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1. Einfihrung

Aktuell leben in Deutschland etwa 1,6 Millionen Menschen mit einer
demenziellen Erkrankung. Mit einem Anteil von mindestens zwei Drittel der
Betroffenen ist die Alzheimer-Erkrankung die haufigste Demenzform (Bickel
2016). Dem World Alzheimer Report 2015 zufolge gab es 2015 46,8
Millionen Demenzerkrankte weltweit, infolge der steigenden
Lebenserwartung gehen die Prognosen von bis zu 131,5 Millionen
Demenzpatienten im Jahr 2050 aus. Neben der stetig zunehmenden Anzahl
an Einzelschicksalen, die sich mit dem Verlust der Lebensqualitat und der
personlichen Integritat arrangieren maussen, gilt es, eine enorme
gesamtgesellschaftliche Belastung infolge drastisch steigender Gesundheits-
und Sozialausgaben zu bewaltigen (Alzheimer's Disease International 2015).
Jedoch konnten bereits kleinere therapeutische Erfolge, die zu einem
verzogerten Beginn und verminderter Progression von ein bis zwei Jahren
fuhren, zu einer deutlichen Reduktion der global prognostizierten Alzheimer-
Pravalenz und der daraus resultierenden Belastung beitragen (Brookmeyer,
Johnson et al. 2007). Die aktuell zur Verfugung stehenden
Therapiemoglichkeiten weisen nur bescheidene Erfolge auf und beschranken
sich zudem auf eine symptomatische Behandlung (Hugo and Ganguli 2014,
Gauthier, Albert et al. 2016). Molekularpathologische Ablaufe zu modulieren
und den Beginn und die Progression neurodegenerativer Erkrankungen zu
verhindern ist das Ziel kunftiger Therapeutika. Eine robuste neurologische
Bildgebung wird somit in zweierlei Hinsicht immer wichtiger: Zunachst zur
Differenzierung zwischen asymptomatischen Stadien und Vorlauferstufen

neurodegenerativer Erkrankungen und im Folgenden zum Monitoring



neuentwickelter molekularmodulierender Therapeutika (Hampel, Prvulovic et

al. 2011).

1.1 Alzheimer’'s Disease Neuroimaging Initiative (ADNI)

ADNI ist ein durch o&ffentliche und private Einrichtungen finanziertes
Forschungsprojekt, das Anfang des Jahrtausends initiiert wurde, um die
Forschungsbemihungen im Rahmen der Alzheimer-Erkrankung zu blindeln
und voranzutreiben. Ziel der Initiative war zunachst die Entwicklung
optimierter Methoden, um einheitliche Standards fur die bildgebende
Datenerhebung in longitudinalen und multizentrischen Studien
sicherzustellen.  Die erarbeiteten Methoden sollten bei der Erhebung
longitudinaler, funktioneller und struktureller Bilddaten einer groRen Kohorte
an alteren Kontrollpersonen und Probanden mit leichter kognitiver
Einschrankung und Alzheimer-Demenz Anwendung finden und erfolgte an
klinischen Standorten in den USA und Kanada. Mit Hilfe der neben den
Bilddaten zugleich ermittelten klinischen, kognitiven, genetischen und
biochemischen Biomarkern sollten charakteristische Zusammenhange der
Erkrankung vom Prodromalstadium bis hin zum voll ausgepragten
Krankheitsbild ermittelt und leistungsstarke MessgroRen zur Diagnostik und
Messung von Therapieeffekten identifiziert werden. Um der Alzheimer-
Forschung Vorschub zu leisten, war es den Initiatoren ein Anliegen, die
generierte Datenbank Wissenschaftlern weltweit zuganglich zu machen
(Mueller, Weiner et al. 2005, Mueller, Weiner et al. 2005, Weiner, Aisen et

al. 2010).



1.2 Cerebrales B-Amyloid

Cerebrale Amyloidablagerungen, sogenannte extrazellulare 3-Amyloid (AR)-
Plaques, sind neben Tau-Ablagerungen charakteristische Zeichen einer
Alzheimer-Erkrankung (Duyckaerts, Delatour et al. 2009). AR-Peptid ist ein
naturlich vorkommendes Spaltprodukt der B- und y-Sekretase aus dem
Amyloid-Vorlaufer-Protein (APP) und variiert in seiner Lange zwischen 36
und 43 Aminosauren. Das vorherrschende Peptid ist dabei AR4. Im
physiologischen Gleichgewicht wirkt AR modulierend auf synaptische
Exzitationen ein. Ist das Gleichgewicht zwischen Entstehung und Abbau von
AR jedoch gestort, kommt es laut Amyloidhypothese zur Bildung von
Oligomeren und Fibrillen und schlieBlich zur Aggregation der typischen
Plagues. Insbesondere das Peptid AR4, scheint diese Plaquebildung zu
begunstigen und zugleich schadigenden Einfluss auf Nervenzellen zu
nehmen. Neben den extrazellularen Ablagerungen lassen sich auch
intrazellular Aggregate aus Tau-Proteinen nachweisen. Tau ist ein l6sliches
Protein, das zahlreich intrazellular vorhanden ist und wesentlich zur Bildung
und Stabilisierung von Mikrotubuli beitragt. Durch Hyperphosphorylierung
geht die Affinitat zu den Mikrotubuli verloren, was zur Instabilitat derselben
fuhrt und den axonalen Transport in den Nervenzellen einschrankt. Bei
Alzheimer-Patienten (AD) konnte bisher keine genetische Komponente der
Tau-Mutation festgestellt werden (Querfurth and LaFerla 2010). In anderen
neurodegenerativen Erkrankungen wie z.B. der frontotemporalen Demenz
mit Parkinsonismus ist dies jedoch der Fall (Goedert and Jakes 2005).
Vielmehr deutet alles daraufhin, dass AR-Anreicherungen unter anderem zu
vermehrter Bildung von Tau-Neurofibrillen fuhren kdnnen (Gotz, Chen et al.

2001). Die Hypothese der Amyloidkaskade griundet auf konkreten Mutationen
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der Gene APP und Presenilin 1 und 2, die an der AR-Synthese beteiligt sind
und in direkter Assoziation zu der frih beginnenden familidaren Alzheimer-
Demenz stehen. Die verantwortlichen Faktoren, die zur Entstehung der AR-
Plaques in der wesentlich haufigeren sporadischen Alzheimer-Demenz, mit
Beginn nach dem 65. Lebensjahr, fuhren, sind derzeit noch nicht
abschlieRend geklart (Winblad, Amouyel et al. 2016). Ein deutlich erhdhtes
Lebenszeitrisiko zur Entwicklung einer sporadischen Alzheimer-Demenz
konnte bisher flr Trager eines €4 Alleles des fur den Cholesterintransport
verantwortlichen Apolipoprotein E Gens nachgewiesen werden (Poirier,
Davignon et al. 1993). Diese  zeigten ebenfalls vermehrte
Amyloidablagerungen wegen vermutlich zu geringem AR-Abbau. Zudem
deuteten Forschungen eine erhohte neuronale Toxizitat von AR im
Zusammenhang mit Apolipoprotein E €4 an (Winblad, Amouyel et al. 2016).
Eine Tragerschaft des Apolipoprotein E €2 Alleles konnte hingegen als
protektiver Faktor zur Entwicklung einer Alzheimer-Demenz identifiziert
werden (Corder, Saunders et al. 1994). Um die Plaqueentstehung
einzudammen, gibt es verschiedenste Losungsansatze in Form von
y-Sekretase Inhibitoren, Impfungen mit A3, monoklonalen Antikérpern gegen
diverse AR-Epitope und Aggregationshemmern, deren Wirksamkeit
Gegenstand aktueller Forschung in klinischen Studien ist. Dabei treten
jedoch teilweise erhebliche Nebenwirkungen auf (Querfurth and LaFerla
2010). Dies zeigt, dass bei der Suche nach Zielstrukturen fur
Behandlungsansatze, wie beispielsweise der Enzyme - und y-Sekretase,
die neben den amyloidogenen Stoffen weitere Substrate metabolisieren,
eine selektive Hemmung der AR-Bildung erfolgen muss, um eine ansonst

korrekte biologische Funktion aufrechtzuerhalten. Aus diesem Grund ist die
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Erforschung der multifaktoriellen Genese der AR- und Tau-Plaquebildung
und deren Auswirkung auf die klinische Auspragung der Alzheimer-Demenz
weiterhin von grofRter Bedeutung, um zielgerichtete Behandlungstherapien
zu ermdglichen. Gleichzeitig gilt es aber auch geeignete Biomarker zu
entwickeln und zu standardisieren, um den Therapieverlauf kunftiger
praventiver und krankheitsmodulierender Arzneimittel zu uUberwachen

(Winblad, Amouyel et al. 2016).

1.3 Positronen-Emissions-Tomographie bei Alzheimer-Erkrankung

Die Positronen-Emissions-Tomographie (PET) ermdglicht es, molekulare
Veranderungen im Rahmen der Alzheimer-Erkrankung in vivo darzustellen.
Durch Verwendung verschiedener radioaktiv markierter Tragerstoffe
(Radiotracer) kann zum einen die Amyloidpathologie und zum anderen die
degenerativ veranderte neuronale Aktivitdt abgebildet werden. Die daraus
gewonnenen Erkenntnisse kdnnen wertvolle Ergédnzungen zu den klinischen
Untersuchungen liefern und unterstutzend zur Diagnosefindung und
Prognose von neurodegenerativen Demenzen beitragen (Nasrallah and Wolk
2014). In einer longitudinalen Studie stellten Jack et al, die lange vor dem
Auftreten kognitiver Defizite, primar im Alter zwischen 60 und 75 Jahren,
dynamisch ansteigende Amyloidanreicherungen fest, deren Dynamik um das
75. Lebensjahr abnimmt und nahezu ein Plateau erreicht (Jack, Therneau et
al. 2016). In einem postulierten Modell dynamischer Biomarker tritt die
neuronale Degeneration deutlich spater in Erscheinung und korreliert dann
jedoch stark mit klinischen Symptomen (Jack, Knopman et al. 2010).
Villemagne et al sind mit dieser Erkenntnis und These konform. Sie

beobachteten mit Hilfe des [''C]-Pittsburgh compound B ([''C]-PiB) einen
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uber zwei Jahrzehnte andauernden und im spaten Stadium verringerten
dynamischen Prozess der Amyloidanreicherung. Die Maoglichkeit zur
Detektion dieser Pathologie viele Jahre vor dem Auftreten typischer
Veranderungen in der Kognition und am Hirnvolumen er6ffnet ein groRRes
Zeitfenster zur Anwendung antiamyloider Therapien (Villemagne, Burnham
et al. 2013). Auf Grund der geringen Halbwertszeit von [''C] markierten
Radiotracern von ca. 20 Minuten ist die Einsetzbarkeit des wohl am meist
untersuchten Amyloidtracers [''C]-PiB auf Forschungseinrichtungen mit
eigenem Zyklotron beschrankt. Eine verbesserte klinische Anwendbarkeit
erlauben hingegen ['®F] markierte Tracer, wie z.B. ['®F]-Florbetapir
(['®F]-AV45), mit einer deutlich verlangerten Halbwertszeit von ca. 110
Minuten. Beide Radiotracer fuhren insgesamt zu analogen Ergebnissen
(Wolk, Zhang et al. 2012). Ein Amyloidnachweis mittels ['®F]-AV45 PET
gegenlber einer Autopsie ergab ebenfalls signifikante Ubereinstimmungen
in den Resultaten und validierte somit die ['®F]-AV45 Bildgebung als
nutzliches Instrument zur Bestimmung von Amyloidplaques in vivo (Clark,
Pontecorvo et al. 2012). Unter Verwendung des stabilen Biomarkers
['8F]-Fluorodesoxyglucose (['®F]-FDG) lasst sich die synaptische Aktivitat
des Gehirns darstellen (Segobin, La Joie et al. 2015). Noch vor dem
Auftreten kognitiver Auffalligkeiten erméglicht ['®F]-FDG die Detektion eines
verringerten Metabolismus in Folge neurodegenerativer Veranderungen (de
Leon, Convit et al. 2001, Jagust, Gitcho et al. 2006). Ein reduzierter
Stoffwechsel per se ist kein spezifischer Hinweis auf das Vorliegen einer
Alzheimer-Demenz. Im Verlauf der Erkrankung sind jedoch charakteristische
Regionen des Gehirns wie Precuneus, posteriorer cingularer Cortex,

Hippocampus, Anteile des Parietal- sowie Temporallappens und in
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fortgeschrittenen Fallen der prafrontale Cortex von schrittweisen
Verschlechterungen der metabolischen Defizite betroffen (Johnson, Fox et
al. 2012). Wahrend bei bestehender  Alzheimer-Demenz  die
Amyloidbelastung auf hohem Niveau relativ stabil bleibt, korreliert bei
Progression der Erkrankung der abnehmende Glucosestoffwechsel
signifikant mit den progredienten kognitiven Defiziten (Engler, Forsberg et
al. 2006). Die beschriebenen bildgebenden Biomarker haben nicht nur das
Potenzial, die Diagnostik zu prazisieren und den Krankheitsverlauf zu
uberwachen, sondern scheinen auch als Outcome-Parameter in
therapeutischen Studien geeignet zu sein. Im Gegensatz zu gangigen
kognitiven und klinischen Parametern erlauben sie kleinere
Studienpopulationen und kirzere Beobachtungszeitraume (Mueller, Weiner
et al. 2005). Dies wird zu steigenden Anforderungen an die molekulare
Bildgebung fihren, um beispielsweise Veranderungen am Gehirn, die mit
klinischen Symptomen korrelieren, nach therapeutischen Interventionen zu
bestimmen (Nordberg 2011). Aus diesem Grund gilt es, die Genauigkeit der
Bildgebung weiter zu verbessern, um auch minimalste Veradnderungen

zuverlassig detektieren zu kénnen.

1.4 Referenzregion

Die ermittelten Standard-Uptake-Values (SUV) einer PET werden
gewoOhnlich mit Hilfe einer Referenzregion normalisiert. Dies ermdglicht eine
verbesserte Vergleichbarkeit der erfassten Werte eines Probanden im
Rahmen wiederholter Untersuchungen oder zwischen verschiedenen
Probanden (Yakushev, Landvogt et al. 2008). Zudem kdénnen die Varianzen

der ermittelten Messwerte verringert werden (Minoshima, Frey et al. 1995).
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Um adaquate SUV-Ratios (SUVR) zu erhalten, kommt der Referenzauswahl
eine wesentliche Bedeutung zu. Laut Yakushev et al sollte sie zuverlassig
ermittelt werden koénnen, bestenfalls nicht oder nur geringfligig von
degenerativen Prozessen betroffen sein, sollte nach Mdglichkeit nicht durch
aulere physiologische Stimuli beeinflusst werden und die Traceraufnahme
sollte bei gesunden Kontrollpersonen (HC) keine signifikanten
Abweichungen aufweisen (Yakushev, Landvogt et al. 2008). Eine ideale
Referenz sollte zudem eine prazise Differenzierung zwischen den
Diagnosegruppen ermoglichen (Dukart, Mueller et al. 2010). Wahrend far
['F]-FDG  Untersuchungen verschiedenste  Referenzregionen  wie
Cerebellum (CBL), Pons/Hirnstamm, Global Mean und Reference Cluster
einen weitreichenden Diskurs erfahren haben (Yakushev, Landvogt et al.
2008, Borghammer, Cumming et al. 2009, Bohnen, Djang et al. 2012,
Dukart, Perneczky et al. 2013), wird fiir die ['®F]-AV45 und [''C]-PiB
Amyloidanalysen weitgehend nur die graue Hirnsubstanz (GM) des CBL oder
das komplette CBL als Referenz verwendet (Weiner, Veitch et al. 2013).
Eine longitudinale [''C]-PiB Studie von van Berckel et al mit leicht kognitiv
eingeschrankten und an Alzheimer erkrankten Probanden zeigte fur die mit
der GM des CBL normalisierten Werte eine starke interindividuelle
Variabilitat (van Berckel, Ossenkoppele et al. 2013). Dies lasst darauf
schlieRen, dass die oben definierten Anforderungen an eine ideale
Referenzregion im CBL noch nicht ganzlich erfullt sind und es weitere
Verbesserungen fur die Quantifizierung von Amyloid mittels PET zu

erforschen gilt.



1.5 Partialvolumeneffekt/-korrektur

Die raumliche Auflésung der Positronen-Emissions-Tomographen ist auf
Grund technischer Begebenheiten begrenzt (Erlandsson, Buvat et al. 2012).
Bei Strukturen mit ahnlichen oder kleineren Abmessungen, verglichen mit
der Auflésung des Positronen-Emissions-Tomographen, treten geringere
Zahlraten (Counts) auf. Der Schwund offensichtlich vorhandener Aktivitat
und die damit verbundene Abschwachung der erwarteten Signalintensitat
wird als Partialvolumeneffekt (PVE) bezeichnet (Hutton and Osiecki 1998).
Es gibt zwei Aspekte des PVE, zum einen eine Streuung der Radioaktivitat
einer Zielstruktur in die Umgebung bzw. von der Umgebung in die
Zielstruktur auf Grund der Point-Spread Function (PSF) des Systems. Diese
ist ein Mal fur die raumliche Auflésung des Systems und wird mit Hilfe des
Full-Width-at-Half-Maximum (FWHM) genauer bestimmt (Erlandsson, Buvat
et al. 2012). Ist die zu untersuchende Struktur kleiner als das Zweifache des
FWHM wird der PVE ein besonders beeinflussender Faktor (Segobin, La
Joie et al. 2015). Als zweiter Aspekt fuhrt das relativ groRe Voxelvolumen
dazu, dass ein Voxel, bevorzugt an den Randern der Zielstruktur, zwei oder
mehr Gewebearten (GM, weille Hirnsubstanz (WM) oder Liquor (CSF))
enthalt. Dieses Phanomen wird als ,tissue-fraction effect® bezeichnet. Auf
Grund des relativ dunnen, nur wenige Millimeter dicken, cerebralen Cortex
ist in der neuronalen PET-Bildgebung mit ausgepragten PVE zu rechnen
(Erlandsson, Buvat et al. 2012), die durch neurodegenerative Atrophie, wie
sie bei AD auftritt (Thompson, Hayashi et al. 2003), verstarkt werden.
Etablierte Korrekturmethoden, wie Geometric-Transfer-Matrix (GTM)
(Rousset, Ma et al. 1998) oder Miuller-Gartner-Methode (Muller-Gartner,

Links et al. 1992), verwenden zur Rekonstruktion der radioaktiven Verteilung
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zusatzliche strukturelle Informationen aus Magnet-Resonanz-Tomographie
(MRT)-Daten in Form von Segmentierungen und profitieren von verbesserten
Ergebnissen (Erlandsson, Buvat et al. 2012). Trotz intensivster
Bemuhungen, die automatisierten Segmentierungen zu verbessern (Smith
2002, Segonne, Dale et al. 2004, Mikheev, Nevsky et al. 2008, Leung,
Barnes et al. 2011), sind ganzlich fehlerfreie Segmentierungen derzeit nicht
verfugbar. Die Auswirkungen fehlerhafter Segmentierungen auf die
Quantifizierung von PET-Daten unter Verwendung der
Partialvolumeneffektkorrektur (PVEC) sind noch nicht in vollem Umfang

erforscht.
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2. Inhalte der Promotionsarbeit

2.1 Referenzregionen und Partialvolumeneffektkorrektur — Einfluss auf

longitudinale Amyloid PET-Untersuchungen

Brendel, M., H6égenauer, M., Delker, A., Sauerbeck, J., Bartenstein, P.,
Seibyl, J., Rominger, A., for the Alzheimer's Disease Neuroimaging Initiative
(2015). Improved longitudinal [*®F]-AV45 amyloid PET by white matter
reference and VOIl-based partial volume effect correction. Neuroimage.
2015 108: 450-459.

Im Rahmen meiner Zweitautorenschaft ,Improved longitudinal ['8F]-AV45
amyloid PET by white matter reference and VOI-based partial volume effect
correction® (Brendel, Hogenauer et al. 2015) wurde die Auswirkung der
Auswahl unterschiedlicher Referenzregionen auf die Quantifizierung von
['®F]-AV45 PET-Ergebnissen untersucht, sowie der Einfluss einer Volume-
Of-Interest (VOIl)-basierten PVEC analysiert. Die hierfur verwendeten
Datensatze, bestehend aus Amyloid PET und T1-gewichteten MRT-Bildern,
wurden aus der ADNI-Datenbank bezogen und mit dem Programm PMOD
PNEURO V. 3.5 weiter prozessiert. Dazu erfolgte im ersten Schritt eine
rigide Co-Registrierung der PET-Datensatze mit ihren jeweiligen MRT-
Bildern, um eine lineare Transformation (PET-2-MRT) zu erhalten.
Desweiteren generierten wir eine nichtlineare Transformation (MRT-2-MNI),
indem die individuellen MRT-Daten auf den standardisierten Montreal
Neurological Institute (MNI)-Atlas co-registriert wurden. Die Kombination
beider Transformationen ermdglichte es schlieldlich, die individuellen PET-
Bilddaten in den standardisierten MNI-Raum zu uberfuhren. Eine
Segmentierung der MRT-Datensatze in GM und WM sowie CSF (Ashburner
and Friston 2005) erlaubte es, in Anlehnung an den Hammers Atlas

(Hammers, Allom et al. 2003), fur jeden Probanden 83 individuelle VOIs im
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MNI-Raum zu generieren. Im Anschluss wurde die Korrektheit der
automatisierten Co-Registrierungen und Segmentierungen (Baseline
N=1018/Follow-up N=278) visuell Uberpruft. Fehlerhafte Co-Registrierungen
(Baseline N=36 (3,5%)/Follow-up N=8 (3%)) konnten durch eine
halbautomatische Bearbeitung wieder der Auswertung zugefihrt werden.
Fehlerhafte und durch Artefakte behaftete Segmentierungen (Baseline N=56
(5,5%)/Follow-up N=20 (7,2%)) mussten jedoch ausgeschlossen werden, da
eine Veranderung der Standardparameter zu einer Verfalschung der VOI-
Ergebnisse hatte fihren kénnen.

Die folgenden Auswertungen der GM-Volumina wurden im MNI-Raum
durchgefuhrt, um den verschiedenen Hirnvolumina gerecht zu werden. Im
Gegensatz dazu erfolgten die VOI-Analysen im individuellen PET-Raum,
indem die Hammers VOIs durch eine Umkehrung der (PET-2-MNI)
Transformation in den nativen PET-Raum konvertiert wurden. Dieser fand in
der nach der GTM-Methode durchgefuhrten VOI-basierten PVEC ebenfalls
Anwendung (Rousset, Ma et al. 1998, Rousset, Collins et al. 2008). Der
angewendete Korrekturalgorithmus lie3 dabei fur die Berechnung sowohl
den Background als auch die WM-Regionen einflieRen, um speziell fur die
Fragestellung der Amyloid Quantifizierung adaquate Ergebnisse zu erzielen
(Thomas, Erlandsson et al. 2011, Brendel, Delker et al. 2014).

Fur die Analysen wurde zunachst eine kombinierte (COMP)-VOI, bestehend
aus Frontal-, Parietal- und Temporalcortex sowie dem
precunealen/posterioren cingularen Cortex, definiert. Die COMP-VOls
wurden weiter differenziert in eine vollstandige Atlas-Region (COMP-FULL-
VOI) und in segmentierte GM-Regionen ohne (COMP-GM-VOI) und mit

Partialvolumeneffektkorrektur (COMP-PVEC-GM-VOI). Jede dieser VOlIs
13



wurde mit den drei Referenzgeweben CBL, Hirnstamm (BST) und WM
normalisiert. Die detaillierten Arbeitsschritte zeigt Abbildung 1. Die neun
entstandenen Konfigurationen wurden durch eine Kontroll-SUVR, bestehend
aus COMP-GM-VOI normalisiert mit cerebellarer FULL-VOI, erganzt (Joshi,

Pontecorvo et al. 2012, Johnson, Sperling et al. 2013).

[ 1018 ADNI subjects ]

_ failed
[ N = 36; semi-automatic |coregistratlon

coregistration
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FULLgy, FULLy, FULLy GMy, GMyyy GMyn PVECy, PVECq; PVEC

Abbildung 1: Arbeitsschritte von der ADNI-Datenbank zur VOl-basierten Analyse. Alle
Probanden, die zur Baseline eine [18F]-AV45 PET und eine T1-gewichtete MRT erhalten
hatten, wurden vollautomatisch mit PNEURO (PMOD 3.5) aufbereitet. Im Anschluss
erfolgte eine visuelle Kontrolle der Ergebnisse, bei fehlerhaften Co-Registrierungen
erfolgte eine manuelle Nachjustierung. Segmentierungsfehler und ausgedehnte Artefakte
wurden ganzlich ausgeschlossen. Die verbleibenden Probanden wurden unter
Verwendung von kompletten Atlas VOIs (Hammers, Allom et al. 2003), segmentierten GM
VOIs und segmentierten GM VOIs nach PVEC weiter analysiert. Die resultierenden VOI-
Messwerte wurden entweder mit Hilfe des CBL (gelb), des BST (rot) oder der WM (griin)

normalisiert.

In der Referenzregion WM stellten wir diagnoselbergreifend die stabilsten
SUVs ohne signifikante Unterschiede fest, wohingegen sich beim kompletten
CBL (CBL-FULL) und CBL-GM, am starksten aber bei BST, signifikante

SUV-Abnahmen zwischen HC und AD von bis zu 10,4% ergaben (p<0,001).
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Die nach Diagnosegruppen unterteilten COMP-SUVR-Durchschnittswerte der
zehn Konfigurationen ergaben im Vergleich hoch signifikante Unterschiede
(p<0,001) zwischen leicht kognitiv Beeintrachtigten (MCI)/HC sowie AD/HC,
unabhangig von Segmentierung, PVEC und der Wahl des Referenzgewebes.
Jedoch zeigte sich eine deutliche Erhdhung der prozentualen Unterschiede
zwischen den Diagnosegruppen durch gleichzeitige Anwendung von
Segmentierung und PVEC, insbesondere in Kombination mit BST und WM
als Referenzregion auf bis zu 22% fur MCI/HC und 70% fur AD/HC.
Allgemein fuhrten die Referenzregionen BST und WM zu niedrigeren SUVRs
im Vergleich zur Normalisierung mit CBL. Mit Hilfe einer Receiver-Operating-
Characteristic (ROC)-Analyse konnte zudem eine deutlich verbesserte
Trennscharfe zwischen den Diagnosegruppen AD/HC und MCI/HC bei
Verwendung von BST und WM als Referenzregionen in Verbindung mit
PVEC gezeigt werden.

Das Ausmall der PVE wurde durch die Korrektur der COMP-GM-VOI-
Konfiguration ohne Normalisierung durch ein Referenzgewebe eruiert. Die
prozentualen Abweichungen zwischen den Diagnosegruppen unterschieden
sich dabei in der COMP-Konfiguration hoch signifikant (F=166; p<0,001).
Dies zeigte sich in mittleren SUV-Reduzierungen bei HC von -18% und MCI
von -10%, bei AD jedoch in einem durchschnittlichen SUV-Anstieg von 7%,
was im Einklang mit der signifikanten Atrophie der AD (mittleres GM
Volumen: 452cm®) (p<0,001) im Gegensatz zu HC/MCI (mittlere GM
Volumina: 485cm®480cm®) stand. Die PVEC bei CBL-GM ergab
diagnoseubergreifend reduzierte SUVs (HC: -8%; MCI: -7%; AD: -6%).

Im longitudinalen Verlauf gab es nur einen marginalen Anstieg der

durchschnittlichen Referenzregion SUVs in der Gréflenordnung von

15



0,1-0,3%. In den COMP-Konfigurationen zeigten sich unter Verwendung der
PVEC im zeitlichen Verlauf die groRten Anstiege im mittleren ['°F]-AV45
Uptake von bis zu 4,6%, und das unabhangig der ausgewahlten
Referenzregion. Die Variabilitat zwischen den Probanden war jedoch im
longitudinalen Verlauf fir WM am geringsten, gefolgt von BST und am
starksten bei CBL.

Zusammenfassend liel} sich feststellen, dass die Verwendung von VOI-
basierter PVEC in Verbindung mit WM oder BST als Referenzregionen die
Trennscharfe zwischen HC und MCI deutlich verbessert hat, welche in
kunftigen Behandlungsansatzen die Zielgruppen darstellen werden. Ebenso
zeigte sich durch die PVEC und WM eine deutlich genauere Erfassung der

longitudinalen Amyloidogenese.

2.2 Artefakte bei MRT-basierten Segmentierungen und deren Einfluss auf

Amyloid und FDG PET-Quantifizierungen

Hogenauer, M., Brendel, M., Delker, A., Darr, S., Weiss, M., Bartenstein, P.,
Rominger, A., for the Alzheimer's Disease Neuroimaging Initiative (2016).
Impact of MRI-based Segmentation Artifacts on Amyloid- and FDG-PET
Quantitation. Curr Alzheimer Res. 2016 13(5): 597-607.

Im Rahmen der in 2.1 beschriebenen Studie wurden nach der
Bilddatenaufbereitung mit Hilfe eines automatisierten Protokolls die
Ergebnisse visuell auf korrekte Co-Registrierung und Segmentierung
uberpruft. Dabei wurden bei 76 Bilddatensatzen komplett fehlgeschlagene
beziehungsweise mit deutlichen Artefakten behaftete Segmentierungen
identifiziertt Da zu diesem Zeitpunkt die Auswirkungen von
Segmentierungsartefakten auf PET-Quantifizierungen noch nicht evaluiert

waren und eine Abweichung von den Parametern des
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Aufbereitungsprotokolls zu nicht absehbaren Verfalschungen der VOI-
Ergebnisse gefuhrt hatte, mussten die betroffenen Bilddatensatze von den

weiteren Analysen ausgeschlossen werden.

In der Folgearbeit ,Impact of MRI-based Segmentation Artifacts on Amyloid-
and FDG-PET Quantitation® (Hogenauer, Brendel et al. 2016) befassten wir
uns nun naher mit dieser Thematik und stellten fest, dass ausgedehnte
Artefakte, insbesondere bei Verwendung einer PVEC, demaskiert und
beseitigt werden missen, da sie einen betrachtlichen Einfluss auf PET-
Quantifizierungen haben.

In dieser Arbeit wurden im ersten Schritt die von ADNI bezogenen und
vorbearbeiteten Daten, bestehend aus ['®F]-AV45/['®F]-FDG PET-
Bilddatensatzen und T1-gewichteten MRT-Daten, co-registriert und
segmentiert. Dies erfolgte analog dem Vorgehen in der obigen Publikation
mit PMOD PNEURO V. 3.5. Lineare, rigide Co-Registrierung der beiden
PET-Datensatze auf das individuelle MRT-Bild (PET-2-MRT) und nicht
lineare Transformation der individuellen MRT-Daten in den MNI-Raum (MRT-
2-MNI). Unter Verwendung der beiden Transformationen (PET-2-MRT) und
(MRT-2-MNI) wurden beide PET-Datensatze in den MNI-Raum transformiert.
Die Segmentierung erfolgte ebenfalls in die Kompartimente GM, WM und
CSF (Ashburner and Friston 2005). Im Anschluss wurden 83 VOIs nach
Hammers (Hammers, Allom et al. 2003) im MNI-Raum generiert und far
jeden dieser VOIs ein zusatzlicher PVE-korrigierter Wert (Rousset, Ma et al.
1998, Rousset, Deep et al. 2000, Rousset, Collins et al. 2008) berechnet.
Jeder der 119 Probanden verfugte Uber eine zweijdhrige Follow-up

Aufnahme. Die Segmentierungen der 238 MRT-Datensatze wurden visuell
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auf Artefakte Uberprift. 66 Segmentierungen wiesen mindestens ein Artefakt
auf und wurden daraufhin mit ihrem individuellen ['®F]-FDG PET-Binarbild
maskiert, um die Artefakte zu entfernen (Abbildung 2). Die korrigierten
Segmentierungen wurden erneut mittels PMOD prozessiert, um nun die

korrekten VOI- und Volumenergebnisse zu erhalten.

MRI segmentation masked
with corresponding
[*8F])-FDG PET

MRI segmentation
with artifacts

MRI segmentation
without artifacts

Abbildung 2: Arbeitsablauf  der  Artefaktmaskierung. (A) Beispiel eines
Segmentierungsartefakts (hervorgehoben durch rote Pfeile) in axialer und coronarer
Ebene. (B) Eine bestmdgliche Anpassung des Binarbildes des zugehdrigen ['®F]-FDG PET
an die Gehirnrander wurde mit Hilfe eines individuellen Schwellenwertes (20-37% der
absoluten Aktivitat) erreicht. (C) Artefaktfreie MRT-Segmentierung nach Entfernung von

Voxeln auBerhalb der Maske.

Far die weiteren Analysen wurden sechs GM-VOIs definiert: Frontal-,
Parietal-, Temporal- und posteriorer cingularer Cortex, sowie eine
Composite-VOI, bestehend aus den vier vorgenannten Cortexarealen, und
CBL. Die groften prozentualen SUV-Fehler ergaben sich Tracer-unabhangig
in der Parietalregion, was sich in Verbindung mit den umfangreichsten
Artefaktvolumina in dieser Region in einer deutlichen Korrelation zeigte.

Dabei fiel auf, dass PVE-korrigierte Werte in erheblicherem Malie von
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fehlerhaften Segmentierungen betroffen waren. Zudem stellten wir ab einem
Artefaktvolumen von >5,06 cm® (21500 Voxel) betrachtlich hohere
Stérungen fest. Eine Root-Mean-Square-Error (RMSE)-Berechnung der
Untergruppen </21500 Artefaktvoxel zeigte fur die 57 Segmentierungen
<1500 Artefaktvoxel, unabhangig von Tracer und der Verwendung der
PVEC, RMSE-[%] Werte von unter 1,5%. Im Gegensatz dazu standen die
neun Segmentierungen 21500 Artefaktvoxel mit RMSE-[%] Werten bis zu
20%. In den longitudinalen Untersuchungen ergaben sich far die Bilddaten
mit <1500 Artefaktvoxeln in der am starksten beeintrachtigten Parietalregion
aulderst geringe durchschnittliche SUV-Verfalschungen von weniger als 0,2%
und dies unabhangig von Tracer und PVEC. Im Kontrast dazu stand die
kleine Anzahl an Segmentierungen mit 21500 Artefaktvoxeln, welche den
hochsten Einfluss auf die PET-Quantifizierung hatte, mit SUV-Abweichungen
von bis zu 36% in den PVE-korrigierten ['®F]-AV45 PET-Daten der
Parietalregion. Im zeitlichen Verlauf waren erneut PVE-korrigierte Werte
starker von Artefakten beeintrachtigt als ihre unkorrigierten Pendants. Auf
Grund der immensen Verfalschung durch grole Artefaktvolumina haben wir
die Maoglichkeit eines vereinfachten Maskierungsprozesses eruiert. Hierfur
wurde nach Entfernung der Artefakte aus den VOIs aller 238 Bilddaten ein
Atlas generiert (Watanabe, Andersen et al. 2001). Daraus erstellten wir eine
100%- und eine 50%-Voxelmaske. Erstgenannte enthielt samtliche Voxel
jedes VOI-Sets. Wohingegen die 50%-Voxelmaske die Voxel von mindestens
der Halfte der VOI-Sets enthielt. Das Template wurde bei den neun
Bilddaten mit mehr als 1500 Artefaktvoxeln angewendet. Bei der 100%-
Voxelmaske kam es nur zur marginalen Reduzierung der Artefaktvolumina.

Wohingegen bei der 50%-Voxelmaske die meist betroffene Parietalregion
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deutlich an Artefakten reduziert wurde, jedoch im Gegenzug korrekt
segmentierte GM in der Frontalregion ebenfalls durch die Maskierung
entfernt wurde. Zudem reduzierte sich in der Parietalregion der RMSE-[%]
lediglich um etwa 50% unter Verwendung der 50%-Voxelmaske, unabhangig

von Tracer und PVEC.
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3. Zusammenfassung

Ziel der ersten Arbeit war die systematische Analyse des Einflusses
unterschiedlicher Referenzregionen und einer Zielvolumen-basierten PVEC
auf Amyloid PET-Quantifizierungen bei Alzheimer-Erkrankung und deren
Auswirkung auf die Trennscharfe zwischen den Diagnosegruppen AD, MCI
und HC (Brendel, Hogenauer et al. 2015). Insbesondere die Differenzierung
letztgenannter Gruppen wird far zuklnftige Therapieerprobungen
entscheidend sein. Aus diesem Grund galt es auch, die Effekte
unterschiedlicher Referenzregionen und der PVEC auf die longitudinale
Amyloidlast zu untersuchen.

Dafiir wurden Bilddaten eines ADNI-Kollektivs, bestehend aus ['®F]-AV45
PET-Daten (Amyloid PET) und T1-gewichteten MRT-Bildern, von 962
Probanden zur Baseline und von 258 Probanden im zweijahrigen
longitudinalen  Verlauf untersucht. Aus dem Frontal-, Parietal-,
Temporalcortex sowie precunealem/posteriorem cingularem Cortex wurde
eine COMP-VOI generiert. Fur die Analysen wurden SUVs der vollstandigen
COMP-VOI (COMP-FULL-VOI) sowie der segmentierten GM ohne (COMP-
GM-VOIl) und mit PVEC (COMP-PVEC-GM-VOI) verwendet. Die
Normalisierung der COMP-SUV-Werte erfolgte mit dem Cerebellum
(SUVRcgL), Hirnstamm (SUVRgst) oder weiller Substanz (SUVRwwm). Die
Mittelwerte von SUV, SUVR und der Einfluss einer PVEC wurden zwischen
den Diagnosegruppen HC (N=316), MCI (N=483) und AD (N=163) in den
Baselinedaten verglichen, die Trennscharfe zwischen den Diagnosegruppen
mit Hilfe einer ROC-Analyse berechnet und als Area-Under-the-Curve (AUC)

dargestellt. Die Konsequenz der MalRnahmen fur die Bewertung, der sich
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offensichtlich Uber die Zeit verandernden Amyloidlast, konnte schlie3lich mit
Hilfe der longitudinalen ARR-Daten ermittelt werden.

In dieser Verdffentlichung erwies sich die WM zwischen den
Diagnosegruppen als die bestandigste Referenz. Die Anwendung der PVEC
reduzierte die SUVs der COMP-GM-VOI-Konfiguration um -18% (HC) und
-10% (MCI), wahrend es bei den AD zu einem Anstieg von 7% kam. Der
Einsatz der PVEC fuhrte somit zu einer verbesserten Trennscharfe zwischen
den Diagnosegruppen und ergab die hochsten AUC-Werte in Verbindung mit
WM far HC/AD (0,907) und BST bei HC/MCI (0,658). Unabhangig von der
Diagnose zeichnete sich unter Anwendung der PVEC der longitudinale
Amyloidanstieg, mit Werten von bis zu 4,6%, am deutlichsten ab. Im
zeitlichen Verlauf zeigte die WM als Referenz zudem die geringste
Variabilitat zwischen den Probanden. Im Rahmen dieser Studie mussten
einige Datensatze wegen korrupter Segmentierungen der MRT-Daten von
den weiteren Analysen ausgeschlossen werden (Baseline: N=56
(5,5%)/Follow-up: N=20 (7,2%)).

Daher galt es in der zweiten Arbeit, die Auswirkung von
Segmentierungsartefakten auf die Quantifizierung von ['®F]-AV45 und
['8F]-FDG PET-Daten mit und ohne PVEC zu untersuchen (Hogenauer,
Brendel et al. 2016). Dies erfolgte an 119 Probanden der ADNI-Kohorte, die
T1-gewichtete MRT-Datensatze und ['®F]-AV45/['®F]-FDG PET-Daten zur
Baseline und im zweijahrigen Verlauf vorweisen konnten. MRT-Daten mit
Segmentierungsartefakten wurden mit Hilfe der zugehérigen ['®F]-FDG PET-
Binarbilder maskiert. Um den Einfluss der Artefakte auf PET-Analysen zu
quantifizieren, wurden sechs verschiedene VOIs definiert. Fur jede dieser

VOIs wurde fur beide Tracer der prozentuale Fehler und der RMSE sowohl
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far unkorrigierte als auch PVE-korrigierte SUVs berechnet und die
Artefaktvolumina ermittelt. Die Effekte auf longitudinale PET-Daten wurden
ebenfalls erhoben.

Im Zuge der Artefaktuntersuchungen stellten sich fur beide PET-Tracer die
prozentualen Fehler in Abhangigkeit der GroRe des Artefaktvolumens dar
und es konnten Korrelationskoeffizienten von bis zu 0,99 ermittelt werden.
PVE-korrigierte SUVs waren deutlich starker betroffen als es ihre
unkorrigierten Pendants waren. Die parietale Region erwies sich zudem am
haufigsten von Artefakten betroffen (30,4%). Eine kleine Untergruppe mit
auRerst groRen Artefakten (21500 Voxel, 25,06 cm®) fiihrte zu den gréRten
Verfalschungen der PET-Quantifizierungen, was sich ebenfalls in den
longitudinalen Auswertungen mit SUV-Abweichungen von bis zu 36%
fortsetzte.

Insgesamt konnte mit dieser Dissertation gezeigt werden, dass die
Zielvolumen-basierte PVEC und die Verwendung von WM oder BST als
Referenz die Trennscharfe von ['®F]-AV45 PET-Daten im groReren MaRe
verbesserten als eine Kombination mit dem CBL. Die
Nachweisempfindlichkeit von zunehmendem AR im zeitlichen Verlauf wurde
durch PVEC und WM als Referenzregion optimiert. Um die sichtlichen
Vorteile dieser MaRnahmen nutzen zu kénnen, mussen jedoch ausgedehnte
Segmentierungsartefakte erkannt und beseitigt werden, um Verfalschungen

in PET-Analysen zu vermeiden.

23



4. Summary

The aim of the first publication was a systematical analysis of the impact of
different reference regions and VOIl-based PVEC on the quantitation of
amyloid PET results in Alzheimer's disease and their effect on the
discriminatory power between diagnostic groups of AD, MCI and HC
(Brendel, Hogenauer et al. 2015). In particular, the differentiation of the
latter groups is essential for monitoring therapeutic trials in future. For this
reason, it was also necessary to investigate the effects of different reference
regions and PVEC on longitudinal amyloid load.

For this purpose, image data of an ADNI-cohort consisting of ['®F]-AV45 PET
data (amyloid PET) and T1-weighted MRIs of 962 subjects to the baseline
and 258 subjects in the two-year longitudinal course were examined. A
COMP-VOI was generated from frontal, parietal and temporal cortex as well
as precuneal/posterior cingulate cortex. For the analyses, SUVs of entire
COMP-VOI (COMP-FULL-VOI) as well as segmented GM, uncorrected
(COMP-GM-VOIl) and PVE-corrected (COMP-PVEC-GM-VOI), were
appropriated. The COMP-SUV values were normalized with the cerebellum
(SUVRcgL), brainstem (SUVRgst) or white matter (SUVRwwm). The average
values of SUV, SUVR and the influence of PVEC were compared at baseline
between diagnostic groups of the HC (N=316), MCI (N=483) and AD (N=163)
and discriminatory power between diagnostic groups were calculated by
ROC-analyses and illustrated as AUC. Implications of quantitation
procedures on obvious changes in amyloid load over time were finally
determined by longitudinal AR-data.

In this publication, WM proved to be the most consistent reference region

between diagnosis groups. After PVEC application SUVs of COMP-GM-VOI
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configuration decreased by -18% (HC) and -10% (MCI), while the AD
increased by 7%. Consequently, the use of PVEC resulted in improved
discriminatory power between diagnosis groups and resulted in the highest
AUC values in conjunction with WM for HC/AD (0.907) and BST for HC/MCI
(0.658). Regardless of the diagnosis, the longitudinal increase in amyloid
grew the most with application of PVEC, with values up to 4.6%.
Furthermore, WM revealed the lowest variability between the subjects as a
reference in chronological sequence. In the context of this study some data
sets had to be excluded from further analyses due to corrupt MR
segmentations (Baseline: N=56 (5.5%)/Follow-up: N=20 (7.2%)).

Therefore, the second publication examined the impact of segmentation
artifacts on the quantitation of uncorrected and PVE-corrected ['®F]-AV45
and ['®F]-FDG PET data (Hogenauer, Brendel et al. 2016). This was carried
out at 119 subjects from the ADNI cohort, who could demonstrate
T1-weighted MRI data sets and ['®F]-AV45/['®F]-FDG PET data at baseline
and at two-year follow-up. MRI data with segmentation artifacts were
masked with the corresponding ['®F]-FDG PET binary images. Six different
VOIs were defined to quantify the impact of artifacts on PET analyses. For
each of these VOlIs, the percentage error and RMSE for both tracers were
calculated for uncorrected as well as PVE-corrected SUVs and the artifact
volumes were determined. The effects on longitudinal PET data were also
recorded.

In the course of the artifact assessment, the percentage errors were found
for both PET tracers depending on the size of the artifact volume and
correlation coefficients of up to 0.99 could be determined. PVE-corrected

SUVs were significantly more affected than their uncorrected counterparts.
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The parietal cortex region was also most frequently affected by artifacts
(30.4%). A small subgroup with extremely large artifacts (21500 voxel,
25.06 cm®) led to the greatest distortions in PET quantitation, which also
continued in the longitudinal evaluations with SUV deviations up to 36%.

Overall, this doctoral thesis showed that the VOI-based PVEC and the use of
WM or BST as reference improved the discriminatory power of ['®F]-AV45
PET data to a greater extent than a combination with the CBL. The detection
sensitivity of increasing AR over time was optimized by PVEC and WM as a
reference region. However, to make use of the obvious advantages of this
measure, extensive segmentation artifacts need to be identified and

eliminated in order to avoid distortions in PET analyses.
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5. AbklUrzungsverzeichnis

AR

AD
ADNI
APP
AUC
BST
CBL
COMP VOI
CSF
FWHM
GM
GTM
HC

MClI
MNI
MRT
PET
PSF
PVE
PVEC
RMSE
ROC
Suv
SUVR
VOl

WM
[''C]-PiB
['°F]-AV45

['°F]-FDG

R-Amyloid

Alzheimer-Patienten

Alzheimer's Disease Neuroimaging Initiative
Amyloid-Vorlaufer-Protein
Area-Under-the-Curve

Hirnstamm

Cerebellum

kombinierte Volume-Of-Interest
Liquor
Full-Width-at-Half-Maximum
graue Hirnsubstanz
Geometric-Transfer-Matrix
gesunde Kontrollpersonen

leicht kognitiv Beeintrachtigte
Montreal Neurological Institute
Magnet-Resonanz-Tomographie
Positronen-Emissions-Tomographie
Point-Spread Function
Partialvolumeneffekt
Partialvolumeneffektkorrektur
Root-Mean-Square-Error
Receiver-Operating-Characteristic
Standard-Uptake-Value
Standard-Uptake-Value-Ratio
Volume-Of-Interest

weille Hirnsubstanz
[''C]-Pittsburgh compound B
['®F]-Florbetapir

['®F]-Fluorodesoxyglucose
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Introduction

Alzheimer's disease ( AD) is the most common form of dementia;
its incidence increases exponentially as a function of age, which is im-
posing an onerous burden on health care systems in societies with
aging populations (Ziegler-Graham et al., 2008). Neurofibrillary tangles
and amyloid plaques together comprise the hallmark neuropathology of
AD (Braak and Braak, 1991). Elevated brain amyloid burden is now
dearly assodated with cognitive decline in the healthy elderly (HC)
(Lim et al, 2012) and in cases of mild cognitive impairment (M)
(Lim et al, 2014). Amyloid PET offers a feasible tool for the early detec-
tion of brain amyloidosis, and the recent development of fluorine-18 la-
beled amyloid radioligands such as[ "*F]-AV45 has made this technigue
available to PET centers lacking an on-site cyclotron/radiochemistry
facility.

In dinical PET practice, AP-positivity and -negativity are visually
assessed with good inter- and intra-reader agreement (Clark et al,
2012). However, a semiquantitative approach is better suited es pecially
to the requirements of longitudinal clinical trials of amyloidosis
progression and treatment. The issue of defining an optimal reference
region has been extensively discussed for normalization of ["®F-
fluorodeoxyglucose-{ FDG) PET relative to cerebellum, pons/brainstem,
global mean, or a reference cluster (Bohnen et al, 2012; Borghammer
etal,, 2009; Dukart et al, 2013; Yakushev etal, 2008).

In PET imaging with ["*F]-AV45-and [ ''C]-PiB, the entire cerebellum
and the cerebellar gray matter (GM) have emerged as the most widely
used reference regions for quantitation of amyloid burden (Weiner
et al., 2013). However, a recent longitudinal ['"C]-PiB PET study of
mild cognitive impairment (MCl) and AD showed high inter-subject
varability based on a cerebellar GM reference (van Berckel et al,
2013). Furthermore, amyloid PET resultsare potentially biased by partial
volume effects (PVE), which have a considerable impact in patients with
pronounced atrophy (Thomas et al,, 2011), which is particulardy prob-
lematic in longitudinal studies.

Given these considerations, we aimed to compare systematically
the quantitation of ['®F]-AV45-PET results for different reference
regions, using as our material the Alzheimer's Disease Neurcimaging
Initiative (ADNI)-dataset, which includes more than 1000 amyloid
PET cases. Furthermore, we set about to investigate the impact of a
volume-of-interest (VOI)-based partial volume effect correction (PVEC)
on the semiquantitative analyses. Receiver operating characteristics
(ROC) were obtained for the baseline discrimination of HC from MCI
and AD cases in order to identify the most sensitive amyloid-PET analy-
sis, Finally, two-year longitudinal ["®F]-AV45-PET data from 258 patients
used to test the impact of the above factors on apparent changes in
amyloid load with time.

Materials and methods
Alzheimer's disease neuroimaging initiative

Data used in the preparation of this article were obtained from
the ADNI database (adniloniusc.edu). The ADNI was launched in
2003 by the National Institute on Aging ( NIA), the National Institute of
Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug
Administration (FDA), private pharmaceutical companies and non-
profit organizations, as a $60 million, 5-year public-private partner-
ship. The primary goal of ADNI has been to test whether serial mag-
netic resonance imaging (MRI), positron emission tomography (PET),
other biological markers, and clinical and neuropsychological assess-
ment can be combined to measure the progression of mild cognitive
impairment (MCI) and eady Alzheimer's disease (AD). Determination
of sensitive and spedific markers of very early AD progression is
intended to aid researchers and clinidans to develop new treatments
and monitor their effectiveness, as well as lessen the time and cost of
dinical trials.

The Prindpal Investigator of this initiative is Michael W. Weiner, MD,
VA Medical Center and University of California — 5an Francisco. ADNI is
the result of efforts of many co-investigators from a broad range of
academic institutions and private corporations, and subjects have
been recruited from over 50 sites across the US. and Canada. The initial
goal of ADNIwas to recruit 800 subjects but ADNI has been followed by
ADNI-GO and ADNI-2 To date these three protocols have recruited over
1500 adults, ages 55 to 90, to participate in the research, consisting of
cognitively normal older individuals, people with early or late MCL, and
people with early AD, The follow up duration of each group is specified
in the protocols for ADNI-1, ADNI-2 and ADNI-GO. Subjects originally re-
cruited for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2.
For up-to-date information, see www adni-info.org.

Data from ADNI-GO/-2 were included in this work. Pre-processed
brain ['®F]-AV45-PET images and temporally corresponding T1-
weighted MPRAGE images were downloaded from the ADNI database
as available on Jan 16th, 2014,

Patient selection and study design

1018 subjects from ADNI-GO and ADNI-2 w ho had undergone brain
["®F]-AV45-PET and T1 weighted MPRAGE (T1w) MRI at their study
baseline were included in this investigation. Clinical diagnoses as
provided by the ADNI database at the time of PET-imaging were: 336
HC, 508 MCl and 174 AD. A subgroup of 278 subjects (94 HC, 158 Ml
and 26 AD) who underwent a second ["®F]-AV45-PET and T1w MRI at
two-year follow-up was used for longitudinal analyses.

Image data

ADNI ["*F]-AV45-PET acquisition and pre-processing

The ["®F]-AV45-PET images had been acquired using Siemens, GE
and Philips PET scanners according to a standard dynamic 50-70 min
protocol following the intravenous injection of 370 + 37 MBq of [' °F]-
AV45. Data were corrected for both scatter and measured attenuation,
whichwas determined using the CT scan for PET/CT scanners, or a trans-
mission scan with [**Ge] or [ "*"Cs] rotating rod sources for PET-only
scanners. Images were reconstructed using scanner-specific algorithms,
and sent to the University of Michigan, where they were reviewed for
artifacts and transmitted to the Laboratory of Neurolmaging ( LONI)
for storage.

Downloaded ["®F]-AV45-PET images in DICOM format had been pre-
processed in four steps: 1) motion correction by co-registration of sin-
gle five minute frames; 2) time frame averaging (50-70 min p.i.);
3) co-registration of longitudinal data to the baseline scan and reorien-
tation in a standardized 160 x 160 = 96 matrix with 1.5 mm cubic
voxels; 4) smoothing with a scanner-s pedific filter function to an isotro-
pic resolution of 8 mm. Further details are provided in Supplement 1.

ADNI MRI acquisition and pre-processing

T1-weighted MRI scans had been acquired using Siemens, GE or
Philips MRI scanners according to a standard protocol (Jack et al,
2008) involving acquisitions of two 3-D MPRAGE imaging sequences
per subject. Of the two images acquired per subject and time-point,
the ADNI quality assurance team selected the better image for pre-
processing, based on the presence and severity of commonly occurning
image amifacts.

MRI preprocessing involved: 1) application of a scanner-specific cor-
rection for gradient nonlinearity distortion (Gradwarp) (Jovicich et al,
2006); 2) correction for image intensity non-uniformity (B1) (Jack
et al., 2008); 3) histogram peak sharpening algorithm for bias field
correction (N3) (Sled etal, 1998.); 4) application of spatial scaling fac-
tors obtained by phantom measurements. For images acquired
on Philips scanners, Bl correction was already implemented, and
the gradient systems with this instrument tended to be linear (Jack
et al., 2008).
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PET analyses

Co-registration and guality control

All procedures were performed according to an automatic protocol
using the PMOD PNEURDO tool (V. 3.5 PMOD Technologies, Ziirich):
PET images were rigidly co-registered to the corresponding MRI to cal-
culate a linear transformation (PET-2-MRI). Individual MRI images were
nonlinearly co-registered to the standard Montreal Neurological Insti-
tute (MNI) space MRI template (MRI-2-MNI), while PET-2-MRI and
MRI-2-MNI transformations were used to transform PET images into
the MNI space.

Ti-weighted MR images were segmented into gray matter (GM),
white matter (WM) and cerebrospinal fluid (CSF) (Ashburner and
Friston, 2005) to generate a total of 83 individual brain VOIs for each sub-
ject in the MNI space, according to the atlas of Hammers (Hammers etal.,
2003 ). Hammers Atlas VOIs were also defined and assessed without seg-
mentation (FULL). In addition to the Hammers VOIs, three white matter
VOIs were defined and tested: 1) WM, for which the area of individual
cortical GM VOIs was subtracted from entire brain volume, thus
segmenting all white matter voxels included in the whole atlas VOI
(this, separately for cortex and cerebellum}, 2) WM-seg, for which the
segmentation process was used to generate WM VOIs containing all
vaxels declared as white matter in the segmentation (separately for cor-
tex and cerebellum). 3) CS50, a manually drawn bilateral VOI for the cen-
trum semiovale, of volume 2.4 cm’, More detailed illustrations of the
different white matter volumes are given in Supplement 2 { Ag. S1). Re-
sults for WM are reported in the manuscript, while resuits for WM-seg
and CSO are provided in Supplement 2 (Tables S1-54).

Inverse PET-2-MNI transformations were used to resample VOIs
from the Hammers atlas to the native PET space, in which VOI calcula-
tons were subsequently performed. GM volumes were assessed in
MNI space to account for different brain sizes. Further details of the
analysis procedure are provided in Supplement 3 (Fg. 52).

All images were visually checked for correct co-registration and
appropriate segmentation. From a total of 1018 ( baseline) PET images,
36 (3.5%) were identified as misregistered, and were consequently
processed semi-automatically by inclusion of hot spot alignment or
masking of extracerebral structures prior to final co-registration. A
total of 56 (5.5%) MRI segmentations were found to be inadequate
(due failed GM/WM)/CSF identification or visible artifacts) when calcu-
lated using the standard settings. These 56 subjects were necessarily ex-
duded from further analyses, as changing standard parameters could
have biased the resulting VOI configuration. For the 278 follow-up PET
images, eight (3%) had to be processed semi-automatically and 20
(72%) were excuded due to failed GM/MWM/CSF identification or visible
artifacts (Fig. 1). Details of the resulting study groups induding demo-
graphics are provided in Table 1.

VOI-based PVEC

AVOI-based PVEC (Rousset et al., 1998, 2008) was performed in PET
space for individual GM VOIs from the Hammers Atlas ( again obtained
through multiplicaton by the inverse PET-2-MNI transformation ).
Background and white matter regions were included in the comec-
tion algorithm to ensure that all voxels incdluded in the atlas were
assigned to a VOL These VOIs were subsequently used for calculation
of PVE-corrected values by the geometric transfer matrix method,

[ 1018 ADNI subjects ]

failed

[ N = 36; semi-automatic

|‘ coregistration
coregistration

a3

jadid

PMOD 3.5
" (PNEUROD)

aul

N =56; excluded due to
} failed segmentation

[ 962 ADNI subjects

-
Full Hammers Atlas

4N

s

v

\

Ceetfhm Bra'rilnm White Matter Cergbellum  Brainstem “himflaﬂu Bra'rihem wh'rhefaMr
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Fig. 1. Workflow from ADNMI database to VOl-based analyses. All subjects receiving an ["*F]-AV45 PET scan and a T1 weighted MRI at baseline were processed using the full-automatic
PMELIROD (PMOD 3.5) pipdine. Subsequent visual inspection was followed either by manual coregistration when mis-registrations occurred, or by exclusion when segmentation errors
or extensive artifacts were detected Remaining subjects were analyzed using full atlas VOIs (Hammers et al, 2003), segmented GM VOIs and segmented GM VOLs after PVEC Resulting
VOl values were consecutively scaled by either the cerebellum (yellow ), the beainstem [ red) or the white matter (green ). A tenth methodological configuration consisted of full atlas VOls
and scaling by the whole cerebellum and served as a reference (Johnson et al, 20013; Joshi et al, 20012},
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Table 1

emographics of healthy controls { HC), mild cognitive impaired patients (MCl) and patients suffering from Alzheimer’s disease (AD) included in this study. Column 9 indicates subjects

with available 2-year follow-up | "#F]-AV45-PET and MRL * p=005; ** p=0.01; *** p= 0001,

D¥-group Baseline Age Gender Education APOE &4 ADAS-cog MMSE Z-year follow up
MN{AE +,%) (v + 5D) (fim) (y = SD) {Nofalleles + SO (0-70 + 5D} (0-30 + SD) N [AB+,%)

HC 316 (108,32%) 746 + 65 148 (47%) /168 (53%)m  164+26 031 +051 a1 + 46 290412 88 (26, 30%)

Ml 483 (267,55%) 725478%  272(57%) (210 (43%)m 16.14+27 056+ 065 147 + 67 2804 1.7* 148 (66, 45%)

AD 163 (143,88%) 751477 949 (61%) /64 (3%%) m 160+ 26 088 +071* 312 £95% 227 432 22(16,73%)

dted above, The gray matter threshold wassetat0.3 while a full-width-
at-half-maximum (FWHM ) of 8 mm was used, determined as the uni-
form spatial resolution after ADNI preprocessing. Both uncorrected
and PVE-corrected results were generated (implemented in PNEURO)
for individual GM VOIs. More details and visualization of the processing
steps are provided in Supplement 3 (Fig. S2).

Assessment of VOI values
Following analyses of PET data were performed (Fig. 1):

a) Uncorrected and PVE-corrected standard uptake values (SUV) were
calculated for a combined com posite VOI ( COMP) consisting of fron-
tal, parietal, temporal cortex and precuneal/posterior dngulate
gyrus, Cerebellum (CBL), brainstem (BST), and white matter (WM)
were assessed as reference regions, COMP and CBL were assessed
both as full atlas regions (FULL-VOI) and as segmented GM regions
(GM-VOI). Additionally PVE-corrected values were obtained for
the GM-VOI ( PVEC-GM-VOI) of COMP and CBL.

b) Ten different composite VOI stand ard uptake value ratios (SUVR)
were calculated: Composite FULL-VOI scaled either by (1) the
cerebe llar FULL-VOI { COMP-SUVR-FULL ), (2) the brainstem VOI
(COMP-SUVR-FULLgsy), or (3) the white matter VOI (COMP-SUVR-
FULLyn); composite GM-VOI scaled either by (4) the cerebellar
GM-VOI (COMP-SUVR-GMcg.), (5) the brainstem WOI (COMP-
SUVR-GMgst), or (6) the white matter VOI (COMP-SUVR-GMya ):
composite PVEC-GM-VOI scaled either by (7) the cerebellar PVEC-
GM-VOI (COMP-SUVR-PVECcg. ), (8) the brainstem VOI (COMP-
SUVR-PVECgsr), or (9) the white matter VOI { COMP-SUVR-PVECym).
The final configuration (10) consisted of the composite GM-VOI
scaled by the cerebellar FULL-VOI (Johnson et al, 2013; Joshi et al,,
2012), and served as validation of our analyses against this refer-
ence standard (COMP-SUVR-REF). AP-positivity/-negativity was ob-
tained according to the COMP-SUVR-REF threshold of =/<1.1 in
ADNI database.

c) To ascertain the effect of VOI-based PVEC, changes in raw PVE-
corrected VOI values (SUVs) were calculated relative to their uncor-
rected values (% change). GM volumes were extracted after segmen-
tation to estimate the global GM atrophy.

d) Longitudinal changes after two years in ["®F]-AV45 uptake
(A%-COMP-SUVR) were assessed for the ten composite SUVR ac-
cording to Eq. (1):

A% —COMP—SUVR

_ [COMP—SUVR (2 —Fallow—Lip)|—[COMP —SUVR (Baseline)|

o
TOMP—SUVR ( Baseline) = 100%

n

Stmtistics

a) Mean (+ SD) SUV for the reference regions were calculated for HC,
MCI and AD groups and compared using multivariate analysis of
variance with subsequent Bonferroni correction (MANOVA),

b) Mean (4 SD) COMP-SUVR were calculated for HC, MCI and AD
groups according to all ten different evaluations listed above, and
compared using MANOVA.

€) Mean (+ SD) % changes after PVEC in GM-SUV of composite and
cerebellum as well as GM volumes were compared between HC,
MCI and AD groups using MANOVA,

ROCs were calculated for the discriminatory power between AD/HC,
AD/MC and MCI/HC for the ten composite SUVRs, using SPSS
(version 22.0; SPSS, Chicago, IL). ROCs for the nine test configurations
were contrasted against COMP-SUVR-REF using ROC_2_curves_tool
version 6 (ACOMED statistic, Leipzig Germany) incduding the non-
parametric approach of Delong (DeLong et al, 1988). [ '®F]-AV45
cut-off values, sensitivities and specificities were calculated for re-
vealing the best tradeoff between sensitivity and specificity for the
discrimination between AD/HC, AD/MCI and MCI/HC.

Results from all 74 (33 HC, 39 MCl, 2 AD) non-amyloid accumulating
subjects (those who were AR-negative in both ['*F]-AVA45 PET as-
sessments) were used to perform correlation analysis (Pearson's
R) between baseline and follow-up COMP-SUVR for all ten different
configurations with regard to longitudinal stability.

Mean ( 4+ 5D ) A%-COMP-SUVR were calculated by diagnosis groups
for all ten COMP-SUVR evaluations. Paired t-tests were used for the
comparison of different configurations against the COMP-SUVR-REF
configuration. Mean (4 SD) A%-volume of COMP and CBL were cal-
culated by diagnosis groups and compared using MANOWVA.

d

e

. }

Different PET scanners (N = 17) of the multi-center study were in-
cluded as a covariate for all group-wise calculations. For all statistical
tests p-values < 0.05 were assigned to be significant.

Results
Demographics

See Table 1 for details of the study population, At baseline, 108/316
(32%) HC subjects, 267/483 (55%) MCI subjects and 143/163 (88%) AD
subjects had a positive ['®F]-AV45 scan (SUVR = 1.10). From those sub-
jects with an additional 2-year follow-up scan, 26/88 (30% ) HC subjects,
66,148 (45%) MCI subjects and 16,22 (73%) AD subjects had a positive
["®F]-AV45 baseline scan. Nine converters to MCl and one converter
to AD were observed in HC subjects. Five re-converters to HC and 12
converters to AD were found in the MCI group, while all AD subjects
retained AD-positive status.

Comparison of reference region SUVs

All mean values ( + SD) for the SUVs of reference regions by dini-
cal group are provided in Table 2. Strong decreases in SUVs of AD sub-
jects when compared to HC were observed for CBL-FULL-VOI { — 4.3%;

Table 2

Mean [ + S0) SUV for all reference regions [ column 1) by diagnosis groups (columns 2-4).
F-statistics and p-values for diagnosis related MANOVA are presented in columns 5-6.
Significant differences against HC are indicated by: *p < 005; **p<0.01; *=p < 0001,

SUV region HC MCl AD F-statistic  p-value
CBL-FULL 109+ 007 108 +007 L04 + 007* I38 =0.001
CBL-GM 103 +006 103 +005 L2 + 005* 35 =005
BST 1634+020 159 4019 147 4+ 0.18%* 343 =0.001
WM 152+023 154 +023 1.54 + 025 1.1 ns,
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p <0.001) and BST-VOI {— 104%; p < 0.001), while a small but signifi-
cant decrease was found for CBL-GM-VOI ( —1.4%; p <0.05) in this con-
trast, WM-VOI SUV did not show any significant differences between
diagnosis groups.

Comparison of differently assessed compaosite SUVR

Allmeanvalues (+ SD) for the tendifferently assessed COMP-SUVRs
by clinical group are provided in Table 3. Differences between MCl/HC
and AD/HC were highly significant regardless of the assessment con-
figuration used (all p < 0.001). The COMP-SUVRs were consistently
lower when using the brainstem or the white matter refe rence when
compared with cerebellum reference counterparts. Segmentation and
PVEC application led to elevated differences in diagnosis-related
COMP-SUVR. The maost prominent distinctions between mean SUVR in
both MCI/HC (+ 22%) and AD/HC (4 70%) were observed when using
COMP-5UVR-PVECgsy (F = 183, p <0.001) or COMP-SUVR-PVECya
(MCI/HC: +15%; AD/HC: +52%; F = 182, p <0001},

SUV changes after VOI-based PVEC

Magnitudes of % change after PVEC differed significantly between di-
agnosis groups for the GM segmented COMP-VOI (F = 166; p < 0.001),
as SUV decreases were observed for HC{—18 4+ 12%) and MCI subjects
(—10 + 15%) while SUV of AD subjects increased after PVEC (+7 +
13%) (Fig 2). Differences between the diagnosis groups regarding
changes after PVEC were also found in the GM segmented CBL-VOI
(F= 51, p<0.01) with decreases in HC (—8 + 5%), MO (—7 + 5%)
and AD (—6 + 5%) subjects. Mean GM wvolumes for COMP results
were 485 4 37 am® (HC), 480 + 41 am® (MCl; p = 0.08 vs. HC) and
452 + 37 cm® (AD; p < 0001 vs. HC and MCI). Corresponding GM
volumes for CBL resulted in 127 + 9 cm® (HC), 128 + 8 cm® (MCI)
and 124 + 8 cnt® (AD; p=0.001 vs. HC and MCI).

ROC analyses

COMP-SUVR-REF values showed a high correlation (R = 0.98;
p < 0.001) with the corresponding available values obtained from the
ADNI database, which were likewise derived from computation of a
GM composite target VOI scaled by the whole cerebellum (Johnson
etal, 2013; Joshiet al, 2012). Slightly higher values were obtained in
our analyses, which have a linear relation defined by y = 1.07x + 0,03
with respect to different segmentation methods.

Allvalues for ROC analyses and comparisons are detailed in Table 4.
When using COMP-SUVR-REF values, ROC analyses gave an AUC of
0.823 (95%-CI: 0.786-0.856) for the contrast between AD and HC. Re-
spective AUCs for the MCI/HC and the AD/MCI contrasts were 0.622
(95%-Cl: 0.587-0.656) and 0.717 (95%-Cl: 0.680-0.751), respectively.

When contrasting AD against HC by method, the highest AUC
of 0.907 (95%-Cl: 0.876-0.938) was found using the white matter
VOI as a reference region and VOI-based PVEC performed after

Table 3
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Fig. 2 SUV changes after FVEC % (< SD) changes after VOl-based partial volume effect
correction (PVEC) in the gray matter segmented composite VOU (COMP) and the cere-
bellar gray matter ((BL). Mean valies ane given for HC (white; N = 316), MCI { gray:
M = 483) and AD (black: N = 163) subjects. *p < 005: *p < 0.01: ***p < Q001

GM-segmentation (COMP-SUVR-PVECum). The ROC comparison of
COMP-SUVR-PVECy, differed very significantly from that of COMP-
SUVR-REF (p-= 0.00001) (Fig. 3A). The AUC for the brainstem reference
region was 0.897 (95%-Cl: 0.864-0.929) when using VOI-based PVEC
after GM segmentation (p <0.00001 vs. COMP-SUVR-REF) (Fig. 3B),
but only 0.778 (95%-CL: 0.738-0.815) when using full atlas VOIs without
PVEC and the whole cerebellum as a reference region (p < 0.00001 vs.
COMP-SUVR-REF) (Fig. 3C).

For the contrast of MO against HC, the AUC for the white matter ref-
erence region was 0.651 (95%-Cl: 0.613-0.688) when using VOI-based
PVEC after GM segmentation (p = n.s. vs. COMP-SUVR-REF) (Fig. 3D).
The highest AUC of 0.658 (95%-CI: 0.620-0.696) was obtained through
use of brainstem as reference region and performance of VOI-based
PVEC after GM-segmentation { COMP-SUVR-PVECgsr ). The ROC compar-
ison of COMP-SUVR-PVECgsr against COMP-SUVR-REF revealed a signif-
icant difference (p <0.01) (Fig. 3E), while the AUC was as low as 0.610
(95%-CI: 0.575-0.644) when using full atlas VOIs without PVEC and the
whole cerebellum as a reference region (p = n.s. vs. COMP-SUVR-REF)
(Fig. 3F).

Longitudinal analyses

Fndings in stable AB-negative subjects

Correlation analysesin 74 stable AP-negative subjects revealed low-
est agreement between baseline and two year follow-up COMP-SUVR
for the cerebellar reference region (FULL: R = 0.68; GM: R = 0.55;
PVEC: R = 0.60; Fig. 4A). Scaling to the brainstem uptake resulted at

Mean [+ 50) COMP-5UVE when assessed by the ten different methodological configurations (column 1) by diagnosis groups (columns 2-4) as well as % differences between diagnosis
groups (columns 5-6). F-statistics and p-values for diagnosis related MAMOVA are presented in columns 7-8.

Configuration HC Ma AD MClvs. HC AD v, HC Fstatistic p-value
COMP-SUVR-FULL- 129 + 0.17 136 + 020 148 +021 56% 14.9% 544 <0001
COMP-SUVR-FULLg o 0.86 + 0.1 093 + 014 1.05 +0.16 76% 219% 106.6 =0001
COMP-5UV R-FULLypyy 0.92 4+ 0.04 095 4+ 006 1.01 +0.04 33% 98% 1436 <0001
COMP-SLVE-GMqy 1.29 + 020 139 + 025 1.55 + 025 TER 21.0% 713 <0001
COMP-SLVR-GMast 0.82 4+ 0.13 090 4+ 017 1.08 +0.18 103% 319% 1468 <0001
COMP-SLVR-GMuaa 0.88 + 0.08 092 4+ 010 1.03 + 0.08 45% 17.0% 158.1 =001
COMP-SLVR-PVECaL 116 + 0.35 138 4 047 1.79 4+ 047 19.0% 539% 110 <0001
COMP-SUVR-PVECasr 0.69 + 020 084 + 028 1.17 £ 029 22% 702% 183.4 <0001
COMP-SLVR-PV ECwa 073 + 0.17 085 + 023 111 +£021 15.1% 521% 181.9 <0001
COMP-5UVR-REF 122 + 0.19 132 + 024 152 +024 B3% 245% 960 =0001
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ROC calculations for ADHC (A), MO,/HC (B) and ADMQO (C) discrimination by the ten different methodological configurations (column 1), Re spective areas under the curve (AUC)
with standard errors (SE} and 95% confidence interval (Q) are depicted in columns 2-5. All ROCs from our analyses were compared (Delong et al., 1988) against the widely used
reference method COMP-SUVR-REF as (column 6). ['#F]-AV4S cut-offvalues, sensitivities and specificities ( best tradeof) for the discrimination between diagnosis groups are provided

in columns 7-9,
Configuration AUC SE Lower 95% CI Higher 95% CI pvahie CUT-OFE Sensitivity Spedficity
A) AD vs HC
MMP-5UVR-REF 0813 o022 0.786 0856 136 B0= B
OMP-SUVR-FULL. o7 0.o24 0.738 0815 0.00000 136 755 75K
OMP-5UVR-GMa1. 079 0.023 0.760 0E34 000000 139 TBR 7Bx
(OMP-5UVR-PVECem. 0ne48 0.020 0813 0E79 000065 142 2% Bz
OMP-5UVR-FULLgsr 0826 o2 0.789 0E59 076820 085 2% Bix
OMP-SUVR-GMasr 0860 0.020 0825 0890 000105 094 8% 8z
OMP-5UVR-PVEGy 5 0eg7 om7 DEG4 0929 0.00000 [15:3:] a5% B3x
DOMP-5UVR-FULLypy Lik:ie] 0.016 DETD 0933 000000 097 B5% B3x
OMP-SUVR-GMyeng 097 0016 0877 0938 0.00000 0.96 B4% B4z
OMP-5UVR-PVE Gy 0907 0016 0.B76 0938 00000 0493 85% B3%
B) MQ vs HC
DOMP-5UVR-REF 0622 0.020 0587 0656 113 G1x GI1Z
OMP-5UVR-FULL 0610 0.0z0 0373 0644 005198 127 % 58%
OMP-5UVE-GMg, 0621 0020 0.586 0654 075479 125 6% 6%
OMP-5UVR-PVECeg 0639 n.ozo 0604 0672 004346 1.07 B1% (i1
OMP-5UVR-FULLzsr 0641 oog 0.606 0674 015284 087 60% 6I%
OMP-5UVR-GMasr 0647 o.og 0613 0681 003741 080 B4 {il1:
MMP-5UVR-PVEGasr 0658 ooma 0.620 0696 nooa22 065 62% 6%
OMP-SUVR-FULLypy 0632 oo 0594 0670 053321 043 (514 58%
COMP-SUVR-G My 0632 0mo 0594 0670 054871 [15:3.] BE 58%
(DOMP-5UVR-PVEGuy 0651 0019 0613 0688 007752 072 a2% 60%
©) ADvs MCI
OMP-SUVR-REF {1 i) 0025 0680 a7s1 145 % T
OMP-SUVR-FULLy 0674 0.026 D636 o7io 000000 141 65% G4x
OMP-5UVR-GM g, 0691 0.025 DG53 0726 000000 147 G5 66T
DOMP-5UVR-PVEC 5 o7 0.024 D694 0764 002492 161 0 69E
OMP-5UVR-FULLgsr o724 0.025 0688 0758 060534 101 G8% GBx
OMP-5UVR-GMger 0760 0.024 03735 o793 00om25 1.02 % =
OMP-5UVR-PVEGast oara oozl 035 0833 0.00000 092 T4% T4
OMP-5UVR-FULLwaa 147 0020 0.753 0830 000000 100 4% 4%
OMP-SUVE-GMuwa 0805 oog 0.767 0843 0.00000 1.00 4% 3%
OMP-SUVR-PVE o 03 0020 0.764 0842 0.00000 103 4% 4%

an intermediate correlation (FULL: R = 0.82; GM: R = 0.80; WEC: R =
0.81; Fig. 4B), while the WM reference showed the highest agreement
(FULL: R = 0.92; GM: R = 0.93; PVEC: R = 0.87; Fig. 4C). The COMP-
SUVR-REF configuration showed an R of 0.58.

Changes in GM volume and longitudinal ["®F]-AV45 uptake

To two-year follow-up, GM A%-volumes for COMP decreased
—1.0 + 43% in HC, —1.9 + 3.0% in MCl and —3.3 + 4.4% in AD
(p = 0.01 vs. HC). Corresponding GM A%-volumes for CBL decreased
—1.3 4+ 2.8% in HC, —1.4 + 2.2% in MCl and — 1.8 + 3.2% in AD
(all n.s.). Low longitudinal changes over two years were found in ref-
erence region SUVs of CBL-FULL-VOI (+0.1 —02%), CBL-GM-VOI
(+0.3-0.6%), BST-VOI (+ 0.2-07%), and WM-VOI ( +0.1-0.2%), with
no differences between diagnosis groups. Longitudinal SUV decreases
were observed in a small subset of nine converting HC (CBL-FULL:
—2.0 + 26%; CBL-GM: —1.2 + 1.8%; BST: —43 4 6.2%; WM: —4.7 +
44%) and twelve converting MCI (CBL-FULL: — 1.3 + 2.8%; CBL-GM:
—01 4+ 2.2%; BST: —2.4 + 6.3%; WM: —2.5 £ 8.1%) subjects. All
mean ["*F]-AV45 changes (% + SD) to follow-up for the ten differently-
assessed A-COMP-SUVRs are presented in Table 5. Greatest increases
over time were observed when using PVEC regardless of the reference re-
gion (Fig. 5A). When only AR-positive subjects were considered, highest
increases were again found when using PVEC (Fig. 5B). Inter-subject var-
iability was consequently lowest for white matter, intermediate for
brainstem and highest for cerebellum as reference region (Fig. 5A + B).

Discussion

‘We present a systematic investigation of the disciminatory perfor-
mance of different reference regions for ['®F]-AV45-PET quantitation,

making use of the hitherto largest dataset of PET examinations in AD pa-
tients, along with MA and HC groups. In addition, we tested effects of
additionally performed MRI-based segmentation and VOI-based PVEC
in our nearly 1000 cases. ROC analyses revealed that the disciminatory
power between MCI or AD and the healthy control population was
increased by using the white matter or the brainstem rather than cere-
bellum as reference region, and was also increased by application of a
VOI-based PVEC. However, for the particular case of longitud inal analy-
ses, white matter emerged as the best-suited reference region, due to
the relatively low group variability it provided. Furthermore, the ex-
pected increases with disease progression in cortical amyloidosis were
best captured using additional GM segmentation and PVEC.

Reference region

White matter has recently been evaluated as a reference region
for ["®F]-FDDNP PET in a small sample of AD patients (Wong et al.,
2010). The authors of that study concluded that more accurate and
less biased binding estimates could be established when using a white
matter reference instead of the cerebellum. In our study, cerebellum
and brainstem reference quantitation showed significantly lower SUV
in AD subjects when compared to HC. In this contrast, which is critical
for monitoring early disease progression, the white matter reference
gave the more stable SUV results between diagnosis groups at baseline,
and therefore performed best with regard to invariance with the inves-
tigated pathology, ie. GM amyloidosis.

The lower ['®F]-AV45 SUVs observed in cerebellum and brainstem
were not expected in AD subjects, based on knowledge of the distribu-
tion of amyloid, and thus need to be further investigated. Interestingly,
we found decreasesin all reference region SUVs in the group of subjects
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Fig. 3. ROCanalyses for AD/HCand MO/HC discrimination. ROCs were caloulated and comparned for discriminations by ['5F]-AV45 uptake between AD and HC (upper row, A-C) as well as
between MO and HC (lower row, D-F) subjects. Exemplary ROCs for COMP-SUVB-FV ECwa (column 1 ), COMP-SUVR-PVECest (column 2) and COMP-SUVR-FULLm {column 3) configu-
rations (all red) were consequently contrasted against the COMP-SUVR-REF configuration (blue). *p=005; **p<0.01;**p < 0001

converting from HC to MCI (N = 9) or MCl to AD (N = 12). However
thesedata are notinaccord with stable res ults between diagnosis groups
in the WM SUV, as this region was affected as well, a phenomenon which
is probably related to the small sample size of converters. A higher inter-
subject variation (SD: 15.1%) in WM SUV was observed when compared
to brainstem SUV (SD: 12.1%) or cerebellum SUV (SD: 5.8%) regardless of
the diagnosis group. From this side most stable cortical quantification
would have been expected from the cerebellar reference. However, the
longitudinal correlation of COMP-SUVR between baseline and 2-year
follow-up in 74 AR-negative subjects was by far the highest when
using the WM reference region (Fig. 4). These findings in presumably pa-
thology free patients support the suitability of WM reference for a stable
cortical quantification within individual subjects.

Interestingly, the WM reference region including not only true WM
voxels performed better than did the WM-seg reference region. For
example, the CSF space in the depths of sulci was present in the WM
VOI configuration, arising from the volumes in the full atlas. Therefore,
some extra-cerebral volumes contributed to those “non-true* WM
vaxels. The longitudinal investigation of amyloid negative subjects re-
sulted in a R of 0.85 when correlating baseline versus 2-year follow-up
of COMP-GM-SUV/“non-true” WM. We note that using these “non-
true” WM voxels as a stand-alone reference region did not result in a
performance level quite as high as for WM (which had an R = 0.93),
but that the correlation was still higher than we had expected. We sup-
pose that WM reference region may be stabilized by inclusion of the
“non-true” WM voxels lying adjacent to the GM target region. In partic-
ular, spill-over from variable amounts of nonspecific GM uptake may be
counterbalanced by including voxels adjacent to the GM (e.g. outer CSF
space) in the reference region. Alternately, we suppose that inter-
subject variability in nonspecific ['"®*F]-AV45 binding in “non-true”
WM voxels would influence the signal attributed to GM.

A recent methodologically-oriented amyloid PET study comparing
['®F]-AV45, ["*F]-flutemetamol and [ ''C]-PiB has also calculated com-
posite SUVR with a brainstem reference (Landau et al., 2014). The

["8F]-AV45 findings in their 32 cases showed consequently lower com-
posite SUVRgst compared to SUVRcg, which is in line with our results,
aswere also their estimates for ['*F]-AV45 in mostly MCI subjects for
the magnitudes of SUVRgsy (0.88 vs. 0.90) and SUVRcg (1.38 vs. 139).
In ancther methods study, Edison showed that a target-to-pons ratio
for [''C]-PiB offered reliable estimations of the cortical radiotracer up-
take, es pecially in cases where use of the cerebellum is not appropriate,
such as in familial AD (Edison et al., 2012). Although the rather low
target-to-WM or target-to-BST ratios, which were frequently < 1, may
perplex the observer, we can only agree with these earier findings, as
we likewise obtained very stable and robust results for all assessed
COMP-SUV Ry or COMP-SUVRgst, which gave an equal relative stan-
dard deviation when compared to COMP-SUVRg..

Our ROC analyses proved better discrimination between the present
large groups of AD, MCI and HC subjects using the white matter or the
brainstem as a reference region (Fig. 3). Indeed, the differentiation of
these clinical groups is an important precondition for preventive thera-
py trials. Another important observation of our study was the notably
lower AUC (p <0001 compared to COMP-SUVR-REF) when plain atlas
VOIs without GM segmentation or PVEC were used, a finding which
was also found for whole cerebellum as a reference tissue. Use of pre-
dsely this approach therefore probably lowers the discriminatory
power between MCI/HC and AD/HC, when compared to the analysis
strategies investigated for the initial validation of this tracer (Clark
et al, 2012; Johnson et al, 2013). The use of a brainstem reference
with full atlas VOIs showed comparable results with COMP-SUVR-REF,
and can therefore serve adequately even when segmentation/PVEC
are not available (e.g. without MRI information).

VOI-based PVEC
In an extensive review, Erlandsson emphasized the effects of

marked cortical atrophy in neurodegenerative diseases, which lead to
exaggerated PVE when performing brain PET studies (Erlandsson
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etal, 2012). Even apparent hypometabolism in normal aging as detect-
ed by ["®F]-FDG PET was partially recoverable by MRI-based PVEC
(Curiati et al., 2011), and is therefore likely in large part a bias due to at-
rophy and loss of signal. On the other hand, age-related increases in ox-
ygen extraction fraction are likely robust to atrophy and PVE (Aanerud
etal,, 2012).

For [ "F]-flutemetamol amyloid PET data, a region-based voxel-wise
PVEC proved suitable (Thomas et al, 2011) after validation by phantom
experiments. The authors noted that not only atrophy and the spill-over
from a region, but also the spill-in must be considered when performing
PVEC. They concluded that techniques accounting for multiple regions
and tissue types are more appropriate for amyloid PET, espedially given
that significant WM uptake is a well-known attribute of [™FJ-
flutemetamol, ["*F]-AV45 and [ "®F]-florbetaben. We concur with their

position, and recently undertook a microPET study testing effects of
VOI-based PVEC of ["®F]-florbetaben uptake in brain of AD transgenic
mouse brain (Brendel et al., 2014). We were able to verify by gamma
counting and autoradiography ex vivo (where PVE is avoided) that
distinct overcorrections occur when VOI configurations for the mouse
brain lack WM and background regions; these regions were consequently
included in the VOI-based PVEC approach of human brain in the current
work, which yielded plausible values and changes after PVEC.

Present results indicate decreased mean changes of cortical SUV in
amyloid tracer measurements after PVEC in HC and MCI subjects,
whereas AD subjects showed an increase, no doubt due to their greater
atrophy. Conceming the high white matter uptake of ["*F]-AV45, which
is present irrespective of brain amyloidosis, this observation also
makes sense; in most HC cases, the low cortical tracer uptake is located
adjacent to the distinctly higher tracer uptake in undedying WM,
which leads to net spill-in to GM in cases of low-moderate atrophy.
AVOI-based PVEC approach induding a white matter VOI accommo-
dates this, and consequently leads to a decrease after PVEC in HCs.
On the other hand, AD subjects show cortical [ "®F]-AV45 uptake equal
to or exceeding uptake in the subjacent WM, in conjunction with severe
cortical atrophy, Therefore recovery of [ "F]-AV45 signal in GM neces-
sarily increases after PVEC. Ml subjects fall somewhere between
these two extremes, and in the present investigation showed as a
group a small net decrease after PVEC, which is probably related to a
quite high proportion of AP-negative cases (45%) in MCI groups.

Impact on longitudinal approaches

Longitudinal amyloid imaging recently showed high inter-subject
variability when methodologically investigated with [''C]-PiB PET
to mean 2.5-year follow-up, and some AD subjects even showed an ap-
parent decrease in amyloid burden over time when assessed by SUVR
methods, which seems at odds with the known pathop hysiology of
disease progression (van Berckel et al, 2013). However, this seeming
decrease was not apparent when using the full dynamic data set for
calculation of binding potentials (BPyp), suggesting blood flow changes
berween scans. We likewise observed high relative standard deviations
in A%-COMP-SUVR for ["®F]-AV45 with two years of progression in our
cohort. Two relevant effects were observed inour methodological com-
parison: First, the use of individual segmented GM VOIs (scaled by CBL
and BST) showed higher A%-COMP-SUVR compared to full atlas VOIs,
while additional performance of the PVEC substantially increased
this effect, leading to a mean A%-COMP-SUVR of approximately 5.5%
over two years for amyloid accumulation in HC and MCI subjects.
Second, the use of the white matter reference distinctly lowered the rel-
ative standard deviations of diagnosis-related A%-COMP-SUVR group
means, thus favoring the discrimination by group. The results of the
hitherto largest longitudinal ["'C]-PiB PET study indicated an increase
of 1.5% per year in HC and MCI subjects with low ["'C}-PiB levels and
3.1% per year in HC and MCI subjects with high [''C]-PiB retention
with cerebellar reference and without use of PVEC (Villemagne et al.,
2013). In our analysis, the maximum mean ["®F]-AV45 increase ob-
served in configurations without PVEC and with a cerebellar refere nce
did not exceed 1.5% per year for amyloid accumulation in HC and MCl
subjects. Taking into consideration the comparably high WM uptake
of ["5F]-AV45, we can speculate that the detection of real longitudinal
differences is suppressed by both spillover and progressing atrophy
when PVEC is not performed. Thus, our findings lead us to conjecture
that the fitness of quantitative longitudinal [ "®F]-AV45 assessment
over a brief two year period mainly benefits from the use of PVEC and
secondarily from stabilization by the WM reference, which propagates
to reduced inter-subject variability, Le. improved precision. Although
doubtless significant in planned intervention studies, we are aware
that such differences are of minor relevance to routine clinical decisions
with rating of AR-positivity/AR-negativity.
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Tablke 5

Mean [+ SD) % changes over two years in | "#Fl-AVAS uptake when assessed by the ten different COMP-SUVR methodological configurations (column 1) for the three diagnosis groups
(columns 2-4) for all subjects, Columns 5-7 display coresponding results when only AR-positive subjects were considered Significant differences of all different configurations when
contrasted against the COMP-SUVR-REF configuration are indicated by: *p < 005; **p<0.01; *=p < 0.001.

Configuration All subjedts Ap-positive subjects

HC (N = B8) MO (N = 148) AD (N= 22) HC (N = 26) MC (N = 66) AD (N = 16)
2-year-A-COMP-SUVR-FULL,; 110 4 5.5 06 + 63" —04 + B.8x™ 21 £ 725%™ 0.9 4 7,758 -12 + 77X
2-year-A-COMP-SUVR-FULLger 104 43% 05 + 455" —15 +£43% 24 + 50 L2 4 48% =11+ 47%
2-year-A-COMP-SUVR-FULLypy 09 + 168 12 + 1.7% Ll +13% 0+ 12 L6+ 1.6% 14+ 11%
2-year-A-COMP-5UVR-GMem. 16+ 63% 13 + 7E 06 +96% 294+ 83% LB + 855%™ =06 + 85%°
2-year-A-COMP-SUVR-GMaz 194 45% 17 +47% =01 +43% 35+ 53% 194 49% 06 + 46%
2-year-A-COMP-SUVR-GMuw 1.7 4+ 3.0% 24 +34% 24 4+ 29% 21+ 25% 13+35% 30+ 24%
2-year-A-COMP-SUVR-PVEC 46 + 995 42 + 106%™ 42 + 1277 65 + 127%° 5441273 27+ 1272
2-year-A-COMP-SUVR-PVECger 36+ 758 313 +7.1%° 16 +63% 56 + 6.5% 524 7.1%* 28+ 60T
2-year-A-COMP-SUVR-PVE Gy 34+ 657 40 + 67" 43 4+ 59% 43 4+ 4% 554+ 63%° 5.1 + 42%*
2-year-A-COMP-SUVR-REF 194+ 54% 18 +63% 10 +82% 324+ 75% 16+ 78% 05+ 779%

Limitations

Data induded in this study derived from multiple centers. Therefore
different quality of PET and MRI data was obtained and could only

A

A-COMP-SUVR (%) 2 year FU

CBL BST WM |CBL BST WM| CBL
FULL GM

BST WM
PVEC REF

A-COMP-SUVR (%) 2 year FU

T BL BST WM |CBL BST WM | cBL
FULL GM

BST WM

PVEC REF

Fig. 5. Changes in longitudinal ['*F]-AV45 uptake. Longitudinal % changes in [ '5F]-AV45
uptake [+ SD) as assessed for HC (white; N = 88), MQ (gray; N = 148) and AD (black;
N = 22} subjects and calculated for the ten COMP-SUVR configurations (A), as well as
corresponding longitudinal & changes in [ "*F]-AV45 uptake [ + 5D) whenonly AE positive
subjects were considered (B). Either full atlas VOIs ( FULL), gray matter segmented VO
(GM) or gray matter segmented VOIs after partial volume effect correction (PVEC) were
used and scaled by either the cerebellum (CBL), the brainstem (BST) or the white matter
(WM ). An additional standard configuration consisted of GM segmented VO scaled by
the whole cerdsellum [ REF).

partially be balanced by image preprocessing. However it has to be con-
sidered that the same study conditions will likely occur in multicenter
treatment trials. Furthermore, the 17 different PET scanners were in-
duded as a covariate to adjust for the possibility of instrumentation
bias, which resulted in only small changes (<1%) between adjusted
and non-adjusted data.

The detection of longitudinal reductions of amyloid burden, as
seen with the SUVR method in some configurations, might suffer from
interference from inadequate quantitation, since blood-flow changes
between scans might not be properly accommodated. However, in
large-scale studies, the use of SUVR is a convenient proxy for quantifica-
tion of brain amyloid burden. Ultimately, the magnitude of this bias
could only be answered by direct assessment of dynamic datasets in
patients studied longitudinally, or through concomitant quantitative
CBF studies, It seems premature to condemn SUVRs entirely, insofar as
SUVRs using the three ['*F]-amyloid tracers have proven to correlate
well with histopathological comparisons, as assessed in the develop-
ment of these analyses.

Diagnosis groups of HC, MCl and ADwere obtained by clinical assess-
ment, with no histopathological gold standard information available.
Therefore discriminatory analyses derive from detailed neuropsychiatric
test batteries and biomarkers, with as yet no final validation, Further-
more, the detected longitudinal increases of amyloid burden over time
could only be compared with previous findings and extrapolations of a
large prospective PET study (Villemagne et al, 2013), since histopatho-
logically verified amyloid accumulation over time is still lacking.

As not all extracortical regions in proximity to the brain (e.g. fat,
bone, scalp ) were included in the VOI-based algorithm used for PVEC,
spillover from these sources may possibly contribute to the attribution
of signal from brain VOIs; however, this potential bias seems likely to
be of low magnitude since the distance from extracerebral structures
is in the order of the FWHM. Our findings are for ['*F]-AV45, and may
not generalize for other amyloid radioligands, which will have to be
investigated in this context in further studies.

Condusion

We aimed to optimize the discriminative fitness of ['*F]-AV45-PET
by methodological considerations of cortical atrophy/spill-over and
comparison of reference regions. We found clear benefits from using
VOI-based PVEC and defining the white matter or the brainstem rather
than cerebellum as the reference region; both procedures increased the
discriminatory power between MCI and HC, which are key target groups
in therapy trials. Furthermore, longitudinal increases in amyloidosis
during follow-up for two years were likely more accurately captured
by application of the present optimized procedure with the white
matter reference,

Supplementary data to this artide can be found online at hetp://dx
doi.org/10.1016/j.neurcimage.2014.11.055.
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Supplement 1

PET image pre-processing

Raw PET images from all sites are downloaded for quality control at University of
Michigan. There, raw images are converted to a standard file format. Separate
frames are extracted from the image file for registration purposes. Four five-minute
frames (ADNI GO/2) are acquired at 50 to 70 minutes post-injection. Each extracted
frame is co-registered to the first extracted frame of the raw image file (frame
acquired at 50-55 min post-injection). The base frame image and the five co-
registered frames (or all co-registered frames for the quantitative studies) are
recombined into a co-registered dynamic image set. These image sets have the
same image size (for example, 128x128x63) and voxel dimensions (for example,
2.0x2.0x2.0 mm), and remain in the same spatial orientation as the original PET
image data. This next step of processing is performed simply by averaging the four
five-minute frames of the “Co-registered Dynamic” image set. This creates a single
20 min PET image, still positioned in “native” space. Each subject’'s co-registered,
averaged image from their baseline PET scan is then reoriented into a standard
160x160%x96 voxel image grid, having 1.5 mm cubic voxels. This image grid is
oriented such that the anterior-posterior axis of the subject is parallel to the AC-PC
line. This is referred to as “AC-PC” space in the LONI search program. This
standardized image then serves as a reference image for all PET scans on that
subject. The individual frames from each PET scan (the baseline study, as well as all
subsequent studies (6-month scan, 12-month scan, etc.) are co-registered to this
baseline reference image. By doing the co-registration from the original raw image
data to a standardized space in a single step, only one interpolation of the image

data is required, and thus resolution degradation by interpolation is kept to a
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minimum, and is the same for all scans. An averaged image is generated from the
“AC-PC" co-registered frames and then intensity-normalized using a subject-specific
mask so that the average intensity of voxels within the mask is exactly one. Both the
spatial orientation (AC-PC) and the intensity normalization of the image are intended
as a starting point for subsequent analyses. With a standardized image matrix, PET
data from different scanner models can be compared more easily. It should be noted
that in these image sets only spatial re-orientation and intensity normalization of
scans has occurred. No non-linear warping or even linear scaling of the brain
dimensions has been applied to the images. Uniform resolution is guaranteed by
smoothing of the above-mentioned images. Each image set is filtered with a scanner-
specific filter function (can be a non-isotropic filter) to produce images of a uniform
isotropic resolution of 8 mm FWHM, the approximate resolution of the lowest
resolution scanners of the 17 instruments used in ADNI. Image sets from higher
resolution scanners obviously will have been smoothed more than those from lower
resolution scanners. The specific filter functions were determined from the Hoffman

phantom PET scans that were acquired during the certification process.
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Supplement 2

Figure S1: Definition of the three differently assessed white matter VOIs

WM-seg

White Matter VOI Definitions

* Full Hammers Atlas — Grey

Mattar [A_CY
widiiel |[Aoug

+ Segmented (D)
*  Centrum Semiovale (E-G)

WM (A-C): Sagittal slices: From the cortical full atlas VOI indicated in blue (A), the
area of individual cortical GM VQOlIs in red (B) was subtracted, thus comprising all
subcortical white matter voxels displayed in blue (C), as included in the full atlas VOI.
Furthermore, voxels in the ventricles and the cerebellum were also excluded from the
resulting individual subcortical WM region.

WM-seg (D): The segmentation process was used to generate WM VOlIs containing
all voxels declared as WM in the segmentation process. This was performed
separately for cortex, displayed in red, and the cerebellum, displayed in blue. SUVR
were calculated through division by subcortical WM without the cerebellar WM.

CSO (E-F): Sagittal (E), coronal (F) and axial (G) slices illustrate how the manually

drawn bilateral centrum semiovale VOI (6.2 cm?® each) was defined.
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Table S1

SUV Region HC MCI AD F-statistic |p-value

Centrum Semiovale 231+£034 | 222+033 | 207+0.32 26.4 <0.001

cortical WM (segmented) | 1.94+0.28 | 194 +026 1.94 £0.27 01 n.s.

cerebellar WM (segmented)| 1.78£0.21 | 1.74+£020 | 1.65+0.18 228 <0.001

Mean (+ SD) SUV for reference regions (column 1) by diagnosis groups (columns 2 -
4). F-statistics and p-values for diagnosis related MANOVA are presented in columns

5 - 6. Significant differences ageinst HC are indicated by: * p < 0.05; "™ p < 0.01; "™ p

< 0.001.
Table S2

Configuration HC MCI AD MCI vs. HC | AD vs. HC | F-statistic |p-value
COMP-SUVR-FULLcso  |0.61+0.09|0.67 £0.09|0.75 £ 0.09 8.7% 22.5% 1286 < 0.001
COMP-SUVR-GMcso 0.58+0.11|0.65+0.10|0.77 £ 0.09 11.4% 32.7% 163.1 < 0.001
COMP-SUVR-PVECcso  |0.4920.19(0.60+0.19/0.83+0.18 23.3% 71.0% 187.5 < 0.001
COMP-SUVR-FULLwn.sey [0.72+0.05(0.76 £ 0.06 0.79 £ 0.06 4.3% 9.7% 77.2 <= 0.001
COMP-SUVR-GMunseg |0.69+0.07(0.73 £0.09/0.82 £ 0.08 6.9% 19.0% 143.6 < 0.001
COMP-SUVR-PVECww.seg |0.57 £ 0.14[0.67 £ 0.18 |0.87 £ 0.17 17.7% 53.3% 179.0 < 0.001

Mean (x SD) COMP-SUVR when assessed by the different methodological
configurations (column 1) by diagnosis groups (columns 2 - 4) as well as %

1 Py
dinerernces bpelweelrll

diagnosis related MANOVA are presented in columns 7 - 8.



Table S3

A) AD vs HC

Configuration AUC | SE | Low-95%-CI | HI-95%-Cl | p-value | CUT-OFF | sens | spec
COMP-SUVR-REF 0.823 | 0.022 0.786 0.856 1.36 80% | 80%
COMP-SUVR-FULLcso 0.853 | 0.021 0.811 0.895 0.04314 0.58 82% | 82%
COMP-SUVR-GMcso 0.880 | 0.019 0.843 0.918 0.00030 0.57 83% | 83%
COMP-SUVR-PVECcso 0.898 | 0.017 0.864 0.931 0.00000 0.56 85% | 84%
COMP-SUVR-FULLwwm seg | 0.813 | 0.023 0.768 0.858 0.49419 0.75 79% | 80%
COMP-SUVR-GMwh-seg 0.871 | 0.020 0.831 0.911 0.00298 0.76 83% | 82%
COMP-SUVR-PVECwmseq | 0.898 | 0.017 0.865 0.932 0.00000 0.74 84% | 84%
B) MCl vs HC

Configuration AUC | SE Low-957%-Cl | HI-95%-Cl | p-value | CUT-OFF | sens | spec
COMP-SUVR-REF 0.622 | 0.020 0.587 0.656 1.19 61% | 61%
COMP-SUVR-FULLcso 0.662 | 0.019 0.624 0.699 0.02111 0.51 61% | 61%
COMP-SUVR-GMcso 0.663 | 0.019 0.625 0.700 0.01377 0.57 63% | 61%
COMP-SUVR-PVECcso 0.664 | 0.019 0.627 0.702 0.00871 0.47 62% | 61%
COMP-SUVR-FULL 505 | 0.644 | 0.019 0.606 0.682 0.24582 0.73 61% | 60%
COMP-SUVR-GMum s0g 0658 | 0.019 0.620 0.695 003394 058 62% | 62%
COMP-SUVR-PVECwmseq | 0.663 | 0.019 0.626 0.700 0.01339 0.56 62% | 62%
C) AD vs MCI

Canfiguration AUC | SE | Low-95%-Cl | HI-95%-Cl | p-value | CUT-OFF | sens | spec
COMP-SUVR-REF 0.717 | 0.025 0.680 0.751 1.45 69% | 70%
COMP-SUVR-FULLcso 0.736 | 0.024 0.690 0.782 0.22878 0.73 2% | 1%
COMP-SUVR-GMcso 0.771 | 0.022 0.727 0.814 0.00037 0.74 74% | 73%
COMP-SUVR-PVECcso 0.790 | 0.021 0.749 0.832 0.00000 0.75 74% | 73%
COMP-SUVR-FULLywwseq | 0.684 | 0.024 0.637 0.732 0.06879 0.78 68% | 66%
COMP-SUVR-GMym.seg 0.761 | 0.023 0.717 0.806 0.00398 0.80 74% | 74%
COMP-SUVR-PVECwMseg | 0.792 | 0.021 0.751 0.833 0.00000 0.82 4% | 74%

ROC calculations for AD/HC (A), MCI/HC (B) and AD/MCI (C) discrimination by the
different methodological configurations (column 1). Respective areas under the curve
(AUC) with standard errors (SE) and 95% confidence intervals (Cl) are depicted in

columns 2 - 5. All ROCs from our analyses were compared (DelLong et al., 1988)
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against the widely used reference method COMP-SUVR-REF, with the p-value

displayed in column 6. ['®F]-AV45 cut-off values, sensitivities and specificities (best

tradeoff) for the discrimination between diagnosis groups are provided in columns 7 -

9.
Table S4
Configuration all subjects AR-positive subjects
HC MCI AD HC MCI AD
(N = 88) (N=148) | (N=22) (N =26) (N =66) (N=16)
|2-year-
0.9+4.7% 1.1£5.2% 0.1+4.0% 0.1£4.9% 0.9+5.9% | -1.2¢4.1%
A-COMP-SUVR-FULLcso
[2-year-
1.724.9% | 2.3£6.1% | 1.424.9% | 0.8£5.6% | 1.8+¢6.7% | -0.8£5.8%
A-COMP-SUVR-GMcso
[2-year-
4.4+101% | 5.5£10.7% | 4.449.0% | 3.2:11.2% | 4.111.2% | 0.4£12.7%
\-COMP-SUVR-PVECcso
12-year-
0.0+£3.0% | -0.1£2.5% | -0.8£2.2% | 0.8:2.1% 0.2+2.0% | -0.8+2.2%
A-COMP-SUVR-FUL L seq
[2-year-
0.9+£3.4% 1.2+£3.2% | 0.542.8% | 1.9£2.3% | 1.7£2.6% | 0.9+2.4%
A-COMP-SUVR-GMum.seq
[2-year-
3.4283% | 4.128.0% | 3.427.0% | 4.924.9% | 5.7+7.3% | 4.6:5.0%

A-COMP-SUVR-PVECwm-seg

Mean (z SD) % changes over two years in [1BF]-AV45 uptake when assessed by the

different COMP-SUVR methodological configurations (column 1) for the three

diagnosis groups (columns 2 - 4) for all subjects. Columns 5 - 7 display

corresponding results when only AR positive subjects were considered.




Supplement 3

Figure S2: Image processing / PVEC illustrated on axial slices

the atlas with either a desired grey matter probability threshaold (0.3 in our case) or a

binary mask deriving from segmentation. Previously acquired transformations from

native PET or MRI space.

(B) MR fused with PET and overlaying with outlined VOls.

(C) In the first step of preparation for VOI-based FVEC processing, white matter VOlIs
are removed, as those regions are subdivided into smaller regions in the subsequent
steps. Second, the remaining original grey matter VOIs (multicolored) are subtracted
from the atlas mask. This operation therefore defines voxels that were removed from
the atlas during grey matter thresholding, or were assigned to white matter regions.
The resulting voxels are illustrated in black.
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(D) The mask created from voxels defined in the previous step is intersected with the
atlas. This step creates complementary regions from the atlas definition.

(E) Finally, complementary white matier regions are created by adding voxels which
were previously in white matter regions, but do not have a specific definition at this
stage of processing. These regions are added by outlining to the original VOls as
complementary VOls.

(F) Final regions are passed to the PVEC aigorithm.
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Impact of MRI-based Segmentation Artifacts on Amyloid- and FDG-PET

Quantitation

Marcus Hogenauer”, Matthias Brendel”, Andreas Delker, Sonja Diirr, Mayo Weiss,
- - * . - 5 . - . - . *E
Peter Bartenstein, Axel Rominger , for the Alzheimer’s Disease Neuroimaging Initiative

Department of Nuclear Medicine, University of Munich, Germany

Abstract: Infroduction: Magnet resonance image (MRI)-based segmentations are widely used for
clinical brain research, especially in conjunction with positron-emission-tomography (PET). Although
artifacts due to segmentation errors arise commonly, the impact of these artifacts on PET quantitation
has not yet been investigated systematically. Therefore, the aim of this study was to assess the effect
of segmentation errors on [“F]-A V43 and ["*F]-FDG PET quantitation, with and without correction
for partial volume effects (PVE). Material and Methods: 119 subjects with both ['*F]-AV45, and
["*F-FDG PET as well as Tl-weighted MRI at baseline and at two-year follow-up were selected from

Axel Rominger

the ADNI cohort, and their MRI brain images were segmented using PMOD 3.5. MRIs with segmen-

tation artifacts were masked with the corresponding ["*F]-FDG PET standard-uptake-value (SUV) images to elucidate and
quantify the impact of artifacts on PET analyses for six defined volumes-of-interest (VOI). Artifact volumes were calcu-
lated for each VOI, together with error-[%] and root-mean-square-errors (RMSE) in uncorrected and PVE corrected SUV
results for the two PET tracers. We also assessed the bias in longitudinal PET data. Reswirs: Artifacts occurred most fre-
quently in the parietal cortex VOL. For [”F]—AV‘IS and [lﬁF]—FDG PET, the percentage-errors were dependent on artifact
volumes. PVEC SUVs were consequently more distorted than were their uncorrected counterparts. In static and longitudi-
nal assessment, a small subgroup of subjects with large artifacts (>1500 voxels; £5.06 ¢cm*) accounted for much of the
PET quantitation bias. Conelusion: Large segmentation artifacts need to be detected and resolved as they considerably bi-
as PET quantitation, especially when PVEC is applied to PET data.

Keywords: Amyloid-PET, artifacts, FD'G-PET, masking, MRI, PVEC, segmentation.

L INTRODUCTION

In recent years, magnetic resonance imaging (MRI)-
based segmentations of brain into grey matter (GM), white

mattar (WA and corahragninal flaid (CQEY are inereaginoly

matter {WM) and cerebrospinal fluid (CSF) are increasingly
important for imaging studies in diverse disorders, including
Alzheimer’s disease (AD) [1, 2], multiple sclerosis [3], epi-
lepsy [4] or schizophrenia [35, 6]. Moreover, molecular brain
imaging techniques such as positron-emission-tomography
(PET) [7] and single-photon-emission-computed-tomo-
graphy (SPECT) [8] benefit from MRI-based segmentations,
such that molecular changes can be investigated in specific
target regions.

*Address corespondence to this author at the Depantment of Nuclear Medi-
cine, University of Munich, Germany; Tel: +49 (0)89 4400 74630; Fax: +49
(0)89 4400 77646; E-mail: axel. rominger@med.uni-muenchen.de

**Data used in preparation of this article were obtained from the Alz-
Newroimaging (ADNI)  database
(adni.loni.usc.edu). As such, the investigators within the ADNI contributed
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to the design and implementation of ADNI and/or provided deata but did not
participate in analysis or writing of this report. A complete listing of ADNI
investigators can be found at: http:/fladni lomi.usc.edu/wp-content! up-
Toadsthow _to_apphy/ADNI_Acknowledgement List. pdf
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Indeed, MRI-based segmentations are essential for PET
quantitation, especially in dementia studies entailing partial
volume effect (PVE) comected quantitation of amyloid [9]
and/or ["*F]-fluorodesoxyglucose ([*F]-FDG) [10, 11]. Ak-
hough partial volume effect correction (PVEC) is also feasi-
ble, independent of MRI (e.g. by deconvolution), optimal
results are obtained when using anatomically-oriented seg-
mentation based on individual structural MRI [12]. As such,
widely used PVEC methods such as the geometric transfer
matrix (GTM) [13] or Miiller-Gértner methods [14] depend
critically on correct segmentation of individuali MR images.
Volume artifacts due to segmentation errors arise commonly,
with consequences for PET quantitation. This problem has
led to intensive efforts aiming to enhance the existing auto-
mated segmentation methods such as Multi-Atlas Propaga-
tion and Segmentation [15], Bridge Burner [16], Brain Ex-
traction Tool [17] and Hybrid Watershed Algorithm [18].
Despite considerable progress, entirely faultless segmenta-
tion procedures are not available; the impact of such segmen-
tation artifacts on PET quantitation, and on error propagation
with PVEC, has not yet been investigated systematically.
Therefore, the aim of this study was to assess the effect of
MRI segmentation errors on uncorrected and PVE-comrected
[**F]-AV45 and ['*F]-FDG PET quantitation in a large da-
taset of scans from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database.

@ 2016 Bentham Science Publishers
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2. MATERIAL AND METHODS
2.1. Alzheimer's Disease Neuroimaging Initiative

Data used in the preparation of this article were obtained
from the ADNI database (adni.loni.usc.edu). The ADNI was
launched in 2003 by the National Institute on Aging (NTA),
the National Institute of Biomedical Imaging and Bioengi-
neering (NIBIB), the Food and Drug Administration (FDA),
private pharmaceutical companies and non-profit organiza-
tions, as a $60 million, 5-year public-private partership.
The primary goal of ADNI has been to test whether serial
MRI, PET, other biological markers, and clinical and neuro-
psychological assessment can be combined to measure the
progression of mild cognitive impairment (MCI) and early
AD. Determination of sensitive and specific markers of very
early AD progression is intended to aid researchers and cli-
nicians to develop new treatments and monitor their effec-
tiveness, as well as lessen the time and cost of clinical trials.
The Principal Investigator of this initiative is Michael W.
Weiner, MD, VA Medical Center and University of Califor-
nia — San Francisco. ADNI is the result of efforts of many
co-investigators from a broad range of academic institutions
and private corporations, and subjects have been recruited
from over 50 sites across the U.S. and Canada. The initial

goal of ADNI was to recruit 800 subjects but ADNI has been
followed by ADNI-GO and ADNI-2. To date these three
protocols have recruited over 1500 adults, ages 55 to 90, to
participate in the research, consisting of cognitively normal
older individuals, people with early or late MCI, and people
with early AD. The follow up duration of each group is spec-
ified in the protocols for ADNI-1, ADNI-2 and ADNI-GO.
Subjects originally recruited for ADNI-1 and ADNI-GO had
the option to be followed in ADNI-2. For up-to-date infor-
mation, see www.adni-info.org.

1.2, Image Data Acquisition

2.2.1. ADNI [®F[-AV45 PET and ["*Fj-FDG PET Acquisi-
tion and Pre-Processing

The ["*F]-AV45 PET images had been acquired using
Siemens, GE and Philips PET scanners according to a stand-
ard dynamic protocol with emission recording at 50-70 min
followin% the intravenous injection of 370 + 37 MBq ["*F]-
AV45. [ "F]-FDG PET images had been acquired using Sie-
mens, GE and Philips PET scanners according to one of
three standard emission recording protocols (30-60 minute
dynamic, 30-60 minute static, 0—60 minute dynamic) fol-
lowing the intravenous injection of 185 + 19 MBq ["*F]-
FDG. Data were corrected for both scatter and measured
attenuation, which was determined using the CT scan for
PET/CT scanners, or a transmission scan with [“Ge] or
["Cs] rotating rod sources for PET-only scanners. Images
were reconstructed using scanner-specific algorithms, and
sent to the University of Michigan, where they were re-
viewed for artifacts, anonymized, and transmitted to the La-
boratory of Neuro Imaging (LONI) for storage. Further de-
tails are available in the ADNI PET technical procedures
manual (http:/www.adni-info.org/Scientists/Pdfs/ ADNI2
PET_Tech Manual 0142011.pdf).

Downloaded ['RF]-FDG PET images in DICOM format
had been pre-processed in four steps: 1) motion correction

Higenauer et al.

by coregistration of single five minute frames; 2) time frame
averaging (30-60 min p.i); 3) coregistration of longitudinal
data to the baseline scan and reorientation in a standardized
160x160x96 matrix consisting of 1.5 mm cubic voxels; 4)
smoothing with a scanner-specific filter function to an iso-
tropic resolution of 8 mm. Details can be found at
(http://adni.loni.usc.edw/methods/pet-analysis/pre-processing./)
[19, 20].

2.2.2. ADNI MRI Acquisition and Pre-Processing

Ti-weighted (T1w) MRI scans had been acquired using
Siemens, GE or Philips MRI scanners according to a stand-
ard protocol [21] involving acquisitions of two 3-D
MPRAGE imaging sequences per subject. Of the two images
acquired per subject and time-point, the ADNI quality assur-
ance team selected the qualitatively better image for pre-
processing.

MRI preprocessing involved: 1) application of a scanner-
specific correction for gradient nonlinearity distortion
(Gradwarp) [22]; 2) correction for image intensity non-
uniformity (B1) [21]; 3) application of a histogram peak
sharpening algorithm for bias field correction (N3) [23]; 4)
application of spatial scaling factors obtained by phantom
measurements. For images acquired on Philips scanners, B1
correction was already implemented, and the gradient sys-
tems with this instrument tended to be mherently linear [21].

2.3, Patient Selection and Study Design

138 subjects with both ["*F]-AV45 and ['*F]-FDG PET
as well as Tlw MPRAGE MRI at baseline (BL) and two-
year follow-up (FU) were selected from ADNI-GO/2. Their
clinical diagnoses at BL were healthy control (HC) (N=42),
MCI (N=86) and AD (N=10). Pre-processed ['RF]-AV45
PET. ['"*F]-FDG PET brain images and temporally corre-
sponding T1w MPRAGE images were downloaded from the
database as available on September 2013. After processing,
all images were visually checked and MRI segmentation
fails were identified as cases of complete mislabelling of the
compartments (GM/WM/CSF) or misregistration resistant to
manual adjustment. By these criteria, images of 13 subjects
failed either at BL or FU, while images of six subjects failed
at both BL and FU. Thus, a total of 25/276 (9.1%) failed
images were excluded from further analysis, corresponding
to a total of 19 subjects (HC: N=6, MCI: N=12, AD: N=1)
(Fig. 1).

2.4. Image Analyses

2.4.1. Coregistration and Segmentation

[**F]-AV45 and [*F]-FDG PET images were rigidly
coregistered to their individual MRI to obtain a linear PET-
to-MRI transformation in PMOD. Non-rigid coregistration
of individual MRIs to the standard Montreal Neurological
Institute (MNI)-space was used to obtain a nonlincar MR-
to-MNI transformation. Next, the concatenation of PET-to-
MRI and MRI-to-MNI transformations was used to trans-
form the PET images in MNI-space. Meanwhile, the T1w
MRIs were segmented to GM, WM and CSF compartments
{24]. To this end we impiemented the segmentation aigo-
rithm with the following parameters: Sampling distance,
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[ 138 ADNI subjects / 276 MRis ]

segmentation/coregistration

WV

[ 19 ADNI subjects exluded ]

25 MRiIs: failed ]

| 119 ADNI subjects / 238 MRIs |

M

[ 172 correct segmentations ]

A

[ 66 segmentations with artifacts ]

Fig. (1). Schematic overview of study design and subject selection. Image data from 138 ADNI subjects, undergoing baseline and two-year
follow-up MRIs, ["*F]-A V45 PET and ["F]-FDG PET, were processed by PMOD PNEURO 3.5. Subsequent visual identification of com-
pletely failed segmentation or coregistration resulted in exclusion of 19 subjects, and a final cohort of 238 MRIs totalling 119 subjects (HC:
N=36, MCI: N=74, AD: N=9) for further analysis. 172 artifact-free segmentations and 66 segmentations with at least one artifact were ob-

tained.

which determined the density of voxels considered in the

calculation, was used at a standard 6 mm setting. Moderate
hias rpcula:u:armn served to compensate for variations of the
image intensity across the field- of-view, and a moderate
clean-up procedure rectified the incorrect segmentation
along the compartment boundaries. To guarantee the best
possible uniformity of segmentations, all parameters were
used unadjusted in standardized manner, even when some
mislabelling consequently occurred. In such cases, the seg-
mentations were excluded, as described above. Volumes-of-
interest (VOIs) of 83 cortex areas from the Hammers atlas
were defined in individual GM templates for each subject in
the MMNI-space [25]. All image MR processings were per-
formed with the PMOD PNEURO 3.5 tool.

sarent and Maski ing

BL and FU segmentations of 119 subjects (HC: N=36;
MCI: N=74; AD: N=9) were visually checked slice-by-slice
for artifacts. In cases when an artifact was visually identi-
fied, as occurred for about 20 voxels per plane, the segmen-
tation was masked by the individual [ RF]-FDG PET in m;dcr
to exciude the artifact voxels. The mask binarization of [ *FJ-
FDG PET was performed by an individual intensity thresh-
old (20-37% of total activity) optimally fitting the MRI brain
border, in order to guarantee exclusion of all artifact voxels.
In cases where these rcqu1rcmcnls could not be fulfilled, as
occurred for <5% of all [ F] FDG PET images, the thresh-
UlLI was 'suu.u.u, W[llb[] came most LlU'&L io l'LSLu][]g l[]L, as-
signment of all real brain voxels. Subsequently, the remain-
ing artifact regions were cropped by setting to zero voxels
outside the binary mask (Fig. 2). For further analyses, the
corrected MRI segmentations Wlthout artifacts were used for
processing of the corresponding [*F]-AV45 and [*F]-FDG
PET in PMOD PNEURO 3.5 tool again.

2.4.3. VOI-based PVEC

For each VOI defined in the Hammers atlag [25], we cal-

culated PVE-corrected values [13, 26, 27]. The algorithm
included an extra-cerebral background VOI implemented in

the PNEURO 3.5 tool. We used a GM threshold 0.3 and a
full-width-at-half-maximum (FWHM) defined of 8 mm; de-

tails of the PVEC algorithm are provided in Supplement 1.

2.4.4. Analyses of Antifact Volumes and PET-VOI Data

Six GM VOIs were defined by combining bilateral
Hammers atlas VOIs, i.e. frontal, parietal, temporal, and pos-
terior cingulate cortex (PCC), a composite of all these corti-
cal regions, as well as an entire cerebellum GM VOI. Uncor-
rected and PVE-corrected standard-uptake-values (SUWV)
were calculated for ['RF]-AV-’-IS and ["F]-FDG PET using
non-masked (SUV ) and masked (SUV ) VOI sets. With
these data the following analyses were performed:

2.4.4.1. Artifact Volume Quantitation

Artifact sizes were quantified by subtracting cropped
from uncropped volumes. A volume threshold of </=5.06
cm?® (21500 voxels) was defined for further subanalyses.
Artifact volumes were estimated by a hot 3D VOI tool and
1500 voxels were the approximated lower bound of these
artifacts volumes.

2.4.4.2. Error-[%] in PET SUVs and Correlation with Arti-

fact Volumes

For each of the six VOIs, we calculated error-[%] in the
uncormrected and PVE-corrected SUVs according to equation
1. Error-[%)] in SUVs were then correlated with artifact vol-
umes.

SUVare—SUVirue

Error-|%] = T

%100 Eq. 1

2.4.4.3. Root-mean-square-error (RMSE)

RMSE were calculated for uncorrected and PVE-
corrected SUVs according to equation 2:

_—
|2-: 1(SUVare=5UViry )
= e —— ] () ()

Eg. 2:
\'E._lcsuvtmgﬁ
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Fig. (2). Workflow of artifact masking. (A) Example of a segmentation artifact (highlighted by arrows) in axial and coronal plane. (B) Bina-

ARI segmer

2.d.4.4. Longimdinal PET Assessment

Distribution of artifacts relatively to the different brain
regions was assessed in the BL and FU study. Percentage
changes in longitudinal SUVs (A-SUV-[%]) between BL and
FU were calculated for the SUV data with artifacts (equation
3) or MR-antifact-free (equation 4) PET results.
 SUVarFU—SUVgpeBL

A_CrITr_Fosl oo - o
A-5UV-[Y0]are = SUVariBL X100 Eg.3
SUV, FU-5UV, BL
A,SUV,[U/L]‘_““_ = I__bme "~ 7 trus »x100 Ea. 4
L0 true SUVerueBL q

The consecutive resultant bias in longitudinal PET data
was calculated by Equation 5:

Bias-A-SUV-[%] = A-SUV-[%],rye = A-SUV~[%]arc EQ.5

2.4.5. Semi-antomatic Musking Approach

In order to investigate a possibility method for facilitat-
ing and simplifying the masking process, we examined tem-
plate masks deriving from the complete data set. In this ap-
proach, the masked segmentations from all 238 individual
sets of VOIis deemed without artifacts were binarized as uni-
ty for all voxels included in any VOI. The 238 binarized im-
ages were then averaged to obtain a probability value for
cach voxel of “inclusion in the VOI-set” within the whole
population, as has been done previously for probabilistic
atlas generation [28]. Standardized masks were generated
with either 100% (100%-voxel-mask) or 50% (50%-voxel-
mask) probability level threshold. Thus, the 100%-voxel-
mask contained every voxel of all VOI sets, while the much
more strinoent 5(

in the VOI-set of at least half of the subjects. These masks
were subsequently used to test the statistical template ap-

xel-mask contained all voxels present

subjects for whom there were more than 1500

2.4.6. Statistics

Means (£ SD) and ranges of volume as well as emror-[%4]
in uncorrected and PVE-corrected SUVs were assessed for
both tracers for all six VOI regions. Additionally Pearson’s
coefficient of correlati
and PVE-corrected SUV error-[%] with volumes of artifacts.
Differences between uncorrected and PVE-corrected arising
from MR segmentation artifacts were assessed by comparing
single square errors with a paired student’s ¢-test. Further-
more distinctions between different mask settings (raw,
50%- and 100%-voxel-mask) were as well assessed by a
paired students r-test. The null hypothesis was rejected for
p<0.05. In the longitudinal PET assessments the moduli of
the mean (£ SD) for Bias-A-SUV-[%] and Bias-A-VOL-
[em”] were calculated and reported with the respective rang-
es.

ed for uncorrected

n (r} was as
n (rl was as

3. RESULTS
3.1. Demographics

Detailed demographics of the study cohort are provided
in Table 1.

3.2. Artifact Volume Assessment and Error-[%] in SUV

In 66/238 (27.7%) of the MRIs, at least one artifact was
identified by visual inspection, leading to a total of 276 arti-
facts, which were most frequent in the parietal region
(N=84). Details of artifact volumes of all six assessed re-
oinng are nrogentad 1n Tahla 7 and the hioshact artifact vl
gions are presented in Table 2, and the highest artifact vo!
6 cm’; range: 0 -
£2.9 cm’; mnge:

umes were found in parietal (mean: 2.9+ 5
26.7 cm’) and temporal regions (mean: 2.4
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Iable 1. Demographics of healthy controls (HC), paticnts with mild cognitive impairment (MCI), and patients with Alzheimer’s
disease (AD).
Diagnosis N Age Gender
(Baseline) (y=5D) (f/ m)
HC 36 774+ 6.4 13 (36%) £/ 23 (64%) m
MC1 74 T0.2+7.9 33(45%) £/ 41 (55%) m
AD 9 73.4£8.2 6(67%y 1/ 3(33%)m
I'able 2 Mean (£5D) and ranges (MIN/ MAX) of artifact volumes, as well as counts (N) of artifacts in different brain regions. Cor-
relation coefficients (r) are given for the relationship between artifact volumes and the error-|%| in SUV of \“‘l—'|-,-\\'45
and |"‘t |-FDG PET, for uncorrected and PVE-corrected data.
Region Artifact Error-|%) in | F]-AV45 PET Error-[%] in |*F]-FDG PET
Volume Jem?’| uncorrected PVEC uncorrected PVEC
MEAN = MIN / N MEAN = MIN/ . MEAN = MIN / . MEAN = MIN/ . MEAN = [ MIN/ .
sD MAX : sD MAX sD MAX sD MAX sD MAX
Frontal 0.9+1.5 | 0.0/115 51 | D105 | 4.1/04 |-088] 0.5+12 | -02/0.2 [-094] -03 0.6 | 4.7/00 |-0.99) -02+0.9 | -6.8/05 [-0.88
[Parietal 29+£56 | 0.0/267 [ 84 | -1.2+£28 |-148/04-0.94] 3070 |-36.6/08 [-0.90) -1.9=3.7 |-179/0.0|-0.99| -2.4£59 |-128.7/0.4)-0.98
Temporal| 2429 | 0.0/175] 67 | 04+08 | -6.3/04 |-0.82] 0613 | -96/1.3 [-068]-08+1.2 | -8.5/00 |-0.96] -0.6= 1.5 |-11.1 /0.3[-0.84
PO 0L1+02 00 /0.2 5 0000 | 0.1/00 [F025] 0.4£1.3 | -05 /6.6 [-0.07] 0.0=00 | 0.1/00 (<094 04 £1.0 (-0.1/5.6 -0.03
_l'"“""' 62482 | 0.1/389 (207 0.5+ 1.0 | -5.2/03 |-089] -1.1+22 |-10.3/0.1|-0.84] -09 1.3 | 6.3/ 00 |-0.98/ -0.9+1.9 [-9.2/02 |-0.94
pile
“erebel- - < . - , - .
1413 | 000/54 |69 | 03205 [ -2.1/00 082 0509 | 38/ 1.4 [-0.76] -0.7 0.6 | -2.8/0.0 2098 -0.5 0.6 (-2.6/ 0.1 |-0.90]
um

0 - 17.5 em®). Volumes for PCC were negligibly affected by
segmentation artifacts.

Strongest correlations of artifact volumes with error-[%s]
in SUV were detected in the parietal cortex region for ['F]-
AV4S5 PET [uncorrucn,d r = -0.94; PVEC: r = -0.90) (Fig.
3A) as well as for [*F)-FDG PET (uncorrected: r = -0.99;
PVEC: r = -0.98) (Fig. 3B). Considerable error-[%] in SUV
were detected above the defined artifact volume threshold of
5.06 cm® (21500 voxels), which was present in 9/66 seg-
mentations with artifacts. However there was no relationship
between artifact sizes and clinical diagnoses.

3.3. RMSE-[%] in uncorrected and PVE-corrected PET
SUVs

Highest RMSE-[%] in SUV was observed in the parictal
region. For both tracers, PVE-comrected data was significant-
ly more affected by artifacts when compared to uncorrected
SUVs [p <0, l]ﬁ)g as illustrated in (Fig. 4A/B), e.g. in the pari-
etal region ([ "F]-AV45 PET: 7.1% wvs. 2.6% / [RF] FDG
PET: 6.3% vs. 4.2%). Furthermore, RMSE-[%] results were
analysed for subgroups with </=1500 artifact voxels (57
segmentations with <1500 artifact voxels and 9 segmenta-
tions with =1500 artifact voxels). The small group with arti-
facts of =1500 voxels nonetheless accounted for the largest

share of total RMSE-[%] in SUV for both tracers (T'ig 40),
while RMBSE-[{%] in ail regions were consistenily below
1.5% for the subgroup with <1500 voxels, imespective of

radiotracer or whether or not PVEC was applied.

3.4. Distribution of Artifacts and Impact on Longitudinal
PET Studies

The 66 segmentations with artifacts were obtained from
39 different subjects (27 of whom had artifacts in their MR-
segmentations both at BL and FU). The latter group com-
prised a regional concordance of 88/112 (78.6%) artifacts at
both MR assessments. In the longitudinal PET measure of
Bias-A-SUV-[%], again a small fraction of subjects (Bias-A-
VOL- [cm] >1500 voxels) had the highest impact on PET
quannra.non which increased as a function of artifact size
(Fig. 5 A.B).

nghwr Bias-A-SUV-[%] of up to 36% was found in pa-
rietal region of PVE-corrected [ "F]-AV45 PET (Table 3).
For both PET tracers, longitudinal assessments were more
affected by MR segmentation artifacts in PVE-corrected
SUVs than for uncorrected SUVs ([ Rl"] AV45: p<0.001 /
["*F)- ]"D(; p<0.05). The group of 34 subjects with a Bias-A-

VOL-[cm?] <1500 voxels revealed a negligible mean Bias-A-
SUV-[%] to FU even in the most affected region, i.c. parietal
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cortex: [""F]-AV45 uncomected: -0.02%; PVE-corrected:
0.02%: ["*F]-FDG uncorrected: +0.09%; PVE-corrected:
0.16%.

3.5. Semi-automatic Masking Approach

By application of the statistically defined 100%-voxel-
mask, only minor effects on artifact volumes were observed,
whereas the more stringent 50%-voxel-mask led to a consid-
erable reduction of mean parietal cortex segmentation arti-
Frnt wrnlimeas F1A4 1 Aeed wre 2 Ar ) (1Y T anrae tha
fact volumes (14.1 om® vs. 3.4; p=0.001). However, the

50%-voxel-mask resulted in distinct underestimation of true
brain voxels in the frontal region (-7.6 e¢m?) (Fig. 6A). De-

spite the reduction of parietal cortex artifact volumes, SUV
RMSE-[%], were reduced by only 50% in uncorrected and
PVE-corrected PET of both tracers (Fig. 6B) when using the
strict 50%-voxel-mask.

4. DISCUSSION

This is the first systematic investigation of the impact of
MRI segmentation-related artifacts on the quantitation of
brain PET data. Longitudinal ['°F]-AV45 and [*F]-FDG

DET pan~edinos frnme tha ATAT dntnbhnca waera nmnleoad oa
rooa PeCOTGINgS oM Ine Au/iN Gatacast Weit anaiy7zea ac-

cording to uptake in GM VOIs derived from MRI segmenta-
tion, with and without cormrection for segmentation artifacts.
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MRI-based segmentation artifacts propagated to bias in PET
quantitation in proportion to the volume of segmentation
errors; this effect was most pronounced in PVE-corrected
data. There was considerable variance in the magnitude of
bias in individual SUVs, with substantial impact on the
group results arising from the few subjects with especially
large artifacts; identification of such patients is required in
order to avold biased PET quantitation in multicenter cohort
studies.

4.1. Artifact Assessment and Masking

We found that one quarter of processed segmentations
revealed at ieast one ariifact by visual quality controi, indi-
cating a high frequency of relevant segmentation artifacts in
this multi-center collective. The parietal cortex region
proved to be most vulnerable to artifacts, most likely due to
inherently greater likelihood of bridge building VOIs adja-
cent to this brain area. This is concordant with previous stud-
ies showing the meninges and large sinuses, which are nota-
bly present in vicinity to the parietal region, were the non-
brain structures most often falsely segmented in brain MRI
[16]. The rather sophisticated masking method used in this
investigation afforded identification of the optimal threshold
for masking of VOIs. Through careful editing, nearly perfect

masking of artifacts was achicvable, in a trade-off between
the most rigorous possible exclusion of all artifact voxels,
and preservation of all real cortical voxels in the VOI. As an
alternative, we also tested a semiautomatic masking ap-
proach, but this proved without benefit, as artifact voxels
were not sufficiently excluded by a moderate stringency
threshold mask, or bias was introduced by elimination of real
cortical voxels when a strict threshold mask was applied; we
found that RMSE-[%] in the PET result was reduced by only
50% when using the strict mask. This reflects the location of
most artifacts in the direct vicinity to the brain, which brings
a risk of overlap between true GM and artifact voxels in the
MNI space when considering subjects with differing brain
shape and atrophy. Therefore, we conclude that standardized
semiautomatic masks are no substitute for individual mask-
ing to resolve segmentation artifacts by post-processing.
Correct masking is aided by access to the individual [*F]-
FDG PET image, which is not available in many brain PET
studies. When ['“F]-FDG PET is not available, masking is
also possible through time-consuming manual identification
and erasing of artifact voxels using VOI or ROl post-
processing tools.

Despite the presence of extra-cercbral artifacts, overesti-
mation of GM compared to WM (mis-segmentation) is well-
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known to arise in MRI segmentation algorithms. This was
examined in detail by Gutierrez and colleagues in [*F]-FDG
PETs of 19 patients with dementia, and they concluded that
statistical parametric mapping (SPM) 5, which was also im-
plemented in the PMOD algorithm used in the current study,
provides reliable results, superior to those obtained with
SPM 99 or SPM 2 [29]. Nonetheless, we found 9% com-
pletely failed MRI segmentations, which is also in line with
our previous findings in a larger ADNI dataset of 1300 sub-
jects [30]; this could reflect the challenge presented by atro-
phy in the aged or disease brain relative to the MNI target,
which represents healthy young subjects.

4.2. Influence of Segmentation Artifacts on PET Quanti-
tation

Bias in PET quantitation correlated highly with the indi-
vidual volume of artifacts. This is compelling, as artifact
voxels are predominantly located outside the cerebral cortex,
and thus have very low radiotracer uptake, which conse-
quently exert a large bias on the apparent VOI activity.
Therefore, spuriously low SUV values are the logical conse-
quence of MR segmentation error, and are most pronounced
when brain tracer uptake is relatively high compared to the
extracercbral background activity.

One objective of this study was to est he si r
tifacts leading to relevant errors in PET quantitation, with
likely consequences for between-group comparisons. This is
a matter of interest as the extensive quality control per-
formed in this investigation is labour intensive, and might
not be feasible in planned studies with many hundreds of
subjects. We found artifacts comprising <1500 voxels to be
of minor relevance in PET quantitation at a single time point,
whereas artifacts larger than 1500 voxels (5 cm®) in specific
brain VOIs had a considerable impact on PET quantitation.
Thus, it is very important to take into account the target re-
gion sizes of PET studies, as quantitation in small brain re-
gions is inherently more vulnerable to MR segmentation
artifacts. Thus for example, amyloid-PET ['HF]-AVKIS will
scarcely be affected if the end point is semi-quantitative as-
sessment of amyloid positivity or negativity within the entire
cortical GM VOI, which comprises 143,000 voxels. In con-
trast, [*F]-FDG PET analysis in a parietal subregion com-
prising as few as 4,500 voxels is highly vulnerable to the
presence of a large artifact

From our experience, all cases with segmentation arti-
facts exceeding the 1500 voxel threshold were easily dis-
cerned by simply scrolling through the axial layer (< 1 min),
which should enable rapid screening of segmentations re-
quiring correction.

4.3. Impact of Segmentation Artifacts on PVEC

Accounting for effects of atrophy is crucial in brain PET
studies of healthy aging and AD, as the loss of cortical vol-
ume will bias observations of metabolism and ligand binding
due to increasing PVEC (12). Particular implications of
PVEC on ['*F]-flutemetamol/amyloid PET quantitation were
recently assessed in a phantom study employing a new re-
gioni-based voxel-wise techmnique, in comparison to well-
established VOI-based methods [9]. The authors concluded
that PVEC enhances precision of regional amyloid PET
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quantitation, and should be considered as obligatory in clini-
cal trials with PET endpoints. In the present work, we found
that PET quantitation with PVEC was more affected (than
was native, uncorrected PET data) by segmentation artifacts,
regardless of the subregion or the radiotracer. This is ex-
pected from the methodological principles of VOl-based
PVEC, since the presence of (extracercbral) artifacts will
tend to create the appearance of hypertrophy in the GM. In
this circumstance, a spuriously low correction PVEC is per-
formed by the algorithm in artifact-contaminated regions,
which was reflected by the greater underestimation of PET
SUV values with PVEC when compared to uncorrected data
(Figs. 3 A, B). This result is in line with findings in previous
works, where {other than misregistration) mis-segmentation
(over/underestimation of GM) had the most pronounced im-
pact on region-based [31] and/or voxel-based [32, 33] PVEC
accuracy. Efforts towards detection and elimination of seg-
mentation artifacts are consequentially justified when PVEC
is implemented in the data analysis.

4.4. Longitudinal Studies

Monitoring of therapeutic trials in neurodegenerative dis-
cases with well-established non-invasive biomarkers like
MRI and ["*F]-FDG PET is of burgeoning importance [34].
However, these longitudinal investigations tend to suffer
from low effect sizes magnitudes, even for therapeutic inter-
ventions lasting for more than two years of disease progres-
sion. This is exemplified in a multimodal image study of a
trial of memantine in mild to moderate AD [35]; in the
course of one year, cercbral gluicose metabolism decreased
by a mean of only -1.8% in memantine-treated patients ver-
sus -3.0% in the placebo group. It is self-evident that a longi-
tudinal single subject bias (over two years’ follow-up) of
17% in the uncorrected ['RF]-FDG PET uptake, as we ob-
served in parietai cortex, the region most vuinerabie to seg-
mentation artifact of our study, would detrimentally influ-
ence such results, if not resolved or excluded. Nevertheless,
the overall impact of smaller artifacis should normally be
compensated by sufficient sample sizes; we found the mean
Bias-A-SUV-[%] in ["*F]-FDG PET to be less than 0.2% (for
the highest affected parietal region) in the sub-group of 34
subjects with a Biaq-A-VOL-[cma] <1500 voxels.

We found a high concordance of regional artifact distri-
bution to baseline and follow-up segmentations in the two-
year longitudinal setting (79%). Thus, we conclude that indi-
vidual brain anatomy contributes to the occumence of arti-
facts. We did not systematically investigate the possible in-
fluence of specific imaging sites on the magnitude of arti-
facts in this multi-center study, as we processed MRIs only
when dual tracer PET imaging was also present. We did note
that some sites tended to produce more MRIs that were af-
fected by segmentation artifacts in consecutive post-
processing (max. 50%; 10/20), but this effect of the site was
not statistically significant.

4.5. Limitations

In the interests of clarity, we restricted our investigation
only to VOI-based PVEC as implementing another PVEC
approach (e.g. Miiller-Gérmer method). However, pilot data
(not shown) suggested that the effects of artifacts on voxel-
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wise MRI-based PVEC tended to mirror our findings with
VOI-based PVEC. This is unsurprising, as the bias of en-
larged GM volumes remains constant for both approaches.
The aim of this study was rather to emphasize the direct im-
pact and consequences of MR segmentation artifacts in
commeonly used multi-center data by application of a stand-
ard (and widely used) PMOD algorithm. However, segmen-
tation of other MRI sequences and use of different segmenta-
tion algorithms need to be explored in more detail. More
sophisticated segmentation approaches would potentially
lower the frequency of relevant artifacts, as specialized arti-
fact-reducing features are increasingly implemented in those
algorithms (e.g. bridge burner).

CONCLUSION

MRI-based segmentation artifacts have a size-dependent
effect on PET quantitation in this multitracer follow-up study
of HC, MCI and AD subjects. Individual SUVs were affect-
ed to a highly variable extent, with very substantial impact in
those few subjects with especially large artifacts. When ap-
plying PVEC algorithms, the impact is even more pro-
nounced than for uncorrected studies. Screening and editing
of suspect MR segmentations is necessary to avoid biased
PET quantitation. If available, ["*F]-FDG-PET is suitable for
masking segmentation-based artifacts in such cases, wherecas
a standardized template based masking approach was inferi-
or.

ABBREVIATIONS

AD = Alzheimer’s disease

ADNI = Alzheimer's disease neuroimaging initia-
tive

BL = baseline

CSF = cerebrospinal fluid

FDA = food and drug administration

['RF]-FDG = ['RF]-ﬂuomdcsoxyglucosc

FU = follow-up

FWHM = full-width-at-half-maximum

GTM = geometric transfer matrix

GM = grey matter

HC = healthy control

LONI = laboratory of neuro imaging

MCI = mild cognitive impairment

MNI = montreal neurological institute

MRI = magnetic resonance imaging

NIA = national institute on aging

NIBIB = national institute of biomedical imaging
and bioengineering

PCC = posterior cingulate cortex

PET = posifron-emission-tomography

PVE(C) = partial volume effect (correction)

Higenauer et al.

RMSE = root-mean-square-error

SPECT = single-photon-emission-computed-
tomography

SPM = statistical parametric mapping

SUvV = standard-uptake-value

A-8UV-[%] =  change in longitudinal SUV

Tlw = Tl-weighted

Vol = volume-of-interest

VOL = volume

WM = white matter

SUPPLEMENTARY MATERIAL

Supplementary material is available on the publisher’s
web site along with the published article.

CONFLICT OF INTEREST
MH., MB., AD, S.D., MW, P.B. and A.R. report no
disclosures.

ACKNOWLEDGEMENTS

Data collection and sharing for this project was funded
by the Alzheimer's Disease Neuroimaging Initiative (ADNI)
(National Institutes of Health Grant U01 AGO024904) and
DOD ADNI (Department of Defense award number
W81XWH-12-2-0012). ADNI is funded by the National In-
stitute on Aging, the National Institute of Biomedical Imag-
ing and Bioengineering, and through generous contributions
from the following: Alzheimer’s Association; Alzheimer’s
Drug Discovery Foundation; Araclon Biotech; BioClinica,
Inc.; Biogen Idec Inc.. Bristol-Myers Squibb Company;
Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Compa-
ny; Eurolmmun: F. Hoffmann-La Roche Ltd and its affiliat-
ed company Genentech, Inc.; Fujirebio; GE Healthcare; ;
IXICO Ltd.; Janssen Alzheimer Immunotherapy Research &
Development, LLC.; Johnson & Johnson Pharmaceutical
Research & Development LLC.; Medpace, Inc.; Merck &
Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx Re-
search; Neurotrack Technologies; Novartis Pharmaceuticals
Corporation; Pfizer Inc.; Piramal Imaging; Servier; Synarc
Inc.; and Takeda Pharmaceutical Company. The Canadian
Institutes of Health Research is providing funds to support
ADNI clinical sites in Canada. Private sector contributions
are facilitated by the Foundation for the National Institutes
of Health (www.fnih.org). The grantee organization is the
Northern California Institute for Rescarch and Education.
and the study is coordinated by the Alzheimer's Disease Co-
operative Study at the University of California, San Diego.
ADNI data are disseminated by the Laboratory for Neuro
Imaging at the University of Southern California. We
acknowledge profession textual revisions by Inglewood Bi-
omedical Editing.

(351 Andaconem VML Caboaw TRE Dacslare TW T aieme KL AL T Eawe
i Andesson VM, Schou JM, Bartlett JW, Leung KK, Miller DH, Fox
N -ay matter atrophy rate as a marker of disease progression in

C. Gr
AD. Neurobiol Aging 33(7): 1194-202 (2012).

60



Impact of Segmentation Artifacts on PET Quantitation

12

El]

7

[8]

1

1]

[

(1s]

[16]

(17

[18]

Whitwell JL, Przybelski SA, Weigand SD, Knopman DS, Boeve
BF, Petersen RC, ef al. 3D maps from multiple MRI illustrate
changing atrophy patterns as subjects progress from mild cognitive
impairment to Alzheimer's disease. Brain 130{Pt 7): 1777-86
(2007).
Sepulere 1, Sastre-Garriga J, Cercignani M, Ingle GT, Miller DH,
Thompson Al Regional gray matter atrophy in early primary pro-
gressive multiple sclerosis: a voxel-based morphometry study.
Arch Neurol 63(8): 1175-80 (2006).
Ciumas C, Savie L Swtructural changes in patients with primary
generalized tonic and clonic seizures. Neurology 67(4): 683-6
(2006).
Hutcheson NL, Clark DG, Bolding MS, White DM, Lahti AC,
Basal ganglia volume in unmedicated patients with s(.huophn:nia 18
associated with treatment response to antipsychotic medication.
Psychiatr Res 221(1): 6-12 (2014).
Oenel-Knochel V, Knochel €, Matura S, Rotarska-jagieia A,
Magerkurth J, Prvulovic D, ef al. Cortical-basal ganglia imbalance
m schizophrenia patients and unaffected first-degree relatives.
Schizophr Res 138(2-3): 120-7 (2012).
Kawachi T, 1 K, Sakamoto S, Sasaki M, Mori T, Yamashita F,
et al. Comparison of the diagnostic performance of FDG-PET and
VBM-MRI i very mild Alzheimer's disease. Eur J Nuel Med Mol
Imaging 33(7): 801-9 (2006).
Goto H, Ishii K, Uemura T, Miyamoto N, Yoshikawa T, Shimada
d sis of dementia with Lewy Bodies and
Alzheimer Disease using combined MR imaging and brain perfu-
sion single-photon emission tomography. AINR Am J Neuroradiol
31(4): 720-5 (2010).
Thomas BA, Erlandsson K, Modat M, Thurfjell L, Vandenberghe
R, Ourselin 8, ef af. The importance of appropriate partial volume
comeciton for PET quaniificaiion in Alzheimer's disease. Bur J
Nucl Med Mol Imaging 38(6): 1104-19 (2011).
Samuraki M, Matsunan 1, Chen WP, Yajima K, Yanase D, Fujika-
wa A, ef al. Partial volume effect-corrected FDG PET and grey
matter volume loss m patients with mild Alzheimer's disease. Eur 1
Nuecl Med Mol Imaging 34(10): 1658-69 (2007).
Forster S, Yousefi BH, Wester HI, Klupp E, Rominger A, Forstl H,
ef al. Quantitative longitudinal interrelationships between brain me-
tabolism and amyloid deposition during a Z-year follow-up in pa-
tients with early Alzheimer's disease. Eur J Nucl Med Mol Imaging
39(12): 1927-36(2012).
K, Buvat I, Pre P
w of partial volume correction techniques for em:
raphy and their applications in neurology, cardiology and oncology.
Phys Med Biol 57(21): R119-59(2012).
Rousset OG, Ma ¥, Evans AC. Correction for partial volume ef-
fects in PET: principle and validation. I Nucl Med 39(5): 904-11
(1998).
Muller-Gantner HW, Links IM, Prince JL, Bryan RN, McVeigh E,
Leal IP, et al. Measurement of radiotracer concentration in brain
gray matter using positron emission tomogrphy: MRI-based cor-
rection for partial volume effects. J Cereb Blood Flow Metab 2(4):
571-83 (1992).
Leung KK, Bames J, Modat M, Ridgway GR. Banlett JW, Fox
NC, ef al. Brain MAPS: an automated, accurate and robust brain
extraction technique using a template library. Neurolmage 2011
55(3): 1091-108 (2011).
Mikheev A, Nevsky G, Govindan S, Grossman R, Rusinek H. Fully
automatic segmentation of the brain from Tl-weighted MR1 using
Bridge Burner algonthm. J Magn Reson lmaging 2008 27(6):
1235-41 2008}
Smith SM. Fast robust automated bram extraction. Hum Brain
Mapp 17(3): 143-55 (2002).
Segonne F, Dale AM, Busa E, Glessner M, Salat D, Hahn HEK, et
al. A hybnd approach to the skull stripping problem in MRI. Neu-
rolmage 22(3): 1060-75 (2004).

[19]

(20]

4]

[25]

[26]

[27]

[28]

[29]

B0

B1

32

Bi

[34]

[33]

Current Alzheimer Research, 2016, Vol. 13, No. 5 607

Gray KR, Wolz R, Heckemann RA, Aljabar P, Hammers A,
Rueckert D, ef al. Multi-region analysis of longitudinal FDG-PET
for the classification of Alzheimer's disease. Neuroimage 60(1):
221-9(2012).

Sanabna-Diaz G, Martinez-Montes E, Melie-Garcia L. Alzheimer's
Disease Neuroimaging 1. Glucose metabolism during resting state
reveals abnormal brain networks organization in the Alzheimer's
disease and mild cognitive impaiment. PLoS One 8(7): e68860
(2013).

Jack CR, Jr., Bernstein MA, Fox NC, Thompson P, Alexander G,
Harvey D, et al. The Alzheimer's Disease Neuroimaging Initiative
MRI methods. J Mag Res Imaging 27(4): 685-91 (2008).

), Czammer §, Greve D, Haley E| van der Kouwe A, Gollub
R, et al. Relability in multi-site hlru(.tural MRI studies: effects of
gradient non-linearity correction on phantorm and human data. Neu-
rolmage 3002): 436-43 (2006).

Sled JG, Zydenbos AP, Evans AC. A nonpammetric method for
automatic correction of intensity nonuniformity n MRI data. IEEE
Trans Med Imaging 17(1): 87-97 (1998).

Acshburner J, Friston KJ. Unified segmentation. Neurolmage 26(3):
¥39-51 (20035).

Hammers A, Allom R, Koepp MJ, Free SL, Myers R, Lemieux L,
ef al Three-dimensional maximum probubi|ily atlas of the human
brain, with particular reference to the temporal lobe. Hum Brain
Mapp 19(4): 224-47 (2003).

Rousset OG, Collins DL, Rahmim A, Wong DF. Design and im-
plementation of an automated partial volume correction in PET:
application to dopamine receptor quantification i the nomal hu-
man striatum. J Nucl Med 49(7): 1097-106 (2008).

Rousset OG, Deep P, Kuwabara H, Evans AC, Gjedde AH, Cum-
ming P. Effect of parlial volume correction on estimates of the in-
flux and cercbral meiabolism of 6-[{ 18jFjiiuoro-L-dopa siudied
with PET in nomal control and Parkinson's disease subjects. Syn-
apse 37(2): 81-9 (2000).

Watanabe H, Andersen F, Simonsen CZ, Evans SM, Gjedde A,
Cumming P, ef al. MR-based statistical atlas of the Gottingen min-
ipig brain. Neuroimage 14(5): 1089-96 (2001).

Gutierrez D, Montandon ML, Assal F, Allaoua M, Ralib O,
Lovblad KO, ef al. Anatomically guided voxel-based partial vol-
ume effect comection in brain PET: impact of MRI segmentation.
Com Med Imaging Graph 36(8): 610-9 (2012).

Brendel M, Hogenauer M, Delker A, Sauerbeck J, Bartenstein P,
Seibyl 1, ¢t al. Improved Longitudinal [18F]- AVS Amyloid PET
by Whll’.t: Matter Rc:fcmnuc u.nd VOI- bu:,od qul:lal Vulumc Effect
Correction. Neurnimage 108: 450-9 (2015).

Frouin V, Comtat C, Reilhac A, Gregoire MC. Correction Ofpttl
olume effect for PET sinatal imaging: {asi implemeniaton
a_nd study of robustness. J Nucl Med 43(12)= 1715-26 (2002).

Strul D, Bendriem B. Robustness of anatomically guided pixel-by-
pixel algorithms for partial volume effect correction in positron
emission tomography. J Cereb Blood Flow Metabol 19(5): 547-59
(1999).

Quarantell M, Berkouk K, Prinster A, Landeau B, Svarer C, Bal-
kay L, ef al Integrated software for the analysis of bram
PET/SPECT studies with partial-volume-effect correction. J Nucl
Med 45(2): 192-201 (2004).

Jack CR, Jr., Knopman DS, Jagust WJ, Shaw LM, Aisen PS,
Weiner MW, ef al. Hypothetical model of dynamic biomarkers of
the Alzheimer's pathological cascade. Lancet Neurol 9(1): 119-28

(2010).
Schmidt R, Rupelc .‘3 Pmdl B Oﬁ'm' P, ]:n..cmger C, bbhmldl H, et
i T 3 3. : sl A . Al

h::lmcr disease: a pllur. study with memantine. J .\Jeuml .\l:umhu.rg
Psychiatry 79(12): 1312-7 (2008).

Received: February 05, 2015

Revised: October 10, 2015

Accepted: October 16, 2015

61



Supplement 1

Image processing / PVEC illustrated on axial slices

A

(A) T1w-MRI fused with grey matter segments. Segments are
the atlas with either a desired grey matter probability threshold (
binary mask deriving from segmentation. Previously acquired transformations from
PET to MRI and MRI to atlas/MNI space are used inversely to enable analyses in
native PET or MRI space.

(B) MR fused with PET and overlaying with outlined VOls.

(C) In the first step of preparation for VOI-based PVEC processing, white matter VOls
are remaoved, as those regions are subdivided into smaller regions in the subsequent
steps. Second. the remaining original grey matter VOIs (multicolored) are subtracted
from the atlas mask. This operation therefore defines voxels that were removed from
the atlas during grey matter thresholding, cr were assigned to white matter regions.
The resulting voxels are illustrated in black.

(D) The mask created from voxels defined in the previous step is intersected with the

atlas. This step creates complementary regions from the atlas definition.
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(E) Finally, complementary white matter regions are created by adding voxels which
were previously in white matter regions, but do not have a specific definition at this
stage of processing. These regions are added by outlining to the original VOIs as
complementary VOlIs.

(F) Final regions are passed to the PVEC algorithm.
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