
 

 

Aus der Berlin Ultrahigh Field Facility (B.U.F.F.) am  

Max-Delbrück Centrum (MDC) für Molekulare Medizin in der Helmholtz 

Gemeinschaft, Berlin-Buch 

 

DISSERTATION 

 

Development of Fluorine-19 and Proton Magnetic Resonance 

Imaging and its Application in Neuroinflammation 

 

Entwicklung von Fluor-19 und Protonen-

Magnetresonanztomographie und ihre Anwendung bei 

Neuroentzündung 

 

zur Erlangung des akademischen Grades  

Doctor of Philosophy (Ph.D.) 

 

vorgelegt der Medizinischen Fakultät  

Charité ï Universitätsmedizin Berlin 

 

von 

Paula Ramos Delgado 

aus Zamora, Spanien 

 

 

Datum der Promotion: 25th June 2023



 

  2 
 

Table of contents 

 

List of abbreviations ........................................................................................... 5 

List of figures and tables .................................................................................... 7 

Synopsis ............................................................................................................. 9 

Zusammenfassung ........................................................................................... 11 

1. Introduction ................................................................................................... 13 

2. Methods........................................................................................................ 18 

2.1. Magnetic resonance hardware ............................................................... 18 

2.2. 19F/1H imaging setup .............................................................................. 19 

2.3. Test phantom, animal preparation and pre-clinical MR experiments ...... 21 

2.3.1. B1 inhomogeneity correction in 1H transceiver surface RF probes ... 21 

2.3.2. B1 inhomogeneity correction at low SNR using 19F transceiver surface 

RF coils ...................................................................................................... 22 

2.3.3. Development of registration methods for longitudinal EAE studies .. 24 

2.4. 19F-MRI data pre-processing .................................................................. 24 

2.5. B1 field characterization in transceive surface RF probes ...................... 25 

2.5.1. Double angle method: theory and method extension ....................... 25 

2.5.2. Sample preparation and experiments .............................................. 26 

2.6. Rapid Acquisition with Relaxation Enhancement (RARE) ...................... 27 

2.6.1. Basic principles ................................................................................ 27 

2.6.2. Empirical RARE signal intensity model ............................................ 28 

2.6.3. Simulated RARE signal intensity model ........................................... 29 

2.7. B1 inhomogeneity correction techniques ................................................ 29 

2.7.1. Sensitivity B1 correction method ...................................................... 29 

2.7.2. Model-based B1 correction method .................................................. 30 

2.7.3. Hybrid B1 correction method ............................................................ 31 

2.8. B1 correction method validation and uncertainty calculation .................. 32 

2.8.1. Central profile plots .......................................................................... 32 

2.8.2. Image homogeneity assessment ..................................................... 32 

2.8.3. T1 contrast and quantification performance...................................... 32 



 

3 
 

2.8.4. Monte Carlo SNR simulations for uncertainty calculation ................ 34 

2.9. Development of registration methods for longitudinal EAE studies ........ 37 

3. Results ......................................................................................................... 39 

3.1. B1 inhomogeneity correction in 1H transceiver surface RF probes to 

enable signal quantification ........................................................................... 39 

3.1.1. B1 field characterization ................................................................... 39 

3.1.2. Empirical RARE signal intensity model ............................................ 40 

3.1.3. B1 correction method validation ....................................................... 41 

3.2. B1 inhomogeneity correction at low SNR: first quantitative in vivo 19F-MRI 

of mouse brain inflammation using a transceive surface RF probe ............... 48 

3.2.1. B1 field characterization and simulated RARE signal intensity model

 ................................................................................................................... 49 

3.2.2. T1 relaxation time estimation ............................................................ 50 

3.2.3. Monte Carlo SNR simulations to estimate the 19F concentration 

uncertainty ................................................................................................. 50 

3.2.4. B1 correction method validation ....................................................... 52 

3.2.5. Proportionality of hybrid and sensitivity methods for a ñperfectò EPG-

simulated RARE SI model ......................................................................... 60 

3.3. Development of registration methods for longitudinal EAE studies: 

validation and applications ............................................................................ 62 

3.3.1. Registration methods implementation and validation ....................... 63 

3.3.2. GBCA-lesion burden quantification as a measure of inflammation in 

EAE using T1 mapping methods ................................................................ 64 

4. Discussion ................................................................................................. 66 

4.1. B1 inhomogeneity correction in 1H transceiver surface RF probes ......... 66 

4.1.1. Limitations and future directions ...................................................... 69 

4.2. B1 inhomogeneity correction at low SNR using 19F transceiver surface RF 

probes ........................................................................................................... 70 

4.2.1. Limitations and future directions ...................................................... 72 

4.3. Development of registration methods for longitudinal EAE studies ........ 74 

4.3.1. Limitations and future directions ...................................................... 74 

References ....................................................................................................... 76 

Statutory Declaration ........................................................................................ 88 

Declaration of own contribution ........................................................................ 90 



 

  4 
 

Publication 1 ................................................................................................. 90 

Publication 2 ................................................................................................. 91 

Publication 3 ................................................................................................. 92 

Curriculum Vitae ............................................................................................. 151 

List of publications .......................................................................................... 155 

Peer-reviewed publications ......................................................................... 155 

Peer-reviewed conference abstracts and presentations ............................. 156 

Acknowledgements ........................................................................................ 160 



 

5 
 

List of abbreviations 
 

1H  Proton / hydrogen 

19F  Fluorine-19 

ANTs  Advanced Normalization Tools 

ANTx  Atlas Normalization Toolbox using Elastix 

B0  Static magnetic field 

B1  Radiofrequency field 

B1
+  Radiofrequency excitation field 

B1
-  Radiofrequency reception field 

BBB  Blood-brain barrier 

CNS  Central nervous system 

CRP  Transceive surface cryogenically-cooled RF probe 

EAE  Experimental autoimmune encephalomyelitis 

ESP  Echo spacing 

ETL  Echo train length 

FA  Flip angle 

FOV  Field of view 

GBCA  Gadolinium-based contrast agent 

ID  Inner diameter 

MAPE  Mean absolute percentage error 

MIJ  MATLAB ImageJ software module 

MR  Magnetic resonance 

MRI  Magnetic resonance imaging 

MRS  Magnetic resonance spectroscopy 

MS  Multiple sclerosis 

NA  Number of averages 



 

  6 
 

NEX  Number of excitations 

NP  Nanoparticle 

PIU  Percentage integral uniformity 

RARE  Rapid acquisition with relaxation enhancement 

RAREVTR RARE with variable TR 

RF  Radiofrequency 

ROI  Region of interest 

RRMS  Relapsing-remitting multiple sclerosis 

RT  Room-temperature 

SI  Signal intensity 

SNR  Signal-to-noise ratio 

T  Tesla 

T1  Longitudinal (spin-lattice) relaxation time 

T1w  T1-weighted 

T2  Transversal (spin-spin) relaxation time 

T2
*  Effective transversal (spin-spin) relaxation time 

TA  Total acquisition time 

TE  Echo time 

TEeff  Effective echo time 

tpi  i-th timepoint 

TR  Repetition time 

UHF  Ultrahigh field 



 

7 
 

List of figures and tables 
 

Figure 1. Anatomical and 19F imaging setup designed for a single-tuned 19F-

CRP .................................................................................................................. 20 

Figure 2. RARE sequence diagram for an ETL=5 with centric Cartesian phase 

encoding. .......................................................................................................... 27 

Figure 3. Workflows of (A) sensitivity correction and (B) hybrid B1 correction . 30 

Figure 4. Workflow of model-based B1 correction ............................................ 31 

Figure 5. Illustrations of validation methods..................................................... 33 

Figure 6. Monte Carlo SNR simulation and uncertainty map estimation workflow

 ......................................................................................................................... 36 

Figure 7. Multi-step 3D intra-subject registration workflow .............................. 38 

Figure 8. Sensitivity maps and transmission fields of the two transceive (TxRx) 

surface RF coils used for testing and validation ............................................... 40 

Figure 9. Signal intensity models for RARE with and without flipback ............. 41 

Figure 10. B1 correction for CRP images of a uniform phantom, an ex vivo 

phantom and a living mouse............................................................................. 42 

Figure 11. Normalized signal intensity profiles perpendicular to the RF coil 

surface and percentage image uniformities (PIU) ............................................ 43 

Figure 12. Assessment of quantification and contrast accuracy for RARE 

without flipback ................................................................................................. 45 

Figure 13. Assessment of quantification and contrast accuracy for RARE with 

active flipback ................................................................................................... 46 

Figure 14. B1 field maps of the quadrature 19F cryogenically-cooled transceive 

surface RF probe (19F-CRP) and SI model used .............................................. 49 



 

  8 
 

Figure 15. Exemplary spectra used for T1 calculation ..................................... 50 

Figure 16. SNR simulation results corresponding to a model-based correction 

for T1=1869 ms ................................................................................................. 51 

Figure 17. Uniform phantom validation ............................................................ 53 

Figure 18. Ex vivo phantom (score=2.0) in axial orientation ............................ 55 

Figure 19. Ex vivo phantom (score=2.0) in sagittal orientation ........................ 56 

Figure 20. In vivo EAE mouse 1 (score=2.5) in axial orientation ..................... 57 

Figure 21. In vivo EAE mouse 1 (score=2.5) in sagittal orientation ................. 58 

Figure 22. In vivo EAE mouse 2 (score=1.5) in axial orientation ..................... 59 

Figure 23. In vivo EAE mouse 2 (score=1.5) in sagittal orientation ................. 60 

Figure 24. Registration of post-contrast T1w-images and maps ...................... 63 

Figure 25. ROI validation ................................................................................. 64 

Figure 26. Gadolinium-enhancing lesions can be used as an objective 

quantitative measure of inflammation in EAE. .................................................. 65 

  



 

9 
 

Synopsis  
 

The experimental autoimmune encephalomyelitis (EAE) is used to study 

multiple sclerosis (MS) pathology and develop novel technologies to quantify 

inflammation over time. Magnetic resonance imaging (MRI) with gadolinium-

based contrast agents (GBCAs) is the state-of-the-art method to assess 

inflammation in MS patients and its animal model.  

Fluorine (19F)-MRI is one novel technology to quantify inflammatory immune 

cells in vivo using 19F-nanoparticles. T1 mapping of contrast-enhancing images 

is another method that could be implemented to quantify inflammatory lesions. 

Transient macroscopic changes in the EAE brain confound quantification and 

necessitate registration methods to spatially align images in longitudinal studies.  

For 19F-MRI, an additional challenge is the low signal-to-noise ratio (SNR) due 

to low number of 19F-labeled immune cells in vivo. Transceive surface 

radiofrequency (RF) probes and SNR-efficient imaging techniques such as 

RARE (Rapid Acquisition with Relaxation Enhancement) are combined to 

increase sensitivity in 19F-MRI. However, the strong spatially-varying RF field 

(B1 inhomogeneity) of transceive surface RF probes further hampers 

quantification. Retrospective B1 correction methods typically use signal intensity 

equations, unavailable for complex acquisition methods like RARE.  

The main goal of this work is to investigate novel B1 correction and registration 

methods to enable the study of inflammatory diseases using 1H- and 19F-MRI 

following GBCA and 19F-nanoparticle administration, respectively. For correcting 

B1 inhomogeneities in 1H- and 19F-MR transceive surface RF probes, a model-

based method was developed using empirical measurements and simulations, 

and then validated and compared with a sensitivity method and a hybrid of both. 

For 19F-MRI, a workflow to measure anatomical images in vivo and a method to 

compute 19F-concentration uncertainty after correction using Monte Carlo 

simulations were developed. To overcome the challenges of EAE brain 

macroscopic changes, a pipeline for registering images throughout longitudinal 

studies was developed.  



 

  10 
 

The proposed B1 correction methods demonstrated dramatic improvements in 

signal quantification and T1 contrast on images of test phantoms and mouse 

brains, allowing quantitative measurement with transceive surface RF probes. 

For low-SNR scenarios, the model-based method yielded reliable 19F-

quantifications when compared to volume resonators. Uncertainty after 

correction depended linearly on the SNR (Ò10% with SNRÓ10.1, Ò25% when 

SNRÓ4.25). The implemented registration approach provided successful image 

alignment despite substantial morphological changes in the EAE brain over 

time. Consequently, T1 mapping was shown to objectively quantify gadolinium 

lesion burden as a measure of inflammatory activity in EAE.  

The 1H- and 19F-MRI methods proposed here are highly relevant for quantitative 

MR of neuroinflammatory diseases, enabling future (pre)clinical investigations.  
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Zusammenfassung 
 

Die experimentelle Autoimmun-Enzephalomyelitis (EAE) wird zur Untersuchung 

Multipler Sklerose (MS) und zur Entwicklung neuer Technologien zur 

Entzündungsquantifizierung eingesetzt. Magnetresonanztomographie (MRT) 

mit Gadolinium-haltigen Kontrastmitteln (GBCAs) ist die modernste Methode 

zur Beurteilung von Entzündungen bei MS-Patienten und im Tiermodell.  

Fluor (19F)-MRT unter Verwendung von 19F-Nanopartikeln ist eine neue 

Technologie zur Quantifizierung entzündlicher Immunzellen in vivo. T1-

Kartierung ist eine MRT-Methode, die zur Quantifizierung entzündlicher 

Läsionen eingesetzt werden könnte. Temporäremorphologische Veränderungen 

im EAE-Gehirn erschweren die Quantifizierung und erfordern 

Registrierungsmethoden, um MRT-Bilder in Längsschnittstudien 

räumlichabzugleichen.  

Das niedrige Signal-Rausch-Verhältnis (SNR) ist aufgrund der geringen Anzahl 

19F-markierter Immunzellen in vivo eine zusätzliche Herausforderung der 19F-

MRT. Um deren Empfindlichkeit zu erhöhen, werden Sende-

/Empfangsoberflächen-Hochfrequenzspulen (TX/RX-HF-Spule) und SNR-

effiziente MRT-Techniken wie RARE (Rapid Acquisition with Relaxation 

Enhancement) kombiniert. Jedoch verhindert die starke räumliche Variation des 

HF-Feldes (B1-Inhomogenität) dieser Spulen die Signalquantifizierung. 

Retrospektive B1-Korrekturmethoden verwenden in der Regel 

Signalintensitätsgleichungen, die für komplexe MRT-Techniken wie RARE nicht 

existieren.  

Das Hauptziel dieser Arbeit ist die Untersuchung neuartiger B1-Korrektur- und 

Bildregistrierungsmethoden, um in vivo 1H- und 19F-MRT Studien von 

Entzündungsprozessen zu ermöglichen. Zur Korrektur von B1-Inhomogenitäten 

wurde eine modellbasierte Methode entwickelt. Diese verwendet empirische 

Messungen und Simulationen, wurde in Phantomexperimenten validiert und mit 

Referenzmethoden verglichen. Für 19F-MRT wurden ein Protokoll zur Messung 

anatomischer Bilder in vivo und eine Methode zur Berechnung der 19F-

Konzentrationsunsicherheit nach Korrektur mittels Monte-Carlo-Simulationen 
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entwickelt. Um morphologische Veränderungen im EAE-Gehirn in 

longitudinalen Studien zu kompensieren, wurde zur Bildregistrierung eine 

Software-Bibliothek entwickelt.  

Die B1-Korrekturmethoden zeigten in Testobjekten und Mäusehirnen drastische 

Verbesserungen der Signal- und T1 Quantifizierung und ermöglichten so 

quantitative Messungen mit TX/RX-HF-Spulen. Die modellbasierte Methode 

lieferte für geringe SNRs zuverlässige 19F-Quantifizierungen, deren Genauigkeit 

mit dem SNR korrelierte. Die implementierte Registrierungsmethode 

ermöglichte einen erfolgreichen Abgleich von Bildserientrotz erheblicher 

morphologischer Veränderungen im EAE-Hirn. Folglich wurde gezeigt, dass 

MRT basierte T1-Kartierung die Gadolinium-Läsionslast als Maß entzündlicher 

Aktivität bei EAE objektiv quantifizieren kann.  

Die hier unterscuhten Methoden sind für quantitative 1H- und 19F-MRT 

neuroinflammatorischer Erkrankungen sehr relevant und ermöglichen künftige 

(prä)klinische Untersuchungen. 
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1. Introduction 

Magnetic resonance (MR) is a powerful and versatile non-invasive imaging 

modality that permits soft tissue contrast and is suitable for longitudinal studies 

due to the use of non-ionizing radiation. Anatomical MR images are based on 

the detection of signals coming from excited hydrogen (1H) atoms within a static 

magnetic field B0. After a radiofrequency (RF) pulse is sent by the transmit RF 

coil, the magnetization vector is tilted by a certain flip angle (FA) spinning 

protons out of equilibrium. Immediately after the RF pulse is switched off, the 1H 

atoms start precessing and realigning with B0 and the released energy 

corresponds to the voltage induced in a receive RF coil. This energy constitutes 

the signal intensity (SI) of the MR image and is correlated with spatial locations 

using gradient RF coils. Ultimately, the signal strength depends mainly on the 

tissue propertiesði.e. T1, T2, and T2
*, also known as longitudinal, transversal 

and effective transversal MR relaxation times, respectivelyðand magnetic field 

strength, as well as the MR imaging parameters (echo time TE, repetition time 

TR, and FA, amongst others). Contrast agents such as gadolinium can be used 

to enhance the contrast and diagnostic properties of the MR image by modifying 

the MR relaxation times of the excited spinsði.e. by effectively shortening both 

T1 and T2, with a dominant effect on T1 in most cases.1,2 This characteristic is 

especially useful to detect inflammation or increased blood flow. 

Multiple sclerosis (MS) is a chronic inflammatory disorder of the central nervous 

system (CNS). It involves the recruitment of immune cells from the periphery to 

the CNS via disruption of the blood-brain barrier (BBB), causing myelin 

destruction and neuronal damage and ultimately producing neurological 

impairment in humans.3-5 Preclinical studies on relapsing-remitting MS (RRMS), 

characterized by worsening phases (relapses) followed by partial or complete 

recovery phases (remissions), involve mainly a well-established mouse model 

called Experimental Autoimmune Encephalomyelitis (EAE).6,7 Because of the 

above-mentioned characteristics, magnetic resonance imaging (MRI) with 

gadolinium-based contrast agents (GBCAs) is the gold standard in the clinic to 

diagnose and monitor lesion activity in MS patients8,9 and animal studies.10-12 

Despite allowing the visualization of leaky BBB and white matter lesions, 

manual lesion delineation and quantification in the EAE mouse model is 
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challenging due to their diffuse nature with indistinct boundaries,11 which makes 

the process highly subjective and prone to observer bias. Thus, there is a need 

for a robust and objective method of quantification. Moreover, GBCAs lack 

specificity and, recently, the increasing concern regarding their accumulation in 

the brain demands other diagnostic tools due to potential neurotoxicity.13,14 T1 

mapping techniquesðand quantitative MRI in generalðprovide parametric 

maps that can help measuring biological changes caused by disease, and 

hence be used as sensitive imaging biomarkers.15  

Another way to monitor and quantify inflammatory activity entails tracking 

immune cells in vivo by means of fluorine-19 (19F) MRI using 19F-loaded 

nanoparticles (NPs). Fluorinated compounds do not naturally exist in biological 

tissuesðexcept in inorganic form, e.g. teeth and bonesð, producing 

background-free images.16 The detected 19F signal derived from exogenous 19F 

compounds is thus proportional to the amount of 19F nuclei, allowing in vivo 

quantification over time. Moreover, its gyromagnetic ratio (‎ς“ϳ τπȢπψ ὓὌᾀϽ

Ὕ ) is close to that of 1H (‎ς“ϳ τςȢυψ ὓὌᾀϽὝ ), providing advantageous 

MR signal properties. These characteristics make 19F-MRI a unique imaging 

modality with inherent selectivity and specificity.17,18 

However, the relatively low concentration of accumulated 19F-loaded NPs in 

vivo results in a low signal-to-noise ratio (SNR), thereby limiting detection and 

challenging quantification. Therefore, to boost SNR while maintaining high 

spatial resolutions, long scan times are needed.19 As a result, SNR-efficient RF 

pulse sequences such as RARE (Rapid Acquisition with Relaxation 

Enhancement)20 are preferred for low SNR scenarios.21,22 RARE is a fast spin-

echo imaging technique essentially derived from the conventional spin-echo, in 

which the combination of two RF pulses (a 90º-excitation and a 180º-refocusing 

RF pulse) produces one echo per TR. In RARE, each 90º-excitation RF pulse is 

followed by a train of N 180º-refocusing RF pulses, generating N echoes per 

TR. The echo train length (ETL) parameter determines the number of echoes 

formed during each TR. 

Moving to higher magnetic field strengths23-25 as well as the use of surface RF 

coils26 are common approaches to improve SNR. In preclinical MRI, the market 

has seen a growing interest in cryogenically-cooled transceiver surface RF 
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probes (Cryoprobe®, CRP). These provide further SNR gainsðtypically by a 

factor of up to 3-4 compared to conventional room-temperature RF coilsðdue 

to a reduction in thermal noise of the receiver circuitry (RF probe and 

preamplifier).27,28 Taking advantage such an SNR gain, one could increase 

spatial resolution or reduce scan time. Importantly, SNR gain could be 

employed to reduce detection limits, crucial for X-nuclei MRI.  

Despite the SNR-boosting capabilities of the CRP technology, transceive 

surface RF probes exhibit a strong intrinsic variation in the excitation (B1
+) field 

and RF coil sensitivity (B1
-), usually referred to as B1 inhomogeneity, whose 

effects are more evident at higher field strengths.29,30 As a result, both excitation 

flip angle (FA) and sensitivity are spatially dependent: their magnitude is 

greatest closest to the RF coil surface, and rapidly decreases further away. This 

reduces image homogeneity and severely hampers quantitative measurements 

and T1 image contrast. B1 correction methods aim to improve these limitations. 

However, while sensitivity can be easily corrected,31-33 B1
+ field inhomogeneity 

correction entails more challenges. Several measures can be taken during 

acquisition in order to partially mitigate B1
+ inhomogeneities, from adiabatic 

pulses34 through dielectric materials35 to B1
+ shimming.36 Retrospective B1

+ 

correction methods are, however, the most commonly applied to achieve signal 

uniformity due to their simplicity, since they do not typically require RF pulse 

programming or new RF coil designs. In a first step, the actual FAs are 

measured using FA mapping techniques37,38 and afterwards plugged into an 

analytical description linking the SI to the FA and relaxation parameters (SI 

equation) or numerical simulations39-41 of the RF pulse sequence used. To date, 

gradient-echo42-44 and spin-echo imaging techniques45,46 have successfully 

benefited from this approach. However, RARE and derived fast spin-echo 

approaches lack an exact analytical SI equation that describes their complex 

spin-echo and stimulated-echo configuration.47,48 Equally, other multi-echo 

imaging techniques such as Ultrashort Echo Time (UTE)49 or Echo-Planar 

Imaging (EPI),50 also lack such an equation and cannot therefore be corrected 

with conventional retrospective B1
+ correction methods. Therefore, there is a 

need for novel solutions when using more complex RF pulse sequences. 
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The author's approach in this context was to implement, apply and validate 

three B1 correction methods using RARE imaging in combination with 

transceive surface RF probes.51 Due to the more challenging characteristics of 

the 19F signal, these were first developed using 1H-MRI and applied to test 

phantoms and mouse brains, in vivo and ex vivo. The goal was to increase 

image homogeneity and reduce errors to less than 10% for SI quantification and 

T1 contrast. The starting point was a sensitivity correction method, commonly 

used to correct B1
- inhomogeneities. A model-based method was developed to 

meet the challenge that the unavailability of an exact analytical SI equation 

represents. The method uses a model of the SI of RARE as a function of FA 

and T1 computed from actual MR measurements. Finally, a hybrid correction 

was implemented as a combination of the model-based and sensitivity 

correction approaches. All three correction methods substantially improved 

image homogeneity. Corrected images were suitable for signal quantification 

and T1 contrast and showed comparable results between the three methods.  

In a second step, these methods were applied to 19F-MRI in order to quantify 

neuroinflammation in vivo using a 19F-CRP.52 19F imaging adds an extra 

complexity to the application of the previously developed approaches, since: 

(1) the sparse nature of the 19F signal as well as the low SNR and the lack of an 

a priori known location are additional challenges for B1 correction methods and 

for the reliability of signal quantification; 

(2) the 19F-CRP is single-tuned (i.e. it is tuned only to the 19F frequency) due to 

its quadrature design,53 although for X-nucleiðespecially 19Fðthe RF coil 

design should ideally allow 1H imaging. This complicates the registration of 19F 

images on anatomical images, overshadowing the SNR advantage (factor 

of Ѝς) and the higher B1 homogeneity of the quadrature configuration when 

compared to linear designs;54 

(3) the registration processði.e. the process whereby two or more images are 

transformed into the same coordinate system to allow voxel-wise comparisonð

is challenged by pathologically-related macroscopic structural changes in the 

EAE brain55,56 which confound analysis during longitudinal studies, making 

registration a complex, non-trivial problem.  
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To solve these challenges, the author evaluated the previously proposed B1 

correction techniques for the low SNR conditions present in 19F-MRI and 

introduced the use of (1) an approach to compute concentration uncertainty 

maps and SNR requirements using Monte Carlo simulations in order to evaluate 

the quality of the B1-corrected 19F-signal quantification, and (2) an in vivo MRI 

workflow to facilitate localization of 19F-MR images from the 19F-CRP on 

anatomical images acquired from a 1H volume resonator. Also, to apply a 

model-based B1 correction, 19F T1 values from 19F-labelled inflammatory cells 

were measured. Finally, to quantify changes associated to brain inflammation in 

longitudinal studies, (3) a robust registration method was implemented that 

enabled intra-subject registration even when macroscopic anatomical changes 

were present and allowed voxel-wise comparison needed for quantification. 

This registration process was applied to contrast-enhanced T1 maps of EAE 

mice over time and evidence confirmed that this method can be used to robustly 

and objectively quantify gadolinium lesion burden. 

These valuable methods are highly relevant to the study and monitoring of a 

broad range of diseasesðhere applied to neuroinflammationðand will open the 

way to future research using SNR-efficient transceive surface RF technology in 

combination with fast imaging techniques. 
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2. Methods 

This part of the thesis contains and uses the methods published in: 

¶ Ramos Delgado P, Kuehne A, Periquito J, Millward JM, Pohlmann A, 

Waiczies S, Niendorf T. B1 Inhomogeneity Correction of RARE MRI with 

Transceive Surface Radiofrequency Probes. Magnetic Resonance in 

Medicine, 2020; 84(5):2684-2701. DOI: 10.1002/mrm.28307 

¶ Ramos Delgado P, Kuehne A, Aravina M, Millward JM, Vazquez A, 

Starke L, Waiczies H, Pohlmann A, Niendorf T, Waiczies S. B1 

Inhomogeneity Correction of RARE MRI at Low SNR: Quantitative In 

Vivo 19F-MRI of Mouse Neuroinflammation with a Cryogenically-cooled 

Transceive Surface Radiofrequency Probe. Magnetic Resonance in 

Medicine, 2021; 87(4):1952-1970. DOI: 10.1002/mrm.29094 

¶ Millward JM, Ramos Delgado P, Smorodchenko A, Boehmert L, 

Periquito J, Reimann HM, Prinz C, Els A, Scheel M, Bellmann-Strobl J, 

Waiczies H, Wuerfel J, Infante-Duarte C, Chien C, Kuchling J, Pohlmann 

A, Zipp F, Paul F, Niendorf T, Waiczies S. Transient Enlargement of 

Brain Ventricles During Relapsing-Remitting Multiple Sclerosis and 

Experimental Autoimmune Encephalomyelitis. JCI Insight, 2020; 

5(21):e140040. DOI: 10.1172/jci.insight.140040 

and contains text, statements, passages and figures from these publications. 

2.1. Magnetic resonance hardware 

All experiments were performed on a 9.4 T small animal MR scanner (BioSpec 

94/20, Bruker BioSpin, Ettlingen, Germany) operating at 400 MHz (1H) and 376 

MHz (19F). 

B1 correction methods were applied to and validated on 1H images acquired 

using transceive surface RF probes: a 1H-CRP (Bruker BioSpin) with two 

elements operating in quadrature mode (inner diameter [ID]=20 mm) and a 

room-temperature surface RF coil (RT, Bruker BioSpin) consisting of a single 

loop (ID=20 mm). Reference images were acquired with volume resonators with 

approximately uniform excitation and reception fields. For this, a small in-house 
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built mouse head RF coil (ID=18.4 mm)57 and a larger RF coil (ID=72 mm, 

Bruker BioSpin) tailored for rat body imaging were used. 

19F-MRI experiments were conducted using a 19F-CRP (Bruker BioSpin) with 

two elements operating in quadrature mode (ID=20 mm).58 Anatomical images 

were measured using the larger volume resonator and reference 19F images 

were acquired using the small mouse head RF coil. 

The animal dataset utilized to develop the longitudinal intra-subject registration 

process was acquired using the small mouse head RF coil. 

2.2. 19F/1H imaging setup  

As previously mentioned, the 19F-CRP is single-tuned to the 19F frequency and 

hence cannot produce co-localized anatomical and 19F-CRP images. To 

achieve this, an imaging setup including 3D-printed components was devised. 

Animal bed modification. The standard animal bed uses a lever that elevates 

the bed, lifting the mouse head closer to the 19F-CRP. This feature hampers 

position reproducibility. To ensure spatial alignment of both 19F-CRP and 

anatomical images, a 3D-printed blocking component (Y-axis blocker) was 

designed to eliminate movement in the Y-axis (Figure 1A). Additionally, a new 

head holder was designed and 3D-printed to place the mouse head closer to 

the CRP surface (Figure 1A). 

1H-MRI setup. The 72-mm volume resonator was positioned around the centre 

tube holding the 19F-CRP. Anatomical images were acquired after a CRP 

replica (dummy)ðinserted from the back of the scannerðwas kept in place 

while the animal bed was inserted from the front. 

19F-MRI setup. Both animal bed and dummy were removed and the 1H-volume 

resonator was retracted towards the back of the scanner. The 19F-CRP was 

mounted as instructed by the vendor.  

A 19F-NPs reference cap (24 mM NPs in 1 mL 0.75% agarose sealed with 

PARAFILM® (thickness=0.14 mm, Sigma-Aldrich, Saint Louis, MO, USA), 

dimensions (20×15) mm2, thicknesså1.5 mm) was placed over the mouse head 

to perform 19F-CRP reference power adjustments and to acquire images for 
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quantification (Figure 1B). Afterwards, it was removed to acquire in vivo 19F 

images (Figure 1C-E). 

 

Figure 1. ñAnatomical and 19F imaging setup designed for a single-tuned 19F-CRP. (A) 

Close view of the animal bed provided by the vendor with a custom-designed component that 

avoids mobility in the Y-axis (Y-axis blocker) and a new head holder to bring the animalôs head 

closer to the surface of the CRP. (B) Reference cap containing 19F-loaded NPs to perform 19F-

CRP reference power adjustments and as reference for quantification. (C-D) 1H/19F imaging 

setups. (E) Exemplary in vivo images: anatomical images and slice planning are performed 

using a 72-mm volume resonator and a CRP dummy. Afterwards, reference power calibrations 

are carried out using the reference cap and 19F images are acquired using the 19F-CRPò 

(Ramos Delgado P, Kuehne A, Aravina M, et al. 2021)  
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2.3. Test phantom, animal preparation and pre-clinical MR experiments 

All animal experiments were approved by the Animal Welfare Department of the 

LAGeSo State Office of Health and Social Affairs in Berlin and in accordance 

with international guidelines on reduction of discomfort (86/609/EEC). In all 

animals, respiration and temperature were monitored and kept constant during 

the examinations.  

Reference power calibrations on 1H transceive surface probes were performed 

on 2-mm slices parallel and close to the probe surface. 19F-CRP reference 

power calibrations were performed on 1-mm slices parallel and close to the 

probe surface using reference caps. All 19F images were acquired as repetitions 

in axial and sagittal orientation. Noise scans (NEX=1 and reference power=0 W) 

were acquired after each 19F RARE image for SNR map computation.  

2.3.1. B1 inhomogeneity correction in 1H transceiver surface RF probes  

Uniform phantom preparation. A uniform phantom consisting of a 15-mL tube 

(ID=14.6 mm, length=120 mm, wall thickness=0.8 mm; Fischer Scientific, 

Waltham, MA, USA) containing water doped with gadolinium (Magnevist® 0.5 

mmol/mL; Bayer Vital, Leverkusen, Germany; T1å800 ms) was prepared. 

Animal preparation for ex vivo and in vivo methods. B1 correction methods were 

validated ex vivo on the central nervous system of a SJL/J female mouse, 

perfused with a phosphate-buffered saline (Biochrom GmbH, Berlin, Germany), 

fixed in paraformaldehyde (PFA; Santa Cruz Biotechnology, Inc., Dallas, TX, 

US), and placed into a 15-mL tube filled with 4% PFA. In vivo experiments were 

carried out on a healthy SJL/J mouse anesthetized with 2.7% isoflurane (Abbott 

GmbH & Co., Wiesbaden, Germany) and stabilized with 1.6% during scanning.  

MR experiments. RARE scans (TE/TR=2.49/1000 ms, echo train length 

(ETL)=8, receiver bandwidth (BW)=50 kHz, centric phase encoding, field of 

view (FOV)=(25×25) mm2, matrix=128×128, 3 slices of 2 mm thickness, 

flipback) were acquired using the 1H-CRP and the small mouse head volume 

resonator (reference). Acquisition time (TA)=1 hour for the uniform and ex vivo 

phantoms and TA=30 minutes for the in vivo mouse.  
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To assess T1 contrast and quantification performance, four 50-mL cell culture 

flasks ((79.7×42.6×25) mm3, Fischer Scientific) filled with solutions of two 

different 1H-atom concentrations: 100% water, 50% water and 50% deuterium 

oxide (Sigma-Aldrich, Saint Louis, MO, USA) were used. Gadolinium was 

added to the mixtures to achieve two different T1 values (490 and 1525 ms). 

RARE scans (same parameters as above, with and without flipback) were 

acquired using the 50-mL cell culture flasks and the RT loop RF coil. Reference 

images were measured with the 72-mm volume resonator. 

Corresponding T1 maps for all samples were measured using RARE with 

variable TR (RAREVTR: TR ranging from 150 to 14500 ms, other parameters 

were kept the same).  

2.3.2. B1 inhomogeneity correction at low SNR using 19F transceiver surface RF 

coils 

Uniform phantom preparation and MR measurements. A test uniform phantom 

consisting of a 15-mL tube containing 0.2 mM of 2,2,2-trifluorethanol (Carl Roth 

GmbH & Co. KG, Karlsruhe, Germany) in water was used to assess B1 

correction performance in low SNR scenarios far from the probe surface. To 

achieve T1å1870 ms (in vivo PFCE-NPs T1, Results), 0.006 mM gadolinium was 

used. A 19F-MR image of the test uniform phantom (RARE: TE/TR=4.62/1000 

ms, ETL=32, FOV=(25×25) mm2, matrix=96×96, 5 slices (gap/thickness=0.5/2 

mm), BW=50 kHz, centric encoding with flipback, TA=3 seconds, axial 

orientation) was acquired with the 19F-CRP. A reference 19F image (RARE: 

same parameters, TA=1 hour) and a T1 map (RARE with variable TR=250-

10000 ms, ETL=2, linear phase encoding, other parameters same as RARE 

scan. TA=24 minutes) were acquired with the 1H/19F mouse head volume 

resonator for comparison.  

Induction of experimental autoimmune encephalomyelitis (EAE). EAE was 

induced in female SJL/J mice using 250 µg PLP139-151 (Pepceuticals Ltd., 

Enderby, United Kingdom) and 800 µg mycobacterium tuberculosis H37Ra 

(Difco Laboratories, Thermo Fisher Scientific). Mice were also administered 200 

ng of pertussis toxin (List Labs, Campbell, CA, USA) on day 0 and day 2. 

Animals were weighed and scored daily for disease signs using a 0-5 scale: 0, 

no disease; 1, tail weakness and righting reflex weakness; 2, paraparesis; 3, 
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paraplegia; 4, paraplegia with forelimb weakness or paralysis; and 5, moribund 

or dead. Intravenous injections of 19F-NPs (10 µmol PFCE in 200 µL) were 

administered daily from day 5 following EAE induction until the experiment end.  

Ex vivo phantom preparation. An EAE mouse was perfused, fixed and its 

central nervous system placed into a 15-mL tube filled with 4% PFA as 

described above. 

MR methods in EAE mice. In vivo 19F-NPs T1 was calculated for model-based 

corrections in n=3 EAE mice using a combination of ketamine-xylazine 

(Ketamidor 100mg/mL, WDT, Garbsen, Germany; Rompun 2% 20mg/mL, 

Bayer AG; initial dose 400 µL, followed by 100-200 µL injections administered 

intraperitoneally every 45 min until the end of the MR examination) to avoid 

confounding 19F signal. Due to the inherent 19F characteristics (low SNR, signal 

sparsity, lack of an a priori known location), determining in vivo T1 with T1 

mapping was unfeasible. MR spectroscopy techniques were applied using the 

1H/19F volume resonator: 

¶ Non-localized spectroscopy (block pulse, 10 TRs: 250-10000 ms, 

NA=64. TA=35 minutes) to compute T1 values of the two reference caps 

(24 mM, 60 mM).  

¶ Localized spectroscopy (PRESS) to compute T1 values in the brain after 

19F-NP administration in ex vivo phantoms (n=3, 12 TRs: 250-15000 ms, 

NA=64. TA=32 minutes) and in vivo mice (n=3, 8 TRs: 412.5-13000 ms, 

NA=128. TA=1 hour and 8 minutes). A default B0 field map was 

measured before each experiment, to optimize shim adjustment 

(MAPSHIM) computed on 1H using a 3D cuboid shape fitting the mouse 

brain.  

In vivo 1H and 19F images were acquired on another n=3 EAE mice from which 

n=2 animals are shown. These were anesthetized with isoflurane (2.0% initial 

dose, 0.5-1.0% maintenance). Slice planning and anatomical images (FLASH: 

TE/TR=3/120 ms, same FOV, matrix=256×256, TA=30/15 minutes per 

orientation ex vivo/in vivo, respectively) were acquired with the 72mm-volume 

resonator.  
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19F-MR images were acquired with the 19F-CRP, with (RARE: same 

parameters, 15 min per orientation both ex vivo and in vivo) and without (RARE: 

same parameters, 6 h/45 min per orientation ex vivo/in vivo, respectively) 

reference cap. Reference images were acquired with the 1H/19F volume 

resonator in ex vivo phantoms: reference cap (19F RARE: same parameters, 30 

minutes per orientation), phantoms (19F RARE: same parameters, TA=6 hours 

per orientation; 1H FLASH: same parameters, TA=1 hour per orientation). 

2.3.3. Development of registration methods for longitudinal EAE studies  

The developed registration methods were applied to a longitudinal in vivo EAE 

dataset (n=9 mice, 1.0-1.5% isofluorane). After anatomical baseline images 

were acquired, gadolinium was infused via an intravenous cannula over 2 

minutes. T1-weighted images (T1w, MDEFT: TE/TR=3.89/15 ms, FA=20°, 

NA=2, slices/thickness=12/0.5 mm, spatial resolution=(75×75) µm2, TI=950 ms, 

coronal orientation, TA=2 minutes and 5 seconds) and T1 maps pre- and post-

contrast (RAREVTR: TE=11.53 ms, 6 TRs: 0.38-7 s, ETL=4, spatial 

resolution=(150×150) µm2, 11 slices of 0.5 mm thickness, TA=3 minutes and 25 

seconds) were acquired. Slice positioning was kept constant throughout the 

study: axial slices were positioned parallel to the base of the brain; coronal 

slices were positioned perpendicular to axial slices, covering the brain from the 

olfactory bulb/frontal lobe fissure to the cervical spinal cord.11 Mice were imaged 

at baseline, 2 days before immunization, and every 2-3 days after immunization, 

until day 64 after EAE induction. 

2.4. 19F-MRI data pre-processing 

All post-processing was performed using customized software developed in 

MATLAB (The MathWorks Inc., Natick, MA, USA). All 19F data followed the 

same pre-processing workflow: 

1. Complex averaging over smaller subsets of the total number of 

repetitions to mimic different scan times followed by a sum-of-squares 

(SoS) combination of the two channels (19F-CRP): 

¶ Uniform phantom: one subset of a 3-second acquisition.  
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¶ Ex vivo phantoms: four subsets corresponding to 15 minutes and 

1-3-6 hours acquisitions. Same with 1H/19F volume resonator for 

comparison. 

¶ In vivo mice: three subsets corresponding to 15-30-45 minutes. 

¶ Reference caps: one subset corresponding to the total scan time. 

2. Noise bias correction:59,60  

¶ 19F-CRP: non-central ɢ distribution (lookup table for n=2 channels).  

¶ Volume resonator: Rician distribution (lookup table for n=1 

channels). 

3. Thresholding (SNR-cutoff=3.5) and removal of isolated groups of <3 

connected pixels. 

2.5. B1 field characterization in transceive surface RF probes 

2.5.1. Double angle method: theory and method extension 

To correct for B1 inhomogeneities, the transmit (B1
+) and receive (B1

-) fields of 

the transceive surface RF coils used were computed using the Double Angle 

Method B1 mapping technique.61 This method typically uses the SI ratio of two 

gradient-echo images to determine the FA distribution (and consequently B1
+): 

Ὂὃ ὶ  ÃÏÓ
ὛὍ

ςϽὛὍ
 

(1) 

with FA(r) being the FA distribution (i.e. FA map), and SIŬ and SI2Ŭ the SIs of the 

gradient-echo images with FA(Ŭ)=60º and FA(2Ŭ)=120º, respectively. The main 

requirement is a long TR (TRÓ5·T1) to achieve full T1 relaxation in the sample 

and hence eliminate T1 dependence in SIŬ and SI2Ŭ, which implies long scan 

times.  

To increase the SNR and hence FA accuracy distal to the RF probe surfaces, 

an extension of this method was performed. Three FAs were used to compute 

separate FA maps (60º/120º and 120º/240º), which were denoised (10th-order 

polynomial using a polynomial fitting tool62) and merged using an SNR-cutoff.  

The transmit (B1
+) field was computed using the following approximation tailored 

to the calculated RF pulses used: 
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with ɔ the gyromagnetic ratio (ɾ=267.522 · 106 rad s-1 T-1 for 1H, ɾ=251.815 · 106 

rad s-1 T-1 for 19F), tp the pulse duration, Sint the area under the RF pulse, and V 

the related voltage. 

The corresponding B1
- fields were calculated using the low FA 

approximation63,64 using a separate gradient-echo measurement with FA=5º: 

ȿὄȿ  
ȿὄȿ

ȿὛὍ ȿ
 (3) 

where the B1
+ map and the low FA image were normalized by their respective 

maximum values. The B1
- map was also denoised using a 10th-order polynomial 

fit. 

2.5.2. Sample preparation and experiments  

Sample preparation. Uniform phantoms with small T1 (T1å300 ms) that ensured 

full field of view (FOV) coverage under the transceive surface RF probes were 

used to reduce the required TR.  

To characterize the 1H-CRP, a 15-mL tube containing a mixture of water and 

copper sulphate (Carl Roth GmbH & Co. KG) was used. For the RT surface RF 

coil, a 50-mL cell culture flask filled with an aqueous solution of gadolinium was 

employed. 

To characterize the 19F-CRP, a 15-mL tube as above containing a mixture of 

33.3% 2,2,2-trifluorethanol in water with 0.08 mM of gadolinium was used. To 

correct B1 inhomogeneities on the reference caps, a high-19F concentration 

reference cap was constructed (60 mM NPs in 1 mL of 0.75% agarose, 

dimensions (20×15) mm2, thickness~1.5 mm).  

MR experiments. 1H FA mapping was performed using FLASH measurements 

with nominal excitation FAs of 60º/120º/240º (1H-CRP) and 60º/120º (RT) and 

with TE/TR=2.49/2000 ms, matrix=128×128, 3 slices with a slice gap of 0.5 mm 

and a thickness of 2 mm. FOVs of (25×25) mm2 and (35×35) mm2 were used, 

respectively, for the 1H-CRP and the RT. Total acquisition time was 1 hour and 

30 minutes.  
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19F FA mapping was carried out both in axial and sagittal orientations using 

FLASH measurements with TE/TR=2.16/2000 ms, FOV=(25×25) mm2, 

matrix=96×96, 5 slices (gap/thickness=0.5/2 mm), and flip angles 

FA=60º/120º/240º (uniform phantom) and FA=60º/120º (reference cap). Total 

acquisition time was 1 hour per orientation.  

In both nuclei, B1
- maps were acquired using a FLASH measurement with a 

nominal FA=5º (rest of the parameters were kept the same). 

2.6. Rapid Acquisition with Relaxation Enhancement (RARE) 

2.6.1. Basic principles 

Rapid Acquisition with Relaxation Enhancement (RARE) is a fast spin-echo 

imaging method which enables a drastic reduction in scan time.20 After a 90º 

slice-selective excitation RF pulse, a train of N equidistant refocusing RF pulses 

follows, generating N echoes per TR. The echo train length (ETL) parameter 

determines the number of echoes formed during each TR interval. The effective 

echo time (TEeff) is the time between the excitation RF pulse and the acquisition 

of the k-space line with zero phase encoding. Echo spacing (ESP) is the time 

between two consecutive echoes. Each echo in RARE has an independent 

phase encoding. 

 

Figure 2. RARE sequence diagram for an ETL=5 with centric Cartesian phase encoding. 

(A) RF pulse train composed of one 90º-excitation pulse and five 180º-refocusing pulses 

(ETL=5), (B) frequency encoding gradients, (C) slice selective excitation, (D) echo-independent 
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phase encoding, (E) echo formation. In (F) the corresponding centric k-space filling is shown: 

the first echo is assigned to the centre of k-space and the following echoes are placed at the 

sides. (G) shows the signal achieved for each echo. The different shades of grey represent the 

decreasing (T2 decay) signals achieved.   

Due to the complexity of this RF pulse sequence, no exact analytical equation 

exists that relates the achieved SI with the RF pulse sequence parameters such 

as the FA, relaxation times, TE, TR, etc. Moreover, small errors in FA due to B1 

inhomogeneity or slice profile imperfections, or sequence timing mismatches 

will translate in errors in the generated echoes.47,48 

2.6.2. Empirical RARE signal intensity model 

Retrospective B1
+ correction typically uses the SI equation of the imaging 

sequence used. This is, however, not feasible for RARE. Therefore, its SI was 

modelled as a function of FA and T1 based on empirical measurements 

obtained through MR experiments. This approach was validated using 1H 

imaging.  

Samples with different T1 (NMR tubes, Thermo Fischer Scientific, Waltham, MA, 

USA) filled with aqueous solutions of gadolinium at different concentrations (0-

0.5 mM) yielding T1 between 190 and 2871 ms were used. RARE 

measurements (TE/TR=2.49/1000 ms, ETL=8, BW=50 kHz, centric phase 

encoding, FOV=(25×25) mm2, matrix=128×128, 3 slices of 2 mm thickness. 

TA=5 minutes and 40 seconds) using the small in-house built were performed 

both with and without flipback (i.e. longitudinal magnetization recovery which 

improves SNR). Thirty-five reference RF powers were used to vary the 

excitation FA in 5º increments, between 5º and 160º (flipback) and between 5º 

and 110º (without flipback). T1 maps of all phantoms were acquired using 

RAREVTR (TR=120-15000 ms, ETL=2, linear phase encoding, other 

parameters same as RARE scan). 

The relationship between SI, FA, and T1 was estimated using experimental data 

and a fitting tool. First, images were denoised using a spatially-adaptive non-

local means filter,65 and T1 maps computed by fitting S=S0(1 ï exp(-TR/T1)) to 

the SIs using in-house developed software in MATLAB. SI(FA=0°)=0 was 

assumed for all T1. For each T1 sample, a circular region of interest (ROI) was 

drawn to extract average SI and T1 values from the images and maps, 
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respectively. To model the SI=f(FA,T1) relationship a 7th-order polynomial was 

fitted to the experimental data using MATLABôs polyfitn function.  

2.6.3. Simulated RARE signal intensity model 

Extended phase graph (EPG) simulations describe the location of echoes and 

their amplitudes using algorithms to trace spin phase evolution pathways.39-41 

The 19F RARE SI model was calculated as a function of FA and T1 relaxation 

value for RARE scans (TE/TR=4.62/1000 ms, ETL=32, FOV=(25×25) mm2, 

matrix=96×96, 5 slices (gap/thickness=0.5/2 mm), BW=50 kHz, centric 

encoding with flipback. TA=1 h per orientation), for 20 equispaced T1 values 

(150-2050 ms) and 32 excitation FAs (5º-160º in 5º-steps). Finally, an 8th-

degree polynomial was fitted to the simulated data.  

2.7. B1 inhomogeneity correction techniques 

2.7.1. Sensitivity B1 correction method 

The sensitivity correction is well established in the literature for correction of B1
- 

inhomogeneities.31 A typical application is the correction of B1
- inhomogeneities 

in a RF coil setup where a volume resonator is used for transmission and a 

surface RF coil (with or without cryo-cooled technology) for MR signal detection.  

This method requires neither the characterization of the transceive RF coil 

used, nor the calculation of a RARE SI model and it is, therefore, directly 

applicable after image acquisition with little post-processing.  

Figure 3A shows the needed steps to perform a sensitivity correction. A RARE 

image (same parameters) of the low-T1 uniform phantom used for B1 field 

characterization was used. Afterwards, a correction factor was computed as the 

inverse of the normalized uniform phantom image. Finally, the uncorrected 

image was multiplied by the estimated correction factor to correct for B1
- 

inhomogeneities.  
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Figure 3. ñWorkflows of (A) sensitivity correction and (B) hybrid B1 correction. The 

sensitivity correction merely requires dividing the sample image by that of a normalized uniform 

phantom. The hybrid method combined the model-based approach to perform a B1
+ correction 

on the sample image and a uniform phantom image. The latter is then used to perform a B1
- 

correction using the sensitivity correction methodò (Ramos Delgado P, Kuehne A, Periquito J, et 

al. 2020) 

2.7.2. Model-based B1 correction method 

The model-based correction uses a SI model of RARE (empirical or simulated) 

to retrospectively correct B1
+ inhomogeneities, followed by a B1

- correction. The 

workflow is summarized in Figure 4.  

After characterizing the RF probe, a B1
+ correction factor (Æ ) was computed:  

Æ  
3)

3)
 (4) 

with 3)  being the modeled RARE SI for a perfect 90° excitation, and 

3)  the modeled RARE SI for the actual excitation FA.  

Applying this correction factor yielded a B1
+-corrected image: 

imageB1+corr = image · fcorr (5) 
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In the few cases where the algorithm produced negative values (low-SNR 

regions), the correction factor was set to zero.  

Dividing this B1
+-corrected image by the B1

- map produced the final B1-corrected 

image: 

imagecorr = imageB1+corr / B1
-· fcorr (6) 

 

Figure 4. ñWorkflow of model-based B1 correction. The necessary images and maps to be 

acquired are described in MR Measurements & Post-processing column. Then the flip angle 

(FA) and sensitivity (B1
-) maps were calculated using the double angle method and the low flip 

angle approximation, respectively. The RARE signal intensity model was derived from a 2D fit of 

the signal intensities measured for different FAs and T1 relaxation times using a volume 

resonator. The B1
+ correction factor was computed pixel-wise for the actual FA and T1 using the 

RARE signal intensity model. Applying this correction factor and the B1
- map derived correction 

factor yielded the final B1 corrected imageò (Ramos Delgado P, Kuehne A, Periquito J, et al. 

2020) 

2.7.3. Hybrid B1 correction method 

This method combines the sensitivity and model-based correction (workflow in 

Figure 3B). After computing a model-based B1
+ correction on the sample and 

uniform phantom image, a sensitivity B1
- correction was calculated, where the 
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inverse of the B1
+-corrected uniform phantom image was applied as the B1

- 

correction factor to the B1
+-corrected sample image. 

2.8. B1 correction method validation and uncertainty calculation 

2.8.1. Central profile plots 

The SI profile along a central line perpendicular to the RF coil surface was 

plotted against distance to the RF coil surface. Seven pixels across the width of 

the line were averaged, and the SIs were normalized to [0,1] to allow a better 

comparison. A quantitative comparison was performed by calculating the root-

mean-square-error (RMSE) between each profile and the reference. Each 

profile was scaled to minimize the RMSE against the reference, in order to 

compensate for the arbitrary scaling and to provide a fair comparison.  

2.8.2. Image homogeneity assessment 

To quantitatively assess the uniformity of the corrected images, the percentage 

integral uniformity (PIU)66 was computed for ROIs of different sizes. A PIU of 

100% represents perfect image homogeneity. In the 1H uniform phantom, five 

internally tangential circular ROIs with increasing diameter on the central 

vertical line were defined. For the brain images (ex vivo, in vivo), the cortex and 

basal ganglia/thalamus (left and right) were manually outlined, achieving three 

ROIs. In the 19F uniform phantom, three internally tangential circular ROIs were 

defined to calculate PIU values. 

2.8.3. T1 contrast and quantification performance  

An experimental setup (Figure 5A) was used to assess T1 contrast and 

quantification performance after 1H B1 correction by comparing substances with 

different water content (100% or 50%, respectively) and different T1 relaxation 

times (490 or 1525 ms, respectively). 

All acquired images (with and without flipback) were corrected using the three 

B1 correction methods. Five ROIs were drawn at pseudo-randomized positions 

(Figure 5B) on all sets of images (three corrections, original and reference) for 

all flasks. For each of the flask image pairs described in Figure 5A, mean SI 

ratios were calculated using all possible ROI combinations for all sets. Mean 

absolute percentage errors (MAPE) were computed:  
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with 3)ÒÅÆÅÒÅÎÃÅ being the mean SI ratio computed using all ROI combinations 

on the reference image pairs, and 3)ÃÏÒÒÅÃÔÅÄ being that achieved using the 

corrected image pairs. Finally, the mean error and mean SD were calculated. 

An example of the workflow is shown in Figure 5B. 

 

Figure 5. ñIllustrations of validation methods. (A) To evaluate the performance of the 

correction methods (sensitivity, model-based, and hybrid), four phantoms with different water 

content and T1 relaxation times were prepared. The quantitative assessment compared flasks 

with different water content for both low and high T1 values. Similarly, contrast was evaluated by 

comparing phantoms with different T1 values at low and high water content. (B) shows the ROI 

placement and depicts for one selected ROI the ratios that were calculated. In this manner, the 
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ratios for all possible ROI combinations in the corrected, original and reference images were 

calculated. The mean relative errors of these ratios with regard to those obtained in the 

reference served as quantitative measure for the validationò (Ramos Delgado P, Kuehne A, 

Periquito J, et al. 2020) 

Statistical analysis. A non-parametric one-way ANOVA Friedman repeated 

measures test was performed (mean errors on the original data did not have a 

Gaussian distribution) followed by Dunnôs test where all corrections were 

compared to the original data (p-values<0.05 were considered significant). All 

statistical assessments were performed using GraphPad Prism 5 (GraphPad 

Software, La Jolla, CA, USA).  

2.8.4. Monte Carlo SNR simulations for uncertainty calculation 

Given the sparse nature of 19F images and the spatially-varying B1 fields of the 

19F-CRP, concentration uncertainty maps after B1 correction were computed 

(Figure 6):  

Step 1. Monte Carlo SNR simulations67,68 (1000 iterations) were performed 

using measured (T1 values) and synthetic data (SI computed using the 

simulated RARE SI model). Simulation parameters (Table 1) were defined to 

mimic realistic excitation FAs, B1
--values and SNRs within the sample. Shorter 

parameter ranges were chosen for the reference cap after inspection of the 

central region of the FA, B1
- and SNR maps obtained (i.e. region used for 19F 

signal quantification). This was crucial to reduce matrix size and avoid memory 

problems.  

Step 2. Noise levels for the prescribed SNR values were fixed for a 90º 

excitation and B1
-=1 using a ñreverse model-based correctionò (inverse steps of 

the model-based correction).  

Step 3. For each combination of reference and sample FA, B1
- and T1 values, 

the CRP SI (for reference and sample) was calculated and separated in 2 

channels. For each Monte Carlo iteration, complex Gaussian noise was added 

to both channels and a SoS reconstruction computed to simulate a non-central 

ɢ distribution. A noise bias correction was performed as described, followed by 

a model-based correction. Finally, the concentration was estimated using the 24 

mM reference cap as a reference to determine absolute 19F concentrations:  
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(1) 

where ὛὍ  and ὛὍ are the SIs for the sample and the reference, 

respectively, and ὧ  and ὧ  are the corresponding concentrations. To 

compute ὛὍ , a square-shaped ROI (3×3 pixels) was selected in a B1-

corrected homogeneous region, in the centre of the reference cap. 

The mean SNR and mean and SD of the corrected SI throughout the 1000 

iterations were determined for both reference and sample, along with the mean 

and SD of the concentration. Since the Monte Carlo samples conformed to a 

Gaussian distribution of meanå1 (Results), the corresponding uncertainties in 

corrected SI and concentration were defined as SD×100 (%). 

Step 4. To compute the uncertainty map of an acquired 19F image, measured 

data (FA, B1
- and SNR maps, T1 value) were fed to the corresponding Monte 

Carlo uncertainty model. The uncertainties were interpolated voxel-wise using a 

simple linear regression after logarithmically transforming the SNR and 

uncertainty data and eliminating SNR values<1.  
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Figure 6. ñMonte Carlo SNR simulation and uncertainty map estimation workflow using 

measured and synthetic data. After determining the noise levels for the defined SNR values, 

Monte Carlo simulations are performed for each FA, B1
- and T1 relaxation time of the sample 

and reference by adding noise, computing a noise bias correction and calculating a model-

based B1 correction. Concentration was also estimated. Statistics including mean SNR, mean 

and SD of corrected SI and mean and SD of the concentration were computed after each run. 

These simulations are afterwards used to derive uncertainty maps for the measured data using 

the FA, B1
-, T1 and SNR measured at each pixel using a linear regression in a log-log plot (error 

vs SNR). Ref.: reference; SoS: sum-of-squaresò (Ramos Delgado P, Kuehne A, Aravina M, et 

al. 2021) 



 

37 
 

Parameters Initialization 
values 

Ranges and steps Number of 
elements  

Ground truth data 

Ground truth SI sample 1 - 1 

Ground truth SI reference cap 1 - 1 

Ground truth concentration 
reference cap 

1 - 1 

Sample data 

Excitation FA (relative to 90º) 5º to 130º  1º-steps 126 

Normalized B1
- 0 to 1  0.01-steps 101 

 
 
SNR values (fixed at 90º 
excitation) 

 
 
0 to 1500 

0 to 10 in 0.5-steps 
11 to 25 in 1.0-steps 
27.5 to 100 in 2.5-steps 
105 to 500 in 5-steps 
510 to 1500 in 10-steps 

 
 
246 

T1 values 936 ms 
818 ms 
1869 ms 

- 3 

Reference cap data 

Excitation FA (relative to 90º) 50º to 60º  5º-steps 3 

Normalized B1
- 0.8 to 0.7 0.05-steps 3 

SNR value (fixed at 90º 
excitation) 

500 - 1 

T1 values 936 ms - 1 

Table 1. ñSummary of simulation parameters for Monte Carlo SNR simulationsò (Ramos 

Delgado P, Kuehne A, Aravina M, et al. 2021) 

2.9. Development of registration methods for longitudinal EAE studies  

Image post-processing was done using MATLAB, MIJ69 and ANTs (Advanced 

Normalization Tools).70,71 

T1-maps were computed from de-noised65 T1w-images with different TRs by 

fitting an exponential growth. The T1w-image with the largest TR (i.e. 7 

seconds, highest SNR) pre-contrast was used for the registration process. 

Before registration, these images underwent a pre-processing step to ensure 

the correct function of ANTsðdeformation is constrained to be zero at the 

boundaries. First, an increase of the number of slices (×10 factor) was 

performed followed by padding. Maps were also padded.  

ñMulti-step 3D intra-subject registration (with consecutive rigid, affine and elastic 

registration steps) onto the first time point (pre-immunization) was performed on 

one of the pre-contrast RAREVTR T1-mapping images (longest TR) using a 

cross correlation similarity method. The resulting warping fields were then 

applied to the T1 maps. Images and maps were resliced and unpadded.  
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ROIs of the brain and cerebellum were manually defined for all animals using 

the baseline (tp1) T1w-images and afterwards applied to the entire series. Minor 

changes onto ROIs were applied where needed. Average T1 and ȹT1 maps 

were computed. The difference pre- and post-contrast T1 was calculated and 

plotted over timeò.4 The workflow is depicted in Figure 7. 

 

Figure 7. ñMulti-step 3D intra-subject registration workflow. For each animal, pre-contrast 

T1w-images were registered to tp1. Warping files were applied to T1w-images and T1 maps. 

ROIs were defined for brain (ROI_1) and cerebellum (ROI_2) using the registered pre-contrast 

T1w-images, replicated for the other timepoints and applied to the pre- and post-contrast T1 

maps to compute ȹT1ò (Ramos Delgado P, Millward JM, Huelnhagen T, et al. ESMRMB 2020) 

Changes in T1 were statistically evaluated using one-way ANOVA. P-

values<0.05 were considered significant. Data analysis was done using the 

statistical computing environment R v.3.3.4 (https://www.R-project.org) and 

GraphPad Prism.  
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3. Results 

3.1. B1 inhomogeneity correction in 1H transceiver surface RF probes to 

enable signal quantification 

This chapter contains and uses results that have been published in: 

Ramos Delgado P, Kuehne A, Periquito J, Millward JM, Pohlmann A, Waiczies 

S, Niendorf T. B1 Inhomogeneity Correction of RARE MRI with Transceive 

Surface Radiofrequency Probes. Magnetic Resonance in Medicine, 2020; 

84(5):2684-2701. DOI: 10.1002/mrm.28307 

and therefore contains text, statements, passages and figures from this 

publication. 

As a first step towards 19F signal quantification, three B1 correction methods 

were implemented and validated using 1H-MRI. B1 mapping techniques were 

established to measure the B1 field inhomogeneity created by the transceiver 

surface RF probes. An alternative approach to conventional retrospective B1 

correction methods was implemented based on estimating the relationship 

between FA, SI and T1 using empirical measurements (model-based method). 

This method was benchmarked against a well-known B1
- correction method 

(sensitivity method). In addition, a third method was developed as a 

combination of both (hybrid method). A validation of the correction methods 

using qualitative and quantitative metrics on phantoms and brainsðin vivo and 

ex vivoðwas performed. The author of this thesis performed all the described 

tasks (except for in vivo animal handling). 

3.1.1. B1 field characterization 

The maps of the receive field (B1
-) (Figure 8A) and transmit field (B1

+, here as 

FA) relative to a 90º excitation FA (Figure 8B) demonstrate the spatially-varying 

sensitivity and FA for the 1H-CRP. A closer look at the vertical mid-line profile 

reveals a strong deviation from the target of FA=90º (nominal FA) with 

increasing distance from the surface of the 1H-CRP (Figure 8C). These field 

maps show the typical inhomogeneity inherent to transceive surface RF coils, 

which was very similar in the B1
+ and B1

- maps and FA profiles for the single 

loop RF coil (Figures 8D-F).  
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Figure 8. ñSensitivity maps and transmission fields of the two transceive (TxRx) surface 

RF coils used for testing and validation. (A, D) Axial view of the computed sensitivity (B1
-) 

maps for a uniform phantom placed close to the RF coil surface. (B, E) Corresponding FA maps 

relative to a 90° excitation. (C, F) Normalized central profile plots of the FA along the vertical 

axis, which reveal a strong decay with increasing distance to the RF coil surfaces. The gray 

lines depict the true calculated data mis-estimated by the polynomial fit at low-SNR regions far 

away from the RF coil surface; the assumed true value is shown by the blue dotted linesò 

(Ramos Delgado P, Kuehne A, Periquito J, et al. 2020) 

3.1.2. Empirical RARE signal intensity model 

The RARE SI dependency on FA and T1 (SI=f(FA,T1)) was modelled to the 

experimental data acquired either incorporating a flipback pulse to restore 

longitudinal magnetization and hence improve SNR (Figures 9A-C), or 

excluding flipback to allow natural relaxation (Figures 9D-F). The fitted 3D-

surfaces are shown in Figures 9A,D. 2D-projections of the RARE models show 

the relationships between SI and T1 for several FA values (Figures 9B,E) and 

between SI and FA for several T1 values (Figures 9C,F). As expected, the fitted 

SI data predicts lower SI with increasing T1 and maximal SI for FAs around 90°. 

The surface fits modelled the experimental data well (R2=0.997 in both cases). 
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Figure 9. ñSignal intensity models for RARE with and without flipback. (A, D) 3D-plots of 

the modelled RARE signal intensity (SI) as a function of the T1 relaxation time and flip angle 

(FA) with and without flipback, respectively (R2=0.997 for both). (B, E) show the SI vs FA 

projection in both models, whereas (C, F) depict the SI vs T1 projection. Selected FA and T1 

values are plotted to demonstrate the fidelity of the experimental data and the model. Each 

colored line depicts a different T1 and FA, respectively. The dots represent the measured data 

pointsò (Ramos Delgado P, Kuehne A, Periquito J, et al. 2020)  

3.1.3. B1 correction method validation 

T1 maps (needed for B1
+ correction) and reference images of a uniform 

phantom, an ex vivo mouse phantom, and an in vivo mouse brain were 

acquired using a volume resonator (Figures 10A-B). The original uncorrected 

1H-CRP images show the strong spatial SI gradient typical of transceive surface 

RF coils (Figure 10C). The results obtained with the three B1 correction 

methods are shown in Figure 10D-F. The strong spatial SI gradient present in 

the 1H-CRP images was removed by all B1 correction methods, yielding a 

uniform SI throughout the entire field of view for all investigated samples, 

including the in vivo mouse head. With the sensitivity and model-based 

corrections an overshoot in SI in some regions was observed, particularly distal 

to the CRP. This was due to a combination of increasing inaccuracies in the FA 

and SI data at low SNR. This overshoot in SI was resolved by combining both 

methods in the hybrid correction approach.  
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Figure 10. ñB1 correction for CRP images of a uniform phantom, an ex vivo phantom and 

a living mouse. From left to right, the columns show (A) the acquired T1 map (reference coil), 

(B) the reference image, (C) the original CRP image, (D-F) the corrected images. A comparison 

of the original images with the reference images demonstrates the need of B1 correction. 

Quantification is severely hampered by the adverse signal intensity gradient. The corrected 

images show a remarkably improved homogeneity. All three B1 correction methods performed 

well, with only slight differences between the results. Masks containing minor errors in the 

correction are overlaid and shown in light redò (Ramos Delgado P, Kuehne A, Periquito J, et al. 

2020) 

Central profile plots (1H-CRP). To quantitatively assess the correction of the 

image inhomogeneity, normalized vertical SI profiles were plotted (Figure 11A-

C). For all three approaches, the corrected SI profiles showed close 

correspondence with the reference RF coil (plotted as a surface in green). From 

these profiles, one can determine how far away from the RF coil it is still viable 

to perform B1 correction. This depends on the specific scanning parameters and 

the dimensions of the RF coil; here this distance was approximately 17 mm (for 

a nominal FA=90º, an actual FAÓ8º could be corrected). For our experimental 

setup, the region beyond 17 mm showed increasing inaccuracies in the field 

maps and SI measurements, leading to unacceptable errors in all corrected 

images. 

Quantitative examination revealed that all correction methods considerably 

reduced the RMSE computed on the profiles to a maximum of 0.18 (uniform), 

0.12 (ex vivo) and 0.26 (in vivo), with respect to the reference. For the uniform 

phantom, the sensitivity and hybrid approaches performed equally well (0.11). 
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For the ex vivo phantom the sensitivity and model-based correction performed 

similarly (0.11). In vivo, the sensitivity correction achieved the best result (0.21). 

In comparison, the uncorrected profiles revealed an average RMSE of 

0.53±0.07 for all test phantoms.  

 

Figure 11. ñNormalized signal intensity profiles perpendicular to the RF coil surface and 

percentage image uniformities (PIU) for the exemplary images shown in Figure 5: (A-D) 

uniform phantom, (B-E) ex vivo, and (C-F) in vivo, using five internally-tangent circular ROIs 

with increasing diameter (uniform) or anatomical regions (ex vivo, in vivo: cortex and basal 

ganglia/thalamus, BG/T). The corrected profiles demonstrate a striking increase in image 

homogeneity and show the same trends as those of the reference coil. In all three phantoms the 

calculated RMSEs of the corrected profiles reveal a high resemblance to the reference. The PIU 

plots indicate a significant improvement in image homogeneity after correctionò (Ramos 

Delgado P, Kuehne A, Periquito J, et al. 2020) 
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Image homogeneity assessment (1H-CRP). For the uniform phantom, the 

calculated percentage integral uniformity (PIU) (Figure 11D-F) was found to be 

95.7% within the largest ROI using the volume resonator, indicating no 

significant inhomogeneities across the image, as expected. Conversely, a PIU 

of 0.9% was obtained within the same ROI on the uncorrected image. The PIU 

degradation scaled with increasing ROI diameter. After correction, the model-

based approach showed a PIU of 65% on the fourth ROI (up to a distance of 

16.2 mm from the RF coil surface). Beyond that distance, the observed 

overshoots confounded the PIU, which decreased to 0% in the largest ROI.  

For the mouse brain images, the PIUs showed the expected high homogeneity 

for the reference RF coil: ex vivo 87.0±4.4% and in vivo 87.7±9.1%. The original 

surface RF coil images displayed substantial inhomogeneities: averages of 

35.4±9.2% ex vivo and 33.2±11.8% in vivo. A significant improvement in image 

homogeneity was achieved with the three correction methods, both in vivo and 

ex vivo. The model-based method performed best on average (85.0±3.8% ex 

vivo and 80.5±11.3% in vivo), closely followed by the hybrid (81.6±6.9% ex vivo 

and 79.7±11.2% in vivo) and sensitivity (80.8±5.7% ex vivo and 76.5±10.3% in 

vivo) corrections. 

T1-contrast and quantification performance (RT). The errors in SI ratios 

between several fixed locations for all four phantoms were studied, comparing 

original (uncorrected) RARE images and their three corrections, relative to the 

ground truth (reference images). These validation assessments were performed 

for RARE without flipback (Figure 12) and with flipback (Figure 13). The box 

plots (whiskers at 5-95 percentile) depict the mean errors for quantification at 

low and high T1 relaxation times, and for T1 contrast measurements with low 

and high proton density. Errors below 10% (dashed line) were considered 

acceptable. 

Correction of RARE MR images without flipback (Figure 12): All correction 

methods reduced the errors to less than 10% for both quantification and 

contrast, contrary to uncorrected images, which showed substantial errors (41-

45%), and variabilities (37-42%). None of the calculated mean errors reached a 

value >8.3% after correction.  
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The sensitivity correction performed best when calculating water content 

proportions at low T1 values (5.0±2.9%), followed closely by the hybrid 

(6.0±2.7%) and model-based (6.6±4.5%) methods. All three methods behaved 

similarly for higher T1 values, with mean errors of approximately 8% (sensitivity 

8.1±2.9%, model-based 8.3±5.9%, hybrid 8.1±3.3%). All correction methods 

improved quantification significantly (p-value<0.0001) when compared to the 

original data. 

When measuring T1 contrast, the hybrid method performed best for both water 

content phantoms (2.4±1.7% high, 4.7±3.8% low). The sensitivity correction 

method performed better than the model-based method for the high water 

content phantom (3.5±2.5% vs. 6.2±5.5%). However, for the low water content 

comparison, the model-based correction method performed better than the 

sensitivity correction (5.2±3.9% vs. 6.1±3.1%). Similarly, the three described 

correction methods significantly improved T1 contrast, when compared to the 

original data (p-value<0.0001). 

 

Figure 12. ñAssessment of quantification and contrast accuracy for RARE without 

flipback. Box plot of relative quantification and contrast errors for the original uncorrected 
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images and those corrected with each of the three B1 correction methods. All B1 correction 

methods reduced the median error from well above 25% to below 10% (dashed line). Whiskers 

represent the 5 and 95 percentiles. Asterisks indicate statistically significant differences 

compared to the uncorrected imagesò (Ramos Delgado P, Kuehne A, Periquito J, et al. 2020) 

Correction of RARE MR images with flipback (Figure 13): In general, all 

correction methods performed worse when flipback was enabled in RARE 

measurements, compared to RARE without flipback. The errors without 

correction were comparable to the case without the flipback option (40-58%). 

Their variabilities, however, were spread along a wider range (40-62%). 

For quantification, the correction methods performed worse at low T1 relaxation 

times (overall about 10%: sensitivity 11.0±7.6%, model-based 10.7±7.9%, 

hybrid 12.2±8.6%) than at higher ones (sensitivity 4.8±4.0%, model-based 

11.4±10.1%, hybrid 7.2±6.0%). All correction methods significantly improved 

quantification when compared to the original data (p-value<0.0001). 

 

Figure 13. ñAssessment of quantification and contrast accuracy for RARE with active 

flipback. Box plot of relative quantification and contrast errors for the original uncorrected 

images and those corrected with each of the three B1 correction methods. B1 correction reduced 
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the median quantification error from well above 25% to below 10% (dashed line), but achieved 

only a modest improvement in the T1 contrast error. Whiskers represent the 5 and 95 

percentiles. Asterisks indicate statistically significant differences compared to the uncorrected 

imagesò (Ramos Delgado P, Kuehne A, Periquito J, et al. 2020) 

T1 contrast accuracy was considerably reduced when using flipback during the 

measurements, with errors approaching 20-30% for high water content. The 

sensitivity correction method (19.5±9.7%) performed marginally better than the 

model-based (28.9±19.4%) and hybrid (28.4±14.5%) methods. For higher water 

content, the errors were smaller (8-15%). Similarly, the sensitivity correction 

method (8.3±5.0%) performed slightly better than the other two (model-based 

15.2±13.2%, hybrid 15.2±8.7%). Only the sensitivity method significantly 

improved T1 contrast (p-value=0.0002 and 0.0003 for high and low proton 

density, respectively). 
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3.2. B1 inhomogeneity correction at low SNR: first quantitative in vivo 19F-

MRI of mouse brain inflammation using a transceive surface RF probe 

This chapter contains and uses results that have been published by the author 

of this thesis: 

Ramos Delgado P, Kuehne A, Aravina M, Millward JM, Vazquez A, Starke L, 

Waiczies H, Pohlmann A, Niendorf T, Waiczies S. B1 Inhomogeneity Correction 

of RARE MRI at Low SNR: Quantitative In Vivo 19F-MRI of Mouse 

Neuroinflammation with a Cryogenically-cooled Transceive Surface 

Radiofrequency Probe. Magnetic Resonance in Medicine, 2021; 87(4):1952-

1970. DOI: 10.1002/mrm.29094 

and therefore contains text, statements, passages and figures from this 

publication. 

In the previous chapter, three B1 correction methods were developed and 

validated on 1H-MRI to correct for the B1 field inhomogeneities inherent to 

sensitivity-boosting transceiver surface RF probes and enable signal 

quantification. This chapter builds upon previous findings in order to correct 19F-

MR brain images acquired with a 19F-CRP in mice with experimental 

autoimmune encephalomyelitis and to determine brain inflammation. Unlike 1H-

MRI, 19F imaging suffers from low SNR, leading to long scan times. Therefore, 

the use of SNR-enhancing technologies such as transceiver surface RF probes 

(with or without cryo-cooling) is even more indispensable. To obtain higher SNR 

gains, quadrature RF coil designs are chosen over linear implementations, but 

this leads to single-tuned characteristics. The missing 1H-MRI capability of this 

RF technology requires the establishment of a workflow, in which in vivo 19F-MR 

images can be co-localized onto anatomical images. The previously introduced 

retrospective B1 correction methods were implemented in this study and 

validated for a 19F-CRP using a uniform phantom and inflamed mouse brainsð

ex vivo and in vivo. Additionally, computations of concentration uncertainty 

maps using Monte Carlo SNR simulations were introduced to demonstrate the 

markedly improved 19F quantification of B1-corrected images, as well as to 

propose SNR requirements to achieve acceptable error levels. The author of 

this thesis performed all the described tasks (except for in vivo animal handling, 

head holder design and reference cap building). 
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3.2.1. B1 field characterization and simulated RARE signal intensity model 

The sensitivity maps (Figure 14A,D) and the FA maps (relative to an excitation 

FA=90º, Figure 14B,E) of the 19F-CRP revealed a strong decline with 

increasing distance from the RF probe surface, in both axial and sagittal 

orientations.  

The B1
+ inhomogeneity is clearly depicted in Figures 14C (axial) and 14F 

(sagittal) which show the normalized central vertical profile lines. The maximum 

distance until which there is signal above the detection threshold (SNR>3.5) is, 

in this case, ca. 14.6 mm from the 19F-CRP surface. Figure 14G shows the 3D 

view of the RARE SI model simulated using EPG simulations. The SI was 

modelled as a function of FA and T1. The SI demonstrates a lower SI with 

increasing T1 (Figure 14H) and maximal SI for FA=90° (Figure 14I). When 

using EPG simulations, the hybrid and sensitivity methods yielded the same 

results up to a constant factor. Therefore, only the sensitivity and model-based 

correction were used moving forward. 

 

Figure 14. ñB1 field maps of the quadrature 19F cryogenically-cooled transceive surface 

RF probe (19F-CRP) and SI model used. B1
- and relative FA maps to a 90º excitation FA in (A-

B) axial and (D-E) sagittal orientation. The expected position of the mouse brain relative to the 

19F-CRP is outlined as a dashed grey line. Corresponding normalized central vertical profiles 

are shown in (C,F). The grey line depicts the artefact miscalculated by the polynomial fit at low-



 

  50 
 

SNR regions far away from the RF probe surface. The physically-correct value is depicted using 

blue dotted lines. The simulated 3D SI model (G) shows the dependency of RAREôs SI on the 

T1 relaxation time and FA. (H,I) show the 2D-projections of SI vs T1 and SI vs FA, respectivelyò 

(Ramos Delgado P, Kuehne A, Aravina M, et al. 2021) 

3.2.2. T1 relaxation time estimation 

Calculated T1 values for PFCE-NPs in agarose (reference caps, 935.9±10.0 

ms) using non-localized MRS agreed with previously published values at 9.4 

T.72,73 T1 values of 19F-NPs in inflammatory lesions in the brain (PRESS) were 

818.1±13.4 ms (ex vivo) and 1868.7±43.9 ms (in vivo). This indicated an 

effective reduction of 117.8 ms in T1 for ex vivo compared to the reference 

caps, and an increase of nearly 1 second in T1 in vivo measurements. 

Exemplary spectra used to compute T1 values in reference caps, ex vivo and in 

vivo mice are showed in Figure 15. 

 

Figure 15. ñExemplary spectra used for T1 calculation for (A) reference cap containing 

24mM 19F-loaded NPs (non-localized spectroscopy), (B) ex vivo CNS of an EAE mouse with 

administered 19F-loaded NPs prior to perfusion (PRESS), and (C) in vivo mouse with active EAE 

and administered 19F-loaded NPs (PRESS). Measurements were performed using a 1H/19F 

volume resonator. Selected TR=10000 msò (Ramos Delgado P, Kuehne A, Aravina M, et al. 

2021) 

  

3.2.3. Monte Carlo SNR simulations to estimate the 19F concentration 

uncertainty 

Figures 16A-C show the concentration uncertainty (uncertainty=SD×100 (%)) 

for all FAs/B1
- and three SNR values fixed for FA=90º, B1

-=1 and T1=1869 ms 

(in vivo). For the reference, representative values (FA=60º, B1
-=0.8) were used. 

The level of uncertainty increases with decreasing FAs and B1
-. This trend is 

more pronounced for regions farther away from the RF probe surface. The 
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contour lines represent SNR values. The green and red isolines depict the 

border of the regions where uncertaintyÒ10% and Ò25%, respectively. These 

borders occur at SNRå10.1 and SNRå4.25, respectively, independent of the 

FA/B1
- and SNR combination. 

The linear dependence of the SD of both corrected SI and concentration on 

SNR for exemplary data (FA=90º, B1
-=1.0, in vivo T1) using the model-based 

method (Figure 16D, linear fit, dashed orange line) was studied. The corrected 

SI of the sample (blue dots) demonstrated a linear trend throughout the SNR 

range. The concentration SD (green boxes) was linearly dependent on the 

sample SNR until an SNRå160 (SD=7×10-3), after which it asymptotically 

approached a constant value of approximately 3.5×10-3 (uncertainty=0.35%) 

due to small but non-negligible errors in the B1-corrected data.  

 

Figure 16. ñSNR simulation results corresponding to a model-based correction for 

T1=1869 ms (in vivo mouse) for (A) SNR=1000, (B) SNR=500, and (C) SNR=25, fixed for a 90º 

excitation and B1
-=1. The contour lines represent equal SNR values (in black), and errors of 

Ò10% (in green) and Ò25% (in red). (D) shows the linear dependence on the SD of the corrected 

SI and SNR, and the quasi-linear dependence on the SD of the concentration and SNR (log-log 

plot). A histogram from the Monte Carlo samples for the three points depicted in (C) is illustrated 

in (E). In all three cases, the distributions exhibit a Gaussian distribution of meanå1 and 
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increasing SDs (uncertainties) with decreasing SNRò (Ramos Delgado P, Kuehne A, Aravina M, 

et al. 2021) 

Finally, Figure 16E shows histograms and error bars74 of the concentration 

calculated over the 1000 iterations corresponding to the three depicted example 

points (FA=70º, B1
-=0.8/0.4/0.2 as coloured crosses on Figure 16C). The 

concentration samples exhibited a Gaussian shape with meanå1 (Õ1=1.0003, 

µ2=0.9964, µ3=0.9834) and increasing SD (ů1=0.0564, ů2=0.1199, ů3=0.2529) 

with decreasing SNR, as expected. This demonstrated that the model 

recovered SIs without introducing bias. Randomness was propagated such that 

the variability of the corrected SI (i.e. its SD) increased with decreasing SNR. 

3.2.4. B1 correction method validation 

Corrected Images. B1 correction performance was assessed in a low-SNR 

scenario at regions far from the probe surface using a low-concentration 

uniform phantom and a short acquisition. The SNR map is shown in Figure 

17A. The original image shows a steep SI decay away from the RF probe 

surface, typical of transceive surface RF coils (Figure 17B). Compared to the 

reference image, B1-corrected images (Figure 17C-D) yielded uniform SIs over 

the FOV (Figure 17E). A ghosting artefact due to fast RARE imaging is present 

in the uniform phantom image used for the sensitivity method, and in the test 

uniform phantom, producing an overshoot in the sensitivity-corrected image far 

from the probe surface.  

Central profile plots (Figure 17F). Corrected SI profiles demonstrated close 

correspondence with the reference RF coil (green area) up to a distance of 

approximately 6-7 mm from the CRP surface for our specific scanning 

parameters, dimensions of the RF coil and SNR. 

Image homogeneity assessment (Figure 17H). The calculated PIU in the 

reference image was 91.4% within the largest ROI (distance from CRP 

surface=7.8 mm), indicating no substantial inhomogeneities across the image. 

In contrast, a PIU of 13.6% was computed for the original image within the 

same ROI. Corrections yielded improved PIUs (56.7% for model-based and 

32.4% for sensitivity corrections). In general, PIU degrades with increasing 

distance from the RF probe where acquired image artefacts prevail. 
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Figure 17. ñUniform phantom validation. (A) SNR map, (B) original, (C-D) corrected and (E) 

reference images, respectively. The original image includes the placement of the 10 ROIs 

selected for error calculations. (F) Normalized signal intensity profiles perpendicular to the RF 

coil surface. (G) Mean absolute percentage error (MAPE) of original and corrected images for 

an increasing number of ROIs demonstrates a remarkable reduction in errors after B1 correction 

compared to original images. The model-based correction provides quantitatively good results 
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in regions far from the RF probe. (H) Percentage of integral uniformity (PIU) of corrected images 

show a quantitative improvement in homogeneity in comparison with original images. (I) 

Statistical assessment of signal intensity accuracy. Whiskers represent the 5 and 95 

percentiles. Asterisks indicate statistical significance compared to uncorrected imagesò (Ramos 

Delgado P, Kuehne A, Aravina M, et al. 2021) 

Quantification performance and statistics. According to our MAPE 

classification, only the model-based correction provided excellent results for 

SNRs between 38 and 7 (Figure 17G, ROIs=1-7, distance=2.1-6.3 mm). 

Uncorrected images showed high errors within this SNR range (84.7±85.8%). 

Within this region (distance=2.1-6.3 mm), the model-based correction 

performed best (7.7±4.7%), followed by the sensitivity correction which yielded 

good results (12.2±8.2%). Both corrections provided equally good results 

(model-based 16.2±16.5%, sensitivity 19.7±16.6%) up to the 8th ROI 

(distance=2.1-6.5 mm), in contrast to uncorrected images (89.9±95.6%). When 

considering all ROIs (distance=2.1-7.6 mm), only the model-based correction 

(19.7±18.9%) yielded good results. In this case, the sensitivity correction 

provided unacceptable results (35.5±33.3%), but was still lower than the MAPE 

of uncorrected images (105.8±125.9%). Figure 17G also shows similarities 

between the proposed ranges using simulations (uncertaintyÒ10% when 

SNRÓ10.1 and uncertaintyÒ25% when SNRÓ4.25) and experimental results. 

The model-based correction performed best overall, significantly reducing 

quantification errors compared to original mean errors (both B1 correction 

methods p-value<0.001, Figure 17I). Therefore, this method was used for 

further B1 corrections. 

Ex vivo MR measurements. Figures 18 and 19 show the results for axial and 

sagittal orientations, respectively. 

Concentration maps of the ex vivo EAE phantom were computed for different 

measurement times (15 minutes [NEX=300], 1, 3 and 6 hours [NEX= 

1200/3600/7200]) using the 24mM-reference cap in images acquired with the 

reference volume resonator (Figures 18A, 19A) and original 19F-CRP images 

(Figures 18B, 19B). Qualitative comparison of the reference images after 3 

hours and original CRP images after 15 minutes revealed distinct similarities, 

demonstrating the remarkable SNR capabilities of the CRP. However, the 19F 
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signal at the lymph nodes, indicating accumulation of 19F-labeled inflammatory 

cells (white arrows) in reference images was absent in the 19F-CRP images.  

Assessment of the 19F concentration shown by original CRP images and 

corresponding model-based B1-corrected images (Figures 18D, 19D) 

demonstrated that correction considerably improved the concentration 

estimation, compared to reference images (ground truth). SNR maps from 

original CRP images showed the expected increase of SNR with scan time 

(Figures 18C, 19C), translating to fewer uncertainties in concentration (Figures 

18E, 19E). Overall, the uncertainty maps indicated the reliability of the B1-

corrected concentration maps, with most pixels being green (uncertaintyÒ10%) 

or orange (10%<uncertaintyÒ25%).  

 

Figure 18. ñEx vivo phantom (score=2.0) in axial orientation for increasing scan times (15 

minutes, 1 hour, 3 hours and 6 hours). Reference images (A) acquired with the 1H/19F volume 

resonator show less 19F signal in the brain compared to 19F-CRP images (B). The steep 

gradient in B1 field of the 19F-CRP prevents from detecting the prominent lymph node signals in 

contrast to the volume resonator. SNR maps for the CRP images are presented in (C). B1-

corrected images show concentration values closer to the reference obtained with the volume 
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resonator (D). Uncertainty maps (E) reveal the reliability of the B1-corrected concentration 

maps, with most pixels indicating green (uncertaintyÒ10%) and orange (10%<uncertaintyÒ25%) 

valuesò (Ramos Delgado P, Kuehne A, Aravina M, et al. 2021) 

 

Figure 19. "Ex vivo phantom (score=2.0) in sagittal orientation for increasing scan times 

(15 minutes, 1 hour, 3 hours and 6 hours). Reference images (A) show impressive 19F signal in 

the lymph nodes, not visible with the 19F-CRP (B), since they are located too far away from the 

CRP surface to be detected. Distinct similarities when comparing CRP images after 15 minutes 

and those acquired with the volume resonator after 3 hours demonstrate the remarkable SNR 

capabilities of the CRP. SNR maps for the CRP images are presented in (C). After performing 

the B1 correction (D), images show concentration values closer to the reference obtained with 

the volume resonator. Uncertainty maps (E) reveal the reliability of the B1-corrected 

concentration maps, with most pixels indicating green (uncertaintyÒ10%) and orange 

(10%<uncertaintyÒ25%) valuesò (Ramos Delgado P, Kuehne A, Aravina M, et al. 2021) 

In vivo MR measurements. The performance of the model-based correction in 

a typically time-constrained and low-SNR in vivo EAE 19F-MRI experiment was 

studied. 

The first animal shown (Figures 20 and 21, axial and sagittal orientations, 

respectively) exhibited severe clinical symptoms (score=2.5) whereas the 
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second (Figure 22 and 23, axial and sagittal orientations, respectively) 

presented moderate clinical symptoms (score=1.5). Images were acquired in 

axial and sagittal orientations for 15, 30 and 45 minutes [NEX=300/600/900].  

Concentration maps of uncorrected images of mouse 1 (Figures 20A, 21A) 

showed an overestimation of 19F concentrations in regions close to the RF 

probe surface, which correspond to meningeal inflammatory cell infiltration, 

common in EAE. White arrows indicate external signals (i.e. in ears and other 

adjacent tissues), which are not corrected when located outside of the FA/B1
- 

maps. SNR maps (Figures 20B, 21B) correlate with the original concentration 

maps.  

 

Figure 20. ñIn vivo EAE mouse 1 (score=2.5) in axial orientation. Concentration maps of 

original images (A) show an initial overestimation of the 19F concentration in regions close to the 

RF probe surface (e.g. meninges) which partly correspond with regions with high SNR (B). After 

performing the model-based B1 correction (C), 19F concentration maps are computed. Their 

reliability is presented by the uncertainty maps (D) which show green (uncertaintyÒ10%) and 

orange (10%<uncertaintyÒ25%) values for most pixelsò (Ramos Delgado P, Kuehne A, Aravina 

M, et al. 2021) 
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Following the model-based B1 correction, concentration maps (Figures 20C, 

21C) showed reduced 19F concentration in regions close to the RF probe and 

increased 19F concentration in regions with high SNR far from the CRP surface. 

The reliability of the correction is represented by the concentration uncertainty 

maps that mostly show values with 10<uncertaintyÒ25% (orange pixels) and 

Ò10% (green pixels) especially at higher SNR (Figures 20D, 21D). 

 

Figure 21. ñIn vivo EAE mouse 1 (score=2.5) in sagittal orientation. Concentration maps of 

original images (A) show an initial overestimation of the 19F concentration in regions close to the 

RF probe surface (e.g. meninges) which partly correspond with regions with high SNR (B). B1-

corrected images (C) present an adjustment in scale, where 19F concentration not only depends 

on the distance to the CRP surface and SNR (heavily dependent on B1
+ and B1

-) but on the 19F-

NPs accumulated per pixel. The reliability of the B1-corrected concentration maps is presented 

by the uncertainty maps (D) which show green (uncertaintyÒ10%) and orange 

(10%<uncertaintyÒ25%) values for most pixelsò (Ramos Delgado P, Kuehne A, Aravina M, et al. 

2021) 

Compared to mouse 1, mouse 2 presented with more 19F signal, even though 

its disease score was less severe. This is evident from the original 
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concentration maps (Figures 22A, 23A) and corresponding SNR maps 

(Figures 22B, 23B). Mouse 2 exhibited meningeal inflammation, visible as a 

thin layer of 19F signal with an SNR ranging from 3.6 to 49.5 and 19F 

concentrations ranging from 0.1 to 1.7 mM, as well as and inflammatory cell 

accumulation in deeper regions of the brain. After applying the model-based 

correction (Figure 22C, 23C), concentration maps showed an expected 

reduction in 19F concentration in the meninges and an increase in features far 

from the CRP surface. Corresponding concentration uncertainty maps (Figure 

22D, 23D) demonstrate the reliability of the B1 corrections, with most pixels 

being orange (10%<uncertaintyÒ25%) and green (uncertaintyÒ10%) especially 

at higher SNR. 

 

Figure 22. ñIn vivo EAE mouse 2 (score=1.5) in axial orientation. (A) Concentration maps of 

original images present signals in the meninges as well as in deeper regions of the brain, 

indicating increased inflammatory cell accumulation. (B) SNR maps show high SNR at pixels at 

the top of the mouse head and a reduced SNR in regions distant to the RF probe. After applying 

the model-based B1 correction (C), concentration maps show an expected reduction in 19F 

concentration in the meninges and an increase in pixels far from the CRP surface. 
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Corresponding uncertainty maps (D) demonstrate the reliability of the B1-corrected 

concentration maps, with most pixels indicating green (uncertaintyÒ10%) and orange 

(10%<uncertaintyÒ25%) valuesò (Ramos Delgado P, Kuehne A, Aravina M, et al. 2021) 

 

Figure 23. ñIn vivo EAE mouse 2 (score=1.5) in sagittal orientation. (A) Concentration maps 

of original images present signals in the meninges as well as in deeper regions of the brain, 

indicating increased inflammatory cell accumulation. (B) SNR maps show high SNR at pixels at 

the top of the mouse head and a reduced SNR in regions distant to the RF probe. After applying 

the model-based B1 correction (C), concentration maps show an expected reduction in 19F 

concentration in the meninges and an increase in pixels far from the CRP surface. 

Corresponding uncertainty maps (D) demonstrate the reliability of the B1-corrected 

concentration maps, with most pixels indicating green (uncertaintyÒ10%) and orange 

(10%<uncertaintyÒ25%) valuesò (Ramos Delgado P, Kuehne A, Aravina M, et al. 2021) 

3.2.5. Proportionality of hybrid and sensitivity methods for a ñperfectò EPG-

simulated RARE SI model 

The hybrid method is proportional to the sensitivity method when the RARE SI 

model is calculated using simulations and does not have a bias introduced by 

measurements. 
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Both correction methods can be expressed as: 

ίὩὲίὭὸὭὺὭὸώ 
ὭάὥὫὩ ίὥάὴὰὩ

ὭάὥὫὩ όὲὭὪέὶά ίὥάὴὰὩ
 

ὬώὦὶὭὨ 
ὄ ὧέὶὶὩὧὸὭέὲὭάὥὫὩ ίὥάὴὰὩ 

ὄ ὧέὶὶὩὧὸὭέὲὭάὥὫὩ όὲὭὪέὶά ίὥάὴὰὩ 
 

being ὭάὥὫὩ ίὥάὴὰὩ and ὭάὥὫὩ όὲὭὪέὶά ίὥάὴὰὩ the image to be corrected 

and the uniform phantom image used for sensitivity correction, respectively. 

Replacing the B1
+ corrections by their definitions51 as: 

 
ὭάὥὫὩ Ὕ ίὥάὴὰὩȟὊὃ

ὛὍ ίὥάὴὰὩ
ὛὍ ίὥάὴὰὩ

ὭάὥὫὩ Ὕ όὲὭὪέὶά ίὥάὴὰὩȟὊὃ
ὛὍ όὲὭὪέὶά ίὥάὴὰὩ
ὛὍ όὲὭὪέὶά ίὥάὴὰὩ

 

 

Since ὛὍ ίὥάὴὰὩ and ὛὍ όὲὭὪέὶά ίὥάὴὰὩare the SIs for perfect 

90º excitations and both samples have constant T1 relaxation times, they can be 

replaced by a constant. Similarly, ὛὍ ίὥάὴὰὩ and 

ὛὍ όὲὭὪέὶά ίὥάὴὰὩ are the SIs for the actual excitations FA which equal 

to a constant for each pixel. Thus: 

Ὧ  
ὭάὥὫὩ Ὕ ίὥάὴὰὩȟὊὃ

ȿὭάὥὫὩ Ὕ όὲὭὪέὶά ίὥάὴὰὩȟὊὃȿ
Ὧ  ίὩὲίὭὸὭὺὭὸώ 
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3.3. Development of registration methods for longitudinal EAE studies: 

validation and applications  

This chapter includes and uses results that have been published in: 

Millward JM, Ramos Delgado P, Smorodchenko A, Boehmert L, Periquito J, 

Reimann HM, Prinz C, Els A, Scheel M, Bellmann-Strobl J, Waiczies H, Wuerfel 

J, Infante-Duarte C, Chien C, Kuchling J, Pohlmann A, Zipp F, Paul F, Niendorf 

T, Waiczies S. Transient Enlargement of Brain Ventricles During Relapsing-

Remitting Multiple Sclerosis and Experimental Autoimmune Encephalomyelitis. 

JCI Insight, 2020; 5(21):e140040. DOI: 10.1172/jci.insight.140040 

and therefore contains text, statements, passages and figures from this 

publication. 

In the previous study it was necessary to develop a registration method to 

register 19F-MR images onto anatomical 1H-MR images in the EAE. The EAE 

mouse model mimics a relapse-remitting MS disease course (RRMS), and is 

associated with substantial macroscopic changes in the brain, namely transient 

changes in ventricle size (see Figure 24A).55 This could severely challenge the 

quantification of longitudinal MR studies that follow the course of disease in the 

EAE, such as the previously presented 19F-MR methods. To quantify the 

changes associated with brain inflammation, longitudinally-acquired images 

should be spatially aligned via registration methods. Due to the transient 

macroscopic changes in the EAE, registration is not trivial and requires 

standardized protocols and workflows that will enable the quantification of 

changes that are related to the pathology.  

In this section, a registration approach was proposed and applied to T1 mapping 

in association with GBCAs in a longitudinal study in order to provide quantitative 

information about the inflammatory lesion load in EAE mice. The obtained 

results demonstrated that T1 mapping methods could be used as imaging 

biomarkers of disease activity in EAE. The author of this thesis registered all T1 

maps acquired during the longitudinal EAE study using a post-processing 

workflow. 
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3.3.1. Registration methods implementation and validation 

Despite careful slice planning during the MR acquisitions, minor differences 

exist between slices. EAE-related anatomical changes (e.g. ventricle 

contractions and expansions) make voxel-by-voxel comparison even more 

challenging. Figure 24A shows an exemplary mid-brain slice demonstrating 

only very subtle longitudinal variations in position, slicing and structure within 

the brain. Images and T1 maps show improved alignment despite substantial 

macroscopic changes in the EAE mouse brain (Figure 24B-C). This allows 

accurate image/map comparison due to improved voxel alignment. The 

workflow and registration procedure were applied to all EAE brain images for all 

time points investigated.  

 

Figure 24. ñRegistration of post-contrast T1w-images and maps. (A) Minor differences 

within slices coexist with anatomical changes. (B) Registration increases similarity between 

slices allowing accurate comparison. (C) Registered T1 maps, ready for quantification. The 

lower row corresponds to a zoom on day 13 post-immunization, demonstrating the successful 

intra-subject registration onto time point 1 (day 2 before immunization)ò (Ramos Delgado P, 

Millward JM, Huelnhagen T, et al. ESMRMB 2020) 



 

  64 
 

To demonstrate the robustness of this approach, ROIs defined for the baseline 

images (first time point, tp1, both brain and cerebellum) were superimposed with 

only minor changes onto ROIs replicated from tp1 and applied to the entire 

series of 8 time points to perform a manual segmentation. Figure 25 shows two 

exemplary images. On the left, ROIs were drawn onto the baseline T1w-image. 

The image on the right shows the same ROIs superimposed onto the registered 

T1w-image corresponding to tp2. 

 

Figure 25. ñROI validation. After superimposing the ROIs drawn using tp1 onto tp2, pixel-by-

pixel correspondence was achieved. This was also the case for other time points and other 

animalsò (Ramos Delgado P, Millward JM, Huelnhagen T, et al. ESMRMB 2020) 

3.3.2. GBCA-lesion burden quantification as a measure of inflammation in EAE 

using T1 mapping methods  

A typical pattern of contrast enhancementðwith diffuse lesions especially 

prominent in the cerebellum, meninges, and periventricular regionsðwas 

observed already by d5 post immunization (Figure 26A). The change in brain 

T1 values after GBCA administration (ȹT1=pre-contrast minus post-contrast 

mean values) was calculated for n=16 mice, at time points ranging from 

baseline (d-2 post immunization) to d25 post immunization (Figure 26B-C). 

Compared with baseline, the ȹT1 in the cerebellum was significantly increased 

at d8 and d11 post immunization (592.9±103.8 ms and 551.2±71.4 ms, 

respectively; p-value=0.0030) (Figure 26B). The ȹT1 in the whole brain (Figure 

26BC) was also significantly increased at d8 and d11 post immunization 

(373.1±52.9 ms and 342.8±43.2 ms, respectively; p-value=0.0023). 
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Figure 26. ñGadolinium-enhancing lesions can be used as an objective quantitative 

measure of inflammation in EAE. (A) T1 map MRIs of a representative brain show altered 

tissue relaxation due to blood-brain barrier disruption following administration of gadolinium-

based contrast agent. Reduced tissue T1 (purple) is apparent in the meninges, cerebellum, and 

periventricular regions already by day 5 post immunization. Note that the brain images have 

been registered to the baseline image for quantification; therefore, changes in ventricle volume 

are not apparent in these images. (B) Quantification of global changes in tissue T1 following 

gadolinium contrast administration were especially prominent in the cerebellum (n=16). The æT1 

(precontrast - postcontrast values) was significantly increased from baseline at days 8-11 post 

immunization (p-value=0.0030, ANOVA). (C) The æT1 of the whole-brain was also significantly 

increased at days 8-11 post immunization (p-value=0.0023, ANOVA)ò (Modified from Millward 

JM, Ramos Delgado P, Smorodchenko A, et al., 2020) 
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4. Discussion 

This part of the thesis contains and uses the conclusions and discussion 

published in: 

¶ Ramos Delgado P, Kuehne A, Periquito J, Millward JM, Pohlmann A, 

Waiczies S, Niendorf T. B1 Inhomogeneity Correction of RARE MRI with 

Transceive Surface Radiofrequency Probes. Magnetic Resonance in 

Medicine, 2020; 84(5):2684-2701. DOI: 10.1002/mrm.28307 

¶ Ramos Delgado P, Kuehne A, Aravina M, Millward JM, Vazquez A, 

Starke L, Waiczies H, Pohlmann A, Niendorf T, Waiczies S. B1 

Inhomogeneity Correction of RARE MRI at Low SNR: Quantitative In 

Vivo 19F-MRI of Mouse Neuroinflammation with a Cryogenically-cooled 

Transceive Surface Radiofrequency Probe. Magnetic Resonance in 

Medicine, 2021; 87(4):1952-1970. DOI: 10.1002/mrm.29094 

¶ Millward JM, Ramos Delgado P, Smorodchenko A, Boehmert L, 

Periquito J, Reimann HM, Prinz C, Els A, Scheel M, Bellmann-Strobl J, 

Waiczies H, Wuerfel J, Infante-Duarte C, Chien C, Kuchling J, Pohlmann 

A, Zipp F, Paul F, Niendorf T, Waiczies S. Transient Enlargement of 

Brain Ventricles During Relapsing-Remitting Multiple Sclerosis and 

Experimental Autoimmune Encephalomyelitis. JCI Insight, 2020; 

5(21):e140040. DOI: 10.1172/jci.insight.140040 

and contains text, statements, passages and figures from these publications. 

 

4.1. B1 inhomogeneity correction in 1H transceiver surface RF probes  

Several methods have been described in the literature to correct B1 

inhomogeneities.42-46 These methods are especially crucial for images acquired 

with transceive surface RF coils. The main accomplishment of this project was 

to extend this work, demonstrating the feasibility and efficacy of B1 

inhomogeneity correction methods for RARE MRI, for which an analytical SI 

equation is not available.47,48  

Phantom results showed a substantial improvement in image homogeneity after 

B1 correction using the investigated methods. The feasibility of these 

approaches for samples with more complex structures (ex vivo and in vivo 
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mouse) and in time-constrained scenarios (in vivo) was established. These 

results demonstrate that images derived from the correction procedures are 

suitable for accurate T1 contrast and SI quantification purposes, thus opening 

the way for parametric T1 mapping and X-nuclei quantification using surface 

transceive RF coils/probes. Compared to previously developed correction 

methods, these approaches are applicable to MR imaging techniques for which 

no analytical SI equation exists, including but not limited to EPI50 and UTE49 

imaging techniques. 

Although the sensitivity correction method31 is typically used to correct B1
- 

inhomogeneities, this work demonstrated that this method is also effective for 

correction of B1
+ inhomogeneities, since it includes an inherently linear B1

+ 

correctionðall images are the product of the transmission and reception 

capabilities of an RF coil. This concept is supported by the quasi-linear trends 

shown in the RARE SI model for SI vs. T1 relaxation time, and the linear trends 

present for the majority of the SI vs. FA range (e.g. between 30º-70º and 

between 90º-140º).  

The two novel B1 correction methods (model-based, hybrid) proposed here use 

an empirical SI model of the RF pulse sequence. The correction workflow 

involves using the calculated SI model to adjust the SI to that of the nominal FA, 

based on the actual FA and T1. This rectifies the inhomogeneities related to RF 

transmission (B1
+), whereas those related to the RF coil sensitivity (B1

-) are 

addressed in a separate step using a previously calculated B1
- map (model-

based) or using a B1
+-corrected uniform phantom (hybrid).  

Tests on corrected and reference images revealed a high image homogeneity, 

maintained when comparing the ex vivo phantom to the in vivo situation 

(difference in mean below 5% in both cases compared to reference images). 

Assessing the accuracy of SI quantification and T1 contrast measurements 

yielded different results for RARE with and without flipback that drives the 

equilibrium regimen. Without the driven equilibrium regimen all correction 

methods reduced the errors to less than 10% for both quantification and T1 

contrast, and produced statistically significant improvements compared to the 

original data. For the driven equilibrium regimen, the errors in the original data 

were more pronounced, which translated into higher SI quantification and T1 
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contrast errors after correction. For all three B1 correction methods, errors were 

around 10% for quantification, but the accuracy of T1 contrast was considerably 

reduced, with errors up to 20-30% (for high water content). Only the sensitivity 

method improved T1 contrast significantly.  

When flipback was inactive, all three methods performed similarly for SI 

quantification purposes, and yielded improved performance for the low T1 

mode. This can be attributed to the reduced T1-weighting at the repetition times 

used, so that less correction was needed. The sensitivity correction method 

performed slightly better than the other two for SI quantification purposes. The 

simplicity of this approach makes it preferable for absolute SI quantification. 

Conversely, results showed that the hybrid correction provides more accuracy 

in cases when T1 contrast is essential (e.g. for contrast-enhanced imaging in 

inflammatory disease). 

Overall, the hybrid method performed better than the model-based one. Since 

the only difference between them is the sensitivity profile calculation, it was 

concluded that the simple sensitivity correction performs better than the low flip 

angle approximation when computing a B1
- map from measurements. The minor 

artifacts produced at regions distal to the coil are caused by inaccuracies in the 

FA information associated with low SNR.  

The B1 correction methods presented here have widespread implications. 

These methods are not only useful for the specific case of cryogenically-cooled 

RF probes, frequently used to boost SNR in preclinical MRI but are also 

generally applicable for transceive surface RF coils like single-loop RF coils. 

While the applicability of the correction methods in conventional 1H brain 

imaging was thoroughly demonstrated, these methods can also be applied to 

moving organs, e.g. cardiovascular research, as long as the calculated 

reference power is correct and the maps and images are acquired using a 

trigger and spatially aligned. These B1 correction methods permit quantitative SI 

and T1 contrast measurements with transceiver surface RF coils, using MRI 

techniques for which analytical SI equations do not exist. This circumvents a 

key limitation, and offers a new approach for correcting B1 inhomogeneity that 

may be applied for a broad range of biomedical research applications.  
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4.1.1. Limitations and future directions 

The described model-based approach is fundamentally limited by SNR 

constraints at larger distances from the RF coil, and by the accuracy of the B1 

and T1 maps and the polynomial fit. Determining the distance until which a 

meaningful correction can be achieved is challenging, since it depends on the 

conditions and scanning parameters used (e.g. RF coil dimensions, SNR, TA). 

Hence, this distance should be determined by each user, for each specific 

setup: 1) calculate the central profile plots for each correction; 2) determine at 

what distance from the coil the corrected profile still follows that of the reference 

volume RF coil. This will not require extra time, since T1 mapping with the 

reference RF coil is anyway required for the B1 correction.  

Accurate knowledge of T1 and FA is crucial for the precise correction of the B1 

inhomogeneities using the model-based and hybrid methods. For the presented 

workflow, readily-available MR imaging protocols (e.g. double angle mapping, 

RARE with variable TR) were selected. Limitations are related to the inherent 

instability associated with the FA and T1 mapping techniques, the lack of an 

established gold standard, and substantial variability among the different 

methods. FA mapping depends on the slice excitation profile, B0 homogeneity 

and other factors,75 which produce additional uncertainties. Moreover, FA 

mapping techniques are usually imprecise for low FAs,76 increasing the FA error 

at large distances from the RF coil.  

T1 mapping is equally challenging and subject to many sources of error. 

Fundamentally dependent on the FA, it is usually performed using volume 

resonators or a combination of RF coils for transmit-receive (volume for 

transmit, surface for receive) to attenuate the effects of B1
+ inhomogeneity. A 

caveat of this method is the need to acquire a T1 map with each image (in order 

to consider the T1 contrast of tissues) when removing the field inhomogeneities 

in 1H images. Although T1 mapping is feasible using a cryo-cooled RF probe,77 

the extra time was invested on using a volume resonator to reduce T1 map 

errors.  

An alternative to calculate the signal evolution (SI model) would be to use 

extended phase graphs39-41 or Bloch simulations.78 Equally, magnetic 
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resonance fingerprinting (MRF)79 could be used not only to create the model but 

also to acquire a T1 and B1 map altogether by changing FA and TR, reducing 

the amount of scan time needed and producing a tailored correction (ñrealò B1 

map of the phantom/mouse). According to our knowledge there are no MRF-

RARE techniques available to date and the development of such MR 

sequences was out of the scope of this study.  

When considering SNR, it is important to bear in mind that these correction 

methods entail multiplication by a position-dependent matrix of correction 

factors. Thus, both the signal and the noise will be increased; furthermore, this 

effect will be different for each image pixel. Therefore, SNR calculations must 

be performed on the original uncorrected images.  

Differences seen in image homogeneity might be related to a change in animal 

position when transferring the animal from 1H-CRP to reference RF coil. These 

differences might be also caused by motion (e.g. due to misalignment of the flip 

angle map, worse B0 shimming, etc.). Although the option motion averaging 

was used, it might not have been enough to compensate for bulk motion. Since 

a RARE-based imaging sequence was used where the blood signal in large 

vessels is inherently suppressed due to the use of a spin-echo train, the 

changes in performance are not believed to be related to blood flow.80   

Finally, the proposed B1 correction methods could be of high importance in 

future clinical applications due to the increasing use of transceive surface RF 

coils in human MRI at ultrahigh fields (UHF),81-89 where large volume body RF 

coils are not used for signal excitation and are not provided with UHF-MR 

scanners. 

4.2. B1 inhomogeneity correction at low SNR using 19F transceiver surface 

RF probes 

The potential of 19F-MR has long been recognized.17 However, low in vivo 19F 

concentrations demand SNR-enhancing strategies. Transceive surface RF 

probes such as the 19F-CRP maximize SNR but their inhomogeneous B1 field 

hampers quantification. To date, efforts in B1 field correction for 19F-MRI have 

been scarce, and usually limited to less complex imaging techniques.43,77,90,91 
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This part of this thesis project built upon the previous work on B1 correction 

methods tailored for 1H transceive surface RF probes and SNR-efficient RARE 

imaging to enable 19F signal quantification in low SNR time-constrained 

scenarios. Low-concentration uniform phantom images showed considerable 

increase in homogeneity after B1 correction even in low SNR regions distal from 

the coil. Ex vivo concentration maps using reference caps demonstrated 

substantial improvement in concentration estimation, compared to reference 

images. A method was established to determine concentration error after B1 

correction using Monte Carlo SNR simulations and an acquisition workflow to 

co-localize 19F-CRP images with anatomical images from an external volume 

resonator. Furthermore, first in vivo 19F-nanoparticle T1 values were determined 

in EAE brains to compute model-based corrections. Successful implementation 

ultimately yielded the first quantitative in vivo 19F-MR images of inflamed EAE 

brains using a 19F-CRP. 

In the previous study, several samples with different T1 were prepared and 

scanned to compute the RARE SI model.51 Here, EPG simulations were 

introduced to reduce the burden on the MR measurements, improving the 

accuracy of the model; by eliminating possible errors introduced by the 

measurements, especially at low FAs where SIs corresponding to different T1s 

are closer to each other. Using EPG simulations, it was found that the hybrid 

and sensitivity methods yielded similar results, up to a constant factor. Unlike 

EPG simulations, imperfections originating from an empirical model disturb the 

symmetry underlying this degeneracy, thereby leading to slight differences 

between the hybrid and sensitivity methods (see chapter Proportionality of 

hybrid and sensitivity methods for a ñperfectò EPG-simulated RARE SI model). 

This demonstrates that simulations have a clear advantage, which expected to 

also be true for other MR sequences lacking closed-form SI equations.  

A reliable B1 correction is indispensable for robustly quantifying the 19F signal 

when employing the 19F-CRP in studies using 19F-NPs to measure the 

inflammatory burden in EAE in vivo. In this study, two EAE animals were 

presented with discrepancies between 19F signal and clinical scoreðthe animal 

with lower clinical severity showed more 19F signal. This reflects the clinico-

radiological paradox, well described in MS92 and EAE,93 whereby clinical status 
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and radiological findings diverge, underscoring the urgent need to establish 

more quantitative MRI methods to assess disease severity objectively, such as 

that presented in the current study.  

Furthermore, the uniform phantom was prepared with 19F concentration (0.2 

mM) and SNR (range 50 to 0) comparable to those achieved in EAE mice 

administered with PFCE-NPs (maximum 19F concentration 2 mM, SNR between 

50 and 0 in all cases). Since in transceive surface RF probes the SNR is much 

higher when close to the RF probe, the B1 correction approach and uncertainty 

propagation model were assessed in realistic scenarios and validated for low 

SNRs far away from the RF probe (Figures 17F-I).  

Monte Carlo SNR simulations were performed to estimate SI quantification 

uncertainties. Simulations were designed to include a wide SNR range (Table 

1), taking into account the typically low SNR values for 19F (SNR=0-10 in 0.5-

steps) as well as higher SNRs (SNR up to 1500). Concentration uncertainty 

maps were found to yield a linear dependence of the uncertainty on SNR, with 

constant regions (Ò10% with SNRÓ10.1 and Ò25% when SNRÓ4.25). This is 

consistent with the results previously demonstrated for 1H imaging, where SNR 

was not limited. The above-mentioned SNR requirements are highly relevant for 

the experimental implementation of the proposed approach and aim to guide 

other researchers to balance scan time with the uncertainty of the quantification 

of low SNR 19F RARE MRI applications. 

4.2.1. Limitations and future directions 

The use of higher ETLs to further improve SNR through signal averaging 

produced ghosting artefacts in uniform phantoms (in test images, but also 

images used for sensitivity correction) in regions where 19F signal was lower. 

This effect has been widely recognized94,95 and produced an abnormal increase 

of signal with the sensitivity method in regions adjacent to the artefact, which 

could not be removed even when changing phase encoding direction. The 

model-based correction was affected to a lesser extent (test images still showed 

ghosting artefacts), since this correction uses FA and B1
- maps computed with 

FLASH images. This was observed when correcting the uniform phantom where 

the model-based correction yielded MAPEs<25% for all ROIs, and calculated 
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PIUs were equally higher than those achieved with the sensitivity method. 

Therefore, it was concluded that the model-based correction method is more 

robust than the sensitivity method, which poses some constraints in MR 

scanning parameters. 

Reference caps placed above the phantoms or mouse heads were developed 

to allow for reference power calibrations. Little extra time was needed to acquire 

separate reference images to compute 19F concentrations. Furthermore, 

individual B1 maps were measured to correct more pixels in the reference caps, 

since the wall thickness of the 15-mL tube (0.8 mm) excluded more than half of 

the pixels of the reference. Corrections of the reference caps were nevertheless 

of poorer quality, with B1 inhomogeneities at the sides. This was expected due 

to the large gradient close to the probe surface. Also, reference power 

adjustments may not be reliable in the close slices, further demonstrating that 

FA calibration is non-trivial and could be improved.90,96 

To examine the accuracy of B1-corrected ex vivo concentration maps, these 

were compared to those obtained with a volume resonator. Despite the best 

efforts to select an identical anatomical position with both volume resonators, 

minor differences in 1H might cause slight changes in the visible 19F signal. 

Nevertheless, there was overall good agreement in 19F features and 

corresponding concentrations, confirmed by the computed uncertainty maps. In 

vivo error concentration maps showed positive results even when SNR values 

achieved were significantly lower than ex vivo, due to reduced scan times. 

Future studies using 3D-RARE combined with accelerated acquisition could 

help further improve concentration errors.97,98 Moreover, adiabatic pulses could 

be an interesting addition to 3D-RARE acquisitions to further improve B1
+-field 

uniformity up to a certain region.99,100 A subsequent model-based B1 correction 

could be of value to increase the B1-corrected area. 

The presented approach remarkably improved concentration errors from >100% 

to <25%. B1 correction methods will be critical to ensure that the detected 19F 

signal depends exclusively on 19F spin density and not on distance to the RF 

probe surface, while utilizing the SNR benefit provided by 19F-CRPs. These 

results are particularly promising for future clinical applications such as drug 

imaging, cell-tracking or cell therapy applications,101-105 where the lower SNR 
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achieved at clinical field strengths necessitate the use of transceive surface RF 

probes. 

4.3. Development of registration methods for longitudinal EAE studies  

The last part of this thesis demonstrates the feasibility of the investigated 

registration methods for a time series of T1w-images and T1 mapping scans 

obtained from longitudinal EAE studies. The implemented registration process 

facilitated successful alignment of images, and was robust enough to 

accommodate the considerable macroscopic morphological changes of the EAE 

brain over time. Manual ROI definitions were easily translated to all timepoints, 

offering a suitable workflow for longitudinal neuroimmunological studies. 

One important finding of this study was that T1 mapping could objectively 

quantify GBCA lesion burden as a measure of inflammatory activity in EAE and 

that this correlated with disease activity and changes in ventricle volume. This 

method might be crucial when following inflammation over time in the animal 

model. In patients, contrast enhancements provide a semi-quantitative 

assessment that is typically enough to provide truthful lesion segmentation. 

However, this is even more challenging in EAE where lesions are less distinct, 

making segmentation prone to observer bias. The T1 maps showed reduced T1 

values in regions of contrast enhancement typical for SJL mice, namely 

cerebellum, meninges and periventricular regions. This was most extensive in 

the cerebellum, which is a region with an expected largest lesion burden in SJL 

EAE mice. Taking advantage of the registration procedure, the corresponding 

ȹT1 maps were calculated which show pronounced decreases of up to 70% in 

the measured T1 value, indicating abundant disease activity. Therefore, it was 

demonstrated that T1 mapping of EAE brains is a useful method to quantify 

gadolinium leakage as an indicator of BBB disruption and disease activity. 

4.3.1. Limitations and future directions 

ROIs of brain and cerebellum were manually defined for each animal. This 

approach, although rudimentary, was alleviated by the registration process. 

ROIs were only manually defined for the baseline images and then easily 

replicated to the entire series. To take these developments to the next level, the 
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registration pipeline could be extended to using registrations to a mouse brain 

atlas. This would perform a quasi-automatic brain segmentation, where the 

userôs anatomical expertise would become of secondary importance. Future 

studies could also benefit from novel registration tools such as ANTx2,106 

especially tailored for animal studies, and which already includes the Allen 

mouse brain atlas.107 

Registration results would equally benefit of implementing brain extraction 

(namely skull-stripping) as a previous step. With less external structures to 

match to the template in the search for a common coordinate system, 

registration methods tend to perform better. However, skull-stripping should 

only be carried out when the study focuses solely on brain tissue.  

Finally, it is worth mentioning that the proposed registration methods could be 

applied to other mouse models where macroscopic anatomical changes 

confound the subsequent image analysis or even to images acquired with other 

imaging modalities such as computed tomography (CT) or positron-emission 

tomography (PET) or even in multimodal longitudinal applications. These 

include but are not limited to cancer-related applications (e.g. to monitor tumour 

growth or contraction,108 to compare images before and after performing 

surgical procedures or during the course of radiotherapy treatment), 

neuroimaging (e.g. stroke imaging,106,109 tissue loss monitoring in 

neurodegenerative diseases110) or orthopaedic imaging (e.g. preoperative 

planning of surgeries, following the course of disease in joint degeneration111).  
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