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A. Kurze Zusammenfassung

Erkrankungen des Bewegungsapparates gehoren zu den haufigsten Grunden fur
den Arztbesuch und sind weltweit die fuhrende Ursache fur Schmerz und
Behinderung [1]. In der Folge ergeben sich zusatzlich zum individuellen
Leidensdruck der Patienten enorme wirtschaftliche Kosten fur die Gesellschaft [2].
So belaufen sich die Kosten flr Erkrankungen des Bewegungsapparates alleine in
den USA jahrlich auf nahezu eine Billion US-Dollar [3]. Die verschiedenen
Erkrankungen des Bewegungsapparates unterscheiden sich dabei sowohl
hinsichtlich ihres zeitlichen Verlaufes und der betroffenen Koérperregion als auch
im Hinblick auf ihre Atiologie. So tragen zum einen akute Verletzungen, wie
Frakturen, Bandrisse oder Knorpelschaden, zum anderen chronische
Erkrankungen, wie Arthrose (osteoarthritis, OA) , Arthritiden oder Lumbago zum
bunten Straul3 mdglicher Erkrankungen des Bewegungsapparates bei [4]. Dabei
nimmt die Vielseitigkeit der Behandlungsmaoglichkeiten dieser Erkrankungen stetig
zu, insbesondere das weite Feld entzindlicher Gelenkerkrankungen, wie der
rheumatoiden Arthritis (RA) oder der Psoriasis-Arthritis (PsA), wurde durch die
Entwicklung der biologischen und gezielt synthetischen
erkrankungsmodifizierenden Arzneimittel (biological und targeted-synthesized
disease modifying drugs, bDMARD und tsDMARD) revolutioniert [5—-8]. Durch die
frihzeitige Behandlung mit diesen DMARDs kann durch stetige Therapiekontrolle
(sog. treat-to-target Prinzip, T2T) haufig eine dauerhafte Remission erreicht
werden [9-11]. Um eine derartige Erkrankung des Bewegungsapparates
rechtzeitig behandeln zu koénnen, ist eine moglichst frihzeitige Diagnose
entscheidend. Seit ihrer Etablierung finden bildgebende Verfahren breite

Anwendung in der Diagnostik muskuloskelettaler Erkrankungen [12-14].
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Konventionelle Radiografie, Computertomografie und Magnetresonanztomografie
(MRT) erlauben die sensitive, haufig sofortige und nahezu ubiquitar verfugbare
Diagnose und Therapiekontrolle typischer traumatischer, degenerativer oder
entzundlicher Erkrankungen des Bewegungsapparates [15-18]. Seit ihrer
Entwicklung in den 1980er Jahren nimmt dabei die Bedeutung der MRT stetig zu
[19, 20]. lhre hohe Ortsauflésung, der exzellente Weichteilkontrast und die
fehlende Anwendung ionisierender Strahlung machen die MRT zum Stutzpfeiler
muskuloskelettaler Bildgebung [21, 22]. Entzindliche Weichteilveranderungen von
Synovialis, Sehnen, Muskeln, Faszien und Subkutis lassen sich dabei ebenso
detailliert abbilden wie kndcherne Pathologien wie Erosionen, Frakturen und
Tumore [23-27]. Uber diese strukturell-morphologischen Mdglichkeiten der MRT
hinaus, gibt es inzwischen moderne MRT-Verfahren, die auf molekularer Ebene
unter anderem den Gelenkknorpel kompositionell analysieren kénnen [28-31]. So
erlaubt beispielsweise die Glykosaminoglykan (GAG) Chemical Exchange
Saturation Transfer (CEST) Bildgebung den Nachweis von Proteoglykanen im
hyalinen Gelenkknorpel und in Bandscheiben [32—34]. Da der Proteoglykanverlust
ein frlhes Zeichen von Knorpelschaden ist, wie sie im Rahmen degenerativer oder
entzindlicher  Gelenkveranderungen auftreten, koénnen so potentielle
Gelenkerkrankungen biochemisch-sensitiv erkannt werden, bevor diese strukturell
manifest werden.

In der vorliegenden Habilitationsschrift wird die multimodale MRT entzindlicher
und degenerativer Gelenkerkrankungen untersucht. Dabei kommen nicht-invasive
Methoden der kompositionellen Knorpelbildgebung bei entzundlichen
Gelenkerkrankungen des peripheren und Achsenskeletts sowie bei Patienten mit

unspezifischen Rickenschmerzen und Leistungssportlern zum Einsatz. AuRerdem
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wird der Stellenwert hochauflosender MRT mit speziellen Empfangsspulen fur die
Detektion, Unterscheidung und Therapiekontrolle typischer rheumatischer
Gelenkerkrankungen naher beleuchtet.

Die erste Arbeit untersucht den diagnostischen Stellenwert der hochauflosenden
MRT von Ringbandern bei Patienten mit PsA im Vergleich zu Patienten mit RA und
gesunden Kontrollpersonen. Im Rahmen dessen wurden die Finger D2-5 der
obigen Studienpopulation mittels 3 Tesla (T) MRT und einer speziellen 16-
Kanalhandspule untersucht, um so entzundliche und strukturelle Veranderungen
der Ringbander zu detektieren. Dabei zeigte sich, dass Patienten mit PsA
ausgepragtere Veranderungen der Ringbander als die Vergleichskohorte aus RA-
Patienten und Gesunden aufweisen. Ringbandveranderungen sind daher als fir
die PsA typisch anzusehen und konnen bei der Unterscheidung zwischen RA und
PsA hilfreich sein.

Die zweite Arbeit befasst sich mit der Etablierung und Optimierung eines gagCEST
Untersuchungsprotokolls, das mit einer klinisch-anwendbaren
Untersuchungsdauer von unter acht Minuten bei einer Magnetfeldstarke von 3 T
anwendbar ist. Dazu wurden zunachst Bloch-Mc-Connell Simulationsexperimente
durchgefuhrt, um ein optimales gagCEST-Protokoll zu etablieren. Anschliel3end
wurde der tibiotalare Gelenkknorpel von Patienten nach osteochondraler Lasion
des Talus sowie von gesunden Kontrollpersonen mit dem optimierten Protokoll
untersucht. Dabei zeigten sich sowohl eine gute Reproduzierbarkeit der
Ergebnisse als auch signifikante Unterschiede zwischen Patienten und
Kontrollpersonen. Somit konnte diese Machbarkeitsstudie die Durchfuhrbarkeit

von gagCEST am tibiotalaren Gelenkknorpel bei 3 T belegen.
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In der dritten Arbeit wurden die symptomatischen Hande von Patienten mit RA und
PsA mit einer dezidierten Handspule und 3 T MRT untersucht, um systematisch
erkrankungsassoziierte Veranderungen zu erfassen und mogliche Unterschiede
zwischen beiden Entitaten herauszuarbeiten. Zur exakten Analyse wurden die
standardisierten und validierten Scores flr RA und PsA, der RA MR/ und PsA MRI
Score (RAMRIS und PsAMRIS) erhoben [35, 36]. Diese bilden typische
erkrankungsassoziierte  Veranderungen, wie Synovialitis, Tenovaginitis,
Osteoddem und Erosionen ab. In der Studienpopulation konnte gezeigt werden,
dass die PsA signifikant haufiger mit extraartikular gelegenen, entzindlichen
Veranderungen einhergeht als die RA und mit diesem Merkmal eine
Differenzierung beider Entitaten erleichtert werden kann.

Die vierte Arbeit analysierte systematisch den GAG-Gehalt lumbaler Bandscheiben
(intervertebral disks, IVDs) von Patienten mit radiografisch nachgewiesener axialer
Spondyloarthropathie (r-axSpA) im Vergleich zu altersgleichen Kontrollpersonen.
Zudem wurden typische erkrankungsassoziierte Veranderungen der Wirbelsaule,
wie beispielsweise Syndesmophyten und Spondylitis, mittels morphologischer
Standard-MRT erfasst. Dabei zeigten sich signifikant niedrigere IVD-gagCEST-
Werte bei Patienten. Zudem zeigte sich ein Zusammenhang zwischen niedrigen
IVD-gagCEST-Werten und dem Vorliegen von Syndesmophyten.

In der flinften Arbeit wurde untersucht, ob und inwieweit Knorpeldegeneration mit
Entziindung des Synovialis in den Fingergelenken von Patienten mit PsA assoziiert
ist. Dazu wurde der Proteoglykangehalt des Gelenkknorpels der Fingergelenke
mittels delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) analysiert. Die
Methode ist ein biochemisch-sensitives Verfahren zur Evaluation der

Knorpelzusammensetzung. Zudem wurde mittels dynamic contrast-enhanced
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(DCE) MRT, der sogenannten Perfusionsbildgebung, die Durchblutung der
Synovialis und somit letztlich die Auspragung bestehender Synovialitis betrachtet.
Dabei zeigte sich ein Zusammenhang zwischen Proteoglykanverlust und
Auspragung der Synovialitis.

Die sechste Arbeit evaluiert eine vereinfachte Version des PsAMRIS, den
sogenannten sPsSAMRIS, der eine schnellere Analyse erkrankungsassoziierter
Veranderungen an den Fingergelenken von Patienten mit PsA erlaubt und dabei
eine gleichwertige Sensitivitat fir Veranderungen wahrt.

In der siebten Arbeit wurden die Fingergelenke von Patienten mit RA und PsA
mittels dGEMRIC hinsichtlich der Zusammensetzung des Gelenkknorpels, also
dem Proteoglykangehalt, untersucht. Hier zeigte sich, dass kein signifikanter
Unterschied zwischen beiden Armen der Studienpopulation besteht. Somit ist von
einer Beteiligung des Gelenkknorpels im Erkrankungsverlauf beider Entitaten
auszugehen.

Die Arbeiten acht bis zehn untersuchten den Proteoglykangehalt lumbaler
Bandscheiben in unterschiedlichen Kollektiven mittels gagCEST Bildgebung.
Dabei konnte gezeigt werden, dass Patienten mit unspezifischer Lumbago,
Radikulopathie und juveniler idiopathischer Skoliose (adolescent idiopathic
scoliosis, AlS) signifikant niedrigere /VD-gagCEST-Werte aufweisen als gesunde
Kontrollpersonen. Zudem weisen IVDs, die unmittelbar an
Bandscheibenherniationen oder an die Endpunkte einer skoliotischen
Hauptkrimmung grenzen, niedrige gagCEST-Werte auf als entferntere /VDs. Die
zehnte Arbeit untersuchte Elite-Ruderer aus der deutschen Nationalmannschaft im

Verlauf ihres jahrlichen Trainingszyklus. Dabei wurde festgestellt, dass in lumbalen
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IVDs ein belastungsabhangiges Remodeling stattfindet. So wurden in der
Belastungsphase hohere IVD-gagCEST-Werte als in der Ruhephase festgestellt.
Zusammenfassend zeigen die zehn Arbeiten neue und vertiefende Erkenntnisse
uber moderne MRT-Verfahren, die zum einen hochauflosende Bilder feiner
Gelenkstrukturen und zum anderen kompositionelle Informationen Uber
Gelenkknorpel und Bandscheiben vermitteln. So kénnen degenerative und
entzindliche Gelenkveranderungen sowohl strukturell als auch ultrastrukturell
sichtbar gemacht werden, was als Ansatzpunkt flr zukinftige Implementierung in
Diagnostik  und  Therapiekontrolle  entzundlicher und  degenerativer

Gelenkerkrankungen dienen kann.

11
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C. Ausfiihrliche Zusammenfassung und Diskussion

I. Einleitung

Erkrankungen des Bewegungsapparates gehdren weltweit zu den haufigsten
Ursachen fur Arztbesuch, Arbeitsunfahigkeit und chronische Schmerzen [37]. Zu
dieser Erkrankungsgruppe gehdren unter anderem entzindliche und degenerative
Gelenkerkrankungen, die in allen Altersgruppen vertreten und insgesamt
gleichmaldig zwischen beiden Geschlechtern verteilt sind [38, 39].
Soziodkonomisch  sind sowohl entzindliche als auch degenerative
Gelenkerkrankungen eine grof3e Last fur die Gesundheitssysteme, so belaufen
sich die jahrlichen Kosten fur einen Patienten mit OA auf bis zu €12.000 und far
einen Patienten mit Arthritis auf bis zu €5000 [40, 41]. Wenn sie zu spat oder nicht
behandelt werden, gehen Gelenkerkrankungen mit Gelenkdestruktion,
chronischen Schmerzen und schliellich Funktionsverlust einher [42]. Daher sind
die fruihe Diagnose und Therapie entscheidend fur den Erkrankungsverlauf. Zwar
stehen die korperliche Untersuchung und laborchemische Diagnostik,
insbesondere bei entzindlichen Gelenkerkrankungen, weiterhin im Vordergrund,
allerdings spielen bildgebende Verfahren seit jeher eine wichtige Rolle und sind

von zunehmender Bedeutung [35, 36].

1. Degenerative Gelenkerkrankungen

Die haufigsten degenerativen Gelenkerkrankungen sind die OA am peripheren
Skelett und die degenerative Bandscheibenerkrankung (degenerative disk
disease, DDD) an der Wirbelsaule.

Die OA ist die haufigste Gelenkerkrankung Uberhaupt: allein die Pravalenz der

Gonarthrose wird auf weltweit bis zu 300 Millionen Patienten geschatzt [43].
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Bislang ist die OA trotz Behandlung eine irreversible Erkrankung, die mit einer
erheblichen Einschrankung der korperlichen Aktivitat und Lebensqualitat aufgrund
chronischer Schmerzen und Funktionsverlust einhergeht. Grundsatzlich ist
zwischen primarer (=idiopathischer) und sekundarer OA zu unterscheiden.
Ursachen fir eine sekundare OA sind Trauma, vorausgegangene Operationen
oder angeborene Fehlbildungen. Die OA wird anhand konventioneller Radiografien
diagnostiziert und entsprechend ihres Schweregrades nach Kellgren-Lawrence
eingeteilt: 0 (Normalbefund, keine OA) bis 4 (fortgeschrittene Verminderung der
Gelenkspaltweite, Deformitat der gelenkbildenden Knochenanteile, schwere OA)
[44]. Die Pathogenese der OA ist sehr komplex und ist keine bloRRe
Abnutzungserscheinung [39]. Bei der OA spielen zahlreiche Faktoren eine Rolle,
beispielsweise biomechanische Gegebenheiten, die die Synthese und Freisetzung
von Entzindungsmediatoren bedingen und somit die Entstehung, Persistenz und
Aggravation von erkrankungsassoziierten Schmerzen begunstigen.
Korrespondierend sind erhdhte Konzentrationen proinflammatorischer Zyto- und
Chemokine innerhalb der Synovia nachweisbar [45]. Im Erkrankungsverlauf sind
darUber hinaus auch alle weiteren Gelenkbestandteile, insbesondere jedoch der
Gelenkknorpel Dbeteiligt. Dies fuhrt sowohl zu einer pathologischen
Gelenkkinematik als auch zu Synovialitis und abermals Produktion und
Freisetzung proinflammatorischer Mediatoren und Proteasen.

Die Lumbago ist die haufigste Vertreterin aller muskuloskelettaler Erkrankungen
und weist eine Lebenszeitpravalenz von bis zu 85% auf [46]. Die haufigste Ursache
fur Rlckenschmerzen sind dabei Bandscheibenerkrankungen, wobei
Bandscheibenvorfalle und die DDD hierunter insbesondere zu erwahnen sind [47].

Im Jugendalter spielen hingegen andere Erkrankungen eine Rolle, wie

16
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beispielsweise die AIS [48]. DDD beschreibt den pathologischen Strukturverlust
der IVD als Folge einer zellvermittelten Antwortkaskade auf multifaktorielle
Einflusse, wie beispielsweise Traumata, Entzindung, genetische Pradisposition
und beschleunigte Alterungsprozesse [49]. So werden erhOhte Konzentrationen
kataboler Enzyme sowie proinflammatorischer und nozizeptiver Zytokine bei
Vorliegen einer DDD nachgewiesen. Diese fluhren zu verfriihten ultrastrukturellen
Matrixveranderungen von Annulus fibrosus (AF) und Nucleus pulposus (NP).
Dieser kompositionelle Strukturverlust ist initial durch den Verlust von GAGs,
Proteoglykanen und Kollagenen sowie spater durch irreversiblen Wasserverlust
gekennzeichnet. Durch diese Dehydratation und den letztlich resultierenden
strukturellen Substanzverlust verliert die /VD ihre physiologische Funktion als
mechanischer StolRdampfer der Wirbelsaule [50]. Bildgebung in Form
konventioneller Radiografien, aber auch MRT spielen seit jeher eine Rolle bei der
Abklarung von Ruckenschmerzen. Dabei sind sie bislang insbesondere zum
Nachweis von Bandscheibenvorfallen, Frakturen und Tumoren als
Schmerzursache unerlasslich. Aber auch Veranderungen, die in Zusammenschau
mit der klinischen Untersuchungen zu einer DDD passen, lassen sich mittels MRT
zuverlassig und sensitiv erkennen [50].

Da bislang kausale Behandlungsansatze fur die OA oder die DDD fehlen, sind die
Erkennung und Vermeidung von Risikofaktoren sowie die Friherkennung von
potentiell reversiblen Initialstadien von hoher klinischer Relevanz. Diese

Friherkennung kann potentiell durch moderne MRT-Verfahren unterstitzt werden.

2. Entziindliche Gelenkerkrankungen

17
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Entzindliche Gelenkerkrankungen, die sogenannten Arthritiden, kdnnen sowohl
infektios und parainfektios als auch primar autoimmun bedingt sein. Die haufigsten
autoimmun-vermittelten Arthritiden sind die RA und PsA am peripheren und die r-
axSpA am Achsenskelett. Allein in Deutschland bis zu 2 Millionen Menschen an
einer dieser Arthritiden. Hinsichtlich ihrer Pathophysiologie stehen die RA als
primar synoviale Erkrankung den beiden primar enthesealen Erkrankungen PsA
und axSpA gegenuber. Die RA wird durch Entzindungsmediatoren vermittelt, die
zu einer Synovialitis, insbesondere an kleinen Gelenken, fiihren. Uber die
Synovialis wandern Entziindungszellen an den sogenannten bare areas in den
Knochen ein und flhren hier zu einer Osteitis und zu Erosionen [51, 52]. Letztlich
kommt es auch zu einer Zerstérung von Gelenkknorpel und Bandern sowie zu einer
Entzindung von Sehnen(-scheiden) und den umliegenden Weichteilen.

Im Gegensatz dazu sind die PsA und r-axSpA primar Erkrankungen der Enthesen
[53-57]. Enthesen sind der osteoligamentare oder osteotendindse Ansatz von
Bandern und Sehnen am Knochen. Dieser besteht aus einem Mischgewebe aus
Bindegewebe, Knorpel, Synovialis und Knochen und wird auch als
synovioenthesealer Komplex bezeichnet [53]. Bei der PsA kommt es
typischerweise Uber den Ansatz der Kollateralbandapparates zur Entztindung der
kleinen Fingergelenke, wobei auch die primare Inflammation des Ringbander
beschrieben ist [27, 54]. Die r-axSpA beginnt klassischerweise mit der Entziindung
der Anheftungen des AF an den Wirbelkdrperendplatten als Form der Enthesitis
[58, 59]. Uber die entheseale Inflammation kommt es bei allen Erkrankungen
dieser Gruppe sekundar zu Synovialitis, Osteitis, Erosionen, Tenosynovialitis und
Knorpeldestruktion, sodass die Endstrecke groRe Uberschneidungen mit der RA

aufweist [60].
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Werden Arthritiden nicht oder zu spat behandelt, kommt es zu einer
fortschreitenden Gelenkdestruktion mit Fehlstellung und
Bewegungseinschrankung, die letztlich zu einem Funktionsverlust fUhren kdnnen.
Um dies zu verhiten, sind eine fruhe Diagnose und Therapie von hochster Prioritat.
Zwar stehen korperliche Untersuchung und laborchemische Diagnostik bei
Primardiagnose weiterhin im Vordergrund, allerdings sind bildgebende Verfahren,
wie Sonografie, konventionelles Rontgen und nicht zuletzt auch die MRT, weit
verbreitet und von zunehmender Bedeutung [61-67]. Die Bildgebung hilft nicht nur
bei der Primardiagnostik, sondern hat ihre Starken insbesondere bei der
Differentialdiagnostik unterschiedlicher Arthritiden und bei der Therapiekontrolle.
Eine regelmaRige Therapiekontrolle (T2T-Prinzip) ist seit einigen Jahren sowohl
bei der RA als auch der PsA etabliert, um eine dauerhafte Remission zu erreichen
und zu erhalten [6, 9, 11]. Dabei kommen moderne Medikamente zum Einsatz,
sog. bDMARD und tsDMARD, die eine individualisierte Therapie fur jeden

Patienten ermdglichen.

3. MRT

Seit ihrer Einfuhrung in den frihen 1980er Jahren hat sich die MRT zu einer
unersetzbaren Saule der muskuloskelettalen Bildgebung entwickelt. Mit ihrem
exzellenten Weichteilkontrast und der ausgezeichneten Ortsauflésung, die mithilfe
einer inzwischen weit verbreiteten Anwendung von modernen 3 T Geraten und
fortschrittlichen Empfangsspulen klinischer Standard ist, kbnnen heutzutage alle
Regionen und Gewebetypen des Bewegungsapparates zuverlassig abgebildet und
beurteilt werden. So sind Frakturen und Knochenmarkveranderungen, aber auch

synoviale, ligamentare und kartilaginare Patholgien zuverlassig darstellbar. Zwar
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hat sie gegenuber Computertomografie und Sonografie auch Nachteile, wie die
langere Messzeit und die hoheren Kosten, allerdings stehen diesen Nachteilen die
fehlende Strahlenbelastung und die fehlende Untersucherabhangigkeit als Vorteile
gegenuber. Neben der hochauflosenden morphologischen Standard-MRT
existieren zudem zahlreiche kompositionelle Verfahren, die ultrastrukturelle
Analysen bestimmter Gebewebetypen erlauben. Insbesondere fir Gelenkknorpel
und Bandscheibe existieren verschiedene kompositionelle Methoden, die im

Folgenden naher beleuchtet werden.

a) Morphologische Hochfeld-MRT

Die MRT ist ein bildgebendes Verfahren, das nicht auf ionisierender Strahlung,
sondern auf Spin-Spin-Interaktionen in einem externen Magnetfeld basiert.
Hinsichtlich der basalen Grundlagen der MRT wird auf die bestehende und
exzellente Primar- und Sekundarliteratur verwiesen [68, 69]. Die in der
wissenschaftlichen Praxis bereits etablierten Hochfeld (3 T) MRT Gerate, finden
seit langerer Zeit auch in der klinischen Routine breite Anwendung und machen so
fortgeschrittene MRT Verfahren auch in der taglichen Praxis mdoglich,
insbesondere wenn sie durch dezidierte Sende- und Empfangsspulen erganzt
werden. Vorteile der Hochfeldtechnik sind ein verbessertes Signal-zu-Rausch
Verhaltnis (signal to noise ratio, SNR), eine hdhere Ortsauflésung und reduzierte
Untersuchungszeiten. Da das MR-Signal proportional zum statischen Magnetfeld
zum Quadrat ist, ergibt sich rechnerisch eine Verbesserung der SNR um den
Faktor zwei. Aufgrund der gleichzeitigen Zunahme von Suszeptibilitatsartefakten
bei hdheren Feldstarken betragt die tatsachliche Verbesserung der SNR bis zu

60% [70]. Eine verbesserte Ortsaufloésung mit einer Verkleinerung der
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Schichtdicke, des Untersuchungsvolumens (field of view, FoV) und der Pixelgrofie
geht zwingend auf Kosten der SNR. Daraus ergibt sich, dass bei der Verwendung
von 3 T Geraten und dezidierten Empfangsspulen hochaufgeloste Bilder mit
geringer Schichtdicke, kleinem FoV und kleiner PixelgroRe angefertigt werden
konnen, die eine detaillierte Abbildung kleinster Strukturen, wie beispielsweise den
kleinen Fingergelenken, erlauben, ohne dabei eine Verschlechterung der SNR zu

erwarten [71].

aa) Anwendung RA und PsA

Die MRT erlaubt die zuverlassige Detektion erkrankungstypischer
Gelenkveranderungen, wie beispielsweise Synovialitis, Tenovaginitis, Erosionen
und Osteitis [72-77]. Dabei ist sie insbesondere bei der Erkennung von
Knochenmarkveranderungen, also dem typischen Knochenmarkdodem,
Goldstandard, denn diese koénnen weder von der Sonografie noch der
Computertomografie dargestellt werden. Bislang ist die MRT zwar noch kein
Bestandteil der offiziellen Diagnosekriterien der RA und PsA, allerdings findet sie
in Form des RA und PsA MR Imaging Scores (RAMRIS und PsAMRIS)
wissenschaftliche Anwendung [35, 36, 78, 79]. Beide sind Summenscores, die
semi-quantitativ erkrankungsassoziierte Veranderungen des Handgelenkes, der
Handwurzel (RA) und der metacarcpophalangeal (MCP)-Gelenke (beide) sowie
der proximalen interphalangeal (PIP-) und distalen interphlangeal (DIP-) Gelenke
(PsA) auf flussigkeitssensitiven und kontrastmittelgestitzten Sequenzen erfassen
und in einem Summenwert angeben. Sowohl beim RAMRIS als auch beim
PsAMRIS werden Punkte fir das Vorliegen und die Auspragung von Synovialitis,

Flexor-Tenosynovialitis, Erosionen und Knochenmarkdodem vergeben. Der
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RAMRIS schlief3t noch das Merkmal Gelenkspaltverschmalerung, der PSAMRIS
die Merkmale periartikulare Inflammation und Osteoproliferationen mit ein. So
konnen nicht nur fragliche klinische Diagnosen und Differentialdiagnosen bestatigt
oder ausgeschlossen werden, sondern auch der Verlauf und das

Therapieansprechen valide beurteilt werden.

ab) Anwendung r-axSpA

Bei der r-axSpA und der non-r-axSpA sind die MRT der Sakroiliakalgelenke und
der Nachweis einer floriden Sakroiliitis Bestandteil der primaren Diagnosekriterien
[80-82]. Veranderungen der Wirbelsaule sind bislang nicht Teil dieser Kriterien,
allerdings lassen sich typische Veranderungen wie die anteriore und posteriore
Spondylitis, Erosionen der Wirbelkdrperabschlussplatten, Syndesmophyten,
Verknocherungen der Langsbander und die Ankylose der Wirbelsegmente

zuverlassig und sensitiv nachweisen [83-806].

ac) DDD

Die strukturell manifeste DDD lasst sich nicht-invasiv mittels der MRT abbilden,
wobei dazu vor allem sagittale T2-gewichtete (T2w) Sequenzen Anwendung
finden, um den Flussigkeitsgehalt der Bandscheibe zu beurteilen. Gemald der
etablierten und validierten Pfirrmann Klassifikation wird der strukturell manifeste
Grad der VD Degeneration anhand der T2w Signalintensitat und der Hoéhe der
jeweiligen IVD bestimmt, wobei ein Grad <2 nicht-degenerierten und ein Grad =3
degenerierten IVDs entspricht [87]. Auch Veranderungen der

Wirbelkorperabschlussplatten, die typische Folge der DDD sind konnen mittels der
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MRT beurteilt werden, s. dazu beispielsweise die verbreitete Modic-Klassifikation

[88].

b) Kompositionelle MRT Bildgebung von Gelenkknorpel und Bandscheibe

Fruhe, potentiell reversible Veranderungen des Gelenkknorpels im Rahmen einer
OA, einer RA oder einer PsA sowie der /VD bei der DDD lassen sich trotz
hochauflosender MRT mittels morphologischer Standsequenzen nicht abbilden.
Dazu sind spezielle, sog. kompositionelle Methoden, wie die gagCEST oder
dGEMRIC Bildgebung erforderlich.

Der avaskulare Gelenkknorpel setzt sich aus Chondrozyten und der extrazellularen
Matrix zusammen. Die extrazellulare Matrix besteht vor allem aus Wasser (>70%)
und zu geringeren Anteilen aus Typ |l Kollagenfasern und sogenannten
Proteoglykanen. Proteoglykane setzen sich aus einem Kernprotein und
hydrophilen Polysaccharidketten, den GAGs, zusammen [39]. Wahrend die
Kollagenfasern durch ihr verzweigtes Netzwerk Scherstabilitat verleihen, binden
die GAGs Wasser und bedingen so die mechanische Dampferfunktion des
Knorpels. Frihe Veranderungen des Gelenkknorpels bei degenerativen
Veranderungen beginnen mit einem GAG-Verlust [30, 89, 90]. Somit kann der
GAG-Verlust als ein frihes, potentiell reversibles Zeichen der OA gewertet werden.
Der Goldstandard der GAG-spezifischen kompositionellen MRT ist die sog.
dGEMRIC. Dabei werden die anionischen Eigenschaften gadoliniumhaltiger (Gd"),
intravends verabreichter Kontrastmittel genutzt, die vor allem bei Gd-DTPA?
beschrieben wurden. Gd-Kontrastmittel flhrt durch seine paramagnetischen
Eigenschaften zu einer Verkirzung der T1-Zeit. Im gesunden Knorpel reichert

Kontrastmittel jedoch kaum an, sodass es hier kaum eine messbare Veranderung
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der T1 Zeit gibt [91]. Kommt es jedoch im Rahmen einer OA oder RA zu einem
Verlust an GAG, konnen die nun frei gewordenen Bindungsstellen durch Gd-
besetzt werden und es kommt zu einer relevanten Verminderung der T1-Zeit [28,
92, 93]. Niedrige T1-Zeiten korrelieren dabei mit dem GAG-Gehalt des
untersuchten Knorpels. Dieser Zusammenhang konnte histologisch bestatigt
werden [94, 95].  Vorarbeiten konnten bereits die  potentielle
Anwendungsmoglichkeit von dGEMRIC bei der RA aufzeigen, wobei fur die PsA
bislang keine Daten existieren [96-98].

Im Gegensatz zu dGEMRIC ist die gagCEST Bildgebung ein kompositionelles
Verfahren, das keiner intravendsen Kontrastmittelgabe bedarf [99]. Die Methode
beruht auf dem physiologischen chemischen Austausch von Protonen, die in zwei
unterschiedlichen sog. ,Protonenpools® vorliegen [100]. Der eine Pool sind die
GAG-gebundenen Protonen, die sog. Losungsprotonen, der andere die an Wasser
gebundenen, die sog. Wasserprotonen. Entscheidend ist, dass die Protonen der
beiden Pools eine unterschiedliche Resonanzfrequenz aufweisen. Werden die
Ldsungsprotonen nun durch einen frequenzselektiven Radiofrequenzpuls gesattigt
und in der Folge mittels chemischen Austausches auf den Wasserpool Ubertragen,
sinkt auch die Magnetisierung des Wassers und somit das messbare
Wassersignal. Dieser Signalabfall des Wassers korreliert negativ mit dem GAG-
Gehalt der angeregten Schicht. Der Frequenzbereich von 0,9-1,9 ppm ist durch die
OH- Gruppen der GAGs GAG-spezifisch. In diesem Bereich ist eine sog.
Asymmetrie, der sogenannte CEST-Effekt messbar [101]. Dieser CEST-Effekt wird
als Magnetisierungstransfer-Asymmetrie-Ratio (MTRasym) angegeben und gibt das

Verhaltnis von gesattigtem zu ungesattigtem Wasser in Prozent an.
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Die gagCEST Methode wurde besonders haufig an /VDs, jedoch auch am hyalinen
Gelenkknorpel bereits angewandt [102—106]. IVDs bestehen aus einem aulieren
Faserring, dem AF, und dem davon umgebendem gallertigen NP. Der NP weist
einen sehr hohen GAG-Gehalt auf und ahnlich zum hyalinen Gelenkknorpel kommt
es im Rahmen friher degenerativer Veranderungen zum GAG-Verlust, bevor
morphologische MRT-Verfahren eine strukturell manifeste DDD feststellen

konnen.
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Il. Untersuchungen und Ergebnisse

1. Arbeit: Abrar DB, Schleich C, Nebelung S, Frenken M, Radke KL,
Vordenbaumen S, Brinks R, Schneider M, Ostendorf B, McGonagle D,
Sewerin P. High-resolution MRI of flexor tendon pulleys using a 16-channel
hand coil: disease detection and differentiation of psoriatic and rheumatoid

arthritis. Arthritis Res Ther. 2020 Mar 2;22(1):40.

Die periphere PsA ist eine sehr haufige entziindliche Gelenkerkrankung, die eine
gemeinsame Endstrecke mit der RA aufweist, namlich eine ausgepragte
Gelenkdestruktion und erhebliche Funktionseinschrankung [107, 108]. Dem
entgegen unterscheiden sich beide Entitaten hinsichtlich ihrer Pathogenese
deutlich; wahrend die RA eine primar synoviale Erkrankung ist, entsteht die PsA
an Enthesen, also Band- oder Sehnenansatzen [53, 54, 109]. Dazu zahlen die
sogenannten synovioenthesealen Komplexe, zu denen auch die Ringbander der
Fingerbeugesehnen gehoren [110-112]. Da die Unterscheidung zwischen RA und
PsA im klinischen Alltag haufig nicht eindeutig ist und somit die notwendige frihe
Diagnose und Therapie erschwert wird, sind diagnostische Mittel fir die
Unterscheidung beider Erkrankungen erforderlich [113—115]. Ziel dieser Arbeit war
daher den Stellenwert morphologischer Ringbandveranderungen mittels
hochauflésender 3 T MRT zur Differenzierung von PsA und RA unter Verwendung
einer neuartigen 16-Kanal Handspule zu untersuchen.

17 Patienten mit aktiver PsA, 20 Patienten mit aktiver RA und 16 gesunde
Probanden wurden mittels hochauflésender 3-T-MRT und einer speziellen 16-
Kanal-Handspule untersucht. Die Bilder wurden von drei unabhangigen

Radiologen hinsichtlich des Ausmales entzindlicher Veranderungen, der
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Ringbanddicke und des PsAMRIS sowie seiner Subscores analysiert. Fur
Korrelationsanalysen wurde die Spearman rho-Korrelation berechnet.

Die Ringbander waren bei PsA-Patienten signifikant dicker als bei RA-Patienten
(mittlerer Unterschied 0,16 mm, p < 0,001) und Probanden (mittlerer Unterschied
0,2 mm, p < 0,001). Zudem zeigten sie ein hoheres Ausmal} an assoziierten
entzindlichen Veranderungen (mittlerer Unterschied zu RA 4,7, p = 0,048; mittlerer
Unterschied zu den Probanden 14,65, p < 0,001). Zusatzlich gab es eine starke
Korrelation zwischen der Entziindung der Ringbander und dem PsAMRIS sowie
seinen akut-entztindlichen Subscores, also der Tenovaginitis der Beugesehnen,
der Synovialitis und der periartikularen Entziindung (beispielhaft fir den zweiten
Finger: Synovialitis p = 0,72, Tenovaginitis der Beugesehnen p = 0,7, PsAMRIS
insgesamt p = 0,72, p < 0,01). Ahnlich starke Korrelationen zeigten sich in den
Fingern 3-5. Schwachere Korrelationen zeigten sich bei RA (Synovialitis p = 0,49,
Tenovaginitis der Beugesehnen p = 0,49, periartikulare Entziindung p = 0,4).
Zusammenfassend konnte somit gezeigt werden, dass PsA zu deutlichen akut-
entzuandlichen und strukturellen Veranderungen der Rinbgbander fuhrt, die starker
ausgepragt sind als bei Patienten mit RA und Gesunden. Die Beurteilung von MRT-
Veranderungen der Ringbander ist flr die Krankheitserkennung bei PsA sowie flr
deren Unterscheidung von RA und gesunden Individuen somit von potentieller

Bedeutung.
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2. Arbeit: Abrar DB, Schleich C, Radke KL, Frenken M, Stabinska J,
Ljimani A, Wittsack HJ, Antoch G, Bittersohl B, Hesper T, Nebelung S,
Muller-Lutz A. Detection of early cartilage degeneration in the tibiotalar joint

using 3 T gagCEST imaging: a feasibility study. MAGMA. 2020 Jul 28.

Die kompositionelle MRT vermag Knorpelveranderungen zu detektieren, die
unwiderruflichen, morphologisch-manifesten Veranderungen vorausgehen [28, 29,
31]. Sie ermdglichen die Detektion des Proteoglykanverlustes, also dem potentiell
reversiblen Initialstadium der OA [116]. Goldstandard war dabei bislang dGEMRIC,
ein kontrastmittelgestitztes, histologisch validiertes Verfahren, das spezifisch fur
Proteoglykane ist [95, 117]. Aufgrund neuerer Einschrankungen bei der
Verwendung gadoliniumbasierter Kontrastmittel, sind jedoch kontrastmittelfreie
Alternativen in den wissenschaftlichen Fokus gertckt, unter anderem die gagCEST
Bildgebung [118-120]. Allerdings wurde dieses Verfahren bei schmalem
Gelenkknorpel und 3 T MRT Geraten bislang nur sparlich eingesetzt. Ziel dieser
Arbeit war daher die Etablierung und Optimierung eines stabilen 3 T-gagCEST-
Bildgebungsprotokolls zur Beurteilung des tibiotalaren Gelenkknorpels bei

gesunden Probanden und Patienten nach Sprunggelenksverletzung.

Zunachst wurde mithilfe von Bloch-McConnell-Simulationen ein 3 T gagCEST
Sequenzprotokoll mit einer Messdauer von weniger als 07:30 min optimiert. Dieses
Protokoll wurde anschlielRend verwendet, um den gagCEST-Effekt des tibiotalaren
Gelenkknorpels von 17 gesunden Probanden und flunf Patienten mit traumatischen

osteochondralen Lasionen des Talus zu analysieren.
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Die MTRasym, d.h. die gagCEST-Effektgrolie, war bei den Patienten signifikant
geringer als bei den gesunden Probanden (0,34 + 1,9% vs. 1,49 = 0,11%; p <
0,001). Die Intra- wund Inter-Rater-Reproduzierbarkeit war mit einem
durchschnittlichen Intraclass-Korrelationskoeffizienten (ICC) von 0,97 und einem

Einzelmessungs-ICC von 0,91 (p < 0,01) exzellent.

Zusammenfassend waren pramorphologische Knorpelveranderungen des oberen
Sprunggelenkes auf der Basis des optimierten 3 T gagCEST-
Bildgebungsprotokolls quantitativ  beurteilbar. Somit wurde eine stabile
Quantifizierung der gag CEST-Effektgrdfien bei Patienten und Gesunden in klinisch

praktikabler Messzeit ermoglicht.
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3. Arbeit: Abrar DB, Schleich C, Brinks R, Goertz C, Schneider M, Nebelung
S, Sewerin P. Differentiating rheumatoid and psoriatic arthritis: a systematic
analysis of high-resolution magnetic resonance imaging features-

preliminary findings. Skeletal Radiol. 2020 Aug 26.

Rheumatische Gelenkerkrankungen, wie die RA und PsA, fihren unbehandelt zu
Gelenkdestruktion und erheblicher funktioneller Beeintrachtigung [42, 121]. Dabei
sind die frihe Erkennung und Therapie entztindlicher Gelenkerkrankung flr einen
gunstigen Krankheitsverlauf entscheidend [6, 7, 11]. Da sich die Therapieregime
fur die verschiedenen peripheren Gelenkerkrankungen inzwischen unterscheiden,
ist die diagnostische Differenzierung von RA und PsA von wesentlicher Bedeutung,
bleibt jedoch im klinischen Alltag aufgrund ihrer Uberlappenden Phanaotypen
bisweilen eine Herausforderung [122, 123]. Ziel dieser Studie war es daher, den
diagnostischen Wert der MRT flr die diagnostische Differenzierung beider
Entitaten systematisch zu untersuchen.

17 Patienten mit PsA und 28 Patienten mit RA wurden mittels hochauflésender 3
T-MRT und einer speziellen 16-Kanal-Handspule untersucht. Alle Bilder wurden
gemall RAMRIS und PsAMRIS auf Vorliegen und Auspragung von Synovialitis,
Tenovaginitis der Beugesehnen, Knochenmarkodem, Erosionen, periartikularer
Entzindung, Osteoproliferation und Gelenkspaltverschmalerung analysiert.
AnschlielRend wurden odds ratios berechnet, um die Assoziationsstarke zwischen
diesen bildgebenden sowie demographischen Merkmalen und dem Ergebnis RA
vs. PsA zu bestimmen.

PsA konnte durch extrakapsulare entziindliche Veranderungen (PsAMRIS-Sub-

Score "periartikulare Entziindung") von RA unterschieden werden, wobei die odds
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fur das Vorliegen der Diagnose ,RA" an allen MCP-Gelenken gering ((OR von 0,06,
p < 0,01) und somit die odds fur Diagnose ,PsA* im Umkehrschluss hoch waren.
Ein Vorhersagemodell, das auf den Merkmalen basierte, die am starksten mit dem
Vorhandensein von RA oder PsA assoziiert waren, zeigte eine ausgezeichnete
Differenzierungsfahigkeit beider Entitaten mit einer Flache unter der Kurve (area
under the curve) von 98,1 %.

Die hochauflésende MRT hilft bei der Identifizierung relevanter
Bildgebungsmerkmale, die die klinische Differenzierung von entzindlichen
Gelenkerkrankungen unterstiitzen kdnnen. Auf MCP-Ebene waren extrakapsulare
entzundliche Veranderungen stark mit PsA assoziiert und konnen daher zur

bildgebenden Differenzierung von PsA und RA beitragen.
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4. Arbeit: Abrar DB, Schleich C, Tsiami S, Muller-Lutz A, Radke KL,
Holthausen N, Frenken M, Boschheidgen M, Antoch G, Mucke J, Sewerin
P, Braun J, Nebelung S, Baraliakos X. Functional MR imaging beyond
structure and inflammation-radiographic axial spondyloarthritis is associated

with proteoglycan depletion of the lumbar spine. Arthritis Res Ther. 2020

Sep 17:22(1):219.

Die r-axSpA ist der bekannteste Vertreter der axialen Spondyloarthropathien
[124]. Sie fuhrt zu Ruckenschmerz, Bewungseinschrankung und letztlich zu
schwerwiegendem Funktionsverlust. Im Rahmen der Diagnostik nimmt die
MRT einen zunehmend wichtigen Stellenwert ein, was durch den Einschluss in
die Assessment of SpondyloArthritis Society (ASAS) Klassifikationskriterien
widergespiegelt wird [125, 126]. Typische Veranderungen sind dabei
Syndesmophyten, aseptische Spondylodiszitis sowie Spondylitis [127, 128].
Auch Knorpelveranderungen sind in der Literatur beschreiben [129, 130]. Ob
und inweit lumbale Bandscheiben betroffen sind, ist bislang jedoch nur sparlich
untersucht worden [131]. Ziel der Arbeit war es daher den GAG-Gehalt der
lumbalen Bandscheiben von Patienten mit r-axSpA und gesunden Probanden
zu vergleichen und die Assoziation von GAG-Verlust und krankheitsbezogenen
klinischen und bildgebenden Merkmalen zu untersuchen.

Die Lendenwirbelsaule von 50 r-axSpA-Patienten (Durchschnittsalter 50 + 10,5
Jahre) und 30 gleichartigen Probanden wurde mit 3-T-MRT und
konventionellen Rontgenaufnahmen untersucht. Das MRT-Protokoll umfasste
morphologische Sequenzen und die gagCEST-Technik. Die morphologischen

Bilder wurden von drei Radiologen auf entzindliche Aktivitat,
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Fettablagerungen, Bandscheibendegeneration und strukturelle Veranderungen
auf konventionellen Rontgenaufnahmen analysiert. Zu den klinischen und
serologischen Messwerten gehorten der Bath-AS-Disease-Activity- (BASDAI)
und Bath-AS-Function- (BASFI) Index sowie der C-reaktive Protein (CRP)-
Serumspiegel. Die gagCEST-Werte beider Gruppen wurden mit Hilfe eines
gemischten linearen Modells verglichen. Es wurden Kendall-Tau-
Korrelationsanalysen durchgeflnhrt.

Die GagCEST-Werte waren bei r-axSpA-Patienten signifikant niedriger (2,0
1,7%) als bei gesunden Probanden (2,4 + 1,8%), p = 0,001. Geringe, aber
signifikante Korrelationen wurden zwischen gagCEST-Werten und CRP-
Werten (1 = - 0,14, p = 0,007), BASFI (1 = - 0,18, p < 0,001) und dem
Vorhandensein von Syndesmophyten (1 = - 0,17, p = 0,001) gefunden. Es
wurden keine signifikanten Korrelationen mit den BASDAI-, Entziindungs- und
Fettablagerungs-MRI-Scores gefunden.

Lumbale Bandscheiben von r-axSpA-Patienten unterliegen einer signifikanten
GAG-Depletion, die unabhangig mit Syndesmophytenbildung, funktioneller
Behinderung und erhéhten serologischen Entzindungsmarkern assoziiert ist.
Uber den Nachweis einer pathophysiologischen Rolle der Bandscheiben bei r-
axSpA hinaus deuten diese Ergebnisse darauf hin, dass die gagCEST-
Bildgebung eine erganzende bestatigende Rolle bei der Beurteilung

krankheitsbezogener pathologischer MRT-Befunde bei r-axSpA haben kdnnte.
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5. Arbeit: Abrar DB, Schleich C, Muller-Lutz A, Frenken M, Radke KL,
Vordenbaumen S, Schneider M, Ostendorf B, Sewerin P. Cartilage Degradation in
Psoriatic Arthritis Is Associated With Increased Synovial Perfusion as Detected by

Magnetic Resonance Imaging. Front Med (Lausanne). 2020 Sep 25;7:539870.

Ahnlich der RA geht auch die PsA mit Knorpelveranderungen peripherer Gelenke
einher. In Vorarbeiten konnte gezeigt werden, dass fruher Knorpelverlust mit akut-
entzindlichen Gelenkveranderungen- gemessen am RAMRIS- assoziiert ist [98].
Fir die RA konnten frihere Studien mithilfe kompositioneller MRT des
Gelenkknorpels, und der dynamischen kontrastverstarkten MRT (DCE-MRT)
zeigen, dass frihe Veranderungen des Gelenkknorpels stark mit synovialer
Entzindung assoziiert sind [98, 132]. Das Ziel dieser Studie war es festzustellen,
ob eine akute Entzindung mit frihem Knorpelverlust in kleinen Fingergelenken von
Patienten mit PsA assoziiert ist. MCP-, PIP- und DIP-Gelenke von 17 Patienten mit
aktiver PsA wurden mittels hochauflésender 3 T dGEMRIC und DCE MRT unter
Verwendung einer dedizierten 16-Kanal-Handspule untersucht. Es wurden
semiquantitative und quantitative Perfusionsparameter berechnet. Die Bilder
wurden von zwei unabhangigen Gutachtern auf dGEMRIC-Indizes, PsAMRIS,
Gesamtknorpeldicke und Gelenkspaltweite analysiert. Wir fanden signifikante
negative Korrelationen zwischen Perfusionsparametern und dGEMRIC-Indizes,
mit dem hoéchsten Wert an den MCP-Gelenken (KTrans: 1=-0,54, p = 0,01; Kep: 1
=-0,02, p =0,90; IAUC: 1=-0,51, p = 0,015; Initial Slope: 1 =-0,54, p = 0,01; Peak:
T = -0,67, p = 0,002). Heterogene Korrelationen wurden zwischen den
Perfusionsparametern und dem PsAMRIS-Gesamtwert und den PsSAMRIS-

Synovialitis-Sub-Scores festgestellt. Es wurde keine signifikante Korrelation
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zwischen Perfusionsparametern und Gelenkspaltweite und/oder Knorpeldicke
festgestellt. Wie mittels DCE-MRT und dGEMRIC untersucht, besteht ein
moglicher Zusammenhang zwischen frihem Knorpelverlust und akuter synovialer

Entzindung in kleinen Fingergelenken von PsA-Patienten.
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6. Arbeit: Abrar DB, Schleich C, Brinks R, Goertz C, Frenken M,
Schneider M, Nebelung S, Sewerin P. Introduction of a Simplified
Psoriatic Arthritis Magnetic Resonance Imaging Score (sPSAMRIS): A
Potential Tool for Treatment Monitoring in Peripheral Psoriatic Arthritis.

Diagnostics (Basel). 2020 Dec 15;10(12):E1093.

Zwar sind Erkennung und Therapiekontrolle der PsA weiterhin primar klinisch
gepragt, jedoch nimmt die MRT einen zunehmend wichtigeren Stellenwert ein [27,
36, 133]. Dies findet auch in dem 2009 eingeflihrten PSAMRIS Ausdruck, einem
semi-quantitativen Summenscore, der verschiedene akut- und chronisch-
entzindliche Gelenkveranderungen der Fingergelenke, wie beispielsweise
Erosionen, Synovialitis und Osteoddem, nach ihrer Auspragung evaluiert und
zusammenfasst [36]. Zwar ist der PsAMRIS sehr sensitiv flr typische
erkrankungsassoziierte Gelenkveranderungen, jedoch ist er sehr umfangreich und
daher zeitaufwandig in seiner Erhebung. Daher war das Ziel dieser Studie, zu
untersuchen, ob eine vereinfachte (simplified, s) Version des PsAMRIS, der
sogenannte sPSAMRIS, ein potenzielles Werkzeug fur die Therapieliberwachung
bei PsA ist.

Die klinisch dominante Hand von 17 Patienten mit aktiver PsA wurde mittels 3 T
MRT zu Studienbeginn und nach 6 Monaten untersucht. Die Auswertung erfolgte
durch zwei muskuloskelettale Radiologen nach Vorgaben des PSAMRIS und des
SPsAMRIS, einer vereinfachten Version, die auf der vorherigen Auswertung der
Veranderungsempfindlichkeit durch standardisierte Antwortmittel (standardized

response means, SRMs) basiert. Beide Scores wurden durch Berechnung der
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SRMs des Gesamt- und jedes Sub-Scores und der relativen Wirksamkeit (relative
efficacy, RE) nach Bootstrapping verglichen.

Die PSAMRIS-Sub-Scores der MCP-Gelenke D3 und 4 sowie des PIP-Gelenkes
D4 wiesen die hochsten SRM (jeweils -0,07) auf, was auf die hochste Sensitivitat
fur Veranderungen hinweist, und wurden daher in den sPsAMRIS aufgenommen.
Im Vergleich zu PSAMRIS zeichnete sich der sPSAMRIS durch héhere SRMs
(SPsAMRIS: -0,13 vs. PsAMRIS: -0,02) und eine hoéhere RE (29,46) aus.
SPsAMRIS und PsAMRIS wiesen bei Studienbeginn (r = 0,75, p < 0,01 (Pearson's
correlation)) und bei der 6-monatigen Verlaufskontrolle (r = 0,64, p = 0,01) eine
hohe Korrelation auf. Der mittlere Zeitaufwand fur die Erhebung des Scores pro
MRT-Untersuchung war bei Verwendung des sPsAMRIS (140,1 £ 21,25 s) im
Vergleich zum regularen PSAMRIS (469 * 87,03 s) signifikant reduziert (p < 0,001).
Aufgrund der ahnlichen Ansprechbarkeit auf Veranderungen im Vergleich zum
Standard-PSAMRIS und der Zeiteffizienz kdnnte der sSPSAMRIS ein potenzielles
diagnostisches Werkzeug zur semiquantitativen Beurteilung und Uberwachung der

Therapie bei PsA sein.
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7. Arbeit: Abrar DB, Schleich C, Frenken M, Vordenbdumen S, Richter
J, Schneider M, Ostendorf B, Nebelung S, Sewerin P. DGEMRIC in the
Assessment of Pre-Morphological Cartilage Degeneration in Rheumatic
Disease: Rheumatoid Arthritis vs. Psoriatic Arthritis. Diagnostics (Basel).

2021 Jan 20;11(2):E147.

Die Schadigung des Gelenkknorpels ist ein bekanntes Merkmal der RA. Studien
der letzten zwei Jahrzehnte haben die Bedeutung von Knorpelschadigung in der
Pathogenese und im Krankheitsverlauf der RA intensiv untersucht [134—136].
Obwohl Knorpelverlust auch ein bekanntes Merkmal der PsA ist, ist die
Studienlage im Vergleich zur RA sparlich und seine Rolle in der Pathogenese, fur
die Krankheitstiberwachung und fur die Differenzierung von der RA weitgehend
unklar [137]. Mittels dGEMRIC untersuchten wir daher MCP- und PIP-Gelenke bei
PsA-Patienten und verglichen diese mit RA-Patienten, um Hinweise fir die
Knorpelbeteiligung im Krankheitsverlauf der PsA zu erlangen.

Insgesamt 17 Patienten mit aktiver PsA und 20 Patienten mit aktiver RA wurden
mittels hochaufléosender 3 T dGEMRIC und einer speziellen 16-Kanal-Handspule
untersucht. Die Bilder wurden von zwei unabhangigen Radiologen hinsichtlich der
dGEMRIC-Indizes und der Gelenkspaltweite auf MCP- und PIP-Gelenkebene
analysiert.

Es konnten keine signifikanten Unterschiede der dGEMRIC-Werte zwischen
beiden Studienpopulationen gefunden werden (PsA 472,25 ms, RA 461,11 ms; p
= 0,763). Bei allen RA- und den meisten PsA-Patienten zeigten die PIP-Gelenke
signifikant niedrigere dGEMRIC-Indizes als die MCP-Gelenke (RA: D2: p = 0,009,

D3: p = 0,008, D4: p = 0,002, D5: p = 0,002; PsA: D3: p = 0,001, D4: p = 0,004).
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Die Gelenkspaltweite war in den meisten Gelenke ahnlich und es wurden keine
signifikanten Unterschiede gefunden.

Die molekulare Zusammensetzung des MCP- und PIP-Gelenkknorpels von PsA-
Patienten ist ahnlich wie die von RA-Patienten, was die wissenschaftliche und
klinische Machbarkeit der kompositionellen MRT bei diesen Krankheitsentitaten
zeigt. Muster und Schweregrad der ultrastrukturellen Knorpeldegradation der
Fingergelenke konnen daher bei PsA- und RA-Patienten Uber die reine

Morphologie hinaus beurteilt werden.
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8. Arbeit: Frenken M, Nebelung S, Schleich C, Muller-Lutz A, Radke KL, Kamp B,
Boschheidgen M, Wollschlager L, Bittersohl B, Antoch G, Konieczny MR, Abrar
DB. Non-Specific Low Back Pain and Lumbar Radiculopathy: Comparison of
Morphologic and Compositional MRI as Assessed by gagCEST Imaging at 3T.

Diagnostics. 2021; 11(3):402.

Ruckenschmerz ist eine Volkskrankheit, die eine grof3e soziookonomische und
auch individuelle Belastung darstellt [138]. Die meisten Falle lassen sich als
unspezifische Lumbago definieren, dem keine eindeutige strukturelle Ursache, wie
beispielsweise eine Fraktur oder ein Bandscheibenvorfall, zugrunde liegt [139]. Ein
Faktor, der potentiell zu unspezifischer Lumbago beitragt, ist die lumbale DDD
[140]. Die MRT ist eine sehr sensitive Methode Bandscheibendegeneration zu
detektieren. Unter Verwendung von gagCEST- wurde in dieser Studie der GAG-
Gehalt lumbaler Bandscheiben von Patienten mit unspezifischer Lumbago,
Radikulopathie und asymptomatischen Probanden vergleichend untersucht, um
die Assoziation von klinischer Manifestation und GAG-Gehalt zu klaren. Insgesamt
18 Patienten (Durchschnittsalter 57,5 +22,5 Jahre) mit Radikulopathie, 16
altersgleiche Patienten mit chronischer unspezifischer Lumbago und 20
altersgleiche wurden mittels morphologischer und kompositioneller MRT mit einem
3 T Scanner untersucht. In allen Kohorten wurde der GAG-Gehalt der lumbalen
IVDs mittels gagCEST-MRT bestimmt. Eine Bewertung der morphologischen
Bandscheibendegeneration auf Basis der Pfirrmann-Klassifikation und T2-w
Sequenzen diente als Referenz [87]. Fur die statistische Auswertung wurde ein
lineares gemischtes Modell verwendet, das flr multiple Faktoren adjustiert wurde.

IVDs von Patienten mit Lumbago zeigten niedrigere gagCEST-Werte als die von
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Probanden (Lumbago: 1,3% [99% Konfidenzintervall (Cl): 1,0; 1,6] vs. Probanden:
1,9 % [99 % KI: 1,6; 2,2]). Die IVDs von Patienten mit Radikulopathie (1,8 % [99 %
Kl: 1,4; 2,1]) unterschieden sich jedoch nicht von Patienten mit Lumbago oder
Probanden. Bei Patienten mit Radikulopathie zeigten /VDs, die direkt an
Bewegungssegmente mit Bandscheibenvorfallen angrenzten, niedrigere
gagCEST-Werte als davon weiter entfernte /VDs (angrenzend: 0,9% [99% CI: 0,3;
1,5], entfernt: 2,1% [99% CI: 1,7; 2,5]). Die fortgeschrittene GAG-Depletion bei
Lumbago und in /VDs, die direkt an Bandscheibenvorfalle angrenzen, deutet auf
einen engen Zusammenhang von Kklinischer Pathologie und kompositioneller

Degeneration hin.
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9. Arbeit: Wollschlager LM, Nebelung S, Schleich C, Muller-Lutz A, Radke KL,
Frenken M, Boschheidgen M, Prost M, Antoch G, Konieczny MR, Abrar DB.
Evaluating Lumbar Intervertebral Disc Degeneration on a Compositional Level
Using Chemical Exchange Saturation Transfer: Preliminary Results in Patients with
Adolescent Idiopathic Scoliosis. Diagnostics (Basel). 2021 May 22;11(6):934. doi:

10.3390/diagnostics11060934.

Die AIS ist die haufigste Form der idiopathischen Skoliose [48]. Sie ist
typischerweise mit Ruckenschmerzen und Bewegungseinschrankung assoziiert.
Bei der AIS kommt es durch die veranderte Biomechanik und ungleichmafige
Lastverteilung zu einer vorzeitigen Degeneration der /VDs, die wiederum mit
Ruckenschmerzen vergesellschaftet ist [141]. Die Degeneration der lumbalen /VDs
ist durch strukturelle und kompositionelle Veranderungen gekennzeichnet, wobei
letztere nicht durch morphologische Standard-Sequenzen, sondern lediglich durch
moderne, biochemisch-sensitive Verfahren, wie beispielsweise gagCEST,
untersucht werden kénnen [142]. In dieser Studie wurde der GAG-Gehalt der /VDs
von Patienten mit AIS und gesunden Kontrollpersonen mit Hilfe der gagCEST
Bildgebung untersucht. Zehn A/S-Patienten (Durchschnittsalter 18,3 + 8,2 Jahre)
und 16 gesunde Probanden (Durchschnittsalter 25,5 + 1,7 Jahre) wurden
einbezogen. Klinisch- morphologische Standard-MRT-Bilder (T1w-, T2w- und
STIR-Sequenzen) zum Ausschluss weiterer Wirbelsdulenerkrankungen und zur
Beurteilung der [VD-Degeneration anhand des Pfirrmann-Scores sowie
kompositionelle gagCEST-Sequenzen wurden mit einem 3 T-MRT aufgenommen.
Bei AIS-Patienten wurde die am weitesten distal gelegene skoliotische Krimmung

anhand von konventionellen Réntgenaufnahmen der gesamten Wirbelsaule und
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morphologischen MRTs bestimmt. Die /VDs wurden danach eingeteilt, ob sie von
der skoliotischen Deformitat betroffen waren, d. h. proximal (betroffen, affected,
alVDs) oder distal (nicht betroffen, unaffected ualVDs) zum Neutralwirbel der am
weitesten distal gelegenen skoliotischen Krummung. Zum Vergleich der mittleren
gagCEST-Werte wurden lineare gemischte Modelle verwendet. Uber alle
Segmente hinweg wiesen die /VDs der AIS-Patienten signifikant niedrigere
gagCEST-Werte auf als die der Probanden: 2,76 [2,32, 3,20]1% (AlS), 3,51 [3,16,
3,86]% (Probanden); p = 0,005. Bei den gagCEST-Werten wurden keine
signifikanten  Unterschiede zwischen alVDs wund walVDs festgestellt.
Zusammenfassend kann die gagCEST-Bildgebung als effektives diagnostisches
Hilfsmittel prospektiv eingesetzt werden, um frihe degenerative Veranderungen

bei Patienten mit AIS zu erkennen.
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Rudern geht mit einer erhéhten Belastung fir lumbale /VDs einher. Daher fuhrt
Rudern als Leistungssport zu einer vorzeitigen Bandscheibendegeneration und zu
Bandscheibenvorfallen [143]. Im Verlauf der Bandscheibendegeneration ist der
Verlust von Proteoglykanen ein  Fruhzeichen [144, 145]. Dieser
Proteoglykanverlust kann mittels morphologischer Standard-MRT nicht detektiert
werden [146]. Allerdings sind mittlerweile neuer, kompositionelle Verfahren, wie die
gagCEST-Bildgebung, verfugbar, die eine kompositionelle Analyse von
Bandscheiben und die Erkennung friihen Proteoglykanverlustes ermdglichen [147,
148]. Da das Wissen Uber den trainingsinduzierten lumbaler /VDs in-vivo gering
ist, wurde in dieser Studie mittels kompositioneller MRT untersucht, wie sich die
lumbalen /VDs in Abhangigkeit von langfristigem Training bei Spitzensportlern und
altersgleichen Kontrollpersonen verandern.

Prospektiv wurden die Lendenwirbelsaulen von 17 Elite-Ruderern (ERs) der
deutschen Ruder-Nationalmannschaft (Durchschnittsalter: 23,9 + 3,3 Jahre) in
einem klinischen 3 T-MRT untersucht. Die Untersuchungen wurden zweimal
wahrend des jahrlichen Trainingszyklus durchgefihrt, d.h. wahrend der
trainingsintensiven Saisonvorbereitung (t0) und 6 Monate spater wahrend der
Erholung nach dem Wettkampf (t1). Die Kontrollpersonen (n = 22,
Durchschnittsalter: 26,3 + 1,9 Jahre) wurden einmal zu den entsprechenden

Zeitpunkten untersucht (t0: n = 11; t1: n = 11). Der GAG-Gehalt lumbaler /VDs (n
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= 195) wurde segmentweise mittels gagCEST bestimmt. Um den Einfluss der
Kohorte und anderer Variablen auf den GAG-Gehalt zu bewerten, wurden lineare
gemischte Modelle erstellt.

Wahrend der Vorsaison waren die /IVD-GAG-Werte der ERs signifikant hoher als

die der Kontrollen (ERs (t0): 2,58 + 0,27 % (Mittelwert &= Standardabweichung);
Kontrollen(t0): 1,43 = 0,36 %; p < 0,001), wahrend der Erholung nach dem

Wettkampf waren diese Unterschiede nicht mehr vorhanden (ERs(t1): 2,11 %
0,18 %; Kontrollen(t1): 1,89 £ 0,24 %; p = 0,362).

Professionelles Rudern auf Spitzenniveau ist vorlibergehend mit signifikant
héheren gagCEST-Werten assoziiert, was auf einen erhdhten lumbalen IVD-GAG-
Gehalt und starke Remodellierungseffekte als Reaktion auf das Training hinweist.
Uber das professionelle Rudern hinaus kann ein Ganzkérpertraining zur Starkung
der Korpermitte dazu beitragen, die Widerstandsfahigkeit der Lendenwirbelsaule
als potenzielles therapeutisches Ziel bei der Behandlung von Ruckenschmerzen

ZU verbessern.
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lll. Diskussion

Die dieser Habilitationsschrift zugrundeliegenden Arbeiten zeigen den Stellenwert
und potentiellen Nutzen hochaufgeloster Standard- sowie kompositioneller,
biochemisch-sensitiver MRT Sequenzen im Rahmen degenerativer (OA und DDD)
und entzindlicher (PsA, r-axSpA und RA) Gelenkerkrankungen an Hand- und
Fingergelenken, Sprunggelenk und der Lendenwirbelséule auf.

Mittels hochaufgeloster 3 T MRT und einer dezidierten Handspule konnten wir in
Patienten mit PsA, RA und einer gesunden Kontrollgruppe die A1- und A2-
Ringbander darstellen. Interessanterweise bilden Sehnen und Ringbander
funktionelle Enthesen, wobei die Ringbander mit einer fibrokartilaginaren
Komponente die Beugesehnen diskontinuierlich umgeben und ihr Abheben bei
Flexion verhindern [149]. Da die PsA im Gegensatz zur RA einer primar entheseale
Erkrankung ist, konnten wir ausgepragtere entzundliche Veranderungen der
zudem dickeren Ringbander bei PsA- im Gegensatz zu RA-Patienten aufzeigen.
Auch im Vergleich zur gesunden Vergleichsgruppe zeigten sich signifikante
Unterschiede hinsichtlich entziindlicher Veranderungen und Ringbanddicke. Somit
bestatigen unsere Ergebnisse erste Daten anderer Arbeitsgruppen, die bei der PsA
ein tiefes Koebnerphanomen®, also eine entheseale Entzindung durch
mechanische Reizung vermutet haben und &hnliche Veranderungen an der
Ringbandern in MRT und Sonografie nachweisen konnten [27, 110, 112]. Diese
Ergebnisse tragen somit sowohl zum besseren Verstandnis der Pathogenese der
PsA als auch zur Differenzierung von der RA bei. Die Unterscheidung von RA und
PsA ist zwar in der Regel klinisch und laborchemisch madglich, da sich das
Verteilungsmuster der peripheren Arthritis zwischen beiden Entitaten divergiert und

die PsA eine seronegative Arthritis ist, allerdings bleibt die Unterschiedung
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zwischen seronegativer RA und einer PsA mit symmetrischem Befallsmuster eine
Herausforderung. [65, 122, 150-153]. Aufgrund der inzwischen teils
unterschiedlichen Therapieregime mit bDMARDs und tsDMARDs ist eine
Differenzierung der Entitaten jedoch von grofler Relevanz. In einer der
vorliegenden Arbeiten strebten wir daher den systematischen Vegleich typischer
erkrankungsassoziierter Gelenkveranderungen an, indem wir die Dimensionen des
PsAMRIS fur Patienten mit RA und PsA anwendeten. Dabei zeigte sich, dass die
PsA haufiger mit eine periartikuldren Inflammation einhergeht, also der
extrakapsularen Entzindung der periartikularen Weichteile, und somit mit hoher
diagnostischer Sicherheit von der RA differenziert werden kann. Einschrankend ist
zu berUcksichtigen, dass die beiden verglichenen Kollektive klein und die
Ergebnisse nur als Indiz und moglicher Ausgangspunkt fur Untersuchungen in
grolieren Kollektiven dienen kénnen. Unter Berticksichtigung der Pathophysiologie
beider Erkrankungen sind die Ergbenisse jedoch nicht Uberraschend, denn die
Dactylitis ist bei den entheseal vermittelten PsA ein Charakteristikum [154]. Auch
andere Arbeitsgruppen fanden ahnliche Ergebnisse in MRT-Studien [67, 155].

Fur die RA konnte bereits in zahlreichen Studien gezeigt werden, dass
Knorpelveranderungen mittels dGEMRIC detektiert werden kénnen, diese mit
bestimmten erkrankungsassoziierten Gelenkveranderungen und dynamischer
Gelenk-MRT korrelieren und sie als Verlaufsparameter geeignet sind [96-98, 156].
Zwar ist fur die PsA eine Beteiligung des Gelenkknorpels ebenfalls bekannt,
allerdings sind Studien dazu sparlich [137]. Da Knorpelzustand und
Gelenkfunktionalitat eng miteinander verknipft sind, haben wir den Gelenkknorpel
der kleinen Fingergelenke bei Patienten mit PsA mittels dGEMRIC untersucht und

mit RA Patienten und dynamischer MRT Gelenke, sog. MR-Perfusion, verglichen.
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So konnten wir zeigen, dass sich die dGEMRIC-Werte beider Kollektive nicht
signifikant unterschieden und daher eine Knorpelbeteiligung bei der PsA zu
beobachten ist und sich diese mittels dGEMRIC-Bildgebung darstellen lasst. In der
RA ist bislang nicht abschlieRend geklart, ob Knorpelschaden Folge oder
Begleitphanomen synovialer und artikularer Entziindung ist. Es wurde lediglich
eine Korrelation zwischen Knorpelschaden und Entzindung beschrieben [62, 64,
132, 156]. Diese Ergebnisse werden durch unsere Arbeit zum Vergleich von
synovialer Entziindung und Knorpelschaden gemessen anhand MR-Perfusion und
dGEMRIC bestatigt, denn wir konnten eine Assoziation zwischen niedrigen
dGEMRIC-Werten und erhéhten Perfusionsparametern nachweisen. Somit ergibt
sich auch fur die PsA der Hinweis, dass eine Verknupfung von synovialer
Entzindung und Knorpelveranderungen existiert.

Nicht zuletzt aufgrund der 2017 durch die europaische Arzneimittelagentur
erlassenen Restriktionen hinsichtlich der Verwendung GD-haltiger Kontrastmittel
aufgrund mdglicher Ablagerungen im Gehirn nehmen kompositionelle MRT
Verfahren an Bedeutung zu, die keiner intravendsen Kontrastmittelgabe bedurfen.
Eine dieser Methoden ist die gagCEST-Methode. Diese wurde initial fur 7 T
Systeme entwickelt, ist jedoch mittlerweile auch bei 3 T anwendbar. Die meisten
gagCEST Studien existieren fur Bandscheibenveranderungen, da der GAG-Gehalt
des NP im Vergleich zum teils sehr dinnen Gelenkknorpel peripherer Gelenke sehr
hoch ist. In den hier prasentierten Arbeiten konnten wir gagCEST erfolgreich an
den LWS von Patienten mit AIS, Lumbago, Radikulopathie und mit r-axSpA sowie
von Leistungssportlern anwenden.

Dabei fanden wir in einem kleinen Kollektiv von A/S-Patienten niedrigere GAG-

Werte in lumbalen, morphologisch nicht-degenerierten /VDs als in denen einer
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gesunden, signifikant alteren Vergleichsgruppe. Dies legt nahe, dass die
veranderte Biomechanik im Rahmen der skoliotischen Fehlhaltung bereits frih zu
ultrastrukturellen Veranderungen der /VDs fuhrt. Dies konnte aus zwei Grunden
von Bedeutung sein. Zum einen konnte der frUhere Nachweis degenerativer
Veranderungen Anderungen der Therapieplanung nach sich ziehen, da eine
vermehrte Degeneration zu einer zunehmend veranderten Biomechanik flhrt.
Effektive konservative Malinahmen sind jedoch insbesondere im Wachstum
moglich, sodass eine frGhe Therapie zu vorteilhaft ist. Zum anderen kénnte der
Nachweis fruher degenerativer Veranderungen sich auf eine moégliche operative
Therapie auswirken, denn ist Gegenstand intensiver Forschung wieviele Segmente
eine spinale Fusion umfassen sollte, um das Risiko einer Anschlussdegeneration
moglichst gering zu halten [157, 158]. Sind bestimmte /VDs aber bereits
praoperativ ultrastrukturell verandert, konnte hier ein anderes Vorgehen indiziert
sein. Dies bleibt jedoch zum gegenwartigen Zeitpunkt spekulativ und konnte
Ausgangspunkt zuklnftiger Studien sein. Patienten mit Lumbago weisen im
Vergleich zu Patienten mit Radikulopathie und einer gesunden Vergleichsgruppe
niedrigere gagCEST Werte in morphologisch nicht-degenerierten /VDs auf.
Vergleich man bei Patienten mit Radikulopathie jene IVDs, die unmittelbar an einen
Bandscheibenprolaps grenzen, so sind hier niedrigere gagCEST Werte
nachweisbar als in /VDs die weiter entfernt liegen. Zudem ist der GAG-Gehalt
dieser Bandscheiben geringer als der der Vergleichsgruppe. Es bleibt unklar, ob
dieser niedrigere GAG-Gehalt in den angrenzenden /VDs Folge einer durch den
Bandscheibenvorfall veranderten Biomechanik oder lediglich Folge der selben
biomechanischen Belastung ist, die zum besagten Prolaps geflhrt hat. Die

Tatsache, dass die GAG-Werte der Radikulopatienten insgesamt denen der
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Vergleichsgruppen glichen, spricht eher fur die erste These. Auch eine Studie von
Masui et al. deutet in diese Richtung; hier wurden Patienten mit
Bandscheibenvorfall Uber sieben Jahre mittels MRT nachuntersucht. Es konnten
zunehmende degenerative /VD-Veranderungen nachgewiesen werden, wobei in
der Baselineuntersuchung noch keine /VD-Degeneration erkennbar war [159].
Sollte sich dieser Zusammenhang in Folgestudien bestatigen, kdnnte man mittels
kompositioneller Bildgebung [/VD identifizieren, die in der Folge eines
Bandscheibenvorfalls besonders gefahrdet sind vorzeitig zu degenerieren.

In 50 Patienten mit r-axSpA konnte gezeigt werden, dass ihre /VDs einen
geringeren GAG-Gehalt aufweisen als die einer gesunden Vergleichsgruppe.
Vorherige Studien demonstrierten bereits, dass hyaliner Gelenkknorpel im
Rahmen der r-axSpA betroffen ist und Knorpelschaden eine relevante Rolle in der
Pathogenese der Erkrankung spielen [130, 160-165]. Dabei ist insbesondere der
abschlussplattennahe Knorpel betroffen, der unmittelbar den /VDs anliegt. Hier
wird zudem diskutiert, ob Knorpelschaden der Bildung von Syndesmophyten
vorausgehen [166]. In dem eng zusammenhangenden Geflige eines
Bewegungssegmentes der Wirbelsaule konnte die Detektion sehr friher /VD-
Veranderungen daher von Bedeutung flr Pathophysiologie, aber auch
Therapiekontrolle sein. Zudem konnten wir zeigen, dass GAG-Verlust mit dem
Vorliegen von Syndesmophyten und funktionellen Einschrankungen der r-axSpA
Patienten korreliert, jedoch nicht mit dem Vorliegen akut- oder chronisch
entzindlicher Knochenmarkveranderungen der Wirbelkorper. Niedrige GAG-
Werte bei r-axSpA Patienten sind moglicherweise der Pathogenese, kénnen
jedoch auch Ausdruck verminderter korperlicher Aktivitat sein, denn aus einber

Arbeit von Roos et al. ist bekannt, dass korperliche Aktivitat zu einem erhdhten
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GAG-Gehalt im Gelenkknorpel fuhrt [167]. Diese Beobachtungen werden auch
durch die zehnte vorliegende Arbeit untermauert, in der wir 17 Elite-Ruderer der
deutschen Nationalmannschaft wahrend ihres jahrlichen Trainingszyklus
prospektiv.  untersucht haben. Dabei konnten wir wahrend des
Belastungsmaximums in der Wettkampfvorbereitung hohere GAG-Werte in ihren
lumbalen /VDs detektieren als in der Erholungsphase nach der Wettkampfsaison
und im Vergleich zu einer altersgleichen Kontrollgruppe. In der Erholungsphase
glichen die GAG-Werte denen der Kontrollgruppe. Diese Ergebnisse legen anabole
Anpassungsreaktionen von [VDs auf korperliche Belastung nahe. Weshalb
Spitzensportler dennoch ein hdheres Risiko fur die Entwicklung von
Bandscheibenvorfallen haben, obwohl sie durch das ,GAG-Remodeling“ an die
hohere Belastung angepasst sein mussten, bleibt unklar [168]. Eine mogliche
Erklarung ist das sog. “anabole Belastungsfenster” [169, 170]. Dieses besagt, dass
optimale Anpassungen von /VDs nur in einem bestimmten Belastungsumfang
mdglich sind. Belastungen aullerhalb dieses spezifischen Bereiches setzen keine
anabolen Anpassungsreaktionen in Gang, sondern kdnnen mechanisch bedingt zu
strukturellen Schaden fuhren.

Zwar ist die gagCEST Methode an Bandscheiben besonders etabliert und robust,
allerdings konnten wir in der zweiten Arbeit dieser Habilitationsschrift erstmalig ein
gagCEST Protokoll fir die Untersuchung des tibiotalaren Gelenkknorpels bei 3 T
etablieren. Die Schwierigkeit besteht in der nur sehr geringen Dicke des Knorpels
und der damit verbundenen schlechten Ortsauflésung bei 3 T. Zunachst wurde in
Experimenten mittels Bloch-McConnell-Simulationen ein optimales gagCEST
Protokoll etabliert. Dieses wurde dann in einer gesunden Kohorte im Vergleich zu

Patienten mit osteochondralen Lasionen des Talus in seiner klinischen
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Anwendbarkeit getestet. Dabei konnten robuste und reproduzierbare Ergebnisse
erhoben werden. Zudem fanden wir in der Patientgruppe niedrige GAG-Werte als
in der gesunden Kontrollgruppe. Da Patienten mit osteochondralen Lasionen fur
die Entwicklung einer sekunaderen OA gefahrdet sind, ist die gagCEST-
Bildgebung hier  von potentiellem Interesse, um zunehmende
Knorpelveranderungen im Verlauf zu erkennen und ggf. zu behandeln, bevor diese
zu einer manifesten OA fuhren.

Zusammenfassend zeigen die dieser Habilitationsschrift zugrundeliegenden
Arbeiten die breite Anwendungsmadglichkeit multimodaler MRT Bildgebung flr die
Erkennung, Beurteilung und Verlaufskontrolle entztindlicher und degenerativer
Gelenkerkrankungen. Zudem konnen insbesondere kompositionelle MRT
Verfahren zum besseren Verstandnis der Pathophysiologie beitragen und sind
zukunftig eine mdgliche Option zur Friherkennung bestimmter Erkrankungen, da
sie beispielsweise Knorpelveranderungen aufzeigen konnen, bevor diese

strukturell-morphologsch erkennbar sind.
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D. Ausblick

Die in dieser Habilitationsschrift genutzten multimodalen MRT-Verfahren haben
breite Anwendungsmdglichkeiten in der Diagnostik und Therapiekontrolle
muskuloskelettaler Erkrankungen, insbesondere bei entzindlichen und
degenerativen Gelenkerkrankungen.

Die hochauflosende MRT findet bereits breite Anwendung in der klinischen
Routine, sodass schon heute eine detaillierte Betrachtung von kleinsten Strukturen
moglich ist. Durch die Weiterentwicklung dezidierter Spulensysteme und MRT-
Parameter werden diese hochauflésenden MRT Sequenzen in der Zukunft noch
schneller und robuster werden. Damit wird die MRT Mittel der ersten Wahl fir die
Darstellung kleiner Gelenke an Extremitaten, aber auch an der Wirbelsaule und
dem kraniozervikalen Ubergang sein.

Kompositionelle MRT Verfahren von Gelenkknorpel und Bandscheibe sind in der
Wissenschaft etablierte Verfahren, haben jedoch bislang nicht den Sprung in die
routinemaRige klinische Anwendung geschafft. Betrachtet man jedoch den grof3en
soziodkonomischen  Einfluss von entzindlichen und  degenerativen
Gelenkerkrankungen und die bisher haufig fehlenden kausalen Therapieansatze,
so erscheinen MRT Verfahren, die eine Friherkennung in noch reversiblen
Erkrankungsstadien ermoglichen, als sehr nutzlich und von gro3em Interesse.
GAG-spezifische MRT Verfahren kénnen GAG-Verlust aufzeigen bevor es zu
strukturell manifesten Knorpel-/Bandscheibenschaden gekommen ist. Somit lasst
sich potentiell gefahrdetes Gewebe erkennen und praventive
TherapiemalRnahmen kénnen moglicherweise irreversible Schaden verhindern.
Insbesondere die gagCEST-Bildgebung erscheint dabei zukunftstrachtig, da sie

keiner  Kontrastmittelgabe  bedarf und somit keine Gefahr flr
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Gadoliniumablagerungen im Korper der Patienten besteht. Neben den in dieser
Habilitationsschrift aufgezeigten Verfahren finden in unserer Arbeitsgruppe weitere
kompositionelle Verfahren, wie Natriumbildgebung undT1rho-Bildgebung sowie T2

Mapping Verfahren Anwendung.
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Abstract

Background: To evaluate the value of 3 Tesla (T) magnetic resonance imaging (MRI) changes of flexor tendon
pulleys for the differentiation of psoriatic (PsA) and rheumatoid arthritis (RA), using a novel 16-channel high-
resolution hand coil.

Methods: Seventeen patients with active PsA, 20 patients with active RA, and 16 healthy controls (HC) underwent
high-resolution 3T MRI using the dedicated 16-channel hand coil. Images were analyzed by three independent
readers for the degree of inflammatory changes, thickness of flexor tendon pulleys, and comparison to the
outcome measures for RA clinical trials (OMERACT) PsA MRI score (PSAMRIS) and to its sub-scores. For correlation
analyses, Spearman rho correlation was calculated.

Results: Flexor tendon pulleys were thicker in PsA than in RA patients (mean difference 0.16 mm, p < 0.001) and HC
(mean difference 0.2 mm, p < 0.001) and showed a higher degree of associated inflammatory changes (mean
difference from RA 4.7, p = 0.048; mean difference from HC 14.65, p < 0.001). Additionally, there was a strong
correlation of accessory pulley inflammation and PsAMRIS and its acute-inflammatory sub-scores, flexor
tenosynovitis, synovitis, and periarticular inflammation (for the second digit synovitis p =0.72, flexor tenosynovitis
p=0.7, overall PSAMRIS p=0.72, p < 0.01). Similar robust correlations were evident in digits 3-5. Weaker correlations
were evident in RA (synovitis p =049, flexor tenosynovitis p = 0.49, periarticular inflammation p=04).

Conclusion: The assessment of MRI changes of flexor tendon pulleys is potentially beneficial for disease detection
in PsA, as well as for its distinction from RA and HC.

Trial registration: 2014123117, December 2014.
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Background

Psoriatic arthritis (PsA) is a very common chronic inflam-
matory disease that affects joints and ultimately leads to
joint destruction and functional disabilities [1, 2]. Regarding
its clinical presentation, PsA shares many similarities with
rheumatoid arthritis (RA), which potentially complicates
the distinction between both entities, especially in cases of
symmetric and seronegative RA [3-5]. However, PsA and
RA differ in their pathophysiology: RA is considered to be a
synovial disease that exhibits secondary spread to the adja-
cent bone; PsA on the other hand characteristically affects
entheses, such as tendon and ligament insertion sites. These
can be classified as fibrous and fibrocartilaginous and be-
long to the so-called synovio-entheseal complex [6—10].
Additionally, tendons build so-called functional entheses
with associated ligamentous structures, such as flexor ten-
don pulleys [11]. These pulleys have a fibrocartilaginous
component and discontinuously wrap around the flexor
tendons preventing their bowstringing during flexion [12].
Recent studies have shown that inflammation and thicken-
ing of flexor tendon pulleys are potentially due to mechan-
ical stress (“deep Koebner response”) and may lead to the
initial development of flexor tenosynovitis and dactylitis,
that are major features of PsA [13-15].

As in RA, remission is the ultimate goal of disease-
modifying therapy in PsA. Hence, early accurate diagnosis
and treatment are pivotal for a favorable clinical outcome
[16]. Additionally, distinct pharmacological options and
treat-to-target strategies exist for both diseases which un-
derlines the importance of an unequivocal distinction [3,
17, 18]. Even though not yet included in the Classification
Criteria for PsA (CASPAR), magnetic resonance imaging
(MRI) is becoming increasingly important and widely used
for diagnosis and the monitoring of therapy for PsA [19—
21]. The Outcome Measures for Rheumatoid Arthritis
Clinical Trials (OMERACT) working group has developed
a semi-quantitative PsA MRI (sum-)score (PsAMRIS) that
is highly sensitive for disease-related joint changes and is
widely used for therapy monitoring [22-24]. However,
until most recently, enthesitis was not included in any
MRI score, despite being a hallmark of PsA [25, 26]. In-
deed, enthesitis is difficult to accurately evaluate in small
joints using conventional MRI or with high-resolution
MRI surface coils that can only visualize a small area. We
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addressed this by using a dedicated 16-channel high-
resolution hand coil to permit a global evaluation of digits
in PsA and RA. Herein, we describe our findings indicat-
ing that this technique has considerable potential to differ-
entiate between RA and PsA hand involvement.

Methods

Patients

Seventeen patients (mean age 53.7 £11.6; minimum/
maximum 26/72 years, male/female 9/8) fulfilling the
CASPAR criteria with a mean disease duration of 2.6 +
3.3 years and peripheral joint involvement and dactylitis
were prospectively recruited for the “Analysis of the
DActylic Melange” (ADAM) research initiative. All pa-
tients had failed methotrexate (MTX) monotherapy and
were escalated to Etanercept (Enbrel® 50 mgs.c. fort-
nightly) after a baseline MRI scan.

Additionally, 20 therapy naive patients (mean age 46 +
15.7, minimum/maximum 19/67 years, male/female 9/
11), fulfilling the ACR/EULAR 2010 criteria for RA with
a mean disease duration <6 months (mean duration
11 £ 7 weeks) from the “Cartilage in early RA” (CAR-
ERA) study, were included. Patients were allowed a daily
dose of oral prednisone at < 10 mg. After a baseline scan,
patients received either MTX monotherapy or a combin-
ation of MTX and adalimumab. Patients were blinded
for their therapy regime. PsA and RA patient character-
istics are visualized in Table 1.

Furthermore, 16 patients (mean age 39 + 16.1, mini-
mum/maximum 17/78 years, male/female 9/7) with no
history of arthritis were retrospectively recruited as
healthy controls (HC). MRI studies were performed due
to clinical reasons (e.g., suspected carpal ganglion) in
our daily routine. At the time of retrospective recruit-
ment, all subjects of HC were over 18 years of age. The
study was approved by the local ethics committee (MO-
LKP-719, 4962R). Written and informed consent was
obtained from all patients before initiation of the study.

MR imaging

For MR imaging, a 3T MRI scanner (Magnetom Skyra,
Siemens Healthineers, Erlangen, Germany) and a dedi-
cated 16-channel hand coil (Fig. 1; 3T Tim Coil, Siemens
Healthineers, Erlangen, Germany) were used, allowing for

Table 1 Characteristics of the study population. For patients with psoriatic arthritis (PsA) and rheumatoid arthritis (RA), as well as
healthy controls the population size, the mean age in years + standard deviation and range, the mean disease duration (except HC)
in years (PsA) and weeks (RA) + standard deviation and range and the sex are presented

PsA patients RA patients HC
Population size 17 20 16
Age [years] 537+£116 (26-72) 46+ 15.7 (19-67) 39+16.1 (range 17-78)

Disease duration 26+ 3.3 (1-8years)

Sex [male/female] 9 males/8 females

11+ 7 (2-24 weeks) -

11 males/9 females 9 males/7 females
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Fig. 1 16-channcel hand coil
.

a high-resolution imaging over a wide area. PsA patients
received a baseline (T0) and a follow-up (T1) scan with an
approximately 6.2 + 0.85 months (minimum/maximum: 5/
8 months) interval in between. A baseline (T0) and two
follow-up (T1 and T2) scans were performed in the RA
population with approximately 2.8 + 0.1 months (mini-
mum/maximum 2.6/3 months) between TO and T1 and
5.6 £0.1 months (minimum/maximum 5.4/5.8 months)
between TO and T2. For HC only a single scan was per-
formed. In patients, all baseline scans were used for fur-
ther image analysis.

The imaging protocol followed the recommendations of
the OMERACT working group for PsA and RA [21, 27]. In
PsA patients this included pre- and post-contrast (DOTA",
Dotarem, Guerbet, Villepinte, France; intravenous-injection
of 04 ml/kg bodyweight) T1-weighted turbo spin echo
(TSE) and non-contrast-enhanced fat-saturated T2-
weighted TSE or short tau inversion recovery (STIR) se-
quences in two different orthogonal planes. The field of
view covered MCP, PIP and DIP of digits 2—5. In RA pa-
tients the protocol included the following sequences: pre-
and post-contrast (DOTA™, Dotarem, Guerbet, Villepinte,
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France intravenous-injection of 0.4 ml/kg bodyweight) cor-
onal T1-weighted TSE and transversal fat-saturated T1-
weighted spin echo (SE) after contrast agent application as
well as a coronal STIR. The field of view covered MCP 2—
5, carpometacarpal, carpal, radiocarpal, and distal radioul-
nar joints.

In control patients, our in-house standard protocol was
used, which included the same sequences as detailed for
the RA patients above. In addition, a transversal fat-
saturated proton-density-weighted sequence was acquired.
The field of view differed according to the clinical region
of interest. All participants were scanned in the prone pos-
ition with their clinically dominant hand extended over-
head and the palm facing down (“superman position”).

The sequence parameters were as follows:

PsA: coronal T1 TSE (TR/TE in ms, PsA: 862/27, RA:
862/27; flip angle in °, PsA: 150, RA: 150; slice thickness
in mm, PsA: 2.5, RA: 2.5; field of view in mm, PsA: 140,
RA: 130; pixel size: PsA: 0.3 x 0.3 mm, RA: 0.3 x 0.3; ac-
quisition matrix: 512 x 512), coronal STIR (TR/TE in
ms, PsA: 5560/31, RA: 5560/31; flip angle in °, PsA: 120,
RA: 120; slice thickness in mm, PsA: 2.5, RA: 2.5; field of
view in mm, PsA: 140, RA: 130; pixel size: PsA: 0.3 x 0.3
mm, RA: 0.3 x0.3mm; acquisition matrix: 448 x 314),
sagittal PD TSE fat-saturated (only PsA: TR/TE in ms
3150/47, flip angle 150°, slice thickness 2.5 mm, field of
view 150 mm; pixel size: 0.3 x0.3mm; acquisition
matrix: 448 x 182), transversal T2 TSE fat-saturated
(only PsA: TR/TE in ms: 5693.8/89, flip angle 180°, slice
thickness 3.0 mm, field of view: 160 mm,; pixel size: 0.3 x
0.3 mm; acquisition matrix: 512 x 358), transversal T1 SE
fat-saturated after iv contrast (TR/TE in ms, PsA: 807/
16, RA: 702/16; flip angle in °, PsA: 90, RA: 90; slice
thickness in mm, PsA: 3.0, RA 2.5; field of view in mm,
PsA:130, RA: 120; pixel size: PsA: 0.3 x 0.3 mm, RA:
0.3 x 0.3 mm; acquisition matrix: 384 x 288) and coronal
T1 TSE after iv contrast (TR/TE in ms, PsA: 862/27,
RA: 862/27; flip angle in °, PsA: 150, RA; 150; slice thick-
ness in mm, PsA: 2.5, RA: 2.5; field of view in mm, PsA;
140, RA: 140; pixel size: PsA: 0.3 x 0.3 mm, RA: 0.3 x 0.3
mm; acquisition matrix: 512 x 512).

Image analysis

MR images were independently read and analyzed by
two radiologists (one attending physician [CS], one resi-
dent physician [DBA]) with long-term experience in
musculoskeletal imaging of > 8 years (CS) and all trained
in RAMRIS and PsAMRIS-Scoring according to the
OMERACT guidelines [15, 16]. In case of different find-
ings, the readers decided by common consensus with
the assisting opinion of a third reader (PS, rheumatolo-
gist with 8years of experience in musculoskeletal im-
aging). Readers were blinded to the diagnosis of the
patients. Flexor tendon pulleys Al and A2 were analyzed
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in digits 2 to 5. Each pulley was evaluated regarding its
thickness in millimeter and its intrinsic and/or sur-
rounding signal intensity at the radial, ulnar, and volar
aspect of each pulley (see Figs. 2 and 3 for typical
changes). The PsAMRIS was adapted due to the clear
visualization of the pulleys with abnormalities being
scored as 0-3 as per PsAMRIS scoring at other sites
such as synovium and tenosynovium [21]. Consequently,
the score reflected the maximum degree of enhancing
and/or hyperintense signals within the pulley complex
perpendicular to the pulley at its most inflamed part and
scores indicated the absence of any abnormality (score
0), the involvement of <50% of the pulley thickness
(score 1), of >50-<100% (score 2), and >its entire
thickness (score 3). For each pulley, we took the sum of
the radial, ulnar, and volar grading regarding the sur-
rounding and/or intrinsic inflammatory changes and the
mean of the radial and ulnar thickness of the pulley itself
in millimeter measured at its thickest part. Hence, mea-
surements were not necessarily performed on the same
slice. Additionally, PsA and RA patients were evaluated
according to PsAMRIS at the MCP, PIP, and DIP (the
latter two only in PsA patients) joint level of digits 2—5
for synovitis (score 0-3), flexor tenosynovitis (score 0—
3), bone edema (score 0-3), erosion (score 0-10), prolif-
eration (score 0 or 1), and periarticular inflammation
(score 0 or 1) [21].

Statistical analysis

All statistical analyses were performed using SPSS soft-
ware (IBM, version 22, Armonk, NY, USA). For descrip-
tive analysis, the mean, standard deviation, minimum,
and maximum are presented. Mean values were com-
pared with a one-way analysis of variance (ANOVA) and
a post hoc Scheffé test. For correlation analyses, Spear-
man rho correlation coefficient (p) was used. Correlation
strength was graded as suggested by Cohen [28]: small
(< 0.3), moderate (0.3-0.5), and large (> 0.5).

Due to a large number of comparisons between PsA
patients, RA patients, and healthy controls, Bonferroni
correction was applied, and the level of significance was
set to p<0.05/3=0.0167. Three patient cohorts were
comparatively evaluated and therefore may be consid-
ered as separate experiments. In a stricter statistical
sense, correction of all 66 sub-experiments (i.e., 3 co-
horts, 2 assessed MRI characteristics, and 11 anatomical
flexor tendon pulley levels) ought to be performed; how-
ever, the increased risk of producing false negatives sec-
ondary to overly conservative statistical analyses
rendered this option impractical. Accordingly, we de-
cided to use (design-adapted) Bonferroni correction and
look for consistent and significant changes of the pulleys
as a function of disease entity instead of relying on stat-
istical formalism. Inter- and intra-rater reliability for
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Fig. 2 High-resolution MRI of the Hand - Figure 2

pulley thickness and pulley inflammatory changes were
calculated by two-way mixed intraclass correlation coef-
ficients (single-measure ICC (sICC) for intra-rater and
average measure ICC (alCC) for inter-rater reliability).

Results

PsAMRIS (sub-scores) at MCP joint level in PsA and RA
patients

Descriptive analysis of inflammation sub-scores according
to PSAMRIS are illustrated in Table 1 for PsA and in
Table 2 for RA patients. Synovitis, flexor tenosynovitis, and
periarticular inflammation (extracapsular changes) were
commonly found in all PsA and RA patients. Bone edema
and bone erosions, on the other hand, were less frequently
seen, whereas bone proliferations were rarely detected. Peri-
articular inflammation (extracapsular changes) and bone
erosions were significantly more frequently detected in PsA
than in RA patients (p =0.003 and p <0.001) as originally
described in hand joints [29]. Regarding all other sub-
scores, no significant differences could be detected.

Inflammatory changes and thickness of the flexor tendon
pulleys

Mean values of inflammatory changes and thickness of
the Al and A2 flexor tendon pulleys in PsA and RA pa-
tients and in HC are summarized in Tables 3 and 4.
Visualization of flexor pulley changes in Figs. 2 and 3.

PsA patients had significantly thicker A1 and A2 flexor
tendon pulleys in most fingers as compared to RA and
HC (overall mean difference compared to RA: 0.19 mm,
p <0.001; overall mean difference compared to HC: 0.16
mm, p < 0.001).

Additionally, PsA patients showed significantly more
inflammatory changes (higher sum-scores) at A1 and A2
flexor tendon pulleys in all fingers as compared to HC
(mean difference 14.65, p < 0.001). Furthermore, inflam-
matory changes of all flexor tendon pulleys were higher
in PsA than in RA patients (mean difference 4.17; p =
0.048). Compared to HC, RA patients had a similar
thickness, but more intense inflammatory changes of
pulleys (mean difference 9.95, p <0.001). sSICC was 0.88
and alCC 0.93.
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Fig. 3 High-resolution MRI of the Hand - Figure 3
.

Correlation of flexor tendon pulley inflammation and
pulley thickness and PsAMRIS (—sub-scores)

Values for Spearman rho correlation coefficients of
flexor tendon pulley inflammation and pulley thickness
and PsAMRIS (-sub-scores) for PsA and RA patients are
displayed in Table 5.

In PsA patients, there was a strong correlation be-
tween pulley inflammation and overall PSAMRIS as well
as inflammatory PSAMRIS sub-scores (synovitis, peri-
articular inflammation, and flexor tenosynovitis) at most
fingers. A heterogeneous (low to high) correlation was
found for pulley inflammation and bone erosion and
edema, whereas the correlation of pulley inflammation
and bone proliferation was mostly weak. Furthermore,
pulley inflammation and thickness showed a weak
correlation.

Table 2 Mean PsAMRIS values + standard deviation for each
inflammation parameter at MCP joint level in PsA and RA
patients

PSAMRIS value MCP p value
PsA RA

Overall 2341 + 4.89 2045+4.17 0.071
Synovitis 918 + 2.1 1035+ 1.87 0.084
Flexor tenosynovitis 476 £ 144 505+ 161 0.572
Periarticular inflammation 647 £ 1.66 415224 0.003
Bone edema 06+ 1.18 04+127 0.643
Bone erosion 229 £ 149 05+0.76 <0.001
Bone proliferation 0.12 +£033 0 0.163

p values for the comparison of means between PsA and RA patients. After
(adapted) Bonferroni correction, p values < 0.0167 were considered significant
and are given in bold type

In RA patients, we also found a significant, but weaker,
correlation between pulley inflammation and overall
PsAMRIS as well as inflammatory PSAMRIS sub-scores
as compared to PsA. Correlation coefficients for bone
erosion and bone edema were low to intermediate.

Discussion

Psoriatic arthritis has a prominent entheseal disease
component manifesting at the so-called synovio-
entheseal complex, that includes flexor tendon pulleys
[9]. In this study, we evaluated the value of high-
resolution 3 T MRI changes of flexor tendon pulleys in
PsA patients for disease detection as well as a distinction
from RA and HC using a dedicated 16-channel hand
coil.

According to our results, PsA patients had significantly
thicker A1 and A2 flexor tendon pulleys than RA patients
or HC. Between the latter, on the other hand, there were
no significant differences in pulley thickness. These findings
of pulley thickening in PsA patients confirm the prior ultra-
sound studies of Tinazzi et al., who evaluated a small popu-
lation of patients with PsA, RA, non-arthritic psoriasis
(Pso), and healthy individuals [14]. They hypothesized that
the distinctive thickening of flexor tendon pulleys in PsA
could be due to “deep Koebnerization,” an adaptation of
entheses to mechanical stress, according to dermal hyper-
plasia and thickening in Pso, commonly known as “Koeb-
ner phenomena” [14]. Even more recently, Furlan et al. also
found thickened Al pulleys in PsA patients using ultra-
sound and concluded that pulley thickness could potentially
be used to differentiate PsA from other forms of arthritis
[30]. In addition, Graceffa et al. also demonstrated entheseal
thickening in larger entheses in PsA and Pso patients, and
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Table 3 Mean values + standard deviation and intergroup comparisons of flexor tendon pulley inflammatory changes in PsA, RA,

and HC patients

Finger + PsA RA HC PsA vs RA PsA vs HC RA vs HC
pulley Inflammatory changes p values

D2 Al 282 £1.25 255+ 143 094 +1.14 0.82 0.001 <0.003
D2 A2 206 + 1.08 175+ 155 0.75+1.03 0.77 0.02 0.08

D3 Al 324 £1.59 26 £ 1.16 0.69 = 098 0.35 <0.001 <0.001
D3 A2 328 £1.62 185+ 1.56 094 +1.03 0.02 <0.001 0.2

D4 Al 265+ 137 205+ 124 05+0.79 033 <0.001 0.002
D4 A2 25+ 1.2 1.7 £1.05 113+ 1.11 0.1 0.002 0.32

D5 Al 218 £1.15 15+ 157 038 +£0.70 027 0.001 0.036
D5 A2 222 +£127 195+ 1.53 0.69 + 0.98 0.82 0.007 0.03
D2-5 Al 10.88 £ 4.30 8.7 £3.15 25+ 287 0.194 <0.001 <0.001
D2-5 A2 10.06 + 3.11 7.25 £ 365 35+ 351 0.031 <0.001 0.004
D2-5A1+2 20.65 £ 6.57 15.95 + 7.01 6+63 0.048 <0.001 <0.001

After (adapted) Bonferroni correction, p values <0.0167 were considered significant and are printed in bold type

assumed that these distinct changes were triggered by in-
flammation [31]. Along with our findings, this contributes
to the concept of “enthesitis being a hallmark of PsA,” even
though we only considered patients with PsA, but not with
Pso [25]. Further studies evaluating differences of pulley
thickness and inflammation between patients with PsA,
skin Pso, and nail Pso would be of great interest. Our high-
resolution MRI study is the first to demonstrate these dis-
tinct PsA features using an alternative imaging method to
sonography. Both modalities, ultrasound and MR, are vali-
dated high-resolution imaging modalities for the evaluation
of inflammatory joint changes in PsA such as thickening
and inflammatory edema of tendons and ligaments. As
compared to ultrasound, MRI is highly reproducible and
can detect additional disease-related imaging features that
ultrasound would miss such as bone marrow edema [32,
33]. MR, however, is more time-consuming, less dynamic,

more expensive, and reliant on considerably larger infra-
structural requirements [33]. In addition, this study demon-
strated that flexor tendon pulleys of PsA patients were not
only thicker than those of HC and RA patients, but also
showed more frequent and intense inflammatory changes
in their course and at their insertion sites. However, these
findings were only numerically (not statistically) significant
regarding RA patients. In 2015, Tan et al. had already dem-
onstrated that MRI inflammatory changes of finger
entheses were more frequent and severe in PsA patients
than in HC, but they only evaluated fingers with acute dac-
tylitis and did not use a dedicated 16-channel hand coil as
we did in this study [13]. In particular when assessing small
soft tissue structures as the Al and A2 pulleys whose mean
thickness we determined as 0.63 mm in healthy individuals
(Table 4), MRI technique needs to be optimized regarding
sequence parameter settings and coil and scanner

Table 4 Mean values + standard deviation and intergroup comparisons of flexor tendon pulley thickness in PsA, RA, and HC patients

Finger + PsA RA HC PsA vs RA PsA vs HC RA vs HC
pulley Pulley thickness in mm p value

D2 Al 0.86 = 0.14 0.63 +£0.10 062 £ 0.16 <0.001 <0.001 0.99
D2 A2 079 £0.13 0.54 £ 0.09 06 +0.11 <0.001 <0.001 045
D3 A1 082 +0.19 06 + 0.09 064 £ 0.11 <0.001 0.002 0.76
D3 A2 0.83 £ 0.11 058 £0.12 066 = 0.18 <0.001 0.006 0.269
D4 Al 071 £0.16 0.6 = 0.09 061 + 0.09 0.03 0.09 0.94
D4 A2 079 £ 0.12 058 +£0.12 063 +£0.13 <0.001 0.008 0.54
D5 Al 0.76 £ 0.21 0.58 £ 0.08 064 = 0.13 0.005 0.1 0.56
D5 A2 0.71 £ 021 061 +0.08 061 +£0.12 0.13 0.15 1
D2-5 A1 079+ 0.18 06 + 0.09 063 +£0.13 <0.001 <0.001 0.74
D2-5 A2 0.78 £ 0.15 058 +£ 022 063 = 0.14 <0.001 <0.001 0.21
D2-5A1+2 0.79 £ 0.17 059 +0.19 063 +0.13 <0.001 <0.001 0.35

After (adapted) Bonferroni correction, p values < 0.0167 were considered significant and are printed in bold type
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Table 5 Spearman rho correlation coefficient (p) for the score of inflammatory changes of flexor tendon pulleys (A1 and A2) and
PSAMRIS sub-scores, total PSAMRIS, and flexor tendon pulley thickness at D2-5 in PsA and RA patients

D2 D3 D4 D5

PsA RA PsA RA PsA RA PsA RA
Synovitis 0.72 049 048 0.36 04 0.2 0.83 0.1
Flexor tenosynovitis 0.7 049 0.91 046 0.7 048 0.76 041
Periarticular inflammation 049 049 0.62 032 0.77 049 06 053
Bone erosion 037 0.16 043 0.31 0.13 na 0.62 0.28
Bone edema 052 -034 0.66 0.39 0.36 na 0.28 na
Bone proliferation —-0.03 na —0.05 na - 044 na 0.05 na
Overall PSAMRIS 0.72 046 0.81 047 045 0.63 0.80 046
Pulley thickness 023 0.1 0.22 0.07

na = non applicable

After (adapted) Bonferroni correction, p values < 0.0167 were considered significant and are printed in bold type

configurations enable true high-resolution imaging. Conse-
quently, we achieved in-plane pixel dimensions of 0.3 x 0.3
mm?.

Our findings show inflammation of pulleys at both
dactylitic and non-dactylitic fingers and, therefore, ex-
pand the value of pulley involvement beyond the scope
of dactylitis. Potentially this is partly due to a higher
image resolution using a 16-channel hand coil in the
present study and suggests that the non-dactylitic teno-
synovitis in PsA is also linked to pulley inflammation.

Furthermore, despite similar findings regarding pulley
thickness, our data also showed more pulley-associated
inflammation in RA patients than in HC. Considering
that RA is primarily a synovial disease that is known to
secondarily affect adjacent structures, such as flexor ten-
dons, the involvement of entheses, and hence pulleys,
seems evident. However, previous studies have shown
that RA, despite involving the synovio-entheseal com-
plex, primarily affects its synovial aspect; PsA on the
other hand shows a stronger affection of its entheseal
component [34]. Along with our findings of more in-
tense and more frequent involvement of pulleys in PsA
than in RA, this supports the idea of PsA being more
predominantly an entheseal and extracapsular disease
and contributes to the distinction of the two entities. In
addition, it remains for future studies to assess whether
these differences between both entities become more
distinct in more distal pulleys, ie, A 3-5. Since early
diagnosis and treatment is pivotal for a better outcome
in both entities and treatment options are increasingly
diverging due to the development of biological and tar-
geted synthesized disease-modifying anti-rheumatic
drugs (bDMARD and tsDMARD), an early distinction
between the two would be highly beneficial.

The presented data shows only a weak correlation be-
tween inflammatory changes and thickness of Al and
A2 flexor tendon pulleys in PsA patients. This could be
due to the patient population of non-early PsA patients

that show side-by-side signs of acute inflammation and
post-inflammatory changes in different joints/entheses.
Thus, on the one hand, thickened pulleys could be asso-
ciated with acute inflammation, while, on the other
hand, being a result of previous inflammation. Baraliakos
et al. also demonstrated that chronic changes of entheses
can occur without inflammation present in patients with
peripheral spondyloarthritis [35]. Despite a weak correl-
ation between pulley thickness and inflammation, we
found a strong correlation between pulley inflammation
and overall PsAMRIS, flexor tenosynovitis, periarticular
inflammation and synovitis, and to a lesser extent with
bone erosion and bone edema sub-score. It is worth not-
ing though that our population of PsA patients’ scores
for the PsSAMRIS item “periarticular inflammation” were
higher than in previous studies [24, 36]. However, in
contrast to these studies, we have recruited patients who
fulfilled the CASPAR criteria and additionally suffered
from dactylitis of at least one digit. Since periarticular
inflammation is considered an imaging core feature of
dactylitis, our study design might have led to an overrep-
resentation of that particular PsSAMRIS item. PsAMRIS
and its sub-scores are validated tools for the detection
and monitoring of disease-related joint changes. There-
fore, inflammatory changes of pulleys could also be ap-
propriate for the evaluation of disease-driven joint
involvement [24]. In early 2019, Mathew et al. intro-
duced a preliminary enthesitis-based MRI scoring sys-
tem, named “Heel Enthesitis Scoring System” (HEMRIS)
that emphasizes the value of entheseal changes for the
diagnosis and monitoring of PsA [26].

The following limitations to this study must be consid-
ered when interpreting its results; as our study has only
a small patient cohort size, our results have to be con-
sidered preliminary. Accordingly, further investigations
with larger patient cohorts are required. The mean dis-
ease duration of the PsA and RA study population dif-
fered by approximately 109 weeks (RA 11, PsA 120



Abrar et al. Arthritis Research & Therapy (2020) 22:40

weeks). Applying current definitions, we hence compare
non-early PsA with early RA populations (early RA: dis-
ease duration < 12 months; early PsA: disease duration <
24 months) [37, 38]. Thus, the comparability of both
populations is potentially limited and the differences re-
garding inflammatory changes of the pulleys might be
affected by differences in disease duration; however, be-
cause PsA is a very heterogeneous disease, the definition
of disease onset and, therefore, an “early” patient popula-
tion is challenging. In addition, enthesitis is a sign of
acute inflammation, and hence not limited to advanced
disease stages. Since the evaluation of enthesitis, namely
inflammatory changes of flexor tendon pulleys, was our
main goal, we consider the divergent disease duration
only a minor limitation. However, in future investiga-
tions, study populations with a similar disease duration
are required.

Even though the readers were blinded to the patients’
diagnosis, different field-of-views of certain sequences
might have corrupted proper blinding.

Unfortunately, we did not systematically count swollen
and tender joints in a per-digit and per-joint manner at
the time of recruitment for the MRI studies. Thus, we
cannot further elucidate the association of inflammatory
pulley changes and their clinical manifestation. There-
fore, future studies are required that further investigate
the association of imaging features and clinical findings.
MRI generally has a limited spatial resolution. Since
flexor tendon pulleys frequently have a thickness of <1
mm there is an increased risk of measuring inaccuracy
due to partial volume effects, which may bring about
substantial inter- and intra-rater variability. However,
our findings show a good intra- and inter-rater reliability
that is in coherence with previous studies regarding MRI
measurements of pulleys and may also be the result of
the optimized measurement setup that allows high-
resolution imaging [39].

Conclusion

In conclusion, the assessment of high-resolution MRI
changes of flexor tendon pulleys using a 16-channel
hand coil could be used for disease detection in PsA and
is potentially beneficial for the distinction from RA and
HC.
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Abstract

Objective To establish and optimize a stable 3 Tesla (T) glycosaminoglycan chemical exchange saturation transfer (gagCEST)
imaging protocol for assessing the articular cartilage of the tibiotalar joint in healthy volunteers and patients after a sustained
injury to the ankle.

Methods Using Bloch-McConnell simulations, we optimized the sequence protocol for a 3 T MRI scanner for maximum
2agCEST effect size within a clinically feasible time frame of less than 07:30 min. This protocol was then used to analyze the
2agCEST effect of the articular cartilage of the tibiotalar joint of 17 healthy volunteers and five patients with osteochondral
lesions of the talus following ankle trauma. Reproducibility was tested with the intraclass correlation coefficient.

Results The mean magnetization transfer ratio asymmetry (MTR ). i.e., the gagCEST effect size, was significantly lower
in patients than in healthy volunteers (0.34+1.9% vs. 1.49+0.11%; p <0.001 [linear mixed model]). Intra- and inter-rater
reproducibility was excellent with an average measure intraclass correlation coefficient (ICC) of 0.97 and a single measure
ICC of 0.91 (p<0.01).

Discussion In this feasibility study, pre-morphological tibiotalar joint cartilage damage was quantitatively assessable on the
basis of the optimized 3 T gagCEST imaging protocol that allowed stable quantification gagCEST effect sizes across a wide
range of health and disease in clinically feasible acquisition times.

Keywords Cartilage - Magnetic resonance imaging - Proteoglycans - Osteoarthritis - Molecular imaging

Introduction

To this day and age, several magnetic resonance imaging
(MRI) techniques have emerged that go beyond mere mor-
phological depiction of joint cartilage. Such compositional
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exchange saturation transfer (gagCEST) imaging assesses
the specific GAG content in human articular cartilage and
its depletion, which is considered an early sign of cartilage
degeneration [5].

GagCEST imaging is based upon the chemical exchange
of water protons between GAG and bulk water molecules.
To induce a CEST effect, solute protons are saturated by
a frequency-specific radiofrequency (RF) pulse and then
transferred to bulk water by chemical exchange, which
consequently reduces its signal. The normalized signal
can then be used to quantify the CEST effect at a GAG
-specific frequency range of 0.9—-1.9 ppm via analysis of
the magnetization transfer ratio asymmetry (MTR ),
which correlates with the GAG concentration [5, 6]. For
additional details on the basic principles of CEST imag-
ing, the interested reader is referred to earlier excellent
reviews.[7, 8]. Several studies showed promising results
using gagCEST imaging at the spine [9-12]. However,
data on the joints of the lower extremity with substantially
thinner cartilage are sparse. In 2016, our group demon-
strated promising results for the application of gagCEST at
the knee joint [13]. Kogan et al. applied gagCEST imaging
on a 7 T MRI scanner to assess the ankle joint of healthy
volunteers [14]. Even though these results were promis-
ing, gagCEST imaging of the ankle joint has not yet been
established on a 3 T MRI scanner. To achieve a more wide-
spread scientific and clinical adaptation of the technique,
the clinical utility has to be demonstrated on a broader
scale, which -given the limited availability of 7 T MRI
scanners- necessitates the technique’s implementation on
more widely available 3 T MRI scanners.

Tibiotalar joint injuries are common [15]. Osteochondral
lesions of the talus (OLT), defined as an injury of the carti-
lage layer and the underlying subchondral bone, are frequent
injuries in active populations that can be seen in up to 73%
of all traumatic ankle injuries [16]. OLTs may predispose the
joint to premature OA and ought to be diagnosed in an early
and reliable manner as a timely diagnosis is a pre-requisite
for appropriate treatment [17].

The aim of this study was (a) to develop and optimize a
gagCEST imaging protocol for the articular cartilage of the
tibiotalar joint that is clinically feasible and fits into diag-
nostic workflows and (b) to apply this imaging protocol to
a population of healthy volunteers and patients with OLT
after an ankle injury to prove clinical utility and validity. We
hypothesized that -based on the developed and optimized
gagCEST imaging protocol- (a) imaging of the articular
cartilage of the tibiotalar joint would be possible in a clini-
cal population and in clinically feasible time frames and (b)
patients after variable ankle injuries (representative of the
patient population undergoing MRI diagnostics in the clinic)
demonstrate lower gagCEST effects compared to healthy
volunteers.

@ Springer

Methods
Simulations

In a first step, simulations using the two-pool (water and
GAG (-OH and —NH) Bloch—McConnell equation [18,
19] and a customized script (implemented in MATLAB
[R2018a, The MathWorks, MA, USA] and to be down-
loaded at https://github.com/cest-sources/BM_sim_
fit/) [20] were applied for the optimization of a pulsed
gagCEST sequence [20-22]. The equations were solved
analytically [19]. Based on this script, the CEST effect was
simulated without the application of a saturation pulse.
The radiofrequency field strength B1, the pulse duration
t, and the number of CEST saturation pulses n, were var-
ied using a constant duty cycle (DC) of 0.5. To keep the
specific absorption rate (SAR) within the safe range, local
SAR was restricted accordingly. Therefore, the maximum
pulse duration was secondarily restricted by ther scanner
to a maximum of 300 ms. For water, simulations were
performed with relaxation times as reported earlier, i.e.,
T1=1.2 s and T2=0.039 s and a concentration of 88 M
[23, 24]. The following parameters were used for GAG-
OH protons: exchange rate = 1000 Hz, concentration
0.3M, Tl=1s,T2=0.01 s and chemical shift=1 ppm,
and for GAG-NH protons: exchange rate =50 Hz, con-
centration=0.1 M, T1=1 s, T2=0.01 s and chemical
shift=3.2 ppm [24, 25]. The different variations of the
parameters used in the simulation are displayed in Table 1;
output parameters were z-spectra and MTR ., curves. For
each parameter, the maximum MTR, ., value was analyti-
cally determined at a step size of 0.01, 0.02 and 0.05 ppm
at frequency offsets of 0.9-1.9 ppm, 0.5-1.5 ppm and
1-1.5 ppm. The optimized protocol in terms of the largest
gagCEST effect at a reasonable acquisition time was used
for the subsequent in-vivo studies.

Table 1 Details of sequence parameters used for simulating each
parameter’s contribution to quantitatively assess GAG exchange pro-
cesses based on Bloch—-McConnell simulations

Experiment n, [ (ms) B, [uT]
1 6 100 0.2;0.4; 0.6;
0.8;1.0; 1.2;
1.4
6 100; 200; 300 1.0
3 2:4;6;8;10; 100 1.0
12; 14

In each experiment, one of the three parameters (number of pulses 7,
pulse duration 7, and radiofrequency-field strength B;) was system-
atically varied
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In-vivo study
Study population

19 healthy volunteers (mean age 23.0+ 3.8, range
20-37 years, 11 males, 8 females) and six patients (mean age
31.7+9.3, range 2044 years, two males, four females) after
earlier ankle injury were recruited from 06/2018 to 01/2019
via dedicated specialist consultations at our Department of
Orthopedic and Trauma Surgery. The predefined inclusion
criterion for patients was an isolated traumatic OLT lesion as
diagnosed in earlier MRI studies. At the time of recruitment,
patients were graded according to the Anderson modifica-
tion of the Berndt and Harty classification and four patients
had grade 1 and two patients grade 2b OLT lesions [15, 16].
Predefined exclusion criteria for healthy volunteers included
all forms of primary or secondary OA of the ankle as well
as other bone and joint disorders such as OLT, rheumatoid
arthritis, avascular necrosis, gouty arthritis, septic arthritis,
Paget disease or osteochondritis dissecans. Volunteers were
also excluded if they had acute or chronic ankle pain or a
history of serious trauma or surgery to the index ankle joint.

The MRI data sets of one patient and two healthy vol-
unteers had to be excluded from image analysis due to
excessive motion artifacts. The mean disease duration of
patients was 22 + 30 months (range 1-60 months). Written
and informed consent was obtained from all patients before
the initiation of the study. The study was approved by the
local ethics committee (Ethical Committee of the University
Hospital Diisseldorf, study number: 3980).

MRI studies

All imaging studies were performed on a 3 T MRI scanner
(Magnetom Prisma, Siemens Healthineers, Erlangen, Ger-
many) using a dedicated receive-only 16-channel foot—ankle
coil (Foot/Ankle 16, Siemens Healthineers). Patients and
volunteers were scanned in the supine position with a neutral
ankle position of 90° dorsiflexion. Positioning aids, sand-
bags and medical tape were used to reduce motion artifacts.

The MRI protocol included standard morphologi-
cal sequences, i.e., sagittal (sag) and coronal (cor) Pro-
ton Density-weighted (PDw) fat-saturated (fs) sequences,
transversal (tra) T2-weighted turbo-spin echo (TSE), and
cor T1-weighted TSE sequences. In addition to the actual
gagCEST sequence as detailed below, water saturation
shift referencing (WASSR), T1 mapping gradient echo
(GE) and T2 multi-spin- echo (SE) mapping sequences
with five different echo times (13.8, 27.6, 41.4, 55.2 and
69 ms) were acquired. Of note, the latter two sequences
were only acquired in the healthy volunteers and not in the
patients. GagCEST imaging was performed using a two-
dimensional (2D) radiofrequency (RF)-spoiled GE sequence

with a pulsed CEST pre-saturation module consisting of 8
Gaussian-shaped RF pulses with a duty cycle of 0.5. 26
images with pre-saturation pulses at different offset fre-
quencies around the bulk water resonance were obtained.
Among these images was one reference image with a fre-
quency offset of 300 ppmThe maximum frequency offset
(Aw) was 4 ppm with a step size of 0.33 ppm. In a fraction
of the healthy volunteer cohort (n= 10, mean age 22.4 + 1.8,
range 20-25 years, seven males, three females) radiofre-
quency field strengths and pulse durations were systemati-
cally varied to optimize the protocol at the beginning of the
study. More specifically, three different radiofrequency field
strengths (B, =0.6, 0.8 and 1.0 pT) and three different pulse
durations (1,=100, 200 and 300 ms) were used. Based on the
results of the simulations, i.e., the largest measured MTR 1,
values, we used a radiofrequency field strength of B, =0.8
and a pulse duration 7,=300 ms in the remaining healthy
volunteer and patient cohorts. For the WASSR sequence,
22 images with pre-saturation and a reduced radiofrequency
field strength (B, =0.25 uT) were obtained. The maximum
frequency offset was decreased to Aw=1 ppm with a step
size of 0.1 ppm. For WASSR and CEST sequences, motion
correction was applied. The acquisition time was 5:01 min
for the CEST and 2:22 min for the WASSR sequence. The
total acquisition times for the compositional MRI sequences
were: 24:21 min for the initial 10 healthy volunteers
(3%5:05 min CEST, 1x2:22 min WASSR, 6 X 1:14 min T1)
and 7:27 min for the remaining 7 healthy volunteers and the
5 patients (1 xX5:05 min CEST and 1 X2:22 min WASSR).
The acquisition time for the morphological sequences was
18 min, resulting in a total scan time of 42:21 min for the
initial 10 volunteers and 25:27 min for the consecutive 7
volunteers and the 5 patients.

Detailed parameters of the morphological and composi-
tional sequences are given in Tables 2 and 3.

Image analysis

All images were independently analyzed by two radiologists
(DBA, 3 years of training in musculoskeletal imaging; CS,
8 years of training in musculoskeletal imaging) who were
blinded to the volunteers’ or patients’ data. First, all studies
were read to determine the individual joint’s overall status
with a particular focus on the integrity of tibiotalar carti-
lage. Also, OLTs were -if present- classified according to
Hepple et al. [26]. Second, using the unsaturated WASSR
image, both readers independently identified the cartilage
layers of the tibiotalar joint and quantified its biophysical
properties in a standardized manner by placing an ellipsoid-
shaped region-of-interest (ROI) in the median plane onto
both cartilage layers at the central load-bearing region of
the tibiotalar joint. Each ROI was placed distant to the tibial
and talar bone cortex and the anterior and posterior joint

@ Springer
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Table 2 Detailed sequence

. Imaging parameter Sagittal fs PDw  Coronal fs PDw  Transversal T2w TSE ~ Coronal T1w TSE

parameters of morphological
MRI sequences FOV (mm) 160 160 160 160 160x 160 160 160

Slice thickness (mm) 3 3 3 3

TE (ms) 40 40 78 17

TR (ms) 4000 4000 4600 700

Resolution (mm/pixel) 0.31x0.42 0.31x0.42 0.31x0.39 0.28x0.4

Flip angle (°) 150 150 150 140

Acquisition matrix 512x384 512384 512x410 576x403

Field of view (FOV), slice thickness, echo time (TE), repetition time (TR), resolution, flip angle, and acqui-
sition matrix are given for sagittal and coronal fat-saturated proton-density-weighted (fs PDw), transversal
T2-weighted turbo spin echo (T2w TSE) and coronal T1-weighted TSE (T1w TSE) sequences

Table 3 Detailed sequence parameters of compositional MRI sequences

Imaging parameter WASSR gagCEST T1 map T2 map
FOV (mm) 160x 160 160x 160 160x 160 160x 160
Slice thickness (mm) 5 5 7 3 mm
TE (ms) 35 35 11 13.8/27.6,
41.4/55.2/69

TR (ms) 7.2 7.2 6000 1000
TI (ms) 25/50/100/500/1000/2000
Resolution (mm/pixel) 0.6x0.6 0.6x0.6 0.6x0.6 0.4x0.4
Flip angle (°) 15 15 180 180
Pulsed CEST saturation module

Frequency range (ppm — ppm) —1ltol —3to3

Number of Dynamic Scans 2141 25+ 1 reference image

Number of saturation pulses 1 8

Pulse Duration 7, (ms) 54 300 (100, 200)

Interpulse Duration (ms) - 300

B, amplitude (uT) 0.2 0.8 (0.6, 1.0)

In healthy volunteers, pulse duration I and B, amplitude were evaluated at 100, 200, and 300 ms and at 0.6, 0.8, and 1.0 pT, respectively, while

in patients, the following parameter settings were used: 300 ms and 0.8 uT

WASSR water saturation, gagCEST glycosaminoglycan chemical exchange saturation transfer imaging, FOV field of view, TE echo time, TR rep-

etition time, 77 inversion time

areas to reduce partial volume artifacts due to the presence
of cortical bone and potentially excessive amounts of joint
fluid (Fig. 1). The second reader repeated the ROI place-
ment at a different time point to allow for the assessment of
inter-rater reliability.

For the analysis of the MTR,,,, curve, i.e., the CEST
effect, we used an in-house script implemented in Matlab
(MATLAB R2018a, The MathWorks, Inc., MA, USA).
Prior to further evaluation, B, field inhomogeneities were
corrected by the WASSR maximum-symmetry algorithm
with the calculation of a pixel-wise frequency offset curve
[27, 28]. These offset-corrected CEST-curves divided by
the signal without pre-saturation (S,) were defined as the
so-called z-spectrum (Z (»)). The maximum frequency off-
set of each z-spectrum was Aw =3 ppm. Next, we used the

@ Springer

magnetization transfer asymmetry (MTR,,,,) (defined as
MTR iy m(Aw) =Z(- Aw) — Z(Aw)) for the evaluation of
the gagCEST effect [29]. MTR,,,, maps were calculated
using the average value of MTR,, in the GAG-specific
range of Aw=0.9 — 1.9 ppm [30]. In addition, the B,_cor-
rected and -normalized spectra were fitted using Lorentz-
ian function analysis to account for the GAG-OH, GAG-
NH, water pools at — 1 ppm, the nuclear Overhauser effect
at — 1 and — 2.8 ppm and the magnetization transfer pool
at — 2.43 ppm [31, 32]. In the following, the Lorentzian-
fitted gagCEST effect is given as GAG-OH amplitude.

T1 and T2 relaxation times calculations in ten healthy
volunteers were also performed in Matlab. In a pixel-wise
manner, acquired data was fitted and calculated based on
the following equations:
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Fig. 1 Exemplary image detailing the region-of-interest (ROI) defini-
tion. Water saturation shift referencing sequence (WASSR) image of
the tibiotalar joint of a 29-year-old healthy male. Manual definition
of the ROI in the central weight-bearing region of the tibiotalar joint
was performed individually by two radiologists to include the carti-
lage layers of the tibiotalar joints while reducing partial volume arti-
facts due to cortical bone and/or joint fluid

T1: M (1) =M — (M? - MZ(O))exp(%t)
1
T2: M, (1) = MW(O)exp(%t)
2

with T1 and T2 being the sought relaxation times, M_(f) the
total magnetization in the z-direction, and M, (?) the total
magnetization in the xy-plane at time point z.

Statistical analysis

SPSS software (IBM, version 22, Armonk, NY, USA)
was used for all statistical analyses by KLR and DBA. For
descriptive analysis, mean gagCEST values + standard devi-
ation, median, and range (minimum-maximum) were calcu-
lated for healthy volunteers and patients. For optimization
of the imaging protocol radiofrequency field strength and
pulse duration were systematically varied and then compared
using a multivariate analysis of variance (MANOVA) and a
post-hoc Scheffé-test. For the comparison of gagCEST val-
ues between both cohorts, a multivariable statistical analy-
sis was performed using a linear mixed model (LMM). The
established model included a subject-specific random inter-
cept, the factors healthy volunteer/patient, age, gender and
the interaction of these factors assuming a fixed linear effect

on the gagCEST values. Results of this model are given in
Table 1 of the Supplementary Material. The LMM was fitted
using a restricted maximum likelihood approach (REML).
Based on this final model, the mean differences of gagCEST
values were calculated and evaluated for significance. For
correlation analyses of MTRasym values and GAG-OHam-
plitudes, Pearson’s correlation was determined and quanti-
fied using the correlation coefficient r. Correlation strength
was graded as suggested by Cohen [33]: small (0.1-0.3),
moderate (0.3-0.5), and large (>0.5). p values <0.05 were
considered significant. For the evaluation of inter- and int-
rarater reliability, single and average measure intraclass cor-
relation coefficients (SICC and alCC) were calculated based
on the ROIs drawn by the two raters.

Results
Simulations

The results of the systematic simulations are illustrated in
Figs. 2 and 3.

a. Variation of 7,,.

Maximum MTRasym values were 1.33 % at 0.9-1.9
ppm with 7, = 200 ms, 1.07 % at 0.5-1.5 ppm with 7,
= 100 ms and 1.37 % at 1.0~1.5 ppm with 7, = 100 ms
(Fig. 3a).

b. Variation of n,,.

The CEST effect increases with the number of applied
saturation pulses (n,) (Fig. 3b). Eight applied pulses
reach 98% of the maximum gagCEST effect that could
be obtained with 14 pulses at all ranges (0.9-1.9 ppm,
0.5-1.5 ppm and 1.0-1.5 ppm). Maximum MTR,,
values with eight applied pulses were 1.33 % at 0.9-1.9
ppm, 1.02 % at 0.5-1.5 ppm and 1.33 % at 1.0-1.5 ppm.

c. Variation of B;.

The CEST effect increases with increasing B, until it
reaches a maximum (Fig. 3c). Due to the spillover effect,
MTR,,, values decrease beyond the maximum. Maximum
MTR gy, values were 1.33 % at 0.9-1.9 ppm and a B, of 1
uT, 1.17 % at 0.5-1.5 ppm and a B, of 0.8 uT and 1.37 % at
1.0-1.5 ppm and a B, of 1 pT.

In-vivo studies
Morphological MRI of patients and healthy volunteers

Apart from the presence of OLTs as outlined below and a
moderate joint effusion, the overall joint status of three of
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Fig.2 Simulations results detailing the effects of variations in CEST
framework conditions. Pulse durations t, (100, 200, and 300 ms) (a),
number of applied pulses n, (n=2 - 14) (b), and radiofrequency field
strengths B, (0.2-3 uT) (¢) were systematically varied. Each colored
curve represents a simulated parameter value and gives the z-spec-
trum at different offset frequencies (0—4 ppm)
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five patients was unremarkable. In them, we did not find any
bone marrow lesions, subchondral thickening, osteophytes
or joint space narrowing. In two patients, we noted signs
of secondary OA with osteophytes, joint space narrowing,
subchondral sclerosis, and moderate joint effusion. The joint
status of healthy volunteers was unremarkable without any
structural alterations. Within the entire study population, the
following accessory ossicles were found: Os tibiale exter-
num in six individuals, Os trigonum in three individuals, Os
supratalare in one individual.

Staging of OLTs was performed according to the Heppner
classification (stages 1-5, 1: articular cartilage damage only,
2a: cartilage injury with underlying fracture and surrounding
edema, 2b: 2a without surrounding edema, 3: detached, but
undisplaced fragment, 4: detached and displaced fragment,
5: subchondral cyst). The following stages were observed
in the patient cohort: one individual with stage 2a, one indi-
vidual with stage 3, one individual with stage 4 and two
individuals with stage 5.

Implementation of the optimized protocol in 10 healthy
volunteers

Table 4 gives the details of the MTRasym values in 10
healthy volunteers as a function of systematically varied
parameter settings of B, (0.6, 0.8, and 1.0 uT) and tp (100,
200, and 300 ms).

a. Variation of B,.
The mean MTR,,,, values had a maximum of 1.7
+ 1.4 % at 0.8 uT and tended to be -even though non-
significantly- numerically higher than at 1.0 uT (0.5 +
1.0%,p=0.073)and at 0.6 uT (1.3 + 1.1 %, p = 0.759).

b. Variation of Iy

The highest mean MTR,,, values were found at 7, = 300
ms that were significantly higher than at 7, = 100 ms (1.67

vs. 0.12 %, p < 0.004) and tended to be higher than at 7, =
200 ms (1.67 vs 0.71 %, p = 0.092).

Implementation of the optimized protocol in all healthy
volunteers and patients

a. MTR,,, values and GAG-OH amplitude of healthy vol-
unteers vs. patients.

Using the optimized imaging protocol (with the fol-
lowing framework conditions: radiofrequency-field
strength By= 0.8, pulse duration 7,= 300 ms and number
of pulses n,= 8), the mean MTR,,, value of the tibio-

talar joint cartilage in patients was 0.3 + 0.2 % (95 %
confidence interval [CI] 0-0.7) and in healthy volunteers
was 1.5+ 0.9 % (95 % CI 1.3-1.7) (p < 0.001). MTR .,
values are visualized in Fig. 3. Corresponding gagCEST
maps are given in Fig. 4.

Gag-OH amplitudes of the tibiotalar joint cartilage in
patients were 0.8+0.4 % (95% CI 0-1.6) and in healthy
volunteers 2.0+0.2 % (CI 1.6-2.4) (p = 0.013). We
found strong and significant correlations between mean
MTR ., values and gagOH amplitudes (r= 0.56, p =
0.006).

No significant differences were found between the vol-
unteers that were used for protocol optimization and the
remaining volunteers (volunteer cohort 1: MTRasym:
1.5 + 0.9 %, volunteer cohort 2: MTRasym: 1.4 + 0.9
%, p = 0.715).

The reproducibility of the MTR,,,, values of all ROIs
was excellent (aICC= 0.97, 95% confidence intervals
0.82/0.95, p < 0.001 and sICC=0.91, 95% CI1 0.93/0.98,
p <0.001).

b. TI1 and T2 relaxation times in healthy volunteers.

The in-vivo measurements in healthy volunteers showed a
mean T1 relaxation time of 940 + 120 ms (range 720-1080
ms) and a mean T2 relaxation time of 35+ 7 ms (range
26-48 ms) (Figs. 5, 6).

Table 4 Magnetization transfer

Offset f; B, (uT t MTR % \
ratio asymmetry (MTR ) set frequency [ppm] 1 () p (ms) asym (%) p value
values asa functiqn of 0.9-1.9 06 100 0374078 100 ve. 200 e < 0.001
§ystematlcally varied B, and t, 200 0.75+0.65 100 ve. 300 me < 0,001
in 10 healthy volunteers 300 1344 1.05 200 ve. 300 M3 016
0.8 100 0.12+0.47 0.6 vs. 0.8:
200 0.71+0.81 1.0
300 1.67+1.35 g.govls. 1.0:
1.0 100 0.27+0.78 : i
200 0.94+1.02 0.8 vs. 1.0: <0.001
300 0.49+£0.95

MTR

asym

values are given as mean + standard deviation

Means were compared using a multivariate analysis of variance (MANOVA) followed by a post-hoc

Scheffé test

p values <0.05 were considered significant and are given in bold type
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Fig.4 Illustration of Z-spectra (a) and MTRasym (b) curves of the
simulation (blue), a volunteer (yellow) and a patient (orange). CEST
framework conditions were B;=0.8, tp=300 ms and np=438. Simula-
tions results For the patient’s and volunteer’s curves means (dots) and
standard deviations (whiskers) are given.Of note, the GAG-NH peak
is only visible in the simulation, but not in-vivo

Discussion

The most important finding of this study is that -follow-
ing comprehensive and systematic sequence optimization-
gagCEST imaging of the tibiotalar joint is feasible using a
clinical standard 3 T MRI scanner, fits into clinical work-
flows with an acquisition time of less than 07:30 min, and
yields stable and reproducible results that allow composi-
tional cartilage assessment. In addition, we demonstrated
that the tibiotalar joint cartilage of patients with known tibi-
otalar joint injury, especially OLT, have significantly lower
gagCEST values than healthy volunteers.
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ues of the ROI defined by rater 1. Box 2 depict the MTR, values
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Compositional MRI exceeds the mere morphological
depiction of cartilage and allows for the detection of early
cartilage changes that precede morphological alterations,
i.e., loss of proteoglycans, as an early, potentially treat-
able stage of OA. GagCEST can be used for the detection
and treatment monitoring of very early OA [34]. Despite
this great clinical need, research on gagCEST imaging
in general has been limited by the numerous technical
complexities involved such as homogeneous magnetic
field properties, long scan times, low SNR, and high field
strengths (optimally > 7.0 T) that are considered necessary
for cartilage imaging [35]. Moreover, with the majority
of imaging studies focusing on the knee joint, data on the
tibiotalar joint is sparse [14]. This is mainly due to the
joint’s limited cartilage thickness, measuring only about
2 mm in healthy individuals and the known limited spatial
resolution of gagCEST imaging [36, 37]. In this study, we
set out to establish and optimize a gagCEST imaging pro-
tocol with reasonable scan times, sufficient SNR, and high
reproducibility at 3.0 T for the potential implementation
in the clinical setting.

GagCEST imaging can be modified by altering the num-
ber of applied saturation pulses, pulse durations and radiof-
requency field strengths. To find the optimal setting of these
parameters that allow for both a high gagCEST effect size
and reasonable acquisition time, we used the Bloch-McCo-
nnell simulation before proceeding with the in-vivo meas-
urements [38]. The simulation experiments showed a maxi-
mum effect size at a radiofrequency field strength of 0.8 uT.
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Fig.6 Sagittal proton-density weighted (PDw) images and corre-
sponding glycosaminoglycan chemical exchange saturation transfer
(gagCEST) maps of a 29-year-old healthy male (a and b) and an age-
matched male patient with an established osteochondral lesion of the
talus (OLT; ¢, d, e). a Unremarkable tibiotalar joint with no sign of
cartilage damage, osteoarthritis or OLT. ¢ Osteochondral lesion of
the anterior talus (black arrowhead), osteophyte of the anterior tibia
(white arrowhead), and intra-tissue signal hyperintensity of the ante-
rior tibiotalar joint cartilage indicative of focal cartilage damage (long

The effect size decreased at higher field strengths due to the
‘spillover effect’: With an increasing B; amplitude, the spillo-
ver effect leads to direct saturation of the water pool instead
of the soluble proton pool and hence results in decreases of
the gagCEST effect [39]. When tested in healthy volunteers,
we noted numerically higher MTR,, values and GAG-OH
amplitudes at 0.8 than at 1.0 uT, but not than at 0.6 uT. The
effect size increased with the applied number of pulses with
a MTR,,,, of 0.98% at 14 pulses; however, at eight applied
pulses, the MTR,, reached 0.98% of the maximum effect
size. To keep the acquisition time as short as possible at a
maximum gagCEST effect size, we decided to use eight
pulses. Moreover, the effect size was found to be increased
with increasing pulse durations. Due to limitations secondary
to the specific absorption rate (SAR); however, the maximum
pulse durations to be used in vivo were limited to 300 ms
[40]. By trend, we found higher MTR,,,, values in vivo at a
pulse duration of 300 ms (as compared to 100 and 200 ms)—
even though these differences were only partially significant.

MTRasym [%]

arrow). e More medial to (c), presence of a large cystic OLT in the
weight-bearing aspect of the talus (long arrow) representing a stage
5 OLT according to the Hepple classification and an osteophyte of
the anterior tibia (arrowhead). Overall, the tibiotalar joint cartilage is
focally thinned, inhomogeneous, and irregular. b and d The tibiota-
lar joint cartilage of the healthy volunteer has higher gagCEST values
than the patient (color-coded gagCEST maps overlaid onto T1w mor-
phological image)

After simulations and in-vivo experiments, our final
gagCEST protocol consisted of 8 applied pulses with a pulse
duration of 300 ms at a radiofrequency field strength of 0.8
uT and a constant duty cycle of 0.5 aiming for a minimized
scan time. We used WASSR to improve the differentia-
tion of the water and GAG peak as well as to correct for B
field inhomogeneities [27]. Using this protocol, we found
excellent reproducibility of gagCEST values as measured
by one individual rater and between two independent raters
(aICC=0.97 and sICC=0.91). These values for reproduc-
ibility were even higher than presented in previous stud-
ies focusing on gagCEST of peripheral joints [34]. A good
reproducibility is beneficial not only for future studies, but
also for the perspective of clinical implementation of the
technique [41].

The acquisition time of the optimized gagCEST sequence
was 5:01 min, followed by an additional 2:22 min for the
WASSR sequence. Thus, the sequence requires 7:23 min.
Hence, our scan time is comparable to the one presented
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by Kogan et al., who conducted the only previous study
on gagCEST imaging of the ankle joint, and even shorter
than several gagCEST studies focusing on the knee joint
[13, 14, 42]. Additionally, the gagCEST imaging protocol
was designed for 3 T scanners, which is the commonly used
field strength for musculoskeletal imaging in clinical prac-
tice [43]. Thus, our protocol may be applied in both research
and clinical contexts to further advance the clinical utility
of gagCEST imaging of the tibiotalar joint. However, it still
has to be considered less sensitive at detecting early carti-
lage changes than imaging protocols applied at 7 T scanners,
especially if the latter are designed as volumetric multi-slice
approaches [14]. Volumetric protocols have been imple-
mented at 3 T scanners for gagCEST imaging of the knee
joint and generally allow for better localization of cartilage
changes. Consequently, future adaptation of volumetric pro-
tocols for gagCEST imaging of the tibiotalar joint seems of
great scientific and clinical interest.

In addition to providing a stable and reproducible pro-
tocol, we observed significant differences between healthy
volunteers and patients with OLTs. Since this study was the
first of its kind comparing healthy individuals with patients
using gagCEST at the ankle joint, we chose a patient cohort
with morphologically damaged cartilage to demonstrate fea-
sibility of this technique. In the future, we intend to study
patients after ankle trauma without morphological apparent
cartilage lesions to assess the presence of pre-morphological
tissue damage.

Despite its strengths, our study has limitations. Our meas-
ured T1 and T2 relaxation times were shorter than the ones
used for the simulations, but were overall comparable to the
current literature [44].

Synovial fluid in general and joint effusion in particular
are known to interfere with gagCEST imaging due to the
presence of GAGs [1, 45]. Therefore, we placed our ROIs
in the center of the tibiotalar joint at a distance to the ante-
rior and posterior anatomical recesses, where joint fluid may
collect and distort our measurements. A priori, we excluded
patients with manifest joint effusion as visible in the mor-
phological sequences. However, since we included both car-
tilage layers, i.e., both tibial and talar, in one single ROI, the
odds are high that synovial fluid might have contaminated
our gagCEST measures. Future studies should, therefore, use
sequences that use fluid suppression. Moreover, our study
population was small, which may be explained by the fact
that we set out to implement a clinically applicable imaging
protocol for gagCEST imaging. Nonetheless, future studies
need to be conducted to corroborate our findings in larger
patient numbers. Furthermore, we did not compare our
findings to the gold-standard technique dGEMRIC. Since
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dGEMRIC relies on gadolinium-based contrast agents and
its use is restricted due to ethical reasons, we consider this
only a minor limitation. Last, we used a two-pool exchange
model considering only the water- and the GAG-OH pool
for the simulation. This model might be partially inaccurate
for in-vivo applications, because of other influencing factors
such as the GAG-NH pool, the nuclear Overhauser effect
(NOE), and the magnetization transfer (MT) that were not
included in our simulation because of lacking application-
specific-framework fitting parameters for the NOE and
MT. However, for the eventual quantification of the in-vivo
measurements we used both the MTRasym values and the
Lorentzian fit analyses. While the former accounts only for
the water and the GAG-OH pool the latter also takes the
GAG-NH, NOE and magnetization transfer pools into con-
sideration. As both were strongly correlated, we consider the
morge simple two-pool exchange model to be sufficient for
in-vivo quantification purposes.

In this feasibility study, pre-morphological tibiotalar joint
cartilage damage was quantitatively assessable on the basis
of an optimized 3 T gagCEST imaging protocol that allowed
a stable gagCEST effect quantification both in normal and
degenerated cartilage in clinically feasible acquisition times.
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Abstract

Background Because of overlapping phenotypical presentations, the diagnostic differentiation of rheumatoid arthritis (RA) and
psoriatic arthritis (PsA) remains challenging. Thus, this study aimed to examine the diagnostic value of distinct imaging features
obtained by high-resolution 3-T MRI for the diagnostic differentiation.

Materials and methods Seventeen patients with PsA and 28 patients with RA were imaged at high resolution using 3-T MRI
scanners and a dedicated 16-channel hand coil. All images were analyzed according to the outcome measures in rtheumatology
clinical trials’ (OMERACT) RAMRIS (Rheumatoid Arthritis Magnetic Resonance Imaging Score) and PSAMRIS (Psoriatic Arthritis
Magnetic Resonance Imaging Score) for the presence and intensity of synovitis, flexor tenosynovitis, bone edema, bone erosion,
periarticular inflammation, bone proliferation, and joint space narrowing. Next, odds ratios (OR) were calculated to determine the
strength of the associations between these imaging features, demographic characteristics, and the outcome RA vs. PsA.

Results PsA could be differentiated from RA by extracapsular inflammatory changes (PsAMRIS sub-score “periarticular in-
flammation”), with low odds for the presence of RA (OR 0f 0.06, p < 0.01) at all metacarpophalangeal (MCP) joints. A prediction
model informed by the items that were strongest associated with the presence of RA or PsA demonstrated excellent differenti-
ating capability with an area under the curve of 98.1%.

Conclusion High-resolution imaging is beneficial for the identification of relevant imaging features that may assist the clinical
differentiation of inflammatory conditions of the hand. At the MCP level, extracapsular inflammatory changes were strongly
associated with PsA and may consequently allow the imaging differentiation of PsA and RA.

Keywords Psoriatic arthritis - Rheumatoid arthritis - MRI - PSAMRIS - RAMRIS - Metacarpophalangeal joint

Introduction

Rheumatoid arthritis (RA) and psoriatic arthritis (PsA) are
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struction of cartilage and bone [1]. Even though these entities
share pathophysiological features and phenotypical manifes-
tations, several studies hypothesized that RA and PsA differ
ultimately in their pattern of joint involvement [2]. This is
reflected by the current enthesis organ concept that highlights
the role of fibrocartilaginous insertion sites of tendons and
ligaments in the pathogenesis of PsA [3, 4]. In contrast, RA
is considered a synovial disease with secondary involvement
of periarticular insertion sites and ligaments [5].

Despite the fact that imaging plays only a minor role in
commonly applied clinical classification schemes [6, 7], char-
acteristic imaging features exist for both entities and may be
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visualized using radiography, ultrasound, or magnetic reso-
nance imaging (MRI) [8]. MRI can provide crucial information
on a range of pathological manifestations such as synovitis,
enthesitis, bone edema, erosion, and osteoproliferation [9,
10]. Even though MRI is not used as the primary diagnostic
imaging modality for RA or PsA, it is increasingly used to
evaluate treatment response. The outcome measures in rheu-
matology clinical trials (OMERACT) initiative established
MRI scores for PsA and RA, i.e. PsSAMRIS (Psoriatic
Arthritis Magnetic Resonance Imaging Score) and RAMRIS
(Rheumatoid Arthritis Magnetic Resonance Imaging Score)
[11, 12]. However, despite great progress over the last years
in defining typical imaging features, there remains significant
overlap between both entities that challenges unambiguous di-
agnosis [13]. Especially in polyarticular disease, distinction
with certainty can be difficult. Consequently, recent studies
outlined certain imaging features that might assist differentia-
tion in these “borderline” cases but have not been able to pro-
vide measures or means for valid and reliable differentiation
[14]. In addition to truly overlapping phenotypical manifesta-
tions of the two diseases, this diagnostic limitation may be the
result of insensitive imaging modalities. In MRI, field strength
needs to be invested adequately to achieve proper image reso-
lution, signal-to-noise ratio, and contrast to best differentiate
the disease entities, in particular when imaging delicate struc-
tures such as the small finger joints, the entheses, and the nails
for subtle changes. This may be hampered when field strength
is low (i.e. <1.5 T) and coils are inadequate [15—17].

Inthe past, RA and PsA patients have received the same therapy
regimes, rendering diagnostic differentiation largely irrelevant.
The benefit of a tailored treat-to-target approach for each type of
arthritis [18, 19], however, and the development and increasing
application of biological disease-modifying drugs (b(DMARD)
and targeted synthetic disease-modifying drugs (tsDMARDs)
has made the diagnostic differentiation between RA and PsA in-
creasingly important to guide treatment in each individual patient.

In the present study, we aimed to systematically assess and
quantify the diagnostic value of a range of inflammatory and
noninflammatory MRI features obtained at high resolution in
differentiating rheumatoid and psoriatic arthritis using clinical
classification criteria as reference. We hypothesized that the
distribution, severity, and tissue involvement of these imaging
features (a) was variable in both entities and (b) could be used
to quantitatively assess each imaging feature’s contribution to
the diagnosis of RA or PsA.

Materials and methods
Study population

Characteristics of the study populations are summarized in
Table 1.
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Table 1 Demographic characteristics of the study populations. For
patients with psoriatic (PsA) and rheumatoid arthritis (RA), the mean
age in years + standard deviation (SD) and range, the mean disease du-
ration in years (PsA) and weeks (RA) = SD and range, and the sex are
presented

PsA patients RA patients

Population size 17 28

53.7+£11.6 (26-72) 55+11.4 (39-74)
2.6+33(1-8 years)  6.3+10.1 (2-23 weeks)
9 males/8 females 9 males/19 females

Age (years)
Disease duration
Sex (male/female)

A total of 17 patients with PSA (mean age 53.7+11.6;
range 26—72 years; 9 males, 8 females), who fulfilled the
CASPAR criteria [5], had a mean disease duration of 2.6 +
3.3 years, and suffered from peripheral joint involvement,
were prospectively recruited for the “Analysis of the
DActylic Melange” (ADAM) research initiative [10]. All pa-
tients had failed monotherapy with the conventional synthetic
disease-modifying antirheumatic drug (csDMARD) metho-
trexate (MTX) and were escalated to anti-TNF therapy follow-
ing an MRI scan.

Additionally, 28 patients with RA (mean age 55.0
11.4 years; range 39—74 years; 9 males, 19 females), who
fulfilled the ACR/EULAR 2010 criteria for RA and had a
mean disease duration <6 months (mean 6.3 +10.1; range
2-23 weeks), were prospectively recruited from the German
ArthroMark initiative cohort [20]. All patients were treated
with MTX without any increase in dosage nor change to
other medications.

Exclusion criteria for both arms of the total study population
were pregnancy, current breastfeeding, age < 18 years, metal
implants, implanted medical devices (e.g. ventriculoperitoneal
shunts), claustrophobia, asthma, known malignancy, and
known osteoarthritis of the hands.

Disease activity was assessed by the Disease Activity
Score 28 (DAS28, remission <2.6, low 2.6 to <3.2,
moderate 3.2 to 5.1, high >5.1) [21] for RA and the
Disease Activity index for PsA (DAPSA, remission 0-
4, low 5 to 14, moderate 5 to 28, high >28) [22] for PsA
patients, which are commonly used quantitative measures
to assess disease activity and progress in RA and PsA,
respectively [23, 24]. In our study, the mean DAS28 was
4.69£0.84 and the mean DAPSA was 26.89+18.23. In
addition, serum C-reactive protein (CRP) levels were de-
termined for both cohorts (RA 0.96+0.93 mg/dL; PsA
1.1£1.7 mg/dL).

The present study was approved by the local ethical com-
mittee (Ethical Committee of the Medical Faculty of the
University of Diisseldorf, Germany, study number: 3828 and
4962R. Trial registration: 2014123117). Written and informed
consent was obtained from all patients prior to initiation.
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MRI studies

In PsA patients, MR imaging of the clinically dominant
hand was performed using a 3-T MRI scanner (Magnetom
Skyra, Siemens Healthineers, Erlangen, Germany). In RA
patients, a 3-T MRI scanner (Magnetom Trio, A Tim
System; Siemens Healthineers) was used. In both scan-
ners, patients were examined in a prone position with their
arm extended overhead and the palm facing down (“super-
man position”). For high-resolution scanning, a dedicated
16-channel hand coil (3-T Tim receive-only coil, Siemens
Healthineers) was used, allowing for a high-resolution im-
aging over a wider area compared with previous high-
resolution strategies.

The imaging protocol was implemented in line with the
recommendations of the OMERACT working group [11,
25] and included pre- and post-contrast T1-weighted (T1w)
and non-contrast fat-saturated T2w/STIR images in two dif-
ferent orthogonal planes. More specifically, the following se-
quences of the clinically dominant hand were obtained: coro-
nal short tau inversion recovery (STIR) and T1w turbo spin
echo (TSE) sequences. Following intravenous injection of the
contrast agent (gadolinium-based, 0.4 mL/kg body weight
gadoteric acid [Gd-DOTA], Dotarem, Guerbet Villepinte,
France for PsA and [Gd-DTPA], Magnevist; Schering,
Berlin, Germany, in RA patients), coronal and transversal
T1wTSE sequences with spectral fat suppression were ap-
plied. The field of view covered the metacarpophalangeal
(MCP) and the proximal and distal interphalangeal (PIP,
DIP) joints in PsA patients, and the wrist, the carpus, and
the MCP joints in RA patients.

Detailed sequence parameters are given in Table 2.

Table 2 Detailed magnetic resonance imaging (MRI) sequence parameters

Image analysis

MR images were randomized and then independently read
and analyzed by two radiologists (both trained in muscu-
loskeletal imaging and in PsSAMRIS and RAMRIS scoring
with 3 (DBA) and 8 (CS) years of experience) according
to the OMERACT guidelines [11, 26]. In case of different
findings, the raters decided by common agreement with
the assisting opinion of a third rater (PS, rheumatologist
with 8 years of experience). The raters were blinded to
patients’ data and treatment and did not partake in data
collection. According to the definitions of the OMERACT
guidelines [11, 25], images were evaluated for synovitis
(score 0-3), flexor tenosynovitis (score 0—3), periarticular
inflammation (score 0 or 1), bone edema (score 0-3),
bone erosion (score 0—10), bone proliferation (score 0 or
1), and joint space narrowing (score 0 or 1) of the MCP
joints of digits 2—5, with higher scores indicating more
severe inflammatory changes. Typical changes are
depicted in Figs. 1, 2, and 3.

Statistical analysis

All statistical analyses were performed by RB using the R
project for statistical computing (version 3.5.1, The R
Foundation for Statistical Computing, https://www.r-project.
org/). For descriptive analysis, the mean, standard deviation,
minimum, and maximum were determined. For each item of
the scores, age and sex, univariate logistic regression models,
odds ratios (OR), and 95% confidence intervals (CI) were
calculated. The results of these analyses are shown in a forest
plot (Fig. 3). p values <0.05 were considered significant.

Sequence Orientation ~ TR/TE (ms)  Flip angle (°)  Slice FoV (mm x mm)  Acquisition Pixel size
thickness (mm) matrix (pixels)  (mm/pixel)
Tlw TSE PsA  Coronal 862/27 150 2.5 140 x 140 512 x512 0.27x0.27
RA 862/27 150 2.5 130 x 130 512 x512 0.25%0.25
T1w TSE + contrast ~ PsA Coronal 862/27 150 2.5 140 x 140 512 x512 0.27%x0.27
RA 862/27 150 2.5 130 x 130 512 x512 0.25%0.25
STIR PsA  Coronal 5560/31 120 2.5 140 x 140 448 x 314 0.31x041
RA 5560/31 120 2.5 130 x 130 448 x 314 0.29x0.41
T2w TSE fs PsA  Transversal 5694 89 3.0 160 x 160 512 x358 0.31x045
RA na na na na na na
PD TSE fs PsA  Sagittal 3150/47 150 2.5 150 x 150 448 x 182 0.33x0.82
RA na na na na na na
T1 TSE fs + contrast PsA  Transversal 807/16 90 2.5 130130 384 x 288 0.31x042
RA 702/16 90 2.5 130 x 130 384 x 288 0.31x042

Imaging plane, echo and repetition time (TE/TR), flip angle, slice thickness, field of view (FoV), pixel size, and number of slices are given for all
sequences (short tau inversion recovery, T2-weighted fat-saturated turbo spin echo (T2w TSE fs), T1w TSE, proton density TSE fs (PD))
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Fig. 1 Overview of representative MRI findings in psoriatic arthritis
(PsA) and rheumatoid arthritis (RA). Transversal T1w fat-saturated con-
trast-enhanced sequences of selected MCP joints of three patients each
with PsA (a—¢) and RA (d—f). a 39-year-old male. Severe periarticular
inflammation (white arrow) with additional flexor tenosynovitis
(arrowhead) and synovitis (open arrow). b 43-year-old male. Moderate
periarticular inflammation (white arrow) with flexor tenosynovitis (open
arrow). ¢ 39-year-old female. Severe periarticular inflammation (white

Based on these data, we set up a prediction model related to
age, gender, periarticular inflammation (volar portion of MCP
5), and bone erosion (proximal joint portion of MCP 5) that
attempted to correctly identify PsA- and RA-associated im-
aging features to establish a diagnosis. The resulting coeffi-
cients of the prediction model on the link scale of the logistic
regression, i.e. log-OR, are given in Supplementary Table 1.
Consequently, receiver operating characteristics (ROC) were
calculated. Of note, the variables age, gender, periarticular
inflammation, and bone erosion were selected due to their
OR (strongest and second strongest OR of two different score
items) and potential clinical practicability and availability
(gender, age, and one particular digit). OR > 1 indicates that
the respective variable is associated with the outcome RA.
Variables linked to the outcome PsA, or strictly speaking
“not RA,” have OR < 1. Confidence bounds for the prediction
model were estimated by the bootstrap method [27] (based on
B =5000 bootstraps with replacement) and application of the
percentile method [28]. Based on the ROC, an area under the
curve (AUC) was obtained, which is an index that indicates
the diagnostic value of a test (set) and varies from 0.5 (no
apparent accuracy) to 1.0 (perfect accuracy) [29]. Inter- and
intra-rater reliability were calculated by two-way mixed intra-
class correlation coefficients (single-measure intraclass corre-
lation coefficient (sICC) for intra-rater; average-measure [CC
(alCC) for inter-rater reliability).

@ Springer

arrow) with corresponding flexor tenosynovitis (arrowhead). d 48-year-
old female. Widespread synovitis (white arrow), bone erosions (open
arrow), and severe flexor tenosynovitis (arrowhead). e 39-year-old male.
Bone erosion (open arrow), synovitis (white arrow), and severe flexor
tenosynovitis (arrowhead). f 43-year-old male. Multiple bone erosions
(open arrow) and synovitis (white arrow). Note the absence of
periarticular inflammation in d—f despite significant inflammatory joint
changes at the joint level

Results

Distribution of RAMRIS and PsAMRIS sub-scores inter-
and intra-rater reliability

Frequency, distribution, and means as well as standard devia-
tions for each scored item are listed in Table 3. Typical
disease-related findings are illustrated in Figs. | and 2. sSICC
and alCC were > 0.9.

0Odds ratios for gender, age, and RAMRIS and
PsAMRIS sub-scores for the outcome RA vs. PsA

The odds ratios (OR) for gender, age, and RAMRIS and
PsAMRIS items for the outcome RA are presented in
Table 4. Periarticular inflammation of the dorsal and volar
aspects of MCP 3-5 as well as of the volar aspect of MCP2
were strongly associated with the presence of PsA, as indicat-
ed by small ORs (OR<0.15 [p<0.05]). By trend,
periarticular inflammation of the dorsal aspect of MCP2 and
bone erosion at the proximal portion of MCP5 were similarly
associated with the presence of PsA, yet not statistically sig-
nificantly. In contrast, bone erosion at the distal portion of
MCP3 was associated with the presence of RA, yet not
significantly.
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Fig. 2 Detailed view of
representative MRI findings in
psoriatic arthritis (PsA) and rheu-
matoid arthritis (RA). Transversal
T1w fat-saturated contrast-en-
hanced sequences of selected
MCP joints of three patients each
with PsA (a—c) and RA (d-f). a
29-year-old female. Severe
periarticular inflammation (white
arrow) with additional flexor te-
nosynovitis (arrowhead). b 47-
year-old female. Severe
periarticular inflammation (white
arrow) with synovitis (open ar-
row) and flexor tenosynovitis (ar-
rowhead). ¢ 37-year-old male.
Moderate periarticular inflamma-
tion (white arrow) with corre-
sponding flexor tenosynovitis
(arrowhead). d 55-year-old male.
Widespread synovitis (white ar-
row) and multiple bone erosions
(arrowhead). e 48-year-old fe-
male. Bone erosion (open arrow)
and slight flexor tenosynovitis
(arrowhead). f 39-year-old male.
Bone erosion (open arrow) and
synovitis (white arrow). Note the
absence of periarticular inflam-
mation in d—f despite significant
inflammatory joint changes at the
joint level

Throughout, flexor tenosynovitis was strongly and signifi-
cantly associated with the presence of RA, as indicated by
large ORs (OR >6 [p <0.05]). Other imaging features did
not demonstrate strong or significant association with either
disease entity.

Prediction model including four variables

Gender, age, and the imaging features of erosion of the prox-
imal and periarticular inflammation of the volar joint portion
of MCP5 were used to calculate a prediction model for the
differentiation between RA and PsA. On the basis of this
model, an area under the curve (AUC) of 98.1% (Cl=

0.955-1.0) was determined (Fig. 4), therefore accounting for
excellent accuracy in distinguishing RA and PsA.

Discussion

The most important finding of the present study is that
the clinical differentiation of inflammatory conditions of
the hand may be facilitated by high-resolution MRI fea-
tures. At the MCP level, extracapsular inflammation was
strongly associated with PsA, while flexor tenosynovitis
was associated with RA.
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Fig. 3 Detailed view of
representative MRI findings in
PsA and RA. Transversal T1w
fat-saturated contrast-enhanced
sequences of selected MCP joints
of three patients each with PsA
(a—c) and RA (d—f). a 34-year-old
male. Severe periarticular inflam-
mation (white arrow) with addi-
tional mild synovitis (open ar-
row). b 42-year-old female.
Severe dorsal periarticular in-
flammation (white arrow) with
synovitis (open arrow). ¢ 44-year-
old female. Severe periarticular
inflammation (white arrow) with
corresponding mild flexor teno-
synovitis (arrowhead). d 39-year-
old male. Widespread synovitis
(white arrow) with moderate
flexor tenosynovitis (arrowhead)
and large bone erosion (white ar-
row). e 41-year-old male.
Multiple large bone erosions
(white arrow) and severe synovi-
tis (open arrow) with mild flexor
tenosynovitis (arrowhead). f 56-
year-old female. Bone erosion
(white arrow) with moderate
flexor tenosynovitis (arrowhead)
and moderate synovitis (open ar-
row). Note the absence of
periarticular inflammation in d—f
despite significant inflammatory
joint changes at the joint level

Even though the diagnostic differentiation is considered
challenging [13], our results indicate that optimized imaging
in terms of spatial resolution, signal-to-noise ratio, and con-
trast can depict subtle changes that may help in clinical deci-
sion-making. This is the reason why we used high-resolution
MRI studies to explore potentially distinctive imaging features
for the differentiation between RA and PsA.

@ Springer

Our results demonstrate that all evaluated imaging features,
i.e. synovitis, flexor tenosynovitis, periarticular inflammation,
joint space narrowing, bone erosion, bone edema, and bone
proliferation can be detected in PsA patients [30]. Except for
bone proliferation, all features could also be found in RA
patients, which again indicates the considerable morphologi-
cal overlap between both disease entities. Notably, bone
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Table 3  Distribution, frequency, and severity of combined RAMRIS
and PsAMRIS sub-scores of metacarpophalangeal (MCP) joint 2—5 in
patient cohorts with psoriatic arthritis (PsA) or rheumatoid arthritis

(RA). Data are presented as [frequency in %] and median (interquartile
range) for the MCP joint of each digit (D2-D5) and overall. na not
applicable

Item Joint portion D2 D3 D4 D5 Overall
Synovitis PsA na [100%] [100%] [100%] [100%] 9 (7-11)
2 (2-3) 3(2-3) 2 (2-3) 2 (1-3)
RA na [100%] [100%] [100%] [100%] 9.5 (7-11)
3(2-3) 3(2-3) 2 (1-3) 2 (1-3)
Flexor tenosynovitis PsA na [100%] [(94%] [94%] [88%] 5 (4-6)
1 (1-1) 1 (1-2) 1 (1-1) 1(1-2)
RA na [100%] [96%] [86%]) [89%] 547
2(1-2) 1(1-2) 1(1-2) 1(1-2)
Periarticular inflammation PsA Volar [82%] [76%] [88%] [88%] 434
1 (1-1) 1 (1-1) 1 (1-1) 1 (1-1)
Dorsal [65%] [76%]) [65%] [82%] 4(24)
1(0-1) 1 (1-1) 1(0-1) 1 (1-1)
RA Volar [14%] [7%] [7%] [4%] 0 (0-0)
0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)
Dorsal [46%] [35%] [21%] [21%] 1(0-2)
0 (0-1) 0 (0-1) 0 (0-0) 0 (0-0)
Bone edema PsA Proximal 0 [12%)] 0 [6%] 0 (0-0)
0 (0-0) 0 (0-0)
Distal [6%] [12%] 0 [6%] 0 (0-0)
0 (0-0) 0 (0-0) 0 (0-0)
RA Proximal [4%] [11%] 0 0 0 (0-0)
0 (0-0) 0 (0-0)
Distal [4%] [11%] [4%] 0 0 (0-0)
0 (0-0) 0 (0-0) 0 (0-0)
Bone erosion PsA Proximal [53%)] [47%] [35%)] [29%] 2(1-3)
0 (0-1) 0 (0-1) 0 (0-1) 0(0-1)
Distal [12%] [6%] [6%] [6%] 0 (0-0)
0 (0-0) 0 (0-0) 0 (0-0) 0 (0-10)
RA Proximal [36%] [36%] [18%] [14%] 0.5 (0-2.25)
0 (0-1) 0 (0-1) 0 (0-0) 0 (0-0)
Distal [29%] [18%] 0 [7%] 0(0-1)
0 (0-1) 0 (0-0) 0 (0-0)
Bone proliferation PsA na [6%] 0 [6%] 0 0 (0-0)
0 (0-0) 0 (0-0)
RA na 0 0 0 0 0
Joint space narrowing PsA na [29%] [59%] [65%] [41%] 2 (0.25-3.75)
0 (0-1) 1 (0-1) 1 (0-1) 0 (0-1)
RA na [29%] [50%] [68%] [0.32%] 2 (1-3.25)
0 (0-1) 0.5 (01) 1(01) 0 (0-1)

proliferation itself can be considered as a reliable predictor for
PsA, even though it could not be included into the presented
prediction model due to its rare occurrence in the PsA patient
cohort. This may be a consequence of the relatively short
disease duration in our patients.

On the other hand, regarding periarticular inflammation,
our results show a significant predominance in PsA patients,
as reflected by the low odds ratio for the diagnosis RA.
Periarticular inflammation is included as a sub-score in the
OMERACT PsAMRIS, but not in its RA equivalent,
RAMRIS [11, 12, 25]. Both scoring systems are validated
semi-quantitative sub-scores for the detection and monitoring
of PsA-/RA-related joint changes. By definition, periarticular
inflammation is present if increased water content or abnormal

contrast-enhancement at extraarticular sites such as soft tis-
sues or entheses can be detected in designated MRI sequences
[11, 31]. Previous studies have shown that PsA is an entheseal
disease, primarily affecting the so-called “‘entheseal organs™ or
the synovio-entheseal complex [4, 32, 33], which consist of
tendons and their sheaths as well as ligaments and their inser-
tion sites [34]. Research further indicates that entheseal chang-
es are associated with inflammation of extraarticular tissue
[35, 36]; thus, periarticular inflammation is potentially more
frequently found in PsA due to its entheseal-driven patho-
physiology [37]. Accordingly, in 1995, Jevtic et al. demon-
strated that periarticular inflammation is more frequent in PsA
than in RA patients, at least at the PIP joint level [38].
Moreover, recent ultrasound and MRI studies have shown that
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Table4 Odds ratios (OR) for gender, age, and individual RAMRIS and
PsAMRIS sub-scores with 2.5 and 97.5% confidence intervals (CI) for
the outcome RA versus PsA. JSN joint space narrowing. Statistically

significant values are given in italics and further stratified into *p value
<0.05; **p value < 0.01. na not applicable. D2-D5 indicate digits 2—5

Item D2 D3 D4 D5
OR CI OR CI OR CI OR CI

Gender 2.32 0.73/7.69 2.32 0.73/7.69 2.32 0.73/7.69 2.32 0.73/7.69
Age 1 0.95/1.06 1 0.95/1.06 1 0.95/1.06 1 0.95/1.06
Synovitis 1.36 0.56/3.33 0.7 0.27/1.65 0.72 0.31/1.64 0.94 0.46/1.89
Flexor tenosynovitis 6.08%** 1.84/29.19 1.03 0.44/2.49 1.95 0.73/6.16 1 0.44/2.32
Periarticular inflammation

Volar 0.036%* 0.01/0.16 0.02%* 0/0.12 0.01%* 0/0.06 0.01%* 0/0.04

Dorsal 0.47 0.13/1.6 0.17* 0.04/0.62 0.15%* 0.04/0.54 0.06** 0.01/0.24
Bone edema

Proximal 9.85e06 4.79¢—206/na 1.51 0.6/7.11 na na 3.65¢—08 na/7.53 €204

Distal 0.5 0.03/1.98 1.14 0.55/2.82 9.85 e06 4.79¢—206/na na na
Bone erosion

Proximal 0.68 0.28/1.64 1.16 0.72/2.2 0.52 0.16/1.57 0.4 0.09/1.77

Distal 1.83 0.61/7.75 3.04 0.76/4.8 3.65¢-08 na/7.53 €204 1.23 0.11/20.78
Bone proliferation 3.65¢—08 na/7.53 €204 na na 3.65¢08 na/7.53 €204 na na
JSN 0.1 0.26/3.81 1.13 0.46/2.95 0.83 0.31/2.19 0.59 0.18/1.85

periarticular inflammation is not only a characteristic feature
of PsA but is even more frequently detected than in RA [37,
39, 40]. However, literature data are not conclusive as others
have reported no difference between RA and PsA concerning
extraarticular inflammatory changes and enthesitis [41]. Most
likely, these different definitions of morphological changes in
both diseases is due to the heterogeneity of PsA and the

Q]
A _I.ﬁ—.l -10 -30)
© _|
=}
3
i}
T © 0
o O]
=
.‘(%‘
o
a
o ¥
3 o
[
o~
o 7] 55
o
=
I I I I I I
0.0 0.2 0.4 06 08 1.0

False positive rate

Fig. 4 Receiver operating characteristics (ROC) curve to illustrate the
diagnostic ability of the calculated prediction model to determine the
outcome RA. Given are different discrimination thresholds (circles with
adjoined numbers). Area under the curve (AUC) =98.1%
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limited image resolution and signal yield of low-field MRI
scanners that may have prevented the detection of subtle
changes in small joints. Against this background, our data
lend evidence to the use of high-resolution MRI sequences,
as in this study, because they seem beneficial for detecting
subtle extracapsular changes in efforts to differentiate the
two entities.

In the present study, we established a prediction model
comprised of demographic characteristics, i.e. age and gender,
and imaging features, i.e. periarticular inflammation and ero-
sion at MCPS. The model performed exquisitely well in dif-
ferentiating both entities as indicated by the AUC value of
98.1, indicating excellent accuracy in differentiating RA from
PsA. Even though our model can give an indication of the
variables that need particular attention when it comes to the
eventual differentiation of both entities, these findings should
be treated with caution. First, our sample size was small, and
thus the model certainly lacks generalizability until it has been
validated in a separate cohort of RA and PsA patients, in
particular in terms of different disease stages. Long-standing
inflammatory conditions most likely undergo phenotypical
changes that are not yet captured by the model. Second, the
model was developed on the basis of the best-performing
classifiers, which—of course—boosts its diagnostic perfor-
mance. That is why our findings and the derived prediction
model can only be regarded as preliminary and require future
studies for their validation. Yet, we consider this methodology
a starting point for future research efforts that not only include
larger patient cohorts but also variable phenotypical
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presentations, disease stages, and previous medication re-
gimes. After validation, however, the developed prediction
model could be of great clinical significance since the distinc-
tion between RA and PsA can be challenging by mere clinical
and serological means, especially in borderline cases. With the
introduction of treat-to-target therapy regimes in both entities
and the increasing development and application of
bDMARDs and tsDMARD:s, the early diagnostic differentia-
tion between the two diseases has become increasingly impor-
tant to guide therapy in each individual patient [18, 19].

The only other imaging feature that was significantly asso-
ciated with one of the two disease entities was flexor tenosyn-
ovitis, which was strongly associated with the presence of RA,
as already shown in previous studies [10, 40, 42]. Only for
MCP2 did we find significant values, while for MCP4, a sim-
ilar, yet nonsignificant, trend was seen. For MCP2 and 3,
however, flexor tenosynovitis was equally distributed be-
tween the two entities. One possible explanation for these
discrepancies may be the fact that flexor tenosynovitis occurs
frequently in both RA and PsA, without a predominant asso-
ciation with one disease entity over the other [31, 43, 44].
Accordingly, this item has been included in both
OMERACT MRI scores, RAMRIS and PSAMRIS [11, 25].
Even though Marzo-Ortega et al. detected flexor tenosynovitis
more frequently in RA than in PsA, their patient sample was
too small to be certain of a significant association [40]. Our
own findings demonstrated a similar pattern, with a higher
overall prevalence of flexor tenosynovitis in RA patients.
Due to conflicting results in different studies including our
own, each involving small and selective patient cohorts, no
solid conclusions may be drawn as flexor tenosynovitis at the
MCP joint level may be associated with both disease entities.

Regarding all other evaluated imaging features, we found
an overall homogenous distribution between both entities,
with slight differences by trend that are neither statistically
nor (most likely) clinically significant.

In addition to mere morphological MRI, compositional
imaging techniques have emerged over the last years and
have become a powerful tool for diagnosis and monitor-
ing of various musculoskeletal disorders, including in-
flammatory joint conditions such as RA [45, 46].
Among them, delayed gadolinium enhanced MRI of car-
tilage (dAGEMRIC) is still the gold-standard technique,
even though techniques that do not rely on the application
of intravenous contrast agents such as T2/T2* mapping or
sodium imaging are of increasing scientific and clinical
interest [47-50]. However, research on compositional
MRI in PsA is sparse, with yet only one single study
published [51]. In future studies, nevertheless, composi-
tional MRI techniques could potentially further facilitate
the characterization and distinction of RA and PsA.

When interpreting our results, the following limitations
must be considered.

First and foremost, both patient cohorts were small and,
due to our study’s exploratory design, our results can only
be considered as preliminary and need further validation in
future studies with larger study populations. Secondly, our
PsA cohort may not be representative of the full spectrum of
disease stages because all included PsA patients suffered from
severe dactylitis in at least one finger. As dactylitis is associ-
ated with high disease activity [36], the imaging correlates
identified in this study may be predisposed towards higher
disease severity, thereby rendering the incidence and severity
of enthesitis and periarticular inflammation overly high.
Similarly, flexor tenosynovitis may also be overrepresented
since it is known to be associated with dactylitis, too [36,
52]. Third, the mean disease duration of both study cohorts
differed substantially. With a mean disease duration of 6 and
160 weeks, we compared (very) “early” RA to “long-stand-
ing” PsA. Of note, current guidelines define “early” RA in
terms of a disease duration of less than 12 months, while
“early” PsA is defined as a disease duration of less than
24 months [53, 54]. Thus, the comparability of both cohorts
and their respective imaging features in terms of frequency,
distribution, and severity is certainly limited. However,
periarticular inflammation is a sign of acute inflammation
and therefore not limited to late stages of the disease. Since
periarticular inflammation is the most predictive feature of our
investigation and both patient cohorts had overall similar dis-
ease activity as quantified by DAS28 and DAPSA, this limi-
tation seems relevantly attenuated; nonetheless, our findings
are only preliminary until confirmed in patient cohorts with
equal disease durations. Fourth, we only assessed the imaging
features at the MCP joint level. Most likely, the diagnostic
differentiation of not just RA vs. PsA but also each entity’s
phenotypical manifestation needs to focus on joint levels be-
yond such as the interphalangeal and intercarpal joints. Future
research ought to be directed at quantitatively defining the
imaging features there, too. Further, despite the fact readers
had been blinded to patient data, different fields-of-view of
certain MRI sequences might have corrupted proper blinding.
The potential bias was mitigated by the fact that (i) the MCP
joints selected for quantitative imaging feature assessment had
been imaged using similar sequence and acquisition parameter
settings, thereby allowing comparative evaluation, and that (ii)
two independent readers analyzed all images in a coherent and
standardized manner using the scoring systems of the official
OMERACT guidelines. The fact that both readers’ perfor-
mance was characterized by high inter-reader reliability pays
testimony to the validity of their comparative evaluation at the
MCP joint level. Additionally, our results have a limited gen-
eralizability because of the different prior therapeutic regimes,
yet the clinical presentation of increased disease activity was
overall comparable. Therefore, we consider the results to be
representative of a clinical setting, even though—admitted-
ly—the methodological inaccuracy makes direct comparisons
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difficult and different types of DMARDs and different treat-
ment durations potentially change intensity, distribution, and
quality/dimension of disease-related imaging sub-scores. Last,
itis of relevance that MRI can support, but not replace, clinical
assessment in the differentiation of inflammatory arthritis.
Once the developed prediction model has been validated and
substantiated in larger studies and proven to perform well in
clinical practice, the clinical differentiation of inflammatory
joint diseases may be greatly aided by MRI.

Conclusion

High-resolution imaging based on optimized sequence proto-
cols, adequate magnetic field strengths, and dedicated coil
technology is beneficial for the identification of relevant im-
aging features that may support the clinical differentiation of
inflammatory conditions of the hand. At the MCP level,
periarticular inflammation was strongly associated with PsA
and may consequently guide diagnostic decision-making
when it comes to differentiating PsA and RA.
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Abstract

Background: To compare the glycosaminoglycan (GAG) content of lumbar intervertebral disks (IVDs) of patients
with ankylosing spondylitis (AS) and healthy volunteers and to investigate the association of GAG depletion and
disease-related clinical and imaging features.

Methods: Lumbar spines of 50 AS patients (mean age 50 + 10.5 years) and 30 age-matched volunteers were
studied with 3-T magnetic resonance imaging (MRI) and conventional radiographs (CR). The MRI protocol included
high-resolution morphological sequences and the compositional GAG chemical exchange saturation transfer
imaging technique (gagCEST). Morphological images were analyzed by three raters for inflammatory activity, fat
deposition, disk degeneration, and structural changes on CR. Clinical and serological measures included the Bath AS
Disease Activity (BASDAI) and Bath AS Function (BASFI) Indices and C-reactive protein (CRP) levels. GagCEST values
of both groups were compared using a linear mixed model. Kendall-Tau correlation analyses were performed.

Results: GagCEST values were significantly lower in AS patients (2.0 + 1.7%) vs. healthy volunteers (2.4 + 1.8%), p=0.001.
Small, yet significant correlations were found between gagCEST values and CRP levels (t=—0.14, p=0007), BASFI (t=—
0.18, p < 0.001) and presence of syndesmophytes (t=—0.17, p=0001). No significant correlations were found with BASDA,
inflanlnmation, and fat deposition MRI scores.

Conclusions: Lumbar spines of r-AS patients undergo significant GAG depletion, independently associated with
syndesmophyte formation, functional disability, and increased serological inflammation markers. Beyond establishing a
pathophysiological role of the cartilage in AS, these findings suggest that gagCEST imaging may have an adjunct
confirmatory role in the assessment of disease-related pathological MRI findings in axial spondyloarthritis.
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Introduction

Ankylosing spondylitis (AS), also called radiographic
spondyloarthritis (r-axSpA), as the prototype disease of
all axSpA, is a chronic inflammatory disease that pre-
dominantly affects the sacroiliac joints (SIJ) and the
spine [1]. It leads to back pain, restricted mobility, and,
if left untreated, to ankylosis and severe functional dis-
ability [2, 3]. As of today, magnetic resonance imaging
(MRI) is a cornerstone imaging technique for identifica-
tion and may also be helpful in treatment monitoring of
axSpA [4]. This is reflected by the inclusion of MRI of
the SIJ into the Assessment of SpondyloArthritis Society
(ASAS) classification criteria [5]. However, MRI of the
spine was not included in these criteria due to the lack
of specificity when compared to degenerative spinal le-
sions [6]. Nonetheless, in current clinical and research
practice, MRI of both the SIJ and the spine is widely
used due to its non-invasiveness, superior soft tissue
contrast, high spatial resolution, functional capability,
and absence of ionizing radiation.

On the other hand, new bone formation is a key fea-
ture of chronic stages of axSpA and contributes to the
burden of the disease and functional disability beyond
mere inflammation-related symptoms [7-9]. Earlier
studies demonstrated that joint remodeling in patients
with r-axSpA is characterized by incipient cartilage loss,
subchondral infiltration of fibrous tissue, and later on
eventual formation of new bone [10, 11]. In an earlier
study, our group demonstrated the feasibility of glycos-
aminoglycan chemical exchange saturation transfer im-
aging (gagCEST) of the lumbar intervertebral disks
(IVD) in a pilot study of 9 patients with axSpA [12].
GagCEST imaging is a compositional MRI technique
that relies on the chemical exchange of water protons
between GAG and bulk water molecules. For the induc-
tion of a CEST effect, a pool of solute protons is satu-
rated by a frequency-specific radiofrequency (RF) pulse
at different offset frequencies around the water reson-
ance and then transferred to the bulk water pool via
chemical exchange, which consequently reduces its sig-
nal. The signal is then used to quantify the CEST effect
at the GAG-specific frequency range (0.9-1.9 ppm) by
analysis of the magnetization transfer ratio asymmetry
(MTRgsym), which correlates with the underlying GAG
concentration of the given IVD [13-15].

The aim of this study was to systematically assess the
association of GAG depletion in lumbar IVDs with
structural and inflammatory imaging features as well as

clinical and serological reference measures in a larger
patient population of r-axSpA patients and controls.

Building on preliminary evidence that suggested a role
for advanced imaging techniques in the evaluation of r-
axSpA [12, 16, 17], we hypothesized that (a) lumbar
IVDs of patients with r-axSpA contained less GAG than
a group of age-matched volunteers and (b) that GAG de-
pletion was associated with disease-related acute and
chronic inflammation and structural changes of the adja-
cent vertebrae as well as functional limitations.

Methods

Study population

Fifty patients with active r-axSpA according to the ASAS
classification criteria [5] (mean age 50 + 10.5, range 25—
69 years) and mean disease duration of 13+ 11 years
(range, 0-40years) were prospectively recruited. R-
axSpA was defined as definitive radiographic sacroiliitis
on the sacroiliac joint conventional radiography accord-
ing to the New York criteria [18, 19]. At the time of re-
cruitment, 44/50 patients received biological disease-
modifying antirheumatic drugs (bDMARDs), while the
other 6 patients were not treated with any permanent
medication. In addition, 30 volunteers (mean age 47 +
13.5, range 30-76years) were included as a control
group. The exclusion criteria for all participants were
prior spine surgery, a body mass index < 18.5 or > 30 kg/
m?, radiculopathy, known disk extrusion, congenital
spine deformities, and being underage. For the control
group, the exclusion criteria were expanded to chronic
lower back pain (LBP), acquired spine deformities, and
chronic inflammatory diseases affecting the musculo-
skeletal system.

Written informed consent was acquired from all par-
ticipants before the initiation of the study. The study
was approved by the local ethical committee (Ethical
Committee, Medical Faculty, University of Diisseldorf,
Germany, study number 5087R).

The characteristics of the study population are given
in Table 1.

Imaging studies

MRI studies of the lumbar spine of all participants were
performed on a clinical 3-T scanner (Magnetom Prisma,
Siemens Healthineers, Erlangen, Germany) with a 32-
channel body and a 24-channel spine matrix coil (both
Siemens Healthineers) in the supine position.
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Table 1 Demographic, clinical, serological, and functional
information of the study population

Patients Volunteers
Age [years] 50+ 105 47+£135
Sex [female/male] 14/36 15/15
Disease duration [years] 9+7 na
CRP level [mg/dL] 0.75+0.76 na
BASDAI [0-10] 513+184 na
BASFI [0-10] 536£2.15 na
Medication bDMARD [n = 44] na

None [n=6]

Data are given as means * standard deviations. Only for the radiographic axial
spondylarthritis (r-axSpA) patients were data on disease durations, CRP levels,
and functional scores, i.e., Bath Ankylosing Spondylitis Disease Activity and
Bath Ankylosing Spondylitis Function Indices (BASDAI and BASFI), available. na
not available; CRP C-reactive protein, normal range 0-0.5 mg/dL; bDMARD
biological disease-modifying drug

All MRI examinations included morphological and
compositional sequences. Morphological imaging com-
prised T1-weighted (T1lw), T2-weighted (T2w), and
short tau inversion recovery (STIR) sequences in the sa-
gittal orientation, while compositional imaging included
gagCEST and water saturation shift referencing (WASS
R) sequences in the sagittal orientation. The detailed se-
quence parameters are given in Table 2.

Additionally, standard conventional radiographs (CR)
of the lumbar spines (Th12-S3) in anterior-posterior
(ap) and lateral projections were obtained after the
recruitment.

Image analysis

All images were blinded to the participants’ diagnoses
and demographics and were then independently ana-
lyzed by two radiologists (DBA and CS) with long-

Table 2 Detailed magnetic resonance imaging (MRI) sequence

parameters
Sequence
STIR T2w Tiw gagCEST WASSR
TSE TSE
Imaging plane Sagittal  Sagittal ~ Sagittal  Sagittal  Sagittal
TE/TR [ms] 57/3800 95/3500 9.5/650 5.1/10 5.1/10
Flip angle [°] 150 160 150 10 10
Slice thickness 4 4 4 5 5
(mm]
FoV [mm x mm] 300 % 300 x 300 x 300 x 300 x
300 300 300 300 300
Pixel size [mm x 08x08 07x07 07x07 16x16 16x16
mm]
Number of slices 15 15 15 1 1

Imaging plane, echo and repetition time (TE/TR), flip angle, slice thickness,
field of view (FoV), pixel size, and number of slices are given for all sequences
(short tau inversion recovery, T2-weighted turbo spin-echo (T2w TSE), T1w TSE,
gagCEST, and WASSR)
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standing experience in musculoskeletal imaging. In case
of discrepant findings, consensus was established with
the assistant opinion of a third experienced rater (SN).

The lumbar IVD segments L1/L2-L5/S1 of all partici-
pants were scored individually on sagittal T2w images
according to the Pfirrmann classification [20]. Briefly,
the Pfirrmann classification is based on five grades and
allows dichotomization of non-degenerative (grades 1
and 2) and degenerative IVDs (grades 3—5) on the basis
of intensity and structure of the nucleus pulposus (NP),
its distinction from the annulus fibrosus (AF), and disk
height.

Further, each lumbar segment was separately analyzed
according to the Spondyloarthropathies Research Con-
sortium of Canada (SPARCC) score, which is an MRI
index for scoring inflammation of the spine [21]. To this
end, each lumbar discovertebral unit (DVU) was divided
into four quadrants: upper anterior, lower anterior,
upper posterior, and lower posterior endplate. The pres-
ence of “acute inflammation/bone marrow edema” was
assessed based on the high signal intensity on STIR im-
ages. For each DVU, three consecutive slices were se-
lected demonstrating the most pathological slices for
that particular segment. On each slice, the imaging fea-
ture “bone marrow edema” was scored present or absent
resulting in a maximum score of 12 per DVU. In
addition, we evaluated all lumbar segments for the pres-
ence of “fatty depositions” (as a sign of chronic inflam-
mation) by proceeding in the same manner. The
presence of “fatty deposition” was assessed based on the
high signal intensity on T1w and T2w images.

Additionally, as a radiographic score, all anterior verte-
bral corners (VC) of the lumbar segments were evalu-
ated (score 0-2) on lateral CR projections for the
presence of syndesmophytes (score 1) or bridging syn-
desmophytes (score 2).

GagCEST analyses were in line with the standard
post-processing practice as published previously [22, 23].
Before gagCEST analysis, motion correction was per-
formed for both CEST and WASSR datasets using a dif-
feomorphic registration approach incorporated into a
dedicated software (fMRLung, Siemens Healthineers) as
published before [24].

As in earlier studies [25, 26], WASSR data were used
to correct B, field inhomogeneities by the WASSR
maximum-symmetry algorithm with the calculation of a
pixel-wise frequency offset curve. These offset-corrected
CEST curves divided by the signal without pre-
saturation (Sy) were defined as the so-called z-spectrum
(Z (w)). The maximum frequency offset of each z-
spectrum was Aw=3ppm. Next, we wused the
magnetization transfer asymmetry (MTR,gy,,) (defined as
MTRygym (Aw) = Z(-Aw) - Z (Aw)) for the evaluation of
the gagCEST effect [25]. MTR,sym maps were calculated
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using the average value of MTR gy, in the GAG-specific
range of Aw =0.9-1.9 ppm. MTR,g, values are given in
percentage. For the analysis of the CEST effect, regions
of interest (ROIs) were defined based on a customized
in-house script implemented in Matlab (MATLAB,
R2018a, The MathWorks, Inc., MA, USA) that automat-
ically detects lumbar IVD segments.

Then, all ROIs were automatically placed in the lum-
bar IVDs by an in-house written script for the Matlab
software. The disk segmentation was based on Bayes
classification to divide bone and ligaments from disk
cartilage [27]. All automatically placed ROIs were visu-
ally confirmed for the correct position by a board-
certified radiologist (CS). No ROIs had to be manually
corrected. In total, nine individuals with 45 IVDs had to
be excluded from the gagCEST analysis due to excessive
motion artifacts (6 r-axSpA, 3 volunteers). For the sake
of readability, MTR,s, values are referred to as gag-
CEST values.

Clinical evaluation

For every patient, the Bath Ankylosing Spondylitis Dis-
ease Activity Index (BASDAI) and Bath Ankylosing
Spondylitis Function Index (BASFI) [28, 29] were
assessed. In addition, C-reactive protein levels [mg/dL]
were determined in all patients.

Statistical analysis

The SPSS software (IBM, version 22, Armonk, NY,
USA) was used for all statistical analyses performed by
KLR and DBA. For descriptive analysis, mean gagCEST
values of the AF and the NP + standard deviation, me-
dian, and range (minimum-maximum) were calculated
for volunteers and patients. For the comparison of gag-
CEST values between both cohorts and between AF and
NP, a multivariable statistical analysis was performed
using a linear mixed model (LMM). The model included
a subject-specific random intercept, the factors healthy
volunteer/patient, age, gender, and the interaction of
these factors. The LMM was fitted using a restricted
maximum likelihood approach (REML) [30]. Based on
this final model, the mean differences of gagCEST values
were calculated and evaluated for significance. For cor-
relation analyses, the Kendall Tau correlation coefficient
7 was calculated. Correlation strengths were graded as
suggested by Cohen [31]: small (<0.3), moderate (0.3—
0.5), and large (>0.5). p values <0.05 were considered
significant.

Results

Clinical scores: BASDAI, BASFI, and serum CRP levels
Patient characteristics and serological, clinical, and func-
tional data are summarized in Table 1. Overall, patients
showed active disease, with a mean BASDAI of 5.1 + 1.8
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and mean CRP levels of 0.8 + 0.8 mg/dL, and also high
levels of functional impairment, with a mean BASFI of
54+ 2.2,

Morphological analysis

Morphological imaging findings for the presence of syn-
desmophytes and fatty depositions, and according to the
Pfirrmann classification, and SPARCC are shown in
Table 3. Typical disease-related MR imaging features are
shown in Fig. 1.

The distribution of IVDs according to the Pfirrmann
classification were as follows: total study population—
grade 1 [#=0], grade 2 [n =285], grade 3 [n=99], grade
4 [n=14], and grade 5 [n =2]; r-axSpA patients—grade
1 [n=0], grade 2 [n=180], grade 3 [n=>58], grade 4
[n=10], and grade 5 [n = 2]; volunteers—grade 1 [n = 0],
grade 2 [n=105], grade 3 [n=41], grade 4 [n=4], and
grade 5 [n=0].

All scores were equally distributed between the lumbar
segments, i.e., no significant differences were found be-
tween the evaluated lumbar segments at any given score
(Table 3).

Comparative analysis of gagCEST values: NP vs. AF and
NP vs. Pfirrmann grading

In all IVDs, the NP showed significantly higher gag-
CEST values than the AF (AF 1.1+1.3%, NP 2.2+
1.8%, p <0.001). GagCEST values were significantly af-
fected by the morphological degeneration of the IVD
as assessed by the Pfirrmann score. NPs of IVDs with
Pfirrmann grades <2, i.e., non-degenerated IVDs, had
significantly higher gagCEST values than NPs of IVDs
with Pfirrmann grades >3, ie., degenerated IVDs—
NPs (Pfirrmann grades <2) 2.7 +1.7% and NPs (Pfirr-
mann grades >3) 0.7 £0.9%; p =0.003. No significant
differences were found between gagCEST values of
the NPs of IVDs of the different lumbar segments in
patients and volunteers (L1/2 2.1+1.7%, L2/3 2.2+
1.7%, L3/4 2.0+1.7%, L4/5 2.1+1.5%, L5/S1 19+
2.1%, p = 0.06).

Comparative analyses of gagCEST values: patients vs.
volunteers

Mean gagCEST values of r-axSpA patients and volun-
teers as well as the comparative analysis are presented in
Table 3.

Over all segments, gagCEST values of the NP of
lumbar IVDs of r-axSpA patients were significantly
lower than of volunteers (patients 2.0 + 1.7%, control
2.4 +1.8%, p=0.001). GagCEST maps of representa-
tive patients and volunteers confirmed these findings
(Fig. 2).
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Table 3 Analysis of morphological and compositional imaging features of lumbar intervertebral disks (IVDs)
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Score Segment p
L172 L2/3 L3/4 La/5 L5/S1 Overall ~ Value
gagCEST values [%] Patients 27+17 21417 19+16 18+14 19+20 20+1.7 0.001
Volunteers 3117 22+16 21£16 24+17 21+£23 24+18
Pfirrmann Score [1-5] Patients 24+0.7 25+08 24+07 25+06 27+08 25+07 0.119
Volunteers 21£05 23£07 24£06 24+06 26£07 24£06
SPARCC acute inflammation [0-12] Patients 1+24 04+13 02+1 06+16 06+23 06+18 0318
Fatty depositions [0-12] Patients 43+39 34+28 39+£32 42+3.1 38+3.1 39+£32 0.723
Syndesmophytes [0-2] Patients 13+£13 12+12 13+£1.1 12+£12 14+14 13+12 0.894

The mean imaging measures as a function of the study cohort (i.e., patient and volunteer) and intervertebral disk segment level. Data are means + standard
deviations. The mean values of the glycosaminoglycan chemical exchange saturation transfer (gagCEST) values were compared with a linear mixed model

comprising a subject-specific random intercept. Overall, the mean values of the Pfirrmann grading, the SPARCC, presence of fatty depositions, and
syndesmophytes of the patient and the control group were compared by the Kruskal-Wallis test. p values < 0.05 were considered significant. MRI scores were

Pfirrmann scores, Spondyloarthropathy Research Consortium of Canada (SPARCC), and the presence of fatty deposition (chronic inflammation of vertebral

corners). The presence of syndesmophytes was scored by CR

‘.‘, 3 \

Fig. 1 Multi-modality representation of typical imaging findings in ankylosing spondylitis (AS). Morphological MRI findings (a-d) and
radiographical findings (e) are demonstrated. a—c Sagittal short tau inversion recovery (STIR, a), T1-weighted (T1w, b), and T2-weighted (T2w, c)
images of the lumbar spine (T12-S2) of a 31-year-old male with r-axSpA. Typical disease-related changes are acute inflammation of vertebral
corners (a) that are visible as multi-segmental focal signal hyperintensities of the anterior and posterior corners of vertebral endplates (white
arrows in a). Signs of chronic inflammation, i.e, fatty infiltration, of the vertebral endplate corners are detected as signal hyperintensities in T1w
and T2w images (white arrows in b and ¢). d, e Sagittal T1w image (obtained laterally at the height of the neuroforaminal openings) and lateral
radiographic projection of the lumbar spine of a 46-year-old male with AS. Here, chronic inflammation at a vertebral endplate corner is visible as
a focal signal hyperintensity (block arrow in d) or focal sclerosis (block arrow in e) of the upper anterior corner of the vertebral body of L5. New
bone formations can be seen as bridging syndesmophytes (arrowheads) and as transdiskal ankylosis (white arrows)
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No significant differences were found between the gag-
CEST values of treated and non-treated patients (treated
2.1 + 1.8; non-treated 2.1 + 1.24; p = 0.904).

Correlation analyses

The correlations of compositional cartilage measures,
i.e, gagCEST values, with serological (CRP level), clin-
ical/functional (BASDAI and BASFI), and imaging
(SPARCC, fatty depositions, syndesmophytes) scores of
lumbar IVDs are presented in Table 4.

Significant, yet small and negative correlations were
found between gagCEST values and CRP levels (r=-
0.14 p = 0.007), BASFI (7 = - 0.18, p < 0.001), and syndes-
mophytes (r=-0.17, p=0.001). No significant

B e

Fig. 2 Representative morphological and compositional imaging
findings of the lumbar spine of a volunteer (a, b) and a patient with
r-axSpA (AS; ¢, d). a, ¢ Sagittal T2-weighted images show the
absence of gross morphological signs of degeneration, in particular
of the intervertebral disks (IVDs). b, d Sagittal gagCEST images with
overlaid colored gagCEST maps for visualization of the GAG content.
High GAG content as indicated by high gagCEST values is illustrated
in red, while low GAG content is indicated in blue. Notably, this
patient with r-axSpA demonstrated lower GAG contents than this
volunteer despite non-degenerated VDs in both individuals
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correlations were found between gagCEST values and
BASDAI, SPARCC, and fatty depositions.

Discussion

The most important findings of this study were that
lumbar IVDs of patients with r-axSpA had signifi-
cantly lower gagCEST values, i.e., a lower GAG con-
tent, than those of an age-matched control group and
that these compositional changes were associated with
variable structural changes on the level of the patient
and the spine. More specifically, the lumbar IVDs’
GAG content was associated with serological CRP
levels, functional BASFI scores, and presence of syn-
desmophytes, while no association was observed with
acute or chronic inflammation scores or patient-
reported BASDATI scores.

Anecdotical evidence suggested that the compos-
ition of IVDs changed in patients with axSpA as com-
pared to healthy volunteers [12]. Building on the
preliminary findings, our study provides substantial
evidence that compositional changes of the lumbar
spine are associated with numerous structural and in-
flammatory changes in a larger and homogenous co-
hort of patients with r-axSpA, which is considered
the prototypical axSpA disease. GAG depletion is an
established sign of early cartilage changes that pre-
cedes morphologically visible damage [32, 33]. Inter-
estingly, since the 1950s, research has indicated that
cartilage loss plays a significant role in the patho-
physiology of r-axSpA, too [34, 35]. Also, more recent
studies have highlighted the affection of the joint car-
tilage in the disease course. In histological studies,
Bleil et al. demonstrated that cartilage degradation as
shown by cartilage thinning, increased chondrocyte
apoptosis, and proteoglycan loss promoted by the in-
vasion of the subchondral bone are hallmark changes
of joint remodeling in r-axSpA [10, 36, 37]. Further-
more, they demonstrated that cartilage involvement in
r-axSpA differed from OA, especially regarding the af-
fection of the subchondral plate [10]. According to
other studies, the cartilage layer of the joints is the
primary site for inflammation and necessary for its in-
duction [11]. Our results confirm these histological
findings in the area of the vertebral bodies, as de-
creased GAG contents of morphologically unremark-
able lumbar IVDs were observed in patients with r-
axSpA. It was hypothesized that the development of
syndesmophytes is preceded by cartilage loss [8].
These syndesmophytes are not only a mere sign of
long-standing inflammation, but are the main cause
of irreversible functional disability and independent
from inflammation-related stiffness and pain [7]. As
the prevention of radiographic disease progression is
a major treatment goal in r-axSpA [38], a better
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Table 4 Correlation analyses of gagCEST values of lumbar IVDs and serological (CRP level), clinical/functional (BASDAI and BASFI),
and imaging scores. p values < 0.05 were considered significant and are given in bold. Please refer to Table 3 for an explanation of

the abbreviations

Kendall Tau correlation coefficient T p value
gagCEST values vs. CRP levels -0.14 0.007
BASDAI 0.04 0.400
BASFI -0.18 <0.001
SPARCC acute inflammation 0.06 0.285
Fatty depositions —-0.09 0.055
Syndesmophytes -0.17 0.001

understanding of syndesmophyte formation and earl-
ier detection of bone proliferations seems beneficial
and a promising diagnostic target. It might be benefi-
cial to evaluate cartilaginous structures for subtle
changes that eventually lead to syndesmophyte forma-
tion, potentially allowing for earlier diagnosis and
treatment. Therefore, considering our findings, gag-
CEST imaging could be of great interest for expanded
disease stratification and treatment monitoring.

Our study demonstrates significant, yet small negative
correlations between the GAG contents of lumbar IVDs
and CRP levels, the functional BASFI score, and the
presence of syndesmophytes. In contrast, no correlations
were found between GAG contents and the BASDAI
scores as an established patient-reported outcome of dis-
ease activity, or the SPARCC score with its focus on
acute inflammation, or the presence of fatty depositions
as a sign of chronic inflammatory changes of the verte-
bral endplates. Hence, overall, weak correlations were
found for GAG content and structural changes of the
spine and functional disability, but not for inflammatory
imaging features and inflammation-related pain and
stiffness. Considering the abovementioned concepts, it
seems plausible that the GAG contents demonstrated
significant correlations with structural changes and func-
tional disability as opposed to no significant correlations
with inflammatory changes and inflammation-related
symptoms. Against this background, the earlier study by
Roos and Dahlberg has to be considered, which demon-
strated physical activity might lead to anabolic GAG re-
modeling [39]. In their study, patients at risk of
osteoarthritis of the knee joint displayed an increase in
GAG in their articular cartilage after completing a 4-
month exercise routine. Considering that patients with
r-axSpA are prone to physical inactivity due to the dis-
ease, the opposite effects of catabolic GAG depletion are
likely.

When interpreting our results, some limitations need
to be mentioned. First, gagCEST imaging of the cartilage
still requires histological validation. Because of obvious
ethical considerations, we could not perform IVD biop-
sies for histological analyses. Second, the disease

duration of our patient cohort was quite heterogeneous
ranging from O to 40 years, which might be the reason
for increased statistical variability, yet it is fully reflective
of the clinical reality. Also, most of our r-axSpA patients
were treated by bDMARDs with largely well-controlled
symptomatology. Nonetheless, future studies should in-
clude a more homogenous study population, in particu-
lar in terms of disease duration to establish the potential
value of compositional assessment of the spine across
variable disease durations. Third, we only evaluated lum-
bar, but not thoracic IVDs, which are usually considered
in established axSpA imaging scores, such as the
mSASSS. However, as of today, gagCEST imaging is es-
pecially prone to movement artifacts, such as breathing,
and may not be implemented at the thoracic level in the
foreseeable future. Further, the proportion of females
was higher in the control than in the patient group,
which potentially affected the results, since anecdotical
evidence suggests a higher proteoglycan content of lum-
bar IVDs in females than in males [26]. However, since
the factor “gender” was included in the LMM that was
used for our statistical analysis, we consider the differ-
ences in gender distribution only a minor limitation.

Conclusions

In conclusion, we found a significantly lower GAG con-
tent in lumbar IVDs of patients with r-axSpA compared
to the healthy control group. Lower GAG contents were
associated with structural alterations of the spine such
as syndesmophyte formation, and functional disabilities
but not with inflammatory changes of the vertebral end-
plates or inflammation-related pain and stiffness. Beyond
establishing a pathophysiological role of the cartilage in
r-axSpA, these findings suggest that—once substantiated
by further studies—gagCEST imaging may have an ad-
junct diagnostic role in the assessment of disease sever-
ity and treatment effects in spondyloarthritis.
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Cartilage Degradation in Psoriatic
Arthritis Is Associated With Increased
Synovial Perfusion as Detected by
Magnetic Resonance Imaging

Daniel B. Abrar'f, Christoph Schleich'*, Anja Miiller-Lutz', Miriam Frenken’,
K. Ludger Radke, Stefan Vordenbdumen?, Matthias Schneider?, Benedikt Ostendorf? and
Philipp Sewerin?*

" Department of Diagnostic and Interventional Radiology, Medical Faculty, University Dusseldorf, Diisseldorf, Germany,
2 Department and Hiller Research Unit for Rheumatology, UKD, Heinrich Heine University Disseldorf, Diisseldorf, Germany

Objective: Even though cartilage loss is a known feature of psoriatic arthritis (PsA),
research is sparse on its role in the pathogenesis of PsA and its potential use
for disease detection and monitoring. Using delayed gadolinium-enhanced magnetic
resonance imaging of cartilage (dAGEMRIC) and dynamic contrast-enhanced MRI (DCE
MRI), research has shown that early cartilage loss is strongly associated with synovial
inflammation in rheumatoid arthritis (RA). The aim of this study was to determine if
acute inflammation is associated with early cartilage loss in small finger joints of patients
with PsA.

Methods: Metacarpophalangeal (MCP), proximal interphalangeal (PIP), and distal
interphalangeal (DIP) joints of 17 patients with active PsA were evaluated by
high-resolution 3 Tesla dGEMRIC and DCE MRI using a dedicated 16-channel hand coil.
Semi-quantitative and quantitative perfusion parameters were calculated. Images were
analyzed by two independent raters for AGEMRIC indices, PsA MRI scores (PSAMRIS),
total cartilage thickness (TCT), and joint space width (JSW).

Results: We found significant negative correlations between perfusion parameters
(except Kep) and dGEMRIC indices, with the highest value at the MCP joints (Kans:
T = —0.54, p = 0.01; Kgp: © = —0.02, p = 0.90; IAUC: v = —0.51, p = 0.015;
Initial Slope: © = —0.54, p = 0.01; Peak: t = —0.67, p = 0.002). Heterogeneous
correlations were detected between perfusion parameters and both, total PsAMRIS
and PsAMRIS synovitis sub-scores. No significant correlation was seen between any
perfusion parameter and JSW and/or TCT.

Conclusion: As examined by DCE MRI and dGEMRIC, there is a potential association
between early cartilage loss and acute synovial inflammation in small finger joints of
PsA patients.

Keywords: psoriatic arthritis, magnetic resonance imaging, dGEMRIC, cartilage, compositional imaging
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INTRODUCTION

Psoriatic arthritis (PsA) is a chronic autoimmune disease that
ultimately leads to joint destruction and functional disability (1).
As in rheumatoid arthritis (RA), early diagnosis and treatment
are pivotal for a better clinical outcome (2, 3). Therefore,
treat-to-target (T2T) strategies have been introduced for the
treatment of PsA (4, 5). Even though magnetic resonance
imaging is not yet included in the classification criteria for
PsA (CASPAR), it becomes increasingly important for the
early detection and monitoring of disease-related joint changes
(6-8). In 2009, the Outcome Measures in Rheumatology
Clinical Trials (OMERACT) working group introduced a
semi-quantitative PsA MRI score (PsAMRIS) that evaluates
metacarpophalangeal (MCP), proximal (PIP), and distal
interphalangeal joints concerning the osteodestructive (bone
erosion), osteoproliferative (bone proliferation), and acute
inflammatory (synovitis, flexor tenosynovitis, periarticular
inflammation) features of PsA (9). Several studies have shown
that the degree of synovial contrast enhancement in arthritic
joints can be quantified by dynamic contrast-enhanced MRI
(DCE MRI), and hence, have found a strong correlation
between the synovitis sub-score of PSAMRIS and RA MRI score
(RAMRIS) and DCE MRI parameters (10-12). Furthermore,
elevated synovial perfusion assessed by DCE MRI reflects
histological findings of acute synovitis (13). Even though
cartilage damage is a known feature of PsA, research is sparse
on its value in the pathogenesis and the disease course (14).
That is why it is not included in the PSAMRIS as opposed to its
RA equivalent (15). Several studies using delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC) have shown that
early cartilage loss in RA is associated with the severity of
synovitis (10, 16). dGEMRIC is a histologically validated and
robust method that depicts proteoglycan loss in cartilage by
measurement of fixed-charge density (17, 18). Proteoglycans
have negatively charged side chains that allow for the inversely
proportional penetration of similarly negatively charged contrast
agent molecules (e.g., gadolinium) following intravenous
administration. Consequently, proteoglycan depletion leads to
an accumulation of gadolinium ions in degenerated cartilage.

However, the placement of region of interests in small joints
is difficult using conventional MRI or with high-resolution MRI
surface coils. We, therefore, used a 16-channel high-resolution
hand coil to allow for an improved evaluation of smaller joints.

Herein, we set out to evaluate if there was any association
between acute inflammation and early cartilage loss in small
finger joints of patients with PsA.

METHODS

Study Population

Seventeen patients with PsA (mean age 53.7 =+ 11.6;
minimum/maximum 26/72 years, male/female 9/8) fulfilling
the CASPAR criteria, mean disease duration 4 £ 3.6 years, and
suffering from peripheral joint involvement of at least two MCP
joints and dactylitis of at least one finger were prospectively
recruited for the “Analysis of the DActylic Melange” (ADAM)

research initiative. All patients had failed methotrexate (MTX)
monotherapy and were escalated to etanercept therapy after
a baseline MRI scan. Patient recruitment took place in the
Department of Rheumatology from 06/ 2015 to 01/ 2017. The
same study population has been included in a different study.
However, this study has been published as a pre-print only (19).

The study was approved by the local ethics committee (study
number: 4962R, “Analysis of the Dactylitic Melange (ADAM):
Defining the morphological components of dactylitis in psoriatic
arthritis and their responsiveness to etanercept therapy). Written
and informed consent was obtained from all patients before
initiation of the study. The Disease Activity Score 28 (DAS 28)
was 2.42 £ 0.72 (range 1.8-4.3, median 2.2). C-reactive protein
(CRP) levels were 0.87 £ 1.35 mg/dl (range 0.1-5.8 mg/dl,
median 0.3 mg/dl).

MR Imaging

A 3T MRI scanner (Magentom Skyra, Siemens Healthineers,
Erlangen, Germany) and a dedicated 16-channel hand coil
(3T Tim Coil [receive only], Siemens Healthineers, Erlangen,
Germany) was used for all patients. Patients were imaged in the
prone position with their arm extended overhead (“superman
position” with palm facing down).

The imaging protocol included coronal T1-weighted turbo
spin echo (TSE) sequences before and after intravenous injection
of an ionic gadolinium-based contrast agent (Gd-DOTA~™
[Dotarem, Guerbet Villepinte, France] in double dose, 0.4
mmol/kg bodyweight). The intravenous injection was carried out
by an injection pump followed by a saline chaser. Also, non-
contrast enhanced, fat-saturated T2-weighted/short tau inversion
recovery (STIR) as well as post-contrast fat-saturated T1-
weighted sequences in at least two different orthogonal planes
were obtained.

Compositional MRI using the dGEMRIC technique of the
MCP, PIP, and DIP joints 2-5 was performed 40 min after
intravenous contrast-agent administration. To this end, we
used a flip-angle three-dimensional gradient-echo (GE) imaging
(FLASH) sequence with two excitation flip angles (5° and 26°)
as in previously published studies of our institute (17, 20, 21).
40 sagittal slices were acquired perpendicular to the joint surface.
Total acquisition time was 2.25 min.

For perfusion imaging, a dynamic T1-weighted GE turbo
FLASH sequence and two T1-weighted GE 3D-FLASH sequences
with two different flipangles were acquired; the contrast agent
was injected 20s after sequence initiation. Total acquisition
time was 7.20min. B; shimming was applied to maximize
image quality.

The detailed sequence parameters were as follows:

Coronal T1 turbo spin echo (TSE) (TR/TE 862/27 ms; flip
angle 150°; slice thickness 2.5mm; field of view 140 Xx
140 mm; imaging matrix: 512 x 512; pixel size 0.3 x 0.3 mm),
coronal STIR (TR/TE, 5560/31ms; flip angle 120°; slice
thickness 2.5mm; 8.0; slice thickness 3.0 mm; field of view
140 x 140 mm; imaging matrix: 448 x 312; pixel size 0.3
x 0.3 mm), sagittal proton density (PD) TSE fat-saturated
(TR/TE 3150/47 ms, flip angle 150°, slice thickness 2.5 mm,
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field of view 60 x 150 mm; imaging matrix: 448 x 182; pixel
size 0.3 x 0.3 mm), transversal T2 TSE fat-saturated (TR/TE
5693.8/89 ms, flip angle 180°, slice thickness 3.0 mm, field of
view 160 x 160 mm; imaging matrix: 512 x 358; pixel size 0.3
x 0.3mm), transversal T1 SE fat-saturated after intravenous
(iv) contrast administration (TR/TE 807/16 ms; flip angle
90°; slice thickness 3.0 mm; field of view 130 x 130 mmy;
imaging matrix: 384 x 288; pixel size 0.3 x 0.3 mm), coronal
T1 TSE after iv contrast (TR/TE 862/27 ms; flip angle 150°;
slice thickness 2.5 mm; field of view 140 x 140 mm; imaging
matrix: 512 x 512; pixel size 0.3 x 0.3 mm), 3D FLASH GE
(TR/TE 5.8/1.9ms; flip angle 5/26°; slice thickness 3.0 mm;
field of view 65 x 110 mm; imaging matrix: 384 x 228; pixel
size 0.3 x 0.3mm) and T1 GE Turbo FLASH (TR/TE 5.8 /
1.9 ms; flip angle 5°; slice thickness 3.0 mm; field of view 140
x 140 mm; imaging matrix: 128 x 96; pixel size 1.1 x 1.1 mm).

Image Analysis

MR images were independently read and analyzed by two
radiologists (DBA and CS, trained in musculoskeletal imaging
with 3 and 8 years experience) and one rheumatologist (PS,
trained in musculoskeletal imaging with 8 years of experience)
according to the OMCERACT PsAMRIS guidelines (9). In
addition, joint space width (JSW; minimal distance in mm
between the proximal and distal bone surface) and total cartilage
thickness (TCT; sum of the proximal and distal cartilage layer)
were measured for each MCP, PIP and DIP joint of finger 2-5.
Measurements were performed perpendicular to the subchondral
bone in the medial part of the joint using the inbuilt digital
caliper tool of the picture archiving and communication system
(PACS, Sectra Workstation IDS7, Sectra AB, Linkoping, Sweden)
on sagittal PDw images.

Perfusion in the MCP, PIP, and DIP joints of finger 2-5 was
evaluated with quantitative and semi-quantitative analysis using
The DCE Tool (The DCE Tool for ClearCanvas 2.0 SP1, http://
thedcetool.com) as described in previously published studies
of our institute (10). The quantitative analysis of this tool is
based upon the Tofts model (22). Perfusion analysis requires the
knowledge of T1 relaxation times. Therefore, the Tlw GE 3D
FLASH sequence with variable flip angles was used for a pixel-
based calculation of the T1 time. For this calculation we applied
the following formula:

1 _ TR
(x’ s Z) - 1 sin (1) cos(a2)—Q(x, y, z) sin(a2) cos(er1)
n sin (@1)—Q (x, y, z) sin(a2) )
where
Sal (x, y,z)
X YV, Z) = ——————
Q (v 2) Sa2 (x, y,z)

And Sy (%, ¥, z) and Syz (X, ¥, z) are the corresponding pixel
intensities to flip angles a; and ay. Then, the T1 relaxation was
used for the perfusion analysis.

A region of interest (ROI) was placed on the radial and ulnar
side of each joint by one reader (DBA). After ROI placement a
second reader (CS) confirmed the optimal placement before each

measured signal intensity was used to determine a corresponding
concentration time curve using the following formula:

S (1) = So

Cop (1) = SoT1oR

where Ty is the native T1 time, R = 4.5 s7! mM™! is the
relaxivity of the contrast agent, S is the average signal intensity
in the ROI and Sy is the average signal intensity in the ROI
in absence of the contrast agent. This Tofts model requires
the knowledge of the arterial input function (AIF). AIF can be
calculated individually from the blood signal or, alternatively, a
population average can be used (22). In this study, we used an
analytically described AIF population average that can be used at
any temporal resolution (22).

The following perfusions parameters were calculated:

Perfusion parameters are displayed and explained in Table 1:
Krrans, Kep (quantitative parameters) and IAUC (integral
of the signal curve over time), initial slope and peak
(semiquantitative parameters).

For compositional analyses of cartilage quality with
dGEMRIC, motion correction was applied using
STROKETOOL (Digital Image Solutions, Frechen, Germany,
http://www.digitalimagesolutions.de) for all images to
reduce movement artifacts. This tool has been validated
for dGEMRIC analyses of the finger joints and corrects for
patient motion between the measurements using a dedicated
image registration method (23).

Readers were allowed to adjust the window settings as
required to guarantee optimal visualization of the intra-
and periarticular structures for ROI placement. T1 maps
were analyzed by first defining regions-of-interest (ROIs)
on the central sagittal slice. ROI outlines comprising the
full thickness of the proximal and distal portion of the
articular cartilage of MPC, PIP and DIP joints of finger 2-
5 were manually defined on the morphological images of
the 3D T1-weighted FLASH sequence with the flip angle
of 5° for dGEMRIC. Particular care was taken to exclude
artifacts and surrounding structures such as synovial fluid
and cortical bone. Consequently, four ROIs were set per digit
(i.e., metacarpal, base of proximal phalanx, apex of proximal
phalanx, and base of intermediate phalanx) and 16 ROIs per
patient (i.e., four ROIs of four digits) and visually checked
by the second and third reader to confirm that only cartilage
was included. Next, ROIs were copied to the corresponding
slices of the color-coded T1 parameter maps. Further analyses
involved the pixel-wise calculation post-contrast T1 values as
before (17, 24, 25). More specifically, the T1 maps representing
the spatially resolved dGEMRIC indices were analyzed in
terms of the ROIs as defined above the mean dGEMRIC
indices [ms] were recorded. All images were analyzed by two
readers (DBA and CS, radiologists) who were blinded for
patients’ data.

Statistical Analysis
All statistical analyses were performed using SPSS software (IBM,
version 22, Armonk, NY, USA). For descriptive analysis mean,
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TABLE 1 | Description of quantitative and semi-quantitative perfusion parameters. IAUC: initial area under the curve.

Quantitative parameters

Semi-quantitative parameters

Ktrans Kep IAUC

Initial slope Peak

Transfer constant between EES
and blood plasma

KTrans/Ve, Ve:
relative volume

of EES bolus

Integral of the signal curve over time
starting at the onset time (tonset) Of the

Slope of the signal curve determined
by linear regression within the initial
seconds after onset

Maximal signal enhancement

EES, extravascular extracellular space.

standard deviation, minimum, and maximum were calculated.
Due to the small sample size and the heterogeneity of our
data, non-normal distribution was assumed. For comparison of
means, Kruskal-Wallis test and a post-hoc Bonferroni test were
performed. Correlation analysis was performed between each
dGEMRIC indices, total PSAMRIS and all its sub-scores and TCT
using the Kendall-Tau correlation coefficient. p-values < 0.05
were considered to be significant.

RESULTS

Descriptive Analysis of dGEMRIC Indices,
Perfusion Parameters, JSW, and TCT at
MCP and PIP Joints

The descriptive analysis (mean, standard deviation, and range)
of dGEMRIC values, quantitative (Krrans, Kep) and semi-
quantitative (IAUG, initial slope, peak) perfusion parameters,
JSW, and TCT of MCP, PIP, and DIP joints and overall are
displayed in Table 2.

Perfusion and dGEMRIC maps are shown in Figure 1.

Correlation Between Perfusion Parameters
and JSW, TCT, Total PsAMRIS, Synovitis
Sub-score, dGEMRIC Indices, CRP-Levels,
and DAS 28

The correlation between perfusion parameters and JSW, TCT,
total PsSAMRIS, synovitis sub-score, DAS 28, and dGEMRIC
indices is illustrated in Table 3.

There was no significant correlation between any perfusion
parameter and JSW or TCT, neither overall nor at any joint level
(MCP, PIP, DIP).

Overall, there was a significant negative correlation between
dGEMRIC indices and all perfusion parameters except kep. The
strongest correlation was found at the MCP joint level.

No significant correlation was seen between any perfusion
parameter and overall PSAMRIS and/or synovitis sub-score at the
MCP joints and overall. For PIP joints, we found a significant
correlation for the parameter peak and total PSAMRIS (r =
0.44, p = 0.032) and for the parameters IAUC and peak and the
synovitis sub-score (7 = 0.41, p = 0.042; T = 0.451, p = 0.032).
At the DIP level, there was a significant correlation between the
perfusions parameters Krrans, JAUC, initial slope, and peak and
the total PSAMRIS (tr = 0.54, p = 0.07; T = 0.48, p = 0.018;
= 0.46, p = 0.024; T = 0.43, p = 0.032). Further, no significant

correlations were found between perfusion parameters and DAS
28 as well as serum CRP levels.

The negative correlations between dGEMRIC values and
the quantitative parameter Krrans and the semi-quantitative
parameter peak at the MCP joint level are depicted in Figure 2.

DISCUSSION

Cartilage degradation is a known feature of PsA that can reliably
be assessed by dGEMRIC (26). However, as opposed to RA,
research is sparse on the role of cartilage in the pathogenesis of
PsA. DCE MRI is a valid tool for the evaluation of inflammation
in a given joint that has been validated for many types of arthritis
(11, 12). In this study, we set out to investigate the relationship
between joint inflammation and cartilage loss measured by DCE
MRI and dGEMRIC.

We found a significant negative correlation of dGEMRIC
indices and quantitative and semi-quantitative perfusion
parameters, wherein MCP and PIP joints showed the highest
values. The exact reason for the missing correlations at the
DIP joints remain unclear, but might be due to a constitutively
different proteoglycan content of cartilage along the finger joints
or a higher loss of proteoglycans at MCP and PIP than at DIP
joints in this specific population of PsA patients. This indicates
that molecular cartilage loss is associated with inflammatory
joint changes in patients with established PsA, and hence,
high inflammation of joints leads to cartilage damage. These
findings concur with previous research on cartilage loss, synovial
inflammation and perfusion parameters in patients with early RA
(10, 16, 20). Since biochemical MRI detects molecular cartilage
degradation preceding structural damage, it might be applicable
as a monitoring tool for very early disease-related joint changes
in PsA.

The association of perfusion parameters and PsAMRIS
(sub-scores) has not yet been evaluated. Previous studies on
RA showed that perfusion parameters highly correlated with
RAMRIS and histological synovitis in affected patients (10, 13,
27-29). As opposed to these findings, we found heterogeneous
correlations of perfusion parameters and total PsSAMRIS, as well
as the synovitis sub-score in PsA patients. DCE MRI is known
to indicate the severity of inflammation at a given joint; that
is why one could have expected a strong association between
perfusion parameters and PSAMRIS. However, previous research
using DCE MRI has partially shown that PsA and RA can differ
regarding the degree of their synovial enhancement, despite
indistinguishable appearances on non-dynamic MRI (30, 31).
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TABLE 2 | Descriptive analysis (mean, standard deviation (SD) and range (maximum, minimum) of quantitative and semi-quantitative perfusion parameters, delayed
Gadolinium Enhanced Magnetic Resonance Imaging of Cartilage (dGEMRIC) indices, joint space width (JSW), and total cartilage thickness (TCT) of finger 2-5 at the
metacarpophalangeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP) joint region and overall.

K trans Kep IAUC Initial slope Peak dGEMRIC TCT JSW
ml/g per min 1/min mM/I per s mM/I per s mM/I per s inms in mm in mm
MCP Mean 0.06 0.18 3.08 0.0023 0.15 542.65 1.15 1.5
SD 0.04 0.13 2.46 0.002 0.10 130.34 0.26 0.17
Max 0.14 0.53 8.45 0.007 0.36 828.03 1.59 1.83
Min 0.02 0.03 0.81 0.0004 0.05 340.4 0.73 1.27
PIP Mean 0.05 0.17 2.90 0.002 0.15 411.92 0.71 1.02
SD 0.03 0.13 2.01 0.002 0.08 104.46 0.18 0.24
Max 0.12 0.65 7.59 0.006 0.31 639.6 1.11 1.49
Min 0.008 0.04 0.58 0.0004 0.04 237.18 0.38 0.69
DIP Mean 0.06 0.21 3.72 0.003 0.16 352.86 0.57 0.8
SD 0.04 0.15 2.72 0.002 0.08 98.75 0.2 0.18
Max 0.17 0.68 9.96 0.009 0.29 585.03 0.79 1.19
Min 0.01 0.06 0.43 0.0003 0.04 184.35 0 0.55
Overall  Mean 0.06 277.32 3.1 0.003 0.15 436.30 0.77 1.07
SsD 0.03 802.71 1.88 0.002 0.07 110.09 0.2 0.18
Max 0.12 3141.11 7.67 0.006 0.30 670.98 1.13 1.44
Min 0.01 0.04 0.57 0.0004 0.05 253.98 0.40 0.75
MCP vs PIP 0.359 0.591 0.864 0.531 1.00 0.019 0.029 <0.001
p-value  MCP vs DIP 0.724 0.803 0.558 0.818 0.848 0.001 0.02 0.007
PIP vs DIP 0.079 0.918 0.874 0.896 0.848 0.491 0.566 0.116

Mean values of each parameter were compared with a Kruskal-Wallis test and a post-hoc Bonferroni test. P-values <0.05 were considered significant and are given in bold type.

o.05

FIGURE 1 | Delayed Gadolinium Enhanced Magnetic Resonance Imaging of Cartilage (dGEMRIC) maps (ms, third digit) and perfusion maps (peak parameter) of
metacarpophalangeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP) joints in 26-year-old male (A,B) and a 59-year-old female (C,D) with PsA.
Lower dGEMRIC values are illustrated in (D), indicating more proteoglycan loss than in (A). Higher peak values are depicted in (C), indicating a higher severity of
synovitis than in (B). Peak parameter is illustrated in mM/I per second, dGEMRIC indices in ms.
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TABLE 3 | Kendall Tau correlation = between quantitative and semi-quantitative perfusion parameters and dGEMRIC indices, total Psoriatic arthritis magnetic resonance
imaging score (PsAMRIS), PsAMRIS sub-score “synovitis.”

Krrans Kep IAUC Initial slope
T P T p T p T p T p
Overall JSW 0.1 0.35 —0.1 0.33 0.05 0.64 0.02 0.84 0.04 0.69
TCT 0.08 0.8 -0.12 0.26 0 0.97 —-0.12 0.91 —-0.12 0.91
dGEMRIC -0.27 0.014 —-0.29 0.008 —0.29 0.008 0.32 0.004 —0.26 0.02
PsAMRIS —-0.44 0.826 -0.27 0.188 0.09 0.661 0.13 0.51 0.18 0.38
Synovitis 0.17 0.409 -0.12 0.545 0.26 0.205 0.26 0.205 0.35 0.088
DAS 28 0.19 0.335 —0.04 0.854 0.27 0.169 0.014 0.952 0.32 0.108
MCP JSW 0.2 0.3 —0.01 0.96 0.03 0.87 0.03 0.87 0.12 0.55
TCT —0.21 0.3 -0.17 0.41 —-0.25 0.2 —-0.25 0.2 —-0.25 0.2
dGEMRIC —0.54 0.01 —0.02 0.90 —0.51 0.015 —0.54 0.01 -0.67 0.002
PsAMRIS 0.02 0.912 —-0.16 0.44 0.09 0.657 0.14 0.375 0.23 0.268
Synovitis 0.11 0.612 —-0.04 0.866 0.16 0.463 0.23 0.284 0.3 0.159
DAS28 0.24 0.459 —0.03 0.939 0.22 0.5 0.28 0.385 0.22 0.489
PIP JSW 0.07 0.73 —0.03 0.88 0.11 0.59 0.17 0.41 0.17 0.41
TCT 0.12 0.55 —0.06 0.77 0.15 0.43 0.22 0.27 0.22 0.27
dGEMRIC —-0.43 0.03 0.07 0.7 —0.39 0.055 —0.51 0.015 —0.51 0.015
PsAMRIS 0.34 0.089 0.02 0.920 0.34 0.089 0.26 0.205 0.44 0.032
Synovitis 0.39 0.053 0.14 0.476 0.41 0.042 0.31 0.142 0.45 0.032
DAS28 0.18 0.568 0.05 0.886 0.2 0.536 0.12 0.708 0.22 0.489
DIP JSW -0.1 0.62 —-0.1 0.62 —0.03 0.87 —0.01 0.96 —-0.25 0.21
TC —0.05 0.78 —0.1 0.62 0.01 0.96 0.03 0.87 —-0.17 0.41
dGEMRIC —0.26 0.22 0.1 0.63 -0.18 0.39 -0.15 0.46 —0.08 0.71
PsAMRIS 0.54 0.007 0.10 0.621 0.48 0.018 0.46 0.024 0.43 0.032
Synovitis 0.22 0.294 —0.01 0.956 0.17 0.407 0.15 0.473 0.21 0.294
DAS28 —0.06 0.848 0.01 0.901 —0.04 0.901 -0.12 0.722 0.07 0.829

Disease Activity Score 28 (DAS 28), JSSW and TCT of finger 2-5 at the MCF, PIF, and DIP joint level and overall. p-values < 0.05 were considered significant and are written in bold type.
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FIGURE 2 | Correlation between dGEMRIC indices and perfusion parameters Krans (A) and peak (B) of finger 2-5 at the MCP joint level.
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Also, the synovial involvement of PsA histologically differs from
RA regarding the extent of inflammation, synovial thickness,
and blood supply (31-33). These differences of synovial changes
are potentially due to the different pathogenesis of both entities,
with RA being primarily a synovial and PsA being an entheseal-
driven disease (34, 35). Therefore, the visual degree of synovitis
using PSAMRIS could be over- or underrepresenting synovitis
measured by DCE MRI, possibly due to a disease-specific type
of synovial involvement. Further, for PSAMRIS scoring, we
used coronal and transversal planes, wherein for DCE MRI,
we only considered radial and ulnar ROI in coronal slices,
which could also contribute to heterogeneous correlations of
perfusion parameters and synovitis sub-scores. Additionally,
the heterogeneity between MCP, PIP, and DIP joints could be
explained by the known circumstances that the state of diffusion
equilibrium is reached faster in smaller compared to larger
joints (36).

Further, no significant correlations were found between
perfusion parameters and clinical disease activity as measured by
DAS 28. Previous studies have shown that MRI is more sensitive
than clinical scores at the detection of joint inflammation (37, 38).
Some studies even demonstrated an radiological progression
despite clinical remission and postulated a “silent progression”
(39-41). That is why, the lacking correlation of imaging features
and clinical data could be due to the superior sensitivity of
MRI, especially since a high-field MRI scanner and a dedicated
hand-coil have been used resulting in high-resolution imaging.

Our Study Has Limitations

Firstly, our study population of PsA patients had a small
sample size. That is why our results should only be considered
exploratory and need confirmation by further research with
larger populations.

Secondly, we did not use a synovial and cartilage biopsy
as a means of validation regarding the extent of synovitis
and the cartilage composition. However, previous studies have
already histologically validated both DCE MRI and dGEMRIC
data (13, 42).

In conclusion, there is a potential association between early
cartilage loss and acute synovial inflammation in small finger
joints of PsA patients.
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Magnetic Resonance Imaging Score (sPsAMRIS):
A Potential Tool for Treatment Monitoring in
Peripheral Psoriatic Arthritis
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Abstract: Background: To evaluate whether a simplified (s) version of the psoriatic arthritis magnetic
resonance imaging score (PsAMRIS), sPsAMRIS, is a potential tool for therapy monitoring in psoriatic
arthritis (PsA). Methods: Seventeen patients with active psoriatic arthritis (PsA) underwent magnetic
resonance imaging (MRI) at 3 T of the clinically dominant hand at baseline and after 6 months.
Scoring was performed by two musculoskeletal radiologists in terms of the PSAMRIS and sPsAMRIS,
which is a simplified version with reduced item numbers based on prior evaluation of responsiveness
to change by standardized response means (SRMs). Both scores were compared by calculation of
overall and each sub-score’s SRMs and relative efficacy (RE) after bootstrapping. Results: PSAMRIS
sub-scores of MCP joints 3 and 4, and proximal interphalangeal (PIP) joint 4 had the highest SRM
(=0.07 each), indicating highest responsiveness to change, and were, therefore, included in sSPsSAMRIS.
Compared to PsAMRIS, sPsAMRIS was characterized by higher SRMs (sPsAMRIS: —0.13 vs. PsAMRIS:
—0.02) and higher RE (29.46). sPsAMRIS and PsAMRIS were highly correlated at baseline (r = 0.75,
p < 0.01 (Pearson’s correlation)) and at 6-month follow-up (r = 0.64, p = 0.01). Mean time burden for
completion of scoring per MRI study was significantly reduced when using PSAMRIS (469 + 87.03 s)
as compared to sPsAMRIS (140.1 + 21.25 s) (p < 0.001). Conclusion: Due to its similar responsiveness
to change compared to standard PsAMRIS, and time efficiency, sSPSAMRIS might be a potential
diagnostic tool to quantitatively assess and monitor therapy in PsA.

Keywords: psoriatic arthritis; PSAMRIS; magnetic resonance imaging; OMERACT

1. Introduction

Psoriatic arthritis (PsA) is a chronic inflammatory disorder that results in progressive joint
destruction if left untreated [1,2]. With a global prevalence of 0.05-0.25%, PsA constitutes one of the
most common inflammatory joint diseases alongside rheumatoid arthritis (RA) and gout [3]. PsA may
manifest in a variety of manifestations such as dactylitis, enthesitis, synovitis, or bone erosions [4].
Similar to RA, early diagnosis and targeted treatment of PsA are crucial for improved clinical outcomes,
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i.e., clinical remission or low disease activity [5]. Current treatment strategies suggest escalation of
therapy in patients that do not demonstrate sufficient treatment response [6]; hence, early detection of
treatment failure is of paramount importance. Consequently, there is a true clinical need for reliable
tools for therapy monitoring in PsA.

Even though it is not part of the Classification Criteria for Psoriatic Arthritis (CASPAR) [7],
magnetic resonance imaging (MRI) becomes increasingly important as a tool for early detection and
monitoring of PsA-related joint involvement [5,8]. MRl is a reliable tool for detecting early PsA-related
pathologies such as soft tissue swelling, enthesitis, bone marrow edema, and bone erosion [9,10]. In 2003,
the Outcome Measures in Rheumatology Clinical Trials (OMERACT) working group presented a
diagnostic scoring tool, the RA MRI Score (RAMRIS), for evaluation of changes related to RA, which has
been validated used for outcome measurement ever since [11]. Subsequently, in 2007 the OMERACT
Psoriatic Arthritis Magnetic Resonance Imaging Scoring System (PsAMRIS) was introduced [12].
PsAMRIS is a semi-quantitative scoring system that includes typical changes of peripheral PsA such as
enthesitis, synovitis, tenosynovitis, periarticular inflammation, bone edema, bone erosion, and bone
proliferation in 24 joints, resulting in a sum score [13]. PsAMRIS is an increasingly accepted diagnostic
scoring tool for reliable and objective outcome measurements in controlled clinical trials investigating
PsA [14]. A major drawback of PSAMRIS is the considerable time needed for scoring that may have
prevented its more widespread implementation in clinical practice.

The aim of this study was to systematically evaluate in a clinical cohort pf PsA which components
of PSAMRIS are of superordinate diagnostic relevance to be included in its simplified version, termed
sPsAMRIS. Hence, our hypothesis was that sSPSAMRIS is as diagnostically reliable as PsAMRIS, while
reducing the time burden and complexity associated with standard scoring procedures of PsAMRIS.

2. Materials and Methods

2.1. Patients

Seventeen patients with PsA (mean age, 53.7 + 11.6 years; range, 26-72 years; male/female,
9/8), fulfilling the CASPAR criteria [15] with a mean disease duration 4.0 + 3.6 years and peripheral
joint involvement of at least two metacarpophalangeal (MCP) joints and dactylitis of at least one
finger were prospectively recruited for the “Analysis of the DActylic Melange” (ADAM) research
initiative [16]. At baseline, all patients received methotrexate (MTX) monotherapy. After a baseline
MRI scan, they were escalated to Etanercept (Enbrel® 50 mg s.c.) fortnightly and thereafter received a
combination therapy of MTX and Etanercept. Follow-up data, including the follow-up MRI scan and
clinical and laboratory tests, were available in 13 patients (mean age, 57.0 + 9.0 years; range, 42-73 years;
male/female, 7/6) at 6.2 = 0.9 months (range 5-8 months) after escalation of treatment. Four of the
initial 17 patients had to be excluded from the study prior to the follow-up MRI scan, because they
had moved away. In the entire cohort, the Disease Activity Score 28 (DAS 28) [17] was 2.42 + 0.72
(range, 1.8-4.3; median, 2.2) at baseline and 2.06 + 0.27 (range, 1.6-2.5; median, 2.1). C-reactive
protein (CRP) levels were 0.87 + 1.35 mg/dL (range, 0.1-5.8 mg/dL; median, 0.3 mg/dL) at baseline and
0.43 £ 0.27 mg/dL (range, 0.1-1.1 mg/dL; median, 0.4 mg/dL) at follow-up. Patient recruitment took
place at the Department of Rheumatology from June 2015 until January 2017. The study was approved
by the local ethics committee (Medical Faculty, University Dusseldorf, 4962R, date of approval: 1 April
2015). Written and oral informed consent was obtained from all patients before the initiation of
the study.

2.2. MRI

Baseline (T0) and follow-up (T1) MR imaging of the clinically dominant hand was performed
using a 3T MRI scanner (Magnetom Skyra, Siemens Healthineers, Erlangen, Germany) and a dedicated
16-channel receive-only hand coil (3T Tim Coil, Siemens Healthineers) as previously published by our
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department [16]. Patients were imaged in the prone position with their arms extended overhead and
palms facing down (“superman” position).

The imaging protocol was implemented in accordance with the recommendations of the OMERACT
working group and included pre- and post-contrast (0.4 mL/kg body weight gadoteric acid [Gd-DOTA],
Dotarem, Guerbet Villepinte, France) T1-weighted and non-contrast fat-saturated T2-weighted or short
tau inversion recovery (STIR) sequences in two different orthogonal planes.

Detailed sequence parameters are given in Table 1.

Table 1. Detailed Magnetic Resonance Imaging (MRI) Sequence Parameters.

Flip Slice FoV Aqcuisition

Sequence Orientation TR/TE Angle Thickness (mm x Matrix Pixel S}ze
(ms) J . (mm/pixel)
©) (mm) mm) (pixels)
Tlw TSE Coronal 862/27 150 2.5 140 x 140 512 x 512 0.27 x 0.27
T1w TSE + contrast Coronal 862/27 150 2.5 140 x 140 512 x 512 0.27 x 0.27
STIR Coronal 5560/31 120 2.5 140 x 140 448 x 314 0.31 x 0.41
T2w TSE fs Transversal 5694 89 3.0 160 x 160 512 x 358 0.31 x 0.45
PD TSE fs Sagittal 3150/47 150 2.5 150 x 150 448 x 182 0.33 X 0.82
T1 TSE fs + contrast  Transversal 807/16 90 2.5 130 x 130 384 x 288 0.31 x 0.42

Imaging plane, echo and repetition time (TE/TR), flip angle, slice thickness, field of view (FoV), pixel size, and
number of slices are given for all sequences (Short Tau Inversion Recovery, T2-weighted fat-saturated turbo spin
echo (T2w TSE fs), Tlw TSE, Proton Density TSE fs (PD).

2.3. Image Analysis

MR images were independently read and analyzed by two musculoskeletal radiologists (DBA
and CS with 3 and 8 years of experience) according to the OMERACT PsAMRIS guidelines [13,
14]. The readers were blinded to patients” and treatment data. Baseline and follow-up scans were
independently evaluated in random order. In the case of different scores, cases were discussed by both
readers with the assisting opinion of a third reader (PS, trained in musculoskeletal imaging with 8 years
of experience) until consensus was reached. Images were scored according to the OMERACT PsAMRIS
guidelines [13]. They were evaluated for synovitis (score, 0-3), flexor tenosynovitis (score, 0-3),
periarticular inflammation (score, 0 or 1), bone edema (score, 0-3), bone erosion (score, 0-10), and bone
proliferation (score, 0 or 1) for the metacarpophalangeal (MCP), proximal and distal interphalangeal
(PIP and DIP) joints of digits 2-5. In all joints, the proximal and distal or the dorsal and palmar aspects
of the joint were analyzed separately for the presence of bone edema, bone erosions and periarticular
inflammation. Scoring was repeated applying a simplified version of PSAMRIS (sPsAMRIS) by the
same raters. The time needed to complete the scoring of PSAMRIS and sPSAMRIS per MRI study was
recorded throughout the study and comparatively evaluated using Student’s ¢-test.

2.4. Development of a Simplified Psoriatic Arthritis MRI Score (sPsAMRIS) and Statistical Analysis

For the development of a simplified scoring system, sPsAMRIS, we applied a single-site weighted
summation approach. Priority was assigned to the joints with the highest standardized response mean
(SRM) for the change of overall PSAMRIS at baseline (t0) versus follow up (t1). The SRM is an effect
size index commonly used to assess a score’s responsiveness to change.

All statistical analyses were performed using The R Project for Statistical Computing, a dedicated
software environment for this purpose (version 3.5.1 “feather spray”, the R foundation, https://www.R-
project.org).

For descriptive analysis, means, standard deviations, minima, and maxima were determined.
The sensitivity for change and their responsiveness was calculated by division of the mean score
change by the standard deviation of the change [18]. For PSAMRIS and sPsAMRIS as well as each
sub-score, SRM was calculated based on the following Equation (1):

SRM = (mean score t0 — mean score t1)/(SD mean score t0 — mean score t1). (1)
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SRMs were defined according to Middel and van Sonderen [19] as large, moderate, small, and
trivial responsiveness to therapy based on SRM values of SRM > 0.8, 0.8 > SRM > 0.5, 0.5 > SRM > 0.2,
and SRM < 0.2.

Relative efficacy (RE) was calculated for sPsAMRIS compared to PsSAMRIS as reference using the
following Equation (2):

RE = ((sPsAMRIS SRM)/(PsAMRIS SRM))2 2)

Confidence bounds for RE were estimated by the bootstrap method (based on B = 5000 bootstraps
with replacement) and application of the percentile method [20]. RE values > 1 indicate that sSPSAMRIS
is more efficient than PSAMRIS in detecting change, while RE values < 1 indicate the opposite.
For correlation analyses, Pearson’s product-moment correlation with Pearson’s correlation coefficient,
1, was determined. Correlation strength was stratified as small (0.1 < r < 0.3), medium (0.3 <r < 0.5),
and large (0.5 < r < 1) according to Cohen [21].

p-values of p < 0.05 were considered significant. Inter- and intra-rater reliability was calculated by
two-way mixed intraclass correlation coefficients, i.e., single-measure ICC (sICC) for intra-rater and
average-measure ICC (alCC) for inter-rater reliability based on the initial findings of the two readers
before consensus was reached.

3. Results

3.1. Simplified Score: sSPsAMRIS

Changes of overall PSAMRIS and each PsAMRIS sub-score between baseline and follow-up in
terms of SRM are summarized in Table 2. For overall PSAMRIS, the MCP joints of digits 3 and 4 and
the PIP joint of digit 4 showed the highest SRM values of 0.07, —0.07, and —0.07, respectively, and were
hence combined to give the new simplified score sSPsAMRIS. The topographical distribution of the
regions and subregions to be included in sPsAMRIS as compared to PsAMRIS is detailed in Figure 1.

Figure 1. Joint regions and sub-regions in Psoriatic Arthritis Magnetic Resonance Imaging Score
(PsAMRIS) versus simplified (s) PSAMRIS. Coronal T1-weighted MR image of a representative patient
suffering from psoriatic arthritis (PsA). (A) In the full PSAMRIS, inflammatory and destructive changes
associated with PsA are assessed in distinct regions and subregions of the hand. Circles indicate scored
joints (i.e., regions), while numbers indicate joint sites (i.e., subregions). (B) Simplified (s) PsAMRIS. In
A, 24 joint sites and/or 12 joints were evaluated, while in B, this number is reduced to 3 joints and/or 6
joint sites that were determined to be most responsive to clinical change.
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Table 2. Changes between TO and T1 for the overall psoriatic arthritis resonance
imaging score (PSAMRIS) and its sub-scores assessed by standardized response means (SRM)

T0 — T1 . .
(SRM = 0 S%”:j:u;czzzw 0 inz:aicgzgre T)l>) at the metacarpophalangeal (MCP), proximal interphalangeal
(PIP) and distal interphalangeal (DIP) joints of digits 2-5 in a clinical cohort of PsA patients. NaN—not

available due to absence of the feature in the study population.

PSAMRIS MCP PIP DIP
Sub-Score 2 3 4 5 2 3 4 5 2 3 4 5
Overall -0.01 007 -007 -003 —-001 0 -0.07 0.00 0 -001 0 —003
Synovitis —0.02 005 -007 -0.04 002 -003 -011 -0.03 —0.05 -005 -0.04 —0.04

Flexor tenosynovitis 0.05  0.09 0 001 001 004 -005 —0.08 004 01 004 —0.02
Bone Proliferation —-0.01 NaN -001 NaN =001 -0.01 -001 -0.01 -0.01 -0.01 0.03 NaN
Periarticular inflammation  —0.03 0.01 -001 0  —-006 -0.05 -0.13 000 -003 001 -0.01 -0.06
Bone edema -0.02 005 -007 -004 002 -003 -011 -0.03 —0.05 -0.05 -0.04 -0.04

Bone erosion -004 0 -004 -005 —-0.02 -0.01 003 003 0 -004 001 0

3.2. PSAMRIS and sPsAMRIS during Therapy

The PsAMRIS and sPsAMRIS scores and sub-scores at baseline (i.e., under MTX therapy) and at
follow-up (i.e., after escalation to etanercept), are summarized in Table 3. Synovitis, flexor tenosynovitis,
and periarticular inflammation were frequently observed in our patient cohort, which is thus reflected
in both PsAMRIS and sPsAMRIS (Figure 2). Bone edema and bone erosions, on the other hand were
less frequently seen, whereas bone proliferations were rarely detected.

Table 3. Descriptive analysis of PSAMRIS and short (s) PSAMRIS at baseline and at follow-up regarding
the overall scores and each sub-score. For each values the mean + standard deviation (SD), the median
and range are presented.

Baseline Follow-Up
gsﬁl\é[RIS PsAMRIS/sPsAMRIS PsAMRIS/sPsAMRIS p-Value
ub-Score
Mean SD Range Median  Mean SD Range  Median
Overall 65.4 +17.4 37-93 64.0 67.5/ +14.4 49-98 68.0 0.958
/163 [+44 /9-25 /15.0 17.2 /£3.1 /14-25 /16.5 /0.436
Svnovitis 221 +5.7 13-33 22.0 24.0 +4.7 17-32 23.5 0.689
y /6.4 /£1.5 /5-9 /6.0 /6.9 /+1.3 /5-9 /7.0 /0.149
Flexor 10.5 +5 3-22 10.0 9.6 +3.1 5-16 10.0 0.592
tenosynovitis /2.9 /+1 /2-5 /3.0 /2.8 /£0.7 [2-4 /3.0 /0.602
Bone 1.1 +1.4 04 1.0 1.1 +1.4 04 1.0 1
Proliferation /0.2 /£0.5 /0-2 /0.0 /0.2 /£0.6 /0-2 /0.0 /0.956
Periarticular 17.7 +3.1 10-22 18.0 18.9 +3.7 9-23 19.5 0.299
inflammation /4.5 /1.4 /1-6 /5.0 /4.9 /+0.8 /4-6 /5.0 /0.055
Bone edema 6.6 +5.5 1-20 5.0 5.6 +6. 0-23 4.0 0.449
/0.5 /£1.2 /04 /0.0 /0.4 /0.9 /0-3 /0.0 /0.336
7.5 +5.5 1-20 6.0 8.2 +5.6 1-19 7.0 0.316

Bone erosion

/1'.8 /£1.6 /0-5 /1.0 /1.9 /1.3 /0-5 /1.5 /0.637
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Figure 2. Representative MRI findings in a 57-year-old (A-C) and a 43-year-old (D-F) patient

suffering from peripheral PsA. (A) and (D) Sagittal proton density-weighted (PD) fat-saturated (fs)
image of the fourth (A) and third (D) digit (B,C,E) Transversal T1-weighted (T1w) fs image after
contrast agent application through the level of proximal interphalangeal (PIP) joints of digits 2-5 (B),
metacarpophalangeal (MCP) joints of digits 2-5 (D) and digits 2—4 (E). (F) Coronal short tau inversion
recovery (STIR) sequence of the MCP joints of the digits 2-5 and the PIP joints of the digits 3 and 4.
(A,B) show distinct periarticular inflammation and flexor tenosynovitis at the PIP joints of digits 3 and
4 and less distinct of the seconds digit. (C) illustrates synovitis, flexor tenosynovitis, bone marrow
edema and a subtle erosion of the MCP joint of the third digit and moderate periarticular inflammation
at the dorsal portion of the MCP joint of the fourth and at the palmar portion of the fifth digit. D-F
depict a distinct bone erosion at the MCP joint of the third digit and periarticular inflammation at the
MCP joints of the digits 2—4.

At follow-up, overall PSAMRIS and sPsAMRIS values alongside the sub-scores for synovitis,
periarticular inflammation, and bone erosions, were increased as compared to baseline, however,
non-significantly. The sub-scores for flexor tenosynovitis and bone edema, on the other hand, were
slightly decreased, again non-significantly, at follow-up.

3.3. PSAMRIS and sPsAMRIS Sensitivity to Change (Responsiveness) in Terms of Standardized Response
Means (SRMs)

The sensitivity to change of PSAMRIS and sPsAMRIS as assessed by the SRMs [22] is summarized
in Table 4. Overall, there is mostly trivial sensitivity to change for both PSAMRIS and sPsAMRIS,
whereas for the latter, we determined slightly higher absolute SRMs indicating higher sensitivity to
change. Only for the sub-scores periarticular inflammation and bone erosion (PsAMRIS) as well as
synovitis (sPsAMRIS) did we find slightly higher, yet still low, sensitivity to change (Table 4).

Table 4. Standardized Response Means of PsSAMRIS and sPsAMRIS and Their Sub-Scores. Sensitivity
to change, i.e., responsiveness, of PSAMRIS, sPsAMRIS, and their sub-scores between baseline
and follow-up as assessed by SRMs. NaN-—not available due to absence of the feature in the

study population.
PSAMRIS PsAMRIS sPsAMRIS
Sub-Score

Overall —0.02 -0.13

Synovitis -0.11 -0.21

Flexor tenosynovitis 0.15 0.08

Bone Proliferation NaN NalN

Periarticular inflammation -0.31 —0.16

Bone edema 0.2 -0.13

Bone erosion -0.29 0.12
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3.4. RE and Degrees of Agreement

RE for sPsAMRIS as compared to PsAMRIS was calculated as 29.46 (confidence bounds 2.5/97.5%:
0.00/59.88). Intra- and inter-rater reliability for both scoring systems was high (alCC = 0.95, sICC = 0.92).
3.5. Correlation of PSAMRIS and sPsAMRIS

Details of the correlations of PSAMRIS with sPsAMRIS are shown in Table 5. Strong significant
correlations between both scores were found for the overall values at baseline and follow-up (baseline,
r =0.75, p < 0.01; follow-up, 0.64, p < 0.05) as well as for the majority of sub-scores.

Table 5. Pearson’s correlation coefficients r of PsAMRIS and sPSAMRIS for the overall score as well as
each sub-score at baseline and follow-up. p-values of p < 0.05 were considered significant and are given

in bold type.
Baseline Follow-Up
CoANRIS Correlation 95% Correlation 95 %
Sub-Score . . Confidence p-Value . . Confidence p-Value
Coefficient r Coefficient r
Interval Interval
Overall 0.75 0.42; 0.90 <0.001 0.64 0.17;0.87 0.013
Synovitis 0.84 0.61;0.94 <0.001 0.74 0.34; 0.91 0.002
Flexor tenosynovitis 0.72 0.36; 0.89 0.001 0.59 0.09; 0.85 0.025
Bone proliferation 0.66 0.27;0.87 0.004 0.66 0.23; 0.88 0.007
Periarticular inflammation 0.79 0.50; 0.92 <0.001 0.35 -0.22;0.74 0.223
Bone edema 0.31 -0.2;0.69 0.221 0.85 0.58; 0.95 <0.001
Bone erosion 0.8 0.51; 0.92 <0.001 0.74 0.35; 0.91 0.002

3.6. Comparative Analysis of Time Burden

Overall, the time needed for scoring was variable as a function of the number of lesions detected.
Per MRI study, significantly higher time burden was recorded for PsAMRIS (mean + standard deviation,
469 + 87.03 s; median, 428 s; range, 300-607 s) than for sPSAMRIS (140.1 + 21.25 s; median, 141 s;
95-174 s) (p < 0.001) (Figure 3).

P<0.01

600~

400+
»
£
o
£

200+

——
0- T
PsAMRIS sPsAMRIS

Figure 3. Mean time burden for completion of scoring based on PsAMRIS and sPsAMRIS per MRI
study. Scoring on the basis of sSPsAMRIS was completed in significantly less time than scoring on the
basis of PSAMRIS (p < 0.01).
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4. Discussion

The most important finding of the present study is that sPSAMRIS is a potent diagnostic
tool to quantitatively assess and monitor therapy in PsA because of its excellent reliability, higher
responsiveness to change, and time efficiency as compared to PsSAMRIS.

In 2009, the OMERACT working group established the PsSAMRIS [13] for detecting and grading
PsA-related findings. The PsAMRIS is increasingly used for structured semi-quantitative evaluation of
peripheral joint changes related to PsA [22-24]. Even though PSAMRIS is a sensitive and validated tool
for detecting early PsA-related changes [14,25,26], it is of limited use in clinical practice and, hence,
primarily used in research, not least because of the substantial time burden. Up to now, however,
there has been no alternative to the OMERACT PsAMRIS for semi-quantitative evaluation of joint
changes. Therefore, some authors have developed and applied abbreviated versions of PsAMRIS
in the context of their research. Feletar et al. scored osteitis, tenosynovitis, and synovitis, without
demonstrating correlation with regular PSAMRIS [27]. Our group previously demonstrated that an
abbreviated version of the OMERACT Rheumatoid Arthritis Magnetic Resonance Imaging Score
(RAMRIS), RAMRIS-5, is a time- and resource-saving alternative to the original version [28]. Similar to
our approach for the RAMRIS-5, we reduced the current PSAMRIS to a simplified and abbreviated
version that scores 36 instead of 144 items in 3 instead of 12 joints. We found a strong correlation
between sPsAMRIS and PsAMRIS at baseline and follow-up after six months of etanercept therapy.
Further, sSPsAMRIS indicated a very high RE compared to PSAMRIS, which is well in line with other
studies [29] and, thus, can be considered to be sufficiently sensitive to change. Additionally, sPsAMRIS
significantly decreased the time burden associated with scoring as compared to the regular PsSAMRIS.
Hence, sPsAMRIS may be a time- and resource-saving alternative for semi-quantitative scoring of
PsA-related joint changes of the hand, in particular when screening of large numbers of MRI studies is
performed. As PSAMRIS is of limited clinical use due to its time burden, sPsAMRIS is better applicable
in clinical and distinct research settings, for example when screening and stratifying potentially eligible
patients in disease modifying drug trials. For this purpose, excellent reliability, similar responsiveness
to change compared to standard PSAMRIS, and time efficiency have been demonstrated for sPsAMRIS,
rendering this scoring system a potential tool in clinical research and clinical work.

Nonetheless, we do not intend to fully replace PsAMRIS by sPsAMRIS because its wide-spread
application in clinical research.

Following Ostergaard et al. and Glinatsi et al., who stated potential difficulties in scoring especially
DIP and, to a lesser extent, PIP joints, due to a lack of spatial resolution, there are additional arguments
for an abbreviation with focus on the MCP joint regions [13,14]. Using a clinical MRI scanner with
high field strength of 3 T and a dedicated 16-channel hand coil, we managed to improve spatial
resolution considerably, making analysis of the PIP region more accurate. Yet, accurate assessment
of the sub-millimeter thin cartilage layers of the PIP and DIP joints remains challenging because of
inherent limitations in terms of spatial resolution, signal-to-noise ratio, and partial volume effects [30].
With dedicated wrist coils, let alone specialized high-resolution coils for finger joints, not widely
available in radiology departments and clinical scanning of hands oftentimes performed on 1.5 T MRI
scanners, the focus on the evaluation of the MCP and PIP joints (as in sPsSAMRIS) may strengthen the
score’s clinical applicability, validity, and reliability.

Our study has limitations. Since PsA is a disease with several clinical and radiological
manifestations, this study focused more on a well-defined and homogeneous patient collective.
However, due to our small patient collective included in this exploratory study, our results must
be considered preliminary. Further investigations using larger and more varied patient cohorts are
required to corroborate our findings and the applicability of sPsAMRIS. Additionally, sSPsAMRIS is a
data-driven and weighted approach that is derived from this well-defined patient collective, which
limits general transferability to other PsA collectives. Since PsA is a very heterogeneous and complex
disease, a “one-fits-all” scoring system that is both sensitive and time saving may be even more difficult
to establish compared to RA, which tends to be a more homogeneous disease entity.
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5. Conclusions

The simplified MRI scoring system for PsA-related changes in hands, sPsAMRIS, is a reliable
and time-efficient diagnostic scoring tool that is strongly correlated with standard PSAMRIS. Due to
its similar responsiveness to change compared to regular PsAMRIS, sPsAMRIS may potentially be
used for quantitative assessment and therapy monitoring in PsA. Its clinical applicability beyond our
patient collective needs to be demonstrated in larger future study populations.
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Abstract: Background: Even though cartilage loss is a known feature of psoriatic (PsA) and rheuma-
toid arthritis (RA), research is sparse on its role in the pathogenesis of PsA, its potential use for disease
monitoring and for differentiation from RA. We therefore assessed the use of delayed gadolinium-
enhanced magnetic resonance imaging of cartilage (1GEMRIC) to evaluate biochemical cartilage
changes in metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints in PsA patients
and compared these to RA patients. Materials and Methods: A total of 17 patients with active PsA
and 20 patients with active RA were evaluated by high-resolution 3 Tesla dGEMRIC using a dedicated
16-channel hand coil. Images were analyzed by two independent raters for dGEMRIC indices and
joint space width (JSW) at MCP and PIP joint levels. Results: No significant differences of dGEMRIC
values could be found between both study populations (PsA 472.25 ms, RA 461.11 ms; p = 0.763). In
all RA and most PsA patients, PIP joints showed significantly lower dGEMRIC indices than MCP
joints (RA: D2: p = 0.009, D3: p = 0.008, D4: p = 0.002, D5: p = 0.002; PsA: D3: p = 0.001, D4: p = 0.004).
Most joint spaces had similar widths in both disease entities and no significant differences were
found. Conclusions: As evaluated by dGEMRIC, the molecular composition of the MCP and PIP joint
cartilage of PsA patients is similar to that of RA patients, demonstrating the scientific and clinical
feasibility of compositional magnetic resonance (MR) imaging in these disease entities. Patterns and
severity of compositional cartilage degradation of the finger joints may therefore be assessed beyond
mere morphology in PsA and RA patients.

Keywords: psoriatic arthritis; theumatoid arthritis; cartilage; magnetic resonance imaging; dGEM-
RIC; compositional imaging

1. Introduction

Cartilage damage and bone destruction are the main features of progressive rheuma-
toid arthritis (RA) [1,2]. Even though the exact pathogenesis of rheumatoid arthritis (RA)
is subject to ongoing research, three main patho-mechanisms are considered to eventually
lead to cartilage destruction: a. synovial inflammation leading to secondary infiltration
and destruction of bone and cartilage (outside-in-model) [3]; b. primary inflammation
of subchondral bone marrow that secondarily involves cortical bone and cartilage [3-5];
c. primary affection of joint cartilage by deposition of immune complexes [6]. Eventually, all
mechanisms lead to functional disability of joints, wherein cartilage damage is considered
to be pivotal [7,8]. Unlike RA, the research on cartilage damage in psoriatic arthritis (PsA) is
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sparse, even though it is a known feature of the disease [9]. In particular, studies evaluating
biomarkers such as cartilage oligo-matrix protein (COMP) and osteo-protegerin (OPG)
could demonstrate an involvement of cartilage in PsA that was not limited to late stages
of the disease [10-13]. Research has also shown that bone and cartilage damage in RA is
frequently associated with entheseal insertion sites due to mechanical stress and spreading
inflammation [14]. Considering that PsA is an entheseal disease, driven by inflammation
of the so-called synovio—-entheseal complex, an entheseal-driven involvement of bone and
cartilage seems evident [15,16].

Early diagnosis and treatment are pivotal for a favorable clinical outcome in both enti-
ties, RA and PsA. Hence, treat-to-target strategies have emerged over the past decade [17-19].
However, the role of magnetic resonance imaging (MRI) in clinical strategies is less clear.
On the one hand, in RA, bone marrow edema and MRI, erosions are highly predictive
of future erosions, even though there is only little evidence for this in PsA; on the other
hand, a recent trial failed to demonstrate any benefit from an MRI-remission strategy [20].
Thus, more research is clearly needed. Morphological MR imaging is commonly used in
clinical contexts and beyond, for example, by the Outcome Measures in RA Clinical Trials
(OMERACT) working group for the quantitative assessment of RA and PsA in research
studies. Additionally, there are several compositional MRI techniques available that allow
the detection of cartilage changes on a molecular level preceding morphological dam-
age [21]. Delayed gadolinium-enhanced MRI of cartilage (AGEMRIC) is the gold-standard
technique for compositional cartilage imaging that allows the visualization of proteoglycan
depletion in cartilage by analysis of the fixed-charge density [22]. The negatively charged
side chains of proteoglycans bring about charge repulsion of equally negatively charged
gadolinium molecules after intravenous administration and diffusion into cartilage tis-
sue. Consequently, the concentration of proteoglycans is inversely proportional to the
concentration of gadolinium; dGEMRIC is considered the best validated and most robust
technique for quantifying proteoglycan content in vivo and in clinical trials [23].

Using dGEMRIC, several studies have shown a strong correlation of local joint in-
flammation and early cartilage alterations in RA [24,25]. However, to the best of our
knowledge, no such data exists for PsA patients. Accordingly, the aim of our study was
to assess articular cartilage composition by dGEMRIC across a cohort of PsA patients as
compared to RA patients and to evaluate both patterns and severity of compositional (i.e.,
pre-morphological) cartilage degradation in both disease entities. Our study’s hypotheses
were a) patterns and severity of compositional cartilage degradation of the finger joints
could be assessed by dGEMRIC in PsA patients; and b) these were significantly different in
PsA patients as compared to RA patients.

2. Materials and Methods
2.1. Study Population

21 patients with PsA (mean age 47 + 6, range 26-72 years, male/female 11/10)
fulfilling the classification criteria for psoriatic arthritis (CASPAR), mean disease dura-
tion 4 £ 3.6 years and suffering from peripheral joint involvement and dactylitis were
prospectively recruited for the “Analysis of the DActylic Melange” (ADAM) research
initiative [26]. All patients had failed methotrexate (MTX) monotherapy and were escalated
to Etanercept (Enbrel® 50 mg s.c. fortnightly, Pfizer). 17 patients (mean age 53.7 4 11.6;
minimum/maximum 26/72 years, male/female 9/8) were included, and four patients did
not want to participate in the study.

20 patients (mean age 46 + 15.7, range 19-67 years, male/female 9/11) fulfilling
the American College of Rheumatology (ACR)/European League Against Rheumatism
(EULAR) 2010 criteria for RA with a mean disease duration <6 months (mean duration
8 weeks, range 2-22 weeks) from the ‘Cartilage in early RA’ (CAR-ERA) study were simi-
larly included. Patients maintained either MTX monotherapy or received a combination of
MTX and adalimumab. Patients were blinded for their therapy regime.
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The study was approved by the local ethics committee (Ethics committee of the medical
faculty of the Heinrich-Heine-University Dusseldorf, 4962R, MO-LKP-719, approved on
01 April 2015 and 17 September 2015). Written and informed consent was obtained
from all patients before initiation of the study. Patient recruitment and consecutive MRI
measurements were performed between 01/2015 and 12/2017.

2.2. MR Imaging

For all patients, we used a clinical 3T MRI scanner (Magentom Skyra, Siemens Healthi-
neers, Erlangen, Germany) and a receive-only 16-channel hand coil (3T Tim Coil, Siemens).

All patients were scanned in the prone position with the clinically dominant hand
extended overhead, palm facing down (‘superman position’).

The morphologic MRI protocols were designed according to the recommendations of
the OMERACT working group for PsA and RA [27,28].

In practical terms, the imaging protocol included pre- and post-contrast coronal T1-
weighted turbo spin echo (TSE) sequences before and after intravenous administration of a
gadolinium-based contrast agent (Gd-DOTA-], Dotarem, Guerbet Villepinte, France) in a
double dose, i.e., 0.4 mmoll/kg bodyweight). Additionally, post-contrast fat-saturated T1-
weighted sequences in at least two different orthogonal planes and non-contrast enhanced,
fat-saturated T2-weighted /short tau inversion recovery (STIR) sequences were acquired.
Further, two 3D fast low angle shot (3D-FLASH) sequences using two different excitation
flip angles (5° and 26°) were obtained for T1 mapping.

For the entire study population, compositional MRI using the dGEMRIC technique of
the MCP and PIP joints of fingers 2-5 was conducted 40 min after intravenous injection
of Gd-DOTA-. We used a flip-angle three-dimensional gradient-echo imaging (FLASH)
sequence with two excitation flip angles (5° and 26°). 40 sagittal slices were obtained
perpendicular to each joint’s surface. The total acquisition time was approximately 2 min
25 sec. The detailed sequence parameters were as follows: coronal T1 TSE (TR/TE in ms,
PsA: 862/27, RA: 25/860; flip angle in °, PsA: 150, RA: 150; slice thickness in mm, PsA: 2.5,
RA: 2.5; field of view in mm, PsA: 140, RA: 120), coronal STIR (TR/TE in ms, PsA: 5560/31,
RA: 31/5560; flip angle in °, PsA: 120, RA: 120; slice thickness in mm, PsA: 2.5, RA: 2.5;
field of view in mm, PsA: 140, RA: 120), transversal T1 SE fat-saturated after iv contrast
(TR/TE in ms, PsA: 807/16, RA: 807/16; flip angle in °, PsA: 90, RA: 90; slice thickness
in mm, PsA: 3.0, RA 3.0; field of view in mm, PsA: 130, RA: 130), coronal T1 TSE after iv
contrast (TR/TE in ms, PsA: 862/27, RA: 25/120; flip angle in °, PsA: 150, RA; 150; slice
thickness in mm, PsA: 2.5, RA: 2.5; field of view in mm, PsA: 140, RA: 120), flip-angle
three-dimensional gradient-echo imaging (FLASH, TR/TE in ms, PsA: 5.8/1.9, RA: 5.8/1.9;
flip angle in °, PsA: 8/26, RA: 8/26; slice thickness in mm, PsA: 3.0, RA: 3.0; field of view
in mm, PsA: 140, RA: 140, imaging matrix in PsA and RA 312 x 384).

2.3. Image Analysis

For the quantitative analysis of joint space widths (JSW), T1-weighted images obtained
perpendicularly to the joint surfaces were used. Following the approach of Herz et al. [29]
and using the caliper tool of the in-house picture archiving and communication system
(PACS, IDS 7, Sectra AB, Linkoping, Sweden), JSW was measured in mm at each radial,
ulnar and central aspect of the joint as the distance between the proximal and distal cortical
bone. For compositional analyses of cartilage quality with dGEMRIC, motion correction
was performed using STROKETOOL (Digital Image Solutions, Frechen, Germany) for all
images to reduce movement artifacts. This tool has been validated for dGEMRIC analyses
of the finger joints and corrects for patient motion between the measurements using a
dedicated image registration method [30].

T1 maps were analyzed using region of interest (ROI) measurements to evaluate
biochemical cartilage quality. T1 values were calculated per pixel. Gradient-echo (GE)
images with a flip angle of 5° were applied for anatomical identification of articular
cartilage. ROI were drawn into the proximal and distal portion of the articular cartilage
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of MPC and PIP joints 2-5 on a single sagittal slice. Readers were allowed to adjust the
window settings as required to guarantee optimal visualization of ROI. After ROI placement
a second reader confirmed the optimal placement before the ROI were transferred to a
simultaneously registered T1 map. DGEMRIC indices were recorded in ms. All images
were analyzed by two readers (DBA and CS, radiologists trained in musculoskeletal
imaging with three and eight years of experience) who were blinded for patients” data;
in case of different findings, the analysts decided by common agreement. For JSW and
dGEMRIC measurements, mean values were calculated.

2.4. Statistical Analysis

All statistical analyses were performed using SPSS software (IBM, version 22, Armonk,
NY, USA) by DBA. For descriptive analysis, mean, standard deviation, minimum and
maximum values were calculated. Datasets were tested for normality by Kolmogorov-
Smirnov test with Lilliefors significance correction. Means were compared by student’s
t-test. p-values < 0.05 were considered to be significant.

3. Results

The descriptive analysis (mean, standard deviation and range) of dGEMRIC values at
MCP and PIP joints in both study populations is displayed in Table 1. Mean dGEMRIC
indices at the MCP joint level D2-5 ranged from 516.2 to 552.1 ms in PsA patients and
from 519.3 to 575.8 ms in RA patients. At the PIP joint level D2-5 mean dGEMRIC indices
ranged from 338.6 to 450.0 ms in PsA patients and from 399.5 to 439.4 ms in RA patients,
respectively. By trend, dGEMRIC indices tended to be higher in PsA patients than in RA
patients, yet these differences were not significant (Table 1).

Table 1. Descriptive analysis (mean values, standard deviations (SD) and range (mini-
mum/maximum)) of delayed gadolinium-enhanced magnetic resonance imaging of cartilage (dGEM-
RIC) indices [ms] of metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints D2-5 in
psoriatic arthritis (PsA) and rheumatoid arthritis (RA) patients.

dGEMRIC [ms] D2 D3 D4 D5
MCP PIP MCP PIP MCP PIP MCP PIP

PsA
Mean 523.68  420.81 516.2 338.62  552.07  407.88 537.35  450.01
SD 180.69 113.73 147.05 98.52 123.11 125.44 143.22 118.0
Minimum 272.0 202.9 259.3 190.6 348.3 235.5 327.3 277.2
Maximum 951.4 639.6 717.0 494 806.4 678.7 861.9 674.3

RA
Mean 519.27  399.53  545.12 41559  576.81 439.39 53752 43597
SD 106.11 146.95 117.0 139.65 126.65 106.33 99.82 85.97
Minimum 349.1 225.6 335.5 249.2 298.7 312.6 366.3 307.8
Maximum 679.6 777.9 764.9 671.2 834.1 644.3 739.3 607.8

JSW of MCP and PIP joints of both study populations are presented in Table 2. Only
PIP joints 2 and 3 showed significantly wider joint spaces in PsA than in RA patients
(p = 0.005). All other joints displayed no significant disease-related differences in JSW.

The comparative analysis of dGEMRIC indices of PsA and RA patients is illustrated
in Table 3. There was no significant difference between the mean dGEMRIC indices of PsA
and RA patients, neither at the MCP nor at the PIP joint level.
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Table 2. Descriptive and comparative analysis of joint space width (JSW) (mm) of MCP and PIP 2-5
in RA and PsA patients. p-values < 0.05 are considered significant and are given in bold type.

JSW [mm] D2 D3 D4 D5
PsA RA PsA RA PsA RA PsA RA
MCP
Mean 1.59 1.65 1.57 1.44 1.34 1.31 1.44 1.35
SD 0.19 0.33 0.26 0.22 0.24 0.24 0.23 0.26
Minimum 1.30 1.13 1.15 1.13 0.92 1.02 1.08 0.98
Maximum 1.96 2.55 2.03 1.86 1.80 1.90 1.80 1.88
p-value 0.536 0.109 0.640 0.271
PIP
Mean 1.09 0.88 1.14 0.88 0.95 0.85 0.90 0.82
SD 0.33 0.14 0.30 0.17 0.35 0.16 0.30 0.24
Minimum 0.68 0.56 0.66 0.65 0.54 0.59 .049 0.54
Maximum 1.72 1.12 1.62 1.19 1.75 1.17 1.59 1.59
p-value 0.005 0.005 0.272 0.364

Table 3. Mean differences in dGEMRIC indices [ms] at MCP and PIP joints D2-5 comparing PsA and
RA patients. Positive differences indicate higher dGEMRIC values in PsA than RA patients for the
specific finger joint, and vice versa. CI: confidence interval.

dGEMRIC [ms]

PsA vs. RA D2 D3 D4 D5
MCP PIP MCP PIP MCP PIP  MCP  PIP
Mean difference 441 2128 2892 7697 2474 3151 —017  14.03
95% CI lower limit 9871 —7457 —12416 —16854 —11391 —11674 —867 —165.89
95% CI upper limit 10754 11714 6633 146 6443 5372 8636  129.04
p-value 0931 0653 0540 009 0576 0456 0997  0.798

The comparative analysis of dGEMRIC indices of MCP and PIP joints within each
study population is shown in Table 4 In RA patients we found significantly lower dGEMRIC
indices at PIP than at MCP joints (D2: p = 0.009; D3: p = 0.008; D4: p = 0.002; D5: p = 0.002).
This finding was partly reflected in PsA patients, as their PIP joints 3 and 4 showed
significantly lower dGEMRIC indices than the corresponding MCP joints (D3: p = 0.001;
D4: p = 0.004). Representative dGEMRIC maps are visualized in Figure 1.

Table 4. dGEMRIC values of PsA and RA patients comparing MCP and PIP joints D2-5. CI:
confidence interval. p-values < 0.05 were considered to be significant and are given in bold type.

dGEMRIC.
MCEP vs. PIP D2 D3 D4 D5
PsA RA PsA RA PsA RA PsA RA
Mean difference 102.87 119.74 177.58 129.53 144.19 137.41 87.34 101.54
95% CI lower limit —10.05 31.97 82.82 36.88 51.23 55.13 —13.06 38.44
95% CI upper limit 215.79 207.51 272.34 222.18 237.15 219.69 187.74 164.65
p-value 0.073 0.009 0.001 0.008 0.004 0.002 0.086 0.002
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Figure 1. Representative sagittal magnetic resonance (MR) images of MCP and PIP joints of the 2nd digit of patients suffering
from PsA (A,B) and RA (C,D). (A,C) give the morphological T1 maps, while (B,D) give the corresponding dGEMRIC maps
of the same patients. 62-year-old male with PsA (A,B) and 57-year-old female with RA (C,D).

4. Discussion

The most important finding of this study is that the degree of proteoglycan loss at the
MCP and PIP joints (as assessed by dGEMRIC) is not significantly different between PsA
and RA patients.

RA and PsA are chronic inflammatory disorders that cause bone and cartilage de-
struction and eventually lead to joint mutilation and functional disability. Albeit cartilage
damage has been investigated both in terms of morphology and composition for RA, it
has not yet been the focus of research in PsA. As imaging biomarkers that allow a more
clear-cut differentiation of RA, PsA and other inflammatory and non-inflammatory joint
diseases such as osteoarthritis are still lacking, we set out to introduce dGEMRIC for the
evaluation of proteoglycan loss in PsA patients and to compare the degree of early cartilage
loss to RA patients [31,32].

According to our findings the degree of proteoglycan loss at MCP and PIP joints
is equally distributed in both, PsA and RA patients. Even though cartilage damage is
a known feature in PsA, research is sparse on its role in pathogenesis and it is widely
considered a late feature of the disease, especially as compared to RA [33-35]. Cartilage
loss in RA, on the other hand, has been the focus of intense research over the last decades
and has helped to further delineate the association between cartilage damage and joint
inflammation [6]. Even though the question of whether cartilage damage is the reason
for, or result of, inflammation remains open, unequivocal evidence suggests that disease
activity is closely related to cartilage damage [6]. In the context of our study, a higher degree
of early cartilage degradation could have been assumed in RA patients. Similarly, early
cartilage loss in PsA could be of significance to the pathogenesis of the disease and provide
a potential diagnostic tool beyond the initial diagnosis, i.e., also for disease monitoring,
as it is in RA [27]. Therefore, future studies should investigate the association of early
cartilage changes detected by MRI and clinical inflammation as well as serum biomarkers
in patients with PsA.

Despite roughly similar dGEMRIC indices in RA and PsA patients, we found signif-
icantly lower dGEMRIC values, indicating a higher degree of proteoglycan loss in PIP
than in MCP joints in both entities. Even though not included in the OMERACT RA MRI
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score (RAMRIS), it is long known that RA commonly and severely affects PIP next to MCP
and wrist joints [27,36]. PsA, on the other hand, is a more heterogeneous disease that is
traditionally divided into five subtypes and can affect various joints, one of them com-
monly being the PIP joint. This explains why PIP joints are included in the OMCERACT
PsAMRIS [28]. It is known that RA and PsA share pathophysiological features and that a
distinction between the two can be difficult, especially in cases of symmetrical joint involve-
ment [31]. Our findings of equal dGEMRIC values in both entities with a predominant
proteoglycan loss of the PIP joint cartilage confirm the known dilemma of the potentially
difficult differentiation between the two disease entities.

Generalizability of the study is hampered by a few limitations. Firstly, we used a
small study population. Therefore, further research with a larger sample size is needed.
Nonetheless, comparative evaluation was rendered feasible by the application of consistent
imaging protocols and strict inclusion criteria for both disease entities. Second, some
patients of our study population were older than 60 years of age. Therefore, coexisting
osteoarthritis might have been a confounding factor. Third, the mean disease duration
of the PsA and RA study population differed by approximately 192 weeks (RA 8, PsA
200 weeks). Applying current definitions, we hence compared “non-early” PsA to “early”
RA populations (“early” RA: disease duration <12 months; “early” PsA: disease duration
<24 months) [37,38]. Thus, the comparability of both populations is potentially limited in
this respect. That is why, future studies using more strictly defined study cohorts (e.g.,
“early” RA versus “early” PsA) in the assessment of compositional MRI techniques need
to corroborate our findings, especially if a distinction between both entities was the aim.
In addition, as absolute dGEMRIC indices vary among different studies and protocols,
inter-study comparability is limited, and absolute values cannot be readily translated.
Fourth, we used Magnevist for our dGEMRIC technique in RA patients since it is the best
validated technique for assessment of proteoglycans [39]. However, the European Medical
Association (EMA) banned Magnevist due to its potential complications, e.g., cerebral and
cerebellar gadolinium depositions [40]. That is why we applied a different, non-linear
contrast agent (Dotarem) for the PsA study group, which has been used in prior studies for
dGEMRIC [41]. Due to the ban on linear gadolinium-based contrast agents, future studies
need to be based on gadolinium-based contrast agents that are potentially less harmful.

5. Conclusions

In conclusion, the molecular cartilage composition at MCP and PIP joints of “non-
early” PsA patients is similar to that of a control group of “early” RA patients. Hence,
biochemical compositional imaging on the basis of dGEMRIC could be of value for disease
monitoring in PsA patients, as it is in RA. This study demonstrates scientific and clinical
feasibility of compositional MR imaging in PsA and RA patients, thereby providing a
potential framework for more elaborate assessment of patterns and severity of composi-
tional cartilage degradation of the finger joints beyond mere morphology. Prospectively,
compositional MR imaging may be applied in the context of diagnostic differentiation and
assessment of both disease entities and other inflammatory and non-inflammatory joint
disorders, as well as in the monitoring of disease activity under treatment.
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Abstract: Using glycosaminoglycan Chemical Exchange Saturation Transfer (gagCEST) magnetic
resonance imaging (MRI), this study comparatively evaluated the GAG contents of lumbar
intervertebral disks (IVDs) of patients with non-specific low back pain (nsLBP), radiculopathy, and
asymptomatic volunteers to elucidate the association of clinical manifestation and compositional
correlate. A total of 18 patients (mean age 57.5 + 22.5 years) with radiculopathy, 16 age-matched
patients with chronic nsLBP and 20 age-matched volunteers underwent standard morphologic and
compositional gagCEST MRI on a 3T scanner. In all cohorts, GAG contents of lumbar IVDs were
determined using gagCEST MRI. An assessment of morphologic IVD degeneration based on the
Pfirrmann classification and T2-weighted sequences served as a reference. A linear mixed model
adjusted for multiple confounders was used for statistical evaluation. IVDs of patients with nsLBP
showed lower gagCEST values than those of volunteers (nsLBP: 1.3% [99% confidence intervals
(CI): 1.0; 1.6] vs. volunteers: 1.9% [99% CI: 1.6; 2.2]). Yet, IVDs of patients with radiculopathy (1.8%
[99% CI: 1.4; 2.1]) were not different from patients with nsLBP or volunteers. In patients with
radiculopathy, IVDs directly adjacent to IVD extrusions demonstrated lower gagCEST values than
distant IVDs (adjacent: 0.9% [99% CI: 0.3; 1.5], distant: 2.1% [99% CI: 1.7; 2.5]). Advanced GAG
depletion in nsLBP and directly adjacent to IVD extrusions in radiculopathy indicates close
interrelatedness of clinical pathology and compositional degeneration.

Keywords: gagCEST; spine; compositional MRI; disk degeneration; low back pain; radiculopathy;
disk extrusion; IVD

1. Introduction

Low back pain (LBP) is a major global health burden that is associated with limited
physical activity, increased disability, and absence from work [1]. Therefore, LBP is
characterized by an enormous individual and socioeconomic disease burden. The
majority of LBP is non-specific (nsLBP), i.e., without an unequivocal structural cause such
as vertebral fractures [2,3]. One potential contributor to nsLBP is lumbar degenerative
disk disease (LDDD), which is an accelerated type of age-related intervertebral disk (IVD)
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degeneration [4,5]. A very common structural disorder leading to LBP is lumbar IVD
extrusion with radiculopathy [6-8]. To this date, the importance of magnetic resonance
imaging (MRI) at LBP is still controversial, especially in the acute and subacute setting,
and therefore, it is not recommended for primary diagnostics by current guidelines [9,10].
However, it is the most widely used imaging technique for the direct assessment of the
characteristic morphologic changes in LDDD [11,12], such as IVD dehydration and loss of
IVD height. In the clinical routine, these changes are commonly visualized by T2-weighted
(T2w) images and allow for the differentiation of degenerated and non-degenerated IVDs
according to validated grading systems such as the Pfirrmann classification [13,14].
However, these standard clinical MRI techniques allow assessment of mere morphology
and cannot depict early, potentially reversible changes of IVD composition such as
glycosaminoglycan (GAG) depletion that precede structural changes. Consequently,
compositional MRI techniques such as GAG Chemical Exchange Saturation Transfer
(gagCEST) imaging that evaluate tissue properties beyond morphology are of ever-
increasing clinical and scientific interest [15-19]. As a non-invasive imaging technique,
gagCEST measures the chemical exchange of hydroxy protons between GAG and bulk water
molecules [20-22]. To induce the CEST effect in the tissue, a frequency-specific
radiofrequency (RF) pulse is used to saturate a pool of solute protons at different
frequency offsets around the water resonance. These saturated protons are subsequently
transferred to the bulk water pool by chemical exchange, consequently reducing its signal.
The signal decrease is then used to assess the CEST effect at a GAG-specific frequency
range of 0.9-1.9ppm [22,23]. The resulting magnetization transfer ratio asymmetry
(MTRasym), i.e., the gagCEST effect size, correlates with the underlying GAG concentration
of the given IVD [23,24]. In previous studies, our group has provided preliminary
evidence that gagCEST imaging of the lumbar spine may help to differentiate
degenerative and non-degenerative IVDs based on their respective GAG contents [24-26].
Yet, the association of compositional changes, i.e., GAG depletion, and common clinical
manifestations of disorders of the lumbar spine remains to be elucidated.

Against this background, the aim of this study was to systematically assess the GAG
contents of lumbar IVDs in common disorders of the lumbar spine, i.e.,, nsLBP and
radiculopathy, and to compare them to asymptomatic volunteers, both overall and on a
segmental level and to elucidate a potential influence of IVD extrusions on the GAG
contents of adjacent IVDs. We hypothesized that (a) the GAG contents in patients with
nsLBP and radiculopathy are significantly lower than in asymptomatic volunteers and
that (b) the GAG contents of lumbar IVDs adjacent to extruded IVDs is significantly lower
than of non-adjacent IVDs.

2. Materials and Methods
2.1. Study Population

A total of 18 patients (mean age: 57.5 + 22.5 years, range: 14-96 years; 10 female, 8
male) with subacute (4-12 weeks duration) [25] radiculopathy and IVD extrusion and 16
age-matched patients with chronic nsLBP (mean age: 59.0 + 17.5 years, range: 22.5-83.5
years; 10 female, 6 male) were prospectively recruited at the outpatient clinic of the
Department of Orthopedic and Trauma Surgery of the University Hospital Duesseldorf.
In patients with radiculopathy, IVD extrusion had been diagnosed earlier during previous
MRI scanning sessions and was based on the recommendations of the combined task
forces of the North American Spine Society, American Society of Spine Radiology, and
American Society of Neuroradiology [26]. Accordingly, extrusion was defined as being
present when any distance between the edges of the disc material beyond the disc space
was greater than the distance between the edges of the base. Additionally, 20 age-matched
asymptomatic volunteers (mean age: 54.5 + 11.5 years, range: 39.5-76.5 years; 11 female, 9
male) were included as a control group. Chronic LBP was defined as persistent LBP
symptoms beyond three months [27]. Exclusion criteria for all participants were prior
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spine surgery, chronic inflammatory diseases affecting the musculoskeletal system,
congenital spine deformities, and a body mass index <18.5 or >30 kg/m2 For the control
group, the exclusion criteria were expanded to acquired spinal deformities,
radiculopathy, and chronic LBP. For the LBP group, the exclusion criteria were expanded
to presence of radiculopathy. All patients were treated conservatively. Written and
informed consent was obtained from all participants or their legal guardians prior to the
initiation of the study. The study was approved by the local ethical committee (Ethical
Committee, Medical Faculty, University of Diisseldorf, Germany, study number 5087R,
29 June 2015). Demographic and clinical characteristics of the study population and the
three study cohorts are presented in Table 1.

Table 1. Demographic and clinical information of the study population.

Patients with
¢ Patients with

Ll;lsvnBiElicll)falicn Radiculopathy Volunteers
Cohort size (1) 16 18 20
Age (years) 59+17.5 57.5+225 545+11.5
Gender 10/6 10/8 11/9
female/male
IVD extrusion (*) 0 18 (one in each patient) 0
IVD protrusion 19 9 8
LBP (n) 16 18 0
Radicular pain (1) 0 18 0
Sensory deficit (n) 0 14 0
Muscle weakness (1) 0 0 0

Age data are presented as means * standard deviations. For each study cohort, age, sex, the presence
and distribution of IVD extrusions as well as the clinical presentation are given. Abbreviations: IVD
—intervertebral disc. Detailed distribution of IVD extrusions: L1/2 (n = 0), L2/3 (n = 0), L3/4 (n = 0),
L4/5 (n=9), L5/S1 (n =9). (*) IVD extrusion was defined as present when the base of the protruded
disk material was narrower than its dome. IVD protrusion was defined as present when the base of
the protruded disk was broader than its dome. LBP: low back pain.

2.2. Clinical Assessment

Patients were clinically assessed at the outpatient clinic of the Department of
Orthopedic and Trauma Surgery by a board-certified orthopedic surgeon (MRK, 10 years
of experience as a spine surgeon). Patients and volunteers underwent a focused
neurologic exam of the motor and sensory systems as well as the reflex status. More
specifically, back and leg pain with a particular focus on radicular pain, distal sensation
and muscle strength were evaluated. Wherever radicular pain, i.e., pain in a nerve-root
distribution, sensory loss or muscle weakness were present, the level of nerve affection
was clinically localized using the corresponding dermatoma or myotoma.

2.3. Imaging

MRI studies of the lumbar spines of all participants were performed on a clinical 3
Tesla (T) MRI scanner (Magnetom Prisma, Siemens Healthineers, Erlangen, Germany)
with a 32-channel body and a 24-channel spine matrix coil (Siemens Healthineers,
Erlangen, Germany) in the supine position.

In line with earlier studies, the MRI exams comprised both morphologic and
compositional sequences. The morphologic sequences included T1-weighted (T1w), T2-
weighted (T2w), and short-tau-inversion-recovery (STIR) sequences in the sagittal
orientation and a T2w sequence in the transversal orientation. Compositional imaging
included CEST and Water Saturation Shift Referencing (WASSR) sequences to
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compensate for magnetic field inhomogeneities in the sagittal orientation. Detailed se-
quence parameters are presented in Table 2.

Table 2. Detailed Magnetic Resonance Imaging (MRI) Sequence Parameters.

Sequence
STIR T2w TSE  T1w TSE T2w TSE CEST WASSR
Imaging Plane Sagittal Sagittal Sagittal ~ Transversal ~Midsagittal Midsagittal
TE (ms) 57 95 9.5 106 5.1 5.1
TR (ms) 3800 3500 650 5200 10 10
Flip Angle (°) 150 160 150 160 10 10
Slice Thickness (mm) 4 4 4 4 5 5
FoV (mm x mm) 300300 300 x300 300 x 300 190 x 190 300 = 300 300 = 300
Pixel Size (mm x mm) 0.8 x0.8 0.7 x0.7 0.7 x0.7 0.6 x 0.6 1.6 x1.6 1.6x1.6
Number of Slices 15 15 15 38 1 1

Imaging plane, echo time (TE), repetition time (TR), flip angle, slice thickness, field of view (FoV),
pixel size, and number of slices are given for all sequences (Short Tau Inversion Recovery (STIR),
T2-weighted turbo spin echo (T2w TSE), T1w TSE, chemical exchange saturation transfer (CEST)
and water saturation shift referencing (WASSR) sequences).

2.4. Image Analysis

The raters were blinded to the participants” diagnoses and demographics. The lum-
bar IVDs (segments L1/L2-L5/S1) of all participants were graded individually and inde-
pendently on sagittal T2w images according to the Pfirrmann classification by two radi-
ologists with long-standing experience in musculoskeletal imaging (DBA and CS with
four and ten years of experience in musculoskeletal imaging) [11]. In case of diverging
findings, consensus was reached with assistance of a third clinical radiologist (SN, eight
years of experience in musculoskeletal imaging). The Pfirrmann classification allows dis-
tinction of non-degenerative (grades 1 and 2) and degenerative IVDs (grades 3-5) on the
basis of signal intensity, structure, and height as well as the distinction of the nucleus
pulposus (NP) and annulus fibrosus (AF).

In addition, all images and all lumbar segments were analyzed by the same raters for
the presence of IVD extrusions according to the recommendations of the Combined Task
Forces of the North American Spine Society, American Society of Spine Radiology, and
American Society of Neuroradiology [26]. Consequently, extrusion was defined as being
present when any distance between the edges of the disc material beyond the disc space
was greater than the distance between the edges of the base. As published in previous
studies [16,28], we first used WASSR images to correct Bo field inhomogeneities by the
maximum-symmetry algorithm with calculation of a pixel-wise frequency offset curve.
Second, the corrected CEST curves divided by the signal without pre-saturation (So) were
defined as the so-called z-spectra (Z (w)). The maximum frequency offset of each z-spec-
trum was Aw = 3 ppm. MTRasym (defined as MTRasym(Aw) = Z(-Aw)-Z(Aw)) was used for
the assessment of the gagCEST effect [16]. We calculated MTRasym maps by using the av-
erage value of MTRasym in the GAG-specific frequency range of Aw =0.9-1.9 ppm. MTRasym
values, i.e., the gagCEST effect sizes, are given in [%] [29]. As previously published by our
group, regions of interest (ROIs) were defined in the midsagittal plane by a customized
in-house script implemented in Matlab (MATLAB, R2018a, The MathWorks, Inc., MA,
USA) that automatically identifies lumbar segments and analyzes the gagCEST effect [30].

The disk segmentation approach was based on Bayes classification to divide bone
and ligaments from disk cartilage [31]. All ROIs were visually confirmed for correct posi-
tioning by a board-certified radiologist (CS). No ROIs had to be manually corrected. In
the following, MTRasym values are referred to as gagCEST values for better readability. As
shown in previous studies, gagCEST values correlate with the IVD’s GAG content [16,28].
Therefore, lower gagCEST values reflect lower GAG contents.
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2.5. Statistical Analysis

SPSS software (v27, SPSS Inc., Chicago, IL, USA) was used for all statistical analyses
performed by KLR and DBA. Descriptive statistics of gagCEST values were calculated for
volunteers and patients. Based on a linear mixed model (LMM), the three study cohorts,
i.e,, asymptomatic volunteers, patients with nsLBP and patients with radiculopathy, IVD
regions, i.e., NP and AF, and IVD segments, i.e., L1/2 to L5/S1 were comparatively evalu-
ated as multivariable statistics. The model included a subject-specific random intercept,
the factors healthy volunteer/patient, age, gender, Pfirrmann grading, and the interaction
of these factors and was fitted using a restricted maximum likelihood approach [32]. Based
on another LMM, IVDs adjacent to IVD extrusions, i.e., directly above or below, and non-
adjacent IVDs were comparatively evaluated. The model included the factors adja-
cent/non-adjacent IVD, age, gender, Pfirrmann grading and the interaction of these fac-
tors. Based on these final models, the mean differences of gagCEST values were calcu-
lated. Not assuming normal distributions, mean Pfirrmann grades were compared be-
tween the three study cohorts using the Kruskal-Wallis test followed by Dunn’s post-hoc
test wherever appropriate. The presentation of p-values for the illustration of statistical
significance was deliberately avoided [33].

3. Results
3.1. Morphologic Analysis

Detailed findings of IVD extrusion and IVD degradation are given in Tables 1 and 3,
respectively. Only patients with radiculopathy were found to demonstrate IVD extrusions
at the IVD segments L4/5 and L5/S1, while patients with nsLBP or asymptomatic volun-
teers showed none (Table 1).

The grading of IVDs according to the Pfirrmann classification was as follows: entire
study population: grade 1: (n =0), grade 2: (n =192), grade 3: (n="79), grade 4: (n=29), and
grade 5: (n = 2); patients with radiculopathy: grade 1: (n = 0), grade 2: (n = 48), grade 3: (n
=31), grade 4: (n=11), and grade 5: (n = 0); patients with nsLBP: grade 1: (n = 0), grade 2:
(n=37), grade 3: (n = 30), grade 4: (n=11), and grade 5: (n = 2); asymptomatic volunteers:
grade 1: (n =0), grade 2: (n = 70), grade 3: (n = 19), grade 4: (n =7), and grade 5: (n = 0). At
each individual lumbar segment, we did not find distinct differences for the Pfirrmann
grades between the three study cohorts. However, when considering all lumbar segments,
patients with nsLBP had lower overall Pfirrmann grades than asymptomatic volunteers
(nsLBP: 2.7 [99% CI: 2.6; 2.9] vs. volunteers: 2.4 [99% CI: 2.2; 2.5]). No distinct differences
in Pfirrmann grades were found between patients with nsLBP and patients with radicu-
lopathy and between patients with radiculopathy and asymptomatic volunteers (Table 3).

Table 3. Mean imaging measures as a function of the study cohort, i.e., patients with radiculopathy, non-specific low back
pain (nsLBP) and asymptomatic volunteers, and intervertebral disc (IVD) segment level, i.e., L1/2-L5/S1. Data are given
as means [99% confidence intervals]. Glycosaminoglycan chemical exchange saturation transfer (gagCEST) values were
compared using a linear mixed model comprising a subject-specific random intercept, while the Pfirrmann grades were
compared using the Kruskal-Wallis test followed by Dunn’s post-hoc test wherever appropriate.

Segment

L1/2 L2/3 L3/4 L4/5 L5/S1 Overall
Radiculopathy 2.5 [1.4;3.5] 2.1[1.32.8] 17[1.0;23]  12[0.619] 15[05;2.6] 1.8[1.4;2.1]
8agCEST nsLBP 131[05;2.1] 1.1[05;1.7] 1200618  11[0517]  23[13;33] 1.3[L0; 1.6]
values (%) Volunteers 25[1.7;3.2] 2.0[1.3;2.5] 15[1.0;20]  17[1222] 21[1.23.0] 1.9[1.6;2.2]
Phirrmany, | Radiculopathy  2.3[20;27] 2.4[2.0;2.6] 26[2229]  28[2531]  29[2.632] 2.6 [24;2.7)
nsLBP 25[2.1;29] 2.7[2.0;2.7] 26[22,30]  28[23;32]  3.1[2.63.6] 2.7[2.6;2.9]
grade (1-5) Volunteers 22[1.9;2.5] 2.3[2.0;2.6] 24[20;27]  24[2.2;2.6]  25[2.2;2.8] 2.4[2.2;2.5]
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3.2. Multivariable Comparative Analyses of gagCEST Values

In all IVDs, irrespective of the study cohort, the NPs showed higher gagCEST values
than the AFs (AF:1.2% [99% CI: 1.0; 1.4] vs. NP:2.1% [99% CI 1.8; 2.4], p < 0.001). GagCEST
values were affected by morphologic IVD degeneration as assessed by the Pfirrmann
grade. Overall, IVDs with Pfirrmann grades <2, i.e., non-degenerated IVDs, had higher
gagCEST values (2.0% [99% CI: 1.7; 2.2]) than IVDs with Pfirrmann grades 23, i.e., degen-
erated IVDs (1.3% [99% CI: 1.0; 1.6]) (p < 0.001). No distinct differences were found be-
tween gagCEST values of all IVDs of the different lumbar segments: L1/2: 1.9% [99% CI:
1.5; 2.3]; L2/3: 1.6% [99% CI: 1.2; 1.9]; L3/4: 1.5% [99% CI: 1.1; 1.8], L4/5: 1.4% [99% CI: 1.1;
1.7], L5/51: 1.9% [99% CI: 1.4; 2.5].

Comparative analyses of gagCEST values of lumbar IVDs in the three study cohorts
are presented in Table 3 and Figure 1.

Overall, the lumbar IVDs of patients with nsLBP showed lower gagCEST values
(1.3% [99% CI: 1.0; 1.6) than those of asymptomatic volunteers (1.9% [99% CI: 1.6; 2.2]) and
lower values than those of patients with radiculopathy (1.8% [99% CI: 1.4; 2.1]). No dis-
tinct differences in gagCEST values were found between patients with radiculopathy and
asymptomatic volunteers or between female (1.7% [99% CI: 1.5; 2.0]) and male individuals
(1.6% [99% CI: 1.3; 1.8]) in the entire study population.

Figure 1. Morphologic and compositional imaging findings of lumbar intervertebral discs of an asymptomatic volunteer
(A,B), a patient with nonspecific low back pain (C,D), and a patient with radiculopathy (E,F). A, C and E: Sagittal T2-
weighted (T2w) images show the absence of morphologic signs of relevant IVD degeneration (A), substantial dehydration
at the L4/L5 segment (C) and the L5/S1 segment (C,E) accompanied by extrusion at the L4/L5 segment (E). B, D and F:
Sagittal glycosaminoglycan Chemical Exchange Saturation Transfer (gagCEST) images with overlaid color-coded maps to
visualize the GAG contents of the IVD segments. Low GAG content is depicted in blue, and high GAG content is depicted
in red. The unit of scale on the right is gagCEST effect in %. The lowest values are found in the patient with nsLBP, while
the highest values are seen in the asymptomatic volunteer.

Comparative analyses of gagCEST values of IVDs adjacent and non-adjacent to IVD
extrusions in patients with radiculopathy are displayed in Table 4.

IVDs adjacent to an IVD extrusion, i.e., directly above and/or below, demonstrated
lower gagCEST values (0.9% [99% CI: 0.3; 1.5]) than IVDs that were non-adjacent, i.e., dis-
tant, to an extruded IVD (1.9% [99% CI: 1.7; 2.5]). No distinct differences, however, were
found compared to extruded IVDs.
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Table 4. Comparative analysis of glycosaminoglycan chemical exchange saturation transfer
(gagCEST) values of intervertebral discs (IVDs) adjacent to IVD extrusions and IVDs non-adjacent
to IVD extrusions of patients with radiculopathy. Data are means [99% confidence intervals]. The
mean gagCEST values were compared with a linear mixed model comprising a subject-specific ran-
dom intercept.

gagCEST values (%) Cohort Mean [99% CI]
Patients with IVDs adjacent to IVD extrusions 0.9% [0.3; 1.5]
radiculopathy
IVDs non-adjacent to IVD extrusions 2.1% [1.7;2.5]
Extruded IVDs 1.0% [0.2; 1.8]

4. Discussion

In this study, we found that lumbar IVDs directly adjacent to IVD extrusions showed
lower gagCEST values than IVDs non-adjacent to extrusions. Furthermore, lumbar IVDs
of patients with nsLBP exhibited the lowest overall gagCEST values, lower than the con-
trols and slightly lower than patients with radiculopathy.

Lumbar IVD extrusions are a known and common cause of LBP that not only lead to
local pain, but frequently are accompanied by radicular pain, sensory deficits and/or mus-
cle weakness due to the affection of nerve roots [34,35]. Pathophysiologically, proteogly-
can depletion of IVDs results in tissue dehydration (of both AF and NP) that brings about
decreases in IVD height. These changes are characteristic of LDDD and subsequently in-
creases each IVD'’s susceptibility to mechanical stress that predisposes to tears and fissures
of the AF, and eventually results in IVD extrusions [36]. In the present study, patients who
suffered from radiculopathy demonstrated IVD extrusions in their MRI scans. The ex-
truded IVDs showed substantially lower gagCEST values than those of asymptomatic vol-
unteers, which is not surprising since proteoglycan depletion corresponds well with the
pathophysiologic concept of IVD degeneration preceding extrusion [37]. Interestingly,
IVDs adjacent to the extruded IVD, i.e., directly above and/or below, also demonstrated
lower gagCEST values than IVDs that were non-adjacent to the extruded IVD. It remains
speculative whether the distinct proteoglycan depletion of the adjacent IVDs was caused
by the extrusion and the subsequently altered biomechanics or whether it was simply al-
tered due to exposure to the same mechanical stress that eventually led to IVD extrusion.
In favor of the former, overall gagCEST values of patients with radiculopathy were similar
to those of asymptomatic volunteers and did not demonstrate signs of advanced degen-
eration. Thus, one could argue that IVD extrusions affect the biomechanical integrity of
the surrounding spine leading to advanced segmental degeneration that originates at the
adjacent segments. In favor of this hypothesis, Masui et al. designed a longitudinal study
and followed 21 patients over seven years. They found that progressive IVD degeneration
regularly occurred after conservative treatment of symptomatic IVD extrusions [38]. Most
of their patients showed no signs of morphologic IVD degeneration at baseline (morpho-
logic MRI). Notably, compositional MRI techniques that may allow for the detection of
premorphologic IVD changes were not performed in their study. Concurring findings
were presented in a systematic review by Schroeder et al. [39], who also concluded that
such changes were likely physiological. Keeping these preliminary findings in mind, it
would be of interest to perspectively investigate the development of the progressive de-
generation of adjacent segments following IVD extrusion in a longitudinal manner. This
might contribute to a better understanding of the relationship between IVD extrusion,
LBP, and LDDD. Eventually, this might facilitate the identification of “IVDs at risk” that
in the future, if disease-modifying treatment is available by then, may influence patient
care [40—42].

LDDD not only adds to the development of IVD extrusion, but by itself is considered
a potential cause and contributor to chronic LBP [43—46], even though it might also occur
in asymptomatic individuals [47]. Several studies underlined the high prevalence of de-
generative spinal changes in the asymptomatic population [48,49]. Therefore, MR imaging
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should be avoided in the setting of acute and subacute LBP [50]. Our results show that
patients with nsLBP had significantly lower gagCEST values than asymptomatic volun-
teers and somewhat lower values than patients with radiculopathy. These findings are
well aligned with one of our previous studies that demonstrated patients with non-radic-
ular LBP to show more severe signs of early IVD degeneration than asymptomatic refer-
ences [19]. Therefore, the results of this study emphasize the potential association of LBP
and LDDD [37], even in cases of premorphological degenerative changes of IVDs, as also
suggested by previous studies [51,52]. Thus, compositional MRI could potentially be used
in the primary diagnostic work-up of patients with LBP and in follow-up measurements
after therapeutic intervention to evaluate treatment success. However, the limited corre-
lation between morphologic changes and clinical outcome as shown in previous studies
should be considered in this respect [53].

When interpreting our results, some limitations have to be considered.

First, despite including a sizable study population, each study cohort was relatively
small. Therefore, our results have to be considered as preliminary and future studies are
required to confirm our findings in larger clinical populations. Second, gagCEST imaging
still requires histological validation in human subjects. However, for obvious ethical cir-
cumstances, our gagCEST data were not histologically correlated. Such validation remains
to be performed directly, in human cadaveric studies, or indirectly, via IVD biopsy during
surgery. Third, patients with nsLBP suffered from more severe GAG depletion and higher
morphologic IVD degeneration (quantified by Pfirrmann grades > 3) than asymptomatic
volunteers. However, to mitigate this limitation, we statistically corrected for differences
in Pfirrmann grading in the LMM. Fourth, we only performed one single compositional
MRI technique, i.e., gagCEST, while other promising methods for the detection of premor-
phologic degenerative changes of IVDs, such as T2* mapping [54], were not assessed and
remain to be studies. Fifth, the study population was rather heterogeneous, e.g., with a
wide age range, which was partially mitigated by matching across the three cohorts. Sixth,
gagCEST imaging is ideally performed at 7 T, and there is ongoing discussion as to
whether it is feasible at 3 T MRI systems. In addition, it is worth noting that, to this day,
gagCEST imaging lacks a standardized protocol as well as normative values and is highly
dependent on the individual scanning system, overall hampering the comparability be-
tween different sites. To expand gagCEST imaging beyond feasibility studies, expert im-
aging recommendations as for other imaging biomarkers seem most valuable [55].

5. Conclusions

In conclusion, more advanced GAG depletion in nsLBP and in IVDs adjacent to IVD
extrusions in radiculopathy indicates close interrelatedness of clinical pathology and com-
positional and structural IVD changes in lumbar spine degeneration. These findings un-
derline the potential diagnostic value of non-invasive gagCEST imaging in (a) quantifying
tissue composition and detecting premorphological IVD degeneration; (b) in differentiat-
ing patterns of IVD degeneration in common clinical disorders of the lumbar spine, and
(c) in identifying “IVDs at risk”.
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Abstract: Lumbar intervertebral disc (IVD) degeneration is characterized by structural and com-
positional changes. This study aimed to assess the glycosaminoglycan (GAG) content of IVDs of
patients with adolescent idiopathic scoliosis (AIS) and healthy controls using GAG chemical exchange
saturation transfer (gagCEST) imaging. Ten AIS patients (mean age 18.3 + 8.2 years) and 16 healthy
controls (mean age 25.5 & 1.7 years) were included. Clinical standard morphologic MR images (T1w-,
T2w-, and STIR-sequences), to rule out further spinal disorders and assess IVD degeneration using
the Pfirrmann score, and compositional gagCEST sequences were acquired on a 3T MRI. In AIS
patients, the most distal scoliotic curve was determined on whole-spine conventional radiographs
and morphological MRI and IVDs were divided as to whether they were affected by scoliotic defor-
mity, i.e., proximal (affected, alVDs) or distal (unaffected, ualVDs) to the stable vertebra of the most
distal scoliotic curve. Linear mixed models were used to compare mean gagCEST-values. Over all
segments, AlIS-patients’ IVDs exhibited significantly lower gagCEST-values than the controls: 2.76
[2.32, 3.20]% (AIS), 3.51 [3.16, 3.86]% (Control); p = 0.005. Meanwhile, no significant differences were
found for gagCEST values comparing alVDs with ualVDs. In conclusion, as a powerful diagnostic
adjunct, gagCEST imaging may be prospectively applied to detect early compositional degenerative
changes in patients suffering from AIS.

Keywords: advanced MRI techniques; Idiopathic scoliosis; gagCEST; compositional magnetic reso-
nance imaging of cartilage; disc degeneration

1. Introduction

Adolescent idiopathic scoliosis (AIS) is the most common subtype of all idiopathic
scolioses with an overall prevalence of 0.5-5.2% and a female predominance [1]. With the
disease progressing continuously during the growth of patients, AIS can cause significant
back pain, restricted mobility, severe rib deformity, and, ultimately, thoracic insufficiency in
advanced stages [2,3]. Scoliotic deformity in AIS leads to remodeling of the intervertebral
discs (IVDs) with consecutive morphologic IVD degeneration, frequently associated with
lower back pain [4-6]. In severe AIS, the treatment of choice is spinal 3-dimensional
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deformity correction and fusion after skeletal maturity. Over the years, surgical concepts
have evolved. Presently, selective fusion [7] is performed by sparing fusion of minor
curves, i.e., less affected spinal segments. Short segment fusion leads to less frequent
IVD degeneration and pain [8,9]. However, only little is known about preoperative IVD
degeneration in patients with AIS [10].

As of today, magnetic resonance tomography (MRI) is the most sensitive imaging tech-
nique for the evaluation of degenerative alterations in IVDs [4,11]. While non-degenerative,
morphologically unremarkable IVDs exhibit a high signal in T2-weighted (T2-w) sequences
due to their high intra-tissue water content [6,12,13], degenerative IVDs have a lower signal
due to their decreased water content [4,6]. These signal changes of IVDs are used for the
well-known Pfirrmann classification, a validated grading system for the differentiation
of non-degenerative and degenerative IVDs based on imaging criteria [12]. However,
standard clinical morphologic MRI techniques cannot detect early changes in the nucleus
pulposus, i.e., glycosaminoglycan (GAG) depletion, as an early and potentially reversible
change indicative of IVD degeneration [14]. GAGs are negatively charged linear polysaccha-
rides that attract water and, alongside the central core protein, make up the proteoglycan
(PGs) and tissue solid extracellular matrix components. Primarily in the nucleus pulposus
(NP), PGs play a vital role for IVD hydration, thus providing resistance to mechanical stress
through high osmotic pressure [4]. Consequently, the PG content of the IVDs provides
a quantitative indicator of the structure’s composition and configuration in health and
disease, and a potent diagnostic target. In the context of AIS, quantitative evaluation of the
PG content may therefore open up diagnostic opportunities in detecting early degeneration
and monitoring treatment efficacy beyond mere morphologic evaluation.

The gold standard of compositional cartilage imaging using biochemically sensitive
MRI sequences is delayed gadolinium-enhanced MRI of cartilage (IGEMRIC). However,
due to recent restrictions on gadolinium-based contrast agents (GBCA) [15], alternative
compositional imaging techniques have come into focus that do not rely on GBCA. GAG
chemical exchange saturation transfer (gagCEST) imaging is a technique that measures the
chemical exchange of hydroxyl (-OH)-protons between GAG and bulk water. To induce
the CEST effect, a frequency-specific radiofrequency (RF) pulse is applied to first saturate
the solute-bound proton pool at different offset frequencies and then transfer these protons
to the bulk water pool through chemical exchange, subsequently reducing its signal. The
resultant signal decrease is then used to quantitatively assess the CEST effect at the specific
frequency range of GAG, i.e., at 0.9-1.9 ppm [16-18]. Previous pioneering studies have
demonstrated the close association of CEST effect and GAG content that may be used to
quantify IVD GAG content [17-19]. Consequently, a solid body of evidence indicates that
degenerative and non-degenerative IVDs can be distinguished through quantification of
GAG content using gagCEST imaging [19-21].

As of today, gagCEST imaging has not yet been used for the evaluation of proteoglycan
depletion as one of the earliest degenerative changes in lumbar IVDs of patients with AIS.
The aim of our study was to compare the GAG contents of (a) lumbar IVDs in AIS patients
with healthy controls and (b) of those IVDs in AIS patients that were part of the scoliotic
curve and those that were not. We hypothesized that gagCEST values of (a) lumbar IVDs
of patients with AIS are significantly lower than corresponding IVDs of the control group
and (b) that in AIS patients the same is true for IVDs of the scoliotic curve as compared to
those that are not part of the scoliotic curve.

2. Materials and Methods
2.1. Study Design and Population

This study was designed as a prospective comparative clinical imaging study assessing
the proteoglycan content of lumbar IVDs in patients with AIS as compared to healthy
controls. Prior to study initiation, approval by the local Ethical Committee (Medical
Faculty, University of Diisseldorf, Germany, study number 2019-551) and written informed
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consent were attained from all participants included, or, in underaged patients, from their
legal guardians.

A total of 11 patients with AIS (mean age 18.3 £ 8.2 years; 7 females, 4 males, disease
duration 59.2 £ 102.0 months) and 16 healthy controls (mean age 25.5 + 1.7 years; 8 females,
8 males) without any previous history of spine disease were prospectively recruited during
consultation hours at the Department of Orthopedic and Trauma Surgery (University
Hospital Diisseldorf) and among the hospital staff, and were included in this study. Of
the 11 AIS patients, 4 were treated with physical therapy only, 5 received bracing therapy,
and 2 patients received bracing therapy with subsequent surgery. None of the patients had
received surgery prior to study initiation. Table 1 gives details on both study populations.

Table 1. Demographic, clinical, and therapeutic information of the study population.

AIS Patients Controls

Age [years] 18.3 +8.2 255+ 1.7
Gender [female/male] 7/4 8/8

Number of involved vertebrae [n]
e Major curve 7.5 £3.2(4-15) n/a
e Minor curve 6 + 0.5 (5-6) n/a
Orientation of major curve [dextro-, Dextroscoliosis 1 = 6
.. .. n/a
levoscoliosis] Levoscoliosis n =5

Cobb angle [°] major curve 34.8 +21.5 (15-73) n/a
Cobb angle [°] minor curve 21.8 +10.2 (11-37) n/a
Disease duration [months] 59.2 +102.0 n/a
Type of treatment n/a
e Physical therapy 4 n/a
e Bracing (conservative) 5 n/a
e Bracing (+subsequent surgery) 2 n/a

Data for the radiographic analysis (Cobb angle of the major and minor curve, the number of involved vertebrae,
the orientation of the major curve, and the disease duration) and type of treatment are given for AIS patients.
Means =+ standard deviations and the range are presented. Abbreviations: AIS—adolescent idiopathic scoliosis;
n/a—not applicable.

For all participants, predefined exclusion criteria were a history of spine surgery,
musculoskeletal chronic inflammatory diseases, congenital spine conditions including
non-idiopathic scoliosis, previous spinal trauma, known IVD extrusion as detected by a
potential previous MRI scan or pathological body mass index ranges <18.5 or >30 kg/m?.
However, due to excessive motion artifacts, one female AIS patient had to be excluded
from the gagCEST analysis. Acquired spinal deformities and chronic lower back pain
were defined as additional exclusion criteria for the control group. Clinically indicated
and independent of this study, all included patients had received standard conventional
radiographs (CR) of the whole spine in anteroposterior and lateral projections prior to
initiation of the study.

2.2. MR Imaging

All participants underwent MR imaging of their lumbar spine on a whole-body
clinical 3.0T MRI system (Magnetom Prisma, Siemens Healthineers, Erlangen, Germany).
Patients were examined in the supine position and imaged with a 32-channel body and a
24-channel spine matrix coil (both Siemens Healthineers). The imaging protocol consisted
of a clinical routine protocol, i.e., T1- (T1w) and T2-weighted (T2w) sequences and a short
tau inversion recovery (STIR) sequence, and compositional sequences using gagCEST and
water saturation shift referencing (WASSR) imaging. All sequences were acquired in the
sagittal orientation. Detailed sequence parameters are given in Table 2.
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Table 2. Morphological and compositional magnetic resonance imaging (MRI) sequence parameters.

Sequence
STIR T2w TSE Tiw TSE gagCEST WASSR
Orientation Sagittal Sagittal Sagittal Sagittal Sagittal
TE/TR [ms] 57/3800 95/3500 9.5/650 5.1/10 5.1/10
Flip Angle [°] 150 160 150 10 10
Slice Thickness [mm] 4 4 4 5 5
FoV [mm X mm] 300 x 300 300 x 300 300 x 300 300 x 300 300 x 300
Pixel Size [mm X mm] 0.8 x 0.8 0.7 x 0.7 0.7 x0.7 1.6 x 1.6 1.6 x 1.6

Orientation, echo and repetition time, flip angle, slice thickness, field of view, pixel size, and number of slices are given for all sequences.
Abbreviations: TE—echo time; TR—repetition time; FOV—field of view; STIR—short tau inversions recovery; T2w—T2-weighted; T1w
T2-weighted; TSE—turbo spin-echo; gagCEST—glycosaminoglycan chemical exchange saturation transfer; WASSR—water saturation

shift referencing.

2.3. MR Image Analysis

For image analysis, two clinical radiologists (DBA and CS with 5 and 8 years of experi-
ence in musculoskeletal imaging, respectively), blinded to patient data, independently read
the MR images. In case of divergent findings, consensus was arbitrated with the assistance
of a third clinical radiologist (SN, 8 years of experience in musculoskeletal imaging).

All participants” lumbar IVDs (segments L1/L2-L5/51) were individually graded
on sagittal T2w images according to the Pfirrmann classification, an MRI-based five-step
grading system for lumbar disc degeneration that enables distinction of degenerated
(grade > 3) and non-degenerated (grade < 2) IVDs based on signal intensity and structure
of the NP, disc height and the NPs distinction from the annulus fibrosus (AF) [12].

On anteroposterior CR of AIS, the Cobb angle and the apical, end, and stable vertebrae
were determined using Cobb’s method [22]. By convention, the apical vertebra is the
vertebra with the farthest deviation from the center of the vertebral column, while the
end vertebrae are those vertebrae that are most tilted towards the apex of the curve. The
latter ones are used to measure the Cobb angle by determining the intersection of a tangent
drawn along the superior endplate of the superior end vertebra and of a tangent drawn
along the inferior endplate of the inferior end vertebra. The stable vertebra is defined as
the first vertebra below the lowest curve which is bisected by the central sacral vertical
line [23].

In all AIS patients, the stable vertebra was situated in the lumbar spine. To further
evaluate the influence of scoliotic deformity on GAG content in IVDs in AIS patients, all
IVDs proximal to the stable vertebra were compared to those IVDs distal to the stable
vertebra and thus not part of the scoliotic curve. To this end, all IVDs of AIS patients, i.e.,
L1/L2-L5/S1, were divided into two groups depending on whether they were situated
proximal or distal to the stable vertebra of the most distal scoliotic curve. For the sake
of readability, IVDs situated proximal or distal to the stable vertebra of the most distal
scoliotic curve are referred to as “affected” IVDs (aIVDs) or “non affected” IVDs (ualVDs).
For both groups, gagCEST values were determined and statistically analyzed.

For our study, all gagCEST analyses were performed as before [20,24]. Briefly, gagCEST
values were derived using a customized in-house script implemented in Matlab (R2018a,
The MathWorks Inc., Natick, MA, USA). By means of a diffeomorphic image registration
technique integrated into the fMRLung software (Siemens Healthcare), motion correction
was conducted for both WASSR (water saturation shift referencing) and CEST images [18].
Using the WASSR maximum-symmetry algorithm to determine a pixel-wise frequency
offset curve, BO-field inhomogeneities were corrected as previously published [21,25].
To this end, pixel-wise frequency offset-corrected CEST-curves were determined and
divided by the signal without presaturation (S0) to establish the z-spectrum (Z (w)), with a
maximum frequency offset of Aw = 3 ppm for each z-spectrum. With Aw defined as the
specified frequency shift difference, the gagCEST effect was further evaluated using the
maximum magnetization transfer asymmetry (MTRasym): MTRasym(Aw) = Z(—Aw) —
Z(Aw)) [21]. More specifically, using the average value of MTRasym in the GAG-specific
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frequency range (Aw = 0.9-1.9 ppm) in which hydroxyl protons of GAG can function as
CEST agents [16], MTRasym maps were calculated with MTRasym values provided in %.

To determine the CEST effect, disc segmentation was performed according to the
Naive Bayes classification for image segmentation, which differentiates disc tissue from
osseous and ligamentous structures of the lumbar spine [26]. To this end, region-of-interest
(ROI) definition was automatically conducted by computed segmentation of lumbar IVDs
using a customized in-house script implemented in Matlab with the ROIs subsequently
positioned in the lumbar IVDs. A radiologist (CS) visually verified the correct ROI position
for every IVD. If necessary, mispositioned ROIs were repositioned, yet no ROI size had to
be modified manually. Hereafter, MTRasym values are referred to as gagCEST values for
easier readability.

2.4. Statistical Analysis

Statistical analyses were performed by KLR and LMW using SPSS (v27, SPSS Inc., Chicago,
IL, USA). Summary statistics of gagCEST values were determined for healthy controls and AIS
patients. Based on a linear mixed model (LMM), both cohorts (i.e., healthy controls and AIS
patients), regions (i.e., NP and AF), and IVD group (i.e., ualVDs and aIVDs) were comparatively
evaluated as multivariable statistics. The LMMs included a subject-specific random intercept,
independent variables (i.e., gender, age, cohort, Pfirrmann score, IVD segment level, scoliotic
affection), and their interactions. Employing a restricted maximum likelihood approach, the
LMMs were fitted [27]. Mean differences of gagCEST values were determined based on the
established LMMs and analyzed for significance. Due to this study’s exploratory character,
p-values < 0.05 indicated statistical significance.

3. Results
3.1. Study Population

The characteristics of the study population are displayed in Table 1. A total of 80 lum-
bar IVDs of 16 healthy controls and 50 lumbar IVDs of 10 AIS patients (both L1/L2-L5/S1)
were analyzed. For both groups, significant differences in age distribution were found with
AIS patients being significantly younger than healthy controls (p < 0.001). The covariates
were corrected for an age of 23.1 years.

3.2. Morphologic Grading of IVD Degeneration

Based on the Pfirrmann classification, degeneration in IVDs was quantified as follows:
total study population: grade 2: (n = 127), grade 3: (n = 3); healthy controls: grade 2:
(n=79), grade 3: (n = 1); AIS patients: grade 2: (n = 48), grade 3: (n = 2). No IVD grades 1,
4, or 5 were present.

3.3. GagCEST Values: Healthy Controls vs. AIS Patients

In all lumbar IVDs of both groups, significantly higher gagCEST values were observed
in the NP than the AF (NP: 3.90 [confidence interval (CI) 3.49, 4.31]%, AF: 2.37 [CI 2.03,
2.70]%; p = 0.001).

Over all segments, IVDs in AIS patients exhibited significantly lower mean gagCEST
values compared to those of healthy controls (AIS: 2.76 [CI 2.32, 3.20]%, C: 3.51 [CI: 3.16,
3.86]%; p = 0.005). Considering each lumbar segment by itself, gagCEST values only
significantly differed at segment L5/51 (AIS 1.38 [0.66, 2.1]%, C; 3.39 [2.87, 3.90]%; p < 0.001

Mean gagCEST values in healthy controls and AIS patients as well as the correspond-
ing comparative analysis are further outlined in Table 3. GagCEST maps of both study
groups illustrate these findings (Figure 1).
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Table 3. Analysis of compositional imaging features of lumbar intervertebral discs (IVDs).

Score L1/2 L2/3 L3/4 L4/5 L5/S1 All
Segments
Controls 3.340 3.466 3.218 3.679 3.389 3.510
[2.721,3.959]  [2.844,4.089] [2.586,3.850] [2.082,5.276] [2.877,3.902]  [3.159,3.861]
gascEel AILS 2.867 2.646 3.908 3.700 1381 2.759
values [%] [2.005,3.729] [1.831,3.461] [3.079,4.736] [1.581,5.818] [0.661,2.102]  [2.320,3.199]
p-values 0.399 0.139 0.220 0.988 <0.001 0.005

Mean glycosaminoglycan chemical exchange saturation transfer (gagCEST) values of the two study cohorts (i.e., 16 healthy controls and
10 AIS patients) in all patients as a function of segment levels. Using linear mixed models including a subject-specific intercept, mean
gagCEST values were compared. Data are corrected mean + 95% confidence interval [square brackets] (%) of gagCEST values of the nucleus
pulposus (NP). The covariates were corrected for an age of 23.1 years. p-values < 0.05 are given in bold type. Abbreviations: L—lumbar;
n/a—not applicable.

-

|
i
3
:
1

Figure 1. Representative morphologic and compositional imaging findings of the lumbar intervertebral discs (IVDs) of
a patient with adolescent idiopathic scoliosis (AIS, A,B) and a healthy control (C,D). (A,D): Sagittal T2-weighted images
show the absence of morphologic signs of relevant intervertebral disc degeneration. (B,C): Sagittal gagCEST images with
overlaid color-coded gagCEST maps to indicate the GAG content reveal distinct differences in GAG contents. Lower GAG
content is indicated in blue, while high GAG content is illustrated in red. This patient with AIS demonstrated a lower GAG
content than this healthy control despite non-degenerated IVDs in both individuals.

3.4. GagCEST Values: Affected vs. Unaffected IVDs

In AIS patients, 44% of IVDs (22/50) were found to be affected by scoliotic deformity
(alVDs). Correspondingly, 56% of IVDs (28/50) were identified as unaffected (ualVDs). The
22 alVDs in the AIS patients were distributed across the different segment levels as follows:
9 alVDs were located in segment L1/2, 6 alVDs in segment L2/3, 4 alVDs in segment
L3/4 and 3 alVDs in segment L4/5. In segment L5/51 no IVD was affected by scoliotic
deformity. Over all segments, no significant differences were found for mean gagCEST
values between ualVDs and alVDs (ualVDs: 2.32 [CI 0.93, 3. 70]%, alVD: 2.93 [CI 1.48,
4.38]%; p = 0.258) as detailed in Table 4. Representative morphological and compositional
imaging findings are shown in Figure 2.
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Table 4. Analysis of scoliotic affection on compositional imaging features of lumbar intervertebral discs (IVDs) in AIS

patients. Mean glycosaminoglycan chemical exchange saturation transfer (gagCEST) values as a function of scoliotic

affection (affected and unaffected IVDs of AIS patients) and IVD segment levels. Using a linear mixed model including a

subject-specific intercept, mean values of gagCEST were compared. Data are corrected mean + 95% confidence interval

[square brackets] (%) of gagCEST values of the nucleus pulposus (NP). The covariates were corrected for an age of 23.1 years.

p-values < 0.05 were considered significant. Abbreviations: L—lumbar; n/a—not applicable.

Segment
Score All p-Value
L1/2 L2/3 L3/4 L4/5 L5/S1
Segments
Yes 3.171 2.886 5.103 1.520 n/a 2.929
IVDs [0.129, 4.213] [2.155,3.616]  [2.686,7.520] [0.377,2.663] [1.479, 4.379]
o Mected ~0.004 2666 3.100 5.762 2.186 2316 0258
y scoliosis No

[-3.666,3.659] [1.179,4.153]  [2.093,4.107]  [1.116,10.408]  [0.942,3.429]  [0.936,3.697]

Figure 2. Representative conventional radiograph (A) and morphologic (B) and compositional
(C) imaging findings of the spine of a 15-year-old female patient. (A): Conventional whole-spine
radiograph in coronal orientation reveals the extent of the scoliotic curve. (B): Sagittal T2-weighted
image indicates the absence of significant degenerative changes of the lumbar IVDs. (C): Sagittal
gagCEST images with overlaid color-coded gagCEST maps to illustrate the GAG content indicates
that no significant differences of the GAG content are seen in scoliotic compared to non-scoliotic IVDs.

4. Discussion

The most important finding of this study was that gagCEST values in lumbar IVDs
of AIS patients were significantly lower than those of healthy controls, thereby indicating
premorphologic IVD degeneration secondary to the specific biomechanics associated with
scoliotic curvatures.

GAG depletion is considered the initial, yet reversible, step in cartilage degenera-
tion, e.g., in degenerative disc disease of the lumbar spine [4,17]. GagCEST is a novel
imaging technique that enables the quantification of GAG content in IVDs without the
application of GBCA, thus rendering feasible the evaluation of early cartilage changes at
the premorphologic level [20]. Decreasing gagCEST values are associated with increasing
IVD degeneration, as classified using Pfirrmann grading [19,20].

In line with the results of previous studies [4,17,19,20,22], we found that gagCEST
values of the NPs in all lumbar IVDs were significantly higher than those of the AF.
In healthy IVDs, GAG content is physiologically highest in the NP and lowest in the
AF [4,19,20]. Our group previously demonstrated significantly lower gagCEST values in
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the AF than the NP in a healthy cohort [20]. In a histological study, Urban et al. examined
disc composition in patients with neuromuscular scoliosis and found the GAG and water
content to be highest in the disc center with a steady decrease towards the periphery, i.e.,
the NP-AF transition [28]. Accordingly, our study revealed the same basic IVD structure,
i.e., an expected GAG gradient from central (NP) to distal (AF), in both healthy controls
and AIS patients.

Overall, gagCEST values in lumbar IVDs of AIS patients were significantly lower
as compared to those of healthy controls. Lower GAG concentrations bring about a loss
in hydration, thus reducing biomechanical resistance [13,24,29]. Previous studies have
indicated that such compositional changes in lumbar IVDs occur before morphologic
degeneration [14], thereby underscoring the diagnostic potential of gagCEST imaging in
the detection of early, premorphologic degeneration. Accordingly, our results suggest
that IVDs of AIS patients already suffer from more severe GAG depletion and hence
early degenerative changes at a significantly younger age. Once these patients have
attained skeletal maturity, their lumbar spines are characterized by ongoing compositional
disintegration secondary to their aberrant biomechanics. As these changes may progress
further with increasing age [21], thereby underscoring the clinical need to diagnose early
degeneration, timely diagnosis is a prerequisite for timely treatment. In severe cases of
scoliotic deformity, with a Cobb angle of over 50°, spinal fusion surgery remains the
treatment of choice in AIS patients [8,9] after skeletal maturity. As of today, it is still
controversially discussed whether spinal fusion in the lower lumbar segments leads to the
development of premature disc degeneration and subsequent back pain in AIS patients
by reducing the number of mobile segments or if the disease itself might be the cause
due to mechanical stress of the spinal curvature [30,31]. However, progression of IVD
degeneration has not yet been correlated to Cobb angle. Nonetheless, reducing the number
of fixed segments influences the development of disc degeneration and may lead to less
lumbar back pain [32]. So far, only a few studies have evaluated the rates of preoperative
disc degeneration in the lumbar spines of AIS patients [10]. In a retrospective study, Jones
et al. found that only 3.9% of AIS patients undergoing surgical interventions exhibited
degenerative disc changes preoperatively, which is comparable to the general pediatric
population [10]. With most of the preoperative morphologic MRI scans appearing normal
in AIS patients, they concluded that surgical interventions should be aimed at preserving
motion in the lumbar spine segments [10]. However, in our study, lower gagCEST values
in conservatively treated AIS patients indicate early compositional changes of the IVDs,
suggesting that early degenerative disc changes might already be prevalent preoperatively
even if not yet visible morphologically. Even though it remains speculative whether the
established diagnosis of premorphologic IVD degeneration is truly reversible or alters
treatment type and course, the fact that IVD composition may be assessed non-invasively
extends and refines the treating physician’s diagnostic armamentarium. Nonetheless,
further clinical research is necessary to demonstrate the clinical value of diagnosing early
compositional IVD changes by means of gagCEST imaging, for example in the preoperative
work-up of AIS patients.

Another important finding of our study was that gagCEST values were not signifi-
cantly different in those IVDs that were a part of the major scoliotic curve as compared
to those that were not. In neuromuscular scoliosis, histologic evaluation revealed the
highest GAG contents at the apical IVD, i.e., at the apex of the scoliotic curve, compared
to adjacent discs one or two levels below, suggesting increased mechanical load in the
convex region of the curve [28]. Increasing mechanical stress applied to the disc induces
a decrease in disc hydration, thereby increasing relative GAG content (as a percentage of
wet weight) [28]. Regardless of the exact relationship of solid and fluid IVD components,
histologic data suggest that decreases or depletion of GAGs are not present in severely
scoliotic segments. These results also indicate that aberrant loading, as it occurs in patients
with neuromuscular scoliosis, does not directly affect GAG content [28], which is in accor-
dance with our study. Although the exact reason for the preserved GAG contents in lumbar
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IVDs remains speculative, the AIS patients” ages need to be considered. At a mean age of
18.3 & 8.2 years, the AIS patients may be too young to manifest such compositional changes
that are commonly considered the result of long-standing biomechanical aberration. How-
ever, due to differences in the rate of curve progression, severity of final curvature, and
rigidity of the scoliotic deformity [33-35], patients with AIS and neuromuscular scoliosis
may not be directly compared. Yet, due to the small number of patients with AIS enrolled
in our study, our data might only be considered preliminary and should thus be validated
in a larger and more homogenous patient cohort.

Our study has limitations. First, the small patient numbers are the main limitation of
our study. Even though the analysis included 130 separate IVDs, these were necessarily
interrelated. Consequently, with n = 10 AIS patients included, our results can only be
considered preliminary. However, this is the first study using gagCEST imaging for the
compositional evaluation of lumbar IVDs in patients with AIS that could be a starting
point for future larger studies. Second, our study population was not age matched. The
significantly lower mean age in AIS patients may potentially have affected our results
since GAG content is known to decrease with increasing age [21]. Yet, in favor of our
central hypothesis, we still found significantly lower gagCEST values in AIS patients, who,
because of their younger age, ought to have higher GAG values than in healthy controls.
Since the onset of AIS most commonly manifests in early puberty, a very young patient
cohort was expected [1,2]. Due to ethical reasons, however, MRI exams of minors as healthy
age-matched controls could not be performed. However, the significant difference in age
distribution of both cohorts may be considered of minor relevance since (i) the factor “age”
was accounted for in the LMM and (ii) age itself is a risk factor for GAG depletion. Third,
the imaging data could not be validated through reference analyses, e.g., by histology, for
ethical reasons. Fourth, evaluation of GAG content was only performed in lumbar IVDs.
Though thoracic IVDs are often more severely affected by scoliotic deformity and thoracic
scoliotic deformities tend to progress more rapidly [36], we only evaluated GAG content
in lumbar IVDs, as thoracic IVDs are prone to considerable motion artifacts caused by
respiratory motion. Fifth, the severity of scoliotic deformity, as indicated by the Cobb angle,
was quite heterogeneous among our AIS patients, ranging from 11° to 73°, which may
explain increased statistical variability, yet only demonstrates clinical reality. Still, future
studies should include a larger study population that accounts for the various clinical
and diagnostic factors such as disease duration, degree of curve deformity, and shape and
degree of the Cobb angle by large enough patient numbers and sufficient statistical power.

5. Conclusions

In conclusion, the lumbar IVDs of adolescent and adult AIS patients revealed sig-
nificantly lower gagCEST values indicative of compositional proteoglycan depletion that
precedes structural changes and were not (yet) visible morphologically. Thus, as a powerful
non-invasive and contrast-agent-free diagnostic adjunct, gagCEST imaging may be prospec-
tively applied to quantify IVD composition and to detect early compositional changes of
the degenerative cascade in patients affected by AIS.
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Article history: Objectives: As in-vivo knowledge of training-induced remodeling of intervertebral discs (IVD) is scarce, this study
Recefved 6 May 2021 assessed how lumbar IVDs change as a function of long-term training in elite athletes and age-matched controls
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Design: Prospective case-control study.
Methods: Prospectively, lumbar spines of 17 elite rowers (ERs) of the German national rowing team (mean age:
Keywords: 23.9 £ 3.3 years) were imaged on a clinical 3.0 T MRI scanner. ERs were imaged twice during the annual training
Water sports cycle, i.e,, at training intensive preseason preparations (to) and 6 months later during post-competition recovery
Spine (t;). Controls (n = 22, mean age: 26.3 £ 1.9 years) were imaged once at corresponding time points (to: n = 11;
t;: n = 11). Segment-wise, the glycosaminoglycan (GAG) content of lumbar IVDs (n = 195) was determined
using glycosaminoglycan chemical exchange saturation transfer (gagCEST). Linear mixed models were set up to as-
sess the influence of cohort and other variables on GAG content.
Results: During preseason, IVD GAG values of ERs were significantly higher than those of controls (ERs(tp): 2.58 +
0.27% (mean =+ standard deviations); controls(to): 1.43 4 0.36%; p < 0.001), while during post-competition recov-
ery, such differences were not present anymore (ERs(t;): 2.11 & 0.18%; controls(t;): 1.89 £ 0.24%; p = 0.362).
Conclusions: Professional elite-level rowing is transiently associated with significantly higher gagCEST values, which
indicate increased lumbar IVD-GAG content and strong remodeling effects in response to training. Beyond profes-
sional rowing, core-strengthening full-body exercise may help to enhance the resilience of the lumbar spine as a po-
tential therapeutic target in treating back pain.
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Practical implications 1. Introduction

Lumbar IVDs of elite rowers during pre-season preparation had signif-
icantly higher GAG values than IVDs of controls, indicating a training-
induced healthier disc structure.

During post-competition recovery, GAG values were not significantly
different anymore, indicating a transient effect of training on cartilage
with broader therapeutic implications for back-strengthening exer-
cise and resilience.

Beyond simple anatomical imaging, gagCEST is a modern non-
invasive contrast agent-free imaging technique to study lumbar IVD
composition and to monitor the effects of interventions such as
training.
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Rowing is one of the traditional Olympic sports and highly compet-
itive. Consequently, athletes are constantly pushing their limits. The
lower back acts as a lever with each stroke and is the most important
connection in the transmission of power from the legs to the rudder.!
Therefore, the lumbar intervertebral discs (IVDs) are exposed to repet-
itive cyclic compression under high axial loads.! The rowing stroke may
be divided into two phases, the drive and the recovery. In the drive
phase, the rudder enters the water and the rower transmits the power
impulse. At the end of this phase the rudder is lifted out of the water.
In between, the rower moves from a fully flexed position of the lumbar
spine to a relatively extended position.>> During this process, the lum-
bar intervertebral discs (IVDs) are exposed to repetitive cyclic motion
under high axial loads."

Exercise in general has many positive effects on the human body, es-
pecially on the musculoskeletal and cardiovascular systems.* Yet, focus-
ing on the IVD, intensive athletic exercise at professional level is
associated with early degenerative changes, including disc herniation.>®
Premature IVD degeneration has been observed after frequent torsional
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motion or recurrent spinal trauma.”® Despite these clinical observa-
tions, there is little data on how the IVD is affected by physical stress.
In rats, dynamic loading positively and reversibly stimulated glycosami-
noglycan (GAG) production.® GAGs are components of the IVD cartilage
matrix that influence its biomechanical properties. Whereas healthy
IVDs have a high GAG content, IVD degeneration results in the depletion
of GAGs, which may result in structural damage and mechanical loss of
IVD function,'® such as a decrease in cartilage elasticity.!'While dy-
namic compression of the IVD largely stimulated the production of the
extracellular matrix constituents, particularly proteoglycans, static
compression had opposite effects.'? In humans, dynamic loading of
IVDs during walking and running led to altered IVD composition in
terms of increased water and proteoglycan contents, even with strenu-
ous cumulative activity such as >50 km of weekly running.'®

These findings support the theory that mechanical stimuli regulate
the intricate cellular and metabolic processes within the IVD and that
the effects of static and dynamic loading of the spine are distinctly
different.'® Yet, the mechanisms by which articular cartilage responds
to exercise in form of mechanical stimuli are difficult to study in vivo.
Consequently, advanced imaging techniques sensitive to tissue compo-
sition have become increasingly important and are commonly referred
to as compositional MRI techniques. Of these, GAG Chemical Exchange
Saturation Transfer (gagCEST) can be applied to determine the gagCEST
effect, which is a surrogate parameter for the tissue's GAG content.
GagCEST is particularly promising because of its potential to assess
early IVD degeneration.’® GagCEST is based on the principle that
bound hydroxyl protons resonate with other frequencies than bulk
water protons and can be selectively saturated. The resultant saturation
transfer may be used for GAG quantification.'® Accordingly, the IVD
GAG contents may thus be determined in vivo.'®> Decreased IVD GAG
content has been associated with increasing age,!” progressive spinal
degeneration, low back pain,'®!® and spondyloarthritis.°

Despite the substantial clinical evidence linking GAG values with
age- and pathology-associated changes, the role of gagCEST in providing
quantitative imaging markers of IVD composition remains to be defined.
In particular, the effects of therapeutic interventions, e.g. intense physi-
cal exercise, on the IVD composition is unclear and warrants further re-
search. Rowing lends itself to such an interventional study as the seated
position in the boat and the fixed sculls and rowing oars determine dy-
namic sequences of movements that are synchronized to perfection by
professional athletes. Unexpected sudden high loads or shearing move-
ments are effectively prevented throughout the movements sequence,
unlike impact or ball sports, because of the restricted corridor of move-
ment. Consequently, rowers are particularly well suited to investigate
the effects of dynamic full-body physical exercise and consecutive load-
ing on the lumbar spine.

This study aimed to longitudinally determine IVD GAG contents of
the lumbar spines in elite rowers of the German national team at two
different stages in their annual training cycle in the pre-Olympic year
2019, to compare these changes to age-matched controls, and to relate
GAG contents to morphologic imaging features. We hypothesized that
intense core-strengthening full-body training would induce adaptive
remodeling processes in elite rowers in terms of increased IVD-GAG
content during peak training and normalized IVD-GAG content during
post-competition recovery.

2. Methods

For this study, 20 elite rowers (ERs) (mean age 23.9 4 3.0 years; 9
females, 11 males) and 22 age-matched controls not engaged in com-
petitive sports (mean age 26.3 + 1.9 years; 12 females, 10 males)
were recruited. ERs were recruited at one of the central German federal
rowing bases. With the agreement of the national coaches and team
physicians, the athletes of the under-23 and senior German National
Rowing Team (n = 32 athletes altogether) were offered to participate.
Of these, 20 athletes were willing to participate and were included in
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this study. One ER exhibited excessive motion artifacts during both
MRI studies, thereby obviating reliable quantification, and two ERs
were lost to follow-up and excluded. MRI studies were acquired during
the peak of the preseason preparations (tp), when ERs completed a
maximum of rowing-specific on-water training sessions, and during
post-competition recovery, i.e., approximately 6 months later (t;).

As levels of physical activity in non-competitive athletes vary with
seasonality, particular weather, and may unduly influence GAG
contents,?! controls were not followed longitudinally but allocated to
two groups based on the date of their MRI study. Matching the annual
training cycle of ERs, controls were thus assigned to two equal age-
and sex-matched groups, i.e., the ty group (n = 11, mean age 26.1 +
1.6 years; 6 females, 5 males) and the t; group (n = 11, mean age
26.4 + 2.1 years; 6 females, 5 males). Present or past recurrent symp-
toms of low back pain, surgery to the spine, and minor age were defined
as exclusion criteria. Consequently, the total study population of 39 in-
dividuals consisted of 17 ERs (mean age 23.9 + 3.3 years; 8 females, 9
males) and 22 controls (as described above) that underwent serial
MRI studies at ty and t;.

Lumbar spines were imaged in the supine position on a clinical
whole-body 3.0 T MRI scanner (MAGNETOM Prisma, Siemens
Healthineers, Erlangen, Germany) and a dedicated 32-channel spine
coil (Siemens Healthineers). The imaging protocol included morpho-
logic and compositional sequences as indicated in Table 1 and
-intentionally- no contrast-enhanced sequences. Sagittal and transver-
sal T2-weighted (T2-w), sagittal short tau inversion recovery (STIR),
and sagittal T1-weighted (T1-w) sequences were acquired as morpho-
logic sequences. For compositional assessment of [VDs, a previously val-
idated gagCEST sequence was acquired, supplemented by a water
saturation shift referencing (WASSR) sequence to correct Bo-field
inhomogeneity.?? Asymmetric spin-lock ratio (SLRasym) maps were
calculated as in previous studies.!” They serve as surrogate parameters
for the GAG content in lumbar IVDs and are given in [%].2>

To determine the gagCEST effect in terms of SLRasym, the lumbar
IVD segments L1/L2-L5/S1 were defined as regions-of-interest (ROIs)
and automatically selected by a customized image processing algorithm
implemented in MATLAB software (R2018a, The Mathworks, Inc., Na-
tick, MA, USA).%* Bayes classification was used to separate bone and lig-
aments from the disc tissue. Once the entire IVD was segmented based
on the different tissue signal intensities of non-saturated and saturated
images, the segmentation outlines were divided into nucleus pulposus
(NP) (central 60%) and annulus fibrosus (AF) (bilaterally adjacent tissue
regions, 40%). Both subregions contributed to the IVD GAG content in
the subsequent evaluation and underwent statistical analysis as
outlined below. Blinded to group allocation and other clinical details,
DBA (resident radiologist with 5 years of musculoskeletal imaging expe-
rience) semi-quantitatively assessed the IVDs on sagittal T2-w images
according to the Pfirrmann classification of disc degeneration.?> Briefly,
the Pfirrmann classification is a five-step system that grades discs as
non-degenerative (grades 1 and 2) or degenerative (grades 3-5)
based on the intensity and structure of the NP, its distinction from the
AF, and disc height. All automatically positioned ROIs were visually ver-
ified by CS (senior consultant radiologist with 10 years of musculoskel-
etal imaging experience). No segmentation outlines or subdivisions had
to be repositioned. In total, 195 IVDs were thus analyzed in this study.

Statistical analysis was performed using MATLAB and SPSS software
(IBM, version 25, Armonk, NY, USA) by KLR and MF. To investigate mean
differences in GAG contents between ERs and controls, multivariate sta-
tistical analyses were performed based on linear mixed models (LMMs).
The LMMs included the variables (i) group allocation, i.e., ER vs. control,
(ii) IVD subregion, i.e., NP vs. AF, (iii) gender, i.e., male vs. female, (iv)
disc height, (v) age, and (vi) morphologic Pfirrmann score, and was fit
using a restricted maximum likelihood approach.?® Starting with a full
model that included all variables, stepwise variable selection was ap-
plied to attain a reduced model. Based on the final model, mean differ-
ences of GAG contents were calculated and assessed for statistical
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Table 1
Acquisition parameters of morphologic and compositional MRI sequences.
T2 T2 STIR T1 CEST WASSR

Orientation sag ax sag sag sag sag
TE [ms] 95 106 57 9.5 5.1 5.1
TR [ms] 3500 5200 3800 650 10 10
Flip angle [°] 160 160 150 150 10 10
Slice thickness [mm] 4 4 4 4 5 5
FoV [mm?] 260 x 260 190 x 190 300 x 300 300 x 300 300 x 300 300 x 300
Basic resolution [pixels?] 384 x 288 320 x 272 384 x 269 448 x 314 192 x 192 192 x 192
Slice number [n] 15 22/16 15 15 1 1
Max. frequency offset [ppm] n/a n/a n/a n/a 4 1
Number of dynamic scans [n] 32 22
Frequency range [ppm] -4to 4 -1to1
Number of pulses [n] 6 1
Pulse duration [ms] 100 100
Interpulse duration [ms] 100 100
B1 amplitude [uT] 1.2 0.1
Duty cycle 0,5 0,5

n/a - not applicable, sag - sagittal, ax - axial.
STIR - short tau inversion recovery.

CEST - chemical exchange saturation transfer.
WASSR - water saturation shift referencing.
ppm - parts per million.

significance. More specifically, separate LMMs were set up to determine
group differences at to and t;. GagCEST values as surrogates of GAG con-
tents of lumbar IVDs were assumed to be normally distributed. For ERs,
longitudinal intra-individual comparisons between to and t; were made
using paired Student's t-test. For controls, inter-individual comparisons
between ty and t; were based on another separate LMM that took the
variables (ii) to (vi) (see above) into account to assess GAG values seri-
ally. Unless specified otherwise, data are given as means =+ standard de-
viations (95% confidence intervals [CI]). P-values <0.05 were considered
statistically significant.

3. Results

A total of 195 lumbar IVDs of 17 ERs (n = 85 IVDs) and 22 controls
(n = 110 IVDs) were analyzed. Lumbar IVDs of ERs were scored as
grades I (n = 1/85 = 1.2%), Il (n = 70/85 = 82.4%) and Il (n = 14/
85 = 16.5%). Similarly, lumbar IVDs of controls were assigned grades
II (n =106/110 = 96.4%) and III (n = 4/110 = 3.6%) (Table 2). No
grades IV or V were assigned. Based on a threshold of grade < II for
non-degenerative IVDs (and, correspondingly, grades > III for degener-
ative 1VDs),>* the vast majority of IVDs in both cohorts were not
degenerated at the time of study.

GagCEST values as surrogates of GAG contents of lumbar IVDs of ERs
were significantly higher than those of age-matched controls at the peak
of preseason preparations (to: ERs: 2.58 4 0.27% [CI: 2.04-3.11]; controls:
143 + 0.36% [Cl: 0.72-2.14]; p £ 0.001), while at post-competition recov-
ery, the GAG values of ERs were decreased and demonstrated no
significant inter-group differences anymore (t;: ERs: 2.11 &+ 0.18% [CI:
1.76-2.45]; controls: 1.89 4 0.24% [Cl: 1.43-2.35]; p = 0.362) (Fig. 1).
Intra-individual longitudinal assessment between to and t; revealed
these differences in GAG values to be significant in ERs (p = 0.035). An
elite rower's representative gagCEST images indicate that these decreases

Table 2
Segment-wise percentages of non-degenerated intervertebral discs, defined as Pfirrmann
grades <2 [%], in elite rowers and controls.

Pfirrmann grade < 2 L1/12 L2/L3 L3/L4 L4/L5 L5/S1
Elite Rowers to 100.0 88.2 76.5 824 70.6
t 100.0 88.2 75.0 76.5 70.6
Controls nr.1 to 100.0 100.0 100.0 100.0 100.0
Controls nr.2 t 100.0 100.0 100.0 90.9 72.7

were observed in all lumbar segments, yet to variable degrees, and were
not identifiable on morphologic images (Fig. 2). In contrast, time-wise dif-
ferences in GAG values were not significant in controls (p = 0.884).

At tg and t;, mean IVD GAG values were significantly higher in the NP
than the AF, both in ERs and controls (to [all]: NP: 2.74 4+ 0.32% [Cl: 2.11-
3.38]; AF: 1.26 4- 0.30% [CI: 0.68-1.85]; p < 0.001; t[all]: NP: 2.71 4 0.22%
[CI: 2.28-3.14]; AF: 1.29 4 0.19% [CI: 0.93-1.66]; p < 0.001). Moreover,
mean IVD GAG values were also significantly higher in Pfirrmann scores
<2 than scores >2, both at t, ([all]: Pfirrmann scores <2: 3.18 4 0.15%
[CI: 2.89-3.47]; Pfirrmann scores >2: 0.83 + 0.54% [Cl: —0.23 — 1.88];
p <0.001) and at t; ([all]: Pfirrmann scores <2: 2.88 4 0.13% [CI: 2.63-
3.13], Pfirrmann scores >2: 1.12 + 0.30% [CI: 0.53-1.71]; p < 0.001).
Men tended to have higher GAG values than women, although this differ-
ence was not significant (to[all]: males: 2.17 & 0.31% [CI: 1.56-2.78]; fe-
males: 1.84 + 0.31% [Cl: 1.23-2.44]; p = 0.199; t[all]: males: 2.04 +
0.20% [CI: 1.65-2.43]; females: 1.96 4 0.20% [CI: 1.56-2.36]; p = 0.698).

p=0.035

25

o
- —

Intervertebral Disc GAG content [SLRasym %]
o &

pre-season preparations post-season recovery

M elite rowers controls

Fig. 1. Lumbar intervertebral disc GAG contents of elite rowers (hatched dark grey) and
age-matched controls (plain light grey) during the pre-season preparations and the
post-season recovery. GAG contents were determined using gagCEST imaging and are
presented as asymmetric spin-lock ratios (SLRasym [%]). Triple asterisks denote highly
significant differences [p < 0.001]. Bars and whiskers indicate means and standard
deviations. Note that elite rowers [n = 17] were imaged serially, thereby allowing
longitudinal and intra-individual assessment, while controls were imaged once at each
time point [n = 11 each], thereby allowing cross-sectional and inter-individual
comparative evaluation.
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representative elite rower
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Fig. 2. Mid-sagittal T2-weighted (T2w) morphologic (a, b) and corresponding gagCEST
images (c, d) of a representative elite rower. Elite rowers were imaged at the peak of
the pre-season preparations (tp) and during post-season recovery (t;). While
morphologic features of the lumbar intervertebral discs remained constant, decreases in
GAG contents were found throughout the entire lumbar spine at t; as compared to to.
Color-coded display of GAG contents of intervertebral discs in lumbar segments L1/2-
L5/S1. GAG contents are indicated as SLRasym [%] and are overlaid onto the
corresponding WASSR mid-sagittal sequences (c, d).

Level of disc segment was not of significant relevance to IVD GAG values
(tolall]: p = 0.064, t4[all]: p = 0.617), whereas age was of significant rel-
evance, yet only at t; and not at ty (to[all]: p = 0.800; t;[all]: p = 0.022).

4. Discussion

This study's most important finding is that professional elite-level is
transiently associated with significantly higher gagCEST values, which
indicate increased lumbar IVD-GAG content and strong training-
induced adaptive remodeling effects of spinal composition with poten-
tially wide-ranging diagnostic and therapeutic implications beyond the
world of professional athleticism.

Rowing belongs to the traditional Olympic sports and is performed
by many young athletes.'?”

The biomechanics of rowing are complex, and the spine is one of the
important force transmission elements in this cyclic movement. In the
drive phase of the boat, it is initially fully flexed and then transitions
to a relative extended position.?®2° Up to now, the effects of rowing
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on the lumbar IVDs remain to be elucidated to protect young athletes
from possible damage and provide scientifically sound guidance on
whether rowing may be considered protective for the lumbar spine.

Our main finding is that the IVD GAG values as surrogate for GAG
contents in young ERs were higher under intense training than in age-
matched controls and decreased during post-seasonal recovery. Since
GAGs are components of the cartilage extracellular matrix and impor-
tant for the structure and functionality of intervertebral discs, especially
their elasticity, our results suggest an improvement of IVD quality dur-
ing exercise. This is consistent with earlier in-vivo data of improved
IVD hydration and GAG contents in physically active humans' and
the response to mechanical stimulation of rat IVDs when dynamically
loaded.” In the present study, ERs showed higher GAG values under ex-
ercise, which dropped considerably to age-normalized levels during re-
covery. Dennoch While decreases in GAG content are considered an
early sign of IVD degeneration,'® corresponding increases have been
demonstrated for runners.'> Building on this body of scientific evidence,
our study suggests that substantial anabolic adaptive processes in the
IVD result from core-strengthening full-body physical exercise such as
rowing.

Nevertheless, it is still unclear how these beneficial training-induced
remodeling processes in the IVD can be reconciled with increased disc
herniations and premature degenerative changes of the spine in active
athletes - as previously reported in the literature and also observed
-by trend- in this study.>® Possible explanations involve the theory of
a “likely anabolic loading window”!'33° that suggests that loading
within a specific range allows for optimal adaptation of the IVD. If, how-
ever, pressures on the discs are lower or higher than this range,
adaptative processes are reduced. The observation of high-impact load-
ing causing damage to the IVD and the vertebral endplates®! supports
this theory. Even though rowing may be more protective for the lumbar
spine than high-impact sports, our data also indicate that the high-
power transmission of forces via the lumbar spine at elite-level intensi-
ties may predispose the lumbar spine to premature degeneration.
Whether or not lower loading intensities at the recreational level have
the same effect on the lumbar spine remains speculative. Similarly, the
effects of other sports activities such as running on IVD GAG values
are unclear, too, and require systematic longitudinal comparisons be-
tween the different types of sports with standardization of the activity
level, if possible.

Focusing on factors influencing IVD GAG content, age and gender
need to be considered, too.'”>? At t,, we noticed significant decreases
in the GAG contents of ERs that were more pronounced with increasing
age. This finding is in line with earlier results that indicated age-
dependent reductions in IVD GAG contents!” and may be associated
with altered metabolic capacity. By deliberately including young ath-
letes in their twenties, we aimed to limit the effects of age-related
pre-morphologic degenerative changes and to control the effects of
such confounders. At to, however, age did not significantly affect IVD
GAG values, which may be due to the overpowering training effects in-
duced by elite-level rowing. Gender was not significantly associated
with IVD GAG contents, even though men tended to have higher GAG
values than women. Given the small overall sample size, these relations
need to be further elucidated in future studies.

Morphologic assessment of [VDs as based on the Pfirrmann score in-
dicated that most IVDs were not degenerated. Despite the low morpho-
logic variation, a strong inverse correlation between the IVDs' molecular
composition, i.e., GAG values, and morphologic degeneration,
i.e., Pfirrmann scores, was found. Such associations have been reported
before!® and indicate that gagCEST imaging provides a specific and valid
imaging marker of pre-morphologic IVD changes.

Biomechanical data indicate that during loading, the lumbar spine is
heterogeneously and non-linearly stressed.>*> Hence, it is surprising that
we did not find any significant segment-wise differences in GAG values
between L1/L2-L5/S1. Possibly due to the levering mechanisms that
transfer loads en bloc to the lumbar spine, competitive rowing seems
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to bring about homogeneously altered disc pressures and increased
GAG synthesis. An earlier study on 12 volunteers, whose activity level
was not further specified, found lower GAG contents at lower IVD
levels.>* Yet, the considerably older cohort in that study with a mean
age of 30 years (range: 25-53 years) must be considered, as this rela-
tionship may be confounded by increasing degeneration as a function
of age.

There are limitations. First, both cohorts were not exactly matched in
terms of age with slightly younger ERs than controls. Even though the
mean difference was just two years, previous studies have indicated
the dominant effects of age on GAG quantity. 10-year differences were
associated with considerable decreases in GAG values.!” Second, sample
size was limited. Yet, given the fact that the elite squad of the German
Rowing Federation consists of 32 athletes altogether, we consider our
efforts to put together this consistent study cohort of elite athletes
quite successful. Third, we did not evaluate intra- and inter-observer re-
liability because the primary parameter of interest, i.e., SLRasym value,
was determined using an automatic segmentation algorithm, thereby
obviating the need for intra- and inter-observer analysis. Fourth,
among the many advanced MRI techniques available, we only per-
formed gagCEST imaging. Alternative functional techniques such as
T2 or T1p mapping may offer additional insights into the adaptive
compositional changes of the lumbar spine in response to training.
Fifth, while ERs were imaged twice (at ty and t;) during their annual
training cycle and thus could be assessed longitudinally and intra-
individually, controls were only imaged once, at either tq or ty,
which only allows inter-individual comparisons. This limitation in
study design is partially offset because controls were not followed
up longitudinally and thus not enticed to engage in physical activi-
ties beyond non-competitive recreational sports. Yet, the limited
group sizes accounted for substantial inter-individual variability be-
tween the control cohorts at ty and t;. Future studies should thus ad-
dress this methodological limitation by including longitudinal
follow-up of controls, too. Lastly, it should be noted that correlations
between the gagCEST effect, i.e. SLRasym and the GAG content have
been demonstrated using gagCEST, allowing GAG monitoring in
IVDs in vivo.>® However, a histological validation of the method
and also the clarification to what extent T2 relaxation times repre-
sent a possible bias on the gagCEST effect> is still pending and
should be addressed in further studies.

5. Conclusion

In conclusion, professional elite-level rowing is transiently associ-
ated with significantly higher gagCEST values, which indicate increased
lumbar IVD-GAG content and strong training-induced GAG remodeling
effects and adaptations of the lumbar spine at the pre-morphological
level. Beyond the world of elite rowing, physical core-strengthening
full-body exercise seems to be therapeutically beneficial in strengthen-
ing the lumbar spine’s resilience. In efforts to prevent premature lumbar
degeneration, this study indicates that exercise within an anabolic win-
dow may be beneficial for the spine and used to guide preventive and/or
therapeutic measures.
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