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Zusammenfassung

Zusammenfassung

Die Uberwachung von Therapien wie etwa bei Multipler Sklerose (MS) ist notwendig, um
patientenorientierte  Behandlungsansatze zu  finden.  W&hrend Proton  (*H)
Magnetresonanztomographie (MRT) zur Unterstiitzung der Diagnose und zur Uberwachung
des Krankheitszustands verwendet wird, birgt Fluor-19 (}*F) MRT das Potential einer nicht-
invasiven Methode, um fluorierte Medikamente im Kdrper zu detektieren und deren Verteilung
zu messen. Unter Verwendung von **F MRT Techniken wurden im Rahmen dieser Arbeit die
Substanz spezifischen F MR Eigenschaften des MS Medikaments Teriflunomid, sowie
anderer fluorierter Substanzen unter verschiedenen Umgebungsbedingungen wie variabler
Temperatur, pH und chemischer Umgebung untersucht. In einem Tiermodell der Multiplen
Sklerose konnte Teriflunomid schlieRlich mittels **F MR Spektroskopie detektiert und die
Signalmenge Uber den Krankheitsverlauf hinweg parallel zu diagnostischer *H MRT verfolgt
werden. Schliel3lich wurde die Verteilung des Medikaments in Gehirn, Liquor und Blutplasma
mittels Massenspektrometrie bestimmt und mit der Signaldetektion aus *°*F MR Spektroskopie
verglichen. Dass die Signalmenge, die im Sinne entweder kiirzerer Messzeiten oder besserer
Auflésung mittels Compressed Sensing (CS) erhdht werden kann, konnte ebenfalls gezeigt
werden. Die Forschungsarbeiten, die in dieser kumulativen Dissertation beschrieben werden,
stellen Schritte hin zu einer Optimierung von °*F MR Methoden dar, die in einer klinischen
Anwendung resultieren kann und so eine Bestimmung der Verteilung von Medikamenten und
einem therapeutischen Monitoring dienen kann, um MS Therapien auf Patienten

zuzuschneiden und die Therapiequalitat zu verbessern.



Abstract

Abstract

Monitoring therapies for treating pathologies such as multiple sclerosis (MS) is necessary to
find patient-oriented treatment approaches. While proton (*H) magnetic resonance imaging
(MR) is used to diagnose and monitor disease conditions such as MS, fluorine-19 (*°F) MRI
holds the potential of a non-invasive method to detect and quantify fluorinated drugs in the
body and thereby study their distribution. Using °F magnetic resonance (MR) techniques, this
work investigated the specific 1°F MR properties of the MS drug teriflunomide (TF), as well as
other fluorinated compounds under varying environmental conditions such as temperature, pH,
and chemical environment. Finally, TF was detected in an animal model of MS by *F MR
spectroscopy (MRS) and the amount of signal was followed over the course of the disease in
parallel to anatomical *H MRI. Finally, the distribution of the drug in brain, cerebrospinal fluid
(CSF), and blood plasma was determined by mass spectrometry and compared with signal
detection by °F MRS. That the amount of signal that can be increased in terms of either shorter
measurement times or better resolution using compressed sensing was also demonstrated.
The research described in this cumulative dissertation represents steps towards an
optimization of F MR methods that may result in a clinical application and thus a
determination of drug distribution and therapeutic mounting to tailor MS therapies to patients

and improve therapy quality.



Einleitung

1 Einleitung

Multiple Sklerose (MS) ist eine chronisch entziindliche Erkrankung des Zentralnervensystems
(ZNS). Der Krankheitsverlauf ist haufig schubférmig und kann schlief3lich in eine progrediente
Phase Ubergehen. Dementsprechend variabel stellt sich die Symptomatik dar, mit einem

breiten Spektrum neurologischer und motorischer Symptome [1].

Proton (*H) Magnetresonanztomographie (MRT) ist eine fir die Differential-Diagnose und
Uberwachung der MS unerlassliche Methode, die in der Klinik standardmaRig durchgefiihrt
wird. Es kdnnen chronische von aktiven Lasionen unter Verwendung von Kontrastmittel, um
die Integritat der Blut-Hirn-Schranke zu untersuchen, unterschieden werden [2]. Ebenso wird
MRT benutzt, um Entscheidungen zur Therapieplanung und Dosisfindung zu unterstiitzen und
im Hinblick auf Disease Modifying Drugs (DMD) eine risikoarme therapeutische Wirkung von
Medikamenten zu tUberwachen [3]. Allerdings kénnen derartige MR gestltzte Aussagen zur
Medikamentenwirkung bislang und in der Regel nur an sekundaren Endpunkten, wie der
Anzahl der T, Lasionen, oder dem Ausmald an Gehirnatrophie festgemacht werden [4]. Erst
kirzlich wurde eine Veranderung des Ventrikelvolumens Uber den Krankheitsverlauf als
maoglicher Biomarker von unserer Arbeitsgruppe beschrieben [5]. Im Hinblick auf die Therapie
ermdglichen diese Endpunkte und Messmodalititen keine Aussagen Uber die
Wirkstoffverteilung im Koérper und die Konzentrationen am Zielort und in verschiedenen

Kompartimenten.

Das Tiermodell der Experimentellen Autoimmunenzephalomyelitis (EAE) wird als Modell fur
die MS benutzt. Durch die konzertierte Immunisierung mit Autoantigenen sowie die Stimulation
und Verstarkung immunmodulatorischer Prozesse kdnnen insbesondere bei SJL/J Mausen
schubformige Verlaufe modelliert, der Krankheitsprozess und die Beeintrachtigungen der
Integritat der Blut-Hirn-Schranke mittels MRT abgebildet sowie der Einfluss von Therapien und

deren Wirksamkeit untersucht werden [6].

Es steht eine grof3e Anzahl verschiedener Therapien und Medikamente zur Behandlung der
MS zur Verfugung [7]. Vorhersagen tber den Therapieverlauf, Wirksamkeit und Vertraglichkeit
sowie die Prognose des Patienten kdnnen bislang nur begrenzt getroffen werden [8], mitunter
weil die Verteilung und Menge klinisch nur durch die Bestimmung von Serum-, Urin- und selten
Liquorkonzentrationen (CSF) erfolgt. Diese Konzentrationen spiegeln allerdings nicht die
Konzentrationen von Wirkstoffen an Zielorten wie dem Gehirn bei MS oder lymphatischen

Geweben wider.

Wahrend Positronenemissionstomographie (PET) und Einzelphotonen-
Emissionscomputertomographie (SPECT) mit dem Einsatz von radioaktiv markierten

Medikamenten einhergehen und in klinischen Phase | Studien in einer begrenzten Anzahl an
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gesunden Probanden durchgefihrt werden, gibt es derzeit keine nicht-invasive,
patientenfreundliche und in der Klinik standardméaRig angewandte Technik, um die Verteilung

von Wirkstoffen im Korper zu untersuchen.

Fluor-19 (**F) MRT wurde in der Vergangenheit bereits in biomedizinischen Anwendungen
benutzt, wie etwa um Immuntherapien bei Krebserkrankungen zu verfolgen [9] oder
entziindliche Prozesse mit fluorierten Nanopartikeln in vivo darzustellen [10]. Diese Methodik
wurde in unserer Arbeitsgruppe bereits im EAE Mausmodell mit perfluorierten °F
Perfluorocrownether (PFCE) Nanopartikeln (NP) zur Darstellung von neuroinflammatorischen

Prozessen und zu verschiedenen Zeitpunkten des Krankheitsverlaufs benutzt.

Ebenso wurden in verschiedenen Studien bereits fluorierte Medikamente im Tierversuch [11]
und der Humananwendung untersucht [12, 13]. **F MR Techniken sind insofern gut geeignet
fur die Untersuchung biologischer und pharmakologischer Prozesse, als dass der °F Nukleus
eine 100 % Verfugbarkeit fir MR Detektion sowie eine hohe gyromagnetische Ratio aufweist
und hintergrundfreie Detektion ermoglicht, da °F im MR detektierbaren Bereich im Korper

nicht vorhanden ist [14].

Da mehr als ein Drittel aller aktuell eingesetzten Medikamente in ihrer molekularen Struktur
das Element °F enthalten, kann dieser Nukleus mit °F MR Techniken detektiert werden [14].
19F in Wirkstoffmolekulen erhoht deren Lipophilie und verbessert so die Durchlassigkeit an
biologischen Membranen, und verlangsamt die Verstoffwechselung, da die Stabilitdt hdher ist,

im Vergleich zu Medikamenten ohne *°F [14].

Die Limitierung der Methode liegt vor allem im geringen Vorkommen von °F, da die
verabreichten Wirkstoffdosen geringgehalten werden und somit die totale Anzahl an °F
Atomen, die potenziell detektiert werden kdnnen, niedrig ist. Zudem ist die Sensitivitat von MR
Hardware und Detektionseffizienz von MR Sequenzen limitiert und bietet Potential fir

Optimierung.

1F MR Techniken stellen somit eine nicht-invasive Methode dar, um parallel zu anatomischer
MR Bildgebung die Verteilung von Medikamenten im Koérper zu bestimmen und als
theranostische Methode zur evidenzbasierten Therapiefihrung und auf Patienten
zugeschnittenen Wirkstoff- und Dosisfindung sowie zur Anpassung bei sich &ndernden

Krankheitsbedingungen verwendet zu werden.

In bisherigen Studien wurden Wirkstoffe entweder in hoher Dosis [11] verabreicht oder erst
kurz vor der Messung gegeben [15], um eine maximal hohe Detektion zu erreichen. Allerdings
bildet dies nicht die klinische Situation mit monatelanger Einnahme eines Medikaments ab,

kann aber als erster Schritt hin zur klinischen Anwendung gesehen werden. Vorarbeiten
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unserer Gruppe bei 7 T zeigten das Potential von **F MR Techniken, hohe Mengen an °F
haltiger Salbe zu detektieren und mittels °F MR Bildgebung abzubilden [13].

Mit Teriflunomid (TF) gibt es ein MS Medikament, welches mechanistisch das mitochondriale
Enzym Dihydroorotatdehydrogenase (DHODH) hemmt und so zu einer Blockierung der
Pyrimidinsynthese fuhrt. Dies entzieht sich schnell teilenden Zellen wie inflammatorischen
Zellen die biochemische Grundlage fir Proliferation und DNA-Synthese [16]. TF enthalt eine
Trifluormethylgruppe (CFs), sodass dieses Medikament potenziell mit **F MR Techniken

wahrend des Krankheitsverlaufs in vivo untersucht werden kann.

Bislang konnte die Verteilung von TF im ZNS im EAE Tiermodell ex vivo bei Ratten durch PET
[17] und im Mausmodell mittels MALDI Massenspektrometrie bestimmt werden [18]. Wahrend
diese Methoden nur praklinisch beziehungsweise ex vivo verwendet wurden, kann der Einsatz
einer nicht-invasiven MR Methode zu einem besseren Verstandnis der Verteilung und einer

zZielgerichteten Therapie beitragen.

Obwohl die Sensitivitit und das gyromagnetische Verhaltnis von °F mit denen von H
vergleichbar sind, ist die Detektion von °F aufgrund der geringeren Verfligbarkeit von °F
Atomen im Vergleich zu *H Atomen limitiert. Aus diesem Grund sind die zu erwartenden Signal-
zu-Rausch (Signal-to-Noise Ratio, SNR) Werte geringer und die resultierenden
Detektionslimits hoher. Folglich ist eine genaue Kenntnis der substanzspezifischen **F MR
Eigenschaften und die Auswahl und Optimierung von MR Pulssequenzen nétig, um die
Detektion geringer Mengen und Konzentrationen, deren Lokalisierung und potenziell deren
Bildgebung zu erméglichen und so Aussagen zur Wirkstoff-Verteilung und deren
therapeutischen Relevanz treffen zu kénnen. Von besonderem Interesse ist hierbei auch die
Messung der Verteilung bei sich andernden Krankheitsbedingungen und zu mehreren
Zeitpunkten, was im Hinblick auf eine optimierte Therapie von Patienten und einer
verbesserten Sicherheit von Therapien von Klinischer Relevanz sein und zu besseren

Behandlungserfolgen fuhren kann.

Diese Herausforderungen wurden in unserer Gruppe bereits durch technologische
Entwicklungen sowohl im Bereich von Hardware und Software adressiert. Durch den Einsatz
von hochsensitiven kryogengekihlten Spulen [19], Breitbandfrequenzspulen [20], Messungen
im Ultrahochfeld bei 21 T [21] , kdnnen Detektionslimits herabgesetzt werden und SNRs erhéht

werden.

Neben der Innovation im Bereich Hardware, hat die Herausforderung geringer °F
Verfugbarkeit die Entwicklung SNR effizienterer Pulssequenzen motiviert [22, 23], um die
Detektion kleiner Features bei geringen °F Konzentrationen zu ermdglichen. Digitale

Signalverarbeitung, insbesondere CS st eine Mdglichkeit und wurde erstmal im
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Zusammenhang mit °F MR Techniken bei Chemical Shift Imaging und °F MRI gezeigt [24].
Durch Unterabtastung (Undersampling) kann die Messzeit verringert werden. Diese Ersparnis
kann folglich in eine héhere Anzahl an Mittlungen der Messung reinvestiert werden, sodass
das Detektionslimit herabgesetzt wird, falls durch CS die fehlenden Datenpunkte ergénzt
werden koénnen. Dies wirde eine Lokalisierung auch kleiner Merkmale geringer Konzentration

an °F erlauben.

Die Zuverlassigkeit von CS insbesondere bei kleinen Features nahe am Detektionslimit ist
nicht klar [25]. Vor allem bei quantitativen °F MR Studien wie etwa bei Zelltherapien oder
pharmakologischen Behandlungen ist die Performance von CS und der Erhalt der
Datenintegritéat unabdingbar und beide mussen auch fur kleine SNR Bereiche untersucht

werden.

Die nicht-invasive Darstellung pharmakologischer Therapien sowie die Uberwachung von
Therapieverlaufen wie etwa bei Multipler Sklerose stellen bislang nur unzureichend erflllte
Erfordernisse dar, um Arzneimitteltherapien individuell auf Patienten zuzuschneiden und so zu
einem verbesserten Behandlungserfolg beizutragen. Der Einsatz von °F MR Techniken stellt
hier eine potenzielle Nutzbarkeit bei klinischen Studien dar sowie eine Ubertragung auf
klinische Fragestellungen. Um diese Ziele zu erreichen bedarf es einer Optimierung der °F
MR Methode aus unterschiedlichen Perspektiven und unter Einsatz verschiedener
Technologien, um die Signaldetektion zu verbessern und auf diese Art ein Level zu erreichen
welches es erlaubt, °F MRT zur Detektion fluorierter Wirkstoffe klinisch zum Einsatz zu

bringen.

Das Ziel dieser Arbeit ist der Einsatz von °F MR Techniken als theranostische Methode zur
Detektion des MS Medikaments TF im Krankheitsverlauf der EAE als Modell fiir die MS.

Hierfiir ist zunachst eine Charakterisierung der molekulspezifischen *°F MR Eigenschaften und
Umgebungseinflissen wie Temperatur und pH nétig, um geeignete Pulssequenzen
auszuwahlen und deren Sequenzparameter mit Hinblick auf eine Maximierung der

detektierbaren Signalmenge zu optimieren.

Um die zu erwartenden Hurden geringer Signalmengen und niedriger Detektionslimits zu
Uberwinden, mussen herkdmmliche technologische Ansétze zu Gunsten einer hdheren
Sensitivitat, deutlich geringeren Detektionslimits und hdéheren Aufldsungen weiterentwickelt,

getestet und mit der Sensitivitat bisheriger Hardware verglichen werden.

Die Entwicklung und der Einsatz der ultrasensitiven '°F kryogen gekihlte Oberflachenspule
(CRP)[19], die bei dieser Arbeit zum Einsatz kam, legt den Grundpfeiler fiir eine Detektion

auch geringer TF Mengen im Tiermodell als n&chsten Schritt im Zuge dieser Arbeit.
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Die nicht-invasive °F MR Detektion von TF zu verschiedenen Zeitpunkten der Therapie und
die Untersuchung des Krankheitsverlaufs stellt somit ein wichtiges Hauptziel dieser Arbeit dar,
um Rickschlisse auf Verteilung von TF und den therapeutischen Einfluss zu erméglichen.
Nichtsdestotrotz ist eine Kenntnis der tatséchlich vorhandenen TF Konzentrationen in den
untersuchten Geweben durch Massenspektrometrie unabdingbar und stellt einen weiteren
wichtigen Schritt in Richtung einer quantitativen nicht-invasiven Messmethode und zur

Einschatzung der benétigten Sensitivitat sowie zur Bestatigung der °F MRS Ergebnisse dar.

Uber die MR spektroskopische Detektion von TF hinaus und mit dem Ziel einer kiinftigen
Bildgebung von TF soll der Einsatz von CS untersucht werden. Bei erwartungsweise geringer
F MR Signalmenge in einem EAE Tiermodell kann CS zur weiteren Steigerung der
Sensitivitdt und zur Herabsetzung des Detektionslimits aber gleichzeitig auch gerade bei
geringen Signalmengen zur unbedingt notwendigen Verkirzung der Messzeit durch
Unterabtastung beitragen. Zuerst soll hierbei die verbesserte und beschleunigte *F MR
Bildgebung von Neuroinflammation bei EAE mit *°F NPs durch CS untersucht werden und in
einem nachsten Schritt diese Erkenntnisse potenziell auf die nicht-invasive Bildgebung von TF

Ubertragen werden.

Die Realisierung einer klinisch nutzbaren °F MR Detektion von TF oder auch anderen
fluorierten Medikamenten wird ein Zusammenspiel verschiedener technologischer
Entwicklungen sein. Da hohere Magnetfeldstarken generell durch eine hoéhere Sensitivitat
charakterisiert sind, soll in einem letzten Schritt dieser Arbeit der Einfluss einer hoheren
Magnetfeldstarke von 21.1 T auf **F MR Parameter fluorierter Substanzen, sowie die °F MR
Detektion untersucht werden und so einerseits die *°F MR Detektion in Abhangigkeit multipler
Parameter besser verstanden werden sowie das Repertoire an Mdoglichkeiten, hohere

Sensitivitat zu erreichen komplettiert werden.

Insgesamt soll mit dieser Arbeit der Einsatz von F MR Techniken als nicht-invasive
theranostische Methode demonstriert werden. Durch die Optimierung hin zu einer sensitiven
und potenziell klinisch sinnvoll nutzbaren Untersuchungsmethode kénnen medikamenttse
Therapien wahrend des Krankheitsverlauf Gberwacht, besser an Patienten angepasst werden

und somit zu einem besseren Behandlungserfolg beitragen.
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2 Methodik
2.1 MR Hardware

Alle MR Studien wurden an einem 9.4 T Kleintierscanner (Bruker, Ettlingen, Deutschland)
durchgefuhrt. Zur Untersuchung des Einflusses der Magnetfeldstérke wurden Experimente an
einem 21.1 T Scanner mit vertikaler Bohrung am National High Magnetic Field Laboratory
(NHMFL) in Tallahassee, Florida, USA durchgefiihrt. Eine dual-tunable °F/*H Maus-Kopf-
Volumenspule (Durchmesser 16 mm) wurde fir die Untersuchung von Phantomen sowie die
Untersuchung der Kopfregion in Mausen eingesetzt [10]. Eine dual-tunable °F/*H Korper-
Volumenspule (MRI Tools, Durchmesser 62 mm) wurde fir die Untersuchung von Ratten
benutzt [26]. Um die Sensitivitait zu erhohen, wurde eine °F kryogen gekihlte
Oberflachenspule benutzt (Cryoprobe, CRP; Bruker, Fallanden, Schweiz, Durchmesser
20 mm) [19]. Bei Einsatz der CRP wurde die Referenzspannung, welche den Flipwinkel
determiniert, vor in vivo Messungen mit Phantomen und mit kurzen in vivo Messungen
kalibriert, um - abhangig von Beladung und Positionierung der Spule in Relation zum Tier - ein

Signalmaximum zu erreichen.

2.2 Konstruktion von Phantomen

Fur die Charakterisierung der **F MR Eigenschaften fluorierter Substanzen wurde Spritzen
(2.5 ml und 1 ml) verschiedener Durchmesser verwendet. Die Substanzen wurden in
Dimethylsulfoxid (DMSQO), Carboxymethlycellulose (CMC), das zur Formulierung einer oral
verabreichbaren Suspension benutzt wird und in Humanserum zur Simulation einer in vivo

ahnlichen Umgebung gelost.

2.3 MR Datenakquisition
2.3.1 MR Spektroskopie

Nicht-selektive globale Einzelpuls-Spektroskopie wurde fir Frequenzjustierungen,
Untersuchung von Chemical Shift und Spektrenform sowie die Bestimmung der T;
Relaxationszeit (mit variabler Repetitionszeit TR) mit jeweils optimierten Sequenzparametern
in Phantomen, in vivo und ex vivo benutzt. Eine Carr-Purcell-Meiboom-Gill-Sequenz (CPMG)

wurde zur spektroskopischen Bestimmung der T, Relaxationszeit benutzt.

Fur die Charakterisierung des Einflusses der Temperatur auf die °F MR Eigenschaften
Chemical Shift, Spektrenform, Relaxationszeiten und SNR bei Perfluoro-15-crown-5-ether
(PFCE), Isofluran (Iso), Teriflunomid (TF)(alle in DMSO) und Flupentixol (Flu; in Lipidldsung)
wurde die Temperatur mittels einer Messsonde in der Probe gemessen und die Temperatur

mittels eines kalibrierten Wasserbades in Schritten von 5 °C variiert (20 °C bis maximal 60 °C).
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In CMC wurde neben der Anderung der MR Eigenschaften auch der Einfluss des pH-Wertes
sowie in DMSO der Einfluss verschiedener Konzentrationen des Kontrastmittels Gadolinium
Dimeglumin (Gd-GTPA, Magnevist) auf die Relaxationszeiten bestimmt. Fur die Untersuchung
des pH Einflusses wurde in CMC suspendiertem TF HCI oder NaOH zugesetzt.

Detektionslimits wurden mit unterschiedlichen TF Konzentrationen in Serum bestimmt.

2.3.2 MR Bildgebung

Fir eine bildgebungsbasierte Bestimmung der Relaxationszeiten (T1 und T> Mapping) wurden
eine RARE Sequenz mit variabler Repetitionszeit (RAREVTR; T:-Bestimmung) und eine
MSME Sequenz (mit variabler Echo-Zeit TE, T.-Bestimmung) benutzt. Optimierte RARE,
bSSFP, FLASH und UTE Sequenzen wurden fur die **F MR Bildgebung verwendet. FLASH
wurde fir H Referenzbilder und anatomische Bildgebung verwendet, MDEFT zur

Charakterisierung der Blut-Hirn-Schranken-Schadigung im EAE-Tiermodell.

2.3.3 Compressed Sensing

Die SNR Effizienz von Compressed Sensing (CS) unter Niedrig-SNR Bedingungen, wie es bei
den meisten **F MRT Anwendungen der Fall ist, wurde in EAE Mausen untersucht, denen zu
Krankheitsbeginn Nanopartikel zur Markierung inflammatorischer Zellen intravends
verabreicht wurden, die aber nicht mit TF behandelt wurden. In vivo MRT Daten wurden zum
Hohepunkt der EAE Pathologie zwischen Tag 10 und 14 aufgenommen. Unter anderem
wurden Datensatze mit einem 2D-RARE CS Protokoll mit prospektiver Unterabtastung
aufgenommen und mit CS rekonstruiert. Diese CS-Daten wurden mit konventionellen Fourier-
Rekonstruktion und gefilterten Rekonstruktionen vollstandiger Datensétze bei gleicher Scan-

Zeit verglichen.

2.4 Behandlung von Tieren

In vivo Experimente wurden mit gesunden Dark Agouti Ratten sowie gesunden und kranken
SJL/J und C57BL/6 Mausen durchgefiihrt. Alle Mause und Ratten wurden auf einem
beheizbaren Tierbett, unter Uberwachung von Rektaltemperatur und Atemfrequenz und unter
Anasthesie, platziert und im MRT untersucht. Alle Tierversuche wurden in Ubereinstimmung
mit von der Abteilung Tierschutz des Landesamtes fur Gesundheit und Soziales in Berlin
(LAGeSo0) genehmigten Verfahren und unter Berticksichtigung der Richtlinien zur Minimierung
der Belastung von Tieren (86/609/EEC) durchgefiihrt.

Das Tiermodell der MS (Experimentelle Autoimmun Enzephalomyelitis, EAE) wurde durch
subkutane Immunisierung von Mausen mit einer Emulsion generiert. Diese wurde durch die
Emulierung von Proteolipid Protein (PLP, SJL/J Mause) und Myelin Oligodentrocyte
Glykoprotein (MOG, C57BL/6 M&ause) und M. Tuberculosis in komplettem Freundschen
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Adjuvanz hergestellt. Zusatzlich wurde intraperitoneal Pertussis Toxin (Tag 0 und Tag 2)
injiziert. Taglich wurde ein Scoring der Tiere durchgefihrt, um den Krankheitsverlauf zu
verfolgen. MR Untersuchungen an mit TF behandelten Mausen wurden an den Tagen 8 und
14 durchgefihrt, um Krankheitsbeginn und H6hepunkt der EAE Pathologie bei der
Untersuchung zu beriicksichtigen.

Fur die Behandlung von Tieren mit TF wurde TF in CMC formuliert und in Form einer
Suspension oral verabreicht. Ratten wurden direkt vor der Messung mittels einer Magensonde
im Scanner liegend behandelt, Mause jeweils liber 14 Tage und ca. 16 bis 24 Stunden vor der
MR Messung. Mit TF behandelt wurden sowohl gesunde als auch EAE Méause. Ausschlief3lich
mit CMC behandelte EAE Mause dienten als Kontrolle fur die EAE Pathogenese. Um Blut-
Hirn-Schranken L&sionen in SJL/J Mausen zu charakterisieren, wurde EAE Tieren das
Kontrastmittel Gadolinium Dimeglumin intravends unmittelbar vor der MR Messung

verabreicht.

Um den EAE Entziindungsprozess zu verfolgen, wurden **F PFCE Nanopartikel hergestellt
und diese EAE Mausen zu Krankheitsbeginn intravendés verabreicht, um

Entziindungsprozesse durch Labelling von Entziindungszellen darstellen [10].

2.5 Exvivo Messungen

Nach 14 Tagen TF Gabe wurde gesunden und EAE Tieren nach Verabreichung einer
Letaldosis an Anasthetikum und nach Uberpriifung ausbleibender Reflexen Blut entnommen.
Daraufhin wurden sie durch transkardiale Perfusion mit PBS get6tet. Liquor wurde nach der
Perfusion mit PBS aus der Zysterna Magna entnommen. Das perfundierte Gehirn wurde
ebenfalls entnommen. Gewebe wurden ohne vorherige Fixierung fur eine anschlieRende
Untersuchung mittels High performance liquid chromatography mass spectrometry
(HPLC/MS) gefroren (-80 °C).

Zur Gewinnung von ex vivo EAE Gewebephantomen mit *°F NP Labelling wurden EAE Mause
mit PBS und anschlielend mit Paraformaldehyd (PFA) perfundiert, prapariert und in 15 ml
Falcon-Tubes in PFA konserviert.

Fir die Bestimmung der TF Konzentrationen wurde TF aus den homogenisierten Geweben

extrahiert und anschliel3end eine HPLC/MS durchgefihrt.

Um eine Korrelation von *F MR Signalintensitaten und gemessenen Konzentrationen zu
ermdglichen, wurden zunéachst fir eine Kalibrierung Serumproben mit unterschiedlichen TF
Konzentrationen versetzt, °F MR Signalintensitaten bestimmt und schlieRlich TF HPLC/MS
Messungen durchgefihrt. Auf dieser Basis wurden Blutproben von gesunden und EAE Tieren,
die mit TF behandelt worden waren sowohl mit *°F MRS als auch HPLC/MS vermessen. Die

F MR Signalintensitaten wurden mittels der vorangegangenen Kalibration in °F MRS TF
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Konzentrationen umgerechnet und mit den gemessenen Konzentrationen aus der HPLC/MS

korreliert.

Ex vivo wurde die Anderung von T in Abhangigkeit von der Temperatur nach subkutaner
Verabreichung von °F PFCE Nanopartikeln und mittels subkutaner Temperaturmesssonde in

der Nackenregion einer tief anasthesierten C75BL/6 Maus post mortem gemessen.

2.6 MR Daten Auswertung

Bildverarbeitung, Spektralanalyse und Prozessierung wurden in Matlab durchgefihrt.
Anatomische Bilder von in vivo Untersuchungen wurden in ImageJ analysiert und prozessiert.
Die Postprozessierung von MR Spektren beinhaltete Zero-Filling, zur Verbesserung der
visuellen Darstellung, und Line-Broadening, zur Erh6hung der Sensitivitat. Die Quantifizierung
der spektralen Intensitdt wurde durch Verwendung des y-Achsen-Abschnitts des Free
Induction Decay (FID) als Abfall des MR Signals uber die Zeit durchgefiihrt (FID Fit, Zeit-
Domane). Integrale der Spektral-Peaks (Frequenz-Doméne) wurden berechnet und das SNR
von MR Spektren und MR Bildern wurde berechnet.

Die Bestimmung der °F Relaxationszeiten T; und T. wurde durch Anpassen (Fitten) der
Signalintensitatsgleichungen an gemessene und korrigierte Signalintensitaten erreicht. Das
SNR wurde aus dem korrigierten Quotienten aus mittlerer Signalintensitét Uber eine Region of

interest (ROI) und der Standardabweichung des Hintergrundsignals berechnet.

Um die Bildqualitat bei CS zu bestimmen, wurden die mittlere quadratische Abweichung (Root-
Mean-Square-Deviation, RMSD),Richtig-Positiv-Raten (True positive rate, TPR), Falsch-
Positiv-Raten (false discovery rate, FDR) sowie die relative Signalintensitats- (SI) Abweichung

im Vergleich zu einer Referenz bestimmt.

2.7 Statistische Auswertung

Temperaturunterschiede wurden Uber die Zeit aufgenommen und der Median und
Interquartilsbereich in Matlab bestimmt. Die statistische Analyse von MR-Daten uber die Zeit,
EAE Scores, Gewichten, Uberlebenszeit und Massenspektrometrie-Daten wurde in R
durchgefuhrt. MR und Massenspektrometrie Daten wurden aus allen Experimenten vereinigt.
19F MR Signalintensitaten und gemessene TF Konzentrationen wurden log-transformiert. EAE
Scores wurden als Mittelwert und Standardfehler, Maximumscores als Median und
Interquartilsbereich  angegeben und mit einem Mann-Whitney-U-Test analysiert.
Kdrpergewichte wurden mit einem t-Test untersucht. Zur Analyse des Zeitpunkts des
Krankheitsbeginns wurde ein logrank-Test durchgefiihrt. Die MR Signaldetektion Gber die Zeit
und Massenspektrometrie-Daten wurden mit ANOVA oder 2-Faktor-ANOVA mit Tukey post-
hoc Test fur multiple Testungen oder mit einem ungepaarten t-Test ausgewertet. Um die

Homogenitat der Varianz zu testen, wurde ein Levene’s Test benutzt. Korrelationsanalysen
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wurden mit dem Pearson Korrelationskoeffizienten (R) oder dem nicht-parametrischen
Spearman Rangsummen Korrelationskoeffizienten (p) durchgefuhrt. p-Werte < 5 % wurden

als statistisch signifikant angenommen (*p < 0.05; **p < 0.01; ***p < 0.001).
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3 Ergebnisse

3.1 Beeinflussung der 'F MR Eigenschaften durch Temperatur und
chemische Umgebung
Der Einfluss verschiedener Faktoren, wie Temperatur, pH-Wert, chemische Umgebung und

Kontrastmittel auf die **F MR Eigenschaften fluorierter Substanzen, wurde in dieser Studie

bestimmt.

Insbesondere der Einfluss der Temperatur auf MR Parameter ist von Bedeutung, da die
Messungen von Phantomen meist bei Raumtemperatur erfolgt, die Kérpertemperatur bei in
vivo Messungen jedoch hoher ist und sich bei unter Anasthesie durchgefihrten in vivo MR
Experimenten ggf. &ndern kann. Die *F MR Eigenschaften von perfluoriertem PFCE und °F
PFCE Nanopartikeln als Labeling-Agens zur Markierung von Entziindungszellen und der
Einfluss von Temperatur auf die °F MR Eigenschaften, insbesondere die Relaxationszeiten,
sind bereits in der Literatur beschrieben [27] und sollen in dieser Studie durch die
Untersuchung der fluorierten Medikamente Teriflunomid, Isofluran und Flupentixol (Abbildung

2) erganzt werden.
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Abbildung 2 Temperaturabhangigkeit von Chemical Shift (Mitte) und Spektrenform (rechts) verschiedener fluorierter
Substanzen (links). Nach Prinz, Delgado [28], mit Genehmigung von Springer Nature.

In Prinz, Delgado [28] wurde der Temperatureinfluss im Temperaturbereich von 20 bis 60 °C
auf die Veranderung von Chemical Shift und Spektrenform (Abbildung 2), Signalintensitat
sowie SNR gemessen (Abbildung 4). Reines PFCE zeigte ein Einzelpeak-Spektrum und eine
lineare Abnahme des Chemical Shift in Abhangigkeit von der Temperatur (0.0082 ppm/°C).
Das SNR in RARE °F MR Bildern wurde ebenfalls gemessen und eine temperaturabhéngige
SNR Erniedrigung (0.97 SNR Einheiten/°C) bestimmt. Das Ti zeigte in diesem

Temperaturbereich eine lineare Steigerung um 16 ms/°C von 905 ms bei 20 °C auf 1536 ms
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bei 60 °C. Ebenso zeigte T» eine temperaturabhangige Verlangerung um 7 ms/°C von 556 ms
auf 887 ms (Abbildung 4).

Eine Abnahme des Ti von PFCE Nanopartikeln konnte post mortem in Gewebe bei
abnehmender Temperatur gemessen werden (Abbildung 3). Messungen bei 23.6 °C ergaben
ein T1 von 1149 ms, wahrend bei 32.4 °C ein T1 von 1325 in der Nackenregion einer C57BL/6

Maus gemessen wurde (13 % Reduktion).

A 0 " spectrum B C PFCE T, temperature dependency
B 1400 T v
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Amplitude (a.u.)
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-4000  -2000 0 2000 4000 23.60 3243
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Abbildung 3 Einfluss der Temperatur auf das T: von PFCE Nanopartikeln in Gewebe. A. 1°F Spektrum, B.
Uberlagerung eines sagittalen anatomischen Bildes der Nackenregion mit einem °F MR Bild (3D RARE). C.
Messung von Ti1 bei zwei verschiedenen Temperaturen. Aus Prinz, Delgado [28], mit Genehmigung von Springer
Nature.

Das pentafluorierte Inhalationsanasthetikum Isofluran wurde wegen seines Siedepunktes bis
40 °C untersucht und zeigte, aufgrund von Spin-Spin-Kopplung der Fluor-Atome, ein Spektrum
mit multiplen Peaks. Der Hauptpeak zeigte ebenfalls eine Temperaturabhéangigkeit des
Chemical Shift (0.0025 ppm/°C), Signalintensitat (Abnahme um 0.085 SNR Einheiten/°C), des
T1 (um 30 ms/°C von 1851 ms auf 2491 ms) und des T, (um 11 ms/°C von 922 ms auf
1154 ms) (Abbildung 2+4). Ahnliches Verhalten zeigte das trifluorierte Psychopharmakum

Flupentixol.

Der Chemical Shift (-58 ppm) zeigte eine Temperaturabhangigkeit von -0.0026 ppm/°C), eine
Abnahme der Signalintensitat und des SNR (-0.04 SNR Einheiten/°C), des T1 (um 1.3 ms/°C
von 698 ms auf 762 ms) und des T2 (um 7.4 ms/°C von 117 ms auf 421 ms) (Abbildung 2+4).

15



T, dependence

T, relaxation (ms)

20 30 40 &0

Temperature (°C)

1400

1200

1000

T, relaxation (ms)
[pe] £y @ [+
(=] (=] (=] [=]
(=] (=] (=] =]

=

T, dependence

PFCE

20 30 40 50 60

Temperature (°C)

Signal intensity (FID)

35

3

25

Ergebnisse

Signal dependence

%10

Temperature (°C)

PFCE

Iso
Flu

Abbildung 4 Einfluss der Temperatur auf die °F MR Eigenschaften von TF, PFCE, Isofluran (Iso) und Flupentixol
(Flu). Links: T1, Mitte: T2, Rechts: Signalintensitét

Das trifluorierte MS Medikament Teriflunomid zeigte ein Einzelpeak-Spektrum (-58 ppm) bei

Raumtemperatur (20 °C) (Abbildung 5A). Der Chemical Shift zeigte eine lineare Abhangigkeit

von der Temperatur (-0.0038 ppm/°C), ebenso zeigten Signalintensitdt und SNR eine

temperaturabhangige Abnahme (0.071 SNR Einheiten/°C). T1 zeigte im Temperaturbereich
von 20 bis 60 °C eine Zunahme um 6.6 ms/°C von 1023 ms auf 1307 ms. T, zeigte bis 35 °C

einen linearen Anstieg um 4.9 ms/°C und schlielich einen Abfall (Abbildung 2+4).
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Abbildung 5 *°*F MR Charakterisierung von Teriflunomid in unterschiedlichen chemischen Umgebungen. (A) °F MR
Spektrum von TF in einem DMSO-Phantom (Konzentration: 27.02 mg/mL in 1 mL). (B) Spektroskopische
Bestimmung von T1 in DMSO. (C) Spektroskopische Bestimmung von Tz in DMSO mit CPMG. (D) Korrelation der
Relaxationsraten R1 and Rz (inverses T1 und inverses Tz) versetzt mit Gadopentetat Dimeglumin (0.5, 1, 2, 4 mM)
in DMSO. (E) °F MR Spektrum von TF in CMC (Konzentration: 2.70 mg/mL in 1 mL). (F) pH abhangige T1 Anderung
in CMC. (G) pH abhangige T2 Anderung in CMC. (H) pH abhiéngige Anderung der 19F Signalintensitit in CMC;
Konzentration in CMC: 2.70 mg/mL in 1 mL. (I) **F MR Spektrum von TF in einem Serum-Phantom; Konzentration:
1.3 mM in 1 mL). (J) Spektroskopische Bestimmung von Tz in Humanserum. (K) Spektroskopische Bestimmung
von T2 in Humanserum. (L) Bestimmung des spektroskopischen Detektionslimits mit verschiedenen TF
Konzentrationen. Aus: Prinz, Starke [26].

Bei einer weiteren Charakterisierung von TF in DMSO wurde bei zunehmender Konzentration
des Kontrastmittels Gadolinium Dimeglumin eine lineare Korrelation zwischen sowohl
inversem T: (R1) und der Gd-DTPA Konzentration, als auch inversem T. (Rz) und der Gd-

DTPA Konzentration festgestellt (Abbildung 5D).

TF in CMC zeigte einen Einzelpeak bei -61 ppm (Abbildung 5E). Sowohl T; (Abbildung 5F)
als auch T, (Abbildung 5G) wurden bei verschiedenen pH-Werten spektroskopisch gemessen
und zeigte in beiden Fallen eine Zunahme der Relaxationszeit bei hdherem pH. Ebenso war

die spektrale Signalintensitat bei voller Relaxation hoher (Abbildung 5H).

In Serum zeigte TF einen breiteren Einzelpeak als in DMSO oder CMC bei -61 ppm
(Abbildung 5I). Eine Bestimmung von T1 (Abbildung 5J) und T2 (Abbildung 5K) in Serum
ergab ein mit T, in DMSO vergleichbarem T, von 1017 ms und ein stark verkirztes T, von

4 ms, was 93-fach erniedrigt ist, im Vergleich zu T, in DMSO. Im Hinblick auf in vivo
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Experimente bei erwartungsgemaB niedrigen °F Konzentrationen wurde unter Annahme
eines Grenzwertes von SNR=5 ein Detektionslimit mit der sensitiven CRP mittels globaler
Spektroskopie von 1.9 pg/g in Serum bestimmt (5.04e+15 °F Atome in 400 pl) (Abbildung
5L).

3.2 Stammabhangiger unterschiedlicher therapeutischer Effekt von
Teriflunomid

Das Ansprechen von SJL/J und C57BL/6 EAE Mausen auf eine Therapie mit TF wurde Uber
einen Zeitraum von 14 Tagen untersucht. In SJL/J Mausen konnte die TF Behandlung einem
Gewichtsverlust im Vergleich zu unbehandelten EAE Kontrolltieren vorbeugen (Abbildung
6A). Unbehandelte Tiere zeigten eine signifikante Gewichtsreduktion von Tag 11 an (p=0.002).
Die Behandlung mit TF resultierte in einer fast vollstandigen Abwesenheit klinischer Symptome
(nur 8 %) in SJL/J EAE Méausen, wahrend 100 % der unbehandelten M&ause den typischen
schubformigen Verlauf der EAE Pathologie zeigten (Abbildung 6B). Der uber den
Beobachtungszeitraum maximal erreichte EAE Score war bei behandelten und unbehandelten
EAE Tieren ebenfalls unterschiedlich (p<0.001) (Abbildung 6C). Es konnte auch gezeigt
werden, dass unter TF Behandlung der Zeitpunkt des Krankheitsbeginns (definiert als
erstmaliges Auftreten eines Scores von 0.5, also minimaler klinischer EAE Symptome)
signifikant spater war (p<0.001) (Abbildung 6D).

Das Ansprechen von C57BL/6 Tieren auf die TF Behandlung war weniger ausgepragt. TF
behandelte EAE Tiere zeigten eine weniger starke Gewichtsreduktion (nicht signifikant)
(Abbildung 6E) und zeigten klinische Symptome ab Tag 10 (Abbildung 6F). Der EAE Score
war im Vergleich zu Kontrolltieren nicht signifikant niedriger und auch die erreichten
Maximalscores beider Gruppen unterschieden sich nicht signifikant (Abbildung 6G). Die
Inzidenz war um 65 % reduziert und der Krankheitsbeginn verzdgert (p=0.04)(Abbildung 6H).

In SJL/J EAE Mausen wurde das Ausmal3 der ZNS-Entziindung durch Untersuchung der Blut-
Hirn-Schranken-Schadigung mittels Kontrastmittel verstarkendem MRT untersucht
(Abbildung 61+J). Kontrastmittelverstarkte Lasionen in TF behandelten SJL/J EAE Méausen
wurden sogar in Tieren beobachtet, die keine klinischen Symptome zeigten. Das Ausmal’ der
Lasionen variierte unter den Tieren und reichte von mild (Abbildung 6l1) bis schwer
(Abbildung 6J). Kontrastmittelverstarkte Lasionen waren im Zerebellum (Abbildung 61+J)

und auch in periventrikuldren Regionen angesiedelt (Abbildung 6J).
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Abbildung 6 Therapeutischer Effekt von Teriflunomid auf den Krankheitsverlauf von EAE in SJL/J und C57BL/6
Mausen. (A) Anderung des Korpergewichts (prozentual; Mittelwert + Standardfehler) iiber die Zeit in unbehandelten
(CMC) und TF behandelten SJL/J EAE Méausen. (B) Mittlere EAE Score + SE unbehandelter und TF behandelter
SJL/J EAE Mause. (C) Maximum EAE Score in unbehandelten und TF behandelten SJL/J EAE Mause im
Krankheitsverlauf. (D) Kaplan-Meier Kurve unbehandelter und TF behandelter SJL/J EAE Mause. Die Zeit zum
Krankheitsbeginn (Score=0.5) und der Anteil an Mausen mit klinischen Symptomen sind dargestellt. (E) Anderung
des Korpergewichts (prozentual; Mittelwert + Standardfehler) Uber die Zeit in unbehandelten (CMC) und TF
behandelten C57BL/6 EAE Mausen. (F) Mittlere EAE Score + SE unbehandelter und TF behandelter C57BL/6 EAE
Mause. (G) Maximum EAE Score in unbehandelten und TF behandelten C57BL/6 EAE Mause im Krankheitsverlauf.
(H) Kaplan-Meier Kurve unbehandelter und TF behandelter C57BL/6 EAE Mause. Die Zeit zum Krankheitsbeginn
(Score=0.5) und der Anteil an Mausen mit klinischen Symptomen sind dargestellt. (I-J) MR Bilder mit Darstellung
von milder (1) und schwerer (J) Blut-Hirn-Schranken-Schadigung unter Verwendung von Kontrastmittel (i.v.) und
MDEFT an Tag 14 in zwei TF behandelten SJL/J EAE Mausen. Lasionen sind zu finden im Kleinhirn und in
periventrikuldren Regionen (gelbe Pfeile). Aus: Prinz, Starke [26].

3.3 In vivo Detektion von Teriflunomid in der abdominalen Region gesunder

Tiere
In gesunden Dark Agouti Ratten konnte ein ®F MRS Peak bei -61 ppm direkt nach oraler
Verabreichung mit der **F/*H Volumen Spule detektiert werden (Abbildung 7A). *F MRS
Messungen der Abdomen Region mit intubiertem Magen zeigte einen initialen Anstieg des '°F
MRS Signals und eine graduelle Abnahme nach 30 Minuten (Abbildung 7A). Ebenfalls konnte
24 Stunden nach letzter TF Gabe TF in der Abdomen Region einer C57BL/6 Maus ein *°F
MRS Peak mit der °F CRP gemessen werden (Abbildung 7B).
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Abbildung 7 *°F MR Detektion von Teriflunomid in vivo und ex vivo. (A) °F MR TF Signal im Abdomen einer Ratte
nach Verabreichung von TF mittels einer Magensonde. Globale Spektroskopie wurde zur Messung des °F MR
Signals an 6 Zeitpunkten tber 30 min verwendet. (B) °F MR TF Signal einer gesunden C57BL/6 Maus im
Abdomenbereich nach 14-tagiger TF-Behandlung. (C) 1°F MR TF Signal einer ex vivo Serumprobe einer SJL/J
Maus. Aus: Prinz, Starke [26].

3.4 Invivo Detektion von Teriflunomid in der Kopf-Region von Mausen

Analog zu Phantom-Messungen und in vivo Messungen im Abdomenbereich konnte in der
Kopfregion ein *F MRS Peak bei -61 ppm detektiert werden. Untersucht wurde die
Veranderung von TF Leveln in TF behandelten gesunden (Abbildung 8A) und EAE Mausen
(Abbildung 8B) an den Tagen 8 und 14 nach der Immunisierung. Ein zweiter 1°F MR-Peak
konnte im Bereich von -75 ppm bis -85 ppm in gesunden und kranken Tieren beobachtet

werden und war auch im Abdomen von EAE Tieren prasent.
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Abbildung 8 1°F MR Detektion von Teriflunomid in vivo. (A-B) *°F MR TF Signal im Kopfbereich von gesunden (A)
und EAE (B) Mausen an Tag 8 und Tag 14 nach Beginn der téaglichen TF Behandlung. (C-D) **F MR Signal
berechnet in der Zeitdoméne als Signalintensitat (FID fit) (C) und in der Frequenzdomane als Flache unter der
Kurve (Integral des Hauptpeaks bei 6F = -61ppm) unter Verwendung eines Lorentz-Fits (D) und SNR (E)
aufgetragen fur alle EAE und gesunden SJL/J M&use fir Tag 8 und Tag 14. Aus: Prinz, Starke [26].

Das °F MR Signal prozessierter Spektren in gesunden und EAE Mausen wird sowohl in der
Zeit-Domane als FID Fit (Abbildung 8C), in der Frequenz-Domane als Integral des
Hauptpeaks bei -61 ppm (Abbildung 8D) und als SNR (Abbildung 8E) gezeigt. Es wurden
unabhangig von der Art der Auswertung (FID Fit, Integral oder SNR) zwischen Tag 8 und 14
und zwischen EAE und gesunden Tieren oder den paarweisen Vergleichen keine statistisch
signifikanten Unterschiede festgestellt (p>0.1). Ebenso wurde kein Unterschied in der Varianz
der ®F MR Signalintensitaten zwischen den Tiergruppen, Tagen oder den paarweisen
Vergleichen festgestellt (p>0.1).

3.5 Ex vivo Bestimmung von Teriflunomid-Leveln in gesunden und EAE

Mausen
TF konnte auch ex vivo aber nur im Serum von SJL/J EAE Mausen mittels 1°F MRS gemessen
werden (Abbildung 7C). Die TF Konzentrationen in Serum, Liquor und perfundiertem Gehirn
wurden mittels HPLC/MS sowohl in SJL/J und C57BL/6 Mausen bei einem Detektionslimit von
4.9 pg/g bestimmt.
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In SJL/J Mausen war ein starker Unterschied in den TF Konzentrationen zwischen den
Geweben (p<0.001), aber nicht zwischen gesunden und EAE Tieren zu beobachten. Die
Serum TF-Konzentrationen waren jeweils eine Gré3enordnung héher als die in perfundiertem
Gehirn oder CSF (alle p<0.001) (Abbildung 9A, links).

In C57BL/6 Mausen war ebenfalls ein starker Unterschied in TF Konzentrationen in den
verschiedenen Geweben festzustellen (p<0.001), mit gegeniiber CSF und Gehirn héheren TF
Serumkonzentrationen. In sowohl gesunden als auch EAE Tieren zeigte sich ebenfalls eine
signifikant hohere TF Konzentration im Liquor, verglichen mit der Konzentration im Gehirn
(Abbildung 9A, rechts).

Die Quantifizierung mit Massenspektrometrie stellte einen wichtigen Schritt in der Validierung
der ®F MR Technologie dar. Eine Kalibrierung von **F MRS Signalintensitaten (Integral des
19F MRS Peaks) mit Konzentrationswerten, die mittels Massenspektrometrie in Mausserum,
welches mit definierten TF Mengen versetzt worden war, diente dem Abschatzen der
Konzentration anhand eines gemessenen °F MRS Signals (Abbildung 9B). Verglichen mit
HPLC/MS Quantifizierung, waren TF Konzentrationen, die mit °F MRS bestimmt worden
waren mit einer mittleren Abweichung von 83 % erhoéht. Nichtsdestotrotz konnte eine klare
Korrelation zwischen °F MRS und HPLC/MS festgestellt werden (Abbildung 9C).
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Abbildung 9 Detektion von Teriflunomid durch Massenspektrometrie. (A) Detektion von TF durch
Massenspektrometrie in Gehirn, CSF und Serum von EAE und gesunden SJL/J und C57BL/6 Mausen an Tag 14.
(B) Kalibrationskurve fiir die °F MRS Quantifizierung mittels HPLC/MS Konzentrationen von TF (gelost in Serum)
und der korrespondierenden °F MRS Signal Intensitaten. (C) Korrelation der °F MR Signal Quantifizierung ex vivo
mit HPLC/MS bestimmten Konzentrationen in Serum von mit TF behandelten Mausen. Aus: Prinz, Starke [26].

3.6 Erhohung der Sensitivitat durch technologische Entwicklungen

Die 1°F Signalintensitat von TF ist durch die vorhandene TF Konzentration in unterschiedlichen
Korperbereichen und Organen begrenzt. Mit dem Ziel, die Sensitivitat der °F MRS Methode
fur die Detektion von TF zu erh6hen und Detektionslimits herabzusetzen, wurde eine kryogen
gekihlten Oberflachen-Quadratur-Spule (CRP) eingesetzt.

Die Entwicklung einer °F CRP und der Vergleich mit einer konventionellen *°F/*H dual tunable
Volumenkopfspule [10] zeigte in *°F PFCE NP Phantomen eine Erhohung der Sensitivitat um
den Faktor 15. Unter Berlcksichtigung einer bei Oberflachenspulen baulich bedingten
Signalabschwéachung bei zunehmender Entfernung vom Spulenkopf konnten bei EAE ex vivo
MRT Messungen hochaufgeloste °F MRT Bilder aufgenommen werden, die im Vergleich zu
19 MRT Bildern mit konventioneller Volumenspule eine hohere Sensitivitat und Auflésung,

insbesondere in Regionen nahe des Spulenkopfes erméglicht (Abbildung 10A) [19].

Als weitere Strategie zur Erhdhung der Sensitivitat, aber auch, um in vivo Messzeiten
potenziell zu beschleunigen, wurde CS bei der MR Untersuchung von EAE Mausen
verwendet. In vivo Experimente mit prospektiver Unterabtastung und anschlielender CS

Rekonstruktion zeigten, dass die Bildqualitat, die mit CS erreicht werden konnte, in vivo h6her
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war als ohne CS. Die Sensitivitat der Detektion erhohte sich mit Steigerung der

Unterabtastrate.

Die Raten an richtig positiv detektierten °F Features war unter CS Bedingungen bei geringen
Signalintensitaten stets anderen Rekonstruktionsmethoden Uberlegen und konnte durch
Erhohung der Unterabtastrate noch weiter gesteigert werden. FDRs hingegen traten vermehrt
bei hoher Unterabtastung auf. Wahrend bei Fourier-rekonstruierten Daten die Signalintensitét
im Vergleich zu einer Referenz Uberschatzt wurde, wurde bei CS die Signalintensitat
unterschatzt (Abbildung 10B, obere Reihe). Jeweils gilt, dass fur geringere Signalintensitaten
die Abweichung zunimmt. Durch Einsatz einer Kalibrierungsmethode konnte diese Uber- und
Unterschatzung reduziert werden und anhand einer Referenzprobe (Abbildung 10B, links)
NP-Konzentrationen in EAE Mausen bestimmt werden (Abbildung 10B, untere Reihe) [29].

Uber den Einsatz einer **F CRP und CS hinaus wurde der Einfluss einer hoheren
Magnetfeldstarke von 21.1 T auf die MR Eigenschaften und Detektion untersucht. In
Phantomuntersuchungen von PFCE NPs konnte gezeigt werden, dass die Relaxationszeiten
sich in Abhangigkeit von der Feldstarke verkirzen. Fir T; resultierte dies in einer Verkirzung
von T1=913 ms bei 9.4 T zu T1=441 ms bei 21.1 T, fur T, resultierte dies in einer Verklrzung
von T,=503 ms bei 9.4 T zu T,=195 ms bei 21.1 T. Dieser Effekt wurde auch in einem ex vivo
EAE Phantom der Milz, als Ort hoher lymphatischer Zelldichte und somit zu erwartender hoher
19F Signalmenge, beobachtet (Abbildung 10C), mit einer Verkiirzung von T; von T;=1005 ms
bei 9.4 T zu T,=400 ms.

Eine Abschatzung der SNR Gewinns von Messungen bei 21.1 T gegentiber 9.4 T ergab, unter
Berticksichtigung von Rauschen als Einflussfaktor und ohne Berilicksichtigung von Einfliissen
der Magnetfeldstarke auf Flipwinkel, Relaxationszeiten und die daraus resultierenden
Sequenzanpassungen einen SNR Gewinn von 2.68. Bei zusatzlicher Beriicksichtigung von
Referenzspannungen, die zum Erreichen eines optimalen 90 ° Pulses benétig werden, erhoht
sich der SNR Gewinn auf 3.8. In Phantommessungen mit PFCE Nanopartikeln bei 21.1 T und
9.4 T unter Verwendung einer 2D-RARE Methode mit langer Repetitionszeit (TR) aber ohne
weitere Optimierungen konnte ein mittlerer SNR Gewinn eines Faktors von 2.1 bestimmt

werden.

Zusatzlich wurde unter Verwendung eines PFCE Phantoms die Abhangigkeit des SNR
Gewinns vom TR und dem Flipwinkel bei beiden Feldstéarken mit einer FLASH Sequenz
untersucht. Hierbei hat die Wahl von TR eine direkte Auswirkung auf die Messzeit. Je kirzer
TR, desto mehr Mittlungen kénnen innerhalb des gleichen Zeitraums durchgefihrt werden. Fur
einen Vergleich wurde, jeweils bei 9.4 T oder 21.1 T, das SNR, das innerhalb eines
festgelegten Zeitraums erreicht werden kann (SNR-Effizienz=SNR/\Zeit) bestimmt. Mit

variablem TR und Flipwinkel wurde fur beide Feldstarken die bestmdgliche SNR-Effizienz
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bestimmt. Bei optimalen Bedingungen fir 9.4 T war das Verhéltnis der SNR-Effizienz zwischen
21.1T und 9.4 T 6.95, wahrend bei optimalen Bedingungen fir 21.1 T das Verhéaltnis 7.29
betrug.

Da diese erreichten Werte durch die unterschiedlichen Ti Relaxationszeiten bei beiden
unterschiedlichen Feldstarken beeinflusst werden, wurde eine Berlicksichtigung dieser
Einflusse auf die SNR-Effizienz bei 21.1 T fur das Ti bei 9.4 T modelliert und ergab ein
Verhéaltnis der SNR-Effizienzen von 5.25, unabhéngig vom Einfluss der sich ver&ndernden T:
Relaxationszeit.

Schlussendlich konnten die Vorteile einer *°F MR Messung bei 21.1 T in einem EAE ex vivo
Phantom des ZNS mit Neuroinflammation demonstriert werden (Abbildung 10D). Diese ist
gekennzeichnet durch das Erreichen einer htheren Auflosung und Sensitivitat im Vergleich zu

Messungen bei geringeren Feldstarken.
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Abbildung 10 Erhéhung der Sensitivitat von °F MRT durch technologische Entwicklungen und Verbesserungen.
(A) °F/*H MRT Bilderserie im Horizontalschnitt eines ex vivo Gehirns einer symptomatischen EAE Maus.
Uberlagerung eines '°F RARE Bildes (rot) mit einem *H FLASH MRT Bild (grau). Obere Reihe: kombinierte °F/'H
Bilder mit Raumtemperatur Volumenspule aufgenommen, untere Reihe: mit °F CRP aufgenommen; 300 %
VergroRerung unten (B) Prospektives Compressed Sensing in vivo °F MRT; Links: Referenz-Bild mit
Nanopartikelkonzentration, obere Reihe rechts: Vergleich der CS Rekonstruktion mit unterschiedlichen
Unterabtastraten und im Vergleich zur Fourier Rekonstruktion ohne Intensitatskorrektur, untere Reihe rechts:
Vergleich mit Intensitatskorrektur; blau: Uberschatzung, rot: Unterschatzung; (C) °F Relaxationszeiten von PFCE
NPs in der Milz einer EAE Maus ex vivo, bei 9.4 T und 21.1 T; (D) '°F MR Bild einer ex vivo EAE Maus bei 21.1 T
(3D-RARE Auflosung=333 ums3. iiberlagert mit FLASH 'H anatomischen MR Bildern (grau); Aus Waiczies, Millward
[19], Starke, Pohlmann [29] und Waiczies, Rosenberg [21].
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4 Diskussion

Diese und andere Arbeiten im Bereich der °F MR Forschung zeigen das Potenzial einer
mdglichen Ubertragung von *°F MR Techniken auf klinische Anwendungen und ihren Einsatz
bei unterschiedlichen biomedizinischen Fragestellungen. Da immer hoéhere Feldstarken
erreicht werden kdnnen und 7 T mittlerweile auch klinisch nutzbar ist, MR Antennen mit immer
hoherer Sensitivitat gebaut werden und schnellere und effizientere Pulssequenzen entwickelt
und beispielsweise durch Compressed Sensing beschleunigt und im Hinblick auf die
individuelle Anwendung in ihren Sequenzparametern optimiert werden kénnen, eréffnen sich

ganzlich neue Moglichkeiten, °F MR in klinischen Studien einzusetzen.

Die Untersuchungen in diesen Studien zeigen, dass °F MR Eigenschaften von
unterschiedlichen &auferen Umwelt- und intrinsischen, molekularen Umgebungseinfliissen
abhangen und Sequenzen im Hinblick auf eine optimale Detektion und Maximierung der
Signalmenge entsprechend ausgewahlt und auch auf eventuelle Anderungen im Verlauf eines

Experiments angepasst werden missen.

Der Einfluss der Temperatur auf die Relaxationszeiten von Perfluorocarbon-Verbindungen
wurde bereits demonstriert [27],konnte im Rahmen dieser Arbeit bestatigt und auf
pharmakologische Substanzen ausgeweitet werden [36]. Dass sowohl die Temperatur, als
auch der pH-Wert einen Einfluss auf MR Eigenschaften haben, konnte bereits fir die 'H
anatomische Bildgebung gezeigt werden [30] und impliziert die vielfaltige thermometrische
Anwendung [31]. Die Kenntnis des Verhaltens von °F MR Eigenschaften bei sich &nderndem
pH-Wert ist bei der Betrachtung unterschiedlicher Kompartimente im Kdrper von Bedeutung.
pH Anderungen treten etwa bei Entziindungsprozessen oder in der Umgebung von Tumoren
auf. In vivo wurden in diesem Kontext pH Anderungen mittels MRT gemessen [32]. Wahrend
der Magen als erstes Kompartiment durch einen niedrigen pH und saures Milieu
gekennzeichnet ist, liegt im Dinndarm, dem hauptsachlichen Ort der Arzneimittelabsorption
ein basisches Milieu, also ein hoherer pH-Wert vor, wahrend nach Aufnahme in die Blutbahn
ein pH von 7.4 vorliegt. Diese pH Unterschiede mussen bei der MR Detektion °F haltiger
Medikamente berticksichtigt werden, da sie eine Verzerrung der detektierten Menge darstellen

konnen.

Gadolinium-haltige Kontrastmittel werden im klinischen Alltag zur kontrastmittel-verstarkten
anatomischen Bildgebung, wie etwa zur Diagnose der Multiplen Sklerose eingesetzt. Durch
eine Verkirzung des T kann im Bereich der Anflutung des Kontrastmittels beispielsweise eine
Lasion im Gehirn eines MS Patienten, welche durch eine Schadigung der Blut-Hirn-Schranke
charakterisiert ist, durch einen Kontrastunterschied dargestellt werden [33]. Fur eine Detektion
fluorierter Substanzen bedeutet dies, dass Kontrastmittelanflutungen das °F T, verkurzen und

so zu einer gesteigerten Detektion beitragen konnen. Wie die Charakterisierung der °F MR
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Eigenschaften fluorierter Medikamente in unterschiedlicher chemischer Umgebung zeigt, ist
eine genaue Kenntnis der Umgebung, wie etwa DMSO, CMC oder Serum, in der eine
Signaldetektion entweder angestrebt oder erwartet wird, unabdingbar, um ein maximales SNR

erreichen zu kdnnen.

Basierend auf den °F MR Eigenschaften, die in einem bestimmten Setting vorliegen, miissen
passende Sequenzen ausgewahlt und hinsichtlich der Umwelt- und Umgebungseinfliisse
optimiert werden [22, 28], mit dem Ziel einer verbesserte Detektion und gegebenenfalls

Verkirzung der benétigten Messzeit, was es erlaubt, ein bestimmtes SNR Level zu erreichen.

Die F MR Detektion fluorierter Medikamente wurde sowohl im Tierversuch als auch in der
Humananwendung in zahlreichen Studien in der Vergangenheit beschrieben [11-13, 15].
Insbesondere das Vorliegen geringer Mengen und daraus resultierend niedrigen
Detektionslimits verhinderten die breite Nutzung von °F MR Methoden bei klinischen
Fragestellungen. Im Zuge dieser Arbeit konnten wesentliche Erkenntnisse hinsichtlich der
Steigerung der Sensitivitat auf unterschiedlichen Ebenen gewonnen werden, welche fiir eine

potenzielle klinische Nutzbarkeit unabdingbar sind.

In der Entwicklung und Verwendung kryogen gekuihlter Spulen liegt grof3es Potential fur die
Steigerung der Sensitivitat [34], sowohl bei anatomischer *H Bildgebung, als auch gesteigerter
Detektion von 1°F, aber auch bei anderen Nuclei, wie 2Na oder *°K fur metabolische oder
funktionelle Bildgebung [35, 36]. Fir alle diese mdglichen Anwendungsbereiche besteht ein
Bedarf hoherer Sensitivitat. Durch die Entwicklung einer °F CRP konnte erstmalig eine stark
verbesserte Darstellung von Neuroinflammation im Tiermodell der EAE erreicht werden.
Einerseits wird durch kryogene Kuihlung, andererseits durch ein Quadraturdesign der °F CRP
eine Steigerung der Sensitivitdt insgesamt um den Faktor 15 im Oberflachenbereich der Spule
erzielt [19].

Dies erlaubt durch eine hohere Auflosung eine verbesserte Detailgenauigkeit und gleichzeitig
eine Detektion von Merkmalen, die mit herkdmmlicher Technologie unter dem Detektionslimit
gelegen hatten. Die Entwicklung der °F CRP stellt somit einen wichtigen Meilenstein fir die
Detektion fluorierter Medikamente im Mausmodell der EAE dar und wird durch die Entwicklung
von Techniken zur Korrektur der durch die Bauweise von Oberflachenspulen bedingten
Abnahme der Signalintensitat mit zunehmender Entfernung von der Spulenoberflache
komplettiert [37].

Durch den Einsatz von CS bei ®F MRT Messungen konnten einerseits die Anzahl der
detektierbaren Merkmale und die raumliche Aufldsung durch eine Steigerung der Sensitivitat
erhoht werden, andererseits die Messzeit verkirzt werden. Hierbei konnte gezeigt werden,

dass eine hohe Verlasslichkeit hinsichtlich einer immer noch geringen Falsch-Positiv-Rate
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auch bei hohen Unterabtastraten gegeben ist. Aus diesem Grund wird sich CS insbesondere
bei kleinen F Mengen und niedrigen Detektionsgrenzen, wie es bei pharmakologischen

Studien der Fall ist, als hilfreich erweisen.

Bislang werden im klinischen Alltag MRT Untersuchungen vor allem bei 1.5 und 3T
durchgefihrt. Die klinische Zulassung der hoheren Feldstarke von 7 T und die Forcierung
hoherer Feldstarken ertffnen Wege der genaueren anatomischen Darstellung und der
praziseren Diagnose von Krankheiten, aber auch der funktionellen und metabolischen
Bildgebung [38].

F MR Detektion profitierte immens von einer héheren Feldstarke von 21.1 T [21]. Im
Entzindungsmodell der EAE resultierte dies in einer hdheren Detailgenauigkeit und einem
niedrigeren Detektionslimit im Vergleich zu Messungen bei 9.4 T und kann bei der
Untersuchung fluorierter Medikamente in vivo eine bessere Detektion und potenziell

Bildgebung ermdglichen.

Eine Steigerung der Sensitivitat, entweder durch kryogene Kiihlung, CS oder hdhere
Magnetfeldstarken kann somit in hohere Detailgenauigkeit oder verkirzte Messzeiten
investiert werden. Dadurch kdnnen einerseits Regionen oder Verteilungsmuster praziser
bestimmt und unterschieden werden, gleichzeitig aber auch Studien im Sinne einer geringeren
Belastung von Patienten vereinfacht werden. Durch die Herabsetzung von Detektionslimits

kann eine Detektion unter Umstanden lberhaupt erst moglich gemacht werden.

Eine weitere Steigerung der SNR, insbesondere im Fall von TF, kann durch eine
synthesechemische Weiterentwicklung von TF durch Substitution der Trifluormethylgruppe
(CF3) mit einer Pentafluorosulfanylgruppe (SFs) erreicht werden [39]. Diese Modifizierung
erlaubt nicht nur eine potentiell verbesserte Bildgebung in vivo sondern auch eine gesteigerte
Wirksamkeit in der Reduktion enzymatischer DHODH Aktivitat und Proliferationshemmung in
Zellkultur. Diese technischen Entwicklungen koénnen es erlauben, Molekile wie TF oder
Weiterentwicklungen wie SFs-TF [39] zun&chst im Tiermodell auf Wirksamkeit und Bildgebung

Zu untersuchen.

Um ®F MR Techniken auch zur Detektion kleiner Mengen, wie etwa zum Monitoring
pharmakologischer Therapien und das in klinisch vertretbaren und sinnvollen Messzeiten zum
Einsatz zu bringen, ist es erforderlich, dass technologische Ansatze ausgereizt, optimiert und
weiterentwickelt werden, um bei kombinierter Anwendung verschiedener technologischer
MaBnahmen und deren Optimierung hinsichtlich der °F MR Eigenschaften und
Bertcksichtigung der Umgebungseinflisse eine hohe Sensitivitat und eine hohe SNR-Effizienz

ZU erreichen.
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So konnen Detektionslimits Gberwunden werden und eine ungenaue Lokalisierung in Folge
mangelnder raumlicher Auflésung beispielsweise mittels lokalisierter Spektroskopietechniken

oder Bildgebung erfolgreich adressiert werden.

Praklinische Anwendungen von °F MR zur Detektion, Lokalisierung, Bildgebung und
schlie3lich Quantifizierung von fluorierten Medikamenten in vivo unter physiologischen und
pathologischen Bedingungen kénnen die Vorlage sein fur die Anwendung in klinischen Phase
| Studien mit dem Ziel, die Verteilung und Bioverfugbarkeit fluorierter Medikamente zu
bestimmen und mit konventionellen Methoden wie PET oder SPECT, zusammen mit der

Bestimmung der Konzentrationen in biologischen Proben zu vergleichen und korrelieren.

TF wurde ex vivo bereits in einem EAE Rattenmodell mittels Ganzkérperautoradiographie und
in gesunden Ratten gemessen und die Anwesenheit im ZNS bestétigt, ohne dass ein
Unterschied zwischen gesunden und kranken Ratten festgestellt wurde [17]. Die gefundenen
TF Konzentrationen in Gehirn, Riuckenmark und Blut waren vergleichbar mit den
Konzentrationen, die im Rahmen dieser Arbeit in Prinz, et al., 2021 [26] in Gehirn, Liquor und
Plasma gefunden wurden. Im Gegensatz hierzu konnte eine Studie von Rzagalinski, et al.,

2019 [18] TF im ZNS mittels MALDI Massenspektrometrie Imaging nicht nachweisen.

Diese Befunde zeigen, ein Vergleich der verschiedenen Methoden erfolgen sollte und so
Informationen zur Verteilung sich potenziell ergdnzen kénnen. Im Gegensatz zu PET oder
SPECT erlauben *F MR Techniken hierbei die Unterscheidung von Metaboliten durch
unterschiedliche Chemical Shifts und eine nicht-invasive, da nicht mit Radioaktivitat
verbundene Methode. Mit einem Einsatz bei Bioverfligbarkeitsstudien in Phase | klinischen
Studien mit geringer Patientenzahl kann sich **F MR Technologie im klinischen Alltag
etablieren und zu einem wertvollen Tool der Therapiefihrung werden. Parallel zur
Diagnosestellung und zum regelmafligen MR gestiitzten Monitoring des Krankheitsverlaufs
wie etwa bei MS kann die Konzentration fluorierter Wirkstoffe wie des TF an verschiedenen
Zielorganen ergadnzend zur Bestimmung von Plasmaspiegeln gemessen werden. So kann eine
Dosisanpassung, Uberwachung potentieller unerwiinschter Arzneimittelwirkungen und
Beurteilung und Prognose eines Therapieverlaufs unterstiitzt werden und die Therapie von

MS Patienten auf die individuellen Bedirfnisse angepasst werden.

Hauptlimitation der °F MR Methodik ist die geringe SNR, die auf der geringen Anzahl fiir die
Signalentstehung verfiigbaren °F Nuclei griindet. Da die Dosis durch die angestrebte
Zielkonzentration und Wirksamkeit festgelegt und daher begrenzt ist, kann eine gesteigerte
Detektion nur durch eine Erhéhung der Sensitivitat erreicht werden. Die Feldstarke klinisch
eingesetzter MRT Scanner ist in der Regel geringer, als die Feldstarke praklinischer Geréate,
sodass tierexperimentelle Befunde und Methodik nicht unmittelbar auf Patientenstudien

Ubertragen werden kénnen. Eine weitere Limitierung ist die Erwdrmung von Gewebe durch
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energetisch anspruchsvolle MR Pulssequenzen, welche in Humanstudien durch SAR
Obergrenzen geregelt ist. Zudem kann der Effekt kryogener Kihlung bei Antennen flr
Humananwendungen nicht oder nur begrenzt ausgenutzt werden. Einer potenziell langeren
Messzeit und somit hohen Anzahl notwendiger Mittlungen des Signals kann mittels
Unterabtastungstechniken  wie  Compressed Sensing entgegengewirkt  werden.
Nichtsdestotrotz sind weitere technologische Entwicklungen wie auch SNR effizienterer
Pulssequenzen und deren Optimierung notwendig, um fiir klinische Szenarien vollumfanglich

verfigbar sein zu kdnnen.

Die hier beschriebenen Forschungsarbeiten bilden den Ausgangspunkt fir weitergehende
Fragestellungen, die mit der Nutzung bereits etablierter MR Methoden und deren
Fortentwicklung bearbeitet werden koénnen. Durch die Optimierung der Sensitivitat mit
kombinierten Methoden auf den Ebenen von Hardware, Sequenz und Rekonstruktion kann die
1F MR Detektion von TF und auch anderen fluorierten Substanzen in die Unterscheidung und
Quantifizierung von Metaboliten eines Wirkstoffs aber auch verschiedener Wirkstoffe bei
Kombinationstherapie minden. Eine Optimierung kann eine genaue Lokalisierung und
Bildgebung erlauben. Die Korrelation verschiedener Messmethoden wie PET, SPECT,
Massenspektrometrie und °F MRT sowie deren synergistische Kombination stellen einen
potenziell umfangreichen, aber auch machtigen Ansatz dar, um Bioverflgbarkeit und

Verteilung zu bestimmen.

Eine weitere Dimension wird der Kklinischen Bildgebung durch *F MRT Technologie
hinzugefiigt, wenn die immunologischen Prozesse wie etwa bei der MS Pathologie neben
kontrastmittelverstarkter Untersuchung von Lasionen mittels fluorhaltiger Nanopartikel studiert
und verfolgt wird. Der Ansatz des Cell-Trackings bei immuntherapeutischen Prozessen wurde
bereits klinisch in Krebspatienten demonstriert [40]. Somit ist eine Ubertragung auf das
Therapiemonitoring mit héherer Anforderung an die Sensitivitat greifbar geworden. Denkbar
ist auch eine Ausweitung und Erganzung des nicht-invasiven experimentellen MRT Workflows.
So kann Massenspektrometrie zur exakten Bestimmung von Wirkstoffkonzentrationen
verwendet werden und bei praklinischen Fragestellungen erganzend Immunhistochemie zur
Befundung der Pathologie auf Proteinebene und Verteilung immunhistochemisch darstellbarer
Nanopartikel auf zellularer Ebene durchgefihrt werden. Fir eine zusatzliche Lokalisierung von
Wirkstoffmolekiilen und Metaboliten kdnnte ebenfalls praklinisch 3D MALDI MS zum Einsatz
kommen. Auf diese Art kann ein umfassendes Bild sowohl von Pathogenese als auch des

Therapieverlaufs gewonnen werden und Informationen integriert werden.

Die Weiterentwicklung bestehender Wirkstoffe und die Entwicklung neuer fluorierter
Substanzen mit einer hoheren Anzahl an !°F Nuclei pro Molekil, wie etwa der SFs-

Seitengruppe birgt ebenfalls hohes Potential fir kiinftige Fragestellungen [39].
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Durch die Einfuhrung von °F MR Techniken in der praklinischen Wirkstoffentwicklung, in
klinischen Studien und in der klinischen Anwendung, um Bioverfugbarkeit, Verteilung aber
auch Metabolismus von Medikamenten abzubilden, stellt in jedem Fall eine vielversprechende
Technologie dar, deren Einsatz es erlaubt, zu einem besseren Verstandnis und einer besseren
Uberwachung von Therapien bei MS beizutragen und evidenzbasierte und patientenorientiere
Lésungen anzubieten um Arzneimitteltherapien effizienter, sicherer und vor allem erfolgreicher

zu machen.
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Abstract

Objective This study examines the influence of the environmental factor lemperature on the F NMR characteristics of
fluorinated compounds in phantom studies and in tissue.

Materialsand methods "F MR mapping and MR spectroscopy techniques were used 1o characterize the ""F NMR charac-
teristics of perfluoro-crown ether (PFCE), isollurane, terillunomide, and flupentixol. T and T, mapping were performed,
while temperature in the samples was changed (T'=20-60 °C) and monitored using fiber optic measurements. In tssue, T, of
PFCE nanoparticles was determined at physiological temperatures and compared with the T measured al room lemperature.
Results Studies on PFCE. soflurane, terflunomide., and fMupentixol showed a relationship between temperature and their
physicochemical characteristics, namely, chemical shift, T} and T, T} of PFCE nanoparticles was higher at physiological
body temperatures compared 1o room lemperature.

Discussion The impact of temperature on the "F NMR parameters of fluorinated compounds demonstrated in this study not
only opens a trajectory toward "F MR-based thermome try, but also indicates the need for adapting MR sequence parameters
according to environmental changes such as temperature. This will be an absolute requirement for detecting fTuorinated
compounds by "F MR technigues in vivo.

Keywords Magnetic resonance - Fluorine MR - 19F MR - Thermometry - Spin—lattice relaxation

Introduction and for studying the distribution of fluorinated drugs in
humans [5-9] and animals [10-13]. Studying YF is favora-

Fluorine-19 ("*F) magnetic resonance imaging (MRI) and  ble due to its 100% natural abundance and high gyromag-

spectroscopy (MRS) technigues are proving to be funda-
mental o a multitude of biomedical applications [1]. These
applications include tracking of cells labelled with fluori-
nated nanoparticles w study inflammatory processes [2-4]
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netic ratio which 1s comparable to that of proton ('"H) and
provides background free signal due to its nearly complete
mtrinsic absence in the human body [14]. The g signal
for each individual compound is dependent on its "*F NMR
properties, which are in turn influenced by factors such
as concentration, pH. and temperature [15]. An influence
of temperature on the relaxivity (R, = 1/T}) of perfluoro-
15crown-5 ether (PFCE) and perfluoropolyether (PFPE)
was previously demonstrated [ 16, 17].

Studying the physicochemical characleristics of '*F com-
pounds 1s crucial for optimizing detection and increasing
their signal-to noise ratio (SNR) in vivo. "F compounds
used for labeling cells such as PFCE contain a large number
of F atoms per molecule, thereby providing a sufficient
signal when studied by "F MR techniques. In contrast, cur-
rently available g pharmacological agents contain low

@ Springer
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numbers of "F atoms per molecule and are usually present
at low therapeutic concentrations in vivo, making detection
of these "F drugs even more challenging. The number of
YF aloms perdrug mokecule ranges from the Lypical mono-
fluorination (e.g., dexamethasone, midazolam) and trifluori-
nation (teriflunomide) to the less common pentafluorination
(soflurane).

Spectral line splitting and the chemical shift range of
chemical substances are a consequence of J-coupling, affect-
ing the relative intensities, separation, and distances of peaks
as a result of different Jcoupling constants. "F J<coupling
constants depend on the number and configuration of atoms
in & molecular structure (single BE, CF,. and CF;) as well
as the chemical environment of these F atoms. Homonu-
clear "F coupling constants are usually very large compared
with 'H-coupling constants. In addition, heleronuclear cou-
pling constants between 'H and "F are relatively large [18].
Changes in environmental conditions might, therefore, have
an effect on the different configurations of 'F atoms in fluor-
mated compounds resulting in chemical shift changes, vari-

ations in signal intens . or peak amplitudes as a function
of the varying parameters during the measurements.

The influence of temperature on the "F NMR charac-
teristics of pharmacological compounds containing a low
number of '*F atoms has not been reported so far. Here, we
studied the influence of the temperature on the F NMR
characteristics of different fluorinated compounds. We ana-
lyzed the influence of temperature on the chemical shift,
spectrum, signal mtensity, SNR, longitudinal (spm~lattice)
relaxation time (7)) and transversal (spin—spin) relaxation
time (T,) of PFCE, the anesthetic isoflurane (Iso), the anti-
inflammatory drug teriflunomide ( TF), and the antpsychotic
flupentixol (Flu) in phantom studies. We also studied the
temperature mfluence on T of PFCE nanoparticles i ani-
mal tissue.

Materials and methods
Temperature measurements in phantoms

Phantoms were prepared in separate 2 ml syringes using
pure perfluoro- 15-crown-5-ether (1.72 M; Fluorochem Lid,
Hadfield, UK), 10% (0.54 M) isoflurane (Baxter, Unter-
schleifheim, Germany) in dimethylsulphoxide (DMSO,
Roth, Kardsruhe Germany), 100 mM teriflunomide (Sigma-
Aldrich, Steinheim, Germany) in DMSO, and the flupen-
tixoldecanoat ready to inject solution (0,169 M: in medium
chain triglycerides) for the flupentixol (Fluanxol Depot 109,
Lundbeck, Copenhagen, Denmark) phantom. The number
of “F atoms per voxel was calculated for each compound:
PRCE=1.9421 x 10", isoflurane =3.0601 x 10", terifluno-
mide=1.1291x10""_ and flupentixol = 1.34 % 107,
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For absolute temperature measurements, a fiber optic
probe (Omniflex, Neoptix, Québec, Canada) was placed
in the radial center of the phantom syringes through a
hole in the plunger. A water bath was used o heat the
sumple to the desired temperature (7= 20-60 *C in incre-
ments of 5 °C). The magnetic field interferes with the cor-
rect lemperalure measurements by the fiber optic probe.
The temperature measured at the isocenter of the magnet
(By=94T) was systematically determined to be 4.7 *C
lower than the actual temperature (measured outside of the
magnet bore) and decreases as a function of the magnetic
field strength. We measured the temperature throughout
ecach experiment involving a temperature change. Each
new experiment included a battery of MR measurements
(see below) including pilot proton scans, spectroscopy,
and mapping experiments with an approximate duration of
15 min. During this time, we acquired temperature meas-
urements. Median and interguartile temperatures were cal-
culated from these measurements using MATLAB R2016b
(The MathWorks Inc., Natick, Massachusetts, USA). We
used these temperature values in the plots depicting the
MR variable (e.g., T)) versus temperature. Additional to
the temperature computation, the fiber optic probe infor-
mation was used to assess the establishment of a stable
lemperature before the subsequent measurement.

Temperature measurements in tissue

Animal experiments were carried out in accordance with
guidelines provided and approved by the Animal Wel-
fare Department of the State Office of Health and Social
Alfairs Berlin (LAGeSo). For measuring the T tempera-
ture dependency of PFCE nanoparticles in tissue, a female
C37BL/6 mouse (13 g) was intraperitoneally administered
with alethal dose of ketamine and medetomidine in 0.9%
NaCl in & volume of 130 pl. Upon the absence of reflexes,
a fiber optic tlemperature probe was inserted under the skin
in the neck region to measure temperature, next to the
injection site of PECE. In addition, the rectal temperature
of the animal was monitored. The animal was placed on a
warm animal MR bed supplied with oxygen and air, and
the respiration monitored using a respiration pad. 400 pl
of 1.2 M Pluronic- PFCE nanoparticles were prepared and
characterized as previously described [19] and ad minis-
tered subcutaneously in the neck region of the mouse. T
was measured at 32.4 °C (temperature of the mouse after
lethal anesthesia during the terminal stage) and at 23.6 °C
(temperature of the mouse post mortem) using an axial
slice in the neck region of the animal. The animal died
during the course of the experiment through the lethal
dose of the anesthetic.
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MR experiments

All MR experiments were performed on a 9.4 T MR scan-
ner (Bruker Biospee, Ettlingen, Germany ) using the Para-
vision 6.0.1 software and a dual-tunable ""F/'"H mouse
head RF coil [3]. Reference pilot scans and anatomical
mmages were acquired using 2D FLASH. A global sin-
gle pulse spectroscopy (TR = 1000 ms, TA=8 s} was
used to detect the "F signal and to make frequency
adjustments. Anatomical scans were performed using
a 3D-RARE sequence (TR =1300 ms, TE=54 ms,
ETL = 16, FOV =28 mm x 16 mm x 16 mm, matrix
size =448 ® 256 256, spatial resolution (.06 mm isoropic,
TA =8 min 20 s, and slice thickness =16 mm). "F imaging
was performed using a 3D-RARE sequence (TR = 800 ms,
TE=3.1 ms, ETL=26, FOV =28 mm x 16 mm x 16 mm,
matrix size= 137 x 78 x T8, spatial resolution 0.2 mm iso-
tropic, TA= 11 min 5 s, and shice thickness = 16 mm).

T, mapping in phantom and in tissue experiments
was performed using RARE [TE=4.6 ms, ETL=4,
FOV =16 mmx 16 mm, matrix size= 64 x 64, with nine
variable repetitions times (TR = 25-8000 ms)]. The shce
thickness and number of averages were altered according o
the fluorine signal. PRCE: 1 mm, 4 m 34 s, isoflurane: 1 mm,
4 m 34 s, teriflunomide: 10 mm, 9 m 9 s, flupentizol: 6 mm,
9mY s and PECE mn tissue: 15 mm., 4 m 34 5.

T, mapping was also performed in phantoms using a
multi-slice multi-echo sequence (MSME: TR =2000 ms
FOV = 16 mm x 16 mm, malrix size =64 % 64) with 25 dif-
ferent TEs (TE= 40-1000 ms in steps of 40 ms, for flupen-
tixol TE=8-200 in steps of § ms). The slice thickness and
number of averages were allered according to the fluorine
signal. PFCE: 1 mm, 2 m 8 s, isoflurane: 10 mm, 4 m 16 s,
teri flunomide: 7.5 mm, 17 m 4 s, and flupentixol: 7 mm,
5m20s.

After each temperature change, tuning and matching of
the coil as well as scanner adjustments for basic frequency,
shim, and reference power were performed.

Data analysis

Image processing as well as spectral analysis and process-
ing were performed in MATLAB R2018a (The MathWorks
Inc., Natick, USA). Images from animal experiments were
also analyzed and processed using Imagel [20]. Tempera-
ture changes were recorded over time, and the calculation of
median and interguartile temperatures was also performed
in MATLAB.

Quantification of the spectral signal intensity was
achieved by calculating the Y-axis intercept of the free-
induction decay (FID) fit in MATLAB. Post-processing of
the magnitude spectra included zero-filling of the original

FID data and a line broadening of 70 Hz. Chemical shifts
in ppm were caleulated using the mathematical expression:

j.:-ouumuud - f;rf;a ence

f= 10%[ppm]. i)

.f l‘l.“«.‘lll‘ll\.'\.‘

where £ 404 £ e are the frequencies of the com-
pound being investigated and the reference derived by the
scanner by multiplying the 'H (0 ppm) frequency with the
gyromagnetic ratio of "F, respectively. Ultimately, chemical
shifts of the magnitude spectra were plotted using MAT-
LAB. The chemical shift dependency on the temperature
was fitted with a linear function using MATLAB basic fit-
ting tool.

For estimating the spin-lattice relaxation (T) time con-
stant, the measured intensi
signal region and corrected for the non-Gaussian noise dis-
tribution in MR magnitude images [21]. Repetition imes
where the averaged signal (5) was below the noise standard
deviation were excluded from further analysis. T was deter-
mined by fitting the relation [22]:

S(?’H}m(l—cxp(—%)). 2)

to the obtained data points using keast-squares oplimization.

For Ty mapping. the MSME data were prepared similary
as above. The data point corresponding to the shortest echo
time was excluded from further analysis [23], and T, was
determined by fitting the relation [22]:

T
§(Ti) o exp (‘FE) 3)

2

ies were first averaged over the

to the remaming data points using least-squares oplimization.

SNRs were measured in images (rom the RARE
sequence for Ty mapping (TR = 4000 ms). Here. as
well, the measured signal was averaged over the signal
region and the obtained value was corrected for the non-
Gaussian noise distribution in MR magnitude images
[21]. The image noise & was estimated by measuring the
noise standard deviation in a known background region
og (Fig. le) and dividing by the correction factor 0.6551
appropriate for single-channel RF coil [24]. SNR was thus
calculated as

SNR = — = 0.6551—, 4)
0

where § denotes the corrected signal amplitude.

All MR parameters (8, S, SNR, T, and T,) were plotied
versus the measured median temperature. The coefficient of
determination () was caleulated for every fit and reflects the
error of all MR parameters. Apart from the emror for lempera-
ture measurements, we calculated the possible error for T and
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PFCE: a '’F magnitude spectrum of

PFCE, b chemical shift depend-

ency from the tempenture (20-60 °C), ¢ chemical shift dependency
from the temperature and linear fitting (*=098), d dependency of
the signal intensity from the temperature and linear fitting (r*=0.98,
eraphical explanation of SNR measurement with the signal ROI in

(*=0.97), I T, relaxation curves of PFCE at different temperatures
and mono-exponential fitting, g dependency of T, from the tempera-
ture and linear fitting (r‘:().99). h T, relaxation curves of PFCE at
different temperatures and fitting, and i dependency of T, from the
temperature and linear fitting (r* =0.95)

the center and four background regions at the edges of the image,

signal intensity. We studied isoflurane at 20 °C and measured
T, and signal intensity (n=8). The level of error (SD) for T,
(1811 ms) was 8 ms, and the level of error for signal inten-
sity (241.892) was 28. The level of error for temperature was
relatively small (mean interquartile range =0.17 °C. mean

Results

Temperature influences the '°F NMR properties
of PFCE, isoflurane, teriflunomide and flupentixol

range=1.02 °C).
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We studied the temperature dependency of '“F MR char-
acteristics, namely, chemical shift, spin-lattice- and
spin-spin relaxation time, signal intensity, and SNR of
pure PFCE at temperatures ranging from 20 to 60 °C using
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steps of 5 °C. The basic frequency was readjusted, afler
each temperature change. PEFCE demonstrtes a spectrum
with a single peak (— 919128 ppm) at room temperature
(Fig. la). Upon varying temperature, it became evident
that the chemical shift decreased with increasing tem-
perature (Fig. 1b). The chemical shift was quantified and
plotted against temperature (Fig. 1c). From the slope in
the equation of the linear fit, we calculated the change in
chemical shift 1o be + 00082 ppm/°C with a coefficient
of determination +* =0.98. We observed a negative cor-
relation of the signal intensity (' =0.98) with increasing
temperatures (Fig. 1d).

Moreover, we estimated the SNR in RARE images
(Fg. le) and observed a temperature-dependent decline of
the SNE with increasing temperatures (Fig. 1e). The signal
drop was determined to be 0.97 SNE units™C (r!=0_‘95)_

T, at 20 °C was 905 ms and 1536 ms at a iemperature of
60 °C. Upon varying the tlemperature as for the above meas-
urements, we observed a linear dependency (*=0.99) of T
values (Fig. 11). T values at different temperature conditions
were quantified and plotted against temperature (Fig. 1g).
We calculated the variation in T as a function of lempera-
lure o be + 16 ms/°C.

We also studied T, of PFCE and the dependency on the
temperature (Fig. 1h), ranging from 556 to 887 ms. We
observed a linear increase of T, with increasing temperatures
(7 ms/°C: > =0.95) (Fig. 1i).

Isoflurane was investigated at temperatures ranging from
20 °C 1o its boiling point of 40 °C. The pentafluorination
on the isoflurane molecule results in several spin—spin cou-
plings as shown by the multiple spectral peaks. one major
peak and several minor ones (Fig. 2a). Isoflurane also dem-
onstrated a chemical shift dependency by temperature vari-
ations, although to a lesser extent as for PECE (Fig. 2b).
The different chemical shifts were quantified and plotted
against emperature (Fig. 2c). We calculated the change in
the chemical shift to be +0.0025 ppm/°C (i-’ =0.80). We
performed an additional experiment (not shown here) to
investigate the influence of the temperature on the chemical
shift with shorter intervals between the measurements and
found a chemical shift of +0.0031 ppm/°C with a r* =0.61
which at least shows a trend of the chemical shifi.

In the case of soflurane, we observed a decrease in signal
intensity with increasing temperatures (Fg. 2d; P =099).
We observed a decrease in SNR with increasing temper-
ature (Fig. 2e) with an SNR drop of 0.085 SNR units/°C
(i =0.54).

T, was found to be 1851 ms at 20 °C, and this increased
1o 2491 ms at temperature of 40 °C (Fig. 21). From the linear
dependency of T, on temperature (r*=1095). we calculated
T, change of +30 ms/°C (Fig. 2g).

T, mapping of isoflurane at varying temperatures (Fig. Zh)
revealed a linear increase of T, (11 ms/°C; r!=(}_98) (Fig. 2i)
from 922 ms at 20 °C 1o 1154 ms at 40 °C.

Teriflunomide is an anti-inflammatory compound that
has a trifluoromethyl moiety: this side group is commonly
included during drug design to improve the pharmaco-
logical properties [25] of the parent drug. Trifluoromethyl
muoieties provide a single non-coupled signal [18]. Indeed.
teriflunomide demonstrates a spectrum with a single peak
(— 380764 ppm) at room lemperature (Fig. 3a). The ""FMR
properties of this drug were also studied al temperatures
ranging from 20 to 60 °C. The chemical shifts (Fig. 3b) were
quantified and plotted against lemperature showing a linear
correlation (r’ =0.96) with a change in chemical shift of
— (L0038 ppm/°C (Fig. 3¢). In addition, we observed a nega-
tive correlation (7 =0.99) of signal intensity and tempera-
tures (Fig. 3d) as well as a negative correlation (r’ ={196)
with an SNR drop of 0,071 SNR units/*C (Fig. 3e).

T at 20 °C was found to be 1023 ms, ranging to 1307 ms
at 60 °C, demonstrating a linear correlation (r! =099} at
varying temperatures (Fig. 3e) and a caleulated change in
Ty of +6.6 ms”C (Fig. 3). T, was studied in the range of
20-60 °C (Fig. 3h) and revealed a linear increase of T, of
4.9 msC [F’, =0.96) until a temperature of 35 °C and drops
again (Fig. 31).

A second drug with a trifluoromethyl moiety, the antip-
sychotic flupentixol was also investigated. Similar o teriflu-
nomide, it showed a single-peak spectrum (— 388807 ppm)
at room temperature (Fig. 4a). Similar o teriflunomide. we
observe a negative chemical shift at varying lemperatures
{(Fig. 4b) of —0.0026 ppm/°C and a coefficient of determi-
nation of = 0.85 (Fig. 4¢). Furthermore, we observed a
linear dependency of the signal intensity (FID) from tem-
perature changes (# =0.99; Fig. 4d). The SNR also showed
a linear dependency from temperature (—0.04 SNR units/*C;
P=094) (Fig. 4e).

We measured Ty of 698 ms at 20 °C increasing 1o 762 ms
at 60 °C (Fig. 4f). There is a linear correlation [rg =({1.62)
with a T} increase of 1.3 ms/°C (Fig. 4g). We also stud-
ied T, in this temperature range with T, values from 117 io
421 ms at 60 °C. We found a positive linear correlation of T,
and temperature with a T, increase of 74 ms/*C (r"=().‘§?)
(Fig. 4i).

Overall, isoflurane showed the strongest dependency of
T, from temperature changes (AT, =+ 3 ms/"C) and also
the strongest dependency of T, from temperature changes
(ATy =411 ms/°C). Teriflunomide and flupentixol both
showed similar chemical shift behavior. All compounds
studied showed an increase of Ty and T, with increasing tem-
perature, except leriflunomide, which shows first an increase,
followed by adecrease in T,
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Fig.2 Influence of the temperature on the F NMR characteris-
tics of isoflurane: a ’F magnitude spectrum of isoflurane, b chemi-
cal shift dependency from the temperature (20-40 °C). ¢ chemical
shift dependency from the temperature and linear fitting (r’=0.80),
d dependency of the signal intensity from the temperature and linear
fitting (r*=0.99), e dependency of the SNR from the temperature

Changes in '°F spin-lattice relaxation of PFCE
nanoparticles in tissue

PFCE was also studied in tissue by measuring T at body
temperature (after lethal anesthesia during the termi-
nal stage) as well as at room temperature (post mortem)
(Fig. 4). For this, a female C57BL/6 mouse was given a
lethal dose of anesthetic, after which PFCE nanoparticles
were injected subcutaneously in the neck region at the
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and linear fitling (~=0.54), f 7, relaxation curves of isoflurane at
different tempemtures and mono-exponential fitting, g dependency
of T, from the temperature and linear fitting (r'=095), h T, relaxa-
tion curves of isoflurane at different temperatures and fitting, and i
dependency of T, from the temperature and linear fitting (r*=0.98)

scanner and a 3D RARE MR measurement was performed
to validate the correct positioning and successful injection
and distribution of PFCE nanoparticles (Fig. 4b). The rec-
tal temperature and temperature in the neck region were
controlled over time. T} mapping was performed at a tem-
perature of 32.4 °C in the neck region. This revealed T of
1325 ms. The T, observed at room temperature (23.6 °C)
was 1149 ms, representing a reduction of 13% in T at
23.6 °C compared to 324 °C (Fig. 4c¢).
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teriflunomide: a "F magnitude spectrum of teriflunomide, b chemi-
cal shift dependency from the temperature (2060 °C). ¢ chemical
shift dependency from the temperature and linear fitting (r'=0.96),
d dependency of the signal intensity from the temperature and linear
fitting (~*=0.99), e dependency of the SNR from the temperature

Discussion

En route 10 "F MR-based thermometry, we investigated
the influence of temperature on both the spin-lattice and
spin-spin relaxation times, chemical shift, signal intensity
and SNR of PFCE., isoflurane, teriflunomide. and flupen-
tixol. We also examined changes in T relaxation of PFCE
nanoparticles under postmortem conditions.

The spin-lattice relaxation time of PFCE and of the
fluorinated drugs isoflurane, teriflunomide, and flupentixol
increased as a function of temperature. The same was true
for the spin-spin relaxation times of PFCE, isoflurane and

at different s and X ial fitting, g dey Cy
of T, from the temperature and linear fitting (=099, h T, relaxa-
tion curves of teriffunomide at different temperatures and fitting, and i
dependency of T, from the temperature

flupentixol. Higher temperatures resulted in longer T and
T, values. One exception was found at T, of teriflunomide
which decreased from a temperature of 35 °C on. The
degree of influence varied between cach substance, as can
be seen by the degree of T and T, change per unit tem-
perature. Isoflurane showed the largest degree of T change
(30 ms/°C) and flupentixol the smallest (1.3 ms/°C).
Isoflurane also showed the largest degree of T, change
(11 ms/°C). This is to be expected due to the different
chemical properties of the investigated compounds, their
concentration as well as the number of '*F atoms on their
molecular structure. Chemical modifications of substances
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Fig. 4 Influence of the emperature on the F NMR characteristics
of fupentixol: a F magnitude spectrum of Oupentixol, b chemi-
cal shift dependency from the temperature (20-60 "C), ¢ chemical
shift dependency from the temperature and linear fitting (r*=0.85),
d dependency of the signal intensity from the emperature and linear
fitling (r*=0.99), e dependency of the SNR from the lemperature

might change their relaxation time. but also their suscep-
tibility to environmental influences [17].

The linear correlation between T, values and tempera-
ture demonstrated here for PECE is in line with a previous
study by Kadayakkara et al. [17]. and the correlation for a
different perfluorocarbon (PFPE) was described as a third
degree polynomial function. Here, we found a linear cor-
relation for all four compounds investigated.

Since we observe a marginal error from the tempera-
ture measurements (see “Methods™). we believe that the
deviation of T values from the fiting curve is due to the
T, mapping itself. The coefficient of determination was
calculated for every fit and reflects the Ty error.
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and linear fitting (rF=094, T Ty relaxation curves of Qupentixol at
different tempemiures and mono-exponential fiting, g dependency
of T, from the temperature and linear fitting (r*=0.62), h T, relaxa-
tion curves of fupentixol at different temperatures and fitting, and i
dependency of T, from the temperature and linear fitting (7" =0.97)

An influence of the temperature on the relaxation times
has been assumed in the past [4], and there is evidence for
this; however., to our knowledge, a systematic study of phar-
macological substances other than PFCE has never been
published.

The mfluence of temperature on the chemical shift varied
between the four investigated fluorine compounds. While
teriflunomide and flupentixol both showed an increased
chemical shift, both the shift in ppm for PFCE and isoflurane
decreased with increasing temperature. The fluorine com-
pounds were also distinguishable by the extent of their sus-
ceptibility toward the temperature-induced chemical shift,
with PECE displaying the largest shift range. One reason for

46



Publikation 1: Toward 19F magnetic resonance thermometry

Magnetic Resonance Materials in Physics, Biology and Medicine

this variation in chemical shift is due to J-coupling effects,
which will differ between compounds due to differences in
the number of “F atoms as well as the position of the YF
atoms on the molecule.

Differences in the configuration of fluorine containing
eroups and different chemical environments will result in
different possible inter- and intramolecular interaction. This
could explain the observed differences inchemical shifts and
in the shapes of the spectra upon changing the temperature
of the environment. The orientation of the "F groups rela-
tive w other molecules or chemical groups on the molecular
structure will have an impact on these inter- and intramo-
lecular interactions. Due to differences in these configura-
tions and electron distributions, different shielding effects
will lead to different MR behaviors [26]. Varying tempera-
tures lead to an increase in the molecular tumbling rate of a
molecule in a certain environment which defines the time of
relaxation [27]. Dipole—dipole interactions mostly determine
spin—lattice relaxation. With varying temperatures, internu-
clear distances and dynamics of molecular motions, and the

reorientation of structures change, this results in a change
in T'. Spin-spin relaxation depends on the anisotropy of the
fluorine chemical shift (CSA). The electron configuration of
a molecule determines the movement of electrons and the
behavior in different molecular orientations. When placed
into a magnetic field. this configuration decides the orienta-
tion of movement, which is not equal for all direction, thus
anisotropic. Motions cause oscillations of the local magnetic
field, and these time-varying fields lead to relaxation [26].

The different behaviors in the chemical shift might also
be explained by the presence of the trifluoromethyl moiety in
teriflunomide and flupentixol. Both show a covalent link w a
benzene moiety which results in a delocalization of electrons
(Fgs. 3a, 4a). In spectroscopy. both drugs are characterized
by only one peak in "*F MRS. The trifluoromethyl moiety is
not present in either PFCE or isoflurane, and this chemical
configuration could be one explanation for the differences
in chemical shifts "F MR characleristics.

The overall chemical shift mange of isoflurane appeared
Lo be the smallest of all compounds studied. We observed an
alternation of the data points from the linear fit. The reason
for these fluctuations in the chemical shift might be the sev-
eral resonances of the compound in difference o compounds
demonstrating a single peak.

In addition, the shape of the PFCE spectrum changed
with increasing lemperatures, as can be seen in a broad-
ening of the "F peak (Fig. 1b). This was not the case for
teriflunomide and flupentixol when measuring the peak
width at half maximum. In cases where aline broadening
oceurs for pharmacological compounds at body tempera-
ture, a better understanding of such changes in the "F MR
properties will be necessary to identify and distinguish the
drug from its metabolites; the latter might have different

susceptibilities to temperature. In such cases, further phan-
tom experiments will be required for the drug metabolites
to be able to separate their peaks from those of the main
compound in tissue.

Changes in temperature caused changes in signal inten-
sity. The reason for a decrease in the signal intensity in

PFCE, isoflurane, teriflunomide, and flupentixol with
increasing temperature could be explained by the longer T
values occurring at higher temperatures. Signal intensity
is also influenced by the spin—spin relaxation time T, For
all compounds studied, we observed a drop in SNR with
mcreasing temperatures which can be explained by the
longer T while using the same scan parameters for each
temperature step results in a prolonged time o complete
relaxation and loss in SNR.

In this study. we observed the same trend in T} changes
with varying temperature for all investigated '*F com-
pounds. This might not hold true for trends in 75 values.
Colott et al. [ 15] showed that both T} and T values of PECE
increase with lemperature; however, in this study, only two
temperatures (24 °C and 37 °C) were investigated. In this
study, we could show that an increasing temperature does
not necessarily resull in a linear increase in 7. In the case
of teriflunomide. this holds true for the range of 20-35 °C
with & maximum T, at the physiologic lemperature in ani-
mal studies. In future studies, it would be valuable to look
closer at specific temperature ranges such as those found
in vivo. In this study, we used temperature increments of
5 °C; smaller temperature steps might offer more detailed
information into the actual relationship between temperature
and the MR parameter investigated. Furthermore, it might
be valuable to investigate changes in the T\/T, ratio as a
function of temperature to draw conclusions on the overall
influence of relaxation times on the MR signal. In an ideal
experiment, a short T and a long T, are desirable to achieve
a maximum SNR.

Moving to animal studies, one notices that findings from
phantom studies are not always reflected in vivo., Due to
movement artifacts, limitations in shimming procedures and
also different chemical environments (c.g., intracellular or
extracellular locations, proximity to different types of tis-
tency and

sue or body fluid with different chemical con
pH. as well as small temperature gradients in the anatomical
regions ) deviations from phantom data are to be expected.
This can be reflected by the two narrow peaks in the 'F
MRS for PFCE during experiments in tissue (Fig. Sa), in
contrast o the expected single peak from the phantom sud-
ies (Fig. 1a). Therefore, even though bandwidths are cho-
sen large enough. a detailed knowledge about low fluori-
nated drug molecules at low concentrations in the body 1s
essential.

In conclusion, our results show that lower temperatures
are favorable 1o achieve the highest 'F MR signal intensity
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Fig.5 Influence of the temperature on T of PFCE nanoparticles in
animal tissue; a '°F Spectrum of PFCE in tissue, b overlay of a sag-
ittal anatomical 'H image (3D-RARE) showing the neck region of
a mouse and a "F image (3D-RARE) indicating the injecied PRCE

and detect PECE, isoflurane, weriflunomide, and flupentixol.
The signal intensity of these compounds decreased with
increasing temperature. Therefore, it will be more challeng-
ing to detect these compounds at physiological temperatures.
While this could hinder the detection of pharmacological
compounds present at low concentrations in vivo, it indi-
cates the necessity of more ex vivo studies to study these
compounds more thoroughly.

We chose a broad range of compounds with different
clinical indication and application. We studied the widely
used cell-labeling contrast agent PFCE, the standard anes-
thetic for amimal experiment 1soflurane commonly used in
YE studies, as well as two therapeutic agents with a trifluo-
romethyl moiety. Particulady, for compounds such as tenf-
lunomide and flupentixol that suffer from a low "F content
and a potentially low availability following administration,
understanding their "F MR characteristics will be crucial
to image themin vivo. From the "F MR characleristics, one
can deduce the best sequencess that can be used and adjust
them with the optimal scan parameters. This will improve
the SNR efficiency substantially and thereby allow detection
of lower amount of these "F compounds.

Especially, for pharmacological substances, it will be
particulardy crucial to understand how temperature might
influence the MR measurement. These influences should be

taken into consideration when oplimizing the "*F MR sig-
nal per unit time. Since increasing lemperatures lengthen
T of YF compounds, it might also be useful to implement
strategies that shorten T to compensate for the increase
in T} in vivo, e.g.. by introducing Tj-shortening contrast
agents. By decreasing T, the number of averages achiev-
able during the same measurement time can be increased
to hoost the expected "F MR signal. Other strategies Lo
increase the sensitivity of ""F MR are to promote higher
SNR using ultrahigh and extreme magnetic field technology

@ Springer
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nanoparticle emulsion; the fuorine data was thresholded at SNE =35
and we removed all groups of less than three connected signal voxels,
and ¢ measurement of T, of PFCE nanoparticles in tissue

[28-30]. cryogenically cooled probes [31], improved MR
methods [32], and accelerated acquisiion technigues such
as compressed sensing [33]. These entire efforts combined
will make "F MR a powerful technique for studying bio-
logical processes and monitoring drug therapies. Especially
valuable for targeted therapy, the adapted fluorine-19 MR
methods will be central for visualizing and quanafying MR
sensitive probes after release from thermo-sensitive nanocar-
riers via targeted radio-frequency-induced heating. In these
studies, adapted fluorine-'"" MR methods will be erucial 1o
study and quantify the spatiotemporal release characlenstics
of the pay load. The benefits of these studies are in positive
alignment with the needs for explorations into the potential
of "F MR for the in vivo assessment of the efficacy of ther-
mal interventions.,
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Abstract

Background: Magnetic resonance imaging (MRI) is indispensable for diagnosing neurological conditions such
as multiple sclerosis (MS). MRl alse supports decisions regarding the choice of disease-madifying drugs
(DMDs). Determining in vivo tissue concentrations of DMDs has the petential te became an essential elinizal
ool for therapeutic drug monitoring (TDM). The aim here was to examine the feasibilicy of fluorine-1% ('%F)
MR methods to detect the fluorinated DMD teriflunomide (TF) during normal and pathological conditions.
Methods: We used "F MR spectroscopy to detect TF in the experimental auteimmune encephalomyelitis
(EAE) mouse model of multiple sclerosis (MS) in vivo. Prior to the in vivo investigations we characterized the MR
properties of TFin vitro. We studied the impact of pH and protein binding as well as MR contrastagents.
Results: We could detect TF in vivo and could follow the '*F MR signal over different time points of disease.
We quantfied TF concentrations in different tissues using HPLC/MS and showed a significant correlation
between ex vivo TF levels in serum and the ex vivo '"F MR signal.

Conclusion: This study demenstrates the feasibiliy of “F MR methods to detect TF during neure-
inflammation in vivo. It also highlights the need for further technological developments in this field. The ultimate
goal is to add 1%F MR protocols to conventional 1H MR protocals in clinical practice to guide therapy decisions.

Key words: MRI, MRS, Fluoring, Teriflunomide, Magnetic Resonance Spectroscopy, experimental autoi mmumne
encephalomyelitis, Multiple Sclerosis

Introduction
Multiple sclerosis (MS) is a chronic inflammatory  progressive phase [2, 4].
disease of the central nervous system (CN5) [1, 2]. The H Magnetic resonance imaging ({H MRI) has

disease course is highly variable, involving a wide  been indispensable for diagnosing MS [5-7]. TH MRI
spectrum of neurological and metoric symptoms [3].  can distinguish chronic from active lesions when
Most patients show a relapsing and remitting (RRMS)  using contrast agents to reveal blood brain barrier
disease course, which ultimately transitions to a (BBB) disruptions [8-11]. Furthermore, MRI has been

heep:/fwww.thno.org
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vital for making safe informed decisions with respect
to disease modifying drugs (DMDs) [12, 13] to ensure
a better dampening of disease activity [14]. Typically,
Tz lesion load [15, 16] and brain atrophy [16] are used
as outcome measures, especially during clinical
studies. These MRI endpoints are commonly used as
primary and secondary measures in phase 11 DMD
trials involving large amounts of patients [17]. Despite
the substantial armamentarium of DMDs available for
MS[18-20], predicting treatment outcomes and
tailoring DMD dosages to treatment objectives for
individual patients poses a major unmet clinical need
[21-23]. DMDs may need to traverse the BBB, to
modify inflammatory responses within the CN5S or to
reduce neurodegeneration [24].

Currently there are no standard clinical methods
to non-invasively monitor the distribution of drugs in
patients. However, the possibility to quantify the
concentration of drugs in the brain would greatly
improve the assessment of individual treatment
responses [22]. Drug levels are typically measured in
blood, urine, saliva, and infrequently cerebrospinal
fluid (CSF). However, drug levels in these fluids do
not reliably reflect concentrations within the CNS.
Imaging techniques such as positron emission
tomography (PET) and single-photon emission
computed tomography (SPECT) are used to detect
drugs labeled with a radioisotope; these imaging
methods are highly sensitive and are particularly
useful in phase I clinical studies for small cohorts of
human subjects [25-29]. However, they are not used
for standard drug monitoring in  patients;
disadvantages include high costs, the necessity to
inject radioactive compounds, restricted observation
window due to short radiotracer half-life (®F ti2 =
110 min), and a lack of distinction between drugs and
their metabolites.

One third of all approved drugs are fluorinated,
and are potentially detectable by fluorine-19 ("*F) MRI
it vivio [30-32]. The amount of MF atoms endogenously
present in the human body that can be detected with
MR methods is negligible. The absence of background
signal makes the ¥F nucleus a unique and highly
attractive biomarker for detecting administered
fluorinated DMDs in vivo using ""F-MR methods. F
MR methods have been applied to detect fluorinated
drugs in animal [33-38] and human studies [39-45] in
the past. They have also been applied in combination
with drugs encapsulated in fluorine rich nanoparticles
to monitor the efficacy of these therapies in animal
models [46]. PFE-MR methods have also been
employed in diagnostic imaging [47], for guiding
tumor ablation therapies [48], and for imaging
intracellular therapeutic targeting [49]. However, they
remain under-utilized for the majority of drugs,

especially in M5,

Teriflunomide (TF) is an anti-inflammatory
DMD approved for use in MS that contains a
trifluoromethyl group [50]. TF is administered orally
once-daily and has a rapid, complete absorption with
a long half-life (>2weeks) due to extensive
enterchepatic recycling [51]. In RRMS patients, it
reduces the annual relapse rate, slows disability
progression, reduces the lesion volume [51, 52] and
brain volume loss [53]. TF has a high tolerability and
low discontinuation rate [50, 54]. TF was investigated
in preclinical studies using the animal model of MS,
experimental autoimmune encephalomyelitis (EAE)
[55-57]. In rats, TF administration at EAE onset
reduced disease severity and delayed progression [55,
57]. TF treatment delayed EAE onset in SJL/] mice,
and suppressed disease entirely in C57BL/ 6 mice.

In this study we used “F MR spectroscopy to
study the possibility of detecting TF during EAE in
viva. We characterized the MR properties of TF in
vitro, studying the impact of pH, protein binding, and
MR contrast agents. We demonstrated the feasibility
of F MR methods to detect TF non-invasively during
neurcinflammation, with the ultimate goal for further
developmentinto future clinical applications.

Methods

Teriflunomide

Teriflunomide (TF) (Sanofi-Genzyme,
Bridgewater, US) was formulated in 06%
carboxymethyleellulose, sodium salt (CMC, Sigma,
Schnelldorf, Germany) in the form of a suspension for
in vive use. CMC is an inactive ingredient used as
thickening excipient, stabilizer and suspending agent.
TF (200 mg) was mixed with 5 mL CMC/Tween-80
(0.6% CMC, 0.5% Tween-80 in water) using medium
speed magnetic stirring (circa 24 h at RT) until a
uniform milky suspension was obtained. The
suspension was transferred to a clean glass vial and
the original vial rinsed with a further 5 mL of
CMC/Tween-80. The TF suspension (2 mg/mL) was
adjusted to a pH of 7 using HCl and NaOH. For
phantom experiments, TF was prepared in CMC,
DMSO and human serum to study the effects of
protein binding,.

Animals

Dark Agouti rats (n=2, Janvier Labs, Le
Genest-Saint-Isle, France), C57BL/6N mice (n=27,
Charles River, Sulzfeld, Germany) and SJL/] (n =33,
Janvier Labs, Le Genest-Saint-Isle, France) mice (all
female, age 2-4 months) were used to study the TF
signal following oral application in vive. The numbers
of animals within each group are specified in the
relevant experiments below.

http:/fwww .thno.org

51



Theranostics 2021, Vol. |1, Issue &

Publikation 2: In vivo detection of teriflunomide-derived fluorine signal using fluorine MR

spectroscopy

2492

Animal experiments were conducted in
accordance with procedures approved by the Animal
Welfare Department of the State Office of Health and
Social Affairs Berlin (LAGeSo) and conformed to
guidelines to minimize discomfort to animals
(86/609/EEC).

EAE induction

EAE  was induced by  subcutaneous
immunization of S]L/] mice with proteclipid protein
peptide (PLPys0-151) and C57BL/6 mice with myelin
oligodendrocyte glycoprotein peptide (MOGasss); for
both peptides 250 pug peptide (Pepceuticals, Leicester,
UK) per animal were emulsified with M. Tuberculosis
H37RA (List Biological Laboratories, Campbell, US,
800 pg/animal)y in 100uL  Complete Freund's
Adjuvant (BD Difco, Heidelberg, Germany). Pertussis
Toxin (Biotrend, Cologne, Germany, 1.25 ng/pL in
SJL/] and 2 ng/ul in C57BL/6) was administered
intraperitoneally in 200 pL PBS on days 0 and 2 [58].

EAE scoring was performed daily: righting
reflex weakness = (.5, tail paresis = (.5, tail paralysis =
1, unilateral hindlimb paresis = (1.5, bilateral hindlimb
paralysis = 1, unilateral forelimb paresis = (.75,
bilateral forelimb paralysis = 1.5

Teriflunomide treatment and preparation for
in vivo MR measurements

Rats (n =2) were treated orally with 10mg/kg
TF and MR measurements were performed directly
following administration. Animals were anesthetized
by intraperitoneal (ip) injection using ketamine
(40 mg/kg, WDT, Garbsen, Germany) and
medetomidine (05 to 075 mg/kg, Henry Schein,
Berlin, Germany) maintained by an ip catheter line.
TF was administered via a catheter line to the stomach
while the animal was in the scanner.

Mice were treated daily for 14 days with
30 mg/kg TF [55-57, 59] or vehicle control (CMC)
administered by oral gavage. The increased dose used
in mice takes into consideration guidelines on dose
conversions in animals and is mostly due to
differences in metabolism [56, 60]. EAE mice were
treated with TF (C57BL/& n=12, SIL/] n=12) or
CMC (C57BL/6 n=6, SJL/] n= 6). Healthy
non-immunized C57BL/6 (n= 9) or SIL/] (n = 15)
mice served as therapy controls. MR measurements in
mice were performed on days 8 and 14 following EAE
start, 16-24 h after the last drug administration. For int
vive MR measurements, mice were anesthetized by
intraperitoneal injection using a mixture of xylazine
(5 mg/kg, (P Pharma, Burgdorf, Germany) and
ketamine (50mg/kg, WDT, Garbsen, Germany)
maintained by an ip catheter line.

Animals were transferred to a temperature-

regulated bed (receiving circulated warm water from
a water bath) and supplied with pressurized air (30 %)
and Oz (70%). Pulse, respiration and body
temperature (Neoptix, OmniLink wversion 115,
Omniflex, Neoptix, Québec, Canada) were
continuously monitored. The body temperature was
kept at 37 °C throughout the experiments.

For studying the BBB disruption in SJL/] EAE
mice, gadopentetate dimeglumine (0.2 mmol/kg Gd-
DTPA Magnevist, Bayer Pharma, Berlin, Germany)
was administered intravenously via the tail vein using
an infusion pump (Harvard PHD 2000, Harvard
Apparatus, Cambridge, US).

Phantom construction

For characterizing the 9F MR properties
(chemical shift, spectral shape and relaxation times) of
TF, phantoms were prepared in 2.5 mL syringes (inner
diameter, id: 97 mm, total length: 7.6 cm, B.Braun,
Melsungen, Germany) equipped with stopper
closingcones (B.Braun, Melsungen, Germany) using
dimethylsulfoxide (DMSO, Roth, Karlsruhe,
Germany, 27.02 mg/mL), human serum
(484 mg/mL) or CMC (270 mg/mL) as solvents/
suspending agent. Given the different pH of various
compartments in vivo, we studied the influence of pH
on the relaxation times T and Tz as well as the ™F
signal intensity in CMC in 1 mL syringes (id: 4.7 mm,
total length: 9.6 cm, B.Braun, Melsungen, Germany).
The pH for the 270 mg/mL TF concentration was
adjusted to pH values of 5, 7.4, 10 and 13 with HCI or
NaOH.

For studying the influence of contrast agent on
BF MR properties, 4 phantoms containing 16.67
mg,/mL TF and different concentrations of Gd-DTPA
(0.5 mM, 1 mM, 2mM, and 4 mM) in DMSO were
prepared in NMR tubes (id: 42 mm).

For assessing the limit of detection (LOD) for F
MRS and performing calibrations, four TF
concentrations were prepared in serum (400 pL) and
the exact concentration for each sample was
determined by mass spectrometry (11.8, 105.7, 7874,
4208.2 pg/ g). The serum samples (350 to 500 uL) were
prepared in 1 mL syringes (as above).

MR methods
Hardware

MR experiments were performed on a Bruker
Biospec 94 T MR scanner (Bruker Biospin, Ettlingen,
Germany) with a horizontal bore. A room
temperature (RT) dual-tunable “F/'H head RF
transceive coil (16 mm inner diameter) [61] was used
to characterize TF in DMSO/ serum/ CMC in phantom
experiments.

A RT dual-tunable *F/H rat body RF transceive
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coil (MRLTOOLS GmbH, Berlin, Germany, 62 mm
inner diameter) was used to study i vive ®F MR
spectroscopy (MRS) signals in the abdomen of the rat.

A cryogenically-cooled transceive F quadrature
RF surface probe (20 mm inner diameter, Cryogenic
Radiofrequency Probe, CRP, Bruker, Fallanden,
Switzerland) [62] was used for in vive YF MRS
measurements of the mouse head and abdomen as
well as serum samples. With this coil we had
previously shown that 19F MR sensitivity is enhanced
by a factor of 15 compared to RT head coils [62]. The
bed of the ¥F CRP was adjusted with respect to the
surface of the coil in order to acquire F MRS in
different regions of the mouse body. The
measurement volume above the bed was adjusted
with respect to the surface of the coil-head by using a
position gauge. This device reproduces the geometry
of the coil-head and supporting components and can
be used to adjust the position of the mouse on the bed
outside of the MR scanner. Anatomical 'H scans
ensured correct positioning and complete coverage of
the regions of interest.

Phantem MR measurements

A non-selective single-pulse F MRS FID-
acquire sequence (TR =1000 ms, nominal flip angle =
A°, blockpulse, 409 sampling points, acquisition
delay = 0.05 ms, excitation pulse bandwidth = 10000
Hz, spectral read bandwidth = 25000 Hz, averages for
serum,/ CMC/DMSO phantoms: AVEwnm = §,
avgeme = 16, avgpmso = 16) was used for detecting TF
in phantoms and studying chemical shift and spectral
shape (full-width half maximum, FWHM). This
sequence (later referred to as default) was slightly
modified e.g. using increased averages or bandwidth
to increase signal-to-noise ratio (SNR) in in vive and ex
vive experiments (see below).

¥F Ty and Tz relaxation times were measured
using MR spectroscopy. For Ty, the default FID-
acquire sequence was used but with 16 TRs ranging
from 100 to 10000 ms, avgwnm=40, avgoumso= 30,
avgewe =30, For T, a CPMG pulse sequence was
used: 25 echoes, echo spacing for serum/CMC/
DMSO  phantoms: eS....,=28ms, espyen=40ms,
espusorGaprra = 106 ms,  esouc = 10,6 ms,  excitation
pulse = 5000 Hz, spectral read bandwidth = 25000 Hz;
TRuerian = 2000 ms, TRpnwo= 5000 ms, TRewe = 5000
ms, avg = 50 (for all phantoms).

For studying the influence of pH on the "F MR
signal detection, the default FID-acquire sequence
was used, but a long TR of 8000 ms was chosen to
allow full relaxation.

The LOD for the F CRP to perform F MRS i
wive was assessed using the above four concentrations
of TF in serum and the default F MRS FID-acquire

sequence but using avg = 1024, acquisition time = 17
min. The SNR of these spectra was measured and the
LOD was determined as the concentration/number of
YF atoms that corresponded to an SNR of 5 (SNE;
estimation below) using a linear fit with y-axis
intercept = (. The SNR value of 5 was chosen as a
conservative threshold for determining LOD.

In vivo '"H MRI using "*F/'H colils

Anatomical 'H MRI was performed using
FLASH (Fast Low-Angle Shot) [63] and Tz weighted
TurboRARE (Rapid Acquisition with Relaxation
Enhancement) [64] pulse sequences. In EAE mice, BBB
disruptions were assessed using an MDEFT (Modified
Driven-Equilibrium FT) [65] sequence with inversion
(TR/TE/TI 2600/3.9/950ms, FOV (30.2x12.8x9)
mm?, matrix size = 256x170x18, avg =2, acquisition
time =3m 7s).

In vivo 1°F MRS using '°F CRP

TF-derived ¥F MR signal was studied in healthy
and EAE mice immediately following acquisition of
the anatomical scans. To account for the B
inhomogeneity of the CRP surface coil during in vive
measurements, we calibrated the flip angle. Before in
vivo measurements, a phantom reference sample of
1mL TF in DMSO (2702 mg/mL) was used to
manually calibrate the flip angle and reference power.
This sample was in a 25mL syringe and was
positioned at the coil surface. We acquired 10 spectra
with the default 19F MRS FID-acquire sequence using
different reference powers (0.0001 - 0.01 W). The best
reference power from these manual measurements
was verified by the automatically adjusted power
settings for this sample by the MR system. Prior to
each in vivo measurement, we adjusted the reference
power manually (automatic “F adjustments were not
possible due to low SNR}): spectra (avg =128, 2min
8 s each) with different reference powers (0.001, 0.002,
0.004, 0.008 W) were acquired from the head region of
mice in vive using the default FID-acquire method.
The optimal reference power yielding the highest
signal intensity was then chosen for the 1“F MRS data
acquisitions. For these acquisitions, the default
FID-acquire sequence was used with avg=1024,
acquisition ime = 17 min.

In vivo '*F MRS using '*F/'H rat body coil

To study “F MRS signal of TF in the abdominal
region of rats at different time points, the default
FID-acquire sequence was used with alterations in:
TR = 1500 ms, avg = 256, acquisition time = 6 min.
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Ex vivo measurements

Tissue processing

Animals were sacrificed after 14 days of in vive
experiments. Under deep anesthesia, blood was
withdrawn and animals were transcardially perfused
with 30 mL (> 10x the estimated total mouse blood
volume) phosphate-buffered saline (PBS) solution.
CSF was collected from the cisterna magna and the
perfused brain was isolated. The perfused brain
samples are mostly depleted of blood and CSF.
Samples were frozen (-80°C) for subsequent mass
spectrometry studies.

Perfused brain tissue (50 mg), serum (50 pL) or
C5F (13 mg) was weighed/measured and
homogenized in 450 ul  phosphate  buffer
(100 mmol/L, pH=6.0). 1mL ethylacetate was
added. The mixture was shaken vigorously for 5 min
and centrifuged at 11000 rpm for 10 min. The upper
layer was transferred to a 2mL glass vial. The
extraction was repeated twice. The organic extract
was evaporated to dryness with a gentle N stream at
40 *C, after which the residue was dissolved in 1 mL
ethanol.

High perfermance liquid chromategraphy mass
spectrometry (HPLC/MS)

For assessing the LOD for HPLC/MS, 5 TF
concentrations  (I1ng/mL to 1000 ng/mL) were
prepared in DMSO. LOD was calculated at an SNR =
9 using peak-to-peak algorithm from lowest calibrator
1 ng/mL.

HPLC-measurements were performed using an
Agilent 1290 HPLC system with binary pump,
autosampler and column thermostat equipped with a
Phenomenex Kinetex-C18 column 2.6 pm,
21%150 mm column (Phenomenex, Aschaffenburg,
Germany).  Ammonium  acetate  (5mM) and
acetonitrile was used as solvent system. All solvents
and buffers in HPLC-MS-grade were obtained from
VWR Germany. The solvent gradient started at 5 %
acetonitrile and was increased to 95 % within 5 min
until 8 min with a flow rate of 0.4 mL/min and 1 pL
injecion volume. The HPLC was coupled with an
Agilent 6470 triplequad mass spectrometer with
electrospray ionization source using established
parameters (gas temp = 250°C, gas flow =9 L/min,
nebulizer pressure = 2 psi, sheath gas temp =390 °C,
sheath gas flow = 12 L /min, capillary voltage = 2700
V, nozzel voltage =300V) operated in negative
multiple reaction monitoring mode (2692 -160
capillary electrophoresis (CE) 28V, - 82 CE 21,
fragmentor  voltage =120V, mass resolution
wide/wide).

Ex vivo '3F MRS

For correlating the TF-derived ®F MR signal
with HPLC/MS TF quantification, calibrations were
first performed with mouse sera spiked with TF
{using 3 concentrations closer to biologically expected
values) in 1 mL syringes. These concentrations were
measured with HPLC/MS (11.8, 105.7, 7874 ug/g)
and the default "F MRS FID-acquire method (but
excitation pulse = 70000 Hz, spectral read bandwidth
= 70000 Hz, avg = 4096, acquisition time =1 h 8 min).
Next we measured the exr vive serum samples from
EAE mice (n=10) in 1 mL syringes using the default
FID-acquire method and HPLC/MS.

For both the calibration experiment (spiked
serum) as well as the between-method correlation (ex
vivo serum) we computed a linear fit with y-axis
intercept = () to determine the relation of signal to
concentration and then used this ratio to estimate TF
concentrations in ex vive serum samples from the ¥F
MRS signal intensity after accounting for slight
volume differences.

MR data analysis

For in vive proton image processing and analysis,
the freely available software Fiji (Image | v147p,
Open source software, NIH, MD, USA) [66] was used.

All spectral analyses and processing were
performed in MATLAB (The MathWorks Inc, Natick,
USA). Chemical shifts are referenced to trichloro-
fluoro-methane, CFCls (6r=0 ppm). Post-processing of
the real spectra included zero-filling to 214 points of all
original FID data and a line-broadening of 70 Hz. The
signal from both receive channels was averaged after
zeroth and first order phase-correction.

We used two conventions to measure SNR of the
main spectral peaks: SNRi was measured by
calculating the ratio of the peak amplitude {maximal
peak height minus mean background signal) and one
standard deviation of the background noise (@), as
suggested in a recent expert’s consensus paper on in
vivo MR spectroscopy [67]. SNR: was measured by
calculating the ratio of the peak amplitude and the
noise height (peak-to-peak) divided by 2.5 (o) [68].
Both SNR estimations are shown for all in vive F MR
measurements in healthy and EAE mice (Table 51).
SNR; was used for all data analysis. SNR; is only
reported in Table S1.

The time domain (TD) signal intensity was
measured by calculating the y-axis intercept of the
magnitude free-induction decay using a 4-th degree
polynomial fit (FID fit) in MATLAB. The frequency
domain (FD) signal intensity was determined by
computing the integral of the MRS peak at 61 ppm
(peak area). For this, we used a Lorentzian fit of the
real spectrum [69] including a baseline offset and a
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secondary peak if the amplitude of the secondary
peak exceeded SNR; =2. Only the area of the main
peak was attributed to TF.

Trand Tz were determined by mono exponential
fitting of data points obtained from “F MRS (T;) and
CPMG (T, three parameter fit).

Statistical analysis

MR-data and mass spectrometry data were
pooled from all experiments. '“F signal intensities
from “F MR and TF concentrations in serum,
perfused brain tissue and CSF samples from HPLC/
MS experiments were log transformed, and the log-
normal distribution confirmed using the Shapiro-Wilk
normality test. EAE disease scores were presented as
mean and standard error of the mean, maximum
scores as median and interquartile range and were
analyzed with the Mann-Whitney U test. Bodyweight
was analyzed using the t-test; the logrank test was
used to analyze the time-to-onset of clinical signs. 19F
MR signal detection over time and mass spectrometry

data was analyzed using ANOVA or 2-factor
ANOVA, with the Tukey post-hoc test for multiple
comparisons, or with an unpaired t-test. Levene’s test
was used for testing for homogeneity of variance.
Correlation was assessed wusing the Pearson
correlation (R) or the non-parametric Spearman
rank-order correlation (p), as appropriate. p-values
<5% were considered significant (depicted as
*p <005 **p <001; **p <0.001). Statistical analysis
was performed using the statistical computing
environment R (version 3.6.1, R Foundation;
https:/ / R-project.org).

Results

Strain differences in response to teriflunomide
treatment in EAE mice

We studied TF treatment response in both SJL/]
(Figure 1A-D) and C57BL/6 (Figure 1E-H) EAE mice.
In SJL/] mice, TF treatment prevented weight loss
during the EAE disease course (Figure 1A, n=12,
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Figure 1. Effect of terifunomide weatment on the disease course of EAE in S)UJJ and C57BLIS mice. (A) Change in bodyweight (Mean £ SE) over time in untreated

{carboxymethykeellulose vehice, n = 5) and TF treated (n = 12) SJL/J EAE mice. Changes in percent comgx

to the initial bodyweight are shown. (B) Mean EAE score £ SEof

untreated (n = 5) and TF treated (n = 12) SJL EAE animals. The time axis is restricted to days with non-zero EAE score. (€) Maximum EAE score reached during the EAE disease
course in untreated (n = 5)and TF treated (n= 12) SJL) EAE animals. (D) Kaplan-Meier plot of untreated (n = 5) and TF treated (n = 12) SJL/) EAE aninuls depicting the time
to disease onset (score=0.5) and the proportion of animals with diinical symptoms. (E) Change in bodyweight (Mean £ SE) over time in untreated (carboxymethylcellulose,
0= 6) and TF treated (n = 9) C57BL/6 EAE mice. Changes in percent of the initial bodyweight is shown. (F) Mean EAE score £ SE of untreated (n = 6) and TF treated (n =9)
CS7BL/6 EAE animals The time axis is restricted to days with non-zero EAE score. (G) Muximum EAE score reached during the EAE disease course in untreated (n = 6) and
treated (n = 9) C57BL/6 EAE animals. (H) Kaphin-Meier plot of untreated (n = ) and treated (n = 9) CS7BLG EAE animals depicting the time to onset (score = 0.5) of the EAE
disease and the proportion of animals with diinical symptoms. (I-J) MR Images showing mild ([) and severe (J) blood brain barrier disruption using contrastagent (iv)) and MDEFT
on day 14 in two TFtreated EAE mice. Lesions are indicated (yellow arrows) in the cerebellum and also in periventricular regions. Difierences in body weight were analysed using
Student’s t-test; EAE scores and max scores were analysed using the Mann-Whitney U test; time to disease onset was analysed using the logrank test.
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pooled from 4 EAE experiments). Control EAE mice
(n =5, pooled from 4 EAE experiments) treated with
vehicle showed a substantial weight loss from day 11
post-immunization (pi.) onward (p =0.002) (Figure
1A). TF treatment resulted in an almost complete
absence of clinical signs in S]L /] mice. TF-treated EAE
mice had lower clinical scores compared to vehicle-
treated EAE mice, which showed a typical disease
course for SJL/] mice, reaching peak clinical score at
day 12 pi. (Figure 1B). In the TF-treated group, only
8% of animals showed clinical signs by day 14 pi.
compared to untreated mice (100% incidence). The
maximum disease score was also different between
treated (0+ 0, median * interquartile range, [OR) and
untreated (2.5+0.5, median %= IQR) EAE mice
(p <0.001) (Figure 1C). TF delayed disease onset
(p <0.001), which is defined as time to reach a
minimum clinical score of (.5 (Figure 1D).

The response of C57BL/6 EAE mice (n=49,
pooled from 3 EAE experiments) to TF treatment was
less pronounced. TF-treated C57BL/6 EAE mice
showed a less marked reduction in weight over time,
but there was no significant difference in weight loss
compared to vehicle-treated C57BL/6 EAE controls
(n=6, pooled from 3 EAE experiments) (p>0.1)
(Figure 1E). TF-treated C57BL /6 mice began to show
clinical signs by day 10 p.., and while EAE scores
were generally lower than those of vehicle treated
controls, there were no differences in EAE scores
between the two groups (p>(0.5) (Figure 1F). Also,
there was no significant decrease in maximum EAE
score in TF-treated C57BL/6 EAE mice (0.5%2,
median + IQR) compared to vehicle-treated (2 + 1.625,
median + [QR) C57BL/ 6 EAE mice (p > 0.05) (Figure
1G). TF treatment reduced disease incidence by 65%
and also delayed onset, compared to untreated mice
(p = 0.04) (Figure 1H).

The extent of CNS inflammation was examined
on day 14 by measuring BBB disruption using
contrast-enhanced MRI (Figure 1I-J). We observed
contrast-enhancing lesions in SJL/] EAE mice treated
with TF, even in the absence of clinical signs. The
extent of these lesions varied among animals, with
some showing comparatively mild (Figure 1I) and
others comparatively severe (Figure 1J) disruption.
Contrast-enhancing  lesions  were  particularly
prominent in the cerebellum (Figure 1I-]) and were
also present in periventricular regions (Figure 1J).

Environmental factors alter the magnetic
resonance properties of teriflunomide

The physicochemical properties of TF in DMSO,
including chemical shift, ¥F T, and 19F T, relaxation
times are shown in Figure 2A-C. Changesin T, and T»
occur with different concentrations of gadopentetate

dimeglumine (Figure 2D). We observed a linear
correlation between the inverse Ty (R;) (Ty-relaxation
times 1099 ms, 209 ms, 117 ms, 60 ms, 33 ms; Pearson
R=0999, p<0001) and inverse of Tz (Rzy
To-relaxation times 547 ms, 76 ms, 43 ms, 24 ms;
Pearson R =0999, p=0001) with increasing
Gd-DTPA concentrations (Figure 2D).

TF in CMC exhibits a single narrow peak
spectrum (FWHM =116 Hz) at -61 ppm (Figure 2E),
in comparison to a peak at -58 ppm for experiments
performed in DMSO (FWHM =117 Hz) [70].

Both T: (Figure 2F) and T: (Figure 2G) were
increased with increasing pH. We also observed
increased signal intensity at higher pH using global
single pulse spectroscopy with full relaxation (Figure
2H).

Compared to spectra in DMSO (FWHM = 117
Hz) [70], we observed a broader peak for TF in serum
(FWHM = 528 Hz) at -61 ppm (Figure 2I). In addition,
we characterized T1 (Figure 2J) and T: (Figure 2K) in
human serum in order to optimize pulse sequences
for subsequent in vive measurements. T of TF in
serum was 1017 ms (Figure 2], R? = (1.999), which was
comparable to the T; of 1000 ms in DMSO (Figure 2B).
Conversely, T: was markedly shortened to 4 ms
(Figure 2K, R*=0.903) in the presence of serum,
which is 93-fold lower than the Tz of 465 ms in DMSO
[70].

We obtained a detection limit for the “F CRP
using “F MRS, wvalidating the concentrations with
mass spectrometry. At an SNR threshold of 5, the
LOD was 1.9 pg/g, which is equal to 5.04e + 15 ®F
atoms ina volume of 400 pL (Figure 2L).

In vive detection of teriflunomide in the
abdominal region of healthy animals

Similar to TF spectra in CMC phantoms, we
observed a TF peak at-61 ppm in healthy Dark Agouti
rats (n=2) using “F MRS (Figure 51A). Qualitatively,
we discerned an initial increase in “F MR signal
followed by gradual decrease during the observation
period of 30 minutes. We also detected TF in the
abdominal region of healthy C57BL/6 mice (Figure
51B) 24 hours after the last drug administration, using
the 19F CRP.

In vive detection of teriflunomide in the head
region

Similar to CMC phantoms and i wivo
measurements in the rat abdomen, we observed a TF
peak at -61 ppm in the mouse head region. We
studied changes in TF levels in TF-treated healthy
mice (Figure 3A, n = 6 onday8, n =5 on day14, from 1
EAE experiment), and TF-treated EAE mice (Figure
3B, n=7 on day§, n=4 on dayl4, from 1 EAE
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time = |63, concentration: 2702 mgimLin | mL). (B) Spectroscopic determination of T of terilunomide in DMSO (T = 1000 mu). (C) Spectroscopic determimton of T; of
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sequence (L) Assessment of the spectrascopic limit of detection (SNR)) using different TF conc entrations in serum ( *F MRS measured with a *F CRP. global single pubse.

TR = 1000 ma, sequisition time = |7 min).

experiment). Differences in animal numbers between
the time points were either due to technical problems
(4 cases) or due to animal welfare (mice needed to be
euthanized due to disease severity, 2 cases). We
observed a distinct second “F peak in healthy and
EAE animals (-75 to -85 ppm). The -75 ppm peak was
seen at a later stage of EAE and was also observed in
the abdomen of EAE mice (data not shown).

The ¥“F MR signal from the processed spectra of
EAE and healthy mice is represented in both TD as
FID fit (Figure 3C) and FD as peak area (integral of the
main peak) at -61 ppm (Figure 3D) and SNR: of this
peak (Figure 3E). Data from these mice are shown
separately in Table S1 (the raw data is also available
as supplemental material). We did not observe any
significant differences between the groups between
day 8§ and day 14, between EAE and healthy control
mice (all p >0.1) or in the pairwise comparisons (all
p = 0.1) for all data, irrelevant whether FID fit, integral
or SNR of main peak. In addition, we did not observe

differences in variance of the ¥F signal intensities (FID
fit, integral or SNR) among the animals groups on any
day or any of the pairwise comparisons (all p > (.1).

Ex vivo determination of teriflunomide levels in
healthy and EAE animals

The TF-derived signal was also measured in the
serum of S]L/] EAE mice by "“F MRS (Figure 51C). TF
concentrations in serum, CSF and perfused brain
tissue were quantified by HPLC/MS for both SJL/]
and C57BL/6 mice (Table 1). We calculated the LOD
of the HPLC method to be 4.9 pg/g. In SIL/] mice
there was a strong difference between biological
samples (main effect p <0.001), but no significant
difference between healthy and EAE animals. TF
concentrations in serum were an order of magnitude
higher than those in perfused brain tissue or CSF, for
both healthy and EAE animals (all p values < 0.001)
(Figure 44, left panel). In C57BL/6 mice, there was
again a strong difference between biological samples
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(main effect p<0.001), with TF concentrations in
serum greater than those in perfused brain tissue or
GSF (p<0.001). Upon post-hoc comparisons, we
observed that TF concentrations in the CSF were
greater than in the perfused brain tissue, both for
C57BL/6 EAE mice (p=0.0025) and for C57BL/6
healthy control mice (p=0.032) (Figure 4A, right
panel).

Table 1. Concentrations of teriflunomide in pgl/g detected via
HPLC/MS from ex vivo samples from EAE and healthy SJLJJ and
C57BL/6 mice (median + interquartile range)

SIL/] C57BL/6
- EAE(n=7) Healthy (n=6) EAE (n=4) Healthy {n=3)
Serum 3.5+ 138 338£17.9 190168 206+74
(SF 1722 1.0£10 0505 0903
Brain 0609 0.5£03 0.1 £00 03 0.1

We observed significant differences in the
variance of TF concentrations. In SJL/] mice, these
differences were seen among perfused brain, CSF and
serum samples (p < 0.001) but not between EAE and
healthy control groups when considering all ex vive
samples (p = 0.945). When comparing EAE vs. healthy
controls for each tissue separately (pairwise
comparisons), the variance in TF concentration was
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significantly greater in the EAE group in the case of
brain tissue (p =0.048), but not CSF and serum
samples (Figure 4A, left panel). In C57BL/6 mice,
differences in variance were also seen among
perfused brain, CSF and serum samples (p <0.001).
There was again no difference in TF variance between
EAE and healthy controls (p=0.406), even when
performing the pairwise comparisons for each tissue
(Figure 4A, right panel).

The HPLC/MS  quantification of TF
concentrations was important to establish the ground
truth for validating in vive F MRS data. A calibration
of FD ¥F MRS signal intensities with HPLC/MS
concentration values in mouse serum (spiked with
different TF dilution) is shown in Figure 4B. The
resulting linear fit (Spearman p=1.000, p =0.333),
was used to estimate the concentration from the FD
¥F MR signal intensity. Compared to the HPLC/MS
quantification, TF concentrations estimated from “F
MRS were elevated with a maximum relative
deviation of 130% and a mean relative deviation of
83% (Figure 4C). However, TF concentrations
determined by 'F MRS showed a clear correlation
with concentrations determined by HPLC/MS
(Spearman p = 0.903, p = 0.001).

B EAE mice, head
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Figure 3. 1F MR detection of teriflinamide (TF) in viw. (A-B) '*F MR terifknomide signal from the heads of healthy (A) and EAE (B) mice on day 8 and day |4 following the start
of daily teriflunomide treatments. Measurements were performed 16-24 h after the hist gavage (acquisition time = 17 min). (C-D) '*F MR signal cakeulated in the time dormain as
sgmlintensity from the FAD fit (C) and frequency domin as peak area, integral of the main peak (3¢ = -61ppm) using the Lorentzian it (D) and SNIR (signal per one SD of the
noise) of the same peak (E) plotted as arbitrary units for all EAE and healthy SJLJ) animals for days 8and 14.
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Discussion

In this study, we show that non-invasive *F MR
methods can be uwsed to detect TF in vivo. Ex wive
HPLC/MS analyses confirmed the availability of TF
in the CNS at pharmacologically relevant
concentrations [56]. The therapeutic effect was
strain-dependent, being less pronounced in C57BL /6
mice. This could be attributed to the diverging
pathology that both strains present during the course
of an EAE: in 5]L/] mice the pathology is mainly
localized to the brain, in C57BL/ 6 mice lesions are
mostly prevalent in the spinal cord [71]. EAE in SJL/]
mice presents as a relapsing-remitting disease (similar
to RRMS patients). EAE in C57BL/6 mice follows a
chronic disease progression without remissions and
relapses (similar  to  progressive/secondary
progressive MS). These strain differences were behind
the rationale for studying different mechanism of
action of DMDs for the treatment of RRMS and
P/SPMS [56]. Different responses to TF treatment
among species and strains could be also attributed to
differences in target binding potencies [72] or immune
cell susceptibilities [56].

Despite increasing concerns regarding the risks
of long-term deposition in the brain, contrast-
enhanced MRI remains a key tool for diagnosis and
differential diagnosis [73-75]. In this study we
observed contrast-enhanced brain lesions at the

expected time of peak disease, even in asymptomatic
TE-treated EAE mice. This underscores the critical
role of MRI for early detection of pathology in MS and
EAE, even prior to the occurrence of clinical signs and
that clinical scoring alone is not sufficient to fully
assess the disease status [58].

In addition to peripheral effects and mechanisms
of action, many DMDs for MS are expected to work
within the CNS. Thus a non-invasive method that
studies drug distribution in the CNS would be a
useful tool in M5 drug development and in treatment
monitoring. Hence, we are addressing an area of
major interest in MS that could benefit from new
studies investigating therapies and their distribution
it wive. Nevertheless, the in vivoe detecton of MF
compounds with F MR methods remains
challenging. This is primarily due to the low drug
concentrations available in the human body [70].
Additionally, technological challenges in terms of
hardware sensitivity and measurement precision and
accuracy limit swift transitions to clinical applications.

F MR spectroscopy techniques have been used
for several years to detect fluorinated drugs in small
animals [33-38] and humans [39-45]. The chemo-
therapeutic agent 5-Fluorouracil (5-FU) has been
studied by “F MRS in tumor-bearing rats [34] and
patients with head and neck tumors [45] and more
recently it was detected by F MRI in tumor bearing
mice using high drug doses and fast spin echo
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sequences [38]. F MRS imaging (MRSI) of
fluvoxamine and fluoxetine was performed in
patients with major depressive disorder who were on
long term treatment with these drugs [42].
Alternatively, therapeutic compounds containing
cytosine (e.g. the neuroprotective drug citicoline or
the anticancer drug gemcitabine) can be detected via
chemical exchange saturation transfer (CEST) MRI;
these molecules contain exchangeable protons that
can be selectively saturated and then detected
indirectly through the water signal. Recently, the
potential of CEST MRI to detect these therapeutic
compounds in vivo has been shown [76, 77].

Compared to studies investigating fluorinated
drugs at high doses [38, 44], in our present study we
administered therapeutic doses of the fluorinated
drug, which previously had shown an influence on
the disease course in SJL/] EAE mice [56].
Additionally, we did not only acquire "F MR signals
right after administration of the drug as has
previously been done [36, 78, 79], but we also detected
accumulated TF levels over time, and during
pathology.

Furthermore, in this study we characterized the
MR properties of TF in serum, DMSO and CMC and
at varying pH, to assess alterations in the
physicochemical and MR properties, which are
important to consider during interpretation of data.
The pH in different compartments has a known
impact on the solubility, binding kinetics and hence
bioavailability of drug molecules [80]. pH variations
result in different protonation of molecules, changing
their MR properties, such as chemical shift [81] and
relaxation times [82-86]. pH changes can also effect
drug solubility, e.g. at low pH only a fraction of TF is
dissolved and thus detected by “F MR, the
precipitated portion will not contribute to the MR
signal. Furthermore, pH could also affect the
properties of the CMC support matrix. The stomach
environment could alter its protonation state and
therefore its solubility, thereby affecting the F MR
properties of TF [87, 88].

While the Ti of TF in serum was comparable to
that in DMSO, the T, was substantially shortened in
serum, which is also indicated by a broader TF peak
[89] in serum, when compared to DMSO. Similar to
micelles and nanoparticles [90], CMC could perhaps
bind to serum proteins, although one would assume
that the drug will be mostly bound to serum proteins
in the blood stream. In any case, a shortening of Tz if
caused by drug serum binding (or CMC serum
binding) makes signal detection more challenging
when using standard pulse sequences.

Here, we used a three-parameter exponential fit,
taking an offset of the signal decay into account until

reaching the level of noise. Potentially, another
fraction of TF exhibiting a different relaxation
behavior might contribute to the acquired signal,
which however, cannot be distinguished in the
experiments performed here. Conversely, an increase
in TF MR signal can be expected in short TR
measurements in the presence of gadolinium-based
contrast agents due to a reduction in Ty saturation
effects. This has implications for neurcinflammation
since TF is likely to localize at sites of inflammatory
activity in the brain or the spinal cord, and thus its
proximity to gadolinium-enhanced lesions in the CNS
might increase its detection.

We previously showed that temperature can
influence the MR parameters of TF [70]. Here, ¥F MR
signals increased with increasing pH. Differences in
spectral widths between TF in DMSO, CMC and
serum can be explained by environmental effects such
as different solubility of the drug in the medium and
protein-binding effects (99% of TF is plasma protein
bound) [91].

As a first step towards studying drug
distribution in vive, we measured the “F MR signal in
the abdominal region of healthy rats. The “F MR
signal was acquired directly after TF administration
into the stomach; we assume that most of this signal
originates from the stomach during the first few
minutes. Changes in F signal in rats following oral
administration can be attributed to pH and
temperature changes in the stomach that may alter the
solubility or binding of TF to CMC. We hypothesize
that pH might play an ambivalent role in different
environments e.g. in the stomach, in CMC or in
DMSO with respect to solubility and consequently TF
detection. The decreasing trend in 'F signal after the
six-minute measurement could suggest a gradual
influence of the acidic pH in the stomach on signal
intensity but also a gradual distribution to the
intestinal compartment and absorption into the blood
circulation. We expect that the 1F MR signal from the
abdominal region in EAE mice, measured 24 h after
the last drug administration originates primarily from
the liver (highest concentration of TF after blood) [92].

When studying the i vivo WF MR signal of TF in
the head region, we observed no changes between
day 8 and day 14 p.. In patients, TF has a half-life of
approximately 15 days [51, 93] administered at a dose
of 14 mg per day (circa 250 ug/kg). This corresponds
to a mouse dose of circa 3 mg/kg [60]. In the current
study and previous ones [55, 56] mice received 3-10
times this dose, which is needed to have an effect on
the disease course [56]. Leflunomide, the prodrug of
TF, reaches steady state in 7 weeks when
administered orally at a daily dose of 20 mg (circa
350 ug/kg). If linear pharmacokinetics are assumed
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[94], the steady state of TF dose used in mice is
expected to be reached earlier than day 8.

Interestingly, we observed a second peak in the
range of -75 to -85 ppm alongside the main TF peak
at -61 ppm in healthy and EAE mice, and in their ex
vive sera, but not in in vive experiments carried out
soon after drug administration in the rat. We assume
that this peak is a TF metabolite. While we are not
aware of any specific TF metabolites that resonate at
this range, we are certain that this is not a
contamination since it was not reproduced in our
phantom experiments and our animals had not been
exposed to any other ¥F compounds. We believe this
second peak surely warrants further investigation and
might be wvaluable to further pharmacological
research.

The major metabolite of TF in human plasma is
4-trifluoro-methylaniline oxanilic acid (4-TMOA) [51,
95]. This metabolite has a chemical shift of -59.7 ppm
and would overlap with the TF parent compound
[96]. Other metabolites such as mono-oxidated TF
sulfate, 4-trifluoromethylaniline 2-hydroxy-
maionanlc malonamic acid and its sulfate were
identified in urine, and mono-oxidated TF sulfate and
mono-oxidated TF in feces [95].

The chemical shifts of most CF3 groups lie
within the range of -60 to -80 ppm. A more negative
chemical shift would indicate increased shielding of
the CF3 group, which can occur as a result of
branching near the CF3 group or clese proximity to
hydrogen bond donors [97]. In human subjects the
total amount of these metabolites in plasma is lower
than 1 % of the parent compound (in contrast to urine
and feces) and probably not detectable in vivo [95, 98].
However, this might also be different in mice.
Different metabolic rates and processes can be an
explanation of this finding. Even the EAE pathology
might have an impact due to changes in metabolic
processes during inflammation [99] and warrants
further investigation in future studies.

In a rat EAE model, TF distribution to the brain
was shown by whole-body autoradiography [92],
whereas no TF could be detected in the brains of EAE
mice when using MALDI-MS [100]. The in wivo ¥F MR
signal that we acquired in the head region of healthy
and EAE mice with 1“F MRS could reflect TF signals in
the blood, CSF, brain parenchyma, or perhaps even
infiltrating immune cells that are causing the
pathology. Since we did not observe any significant
differences in TF signal between the healthy controls
and EAE mice in vivo, there is no evidence of
pathology-related alterations in the drug distribution
into the head region.

The  results from mass  spectrometry
measurements  also  did not show significant

differences in TF concentrations in perfused brain
tissue, CSF and serum between EAE mice and healthy
controls. Nevertheless, TF was detectable in CSF and
perfused brain tissue in both SJL/] and C57BL/6
mice, though these were significantly lower than
serum concentrations. This distribution pattern could
reflect the route of the drug from the systemic
circulation to the brain via the CSF or the vasculature.

The observed interindividual differences in TF
levels are consistent with a TF study performed in
patients where steady state plasma concentrations
were in the range 7.6-14 8 mg/L and 11-169 mg/L
following at least 8 weeks daily intake [93].

One caveat of the study was that we could not
perform automatic power adjustments during the in
vivo measurements in the mouse head, due to low
SNR; instead we performed short measurements with
different reference power settings on the living animal
to determine the optimal reference power to reach the
90 “ flip angle. Nonetheless the uncertainty in the flip
angle due to potential differences in the positioning of
the animal or coil filling factors could be a potential
source of variability in the “F detection. We did not
use a reference tube during the i vivo measurements
for several technical (overlapping signals, potential
signal losses), physical (complex i vivo setup and
limited space) and animal welfare related (breathing
obstruction) reasons.

A comparison between the 1“F MRS method and
the HPLC/MS method in ex vivo serum samples
showed a linear correlation. However, there were
deviations between HPLC/MS and »F MRS
concentration estimations; one could attribute these
either to an overestimation by the ¥F MRS method or
an underestimation by the HPLC/MS method. The
proportion of metabolite to parent compound might
be higher in mice than in human subjects. Therefore,
one could speculate, that the "F MRS peak at -61 ppm
overlaps with a significant amount of its metabolite.
Potentially, metabolites detected by ¥F MRS are not
quantified by the HPLC/MS method and thereby
could explain the deviation in the concentration
estimation in both methods. Alternatively, differences
in the properties of TF between spiked and ex vito
serum  samples (e.g.  differences in  protein
composition, conductive properties) might be a
source for this deviation. Still, both methods were
shown to correlate with each other and indicate that
TF concentrations could be measured with ¥F MRS in
future studies, possibly even as non-invasive tool in
vivo.

While there are still limitations in terms of
technological development — in particular with
regard to exact calibration of reference power due to
low 1F amounts — we highlight here the usefulness
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and general feasibility of this approach for studying
the biodistribution of fluorinated drugs. In this study,
we needed to address several challenges for detecting
TF in wvivo. The quadrature, cryogenically cooled
surface coil that we used in this study confers a
theoretical increase in sensitivity of 40% [101]
compared to a linear coil, but prohibits a dual-tunable
feature that accommodates 'H imaging.

To distinguish the distribution of TF in different
brain regions ¥F MR imaging or localized F MR
spectroscopy  would be highly valuable. This is
possible when studying neuroinflammation with 19F
MRI and perfluoro-15-crown-5-ether nanoparticles;
the “F MR signal in the CNS and associated
lymphatic system is sufficient for single-voxel
spectroscopy  eg.  PRESS  (Point  RESolved
Spectroscopy) [61] and 1*F MR imaging, even when
using a RT coil [61]. This is not the case for small
molecules such as TF that are available in much
smaller quantities in the CNS. Understanding the
specific 1F MR properties of the drug of interest will
allow the choice and tailoring of appropriate MR
pulse sequences. While determining the specific
origin of signals detected with non-localized MR
spectroscopy is not possible, hypotheses on the origin
of signals could be verified by using single voxel
spectroscopy. Nevertheless, due to a low Tz of TF in
serum as well as the low TF concentrations expected
in vive at a therapeutic level, localized single-voxel
MR spectroscopy or MRSI are not trivial techniques to
be applied.

In this study we characterized the MS drug
teriflunomide in phantom experiments and i vive in
the animal model of MS. The F CRP significantly
boosts SNR compared to other available RF coil
technologies and enabled the in wivo detection of
TF-derived “F MR signals in EAE mice within a short
time [62]. However, more technological developments
are needed to further boost F MR signal sensitivity
to ultimately achieve drug quantification within
specific tissue compartments [102]. The combination
of multiple approaches such as using cryogenically
cooled RF coils [62], higher magnetic fields [103] and
methods to accelerate data acquisition such as
compressed sensing [104] will be key to achieve this
goal and allow monitoring drugs in vive with 'F MRI.
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Purpose: To examine the performance of compressed sensing (CS) in reconstructing
low signal-to-noise ratio (SNR) YEMR signals that are close wo the detection thresh-
old and originate from small signal sources with no a priori known location.
Methods: Regularzation strength was adjusted automatically based on noise level.
As performance melrics, rool-mean-square deviations, tue positive rates (TPRs),
and false discovery rates were computed. CS and conventional reconstructions were
compared al equal measurement time and e valuated in relation to high-SNR reference
data. "F MR data were generated from a purpose-buill phantom and benchmarked
against simulations, as well as from the experimental autoimmune encephalomyelitis
mouse model. We guantified the signal intensity bias and introduced an intensity
calibration for in vivo data using high-SNR ex vivo data.

Results: Low-SNR "F MR data could be reliably reconstructed. Detection se

ity was consistently improved and data fidelity was preserved for undersampling and

itiv-

averaging factors of @ =2 or = 3. Highera led to signal blumring in the mouse model.
The improved TPRs al o = 3 were comparable to a 2.5-fold increase i measurement
time. Whereas CS resulted in a downward bias of the ""F MR signal, Fourier recon-
structions resulted in an unexpected upward bias of similar magnitude. The calibra-
tion corrected signal-intensity deviations for all reconstructions.

Conelusion: CS is advantageous whenever image features are close to the detection
threshold. It is a powerful tool, even for low-SNR data with sparsely distributed "“F

signals, o improve spatial and temporal resolution in "F MR applications.
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compres sed sensing, experimental autoimmune encephalomyelitis, fluorine- 19, magnetic resonance,

neurainflammation, si gnal bias
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1 | INTRODUCTION

Fluorine EHF) MREI has been commonly used in cell racking
and molecular irnugin;g_"1 Its widespread applicability, along
with the challenge that PEis only sparsely available in vivo,
has motivated the development of strategies that enhance
signal-to-noise ratio (SNR) efficiency, for example, more sen-
sitive hardware™ and more ime-efficient pulse sequences R
Digital signal processing, particulardy compressed sensing
(CS),' "5 s 4 new avenue to boost detection performance.

The first application of €S to "F MR methods was in chermi-
cal shift imaging."""® When applied 1o "F MRL the potential of
C5 o improve acquisiion tme efficiency was demonstrated. 718
Under optimal condiions, CS improved SNR efficiency by
a factor of ~8.5.""% Al SNR = 58, even small features con-
sisting of fewer than 5 voxels were correctly recovered from
32-fold undersampled phantom experiment data.!” However,
lower SNRs (8 and 14) resulted in a loss of these features in
all €S reconstructions.” In a phantom experiment, remvesing
the time saved by undersampling into mereased averaging low-
ered the detection threshold, when compared to fully sampled
data at equal acquisition time."® Application of C5 toin vive YF
MR was previously shown in situations where the location of
YE signals in vive was known: localized wound inflammation
and transplantation of labeled pancreatic islets ™ In the later,
d-fold undersampling lowered the detection threshold, but also
introduced false pu.t;ili\ts.'" Regarding reconstruction of the
correct signal intensity (S1h. C8 was found o introduce a down-
ward bias of more than 50% in phantom 1:.1q:i-|:.rirm:.r1l.t',_".II

From this rich body of literawre, itis not clear how well CS
performs under more challenging conditions (i.e., when study-
g small features close o detection thresholds). It as these
condiions which necessitale sensilivily improvements most
1o boost detection and make high resolutions viable. SNR ef-
ficiency does not convey information regarding edge preser-
B2 and image defects are generally not captured by
known noise distributions.!” Given that CS is a nonlinear al-
11-13

vation,

gorithm, results cannot be extrapolated from experiments

studying higher SNRs, and reconstruction methods must be
s oa . 21 - .

compared at equal acquisition time.” This is particularly rele-
. s L . . .

vant for quantitative * F MR studies and mises a fundamental

question under which conditions C8§ improves detection per-
formance withoul compromis

g data Ndelity. To draw vahid
conclusions about performance at low SNRs, a large number
of reconstructions, signal distributions, and sampling pattems
must be investigated to exclude random effects.

Unknown signal locations introduce  additional chal-
lenges. The measured information and sparsity constraints
need to be balanced in CS. For low-SNR data, case-by-case
optimization based on visual inspection 1s not feasible. Given
that the optimal choice depends on data scaling, noise level,
undersampling factor, and image spu.r.\;il_‘.-'.gz adopting a value
optimized for a reference data set 15 problematic. To address

this ssue, we propose automatic regularization strength se-
lection following Morozov’s discrepancy prinuiplc.z"'}]

Studying the distribution of PE.labeled inflammatory
cells in the central nervous system (CNS) during the dis-
ease course of experimental autoimmune encephalomyel

(EAE) 15 1 of many biomedical applications that could ben-
efit greally from improved time cll'icicnc}','j'l"m where ad-
dressing the aforementoned issues is necessary 1o conclude
whether CS will be beneficial. EAE 15 a model of multiple
sclerosis characterized by inflammatory lesions in the CNS
which appear in arbitrary locations especially in the cere-
brum, but can also follow fine anatomical structures, such
as white matter tracts, i the cercbellum.® 'F nanoparticles
(NPs) are applied intravenously in animal models o study the
distribution of inflammatory cell lesions in vivo,! !

To study the performance of CS for "F MRI applications
that include low-SNR conditions, we compared undersampled
and C8 reconstructed data with conventional Fourier and de-
noised reconstructions of fully sampled data. Reliability of
automatic regularization strength selection and dependence of
C5 performance on undersampling factor and noise kevel was
investigated in digital and MR phantom experiments. Fully
sampled PE MR data of inflammation in EAE were acquired
from ex vivo ussue phantoms and in vivo animals to allow
preparation of 2000 k-spaces with different undersampling
patterns and noise realizations by retrospective undersam-
pling. The 2 setups corresponded w different EAE cohorts.
In a third cohort, prospectively undersampled o vivo data
were acquired with a genuine C8S sequence. For performance
assessment, we examined the root-mean-square deviation
(RMSD) from the reference as o universal metrie of image
quality, the number of recovered features or true posilive rales
(TPRs) to assess detection performance, false discovery rates
(FDRs) o quantfy data fidelity, and the relative SI deviation
from the reference to investigate bias effects. Finally, we pro-
pose a scheme for signal-level-specific intensity calibration
using the ex vivo tissue collection as calibration data and as-

sess the method’s performance for in vivo measurements.

2 | METHODS

Simulations, data preparation, image reconstruction, and
analysis were performed in MATLAB (R2018a; The
MathWorks, Inc.. Natick, MA), using pvmatlab for data im-
port (Buker Biospin MRI, Ettlngen, Germany ).

21 | Compressed sensing, denoising, and
automatic regularization strength selection

CS reconstructions were computed identically for all seups,
and denoised images were computed by applying the same

imaging at low signal-to-noise ration conditions
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algorithm o fully sampled data. YFMR images are generally
sparse, with the main component being background. It has
been shown that "F chemical shift Imaging reconstructions
enforcing stict data consistency and using only regulanza-
tion with the # -norm of the image, ||r||, = X, |r,

Lnecessitate
additional posiprocessing attributable 1o spike artifacts. '+
Similar 1o previous work,'" we therefore opled for relaxed
data consisiency, the common choice for noisy data™ and
also added a total variation constraint to ensure robusiness at
low SMNEs and effective noise reduction. The C8 reconstrue-
tion # was computed as (Equation 1)

F=argmin, |Fr—y[ 4+ 4 (Al +TV o (1), (D

where F, denotes the undersampled Founer ransform, y the
measured K-space data, TV, (r) the isotropic total vu.ri:.uiun.'”
and A the regulanzation strength controlling the balance be-
tween the regularization terms and the data and thereby the data
consistency £ = ||F"f' —1"; The used regulanzation terms have
the advantage of being easily interpretable compared to wavelet
constraints commonly utilized in anatomical MRL™ Equation 1
was solved using an implementation of the accelerated alter-
nating direction method ul'mulliplicr.\;“ with fast Founer trans-
form-based exact inversion exploiting the circulant matnx

structure that arises from penodic boundary conditions for the
33,34

total variation.

To determine the desired data consistency, we applied
Morozov’s discrepancy 1:»1"|rn.'i1:»|1:.l"'3'l The data consistency
of the reconstruction is matched with the accuracy of the data
itself. Given noise standard deviation & and n sampled com-
plex data pomnts, the expected deviation of the data from troe,
but unknown, image r, s € { ||F,n, —_\'||§ =2ne”. Multiple
reconstructions are performed untl a value of 4 1s found for
which £ = p&’ with 5 specifying the desired ratio of £ and

¢ 2435 . I . 3
2% To this end, we used the Ulinois algorithm,™

E

We performed simulations based on a digital phantom to
determine a suitable value of 5. The [128 x 128] pixel phan-
tom consisted of 8 circular features (each with a diameter of
4.9 pixels), with S1(1/8, 2/8, ..., 8/8) forming a larger circle.
Partial volume effects were emulated by creating the dig-
ital phantom image 20 times more resolved, before downs-
ampling. k-Space data were generated by adding complex
Gaussian noise 1o the digital phantom before applymg the
Fourier transform and, if appropriate, an undersampling mask
in 1 dimension (see “Data Preparation”™ section). We exam-
med 5 different noise levels (6 = 001 (o o= 0.2 with 4-fold
undersampling (f,, = 1/4) and 5 different undersampling fac-
tors (fy, = 1 o f, = /8) with & = 0104, For each condition
and 20 values of 5 between 0.9 and 1.05, we performed 40
reconstructions of data with individual noise realizations and
undersampling masks. As a metric of image quality, we com-
puted the mean and standard deviation of the RMSD from the
reference.

2.2 | MR measurements and
experimental setups

We used 3 MR measurement setups to examine C8 perfor-
mance. All MR experiments were carned out on a 9.4T MR
system (BioSpec 9420, G, = 440 mT/m, slew rate = 3440
mT/m/ms, B-GA12Z, PV6.] software, Bruker BiwoSpin MRI;
Bruker Corporation, Billerica, MA), using an YE/'"H mouse
head volume mdiofrequency (RF) coil* Animal experiments
were conducted in accord with procedures approved by the
Animal Welfare Department of the State Office of Health and
Social Affairs Berlin (LAGeSo, Ref0127-16) and conformed
to guidelines to minimize discomfont W animals (86/609/
EEC).

2.21 | Setup 1: capillary tube phantom

Eight concentrically-arranged capillary tubes (inner diam-
eter, 1.15 mm) submerged i water (placed horizontally in
the magnet bore) were filled with (1/8, 2/8, ... B/8) x 33%
trifluoroethanol diluted in water and 1 mmol/L of gado-
linium (Magnevist; Bayer Vital, Leverkusen, Germany).
Axial 2D images were acquired using rapid acquisition
with relaxation enhancement (RARE: flip-back module,
ccho trun length [ETL] = 8, TR = 600 ms, TE = 12 ms,
[30 % 30] mm2 field of view [FOV], 128 x 128 matrix).
To construct data with different noise levels, 6 shice thick-
nesses were used (0.1, 0025, 0.5, 1, 2.5, and 5 mm) and 64

repetitions/slice acquired. The digital phantom described
in the preceding section was designed o conform o this
phantom such that the MR expenment could be rephicated
by simulations.

2.22 | Setup 2: ex vivo EAE tissue
EAE was actively induced in female 3-month-old SJIL/J mice
(n=3), by subcutaneously immunizing with the CN§ antigen
proteolipid protein (PFLP5q_ 5. 250 pg/animal) emulsified
with Mycobacterium Tuberculosis HITRA (800 pg/animal
in 100 pLL of complete Freund's unlijJ\.'unl]l.'r'I Pertussis toxin
(1.25 ngfuL in 200 pL of phosphale-buffered saline [PBS])
was administered mtraperitoneally on days 0 and 2. Animals
were weighed daily, and a neurological scoring was per-
formed daily to assess the EAE symptoms. Adding up scor-
ing points (righting reflex weakness 0.5, tail paresis 0.5, tail
paralysis 1, unilateral hindlimb paresis 0.5, bilateral hindlimb
paralysis 1, unilateral forelimb paresis 0.75, and bilateral
forelimb paralysis 1.5) results in the final EAE score.
High-fluorine-content  Pluronic-PFCE NPs consisting
of perfluore-15-crown-5-cther (PFCE; Huomchem Lid,
Hadfield, UK). emulsified in Pluronic F-68 (Sigma-Aldrich,

imaging at low signal-to-noise ration conditions
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Stemmherm, Germany), were prepared (1.2 M) and charac-
terized as previously described. ™" NPs containing 3 pmol
of PFCE were administered daily from day 5 after immu-
nization until the end of the c!q:»-a:rirm:m_fr Animals were
sacrificed on day 10 vsing a lethal dose of anesthetic and
transcardially perfused (20 mL of PBS and 20 mL of 4%
paraformaldehyde [PFA] fixative). Tissue was prepared for
ex vivoe MRI as described prcviousl}'{' and secured within
15-mL tubes filled with 4% PFA, keeping the CNS as well
as draining lymph nodes in situ. A cylindrical cap (diameter
3 mm, height 1 mm) containing NPs (2 mM of PFCE in 2%
agarose) was fixed outside of the tube as an external stan-
dard. "F MRI was conducted using 3D-RARE (flip-back
module, ETL = 40, TR = 800 ms, TE = 4.1 ms, [40 x 16 X
16] mm’ FOV, 100 x 40 x 4) matrix, 25 repetitions, each
repetition = 6 averages). For 'H MR, 3D-RARE (flip-back
module, ETL = 8, TR = 1000 ms, TE = 5.6 ms, [40 % 16 x
16] mm’ FOV, 241 % 96 x 96 matrix, 1 average) was used.

2.23 | Setup3: in vivo EAE model,
measurements with retrospective
undersampling

In a second cohort of EAE mice (n = 5), 11 fully sampled
data sets were acquired between days 10 and 14 after induc-
tion. EAE was induced as described for setup 2. Mice were
anesthetized using a mixture of isoflurane (05-1.5%) in
pressurized air and oxygen as inhalation narcosis. The ani-
mal was placed on a warm animal MR bed and supplied with
oxygen and ar. Respiration was monitored using a respira-
tion pad and temperature by a rectal probe. To distinguish NP
Mg signals from isoflurane, excitation/refocusing RF pulses
were restncted o a bandwidth of 3000 He, 3D MREI was per-
formed as in sewp 2, keeping parameters including resolution
the same, but reducing FOV and matrix size in the frequency-
encoding direction w [45 % 16 x 16] mm’ and 112 % 40 %
40 or 270 % 96 x 96 for "'F or 'H imaging, respectively. In
vivo, only 25 repetitions could be acquired. The PRCE NP
cap used in setup 2 was posiioned on the woth bar.

224 | Setupd: in vivo EAE model,
measurements with prospective undersampling

In a third cohon of EAE mice (n = 4), 4 data sets with pro-
spective undersampling were acquired on days 12 w 14 after
EAE induction (as described for setups 2 and 3). We devel-
oped a 2D-RARE CS protocol for "F MRI (flip-back mod-
ule, ETL = 40, TR = 1020 ms, TE = 5.1 ms, [20 % 20] mm®
FOV, 128 x 128 matrix, 3.2-mm slice thickness, 0.4-mm
shee gap, 6 shees). Two hundred ninety-six, 592, and
1184 averages were acquired with no, 2-fold, and 4-fold

Magnetic Resonance in McdicineJﬁ

undersampling, respectively (acquisition time = 20 minules).
The fully sampled measurement was repeated 4 times as a
reference (B0 minutes), and a pure noise scan was acquired
to determine the noise level.™ For 'H M R, ZD-RARE (no
flip-back module, ETL = 4, TR = 1000 ms, TE = 5.5 ms,
[200 5 20] mmz FOW, 256 x 256 matrix, 0.8 mm shee thick-

ness, 0.4 mm slice gap, 18 slices, 8 averages) was used.

23 | Undersampling and data preparation

Undersampling patterns were generated based on polynomial
vanable-density distnbutions adapted from Zijstra et al ™
For setups 1 to 3, undersampled data were created by retro-
spectively undersampling k-space data in the phase-encoding
direction(s). For setup 4, undersampling was implemented
prospectively in the data acquisition. Ten percent of the
sampled k-space lines were assigned deterministically o the
k-space center. The remaiming lines were drawn randomly.
For the 2D acquisitons (setups 1 and 4), undersampling
masks were sampled from the 1D distibution (Equation 2):

Pk ei1=]k])7, (2)
where k, € [—1. 1] denotes the x-position of the k-space hine.
Similarly, a 2D distribution was used to undesample the 3D
data of setups 2 and 3 (Equation 3):

pl:kx,kj,}o(max[1—1|"ki+.kj-?,()) . (3)

where ky, k, € [—1. 1] denote x and y positions of the sampled

lines. Both distributions are weighted toward lower spatial fre-
guencies by choosing an exponent =1,

We compared Fourier and denocised reconstructions of fully
sampled data with CS reconstructions of undersampled data
at equal scan time. For setups 1 to 3, mualiple repetitions were
averaged o offset the accelerated data acquisiton (Figure 1A).
Averaging was performed on the k-space data before image re-
construction. The factor a denotes undersampling and averag-
ing: = 1 signifies fully sampled data (f,, = 1) a = 3 signifies
3-fold undersampling (f,, = 1/3) with 3-fold averaging. Table 1
summuarizes the data preparation for all seups.

23.1 | Setupl

For each shice thickness, the S1of the tube with the high-
est F signal was determmed. Because of shice profile im-
pedections, the 81 values are not simply proportional to the
shice thickness, The data were scaled relative o cach other
by assigning the same S1 o the tube with the highest "'F sig-
nal. Twelve noise-level conditions were examined (Table 1),

imaging at low signal-to-noise ration conditions
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FIGURE 1 Data preparation and background subtraction. (A) In the MR experimenis of setups 1 to 3, multiple repetitions of fullv sampled data

Signal / =

no bias
correction
performed

CS / denoised
reconstructions

were acquired, which were then averaged to genemie data with different noise levels. For the EAE experiments (setups 2 and 3), the acquisition of

ninutes 12 seconds. Thus, for example, fully sampled data comesponding 1o a measurement time of 6 minutes 24 seconds

rle repetition ool

ala were then either reconstructed us form or they

a simple Fourier u

wis generted by av 2 randomly selected repetitions. These

mpled data for the sume measurement time (a0 = 3), 6 mndomly selected repetitions befon

were denoised. To generate 3-fold unde

application of an undersampling mask focu m the k-space center. Multiple noise reali zations were obtained by selecti ferent 1epetitions.

ed as either

image voxels wen cla al or background. Here, the used multistep procedure is demonstrated in

(B} Before further analysis

a slice of an exemplary Fourier reconstruction and C8 reconstruction of in vivo data (setup 3). The slice is cropped in read direction o focus the
illustration on the fuorine signal. For the Fourier reconstructions only, first the Rician noise bias was corrected. Second. the data were thresholded at
3.5 (Fourier reconstructions) or 2o (denoised and CS reconstructions ), where o denotes the noise standard deviation of the underlying k-space data.

Last, remaining groups of <3 connected signal voxels were interpreted as outliers and removed from the data. Denoised reconstructions were treated

identical 1o CS reconstructions. ap in the label of the color scale denates the noise standard deviation of the Fourier reconstruction

These condiions signify different measurement times and capillary tube phantom and digital phantom, 5760 different
are distinguished by peak SNR (pSNREg. the SNR of the high- k-spaces were reconstructed.

est SI tube in the Fourter reconstruction). For each noise

condition and each undersampling and averaging factor

{a = 1 to 8). 60 k-space data sets with individual undersam- 23,2 | Setups 2 and 3

pling masks and combinations of averaged repetitions were

generaled. Artificial data were generated based on the digital In the EAE model, 5 measurement times (192-960 scc-

phantom with the same noise conditions, undersampling and onds) were investigated. Four CS undersampling and

averaging factors, and number of data sets. Thus, for both the averaging factors were used (o = [2, 3. 4, 5]). For each
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TABLE 1 Summary of acquired data, data preparation, and computed reconstructions
Setup 1 Setup 2 Setup 3 Setup 4
Capillary tube phantom Digital phantom EAE ex vivo EAE in vivo EAE in vivo
Dimension 2D 2D iD iD 2D
No. of individual 1 1 3 11 4
datasets
Data in each dataset 6 slice thicknesses (0.1-5.0 40 repetitions 25 repetitions Fourier: 4
mim) with 64 repetitions repetitions
each a=2:1
rep. a=4:
I rep.
Ground truth Average of 64 repetitions, Digital phantom Average of 40rep- Averageof 25 Average of 4
slice thickness 5 mm elitions (meas. time repetitions repetitions
(pSNRy= 481.5) 128 min) (meas. time (meas. time
80 min) 80 min)
No. of investigated 12 12 5 5 1
measurement limes
Corresponding fully- 0.1 mm slice thickness, | pSNRp= .00 I repetition (192 I repetition 1 repetition
sampled data average (pSNRp = 1.0) to PSNRp=41.1 sec) o 5 averaged (192 sec) o
2.5 mum slice thickness, 2 repetitions (960 Saveraged
averages (pSNRp = 41.1) sec) repetitions
(960 sec)
Inve stigated acquisi- Fourier, denoised, C8a =2 Fourier, denoised, Fourier, denoised, Fourier, Fourier,

tion and reconstiic- wCSa=1§

tion methods

No. of reconstructions 6l 60
for each measure-
ment time and
method

Owerall no. of recon. 6480 6480

Sa=2twCSa=8

CSa=21wCs denoised. CS denoised,

a=35 a=21wCS CSa=2,
a=35 CSa=4

5 5 1

750 1650 16

PSNR; denoies the peak SNR of the Fourier reconstruction at equal measurement time and « the factor of undersampling and averaging .

measurement time and cach acquisition and reconstruction
method, 5 K-space datasets were built. For the 5 ex vivo
and 11 in vivo data sets. this led to overall 625 and 1375
different k-spaces.

233 | Setup4
No further data preparation was required because of prospec-
tive undersampling.

2.4 | Data analysis

Performance was assessed by companng reconstructions
with fully sampled high-SNR reference data. The average
of 64 repetitions of the thickest slice (pSNR = 481.5) and
the digital phantom itsell’ were used in setup 1. In sep 2,
a measurement time of 128 minutes and m setups 3 and 4
measurement times of B0 mimutes were used (Table 1),

Each data set of sctup 3 was considered to be independent
because the distribution of the ""F MR signal changed over lime.
Before further analysis, the F MR signal from the reference
cap and investigated sample was segregated and only the latter
part ncluded in the evaluation of performance (setups 2 and 3).

2.4.1 | Rician noise bias correction
Conventional Founer-reconstructed MR magnitude images
are biased because of noise effects. The measured signal
follows a Rician distribution.”” For true but unknown signal,
8, the expected measured signal is" (Equation 4}

52
. F
<85>, 55)= 0/ 5Li2 (——7;2 . (4

where o denotes the standard deviation of the Gaussian noise
the real and magmnary image and L, a Laguerre polynomial.
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This function cannot be analytically mverted o yield a func-
tion §({5}). Thus, we inverted it by means of a lookup table
o implement the noise correction.” Noise bias correction was
applied only to Founer reconstructions (Figure 1B).

24.2 | Background subtraction

All reconstructions were thresholded o distinguish signal
and background voxels based on the nose standard deviation
of the underlying k-space data & (Figure 1B). The threshold
was set 1o 356 for Fourier reconstructions and o 2e for CS
and denoised reconstructions (reflecting reduced background
noise level). Groups of <3 connected signal voxels were re-
movied as outliers (Figure 1B ).

24.3 | Performance metrics

As a general metric of mage quality, we used the RMSD from
the reference. To visualize image quality gains between meth-
ods, we computed the relative RMSD (RMSD divided by the
average RMSD of the Fourier reconstructions at equal meas-
urement time). For setups 2 and 3, also the standard deviation
of the relative RMSD over all reconstructions with a given
measurement time and reconstruction method was calculated.

In setup 1, the number of detected wbes was counted as
a measure of detection performance. Tubes were counted as
detected if more than half of the corresponding voxels were
classified as signal. For setups 2, 3, and 4, we used TPRs as
a statistical measure of sensitivity and FORs as a measure of
reliability (Equations 5 and 6):

TPR =nyp/ (nep+npy ) )

FDR=ngp/ (npp+ngg) . (6)

where npp, iy, and npp denote the number of roe positives,
false negatives, and false positives, respectively. We used a slid-
mng window approach to compule signal-level-specific TPRs
(Figure 2) and FDRs: All reconstructions were scaled Lo op
(noise stndard deviation of the Fourer reconstruction at equal
sean time) o make results at different measurcment tmes com-
parable. The TPR was computed for different levels of the ref-
erence signal, 5. whereas the FOR was computed for different
levels of the measured signal, 8. Four hundred windows with
a width of 0.5 op and equally spaced centers between ) and
8 g were considered. To combine the results for different re-
constructions, the weighted mean and standard deviation were
computed with weights given by the number of true signal vox-
els for the TPR and the number of observed signal voxels for
the FDR (Figure 2). For setup 4, only the weighted mean was
computed because of the smaller sample size.

For setup 1, we determined the signal deviation (measured
signal divided by reference signal, S/S,) averaged over all rue
positive voxels. For setups 2 and 3, the signal deviation of
true positive voxels in each reconstruction was computed for
windows of the measured signal. § (Figure 2), whereas mean
and standard deviation were computed as weighted by the
number of true positives in the subinterval. "F concentration
wits determined in the reference measurements by comparing
signal intensities m tssue with those in the NP cap.

2.44 | Signal intensity calibration

Signal deviations measured in setup 2 (ex vivo) were used o
compute a signal-level and method-specific comection factor,
which was then applied to calibrate the reconstructions of
setup 3 (in vivo), as illustrated in Figure 3. A fifth-de gree
polynomial was fitled to the signal deviation observed in the

reference setup, yielding a function _f” (l) for every recon-
ag

struction method  smoothly approximating the deviation at
S/og. The corrected signal Sjc] for voxel 7 of the in vive data
was then computed as (Equation 7):

. AR
5*,"=(fj.(—‘)) S ()
OF
3 | RESULTS

3.1 | Automatic regularization strength
selection

Choice of parameter i strongly influenced the suppression
of background nose and the rendenng of low-5NR features,
following gqualitative assessment (Fgure 4A). Dependence of
image quality on g was quantified by computing the RMSD
from the reference (Figure 4B.C). For 4-fold undersampling,
image quality was barely affected at 0.93 < 5 < 0.98 for
various noise levels (Figure 4B). In this range. RMSD dif-
ferences remained below random data vanability. The same
held true for f, = /6 and £, = I/8 (Figure 4C). Pure denois-
ing and f, = 1/2 results, however, depended more critically
on i (Figure 4C), with optimal performance at g = 0.979 and
n = 0963, respectively. Thus, p = (.97 was chosen for all
further reconstructions.

3.2 | Performance of CS in phantom
experiments

Compared to Founer reconstructions at the same measure-
ment time, C35 improved image quality and increased the num-
ber of detected features in phantom experiments (Figure SA).
No false positives occurred. ALpSNR = 1.0, the RMSD was

imaging at low signal-to-noise ration conditions
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FIGURE 2 Computation of signal-level-specific TPRs. Based on data with a long scan time, a reference was computed for each data set.
This reference typically contained a few hundred voxels above the detection threshold (A). The voxels are shown in an arbitrary order. A given
reconstruction correctly detected a subset of these signal voxels (true positives), while other voxels are classified as background (false negatives:
B). Itis expected that the detection performance mainly depends on the SNR. Thus, the signal level is normalized by the noise standard deviation
of the Fourier reconstruction at equal scan time oy 1o allow comparisons between different reconstruction methods and data sets. Considering only
a subinterval of the signal range, a signal-level-specific TPR can be computed (I and IT). Computing TPRs for a moving window yields a TPR
curve summarizing the detection performance in a single reconstruction (C). The number of reference signal voxels in the window determines

the reliability of the obtained results. Thus, it is used as a weight when averaging results for, for example, CS a = 4 reconstructions from all data
sets and investigated measurement times (d). The weighted standard deviation serves as a measure of variability. FDRs and SI deviations were
computed analogously. arb. units = arbitrary units

(A) calibrationdata (B) Correction factor (C) In vivo data (D) Corrected
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FIGURE 3 Signal intensity calibration. The figure shows artificial example data for 2 hypothetical reconstruction methods. (A) The intensity
deviation is computed at different signal levels for a given reconstruction method based on a high-SNR reference. These reference calibration data
should have a signal distribution similar to the in vivo data that need correction. The calibmtion data could be ex vivo data from a different animal
cohort as shown in this article. For retrospective studies. this could also be ex vivo data acquired from the same animals postmortem. Even phantom
or simulated data could be used. A smooth approximation of the observed deviation is achieved by fitting a fifth-degree polynomial function.

(B) The inverse of this polynomial fit yields a method- and signal-level-specific correction factor. (C) Signal deviation observed in in vivo data
reconstructed with the 2 methods. (D) Multiplication with the correction factor yields on average unbiased estimates
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FIGURE 4 Automatic reg

ilarization strength selection. The discrepancy principle selects a valve for the 1

seularization strength by matching

the data consistency of the reconstruction & with the deviation of the data from the woe, but unknown, image &', Their desired relation is specified

by parameter n = gfe". (a) Digital phantom reference with example reconstructions (f, = /4, o= 0.1). Fory = (0.8, the image is only partially

denoised and retains aliasing artifacts, making it difficult to distinguish between true features and noise. With p = 0,97, most features are well

delineated and distinguishable from the background With n = L1 the reconstruction is oversmoothed. Signal intensities are depressed and low-

intensity features are missing. (b) RMSD from the reference for different values of 5 at 4-fold undersampling

foo = U4 and 5 different noise

standard deviations o, The shaded aren is given by the standard deviation of the metric over 40 reconstructions. The circle labels the minimal mean
RMSD. (¢) Amalogous results for 5 different undersampling factors at o = 0.04

equally high for all methods given that only few signal voxels
were detected (Figure 5B). CS reconstructions were advanta-
geous m the range of pSNRp = 1.510 291, Between pSNRg =
2.1 and pSNRg = 16.1, CS reduced the RMSD by more than
20%. Whereas the largest reduction was achieved with o = 8
(46%), most of the improvement was already achieved with
o =4 (up to 45%; Figure SB). At pSNRg = L5, only o > 4
offered an improvement >2%. At pSNRp =291, only a < 6
was benefi
CS at pSNRg = 41.1, but here the absolute error in C8 recon-
structions was still small.

al. Fourier reconstructions were only superior to

CS reconstructions consistiently detected more mage fea-
wres (Figure 5C). Performance improved with increasing
a though the difference between a = 6, 7, or 8 was small
(Figure 5C). The strongest improvement was achieved incon-
ditions where few or no features were observed using conven-
tnonal methods: at pSNRg = 3.0 on average 5.1 tubes were
detected with C5 a = 8, 43 witha =4, 2.8 with a = 2, and
only 0.1 in the Fourier reconstructions. Al pSNRg = 6.2, the
difference between a = 8 and o =2 was reduced 1o an average
of 6.9 and 6.0 detected features. At pSNRg = 41.1, all tubes
were detected regardless of the method.

The signal was underestimated by up 1o 39% (8/5, =0.61)
averaged over all true positive pixels in C8 and denoised
reconstructions (Figure 5D). The largest deviations were
observed in noisy conditions (pSNRp = 2.1-4.3) and with
higher a factors. However, the trend was reversed at the
lowest SNRs, and in some cases an overestimation occurred
(CS =5 al pSNRg = 1.0and denoised reconstructions at
pSNRE = 2.1). The average deviation dropped to <20% at
pSNRE = 11.4 for all @ values. Fourier reconstructions also
displayed an SI bias despite Rician noise bias cormection.

In contrast to C8, the signal was overestimated by up to 41%
close to the detection threshold (pSNRy = 3.0). For pSNRg
> 8.8, the average signal overestimation was below 5%.

3.3 | Performance of CS insimulations of a
digital phantom

The results obained from the experimental phantom setup
could be accurately replicated in simulations (Figure SE-H).
It was only at high SNRs, especially at pSNRp = 41.1, that
CS pedommed betier in simulations compared o measured
MR data: This was the case for relative RMSD (Figure 5F)
and signal deviation (Figure 5H), bul not signal detection
(Figure 5G).

3.4 | Performance of CS in animal
experiments

We next studied CS performance using retrospective under-
sampling in the EAE anmimal model. In this animal model,
some of the "F signals are close 1o the detection threshold
as shown from representative reconstructions of both ex vivo
(Figure 6A) and in vivo (Figure 6E) data. Additional recon-
structions can be found under: central xnat.org/data/projects/
CSperl_19F-MRI. Compared to Fourier and denoised recon-
structions, more true-signal voxels were detected with CS;
already, C8 o = 2 identified features that would have re-
mained undetected using conventional approaches. Although
more e positive YE signals were uncovered with increas-
ing o, more false positives also emerged; these generally had

imaging at low signal-to-noise ration conditions
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Digital phantom

od features

lative RMSD

Number of detecte

FIGURE 5 Phantom experiments {(setup 1). (A) to (D) show results for the capillary tube phantom MR data and (F) to (H) for the digital
phantom simulations. (A.E) Example reconstructions. The second line depicts the same reconstructions as the first with true positives (TPs) in

green/yellow and false negatives (FNs) in blue/turquoise. No false positives occurred in these examples. (B,F) RMSD from the reference relative

to the RMSD of the Fourier reconstruction at equal scan time. pSNRy denotes the peak SNR in the Fourier reconstruction at equal scan time. (C.G)
Average number of detected features. A tube was counted as detected if half of its voxels were classified as signal. (D H) Signal deviation averaged

over all true positive voxels. The deviation was calculated as measured signal divided by reference signal
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FIGURE 6 Detection performance for imaging inflammation in the EAE mouse model (setups 2 and 3). (A) to (D) show results for the

ex vivo condition (setup 2) and (E) to (H) for the in vivo condition (setup 3). A legend is displayed in (D). (A.E) Comparisons of the different

acquisition and reconstruction methods for exemplary slices. The reconstructions in both subfigures correspond (o a measurement time of

16 minutes (960 seconds). A whole view of the slice with F MR signal is shown in the reference image (far left) in the standard red hot color
scale. True positives (TP) shown in green/yellow, false nega

tives (FN) in blue/turquoise, and false positives (FP) in red/violet were calculated in
accord with the reference. (B.F) RMSD from the reference relative to the RMSD of the Fourier reconstruction at equal measurement time. Bars
show the standard deviation of the measured improvement. (C.G) True positive rates (TPRs). Circles indicate the signal level where a TPR of 90%
is reached. oy is the noise standard deviation of the Fourier reconstruction at equal measurement time and § the signal level in the reference. The
shaded area marks the weighted standard deviation (see Figure 2). (D.H)FDRs. § denotes the measured signal level. Panels (B) to (D) and (F) to

(H) summarize results from 750 and 1650 reconstructions, respectively

mtensities close to the detection threshold and were localized
at the edges of true 'F featres. This blurring was more pro-
nounced in the in vivo data (Figure 6E).

Image quality was clearly improved in CS reconstructions
compared to Fourier reconstructions, as shown by a consis-
tently reduced relative RMSD (Figure 6B.F). This improve-
ment increased with growing a. Denoising impaired image
quality. For all measurement times except 192 seconds, im-
age-quality improvements exceeded the variability (i.e.. the
standard deviation of the relative RMSDs). At measurement

times longer than 384 seconds (ex vivo) and 768 seconds (in
vivo). a differentiation in image-quality improvement ap-
peared between a =2 and a = 5.

Detection  sensitivity, estimated from  signal-level-
specific TPRs, improved with increasing a (Figure 6C.G).
Whereas TPRs for all reconstructions converged to 1 at
high signal levels (reference signal S, > 665). TPRs for CS
reconstructions were consistently superior to other recon-
structions at lower signal levels. For voxels with S, < 4oy,
(ex vivo) or §, < 4.56 (in vivo), improvements exceeded
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the variability. CS TPRs increased with increasing e, yel
the differences were smaller than those compared to Fourier
or denoised reconstructions. Lower TPRs were observed
for denoised than Fourier reconstructions. Supporting
Information Table 51 shows the reference signal levels at
which a TPR of 90% was reached. In vivo, this Tevel was
at 5.5ap (Fourier), 4.00p (CS a = 2), and 3.0¢: (C8 a = 5).
The achieved improvement in detection performance with
C5 would translate to a 1.9- and 3 .4-fold reduced measure-
ment ime compared o a Fourier reconstruction for o = 2
and a = 5, respectively.

FDRs were generally lower in ex vivo (Figure 6D) com-
pared to in vivo data (Figure 6H). In all cases, the highest
levels were reached just above the background detection
threshold, and FDRs increased with increasing a: In vivo
FDRs reached a maximum of 9%, 12%. and 40% for Fourier,
CS a =2, and C§ a = 5 reconstructions, respectively. Values

)
Reference

Fourier

Magnetic Resonance in Medicine———

for all reconstruction methods are shown in Supporling
Information Table S1. FDRs dropped with increasing signal
level. In vivo CS and denoised reconstructions FDRs con-
verged to O at signal levels greater than 3sp and for Fourer
reconstructions FDRs approached 0 at § = 4.7sg (Figure 6H).
An overdap of the measured FDR variation was observed be-
tween all C8 reconstructions,

3.5 | Performance of CS with prospective
undersampling

In vivo experiments with prospective undersampling confirmed
the above results. Compared to conventional Fourier recon-
structions, the number of detected 'F signal voxels was greatly
enhanced with C8 @ = 2 (Figure 7A). Slight blurring was only
present at the edges of woe positive features. The number of

®) | (©
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FIGURE 7

Measured signal 5/ o,

Detection performance for F MRI in the EAE mouse brain using prospective undersampling. (A) Representative slice

comparing conventional Fourier and C8 reconstructions (20 minutes” measurement time ) with the reference (Fourier reconstruction, 80 minutes’

measurement time). The first row shows an overlay of the PR signal (red hot), normalized by the noise standard deviation of the Fourier

reconstruction ap, on an anatamical image. The second row shows tue positives (TP) in green/vellow, Talse negatives (FN) in bluefturquoise, and
false positives (FP) inrediviolet. Fanels (B) and (C) show quantitative results for all 4 data sets acquired with prospective undersampling. (B) TPRs

computed for different levels of the reference signal 5, u onal level where a TPR of 90% is

a shiding window approach. Circles indicate the s

reached, and apis the noise standard deviation of the Fourier recons truction at equal measurement time. (C) FDRs computed for different levels of
the measured signal §
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true positives was further increased with a = 4, bul so was the
blurring effect. CS showed improved TPRs at all signal lev-
els (Figure 7B). A TPR of 90% was reached at 3.5 ( Founer),
4. 5ep (denoised), 3.9 (CS o= 2), and 3.60: (C5 a=4). FDRs
in C§ reconstructions, on the other hand, were elevated at low
signal levels, especially for a = 4 (Figure 7C). All reconstruc-
tions of prospectively undersampled data can be found under:
central xnatorg/daty/projects/CSperl_19F-MRI.

3.6 | Signal intensity bias in animal
experiments

Deviation of measured signal from reference signal was com-
puted over an 81 range for the EAE data (Figure 8). The 51 bias
ex vivo and in vivo (Figure 8) showed patterns similar to the
observations in phantoms (Figure 5D). Founer reconstruc-
tions overestimated S1 by 10% (5 = 8ep) o 35% (S = 350
Figure BA); denowsed (Figure 8B), and CS (Figure 8C-F)
reconstructions underestimated the F signal. CS reconstruc-
tions underestimated the signal by <30% and denoised recon-
structions by ~40% (Figure 8B-F). For all reconstructions,
deviations ncreased with decreasing S1. The largest downward
deviations were observed n CS =4 and a = 5. In vivo and ex
vivo results showed a similar bias, except for CS reconstructions

at lower SLAIN CS reconstructions showed a similar bias at
signal levels § < 3op. AL S < dop, the signal bias in CS recon-
structions was up to 10% smaller in ex vivo than in in vivo data.
Using the calibrmmtion method for cormecting in vivo
images (Figure 3). bias was reduced for both conventional
(Figure BAB) and C§ (Figure BC-F) reconstructions.
Average signal deviation did not exceed 109 in the corrected
reconstructions. Variability remained unchanged. and the best
accuracy was achieved in cases where ex vivo and uncor-
rected in vivo data showed similar biases. Incorrected Fourier
(Figure BA), denoised (Figure 8B), and CS a = 2 (Figure 8C)
in vivo data, deviations did not exceed the result vanability
at any signal level, For CS a = 3, 4, and 5 (Figure 8D-F),
correction reduced bias in the in vivo data to <5% for mea-
sured signals 8 > 5.5 For lower signal levels, the larger dis-
crepancies between ex vivo and in vivo data resulted in signal
deviations of ~10% in the in vivo data following correction.
Nearly all voxels i Fourier reconstructions show an
overestimated F signal, whereas most voxels in CS recon-
structions show an underestimated signal before correction
(Figure 9B, upper panel). Correction resulted in a more bal-
anced distribution of the observed 51 around the correct value
(Figure 9B, lower panel). When studying NP concentrations
measured in the reference data (Figure 9A), we observed
that for both 1 vivo and ex vivo conditions, the occurrence
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FIGURE 8 Signal intensity bias for imaging inflammation in the EAE mouse model (setups 2 and 3). (A-F) Average signal deviations for

Fourier, denoised, and CS reconstruction. o denotes the factor of undersampling and avemging. Each subfigure gathers results for 1 acquisition

and reconstruction method and contains the signal deviation measured inthe ex vivo condition (setup 2), a polynomial fit of this measurement,

the signal deviation measured in vivo (setup 21, and results for the corrected in vivo data (see also Figure 3 for an illustration of the calibration

method). A legend is shown in (A}, and the shaded areas mark the variability of the resulis
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rates closely followed a negative exponential distribution that
decayed with increasing signal level (Figure 9C).

4 | DISCUSSION AND
CONCLUSION

Our study shows that C8 can be successfully applied to re-
construet small, low-SNR "F MR features without an a
prion known location. The automatic regulanzation strength
selection we propose reconstructed high-quality  images
without the need of any manual input. We demonstrated that
CS improves detection performance and provides reliable in-
formation, not only for high-SNR signals, but even for small
image features close o the detection threshold. Although
previous work had shown that CS has potential for F MRL
our results constitute the first thorough vahidation of CS for

a challenging "“F MRI application. In order (0 maintain reli-

ability, the undersampling factor and background subtraction
threshold need to be chosen with care. Negative S1 bias is
inherent to €™ and poses achallenge for quantitative YE
MRL '™
structions also showed an 51 bias with a similar magnitude.

However, and quite unexpectedly. Fourier recon-

The intensity calibration we propose provides a strategy (o
obtain close w unbiased results, yet it necessitates additional
ME reference measurements and postprocessing.

We observed that C5 achieved a favorable rade-of f between
undersampling losses and averaging gains whenever image
features were close o the detection threshold. The undersam-
pling patterns that we used focus on the low spatal [requen-
cies, which contain the bulk of contrast information. Allocating
a larger share of acquisition tme to these data points and thus
measuring them with higher SNR lifts features above the noise
background. Missing high-spatial-frequency  mformation did

not ntroduce false positives i phantom experiments, even with
B-fold undersampling. This is probably atributable o the ex-
tremie sparsity of the images. In the animal model data, reduced
sparsity and more complex-shaped features led w shght bluming
at the feature edges for a > 2. The blurnng mcreased with the
degree of undersampling. Higher FDRs in the in vivo compared
o eX vivo experiments can be attributed to movement artifacts
and shorter reference data measurement times, Given that the
detection performance consistently increased with higher e, op-
erators must decide on a balance between sensitivity and data
fidelity. For in vivo studies similar to the present one, we recom-
mend 2- 10 3-fold undersampling. It should be noted that FDRs
dropped o 0 or close 1o 0 rapidly with imcreasing SLoso- that
higher background subtraction thresholds can always be cho-
sen post hoe to oblun more conservative results. At SNRs that
were high enough for all features to be detected regardless of the
method, only minor differences in image quality were observed
between Fourter and C8 reconstructions. These SNRs are prac-
tcally not reached in challenging in vivo “F MR applications.
The large number of reconstructions (=2000) of ex vivo
and 1 vivo measurements leading o these conclusions guar-
antees that the observed improvment s notl attnbutable o
randommness. OQur i vivo experiments with prospective under-
sampling showed good agreement with results from retrospec-
tvely undersampled data and demonstrate the apphcability
of C§ for preclinical imaging studies. The automatic regular-
tzation strength selection we used provides a method 1w opti-
mize C8 reconstructions based on objective eriteria that yields
high-quality images. Because of the small matnx typical of PF
MR images, the increased reconstruction time does not pose
practical problems. Required knowledge of the noise level can
casily be made availlable by performing a pure noise sean, ™
which should also be executed to facilitate data analysis. It is a
recognized problem of CS-MRI that regularization parameter
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values are not reported or the cholce is not sufficiently substan-
tiated. ™ Automatic selection provides independence from man-
ual adjustments, making CS more accessible to nonexpert users
and improving the reproducibility and comparability of results.

Contrary o our |.:|a1:i-|_7|_'u1|jurJ,rl| we observed a positive SI
bias in Fourier reconstructions despite Rician noise bias cor-
rection. This bias is explained by the exponentially decaying
rate of occurrence of NP concentrations (Figure 9C): Assuming
a negative exponential pnor distribution over the true SI(S)
with rate parameter @ and a simplified Gaussian forward
model,  the cxl:ux\lod true SI for measured SI 0§ s
<S1>P(_.;|s =5— ?. which 1s smaller than § itsell (see the
Appendix for details). In CS and denoised reconstructions, this
effect reduced the signal underestimation. Our proposed inten-
sity calibration comrected the systematic deviations. Therefore,
high-quality ex vivo scans of comparable signal distributions
are recommended for in vivo applications utilizing CS and
F MR for quantitative analyses. Takmg not only the S but
also feature size mto account could further improve perfor-
manee and applicability of the method. This method could po-
tentially also be used in human in vivo studies. but would
require long ex vivo reference MR measurements of similar
tssue (e.g.. from biopsy or autopsy matertal). Given that simi-
lar bias effects would pose a major challenge for fure "F MR
studies, further detaled investigations are required to seck and
correct discrepancies as carly as possible.

Another avenue for future CS rescarch is to offset motion
artifacts and long-term drft effects.’® Although the increased
averaging reduces the magnitude of motion artifacts, espe-
cially in cardiac and abdominal applications, shortened scan
times would reduce the influence of signal drift. However,
mvestigating these highly circumstantial effects would ne-
cessilale proper controls, which 18 challenging, given that
parallel acquisitions of reference measurements, even molion
correction data, mmtroduce a techmeal hurdle.

We expect the demonstrated improvement of signal detec-
tion without impaired data fidelity or necessarily compromised
quantification o hold for other " MRI preclinical applica-
tnons with similar signal distributions. Besides lowering the
detection threshold, increased I‘;F sensitivity can be translated
nto shorter measurement tmes or improved spatial resolu-
tion. CS will be particularly useful in studies that involve small
amounts of "F, a

"

s the case in pharmacokinetic studies”’
as well as studies involving '"F-targel—specific theranostic
nanoparticles™ "E/'H MR smart prubcs,“j” or “F-labeled
cells administered as therapies for wmor disease. ™!
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APPENDIX SIGNAL INTENSITY BIAS
IN FOURIER RECONSTRUCTIONS
Following Figure 9C, we assume that the 51 rate of occur-
rence follows an exponential distnibution. Thus, the prior
distnbution over the true signal intensities 1s (Equation Al):

Po (S )= wexp (-8, (Al

with rate parameter . We consider a simplified forward
muodel with additive Gaussian noise (Equation A2):
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where S denotes the measured signal and o the noise standard
deviation. The posterior distribution follows from the Bayes
theorem (Equation A3):
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. MNeuroinflammation can be monitored using fluerine- 19 (**F)-containing nanoparticles and *F MRI.

" Previously we studied neurcinflammation in experimental autoimmune encephalomyelitis (EAE) using

. room temperature (RT) °F radiofrequency (RF) coils and |ow spatial resolution *F MR to overcome

' constraints in signal-to-noise ratio (SNR). Thisyielded an approximate localization of inflammatory

. lesions. Here we used a new °F transceive cryogenic quadrature RF probe (**F-CRF) that provides

. the SNR necessary to acquire superiorspatial ly-resolved *F MRI. First we characterized the signal-

© transmission profile of the “*F-CRP. The **F-CRPwas then benchmarked against a RT **F/*H RF coil. For

: SMR comparison we used reference compounds including *F-nanoparticles and ex vivo brains from EAE

mice administered with 1°F-nanoparticles. The transmit/receive profile of the ¥F-CRP diminished with

" increasi ng distance from the surface. This was counterbal anced by a substantial SMR gain compared

. tothe RT coil. Intraparenchymal inflammation in the ex vive EAE brains was more sharply defined

. when using 150 jum isotropic resolution with the *F-CRP, and reflected the known distribution of EAE

. histopathology. At this spatial resolution, most **F signalswere undetectable using the RT coil. The *F-
| CRPisavaluable tool that will allow us to study neurcinflammation with greater detail in future in vivo
. studies.

. Central nervous system (CNS) inflimmation, as ocours in multiple sclerosis (MS), involves im mune cell recruit-

ment from the periphery into the CNS, resulting in tissue destruction and neurodegeneration’. During active

. disease, a massive infiltration of immune cells is predominant, particularly around white matter lesions. T cells

find their way into the white matter via a disruption of the blood brain barrier’. In MS, T cells may also enter

© the CNS grey matter such as the cerebral cortex via the meninges™*. Even in the cerebellum, extensive grey

matter pathology in secondary progressive M5 is linked to inflammation of the subarachnoid space®. Studies

. of the animal model of MS, experimental autoimmune encephalomyelitis ( EAE), have helped identify mecha-
. nisms of cell migration between the periphery, CNS and lymphatic system during neuroinflummation®*. This is
a topic of active interest, with divergent views regarding immune cell entry and exit in the CNS (inside -out versus

: *Berlin Ultrahigh Field Facility (B.U.F.F.), Max Delbrick Center for Molecular Medicine in the Helmholtz Association,
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. NeuroCure, Charité University Medicine Berlin, Berlin, Germarny. *MRITOOLS GmbH, Berlin, Germany. *Expermental
. and Clinical Research Center, a joint cooperation between the Charité Medical Faculty and the Max Delbriick Center
. for Molecular Medicine inthe Helmholtz Association, Berlin, Germany. Correspondence and requests for materials
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outside-in hypotheses) in M5* '° Therefore there isan acute need for more precise and non-invasive methods
that support longitudinal studies of inflammatory cell migration during disease progression to resolve some of
the discrepancies in the literature.

Previously we studied immune cell infiltration in EAE brains using fluorine- 19 (*F)-loaded nanoparticles
(NPs) and a room temperature (ET) dual-tuned F/'H radio frequency (RF) volume resonator!!. Intravenously
administered N Ps are taken up by inflammatory cells during their migration from the systemic circulation into
the inflamed organ'"-"". Although tracking of inflammation following intravenous ""F-NP administration is one
application for **F MRI, several other state -of-the-art applications for *F imaging exist. These include in vivo
tracking of cell therapies labeled in culture with *F-NPs prior to their adoptive transfer™ " and intracellular
oximetry using "#F- NP emulsions®' to study changes in pO2 in tumor cells during therapy®.

One major limitation of "*F MRI is the low signal -to- noise ratio (SNR). The acquisition method is one aspect
of "F MRI that influences SNR. SNER efficiency of the most com monly used acquisition methods — RARE (Rapid
Acquisition with Relaxation Enhancement), UTE (Ultra-short Echo Time), and bSSFP (Balanced Steady-State
Free Precession) — depends on the T, and T, values of the particular ®F compound studied™. For most T, and
T, combinations, especially those pertaining to intracellular F-NPs, bSSFP and 3D RARE sequences have the
highest SN R sensitivity, However, while bBSSFP often has a higher SNR efficiency, it is not always the method of
choice due to the high RF energy deposition associated with longer acquisition times, and pronounced banding
artifacts. The SNR and the sensitivity of the radio frequency (RF) probe used are main determinants that dictate
thelevel of spatial resolution. Factors to be kept in mind when designing a probe include the geometry, the filling
factor and the homogeneity of the B, ' transmit field.

The SNR constraint limited spatial resolution to approximately 600 pm when detailing the dynamics of
inflammation during EAE'. Given this limited precision, the location of inflammatory cells within the brain was
not sharply defined. To overcome the sensitivity constraints in '*F MR and improve detail of inflammatory cell
location, weapplied the concept of cryogenically-cooling BF coil hardware to improve SNR by reducing thermal
noise. Until now this technology has been available only for "H, “Cand *'P small animal MRL Here we made
use of the first °F transceive cryogenically-cooled RE probe (“F-CEP) to substantially boost SNR beyond that of
available BT coils, thus facilitating the acquisition of better spatially-resolved images. In this stady we evaluated
the advantages and disadvantages of the **F- CRP for imaging neuroinflammation.

Methods

Radio frequency coils. The performance of a novel transceive F cryogenic quadrature RF surface probe
at 94T ("*F-CRP, f~376 MHz) was compared to a dual-tunable F/'"H volume resonator (i, = 18.4 mm,
Lt = 39mm), previously developed for imaging mouse brain inflammation'". The "F-CRP has a similar geom-
etry to the existing Bruker 'H guadrature CryoProbes®. The rectangular transceive copper coil elements are
overlapping side-by-side on a cylindrical surface (¥~ 11 mm, axis parallel to the main magnetic field direction).
The outer dimensions (0.0} of one coil element are: 16 20 mm? [arc length (&« 2)] and the total O.D. are:
27 x 20 mm? [ ¢ < 2]. The *F-CRP operates at ~28 K with a dual cooled preamplifier at the base running at ~77 K.
Constant cooling is ensured by a closed loop system connected to a remote cryo-cooler. The RE coil is thermally
insulated by a vacuum separating it from the surrounding ceramic finger (Fig. 1A). The outer surface of the RF
finger is equipped with a temperature sensor and kept ata temperature of choice (35°C) using a resistive heater.
The SNR gain of this CRP relative to a RT coil with similar geometry is expected to be comparable to existing
400 MHz proton CryoProbes™ .

Experimental setup. To evaluate the "*F-CRP performance, three different phantom-setups were prepared
(Fig. 1B):

Setup 1 (high concentration "*F): a 10 ml syringe (innerfouter diameter = 17.0 mm/15.5 mm) for the **F-CRP
and a 5 mlsyringe (LDJO.D. = 13.5/12.0mm) for the “F/’H RT-coil, both containing the same *F reference com-
pound to study B, and compare spatial SNR. The reference compound was 33% viv 2,2,2- Trifluoroethanel (TFE,
Sigma-Aldrich, Germany) in water.

Setup 2 ("F nanoparticles): NMER tubes (I.D./O.[). = 4.0/5.0 mm) containing different concentrations of
perfluoro-15-crown-5-ether (PFCE) loaded nanoparticles to compare F signal sensitivity as a function of the
number of *F atoms. Nanoparticles were prepared by emulsifying 1200 mM PFCE (Fluorochem, UK) with
Pluronic F-68 (Sigma- Aldrich, Germany) using a titanium sonotrode (Sonopuls GM70, Bandelin, Germany)
as previously described®®. The PFCE nanoparticle stock was then diluted to 25mM, 50 mM, 100 mM, 200 mM,
400 mM and 600 mM nanoparticle suspensions. NMR tubes containing different nanoparticle concentrations
were placed below the CRP using a spacer of 0.7 5mm thickness to mimic the distance of the mouse brain from
the CRP surfacein in vivo applications.

Setup 3 (mouse brain): Ex vivo tissues from fived EAE mice embedded in 15-ml tubes, for comparing "*F sig-
nal sensitivity and anatomical detail. All experiments were conducted in accordance with procedures approved by
the Animal Welfare Department of the State Office of Health and Social Affairs Berlin (LAGeS0), and conformed
to national and international guidelines to minimize discomfort to animals (86/609/EEC). EAE was induced as
described previously™ in S]L/] mice (n= &, female, 6-8 weeks old). Five days following EAE induction, mice were
administered nanoparticles (10umol PFCE) intravenously each day for 5 d as described previously''. EAE mice
were transcardially perfused with 20m] PBS followed by 20ml 4% paraformaldebyde (PFA) following terminal
anesthesia. Mice were cleared from external pelt, extremities, and abdominal tissues. Brain, spinal cord and neck
lymphoid organs were preserved in sitt within the skoll and vertebral column. The tissues were transferred into a
15 ml twbe filled with 4% PFA and stored at 4°C.
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Figure 1. “F Cryogenic Radiofrequency Probe design and experimental setup. (A) Side view of the "F- CRP
showing its geometry including external protective cylinder and an inner ceramic probe head that encloses
the loop coil elements (not shown). The inner diameter dimension for the inner ceramic structureis shown
inthe cross-sectional view (right). (B) Three different experimental setups that were used to assess the *F-
CRP quality. Shown are Setup 1 for the high concentration '*F phantom (upper pané), Setup 2 for the '*F
nanoparticle phantoms (middle panel) and Setup 3 for the mouse brain phantom (lower panel). The dimension
of the phantom setups are to scale with the dimensions of both *F-CRPand RT coil and an anatomic reference
is shown on the right for comparison. The nanoparticles used in this study had the following physical
characteristics: Z-average diameter = 164 nm, Pdl= 0.06, z-Potential =0.19mV.

MRIMethods and Data Analysis.  All experiments were carried out ona 9.4 T small animal MR system
(BioSpec 94/20, Bruker BioSpin MRI, Ettlingen, Germany) operating at 400 MHz ("H) and 376 MHz ("F).

Transmit Field Characteristics.  Usinga 15ml tube containing 33% TFE in water (Setup I}, we acquired
2D-FLASH images (TR =205, TE =4.9ms, FOV = (20 =« 20)mm?, matrix = 256 x 256, 1 slice of 4mm thickness,
averages = 1, TA = 1h 25 min} with nominal excitation flip angles o = 60° and 200 = 1207 and calculated the actual
flip angles (FA) using the double -angle method™™**:

FA = acos(SL,, /(251,)) ()

with 5L, and SI,, being the signal intensities obtained with o and 2o. FA maps were normalized to a nominal
angle of 90° by multiplying by the factor 907/ o

SNR assessment in phantoms. To measure the spatial distribution of SNR at increasing distances from the
. CRP surface, a high-concentration ®F phantom (Setup 1) and an axial 2D-RARE scan (TR=10s TE=6.2ms,
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Figure 2. Transmission B, ' Field (B, ') for the “F-CRP. (A) Flip angle maps acquired in vertical and transversal
orientation using a high concentration *F phantom (Setup 1). (B) Profile plot of the FA along the vertical axis
that depicts the change in FA with increasing distance to the CRP surface.

ETL = 256, FOV =(25.6 x 25.6) mm?, matrix = 256 x« 256, averages = 100, TA = 17 m) was used. To quantify and
compare SNR in away more relevant for brain i nflamm ation, we measured SNR as a function of the number of **F
atoms using phantoms containing different concentrations of *F nanoparticles (Setup 2, Fig. 1B). Measurements
imvolved 2D-RARE scans (TR = 3000ms, TE= 10.8ms, ETL=8, FOV = (10 x ID}mml. matrix =96 = 96, aver-
ages =1, TA =36 5) with varying slice thicknesses: 0.4/1.0/1.2/2.0/3.6/4.7/6.0 mm to measure SN R as a function
of the number of "*F atoms.

SNR was calculated by dividing signal 5, from magnitude images by background standard deviation o,
and corrected to compensate for the non-Gaussian distribution™. For single channel RF coils, intensity values
of MR images follow a Rician distribution®™*". For a two-receiver, quadrature system (**F-CRP), they follow a
non-central chi disteibution™. We estimated the true SNR from the 8, and background &, using

5 5

sne= 5 = Sa SBw W)
P a4, 1fe, (2)

where ¢, is 0,655 (Rician) and 0,687 (chi), and the correction function f; is derived from the respective distribu-
tion's mean™ **, For Setup 2, a single SNR value was determined from the mean signal intensity over a central
circular region-of-interest covering ~90% of pixels. The number of atoms per image pixel was estimated from
nanoparticle concentration and voxel size.

Ex vivo mouse brain "F and 'H MRI (Setup 3).  F MR images of the EAE mouse brain were acquired using
3D-RARE: TR=800ms, TE=5.1ms, ETL=33, FOWV=(30 x 20 x 20) mm®, matrix = 195 x 65 = 65 zero-filled
to 195 x 130 x 130, averages = 384, TA=11h. '"H MR images were acquired using 3D-FLASH (TR =50 ms,
TE =12.5ms, FOV = (30 = 20 = 20} mm?, matrix = 384 x 256 x 284 zero-filled to 768 = 512 « 512, averages = 2,
TA =6h 3min). "F MR images from the “F-CRP were registered with those from the "*F*H RT-coil. Since
the “F-CRP has no "F/'H dual resonant capacity, we registered the CRP "F images onto the RT F images in
order for both "*F images (KT and CRP) to be spatially aligned with the RT 'H images. For this, three repetitions
ofthe RT F scan were averaged to achieve sufficient '*F signal with the RT-coil and an effective registration.
Co-registration was applied using affine diffeomorphic image registration (12 degrees of freedom) by explicit
B-spline regularization®, which is part of the Advanced Normalisation Tool (ANTsPY. Registration of the Allen
brain atlas™ to the 'H image was achieved as follows: (1) 'H image and atlas template were segmented in grey
matter (GM), white matter (WM) and cerebrospinal fluid (CSF) probability maps with SPMMouse (http://www
spmmouse.org/)’, (2) two synthetic images were generated with signal intensity in each voxel l{ xy,z) = 1.0 x GM
(XY, 2} +2.0 2 WM +4.0 < CSE Le. one registered with the 'H image and one registered with the atlas, (3] both
synthetic images were warped to the 'H image using nonlinear B-spline registration in ELASTIX (httpe/ felastix.
isiuu.nl/P7. Raw '"H MRI files were converted to NIFT1-format and brains segmented with ITK-SNAP version
3.4.0%. For 2D representation of "F/'H MRI we performed overlays of the raw '*F MR data with SNR-based
scaling using Matlab. For 3D representation we used Image] (National Institutes of Health, USA, http://imagej.
nih.gov/ij}.

Results

Transmit field characteristics of the F-CRP.  Since transceive surface coils do not achieve a spatially
uniform excitation like volume resonators™, we assessed the B, " characteristics of the *F-CRP (Fig. 2A) and
quantified changes in FA. A profile plot of the FA along the vertical axis (Fig. 2B) reveals a strong FA decrease
with increasing distance from the CRP surface. Across a distance of 10.4mm the measured FA varies between
152° and 0°. From the nominal FA of 907 the actual FA deviates up to 50% within a range of 6.0 mm (1.5-7.5 mm
from CRP surface).

SNR assessment in phantoms.  To study the SN R performance of the “F-CRP, we first used a high “F
concentration (33% TFE solution) (Fig. 3A). The transversal spin-echo F MR images demonstrate a homog-
enous SNR for the BT coil and a spatially varying SNR for the CRP (Fig. 3A). We adjusted the reference pulse
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Figure 3. Comparison of SNR between the *F-CRPand “*Ff'H RT-coil. (A} Cross-sectional spin-echo "F MR
images of a TFE phantom acquired with the RT BF coil (left) and the CRP (right). The CRP showed a spatially
varying sensitivity that is typical for transceive surface coils. (B) Plots of the SNR profile along the vertical

axis at the center of the phantom. For the RT volume resonator (red curve) the SNR was very uniform within
the phantom. In conteast, for the CRP the SNR drops rapidly with increasing distance to the RF coil. For this
particular reference pulse power, SNR reached its maximum at 2.4 mm from the CRP surface, where it is 15-fold
higher than the SNR of the RT coil. Beyond a distance of 8.1 mm the *F-CRP did not provide any SNR gain with
regard tothe *F'H RT-coil.

power in order to avoid substantial signal loss at the dorsal side of the brain. Using this reference pulse power, the
SMR reached its peak at a distance of 2.4 mm, where it was ~ 15-fold higher than the SNR of the BT coil (Fig 3B).
The SNR of both RF coils are ap proximately equal at a distance of 8.6 mm from the CRP

We next investigated the detection limits for both coils by measuring 'F nanoparticles, as a biologically rel-
evant preparation. We employed concentrations of PECE (25 mM-200 mM) yielding a range of 10¥-10" F
atoms per voxel (Fig. 44). Qualitatively, we reached a detection limit in the order of 10°° fluorine atoms using
the “F-CRP, compared to 10* fluorine atoms with the “*F RT-coil. Specifically, an SNR of 3.0 was achieved with
(0.1 0.1 % 0.4) mm* voxels of a 25 mM PFCE concentration (equating to 5.2 « 10** fluorine atoms) when using
the *F-CRP. In contrast an SNR of 2.4 was achieved with (0.1 0.1 x 1.2) mm* voxels of a 100 mM PFCE con-
centration (equating to 6.2 = 10" fluorine atoms) when using the *F- RT-coil. In both cases the measurement
time was 365, MR images with an SNR value below 2 were not sharply defined. To estimate SNR provided by the
BFE-CRP compared to the "F/'H RT-coil, we used SNE= 2 as a cutoff equating to ~5 x 10'® (RT) and ~4 = 10'*
(CRP) fluorine atoms per voxel. Next we prepared higher concentrations of F nanoparticles (200 mM to
1200 mM) to achieve SMR values wellabove 2, spanning a range of 107~ 107 atoms per voxel. From these experi-
ments we calculated an SNR gain of ~16 for the **F- CRP when compared to the "F/'H El'-coil (Fig. 4B).

High spatially-resolved “*F MRI. An important utilization of the SNE gain is to localize cell infiltrates in
the brain with more detail. Previously areas of inflammation were detected using spatial resolutions greater than
600pum™". Herewe exploited the superior SNR of the "F- CRP, and used an isotropic spatial resolution of 150 pm.
Ex vivo MR images obtained with the "F.CRP from an exemplary EAE mouse (day 10 following EAE induction,
score = 1.25) show a more precise distribution of intraparenchymal inflam mation. At this spatial resolution, the
majority of the "F signals obtained by the "*F-CRP were not detected with the RT coil {Fig. 5A-C}. In addition
we show similar inflammatory patterns in a pre-symptomatic mouse, also sacrificed on day 10 following EAE
induction (Supplementary Figure). Within the cerebellum, inflammatory infiltrates were mostly localized within
the white matter of the arbor vitae, particul arly near deep cerebellar nuclei (Fig. SB). Clearly delineated inflamma-
tory areas were found in grey matter regions running adjacent to white matter tracts in the cerebellum (Fig. SA)L
This is consistent with the expected patterns of inflammation in the EAE model™ ", also as observed in our own
prior studies’ ', Using the "“F-CRP, we also observed strong “F signals in the cerebrum emanating from the
striatum and pallidum appearing continuous with "F signals from the third ventricle (Fig. 5A). Additionally,
clear extraparenchymal meningeal inflammation could be seen, consistent with recent reports™ . Especially
strong inflammatory signals were observed along the dorsal surface of the brain, including meningeal regions
lining fissures between the cerebellar lobules. These inflimmatory regions extended ventrally to the prepyram.-
idal fissure, parafloccular sulcus and lateral recess of the fourth ventricle. A dominant **F signal was observed
around the meninges lining the ventral part of the retrosplenial area of the cerebral cortex (Fig. 5B), spreading
caudally towards the cerebellum, running in parallel to the superior sagittal sinus, and eventually the retrogle-
noid vein (Fig. 5C). In these experiments we focused on highly resolved inflammation imaging in the EAE brain,
employing long acquisition times in order to compensate for the considerably lower "F sigmal sensitivity of the
"F{'H RT-coil. Since these acquisition times (11 h) are not applicable for in vivo studies, we performed further
experiments in which we reduced the scan time. Upon reducing the scan time from 11h to 0.5h we could still
detect "°F signals with the "F-CRP (Fig. 6). Despite the clear differences we were nevertheless still able to detecta
considerable ®F signal, even with a scan of only 2h, which is amenable for in vivo MRL

Discussion
In this study we show first *F MR images obtained with a "*F-CRP driven in quadrature mode. Compared to the
#FE{H RT-coil we previously developed'', we show that the **F- CRP facilitates superior ex vive images of brain
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Figure 4. Comparison of "*F signal sensitivity between *F-CRP and **F/'H RT-coil as a function of the number
of "F atoms. (A) Cross-sectional spin-echo "*F MR images of "*F nanoparticle phantoms acquired for both CRP
{middle panel}and RT coil (lower panel). Each "*F MR image indicates an MR scan with a defined number

of F atoms per voxel (upper panel) achieved with different concentrations of PFCE (ranging from 25 mM to
200 mM) and slice thicknesses varying from 0.4 to 2.0 mm. (B) Estimation of SNR gain provided by the *F-CRP
compared to the “Ff'H RT-coilusing high PFCE concentrations (200mM to 1200mM) and slice thicknesses
varying from 1.0 to 6.0mm. Shown is a log-log plot of SNR versus F atoms per voxel including a linear fit for
both CRP (y= 5¢ "x) and BT coil (y =4e "x).

inflammation in an animal model of MS. At the current stage of development the "F-CRP cannot yet be employed
for in vivo imaging due to incompatibilities with conventional "H RT coils, as discussed later. Nevertheless the
results are encouraging, and offer proof-of-concept demonstration of the potential for this technology.

After introducing the concept of cryogenically-cooled RF coil hardware to reduce thermal noise and thus
increase SNRY, CRP technologies were developed for small animal MRL, particularly for anatomical "H MBI of
mouse brain'’ 752, Introducing a quad rature CRP design, enabled further SNR gains (~2.5) at 400M Hz*% com-
pared to RT coils with similar grometries. The SN R gain prediction for the “*F-CRP is expected to be equivalent
due to the close Larmor frequency (376 MHz at 9.4T).

The potential applications of “F MR methods to image inflammation have long been recognized™ ",
For several years, neuroinflammation has been studied using gadolinium -based contrast agents. However,
gadolinium-enhancing lesions are diffuse, and lack spatial precision. Improvements have been realized with the
use of alternative contrast agents, such iron oxide nanoparticles, although their effects on magnetic susceptibility
limit their discrimination from endogenous confounding artifacts. "F MR methods abrogate this, since "F sig-
nals derive exclusively from exoge nously applied '*F nanoparticles. Efforts have been made to boost "F signal e.g.
by promoting ®F nanoparticle cellular uptake®. Nevertheless, major challenges of signal sensitivity constraints
remain. Improving ®F sensitivity with the *F-CRP will be essential to realizing the full potential of **F MR.

Our motivation to investigate the *F-CRP was to increase the sensitivity to detect neuroin flammation.
Considering the geometrical differences between both coils, it was impe rative to measure SMR at locations below
the CRP that correspond to the mouse brain, using phantoms spanning the entire coronal view, as a basis for
future in vivo studies, We performed SN R measurements for both "F-CRP and control “'F/'H RT-coil using a
spin echo sequence (RARE), commonly used for '*F MRI due to its high SNR per unit time compared to spoiled
gradient echo sequences.

The sensitivity of the '*F-CRP is spatially dependent. Given that the CRP is a transceive quadrature surface
coil array, both transmit field (B, ') and receive sensitivity (B, ) diminish with increasing distance from the RF
coil - a factor that must be accounted for in quantitative imaging by measuring the actual B, and correcting the
signal intensities using the signal equation of the employed pulse sequence. This is absolutely essential when
signal quantification is necessary in order to ascertain the level of inflammation over the entire region of the
brain during EAE. Nevertheless, this characteristic is shared by all transceive surface coils. This adverse effectis
counterbalanced by an SNR gain, up to ~15-fold in the practical comparison made within this study. This SNR
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RT
RT

CRP

CRP atlas

RT
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Figure 5. High spatial resolution "*F MR image of an ex vivo brain from an EAE mouse showing clinical
disease. With both "F-CRPand "F/'H RT-coil, ""F MR images were acquired using a 3D-RARE sequence.

F MR images (shown in red) were combined with 'H MR images (shown in grayscale). 'H MR images were
acquired using a 3D-FLASH sequence and the "F/'H RT-coil. (A) Three exemplary slices from horizontal views
of combined F/"H MR images for both “F/'H RT-coi (upper panel) and "*F-CRP (middle panel), in the lower
pand a 300% zoom of the '"F/'H MR images acquired with the CRP. (B) Three exemplary slices from coronal
views of combined "“F/"H MR images for both RT coil (upper panel) and CRP (middle panel). Registration of the
Allen brain atlas tothe 'H image (lower pand) shows following labelled brain regions: rs: retrosplenial area; cen:
cranial nerves; sc: superior colliculus (sensory related); pmv: posteromedial visual area; ps: postsubiculum; av:
arbor vitae; chix cerebellar nuclel. (C) 3-D rendering of the combined "F/*H MR images for both "*F/'H RT-coil
(upper pane)and “F-CRP (lower pand).

gain can be attributed to factors including cooling (in the range of 2-3 for "H*"*), differences in RF coil design
(birdcage vs. surface coil; quadrature versus linear), RF coil sample loading, and the specific RF pulse power
adjustments. Here, pulse power was adjusted in order to avoid substantial signal loss at the dorsal part of the
brain, which is observed when using a RARE sequence with excessive RF power. Predicting the sensitivity and
detection limits of "*F measurements for specific hardware setups®' will help facilitate further “*F-CRP studies
with other fluorinated compounds.

An SNR gain of 15 can be exploited in several ways — by reducing scan time by a factor 225 (e.g. from 1 hto
~15 s}, or doubling 3D spatial resolution (e.g. from 600um to 300um ) while still gaining SNR (~2.5). In this study
we made use of the superior SN R, employing isotropic spatial resolutions of 150 wm to study neuroinflammation
Using the F-CRP at this resolution, we gained more precise information re garding inflammatory cell localization
inthe brain, compared to our previous study®. The ®F MR images with the CRP showed excellent correspond-
ence with the typical pattern of histopathology™ *°. A robust accumulation of inflammator y lesions, especially
in the white matter tracts of the cerebellum, is a hallmark of EAE in 811 mice, which we also observed in our
prior studies using high resolution "H MR** and low resolution "F MR'". The pathology also extends into the
cerebrum, as shown both prior to the occurrence of clinical symptoms (Supplementary Figure) and also during
ongoing clinical disease (Figs 5 and 6). The "F- CRP MR imagesalso enabled discrimination of extraparenchymal
meningeal inflammation, consistent with recent reports highlighting the relevance of infliammatory cell traffick-
ing via the blood meningeal barrier™ " and extravasation via leptomeningeal microvessels into the subarach-
noid space®. This also reflects the situation in M5, Recent studies have argued for the presence of a lymphatic
circulation in the meninges in association with these vessels, capable of draining immune cells from meningeal
spaces® and brain parenchyma’ into deep cervical lymph nodes. Therefore, the capacity to perform non-invasive
longitudinal investigations with fidelity '*F MRI to monitor the dynamics and distribution of infiltrating im mune
cells will be directly relevant for experimental neuroimmunologists.
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Figure 6. High spatial resolution **F MRI using acquisition times feasible for in vivo imaging. *F MR images
were acquired with the *F-CRP using acquisition times between 30min and 11 h. The *F images were scaled to
units of SNR, thresholded at SNR =4, and overlayed onto the '"H MR images using a pseudocolor scale.

The gradient in the B, field of the “F-CRPleads toa gradual decline in **F MR signal with increasing distance
from the probe head. This results in reduced signal in ventral regions. Studies of the EAE model are, in general,
more focused on imaging of the CNS, and less so on imaging of the superficial lymph nodes. When imaging of
the lymph nodes in the ventral regions is necessary, one could consider measuring the mouse brain in the supine
and prone positions, in order to ensure coverage of the dorsal sides comprising the whole brain as well as ventral
sides to include the draining lymph nodes. Other possible workarounds include adding an anterior *°F RT RF
coil to the mouse bed or combining **F images from RT and CRP. These approaches could help to overcome this
inherent limitation of the **F-CRP, while still utilizing its superior SNR. While the spatial dependency poses a
constraint for studies investigating the involvement of the draining lymph nodes, the translational applications
of the *?F-CRPare not limited to EAE. The '?F-CRP will also be useful for studying brain inflammation in animal
models of tumour growth (especially those tumours implanted in the cortex or striatum), and studies on the
middle cerebral artery occlusion model of stroke. Inflammation in these preclinical models could readily be
imaged, since the focus of pathology in these models is located in regions where the **F-CRP clearly outperforms
the ¥F/*H RT-coil.

In vivo °F MRI studies require acquisition of anatomical "H MR images within a reasonable time frame. A
dual-tunable RF probe would be most ideal, in order to avoid inaccurate co-registration of both signals™. Despite
the clear improvement in SNR of the F-CRP, the quadrature design prohibits the presence of a dual resonant
MR signal that would be needed for anatomical *"H MRI. Furthermore conventional "H RF resonators cannot be
used in combination with the **F-CRP due to coupling between both RF coils. To avoid this, the **F-CRP would
need to be removed while the in vivo "H images are acquired. This would cause changes in the alignment of the
mouse within the scanner during in vivo measurements that are serious enough to constitute a major hindrance.
Even with the use of reference markers, any slight shift in the position of the markers with respect to the mouse
during the procedure will result in an incorrect registration between **F and 'H images. The current procedure of
registering the *°F images of the CRP with those of the RT RF coil is complicated and time consuming, requires
sufficient SNR and is an impediment for in vivo experiments. A proposed solution to this limitation could be
to construct an anterior "H RT RF coil, specifically designed to be added to the mouse bed while the “F-CRP
remains installed, in order to provide anatomical guidance. A dual-tunable "H/**F RT RF coil would also take into
account the above approach (implementation of a **F RF-coil below the mouse head).

This study presents the first demonstration of the performance of a quadrature '’F-CRP tailored for small
rodents, showing superior SNR and **F MR image quality. The logical extension of this work will be to translate
these results into in vivo studies, such as those studying pathological changes during neuroinflammatory disease.
While the results of the current study are highly encouraging, a challenging road still lies ahead for the application
of the *F-CRP in in vivo studies. Previous studies using *F MR have been seriously hampered by the low SNR,
and compensating for this limitation by using low spatial resolution has generally yielded images with rather poor
definition, and therefore limited scientific utility. The current study aims to improve this situation, bringing *F
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MR imaging a step closer to the objective of ‘microscopic MRI Our results showed a remarkable SNR and detail
of neuroinflam mation, compared to comventional F MR, heralding a bright potential for the application of
BF-CRP for non-invasive MRIin viv,
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Abstract

Objective Fluorine MR would benefit greatly from enhancements in signal-to-noise ratio (SNR). This study examines the
sensitivily gain of ""F MR that can be practically achieved when moving from 9.4 10 21.1T.

Materials and methods We siudied perfluor-15-crown-3-cther (PFCE) at both field strengths (Bg), as a pure compound,
in the form of nanopartcles (NP) as employed 1o study inflammation in vivo, as well as in inflamed tissue. Brains, lymph
nodes (LNs) and spleens were obtained from mice with experimental autoimmune encephalomyelitis ( EAE) that had been
administered PFCE NPs. All samples were measured al both B, with 2D-RARE and 2D-FLASH using PE volume radi-
ofrequency resonators together. Ty and Ty of PFCE were measured at both By, strengths.

Results Compared to 9.4 T, an SNR gain of > 3 was observed for pure PFCE and> 2 for PFCE NPs at 21.1 T using
2D-FLASH. A dependency of '"F T and T, relaxation on B, was demonstrated. High spatially resolved 'F MR1 of EAE
brains and LNs at 21.1 T revealed signals not seen at 9.4 T,

Discussion Enhanced SNR and T, shortening indicate the potential benefit of in vivo "'F MR at higher B, 1o study inflam-
matory processes with greater detail.

Keywords Fluorine-19 magnetic resonance imaging - Magnetic fields - Experimental autoimmune encephalomyelitis -
Signal-to-noise ratio

Introduction

7 LI, 1% . L — . : have
Electronic supplementary material The online version of this Fluorine-19 (7°F) magnetic resonance (MR) methods have
article (hitps:fdoi.org/ 10, 1007/s10334-018-07 10-2) contains

supplementary material, which is available to authorized users.

found their application in a wide range of biomedical
research areas. One branch of research is the tracking of

cells, including mflammatory cells, in vivo with the help
of fluorine "F nanoparticles (NPs) [1-7]. "F MR meth-
ods provide several advantages over methods employing
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contrast agents such as iron oxide particles that modulate
proton relaxation [8, 9] Iron oxide particles such as ultra-
small iron oxide agents are potentially advantageous with
regard to their MR sensitivity, but suffer from drawbacks
such as signal quantification and a difficulty to distinguish
the contrast which they create in the cells they label from
other intrinsic tissue contrasts [8]. Due to the absence of
organic "F in living organisms, the acquired ""F MR images
are free from background signal, such that "F/'H MR is
able to locahize labeled cells in vivo with complete signal
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selectivity and specificity. “FMR directly detects the YE
spins in the cells labeled with "F NPs, meaning that '*F NPs
are cell labels, rather than contrast agents. The possibility
of quantifying inflammatory cells by "“F MR spectroscopy
is another advantage, allowing a quantitative assessment of
inflammation and of anti-inflammatory stralegics. However,
the usefulness of ""F MR in a wide range of biomedical
imaging applications is hampered by the low availability
of YF spins in the living organism. This 18 compounded by
the fact that the signal sensitivity of current state-of-the-art

MR equipment remains limited, making “F MR measure-
ments of fluorine compounds present at low concentrations
an extremely challenging task.

Therefore, there 1s a need o improve the sensitivity of the
measuring instrument 1o increase the signal-to-noise ralio
(SNR). One way to improve signal sensitivity is to increase
the strength of the static magnetic field (By) [10], a simlegy
which has also been actively pursued for clinical application
[11]. Intrinsic SNR is expected o grow at least lineardy with
increasing frequency and By sirengths [12-14]. In carly sem-
inal studies using solenoid RF coils at frequencies (f) below
1 MHz, the maximum sensitivity was expected o be propor-
tional to the frequency: sensitivity o f"?s: this proportional-
ity approached linearity when sample losses predominated
[12, 13]. At low field strengths, the principle of reciprocity
can be used to caleulate the receive field (B)) sensitivity of
asingle channel RF coil in terms of the transmit field (B, )
that can be eastly measured [15]. In the high-field domain,
the ncreasing f and the mfluence of wave propagation need
1o be considered [10]. The homogeneity of the B ¥ field is
expected to decline with increasing B, thereby influencing
the overall SNR gain. An experimental study investigating
SNR dependency on By in the human brain revealed SNR
o B(',M in the range of 3.0 T 10 9.4 T [14]. A recent simula-
tion study also showed that SNR grows super-linearly with
frequency. particulary in the deeper regions of the sample;
in less deep regions, the SNR versus By, trend approached
linearity [ 16]. Ultrahigh field imaging has proven particu-
larly beneficial for X-nuckei imaging such as sodium MR, in
which a change in By, from 9.4 1o 21.1 T resulted in an SNR
gain of =3 compared 1o a gain of -2 for '"HMR [17].

Here, we studied the feasibility of "F MRIat 21.1 T com-
pared to 9.4 T, and the influence of the By, change on the
SNR and MF relaxation of the compound fluoro-15-crown-
S5-cther (PFCE). According o theory and previously pub-
lished experimental results, we postulated that SNR would
increase by a factor of three to four when moving from 9.4 to
21.1 T. We therefore investigated how much of the expected
sensitivity gain could be achieved in practical experiments.
The rationale behind these experiments was o make use of
higher By, strengths to study inflammatory cell migration
with better resolution and detail. Using "'F MRIand "F NPs
that label immune cells in vivo, we studied inflammation
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in experimental autoimmune encephalomyelitis (EAE), the
animal model of multiple sclerosis [6, 18], The main drving
force for using higher By, is 1o boost sensitivity and therefore
resolution of the in vivo "'F MR images.

Materials and methods
Small animal MR scanners

All experiments were carried out on two small animal MR
scanners with different magnetic field strengths: a 211 T
vertical bore MR system operating at 900 MHz ('H) and
8449 MHz ('“F) at the National High Magnetic Field Labo-
ratory (NHMFL) in Tallahassee (Flonda, USA) and a 94 T
horizontal bore MR system (BioSpec 94420, Bruker BioSpin
MERL Ettlingen) operating at 400 MHz ("H) and 376 MHz
("F) located in Bedin (Germany). The 21.1 T magnet was
designed and constructed at the NHMFL [19]. It has a bore
size of 105 mm and a 64-mm inner diameler imaging gra-
dients (Resonance Research Ine, Billerica, MA) that pro-
vides a peak gradient strength of 6 mT/cm over a4 64-mm
diameter [20]. The 94 T system has a bore of 120 mm and
an actively shiclded B-GA 12 gradient set providing gradi-
ent amplitudes of 4 mT/em. Both MR systems are equipped
with a Bruker Avance I console and operated using PV6.1
software (Bruker BioSpin, Ettlingen, Germany).

Radiofrequency (RF) coils and EMF simulations

Experiments were carried out on the 21.1 T using a linear
low pass (LP) “F/'H birdcage RF coil consisting of eight
rungs: coil length =545 mm, inner diameter =33 mm, shield
length = 64 mm, shield diameter= 53 mm. For experiments
at the 9.4 T MR system, a linear high-pass "F/'H RF coil of
similar dimensions was used (12 rungs. coil length =50 mm,
inner diameter =35 mm, shield length = 80 mm, shield
diameter =57 mm). To estimate the expected SNRE gain,
electromagnetic field (EMF) simulations were performed
for both RF coils using the finite-element method (FEM)
implemented in CST Microwave Studio (CST. Darmstadt,
Germany). FEM was chosen over a time-domain solver
because the unstructured finite-element meshes can more
accurately resolve the current distributions oceurring on
metal structures with singular edges such as copper strips,
thus leading to a more accurate loss estimation. Copper and
substrate losses were caleulated in the 3D domain by the
FEM solver based on their respective conductivity and loss
tangent values (copper conductivity o= 35.8¢7 5/m, FR4
tan d=0.025). Capacitors were assigned equivalent series
resistances according to manufacturer datasheets, and sol-
der losses also modeled as frequency-dependent resistors
scaled 1o the desired frequency based on available literature
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data [21]. Both RF coils were loaded with a 15-ml falcon
tube phantom filled with tissue equivalent material (=78,
=079 8/m for9.4 T, e=78, =094 S/m for 21.1 T).
Cable losses and preamplifier noise were approximated by
appropriate atlenuators inserted between the power source
and the RF coil m the simulaton; attenuation was set accord-
ing to the losses at the respective frequency (9.4 T: 0.5 dB
preamplifier noise figure, 2 m cable with 0.58 dB/m attenu-
ation; 21.1 T: 1 dB preamp noise figure, 3 m cable with
0.9 dB/m attenuation). The coils were perfectly tuned and
matched (15} ;1< — 40 dB) and were fed with a forward power
of 1 kW, which is dissipated in the system according to the
noise power contribution of the different noise sources
(Table 1). The average receive lield (B ;7 magnitude was
calculated in a5 x5 » 5 mm cube in the isocenter of the coil.
The relative estimated SNR between both systems was then
calculated as follows:

. ) —
SNRy 1 _ (J‘cu_u.nr)' Bl a
SNRg Sojgar Bloar |
where B 15 the average reeeive field strength of each RF coil

in g7 /KW [15].

Animal experiments

All experiments were conducted in accordance with the pro-
cedures approved by the Animal Welfare Department of the
State Office of Health and Social A ffairs Berlin (LAGeSo).
and conformed to national and international guidelines to

Table 1 Coniribution of each noise source o the total noise power

MNoise Soume By (T) Noise power
contribution
(%)
Preamplifier 94 11.0
21.1 2006
Connection cables 94 209
21.1 368
Capacitors 9.4 24.8
21.1 11
Copper and housing 9.4 78
21.1 4.3
Sample 9.4 355
21.1 il

A forward power of 1 KW used for simulating the B, field was dis-
sipated in the system acconding to the different contributions of these
sources o the wtal noise power. The 9.4 T coil is just minimally sam-
ple moise dominated (35.5% sample losses vs. 32.6% mtrinsic coil
losses), whereas at 211 T sample noise almost completely dominates
(37.01% vs 5.4%)

minimize discomfort to animals (86/609/EEC). Experi-
mental auoimmune encephalomyelitis (EAE) was actively
induced in SIL/) mice as previously described [ 18], Female
SIL/Y muce (Janvier SAS, Le Genest-St-Isle, France)
were immunized subcutaneously with 250 pg PLPy 5
purily =95% (Pepccuticals Lid., UK) together with Com-
plete Freund's Adjuvant and heat-killed Mycobacterinm
tuberculosis (H37Ra, Difco). On each day following immu-
nization, mice were weighed and scored as follows: 0, no
disease; 1, tuil weakness and righting reflex weakness; 2,
paraparesis; 3, paraplegia; 4, paraplegia with forelimb weak-
ness or paralysis: 3, moribund or dead animal. Five days
following EAE induction, mice were administered NPs con-
taining 5 pmol of the "F compound fluoro-15-crown-5-ether
(PRCE) [18]. NPs were prepared by emulsifying 1200 mM
PFCE (Fluorochem, UK) with Pluronic F-68 (Sigma-
Aldrich, Germany) using a titanium sonotrode (Sonopuls
GM70, Bandelin, Germany), as previously described [22].
NPs were administered daily 1o EAE mice from day 5 1o
day 10 after immunization. On day 10, the mice were tran-
scardially perfused with 20 ml PBS followed by 20 ml 4%
paraformaldehyde (PFA) following terminal anesthesia, afler
which the tissue was prepared for ex vivo MRI[18].

Sample preparation

In this study. we focused on PFCE since this “E compound
is commonly used to image inflammation and o track cells
in vive. We prepared (1) PFCE phantoms containing only
pure PECE (Setup 1), (2) NPs containing different concen-
trations of PFCE (Setup 2), (3) inflamed tissue infilirated
by inflammatory cells labeled with PECE NPs (Setup 3).
The same phantoms were used at both 94 T and 21.1 T B,
strengths.,

For studying PFCE in pure form, we submerged an NMR
tube containing pure PFCE in a 15-ml tube filled with water
containing 4.5 g/L NaCl (this NaCl concentration provides
the best electrodynamic loading conditions for a 15-ml tube
for the RF coils used). For studying PFCE in nanoparticle
form, four NMR tubes contuining different PECE concen-
trations {60 mM, 120 mM, 600 mM, 1200 mM PFCE) were
submerged in a 50-ml wbe containing 4.5 g/L. NaCl. For
studying PFCE in inflamed tissue, we prepared EAE mice
that had been transcardially perfused with PBS and 4%
PFA (see above). To examine PECE in the inflamed central
nervous system (CNS), as well as associated lymphatic tis-
sue, the mice were cleared of the external pelt, extremities,
and thoracic and abdominal tissues. Brain and spinal cord
(CNS) were kept in situ within the skull and vertebral col-
umn, keeping head and neck draining lymph nodes (LNs) in
the preparation. Other lymphoid tissue such as spleen was
also harvested and stored separately in 2-ml tubes contain-
ing 4% PFA. All fixed tissue was stored at 4 °C. CNS/LNs
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preparations were transferred and secured within 15-ml
tubes filled with 4% PFA. Spleens were inserted and secured
within NMR tubes to maintain the longitudinal alignment
of the tissue along the z-axis (B field) for both horizontal
(9.4 T) and vertical (21.1 T) bores. The NMR tubes holding
the spleens were then transferred to 15-ml tubes filled with
4.5 g/l NaCl. All 15-ml tubes (containing pure compound,
CNS/LNs tissue or spleens) were positioned within a 50-ml
tube.

MR measurements

To delermine SNR differences in "“F measurements between
the two magnetic field strengths, we made use of two of
the above phantom setups (Setup I and Serup 2). For the
"F phantom with pure PECE (Setup 1) we employed a
2D-FLASH technigue with variable repetitions times (TRs)
and flip angles (FAs): TR = 144000 ms, TE=4.2 ms,
FA=35°-90" dummy scans =80, exc. pulse =sincl10H
(3000 Hz), FOV =[32 x 32] mm?, malrix =256 x 256,
averages (NA) =6, TA (acquisition time) =0.5-30 min
{according 1o TR). To quantify and compare SNR in a way
more relevant for brain inflammation, we measured SNR
as a function of the number of "F atoms using phantoms
containing different concentrations of '"F nanoparticles and
different shice thickness (Setp 2). We acquired axial "F MR
images using 20-RARE: TR = 4000 ms, TE=9.1 ms, ETL
(echo train length, rare factor) =4, FOV =[30 x 30] mm?,
matrix = 128 % 126, slices = 1-10mm, NA=1, TA=17 min.

Parametric mapping was performed on axial slices of
Setup | and Serup 2. as well as coronal shices of Serup 3
(EAE spleen tissue) to determine T and T, of PFCE. A
RARE sequence with variable repetiion times (RARE-
VTR) was used for T-mapping. A mulii-spin echo (MSE)
technique was employed for To-mapping. For Setup [
(pure PFCE) we used the following parameters for RARE-
VTR: 14 TRs=29-5000 ms, TE=5.6 ms, ETL=4,
FOV =[20 x 20] mm',‘ matrix = 144 = 144, slice thick-
ness=5 mm, NA=2, TA=17 min; for MSE: TR =305, 40
% TEs = 1606400 ms, FOV = [20 % 20] mm?, matrix = 96
® 96, shee thickness = 10 mm, NA =4, TA=3h 12 min. For
Setup 2 (PFCE nanoparticles) we used the following param-
elers for RARE-VTR: 15 TRs=24-8000 ms, TE=4.6 ms,
ETL =4, FOV =[30 x 30] mm’, matrix =96 x 96, slice
thickness = 10 mm, NA=36, TA=35 h 42 m; for MSE:
TR=4000 ms, 150 TEs=7-1050 ms, FOV = [30 x 30]
mm®, matrix =96 x 96, slice thickness= 10 mm, NA =64,
TA=06 h 49 min. For Setup 3 (spleens from EAE mice
administered with nanoparticles ) we acquired different repe-
tiions of the same coronal spleen slice using RARE-VTR: 9
TRs=50-12000 ms, TE=6.9 ms, ETL =4, FOV =[20 x 30]
mnt’, matrix =44 x 64, slice thickness=3.6 mm, NA =128,
TA=15h 50 min.
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For visualizing inflammation in the EAE mouse CNS
and associated lymph nodes, we acquired 'H MR images
using 3D-FLASH: TR =150 ms, TE=7.5 ms, FOV =30 x
20 20 mm, matrix =600 x 400 x 400, NA=2, TA=3h
20 min and "F MR images al different spatial resolutions
using 3ID-RARE: TR =800 ms, TE=4.9 ms, FOV =30 x
20 % 20 mm, NA =256, hi gh-resolution: matrix = 195 x
130 % 130, ETL =33, TA =7 h 30 mun; medium-resolution:
matrix =135 90 x 90, ETL=23, TA=35 h 14 min; fow-res-
ofution: matrix =90 x 60 x 60, ETL =15, TA=3h 24 min.

Data analysis

SNR was calculated using MATLAB® (R2018a. The Math-
works, Natick, USA) by dividing the signal from magnitude
images (5,,) by the standard deviation of the background
(o). For both Setup 1 and Setup 2. a single SNR value was
determined from the mean signal intensity over one central
circular regions of interest covering -~ 90% of visible sample
and the standard deviation of the noise of four region of
interests positioned at the corners of the image. SNR was
corrected to compensate for the non-Gaussian distribution
[23]. For both single channel RF coils used, the intensity
values of the MR images are expected to follow a Rician
distribution [24, 25]. We estimated the true SNR from the
5, and background &, using:

Sw fs(Sue 00
SNR=‘—=—'“-J‘5( 1 1}‘ )
o oy e

Lo

where ¢, 15 0,655 (for Rician distribution) and the correc-
tion function fg is derived from the mean of the respective
distribution [24, 26]. The noise-induced signal bias of the
conventional Fourier reconstructed images was corrected
[24]. All image reconstructions were thresholded o 3 .50
to distinguish between background and signal voxels. The
number of "F atoms per image pixel was estimated from
the PFCE concentration and the voxel size, and plotted
against the SNR. Two-factor ANOVA was used Lo compare
SNR (dependent variable) at various numbers of fluorine
atoms between the two field strengths (independent vari-
ables). GraphPad Prism v.5.01 (GraphPad Software, Inc. La
Jolla, CA, USA) was used for the analysis. SNR efficiency
(SNR ) for 2D-FLASH data was calculated as follows [27]:

SNR

VNAXTR ©)

Calculations of PFCE T and T, relaxation times were
performed on MSE and RAREVTR scans using paramel-
ric mapping developed in MATLAB® in-house. T and T,
were determined by fitting the following relation [28] to the

SNR =

obtamned data points using least-squares oplimization:
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y . -TR
Sty =5 ¢ (l —exXp (T) ) (4)

. y —TE <
SiTEy = S - eXp (—) (5)
Ty
where §pg, and Sqg, are the signal intensity at a specific
repetition time and specific echo time, respectively, S, is
the maximum signal and TR and TE are a specific repeti-
tion time and specific echo ime, respectively. Depending
on the experiments, relaxation imes were caleulated either
as pixel-based data points or averaged data within specific
regions of interest, corrected for the non-Gaussian noise dis-
tribution in MR magnitude images [24].

“alculations of T relaxation time for PFCE were also
performed on 2D-FLASH acquisitions with different TRs
and FAs (a). T) was calculated from the Ernst equation [29]:

1 —exp—TRrp)

5 —_—
1 —cos mp(_TRfTI )

WTRa) = 5

0, " ST

(6}

where Sqp 18 signal mtensity at a spec tfic repetition time
and flip angle (@) and 5, is the maximum signal intensity
al a specific a.

For a 3D representation of "F 'H MR image overdays of
Setup 3 (EAE mouse brain and associated lymph nodes), 'H
MR data were first converted 1o NIFTI-formal in Imagel
(National Institutes of Health, USA, hup:/imagejnih. gov/
i and 'H MR images of inflamed regions (CNS) and drain-
ing lymph nodes were segmented using JTK snap (version
34) [30].

Results

Estimation of noise contribution and SNR gain
from9.4t0 2117

Prior to performing the practical experiments, we estimated
the SNR gain to be expected at 21.1 T from simulations. We
first studied the noise contributions for both the 94 T and
21.1 T MR systems. The intrinsic noise contribution of the
RF coil (capacitors, copper and housing) compared (o the
total noise power (Table 1) showed that the 9.4 T coil was
only slightly more sample noise dominated (35.5% sample
ve, 32.6% mtrinsic coil losses), The intrinsic noise contribu-
tion of the 21.1 T coil 15 lower: in contrast to the 9.4 T col,
the sumple noise dominates over the coil noise contribution
(37.1% sample vs. 5.4% intrinsic coil losses). At21.1 T, the
noise contributed by the total cable length (between pream-
plifier and coil) as well as preamplifier noise appeared to

be higher, almost double that of the 9.4 T system. For bird-
cage coils, as used in this study, the transmit field (B, ") is
expected o be approximately equal tothe receive field (B 7).
From the simulations we caleulated an average B~ field
strength of 288 pT at 9.4 T and 153 pT at 21.1 T, for a
forward power of 1 KW, Using the principle of reciprocity
[15], and ignoring all flip angle, sequence and relaxation-
dependent effects, the expected SNR ratio was caleulated as
2.68 using Eq. (1). This ratio represents a baseline estima-
tion of the expected SNR gain, based on the information
available for the specific hardware of each system. Addition-
ally, one can estimate the SNR. gain between the two systems
by considering the relationship of the individual reference
powers required for calibrating a 90° flip angle. The refer-
ence power required at 9.4 T and 211 T was 0.257 W and
0.338 W, respectively. This translates to a field magnitude
of 12.3 uT/ /AW at 9.4 T and 93 g T/ VEW at 21.1 T. The
ratio between the two field magnitudes (0.76) can be used
as a scaling factor in Eq. (1) to caleulate SNR gain from the
quadratically mereasing MR signal strength. This yields an
estimated SNR gain of - 3.8, when reference power 1s fac-
tored into the Eq. (1).

Experimental SNR difference between 9.4 Tand 21.1
T

To determine the actual SNR gain we acquired axial YE
MR scans of a nanoparticle phantom (Setup 2) contain-
ing four different concentrations of PFCE (Fig. la). We
used a 2D-RARE sequence with variable slice thicknesses
(1-10'mm, in steps of 0.5 mm). This together with the four
different PFCE concentrations resulted in a total of 76 exper-
iments o estimate SNR as a function of the number of 'F
atoms per voxel for both B strengths. Figure La illustrates
20 of these SNR experiments (only 5 slice thicknesses are
shown). Results of all SNR experiments were then plot-
ted against the number of 'F atoms per voxel for both B,
strengths (Fig. 1h). There was a significant difference in the
SNR for all 76 experiments between the two By, strengths
observed at varying numbers of fluorine atoms (p< 0.0001,
two-factor ANOVA). A mean SNR gain of 2.1 was esti-
mated. For these experiments, we used a long TR in the
2D-RARE method to measure SNR differences between By
sirengths.

In the next experiments, we studied the dependency of
the actual SNR gain on the TR and flip angle (a) at both
By strengths. Axial "F MR scans of the pure PEFCE com-
pound (Serup 1) were acquired using a wide range of TRs
(14— ms) and e (3°-907). SNR changes over the relaxa-
ton period were studied and the T relaxation values for
both B, strengths determined (Fig. 2). A 2-D fit of the
measured data points resulted in Ty 4r= 788 ms (Fig. 2a)
and Ty, jp =409 ms (Fig. 2b). The choiwce of TR has a
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Fig. 1 Comparison of SNRE

between 21.1and 94 T B, A
strengths in PFCE nanoparticles T 10
usinga 2D-RARE sequence. a 8

SNE was calculated from axial : 0
i ges of four NMR ubes g
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1200 m M) with varying slice L?j
thicknesses (shown are MR ] 1ou

images of 1, 2.4, 6 and B mim
. SNR was
caleulated by dividing signal
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and corrected W compensate for
the non-Gaussian Rician dis-
tribution. b Plot of SNR versus
YF atoms per voxel, A linear fit
was determined for both 211 T
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direct impact on the total acquisition time. A shorter TR
permils more averages o be acquired in the same tme
period. To take this into consideration we estimated the
SNR achievable in a fixed amount of ume [27] (SNR effi-
clency = SNRI\,X;) from the data obtained at 9.4 T (Fig. 2c¢)
and 21.1 T (Fig. 2d). For all scans with TR shorter than 4 5,
we calculated how many averages would be possible within
the fixed acquisition time, and then added the correspond-
ing SNR improvement, based on the theoretical relation-
ship SNR—M. As expected, SNRIV}; favors very short
TRs for both B, strengths, The maximal SNRIV/} for 94T
was calculated to be 964/ min at TR =20 ms and a= 13",
while the maximal SNR.-’\/} for 21.1 T was calculated to be
TOLAY min at TR =20 ms and a= 18° At the optimal condi-
ton for 94T, e, TR=20ms and a= 13", the SNEA/t for
21.1 T was calculated o be 668/y min. The SNRA/f ratio
(between 21.1 T and 9.4 T) at these conditions 15 therefore
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"F atoms per voxel (x10%")

6.95, while the SNR/A/t ratio when comparing the best pos-
sible conditions for 21.1 T with the best possible conditions
for 9.4 T is estimated to be 7.29. The SNR/4/t ratio will
vary between the two By, strengths, according 1o the spe-
cific aand TR chosen for the particular experimental setup.
Within a sensible range of a (1°-907) and TR (154NN ms),
the mimimum SNREASF o would be 5.5 (at TR =4000 ms,
a=1%) and the maximum would be 10,0 (at TR=15 ms,
a=90"). However, these results illustrate the SNR.-‘\/; ratio
due to changes in both By and Ty, To distinguish between
both influencing factors, we modeled the SNR.-‘\/; ar21.1T
for the Ty observed at 9.4 T (T =Ty p=788 ms). With
this we could determine the By, effect on SNR efficiency
independent of T effects (Fg. 3): the maximal SNRI\/; for
211 T was calculated to be 505//min at TR =20 ms and
a=13" In comparison o the ‘Jt‘m’m al the same TR and
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Fig.2 Comparison of SNR between 21.1 T and 9.4 T B, strengths for  data points resulted in Ty ;p =778 ms and 7, ;=409 ms. SNR
pure PFCE using a 2D-FLASH sequence. SNR measurements at vari- efficiency (SNRI\/;) defined as the SNR achievable in a fixed amount
ous repetition times (TR = 144000 ms) and flip angles (@ = 5°-907) of time was estimated for data obtained at 9.4 T (¢) and 21.1 T (d)

for both 9.4 T (a) and 21.1 T (b) B strengths. 2-D fitting of these
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Fig.3 SNR efficiency changes between 211 T and 94 T B, eling SNRA/I 10 keep T, between both magnetic fields constant
strengths for PFCE as a result of B, and T, effects. The B, factor (Typ197= Ty 4y=T788 ms). The T, factor on SNR efficiency at 2L.1 T
on SNR efficiency at 21.1 T was calculated to be 5.25 after mod- was calculated to be 1.3
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a for 9.4 T, This translates into an SNER/T ratio of 5.25 in
comparison to 6.95 (when T relaxation effects at 21.1T
were considered, Ty, (=409 ms). In consequence, the T
shortening at 21.1 T results in an additional increase in SNR
efficiency by a factor of 1.3 (Fig. 3).

We recently reported on the sensitivity gain achieved
when comparing a cryogenically cooled "FRF probe ("F
CRP) with a room temperature "F RF coil of similar size
[18]. Here, we attempted 1o compare the sensitivity gain
achieved when moving from 9.4 T to 21.1 T with that
achieved by using the "F CRP (Fig. 4). Although the two
volume resonators used in the By companson were designed
for the mouse body, the two RF coils used o determine SNR
gains with the "F CRP were designed for the mouse head
(Fag. 4. left panels). For all four RF coil configurations, we
studied the SNR of the same phantom (pure PRCE. Setup
1) employing the parameters TR=18.4 ms and o= 15",
which are close to the conditions caleulated 1o give the best
SNR.-’\/; for the same sequence. The 'F CRP is a transceive
surface RF coil and does not achieve a spatially uniform
excitation [18]. When studying the B, characteristics of
this coil, a strong FA decrease i1s observed with increasing

B, comparison

distance from the ""F CRP surface [18]. In the Previous
experiments, we used one NMR tube with PFCE in the mid-
dle of the phantom. For the RT versus CRP comparison, we
used two NMR tubes with PFCE to study the SNR gain at
regions distal and proximal to the "F CRP surface. While
the factor in the SNR change for the B, comparison was
6.59, the factor in SNR change from RT to “F CRP was 7.49
when measuring proximal to the F CRP surface (upper
ROI) and 0.93 when measuring distal to the "F CRP (lower
ROI) (Fig. 4).

Relaxation times of PFCEat 9.4 Tand 21.1T

From the previous experiments, it was evident that T relax-
ation was influenced by B,. We next studied the impact of
mncreasing By, o 21.1 T on both the T and T, relaxation for
PFCE nanoparticles. Similar to other nuclel, the transverse
spin—spin (T5) relaxation was decreased when moving from 9.4
T o 2l.1 T (Fg. 5a). The PRCE concentration did not influ-
ence changes in the T, values of the nanoparticles at either By,
strengths (Table Z). The longiudinal spin-lattce (7)) relaxa-
tion time of PFCE nanoparticles was substantially shorter at
21.1T, approximately 50% compared (o 9.4 T (Fig. 5b). T

200 400 600 800
Signal-to Noise Ratio (SNR)
Upper ROI
~ Lower RO

Cryoprobe surface}/'-- N F-CRP
Dt 20mm) ) head coil

Lower RCI

o 200

Fig.4 ""F MR sensitivity gain differences between the B, compari-
son from 94 10 211 T and a BT versus F CRP comparison. Upper
panel: By comparison between 9.4 and 211 T using room lempen-
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400 600 800
Signalto Noise Ratio {SNR}

wre (RT) YF mouse body volume resonators with a diameter of
33-35 mm. Lower panel: RT versus CRP comparison using a BT "F
mause head coil and a “F CRP
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Fig.5 'F relaxation times for A sy B
PFCE nanoparticles measured at 2000
21T and 94 T. a T, relaxation
of PFCE nanoparticles at 21.1 = 1800 aar = 1809 ms 1600
T was shorter than T, relaxa- .E -E
tion at G4 T (Tyzy jr=195 ms 'E 1200 E 1200
Ty g yr=503ms). b T, % T — 503 ms = =913 ms
relaxation of PFCE nano- ;‘ 800 2]24T o 200 LIEER]
particles at 211 T was i == 2117 t%" R
shorter than T relaxation ) -4 T w
at 94 T (T p=441 ins; " ¥ 400 oAt
Ty 4p="913 ins) o o
1] 400 800 1200 a 2000 4000 &000 2000

Time {ms)

Table2 Mo influence of PFCE concentration on T; and T, in ™F nan-
oparticles

PFCE concentration 1200 mM 600 mM 120 mM 60 mM

Tagy v (ms) 500 30 580 535
Ty v (ms) alo 920 925 950

ey p (S} 195 105 185 230
Tiop 1 (ms) 440 445 495 460

PFCE concentration in the "“F manoparticles did not influence T and
T, values. Both Ty and T, values for PRCE nanoparticles were influ-
enced by By stiength, but neither value was influenced by changes in
the "F content at either B strength

Table3 T, shortening at 211 T is consistent in all PFCE samples
studied

Satmple By (T) Ty (ms)
Pure PFCE 94 B35
211 435
PFCE nanoparticles (12060 mM) 94 915
211 Ho
Ex vivo EAE spleen 94 1005
211 Ay

Decrease in T at 211 T is observed consistently for PFCE in all
forms tested, as pure compound, in nanoparticle form or in ex vivoe
tissue from EAE mice that had been adminisiered with PFCE nano-

particles

values were alsonot influenced by the PFCE concentration in
the nanoparticles (Table 2). Shortening of the T, at higher B,
strengths is not common for 'H, where T, values are typically
known to increase with increasing B [31, 32]. The shortening
of T for PFCE at 21.1 T was consistent for different forms
of the ¥F compound (Table 3). The 50% decrease in T was

Time [ms)

observed in the pure compound (Fig. 2a), PECE nanoparticles
(Fig. 5b) and in ex vivo tissue from EAE mice administered
PHCE nanoparticles (Fig. 6).

High spatially resolved "F MR imaging of EAE
inflammation

To utilize the SNR gain observed in the above experiments
Lo maximum advantage within the context of neuroinflam-
mation, we investigated the feasibility of "FMR imaging al
21.1 T 1o detect brain inflammation in EAE at high spatial
resolutions (Fig. 7). We observed a high level of detail of
immune cell distribution in the inflamed brain and sccom-
panying draining lymph nodes. Employing a resolution of
150 pm at 21.1 T, F MR signals were observed especially
localized to the brain parenchyma (Fig. 7a). At this spa-
tial resolution, these 'F signals were not observed at 9.4
T when using a smaller room temperature coil [18]. When
using the same RF coils employed in the present study to
compare 'F MR images in EAE mice, we observed even
larger differences between 9.4 T and 21.1 T; even at low
and medium spatial resolutions (222 pm"und 333 pm") most
9F MR signals detected at 21.1 T were no longer identified
at 9.4 T (Supplementary Figure). Given the highly homo-
geneous field provided by the RF cotl used at 21.1 T, we
could equally observe very prominent F MR signals within
the draining lymph nodes in the ventral region of the EAE
mouse head.

Discussion

In this study, we demonstrate the feasibility and increased
sensitivity of "F MR methods at 21.1 T for detecting inflam-
mation with high spatial definition in the brain and adjacent
lymphatic system in the animal model of multiple sclero-
sis. The potential applications of ""F MR methods to image

inflammation have long been recognized [1-5, 7], even in
autoimmune encephalomyelitis [6, 33, 34]. YE MR methods

@ Springer
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H MRI

Fig.6 'F relaxation times for PFCE in ex vivo EAE spleen meas-
ured at 21.1 T and 9.4 T. Spleens were harvested from EAE mice
that had been administered PRCE nanoparticles for 5 days dur-
ing imitation of disease. a '"H MR scan of the ex vivo EAE spleen
positioned in an NMR tbe using 3D-FLASH: TR=1500 ms,
TE=6.5 ms, FOV=[20x30x3.6] mm’, matrix=400x600x72,

94T

. = 1005 ms
—

2117
- =400 ms
|

T, (ms)
1500

x

“F T, maps

NA=1,TA=23 m. b T, maps were generated on one coronal slice of
the spleen using RARE-VTR: 9% TRs =50-12,000 ms, TE=6.9 ms,
ETL=4, FOV=[20 x 30] mm?, matrix =44 x 64, slice thick-
ness=3.6 mm, NA=128, TA=15 h 50 m. The averaged intensities
over the coronal slice for all image series were fitted to the 7, and T,
equations

Fig.7 "F MR image of an ex vivo EAE mouse acquired at 21.1 T
and at different spatial resolutions. "’F MR images were acquired
using a 3D-RARE sequence acquired at three different spatial reso-
lutions: a high: matrix=195 x 130 x 130, resolution= 153 um®,
b medium: matrix= 135 x 90 x 90, resolution=222 pm‘. ¢ low:
matrix=90 x 60 x 60, resolution=333 um’. '’F MR images (shown

are conceptually appealing due to the superiority of "F
nuclei over other MR-sensitive nuclei with regard to signal
selectivity and specificity. However, they are constrained
by sensitivity due to their typically low availability in vivo.
Therefore, numerous efforts have been made to boost 'F

@ Springer

in red) were scaled to units of SNR (pseudocolor scale), thresh-
olded at SNR=4, and overlayed onto the FLASH 'H anatomical
MR images (shown in grayscale). For all three spatial resolutions
both horizontal (upper panel) and 3D-render (lower panel) views of
the EAE mouse brain and accompanying draining lymph nodes are
shown

signal, e.g., by optimizing the efficiency of the acquisition
methods according to the T, and T, values of the specific
Y compounds [27]. increasing the number of available
'F nuclei by promoting '“F nanoparticle cellular uptake
[35] or by improving the sensitivity of the RF hardware by
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introducing cryogenically cooled RF probes [18]. Never-
theless, major challenges in signal sensitivily constraints
remain. Improving "F sensitivity using a combination of
all currently available strategies, as well as developing new
solutions, will be essential to realize the full potential of
YEFMR.

Here, we studied the potential of increasing By, for
Improving "F MR signal sensitivity. Prior to the practical
experiments, we estimated the expected SNR gain 1o be
2.7, when moving from 9.4 to 21.1 T, taking into account
the noise contributions for both MR systems and using the
principle of reciprocity [15]. When we introduced the rela-
tionship of the reference power for both MR systems into
Eq. (1). we estimated an SNR gain of ~3.8. In our practical
experiments, we realized an SNR gain of 2.1 when employ-
ing a 2D-RARE technique on different concentrations of
nanoparticles. In 2D-FLASH measurements, the ratio in
SNR efficiency (SN R.I’V{r_ ralio) was estimated to be 7.29,
when comparing the best possible conditions (optimal TR
and ) at 21.1 T with those at 9.4 T and when mcluding
Ty relaxation effects. Differences between the actual SNR
gains determined experimentally and those expected from
theory and simulations are conceivable, due o minor inac-
curacies in the assumptions made for the EMF simulations.
Factors such as sample noise, RF coil geometries, receive
chain losses and preamplifier noise figure may add to the
confounding influences that alter the actual SNR gain. In
contrast to human imaging, the measurement noise in small
animal imaging is dominated by the measurement hardware
and not by the sample [36]. Thus in small animal MR scan-
ners, differences in coil geometries and detector electronics
can have a larger impact on the variations from expected
sensitivity gains, Our estimations showed that in contrast to
the 9.4 T RF coil. the intrinsic noise contrbution of the 21.1
T RF coil was much lower than the sample noise contribu-
tion. However, the noise contributed by the relative long
cables needed for the probe body (=2 m) with the 21.1 T and
preamplifier was estimated to be higher, indeed almost dou-
ble those at the 9.4 T system. Therefore, the highest potential
for increased SNR gains (potentially up to-40%) at 21.1°T
could be achieved by using the shortest cables possible (e.g..
by placing the preamplifier as close to the coil as possible)
or using preamplifiers with a lower noise figure.

Another factor that must be considered when investigal-
ing By-influenced SNR changes is the potential changes in
relaxation. Both spin—lattice (7)) and spin—spin (T5) relaxa-
tion times are expected 1o change with increasing By, fields.
The SNR gain of 3.8 derived from the simulations does
not take changes in relaxation time into account. When
T, relaxation effects were removed from the experimental
data, we calculated an SNRS/t ratio of 5.25 (instead of 7).
It is only in the fully relaxed regime that the SNR gain is
expected o be influenced primarily by By, and not influenced

by Tj-weighting. Water shows a highly significant increase
in T relaxation and decrease in T, relaxation in different
regions of the rat brain with increasing By, in the range from
4010 11.7 T [31]. Knowledge of T relaxation is particularly
crucial for MR spectroscopy and quantification of specific
compounds. Brain metabolites show a similar, but less pro-
nounced trend as water with respect Lo proton relaxation.
Conversely, macromolecules display a strong dependency
of T, on By, but T, is field independent [31]. Proton T,
relaxation of brain metabolites does not increase substan-
tially beyond 9.4 T (up to 14 T) and any changes likely have
minimal impact on sensitivity [37]. Particulady for "F MR
methods, where sensitivity is a crucial factor, it is critical to
understand the mechanisms of T relaxation. Interestingly, T,
relaxation for "F compounds appears to be inversely related
to By, strength. The decline in T, at higher By, could hamper
the expected increase in '“F MR signal at 21.1 T and war-
rants further consideration. The decline in T with increasing
By, is consistent with previous studies [38, 39]. Thus far, a
decrease in 'F T, for F compounds has been attributed to
an influence from dipole—dipole interactions and chemical
shift anisotropy [38].

A decrease in T, for YF compounds with increasing
By, has substantial ramifications, since this suggests the
opportunily o increase SNR per unit time at higher mag-
netic field strengths by introducing more averaging. The
Ty shortening at 21.1 T observed in this study could pro-
vide one mechanism for the ratio in SNR efficiency (7.29)
estimated from the 2D-FLASH experiments using optimal
TRs and a specific o each By, strength. The observations
made here at 21.1 T are especially meaningful for studies
that are hampered by the low availability of '*F spins and
thus have a pressing need for sensitivity gains. An SNR
gain could be exploited in several ways: e.g.. for a gain
of 7.29, either the scan time could be reduced by a factor
of 53 (e.g., from 60 to~1.1 min) to obtain the original
SNR or higher spatial resolution could be employed to
achieve better image definition. In this study we made use
of the SNR gain 1o acquire 1solropic spatial resolutions
of 150 pm" to study neuroinflammation ('“F MR signals)
more precisely. At this resolution, we aimed Lo gain more
precise information regarding inflammatory cell localiza-
tion in the brain, compared to our previous studies [6].
The level of detail achieved at 21.1 T was similar to that of
the "F MR images we recently obtained with a "F eryo-
genic RF probe (CRP) where we reported on a maximal
SNR gain of 15 and were able to study intraparenchy mal
inflammation at a high isotropic resolution of 150 pm [18].
In the present study. we made the best feasible compari-
son of the sensitivily gains achicvable between '""F CRP
and a B:: merease to 21,1 T, given the current hardware
limitations. Although different RF coil sizes and geom-
elries were used o make this comparison, we measured
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the sume sample (pure PFCE) and used the same sequence
parameters. Employing the 2D-FLASH technigue used in
the present study, we observed an SNR gain of 6.59 at
21.1 T when compared to 9.4 T, and an SNR gain of 7.49
with the CRP when compared Lo a room temperature coil
of similar size. As discussed previously [18], the SNR
gains achieved with the "F CRP can be attributed to sev-
eral factors in addition to cooling: differences i RF coil
design (birdeage vs. surface coil: quadrature versus linear),
RF coil sample loading. and the specific RF pulse power
adjustments all play important roles [18]. Even though
the SNR gain achieved by moving from 9.4 T 1o 21.1 Tis
slightly lower than that realized at 9.4 T with a "F CRP,
the SNR gainat 21.1 T is consistent throughout the entire
field of view due to the homogeneity of the RF volume
coils used. This is in striking contrast to the CRP, which
has an inherent limitation due to the declining gradient
in the By field with increasing distance from the surface
due to the transceive surface coil design [18]. Therefore
in contrast to the '"F CRP, "F signals in ventral regions

of the head were prominently detected with a resolution
of 150 pm at 21.1 T. Given the difficulty of detecting "“F
signals in these distal structures, most studies of the EAE
model tend to focus exclusively on imaging of the brain.
The advantages gained (rom using volume resonators at
21.1 T will allow a more comprehensive and detailed study
of immune cell dynamics within the draining lymph nodes.
On the other hand, studies focusing on the brain could be
enhanced by using a CRP at this field strength. A fusion of
both SNR boosting strategies has the potential for realizing
even grealer levels of detail when studying experimental
brain pathologies.
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