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Dieser kumulativen Dissertationen liegen die folgenden beiden Originalarbeiten zu
Grunde:

1) Brendel, M.*; Barthel, H.*; van Eimeren, T.*; Marek, K.; Beyer, L.; Song, M.;
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1.1 Beitrag zu Paper |

Der Eigenanteil der ersten in JAMA Neurology veroffentlichten Arbeit war die federfuh-
rende Koordination, Datenanalyse und Publikation einer Multicenter Studie zur Tau-PET
Bildgebung als neue Untersuchungsmethode bei Patienten mit PSP. Zuné&chst bestand
der Eigenanteil darin, gemeinsam mit den Kollegen aus Leipzig und Koéln die mittels
['®F]PI1-2620 klinisch gemessenen Tau-PET Daten zu harmonisieren und nach Minchen
zu transferieren. Dazu wurden zunachst Phantomdaten in den verschiedenen PET
Scannern gemessen und die Rekonstruktion der Tau-PET Daten so adjustiert, dass eine
vergleichbare Auflésung wahrend der Analyse vorlag. Zudem wurden Daten von gesun-
den Kontrollen aus zwei klinischen Studien integriert, welche in New Haven, USA und

Melbourne, Australien gemessen wurden. Der Eigenanteil bestand weiterhin darin, den
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gesamten Datensatz (60 Patienten mit PSP, 10 Patienten mit Alzheimer Krankheit, 10
Patienten mit alpha-Synukleinopathie, 10 gesunde Kontrollen) via kinetischer Modellie-
rung zu prozessieren und atlasbasiert eine Quantifizierung in vordefinierten Zielregionen
vorzunehmen. 53 der insgesamt 90 eingeschlossenen Falle wurden dabei in Mlnchen
erhoben. Die quantitativen PET Daten wurden dann im Gruppenvergleich analysiert und
mit klinischen Parametern (Krankheitsdauer, Schweregrad, Alter) korreliert. Parallel er-
folgte die Durchfihrung einer autoradiographischen Analyse von post-mortem Gewebe
(Basalganglien, frontaler Cortex) mittels Inkubation von ['®F]PI-2620. AbschlieRend er-
folgte eine visuelle Beurteilung des gesamten Kollektivs durch die drei geteilten Erstau-
toren des Manuskripts. Die Datenanalyse der visuellen Beurteilung ist ebenfalls dem

Eigenanteil der Arbeit zuzuordnen.

1.2 Beitrag zu Paper Il

Der Eigenanteil der zweiten in Nature Communications veroffentlichten Arbeit war die
Akquisition, Datensammlung und Praprozessierung des verwendeten Multicenter Daten-
satzes, aufbauend auf der initialen Arbeit in Beitrag |. Das Manuskript wurde gemeinsam
mit dem geteilten Erstautor Dr. Franzmeier erstellt. Zusatzlich zu Patienten mit PSP wur-
den auch Patienten mit einem cortikobasalen Syndrom eingeschlossen und die Kohorte
der Patienten mit PSP auf das klassische Richardson Syndrom beschrankt. AulRerdem
bestand der Eigenanteil darin, eine grof3 angelegte Autoradiographie Studie durchzufih-
ren, um die in vitro Bindung des Tau-PET Tracers ['®F]PI-2620 semiquantitativ gegen
den immunhistochemischen Goldstandard zu validieren. AbschlieRend erfolgte gemein-
sam mit dem geteilten Erstautor die Interpretation der Kovarianz Analyse fur die in vivo

Tau-PET Daten und die post-mortem Tau Verteilung.
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2. Einleitung

2.1 Progressive Supranukleare Blickparese (PSP)

2.1.1 Pravalenz und Klinik der PSP

Die progressive supranukleare Blickparese (PSP) stellt in Bezug auf ihre Haufigkeit eine
seltene neurodegenerative Erkrankung dar, die im héheren Lebensalter weitgehend spo-
radisch auftritt und mit einer geschéatzten Pravalenz von 6,4/100.000 gekennzeichnet ist
(Schrag, Ben-Shlomo, & Quinn, 1999). Selten wird sie durch eine autosomal-dominant
vererbte Mutationen im Gen des Tau Proteins verursacht (Pastor et al., 2001). Die spo-
radische PSP wurde genetisch mit einem H1-Haplotyp assoziiert, der bei mindestens
90% der Patienten mit PSP ausgepragt ist (Hoglinger et al., 2011). Der H1-Haplotyp ist
jedoch auch durch eine hohe Pravalenz (ca. 60%) in der kaukasischen Bevdlkerung, die
keine klinische Diagnose einer PSP hat, gekennzeichnet. Daher handelt es sich beim
Vorliegen des H1-Haplotyp am ehesten um eine genetische Pradisposition, wobei dann
weitere genetische oder umweltbedingte Zusatzfaktoren hinzukommen missen, um ei-
nen manifesten PSP Phanotyp hervorzurufen. Neben der Assoziation zum H1-Haplotyp
des Tau-Gens konnten inzwischen auch weitere Genvarianten mit einem erhéhten PSP-
Risiko in Verbindung gebracht werden (Hoglinger et al., 2011). PSP-Patienten sterben
im Durchschnitt 7-8 Jahre nach Beginn der Erkrankung (Rosler et al., 2019). In der Ver-
gangenheit wurde die Diagnose in der Regel 3-4 Jahre nach Krankheitsbeginn gestellt,
wobei die Patienten zu diesem Zeitpunkt Gberwiegend bereits schwere funktionelle Be-
hinderungen hatten. Als typische klinische Manifestation der PSP gilt das frihe Auftreten
einer posturalen Instabilitdt mit Stirzen, einer vertikalen Blickparese und Sprech- und
Schluckstérungen. Zudem ist die Erkrankung durch frontale und subkortikale Demenz,
sowie Bradykinese und axiale Rigiditat gekennzeichnet. Diese klassische Manifesta-
tionsform der PSP wird nach dem Erstbeschreiber der Erkrankung als Richardson-Syn-
drom (PSP-RS) bezeichnet. In multiplen retrospektiven klinisch-pathologischen Studien
wurden jedoch in den letzten Jahren mehrere atypische Manifestationsformen beschrie-
ben und als atypische PSP-Phanotypen nach ihrem vorherrschenden klinischen Erschei-
nungsbild benannt. Darunter zéhlen die PSP mit Parkinsonismus (PSP-P (Williams et
al., 2005)), die PSP mit Akinesie und Gang-Freezing (PSP-PAGF (Williams, Holton,
Strand, Revesz, & Lees, 2007)), die PSP mit cortikobasalem Syndrom (PSP-CBS
(Josephs et al., 2006)), die PSP mit Frontotemporaler Demenz (PSP-FTD (Han et al.,
2010)), die PSP mit nicht-fliissiger Aphasie (PSP-PNFA (Josephs & Duffy, 2008)) und
die PSP mit zerebellarer Ataxie (PSP-C (Ilwasaki et al., 2013)). Diese PSP-Subtypen

zeichnen sich durch eine geringere Frequenz der oben genannten Kernmerkmale aus.
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Zur Detektion der Subtypmerkmale im Verlauf der Erkrankung sollten daher neben klini-
schen Parametern auch biomechanische Verlaufsuntersuchungen zur Charakterisie-
rung und Zuordnung herangezogen werden, wobei diese bislang nur unzureichend etab-

liert sind.

2.1.2 Topologie der Neuropathologie bei PSP

Histopathologisch ist die PSP durch die Aggregation des Tau-Proteins mit 4 Mikrotubuli-
Bindungswiederholungen (4-Repeat-Tau) charakterisiert (Steele, Richardson, &
Olszewski, 1964). Bei Patienten mit PSP reichert sich die 4-Repeat-Tau Pathologie tber-
wiegend im Hirnstamm und im Subkortex an, was zu einer Atrophie des Hirnstammes,
des Mittelhirns und des Subkortex fiihrt (Boxer et al., 2006; Dutt et al., 2016; Kovacs et
al., 2020; Ling et al., 2020; Ling et al., 2016). Bereits vor 15 Jahren wurde eine stufen-
weise Ausbreitung der Tau Pathologie im Krankheitsverlauf beschrieben, welche sich
zunachst in den Kerngebieten des Mesencephalons und der Basalganglien manifestiert
(Substantia nigra, Nucleus subthalamicus, Globus pallidus, Putamen) (Williams, Holton,
Strand, Pittman, et al., 2007). Im weiteren Krankheitsverlauf kommt es dann zur Aus-
breitung der so genannten coiled bodies in den Nucelus Caudatus, den Pons, den Nu-
cleus dentatus und den prafrontalen Cortex, wobei im Spatstadium auch weitere Anteile
des Frontallappens und der Parietallappen involviert sind (Williams, Holton, Strand,
Pittman, et al., 2007). Neuere histopathologische Analysen haben diese Ausbreitungs-
muster in ein sechs-stufiges Staging System kategorisiert (Kovacs et al., 2020): In der
ersten Stufe liegt die Tau Pathologie begrenzt auf den Globus pallidus, den Nucleus
subthalamicus oder das Striatum vor. In der zweiten Stufe muss die Tau Pathologie so-
wohl im Globus pallidus, als auch im Nucleus subthalamicus und im Striatum vorliegen,
bei zusatzlicher Beteiligung des frontalen Cortex oder des Nucleus dentatus bzw. der
cerebelldaren weissen Substanz. In der dritten Stufe ist eine obligatorische Beteiligung
dieser funf Regionen gefordert. In den Stufen vier bis sechs sind eine zunehmende Tau
Pathologie im frontalen Cortex und im Kleinhirn zu beobachten, wobei zusatzlich der
Occipitallappen betroffen ist. Trotz Gberwiegend subkortikaler Tau-Akkumulation in den
frihen Stadien der Erkrankung (Franzmeier et al., 2022; Kovacs et al., 2020) weisen
Patienten mit PSP oft schon bei Diagnosestellung eine weit verbreitete kortikale neuro-
nale Dysfunktion auf, wie sich beispielsweise durch FDG- oder Perfusions-PET Studien
zeigte (Katzdobler et al., 2023; Volter et al., 2022; Zalewski et al., 2014). Dies steht zu-
dem im Einklang mit dem Auftreten kortikaler Symptome, die haufig bei den klinischen
Subtypen der PSP beobachtet werden (Dutt et al., 2016). Es bleibt jedoch unklar, ob die
mit einer kortikalen Dysfunktion verbundenen Symptome eine direkte Folge von subkor-

tikalem 4R-Tau oder einer Deafferenzierung sind.
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2.1.3 Diagnostik bei PSP

Eine gesicherte Diagnose der PSP ist bislang nur durch die post-mortem histologische
Untersuchung mit dem Nachweis von 4-Repeat-Tau-immunoreaktiven Aggregaten in
Neuronen, Oligodendrozyten und Astrozyten in typischer Verteilung moglich (Litvan,
Agid, Jankovic, et al., 1996). Daher wird die PSP auch als 4-Repeat-Tauopathie bezeich-
net. Aus Nervenwasser oder Blut gewonnene biologische Marker fur eine beweisende in
vivo Detektion der Tau Aggregate stehen bislang nicht zur Verfigung. Der Einsatz von
bildgebenden Verfahren wie der Magnetresonanztomographie (MRT) kann im Rahmen
der Diagnosestellung helfen, jedoch sind die erhobenen Befunde nicht beweisend fur die
PSP (Burn & Lees, 2002). So liegt eine Mittelhirnatrophie beispielsweise nicht nur bei
Patienten mit PSP und 4-Repeat-Tauopathie vor, sondern auch bei mehreren klinisch
verwandten Syndromen (Whitwell et al., 2013). Auch die Single Photon Emission Com-
puted Tomographie (SPECT) zur Detektion einer reduzierten Dopamintransporterver-
fugbarkeit und die Positron-Emissions-Tomografie (PET) zur Detektion von verandertem
regionalem Glukosestoffwechsel kbnnen unterstiitzend fur die Diagnosestellung heran-
gezogen werden. Als weitere unterstitzende Modalitat konnten mittels optischer Koha-
renztomographie (OCT) bei der PSP spezifische Veranderungen von einzelnen Netz-
hautschichten nachgewiesen werden (Albrecht et al., 2012). Ebenso konnten mittels Vi-
deookulographie (VOG) subtile PSP-spezifische Augenbewegungsstérungen aufge-
zeichnet werden (Pinkhardt & Kassubek, 2011). Sowohl die OCT als auch die VOG
kénnten daher als unterstitzender Biomarker fir Diagnose und Progression der PSP
geeignet sein, es bedarf deren Prifung in grélReren Fallserien. Bei einem Grofteil der
zu Lebzeiten diagnostizierten Patienten mit PSP wird die Diagnose erst gestellt, wenn
sich die Patienten in einem weit fortgeschrittenen Krankheitsstadium befinden
(Respondek et al., 2013). Eine mogliche Ursache hierfur sind atypische PSP-Verlaufs-
formen bzw. unterschiedliche Phanotypen der Erkrankung. Da die relative Haufigkeit der
PSP vor allem in kleinen oder retrospektiven Fallserien analysiert wurde, sind die Hau-
figkeiten fur atypische Manifestationsformen nicht ausreichend bekannt, so dass die
GroRRenordnung dieser diagnostischen Licke unklar ist (Respondek et al., 2014). Vor
diesem Hintergrund wurden 2017 die evidenzbasierten Movement Disorder Society -
Clinical Diagnostic Criteria for PSP (MDS-PSP Kriterien) veroffentlicht (Hoglinger et al.,
2017). Das Ziel der neuen Diagnose-Kriterien bestand darin eine frihere und sensitivere
Diagnose der PSP zu ermdglichen, indem neben dem klassischen Richardson-Syndrom
(PSP-RS) auch atypische PSP-Verlaufsformen bzw. -Varianten (vPSP) miterfasst wer-
den. Darlber hinaus unterscheiden sich die MDS-PSP Kriterien von den NINDS-SPSP

Kriterien durch die Einbeziehung von zusatzlichen Symptomen und Merkmalkombinati-
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onen fir die Stellung einer ,possible PSP* Diagnose und einer zusatzlichen, sehr sensi-
tiven jedoch weniger spezifischen diagnostischen Kategorie namens ,suggestive of

PSP“ (soPSP). Die prospektive Validierung dieser Kriterien ist jedoch noch ausstehend.

2.1.4 Therapieoptionen und Therapiestudien bei PSP

Derzeit gibt es keine zugelassene kausale Therapie fur die PSP und die praventiven und
symptomatischen Behandlungsmoglichkeiten sind sehr begrenzt. Da auf das Tau-Pro-
tein zielende Therapien zunehmend in die klinische Entwicklung eintreten, ist es nun
wichtig, Patienten in einem frihen Stadium der PSP zu diagnostizieren. Dartber hinaus
ist es wichtig, ein hohes Mal} an Spezifitat fir die Aufnahme in Anti-Tau Behandlungs-
studien zu gewahrleisten, um eine ausreichende statistische Aussagekraft zu gewahr-
leisten und unndétige Nebenwirkungen bei klinisch tberlappenden Syndromen ohne 4-
Repeat-Tau Aggregation zu vermeiden. Durch Autopsie kontrollierte Daten zeigten, dass
die klinische Diagnose von PSP nach den neuesten MDS-PSP-Kriterien in frihen Sta-
dien bei moderater Spezifitat nur eine begrenzte Sensitivitat aufweist (1. Jahr: Sensitivi-
tat: 53%, Spezifitat: 71%; 2. Jahr: Sensitivitat: 59%, Spezifitat: 82%; 3. Jahr: Sensitivitat:
64%, Spezifitat: 76%) (Respondek et al., 2020).

In diesem Zusammenhang besteht unter Neurowissenschaftlern inzwischen Konsens,
dass neuroprotektive Therapien so friih wie méglich im Verlauf neurodegenerativer Er-
krankungen eingeleitet werden mussen, um eine krankheitsverandernde Wirkung zu er-
zielen (Boxer et al., 2017). Zielgerichtete Therapien mussen verabreicht werden bevor
es zu einer massiven Neurodegeneration gekommen ist, die nicht mehr umkehrbar ist
(Boxer et al., 2017). Daher werden bestimmte erfassbare Pathologien inzwischen mit
einem erhohten Risiko fur die klinische Manifestation neurodegenerativer Erkrankungen
ermittelt. In sehr erfolgreichen Krankheitsbereichen bieten solche Risikobedingungen
bereits eine Indikation fur krankheitsmodifizierende Therapien. Das National Institute on
Aging und die Alzheimer's Association (NIA-AA) haben vor kurzem aktualisierte diag-
nostische Leitlinien fir die Alzheimer-Krankheit veroffentlicht, die als Richtschnur fir den
Umgang mit diesem Problem bei Tauopathien dienen sollen (Jack et al., 2018). Dabei
wurden sechs Krankheitsstadien definiert: Stadium 1 ist eine prasymptomatische Krank-
heit mit Biomarker-Anomalien, aber wirklich asymptomatischen Patienten, die Stadien 2
und 3 stellen eine leichte kognitive Beeintrachtigung (MCI) ohne alltagsrelevante Beein-
trachtigung dar. Die Stadien 4, 5 und 6 entsprechen Patienten mit leichter, mittelschwe-
rer und schwerer Demenz. Parallel dazu hat die U.S. Food and Drug Administration ei-
nen uUberarbeiteten Leitfaden fir die Industrie zur Entwicklung von Medikamenten fir die
Behandlung der frihen Alzheimer-Krankheit erarbeitet. Sie schlagen vor, dass sich the-

rapeutische Versuche im Stadium 3 auf klinisch aussagekraftige Skalen zur Bewertung
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subtiler (pradementieller) Defizite und friiher kognitiver Beeintrachtigungen stitzen sol-
len, im Stadium 2 auf sensible Messungen der neuropsychologischen Leistung oder der
Umwandlung in Stadium 3 und im Stadium 1 auf Biomarker, die charakteristische patho-

physiologische Veranderungen aufzeigen.

Die PSP wird sich dieser Entwicklung anschliefien mussen. Hier werden die NINDS-
SPSP-Diagnosekriterien (National Institute of Neurological Disorders and Stroke and
Society for Progressive Supranuclear Palsy) als ante mortem-Diagnosestandard bereits
akzeptiert.  Aktuelle  Therapiestudien (z.B. NCT02460094, NCT03068468,
NCT02494024, NCT02880956, NCT04185415) bei der PSP umfassen Patienten in sehr
fortgeschrittenen Stadien (bis zu 5 Jahre nach Beginn) mit schweren funktionellen Ein-
schrankungen (z.B. funf Schritte mit Hilfe gehen). In Anlehnung an die NIA-AA-Kriterien
wulrde dies dem Stadium 4 oder 5 entsprechen. Bei der Alzheimer-Krankheit wiirden
zumindest Studien im Spatstadium nicht mehr initilert werden. Ein validiertes PSP-Bio-
marker-Instrument wurde Studien der Stufe 2 oder 3 bei PSP erleichtern und kdnnte die
Grundlage fur Studien der Stufe 1 bei PSP bilden. Bislang gibt es jedoch kein solches
Instrument zur Bewertung von PSP-Patienten im Frihstadium. Daher ist die Entwicklung

von Biomarkern fir eine Friherkennung der PSP essentiell.

2.2 PET Bildgebung bei PSP

2.2.1 Molekulare Bildgebung bei 4-Repeat Tauopathien

Dank des Einsatzes moderner bildgebender Verfahren und neuer Forschungsarbeiten
konnten in den letzten Jahren wichtige neue Erkenntnisse zum besseren Verstandnis
der Komplexitat bei der Entstehung und Progredienz verschiedener neurodegenerativer
Erkrankungen und Prozesse gewonnen werden. Mittels spezifischer PET Tracer kann
zum Beispiel das zeitliche und raumliche Ineinandergreifen verschiedener molekularpa-
thologischer Mechanismen im Patienten genauer untersucht und sichtbar gemacht wer-

den.

Ab den 90er Jahren wurden umfangreiche Untersuchungen des Glukosestoffwechsels
im Gehirn mittels ['®F]Fluordesoxyglukose Positronen-Emissions-Tomographie (FDG-
PET) bei Patienten mit PSP und CBS als Uberwiegende Manifestationsformen der 4-
Repeat Tauopathien durchgeflhrt (Amtage et al., 2014; Eckert et al., 2008; Hellwig et
al., 2015; Mille et al., 2017; Niethammer et al., 2014; Zhao, Zhang, & Gao, 2012). Die
Bildgebung hatte das Ziel krankheitsspezifische Muster eines veranderten Glukosever-

brauchs zu erkennen. Bei PSP-Patienten wurde vor allem eine signifikante Verringerung
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der FDG-Aufnahme im bilateralen anterioren cingularen Gyrus und im Mittelhirn festge-
stellt (Zhao et al., 2012). Der charakteristische FDG-PET Befund bei Patienten mit PSP
ist insgesamt durch eine verminderte FDG-Aufnahme im bilateralen frontalen Kortex,
einschliellich der vorderen und mittleren cingularen Gyri, des supplementarmotorischen
Areals, der ventro- und dorsolateralen pramotorischen Areale, der prafrontalen Areale,
des vorderen insuldren Kortex sowie des Striatums des Thalamus und des Mittelhirns
gekennzeichnet (Blin et al., 1990; D'Antona et al., 1985; Foster et al., 1988; Goffinet et
al., 1989; Karbe et al., 1992; Leenders, Frackowiak, & Lees, 1988; Otsuka et al., 1989).
Diese Stoffwechselveranderungen wurden bei durch Autopsie nachgewiesenen Fallen
mit PSP bestatigt (Pardini et al., 2019; Smith et al., 2017; Zalewski et al., 2014). Bei
Patienten mit CBS wurde ein Glukosehypometabolismus in der zentralen Region, den
frontalen und parietalen Assoziationsgebieten, dem Putamen kontralateral zur klinisch

betroffenen Seite und dem bilateralen Thalamus beobachtet (Mille et al., 2017).

Bis vor kurzem wurde die molekulare Bildgebung des Glukosestoffwechsels in der Dif-
ferentialdiagnostik der 4-Repeat Tauopathien nicht berucksichtigt (Armstrong et al.,
2013; Litvan, Agid, Calne, et al., 1996), obwohl die FDG-PET zumindest and tertiaren
Zentren haufig zur Feststellung des Vorliegens einer Neurodegeneration bei Verdacht
auf PSP und kortikobasale Degeneration (CBD) als Hauptuntergruppe des CBS ange-
fordert wird. Die oben genannten Diagnosekriterien (s. Kapitel 2.1.3) umfassen jedoch
nun auch bildgebende Befunde mittels FDG-PET und MRT als unterstitzende Kriterien
(Hoglinger et al., 2017). Die meisten der erwahnten Studien zur molekularen Bildgebung
wurden in akademischen Einrichtungen mit hochgradig charakterisierten Patientenpo-
pulationen durchgefihrt und inkludierten teilweise Algorithmen der kinstlichen Intelli-
genz (z.B. maschinelles Lernen). Sensitivitat, Spezifitat, positive und negative Vorhersa-
gewerte fur die Differentialdiagnose verschiedener Parkinson-Syndrome lagen in einer
grold angelegten Studie bei Verwendung eines automatisierten bildbasierten Klassifizie-
rungsverfahrens durchweg bei > 80 % (Tang et al., 2010). Demgegenuber ergab eine
kirzlich durchgefuhrte verblindete visuelle Bewertung der FDG-PET Bilder von Patien-
ten mit PSP nur eine Sensitivitdt von 74% und eine Spezifitdt von 72% (Buchert et al.,
2023). Insbesondere bei Patienten mit atypischer klinischer Verlaufsform einer PSP
zeigte sich eine hohe Rate an falsch negativen Befundbewertungen (43%) und die Not-
wendigkeit zur Etablierung neuer krankheitsspezifischer Radiotracer. Einschrankend ist
festzuhalten, dass diese FDG-PET Studien mit der klinischen Diagnose als ,Standard of
truth® durchgefuhrt wurden und kein histologischer Goldstandard vorlag. In Anbetracht
der insgesamt nicht optimalen Sensitivitat und Spezifitat der klinischen Diagnose, insbe-
sondere nach den &lteren Diagnosekriterien, kann die Wertigkeit der FDG-PET Bildge-

bung daher sowohl unter- als auch Uberschatzt werden. Da die PET Untersuchung mit
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einem spezifischen Radiotracer ein sehr teures Verfahren darstellt, befasste sich die
Forschung auch mit den Arbeitsablaufen in der klinischen Routine und fand heraus, dass
die FDG-PET zumindest als Gatekeeper fur die spezifischen PET Untersuchungen bei

der PSP fungieren kénnte (Beyer et al., 2018).

2.2.2 Tau-PET Bildgebung mit Radiotracern der ersten Generation bei
PSP

Mitte der 2000er Jahre gelang es neue Tracer zur Detektion des Tau Proteins zu entwi-
ckeln, die zunachst praklinisch erforscht wurden (Yoshiyama et al., 2007). In humanen
Studien mit [*®F]Flortaucipir- und ['®F]THK-5351, die knapp 10 Jahre spéter durchgefiihrt
wurden, ergaben sich die starksten quantitativen Bindungsunterschiede fir den Globus
pallidus, den Nucleus subthalamicus und das Mittelhirn, wenn Patienten mit PSP mit
gesunden Kontrollen verglichen wurden (Brendel et al.,, 2017; Cho et al.,, 2017,
Schonhaut et al., 2017; Whitwell et al., 2017). Die PET Signale entsprachen somit den
erwarteten Verteilungsmustern der Tau Pathologie bei PSP (s. Kapitel 2.1.2). Eine PET
Querschnittsstudie mit Patienten mit PSP und Kontrollpersonen mit dem Radiotracer
['®F]THK-5351, von dem inzwischen bekannt ist, dass er hauptsachlich an Monoami-
noxidase-B bindet, zeigte zudem eine Korrelation des PET Signals mit dem Schwere-
grad der PSP (Brendel et al., 2017). Dariiber konnte bestatigt werden, dass die ['®F]THK-
5351 PET Patienten mit PSP von anderen Parkinson-Syndromen abgrenzen kann
(Schonecker et al., 2019), was auf das Potenzial neuartiger Monoaminoxidase-B-Ligan-
den fir die Differentialdiagnose hinweist. Ein groRRer Teil des ['®F]THK-5351-Signals in
den Basalganglien von PSP-Patienten und gesunden Probanden war jedoch nicht spe-
zifisch fur das Tau Protein (Lemoine et al., 2017). In einer friheren Arbeit mit dem alter-
nativen PET-Tracer ['®FJFDDNP konnten ebenfalls Bindungsunterschiede zwischen Pa-
tienten mit PSP und Kontrollen gefunden werden (Kepe et al., 2013), jedoch war auch
dieser Ligand nicht spezifisch fur das Tau Protein. Die fehlende Spezifitat von Tau Ra-
diotracern der ersten Generation fur das Tau Protein bei PSP konnte schlief3lich auch in

Autopsie-Studien gezeigt werden (Soleimani-Meigooni et al., 2020).

2.3 Zielsetzung der Promotionsarbeit

Ziel dieser Arbeit war es daher, die Tau-PET Bildgebung mit einem Radiotracer der zwei-
ten Generation als Biomarker bei Patienten mit PSP zu untersuchen. Eingeschlossen
wurden Patienten und Kontrollprobanden, bei denen die ['®F]PI-2620 Tau-PET-Bildge-
bung im Rahmen der diagnostischen Abklarung an tertidren Zentren durchgefuhrt wurde.
Dariiber hinaus wurde die Fahigkeit der ['®F]PI-2620 Tau-PET Bildgebung untersucht,

die Ausbreitung der Tau Pathologie bei 4-Repeat Tauopathien in Korrelation mit post-
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mortem Daten zu beurteilen. Methodisch wurden daflir pharmakokinetische Modelle der
Tracerbindung, sowie autoradiographische Analysen und Kovarianzanalysen herange-

zogen.
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3. Zusammenfassung:

Biomarker fur die Tau Pathologie bei Patienten mit Progressiver Supranukledrer Blick-
parese (PSP) werden als diagnostisches Einschlusskriterium flr Therapiestudien und
zum Monitoring von krankheitsverandernden Effekten dringend bendétigt. Aktuell existie-
ren jedoch keine zugelassenen Methoden um die 4-Repeat Tau Ablagerungen im Gehirn
von Patienten mit PSP zuverlassig detektieren zu kénnen. Im Rahmen dieser Promoti-
onsarbeit wurde der Tau-PET Tracer ['8F]PI-2620 bei Patienten mit PSP im Vergleich zu
Patienten mit anderen neurodegenerativen Erkrankungen und gesunden Kontrollen als
neuer Biomarker fur die Tau Pathologie evaluiert. Daflr wurde ein multizentrisch erho-
bener Datensatz harmonisiert und quantitativ analysiert. In einem zweiten Schritt wurde
untersucht, ob sich die Tau Pathologie bei PSP anhand funktionell verbundener Hirnare-

ale ausbreitet.

In einem retrospektiven Design wurden die ['®F]PI1-2620 Tau-PET Scans von 60 Patien-
ten mit klinischer PSP (40 Patienten mit der typischen Variante eines Richardson Syn-
droms, 20 mit atypischen Varianten der PSP), 10 Patienten mit Alpha-Synuclein assozi-
ierten Erkrankungen (idiopathische Parkinson Erkrankung und Multisystematrophie), 10
Patienten mit Alzheimer Krankheit und 10 gesunden Kontrollen analysiert. Als Zielregio-
nen wurden das Putamen, der innere und dulRere Anteil des Globus pallidus, der Nucleus
subthalamicus, die Substantia nigra, das dorsale Mittelhirn, der Nucleus dentatus sowie
der dorsolaterale prafrontale Cortex und der mediale prafrontale Cortex definiert. Alle
Patienten und Probanden erhielten eine dynamische PET Messung Uber 60 Minuten, so
dass die Bilddaten quantitativ mit einem pharmakokinetischen Modell, relativ zur cer-
bellaren grauen Substanz, berechnet werden konnten. Die ['®F]PI-2620 Bindung in den
PSP Zielregionen wurde zwischen den Studiengruppen verglichen und mit Krankheits-
schwere, Krankheitsdauer, sowie den klinischen Subtypen der PSP korreliert. Abschlie-
Rend erfolgte in der ersten Studie eine visuelle Beurteilung der ['®F]PI-2620 Tau-PET
Bilder durch drei nuklearmedizinische Experten. In der zweiten Studie wurde die regio-
nale Kovarianz der ['®F]PI-2620 Tau-PET und die regionale Kovarianz der post-mortem
Tau Pathologie mit interregionaler funktioneller Konnektivitat verglichen. Als Patienten-
kollektiv dienten dabei 22 Patienten mit typischer PSP und 24 Patienten mit Cortikoba-
salem Syndrom (CBS) als weitere klinische Manifestationsform der 4-Repeat Tau Neu-
ropathologie. 15 gesunde Kontrollen wurden als Normalkollektiv herangezogen. Fur die
korrespondierende post-mortem Analyse lagen zwei unabhangige PSP Kollektive aus
der LMU Munchen und der University of Pennsylvania vor. Die mittels Tau-PET erho-
bene quantitative Tau Pathologie im regionalen Epizentrum (Region mit der héchsten
Pathologie) wurde zudem mit der regionalen Konnektivitat auf Gruppen- und Einzellevel

verglichen. Abschlieend wurde die Kovarianz der Tau Pathologie im Autopsie-Arm der
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Studie hinsichtlich dem betroffenen Zelltyp der Tau Pathologie (Neuronen, Astrozyten,
Oligodendrozyten) aufgeldst. In beiden Studien wurden autoradiographische Daten an
post-mortem Gewebe von verstorbenen Patienten mit PSP und gesunden Kontrollen er-
hoben und als hochauflésende Validierung der in vivo Tau-PET Ergebnisse herangezo-

gen.

Patienten mit PSP zeigten im Vergleich zu gesunden Kontrollen ein erhohtes ['®F]PI-
2620 Tau-PET Signal im inneren und duferen Anteil des Globus pallidus, im Putamen,
im Nucleus subthalamicus, in der Substantia nigra und im Nucleus dentatus. Die deut-
lichsten Unterschiede waren im inneren Anteil des Globus pallidus zu beobachten (Co-
hen’s d = 2,28), wobei sich in dieser Region auch signifikant erhéhte Tau-PET Signale
zwischen Patienten mit atypischer PSP und gesunden Kontrollen nachwiesen lassen. In
den cortikalen Zielregionen konnten bei Patienten mit PSP keine Anderungen des Tau-
PET Signals beobachtet werden. Es zeigte sich aber eine erwartete erhohte ['8F]P1-2620
Bindung bei Patienten mit Alzheimer Krankheit gegenuber allen Vergleichsgruppen. In-
nerhalb der Gruppe von Patienten mit typischer PSP ergaben sich keine Korrelationen
zwischen dem Tau-PET Signal in PSP Zielregionen und der Krankheitsschwere oder der
Krankheitsdauer. Es zeigten sich jedoch unterschiedlich starke Signalerhéhungen zwi-
schen den verschiedenen klinischen Subtypen der PSP, wobei die hochsten Tau-PET
Signale bei typischer PSP beobachtet wurden. Erwahnenswert waren ahnliche Effekt-
gréRen fur das erhdhte Tau-PET Signal bei Patienten mit PSP und einem niedrigen
Schweregrad (PSP Skala < 30) im Vergleich zu Patienten mit PSP und einem hohen
Schweregrad (PSP Skala > 30). Die visuelle Beurteilung als Konsens von drei nuklear-
medizinischen Experten ergab eine Sensitivitat von 85% und eine Spezifitat von 77% flr
die Detektion der Patienten mit PSP gegenuber gemischten Kontrollen. Mittels Autora-
diographie konnte sowohl in den Basalganglien als auch im frontalen Cortex eine erhéhte
['®F]P1-2620 Bindung bei post-mortem Gewebe bei Patienten mit PSP festgestellt wer-
den. Gesunde Kontrollen und mit kaltem Tracer pra-inkubierte Schnitte von Patienten
mit PSP und gesunden Kontrollen zeigten keine Retention des Radiotracers. Die Ana-
lyse der Kovarianz in der Tau-PET zeigte eine hohe Ubereinstimmung mit der durch
funktionelle Kernspintomographie gemessenen Konnektivitat. Dieses Ergebnis konnte
sowohl fur Patienten mit PSP und CBS, als auch fur subcortikale und globale Analysen
reproduziert werden (alle 8 > 0,4, alle p-Werte < 0,001). Durch die Tau-PET konnte au-
Rerdem herausgefunden werden, dass Tau-Muster auf Patientenebene mit der Konnek-
tivitat subkortikaler Tau-Epizentren verbunden sind. Zwischen der Kovarianz der regio-
nalen Tau Pathologie in post-mortem Gewebe und funktioneller Konnektivitat konnte in
zwei unabhangigen Datensatzen ein deutlicher Zusammenhang festgestellt werden
(LMU Munchen: 3 = 0,503, p < 0,001; University of Pennsylvania: § = 0,790, p < 0,001).
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Bei Zelltyp spezifischer Betrachtung der post-mortem Tau Pathologie zeigte sich, dass
diese Assoziation flr neuronales Tau starker als fur astrogliales oder oligodendrogliales
Tau war. Dies deutet darauf hin, dass Konnektivitat in erster Linie mit neuronaler Tau-
Akkumulation verbunden ist. Mittels Autoradiographie an post-mortem Gewebe von 16
Patienten mit typischer PSP zeigte sich schlieRlich eine gute Ubereinstimmung der regi-
onalen ['®F]PI-2620 Bindung und der durch Immunfarbung erfassten Tau Pathologie,

wodurch die in vivo Tau-PET Daten validiert werden konnten.

Die ['8F]PI-2620 Tau-PET-Bildgebung bei Patienten mit PSP und bei Kontrollpersonen
stellt einen Durchbruch bei dem Versuch dar, die zugrunde liegende Tau Neuropatholo-
gie der PSP in vivo darzustellen. Durch die internationale multizentrische Evaluierung
dieses Tau-PET Radiotracers der ndchsten Generation mit verbesserter Off-Target-Bin-
dung konnte ein grof3er Fortschritt in der Bildgebung auf dem Gebiet der 4-Repeat-Tauo-
pathien erzielt werden. Die beiden verknlipften Studien zeigen, dass die ['®F]PI-2620
Tau-PET Bildgebung zur Diagnose und Differenzierung von Patienten mit Verdacht auf
PSP eingesetzt werden kann. Zudem kann auch das Ausbreitungsmuster der Tau Pa-
thologie entlang funktionell verknipfter Hirnregionen berechnet werden. Die Tau-PET
bietet daher bei der PSP mdéglicherweise eine friihzeitige und zuverlassigere Diagnose,
sowie ein verbessertes Erfassen der Krankheitsprogression. Es ist wahrscheinlich, dass
dieser Radiotracer fur die Stratifizierung klinischer Studien bei PSP verwendet werden

kann.
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4. Abstract (English):

Biomarkers for tau pathology in patients with progressive supranuclear palsy (PSP) are
urgently needed as diagnostic inclusion criteria for therapy studies and for monitoring
disease-modifying effects. However, there are currently no approved methods to reliably
detect 4-repeat tau deposits in the brain of patients with PSP. In this thesis, the tau-PET
tracer ['®F]PI-2620 was evaluated as a new biomarker for tau pathology in patients with
PSP compared to patients with other neurodegenerative diseases and healthy controls.
For this purpose, a multicenter data set was harmonized and quantitatively analyzed. In
a second step, it was investigated whether tau pathology spreads in PSP on the basis of

functionally connected brain areas.

In a retrospective design, the ['®F]PI-2620 tau-PET scans of 60 patients with PSP (40
patients with the typical variant of Richardson syndrome, 20 with atypical variants of
PSP), 10 patients with alpha-synuclein associated diseases (idiopathic Parkinson's dis-
ease and multisystem atrophy), 10 patients with Alzheimer's disease and 10 healthy
controls were analyzed. The putamen, the inner and outer part of the globus pallidus,
the subthalamic nucleus, the substantia nigra, the dorsal midbrain, the dentate nucleus
as well as the dorsolateral prefrontal cortex and the medial prefrontal cortex were defined
as target regions. All patients and subjects received a dynamic PET emission recording
over 60 minutes so that the image data could be quantitatively calculated with a phar-
macokinetic model relative to the cerbellar gray matter. The ['®F]PI-2620 binding in the
PSP target regions was compared between the study groups and correlated with disease
severity, disease duration and the clinical subtypes of PSP. Finally, in the first study, a
visual assessment of the ['®F]PI-2620 tau PET images was performed by three nuclear
medicine experts. In the second study, the regional covariance of ['®F]PI-2620 tau-PET
and the regional covariance of post-mortem tau pathology with interregional functional
connectivity were compared. The patient cohort consisted of 22 patients with typical PSP
and 24 patients with corticobasal syndrome (CBS) as a further clinical manifestation of
4-repeat tau neuropathology. 15 healthy controls were used as a normal collective. Two
independent PSP autopsy samples from the LMU Munich and the University of Pennsyl-
vania were available for the corresponding post-mortem analysis. The quantitative tau
pathology in the regional epicenter (region with the highest pathology) assessed by tau-
PET was also compared with the regional connectivity at group and individual level. Fi-
nally, the covariance of tau pathology in the autopsy arm of the study was resolved with
respect to the affected cell type of tau pathology (neurons, astrocytes, oligodendrocytes).
In both studies, autoradiographic data on post-mortem tissue from deceased patients
with PSP and healthy controls were collected and used as high-resolution validation of

the in vivo tau-PET results.
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Patients with PSP showed increased ['8F]PI-2620 tau-PET signal in the inner and outer
portions of the globus pallidus, the putamen, the subthalamic nucleus, the substantia
nigra and the dentate nucleus compared to healthy controls. The clearest differences
were observed in the inner part of the globus pallidus (Cohen's d = 2.28), whereby sig-
nificantly increased tau-PET signals were also detected in this region between patients
with atypical PSP and healthy controls. In the cortical target regions, no changes in the
tau PET signal were observed in patients with PSP. However, there was an expected
increased ['®F]P1-2620 binding in patients with Alzheimer's disease compared to all con-
trol groups. Within the group of patients with typical PSP, there were no correlations
between tau-PET signal in PSP target regions and disease severity or duration. How-
ever, there were varying degrees of signal elevation between the different clinical sub-
types of PSP, with the highest tau-PET signals observed in typical PSP. Of note were
similar effect sizes for increased tau PET signal in patients with PSP and low severity
(PSP scale < 30) compared to patients with PSP and high severity (PSP scale > 30).
The visual assessment as a consensus of three nuclear medicine experts showed a
sensitivity of 85% and a specificity of 77% for the detection of patients with PSP versus
mixed controls. Using autoradiography, increased ['®F]PI-2620 binding was detected in
post-mortem tissue in both the basal ganglia and frontal cortex in patients with PSP.
Healthy controls and slices pre-incubated with cold tracer from patients with PSP and
healthy controls showed no retention of the radiotracer. Analysis of covariance in tau-
PET showed high agreement with connectivity measured by functional magnetic reso-
nance imaging. This result could be reproduced for patients with PSP and CBS, as well
as for subcortical and global analyses (all B > 0.4, all p-values < 0.001). Tau-PET also
revealed that the tau pathology patterns of individual patients are linked to the functional
connectivity archetype of tau epicenters in the subcortex. A clear association between
the covariance of regional tau pathology in post-mortem tissue and functional connectiv-
ity was found in two independent data sets (LMU Munich: 8 = 0.503, p < 0.001; University
of Pennsylvania: B = 0.790, p < 0.001). A specific analysis of cell-type related tau pathol-
ogy in tissue of deceased patients with PSP showed that the association between func-
tional connectivity and tau spread was strongest for neuronal tau, whereas astroglial or
oligodendroglial tau did only show weaker correlation. This suggests that the tau spread-
ing pattern is primarily driven by interconnected neurons with axons tau accumulation.
Finally, autoradiography of post-mortem tissue from 16 patients with typical PSP showed
good agreement between regional ['®F]PI-2620 binding and tau pathology detected by

immunostaining, validating the in vivo tau-PET data.

['®F]PI-2620 tau-PET imaging in patients with PSP and control subjects represents a

breakthrough in the attempt to visualize the underlying tau neuropathology of PSP in
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vivo. The international multicenter evaluation of this next-generation tau-PET radiotracer
with improved off-target binding has enabled a major advance in imaging in the field of
4-repeat tauopathies. The two linked studies show that ['®F]PI-2620 tau PET imaging
can be used to diagnose and differentiate patients with suspected PSP. In addition, the
pattern of spread of tau pathology along functionally linked brain regions can also be
calculated. Tau-PET may therefore offer an early and more reliable diagnosis of PSP,
as well as improved detection of disease progression. It is likely that this radiotracer can

be used for the stratification of clinical trials in PSP.
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Supplemental content
IMPORTANCE Progressive supranuclear palsy (PSP) is a 4-repeat tauopathy. Region-specific
tau aggregates establish the neuropathologic diagnosis of definite PSP post mortem. Future
interventional trials against tau in PSP would strongly benefit from biomarkers that support
diagnosis.

OBJECTIVE To investigate the potential of the novel tau radiotracer #F-PI-2620 as a biomarker
in patients with clinically diagnosed PSP.

DESIGN, SETTING, AND PARTICIPANTS In this cross-sectional study, participants underwent
dynamic "®F-PI-2620 positron emission tomography (PET) from O to 60 minutes after
injection at 5 different centers (3 in Germany, 1in the US, and 1in Australia). Patients with PSP
(including those with Richardson syndrome [RS]) according to Movement Disorder Society
PSP criteria were examined together with healthy controls and controls with disease. Four
additionally referred individuals with PSP-RS and 2 with PSP-non-RS were excluded from final
data analysis owing to incomplete dynamic PET scans. Data were collected from December
2016 to October 2019 and were analyzed fram December 2018 to December 2019.

MAIN OUTCOMES AND MEASURES Postmortem autoradiography was performed in
independent PSP-RS and healthy control samples. By in vivo PET imaging, '8F-P1-2620
distribution volume ratios were obtained in globus pallidus internus and externus, putamen,
subthalamic nucleus, substantia nigra, dorsal midbrain, dentate nucleus, dorsolateral, and
medial prefrontal cortex. PET data were compared between patients with PSP and control
groups and were corrected for center, age, and sex.

RESULTS Of 60 patients with PSP, 40 (66.7%) had RS (22 men [55.0%); mean [SD] age,
71[6] years; mean [SD] PSP rating scale score, 38 [15]; score range, 13-71) and 20 (33.3%) had
PSP-non-RS (11 men [55.0%]; mean [SD] age, 71 [9] years; mean [SD] PSP rating scale score,
24 [11]; score range, 11-41). Ten healthy controls (2 men; mean [SD] age, 67 [7] years) and

20 controls with disease (of 10 [50.0%)] with Parkinson disease and multiple system atrophy,
7 were men; mean [SD] age, 61 [8] years; of 10 [50.0%] with Alzheimer disease, 5 were men;
mean [SD] age, 69 [10] years). Postmortem autoradiography showed blockable '®F-PI1-2620
binding in patients with PSP and no binding in healthy controls. The in vivo findings from the
first large-scale observational study in PSP with '®F-PI-2620 indicated significant elevation

of tracer binding in PSP target regions with strongest differences in PSP vs control groups

in the globus pallidus internus (mean [SD] distribution volume ratios: PSP-RS, 1.21 [0.10];
PSP-non-RS, 1.12 [0.11]; healthy controls, 1.00 [0.08]; Parkinson disease/multiple system
atrophy, 1.03 [0.05]; Alzheimer disease, 1.08 [0.06]). Sensitivity and specificity for detection
of PSP-RS vs any control group were 85% and 77%, respectively, when using classification by
atleast 1 positive target region.

) o Author Affiliations: Auth
CONCLUSIONS AND RELEVANCE This multicenter evaluation indicates a value of "°F-PI-2620 to uthor Affiliations: Author ‘
affiliations are listed at the end of this

differentiate suspected patients with PSP, potentially facilitating more reliable diagnosis of PSP. article.
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by Steele et al,' is a primary 4-repeat tauopathy? clini-

cally characterized by postural instability with falls and
impaired volitional eye movements and leading to death with
a median of 8 years after symptom onset.” However, clinical
symptoms and subtypes of PSP also have strong overlaps with
other neurodegenerative disorders such as TDP-43-positive
frontotemporal dementia or corticobasal degeneration.®* Thus,
clinical assessments in PSP are lacking sensitivity early in the
disease course and have a limited specificity for the pathologic
entity.” Therefore, biomarkers for PSP have a great range of po-
tential utility, for which formal criteria are now available.® Cur-
rent PSP diagnosis criteria already take imaging of atrophy or
hypometabolism by magnetic resonance imaging or positron
emission tomography (PET) into account.® However, no avail-
able biomarker currently fulfills the criteria for an ideal bio-
marker, which would be positivein a presymptomatic stage, spe-
cific for any variant of pathology, and anticipate disease
progression.® As more established readouts (hypometabo-
lism, atrophy) represent late events in the disease course, tau-
PET imaging may be able to provide more favorable biomarker
information for early detection of PSP. Other tau-PET tracers
were reported to be able to differentiate patients with PSP from
controls,”but the observed binding was not confirmed to spe-
cifically relate to tau.'”'? The novel tau-PET tracer '*F-PI-2620
proved absent off-target binding to monoamine oxidases,"
high affinity to 3/4R tau in Alzheimer disease (AD),'* but also
high affinity to recombinant 4R tau fibrils and PSP brain
homogenate," and colocalized binding to proven 4R tau by a
combination of micro-autoradiography and immunohistochem-
istry in PSP tissue.”

The main aim of this multicenter evaluation was to inves-
tigate the diagnostic capability of "*F-PI-2620 PET imaging in
a cohort of patients with clinically diagnosed PSP in vivo. We
endeavored to test if patients with PSP can be differentiated
from healthy controls and controls with disease by quantita-
tive and visual PET image analyses. Furthermore, we per-
formed postmortem autoradiography from independent brain
bank samples to test if the "*F-PI-2620 signal in the basal gan-
glia and the frontal cortex of PSP can be distinguished and
blocked by nonlabeled compound.

P rogressive supranuclear palsy (PSP), initially described

Methods

Postmortem Brain Tissue Analyses

Samples from 4 deceased patients with PSP with Richardson
syndrome (RS) and those from 4 deceased healthy controls,
which were independent from the in vivo cohort, were ana-
lyzed by immunohistochemistry and '®F-PI-2620 in vitro au-
toradiography (2 individuals with PSP-RS and healthy con-
trols each for basal ganglia and frontal cortex evaluation).
Autoradiography procedures and more detailed information
on cases are provided in the eMethods in the Supplement. Posi-
tron emission tomography data analyses and in vitro analy-
ses on human brain samples were approved by the institu-
tional ethics committee at the University Hospital of Munich,
LMU Munich, in Munich, Germany. All participants provided
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Key Points

Question Can tau-positron emission tomography imaging with
the novel tau radiotracer '®F-PI-2620 differentiate patients with
progressive supranuclear palsy (PSP) fram healthy controls and
controls with disease?

Findings In this cross-sectional study of 60 patients with PSP,
10 healthy controls, and 20 controls with disease, there was
significantly higher "F-P1-2620 binding in target regions of
patients with PSP compared with controls regardless of disease
severity. Individual patients with PSP with Richardson syndrome
were separated with high sensitivity and specificity.

Meaning '8F-PI-2620 tau-positron emission tomography
differentiates patients with PSP from controls at the single-patient
level, potentially facilitating a more reliable diagnosis.

written informed cansent prior to the PET scan. The abserva-
tional study was registered at the German Clinical Trials Reg-
ister (DRKSO0016920). Clinical data were collected according
to a standardized protocol via the German multicenter
prospective ProPSP cohort study.

Investigated Population and Clinical Assessments

Patients with probable or possible PSP according to current
diagnosis criteria® were examined together with controls with
disease and healthy controls at a total of 5 different specialized
centers between December 2016 and October 2019. The PSP co-
hort consisted of patients with PSP-RS and non-RS-variant PSP.
The PSP-non-RS group consisted of individuals with predomi-
nant corticobasal syndrome, predominant frontal presentation,
predominant parkinsonism, predominant speech/language dis-
order, and progressive gait freezing. Controls with disease were
categorized either into suspected a-synucleinopathies or the AD
continuum. a-Synucleinopathy controls with disease all had a
probable clinical diagnosis'*'® and consisted of individuals with
Parkinson disease and multiple system atrophy. Controls with
AD continuum all had a positive B-amyloid PET ("*F-florbetaben
or "F-flutemetamol), fulfilled criteria for typical AD,"” and were
composed of individuals with mild cognitive impairment and
with dementia. Some individuals of this group had early onset
(age <65 years), and others had late-onset disease. Disease du-
ration was defined as the time between symptom onset and PET
imaging. The PSP rating scale served as disease severity param-
eter for the included patients with PSP, and the Montreal Cog-
nitive Assessment (MoCA) or converted Mini-Mental State Ex-
amination scores'® served as a cognition deficit severity param-
eter. Schwab and England Activities of Daily Living scores were
recorded as a global score of function ability.

PET Imaging

18F-PI-2620 PET imaging was performed in a full dynamic set-
ting (0-60 minutes postinjection) at 5 different neuroimaging
sites using PET/computed tomography or PET/magnetic reso-
nance imaging systems. Details of radiosynthesis, PET acqui-
sition, reconstruction, framing, image harmonization across
scanners, and spatial normalization are provided in the
eMethods in the Supplement. The multilinear reference tissue

jamaneurology.com
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model 2'? in PMOD version 3.9 (PMOD Inc) was used to calcu-
late distribution volume ratio images (DVR; DVR = nondisplace-
able binding potential + 1) of each full dynamic data set. The cer-
ebellum excluding the dentate nucleus and the central cerebellar
white matter as well as the superior and the posterior cerebel-
larlayers (thickness in zdirection = 1.5 cm each) served as aref-
erence region (eFigure 1in the Supplement), The clearance rate
of the tracer from the reference tissue (k2') was estimated by
parallel running of multilinear reference tissue model.

PET Data Analysis

I18F-P[-2620 DVR values were obtained in 9 PSP target regions
in the Montreal Neurology Institute space, predefined by
the atlas of the basal ganglia,?” the Brainnetome atlas,? and the
Hammers atlas,?? based on earlier autopsy data®*: globus pal-
lidus (internus and externus), putamen, subthalamic nucleus,
substantia nigra, dorsal midbrain, dentate nucleus, dorsolat-
eral prefrontal cortex, and medial prefrontal cortex (eFigure 1
in the Supplement). Additionally, target and reference region
values were extracted in single frames to allow calculation of
standardized uptake value ratios (SUVr) during the scan time.
Thirty- to 60-minute SUVr values were calculated as static
'8F-PI-2620 uptake. A dichotomous visual read of DVR maps was
performed by 3 expert readers (M.B., H.B., and Twv.E.), as de-
scribed in the eMethods and in eFigure 2 in the Supplement.

Statistics

SPSS version 25 (IBM) was used for statistical testing. Autoradi-
ography quantification (minimum of 4 slices per sample) of pa-
tients with PSPand controls was compared one by one using an
unpaired f test. Demographics were compared between groups
by al-way analysis of variance. '®F-PI-2620 DVR values of the tar-
get regions were compared between the 5 study groups by a mul-
tivariate analysis of variance including age, sex, and center as co-
variates as well as post hoc Bonferroni correction for multiple
group comparisons. Effect sizes (Cohen d) were calculated be-
tween PSP and control groups. Exploratory comparison of re-
gional DVR zscores (zScore = [Single DVR of Patient - Mean Value
of DVR of Healthy Controls] / SD of DVR of Healthy Controls)
between different PSP phenotypes was performed by multivar-
iate analysis of variance (controlled for age, sex, and center) with-
out adjustment for multiple group comparisons. Spearman
coefficients of correlation (r) were calculated for DVR vs age,
PSP rating scale, and disease duration. Pearson coefficient of
correlation (R) was calculated for DVR and 30- to 60-minute
SUVr. Pvalues less than .05 were considered significant. For semni-
quantitative analyses, a regional DVR greater than or equal to
the mean value plus 2 SDs of the healthy controls was defined
as positive. Here, 1 positive target region defined the participant
as positive (dichotomous) for a PSP-like '*F-PI-2620 PET scan.

Results

Postmortem Autoradiography

The unblocked basal ganglia and the frontal cortex of indi-
viduals with PSP-RS revealed a visually distinguishable
!8F-PI-2620 binding, whereas no binding was observed in
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healthy controls and after blocking with excessive nonla-
beled '°F-PI-2620 in PSP-RS (Figure 1A). The '#F-PI-2620
signal was colocalized with AT8-positive aggregated tau
(Figure 1A), morphologically attributed to neuronal tau, tufted
astrocytes, and coiled bodies.

Quantification revealed increased binding in pairs of in-
dividuals with PSP and healthy controls (mean [SD]: globus pal-
lidus internus, 1.60 [0.14] vs 1.07 [0.08]; globus pallidus ex-
ternus, 1.46 [0.08] vs 0.99 [0.03]; putamen, 1.34 [0.07] vs
1.01 [0.05]; frontal cortex, 1.81 [0.09] vs 1.12 [0.15]; Figure 1B),
confirmed by repetition in the second pair (mean [SD]:
globus pallidus internus, 1.33 [0.07] vs 0.92 [0.15]; globus
pallidus externus, 1.33 [0.11] vs 0.95 [0.13]; putamen,
1.20 [0.04] vs 1.01 [0.07]; frontal cortex, 1.28 [0.12] vs
1.07 [0.14]; eFigure 3 in the Supplement).

Demographics of the In Vivo PET Imaging Population

Of 60 patients with PSP, 40 (66.7%) had RS (22 men [55.0%];
mean [SD] age, 71 [6] years; mean [SD] PSP rating scale score,
38 [15]; score range, 13-71) and 20 had PSP-non-RS (11 men
[55.0%]; mean [SD] age, 71 [9] years; mean [SD] PSP rating scale
score, 24 [11]; score range, 11-41). Ten healthy controls (2 men;
mean [SD] age, 67 [7] years) and 20 controls with disease
(0f 10 [50.0%] with Parkinson disease and multiple system at-
rophy, 7 were men; mean [SD] age, 61 [8] years; of 10 [50.0%)]
with AD, 5 were men; mean [SD] age, 69 [10] years). Demo-
graphics and clinical scores of the study cohort are reported
in the Table and specific information on all subgroups is pro-
vided in an extended version (eTable in the Supplement). There
was a significant difference in age, indicating that the prob-
able patients with a-synucleinopathy had a lower age (mean
[SD], 61 [8] years) compared with both PSP groups (mean [SD]
age forindividuals with RS: 71 [6] years; mean [SD] age forin-
dividuals with non-RS: 71 [9] years). Cognition was signifi-
cantly different, with the AD-continuum patients yielding a
worse cognitive performance (mean [SD] MoCA score,
15.6 [7.8]) compared with individuals with PSP-non-RS (mean
[SD] MoCA score, 23.1 [3.9]), a-synucleinopathies (mean [SD]
MoCA score, 25.6 [4.1]), and healthy controls (mean [SD] MoCA
score, 28.8 [1.6]) but without indicating a significant differ-
ent cognition compared with PSP-RS (mean [SD] MoCA score,
20.7 [7.5]).

'8F-P1-2620 Binding In Vivo

Significant '*F-PI-2620 binding differences among groups were
observed for all subcortical PSP target regions except the dor-
sal midbrain, with strongest differences in the globus palli-
dus internus. Pairwise group comparisons with post hoc
Bonferroni-correction revealed elevated '*F-PI-2620 binding
in patients with PSP-RS and PSP-non-RS compared with
healthy controls and controls with disease in the globus pal-
lidus internus and externus as well as in the subthalamic
nucleus (Figure 2 and Table). Patients with PSP-RS also indi-
cated higher binding in the putamen, the substantia nigra, and
the dentate nucleus compared with healthy controls, whereas
patients with PSP-non-RS did not. The dorsolateral prefron-
tal cortex and the medial prefrontal cortex indicated lower
binding in patients with PSP-RS and PSP-non-RS against
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Figure 1. In Vitro Evaluation of *F-PI-2620 Binding in Postmortem Tissue
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A, The top row depicts AT8
immunohistochemistry together with
autoradiograms of basal ganglia slices
of aman in his late 60s with a
postmortem diagnosis of progressive
supranuclear palsy with Richardson
syndrome (PSP-RS) after incubation
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Frontal cortex

compound ("*F-PI-2620) as well as
autoradiograms of basal ganglia slices
of a healthy female control in her
early 60s. The lower row depicts AT8
immunohistochemistry together with
autoradiograms of frontal cortex
slices of a woman in her late 60s with
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patients with AD but no significant binding differences against
a-synucleinopathy patients and healthy controls. Exemplary
PSP cases with elevated cortical binding are shown in
eFigure 4 in the Supplement. For time-activity ratio curves,
see eFigure 5 in the Supplement, There was a good to excel-
lent correlation between DVR and 30- to 60-minute SUVr
in PSP target regions for the full cohort of 90 individuals
(R? range, 0.45-0.88; eFigure 6 in the Supplement).

There was no significant correlation of the '*F-PI-2620
DVRs with age for healthy controls or in patients with PSP-RS
in PSP target regions with significant elevation in PSP groups,
but a significant negative correlation of "®F-PI-2620 DVRs with
age for healthy controls in the dorsal midbrain and dorsolat-
eral and medial prefrontal cortices (Figure 3A and eFigure 9A
in the Supplement). The PSP rating scale values and disease
duration were not significantly correlated with '*F-PI-2620
binding in patients with PSP-RS (Figure 3B and C and
eFigure 9B and C in the Supplement). A subanalysis of the 16
individuals with PSP-RS with low disease severity (PSP rating
scale score, =30) indicated similar "®F-PI-2620 DVR effect sizes
vs control groups in comparison with the full PSP-RS cohort,
as exemplarily reported for the globus pallidus internus
(Cohen d for individuals with PSP-RS with low disease sever-
ity vs full PSP-RS cohort: healthy controls, 2.3 vs 2.3; Parkin-
son disease/multiple system atrophy, 2.3 vs 2.2; AD, 1.5 vs 1.5).

Among different phenotypes of PSP, the highest '*F-PI-
2620 binding was observed in PSP-RS followed by PSP with
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predominant parkinsonism, PSP with predominant frontal
presentation, and PSP with predominant corticobasal syn-
drome (Figure 3D and E). z Scores of "*F-PI-2620 binding in
the globus pallidus internus indicated significant differences
among PSP phenotypes. Subgroup comparisons revealed
higher '"®F-PI-2620 DVR z scores in PSP-RS compared with
PSP with predominant corticobasal syndrome (mean [SD],
2.68[1.26] vs 1.45 [1.33]).

PSP Diagnosis at the Single-Patient Level

At the single-patient level, 34 of 40 individuals (85%) with
PSP-RS and 12 of 20 individuals (60%) with PSP-non-RS
were classified as PET-positive by the semiquantitative ap-
proach, yielding a sensitivity of 85% for PSP-RS and 65% for
PSP-non-RS (Figure 4). On the other side, only 1 of 10 indi-
viduals with Parkinson disease/multiple system atrophy and
6 0f10 controls with AD were classified as PET-positive in PSP
target brain regions, while there was no outlier in the healthy
control group. This led to an overall specificity of 77% in the
combined 30 controls by the semiquantitative approach. The
visual read indicated a sensitivity of 80% for PSP-RS and 55%
for PSP-non-RS at a specificity of 83% in the combined 30 con-
trols (Figure 4 and eFigures 7 and 8 in the Supplement). Two
individuals with Parkinson disease/multiple system atrophy,
1 with AD, and 2 healthy controls were judged positive for a
PSP-like pattern. Interreader and test-retest agreements are
reported in the eResults in the Supplement.
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Table. Demographics and Quantitative PET Results at the Group Level®

Demographic PSP-RS PSP-non-RS a-Synucleinopathies Individuals with AD Healthy controls
No. 40 20 10 10 10
Subgroups NA PSP-CBS (n = 9), PD (n = 6), MCI (n = 2), NA

PSP-F (n = 5), MSA (n = 4) dementia (n = 8)

PSP-P (n = 4),

PSP-SL (n L

PSP-PGF (n =1
Age, mean (SD), y 71(6) 71(9) 61(8) 69 (10) 67 (7)
Sex, No. (%)
Female 18 (45) 9 (45) 3(30) 5(50) 8(80)
Male 22(55) 11(55) 7(70) 5(50) 2(20)
Scan site center MUC (n = 21); MUC (n = 16); MUC (n = 10) MUC (n = 6); MNI (n = 5);
LPZ (n = 11); LPZ (n = 4) MNI(n = 4) AUS (n = 3)
COL(n = 3);
WMNI (n = 4)
PSP rating scale scare, mean (SD) 37.2(15.1) 26.2 (9.6) NA NA NA
PSP, No. (%)
Possible 6(15) 12 (60) NA NA NA
Probable 34 (85) 8(40) NA NA NA
Hoehn and Yahr Scale score, NA NA 2.4(0.8) NA NA
mean (SD)
UPDRS score, mean (SD) NA NA 23.9(6.2) NA NA
Disease duration, mean (SD}), mo 49(38) 42 (37) 20(17) 28(29) NA
MoCA score, mean (SD) 20.7 (7.5) 23.1(3.9) 25.6 (4.1) 15.6(7.8) 28.8(1.6)
SEADL score, mean (SD) 55(21) 65(17) NA NA NA
Regional PET results
Globus pallidus externus
Mean (SD) 1.16 (0.10) 1.10(0.11) 1.01 (0.06) 1.05(0.06) 0.99 (0.05)
Cohend
Probable a-synucleinopathies 1.83 0.94 NA NA NA
AD 1.28 0.47 NA NA NA
Healthy controls 213 1.20 NA NA NA
Pvalue
Probable a-synucleinopathies .03 >.99 NA NA NA
AD .01 >.99 NA NA NA
Healthy controls <.001 .02 NA NA NA
Globus pallidus internus
Mean (SD) 1.21(0.10) 1.12(0.11) 1.03(0.05) 1.08(0.06) 1.00(0.08)
Cohend
Probable a-synucleinopathies 2.23 1.08 NA NA NA
AD 1.49 0.45 NA NA NA
Healthy controls 2.28 1.27 NA NA NA
Pvalue
Probahle a-synucleinopathies 005 >99 NA NA NA
AD .002 =99 NA NA NA
Healthy controls <.001 009 NA NA NA
Putamen
Mean (SD) 1.19 (0.10) 1.14(0.12) 1.05(0.06) 1.10(0.05) 1.02 (0.06)
Cohend
Probable a-synucleinopathies 1.65 0.93 NA NA NA
AD 1.12 0.43 NA NA NA
Healthy controls 2.04 1.26 NA NA NA
Palue
Probable a-synucleinopathies 13 >.99 NA NA NA
AD 213 >.99 NA NA NA
Healthy controls .002 .10 NA NA NA
(continued)
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Table. Demographics and Quantitative PET Results at the Group Level® (continued)

Demographic PSP-RS PSP-non-RS a-Synucleinopathies Individuals with AD Healthy controls
Subthalamic nucleus
Mean (SD) 1.21(0.08) 1.15(0.09) 1.09 (0.06) 1.10(0.08) 1.04 (0.09)
Cohend 1.67 0.80 NA NA NA
Probable a-synucleinopathies 1.37 0.59 NA NA NA
AD 2.02 1.26 NA NA NA
Healthy controls
Palue .06 >.99 NA NA NA
Probable a-synucleinopathies .003 .64 NA NA NA
AD <.001 .005 NA NA NA
Substantia nigra
Mean (SD) 1.17 (0.09) 1.13 (0.09) 1.09 (0.06) 1.12 (0.08) 1.10 (0.07)
Cohend
Probable a-synucleinopathies 1.08 0.50 NA NA NA
AD 0.64 0.14 NA NA NA
Healthy controls 0.89 0.35 NA NA NA
Pvalue
Probable a-synucleinopathies >.99 >.99 NA NA NA
AD 70 >.99 NA NA NA
Healthy controls .04 .53 NA NA NA
Dorsal midbrain
Mean (5D) 0.87 (0.11) 0.89 (0.09) 0.92 (0.07) 0.93 (0.09) 0.92 (0.10)
Cohend
Probable a-synucleinopathies -0.50 -0.32 NA NA NA
AD -0.58 -043 NA NA NA
Healthy controls -0.54 -0.28 NA NA NA
Pvalue
Probable a-synucleinopathies >.99 >.99 NA NA NA
AD >.99 =99 NA NA NA
Healthy controls =00 >.99 NA NA NA
Dentate nucleus
Mean (SD) 1.13 (0.05) 1.11(0.05) 1.07 (0.05) 1.08(0.03) 1.06 (0.04)
Cohend
Probable a-synucleinopathies 1.26 0.84 NA NA NA
AD 117 0.67 NA NA NA
Healthy controls 1.68 1.18 NA NA NA
Pvalue
Probable a-synucleinopathies 13 >.99 NA NA NA
AD .08 =99 NA NA NA
Healthy controls .03 A1 NA NA NA
Dorsolateral prefrontal cortex
Mean (SD) 0.89 (0.09) 0.91 (0.06) 0.91 (0.05) 1.11(0.24) 0.86 (0.08)
Cohend
Probable a-synucleinopathies -0.28 0.09 NA NA NA
AD =124 -1.13 NA NA NA
Healthy controls 0.28 0.70 NA NA NA
Pvalue
Probable a-synucleinopathies >.99 >.99 NA NA NA
AD <.001 <.001 NA NA NA
Healthy controls >.99 >.99 NA NA NA
Medial prefrontal cortex
Mean (SD) 0.83 (0.09) 0.86 (0.09) 0.89 (0.06) 0.98(0.12) 0.89 (0.08)
(continued)
E6 JAMA Neurology Published online July 7, 2020 jamaneurology.com

Downloaded From: https:/jamanetwork.com/ on 07/07/2020



5 Paper |

Assessment of "®F-PI-2620 as a Biomarker in Progressive Supranuclear Palsy

Original Investigation Research

Table. Demographics and Quantitative PET Results at the Group Level® (continued)

Demographic PSP-RS PSP-non-RS a-Synucleinopathies Individuals with AD Healthy controls
Cohend
Probable a-synucleinopathies -0.77 -0.41 NA NA NA
AD -1.39 -1.14 NA NA NA
Healthy controls -0.74 -0.42 NA NA NA
Palue
Probable a-synucleinopathies 91 >.99 NA NA NA
AD <.001 .008 NA NA NA
Healthy controls >.99 >.99 NA NA NA

Abbreviations: AD, Alzheimer disease; AUS, Melbourne, Australia;

COL, Cologne, Germany: LPZ, Leipzig, Germany; MCI, mild cognitive
impairment; MNI, New Haven, Connecticut; MoCA, Montreal Cognitive
Assessment; MSA, multiple system atrophy; MUC, Munich, Germany; MV, mean
wvalue; NA, not applicable; PD, Parkinson disease: PET, positron emission
tomography; PSP, progressive supranuclear palsy; PSP-CBS, PSP with
predominant corticobasal syndrome; PSP-F, PSP with predominant frontal
presentation; PSP-P, PSP with predominant parkinsonism; PSP-PGF, PSP with

predominant gait freezing; PSP-SL, PSP with predominant speechflanguage

disorder; RS, Richardson syndrome; SEADL, Schwab and England Activities of

Daily Living: UPDRS, Unified Parkinson Disease Rating Scale

2 pvalues were derived from multivariate analysis of variance including center,
age, and sex as covariates and Benferroni adjustment for multiple
comparisons of study groups. Effect sizes were calculated as Cohen d for both
PSP study groups against different control groups.

Discussion

To our knowledge, we present the first comprehensive in vivo
evaluation of a tau-PET tracer with improved off-target bind-
ing in patients with clinically diagnosed PSP. In vitro autora-
diography experiments on postmortem tissue of 4 individu-
als with PSP obtained independently from PET imaging showed
8F-PI-2620 binding in PSP target regions in colocalization to
4R tau. Our multicenter in vivo data indicate great potential
to diagnose patients with suspected PSP using '“F-PI-2620 PET.
Dichotomous evaluation at the single-patient level yielded
high sensitivity and specificity in strong congruence be-
tween semiquantitative and visual approaches for the dis-
crimination between patients with clinically diagnosed PSPand
controls. Finally, we gained preliminary evidence that the mag-
nitude of '®F-PI-2620 binding in PSP target regions differs
between different PSP phenotypes, thus pointing to the po-
tential of assessing regional phenotype variability in PSP by in
vivo PET imaging (eDiscussion in the Supplement).

The regions with elevated '*F-PI-2620 binding in PSP are
in line with those found by earlier tau tracers. '®F-flortaucipir
and '®F-THK5351 studies found the strongest binding differences
for the globus pallidus, the subthalamic nucleus, and the
midbrain when comparing individuals with PSP with healthy
controls.”®2*2> However, large proportions of the basal ganglia
signal of "*F-THK5351 in individuals with PSP and healthy con-
trols were not specific for tau.?® We observed only minor eleva-
tion above a DVR of 1.0 in healthy controls for '*F-PI-2620 in all
brain regions apart from the substantia nigra, suggesting low off-
target binding for '*F-PI-2620 in PSP target regions. This lower
off-target background together with lower variance of tracer bind-
ing in PSP target regions of healthy controls for '*F-PI-2620 com-
pared with that of earlier tau PET tracers®* might lead to higher
effect sizes in PSP diagnosis. However, proof of this hypothesis
would require head-to-head tracer comparison studies. Impor-
tantly, we also observed no significant elevations of **F-PI-2620
binding in basal ganglia regions in suspected tau-negative con-
trols with disease (Parkinson disease/multiple system atrophy)
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compared with healthy controls. Therefore, a relevant '*F-PI-2620
off-target binding to a-synuclein or coexisting neuroinflamma-
tory processes seems unlikely, However, we still note that regions
with elevated in vivo ®F-PI-2620 binding in PSPin our study are
known off-target regions of earlier tau ligands. Thus, although
thebinding in these regions was only low in controls, there could
be potential off-target source of a parallel PSP-related pathologic
process contributing to the net difference between individuals
with PSPand controls. In this regard, it is of interest that no group
differences were found in the frontal cortex and the dorsal mid-
brain in vivo, while in vitroautoradiography revealed a signal in
the frontal cortex (eDiscussion in the Supplement). The detailed
contributions of possible specificand off-target '*F-PI-2620 sig-
nal sources in PSP remain to be elucidated by correlative stud-
ies between PET and autopsy. Differing topology of neuropathol-
ogy among individuals, regional differences in target abundance,
and an unfavorable regional target-to-atrophy relationship also
need to be considered as a potential reason for lacking regional
PET differences in vivo.

In contrast to other PSP target regions, there was an el-
evated DVR (mean, 1.10) for the substantia nigra, which likely
is attributable to neuromelanin off-target binding as shown in
vitro for tau PET tracers.'**? With regard to disease specific-
ity, we observed a slightly elevated signal in the basal ganglia
of some investigated individuals with AD, which has been re-
ported previously." This finding could be explained by a 2019
Japanese autopsy study, which reported on the presence of tau
in the basal ganglia of individuals with AD.?® Potential effects
of differing '#F-PI-2620 binding affinity to 3/4R and 4R tau on
the observed basal ganglia signal in AD and on the reported
time-activity curves are discussed in the eDiscussion in the
Supplement. Identification of an AD-like pattern appeared to
be the main advantage of a visual PSP classification, as it fa-
cilitated negation of a PSP-like pattern by the reader despite
semiquantitative positivity of basal ganglia or frontal cortex
target regions. Thus, a combination of both the semiquanti-
tative and visual PET data analysis approaches could in-
crease the specificity for PSP identification when AD is a po-
tential differential diagnosis.
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Figure 2. "®F-PI-2620 Binding in Predefined PSP Target Regions
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Figure 3. Association of '*F-PI-2620 Binding With Age, Disease Severity, Disease Duration, and Phenotype
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'8.-PI-2620 binding as a function of
age (A), disease severity (B), and
disease duration (C), expressed as
correlation plots. Additional plots
are ineFigure 9 in the Supplement.
rsindicates Spearman coefficients
of correlations. Average "®F-PI1-2620
distribution volume ratio (DVR)
maps of different progressive
supranuclear palsy (PSP)
phenotypes illustrated by axial slice
overlays on a standard magnetic
resonance imaging template (D) and
quantified by summed vectors of
subregion z scores (E).

GPe indicates globus pallidus
externus; GPi, globus pallidus
internus; HC, healthy controls;
MRTM2, multilinear reference tissue
modeling 2; PSP-CBS, PSP with
predominant corticobasal
syndrome; PSP-F, PSP with
predominant frontal presentation;
PSP-P, PSP with predominant
parkinsonism; PSP-RS, PSP with
Richardson syndrome;

PUT, putamen; STN, subthalamic
nucleus.

“ significantly differing regional
'8F-PI-2620 binding among PSP
subtypes.
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Figure 4. Evaluation of "®F-PI-2620 for Detection of Progressive Supranuclear Palsy (PSP) at the Single-Patient Level
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Semiquantitative classification of PSP target regions. A single region defined the
scan as global positive. Visual classification was performed by dichotomous
rating of the 8F-PI-2620 scan by 3 raters, who defined positivity/negativity for
a PSP-like pattern. The bottom of each panel indicates the number of positive
regions and total regions. AD indicates Alzheimer disease; ADD, dementia due
to AD; DLPFC, dorsolateral prefrontal cortex; DMB, dorsal midbrain;

DN, dentate nucleus: GPe, globus pallidus externus; GPi, globus pallidus

internus; HC, healthy controls; MCI, mild cognitive impairment due to AD;
MPFC, medial prefrontal cortex; MSA, multiple system atrophy: PD, Parkinson
disease; PUT, putamen; PSP-CBS, PSP with predominant corticobasal
syndrome; PSP-F, PSP with predominant frontal presentation; PSP-P, PSP with
predominant parkinsonism; PSP-PGF, PSP with progressive gait freezing;
PSP-RS, PSP with Richardson Syndrome; PSP-SL, PSP with predominant
speech/language impairment; SN, substantia nigra: STN, subthalamic nucleus,
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Interestingly, we did not observe a correlation between
18F-P[-2620 binding and clinical severity or disease duration
inany of the target regions for patients with PSP-RS. Previous
correlative results between tau-PET tracer binding and PSP dis-
ease severity have been inconsistent, showing no” or positive
association.®?* Especially for "*F-THK5351, this could be ex-
plained by increased monoaminoxidase-B expression in this
disorder as a neuroinflammation event, Loss of tracer signal
due to partial volume effects caused by increasing atrophy
could potentially mask effects in individuals with PSP with long
disease duration. Thus, the use of partial volume effect cor-
rection on '®F-PI-2620 PET data to diagnose PSP will be an in-
teresting task of future studies. Furthermore, there is limited
autopsy data investigating tau deposition in PSP as a function
of disease duration.?* However, longitudinal in vivo imaging
data on PSP clearly indicated changes over time in magnetic
resonance imaging measures of atrophy but only minor changes
of '8F-flortaucipir binding.?? In summary, large-scale longitu-
dinal studies are needed to investigate the value of '*F-PI-
2620 as a progression biomarker in PSP.

Limitations

Among the limitations of our study, the small number of par-
ticipants needs to be considered. This might mask effects such
as age dependency of tracer binding at the current stage. Fur-
ther, given the nature of an observational multicenter evalu-

Original Investigation Research

ation, we cannot fully rule out effects of disproportional dis-
tribution of study groups and phenotype subgroups among
centers. Center bias was mitigated by harmonization of the PET
data across all sites and inclusion of the center as a covariate
in the statistical analyses.

Unpublished analyses by the authors reveal a higher off-
rate for "®F-PI-2620 from 4R tau when compared with 3/4R
tau, which deserves more detailed investigation of binding
characteristics. We are aware of the missing autopsy data.
Nearly all patients are still alive, and no brains have been
donated so far. Thus, we have no pathologic validation of tau
positivity for our in vivo results and potential clinical misdi-
agnoses, especially in the non-RS-PSP cohort, need to be
taken into consideration. The current study provides the
opportunity of follow-up #F-PI-2620 imaging to study dis-
ease progression.

Conclusions

This multicenter evaluation indicates that '®F-PI-2620 PET
imaging can aid in diagnosing and differentiating patients with
suspected PSP, potentially facilitating a more reliable diagno-
sis of PSP. Additional studies need to focus on autopsy vali-
dation and longitudinal imaging to test if this radiotracer also
has potential as a PSP progression biomarker.
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Tau deposition patterns are associated with
functional connectivity in primary tauopathies
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Tau pathology is the main driver of neuronal dysfunction in 4-repeat tauopathies, including
cortico-basal degeneration and progressive supranuclear palsy. Tau is assumed to spread
prion-like across connected neurons, but the mechanisms of tau propagation are largely
elusive in 4-repeat tauopathies, characterized not only by neuronal but also by astroglial and
oligodendroglial tau accumulation. Here, we assess whether connectivity is associated with
4R-tau deposition patterns by combining resting-state fMRI connectomics with both 2nd
generation 18F-PI-2620 tau-PET in 46 patients with clinically diagnosed 4-repeat tauopathies
and post-mortem cell-type-specific regional tau assessments from two independent pro-
gressive supranuclear palsy patient samples (n = 97 and n = 96). We find that inter-regional
connectivity is associated with higher inter-regional correlation of both tau-PET and post-
mortem tau levels in 4-repeat tauopathies. In regional cell-type specific post-mortem tau
assessments, this association is stronger for neuronal than for astroglial or oligodendroglial
tau, suggesting that connectivity is primarily associated with neuronal tau accumulation.
Using tau-PET we find further that patient-level tau patterns are associated with the con-
nectivity of subcortical tau epicenters. Together, the current study provides combined in vivo
tau-PET and histopathological evidence that brain connectivity is associated with tau

deposition patterns in 4-repeat tauopathies.

A full list of author affiliations appears at the end of the paper.
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degeneration (CBD) are primary 4-repeat (4R) tauo-

pathies characterized by glial and neuronal 4R-tau inclu-
sions, manifesting as progressive movement and cognitive
disorders!. In PSP and CBD, 4R-tau pathology accumulates
initially in the brainstem and subcortex, with subsequent cortical
manifestation at more advanced disease stages™ °.

Postmortem studies have reported a strong clinico-pathological
correlation between 4R-tau deposition patterns and clinical
phenotype: PSP most commonly presents as Richardson’s syn-
drome (PSP-RS, i.e., a combination of postural instability and
ocular motor deficits), associated with brainstem and subcortical
tau followed by progressive tau accumulation in parietal and
motor cortices at later disease stages” ®. Further variant pre-
dominance types include, among others, PSP with speech/lan-
guage disorder with left inferior frontal tau aggregation or PSP
with cognitive/behavioral presentation with fronto-temporal tau
pathology, suggesting that clinical variability is driven by spatially
heterogeneous tau patterns®~10. In accord with this concept, CBD
patients often present with mixed cortical/movement disorders
termed cortico-basal syndrome (CBS), associated with tau accu-
mulation in the motor cortex, brainstem, subthalamic nucleus,
and striatum, yet clinical variants present as progressive aphasia,
frontal-behavioral syndrome or Richardson’s syndrome!l: 12,
Since 4 R tau deposition patterns in PSP and CBD are considered
key determinants of disease phenotype and progression, a
detailed understanding of the mechanisms that facilitate tau
spreading is of pivotal clinical interest,

There is converging preclinical evidence suggesting cell-to-cell
tau pathology transmission across functionally interconnected
neurons:'? First, pathological tau strains obtained from patients
with primary or secondary tauopathies have been shown to
induce template-based misfolding of physiological tau, suggesting
prion-like tau propagation!® 1%, Second, injection of pathological
tau seeds in mouse brains triggers tau spread to regions anato-
mically connected to the injection site rather than tau diffusion to
spatially adjacent regions'*~'%. Third, synapses and neuronal
activity are considered to be key drivers of tau spreading?® 2!,
where opto-genetically enhanced activity of tau harboring neu-
rons is associated with accelerated trans-synaptic tau spreading
in vitro and in vivo®2. Collectively, these preclinical findings
provide strong support for neuronal connectivity as a key route
for tau spreading in tauopathies. However, it remains unclear
whether tau pathology progresses preferentially between con-
nected brain regions in human 4 R tauopathies. This spreading
mechanism needs to be specifically questioned in 4 R tauopathies
since tau is exclusively present not only in neurons but also in
astroglia and oligodendroglia®.

Here, we combined in vivo tau-PET and postmortem tau
assessments from 4 R tauopathy patients with fMRI-based con-
nectivity assessments obtained in a healthy reference sample,
Using '8F-P1-2620 PET for tau imaging in clinically diagnosed
CBS (n=24) and PSP-RS patients (n=22), we tested if (i)
functionally connected brain regions show correlated '8F-P1-2620
PET levels and whether (ii) brain-wide tau-PET uptake patterns
are associated with the functional connectivity pattern of sub-
cortical epicenters with highest tau pathology. In CBS, which is
typically associated with more widespread cortical tau®?, we
further tested whether subthreshold cortical AP levels may
enhance the spread of tau-PET from subcortical tau epicenters to
the cortex. This analysis was motivated by previous reports
showing clinical and pathophysiological overlap between CBS
and AD?, where a substantial number of clinical CBS cases had
co-occurring Ap pathology®® 2%, ie., a key driver of cortical tau
spreading in AD?, In a key validation step, we translated the
in vivo tau-PET analyses to two independent postmortem

Progressive supranuclear palsy (PSP) and cortico-basal

samples  (Munich-European consortium/collection): n=97,
University of Pennsylvania [UPENN]: n = 96) with confirmed
PSP pathology and gold-standard regional histopathological 4 R
tau assessments and further performed in vitro binding assays
and autoradiographic analyses that support PI-2620 binding to
4R tau. Inclusion of this postmortem sample allowed cell-type-
specific stratification of tau pathology (i.e., neuronal, astroglial,
and oligodendroglial tau) to specifically test the hypothesis that
inter-regional connectivity is associated with the deposition of
neuronal tau pathology. By combining cell-type-specific post-
mortem tau assessments with atlas-based functional connectivity
data, we tested the hypothesis that higher functional connectivity
between postmortem sampled brain regions is associated with
more correlated tau levels, and that this association is primarily
driven by neuronal tau. Our results confirm that functional
connectivity is associated with subcortical and cortical tau-PET
patterns in PSP and CBS patients and that the association
between functional connectivity and histopathologically assessed
tau is strongest for neuronal tau levels.

Results

‘We obtained tau-PET in 46 patients with clinically suspected 4 R
tauopathies, including 24 CBS patients, 22 PSP-RS patients, and
15 cognitively normal controls (CN). All subjects underwent 3 T
structural MRI and 18F-P1-2620 PET imaging?”. AB-positive CBS
patients (as determined by cerebrospinal fluid AP levels or
amyloid-PET, which was available for all CBS cases) were con-
sidered to have underlying 3 R/4 R tau AD pathology and were
therefore excluded from the current study?®. Sample character-
istics are presented in Table 1. Group-average 8F-P1-2620 SUVR
maps intensity normalized to the inferior cerebellar gray matter
are shown in Fig. 1 for CN (Fig. 1A), PSP-RS (Fig. 1B) and CBS
(Fig. 1C). For neuropathological validation of the tau-PET data,
we included regional postmortem tau assessments from two
independent samples (Munich-European consortium/collection
sample, n = 97; UPENN sample, n = 96) with histopathologically
confirmed PSP, defined as the presence of neurofibrillary tau
tangles (NFT) in the subthalamic nucleus, substantia nigra, and
globus pallidus together with tufted astrocytes in the striatum and
frontal cortex® %, In addition, we included postmortem data from
16 patients with histopathologically confirmed PSP for auto-
radiographic assessment of PI-2620 binding to tau pathology. For
functional connectivity, we included resting-state {MRI data of 69
cognitively normal subjects from the Alzheimer’s disease neu-
roimaging initiative (ADNI, age = 67.89 + 5.88, sex[f/m] = 39/30)
cohort without evidence of amyloid or tau pathology as indicated
by !8F-florbetapir amyloid-PET and !3F-flortaucipir tau-
PET? 30 Age and sex in the ADNI resting-state fMRI sample
were not statistically different from age and sex distributions in
the PSP-RS or CBS groups (p > 0.05).

Elevated tau-PET binding in PSP-RS/CBS. First, we assessed
I8E_-PI-2620 PET binding in CBS and PSP-RS patients vs. CN,
using voxel-wise ANCOVAs, controlling for age, sex, and study
site  (alpha-threshold = 0.005, cluster-extent threshold > 100
voxels). Compared to CN, PSP-RS patients showed higher sub-
cortical and inferior frontal tau-PET binding (Fig. 1D), congruent
with previous work in a partly overlapping sample?”. In CBS?1,
we not only found significantly elevated subcortical, brainstem,
and inferior frontal'8F-PI-2620 PET binding but also more
widespread occipital, frontal, and parietal elevations of !SF-PI-
2620 PET binding (Fig. 1E). When comparing '8F-PI-2620 PET
between CBS and PSP (Fig. 1F), we found higher cortical '8F-P1-
2620 PET binding in CBS in the midbrain, entorhinal and lateral
temporal cortex, motor cortex, anterior cingulate, frontal eye
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Table 1 Subject demographics.
Tau-PET sample (N = 61)

Controls (n = 15) PSP-RS (n=22) CBS (n—24) P
Age 6267 +8.970 72.07 £6.40° 6771+ 846 0.001
Sex (f/m) 9/6 10/18 14/10 0.175
Disease duration (months) NA 39.48 £25.01 28.86+21.48 0.143
PSP Rating Scale NA 36.21£15.124 24.95+11.85¢ 0.0n
SEADL NA 555+ 20.89 64.36 + 20.89° 0.162
MoCA NA 227324708 2318+539¢ 0.807
MoCA Montreal Cognitive Assessment Battery, SEADL Schwab and England Activities of Daily Living
aSignificantly different from contrals (p < 0.05).
bsignificantly different from PSP-RS (p < 0D.05).
“Available for 19/22 PSP-RS subjects
dAvailable vor 22/24 CBS subjects.
eAvailable for 20422 PSP-RS subjects
tvailable for 11/22 PSP-RS subjects

fields, and parietal cortex. In line with histopathological studies?,
these analyses suggest elevated tau in patients with suspected 4 R
tauopathies vs, CN, particularly in the subcortex, with more
widespread cortical tau in CBS vs. PSP-RS23,

P12620 signal reflects 4 R tau pathology. To validate whether PI-
2620 has the ability to detect 4 R tau, we performed an in vitro
competition assay to compare the affinity of PI-2620 to 4 R tau
fibrils vs. the Ist-generation tau-PET tracer Flortaucipir. As
shown in Fig. 2A, we found higher IC50 values of PI-2620 to 4R
tau fibrils (IC50 = 2.7 nM) compared to Flortaucipir (IC50 =
18.4 nM), suggesting that PI-2620 shows higher in vitro affinity
to 4R tau. In addition, we performed combined PI-2620 auto-
radiography and AT8 immunohistochemistry in 233 postmortem
probes derived from 16 histopathologically confirmed PSP cases
across three brain regions (i.e., frontal cortex: n = 105, pallidum:
n=>56; putamen: n=72). AT8 staining was assessed semi-
quantitatively by expert neuropathologists (i.e., low = -+, med-
ium = 4+, high = ++4+) and autoradiography was quantified as
the ratio of PI-2620 signal in the target tissue (ie., frontal cortex,
pallidum, and putamen) divided by PI-2620 signal in ATS-
negative white matter. Using spearman correlation, we found a
positive association between semiquantitative AT8 assessments
and PI-2620 autoradiographic signal (Frontal cortex: r=0.44,
p<0.001; Pallidum: r=047, p<0.001; Putamen: r=04,
p<0.001), as well as significant differences in PI-2620 auto-
radiography  signals between semiquantitatively —assessed
ATS staining groups using ANOVAs (Frontal cortex: F = 10.42,
p<0.001; Putamen: F=12.08, p<0.001; Pallidum: F=8.36,
p <0.001, Fig. 2B). Together, these results suggest that PI-2620
can detect 4R tau pathology. Example images for the auto-
radiographic PI-2620 signal vs. AT8 staining are shown in Fig. 2C
for the Frontal cortex and Fig. 2D for the basal ganglia.

Functional connectivity is associated with correlated tau-PET
binding in CBS/PSP-RS. Next, we tested the major hypothesis
whether inter-regional connectivity is associated with inter-
regionally correlated tau accumulation in CBS or PSP-RS. To this
end, we parcellated patient-specific 18F-P1-2620 PET images into
232 regions-of-interests (ROIs) by combining non-overlapping
functional MRI-based parcellations of the cortex (200 ROIs,
Fig. 1G)*2 and subcortex (32 ROIs, Fig. 1H)**, Primary analyses
focused on the subcortex (32 ROIs, Fig. 1G), which showed
consistently elevated '8F-PI-2620 PET binding in CBS and PSP-
RS (see Fig. 1E, F). For secondary analyses we also included the
neocortex (i.e., 32 subcortical plus 200 cortical ROIs, Fig. 1G),

which was less consistently affected by elevated '8F-P1-2620 PET
binding in PSP-RS/CBS (see Fig. 1E, F).

We determined the covariance in inter-regional 8F-PI-2620 PET
binding within CBS and PSP-RS groups, defined as partial
correlation of ROI-based 3F-PI-2620 PET SUVRs, accounting for
age, sex, and imaging site as confounds (methods illustrated in
Fig. 3A, for subcortical tau covariance matrices see Fig. 3B for PSP-
RS and Fig. 3C for CBS). For functional connectivity, we applied the
same 232 ROI-based parcellation to preprocessed resting-state fMRI
data of 69 cognitively normal ADNI subjects. Based on this healthy
control sample, we determined a group-average functional
connectivity template (see Fig. 3D). Using linear regression, we
next assessed whether higher inter-regional functional connectivity
was associated with higher inter-regional covariance of 18F-PI-2620
PET binding, controlling for between-ROI Euclidean distance to
ensure that associations were not driven by spatial proximity. For
our primary analyses on the subcortex (ie., where tau-PET was
significantly elevated in PSP-RS and CBS compared to controls), we
found the expected associations between higher functional
connectivity and higher 18F-P1-2620 PET covariance in PSP-RS
(B=0616, p<0001, Fig. 4A) and CBS (B=0561, p<0.001,
Fig. 4B). To test the robustness of these findings, we recomputed
these models 1000 times generating for each trial a new connectivity
null-model (ie., shuffled connectivity matrix with preserved weight-
and degree distribution), yielding a distribution of null-model
derived P-values (Fig. 4A, B, beeswarm panels). Comparing the
actual B-values estimated using the observed true connectivity
matrix with the null-distributions using an exact test (i.e., determine
the probability of null-distribution derived p-values surpassing the
true f-value), yielded p-values <0.001 for CBS and PSP-RS. Together,
these analyses support the view that functionally connected
subcortical regions show covarying tau-PET levels in CBS/PSP-RS.
We obtained consistent results when extending these analyses to the
whole brain (Fig. 1G, H), where higher connectivity was again
associated with higher '8F-PI1-2620 PET covariance in PSP-RS (Fig. 4,
B=0450, p<0.001) and CBS (Fig. 4D, B=0402, p<0.001),
controlling for inter-regional Euclidean distance. Exact tests using
shuffled connectivity data yielded consistent results (p<0.001,
Fig, 4C, D, beeswarm panels). Repeating the above-described analyses
using partial-volume corrected tau-PET data or omitting Euclidean
Distance as a covariate yielded consistent results (Supplementary
Fig. 1, Supplementary Tables 1, 3). We next tested whether the
association between connectivity and covariance in tau-PET was
consistent across subcortico-cortical and cortico-cortical connections.
Again, associations between connectivity and ISE-PI-2620 PET
covariance were found for cortico-cortical (PSP-RS: p=10.397,
p<0.001; CBS: B=0397, p<0001) and subcortico-cortical
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Fig. 1 PI-2620 tau-PET uptake patterns in controls/pati and brain p: Ilati h Group-average maps of tau-PET SUVRs (i.e., intensity

normalized to the inferior cerebellar gray) for controls (A), PSP-RS (B), and CBS patients (€). Voxel-wise group comparisons were conducted to compare
tau-PET SUVRs between PSP-RS vs. controls (D), CBS vs. controls (E), and CBS vs. PSP-RS (F), at a voxel threshold of p < 0.005 with a cluster size of at
least 100 spatially contiguous voxels. lllustration of the 200 ROI cortical (G) and 32 ROI subcortical (H) brain atlases that were used for all tau-PET vs.
connectivity analyses.
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Fig. 2 Autoradiographic assessment of PI-2620 binding in PSP patients. In vitro competition assay, showing stronger affinity of PI-2620 to 4R tau fibrils
than the first generation tau-PET tracer Flortaucipir (A). In addition, we performed autoradiographic assessments in 233 brain samples derived from 16
patients with histopathologically confirmed PSP pathology. Samples were obtained from the frontal cortex (n=105), pallidum (n = 56), and putamen
(n=72). AT8 staining intensity was judged by visual expert read (low = -+, medium = ++, high = ++44), autoradiography was guantified as the intensity
of the autoradiographic signal in the target tissue divided by signal in AT8-negative white matter. Boxplot illustrating the comparisons between
autoradiography signal and AT8 staining intensity are shown in B, examples of autoradiography samples and AT8 staining are shown for the frontal cortex
in €, and the basal ganglia in D. Two-sided p-values have been determined via ANOVAs. Boxplots are displayed as median (center line) £ interquartile
range (box boundaries) with whiskers including observations falling within the 1.5 interguartile range. Source data are provided as a Source Data file.

connections  (PSP-RS:  p=0329, p<0001; CBS: p=0379,
p<0001). Together, these findings of correlated tau-PET among
functionally connected regions support the idea that connectivity
shapes tau deposition patterns in 4 R tauopathies.

Functional connectivity predicts tau-PET binding in PSP-RS/
CBS. We next determined whether group-average '8F-PI-2620 PET
patterns follow the connectivity pattern of subcortical tau epicenters
(i.e., 20% of brain regions with highest tau-PET). We found that for
epicenter regions with highest 18F-P1-2620 PET binding, higher
seed-based functional connectivity was associated with higher tau-
PET binding in strongly connected subcortical regions in both PSP-
RS (Fig. 5A, p=0.880, p<0.001) and CBS (Fig. 5B, p=0933,
p <0.001), controlling for between-ROI Euclidean Distance. In turn,
for coldspot regions with lowest '8F-PI-2620 PET binding, higher

seed-based functional connectivity was associated with lower sub-
cortical 18F-PI-2620 PET binding in strongly connected regions in
PSP-RS (Fig. 5, P=—0613, p<0001) and CBS (Fig. 5D,
B=-0617, p<0.001), controlling for between-ROI Euclidean
distance, This result pattern was reflected in a strong positive cor-
relation between the seed ROIs '8F-PI-2620 PET binding and their
functional connectivities’ predictive weight (i.e., regression-derived
B-value) on '8F-PI-2620 PET binding in remaining ROLs (PSP-RS:
B =0929, p<0.001, Fig. 5E; CBS: B =0.937, p<0.001, Fig. 5F). A
fully congruent result pattern was detected when extending this
approach to the whole brain (see Fig. 5G-L). Consistent results
were detected when repeating the analyses using partial-volume
corrected data or when omitting Euclidean distance as a covariate
(Supplementary Fig. 2; supplementary Tables 1, 3). Together, these
findings suggest that regions with high tau-PET levels are primarily
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Fig. 3 Assessment of tau covariance. Flow-chart illustrating the assessment of tau covariance (A). Subject-level tau-PET data were parcellated into 200
cortical and 32 subcortical ROIs (i), mean tau-PET was extracted for each region of interest (ROI), vectorized to 232-element vectors and concatenated
across subjects (ii). Fisher-z transformed partial correlations between inter-regional tau-PET SUVRs were determined for each group (ie., progressive
supranuclear palsy—Richardson syndrome [PSP-RS] and cortico-basal syndrome [CBS]), accounting for age, sex, and study site (iii). The resulting tau
covariance matrices for the subcortical brain parcellation which was used for primary analyses is shown for PSP-RS (B) and CBS (C) patients. For the same
ROIs, group-average functional connectivity was computed based on resting-state fMRI of 69 cognitively normal, amyloid and tau negative ADNI|
participants (D). Source data are provided as a Source Data file.
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Fig. 4 A iation between ivity and covariance in tau-PET. Scatterplots illustrating the association between functional connectivity and

covariance in 18-F-PI2620-PET among subcortical regions in progressive supranuclear palsy—Richardson syndrome (PSP-RS, A) and cortico-basal
syndrome (CBS) groups (B), as well as among subcortical and cortical regions for PSP-RS (€) and CBS groups (D). Standardized beta- and p-values were
derived from linear regression controlling for Euclidean distance between regions of interest (ROIs). Beeswarm plots illustrate the distribution of
standardized beta-values derived from repeating the analysis 1000 times using scrambled connectomes with preserved weight- and degree distribution
(gray points) vs. the beta-value derived from the association with the actual observed connectivity matrix that is illustrated in the scatterplot (yellow
point). Two-sided p-values have been determined via linear regression. Linear model fits are indicated together with 95% confidence intervals. Source data

are provided as a Source Data file.

interconnected with regions also harboring high tau, whereas
regions with low tau are primarily connected to other low tau
regions.

Connectivity of patient-specific tau epicenters predicts indivi-
dual tau-PET binding in 4 R tauopathy patients. As shown by
the group-level analyses, epicenter regions with highest tau-PET
binding were most strongly connected to other regions with high
I8E-PI-2620 PET in PSP-RS (Fig, 5A, G) and CBS (Fig, 5B, H). Next,
we extended this analysis to the subject level, i.e., we defined each
PSP-RS and CBS patients’ tau epicenter as those ~20% of subcortical
ROIs with the highest '8F-PI-2620 PET SUVR*. Adopting our
previously established approach, the remaining non-epicenter
subcortical ROIs were grouped for each subject into 4 quartiles
depending on the mean connectivity strength to a given subjects’ tau
epicenter (Q1 = strongest connectivity to the tau epicenter vs.
Q4 = weakest connectivity to the tau epicenter) as illustrated in
Fig. 6A. We expected a gradient of '8F-PI-2620 PET decrease from
tau epicenters across functionally connected regions (i.e., highest tau
in Q1, vs. lowest tau in Q4). Using linear mixed models, we could
confirm that connectivity strength to the epicenter was predictive of
I8F-P1-2620 PET binding in connected Q1-Q4 regions for PSP-RS
(b-value/standard error [b/SE] = 0.097/0.015, p < 0.001, Fig. 6B) and

NATURE

CBS (Fig. 6D, b/SE=0.086/0.013, p<0.001). As hypothesized,
highest 18F-PI-2620 PET binding was found in Q1, which is most
strongly connected to the tau epicenter, whereas tau-PET levels
gradually decreased to Q4, which is only weakly connected to the tau
epicenter. Linear mixed models were controlled for age, sex, study
site, mean Euclidean distance to the tau epicenter as well as random
intercept. When extending this analysis to the cortex, we found a
similar result pattern, with highest 1%F-P1-2620 PET binding in
those cortical regions that were most closely connected to subcortical
tau epicenters (i.e., Q1) vs. lowest 'F-PI-2620 PET binding in those
cortical regions that were most weakly connected to subcortical tau
epicenters (ie, Q4) in PSP-RS (Fig. 6C, b/SE=0.036/0.008,
p<0.001) and CBS (Fig. 6E, b/SE=0.032/0.005, p<0.001). A
topological frequency mapping of tau epicenters is shown in Fig. 6H
for PSP-RS and Fig. 61 for CBS. Consistent results were obtained
when using partial-volume corrected tau-PET data or when omit-
ting Euclidean distance as a covariate (supplementary Fig. 3; sup-
plementary Tables 2, 4). Together, these findings support the view
that tau deposition patterns follow the connectivity pattern of sub-
cortical tau epicenters in PSP-RS and CBS.

Subthreshold amyloid levels are associated with neocortical tau
deposition in CBS. In a subset of 22 CBS patients with available
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Functional connectivity associated with tau-PET uptake
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the pons. No difference in !8F-PI-2620 PET binding was found
within subcortical tau epicenters between high and low AP groups
(p > 0.05). Further, the association between epicenter connectivity
and 18F-PI-2620 PET binding in connected subcortical Q1-Q4
ROIs was the same across high/low Ap groups (main effect of Ap:
b/SE = —0.02/0.051, p = 0.653, Fig. 6F), controlling for age, sex,

study site, Euclidean distance to the tau epicenter, and random
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Fig. 5 Group-level epicenter connectivity vs. tau-PET patterns. Associations between group-average subcortical 18-F-Pi-2620-PET data and seed-based
functional connectivity of tau epicenters (i.e., regions with highest group-average tau) in progressive supranuclear palsy—Richardson syndrome (PSP-RS,
A) and cortico-basal syndrome (CBS, B), illustrating that regions with high connectivity to the tau epicenter show high tau-PET. The same association was
plotted for tau coldspots (i.e, regions with lowest tau-PET) for PSP-RS (C) and CBS (D), illustrating that regions closely connected to the tau coldspots
show also low tau-PET. Standardized beta- and p-values were derived from linear regression controlling for Euclidean distance between ROls. The analysis
was repeated for all regions of interest (ROIs), and the respective seed ROIls tau-PET uptake was plotted against the regression-derived beta-value,

showing that seed regions with higher tau-PET show a positive association between seed-based connectivity and tau-PET in connected regions, whereas
regions with lower tau-PET show a negative association between seed-based connectivity and tau-PET in connected regions in PSP (E) and CBS (F). These
findings indicate that seed ROls are preferentially connected to other regions with similar tau-PET levels. All analyses were repeated including using the
combined set of 200 cortical and 32 subcortical ROls, showing a fully consistent result pattern across the entire brain (G-L). Two-sided p-values have been
determined via linear regression. Linear model fits are indicated together with 95% confidence intervals. Source data are provided as a Source Data file.

intercept. However, for cortical regions, we found that the high
AP group showed overall higher ¥F-PI-2620 PET binding across
cortical Q1 to Q4 ROIs (main effect of AB: b/SE = 0.078/0.006,
p =0.031, Fig. 6G), yet with the same gradient of tau deposition
from tau epicenters throughout connected regions, controlling for
age, sex, study site, Euclidean distance to the tau epicenter, and
random intercept. This result pattern supports the view that
subcortical to cortical tau propagation may be enhanced in the
presence of subtle subthreshold AP accumulation in CBS.

Functionally connected brain regions show correlated post-
mortem tau levels in PSP. Lastl?f, we aimed to replicate the
association between covariance in 8F-PI-2620 PET binding and
functional connectivity using gold-standard postmortem tau
assessments since the in vivo '8F-PI-2620 signal could still be driven
by a parallel phenomenon not directly reflecting tau. The histo-
pathological data of our study were derived from regional and cell-
type-specific semiquantitative AT8 (Munich sample) or PHF-1
(UPENN sample) stained tau assessments (ie, for neuronal,
astrocyte, and oligodendrocyte tau) in two independent samples
with confirmed PSP 4R tau pathology:® Using the neuropatholo-
gical probe extraction protocols, we reconstructed spatially match-
ing bilateral ROIs from established cortical and subcortical
anatomical atlases® 3%, as shown in Fig. 7A for the Munich-
European consortium/collection sample (rn=97, 16 ROIs) and
Fig. 7B for the UPENN sample (1 = 96, 9 ROIs). For these ROIs, we
computed covariance in postmortem stained neuronal tau levels,
defined as the partial Spearman correlation between inter-regional
neuronal tau, accounting for age at death and gender (Fig. 7C, E).
Using the same ROIs shown in Fig. 7A, B, we determined inter-
regional functional connectivity in the sample of 69 cognitively
normal, amyloid-PET, and tau-PET-negative ADNI subjects
(Fig. 7D, F). As for the 18F-PI-2620 PET analyses, we tested the
association between inter-regional functional connectivity and
covariance in postmortem tau, focusing particularly on neuronal
tau which we hypothesized to be most strongly driven by
connectivity-mediated tau spreading. As for '8F-PI-2620 PET, these
analyses were controlled for inter-regional Euclidean distance, to
ensure that associations between connectivity and tau covariance
were independent of spatial proximity between ROIs. In line with
the !8E-PI-2620 PET data, we found the expected association
between functional connectivity and covariance in neuronal tau
levels in the Munich-European consortium/collection (p = 0.503,
p <0001, Fig. 7G) and UPENN sample (p=0.790, p<0.001,
Fig. 7H). Again, these associations were confirmed by exact tests
(p <0.001, beeswarm plots in Fig. 6G, H), i.e., by comparing the
actual p-value with a null-distribution of B-values obtained via
repeating the analysis 1000 times using shuffled connectomes with
preserved weight- and degree distribution. For direct comparison of
the postmortem and tau-PET analyses, we also determined the
covariance in tau-PET in PSP-RS patients for the postmortem atlas

regions shown in Fig. 7A, B. In line with the postmortem data, we
found a strong association between functional connectivity and
covariance in tau-PET in PSP-RS, controlling for Euclidean distance
(Munich parcellation [Fig. 7A], B: 0.66, p<0.001; UPENN par-
cellation [Fig. 7B], p = 0.52, p < 0.001). In the postmortem data, we
further tested whether the association between functional con-
nectivity and covariance in tau was strongest for neurons. To this
end, we recomputed the above-described analyses with measures of
neuronal, astroglial, and oligodendroglial tau in 1000 bootstrapped
samples that were randomly drawn from the overall samples.
Plotting the resulting p-value distributions revealed that the asso-
ciations between functional connectivity was indeed highest for
neuronal tau, followed by oligodendrocyte and lastly astrocyte tau
consistently across the Munich-European consortium/collection
(Fig. 71) and UPENN sample (Fig. 7]). Together, these postmortem
findings in two large independent samples replicate the in vivo 18F-
PI-2620 PET findings, showing an association between functional
connectivity and covariance in tau pathology, which is strongest for
neuronal tau.

Discussion

Our major aim was to investigate whether functional connectivity
is associated with the deposition patterns of tau pathology in 4 R
tauopathy patients. To this end, we combined template-based
resting-state fMRI connectomics with (i) in vivo tau-PET in 46
PSP-RS and CBS patients and (ii) regional postmortem tau
assessments in two independent samples with histopathologically
confirmed 4 R tau PSP pathology (n = 97/n = 96). Using the next
generation tracer '8F-P1-2620 for imaging tau pathology?’, we
found elevated PET binding in clinically diagnosed CBS and PSP-
RS patients, particularly in subcortical predilection sites of 4 R tau
pathology. Binding of PI-2620 to 4 R tau pathology was further
supported by competitive in vitro self-blocking assessments and
autoradiography in PSP patient samples. Across CBS and PSP-RS,
we show that functionally interconnected subcortical and cortical
regions show correlated tau-PET levels. Moreover, we report that
patient-level 18F-P1-2620 PET patterns could be predicted by the
seed-based connectivity patterns of subcortical tau epicenters,
suggesting that gradual tau aggregation expands from subcortical
tau starting sites throughout connected regions. In CBS, which is
typically characterized by more widespread cortical tau®?, we
show further that subthreshold Ap-levels are associated with
elevated cortical '8F-P1-2620 PET in regions that are closely
connected to the subcortical tau epicenters. By translating the
tau-PET vs. connectivity analysis approach to regionally sampled
postmortem data from two independent PSP patient samples, we
replicated the association between in-vivo-derived inter-regional
connectivity and inter-regional covariance in AT8/PHF-1-stained
tau pathology. Here, we could show further that the association
between connectivity and covariance in postmortem-assessed tau
pathology was strongest for neuronal tau compared to glial tau
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Functional connectivity associated with subject-level
tau-PET uptake
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levels, supporting the view that connectivity is particularly asso-
ciated with trans-neuronal tau propagation. Together, our find-
ings provide comprehensive translational evidence for a key role
of connectivity in the propagation of 4 R tau pathology® 7.
When assessing disease-associated tau-PET patterns, we found
elevated '8F-PI-2620 PET binding in CBS/PSP-RS patients par-
ticularly in the basal ganglia, ie., typical sites of 4R tau
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aggregation”> 8, congruent with a previous 8F-PI-2620 PET study
in a partly overlapping sample”. Further, the epicenters of 18F.
PI-2620 PET spatially matched the earliest signs of tau pathology
in the pallido-nigrolusyian axis as detected in postmortem ana-
lyses of 4 R tauopathy patients with various clinical phenotypes®.
CBS patients, which are characterized by a clinically mixed sub-
cortical/cortical phenotype, showed more widespread cortical

10 NATURE COMMUNICATIONS | (202213:1362 | https://dol.org/10.1038/541467-022-28896-3 | www.nature.com/naturecommunications



6 Paper Il

64

6-3 ARTICLE

Fig. 6 Subject-level epicenter connectivity vs. tau-PET patterns. Using subject-level tau-PET data, we determined for each progressive supranuclear palsy
—Richardson syndrome (PSP-RS) and cortico-basal syndrome (CBS) patient the subcortical tau epicenter (A), i.e., defined as 20% of ROIs with highest
tau-PET SUVRs. The remaining regions of interest (ROIs) were grouped for each subject inte quartiles, depending on connectivity strength to the subject-
specific tau epicenter. Highest tau-PET was expected for regions most closely connected to the tau epicenter (i.e., quartile 1= Q1) whereas lowest tau-PET
was expected for ROls only weakly connected to the tau epicenter. Subject-specific tau-PET data for subcortical Q1-Q4 ROIls (B, D) as well cortical Q1-Q4
ROIs (C, E) is shown, illustrating that tau-PET was highest in subcortical and cortical regions that are most closely connected to the subcortical tau
epicenter (i.e., Q1), with gradual decreases across less strongly connected regions. For a subset of CBS patients (n=22), we further stratified these
analyses by above vs. below median global amyloid-PET SUVRs (i.e., subthreshold amyleid, as all subjects were amyloid negative on visual read). Amyloid-
stratified analyses illustrate that above median amyloid levels were not associated with elevated tau spread from subcortical epicenters to subcortical
Q1-Q4 ROIs (F), but with increased tau spread from subcortical epicenters to cortical Q1-Q4 ROIs (G). All statistical indices (i.e., b-values, standard errors
and p-values) were derived from linear mixed models, controlling for age, sex, study center, mean Euclidean distance of Q1-Q4 ROIs to the tau epicenter
and random intercept, A probability mapping of subcortical epicenter locations is illustrated in panels H for PSP-RS and I for CBS patients. Two-sided p-
values have been determined via linear mixed effects models. Linear model fits are indicated together with 95% confidence intervals. Source data are

provided as a Source Data file.

I8E_P1-2620 PET elevations than PSP-RS, in line with post-
mortem observations?>. Together, the '8F-P1-2620 PET patterns
observed in PSP-RS and CBS are congruent with histopatholo-
gically observed 4 R tau patterns in CBD/PSP7: &,

Nevertheless, we note as a limitation that in vivo and post-
mortem data were not assessed in the same patients in the current
study. Thus, although we and others provide autoradiographic
evidence for '8F-P1-2620 binding to 4 R tau?” 38, the observed
signal could still derive from a source closely paralleling 4 R tau.
Regarding our main finding, we observed that functionally con-
nected brain regions exhibit correlated '8F-P1-2620 PET levels in
CBS and PSP-RS. This result echoes previous evidence of cov-
arying cross-sectional tau-PET levels and longitudinal tau-PET
accumulation rates among functionally interconnected regions in
AD, suggesting a consistent association between tau deposition
patterns and brain connectivity across different tauopathies?®-4!,
This interpretation is also supported by preclinical work, showing
that pathological tau species from 4-repeat (i.e.,, CBD/PSP) and
mixed 3/4-repeat tauopathies (i.e., AD) consistently trigger trans-
cellular tau spread across connected brain regions while recapi-
tulating disease-specific neuropathological hallmark features (e.g.,
neuronal tau in AD vs. neuronal and glial tau in CBD/
PSP)1% 17,42 Recent studies have emphasized, however, that CBD
and PSP tau show distinguishable molecular characteristics?3-1,
hence it will be important in future studies to assess whether
molecular differences in CBD and PSP tau modulate the
spreading potential of tau pathology. Importantly, we found an
association between connectivity and covariance in !8F-P1-2620
PET binding not only for subcortical 4 R tau predilection sites but
also for cortico-cortical and subcortico-cortical connections. This
indicates that associations between connectivity and tau deposi-
tion patterns are not spatially restricted to particularly vulnerable
brain regions, in line with previous evidence in AD
patients*® 3 40 and preclinical tauopathy models'® 17 42,

In a critical validation step, we were able to translate these
in vivo tau-PET vs. connectivity analyses to postmortem tau
assessments in two pre-existing datasets of patients with histo-
pathologically confirmed PSP®. In these unique samples with
gold-standard regional tau assessments, we found a highly con-
sistent result pattern with strong associations between in-vivo-
assessed inter-regional functional connectivity and inter-regional
correlations of AT8 or PHF-1 stained tau levels. Importantly,
these associations were replicated across both independent post-
mortem samples with regionally different postmortem sampling
(see Fig. 7A, B), supporting the robustness of our ﬁndings. Even
more important, cell-type-specific tau assessments confirmed the
hypothesis that the association between connectivity and covar-
iance in tau was strongest for neuronal tau pathology when
compared to astroglial and oligodendrocyte-specific tau,
thus supporting neuronal connectivity as the main driver of

trans-synaptic tau propagation?. Consistent across both post-
mortem samples, the second strongest association between con-
nectivity and tau covariance was observed for oligodendrocytes,
i.e., the main constituents of myelin sheaths along axonal tracts.
Previous work in mice has shown that 4 R oligodendrocyte tau
propagates along white matter tracts, even in the absence of
neuronal tau pathology, suggesting oligodendrocyte tau propa-
gation along anatomically interconnected pathways?. A recent
study evaluating cell-specific sequences showed more overlap of
the patterns of neuronal and oligodendrocytic tau deposition, and
albeit early steps of astrocytic tau deposition deviates from the
neuronal, it converges in later steps®. Astrocytic tau accumulation
may be seen without local neuronal tau pathology in regions with
high connectivity to regions with existing neuronal tau
pathology??, which together with a preclinical study that observed
astrocytic tau pathology only in the presence of neuronal taus,
are in line with the observation that astrocytes phagocytose
neuronally released tau'?, either from local neurons or projecting
from other regions*®. Altogether, these may explain why con-
nectivity and astrocytic tau were associated, albeit to a weaker
extent compared to neuronal and oligodendrocytic tau. Thus,
these preclinical findings converge with our result pattern of
strongest associations between connectivity and neuronal tau,
followed by oligodendrocyte and astrocyte tau. In summary, our
findings provide compelling postmortem replication of an asso-
ciation between connectivity and 4 R tau spreading.

Importantly, all associations between connectivity and covar-
iance in postmortem tau or in vivo '8F-PI-2620 PET were
detected while statistically controlling for inter-regional Euclidian
distance, highlighting that the association between tau and con-
nectivity is not driven by mere spatial proximity. This result
pattern supports the view that tau spread is driven by connectivity
and not proximity?l: ¥ 30 in line with preclinical studies,
showing that cerebral tau injections trigger tau spread to con-
nected rather than spatially adjacent regions!? 42,

In the '8F-PI-2620 PET sample, we further show that brain
regions with highest tau (i.e., tau epicenters) are closely func-
tionally connected to other high tau regions, whereas low tau
regions are most closely connected to other low tau regions.
These findings are congruent with postmortem tau staging
schemes, showing that 4 R tau pathology is initially confined to
circumscribed epicenters from where it progresses gradually
throughout the brain®. Further supporting this, we found that
connectivity patterns of subject-level tau-PET epicenters pre-
dicted a gradient of tau deposition, with highest tau in sub-
cortical/cortical regions that were most closely connected to the
tau epicenter, while tau levels were gradually lower in farther
connectivity-based distance to the tau epicenter. In line with
findings in other tauopathies such as AD?% 3% 41,51 these results
suggest tau spreading patterns in 4 R tauopathies are determined
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Functional connectivity associated with covariance
in post-mortem tau assessments
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by the connectivity pattern of the tau epicenter, thereby strongly
supporting the concept of connectivity-based tau spreading.
Importantly tau spreading concepts applied to PET imaging could
facilitate patient-tailored precision medicine since they may
facilitate prediction of the future accumulation pattern of tau
pathology and the progression/development of symptoms on a
patient-level®*. By implication, identifying sites that are

12 NATURE COMMUNICATIONS | (2022)13:1362 | https://doi.org/10.

vulnerable to tau spreading could also serve as a imaging-guided
primary read-out in tau targeting trials of 4 R tauopathies.

In an exploratory subanalysis in CBS patients with available
global amyloid-PET data, we found further that subthreshold
Ap-levels were associated with higher cortical tau-PET-levels
following the same connectivity gradient of subcortical tau epi-
centers (Fig. 5G). A potential explanation is that subtly elevated

1038/541467-022-28896-3 | www.nature.com/naturecommunications



6 Paper Il

66

ARTICLE

d 180

Fig. 7 C ivity vs. Post: tau dep patterns. Association between functional connectivity and regional postmartem tau assessments (i.e.,
AT8 staining) in two independent samples with histopathologically confirmed progressive supranuclear palsy (PSP =. For each sample, covariance in
neuronal tau levels was assessed amaong cortical and subcortical ROIs (A, B) using the methods illustrated in Fig. 3A, yielding a covariance in AT8-stained
tau matrix of partial correlations accounting for age at death and sex. for the Munich (€} and UPENN sample (E). Using the same brain atlases (A, B),
functional connectivity was determined based on resting-state fMRI data in the sample of n = 69 healthy controls from ADNI (D, F). Scatterplots illustrate
the association between functional connectivity and covariance in postmortem stained neuronal tau pathology for the Munich (G, AT8 tau staining) and
UPENN (H, PHF-1 tau staining) sample. Standardized beta- and p-values were derived from linear regression controlling for Euclidean distance between
ROIs. Robustness of the association in panels D, E was again tested by contrasting the beta-value derived from the association between the actual
functional connectivity matrix with covariance in tau against beta-values derived from the same analyses repeated a 1000 times using scrambled functional
caonnectivity matrices with preserved degree- and weight distribution (see beeswarm plots in panels G, H). The same analysis was repeated for cell-specific
tau levels (i.e., astrocyte tau, oligodendrocyte tau, neuronal tau) using 1000 bootstrapping iterations, i.e., the association between functional connectivity
and covariance in cell-specific tau was repeated on 1000 randomly drawn samples. The resulting beta-value distributions are shown for the Munich (I} and
UPENN (J) sample, illustrating that the association between functional connectivity and covariance in tau is strongest for neuronal tau levels. Two-sided p-
values have been determined via linear models for scatterplots. Linear model fits in scatterplots are indicated together with 95% confidence intervals.

Boxplots are displayed as median (center line) # interquartile range (box boundaries) with whiskers including observations falling within the 1.5
interquartile range. Two-sided p-values in boxplots have been obtained using ANOVAs. Source data are provided as a Source Data file.

AP levels (i.e., all CBS patients were by definition AB-negative),
which have been previously shown to accelerate AD-typical tau
spreading®?, also accelerate subcortical to cortical tau spreading in
CBS patients. As a limitation, we note that different binding
characteristics of 18F-PI-2620 to 3/4 R and 4 R tau isoforms could
also explain our observation since the AP status impacts the
predominant tau isoform and tau isoform shifts?3, Yet, this
finding is preliminary and requires further systematical investi-
gation by larger dedicated studies and longitudinal analyses. In
addition, a potential association between cortical Ap-levels and
elevated cortical tau-PET should be explored in PSP cases,
especially in those with cortical phenotypes (e.g., language variant
PSP) once sufficient data become available.

Several limitations should be considered when interpreting our
results. First, the 18F-P1-2620 PET cohort includes PSP-RS and
CBS patients with clinically diagnosed 4 R tauopathies, since
biomarker-based 4 R tauopathy diagnosis is not yet clinically
established!? 28, Further, PI-2620 controls were significantly
younger than PSP-RS patients, hence age-related increase in tau-
PET signal may potentially bias group comparisons between
controls and PSP-RS groups, despite age adjustment of voxel-wise
analyses. Importantly, however, 5F-PI-2620 PET patterns in
PSP-RS and CBS groups matched the tau patterns that are typi-
cally observed in histopathological assessments” 5, and sub-
cortical 18F-P1-2620 PET was significantly higher relative to
controls, thus supporting the view that the 'SF-PI-2620 PET
signal in these 4R tau predilection sites reflects no off-target
signal but an increase in tau pathology?’. This is supported by our
in vitro binding assay data, showing a stronger affinity of PI-2620
to 4R tau fibrils than Flortaucipir (Fig. 2A), as well as the post-
mortem autoradiography assessments in PSP patients, showing
that stronger PI-2620 signal is observed in brain regions with
higher AT8-stained tau pathology (Fig. 2C, D). Further, a recent
study refined PI-2620 binding sites to tau from cryo-EM meta-
dynamics simulations in order to provide atomic resolution of the
binding modes and thermodynamic properties®. Here, several
binding sites for PI-2620 were observed on 4 R Tau CBD fibrils
which support sufficient PI-2620 in vivo binding to 4R tau.
Nevertheless, the affinity of 18F-PI-2620 PET to 4 R tau needs to
be characterized further and our findings warrant replication with
other candidate tracers for 4R tau (eg, 'SF-PM-PBB3)*. In
addition, '$F-P12620 shows off-target binding to neuromelanin,
hence tau deposition in neuromelanin harboring brainstem
regions, which typically show early tau accumulation in 4R
tauopathies®, can currently not be assessed with '8F-P1-2620 PET.
To further guard against the impact of confounding 3/4R
pathology, all patients with CBS were rated AP negative as

determined via cerebrospinal fluid or amyloid-PET assessments,
suggesting that elevated !SF-P1-2620 PET is not primarily
explained by AD-typical 3R/4 R tau®® 57, Second, the current
study focused on functional connectivity, ie., shared inter-
regional BOLD activity, which is to a large degree but not entirely
matched by structural connectivity as assessed via diffusion
MRI®®, This structural/functional connectivity mismatch is partly
determined by technical limitations of MRI-based tractography to
detect  crossing-fibers  or  short-range  cortico-cortical
connections®®, On the other hand, the slow temporal resolution
of fMRI may introduce connectivity between regions without
direct but rather indirect multi-synaptic connections®’. Thus, our
results on tau covariance vs. connectivity likely reflect a mixture
of direct and indirect connections. In addition, the fMRI BOLD
signal stems from multiple cellular sources including astrocytes,
neurons, and vasculature®!, and while fMRI-assessed connectivity
is associated with electrophysiological brain activity®?, fMRI
connectivity does potentially not fully match neuronal con-
nectivity. However, the advantage of functional MRI in the cur-
rent study is the possibility to map a proxy of brain connectivity
between spatially adjacent subcortical nuclei, where connections
are not accessible with diffusion-based tractography. In addition,
the current study used connectivity templates derived from
healthy individuals. Thus, it remains to be determined by future
studies whether subject-specific connectivity differences (ie.,
connectome fingerprinting) contribute to heterogeneity in tau
spreading patterns. Here, it will also be important to assess
whether disease-related connectivity changes, such as tau-related
disruptions in functional connectivity further modulate down-
stream tau spread that deviates from tau spreading patterns
modeled with a healthy connectome template. Third, the current
study is cross-sectional in nature and thus does not assess the
association between connectivity and the spatio-temporal pro-
gression of tau pathology. In order to test the predictive value of
connectivity for regional changes in tau-PET, longitudinal tau-
PET studies are necessary, which will be conducted as soon as
large enough data are available.

In conclusion, the current study demonstrates a close link
between 4 R tau deposition patterns and connectivity, thereby
supporting the concept of trans-neuronal tau spreading in 4R
tauopathies!® 22 37 A clear strength of the current study is the
translational study design with independent validation of the
association between inter-regional functional connectivity and
covariance in tau pathology across in vive 18F-PI-2620 PET and
cell-specific postmortem histopathological tau assessments in
multiple independent samples. The current results may be used as
a starting point for future studies with detailed phenotyping of
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cognitive and motor function to map tau spreading patterns and
downstream neurodegeneration to cognitive and motor pheno-
types in patients with 4 R tauopathies. Since tau pathology is
closely assumed to be a key driver of disease progression™ 7 %, our
results suggest that interventions that target tau spreading are
potentially key therapeutic strategies.

Methods

Tau-PET sample. We included 61 subjects recruited at four sites (Munich &
Leipzig, Germany; Melbourne, Australia; New Haven, United States), including 15
cognitively normal individuals (i.e., without evidence of cognitive decline, any
motor symptoms or cerebral tau pathology), 24 patients with clinical diagnosis of
possible or probable cortico-basal syndrome (CBS) and 22 patients with clinical
diagnosis of PSP-RS. CBS diagnosis was made according to the revised Armstrong
Criteria of probable CBS'? or the Movement Disorders Society criteria of possible
PSP with predominant CBS?%. PSP-RS was diagnosed following state-of-the-art
diagnostic criteria®®. All patient data derive from a PSP cohort recruited in Munich
and Leipzig?” and a CBS cohort recruited in Munich®!. Inclusion criteria for the
current study were age above 45 years, stable pharmacotherapy for at least 1 week
before the tau-PET examination, negative family history for Parkinson’s and
Alzheimer’s disease and availability of 3D T1-weighted structural MRI. Exclusion
criteria were severe neurological or psychiatric disorders other than PSP and CBS
or positive AP status, as determined via expert visual read of 18-F-Flutemetamol or
18-F-florbetaben amyloid-PET or by cerebrospinal fluid analyses of AP levels using
locally established cut-offs (i.c., ABjzso-ratio <5.5% or AP,y <375 pg/ml). The
18-F-P12620 PET imaging protocol was approved by local ethics committee of the
LMU Munich, Written informed consent was obtained from all participants in
accordance with the Declaration of Helsinki. The full study protocol including all
samples and all PET data analyses were approved by the local ethics committee
(LMU Munich, application numbers 17-569 and 19-022) and the German radiation
protection (BfS-application: Z 5 — 22464/2017-047-K-G) authorities. The study
was carried out according to the principles of the Helsinki Declaration, patients
received no compensation for study participation. All work complied with ethical
regulations for work with human participants.

Neuroimaging acquisition. All structural MRI data were collected on 3 T scanners
using 3D MPRAGE and MP2RAGE sequences. Radiosynthesis of 18-F-PI-2620
was achieved by nucleophilic substitution on a butyloxycarbonyl-protected nitro
precursor using an automated synthesis module (Synthera, IBA Louvain-la-neuve,
Belgium). The protecting group was cleaved under radiolabeling conditions. The
product was purified by semipreparative high performance liquid chromatography,
resulting in radiochemical purity of >97%. Non-decay corrected yields were about
30% with a molar activity of 3-10% GBg/mmol at the end of synthesis. 18-F-PI-
2620 PET imaging in combination with computed tomography (CT) or magnetic
resonance (MR) was performed in a full dynamic setting (minimum scan duration:
0-60 min post-injection) using pre-established standard PET scanning parameters
at each site: In Munich, Germany, dynamic tau-PET was acquired on a Siemens
Biograph True point 64 PET/CT (Siemens, Erlangen, Germany) or a Siemens mCT
scanner (Siemens, Erlangen, Germany) in 3D list-mode over 60 min and recon-
structed into a 336 x 336 x 109 matrix (voxel size: 1.02 x 1.02 x 2.03 mm?) using
the built-in ordered subset expectation maximization (OSEM) algorithm with 4
iterations, 21 subsets, and a 5 mm Gaussian filter. A low dose CT was used for
attenuation correction. In Leipzig, Germany, dynamic tau-PET was acquired on a
hybrid PET/MR system (Biograph mMR, Siemens Healthineers, Erlangen, Ger-
many) in 3D list-mode over 60 min and reconstructed into a 256 x 256 matrix
(voxel size: 1.00 x 1.00 x 2.03 mm?) using the built-in ordered subset expectation
maximization algorithm with 8 iterations, 21 subsets, and a 3 mm Gaussian filter.
For attenuation correction, the vendor-provided HiRes method was employed,
combining the individual Dixon attenuation correction approach with a bone
attenuation template®, For tau-PET data of control subjects imaged in New
Haven, US, dynamic PET was acquired on a Siemens ECAT EXACT HR + camera
from 0 to 90 and 120 to 180 min. Images were reconstructed in a 128 x 128 matrix
(zoom = 2, pixel size of 2.574 x 2.574 mm) with an iterative reconstruction algo-
rithm (OSEM 4 iterations, 16 subsets) and a post-hoc 5 mm Gaussian filter.
Standard corrections for random, scatter, system dead time and attenuation pro-
vided by the camera manufacturer were performed. 18-F-PI-2620 PET assessments
of control subjects in Melbourne was performed on a Philips Gemini TF 64 PET/
CT (Philips, Eindhoven, The Netherlands). PET images were acquired dynamically
from 0 to 60 min and 80 to 120 min post-injection. Images were reconstructed
using LOR-RAMLA and CT attenuation correction was performed. Images were
binned into a 128 x 128 x 89 matrix (voxel size: 2.00 x 2.00 x 2.00 mm?).

The injected dose was 168-334 MBq, applied as a bolus injection. Site-specific
attenuation correction ensured multi-site harmonization of data acquisition®,
Further, data from Hofmann brain phantoms were used to obtain scanner-specific
filter functions which were consequently used to generate images with a similar
spatial resolution for voxel-wise analyses (full-width-at-half-
maximum = 9 x 9 x 10 mm; determined by the scanner in New Haven), following
the Alzheimer’s Disease Neuroimaging Initiative image harmonization
procedure™, Resulting smoothing factors were 3.5 x 3.5 x 7.0 mm for Munich,
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6.0 % 6.0 x 6.0 mm for Leipzig, and 4.0 x 4.0 x 4.0mm for Melbourne. All dynamic
datasets were visually checked for artifacts and motion-corrected using rigid-

registration. Mean SUV images were obtained for 20-40 min time frames to obtain
SUVR images, which show comparable performance in signal sensitivity and were
less subject to artifacts when compared to 0-60 min or 0-40 min DVR images®®.

Structural MRI and tau-PET preprocessing. All structural MRI and PET data
were processed using the Advanced Normalization Tools (ANTS) toolbox (http://
stnava.github.io/ ANTs/). In an initial step, 18-F-PI-2620 PET images were rigidly
co-registered to native-space T1-weighted MRI images. For T1-weighted structural
MRI data we performed bias field correction, brain extraction, and segmentation
into gray-matter, white matter and cerebrospinal fluid tissue maps using the ANTs
cortical thickness pipeline. Brain extracted T1-weighted images were nonlinearly
normalized to MNI space (2 mm isotropic voxels) using ANTs high-dimensional
warping algorithm®. By combining the rigid 18-F-PI-2620 PET to T1-native space
and nonlinear T1 to MNI space spatial normalization parameters, all brain-atlas-
derived ROI data was transformed from MNI space back to PET native space,
including the Tian 32 ROI subcortical brain atlas®® (Fig. 1H), the Schaefer 200 ROI
cortical brain atlas®? (Fig. 1G), as well as the inferior cerebellar reference ROI for
intensity normalization of tau-PET®”, All brain-atlas data and the inferior cere-
bellar reference ROI were further masked with binary subject-specific gray-matter
maps in order to restrict later extraction of ROI-mean values to gray-matter
regions.

Tau-PET images were intensity normalized to the mean tracer uptake of the
inferior cerebellar gray, to determine standardized uptake value ratio (SUVR).
Mean tau-PET SUVR values were extracted for each subject for the 32 subcortical
and 200 cortical ROIs from unsmoothed native-space PET data. For voxel-wise
analyses, subject-specific tau-PET SUVR images were warped to MNI space by
combining the linear PET to T1 and nonlinear T1 to MNI transformation
parameters, followed by spatial smoothing with site-specific smoothing kernels.
Usage of an alternative reference ROI (i.e., eroded white matter) yielded congruent
analyses with those presented in the manuscript. To determine whether ROI-based
estimation of tau-PET ROIs was biased by gray-matter atrophy, we further
obtained partial-volume effect (PVE) corrected tau-PET SUVRs, using the
Gaussian transfer method®®,

Postmortem sample. To replicate tau-PET vs. connectivity associations using
postmortem assessments of tau pathology, we included histopathological tau data
from two independent samples, including n = 97 PSP subjects recruited, sampled,
and examined at several different sites across Europe with centralized final analysis
at the Department of Neuropathology, LMU, in Munich and n =96 PSP subjects
from the University of Pennsylvania. An in-depth description of data selection and
data acquisition has been published previously®. Cases were selected based on
presence of neurofibrillary tangles in the subthalamic nucleus, substantia nigra, and
pallidum, as well as based on the presence of tufted astrocytes in the striatum and
frontal cortex® %, All donors or their next of a kin had given written informed
consent according to the Declaration of Helsinki for the use of brain tissue and
medical records for research purposes. Usage of the material was in accordance
with the directives of local ethics commissions regarding the use of archive material
for research purposes. The postmortem tau histopathological examinations of brain
tissue in PSP patients were approved by the ethics committee of the medical faculty
of the university of Marburg, Germany.

Extraction of neuropathological samples followed a standardized pre-
established procedure®. Formalin-fixed and paraffin-embedded tissue blocks from
the PSP cases were evaluated using tau immunostaining with the anti-tau ATS
antibody (Ser202/Thr205, 1:200, Invitrogen/Thermofischer, MN1020, Carlsbad,
USA) for the Munich sample, and with anti-tau PHF-1 (Ser396/Ser404, 1:2000) for
the UPENN sample. For each sample, we included data from postmortem sampled
regions of interest, which were judged accessible with functional MRI, resulting in
16 ROIs for the Munich sample and 9 ROIs for the UPENN sample.
Neuropathological ROIs were reconstructed in MNI space based on the
neuropathological examination protocol using predefined ROIs from established
anatomical brain atlases (Fig. 64, B)** 3%, Neuronal tangle pathology was graded
for each region in a semiquantitative score (none =0, mild = 1, moderate =2,
severe = 3).

For direct comparison with the autoradiography signal, tau immunostaining
from formalin-fixed and paraffin-embedded tissue blocks from 16 PSP cases and
three brain regions (frontal cortex, putamen, and pallidum) was processed and
graded as described above. For each patient and brain region, autoradiography with
18-F-PI-2620 was performed on >4 sections (Superiority of Formalin-Fixed
Paraffin-Embedded Brain Tissue for in vitro Assessment of Progressive
Supranuclear Palsy Tau Pathology With [18 F]PI-2620, Willroider et al. 2021). In
short, sections were incubated for 45 min (21.6 uCi/ml after dilution to a volume of
50 ml with phosphate buffered saline solution, pH 7.4, specific activity 480 + 90
GBq/umol), washed, dried, placed on imaging plates for 12h and scanned at
25.0 pm resolution. Regions of interest were drawn on each sample with
ATS staining of adjacent section serving for precise anatomical definition with
AT8-negative white matter as reference region. Binding ratios were correlated with
semiquantitative AT8 assessment using spearman correlation and differences
between groups were assessed using ANOVA,
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In vitro competition assay. K18 fibrils, depicting 4 R tau deposits (~5 pg protein
per well) were incubated with '%F-P1-2620 or 'SF-AV 1451 (0.7 kBq per well) and
the respective cold compound(s) ranging from 0.61 nM to 1000 nM for 45 min at
37°C in a 96-well plate. The assay was performed in a total volume of 200 uL PBS
w/a Ca + +/Mg ++ containing 0.1% BSA and 2% DMSO. Nonspecific signal was
determined with samples containing '8F-labeled tau-tracer in the presence of assay
buffer w/o brain substrate and competitor. The assay controls without brain
homogenate were incubated with the tracer in parallel. After 45 min incubation, the
samples were filtered under vacuum on a GF/B filter plate (PerkinElmer 6005177).
The GF/B filters were equilibrated with PBS (w/o Ca + +/Mg+ +, 0.1% BSA, 2%
DMSO) at least 1 h before filtration. Afterwards, the filters were washed two times
with 200 pL PBS (w/o Ca+ +/ Mg+ +, 0.1 % BSA, 2% DMSO). The top and
bottom side of the filter plates were sealed and a phospho-imaging plate was placed
on top of the filter plate and exposed overnight. The imaging plate was scanned
using the BASReader 5000 (Fuji) and quantified with the AIDA software. Specific
binding was calculated by subtracting the nonspecific signal from the measured
sample signals. The unblocked 'F-labeled tracer signal was defined as total
binding. ICs; values were calculated using Prism V8.

Assessment of covariance in tau-PET and postmortem tau, We assessed the
inter-regional covariance in 18-F-PI-2620 PET SUVRs (see Fig. 2A for an analysis
flow-chart) for 22 PSP-RS and 24 CBS patients. The analysis pipeline was adopted
from previous studies using this approach to determine FDG-PET covariance (i..,
metabolic covariance), gray-matter covariance (i.e., structural connectivity), or 18-
F-AV145] PET covariance across brain regions®® 0 70 7L First, we computed the
mean tau-PET uptake within each of the 200 cortical (Fig. 1G) and 32 subcortical
(Fig. 1H) ROIs for each subject (Fig. 2, A(i}). Next, we vectorized mean ROI SUVR
values to subject-specific 232-element vectors (Fig. 2, Alii)). Using these 232-
element 18-F-PI-2620 PET SUVR vectors, we then assessed across subjects the
pairwise ROI-to-ROI partial correlation of 18-F-PI-2620 PET uptake (Fig. 2,
Aliii)), adjusting for subject-specific age, gender, and PET imaging and MRI
protocol as potential confounds. This analysis resulted in a 232 x 232 sized 18-F-
P1-2620 PET covariance matrix each for each group (i.e., PSP, CBS). Within this
18-F-PI-2620 PET covariance matrix, autocorrelations were set to zero and all
correlations were Fisher-z transformed.

An equivalent approach was used for postmortem tau data. For each sample, we
determined the inter-regional partial Spearman correlation of postmortem ATS-
stained tau pathology across the 16 ROIs of the Munich-European consortium/
collection sample (Fig. 6A) or 9 ROIs of the UPENN sample (Fig. 6B), adjusting for
age at death and gender, yielding a covariance in postmortem tau matrix (Fig. 6C,
E). Note that we specifically used partial Spearman correlation since postmortem
ratings were done on an ordinal scale. Again, autocorrelations within this matrix
were set to zero and all remaining correlations were Fisher-z transformed.

Functional ctivity For functional connectivity, we
used resting-state fMRI data from 69 cognitively normal controls of the ADNI
cohort. Ethics approval was obtained by ADNI investigators at participating ADNI

sites, all study participants provided written informed consent. These subjects were
selected based on absence of objective or subjective signs of cognitive impairment
and had no evidence of clinically relevant cerebral amyloid or tau pathology, as
indicated by negative '*F-florbetapir amyloid-PET (i.e., global SUVR < 1.11)*? and
negative '8E-flortaucipir tau-PET scans (i.e., global SUVR < 1.3)%.

MRI scans were obtained on Siemens scanners using unified scanning
protocols. T1-weighted structural MRI was recorded using a MPRAGE sequence
with I mm isotropic voxel-space and a TR = 2300 ms. For functional MRI, for each
subject a total of 200 resting-state fMRI volumes were recorded using a 3D echo-
planar imaging (EPI) sequence in 3.4 mm isotropic voxel resolution with a TR/TE/
flip angle = 3000/30/90°,

All images were inspected for artifacts prior to preprocessing. Using ANTS, T1-
weighted structural MRI images were bias corrected, brain extracted, segmented
and nonlinearly spatially normalized to MNI space®®. Functional EPI images were
slice-time and motion-corrected (i.e, realignment to the first volume) and co-
registered to the native T1 images. Using rigid-transformation parameters, T1-
derived gray-matter, white matter, and cerebrospinal fluid segments were
transformed to EPI space. To denoise the EPI images, we regressed out nuisance
covariates (i.e., average white matter and cerebrospinal fluid signal and motion
parameters estimated during motion correction), removed the linear trend and
applied band-pass filtering with a 0.01-0.08 Hz frequency band in EPI native space.
To further minimize the impact of motion which may compromise FC
assessment”?, we performed motion scrubbing, where we censored volumes that
showed a frame-wise displacement of >1 mm, as well as one prior and two
subsequent volumes. In line with our previous work”™, only subjects for whom less
than 30% of volumes had to be censored were included in the current study. Note
that we did not spatially smooth the functional images during preprocessing to
avoid signal spill-over between adjacent brain regions that may artificially enhance
functional connectivity between adjacent brain regions during ROI-based
connectivity assessment.

To determine functional connecti we warped the 232 cortical and
subcortical ROIs for tau-PET analyses (Fig. 1G, H) as well as the postmortem ROIs
for the Munich-European consortium/collection and UPENN sample (Fig. 6A, B)

to the denoised and preprocessed fMRI images in native EPI space, by combining
the linear EPI to T1 and nonlinear T1 to MNI transformation parameters. ROI
maps in EPI space were masked with subject-specific gray matter. Fisher-z
transformed Pearson-Moment correlations between time-series averaged across
voxels within an ROI were determined to assess subject-specific functional
connectivity matrices. Functional connectivity data were averaged across all 69
ADNI subjects in order to determine group-average functional connectivity
matrices for the in vivo tau-PET analyses as well as for the postmortem analyses.

For the group-average functional connectivity matrices, we further determined
1000 null-models of functional connectivity respectively, by shuffling the functional
connectivity matrices while preserving the overall degree- and weight-distribution,
using the null_model_und_sign.m function of the brain connectivity taolbox
(https://sites.google.com/site/betnet/).

Statistics. Sample demographics were compared between the groups using
ANOVAs for continuous measures and Chi-squared tests for categorical measures.
Voxel-wise comparisons in 18-F-P1-2620 PET SUVRs were determined on spatially
normalized and smoothed tau-PET images using ANCOVAs in SPMI12, control-
ling for age, gender, and study site, applying a voxel-wise alpha-threshold of 0.005
and a cluster-extent threshold of 100 spatially contiguous voxels.

To test the association between functional connectivity and covariance in 18-F-
PI-2620 PET, we used linear regression with covariance in 18-F-PI-2620 PET as a
dependent variable and ADNI-derived group-average functional connectivity as an
independent variable, controlling for inter-regional Euclidean distance (i.e.,
distance between ROI-specific centers of mass). This analysis was stratified by CBS
and PSP-RS and conducted for subcortical ROIs only (i.e., primary analysis) as well
as for the whole brain secondary analysis). The same analysis was performed
for postmortem tau assessments in the Munich-European consortium/collection
and UPENN dataset, using regional semiquantitative tau data (i.e., 16 ROIs in the
Munich sample vs. 9 ROIs in the UPENN sample) rather than tau-PET. To
determine the robustness of the association between connectivity and covariance in
18-F-PI-2620 PET/postmortem tau, the analysis was repeated 1000 times using
shuffled connectomes with preserved weight- and degree distribution to obtain a
distribution of null-model (-values. We then performed an exact test, ie., we
determined the probability of null-distribution derived p-values surpassing the true
(-value. For postmortem data, we further assessed cell-type-specific associations
between tau covariance (i.e., neuronal, astroglial and oligodendroglial tau
covariance) and functional connectivity. To this end we computed regression-based
association between covariance in tau and functional connectivity for each cell
type, based on 1000 bootstrapped samples that were randomly drawn from the
respective sample (i.e, UPENN or Munich). The resulting p-value distributions
reflecting the association between connectivity and cell-type-specific tau covariance
were compared between cell-types using paired t-tests.

Using 18-F-PI-2620 PET, we further tested, whether functional connectivity
patterns of tau epicenters (i.e., ROIs with highest tau) are predictive of 18-F-PI-
2620 PET binding in remaining brain regions. Again, this analysis was determined
stratified by group (i.e., PSP-RS vs. CBS) and conducted for subcortical ROIs only
(i.e, primary analysis) as well as for the whole brain parcellation (i, secondary
analysis). Specifically, we determined group-level 18-F-PI-2620 PET binding, and
tested whether higher seed-based connectivity of the epicenter ROI was associated
with higher 18-F-PI-2620 PET binding in the remaining ROIs, using linear
regression controlling for between-ROT Euclidean distance. The same analysis was
performed for the ROI with lowest 18-F-PI-2620 PET binding (i.e, coldspot), for
which we assumed that higher connectivity is associated with lower 18-F-P1-2620
PET binding in the remaining regions. In an iterative next step, we repeated this
analysis across all ROIs and determined the association between the 18-F-P1-2620
PET level in the seed ROT against the regression-derived B-value of the association
between seed-based connectivity and 18-F-PI-2620 PET binding in remaining
ROIs. As in our previous studies™ *', we expected that ROIs with higher tau-PET
binding should be connected to other ROIs with a high binding level (i.c., as
reflected in a positive B-value), whereas regions with low tau-PET binding should
be connected to other ROIs with a low binding level (i.e., as reflected in a negative
[-value).

Tor subject-level analyses, we adopted our pre-established approach® and
determined subject-level epicenters as 20% of ROIs with highest tau-PET binding
(see Fig. 5H, I for tau epicenter probability maps in PSP-RS and CBS). The
remaining non-epicenter ROIs were grouped for each subject into 4 quartiles,
based on the connectivity strength to the epicenter (i.e., ROIs grouped in Q1 show
highest connected to the tau epicenter, vs. ROIs grouped in Q4 show weakest
connectivity to tau epicenters). Note that Q1-Q4 ROIs were determined separately
for subcortical and cortical regions. Mean 18-F-P1-2620 PET binding was assessed
for each subjects” subcortical/cortical Q1-Q4 ROIs. Using linear mixed models, we
then tested the association between connectivity strength (i.e., Q1-Q4) and
subcortical or cortical 18-F-PI-2620 PET binding in Q1-Q4 ROIs, controlling for
age, sex, study site, mean Euclidean distance to the epicenter as well as random
intercept. In an exploratory analysis in the CBS group, we repeated this subject-
level analysis while adding an additional main effect for global '¥F-Flutemetamol
amyloid-PET levels stratified at the median, to determine whether subthreshold
levels of AP were associated with increased subcortical to cortical tau spread.
Altering the definition of epicenters (i.e., 10, 15, 20%, 25, or 30 of ROIs with highest
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18-F-PI-2620 PET binding) did not change the result pattern. All analyses were
computed using R statistical software (r-project.org).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The fMRI data that are used in this study were obtained from the Alzheimer's disease
Neuroimaging Initiative (ADNI) and are available from the ADNI database
(adniloniusc.edu) upon registration and compliance with the data usage agreement. A
list of ADNI RIDs that have been used for the current study can be found in the
Supplementary Information file. ADNI neuroimaging data (unprocessed or processed)
are available from the corresponding authors upon request and upon proof of approved
access to the ADNI database. Neuroimaging data (ie., unprocessed or processed PET &
MRI images), as well as spreadsheets with postmortem and autoradiography data from
PSP and CBS patients, have been used in previous publications® 27, and are available
under restricted access from the corresponding author upon request and approval of a
dedicated data usage agreement between institutions exchanging data. Data sharing of all
data used in the current study is restricted since ethics approvals for PET and
Postmortem studies or ADNI terms of use do not allow unrestricted and open-source
sharing of patient-specific data with third-parties. Source data are provided with

this paper.
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