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Zusammenfassung

In den letzten Jahrzehnten hat die wissenschaftliche Gemeinschaft Fortschritte bei der Kartierung
der funktionellen Organisation des menschlichen Gehirns erzielt. Funktionelle Verdnderungen im
typischen Alterungsprozess und in einigen neurodegenerativen Erkrankungen, sowie ihre
pathologischen Krankheitspfade konnten identifiziert werden. Viele der zugrunde liegenden (Patho-
)Mechanismen sind jedoch nach wie vor unklar, deren Kenntnis den Weg zu neuen diagnostischen
Biomarkern und therapeutischen Zielen ebnen kdnnte. Multimodale Assoziationen, wie rdumliche
Korrelationen (Ko-lokalisationen) zwischen neurochemischen Eigenschaften und Verdnderungen der
Hirnfunktion oder -struktur, geben Aufschluss iiber biologische Entititen, die vom Alterungsprozess
oder damit verbundenen neurologischen Erkrankungen besonders betroffen sein konnten. Darliber
hinaus konnten solche Assoziationen selbst als diagnostische oder prognostische Biomarker fiir
Hirnerkrankungen dienen. Im Gegensatz zu neurologischen Erkrankungen sind die Auswirkungen
psychiatrischer Erkrankungen wie Depressionen auf die funktionelle Organisation des Gehirns noch
nicht abschlieend geklirt, was teilweise auf die Heterogenitit der Krankheitsbilder zuriickzufiihren
ist. Mit Hilfe groBer Datensétze konnte dieses Hindernis iiberwunden und Hirnverédnderungen in
einer Detailtiefe abgebildet werden, die in Studien mit geringerer Stichprobengréfle nicht erreicht
wurde. In den drei hier vorgestellten Studien wurden Daten aus der funktionellen
Magnetresonanztomographie im Ruhezustand (resting-state fMRI) verwendet, um die lokalen
Ausprigungen altersbedingter typischer und pathologischer Hirnverdnderungen bei Menschen mit
Morbus Huntington, Morbus Parkinson und mit Depressionserfahrungen zu untersuchen. In den
ersten beiden Studien wurden die lokalen funktionellen Verdnderungen im typischen
Alterungsprozess und bei zwei neurodegenerativen Erkrankungen abgebildet. Die Assoziationen
dieser Verdnderungen mit anderen neuronalen und klinischen Daten lieferten Hinweise auf potentiell
besonders vulnerable Zellen und Biomarker fiir die Schwere der Erkrankung. In der dritten Studie
untersuchten wir den Effekt verschiedener Kriterien erlebter Depressionen auf die Hirnfunktion und
-struktur und identifizierten die Kriterien, die am stiarksten mit Gehirnverdnderungen assoziiert
waren. Die Ergebnisse deuten auf spezifische neurochemische Eigenschaften hin, die neuronale
Veranderungen unter verschiedenen Bedingungen beeinflussen kénnen, was zum Verstandnis der
untersuchten neurodegenerativen Erkrankungen und Alterungsprozesse beitrdgt und die zukiinftige
Entwicklung neuer Pharmakotherapien unterstiitzen kdnnte. Die Depressionskriterien, die am
starksten mit funktionellen Verdnderungen assoziiert waren, konnten auf einen anhaltenden Effekt
der Depression oder ihrer Behandlung auf die Hirnfunktion hinweisen und sollten bei der Planung

kiinftiger Studien zu Depressionen beriicksichtigt werden.



Summary

In recent decades, the scientific community has made progress in mapping the functional
organization of the human brain. Functional alterations in the typical aging process and in several
neurodegenerative diseases, as well as their pathological pathways, have been identified. However,
many underlying (patho-)mechanisms remain unclear, the knowledge of which could pave the way
for new diagnostic biomarkers and therapeutical targets. Multimodal associations, such as spatial
correlations (co-localizations) between neurochemical properties and alterations in brain function or
structure, provide insights into biological entities that may be particularly affected by the aging
process or related neurological diseases. Additionally, such associations themselves could serve as
diagnostic or prognostic biomarkers for brain diseases. In contrast to neurological diseases, the
effects of psychiatric diseases such as depression on the functional organization of the brain have not
yet been conclusively clarified, which is partly due to the heterogeneity of the clinical picture. With
the help of large data sets, this obstacle could be overcome and changes in the brain could be mapped
in a level of detail that has not yet been achieved in studies with smaller sample sizes. In the three
studies presented here, data from resting-state functional magnetic resonance imaging (resting-state
fMRI) were used to investigate the regional characteristics of age-related typical and pathological
brain alterations in people with Huntington’s disease, Parkinson’s disease, and experience of
depression. In the first two studies, the local functional alterations in the typical aging process and in
two neurodegenerative diseases were mapped. Associations of these alterations with other neuronal
and clinical data provided indications of potential particularly vulnerable cells and biomarkers of
disease severity. In the third study, we examined how various criteria of experienced depression affect
brain function and structure and identified the criteria most strongly associated with brain alterations.
The results suggested specific neurochemical properties that may influence neuronal alterations in
different conditions, aiding our understanding of the studied neurodegenerative diseases and aging
processes, and potentially supporting the future development of new pharmacotherapies. Depression
criteria that were identified as most strongly associated with functional changes may indicate a
persistent effect of depression or its treatment on brain function and should be considered when

planning future studies on depression.



Abkiirzungsverzeichnis

BOLD: Blood Oxygenation Level Dependent

CAG: Cytosin-Adenin-Guanin

CRISPR/Cas: Clustered Regularly Interspaced Short Palindromic Repeats / CRISPR-associated
D und D,: Dopaminrezeptor 1 und 2

DSM: Diagnostic and Statistical Manual of Mental Disorders

DSM-5 TR: Die fiinfte Version des DSM in {iberarbeiteter Verfassung (engl: Text revision)

fMRT: Funktionelle Magnetresonanztomographie (engl.: functional magnet resonance imaging;

fMRI)

GABA und GABAA: Gamma-Aminobuttersdure (engl.: gamma-Aminobutyric acid) und GABAa-

Rezeptor
HD: Morbus Huntington (engl.: Huntington’s disease)
HTT: Huntingtin
ICD: International Statistical Classification of Diseases and Related Health Problems
MDD: Major Depressive Disorder
mHTT: Mutiertes Huntingtin
MSN: MittelgroBe dornentragende Projektionsneurone (engl.: medium spiny neurons)
ND: Neurodegenerative Erkrankungen (engl.: neurodegenerative disease)
NT: Neurotransmitter
PD: Morbus Parkinson (engl.: Parkinson’s disease)
PET: Positronen-Emissions-Tomographie
Rs-fMRI: Funktionelle MRT im Ruhezustand (engl.: resting-state fMRI)

SPECT: Einzelphotonen-Emissionscomputertomographie (engl.: single photon emission computed

tomography)
WHO: Weltgesundheitsorganisation (engl.: World Health Organization)

ZNS: Zentrales Nervensystem
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1 Einleitung

Erkrankungen des Gehirns, ob psychiatrisch oder neurologisch, konnen mit substantiell verringerter
Lebensqualitit und -dauer einhergehen (1-6). Neurodegenerative Erkrankungen (engl.:
neurodegenerative diseases, ND) sind chronisch-progrediente neurologische Erkrankungen, deren
Auftrittswahrscheinlichkeiten signifikant mit dem Alter korrelieren (7). Hinsichtlich des
demographischen Wandels hin zu einer dlteren Gesellschaft ist zu erwarten, dass die Ausgaben fiir
die Patientenversorgung steigen und das Risiko einer Versorgungsnotlage fiir Patienten mit ND
zunimmt (8). Die weltweiten Inzidenzen von Morbus Alzheimer und Morbus Parkinson (engl.:
Parkinson's disease, PD), der hdufigsten Formen von ND, betragen 32 Millionen (im Jahr 2020 bei
iiber 65-Jahrigen (9)) und 9.4 Millionen (bei {iber 60-jéhrigen (10)). Innerhalb von 10 Jahren (2007
—2017) stieg global die Sterblichkeitsrate durch Morbus Alzheimer (und anderen Demenzformen)
um 46,2 % und durch PD um 38,8 % (11).

Die Pathomechanismen von ND sind nicht ausreichend verstanden, weshalb bis dato keine kurativen
Therapien existieren und arztliche Behandlungen auf Symptomminimierung abzielen (12). Da der
weitrdumige neuronale Zelltod der Symptomemergenz vorausgeht (13), sind Therapieeffekte
limitiert. Frithzeitige Diagnosen besitzen jedoch das Potential, addquate Therapien zu ermoglichen,
die die Symptomatik reduzieren und normale Funktionalitit erhalten und somit die Lebensqualitit
langfristig sicherstellen. Notwendig hierfiir ist allerdings ein fundierteres Verstdndnis der, der
Krankheit zu Grunde liegenden, neurologischen Mechanismen, um therapeutische Angriffspunkte

und diagnostische Biomarker zu identifizieren.

Neurodegenerative Erkrankungen zeichnen sich primér durch progressiven Verlust (Atrophie) von
Hirnsubstanz aus und unterscheiden sich in ihren neuronalen Ursprungsgebieten (14), Pfaden der
Degeneration (15) und folglich auch in der symptomatischen Auspragung. Neuere Untersuchungen
unterstiitzen die Hypothese, dass die Pathophysiologie der Neurodegeneration mit einer Veranderung
der strukturellen (16) und funktionellen (17, 18) neuronalen Vernetzung assoziiert ist.
Hirnfunktionsverénderungen sind jedoch nicht nur mit Erkrankungen assoziiert, sondern finden sich
auch im typischen Alterungsprozess, d. h. bei Personen ohne diagnostizierte Erkrankungen, die
funktionell oder strukturell das Gehirn betreffen (19). So erscheint eine genaue Abgrenzung zwischen
typischen Altersprozessen und Neurodegeneration, sowohl fiir das Verstdndnis von
Pathomechanismen, als auch fiir die Identifikation diagnostischer Biomarkern, von hoher
Notwendigkeit. Eine Abgrenzung konnte durch die Untersuchung von biologischen Charakteristika,
die mit den funktionellen Verdnderungen des Gehirns assoziierten sind, ermdglicht werden. Die

Topographie von typischen und pathologischen Hirnfunktionsédnderungen in einigen ND ist zwar



bekannt, der Zusammenhang mit zugrundeliegenden biologischen Entitdten jedoch nur unzureichend

verstanden.

Eine Moglichkeit, die neurobiologischen Mechanismen von Hirnfunktionsverdnderungen zu
untersuchen, wére, Zelleigenschaften und neuronale Aktivitit direkt zu messen.
Einzelzellableitungen neuronaler Aktivitdt oder histologische Untersuchungen zur Bestimmung von
Zelleigenschaften sind jedoch invasiv und deshalb unter ethischen Gesichtspunkten beim Menschen
problematisch und nur in wenigen Ausnahmeféllen (wie bei Patienten, denen therapiebedingt bereits
Elektroden implantiert wurden) hinnehmbar (20). Eine weitere Mdglichkeit, die Briicke zwischen
Hirnfunktionsdnderungen und  Zelleigenschaften zu  schlagen, bieten = multimodale
Korrelationsanalysen von Daten, die mittels bildgebender Verfahren wie der funktionellen
Magnetresonanztomographie (fMRT, engl.: fMRI), Positron-Emissions-Tomographie (PET) oder
Einzelphotonen-Emissionscomputertomographie (SPECT) gewonnen wurden. Mithilfe von PET und
SPECT konnen neurochemische Eigenschaften des zentralen Nervensystems (ZNS) abgebildet und

die primér in Zellen ausgepriagten Neurotransmittersysteme identifiziert werden.

Durch die Bemiithungen der wissenschaftlichen Gemeinschaft im Bereich ,,Open Science* stehen
heute umfassende hirnbildgebende und verhaltensbezogene Datensétze zur Verfiigung, wie etwa die
der UK-Biobank (21) oder der deutschen Biobank NAKO (22). Thr immenser Stichprobenumfang
ermoglicht eine systematische Analyse von Alters- und Krankheitseffekten iiber eine grofBe
Altersspanne hinweg. Zusitzlich zu funktionellen und strukturellen Daten des Gehirns hat sich die
Bandbreite an verfiigbaren Modalitdten erweitert, insbesondere um Hirnkarten der rdumlichen
Verteilung verschiedener Neurotransmittersysteme in Gesunden (23, 24). Die Kombination von
funktionellen Karten und der normalen Verfiigbarkeit verschiedener Neurotransmittersysteme im
menschlichen Gehirn ermdglicht es, Einblicke in die mogliche Rolle von Neurotransmittersystemen
bei funktionellen Anderungen zu erhalten (23, 24). Solche multimodalen Assoziationen liefern
Erklarungsansitze fiir die Wirksamkeit bisheriger Pharmazeutika und konnten richtungsweisend fiir
die Entwicklung neuer Pharmakotherapien sein. Des Weiteren konnen grofle Kohorten von
erkrankten Personen in geniigend grofle Teilmengen fiir statistische Untersuchungen spezifischer
Krankheitsauspragungen aufgeteilt werden. Im Vergleich zu Fall-Kontroll-Studien erleichtern diese
groflen Datensétze die Erforschung von Zusammenhédngen zwischen Hirnfunktionsverdnderungen
und einzelnen Symptomen. Herausstechende Krankheitsausprigungen konnten dabei in
Zusammenhang mit konkreten Hirnfunktionsverdnderungen gebracht werden. In den ersten beiden
hier dargestellten Studien nutzten wir den Ansatz der multimodalen Assoziationen, um den
Zusammenhang zwischen Hirnverdnderungen und zu Grunde liegender Neurochemie in den beiden
neurodegenerativen Erkrankungen Morbus Huntington (Studie 1) und Morbus Parkinson (Studie 2)
und im gesunden Alterungsprozess (Studie 2) zu analysieren. Hier nutzten wir die Verteilungskarten

verschiedener Neurotransmittersysteme, die in unabhingigen PET- und SPECT-Studien erhoben



wurden, sowie MRT-Daten aus verschiedenen Zentren aus Deutschland (Morbus Huntington) und
der UK-Biobank (Morbus Parkinson und die Kohorte, die zur Analyse von typischen

Alterungsprozessen verwendet wurde).

Eine weitere Klasse von Gehirnerkrankungen stellen psychiatrische Storungen dar. Neben
neurologischen Erkrankungen kdnnen auch diese mit strukturellen (25) und funktionellen (26, 27)
Hirnverdnderungen einhergehen. Im Unterschied zu ND beschreiben psychiatrische Erkrankungen
Storungen von Verhalten und Emotionen, deren Ursache nicht zwangsléufig auf neuronaler Ebene
gefunden werden kann (bzw. bislang gefunden werden konnte). Ahnlich zu neurodegenerativen
Erkrankungen sind die Ursachen komplex und kénnen sowohl zwischen verschiedenen Stérungen
als auch zwischen Individuen variieren. Neben Demenz ist die depressive Storung die weltweit
hiufigste psychiatrische Erkrankung und war bereits 2008 drittgrote Mitwirkende zur weltweiten
Krankheitslast, mit steigender Tendenz (28). Obwohl Assoziationen mit
Hirnfunktionsverdnderungen gefunden wurden, ist die Studienlage nach wie vor inkonsistent (27),
was unter anderem auf die Schwierigkeit einer einheitlichen Definition von Depression bzw.
Depressionserfahrungen  zuriickgefiihrt wird  (29). Welche Symptome individueller
Depressionserfahrungen im Lebensverlauf mit messbaren Hirnfunktionsverdnderungen einhergehen,
blieb hinsichtlich geringer KohortengréBen friiherer Studien ein ungeldstes Problem. Dieses Problem

versuchen wir in der dritten Studie mithilfe von Daten aus der UK-Biobank zu tiberwinden.

Das dem Promotionsvorhaben iibergeordnete Ziel besteht darin, die Ursachen fiir
Gehirnveranderungen durch neurodegenerative und psychiatrische Erkrankungen und durch den
typischen Alterungsprozess zu identifizieren. Um einen Beitrag zum Erreichen dieses Zieles zu
leisten, wurden lokale Verdanderungen des Gehirns aus, im Ruhezustand gemessenen, fMRT-Daten
abgeleitet und ihre Assoziationen zu neurochemischen oder verhaltensbezogenen Daten analysiert.
Die folgenden Abschnitte erlédutern die Hintergriinde, Bedeutungen und Zusammenhénge der in den
Studien verwendeten Methodik und stellen dar, weshalb diese Ansdtze zur Erlangung der
Studienziele verwendet wurden. Die sich daraus abgeleiteten Fragestellungen, die in den einzelnen

Studien adressiert wurden, bilden den Abschluss dieses Kapitels.

1.1 Hirnfunktionsmessung mittels funktioneller MRT im Ruhezustand

Die Entwicklung bildgebender Verfahren im 20. Jahrhundert stellt einen Meilenstein fiir die
Erforschung der neuronalen Informationsverarbeitung des menschlichen ZNS dar. Strukturelle und
jingst auch funktionelle neuronale Eigenschaften konnen heute in kleinen, distinkten
Raumbereichen des gesamten Gehirns in vivo untersucht werden. Die fMRT ist eine nicht-invasive
Methode, bei der das Konzentrationsverhéltnis von sauerstoffreichem zu sauerstoffarmem Blut in

kleinen, dreidimensionalen Hirnbereichen (Voxeln), berechnet wird. Dabei bedient man sich der



Tatsache, dass sauerstoffarmes Blut andere magnetische Eigenschaften besitzt als sauerstoffreiches
Blut. Nimmt die neuronale Feuerrate innerhalb eines Voxels zu, erhoht sich der regionale Verbrauch
von Glukose und Sauerstoff. Die Konzentrationsverdnderung wird kompensiert durch
bedarfsgelenkte und rapide Erh6hung des Blutflusses innerhalb dieser Region (sog. neurovaskulére
Kopplung). Diese lokale Oxygenierung fiihrt zu einer Verdnderung des Verhéltnisses von
desoxygenierten zu oxygenierten Erythrozyten, welches durch Anlegen eines externen, starken
Magnetfelds sowie Storimpulse kontrastiert werden kann. Dieses Verhiltnis, auch BOLD-Signal
(blood oxygenation level-dependent signal) genannt, ist das in der fMRT gemessene Signal pro
Voxel. Um nun Aussagen liber die Funktionsweise des Gehirns zu treffen, kann man Probanden im
MRT gewisse Aufgaben vollfilhren lassen, oder sie bitten, mehrere Minuten bewegungslos
abzuwarten. Wihrend im ersten Fall neuronale Korrelate konkreter motorischer oder kognitiver
Funktionen im Vordergrund stehen, mdchte man im zweiten Fall, der sog. Ruhezustands-fMRT
(engl.: rs-fMRI), die funktionelle Organisation des gesamten Gehirns oder einzelner Hirnregionen
untersuchen. Innerhalb der letzten Jahrzehnte wurden verschiedene miteinander funktionell
gekoppelte Regionen (Ruhezustandsnetzwerke) identifiziert, d. h. Verbiinde multipler, anatomisch
nicht notwendigerweise benachbarter Regionen, deren BOLD-Signale in Abwesenheit einer
konkreten Aufgabe korrelieren (30—32). Neben dieser sog. funktionellen Konnektivitit etablierte sich
in jlingerer Zeit ein weiterer Ansatz, in dem die Hirnfunktion iiber lokale (wie voxelweise)
Eigenschaften des BOLD-Signals quantifiziert wird (33—35). Dafiir zeigten u. a. Yang et al. (2007),
dass niedere Frequenzen im BOLD-Signal der oszillatorischen Aktivitdt von Neuronenkomplexen

entsprechen konnten (36).

In den hier berichteten Studien wurde Hirnfunktion mittels dreier etablierter (37, 38) Metriken
quantifiziert, die komplementidre Informationen iiber lokale neuronale Aktivitit (39) und
Synchronizitdt (34, 35) im Ruhezustand liefern konnen. Sowohl im typischen Alterungsprozess (19,
40-44) als auch in beiden neurodegenerativen Erkrankungen (23, 45-49) fanden friihere
Untersuchungen Hinweise auf verdnderte kortikale und sub-kortikale neuronale Aktivitdt und
Synchronizitit. Ein Konsens, ob eine Depression mit Verdnderungen der Gehirnfunktion einhergeht,
konnte jedoch nicht gefunden werden (auf potentielle Ursachen wird im Abschnitt ,,1.7 Depressive

Storungen® eingegangen) (29, 50, 51).

In den ersten beiden hier dargestellten Studien wurde zunichst die verdnderte Hirnfunktion im
typischen Alterungsprozess und in neurodegenerativen Erkrankungen charakterisiert. Anschliefend
untersuchten wir, ob diese Verdnderungen mit neurochemischen FEigenschaften, konkret den
Rezeptoren und Transportern verschiedener Neurotransmitter, assoziiert sind. Die Bedeutung der

Neurotransmission zur Hirnfunktion soll im nichsten Abschnitt erlautert werden.



1.2 Neuronale Signaliibertragung und Neurotransmitter

Eine normale Hirnfunktion wird gewéhrleistet durch die balancierte Aktivitit inhibitorischer und
exzitatorischer Neurone, die in einer speziellen Netzwerkarchitektur (dem sog. Konnektom)
zusammenwirken. Die Art der Signaliibertragung (inhibitorisch oder exzitatorisch) wird dabei durch
die in der Zelle primér vorhandenen Neurotransmitterrezeptoren festgelegt. Seit der Entdeckung des
ersten Neurotransmitters durch Otto Loewi im Jahr 1921 (52) wurden bis heute iiber 200 weitere
Neurotransmitter identifiziert (53), welche sich in ihrer Struktur, Funktion und rdumlichen Verteilung
im Gehirn unterscheiden. Diese Botenstoff-Diversitdt wird evolutionsbiologisch als Folge der
behavioralen Adaption an verdnderte duBlere Einfliisse wihrend der Artenentwicklung, sowie der
notwendigen Verbesserung kognitiver Fahigkeiten und der damit einhergehenden komplexeren

Hirnfunktionen diskutiert (54).

Neurotransmitter lassen sich hinsichtlich ihrer Stoffklassen primér in Aminoséduren und Amine
unterteilen. Weitere Klassen umfassen 18sliche Gase, Neuropeptide oder Endokannabinoide. Die
Gamma-Aminobuttersdure (GABA) und das Anion der Glutamatsdure (Glutamat) sind die am
hiufigsten im ZNS vertretenen inhibitorischen und exzitatorischen Neurotransmitter und sind
essentiell fiir eine normale Hirnentwicklung (55, 56), Gedachtnisleistung (56, 57) und Kognition (56,
58). Unterschiedliche Amine des ZNS spielen unterschiedliche Rollen fiir das Verhalten, die
Kognition und das Gedichtnis, aber auch fiir die Motorfunktion und Stimmung (59-72). Einige der
verschiedenen Funktionen von Neurotransmitterklassen wurden einzelnen Rezeptorsubtypen
zugeordnet (73-76). Ist die Menge an verfiigbarem Neurotransmitter oder die normale Funktion der
Neurone einer gewissen Neurotransmitterklasse gestort, fithre dies zu einer Imbalance in der Kette
von inhibitorischer und exzitatorischer Signaliibertragung und letztlich einer gestorten neuronalen
Feuerrate, die auch das BOLD-Signal verdndern sollte. Histologische Untersuchungen von post-
mortem Hirngewebe, sowie in vivo Untersuchungen mit bildgebenden oder spektroskopischen
Verfahren an gesunden und erkrankten Probanden brachten Erkenntnisse iiber die normalen
Verteilungen und pathologische Verdnderungen in der Verfiigbarkeit von Neurotransmittersystemen
innerhalb des ZNS. Insbesondere Rezeptoren von GABA und Glutamat, als auch von Dopamin,
Serotonin, Noradrenalin, Histamin und Acetylcholin zeigten verdnderte Verfligbarkeiten in einer

Reihe von neurodegenerativen und psychiatrischen Erkrankungen (53).

Frihere Studien fanden Hinweise auf verdnderte Verfiigbarkeiten verschiedener
Neurotransmittersysteme, insbesondere von Monoaminen, sowohl im normalen Alterungsprozess
(77-91) als auch in den beiden hier untersuchten neurodegenerativen Erkrankungen (92—104).
Solche Hinweise auf reduzierte Verfligbarkeit gewisser Systeme weisen darauf hin, dass diese
Systeme zwar betroffen sein konnen, jedoch nicht, ob eine besonders Vulnerabilitit fiir die
funktionellen Verdnderungen in den Zellen dieser Neurotransmittersysteme vorliegt. Hinweise auf

eine solche Vulnerabilitit, die bisher aufgrund der methodologischen Schwierigkeiten, beide



Modalitdten zeitgleich zu messen, unklar blieb, sollten in den ersten beiden Studien mithilfe

raumlicher Korrelationsanalysen gefunden werden.

1.3 Riumliche Korrelationsanalysen

Wie zuvor beschrieben zeigen eine Reihe von ND eine verdnderte Verfiigbarkeit verschiedener
Neurotransmittersysteme. Die Vulnerabilitit solcher Zellen fiir den neurodegenerativen Prozess
wurde somit zwar identifiziert, jedoch blieb unklar, ob ebenjene Systeme auch vulnerabel fiir die (der
Degeneration vorangehenden) funktionellen Verdnderungen sind. Im Falle einer besonderen
Vulnerabilitdt fiir die durch die Erkrankung induzierten funktionellen Verédnderungen sollten
Regionen, deren Zellen die meisten Rezeptoren oder Transporter dieses Systems beinhalten, auch die
starksten gemessenen Verdnderungen aufweisen und somit eine Korrelation zwischen Verfligbarkeit
und Funktionsverdnderung vorliegen (23). Hinsichtlich der pathologischen Krankheitspfade in ND
konnte sich der Krankheitsverlauf auch in der raumlichen Korrelationsstiarke zeigen: Steigt die Zahl
der an funktionellen Verdnderungen betroffenen Regionen und ist die Stirke der Verdnderung
abhingig von der Neurotransmitterverfiigbarkeit, sollte auch die rdumliche Korrelationsstarke mit
dem Krankheitsprozess zunehmen. In den ersten beiden hier dargestellten Studien nutzten wir diesen
Ansatz der rdumlichen Korrelationsanalyse, um Hinweise auf die Vulnerabilitit verschiedener
Neurotransmittersysteme bei Morbus Huntington, Morbus Parkinson und dem typischen
Alterungsprozess zu finden und darin Biomarker fiir die Krankheitsschwere zu identifizieren. Zur
Evaluation der Vulnerabilitit spezifischer Neurotransmittersysteme in Morbus Parkinson wurden
ihre individuellen Korrelationskoeffizienten mit einem normativen Modell verglichen, das auf Basis

der Korrelationen der Kontrollkohorte erstellt wurde.

1.4 Typisches Altern und normative Modellierung

Mit dem Begriff ,,Altern* soll hier die stetige Entwicklung eines einzelnen Organismus (hier im
Besonderen dessen Gehirns) ab dem mittleren Erwachsenenalter (40 - 60 Jahre) bis zum hohen Alter
(> 80 Jahre) oder Tod bezeichnet werden. Mit Ausnahme einiger Nesseltierarten, deren Ontogenese
umkehren kann (105), ist Altern unausweichlich und im Menschen ein Hauptrisikofaktor fiir
motorische und kognitive Einschrankungen, sowie neurodegenerative Erkrankungen (7, 106). So
lieBe sich annehmen, dass eine (latente) funktionelle oder strukturelle Veranderung und potentiell
eine nicht-diagnostizierte Erkrankung des Gehirns vorliegt, je &lter ein Proband ist. Neun
Kennzeichen des biologischen Alterungsprozesses wurden von Lodpez-Otin und Kollegen
herausgearbeitet, darunter genetischen Verdnderungen, der Verlust der Proteostasis und die
(mutmaBlich daraus folgende) verdnderte interzellulire Kommunikation (107). Der Verlust der

Proteostasis fiihrt zur Aggregation fehlgefalteter Proteine, die potentiell als Ursache fiir



Zellfunktionsverdanderungen und Zelltod angesehen werden (15). Schreitet dieser Prozess fort,
miindet er in Proteinopathien wie einigen neurodegenerativen Erkrankungen, bei denen sich
fehlgefaltete und schédliche Proteine im Krankheitsverlauf entlang gewisser krankheitsabhéngiger
Pfade im Gehirn verteilen (15). Verénderte interzellulire Kommunikation im Alterungsprozess kann
durch Neuroinflammation (107) verursacht werden, z. B. als Konsequenz von Gewebeschidden oder
eines geschwichten Immunsystems und &uflert sich unter anderem durch eine im Alter verringerte
synaptische Transmission zwischen Neuronen (108). Hinsichtlich dieser typischen Charakteristika
des Alterns soll hier anstelle von ,,gesundem‘ von ,,typischem* in Abgrenzung zum ,,atypischen (in

Sinne einer Normabweichung) Altern des Gehirns gesprochen werden.

Um nun Alterungseftekte von Krankheitseffekten auf eine gewisse Metrik unterscheiden zu konnen,
bietet sich bei groBem Stichprobenumfang die normative Modellierung an, welche in den letzten
Jahren durch methodische Weiterentwicklung (109, 110) und die Verbreitung groBer Datenmengen
(111) in den Neurowissenschaften an Bedeutung gewann (112). Im klinischen Alltag findet
normative Modellierung bereits in Somatogrammen Verwendung, um einzuschétzen, ob ein
Korpermall zu einem gewissen Alter im Normbereich liegt (113). Um dem Begriff ,,normativ*
gerecht zu werden, so dass die Modelle die Figenschaften der zu Grunde liegende Population
moglichst genau approximieren, sollte die Datenbasis aus einer groflen, heterogenen Stichprobe
bestehen und die Daten auf moglichst gleicher Art erhoben werden, um Effekte der

Akquisitionspraxis und Stichprobenverzerrung zu minimieren.

Im Allgemeinen soll bei der normativen Modellierung ein moglichst authentisches Referenzmodel
erstellt werden, welches die ,normale” bzw. ,typische® Beziehung zwischen verschiedenen
Variablen innerhalb einer Population beschreibt und insbesondere auch die Varianz innerhalb der
Variablen beriicksichtigt. Normative Modelle im klinischen Kontext modellieren beispielsweise die
typische Abhingigkeit einer gewissen Metrik (wie der Hirnfunktion) von klinisch relevanten
Variablen (wie dem chronologischen Alter). Nicht-lineare, heteroskedastische Modelle konnen die
Heterogenitédt der Variablenausprigung in der untersuchten Stichprobe altersaufgeldst abbilden,
wobei die Generalisierbarkeit und Prézision dieser Modelle durch die Représentativitit und GroB3e
der zu Grunde liegenden Stichprobe abhdngt (111). Mithilfe dieser Modelle konnen die
Abweichungen einzelner Individuen von der Norm quantifiziert werden. Dieser Ansatz wurde in der
zweiten Studie verwendet. Hier wurden mithilfe bildgebender Daten der UK Biobank normative
Modelle des Alterseffekts auf die Korrelationsstirke zwischen Hirnfunktionsmetriken und der
Verfiigbarkeit diverser Neurotransmittersysteme erstellt und analysiert. Diese Alterseffekte, d. h.
Veranderungen in der Korrelationsstarke, dienten als Hinweise fiir eine besondere Vulnerabilitdt von
Zellen mit bestimmen Neurotransmitterprofilen auf altersbedingte funktionelle Verdnderungen.

AnschlieBend nutzten wir die erstellten normativen Modelle, um atypische Korrelationsstirken in



Probanden mit diagnostizierter Parkinsonerkrankung zu quantifizieren und Hinweise auf vulnerable

Systeme in dieser Erkrankung zu erlangen.

1.5 Morbus Parkinson

Wie bereits erwéhnt ist PD die weltweit zweithdufigste neurodegenerative Erkrankung und stark
assoziiert mit dem Alter. Ihre Diagnose stiitzt sich auf sog. kardinale motorische Symptome
bestehend aus Akinese/Bradykinese in Verbindung mit muskulérem Rigor, Ruhetremor und
posturaler Instabilitét (114). Unterstiitzt wird die Diagnose durch positives Ansprechen auf Levodopa
(ein Dopamin-Vorgénger-Protein, welches im Gehirn zu Dopamin umgewandelt wird), sowie einen
unilateralen Beginn und langsame klinische Progression der motorischen Symptomatik (im
Gegensatz zu atypischen Parkinson-Syndromen). Zu den priméren neuronalen Merkmalen von PD
gehdren die intraneuronale Aggregation von fehlgefalteten a-Synuclein in Lewy-Kd&rperchen und
Lewy-Neuriten (115) sowie der fortschreitende Verlust dopaminerger Neuronen in der Substantia
Nigra (pars compacta). Diese Degeneration setzt bereits vor Emergenz der ersten Symptome ein —
zum Zeitpunkt der Manifestation sind bereits tiber 50 % der Neurone abgestorben (116—119).
Deshalb stehen die kardinalen Parkinson-Symptome nicht fiir eine friihzeitige Diagnose zur
Verfiigung. Obwohl einige genetische Polymorphismen mit PD assoziiert sind, wird die haufigste
Ursache Umweltfaktoren zugeschrieben (120). Laut der Braak-Hypothese (121) verbreiten sich a-
Synuclein-Aggregationen bzw. Lewy-Kd&rperchen im Krankheitsverlauf von den initialen Gebieten
(Bulbus olfactorius, Nervus vagus, Medulla oblongata) {iber den Hirnstamm, das basale Vorderhirn
und letztlich {iber den gesamten Kortex (15) und involvieren auch nicht-dopaminerge Pfade (122).
Auch andere neurochemische (darunter GABAerge, cholinerge, serotonerge und cannabinoide)
Systeme sind von der Degeneration betroffen (123). Warum die Erkrankung jedoch ebenjenen Pfad
einschldgt und welche Eigenschaften besonders vulnerable Zellen besitzen, ist nicht abschliefend
geklart (122, 124). Mit Hilfe dieses Wissens kdnnten jedoch neue, vielversprechende Ansatzpunkte
fiir Therapien oder Diagnostik identifiziert werden. Wissenschaftliche Institutionen unternehmen
immense Bemiihungen, krankheitsmodifizierende Therapien zu entwickeln und Biomarker zur
Friiherkennung zu identifizieren (125), getrieben durch neueste Erkenntnisse in Atiologie,
Pathogenese und Pathophysiologie (12). Dieser Fortschritt zeigt sich auch in dem weiten Spektrum
der Angriffsziele und Methodik solcher Therapien, von (unter vielen anderen (12)) der Verhinderung
der Proteinfehlfaltung (126, 127) iiber die Starkung neuroprotektiver Eigenschaften (128, 129), bis
hin zur Entwicklung neuer Pharmakotherapien (125), die eher weniger beachtete
Neurotransmittersysteme anvisieren. Gleichzeitig animieren die neueren Erkenntnisse in der
Grundlagenforschung zur Suche nach diagnostischen Biomarkern fiir (insbesondere frithes) PD.

Biomarker werden heute auf verschiedensten Ebenen gesucht, darunter auf biochemischer,



behavioraler (wie digitale Biomarker (130)), oder hirnstruktureller und -funktioneller Ebene auf

Grundlage von Bildgebungsdaten (12, 131, 132).

1.6 Morbus Huntington

Morbus Huntington (HD) ist die hédufigste autosomal dominant vererbbare neurodegenerative
Bewegungserkrankung (133). Ihre Prdvalenz ist ortsabhéngig: In europdischen Lindern sind
zwischen 100 bis 130 pro Millionen, in Ostasien dagegen nur 1 bis 7 pro Millionen Menschen
betroffen (134). Anders als bei PD ist die Ursache fiir die Emergenz von HD bekannt: Eine erhéhte
Wiederholung des Basentripletts bestehend aus Cytosin-Adenin-Guanin (CAG) im Huntingtin-Gen
fiihrt zur Formation eines mutierten Huntingtin-Proteins (mHTT) (135). Das Alter der Manifestation
hingt dabei mit der Anzahl der CAG-Wiederholungen im Huntingtin-Gen zusammen und fiihrt zu
einer groben Klassifizierung von HD in Adult-Onset (Manifestation zwischen dem 35. und 55.
Lebensjahr (136)) und Juvenile-Onset (Manifestation vor dem 21. Lebensjahr, bei ca. 4-10 % aller
Patienten mit HD (137)) (138). Wéhrend Personen mit juveniler Huntington-Krankheit primér von
abnormalen willkiirlichen Bewegungen betroffen sind, zeigen Patienten, bei denen sich HD erst im
Erwachsenenalter manifestiert, eine Triade bestehend aus motorischen, kognitiven, und
psychiatrischen Symptomen (138, 139). Die Uberlebenszeit nach klinischer Manifestation hingt
stark von der Anzahl der CAG-Wiederholungen und somit dem Alter bei Symptombeginn ab und
betrdgt im Median ca. 20 Jahre (140). Neben individuellen Unterschieden ist die CAG-
Wiederholungsldnge auch gewebeabhingig (141) und variiert deshalb zwischen einzelnen
Hirnregionen. Besonders stark von einer erhohten CAG-Wiederholung betroffen sind mittelgrofe
dornentragende Projektionsneurone (engl.: medium spiny neurons, MSN) des Striatums, weshalb
diese auch die grofte Anzahl an mHTT aufweisen und bereits einige Jahre vor klinischer
Manifestation atrophieren (142). Paradoxerweise ist jedoch nicht blol die mutierte Form, sondern
auch das physiologische Huntingtin (HTT) fiir einen selektiven Verlust kortikostriataler Neurone in
HD verantwortlich (143). Trotz klarer Evidenz fiir die kausale Ursache des Zellabbaus sind die
Ursachen fiir die pathologischen Pfade und die Eigenschaften vulnerabler Zellen in HD unbekannt.
Wie PD ist HD heute nicht heilbar und therapeutische Strategien zielen auf Minimierung der
psychiatrischen und motorischen Symptomatik oder Verlangsamung des Krankheitsfortschritts.
Auch hier sind, dank des Erkenntnisgewinns zu molekularen Pathomechanismen, sowie der
Entwicklung neuerer Methoden (insbesondere auf genetischer Ebene) verschiedene therapeutische
Angriffspunkte im Fokus aktueller Forschung (144). Ansétze auf pharmakologischer Basis zielen auf
die Modulation verschiedener Neurotransmittersysteme (gegen motorische und psychiatrische
Symptomatik (145)) oder auf eine verlangsamte Aggregation bzw. Verringerung von mHTT (146,
147). Weitere Ansétze umfassen Stammzelltherapien, wie beispielsweise zum Ersatz degenerierter

MSN (148), Gentherapie oder Geneditierung (CRISPR/Cas) zur Verringerung der Produktion von



mHTT (144, 149, 150). Anders als in PD kann mit molekulargenetischer Diagnostik das Huntingtin-
Gen auf eine erhohte CAG-Wiederholung zu diagnostischen Zwecken untersucht werden. Sowohl in
HD, das im Erwachsenenalter auftritt (151), als auch in juvenilem HD (152) korreliert die Anzahl an
CAG-Wiederholungen sowohl mit dem Alter der motorischen Manifestation, als auch dem
Sterbealter (153). Sind familidre Félle von HD jedoch nicht bekannt oder gegeben, bedarf es anderer
diagnostischer Moglichkeiten, um HD zu identifizieren und von anderen Erkrankungen abzugrenzen.
In der ersten hier dargestellten Studie wurde nach Hinweisen fiir vulnerable Neurotransmittersysteme
in HD gesucht und analysiert, ob die Assoziationsstirken zwischen funktionellen Hirnverdnderungen
und der Verfiigbarkeit von Neurotransmittersystemen Riickschliisse auf das Krankheitsstadium

erlauben und somit potentiell prognostische Biomarker darstellen.

1.7 Depressive Storungen

Psychische Stérungen bezeichnen eine Gruppe von Krankheiten, deren Betroffene Stérungen von
Kognition, Emotion, oder Verhalten erfahren. Anders als bei neurodegenerativen Erkrankungen sind
psychische Stérungen nicht zwangslaufig durch strukturelle Hirnverdnderungen charakterisiert oder
diese sind noch nicht identifiziert. Depressive Storungen sind die weltweit zweihdufigste Form
psychischer Erkrankungen, deren absolute Anzahl an Betroffenen von 1990 bis 2019 von ca. 170 auf
280 Millionen anstieg. Geschétzt 3,8 % der Weltbevdlkerung erfahren Depression in ihrem Leben
(154). Depressionen konnen sowohl isoliert, als auch als Komorbiditdt von neurodegenerativen
Erkrankungen auftreten (155-157). Je nach Klassifikationssystem werden verschiedene Arten von
depressiven Erfahrungen oder Stérungen definiert, die sich in ihrer Intensitéit, Dauer, sowie ihrem
Kontext (z. B. bei biopolaren Stérungen) unterscheiden. Zu den haufigsten Klassifikationssystemen
gehoren das von der American Psychiatric Association veroffentlichte Diagnostic and Statistical
Manual of Mental Disorders (DSM) und das von der Weltgesundheitsorganisation (WHO)
verdffentlichte  internationale  Klassifikationssystem  fir ~ Krankheiten (ICD). Nach
Anndherungsbemiihungen (158) gleichen sich die aufgelisteten depressiven Symptome beider
Systeme weitestgehend, dennoch bleibt das Krankheitsbild der Depression uneinheitlich und ihre
Auspriagung heterogen. Ein heute in der Forschung hiufig verwendeter Krankheitsbegriff ist die
schwere depressive Storung (engl.: major depressive disorder, MDD), welche erstmals 1980 in der
3. Edition des DSM definiert wurde. Die Heterogenitét des Krankheitsbildes wird bei Betrachtung
des diagnostischen Verfahrens deutlich: Fiir die Diagnose einer MDD nach der heute aktuellen
Version (DSM-5 TR) miissen Patienten aus einem Kanon von neun Symptomen fiinf iiber einen
Zeitraum von mindestens zwei Wochen aufweisen. Darunter muss zwingend eine depressive
Verstimmung, {iber die meiste Zeit des Tages, oder ein substantiell verringertes Interesse fiir fast alle
tiaglichen Aktivitdten vorliegen. In der heute aktuellen 11. Version des ICD werden Depressive

Storungen primir in eine ,.einzelepisodische depressive Stérung™ (ICD-11: 6A70) oder eine
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,wiederkehrende depressive Storung* (ICD-11: 6A71) unterteilt (159). Analog zur DSM muss fiir
mindestens zwei Wochen tigliche eine gedriickte Stimmung oder Anhedonie in Kombination mit
weiteren unterstiitzenden Symptomen vorliegen. Nach heutiger Ansicht existiert eine Fiille von sich
gegenseitig beeinflussenden biologischen (wie z. B. genetische Disposition), psychologischen (wie
Ruminationsneigung), und sozialen (wie Deprivation) Faktoren, die zur Entstehung einer
Depressionserfahrung beitragen konnen (159). Verschiedene Studien an Patienten mit Depressionen
lieferten jedoch unter Verwendung bildgebender Verfahren Inkonsistenzen in den funktionellen und
strukturellen Verdnderungen, deren Ursache auch in der Heterogenitét der Depressionssymptomatik
und folglich der untersuchten Kohorten vermutet wird (29). In der dritten Studie wird das Ziel
verfolgt, in einer geniigend groflen Kohorte von Probanden mit Depressionserfahrungen der UK
Biobank diejenigen Depressionskriterien zu identifizieren, die mit funktionellen und strukturellen

Verdnderungen assoziiert sind.

1.8 Ziele dieser Arbeit

Diese Arbeit dient dem Zweck, Hinweise fiir die, dem Alterungsprozess und bestimmten
neurodegenerativen Krankheitsprozessen zu Grunde liegenden, (Patho-)Mechanismen des
menschlichen Gehirns zu erhalten. Dafiir untersuchten wir funktionelle Verdnderungen und ihre
Assoziation mit neurochemischen Eigenschaften im typischen Alterungsprozess, bei Morbus
Huntington und bei Morbus Parkinson. Unter Einbeziehung klinischer Charakteristika wurde zudem
das Potential der untersuchten MaBe als diagnostische und prognostische Biomarker fiir
neurodegenerativen Erkrankungen untersucht. Dariiber hinaus wurden die im Rahmen dieser Studien
gewonnenen Hirnfunktionsdaten verwendet, um die inkonsistente Studienlage zu funktioneller
Verdnderung in depressiven Storungen zu verbessern. Die folgenden Studien wurden im Rahmen

meiner Doktorarbeit publiziert und bilden den Kern meines Dissertationsvorhabens.

Studie 1:

Die erste Studie verfolgte zwei Hauptziele. Zum einen sollte der Einfluss von Morbus Huntington
auf die neuronale Aktivitdit und Synchronizitdt in kortikalen, subkortikalen und zerebelldren
Regionen untersucht werden. Hierbei wurde ein moglicher Zusammenhang zwischen der
Krankheitsschwere und den lokalen funktionellen Verinderungen in, durch die HD-Pathologie
besonders betroffenen, Hirnregionen analysiert. Dazu wurden in zwei unabhingigen Kohorten von
Patienten mit HD (n = 84) und Kontrollprobanden (n = 88) (Observation & Replikation) Hirnkarten
lokaler Hirnfunktionsverdnderung aus den individuellen rs-fMRI-Daten abgeleitet. Zum anderen

sollte die Rolle von zehn verschiedenen Rezeptoren oder Transportern (darunter vier serotonerge und
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drei dopaminerge) auf die verdnderte Hirnfunktion iiber alle Hirnregionen hinweg untersuchen
werden, um Hinweise auf besonders vulnerable Zelltypen zu erhalten. Hierfiir wurden rdumliche
Korrelationen (Ko-lokalisationen) der funktionellen Verdnderung mit der Verfiigbarkeit
verschiedener Rezeptoren und Transporter untersucht und deren Zusammenhang mit klinischen

Skalen der Krankheitsschwere analysiert.

Studie 2:

Ahnlich der ersten Studie lag das Ziel der zweiten Studie darin, die Effekte des typischen
Alterungsprozesses und von Morbus Parkinson auf Metriken lokaler neuronaler Aktivitdt und
Synchronizitit zu analysieren sowie den Einfluss neurochemischer FEigenschaften auf die
funktionelle Verdnderung zu untersuchen. Zunéchst sollten die aus vorherigen Studien bekannten
Alterseffekte auf die Hirnfunktion reproduziert werden, um darauf aufbauend diejenigen
Neurotransmittersysteme zu identifizieren, die am stirksten mit diesen Alterseffekten assoziiert sind

und somit potentiell besonders vulnerabel fiir Alterungseffekte sind.

Fiir diese Ziele wurden rs-fMRI-Daten der UK-Biobank (160) verwendet, um individuelle Karten
lokaler  Hirnfunktion  abzuleiten. = Hinweise auf die  Beteiligung  verschiedener
Neurotransmittersysteme an der Hirnfunktion auf individueller und Populationsebene (n = 25917)
sollten tiiber rdumliche Korrelationen der funktionellen Karten mit 19 verschiedenen
Neurotransmitterkarten identifiziert werden. AnschlieBend wurde die potentielle Vulnerabilitit der
untersuchten Rezeptoren und Transporter hinsichtlich der durch Parkinson bedingten funktionellen
Verdnderungen analysiert und prognostische Biomarker zu identifizieren versucht. Unter
Beriicksichtigung von Alters- und Geschlechtseffekten wurden normative Modelle der
Korrelationsstarke in  einer  typischen  Kohorte  mithilfe  neuester  nicht-linearer
Modellierungsmethoden erstellt. Die Korrelationsstirke in den Daten von Probanden mit Morbus
Parkinson (n = 58) wurden mit denen der normativen Modelle verglichen. Signifikante
Abweichungen von den normativen Modellen und deren Abhédngigkeit von der Krankheitsdauer
sollten Hinweise fiir eine besondere Vulnerabilitit spezifischer Neurotransmittersysteme fiir
Hirnfunktionsverdnderungen bei Morbus Parkinson, sowie potentielle Biomarker fiir den

Krankheitsverlauf liefern.

Studie 3:

Im Unterschied zu den ersten beiden Studien stand in der dritten Studie die Depression als
psychiatrische Erkrankung des Gehirns im Fokus. Ziel dieser Studie war es, die Effekte

verschiedener Depressionserfahrungen auf die Hirnfunktion und -struktur zu quantifizieren und
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damit zur Kldrung der inkonsistenten Studienlage zu Gehirnverdnderungen bei Depressionen
beizutragen. Dariiber hinaus sollten jene Kriterien bestimmt werden, die am stirksten mit

funktionellen und strukturellen Verdnderungen des Gehirns assoziiert sind.

Hier wurden erneut die in der zweiten Studie entstandenen Karten individueller Hirnfunktion der UK
Biobank, sowie zusétzlich erstellte Karten der Volumina von grauer Substanz verwendet. Anhand
von sechs verschiedenen Kriterien von Depressionserfahrungen bildeten wir Gruppen von Probanden
mit Depressionserfahrungen (n = 20484), die ein bis zu sechs dieser Kriterien erfiillten. Fiir jede
dieser Gruppen wurden Verdnderungen der Hirnfunktionsmafle und Volumina der grauen Substanz

relativ zu einer gesunden Kontrollkohorte (n = 25462) auf Gruppenlevel evaluiert.
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Local synchronicity in dopamine-rich
caudate nucleus influences Huntington’s
disease motor phenotype

®Jan Kasper,»? Simon B. Eickhoff,»? Sver:ja Caspers,>* Jessica Peter,” Imis Dogan,®7”®
(®Robert Christian Wolf,® @Kathrin Reetz,%”® @Juergen Dukart™>*
and ®Michael Orth>%t
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Structural grey and white matter changes precede the manifestation of clinical signs of Huntington’s disease by many
years. Conversion to clinically manifest disease therefore likely reflects not merely atrophy but a more widespread
breakdown of brain function. Here, we investigated the structure-function relationship close to and after clinical on-
set, in important regional brain hubs, particularly caudate nucleus and putamen, which are central to maintaining
normal motor behaviour. In two independent cohorts of patients with premanifest Huntington’s disease close to on-
setand very early manifest Huntington’s disease (total n = 84; n = 88 matched controls), we used structural and resting
state functional MRI.

We show that measures of functional activity and local synchronicity within cortical and subcortical regions remain
normal in the premanifest Huntington’s disease phase despite clear evidence of brain atrophy. In manifest
Huntington’s disease, homeostasis of synchronicity was disrupted in subcortical hub regions such as caudate nu-
cleus and putamen, but also in cortical hub regions, for instance the parietal lobe. Cross-modal spatial correlations
of functional MRI data with receptor/neurotransmitter distribution maps showed that Huntington’s disease-specific
alterations co-localize with dopamine receptors D1 and D2, as well as dopamine and serotonin transporters. Caudate
nucleus synchronicity significantly improved models predicting the severity of the motor phenotype or predicting the
classification into premanifest Huntington’s disease or motor manifest Huntington’s disease.

Our data suggest that the functional integrity of the dopamine receptor-rich caudate nucleus is key to maintaining
network function. The loss of caudate nucleus functional integrity affects network function to a degree that causes
aclinical phenotype. These insights into what happens in Huntington’s disease could serve as amodel for what might
be a more general relationship between brain structure and function in neurodegenerative diseases in which other
brain regions are vulnerable.
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Introduction

In Huntington’s disease, a movement disorder with cognitive de-
cline and behavioural abnormalities, the most vulnerable regions
to the pathological events caused by the HTT CAG repeat expansion
mutation include the striatum, i.e. the caudate nucleus and puta-
men. Striatal atrophy can be observed a long time before clinical
manifestations of Huntington'’s disease without causing an overt
clinical phenotype.!? Clinical manifestations of Huntington's dis-
ease therefore likely reflect the breakdown of network brain func-
tion, so normal behaviour can no longer be maintained.
Task-based functional MRI has demonstrated abnormal activation
in premanifest Huntington's disease (e.g. Kléppel et al.* and Wolf
et al.®), In addition, resting state functional MRI (rs-fMRI), i.e. fMRI
in the absence of a task, has revealed many changes of functional
connectivity ‘between’ regions in various networks (for reviews
see Gregory and Scahill® and Pini et al.”). In sensorimotor networks,
functional connectivity at rest is reduced before, and increased
after, motor signs of disease emerge.® '* The ongoing degenerative
process eventually disrupts the ability of a given network to assume
the different functional states needed to maintain, for instance,
normal motor performance, so that the first subtle motor signs of
Huntington's disease emerge.”” Hyperconnectivity in motor-
manifest Huntington's disease may then reflect a compensatory
effort to maximize network activity of the remaining neuronal po-
pulations within the connected regions. This may come at the ex-
pense of flexibility of these connections when complex motor
tasks require dynamic network activity. For example, the sensori-
motor network needs to assume different activity states necessary
to initiate, maintain or terminate a movement. This could explain
the association of increased functional connectivity at rest with
poorer motor performance.®!!

The degenerative process in Huntington's diseases particularly
affects connectivity between key, or hub, regions for network func-
tion such as the caudate nucleus, thalamus and prefrontal re-
gions.'*** It remains less well understood how these important
regions themselves function in Huntington’s disease and how their
local function relates to their endowment with specific neurotrans-
mitter systems. Conceivably, overall network function depends on
intact white matter connections between the above regions and
functional integrity of the regions themselves.'® As long as overall
network function is maintained carriers of the Huntington's
disease-causing HTT mutation remain in the premanifest phase.
In contrast, in the very early clinically manifest stages of
Huntington’s disease, the disease process will have affected the
connections between regions, function within important hub re-
gions, such as caudate nucleus and putamen, or a mixture of
both, ultimately resulting in network dysfunction and the emer-
gence of clinical signs of Huntington’s disease. Caudate nucleus
and putamen (striatum) play an important role in movement,

cognition and emotion regulation as a hub region within the dopa-
minergic system’®"; the striatum contains dopamine receptors
and transporters that are consequently lost in Huntington's dis-
ease.'®?° Pharmacological interventions targeting the dopamin-
ergic system such as dopamine receptor antagonists or inhibitors
of presynaptic vesicular uptake of dopamine can influence the mo-
tor phenotype in Huntington's disease.”’ Medication, such as
1-dopa or dopamine antagonists, medulates functional connectiv-
ity of striatal regions.”” Therefore, striatal function and its role in
causing abnormal movements in Huntington's disease may be
closely linked to the dopamine neurotransmitter and transporter
system.

Here, we investigated regional brain functional and structural
alterations in Huntington's disease and their relationship to neuro-
transmitter systems with high expression in important regional
brain hubs in Huntington's disease, in particular caudate nucleus
and putamen, both of which are central to maintain normal motor
behaviour. We hypothesized that in premanifest Huntington's dis-
ease, function in regional hubs, in particular caudate nucleus and
putamen, remains normal despite substantial atrophy. In contrast,
in early manifest Huntington's disease, we expected to see changes
in local brain function in association with the presence of clinical
symptoms, in particular in the motor domain. Given the clinical
evidence of improvements of the degree of motor dysfunction
with medication that targets the dopamine transmitter system
we further expected to observe local brain dysfunction, in particu-
lar in those regions that express dopamine receptors.

Materials and methods
Participants

We included two cohorts (the first cohort was recruited at Ulm uni-
versity, the second at Aachen university) of mainly right-handed
participants (five left-handers) with a molecular genetic diagnosis
of a CAG repeat expansion (239) in the Huntingtin gene. For each
cohort separately, we recruited a healthy volunteer group (controls)
matched for age and sex with the respective Huntington's disease
group (Table 1). Premanifest Huntington's disease participants
had a diagnostic confidence level score of <2 on the motor part of
the Unified Huntington's Disease Rating Scale (UHDRS®®); manifest
Huntington'’s disease had a diagnostic confidence level score of 4,
reflecting the presence of unequivocal motor signs of
Huntington's disease. The first cohort (32 manifest, 23 premanifest,
49 controls) served to generate data for all initial exploratory ana-
lyses with the key hypotheses and findings pre-registered at
https:/esf.io/q2nyr. Data from the second cohort (29 manifest and
39 controls) were used for subsequent independent replication of
any effects observed in the first cohort according to the pre-
registered analysis plan (https:/osf.io/q2nyr).
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Table 1 Demographic, clinical and HTT CAG repeat characteristics of all groups
- Cohort 1 Cohort 2
ManHD HC PreHD HC ManHD HC
n 32 30 23 19 29 39
Age, years 47.9(8.6) 466 (9.6) 40,6 (8.6) 44.2 (9) 522 (9.9) 50.3 (13.6)
Sex (M/F) 22/10 18/12 9/14 10/9 17/12 18/21
UHDRS TMS 20.1(12.6) 0.6 (0.9) 3.9(3.2)" 1(1.2) 34.1(18) -
UHDRS TFC 11.5 (1.6) * 13 (0) 13 (0) 13 (0) 86(3.2) N
UHDRS FA 22.9 (2.4)* 25 (0) 25 (0) 25 (0) 19.8 (5.4) #
CAG repeats 433 (L.9) - 41.8(1.8) - 43.7 (3.7) -
Disease burden 364 (65.5) - 252.4 (73.4) - 394.5 (89.7) -
Handedness 0/0/32 0/0/30 o3 0/0/19 4/0/25 V137
(L/both/R)

The first cohort comprised patients with manifest Huntington's disease (ManHD), their age-matched healthy controls (HC), and pre-manifest Huntington's disease (preHD) and
their age-matched controls; the second cohort consisted of patients with manifest Huntington's disease and their healthy control group. If available, the mean and standard
deviation of the UHDRS subscores, total motor score (TMS), function assessment (FA) and total functional capacity (TFC), the HTT CAG repeats and the disease burden score are
given. Significant differences regarding age, sex and clinical scores between premanifest Huntington's disease or manifest Huntington's disease and the respective control
group are highlighted with asterisks ("P <0.001). Statistical key figures are listed in Supplementary Table 1. F = female; L = left; M = male; R = right.

All participants underwent a thorough neuropsychiatric exam-
ination. Participants were clinically characterized using the UHDRS
motor scale to derive a total motor score. The UHDRS functional as-
sessment (FA) scale and total functional capacity scale (TFC) were
used to measure functional impairment.”*

Participants with a history of another neurological disorder, a
history of head trauma or learning disabilities were excluded
from the study. The burden of Huntington’s disease pathology
was calculated using a formula based on age and CAG repeat
length (CAGn-35.5 x age).”* Participants with a neurological or a
psychiatric disorder (other than Huntington’s disease) according
to the Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV-TR) criteria, substance abuse or dependence
were excluded. Participants’ consent was obtained according to
the Declaration of Helsinki, and the study was approved by the lo-
cal ethics committees (Ulm University and Aachen University,
Germany). Participants gave written informed consent following
a complete description of the study’s aims and procedures.

MRI data

For structural imaging, in the first cohort 3D magnetization-
prepared rapid gradient-echo (MPRAGE) data were acquired using
a 3T Magnetom ALLEGRA (Siemens) head MRI system [echo time
(TE) =3.67 ms; repetition time (TR) = 2200 ms; inversion time (TI)
= 1200 ms; slice plane = axial; slice thickness =1.1 mm]. In the se-
cond cohort, a 3 T PRISMA (Siemens) head MRI system was used
(TE=2.98 ms; TR=2300ms; TI=900 ms; slice plane = axial; slice
thickness =1 mm).

T>*-weighted (resting-state) images were obtained using echo-
planar imaging in an axial orientation (Cohort 1: TR=2000ms,
TE =30 ms, flip angle 80°, 33 slices, slice thickness 3 mm; Cohort
2: TR=2210 ms, TE =30 ms, flip angle 90°, 30 slices, slice thickness
3.1 mm). Participants were explicitly instructed to relax without
falling asleep, to keep their eyes closed, not to think about anything
special and move as little as possible. None of the patients reported
that they had fallen asleep during the rs-fMRI scan.

Preprocessing of imaging data

All resting state fMRI and structural imaging data were prepro-
cessed using Statistical Parametric Mapping software SPM12%

and the CONN toolbox”® implemented in MATLAB (v2020b).
Functional images were corrected for head motion and distortions
(realign and unwarp) followed by co-registration of functional data
to structural images. Functional images were normalized into
Montreal Neurological Institute (MNI) space using structural infor-
mation, resampled to a resolution of 3 mm® isotropic and spatially
smoothed with a 6 mm full width at half maximum (FWHM)
Gaussian kernel. The first four frames of the functional images
were discarded in order to obtain magnetic equilibrium. Mean
white matter and CSF signals as well as 24 parameters of motion®
were regressed out using the CONN toclbox. Motion parameters
were used to identify data to be excluded due to excessive head
movement (frame-wise displacement > 3 mm and rotation > 2°).

Resting-state functional MRI

To investigate regional neuronal activity at rest we computed the
voxel-wise fractional amplitude of low-frequency fluctuations
(fALFF). fALFF expresses the contribution of low-frequency fluctua-
tions within a specific frequency band relative to the whole detect-
able frequency range.’® Mathematically, fALFF is the square root of
the ratio of summed, squared bandpass filtered (0.008-0.09 Hz)
blood oxygenation level-dependent (BOLD) signal to summed,
squared, full spectrum BOLD signal over the whole resting-state
time course.? In addition, as another measure of local activity,
we also examined local synchronization as measured by local cor-
relation (LCOR). LCOR is defined as the summed correlation coeffi-
cients of BOLD signal in the voxel of interest with other voxels inits
proximity, with distances weighted by a Gaussian kernel (25 mm
FWHM).?

Voxel-wise group comparisons

For each pair-wise comparison, we first regressed out voxel-wise
effects of age and sex from the fALFF and LCOR maps using voxel-
wise regression coefficients calculated from all study data. Because
manifest Huntington's disease participants were older than pre-
manifest participants, differences in fALFF and LCOR patterns
could result from a mixture of age- and disease-related effects.
Therefore, to account for age-related effects, we used voxel-wise
regression coefficients calculated from the control data only.™
This step-wise procedure ensured comparability with the spatial
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Table 2 Statistical key data of significant co-localizations between functional alteration and neurotransmitter systems

Cohort Co-localization Before atrophy correction After atrophy correction
Fisher's z (r) Cohen’s d P-value Fisher's z (r) Cohen's d P-value
1 LCOR D1 -0.21 -1.03 <0.01 -0.17 -0.88 <0.01
D2 -0.17 -0.8 <0.01 -0.16 -0.76 <0.01
DAT -0.18 -1.09 <0.01 -0.15 -0.92 <0.01
SERT -0.17 -1.01 <0.01 -0.15 -0.91 <0.01
2 LCOR D1 -0.17 -0.89 <0.014 -0.14 -0.7 <0.014
D2 -0.13 —-0.66 <0.014 -0.11 -0.52 0.014
DAT -0.17 -0.74 <0.014 -0.15 -0.63 <0.014
SERT -0.19 -0.84 <0.014 -0.15 -0.66 <0.014
2 fALFF 5-HT1b -0.25 -1.03 <0.01 -0.16 -0.7 <0.01
B -0.17 -0.84 <0.01 1.5, n.s. n.s.

Listed key data are: mean Fisher’s z-transformed correlation coefficient across all subjects, effect size Cohen's d and P-value. P-values of directed hypothesis testing are labelled
with subscript d. DAT = dopamine transporter; n.s. = not significant; SERT = serotonin transporter; p = p-opioid receptor.

correlation analyses, which uses this step-wise procedure to ac-
count for the effects of confounds. To adjust for the potential im-
pact of local atrophy on fALFF and LCOR alterations, we repeated
all analyses after additionally regressing out the voxel-wise grey
matter volumes (spatially smoothed with a 6mm FWHM
Gaussian kernel) from all data for each pair-wise comparison.*

Voxel-wise analyses of variance for group comparisons were
conducted in SPM12. For all comparisons, a voxel-wise threshold
of P<0.001 was applied combined with an exact permutation-
based (1000 permutations) cluster defining threshold (P < 0.05).*
In addition, to test whether regressing out age removed additional
variance associated with Huntington’s disease we repeated the
voxel-wise group comparisons of Huntington's disease and healthy
controls without controlling for age.

Spatial correlations between rs-fMRI data and
neurotransmitter receptor distributions

We examined whether Huntington's disease related alterations in
fALFF and LCOR were spatially linked to the presence of specific
neurotransmitter systems. To this end, we first calculated individ-
ual alterations in fALFF and LCOR in each region (the mean of all
voxels making up that region) using the Neuromorphometrics atlas
(119 regions as provided by SPM12 after excluding white matter and
CSF) in each control or Huntington'’s disease participant. For each
participant, we calculated regional z-scores of fALFF or LCOR rela-
tive to the mean of the respective control group [(value
of Huntington's disease participant) - (mean of controls)/(standard
deviation of controls)] in each region so that the z-score reflects
how much each Huntington's disease participant differs from nor-
mal. Next, for each Huntington's disease participant we computed
a Spearman correlation between these 119 z-scores and the distri-
bution of specific receptor/neurotransmitter maps as derived using
positron emission and single photon emission computer tomog-
raphy in independent healthy cohorts. Maps were available for ser-
otonergic (5-HTl1a, 5-HT1b, 5-HT2a), dopaminergic (D1, D2),
dopamine uptake transporter (DAT) and serotonin transporters
(SERT), as well as for dopamine synthesis capacity measured using
fluorodopa PET (FDOPA) integrated into the JuSpace toolbox.* To
approximate a normal distribution, the correlation coefficients
were Fisher's z-transformed. An exact orthogonal permutation-
based (n=10000) P-value was computed to test whether the
Fisher's z-transformed correlation coefficients were significantly
different from a null distribution.* A detailed description of the

workflow within the JuSpace toolbox is provided by Dukart et al.*>*
After identifying which neurotransmitter systems were associated
with functional alterations, we computed ANOVAs to test for the ef-
fects of drugs on the respective correlation coefficients. For each
participant, we included binary fixed factors indicating whether
the drugs taken were known to have a main mechanism of action
on the respective neurotransmitter systems. To investigate the ef-
fect of atlas choice on our findings, we repeated the spatial correl-
ation analyses using the Schaefer cortical parcellation atlas with
100 regions (17 networks)* in combination with the subcortical
and cerebellar regions (21 regions) from the Neuromorphometrics
atlas.

Relationship of structural and functional imaging
data with clinical phenotypes

Next, we tested whether the significant co-localizations of fALFF or
LCOR with areceptor/transporteridentified above related to clinical
phenotypes. For this purpose, we computed Spearman correlations
of three UHDRS subscores (total motor score, functional assess-
ment, and total functional capacity) with the Fisher z-transformed
correlation coefficients that provided a measure of co-localization
of fALFF and LCOR alterations with respective neurotransmitter
systems. To compare the results in both manifest Huntington's dis-
ease groups, we assessed statistical differences regarding the
UHDRS subscore, CAG repeats and disease burden. All analyses
were corrected for multiple comparisons using the Benjamini-
Hochberg procedure.

We then used linear regression analysis (forward selection;
probability of F for entry: P <0.05) to predict total motor scores in
all Huntington's disease participants, premanifest and clinically
manifest, with caudate and putamen volumes (mean of left and
right, corrected for total intracranial volume), caudate and puta-
men LCOR, sex, anti-dopaminergic or serotonergic medication (as
dichotomous variable) and disease burden as independent vari-
ables. In a step-wise linear regression, independent variables are
included one ata time in successive order of incremental predictive
value (i.e. the predictor explaining most of the variance is entered
first). Next, we predicted the clinical classification of premanifest
or clinically manifest Huntington’s disease. We used the classifica-
tion by the clinicians; as this is often a judgement call rather than
based on data, we also used a classification based on a total motor
score of 10 (an arbitrary cut-off) or 14, which based on large data
sets distinguished with very high confidence healthy individuals
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from Huntington's disease patients with motor manifestations.*
For this, we computed binary logistic regression analyses with the
same variables as for the above linear regression analysis. We did
not include medication because only two premanifest
Huntington's disease participants were on medication.

Data availability

The data underlying this article will be shared on reasonable re-
quest to the corresponding author.

Results
Participants

Patients with manifest Huntington's disease in the first cohort were
in the early stages of disease according to their UHDRS total func-
tional capacity score (mean 11.5 SD + 1.6, so mainly stage 1). In
the first cohort, more manifest Huntington's disease participants
were male (4° =4.77; P=0.03) and they were older [t(53)=3.13;P=
0.003] than premanifest Huntington's disease. Participants with
manifest Huntington's disease in the second cohort had signifi-
cantly higher UHDRS total motor scores [t(57)=-3.49; P<0.001]
and significantly lower functional assessment [t(55)=2.89; P=
0.006] and total functional capacity scores [t(56) =4.44; P < 0.001]
than the first cohort, whereas CAG repeats, age, sex and disease
burden were similar. Manifest patients in the second cohort were
still in the early UHDRS total functional capacity stages of
Huntington’s disease (mean 8.6, SD + 3.2, so mainly stage 2). In
the first cohort, 12 patients with manifest Huntington's disease
took either dopamine receptor antagonists (tiapride n=5; quetia-
pine n= 2; sulpiride, aripiprazole, risperidone each n = 1) or tetrabe-
nazine (n=2) and 8 patients were on one or more antidepressants
(mirtazapine n=5; citalopram n=2; venlafaxine n=1; sertraline
n =3; duloxetine n=1; agomelatine n=3). Fifteen patients were
on no medication. In the second cohort, 18 patients were on one
or more dopamine receptor antagonists (tiapride n=9; quetiapine
n =4; olanzapine, aripiprazole, risperidone each n= 1) or tetrabena-
zine (n=4) and 19 patients took one or more antidepressants (mir-
tazapine n=9; citalopram n=1; venlafaxine n=3; sertraline n=3;
duloxetine n=2; fluoxetine n=1; amitriptyline n=1). Three pa-
tients were on no medication. All participants were on stable medi-
cation for at least 6 months before the study.

Demographic and clinical details for both cohorts as well as re-
spective group comparisons are provided in Table 1. Key statistical
data from the group comparisons are provided in Supplementary
Table 1.

Reduced fALFF and increased local synchronization
in important hub regions in manifest Huntington’s
disease

Using voxel-wise analyses, we first explored whether manifest and
premanifest Huntington's disease participants differed from con-
trols in the spontaneous resting-state activity (fALFF) or their local
synchronization (LCOR). Premanifest participants were similar to
their age- and sex-matched controls in voxel-wise fALFF and
LCOR. In contrast, fALFF was reduced in early manifest
Huntington's disease in the first cohort relative to controls across
many cortical areas, basal ganglia, the limbic system and the cere-
bellum (Fig. 1A). This included the important hub regions bilateral
putamen, caudate nucleus, hippocampus, right inferior and super-
ior parietal cortex and left superior frontal regions. In the more
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progressed early manifest second cohort further hub regions in
addition to those in Cohort 1 showed reduced fALFF such as bilat-
eral thalamus, precuneus and insula (Fig. 1C). Manifest
Huntington's disease participants also had less fALFF than pre-
manifest participants in bilateral inferior and left superior parietal
lobe (Supplementary Fig. 1). The reduced local activity in these re-
gions was accompanied by increased local synchronization (higher
LCOR) in early manifest Huntington's disease participants in the
cortex (including limbic regions), the thalamus and the cerebellum
(Fig. 1A). This pattern was qualitatively similar yet anatomically
much more widespread in the clinically more advanced second
Huntington's disease cohort (Fig. 1C). Statistical key figures for
clusters with significant group differences are provided in
Supplementary Table 2. The results were largely similar but less
pronounced when not controlling for the effects of age
(Supplementary Fig. 2).

Functional brain alterations may be caused by the underlying
atrophy of caudate nucleus [right: t(97) =6.16, P <0.001; left: t(97)
=4.97, P=0073] and putamen [right: t(97)=5.2, P=0.003; left:
t(97)=5.07, P=0.049] already present in the premanifest
Huntington's disease group. To investigate the extent to which at-
rophy contributed to Huntington’s disease functional alterations,
we regressed out voxel-wise grey matter volumes from all data.
In general, this resulted in reduced cluster sizes in the t-contrasts
(for statistics, see Supplementary Table 3). No cluster of cortical
and subcortical fALFF reductions survived atrophy correction in
the first cohort. In the second cohort, the striatal and thalamic
fALFF reduction did not survive atrophy correction, whereas clus-
ters comprising frontal, parietal, temporal, occipital and (para-)cin-
gulate areas (cf. Fig. 1D, red) did suggest that in more progressed
early manifest Huntington’s disease the functional consequences
are more pronounced than would be explained by atrophy. Local
synchronicity remained significantly increased after atrophy cor-
rection in clusters covering frontal, temporal including limbic and
cerebellar areas in both cohorts (cf. Fig. 1B and D, blue) including
the important subcertical and cortical hub regions bilateral super-
ior parietal cortex (only Cohort 2), hippocampus and superior front-
al cortex, left thalamus (only Cohort 1), bilateral precuneus (only
Cohort 2) and the cerebellum.

Huntington’s disease fMRI alterations relate
to dopamine and serotonin system distribution

Next, we examined whether the functional alterations observed in
Huntington's disease co-localized with the expression of neuro-
transmitter systems. To this end, we expressed each
Huntington's disease patient’s fALFF, or LCOR, as a difference to
the mean of controls, normalized by the standard deviation
(z-score), and correlated this with the spatial distribution of specific
neurotransmitter systems derived from independent cohorts of
healthy individuals (Table 2; all statistics are listed in
Supplementary Table 4). In premanifest Huntington's disease, no
co-localization was found between fALFF or LCOR alteration and
the total expression in the brain of any of the evaluated neurotrans-
mitter receptors or transporters. [n the manifest Huntington's dis-
ease group of the first cohort, there was no significant
co-localization with any of the neurotransmitter receptors or trans-
ports in regions with altered fALFF, suggesting that the degree of
functional change was not related to any of them (Fig. 2A). In add-
ition, a significant association was observed in the second more ad-
vanced early manifest Huntington'’s disease cohort between fALFF
alterations and the distribution of the serotonergic 5-HT-1B
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Figure 1 Voxel-wise fALFF and LCOR contrasts of patients with Huntington’s disease relative to their respective healthy controls. In a number of clus-
ters where fALFF was significantly reduced in manifest Huntington's disease of the first (A and B) or second (C and D) cohort, and LCOR significantly
higher in manifest Huntington’s disease. Left panels: the atrophy-uncorrected contrasts; right panels: the atrophy-corrected contrasts. Anatomical re-
gions covered by clusters and the MNI coordinates of the voxel with the peak t-value are listed in Supplementary Tables 2 and 3.

receptor and opioid p receptor (Fig. 2B). Co-localizations with
5-HT-1B remained significant after correction for atrophy
(Supplementary Fig. 3B).

With respect to LCOR, there was a significant negative correlation
of LCOR alterations in manifest Huntington'’s disease with the distri-
bution of the dopaminergic D1 and D2 receptors as well as of the dopa-
mine and serotonin transporters (Table 2 and Fig. 2C). We next
examined the dependence of LCOR alteration on the respective recep-
tor/transporter availability for each atlas region (Fig. 3). In both co-
horts, LCOR was higher than normal in regions expressing low
levels of D1, D2, DAT and SERT signal while regions with the highest
signal of D1, D2 and DAT showed increased (caudate), decreased (pal-
lidum and putamen) or no clear assignment (nucleus accumbens) in
local synchronization. Regions rich in SERT showed increased (thal-
amus, amygdala), decreased (basal forebrain, putamen, pallidum) or
no clear assignment (nucleus accumbens) in local synchronization
in both cohorts (see corresponding rank-rank-plots of the Spearman
correlations in Supplementary Fig. 4).

These associations were also significant when comparing mani-
fest and premanifest Huntington’s disease after adjustment for age

(Supplementary Fig. 5A). All of the associations of LCOR alterations
with specific neurotransmitter receptors and transporters observed
in the first Huntington’s disease cohort were also replicated in com-
parisons of manifest Huntington’s disease of the second cohort
with their respective healthy controls (Fig. 2D) and were similar
when correcting for atrophy (Supplementary Fig. 3E and F). When
using the Schaefer cortical parcellation atlas in combination with
the Neuromorphometrics atlas, we find largely similar associations
in both cohorts between functional alterations and the respective
neurotransmitter systems with and without atrophy correction
(fALFF: Supplementary Figs 6A and B and 7A and B; LCOR:
Supplementary Figs 6E and F and 7E and F; Supplementary Table 5).

Because we found co-localizations of functional changes with
receptors and transporters of the dopaminergic and serotonergic
systems, we examined whether anti-dopaminergic (dopamine re-
ceptor antagonists or tetrabenazine) or serotonergic medication in-
fluenced the observed spatial correlation coefficients. Of 32
patients with manifest Huntington’s disease in the first cohort, 12
subjects were taking dopaminergic and 8 serotonergic medications.
Of 29 patients with manifest Huntington's disease in the second
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Figure 2 Co-localizations of ington’s di brain activity and synchronicity alteration (z-score) with receptor/transporter distribution. The fig-

ure plots the correlation (Fisher's z-transformed correlation coefficients) with neurotransmitter maps of the difference of each Huntington’s disease
patient’s fALFF (A, Cohort 1; B, Cohort 2) or LCOR (C, Cohort 1; D, Cohort 2) to the mean of controls (z-score). The more the distributions of the correlation
coefficients differ from zero, the stronger the correlation of brain activity/synchronicity alteration with the total neurotransmitter signal in the respect-
ive cohort of patients with Huntington’s disease. The distribution of Fisher’s z-transformed correlation coefficients was significantly different from null
(*P <0.05) in Cohort 2 for fALFF for SHT1b (P <0.001) and the p-opioid receptor (MU, P=0.003) and LCOR in both cohorts for the serotonin transporter
(SERT, P=0.001, Cohort 1; P < 0.001, Cohort 2); D1 (P < 0.001; both cohorts), D2 (P =0.003, Cohort 1; P = 0.006, Cohort 2) and dopamine uptake transporter
(DAT, P <0.001, Cohort 1; P =0.003, Cohort 2). Because coefficients were negative this indicates a loss of function (fALFF or LCOR) that was spatially cor-
related to whole-brain expression of the respective neurotransmitter system. Horizontal lines within box plots represent medians, whiskers limit the
1.5-fold of the interquartile range and crosses highlight outliers. Red corresponds to the serotonin system (SHT1a, SHT1b, SHT2a, SERT), blue to the
dopamine system [D1, D2, fluoro-dopa (FDOPA), DAT], brown to GABAa receptors, beige to the opioid system and green to the noradrenaline transporter
(NAT). E-J show the link between strength of co-localization of LCOR alteration and D1 (E-G) or SERT (H-J) expression and motor symptom severity, or
functional impairment, derived from the subscores of the Unified Huntington's Disease Rating Scale total motor score (E and H), functional assessment
score (F and I) and total functional capacity score (G and J). Brighter and darker blue (D1) or red (SERT) dots correspond to the Fisher z-transformed cor-
relation coefficients and rating scale scores in manifest Huntington's disease of the first or the second cohort. P-values are false discovery rate-cor-
rected and p the corresponding Spearman correlation coefficients. Lines and coloured backgrounds represent linear fits and the first confidence
interval. n.s. = not significant; 1st = Cohort 1; 2nd = Cohort 2.
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icity (LCOR) and their relation to the expression of D1, D2, and transporters of dopamine and sero-

tonin. The figure plots for each region the dependence of effect size (Cohen'’s d) of LCOR alterations after atrophy correction in manifest Huntington’s
disease with D1 (A, blue), D2 (B, blue) receptor, dopamine transporter (DAT; C, blue) or serotonin transporter (SERT; D, red) availability. The correlations
between the amount of receptor/transporter expression and LCOR alterations indicate that LCORis reduced in subcortical regions expressing the most
neurotransmitter/receptor and increased in cortical areas with the least expression. Lines represent linear fits and the first confidence interval.

cohort, 18 were taking dopaminergic and 19 serotonergic medica-
tions. Except for a weak significant effect of dopaminergic medica-
tion on the co-localization of LCOR with DAT in the first cohort [P=
0.033; F(1,28) = 5.04], dopaminergic or serotonergic medication had
no significant effect on the remaining spatial correlation coeffi-
cients. Detailed statistics for the respective cohorts can be found
in the Supplementary Table 6.

Reduced local synchronization in D1, or SERT, rich
regions is associated with symptom severity

We next evaluated whether the strength of the above co-
localizations with specific receptors and transporters was also
associated with motor or functional impairment observed in the re-
spective manifest Huntington’s disease populations. In the first co-
hort, the strength of co-localization between LCOR alteration
(manifest versus controls) and D1, or SERT, signalling was signifi-
cantly correlated with UHDRS total motor score (D1: P=0.004, p=
-0.5; SERT: P=0.037, p=-0.37) and functional impairment mea-
sured with the UHDRS functional assessment (D1: P=0.003, p=
0.5; SERT P=0.01, p=0.45) and total functional capacity scales
(D1: P=0.002, p=0.53; SERT: P =0.013, p = 0.44), suggesting that re-
duced local synchronization in D1, or SERT, rich regions is asso-
ciated with motor signs of Huntington’s disease increase and
patients are more affected in their activities of daily living (Fig. 2E-
G). The same correlation was found for the LCOR alteration when

comparing manifest with premanifest Huntington's disease
(Supplementary Fig. 5B). The correlation between LCOR-D1 co-
localization and UHDRS total motor score (not significant after
correction for multiple comparisons, P=0.04, p=-0.34) and total
functional capacity score (P=0.005, p=0.5) was replicated in the se-
cond manifest Huntington’s disease cohort (Fig. 2H-J and
Supplementary Table 7). Following atrophy correction, correlations
between clinical scores and the strength of co-localization of D1
with LCOR remained significant in the first (motor: P=0.007, p=
—0.47; function: P=0.017, p=0.42; total functional capacity: P=
0.016, p=0.42) but not in the second cohort (Supplementary Fig.
8A-F and manifest versus premanifest; Supplementary Fig. 8G-L).

Caudate volume and caudate LCOR predict
Huntington’s disease motor phenotype

Usinga multiple linear regression, we were able to significantly pre-
dict total motor score [R? = 0.64, F(3,78) = 45.86, P < 0.001]. Volume of
the caudate (f=-9.68, P <0.001; explained variance 51%), LCOR of
the caudate (} =81.17, P < 0.001; explained variance 9%) and disease
burden (3 =0.05, P=0.004; explained variance 4%) all explained a
significant part of the variance in the total motor score.
Anti-dopaminergic medication did not contribute significantly to
the model.

Using a logistic regression, we were also able to significantly
predict clinical classification into presymptomatic and manifest
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Huntington’s disease [;%(2) = 53.42, P <0.001]. The model explained
67% of the variance in clinical classification and correctly classified
85.5% of cases. Significant predictors in the classification model
were volume of the caudate (} = -2.72, P = 0.001) and disease burden
(p=0.02, P=0.013). When using clinical classification based on a
UHDRS total motor score of 10, we were also able to predict the clin-
ical classification [;*(3) = 66.40, P < 0.001). The model explained 75%
of variance and correctly classified 92.7% of cases. Significant pre-
dictors in that classification model were volume of the caudate
(# =-2.76, P=0.001), LCOR of the caudate (} = 17.35, P=0.027) and
disease burden (§=0.02, P=0.012).

Discussion

Inheriting the HTT mutation likely promotes events in vulnerable
brain regions, such as the striatum, that ultimately result in the
loss of neurons, in particular medium spiny striatal neurons.®
From being structurally normal a long time before unequivocal mo-
tor manifestations of Huntington’s disease occur, the brains of
Huntington's disease gene carriers develop degenerative changes
with no or only very minor motor or cognitive differences to healthy
controls.** This is accompanied by subtle functional and effect-
ive connectivity changes between regions in networks governing
maotor behaviour or cognition**? until the neurodegenerative
changes impact brain function to a degree that causes unequivocal
clinical signs of Huntington's disease. It is likely that this event re-
flects the point in time when brain function can no longer be suffi-
ciently maintained to support normal motor and cognitive
functions. In contrast to long-range functional connections, we
find that functional activity within cortical and subcortical regions
remains normal in the premanifest Huntington's disease phase
despite clear evidence of brain atrophy. As long as in a given net-
work the individual grey matter network hubs can maintain their
local functionality, the overall functional network capability may
suffice to enable normal behaviour without any clinical signs of dis-
ease or compromise in the activities of daily living. Our data of re-
duced regional functional activity in very early manifest
Huntington's disease suggest that, subsequently, signs of
Huntington's disease emerge when function declines within the
important hub regions caudate nucleus, putamen, bilateral super-
ior parietal cortex, hippocampus and bilateral superior frontal re-
gions. As patients advance, the functional abnormalities become
more widespread to include further hub regions such as thalamus,
precuneus and insula.

As substantial atrophy is not associated with regional function-
al loss in premanifest Huntington's disease the relationship be-
tween structural and functional changes is therefore not linear
within the period leading up to the eventual conversion to manifest
disease. Structural loss exceeds functional loss, suggesting that
networks subserving essential motor behaviours have some func-
tional reserve to compensate for structural loss.** When this re-
serve is exhausted the amount of functional change seems
proportional to the degree of atrophy in a narrow time window
very early in the motor manifest stage. Even with only slightly
more advanced disease, as in the second cohort, the degree of func-
tional change exceeded what would have been predicted if the de-
gree of atrophy related linearly to function. This indicates that the
degenerative changes underlying brain atrophy may have to reach
a certain threshold to affect function in important network hub re-
gions and cause conversion to clinically manifest disease; following
conversion, any further loss of brain tissue can have more
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pronounced, disproportionate, functional consequences. A model
for compensation posits that increased long-range functional net-
work connectivity maintains the level of behaviour despite struc-
tural loss.”® Here, we show that a loss of overall activity in
important hub regions may affect how these hubs synchronize
their remaining activity. The synchronized cooperative efforts of
the hubs within a network, in turn, ensure that network perform-
ance can maintain normal behaviour. This was the case in pre-
manifest Huntington's disease where, in addition to normal local
activity, a measure of regional synchronicity, LCOR, remained nor-
mal, similar to what has been reported for regional homogeneity, a
related measure.** As clinical signs of network dysfunction
emerged in early manifest Huntington's disease, regional syn-
chronicity differed from normal. In contrast to the consistent re-
duction of fALFF as an indicator for local overall activity, local
synchronicity (LCOR) was higher in some regions and lower in
others. Independent of structural loss, synchronicity was higher
than normal in caudate nucleus, temporal lobe, superior frontal
gyrus, supplementary motor area, the limbic system, thalamus
and cerebellum while synchronicity was reduced in the putamen.

Local functional activity and synchronicity may depend on the
type(s) of neurotransmitters and receptors that contribute to func-
tion in a given region. We therefore next related the patterns of sev-
eral neurotransmitter systems derived from SPECT/PET maps in
healthy people to the spatial patterns of structural and functional
alterations in Huntington's disease. The synchronicity was reduced
mainly in subcortical regions such as the putamen, which are rich
in D1, D2, dopamine transporters and serotonin transporters.
However, the dopamine receptor-rich caudate nucleus showed
markedly increased synchronicity similar to other important re-
gions that were not associated with these neurotransmitter sys-
tems. With the exception of the caudate nucleus the dopamine
receptor-rich regions most vulnerable to Huntington's disease
pathogenesis'®** therefore seem ta lose their ability to synchronize
their local activity. This, in turn, may prompt cortical network part-
ners to over-synchronize, perhaps in an effort to compensate for
the consequences the loss of synchronicity in the basal ganglia
has for overall network function or simply because they lack the ba-
sal ganglia input they normally receive. The Huntington's disease-
associated degenerative brain changes affecting important net-
work hub regions thus likely compromise their functional ability
and, eventually, after passing a threshold, disrupt the functional
homeostasis of networks in which these subcortical and cortical re-
gions play an important role. Indeed, connectivity analyses have
suggested that connections between rich club hubs were those
most vulnerable.’®"* Impaired network function then results in
the manifestation of clinical signs of Huntington's disease. Qur
data support the assumption that rich club hub function itself de-
termines their influence on network function relevant for behav-
iour, showing that increasing dysfunction of dopamine
receptor-rich basal ganglia was associated with a higher total mo-
tor score and more pronounced impairments in activities of daily
living. The caudate nucleus, the region first affected pathological-
1y,***” may play a particularly prominent role given that motor be-
haviour was worse as synchronicity and atrophy increased in this
region. Importantly, caudate nucleus synchronicity significantly
improved the models predicting total motor score (in addition to
caudate volume and disease burden) or predicting the classification
into premanifest or motor manifest Huntington's disease. This em-
phasizes the particularly relevant contribution of this hub region to
the Huntington's disease motor phenotype. The functional connec-
tions of the human striatum with many different cortical areas
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follow a topographical organization so that specific areas in the stri-
atum form functional units with their cortical partners.’® In line
with this notion, depending on the striatum’s respective functional
connections with the cortex, ie. limbic, sensory-motor or execu-
tive, dopamine release was observed in the corresponding striatal
subdivisions."” In Huntington’s disease, the degenerative process
does not affect the whole striatum indiscriminately.*® Therefore,
the functional consequences within cortico-basal ganglia circuitry
likely depend on which striatal subdivisions are most affected.
Thus, functional change within the striatum may also not be homo-
geneous, as shown by our LCOR data that differed in caudate nu-
cleus and putamen. This could, in turn, contribute to different
clinical symptoms in Huntington's disease including, but not lim-
ited to, abnormal motor behaviour.'? As the disease advances,
functional brain changes may occur in other important brain re-
gions in association with other neurotransmitter systems, as sug-
gested by the significant association between fALFF alterations
and the distribution of the serotonergic 5-HT-1B and opioid precep-
tors that was only observed in the second, more advanced
Huntington's disease cohort.

Fractional amplitude of low-frequency fluctuations and LCOR
both estimate local activity. However, there are several conceptual
differences. fALFF is based on the amplitude of the local BOLD sig-
nal, so it may be more susceptible to non-neurcnal processes af-
fecting oxygen delivery (such as heart rate, blood pressure,
respiration). Restriction to low frequencies removes some, but not
all, of these confounding effects. In contrast, LCOR is presumably
more robust to such non-neuronal influences and reflects local con-
nectivity/synchronisation. We cannot distinguish synchronized in-
hibition from synchronized excitation in a given region. Both lead
to an increase in LCOR. Neurotransmitter systems, like dopamine
or serotonin, may modulate the quality of local neuronal activity,
inhibitory or excitatory, rather than overall BOLD amplitude. This
may explain why we observed an association with neurotransmit-
ter systems and LCOR rather than fALFF.

We infer on the evolution of the structure-function relation-
ships and their repercussions for behaviour from cross-sectional
data. In addition, our receptor/neurotransmitter distribution data
derive from the association with the anatomical distribution of
neurotransmitter systems in normal brains, with no direct evi-
dence in Huntington'’s disease. We therefore interpret our data cau-
tiously. However, the inclusion of two different Huntington’s
disease cohorts, each with their own matched control group, is a
strength of the cross-sectional approach we have taken. A further
limitation is that some participants were medicated with drugs tar-
geting the receptors we were examining, e.g. dopamine receptors.
Medication may therefore have influenced the function of the
regions they target.”” However, apart from a correlation of anti-
dopaminergic medication and DAT data in the first cohort statistic-
al modelling of the influence of anti-dopamine medication or
selective serotonin reuptake inhibitors did not change the relation-
ships we report, including for predictions of the motor phenotype.
Medication may have had an effect on the motor phenotype and
brain function. However, given that medication, in particular anti-
dopaminergic medication, had no effect on the prediction model, it
must have influenced both function and the motor phenotype in
the direction predicted by our regression models. Therefore, we
do not think that medication has had a major influence on our
data and the conclusions we draw.

Taken together, we show an association between local dys-
function in important network hubs and the emergence of clinical
signs of Huntington's disease that is not dependent on the amount
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of structural loss similar to what has been described in
Huntington's disease mouse models.*” These network hubs be-
long to the rich club of highly interconnected cortical and subcor-
tical areas so called because of the amount of connections they
have to other hubs, suggesting they play a particularly important
role in network function.*® This indicates that the functional in-
tegrity of these rich club hub regions is crucial for maintaining
functional network homeostasis across all networks in which
they are involved, and possibly also between networks.”* The
caudate nucleus emerged as functionally particularly relevant.
In the caudate nucleus and the putamen medium-spiny
GABAergic projection neurons that receive dopaminergic input
are the most abundant type of neuron'®%% cholinergic or
GABAergic inter-neurons help regulate their activity.** Once func-
tional homeostasis can no longer be maintained in the striatum,
networks subserving for instance motor behaviour start to fail
and motor signs of disease emerge. It remains unclear whether
this alone suffices to impact network function and cause a clinical
phenotype. Alternatively, network dysfunction may not be caused
solely when the hubs themselves are functionally compromised
but also involves abnormal connectivity between these rich club
network partners.'>'* Given the extensive white matter changes
that can already be observed in very early manifest Huntington's
disease,> structural properties of network connections are com-
promised by Huntington's disease pathogenesis. This can impair
synchronization of information transfer in relation to the integrity
of white matter connections between these partners. We have
previously shown that close to the predicted onset of manifest
Huntington's disease the timing accuracy of synchronization
and desynchronization following transcranial magnetic stimula-
tion input to the motor cortex was affected compared with healthy
controls in association with worse performance on a task that re-
quires the repeated initiation, execution and termination of
movement.”® The earliest changes in local synchronicity may be
observed in hubs, such as the dopamine receptor-rich caudate nu-
cleus, that are particularly vulnerable to Huntington's disease
pathogenesis. Importantly, assessing local synchronicity in the
caudate nucleus, in addition to structural measures such as vol-
ume, improved predictions of the UHDRS total motor score, a
measure of the severity of the Huntington's disease motor pheno-
type. This points to the importance of distinguishing between the
structural and functional impact of expressing mutant huntingtin
in the caudate nucleus. This may be different in other disorders in
which other networks and their hub regions, and neurotransmit-
ter systems, seem most vulnerable, such as in Parkinson's disease
or Alzheimer's disease.”® Insight into what happens in
Huntington's disease could serve as a model for what might be a
more general rule in neurodegenerative diseases.
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Supplementary Tables and Figures

Supplementary Table |: Statistical key data of group comparisons regarding age, sex, and clinical scores.

Cohort |: Manifest Cohort |I: Premanifest Cohort 2: Manifest
Huntington’s disease Huntington’s disease Huntington’s disease
vs controls vs controls vs controls
Age ns. ns. ns.
Sex ns. ns. ns.
UHDRS Motor 1(60)=8.44, p<.00| 1(40)=3.7, p<.001 -
UHDRS TFC (60)=-5.16, p<.001 ns. -
UHDRS FA 1(60)=-4.89, p<.001 ns. -

Supplementary Table 2: Anatomical regions covered by clusters of significant group differences in fALFF and LCOR - before atrophy
correction.
Anatomical region Cluster  Cluster p-values Peak T- Peak MNI-
size (corrected) values Coordinates
COHORT |I: less fALFF in r ifest Huntington’s di: pared with controls
Right: Caudate nucleus, putamen, ventral striatum, pallidum, olfactory cortex 179 <.001 5.68 15156
Left: Caudate nucleus, putamen, ventral striatum, pallidum 65 0.002 5.60 -1221-3
Right: Temporal gyri (middle, inferior) 46 0.013 4.98 54 21 -15
;:Zz:lzlyz: :em:::al, anterior, posterior), superior frontal gyrus (medial orbital) 127 <001 47 213318
Right: Parietal gyri (inferior, superior), postcentral gyrus 58 0.004 458 39 -455]
Left: Cerebellum (4, 5, 6, Crus |), fusiform gyrus 41 0.024 4.57 -36 -45 -27
Left: Fusiform gyrus, hippocampus, inferior temporal gyrus, parahippocampal gyrus 40 0.024 452 -30-9-27
Right: Parahippocampal gyrus, fusiform gyrus, hippocampus, inferior temporal gyrus 45 0.014 4.36 36 -21 -24
Left: Frontal gyri (middle, inferior: triangular and opercular part) 44 0.016 4.17 -4524 33
COHORT I: less fALFF in r ifest Huntington’s di pared with preHD
Right: Inferior parietal gyrus 39 0.027 4.74 39-5748
Left: Parietal gyri (inferior, superior) 40 0.024 393 -36-51 45
COHORT 2: less fALFF in r ifest Huntington’s di: pared with controls
Bilateral: Caudate nucleus, putamen, ventral striatum, pallidum 561 <001 850 993

Right: Offactory cortex



Left: Thalamus (pulvinar medial, mediodorsal medial magnocellular, ventral lateral, ventral
posterolateral, lateral posterior, pulvinar lateral, mediodorsal lateral parvocellular,

anteroventral nucleus, pulvinar anterior), gyrus rectus

Bilateral: Frontal gyri (middle, superior, inferior (triangular, orbital, and opercular part),

superior medial, medial orbital), precentral gyrus, postcentral gyrus, parietal gyri (inferior,

superior), supplementary motor area, occipital gyri (middle, superior), precuneus, temporal

gyri (middle, superior, inferior), insular, middle cingulate and paracingulate gyrus, anterior

cingulate gyrus (pregenual, supracallosal, subgenual), cuneus, rolandic operculum, calcarine 9506 <.001 8.12
fissure and surrounding cortex, paracentral lobule, orbital gyri (anterior, posterior, medial,

lateral)

Left: Inferior temporal gyrus, gyrus rectus

Right: Heschl gyrus
Left: Insula, rolandic operculum, inferior frontal gyrus (opercular part) 80 0.001 5.68
Right: Thalamus (pulvinar medial, pulvinar lateral, ventral posterolateral, ventral lateral,

mediodorsal lateral parvocellular, lateral posterior, pulvinar anterior, intralaminar, 47 0.021 5.6l

anteroventral nucleus), hippocampus

COHORT |: higher LCOR in manifest Hunti 's di than in controls

Right: Temporal gyri (inferior, middle), fusiform gyrus, parahippocampal gyrus, hippocampus,
thalamus (pulvinar medial, pulvinar lateral, ventral posterolateral, pulvinar anterior, pulvinar 637 <.001 6.47

inferior, medial geniculate, ventral lateral, lateral posterior), cerebellum (4 & 5)

Right: Cerebellum (3, 4, 5, 6, 8, 9, Crus |, Crus 2), fusiform gyrus
Left: Cerebellum (3, 6, 7b, 8, 9, Crus |, Crus 2) 495 <.001 5.44
Medial: Vermis (lll-X)

Left: Temporal gyri (inferior, middle), hippocampus, thalamus (pulvinar medial, pulvinar
inferior, lateral posterior, pulvinar anterior, pulvinar lateral, ventral posterolateral, medial 496 <.001 5.33

geniculate, lateral geniculate) fusiform gyrus, parahippocampal gyrus

Bilateral: Superior frontal gyrus (medial, dorsolateral), Supplementary motor area 163 0.003 4.20

COHORT 2: higher LCOR in manifest HD than in controls

Left: Parietal gyri (inferior, superior), precuneus, occipital gyri (middle, superior, inferior),
postcentral gyrus, temporal gyri (middle, inferior, superior), middle cingulate and 1439 <001 6.07

paracingulate gyri, cuneus, precentral gyrus, paracentral lobule, posterior cingulate gyrus
Right: Postcentral gyrus, precuneus, parietal gyri (inferior, superior), middle cingulate and
paracingulate gyri, paracentral lobule, superior occipital gyrus, precentral gyrus, cuneus, 774 <.001 5.88

supplementary motor area

Left: Precentral gyrus, frontal gyri (superior, middle, inferior (opercular part)),

263 <.001 5.30
supplementary motor area, paracentral lobule
Bilateral: Supplementary motor area, superior frontal gyrus, medial superior frontal gyrus,
middle cingulate and paracingulate gyri 678 <001 522

Right: Frontal gyri (middle, inferior (opercular part)), precentral gyrus

334515

-36-96

21 -27 12

48 -36 -15

6-57-33

-15-270

-627 54

-36-63 24

27 -39 45

-24-12 48

24 645



Right: Cerebellum (3-5), parahippocampal gyrus, fusiform gyrus

Left: Temporal gyri (inferior, middle), fusiform gyrus, hippocampus

Left: Cerebellum (6, crus 1), fusiform gyrus, hippocampus, parahippocampal gyrus,
precuneus, calcarine fissure and surrounding cortex, thalamus (pulvinar medial), inferior
temporal gyrus

Bilateral: Cerebellum (3.4,5), lingual gyrus, vermis (lll-VI)

Right: Fusiform gyrus, inferior temporal gyrus, parahippocampal gyrus, hippocampus

Left: Orbital gyrus (medial, anterior, posterior), gyrus rectus, frontal gyri (inferior pars

orbitalis, middle, superior, medial orbital)

Right: Orbital gyrus (medial, anterior), gyrus rectus, frontal gyri (inferior pars orbitalis,

middle), insula

84

177

748

110

102

112

0.036

0.001

<.001

0.013

0.017

0.012

5.03

4.94

492

475

457

453

21 27 -24

-45.18 -24

-18-54-18

45 -15-27

-1236-27

1533-27

Cluster labeling was performed with Automated-Anatomical-Labeling (AAL3) (Rolls et al., 2020), an expansion for SPMI2. Highlighted MNI-

coordinates indicate the regions with the highest T-value within a cluster. Abbreviation: MNI: montreal neurological institute (brain atlas).

Supplementary Table 3: Anatomical regions covered by clusters of significant group differences in fALFF and LCOR - after atrophy

correction.

Cluster Cluster p-values Peak T- Peak MNI-
Anatomical region
size (corrected) values Coordinates
COHORT 2: less fALFF in manifest HD than in controls
Right: Frontal gyri (inferior (orbital, opercular and triangular), middle, superior
711 <001 813 334515
(dorsolateral and medial)), supplementary motor area
Left: Postcentral gyrus, superior parietal gyrus precentral gyrus, precuneus,
& P P grmuse gyris B 578 <.001 591 -27 -63 60
supramarginal gyrus, inferior frontal gyrus (opercular part)
Right: Parietal gyri (superior, inferior) postcentral gyrus, precuneus, occipital gyri
middle & superior), cuneus, rolandic operculum, middle cingulate and paracingulate
¢ P ) P & P & 530 <.001 5.90 57 -1827
gyri
Left: Precuneus
Left: Frontal gyri (superior, middle, inferior (triangular, orbital, opercular),
recentral gyrus, orbitofrontal cortex (posterior,
P & @ ) 1410 <.001 5.90 -48 45 3
Bilateral: Superior frontal gyrus (medial), supplementary motor area
Right: Middle cingulate gyrus
Left: Temporal gyri (middle and inferior) 43 0.027 4.96 -51 -57 -6
Right: Pre- and postcentral gyrus 63 0.004 483 60030



Right: Temporal gyri (middle and superior), middle occipital gyrus, angular gyrus 128

Right: Inferior frontal gyrus (opercular & triangular part), rolandic operculum 64

COHORT I: higher LCOR in manifest HD than in controls

Right: Temporal gyri (middle and inferior), fusiform gyrus, parahippocampal gyrus,
hippocampus, cerebellum (4, 5, 6)

Bilateral: Cerebellum (3, 6, 8, 9. crus |, crus 2)
Medial: Vermis (lll-X), Right: Cerebellum (4,5), Left: Cerebellum (7b) 464
Vermis (3 - 10)

Left: Temporal gyri (middle and inferior), fusiform gyrus, hippocampus,
parahippocampal gyrus, thalamus (pulvinar lateral, pulvinar medial, pulvinar anterior, 351

pulvinar inferior; ventral posterolateral, medial geniculate, lateral geniculate)

Bilateral: Superior frontal gyrus, supplementary motor area 93

COHORT 2: higher LCOR in manifest HD than in controls

Right: gyrus, precuneus, middle cingulate and paracingulate gyri, parietal gyri
(superior, inferior), paracentral lobule, precentral gyrus, cuneus, supplementary 678

motor area, superior occipital gyrus

Left: Parietal gyri (inferior, superior), precuneus, occipital gyri (middle, superior,
inferior), postcentral gyrus, temporal gyri (middle, inferior, superior), middle 1295
cingulate and paracingulate gyri, calcarine fissure, precentral gyrus, cuneus,

paracentral lobule, posterior cingulate gyrus, supplementary motor area

Left: Precentral gyrus, frontal gyri (superior, middle, inferior (opercular)),

supplementary motor area, paracentral lobule

Right: Frontal gyri (middle, inferior (opercular)), precentral gyrus
Bilateral: supplementary motor area, middle cingulate and paracingulate gyri,
superior frontal gyrus (medial, superior)

Left: Anterior cingulate cortex, supracallosal

Left: Temporal gyri (inferior, middle, superior), fusiform gyrus 228

Bilateral: Cerebellum (3,4,5), lingual gyrus, fusiform gyrus, parahippocampal gyrus
Left: Cerebellum (6, 10, crus |), hippocampus, precuneus, calcarine fissure 644

Medial: Vermis (lll-VII)
Bilateral: Anterior cingulate cortex (supracallosal and pregenual), medial superior
frontal gyrus 213

Right: Middle cingulate and paracingulate gyri

Right: Fusiform gyrus, inferior temporal gyrus, parahippocampal gyrus, hippocampus 163

<.001

0.004

<.001

<.00l

<.00l

0.025

<.001

<.00l

<.00l

<.00l

<.001

<.001

<.001

0.001

4.49

437

6.21

544

5.15

431

675

611

579

5.24

4.94

4.64

4.57

448

42 -66 -12

48121 12

51-36-15

6 -57 -33

-36-30-15

-92457

24-3651

-36-3336

24-1248

21 -348

-45 -21 -33

24 45 27

-123021

48 -21 -30

Cluster labeling was performed with Automated-Anatomical-Labeling (AAL3) (Rolls et al, 2020), an expansion for SPMI2. Highlighted MNI-

coordinates indicate the regions with the highest T-value within a cluster. Abbreviation: MNI: montreal neurclogical institute (brain atlas).



Supplementary Table 4: Statistical key figures of the co-localization fALFF and LCOR alteration with receptor and transporter maps.

Before atrophy correction

Cohort I: Manifest vs controls Cohort |: Premanifest vs controls
fALFF LCOR fALFF LCOR
:g-EréT [ z(r) d [ z(r) d p z(r) d P z(r) d
5-HTI. 0.57 0.03 0.15 074 0.0 0.08 0.75 0.02 0.11 0.55 -0.04 -0.16
S-HTle 0.04 -0.12 -0.47 0.07 -0.12 -0.42 0.21 0.08 0.39 0.57 0.04 0.14
5-HT2. 023 -0.07 -0.29 068 -0.02 -0.1 0.93 0.01 0.02 0.61 -0.03 -0.15
D 0.05 -0.1 -0.59 <0.01 -0.21 -1,03 0.80 001 0.10 0.69 -0.03 -0.12
D 0.18 -0.07 -0.35 <0.01 -0.17 -0.8 0.35 0.06 0.28 0.91 0.01 0.03
DAT 06l 0.03 0.14 <0.01 -0.18 -1,09 0.82 -0.02 -0.06 0.62 -0.03 -0.18
FDOPA 1 0 0 0.02 -0.1 -0.69 0.56 003 0.17 0.78 0.01 0.08
GABA. 053 -0.03 -0.16 0.8 -0.01 -0.06 0.79 -0.02 -0.08 0.28 -0.07 -0.34
MU 0.15 -0.1 -0.41 0.16 -0.1 -0.4 0.45 0.06 0.25 0.29 0.09 0.35
NAT 0.9 0.01 0.03 0.16 -0.09 -0.33 0.69 0.03 0.11 0.62 -0.03 -0.14
SERT 0.55 0.04 0.17 <0.01 -0.17 -1,01 0.81 0.02 0.07 0.88 -0.01 -0.05
Cohort | : Manifest vs premanifest Cohort 2: Manifest vs controls
5-HTI. 078 0.0l 0.07 049 0.03 0.22 0.57 003 0.15 0.35 0.04 0.21
5-HTls 0.02 -0.14 06l 0.07 -0.12 -0.44 <0.01 -0.25 -1.03 0.06 -0.08 -0.35
5-HT2. 028 -0.07 -0.32 096 0 -0.01 0.03 -0.12 -0.48 0.79 0.01 0.06
D, 0.08 -0.08 -0.47 <0.01 -0.16 -0.83 0.09 -0.08 -0.46 <0.014 -0.17 -0.89
D, 0.1 -0.09 -0.45 0.01 -0.14 -0.64 0.03 -0.11 -0.58 <0.014 -0.13 -0.66
DAT 0.56 0.04 0.18 <0.01 -0.13 -0.69 0.30 0.08 0.29 <0.014 -0.17 -0.74
FDOPA 075 -0.02 -0.09 <0.01 -0.14 -0.93 0.93 0 0.03 0.02 -0.09 -0.55
GABA, 0.66 -0.03 -0.13 0.6 0.03 0.16 0.21 -0.07 -0.29 0.46 0.04 0.17
MU 0.09 -0.12 -0.47 008 -0.12 -0.50 <0.01 -0.17 -0.84 0.14 -0.09 -0.38
NAT 0.8 -0.02 -0.07 0.39 -0.06 -0.23 0.93 0 -0.02 0.13 -0.08 -0.35
SERT 0.65 0.03 0.14 <.0l -0.14 -0.77 0.67 003 0.13 <014 -0.19 -0.84
After atrophy correction
Cohort |: Manifest vs controls Cohort |: Premanifest vs controls

5-HTI. 0.64 0.02 0.12 047 0.03 0.17 0.8l 001 0.09 0.50 -0.04 -0.19
5-HTIls 022 -0.08 -0.29 0.10 -0.11 -0.38 0.17 0.08 043 0.55 0.04 0.15
5-HT2. 0.48 -0.04 -0.18 089 -0.01 -0.04 0.96 0.00 -0.02 0.53 -0.04 -0.19
D 0.80 -0.01 -0.08 <0.01 -0.17 -0.88 0.60 0.02 0.20 0.66 -0.03 -0.13
Dz 058 0.03 0.17 <0.01 -0.16 -0.76 0.26 0.07 0.36 0.92 0.0l 0.03
DAT 0.12 0.10 0.4 <0.01 -0.15 -0.92 0.90 -0.01 -0.03 0.59 -0.03 -0.20
FDOPA 0.44 0.04 0.21 0.03 -0.09 -0.65 0.44 0.04 0.23 0.74 0.02 0.10
GABA. 0.82 -0.01 -0.06 093 0.00 0.02 0.68 -0.02 -0.12 0.27 -0.07 -0.36
MU 0.60 -0.04 -0.14 0.17 -0.10 -0.39 0.33 008 0.32 0.32 0.09 0.32




NAT 0.3l 0.05 0.26 0.37 -0.05 -0.21 0.65 0.03 0.13 0.66 -0.03 -0.13
SERT 0.13 0.09 0.43 <0.01 -0.15 -0.91 0.70 0.03 0.11 0.84 -0.01 -0.07
Cohort | : Manifest vs premanifest Cohort 2: Manifest vs controls

5-HTl. 0.96 0.00 0.0 021 0.06 0.36 0.96 0.00 -0.01 0.24 0.05 0.26
5-HTIs 0.10 -0.10 -041 0.10 -0.11 -0.41 <0.01 -0.16 -0.70 0.44 -0.04 -0.17
5-HT2. 0.63 -0.03 -0.13 0.80 0.02 0.07 0.12 -0.09 -0.35 0.50 0.04 0.16
D 0.64 -0.02 -0.13 0.01 -0.13 -0.69 0.65 0.02 0.13 <0.0l4 -0.14 -0.70
D 0.49 -0.04 -0.19 0.02 -0.13 -0.59 0.74 0.02 0.10 0.01q -0.11 -0.52
DAT 0.50 0.05 0.20 0.01 -0.10 -0.56 0.06 0.16 051 <0.01q4 -0.15 -0.63
FDOPA 0.86 -0.01 -0.05 0.00 -0.13 -0.92 0.15 0.07 0.39 0.08 -0.07 -0.43
GABA. 0.92 0.01 0.03 044 0.05 0.24 0.48 -0.04 -0.18 0.31 0.05 0.24
MU 0.30 -0.08 -0.29 0.09 -0.13 -0.50 0.05 -0.11 -0.53 0.25 -0.07 -0.28
NAT 1.00 0.00 0.00 067 -0.03 -0.12 0.45 0.04 0.22 0.46 -0.04 -0.16
SERT 06l 0.03 0.15 0.01 -0.12 -0.67 0.11 0.12 0.46 <0.014 -0.15 -0.66

FDR-corrected significant co-localizations are characterized by bold values. P-values of directed hypothesis testing are labeled with subscript

d. Listed key figures are: p-value, mean Fisher's z transformed correlation coefficient across all subjects, and the effect size Cohen’s d.

Abbreviations: DAT: dopamine transporter, FDOPA: fluorodopa, MU: p-opicid receptor, NAT: noradrenaline transporter, SERT: serotonin

transporter. SPECT: single photon emission computed tomography.

Supplementary Table 5: Statistical key figures of the co-localization fALFF and LCOR alteration with receptor and transporter maps

using the combined Schafer and Neuromorphometrics atlas.
Before atrophy correction

Cohort I: Manifest vs controls Cohort I: Premanifest vs controls
fALFF LCOR fALFF LCOR
zsg—é.r P z(r) d [} z(r) d [} z(r) d P z(r) d
5-HTla 0.65 -0.02 -0.12 045 0.03 0.18 0.89 0 0.05 0.51 -0.04 -0.18
5-HTle 0.98 -0.09 -0.40 003 -0.11 -0.52 0.53 0.04 0.19 0.98 0 0
5-HT2. 0.30 -0.05 -0.29 075 -0.01 -0.08 0.65 -0.03 -0.13 0.23 -0.07 -0.34
Dy 0.07 -0.08 <051 <.0l -0.15 -0.90 0.74 002 0.12 0.82 -0.01 -0.07
D2 025 -0.05 -0.32 <.0l -0.17 =117 0.67 0.02 0.13 0.71 -0.02 -0.11
DAT 079 0.01 0.07 <.0l -0.14 -0.95 0.75 -0.02 -0.09 0.79 -0.02 -0.11
FDOPA 0.60 -0.02 -0.15 003 -0.08 -0.73 0.67 0.02 0.12 0.77 0.0l 0.09
GABA. 0.96 0 -0.01 0.80 0.0 0.07 0.50 -0.04 -0.20 0.15 -0.10 -0.45
MU 0.15 -0.11 -0.39 0.35 -0.07 -0.29 0.46 0.07 0.23 0.22 0.12 0.44
NAT 0.97 0 0 <.01 -0.12 -0.64 0.63 -0.03 -0.16 0.15 -0.07 -0.43
SERT 0.95 0 0.02 <.01 -0.15 -0.92 0.83 -0.02 -0.07 0.57 -0.03 -0.20
Cohort |: Manifest vs premanifest Cohort 2: Manifest vs controls

5-HTl. 0.54 -0,03 0,15 03 0,05 03 0,13 -0,07 -0,35 0,19 0,05 033
5-HTIs 0,05 -0,12 -051 0,17 -0,08 -0,35 <0.01 -0,26 -1,15 0,27 -0,06 -0,25
5-HT2, 0,47 -0,04 -0,23 053 0,03 0,18 0,02 -0,12 -0,54 0,58 0,03 014
D 0,10 -0,07 -0,45 <0.01 -0,14 -0,8 0,15 -0,07 -0,41 <0.0l4 -0,15 -0,75




D» 023 -0,05 -0,35 <0.01 -0,13 -0,78 0,03 -0,1 -061 <0.014 -0,1 -0,56
DAT 0,72 0,02 011 <0.01 -0,12 -0,71 0,34 0,07 0,26 <0.014 -0,16 -0,73
FDOPA 072 -0,01 -0.10 <0.01 -0,11 -0,89 0.74 0,02 0,09 0,02 -0,11 -0,64
GABA, 0,87 0,01 0,06 021 0,08 04 0,39 -0,05 -023 0,26 0,06 026
MU 0,09 -0.13 -0.47 013 -0,12 -045 <0.01 -0,21 -0,94 0,17 -0,1 -0,36
NAT 075 0,01 0,09 028 -0,05 -0,29 0,57 0,03 0.19 0,03 -0,1 -0,55
SERT 0,82 0,01 0,06 0,02 -0,1 -0,61 0,88 0,01 0,04 <0.014 -0,18 -0,85
After atrophy correction
Cohort I: Manifest vs controls Cohort I: Premanifest vs controls
5-HTI. 036 -0,05 -0.24 031 0,05 0,25 0,96 0 -0,02 0,47 -0,04 -0.21
5-HTIs 016 -0,08 -0,33 003 0,11 -0,52 0,50 0,04 0.21 0,93 0 0,02
5-HT2. 025 -0,06 -0,33 087 -0,01 -0,04 0,50 -0,04 -0,2 0,19 -0,08 -0,39
Dy 0,72 -0,02 0,11 <0.01 -0,13 -0,81 0,61 0,02 0,19 0,75 -0,02 -0,10
D, 0,55 0,03 016 <0.01 -0,17 -1,15 0,48 0,03 0,24 07 -0,02 -0,12
DAT 0,26 0,06 0,31 <0.01 -0,12 -0,81 0,84 -0,01 -0,06 0,74 -0,02 -0,14
FDOPA 073 0,01 010 0,06 -0,07 -0,63 0,56 0,03 0.17 0.71 0,02 012
GABA. 0,68 -0,02 -0,12 072 0,02 0,10 0,34 -0,06 -0.27 013 -0.11 -0,48
MU 045 -0,06 -0.20 032 -0,08 -0.3 0,39 0,08 027 0,25 0.1l 0,40
NAT 056 0,02 017 0,05 -0,08 -0.49 0,63 -0,03 -0.17 0,16 -0,07 -0,44
SERT 035 0,05 027 <0.01 -0,13 -0,84 0,92 -0,01 -0,03 0,49 -0,04 -0,25
Cohort |: Manifest vs premanifest Cohort 2: Manifest vs controls

S-HTla 0,47 -0,03 0,16 0,13 0,08 0,45 0,02 -0,11 -0,53 0,15 0,06 0,36
S-HTle 0,12 -0,10 -0,42 0,15 -0,08 -0,37 <0.01 -0,21 -0,9 0,47 -0,04 -0,16
5-HT2. 078 -0,02 -0,08 036 0,05 0,27 0,01 -0,13 -0,58 0,52 0,03 015
Dy 055 -0,03 -0.17 0,01 -0,11 -0,67 0,93 0 0,03 <0.0l4 -0,12 -0,62
D2 0,80 -0,01 -0,07 <0,01 -0,12 -0,71 0,79 -0,01 -0,08 0,014 -0,10 -0,52
DAT 0,64 0,03 014 0.01 -0,10 0,61 0,08 0,13 0.48 <0,014 -0,14 -0,61
FDOPA 0,85 -0,01 -0,05 <0,01 -0,10 -0,83 0,18 0,07 0,35 0,03d -0,08 -0,49
GABA, 071 0,02 0,12 0,14 0,09 0,47 0,30 -0,06 -0,27 0,28 0,06 0,24
MU 0,18 -0,10 -0,38 011 -0,13 -046 0,01 -0,16 -0,68 0,37 -0,06 -0,22
NAT 0,58 0,02 015 0,68 -0,02 0,11 0,35 0,05 0,31 0,15 -0,06 -0,33
SERT 070 0,02 0.1l 0,05 -0,09 -0.51 0.18 0,09 037 <0.0l4 -0,15 -0,69

FDR-corrected significant co-localizations are characterized by bold values. P-values of directed hypothesis testing are labeled with subscript
d. Listed key figures are: p-value, mean Fisher's z transformed correlation coefficient across all subjects, and the effect size Cohen's d.
Abbreviations: DAT: dopamine transporter, FDOPA: fluorodopa, MU: p-opioid receptor, NAT: noradrenaline transporter, SERT: serotonin

transporter. SPECT: single photon emission computed tomography.




Supplementary Table é: Statistical key figures of the ANOVA of medication effects on the co-localizations with LCOR alteration.

First cohort: Manifest vs controls Second cohort: Manifest vs controls
Receptor/ Sum of Mean Sum of Mean
Transporter Effect of squares o Square F P squares o Square F P

DI Dopamine 0.00512 0.00512 0.119 0733 0.00961 0.00961 0.244 0.626
Serotonin 0.01445 | 0.01445 0.336 0567 0.01427 | 0.01427 0.362 0.553
Interaction 0.02555 0.02555 0.593 0.338 0.01247 0.01247 0316 0.579

Residuals 120574 28 0.04306 0.98579 25 0.03943
D2 Dopamine 6.26e-4 6.26e-4 0.0119 0914 0.00586 0.00586 0.140 0.712
Serotonin 0.02078 | 0.02079 0.3947 0525 0.03586 | 0.03586 0.855 0.364
Interaction 0.002 | 0.002 0.0381 0.847 0.00964 | 0.00964 0.230 0.636

Residuals 147395 28 0.05264 1.04835 25 0.04193
DAT Dopamine 0.1097 | 0.1097 5.04 0.033 0.0108 | 0.0108 0.203 0.656
Serotonin 0.027 | 0.027 1239 0275 0.0979 | 0.0979 1.836 0.187
Interaction 0.0105 0.0105 0.482 0493 0.0139 0.0139 0.261 0.614

Residuals 0.6092 28 0.0218 1.3332 25 0.0533
SERT Dopamine 003172 0.03172 1.0757 0.309 0.00540 0.00540 0.11278  0.740
Serotonin 003017 | 0.03017 1.023 0.32 0.16047 | 0.16047 335447  0.079
Interaction 000126 0.00126 0.0427 0838 42le-4 421e-4 0.00881 0.926

Residuals 082571 28 0.02949 1.19594 25 0.04784

Significant effect is highlighted in bold numbers. Abbreviations: df: degrees of freedom, SERT: serotonin transporter. F: F-value, p: p-value.



Supplementary Table 7: Correlation of co-localization between LCOR alterations and receptor/transporter with symptom severity.

Before atrophy correction

After atrophy correction

Motor Function TFC Motor Function TFC

P [ P [ P [ P [ P [ P P
DI 0.004 -0.50 0.003 0.50 0.002 0.53 0007 -0.47 0.017 0.42 0016 0.42
Manifest vs D2 0269 -020 0082 03I oIl 029 0384 016 0149 026 0225 022
controls DAT 0211  -023 0106 029 0097 030 0374 016 0313 0.8 0360 017
Cohort SERT  0.037 -0.37 0.010 045 0.013 044 0102 -029 0065 033 0073 032
! DI 0.002 -0.53 0.002 0.52  0.00] 0.56  0.021 -0.41 0.035 037  0.026 0.39
Manifest vs D2 029 -0.19 0l14 028  0.I35 027 0393 016 0152 026 0.199 023
premanifest  paT 199 023 0022 028 009 030 0391 -016 0336 g8 0328 0.8
SERT  005] 035 0.017 0.42 0.021 042 0130 -027 0079 03I 0085 032
Cohort  Manifest vs DI 0044 -034 0058 032  0.005¢ 0.5 0116 024 0.146s 022 0022, 040
2 controls SERT 033, -009 0074 0.3 0.044 0.35 0391, -006 00914 028 0.047, 034

Significant correlations are highlighted in bold numbers. P-values of directed hypothesis testing are labeled with subscript d. p is the Spearman

correlation coefficient of the respective correlation analysis. Abbreviations: DAT: dopamine transporter, SERT: serotonin transporter.



Figure legends:

Supplementary Figure 1: Voxel-wise contrasts of patients with manifest Huntington’s
disease relative to premanifest Huntington’s disease gene carriers. Red and yellow areas
show cluster of significant lower fALFF in manifest HD. Anatomical regions covered by the
clusters and the MNI coordinates of the voxel with the peak T-value are listed in Supplementary

Table 2.

Supplementary Figure 2: Voxel-wise contrasts of patients with Huntington’s disease relative
to their respective healthy controls without considering age as a covariate. Red and yellow areas
show cluster of significant lower fALFF and blue areas show clusters of significant higher

LCOR manifest HD.

Supplementary Figure 3: Co-localizations of fALFF and LCOR alteration with
neurotransmitter systems after atrophy correction in all pair-wise analyses. Co-localization of
fALFF/LCOR alteration with neurotransmitter systems regaring manifest vs controls in cohort
1(A/E) and cohort 2 (B/F), premanifest vs controls (C/G), and manifest vs premanifest
Huntington’s disease (D/H). FDR-corrected significant co-localizations are highlighted by

asterisks.

Supplementary Figure 4: Dependence of the ranked LCOR alterations on the ranked
receptor/transporter availability. Each scatter plot shows for each region (dot) the rank of the
effect size (Cohen’s d) of LCOR alteration prior atrophy correction in Huntington’s disease
(cohort 1 in brighter, cohort 2 in darker blue or red (dopaminergic or serotonergic system))
against the rank of receptor/transporter availability. Lines and colored background represent

linear fits and the first confidence interval.

Supplementary Figure 5: Cohort 1: manifest vs premanifest Huntington’s disease: Co-
localizations of LCOR alteration with neurotransmitter systems (A: PET/SPECT maps, B-G:
Correlation between LCOR-DI1 (B, C, D) and LCOR-SERT (E, F, G) co-localization and

clinical symptoms. All results in this figure were obtained prior atrophy correction.

Supplementary Figure 6: Co-localizations of fALFF and LCOR alteration with
neurotransmitter systems using the combined Schiifer and Neuromorphometrics atlas before
atrophy correction in all pair-wise analyses. Co-localization of fALFF/LCOR alteration with
neurotransmitter systems regaring manifest vs controls in cohort 1(A/E) and cohort 2 (B/F),
premanifest vs controls (C/G), and manifest vs premanifest Huntington’s disease (D/H). FDR-

corrected significant co-localizations are highlighted by asterisks. Receptors and transporters



belonging to the serotonergic or dopaminergic system are colored in shades of red and blue

respectively.

Supplementary Figure 7: Co-localizations of fALFF and LCOR alteration with
neurotransmitter systems using the combined Schifer and Neuromorphometrics atlas after
atrophy correction in all pair-wise analyses. Co-localization of FALFF/LCOR alteration with
neurotransmitter systems regaring manifest vs controls in cohort 1(A/E) and cohort 2 (B/F),
premanitest vs controls (C/G), and manifest vs premanifest Huntington’s disease (D/H). FDR-
corrected significant co-localizations are highlighted by asterisks. Receptors and transporters
belonging to the serotonergic or dopaminergic system are colored in shades of red and blue

respectively.

Supplementary Figure 8: The effect of atrophy on the link between LCOR-D1 and LCOR-
SERT co-localization to clinical scores. Manifest vs controls (A, cohort 1 in brighter, cohort 2

in darker color) and manifest vs premanifest Huntington’s disease (B).

Supplementary Figure 9: Dependence of fALFF alteration on receptor/transporter availability
prior atrophy correction. Each scatter plot shows for each region (dot) the effect size (Cohen’s
d) of fALFF alteration in Huntington’s disease (cohort 1 in brighter, cohort 2 in darker color)
against the 5-HT1b receptor availability. Lines and colored background represent linear fits and

the first confidence interval.
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ABSTRACT

BACKGROUND: Human healthy and pathological aging is linked to a steady decline in brain resting-state activity and
connectivity measures. The neurophysiological mechanisms that underlie these changes remain poorly understood.
METHODS: Making use of recent developments in normative modeling and availability of in vivo maps for various
neurochemical systems, we tested in the UK Biobank cohort (n = 25,917) whether and how age- and Parkinson’s
disease—related resting-state changes in commonly applied local and global activity and connectivity measures
colocalize with underlying neurotransmitter systems.

RESULTS: We found that the distributions of several major neurotransmitter systems including serotonergic,
dopaminergic, noradrenergic, and glutamatergic neurotransmission correlated with age-related changes across
functional activity and connectivity measures. Colocalization patterns in Parkinson’s disease deviated from
normative aging trajectories for these, as well as for cholinergic and GABAergic (gamma-aminobutyric acidergic)
neurotransmission. The deviation from normal colocalization of brain function and GABA, correlated with disease
duration.

CONCLUSIONS: These findings provide new insights into molecular mechanisms underlying age- and Parkinson’s-
related brain functional changes by extending the existing evidence elucidating the vulnerability of specific neuro-
chemical attributes to normal aging and Parkinson’s disease. The results particularly indicate that alongside
dopamine and serotonin, increased vulnerability of glutamatergic, cholinergic, and GABAergic systems may also
contribute to Parkinson’s disease-related functional alterations. Combining normative modeling and neurotransmitter
mapping may aid future research and drug development through deeper understanding of neurophysiological

mechanisms that underlie specific clinical conditions.
https://doi.org/10.1016/j.bpsc.2024.04.010

Understanding neurophysiological mechanisms that underlie
healthy and pathological brain aging is essential for successful
prevention, detection, and intervention strategies against age-
related diseases and cognitive decline. Despite ample evi-
dence for age-related decline in various brain functional mea-
sures, understanding of the neurophysiological mechanisms
that underlie these changes is limited. Because the interplay
among different neurotransmitter systems contributes sub-
stantially to the blood oxygen level-dependent (BOLD) signal,
changes in these systems likely contribute to age-related
functional alterations as observed using resting-state func-
tional magnetic resonance imaging (rs-fMRI).

Most commonly applied rs-fMRI measures estimate either
local activity or synchronicity by assessing temporal changes
in regional BOLD amplitude or BOLD signal correlation across
regions. Previous rs-fMRI studies have reported aging-related
reductions in local brain activity primarily in medial and frontal
regions (1-4). These alterations are complemented by reduced
local synchronicity in cortical, subcortical, and cerebellar

motor structures (5) and increased local synchronicity mainly in
hippocampal and thalamic regions (4,6). Positron emission
tomography (PET) studies of aging have found reduced sero-
tonergic (7-11), dopaminergic (12-15), glutamatergic (16-18),
cholinergic (19), and norepinephrinergic (20) neurotransmission
and increased availability of GABA, (gamma-aminobutyric acid
A) (21) and p opioid (22) receptors. While both modalities point
to complex functional reorganization during aging, the rela-
tionship between the respective rs-fMRI and PET findings re-
mains poorly understood.

Studying associations between PET-derived regional re-
ceptor or transporter availability and rs-fMRI-derived func-
tional signal has been shown to be a promising way to
estimate their impact on the observed brain phenotypes
(23,24). However, age-related changes in these associations
have not been systematically addressed. These changes may
reflect altered availability or functional decline of cell pop-
ulations with corresponding neurochemical properties.
Following this logic, disease-related changes in such
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associations would support the notion of respective neuro-
transmitter systems being particularly affected by the respec-
tive neuropathology (25).

Understanding of typical age-related colocalization changes
of brain function and neurotransmitter systems can inform the
study of pathological deviations from such as is observed in
Parkinson’s disease (PD), for example (25). Normative models,
as recently applied to MRI data (26-28), may prove suitable for
characterizing such spatial colocalizations. Such models allow
individual participants or patients to be compared with the
typical trajectories derived from large representative pop-
ulations by incorporating nonconstant percentiles of variation
and variation within the cohort of interest (29).

Previous studies have provided evidence for increased
vulnerability of specific neurotransmitter systems in PD
including dopaminergic (30-35), serotonergic (36-38), gluta-
matergic  (39,40), GABAergic (34), histaminergic (41),
cholinergic (42-44), and norepinephrinergic (45,46) neuro-
transmission. In our previous work, functional alterations in PD
were related to the availability of D, and serotonin 1B (5-HT4g)
receptors, supporting the notion of specific vulnerability of
these neurotransmitter systems (25). However, whether and
how far these PD-related alterations deviate from typical age-
related colocalization changes remain to be shown.

To address these questions, we adopted a normative
modeling approach to testing for aging effects on colocaliza-
tions between brain functional measures and underlying
neurotransmission in the UK Biobank cohort. We tested for
colocalization of PET-derived distributions for major neuro-
transmitter systems with commonly deployed rs-fMRI-derived
activity and connectivity measures during aging and in PD.

METHODS AND MATERIALS

Cohorts

We included 25,917 adult participants from the UK Biobank
not diagnosed with psychiatric, cognitive, or neurological dis-
orders (Table S1) with known effects on brain structure and
function as a control cohort. We also identified a group of 58
participants from the UK Biobank who were diagnosed with
idiopathic PD (ICD-10, G20) before their imaging session. An
overview of both groups is provided in Table 1.

Table 1. Demographic Characteristics of the Study Sample

Colocalization of Brain Function and Neurotransmitters

Processing of Resting-State Functional Imaging Data

We used rs-fMRI data from the UK Biobank, initially processed
according to their documentation (47). We normalized (Mon-
treal Neurological Institute space), smoothed, and bandpass-
filtered these images to enhance the signal-to-noise ratio of
neuronal activity in the BOLD signal. Control measures were
implemented to mitigate confounding effects of motion, white
matter, and cerebrospinal fluid. Data quality was further
improved by discarding images exhibiting distortions and ar-
tifacts, including those attributed to within-scanner motion.
Details on preprocessing procedures, metrics calculation, and
key figures for data analysis are provided in the Supplemental
Methods.

Three complementary voxelwise maps of brain function,
including measures of neuronal activity and synchronicity,
were derived from individual, preprocessed rs-fMRI data.
Fractional amplitude of low-frequency fluctuations (fALFF) (48)
was computed as the power ratio of neuronal activity—related
oscillations to the total detectable frequency range in the
BOLD signal. Local correlation (LCOR) (49) and global corre-
lation (GCOR) (50) characterized BOLD similarity, reflecting the
voxel’s correlation either with its local vicinity or with all other
voxels, respectively.

Aging Effects and Sex Differences in fALFF, LCOR,
and GCOR

Both voxelwise aging effects and sex differences were esti-
mated by general linear modeling of (¢ statistic) contrast maps
using a familywise error-corrected voxelwise threshold of p <
.05 combined with a cluster-defining threshold of kK > 20
including sex or age and total intracranial volume as cova-
riates, respectively. Maps of annual changes in fALFF, LCOR,
and GCOR were generated from voxelwise beta weights.

Spatial Colocalization of Brain Function and
Neurotransmitter Systems and Effects of Aging in
the Healthy Control Participant Group

We analyzed to what extent unthresholded group-level aging
effects (maps of annual change) on fALFF, LCOR, and GCOR
colocalized with specific neurotransmitter systems. Spearman
correlation coefficients were derived using the default Neuro-
morphometrics atlas (119 regions), estimating the similarity of

HC
Combined Females Males Manifest PD HC Matched to PD
Sample Size 25,917 14,000 11,917 58 17,400
Age, Years 64.03 = 7.5 63.56 = 74 647 = 7.6 68.6 = 6.5 67.6 = 6.0

Age statistics -

to5915 = —12.48, p < .0001, Cohen’s

tsr52 = 1.16,p = .26

d=-0.16

Sex, Male
Sex statistics
TIV, L 1.548 = 0.152
TIV statistics -

11,917 (46%)

1.467 * 0.116

32 (55.2%) 8988 (51.7%)
%% =029, p = 59

1.643 = 0.133 - -

to5915 = —118.0, p < .0001, Cohen’s - -

d=—-142

Values are presented as n, mean = SD, or n (%). Normative modeling of colocalizations between brain function and neurotransmitter systems was based on the data of
HCs. Regional differences in brain measures in patients with PD were calculated with respect to an age- and sex-matched subcohort of HCs.
HC, healthy control participant; PD, Parkinson’s disease; TIV, total intracranial volume.
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aging effects in fALFF, LCOR, and GCOR with 19 distinct
neurotransmitter maps as included in the JuSpace toolbox
(25). To approximate a normal distribution, correlation co-
efficients were Fisher’s z-transformed. As shown in our previ-
ous study (51), the choice of atlas (with a comparable number
of parcels) has a negligible effect on the observed colocaliza-
tion patterns. This atlas was used because it provides a neu-
roanatomically plausible delineation of cortical and subcortical
structures.

Included PET maps were derived from independent healthy
volunteer populations and covered serotonergic receptors
[5-HT1a (52), 5-HT1g (53), 5-HT,a (52), 5-HT4 (52), 5-HTe (11)],
dopaminergic receptors [D; (54), D, (55)], histamine Hjz re-
ceptor (56), dopamine uptake (24), serotonin (SERT) (52),
norepinephrine (20), vesicular acetylcholine (VAChT) (57)
transporters, cholinergic receptors [M1 (58), a4p2 (59)], gluta-
mate receptors [mGIURS (60), NMDA (61)], and cannabinoid
CB+ (62), opioid n (57), and the GABAA (24) receptor. Source
publications and sample characteristics of each PET map are
provided in Table S2. Ninety-five percent confidence intervals
of Spearman correlation coefficients were estimated using the
Bonett-Wright (63) procedure.

We recomputed correlations with all PET maps using single-
participant measures of fALFF, LCOR, and GCOR for greater
insight into how group-level aging effects are also reflected in
the magnitude and spread across individual data. Before
testing for aging effects across individual colocalizations, we
examined whether Fisher’s z-transformed Spearman correla-
tion coefficients of the healthy population differed significantly
from a null distribution (1-sample t test, alpha = 0.05). Aging
effects on colocalization strengths were then estimated using
linear regression analyses considering sex as a confound.

Higher Variation in Colocalization Between Brain
Function and Neurotransmitter Systems With Aging

Distinct aging trajectories from healthy aging to the effects of
diseases and impairments are known to manifest in altered brain
function. Depending on the underlying neurophysiological
processes, functional changes are likely to be architecturally
aligned with the spatial pattems of affected neurotransmitter
systems. Correspondingly, one would expect to observe
increased variance in colocalizations in older than in younger
participants. To test this hypothesis, we examined the hetero-
scedasticity to identify neurotransmitter systems affected by
such age-related brain functional changes in 2 steps.

Using the White test, we first identified all pairs of brain func-
tion measures and PET maps whose correlation coefficients
exhibited nonconstant variance across age. In a post hoc anal-
ysis, we tested for each colocalization pair with nonconstant
variance (false discovery rate (FDR)}-corrected p [prpr] < .05)
whether the variance for individuals in the upper third age-range
was higher than that for individuals in the lower third age range
using the Goldfeld-Quandt-test (1-sided, i.e., increasing vari-
ance). We regressed out sex effects prior to the comparisons.

Normative Modeling of Brain Function:
Neurotransmitter Colocalization and Deviations in PD

To model aging effects on the observed colocalization pat-
terns, we generated normative models based on the Fisher’s
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transformed correlation coefficients derived from the healthy
participants using the PCNtoolkit (64) (cf. Supplemental
Methods for more details on model construction and
Figure 1 for a methodological overview).

For participants with PD, deviations (z scores) from these
normative aging models were derived per neurotransmitter
map. For each model, we examined whether the PD deviation
scores were significantly different from a null distribution (t test,
alpha = 0.05) and whether they were correlated with disease
duration and cognitive scores (details are provided in
Tables S23-529). We also wanted to know which brain regions
contributed most to significant deviations (pgpr < .05) and
whether functional differences from a normal subpopulation
explain these regional contributions. To this end, we repeated
the colocalization analysis in the data of the PD group using a
leave-one-region-out approach (65) to obtain maps of regional
contribution (Ap?) to the deviation. Furthermore, we calculated
regional functional differences (Cohen’s d) in fALFF, LCOR,
and GCOR in PD compared with an age- and sex-matched
healthy subgroup (n = 17,400).

All analyses were corrected for multiple comparisons using
either the Benjamini-Hochberg procedure or, in case of inflated
p values due to large sample sizes, the Bonferroni-Holm
correction. Additionally, to minimize the influence of underly-
ing atrophy on colocalization changes, we repeated all ana-
lyses after regressing out individual voxelwise gray matter
volumes from all functional maps.

RESULTS

Demographic Characteristics

From a total pool of 30,035 participants from the UK Biobank
for whom all necessary data were available, our analysis was
based on data of 25,917 participants for whom no diseases
with known effect on brain function were reported.

The analysis was repeated on 25,914 participants after ac-
counting for age-related atrophy, excluding 3 participants with
structural data. Seventy-five participants in the total pool had
reported a diagnosis of PD; 58 of them were classified as
“manifest” because their first report of PD was dated before
their imaging session. To compare regional measures of brain
function in patients with PD with those of the healthy control
participants (HCs), we defined an age- and sex-matched
subcohort consisting of 17,400 participants (mean *= SD age
in years: PD = 68.6 = 6.5, HC = 67.6 = 6.0, p > .26; PD
55.17% male and HC 51.7% male, ¥*; = 0.29, p = .59). An
overview of the groups is provided in Table 1.

Group-Level Aging Effects in Resting-State
Measures and Their Colocalization to Underlying
Neurotransmission

All 3 functional measures decreased with aging in most
cortical, subcortical, and cerebellar regions. Each measure
showed a widespread but distinct spatial pattern of age-
related alterations with few regional increases (Figure 2A;
Tables S3 and S4).

Next, we aimed to understand whether the topography of
age-related changes was correlated with distributions of spe-
cific neurotransmitter systems. For this, we derived voxelwise

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging m 2024; m:m—m www.sobp.org/BPCNNI 3




Biological
Psychiatry:
CNNI

Colocalization of Brain Function and Neurotransmitters

A Individual brain functional measures B PET/SPECT measures of
& group-level aging effects neurotransmitter availability
ALFF AALFF Serotonin (5-HT)
la 1b 2a 4 6 Transporter
Dopamine Histamine Noradren. Glutamate
D1 D2 Transporter H3 Transporter  mGluRS .\/IDA

Opioid Acetylcholine Cannabinoid

A4B2  Transporter

Co-localization
C Group-level D Individual measures E Aging effects across
aging effects of brain function individual co-localizations
Single Subject s Healthy cohort
Max “(6@0“5 0 .‘ ) g-o.s
o J E
é Fisher S o4
) transformation &3,
£ 2
o / _: 02
Y
Min o Spearman p —J 'E o 173 youngest 173 oldest
Neurotransmitter Min - Neurotransmiller availability ~— Max 50 @ Age ™ 50
availability
F Normative modeling & deviation G Regional contribution & differences between
in Parkinson's disease Parkinson's disease and control cohort
Deviation scores (z) in PD Contribution to deviation score Effect size (PD vs sub-cohort)
,a\. +
g 2
E
o Level of co-localization
& 0 is significantly lower in
< PD compared to
P n odel of th
}E 2 °’“;:‘;‘]’fh}’)‘m;o§ the !.:cavmg this region out, the dcvmellx.‘ocx; fD < Controls o) >Con;;:(s
L‘< 50 60 70 80
Age

Figure 1. Methodological overview. We derived voxelwise maps of fALFF, LCOR, and GCOR from individual rs-fMRI data (A). First, these data were used to
explore group-level voxelwise aging changes in fALFF, LCOR, and GCOR in the healthy cohort (nheaithy control = 25,917) (right column). (B) Second, we used PET
maps of 19 neurotransmitter systems to calculate the spatial correlation (colocalization) with the (C) group-level aging effects and (D) individual fALFF, LCOR,
and GCOR. (E) We Fisher's z-transformed the Spearman correlation coefficients p to ensure a normal distribution and examined the effects of age on the
colocalization data of the healthy cohort. The blue cloud illustrates colocalization strengths (kemel density estimation of all transformed Spearman correlation
coefficients) of the healthy cohort. For each pair of measure and neurotransmitter map, we analyzed mean colocalizations (yellow), linear aging effects (green),
and differences in variances across participants in the youngest (44-60 years) and oldest (68-82 years) third of the sample (ngo, = 8639; red). Vertical dashed
red lines were added for illustration purposes only and do not correspond to the actual variance of the respective subpopulation. (F) Next, we normatively
modeled the colocalization strengths depending on age and sex (left) to calculate the deviation in participants with manifest PD (npp = 58; crosses). Here, we
show the predicted means (solid lines) and 25% and 75% percentile (dashed lines) derived from the normative model for both men (blue) and women (orange).
We analyzed whether the deviation (z) scores of participants with PD were significantly different from a null distribution (box plot). In this example, the dis-
tribution was significantly below a null distribution, indicating that patients with PD exhibited lower Spearman correlation coefficients than the norm. (G) Lastly,
we quantified the mean regional contribution to the observed deviation score across participants with PD (left), as well as the functional differences in patients
with PD compared to an age- and sex-matched subcohort of healthy control participants (Nheaithy control matcnea = 17,900) (right). The functional differences were
quantified by calculating the regional effect sizes (Cohen’s d). fALFF, fractional amplitude of low-frequency fluctuations; GABA, gamma-aminobutyric acid;
GCOR, global correlation; LCOR, local correlation; PD, Parkinson’s disease; PET, positron emission tomography; pgpg, false discovery rate-corrected p; rs-
fMRI, resting-state functional magnetic resonance imaging; SPECT, single photon emission computed tomography.
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Figure 2. Group-level voxelwise aging effects for each functional measure and associations with neurotransmitter systems. (A) Colors in the voxelwise plots
of thresholded group-level aging effects indicate annual decrease (blue) or increase (red) in fALFF (top), LCOR (middle), and GCOR (bottom). (B) Left column:
significant (prpr < .05) linear correlations between annual rate in brain functional measure and neurotransmission. Vertical black lines indicate the uncertainty
of Fisher's z-transformed Spearman correlation coefficient estimated according to Bonett and Wright (63). Right column: Exemplary scatterplots show how the
annual change in fALFF, LCOR, or GCOR spatially correlate with the PET signal of specific neurotransmitter systems. Colors group receptors and transporters
of the same neurotransmitter system, i.e., serotonin (red), dopamine (blue), acetylcholine (green), glutamate (pink), and GABA (purple), cannabinoid (mint),
opioid (yellow), NET (orange), and histamine (turquoise). A, anterior; AU, arbitrary units; D, dorsal; DAT, dopamine transporter; fALFF, fractional amplitude of
low-frequency fluctuations; GABA, gamma-aminobutyric acid; GCOR, global correlation; L, left; LCOR, local correlation; NET, norepinephrine transporter; P,
posterior; PET, positron emission tomography; prpr, false discovery rate-corrected p; R, right; SERT, serotonin transporter; V, ventral; VAChT, vesicular
acetylcholine transporter.

maps of age-related annual changes in all 3 measures and
examined their spatial colocalization with the neurotransmitter
systems. Annual changes in fALFF and LCOR were signifi-
cantly correlated (pepr < .05) with serotonergic, dopaminergic,
norepinephrinergic (also GCOR), and glutamate neurotrans-
mission (Figure 2B; Figures S1 and S2; Tables S5 and S6).
fALFF and LCOR changes correlated with GABAergic cholin-
ergic neurotransmission, respectively. Except for the correla-
tion between fALFF changes and NMDA, all findings remained
significant after correcting for age-related atrophy.

Scatterplots of the strongest correlations are shown in
Figure 2B. Results for voxelwise sex differences are summa-
rized in Figures S3-S5 and Tables S7-S10.

Individual Colocalization of Resting-State Measures
and Neurotransmitter Systems Covaries With Age

The extent to which a specific neurotransmitter system
contributed to the measured brain function was evaluated by
its correlation strength. First, we computed individual
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Figure 3. Single-participant colocalizations between brain functional measure and neurotransmitter systems depended on age. (A) Left column: overview of
all significant linear aging effects (Psonterroni-Hoim << -08) in the colocalization strengths (Fisher's z-transformed Spearman correlation coefficients) between each
pair of brain functional measure (fALFF, LCOR, GCOR) and neurotransmitter system. Error bars correspond to the standard error of parameter (slope) esti-
mation. Right column: Exemplary plots show how colocalization strengths between brain functional measures (fALFF, top; LCOR, middle; GCOR, bottom) and
specific neurotransmitter systems depend on age. The black horizontal line indicates the population mean colocalization (see Figure S6 for an overview of all
colocalization means). The colored clouds show the kermnel density estimation of Fisher's z-transformed Spearman correlation coefficients of the healthy
cohort. The slope of the colored line (linear fits) corresponds to the bar plots in the left column. (B) Left column: Each plot shows the effect size (F statistic) of
MSE differences between younger and older adults. We show bar plots regarding neurotransmitter systems whose colocalization with the respective brain
functional measure was previously shown to be significantly nonconstant (White test, prpr < .05). All pairs of brain function and PET map whose colocalization
variance was significantly (orpr < .05) different in the older and the younger subpopulations are highlighted by asterisks (*prpr < .05, **pror < .01, **pror <
.001). F statistics (MSE of older adults divided by MSE of younger adults) above 1 correspond to a larger variance in the older subpopulation. Right column:
Exemplary plots visualize the individual squared errors of the colocalizations between younger and older adults. Box plots show both distributions. Note that
per definition, the squared errors are positive. Due to the kernel density estimation of all squared errors, the colored clouds exceed the null level. Colors group
receptors and transporters of the same neurotransmitter system according to the same scheme as described in Figure 2. 5-HT, serotonin; DAT, dopamine
transporter; fALFF, fractional amplitude of low-frequency fluctuation; GABA, gamma-aminobutyric acid; GCOR, global correlation; LCOR, local correlation;
mGluR, metabotropic glutamate receptor; MSE, mean squared error; NET, norepinephrine transporter; n.s., not significant; PET, positron emission tomog-
raphy; pFDR, false discovery rate-corrected p; SERT, serotonin transporter; VAChT, vesicular acetylcholine transporter.

colocalization strengths between each participant’s resting- after controlling for age-related atrophy (Tables S14-S16). If
state measure and each neurotransmitter map. Due to the age-related changes in brain functions are predominantly
large cohort size, even very small effects in all functional mea- influenced by specific neurotransmitter systems, correlation
sures were significantly associated with the 19 PET maps (all coefficients should systematically (that is, in simplest approxi-
PSBonferroni-Hoim < 001, median absolute Spearman correlation mation, linearly) increase or decrease during aging. Thus, we
coefficient ranged from 0.03 to 0.68), with different neuro- evaluated whether and to what extent aging effects and their
transmitter systems explaining between 0.1% and 46% of the colocalizations with neurotransmitter systems observed at the
variance in the respective resting-state measures (Figure S6 cohort level were also reflected in the individual colocalization
and Tables S11-513, left columns). The direction of the corre- strength. Most of the observed correlations were significantly
lations was highly similar across the 3 measures. Positive cor- associated, with age explaining up to 3%, 4%, and 1% of the
relations were found for the norepinephrinergic, muscarinic, colocalization strength between fALFF (with NMDA and SERT),
glutamatergic, and GABAergic systems and serotonergic re- LCOR (with SERT), and GCOR (with VAChT) and the respective
ceptors 5-HT4g, 5-HT 24, and 5-HTg. Negative correlations were neurotransmitter systems, respectively (Figure 3A; Tables S11-
found for the dopaminergic, histaminergic, and opioid neuro- S13, middle columns). Correction for atrophy lowered the cor-
transmitter systems, serotonin receptors 5-HT;4 and 5-HT,, relation strengths for most associations, but the findings

and SERT and VAChT. All associations remained significant remained largely significant (Tables S14-516, middle columns).
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Variance in Colocalization Changes During Aging

Because aging might not only have affected average colocal-
ization strengths but might also have led to increased variance
(i.e., due to undetected neurodegenerative processes in a
subpopulation), we tested for such changes using a 2-step
procedure. Using the White test, we identified significant
nonconstant variance in colocalization strength. For fALFF and
LCOR, nonconstant variance was observed for all neuro-
transmitter classes, except for LCOR and the opioid system.
For GCOR, significant nonconstant variance in colocalization
was found for serotoninergic, norepinephrinergic, cannabinoid,
opioid, glutamatergic, and cholinergic neurotransmission
(Table S17, left columns). These effects remained significant
after controlling for atrophy except for GCOR and 5-HT g, 5-
HTe, and SERT (Table S18, left columns). Because the previ-
ous analysis only detected differences in variance across age
but not their direction, we proceeded to perform the Goldfeld-
Quandt test. Here, we compared the colocalization variance
between the youngest (44-60 years) and oldest (68-82 years)
third (7gotn = 8639) of the study population for the previously
identified significant nonconstant variances (Figure 3B).

For fALFF and LCOR, higher variability in colocalization was
found in the older subpopulation for serotonergic, dopami-
nergic, noradrenergic, histaminergic, cannabinoid, gluta-
matergic, and cholinergic neurotransmission. In addition, for
LCOR, we found significantly higher variance in the older
population in colocalization with the GABA system. For GCOR,
higher variability in colocalization was found regarding the
serotonergic, noradrenergic, glutamatergic, and cholinergic
system. The number of neurotransmitter colocalization pairs,
as identified using the White test, that showed a higher vari-
ance in the older subpopulation was 11 of 14 for fALFF, 14 of
15 for LCOR, and 7 of 11 for GCOR (Figure 3B; Table S17, right
columns). The effects remained largely similar after controlling
for atrophy (Table 518, right columns).

Deviations From Normal Colocalization in Manifest
PD

Having established this reference for colocalization of normal
age-related changes with different neurotransmitter systems,
next we aimed to test whether and how functional changes
caused by progressive neurodegeneration deviated from the
nonpathological colocalization patterns. For this, we adopted a
normative modeling approach using the healthy aging popu-
lation as a reference (models are visualized in Figures S7 and
S8). A UK Biobank subgroup of patients with PD served as an
example for the clinical relevance of our findings. For fALFF,
patients with PD had a lower colocalization strength with
serotonergic, GABAergic, muscarinic, and glutamatergic
neurotransmission (Figure 4D). For LCOR and GCOR, patients
with PD showed lower colocalizations with serotonergic,
dopaminergic, GABAergic, histaminergic, norepinephrinergic,
glutamatergic, and cholinergic neurotransmitter systems
(Figure 4E, F; Table S19). The deviation in colocalization
strength regarding LCOR and GABA, (Figure 4A, B) was
negatively correlated with disease duration, with higher de-
viations being indicative of longer disease duration (Pearson’s
r = —0.38, pepr = .027) (Figure 4C; Tables S21 and S22). No
significant correlations were found between PD-related
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deviations in colocalization strengths and the cognitive score
(cf. Tables S23-S29). After atrophy correction, all deviations
remained significant except for the LCOR-5-HTg and LCOR-
VAChT associations (Table S20).

Lastly, we aimed to understand which regions contributed
most to the observed colocalization alterations in PD. For
fALFF, the main contributing regions to colocalization changes
in PD were the basal ganglia, insula, and occipital regions. For
LCOR and GCOR, the main contributing regions were the
basal ganglia, subcallosal areas, thalamus (LCOR only), and
basal forebrain, as well as the pre- and postcentral insula and
occipital regions (Figures S9-S11). The effects remained
largely similar after controlling for atrophy (Figures 512-514).
Regional contribution to the deviations found regarding the
glutamatergic system were significantly correlated with
regional alteration in PD in both synchronicity measures
(Peor < .05) (Figures S15 and S16; Tables S29 and S30;
Figure 4G, H: effect sizes in regions with FDR-significant
differences in LCOR and GCOR in PD vs. matched HC;
Tables S31 and S32: regional comparison of fALFF, LCOR,
and GCOR in patients with PD vs. matched HCs;
Figures S17-519: regional effect sizes in fALFF, LCOR, and
GCOR in patients with PD vs. matched HCs).

DISCUSSION

In the current study, we tested how age-related changes in
commonly applied resting activity and connectivity measures
colocalize with underlying neurotransmission. Consistent with
previous studies of aging effects on brain function, we found
widespread age-related decreases but also several increases
in the 3 evaluated measures (2,3,66). These age-related
changes showed a robust colocalization pattern with various
major neurotransmitter systems, including monoamines,
glutamate, choline, and GABA, at the group- and single-
participant level. Variance in the colocalization pattems of
these systems increased with age. Patients with PD showed
significant deviations from typical age-related colocalization
pattemns in neurotransmitter systems related to the disease.
The deviation in colocalization strength regarding the
GABAergic system was correlated with disease duration.
Consistent with most studies that have reported aging ef-
fects in the brain, we found widespread age-related decreases
in all 3 evaluated functional measures (1-5). The extent of the
decreases is substantially higher in our study, covering basi-
cally all of the brain, with few exceptions as discussed below.
Considering the large cohort size, the increased statistical
power compared with previous studies with at most a few
hundred participants is the most likely explanation for the
observed discrepancy. In parallel, we observed spatially
distinct age-related increases across the 3 evaluated mea-
sures covering parietal, precuneal, thalamic, gyrus rectus, and
cerebellar regions. Recent theories of neurocognitive aging
including dedifferentiation (67) and scaffolding (68) may pro-
vide potential explanations for these pattems of brain func-
tional alteration. Neuronal compensation and inefficiency may
be associated with increased or decreased cognitive func-
tioning, respectively (69,70). With respect to directionality, our
findings are consistent with several previous studies sug-
gesting presumably compensation-related increases in
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Figure 4. Participants with PD deviated from normative models of colocalization between brain function and neurotransmitter systems. (A) The purple cloud
shows the kernel density plot of Fisher’s z-transformed Spearman correlation coefficients of the healthy cohort regarding the spatial correlation of LCOR and
GABA,. Solid and dashed lines show the predicted mean and predicted 25% or 75% percentile of men (turquoise) and women (orange) derived from the
normative models. Crosses indicate the colocalization levels of patients with PD. (B) Box plot showing the significant deviation from the norm (null) in patients
with PD. (C) Deviation scores in the PD group were significantly correlated with disease duration. (D-F) Box plots showing the deviation scores that were
significantly different from the norm (null) regarding (D) fALFF, (E) LCOR, and (F) GCOR. *, **, and *** indicate Bonferroni-Holm—corrected significant deviations
of the distributions from a null distribution with exact p < .05, p < .01, and p < .001. Colors in box plots group receptors and transporters of the same
neurotransmitter system according to the same scheme as described in Figure 2. (G, H) Significant (pgpg < .05) regional differences (effect sizes, Cohen’s d)
between the PD group and the matched subgroup of HCs in (G) LCOR and (H) GCOR. Lower values in the PD group are indicated by blue areas. Effect sizes of
all regions are provided in Figures S17-519. 5-HT, serotonin; DAT, dopamine transporter; fALFF, fractional amplitude of low-frequency fluctuations; FDR, false
discovery rate; GABA,, gamma-aminobutyric acid A; GCOR, global correlation; HC, healthy control participant; L, left; LCOR, local correlation; mGluR,
metabotropic glutamate receptor; NET, norepinephrine transporter; P, posterior; PD, Parkinson’s disease; prpg, false discovery rate-corrected p; R, right;
SERT, serotonin transporter; V, ventral; VAChT, vesicular acetylcholine transporter.
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different connectivity metrics in the aging population (66,71).
However, such locally restricted increases and the observed
global decreases may also be attributed to a loss of functional
differentiation leading to unorganized additional activation or
suppression across different regions or to reduced neural ef-
ficiency leading to an inability to suppress specific activation
patterns (69).

Supporting the previously reported complex reorganization
of the excitation/inhibition balance during aging (72), we found
that the group-level aging effects on brain function were
associated with glutamatergic and GABAergic neurotrans-
mission. The additional colocalization of the aging effects with
monoaminergic and cholinergic systems may support the idea
that the underlying changes are related to learning, memory,
and other higher cognitive functions affected by aging
(7,15,71,73). In contrast, age-related global connectivity pri-
marily increased in thalamic and cerebellar regions, and the
topography of these changes only aligns with norepineph-
rinergic neurotransmission. Both regions and in particular the
thalamus show a high expression of norepinephrine receptors
(74,75). While the modulatory role of norepinephrine in the
cerebellum has been repeatedly associated with motor
leaming (76,77), its contribution to aging is controversial, with
its activity being associated with prevention but also acceler-
ation of the production and accumulation of amyloid-f} and tau
across the brain (78). On a functional level, these findings may
be related to the functional decline of the norepinephrinergic
system, which is considered to be a key factor in maintaining
arousal and cognitive adaptation and control (79,80).

When testing for colocalization of functional measures with
neurotransmission at the single-participant level, we found that
age-related alterations in all 3 measures colocalized primarily
with monoaminergic neurotransmission. Increases in variance
observed for a variety of evaluated neurotransmitter systems
complemented these findings. Considering the reportedly high
prevalence of neuropathology in a cognitively normal older
population (81,82), the individual colocalization changes—
together with increased variance—may reflect such still un-
detected neurodegenerative processes. To test the sensitivity
of the colocalization pattems to such neurodegenerative pro-
cesses, we further adopted a normative modeling approach. A
major advantage of normative models is their ability to repre-
sent population heterogeneity in the phenotype under inves-
tigation by means of normalized deviation scores (64). We
applied this approach in patients with a diagnosis of PD, which
was previously linked to monoaminergic neurotransmission as
well as more recently to an imbalance between GABA and
glutamate (83-85). In patients with PD, colocalization patterns
significantly deviated from age- and sex-adjusted normative
models across various neurotransmitter systems and all 3
functional metrics. Deviations in local activity colocalization
were found primarily with respect to serotonergic, GABA, and
glutamatergic neurotransmission, while deviations in colocali-
zation of both connectivity measures were also present with
respect to dopamine neurotransmission. We found that only
the deviation in colocalization strength of local connectivity
with GABA, receptors predicted disease duration, thereby
supporting the suggested relevance of GABA pathology for
clinical progression (83). The observed age-related increases in
variance regarding GABAergic colocalization with brain

function supports the notion of its contribution to potential
pathophysiological changes in parts of the aging population.
This interpretation is also supported by its association with
disease duration in patients with PD in our study. Consistent
with that, GABAergic system changes have recently been re-
ported in PD and were associated with visual hallucinations
and axial symptoms (such as postural instability, rigidity, and
bradykinesia) (86-88). The observed distinct colocalization
pattemns of various neurotransmitter systems with functional
changes in aging and PD point to distinct pathophysiological
processes affecting the respective processes. Such insights, if
confirmed by other modalities, may help with identification of
novel drug targets as well as development of successful
monitoring strategies for the respective pathophysiological
changes.

The studied cohort was recruited as a representative sam-
ple of healthy UK residents. Because the metrics target local
brain function, participants with diseases primarily affecting
brain structure or function were excluded. Given the preva-
lence of mild depressive symptoms in the UK population of
11% (89) and the fact that 12.32% of our analyzed participants
from the UK Biobank have a reference to ICD-10: F32, their
exclusion would have biased the cohort. PD appearance and
progression is highly heterogeneous. Because no scores for
PD severity [i.e., Unified Parkinson'’s Disease Rating Scale (90)
or Hoehn & Yahr stages (91)] and only a limited number of
cognitive scores were available, we could only roughly
approximate PD severity based on disease duration. Because
PD medication is known to affect measures of brain function, it
might have contributed to some of the effects observed in the
PD cohort in the current study. However, the effects of PD
medication on spatial colocalization have previously been
shown to be rather negligible compared with the effects of PD
(25). Additional healthy control biases in the UK Biobank (92)
include a high average socioeconomic status and low alcohol
and tobacco consumption. Although socioeconomic status
may be associated with cognitive reserve through strength-
ened cognitive abilities during childhood (93,94), we estimate
that deviations from the overall population results are small
with respect to these primary biases. Further sampling of a
more diverse population is needed to address the potential
impact of such biases. Clinical scores of disease severity
should be used to strengthen evidence for the observed as-
sociation with GABAergic neurotransmission. Using PET maps
from differently aged healthy populations might have intro-
duced a further bias into our findings because proteomics such
as receptor and transporter distributions may change during
aging (79,95).

Conclusions

Here, we provided a detailed overview on aging effects on
macroscopic brain functioning as observed using common rs-
fMRI-derived measures of local activity and local and global
connectivity. We linked these age-related changes to the dis-
tribution of various neurotransmitter systems, demonstrating a
decline in colocalization strength together with increased
variance during aging. By adopting a normative modeling
approach to the example of PD, we further demonstrated the
feasibility of using colocalization strength as a sensitive
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measure of neurodegeneration, thus providing potentially
valuable insight into the underlying neuropathological
processes.
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SUPPLEMENTARY INFORMATION

Resting State Changes In Aging and Parkinson’s
Disease Are Shaped by Underlying Neurotransmission
— A Normative Modeling Study

Kasper et al.



Supplementary Methods

Preprocessing of resting-state functional imaging data

Initial preprocessing performed by the UK Biobank team consisted of primary T1 quality control, gradient
distortion correction, motion correction, grand-mean intensity normalization, high-pass temporal filtering, echo
planar imaging unwarping, gradient distortion correction unwarping, and the removal of structural artefacts via
ICA+FIX. The resulting images were labeled “filtered func data clean.nii” Further processing was conducted
with SPM12!, the FMIRB Software Library (FSL v5.0%), and the CONN toolbox® implemented in MATLAB
(v2020b). Functional images were transformed into MNT space using a general reference template provided by
FSL and a subject specific warping image. After resampling (3mm? isotropic) and smoothing (Gaussian kernel
with 4 mm FWHM) with SPM, we applied a bandpass filter (0.008 — 0.09 Hz) to the BOLD signal, discarded the
first five frames to ensure signal equilibrium, and regressed out 24 parameters of motion*, as well as the mean
signal from white matter and cerebrospinal fluid using CONN. Distorted images and artifacts were identified by
low correlations (r < 0.9) between individual and a reference, preprocessed mean rs-fMRI image of 200 subjects.
Visual inspection confirmed that failed spatial normalization or insufficient brain coverage in individual images
were responsible for low correlation coefficients. We additionally excluded data from subjects with excessive in-

scanner motion (maximum frame-wise rotation > 2° and movement > 3 mm).

Measures of local brain activity and synchronicity

We derived three complementary measures of local brain activity and synchronicity using the CONN toolbox.
fALFF’ is defined as the power ratio of low-frequency (0.008 — 0.09 Hz) oscillations to the total detectable
frequency range in the BOLD signal. Local correlation (LCOR®) is the normalized sum of correlation coefficients
of the BOLD signal in the voxel of interest with other voxels in its vicinity, with distances weighted by a Gaussian
kernel (25 mm FWHM). Global correlation (GCOR”) is calculated in the same way as LCOR, but without distance-
dependent weighting of the individual correlation coefficients. Thus, GCOR represents a measure of the global
synchronicity of a voxel, whereas LCOR represents a measure of local coherence. Unlike fALFF, LCOR and
GCOR do not depend on the amplitude of the BOLD signal, but rather on the similarity of the BOLD time series
of all considered voxels. These three metrics provide a complementary characterization of the BOLD signal

providing information about local neural activity as well as local and global functional connectivity.

Functional alterations in Parkinson’s Disease and regional contribution to deviations from normative

models

An estimation of disease duration was computed by the difference between the date of first occurrence of ICD-10
G20, (Data-Field 131022) and the date of imaging (Data-Field 53, Instance 2). For the significant (Prpr < 0.05)
deviations, we tested which regions contributed strongest to the observed deviations by repeating the spatial
correlation analyses in the data of PD utilizing a leaving-one-region-out approach. As a measure of regional
contribution to the deviation we calculated differences in squared correlation coefficients (Ap?) between the

reduced (Nregions = 118: pLoo?) and the full (Nregions = 119: prowt®) set of regions. We set Ap? positive if omitting this



specific region resulted in a more normal correlation coefficient (closer to the mean of the normative model), and
negative if omitting led to stronger deviation from the normative model. We further evaluated whether these
regional contributions to the observed co-localization strengths were spatially related to regional alterations in
fALFF, LCOR, or GCOR by computing Pearson correlations between maps of Ap? and the regional effect size
(Cohen’s d) in fALFF, LCOR, GCOR for differences between PD and an age- and sex-matched subgroup of HC
(n = 17 400). In order to evaluate the extent of significant functional alterations in PD, regions with significant
differences in fALFF, LCOR, and GCOR in PD compared with the matched controls were 1dentified using the
Mann-Whitney-U test.

Preparation of individual structural data & correction of atrophy

To control for aging-related atrophy, we generated normalized and smoothed grey matter volumes. For this
purpose, we warped individual T 1-weighted images (T1_brain_pve l.nii.gz) with individual warping coefficients
(T1 to MNI warp coefniigz) (both provided by the UK Biobank) and normalized the warped images to MNI
space using a template provided by FSL. We then changed the dimensions of the structural images to fit the
functional data (using SPM: ImCalc) and smoothed them with a Gaussian kernel (4 mm FWHM). Next, the linear
effects of grey matter signals from all fALFF, LCOR, and GCOR maps were regressed voxel-wise

Normative modeling of brain function - neurotransmitter co-localization

The normative modeling was performed using the PCNtoolkit®. We modeled the co-localization level (ie., the
Spearman correlation coefficient) derived from spatial correlation analyses between neurotransmitter systems (n
=19) and individual brain functional measures (fALFF, LCOR, and GCOR) of all healthy controls. To account
for non-linear trajectories and non-Gaussian variance of the normal co-localization levels, we used Bayesian linear
regression (5 knot basis splines and sinh-arcsinh warping) with age and sex as covariates. For the illustration of
the normative models (Figure 1F, 4A, Supplementary Figures 7 and 8), we predicted the normal co-localization
levels and uncertainty for two artificial dummy subjects (male and female) i the age range of the sample [44.58
— 81.98] years and a sampling frequency of 0.2 years. Further details on the toolbox and guidance for conducting
research can be found on the official website of PCNtoolkit provided by Marquand et al.®.



Supplementary Tables

Supplementary Table 1: List of exclusion criteria for the control group.

Mental and Behavioural disorders (F-

labeled)

Diseases of the central nervous system

(G-labeled)

Neoplasms (C-labeled)

Subgroup

Physiological conditions

Psychoactive substance use
Schizophrenia, schizotypal, delusional, and schizoaffective

disorder

Mood affective disorders

Intellectual disabilities

Inflammatory diseases

Systematic atrophies
Extrapyramidal and movement disorders

Other degenerative diseases
Demyelinating diseases

Episodic and paroxysmal disorders

Malignant neoplasm of the brain

Supplementary Table 2: Characteristics of neurotransmitter PET maps used.

Atlas
5-HTla

S5-HTIb
5-HT2a
5-HT4
5-HTé
SERT
DI

D2
DAT
H3
NET

Mi
A4B2
VACHhT
mGluR5
NMDA
CBI
Opioid mu

GABAa

Tracer
[1IC]CUMI-I0]

[11CIP943
[11C]CIMBI-36
[11C]SB207145
[11C]GSK215083
[11C]DASB
[11€]SCH23390

[ 1C]FLB457
[1231]FP-CIT
[11C]GSK189254
[11C]MRB
[11CILSN3172176
[I8FJFLUBATINE
[I8F]FEOBV
[11C]ABP68S
[I8FIGE-179

[ IC]OMAR

[ IC]CARFENTANIL

[l ICJFLUMAZENIL

Sample size
8

65
29
59
30
100
13
55
174
8
77
24
30
18
73
29
77

204

9% Male

37.50

75.38

51.72

69.49

100

29

46

47.27

62.64

87.5

64.94

54.17

66.67

27.78

34.25

72

63.64

64.71

100

Age (1 +-0)
284 +-88

337 +-97
22,6 +-2.7
259 +-5.3
366 +-9
25.1 +-5.8
33+-13
325 +-9.7
6l +- 11
317 +-9
334 +-92
40.50 +- 11.7
335 +-107
66.8 +-6.8
19.9 +-3.04
41 +-13

30 +-89
323+ 108

43+4

ICD-10
FOI -FO3

FIO - FI9
F20 - F22, F25

F31, F33

F70 -F72

G04 - G07
Gl0-GI3 Gl4
G20 - G25
G30-G32
G35-G37

G40, G41, G45
Cc71

Source DOI
10.1523/|]NEUROSCI.2830-16.2016

10.1038/jcbfm.2009.195
10.1523/J]NEUROSCI.2830-16.2016
10.1523/J]NEUROSCI.2830-16.2016
10.2967/jnumed.117.206516
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10.1016/j.neuroimage.2016.07.026
10.1038/mp.2017.183
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10.1101/2021.12.04.21267226
10.1038/jcbfm.2015.46
10.1038/mp.2017.183

10.1038/s41598-018-22444-0



Supplementary Table 3: Regions covered by cluster of significant aging effects in fALFF, LCOR, and GCOR —

before atrophy correction.

Anatomical region

Cluster

size

Cluster p-values

(corrected)

Peak T-

values

Peak MNI-

Coordinates

fALFF: Decreasing with age

Bilateral: Superior frontal gyrus (dorsolateral), Middle temporal gyrus, Middle frontal gyrus,
Postcentral gyrus, Middle occipital gyrus, Inferior temporal gyrus, Precuneus, Precentral gyrus,
Superior temporal gyrus, Fusiform gyrus, Superior frontal gyrus (medial), Cerebellum (Crus
1), Inferior frontal gyrus (pars triangularis), Calcarine fissure and surrounding cortex, Inferior
parietal gyrus, Lingual gyrus, Supplementary motor area, Cerebellum (8), Middle cingulate &
paracingulate gyri, Insula, Cerebellum (6), Supramarginal gyrus, Superior parietal gyrus,
Cerebellum (Crus 2), Cuneus, Angular gyrus, Rolandic operculum, Parahippocampal gyrus,
Superior occipital gyrus, Inferior frontal gyrus (pars opercularis), Cerebellum (4,5), Superior
temporal gyrus (pole), Putamen, Paracentral lobule, Hippocampus, Inferior occipital gyrus,
Superior frontal gyrus (medial orbital), Cerebellum (9), Middle temporal gyrus (pole), Caudate
nucleus, Anterior cingulate cortex (supracallosal), Gyrus rectus, Inferior frontal gyrus (pars
orbitalis), Medial orbital gyrus, Anterior cingulate cortex (pregenual), Posterior orbital gyrus,
Anterior orbital gyrus, Cerebellum (7b), Vermis (4,5), Olfactory cortex, Vermis (6), Amygdala,
Posterior cingulate gyrus, Vermis (8), Heschl's gyrus, Lateral orbital gyrus, Thalamus (pulvinar
medial), Vermis (9), Anterior cingulate cortex (subgenual), Ventral striatum, Vermis (7),
Cerebellum (3), Vermis (3), Thalamus (mediodorsal medial magnocellular), Pallidum,
Thalamus (ventral posterolateral), Thalamus (mediodorsal lateral parvocellular), Thalamus
(ventral lateral), Vermis (1,2), Thalamus (pulvinar inferior), Thalamus (pulvinar anterior),
Vermis (10), Thalamus (pulvinar lateral), Thalamus (lateral posterior), Thalamus

(anteroventral nucleus), Thalamus (lateral geniculate), Thal (intralaminar), Sut

nigra pars compacta, Raphe nucleus, Thalamus (medial geniculate), Red nucleus, Cerebellum

(10)

Left: Ventral tegmental area, Thalamus (ventral anterior)

48649

<0.001

49.3

450 -3

fALFF: Increasing with age

Left: Angular gyrus, Middle occipital gyrus, Inferior parietal gyrus, Middle temporal gyrus

<0.001

20.83

=36 -54 24

Right: Supramarginal gyrus, Angular gyrus

33

<0.001

11.39

30 -45 36

LCOR: Decreasing with age

Bilateral: Middle temporal gyrus, Superior frontal gyrus (dorsolateral), Postcentral gyrus,
Precentral gyrus, Superior temporal gyrus, Fusiform gyrus, Middle frontal gyrus, Calcarine
fissure and surrounding cortex, Lingual gyrus, Supplementary motor area, Inferior frontal
gyrus (pars triangularis), Inferior temporal gyrus, Superior frontal gyrus (medial),
Cerebellum (8), Insula, Cerebellum (6), Cerebellum (Crus ), Middle occipital gyrus,
Rolandic operculum, Cuneus, Middle cingulate & paracingulate gyri, Parahippocampal gyrus,
Supramarginal gyrus, Inferior frontal gyrus (pars opercularis), Cerebellum (4,5), Cerebellum
(Crus 2), Putamen, Superior temporal gyrus (pole), Paracentral lobule, Inferior parietal
gyrus, Hippocampus, Inferior occipital gyrus, Precuneus, Cerebellum (%), Caudate nucleus,

Superior occipital gyrus, Anterior cingulate cortex (supracallosal), Superior parietal gyrus,

38017

<0.001

44.64

453 -6




Inferior frontal gyrus (pars orbitalis), Anterior cingulate cortex (pregenual), Middle temporal
gyrus (pole), Superior frontal gyrus (medial orbital), Posterior orbital gyrus, Cerebellum
(7b), Vermis (4,5), Gyrus rectus, Vermis (6), Amygdala, Olfactory cortex, Vermis (8),
Heschl's gyrus, Vermis (9), Thalamus (pulvinar medial), Anterior cingulate cortex
(subgenual), Vermis (7), Cerebellum (3), Vermis (3), Medial orbital gyrus, Thalamus
(mediodorsal medial magnocellular), Ventral striatum, Pallidum, Lateral orbital gyrus,
Thalamus (ventral posterolateral), Thalamus (mediodorsal lateral parvocellular), Anterior

orbital gyrus, Thalamus (ventral lateral), Vermis (1,2), Thalamus (pulvinar inferior), Thalamus

(pulvinar anterior), Vermis (10), Thak (pulvinar lateral), T| (lateral posterior),
Thalamus (anteroventral nucleus), Thalamus (lateral geniculate), Thalamus (intralaminar),
Substantia nigra pars compacta, Raphe nucleus, Thalamus (medial geniculate), Red nucleus,

Cerebellum (10)

Left: Angular gyrus, Ventral tegmental area, Thalamus (ventral anterior)

LCOR: Increasing with age

Bilateral: Precuneus, Angular gyrus, Inferior parietal gyrus, Posterior cingulate gyrus,
Middle occipital gyrus, Middle cingulate & paracingulate gyri, Superior parietal gyrus, Cuneus,

Supramarginal gyrus, Middle temporal gyrus, Superior occipital gyrus, Postcentral gyrus

Left: Calcarine fissure and surrounding cortex

1796

<0.001

24.87

-33-5733

Left: Gyrus rectus

27

<0.001

825

-6 21 =30

GCOR: Decreasing with age

Bilateral: Middle temporal gyrus, Superior frontal gyrus (dorsolateral), Postcentral gyrus,
Middle frontal gyrus, Precentral gyrus, Superior temporal gyrus, Inferior temporal gyrus,
Superior frontal gyrus (medial), Fusiform gyrus, Inferior frontal gyrus (pars triangularis),
Supplementary motor area, Middle occipital gyrus, Inferior parietal gyrus, Cerebellum (8),
Insula, Lingual gyrus, Precuneus, Supramarginal gyrus, Middle cingulate & paracingulate gyri,
Superior parietal gyrus, Cerebellum (6), Calcarine fissure and surrounding cortex, Rolandic
operculum, Inferior frontal gyrus (pars opercularis), Cerebellum (4,5), Parahippocampal
gyrus, Superior temporal gyrus (pole), Cuneus, Paracentral lobule, Superior occipital gyrus,
Hippocampus, Middle temporal gyrus (pole), Angular gyrus, Cerebellum (9), Superior frontal
gyrus (medial orbital), Anterior cingulate cortex (supracallosal), Inferior occipital gyrus,
Putamen, Inferior frontal gyrus (pars orbitalis), Cerebellum (Crus |), Anterior cingulate
cortex (pregenual), Cerebellum (Crus 2), Gyrus rectus, Vermis (4,5), Caudate nucleus,
Posterior orbital gyrus, Cerebellum (7b), Vermis (6). Amygdala, Vermis (8), Heschl's gyrus,
Anterior cingulate cortex (subgenual), Olfactory cortex, Lateral orbital gyrus, Vermis (9),
Vermis (7), Vermis (3), Cerebellum (3), Posterior cingulate gyrus, Thalamus (pulvinar
medial), Ventral striatum, Pallidum, Medial orbital gyrus, Thalamus (mediodorsal medial
magnocellular), Thalamus (ventral posterolateral), Vermis (1,2), Thalamus (pulvinar inferior),

Anterior orbital gyrus, Thalamus (pulvinar anterior), Vermis (10), Thalamus (lateral

geniculate), Thal; (pulvinar lateral), Thal (intralaminar), Raphe nucleus, Thalamus

(medial geniculate), Thalamus (mediodorsal lateral parvocellular), Cerebellum (10)

Left: Thalamus (lateral posterior)

38929

<0.001

33.04

459 -9

GCOR: Increasing with age




Bilateral: Thalamus (mediodorsal medial magnocellular), Caudate nucleus, Thalamus
(ventral lateral), Thalamus (pulvinar medial), Thalamus (mediodorsal lateral parvocellular),
Thalamus (anteroventral nucleus), Thalamus (lateral posterior), Hippocampus, Thalamus

(intralaminar) 206 <0.001 22.15 -3-39
Left: Thalamus (ventral anterior)

Right: Thalamus (pulvinar anterior), Thalamus (pulvinar lateral), Posterior cingulate gyrus

Left: Angular gyrus, Middle occipital gyrus 45 <0.001 16.7 -33-5733

Left: Cerebellum (Crus I), Cerebellum (Crus 2), Cerebellum (6) 350 <0.001 15.56 -45 -72 -30

Bilateral: Precuneus, Superior parietal gyrus

135 18 -60 45
Right: Angular gyrus, Superior occipital gyrus, Cuneus 217 <0.001
Bilateral: Posterior cingulate gyrus
70 <0.001 12.07 0-2427
Right: Middle cingulate & paracingulate gyri
Right: Cerebellum (Crus 1), Lingual gyrus, Cerebellum (6), Calcarine fissure and
£ ( ) Lingual gy © 164 <0.001 10.23 12-99 -12

surrounding cortex

Supplementary Table 4: Regions covered by cluster of significant aging effects in fALFF, LCOR, and GCOR —
after atrophy correction.

Cluster  Cluster p-values Peak T- Peak MNI-
Anatomical region

size (corrected) values Coordinates

fALFF: Decreasing with age

Bilateral: Superior frontal gyrus (dorsolateral), Middle frontal gyrus, Middle temporal gyrus,
Postcentral gyrus, Middle occipital gyrus, Precentral gyrus, Inferior temporal gyrus, Precuneus,
Superior temporal gyrus, Superior frontal gyrus (medial), Fusiform gyrus, Cerebellum (Crus
1), Inferior parietal gyrus, Inferior frontal gyrus (pars triangularis), Calcarine fissure and
surrounding cortex, Lingual gyrus, Supplementary motor area, Cerebellum (8), Middle
cingulate & paracingulate gyri, Insula, Cerebellum (6), Supramarginal gyrus, Superior parietal
gyrus, Cerebellum (Crus 2), Angular gyrus, Cuneus, Rolandic operculum, Parahippocampal
gyrus, Inferior frontal gyrus (pars opercularis), Superior occipital gyrus, Cerebellum (4,5),
Superior temporal gyrus (pole), Putamen, Paracentral lobule, Hippocampus, Inferior occipital 49470 <0.001 42.83 0-3624
gyrus, Superior frontal gyrus (medial orbital), Middle temporal gyrus (pole), Cerebellum (9),
Caudate nucleus, Anterior cingulate cortex (supracallosal), Gyrus rectus, Inferior frontal gyrus
(pars orbitalis), Medial orbital gyrus, Anterior cingulate cortex (pregenual), Posterior orbital
gyrus, Anterior orbital gyrus, Cerebellum (7b), Vermis (4,5), Posterior cingulate gyrus,
Olfactory cortex, Vermis (6), Amygdala, Vermis (8), Heschl's gyrus, Lateral orbital gyrus,
Thalamus (pulvinar medial), Vermis (9), Anterior cingulate cortex (subgenual), Ventral
striatum, Vermis (7), Cerebellum (3), Vermis (3), Thalamus (mediodorsal medial
magnocellular), Pallidum, Thalamus (ventral posterolateral), Thalamus (mediodorsal lateral

parvocellular), Thalamus (ventral lateral), Vermis (1,2), Thalamus (pulvinar inferior), Thalamus




(pulvinar anterior), Vermis (10), Thalamus (pulvinar lateral), Thalamus (lateral posterior),
Thalamus (anteroventral nucleus), Thalamus (lateral geniculate), Thalamus (intralaminar),
Substantia nigra pars compacta, Raphe nucleus, Thalamus (medial geniculate), Red nucleus,

Cerebellum (10).

Left: Ventral tegmental area, Thalamus (ventral anterior)

fALFF: Increasing with age

Bilateral: Gyrus rectus

30

<0.001

7.87

6 21 -30

LCOR: Decreasing with age

Bilateral: Middle temporal gyrus, Superior frontal gyrus (dorsolateral), Postcentral gyrus,
Precentral gyrus, Superior temporal gyrus, Middle frontal gyrus, Fusiform gyrus, Calcarine
fissure and surrounding cortex, Lingual gyrus, Supplementary motor area, Inferior frontal
gyrus (pars triangularis), Inferior temporal gyrus, Superior frontal gyrus (medial),
Cerebellum (8), Insula, Cerebellum (6), Middle occipital gyrus, Cerebellum (Crus I),
Rolandic operculum, Middle cingulate & paracingulate gyri, Cuneus, Inferior frontal gyrus
(pars opercularis), Parahippocampal gyrus, Supramarginal gyrus, Cerebellum (4,5), Putamen,
Superior temporal gyrus (pole), Cerebellum (Crus 2), Paracentral lobule, Hippocampus,
Inferior parietal gyrus, Inferior occipital gyrus, Cerebellum (9), Caudate nucleus, Precuneus,
Superior occipital gyrus, Anterior cingulate cortex (supracallosal), Inferior frontal gyrus
(pars orbitalis), Superior parietal gyrus, Anterior cingulate cortex (pregenual), Middle
temporal gyrus (pole), Superior frontal gyrus (medial orbital), Posterior orbital gyrus,
Cerebellum (7b), Vermis (4,5), Vermis (6), Gyrus rectus, Amygdala, Olfactory cortex,
Vermis (8), Heschl's gyrus, Vermis (9), Thalamus (pulvinar medial), Anterior cingulate cortex
(subgenual), Vermis (7), Cerebellum (3), Ventral striatum, Vermis (3), Thalamus
(mediodorsal medial magnocellular), Medial orbital gyrus, Pallidum, Lateral orbital gyrus,
Thalamus (ventral posterolateral), Anterior orbital gyrus, Thalamus (mediodorsal lateral
parvocellular), Thalamus (ventral lateral), Vermis (1,2), Thalamus (pulvinar inferior),
Thalamus (pulvinar anterior), Vermis (10), Thalamus (pulvinar lateral), Thalamus (lateral
posterior), Thalamus (anteroventral nucleus), Thalamus (lateral geniculate), Thalamus
(intralaminar), Substantia nigra pars compacta, Raphe nucleus, Thalamus (medial geniculate),

Red nucleus, Cerebellum (10)

Left: Angular gyrus, Ventral tegmental area, Thalamus (ventral anterior)

38027

<0.001

3438

486 -9

LCOR: Increasing with age

Bilateral: Precuneus, Angular gyrus, Inferior parietal gyrus, Posterior cingulate gyrus,

Middle occipital gyrus, Middle cingulate & paracingulate gyri, Superior parietal gyrus, Cuneus
Left: Middle temporal gyrus, Calcarine fissure and surrounding cortex

Right: Supramarginal gyrus, Superior occipital gyrus

1670

<0.001

16.87

-33 -60 33

Left: Gyrus rectus

30

<0.001

823

-6 21 -30

Right: Anterior orbital gyrus, Medial orbital gyrus

26

<0.001

77

3051 -18

GCOR: Decreasing with age




Bilateral: Middle temporal gyrus, Superior frontal gyrus (dorsolateral), Postcentral gyrus,
Middle frontal gyrus, Precentral gyrus, Superior temporal gyrus, Inferior temporal gyrus,
Superior frontal gyrus (medial), Inferior frontal gyrus (pars triangularis), Fusiform gyrus,
Middle occipital gyrus, Supplementary motor area, Inferior parietal gyrus, Insula, Cerebellum
(8), Lingual gyrus, Precuneus, Supramarginal gyrus, Middle cingulate & paracingulate gyri,
Superior parietal gyrus, Calcarine fissure and surrounding cortex, Cerebellum (6), Rolandic
operculum, Inferior frontal gyrus (pars opercularis), Cerebellum (4,5), Parahippocampal
gyrus, Cuneus, Superior temporal gyrus (pole), Paracentral lobule, Superior occipital gyrus,
Hippocampus, Middle temporal gyrus (pole), Angular gyrus, Cerebellum (9), Inferior
occipital gyrus, Superior frontal gyrus (medial orbital), Anterior cingulate cortex

(supracallosal), Inferior frontal gyrus (pars orbitalis), Putamen, Anterior cingulate cortex

39066 <0.001 2832 459 -12
(pregenual), Cerebellum (Crus 2), Gyrus rectus, Cerebellum (Crus 1), Vermis (4,5),
Posterior orbital gyrus, Caudate nucleus, Cerebellum (7b), Vermis (6), Amygdala, Vermis
(8), Heschl's gyrus, Olfactory cortex, Anterior cingulate cortex (subgenual), Lateral orbital
gyrus, Vermis (9), Vermis (3), Cerebellum (3), Vermis (7), Posterior cingulate gyrus,
Thalamus (pulvinar medial), Medial orbital gyrus, Ventral striatum, Pallidum, Thalamus
(mediodorsal medial magnocellular), Thalamus (ventral posterolateral), Vermis (l,2),
Thalamus (pulvinar inferior), Anterior orbital gyrus, Thalamus (pulvinar anterior), Thalamus
(lateral geniculate), Vermis (10), Thal pulvinar lateral), T (intr inar), Raphe
nucleus, Thalamus (medial geniculate), Thalamus (mediodorsal lateral parvocellular)
Left: Cerebellum (10), Thalamus (lateral posterior
GCOR: Increasing with age

Bilateral: Thalamus (mediodorsal medial magnocellular), Caudate nucleus, Thalamus
(ventral lateral), Thal (pulvinar medial), Thal (mediodorsal lateral parvocellular),
Thalamus (anteroventral nucleus), Thalamus (lateral posterior), Hippocampus, Thalamus
(intralaminar) 206 <0.001 19.61 3-1212
Left: Thalamus (ventral anterior)
Right: Thalamus (pulvinar anterior), Posterior cingulate gyrus
Left: Cerebellum (Crus 1), Cerebellum (Crus 2), Cerebellum (6) 380 <0.001 15.75 -45 -72-30
Bilateral: Precuneus
Left: Superior parietal gyrus 180 <0.001 12.52 15 -63 42
Right: Superior occipital gyrus, Cuneus
Bilateral: Posterior cingulate gyrus’

68 <0.001 12.14 0-2427
Right: Middle cingulate & paracingulate gyri
Right: Cerebellum (Crus 1), Cerebellum (6), Cerebellum (Crus 2), Lingual gyrus, Fusiform

199 <0.001 11.78 12-99-12

gyrus, Calcarine fissure and surrounding cortex




Supplementary Table 5: Co-localization of aging in brain functional measures (unthresholded voxel-wise
maps of annual change) and neurotransmitter systems — before atrophy correction.

fALFF LCOR GCOR

Neurotransmitter system Rho Pror. Rho Pror Rho Pror

5-HTla 0.1 0.6343 0.1 06216 0.1 0.1429
5-HTIb -0.15 0.5644 -0.15 0.5798 -0.15 0.659
5-HT2a -0.12 0592 -0.12 05798 -0.12 0.9195
5-HT4 0.24 0.0399 024 05798 0.24 0.5239
5-HTé =0.31 0.0044 -0.31 0.3043 <031 05239
A4B2 -0.05 0.7282 -0.05 0.9755 -0.05 0.9195
CBI 0.17 0.5644 0.17 0.5798 0.17 0.9195
DI 0.05 0.7282 0.05 0.8403 0.05 0.1178
D2 0.23 0.0421 023 05798 0.23 0.9739
DAT 0.02 0.8802 0.02 0.0006 0.02 0.7522
GABAa -0.39 0.0038 -0.39 0.5798 -0.39 0.1985
H3 <0.01 0.9941 <0.01 0.6836 <0.01 0.9195
MI -0.14 0.5644 -0.14 05798 -0.14 0.7522
Mu 031 0.2216 031 05798 031 0.8353
NET -0.5 0.0038 -0.5 0.0209 0.5 0.0171
NMDA -0.34 0.0421 -0.34 0.0033 -0.34 0.9195
SERT -0.09 0.5644 -0.09 0.0006 -0.09 0.9195
VAChT -0.03 0833 -0.03 0.0006 -0.03 0.1411
mGluR5 -03 0.1183 -03 06216 03 0.1411

Bold numbers highlight significant correlations. Rho: Spearman correlation coefficient.

Supplementary Table 6: Co-localization of aging in brain functional measures (unthresholded voxel-wise
maps of annual change) and neurotransmitter systems — after atrophy correction

fALFF LCOR GCOR

Neurotransmitter system Rho Pror. Rho Pror Rho Pror

5-HTla 0.09 0.6088 0.09 0.6497 0.09 0.1254
S-HTIb -0.17 0.4982 -0.17 0.5704 -0.17 0.6017
5-HT2a -0.14 0.6017 -0.14 0.5704 -0.14 0.8934
5-HT4 0.23 0.0407 023 0.5704 0.23 0.6017
5-HTé -0.29 0.0095 -0.29 03616 -0.29 0.6017
A4B2 -0.06 0.6088 -0.06 0.9926 -0.06 0.9099
CBI 0.5 0.6017 0.15 0.5704 0.15 0.8934
DI 0.07 0.6017 0.07 0.9573 0.07 0.0703
D2 0.24 0.0337 0.24 0.5704 0.24 0.9762



DAT 0.05 0.6387 0.05 0.0006 0.05 0.6017

GABAa -0.38 0.0038 -0.38 0.5704 -0.38 0.2346
H3 <0.01 0.9796 <0.01 0.729 <0.01 0.8934
MI -0.13 0.6017 -0.13 0.5704 -0.13 0.7047
Mu 029 0.2878 029 0.5704 0.29 0.8381
NET -0.48 0.0085 -0.48 0.0228 -0.48 0.0114
NMDA -0.31 0.0731 -0.31 0.0057 -0.31 0.8934
SERT -0.08 0.6017 -0.08 0.0006 -0.08 0.8934
VAChT -0.01 0.9232 -0.01 0.0006 -0.01 0.1254
mGIuR5 -0.28 0.1664 -0.28 0.6497 -0.28 0.1254

Bold numbers highlight significant correlations. Rho: Spearman correlation coefficient.

Supplementary Table 7: Anatomical regions covered by sex-differences (T-contrasts) - before atrophy
correction.

Cluster Cluster p-values Peak T- Peak MNI-
Anatomical region
size (corrected) values Coordinates

FALFF: Female < Male

Bilateral: Postcentral gyrus, middle frontal gyrus, precentral gyrus, middle occipital gyrus,
superior temporal gyrus (incl. pole), calcarine fissure and surrounding cortex, dorsolateral
and medial superior frontal gyrus, lingual gyrus, middle temporal gyrus (incl. pole), inferior
parietal gyrus, insula, supplementary motor area, fusiform gyrus, supramarginal gyrus,
inferior frontal gyrus (pars triangularis & orbitalis), inferior temporal gyrus, superior parietal
gyrus, rolandic operculum, cuneus, superior occipital gyrus, cerebellum (4,5,6,7b,8,9,10)
crusl, crus2), vermis (4,5,6,8) middle cingulate gyrus, paracentral lobule, inferior occipital
gyrus, putamen, precuneus, orbital gyrus (posterior, medial, anterior, lateral), 29898 <0.001 2931 57315
parahippocampal gyrus, anterior cingulate cortex (subgenual, pregenual, supracallosal),
hippocampus, Heschl gyrus, angular gyrus, amygdala, gyrus rectus, thalamus (pulvinar medial,
mediodorsal medial magnocellular, ventral posterolateral, mediodorsal lateral parvocellular,
pulvinar lateral, ventral lateral, pulvinar anterior, anteroventral nucleus, intralaminar, lateral
geniculate, medial geniculate), caudate, pallidum, olfactory cortex, ventral striatum, raphe

nucleus (dorsal), substantia nigra (pars compacta), red nucleus,

Left: Thalamus (ventral anterior), Ventral tegmental area

Right: Cerebellum (7b, 8, crusl, crus2) 58 <0.001 19.43 54-54-42

Right: Caudate 47 <0.001 [ARN] 18-927

FALFF: Female > Male

Bilateral: Cerebellum 9, Vermis 9 182 <0.001 23.01 0-54-51




Bilateral: Frontal gyrus (medial pars orbitalis, superior dorsolateral & medial), gyrus rectus,

anterior cingulate gyrus (subgenual), orbital gyrus (anterior & medial) 497 <0.001 22.65 .15699
Right: Anterior cingulate gyrus (pregenual)
Bilateral: Precuneus, cingulate gyrus (middle & posterior), calcarine fissure and
surrounding cortex, vermis (4,5)

974 <0.001 20.82 6-5721
Left: Cuneus
Right: Lingual gyrus
Right: Temporal gyrus (inferior, middle, superior) 574 <0.001 19.08 66 -15-15
Bilateral: Superior frontal gyrus (medial)

369 <0.001 15.14 -27 1857
Left: Frontal gyrus (superior, middle), supplementary motor area
Bilateral: Superior frontal gyrus (medial)

390 <0.001 15.03 30 18 57
Left: Frontal gyrus (superior, middle), supplementary motor area
Bilateral: Vermis (7)

421 <0.001 12,17 27-75-33
Right: Cerebellum (6, 7b, 8, crusl, crus2)
Left: Temporal gyrus (middle & inferior) 319 <0.001 11.98 -69 -27 -9
Left: Cerebellum (6,7b,8, crusl, crus2) 315 <0.001 11.63 -36 -63 -39
Left: Parietal gyrus (superior & inferior), occipital gyrus (middle), angular gyrus 104 <0.001 1151 -36 -72 39
Right: Gyrus rectus, orbital gyrus (medial) 24 <0.001 10.29 9 21 -24
Right: Angular gyrus, occipital gyrus (middle) 51 <0.001 10.00 45 -66 33
Left: Frontal gyrus (superior, middle, inferior pars orbitalis) 37 <0.001 9.96 -27 36 -9
Left: Orbital gyrus (medial), gyrus rectus 20 <0.001 9.93 -1221-24
Left: Parahippocampal gyrus, fusiform gyrus, temporal gyrus (inferior) 34 <0.001 9.05 -33-39-9
Right: Parahippocampal gyrus, fusiform gyrus, hippocampus 28 <0.001 898 33-36-12
Right: Frontal gyrus (middle, inferior pars orbitalis), orbital gyrus (anterior) 25 <0.001 8.00 3339-6

LCOR: Female < Male
Bilateral: Middle frontal gyrus, Postcentral gyrus, Middle occipital gyrus, Middle temporal
gyrus, Precentral gyrus, Superior frontal gyrus (dorsolateral), Superior temporal gyrus,
Inferior parietal gyrus, Inferior frontal gyrus (pars triangularis), Precuneus, Fusiform gyrus,
Supplementary motor area, Calcarine fissure and surrounding cortex, Lingual gyrus, Insula,
Supramarginal gyrus, Superior parietal gyrus, Cerebellum (Crus 1), Cerebellum (6), Middle
P g e 8 P & ¢ ) © 37792 <0.001 30.05 48 -15 15

cingulate & paracingulate gyri, Cerebellum (8), Superior frontal gyrus (medial), Cuneus,
Angular gyrus, Cerebellum (Crus 2), Rolandic operculum, Inferior frontal gyrus (pars
opercularis), Superior occipital gyrus, Cerebellum (4,5), Inferior temporal gyrus, Putamen,
Superior temporal gyrus (pole), Paracentral lobule, Inferior occipital gyrus,
Parahippocampal gyrus, Inferior frontal gyrus (pars orbitalis), Cerebellum (9), Middle
temporal gyrus (pole), Cerebellum (7b), Anterior cingulate cortex (supracallosal), Anterior




cingulate cortex (pregenual), Posterior orbital gyrus, Vermis (4,5), Hippocampus, Vermis
(8), Heschl's gyrus, Vermis (6), Amygdala, Lateral orbital gyrus, Anterior orbital gyrus,
Vermis (7), Cerebellum (3), Vermis (9), Pallidum, Thalamus (pulvinar medial), Medial orbital
gyrus, Vermis (3), Thalamus (mediodorsal medial magnocellular), Thalamus (ventral
posterolateral), Caudate nucleus, Thalamus (mediodorsal lateral parvocellular), Thalamus
(pulvinar anterior), Thalamus (ventral lateral), Thalamus (intralaminar), Thalamus (pulvinar
lateral), Thalamus (pulvinar inferior), Thalamus (medial geniculate), Thalamus (lateral
geniculate), Olfactory cortex, Vermis (10), Vermis (1,2), Cerebellum (10)

Right: Gyrus rectus, Superior frontal gyrus (medial orbital), Thalamus (lateral posterior),

Thal (anteroventral nucleus), Posterior cingulate gyrus
Bilateral: Substantia nigra pars compacta, Red nucleus <0.001 9.79 0-18-12
Left: Ventral tegmental area
LCOR: Female > Male
Bilateral: Superior frontal gyrus (medial orbital), Superior frontal gyrus (dorsolateral),
Gyrus rectus, Caudate nucleus, Superior frontal gyrus (medial), Medial orbital gyrus,
Anterior cingulate cortex (subgenual), Anterior orbital gyrus, Middle frontal gyrus,
Olfactory cortex, Thalamus (lateral posterior) 1465 <0.001 3453 15696
Left: Anterior cingulate cortex (pregenual), Anterior cingulate cortex (supracallosal),
Ventral striatum, Thalamus (pulvinar medial), Thalamus (ventral lateral), Thalamus
(anteroventral nucleus)
Right: Middle temporal gyrus, Inferior temporal gyrus, Cerebellum (Crus I), Cerebell
(6), Superior temporal gyrus, Fusiform gyrus, Cerebellum (Crus 2), Middle temporal gyrus 491 <0.001 227 69-21-18
(pole)
Left: Hippocampus, Parahippocampal gyrus 51 <0.001 16.17 -33-39-3
Left: Inferior temporal gyrus, Middle temporal gyrus, Cerebellum (Crus |), Cerebell 508 <0.001 15.84 .66 27 21
(7b), Cerebellum (6)
Right: Hippocampus, Parahippocampal gyrus 46 <0.001 14.41 33-360
Bilateral: Cerebellum (9), Vermis (9) 47 <0.001 13.55 0-48 -48
Right: Thalamus (mediodorsal medial magnocellular) 24 <0.001 13.14 0-180
Bilateral: Precuneus, Posterior cingulate gyrus, Middle cingulate & paracingulate gyri,
Calcarine fissure and surrounding cortex 269 <0.001 12.06 -9-54 18
Left: Cuneus
Right: Medial orbital gyrus, Olfactory cortex, Gyrus rectus, Posterior orbital gyrus 83 <0.001 11.58 915-24
Left: Medial orbital gyrus, Olfactory cortex, Posterior orbital gyrus, Gyrus rectus, 66 <0.001 10.09 -12 15 24
Parahippocampal gyrus
GCOR: Female < Male
Bilateral: Middle temporal gyrus, Middle frontal gyrus, Superior frontal gyrus
(dorsolateral), Postcentral gyrus, Precuneus, Middle occipital gyrus, Precentral gyrus,
Superior temporal gyrus, Inferior parietal gyrus, Superior frontal gyrus (medial), Inferior
frontal gyrus (pars triangularis), Fusiform gyrus, Supplementary motor area, Calcarine
fissure and surrounding cortex, Middle cingulate & paracingulate gyri, Lingual gyrus, Inferior
temporal gyrus, Insula, Supramarginal gyrus, Cerebellum (8), Superior parietal gyrus,
Angular gyrus, Cuneus, Cerebellum (6), Rolandic operculum, Inferior frontal gyrus (pars
opercularis), Superior occipital gyrus, Cerebellum (4,5), Superior temporal gyrus (pole),
Putamen, Parahippocampal gyrus, Paracentral lobule, Inferior occipital gyrus, Anterior
cingulate cortex (supracallosal), Inferior frontal gyrus (pars orbitalis), Cerebellum (9),
Superior frontal gyrus (medial orbital), Anterior cingulate cortex (pregenual),
Hippocampus, Middle temporal gyrus (pole), Cerebellum (Crus 2), Anterior orbital gyrus, 43115 <0.001 26.55 45-159

Posterior orbital gyrus, Vermis (4,5), Cerebellum (7b), Posterior cingulate gyrus, Caudate
nucleus, Gyrus rectus, Medial orbital gyrus, Heschl's gyrus, Vermis (8), Vermis (6),
Cerebellum (Crus ), Amygdala, Lateral orbital gyrus, Thalamus (pulvinar medial), Vermis
(9). Cerebellum (3), Ventral striatum, Anterior cingulate cortex (subgenual), Pallidum,
Vermis (7), Vermis (3), Thalamus (mediodorsal medial magnocellular), Olfactory cortex,
Thalamus (ventral posterolateral), Thalamus (mediodorsal lateral parvocellular), Thalamus
(pulvinar inferior), Thalamus (pulvinar anterior), Thalamus (ventral lateral), Thalamus
(pulvinar lateral), Thalamus (intralaminar), Thalamus (lateral geniculate), Substantia nigra
pars compacta, Vermis (1,2), Thalamus (medial geniculate), Thalamus (lateral posterior),
Thalamus (anteroventral nucleus), Vermis (10), Red nucleus, Raphe nucleus, Cerebellum

(10




Left: Ventral tegmental area, Thalamus (ventral anterior)

GCOR: Female > Male

Right: Caudate nucleus 65 <0.001 18.82 12021

Left: Hippocampus 42 <0.001 17.68 -30-393

Left: Caudate nucleus, Thalamus (lateral posterior), Thalamus (pulvinar medial) 63 <0.001 16.76 -12-6 21

Right: Superior frontal gyrus (medial), Superior frontal gyrus (dorsolateral), Superior 15693
€ P gyrus ). Sup gyrus ). Sup 60 <0.001 15.08

frontal gyrus (medial orbital)

Right: Hippocampus 33 <0.001 14.35 33-360

Left: Superior frontal gyrus (dorsolateral), Superior frontal gyrus (medial), Superior frontal -1269 6
47 <0.001 13.77
gyrus (medial orbital)

Left: Cerebellum (Crus 1), Cerebellum (Crus 2), Cerebellum (7b) 305 <0.001 12.84 -51 -66-30

Right: Cerebellum (Crus 1), Cerebellum (Crus 2), Cerebellum (7b), Inferior temporal 54-60-33
194 <0.001 12.78
gyrus, Cerebellum (6)

Bilateral: Cerebellum (9) 25 <0.001 10.74 0-51-54

Left: Medial orbital gyrus, Posterior orbital gyrus, Olfactory cortex, Parahippocampal =12 12-24
29 <0.001 871
gyrus, Gyrus rectus

Right: Medial orbital gyrus, Olfactory cortex, Gyrus rectus 23 <0.001 8.02 1212-24

Supplementary Table 8: Anatomical regions covered by sex-differences (T-contrasts) - after atrophy
correction.

Cluster  Cluster p-values Peak T- Peak MNI-
Anatomical region
size (corrected) values Coordinates

FALFF: Female < Male

Bilateral: Postcentral gyrus, Middle frontal gyrus, Precentral gyrus, Middle occipital gyrus,
Superior temporal gyrus, Calcarine fissure and surrounding cortex, Superior frontal gyrus
(dorsolateral), Lingual gyrus, Middle temporal gyrus, Inferior parietal gyrus, Insula, Fusiform
gyrus, Supplementary motor area, Supramarginal gyrus, Inferior frontal gyrus (pars
triangularis), Inferior temporal gyrus, Superior parietal gyrus, Rolandic operculum, Cuneus,
Superior occipital gyrus, Cerebellum (6), Inferior frontal gyrus (pars opercularis), Middle
cingulate & paracingulate gyri, Cerebellum (8), Paracentral lobule, Cerebellum (4,5), Inferior
occipital gyrus, Superior temporal gyrus (pole), Putamen, Precuneus, Cerebellum (Crus |), 30583 <0.001 29.07 48-159
Superior frontal gyrus (medial), Middle temporal gyrus (pole), Inferior frontal gyrus (pars
orbitalis), Parahippocampal gyrus, Posterior orbital gyrus, Vermis (4,5), Cerebellum (9),
Cerebellum (Crus 2), Anterior orbital gyrus, Caudate nucleus, Hippocampus, Anterior
cingulate cortex (supracallosal), Medial orbital gyrus, Anterior cingulate cortex (pregenual),
Vermis (8), Heschl's gyrus, Angular gyrus, Amygdala, Vermis (6), Gyrus rectus, Cerebellum
(7b), Lateral orbital gyrus, Thalamus (pulvinar medial), Thalamus (mediodorsal medial
magnocellular), Cerebellum (3), Pallidum, Olfactory cortex, Vermis (9), Vermis (7), Ventral
striatum, Vermis (3), Thalamus (ventral posterolateral), Thal (mediodorsal lateral




parvocellular), Superior frontal gyrus (medial orbital), Thalamus (pulvinar inferior), Thalamus
(ventral lateral), Thalamus (pulvinar anterior), Thalamus (anteroventral nucleus), Thalamus
(pulvinar lateral), Thalamus (intralaminar), Vermis (10), Thalamus (lateral geniculate),
Thalamus (lateral posterior), Substantia nigra pars compacta, Raphe nucleus, Anterior
cingulate cortex (subgenual), Thalamus (medial geniculate), Red nucleus, Cerebellum (10)
Left: Ventral tegmental area, Tt (ventral anterior)

fALFF: Female > Male

Bilateral: Superior frontal gyrus (medial orbital), Superior frontal gyrus (dorsolateral),

Superior frontal gyrus (medial), Gyrus rectus, Anterior cingulate cortex (subgenual), Anterior

orbital gyrus, Medial orbital gyrus 494 <0.001 2253 15696
Left: Anterior cingulate cortex (pregenual), Olfactory cortex
Bilateral: Precuneus, Middle cingulate & paracingulate gyri, Posterior cingulate gyrus,
Cuneus, Calcarine fissure and surrounding cortex, Vermis (4,5) 934 <0.001 21.06 6-5721
Right: Lingual gyrus
Bilateral: Cerebellum (%) 147 <0.001 20.43 -3 -54 -48
Right: Middle temporal gyrus, Inferior temporal gyrus, Superior temporal gyrus 597 <0.001 20.27 63 -15-15
Bilateral: Superior frontal gyrus (medial)

36l <0.001 14.73 30 1857
Right: Superior frontal gyrus (dorsolateral), Middle frontal gyrus, Supplementary motor area
Left: Superior frontal gyrus (dorsolateral), Middle frontal gyrus, Supplementary motor area,

356 <0.001 14.72 -30 1857
Superior frontal gyrus (medial)
Left: Middle temporal gyrus, Inferior temporal gyrus 384 <0.001 12.76 -69 -27 -9
Right: Cerebellum (Crus 1), Cerebellum (Crus 2), Cerebellum (7b), Cerebellum (6),

286 <0.001 11.02 30-75-33
Cerebellum (8)
Right: Gyrus rectus, Medial orbital gyrus 23 <0.001 10.87 1221 27
Right: Angular gyrus, Middle occipital gyrus 49 <0.001 10.75 45 -66 30
Left: Inferior parietal gyrus, Angular gyrus, Middle occipital gyrus, Superior parietal gyrus 80 <0.001 10.49 -36 -72 39
Left: Cerebellum (Crus 2), Cerebellum (Crus 1), Cerebellum (7b), Cerebellum (8),

178 <0.001 10.25 -30 -75-33
Cerebellum (6)
Left: Inferior frontal gyrus (pars orbitalis), Middle frontal gyrus, Superior frontal gyrus

arus (p ) o P & 24 <0.001 7.68 2739 -9
(dorsolateral)
LCOR: Female < Male

Bilateral: Middle frontal gyrus, Postcentral gyrus, Middle occipital gyrus, Middle temporal
gyrus, Precentral gyrus, Superior frontal gyrus (dorsolateral), Superior temporal gyrus,
Inferior parietal gyrus, Inferior frontal gyrus (pars triangularis), Precuneus, Fusiform gyrus, 38244 <0.001 20.67 45-15 12

Calcarine fissure and surrounding cortex, Supplementary motor area, Lingual gyrus, Insula,
Supramarginal gyrus, Superior parietal gyrus, Cerebellum (Crus 1), Cerebellum (6), Middle
cingulate & paracingulate gyri, Cerebellum (8), Superior frontal gyrus (medial), Cuneus,




Cerebellum (Crus 2), Angular gyrus, Rolandic operculum, Inferior frontal gyrus (pars
opercularis), Superior occipital gyrus, Cerebellum (4,5), Inferior temporal gyrus, Superior
temporal gyrus (pole), Putamen, Paracentral lobule, Inferior occipital gyrus, Parahippocampal
gyrus, Inferior frontal gyrus (pars orbitalis), Cerebellum (9), Middle temporal gyrus (pole),
Anterior cingulate cortex (supracallosal), Cerebellum (7b), Anterior cingulate cortex
(pregenual), Hippocampus, Posterior orbital gyrus, Vermis (4,5), Vermis (6), Vermis (8),
Heschl's gyrus, Amygdala, Anterior orbital gyrus, Lateral orbital gyrus, Vermis (9), Vermis
(7), Cerebellum (3), Pallidum, Thalamus (pulvinar medial), Medial orbital gyrus, Vermis (3),
Thalamus (mediodorsal medial magnocellular), Thalamus (ventral posterolateral), Thalamus

(mediodorsal lateral parvocellular), Caudate nucleus, Thalamus (pulvinar anterior), Thalamus

(ventral lateral), Thal (pulvinar inferior), Thal (intralaminar), Vermis (10),

Thal (pulvinar lateral), Thal (lateral geniculate), Thalamus (medial geniculate),

Olfactory cortex, Vermis (1,2), Cerebellum (10)

Right: Gyrus rectus, Superior frontal gyrus (medial orbital), Thalamus (lateral posterior),

Thalamus (anteroventral nucleus), Posterior cingulate gyrus

Bilateral: Substantia nigra pars compacta, Red nucleus

36 <0.001 9.74 0-18-12
Left: Ventral tegmental area
LCOR: Female > Male
Bilateral: Superior frontal gyrus (medial orbital), Superior frontal gyrus (dorsolateral), Gyrus
rectus, Superior frontal gyrus (medial), Anterior cingulate cortex (subgenual), Medial orbital
gyrus, Anterior orbital gyrus, Middle frontal gyrus, Olfactory cortex 17 <0001 3443 15696
Left: Anterior cingulate cortex (pregenual)
Right: Middle temporal gyrus, Inferior temporal gyrus, Cerebellum (Crus 1), Cerebellum (6),
€ poraienr pore &y ¢ ) © 487 <0.001 2236 69 -21 -18
Superior temporal gyrus, Fusiform gyrus, Cerebellum (Crus 2), Middle temporal gyrus (pole)
Bilateral: Caudate nucleus, Thalamus (lateral posterior)
Left: Ventral striatum, Thalamus (pulvinar medial), Thalamus (ventral lateral), Thalamus 270 <0.001 17 3615
(anteroventral nucleus)
Left: Middle temporal gyrus, Inferior temporal gyrus, Cerebellum (Crus 1), Cerebellum (6),
pore ey por &y ¢ ) © 489 <0.001 15.81 -66 -24-21
Cerebellum (7b)
Left: Hippocampus, Parahippocampal gyrus 46 <0.001 14.74 -33 -36-3
Right: Hippocampus, Parahippocampal gyrus 37 <0.001 13.22 33-360
Bilateral: Precuneus, Posterior cingulate gyrus, Middle cingulate & paracingulate gyri,
Calcarine fissure and surrounding cortex 269 <0.001 12.87 9.54 18
Left: Cuneus
Right: Medial orbital gyrus, Olfactory cortex, Gyrus rectus, Posterior orbital gyrus 80 <0.001 11.73 915-27
Left: Medial orbital gyrus, Olfactory cortex, Posterior orbital gyrus, Gyrus rectus,
& v & " 69 <0.001 10.75 -1215-24

Parahippocampal gyrus




Bilateral: Cerebellum (%)

22

<0.001

10.71

0-48 -48

GCOR: Female < Male

Bilateral: Middle temporal gyrus, Middle frontal gyrus, Superior frontal gyrus (dorsolateral),
Postcentral gyrus, Precuneus, Middle occipital gyrus, Precentral gyrus, Superior temporal
gyrus, Inferior parietal gyrus, Superior frontal gyrus (medial), Inferior frontal gyrus (pars
triangularis), Fusiform gyrus, Supplementary motor area, Calcarine fissure and surrounding
cortex, Middle cingulate & paracingulate gyri, Lingual gyrus, Inferior temporal gyrus, Insula,
Supramarginal gyrus, Cerebellum (8), Superior parietal gyrus, Angular gyrus, Cuneus,
Cerebellum (6), Rolandic operculum, Inferior frontal gyrus (pars opercularis), Superior
occipital gyrus, Cerebellum (4,5), Superior temporal gyrus (pole), Putamen, Parahippocam pal
gyrus, Paracentral lobule, Inferior occipital gyrus, Anterior cingulate cortex (supracallosal),
Cerebellum (9), Inferior frontal gyrus (pars orbitalis), Superior frontal gyrus (medial orbital),
Hippocampus, Anterior cingulate cortex (pregenual), Middle temporal gyrus (pole),
Cerebellum (Crus 2), Anterior orbital gyrus, Posterior orbital gyrus, Vermis (4,5), Cerebellum
(7b). Posterior cingulate gyrus, Caudate nucleus, Gyrus rectus, Medial orbital gyrus,
Cerebellum (Crus 1), Vermis (6), Heschl's gyrus, Amygdala, Vermis (8), Lateral orbital gyrus,
Thalamus (pulvinar medial), Vermis (9), Anterior cingulate cortex (subgenual), Cerebellum
(3), Ventral striatum, Vermis (7), Pallidum, Vermis (3), Thalamus (mediodorsal medial
magnocellular), Olfactory cortex, Thalamus (ventral posterolateral), Thalamus (mediodorsal
lateral parvocellular), Thalamus (pulvinar inferior), Thalamus (pulvinar anterior), Thalamus
(ventral lateral), Thalamus (pulvinar lateral), Vermis (10), T (intralaminar), Tt
(lateral geniculate), Substantia nigra pars compacta, Vermis (l,2), Thalamus (medial
geniculate), Thalamus (anteroventral nucleus), Red nucleus, Thalamus (lateral posterior),
Raphe nucleus, Cerebellum (10)

Left: Ventral tegmental area, Tt (ventral anterior)

43309

<0.001

28.94

45-159

GCOR: Female > Male

Right: Caudate nucleus

63

<0.001

17.97

12021

Left: Hippocampus

41

<0.001

16.75

-30-393

Left Caudate nucleus, Thalamus (lateral posterior), Thalamus (pulvinar medial)

60

<0.001

16.34

-15-1224

Right: Superior frontal gyrus (medial), Superior frontal gyrus (dorsolateral), Superior frontal

gyrus (medial orbital)

60

<0.001

15.82

15693

Left: Superior frontal gyrus (dorsolateral), Superior frontal gyrus (medial), Superior frontal

gyrus (medial orbital)

46

<0.001

13.85

-12696

Right: Hippocampus

32

<0.001

13.59

30-366

Left: Cerebellum (Crus 1), Cerebellum (Crus 2), Cerebellum (7b)

295

<0.001

12.94

-45 -42 -39

Right: Cerebellum (Crus ), Cerebellum (Crus 2), Cerebellum (7b), Inferior temporal gyrus,
Cerebellum (6)

<0.001

12.55

54-63-33

Left: Medial orbital gyrus, Posterior orbital gyrus, Ofactory cortex, Gyrus rectus

29

<0.001

835

-1212-24

Right: Medial orbital gyrus, Olfactory cortex, Gyrus rectus

22

<0.001

8.07

1212-24




Supplementary Table 9: Co-localization of sex differences in brain functional measures (unthresholded
voxel-wise T-maps) and neurotransmitter systems — before atrophy correction.

fALFF

Neurotransmitter system Rho

5-HTla 0.0l
5-HTIb 0.12
5-HT2a 0.08
5-HT4 -0.13
5-HTé 0.21
A4B2 <0.01
CBI -0.12
[»]} -0.07
D2 0.0l
DAT 011
GABAa 0.25
H3 -0.01
MI 013
Mu -0.22
NET 0.57
NMDA 0.29
SERT 021
VAChT 023
mGluRS 0.25

Bold numbers highlight significant correlations. Rho: Spearman correlation coefficient.

Pror.

0.9855

0.6393

0.7707

0.3764

0.084

0.9855

0.7283

0.6826

0.9855

0.4722

0.0522

0.9855

0.6254

0.5527

0.0038

0.1086

0.084

0.057

02611

LCOR

0.0l

0.12

0.08

-0.13

0.21

<0.01

-0.12

-0.07

0.01

0.11

0.25

-0.01

0.13

-0.22

0.57

0.29

0.21

023

0.25

Pror

0.8937

0.4761

0.8735

0.0574

0.0019

02618

0.9522

0.252

0.554

0.8735

0.0009

0.9522

0.5209

0.5209

0.0009

0.252

0.9522

0252

0.0043

GCOR

0.01

0.12

0.08

-0.13

0.21

<0.01

-0.12

-0.07

0.01

0.11

0.25

-0.01

0.13

-0.22

0.57

029

0.21

023

0.25

Pror

0.5794

0.1514

0.5682

0.0809

0.0005

0.2429

0.7879

0.9835

0.6187

0.6838

0.0005

0.5682

0.28%

05794

0.0005

0.113

0.5794

05794

0.0005



Supplementary Table 10: Co-localization of sex differences in brain functional measures (unthresholded
voxel-wise T-maps) and neurotransmitter systems — after atrophy correction.

Neurotransmitter system

5-HTla
5-HTIb
5-HT2a
5-HT4
5-HTé
A4B2
CBI

DI

D2
DAT
GABAa
H3

Mi

Mu
NET
NMDA
SERT
VAChT

mGIluR5

Bold numbers highlight significant correlations. Rho: Spearman correlation coefficient.

fALFF

-0.01

0.1

0.07

-0.15

02

<0.01

-0.14

-0.08

-0.01

o.11

025

-0.03

-0.23

0.57

0.28

0.19

022

025

Pror.

0.9831

0.6522

0.8329

0.2344

0.1194

0.9831

0.6522

0.6413

0.9831

05023

0.0503

09164

06413

0.5023

0.0019

0.1194

0.1194

0.0849

0.2344

LCOR

-0.01

0.l

0.07

-0.15

0.2

<0.01

-0.14

-0.08

-0.01

0.11

0.25

-0.03

-0.23

0.57

0.28

0.19

022

0.25

Pror

0.9168

052

0.9019

0.0483

0.0025

0.2677

0.9168

0.2434

0.5261

0.9019

0.0009

0.9168

0.5261

05261

0.0009

0.2434

0.9168

0.2434

0.0047

GCOR

-0.01

0.1

0.07

-0.15

0.2

<0.01

-0.14

-0.08

-0.01

0.11

0.25

-0.03

-0.23

0.57

028

0.19

022

0.25

Pror

0.5968

0.1485

0.5706

0.0711

0.0005

0.2705

0.8053

0.9567

0.6028

0.7061

0.0005

0.5706

0281

0.5968

0.0005

0.1086

0.5968

05968

0.0005



Supplementary Table 11: Co-localization strength of FALFF with neurotransmitter systems and the effects of

age and sex — before atrophy correction.

Neurotransmitter system

5-HTla
5-HTIb
5-HT2a
5-HT4
5-HT6
A4R2
cBl

DI

D2
DAT
GABAa
H3

MI

M

NET
NMDA
SERT
VAChT

mGIuRS

Co-localization strength*

Median

rho

-0.21

0.43

04

-0.29

0.27

0.1

-0.14

-0.42

-0.47

-0.68

04

-0.28

0.33

0.51

-0.13

-0.56

03

IQR
rho
0.09
0.07
0.09
0.09
0.08
0.1
0.14
0.08
0.09
0.06
0.07
0.11
0.07
0.13
0.12
0.07
0.07
0.11

0.1

Mean
Fisher's
z(rho)
=02
0.46
0.42
-0.29
0.27
011
-0.13
-0.44
-0.51
-0.82
0.43
-0.27
0.34
-0.53
0.57
-0.13
-0.54
-0.63

0.32

Pearson r

0.1l

0.08

0.08

-0.06

0.02

0.09

0.04

0.04

-0.07

-0.06

011

-0.13

-0.17

-0.17

-0.05

Slope

0.0011

0.0008
0.0008
-0.0005
0.0003
0.0013
0.0004
0.0005
-0.0009

-0.0005

0.0019
-0.0019
-0.0013
-0.0015

-0.0008

Linear aging effects**

Pan

<0.001

<0.001

<0.001

<0.001

0.0027

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

T

11.26

-3.57

818

12.37

=374

5.91

13.24

9.16

9.6l

-743

13.58

-29.86

-19.67

-25.48

-1458

Cohen's

d

0.14

-0.04

0.1

0.15

-0.05

0.07

0.17

011

-0.12

-0.09

0.17

-0.37

-0.25

-0.32

-0.18

* The distribution of all Fisher’s z-transformed Spearman correlation coefficients (Rho) regarding a specific neurotransmitter system were
all significantly (one-sample t-test, Pzx<0.0001) different from a null-distribution.

Sex differences™*

**Aging effects and sex differences based on linear regression and comparison (t-test, alpha=0.05), respectively, between men and women
in individual Fisher’s z-transformed Spearman correlation coefficients.
Psu: Bonferroni-Holm corrected P-value

20

Pen

<0.001

0.0069

<0.001

<0.001

0.0035

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001



Supplementary Table 12: Co-localization strength of LCOR with neurotransmitter systems and the effects of

age and sex — before atrophy correction.

Neurotransmitter system

5-HTla
5-HTIb
5-HT2a
5-HT4
5-HT6
A4R2
cBl

DI

D2
DAT
GABAa
H3

MI

M

NET
NMDA
SERT
VAChT

mGIuRS

Co-localization strength*

Median

rho

0.29

0.03

-0.25

-0.26

-0.43

-0.39

0.49

-0.21

0.22

-051

0.59

0.15

-0.29

-0.33

0.38

IQR
rho
0.1

011

0.11
0.1

0.12
0.1

0.13

0.14

0.13

0.16

0.09

0.16

0.11

0.13

0.13

0.14

0.15

0.19

0.14

Mean
Fisher's
z(rho)
-0.31
033
0.2
-0.42
0.31
0.04
-0.25
-0.25
-0.46
-0.41

0.54

023
-0.54
0.67

0.15

-0.34

0.41

Pearson r

0.12

0.13

-0.06

0.06

0.07

-0.08

-0.11

-0.06

-0.06

0.05

0.02

-0.11

-02

-0.21

-0.17

-0.04

Slope

0.0015

0.0015

-0.0008
0.0007
0.0009

-0.0013

-0.0018

-0.0037

-0.0007
-0.001
0.0006
0.0004
-0.002

-0.0029

-0.0033

-0.0035

-0.0008

Linear aging effects**

Pan

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.0071

<0.001

<0.001

<0.001

<0.001

<0.001

T

578

9.1

5.99

-3.68

7.17

-6.78

-10.78

77

79

-2375

-125

-15.87

-14.03

-3.3

Cohen's
d

0.07

0.1l

0.07

-0.05

0.09

-0.08

-0.14

0.1

0.1

-0.3

-0.16

-02

-0.18

-0.04

Sex differences™*

* The distribution of all Fisher’s z-transformed Spearman correlation coefficients (Rho) regarding a specific neurotransmitter system were
all significantly (one-sample t-test, Pex<0.0001) different from a null-distribution. IQR: Interquartile range of Spearman correlation

coefficients.

**Aging effects and sex differences based on linear regression and comparison (t-test, alpha=0.05), respectively, between men and women
in individual Fisher’s z-transformed Spearman correlation coefficients.
Pex: Bonferroni-Holm corrected P-value

21

Pen

<0.001

<0.001

<0.001

0.0045

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

00183



Supplementary Table 13: Co-localization strength of GCOR with neurotransmitter systems and the effects of

age and sex — before atrophy correction.

Neurotransmitter system

5-HTla
5-HTIb
5-HT2a
5-HT4
5-HT6
A4R2
cel

DI

D2
DAT
GABAa
H3

MI

M

NET
NMDA
SERT
VACKT

mGIuRS

Co-localization strength*

Median

rho

-0.24

0.14

(2]

-0.28

0.19

0.08

-0.26

-0.29

-0.23

0.3l

-0.17

0.09

-0.36

05

0.16

-0.17

-0.15

0.27

IQR
rho
021
0.16
0.17
0.16
0.19
02

0.22
022
0.21
022
0.16
028
0.14
025
023
0.19
0.18
028

027

Mean
Fisher's
z(rho)
-0.24
0.14
0.1
-0.28
019
0.08

-0.25

-0.29
-0.23
0.32
-0.17
0.09
-0.37
053
0.16
-0.18
-0.15

0.28

Linear aging effects**

Pearson r

0.09

0.02

-0.05

-0.04

-0.07

-0.07

-0.04

-0.04

0.06

-0.11

-0.07

-0.08

-0.12

-0.09

Slope

-0.0023
0.0015

0.0003

-0.001

-0.0009

-0.0016
-0.0015
-0.0007
-0.0012

0.0009

-0.0032
-0.0013
-0.0014
-0.0032

-0.0025

Pen

<0.001

<0.001

0.0405

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

921

-11.82

-15.69

-9.82

-7.96

-9.41

861

-14.42

-10.8

-7.28

-19.34

-11.4

-8.72

=121

-18.49

Cohen's

d

-0.12

-0.15

-02

-0.12

-0.12

-0.11

-0.18

-0.14

-0.09

-0.24

-0.14

-0.11

-0.14

-0.23

Sex differences™*

* The distribution of all Fisher’s z-transformed Spearman correlation coefficients (Rho) regarding a specific neurotransmitter system were
all significantly (one-sample t-test, Pex<0.0001) different from a null-distribution. IQR: Interquartile range of Spearman correlation

coefficients.

**Aging effects and sex differences based on linear regression and comparison (t-test, alpha=0.05), respectively, between men and women
in individual Fisher’s z-transformed Spearman correlation coefficients.
. Pe: Bonferroni-Holm corrected P-value

22

Pen

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001



Supplementary Table 14: Co-localization strength of FALFF with neurotransmitter systems and the effects of

age and sex — afier atrophy correction.

Neurotransmitter system

5-HTla
5-HTIb
5-HT2a
5-HT4
5-HT6
A4R2
cBl

DI

D2
DAT
GABAa
H3

MI

M

NET
NMDA
SERT
VAChT

mGIuRS

Co-localization strength*

Median

rho

-0.21

0.43

04

-0.29

0.26

0.1

-0.14

-0.42

-0.47

-0.68

04

-0.28

0.33

0.51

-0.13

-0.56

03

IQR
rho
0.09
0.07
0.09
0.09
0.08
0.1
0.14
0.08
0.08
0.06
0.07
0.11
0.07
0.13
0.12
0.07
0.06
0.1

0.1

Mean
Fisher's
z(rho)
=02
0.46
0.42
-0.29
0.27
011
-0.13
-0.44
-0.51
-0.82
0.43
-0.27
0.34
-0.53
0.57
-0.13
-0.54
-0.63

0.32

Pearson r

0.1

0.08

0.07

-0.04

0.08

0.06

0.05

-0.04

-0.03

0.09

-0.11

-0.13

-0.14

-0.04

0.02

Slope

0.001

0.0007
0.0007

-0.0003

0.0011

0.0006
0.0005
-0.0005

-0.0003

0.0016
-0.0016
-0.001
-0.0012
-0.0006

0.0002

Linear aging effects**

Pan

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.0218

T

11.86

891

1328

-4.02

6.24

13.85

853

-10.8l

-8.64

14.11

-30.12

-20.97

-2631

-14.69

Cohen's
d

0.15

0.1l

0.17

-0.05

0.08

0.17

011

-0.14

-0.11

0.18

-0.38

-0.26

-0.33

-0.18

* The distribution of all Fisher’s z-transformed Spearman correlation coefficients (Rho) regarding a specific neurotransmitter system were
all significantly (one-sample t-test, Pex<0.0001) different from a null-distribution. IQR: Interquartile range of Spearman correlation

coefficients.

Sex differences™*

**Aging effects and sex differences based on linear regression and comparison (t-test, alpha=0.05), respectively, between men and women
in individual Fisher’s z-transformed Spearman correlation coefficients.
Pex: Bonferroni-Holm corrected P-value

23

Pen

<0.0001

<0.0001

<0.0001

0.0011

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001



Supplementary Table 15: Co-localization strength of LCOR with neurotransmitter systems and the effects of

age and sex — afier atrophy correction.

Neurotransmitter system

5-HTla
5-HTIb
5-HT2a
5-HT4
5-HT6
A4R2
cBl

DI

D2
DAT
GABAa
H3

MI

M

NET
NMDA
SERT
VAChT

mGIuRS

Co-localization strength*

Median

rho

0.29

0.04

-0.25

-0.26

-0.43

-0.39

0.49

-0.21

0.22

-051

0.59

0.15

-0.29

-0.33

0.38

IQR
rho
0.1

011

0.11
0.1

0.12
0.1

0.13

0.14

0.13

0.16

0.09

0.16

0.11

0.13

0.12

0.14

0.15

0.19

0.14

Mean
Fisher's
z(rho)
-0.31
033
0.2
-0.42
0.31
0.04
-0.25
-0.25
-0.46
-0.41

0.54

023
-0.54
0.67

0.15

-0.34

0.41

Pearson r

0.1

0.12

-0.05

0.06

0.06

-0.07

-0.09

-0.17

-0.04

-0.05

0.06

0.02

0.1

-0.18

-0.19

-0.15

-0.03

Slope

0.0013

0.0014

-0.0006
0.0006
0.0009
-0.001

-0.0015

-0.0032

-0.0005

-0.0008
0.0007
0.0003

-0.0017

-0.0026
-0.003

-0.0032

-0.0005

Linear aging effects**

Pan

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.041

<0.0001

<0.0001

<0.0001

<0.0001

0.0001

T

6.45

9.47

6.14

-3.92

315

721

-7.34

-11.62

7.82

7.89

-23.99

-133

-l16.56

-1451

-3.83

Cohen's
d

0.08

0.12

0.08

-0.05

0.04

0.09

-0.09

-0.15

0.1

0.1

-0.3

-0.17

-0.21

-0.18

-0.05

* The distribution of all Fisher’s z-transformed Spearman correlation coefficients (Rho) regarding a specific neurotransmitter system were
all significantly (one-sample t-test, Pex<0.0001) different from a null-distribution. IQR: Interquartile range of Spearman correlation

coefficients.

Sex differences™*

**Aging effects and sex differences based on linear regression and comparison (t-test, alpha=0.05), respectively, between men and women
in individual Fisher’s z-transformed Spearman correlation coefficients.
Pex: Bonferroni-Holm corrected P-value
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Pen

<0.0001
<0.0001
<0.0001
0.0017
00312

<0.0001

<0.0001

<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.0025



Supplementary Table 16: Co-localization strength of GCOR with neurotransmitter systems and the effects of

age and sex — afier atrophy correction.

Neurotransmitter system

5-HTla
5-HTIb
5-HT2a
5-HT4
5-HT6
A4R2
cBl

DI

D2
DAT
GABAa
H3

MI

M

NET
NMDA
SERT
VAChT

mGIuRS

Co-localization strength*

Median

rho

-0.24

0.14

0.l

-0.28

0.19

0.08

-0.26

-0.29

-0.23

0.31

-0.17

0.09

-0.37

05

0.16

-0.17

-0.15

0.27

IQR
rho
0.21
016
0.17
0.16
0.19
02

022
022
021
022
016
0.28
0.14
0.25
023
0.19
018
028

0.27

Mean
Fisher's
z(rho)
-0.24
0.14
0.1
-0.28
0.19
0.08

-0.25

-0.23
0.32
-0.17
0.09
-0.37
0.53
0.16
-0.18
-0.15

0.28

Linear aging effects**

Pearson r

0.08

-0.04

-0.04

-0.06

-0.05

-0.02

-0.04

0.07

-0.05

-0.06

0.1

-0.08

Slope

-0.0021

0.0013

-0.0007

-0.0009

-0.0014

-0.0011

-0.0004
-0.001

0.0009

-0.0028
-0.0008
-0.0011
-0.0028

-0.002

Pan

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.02

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

T

-9.63

-11.41

-lé.16

-9.96

-9.43

-15.39

-11.03

-7.33

-19.76

-1225

-9.47

-11.69

-19.23

Cohen's

d

-0.12

-0.14

-02

-0.12

-0.11

-0.12

-0.12

-0.19

-0.14

-0.09

-0.25

-0.15

-0.12

-0.15

-0.24

Sex differences™*

* The distribution of all Fisher’s z-transformed Spearman correlation coefficients (Rho) regarding a specific neurotransmitter system were
all significantly (one-sample t-test, Pex<0.0001) different from a null-distribution. IQR: Interquartile range of Spearman correlation

coefficients.

**Aging effects and sex differences based on linear regression and comparison (t-test, alpha=0.05), respectively, between men and women
in individual Fisher’s z-transformed Spearman correlation coefficients.
Pex: Bonferroni-Holm corrected P-value

25

Pen

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001



Supplementary Table 17: Statistical key figures of the White- and Goldfeld-Quandt-test for heteroskedasticity
in the co-localizations (Fisher’s z-transformed Spearman correlation coefficients) — before atrophy correction.

Neurotrans-
mitter system

5-HTla
5-HTIb
5-HT2a
5-HT4
5-HTe
A4B2
CBI

DI

D2
DAT
GABAa
H3

MI
p-opioid
NET
NMDA
SERT
VAChT

mGIuRS

White-test

fALFF

F

13.43

4.01

4.66

14.68

1.03

113

4.63

16.01

19.55

14.98

13.53

0.45

4.1

13.24

242

0.13

37.62

10.91

pFDR

<0.0001
0.025
0.015
<0.0001
040
0.38
0.015
<0.0001
<0.0001
<0.0001
0.004
<0.0001
0.67
0.02
<0.0001
0.1
0.88
<0.0001

<0.0001

LCOR

278

2.79

7.46

28.91

7.88

2.64

79

452

16.12

13.47

11.34

16.36

4.78

313

50.27

17.32

14.51

18.68

25.01

pFDR

0.07
0.07
0.0008
<0.0001
0.0006
0.07
0.0006
0.014
<0.0001
<0.0001
<0.0001|
<0.0001
0.011
0.052
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001

GCOR

23.07

481

0.49

.16

476

22.04

6.66

1.79

0.22

127

1.95

0.44

10.46

29.49

9.07

751

497

0.59

729

Bold numbers highlight significant results. F: F-statitstic.

pFDR

<0.0001
0.015
0.68
0.40
0.015
<0.0001
0.003
0.24
0.80
038
0.22
0.68
0.0001
<0.0001
0.0004
0.002
0.015
0.66

0.002

Goldfeld-Quandt-test

fALFF

F

0.95

1.06

1.14

1.04

1.03

1.09

pFDR

6.5E-07
0.99
0.025

<0.0001

0.027
<0.0001
<0.0001
<0.0001
0.06
<0.0001
0.13

<0.0001

<0.0001

<0.0001

LCOR

F

1.05

1.08

1.08

1.06

pFDR

0.022
<0.0001
0.0003
0.0003
0.003
<0.0001
<0.0001
<0.0001|
<0.0001
0.07
<0.0001
<0.0001
0.002
<0.0001

<0.0001

GCOR

F

0.88

1.06

1.05

0.86

0.92

110

0.86

1.09

1.06

1.05

1.05

26

<0.0001

0.0004

0.013

0.020

0.020



Supplementary Table 18: Statistical key figures of the White- and Goldfeld-Quandt-test for heteroskedasticity

in the co-localizations (Fisher’s z-transformed Spearman correlation coefficients) — after atrophy correction.

Neurotrans-mitter
system

5-HTla
5-HTIb
5-HT2a
5-HT4
5-HTe
A4B2
CBI

DI

D2
DAT
GABAa
H3

MI
p-opioid
NET
NMDA
SERT
VAChT

mGIuRS

White-test

fALFF

F

11.59

3.77

4.9

12.72

0.77

1.05

3.95

13.64

17.44

15.27

5.54

1.57

0.34

3.46

10.95

2.62

0.06

35.68

11.86

pFDR

<0.0001
0.034
0.013
<0.0001
0.52
0.42
0.030
<0.0001
<0.0001
<0.0001
0.007
<0.0001
0.75
0.042
<0.0001
0.09
0.94
<0.0001

<0.0001

LCOR

F

216

312

6.59

23.09

6.29

16l

6.89

3.31

12.64

9.5

8.0l

14.99

3.64

3.04

37.38

12.42

10.68

15.35

22.69

pFDR

0.12
0.053
0.002
<0.0001
0.003
020
0.002
0.046
<0.0001
0.0002
0.0006
<0.0001
0.036
0.054
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001

GCOR

26.28

36

0.8

049

267

25.34

7.28

083

078

041

033

04

7.87

29.43

5.24

4

292

0.94

4.03

Bold numbers highlight significant results. F: F-statitstic.

pFDR

<0.0001
0.058
0.83
0.74
0.12
<0.0001
0.003
0.63
0.63
0.75
0.76
0.75
0.002
<0.0001
0.017
0.044
0.10
0.62

0.044

Goldfeld-Quandt-test

fALFF

F

0.95

1.07

1.14

1.03

1.09

1.02

1.08

pFDR

<0.0001
0.99
0.001

<0.0001

0.042
<0.0001
<0.0001
<0.0001
0.07

<0.0001

0.18

0.0002

<0.0001

<0.0001

LCOR

F

1.04

.14

1.07

1.05

1.12

1.02

1.19

1.09

1.17

pFDR

0.051
<0.0001
0.001
0.001
0012
<0.0001
0.001
0.0002
<0.0001
0.13
<0.0001
0.0004
0018
<0.0001

<0.0001

GCOR

F

0.87

0.85

0.92

0.86

1.06

1.04

1.03

27

pFDR

0.13



Supplementary Table 19: Deviation scores of subjects with manifest PD compared to normative models —

before atrophy correction.

Neurotransmitter system
5-HTla
5-HTIb
5-HT2a
5-HT4
5-HTs&
A4B2
CBI

[»]}

D2
DAT
GABAa
H3

MI

Mu
NET
NMDA
SERT
VAChT

mGIuRS

fALFF

Median Z

-0.13

-0.4

-0.26

-0.16

-0.47

-0.07

-0.21

0.03

-0.39

-0.52

-0.25

-0.56

-0.26

-0.18

-0.09

-0.25

-023

-0.43

Pror.

0.4435

0.0043

0.1052

09167

0.0043

09167

0.4435

0.6035

0.3857

0.4435

0.0089

0.0805

0.0031

0.3275

0.2474

09167

0.9167

03319

0.0061

LCOR

Median Z

0.07

-0.29

-0.08

-0.39

013

-0.28

-0.29

-0.56

-0.45

-0.5

-0.3

-0.17

-0.27

=0.46

-0.38

-0.41

-0.26

-0.43

Pror

0.797

0.0478

0.7309

0.2989

0.0056

0.2677

0.1216

0.0056

0.0021

0.0212

<0.0001

0.0245

0.1156

0.2523

0.0011

0.0021

0.0772

0.0478

0.0023

GCOR

Median Z

0.01

-0.29

-0.01

-0.22

-0.51

-0.19

-0.18

-0.43

-0.45

-0.37

-0.64

-0.29

-0.52

-0.37

-0.22

-0.33

Pror

0.775

0.0163

0.5572

0.2844

0.0001

0.3655

0.139

0.0019

0.0005

0.0019

0.0306

0.0005

05121

0.0306

0.0005

0.0337

0.1279

0.0005

Bold numbers highlight significant correlations. Median Z: Median deviation score of all subjects with manifest

Parkinson’s disease



Supplementary Table 20: Deviation scores of subjects with manifest PD compared to normative models — after

atrophy correction.

Neurotransmitter system

5-HTla

5-HTIb

5-HT2a

5-HT4

5-HTé

A4B2

CBI

[a]}

D2

DAT

GABAa

H3

Mi

Mu

NET

NMDA

SERT

VAChT

mGIuR5

fALFF

Median Z

-0.18

-0.38

-0.21

-0.2

-0.45

-0.09

022

0.17

o

-0.31

-0.58

-0.29

-0.59

-0.26

-0.13

-0.09

-0.25

-0.19

-0.42

Pror.

0.3879

0.0052

0.101

0.9584

0.0058

0.9584

0.3805

0.7212

0.3805

0.4792

0.0128

0.0753

0.0032

0.3115

0.3805

0.962

0.9584

0.3805

0.0058

LCOR

Median Z

0.05

-0.31

-0.01

-0.11

-0.41

013

-0.29

-0.38

-0.52

-0.47

-0.48

-0.31

-0.21

-0.29

-0.48

-0.35

-0.41

-0.24

-0.39

Pror

0.8283

0.0512

0.729

0.299

0.0066

0.2565

0.1182

0.0066

0.0023

0.0244

0.0001

0.0256

0.1203

0.2242

0.0012

0.0023

0.0813

00512

0.0027

GCOR

Median Z

0.01

-0.38

-0.01

-0.22

-0.43

-0.16

-0.24

-0.49

-0.47

-0.26

-0.29

-0.46

-0.35

-0.22

-0.3

Pror

0.803

0.0137

0.5539

0.3222

0.0001

0.3484

0.123

0.002

0.0007

0.014

0.002

0.0347

0.0006

0.4845

0.0347

0.0006

0.043

0.1384

0.0007

Bold numbers highlight significant correlations. Median Z: Median deviation score of all subjects with manifest

Parkinson’s disease



Supplementary Table 21: Correlation between deviation scores and reported disease duration in subjects with
manifest PD — before atrophy correction.

fALFF LCOR GCOR

Neurotransmitter system Pearson r Pror. Pearson r Pror Pearson r Pror
5-HTla - - - - - -
5-HTIb -0.16 0.3969 -02 0.6141 -0.13 0.9659
5-HT2a - - - - - -
5-HT4 - - - - - -
5-HTe -0.06 0.7e4! 0.1 0.7756 -0.03 0. 9659
A4B2 - - - - - =
CBl - - - - - "
[»]] - - 0.16 0.6141 -0.07 0. 9659
D2 - - -0.03 09121 0.02 0. 9659
DAT - - -0.01 0.9121 -0.02 0. 9659
GABAa -0.16 0. 3969 -0.38 0.0317 -0.11 0. 9659
H3 - - -0.02 0.9121 0.0l 0. 9659
Mi -0.22 0. 3969 - - -0.21 0. 9659
Mu - - - - - -
NET - - 0.13 0.7508 0.02 0. 9659
NMDA - - -0.02 09121 -0.06 0. 9659
SERT - - - - 0.07 0. 9659
VAChT - - 018 0.6141 - -
mGIluR5 0.04 0. 7641 -0.09 08153 0.01 0. 9659

Bold numbers highlight significant correlations. Empty cells indicate pairs of functional measure and
neurotransmitter system whose co-localization in PD was not significantly different from the norm



Supplementary Table 22: Correlation between deviation scores and reported disease duration in subjects with
manifest PD — after atrophy correction.

fALFF LCOR GCOR

Neurotransmitter system Pearson r Pror. Pearson r Pror Pearson r Pror
5-HTla - - - - - -
5-HTIb -0.14 0.4986 - - -0.12 0.9744
5-HT2a - - - - - -
5-HT4 - - - - - -
5-HTe -0.05 0.7495 -0.09 0.9335 -0.03 0. 9744
A4B2 - - - - - .
CBl - - - - - -
[»]] - - 0.16 0.9335 -0.07 0. 9744
D2 - - -0.02 0.9335 0.03 0. 9744
DAT - - -0.02 0.9335 -0.02 0.9744
GABAa -0.16 0. 4986 -0.38 0.0295 -0.10 0. 9744
H3 - - -0.01 0.9335 0.004 0. 9744
Mi -0.20 0. 4986 - - -0.20 0. 9744
Mu - - - - - -
NET - - 0.13 0.9335 0.02 0.9744
NMDA - - -0.02 0.9335 -0.06 0. 9744
SERT - - - - 0.07 0. 9744
VAChT - - - - - -
mGIluR5 0.04 0. 7495 -0.08 0.9335 0.01 0. 9744

Bold numbers highlight significant correlations. Empty cells indicate pairs of functional measure and
neurotransmitter system whose co-localization in PD was not significantly different from the norm



Supplementary Table 23: Correlation between deviation scores and cognitive scores in subjects with mamifest

PD — fALFF, before atrophy correction.

fALFF Fluid
intelligence
(DF: 2001 6)
Neurotransmitter Pror
system
S5-HTIb -003 096
5-HTé -0.02 0.96
GABAa -0.18 0.75
Mi -0.16 075
mGluRS -0.13 0.75

Numeric
memory

(DF: 4282)

r Peor
-0.11 084
-0.13 082
-035 054
<011 084
-026 075

Associated
learning

(DF: 20197)
r Pror
003 096
-005 096
0.04 0.96
015 075
-002 0.9

Prospective
memory
(DF: 20018)
r Pror
035 054
=005 0.96
1] 0.98
0.13 0.75
-0.1 0.84

Reaction
time

(DF: 20023)
r Pror
0.07 092
0.13 0.75
021 0.75
-001 096
0.17 0.75

Symbol digit

modality test
(DF: 23324)

r Pror
-021 075
-0.19 075
-0.05 096
-0.18 075
-025 075

Trail making
test, AN

(DF: 6350)

r Pror
0.08 092
0.21 0.75
0.26 0.75
0.09 0.91
0.25 0.75

DF: Datafield of cognitive score (instance 2: imaging visit) used for correlation analysis (cf https://biobank ndph ox ac. uk/showcase/)
AN Trail making test, alphanumeric path

w
2



Supplementary Table 24: Correlation between deviation scores and cognitive scores in subjects with manifest
PD - fALFF, after atrophy correction.

fALFF

Neurotransmitter
system

5-HTIb
5-HTé6
GABAa
Mi

mGIuR5

Fluid
intelligence
(DF: 20016)
r Peor
-002 098
-0.03 0.98
-0.21 07
-0.18 07
-0.13 0.74

Numeric
memory

(DF: 4282)

r Peor
-0.12 079
-0.15 074
-032 07
-0.11 08l
-0.24 0.7

Associated
learning
(DF: 20197)
r Peor
003 098
-0.09 083
0.0l 0.98
0.14 074
0 0.98

Prospective
memory
(DF: 20018)
r Peor
034 057
-0.01 0.98
004 098
012 074
-0.11 0.79

Reaction
time

(DF: 20023)
r Pror
0.08 083
0.16 07
023 07
002 098
0.14 0.74

Symbol digit

modality test
(DF: 23324)

r Peor
-021 07
=02 0.7
-0.09 083
-0.18 07
-0.23 0.7

Trail making
test, AN
(DF: 6350)

r Peor
0.07 0.9
0.19 07
0.27 07
0.11 0.8l
0.23 07

DF: Datafield of cognitive score (instance 2: imaging visit) used for correlation analysis (cf https://biobank ndph.ox ac.uk/showcase/)
AN: Trail making test, alphanumeric path.

Supplementary Table 25: Correlation between deviation scores and cognitive scores in subjects with manifest
PD - LCOR, before atrophy correction.

LCOR

Neurotransmitter
system

5-HTIb
5-HTé
DI

D2
DAT
GABAa
H3
NET
NMDA
VAChT

mGIuR5

Fluid
intelligence
(DF: 2001 6)
r Pror
-0.06 099
0.04 0.99
0.13 0.99
-0.03 0.99
0.14 0.99
0.03 0.99
0.05 0.99
-0.2 0.99
0.16 0.99
0.1l 0.99
-003 099

Numeric
memory
(DF: 4282)
r Pror
-0.01 099
0 0.99
-0.19 099
-0.01 0.99
-0.31 0.99
-0.16 099
-022 099
02 099
=025 099
-036 099
-0.17 099

Associated
learning

(DF: 20197)
r Pror
0.19 099
0.05 0.99
007 099
0.04 0.99
-022 099
0.07 099
0.06 0.99
-022 099
<023 099
-025 099
003 099

Prospective
memory
(DF: 20018)
r Pror
002 099
0.03 0.99
004 099
-0.04 099
-0.01 0.99
0.19 099
0.12 0.99
-0.04 099
006 099
-0.03 099
009 099

Reaction
time
(DF: 20023)
r Pror
-0.1 0.99
0.02 0.99
0.07 099
0.18 0.99
0.08 0.99
0.13 099
0.02 0.99
028 099
0.13 0.99
0.0l 0.99
0.1 0.99

Symbol digit
modality test
(DF: 23324)
r Pror
-0.15 099
-0.17 099
-0.13 099
-0.1 0.99
0 0.99
-0.04 099
-0.17 099
-024 099
-0.07 099
-0.04 099
02 099

Trail making
test, AN

(DF: 6350)

r Pror
0.14 099
0.0l 099
0.06 099
-0.03 099
-0.09 099
0.03 099
0.07 099
-0.1 099
-0.13 099
002 099
0.12 099

DF: Datafield of cognitive score (instance 2: imaging visit) used for correlation analysis (cf https://biobank. ndph.ox ac.uk/showcase/)
AN: Trail making test, alphanumeric path.
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Supplementary Table 26: Correlation between deviation scores and cognitive scores in subjects with manifest
PD - LCOR, after atrophy correction.

LCOR

Neurotransmitter
system

5-HTIb
5-HTé6
DI

D2
DAT
GABAa
H3
NET
NMDA
VAChT

mGIuR5

DF: Datafield of cognitive score (instance 2: imaging visit) used for correlation analysis (cf https://biobank. ndph.ox ac.uk/showcase/)

Fluid
intelligence
(DF: 20016)

r Peor
-0.07 099
0.02 0.99
0.13 0.99
-0.03 099
0.15 0.99
0.03 0.99
0.04 0.99
-0.19 099
0.16 099
0.11 0.99
-0.03 099

Numeric
memory
(DF: 4282)
r Pror
-0.01 099
0 099
-02 099
-0.02 099
-0.29 099
-0.14 099
=0.21 099
-0.21 099
-0.24 099
-0.34 099
-0.15 099

AN: Trail making test, alphanumeric path.

Associated
learning
(DF: 20197)
r Pror
0.19 099
0.06 0.99
007 099
007 099
-0.21 0.99
0.1 0.99
0.08 0.99
-02 099
-022 099
-0.24 099
004 099

Prospective
memory
(DF: 20018)
r Pror
001 099
0.03 0.99
005 099
-0.02 099
-0.01 0.99
02 0.99
0.12 0.99
-0.04 099
005 099
-0.02 099
olrr 099

Reaction
time

(DF: 20023)
r Peor
-009 099
0.04 0.99
007 099
0.21 0.99
0.09 0.99
017 099
0.04 0.99
027 099
0.15 099
002 099
0.13 099

Symbol digit

modality test
(DF: 23324)

r Pror
-0.15 099
-0.19 099
0.1 099
009 099
-0.01 0.99
005 099
-0.19 099
024 099
008 0.99
004 099
021 099

Trail making
test, AN
(DF: 6350)
r Peor.
0.13 099
0.03 0.99
0.05 0.99
<005 099
-0.11 0.99
0 0.99
0.09 0.99
-0.11 0.99
<012 099
-0.02 099
0.13 0.99
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Supplementary Table 27: Correlation between deviation scores and cognitive scores in subjects with manifest
PD - GCOR, before atrophy correction.

GCOR

Neurotransmitter
system

5-HTIb
5-HTé6
DI

D2
DAT
GABAa
H3

Mi
NET
NMDA
SERT

mGIuR5

Fluid
intelligence
(DF: 20016)

r Pror
-038 044
-0.27 0.63
004 095
-0.06 095
0.11 0.95
-0.17 0.8
-0.09 0.95
-0.09 095
-0.15 091
0.12 095
0.12 0.95
-0.19 076

Numeric
memory
(DF: 4282)

r Pror
-024 0.63
-027 0.63
-026  0.63
012 095
-0.16 091
-039 044
<024 0.63
001 098
-023  0.69
-024  0.63
-027  0.63
-027 0.63

Associated
learning
(DF: 20197)
r Pror
-004 095
-0.1 095
016 09I
026 063
0.06 095
-026 063
003 095
0.19 08
-044 044
-028 063
005 095
-009 095

Prospective
memory
(DF: 20018)
r Peor
-0.06 095
0.04 0.95
0.04 095
0.08 095
-0.03 095
-0.14 091
o1l 0.95
-0.04 095
-0.02 095
-0.06 095
0.04 095
o1l 095

Reaction
time
(DF: 20023)
r Peor
004 095
0.14 091
-002 095
002 095
0.06 0.95
005 095
0 0.99
-005 095
026 063
0.1 0.95
0.11 0.95
0.05 0.95

Symbol digit

modality test
(DF: 23324)

r Peor
-0.14 095
-0.31 063
-0.02 096
-0.03 095
0.02 0.95
-0.05 095
-0.2 076
008 095
-022 069
-0.03 095
002 095
-0.21 0.75

Trail making
test, AN
(DF: 6350)
r Peor
035 055
037 047
015 095
-0.09 095
0.0l 0.96
oIl 095
026 063
-0.03 095
02 08
oIl 095
-0.09 095
026 063

DF: Datafield of cognitive score (instance 2: imaging visit) used for correlation analysis (cf https://biobank ndph.ox ac.uk/showcase/)
AN: Trail making test, alphanumeric path.
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Supplementary Table 28: Correlation between deviation scores and cognitive scores in subjects with manifest
PD - GCOR, dfier atrophy correction.

GCOR

Neurotransmitter
system

5-HTIb

5-HTé

DI

D2

DAT

GABAa

H3

Mi

NET

NMDA

SERT

mGIuR5

Fluid
intelligence
(DF: 20016)
r Peor
-037 032
-0.29 0.62
0.03 0.99
-0.05 099
0.1 0.94
-0.18 074
=0.11 0.94
-0.12 0.9
-0.17 077
008 097
0.11 0.91
-0.19 0.72

Numeric
memory
(DF: 4282)
r Peor
-026 066
=025 066
-025 0.6
015 083
-0.14 083
-037 047
024 066
0 0.99
-023 067
-025  0.66
-022 067
-026 066

Associated
learning

(DF: 20197)
r Peor
-0.05 099
=0.11 094
0.19 077
028 066
0.05 099
-025 066
0.02 099
018 077
-044 032
-025 066
009 097
-0.09 097

Prospective
memory
(DF: 20018)
r Pror
-0.06 099
0.0l 099
0.04 099
008 097
-0.03 099
-0.16 077
0.1l 091
-0.05 099
-0.01 099
-0.06 099
0.04 099
0.l 094

Reaction
time
(DF: 20023)
r Pror
002 099
0.14 0.82
0 0.99
002 099
0.07 0.98
006 099
001 0.99
-0.02 099
025 066
013 083
0.15 08l
0.04 0.99

Symbol digit
modality test
(DF: 23324)
r Pror
-0.15 083
-0.34 056
-0.03  0.99
-0.03 099
0 0.99
-0.07 099
-0.21 074
006 099
-0.23  0.67
-0.06  0.99
003 099
-0.22  0.67

Trail making
test, AN

(DF: 6350)

r Pror
036 052
0.41 0.32
0.17 0.8l
-0.1 0.97
0.03 0.99
0.13 0.9
0.27 0.66
0.02 0.99
0.19 0.77
0.17 0.8l
009 097
0.27 0.66

DF: Datafield of cognitive score (instance 2: imaging visit) used for correlation analysis (cf https://biobank ndph.ox ac.uk/showcase/)
AN: Trail making test, alphanumeric path.
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Supplementary Table 29: Statistics on the correlation of effect sizes (Cohen’s d) in fALFF, LCOR, and GCOR
between PD and HCmatched and the regional contributions (Ap?) — before airophy correction. This analysis was
performed only for the pairs of brain measure and neurotransmitter system in which PD deviated significantly

from the norm.

Neurotransmitter map
5-HTIb
5-HTeé
[»]]

D2
DAT
GABAa
H3

Mi
NET
NMDA
SERT
VAChT

mGIuRS

Bold numbers highlight significant correlation between effect sizes and regional contribution

fALFF

Pearson r

0.02

0.11

0.10

Prox

0.80

0.48

0.57

0.21

0.48

LCOR
Pearson r
|r|<0.01
0.12

0.05
-0.06
0.16

0.14

-0.09

0.14

0.37

-0.04

-0.28

Pror.

098

0.34

072

0.68

028

028

055

028

0.0003

072

0.013

GCOR
Pearson r
-0.1
0.15
|r|<0.01
-0.05
0.14
0.06
-0.02
=011
011
0.44

020

0.28

Pror

042

0.31

0.97

0.69

031

0.69

091

0.39

039

<0.0001

0.1l

0.014
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Supplementary Table 30: Statistics on the correlation of effect sizes (Cohen’s d) in fALFF, LCOR, and GCOR
between PD and HCmatched and the regional contributions (Ap?®) — after atrophy correction. This analysis was
performed only for the pairs of brain measure and neurotransmitter system in which PD deviated significantly

from the norm.

Neurotransmitter map
5-HTIb
5-HTeé
[»]]

D2
DAT
GABAa
H3

Mi
NET
NMDA
SERT
VAChT

mGIuRS

Bold numbers highlight significant correlation between effect sizes and regional contribution

fALFF

Pearson r

0.02

0.12

-0.09

Prox

0.80

0.49

0.48

LCOR

Pearson r

0.10

0.06

-0.07

0.17

0.06

-0.08

0.12

0.35

-0.28

Pror.

048

0.52

0.52

020

0.52

052

044

0.0009

0.0092

GCOR
Pearson r
-0.13
0.25
0.01
-0.06
0.14
0.12
|r|<0.01
-0.08
0.14
0.42

020

022

Pror:

027

0.04

0.98

0.63

0.27

031

098

0.50

027

<0.0001

0.10

0.06
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Supplementary Table 31: Statistics on regional differences in fALFF, LCOR, and GCOR between PD and
HCmatched assessed using the Mann-Whitney-U test — before atrophy correction.

fALFF LCOR GCOR
Left Right Left Right Left Right
Region u Pron u Pron u Pror u Prox u Pron U Pron
statistic statistic statistic statistic statistic statistic
Accumbens .64 0.4662 I 0.6261 4.1 0.0013 185 olzle 3.47 0.0087 2.56 0.0199
Caudate 218 03162 1.69 0.4662 312 o.0ll9 181 0.1302 3.95 0.0084 3.2 o.0101
Putamen 1.26 05564 055 08665 3.97 0.0017 2.66 0.0322 3.81 0.0084 311 o.0l0l
Pallidum 125 05564 0.09 0.996 3.4 0.0047 222 0.0622 263 0.0186 2.91 0.0l
Amygdala 0.67 08421 0.13 0.996 2.46 0.0475 089 04933 2.6 0.019 203 0.0509
Hippocampus 072 0.8345 -0.08 0.9%96 266 0.0322 093 04761 3.52 0.0087 2,13 0.0418
Ant Cing 0.96 07272 076 08139 1.96 0.0981 204 0.084 238 0.0289 2.75 0.0152
Gyrus
Mid Cing 07 0.8421 0.63 08421 1.23 03314 1.32 0.287 296 0.0106 3.03 o.0l01
Gyrus
Post Cing -0.16 0.9% -0.03 0.996 0.85 05198 056 0.6829 221 0.0372 2.55 0.0199
Gyrus
Parahip. -0.07 0.9% 087 07707 1.58 0.1947 1.52 02104 242 0.0267 2.6 0.0l9
Gyrus
Subeallosal 021 099% 024 0.9% 2123 00622 -0.35 08179 207 0.0467 048 063
Area
Thalamus 121 05573 066 08421 1.69 0.157 099 0.4458 276 0.015 23 0.0326
Basal 0.1S 0.99% 1.26 0.5564 2.4 0.0496 238 0.0504 2.1 0.0445 2.87 0.0121
Forebrain
Frontal Pole 0.37 0.9503 20.19 0596 051 07019 03 0.8449 078 0.4404 094 0.3558
Gyrus Rectus 043 09185 -0.08 0996 .08 04018 -0.07 09763 138 o185 2.58 0.0195
Frontal [E:]] 0.4662 1.51 04874 3.03 0.0134 221 0.0622 312 0.0101 2.56 0.0199
Operculum
Ant Orbital 1.39 05339 08 07994 262 0.0347 22 0.0622 293 0.0109 2.14 0.0409
Lat Orbital 1.57 0.4662 1.45 0.5282 3.04 0.0134 3.06 0.0133 3.06 0.0l01 2.84 0.0123
Med Orbital 0.79 0.7994 093 07346 224 0.0622 239 0.0496 175 0.0917 2.91 0.0l
Post Orbital 141 05339 1.24 05564 2n 0.0297 235 0.0532 261 0.019 2.34 0.03
Frontal (Inf 1.76 0.4662 249 0217 287 0.0202 252 0.043 266 0.0179 29 0.0112
Tri)
Frontal (Inf 1.76 0.4662 1.24 0.5564 243 0.0493 298 0.0147 235 0.0299 2.46 0.0241
Oper)
Frontal (Inf .67 0.4662 1.95 04647 261 0.0347 24 0.0496 314 0.0101 2.6 0.019
Orbit)
Frontal (Med) 133 05564 063 08421 2.5 0.0443 136 02773 223 0.0365 238 0.0289
Frontal (Mid) 0.99 0.7108 0.67 08421 1.51 02131 178 0.1351 255 0.0199 2.21 0.0372
Frontal (Sup 0.86 07707 117 0.5875 32 0.0554 225 0.0622 2223 0.0365 2.66 0.0179
med)
Frontal (Sup) -0.01 0.99% 0.5 0.996 027 08477 0.14 0.9356 215 0.0409 1.65 o.le7
SMA Lo 07ioe 052 08748 L 0.3891 082 05302 261 0.019 2.38 0.0289
Precentral -0.16 0.99% 029 0.9944 0.6 0.656 079 0.5442 133 0.1941 1.36 0.1859
(Med)
Precentral 0.64 08421 049 0894 1.34 02822 217 0.0654 2.36 0.0293 .51 0.0217
Postcentral 0.39 0.9402 0.18 0.996 .18 03473 064 0.6366 203 0.0509 1.25 02195
(Med)

Postcentral 057 0.8643 -0.14 0.996 123 03314 1.55 0.2033 228 0.0334 2.24 0.0365



Central
Operculum

Parietal
Operculum

Angular
Gyrus

Supramarginal
Parietal (Sup)
Precuneus
Insula (Ant)
Insula (Post)
Entorhinal

Fusiform
Gyrus

Temporal
(Inf)

Temporal
(Mid)

Temporal
(Sup)

Temporal
Pole
Transverse
temporal

Planum
Polare

Planum
Temporale

Calcarine
Fissure

Cuneus
Lingual Gyrus

Occipital
fusiform

Occipital (Inf)

Occipital
(Mid)

Occipital
(Sup)

Occipital Pole

Cerebellum
Exterior

Vermis |-V
Vermis VI-VII

Vermis VIII-X

267

228

=001

1.43

249

0.46

0.08

128

0.55

227

264

289

=157

-1.63

-093

=112

=139

-1.54

=171

=173

-0.35

-0.04

-0.01

0.1977

0.3092

0.8345

0.7457

0.5339

0217

0.9028

0.5564

0.8665

0.3092

0.1977

0.1977

0.4662

04662

0.7346

0.6261

05339

0.4786

0.4662

04662

0.99

307

079

099

032

1.34

1.76

0.01

02

1.74

2.07

277

-1.22

081

-1.28

=171

=159

046

03118

0.1977

0.7994

0.7108

0.8598

0.9797

0.5564

0.4662

0.996

0.996

08598

0.996

0.4662

03778

0.1977

05573

0.4662

0.9204

0.7994

0.5564

08421

0.4662

0.9028

246

267

1.87

276

372

171

220

021

052

068

102

0.003

0.003

0.0475

0.0322

01192

0.0622

0.0273

0.003

0.1513

00927

00622

00789

0.0634

01216

0.003

0.003

0.0044

08828

09763

09763

09582

09763

0.4458

06917

06021

0.1302

07002

06113

04354

4.43

034

3.44

1.38

3.61

3.46

0.06

079

07l

0.0028

0.001

0.0044

0.001

0.0824

00532

0.0493

0.013

0.7488

0.3402

0.8185

0.0622

0.0044

0.2682

0.003

0.0044

0.9763

08556

0.7493

0.5442

0.5947

0.4927

0.8477

04761

0.1372

2.97

3.48

3.26

L77

223

273

27

218

201

203

22

215

139

1.04

0.75

0.0l01

0.0104

00101

0.0087

0.0101

0.0101

0.0087

0.0101

0.088

0.0101

0.0365

0.0199

0.0101

0.0154

0.0101

0.0l01

0.0163

0.0387

0.0126

0.0651

0.0519

0.0509

0.0101

0.0372

02103

0.0409

01791

031

0.4562

2.85

344

2.16

2.93

2.31

0.0101

0.0123

0.0087

o0.0l01

0.0129

o.0l01

0.0104

0.0104

0.0302

0.0101

0.1456

o.0l01

0.0402

0.0109

0.0087

0.0199

0.0321

0.0179

0.0365

0.0293

0.0104

0.0154

01777

0.041

Bold numbers highlight regions with significant differences in a specific measure (fALFF, LCOR, or GCOR) between PD and the matched subgroup of HC.
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Supplementary Table 32: Statistics on regional differences in fALFF, LCOR, and GCOR between PD and

HCmatched assessed using the Mann-Whitney-U test — after atrophy correction.

Region

Accumbens
Caudate
Putamen
Pallidum
Amygdala
Hippocampus

Ant Cing
Gyrus

Mid Cing
Gyrus

Post Cing
Gyrus

Parahip.
Gyrus

Subeallosal

Forebrain
Frontal Pole
Gyrus Rectus

Frontal
Operculum

Ant Orbital
Lat Orbital

Med Orbital
Post Orbital

Frontal (Inf
Tri)

Frontal (Inf
Oper)

Frontal (Inf
Orbit)

Frontal (Med)
Frontal (Mid)

Frontal (Sup
med)

Frontal (Sup)
SMA

Precentral
(Med)

Precentral

Postcentral
(Med)

Postcentral

fALFF

Left

u
statistic

1.64

207

1.32

1.26

0.64

0.76

<019

-0.15

0.09

0.38

177

1.38

1.63

173

1.76

L7

1.36

0.84

0.0l

1.02

-0.19

Pron

04111
o4l
0.5456
05714
0.8632
0.8821

07393

0819l

0.9934

0.9934

09431
0943

04111

0.5419
0411l
0.8191
0.5419

0411l

o411l

04111

05419
0.7401

0.7973

0.9934
0.7021

0.9934

0882|

0.9582

08821

Right

u
statistic

0.65

08

191

058
059

I.le

-0.14
05

02l

039

Prox

0.6462
o4l
o882l
0.9934
0.9934
0.9934

08157

0.8632

0.9934

082

0.9934

0.8632

0.5797

0.9934
0.9934

0.5098

08l12
0.5406
0.7401
0.5797

02822

05714

04111

08821
08821

06016

0.9934
0.887

0.9934

09431

0.9934

09934

LCOR

Left

u
statistic

1.98

1.26

0.86

1.51

0.48

Lo4

3.0

24

262

231

029

12

129

117

1.21

Prox

0.0013
0.021
0.0016
0.0052
00515
00515

00971

03172

05178

02193

0.0593

0.1783

00577

0723
04274

0.0153

0.0349
0.0142
0062
0.0321

0.021

00515

0.0351

02193

00593

08306
03805

06715

03065

03627

0.343

Right

statistic

181

1.32

057

|48

299

238

174

223

017

15

Prow

0.1329
0.1709
0.0347
0.0629
05169

05323

02931

0.6759

0.2264

08207

0.4721

0.0593

0.8306
09743

0.0633

0.0606
0.0142
0.0515
0.0583

0.0471

0.0153

0.0524

0.2931
0.1467

0.0629

0.9147
0.5409

05916

00757

0.6204

02193

GCOR

Left

u
statistic

3.47

3.8

38

239

297

221

237

273

2.06

076

3.1

2.94

3.05

171

26

2.66

233

2.55

222

215

262

132

224

Pron

0.0103
0.0087

0.0087

0.0l

0.0385

0.0299

0.0481

0.0156

0.0481

0.4553
0193

0.0103

0.011
0.0103
0.0987
0.0196

0.0183

0.0312

0.0103

0.038
0.0206

0.038

0.0411
0.0192

0.1981

0.0313

0.0512

0.0373

3.03

1.5%

2.53

2.45

2.6

22

0.0206

0.0103

0.0103

0.0l

0.051

0.0519

0.0146

0.0103

0.0206

0.0206

0.6365

0.0338

0.0146

0.3567

0.0206

0.0388

0.0127

.00l

0.0312

0.0247

0.0196

0.0312

0.0333

0.0185

0.1023

0.0294

0.1959

0.0247

0.2048

0.0388



Central
Operculum

Parietal
Operculum

Angular
Gyrus

Supramarginal
Parietal (Sup)
Precuneus
Insula (Ant)
Insula (Post)
Entorhinal

Fusiform
Gyrus

Temporal
Inf)

Temporal
(Mid)

Temporal
(Sup)

Temporal
Pole
Transverse
temporal

Planum
Polare

Planum
Temporale

Calcarine
Fissure

Cuneus
Lingual Gyrus

Occipital
fusiform

Occipital (Inf)

Occipital
(Mid)

Occipital
(Sup)

Occipital Pole

Cerebellum
Exterior

Vermis |-V
Vermis VI-VII

Vermis VIII-X

225

=017

0.64

1.38

241

0.47

0.02

122

0.67

217

277

=171

-1.67

114

-1.36

-1.67

-1.74

-1.74

-0.38

-0.05

0.0

02126

03521

08632

07201

05419

0.2822

0.9075

0.9934

05797

0.8632

0.3536

02126

02126

o411l

041l

0.7059

0.6093

05419

0411l

o411l

o411

0.9934

303

052

1.65

204

-1.32

-168

09

-1.29

=177

=157

046

0.3521

02126

08821

0.7973

0.8502

09934

0.5456

04111

0.9934

0.9934

0.9934

04l

0.9934

04111

04lll

02126

0.5456

o4l

o0.8821

07516

0.5565

0.8506

04111

0.4442

0.9075

3.57

24

265

3.59

3.67

3.37

029

0.02

<0.14

0.02

0.97

07

1.78

048

066

1.03

0.0035

0.0035

00515

0.0347

0.1284

0.0633

0.0307

0.0035

0.1537

o.1227

0.08

008

00718

0.1242

0.003%

0.0035

0.0058

08306

09917

09917

09293

09917

04633

06931

05995

0.1385

0723

06204

04299

14

1.37

3.57

3.48

412

-0.01

0.92

177

0.0027

0.0013

0.0056

0.0013

00593

0.0515

0.0142

0723

03781

0.8306

00633

0.0056

0.2739

0.0035

0.0046

0.0013

09917

08628

0.596

0.5995

0.5055

0.8306

292

3.44

322

175

218

272

3.1

201

2.06

219

0.75

0.0103

0.0l

0.0103

0.0103

0.0103

0.0103

0.0103

0.0103

0.0924

o.011

0.0392

0.0206

0.0103

0.0156

0.0103

0.0103

0.0192

0.0131

0.0722

0.0528

0.0481

0.0103

0.0388

0.2048

0.0445

01916

03212

0.4557

2.81

3.02

217

2.89

2.25

235

3.01

0.0103

0.0137

0.0103

0.0103

0.0143

0.0103

0.011

.01l

0.0312

0.0103

0.1492

0.0103

0.0103

0.0395

0.0114

0.0103

0.0232

0.037

0.0185

0.0392

0.0307

0.0104
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Bold numbers highlight regions with significant differences in a specific measure (fALFF, LCOR, or GCOR) between PD and the matched subgroup of HC.



Supplementary Figures
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Supplementary Figure 1: Significant linear correlations between unthresholded age-effect (slope) maps in
fALFF, LCOR, and GCOR, and neurotransmitter systems — before atrophy correction. Corresponding correlation
coefficients are visualized in Figure 2B. AMeasure corresponds to the annual rate of in- or decrease in the
respective measure of brain function (FALFF, LCOR, or GCOR) within one region.
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Supplementary Figure 2: Significant linear correlations between of unthresholded age-effects (slope maps) in
fALFF, LCOR, and GCOR, and multiple neurotransmitter systems — after atrophy correction. AMeasure
corresponds to the annual rate of in- or decrease in the respective measure of brain function (fALFF, LCOR, or
GCOR) within one region.
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Supplementary Figure 3: Significant linear correlations of unthresholded sex effects (T-values) in fALFF,
LCOR, and GCOR and NET, GABAa, mGIluR5, and 5-HTG6 availability — before atrophy correction.
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Supplementary Figure 4: Significant linear correlations of unthresholded sex effects (T-values) in fALFF,
LCOR, and GCOR and NET, GABAa, mGluR3, and 5-HT6 availability — after atrophy correction.
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Supplementary Figure 5: Sex differences (T-values) in brain functional measures, thresholded. Red voxels
indicate higher values in women compared to men and blue voxels indicate the inverse.
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Supplementary Figure 6. Bar plots show the healthy control cohort’s mean Fisher’s z-transformed Spearman
correlation coefficients. These coefficients were derived from the spatial correlation analyses of ndividual fALFF
(top), LCOR (middle), and GCOR (bottom) maps and 19 PET maps of neurotransmitter systems. Vertical bars
indicate the 50% quantile. Colors group receptors and transporters of the same neurotransmitter system, 1e.,
serotonin (red), dopamine (blue), acetylcholine (green), glutamate (pink) and GABA (purple), cannabinoid (mint),
opioid (yellow), norepinephrine (orange), and histamine (turquoise).
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A: Co-localizations of fALFF
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Supplementary Figure 7: Normative models of co-localizations between brain function (A: fALFF, B: LCOR,
C: GCOR) and 19 PET maps — before atrophy correction. Within each subplot, the blue cloud (kernel density
estimation) visualized the distribution of Fisher’s z-transformed Spearman correlation coefficients of all healthy
controls. Solid and dashed lines indicate the predicted median and 25 and 75% confidence interval of men
(turquoise) and women (orange).
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Supplementary Figure 8: Normative models of co-localizations between brain function (A: fALFF, B: LCOR,
C: GCOR) and 19 PET maps — affer atrophy correction. Within each subplot, the blue cloud (kernel density
estimation) visualized the distribution of Fisher’s z-transformed Spearman correlation coefficients of all healthy
controls. Solid and dashed lines indicate the predicted median and 25 and 75% confidence interval of men
(turquoise) and women (orange).
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Supplementary Figure 9: Contribution of each region to the deviation in fALFF co-localizations 1n subjects with
manifest Parkinson’s disease — before atrophy correction. The contribution is quantified by the mean change in
squared spatial correlation coefficient (mean Ap) after leaving the specific region out from the spatial correlation
analysis. Values of regions of the left or right hemisphere are arranged next to each other (column-wise) for each
neurotransmitter system. The rows are sorted from top to the bottom: Basal ganglia, limbic system, diencephalon,
frontal cortex, motor area, parietal cortex, temporal cortex, occipital cortex, cerebellum. Red cells, i.e. positive
values, indicate that leaving this specific region out in the individual co-localization analysis led to a correlation
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Supplementary Figure 10: Contribution of each region to the deviation in LCOR co-localizations in subjects
with manifest Parkinson’s disease — before atrophy correction. The contribution is quantified by the mean change
in squared spatial correlation coefficient (mean Ap?) after leaving the specific region out from the spatial
correlation analysis. Values of regions of the left or right hemisphere are arranged next to each other (column-
wise) for each neurotransmitter system. The rows are sorted from top to the bottom: Basal ganglia, limbic system,
diencephalon, frontal cortex, parietal cortex, temporal cortex, occipital cortex, cerebellum. Red cells, i.e. positive
values, indicate that leaving this specific region out in the individual co-localization analysis led to a correlation
coefficient that was closer to the norm.
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. Contribution of each region to the deviation in GCOR co-localizations in subjects
with manifest Parkinson’s disease — before atrophy correction. The contribution is quantified by the mean change
in squared spatial correlation coefficient (mean Ap?) after leaving the specific region out from the spatial
correlation analysis. Values of regions of the left or right hemisphere are arranged next to each other (column-
wise) for each neurotransmitter system. The rows are sorted from top to the bottom: Basal ganglia, limbic system,
diencephalon, frontal cortex, parietal cortex, temporal cortex, occipital cortex, cerebellum. Red cells, i.e. positive
values, indicate that leaving this specific region out in the individual co-localization analysis led to a correlation
coefficient that was closer to the norm.
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Supplementary Figure 12: Contribution of each region to the deviation in fALFF co-localizations in subjects
with manifest Parkinson’s disease — after atrophy correction. The contribution is quantified by the mean change
in squared spatial correlation coefficient (mean Ap?) after leaving the specific region out from the spatial
correlation analysis. Values of regions of the left or right hemisphere are arranged next to each other (column-
wise) for each neurotransmitter system. The rows are sorted from top to the bottom: Basal ganglia, limbic system,
diencephalon, frontal cortex, parietal cortex, temporal cortex, occipital cortex, cerebellum. Red cells, 1.e. positive
values, indicate that leaving this specific region out in the individual co-localization analysis led to a correlation

coefficient that was closer to the norm.

54



xa 5 &
o
Fa & o4 &
| | 1 | 1 |
Dasal Caudate 038 02 028 03z a7 008
gnglia Fuamen | 038 o0n  ow oz an on
Patiam 0 o®  oar ow o
rmyosas (0% om oz om 9 on
[ o 12 [N 23 o
Limbic Aoting Gyrus o on a1 om -t
ostem | MdGhoCma  om o om oo or  om
PostGraGis 088 om  om o G oo
Futiv. opus [ 0 owm o o
. Subcalosairea |03 o oo 0% D o
Diencephalon T 0 0z as 0| o
BacatForatran [0 v om o a o Comibrion e
Fronaikole 01T 213 0w a0 oz ou m‘[z;!;ﬂ;:"" 2
Grrusrazs |08 0w 0w om oo ARSI oo
[ ——T un [ e EEN we ows -
[P o1 oos oo oo ear om  on
Lo o on o o wr a0 am o0t .
Moz onstal [ o ooz [ an <o [PEEIESEN oo
Postoninl 001 L A B T A X o
Fronlal FrowaimTy 003 a0 o0s ooy < soz  om a0t
contax Frontal finf Cper) L 002 002 003 £ ooT L) 0 -02
oWl oDy a2 o oo e <m o o o
Fotsigen) 008 L Y S P )
Fonzl (i) 001 oo o 00 tw w3y o o
Frontal (Sup med) on 034 01z o3 oA L8] otz 001 ™ 00
Frontal (Su5) [ o o om  <w e aw s
a0t oo o eETas o om <
Precental (ed) 012 o3 o o <2 wn on < | .,
Fresenra 097 oe ol o <o o o2 .
Poscenysl (e 01 om0 om o am  am a0
[ — vz um o ow we we  um e we e uw
CantislOporculun o 01 oo7  ar &m | w  om  am om oo om L .
Patistal | pagetalOpercLun ¢ 0w 005 005 0 e ol oW 0@ o5 0m
cortex anguarGms 034 o  oos o e cor oo o om o oor
Suramarginal 001 o o o oo s oo < 3 on oo
Suical(sup) 990 om e ow  om e om o oo o om 6
Procurous | 818 B4 2k o1 <0 a0t o005 b oo [N2ENN 02
e musry 010 000 » oz <o @0 om om0 0w on
nsuia Fost) oo om e or [emil asm o a1 am e
[a——— wn o co QS e | o s [EGEN ez
Futom Gz 003 oo om " om  EmT em  ow  ow . o013 oos
Temporal (rf) 001 06 o002 05 <3 024 e 201 001 024 00m
Temporal | Tomsi G4 022 om om o om <o 9 o o om  om oo e
b Tompcral (sun 008 05 ons 00 < ws  om o [ om0
£ emporal Poie 002 o oo [ESES w10 P 01 oot 005 oom
02 of2 oo o005 04 [ G\ oM s o0 0% 001
Famroae 007 oo oo o <o a0y om < ¢ o oor
Plrum Tomperae 001 see e1 oo UGS e ow  am 0w on  ow
Catame pswre (052 w1 as » om oW on o
cuwrow | 921 o1 an a0 e@  a;  o;  an an
LrguaiGyes | 028 o2 om @ ce om0 on |6
Occipital Cedpta fusitorn oz o013 018 a1 ©ar o0t 001 001 LX) 048
cort:x Oxciotel(r) 38 0w @ n o anm o ow o
eIy 09 o= oo wr ot se  a o om oo
Gesiptal(sun) 033 o5 ot @ a0 0 o0 ow [ToE 0w
eopairoe | ez on o @ e am an ow (NG
Comballm Exlodor 01 o om oo n o e om om
Comatun| et tf: s =
VemieVilX 003 oia cos 201 on

Supplementary Figure 13: Contribution of each region to the deviation in LCOR co-localizations in subjects
with manifest Parkinson’s disease — after atrophy correction. The contribution 1s quantified by the mean change
in squared spatial correlation coefficient (mean Ap?) after leaving the specific region out from the spatial
correlation analysis. Values of regions of the left or right hemisphere are arranged next to each other (column-
wise) for each neurotransmitter system. The rows are sorted from top to the bottom: Basal ganglia, limbic system,
diencephalon, frontal cortex, parietal cortex, temporal cortex, occipital cortex, cerebellum. Red cells, i.e. positive
values, indicate that leaving this specific region out in the individual co-localization analysis led to a correlation
coefficient that was closer to the norm.
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Supplementary Figure 14: Contribution of each region to the deviation in GCOR co-localizations in subjects
with manifest Parkinson’s disease — after atrophy correction. The contribution 1s quantified by the mean change
in squared spatial correlation coefficient (mean Ap?) after leaving the specific region out from the spatial
correlation analysis. Values of regions of the left or right hemisphere are arranged next to each other (column-
wise) for each neurotransmitter system. The rows are sorted from top to the bottom: Basal ganglia, limbic system,
diencephalon, frontal cortex, parietal cortex, temporal cortex, occipital cortex, cerebellum. Red cells, i.e. positive
values, indicate that leaving this specific region out in the individual co-localization analysis led to a correlation
coefficient that was closer to the norm.
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Supplementary Figure 15: Linear correlation of regional contribution (mean Ap?) to the deviation score and
functional differences (Cohen’s d) between PD and the matched subcohort of healthy controls — before atrophy
correction.
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Supplementary Figure 16: Linear correlation of regional contribution (Mean Ap?) to deviation score and
functional differences (Cohen’s d) between PD and the matched subcohort of healthy controls — after atrophy
correction.
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Supplementary Figure 17: Regional differences (effect sizes, Cohen’s d) in fALFF, LCOR, and GCOR between
manifest PD and the age- and sex-matched control group — before atrophy correction. Positive values (red cells)
indicate higher values of brain functional measures in PD and negative values (blue cells) indicate the inverse.
Values of regions of the left or right hemisphere are arranged next to each other (column-wise). The list 1s sorted
from top to the bottom: Basal ganglia, imbic system, diencephalon, frontal cortex, parietal cortex, temporal cortex,
occipital cortex, cerebellum. Regional values are visualized in Supplementary Figure 19A.
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Supplementary Figure 18: Regional differences (effect sizes, Cohen’s d) in fALFF, LCOR, and GCOR between
the age- and sex-matched control group and PD — after atrophy correction. Positive values (red cells) indicate
higher values of brain functional measures in PD and negative values (blue cells) indicate the inverse. Values of
regions of the left or right hemisphere are arranged next to each other (column-wise). The list 1s sorted from top to
the bottom: Basal ganglia, limbic system, diencephalon, frontal cortex, motor area, parietal cortex, temporal cortex,
occipital cortex, cerebellum. Regional values are visualized in Supplementary Figure 19B.

60



A: Cffect size (PD vs [ICmatched) in functional measures

Cohen's d
(fALFF)

PDCHC P> HC

Cohen's d
= (LCOR

1
MU P> HC

Cehen's d

(GCOR

PD<HC

Cohen's d
(fALTT

PDAHC  PDHC

Cohen's d
{LCOR)

Cohen's d
(GCOR)
PD = HC

Supplementary Figure 19: Maps of regional differences in fALFF, LCOR, and GCOR between the age- and
sex-matched control group and PD. Values of regions correspond to those of Supplementary Figure 17 and 18
(atrophy corrected).
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Lifetime Exposure to Depression and Neuroimaging Measures

of Brain Structure and Function
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Abstract

IMPORTANCE Despite decades of neuroimaging studies reporting brain structural and functional
alterations in depression, discrepancies in findings across studies and limited convergence across
meta-analyses have raised questions about the consistency and robustness of the observed brain
phenotypes.

OBJECTIVE To investigate the associations between 6 operational criteria of lifetime exposure to
depression and functional and structural neuroimaging measures.

DESIGN, SETTING, AND PARTICIPANTS This cross-sectional study analyzed data from a UK
Biobank cohort of individuals aged 45 to 80 years who were enrolled between January 1, 2014, and
December 31, 2018. Participants included individuals with a lifetime exposure to depression and
matched healthy controls without indications of psychosis, mental iliness, behavior disorder, and
disease of the nervous system. Six operational criteria of lifetime exposure to depression were
evaluated: help seeking for depression; self-reported depression; antidepressant use; depression
definition by Smith et al; hospital International Statistical Classification of Diseases and Related Health
Problems, Tenth Revision (ICD-10) diagnosis codes F32 and F33; and Composite International
Diagnostic Interview Short Form score. Six increasingly restrictive depression definitions and groups
were defined based on the 6 depression criteria, ranging from meeting only 1 criterion to meeting all
6 criteria. Data were analyzed between January and October 2022.

MAIN OUTCOMES AND MEASURES Functional measures were calculated using voxel-wise
fractional amplitude of low-frequency fluctuation (fALFF), global correlation (GCOR), and local
correlation (LCOR). Structural measures were calculated using gray matter volume (GMV).

RESULTS The study included 20 484 individuals with lifetime depression (12 645 females [61.7%];
mean [SD] age, 63.91(7.60] years) and 25462 healthy controls (14 078 males [55.3%]; mean [SD]
age, 65.05 [7.8] years). Across all depression criteria, individuals with lifetime depression displayed
regionally consistent decreases in fALFF, LCOR, and GCOR (Cohen d range, -0.53 [95% Cl, -0.88 to
-0.15] to -0.04 [95% CI, -0.07 to -0.01]) but not in GMV (Cohen d range, -0.47 [95 % Cl, -0.75 to
-0.12] t0 0.26 [95% Cl, 0.15-0.37]). Hospital ICD-10 diagnosis codes F32 and F33 (median [IQR]
difference in effect sizes, -0.14 [-0.17 to -0.11]) and antidepressant use (median [IQR] difference in
effect sizes, -0.12 [-0.16 to -0.10]) were criteria associated with the most pronounced alterations.
CONCLUSIONS AND RELEVANCE Results of this cross-sectional study indicate that lifetime
exposure to depression was associated with robust functional changes, with a more restrictive
depression definition revealing more pronounced alterations. Different inclusion criteria for
depression may be associated with the substantial variation in imaging findings reported in the
literature.

JAMA Network Open. 2024;7(2):e2356787. doi:10.1001/jamanetworkopen.2023.56787
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Introduction

Depression is a common health condition characterized by low mood, loss of interest, and feelings of
excessive guilt.' The lifetime prevalence of depression is approximately 11%, with a higher prevalence
in women.? Exposure to major depressive disorder (MDD) is associated with reduced quality of life
and increased risk of suicide and self—wounding}“ Understanding the neurobiological mechanisms
underlying depression is a crucial aspect of developing improved therapeutic options and minimizing
adverse outcomes.

Numerous functional and structural magnetic resonance imaging (MRI) studies have tested for
neurobiological mechanisms of MDD, reporting a variety of MDD-related alterations, such as
hippocampal volume reductions and increased amygdala activity during emotional tasks.” In
contrast, neuroimaging meta-analyses and large-scale projects revealed less convergent findings or
small effect sizes for most of the evaluated neurcimaging modalities.®® When present, the identified
brain alterations did not allow for reliable differentiation between patients with MDD and healthy
controls, with accuracies being only marginally above chance level.'® The small effect sizes and lack
of differentiation point to currently limited diagnostic value of respective MRI modalities.’®" A
confounding factor in this regard, which has been largely ignored to date, is the difference in
definition of depression applied across various cross-sectional and longitudinal studies. Despite this
limitation, these studies point to the existence of some MDD-related brain alterations that are either
predisposing factors or a consequence of MDD diagnosis or treatment. However, it remains largely
unknown whether and how far these alterations persist and whether prior exposure to depression
affects brain function and structure later in life.

We used data from the UK Biobank'2" to systematically quantify the magnitude of structural
and functional alterations associated with lifetime exposure to depression. Maling use of the
available in-depth phenotyping, we aimed to investigate the associations between 6 operational
criteria of lifetime exposure to depression, ranging from self-reported to clinically defined
depression, and functional and structural neuroimaging measures. We then evaluated the magnitude
of case-control differences as manifested in brain structure and function for the different
constellations of these criteria.

Methods

Data were obtained from the UK Biobank for individuals aged 45 to 80 years and who were enrolled
from January 1, 2014, to December 31, 2018. The North-West Multicenter Research Ethics Committee
approved the UK Biobank cohort study, which was conducted in accordance with the Declaration of
Helsinki.'* All participants provided written informed consent. The Heinrich Heine University
Institutional Review Board approved this cross-sectional study, and the initial informed cansent from
the UK Biobank participants applies to this study. We followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting guideline.

Participants
Six operational criteria of lifetime exposure to depression are commonly used in UK Biobank
depression studies: help seeking for depression; self-reported depression; antidepressant use;
depression definition by Smith et al'®; hospital International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision (ICD-10) diagnosis codes F32 and F33; and Composite
International Diagnostic Interview Short Form score.'® The patients included in the study met at least
10f these 6 criteria. Detailed descriptions of the 6 operational criteria and exclusion criteria are
provided in the eMethods in Supplement 1.

To determine how exposure to lifetime depression differed in brain structural and resting-state
functional measures across cumulative criteria, we first stratified all patients into 6 groups according
to the number of criteria met. These 6 graded groups were classified from meeting only 1criterion
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to meeting all 6 criteria. Therefore, meeting k criteria indicated that participants met exactly rather
than at least a specific number of criteria, ensuring that the 6 groups included no overlapping
participants.

Healthy controls were defined as individuals without indications of psychosis, mentalillness,
behavior disorder, and disease of the nervous system. The exclusion criteria for healthy controls are
detailed in the eMethods in Supplement 1. Healthy control groups were defined using 2 strategies. In
strategy 1, we identified a single healthy control group that included all individuals who did not meet
any of the exclusion criteria. Strategy 1 ensured that all patient subgroups were compared with the
same, more representative healthy control group. To control for potential differences in
demographics between the healthy control population and respective depression subgroups, we
treated the demographic variables as covariates.

Instrategy 2, we matched the 6 healthy control groups to the 6 depression groups by age, sex,
and years of education using an automated 1:1 matching process whenever possible. Strategy 2 was
a traditional control group approach to better control for potential demographic confounders. We
considered the results from strategy 1(all available healthy individuals) as the primary outcome and
the results from strategy 2 as the control analysis.

Imaging Data Acquisition and Preprocessing

Resting-state functional MRI and T1-weight structural images were acquired using a 3T scanner
(MAGNETOM Skyra; Siemens Healthcare) with a standard 32-channel head coil, according to
available protocol. Structural images were preprocessed using SPM12, version r7770 (Functional
Imaging Laboratory) and CAT12, version r1720 (Christian Gaser and Robert Dahnke),'” with the
default settings compiled under MATLAB 2019b, massively parallelized on the JURECA high-
performance computing system (Jiilich Supercomputing Centre). Functional images were
preprocessed using SPM12, FSL5.0,'® and the CONN toolbox.'"® The scans parameters and
preprocessing are provided in the eMethods in Supplement 1.

Relative gray matter volume (GMV) was computed by dividing the total GMV by the total
intracranial volume. The gray matter images were smoothed using an 8-mm full-width at half-
maximum Gaussian kernel. We then computed functional measures using the default settings in the
CONN toolbox, including the fractional amplitude of low-frequency fluctuation (fALFF), global
correlation (GCOR), and local correlation (LCOR). The fALFF reflects the local amplitude of
low-frequency fluctuation (0.008 Hz to 0.09 Hz) vs the overall frequency spectrum.?® The LCOR is
the local coherence between a voxel and its neighboring voxels.?' The GCOR is the mean correlation
coefficient between BOLD (blood oxygen level-dependent) signals of a voxel and all other voxels in
the brain.

Statistical Analysis

We performed a 2-stage analysis to determine brain alterations using increasingly restrictive levels of
definitions, ranging from meeting only 1criterion to meeting all 6 criteria. Two-sample, 2-tailed t tests
were used to compare each lifetime depression group with healthy controls at P < .05 (family-wise
error-corrected for multiple comparisons at the cluster level), followed by computation of effect
sizes between all constellations of lifetime depression and the single healthy control group. Data
were analyzed between January and October 2022.

Instage 1 analysis, we identified clusters of voxels that differed substantially between healthy
control and each depression group, from those meeting only 1criterion to those meeting all 6 criteria.
Voxel-wise 2-sample t tests (assuming unequal variance) were conducted using SPM12 implemented
in MATLAB (The MathWorks Inc). First, a 2-sample t test was used to investigate group differences
in voxel-wise fALFF, GCOR, LCOR, and GMV, adjusting for age, age?, sex, and total intracranial
volume. The 6 depression groups were compared separately with 2 types of healthy control groups
(strategy 1and strategy 2). The resulting statistical maps were at a threshold of P < .001 uncorrected
at the voxel level combined with a whole-brain voxel-wise family-wise error correction at the cluster
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level ata P < .05 threshold. Clusters that survived this correction were considered to be statistically
significant. This procedure yielded 2 directional (increases and decreases) tests per imaging modality
times 6 depression strata times 4 modalities, resulting in 48 tests per strategy overall.

In stage 2 analysis, to minimize the role of group sizes in the observed differences, we
quantified the observed alterations using effect size measures (Cohen d). Cohen d was used to
compute the mean difference between depression and healthy control groups divided by the pooled
SD. For this calculation, we defined binary voxel-wise maps of significant cluster findings from the
t-contrasts described (separate for increases and decreases). These masks, which represented
regions with significant differences for the respective contrast, were referred to as mask 1(meeting
only 1criterion) to mask 6 (meeting all 6 criteria). Theoretically, there can be 12 masks (6 groups x2
directional t-contrasts) for each structural or functional measure. For each participant, we calculated
the mean values in each mask for the respective structural or functional measures. We then
calculated the Cohen d value for each mask between the 6 graded depression groups and the single
healthy control group (strategy 1).

To further explore how the different lifetime depression groups and their combinations were
associated with the observed differences, we computed the effect sizes (Cohen d) of group
differences for each available combination of depression criteria and each mask. To ensure a more
robust estimate of the effect size, we excluded criteria constellations with fewer than 10 available
participants. To identify the criteria associated with increases or decreases of the observed effect
sizes, we quantified the association of each criterion by computing the difference in effect size.
Specifically, we categorized all criteria constellations into 2 groups: with the specific criterion and
without the criterion. The difference in effect size was defined as the mean effect size of
combinations with the specific criterion minus the mean effect sizes of combinations without the
criterion. For each identified mask per modality, this resulted in 6 differences in effect size values
representing the associations of the 6 criteria.

Results

Sample
Among the individuals with imaging data in the UK Biobank, 20 484 met at least 1 of the criteria of
lifetime exposure to depression and 25 462 met the criteria for healthy controls. Of the participants
with lifetime exposure to depression, 12 645 (61.7%) self-reported as female and 7839 (38.3%) as
male, with a mean (SD) age of 63.91(7.60) years and mean (SD) years of education of 16.65 (3.82).
Demographic characteristics of participants for 6 operational criteria and 6 graded depression
groups are shown in the Table. Group sizes differed slightly for functional and structural analyses due
to different dropouts for quality control reasons (eTable 1in Supplement 1).

The healthy controls comprised 11384 participants who self-reported as female (44.7%) and
14 078 as male (55.3%), with a mean (SD) age of 65.05 (7.80) years and mean (SD) years of education
of 16.69 (3.77). The demographics of all healthy controls (strategy 1) are provided in eTable 2 in
Supplement 1, and eTable 3in Supplement 1 shows the characteristics for matched healthy controls
(strategy 2). There were 63 unique constellations of the 6 criteria, ranging from meeting at least 1
criterion to meeting all 6 criteria. For example, participants meeting all 6 criteria would also be
represented in any other constellation. The number of participants for 63 constellations are shown
in eFigure 1in Supplement 1.

Structural and Functional Alterations

We found significant alterations in all functional and structural measures for most lifetime depression
groups, except in patients who met all 6 criteria or met only 1 criterion when using GMV and GCOR
(eFigures 2 and 3 in Supplement 1) compared with the single healthy control group. Group
comparisons in functional measures revealed consistently decreased fALFF, GCOR, and LCOR in the
lifetime depression groups but not GMV compared with healthy controls. Clusters of significant
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functional alterations covered multiple regions encompassing the prefrontal cortex, parietal cortex,
middle temporal cortex, fusiform gyrus, occipital cortex, and cerebellum (t 5405 = 9.59; P < .001)
(eTables 4-6 in Supplement 1). Specifically, fALFF and LCOR alterations displayed similar spatial
patterns of decreases in the bilateral precentral and postcentral gyrus. Decreased GCOR was
primarily observed in the middle inferior temporal cortex, superior temporal cortex, precuneus,
insula, and lingual cortex (t,so95 = 7.68; P < .001). We found a bidirectional pattern of GMV alterations
with increases in the right superior medial frontal cortex and precentral gyrus and decreases in the
right hippocampus and superior temporal cortex (t,,3g5 = 6.86; P < .001) (eTable 7 in Supplement 1).
The outcomes of comparisons of all depression groups to matched healthy controls were largely
consistent with the primary analysis (eTables 8-11in Supplement 1).

Differences Between Depression Groups and Healthy Controls

by Observed Alterations

Given that some of the observed imaging differences across the increasingly restrictive depression
definitions may simply reflect differences in sample size, effect sizes for each criteria constellation
and each significance mask derived from the group comparisons are presented in Figure 1. Effect
sizes were consistently reduced in depression group for all functional measures (Cohen d range,
-0.53[95%Cl, -0.88 to -0.15] to -0.04 [95% Cl, -0.07 to -0.01]) but not for GMV (Cohen drange,
-0.47[95% Cl, -0.75 to-0.12] to 0.26 [95% Cl, 0.15-0.37]). Additionally, effect sizes increased with
a higher number of criteria met for functional measures. The group that met all 6 criteria consistently
showed the largest effect sizes in fALFF, LCOR, and GCOR. Effect sizes were generally lower for GMV,
and only mask 3 and mask 4 from the decreased GMV displayed consistently reduced depression
but overall negligible effect sizes. Results for mask 2 and mask 5 derived from the increased GMV
clusters were not consistent.

Association of 6 Criteria With Observed Alterations

A higher absolute value in the difference in effect sizes indicates a higher association with the
respective criterion. Constellations involving hospital ICD-10 diagnosis codes F32 and F33 followed
by antidepressant use displayed higher associations with the observed effect sizes for all functional
measures (median [IQR] difference in effect sizes: hospital ICD-10 diagnosis codes, -0.14 [-0.17 to
-0.1]); antidepressant use, -0.12 [-0.16 to -0.10]) and for the GMV-decreased masks (median [IQR]
difference in effect sizes: hospital ICD-10 diagnosis codes, -0.09 [-0.12 to -0.05]; antidepressant

Table. Demographic Characteristics of Participants With Lifetime Exposure to Depression

Female sex, Male sex, Age, Years of education,
Characteristic TotalNo.  No. (%) No. (%) mean (SD),y  mean (SD)
Criteria of lifetime exposure to
depression
Help seeking for depression 19182 11828(61.7) 7354(38.3) 63.91(7.60) 16.65(3.82)
Self-reported depression 4691 2879 (61.4) 1812(38.6) 63.98(7.62) 16.64(3.82)
Antidepressant use 4222 2602 (61.6) 1620(38.4) 63.98(7.64) 16.65(3.81)
Depression definition by 3166 1963 (62.0) 1203(38.0) 63.99(7.67) 16.65(3.83)
Smith et al'*
Hospital ICD-10 diagnosis 1605 990 (61.7) 615(38.3) 64.04(7.67) 16.67(3.83)
codes F32 and F33
CIDI-SF score 3571 2200 (61.6) 1371(38.4) 63.99(7.66) 16.66(3.82)

No. of criteria met

1 10077 6487(59.1)  4490(40.9) 64.54(7.57) 16.52(3.90)
2 5233 3307(63.2)  1926(36.8) 63.62(7.53) 16.77(3.76)
3 2574 1601(65.7)  883(343) 63.02(7.58) 16.77(3.74)
4 1275 859(67.4)  416(32.6) 62.40(7.55) 16.80(3.76) Abbreviations: CIDI-SF, Composite International
5 378 270 (71.4) 108(286) 6179(7.70) 17.39(3.27) ;"ag'ﬁcc’ze;'ew 5"°;‘ Form; ’CD‘:" TZOM;;:
tatistic ssification of Diseases and Related Heal
6 47 31(66.0) 16(340)  59.22(6.76) 17.81(2.35) i
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use, -0.06 [-0.09 to -0.03]) (Figure 2). Higher (negative and positive) difference in effect sizes
indicated associations with the respective criterion. None of the criteria displayed a consistent
assodiation for the GMV-increased mask.

Discussion

In this cross-sectional study, we systematically tested for associations between lifetime exposure to
depression and brain structural and functional measures. We found that both functional and
structural alterations varied according to the different definitions of depression available in the UK
Biobank, with more restrictive definitions associated with functional but not necessarily structural

Figure . Effect Sizes for Different Lifetime Depression on the Observed Imaging Alterations
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alterations. Specifically, decreases in local functional activity were consistent across all criteria, with
hospital ICD-10 diagnosis codes F32 and F33 and antidepressant use being associated with the
observed alterations.

Increases and decreases in brain functional measures have been associated with depression in
previous studies.?? In contrast to some of these findings, we observed only decreases in local
activity and in local and global connectivity measures across all constellations of lifetime depression.
These findings are in line with recent larger studies and meta-analyses reporting reduced functional
connectivity in the default mode networks and convergent regions only for decreased functional
findings in MDD.”2¢ Despite the matching direction of change, we found only limited convergence in
sensorimotor regions in terms of location of the observed alteration patterns. While differences in
the samples and applied methods likely accounted for some of the discrepancies, a main difference
is that this study characterized lifetime depression criteria as opposed to the more acute effects of
depression as reported in the literature. The findings from this study suggest the existence of a
persistent depression-related brain functional phenotype with small to moderate effect sizes.

We found that the hospital ICD-10 diagnosis codes F32 and F33 and antidepressant use criteria
were associated with the observed functional alterations in depression groups compared with
healthy controls. Only limited association was observed for all other applied criteria. This observation

Figure 2. Violin Plots of Associations of 6 Criteria With Observed Alterations
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may indicate some conceptual advantages of these 2 criteria over the other definitions of depression
in the UK Biobank. We did not find similarly high effect sizes for participants meeting the Composite
International Diagnostic Interview Short Form score criterion, although the screening was designed
to provide lifetime information about depression and additional factors that may be associated with
the observed imaging alterations. As the antidepressant use criterion is typically directly associated
with a depression diagnosis, any causal interpretation of the observed alterations or conclusion
about the cause or consequence of requiring medication should be limited. Despite this limitation,
given that numerous treatment interventions for depression are not medication-based but
psychological (eg, cognitive behavioral therapy and stimulation therapies) and that patients often
refuse antidepressant treatment, these 2 criteria are not necessarily identical. The separate roles of
hospital ICD-10 diagnosis codes F32 and F33 and antidepressant use observed in the study may point
to such a differential association of both variables with the observed decreases in brain functional
measures. Additionally, causal interpretation is precluded in this case because the observed
associations can still be attributed to either the necessity of prescribing antidepressants or the
consequence of exposure to antidepressants.

We found that decreased local functional activity and synchronicity in precentral and
postcentral gyrus and decreased global functional connectivity in parts of the limbic system were
consistently associated with lifetime depression. The reduced local activity in sensorimotor regions
may be attributed to the consequence of exposure to treatments and depression-associated
vulnerability. For treatment effects, a meta-analysis found that stimulation therapy for depression
altered the activity in the right precentral gyrus, right posterior cingulate, left inferior frontal gyrus,
and left middle frontal gyrus.?” After electroconvulsive therapy, fALFF was reported to decrease in
the right precentral gyrus.®® Additionally, antidepressant use was associated with reduced
hyperconnectivity within the limbic system.?® Contrary to the functional measures, the findings for
GMV were only partially consistent with previous studies. The observed reduced hippocampal
volume is commonly reported in meta-analyses and case-control studies.3° The effect size of GVM
alterations was substantially smaller compared with functional measures.

Overall, the findings of the present study provide evidence of the implications of different
depression definitions for the observed imaging outcomes. The UK Biobank contains extensive data
items associated with depression. However, the availability of multiple sources of information
presents challenges in achieving consistent definitions of depression across different studies. Stricter
definitions often conflict with the available sample size, but researchers might be tempted to apply
fewer restrictions to putatively increase statistical power. This study showed that such an approach
may become futile in neuroimaging because less restrictive definitions may lead to dilution of
potential imaging alterations. Recent studies have explored the association of different depression
phenotypes in the UK Biobank with genetic and cortical thickness measures.®' Although 1of these
studies suggested that a broader definition of depression may provide more tractable phenotypes,®
others recommended more restrictive definitions, suggesting that minimal phenotyping may play a
role in biased potential findings by introducing conceptual differences in the selected cohorts.>>>*
Expanding on these earlier findings, we believe that while restrictiveness is generally rather
beneficial, the specific criteria should be carefully weighted and evaluated. Only 2 of the 6 applied
depression criteria were consistently associated with the magnitude of the functional imaging
alterations observed in the present study. These findings suggest that mere restrictiveness may
become counterproductive and that the implications of each criterion need to be carefully evaluated
in future research.

Limitations

Several limitations apply with respect to the interpretation of the findings. To our knowledge, the UK
Biobank is the largest available cohort to date and is biased in terms of cultural and educational
background, primarily representing participants of White ethnicity. > This bias may limit the
generalizability of the results to other populations. Furthermore, the observed associations do not
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allow a causal interpretation of the findings regarding whether the observed imaging alterations are
the cause or consequence of exposure to depression.

Conclusions

This study found an assaciation of lifetime depression with functional and structural imaging
alterations. More restrictive depression definition revealed more pronounced changes. Different
inclusion criteria for depression may be associated with the substantial variation in imaging findings
in the literature. Each criterion warrants further study.
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eMethods.
Six operational criteria for exposure to lifetime depression

(1) Help-seeking was responding “Yes” to the following questions: "Have you ever seen a general
practitioner for nerves, anxiety, tension, or depression?" [Data-Field: 2090] or "Have you ever seen

a psychiatrist for nerves, anxiety, tension, or depression?" [Data-Field: 2100].

@

—

Self-reported Depression was having experienced depression at present or past [Data-Field ID:

20002] before the neuroimaging scan.

(3) The Antidepressant usage was taking antidepressant medication at baseline or follow-up assessment

[Data-Field ID: 20003]. The antidepressant codes are listed in eMethod (Medications codes).

4

=

Depression (Smith) is an approximate measure of lifetime depression by Smith.! Smith et.al defined
three types of depression through relevant questions in the mental health questionnaire, including

“probable single episode”, “probable mild recurrent”, and “probable severe recurrent”. Participants

met one of three lifetime depression were defined as Depression (Smith).

[

=

Hospital ICD-10 is the hospital recorder for patients” primary and secondary diagnoses [Data-field
ID: 41202 and 41204]. Patients with the diagnosis of the depressive episode (F32-F32.9) or recurrent

depressive disorder (F33-F33.8) were included in this criteria.

6

=

CIDI-SF is derived from the mental health questionnaire.? The CIDI-SF is a brief survey instrument
design to identify mental disorders including MDD based on the Diagnostic and Statistical Manual
of Mental Disorders (DSM) criteria.’

The exclusion criteria for lifetime depression

The exclusion criteria of individuals in the lifetime depression group were:

(1) Having self-reported psychosis. The self-reported psychosis was defined as having experienced
schizophrenia or mania/bipolar disorder/manic depression at present or past [Data-Field ID: 20002].

(2) Having taken antipsychotic medications. The antipsychotic codes were listed in supplementary
materials.

(3) The hospital records [Data-Field ID: 41202 or 41204] included Schizophrenia, schizotypal and
delusional disorders (F20-F29), and other mood disorders (F30-F39, excluding depression code:
F32-F33).

(4) Having been defined as psychosis in mental health questionnaire (MHQ) screen. The answer to the

=

question “Have you been diagnosed with one or more of the following mental health problems by a
professional, even if you don’t have it currently” [Data-field ID: 20544] is “Schizophrenia” or “Any

other type of psychosis or psychotic illness”, or “Mania, hypomania, bipolar or manic-depression”.

© 2024 Wang X et al. JAMA Network Open



The exclusion criterion for healthy controls

The healthy individuals were enrolled with the following exclusive criterion:

(1) Did not meet the criteria for any indications of depression as described in the above depression
phenotypes.

(2) Did not meet the criteria for any indications of psychosis which was described in the depression
exclusive criterion, including self-reported psychosis, antipsychotic medications usage, MHQ
psychosis.

(3) Did not endorse disorder in any mental illness and behavior disorder (Hospital ICD10 Chapter V,
F00-F99) and diseases of the nervous system (Hospital ICD10 Chapter VI G00-G99) .

Medications codes

The antidepressants are coded as follows [UKB Data-Coding 4]:

1140879616, 1140921600, 1140879540, 1140867878, 1140916282, 1140909806, 1140867888,
1141152732, 1141180212, 1140879634, 1140867876, 1140882236, 1141190158, 1141200564,
1140867726, 1140879620, 1140867818, 1140879630, 1140879628, 1141151946, 1140867948,
1140867624, 1140867756, 1140867884, 1141151978, 1141152736, 1141201834, 1140867690,
1140867640, 1140867920, 1140867850, 1140879544, 1141200570, 1140867934, 1140867758,
1140867914, 1140867820, 1141151982, 1140882244, 1140879556, 1140867852, 1140867860,
1140917460, 1140867938, 1140867856, 1140867922, 1140910820, 1140882312, 1140867944,
1140867784, 1140867812, 1140867668.

The antipsychotics in UK biobank are coded as follows

1140868170, 1140928916, 1141152848, 1140867444, 1140879658, 1140868120, 1141153490,
1140867304, 1141152860, 1140867168, 1141195974, 1140867244, 1140867152, 1140909800,
1140867420, 1140879746, 1141177762, 1140867456, 1140867952, 1140867150, 1141167976,
1140882100, 1140867342, 1140863416, 1141202024, 1140882098, 1140867184, 1140867092,
1140882320, 1140910358, 1140867208, 1140909802, 1140867134, 1140867306, 1140867210,
1140867398, 1140867078, 1140867218, 1141201792, 1141200458, 1140867136, 1140879750,
1140867180, 1140867546, 1140928260, 1140927956.

Imaging data acquisition and pre-processing

The present study focused on resting-sate functional MRI and T1-weight structural images in initial
neuroimaging scans of these patients in the UK biobank. MRI data were acquired using a Siemens Skyra
3T scanner (Siemens Healthcare, Erlangen, Germany) using a standard 32-channel head coil, according
to a freely available protocol (http://www.fmrib.ox.ac.uk/ukbiobank/protocol/V4_23092014.pdf). As
part of the scanning protocol, high-resolution T1-weighted images and resting-state fMRI were obtained.
High-resolution T1-weighted images were obtained using an MPRAGE sequence with the following
parameters: repetition time (TR) =2000ms, echo time (TE) =2.01ms, 208 slices, flip angle=8°, field of
view (FOV) =256mm, matrix=256x256, slice thickness=1.0mm, voxel size 1x1xImm. The resting-state
functional MRI were obtained with with a multi-band gradient echo EPI sequence: TR=735ms;
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TE=39ms; 64 slices; flip angle=52°; FOV=210mm; matrix=88x88; slice thickness=2.4mm, voxel
size=2.4x2.4x2.4mm?. Images that did not pass the existing UKB preprocessing and quality control
pipeline* were excluded.

For T1-weight images, raw T1 images were registered to functional images, bias and noise corrected,
global intensity normalized, and then segmented into gray matter (GM), white matter, and cerebrospinal
fluid. Next, the images were spatially normalized to the standard Montreal Neurological Institute (MNI)
templates using Geodesic Shooting.’ A whole-brain gray matter mask with a probability of gray matter
above 0.3 was applied prior to the analyses

For functional images, we used the resting-state fMRI processed by the UK Biobank as
“filtered_func_data_cleannii” (https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/brain_mri.pdf).
Functional images were processed by motion correction, grand-mean intensity normalization, high-pass
temproal filtering, echo planar imaging unwarping, gradient distortion correction unwarping, and the
removal of structural artefacts. Images were then co-registered to the corresponding high-resolution T1
anatomical images which were transformed into the MNI space. The resulting images were resampled to
3x3x3 mm® voxels, smoothed with a 4-mm-full-width, half-maximum Gaussian kernel. We discarded
the first five functional time points to ensure signal equilibrium. Subsequently, temporal band-pass
filtering (0.008-0.09 Hz) was performed (not for caculating the fractional amplitude of low-frequency
fluctuations). Motion parameters (Friston 24 motor parameters)’, average white matter and average
cerebrospinal fluid signals were regressed out. We exclued the subjects with excessive head movement
(frame-wise displacement > 3 mm and rotation > 2 °).
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eFigure 1. The Number of Participants in Criteria Constellations

the number of participants

The first column indicates the number of participants in each cumulative constellation from meeting at
least one criterion to meeting all six criteria. The tabular part indicates which criteria are involved. The

dark element means that the current column contains corresponding criteria.
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cFigure 2. The Cerebral Parts of the Clusters Showing Significant Functional or Structural Differences Between Different Depression Stratums and HC.
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The n.s indicates no sighificant clusters. Abbreviations: fALFF: fractional amplitude of low-frequency fluetuations. GCOR: global correlation, LCOR: local correlation, GMV:

gray malter volumes.
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eFigure 3. The Cerebellum Parts of the Clusters Showing Significant Functional or Structural Differences
Between Different Depression Stratums and HC

The n.s indicates the no significant difference in the cerebellum. Abbreviations: fALFF: fractional
amplitude of low-frequency fluctuations. GCOR: global correlation, LCOR: local correlation, GMV:

gray matter volumes.
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eTable 1. Demographic of Six Depression Groups Involving Analyses

Modality N criteria met Gender Age (years) Education (years)
(female/male)
1 3936/2572 64.01£7.4 16.59+3.84
2 1971/1121 63.07+£7.36 16.83£3.7
3 1054/530 62.74+7.46 16.7843.7
Function
4 530/238 61.9447.43 16.7343.8
5 174/70 61.31+7.76 17.4443.23
6 19/10 59.8247.16 17.48+£2.71
1 5183/3419 63.99+7.38 16.58+3.85
2 2628/1482 63.09+7.34 16.7843.73
3 1377/681 62.64+7.38 16.82+3.69
Structure
4 706/335 62.03+7.41 16.85£3.71
5 219/88 61.49+7.69 17.33£3.32
6 27/12 59.09+7.06 17.77+£2.45
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eTable 2. Demographic of the Single Healthy Groups (Strategy 1)

Gender (female/male) Age (years) Education (years)
Initial HC group 11384/14078 65.05+7.8 16.69+3.77
Function 6606/7723 64.46+7.58 16.77£3.7
Structure 9263/11070 64.48+7.61 16.75+3.72
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eTable 3. Demographic of Six Matched Healthy Groups (Strategy 2)

Modalities Healthy controls
o Age Years of Education
N criteria met Gender (female/male)

(mean=std) (mean=std)

1 3945/2573 63.76+7.39 16.843.69

2 1976/1120 63.05£7.31 16.87+3.68

i 3 1053/534 62.66+7.44 16.86+3.61
Function

4 529/236 61.93+7.44 16.98+3.56

5 172/71 61.39+7.4 17.59+2.97

6 19/10 59.85+7.2 17.52+2.43

1 5184/3418 63.89+7.41 16.68+3.79

2 2630/1480 63.13+£7.32 16.91+3.63

3 1375/683 62.63+7.36 16.943.59
Structure

4 707/334 62.06+7.38 16.943.64

5 220/87 61.6+£7.62 17.36+3.23

6 28/11 59.49+6.81 17.9£2.19
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eTable 4. Regions Showng Significant Differences in fALFF Between Individuals With Lifetime Depression and the Single HC Group (Strategy 1)

N criteria Contrast  Cluster Cluster p- Peak T Peak effect MNI
. Anatomical region
me s12¢ value statistic size coordinates
43 p<001 6.440 -0.109 [-51:27:-12] left posterior orbital gyrus
1 DP<HC 34 p=001 6.407 -0.097 [-21:-84:45] left superior temporal cortex
31 p<001 6373 -0.097 [-63:-51,24] left supraMarginal gyrus and middle temproal cortex
49 p<.001 6.142 -0.103 [24:-48:-27]  rnight Lobule IV, V, VI of cerebellar hemisphere
55 p=<001 6.208 -0.134 [48:-69:-12] right inferior temporal and occipital cortex
5 DB<HC 156 p<001 6.181 -0.139 [-33:48:33] left middle and superior frontal cortex
49 p=<001 6.027 -0.133 [21.-51;-27]  righ Lobule IV, V, VI of cerebellar hemisphere
69 p=<.001 5.969 -0.150 [-21:-57:-48] left Lobule VIIB, VIII of cerebellar hemisphere
5545 p<.001 9.552 -0.250 [-42:-33:54] bilateral medial and lateral pre- and postercentral gyrus
271 p=<001 7.546 -0.220 [15:-60:-51] bilateral loublue VIIT and IX of cerebellar
712 p<001 7.494 -0.220 [-36:48:30] left superiror medial frontal cortex
318 p<001 6.671 -0.205 [27.42:27] right superior and medial frontal cortex
156 p<001 6.580 -0.222 [36:30:-12] right inferior frontal gyrus
3 DP<HC 63 p<001 6.463 -0.198 [-21:-39:-24]  LeftLobule IV, V.VI of cerebellar hemisphere
161 p=001 6.362 -0.167 [-18:-102:15]  left middle and superiror occipital cortex
90 p<001 6303 -0.191 [21.-51:-24]  right Lobule IV, V,VI of cerebellar hemisphere
56 p<001 6.168 -0.171 [48:-66:-12] right inferior temporal gyrus
92 p=001 6.135 -0.191 [-57-63:12] left middle temporal gyrus
47 p<001 6.069 -0.174 [3:54;0] right superior and medial frontal cortex
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29 p=001 5817 -0.149 [21:-96.24] right occipital cortex
25 p=<001 5.615 -0.162 [-21-66,57]  left superior parietal cortex
4012 p=<001 9.061 -0.317 [-3:-9.51] bilateral pre- and postcentral gyrus
79 p=001 7.045 -0.238 [-12:-99.24] left superior and middle oceipital cortex
198 p=001 6.419 -0.279 [-45,-66,-9] left middle and mferior occipital cortex
74 p=001 6.411 -0.265 [24:-51:-21] right Lobule IV. V,VI  of cerebellar hemisphere
60 p<=001 6357 -0.239 [-9:66:24] left superior frontal cortex
57 p=.001 6.331 -0.276 [-6:-75:-45] left Lobule VII, VIIT of cerebellar hemisphere
30 p=001 6327 -0.215 [12:-99:21] right superior oceipital cortex
4 DP<HC 55 p=001 6.216 -0.237 [39.57.15] right superior and middle frontal cortex
48 p=<001 6162 -0.285 [-24:0:-12] left amygdala and putamen and putamen
36 p=001 6.058 -0.250 [12,-69.-48] right Lobule VIIT  of cerebellar hemisphere
33 p=001 6.006 -0.265 [24:3:-12] right amygdala
44 p<=001 5821 -0.271 [36:21:-33] nght superior and middle temporal cortex
38 p=001 5.738 -0.245 [-18:-54;-18]  left Lobule IV, V of cerebellar hemisphere
27 p=001 5568 -0.240 [-48.21:-15] left posterior orhital gyrus and superior tempral pole cortex
39 p=001 5511 -0.226 [45.-69.-9] right fusiform
28 p<001 5.465 -0.243 [-57.9;-24] left middle temporal cortex
5 DP<HC 312 p=.001 6.700 -0.410 [-42:-36:63] left pre-and postcentral gyrus
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eTable 5. Regions Showing Significant Differences in LCOR Between Individuals With Lifetime Depression and the Single HC Group (Strategy 1)

N criteria Cluster Cluster p- Peak T Peak effect MNI .
Contrast Anatomical region
met s17e value statistic size coordinates
230 p=.001 6.686 -0.088 [0:-18,72] left paracentral loubel and support motor area
299 p=001 6.329 -0.086 [39:-18.66] night pre- and postcentral gyrus
. e 258 p=001 6.216 -0.087 [-48:-27.60]  left pre-and posteentral gyrus
34 p=.001 6.032 -0.084 [-9:-102:18]  left superior occipital cortex
112 p=001 5.487 -0.085 [36:-84.27] nght middle oceipital cortex
41 p=001 5281 0.083 [51-72::9]  left inferior temporal cortex
1155 p=.001 6.990 -0.129 [30:-15.63]  nght pre- and posteentral gyrus
82 p<001 6.232 -0.130 [3:-75.-42] left Crus IT, Lobule VIII of cerebellar hemisphere
87 p=001 6.036 <0124 [48.-66:-15]  right inferior occipital and temporal cortex
122 p=001 5.996 -0.131 [12,-57:-51]  night Lobule VIII, IX, X of cerebellar hemisphere
4 P p=001 5.991 0123 [-33:-21:63]  left pre-and posteentral gyrus
154 p<001 5.830 -0.121 [6:-96,18] left middle and superior oceipital cortex
175 p=.001 5.826 -0.110 [30,-87,33] right superior and middle occipital cortex
86 p<.001 5.629 -0.119 [-34.-753] left inferior occipital and temporal cortex
27 p<001 5.605 -0.110 [-48:33.30] left  triangular part of inferior frontal cortex
30 p=001 5.300 -0.102 [57:-12:36] nght pre-and postcentral gyrus
6979 p=.001 9.066 -0.228 [-45:-33,63]  bilateral pre- and postcentral gyrus
N N p=001 6922 0203 [3-72-42]  bilateral Lobule VIII and IX of cerebellar heimsphere
124 p=001 6619 0174 [-21.-48:-15]  left fusiform gyrus
105 p=.001 5.984 -0.159 [48.-63:-12]  nght nferior temporal and occipital cortex
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60 p=.001 5.507 -0.155 [63:-57:9] right middle temporal cortex
105 p=001 5.479 -0.160 left triangular part of inferior frontal gyrus
87 p<001 5.463 -0.156 left mferior temporal and occipital cortex
41 p=.001 5.230 -0.144 [-54:-60:12]  left middle temporal gyrus
52 p=.001 5.163 -0.161 right fusiform gyrus and lingual cortex
7633 p=001 9.593 0313 [-48:-27.60]  bilateral pre-and postcentral gyrus
p=.001 7.797 -0.300 left middle and inferior temproal cortex and bilateral fusiform
1212 [-48.-69,-6]
gyrus
423 p=001 6.627 0264 [-3.-75.-42]  bilateral Lobule VITB, and VIIT of cerebellar hemisphere
37 p=001 5.891 -0217 [-42:33:39] left middle frontal cortex
4 DP<HC
6l p=.001 5707 -0.205 [-18:-99.21] left superior cccipital cortex
29 p=<001 5.656 0216 [-24.0:-9] left putamen and amygdala
36 p=001 5.618 -0211 [42:27:36] right middle frontal cortex
38 p=<.001 5.591 -0.205 [-6:39,24] left superior medial frontal cortex and anterior cingulate cortex
47 p<001 5.444 -0.208 [39.-69:-48]  nght Crus I, Lobule VIIB, and VIII of cerebellar hemisphere
464 p=.001 6.892 -0.394 [-45:-27:63]  left pre-and posteentral gyrus
48 p=001 6.043 -0.392 [-48:-21.21]  left ralandic operculum and supramargmal cortex
193 p=001 5770 -0.384 [-3:-18:51] bilateral support motor area
5 DP<HC 46 p=001 5.691 -0.360 [-63:-6:12] left posteentral gyrus and superior temporal cortex
255 p=.001 5.664 -0.361 [39,-30.48] right pre- and postcentral gyrus
106 p=.001 5.655 -0.363 [-12:-33.78]  bilateral paracentral lobule: bilateral pre- and postcentral cortex
59 p=001 5357 0361 [66,-12.27]  Right postcentral gyrus
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eTable 6. Regions Showing Significant Differences in GCOR Between Individuals With Lifetime Depression and the Single HC Group (Strategy 1)

Peak T
N criteria met. Contrast Cluster size Cluster p-value s Peak effect size MNI coordinates Anatomical region
slatistic
28 p=.001 6.051 -0.113 [-54:-75.3] left middle and inferior temporal cortex
5 S 41 p=.001 5.850 -0.114 [57:-63:-3] right middle and inferior temporal cortex
- 33 p=.001 57N -0.111 [18:-54.-9] right lingual and fusiform gyrus
26 p=.001 5.457 -0.109 [-39:21:30] left mferior frontal cortex
826 p=.001 7483 -0.170 [-39:0:12] left insula and superior temporal cortex
left middl late corts
2852 p<.001 707 0175 [-21-45.-15] e S S S RS
and lingual cortex
669 p=.001 6.245 -0.162 [39:-3:15] right msular and rolandic operculum
bilateral Lobule VIII of cerebellar
3 DP<HC 192 p<.001 6.225 -0.182 [9:-69:-45] .
hemisphere
43 p<.001 5675 -0.150 [48:3:39] nght precentral cortex
90 p=.001 5408 -0.149 [-60:-18,42] left inferior parietal superior cortex
36 p=.001 5283 -0.160 [39:6:-15] right superior temporal cortex
31 p<.001 5225 -0.140 [-48.3:39] left precentral cortex
bilateral precuneus, lingual cortex,
7471 p=.001 7.684 -0.250 [9:.-60.69] fusiform, middle and superior temporal
cortex
DP<HC
148 p=.001 6912 -0.231 [-36:3:33] left precentral cortex
bilateral Lobule VIIT and left Lobule VIIB
191 p=.001 6772 -0.249 [15:-66,-45] N
4 of cerebellar hemisphere
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32 p= 001 6419 0236 [-24:0,-12) left amygdala and putamen
right Lobule VIII  of cerebellar
52 p<.001 6.238 -0.241 [27;-42;-48]
hemisphere
right precentral cortex and inferior frontal
165 001 5.824 -0.224 [39,9.33]
cortex
28 p=.001 5355 -0.199 [-33:-42:42] left inferior parietal cortex
25 p=.001 5121 -0.198 [-30:-3.54] left precentral cortex
left s I gy d s
DRTIC 59 P 007 5825 0,361 [-48,-33,24] c SUpTAMEIZINGL gyns and supenor

temproal cortex
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eTable 7. Regions Showing Significant Differences in GMV Between Individuals With Lifetime Depression and the Single HC Group (Strategy 1)

Neriteriamet  Contrast  Cluster size Cluster p-value Peak T statistic  Peak effect size MNI coordinates Anatomical region
2 DP-HC 56 p=001 5.286 0.086 [12-30.75]  right pre- and post-central gyrus
3 DP<HC 39 p<001 6.855 -0.142 [3.453] bilateral Olfactory cortex
DP<HC 60 p=001 5.038 0.110 [18:-13.5:-10.5]  right hippocampus
1608 p<001 6.285 -0.183 [0,33,-15] bilateral medial frontal cortex
218 p=001 6.058 -0.185 [28.5:30.36] night superior and medial frontal cortex
1051 p=001 5.761 -0.179 [58.5:-10.5:9]  right superior and middle temporal cortex
434 p=001 5.568 -0.182 [-3:-16.5.49.5]  bilateral middle cingulate cortex
147 p<001 5317 -0.162 [18.-16.5-12]  right hippocampus
70 p<001 5192 -0.160 [21:-45-4] right lingual cortex and parahippocampus
161 p=.001 5129 -0.162 [-49.5:3:-3] left superior temporal cortex
4 DPtiC 391 p=001 5.074 -0.176 [-49.5.3;-28.5]  left inferior and middle temporal cortex
208 p=001 5.036 -0.157 bilateral media dorsal medial magnocellular
113 p=001 4981 -0.163 left postcentral gyrus
171 p=.001 4.921 -0.163 [1.5:37.5:25.5]  left anterior cingulate cortex
84 p=001 4920 0158 [-58.5,-33.16 5]  left superior temporal
112 p<001 4885 -0.160 [52.5;3.0] right insula and righ rolandic operculum
215 p=001 4870 -0.153 [25.5:-63:-58.5]  night Lobule VIIT of cerebellar hemisphere
177 p<001 4856 0157 [43.5:-159]  right insula
51 p<001 4.714 -0.150 [30,12;-25.5] right temporal pole: superior temporal gyrus
5 DP=HC 62 p=<001 4.670 0.259 [12:64.5.33] right superior medial frontal cortex
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eTable 8. Regions Showing Significant Differences in fALFF Between Individuals With Lifetime Depression and Matched HC Group (Strategy 2)

N criteria ) Peak T ” @ S
met Contrast Cluster size Cluster p-value statistic MNI coordinates Anatomical region
537 p=<001 6.61 [27:-78:-6] right Fusiform gyrus, lingual gyrus, occipital pole
5 . 196 p<001 591 [-39:-81:-9] left middle occipital cortex
75 p<001 512 [-6:-21:66] left thalamus
46 p=.001 565 [-30:-9:60] left precentral gyrus
2759 p<001 8.05 [0,-30,63] bilateral medial and lateral primary sensorimotor regions
90 p<.001 6.46 [18:-60:-51] right Lobule VIII of cerebellar hemisphere
121 p<.001 617 [-39:-24:21) left parietal operculum cortex
70 p=.001 6.04 [0:60:27] superior medial frontal
5 G 115 p<001 596 [-27.60,21] left superior frontal cortex
32 p<001 593 [-30:-51.-48] left Lobule VIIT of cerebellar hemisphere
28 p=001 579 [0:54:-9] left medial frontal cortex
34 p=001 572 [-9:-72:-48] left Lobule VIII of cerebellar hemisphere
30 p<001 5.57 [42:-69:-12] right lateral occipital cortex
30 p<001 555 [-27,-87. 0] left middle occipital cortex
137 p<.001 763 [0:-9:51] bilateral support motor regions
4 DP<HC 683 p=001 719 [-54;-12.33] left postcentral gyrus
280 p<001 6.74 [60,-9.33] right postcentral gyrus

© 2024 Wang X et al. JAMA Network Open



68
32
119
46

p<.001
p=.001
p=.001
p=001

613
6.06
592
548

[-3,-36:60)
[12;54;39]
[3:57:30]
[-45,-60:-9]

left postcentral gyrus
right superior medial frontal cortex
right superior medial frontal cortex

left inferior occipital cortex
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eTable 9. Regions Showing Significant Differences in LCOR Between Individuals With Lifetime Depression and Matched HC (Strategy 2)

N criteria . Peak T X . X
met Contrast Cluster size Cluster p-value statistic MNI coordinates Anatomical region

79 p< 001 622 [27.-48:-51] right inferior cerebellum
38 p=001 577 [15:-45:-51] right Lobule IX of cerebellar hemisphere

2 DP<HC 259 p=001 565 [33.-84:-12] right inferior occipital
31 p=001 524 [0:-93:12] calcarine
31 p=001 516 [-42:-75,-9] left inferior oceipital

2734 p=001 6.94 [-3.-30.60] bilateral medial and superior sensorimotor regions

190 p=001 6.61 [-12.-72.-51] left Lobule VIIT of cerebellar hemisphere
168 p=001 6.12 [15:-60:-51] night Lobule VIII of cerebellar hemisphere

s Dpc 45 p=001 612 [-42:-6:3] left insula
50 p=001 590 [-12:-57.-48] left Lobule IX of cerebellar hemisphere
27 p=001 576 [-42.-51:-21] left fusiform
99 p=001 554 [-15.-48.-3] left lingual and fusiform, parahippocampus
27 p=001 535 [-39.-75.-12] left fusiform
623 p=001 6.77 [-42:-24:63] bilateral medial and lateral sensorimotor regions
172 p=001 6.09 [63.-15.30] posteentral gyrus

4 DP<HC 66 p=001 558 [0.-6.48] left middle cingulate cortex
64 p=001 557 [-15,-45.75] left precuneus
55 p=001 556 [51:-24:60] right precentral gyrus
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38 p=001 5.53 [63:-9:-27] right anterior middle temporal gyrus
70 p<.001 552 [-51:-66:-6] leftinferior temporal cortex

DP<HC 92 p=001 544 [-45;-21:63] left postcentral gyrus
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eTable 10. Regions Showing Significant Differences in GCOR Between Individuals With Lifetime Depression and Matched HC (Strategy 2)

Peak T
N eriteria met Contrast Cluster size Cluster p-value L MNI coordinates Anatomical region
statistic
3 DP<HC 42 p=.001 543 [-24.-42:-3] left lingual cortex and parahippocam pus

cTable 11. Regions Showing Significant Differences in GMV Between Individuals With Lifetime Depression and Matched HC (Strategy 2)

N eriteria met Contrast Clustersize  Cluster p-value j’;zil MNI coordinates Anatomical region
2 DP=HC 56 0.002 5.14 [14:-33:75] Right postcentral gyrus
k DP=1C 152 0.004 5.64 [3:4:3] Subcallosal cortex
218 0.003 5.06 [-44.-15:44] left precentral gyrus
4 DP<HC 64 0.015 4.87 [0:-17,50] left precentral gyrus
62 0.015 4.69 [0:32:-17) Medial frontal cortex
5 DP-HC 129 0.094 552 [41:-24:48] right posteentral cortex
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5 Diskussion

In den vorliegenden Studien wurde die Funktionsweise des typischen und pathologischen
erwachsenen menschlichen Gehirns untersucht, wobei der Schwerpunkt auf den Effekten des
typischen  Alterungsprozesses, von Morbus Huntington, Morbus Parkinson und
Depressionserfahrungen lag. Metriken lokaler spontaner neuronaler Aktivitdt und Synchronizitit
wurden aus rs-fMRI-Daten abgeleitet und mit klinischen sowie verhaltensbezogenen Daten
kombiniert. Dies ermoglichte eine detaillierte Abbildung der Topographie funktioneller
Verdinderungen und lieferte Hinweise auf zugrundeliegende biologische Mechanismen und

potenticlle Biomarker.

In den ersten beiden Studien wurde Evidenz fiir die Vulnerabilitit von Zellen mit spezifischen
neurochemischen, insbesondere = monoaminergen, Eigenschaften gegeniiber typischen
altersbedingten Verdnderungen sowie den Auswirkungen von Morbus Huntington und Morbus
Parkinson auf das Gehirn gefunden. In Morbus Huntington waren lokale funktionelle Verdnderungen
am starksten mit der Verfiigbarkeit der dopaminergen Rezeptoren D; und D>, sowie den Transportern
von Dopamin und Serotonin assoziiert. Die Assoziationsstirke der funktionellen Verdnderung in HD
und D; sowie dem Serotonintransporter korrelierte zudem mit der Krankheitsschwere und die
Auspriagung der Synchronizitdt im dopaminreichen Nucleus caudatus hing mit der Schwere der
motorischen Symptomatik zusammen. Altersbedingte funktionelle Hirnverdnderungen waren mit der
Verfiigbarkeit von dopaminergen und serotonergen Rezeptoren, aber auch mit GABAergen,
glutamatergen Rezeptoren und dem Noradrenalintransporter assoziiert. Bei Morbus Parkinson
wurden Abweichungen von der Norm in den Assoziationsstirken einer Reihe unterschiedlicher
Neurotransmittersysteme identifiziert, darunter monoaminerge, cholinerge, glutamaterge und
GABAerge Systeme. Das Abweichungslevel in PD beziiglich des GABAa-Rezeptors korrelierte mit
der Krankheitsdauer. Die Stirke dieser Assoziationen oder Abweichungen von der Norm in den
verschiedenen Neurotransmittersystemen konnte dariiber hinaus auf die unterschiedliche Relevanz
dieser Systeme in den untersuchten Erkrankungs- und Alterungsprozessen hinweisen. Die
Korrelationen dieser Assoziationsstirken bzw. Abweichungen von der Norm mit der
Krankheitsschwere und -dauer deuten auf potentielle Biomarker der Krankheitsschwere hin. Die
Ergebnisse konnen Impulse fiir die Entwicklung effektivere Medikamentenzusammensetzungen
geben und bestétigen die Wirksamkeit bestehender Pharmazeutika, wie beispielsweise L-Dopa gegen
Bewegungssymptomatiken oder selektive Serotonin-Wiederaufnahmehemmer gegen depressive
Verstimmungen. Zur weiteren Bestitigung der Wirksamkeit dieser und zukiinftiger Medikamente auf
Ebene der Hirnfunktion sind jedoch zusitzliche Studien mit direktem Kohortenvergleich notwendig,

wie beispielsweise bei Dukart et al. (23) und Zhang et al. (164) durchgefiihrt.
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Die dritte Studie nutzte individuelle funktionelle und strukturelle Hirnkarten, die teilweise im
Rahmen der zweiten Studie entstanden. Ziel war es, Abweichungen in Gruppen mit unterschiedlichen
Depressionskriterien zu Probanden ohne Depressionserfahrungen abzubilden und die Relevanz
dieser Kriterien fiir depressionsbezogene Hirnverdnderungen zu bewerten. Es konnte gezeigt werden,
dass die gegenwirtige oder frithere Einnahme von Antidepressiva und die Diagnose von depressiven
Episoden im Lebenslauf der Probanden (unter den untersuchten Kriterien) am stirksten zu
Hirnfunktionsverdnderungen beitrugen, was auf einen potentiell persistierenden Effekt von
Depressionserfahrungen im Alltag auf die Hirnfunktion hindeutet. Aus den Unterschieden in den
Effekten von Definitionskriterien auf funktionelle und strukturelle Abweichungen ergeben sich
wichtige Implikationen fiir Forschung und Klinik: Alle relevanten Kriterien zur Definition einer
Depressionskohorte sollten sorgfiltig wihrend des Studiendesigns ausgewédhlt werden.
Unterschiedliche Effekte verschiedener Symptome auf Hirnfunktion und -struktur kénnen auch
Hinweise auf differenzierte Subtypen, Differentialdiagnosen (wie nicht diagnostizierte bipolare
Tendenzen) oder (latente) Komorbiditdten liefern, die in der groBen Kohorte von Probanden mit

Depressionserfahrungen subsumiert wurden.

Die im Rahmen dieses Dissertationsvorhabens durchgefiihrten Studien haben ihre Ziele erreicht und
unser Verstindnis dariiber erweitert, wie sich das erwachsene menschliche Gehirn im typischen und
pathologischen Alterungsprozess sowie bei Depression verdndern kann. Multimodale Assoziationen
lieferten zudem Hinweise auf die neurochemischen Auspragungen der in den Gehirnverdanderungen
involvierten Neurone. Damit konnte ein wichtiger Betrag zum iibergeordneten Ziel geleistet werden,
Erkenntnisse liber die Ursachen und Mechanismen der physiologischen Vorginge zu gewinnen, um
letztlich préazisere Diagnostik und Prognostik im klinischen Alltag zu ermdglichen und potentiell den
Weg zu krankheitsmodifizierenden Therapien zu ebnen. In den folgenden Abschnitten wird die
Bedeutung der verwendeten Methodik in der heutigen wissenschaftlichen Praxis diskutiert.
AuBerdem werden die fachlichen und datenbezogene Limitationen der durchgefiihrten Studien sowie
mogliche Ansitze zur Bewiltigung dieser Herausforderungen zur weiteren Anndherung an das

iibergeordnete Ziel dargestellt.

5.1 Bedeutung der Metriken und Methodik in der Forschung

Auch wenn die Interpretation der hier verwendeten lokalen Metriken der Hirnfunktion in Bezug auf
die zugrunde liegenden biologischen Entitéiten noch nicht vollstédndig geklart ist (38), ermoglichen
sie dennoch wertvolle Einblicke in die funktionelle Organisation des menschlichen Gehirns mittels
nicht-invasiver Methodik. Mit ihrer Hilfe konnten in fritheren Studien Netzwerke und topologische
Muster diverser kognitiver Funktionen (wie z. B. Konzentration oder Gedéchtnis) untersucht werden

(165). Abweichungen von typischen Mustern lieferten Erklérungsansétze fiir Pathomechanismen und
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potenticlle diagnostische oder prognostische Biomarker fiir neurologische (166—168) und
psychiatrische (169—171) Erkrankungen. Damit trugen funktionelle Mafle, wie solche abgeleitet aus
rs-fMRI-Daten, enorm zum Verstindnis der biologischen Mechanismen des typischen und

erkrankten menschlichen Gehirns bei.

Die multimodalen Assoziationen von funktionellen oder strukturellen und neurochemischen
Bildgebungsdaten des Gehirns stellen eine vielversprechende Methode dar, die Rolle von
Neurotransmitterauspragungen auf die Zellvulnerabilitdt bei Krankheiten und im Alterungsprozess
zu untersuchen. Zuletzt wurde mithilfe dieses Ansatzes im Umfeld der bildgebenden
Neurowissenschaften ein wesentlicher Beitrag zur neurophysiologischen Grundlagenforschung
geleistet. So wurden beispielsweise der Zusammenhang von Progesteron auf die funktionelle
Reorganisation des miitterlichen Gehirns postpartum (172), die Relevanz von
Neurotransmittersystemen auf strukturelle und funktionelle Organisation des Neokortex (24),
Alterseffekte im Zusammenhang von Neurotransmission auf die Kortexdicke (173), oder der
Einfluss von  Neurotransmitterauspragung auf die  Hirnfunktionsverdnderungen in
neurodegenerativen Erkrankungen untersucht (23, 174). Durch die Analyse der rdumlichen
Korrelation zwischen rs-fMRI-Metriken und Verteilungskarten verschiedener
Neurotransmittersysteme konnten wir nachweisen, dass lokale Hirnfunktionsmetriken Informationen
iiber die zu Grunde liegende Neurotransmission enthalten. Weiterhin konnten wir zeigen, dass diese
Metriken auch neurophysiologische Informationen zu den untersuchten NDs liefern und potentielle

Biomarker fiir den Krankheitsverlauf darstellen.

5.2 Open Science

Die Ziele der hier dargestellten Studien konnten mit Hilfe von in der wissenschaftlichen
Gemeinschaft geteilten Neurobildgebungsdaten erreicht werden. Unsere Studien zeigen, dass die
Verbreitung von Datensétzen, deren Generierung kostspielig (finanziell und zeitlich) und mitunter
auch invasiv ist, den wissenschaftlichen Fortschritt enorm beschleunigen und die Anzahl
individueller Belastungen von Erkrankten und Personen hoheren Alters minimieren kdnnen.
AuBergewohnliche Institutionen wie Biobanken, welche Daten mehrerer Tausend Probanden
enthalten, sowie die methodische Weiterentwicklung von Modellierungstechniken, ermoglichen erst
die Generierung komplexer normativer Modelle von Hirnfunktion oder abgeleiteter Metriken. Der
Wert dieser normativen Modelle zeigte sich hier insbesondere durch die Erweiterung der Spanne an
potentiell besonders fiir funktionelle Verdnderungen vulnerablen Neurotransmittersystemen im
Alterungsprozess und PD: Diese Spanne schrinkt die Wahl der direkt zu untersuchenden
Neurotransmittersysteme in zukiinftigen Fall-Kontroll-Studien unter der Vielzahl an Moglichkeiten

stark ein. Wie zuvor erwihnt existieren neben den hier untersuchten Systemen hunderte weitere
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Neurotransmittersysteme. Durch die zukiinftige Entwicklung und Bereitstellung weiterer
Verteilungskarten konnte aus den verschiedenen Assoziationsstirken ein Kanon der fiir eine gewisse
Kondition relevanten Neurotransmittersysteme erstellt werden. Dieser Kanon konnte die Rolle der
darin enthaltenen Rezeptoren und Transporter fiir die typische oder atypische funktionelle
Organisation des menschlichen Gehirns abbilden (im Rahmen der im Abschnitt 5.3.2 diskutierten
Limitationen) und einen fundamentalen Beitrag zur Grundlagenforschung leisten. Mithilfe der nicht-
invasiven MRT konnten individuelle Abweichungen in den Assoziationsstdrken erfasst werden, die
Hinweise auf Erkrankungen liefern, womit letztlich ein Einzug dieses Ansatzes in den klinischen

Alltag denkbar wire.

5.3 Fachliche Limitationen
Diese Kategorie umfasst Limitationen, die sich auf die inhaltliche und fachliche Ebene der

Untersuchungen beziehen.

5.3.1 Interpretation von ridumlichen Korrelationen

Hinweise auf eine besondere Vulnerabilitdt von Zellen mit gewisser Neurotransmitterauspragung auf
funktionelle Verdnderungen im Alter und in Krankheit wurden in unseren Studien auf Grundlage von
raumlichen Korrelationen (oder deren Verdnderungen) gefunden. Wie gezeigt sind solche
Korrelationsanalysen im weiten Umfeld der Neurobildgebung etabliert, die Korrelationsstiarke und
ihre Verdnderung allein lassen jedoch keine Schlussfolgerungen auf die Art funktioneller
Veranderung  (erhoht oder  verringert) in  Regionen mit hoher oder geringer
Neurotransmitterauspragung zu, da sie nur die Giite eines (linearen) Zusammenhang darstellen.
Erkenntnisse dariiber hinaus bediirfen detaillierterer Folgeanalysen, die die Ursache fir die
gefundenen rdumlichen Zusammenhdnge beschreiben. Dazu konnte zusétzlich zur
Korrelationsrichtung (positiv oder negativ) auch die regionale Verteilung der Funktionsverdnderung
betrachtet werden, d. h. ob es sowohl Regionen mit erhohter und verringerter Funktion im Vergleich

zur Norm gab, oder die Funktion in allen Regionen nur verringert oder nur erhoht war.

Hinweise auf vulnerable Zelltypen konnen die Erprobung neuerer diagnostischer Verfahren oder
Therapieansitze motivieren, da sie potentielle Ziele vorschlagen. Fiir die Gewissheit, dass Zellen
gewisser Neurotransmitterauspragung jedoch tatsidchlich ursdchlich sind fiir die gefundenen
funktionellen Verdnderungen, miissen weiterfiilhrende Studien Hinweise fiir einen potentiellen
kausalen Zusammenhang finden. Dazu eignen sich verschiedene Methoden der kausalen Inferenz,
darunter beispielsweise die von Bradford Hill postulierten und in der Neurowissenschaft und
Medizin etablierten (175, 176) Kriterien zur Stirkung einer vermuteten Ursache-Wirkungs-
Beziehung (177). Fiir einen kausalen Zusammenhang spricht dabei (wie teilweise in den hier

dargestellten Studien gefunden), dass die gefundenen Assoziationen stark sind, unter verschiedenen
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Bedingungen reproduziert wurden und analoge Ansédtze zu gleichen Schliissen fithren (z. B. die
Wirksamkeit von Levodopa gegen motorische Storungen in PD und die in PD gefundenen Hinweise
auf eine funktionelle Beeintrachtigung des dopaminergen Systems). Wesentliche, jedoch noch
fehlende Hinweise auf einen kausalen Zusammenhang sind die zeitliche Abfolge der Ursache-
Wirkungs-Beziehung, die Spezifizitdt und die Skalierbarkeit (,,biologischer Gradient*). Evidenz fiir
die zeitliche Abfolge, Skalierbarkeit und Spezifitit konnten beispielsweise in pharmakologischen
Studien mit Bildgebung gefunden werden, die den Effekt zweier unterschiedlich dosierter,
spezifische NT-Systeme beeinflussender Pharmazeutika auf die Hirnfunktion untersuchen (178,

179).

5.3.2 Messung neurochemischer Eigenschaften mittels PET/SPECT

Als Information fiir die typische Verteilung von Rezeptoren und Transportern im menschlichen
Gehirn wurden Karten verwendet, die in PET- und SPECT-Studien an unterschiedlich groBen
Stichproben mit verschiedenen Geschlechter- und Altersverteilungen abgeleitet wurden. Da die
Rezeptorverteilung (neben inter-individuellen Unterschieden) mit dem Alter (180) und zwischen den
biologischen Geschlechtern (181) variiert, sind die verwendeten Neurotransmitterkarten nur als

Néherung fiir die tatsdchliche individuelle Verteilung zu verstehen.

Kombinierte PET/fMRT-Scanner konnten in zukiinftigen Studien diese Niherung iiberwinden,
indem sie die individuelle Beteiligung eines Neurotransmittersystems an der zeitgleich gemessenen
Hirnfunktion bestimmen (182, 183). Neben Invasivitit durch Strahlenexposition wire es hiermit
jedoch nur mdéglich, pro Messdurchlauf die Rolle eines einzelnen Rezeptors/Transporters an der
individuellen Hirnfunktion zu messen. Untersuchungen an groflen Stichproben und verschiedenen
Neurotransmittersystemen wéren zudem mit hohen Kosten verbunden. Der hier verwendete Ansatz

umgeht diese Exposition zu Kosten der interindividuellen Variabilitét.

5.4 Datenspezifische Limitationen

Diese Kategorie umfasst Limitationen, die sich auf die Datenherkunft und -eigenschaften beziehen.

5.4.1 Limitierte Generalisierbarkeit der Studienergebnisse

Die Daten der ersten Studie wurden in zwei unabhédngigen Bildgebungszentren in Deutschland
erhoben. Fiir die Robustheit der Ergebnisse spricht, dass die rdumlichen Korrelationen von
Neurotransmitterkarten mit Hirnfunktionsmalen in der ersten und zweiten Kohorte trotz
unterschiedlicher Hardware, Parameter der Bildgebung und durchfiihrenden Personen stark
iibereinstimmen. Die im Vergleich zu den beiden anderen durchgefiihrten Studien geringe

StichprobengréBe unterband jedoch eine Unterteilung der an HD erkrankten Personen in

21



Untergruppen verschiedener Krankheitsauspragung. Dadurch war es uns nur moglich, den Effekt des
Krankheitsverlaufs auf die Hirnfunktion und auf die rdumliche Korrelation zwischen veridnderter
Hirnfunktion und Neurotransmitterkarten anhand zweier HD-Kohorten, deren Krankheitsstadien

sich statistisch leicht voneinander unterschieden, grob zu quantifizieren.

Der verwendete funktionelle Datensatz der 2. und 3. Studie wurde in 4 Bildgebungszentren in
England (Newcastle upon Tyne, Stockport, Reading und Bristol) erhoben. Dies brachte den Vorteil
der enormen Stichprobengréfie und die Mdoglichkeit, Teilstichproben mit spezifischen Eigenschaften
zu analysieren. Dennoch ist die Interpretation der Ergebnisse nicht auf eine gréere Population (z. B.
jenseits von England) generalisierbar. Unter Zuhilfenahme weiterer nationaler Biobanken
(beispielsweise der NAKO in Deutschland, www.nako.de) konnen zukiinftige Studien regionale
Unterschiede und regional unabhingige (generelle) FEigenschaften der Krankheits- oder
Alterungseffekte identifizieren und quantifizieren, die bei der Entwicklung préziserer Therapien

unterstiitzen konnten.

Zwar ist die UK-Biobank eine grof3 angelegte biomedizinische Datenbank, dennoch ist die Anzahl
an Probanden mit diagnostizierten neurodegenerativen Erkrankungen gering und es fehlt an klinisch
relevanten Messwerten, die iiber Selbstberichte und kognitive Bewertungen hinausgehen (184).
Nichtsdestotrotz ist der bisherige Datenstand bereits von hohem Wert fiir jetzige und zukiinftige
Grundlagenforschung zu neurodegenerativen Erkrankungen. Hinsichtlich der Privalenz von ND
sollten sich innerhalb der untersuchten Kontrollkohorte (25000 Probanden im Alter zwischen 40 und
80 Jahren) im Nachhinein Teilgruppen definieren lassen, deren Mitglieder sich momentan im
Vorstadium einer ND befinden und potentiell erste Anzeichen einer prodromalen Krankheitsphase

aufweisen (185).

5.4.2 Krankheitsbilder und Abstufungen

Eine weitere Limitation ergibt sich aus den Kriterien, die die Probanden der untersuchten Kohorten
definierten. Aufgrund der begrenzten Stichprobengrofle der ND-Kohorten der ersten beiden Studien
konnten keine Sub-Kohorten hinsichtlich der Geschlechter oder des Alters separat untersucht
werden. Um eine geschlechtergetrennte und altersaufgeldste Betrachtung der untersuchten ND
vorzunehmen, bedarf es entweder teurer Fall-Kontroll-Studien mit sehr grolen Stichproben, oder der
Kombination von Bildgebungsdaten, die in verschiedenen Studien gesammelt wurden. Aufgrund der
Differenzen in Neurobildgebungsdaten, die auf unterschiedliche Akquisitionsorte zuriickzufiihren
sind, miissten bei MRT-Studien die Daten zunéchst um diese Effekte bereinigt werden, um groBere
Stichproben von Probanden einer spezifischen Krankheitsauspragung zu definieren. Die Quellen

dieser Effekte sind vielseitig und gibt es heute noch keinen etablierten Standard zur Korrektur des
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Akquisitionsorteffekts, jedoch existieren internationale Kollaborationsbemiihungen zur Entwicklung

von statistischen Methoden unter Verwendung von maschinellem Lernen (186).

5.4.3 Small & Big Data

Wihrend in der ersten dargestellten Studie Krankheitseffekte in HD auf Grundlage eines Fall-
Kontroll-Ansatzes mit Daten von unter 100 Probanden untersucht wurden, nutzten wir in der zweiten
und dritten Studie einen grofen Datensatz der UK-Biobank mit Daten von iiber 20000 Probanden.
Vorteile des Fall-Kontroll-Ansatzes in kleineren Stichproben liegen im effizienteren
Ressourceneinsatz der Datengenerierung sowie in der genaueren klinischen Charakterisierung und
Diagnostik. Dieser Ansatz bietet sich in der Regel an, um neue Fragestellungen zu untersuchen,
indem die gewiinschten Variablen bei der Messung miterhoben werden. Zudem kdnnen
Replikationsdatensdtze, die anderswo und mit anderen Probanden erhoben wurden, anschlieBend
dazu verwendet werden, die initial gefundenen Ergebnisse auf Robustheit und
Verallgemeinerungspotential zu untersuchen. Dank der uns zur Verfiigung gestellten Daten aus zwei
verschiedenen Akquisitionsorten war es uns einerseits moglich, die in der Observationskohorte
gefundenen Ergebnisse in der Replikationskohorte zu validieren und andererseits, dank der

erhobenen klinischen Parameter, potentielle Biomarker des Krankheitsstadiums zu identifizieren.

Grofle Datenmengen dienen eher holistischeren Untersuchungen, deren Ergebnisse zu spezifischeren
Fragestellungen fiihren konnen, die anschlieBend in Fall-Kontroll-Studien analysiert werden. Der auf
der Hand liegende Vorteil groBer Stichproben liegt darin, auch Effekte geringerer Stirke oder hoher
Varianz identifiziert zu kdnnen, welche in Studien kleinerer Stichprobengrof3e potentiell unentdeckt
geblieben wiren. Grof angelegte Studien bergen weiterhin das Potential, die den Daten zu Grunde
liegende Population am echesten abzubilden und so reprisentativere normative Modelle zu
ermoglichen. Dieser Vorteil steht der Nachteil des Einflusses niederqualitativer Daten gegeniiber,
welche nicht durch Vorkehrungen zur Sicherung der Datenqualitit zur Géanze beriicksichtigt werden

konnten und letztlich latenten Faktoren zu Grunde liegen.

Sowohl in klinischen Fall-Kontroll-Studien mit kleiner Stichprobengrofle als auch in explorativen
Studien mit groBer Stichprobe existiert die Gefahr einer Verzerrung der Ergebnisse aufgrund von
Selektionseffekten, die das Verallgemeinerungspotential der gefundenen Ergebnisse einschrinken.
Kleinere Stichproben sind anfillig fiir das Risiko, dass tatsdchlich vorhandene, jedoch schwache
Effekte im Kohortenvergleich als nicht signifikant erscheinen und somit moglicherweise nicht
detektiert werden. Dies steht im Zusammenhang mit Rekrutierungs- und Selektionseffekten in
klinischen Fall-Kontroll-Studien (187). Es besteht die Moglichkeit des Beobachter-
Erwartungseffekts, bei dem eher Probanden in die Studie eingeschlossen werden, die bereits die

erwarteten Merkmale aufweisen, um die Effektstirke zu maximieren (188). Weiterhin neigen
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weibliche Personen, Personen mit hoherem soziookonomischen Status, hoherem Bildungsniveau und
einer derzeitigen Beschiftigung eher zu Studienteilnahmen (189) und Personen mit hSherem
soziobkonomischen Status und geringerem Alkohol- und Tabakkonsum sind im UK-Biobank-
Datensatz hoher repridsentiert als in der tatsdchlichen Population (184). Um Effekte dieser
Abweichungen zur Population zu minimieren, konnten die Effekte dieser Charakteristika aus den
gemessenen Daten ermittelt und mittels Regressionsanalyse aus diesen ndherungsweise entfernt
werden. Alternativ konnte, im Falle einer geniigend groBen Kontrollkohorte, eine Subkohorte
definiert werden, deren Charakteristika mit denen der Population iibereinstimmen, die sie

reprasentieren soll.

5.5 Fazit

Die Ergebnisse der im Rahmen dieses Promotionsvorhabens durchgefiihrten Studien erweiterten
unser Gesamtbild von alters- und krankheitsbedingten Verdnderungen des menschlichen Gehirns.
Unter Verwendung neuester statistischer Methoden und grofen, 6ffentlichen Datensétzen konnten
wir sowohl die Verdnderungen der Hirnfunktion selbst, als auch Hinweise fiir den Einfluss diverser
neurochemischer Figenschaften auf die Verdnderung der Hirnfunktion in einer bisher noch nicht
vorhandenen Detailtiefe abbilden. Dieses erweiterte Gesamtbild kann eine Hilfestellung fiir
zukiinftige Studien sein, um ein tieferes Verstdndnis der (Patho-)Mechanismen von Erkrankung und
typischem Altern zu erhalten, diagnostische oder prognostische Biomarker zu entwickeln und neue

Therapieansitze zu etablieren.
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