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Abstract 

Dynamic glucose enhanced (DGE) chemical exchange saturation transfer (CEST) MRI 
is an emerging imaging technique that provides a molecular-specific type of image 
contrast, based on magnetic labelling of exchangeable protons. The technique enables 
the use of biodegradable sugars as contrast agents, and such compounds are believed to 
have less side effects than conventional MRI contrast agents. However, as with most 
novel techniques, DGE MRI is associated with technical challenges, including small 
contrast enhancement compared to conventional techniques, sensitivity to motion and 
long scan durations. Therefore, DGE MRI is not yet ready for clinical implementation, 
and further evaluation and methodological development are required.  

The focus of the work presented in this thesis has been on the optimization and 
development of DGE MRI in humans. We first implemented the DGE MRI technique 
at 7 T for evaluation in healthy volunteers, and subsequently optimized and applied 
the DGE imaging protocol at 3 T. We demonstrated that it is possible to measure 
arterial input functions using DGE MRI data, and that the arterial DGE MRI signal is 
correlated to the venous blood glucose level. Our experiments also showed that the 
glucose infusion duration should preferably be prolonged to minimize the sensory side 
effects of the injection. We also evaluated and compared DGE MRI tissue response 
curves in healthy tissue and in brain tumours and confirmed that DGE MRI enables 
differentiation of tumour from normal tissue, but that motion-related artefacts may 
complicate the interpretation. We developed a post-processing method for DGE MRI 
based on visualization of tissue response curve types with different characteristic 
temporal enhancement patterns. Finally, we developed a model for kinetic analysis of 
DGE MRI, accounting for the different signal origin and uptake kinetics of normal D-
glucose.  

In summary, DGE MRI has potential for tumour detection in humans and can provide 
information on glucose delivery, transport, and metabolism. However, further 
optimization of imaging and post-processing techniques is necessary, especially at lower 
field strengths. 
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Populärvetenskaplig sammanfattning 

Magnetisk resonans-tomografi (MRT eller MR) är en bilddiagnostisk teknik med brett 
användningsområde inom den moderna sjukvården. MR-tekniken ger bilder med 
mycket bra mjukvävnadskontrast och har dessutom fördelen att den inte utnyttjar 
joniserande strålning, såsom exempelvis röntgenstrålar. För att ytterligare förbättra 
bildkvaliteten samt möjliggöra så kallad funktionell bildtagning, d.v.s. erhålla 
information om fysiologiska egenskaper, injiceras ofta ett kontrastmedel. 
Konventionella MR-kontrastmedel är i regel säkra men tolereras inte av vissa 
patientgrupper och kan även ackumuleras i vävnad efter upprepad användning. Ett 
kontrastmedel är ofta nödvändigt för diagnostisering av livshotande tillstånd, till 
exempel hjärntumörer, och därför finns det ett intresse för nya och mer skonsamma 
bildtagningsmetoder. 

Den centrala metoden i det här avhandlingsarbetet är CEST (eng. Chemical Exchange 
Saturation Transfer), som är en relativt ny teknik för MR-bildtagning. Med CEST-
tekniken kan en substans, till exempel socker, detekteras genom att ämnets vätekärnor 
märks magnetiskt (satureras) via absorption av energi från en radiofrekvent puls. 
Därefter sker en överföring av denna märkning från socker till vatten via en process 
som kallas kemiskt utbyte. Processen leder till att intensiteten i MR-bilden, som 
avspeglar vätekärnor i fritt vatten, ändras där ämnet är närvarande. CEST-principen 
kan utnyttjas så att kroppsegna eller biologiskt nedbrytbara ämnen kan användas som 
MR-kontrastmedel. 

Om socker injiceras intravenöst samtidigt som kontinuerlig CEST-bildtagning sker, 
kan förändringen i varje punkt (pixel) i MR-bilden följas över tid, varvid en så kallad 
signalresponskurva registreras. Formen på den uppmätta signalresponskurvan kan 
reflektera underliggande fysiologiska egenskaper hos vävnaden, såsom exempelvis en 
skadad blod-hjärnbarriär. Metoden har därför potential för detektering av hjärncancer, 
eftersom transport över blod-hjärnbarriären och upptag av socker skiljer sig mellan 
tumörer och normal hjärnvävnad.  

I den här doktorsavhandlingen har socker-CEST-tekniken utforskats med målet att den 
så småningom ska kunna implementeras för klinisk användning. Det finns fortfarande 
många utmaningar med tekniken, såsom att den uppmätta signalresponskurvan kan 
påverkas av att patienten rört sig, vilket försvårar tolkningen. Avhandlingsprojektens 
fokus har legat på optimering av bildtagningsparametrar och bildbehandlingsmetoder 
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samt utveckling av analysmodeller. Ett exempel på vad som studerades är sambandet 
mellan signalresponskurvan från MR-bilderna och blodsockernivåer uppmätta genom 
blodprov hos friska personer. CEST-tekniken applicerades även på patienter med 
hjärncancer, och dessa studier bekräftade att socker-CEST kan användas för att urskilja 
tumör från frisk hjärnvävnad. Utöver detta utvecklades en analysmetod som bygger på 
färgkodning av varje pixel utifrån signalresponskurvans form. Denna metod förbättrade 
ytterligare detektionen av tumörer och kunde dessutom ge information om 
sockertransport. Slutligen introducerades en matematisk modell för mer detaljerad 
beskrivning av sockertransport i frisk och sjuk hjärnvävnad. Sammanfattningsvis pekar 
resultaten på att socker-CEST har goda möjligheter för tumördetektion, men att det 
fortfarande finns vissa tekniska svårigheter som måste lösas innan tekniken kan 
introduceras i klinisk rutin. Användbarheten hos de introducerade 
bildbehandlingsmetoderna och analysmodellerna kan förväntas öka allteftersom 
CEST-bildtagningstekniken förbättras. 

�  
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Abbreviations and symbols 

2-DG  2-deoxy-D-glucose 
2-DG-6P 2-deoxyglucose-6-phosphate 
3-OMG 3-O-methyl-D-glucose 
AIF  Arterial input function 
APT  Amide proton transfer  
ATP  Adenosine triphosphate 
AUC   Area under curve  
��    RF saturation field strength 
BBB  Blood-brain barrier 
�8   Intracellular concentration 
�:   Extravascular extracellular space concentration 
�@   Phosphorylated glucose concentration 
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CESL   Chemical exchange-sensitive spin lock 
CEST   Chemical exchange saturation transfer  
���;?8  Cerebral metabolic rate of glucose 
CSF  Cerebrospinal fluid 
DCE  Dynamic contrast enhanced 
DGE  Dynamic glucose enhanced  
E  Enzyme 
EES  Extravascular extracellular space 
EM  Electromagnetic 
ES  Enzyme-substrate complex  
�7   Compartmental fraction of blood  
�:   Compartmental fraction of EES 
FDG  Fluorodeoxyglucose  
G-6P  Glucose-6-phosphate 
GEF  Glucose extraction fraction 
glucoCESL glucose CESL  
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glucoCEST glucose CEST 
GLUT1  Glucose transporter 1 
GLUT3  Glucose transporter 3 
GLUT5  Glucose transporter 5 
GM  Grey matter 
HK  Hexokinase 
i.v.  Intravenous 
�   Flux (transport rate) 
���  Wash-out constant unit 
:I  Chemical exchange rate 
�2   Michaelis-Menten half-saturation constant for enzyme 
�4   Half-saturation constant for transport 
�FD6AE   Volume transfer constant 
MM  Michaelis-Menten 
MRS  Magnetic resonance spectroscopy 
MT  Magnetization transfer 
�
�6EJ@ Magnetization transfer ratio asymmetry 
MTC   Magnetization transfer contrast 
MTR  Magnetization transfer ratio 
NOE  Nuclear Overhauser enhancement 
OH  Hydroxyl 
P  Product 
PET  Positron emission tomography  
PTR  Proton transfer ratio 
PVE  Partial volume effect 
RF  Radiofrequency 
ROI  Region of interest 
S  Substrate 
	76E:  Average baseline signal 
	=A   Wash-in slope 
	@6I  Maximum enhancement 
	BGF   Wash-out slope 
SAR  Specific absorption rate 
SGLT  Sodium-glucose linked transporter 
�9  Inter-pulse delay 
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@6I   Maximum transport rate 
�C  Pulse duration 

E6F  Duration of saturation period 
TCA  Tricarboxylic acid 
TIC  Time-intensity curve 
TSE  Turbo spin echo 
TTP  Time-to-peak 
�@6I   Maximum possible rate 
WASSR  Water saturation shift referencing 
WM  White matter  
�)   Fraction of solute protons with respect to water protons  
�   Saturation efficiency 
�� Chemical shift difference between solute proton pool and water 

proton pool, also referred to as saturation frequency offset in Z-
spectra 
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��� Introduction and aims 

Diagnosis of brain cancer is commonly accomplished by medical imaging modalities 
such as computed tomography (CT), magnetic resonance imaging (MRI) and positron 
emission tomography (PET). Tracers or contrast agents are often administered either 
to enable imaging or to improve the specificity and sensitivity of relevant morphological 
or functional image features. These substances can be radioactive (in PET), iodinated 
(in CT) or metallo-ionic complexed (in MRI). One example of functional imaging is 
perfusion MRI in the brain, where a gadolinium-based contrast agent is administered 
intravenously followed by dynamic MR image acquisition. Using model-based analysis 
of tracer kinetics, information about blood flow (perfusion), blood volume and blood-
brain barrier (BBB) permeability can be retrieved from the signal change over time, 
caused by the passage of the contrast agent. Such a temporal signal change is often 
referred to as a tissue response curve, and its characteristics depends on the specific 
contrast agent and method of imaging. The gadolinium-based contrast agents for MRI 
used today are considered safe but have been linked to the rare disease nephrogenic 
systemic fibrosis (1, 2) in patients with renal impairment. Additionally, gadolinium can 
accumulate in brain tissue (3-6) and bone (7) after repeated use. Furthermore, the 
diagnostic usefulness of conventional MRI contrast agent methods is restricted by the 
fact that not all tumours are contrast-enhancing (8). Also, the methods show limited 
ability to distinguish between low and high grade tumours (8, 9) and, most 
importantly, to distinguish true progression from pseudo-progression after treatment 
(10-13). Concerns regarding gadolinium have also been raised from an environmental 
point of view (14), as there is evidence of gadolinium pollution in water close to large 
imaging facilities (15). Hence, the implementation of new types of contrast agents and 
methods is desirable.  

Chemical exchange saturation transfer (CEST) MRI (16) is an emerging technique that 
can provide physiological information without the use of ionizing radiation or 
potentially toxic substances. The method exploits the naturally occurring chemical 
exchange of protons between molecules and enables the use of endogenous and/or 
biodegradable compounds as contrast agents. For instance, hydroxyl protons in natural 
sugar, D-glucose, can be labelled by a radiofrequency (RF) pulse, and the labelled 
protons are subsequently transferred to water, causing a measurable signal change in 
the images. D-glucose can thus act as a biocompatible CEST contrast agent to facilitate 
an approach named glucoCEST (17, 18). During the last ten years, MRI studies using 



����

glucoCEST or chemical exchange-sensitive spin-lock using D-glucose (glucoCESL 
(19)) have shown that information about microvasculature, BBB permeability and D-
glucose uptake in tumours can be obtained (17, 20-24). GlucoCEST provides a 
molecule-specific MRI contrast and has preclinically shown potential to differentiate 
between tumour phenotypes (17, 18). In humans, dynamic glucoCEST or glucoCESL 
(dynamic glucose-enhanced, DGE) MRI has been applied to brain tumour patients 
(20, 22, 24-26) and to human placenta (27). GlucoCEST has also been used in patients 
with head and neck cancer (28) and in preclinical Alzheimer’s disease models (29-31). 
Besides being safer than conventional contrast agents, and thus more suitable for 
application in sensitive patient groups such as children or patients with renal 
impairment, glucoCEST has potential for early detection of disease. In addition to its 
biodegradability, the advantages of D-glucose as an MRI contrast agent include low 
cost and high accessibility. 

The challenges in DGE MRI include small effect size, especially at clinical magnetic 
field strengths (25), and long scan durations. This makes DGE MRI vulnerable to 
patient motion, which can produce signal changes of the same order of magnitude as 
the true CEST signal (32). Furthermore, the mechanism and compartmental origin of 
the glucoCEST contrast in the human brain images is not yet fully understood, 
complicating the interpretation of DGE MRI tissue response curves. In the research 
conducted for completion of this thesis, some of these challenges were addressed.  

In resemblance to gadolinium-based perfusion MRI, dynamic tissue response curves 
are also measured in DGE MRI. Such curves can provide information on the 
underlying physiology, for example by estimation of perfusion-related parameters. The 
acquisition, extraction, characterization, and interpretation of dynamic response curves 
can be considered as one of the central topics of this thesis. In summary, the work 
proceeds through increasingly advanced levels of analysis of DGE MRI tissue response 
curves. Papers I and II focus on visual analysis of images and DGE MRI tissue response 
curves. In Paper III, a deeper analysis of response curve shapes was performed, and in 
Paper IV the complexity was increased further by utilizing kinetic modelling. 

The aim of the study in Paper I, was to implement DGE MRI in healthy volunteers at 
7 T, to investigate the feasibility of measuring arterial input functions (AIFs), and to 
compare the AIFs to the time dependent changes in venous blood glucose level to 
examine the relationship between DGE MRI signal and blood glucose concentration. 
The objective of Paper II was to take a step towards clinical implementation by 
performing DGE MRI in healthy volunteers at 3 T, and to optimize the glucoCEST 
scanning protocol at 3 T. An additional aim was to investigate the choice of glucose 
infusion rate. In Paper III, the aim was to develop a data analysis approach based on 
tissue response curve shapes, and to analyze the results in terms of spatial as well as 
temporal differences and similarities between D-glucose and gadolinium enhancement 
in brain tumours. Finally, in Paper IV, the knowledge gained from the previous work 
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(Paper I – Paper III), and from MR spectroscopy (MRS) and nuclear medicine 
literature, was used to develop, validate, and apply a kinetic modelling method for DGE 
MRI, with the goal to gain insight into the compartmental origin of the DGE MRI 
signal and to obtain more detailed physiological information. 

The general aim of this thesis was to develop and apply the glucoCEST MRI method 
in healthy volunteers and brain tumour patients in order to evaluate its potential for 
combined imaging of perfusion, BBB permeability and cellular uptake in tumours.  
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���Chemical exchange saturation 
transfer MRI 

Chemical exchange saturation transfer magnetic resonance imaging is a long name that 
may seem intimidating at first glance, especially if you are not an MR physicist. To 
prevent you from stop reading immediately, we will start by breaking this grotesquely 
long name into pieces to try to understand what is actually in there.  

Chemical exchange is a process in which atoms or molecular groups move physically 
between different molecular environments. For instance, weakly bound protons in 
different molecules can switch places with each other.  

To understand what saturation means, we first need to understand a bit more about 
magnetic resonance imaging. The theory and principles behind MRI will not be 
discussed in detail in this thesis. For the sake of space, only a very simplified and brief 
explanation will be provided: In MRI, we are usually detecting the signal from 
hydrogen nuclei, protons, in water. When placed in an external static magnetic field 
with magnetic flux density (%�), the protons create a net magnetization vector that is 
parallel to the direction of %���In addition, the proton magnetic dipoles will perform a 
circular motion, precession, similar to a gyroscope, around the direction of %�. The 
precession frequency, also referred to as the resonance frequency, depends on the 
strength of %� and is also specific for a given nuclide as determined by its gyromagnetic 
ratio (;). The measured signal, which is used to form the MR image, is proportional to 
the net magnetization vector. However, the net magnetization is not detectable when 
aligned with the much larger %�, why the first step in creating an image is to tip the 
net magnetization vector away from the %� direction towards the transverse plane 
(perpendicular to %�) where it can be distinguished from %�. This is called excitation 
and can be achieved by applying an alternating electromagnetic (EM) field with a 
frequency that matches the resonance frequency. For hydrogen nuclei, the resonance 
frequency is in the RF range and the short-lived EM field used for excitation is therefore 
referred to as an RF pulse. 

Saturation is a general term used when the detectable signal is reduced, due to a reduced 
magnitude of the net magnetization vector, which can for instance be accomplished 
with long RF irradiation (of the order of -� or longer). Due to microscopic differences 
in the magnetic environment caused by variabilities in electron shielding, protons will 
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experience slightly different resonance frequencies. In this manner, certain proton pools 
can be selectively saturated, and, at the subsequent excitation, there will be no residual 
parallel net magnetization to tip down to the transverse plane when creating the image. 
The measured signal from saturated proton pools will thus be negligible. 

The word transfer refers to the transfer of magnetization, or as in the case of CEST, 
more specifically transfer of saturation. If one proton pool (magnetic environment) is 
saturated, and if the protons in this pool are exchangeable (weakly bound), the chemical 
exchange process will result in protons moving from this pool to another pool. The 
saturation will thus be transferred from the first pool to the second. In CEST, the first 
pool represents protons in a compound present in small concentration in solution. The 
second pool is the much larger water pool (solvent), which is used to generate the signal 
that forms the MR image.  

Putting all the words back together, chemical exchange saturation transfer MRI is an 
imaging approach in which a proton pool in a molecule of interest is labelled 
(saturated), after which these protons spontaneously switch places with protons in water 
(a process called chemical exchange), resulting in a transfer of saturation to the water 
signal. This process repeats itself during the RF irradiation, thereby increasing the 
saturation of the water pool. A signal reduction can then be measured in the MR image 
in regions where the molecule of interest is present. This process allows for detection 
of molecules present in low concentrations, which cannot be detected directly using 
excitation or saturation. Throughout this chapter, the principles and contrast 
mechanisms behind CEST are discussed, and a brief overview of CEST MRI 
applications is given. 

2.1  Magnetization transfer 
The term magnetization transfer (MT) includes chemical exchange, as well as other 
processes that are important for understanding and interpreting CEST MRI.  

Magnetic dipoles, such as hydrogen protons in water, can interact through so-called 
dipolar coupling. The strength of this coupling depends on the relative orientation and 
distance between the protons. Magnetization can be transferred between neighbouring 
protons that interact through dipolar coupling; a process called cross-relaxation. 
Saturation can thus be transferred not only between molecules, but also between 
protons within molecules, since one spin pool can affect an adjacent coupled spin pool 
through cross-relaxation. This is different from chemical exchange in that only 
saturation is transferred, while the protons themselves keep their positions. The cross-
relaxation effect increases with decreasing molecular motion and is therefore more 
effective in semi-solids than in aqueous tissues. Nuclear Overhauser enhancement 
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(NOE) is such an effect, where cross-relaxation due to dipolar coupling causes 
polarisation or saturation to spread through a molecule. This process is also sometimes 
called spin diffusion.  

Saturation can be transferred intra- or intermolecularly by pure cross-relaxation, or 
through a combination of NOE and exchange, so called relayed NOE (rNOE), and 
can take many forms. Exchange-relayed NOE represents a process where saturation is 
transferred to a macromolecule via proton chemical exchange from a water molecule, 
followed by spin diffusion relaying the saturation throughout the molecule. In the 
reverse process, NOE-relayed exchange, a proton pool in a macromolecule is saturated, 
whereafter the saturation spread through the molecule by cross-relaxation before finally 
being transferred to a hydrogen proton in water via chemical exchange. 

Semi-solid macromolecules with reduced mobility, for example, in membranes or 
myelin, exhibit strong dipolar intramolecular coupling (with coupling constants in the 
order of 10 kHz) and have short -� (microsecond range). Because of the dipolar 
coupling, these molecules give rise to resonances over a broad frequency range, allowing 
for saturation of the semi-solid proton pool by an RF pulse applied at a frequency 
outside the proton spectral range of solutes in liquids (1-10 ppm in MRS, or ±5 ppm 
around the water frequency). Such far off-resonance (different from the water 
resonance frequency) saturation leaves mobile molecules unaffected, but saturation will 
be transferred to the water pool through the processes described above. Similarly, 
excitation of this far off-resonance component will lead to fast signal decay (due to the 
short -�), which is another type of signal saturation. Both selective irradiation and 
pulsed saturation can be used to create images with magnetization transfer contrast 
(MTC) caused by dipolar interactions between water protons and protons in solid-like 
macromolecules. MTC dominates in semi-solid tissues, while CEST dominates for 
mobile molecules. 

2.2  CEST principles and contrast mechanisms 
As already stated, the standard MRI signal is based on water. Due to variations in the 
local molecular magnetic environment, protons in a target molecule other than water, 
for example D-glucose, show a slightly different resonance frequency than the hydrogen 
protons in water, allowing for selective RF saturation. In CEST MRI, this particular 
frequency difference is often expressed as the chemical shift difference (!�) in parts per 
million (ppm) relative to the water resonance frequency. In this manner of referencing, 
the chemical shift difference of a certain exchangeable proton pool will be the same, for 
example, 2 ppm, regardless of field strength. The target compound, often referred to as 
the solute, is present in low concentrations in vivo (�M or mM) compared to water 
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(111 M), and his makes direct detection of the solute difficult. However, if the solute 
protons are exchangeable, the saturation can be transferred to water via chemical 
exchange (33), producing a modest reduction of the water signal (16, 34). In the 
exchange process, protons from the saturated solute pool are continuously being 
replaced by protons from the unsaturated water pool. While the RF irradiation is on, 
this ongoing chemical exchange process and the resulting continuous transfer of 
saturation will lead to a build-up of saturation in water and ultimately a measurable 
signal attenuation in the MR image. The degree of saturation of the water signal as a 
function of saturation frequency offset from water frequency is referred to as a Z-
spectrum (35). The chemical exchange saturation transfer process and a Z-spectrum are 
schematically illustrated in Figure 2.1. Note the convention based on MR spectroscopy 
that the higher frequency is to the left. Contrary to MRS, the frequency scale in the Z-
spectrum is referenced to the central water frequency, in CEST assigned the value 0 
ppm (4.75 ppm in MRS). Thus, positive saturation frequency offsets are placed to the 
left and negative offsets are placed to the right of the water frequency. 
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The CEST effect depends on solute concentration, solute proton exchange rate, RF 
magnetic field strength (%�), saturation duration and longitudinal relaxation time of 
water (25, 36, 37). The CEST mechanism can be described theoretically by the Bloch-
McConnell equations (38). These equations modify the standard Bloch equations by 
incorporating magnetization transfer processes between two spin pools. As described 
by, for example, van Zijl and Sehgal (39) the analytical solution to the Bloch-
McConnell equations can under the assumption of slow exchange on the NMR time 
scale, no back-exchange of saturated protons, and no direct saturation of water, be 
simplified to Eq. 2.1a. This equation designates the proton transfer ratio (PTR), which 
can be derived from the ratio of the saturated signal ,E6F and the non-saturated 
reference signal ,�, representing the CEST effect.  

 
��	 B ,E6F,�

B 8) A : A 4 , A -�+ A K� ? 1
�4��� 4��K L�� (Eq. 2.1a) 

Here, 8) B L ,�"�%! ��# �'(&*&%)M
L+�* (�'(&*&%)M  (the concentration of solute protons relative to water 

protons), : is the saturation efficiency as described by Eq. 2.1b, 4 , is the proton 
exchange rate from solute to water, -�+ is the longitudinal relaxation time of water and 
-)�* is the saturation duration. The saturation efficiency, :, depends mainly on %� and 
4 ,, and can be approximated by:  

 : C G;%�H�
G;%�H� > G4:IH�

�� (Eq. 2.1b) 

: B � for a fully saturated proton pool, and : B � for a totally unsaturated proton 
pool. 

For successful CEST detection, the exchange rate should be in the slow (4:I $ !�) 
to intermediate (4:I C !�) range on the NMR time scale (16). The chemical shift 
difference with water must be large enough for the solute protons to be selectively 
saturated, thereby minimizing direct saturation of water. As seen in Eq. 2.1a, the CEST 
effect increases with the exchange rate. However, the exchange rate should not be too 
high as the solute protons must be given time to become sufficiently saturated before 
they exchange. In summary, the optimal exchange regime for selective saturation is 
when the chemical shift difference between the proton pool frequency and the water 
proton pool frequency is equal to or greater than the exchange rate (16, 39),  

!� D�4:I�� (Eq. 2.2) 

where !� is the chemical shift offset, i.e. the difference in resonance angular frequency 
between solute and water in radians/second and 4:I is the chemical exchange rate in  
s-1. If the exchange rate is fast compared to the chemical shift, the frequency specificity 



� ���

will be lost (signal coalescence), and separation of the individual solute resonances from 
water will not be possible. Too slow an exchange would mean that very few exchanges 
occur, and thus no detectable CEST effect. Numerical examples of exchange rates and 
chemical shifts for hydroxyl protons in glucose at different %� are shown in Chapter 
4.1.1. 

To understand the coalescence of the solute and water resonances, consider an NMR 
spectrum of two exchanging proton pools at two different resonance frequencies. If the 
exchange is slow, the separate resonances (peaks) for the two pools are visible. When 
the exchange rate increases, so does the line width of the peaks. As the exchange rate 
increases to the intermediate regime, the peaks of the exchanging pools start to coalesce. 
At fast exchange rates, the two peaks will merge into one single peak centred at the 
average resonance frequency of the two peaks, and this peak will narrow as the exchange 
rate increases (the averaged value is getting more precise).  

The CEST effect strongly depends on magnetic field strength, which can be understood 
from Eqns. 2.1a and 2.2. The separation between the solute and water resonances 
increases with field strength, and such an increase in spectral resolution reduces the 
contribution from direct water saturation (37, 40). A larger chemical shift difference 
allows for detection of compounds with faster exchange rates, which is also beneficial 
for the CEST effect. Moreover, the longer -� at higher magnetic fields (41, 42) allows 
the saturation to remain for a longer period of time (39).  

The CEST effect also depends on temperature and pH. Peak coalescence increases with 
increased temperature, because the faster movement of the molecules leads to an 
averaged resonance frequency instead of separate peaks. The pH dependence of the 
exchange rate is rather complicated but depends on electrostatic field effects affecting 
the ionic binding (43) and the presence of catalysts, which in turn affect the probability 
of exchange. A change in pH may accelerate or inhibit proton exchange, depending on 
whether the exchange is base, acid or buffer catalysed. The exchange rates of protons in 
a solution can be described as the sum of the effects of acid catalysed exchange, base 
catalysed exchange, buffer-catalysed exchange, and other possible contributions (44). 

An in vivo Z-spectrum includes contributions from direct water saturation as well as 
several types of MT (CEST, NOE and MTC), depending on %� and magnetic field 
strength %�, but also on the tissue constituents because of the differences in molecular 
motion and interactions between, for example, immobile macromolecules and free 
water. The shape of the Z-spectrum can therefore provide information about the tissue 
environment. Altered tissue properties, in, for example, ischaemia or tumours, affect 
the type of MT, and therefore also the Z-spectrum and the PTR (45, 46). 

The semisolid saturation transfer effects (MTC) are often assumed to be symmetric 
around the water frequency, an assumption that might not always be true (37). MTC 
creates a broad background throughout the entire Z-spectrum and is slightly 
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asymmetric, especially in white matter due to the average resonance frequency of myelin 
aliphatic protons (47). The relative contributions of CEST, NOE and MTC change 
with %�, with the MTC increasing more strongly. Hence, it is complicated to 
determine the relative contribution of each MT process in a given Z-spectrum. The 
direct water saturation line shape can be assumed to be symmetric around the water 
resonance frequency, and the DS contribution can thus be removed by performing 
magnetization transfer ratio asymmetry (��	�)-$) analysis, as described in Eq. 2.3. 

��	�)-$ B ���	G!=H ? ��	G?!=H B� 
,� ?�,)�*G!=H�

,�
?�,� ?�,)�*G?!=H,�

B ,)�*G?!=H ?�,)�*G!=H,�
� 

(Eq. 2.3) 

where ,)�*G!=H is the signal at one positive saturation frequency offset, ,)�*G?!=H is 
the signal at the corresponding negative frequency offset, and ,� is the signal without 
saturation. ��	�)-$ analysis does not isolate the CEST effect entirely, because all 
asymmetric effects will contribute, such as for example rNOEs from aliphatic protons 
on the negative side in the Z-spectrum.  

In summary, CEST MRI can provide molecule-specific image contrast based on 
saturation transfer between molecules having proton pools with different resonance 
frequencies. This makes CEST comparable to MRS, but CEST has higher sensitivity 
because of indirect detection through the much larger water pool. However, CEST is 
less specific than MRS, because of the much broader resonances of the exchanging 
protons.  

2.3  CEST imaging 
A CEST MRI pulse sequence consists of two main blocks: saturation (RF preparation) 
and image acquisition. In the saturation part, a series of RF pulses or continuous wave 
RF irradiation is applied at one or multiple frequency offsets relative to water, with the 
total duration -E6F often being of the order of seconds. In the pulsed approach, each 
RF pulse has a duration 6C and is separated by an inter-pulse delay 69, thereby together 
resulting in a total saturation duration -E6F. As seen in Eq. 2.1a, the CEST effect 
increases with -E6F. Increased RF field strength, %�, increases the CEST effect as well 
as the MTC contribution, as illustrated by the simulated Z-spectra as a function of %� 
in Figure 2.2. In vivo, %� is limited by RF hardware and by specific absorption rate 
(SAR) restrictions. Therefore, pulsed saturation is often chosen over a continuous wave 
approach.  
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In a CEST experiment, several saturation parameters need to be optimized, depending 
on application and field strength. As an example, solutes with fast exchange rates require 
higher saturation strength %� for effective saturation (48), also seen in Eq. 2.1b. The 
saturation parameters used in Papers I – III are shown in Table 2.1, and serve as an 
example of the typical order of magnitude for these parameters. CEST protocol 
optimization and the choice of saturation parameters are also discussed in Chapter 6.
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The image acquisition part is performed after the saturation block using fast acquisition
techniques, such as turbo spin echo (TSE), used in Paper II, gradient echo (GRE), used 
in Papers I & III, or echo-planar imaging (EPI) (49). Different sorts of acceleration 
approaches and undersampling techniques have been proposed in CEST imaging (49-
56). However, a detailed description of such techniques is beyond the scope of this 
thesis.
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2.4  CEST applications in the brain 
CEST MRI was first demonstrated by Ward et al. in 2000, and the exchange rates and 
chemical shifts of a number of compounds were evaluated under physiological pH and 
temperature conditions to determine their suitability as exogenous contrast agents for 
CEST MRI (16). In theory, almost any compound including a chemical group with 
exchangeable hydrogen protons is suitable for CEST imaging. The ideal CEST contrast 
agent has a large chemical shift difference and obeys Eq. 2.2. For imaging in humans, 
it should preferably be an endogenous or non-toxic exogenous substance. Suitable 
proton groups in such compounds are hydroxyl (-OH), amide (-NH) and amine (-
NH2), showing chemical shifts of the order of 0-3.5, 3.5 and 2-3 ppm relative to water, 
respectively (36). Although many potential CEST contrast agents exist, development 
of exogenous agents has mainly been focused on drugs in clinical use or agents already 
approved for other imaging methods (57). 

The first brain tumour CEST method based on an endogenous compound was 
introduced in 2003 by Zhou et al. (45), who showed that mobile proteins in millimolar 
concentrations could be detected in rat glioma. This technique called amide proton 
transfer-weighted (APTw) MRI was also the first technique to make it into the clinic, 
as it recently became an FDA-approved product (58). APTw MRI has been studied 
extensively during the last two decades, and the applications include detection and 
grading of brain tumours (59-66), genetic marker identification (67-70), separation of 
treatment effect (e.g. radiation necrosis) from tumour recurrence (71-74), as well as 
prognostic estimation of tumour progression and survival (75, 76). APTw MRI has 
also been used for imaging of ischemic stroke because of the reduced pH in ischemic 
regions, causing a reduction in the proton exchange rate, which in turn leads to a lower 
APTw signal (46, 77, 78). APTw MRI has a strength in that it is completely non-
invasive since it relies on endogenous effects such as increased protein concentrations 
in tumours. As discussed in the previous two sections, the CEST contrast depends 
strongly on the RF parameters used, which will lead to varying relative contributions 
of saturation transfer effects in the Z-spectrum. This is the reason for the ‘w’ in APTw 
MRI – the detected signal is merely APT-weighted. 

Exogenous compounds have included different sorts of sugars (57). These are 
administered intravenously as biodegradable contrast agents for tumour visualization 
and to obtain information about glucose delivery, transport, and metabolism. This 
technique, dubbed glucoCEST, is the focus of this thesis and is therefore described in 
further detail in the following chapters.  

�  
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���Glucose in the brain 

The CEST MRI method has now been introduced, together with its potential and 
challenges. Throughout the next few chapters, the how’s and why’s of using glucose as 
a CEST contrast agent will be discussed, but first a short introduction to glucose 
physiology in the normal and diseased brain will be given. 

The human brain is fuelled primarily by D-glucose and a continuous and well-regulated 
supply is essential for normal function. An adult human brain consumes approximately 
5.6 mg D-glucose per 100 g brain tissue per minute (79). This means that the brain of 
a healthy adult consumes around 100 g of D-glucose per day. In this chapter, we will 
follow the journey of D-glucose from blood to brain, until it meets its final destiny 
within the cells, where it is metabolized. The administration of D-glucose, i.e. how it 
gets into the blood stream, will not be discussed. However, the path and fate of glucose 
will be the same, regardless of whether it is ingested or injected intravenously. The 
delivery of glucose to the brain tissue is driven by the lower concentration of D-glucose 
in the brain relative to blood. This concentration difference is maintained by the 
continuous metabolism of D-glucose within the brain cells.  

Hypoglycaemia is defined as blood D-glucose levels below 3.9 mM (70 mg/dL), while 
the normal fasting blood D-glucose levels (normo- or euglycemia) are between 3.9 and 
6.1 mM (110 mg/dL) (80). Hyperglycaemia (> 6.1 mM) leads to increased insulin 
secretion, and subsequently to increased D-glucose uptake in muscles and in the liver, 
which leads to lower blood D-glucose level. The arterial D-glucose concentration is 
higher than the venous, and the D-glucose extraction fraction (GEF) in the brain is 
around 0.11 (81-83). 

The brain and the central nervous system are protected from potentially harmful 
substances by the BBB, which carefully regulates the transport of substances between 
blood and brain. The BBB consists of the two endothelial membranes situated on each 
side of the endothelial cell layer which line the brain capillaries. A simplified illustration 
of the BBB and a brain capillary is shown in Figure 3.1.  

�  
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3.1 Cerebral D-glucose transport and metabolism
Glucose circulates in the blood and reaches the brain extravascular extracellular space 
(EES) via transporter proteins, primarily glucose transporter 1 (GLUT1) in the 
endothelial cells of the BBB, meaning that glucose does not diffuse freely from blood 
to brain, and the transport can become saturated. The transport between blood and 
brain is bidirectional, and GLUT1 is asymmetrically distributed between the luminal 
(blood-facing) and abluminal (brain-facing) membranes of the BBB (84), with a higher 
abundance in the abluminal membrane (85, 86), as indicated in Figure 3.1. The ratio 
of GLUT1 on the abluminal and luminal sides has been hypothesized to change during 
various physiological conditions, leading to changes in the glucose transport rate over 
the BBB (84).
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The cerebral influx rate of glucose depends on the concentration gradient between 
blood and brain (79), meaning that the GLUT-mediated transport tends towards 
concentration equilibrium, and the net flux of glucose over a membrane is zero in the 
absence of a concentration gradient (87). The glucose transport over the BBB and into 
the brain is increased by neural activation (88, 89), in response to the increased energy 
consumption. At rest, however, cerebral metabolism can be regarded as constant. 
Throughout this thesis, only the resting brain (i.e. baseline activity) will be considered, 
which is a valid assumption for the experimental conditions.  

After crossing the BBB into the EES, glucose is further transported into the different 
types of brain cells, where it is metabolized. As shown in Figure 3.1, glucose enters 
astrocytes/glial cells via GLUT1 transporters, and neurons by GLUT3 transporters. 
GLUT1 and GLUT3 are the predominant glucose transporters in the brain (84, 85, 
90), but other GLUTs, such as GLUT5 which is the major transporter in microglia, 
partake in glucose transport throughout the neurovascular system. GLUTs are sodium-
independent transporters, and in addition to these there are also sodium-dependent 
transporter proteins, referred to as sodium-glucose linked transporters (SGLT). These 
can transport glucose against the concentration gradient, because the driving force is 
the flux of sodium which is directed opposite to the flux of glucose (85). However, the 
presence of SGLTs has not been established in the brain (85). For our purposes, it is 
therefore enough to consider only the major transporters in BBB and astrocytes 
(GLUT1) as well as in neurons (GLUT3).  

Inside the cell, the first step of the glycolysis (the metabolic pathway of glucose) is the 
conversion from glucose to glucose-6-phosphate (G-6P), catalysed by the enzyme 
hexokinase I (HK). G-6P cannot exit the cell and more glucose will be drawn into the 
cell to preserve the concentration ratio. This first irreversible step of the glycolysis is the 
rate-limiting step but also the driving force in cerebral glucose transport. Hexokinase 
actions are saturated at brain glucose levels >1 mM, so the rate of glucose metabolism 
is maximal and independent of the plasma glucose concentration under normal 
conditions. The glucose utilization, or cerebral metabolic rate of glucose (&)+;?8), in 
the healthy adult resting brain is around 0.3 �mol/g/min (81, 91-95). The combination 
of stable transport over BBB and the constant metabolism ensures that brain glucose 
availability always satisfies the energy demand/glucose requirements. The end product 
of glycolysis is pyruvate, and in normal cells, most of the pyruvate is converted into 
acetyl-CoA. Finally, 36 adenosine triphosphate (ATP) per glucose are produced by the 
tricarboxylic acid (TCA) cycle and oxidative phosphorylation of acetyl-CoA, giving 
CO2 as the end product (96, 97).  
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3.1.1 D-glucose transport and metabolism in cancer 
In the absence of sufficient oxygen, pyruvate is instead metabolized into lactate, in so-
called anaerobic glycolysis, and only two ATP per D-glucose are produced. Cancer cells, 
due to higher metabolic rate, change from oxidative to mainly anaerobic metabolism, 
a process referred to as the Warburg effect (98). This favours cell division but produces 
significantly less energy per glucose molecule (only two ATP per glucose molecule). 
The Warburg effect leads to an increased glucose demand in tumours, to an 
overexpression or upregulation of GLUTs in tumour cells (99, 100), and to increased 
vascularization and thus a higher blood volume in the tumour. The rate of glucose 
influx can be 20-30 times higher than in normal cells (96). As will become clear in the 
next chapter, two consequences of the Warburg effect are particularly relevant from a 
glucoCEST point of view, i.e. (i) the increased lactate production, which lowers pH in 
the regions surrounding the tumour cells (the EES) but not in the cells themselves, and 
(ii) the increased glucose demand of the tumour, together with the increased vascular 
volume.  

3.1.2 Regional glucose concentrations  
Under steady-state conditions, the D-glucose concentration in brain tissue is around 
20-25% of that in arterial plasma (79, 88, 101). However, in the case of malignancy, 
such as brain tumours with BBB breakdown, more glucose may enter the brain tissue 
via free diffusion, leading to an increased D-glucose concentration, especially in the 
EES. Separate estimation of extra- and intracellular concentrations is complicated with 
methods such as MRS and PET, and most studies have only estimated total brain tissue 
concentrations. This will be further discussed in Chapter 8. 

Intracellular D-glucose concentrations can be measured in single cells by nanosensors 
(87). Zhang et al. used a polymer-based glucose sensor to measure intracellular D-
glucose concentrations in vitro (102) (HeLa cells) at two different extracellular 
concentrations, 10 mM and 25 mM. Initially, starved cells had an intracellular D-
glucose concentration of 0.12 mM, which later increased to 0.20 mM at both 
extracellular concentrations. In astrocytes, intracellular D-glucose concentration has 
been estimated to 0.63@0.30 mM using a protein-based glucose sensor and 2 mM 
extracellular D-glucose concentration (87). 

The D-glucose concentration in cerebrospinal fluid (CSF) is linearly related to the 
plasma D-glucose concentration (103) and can reach 15 mM under hyperglycaemic 
conditions (104). The CSF to plasma D-glucose ratio is around 0.6 – 0.65 (103), and 
this ratio increases at hypoglycaemia, but is not affected by hyperglycaemia (103). 
Similar to blood-to-brain D-glucose transport, the D-glucose transport route from 
blood to CSF is believed to be carrier-mediated (104) and saturable (105). 
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���GlucoCEST 

As introduced in Chapter 2, CEST MRI is a novel MR imaging approach that 
combines the specificity of MRS with the sensitivity of MRI. It allows for detection of 
any compound with exchangeable protons, opening the door for using endogenous or 
exogenous natural compounds as MRI contrast agents. One such compound is D-
glucose, which is promising as a contrast agent due to its biodegradability and kinetic 
properties, as described in Chapter 3. In this chapter, CEST and D-glucose will be 
combined, and the result is glucoCEST, the method that is the cornerstone of this 
thesis. The use of sugars as CEST contrast agents will be discussed in this chapter, while 
the application and implementation of glucoCEST in humans will be introduced in 
Chapter 6. 

4.1  Glucose as a CEST contrast agent 
D-glucose is the most frequently used sugar in DGE MRI. It is the same sugar that 
exists in the food that most of us eat every day, and it is also approved for intravenous 
injection in, for example, glucose tolerance testing. Hence, the emphasis of this chapter 
will be on the use of D-glucose as a CEST contrast agent. As will be seen by the end of 
this chapter, CEST using glucose analogues has been proposed, but these methods are 
still in their infancy, mainly due to potential toxicity or lack of FDA-approval. 

4.1.1 D-glucose  
D-glucose, the naturally occurring form of glucose (C6H12O6), has five exchangeable -
OH protons. The chemical shift differences and the exchange rates for the -OH protons 
are summarized in Table 4.1. The exchange rates are in the intermediate to fast 
exchange regime at the common magnetic field strengths used for human CEST 
imaging (3 and 7 T), leading to coalescence of all the glucose -OH proton resonances 
(25, 106). This violates Eq. 2.2 and is one reason for the low glucoCEST effect at 3 T 
compared to higher field strengths.  

D-glucose occurs in a cyclic form and thus two anomers, differing in the direction of 
how one of the -OH groups is placed on the first carbon. These anomers, referred to as 
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alpha (�) and beta (�), have different chemical shifts, and the ratio �:� is 0.36:0.64 
(106, 107), but depends on the pH and temperature of the glucose solution.  
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Because of the fast exchange, the hydroxyl resonances, which would be seen as troughs 
in the Z-spectrum at 0.66, 1.28, 2.08 and 2.88 ppm, cannot be detected at 3 T at 
physiological pH. Instead, all the glucose hydroxyl protons will together cause an 
asymmetric broadening in the line shape of the Z-spectrum (25), as illustrated in Figure 
4.1. In other CEST approaches, such as APTw MRI, MTRasym analysis (Eq. 2.3) is 
commonly used to remove other magnetization transfer effects as well as direct water 
saturation contributions. Due to the coalescence of glucose with the water resonance 
frequency, leading to the appearance of D-glucose effects also on the negative side of 
the Z-spectrum (25, 106), asymmetry analysis is not the optimal choice of method in 
glucoCEST imaging since it would reduce the effect size. However, by studying the 
signal at one particular frequency offset before and after D-glucose administration, for 
example, by selecting 2 ppm, it becomes evident that in principle only a single 
saturation frequency offset is needed for glucoCEST imaging, as illustrated in Figure 
4.1.  
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In a typical glucoCEST experiment, D-glucose is given intravenously during image 
acquisition, allowing for dynamic detection of the signal change caused by D-glucose. 
This is referred to as dynamic glucose enhanced (DGE) (20, 21) MRI. An experimental 
setup for DGE MRI is illustrated in Figure 4.2. One or more non-saturated images ,�
are acquired, followed by images saturated at one chosen frequency offset, for example,
1.2 or 2.0 ppm for D-glucose. After a predefined time period, D-glucose is injected. 
The images before the start of the injection are averaged to form a baseline image. 
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DGE maps are usually calculated by taking the difference between the baseline ,76E: 
and each post-infusion image ,G6H, normalized to ,� or ,76E:, as explained by Figure 
4.3 and Eq. 4.1.  

 
����G�H�I J B �,76E: ? ,G6H,�����,76E:

B !,G6H
,�����,76E:

A ��� �� (Eq. 4.1) 

In this manner, the signal change caused by D-glucose can be studied as a function of 
time. Figure 4.3 also includes an illustration of such a dynamic response curve.  

A simple analysis approach commonly used in DGE MRI is to calculate the area-under-
curve (AUC) of the DGE MRI signal for a time interval !6 B 6� ? 6�, as shown in Eq. 
4.2. 

 ��� B �F ����G�H
F�

F�
��������$ �% B

�
*F ����G�H

F�

F�
�� (Eq. 4.2) 

where * is the number of images in the time interval !6. 
In DGE maps, a positive signal change represents an increased D-glucose concentration 
in the voxel. As indicated by Eq. 2.1a, the signal change is assumed to be proportional 
to the change in D-glucose concentration, at least at the concentrations relevant for in 
vivo DGE imaging (17, 40). At higher concentrations, the situation is complicated by 
back-exchange of saturated protons, limiting the effect on the water signal (57). 
However, as mentioned above, the exchange rate depends on pH (44). A lower pH 
level results in a higher glucoCEST effect, since the exchange rate will decrease towards 
the more favourable intermediate exchange regime, allowing for more effective 
saturation. This is apparent from Table 4.1 and signifies that even if two regions have 
similar D-glucose concentrations, different DGE MRI signals can be measured if the 
pH levels differ between these regions. While this complicates the relationship between 
D-glucose concentration and CEST-signal, the pH dependence can also be 
advantageous in, for example, tumour visualization, where most signal originates from 
the extravascular extracellular space, which often has a lower pH due to cellular export 
of lactate (17, 108).  
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As discussed in Chapter 2, the CEST effect also depends on %�. A higher %� increases 
the CEST effects but also increases contributions from direct saturation and MTC, 
seen as a broadening of the Z-spectrum (36), also shown in Figure 2.2. The strength of 
%� would also potentially be restricted by SAR limitations in vivo and duty cycle 
limitations of the hardware. The optimal %� for DGE MRI depends on the 
experimental settings, for example, saturation frequency offset and saturation duration, 
so a higher %� can typically be used at higher magnetic field strengths because of the 
reduced interference from direct water saturation (25). Paper II included optimization 
of the DGE MRI protocol at 3 T, in terms of saturation frequency offset and %�, as 
well as D-glucose infusion duration. This will be further discussed in Chapter 6. To 
date, no consensus for glucoCEST MRI has been established, but optimal saturation 
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schemes for different field strengths, based on simulations, have been published (25, 
106). 

The chemical exchange between D-glucose and water affects the observed transverse 
relaxation rate, R2 = 1/T2, of water, in that T2 decreases with increased D-glucose 
concentration (109, 110). This results in a broadening of the Z-spectrum upon glucose 
administration, as illustrated in Figure 4.1. An advantage of the DGE MRI approach 
over the asymmetry analysis is that this symmetric contribution will be preserved in the 
calculation of ����G�H, which will increase the measured DGE MRI signal. This is 
especially important at lower field strengths, where the coalescence of the glucose 
resonances with water is more pronounced. The single saturation frequency offset 
approach also improves the temporal resolution significantly, allowing for 
measurement of dynamic response curves.  

As we will see in Chapter 5, the compartmental origin of the glucoCEST signal in vivo 
is not yet fully established, and sugars other than D-glucose may facilitate the 
elucidation of the origin of the glucoCEST signal. It is therefore relevant to briefly 
address the properties and kinetics of some other sugar types in this context (see also 
later chapters). The molecular structures of the introduced sugars are shown in Figure 
4.4.  
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4.1.2 2-deoxy-D-glucose (2-DG) 
The 2-deoxy-D-glucose (2-DG) (C6H12O5) type is similar to D-glucose, with just one 
structural difference in that the hydroxyl group on the second carbon is replaced by a 
hydrogen atom. 2-DG is initially carried through the same transport steps and 
metabolic pathways as D-glucose, but after phosphorylation by hexokinase to 2-
deoxyglucose-6-phosphate (2-DG-6P) in the cell, it cannot be metabolized further. The 
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reason is that the difference in structure prevents isomerisation to fructose-6-phosphate 
and therefore halts the metabolism (111).  
18F-FDG, or 2-deoxy-2-[18F] fluorodeoxyglucose is a deoxyglucose analogue that is 
similar to 2-DG, but the hydroxyl group which is replaced by hydrogen in 2-DG is 
instead replaced by the radionuclide fluorine-18. FDG also stops after phosphorylation 
to FDG-6P, and a so-called lumped constant is used in kinetic analysis of PET data to 
account for the different transport and metabolic properties of D-glucose and FDG. In 
general, the accumulated FDG-6P (or basically the measured radioactivity) at a certain 
timepoint post-infusion is assumed to be proportional to the glycolytic rate (i.e. the 
metabolism). Hence, both FDG and 2-DG reflect metabolism, and high-grade 
tumours typically show a higher concentration of 2-DG-6P and FDG-6P, due to their 
high glucose demand leading to increased GLUT expression and hexokinase action. 

Both 2-DG and FDG compete with D-glucose for the available hexokinase and will 
therefore eventually inhibit glycolysis, since 2-DG-6P is accumulated in the cell. This 
will inhibit the metabolism of D-glucose and therefore ultimately induce cell death. 
These sugars are therefore toxic and can only be administered in trace amounts in 
humans. Hence, they are not suitable as CEST contrast agents (112), because of the 
high doses needed to obtain sufficient CEST effect. Nevertheless, 2-DG has been used 
in preclinical CEST (113) and CESL (114) MRI studies.  

4.1.3 3-O-methyl-D-glucose (3-OMG) 
The 3-O-methyl-D-glucose (3-OMG) (C7H14O6) type is structurally similar to glucose, 
but has one methyl group (-CH3) instead of the hydrogen of the third -OH group. It 
uses the same transporters as D-glucose and will therefore compete with glucose over 
the available transporter proteins. Hence, administration of 3-OMG can lead to a 
transient decrease in D-glucose concentration in the EES (112). 3-OMG is not 
phosphorylated but accumulates in the cell after transport, as well as in the EES. 3-
OMG can therefore be used to assess glucose transport over the BBB and into the brain 
(115), and to measure steady-state tissue glucose concentration (81).  

3-OMG has been used as a contrast agent for dynamic preclinical CEST imaging of 
breast tumours (116) and brain tumours (117) in mice. In the latter study, the contrast 
enhancement in tumour was approximately twice as high for 3-OMG as for D-glucose. 
3-OMG is considered non-toxic (112) and has been used to study intestinal 
permeability in both paediatric patients and adults (118, 119). However, in these 
studies the doses were lower than those required in a CEST experiment. The potential 
toxicity or adverse effects at higher doses must be evaluated before 3-OMG can be used 
for CEST imaging in humans (57).  
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4.1.4 L-glucose (L-glc) 
L-glucose is an enantiomer of D-glucose and has the same chemical formula, C6H12O6, 
but cannot be transported by GLUTs. Hence, L-glucose has limited BBB permeability, 
it only enters EES through leakage, and it does not become metabolized as it cannot 
enter cells. It can therefore be used as an indicator of BBB breakdown, in resemblance 
to gadolinium-based contrast agents. L-glucose tastes like D-glucose (normal sugar) and 
was therefore once proposed as a low-calorie sweetener, but it is a strong laxative and is 
thus not suitable for use as a contrast agent in humans. It also reduces haematocrit and 
blood viscosity (120). However, similar to 2-DG and 3-OMG, L-glucose has been used 
in preclinical CEST (113) and CESL (114) studies. 
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���The compartmental origin of the 
glucoCEST signal 

The glucoCEST signal in vivo can hypothetically originate from three different 
compartments: the vascular compartment, the EES and the intracellular space. The 
relative contributions to the glucoCEST signal from these compartments are not fully 
established and the question whether glucoCEST reports on perfusion/permeability 
(vascular and/or EES origin) and/or metabolism (intracellular origin) still needs to be 
resolved. The compartmentalization of the different sugars introduced in Chapter 4 is 
schematically illustrated in Figure 5.1, for both healthy brain and tumour. In the study 
reported in Paper IV, we created a program for simulating compartmental 
concentrations as a function of the change in plasma concentration over time, also 
shown in Figure 5.1. The theory behind this model will be described in more detail in 
Chapter 8. 

A vascular glucoCEST signal origin seems intuitively likely, since the blood D-glucose 
concentration is highest in this compartment and the D-glucose extraction fraction in 
the brain is small (around 11%) (81, 82, 88). It should be kept in mind that DGE 
imaging reflects the change in D-glucose concentration compared to baseline. Hence, if 
the D-glucose metabolism is constant and saturated already at baseline glucose 
concentrations, it is reasonable to assume that the change in intracellular glucose 
concentration would be close to zero, since the transport over the cell membrane is 
governed by metabolic requirements and transporter availability and not by the 
extracellular concentration. Indeed, in vivo studies using D-glucose have indicated that 
the DGE MRI signal is of vascular and/or extracellular origin (17, 21, 121, 122). In 
the studies described in Papers I & II, arterial input functions were measured in DGE 
data, and the results confirm the presence of a vascular contribution in the glucoCEST 
signal. In one of the first glucoCEST studies (17), Chan et al. used a preclinical mouse 
model of two human breast cancer cell lines, one highly malignant and one less 
aggressive. GlucoCEST images were compared to FDG-PET and gadolinium contrast-
enhanced MRI, and only glucoCEST provided a significant difference between the two 
tumour types. The glucoCEST signal was lower in the more aggressive tumour type, 
indicating that glucoCEST does not represent intracellular D-glucose. The higher 
CEST signal in tumours than in normal tissue was attributed to the increased vascular 
and EES volumes and to the lower pH in the EES. The contribution from the 
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intracellular compartment was stated to be negligible due to the rapid metabolism in 
solid tumours and the low concentration of D-glucose and intermediate sugars in the 
breakdown pathway (glycolytic chain).  
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Xu et al. used DGE MRI with D-glucose to study increased blood volume and BBB 
breakdown in a preclinical brain tumour model (21). The DGE MRI signal was higher 
in tumours than in contralateral brain, allowing for separation of tumour and healthy 
tissue. For comparison, dynamic contrast enhanced (DCE) MRI, that normally 
employs a rapid intravenous injection of a gadolinium contrast agent during imaging, 
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was also performed. When comparing response curves from DGE and DCE MRI, it 
appeared that D-glucose enters the EES more rapidly and that DGE MRI may be 
favourable for BBB breakdown detection. Due to the rapid metabolism, the 
intracellular CEST signal was assumed to be negligible, and the measured DGE MRI 
signal in tumours was concluded to originate from the EES and vessels. In an additional 
preclinical glioblastoma model, Xu et al. used rapamycin and D-glucose to further 
investigate the signal origin of glucoCEST (121). Rapamycin treatment reduces the 
cellular metabolism and D-glucose uptake, which will increase the signal contribution 
from the vascular compartment and the EES. The post-treatment DGE MRI signal 
change was higher in both brain tissue and vessels, indicating that the glucoCEST signal 
originates mainly from the EES and the vascular compartment, with minimal 
contribution from the intracellular compartment (121). 

In another early glucoCEST study, Walker-Samuel et al. performed an in vitro 
experiment and could show that sugars in the early stages of glycolysis can be detected 
with glucoCEST in a phantom, especially G-6P which gave a similar enhancement as 
D-glucose (18). This makes sense in phantoms at the same concentrations, but in vivo 
intracellular concentrations are lower. GlucoCEST could be used to distinguish 
between two tumour types with different metabolic activity in mice. There was a 
correlation between 18FDG and glucoCEST, but not between gadolinium and 
glucoCEST, leading to the conclusion that glucoCEST after D-glucose injection also 
reports on metabolism. Researchers in another preclinical glucoCEST study (113) 
administered D-glucose, L-glucose and 2-DG in mice. As introduced in a previous 
chapter and in Figure 5.1, L-glucose will mainly circulate in the blood, while 2-DG 
enters cells and undergoes the first step of glycolysis, leading to intracellular 
accumulation of 2-DG-6P. These experiments showed that the CEST signal increased 
with 2-DG concentration but decreased when cerebral metabolism was suppressed. D-
glucose resulted in a lower glucoCEST signal than 2-DG, and L-glucose did not 
produce any glucoCEST signal. Additionally, the 2-DG and D-glucose CEST response 
curves did not correlate with blood glucose concentration. Altogether, the conclusion 
in this study was that the glucoCEST signal is mainly originating from sugars and 
phosphorylated sugars in the intracellular compartment, but that further studies are 
needed to determine the compartmental origin of glucoCEST.  

Recently, Eleftheriou et al. investigated the compartmental contributions to the DGE 
MRI signal using fibre photometry of a glucose sensor in combination with CEST 
imaging of D-glucose, 3-OMG and L-glucose in mouse brain (122). All three sugars 
resulted in an increased DGE MRI signal upon administration. The results suggest that 
the initial rise of the DGE curve originates from EES and vessels, and that the relative 
compartmental contribution depends on the time after glucose injection. The authors 
attributed the difference between the L-glucose results in their study and in the study 
by Nasrallah et al. (113) to the different analysis methods used. Nasrallah et al. used 
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��	�)-$, while Eleftheriou et al. used the subtraction (single-offset) method. As 
mentioned in Chapter 4.1, !����analysis retains the symmetric contribution from T2 
relaxation of glucose, while the ��	�)-$ approach does not. Additionally, kinetic 
modelling revealed that a vascular component is needed to describe the initial rise in 
the measured D-glucose DGE curve. 

The project in Paper III included studies of response curves from DGE and DCE MRI 
acquired at 7 T in patients with brain tumours (mainly glioblastoma). Plateauing curve 
shapes and a higher DGE MRI signal were found in tumour compared to normal tissue 
in some patients, but not in all. This observation was probably reflective of BBB 
breakdown and lower extracellular pH, i.e. dominated by D-glucose in the EES. 
Additionally, a remarkably high DGE MRI signal was found in one patient that turned 
out to have a cavernoma, not a tumour. Cavernomas often have a large volume of slowly 
flowing blood, and this finding confirms that the DGE MRI signal includes 
contributions from the vascular compartment. As discussed in Paper III, D-glucose and 
gadolinium exhibit different tissue uptake kinetics and the DGE and DCE MRI signals 
have different compartmental origins. The DCE MRI signal has compartmental 
contributions similar to L-glucose in Figure 5.1. When comparing DGE and DCE 
MRI enhancement patterns, we found that DGE MRI sometimes enhanced tumour 
regions not enhanced by gadolinium. The reason for this can be related to lower pH in 
EES, leading to a change in DGE but not in DCE MRI signal, since the latter is not 
sensitive to pH. Alternative explanations are the facilitated transport of glucose, 
meaning that the glucose concentration may increase in the EES also in regions with 
an intact BBB, where gadolinium does not have access. The plateauing and 
continuously increasing curve types could indicate a contribution from glucose 
metabolites, such as G-6P or lactate, in the cells. However, the signal was monitored 
for a time too short (12 minutes from the start of the infusion) to give any clear answers 
to this. In the context of the compartmental origin of the DGE MRI signal, the findings 
described in Paper III indicated a vascular, extravascular extracellular, and, at later time 
points, perhaps also an intracellular contribution. 

The compartmental origin of signals from different sugars has also been studied with 
glucoCESL. Jin et al. compared dynamic CESL using D-glucose, 2-DG and L-glucose 
to DCE MRI in a rat brain tumour model (114). CEST is more sensitive to pH 
(favoured by a slower exchange rate of the -OH protons) than CESL. This leads to 
similar weightings of intracellular and extracellular glucose in CESL, and the results of 
this study are not necessarily representative for glucoCEST. In any case, the main 
conclusion from this study was that the glucoCESL signal has both intra- and 
extracellular contributions. A re-assessment by Knutsson et al. concluded that the signal 
was mainly originating from blood and EES because the tumour signals for L-glucose 
and D-glucose were equivalent for the first 10 minutes post-injection, after which D-
glucose became lower, presumably due to metabolism (57). 
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In conclusion, the human glucoCEST experiments performed so far have not led to 
any clear conclusions on this topic. The reasons are probably a combination of the low 
DGE MRI signal in vivo, the limited number of patients/healthy volunteers examined 
in each study, and the absence of a complete kinetic model for DGE MRI. As discussed 
in Chapter 8 and Paper IV, the different potential compartmental signal origins must 
be considered when developing kinetic models for glucose delivery and uptake, and 
these models, on the other hand, may help reach a conclusion on this topic. 
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���GlucoCEST in humans 

As mentioned previously, the endogenous brain D-glucose concentrations are difficult 
to estimate from the CEST signal at clinical field strengths due to background CEST, 
MTC, and direct saturation signal contributions. The common approach in 
glucoCEST MRI is therefore to perform dynamic difference imaging before, during 
and after D-glucose injection. In this chapter, the technical aspects of applying 
glucoCEST using D-glucose in humans are reviewed. Optimization and development 
of the glucoCEST method are discussed, as well as the choice of glucose infusion 
protocol.  

The first human glucoCEST results were published in 2015, demonstrating the 
feasibility of DGE MRI to study BBB breakdown and to enable separation of tumour 
from normal tissue at 7 T (20). Since then, DGE MRI has been applied to healthy 
brain and brain tumours at 7 T (22, 24, 123, 124), and has made progress towards 
clinical imaging by showing feasibility for DGE MRI of brain tumours and healthy 
volunteers at 3 T (25, 26).  

6.1  Optimization and challenges of DGE MRI 
DGE MRI is difficult to optimize since the results depend on imaging and saturation 
parameters as well as the D-glucose infusion protocol. For improved reproducibility of 
the baseline level, the healthy volunteer or patient should preferably be fasting several 
hours before the examination. Normoglycaemia is a requirement for injection of D-
glucose. For example, in Papers I – III a fasting blood glucose level in the range 3.9 – 
7.5 mM was used as an inclusion criterium. After injecting D-glucose, the blood glucose 
level will be elevated for a few hours, and another injection cannot be performed during 
this time. Consequently, only one DGE MRI experiment per subject per day is 
recommended. The choice of imaging and saturation parameters reported in Papers I 
– III were based on simulations and on previous studies (20, 25)  
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6.1.1 Technical aspects 
The major challenge in glucoCEST imaging is the small CEST effect, being only a few 
percent at 7 T and even lower at 3 T, caused by the coalescence effects discussed in 
Section 4.1. The small signal change and the use of signal subtraction (!��� 
calculation) make DGE MRI prone to motion artefacts. Non-CEST-related signal 
changes can arise in DGE maps due to motion, especially seen at tissue interfaces, but 
also due to motion-induced %�-shifts. These occurrences can lead to signal changes 
comparable in size to the actual DGE MRI signal, so-called pseudo-CEST effects (32). 
A change in %� will shift the Z-spectrum in a given voxel to the left or right relative to 
the water resonance, as illustrated in Figure 6.1. Consequently, changes in %� over 
time, due to scanner drift or motion-induced changes in local magnetic field, will, if 
not corrected for, result in an erroneous CEST signal change (125). Different methods 
for dynamic %� correction have been proposed, all requiring additional scanning time 
when compared to the simple single-offset DGE MRI approach. One method is to 
collect Z-spectra and shift the DS minimum of each (interpolated or fitted) spectrum 
in each voxel back to the water frequency (126). Another approach is to retrieve separate 
%�  maps from phase images and use these to shift back the Z-spectrum (127). The 
correct Z-spectrum position can also be found by the water saturation shift referencing 
(WASSR) technique, in which a low %� and short saturation Z-spectrum centred 
narrowly around the water resonance is acquired and used to identify the absolute water 
frequency in each voxel (128).  
�
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However, none of these methods are suitable for single-frequency DGE imaging, since 
multiple acquisitions in terms of several points of the Z-spectrum are needed. In the 
work of this thesis, high temporal resolution (Papers I and III) or volume coverage 
(Paper II) were prioritized using the single saturation frequency offset approach. 
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Dynamic %�-correction was therefore not implemented. However, dynamic %�-
correction would have improved the DGE maps and helped the interpretation. The 
initial rationale for employing the single-offset DGE MRI approach was that the broad 
-OH resonance from D-glucose at further shift (2 ppm) from the water protons, i.e. at 
a point with a lower slope of the direct saturation signal curve, implies that the !��� 
calculation is quite insensitive to %� inhomogeneities. Since then, we have become 
aware that this needs not be the case. 

In the Paper II study, we compared DGE MRI protocols in healthy volunteers scanned 
at 3 T in order to confirm existing recommendations and establish additional ones. 
More specifically, two different saturation protocols, and two different infusion 
durations were evaluated. To estimate the magnitude and effect of %� shifts on the 
DGE MRI signal, WASSR images were collected before and after the DGE imaging. 
%� shift maps were calculated from the WASSR images in four healthy volunteers. The 
estimated %� shifts were at most around ±5 Hz. To estimate the effects of %� changes 
on the DGE MRI signal, simulations of Z-spectra were performed by numerically 
solving the Bloch-McConnell equations for two D-glucose concentrations 
corresponding to baseline and post-infusion. The simulated effects of %� changes on 
the DGE MRI signal in artery and white matter (WM) showed that the effect was larger 
for the 1.2 ppm/0.6 �T protocol (approximately 0.2%/Hz) than for the 2.0 ppm/1.6 
�T protocol (approximately 0.1%/Hz) These results indicated that single saturation 
offset acquisition of glucoCEST images can be problematic, especially at saturation 
frequency offsets closer to the water resonance. One conclusion of Paper II was that a 
saturation frequency offset of around 2 ppm is recommended for single-offset DGE 
MRI at 3 T, instead of the 1.2 ppm offset commonly used at 7 T.  

The importance of motion correction and mitigation has been stressed in recent DGE 
MRI studies (25, 26, 32, 125, 129). In the investigations reported in Papers I and III, 
single slice DGE MRI acquisition was employed, making correction for through-plane 
motions impossible. In these studies, residual motion was often evident, especially at 
tissue interfaces. An example of such residual motion is shown in Figure 6.2. The long 
scan times of a typical DGE MRI experiment may also be an issue, not only because of 
cost and patient comfort, but also because of the increased risk of motion artefacts. 
However, for dynamic studies, the tissue response needs to be followed for at least 5-
10 minutes after the start of infusion, why focus on motion mitigation and especially 
development of more sophisticated motion correction techniques is warranted. 
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Additionally, tissue volumetric changes, for example, of the lateral ventricles, caused by 
physiological responses to D-glucose administration can deteriorate the DGE MRI 
signal (20, 25, 26, 125). Adverse effects of D-glucose infusion and suggestions on how 
to reduce these are described in Paper II, and will be further discussed in the subsequent 
section. 

In the studies of Papers I-III, tissue response curves were measured in WM. The DGE 
MRI signal in WM was in many cases negative, which was consistent with previous 
observations (25, 26). This finding is puzzling and has not yet been fully explained. In 
Paper II, we report observations that the negative signal tended to recover towards the 
end of the time series, why it was concluded unlikely to have been caused by field drift. 
Negative DGE MRI signal is not expected but could be caused by a susceptibility-based 
frequency shift (25). In Paper II, we describe findings of a significant negative 
correlation between DGE MRI signal in WM and the change in venous blood glucose 
level in 50% of the volunteers, indicating that this effect is somehow related to the D-
glucose injection. Hasselbalch et al. measured a significant increase in &)+;?8 in WM, 
but not in grey matter (GM), using dynamic FDG-PET at hyperglycaemia in humans 
(91). However, the authors did not provide any explanation for this finding, and it is 
still unlikely that such an increase in &)+;?8 would lead to a lower D-glucose 
concentration in WM at hyperglycaemia than at euglycemia. 
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In DGE MRI studies, the spatial resolution is often compromised in favour of temporal 
resolution and SNR. This makes DGE MRI sensitive to partial volume effects (PVEs), 
especially when measuring AIFs as in the studies described in Papers I and II. The 
interpretation of PVEs in DGE MRI is potentially complicated by tissue mixing of 
different Z-spectral line shapes, which may lead to erroneous hyper- or hypointensities, 
especially related to CSF.  
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6.1.2 Glucose administration 
In a typical DGE MRI experiment, D-glucose is administered during imaging, raising 
the fasting blood glucose level of around 5 mM to 15 mM (20). The blood D-glucose 
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level starts to rise rapidly and peaks within a few minutes, depending on infusion rate 
and administration method, but also on individual differences in insulin response.  

D-glucose can be administered into the blood stream by an intravenous (i.v.) injection, 
either manually or via a power injector. The word “infusion” is often used to 
differentiate this type of injection from the shorter bolus-like injections (lasting a few 
seconds) that are typically used in gadolinium imaging. The change in blood glucose 
level and insulin response after D-glucose infusion depends on the infusion rate (130). 
A faster infusion typically gives a quicker rise in venous blood D-glucose level, together 
with a faster insulin response and thus a faster subsequent decrease of the blood D-
glucose level back towards the baseline value. The peak blood glucose concentration is 
not significantly affected by the infusion rate (130). Figure 6.4 shows averaged venous 
blood D-glucose levels from 25 healthy volunteers scanned in our different glucoCEST 
experiments, divided into three different infusion duration groups. The averaged curves 
indicate the same trend in that a shorter infusion tends to give a more rapid response 
and a steeper rise in venous blood D-glucose level, and that the maximum 
concentration seem to be independent on infusion duration. The choice of infusion 
duration for DGE MRI experiments was investigated according to Paper II and will be 
discussed later in this chapter.  
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An advantage of intravenous infusion is that the response is quick, and the whole 
procedure can therefore be performed while imaging. A disadvantage is that differences 
in response among individuals may occur, and that insertion of a peripheral venous 
catheter is necessary. 
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An alternative intravenous administration approach is the hyperglycaemic clamp 
method, in which blood glucose is raised to a target level (for example, 15 mM) and 
then stabilized by repeatedly measuring the blood D-glucose level and adjusting the 
glucose infusion rate accordingly. An advantage of the clamp method is that a stable 
hyperglycaemic level is reached, potentially making kinetic modelling easier because a 
steady-state situation is reached in the blood. Another advantage is that D-glucose 
accumulates in the EES, because glucose transport across the BBB strives towards 
concentration equilibrium, in combination with a constant cerebral metabolic rate of 
glucose (131). While this appears to make it more difficult to distinguish normal brain 
from tumour, as D-glucose accumulates in EES of healthy and tumour tissue, it seems 
likely that a difference in extracellular pH may still allow such separation. A 
disadvantage is that the method is time-consuming and requires continuous collection 
of blood samples, and more surveillance, than a single injection. 

Oral administration, typically via a drink with D-glucose, results in a slower response, 
as well as a higher insulin response (132). As illustrated in Figure 6.5, this leads to a 
smaller change in blood glucose level, which is not advantageous in a DGE MRI 
context. Oral administration is also practically difficult, because the subject has to either 
drink the glucose solution while lying in the scanner or be taken out and then 
repositioned. An advantage is that the oral method is non-invasive since no injection is 
needed. 

Example responses in venous blood glucose and insulin levels after different D-glucose 
administration methods are depicted in Figure 6.5. The illustrations of the response 
curves are based on the following references: intravenous (130), our own experiments 
(Papers I & II), hyperglycaemic clamp (129, 133) and oral (132, 134, 135). 
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A potential challenge for future clinical implementation of glucoCEST is the increased 
fasting blood D-glucose level associated with some medications such as steroids used in 
cancer patients (57). This actually led to the exclusion of a few patients in Paper III and 
in our glucoCEST studies at 3 T (data not published). 

Different D-glucose concentrations, doses and infusion durations used in human 
glucoCEST/CESL experiments are summarized in Table 6.1. There is currently no 
consensus regarding D-glucose concentration and doses in human experiments (57). 
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6.1.3 Physiological responses to intravenous glucose administration  
D-glucose is promising as a biodegradable contrast agent, but the intravenous D-glucose 
injection used in most glucoCEST experiments is associated with side effects. In Paper 
I, we report that both sensory effects and physiological responses may occur. This was 
further investigated, as described in Paper II, and also reported by Xu et al. (25). The 
sensory side effects are transient and usually disappear within a few minutes but can be 
uncomfortable for the subject and may, consequently, generate movements. 
Physiological effects, such as volumetric changes of the ventricles caused by D-glucose 
uptake or pulsations, can produce DGE MRI signal changes that are not related to the 
CEST effect (125), complicating the DGE image interpretation. Additionally, D-
glucose solutions D10% are hypertonic, and may therefore cause vein irritation and 
thrombophlebitis (137). The latter was reported by one volunteer in Paper II and by 
one volunteer in another glucoCEST study (129). It is therefore important to optimize 
the D-glucose infusion protocol for glucoCEST in terms of infusion duration and D-
glucose concentration.  

In the Paper I study, D-glucose was injected over 23-65 seconds. The reported sensory 
side effects related to the D-glucose infusion included a feeling of warmth, sugary taste 
in the mouth, transient heat flashes in the head and crotch and feeling an urge to 
urinate. All effects were short-lived and disappeared within a few minutes. Some of the 
side effects were attributed to the high osmolarity of the glucose solution 
(approximately 10 times higher than in blood). To restore osmotic pressure 
equilibrium, water is transported from the extravascular to the intravascular space, 
leading to an increase in intravascular pressure. A faster infusion tended to be associated 
with stronger side effects. In a further investigation (Paper II), DGE imaging was 
performed in healthy volunteers using different scanning protocols at 3 T, including 
two different infusion durations (1.5 and 4.0 minutes, respectively). The overall 
incidence and severity of the orally reported side effects of the D-glucose infusion was 
smaller in the group that had the longer infusion duration. All subjects in the short 
infusion group experienced one or more sensations after D-glucose infusion. These 
adverse effects were similar to the ones reported in Paper I, but with the addition of 
headache which was experienced by three out of four subjects. One subject in this group 
also reported a thrombophlebitis close to the injection site a few days after the 
examination. In the group that received the longer infusion, one third of the twelve 
subjects did not experience any side effects. The reported side effects in this group were 
mainly related to sensory experiences at the injection site. No significant difference in 
maximum change in blood glucose level between the 1.5 and 4.0-minute infusion 
groups was found. This was in line with the results by Chen and Porte, who studied 
responses in insulin and blood glucose levels to different infusion durations and doses 
(130). Altogether, the findings reported in Paper II indicated that a longer infusion 
duration than previously proposed should preferably be used in glucoCEST studies, 
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since it can minimize the side effects of the D-glucose infusion while not reducing the 
maximum blood glucose level and thereby preserving the DGE effect size. 

It should be emphasized again that the sensory side effects are transient, and comparable 
to adverse effects related to injection of iodine-based contrast agents. On another note, 
it may seem counterintuitive that Paper III describes a shorter infusion duration than 
in Paper II. However, the reason being is that the patients in Paper III were scanned 
before the study in Paper II was conceived.  

Physiological changes of the brain, especially volumetric changes of the lateral ventricles 
following D-glucose infusion, have been mentioned as a source of artefacts in DGE 
MRI (20, 26, 125). Puri et al. investigated the effect of oral glucose administration and 
found a dilatation of the lateral ventricles of 2.4% after oral glucose loading in six 
fasting healthy volunteers (138). To our knowledge, volumetric changes after 
intravenous D-glucose administration have not been extensively investigated. As shown 
in Paper II, we collected six anatomical 3D image volumes sequentially before, during 
and after D-glucose infusion in one healthy volunteer. The volume of the lateral 
ventricles was measured, and the volume change over time was compared to the change 
in venous blood glucose level. A volume increase of up to 2% was measured, which is 
comparable to the results of Puri et al. However, we studied only one volunteer, and 
the experiment should be repeated with a larger cohort in order to confirm 
reproducibility. 

There are two types of volumetric changes of the lateral ventricles that may cause 
pseudo-DGE effects, i.e. dilatation caused by glucose administration and pulsations 
related to the cardiac cycle (125). These effects can, together with the relatively high 
glucose concentration in CSF (about 60% of the plasma concentration (104, 139)), 
create non-rigid volumetric changes that are difficult to correct for using a standard 
rigid motion correction algorithm (125). This can complicate interpretation of lesions 
situated in CSF-rich regions. 

Despite these challenges, glucoCEST using D-glucose, or other sugars, has shown 
potential for tumour detection, and, as we will see in the following chapters, provides 
a rather unique possibility to non-invasively study glucose delivery, transport and 
metabolism. 

�  
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	��Curve shape analysis 

The tissue response curves measured in a dynamic imaging experiment can provide 
information about arrival, uptake, and disappearance of an injected contrast agent in a 
tissue of interest. The shape of the curve, for example the steepness of the initial rise 
and the slope of the washout can provide information about, for example, BBB 
permeability and vessel integrity.  

There are three principal approaches for analysis of tissue response curves in DCE MRI, 
sometimes referred to as qualitative, semi-quantitative, and quantitative analysis (140). 
The simplest approach is based on visual assessment of curve shape, in a single pixel or 
region of interest (ROI). The shape of the curve can then be generalised as belonging 
to one out of three categories of curve shapes after the initial rise: decreasing, constant, 
or increasing, which in principle can be used to differentiate tumour regions from 
normal tissue regions (140). As an example, vascular disruptions are often characterized 
by a rapid uptake (141). As a more extensive alternative to visual curve shape assessment 
of ROIs or single pixels, a method relying on pixelwise classification of curve types has 
been introduced, referred to as time-intensity curve (TIC) shape analysis (141). TIC 
shape analysis of curve shape patterns has been applied predominantly to DCE MRI of 
breast tumours (142, 143), but also to prostate cancer (144), brain (145) and the 
musculoskeletal system (146). 

The second DCE MRI analysis approach relies on calculation of parameters based on 
curve properties, such as area under curve (AUC), time-to-peak (TTP), maximum 
enhancement (,@6I) and wash-in/wash-out slope (,=A  and ,BGF) (147), as illustrated 
in Figure 7.1. As an example, increased wash-in slope, AUC and ,@6I, and shortened 
TTP can be related to increased vascular density and permeability (140). Common for 
both these non-model-based analysis methods is that they are less complex than model-
based analysis, because AIF measurement, conversion from signal to concentration, or 
assumptions regarding the underlying physiology are not needed.  
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The third DCE MRI analysis method is tracer kinetic modelling, in which a biophysical 
model expression is fitted to the tissue response curves to retrieve quantitative 
parameters reflective of, for example, perfusion, vessel permeability and fractional 
volume. Kinetic modelling of cerebral D-glucose transport and metabolism is discussed 
in Chapter 8.  

In DGE MRI, most studies have relied on visual assessment and calculation of AUC 
maps as described in Paper II. Based on the idea of temporal enhancement patters 
reflecting underlying physiology, we developed a curve shape-based analysis method for 
DGE MRI as reported in Paper III. The purpose was to introduce a more informative 
post-processing method for DGE MRI, but without the need for assumptions or ROI-
based assessment. DGE and DCE MRI data were acquired in patients with brain 
tumour at 7 T, and the tissue response curve in each voxel was classified as one out of 
seven curve types, creating a visual representation of different curve shapes, referred to 
as a curve map. The generalized curve types and the corresponding colours and 
numbers are shown in Figure 7.2, together with an example of a DGE curve map. 

 

���

����
���	

�

�
��
��
��
�	
��

�
�
��
�

� ���

�������



�

��



� 	��

 
�&$/,"������<<ECDB1D9?>�C8?G9>7�D85�@B9>39@<5�?6�D85�@?CD�@B?35CC9>7�1@@B?138�9>DB?4E354�9>�%1@5B������(85�
D9CCE5�B5C@?>C5�3EBF5�9>�5138�F?H5<�G1C�3?<?B�3?454�2I�3<1CC96I9>7�9D�1C�?>5�?ED�?6�C5F5>�@B54569>54�
3EBF5�DI@5C��C8?G>�9>�D85�2?DD?=�B978D���97EB5�141@D54�6B?=�%1@5B������@E2<9C854�2I�+9<5I�1>4�<935>C54�
E>45B�����-���
��

In a DCE MRI study of patients with recurring glioma, Lavini et al. performed curve 
shape analysis using seven curve types, and compared the results to kinetic modelling 
parameters (145). The authors showed that their equivalent to our curve type 6 was 
associated with high ��� (reflux rate constant of gadolinium from the EES back into 
plasma) and low .: (EES fractional volume). The equivalent to our curve type 3 
corresponded, in general, to high .: and .= (plasma fractional volume), and 
intermediate (:C. The equivalent to our curve type 5 was associated with high .:  and 
low (:C. The volume transfer constant for contrast agent from blood plasma to the 
EES ((FD6AE) was similar across all their investigated curve types. Comparison to 
kinetic modelling parameters was not possible in Paper III, due to the lack of a kinetic 
model for DGE MRI at the time. However, such a comparison would be a logical next 
step after the introduction of our kinetic model for DGE MRI, presented in Chapter 
8. It should also be emphasized that since the kinetics differ between gadolinium and 
D-glucose, Lavini’s results are not directly translatable to the results given in Paper III. 
As exemplified in one patient in Figure 7.3, the most common DCE curve type in 
tumour observed in Paper III was type 5, which would indicate a large volume of EES. 
Based on this, it seems reasonable to assume that the higher DGE MRI signal in the 
tumours seen in Paper III reflects a disrupted BBB, and thus accumulation of D-glucose 
in the EES, as well as a larger EES volume, giving a higher DGE MRI signal due to the 
lower pH in tumour EES. 
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��Quantification of glucose uptake 

Dynamic imaging methods, such as DGE MRI, allow for assessment of the signal 
change over time caused by administration of a contrast agent (here D-glucose or other 
sugars). The measured tissue response curve is a temporally varying superposition of 
signal contributions from sugars in different tissue compartments or different metabolic 
stages, and to retrieve the desired physiological information, e.g. D-glucose delivery, 
transport and metabolism, the signal contributions from different tissue compartments 
must be isolated. One way to do this is by kinetic modelling. The physiological system 
is incredibly complex and needs to be simplified, for example using a compartment 
model as shown previously in Figure 3.1. Too detailed a description of glucose 
transport and metabolism would result in a model with a large number of unknowns, 
implying a close to impossible task when it comes to quantifying the kinetic parameters 
from a single response curve. 

In contrast to many other kinetic imaging techniques, DGE MRI offers a possibility to 
deduce information from the EES separately due to the different exchange properties 
between compartments, as discussed in previous chapters. However, quantification of 
DGE MRI is not straightforward, as robust fitting requires sufficient temporal 
resolution and SNR. As we have seen in previous chapters and in Papers I and II, the 
glucoCEST effect is small, and the curves can be contaminated by motion artefacts, 
%�-shifts and PVEs. In addition, conversion from signal to concentration, the 
involvement of many unknown parameters, and the need for measurement of 
individual AIFs further complicate the situation, as described in Paper III. In Paper IV, 
we introduce a kinetic model for DGE MRI by utilizing Michaelis-Menten (MM) 
kinetics and expanding and adapting previous compartment models. 

8.1  Assessment of glucose transport and metabolism 
Quantification of glucose transport and metabolism aims to provide information on 
cerebral function, tumour aggressiveness, tissue viability, among other things, and PET 
using 18F-FDG is widely utilized in this context. MRS of non-radioactive isotopes such 
as 13C and 2H can also be used to assess these processes, but is not yet used in the clinic. 
In Sections 8.1.1 and 8.1.2, a brief background of MM kinetics and compartment 
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models will be outlined, after which our proposed kinetic model for DGE MRI will be 
introduced in Section 8.2. 

8.1.1 Michaelis-Menten kinetics 
As mentioned in Chapter 3, the glucose transport into the brain is facilitated and 
saturable (148), and the amount of transporters does not change during the experiment. 
Glucose transport can thus be modelled according to Michaelis-Menten kinetics (149). 
The MM model describes enzyme kinetics by relating the reaction velocity 7 (the rate 
at which a product P is formed) to the substrate concentration S. The schematic 
representation of this process is: 
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>�# �� > ��� (Eq. 8.1) 

where in the first step (left), the enzyme E forms a complex with the total substrate S, 
creating an enzyme-substrate complex ES. For the single enzyme-catalysed reaction in 
Eq. 8.1, the model is defined by three rate constants 4= (i = 1,2,3): 4�, describing the 
rate of formation of the ES complex, 4�, describing the rate of the backward reaction 
i.e. the dissociation of ES back to E and S, and 4�, describing the rate of conversion of 
ES to E and P. Under the assumption that the enzyme concentration [E] is much 
smaller than the substrate concentration [S], the rate of product formation is given by 
the MM equation: 

 7 B �I�J�6 B
.@6II
J
(2 > I
J

�� (Eq. 8.2) 

in which .@6I is the asymptotic maximum rate when all of the enzyme is complexed 
to the substrate, and (2 is the so-called Michaelis-Menten constant, representing the 
substrate concentration at which the reaction rate is half of .@6I. 

In modelling of D-glucose transport, the rates refer to the transport (flux) over a barrier. 
The MM-equation for one-directional glucose transport over a single membrane is 
(150):  

 ' B -@6I�I��������J
(4 > I��������J

�� (Eq. 8.3) 

where ' represents the unidirectional flux (transport rate) over the barrier in 
µmol/g/min, -@6I is the maximum transport rate in µmol/g/min, I��������J�is the 
glucose concentration in mM, and (4 is the half-saturation constant in mM (i.e., the 
concentration at which the transport rate is half of -@6I).  
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MM kinetics can thus be used to estimate both glucose transport and metabolism, and 
thus also for prediction of brain glucose concentration from blood glucose 
concentration (94, 101). The flux over the BBB as a function of plasma glucose 
concentration, and the phosphorylation rate as a function of brain tissue concentration 
are illustrated with MM saturation plots in Figure 8.1. These curves were calculated 
using Equations 8.3 and 8.2, respectively, and the inserted values were -@6I = 1.0 
�mol/g/min, (4 = 5.0 mM, approximated from results obtained in 13C NMR (101) 
and 1H NMR (94, 151) studies of D-glucose in humans. For the MM constants for 
hexokinase, (2 = 50 �M,�.@6I = 0.3 �mol/g/min, the enzyme literature was used (152, 
153). 
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From Figure 8.1, it becomes clear that the transport over the BBB does not become 
saturated at physiological plasma glucose levels. However, the phosphorylation rate is 
close to saturated already at baseline brain tissue glucose concentrations (≈ 1 mM (95, 
151, 154)), allowing for the use of the assumption that &)+;?8 is constant at 
euglycemia and above. Figure 8.1 illustrates that D-glucose phosphorylation in the cells 
is the rate-limiting step in normal brain tissue rather than D-glucose transport over the 
BBB. 

As we have just seen, MM kinetics can be used to describe both transport across the 
BBB and across cell membranes, as well as phosphorylation (metabolism) of D-glucose.  

8.1.2 Compartment models  
The most common kinetic model used for D-glucose transport and metabolism in vivo 
is a 2-compartment exchange model (vascular and extravascular tissue) combined with 
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MM kinetics principles (Fig. 8.2a). It was used first in the autoradiography (111, 155, 
156) and PET literature (157) and later in the 13C, 2H and 1H MRS literature (93-95, 
101, 151). Recently, it was also employed in glucoCESL MRI (158), including the 
addition of a diffusion term to account for BBB breakdown in tumours. Thus, all these 
methods assume two exchanging compartments, one blood compartment representing 
delivery of glucose, and one brain tissue compartment, representing a mixture of 
extravascular extracellular and intracellular glucose, in which D-glucose is metabolized. 
This is practical, because PET and MRS cannot distinguish EES from cellular 
components in the voxel. While the 2-compartment model might be applicable to 
DGE MRI in healthy tissue, it is unlikely to work in tumour tissue. This is because, in 
the case of BBB breakdown, the concentration in the EES equilibrates with the blood 
compartment, but not with the intracellular compartment. In addition, the pH in the 
EES of tumours is reduced, leading to a reduced -OH exchange rate and thus an 
increased glucoCEST signal contribution from this compartment. In Paper IV, we 
revised the model to be able to account for EES concentration and pH.  

The goal of modelling in general is to estimate physiologically relevant parameters that 
are difficult to assess directly from the experiment. To achieve this, the tissue of interest 
must be simplified for example using a compartment model, as introduced in Figure 
3.1 and in Figure 8.2. The arrows in Figure 8.2 denote rate constants, representing the 
exchange between the compartments.  
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The concentration change over time within the compartments can be described by a 
set of differential equations. One equation for each unknown quantity is required, so 
by studying these equations it becomes clear why further simplifications may sometimes 
be needed. The system of differential equations describing the 3-compartment model 
in Figure 8.2b is: 

0&CG6H
06 B ?4�&CG6H > 4�&:G6H 

(Eq 8.4a) 

0&:G6H
06 B 4�&CG6H ? 4�&:G6H ? 4�&:G6H > 4�&8G6H 

(Eq 8.4b) 

0&8G6H
06 B 4�&:G6H ? 4�&8G6H ? 4�&8G6H� 

(Eq 8.4c) 

Importantly, it has to be realized that the originally defined rate constants in relation 
to the MM kinetics described in Eqns. 8.1 and 8.2 describe exchange between 
metabolites in water solution, and the concentrations are in mM, i.e. in µmol/mL 
water. This approach is not really applicable to tissue, where the rates would need to 
reflect amount of glucose taken up or metabolized per volume or mass of tissue, and 
concentrations are generally given in µmol/mL tissue or µmol/g tissue. In addition, 
different types of tissues, for example, GM versus WM, show different metabolic rates 
of D-glucose (&)+;?8). In response, the body delivers different amounts of D-glucose 
(flow-metabolism coupling for oxidative metabolism), but the MM constants for 
transport over the BBB would have to be the same. To account for this, the PET 
literature has used a volume transfer constant (� (units of mL blood/g tissue/min) 
instead of the rate constant 4�.  

Finally, it is important to comment on MRS. In proton MRS methods, the 
concentration of tissue metabolites is reported in millimolar because they are 
determined using tissue water as a reference. In that approach it is therefore not needed 
to have a volume transfer constant. However, the situation is not totally trivial, since 
the metabolites are also compartmentalized, while the water signal origins from the 
whole voxel. Thus, when reporting the brain tissue concentration, an averaging is done 
for blood, EES and cellular concentrations of D-glucose based on the volume fractions 
of these components in tissue, which may not be the water volume fractions as the 
water content differs for these compartments.�  
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8.2  Kinetic models for DGE MRI 
As mentioned above, there is currently one paper (Dickie et al. (158)) describing 
glucose uptake in tissue using the common 2-compartment model for DGE MRI. In 
Paper IV, we have extended this to the model in Fig. 8.3, containing three tissue 
compartments (separated by solid lines to indicate facilitated transport) and two 
metabolic steps, namely D-glucose phosphorylation by hexokinase and a single step for 
the further breakdown to pyruvate, which is in equilibrium with lactate and substrate 
for the TCA cycle in healthy cells, while lactate is the end product in tumour cells. In 
addition, for the non-tracer-level concentrations of D-glucose are accounted for by 
using a reversible facilitated transport model (95, 151, 154, 159). 

 
�&$/,"� ��	�� '385=1D93� 9<<ECDB1D9?>� ?6� 1� �3?=@1BD=5>D� =?45<� 45C3B929>7� 6139<9D1D54� DB1>C@?BD� 9>� DG?�
B5F5BC92<5�CD5@C��25DG55>�2<??4��3?>D19>9>7�@<1C=1��@��1>4�5BID8B?3ID5C��5BI����1>4�D85���'��5���1>4�
25DG55>�D85���'�1>4�D85�35<<��3���(85�DG?�9BB5F5BC92<5�=5D12?<93�CD5@C�133?E>D9>7�6?B�@8?C@8?BI<1D9?>�?6�
��7<E3?C5�D?����%��1>4�D85�=5D12?<9C=�D?�@IBEF1D5�1B5�1<C?�9>3<E454��
��9C�1�F?<E=5�DB1>C65B�3?>CD1>D��
G89<5���D?��1B5�B1D5�3?>CD1>DC��45C3B929>7�D85�DB1>C65B�25DG55>�3?=@1BD=5>DC��

The differential equations describing the glucose fluxes [µmol/g/min] between the 
compartments depicted in Figure 8.3 are:  

 0&CG6H
0F=EEG:06

B ?(��F=EEG:G6H&CG6H > 4�G6H&:G6H� (Eq. 8.5a) 

 0&:G6H
0F=EEG:06

B (��F=EEG:G6H&CG6H ? 4�G6H&:G6H ? 4�G6H&:G6H
> 4�G6H&8G6H��

(Eq. 8.5b) 

 0&8G6H
0F=EEG:06

B 4�G6H&:G6H ? 4�G6H&8G6H ? 4�G6H&8G6H� (Eq. 8.5c) 

 0&/�3G6H
0F=EEG:06

B 4�G6H&8G6H ? 4�G6H&/�3G6H� (Eq. 8.5d) 
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in which (� B 4��<75�5, where <75�5 is a volume/volume water content correction (mL 
water/mL blood), 0F=EEG: is the tissue density (g tissue/mL tissue), and 4= are the rate 
constants (mL water/g tissue/min) described by Eqns. 8.6a-8.6.b. The rate constants 
4� and 4� represent transport (influx and efflux, respectively) over the BBB. Similarly, 
4� and 4� represent transport (influx and efflux, respectively) over the cell membrane, 
4� represents phosphorylation by hexokinase (HK) and 4� represents residual 
glycolysis. Importantly, to properly account for the non-tracer character of D-glucose 
in MR experiments (concentrations in mM), Eqns. 8.6a-8.6b are based on the 
reversible transport model of Cunningham et al. (95, 151, 154, 159) . The forward and 
reverse rate constants for transport over the BBB or cell membrane are then equivalent, 
as D-glucose molecules on both sides of the membrane compete for the same receptors. 

 4�G6H B 4�G6H B
-@6I...

&CG6H <C5�5E > &:G6H > (4
� (Eq. 8.6a) 

 
4�G6H B 4�G6H B

-@6I8:??�@:@7D6A:

&:G6H > &8G6H > (4
�� (Eq. 8.6b) 

 4�G6H B
.@6I01

&8G6H > (201
� (Eq. 8.6c) 

 
4�G6H B

.@6I
;?J8

&/�3G6H > (2
;?J8 � (Eq. 8.6d) 

where 359/ represents glycolysis to pyruvate.  

As a first validation of the model, we used existing MRS data from Shestov et al. (151), 
who measured plasma concentrations and concentrations of D-glucose in GM when 
raising the plasma levels from euglycemia (~ 5 mM) to hyperglycaemia (16-18 mM). 
Dr. Öz (last author of Ref. (151)) kindly provided the original data. Using the plasma 
concentration from Shestov et al. as input function &CG6H, the compartmental glucose 
concentrations &:G6H� &8G6H and &/�3G6H were calculated stepwise by numerically 
solving Eqns. 8.5a-8.5d. The corresponding brain concentrations were determined 
using: 

 &7D6=A�F=EEG: B I27�F=EEG:&C > 2:�F=EEG:<:5 5� &:
> 28�F=EEG:<F=EEG:�8:??5 5� G&8 > &/�3HJ�<F=EEG:�H<B?:5 5� ���(Eq. 8.7) 

<5�5 is the volume/volume water content (mL water/mL tissue) correction for each 
compartment and 2 is the fractional volume of a compartment. Predefined ranges of 



�
��

MM parameters -@6I � �44 � �.@6I � �42 were used to simulate a large set of possible 
&7D6=A�/2 curves. The agreement of these curves with the experimental GM 
concentration curves were compared and the root mean squared error was assessed. 

The MM parameters retrieved from the best fit to the MRS brain concentration curve 
were then used to calculate &:G6H� &8G6H and &/�3G6H for different tissue compartments 
(WM and GM). Tumour was simulated by adjusting the MM parameters for BBB 
transport to represent BBB breakdown. Finally, these concentration curves were used 
to simulate the signal changes expected in a DGE MRI experiment using the Bloch-
McConnell equations for each tissue compartment. The DGE signals in tumour EES 
and tumour cell were simulated separately to account for the different exchange rates 
due to different pH in tumour EES and cell. The total tumour DGE signal was then 
calculated from Eq 8.7 by substituting signal for concentration. 

The model was validated qualitatively through comparison with experimental DGE 
data. Blood glucose levels from three glioblastoma patients included in Paper III were 
used as input function to simulate concentration curves in GM, WM, and tumor. DGE 
MRI response curves in tumour, blood, GM and WM were then simulated as described 
above. An example of a measured input function, simulated concentration curves in 
different tissue compartments, and simulated as well as experimentally measured DGE 
signals in one patient are shown in Figure 8.4. Images of this patient is shown in Figures 
7.2 and 7.3. The results indicate that in tumour, the EES, because of its concentration 
equal to plasma and lower pH, and thus slower exchange rate, is the dominating DGE 
MRI signal contributor. 

On a final note, the proposed 3-compartment model can be adapted for other sugars 
than D-glucose by adjusting the MM parameters to account for the different transport 
kinetics of other sugars such as 2-DG, 3-OMG and L-glucose. A first demonstration of 
simulations of D-glucose, 2-DG, 3-OMG and L-glucose concentrations in different 
compartments was shown in Figure 5.1. 
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���Conclusions and future aspects 

The work presented in this thesis aimed at development and application of DGE MRI 
in humans, by implementation and optimization of imaging as well as post-processing 
methods.  

In the study reported in Paper I, DGE MRI was applied to healthy volunteers scanned 
at 7 T. The main conclusion of Paper I was that both AIFs and tissue response curves 
can be obtained using DGE MRI at 7 T, and that DGE AIFs were correlated to the 
change in venous blood glucose level. The shape and magnitude of the tissue response 
curves differed between volunteers, and these variations were attributed to individual 
insulin responses. Another conclusion of this study was that the interpretation of the 
tissue response curves is complicated by partial volume effects and the low D-glucose 
concentration in healthy brain tissue. Normal tissue perfusion parameters might 
therefore be difficult to assess, but this could, on the other hand, enable separation of 
tumour from normal tissue responses.  

Paper II describes a step towards clinical DGE imaging by optimizing a DGE MRI 
protocol at 3 T. The conclusion of Paper II was that it is possible to measure DGE 
AIFs in healthy individuals at 3 T, but that the measured DGE signal change depends 
not only on blood glucose concentration change but may also depend on motion-
induced %� artefacts. An additional conclusion was that a longer infusion duration (e.g. 
3-4 minutes) should be recommended for glucoCEST experiments, since it can 
minimize the side effects of the D-glucose infusion while still producing sufficient 
change in blood glucose level. It was also demonstrated that the 1.2 ppm saturation 
frequency offset, typically used at higher field strengths (7 T and above), is not optimal 
for DGE MRI at 3 T due to the increased coalescence of the glucose resonances with 
water, leading to increased sensitivity to motion-induced %� shifts. 

Future aspects related to the studies in Papers I and II include further development and 
optimization of the DGE image acquisition protocol, for example by saturation at 
several frequency offsets, the inclusion of dynamic %�-correction and implementation 
of more sophisticated motion correction algorithms.  

In Paper III, a more comprehensive analysis of DGE images in patients with brain 
tumours scanned at 7 T was proposed. The introduced post-processing method had 
potential to facilitate tumour detection and characterization. The comparison of DGE 
and DCE MRI showed that in some cases, the DGE images had enhancement in 
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regions that were not enhanced in the images obtained from DCE MRI. This was 
attributed to the different uptake kinetics of D-glucose and gadolinium. The DGE 
images also showed a slower signal increase than the images from DCE MRI, likely due 
to the longer D-glucose infusion duration and thus delivery, and possibly metabolism. 
In future work, the curve map approach could be further optimized for DGE MRI, 
either simplified, for example, by reducing the number of curve types, or refined, for 
example, by including different colour intensities for different magnitudes or slopes.  

In the study described in Paper IV a model for characterization of D-glucose transport 
and metabolism was developed. The simulated DGE signals were found to be similar 
to the experimental curves shown in Papers I –III. For completeness, the model 
introduced in Paper IV should in the future be expanded by inclusion of a CSF 
compartment, and by separation of the blood compartment into arterial and venous 
components. Also, the CBF range used for the parameter determination in the model 
was based on recent values from the PET literature for adults. This range can be 
extended to include higher CBF values, such as those observed in paediatric 
populations.  

Future applications of the combination of the methods used in Papers III and IV 
include comparison between curve maps and physiological parameter maps yielded by 
the kinetic analysis. The simulation of concentration and DGE curves described in 
Paper IV could probably be used to further improve the curve classification algorithm 
introduced in Paper III, by creating realistic curves to be used in the training of the 
model. The ability of utilizing the curve classification algorithm to obtain AIFs should 
also be explored as the use of image-based AIFs is necessary if blood glucose levels are 
not available.  

A mutual limitation among all the studies presented in Papers I – IV is the small 
number of healthy volunteers or patients enrolled in each study. Therefore, future DGE 
MRI studies should include larger cohorts, especially patients with brain tumours. 

The aggregated conclusions of the work included in this thesis are that DGE MRI has 
potential for tumour detection in humans and that information on glucose delivery, 
transport, and metabolism can be obtained. The technique is associated with 
challenges, especially at lower field strengths where the glucoCEST signal in vivo is 
small. However, the proposed post-processing methods may enable human DGE MRI 
to be fully utilized when experimental CEST acquisition methods become sufficiently 
improved. 
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