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Abkürzungen 

19F  fluorine  

BBB   blood-brain barrier  

BV  brain volume 

CEL   contrast-enhancing lesion  

CNS   central nervous system   

CRP   cryogenically cooled RF probe 

CSF   cerebrospinal fluid 

CVS  central vein sign 

DC   dendritic cell  

DHODH dihydroorotate dehydrogenase 

DMT  disease modifying treatment 

EAE   experimental autoimmune encephalomyelitis  

Erk1  extracellular signal-regulated kinase 1 

FA   flip angle 

GBCA  gadolinium-based contrast agents 

HPLC/MS high-performance liquid chromatography / mass spectrometry 

MAPK  mitogen-activated protein kinase  

MS  multiple sclerosis 

MRI   magnetic resonance imaging  

MRS   magnetic resonance spectroscopy 

RRMS relapsing remitting multiple sclerosis 

RF  radio frequency  

RT  room temperature  

SJL/J  Swiss Jim Lambert / Jackson Laboratory  

SNR  signal-to-noise ratio 

SPIO   superparamagnetic iron oxide 

T2  spin-spin relaxation time  

T1  spin-lattice relaxation time 

TF   teriflunomide 

USPIO ultrasmall superparamagnetic iron oxide 

UHF   ultrahigh field 

VV   ventricle volume
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1 Einleitung 

1.1 Introduction to multiple sclerosis 

Multiple sclerosis (MS) is a chronic, inflammatory, and demyelinating condition of the 

central nervous system (CNS) that has a higher prevalence in women (Harbo et al., 

2013). It typically affects young adults in their twenties although some patients 

experience their initial event during childhood or adolescence (Dendrou et al., 2015; 

Baecher-Allan et al., 2018). The disease course is highly variable and involves a wide 

range of neurological symptoms that can span between slight tingling in the periphery 

to complete paralysis during the late stages of disease (Reich et al., 2018). Lesions 

can occur in both white matter and grey matter and typically affect autonomic, motor, 

sensory and visual functions. Most patients (approximately 85%) show a relapsing 

and remitting (RRMS) disease phase, which ultimately transitions (usually within 15-

20 years) to a progressive course - secondary progressive MS or SPMS (Krieger et 

al., 2016; Baecher-Allan et al., 2018). Disability and disease progression is driven by 

several aspects such as accumulation of inflammatory lesions, oxidative stress 

following mitochondrial damage, as well as a reduced neuronal reserve leading to 

failure in axonal loss compensatory mechanisms (Mahad et al., 2015). Already in the 

nineteenth century axonopathies were observed in MS tissue by Jean-Martin Charcot 

(1825-1893) who was the first to give a comprehensive description of MS as a 

neurological disease (Charcot, 1868). 

The pathology of MS is characterized by demyelinated focal lesions in the CNS 

infiltrated by immune cell populations (Lassmann, 2018). Under physiological 

conditions, immune cells seek out unwanted pathogen or tumour-associated 

molecular patterns, which cause them to orchestrate complex effector mechanisms 

and to recruit with other cells towards the affected region (Nourshargh and Alon, 

2014). The result of such mechanisms could cause damage if persisting for too long 

and could drive chronic inflammation or autoimmunity when the effector mechanisms 

are directed against self (Stephenson et al., 2018).   

The pathogenesis of MS involves an immune-mediate response against antigens of 

the CNS with inflammatory bouts involving immune cells infiltrating the blood-brain 

barrier (BBB), ultimately leading to neurodegeneration and tissue destruction 

(Lassmann, 2019). During all courses of disease, active demyelination and 

neurodegeneration are associated with immune cell infiltration and activated microglia 
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(Stephenson et al., 2018). Activated microglia are more pronounced in PPMS than 

RRMS; they engulf myelin degradation products and typically surround the rim of slow 

expanding (smoldering) lesions (Magliozzi et al., 2013; Frischer et al., 2015).  

T cells are the key immune cells that orchestrate pathogenesis and disease 

progression (Kaskow and Baecher-Allan, 2018) and most disease modifying 

treatments (DMTs) typically target these cells, whether investigational (Lunemann et 

al., 2002; Aktas et al., 2003; Waiczies et al., 2005; Waiczies et al., 2007; Paul et al., 

2008)1 or already approved treatments (Rommer et al., 2019). An acute inflammation 

involves trafficking of T cells from the periphery into the CNS and is accompanied by 

disruption of the BBB, a hallmark of the RRMS pathology (Filippi et al., 2018).  

However, T cells are not the only cells involved in the pathology of MS. Other 

inflammatory cells including dendritic cells, macrophages and activated microglia also 

play an important role in the pathogenesis and are also targets of existing DMTs 

(Mishra and Yong, 2016). Furthermore, B cells have long been recognized to be 

important in the MS pathology; they secrete proinflammatory cytokines as well as 

antibodies in the CNS (Sabatino et al., 2019). More than half a century ago, unique 

IgG antibodies from clonal B cells were identified in cerebrospinal fluid (CSF) of MS 

patients (Yahr et al., 1954). These oligoclonal bands are identified on electrophoretic 

techniques and are a hallmark of MS (Deisenhammer et al., 2019). They are detected 

in more than 90% of MS patients and are still a useful diagnostic biomarker 

(Thompson et al., 2018b). 

During the progression from an RRMS course to SPMS disease, the inflammatory 

process subsides and the neurodegenerative component gains momentum (Mahad 

et al., 2015). During secondary and primary progressive stages of MS, treatment with 

neuroprotective or regenerative therapies would have a more determining impact in 

treatment than anti-inflammatory DMTs; however such treatment options for SPMS 

and PPMS remain limited (Faissner et al., 2019). Despite their immense success, 

most anti-inflammatory MS therapies can only delay the conversion to progressive 

disease by preventing further neurodegeneration but cannot reverse 

neurodegenerative progression (Bergamaschi et al., 2016). Although 

neurodegeneration is considered to be more extensive during progressive stages of 

disease, it is already present during early, even preclinical stages of MS. Axonal 
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transections and degeneration are detectable in early MS (Trapp et al., 1998) but 

become more prominent during progressive disease (Frischer et al., 2015). On the 

other hand, inflammatory processes remain an important component of active tissue 

injury, even during progressive disease, and may occur behind an intact blood brain 

barrier (Lassmann et al., 2012). Although less pronounced than in active lesions, 

inflammation is also present in nonactive lesions and in normal-appearing white 

matter (Frischer et al. 2009).  

Although fewer breaches in the BBB exist during PPMS, diffuse immune cell infiltrates 

are still prevalent within the parenchyma (Hochmeister et al., 2006). A 

neuropathological assessment of PPMS spinal cord tissue showed a strong 

association between meningeal inflammation and severity of pathology (Androdias et 

al., 2010). B cell accumulation may contribute to the deteriorating clinical course 

(Cencioni et al., 2021). Studies on postmortem brain tissue of SPMS patients shows 

tightly packed B cells and some T cells in ectopic lymphoid follicles that resemble 

secondary lymphoid organs within intracortical perivascular cuffs (Magliozzi et al., 

2007; Magliozzi et al., 2013). More recently, lymphoid follicles in postmortem SPMS 

and PPMS brain and spinal cords were shown to be devoid of follicular regulatory T 

cells (Bell et al., 2020). These regulatory cells are key suppressors of germinal center-

derived autoreactive B cell responses and could indicate a reduced regulated control 

of the humoral immune responses in these follicles that might contribute to the 

resulting cortical pathology of progressive MS (Negron et al., 2020).  

T cells are key to the MS pathogenesis and most DMTs typically exert their action by 

modifying the proliferative or migratory behaviour of these cells. However DMTs target 

other immune cell populations, including B cells that also play an important role in the 

MS pathogenesis particularly during progressive disease (Sabatino et al., 2019). B 

cell depletion therapies that specifically target the B cell antigen marker CD20 — such 

as the monoclonal antibodies rituximab, ocrelizumab and ofatumumab — have shown 

therapeutic efficacy in MS (Lee et al., 2021). The significance of targeting B cells 

during progressive disease was hailed a few years ago (Mullard, 2015). Ocrelizumab 

was shown to reduce the progression of upper limb disability in patients with 

advanced PPMS (Giovannoni et al., 2019). This underscores that targeting the 

inflammatory process — even during progressive disease — remains an area of 

intense investigation in MS research.  
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1.2 The animal model of multiple sclerosis 

The experimental autoimmune encephalomyelitis (EAE) is an animal model that 

resembles several aspects of MS. It has proven invaluable for understanding 

inflammatory and neurodegenerative processes and for identifying new MS treatment 

strategies (Glatigny and Bettelli, 2018). EAE can be induced in several species — 

from rodents to primates. Typically, susceptible animal strains are immunized with 

encephalitogenic myelin antigen components after emulsification in complete 

Freund’s adjuvant (Aktas et al., 2003). EAE can also be induced by transferring 

encephalitogenic T cells from immunized donors to susceptible recipients (Jager et 

al., 2009).  

EAE has been a vital tool for identifying novel therapeutic strategies and investigating 

their potential value for MS patients. Some of the therapies discovered in the EAE 

model are established treatments for MS (Glatigny and Bettelli, 2018). The discovery 

that antibodies against α4βl integrin (natalizumab) prevent traffic of mononuclear 

leukocytes across the vascular endothelium of the CNS in EAE (Yednock et al., 1992) 

resulted in studies showing a rapid and sustained reduction in disease activity in MS 

patients (Kappos et al., 2013). Several other examples exist. In the EAE animal 

model, the dihydroorotate dehydrogenase (DHODH) inhibitor teriflunomide (TF) 

reduced disease severity and progression in different animal strains (Merrill et al., 

2009; Merrill, 2009; Ringheim et al., 2013). In later clinical studies in RRMS patients, 

TF reduced relapse rate, disability progression, as well as lesion volume and brain 

volume loss (Wiese et al., 2013; Xu et al., 2016; Radue et al., 2017). Further examples 

include the sphingosine-1-phosphate receptor modulators fingolimod and siponimod. 

The  latter improves cortical network functionality in EAE mice (Gentile et al., 2016), 

while it later was shown to reduce the risk of further disability progression in SPMS 

patients (Kappos et al., 2018). 

Nonetheless, EAE is a simple model of MS and does not completely reflect the 

intricate inflammatory and neurodegenerative processes that occur during CNS 

immunopathology and autoimmunity in MS (Baxter, 2007). Just as findings that are 

observed in culture need to be confirmed in animal models such as the EAE due to 

the complexity of biological processes during inflammation, it is equally crucial to 

ascertain that changes and observations in the EAE are also clinically relevant in MS 

patients.  
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1.3 Magnetic resonance imaging crucial for identifying MS pathology 

To gain a comprehensive and longitudinal view of brain inflammation in patients, non-

invasive methods that employ high resolution brain imaging would be advantageous. 

The development of several imaging modalities has provided the possibility to study 

physiological or pathological processes in intact organisms. Magnetic resonance 

imaging (MRI) is an imaging modality the application of which can be easily translated 

to the clinic. MRI has been indispensable for the diagnosis and monitoring of MS 

(Filippi et al., 2016a; Rovira and de Stefano, 2016; Filippi et al., 2019a). The advent 

of ultrahigh field (UHF) magnetic field strengths (see next chapter) has increased the 

signal sensitivity of this imaging modality (Niendorf et al., 2016d) and further 

increased its capability of uncovering more discreet morphological changes during 

the pathological processes especially during MS (Figure 1).  

MR protocols for the diagnosis, prognosis and monitoring of MS patients follow 

specific guidelines of the Magnetic Resonance Imaging in MS group (MAGNIMS) in 

Europe (Rovira et al., 2015; Wattjes et al., 2015) or the Consortium of Multiple 

Sclerosis Centers (CMSC) in North America (Traboulsee et al., 2016). Standardized 

MRI protocols from harmonized initiatives are essential to facilitate swift clinical 

translation and comparison of data across different clinical environments around the 

world (Arevalo et al., 2019; Schmierer et al., 2019; Pereira et al., 2020). 

 

Figure 1. MS lesions are easier to detect at 7-Tesla MRI  
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MRI protocols for MS comprise multiple MRI contrasts. These contrasts are governed 

by the spin-lattice (longitudinal) relaxation time T1, the spin-spin (transversal) 

relaxation time T2, the effective spin-spin relaxation time T2*, and diffusion weighted 

imaging (DWI) (Maranzano et al., 2019).  

T2-weighted (T2w) MRI is well established in clinical practice and is used to identify 

white matter (WM) lesions that are characterized by hyperintense appearance 

(Zivadinov and Bakshi, 2004; Hemond and Bakshi, 2018). Detection of hyperintense 

lesions on T2w MRI is an important criterion for MS diagnosis (Thompson et al., 

2018a).  However, the lesion load alone correlates weakly with clinical disability, since 

it does not specify lesion severity or describe underlying pathophysiology (Zivadinov 

and Bakshi, 2004; Neema et al., 2007; Hemond and Bakshi, 2018), unless parametric 

mapping of the transverse relaxation time T2 is implemented (Shepherd et al., 2017). 

T2* is sensitive to iron content which correlates with disease duration, activity and 

severity (Walsh et al., 2013; Ropele et al., 2014; Walsh et al., 2014; Bozin et al., 2015; 

Bagnato et al., 2018) and is already detected in early MS (Bonnier et al., 2014; 

Blazejewska et al., 2015). Therefore T2*w MRI may become a tool to assess the 

development of MS already at an early stage. T2*w MRI has also gained popularity to 

detect the central vein sign that is considered a specific imaging marker for MS lesions 

(Tallantyre et al., 2009a; Geraldes et al., 2018a; Hemond and Bakshi, 2018; Sinnecker 

et al., 2019). By expanding the MR protocol with further MR techniques, the time 

required per patient examination will naturally increase considerably. Therefore, dual 

contrast techniques would be desirable to reduce scan time to promote clinical 

application. Recently our group reported on a simultaneous T2 and T2* mapping 

method that reduced acquisition time and could delineate MS lesions just as clearly 

as separate T2 and T2* maps acquired with standard techniques (Herrmann et al., 

2021). 

Contrast-enhanced MRI has been an integral part of the MR protocol to diagnose MS 

patients and monitor their treatment, it is used to investigate acute inflammation due 

to a recent infiltration of inflammatory cells into the CNS. When the BBB is disrupted, 

contrast agents leak through the BBB into the inflamed tissue, resulting in the 

appearance of contrast-enhancing lesions (CEL) that are detected with MRI 

(Thompson et al., 2018b).  

Detection of CELs with gadolinium-based contrast agents (GBCA) is currently the 

gold standard to detect episodes of BBB disruptions and to differentiate new, active 
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lesions from older ones (Thompson et al., 2018c). A continuous neurological decline 

in the absence of new CELs implies disease progression and is indicative of RRMS 

conversion to SPMS. Parametric mapping of the T1 relaxation time of CELs and the 

surrounding CNS tissue provides a quantitative MRI approach for measuring disease 

activity as well as further diagnostic information to better discriminate lesion subtypes 

and enable faster staging of disease activity (Kober et al., 2012). However, concerns 

regarding potential long-term deposition of GBCA in the brain and other organs and 

tissue restricts the frequent application of this important diagnostic tool (McDonald et 

al., 2015; McDonald et al., 2017; Schlemm et al., 2017; El-Khatib et al., 2019).  

Neurodegeneration and brain atrophy is another feature of MS that can be measured 

by volumetric MRI and occurs already early during the disease (Azevedo et al., 2015; 

Solomon et al., 2017). Brain atrophy is accompanied by a gradual enlargement of the 

cerebrospinal fluid (CSF)-filled brain ventricles. Atrophy also occurs during normal 

ageing, although shrinkage of the cortex and expansion of the ventricles proceeds 

more rapidly in MS patients (Turner et al., 2003; De Stefano et al., 2016), especially 

during the secondary-progressive phase, when neurodegenerative processes 

dominate. Alongside the appearance of new lesion activity, brain and spinal cord 

atrophy are sometimes used to predict the impact of MS therapies on neurological 

disability and which MS patients will be therapy responders. A meta-analysis of 

randomized trials evaluating a broad range of DMTs showed that treatment effect on 

brain atrophy is closely correlated with the treatment effect size on 2-year disability 

progression in RRMS patients (Sormani et al., 2014). When atrophy is used as 

neuroprotective measure to determine treatment response, brain volume (BV) 

changes should be assessed at least 6 to 12 months following treatment start and not 

earlier (Barkhof et al., 2009).  

Measurements of atrophy are not implemented in clinical practice. Global brain 

atrophy measurements lack pathological specificity. Changes in the volumes of brain 

compartments may be the result of changes in the parenchymal tissue (myelin, axon, 

glial content) but also physiological fluctuations such as water content changes 

(Duning et al., 2005), hydration status (Dieleman et al., 2017) or circadian rhythm 

(Trefler et al., 2016).  Additionally, non-tissue related reductions in BV, referred to as 

pseudoatrophy, may also occur, for instance following anti-inflammatory therapies, as 

a result of accelerated water losses and fluid shifts (Zivadinov et al., 2008). Thus, the 

cross-sectional predictive value of BV is suitable at group level, especially for 
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outcomes like cognition, but the predictive value in individual patients might be more 

questionable (Barkhof, 2016). Furthermore, there are issues regarding 

inconsistencies when measuring whole BV amongst different automated and semi-

automated methods that still needs to be thoroughly investigated, especially in MS 

patients (Wang et al., 2016). Therefore improvements in MRI technologies should not 

only include standardization of MR data acquisitions and reconstructions but also a 

harmonization of post-processing pipelines to identify reliable changes in the CNS of 

MS patients and to provide clinicians with a better guide to enhance the accuracy and 

speed of an MS diagnosis (Filippi et al., 2019b). In addition further quantitative MRI 

biomarkers are required to better understanding the pathology are needed to promote 

a more accurate diagnosis of MS (Filippi et al., 2019a). 

 

1.4 Ultrahigh Field MRI to study neuroinflammatoy pathology 

Ultrahigh field (UHF) MRI refers to MRI measurements carried out on scanners with 

a main magnetic field strength B0≥7.0 Tesla. UHF MRI opens new opportunities that 

mainly revolve around the improved sensitivity and specificity associated with 

increasing B0. The benefits from an increase in signal sensitivity and signal-to-noise 

ratio (SNR) can be invested in enhanced spatial or temporal resolutions, both key to 

superior imaging for more accurate and definitive diagnoses (Sinnecker et al., 2015; 

Niendorf et al., 2016b). Furthermore structural imaging at the mesoscopic scale 

(Dumoulin et al., 2018) and hemodynamic responses (Uludağ and Blinder, 2018) 

benefit from UHF MRI.  

When studying MS pathology, the increased sensitivity and specificity bestowed by 

UHF has given us new insights into leptomeningeal enhancement and the properties 

of lesions at different stages of the disease, including detection of the central vein sign 

(CVS), as well as an improved understanding of the pathology when using metabolic 

imaging (Bruschi et al., 2020). MS lesions have long been shown from 

histopathological studies to show a perivenous distribution i.e. they form around veins 

and venules (Sati et al., 2016). The CVS can be identified on T2* weighted MRI (Tan 

et al., 2000; Maggi et al., 2014; Sati et al., 2016) at lower magnetic field strengths 

(1.5-3.0 T), but more CVS are detected at 7.0 T (Tallantyre et al., 2009b; Sinnecker 

et al., 2013; Muller et al., 2014; Filippi et al., 2019a). Other MRI features that have 

been uncovered by 7.0 T MRI in MS patients include hypointense rim structures as 

well as a differentiation of MS grey matter lesions (Sinnecker et al., 2012a; Sinnecker 



Habilitationsschrift Sonia Waiczies        

 

 11 

 

et al., 2012b; Wuerfel et al., 2012; Kuchling et al., 2014). One of the greatest 

challenges is to differentiate MS lesions from those occurring in other 

neuroinflammatory conditions such as Neuromyelitis Optica Spectrum Disorder 

(NMOSD) and Susac syndrome (Geraldes et al., 2018b). New findings revealed by 

UHF MRI have proven to be indispensable to make a definitive diagnosis (Filippi et 

al., 2019a). UHF MRI  gives a better delineation of features such as the CVS and 

hypointense rim; this has helped differentiate MS lesions from other 

neuroinflammatory disorders such as Susac syndrome (Wuerfel et al., 2012) and 

neuromyelitis optica (NMO) (Sinnecker et al., 2012a). On the other hand UHF MRI 

has also exposed common pathological findings with other MS variants such as Baló’s 

concentric sclerosis (Blaabjerg et al., 2016; Behrens et al., 2018). 

Apart from the many opportunities associated with UHF MRI for the detection and 

differentiation of MS lesions, some challenges exist. One of these challenges 

concerns the radio-frequency (RF) coils that are used at UHF to transmit and receive 

the RF signal that is required to acquire the MR image (Vaughan et al., 2001). The 

higher the magnetic field, the higher the resonance frequencies required and 

therefore the shorter the wavelengths that are used. Apart from the higher energy 

required by the radio pulses, constructive and destructive interferences occur due to 

the shortening of the waves in the tissue (from c. 50 cm at 1.5 T to c. 13 cm at 7.0 T). 

These will cause strong inhomogeneities of the transmission field (B1
+) causing signal 

losses over some parts of the image. In this case, multichannel transmission using 

parallel transmit (pTx) RF coils and RF pulse design approaches would benefit from 

enhanced B1
+ homogeneity and thus facilitate uniform coverage of the brain (Padormo 

et al., 2016).  

 

1.5 Fluorine (19F) MRI to study neuroinflammatory pathology 

One approach to study neuroinflammation is to detect and quantify inflammatory cells 

in vivo. MRI methods are highly suited for tracking cells in vivo since they provide 

simultaneous anatomical and physiological information. UHF MRI provides an added 

advantage since it offers a higher spatial resolution. In general, all MRI methods, 

including the experimental ones, would benefit from UHF MRI due to the gain in 

sensitivity and signal-to-noise ratio (SNR) that enables higher spatial resolution 

(detail) and better signal detection (sensitivity).  
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The initial cell labeling strategies for MRI made use of contrast agents that modulate 

the MR relaxation times (T1, T2, T2*) of labeled inflammatory cells. The shortening of 

T1 or T2/T2* results in an increase or decrease in signal, respectively. T1 agents 

include manganese (Mn) chelates or gadolinium (Gd) chelates such as Gd-DTPA 

(diethylene-triamine pentaacetic acid). Iron oxide nanoparticles such as  

superparamagnetic iron oxide particles (SPIO), ultrasmall iron oxide agents (USPIO) 

and micrometer-sized iron oxide particles (MPIO) have been employed as T2* 

contrast agents to label cells in vitro and in vivo (Hinds et al., 2003; Shapiro et al., 

2004). Clinical SPIO have been approved by the FDA to label dendritic cells that are 

applied as cancer vaccines in melanoma patients (de Vries et al., 2005). One 

drawback of MRI contrast agents such as SPIO is a general difficulty to distinguish 

negative contrast (voids) created by labeled cells from other void artifacts (blood clots, 

air bubbles etc.).  

One MR technique for tracking cells in vivo that provides advantages over MR 

techniques that utilize applying T2* iron-oxide nanoparticles involves the labeling of 

cells with fluorine (19F) nanoparticles (Ahrens et al., 2005). These nanoparticles are 

used to label inflammatory cells which can then be imaged and quantified by 19F MRI. 

19F nanoparticles are prepared from emulsions of 19F-rich perfluorocarbons (PFC) and 

their size ranges from 100 nm up to 500 nm, depending on the preparation method 

(Janjic and Ahrens, 2009; Waiczies et al., 2011). 

Fluorine (19F) MRI is an underutilized method that would benefit immensely from the 

increase in SNR achieved with UHF MRI. Particularly in the clinic more efforts should 

be invested to make use of this unique and valuable tool. The absence of 19F 

background signal makes 19F a highly attractive label of fluorinated compounds that 

are administered in vivo. The important advantages of in vivo 19F MRI over other MR 

techniques are (i) a biological absence of organic 19F in vivo that yields background-

free images and complete cell selectivity, (ii) a possibility to quantify the cell signal 

with 19F MR methods and (iii) a biological and chemical inertness of PFC.  

For several years, the main application of 19F MRI was to study inflammatory 

pathology in experimental disease models such as the EAE (Nöth et al., 1997; 

Waiczies et al., 2013b; Zhong et al., 2015). 19F MRI is typically performed several 

hours following intravenous application of 19F nanoparticles to allow label immune 

cells in the bloodstream that are on their way to the inflamed organ. In EAE, 

nanoparticles are taken up by inflammatory cells during their migration into the CNS.  
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The 19F MRI method of detecting CNS inflammation is still not applicable in MS 

patients, due to the necessity of administering 19F nanoparticles intravenously. SPIO 

nanoparticles have been applied since several years in patients, including those with 

MS (Vellinga et al., 2008; Vellinga et al., 2009). Several SPIOs have been studied; 

these come in various sizes, the ultrasmall SPIOs starting at 11 nm and the larger 

ones at 100 nm (approaching 19F nanoparticle size). Correspondingly, the half-life in 

blood is diverse, from 10 minutes up to more than 24 hours in case of the smaller and 

dextran coated ones (Daldrup-Link, 2017). Most of the SPIOs developed for clinical 

imaging have been taken off the market because of their limited application spectrum. 

However, SPIOs that are indicated for the treatment of anemia (such as the USPIO 

ferumoxytol) are still used off-label as contrast agents in MS (Buch et al., 2020). 

Concerns exist about their toxicity, especially in BBB disorders such as MS, where 

they have been shown to aggravate pre-existing disease in the animal model (Hsiao 

et al., 2019). Prior to distributing further valuable contrast agents into the clinic, 

additional experimental study is warranted and developments even necessary, such 

as paradigm shifts involving substitution of gadolinium with iron chelates (Boehm-

Sturm et al., 2018). 

 

1.6 Experimental UHF MRI to study cellular and pharmacological therapy 

Despite uncertainties associated with contrast agent administration in patients, there 

are already clear and promising opportunities for clinical 19F MRI today. The method 

has already been applied to follow intradermally-applied cell therapies in cancer 

patients (Ahrens et al., 2014). While the method of cell labelling is still experimental 

and needs to be treated with caution (Waiczies et al., 2017b), the expected risks are 

related to the cell labelling procedure itself, namely the impact of labelling on the 

efficacy of the cell therapy or a failed labelling thereof. There are no expected adverse 

effects on patients.  

Using MRI to monitor therapy during pathology bears the potential to make patient 

management more effective (Reid and Murphy, 2008; Niendorf et al., 2016c) and 19F 

MRI has the inherent advantage of making this possible (Ji et al., 2015). The prospect 

of non-invasively monitoring drugs in MS patients heralds an age when exact drug 

concentrations in the CNS and other disease-relevant tissue, e.g., draining lymph 

nodes can be determined, to inform drug therapies. The SNR achieved with 19F MRI 
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is a major limiting factor to detect and quantify 19F drugs with 19F MRI or single voxel 

spectroscopy (SVS) MR methods. Compared to other MR-active nuclei (e.g., 1H, 

23Na, 39K), the availability of 19F nuclei in a tissue of interest in vivo, following a 19F 

drug application, is exceptionally low. Additionally, 19F MR properties such as chemical 

shift, T1 and T2 relaxation times, as well as pharmacological factors, such as 

metabolism or protein binding, could influence SNR and 19F MR signal detection. Due 

to sensitivity constraints, and influences of the environment (temperature, pH) and 

protein binding on the MR properties of 19F drugs, particularly T2 relaxation (Prinz et 

al., 2018; Prinz et al., 2021), which would ultimately influence the MR signal, drug 

detection in vivo is limited to non-localized 19F MR spectroscopy (MRS). To improve 

SNR for 19F MRI, implementation of SNR efficient acquisition method specific to each 

19F drug will be key (Faber and Schmid, 2016). The combination of SNR-boosting 

technologies will be key to achieve this goal and allow to monitor drugs in vivo with 

19F MRI. 

 

The goals of the publications presented here were to develop, study, validate and 

combine various SNR-boosting technologies as well as UHF MRI with the ultimate 

purpose to: 

(1) detect and quantify anti-inflammatory and cellular therapies non-

invasively in individual patients during neuroinflammatory disease such as 

glioblastoma and multiple sclerosis.  

(2) study the implications of transient changes in brain ventricle volumes 

as a pathological feature to detect inflammatory dynamics and as potential MR 

biomarker in multiple sclerosis patients.  
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2 Eigene Arbeiten 

 

The research within the selected five publications was performed at the Experimental 

Ultrahigh Field Magnetic Resonance of the Max Delbrück Center (MDC) for 

Molecular Medicine in the Helmholtz Association (Director: Professor Thoralf 

Niendorf).  

 

2.1 Molecular mechanisms of brain autoimmunity and tumor responses 

This chapter builds on publication 1 “ERK1 as a Therapeutic Target for Dendritic 

Cell Vaccination against High-Grade Gliomas” published in Molecular Cancer 

Therapeutics (Ku et al., 2016).  

Early during my research studies in neuroimmunology at the Charité, we studied 

experimental therapies in MS and its animal model to modulate the T cell response 

(Lunemann et al., 2002; Waiczies et al., 2002; Aktas et al., 2003; Waiczies et al., 

2005; Waiczies et al., 2007; Paul et al., 2008). I studied the mechanisms of these 

therapies to uncover new druggable targets for treating autoimmunity. Other than 

studying the role of Rho GTPases in T cell migration as part of a collaborative 

research centre project (SFB 650) at the Charité (Waiczies et al., 2007; Waiczies et 

al., 2008), I also identified the MAP kinase 3 ERK1 as a potential biomarker of 

atorvastatin (Waiczies et al., 2005) and after some years, one of the PhD students I 

supervised also showed that ERK1 is crucial for the pathogenesis of 

neuroinflammation (Bendix et al., 2010). Another PhD student showed that dendritic 

cells (DCs) play a key role in the immunomodulatory mechanisms of statin therapy 

(Leuenberger et al., 2014). These results were in part supported by a research 

fellowship granted by the Charité (Rahel Hirsch Stipendium).  

During our preliminary findings on ERK1 and DCs in the pathogenesis and treatment 

of autoimmune encephalomyelitis, DC immunotherapies were becoming extremely 

popular for the treatment of autoimmune disease (Harry et al., 2010; Idoyaga et al., 

2013; Creusot et al., 2014) and particularly as cancer therapies (Palucka et al., 2011; 

Palucka and Banchereau, 2012). I started working with the notion that ERK1-

modulated DCs could emerge as better immunotherapies not only for regulating 

https://mct.aacrjournals.org/
https://mct.aacrjournals.org/
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brain autoimmunity (upon promoting ERK1 activity) but also for promoting a potent 

anti-tumour response in brain tumors (upon downregulating ERK1).  

DFG funding was acquired to perform research at Experimental Ultrahigh Field 

Magnetic Resonance of the MDC to study the impact of ERK1-deficient DCs to boost 

glioma immunotherapy (Ku et al., 2016).  

 

Considering the increased migration and antigenicity of ERK1-deficient DCs, we 

studied the role of ERK1 in glioma survival by administering GL261 glioma cells in 

the striatum of ERK1-deficient and control mice.  

ERK1-deficient mice showed a prolonged survival compared to wild type littermates; 

unlike wild type mice, 40% of ERK1-deficient mice were still alive at the end of the 

experiment (Figure 1 in own work 1 (Ku et al., 2016)) and showed minimal tumor 

growth, indicating endogenous mechanisms in ERK1-deficient recipients that 

regulate the expansion of glioma cells e.g. DCs with sustained Cdc42 activation and 

better migratory activity as a result in cytoskeletal organization (Figure 5 in own work 

1 (Ku et al., 2016)). Remarkable for DC immunotherapy, we showed that ERK1-

deficient DCs were more potent vaccines and provided a higher survival rate to wild 

type mice harboring high grade gliomas (Figure 7 in own work 1 (Ku et al., 2016)): 
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2.2 Fluorine magnetic resonance imaging to monitor immune cell migration 

This chapter builds on publication 2 “Anchoring dipalmitoyl phosphoethanolamine to 

nanoparticles boosts cellular uptake and fluorine-19 magnetic resonance signal” 

published in Scientific Reports (Waiczies et al., 2015).  

Motivated by the findings in publication 1 that manipulated DCs immunotherapies 

have better migratory properties in brain tumors (Ku et al., 2016), we established a 

non-invasive method that could follow the migration of these cells in vivo, using fluorine 

(19F) MRI. The first method developments were related to nanotechnology (Waiczies 

et al., 2011; Waiczies et al., 2015), DC tracking (Waiczies et al., 2013a) and designing 

radio frequency coils for 19F brain MRI (Waiczies et al., 2013b).  

Labelling cells with 19F nanoparticles is a crucial first step for tracking cell therapies in 

vivo. We showed that 19F MRI is highly suited to follow DCs in vivo (Waiczies et al., 

2013a). We also reported that 19F nanoparticle size affects the immunological 

properties of DCs (Waiczies et al., 2011). We also administered 19F nanoparticles in 

animal models to label inflammatory cells in vivo to study their migration to the CNS 

during inflammation, both in the EAE animal model (Waiczies et al., 2013b; Waiczies 

et al., 2017a; Waiczies et al., 2018; Starke et al., 2019; Waiczies et al., 2019) as well 

as in the glioma model (Figure 2 in own work 1 (Ku et al., 2016)).  

Tracking transplanted 19F labelled cell therapies in vivo with 19F MRI demands more 

signal sensitivity and signal-to-noise ratio (SNR) than the detection of inflammation e.g. 

in the EAE. The number of 19F-labeled cells clustering in inflammatory regions e.g., in 

the CNS during EAE, is much larger than the number of 19F-labeled transplanted 

therapeutic cells that traffic to their target organ. Therefore we recognized the need to 

enhance the 19F signal per transplanted cell by increasing nanoparticle uptake without 

altering therapeutic efficacy  (Waiczies et al., 2011; Waiczies et al., 2015). We altered 

the nanoparticle shell composition with different phosphatidylethanolamines (PE), 

since these are critical components of biological membranes (Figure 1A in own work 

2 (Waiczies et al., 2015)). Both electron microscopy and MR spectroscopy revealed a 

striking (at least one order of magnitude) increase in cytoplasmic uptake of 19F 

nanoparticles in DCs, without significantly influencing migration, following enrichment 

with 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) but not 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphoethanolamine (POPE) (Figure 1B, 2B in own work 2 

(Waiczies et al., 2015)). We observed a subsequent enhancement in 19F MR signal in 

vivo (Figure 6C in own work 2 (Waiczies et al., 2015)): 
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2.3 Improving signal sensitivity for fluorine MR methods 

This chapter builds on publication 3 “Enhanced Fluorine-19 MRI Sensitivity using a 

Cryogenic Radiofrequency Probe: Technical Developments and Ex Vivo Demonstration 

in a Mouse Model of Neuroinflammation” published in Scientific Reports (Waiczies et 

al., 2017a).  

Our efforts to increase signal sensitivity for 19F MRI in publication 2 (Waiczies et al., 

2015) were related to the signal source itself: we increased the 19F signal by increasing 

the cell label load with DPPE 19F nanoparticles (Waiczies et al., 2015). However, SNR 

limitations remain a bottleneck prohibiting the detection and quantification of cellular 

and pharmacological therapies with 19F MRI. In a further effort to increase SNR to follow 

therapies in vivo, here we focused on the MR method. 

Physical factors such as radio frequency (RF) coil sensitivities and magnetic field 

strengths also dictate detection limits. A wider spectrum of method developments are 

necessary for 19F MRI  to provide its unprecedented opportunities in medical research 

(Waiczies et al., 2019). To boost SNR for 19F MRI, I acquired further DFG funding to 

develop the first 19F transceive quadrature cryogenically-cooled RF probe (CRP) in 

cooperation with Bruker Biospin (Ettlingen, Germany) (Waiczies et al., 2017a). 

Cryogenic cooling increases SNR by reducing thermal noise (Niendorf et al., 2015).  

The 19F-CRP provided a superior SNR that was over an order of magnitude beyond 

that of a room temperature RF coil of similar size (Figure 4 in own work 3 (Waiczies et 

al., 2017a)). We reached a detection limit in the order of 1015∙19F atoms per imaging 

voxel when using the 19F-CRP, in comparison to 1016∙19F atoms with the 19F RT-coil. A 

major limitation of the 19F-CRP is a strong signal loss with increasing distance from the 

CRP surface as a result of non-uniform B1
+ typical of surface coils (Figure 3 in own 

work 3 (Waiczies et al., 2017a)). The signal losses away from the coil hamper signal 

quantification. Recently we reported a method to correct B1 variations for 1H-surface 

coils and RARE 1H-MRI by experimentally-modelling signal intensity as a function of 

FA and T1 (Delgado et al., 2020) and are currently implementing this correction method 

for images acquired with the 19F-CRP. One important utilization of the SNR gain is to 

acquire more spatially resolved and thereby detailed 19F MR images (Figure 5 in own 

work 3 (Waiczies et al., 2017a)). When using an isotropic spatial resolution of 150 µm, 

the majority of the 19F signals obtained by the 19F-CRP were not detected with the RT 

coil (Figure 5 in own work 3 (Waiczies et al., 2017a)):  
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2.4 Detecting disease modifying treatments in vivo  

This chapter builds on publication 4 “In vivo detection of teriflunomide-derived 

fluorine signal during neuroinflammation using fluorine MR spectroscopy” 

published in Theranostics (Prinz et al., 2021).  

The main motivation of publication 3 was to improve SNR for 19F MRI to detect 

and quantify therapies in vivo (Waiczies et al., 2017a). One clearly promising 

opportunity for implementing 19F MRI in the clinic today is to detect and quantify 

therapies non-invasively in patients, particularly in organs that are difficult to 

access such as the brain. Although DMTs administered to MS patients act on 

inflammatory processes already outside the CNS to avert neurodegeneration, 

these therapies also exert their effect behind the BBB, within the CNS. However, 

it is not clear how much of these therapies are reaching the CNS. A non-invasive 

method that quantifies MS drugs in CNS and lymphatic tissue would be desirable.  

Using the SNR-boosting 19F-CRP technology developed in the previous 

publication (Waiczies et al., 2017a), we recently detected the dihydroorotate 

dehydrogenase inhibitor teriflunomide (TF) in EAE, the animal model of MS (Prinz 

et al., 2021). We studied the efficacy of TF in preventing EAE in two mouse strains: 

EAE was prevented in SJL/J mice that follow a relapsing-remitting disease form, 

in contrast to C57BL/6 mice that follow a more chronic disease progression and 

were not significantly affected by TF (Figure 1 in own work 4 (Prinz et al., 2021)). 

TF was detected in the brain and CSF of both strains (Figure 4 in own work 4 

(Prinz et al., 2021)). Prior to in vivo experiments, a thorough 19F MR 

characterization of TF was made, particularly at different temperatures, pH and 

during protein binding (Prinz et al., 2018; Prinz et al., 2021); this is necessary to 

select MRI acquisition methods best suited for detecting TF with the best SNR 

efficiency. In the presence of plasma proteins, the T2 relaxation time of TF was 

markedly shortened from 465 ms to 5 ms. Thus, acquisition methods with short 

echo times (TE) are required to avoid significant signal losses during rapid 

relaxation. Using 19F MRS we detected TF in the head area of both EAE and 

healthy SJL/J mice (Figure 3 in own work 4 (Prinz et al., 2021)). Importantly, a TF 

quantification with HPLC/MS was important to establish the ground truth for 

validating in vivo 19F MRS data. Although the estimation of TF concentration with 

19F MRS was elevated by 130% when compared to HPLC/MS, a clear correlation 
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between both methods was determined (Figure 4C in own work 4 (Prinz et al., 

2021)): 
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2.5 Imaging biomarkers in MS to study inflammation 

This chapter builds on publication 5 “Transient enlargement of brain ventricles during 

relapsing-remitting multiple sclerosis and experimental autoimmune encephalomyelitis” 

published in JCI Insight (Millward et al., 2020).  

While understanding the distribution of DMTs (as motivated in publication 4) is crucial 

to understand treatment response in MS patients, identifying quantitative MRI 

biomarkers is of equal significance to guide clinicians towards a more effective 

diagnosis and better treatment strategy (Filippi et al., 2019a). Contrast enhancement 

MRI is a diagnostic tool for MS but concerns regarding long-term gadolinium deposition 

underscores the need for further diagnostic tools. The application of experimental MRI 

methods to the EAE animal model of MS allows a direct correlation of MRI findings with 

histopathology as well as investigation of disease before clinical onset, which is 

challenging to do in patients. We could previously perform in vivo microscopic MRI in 

the EAE, reaching a spatial resolution of 35 μm with the help of a 1H (proton)-CRP 

(Waiczies et al., 2012; Lepore et al., 2013). This technology facilitated detection of EAE 

pathology without the use of contrast agent during early stages of disease and showed 

excellent correspondence with conventional histology (Waiczies et al., 2012).  

Apart from improving spatial resolution, the increase in SNR with the 1H-CRP reduced 

measurement time considerably and enabled more frequent acquisitions in the same 

EAE mice. This opportunity uncovered a new finding in the EAE that involved 

pronounced changes in ventricle volume (VV) already prior to onset of disease (Lepore 

et al., 2013). We recently followed VV changes in the EAE for two months in the same 

animal and used contrast-enhanced T1 mapping as a quantitative measure of acute 

inflammation (Figure 1; Figure 2 in own work 5 (Millward et al., 2020)). Transient VV 

changes (particularly prior and during onset of EAE) coincided with BBB disruption.  

We confirmed the clinical relevance of these findings in MS patients by performing a 

retrospective analysis of a clinical trial, where RRMS patients had received monthly 

MRI scans for one year (Paul et al., 2008). The majority of RRMS patients showed 

dynamic VV fluctuations, beyond normal variation, and these patients appeared to be 

at an earlier phase of disease (Figure 8 in own work 5 (Millward et al., 2020). We used 

time-series-analysis to explore how changes in VV over time relate to changes in other 

MRI and clinical parameters and showed the same level of cross-correlation as that for 

contrast-enhanced MRI (Figure 9 in own work 5 (Millward et al., 2020)):  
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3 Diskussion 

 

The early detection, diagnosis and differentiation of neuroinflammatory diseases 

such as multiple sclerosis (MS) and glioblastoma has considerably improved in the 

past decade thanks to new advancements in MRI and MRS (Öz et al., 2014; 

Langen et al., 2017). The differential diagnosis of MS from other neuroinflammatory 

diseases that mimic MS such as Neuromyelitis Optica Spectrum Disorder 

(NMOSD) and Susac syndrome (Geraldes et al., 2018b), is often challenging but 

new findings, especially those uncovered by UHF MRI, have proven to be 

indispensable to make a definitive diagnosis (Filippi et al., 2019a). Further 

developments and technologies in MRI will be vital to improve the armamentarium 

of tools available to clinicians (Sati, 2018). An added dimension to MS patient 

management is the monitoring of disease modifying treatments (DMTs). The 

importance of MRI to assess treatment response and safety is clearly recognized 

and MRI has indeed become a vital tool to initiate treatment as early in the disease 

as possible (Tintore et al., 2018). A further opportunity that comes with the MR 

imaging modality is the possibility to study the distribution of DMTs noninvasively 

during pathology. Unfortunately, this utility is not implemented in clinical routine, 

mostly because of the sensitivity hurdle that needs to be overcome, a hurdle that 

can be surmounted with more sensitive MR methods and technologies to increase 

SNR. The vast benefits that can be earned out of detecting and quantifying DMTs 

with MRI needs to be discussed.  

 

3.1 Quantitative MRI biomarkers for the diagnosis and monitoring of MS 

Following up on our previous observation involving a pronounced ventricle volume 

(VV) expansion already prior to disease onset in the EAE (Lepore et al., 2013), we 

recently reported transient changes in ventricle size, even at later disease stages 

in the EAE (own work 5  (Millward et al., 2020)). Transient changes in VV were also 

observed in the majority of RRMS patients and those exhibiting these changes 

were also reported to be at an earlier stage of their disease, compared to those 

showing no transient VV changes (own work 5  (Millward et al., 2020)). We assume 



92  

 

that fluctuating VVs are an indicator of acute inflammation and disease state in MS 

patients. 

Contrast-enhanced MRI is currently the gold standard diagnostic measure to 

uncover acute inflammation (Rovira et al., 2015; Filippi et al., 2016b). Contrast-

enhanced MRI has also acted as important outcome measure when new MS 

therapies are investigated in clinical trials (Comi et al., 2017). Such trials have 

classically involved frequent MRI measurements in association with GBCAs to 

study DMTs e.g. teriflunomide (Confavreux et al., 2014), dimethyl fumarate (Gold 

et al., 2012), natalizumab (Polman et al., 2006), atorvastatin (Paul et al., 2008) or 

immunosuppressive therapies followed by hematopoietic cell transplantation 

(Nash et al., 2015). While previously common practice, repeated use of GBCAs in 

MS clinical trials has subsided in recent years due to concerns regarding contrast 

deposition after long-term repeated application (McDonald et al., 2015; McDonald 

et al., 2017; Schlemm et al., 2017; El-Khatib et al., 2019). Another added 

complexity in MS is the clinico-radiological paradox, in which lesion load as 

detected by MRI is typically weakly correlated with clinical disease status and 

changes in lesion appearances are not synchronous with clinical disability 

(Barkhof, 2002).  

A deeper understanding into the mechanisms of GBCA deposition in the brain is 

required, as well as further studies into other contrast alternatives such as low 

molecular weight Fe3+‐chelate complexes (Boehm-Sturm et al., 2018; Janke et al., 

2018) and macrocyclic GBCAs that do not appear to result in tissue deposition after 

long term repeated use (Kanda et al., 2015; Radbruch et al., 2015), even in MS 

and EAE (Eisele et al., 2016; Schlemm et al., 2017; Eisele et al., 2018; Wang et 

al., 2019). 

Furthermore, quantitative MRI biomarkers that can objectively measure changes 

in neuroinflammation and neurodegeneration are needed. Ideally these should 

include a combination of multiple quantitative 1H MRI methods such as T1, T2, T2
* 

mapping or magnetization transfer techniques (Metere et al., 2017). As expected, 

this would add to the patient’s time in the MR scanner. Therefore novel 

developments in MRI such as MR fingerprinting (Ma et al., 2013), compressed 

sensing (Mönch et al., 2020), or synthetic MRI (Hagiwara et al., 2017) that allow 
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combined, accelerated, or simultaneous acquisitions would significantly reduce 

scanning time.   

The sensitivity of the MR hardware is also crucial to promote SNR and thereby 

reduce scan time. In preclinical MRI, we make use of a cryogenic coils to boost 

SNR in the EAE animal model of MS (Waiczies et al., 2012; Lepore et al., 2013). 

Apart from significantly reducing measurement time, this technology enables in 

vivo microscopic MRI (35 μm spatial resolution) and allows excellent depiction of 

brain pathology in the EAE that corresponds to conventional histology (Waiczies et 

al., 2012). It was however thanks to the reduced scan time and chance to perform 

more frequent acquisitions in the same mice over time that uncovered pronounced 

changes in the ventricle volume (VV) in the EAE already prior to disease onset 

(Lepore et al., 2013). 

An increase in ventricle size is typically associated with brain atrophy, particularly 

in neurodegenerative diseases such as Alzheimer’s (Lehéricy et al., 2007). Brain 

atrophy is also a feature of MS that can be measured by brain volumetric MRI and 

occurs already early during the disease (Azevedo et al., 2015; Solomon et al., 

2017). Our observation of a pronounced VV enlargement prior to onset of EAE, 

was not suggestive of brain atrophy since it resolved during disease remission 

(Millward et al., 2020). Of clinical relevance, we also reported that the majority of 

RRMS patients also exhibit transient VV changes that are larger than normal 

variation, and that these patients appear to be at an earlier phase of disease. Our 

extensive longitudinal study in the EAE using a relatively low number of animals, 

repeatedly monitored by MRI, revealed a phenomenon relevant to the pathology in 

MS patients (Millward et al., 2020). The MS data that we investigated in our study 

originated from a clinical trial on the efficacy of atorvastatin in MS (Paul et al., 2008) 

due to the role of this lipid-lowering drug in modulating the T cell response (Aktas 

et al., 2003; Waiczies et al., 2005; Waiczies et al., 2007; Waiczies et al., 2008). 

Some immunomodulatory agents have been reported to cause pseudoatrophy in 

parallel to CEL reduction (Hardmeier et al., 2005; Miller et al., 2007), probably as 

a result of a resolution in immune cell infiltration, accelerated water losses and fluid 

shifts (Zivadinov et al., 2008). In the clinical trial that we retrospectively 

investigated, atorvastatin did not show any signs suggestive of pseudoatrophy 
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since there was no significant reduction in BV during the one-year study period 

(Millward et al., 2020).  

Our observation that MS patients with transient VV changes are at an earlier phase 

of disease, indicates that fluctuating VV could be considered as surrogate marker 

of MS-associated neuroinflammation indicative of disease state. Distinguishing 

short-term from long-term VV and BV changes is vital, both volumes are 

informative, although the rate of VV expansion predicts disease progression more 

strongly than the rate of whole brain atrophy (Lukas et al., 2010). In parallel to 

lesions, the quantification of VV, BV and more specific brain region volumes 

(hippocampus, cortex, etc.) from anatomical and quantitative MRI scans will be 

vital to separate inflammation from neurodegeneration in individual patients, as 

well as to differentiate the anti-inflammatory, pseudoatrophy and/or neuroprotective 

effects of DMTs. Short but frequent MRI data acquisition — similar to our clinical 

study (Paul et al., 2008; Millward et al., 2020) — will be key to disentangle short-

term VV oscillations suggestive of inflammation from persistent, unidirectional VV 

changes that are indicative of brain atrophy. These changes (transient versus 

unidirectional VV/BV changes) occur at different time scales and intensities. In line 

with this, automatic brain segmentation tools, especially those involving deep 

learning (Akkus et al., 2017), will be an essential part of the MR data analysis 

pipeline to quantify and interpret pathology or therapy related changes in daily 

clinical practice.  

 

3.2 Improving MRI sensitivity to detect therapy in MS patients  

We recently detected the fluorinated DMT teriflunomide (TF) in the animal model 

of MS using 19F MRS (own work 4 (Prinz et al., 2021)). One third of all drugs that 

are approved worldwide, including some that are indicated for MS, are fluorinated 

and could be potentially detected in vivo with 19F MR methods, including 19F MRI 

(Wolf et al., 2000; Muller et al., 2007; Reid and Murphy, 2008; Bartusik and 

Aebisher, 2014; Wang et al., 2014; Niendorf et al., 2016c). Using MRI to detect 

DMTs non-invasively in regions of pharmacological relevance (e.g. CNS in MS 

patients) would significantly complement the treatment process.  



Habilitationsschrift Sonia Waiczies                                                          

 95 

 

TF is an anti-inflammatory DMT containing a trifluoromethyl group that is approved 

for use in MS (Derfuss et al., 2020). By inhibiting the mitochondrial enzyme 

dihydroorotate dehydrogenase (DHODH), TF inhibits the synthesis of pyrimidine 

nucleotide precursor orotate that are necessary for DNA replication (Rückemann 

et al., 1998). TF selectively inhibits the expansion of aggressive autoreactive T cells 

that are key players in the pathology of MS (Klotz et al., 2019). TF is administered 

orally and has a rapid, complete absorption with a long half-life (> 2 weeks) due to 

extensive enterohepatic recycling (Wiese et al., 2013). In RRMS patients, TF 

reduces the annual relapse rate, slows disability progression and reduces lesion 

volume (Wiese et al., 2013; Xu et al., 2016) as well as BV losses (Radue et al., 

2017). In agreement with preclinical studies using the animal model of MS (Merrill 

et al., 2009; Merrill, 2009; Ringheim et al., 2013) we reported the efficacy of TF to 

prevent disease in the EAE (Prinz et al., 2021).   

Although the mechanism of action of TF in MS is to regulate the expansion of 

aggressive autoreactive T cells (Klotz et al., 2019), there are indications that this 

drug might also act within the CNS by promoting myelination and neurogenesis 

(Göttle et al., 2018; Prabhakara et al., 2018). 19F MRI would be essential to help 

us understand the distribution and therefore mechanism of action of drugs such as 

TF in MS.  

There are however still limitations that prohibit detection of 19F drugs such as TF 

with 19F MRI or localized spectroscopy. In our recent study we detected TF with 

non-localized 19F MRS (Prinz et al., 2021). 19F MRI or localized single-voxel 

spectroscopy will be crucial to localize drugs within specific regions e.g. in the 

brain, to study their distribution in their therapeutic concentration range. One of the 

major limiting factors of implementing 19F MRI for MS treatment is SNR, mainly due 

to the low availability of 19F nuclei in vivo, although the sensitivity of the MR method 

is also an important contributor.  

Apart from SNR and sensitivity barriers, the 19F MR properties of fluorinated 

compounds mainly T1 and T2 will contribute to their detection. Temperature, pH as 

well as protein binding have been shown to be important contributors and strongly 

influences T2 relaxation, as reported for TF (Prinz et al., 2018; Prinz et al., 2021). 

The T2 of TF was radically shortened in the serum environment, presumably due 

to unspecific binding of the compounds to serum proteins (Dubois and Evers). Due 
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to the associated rapid loss in 19F signal during T2 relaxation, signal detection with 

19F MRI is expected to be more challenging. Selection of the appropriate MR 

acquisition method according to the MR properties of the compound within a 

specific environment will be essential to acquire MIR data with the best SNR 

efficiency. Therefore a thorough characterization of 19F compounds (Prinz et al., 

2018; Prinz et al., 2021) is necessary to plan SNR efficient acquisition methods for 

19F MRI that are adapted to their specific MR properties (Mastropietro et al., 2014; 

Faber and Schmid, 2016; Constantinides et al., 2018). 

Ultimately, a combination of synergizing efforts that increase sensitivity will be 

necessary to overcome SNR restrictions that currently limit the localization of small 

amounts of drug at therapeutic levels by 19F MRI. One of the efforts that we are 

following is compressed sensing (CS), a digital signal processing technique that 

accurately recovers unknown sparse signals from underdetermined linear 

measurements (Candes et al., 2006; Donoho, 2006; Ye, 2019). Recently we 

examined the performance of CS in reconstructing undersampled 19F MR signals 

originating from sources with no a priori location (Starke et al., 2019). We made 

use of the sparse distribution of 19F MR signal arising from inflammatory regions in 

the CNS of EAE mice. The time saved by undersampling can be reinvested into 

increased averaging to lower the detection threshold at equal acquisition time 

(Liang et al., 2017). We showed that while sensitivity was consistently improved 

with CS, undersampled 19F MR data could be reliably reconstructed and data 

fidelity was preserved. Higher undersampling factors led to some false positive 

features resulting in slight blurring at the edges of inflammatory lesions in EAE 

mouse brains acquired in vivo but no random appearance of false positive features 

(Starke et al., 2019).  

In preclinical studies, another approach that we have implemented to improve 

signal sensitivity makes use of cryogenically cooled RF coils (CRPs) that boost 

SNR as a result of thermal noise reduction (Waiczies et al., 2012; Lepore et al., 

2013; Niendorf et al., 2015; Waiczies et al., 2017a). Apart from facilitating earlier 

detection of pathology in EAE (Waiczies et al., 2012) and glioma (Ku et al., 2016), 

this technology also reduces scan time and enables more frequent, resolved 

measurements within individual mice; making it likelier to uncover new pathological 

findings during disease, such as VV fluctuations in the EAE (Lepore et al., 2013).  



Habilitationsschrift Sonia Waiczies                                                          

 97 

 

A reduction in scan time would also be beneficial for 19F MRI, especially to detect 

19F DMTs in the brain during MS or EAE pathology. Due to the low SNR, 19F MRI 

requires intensive averaging (thereby increasing measurement time) to detect the 

intrinsically low 19F signal in vivo originating e.g. from DMTs. Increased 

measurement times can be offset by SNR-boosting technologies such as CRPs. 

The first CRP application that we described for 19F MRI was to detect inflammatory 

lesions with high spatial resolution in the EAE brain (Waiczies et al., 2017a), but 

the CRP method would truly be beneficial for detecting even lower 19F MR signals, 

such as those derived from DMTs e.g. teriflunomide in the mouse brain (own work 

4 (Prinz et al., 2021)). Unfortunately, cryogenic cooling to reduce thermal MR noise 

has mostly been implemented with very small RF coils in preclinical imaging, 

although application in human studies has been considered for nuclei with Larmor 

frequencies lower than those of 1H e.g. 13C (Sanchez-Heredia et al., 2017). Noise 

arises from the RF hardware but also substantially from the sample. In human 1H 

MRI, the sample losses are dominant because of the relatively high Larmor 

frequencies and the large sample sizes. Therefore, there are limitations with 

respect to the implementation of cryogenically cooled RF coils for human MR 

methods. 

One compelling approach to enhance SNR for human MR applications is to 

transition to higher magnetic field strengths (B0) (Ladd, 2018). SNR is expected to 

grow at least linearly with increasing B0 (Hoult and Richards, 1976; Pohmann et al., 

2016). An experimental study investigating SNR dependency on B0 in the human 

brain revealed that SNR  B0
1.65  in the range of 3.0 T to 9.4 T (Pohmann et al., 

2016). A recent simulation study also showed that SNR grows super-linearly with 

frequency, particularly in deeper regions of the sample (Guérin et al., 2017). 

Introduction of ultrahigh field (UHF) strengths is certainly a strategic step for future 

clinical MRI applications (Niendorf et al., 2016a), particularly for MS where findings 

such as the central vein sign and hypointense rim in lesions, identified at UHF, are 

now acknowledged as MS-specific MR imaging markers (Sinnecker et al., 2015; 

Kuchling and Paul, 2020). UHF strengths have also proven benefits for X-nuclei 

MRI where SNR is a major challenge. For sodium MRI, an SNR gain of ~3 was 

observed when moving from 9.4 T to 21.1 T, compared to a gain of ~ 2 for 1H MR 

(Schepkin et al., 2010). In the case of 19F MRI, we recently showed that this change 
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in magnetic field strength results in a gain in SNR efficiency (SNR/time) of 7, when 

comparing the best possible conditions for both B0 and when including T1 relaxation 

effects (Waiczies et al., 2018). 

Apart from increasing the sensitivity of the hardware, the source of the signal 

should also be considered. The design and synthesis of fluorine-rich molecular 

labels and imaging probes is another important domain in fluorine MRI research. 

One way to improve signal strength is to increase the number of fluorine atoms per 

molecule, e.g. to label cells efficiently in order to track them in vivo (Jirak et al., 

2018; Liu et al., 2018). In the case of cell labelling, uptake of nanoparticles in cells 

is also desirable. By enriching nanoparticles with 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine (DPPE) we reported a striking increase in cytoplasmic 

uptake of 19F nanoparticles in dendritic cells  (own work 2 (Waiczies et al., 2015)). 

These immune cells can be employed as cell therapies in recalcitrant cancer and 

autoimmune diseases, and while their labelling with 19F nanoparticles is still 

experimental and needs further intensive research (Waiczies et al., 2017b), this 

approach has already been implemented in colorectal cancer (Ahrens et al., 2014).  

Monitoring biological and pharmacological therapy in patients has indisputable 

advantages in the process of patient management and treatment. We are currently 

investigating the impact of modulating the fluorinated side chain of effective DMTs 

used to treat MS patients. We are studying bioisosteres of DMTs such as 

teriflunomide as fluorine MRI reporters with pharmacological activity in 

collaboration with experts in medicinal chemistry at the Leibniz-Institut fϋr 

Molekulare Pharmakologie (FMP) who have already designed and synthesized an 

array of DHODH inhibitors (Prinz et al., 2019). We identified SF5 as an excellent 

19F reporter group for 19F MR theranostics. SF5 is a stable bioisostere of the CF3 

congener, for which the utility as a 19F reporter group has not been studied in a 

biological context thus far. SF5-TF showed the best 19F MR signal detection as well 

as best capacity to inhibit T cell proliferation, as mechanism of action in MS 

pathology. Further research in this area will be vital as it underlines the value of 

adding the 19F MR reporter function as added dimension to biological and 

pharmacological activity when screening and identifying lead compounds during 

drug discovery.  
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3.3 Future directions to transition fluorine MRI into clinical practise 

In principle it is already possible to study fluorinated drugs in the brain of MS 

patients at 7.0 T. The main hurdle is the sensitivity of the MR method that might 

require long patient examinations. Future steps to overcome this hurdle involve the 

design of dedicated RF hardware technologies and accelerated MR techniques on 

clinical MR scanners that are sensitive enough to detect and quantify the 19F MR 

signal in patients, even in regions that might contain low concentrations of the 

fluorinated drug. Additionally, it will be necessary to focus on the signal source while 

gauging 19F MRI as a method to study the distribution of drug treatments. The 

design and synthesis of molecular labels and imaging probes will be an important 

domain in future 19F MRI research. Apart from investigating biological and 

pharmacological activity, the MR reporter function will be a necessary additional 

dimension that will be key in investigations on lead compounds (screening and 

optimization) during drug discovery. Additionally, safety and efficacy studies will be 

necessary next steps. Collaborations with other academic partners from medicinal 

chemistry, pharmacology and clinical neuroimmunology as well as with the 

pharmaceutical and MRI industry will be necessary to fulfil these future goals and 

objectives.  
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4 Zusammenfassung 

Die Magnetresonanztomographie (MRT) ist nach wie vor eines der wichtigsten 

klinischen Werkzeuge für die Früherkennung, Diagnose und das therapeutische 

Management der Multiplen Sklerose (MS). Bisher war sie wichtig, um 

neuroinflammatorische Erkrankungen zu erkennen und zu beurteilen sowie das 

Ansprechen auf verordnete krankheitsmodifizierende Behandlungen (im 

Englischen disease modifying treatments, DMT) zu beurteilen.  

Der Goldstandard zur Erkennung neuer Schübe und neuer entzündlicher Episoden 

bei MS ist der Nachweis von kontrastverstärkten Läsionen mit Gadolinium-

basierten Kontrastmitteln. Bedenken hinsichtlich einer möglichen 

Langzeitanreicherung dieser Mittel im Gehirn und in anderen Organen sprechen 

für einen Paradigmenwechsel hin zu neuen kontrastmittelfreien MRT-Methoden 

und Biomarkern. Ultrahohe Magnetfeldstärken (UHF-MR) haben dazu 

beigetragen, den Detailgrad und die räumliche Auflösung in MR-Bildern des 

Gehirns von MS-Patienten zu erhöhen und damit neue Marker wie das 

Zentralvenenzeichen aufzudecken, die für die MS-Pathologie relevant sind. Eine 

Beobachtung, die wir sowohl bei MS-Patienten als auch im Tiermodell, der 

experimentellen Autoimmun-Enzephalomyelitis (EAE), machten zeigt, dass 

Schwankungen der Hirnventrikelgröße eine wichtige Rolle in der frühen 

Pathogenese der Krankheit spielen. Fluktuationen der Ventrikelgröße schienen der 

schubförmig-remittierenden Form des Krankheitsverlaufs zu folgen. Bei MS-

Patienten beobachteten wir ein hohes Maß an Kreuzkorrelation zwischen dem 

Zeitpunkt der abnormalen Ventrikelfluktuationen und dem Zeitpunkt der 

Veränderungen anderer klinischer und MRT-Parameter. Diese Kreuzkorrelationen 

schienen ebenso stark zu sein wie die zwischen der kontrastverstärkten MRT und 

den anderen Parametern. Dieser Befund weist auf einen ähnlich hohen 

diagnostischen Wert zwischen der Ventrikelgröße und der kontrastverstärkten 

MRT bei MS hin.  

Die MRT hat sich auch als hilfreich erwiesen, um die Behandlung bei MS so früh 

wie möglich einzuleiten und die Behandlungsabläufe entsprechend dem 

Fortschreiten der Erkrankung anzupassen. Darüber hinaus können MR-Methoden 

auch eingesetzt werden, um die Verteilung von DMTs während der Pathologie zu 

untersuchen. Mit Hilfe der MR-Spektroskopie (MRS) haben wir kürzlich 
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Teriflunomid in den Gehirnen von Mäusen im EAE Modell nachgewiesen. 

Teriflunomid wird bei schubförmig remittierenden MS-Patienten als DMT 

eingesetzt, um Schübe zu verhindern. Wir verwendeten MRS, um die Teriflunomid-

Spiegel während verschiedener Krankheitsstadien der EAE zu untersuchen, 

verglichen MRS mit einer analytischen Methode als Referenz und zeigten eine 

Korrelation zwischen beiden Methoden. Unsere Ergebnisse deuten darauf hin, 

dass die MRS in Zukunft zur nicht-invasiven Quantifizierung von Medikamenten 

wie Teriflunomid bei MS-Patienten eingesetzt werden könnte.  

Leider ist die Bedeutung der Fluor-(19F)-MRT zum Nachweis, zur Verfolgung und 

zur Quantifizierung von DMTs bei Patienten noch nicht ausreichend erkannt. Dies 

vor allem wegen ihrer Barrieren in Bezug auf die Sensitivität. Während wir MRS 

verwendet haben, um Teriflunomid in der EAE in vivo nachzuweisen, verbieten die 

Grenzwerte der Signalempfindlichkeit derzeit den Nachweis solcher Medikamente 

mit MRI oder Einzel-Voxel-MRS. Neue Methoden und Technologien, die die 

Empfindlichkeit und das Signal-Rausch-Verhältnis (SNR) verbessern, sind 

notwendig, um diese Hürde zu überwinden. Zu den Methoden, die wir zur 

Erhöhung des SNR für die 19F-MRT einsetzen, gehören kryogen gekühlte 

Hochfrequenzantennen (HF) als Detektoren, die das thermische Rauschen der 

Hardware deutlich reduzieren und damit das SNR um mehr als eine 

Größenordnung über das einer HF-Spule ähnlicher Größe bei Raumtemperatur 

erhöhen. Während es fraglich ist, ob diese Technologie zur Verbesserung des SNR 

in der klinischen Umgebung eingesetzt werden kann, können andere Methoden 

zur Erhöhung des SNR sicherlich wertvoll für die Implementierung in der Klinik 

sein. Dazu gehören höhere Magnetfelder und Methoden zur Beschleunigung der 

Datenerfassung wie Compressed Sensing. Diese werden alle entscheidend sein, 

um das essenzielle Ziel der Empfindlichkeitssteigerung zu erreichen und somit 

Medikamente in vivo mit MR-Methoden überwachen zu können. 

Zukünftige Richtungen: Neben der Erhöhung der Empfindlichkeit der MR-Methode 

wird es in Zukunft notwendig sein, sich auf die Signalquelle zu konzentrieren, 

während man die MRT als Methode zur Untersuchung der Verteilung von 

Medikamentenbehandlungen betrachtet. Das Design und die Synthese 

molekularer Marker und bildgebenden Sonden wird ein wichtiger Bereich in der 

zukünftigen MRT-Forschung darstellen. Die Einbindung der MR-Reporterfunktion 
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in Leitverbindungen sollte eine notwendige zusätzliche Dimension bei der 

Untersuchung neuer Verbindungen während der Arzneimittelentwicklung sein. 

Kooperationen zwischen Wissenschaft und Industrie werden notwendig sein, um 

diesen Bereich der Theranostik zu erweitern.  

 

 

Summary 

Magnetic resonance imaging (MRI) remains one of the most essential clinical tools 

for the early detection, diagnosis, and therapeutic management of multiple 

sclerosis (MS). Until now it has been important to detect and assess 

neuroinflammatory disease as well as to assess the response to prescribed 

disease modifying treatments (DMT).  

The gold standard to detect new relapses and new inflammatory episodes in MS 

is the detection of contrast-enhanced lesions with gadolinium-based contrast 

agents. Concerns regarding potential long-term deposition of these agents in the 

brain are advocating a paradigm shift towards new contrast-free MRI methods and 

biomarkers. Ultrahigh field (UHF) strengths have been instrumental to increase the 

level of detail and spatial resolution in brain MR images of MS patients and hence 

to uncover novel markers such as the central vein sign that are relevant to the MS 

pathology. An observation that we made in MS patients as well as in its animal 

model, the experimental autoimmune encephalomyelitis (EAE), is that brain 

ventricle size fluctuations play an important role early during the pathogenesis of 

the disease. Fluctuations in ventricle size appeared to follow the relapsing-remitting 

form of disease progression. In MS patients, we observed a high degree of cross-

correlation between the timing of abnormal ventricle fluctuations and timing of 

changes in other clinical and MRI parameters. These cross-correlations seemed to 

be as strong as those achieved between contrast-enhanced MRI and the other 

parameters, indicating a similar level of diagnostic value between ventricle size and 

contrast-enhanced MRI in MS.  

MRI has also been instrumental to initiate treatment as early as possible in MS and 

to adjust treatment routines according to disease progression. Beyond this, MR 

methods may also be used to study the distribution of DMTs during pathology. 



Habilitationsschrift Sonia Waiczies                                                          

 103 

 

Using MR spectroscopy (MRS) we recently detected teriflunomide in the brains of 

mice during EAE. Teriflunomide is used in relapsing-remitting MS patients as a 

DMT to prevent relapses. We used MRS to study teriflunomide levels during 

different disease stages of the EAE, compared MRS with an analytical method as 

reference and showed a correlation between both methods. Our results indicate 

that MRS could be used in the future to quantify drugs such as teriflunomide non-

invasively in MS patients.  

Unfortunately, the significance of fluorine (19F) MRI to detect, follow and quantify 

DMTs in patients has not yet been sufficiently recognized nor has its need been 

appreciated, mostly because of its hurdles with respect to sensitivity barriers. While 

we used MRS to detect teriflunomide in the EAE in vivo, limits in signal sensitivity 

currently prohibit the detection of such drugs with MRI or single-voxel MRS. Novel 

methods and technologies that enhance sensitivity and signal-to-noise ratio (SNR) 

will be necessary to surmount this hurdle. Amongst the methods that we implement 

to increase SNR for 19F MRI, cryogenically cooled radio frequency (RF) coils 

significantly reduce thermal noise by the hardware, thereby increasing SNR by 

over an order of magnitude beyond that of a room temperature RF coil of similar 

size. While it is still debatable whether this technology can be used to improve SNR 

in the clinical setting, other methods of increasing SNR can certainly be valuable 

for implementation in the clinic. These include higher magnetic fields and methods 

to accelerate data acquisition such as compressed sensing. These will all be key 

to achieve the goal necessary to increase SNR and monitor drugs in vivo with MR 

methods. 

Future directions: Apart from increasing the sensitivity of the MR method, it will be 

necessary to focus on the signal source in the future while gauging MRI as a 

method to study the distribution of drug treatments. The design and synthesis of 

molecular labels and imaging probes will be an important domain in future MRI 

research. Incorporating MR reporter function to lead compounds should be a 

necessary added dimension when studying new compounds during drug discovery. 

Collaborations between academia and industry will be necessary to broaden this 

field of theranostics.  
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