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Abstract

Nuclear magnetic resonance (NMR) is based on quantum mechanical interactions
between nuclear spins, magnetic fields and radiofrequency waves. This basic physical
phenomenon gives rise to a broad spectrum of research fields, ranging as far as
from fundamental research in the field of NMR spectroscopy to applied medical
research in the field of magnetic resonance imaging (MRI). Dissolution dynamic
nuclear polarization (DNP) revolutionized the field of liquid-state NMR by bringing
nuclear spins into a hyperpolarized state, temporarily increasing the NMR signal by
a factor of more than 104. Carbon magnetic resonance spectroscopic imaging (13C-
MRSI) in vivo is made possible by the combination of DNP and MRI, establishing
the field of metabolic imaging, which allows to non-invasively study metabolism in
real-time within living organisms.

In this context, this thesis describes the development and application of new
techniques combining methods from the fields of NMR, 13C-MRSI and DNP for the
study of tumor metabolism in vivo. A highlight of this work is the identification
and development of zymonic acid resulting in a novel technique for the imaging of
extracellular pH. The presented research consists on the one hand of a combination of
methods to study tumor perfusion, metabolism and necrosis for the characterization
of tumors and treatment response, and on the other hand of a novel technique
for extracellular pH imaging. This work is thus structured into the following two
sections:

• An implementation for hyperpolarized imaging of tumor perfusion, metabo-
lism and necrosis using selectively 13C-labeled urea, pyruvate and fumarate,
respectively, is presented. In vivo experiments demonstrate the utility of this
multiparametric imaging method in an orthotopic hepatocellular carcinoma
(HCC) model system before and after an intervention by transcatheter arte-
rial embolization (TAE).

• Zymonic acid is identified, synthesized, hyperpolarized and introduced as a
novel, selectively 13C-labeled molecule for hyperpolarized imaging of extracel-
lular pH based on pH-dependent changes in chemical shift. In vitro investi-
gations in buffer and blood phantoms show the robustness of this approach
as a method for imaging of pH. In vivo measurements in bladder, kidney and
tumor demonstrate the feasibility of this method for preclinical research. An
extensive characterization of the biocompatibility and toxicity of zymonic acid
further substantiates its potential for clinical translation.

In this work, changes in tumor perfusion, cancer metabolism, necrosis formation
and tumor pH are investigated by a combination of existing and novel methods
from NMR, 13C-MRSI and DNP; the results underline the importance of contin-
uously expanding imaging methods for a more precise and comprehensive tumor
characterization and earlier therapy response evaluation with the aim of selecting,
monitoring and individualizing cancer therapies.
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Kurzzusammenfassung

Die Kernspinresonanz (engl. NMR) basiert auf der quantenmechanischen Wechsel-
wirkung zwischen Kernspins, Magnetfeldern und Radiowellen. Auf diesem grundle-
genden physikalischen Phänomen baut ein breites Spektrum an Forschungsgebieten
von der Grundlagenforschung im Bereich der NMR-Spektroskopie bis zur angewand-
ten medizinischen Forschung im Bereich der Magnetresonanzbildgebung (engl. MRI)
auf. Die dynamische Kernspinpolarisation (engl. DNP) revolutionierte die NMR in
Flüssigkeiten, indem sie Kernspins in einen hyperpolarisierten Zustand bringt und
dabei das NMR-Signal vorübergehend um einen Faktor größer 104 verstärkt. Die
spektroskopische Kohlenstoff-MRI (13C-MRSI) wird in vivo durch die Kombination
von DNP und MRI ermöglicht und erlaubt als sogenannte metabolische Bildgebung
die nicht-invasive Echtzeituntersuchung des Metabolismus lebender Organismen.

In diesem Kontext beschreibt die vorliegende Dissertation die Entwicklung und
Anwendung von neuen Techniken zur Untersuchung von Tumormetabolismus in vivo
durch die Kombination von Methoden aus den Bereichen NMR, 13C-MRSI und DNP.
Eine zentrale Entwicklung dieser Arbeit ist die Identifizierung und Entwicklung von
Zymonsäure, was zu einer neuartigen Technik für die extrazelluläre pH-Bildgebung
führt. Die bearbeiteten Themen bestehen einerseits aus einer Kombination von Me-
thoden zur Untersuchung von Tumorperfusion, -metabolismus und –nekrose mit dem
Ziel der Charakterisierung von Tumoren und deren Therapien, und andererseits aus
einer neuartigen Technik zur extrazellulären pH-Bildgebung. Die vorliegende Arbeit
ist daher in die folgenden zwei Abschnitte gegliedert:

• Eine Methode zur Bildgebung von Tumorperfusion, -metabolismus und -nekro-
se mittels selektiv 13C-markiertem und hyperpolarisiertem Harnstoff, Pyruvat
und Fumarat wird vorgestellt. Der Nutzen dieser multiparametrischen Bildge-
bungsmethode wird anhand von in vivo Experimenten an einem Modellsystem
eines orthotopen hepatozellulären Karzinoms (HCC) vor und nach einer In-
tervention mittels transarterieller Embolisation (TAE) aufgezeigt.

• Zymonsäure wird identifiziert, synthetisiert, hyperpolarisiert und als neues,
selektiv 13C-markiertes Molekül für die hyperpolarisierte pH-Bildgebung ba-
sierend auf pH-abhängigen Änderungen von chemischen Verschiebungen ein-
geführt. In vitro Untersuchungen in Puffer und Blut zeigen die geringe Stör-
anfälligkeit dieser Methode. In vivo Messungen in Blase, Niere und Tumor de-
monstrieren die Umsetzbarkeit der Methode in der präklinischen Forschung.
Eine umfangreiche Charakterisierung der Biokompatibilität und Toxizität von
Zymonsäure untermauert das Potential zur klinischen Umsetzung.

In dieser Arbeit werden Änderungen der Tumorperfusion, des Krebszellmetabolis-
mus, der Nekrosebildung und des pH von Tumoren durch eine Kombination von
existierenden und neuartigen Methoden aus NMR, 13C-MRSI und DNP untersucht;
die Ergebnisse unterstreichen die Bedeutung einer kontinuierlichen Erweiterung von
Bildgebungsmethoden für eine präzisere, umfassendere Charakterisierung von Tu-
moren und für eine frühere Bewertung eines Therapieansprechens mit dem Ziel der
Selektion, Überwachung und Individualisierung von Tumorbehandlungen.
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1 Introduction

“I was not spared the shock which every physi-
cist, accustomed to the classical way of thinking,
experienced when he came to know of Bohr’s
« basic postulate of quantum theory » for the
first time.”

— Wolfgang Pauli (* 1900; † 1958)

The experimental demonstration by Otto Stern and Walther Gerlach in 1922,
that the spatial orientation of angular momenta is quantized [52], was the beginning
of an exciting road of a series of experimental realizations of quantum mechanical
phenomena. This early discovery was followed by the invention of nuclear magnetic
resonance (NMR) in liquids and solids by Felix Bloch and Edward M. Purcell in
1946 [14, 15, 132], which today has turned into an indispensable standard method for
chemical structure determination. A combination of the spin echo method discovered
by Erwin Hahn in 1950 [64] and the application of linear magnetic field gradients
in three-dimensions for the spatial localization of NMR signals, as proposed by
Peter Mansfield and Paul C. Lauterbur in 1973, was the foundation of magnetic
resonance imaging (MRI, see also Section 2.1). Due to its non-invasiveness, non-
ionizing radiation, excellent soft-tissue contrast and theoretically unlimited number
of differing contrasts, MRI has today been established as an indispensable tool in
medical diagnostics.

Conceptually, one of the main challenges of MRI is its inherently low sensitivity,
resulting from low spin polarization levels at thermal equilibrium due to the small
energy difference between nuclear spin states. In traditional proton MRI (1H-MRI),
this limitation is compensated by the high natural abundance and high concentration
(∼m) of protons in the human body. In the case of carbon MRI (13C-MRI), with
an even lower sensitivity due to a lower natural abundance and a smaller magnetic
moment, this limitation cannot be compensated as easily because of the low in vivo
concentrations (µm–mm) of the molecules of interest containing 13C nuclei. However,
several hyperpolarization techniques allow to temporarily push polarization levels far
beyond thermal equilibrium [123]. The most versatile method, dissolution dynamic
nuclear polarization (DNP, see also Section 2.2.1), revolutionized the field of liquid-

1



1 Introduction

state NMR by temporarily increasing NMR signals by more than four orders of
magnitude above thermal equilibrium [11].

The future fate of DNP and the field of metabolic imaging will largely depend on a
successful search for sensor molecules reporting on clinically relevant parameters [10].
Currently, a large number of hyperpolarizable and 13C-labeled molecules are being
investigated preclinically. These report on biologically significant parameters as
diverse as perfusion, necrosis, metabolism or pH [82]. An even more challenging step
is the translation of hyperpolarized 13C-MRSI probes from preclinical settings into
the clinic. The preclinically most researched and clinically most promising substance
to date is selectively 13C-labeled pyruvate [20, 71]. The conversion of hyperpolarized
pyruvate to its downstream metabolites alanine, lactate and bicarbonate allows to
probe specific biochemical pathways in real-time and thus to gain new insights into
metabolism in vivo. A clinical study in prostate cancer patients using hyperpolarized
13C-pyruvate has already produced first results [120]. Recently, promising initial
metabolic images of hyperpolarized 13C-pyruvate in the human heart of healthy
subjects were reported [31].

Within this context, this work describes the development and application of new
techniques for tumor characterization and monitoring of response to treatment in
vivo. It ranges from a combination of methods for the imaging of tumor perfusion,
metabolism and necrosis, to a novel technique for extracellular pH imaging. This
thesis is thus structured into two parts:

Multiparametric human hepatocellular carcinoma characterization and
therapy response evaluation by hyperpolarized 13C-MRSI

In the first part of this work, a method to image tumor perfusion, metabolism
and necrosis using selectively 13C-labeled and hyperpolarized urea, pyruvate and
fumarate is implemented and applied in vivo (Chapter 3).
Pyruvate and its downstream metabolites lactate and alanine are used for the

analysis of in vivo glucose metabolism of untreated [6, 20, 58] and treated tumor
tissue [34, 35, 127]. Fumarate and its metabolite malate has been evaluated for the
detection of early stages of tissue necrosis [16, 17, 51, 109, 167]. When, as a result
of necrosis, the cell membrane integrity breaks down, the enzyme fumarase can be
accessed by the injected fumarate and is rapidly converted to malate, which in turn is
used to quantify the amount of tissue damage (see also Section 2.3). Urea has been
demonstrated to be a feasible perfusion agent, since it represents an endogenous,
metabolically inactive molecule, which can conveniently be copolarized and injected
together with pyruvate [116, 117].
Hepatocellular carcinoma (HCC) represents an ideal tumor model to test mul-

tiparametric methods for tumor characterization and therapy response evaluation.
HCC belongs to the six most common cancer types in humans and accounts for
one-third of cancer-related deaths worldwide [46]. Only a minority of patients with
HCC is eligible for curative treatment options (i.e. liver transplantation, surgical re-
section and tumor ablation) [94–96]. In the case of unresectable HCC, transcatheter
arterial chemoembolization (TACE) [104, 161], molecularly targeted therapies, such

2



as the multikinase inhibitor sorafenib [96, 171], or combinations thereof can be em-
ployed. Treating the genetically and molecularly diverse HCC could benefit from a
pretherapeutic tumor-specific assessment by selecting the treatment with the best-
predicted response. Early response monitoring could help the development of novel
therapeutic concepts.
Over recent years, several new imaging techniques have been introduced into HCC

management aimed at a comprehensive tumor characterization for therapy response
prediction and monitoring. These include a structural and functional analysis by
MR-based diffusion imaging [19, 24, 118, 124, 170] and perfusion imaging [12, 170],
as well as positron emission tomography (PET)-based metabolic imaging [90, 158].
Up to now, only a small number of studies has explored pyruvate in HCC for tissue
characterization [33, 174] or therapy response evaluation [32], or in Myc-driven liver
cancer with features of HCC and hepatoblastoma [67].
Recently, hyperpolarized 13C-fumarate was used to quantify and localize necrosis

caused by renal injury in an ischemia and reperfusion model in rats [122].
The goal of this study was to test the potential for HCCmanagement by combining

the 13C-labeled and hyperpolarized substrates urea, pyruvate and fumarate. For this
purpose, hyperpolarized 13C-MR measurements with [1-13C]pyruvate, [1,4-13C2]fu-
marate and [13C,15N2]urea were performed in vivo in orthotopic rat HCC before
and after an intervention by transcatheter arterial embolization (TAE). While the
acquired perfusion and necrosis data show clear trends in response to the treatment,
the information derived from the metabolic activity is less conclusive. This work thus
emphasizes the relevance of multiparametric techniques for tumor characterization
and therapy response evaluation.

Imaging of pH in vivo using hyperpolarized 13C-labeled zymonic acid

In the second part of this work, selectively 13C-labeled and hyperpolarized zymonic
acid is developed and applied as a novel probe for the imaging of extracellular pH
in vivo (Chapter 4).
The combination of 13C-MRSI using hyperpolarized 13C-urea, 13C-pyruvate and

13C-fumarate already allows for a first multiparametric characterization of tumors
and enables an evaluation of their response to treatment (see Chapter 3). Mean-
while, an important additional parameter is the change in extracellular pH caused
by tumors. This circumstance can be used for an even more comprehensive tumor
characterization, as well as for treatment response monitoring. Since many cellu-
lar processes are highly sensitive to changes in proton concentrations, maintaining
acid-base balance is critical for living species. In humans, pH is regulated within a
narrow pH range mainly by the bicarbonate buffer system. However, tumors can
cause an acidification of their extracellular environment during aerobic glycolysis
and increased export of lactic acid, which is an effect that can even be further en-
hanced by the reduced buffering capacity of tumor interstitial fluid and poor tumor
perfusion [79]. Even more general, local deviations from the systemic pH are not
only caused by cancer, but also by other pathologies such as inflammation, infection,
ischemia, renal failure or pulmonary disease [56].
Because of this potentially broad impact, non-invasive imaging of local pH changes
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1 Introduction

has been a major goal in biomedical research (see also Section 2.4), even though so
far no technique to measure extracellular pH has been applicable in the clinic: The
majority of approaches for non-invasive pH imaging focused on MRI because of
its high spatial resolution and excellent soft-tissue contrast. In addition, optical
methods [66] and radioactive tracers [141] for positron-emission-tomography (PET)
have been developed. Magnetic resonance spectroscopy (MRS)-based pH sensor mo-
lecules exploit pH-induced changes in NMR parameters, such as chemical shifts of
individual atomic nuclei, which are sensitive to the protonation state of the molecule
and therefore the surrounding pH [56]; the current gold standard for measuring ex-
tracellular pH via MR uses 31P spectroscopy and is described in Section 2.4.2. To
increase sensitivity, gadolinium and lanthanide complexes as well as iodinated con-
trast agents with pH-dependent chemical exchange or relaxation properties were
developed [26, 37, 107]. Endogenous amide proton transfer chemical exchange satu-
ration transfer (APT-CEST) experiments [180], utilizing the pH-dependent proton
exchange from predominantly intracellular proteins, are currently evaluated to study
pH in the brain in human. Still, until now a non-invasive clinical method for pH
imaging is missing.
Previously, hyperpolarized 13C-bicarbonate has been proposed as a probe for clin-

ical pH imaging [50], but has up to now only been used for preclinical hyperpolarized
pH imaging. This technique is based on the determination of pH from the ratio of
the 13CO2/H13CO−3 equilibrium, but although a pioneering idea, it faces a multitude
of challenges (see also Section 2.4.3.1).
Recently, other groups have made progress towards developing alternative mole-

cules for hyperpolarized pH imaging as well, also based on pH-dependent chemi-
cal shifts (see also Section 2.4.3), including 13C-dicarboxylic acids [86], 13C-Good’s
buffers [44], and 15N-pyridine derivatives [74]. However, to date these molecules
could only be shown to detect pH changes in vitro.
A novel probe for MRI of extracellular pH in vivo is hyperpolarized [1,5-13C2]zy-

monic acid, presented in this work. It is shown that zymonic acid can be used to non-
invasively image extracellular pH both in vitro and in vivo in bladder, kidneys and
a MAT B III tumor model. Zymonic acid is characterized as a non-toxic compound
with a long lifetime of its hyperpolarized signal. Furthermore, it is demonstrated
that the reported pH is robust towards changes in concentration, temperature, ionic
strength and protein concentration, making this extracellular pH sensor primed for
further preclinical and clinical studies.

In this work, new imaging methods for non-invasive studies of tumor metabo-
lism and pH are developed and applied in vivo, based on an interplay of techniques
from the areas of NMR, 13C-MRI and DNP. First, a combination of hyperpolarized
imaging methods to study tumor perfusion, cancer metabolism and cell necrosis is
presented. Second, zymonic acid is identified and developed as a novel technique
which can be used to additionally image the extracellular pH of tumors. The over-
arching goal of this thesis is the contribution of novel methods to the continuously
expanding number of available imaging modalities for more precise and comprehen-
sive tumor characterizations and therapy response evaluations.
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2 Theory and Methods

“Historically, the record is clear. Chemistry,
for example, was cobbled together from mys-
tical alchemy, metallurgy, physics, mineralogy,
medicine, and cookery, eliminating incompat-
ibilities as it evolved and consolidated into a
more-or-less unified discipline. Physics has been
formed, and enriched, by contributions from as-
tronomy, mechanics, mathematics, chemistry,
and other sciences. We have recently observed
the rationalization of much of biology by chem-
istry, with the help of physics."

— Paul C. Lauterbur (* 1929; † 2007)

Nuclear magnetic resonance (NMR) is based on nuclear spin magnetic moments
of nuclei in atoms being influenced by their chemical environment while interacting
with external magnetic fields. This can be used to non-destructively study micro-
scopic and macroscopic structures of molecules in liquids and solids. The introduc-
tion of spatially varying magnetic field strengths into the field of NMR enables the
acquisition of spatially resolved signals, opening up the world of magnetic resonance
spectroscopic imaging (MRSI). The method of dissolution dynamic nuclear polar-
ization (DNP) temporarily increases the intrinsically weak NMR signal drastically,
allowing a plethora of MRSI methods to be applied for studying metabolism of living
organisms, thus taking the field of metabolic imaging to a new level.

This chapter briefly describes the physical basics and fundamental methods of the
work covered in this thesis. For in-depth explanations of the underlying phenomena,
the reader is referred to standard NMR and MRI textbooks [59, 63, 81, 91] or the
literature cited directly in the following sections.

First, the two concepts of magnetic resonance spectroscopic imaging (Section 2.1)
and hyperpolarization (Section 2.2), with a focus on dissolution dynamic nuclear
polarization (Section 2.2.1), are introduced, before Section 2.3 gives an example of
how the two techniques can be applied to a suitable metabolic substrate to detect
cell death in vivo.

5



2 Theory and Methods

Then, an introduction to central methods for the determination of pH in vivo
is given (Section 2.4), including the description of chemical exchange as the basis
for pH-dependent NMR spectra (Section 2.4.1) and phosphorus spectroscopy as the
current gold standard to non-invasively measure pH in vivo (Section 2.4.2).

Finally, the two currently available sensors for hyperpolarized in vivo pH imaging
(Section 2.4.3), 13C-bicarbonate (Section 2.4.3.1) and the novel 13C-labeled in vivo
pH imaging probe zymonic acid (Section 2.4.3.2), are described.

2.1 Magnetic Resonance Spectroscopic Imaging

One of the conceptually easiest and most robust imaging sequences, which is able
to simultaneously collect spatial and spectral information, is the slice selective two
dimensional (2D) chemical shift imaging (CSI) sequence (see Fig. 2.1). In brief,
this sequence excites nuclear spins selectively from the desired tissue slice of in-
terest (with the coordinate system’s z-dimension defined to be perpendicular to
this slice), then uses phase encoding both in the x- and y-dimension of the excited
slice, before acquiring free induction decays (FIDs) for every point in the reciprocal
space. A three dimensional (2D spatial, 1D spectral) Fourier transform then leads
to the desired chemical shift spectrum for every point in the image space. Thorough
discussions of this sequence can be found in standard MRI textbooks [59, 63, 81,
91].

First, Section 2.1.1 introduces the theoretical concept of the signal equation as the
basis of MRSI with data acquired in the reciprocal space, before Section 2.1.2 de-
scribes slice selection, phase encoding and characteristic imaging parameters specif-
ically relevant for slice selective two dimensional chemical shift imaging.

2.1.1 Signal equation

In the presence of a static magnetic field with a linearly varying magnetic field
strength and gradient ~∇B(~r) = ~G, the Larmor frequency ω′ of spin 1/2-particles with
gyromagnetic ratio γ is not only a function of the static magnetic field strength and
the particles’ chemical environment, but also of their spatial coordinate ~r according
to

ω′(~r) = ω + γ ~G · ~r. (2.1)
The magnetic resonance spectroscopic imaging (MRSI) signal equation

s(t) ∝
∫∫∫∫

ρ(~r, ω)ei(ω+γ ~G·~r)td3r dω (2.2)

then expresses the expected NMR signal as a function of time (the free induction
decay, FID) as an integral over the spatial extent and over all chemical shift frequen-
cies in a sample with the spectral spin density ρ(~r, ω). By defining the reciprocal
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2.1 Magnetic Resonance Spectroscopic Imaging

space vector
~k(t) = γ

2π

∫ t

0
~G(t′)dt′ (2.3)

where ~G is the gradient of a linearly varying magnetic field, and by using the relation
ω = 2πf , the signal equation 2.2 simplifies to the Fourier transform of the spectral
spin density according to

s(~k, t) ∝
∫∫∫∫

ρ(~r, f)ei2π(ft+~k·~r)d3r df. (2.4)

Consequently, the signal s(~k, t) and the spectral spin density ρ(~r, f) constitute two
functions representing a Fourier transform pair

s(~k, t) ∝ F{ρ(~r, f)}
ρ(~r, f) ∝ F−1{s(~k, t)}

(2.5)

and the desired spectral spin density ρ(~r, f) can thus be calculated from the acquired
signal s(~k, t) by the inverse Fourier transform

ρ(~r, f) ∝
∫∫∫∫

s(~k, t)e−i2π(ft+~k·~r)d3k dt. (2.6)

2.1.2 Slice selective two dimensional chemical shift imaging

The addition of a slice selective excitation pulse can reduce the dimensionality of the
inverse Fourier transform from four to three dimensions, and thus drastically reduce
the number of FIDs that need to be collected in the reciprocal space and consequently
also significantly reduce the total time needed to acquire a 2D magnetic resonance
spectroscopy image.

Slice selection. With a spatially varying magnetic field strength, linear in the
z-dimension only and with gradient ~∇B(~r) = Gz~z, equation 2.1 relating Larmor
frequency and gradient strength reduces to

ω′(z) = ω + γGzz. (2.7)

A radiofrequency (RF) excitation pulse of bandwidth ∆ω′, meaning that this pulse
only excites spins within a range ∆ω′ of frequencies, then only excites spins within
a slice perpendicular to the z-dimension with slice thickness

∆z = ∆ω′
γGz

. (2.8)

An RF pulse in shape of a sinc-function, sinc(t) = sin(t)/t, can conveniently be used
to excite spins in a tissue slice, as it leads to a nearly rectangular excitation profile
in the z-dimension. With the bandwidth ∆ω′ of a sinc-pulse being inversely propor-
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Figure 2.1: Magnetic resonance spectroscopic imaging (MRSI) with a slice
selective two dimensional (2D) chemical shift imaging (CSI) sequence. (a) The
sequence diagram shows an excitation using a slice selective radiofrequency sinc-pulse,
a two dimensional phase encoding in the x/y–direction of duration τph, and a signal
acquisition of the real (solid) and imaginary (dashed) part of the free induction decay
(FID), with a sampling frequency of 1/∆t and an acquisition time τacq. (b) Repeatedly
iterating over the sequence in a with a repetition time TR and different phase encodings by
the application of varying gradient strengths Gx/y, an FID is recorded at every coordinate
(kx, ky) in the reciprocal space (k-space). (c) A Fourier transformation from the reciprocal
space shown in b to the real space (image-space) results in a spin density spectrum as
a function of frequency/chemical shift at every coordinate (x, y). RF, radiofrequency;
Gz, slice selective gradient in z-direction; Gx/y, phase encoding gradient in x/y-direction;
FOVx/y, field of view in x/y-direction.
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2.1 Magnetic Resonance Spectroscopic Imaging

tional to the duration τp of the pulse, ∆ω′ ∝ 1/τp, it is evident from equation 2.7
that a desired slice thickness can be achieved by choosing the appropriate gradient
strength Gz and pulse length τp.

2D-spatial encoding and 1D-spectral encoding. After a slice selective excitation
of a slice perpendicular to the z-dimension, the application of a linear magnetic
field gradient in the x/y-dimension ~OB(~r) = Gx~x + Gy~y of duration τph before the
acquisition of a free induction decay allows us to simplify equation 2.1 (relating
Larmor frequency and gradient strength) and equation 2.3 (defining the reciprocal
space vector) to

ω′(x, y) = ω + γ(Gxx+Gyy) (2.9)

~k = γ

2π (Gx~x+Gy~y)τph. (2.10)

With these two relations and the omission of the third spatial dimension because of
the aforementioned slice selection perpendicular to the z-dimension, we can explicitly
give a reduced dimensionality analog of the Fourier transform pair 2.4 and 2.6 by

s(kx, ky, t) ∝
∫∫∫

ρ(x, y, f)ei2π(ft+kxx+kyy)dx dy df (2.11)

ρ(x, y, f) ∝
∫∫∫

s(kx, ky, t)e−i2π(ft+kxx+kyy)dkx dky dt. (2.12)

The acquisition of a free induction decay signal s(kx, ky, t) as a function of time t
at every point (kx, ky) in k-space (see Fig. 2.1) thus allows us to calculate the
underlying, spatially resolved spectral spin density ρ(x, y, f), by application of a
three dimensional (2D-spatial and 1D-spectral) inverse Fourier transform as given
by equation 2.12.

Characteristic chemical shift imaging parameters. Several essential image prop-
erties are related to fundamental parameters of the acquisition sequence, owing to
the in practice discrete instead of continuous sampling of the k-space and of the
free induction decay signal (see Fig. 2.1). The maximum spatial extent, from which
signals can be acquired in real space, is commonly called the field of view (FOV).
For the case of a two dimensional phase encoding, it is governed by the step size
∆kx/y in the reciprocal space by

FOVx/y = 1
∆kx/y

= 2π
γ∆Gx/yτph

. (2.13)

Thus, to acquire signals from larger samples, an acquisition with smaller step sizes
∆kx/y in the reciprocal space is needed, which can be achieved by smaller gradient
step sizes ∆Gx/y and/or shorter phase encoding durations τph. The resolution of
the image in real space can be characterized by the distances ∆x/y between the
x/y-coordinates, at which frequency/chemical shift spectra are recorded. This can
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2 Theory and Methods

be described by

∆x/y = FOVx/y
Nx/y

= 1
Nx/y∆kx/y

= 1
2kx/y,max

(2.14)

where Nx/y is the number of k-space points acquired in the kx/y-dimension. There-
fore, the resolution of the image in real space can be improved by increasing the
maximum values in k-space, at which free induction decays are acquired. Finally,
the time domain in which the signal is acquired and the frequency domain of the
frequency/chemical shift axis are related, so that the range of detectable frequencies
2fmax and the distance between two data points ∆f in the frequency/chemical shift
axis are given by

2fmax = 1
∆t (2.15)

∆f = 2fmax

Nt
= 1
Nt∆t

= 1
τacq

(2.16)

where 1/∆t is the sampling rate of the free induction decay, τacq is the duration
of the acquired free induction decay and Nt is the number of acquisition points of
the free induction decay. Consequently, the range of detectable frequencies can be
enlarged by increasing the sampling rate and the frequency/chemical shift resolution
can be improved by increasing the duration of the signal acquisition.

2.2 Hyperpolarization

Hyperpolarization is a method which can be used to overcome the severe sensi-
tivity limitations of conventional magnetic resonance spectroscopic imaging by sig-
nificantly increasing NMR signal amplitudes. In recent years, four fundamentally
different hyperpolarization techniques have become established: Spin exchange op-
tical pumping (SEOP), signal amplification by reversible exchange in shield enables
alignment transfer to heteronuclei (SABRE-SHEATH), direct parahydrogen induced
polarization (PHIP), and dissolution dynamic nuclear polarization (DNP). A review
on extracellular pH imaging [69] provides additional details with regard to each hy-
perpolarization method:

• SEOP can be used to polarize noble gases, e.g. 129Xe. In a first step, circularly
polarized laser light selectively excites a specific transition of an alkali metal
vapor. Then, the polarization is transferred from the polarized electrons of
the alkali metal atoms to the nuclei of the noble gas atoms by spin exchange
collisions of the alkali metal and the noble gas atoms [9].

• SABRE transfers polarization from parahydrogen to the molecule of interest
using an activated catalyst, e.g. a transient metal [3], most efficient in the
variant of SABRE-SHEATH, where the magnetic field strength in the device
is shielded by microtesla-metals [157, 159].

10



2.2 Hyperpolarization

• PHIP transfers polarization from parahydrogen to the molecule of interest
by chemical addition of hyperpolarized parahydrogen directly to a suitable
unsaturated precursor molecule [18, 42, 84, 138].

• DNP transfers polarization from highly polarized electrons, provided by free
stable radicals at liquid helium temperatures and at high magnetic fields, to
the nucleus of the frozen molecule of interest via microwaves [10, 11], followed
by dissolution to produce a room temperature solution of highly polarized
spins.

On the one hand, both SABRE and PHIP do not require cryogens and could
thus offer a cheaper approach to hyperpolarization than DNP. On the other hand,
SABRE needs a catalyst to bind to the target compound and PHIP requires a suit-
able unsaturated precursor molecule, restricting these method to specific molecular
classes, making dissolution-DNP the most general method to hyperpolarize nuclear
spins.

The next Section 2.2.1 contains a theoretical description of the polarization level
reached by the 13C-DNP method, which will later on be used to hyperpolarize 13C-
fumaric acid, 13C-pyruvic acid and 13C-urea in Chapter 3, and 13C-zymonic acid in
Chapter 4.

2.2.1 Dissolution Dynamic Nuclear Polarization

In an external magnetic field ~B0 with the magnetic field strength B0, spin 1/2 parti-
cles, such as electrons (e−), protons (1H) or carbon-13 (13C) atoms, can be described
by the Zeeman effect using superpositions of two eigenstates |±〉 with eigenenergies

E± = ±Em = ±~γB0/2 (2.17)
where ~ is the reduced Planck constant and γ is the gyromagnetic ratio of the spin 1/2
particles in rad s−1 T−1 (Zeeman splitting). At thermal equilibrium, the populations
n± of these two energy eigenstates are governed by the Boltzmann distribution

n±
n− + n+

= e−E±/Et

e−E−/Et + e−E+/Et
(2.18)

with the thermal energy Et = kBT , where kB is the Boltzmann constant and T is the
absolute temperature. Then, the ratio between the difference and the sum of these
two populations characterizes the imbalance of the occupation of the two energy
levels, the so-called thermal polarization

Pthermal = n− − n+

n− + n+
= tanh

(
Em

Et

)
= tanh

(
~γB0

2kBT

)
. (2.19)
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2 Theory and Methods

At a typical clinical magnetic field strength (3 T) and at room temperature (293 K),
thermal 13C polarization amounts to just 0.0003 % (= 3 parts per million). Even at
a drastically reduced temperature of 1.2 K and a slightly increased magnetic field
strength of 3.35 T (these are typical conditions of the commercially available Oxford
Instruments Hypersense DNP Polarizer), thermal 13C polarization only increases to
approximately 0.07 %. However, due to the considerably higher gyromagnetic ratio
of electrons compared to 13C nuclear spins, thermal e− polarization increases from
0.7 % to more than 95 % under the same conditions. Dissolution dynamic nuclear
polarization (DNP, Fig. 2.2) exploits this fact, and in a first step transfers thermal
polarization from free electrons to nuclear spins using microwave irradiation via the
hyperfine interaction in a strong external magnetic field at very low temperatures
[1]. In a second step, a heated and pressurized solvent such as water is used to
dissolve the sample while preserving the hyperpolarization [11]. The drastically up-
lifted polarization level Phyper of a hyperpolarized sample can then conveniently be
determined experimentally according to

Phyper = Shyper

Sthermal
Pthermal (2.20)

where Shyper is the hyperpolarized signal, Sthermal is the thermal signal and Pthermal
is the theoretical thermal polarization, all from the same sample. Here, the ther-
mal signal can either be acquired under the same experimental conditions as the
hyperpolarized signal, or it can be extrapolated to comparable conditions, taking
into account parameters such as temperature, longitudinal relaxation, transverse
relaxation, number of averages, magnetic field strength, flip angle and the type of
sequence used to collect the data.

The magnitude M0 of the NMR-detectable net magnetization ~M0 is then given as
the product of the spin density ρ0, the elementary spin 1/2 magnetic moment ~γ/2
and the spin polarization P as [63]

M0 = ρ0
~γ
2 P. (2.21)

2.3 Cell death detection using hyperpolarized
13C-fumarate in vivo

The endogenous molecule fumarate can be 13C-labeled and hyperpolarized, and then
be used to identify already small amounts of diffuse cellular necrosis in vivo.

Necrosis is a type of cell injury resulting in the premature death of cells in liv-
ing tissue, leading to damaged cell membranes, which in turn become increasingly
permeable for compounds to both enter and leave the cell. Necrosis is a valuable
parameter since the level of tumor cell death after drug treatment is considered to
be a good prognostic indicator for treatment outcome [167]. In addition, necrosis
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Figure 2.2: Hyperpolarization created by dissolution dynamic nuclear polar-
ization (DNP). (a) Populations n± of the two energy eigenstates of 13C nuclei in an
external magnetic field with an energy difference of ∆Em = E+ − E− at thermal equilib-
rium (top) and in a hyperpolarized state (bottom). At room temperature (293 K) and at a
typical clinical magnetic field strength (3 T), thermal 13C polarization is only on the order
of parts per million. With a hypothetical polarization level of 100 % in the hyperpolarized
state, all 13C atoms would populate the lower energy state. (b) For the hyperpolarization
of 13C-labeled molecules using DNP, the molecules have to be mixed with a radical, e.g.
the Trityl radical OX063, and brought into a glassy state, so that a microwave (MW) can
transfer polarization from the unpaired valence electrons (e−), provided by the radicals,
to the 13C atoms of interest. (c) At a magnetic field strength of 3.35 T, even at a temper-
ature as low as 1.2 K (typical conditions of the commercially available Oxford Instruments
Hypersense DNP Polarizer), thermal 13C polarization only amounts to 0.07 %, but due
to the considerably higher gyromagnetic ratio of electrons compared to 13C, thermal e−
polarization can reach more than 95 %. Under optimal conditions, the hyperpolarization
procedure can lift the polarization level of 13C molecules to the one of electrons.
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2 Theory and Methods

could play a role in the study of tumor development, since necrosis can lead to
inflammation, and a persistent inflammatory response can in turn stimulate tumor
development.

Fumarate is a tricarboxylic acid (TCA) cycle intermediate, which, catalyzed by
the enzyme fumarate hydratase (i.e. fumarase), is hydrated to malate. If used for
hyperpolarized experiments, fumarate and malate are 13C-labeled at the carbon
positions one and four.

−OO13C
13COO−

[1,4-13C2]fumarate

+ H2O fumarase −OO13C
OH

13COO−

[1,4-13C2]malate

(2.22)

In healthy tissue, fumarase only exists intracellularly, but both in the cytosol and
in mitochondria. Under normal conditions, fumarate is only to a moderate degree
transported into cells across the plasma membrane by dicarboxylic acid transporters
and further across the mitochondrial membrane in exchange for malate, inorganic
phosphate or aspartate. Thus, if hyperpolarized 13C-fumarate is brought into the
bloodstream by e.g. an intravenous injection, only a small amount of fumarate can
get in contact with fumarase within the lifetime of the hyperpolarized signal due to
the slow uptake in healthy tissue, consequently leading to a very small amount of
detected 13C-malate.

Because of the impaired cell membrane barrier, the situation is different in necrotic
tissue. The enzyme fumarase can leave the cell, and then bind to the extracellular
matrix, remain transiently because of poor tissue perfusion or get released into the
blood stream. At the same time, fumarate can more easily enter the cell than before.
Both of these changes lead to the fact that, due to the frequent contact of fumarate
with fumarase both inside and outside the cell, and because besides water, fumarase
does not require any co-substrates or co-enzymes to function, hyperpolarized and
intravenously injected 13C-fumarate is readily converted to 13C-malate. This leads
to an increased signal by the produced 13C-malate and therefore reflects elevated
levels of necrosis.

Marker of early tumor response to therapy. Gallagher et al. were the first
to use hyperpolarized 13C-fumarate to demonstrate that the production of malate
from fumarate positively correlates with cellular necrosis using an EL-4 murine lym-
phoma tumor model treated with the chemotherapeutic agent etoposide [51]. The
production of malate from injected fumarate thus represents an early marker of
tumor therapy response both in vitro and in vivo. Subsequently, the same effect
was demonstrated in vivo first by treating the same EL-4 murine lymphoma tu-
mor model with the vascular disrupting agent (VDA) combretastatin-A4-phosphate
(CA4P) [17], second by treating a subcutaneous human breast adenocarcinoma
xenograft (MDA-MB-231) in mice with the chemotherapeutic drug doxorubicin [167]
or sorafenib [109], and third by treating two subcutaneous human colorectal ade-
nocarcinoma xenograft models (LoVo and HT29) in mice with the antiangiogenic
anti-VEGF therapy drug bevacizumab [16].
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Fumarase catalyzed conversion of hyperpolarized 13C-fumarate to malate was also
used to study the impact of ischemia reperfusion in the hind limb of mice on malate
production by fumarase in vivo [73].

Early diagnosis of acute kidney injury. Finally, the fumarase catalyzed
conversion of hyperpolarized 13C-fumarate to malate was used to study acute kid-
ney injury in vivo, a common medical problem for hospitalized patients associated
with significant morbidity and mortality. First, the hyperpolarized quantification of
necrosis allowed the early detection of acute tubular necrosis, by studying chemically
induced nephropathy in mice using folic acid, and was able to differentiate it from
glomerulonephritis, an acute inflammatory condition [30]. Second, hyperpolarized
13C-fumarate was used to quantify and localize necrosis caused by renal injury in a
unilateral ischemia and reperfusion model in rats [122].

On the one hand, using 13C-fumarate for in vivo detection of necrosis faces sev-
eral challenges [16, 17, 30, 51, 109, 122, 167]: Under in vivo conditions, it is very
difficult or even unfeasible to coinject pyruvate and fumarate, since lactate, malate
and pyruvate hydrate can only insufficiently be spectrally resolved. The spatial
resolution of 13C images is worse compared to diffusion-weighted MRI, which de-
tects loss of cellularity, representing the end result of extensive cellular necrosis.
After treatment with CA4P, fumarate exhibits an increased longitudinal relaxation
rate, probably because of dipole-dipole interactions between 13C nuclei, 1H nuclei
and paramagnetic deoxyhemoglobin and methemoglobin known to accumulate in
regions of induced hemorrhage. Since malate is an asymmetric molecule (in con-
trast to the symmetric fumarate molecule), it exhibits two distinct NMR resonances
leading to a lower SNR than fumarate. Due to the transport of fumarase out of the
cell during necrosis, diffuse malate signal might also be detected outside necrotic
regions.

On the other hand, using fumarate for detection of necrosis in vivo possesses un-
matched advantages [16, 17, 30, 51, 109, 122, 167]: Diffusion-weighted MRI can
detect loss of cellularity with higher resolution, but this only represents the end
result of extensive cellular necrosis and there is currently no method to specifically
image early necrosis in vivo other than 13C-fumarate. Furthermore, fumarate is an
endogenous molecule and thus non-toxic. As the equilibrium constant of fumarase
favors the formation of malate, since fumarase is exclusively intracellular, and be-
cause transport of fumarate across the cell membrane is slow, the background signal
in healthy tissue is minimal but the malate signal in necrotic areas shows detectable
SNR. In addition, the method exhibits positive contrast (with more necrosis leading
to a larger malate signal) and is therefore inherently more sensitive than a negative
contrast experiment, which could suffer more from reduced tissue perfusion.

Altogether, hyperpolarized 13C-fumarate represents a method to provide a spa-
tially differentiated diagnosis of early acute kidney injury and represents a method
to detect early treatment response to tumor therapy by measuring cellular necro-
sis in vivo, even in the absence of any change in tumor size or apparent diffusion
coefficient.
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2.4 pH determination in vivo

Pathologies characterized by abnormal metabolism can disturb pH regulatory mech-
anisms in the human body and lead to changes of the extracellular pH. Furthermore,
the extracellular pH can be critical for disease progression and drug efficiency.

Therefore, a large number of different approaches and modalities have been sug-
gested for non-invasive imaging of extracellular pH in vivo. A review on extracellular
pH imaging [69] provides an extensive listing of molecules from a multitude of dif-
ferent classes of pH sensors. Positron emission tomography (PET) tracers show a
pH-dependent tracer distribution [22, 45, 80] or insert into cell membranes in areas of
acidic extracellular pH [38, 101, 160]. Optical pH imaging methods are pH-sensitive
fluorescence ratio imaging microscopy (FRIM) or pH-dependent fluorescence lifetime
imaging microscopy (FLIM) [8, 36, 156, 179]. Optoacoustic techniques also offer a
pH-sensitive probe [27]. Proton MRI can be used to image extracellular pH by using
exogenous molecules with pH-dependent relaxivities, affecting the longitudinal spin
lattice relaxation constant (T1) of water [99, 110, 178]. To determine the absolute
pH in proton MRI, the in vivo molecule concentration can be determined by PET
or by a subsequent or simultaneous injection of an additional, pH-insensitive sub-
stance [47, 133]. Several exogenous paramagnetic (PARACEST) and diamagnetic
(DIACEST) complexes have been developed to image extracellular pH, based on pH-
dependent chemical exchange saturation transfer (CEST) [4, 5, 25, 26, 72, 97, 98,
114, 149, 152, 176, 177]. Although suffering from the intrinsically low sensitivity of
conventional NMR for the detection of molecules at low concentration, sensors with
pH-dependent changes in chemical shift of 1H, 19F and 31P were used to estimate the
extracellular pH in vivo [54, 70, 126, 131, 151]. Furthermore, several biocompatible
nanoparticles, nanogels and quantum dots, based on a variety of mechanisms, have
been proposed for pH imaging [23, 93, 125, 164, 172, 175].

However, to this day, none of the methods to spatially image extracellular pH
is available in the clinic, making it necessary to continue the search for novel pH
imaging probes and modalities.

Section 2.4.1 introduces chemical exchange as one of the basic concepts behind
pH sensor molecules and illustrates the difference between slow and fast chemical
exchange. Then, Section 2.4.2 describes the determination of pH using phosphorus
spectroscopy, currently considered the gold standard to non-invasively determine
pH in vivo, which can be used to measure both intra- and extracellular pH. Finally,
Section 2.4.3 introduces the method of hyperpolarized pH imaging and specifically
describes 13C-bicarbonate and 13C-zymonic acid in more detail, the only two mole-
cules that have currently been used for the acquisition of hyperpolarized MRI of pH
in preclinical studies.
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2.4.1 Chemical exchange and pH-dependent NMR spectra

If a molecule contains one or more NMR active nuclei with chemical shifts depending
on the protonation state of the molecule, this molecule could be used as an NMR-
based pH sensor. The center of the pH sensitivity range of the molecule is determined
by the logarithmic acid dissociation constant pK a, derived from the equilibrium
constant describing the chemical equilibrium between the protonated (acid) and
deprotonated (base) form of the pH-sensitive molecule. The nature of the pH-
dependent NMR spectra depends on the type of chemical exchange between the
protonated and deprotonated form of the molecule.

First, the protonated and deprotonated form of the pH-sensitive molecule can be
in intermediate exchange, meaning that the exchange rate k between the two forms
of the molecule is of the same order as the difference ∆ν (in Hz) between the NMR
resonance frequencies of the two forms of the molecule, k ≈ ∆ν. In this case, a broad
linewidth is characteristic for the resulting resonance signal, which is unfavorable
for an effective pH determination.

Second, the protonated and deprotonated form of the pH-sensitive molecule can
be in slow exchange, meaning that the exchange rate between the two forms of the
molecule is much smaller than the difference between the NMR resonance frequencies
of the two forms of the molecule, k � ∆ν. In this case, two distinct chemical shifts of
the protonated and deprotonated form of the molecule (with chemical shifts δmin and
δmax or vice versa) are observed, with the signal intensities IHA and IA− proportional
to the concentrations [HA] of the protonated and [A−] of the deprotonated form of
the molecule (Fig. 2.3a). The pH can then be calculated from the ratio of the
observed signal intensities by

pH = pKa + log10

(
[A−]
[HA]

)
= pKa + log10

(
IA−

IHA

)
. (2.23)

An example of this type of pH sensor molecule with slow chemical exchange is
bicarbonate, described in more detail in Section 2.4.3.1.

Third, the protonated and deprotonated form of the pH-sensitive molecule can
be in fast exchange, meaning that the exchange rate between the two forms is
much greater than the difference between the NMR resonance frequencies of the
two forms of the molecule, k � ∆ν. In this case, the NMR spectrum consists of
a single peak and its observed chemical shift δ is the mean of the chemical shifts
of the protonated and deprotonated form of the molecule (with chemical shifts δmin
and δmax or vice versa), weighted by the concentrations [HA] of the protonated and
[A−] of the deprotonated form of the molecule (Fig. 2.3b). The pH can then be
calculated from the observed chemical shift δ by

pH = pKa + log10

(
[A−]
[HA]

)
= pKa ± log10

(
δ − δmin

δmax − δ

)
(2.24)

with a positive sign if δmin = δHA and δmax = δA− , and a negative sign if δmin = δA−
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and δmax = δHA. A more detailed derivation of this equation is given in Sec-
tion 2.4.3.2 for the fast chemical exchange molecule zymonic acid.
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Figure 2.3: Slow and fast chemical exchange leading to pH-dependent, ei-
ther signal intensity modulated or chemical shift modulated NMR spectra.
(a) Slow chemical exchange between the protonated (acid) and deprotonated (base) form
of a molecule leads to pH-dependent signal intensities of the two forms of the molecule,
with the same signal intensity of the two forms at a pH equal to the logarithmic acid
dissociation constant pK a. (b) Fast chemical exchange between the protonated (acid)
and deprotonated (base) form of a molecule leads to a pH-dependent chemical shift of the
molecule, with the biggest change in chemical shift at a pH equal to the logarithmic acid
dissociation constant pK a. In both cases, δmin and δmax are the chemical shifts of the two
different, either protonated or deprotonated forms of the molecule.

2.4.2 Phosphorus pH spectroscopy in vivo

Due to its comparatively easy implementation, its ability to measure both intra-
and extracellular pH, and its long history of successful use in research, phosphorus-
31 (31P) spectroscopy can currently be considered the quasi “gold standard” for
pre-clinical non-invasive determination of pH in vivo. Its widespread usage is docu-
mented in a number of review papers [26, 55–57, 65, 150].

Several advantageous properties of the 31P nucleus make phosphorus spectroscopy
possible in a variety of biological systems. Because of its NMR active spin 1/2, its
presence at 100 % natural abundance, and its gyromagnetic ratio of ∼17 MHz T−1

resulting in a sensitivity of ∼6.6 % compared to 1H [147], plus a short enough lon-
gitudinal relaxation rate T1 so that efficient signal averaging is possible, 31P spectra
can be acquired within several minutes. A large number of endogenous molecules
contain phosphorus atoms, but because a typical 31P spectrum spans approximately
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40 ppm and in large parts exhibits a wide enough peak separation (Fig. 2.4c), the
positions of specific peaks of interest can often be successfully analyzed.

Most prominently, the chemical shift of the endogenous molecule inorganic phos-
phate (Pi) can be used to measure intracellular pH both in vitro and in vivo [115],
and the exogenous compound 3-aminopropylphosphonate (3-APP) allows the spec-
troscopic determination of extracellular pH in vivo [54].

Although (localized) 31P spectra can be acquired within a reasonable amount of
time, magnetic resonance spectroscopic imaging (MRSI) for the determination of
extracellular pH in vivo using 31P is impractical due to its low sensitivity and ac-
companying requirements on magnetic field homogeneity and minimal movement to
achieve a sufficient signal to noise ratio (SNR). In addition, the exogenous compound
3-APP does not cross the blood-brain barrier [119] and is not safe for use in human
[100].

The usual convention for in vivo phosphorus spectra is to use phosphocreatine
(PCr) as a 31P chemical shift reference set to δPCr = 0 ppm. In tissues where
PCr cannot be observed, α-adenoside triphosphate (α-ATP) can alternatively be
used as 31P chemical shift reference. This is possible, because at physiological pH
values above pH 6.1, both PCr with a logarithmic acid dissociation constant of
pK a(PCr) = 4.6 and α-ATP with a logarithmic acid dissociation constant of pK a(α-
ATP) = 4.85 are fully deprotonated, so that their chemical shifts do not depend on
pH [100].

2.4.2.1 Intracellular pH (pHi) measurements using Pi

Moon et al. were the first to use the chemical shift of inorganic phosphate (Pi) to
estimate the intracellular pH of intact red cells in whole blood [115]. Griffiths et al.
then pioneered the measurement of tumor intracellular pH in vivo [62]. The claim,
that the pH reported by inorganic phosphate is usually indeed strongly weighted
towards the intracellular pH, can experimentally be confirmed by identifying the
source of the Pi signal through determination of both the relative volumes of the
relevant compartments (such as intra- and extracellular) in the tissue of interest and
of the concentrations of inorganic phosphate in these compartments [2, 26]. Using
a form of the Henderson-Hasselbalch equation

pHi (δ) = pKa + log10

(
δ − δmin

δmax − δ

)
, (2.25)

the intracellular pH (pHi) can be expressed as a function of the observed chemi-
cal shift δ of inorganic phosphate, where pK a is the logarithmic acid dissociation
constant of inorganic phosphate, δmin is the limiting minimum (acid) chemical shift
of inorganic phosphate and δmax is the limiting maximum (base) chemical shift
of inorganic phosphate [54]. Thus, depending on whether the chemical shifts in
the 31P spectra were referenced to either phosphocreatine (PCr) or to α-adenoside
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triphosphate (α-ATP), the intracellular pH can be calculated from the chemical
shift of inorganic phosphate with the appropriate numerical values, summarized in
Table 2.1.

Table 2.1: Parameters to calculate pH values from 31P chemical shifts of
Pi and 3-APP. Values were obtained by Ojugo et al. by fitting the appropriate
Henderson-Hasselbalch equations 2.25 or 2.26 to NMR titration curves consisting
of chemical shifts of 19 different pH values between pH 5.0 and pH 9.0 with ionic
strength I and temperature ϑ closely mimicking in vivo conditions [126]. Pi, in-
organic phosphate; 3-APP, 3-aminopropylphosphonate; PCr, phosphocreatine; α-
ATP, α-adenoside triphosphate; pK a, logarithmic acid dissociation constant; δmin,
limiting minimum chemical shift; δmax, limiting maximum chemical shift.

sensor
molecule

chemical shift
reference

pKa δmin/ppm δmax/ppm titration
conditions

reference

Pi PCr 6.68± 0.02 3.31 5.72 I = 0.25 m
ϑ = 37 ◦C

[126]

Pi α-ATP 6.75± 0.03 10.89 13.28 I = 0.25 m
ϑ = 37 ◦C

[126]

3-APP PCr 6.85± 0.03 23.53 27.01 I = 0.25 m
ϑ = 37 ◦C

[126]

3-APP α-ATP 6.79± 0.04 31.07 34.62 I = 0.25 m
ϑ = 37 ◦C

[126]

2.4.2.2 Extracellular pH (pHe) measurements using
3-aminopropylphosphonate (3-APP)

Gillies et al. introduced the exogenous compound 3-aminopropylphosphonate (3-
APP, Fig. 2.4a) to measure extracellular pH, initially demonstrated in two types
of tumor cells both in vitro and in vivo. 3-APP is non-toxic and its chemical shift
is clearly separable from 31P signals of endogenous molecules (Fig. 2.4c) and is not
significantly affected by temperature or ionic strength. At the same time, 3-APP
possesses a pK a in the physiological pH range, it can be injected intraperitoneally
(i.p.) and it is neither internalized nor metabolized [54].

Analogously to the evaluation of 31P spectra for the determination of the intracel-
lular pH from the chemical shift of inorganic phosphate, the extracellular pH (pHe)
can be calculated as a function of the observed chemical shift δ of 3-APP using a
form of the Henderson-Hasselbalch equation

pHe (δ) = pKa − log10

(
δ − δmin

δmax − δ

)
(2.26)
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Figure 2.4: Determination of extracellular pH using 3-APP based on 31P spec-
troscopy. (a) Structure of 3-aminopropylphosphonate (3-APP) with the relevant pK a of
the exchangeable proton (red) and the NMR active 31P nucleus (blue). (b) Chemical
shift of 3-APP with the 31P spectra referenced to phosphocreatine (PCr) set to 0 ppm
as a function of pH, illustrating the fit parameters from [126] with pK a = 6.85, limit-
ing acid chemical shift δmax = 27.01 ppm and limiting base chemical shift δmin = 23.53
ppm of 3-APP. (c) Representative 31P spectra acquired 50, 60 and 70 min after i.p. in-
jection of 3 mL of 64 mg mL−1 3-APP into a rat with a 31P transmit receive loop coil
placed directly above the subcutaneous MAT B III tumor. The 3-APP signal with the
chemical shift corresponding to a pH of 7.2 stems from the extracellular pH in the tumor,
whereas the 3-APP signal with the chemical shift corresponding to a pH of 6.0 comes
from abundant 3-APP in the nearby bladder. Further substances visible in the spectrum
are phosphomonoesters (PME), inorganic phosphate (Pi), α-nucleoside triphosphate (α-
NTP), β-nucleoside triphosphate (β-NTP) and γ-nucleoside triphosphate (γ-NTP). Peak
assignments were done according to [59], taking into account that the NTP signals in
tumors originate from all four nucleotide bases (ATP, CTP, GTP, UTP), in contrast to
normal tissue, where the NTP signal stems predominantly from adenosine triphosphate
(ATP) only [119].
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2 Theory and Methods

with the appropriate numerical values from Table 2.1, where pK a is the logarithmic
acid dissociation constant of 3-APP, δmin is the limiting minimum (base) chemical
shift of 3-APP, δmax is the limiting maximum (acid) chemical shift of 3-APP [54].

Note that the sign in equation 2.26 in front of the logarithm is changed compared
to equation 2.25, reflecting the fact that phosphonates (i.e. 3-APP) shift to lower
chemical shifts at higher pH values, compared with phosphates (i.e. Pi), which shift
to higher chemical shifts at higher pH values [54, 126]. From Fig. 2.4b it can be
seen that 3-APP exhibits a sensitivity of 1.7 ppm per pH around its pK a [126].

Representative 31P spectra of a subcutaneous MAT B III tumor acquired in a rat
after i.p. injection of 3-APP are shown in Fig. 2.4c. The 3-APP peak corresponding
to a pH of 7.2 stems from the extracellular pH in the tumor, the 3-APP peak corre-
sponding to a pH of 6.0 comes from abundant 3-APP in the nearby bladder. In addi-
tion, endogenous 31P signals from phosphomonoesters (PME), inorganic phosphate
(Pi, which could be used to determine the intracellular pH), phosphocreatine (PCr,
which was used as chemical shift reference and set to 0 ppm), α-nucleoside triphos-
phate (α-NTP), β-nucleoside triphosphate (β-NTP) and γ-nucleoside triphosphate
(γ-NTP) are visible in these spectra.

2.4.2.3 Techniques for the analysis of spectra containing pH information

In the analysis of phosphorus spectra, several postprocessing techniques can be used
to either correct for spectral distortions or to extract characteristic information from
the peak profile of the pH-sensitive resonances. These include spectral intensity
adjustments to correct for skewed spectra introduced by the nonlinear relationship
(equations 2.25 and 2.26) between the pH scale and the ppm scale [60] and the
extraction of several statistical parameters describing the line shape of the pH profile
characterizing the underlying pH distribution [100].

Once the ppm scale has been converted to the pH scale using the appropriate
Henderson-Hasselbalch equation (equation 2.25 or 2.26), the intensity of the pH
distribution profile has to be divided by the derivative of that equation to correct
for the non-linear relationship between the ppm scale and the pH scale [2]. The
corrected intensity Icorr can therefore be expressed as

Icorr (pH) ∝ I (δ)
∣∣∣∣∣dpH (δ)

dδ

∣∣∣∣∣
−1

∝ I (δ) (δmax − δ)(δ − δmin)
(δmax − δmin) (2.27)

with the same variables and parameters as used in equation 2.25 or 2.26. To simplify
the expression, the proportionality sign drops an irrelevant factor of ln(10) stemming
from the derivative of the decadic logarithm, since it is common practice to display
the intensity scale in arbitrary units [2, 60].

For a narrow pH signal at precisely the pK a, this intensity correction does not
result in a change in the determined pH, but the broader a pH distribution or the
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2.4 pH determination in vivo

further away the center of a pH distribution from the pK a, the larger the intensity
correction factor and thus the larger the change in the determined pH distribution.
Although this correction is relatively small compared to the uncertainties of the
absolute value of the pH due to uncertainties in the values of pK a, δmin and δmax
(e.g. due to different chemical environments depending on the cellular surround-
ings), it can be of importance when looking at relative changes in well reproducible
experimental settings. The method is only valid, if the dominant effect on the line
shape is the underlying pH distribution, and not other factors, such as magnetic
field inhomogeneities or line broadening caused by filtering during postprocessing of
the acquired data.

After applying the spectral intensity correction, the calculation of one or several
statistical parameters of the determined tumor pH profile, such as weighted mean,
weighted median, modes, skewness (asymmetry), kurtosis (peakedness) and entropy
(smoothness), as well as relative sizes of the tissue volumes under investigation,
estimated by integration or fitting the pH profile to multiple modes, might be a
possibility to extract useful information from more complicated pH distribution
profiles [100], such as a correlation between pH heterogeneity and the extent of
tumor necrosis in tissue [29].

2.4.3 Hyperpolarized pH imaging in vivo

Hyperpolarization is an effective method to significantly increase NMR signal ampli-
tudes to overcome sensitivity limitations of conventional magnetic resonance spec-
troscopic imaging, as described in Section 2.2.

In vitro, a number of hyperpolarizable molecules from different molecular classes
have been proposed to measure pH within the physiologically and pathologically rel-
evant pH range of pH 5–8. The successful MR acquisition of pH images of buffered
phantoms was demonstrated using hyperpolarized [2-13C]diethylmalonic acid, be-
longing to the group of 13C-labeled dicarboxylic acids [86], using ACES, a member
of the Good’s buffers family [44], and using 15N-pyridine, as a representative of the
group of 15N-labeled pyridine derivatives [74]. Furthermore, 15N-imidazole [148] as
well as the two chelators DOTP [75] and a modified cryptophane cage [139], loaded
with hyperpolarized 89Y and hyperpolarized 129Xe, respectively, have been shown to
be pH-sensitive within the physiologically and pathologically relevant pH range.

In vivo, 13C-bicarbonate and [1,5-13C2]zymonic acid are the only molecules, which
have currently been both hyperpolarized and used for MRI of pH in preclinical
studies. The next two sections will first describe pH imaging using hyperpolarized
13C-bicarbonate and second introduce the novel hyperpolarized probe [1,5-13C2]zy-
monic acid for pH imaging. Later on, zymonic acid will extensively be characterized
and applied in vivo in Chapter 4.

23



2 Theory and Methods

2.4.3.1 pH imaging using 13C-bicarbonate

13C-Bicarbonate is the only molecule, which has previously successfully been both
hyperpolarized and used for pH imaging in vivo.

While intracellular pH buffering is dominated by inorganic phosphate (Pi) and
proteins [49], bicarbonate (HCO−3 ) is the main extracellular buffering capacity in
mammalian tissue [50], with a plasma bicarbonate concentration in humans of
∼24 mm. The chemical equilibrium between bicarbonate and carbon dioxide is used
to keep the extracellular acid-base balance tightly controlled between pH 7.35–7.45.
To compensate for too acidic pH values in the blood, bicarbonate binds with excess
protons forming carbonic acid, which in aqueous conditions immediately dissociates
into water and carbon dioxide according to

CO2(aq) + H2O
pKa ≈ 6.2 (in vivo)−−−−−−−−−−−⇀↽−−−−−−−−−−−
carbonic anhydrase

HCO−3 + H+. (2.28)

Carbon dioxide is then removed from the system by exhalation so that the pH can
return to physiological values. In the opposite case of too basic pH values in the
blood, the exact reverse mechanism is used to decrease the pH to physiological
values. Since the concentration of water is commonly taken as constant, the in vivo
equilibrium concentrations of this reaction

Ka = [HCO−3 ][H+]
[CO2] (2.29)

are characterized by the logarithmic acid dissociation constant [46, 145]

pKa = − log10(Ka/mol) ≈ 6.2. (2.30)

Steady state equilibrium concentrations can quickly be reached if the enzyme car-
bonic anhydrase is present, which increases the reaction rate to up to 106 reac-
tions per second. Measuring the equilibrium concentrations of bicarbonate and
carbon dioxide then allows the determination of the associated pH according to the
Henderson-Hasselbalch equation

pH = pKa + log10

(
[HCO−3 ]
[CO2]

)
. (2.31)

Despite the high endogenous concentration of bicarbonate, the low 13C natural
abundance of only 1.1 % and the low sensitivity of the 13C nuclear spins prevent
determining in vivo pH values from endogenous bicarbonate directly. However,
exogenous, 13C-labeled, hyperpolarized and intravenously injected bicarbonate can
be used to measure the equilibrium concentrations of bicarbonate and carbon dioxide
to perform pH imaging in vivo. The signal intensities of the NMR resonances of
bicarbonate IH13CO−

3
and carbon dioxide I13CO2 , whose chemical exchange rate is slow

on the NMR time scale, are used to calculate the necessary ratio of the equilibrium
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concentrations to determine the pH, resulting in

pH = pKa + log10

(
IH13CO−

3

I13CO2

)
. (2.32)

Extracellular pH. Gallagher et al. were the first to use hyperpolarized cesium
bicarbonate to measure the average tumor interstitial pH/extracellular tissue pH in
a mouse tumor model of subcutaneously implanted EL-4 lymphoma cells in vivo
[49, 50]. The same method with optimized parameters was used to determine the
extracellular pH in induced acute subcutaneous sterile inflammation in rats in vivo
[143, 144]. Ghosh et al. avoided the usage of toxic cesium for extracellular pH mea-
surements and demonstrated the in vitro carbonic anhydrase catalyzed production
of hyperpolarized bicarbonate from carbon dioxide by decarboxylation of hyperpo-
larized pyruvic acid using hydrogen peroxide (H2O2) [53] according to

CH3 C
O

13COO−
+ H2O2 CH3 C

O

O−
+ 13CO2(aq) + H2O. (2.33)

This reaction can also be performed with other α-keto carboxylic acids, such as
α-ketoisocaproate [53].

In a similar approach, hyperpolarized 13C-labeled bicarbonate was formed from
hyperpolarized 1,2-glycerol-13C-carbonate in the presence of sodium hydroxide and
heat after dissolution, and was then used to measure the extracellular pH in a
transgenic adenocarcinoma of the mouse prostate murine model in vivo [85].

Intracellular pH. Schroeder et al. injected hyperpolarized pyruvic acid intra-
venously and then observed the in vivo formation of hyperpolarized carbon diox-
ide and bicarbonate in the healthy rat heart [145]. In this reaction, pyruvate is
transported from the extracellular space into the cytosol by monocarboxylate trans-
porters (MCT) before pyruvate dehydrogenase (PDH) inside the mitochondria con-
verts pyruvate into acetyl-CoA and hyperpolarized carbon dioxide according to

CH3 C
O

13COO−
+ HS CoA PDH

NAD+ NADH

CH3 C
O

S CoA
+ 13CO2(aq) (2.34)

where NAD+ is the oxidized form of nicotinamide adenine dinucleotide, NADH is
the reduced form of nicotinamide adenine dinucleotide, and HS-CoA is the coenzyme
A. The still hyperpolarized carbon dioxide is then assumed to rapidly diffuse into
the cytosol and equilibrate with bicarbonate by the help of the enzyme carbonic
anhydrase (CA). In these experiments, the pH determined from the equilibrium
between bicarbonate and carbon dioxide correlated with the pH measured from
31P inorganic phosphate (Pi) measurements and is thus considered to represent the
intracellular pH of the studied cardiac myocytes.
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On the one hand, using bicarbonate for in vivo pH imaging possesses several
advantages [49, 50, 53, 143, 145]: Bicarbonate is an endogenous molecule, it can be
infused into patients at relatively high concentrations without toxic effects and it is
already licensed for 1 m injections. In addition, ratiometric methods are independent
of probe concentration, the pK a of the equilibrium makes bicarbonate sensitive in
the pathological pH range of interest and the chemical shift difference of ∼36 ppm
between bicarbonate and carbon dioxide is large enough to be discriminated even
at low magnetic field strengths. Furthermore, the inside of erythrocytes and the
surface of tumor cells usually exhibit high carbonic anhydrase activity so that the
steady state of the equilibrium between bicarbonate and carbon dioxide is quickly
reached.

On the other hand, using bicarbonate for in vivo pH imaging also faces a number
of challenges [49, 50, 53, 143, 145]: Cesium, which is mostly used in the direct hy-
perpolarization of bicarbonate, is toxic and has to be removed before injection using
an ion-exchange column reducing the available polarization due to the additionally
required time. Although hydrogen peroxide is relatively save in vivo, excessive le-
vels of unreacted hydrogen peroxide also have to be removed from the system before
injection, requiring an additional step before the hyperpolarized compound can be
used. In some of the reported experiments, an increased blood pH and a reduced
breathing rate directly after administration of bicarbonate was observed, hinting
to an induced acute metabolic alkalosis by the injection of the large amount of bi-
carbonate. Additionally, depending on which method is used and which tissue is
studied, a sufficiently high pyruvate dehydrogenase activity is needed and a suffi-
cient amount of carbonic anhydrase is necessary to guarantee that the ratio between
bicarbonate and carbon dioxide is indeed coming from the same cellular compart-
ment and equivalent to the concentration ratios of the molecule pools in vivo; e.g.
in cardiac myocytes, carbonic anhydrase activity is only modest and could even be
further inhibited by low intracellular pH and pharmacological membrane transport
inhibitors. Furthermore, bicarbonate measurements suffer from low signal to noise:
both sodium bicarbonate (∼1 m) and cesium bicarbonate (∼4–6 m) are relatively in-
soluble, polarization is lost during dissolution by outgassing of carbon dioxide, both
substances have a short in vivo polarization lifetime of T1 ≈ 10 s at 3 T, and due to
the ratio of bicarbonate to carbon dioxide of ∼10:1 at physiological pH values, the
very low carbon dioxide signal intensity must be accurately quantified in order to
achieve a reliable pH measurement result. At last, as can be seen from the fact that
in two different scenarios, the equilibrium between bicarbonate and carbon diox-
ide can either report on the extracellular or the intracellular pH, it is not clear to
which degree the pH reported by hyperpolarized bicarbonate is in general weighted
towards the extracellular or intracellular pH in vivo.

2.4.3.2 pH imaging using hyperpolarized 13C-zymonic acid

The molecule zymonic acid, which will be introduced in Chapter 4 as a novel 13C-
labeled and hyperpolarized biosensor for in vivo pH imaging, was first discovered in
1899, but since then has rarely been mentioned in the literature.
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Zymonic acid, with its IUPAC name 4-hydroxy-2-methyl-5-oxo-2,5-dihydrofuran-
2-carboxylic acid, is sometimes also referred to as α-keto-γ-valerolactone-γ-carboxy-
lic acid, 2-hydroxy-4-methyl-4-carboxy-buten-(2)-olid-(4,1), 4-hydroxy-2-keto-4-me-
thylglutaric acid lactone or α-hydroxy-γ-∆α,β-butenolide-γ-carboxylic acid.

Wolff [168, 169] and de Jong [76, 77] were the first to describe parapyruvic acid
and zymonic acid as condensation products of pyruvic acid under the influence of
HCl. Zymonic acid received its trivial name from the Greek word “zyme” meaning
“leaven” or “yeast” since it had mistakenly been identified as a metabolite produced
by yeasts [155]. Only later it was realized that zymonic acid can occur as a chemical
impurity in pyruvic acid [87, 105] and that this explained the observation of zymonic
acid among the metabolic products of yeasts [155]. The two pK a values of zymonic
acid have been determined to be 2.35 for the carboxy group and 6.95 for the enolic
hydroxy group [87, 112]:

O

O

OH

H

CH3
OH

O
H6C6O5

pKa1 = 2.35
O

O

OH

H

CH3
O−

O

H5C6O−5

+ H+ (2.35)

O

O

OH

H

CH3
O−

O

H5C6O−5

pKa2 = 6.95
O

O

O−

H

CH3
O−

O

H4C6O2−
5

+ H+ (2.36)

Evidence suggests that zymonic acid’s ring structure does not break up during
acid-base titrations [112, 155, 169]. Zymonic acid’s melting point has been deter-
mined to be 115–116 ◦C [21, 68], its paper chromatographic retention factor [130,
162], UV and IR data were recorded [13, 21, 105]. There has long been confusion
about whether zymonic acid is present as an enol or ketone, but a general study
about the keto-enol-equilibrium of cyclic α-diketones [146] and proton NMR data
made clear that zymonic acid is present as an enol [13, 105]. Temporarily, it was
erroneously assumed that zymonic acid inhibits the tricarboxylic acid cycle [112],
but it was later realized that not zymonic acid but rather parapyruvic acid was in-
hibiting α-ketoglutaric oxidase [113], although it is very unlikely that this inhibitory
effect will occur in vivo [111]. Recently, fluoro analogues of zymonic acid have
been produced [153] and zymonic acid has been discovered among the products of
multiphase photolysis of pyruvic acid during atmospheric studies [129, 134, 135].

A single, pH-dependent chemical shift of a pH sensor molecule can be observed, if
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this sensor molecule contains an NMR active nucleus, if its acid and conjugate base
concentrations are at equilibrium and if the acid and conjugate base forms of the
molecule are in fast chemical exchange (see Section 2.4.1 and [2]).

Zymonic acid is such a pH sensor molecule, with two dissociable protons with
logarithmic acid dissociation constants pKa1 = 2.35 and pKa2 = 6.90:

H6C6O5
pKa1−−−⇀↽−−− H5C6O−5 + H+ pKa2−−−⇀↽−−− H4C6O2−

5 + 2 H+ (2.37)

In the pathologically and physiologically interesting pH range of pH 5–8, there is
rapid hydrogen exchange between the relevant acid (H5C6O−5 ) and conjugate base
(H4C6O2−

5 ) form: in this pH range, the carboxy group is fully deprotonated due to
its low pKa1 and the acid base equilibrium concentrations are determined by the
second logarithmic acid dissociation constant pKa2. Thus, the relevant equilibrium
reaction (equation 2.38) and the relevant equilibrium concentrations (equation 2.39)
of this chemical equilibrium can be described by

H5C6O−5
Ka=Ka2−−−−−⇀↽−−−−− H4C6O2−

5 + H+ (2.38)

and
Ka = [H+][H4C6O2−

5 ]
[H5C6O−5 ] . (2.39)

Taking the decadic logarithm and using the identities pH = − log10([H+]/mol) as
well as pKa = − log10(Ka/mol), this results in the well known Henderson-Hasselbalch
equation

pH = pKa + log10

(
[H4C6O2−

5 ]
[H5C6O−5 ]

)
(2.40)

= pKa + log10

(
χbase

χacid

)
(2.41)

with the introduction of the concept of mole fractions

χacid = [H5C6O−5 ]
[H5C6O−5 ] + [H4C6O2−

5 ]
and χbase = [H4C6O2−

5 ]
[H5C6O−5 ] + [H4C6O2−

5 ]
, (2.42)

where χacid is the mole fraction of the acid form of the pH sensor molecule and χbase
is the mole fraction of the base form of the pH sensor molecule.

In the case of fast chemical exchange between the conjugate acid and base forms,
which means that the site lifetimes are much shorter than the reciprocal of the
resonance frequency difference between the two sites, the observed chemical shift δ
is a mean of the chemical shift of the acid form of the pH sensor molecule δacid and
the chemical shift of the base form of the pH sensor molecule δbase, weighted by the
respective acid and base mole fractions

δ = χacid δacid + χbase δbase. (2.43)
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With the identity χacid + χbase = 1, this leads to the two expressions

χacid = δ − δbase
δacid − δbase

and χbase = δ − δacid
δbase − δacid

, (2.44)

which, by substitution into equation 2.41 in order to eliminate the two variables
χacid and χbase, result in the same form of the Hendersson-Hasselbalch equation
as was used to determine the intracellular pH (pHi) from the observed chemical
shift of inorganic phosphate (Pi, cf. equation 2.25), but this time to determine the
extracellular pH (pHe) from the observed chemical shift δ of zymonic acid by

pHe (δ) = pKa + log10

(
δ − δmin

δmax − δ

)
(2.45)

using the identities δacid = δmin and δbase = δmax with the appropriate parameters
from Table 2.2.

By solving equation 2.45 for δ and using the definition ∆δ = δmax − δmin to
eliminate δmax, we can calculate the inverse of equation 2.45 and express the observed
chemical shift δ as a function of pH according to

δ (pH) = δmin + ∆δ
1 + 10(pKa−pH) . (2.46)

Fitting this equation to an NMR titration curve derived from chemical shifts of zy-
monic acid at six different pH values between pH 5–8 as shown in Fig. 4.1, equation
2.46 was used in Chapter 4 to extract the parameters for the calculation of extra-
cellular pH values from 13C chemical shifts of zymonic acid; the fitted parameters
are summarized in Table 2.2.

Table 2.2: Parameters to calculate extracellular pH values from 13C chem-
ical shifts of zymonic acid. Values were obtained by fitting the Henderson-
Hasselbalch equation 2.46 to NMR titration curves consisting of chemical shifts of
zymonic acid at six different pH values between pH 5–8 as shown in Fig. 4.1 with
ionic strength I and temperature ϑ. The ppm scale was referenced to the 13C-
chemical shift of 13C-urea, which is usually observed at 165.5 ppm and which was
set to 0 ppm. ZA, zymonic acid; pK a, logarithmic acid dissociation constant; δmin,
limiting minimum (acid) chemical shift; δmax, limiting maximum (base) chemical
shift.

sensor
molecule

atom
position

chemical shift
reference

pKa δmin/ppm ∆δ/ppm δmax/ppm titration
conditions

ZA C1 urea 6.90 8.52 5.13 13.65 I = 0.20 m
ZA C5 urea 6.90 12.57 2.57 15.14 ϑ = 25 ◦C
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3 Multiparametric human
hepatocellular carcinoma
characterization and therapy
response evaluation by
hyperpolarized 13C-MRSI

“It is a tribute to the inherent harmony and the
organic growth of our branch of science that ev-
ery advance in physics is largely due to the de-
velopments that preceded it.”

— Felix Bloch (* 1905; † 1983)

Reprinted from NMR in Biomedicine, vol. 29, pp. 952–960 (2016); Stephan
Düwel?, Markus Durst?, Concetta V. Gringeri, Yvonne Kosanke, Claudia Gross,
Martin A. Janich, Axel Haase, Steffen J. Glaser, Markus Schwaiger, Rolf F. Schulte,
Rickmer Braren, and Marion I. Menzel. “Multiparametric human hepatocellular
carcinoma characterization and therapy response evaluation by hyperpolarized 13C
MRSI”. With permissions from John Wiley & Sons, Ltd. Modifications: replacement
of Abstract by Summary, addition of Appendix A. ? contributed equally.

Summary

Individual tumor characterization and treatment response monitoring based on cur-
rent medical imaging methods remain challenging. This work investigates hyper-
polarized 13C compounds in an orthotopic rat hepatocellular carcinoma (HCC)
model system before and after transcatheter arterial embolization (TAE). HCC
ranks amongst the top six most common cancer types in humans and accounts for
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one-third of cancer-related deaths worldwide. Early therapy response monitoring
could aid in the development of personalized therapy approaches and novel ther-
apeutic concepts. Measurements with selectively 13C-labeled and hyperpolarized
urea, pyruvate and fumarate were performed in tumor-bearing rats before and after
TAE. Two-dimensional, slice-selective MRSI was used to obtain spatially resolved
maps of tumor perfusion, cell energy metabolic conversion rates and necrosis, which
were additionally correlated with immunohistochemistry. All three injected com-
pounds, taken together with their respective metabolites, exhibited similar signal
distributions. TAE induced a decrease in blood flow into the tumor and thus a
decrease in tumor to muscle and tumor to liver ratios of urea, pyruvate and its
metabolites, alanine and lactate, whereas conversion rates remained stable or in-
creased on TAE in tumor, muscle and liver tissue. Conversion from fumarate to
malate successfully indicated individual levels of necrosis, and global malate signals
after TAE suggested the washout of fumarase or malate itself on necrosis. This
study presents a combination of three 13C compounds as novel candidate biomark-
ers for a comprehensive characterization of genetically and molecularly diverse HCC
using hyperpolarized MRSI, enabling the simultaneous detection of differences in
tumor perfusion, metabolism and necrosis. If bolus dynamics are not required and
if qualitative perfusion information is sufficient, the desired information could be ex-
tracted from hyperpolarized fumarate and pyruvate alone, acquired at higher fields
with better spectral separation.

3.1 Introduction

Hepatocellular carcinoma (HCC) ranks amongst the top six most common can-
cer types in humans and accounts for one-third of cancer-related deaths worldwide
[46]. A minority of patients with HCC are eligible for curative treatment options
(i.e. liver transplantation, surgical resection and tumor ablation) [94–96]. In the
case of unresectable HCC, transcatheter arterial chemoembolization (TACE) [104,
161], molecularly targeted therapies, such as the multikinase inhibitor sorafenib [96,
171], and combinations thereof, are employed. With selected therapies targeting
specific molecular alterations that determine individual tumor progression, person-
alized approaches are increasingly being introduced into routine clinical cancer care.
In particular, genetically and molecularly diverse HCC would benefit from such in-
dividual pre-therapeutic tumor assessment for the identification of patients with the
best-predicted responses to specific treatments. Likewise, early response monitoring
would help the development of novel therapeutic concepts.

Aimed at comprehensive tumor characterization for therapy response prediction
and monitoring, several new imaging techniques have been introduced into HCC
management over recent years, including structural and functional analyses by MR-
based diffusion [19, 24, 118, 124, 170] and perfusion [12, 170] imaging, as well as
positron emission tomography (PET)-based metabolic imaging [90, 158]. With the
advent of dissolution dynamic nuclear polarization (DNP), the MR-based detection
of endogenous 13C-labeled substances holds promise for a far more advanced in vivo
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analysis of several physiological and biochemical processes [11, 48]. First clinical
studies in cancer patients using hyperpolarized biomarkers are currently being con-
ducted and have already produced promising results [120].

Preclinically, [1-13C]pyruvate and downstream metabolites ([1-13C]lactate, [1-13C]-
alanine or [1-13C]bicarbonate) are amongst the most researched compounds em-
ployed to analyse in vivo glucose metabolism of untreated [6, 20, 58] and treated
[34, 35, 127] tumor tissue. Furthermore, [1,4-13C2]fumarate with its metabolite, [1,4-
13C2]malate, has been tested for the early detection of tissue necrosis [16, 17, 51,
109, 167]. When the cell membrane integrity breaks down as a result of a necrotic
event, the fumarase enzyme can be accessed by the injected fumarate and is rapidly
converted to malate, which therefore can be used to quantify the amount of tissue
damage.

Hyperpolarized 13C-urea has been demonstrated to be a feasible perfusion agent
[116, 117], as it is an endogenous, metabolically inactive molecule and can be
measured simultaneously with pyruvate after copolarized injection. Together with
metabolic information, it can provide valuable insights into the relationship between
metabolism and perfusion. In addition, as tumor perfusion is reduced after certain
types of treatment, it could be an important parameter for the evaluation of the
success of tumor therapy.

To date, few studies have explored [1-13C]pyruvate in HCC for tissue characteriza-
tion [33, 174] or therapy response evaluation [32], or in Myc-driven liver cancer with
features of HCC and hepatoblastoma [67]. To test the potential of hyperpolarized
13C-labeled substrates in HCC management, we performed MR measurements with
[1-13C]pyruvate, [1,4-13C2]fumarate and [13C,15N2]urea in orthotopic rat HCC before
and after transcatheter arterial embolization (TAE).

3.2 Materials and methods

During imaging, animals were maintained under isoflurane anesthesia (3 % isoflu-
rane, 1.5 % oxygen; Abbott GmbH, Wiesbaden, Germany). Temperature and brea-
thing were monitored continuously (SA Instruments Inc., New York, NY, USA).

Unifocal orthotopic tumor transplants were generated by the injection of 4× 106

syngeneic McA-RH7777 rat HCC cells (American Type Culture Collection, Man-
assas, VA, USA) into the right lateral liver lobe of five 14-week-old female Buffalo
rats (Harlan, Horst, the Netherlands). TAE was performed by the administra-
tion of 1 mL of 50 % EmboCept® S (PharmaCept, Berlin, Germany) through the
gastroduodenal artery, so that the embolizing agent penetrates into the small tu-
mor vessels and produces a transient vessel occlusion. EmboCept® S is a sterile
suspension of degradable starch microspheres with an average diameter of 50 µm
(range, 20–200 µm). Instillation into the hepatic artery results in a transient re-
duction in blood flow, followed by α-amylase-mediated degradation with a plasma
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3 Multiparametric HCC characterization and therapy response evaluation

half-life of 35–50 min. For histology, rats were killed according to animal care stan-
dards. Immediately after death, livers were fixed in 4 % paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) solution for 24–48 h at 4 ◦C. Proton imaging data
were reviewed, tumor nodules were identified in whole fixed livers, resected with ad-
jacent liver tissue and paraffin embedded for histopathological processing according
to the axial imaging plane. Serial 4 µm thick sections were collected every 500 µm
and subjected to hematoxylin and eosin (H&E) staining for histological analysis
(Mirax Viewer, Carl Zeiss MicroImaging GmbH, Göttingen, Germany). The per-
centage necrosis was quantified semi-automatically from a central tumor slice using
Tissue Studio® software (Definiens Developer XD 64, Definiens, Munich, Germany)
[19].

Animals were examined 12–13 days after cell implantation with the same protocol,
1 day before and 1 day after TAE. Injections of hyperpolarized [1,4-13C2]fumarate
and the copolarized [13C,15N2]urea/[1-13C]pyruvate solution were given within 1 h.
The animal study, involving 28 animals in total, was approved by the local govern-
mental committee for animal protection and welfare (Tierschutzbehörde, Regierung
von Oberbayern). A number of animals (n = 13) were needed to establish the
complex setup of the experiment; several animals had to be excluded because of
peri-procedural complications, such as no tumor growth, low breathing and heart
rate during the measurement, or because they did not survive the embolization pro-
cedure (n = 10), resulting in n = 5 animals included in the urea and pyruvate
analysis, for which no sham experiments were conducted. As a result of the longer
time needed for the hyperpolarization process and in order to keep the animals un-
der anesthesia for as short a period as possible, the fumarate injection was always
performed before the co-injection of pyruvate and urea.

[1,4-13C2]Fumaric acid was hyperpolarized as follows. A solution of 25 µL of
4 m [1,4-13C2]fumaric acid (Eurisotop, Saint-Aubin, France) in dry dimethyl sul-
foxide (DMSO), 27 mm of the free radical OX063 (Oxford Instruments, Abing-
don, Oxfordshire, UK) and 2.5 mm of the gadolinium chelate Dotarem (Guerbet,
Villepinte, France) were added to a standard DNP sample cup, hyperpolarized us-
ing a HyperSense DNP polarizer (Oxford Instruments) at a microwave frequency
of ≈ 94.1 GHz and dissolved in 40 mm phosphate buffer in deuterium oxide (D2O),
0.5 m NaCl, 0.1 g L−1 ethylenediaminetetraacetic acid (EDTA) and NaOH for phys-
iological pH and temperature, producing 20 mm hyperpolarized [1,4-13C2]fumarate.
[1-13C]Pyruvic acid and [13C,15N2]urea were hyperpolarized as follows. An aliquot
of 23 µL of 14 m [1-13C]pyruvic acid (Eurisotop), with 15 mm OX063 and 1 mm
Dotarem, was added to a standard DNP sample cup and frozen in liquid nitro-
gen. A solution of 40 µL of 10 m [13C,15N2]urea (Eurisotop) in glycerol, 30 mm
OX063 and 1.5 mm Dotarem were added on top of the frozen [1-13C]pyruvic acid
layer and also frozen in liquid nitrogen. Both substances were simultaneously hy-
perpolarized at a microwave frequency of ≈ 94.105 GHz and dissolved in 80 mm
tris(hydroxymethyl)aminomethane (Tris) buffer in D2O, producing 80 mm hyperpo-
larized [1-13C]pyruvate/100 mm hyperpolarized [13C,15N2]urea. A dissolution agent
based on D2O was used to decrease the dipolar coupling from the hyperpolarized
substance to H2O, and thus increase T1, mainly during the transport from the po-
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larizer to the scanner. D2O is fairly nontoxic for mammals if not given regularly
at very high levels [88, 163], and has been used before to prolong T1, e.g. of pyru-
vate for in vitro experiments [142] and of bicarbonate for in vivo experiments [144].
Both solutions were injected with a dose of 5 mL kg−1 at a rate of 0.2 mL s−1 into the
tail vein of the rats, separated by a time interval of 1 h. For anatomical reference,
T2-weighted, breathing-triggered fast recovery fast spin echo (FRFSE) 1H images
were acquired with the centers of the carbon and proton slices at the same axial
position (field of view, 8 cm; slice thickness, 3 mm; matrix, 256 × 256; echo train
length, 13; number of signal averages (NEX) = 4; TR = 3740 ms; TE = 87 ms). All
experiments were performed on a Signa HDxt 3.0 T clinical scanner (GE Healthcare,
Milwaukee, WI, USA). A dual-tuned 13C-1H birdcage volume coil with a diameter
of 8 cm was used for radiofrequency (RF) transmission and reception [39].

For the [1-13C]pyruvate/[13C,15N2]urea injection, a 13C iterative decomposition
with echo asymmetry and least-squares estimation (IDEAL) spiral chemical shift
imaging (CSI) sequence was used as described previously [165], with a field of view
of 8 cm, slice thickness of 1 cm, nominal resolution of 32 × 32, flip angle α of 10°,
TR ≈ 750 ms, breathing triggered, and number of echoes of 7. The TE shift was set
to 1.12 ms, adapting to the frequency offsets of [13C,15N2]urea, [1-13C]pyruvate, [1-
13C]alanine and [1-13C]lactate, and resulting in one complete 13C metabolite image
set approximately every 6 s after the start of a 5 s injection. In the reconstruction
implementation, an IDEAL fitting was used for the separation of the metabolites
[137] and a non-uniform fast Fourier transform (NUFFT) algorithm for interpolation
of the data onto a Cartesian grid [43]. The complete code for reconstruction of the
IDEAL spiral CSI data can be found online [40]. Regions of interest (ROIs) were
manually drawn by hand around the tumor, skeletal muscle and liver based on the
anatomical 1H images. Apparent rate constants describing forward label exchange
from [1-13C]pyruvate to [1-13C]alanine (kpyr→ala) and from [1-13C]pyruvate to [1-
13C]lactate (kpyr→lac) were calculated [83] by scaling the ratio of the time-integrated
metabolite signals ∑ amet,j and time-integrated pyruvate signals ∑ apyr,j according
to ∑

amet,j∑
apyr,j

= kpyr→met

Reff,met
, Reff,met = 1

T1,met
+ 1− cosα

TR + kmet→pyr (3.1)

where amet,j is the metabolite signal amplitude at time j, apyr,j is the pyruvate
signal amplitude at time j and Reff,met is the effective decay rate of the metabolite
accounting for signal decay effects caused by T1 relaxation, T1,met ≈ 20 s, repetitive
excitation with flip angle α at a repetition rate TR and ignoring the reverse 13C label
exchange [20] from the metabolites to pyruvate kmet→pyr = 0. T1,met was estimated
from previous studies and a constant relaxation rate was assumed [83]. Standard
deviations for mean signal ratios (Fig. 3.4, see later) and apparent rate constants
(Fig. 3.5, see later) were estimated from the ratio of the respective signals ± noise,
with the noise evaluated from the last time step of each acquisition time series.

For the [1,4-13C2]fumarate injection, a spectral-spatial multiband pulse [89] with
a slice thickness of 10 mm was designed and tailored to the spectrum of [1,4-13C2]-
fumarate and [1,4-13C2]malate (Fig. 3.4, see later). The ratio of [1,4-13C2]fumarate
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to [1,4-13C2]malate excitation was chosen to be 1:5 to preserve [1,4-13C2]fumarate
polarization for further conversion. The pulse was designed with a flyback gra-
dient modulation with nine sublobes and a total duration of 21 ms. Acquisition
was started 20 s after injection at the estimated maximum [1,4-13C2]malate concen-
tration. First, a breathing-triggered IDEAL spiral [165] image was acquired using
five echoes with single-shot spiral readout (field of view, 8 cm; nominal resolution,
32×32) and an echo shift of 1.05 ms. The flip angle was chosen between 35° and 90°
for [1,4-13C2]malate in different animals to find the optimal settings. Subsequently,
a spectrum was acquired to quantify the overall [1,4-13C2]malate increase and the
metabolic dynamics. In the image reconstruction, the double resonance of the non-
symmetric [1,4-13C2]malate molecule was accounted for by including the condition
of equal spin density for both isomers in the least-squares CSI separation approach,
thereby increasing the signal-to-noise ratio (SNR) by a factor of

√
2. For spectral

reconstruction, a blind matching pursuit algorithm [102, 165] was used to quantify
the signal levels of [1,4-13C2]fumarate and [1,4-13C2]malate. Then, the signals were
corrected for flip angle, and the ratio of [1,4-13C2]malate to [1,4-13C2]fumarate was
calculated. Despite the low signal level of malate, this design allowed the acquisi-
tion of a single image for localization and a single spectrum for quantification within
the same fumarate injection. Even though the malate signal appears later in un-
treated tumors (≈ 20 s) compared with tumors treated with the vascular disrupting
agent combretastatin-A4-phosphate (≈ 13 s), it has been suggested that the ratio
of malate to fumarate acquired ≈ 20 s after injection can be used as an equiva-
lent marker of response compared with the forward label exchange rate constant
from fumarate to malate [17]. Statistical analyses were performed using Student’s
paired-sample two-sided t-test or Student’s two-sample t-test with unequal variances
(MATLAB and Statistics Toolbox Release 2013b, MathWorks, Natick, MA, USA),
where appropriate.

T1 measurements were performed on a 1 T Minispec mq40 NMR analyzer (Bruker,
Karlsruhe, Germany) acquiring free induction decays (FIDs) using α = 3 ◦C, TR =
10 s and 20 scans. The hyperpolarized T1 decay curves were flip angle corrected and
fitted to a mono-exponential decay curve. To determine the solution polarization
level, the hyperpolarized signal intensity was extrapolated to the time of dissolution
using the previously fitted T1. The thermal signal was measured with a Carr-Purcell-
Meiboom-Gill (CPMG) sequence with TE = 2 ms, acquisition time of 0.25 ms, TR =
300 s, 600 echoes and 10 scans.

3.3 Results

[1,4-13C2]Fumarate was hyperpolarized to a liquid-state polarization level of approx-
imately 25 % with T1(D2O) ≈ 70 s at 1 T and 37 ◦C. [1-13C]Pyruvate and [13C,15N2]-
urea were hyperpolarized to liquid-state polarization levels of approximately 31 %
and 30 % with T1(D2O) ≈ 123 s and 116 s, respectively, at 1 T and 37 ◦C.

A representative dataset of [1,4-13C2]fumarate and malate spectra before (pre) and
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after (post) TAE is shown in Fig. 3.1a. The two [1,4-13C2]malate peaks were detected
at offsets of +6.4 and +5.2 ppm with respect to [1,4-13C2]fumarate at 177.2 ppm.
[1,4-13C2]Malate to [1,4-13C2]fumarate ratios (mean ± standard error of the mean)
increased significantly (pre: 0.003 ± 0.004, n = 15; post: 0.149 ± 0.074, n = 8,
p < 0.001; post sham: 0.013 ± 0.015, n = 4, p = 0.28) on histologically confirmed
necrosis formation (Fig. 3.1b). However, the higher [1,4-13C2]malate to fumarate
ratio was not restricted to the tumor slice but, after TAE, also evident in neighboring
slices (0.096 ± 0.055, n = 9, p < 0.001). Nevertheless, [1,4-13C2]malate to [1,4-13C2]-
fumarate ratios correlated well with the histologically quantified amount of tumor
necrosis (Fig. 3.1c, R2 = 0.86). Imaging experiments confirmed these findings with
very low initial SNR of [1,4-13C2]malate (Fig. 3.2) and a post-interventional [1,4-
13C2]malate signal distribution pattern beyond the tumor region, similar to the
[1,4-13C2]fumarate signal.
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Figure 3.1: Correlation of detected [1,4-13C2]malate and amount of tumor
necrosis. (a) Representative spectra of [1,4-13C2]fumarate and [1,4-13C2]malate before
and after transcatheter arterial embolization of an axial slice through the tumor. For com-
parison, spectra were normalized to the maximum fumarate signal within each spectrum.
The excitation pulse profile is shown below with colors indicating the spectral and spatial
variation of the applied flip angle. (b) A representative micrograph of a hematoxylin and
eosin (H&E)-stained central histological section showing the amount of tumor necrosis.
(c) The ratio of total malate to total fumarate correlates with the amount of necrosis
detected by histology.

[13C,15N2]urea, [1-13C]pyruvate and [1-13C]lactate were detected at offsets of−12.8,
−5.5 and +6.7 ppm with respect to [1-13C]alanine at 178.5 ppm. By visual inspec-
tion, [13C,15N2]urea and [1-13C]pyruvate exhibited a similar signal distribution pat-
tern, predominantly localized to major blood vessels (i.e. vena cava, aorta) and
kidneys, independent of the embolization state (Fig. 3.3). In contrast, the signals
of the [1-13C]pyruvate metabolites, [1-13C]alanine and [1-13C]lactate, were localized
to the tumor region (Fig. 3.3, top row), indicating tumor-specific [1-13C]pyruvate
conversion. On TAE intervention (Fig. 3.3, bottom row), this signal was diminished
or abolished depending on the amount of tumor necrosis and, in addition, the [1-
13C]lactate signal was commonly identified in the kidneys. Quantitative analysis of
local mean signal intensities before and after TAE revealed a decrease in [13C,15N2]-
urea, [1-13C]pyruvate, [1-13C]alanine and [1-13C]lactate tumor to muscle (Fig. 3.4a;
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Figure 3.2: Representative images for a [1,4-13C2]fumarate injection of an ax-
ial slice through the kidney and tumor before (first row) and after (second row)
transcatheter arterial embolization (TAE). The 1H anatomy images in the first col-
umn show the muscle (dotted line), kidney (dashed line) and tumor (solid line) within
each slice. The remaining columns show false-color 13C images of [1,4-13C2]fumarate and
[1,4-13C2]malate superimposed on the anatomical image and scaled to the maximum signal
intensity of [1,4-13C2]fumarate within each injection, taking into account the different flip
angles applied to fumarate and malate due to the spectral-spatial multiband pulse.
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urea: n = 4, p = 0.08; pyruvate: n = 5, p = 0.06; alanine: n = 5, p = 0.10;
lactate: n = 5, p = 0.06) and tumor to liver (Fig. 3.4b; urea: n = 4, p = 0.17;
pyruvate: n = 4, p = 0.44; alanine: n = 4, p = 0.12; lactate: n = 4, p = 0.06)
ratios on TAE. In addition, tissue-specific apparent rate constants before and after
TAE, describing forward label exchange from [1-13C]pyruvate to alanine (kpyr→ala)
or to lactate (kpyr→lac), were calculated (Fig. 3.5). In tumor (Fig. 3.5a) and muscle
tissue (Fig. 3.5b), kpyr→ala showed no significant change (tumor: n = 5, p = 0.15;
muscle: n = 5, p = 0.99). In contrast, kpyr→lac significantly increased in both tissues
(both tissues n = 5, p < 0.01). In liver tissue (Fig. 3.5c), both kpyr→ala and kpyr→lac
(both metabolites n = 4, p < 0.05) significantly increased after TAE intervention.
We further observed a notable variability of 13C substrate and metabolite signals
(Fig. 3.4), as well as apparent rate constants (Fig. 3.5) of untreated (overall mean
coefficient of variation pre TAE of 44 % for mean signals and 36 % for apparent rate
constants) and treated (overall mean coefficient of variation post TAE of 31 % for
mean signals and 27 % for apparent rate constants) tumors.
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Figure 3.3: Representative images for a copolarized [13C,15N2]urea and [1-
13C]pyruvate injection of an axial slice through the kidney and tumor before
(first row) and after (second row) transcatheter arterial embolization (TAE).
The 1H anatomy images in the first column show the muscle (dotted line), kidney (dashed
line) and tumor (solid line) within each slice. The tumor position changed considerably
during the embolization procedure. The remaining columns show false-color 13C images of
the sum over all time steps of [13C,15N2]urea, [1-13C]pyruvate, [1-13C]alanine and [1-13C]-
lactate superimposed on the anatomical image and scaled to the maximum signal intensity
within each image.

3.4 Discussion

This study presents the first combined implementation of hyperpolarized [13C,15N2]-
urea, [1-13C]pyruvate and [1,4-13C2]fumarate MRSI for the simultaneous investiga-
tion of tumor perfusion, metabolism and necrosis formation in an orthotopic rat
HCC model system.
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Figure 3.4: Mean signal in the tumor normalized to the mean signal in the
muscle and the mean signal in the liver. [13C,15N2]urea, [1-13C]pyruvate, [1-13C]-
alanine and [1-13C]lactate are shown before (circles) and after (squares) transcatheter
arterial embolization. Typical standard deviations (not shown) are on the order of 5 % of
the displayed ratios. Regions of interest for the tumor, muscle and liver were drawn by
hand based on the anatomical 1H images. (a) Mean signal in the tumor normalized to the
mean signal in the muscle. (b) Mean signal in the tumor normalized to the mean signal
in the liver.
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Figure 3.5: Apparent rate constants describing forward label exchange from
[1-13C]pyruvate to [1-13C]alanine and from [1-13C]pyruvate to [1-13C]lactate.
Apparent rate constants in (a) the tumor (n = 5), (b) muscle (n = 5) and (c) liver
(n = 4), both before (circles) and after (squares) transcatheter arterial embolization.
Typical standard deviations (not shown) are on the order of 5 % of the displayed apparent
rate constants. ? p < 0.05; ?? p < 0.01.
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[1,4-13C2]Fumarate and malate MRSI was identified as a robust marker of TAE-
induced necrosis in orthotopic rat HCC, showing a significant increase in the [1,4-
13C2]malate signal after embolization, whereas the [1,4-13C2]malate level of the
sham-operated control group remained very low. Interestingly, although not local-
ized within the tumor, the total [1,4-13C2]malate signal correlated with histologically
confirmed tumor necrosis. An elevated metabolite (i.e. malate) signal indicates an
increased access of the substrate (i.e. fumarate) to the enzyme, caused by cell mem-
brane permeabilization, during the course of necrosis. The malate signal detected
outside the necrotic tissue was either caused by malate produced inside the necrotic
tissue, and then washed out between the injection of fumarate and the signal ac-
quisition of malate, or by the enzyme washed out before the injection and malate
produced from fumarate coming into contact with the enzyme wherever the enzyme
was deposited. Washout of fumarase from necrotic areas was previously tentatively
identified after bevacizumab treatment in a xenograft colon cancer mouse model [16].
In contrast, previous results on [1,4-13C2]fumarate MRSI of etoposide treatment in
a syngeneic lymphoma mouse model showed an increase in local [1,4-13C2]malate
signal only; however, a signal spill beyond the tumor borders was also noted in this
experimental setup [51]. As it was unknown how much malate was formed and
how fast the conversion would be in the necrotic tumors, different flip angles were
used in order to obtain an optimal SNR. Initially, the imaging experiments were
performed with a flip angle of 90° for malate, but this was finally reduced to 35°
for malate. This flip angle results in an image with sufficient SNR, and sufficient
magnetization remains to produce a subsequent spectrum with sufficient SNR. As
different animals exhibited different levels of necrosis, the reproducibility among the
malate/fumarate experiments can be judged by the good correlation with the necro-
sis level determined from histology (Fig. 3.1c, R2 = 0.86). Further experiments with
varying time delay after TAE are necessary to identify the most suitable time point
for response to therapy evaluation.

Furthermore, a local decrease in the [13C,15N2]urea and [1-13C]pyruvate signals
and an increase in the apparent conversion rate kpyr→lac were noted. These data
indicate reduced perfusion and increased hypoxic glycolysis, as expected on TAE
treatment. It has been demonstrated previously that perfusion fitting can be per-
formed using hyperpolarized urea [116, 117]. For this reason, in this work, pyruvate
was copolarized with urea, and both substances were co-injected and both signals
were acquired. A decrease in the urea signal in the tumor from before to after em-
bolization, when normalized by either the muscle or liver signal, shows the reduced
perfusion of the embolized tumor. We also noted an increase in kpyr→lac of mus-
cle and liver tissue, probably caused by collateral systemic effects of hepatic artery
TAE. Elevated kpyr→lac in muscle tissue could result from starch microspheres trans-
ported to the periphery as a result of shunting in the liver, which would result in
peripheral organ (e.g. muscle tissue) damage. A further possibility is that lactate
is washed out from the tumor and systemically distributed, leading to an apparent
increase in kpyr→lac in muscle tissue post-TAE. For an evaluation of the signal level
in the tumor independent of the hyperpolarization level and the systemic effects
mentioned above, tumor signals in Fig. 3.4 were displayed normalized by the signal
level in the muscle and liver. Previous studies with a switchable transgenic mouse
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model of Myc-driven liver cancer with features of HCC and hepatoblastoma showed
a decreased pyruvate to lactate flux after 3 days of doxycycline treatment as an
indicator of early regression [67]. The increase in the apparent conversion rate 24 h
after TAE treatment could thus indicate a different behavior of HCC towards TAE
and doxycycline treatment. Again, further experiments with varying time delay
after TAE are necessary to exclude the possibility that the observed difference is
only caused by the different imaging time points (1 day for TAE versus 3 days for
doxycycline) after treatment.

Interestingly, untreated tumors exhibited a notable amount of interindividual vari-
ability of normalized (i.e. tumor to muscle and tumor to liver ratios) [1-13C]pyruvate
and [1-13C]metabolite signals, as well as conversion rates (Figs 4, 5, Supporting in-
formation Figs S1 and S2). Similar to these observations, [18F]-fluorodeoxyglucose
([18F]-FDG) PET imaging has shown notable variability [19]. Previous studies have
suggested spontaneous tumor necrosis [7, 19] and perfusion [154] as sources of vari-
ability. However, in addition, differences in glucose metabolism are likely, providing
an interesting target not only for tumor detection, but also therapy [128]. The
calculation of [1-13C]pyruvate apparent conversion rates provides the opportunity
to further dissect glucose metabolism, i.e. anaerobic lactic acid production versus
mitochondrial oxidization, in HCC and other tumors, without confounding differ-
ences in perfusion status. With tumor heterogeneity as a major source of treatment
failure, our finding further underlines the potential of 13C-MRSI for a more detailed
tumor characterization.

The hyperpolarized signal distribution shows consistency of [13C,15N2]urea, [1-
13C]pyruvate and [1,4-13C2]fumarate. This finding suggests that qualitative perfu-
sion information could be based solely on [1-13C]pyruvate or [1,4-13C2]fumarate in-
jections without the need for copolarization with [13C,15N2]urea. Future work with
higher spectral resolution could combine [1,4-13C2]fumarate and[1-13C]pyruvate into
one copolarization [166] without having to add [13C,15N2]urea as a third compo-
nent. Whilst reducing the complexity of the copolarization process, this could still
provide simultaneous information on tumor perfusion. Furthermore, a bolus track-
ing approach [41] could be used to dynamically adapt the acquisition to the tumor
perfusion.

There are limitations to this study. As a result of the low SNR, the spatial
resolution of 13C-MRSI is still limited, causing partial volume effects. The nominal
resolution of 2.5 mm in-plane corresponds to the highest sampled k-space frequency,
i.e. the radius of the spiral trajectory in k-space. As a result of T ?2 decay, additional
blurring broadens the point spread function (PSF) to a physical resolution of about
5 mm [40]. Furthermore, the 15N label of [13C,15N2]urea causes the 13C peak of urea
to split by 19–20 Hz [28, 136] because of J coupling, resulting in an additional peak
broadening and reduction in resolution. Simulations of the IDEAL spiral acquisition
scheme performed as described in ref. [40] show that an off-resonance of 20 Hz will
lead to a broadening of the full width at half-maximum (FWHM) of the PSF by
a factor of ≈ 1.5, resulting in a resolution of about 7.5 mm for [13C,15N2]urea, as
opposed to about 5 mm without off-resonance. These technical hurdles currently
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prevent the detection of intratumoral heterogeneity. When judging the significance
of the results from the fumarate analysis compared with the urea and pyruvate
analysis, the larger number of animals involved in the fumarate analysis and the fact
that no sham experiments were performed for the urea and pyruvate analysis should
be kept in mind. Furthermore, the employed orthotopic HCC implantation model,
by nature, presents a high level of metabolic homogeneity and uniform response to
TAE intervention. Future studies will need to make use of more realistic model
systems to further explore the potential of 13C-MRSI for the detection of differences
in tumor metabolism.

3.5 Conclusions

The multiparametric approach used in this study provides valuable information on
tumor perfusion, glucose metabolism and TAE-induced tumor necrosis. Although
the perfusion information provided by [13C,15N2]urea and [1-13C]pyruvate and the
increase in the [1,4-13C2]malate to fumarate ratio indicating necrosis showed clear
trends, the metabolic activity of [1-13C]pyruvate is less conclusive. The compar-
atively small number of animals that could be included in the urea and pyruvate
analysis should be taken into consideration, but this observation suggests that, in
the given treatment scenario, [1-13C]pyruvate alone might not provide a sufficient in-
dicator of treatment response, as it depends on a multitude of influencing conditions,
such as the degree of necrosis, local perfusion of the tumor or current tumor activity.
As tumor metabolism and viability, as well as the general health status of human
cancer patients, can also vary dramatically, our study underlines the importance of
multiparametric examinations for future clinical trials.
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Figure 3.6: Mean signal in the tumor normalized to the mean signal in the
muscle and the mean signal in the liver. [13C,15N2]urea, [1-13C]pyruvate, [1-13C]ala-
nine and [1-13C]lactate are shown before transcatheter arterial embolization for the mean
signal in the tumor normalized by (a) the mean signal in the muscle and (b) the mean
signal in the liver and after transcatheter arterial embolization for the mean signal in the
tumor normalized by (c) the mean signal in the muscle and (d) the mean signal in the
liver. Urea, pyruvate, alanine and lactate data collected simultaneously from the same
animals are connected by a dotted line. This is the same data as shown in Fig. 3.4 of the
manuscript this time stressing the visualization of data belonging to the same animal.
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Figure 3.7: Apparent rate constant describing forward label exchange from
[1-13C]pyruvate to [1-13C]alanine and from [1-13C]pyruvate to [1-13C]lactate.
Apparent rate constant before transcatheter arterial embolization in (a) the tumor (n = 5),
(b) the muscle (n = 5) and (c) the liver (n = 4) as well as after transcatheter arterial
embolization in (d) the tumor (n = 5), (e) the muscle (n = 5) and (f) the liver (n = 4).
Alanine and lactate data collected simultaneously from the same animals are connected
by a dotted line. This is the same data as shown in Fig. 3.5 of the manuscript this time
stressing the visualization of data belonging to the same animal.
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Figure 3.8: A typical time course of the flip angle corrected and normalized
signal for a hyperpolarized [1-13C]pyruvate injection of the same animal pre
and post TAE. Experimental data from [1-13C]pyruvate, [1-13C]lactate, [1-13C]alanine
and their respective fitted models as a function of time within (a) a tumor ROI pre TAE,
(b) a tumor ROI post TAE, (c) a liver ROI pre TAE and (d) a liver ROI post TAE
from the same animal. The statistically significant increase in the apparent rate constant
quantified in Fig. 3.5a is reflected in the notably higher [1-13C]lactate signal post TAE
compared to pre TAE in the tumor ROI. The increase in the apparent rate constant
quantified in Fig. 3.5c is reflected in the higher [1-13C]alanine and [1-13C]lactate signal
post TAE compared to pre TAE in the liver ROI. For the muscle ROI, building the signal
ratios as described in the manuscript is more robust than fitting apparent rate constants
and relaxation parameters simultaneously. The data was fitted to a two-site exchange
kinetic model with kmet→pyr set to zero as described before [142].

46



4 Imaging of pH in vivo using
hyperpolarized 13C-labeled
zymonic acid

“But not only for physicists is nuclear mag-
netic resonance of great fascination. More and
more chemists, biologists, and medical doctors
discover NMR, not so much for its conceptual
beauty but for its extraordinary usefulness.”

— Richard R. Ernst (* 1933)

Reprinted from Nature Communications, vol. 8, p. 15126 (2017); Stephan Düwel,
Christian Hundshammer, Malte Gersch, Benedikt Feuerecker, Katja Steiger, Achim
Buck, Axel Walch, Axel Haase, Steffen J. Glaser, Markus Schwaiger, and Franz
Schilling. “Imaging of pH in vivo using hyperpolarized 13C-labeled zymonic acid”.
Modifications: replacement of Abstract by Summary, addition of Appendix A.

Summary

Natural pH regulatory mechanisms can be overruled during several pathologies such
as cancer, inflammation, and ischemia, leading to local pH changes in the human
body. Here we demonstrate that 13C-labeled zymonic acid (ZA) can be used as
hyperpolarized magnetic resonance pH imaging sensor. ZA is synthesized from [1-
13C]pyruvic acid and its 13C resonance frequencies shift up to 3.0 ppm per pH unit in
the physiological pH range. The long lifetime of the hyperpolarized signal enhance-
ment enables monitoring of pH, independent of concentration, temperature, ionic
strength and protein concentration. We show in vivo pH maps within rat kidneys
and subcutaneously inoculated tumors derived from a mammary adenocarcinoma
cell line and characterize ZA as non-toxic compound predominantly present in the
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extracellular space. We suggest that ZA represents a reliable and non-invasive ex-
tracellular imaging sensor to localize and quantify pH, with the potential to improve
understanding, diagnosis and therapy of diseases characterized by aberrant acid-base
balance.

4.1 Introduction

Maintaining acid-base balance is critical for the survival of living species since cel-
lular processes are highly sensitive to changes in proton concentrations. In humans,
pH is mainly regulated by the CO2/HCO−3 buffer within a narrow pH range, in the
blood between pH 7.35 and 7.45. Locally, deviations from the systemic pH are often
caused by pathologies, such as cancer, inflammation, infection, ischemia, renal fail-
ure or pulmonary disease [56]. Tumors can acidify their extracellular environment
during aerobic glycolysis and increased export of lactic acid, an effect that can even
be further enhanced by the reduced buffer capacity of tumor interstitial fluid and
poor tumor perfusion [79]. Because of its potentially broad impact, non-invasive
imaging of local pH changes has been a major goal in biomedical research, even
though so far no technique to measure extracellular pH has been applicable in the
clinic.

The majority of approaches for non-invasive pH imaging focused on magnetic res-
onance imaging (MRI) because of its high spatial resolution and excellent soft-tissue
contrast. In addition, optical methods [66] and radioactive tracers [141] for positron-
emission-tomography (PET) have been developed. Magnetic resonance spectroscopy
(MRS)-based pH sensor molecules exploit pH-induced changes in nuclear magnetic
resonance (NMR) parameters, such as chemical shifts of individual atomic nuclei,
which are sensitive to the protonation state of the molecule and therefore the sur-
rounding pH [56]. To increase sensitivity, gadolinium and lanthanide complexes as
well as iodinated contrast agents with pH-dependent chemical exchange or relax-
ation properties were developed [26, 37, 107]. Endogenous amide proton transfer
(APT) chemical exchange saturation transfer (CEST) experiments [180] utilizing
the pH-dependent proton exchange from predominantly intracellular proteins are
currently used to study pH in the brain in human.

Dissolution dynamic nuclear polarization (DNP) revolutionized MRS by lifting
nuclear spin polarization to a so-called hyperpolarized state leading to a sensitivity
gain by more than four orders of magnitude [11]. Most prominently, hyperpola-
rized [1-13C]pyruvic acid is currently being used in clinical studies to examine its
use for metabolic imaging of prostate carcinoma [121]. Hyperpolarized 13C-labeled
bicarbonate has been proposed as a probe for clinical pH imaging based on the
determination of the ratio of CO2/HCO−3 and recently, spectroscopic pH imaging
methods have been revived and demonstrated in vitro including hyperpolarized 15N-
pyridine derivatives [74] and hyperpolarized 13C-labeled Good’s buffers [44]. Still, a
non-invasive clinical method for pH imaging is lacking so far.
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4.2 Results

In this work, we introduce hyperpolarized [1,5-13C2]zymonic acid (ZA) as a novel
probe for MRI of pH. We demonstrate that using ZA we can non-invasively image
extracellular pH both in vitro and in vivo in the bladder, the kidneys and a tumor
model. ZA’s non-toxicity, its long lifetime of the hyperpolarization enhancement and
its strong sensitivity to pH changes render this new technique valuable for further
preclinical and clinical studies using extracellular pH as an imaging biomarker to
characterize pathologies with aberrant acid-base balance.

4.2 Results

4.2.1 Synthesis and hyperpolarization of ZA

While studying metabolism in tumor cell spheroids using hyperpolarized pyruvate
for 13C-NMR spectroscopy [142], we noticed two additional unassigned peaks, whose
changes in chemical shift correlated with the extracellular pH in the cell medium
(Fig. 4.6). We found unassigned peaks with similar chemical shifts in the literature
[61, 78, 173]. NMR spectra with unlabeled and fully 13C-labeled, highly concentrated
pyruvic acid revealed the presence of three chemical impurities of pyruvic acid, and
we identified the pH-sensitive molecule as ZA, based on its 1H and 13C chemical
shifts and coupling constants (Fig. 4.7 and Fig. 4.8) [105].

When synthesized [76] (see Methods for details) from selectively 13C-labeled [1-
13C]pyruvic acid, ZA bears two 13C-NMR-active spin 1/2 nuclei and is suitable for
long-term storage. In aqueous solution, ZA slowly hydrolyses to parapyruvate (PP)
with a half-life of ∼ 2.5 h (Fig. 4.9). ZA thus stays chemically intact long enough
for experimentation. To increase sensitivity in 13C experiments, we developed a
hyperpolarization protocol for ZA, and used simultaneously polarized, metabolically
inactive 13C-urea [166] as a chemical shift reference, although a pH determination
based solely on the difference in chemical shift of the two 13C nuclei of ZA is possible
as well, but with a lower dynamical range (Fig. 4.10). This resulted in a solution
polarization level for ZA of 22± 2 % (n = 3, see Methods section) with relatively long
longitudinal relaxation times (T1) at 3 T for both ZA1 (T1 = 43± 3 s, n = 3) and ZA5
(T1 = 51± 4 s, n = 3) in 80 mm Tris buffer in H2O (Fig. 4.11). For back-calculation
of pH from changes in chemical shift of ZA, we determined a calibration curve by
measuring the hyperpolarized chemical shifts of both ZA1, ZA5 and urea for pH
values covering the physiologically and pathologically relevant pH range (Fig. 4.1).
The determined pKa2 = 6.90 from the hyperpolarized 13C-NMR data agrees well
with data from literature [112].

4.2.2 In vitro pH measurement

We then performed in vitro pH imaging measurements in buffer and blood phan-
toms. Due to its robustness towards gradient errors, motion and flow artefacts, as

49



4 Imaging of pH in vivo using hyperpolarized 13C-labeled zymonic acid

H2OH2O

H2O

O

13C1

O
HO

H 13C5

O

OH

a b c

051015

13C chemical shift (ppm) electrode pH

5 6 7 8 9
8

5.3

6.3

6.6

7.0

7.4

el
ec

tro
de

 p
H

8.0

10

12

14

16

13
C

 c
he

m
ic

al
 s

hi
ft 

(p
pm

)

ureaZA1ZA5

exp

fit

ZA1

ZA5

PPH5 PPH1

pKa2 = 6.90

pKa1 = 2.35

Figure 4.1: Mechanism and calibration of the pH dependency of ZA at 7 T.
(a) ZA bears two exchangeable protons, one in a carboxy group with an acid dissociation
constant pKa1 = 2.35 and a second one in an enolic hydroxy group with pKa2 = 6.90.
(b) Spectra of hyperpolarized ZA and urea in buffer phantoms at different pH values.
The pH sensitivity in the physiological range is due to pKa2 and results in a change
of the chemical shifts of the two 13C-labeled carbon positions with respect to the pH-
insensitive 13C-urea peak as a function of pH. Additional peaks of a decay product of ZA,
parapyruvate hydrate (PPH), can be identified. (c) The fit of a scaled logistic function to
the data from b results in a calibration curve with a direct dependence between chemical
shift and pH.

well as off-resonance effects, we used a free induction decay chemical shift imaging
(FIDCSI) sequence leading to a full spectrum for each voxel [40]. Back-calculation of
pH on a voxel-by-voxel basis from the acquired spectra results in a spatially localized
pH map for a buffer (Fig. 4.2a) and a blood phantom (Fig. 4.2b) of compartments
pre-adjusted to different pH values. Experiments with varying buffer compositions
and conditions demonstrated the sensor’s robustness. A linear fit shows excellent
correlation (R2 = 0.99) between the 13C biosensor pH values determined from hy-
perpolarized buffer and blood phantom experiments and subsequent electrode pH
measurements (Fig. 4.2c). Notably, ZA’s pH sensor ability is not influenced by the
addition of calcium ions.

4.2.3 In vivo probe characterization

The toxicity of injected probe molecules often limits their use in vivo. HeLa cells
showed no reduction in cell viability when exposed to ZA concentrations relevant
during an in vivo experiment. Non-toxicity was further substantiated by dose esca-
lation experiments in three rats (Fig. 4.12 and Fig. 4.13) and a toxicopathological
study (Methods section, Table 4.1, Fig. 4.14 and Fig. 4.15).

Since concentration of ZA and local temperature could vary substantially in vivo
upon injection, the influence of these two parameters on a pH determination needs
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Figure 4.2: Validation of ZA as a pH sensor in hyperpolarized in vitro mea-
surements in buffer and blood at 7 T. (a,b) Hyperpolarized 13C biosensor pH maps
(colored) in an axial slice overlayed on proton images (grayscale). The electrode pH values
are shown in white. ZA and urea were simultaneously hyperpolarized and injected into
(a) six buffer phantoms and (b) two blood phantoms prepared at different pH values.
In both a,b, a calibration phantom (see Methods section) was present. 13C biosensor pH
map windows are based on a signal-level threshold. (c) 13C biosensor pH and electrode pH
correlate well for experiments in different buffers (black circles and crosses), at elevated
temperature (37 ◦C, blue crosses), at a 10 mm Ca2+ concentration (green crosses) and in
blood (red squares). We determined a root mean square error of the fitting residuals
(RMSE) of 0.10 pH units from the set of all in vitro experiments shown in c. Scale bars,
1 cm.
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to be known for a robust measurement. We thus recorded 13C chemical shifts of
ZA and urea as a function of pH at three different concentrations of ZA. No dif-
ferences between the three series of measurements could be detected, making ZA
a concentration-independent pH sensor within the experimentally relevant concen-
tration range (Fig. 4.16a). We then tested for a temperature dependence of the
relevant pKa2 by regular acid-base titration of ZA solutions at different tempera-
tures. Diprotic acid titration curves revealed a very weak temperature dependence
of ∆pKa2/∆ϑ = −0.015± 0.005 pH/°C (Fig. 4.16b). Hence, ZA’s pH sensitivity
is a concentration and temperature independent effect within biologically relevant
conditions. Furthermore, we showed that variations in ionic strength (Fig. 4.17) and
protein concentration (Fig. 4.18) are not substantially influencing ZA’s pH determi-
nation accuracy.

The acquisition of spatially localized pH maps in vivo requires a sufficiently long
signal lifetime. Longitudinal relaxation times were determined in vivo by performing
slice selective time-resolved spectroscopy, resulting in an apparent T1 of 17± 2 s
(mean ± s.d.; n = 6, three independent slices per two animals) for ZA1 and 16± 1 s
(mean ± s.d.; n = 6) for ZA5 at 7 T (Fig. 4.19). Notably, the apparent T1 of ZA is
slightly longer than the apparent T1 of urea (13± 2 s, mean ± s.d., n = 6, B0 = 7 T),
placing ZA on the same level with a well-established hyperpolarized compound.

4.2.4 In vivo pH measurement in rat bladder

First, we tested whether a pH measurement using ZA gives reliable results in vivo
where an independent validation of the pH is possible. To this end, we injected
simultaneously hyperpolarized ZA and urea via a catheter directly into the filled rat
bladder. The source of the hyperpolarized signal of both ZA and urea (Fig. 4.3a,
b) clearly stemmed from the bladder. From the localized spectroscopic imaging
data (Fig. 4.3d), a pH map (Fig. 4.3c) was calculated, resulting in a 13C biosensor
pH of 6.48± 0.02 (n = 9 pixels, mean ± s.d.), in good agreement with the pH
of 6.55± 0.01 determined via pH electrode in the urine, sampled from the bladder
directly after the MR measurement. All 13C images in animals were acquired with
a nominal spatial resolution of 3.75× 3.75× 5 mm3.

4.2.5 In vivo pH measurement in rat kidneys

Next, a tail vein injection of hyperpolarized ZA and urea into four healthy rats
was performed, subsequently imaging a slice containing the kidneys. Starting the
imaging sequence 10 s after completion of the injection, the strongest signal from
hyperpolarized ZA and urea originated from the kidneys with a noticeable amount
detected in the blood pool (Fig. 4.4a, b). We discovered up to three pairs of ZA peaks
within the same voxel (Fig. 4.4e) forming three pH clusters with a pH of 7.40± 0.01,
6.94± 0.05 and 6.55± 0.03 (Fig. 4.4d,f, n = 4 rats, mean ± s.d., representative
fitting residuals shown in Fig. 4.20). Based on their consistent pH values with data
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Figure 4.3: Hyperpolarized ZA in vivo pH measurement in the rat bladder
at 7 T. (a–c) Hyperpolarized 13C measurements (colored) in an axial slice overlayed
on anatomical proton images (grayscale). A calibration phantom containing 13C-urea is
visible in the upper left corner of the image. The signal stemming from the two simulta-
neously hyperpolarized and injected substances (a) ZA and (b) urea is well localized to
the bladder. (c) The pH map calculated from changes in chemical shift of the 13C pH
biosensor shows an acidic pH in the bladder of 6.48 ± 0.02 (n = 9 pixels, mean ± s.d.).
(d) The spectrum from a voxel at nominal resolution (black box) in the bladder shows
ZA (fitted, green), urea (fitted, grey) and a noticeable amount of a decay product of ZA,
PPH (not fitted, white). Scale bars, 1 cm.

from literature [133], these pH clusters were tentatively attributed to the cortex,
medulla and calyx/ureter, respectively, reflecting the transition effects of the blood
pH before, during and after processing, filtering and renal metabolism. Weighing
the pH from the three compartments by their respective amplitudes, a mean pH
map was calculated (Fig. 4.4c). The extravasation of ZA and its accumulation
in renal tissue in both cortex and medulla was confirmed by matrix-assisted laser
desorption/ionization mass spectrometry imaging (MALDI-MSI, Fig. 4.21).

4.2.6 In vivo pH measurement in rat tumors

Finally, we imaged the pH within MAT B III adenocarcinoma in five rats. Starting
the measurement 10 s after the end of the intravenous injection of the hyperpolarized
compounds, the strong ZA and urea signals showed a well-perfused subcutaneous
tumor (Fig. 4.5a,b, additional proton images shown in Fig. 4.22). We detected an
acidic tumor compartment of pH 6.94± 0.12 (n = 5 rats, mean ± s.d.) tentatively
assigned to the extravascular (interstitial/extracellular) compartment of the tumor.
The signal stemming from the other tumor compartment of pH 7.40± 0.05 (n = 5
rats, mean ± s.d.) was tentatively assigned to the vasculature of the tumor. Fur-
thermore, we observed a pH of 7.39± 0.05 (n = 5 rats, mean ± s.d.) in blood near
the vena cava (Fig. 4.5c–e). These measured tumor pH values were compared to
three other independent interstitial/extracellular pH measurement methods in MAT
B III tumor bearing rats (n = 4 rats, mean ± s.d.): First, the extracellular 31P pH-
probe 3-aminopropylphosphonate (3-APP) [54, 126] showed an extracellular pH of
7.11± 0.04 in vivo; second, the pH determined using a needle-type optical sensor
was 6.84± 0.13 in vivo; third, ex vivo measurement of tumor tissue using a standard
pH microelectrode gave a pH of 6.82± 0.12 (Fig. 4.5e). These three pH values agree
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Figure 4.4: Hyperpolarized ZA in vivo pH measurements show three pH com-
partments in rat kidneys at 7 T. Representative kidney data from a hyperpola-
rized 13C measurement (colored) in an axial slice overlayed on anatomical proton images
(grayscale). A calibration phantom containing 13C-urea and the catheter used for injec-
tion are visible. The two simultaneously hyperpolarized and injected substances (a) ZA
and (b) urea show high signal intensities in both kidneys of a healthy rat. (c) The mean
pH map shows lower pH values in the kidneys compared to the surrounding tissue. (e)
A voxel can contain up to three pairs of ZA peaks (red, green, blue) and a noticeable
amount of PPH. The pH values group into three clusters (d, shown for one representative
animal), consistently demonstrated in four animals (f, individual datapoints and mean ±
s.d.). For all 13C images, intensity windows are based on sufficiently high signal levels for
either (intensity images) or both (pH images) ZA and urea. Scale bars, 1 cm.
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well with the value determined for the extravascular (extracellular/interstitial) pH
compartment using ZA (no significant difference, p > 0.05, Mann-Whitney-Wilcoxon
test) suggesting that ZA measures and distinguishes extravascular (interstitial/ex-
tracellular) pH and intravascular pH.
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Figure 4.5: Hyperpolarized ZA in vivo pH measurements show an acidic tu-
mor pH at 7 T. Representative tumor data from a hyperpolarized 13C measurement
(colored) in an axial slice overlayed on anatomical proton images (grayscale). A calibra-
tion phantom containing 13C-urea and the catheter used for injection are visible. Both (a)
ZA and (b) urea accumulate in the MAT B III tumor. (c) The mean pH map shows a lower
pH value in the tumor compared to the surrounding tissue. For all 13C images, intensity
windows are based on sufficiently high signal levels for either (intensity images) or both
(pH images) ZA and urea. Spectra from tumor voxels (d, shown for one representative
animal) are best fitted with two pairs of ZA peaks (red, blue) and consistently show differ-
ent pH values in the tumor in comparison to the vena cava, demonstrated in five animals
(e, individual datapoints and mean ± s.d.) and compared with three other interstitial/ex-
tracellular pH measurements in four animals, namely 31P MRS in vivo using 3-APP, a
needle-type optical sensor in vivo and an ex vivo tissue electrode pH measurement. Scale
bars, 1 cm.

4.3 Discussion

Despite the relevance of extracellular pH for the characterization of human patholo-
gies, there is currently no method to non-invasively map the spatial distribution of
pH by clinical imaging methods, creating a pressing need for the development of
pH imaging probes with potential for clinical translation. Here, we present a novel
pH imaging approach using hyperpolarized ZA as an MRI pH sensor. Our results
showed that this pH imaging method is independent of concentration, temperature,
ionic strength and protein concentration. Importantly, ZA’s pH sensitivity arises
from protonation and deprotonation in proximity to its 13C-labeled sites, which is
fast on the NMR timescale (103–104 Hz under physiological conditions [92]) and
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allows an assessment of pH whenever the agent reaches its target. We demonstrated
that in vivo pH maps within rat kidneys and adenocarcinomas can reliably be deter-
mined, and in both cases two to three pH compartments within one imaging voxel
can be separated, which is a unique feature of ZA. Important criteria for the eval-
uation of a novel pH probe are the achievable spatial and temporal resolution, its
sensitivity, accuracy to determine pH, toxicity, its potential to disturb the acid-base
balance during the measurement, and knowledge about its presence in the vascular,
extravascular or intracellular compartments or a combination of the aforementioned.

In comparison to hyperpolarized 13C-labeled bicarbonate [50], which has been pro-
posed as a probe for clinical pH imaging and which currently is the most prominent
among the hyperpolarized pH probes, ZA-based pH imaging offers several advan-
tages: First, ZA has a relatively long signal lifetime with an apparent T1 of ∼ 17 s
at 7 T in vivo, whereas bicarbonate has a shorter apparent T1, which is ∼ 10 s in
vivo at both 3 T and 9.4 T [50, 143]; second, ZA is highly soluble and does not need
enzymatic conversion to become an active pH probe, whereas bicarbonate exhibits
a relatively small equilibrium CO2 signal (∼ 6 % of HCO−3 at pH 7.4) and limited
solubility at physiological pH; third, ZA is localized in the extracellular space and
slowly excreted through the kidneys and decomposes into endogenous substrates,
whereas CO2 through respiration and diffusion across cell membranes is not clearly
restricted to the extracellular space; fourth, ZA relies on the determination of pH
through the measurement of chemical shift displacements, whereas for bicarbonate
pH mapping, there is a need for ratiometric analysis of signal amplitudes which is
difficult at a low signal-to-noise-ratio (SNR); fifth, pH measurements using ZA does
not involve any enzymes in contrast to bicarbonate pH imaging, where the enzyme
concentration (that is, carbonic anhydrase) influences the speed at which pH can be
measured.

The pH determination accuracy of ZA was found to be high enough to detect rel-
evant pathological pH changes in vivo. The pH dispersion of the 13C chemical shift
of ZA1 in the physiological pH range is ∼3.0 ppm per pH. This corresponds to a fre-
quency shift of 96 Hz per pH at a clinical field strength of 3 T. Assuming that peaks
can be distinguished at 20 % of their linewidth apart, which we measured to be on the
order of 30–50 Hz in vivo, this results in a pH resolution of ∼0.1 pH units. Similar
accuracies have been reported for other chemical shift-based hyperpolarized probes
like [13C,15N]ACES, although this probe has so far only been proven to work in vitro
[44]. A larger pH dispersion of the 13C chemical shifts of a probe would theoretically
allow for a higher accuracy of the pH measurement but comes with the drawback
that RF excitation pulses then need to cover a larger bandwidth, which is challeng-
ing for the RF pulse design. At the same time, chemical shift displacement artifacts
impede accurate slice selective excitation of all pH-sensitive resonances if resonances
are spread out further. In addition, the chemical shift imaging (CSI) readout would
need to cover a larger frequency bandwidth resulting in increased noise from the
receiver. These limitations could pose a challenge for the recently introduced hyper-
polarized 15N-labeled probes based on pyridine and histidine derivatives that have
been reported to show pH-dependent chemical shifts of more than 80 ppm [74, 148].
Also, the applicability of these probes still has to be proven under in vivo conditions.
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Although our fitting residuals shown in Fig. 4.20 indicate that fitting ZA in multiple
tissue compartments in kidney and tumor is reasonable, complete separation and
fitting of extravascular and intravascular pH compartments remains challenging for
the case of small pH differences between individual compartments.

A limitation for most hyperpolarized 13C imaging methods is the low spatial
resolution compared to other imaging methods. Spectral bleeding artefacts, where
high-intensity spectral peaks are reproduced in neighboring voxels, can lead to a
further reduction in the resolution. Chemical exchange saturation transfer (CEST)
imaging methods have a better spatial resolution in the µm–mm range with good
specificity but poor sensitivity [26]. The FIDCSI sequence used in this work (see
Methods section) has a slice thickness of 5 mm and a nominal in-plane resolution of
3.75 mm. Zero filling by a factor of four results in an apparent in-plane resolution of
0.94 mm. Taking into account the shape of the point spread function of the circular
sampling scheme, the in-plane resolution is affected by a factor of ∼1.40 resulting in
a real in plane-resolution of 5.25 mm and an apparent in-plane resolution of 1.31 mm.
The spatial resolution of hyperpolarized 13C pH imaging could be further improved
by implementing alternative acquisition schemes such as echo planar spectroscopic
imaging (EPSI) or using cryogenically cooled receive coils such that sub-millimeter
resolution for pH imaging seems possible. EPSI increases the gradient hardware and
magnetic field homogeneity requirements but reduces the time needed to acquire an
image, thereby improving SNR and real resolution [40].

We have established non-toxicity of our agent in a toxicopathological study and
with dose escalation experiments at doses up to five times of the injected dose for the
in vivo pH measurement. This might facilitate clinical translation compared to other
pH imaging agents, where toxic effects can arise from Gd3+-chelates in patients with
renal insufficiency [106] or from preparations of hyperpolarized cesium bicarbonate,
where toxic cesium [108] is used to increase the bicarbonate concentration.

The injected substances ZA and urea could potentially act as buffering agents and
influence the pH value they are measuring. With a pKa ≈ 0.18 of its conjugated
acid in water, urea cannot act as a buffer in the physiological pH range and thus
does not influence the measured pH. For all pH probes for which the pH determi-
nation is based on a protonation/deprotonation mechanism within the pH range of
interest, the pH measurement is effectively based on the buffering functionality of
the pH probe. ZA with a pKa of 6.90 is injected at a concentration of 50 mm and
is diluted to a concentration of about 5 mm if evenly distributed in the blood. The
actual bicarbonate concentration in the blood at full oxygen saturation and 37 ◦C
is 21–26 mm, with the CO2/HCO−3 equilibrium acting as the main natural buffer
component in human. When, as in the current study, the injection of ZA results
in low mm concentrations of ZA in the blood, one should not expect a significant
alteration in pH even if much larger relative doses [49] are injected in vivo.

Evidence suggests that ZA extravasates and predominantly stays in the extra-
cellular/interstitial space, thus measuring extracellular pH. Extravasation of ZA to
renal tissue is confirmed by MALDI-MSI in kidney slices (Fig. 4.21). Compari-
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son of the pH measured using ZA in MAT B III tumor bearing rats with the pH
values determined by three other interstitial/extracellular pH measurements (31P
MRS, needle-type optical sensor, electrode) showed good agreement between these
methods, suggesting that ZA can measure and distinguish both extravascular (in-
terstitial/extracellular) and intravascular pH (Fig. 4.5e). Furthermore, the fact that
ZA, instead of using a ratiometric method, uses differences in chemical shifts to
determine the pH, allows for the detection of several pH compartments within the
same voxel (Fig. 4.4e). If an intracellular pH compartment with a pH predominantly
around 7.4 would provide a significant contribution to the overall signal, an addi-
tional pair of ZA peaks should be observed. Fig. 4.6 shows a cell experiment with
just one pair of ZA peaks belonging to a compartment with a 13C biosensor pH that
correlates well with the pH measured using a conventional pH electrode measuring
the extracellular pH. Since no second pair of ZA peaks is visible in this experiment,
no significant amount of ZA has entered the cell suggesting that ZA stays mainly
extracellular.

ZA can be used for pH imaging either with simultaneously hyperpolarized urea as
a pH-independent chemical shift reference as demonstrated in this work or without
urea in order to decrease the number of substances required to be injected in vivo.
When ZA is used as a pH imaging sensor without urea, the difference in chemical
shift as a function of pH between the two 13C positions within ZA can be used
to back calculate the pH (Fig. 4.10). Within the range of pH 6–8, both methods
give nearly identical results, but the dynamic range of potential pH values to be
measured is larger when the urea peak is included in the pH evaluation, since the pH
determination precision is higher at the limit of the sensor’s sensitivity when using
urea as a reference (RMSE ≈ 0.09 pH units compared to RMSE ≈ 0.019 pH units
between the 13C biosensor pH measurement and the electrode pH measurement).

As for other currently known 13C-labeled probes, a major limitation of using hy-
perpolarized ZA for in vivo applications is its polarization lifetime. This could be
prolonged by performing the pH measurements at a reduced clinical field strength
and by deuteration. For hyperpolarized 13C experiments, higher magnetic fields re-
sult in a larger chemical shift separation between the peaks of interest, allowing for
easier discrimination. However, higher magnetic fields lead to shorter T1 relaxation
times, reducing the time available for hyperpolarized measurements, and in contrast
to conventional experiments, higher magnetic fields do not result in larger signals.
Thus, it would be best to perform the measurements at an intermediate and well-
shimmed magnetic field, for example at clinically widely available 3 T scanners, to
balance the chemical shift separation and T1 relaxation times. In addition, dipolar
effects between the four protons and the two 13C-labeled carbons reduce the T1 re-
laxation time. Replacing both the single proton and the three protons in the methyl
group of ZA with deuterium would lengthen the T1s of ZA1 and ZA5. Sensitivity
could be improved further by increasing the polarization level.
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ZA represents a pH imaging candidate for clinical translation. The demonstrated
robustness of using ZA for extracellular pH imaging, its non-toxicity, and the di-
agnostic value of imaging pH in a broad pathological context, such as in ischemia,
infection, inflammation and cancer, render this new pH imaging technique valuable.
Changes in metabolism and extracellular pH have been shown to be an indicator
of early treatment response in tumors preceding morphologic transformations [35],
suggesting that ZA could be used to detect pH changes as an early biomarker of
successful therapy.

4.4 Methods

Chemicals

13C and 2H enriched chemicals were either purchased from Sigma-Aldrich (USA) or
Euriso-Top (France). Unless stated differently, all other chemicals were purchased
from Sigma-Aldrich (USA).

4.4.1 Synthesis of selectively 13C-labeled ZA

Equal amounts (v/v) of [1-13C]pyruvic acid and 37 % hydrochloric acid were in-
cubated for 20–30 days [76]. Optionally, 1 eq. [1-13C]pyruvic acid was incubated
with 0.5 eq. aqueous zinc acetate solution for 1 h yielding insoluble [1,5-13C2]zinc
PP, which was dissolved with 37 % hydrochloric acid. After the removal of volatiles
using a rotatory evaporator, the residual yellow viscous solution was dissolved in a
small amount of water containing 0.1 % trifluoroacetic acid. The reaction product
was purified by a reversed phase high pressure liquid chromatography using a Waters
XBridge Prep C18 column (linear gradient of 2–20 % acetonitrile, buffer A: 0.1 %
TFA in water, buffer B: 0.1 % TFA in acetonitrile) and freeze-dried in vacuo (alpha
2–4 LD plus, Christ, UK). The experimental yield of ZA was ∼ 40 %. ZA can be
stored lyophilized and is stable in dimethylsulphoxide.

4.4.2 Cell experiments

MCF-7 cells used in this study were originally provided by Guy Leclerq at the Insti-
tut Jules Bordet, Centre des Tumeurs de l’Université Libre de Bruxelles, Belgium,
to Angela M. Otto, in whose lab they have since then been cultured and tested as
free of mycoplasma. The identity of the cells was confirmed by the Leibniz-Institut
Deutsche Sammlung von Mikororganismen und Zellkulturen (DSMZ), Germany in
2015. MCF-7 tumor cells were maintained as a monolayer culture in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 5 % fetal calf serum (FCS).
For spheroid preparation, cells were gently stirred in spinner flasks for up to 6 days
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in a CO2 incubator at 37 ◦C and transferred to DMEM with 5 % FCS containing
NaHCO3 (0.37 g L−1) and 20 mm 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid (HEPES) at pH 7.4. After gradually inducing cell membrane permeabilization,
and thus cell death and medium acidification by incubation with 0.015 % Triton X-
100, 0.2 mL of a 10 mm hyperpolarized [1-13C]pyruvic acid solution containing traces
of hyperpolarized ZA were added to 0.8 mL of a cell spheroid suspension containing
40× 106 MCF-7 cells in assay medium. 13C-NMR spectra were acquired at 14.1 T
(Avance III, Bruker BioSpin, Germany). The 13C biosensor pH was calculated from
the difference in chemical shift of the two peaks assigned to the 13C-labeled posi-
tions (ZA5 and ZA1) in ZA using the model shown in Fig. 4.1c and compared to
the pH determined after the NMR experiment with a standard pH electrode (pH
meter: ProLab 4000, SI Analytics, pH electrode: N6000A, temperature sensor Pt
1000: W5790NN). The fraction of dead cells [142] was determined by centrifugation
of the spheroid suspension at 150 g before washing the pellet twice with phosphate
buffered saline (PBS) and incubating an aliquot of spheroids at room temperature
for 30 min with a solution containing 2 µm membrane-permeant ethidium bromide.
After another centrifugation, spheroids were fixed in 3.7 % formaldehyde-PBS so-
lution, analyzed by fluorescence microscopy (Axiovert 200, Zeiss, Germany) using
fluorescein isothiocyanate and rhodamine filters to discriminate between general
green autofluorescence and red staining of dead cells. MTT assays to assess cellular
metabolic activity were performed by incubating 5× 103 HeLa cells, each suspended
in 100 µL cell culture medium at pH 8.0, for 24 h with ZA at concentrations between
0.4 and 12.5 mm.

4.4.3 Characterization of ZA

The mass of the synthesized substance was determined by an HR-MS-spectrum
using a Thermo Finnigan LTQ-FT. A MS/MS-spectrum was recorded by CID-
fragmentation on a Thermo Finnigan LCQ-Fleet (Fig. 4.7). 1H and 13C chemi-
cal shifts and coupling networks were extracted from NMR spectra of unlabeled
and 13C fully labeled ZA and its decay products in H2O at 14.1 T (Fig. 4.6). ZA
concentration-dependent 13C-NMR acid-base titrations were performed with ZA at
37 ◦C in 1 m phosphate buffer at 14.1 T, adjusting the pH in random order using
1 m HCl and 1 m NaOH. Electrode pH was reported as the mean of two measure-
ments determined directly before and after the NMR experiment with a standard
pH electrode. Regular acid-base titrations of 25 mm ZA in 1 m KCl in H2O were
performed using 1 m KOH at different temperatures. Each full titration was per-
formed within 22 ± 1 min and a model titration curve for a diprotic acid was fitted
to each titration experiment separately to extract the relevant acid dissociation con-
stant pKa2 as a function of temperature. The temperature dependence of the acid
dissociation constant ∆pKa2/∆ϑ was then determined from a linear fit to the ex-
tracted data points. Hyperpolarized 13C-NMR acid-base titrations were performed
with a solution of 25 mm ZA in presence of 10 mm Ca2+ at 1 T and 27 ◦C. The de-
tected pH-dependent hyperpolarized 13C chemical shifts were compared to regular
13C-NMR acid-base titrations at 37 ◦C in 1 m phosphate buffer at 14 T. Stability
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measurements were performed by acquiring 1H spectra at 1 T and 27 ◦C over 20 h,
each spectrum averaged over 60 scans with a repetition time of 10 s.

4.4.4 Hyperpolarization with dissolution DNP

A solution of 50 µL of dry dimethyl sulphoxide (DMSO) with 4 m ZA, 15 mm of free
radical (OX063, Oxford Instruments) and 5 mm of gadolinium chelate (Dotarem,
Guerbet) was added to a standard DNP sample cup and frozen in liquid nitrogen.
An aliquot of 30 µL 10 m 13C-urea containing 30 mm of free radical and 1.5 mm
of gadolinium chelate was added on top of the frozen ZA layer and frozen in liquid
nitrogen as well. The sample cup was placed in a DNP polarizer (Hypersense, Oxford
Instruments, UK) and polarization was carried out using a microwave source at
94.155 GHz for 1.5 h. The sample was dissolved in a pressurized (10 bar) and heated
(180 ◦C) solution of 4 mL D2O containing 0.1 g L−1 sodium diaminoethanetetraacetic
acid (Na2EDTA), which was neutralized with NaOH to a final pH of ∼7.4. The final
concentrations of ZA and 13C-urea were ∼50 mm and 75 mm. The final temperature
of the solution was 37 ◦C. T1 measurements of natural abundance ZA in 80 mm
Tris buffer in H2O were performed on a clinical Biograph mMR MR-PET (Siemens,
Germany, B0 = 3 T) using a pulse length of 0.2 ms, a flip angle of 15°, a spectral
bandwidth of 2500 Hz and a repetition time of 5 s. Carbon center frequency and flip
angle were determined using an 8 m 13C-urea phantom with 5 mm Dotarem (Guerbet,
France) and 0.1 % sodium azide. T1 decay curves were flip angle corrected and fitted
by a three parameter mono-exponential decay curve. The solution polarization level
was determined using a Bruker Minispec mq40 NMR analyzer (Bruker, Germany,
B0 = 1 T). First, a hyperpolarized T1 decay curve was acquired, flip angle corrected
and the signal intensity was extrapolated to the time of dissolution. The thermal
signal was measured with a Carr-Purcell-Meiboom-Gill sequence (echo time: 2 ms,
acquisition time: 0.25 ms, repetition time: 300 s, number of echoes: 600, number of
scans: 10).

4.4.5 Buffer and blood phantom preparation for imaging
experiments

Buffer phantoms were either prepared using a 200 mm disodium phosphate/sodium
phosphate buffer, a 80 mm Tris buffer or a 100 mm citric acid/200 mm disodium
phosphate buffer. They were placed into a water bath for improved shimming and
reduced susceptibility artefacts. For experiments at 37 ◦C, an air heating unit with
feedback control (SA Instruments, USA) was used to stabilize the phantoms’ tem-
perature. An aliquot of 0.2 mL of hyperpolarized ZA and urea solution was added
to each 2.0 mL buffer phantom using a multistep pipette. Phantoms were closed and
inverted three times for thorough mixing before placing them into the MR scanner.
Blood phantoms were prepared with human blood withdrawn into collection tubes
containing EDTA as anticoagulant (S-Monovette, EDTA KE, Sarstedt, Germany)
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to maintain blood in its fluid state and the blood pH was adjusted using 1 m HCl.
Phantoms were placed inside the MR scanner with catheters inserted for injection
of 0.2 mL of hyperpolarized ZA and urea solution. Direct and rapid injection into
each 1.8 mL blood phantom prevented fast T1 relaxation of ZA in blood at Earth’s
magnetic field [103]. A thorough mixing of the solution was achieved by shaking
the entire phantom set-up. For both buffer and blood phantom experiments, an
additional 13C-urea phantom doped with a gadolinium chelate (Dotarem, Guerbet,
France) was placed inside the field of view for 13C flip angle and frequency calibra-
tion. The pH of each phantom was measured by a standard pH electrode after the
MR experiment.

4.4.6 Spectroscopy and imaging procedure

All phantom and 13C in vivo imaging experiments were performed on a 7 T small
animal MR scanner (GE/Agilent), which was migrated to a Bruker BioSpec console
before 31P experiments were performed. A 72 mm dual tuned 1H/13C birdcage coil
was used for signal transmission in combination with a two channel flexible coil 13C
receive array (Rapid Biomedical, Germany). Proton images were recorded with a
fast spin echo (FSE) sequence, slice thickness 1 mm, field of view 6 cm, image ma-
trix 256 × 256, repetition time 2.6 s, effective echo time 20 ms, number of averages
2. In vivo T1 relaxation was measured using slice selective excitation with 10 mm
slice thickness, 6 cm field of view, 10° flip angle, 3 s repetition time, 64 excitations
and total scan time 192 s. The acquired free induction decays (FIDs) were zero
filled, line-broadened by an exponential filter of 20 Hz and Fourier transformed us-
ing Mnova (Mestrelab Research, Spain). A three-parameter mono-exponential decay
curve was fitted in Matlab (MathWorks, USA). Imaging experiments were performed
using a free induction decay chemical shift imaging (FIDCSI) sequence and recon-
struction in Matlab (MathWorks, USA) described elsewhere [40], with k-space being
sampled in centric order from the center on outwards. Imaging parameters were:
141 T m−1 s−1 maximum slew rate, 38 mT m−1 maximum gradient amplitude, 5 kHz
spectral bandwidth, 512 points sampled, 9.8 Hz spectral resolution, 16× 16 nominal
matrix size, 5 mm slice thickness, 6 cm field of view, 4° flip angle, 118 ms repetition
time, 208 excitations, total scan time 25 s. A 10 Hz Gaussian filter was applied along
the readout dimension and the data were zero-filled by a factor of four in the two
spatial as well as in the spectral dimension before fast Fourier transforms (FFTs)
were applied along all three dimensions. For all 13C images, intensity windows are
based on sufficiently high signal levels for either (intensity images) or both (pH
images) ZA and urea.

4.4.7 Animal handling and tumor implantation

Animal experiments were approved by the local governmental committee for animal
protection and welfare (Tierschutzbehörde, Regierung von Oberbayern) and per-
formed in accordance with the institutional guidelines of the Technische Universität
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München for the care and use of animals. Animals were anesthetized with 3–5 %
isoflurane inhalation gas. Catheters were placed before the animals were put into
the MR scanner and tail vein injections were performed at a dose of 5 mL kg−1 and
a rate of 0.17 mL s−1. MR exams were started 10 s after the end of the injection.
To maintain constant body temperature, animals were placed on an electric heating
pad during the dose escalation study, and on a water heated pad during MR ex-
ams. In the dose escalation study, heart rate and breathing rate (ECG Trigger Unit,
Rapid Biomedical, Germany), as well as blood oxygenation (PalmSAT 2500A VET
Pulsoximeter, Nonin, USA) were monitored. The dose escalation study was carried
out with three male rats (∼ 12 weeks, Lewis, Charles River, average weight 319 ±
1 g), the in vivo T1 experiments with two male rats (∼8 weeks, Lewis, Charles River,
average weight 217 ± 1 g), the bladder experiment was carried out with a female
rat (∼ 8 weeks, Lewis, Charles River, weight 230 g), the kidney experiment with
four male rats (∼14 weeks, Buffalo, Charles River, average weight 375 ± 38 g), the
tumor experiment with five female rats (∼6 weeks, Lewis, Charles River, weight 132
± 10 g), the MALDI experiment was carried out with a male rat (∼ 8 weeks, Wis-
tar, Charles River, weight 300 g), the phosphor and optical pH measurements with
four female rats (∼9 weeks, Fischer 344, Charles River, weight 155 ± 2 g) and the
electrode pH measurements with four female rats (∼ 8 weeks, Fischer 344, Charles
River, weight 153 ± 2 g). For the bladder experiment, saline (0.90 % w/v of NaCl)
was injected subcutaneously 30 min before start of the experiment to guarantee ac-
cumulation of urine in the bladder. A catheter for injection of the hyperpolarized
substances and for sampling the urine was inserted into the bladder before placing
the animal in the MR scanner. Urine pH was measured using a standard pH elec-
trode. Tumor imaging experiments were performed on day 6 after injecting 200 µL
PBS containing 1× 106 13762 MAT B III (ATCC, USA) tumor cells subcutaneously
into the right flank. Cells were tested for mycoplasma with negative result. Animal
MRI experiments were not randomized and not blinded.

4.4.8 Toxicopathological study

To examine potential acute and/or subacute toxicological effects of ZA, we per-
formed a toxicopathological study in Fischer 344 rats obtained from Charles River
with 6 weeks of age (average weight 150 ± 8 g). In total, 14 animals (7 female / 7
male) were used. Ten of them received a tail vein injection of 5 mL kg−1 with a con-
centration of 250 mm ZA (five times the dosage used for the imaging experiments),
four animals served as controls with a tail vein injection of saline (0.09 % w/v of
NaCl). Six animals were killed 24 h after injection (acute toxicity), eight animals
after 4 weeks (subacute toxicity). The animals were monitored daily, blood collec-
tion for hematology and clinical chemistry was performed before and 24 h (acute),
7, 21 and 30 days (subacute) after injection of ZA. The following parameters were
measured: hematocrit, hemoglobin, erythrocyte and total leucocyte counts and dif-
ferentials, urea, creatinine, total protein, aspartate aminotransferase, alkaline phos-
phatase, creatine kinase, gamma glutamyl transferase, glutamate dehydrogenase,
fructosamines, calcium, potassium, magnesium, sodium, inorganic phosphate and
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bile salts. After killing, a necropsy was performed, organs (liver, kidneys, spleen,
pancreas, intestines, lymph nodes, injection sites, genital tract, lung, heart, skin,
skeletal muscle and brain) were fixed in 10 % neutral buffered formalin overnight,
dehydrated according to standard protocols, embedded in paraffin, cut in 2 µm thick
sections and routinely stained with hematoxylin-eosin (H&E). H&E stainings of all
organs were analyzed blinded by an experienced animal pathologist (K.S.) and find-
ings were reported according to the INHAND criteria of the Society of Toxicologic
Pathology with respect to the most recent recommendations. Sample size estimates
were not performed since both mean and s.d. had to be determined in the experiment
for each group.

4.4.9 Back-calculation of pH values and maps

Data analysis was carried out using Matlab (MathWorks, USA) on a voxel-by-voxel
basis. Magnitude signals of the two coils were combined assuming equal coil sen-
sitivities [140]. Peaks were detected and fitted to a sum of Lorentzian functions
based on their chemical shift with respect to urea (165.5 ppm), which was used as
a chemical shift reference set to 0 ppm. During the fitting procedure, peak posi-
tions and amplitudes were varied while the peaks’ linewidth was determined by the
urea peak linewidth (50± 13 Hz (mean± s.d. from all imaging experiments shown)).
PP hydrate peaks were identified according to their expected chemical shifts. For
each pair of ZA peaks, a pH value was calculated by a nonlinear least squares al-
gorithm minimizing the residual between the experimental and modeled chemical
shift differences of ZA5 and ZA1 simultaneously with respect to urea. In case of fast
chemical exchange, both chemical shifts ZA5 and ZA1 can be described as a func-
tion of pH by a scaled logistic function ZAi(pH) = ZAi,min +δi/(1+10(pKa−pH)) with
the same acid dissociation constant pKa for both curves, resulting in five parame-
ters derived simultaneously from the two calibration curves, ZA5,min = 12.57 ppm,
ZA1,min = 8.52 ppm, δ5 = 2.57 ppm, δ1 = 5.13 ppm, and pKa = 6.90. In case that
several pairs of ZA peaks were found within the same voxel, a mean pH map was
calculated weighted by the amplitudes of the respective pair of ZA peaks (as seen in
the kidneys), in case where ZA1 overlapped with PPH1, so that a discrimination of
the two was made impossible, only the shift difference of ZA5 with respect to urea
was used to calculate the mean pH map (as seen in the tumor). pH values were only
calculated when required ZA peaks and urea were detected at an SNR of at least
10.

4.4.10 MALDI mass spectrometry imaging

Frozen tissue samples were cryosectioned into 12 µm thick slices and thaw-mounted
to pre-cooled (−20 ◦C) conductive indium tin oxide-coated glass slides (Bruker Dal-
tonics, Germany), pre-coated with a 1:1 mixture of poly-l-lysine and 0.1 % Nonidet
P-40. Tissue sections were coated with 10 mg mL−1 9-aminoacridine matrix in 70 %
methanol using a SunCollect sprayer (Sunchrom, Germany). MALDI-MSI data were
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obtained using a Solarix 7 T FT-ICR MS (Bruker Daltonics). Mass spectra were ac-
quired in negative mode for each position using 200 laser shots at a frequency of
500 Hz utilizing continuous accumulation of selected ions to increase signal intensi-
ties at m/z 157 with a window of 20 Da. After MALDI-MSI completion, the matrix
was removed from slides by 70 % ethanol, and tissue sections were stained using
H&E.

4.4.11 Phosphor pH reference measurements

3-APP was injected intra-peritoneal (3 mL of 64 mg mL−1 in normal saline, pH ad-
justed to 7.4 using 10 m NaOH) 40 min before the acquisition of 31P spectra (3 s
repetition time; 12 kHz spectral width; 4096 acquisition points; 200 averages; 60°
flip angle; 10 min acquisition time) using a 2 cm outer diameter double resonance
1H/31P loop coil (Bruker, Germany) placed on the subcutaneous tumors. 3-APP
chemical shifts δ in 31P spectra were referenced to phosphocreatine (PCr) and the
pH was calculated from the Henderson-Hasselbalch equation pH = pKa− log10[(δ−
δmin)/(δmax − δ)] with pKa = 6.85, δmax = 27.01 ppm, δmin = 23.53 ppm. [126]

4.4.12 Optical and electrode pH reference measurements

In vivo electrode pH measurements in tumors were performed using needle-type
optical pH microsensors (NTH-HP5, PreSens, Germany) with a fiber optic meter
(pH-1 micro, PreSens, Germany) and a manual micromanipulator (MM33, PreSens,
Germany). Optical fiber electrodes were calibrated using a three-point calibration
in blood with pH adjusted using HCl. Optical pH measurements were averaged over
three different locations of the tumor performed during a stable signal reading for at
least 3 min. For ex vivo electrode pH measurements in tumor and blood, blood was
withdrawn from the tail vein into collection tubes containing EDTA while tumors
were measured directly after extraction from the killed animal.

Data availability

The data supporting the findings of this study are available within the article and its
Supplementary Information or from the corresponding author on reasonable request.
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Figure 4.6: pH values determined by the hyperpolarized 13C biosensor corre-
late with the extracellular pH in a tumor cell suspension at 14.1 T. Measure-
ments in four samples (each at a different time t = 1, 2, 3, 4 h) of 2 mm hyperpolarized [1-
13C]pyruvate and 40× 106 MCF-7 tumor cells being treated with Triton-X100 (at t = 0 h).
(a) Pyruvate in aqueous solution is in equilibrium with pyruvate hydrate and exchanges
its 13C label with the lactate pool which in turn is enlarged within tumors by LDH ac-
tivity. The presence of pyruvate led to trace amounts of detectable hyperpolarized ZA.
(b) A treatment with Triton X-100 caused the fraction of dead cells to increase over time,
determined by cell staining and fluorescence microscopy (see Methods section). (c) The
progressively increasing number of dead cells and anaerobic conditions over time led to a
gradual acidification, with the 13C biosensor pH correlating with the extracellular pH in
the medium measured with a standard pH electrode after the NMR experiment.
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Figure 4.7: Chemical shifts and J-coupling constants extracted from NMR
data acquired at 14.1 T. Fully 13C-labeled ZA and its decay products dissolved in water
reveal the chemical structures of all molecules observed during hyperpolarized experiments.
Chemical shifts are unambiguously assigned to each molecule through their J-coupling
networks. Shown are proton and carbon chemical shifts, as well as proton to carbon
and carbon to carbon coupling constants of (a) zymonic acid, (b) parapyruvic acid and
(c) parapyruvic acid hydrate in aqueous solution. (s), singlet. (d), doublet.
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Figure 4.8: Confirmation of the structure of ZA using mass spectrometry.
(a) The HR-MS-spectrum of the synthesized substance recorded with a Thermo Finnigan
LTQ-FT confirms the total mass of the compound. (b) The MS/MS-spectrum of the
synthesized substance recorded after CID-fragmentation on a Thermo Finnigan LCQ-Fleet
and the putative assignment of the observed fragments is consistent with the structure.
Within the accuracy of the ion trap (± 0.3 m/z), all peaks can be explained by elimination
of carbon monoxide and carbon dioxide.
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Figure 4.9: Stability of ZA in D2O as a function of time. Slow chemical decay of
ZA into parapyruvic acid (PP) in D2O at pH = 7.54 ± 0.01. 1H spectra were acquired
at 1 T and 27 ◦C over 20 h, each spectrum averaged over 60 scans within 10 min. (a) The
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to carbon ZA3 is quickly exchanged for a deuteron by keto-enol-tautomerism and can thus
only be observed in the first few spectra. (b) Peak amplitudes and exponentially fitted
curves of the methyl groups of ZA and parapyruvic acid (PP) from a showing that ZA
decays into PP with a half-life of t1/2 = 2.27± 0.04 h.
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Figure 4.10: 13C biosensor pH of the same buffer phantom measurement eval-
uated from ZA with and without considering the additional urea peak used
as chemical shift reference at 7 T. The 13C biosensor pH was back-calculated based
on (a) the chemical shift difference of both 13C-labeled ZA positions with respect to the
pH-insensitive 13C-urea and (b) the chemical shift difference between the two 13C-labeled
ZA positions only. (c) The pH values extracted from the two 13C pH maps correlate well
with the electrode pH (in white in a and b). At the limit of its sensitivity (at pH ≈ 5),
the back-calculation of the 13C biosensor pH is improved by taking the urea peak into
account as pH-insensitive chemical shift reference. Scale bars, 1 cm.

70



4.8 Appendix A: Supplementary Information

0 50 100 150 200
time (s)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

si
gn

al
 (a

.u
.)

sample 1
sample 2
sample 3

0 50 100 150 200
time (s)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

si
gn

al
 (a

.u
.)

sample 1
sample 2
sample 3

 T1= 43 ± 3 s (n = 3)  T1= 51 ± 4 s (n = 3)

ZA5ZA1

a b

Figure 4.11: Longitudinal relaxation time T1 of hyperpolarized natural abun-
dance ZA in vitro at 3 T. A three-parameter monoexponential curve was fitted to each
dataset and the mean and standard deviation was calculated from the resulting decay con-
stants of 50 mm ZA in 80 mm Tris buffer in H2O adjusted with 1 m NaOH to an average
pH of 6.53 ± 0.03 at 27 ◦C. The close proximity of the frequently and fast exchanging
proton of the hydroxy group attached to carbon number two of ZA most likely causes the
shorter T1 of (a) carbon number one (ZA1) compared to (b) carbon number five (ZA5) of
ZA in vitro.
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Figure 4.12: Cytotoxicity tests show that ZA is non-toxic within experimen-
tally relevant concentration ranges. Typical concentrations of hyperpolarized sub-
stances injected into animals are on the order of 60–100 mm at a dose of ∼ 5 mL kg−1,
resulting in an end concentration of the substance in the blood of 6–10 mm assuming a
ratio of injected volume to blood volume in the order of 1:10. Therefore, 5000 HeLa cells
each in 100 µL cell culture medium were incubated with ZA for 24 h at concentrations
0.4–12.5 mm (a) without and (b) with a Zn catalyst being used in the synthesis of ZA
before being purified using reversed phase HPLC. No marked reduction in cell viability
was observed (n = 3, mean ± s.d.).
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Figure 4.13: Dose escalation study testing for in vivo toxicity of ZA in three
rats. ZA was dissolved in 80 mm Tris buffer solution, neutralized to normal blood pH ≈ 7.4
using NaOH, sterile filtered and injected into the tail vain at t = 0 min at a final injected
concentration of 40 mm and 80 mm, at a dose of 5 mL kg−1 and a rate of 0.17 mL s−1. For
all three rats (Lewis, male, Charles River, average weight 319± 1 g), (a) heart rate, (b)
breathing rate and (c) blood oxygenation were monitored for 5 minutes before and after
injection. No abnormalities with respect to the injection of ZA were detected.
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Figure 4.14: A toxicopathological study shows non-ZA-associated alterations
both within exposed and unexposed animals. Representative images of background
alterations observed histopathologically in (a, e) liver, (b, f) intestines, (c, g) kidney and
(d, h) pancreas in animals after NaCl administration (upper row) and after fivefold over-
dosage of ZA (lower row). (a, e) In the liver, slight periportal infiltration predominantly
with lymphocytes was observed in the periportal region (arrows) and intralobular (arrow-
heads). (b, f) Slight mixed infiltration and fibrosis of the villi occurred in all parts of the
intestines. (c, g) In the kidney, intraepithelial (arrows) and intraluminal (arrowheads)
hyaline droplets within the proximal tubuli were observed only in male rats regardless of
the injected compound. (d) One of the control animals showed a focal acinar-to-ductular
metaplasia within the pancreas. The arrows indicate metaplastic ductular formations.
(h) Normal pancreatic tissue in an animal after fivefold overdosage of ZA. H&E staining.
Scale bars, 50 µm.
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Figure 4.15: Non-toxicity of ZA was substantiated by blood collection for he-
matology and clinical chemistry before and 24 h (acute), 7, 21 and 30 days (sub-
acute) after injection of ZA. Here, four representative mean values of the blood ana-
lysis are shown: (a) erythrocytes, (b) hemoglobin, (c) leucocytes, and (d) thrombocytes.
All levels are close to the reference levels (erythrocytes: 5.5–9.3× 103 L−1, hemoglobin:
106–156 g L−1, leucocytes: 3.3–8.7× 109 L−1, thrombocytes: 500–1300× 109 L−1) pro-
vided by the supplier (Charles River) and no significant difference between ZA and NaCl
injected animals can be detected. 14 animals (7 female / 7 male) were used, 10 of them
received a tail vein injection of 5 mL kg−1 with a concentration of 250 mm ZA (5 times the
dosage used for the imaging experiments), 4 animals served as controls with a tail vein
injection of saline (0.09 % w/v of NaCl) (see also Methods section).
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Figure 4.16: Concentration and temperature dependence of the pH detection
using ZA. (a) Chemical shifts as a function of pH are independent of the concentration of
ZA within experimentally relevant concentration ranges. 13C chemical shifts of ZA5 and
ZA1 at starting concentrations of 125, 19 and 13 mm ZA at 14.1 T and 37 ◦C in 1 m phos-
phate buffer, titrated in random order to different pH values using 1 m HCl and 1 m NaOH.
The fast proton exchange mechanism leading to changes in chemical shift as a function of
pH is independent of the concentration of ZA itself. (b) ZA shows a weak temperature de-
pendence of the relevant acid dissociation constant pKa2. A 25 mm solution of ZA in 5 mL
1 m KCl in H2O was titrated with 1 m KOH at different temperatures. Each full titration
was performed within 22± 1 min and a theoretical titration curve for a diprotic acid was
fitted to each titration experiment. Evaluating the relevant extracted acid dissociation
constant pKa2 as a function of temperature results in a weak temperature dependence of
∆pKa2/∆ϑ = −0.015± 0.005 pH/°C, making ZA a temperature independent pH reporter
within biologically relevant temperatures.
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Figure 4.17: Thermal 13C chemical shift as a function of electrode pH at three
different ionic strengths at 5.9 T. 20 mm [1,5-13C2]ZA and 20 mm 13C-urea in KCl
solution of varying ionic strength containing 10 % D2O were titrated with 2.5 m KOH.
The total given ionic strength is the sum of the ionic strength of KCl and single charged
zymonic acid. The measurements were performed at 37 ◦C and 5.9 T. From a linear fit
to the fitted acid dissociation constant pKa as a function of ionic strength I one finds
∆pKa/∆I = −0.7× 10−3 pH/mm, so that the pH uncertainty in the physiological range
with an ionic strength of 135–165 mm results in ∼0.02 pH units.
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Figure 4.18: Thermal 13C chemical shift of [1,5-13C2]ZA at three different
pH values as a function of protein concentration at 5.9 T. 20 mm [1,5-13C2]ZA
and 20 mm 13C-urea in 130 mm KCl and 10 % D2O were set to the pH values (a) 6.6,
(b) 7.0 and (c) 7.4 at 37 ◦C. Increasing amounts of bovine serum albumin were added
and the pH was readjusted before each individual measurement. From the linear fits we
detected a maximum change in chemical shift cs as a function of protein concentration pc
of ∆cs/∆pc = −0.7× 10−3∆ppm/(g L−1), so that the pH uncertainty in the physiological
range with a protein concentration of 60–80 g L−1 results in ∼0.01 pH units.
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Figure 4.19: Apparent longitudinal relaxation time T1 of hyperpolarized ZA
in vivo at 7 T. (a, c) Proton anatomical images of the three axial slices through in-
testines, kidney and liver where pH and T1 measurements were performed within two
animals. (b, d) Time resolved slice selective spectra of hyperpolarized ZA and 13C-urea
report consistent pH values within the physiologically expected pH range after tail vein
injection. (e) Monoexponential decay curves fitted to the peak maxima of ZA1, ZA5 and
urea result in slightly longer apparent T1 times for ZA compared to urea and no significant
differences in apparent T1 between the three slices. For each in vivo experiment, spectra
from 64 time steps were recorded using a flip angle of 10° and a TR of 3 s. The pH values
were calculated from the difference of the chemical shifts of ZA1, ZA5 and urea. The 13C
pH values are given as mean ± standard deviation of the n spectra that could be used for
the back-calculation of the pH due to sufficient SNR. Scale bars, 1 cm.
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Figure 4.20: Representative fits and fitting residuals for multiple tissue com-
partments in the kidneys and in the tumor. (a–c) In the kidneys, increasing the
number of fitted zymonic acid peak pairs from one (a, R2 = 0.77) to two (b, R2 = 0.92)
to three (c, R2 = 0.95) results in a reduction of the fitting residuals (red line) and an
improved coefficient of determination R2. (d–e) Analogously, increasing the number of
fitted zymonic acid peaks pairs from one (d, R2 = 0.83) to two (e, R2 = 0.88) results in a
reduction of the fitting residuals (red line) and an improved coefficient of determination R2

in the tumor. Urea (0 ppm) and parapyruvate hydrate (15.7 ppm) are fitted in all spectra.
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Figure 4.21: Distribution of 12C ZA in rat kidney and extravasation into
kidney tissue was confirmed by matrix-assisted laser desorption/ionization
mass spectrometry imaging (MALDI-MSI). (a) H&E stains of analyzed tissue sec-
tions. (b) Distribution of 12C ZA (m/z 157.0142) in kidney section 30 s after injection of
5 mL kg−1 250 mm 12C-ZA. The control rat was administered with isotonic saline. A pos-
itive control, 1 mm 12C-ZA droplet on slide, and a non-tissue measurement region acting
as a background control were included in the measurement. All samples were coated with
9-aminoacridine and analyzed in negative mode on a FT-ICR MS. Data was acquired at
a spatial resolution of 150 µm and normalized by root mean square. Dashed lines mark
the measurement regions. (c) Higher magnification image showing arterial and venous
blood vessels (black and white arrows) and high abundant signals of ZA in the medulla of
the kidney. (d) Mean 12C ZA concentrations in renal cortex and medulla. MALDI-MSI
represents the distribution of ZA within the kidney fixed 2–3 min after injection whereas
hyperpolarized MRI shows the distribution of ZA within the kidney 10 s after injection.
Whereas in the hyperpolarized MR image, shortly after injection, the cortex exhibits the
largest contribution to the overall signal, in MALDI-MSI, much longer after injection,
more ZA is already involved in the renal filtering process and thus the area containing the
medulla and calyx show the largest signal contribution. Scale bars, 2 mm.
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Figure 4.22: Axial slices from the animal shown in Fig. 4.5 bearing a MAT
B III tumor (arrow). (a–p) Proton images with a field of view of 6 cm were acquired
every 1 mm using a fast spin echo sequence (see Methods section). (g–k) The five proton
images contained within the 5 mm thick hyperpolarized 13C image are marked with a blue
box. Image (i) represents the central tumor slice and coincides with the center of the 5 mm
thick hyperpolarized 13C image. Scale bars, 1 cm.
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Table 4.1: Toxicopathological study. Distribution of histopathological alter-
ations after a single administration of ZA at 5 times the dosage used for the imaging
experiments, compared to NaCl administration after 24 h and 4 weeks, respectively.
Overall, no significant histopathological difference between the ZA and NaCl injected
animals could be detected.

NaCl 24 h ZA 24 h NaCl 4 weeks ZA 4 weeks

female male female male female male female male

Liver
inflammation, focal, slight 1/1 0/1 1/2 1/2 1/1 3/3 1/1 3/3
fatty change, macrovesicular,
zone 3, slight

0/1 0/1 0/2 1/2 0/1 0/3 0/1 0/3

GI
inflammation, mixed, diffuse,
with fibroplasia, slight

1/1 1/1 2/2 2/2 1/1 3/3 1/1 3/3

Kidney
accumulation, hyaline droplets,
proximal tubules, slight/moderate

0/1 1/1 0/2 2/2 0/1 1/1 0/3 3/3

Pancreas
metaplasia, ductular, focal, slight 0/1 0/1 0/2 0/2 1/1 0/1 0/3 0/3
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5 Conclusion

“I was as excited by this result as a sailor would
be who, after a long voyage, sees from afar, the
longed-for land.”

— Max Born (* 1882; † 1970)

In this work, new imaging methods for the study of tumor metabolism in vivo
were developed: They are on the one hand based on a combination of techniques to
probe tumor perfusion, pyruvate metabolism and cell necrosis, and on the other hand
based on the discovery and development of zymonic acid as a novel extracellular pH
imaging sensor. Specifically, the following contributions were made to the steadily
growing number of methods and applications becoming available in the field of
hyperpolarized 13C magnetic resonance spectroscopic imaging (13C-MRSI):

• In Chapter 3, an implementation for the investigation of tumor perfusion,
metabolism and necrosis using hyperpolarized 13C-MRSI was presented and
demonstrated in an orthotopic rat hepatocellular carcinoma (HCC) model sys-
tem before and after transcatheter arterial embolization (TAE). Qualitative
perfusion information was derived from [13C,15N2]urea images. Spatially re-
solved maps of apparent rate constants describing the forward label exchange
of [1-13C]pyruvate to [1-13C]alanine and [1-13C]lactate were acquired to quan-
tify tumor metabolism, while spatially resolved maps calculated from the ratio
of [1,4-13C2]malate to [1,4-13C2]fumarate were used to quantify tumor necrosis.
Owing to their small molecular size, all injected compounds, taken together
with their respective metabolites, exhibited similar overall signal distributions
in vivo. TAE induced a decrease of blood flow into the tumor; metabolic con-
version rates remained stable or increased in tumor, muscle and liver tissue
upon TAE. Conversion from fumarate to malate correlated with individual le-
vels of tumor necrosis independently determined by histology. Global malate
signals after TAE suggested the washout of either fumarase or malate due to
cell membrane permeabilization during necrosis.
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5 Conclusion

This work presented the first combined implementation of hyperpolarized urea,
pyruvate and fumarate 13C-MRSI for the investigation of tumor perfusion,
metabolism and necrosis formation in an orthotopic rat HCC model system.
While the perfusion and necrosis information showed clear trends in response
to the treatment, the detected changes in metabolic activity of the tumors re-
mained less conclusive. These results underline the importance of multipara-
metric techniques for future research in tumor characterization and therapy
response evaluation.

• Chapter 4 introduced a novel method for non-invasive imaging of extracellular
pH in vivo using zymonic acid. In humans, local pH changes can be caused by
pathologies, such as cancer, which overrule natural pH regulatory mechanisms.
The pH-sensitive molecule [1,5-13C2]zymonic acid was discovered and identi-
fied during metabolic studies of tumor cells. Additionally, the feasibility of its
selectively 13C-labeled synthesis from [1-13C]pyruvic acid was demonstrated.
Zymonic acid’s 13C resonance frequencies shift up to ∼3.0 ppm per pH in the
physiologically and pathologically relevant pH range, independent of concen-
tration, temperature, ionic strength and protein concentration, demonstrating
the robustness of this pH measurement method. Zymonic acid was charac-
terized as a non-toxic compound and found to be predominantly present in
the extracellular space using matrix-assisted laser desorption/ionization-mass
spectrometry imaging (MALDI-MSI). A hyperpolarization recipe of zymonic
acid was developed, and the hyperpolarized signal enhancement (with a so-
lution polarization level of 22± 2 %) of the two 13C positions has a lifetime
long enough for the acquisition of pH images using 13C-MRSI (with longitu-
dinal relaxation times T1 of 43± 3 s and 51± 4 s at a clinical magnetic field
strength of 3 T). The method’s ability to acquire pH images within pH buffer
and blood phantoms was experimentally demonstrated in vitro. Addition-
ally, in vivo pH images from rat bladder, kidneys and subcutaneously inocu-
lated tumors derived from a mammary adenocarcinoma cell line were shown.
The detected acidity of the extravascular MAT B III tumor compartment
(13C pH = 6.95± 0.12) was independently confirmed using the extracellular
31P probe 3-APP (see also Section 2.4.2) and a needle-type optical sensor in
vivo, as well as using a standard pH microelectrode ex vivo.

A unique feature of pH sensors based on changes in chemical shift as a func-
tion of pH is the ability to detect several pH compartments within the same
voxel, which was demonstrated for the first time with a 13C-labeled and hy-
perpolarized compound in vivo using zymonic acid. This is in stark contrast
to pH images based on ratiometric approaches, which are based on signal con-
tributions from several compartments (see also Section 2.4.3.1) resulting in
just a single, mean pH per voxel. Therefore, future research using zymonic
acid could allow a more precise determination of the extracellular pH, making
this method ideally suited to improve understanding, diagnosis and therapy
of diseases characterized by aberrant acid-base balance.
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Bringing these methods together will lead to a promising approach for a compre-
hensive metabolic characterization of tumors, as well as for selection, monitoring
and individualization of cancer therapies. Urea, which is already being copolarized
as a chemical shift reference for zymonic acid, could be used to simultaneously de-
rive perfusion information and thus to concurrently characterize perfusion and pH
during the same experiment. The successive performance of a copolarized zymonic
acid/urea experiment, a copolarized pyruvate/urea experiment and a fumarate ex-
periment will allow to collect information on pH, perfusion, metabolism and necrosis
from the same subject.

In summary, new imaging methods for non-invasive studies of tumor metabolism
were developed and applied in vivo within this work. A highlight is the discovery,
identification, synthesis, hyperpolarization, characterization and in vivo application
of the novel pH imaging sensor zymonic acid. In the future, these methods and
their applications hopefully prove to have contributed to steadily pushing the field
of hyperpolarized 13C magnetic resonance spectroscopic imaging closer towards a
successful clinical translation.
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