarized at a temperature 1.3K for
about 90 minutes. After the hyperpolarization process the sample was dissolved with 4 ml
Tris buffer, resulting in a pyruvate concentration of about 80mM. To neutralize the
solution to a pH value of 7.5, concentrated 1M sodium hydroxide solution was added to
the collection vessel. After the dissolution process the sample was transported to the small
animal MR system. Two milliliters of the hyperpolarized solution were injected via the
tail vein of the animals.

In vivo measurements
All animal experiments were in accordance with institutional and ethical guidelines. A
total of five healthy female rats (Wistar) were anesthetized using a mixture of oxygen, air
and 1.5-2.5% isoflurane. An ECG system was used to monitor the heart rate and to trigger
the measurement sequences. A constant body temperature was maintained by warm
water circulation during the measurements. During the measurements the animals were
infused with Glucose solution through the tail vein to keep blood sugar levels constant
over the time of the experiments. All experiments were carried out on a horizontal 9.4T
Bruker Biospec system (Bruker, Ettlingen, Germany) interfaced to a Bruker Avance II
console and equipped with a 440mT/m gradient system with maximum slew rate of 3500
T/m/s. A 1H/13C dual tuned birdcage coil (Rapid Biomedical, Wuerzburg, Germany) was
used for signal transmission. A 13C surface coil (Rapid Biomedical, Wuerzburg, Germany)
was employed for signal reception with sensitivity distribution as shown in Figure 45c. A
phantom consisting of 5M sodium acetate solution, doped with 0.5M Dotarem (Guerbert,
France) was attached to the outside of the surface coil for pulse angle and frequency
calibrations. Manual shimming was performed using 1H slice selective spectroscopy by
minimizing the 1H line width of the water peak.
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Figure 45: (a) Sequence diagram including a fly-back SPSP selective and a variable density single
shot EPI readout. The sequence was ECG triggered to end systole. Both undersampled and training
data were acquired in one shot for every temporal dynamic. (b) Slice position and slice thickness
used for in vivo measurements. The limited gradient performance permitted only a minimum slice
thickness of 8mm. (c) Sensitivity profile of the 13C receive surface coil overlaid onto an anatomical
1H image. Line plots show the sensitivity profile along the dashed lines in the image.

Pulse sequence
Spectral-spatial pulse
A SPSP selective excitation radio frequency pulse was implemented [64, 164] in
Paravision 5.0 (Figure 45a). Due to the limited fidelity of the gradient system, the SPSP
pulse was designed as fly-back pulse. The pulse consisted of 11 Gaussian-shaped subpulses with a Gaussian-shaped envelope and a temporal spacing of 320us, corresponding
to a spectral width of 3125Hz or 31ppm. The excitation window was chosen to be
approximately 600Hz or 6ppm, resulting in a stop-bandwidth of 2525Hz or 25ppm.
However, the minimal slice thickness was limited to 8mm, as indicated in Figure 45b.
Pyruvate, lactate and bicarbonate were excited with flip angles of 10°, 70° and 70°,
respectively.

Single shot EPI readout
The SPSP excitation was combined with a modified EPI readout, allowing for variable
k-space density single-shot readouts to encode both the undersampled and training data
(Figure 42 and Figure 43a). Cardiac short-axis view data with 1x1 mm2 spatial resolution
and a FOV of 60x60 mm2 were acquired. The readout bandwidth was chosen to be 90 kHz,
resulting in a minimum echo time (TE) of 23.5 ms in the fully sampled case and a TE of 9.4
ms in the 5-fold undersampled case in combination with 5 training profiles. Taking
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training profiles into account, the effective acceleration factors were 1.8, 3.5 and 4.6 for 2, 5
and 8-fold nominal undersampling, respectively. All measurements were cardiac
triggered to the end systolic phase. The resonances of pyruvate, lactate and bicarbonate
were successively excited with a repetition time of 1s, resulting in a temporal resolution of
3 sec for each of the three metabolites. For reference purposes self-gated cine images with
a slice thickness of 1.5 mm in were acquired at the same position as the dynamic

13C

images.

Data reconstruction
All datasets were reconstructed using k-t PCA. To correct for EPI ghosting resulting
from delays between even and odd readout gradients, a trial set of phase shifts between -π
and π for zero order and 0 and 2π for first order phase were applied to every second
readout profile of the training data before applying the Fourier transform in the phase
encoding direction. The image and shift with the lowest ghost was detected, similar to the
approach for echo planar spectroscopic imaging described earlier [54]. Ghost correction
parameters were calculated on pyruvate data only and subsequently used for all
metabolites. For data visualization, reconstructed

13C

images were color coded and

overlaid onto the end-systolic frame of the cine 1H reference scan. To estimate dynamic
signal curves of the hyperpolarized

13C

signals, the SA slice was segmented into 6

segments. Signals in each segment were averaged and corrected for the differences in
excitation flip angle.
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Figure 46: Overlay of hyperpolarized 13C signals of pyruvate, lactate and bicarbonate and
anatomical 1H images of the in vivo rat heart. A single time frame at peak bicarbonate signal
intensity from prospectively accelerated acquisitions using 2, 5 and 8-fold k-t PCA are shown. Due
to la long readout of 22.2ms in combination with short T2* at 9.4T 2-fold k-t PCA shows a high
noise level. Five-fold k-t PCA provided an optimal acquisition time of 11.4 ms.

Results
Numerical simulations
Figure 43 shows the results of the numerical model for 5- and 8-fold undersampled k-t
PCA in combination with 5 training profiles. Good agreement of spatial maps and signal
intensity curves was found. Significant distortions of the pyruvate and bicarbonate
signals, however, are noted for 8-fold undersampling (Figure 43d). Small differences were
revealed with the linear regression. The strongest deviation was found for 8-fold
undersampled bicarbonate signals, revealing a slope of only 0.85, indicating an
underestimation of high signal levels (Figure 43e).
The dependencies of the rRMSE on the number of training profiles are shown for
bicarbonate and pyruvate in Figure 44a,b. On basis of these results, 5 training profiles
were considered a good trade-off between reconstruction error and scan time penalty
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imposed by training data acquisition. Accordingly, 5 training profiles were used for
subsequent in vivo acquisitions. The dependency of rRMSE on SNR is plotted in Figure
44c,d for 2, 5 and 8-fold undersampling of bicarbonate and pyruvate, respectively.

Figure 47: Selected time frames of the dynamic time series acquired with 5-fold k-t PCA. Some
signal spilling of pyruvate into the myocardium is observed and related to partial voluming given
the large slice thickness of 8mm.
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In vivo measurements
A single time frame at peak signal of bicarbonate for 2, 5 and 8-fold nominal
undersampling is presented in Figure 46. Two-fold undersampling resulted in low SNR
given the length of the single shot EPI readout. Readout durations were 22.2 ms, 11.4 ms,
8.7 ms for 2, 5 and 8-fold undersampling, respectively.
Figure 47 and Figure 48 show dynamic data with corresponding signal intensity
curves. Surface coil reception resulted in acceptable sensitivity in sectors 1-3, with peak
SNR values of bicarbonate between 3 and 7. However, sectors 4-6 were compromised by
the limited sensitivity of the coil.

Figure 48: Signal intensity time curves of pyruvate, lactate and bicarbonate for the 6 segments of
the myocardium indicated in (a). The three segments at the lateral wall, closest to the surface coil
(1, 2, 3) show acceptable SNR for all three metabolites. Signals of the other segments are
compromised by the limited sensitivity of the surface coil used.
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Discussion
The combination of k-t PCA with SPSP selective excitation has been demonstrated to
permit imaging of hyperpolarized metabolic compounds in the in vivo rat heart with 1mm
in-plane resolution at 9.4T.
Undersampling effectively reduced readout durations and hence allowed accounting
for the short T2* values of hyperpolarized carbon compounds. A line width of about 30 Hz
was measured for bicarbonate at 9.4T. Accordingly, T2* was estimated at

T2* 

1
 10.6 ms
f

(6.4)

where ∆f is the spectral line width. For an SNR optimal acquisition an acquisition time of
1.26 times T2* [108] or 13.4ms is required. Using 5-fold k-t PCA, the acquisition time was
11.4ms and hence close to optimal. Comparing 5-fold undersampling relative to full
sampling a net gain factor of about two in SNR was achieved confirming that
undersampling effectively increases SNR efficiency in single shot imaging of
hyperpolarized compounds, similar to increased SNR efficiency reported for steady state
imaging [167]. Given the short T2* center-out sampling trajectories such as spirals are
preferred [164]. However, B0 inhomogeneity and limited shim capabilities at 9.4T may
render off-resonance correction difficult.
The k-t PCA reconstruction acts as an adaptive filter [75] reducing noise in voxels of low
temporal bandwidth. Accordingly, noise enhancement varies spatially depending on
object dynamics. Quantification of SNR therefore requires a voxel-based approach. To this
end, noise performance can only be assessed using a pseudo replica approach feeding
noise samples into reconstruction while keeping measured training signals in equation
(6.3).
A main limitation of the present study relates to the limited gradient performance of
the small animal system used. The minimum achievable slice thickness for SPSP excitation
was 8 mm hence covering the entire long-axis of the heart as indicated in Figure 45b. As a
result, significant partial volume effects occurred causing signal spilling from the leftventricular cavity into myocardial segments as noted for segments 5 and 6 in Figure 48.
To ameliorate the issue, SPSP pulse designs using both the positive and negative gradient
lobes are preferred. However, the limited fidelity of the gradient system used introduced
severe distortions of excitation k-space trajectories when using forward-backward designs
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due to time- and gradient-sign dependent channel delays during the pulse. As an
alternative to SPSP excitation, multi-echo approaches may be used [161].
Another limitation of the present work is related to the single-loop surface coil
providing only partial coverage of the heart with sufficient SNR. Dedicated coil arrays
need to be developed to address this issue.
In comparison to previous work on accelerated data acquisition in hyperpolarized
imaging [72, 165] the present approach has afforded a net undersampling rate of 3.5 hence
outperforming parallel imaging implementations. The method presented here is entirely
self-referenced i.e. no additional information such as sensitivity maps is required. Given
the high heart rate of small animals only 2D imaging was possible. Adding another spatial
encoding dimension would, in principle, allow for significantly greater undersampling
rates as demonstrated recently [66]. While such an approach is feasible when targeting
static objects, the longer acquisition time would, however, prohibit imaging of the moving
heart.
The fidelity of the k-t PCA reconstructions could be further increased by incorporating
spatial compartments as demonstrated for 3D perfusion imaging [78]. This would
especially help the independent estimation of signal curves of pyruvate in the left
ventricle and the myocardium and reduce left ventricular signal contamination of the
myocardial signal time curves. Moreover, correlations between the considered
metabolites could be directly exploited in terms of a two side exchange model in the k-t
reconstruction process.

Conclusion
It has been demonstrated that k-t PCA accelerated single-shot echo-planar imaging in
combination

with

spectral-spatial

excitation

is

feasible

for

enabling

dynamic

hyperpolarized imaging of the in vivo rat heart at 9.4T. By reducing the readout time,
significant gains in SNR were achieved despite the undersampling applied. In addition,
the k-t PCA scheme proves beneficial in noise suppression by adapting the temporal
bandwidth to the actual dynamics of the object measured. Prospective five-fold nominal
undersampling was successfully demonstrated in the rat heart indicating the potential of
the method.
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Chapter 7

Discussion
In this thesis, methodological developments have been presented for both conventional
cardiac MRS and cardiac MRS of hyperpolarized compounds. Increased efficiency of MRS
methods in terms of SNR, scan time and information content acquired have been
achieved, facilitating the use of MRS in pre-clinical and clinical protocols.
In the first study the benefit of large coil arrays for conventional 1H cardiac MRS was
demonstrated, providing a 24% increase in SNR or a 1.5 fold reduced scan time for
constant SNR.
A second line of development concerned the implementation of two-dimensional
imaging of cardiac metabolism using fast 1H MRS in clinically feasible scan time of about
11 minutes. This method has the potential to allow studying heterogeneous effects in
cardiac metabolism and hence extends the areas of application compared to single voxel
techniques. Moreover, the technical feasibility of three dimensional metabolic imaging of
the heart using 1H MRS has been shown [168].
In the third part of this thesis methods for spectroscopy and fast metabolic imaging of
perfused heart models using hyperpolarized

13C

labeled pyruvate were introduced.

Dynamic two-dimensional imaging of real time metabolism was successfully
implemented and heterogeneous variations of myocardial metabolism were detected.
In the final portion of work, methods for accelerated image acquisition and
reconstruction of hyperpolarized

13C

labeled pyruvate were presented. A net scan

acceleration of 3.5x was achieved using a single loop receive coil at 9.4T. The k-t PCA
reconstruction, which exploits spatiotemporal correlations of the dynamic data, showed
an advantageous noise behavior, resulting in inherent noise suppression in the
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reconstructed images. Using this technique, a very high in plane resolution of 1 x 1mm2
was obtained, necessary in imaging of small animal models.

Outlook
Cardiac Proton Spectroscopy
Proton MRS is still considered a research tool and has not yet met, as many other MRS
techniques, the requirements for application as a clinical tool. The developments of 1H
MRS imaging of the heart presented in this thesis address some limitations of cardiac 1H
MRS and may help to succeed with the ultimate aim in future.
Future work has to be dedicated to decrease scan time and further increase sensitivity
and reproducibility. As cardiac 1H MRS is limited by SNR and multiple signal averages
need to be acquired, the limits of sensitivity, reproducibility and scan time are closely
connected. Hence, SNR efficiency needs to be improved in future work to address these
limitations.
In our work data with a spatial resolution of 3 x 3 mm2 was acquired, which is
degraded during reconstruction by k-space filtering to address point spread function
(PSF) limitations and avoid contamination of the spectra by epicardial fat signals.
Moreover, spectra are averaged in a final step to produce spectra from several regions of
the myocardium.
Techniques, such as SLIM and SLOOP [126, 127] incorporating prior knowledge from
high resolution imaging scans into the reconstruction process of 1H MRS imaging data, by
assuming homogeneous and anatomically aligned metabolic compartments, may help to
address PSF limitations and hence may allow to waive k-space filtering and reduce
resolution during data acquisition. This would increase the SNR efficiency of the scans
without sacrificing reproducibility or quality of the data. Beyond that, SLOOP may be
used to prospectively optimize the encoding steps during data acquisition on basis of the
identified metabolic compartments. However, both SLIM and SLOOP have to be
considered with great care. Both require a strong user interaction. Misalignment,
incomplete assignment and heterogeneity of the metabolic compartments may affect the
modeled PSF and result in signal contaminations between different regions in the
reconstructed data.
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In our work respiratory motion was compensated using gating based on 1D pencil
beam navigator echoes. More sophisticated navigator techniques based on 2D navigators
incorporating prospective through-plane and in-plane motion correction [169] or
retrospective motion correction of 3D MRS imaging data [170] in combination with
navigator gating may increase reproducibility in future work. Additionally, larger gating
windows may allow for decreased scan time and hence increase SNR efficiency.
All 1H MRS measurements in this work have been carried out at a B0 field strength of
1.5T. As the SNR and the chemical shift separation scales linearly with magnetic field B0,
higher field strengths of 3T, which are widely available in clinical environments, provide
a two-fold increase in SNR and chemical shift separation. However, this comes at the cost
of B0 field and B1 transmit field homogeneity. Cardiac SV MRS has been successfully
demonstrated at 3T [94] and localized B0 and B1 shimming methods have been proposed
[171] to widely overcome limitations of high magnetic field. This could be adapted to
exploit the advantages of increased chemical shift resolution in combination with
increased SNR of high magnetic field in future work. An optimization of MRS methods,
using adiabatic RF pulses or FID acquisitions, may further decrease the sensitivity to B1
inhomogeneities. However, at very high magnetic fields of 7T and beyond, feasibility of
cardiac spectroscopy still has to be shown.
Besides optimal acquisition and reconstruction of the data, coping with the large
amounts of information provided by 3D MRS imaging of the heart poses a challenge. For
cardiac MRS as a clinical tool, clear and easy interpretation of data is of high importance.
Methods for data analysis and presentation with minimal user interaction are therefore
highly desirable for future applications.

Hyperpolarized Carbon Spectroscopy
The development of hyperpolarization techniques has opened up a new field of
experiments and applications for MRS. Besides further developments of Dynamic Nuclear
Polarization techniques for fast hyperpolarization and the development of new metabolic
tracers suitable for hyperpolarization, future work has to address current technical
limitations in data acquisition and experimental conditions of in vivo experiments. The
transient life time of hyperpolarization, the fast metabolic conversion of metabolic tracers
such as pyruvate and the fact that the desired information is encoded in the spatial,
spectral and temporal domain requires fast spectroscopic imaging sequences. Hence,
acquisition approaches can only be partly translated from conventional MRS methods.

155

7. Discussion
The fast spectroscopic imaging sequences for metabolic imaging of hyperpolarized
compounds presented in this thesis provide a basis for future developments. However,
the demand for fast and precisely switching magnetic field gradients poses challenges.
Techniques of magnetic field monitoring [172] may help to analyze and increase gradient
fidelity or compensate for gradient distortions. In contrast to conventional MRS, the SNR
of hyperpolarized MRS is independent on B0 in first approximation. Accordingly, a
relatively low B0 may be beneficial for MRS of hyperpolarized compounds, as T1 is long
for pyruvate at moderate fields [173, 174] and gradient requirements are relaxed.
Despite fast spectroscopic imaging being a prerequisite for dynamic imaging of
hyperpolarized compounds, not only acquisition speed matters. The k-t PCA based
method for accelerated data acquisition incorporated into a single shot sequence, as
presented in this thesis does not only permit increased temporal resolution, but it also
allows increased SNR efficiency. As metabolic imaging of hyperpolarized compounds is
limited in SNR, especially in small animals, SNR efficiency of sequences for MRS is of
central concern and has to be further investigated in future. The use of dedicated receiver
arrays for 13C MRS imaging may be beneficial for future applications, not only increasing
spatial coverage compared to single element coils but also providing higher sensitivity
and the possibility for parallel imaging. Prior knowledge driven, constrained
reconstructions can help to increase SNR efficiency. Besides spatiotemporal correlations
within the data, also correlations between metabolic compounds such as pyruvate, lactate
and bicarbonate may be exploited to improve reconstruction accuracy. Anatomical
information from high-resolution 1H imaging can provide additional prior knowledge,
which can be incorporated, similarly to approaches such as SLIM and SLOOP [126, 127].
Since comparably large doses of metabolic active substances such as pyruvate are
injected for imaging of hyperpolarized compounds, the metabolism is exposed to
supraphysiologic concentrations. For a correct interpretation of in vivo metabolism based
on hyperpolarized MRS data, the effects and potential implications of elevated substrate
concentrations on metabolism has to be investigated.
Significant technical advances have been achieved in this work and in vivo feasibility
has been demonstrated. These techniques will add to the wealth of readouts cardiac MR
offers including assessment of cardiac function, blood flow, perfusion and metabolism. As
a next step, implementation of the techniques towards use as a clinical tool needs to be
proven by applying the methods in patient populations.
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