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. Abstract

The globalized world is threatened by the growing number of non-communicable
diseases such as cancer. Besides the imperative to reduce the exposure to cancer risk
factors, a primary goal of cancer prevention is an early diagnosis and a patient-specific
characterization of the malignant state. Ideally, this allows for a tailored treatment
planning and an effective follow-up, which are basic concept s of todayods
medicine.

Non-invasive imaging techniques such as computed tomography (CT), positron
emission tomography (PET), single photon emission tomography (SPECT) and
magnetic resonance (MR) imaging have been developed at the end of the 20t century
and have become sophisticated machines that deliver qualitative and quantitative
information about diseases. Hybrid imaging techniques combine two or more of these
methods and yield a new imaging modality that generates complementary information
and has multiple synergistic advantages.

PET/MR is one of the most advanced hybrid techniques on the market. It combines
the possibilities to acquire metabolic images with high specificity and sensitivity in the
anatomic context with high resolution and excellent soft-tissue contrast. In addition,
cutting edge MR technologies such as diffusion-weighted imaging (DWI) and magnetic
resonance spectroscopic imaging (MRSI) of hyperpolarized (HP) probes respectively
enable the quantification of tumor cellularity and metabolic processes in real-time and
without further exposure to ionizing radiation.

The Warburg effect is one of the main hallmarks of tumors. It describes the observation
that tumors consume high levels of glucose and process it by aerobic glycolysis rather
than oxidative phosphorylation even under normoxic conditions. As consequence of
the Warburg effect, tumors produce an excess of lactate in their cytosol, which is co-
exported with protons and which finally leads to an acidification of the extracellular
space.

This work is structured as follows presenting multimodal and non-invasive imaging
techniques like hyperpolarized MRSI and PET/MR to characterize the Warburg effect
in greater depth:

1 The first study quantitatively analyzes the correlation of the augmented glucose
uptake and the glucose reduction via pyruvate to lactate in a pre-clinical breast
cancer model in rats. Measurements were conducted on a state-of-the-art
clinical PET/MR, which allows the simultaneous imaging of metabolic data with
18F-fluordesoxyglucose (FDG)-PET and HP 3C-pyruvate MRSI while providing
anatomic details. Furthermore, diffusion-weighted imaging was used to quantify
the effect of variable tumor cellularity on the quantification of image-derived
metabolic data.


https://de.wikipedia.org/wiki/Fluordesoxyglucose

1 Acidification of the extracellular space can be quantified non-invasively by MRSI
using hyperpolarized pH sensor molecules, which is summarized in a review of
the contemporary literature. The work reveals that hyperpolarized *3C-labelled
zymonic acid is the only chemical shift based pH sensor that has been applied
in vivo so far.

1 A further part of this work demonstrates that the hyperpolarized signal lifetime
of zymonic acid can be prolonged by deuterium enrichment of the stably
attached protons. This enables sensitivity-enhanced pH imaging with temporal
resolution in vitro and in vivo.

1 Finally, natural amino acids and their derivatives are analyzed and
systematically characterized as a new class of chemical shift based pH sensor
molecules. *C-diaminopropionc acid (DAP) and *3C-serine amide (SA) are non-
toxic and exhibit a high pH sensitivity. However, future studies should seek to
prolong the hyperpolarized signal lifetime of DAP and SA for instance by
deuterium enrichment before they could be used to measure the lactate
acidification of tumors.

The methods developed in this thesis are based on cutting edge hybrid imaging
technologies that combine PET, MR, hyperpolarized metabolic mapping and
hyperpolarized pH in vivo imaging to quantify tumor biology in greater depth. In
principle, these techniques can be translated to bigger tumor models paving the way
for an individual patient care.



lIl. Kurzzusammenfassung

Die globalisierte Welt wird durch die steigende Zahl nicht-tibertragbarer Krankheiten
wie Krebs bedroht. Neben der Notwendigkeit die Exposition gegenuber
Krebsrisikofaktoren zu minimieren, sind eine frihe Diagnose und eine Patienten-
spezifische Charakterisierung des malignen Zustands ein primares Ziel der
Krebspravention. Im besten Fall fuhrt dies zu einer mal3geschneiderten
Therapieplanung und einer effektiven Nachverfolgung des Krankheitsverlaufs, was
fundamentale Konzepte der heutigen Prazisionsmedizin darstellt.

Nicht-invasive Bildgebungstechniken wie Computertomographie (CT), Positronen-
Emissions Tomographie (PET), Einzelphotonen-Emissionscomputertomographie
(SPECT) und Magnetresonanztomographie (MRI) haben sich gegen Ende des 20.
Jahrhundert entwickelt und sind heutzutage technisch ausgefeilte Gerate, die
qualitative und quantitative Informationen tber Krankheiten liefern kdnnen. Hybride
Bildgebungstechniken kombinieren zwei oder mehrere dieser Methoden, wodurch eine
neue Bildgebungsmodalitat entsteht, die komplementére Informationen liefert und eine
Vielzahl von synergistischen Vorteilen aufweist.

PET/MR ist eine der fortschrittlichsten Hybridtechniken, die momentan auf dem Markt
verfligbar ist. Sie kombiniert die Moglichkeiten, metabolische Bilder mit hoher
Spezifitat und Sensitivitat in einem anatomischen Kontext mit hoher Auflésung und
exzellenten Weichteilkontrast zu akquirieren. Zusatzlich ermdéglichen innovative MR
Technologien wie Diffusions-gewichtete Bildgebung (DWI) und magnetresonanz-
spektroskopische Bildgebung (MRSI) hyperpolarisierter (HP) Proben eine
Quantifizierung entweder der Tumorzellularitat oder metabolischer Prozesse in
Echtzeit und ohne weitere Exposition gegeniber ionisierender Strahlung.

Der Warburg Effekt ist eines der wichtigsten metabolischen Kennzeichen von
Tumoren. Er beschreibt die Beobachtung, dass Tumore groRe Mengen Glukose
aufnehmen und diese eher durch aerobe Glykolyse als durch oxidative
Phosphorylierung prozessieren, selbst wenn ausreichend Sauerstoff zur Verfiigung
steht. Als Konsequenz des Warburg Effekts produzieren Tumore in ihrem Zytosol
einen Uberschuss an Laktat, das mit Protonen exportiert wird was letztendlich zu
einem Ansauern des extrazellularen Milieus fuhrt.

Diese Arbeit ist wie folgt aufgebaut und prasentiert multimodale und nicht-invasive
Bildgebungstechniken  wie  hyperpolarisiertes MRSI und PET/MR  zur
Charakterisierung des Warburg Effekts.

1 Die erste Studie analysiert die quantitative Korrelation der erhdhten
Glukoseaufnahme und Glukosereduktion via Pyruvat zu Laktat in einem
préklinischen Brustkrebsmodell in Ratten. Die Messungen wurden an einem
neuartigen klinischen PET/MR Gerat durchgefuhrt, das eine simultane



Bildgebung metabolischer Daten mit ®F-Fluordesoxyglucose (FDG)-PET und
HP 13C-Pyruvat MRSI sowie die Aufnahme anatomischer Details erlaubt. Des
Weiteren wurden Diffusions-gewichtete Bilder akquiriert, um den Effekt einer
variablen Tumorzellularitdt auf die Quantifizierung metabolischer Daten zu
untersuchen, die aus Bildern generiert wurden.

1 Das Ansauern des extrazellularen Raums kann mit nicht-invasivem MRSI
hyperpolarisierter pH Sensormoleklle quantifiziert werden, was in einem
Review der aktuellen Literatur zusammengefasst wurde. Diese Arbeit
verdeutlicht, dass 3C-markierte Zymonséure der einzige pH Sensor ist, der auf
chemischen Verschiebungsanderungen basiert und bisher in vivo verwendet
wurde.

1 Ein weiterer Teil dieser Arbeit zeigt, dass die Lebenszeit des hyperpolarisierten
Signals von Zymonséure verlangert werden kann, indem man fest eingebaute
Protonen mit Deuteronen anreichert. Dies erlaubt eine in vitro und in vivo pH-
Bildgebung mit zeitlicher Auflésung und gesteigerter Sensitivitat.

1 Schlie3lich wurden noch Aminosauren und deren Derivate als neue Klasse von
pH-Sensoren basierend auf chemischen Verschiebungsédnderungen
systematisch analysiert und charakterisiert. *3C-Diaminopropionsaure (DAP)
und 3C-Serinamid (SA) sind nicht giftig und besitzen eine hohe pH-Sensitivitat.
Jedoch sollten zukinftige Studien darauf fokussieren die hyperpolarisierte
Signallebenszeit von DAP und SA zum Beispiel durch Deuterierung zu
verlangern, bevor diese verwendet werden kdnnen um eine Laktatansduerung
von Tumoren zu messen.

Die in dieser Arbeit verwendeten Methoden basieren auf innovativen Technologien,
die PET, MR, hyperpolarisierte metabolische und hyperpolarisierte in vivo pH
Bildgebung miteinander kombinieren, um die Tumorbiologie genauer zu quantifizieren.
Im Prinzip kénnen diese Techniken auf gréf3ere Tumormodelle Gbertragen werden,
was den Grundstein fur eine individuelle Patientenflirsorge legt.
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1. Introduction

1.1 The Global Burden of Non-Communicable Diseases

AWeét he United N[atkhowlaedge tHat( the. gdbal) burden and
threat of non-communicable diseases constitutes one of the major challenges for
development in the twenty-first century which undermines social and economic
devel opment throflJghout the worl d. o

United Nations, September 2011

Chronic or non-communicable diseases (NCD) caused 41 out of 58 million (71%)
deaths in 2016 worldwide and mortality rates are projected to increase to 52 million by
2030. Diabetes, cancers, respiratory and cardiovascular diseases were the foremost
representatives that were responsible for more than 80% NCD-related deaths.[2] This
global epidemic is placing heavy strains on individuals, health care systems and whole

nati ons. Furthermore, NCDs wi | | not only co:¢
sufferingo. They will prospectively ytheel d a
time between 2011 and 2030.[3]

In 2011, | eadi ng U. N . politicians committe
crisiso. Based on t he right for everyone

physical éheal tho, they cl ai@Goeethmentsfiogprevemijar v ér e
and contcroomhmu niocnabl e di seases and acknowl edge

need for preventive measur[Ek2014 therUd eeviewedg
and reaffirmed key aspects of 2011 to further intensify national and global actions. The

most recent A Gener al Assembly Meeting on the

Communi cabl e ookplaseinSemesnber 2018, which reveals the worldwide
imperative to reduce unnecessary premature deaths.
Primary prevention and control of NCDs includes the identification of their etiology and
nation-wide promotion programs to strengthen the awareness of risk factors. This will
ideally lead to a global reduction of exposure to tobacco consumption, harmful use of
alcohol, pollution, obesity and an increase of physical activity. Secondary prevention
involves diagnosis and treatment both at an early stage to halt or slow down disease
progression. Screening programs for people at elevated risks are necessary and
require modern techniques that allow an accurate diagnosis at affordable prices and
ready availability. With regards to treatment, modern science is aiming to address (epi)-
genetic, molecular and cellular parameters on a quantitative base. This is already
triggering the development of efficient treatment strategies that are tailored to
individual phenotypes. Thus, patient-specific treatment is already a central goal of
1
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today’s precision medicine and is going to be an integral part of tomorrow’s health care
systems.[4]

1.2 Epidemiology and Etiology of Cancer

Cancers are responsible for nearly one in six deaths globally and the second most
common NCD besides cardiovascular diseases. When taken as single entity, cancer
mortality outranks other non-communicable diseases such as ischemic heart disease
and stroke, which respectively caused 7.0 and 6.3 million deaths in 2011. More than
14 million new cancer cases were diagnosed in 2012, while lung and prostate cancers
had the highest incidence rates among men (34.2 and 31.1 per 100,000, respectively).
Among women, breast cancer had by far the highest incidence rate followed by
colorectal cancer (43.3 and 14.3 per 100,000, respectively).[5] However, world-wide
cancer incidents vary with the degree of development expressed by the human
development index (HDI), which is a measure of life expectancy, access to education

and wealth. I n devel oped countries, |l ung and
affluenceo | i ke breast, prostate and col orec
mortality rates (Figure 1.1A-B) . I n contrast, the Atop fiveo

developing countries are lung, breast, liver, stomach and colorectal cancers (Figure
1.1C-D) and more than one fourth of them is related to infections. Furthermore, more
than 60% of all cancers occur in less developed countries of the African, Asian, Central
and South American continent and these regions account for more than 70% of the
global cancer-related deaths.[5]

Within the next two decades, the global burden of cancer will rise drastically (by more
than 40%) as incidences positively correlate with population growth and progressive
senescence. In addition, developing countries tend to adapt lifestyle risk factors of
industrialized nations with flourishing wealth. The most critical risk factor for at least
fourteen different types of cancer is first- and second-hand tobacco consumption, e.g
active and passive intake of tobacco products that contain several thousands of
carcinogenic and mutagenic substances. Routine alcohol consumption and the harmful
use of alcohol is a socially tolerated habit of higher developed countries. It mainly
accounts for cancers of organs that are in direct contact to harmful components of
alcoholic beverages like ethanol and its metabolite acetaldehyde. Interestingly, several
meta-studies have shown a positive dose-response correlation of alcohol intake and
incidences of prostate and breast cancers that are highly prevalent in developed
countries (e.g. Europe).[5]
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orange and red. The figure was created according to reference [5]. (Copyright information: The world
maps are license free as part of the public domain).

Clearly, an unhealthy diet, obesity and lack of physical activity are imminent problems
for a majority of the world population that are not only causing NCDs like diabetes, but
are also related to several types of cancers. Important risk factors of women are the
usage of specific oral contraceptives and reproductive factors that might change with
affluence such as nulliparity, pregnancy at late age (> 30) or a short period of lactation.
Finally and for the sake of comprehensiveness, environmental pollution (air, soil,
water), radiation (UV, X-ray), occupational exposure to carcinogens (e.g.: asbestos)
and some pharmaceutical drugs should be mentioned as further cancer etiologies that
affect both, developing and developed countries.[5]

1.3 Invasive and Non-Invasive Technologies for Secondary Cancer

Prevention

Secondary cancer prevention involves an early detection of lesions, a patient-specific
phenotyping and an individualized and targeted therapy.

Evidence based diagnosis and characterization of tumor-specific markers are steadily
evolving and allow for the qualitative and quantitative assessment of tumor biology.
Some cancers are already encoded in the DNA of individuals or might arise from
epigenetic heredity or epigenetic changes. For such lesions, high throughput-genome
sequencing is a useful diagnostic tool to detect genetic pre-dispositions.

Classical biopsy is an invasive, but reliable method to sample tissues for
characterization not only by histology. At the expression level, tumor parameters can
be quantified with techniques like immunohistochemistry, flow cytometry, enzyme
linked immunosorbent assays, enzyme activity assays or mass spectrometry. Beyond,
easily accessible body fluids like blood and urine often contain quantifiable tumor
markers. A prominent example is the prostate-specific antigen (PSA) that can be
elevated in prostate cancer patients. In addition, liquid biopsy is a relatively young
approach to sample, amplify and identify tumor RNA and DNA that circulate in the
blood of cancer patients.

In contrast to these (minimal-)invasive strategies, imaging modalities are rather non-
invasive.

Ultrasound, computed tomography (CT), single photon emission computed
tomography (SPECT), positron emission tomography (PET) and magnetic resonance
imaging (MRI) have been developed throughout the 20" century and have become
sophisticated machines that nowadays are routinely used for diagnosis, biopsy
guidance, staging, treatment planning and follow-up of cancers.[6-9] However, each



individual modality has its pros and cons with regards to sensitivity, specificity, through-
put, cost and patient safety.[9]

Ultrasound uses pulsed sound waves that are sent into a patient and reconstructs
images from echoes reflected by tissues and organs. The technique is used for biopsy
supported diagnosis, detection and follow-up of several tumors that are rather exposed
at the surface of the body such as tumors of the breast[10], thyroid[11] and
testicles[12]. In addition, brachial[13], colorectal[14] and vaginal[15] endoscopic
ultrasound is applied for specific indications. One main drawback of ultrasound is a
fairly low signal-to-noise ratio, but the use of sound waves is rather safe, devices are
very flexible, portable and very cost-effective compared to CT, SPECT, PET and MRI.
CTs generate X-rays that transmit through a patient and record attenuated beams by
circumferential detectors. Image reconstruction is performed by computer algorithms
that calculate and visualize different attenuation values relative to the water density of
tissues and thus generate contrast. The first axial single-slice CTs were
commercialized in the 1970s and they have steadily been developed. The earliest
machines consisted of only one X-ray emitter and detector, which required sequential
lateral motion and rotation of the equipment. Obviously, this procedure implied long
scan times, which were drastically reduced by the introduction of multi-slice helical CTs
that today allow whole-body imaging within less than half an hour.[16] In clinical
oncology, CT is applied for screening, biopsy guidance, staging and follow-up of a
variety of entities such as retroperitoneal, bone, breast (e. g. mammography) and lung
cancers.[17] However, the soft-tissue contrast of CT is rather low and it is therefore
hardly used in the brain. Furthermore, repeated and frequent CT radiation might
increase the risk for cancer[18], even though developments are steadily focussing on
reducing CT doses, e.g. for repeated low-CT screening of patients with increased risk
of lung cancer.[19]

PET and SPECT are molecular imaging techniques that rely on the decay of a
radionuclidee mi t t i n g -ray orsipasigon.dn PET, the emitted positrons travel
short distances due to their kinetic energy until they annihilate with electrons. This
annihilation event creates two photons in (nearly) opposite direction that are detected
bysci nti Il |l ators at coincidence. | n c -oaythat
i S r e c or-damerasvotatinggaround the subject to obtain spatial localization.[20]
Since coincidence detection is not possible with SPECT, a collimator is necessary to
rej ect s-agstwhiehrisetie main reason why SPECT has a lower sensitivity
than PET.[21]

For PET, relatively short-lived isotopes like *'C, 13N, F, or 24| are produced on site
with a fairly expensive cyclotron or in case of ¥Ga with a generator.[22] Subsequently,
these radionuclides are chemically incorporated in molecules that are either
metabolized, taken up by transporters or that bind to specific receptors. Another
possibility is their chelation with molecules or antigens that bind to surface receptors

5

ast

Id aY



that are specifically overexpressed in tumors. At this point, ®F-fluordesoxyglucose
(FDG) should be mentioned as the oncologic gold-standard to image the augmented
glucose uptake of a vast number of tumors.[23] FDG-PET is one main focus of this
work and is therefore explained in more detail in chapter 2.

SPECT uses isotopes with a rather long half-live like ’Ga, 6’Cu, %¥MTc,'%In or 23| that
are processed similarly to PET agents after generation.[24] One advantage of SPECT
and PET is their ability to image and quantify a large variety of biochemical processes
in tumors with very low tracer doses in the picomolar range, even though radiation
exposure might not be lower than that of CT.[22, 25] For both, SPECT and PET, a vast
majority of different tracers have been developed over the last couple of decades,
which allow sophisticated insights into tumor biology as well as a high clinical
throughput for diagnosis, staging, monitoring of treatment and follow-up.[22, 24]

In contrast to SPECT and PET, MRI has a rather low sensitivity and specificity, but is
free of ionizing radiation and has an excellent soft tissue contrast. A detailed physical
background of MRI will be given in chapter 3. In principle, the variable environment
and changing densities of water in different tissues can be used to create contrast,
which can be further enhanced by lanthanide-based contrast agents. Furthermore,
diffusion-weighted imaging (DWI) and perfusion imaging respectively allow the direct
assessment of cell density and perfusion, which can be helpful to assess several
stages of tumor growth. In additon,bul k wat er i s not the
a great variety of contrasts in MR. Heteronuclei are naturally abundant (31P) or can be
stably enriched (*3C) in endogenous or exogenous biosensors or metabolic probes.
Their resonance signals can be measured and quantified with magnetic resonance
spectroscopic imaging (MRSI), even though this is only rarely applied in clinical routine.
For instance, the concentration measured by 'H-spectroscopy of metabolites like N-
acetyl aspartate, choline, citrate, creatine, lactate and myoinositol could be altered in
malign states of the brain, breast, the gastrointestinal tract and the prostate.
Furthermore, altered lipid concentrations may indicate treatment induced tumor
necrosis.[26]

Besides proton MRSI, 3!P-spectroscopy can be used for diagnosis, treatment
monitoring and metabolic characterization of lesions of the brain, breast, prostate and
liver. Main metabolites that show altered concentrations in the malign state are
structural membrane precursors like phospholipids and energy source molecules like
inorganic phosphate, nucleoside phosphates and phosphocreatine.[27]

Another application of MRSI for tumor characterization is the quantification of tumor
pH with endogenous or exogenous sensors bearing protons or heteronuclei that exhibit
pH sensitive nuclear magnetic resonance (NMR) properties. Tumors acidify their
extracellular milieu, which is a consequence of the Warburg effect combined with
hypoxia and ischemia.[28, 29] A comprehensive overview of this topic is given in

onl vy



chapter 2 and chapter 4 and pH imaging will be a major part of this work as shown in
chapter 5, chapter 6 and chapter 7.

In addition, sophisticated methods like chemical exchange saturation transfer (CEST)
use naturally occurring molecules or probes to characterize pathologies. In principle,
CEST irradiates the NMR signal of the probes with a frequency-selective pulse during
which the probes exchange protons with bulk water.[30] This leads to a decrease of
the water signal, which is used to generate contrast. Applications in oncology are for
example glucoCEST,[31, 32] and amide proton transfer (APT) CEST.[33] These
methods respectively address elevated glucose uptake and reduced pH, which is
observed for many tumors (chapter 2).

Nevertheless, the main pitfall of classical MRSI is the fact that it suffers from the low
intrinsic sensitivity of magnetic resonance. MR therefore either requires high probe
doses or long scan times.

The invention of hyperpolarization techniques such as spin exchange optical pumping
(SEOP) and dissolution dynamic nuclear polarization (DNP) that respectively enhance
the signals of noble gases and '3C-labelled probes (among other spin-¥2 nuclei) has
shifted these limits. On the one hand, hyperpolarized (HP) gases allow for a functional
characterization of the lung and detection of lung cancers.[34] On the other hand,
several hyperpolarized 3C-labelled metabolites like pyruvate or 3C-labelled pH
sensors hold promise to be translated to the clinic for diagnosis, early treatment
response monitoring, tumor stratification, treatment planning and outcome prediction
of cancer patients.[35, 36] Hyperpolarized pyruvate - the gold standard of 13C-imaging
- in combination with commercial polarizers operating at sterile conditions[37] is
already used in human studies.[38, 39] Obviously this implies that the technique holds
promise to provide complementary information to other modalities without any further
radiation exposure. Hyperpolarized MRSI will be a main focus of this work (see
chapters 4, 5, 6 and 7). Theoretical aspects are given in chapter 3.

1.4 Hybrid Imaging Modalities

Each presented imaging modality has its limitations and advantages and is not
superior, but rather complementary to the others. Therefore, a sequential or
simultaneous combination of the methods is highly beneficial for cancer patient care
with regards to screening, diagnosis, staging, restaging, treatment monitoring,
treatment planning and follow-up.[40] In general, a hybrid imaging modality is the
combination of two or more imaging technologies ideally yielding a new fusion modality
with multiple synergistic advantages. The most obvious is the possibility to measure
and quantify metabolic information and physiological processes with inherent co-
registration of its anatomical context at high resolution. Modern CT and proton MRI
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achieve a spatial resolution on the micron scale and are therefore already useful for
tumor localization, delineation, and characterization of size, morphology and
structure.[9] In contrast, the resolutions of PET and SPECT are relatively low due to
intrinsic physical limitations, but they are powerful for metabolic imaging with highest
specificity and sensitivity.[23, 41]

During the last two decades, several hybrid imaging machines have been developed
for clinical oncology. Hybrid ultrasound imaging such as ultrasound/CT/MRI for the
visualization of tumor vascularization and angiogenesis is an emerging field[42], which
however will not be discussed in this work. A brief overview of SPECT/CT and PET/CT
is given as follows. However, the main focus will be hybrid PET/MR, because the key
study of this thesis was performed on such a state-of-the art clinical system (chapter
4).

1.4.1 SPECT/CT and PET/CT

SPECT/CT and PET/CT were the first commercially available hybrid systems that were
introduced at the beginning of this millennium.[20] At first, both modalities were
arranged in a tandem and patients had to be moved between the two scanners, which
implied problems for an accurate co-registration of the images. Today, the techniques
are available within one system, which eliminates registration problems and allows for
the sequential acquisition of anatomical and metabolic information.

In oncology, SPECT/CT is widely used to detect cancers and metastases of the
skeleton and in particular to differentiate neoplastic alterations from trauma and
infections with higher accuracy than with SPECT only. Commonly used tracers are
radioiodine and *23|- or ¥-metaiodo benzyl guanithidine (MIBG) for the detection,
staging and restaging of thyroid and neural crest tumors and metastases,
respectively.[40] The combination of both techniques has reduced both, the false-
positive and false-negative rate of lymph node biopsy in breast cancer patients.[40]
Another striking example of SPECT/CT superiority over the stand-alone methods has
been shown for diagnosis, treatment planning and prognosis of prostate cancers using
111n-Capromab.[24]

Robustness, steady hardware development and the discovery of a variety of PET
tracers has significantly contributed to establish PET/CT in the clinic. Today, the hybrid
modality allows a high throughput and an increased accuracy of about 10 - 15%
compared to the stand-alone techniques for cancers of the head, neck, thyroid, lung,
breast oesophagus, colorectum, lymph nodes, and many more.[43] Therefore, it is the
currenthoimwer kn clinical routine for diagnosi
prediction of cancer patients allowingfora pati ent speci fi[#4]Thea eat me
glucose analogue 8F-FDG is still the most applied and best studied PET tracer that is
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useful for at least one application for every tumor entity even though it was established
almost half a century ago.[40, 45] However, radiochemistry progressively develops
sophisticated molecules with high specificity, which is believed to improve every stage
of patient care aiming at an accurate diagnosis and a tailored treatment planning with
PET/CT.

1.4.2 PET/MR

Magnetic resonance imaging has an excellent soft-tissue contrast, does not apply
additional ionizing radiation to patients and allows for the characterization of tumor
biology with diffusion-weighted imaging, dynamic contrast enhanced (DCE) imaging
and MRSI.[46-49] It is therefore not surprising that medical engineers steadily
focused[50] on combining PET and MR to finally release the first commercial
sequential and simultaneous systems less than a decade ago.[47] Sequential PET/MR
and PET/CT-MR scanners did not require huge technical modifications and allow for
the combination of CT attenuation correction for PET with high-end coincidence-timing
resolution (time-of-flight-PET). However, exact temporal co-registration of anatomical,
functional and metabolic images is not possible and acquisition requires longer times
than the simultaneous solution.

One major achievement for the invention of true hybrid PET/MR was the usage of MR
compatible shielded electronic components and the replacement of classical
photomultiplier tube detectors by non-magnetic semiconducting avalanche
photodiodes or silicon photomultipliers. In addition, strong magnetic fields and the
small MR bore size did not allow rotating PET sources for attenuation correction.
Therefore several MR approaches using template-, atlas- or sequence-based
corrections have been developed and it has been shown that a tracer quantification

comparable to PET/CT is feasible for most

subcutaneous f at {h tHowevkrethe lelinicabvdlue pfoPET/MRYis
only given, if it provides unique features or information complementary to other
modalities that improve patient care and outcome. This is in particular important,
because PET/MR is fairly expensive and requires both radiology and nuclear medicine
expertise for an accurate image interpretation. The superiority of PET/MR over PET/CT
has therefore been analyzed since the first PET/MR has been commercialized and this
is still ongoing research.[25, 46, 47]

Indeed and with regards to oncology, a number of studies showed that the combined
modality improves the sensitivity for lesion detection in brain, bone, breast, cervix, liver,
kidney and ovaries as well as a better lesion delineation in the bone and soft-tissues
(except lung).[25, 52] Rosenkrantz et al.[25] and Fraum et al.[52] reviewed that
multiparametric PET/MR can be used for an accurate identification of biopsy targets in
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glioma patients and post-operative differentiation of recurrent tumors from radiation
necrosis. For breast cancer, initial staging is typically performed by sequential PET/CT
and MRI where the radiation dose can be significantly reduced using PET/MR (up to
54 1 81% without the use of whole-body CT).[52] In fact, this is also beneficial for
vulnerable patients like children or pregnant women.

Whole-body imaging is important to detect nodal or distant metastases. Comparative
PET/CT and PET/MR studies on breast cancer patients showed equivalent detection
sensitivity of metastases in most organs. However, PET/MR was superior for detection
of secondary lesions in brain and liver.[53]

The possibility to combine PET and anatomical imaging with contrast-enhanced MRI
and diffusion-weighted imaging holds promise for an individual treatment planning. The
combined assessment of FDG uptake and tumor cellularity has, for instance, proven
higher accuracy to detect early treatment response compared to stand-alone
measurements of breast tumors.[25] Another example where PET/MR could prove
high oncologic value is prostate cancer. In the clinic, MRI is routinely used for
diagnosis, localization and multimodal assessment of tumor grade due to the excellent
soft-tissue contrast. FDG-PET is not very sensitive to malign prostate lesions, but 'C-
choline performs well for diagnosis of localized cancers and was recently FDA-
approved for clinical use with PET.[54] Other studies with ®F-fluorcholine showed that
tracer uptake and simultaneously acquired tumor cellularity were significantly different
for benign and malign lesions.[25] In addition, ®8Ga-PSMA holds great promise to be
translated into the clinic to be used for an improved handling of prostate cancer
patients.

Simultaneous PET/MR combining hyperpolarized 3C-metabolic imaging and PET with
cellular and anatomic context is one of the most recent cutting edge hybrid techniques
that facilitates new insights into tumor biology.[55, 56] This thesis demonstrates the
value of the simultaneous acquisition of FDG-PET, diffusion-weighted imaging and
metabolic imaging using hyperpolarized **C-pyruvate. The following chapters will
describe the biological relevance of combined FDG-PET, hyperpolarized pyruvate
imaging and in addition pH in vivo mapping with regards to tumor biology, namely the
Warburg effect.
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2. FDG-PET, HP Pyruvate MRSI and HP pH Imaging

Main cellular hallmarks of cancers are an extensive growth, cell proliferation,
metastasis and survival. For this purpose, tumors have an increased need for anabolic
precursor molecules and a ready availability of energy sources such as adenosine
triphosphate (ATP).

Healthy Cell Tumor Cell

Glucose Glucose

Glucose-6-P Glucose-6-P

Glycolysis

Pyruvate

Glycolysis )

Pyruvate

Acetyl-CoA

Lactate

Lactate + H* Lactate + H*

Glucose

Pentose Phosphate Pathway
NADPH

v

Hexosamine Pathway
Protein Synthesis

v

Fructose-6-P

O .
&5Glycolysis
25 DHA-P >

Glycerol-3-P Pathway
Phospholipid Synthesis

Serine/glycine pathway
Carbon source and NADPH

v

3-P-Glycerate

Pyruvate

Lactate + H*

Figure 2.1. The Warburg effect and related anabolic shunts. (A) Tumor cells take up high levels of
glucose compared to normal cells, which is facilitated by overexpression and upregulation of GLUT1
transporters. Even under normoxic conditions, glucose is not oxidized in the tricarboxylic acid cycle
(TCA) of mitochondria via pyruvate and acetyl-coenzyme A (Acetyl-CoA) to adenosine triphosphate
(ATP) and carbon dioxide (CO2). It is rather reduced by lactate dehydrogenase (LDH) A to lactate.
Lactate is finally exported to the extracellular space, leading to an acidification of the tumor
microenvironment. (B) Tumors can shunt the excess of glucose into different other pathways to fulfill
their anabolic needs. Key branching points of glycolysis are glucose-/ and fructose-6-phosphate,
dihydroxyacetone phosphate (DHA-P) and 3-phosphoglycerate (3-P-glycerate).
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More than a century ago, Otto Warburg discovered that malignant tissues take up high
levels of glucose and produce an increased amount of lactate. At that time, he believed
that this was due to a defect of mitochondria[57, 58], but his assumption was proven
wrong in several upcoming studies.[59, 60] Compared to normal cells, tumors
consume high levels of glucose that are rather reduced to lactate even under normoxic
conditions than processed by oxidative phosphorylation even if mitochondria are fully
functional.

Increased glucose uptake and reduction of pyruvate is facilitated by overexpression
and upregulation of key glycolytic enzymes such as glucose transporters (GLUT1) and
lactate dehydrogenase (LDH) A.[61] This metabolic adaption has been termed the
Warburg effect or aerobic glycolysis and it is considered as a main metabolic hallmark
of tumors (Figure 2.1A). Malignant cells benefit from the Warburg effect, which is
apparent at closer examination of the glycolysis and its related pathways.

The generation of cytosolic ATP through aerobic glycolysis is about 10 - 100 times
faster than mitochondrial oxidation of glucose,[62] which provides a quick fuel for cell
growth and proliferation. In addition, the increased glucose consumption can be used
as a source for anabolic processes if oxidative phosphorylation is circumvented on the
one hand. On the other hand, aerobic glycolysis is used to produce the reduction
equivalents NADH and NADPH, which can be limiting factors for proliferating cells.
Figure 2.1B shows main checkpoints of glycolysis that support the synthesis of DNA,
lipids, proteins and NADPH. Glucose-6-phosphate (G6P) can be shuttled through the
pentose phosphate pathway (PPP) yielding the DNA sugar precursor ribose-6-
phosphate and NADPH. The latter molecule drives anabolic reductions like during
synthesis of palmitic acid. One step further downstream of G6P, fructose-6-phosphate
may be used for the hexamine synthesis, which together with glutamine yields
glucosamine-6-phosphate and finally N-acetylglucosamine (GIcNAc). GIcNAc is an
important key metabolite for the glycosylation of extracellular proteins. The
biosynthesis of phospholipids, which are the most important structural components of
cellular membranes, can be fuelled by dihydroxyacetone phosphate. Finally, 3-
phoshoglycerate can be shunted from glycolysis to generate the carbon donor
molecules serine and glycine. In addition, this pathway also generates NADPH. A
comprehensive overview of these glucose shunts is, for instance, given by van der
Heiden et al.[63], Hsu et al.[64] and Pavlova et al.[65]

In order to facilitate such complex metabolic adaptions, transporters and enzymes that
are involved in the respective pathways are either overexpressed or misregulated by
oncogenes or tumor suppressors such as Ras (rat sarcoma)[66] or p53.[67]
Increased glucose uptake and aerobic glycolysis produce an excess of lactate that is
co-exported with protons to the extracellular space. This leads to an acidification of the
tumor microenvironment and generates a hostile milieu for surrounding healthy cells
allowing tumors to grow and metastasize. In addition, an acidic environment serves as
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a protection barrier against immune cells and facilitates tumor survival.[68, 69] Finally
it has been shown that the pH is critical for cancer treatment efficacy as many
chemotherapeutic agents are sensitive to pH.[70]

Overall, the non-invasive and quantitative assessment of the Warburg effect has
several applications such as diagnosis, staging, treatment planning, outcome
prediction and disease follow-up. As shown in Figure 2.2, an augmented glucose
uptake of tumors can be addressed by FDG-PET.[71] FDG is a glucose analogue that
bears the 8F-radionuclide at position two.[72] During the first steps of internalization,
FDG behaves similar to glucose until it is phosphorylated by hexokinase. The
phosphorylated version is not recognized by subsequent glycolytic enzymes and the
molecule gets trapped, leading to an accumulation of FDG-6-P that is quantifiable with
PET.[73-75]

Downstream of glycolysis, a high LDH activity, i.e. an increased reduction of pyruvate
to lactate can be addressed with magnetic resonance spectroscopic imaging (MRSI)
using hyperpolarized [1-*3C]pyruvate.[76, 77] The molecule is readily internalized by
malignant tissues and its conversion can be followed in real-time allowing for the
quantification of the kinetic rate constant of LDH. Finally, lactate acidification of the
tumor microenvironment can be measured with hyperpolarized MRSI of pH sensor
molecules such as [1,5-13C]zymonic acid (ZA) - the dehydrated dimer of pyruvate.[78]
The aim of this work is the non-invasive assessment of the three presented key
metabolic steps that characterize the Warburg effect, namely: 1. augmented glucose
uptake, 2. augmented pyruvate-to-lactate reduction and 3. acidification of the
extracellular space.

After discussion of the theoretical background of PET, MRI and MRSI in the upcoming
chapter 3, peer reviewed publications will be presented (chapters 41 7). Chapter 4
shows that a simultaneous quantification of metabolic processes in their anatomical
context is feasible for a pre-clinical model of breast cancer in rats on a clinical PET/MR
scanner. In chapter 5, a review on pH imaging using hyperpolarized molecules will be
given. Chapter 6 shows that deuterium enrichment of 13C-labelled zymonic acid is a
feasible concept to prolong the hyperpolarized signal lifetime and thus enhances the
sensitivity of pH imaging in vitro and in vivo. Finally, a systematic study exploring amino
acids and their derivatives for potential new pH probes is presented in chapter 7.
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Figure 2.2. Non-invasive imaging strategies for the quantitative assessment of the Warburg
effect. Tumors have an increased energy demand and take up high levels of glucose. 18F-FDG is a
positron emitting analogue of glucose with similar behaviour during the first steps of internalization.
However, once taken up, FDG is phosphorylated by hexokinase and gets trapped, because downstream
glycolytic enzymes do not recognize the phosphorylated version. Thus FDG accumulates and can be
quantified with PET, which allows for the assessment of augmented glucose uptake (red). Pyruvate-to-
lactate reduction catalysed by LDH is observable in many tumors even in presence of sufficient oxygen.
The kinetic rate constant of LDH can be quantified by non-invasive imaging of hyperpolarized [1-
13C]pyruvate, which is rapidly converted to lactate in vivo (blue). Due to the Warburg effect, an excess
of lactate is produced and exported to the extracellular space. This leads to an acidification of the tumor
microenvironment, which can be measure non-invasively by 13C-labelled pH sensor molecules such as
zymonic acid i the dimer of pyruvate (green).
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