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Abkürzungsverzeichnis: 

$ȕ - Amyloid ȕ 

APP - Amyloid precursor protein 

sAPPĮ - Soluble alpha-amyloid precursor protein 

sAPPȕ - Soluble beta-amyloid precursor protein 

AICD - Amyloid intracellular domain  

CTF Ș - C-terminales Fragment eta 

CTF 83 - C-terminales Fragment C83 

CTF 99 - C-terminales Fragment C99 

BACE1 - Beta-site amyloid precursor protein-cleaving enzyme 1/ Beta Sekretase 

NFTs - Neurofibrillary tangles 

Sez6 - Seizure-related gene 6 

FDG - Fluordesoxyglukose  

FBB - [18F]-Florbetaben 

PET - Positronen-Emissions-Tomographie  

MRT - Magnetresonanztomographie 

SUV - Standardized uptake value 

SUVR - Standardized uptake value ratios 

PSEN – Presenilin 

PEN 2 – Presenilin enhancer 2 

APH – Anterior pharynx defective 1 

PS 2 - Humanes Presenilin 2 

BL – Baseline 

FU - Follow up 

TER - Terminal 

CBL - Zerebellum 

REF - Referenzregionen 

WM - Weiße Substanz 

BST - Hirnstamm  

GLM - Gesamtes Gehirn  

TG-VEH - Transgene PS2APP Placebo Mäuse 

TG-BSI - Transgene PS2APP BACE1 Inhibitor Mäuse 

WT-VEH - Wildtyp C57BL/6 Placebo Mäuse 

WT-BSI - Wildtyp C57BL/6 BACE1 Inhibitor Mäuse 
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R - Pearsons Koeffizient der Korrelation 

ț – Fleiss Kappa 

VOI - Volume of interest 

DEA - Diethanolamine 

ECL - Enhanced chemiluminescence 

HRP - Horseradish peroxidase  

MANOVA- Multivariate analysis of variance  

MANCOVA - Multivariate analysis of covariance 

NMDA - N-Methyl-D-Aspartat 

PBS - Phosphate buffered saline 

PVDF - Polyvinylidendifluorid 

SD - Standard deviation 

SDS-PAGE - Sodium dodecyl sulfate polyacrylamide gel electrophoresis  
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1. Einführung 

Mit der zunehmenden Alterung der westlichen Bevölkerung im Rahmen des 

demographischen Wandels gewinnen primär mit dem Alter einhergehende 

Erkrankungen zunehmend an sozialer und ökonomischer Bedeutung. (Winblad et al, 

2016) Dementielle Erkrankungen zeigen in diesem Zusammenhang eine besonders 

ausgeprägte Beeinträchtigung der oben genannten Aspekte. Da der Morbus Alzheimer 

mit 50-70% die häufigste Demenzerkrankung darstellt und zu 95 % auf eine mit dem 

Alter einhergehende senile Form beruht, nimmt diese Erkrankung in diesem 

Zusammenhang eine besondere Stellung ein. 

Entsprechend der progredienten gesamtgesellschaftlichen Bedeutung besteht ein 

erheblicher Bedarf an therapeutischen und präventiven Strategien zur Eindämmung 

der Konsequenzen dieser Entwicklung. Hierbei scheint es besonders wichtig zu sein, 

frühe Zeichen der Erkrankung rechtzeitig zu erkennen, um eine zeitnahe Intervention 

zu ermöglichen. Dies ist von Bedeutung, da sich gezeigt hat, dass der bereits 

abgelaufene Verlust von Neuronen nicht mehr reversibel ist. Konsequenterweise 

können therapeutische Strategien primär einen weiteren Progress der Erkrankung 

verhindern, die bereits eingetretene dementielle Entwicklung allerdings nur geringfügig 

beeinflussen. 

 

1.1 Genese und Folgen der Amyloid-Pathologie 

Im Wesentlichen basieren die meisten Hypothesen zur Genese des Morbus 

Alzheimers primär auf zwei pathohistologischen Beobachtungen, die in einem nicht 

gänzlich geklärten Zusammenhang zu einander stehen. (Duyckaerts et al, 2009) So 

zeigen sich bei betroffenen Personen in der Histologie zum einen extrazelluläre 

$ElaJerunJ des Proteins $m\loid ȕ �$ȕ�� ]um anderen intra]ellullre $ElaJerunJen 

des Motorproteins Tau. Diese in der Regel physiologischen Proteine liegen bei 

Alzheimer Patienten in einer abnormen, fibrillären Form vor. 

Hardy und Higgins beschrieben 1992 erstmals die entscheidende Rolle der 

$ElaJerunJen des Proteins $ȕ in der *enese des 0orEus $l]heimer. (Hardy & 

Higgins, 1992) So führt eine Veränderung des Gleichgewichtes zwischen Produktion 

und $EEau des $ȕ ]ur (inleitunJ der neurodeJeneratiYen Pro]esse. (Querfurth & 

LaFerla, 2010; Selkoe & Hardy, 2016) $ȕ entsteht durch Sroteol\tische 6SaltunJ des 

transmembranösen Amyloid Precursor Proteins (APP). Die APP 
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Prozessierungskaskaden können abhängig vom Endprodukt prinzipiell in zwei 

Gruppen unterteilt werden� eine $ȕ-Srodu]ierende und eine ohne $ȕ-Produktion. 

An diesen Kaskaden sind vier bisher bekannte Proteasen beteiligt. 

1� Die Į 6ekretase: 0it $dam 9� 10� 1� aus der *ruSSe der DisinteJrin und 

0etalloSroteasen Zurden Eisher drei (n]\me mit Į 6ekretase Aktivität identifiziert. 

Allerdings scheint lediglich Adam 10 eine relevante Rolle in der APP-Prozessierung zu 

spielen. (Kuhn et al, 2010) 

2� Die ȕ 6ekretase: 8nterteilt in die transmemEran|se $sSartatSrotease Eeta-site 

amyloid precursor protein-cleaving enzyme 1 (BACE1) und beta-site amyloid precursor 

protein-cleaving enzyme 2 (BACE2). (Hussain et al, 1999; Sinha et al, 1999) 

�� Die Ȗ 6ekretase: (in 0ultiSroteinkomSle[ Eestehend aus der katal\sierenden 

Domäne Presenilin, sowie den weiteren Untereinheiten Nicastrin, Presenilin enhancer 

2 (PEN-2) und dem anterior pharynx defective 1 (APH-1). Insgesamt konnten bisher 

vier Varianten dieser Komplexe mit den zwei unterschiedlichen PSEN und den zwei 

APH1 Untereinheiten beschrieben werden. (De Strooper, 2003; Edbauer et al, 2003) 

4� Die Ș 6ekretase: (ine memEranJeEundene 0atri[metalloSrotease. (Willem et al, 

2015) 

,n der *ruSSe der nicht $ȕ-produzierenden Kaskaden können abhängig von den 

beteiligten Enzymen zwei Prozessierungswege mit unterschiedlichen Produkten 

unterschieden Zerden. =um einen sSaltet das (n]\m Į 6ekretase das $PP an der 

Aminosäure 83 vom C-Terminus in die lösliche Ektodomäne soluble alpha-amyloid 

Srecursor Srotein �s$PPĮ� und das in der Membran verbleibende C-terminale 

)raJment �� �&7)���. Da diese 6SaltunJ in der $ȕ-Region stattfindet, kann es nicht 

]u einer $ȕ-Formation kommen. (LaFerla et al, 2007) Das s$PPĮ ]eiJt neEen einer 

neuroprotektiven Funktion eine positive Wirkung auf Lern- und Erinnerungsvermögen, 

sowie der strukturellen Integrität der Neuronen. (Endres & Deller, 2017) Darüber 

hinaus hat s$PPĮ eine %$&(-hemmende Wirkung. (Peters-Libeu et al, 2015) Das 

verbliebene CTF83 wird zusätzlich an seiner transmembranösen Domäne durch das 

(n]\m Ȗ 6ekretase in ein e[tra]ellullres )raJment S� und eine $m\loid intracellular 

domain (AICD) gespalten.  

(in Zeiterer nicht $ȕ-produzierender Weg ist die primäre APP-6SaltunJ durch die Ș 

Sekretase. Hierbei entsteht das C-terminale Fragment eta �&7)Ș�� das im $nschluss 

durch die Į oder ȕ 6ekretase in die l|slichen 6SaltSrodukte $Ș-Į� E]Z. $Ș-ȕ 

Sro]essiert Zird. %esonders $Ș-Į f�hrt in h|heren Kon]entrationen ]u einer 
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Hypoaktivität und Beeinträchtigung der Langzeitpotenzierung im Hippocampus. 

(Willem et al., 2015) 

%eim $ȕ-produzierenden Weg kommt es zu einer kompetitiven, primären Spaltung des 

extrazellulären Teils des APP durch das Enzym BACE. Diese spaltet das APP an der 

Aminosäure 99 vom C-Terminus in das lösliche N-terminale s$PPȕ und ein C-

terminale Fragment 99 (&7) 99�. Das s$PPȕ Zird durch einen aktuell noch nicht 

beschriebenen Prozess weiter gespalten und gibt ein Fragment frei, das sogenannte 

N-APP. Dieses kann wiederum an den Death receptor 6 der Neuronen binden und 

darüber proapoptotische Prozesse auslösen. (Nikolaev et al, 2009) Die erste 

$minoslure des &7)99 stellt die erste $minoslure des $ȕ dar und Zird ]Zischen der 

�� und 4� $minoslure an seiner transmemEran|sen Domlne durch die Ȗ 6ekretase 

gespalten. Durch diesen Prozess entstehen zu 90 % an der 40. Aminosäure 

JesSaltene Proteine �$ȕ 1-40) und zu 10% an der 42. Aminosäure gespaltene Proteine 

�$ȕ 1-42�. $lternatiY kann das &99 )raJment Yon einer Į 6ekretase Zeiter ]u &7)�� 

JesSalten Zerden und somit die Produktion Yon $ȕ unterErochen Zerden. (Kuhn et al., 

2010) 

$ȕ neiJt ]ur )ormation Yon $JJreJaten verschiedener Länge. Dabei kommt es neben 

der monomären Form zur Entstehung von löslichen Oligomeren. Im weiteren Verlauf 

können sich diese unterschiedlichen Formen ansammeln und als unlösliche fibrilläre 

Plaques extrazellulär um die Neurone ablagern. Nach aktuellen Erkenntnissen sind die 

Oligomere, besonders solche mit einem niedrigen molekularen Gewicht, die 

ausschlaggebende pathologische Form bei der Alzheimererkrankung. (Ferreira & 

Klein, 2011; Yang et al, 2017a) Entsprechend sind mit hoher Wahrscheinlichkeit nicht 

die Plaques an sich, sondern das Verhältnis von Plaques zu Oligomeren entscheidend. 

(Selkoe & Hardy, 2016) ,n diesem =usammenhanJ ist Yor allem das $ȕ 1-42 von 

Bedeutung, da es neben der deutlich ausgeprägten Tendenz zur Aggregation, 

hydrophober und entsprechend schlechter löslich ist. (Selkoe, 2001) Darüber hinaus 

konnte eine stärkere neurotoxische Wirkung nachgewiesen werden. (Dahlgren et al, 

2002; Jan et al, 2008) 

Das $ȕ f�hrt initial �Eer eine VerlnderunJ des *leichJeZichtes der Neurotransmitter 

Glutamat/GABA zu Gunsten des exzitatorischen Glutamats zu einer Hyperaktivität der 

Neuronen. Da sich die Amyloid-Plaques bevorzugt in Regionen erhöhter Aktivität 

bilden, kommt es in Arealen mit ohnehin schon hoher Amyloid-Konzentration zur 

Zeiteren %ildunJ und $nsammlunJ Yon $ȕ. ,m Zeiteren Verlauf stellt sich dann ein 
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Übergewicht des inhibitorischen GABAs mit entsprechender Hypoaktivität ein. 

Abschließend führen diese Prozesse zum Zelluntergang. (Busche et al, 2016) 

(in Zeiterer Sotentieller (ffekt des $ȕ ist das $usl|sen Yon Sosttranslationalen 

Veränderungen des Proteins Tau, wobei die genaue Beziehung noch nicht 

ausreichend geklärt ist. Man geht davon aus, dass sich die Veränderungen primär in 

Form von Hyperphosphorylierung und Acetylierung und die darauffolgende 

Aggregation in sogenannte neurofibrillary tangles (NFT) äußert. Diese Aggregate 

lagern sich dann intrazellulär in den Dendriten, entgegen der physiologischen 

axonalen Lokalisation des Proteins Tau, ab. (Forner et al, 2017) 

 

1.2 Therapeutische Ansätze mit Fokus auf das BACE1 

Die aktuellen Leitlinien der deutschen Neurologischen Gesellschaft empfehlen 

lediglich eine symptomatische Pharmakotherapie mit den Acetylcholinesterase-

Hemmern Donepezil, Galantamin, Rivastigmin bei leichter bis mittelschwerer Demenz 

und dem nicht kompetitiven NMDA- Antagonisten Memantin bei moderater bis 

schwerer Demenz. (Deuschl G, 2016) Weitere nicht direkt Amyloid bezogene 

experimentelle therapeutische Ansätze sind die Behandlung der initialen Hyperaktivität 

der Neurone mit dem Antikonvulsivum Levetiracetam oder GABA-Agonisten und die 

Immunisierung gegen Tau. (Bakker et al, 2015; Busche et al., 2016; Dai et al, 2017) 

Im Rahmen der kausalen Therapie besteht theoretisch die Möglichkeit an den zwei 

Stellschrauben des Amyloidstoffwechsels zu intervenieren. Zum einen kann die 

Amyloidproduktion vermindert und zum anderen der -abbau gesteigert werden. 

Eine Methode, den Abbau des Amyloids zu steigern ist die aktive oder passive 

Immunisierung, wobei die aktive Immunisierung mittels monoklonaler Antikörper die 

primär verfolgte Variante ist. Während die erste Generation der monoklonalen 

Antikörper bei Patienten mit milder, beziehungsweise moderater Demenz 

weitestgehend gescheitert ist, stehen aktuell belastbare Ergebnisse einer neuen 

Generation Antikörper noch aus. (Abushouk et al, 2017; Doody et al, 2014; Sevigny et 

al, 2016)  Im Angesicht des Scheiterns zahlreicher Interventionen in den Amyloid-

Stoffwechsel bei Patienten mit milder bis moderate Demenz, verlagert sich der Fokus 

zunehmend auf eine präventive pharmakologische Therapie. (Abbott & Dolgin, 2016; 

The Lancet, 2017) 

Zur Verminderung der Genese des Amyloids wird in die Prozessierung des Proteins 

$PP einJeJriffen. 0|Jliche $nJriffsSunkte sind hierEei die Į� ȕ und Ȗ 6ekretase. Die 
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$ktiYierunJ der Į 6ekretase k|nnte die komSetitiYe $PP-Prozessierung zunehmend 

zu Gunsten des nicht Amyloid produzierenden Weges verlagern. Darüber hinaus 

könnte die vermehrte Produktion des neuroSrotektiYen 6SaltSroduktes s$PPĮ sich 

positiv auf die kognitiven Defizite auswirken. (Lichtenthaler, 2011)  

,nitiale Versuche� die Ȗ 6ekretase komSlett ]u hemmen� sind auf *rund manJelnder 

Wirkung bei einem ausgeprägten Nebenwirkungsprofil gescheitert. Letzteres beruht 

hierbei primär auf der Hemmung des Notch Signalwegs. (Coric et al, 2015; Doody et 

al, 2013) Folglich gerät die Modulation der Ȗ 6ekretase ]unehmend in den )okus. 

Dadurch soll die Produktion k�r]erer $ȕ )raJmente stimuliert und eine $ffektion des 

Notch Signalwegs vermieden werden. (Selkoe & Hardy, 2016) Einige Vertreter dieser 

Gruppe sind zurzeit in der Erprobung.  (Blain et al, 2016; Brendel et al, 2015d; Hawkins 

et al, 2011; Imbimbo et al, 2007; Imbimbo et al, 2009; Kounnas et al, 2010; Loureiro et 

al, 2013; Mitani et al, 2014; Murakami et al, 2016; Rogers et al, 2012; Scannevin et al, 

2016; Soares et al, 2016; Van Broeck et al, 2011; Wagner et al, 2017) 

%$&(1 stellt eine Zeitere =ielstruktur in der $ȕ *enese dar. Durch die %lockade 

kommt es zu einer Verschiebung der APP-Prozessierung zu Gunsten der nicht $ȕ- 

produzierenden Wege. Dabei zeigt allerdings besonders die Zunahme des 

6SaltSroduktes der Ș 6ekretase $Ș-Į einen neJatiYen (ffekt auf die koJnitiYe /eistunJ. 

(Willem et al., 2015) Ein weiteres Problem der BACE1 Hemmung ist die Wirkung auf 

andere physiologische Substrate des Enzyms. Identifizierte Substrate sind Neuregulin 

1, die Sez6 Familie und die Familie der L1 adhesions Moleküle. Eine Hemmung der 

Prozessierung dieser Substrate durch Hemmung von BACE1 führt entsprechend zu 

einer Einschränkung ihrer physiologischen Wirkung auf die Regulation der 

Myelinisierung, der Migration und Ausbildung von Neuronen, sowie der synaptischen 

Plastizität. (Munro et al, 2016) Eine weitere potenzielle Ursache relevanter 

Nebenwirkungen ist die simultane Hemmung des Homologs BACE2. Da das Enzym 

an der Regulation der B-Zellen im Pankreas und an der Formation von Melanosomen 

beteiligt ist, kann es zu Auswirkungen auf das Glukose-Gleichgewicht, 

beziehungsweise auf die Pigmentierung kommen. (Barao et al, 2016; Yang et al, 

2017b) Zurzeit befinden sich mehrere BACE-Inhibitoren in unterschiedlichen 

Entwicklungsstadien. Neben neuen präklinisch effektiven Inhibitoren haben einige 

Substanzen schon den Einzug in klinische Studien geschafft. (Deleye et al, 2017; 

Neumann et al, 2015) Die am weitesten vorangeschrittene Substanz Verubecestat 

wurde in Phase 3 allerdings auf Grund einer eingeschränkten Effektivität bei Patienten 
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mit milder und moderater Form eingestellt. Eine Versuchsreihe im Prodromalstadium 

scheiterte ebenfalls. (Egan et al, 2018; Egan et al, 2019; Hawkes, 2017) Weitere 

Substanzen befinden sich aktuell in den Phasen 1-3. 

Zur Steigerung der Effektivität und Verminderung der Toxizität der einzelnen 

Ansatzpunkte könnte besonders eine Kombination eines produktionshemmenden und 

eines abbausteigernden Wirkstoffes sinnvoll sein. Die überlegene Wirkung einer 

solchen Therapie konnte im präklinischen Modell schon nachgewiesen werden. 

(Jacobsen et al, 2014) 

 

1.3 Die Positronen-Emissions-Tomographie im PS2APP Kleintiermodell des 

Morbus Alzheimer 

Mit der zunehmenden Bedeutung präventiver Interventionen rücken Strategien zur 

Früherkennung, beziehungsweise Identifizierung gefährdeter Personen in den Fokus. 

Hier]u Eieten sich� neEen dem NachZeis der JlnJiJen %iomarker $ȕ 1-42 und Tau im 

Liquor, bildgebende Verfahren an. Dabei kommen funktionelle und morphologische 

Modalitäten, sowie eine Kombination beider zur Anwendung. 

Während bei der MRT der Substanzverlust im Vordergrund steht, können mit der 

Positronen-Emissions-Tomographie (PET) und entsprechenden Tracern verschiedene 

Stoffwechselprozesse bzw. Ablagerungen dargestellt werden. Mögliche Ziele für die 

Tracer sind Amyloid, Tau, der Glucose-Stoffwechsel und die mikrogliale Aktivität. 

Neben dem bereits etablierten FDG PET zur Detektion von 

Stoffwechselveränderungen haben zuletzt auch die Tracer Florbetaben (FBB), 

Flutemetamol und Florbetapir zur Darstellung des zerebralen Amyloids Einzug in die 

nationalen Leitlinien erhalten. (Deuschl G, 2016) In den entsprechenden 

Zulassungsstudien konnte eine hohe Sensitivität und Spezifität in Korrelation zum 

histopathologischen Goldstandard nachgewiesen werden. (Clark et al, 2011; Sabri et 

al, 2015; Wolk et al, 2011) Eine entscheidende Frage zur adäquaten Analyse der 

akquirierten Daten ist die Intensitätsskalierung mit Normalisierung zur injizierten 

Gesamtdosis oder zur Aufnahme eines Tracers in einer Referenzregion. Diesbezüglich 

wurde bei einem Großteil der Studien eine Skalierung mit Normalisierung zum 

Zerebellum genutzt. (Barthel et al, 2011; Clark et al., 2011; Vandenberghe et al, 2010) 

Aktuellere Studien konnten zuletzt allerdings eine longitudinale Stabilisierung der 

Standardized uptake value ratios (SUVR) durch eine Normalisierung zur weißen 



   
 

10 

Substanz des Hirnstamms nachweisen. (Brendel et al, 2015a; Chen et al, 2015; 

Landau et al, 2015) 

Präklinische Studien zur Amyloid-Akkumulation im Kleintiermodell nehmen eine 

signifikante Stellung in Bezug auf das Verständnis des Morbus Alzheimers und der 

Evaluation potenzieller Therapien ein. (Johnson et al, 2013) Studien an transgenen 

Mäusen konnten das effektive longitudinale Monitoring der Amyloid-Akkumulation im 

zeitlichen Verlauf bereits adäquat in Korrelation zum histopathologischen 

Goldstandard darstellen. (Rominger et al, 2013) In diesen Studien kamen 

verschiedene transgene Mausmodelle zum Einsatz. Zur Evaluation dieser 

verschiedenen Modelle konnte, unter Einsatz des Amyloid Tracers FBB, die 

Überlegenheit der PS2APP Mutation im direkten Vergleich mit den Mutationen APP 

(swex), PS1G384A, APP/PS1dE9 und APP (swe) in Bezug auf die konstante 

lonJitudinale $nreicherunJ Yon $ȕ darJestellt Zerden. (Brendel et al, 2015b) Die 

transgene B6.PS2APP ist ein Homozygot für die humane Presenilin (PS) 2, N141I 

Mutation und die humane APP Mutation K670N, M671L. Das Modell wird durch 

Koinjektion der beiden Transgene in eine C57Bl/6 Zygote geschaffen. (Richards et al, 

2003) In diesem Modell lassen sich erste Amyloid-Ablagerungen in Cortex und 

Hippocampus bereits im Alter von 5-6 Monaten beobachten. (Ozmen et al, 2009) 

 

2. Inhalte der Promotionsarbeit 
Das Ziel dieser Promotionsarbeit war es zunächst eine optimale und standardisierte 

Analyse der Positron-Emissions-Tomographie in einem transgenen Kleintiermodell der 

Amyloid-Anreicherung zu etablieren. Auf Basis dieser Ergebnisse erfolgte im 

Anschluss eine multimodale Interventionsstudie mit dem BACE-Inhibitor RO5508887. 

 

2.1 Etablierung einer untersucherunabhängigen [18F]-Florbetaben PET 
Quantifizierung im Mausmodell 

Vorklinische Studien sind häufig inadäquat verblindet und verfolgen unterschiedliche 

Analysemethoden, so dass die Vergleichbarkeit unterschiedlicher Studien erschwert 

ist. (Jucker, 2010) Folglich beschäftigte sich der erste Teil dieser Promotionsarbeit mit 

der Optimierung und Standardisierung der präklinischen $ȕ Bildgebung in der PET. 

Es erfolgte zum einen die Evaluation eines automatisierten Algorithmus zur räumlichen 

Normalisierung des Gehirns, zum anderen die Evaluation der Intensitätsskalierung mit 

Normalisierung zu unterschiedlichen Referenzregionen.  
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Da]u Zurden insJesamt 114 $ȕ P(7 6cans des oEen EeschrieEenen 0ausmodells 

PS2APP mit dem Tracer FBB angefertigt. Darunter waren 37 Mäuse mit einem 

Baseline Scan (BL) im Alter von 8 Monaten und einem kurzfristigen Folgescan (FU) im 

Alter von 9,5 Monate, sowie 40 Scans im Alter von 13-16 Monaten (TER).  

Die Herstellung des Tracers, die Bildakquisition und die Rekonstruktion erfolgten nach 

einem standardisierten Protokoll. (Brendel et al, 2015c; Rominger et al., 2013; Zhang 

et al, 2005) 

Nach initialer Verblindung durch Codierung der Dateien erfolgte zur weiteren Analyse 

die starre, manuelle Fusion der akquirierten microPET Dateien auf eine zerebrale MRT 

Vorlage mittels dem PMOD FUSION tool (v.3.4 PMOD Technologies, Zürich). Dieser 

Prozess wurde durch einen Experten (mehr als 1000 Fusionen), einen 

fortgeschrittenen Analysten (mehr als 150 Fusionen) und einen unerfahrenen 

Analysten (Training von vier Stunden über zwei Tage) durchgeführt. Der erfahrene 

Analyst wiederholte die Fusion zur Abschätzung der Test-Retest Variabilität (%). Zur 

Berechnung des Standardized uptake value (SUV) wurden alle räumlich normalisierten 

Bilder des erfahrenen Analysten zur injizierten Dosis intensitätsskaliert und mit dem 

Gewicht der individuellen Maus multipliziert. Dann wurden die Bilder altersabhängig 

zur Generation von drei Schablonen gemittelt. Die Fusionen der drei Analysten wurden 

durch Verwendung einer automatisierten, nicht-linearen Transformation auf alle 

Schablonen räumlich normalisiert. Diese Normalisierung entfernte, durch Verwendung 

des Algorithmus in SPM5 als Teil des PMOD FUSION tools, relevante Unterschiede 

in Größe und Form des Gehirns. Die Einstellungen wurden entsprechend auf die 

Größe des Gehirns einer Maus angepasst. Diese wurde sowohl mit, als auch ohne 

Glättung vor dem Prozess durchgeführt. Die errechnete Matrix wurde gespeichert und 

auf die „rohe“ Bilddatei angewandt, um einen Auflösungsverlust durch wiederholte 

Prozessierung zu vermeiden. 

Zum Vergleich der verschiedenen Erfahrungsstufen wurden das Fleiss Kappa der 

Ergebnisse der TER-Scans (SUV(CTX) und SUVR(CTX/REF)) zwischen Experten vs. 

erfahrenen Analysten, erfahrenen vs. unerfahrenen Analysten und Experten vs. 

unerfahrenen Analysten jeweils vor und nach automatisierter Normalisierung 

verglichen. Dann erfolgte die Berechnung der Variabilität zwischen den Analysten, die 

im Anschluss mit der Test-Retest Variabilität des Experten verglichen wurde.  

Zur Bewertung des Einflusses der altersspezifischen Schablonen auf die 

automatisierte Normalisierung wurden die Ergebnisse der finalen Fusion (TER) des 
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Experten vor Normalisierung mit der finalen Fusion nach Normalisierung auf die TER, 

FU und BL Schablone verglichen und der Fehler in % berechnet. Hierbei zogen wir die 

Fusion des Experten als Goldstandard heran.  

Zur Evaluation der Intensitätsskalierungen definierten wir, neben der einfachen 

Berechnung des frontalen kortikalen SUV(CTX), vier Referenzregionen (REF) anhand 

der MRT und [18F]-FBB Vorlagen. 

1. Zerebellum (CBL)  

2. Weiße Substanz (WM) inklusive Pons, Pedunculi cerebelli, dem kranialen 

Hypothalamus und dem kaudalen Thalamus 

3. Hirnstamm (BST), ovale Region von Pons bis zum Mittelhirn 

4. Das gesamte Gehirn (GLM) 

Als Zielregion wurden zwei bilaterale frontale kortikale VOIs definiert und das 

Verhältnis zur Referenzregion SUVRCTX/REF berechnet. Die longitudinale Stabilität 

wurde durch Vergleich der SUVCTX, beziehungsweise SUVRCTX/REF zwischen dem 

initialen Scan und dem im kurzfristigen Intervall von sechs Wochen erfolgten Scan 

(FU) getestet. Der Pearsons Koeffizient der Korrelation (R) wurde für SUVCTX und 

SUVRCTX/REF Werte der vier Referenzregionen berechnet. Dies erfolgte unter der 

Annahme der zuvor beschriebenen linearen Progression der Amyloidablagerungen im 

PS2APP Mausmodel. (Brendel et al., 2015c) Außerdem berechneten wir, zur Definition 

der Stabilität, die Varianz in der jeweiligen Gruppe.  

Als Goldstandard erfolgte zusätzlich die histologische Bestimmung der kortikalen 

Amyloid-Last der Tiere nach einem standardisierten Protokoll. (Brendel et al., 2015b) 

Im Anschluss daran korrelierten wir die histologische Amyloid-Last mit allen 

Intensitätsskalierungen vor und nach Normalisierung. 

Die Applikation des automatischen räumlichen Normalisierungsalgorithmus konnte 

eine nahezu perfekte Übereinstimmung der Analyse unterschiedlicher Analysten 

erreichen. (Abbildung 1)  
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Abbildung 1 (entsprechend Figure 2 im Originalmanuskript): Bland-Altman Diagramm der 
hEHUHLQVWLPPXQJ� 6895&7;»&%/� YRU� �$�&�� XQG� QDFK� �%�'�� DXWRPDWLVFKHU� UlXPOLFKHU� 1RUPDOLVLHUXQJ��
Differenzen (Y-Achse) und Mittelwerte (X-Achse) zwischen den Analysten. Dicke Linie: Mittelwerte der Differenz. 

Gestrichelte Linie: Mittelwert der Differenz plus 1,96 · Standardabweichung. Vergleich Experte/ unerfahrener 

Analyst (A, B). Vergleich Experte/ erfahrener Analyst (C,D). 
 

Hierbei blieb die Korrelation mit dem histologischen Goldstandard gleich oder 

verbesserte sich. Eine nicht mit dem zeitlichen Verlauf der Pathologie 

übereinstimmende Schablone resultierte in einem systematischen Bias von bis zu 

2,9% der SUVR.  

Alle Methoden mit Skalierung zu einer Referenzregion (SUVR) schnitten in Bezug auf 

die longitudinale Stabilität (d >1,21 vs. d=0,23) und die Übereinstimmung mit dem 

histologischen Goldstandard (R>0.66 vs. R>0.31) besser als die reine Bestimmung der 

SUV des Kortex ab. Eine Analyse der Skalierung zum GBM auf Voxelebene erbrachte 

einen physiologisch nicht erklärbaren Abfall der SUVR im Bereich des Rautenhirns. 

Die entscheidenden Qualitäten einer optimalen Referenzregion definierten wir wie 

folgt: 

1. Vorhandensein einer hohen Korrelation zur Histologie, was durch alle 

Referenzregionen erfüllt wurde. Allerdings zeigte sich ein Trend zu einer 

Überlegenheit der WM und des GBM. 

2. Abwesenheit einer artifiziellen Anhebung der Varianz in der Gruppe, was durch die 

Skalierung zum CTX nicht erfüllt wurde. 
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3. Die Effektgröße der longitudinalen kortikalen Amyloid-Progression in der Ziel-VOI 

sollte optimal erfasst werden. Dieses Kriterium wurde am besten durch BST und 

WM erfüllt. 

4. Geringer Effekt der Pathologie auf die Referenzregion, was nicht durch die 

Skalierung zum GBM erfüllt wurde.   

5. Minimalen Einfluss einzelner Tiere auf die Schablone. In diesem Bezug waren die 

Skalierungen zu GBM und CBL unterlegen. 

In Zusammenschau aller Qualitäten waren die SUVRs mit Skalierung zur WM den 

anderen Referenzregionen somit überlegen. Abbildung 1, beziehungsweise Tabelle 4 

im originalen Manuskript, listet die einzelnen Vor- und Nachteile der einzelnen 

Referenzregionen auf. 

 

 
Abbildung 2 (entsprechend Table 4 im Originalmanuskript): Signifikante Vorteile (mäßig: +, hellgrün; groß: ++, 

dunkelgrün) / Nachteile (hell rot) des SUVCTX und der SUVR. O= neutral, (+) = Trend zum Vorteil. Template 

affection: Auswirkung der Schablonen unterschiedlichen Alters. Pathology affection: Physiologisch nicht erklärbare 

Veränderungen des Signals. Histology: Übereinstimmung mit der Histologie.    

 
Zusammenfasend konnten demnach folgende Schlüsse gezogen werden: 

1. Die automatische räumliche Normalisierung im Mausmodel der zerebralen 

Amyloid-Akkumulation kann effektiv auf Analysen durch Aß PET mit dem Tracer 

Florbetaben angewandt werden. Dies gewährleistet eine Pseudoverblindung der 

Endpunkte durch Elimination der Varianz verschiedener Analysten und trägt somit 

maßgeblich zur Reproduzierbarkeit der Daten bei.  

2. Eine intrazerebrale Referenzregion ohne Expression der Pathologie ist essentiell 

zur akkuraten Quantifizierung der Amyloid-Last in-YiYo durch $ȕ P(7 und dem 

Tracer FBB. Im Bezug auf die oben genannten Kriterien ist der Gebrauch einer 
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Referenzregion aus der oben definierten WM den anderen getesteten Regionen 

überlegen. 

 

Diese Ergebnisse wurden im Rahmen meiner Erstautorenschaft „Automated Spatial 

Brain Normalization and Hindbrain White Matter Reference Tissue Give Improved 

[18F]-Florbetaben PET Quantitation in Alzheimer's Model Mice“ im Februar 2016 in 

der Fachzeitschrift Frontiers in Neuroscience publiziert. Mein Anteil an dieser 

Publikation bestand in der Durchführung der PET Scans, der Auswertung der 

Bilddateien, der Analyse der Daten und dem Verfassen des Manuskriptes. Außerdem 

erfolgte die Betreuung der Versuchstiere durch mich.  

 

����'LH�(IIHNWLYLWlW�GHU�FKURQLVFKHQ�%$&(��+HPPXQJ�EHUXKW�DXI�GHP�$XVPD��
und der Region der Aȕ Ablagerungen bei Therapiebeginn 

%asierend auf den (rJeEnissen ]ur oStimalen $nal\se lonJitudinaler $ȕ P(7 6cans 

unserer Arbeitsgruppe erfolgte eine Publikation zur präklinischen in-vivo Evaluation 

der zerebralen Amyloid-Last unter Therapie mit dem BACE Inhibitor RO5508887 im 

Mausmodell PS2APP.  

Hierzu wurden 26 weibliche PS2APP (swe) (TG) und 22 weibliche C57BL/6 (WT) 

Mäuse im Alter von 9,5 Monaten in einen Placeboarm (TG-VEH) und einen 

Interventionsarm (TG-BSI) randomisiert. Nach initialer Anfertigung eines Baseline 

[18F]-FBB PET Scans erfolgte die zweimal tägliche orale Applikation von RO5508887 

oder einer entsprechenden Placebolösung über einen Zeitraum von 4 Monaten. Nach 

10 und nach 18,5 Wochen wurde jeweils ein FU Scan angefertigt. Zur Evaluation des 

generellen longitudinalen Progresses wurde außerdem ein Scan im Alter von 8 

Monaten durchgeführt. Im Anschluss an den finalen Scan wurden die Gehirne der 

Tiere zur histologischen und biochemischen Analyse entnommen. RO5508887 wurde 

in einer definierten Dosierung von 100mg/KG/Tag, verteilt auf zwei Einzeldosen, oral 

verabreicht. Diese Dosierung hatte sich zuvor in einer Evaluationsstudie zur 

chronischen Therapie mit dem transgenen Mausmodell APPV7171 als geeignet 

herausgestellt. (Jacobsen et al., 2014)  

Die Durchführung und Analyse der [18F]-FBB PET Scans erfolgte, ebenso wie die 

histochemische Analyse, nach einem zuvor publizierten Protokoll. (Brendel et al., 

2015c; Overhoff et al, 2016; Rominger et al., 2013) 
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Jeweils eine Hemisphäre des Kraniums wurde im flüssigen Stickstoff bei -80°C 

schockgefroren. Lösliche Proteine wurden mittels DEA Puffer, Mempranproteine 

mittels RIPA Puffer extrahiert. Darunter unlösliches Material wurde in 70%iger 

Ameisensäure gelöst. Amyloid-Quantifizierung erfolgte nach dem Protokoll des 

Herstellers MSD®. Die Proteine wurden mittels diskontinuierlicher SDS-PAGE unter 

Zuhilfenahme eines Tris-Glycin-Puffer und dem Mini-PROTEAN-System (BIORAD) 

auf aktivierten PVDF-Membranen getrennt. Niedermolekulare Proteine (< 20 kDa) 

wurden mit dem XCell SureLock Mini-Cell-System (Novex) getrennt. Die Proteine 

wurden mit dem Tank/Wet Mini Trans-Blot Zellsystem (BIORAD) auf die Membranen 

übertragen. Übertragene Proteine wurden mittels Immunodetektion und enhanced 

Chemiluminescence (ECL) nachgewiesen. Die Signale wurden durch Bestrahlung mit 

einem Röntgenfilm erfasst. Zum Nachweis von Produkten der APP-Prozessierung 

unter den DEA-löslichen Proteinen verwendeten wir die Antikörpern a22C11 zum 

Nachweis des APP-N-7erminus� �$1 ]um NachZeis Yon s$PPȕ (swe) und 2D8 zum 

NachZeis Yon $Ș-Į. 

Die Behandlung und die serielle PET-Bildgebung erwiesen sich als gut verträglich. 

Bereits 10 Wochen nach Behandlungsbeginn zeigte die PET eine signifikante 

Reduktion des Amyloid-Progresses (+6,7% bei BSI vs. +10,3% bei VEH, p <0.05). 

Dieser Effekt war auch im Verlauf nach 18,5 Wochen Behandlung weiter progredient 

(+8,4% bei BSI vs. +15,2% bei VEH, p <0,001). Wir fanden eine lineare Beziehung 

(R>0,99; p<0,001) zwischen der regionalen Amyloid-Progressionsrate bei TG-VEH 

und des Progresses bei TG-BSI-Mäusen. Hieraus leiteten wir einen Schwellenwert für 

die regionale Depositionsrate von 3,7%/18,5 Wochen bei TG-VEH ab, unterhalb 

dessen eine vollständige Blockierung der weiteren Signalzunahme durch Intervention 

mit RO5508887 erreicht werden konnte. Die Korrelation zwischen Behandlungseffekt 

und dem Ausmaß des naiven Verlaufs bestätigte sich durch eine Kartierung des %-

%ehandlunJseffekts auf Vo[eleEene. Die aEsolute 5eduktion der $ȕ DeSosition unter 

%ehandlunJ Zar ��� � 1��� in hoch akkumulierenden 5eJionen �� 10�� und 4�� � 

2,0% in niedrig akkumulierenden Regionen (<10%). Der relative Behandlungseffekt 

war 49 ± 11% in hochakkumulierenden Hirnregionen und 69 ± 28% in Regionen mit 

geringer Akkumulation. Die vorliegenden Ergebnisse bei TG-VEH-Mäusen deuten auf 

einen umJekehrten =usammenhanJ ]Zischen der %/ $ȕ %elastunJ und dem relatiYen 

Anstieg von 9,5 auf 13,5 Monate im Alter hin (R = -0,53, p < 0,05). TG-BSI-Mäuse 

zeigten den größten behandlungsbedingten Unterschied zur TG-VEH-Gruppe, wenn 
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ihr ursprünglicher $ȕ-Spiegel niedrig war. Der beschleunigte Anstieg der Placebo 

Gruppe konnte verhindert werden, was zu einer Umkehrung der Korrelation führte (R 

= +0,27, p = n. s.). 

 

 
Abbildung 3 (entsprechend Figure 2 im Originalmanuskript): /onJitudinale $ȕ P(7 %ildJeEunJ der %$&(1-

Inhibition. (A) Mittelwert (±SD) des kortikalen Amyloid-Signals im Therapieverlauf für TG-BSI, TG-VEH und WT. (B) 

Individueller Progress des kortikalen Amyloid-Signals in den TG-Mäusen. (C) Signalintensitäten des frontalen 

kortikalen Amyloid-Signals in TG und WT Mäuse im terminalen Scan. Koronale und axiale Schnitte zeigen die 

Gruppenmittelwerte auf einer T1 MRT-Schablone.   * p < 0,05; *** p < 0,001 

 

Die Immunhistochemie bestätigte die PET-Befunde durch die direkte Validierung von 

fiErilllrem $ȕ und ]eiJte eine JerinJere Plaque-Belastung (-9,7%, p < 0,05), sowie 

Plaque-Dichte (-9,9%, p <0,05) bei BACE1-behandelten TG-Mäusen im Vergleich zur 

Kontrollgruppe. Ein wesentlicher Effekt wurde bei der Ablagerung von de novo Plaques 

beobachtet. 

Im Rahmen der biochemischen Analysen konnte die Inhibition der Enzymaktivität 

durch niedriJere s$PPȕ �sZe� /eYel Eei simultaner (leYation der s$PPĮ /eYel und 

unveränderter Gesamtmenge des sAPP nachgewiesen werden. In Relation zur TG-

VEH-*ruSSe konnten eine 4�� 5eduktion Yon l|slichem $ȕ40 E]Z. eine �1� 

Reduktion von löslichem $ȕ42 nachgewiesen werden. Die unlöslichen Aß40 Level 

zeigten lediglich eine Tendenz zum Rückgang der Amyloidose (-10, p = 0,45), während 

die Aß42 Level signifikant gesenkt werden konnten (-40%, p < 0,05). 

 

Zusammenfassend konnten entsprechend vier Aussagen getroffen werden: 
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1. Die chronische BACE-I-%ehandlunJ hemmt effektiY die fiErilllre $ȕ-Deposition 

2. $kute und chronische HemmunJ des %$&(1 senkt die $ȕ-Deposition 

3. Die Wirksamkeit der chronischen Hemmung des BACE1 hängt von der regionalen 

$ȕ-Depositionsrate ab 

4. Die Hemmung von BACE1 ist während des frühen Amyloidaufbaus effektiver 

 

Diese Ergebnisse wurden im Rahmen meiner Co-Autorenschaft „Efficacy of chronic 

%$&(1 inhiEition in P62$PP mice deSends on the reJional $ȕ deSosition rate and 

plaque burden at treatment initiation“ im September 2018 in der Fachzeitschrift 

Theranostics publiziert. Mein Anteil an dieser Publikation bestand in der Durchführung 

der PET-Scans, der Auswertung der Bilddateien, der Analyse der Daten und dem 

Erstellen der Grafiken. Außerdem erfolgte die Betreuung und Therapie der 

Versuchstiere durch mich.  

 

3. Zusammenfassung 
Das Ziel des ersten Teils meiner Promotionsarbeit war es eine optimale und 

standardisierte Analyse der Positron-Emissions-Tomographie in einem transgenen 

Kleintiermodell der Amyloid-Anreicherung zu etablieren. Hierzu erfolgte die Evaluation 

einer automatisierten räumlichen Normalisierung und einer Intensitätsskalierung zu 

verschiedenen Referenzregionen.  

 

Insgesamt wurden 114 $ȕ P(7 Scans des Mausmodells PS2APP mit dem Tracer FBB 

angefertigt. Darunter waren 37 Mäuse mit einem Baseline Scan (BL) im Alter von 8 

Monaten und einem kurzfristigen Folgescan (FU) im Alter von 9,5 Monate, sowie 40 

Scans im Alter von 13-16 Monaten (TER). Die so akquirierten microPET Dateien 

wurden durch eine starre, manuelle Fusion auf eine zerebrale MRT Vorlage durch drei 

Analysten mit unterschiedlichem Erfahrungsniveau untersucht. Im Anschluss wurden 

die Bilder durch Verwendung einer automatisierten, nicht-linearen Transformation auf 

altersabhängige Schablonen räumlich normalisiert und die Übereinstimmung der 

Analysten mittels Fleiss Kappa ermittelt. Zur Berechnung der zerebralen Amyloid-Last 

definierten wir, neben dem reinen SUV (CTX), vier Referenzregionen mit den 

entsprechenden SUVR. Als Referenzregionen bestimmten wir den Hirnstamm (BST), 

das Zerebellum (CBL), die weiße Substanz (WM) und das gesamte Gehirn (GLM). Die 
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Ergebnisse wurden anhand der longitudinalen Stabilität und der Übereinstimmung mit 

dem histologischen Goldstandart verglichen.  

Die räumliche Normalisierung resultierte in einer nahezu perfekten Übereinstimmung 

der Analysen. Die Korrelation zur Histologie blieb konstant oder verbesserte sich (alle 

ț � 0.99). Alle SUVR waren der reinen SUV (CTX) überlegen (d �1.21 Ys. d = 0.23 und 

R � 0.66 vs. R � 0.31). Eine Analyse der Skalierung zum GBM auf Voxelebene 

erbrachte einen physiologisch nicht erklärbaren Abfall der SUVR im Bereich des 

Rautenhirns. Die optimale Referenzregion definierten wir anhand der Korrelation mit 

der Histologie, der artifizielle Anhebung der Varianz in der Gruppe, der Effektgröße der 

longitudinalen kortikalen Amyloid-Progression, den Effekt der Pathologie in der 

Referenzregion und den Einfluss einzelner Tiere. In Zusammenschau der 

untersuchten Qualitäten war die Intensitätsskalierung zur WM den übrigen SUVR 

überlegen.  

Auf Basis dieser Ergebnisse erfolgte im Anschluss, als zweiter Teil meiner 

Promotionsarbeit, eine multimodale Interventionsstudie zur Untersuchung der 

Amyloidose unter Therapie mit dem BACE-Inhibitor RO5508887. 

Hierzu wurden 26 weibliche PS2APP (swe) (TG) und 22 weibliche C57BL/6 (WT) 

Mäuse im Alter von 9,5 Monaten in einen Placeboarm (TG-VEH) und einen 

Interventionsarm (TG-BSI) randomisiert. Nach initialer Anfertigung eines Baseline 

[18F]-FBB PET-Scans erfolgte die zweimal tägliche orale Applikation von RO5508887 

oder einer entsprechenden Placebolösung über einen Zeitraum von 4 Monaten. Nach 

10 und nach 18,5 Wochen wurde jeweils ein FU Scan angefertigt. Im Anschluss an 

den finalen Scan wurden die Gehirne der Tiere zur histologischen und biochemischen 

Quantifizierung und Differenzierung entnommen.  

Der Amyloid-Progress war 15.3 ± 4.4% in der Placebo Gruppe und 8.4 ± 2.2% in der 

Therapiegruppe. Durch die Therapie konnte der Anstieg der Amyloidose signifikant 

reduziert werden (p<0.001). Diesen Effekt konnte die histologische Analyse in Bezug 

auf die Plaque-Belastung (-9,7%, p < 0,05) und die Plaque-Dichte (-9,9%, p <0,05) 

bestätigen. Auch die biochemische Analyse zeigte eine Reduktion des löslichen und 

unlöslichen Aȕ40 ( -47% und -10%), sowie des löslichen und unlöslichen Aȕ42 (-61% 

und -40%). Die akute BACE-Inhibition konnte durch eine Reduktion des sAPPȕ bei 

Anstieg des sAPPĮ und unveränderten sAPP nachgewiesen werden.  Außerdem 

stellte sich eine negative Korrelation zwischen dem Ausmaß der Amyloidose bei 

Therapiebeginn und dem Progress unter Therapie dar. Zusätzlich beobachteten wir 
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eine weitere inverse Korrelation zwischen der naiven Amyloid-Akkumulation und dem 

Therapieeffekt. So war die aEsolute 5eduktion der $ȕ-Deposition unter Behandlung 

��� � 1��� in hoch akkumulierenden 5eJionen �� 10�� und 4�� � 2�0� in niedriJ 

akkumulierenden Regionen (<10%). Der relative Behandlungseffekt war 49 ± 11% in 

hochakkumulierenden Hirnregionen und 69 ± 28% in Regionen mit geringer naiver 

Akkumulation. In Regionen mit einem niedrigen, naiven Progress konnte ein 

Schwellenwert der regionale Depositionsrate von 3,7%/18,5 Wochen bestimmt 

werden, unterhalb dem eine vollständige Blockierung der weiteren Signalzunahme 

angenommen werden kann.  

Zusammenfassend stellten wir die Überlegenheit einer Analyse von longitudinalen $ȕ 

PET Daten im Mausmodell durch Verwendung einer räumlichen Normalisierung und 

einer SUVR mit Skalierung zur WM dar. Auf Basis dieser Erkenntnisse konnten wir im 

Anschluss zeigen, dass der Therapieeffekt einer BACE-Inhibition auf den Progress der 

zerebralen Amyloidose von der $ȕ-Last bei Therapiebeginn abhängig ist.  
 

4) Summary 

The objective of this doctoral thesis was to further develop and standardize the analysis 

of positron emission tomography in a transgenic mouse model of cerebral amyloid 

accumulation and apply these findings to a multimodal intervention study.  

Therefore, the first part of this doctoral thesis aimed to evaluate an automated spatial 

normalization and an intensity scaling to different reference regions. Therefore, we 

acquired 114 Aȕ PET Scans of the transgenic AD mouse model PS2APP using the Aȕ 

Tracer FBB. Among those were 37 mice with a baseline scan (BL) at 8 month of age 

and a short term follow up scan (FU) at 9,5 months of age, as well as 40 scans (24 

from this and 16 from a previous study) of mice within an age range between 13-16 

month (TER). Afterwards, three reader at different training levels performed a rigid 

fusion of the naive PET Images on a cerebral MRI template. The fusion of the expert 

was repeated to assess the test-retest variability. The fusions were spatially 

normalized by an automated, non-linear transformation using age specific templates. 

The agreement between the readers was determined by Fleiss kappa. To evaluate the 

intensity scaling, we calculated a target SUV (CTX) using a bilateral frontal cortex VOI 

and defined four different reference regions based on the MRI and [18F]-FBB 

templates. The SUV of each reference region was put in relation to the previously 

mentioned SUV (CTX) for calculation of [18F]-FBB cortex-to-reference SUVR 
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(CTX/REF). The results were compared on basis of longitudinal stability (Cohen’s 

effect size (d)) and reference to the histopathological quantification (Pearson’s R). 

Application of an automated spatial normalization resulted in nearly perfect agreement 

between different reader (ț � 0.99� and at least constant correlation Zith the 

histochemical goldstandard. Intensity scaling to a reference region (CTX/REF) 

improved the longitudinal stability (d > 1, 21 vs. d= 0, 23) and the agreement with the 

histochemical goldstandard (R> 0.66 vs. R>0.31) compared to SUV (CTX). Voxel-wise 

analysis of the intensity scaling to the GBM (SUVR CTX/GBM) suggested a 

physiologically implausible decrease in the hindbrain from BL to FU. The reference 

regions were evaluated according to the histological correlation, the artificial increase 

in variance within the group, the effect size of the longitudinal cortical amyloid 

progression, the effect of the pathology in the reference region and the influence of 

individual animals. In regard to the evaluated qualities, intensity scaling to the WM was 

superior to the other reference regions. 

 

In the second part of this doctoral thesis we aimed to apply these findings to a 

multimodal intervention study using the BACE1 inhibitor RO5508887. Therefore, we 

randomized 26 female PS2APP (swe) (TG) and 22 female C57BL/6 (WT) mice at the 

age of 9,5 month either into a treatment or vehicle arm. After an initial [18F]-FBB PET 

baseline scan we initiated a daily oral treatment with either RO5508887 or vehicle over 

the course of 4 month. After 10 and 18,5 weeks we acquired a follow up and a terminal 

scan. Following the terminal scan, we removed the brains and the hemispheres were 

randomly assigned to histochemical or biochemical analysis.  

The first PET scan after 10 weeks of treatment revealed a significant reduction of 

amyloidosis (+6,7% for BSI vs. +10,3% for VEH, p <0.05) with further reduction after 

18,5 weeks (+8,4% for BSI vs. +15,2% for VEH, p <0,001). Histochemical analysis 

confirmed the PET results for the parameters plaque load (-9.7%, p < 0.05) and plaque 

density (-9.9%, p < 0.05). In addition, biochemical analysis showed a reduction in the 

soluble and insoluble Aȕ40 (-47% and -10%), as well as the soluble and insoluble Aȕ42 

(-61% and -40%). The acute BACE inhibition could be demonstrated by lower levels of 

sAPPȕ and increased sAPPĮ, while total sAPP remained unchanged. Furthermore, we 

were able to detect a negative correlation between the baseline Aȕ deposition and the 

progress under treatment. We observed an additional inverse correlation between the 

naïve Aȕ accumulation, represented by the control group, and the treatment effect. 

Absolut reduction of Aȕ deSosition Zas ��� � 1��� in hiJh accumulatinJ reJions �� 
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10%), while the reduction in low accumulating regions (<10%) was 4,8 ± 2,0%. Relative 

reduction in high accumulating regions was 49 ± 11%, compared to 69 ± 28% in low 

accumulating regions. We observed a complete block of further Aȕ accumulation in 

regions with a naïve deposition rate below 3.7% / 18.5 weeks. 

In summary, we presented the superiority of applying an automated spatial 

normalization and calculating a SUVR with intensity scaling to the WM for the analysis 

of longitudinal preclinical Aȕ PET data. Based on these findings, we were able to show 

an inverse correlation of the baseline Aȕ-load and the therapeutic effect of BACE 

inhibition on Aȕ-progression. 
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Preclinical PET studies of β-amyloid (Aβ) accumulation are of growing importance,

but comparisons between research sites require standardized and optimized methods

for quantitation. Therefore, we aimed to evaluate systematically the (1) impact of an

automated algorithm for spatial brain normalization, and (2) intensity scaling methods

of different reference regions for Aβ-PET in a large dataset of transgenic mice. PS2APP

mice in a 6 week longitudinal setting (N = 37) and another set of PS2APP mice at

a histologically assessed narrow range of Aβ burden (N = 40) were investigated by

[18F]-florbetaben PET. Manual spatial normalization by three readers at different training

levels was performed prior to application of an automated brain spatial normalization and

inter-reader agreement was assessed by Fleiss Kappa (κ). For this method the impact

of templates at different pathology stages was investigated. Four different reference

regions on brain uptake normalization were used to calculate frontal cortical standardized

uptake value ratios (SUVRCTX/REF), relative to raw SUVCTX. Results were compared

on the basis of longitudinal stability (Cohen’s d), and in reference to gold standard

histopathological quantitation (Pearson’s R). Application of an automated brain spatial

normalization resulted in nearly perfect agreement (all κ ≥ 0.99) between different

readers, with constant or improved correlation with histology. Templates based on

inappropriate pathology stage resulted in up to 2.9% systematic bias for SUVRCTX/REF. All

SUVRCTX/REF methods performed better than SUVCTX both with regard to longitudinal

stability (d ≥ 1.21 vs. d = 0.23) and histological gold standard agreement (R ≥ 0.66

vs. R ≥ 0.31). Voxel-wise analysis suggested a physiologically implausible longitudinal

decrease by global mean scaling. The hindbrain white matter reference (Rmean = 0.75)
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was slightly superior to the brainstem (Rmean = 0.74) and the cerebellum (Rmean =

0.73). Automated brain normalization with reference region templates presents an

excellent method to avoid the inter-reader variability in preclinical Aβ-PET scans.

Intracerebral reference regions lacking Aβ pathology serve for precise longitudinal in vivo

quantification of [18F]-florbetaben PET. Hindbrain white matter reference performed best

when considering the composite of quality criteria.

Keywords: Alzheimer’s disease, β-amyloid, [18F]-florbetaben, small animal PET, reference region, brain

normalization

INTRODUCTION

The steadily growing number of patients suffering from
Alzheimer’s disease (AD) will place a great burden on healthcare
systems in the coming decades, baring development of an
effective intervention therapy (Schneider, 2013). Molecular
imaging of β-amyloid (Aβ) with positron emission tomography
(PET) has given new insight into the progression of AD
pathology and has entered clinical diagnostic use (Johnson
et al., 2013). Furthermore, PET imaging is increasingly used for
detecting cerebral amyloidosis in transgenicmousemodels of AD
(Manook et al., 2012; Rominger et al., 2013). Small animal PET
studies of longitudinal design afford monitoring of the rate of
β-amyloid accumulation, and present the possibility of testing
interventions for attenuating plaque formation.

Preclinical brain PET imaging frequently suffer from
shortcomings such as underpowered study groups, reader
dependence of endpoints, varying approaches to data analysis,
and inadequate blinding of investigators to treatment groups
(Jucker, 2010). Automated template-based normalization of
rodent brain to standard coordinates, in analogy to standard
methods for analysis of human PET data, has the potential
to minimize biases from reader dependence and imperfect
blinding, although the reliability of such approaches has yet
to be systematically investigated for preclinical Aβ-PET. In
particular, the choice of the optimal template for automated
spatial normalization of Aβ-PET images may be influenced
by pathological features of the particular AD mouse model
(Rohlfing et al., 2009). Since this issue has not hitherto been
raised in preclinical Aβ-PET imaging, we planned to validate an
automated, user-independent approach for spatial normalization
by comparing binding results from readers at different training
levels before and after normalization, with histopathological
examination of fibrillar Aβ as the gold standard. Furthermore, we
objected to study the influence of template selection at different
pathology stages on the automated spatial normalization of
mouse brain Aβ-PET images.

An additional point of contention in preclinical Aβ-
PET concerns the method for image intensity scaling, with
normalization either to the injected dose, or to tracer uptake
in intracerebral reference regions. Just as in human PET
studies with Aβ-PET tracer, the choice of reference regions
is crucial for preclinical models, which have characteristic
patterns of Aβ deposition. In human Aβ-PET imaging, the whole
cerebellum and the cerebellar graymatter have been the preferred
reference regions for most large scale quantitative investigations

(Vandenberghe et al., 2010; Barthel and Sabri, 2011; Clark et al.,
2011). However, recent human studies with fluorinated amyloid
tracers have revealed longitudinal stabilization of standardized
uptake value ratios (SUVR), with use of white matter or brain
stem reference regions, this despite the ongoing accumulation
of Aβ plaques as confirmed by histology (Landau et al., 2014,
2015; Brendel et al., 2015a; Chen et al., 2015). There has so far
been no systematic comparison of scaling methods for mouse
Aβ-PET imaging. Consequently, we aimed to compare different
scaling methods and reference regions in a large series of
Aβ studies with [18F]-florbetaben (FBB) in an established AD
mouse model, with regard to accuracy of the PET method in
capturing longitudinal changes in Aβ-deposition, with terminal
histological plaque quantitation serving as the gold standard. The
overall aims of this study were to investigate if automated brain
spatial normalization is beneficial for quantitation of preclinical
Aβ-PET, and to identify an optimally performing method for
intensity scaling.

MATERIALS AND METHODS

Animal Model and Study Design
All experiments were performed in compliance with the
National Guidelines for Animal Protection, Germany, with
approval of the local animal care committee of the Government
of Oberbayern (Regierung Oberbayern), and overseen by a
veterinarian. Anesthesia was performed with isoflurane 1.5%.
Mice were killed by cervical dislocation in a state of deep narcosis.

The transgenic B6.PS2APP (line B6.152H) is homozygous
for both the human presenilin (PS) 2, N141I mutation and
the human amyloid precursor protein (APP) K670N, M671L
mutation. The APP and PS2 transgenes are driven bymouse Thy-
1 and mouse prion promoters, respectively. This line had been
created by co-injection of both transgenes into C57Bl/6 zygotes
(Richards et al., 2003). Homozygous B6.PS2APP mice show first
appearance of plaques in the cortex and hippocampus at 5–6
months of age (Ozmen et al., 2009).

Aβ-PET scans (N = 114) were used from two studies wherein
drug-naive longitudinal FBB-PET recordings were obtained in
PS2APP mice (N = 37) at a short interval (8 and 9.5 months
of age). Furthermore, we also used terminal Aβ-PET recordings
(N = 40; range: 13–16 months; N = 24 from the longitudinal
set and N = 16 from another historical investigation), in which
histologically quantified terminal plaque load was measured. We
defined the different ages for Aβ-PET imaging as “BL” for the
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baseline at 8months (N = 37 PS2APPmice), “FU” for the follow-
up of the same group at 9.5 months (N = 37 PS2APP mice), and
“TER” for the terminal Aβ-PET recordings obtained between 13
and 16 months of age (N = 40 PS2APP mice).

Radiochemistry
The [18F]-florbetaben precursor (Piramal Imaging, Berlin) was
radiolabeled by the method of Zhang et al. (2005), with slight
modifications. This procedure is described elsewhere (Rominger
et al., 2013), and yields a radiochemical purity exceeding 98% and
specific activity of 50–90 GBq/µmol at the end of synthesis.

Amyloid Pet Acquisition and
Reconstruction
Image acquisition and reconstruction followed a standardized
protocol (Brendel et al., 2015b). Mice were anesthetized with
isoflurane (1.5%, delivered via a mask at 3.5 L/min in oxygen)
and received bolus injection of 10.1 ± 2.3MBq of [18F]-
florbetaben in 150µL of saline to a tail vein. Following placement
in the tomograph (Siemens Inveon DPET), a single frame
emission recording for the interval 30–60min p.i. followed by a
15min transmission scan was obtained using a rotating [57Co]
point source. The image reconstruction procedure consisted of
an three-dimensional ordered subset expectation maximization
(OSEM) with four iterations and 12 subsets followed by a
maximum a posteriori (MAP) algorithm with 32 iterations.
Scatter and attenuation correction were performed and a decay
correction for [18F] was applied. With a zoom factor of 1.0 and
a128×128× 159 matrix, a final voxel dimension of 0.78×0.78×
0.80mm was obtained.

Image Analysis
Spatial Normalization
Aβ-PET images were first blinded to the reader by coding of
the Aβ-PET files. Images were coregistered to a 3T magnetic
resonance imaging (MRI) mouse brain template (Dorr et al.,
2007) by a rigid manual fusion, using the PMOD FUSION tool
(v. 3.4 PMOD Technologies, Zürich). The spatial normalization
was independently performed by an expert (>1000 fusions), an
experienced reader (∼150 fusions) as well as a novice reader
who had been trained for 4 h over the course of 2 days. The
expert fusion was repeated to assess test-retest variability (%) for
operators with high training level.

All spatial normalized images of the expert reader were
intensity scaled to the injected dose and multiplied by the
individual body weight to give standardized uptake value (SUV)
images. Then age-dependent groups (N = 37 or N = 40 images
each) from PS2APP mice were averaged for the generation of
three different templates defined at increasing stages of amyloid
pathology (Figure 1A).

Subsequently, fused images from all readers were spatially
normalized on all different templates by applying an automated
nonlinear transformation, which removed the main differences
in brain size and shape using the normalization algorithm
in SPM5 (Wellcome Department of Cognitive Neurology,
London, UK) implemented within the PMOD FUSION tool
(V. 3.4 PMOD Technologies, Zürich). This algorithm was set

to mouse brain dimensions using standardized settings (equal
modality; nonlinear warping; 16 iterations; frequency cutoff 3;
regularization 1.0; no thresholding). The procedure was tested
with and without transient input smoothing by applying a
0.6mm Gaussian to the image before initiation of warping
operations. The calculated transformation matrix was saved and
finally applied to the “raw” input image to avoid loss of resolution
due to repeated image resampling.

Inter-Reader Analyses
For inter-reader analyses, Fleiss Kappa (κ) was calculated for
TER results (SUVCTX and SUVRCTX/REF as described below)
from expert vs. experienced, experienced vs. novice, expert vs.
novice, both before and after automated brain normalization.
Furthermore, inter-reader variability (%) was calculated, and
compared to the expert test-retest variability (%). For statistical
testing of absolute differences for SUVCTX and SUVRCTX/REF

between different readers before and after brain normalization a
permutation test was performed as described in Section Statistics
below and was also used to test for significant differences between
inter-reader variability (%) and expert test-retest variability (%).

Analysis of Template Influence on Automated Brain
Intensity Normalization
To assess the impact of stage specific templates, TER results of
the expert before brain normalization were compared with TER
results after brain normalization to TER, FU, and BL templates by
calculation of error-(%), with findings of the expert considered
as the standard of truth. A paired t-test was used for statistical
testing of significant alterations in SUVCTX and SUVRCTX/REF (as
described below) resulting from different templates.

Scaling
A total of five intensity scaling methods were performed, all using
VOIs predefined in the final image space, which was identical
for MRI and [18F]-florbetaben templates. Beside calculation of
frontal cortical SUVCTX, we tested intensity scaling by four
different reference regions (Figure 1B):

1. Whole cerebellum (CBL) with a volume of 65mm3.
2. Hindbrain white matter (WM), including high unspecific

tracer retention areas (threshold-based) such as pons,
midbrain, cerebellar peduncle, cranial hypothalamus and
caudal thalamus, with a total volume of 67mm3.

3. Brainstem (BST), an oval shaped region extending from pons
to midbrain, with a volume of 24mm3.

4. Whole brain as the global mean (GLM), with a volume of
525mm3.

As target regions two bilateral frontal cortex VOIs comprising
12mm3 each (Figure 1A), were employed for calculation of
[18F]-florbetaben cortex-to-reference SUVRCTX/REF.

Longitudinal stability
Scaling methods were tested against each other by evaluating the
longitudinal stability of the endpoint (SUVCTX or SUVRCTX/REF)
over the brief 6 week interval from BL to FU in N = 37
animals. Pearson’s coefficients of correlation (R) were calculated
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FIGURE 1 | (A) [18F]-florbetaben PET templates at different pathology stages, deriving from mean findings in groups of PS2APP mice aged 8, 9.5, and 13–16

months. PET images are superimposed on an MRI-based mouse brain atlas (Dorr et al., 2007) for anatomical reference. The frontal cortical target VOI is depicted in

blue. (B) Reference region VOIs are illustrated on the same MRI mouse atlas; from top to bottom: cerebellum (blue; CBL), hindbrain white matter (orange; WM),

brainstem (red; BST), whole brain (green; GLM).

for SUVCTX and SUVRCTX/REF values of the four different
reference regions, given the assumption that the mouse model is
characterized by a nearly linear progression of amyloidosis over
time, as supported by findings from our previous study (Brendel
et al., 2015b). The variance of BL and FU groups, expressed by
SD-(%), was calculated as an indicator of intra-group stability.
Effect sizes (Cohen’s d) for the resulting differences between the
two sequential Aβ-PET scans were calculated as an additional
quality criterion in the longitudinal design.

Longitudinal regional analyses
To test the impact of different scaling methods for Aβ-PET on
the detected differences in longitudinal data independently from
the cortical target VOI, we assessed alterations in FBB-binding
between BL and FU voxel-wise by statistical parametric mapping
(SPM). We used SPM5 routines implemented in MATLAB
(version 7.1), adapted from Sawiak et al. (2009) for mouse data.
For SUVCTX and each reference region approach, we performed a
paired t-test for Aβ-PET images (FU vs. BL) of PS2APP (N = 37)
mice, and thus assessed increases or decreases over 6 weeks of
follow up.

Histochemical Analyses
Histochemical analyses were performed in a matching frontal
cortex region of interest as the gold standard of amyloid
burden, for evaluating reliability of frontal cortical SUVCTX and
four different SUVRCTX/REF results. The procedure followed
a standardized protocol wherein cortical plaque load (%)
was calculated for each animal (Brendel et al., 2015b). For
correlation analyses of the terminal Aβ-PET estimates (N =

40) with plaque load (%), Pearson’s coefficients of correlation
(R) were calculated with and without brain normalization and
for all different intensity normalization methods. Significant
differences between correlation coefficients before and after
spatial brain normalization, between different readers, and
between different intensity normalization methods were assessed
by an extended Fisher’s transformation approach as described in
Section Statistics.

Statistics
A permutation test was used to test for significance of not
normally distributed differences between two readers before
and after normalization and for the comparison of inter-
reader variability (%) with test-retest variability (%) of the
expert. Absolute values were used for these comparisons.
For permutation testing, the results were pooled and a loop
rearranging the pooled results into two groups (with 1 million
repeats) was coded within Matlab 7.12.0. The originally observed
results of difference between manually acquired and normalized
data or of difference between test-retest expert variability (%)
and inter-reader variability (%) were defined as target values. For
every resampled pair the mean result was calculated and each
mean result equal to or higher than the target value was counted
automatically. Finally, the total count was set in relation to the
number of repeats to obtain the p-value.

Significant differences between two dependent correlations
with one variable in common (plaque load %) were assessed
by an extended Fisher’s transformation approach (Lee and
Preacher, 2013). First, each correlation coefficient was converted
into a z-score using Fisher’s r-to-z transformation. Then,
asymptotic covariance of the estimates was computed. Finally,
these quantities were used in an asymptotic z-test. A threshold
of p < 0.05 was considered to be significant for rejection of the
null hypothesis in all statistical tests.

RESULTS

Spatial Normalization
Automated Brain Normalization Significantly
Reduces Inter-Reader Variability
The intra-reader test-retest variability of SUVRCTX/REF for the
expert reader was 1.4 ± 1.0% (range: 0.9–2.9% for different
reference regions). Inter-reader agreement for SUVRCTX/REF

was very high between the expert and the experienced reader
without brain pre-normalization (κ = 0.97 ± 0.02; inter-reader
variability 1.4 ± 0.8%), indicating a very high reproducibility
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FIGURE 2 | Bland-Altman plots of the inter-reader SUVRCTX/CBL(n = 40) agreement before (A,C) and after (B,D) brain spatial normalization. Difference

(y-axis) and mean (x-axis) between two readers are illustrated against each other, with the mean difference presented by the thick line and the upper (+1.96 SDs) and

lower limits (−1.96 SDs) of agreement by the dashed lines. Panels (A,B) show the comparison between expert and novice reader, while (C,D) show the relation

between expert and experienced reader.

when both readers are at a high training level without significant
differences when compared to the expert test-retest variability
(all p = n.s.). However, lower inter-reader agreement including
some strong outliers occurred between novice reader and expert
(κ = 0.89 ± 0.08; inter-reader variability 3.0 ± 1.8%; all p <

0.01), or novice and experienced reader (κ = 0.88 ± 0.06;
inter-reader variability 2.9 ± 1.5%; all p < 0.01). Especially
the agreement for SUVRCTX/CBL was lower in the latter two
contrasts (κ = 0.77/0.79; inter-reader variability = 5.6%/5.2%)
when only the manual PET-MRI fusions were compared. After
automated spatial brain normalization, all κ values were ≥ 0.99
and the maximal inter-reader variability was 0.6%. All differences
between readers were significantly lowered by the automated
brain normalization procedure (p < 0.001 for all reference
regions). Brain normalization without transient input smoothing
(0.6mm) during the automated coregistration process led to
some instances of strong image distortions, and was therefore
dismissed. Representative approximations of SUVRCTX/CBL

between readers after brain spatial normalization are illustrated
in Bland-Altman Plots (Figure 2) and all κ-values/%-variabilities
are reported in Table 1.

Template Characteristics Influence Brain
Normalization Results
FBB uptake in the TER scans was underestimated when
spatially normalized to templates from BL and FU disease
stages, under the assumption that the expert manual fusion
serves as the standard of truth. This effect was most obvious
with the cerebellum serving as the reference region (BL-
template: −0.6 ± 2.1%, p < 0.05/FU-template: −2.9 ± 2.4%,

p < 0.001; Figure 3A). With the stage specific TER template, low
SUVRCTX/REF values tended to be overestimated, whereas high
results were underestimated, but the mean error-(%) was only
±0.2%. Based on these findings, we attempted to quantify the bias
deriving from the deviation of individual SUVRCTX/REF from
the template SUVRCTX/REF by constructing a function defining
the relationship between error-(%) and the deviation-(%) =

(individual - SUVRCTX/REF-template-SUVRCTX/REF) / template -
SUVRCTX/REF

∗100. Using this function we estimated a bias
of ±13.8% (linear regression: R = −0.44; p < 0.01) for
SUVRCTX/CBL(Figure 3B), meaning that an individual mouse
with a 10% higher SUVRCTX/CBL compared to the template
results gives on average a 1.38% lower result after brain
intensity normalization. Respective bias was similarly high for
SUVRCTX/GLM (±10.1%; linear regression: R= −0.34; p < 0.05),
but distinctly lower for SUVRCTX/WM (±1.9%; linear regression:
R = −0.13; p = n.s.; Figure 3C) and SUVRCTX/BST (±1.7%;
linear regression: R = −0.16; p = n.s.). Absolute biases in
SUVRCTX/CBL and SUVRCTX/GLM were significantly higher
when compared to SUVRCTX/WM or SUVRCTX/BST (all
p < 0.001).

Longitudinal Analysis
Intracerebral Reference Regions give Lower Variance
and Higher Longitudinal Effect Sizes When
Compared to SUV
Implausibly low longitudinal increases of FBB binding were
obtained through generation of ordinary SUVCTX estimates
(R= −0.12, p= n.s.), which is explicable by the rather high
relative standard deviations in the BL (15.9%) and FU (13.2%)
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TABLE 1 | Inter-reader agreement.

κ/inter-reader variability (%) Test-retest variability

Reference Expert-experienced (κ/%) Experienced-novice (κ/%) Expert-novice (κ/%) Expert (%)

RAW FUSION

CBL 0.95/2.6 0.79/5.2* 0.77/5.6* 2.9

WM 0.98/1.0 0.91/2.4** 0.93/2.1** 0.9

BST 0.99/0.9 0.94/2.0** 0.96/1.8** 0.9

GLM 0.95/1.2 0.88/2.1** 0.89/2.3** 0.9

MEAN ± SD 0.97 ± 0.02/1.4 ± 0.8 0.88 ± 0.06/2.9 ± 1.5** 0.89 ± 0.08/3.0 ± 1.8** 1.4 ± 1.0

BRAIN NORMALIZATION

CBL 1.00/0.5 0.99/0.6 1.00/0.5

WM 1.00/0.2 0.99/0.4 0.99/0.4

BST 1.00/0.2 0.99/0.4 0.99/0.5

GLM 1.00/0.2 0.99/0.5 0.99/0.4

MEAN ± SD 1.00 ± 0.00/0.2 ± 0.1 0.99 ± 0.00/0.5 ± 0.1 0.99 ± 0.00/0.5 ± 0.1

Inter-reader agreement expressed by Fleiss κ and inter-reader variability (%) before and after brain normalization (BN) for all different reference regions. For the raw fusion the test-retest

variability of the expert is given. *p < 0.01; **p < 0.001 for interreader-variability (%) vs. expert test-retest variability (%), permutation test.

groups. Each of the four intracerebral reference regions stabilized
the Aβ-PET SUVRCTX/REF estimates, and resulted in distinctly
lower variance (2.3–4.6%), with highest agreement between BL
and FU for SUVRCTX/WM (R = 0.64, p < 0.001). Highest
effect sizes for the age-dependent increases were found with
SUVRCTX/WM and SUVRCTX/BST (d = 1.64), which exceeded
that for SUVRCTX/CBL (d = 1.23) and SUVRCTX/GLM (d = 1.21).
Details of this analysis are provided in Table 2.

Global Mean Scaling Gives Physiologically
Implausible Longitudinal Intensity Decreases in the
Hindbrain
Voxel-wise analyses revealed a longitudinal progression of
amyloidosis from BL to FU in the forebrain for all reference
regions in 648,691 voxels (CBL), 662,374 voxels (WM), 612,517
voxels (BST), and 47,247 voxel (GLM) (all FDR-corrected;
p < 0.05; Figure 4A). Together with the distinctly lower
number voxels with temporally increasing SUVR to GLM scaling,
156,066 voxels in the hindbrain (pons, midbrain, and cerebellum)
indicated an implausible decrease for SUVR from BL to FU
(FDR-corrected; p < 0.05; Figure 4B). No amyloid or vascular
pathology is known in these regions in PS2APP mice, nor
were there any plausible physiological or pathophysiological
explanations for a marked apparent decrease in the relative
decrease in the hindbrain Aβ-PET signal in a 6 weeks’ follow-up.
No significantly changing voxels were found when performing
SPM with raw SUV images.

Intensity Scaling by Intracerebral
Reference Regions Gives Superior
Agreement with Histology Compared to
SUV, and is Further Improved by
Automated Brain Spatial Normalization
The cortical plaque load (%) in N = 40 PS2APP aged 13–16
months mice was 10.8 ± 1.2%. The correlation between Aβ-PET

and plaque load (%) was poor (R ≤ 0.34, p < 0.05) for the case
of plain SUVCTX (Figure 5A), and consistent significantly lower
when compared to any intensity scaling to intracerebral reference
regions (all p < 0.001). SUVRCTX/REF estimates (Figure 5B)
revealed a high correlation (R ≥ 0.66, p < 0.001) with plaque
load (%) in this homogeneous sample of PS2APP mice regardless
of the operator training status, or application of automated brain
spatial normalization. Without automated brain normalization,
the correlation to histology of the manual coregistration by
the novice reader was significantly lower (Rmax = 0.70)
when compared to the expert (Rmax = 0.78; p < 0.01) or
experienced reader (Rmax = 0.76; p < 0.05). Application of
spatial brain normalization harmonized this correlation between
different readers (Rmax = 0.75–0.76; no significant differences
between readers). In this regard, manual coregistration by the
novice reader was significantly improved by automated brain
normalization (all reference regions: p < 0.05), whereas the
changes for the expert and experienced reader did not show any
significant alterations (all reference regions: p = n.s.). Scaling to
WM or GLM (Rmean = 0.75) was slightly superior (p = n.s.) to
BST (Rmean = 0.74) or CBL (Rmean = 0.73). All correlations are
provided in Table 3.

Best Global Performance is Archived by
Hindbrain White Matter Intensity Scaling
Based on the different analyses (brain normalization, group
analysis, longitudinal assessment, and correlation with histology
as the gold standard) we defined five categories, which need to
be addressed when considering the optimal intensity scaling for
[18F]-florbetaben Aβ-PET imaging in mice (Table 4). (1) The
impact of single animal results analyzed by templates used for
automated brain normalization should be minimal, but this was
not the case for cerebellar and global mean intensity scaling. (2)
Variance in groups of mice should not be artifactually raised
by the method, which was the case for raw SUVCTX. (3) The
effect sizes regarding longitudinal progression of amyloidosis
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FIGURE 3 | (A) SUVRCTX/CBL from N = 40 PS2APP mice aged 13–16 months after brain spatial normalization to a stage-specific (high) tracer uptake template

(TER-TEMPLATE, black-gray squares), an intermediate tracer uptake template (FU-TEMPLATE, red-purple diamonds) and a low tracer uptake template

(BL-TEMPLATE, blue triangles). Lower uptake templates gave systematic underestimation of SUVRCTX/CBLafter automated brain normalization when compared to

expert fusion. With the stage-specific template, minor underestimations were observed for high SUVRCTX/CBL and vice versa. Dashed line represents the line of

perfect identity (R = 1) between raw expert fusion and brain normalization). Significant differences (paired t-test) resulting from template mismatches vs. the stage

specific TER-template are indicated by *p < 0.05; **p < 0.001. Relationships between (%)-deviations of individual SUVRCTX/REF from the template SUVRCTX/REF and

the (%)-deviation of SUVRCTX/REF from the expert manual fusion after the brain normalization are illustrated for (B) the cerebellar and (C) the hindbrain white matter

reference region. Significant correlation is indicated by *p < 0.01.

TABLE 2 | Longitudinal 6-week follow-up.

BL MEAN BL SD (%) FU MEAN FU SD (%) d R

SUVCTX 0.48 0.08 (15.9%) 0.50 0.07 (13.2%) 0.23 −0.12

SUVRCTX/CBL 1.10 0.04 (3.6%) 1.16 0.05 (4.4%) 1.23 0.51

SUVRCTX/WM 0.92 0.03 (3.1%) 0.98 0.04 (4.1%) 1.64 0.64

SUVRCTX/BST 0.90 0.03 (3.6%) 0.96 0.04 (4.6%) 1.64 0.60

SUVRCTX/GLM 1.06 0.02 (2.3%) 1.10 0.04 (3.4%) 1.21 0.63

Results from the longitudinal 6 week follow-up in (N = 37) PS2APP mice. Mean cortical FBB PET values and their SD are given for BL and FU scans for the different scaling methods

together with the Cohen’s effect size (d) and BL-FU correlation (R).

in the frontal cortical target region should be captured as best
possible, which was the case for hindbrain white matter and
brainstem intensity scalings. (4) Longitudinal results should not
be affected by presence of amyloid pathology in the reference
region, which was the case for the global mean intensity scaling.
(5) Aβ-PET signal in single animals should correlate as best
possible with the histological gold standard, which was the case
for all intracerebral reference regions. There was trend toward
better agreement for hindbrain white matter and global mean
intensity scaling, compared to cerebellum or brainstem scaling.
Thus, in summary the hindbrain white matter scaling performed
best when considering the composite of factors.

DISCUSSION

We present a large-scale evaluation of automated spatial
brain normalization and a systematic comparison of different
intensity scaling methods for preclinical Aβ-PET imaging
with FBB. Our established Aβ-PET methodologies were
challenged by investigation of a homogeneous PS2APP
data set, including a short-term longitudinal follow-up, and
histologically validated gold standard results, all characterized
by a rather narrow range of plaque burden; this bodes well
for sensitive detection of treatment effects. Automated spatial
brain normalization reliably harmonized the results of different
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FIGURE 4 | Longitudinal changes in regional [18F]-florbetaben uptake in the short-term 6 week follow-up, study of (N = 37) PS2APP mice after intensity scaling to

the hindbrain white matter (A) and the global mean uptake (B) as assessed by SPM (FDR-corrected; p < 0.05; k < 20). T-contrasts expressing significant longitudinal

increases (yellow-red) and decreases (turquois-green) are projected upon sagittal slices of the MRI mouse brain atlas.

FIGURE 5 | Individual (A) SUVCTX and (B) SUVRCTX/REF PET correlations (expert manual fusion) with gold standard plaque load (%), as assessed by histochemistry,

in (N = 40) PS2APP mice aged 13–16 months, are illustrated for SUVCTX (purple circles) and the different reference regions, i.e., cerebellum (CBL, blue squares),

hindbrain white matter (WM, red diamonds), brain stem (BST, green circles), and global mean (GLM, orange triangle).

readers even if poorly trained, while the correspondence with
histological gold standard assessments remained stable or
even improved. Scaling by intracerebral reference regions
(SUVRCTX/REF) was distinctly superior to plain SUVCTX,
both with regard to longitudinal stabilization and agreement
with histology. Global mean intensity scaling revealed a
comparable correlation with histology when contrasted to
reference regions demonstrably devoid of Aβ pathology, but this
procedure impaired detection of longitudinal increases in Aβ

in cortex, and returned physiologically implausible decreases
in brain regions lacking Aβ burden. A hindbrain white matter
reference was slightly superior to the cerebellar reference due,
we suppose, to lesser bias from bone uptake and template
differences.

Automated Brain Normalization
While small animal Aβ-PET studies experienced growing interest
in the recent years the methodological tools used for their
interpretation were rather heterogeneous. Spatial normalization
has hitherto mostly been done on MRI templates (Poisnel et al.,
2012; von Reutern et al., 2013), or with a hybrid PET-CT
apparatus (Snellman et al., 2013). One previous investigation of
this type used SPM-based automated brain normalization (Rojas
et al., 2013), and in most studies, the tracer uptake was scaled to
a cerebellum reference region (Maeda et al., 2007; Kuntner et al.,
2009; Manook et al., 2012; Poisnel et al., 2012; Snellman et al.,
2013), although some have employed plain SUV for their analyses
(Waldron et al., 2015). However, with respect to the small effect
sizes to brief follow-up in AD mice, and the susceptibility of
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TABLE 3 | Histology agreement.

Reader Expert Experienced Novice

RAW/BN RAW BN RAW BN RAW BN

SUVCTX 0.34** 0.34** 0.34** 0.34** 0.32** 0.31**

SUVRCTX/CBL 0.76 0.75 0.76 0.74 0.66* 0.74

SUVRCTX/WM 0.78 0.76 0.76 0.76 0.69* 0.75

SUVRCTX/BST 0.74 0.74 0.74 0.73 0.70* 0.73

SUVRCTX/GLM 0.75 0.76 0.76 0.76 0.70* 0.75

Correlations (R) with plaque load (%) as assessed by histochemistry for expert,

experienced and novice reader for the different scaling methods before (RAW) and

after brain normalization (BN). Significant differences between correlation coefficients are

indicated for SUVCTX vs. any SUVRCTX/REF and for raw fusions vs. brain normalizations

of the same reader *p< 0.05; **p< 0.001.

TABLE 4 | Intensity scaling summary.

Template Variance Longitudinal Pathology Histology

affection effect size affection

SUVCTX o − − o −

SUVRCTX/CBL − + + o +

SUVRCTX/WM o + ++ o +(+)

SUVRCTX/BST o + ++ o +

SUVRCTX/GLM − + + − +(+)

Significant advantages (moderate: +, light green; large: ++, dark green)/disadvantages

(−, light red) of different SUVCTX and SUVR calculations are illustrated in five categories,

which are deemed relevant for analysis of [18F]-florbetaben measurements in the mouse

brain. “o” indicate neutral condition; bracketed “+” indicate a trend to advantage.

“Template affection” refers to results Section Template Characteristics Influence Brain

Normalization Results. “Variance” refers to result Section Intracerebral Reference Regions

give Lower Variance and Higher Longitudinal Effect Sizes When Compared to SUV.

“Longitudinal effect size” refers to result Section Intracerebral Reference Regions Give

Lower Variance and Higher Longitudinal Effect Sizes When Compared to SUV. “Pathology

affection” refers to result Section Global Mean Scaling Gives Physiologically Implausible

Longitudinal Intensity Decreases in the Hindbrain. “Histology” refers to result Section

Intensity Scaling by Intracerebral Reference Regions Gives Superior Agreement with

Histology Compared to SUV, and is Further Improved by Automated Brain Spatial

Normalization.

our SUVCTX results to methodological inaccuracies, it is crucial
that Aβ-PET data be analyzed with robust, reliable and reader-
independent strategies, so as to ensure accuracy of the study
outcomes.

To our knowledge there have not been any studies
systematically investigating the inter-reader variability as a
limitation of small animal Aβ-PET studies, or indeed for any
other classes of radioligand. Our investigations were able to
show that manual coregistration of Aβ-PET images contributes
substantially to variation of results between readers, especially
when they have less experience. A further disadvantage of a
manual approach arises from the blinding which is necessary for
preclinical drug trials (Jucker, 2010). Thus, an experienced reader
is usually able to visually identify animals with different extent of
the Aβ pathology. So even if differing groups are blinded to the
reader, the visual impressions of the images potentially influence
the reader. The automated brain normalization diminishes the
impact of these influences toward zero as SUVRCTX/REF values

show nearly perfect inter-reader agreement after processing as
inter-reader differences were significantly lowered by the method
(Figure 2). Thus, the brain normalization brings about a pseudo-
blinding for small animal Aβ-PET analysis, and guarantees
minimization of inter-reader variance.

While aiming to improve the inter-reader agreement, the
automated brain normalization method should not reduce
the ultimate correlation between the PET endpoint with the
histological gold standard of amyloid burden. Our results
clearly indicate that correlation coefficients of PET results with
plaque burden remain equal after brain spatial normalization
for well-trained readers, whereas the agreement between PET
and histology is significantly improved for less trained operators
(Table 3): this is an important precondition for stable results in
longitudinal or multicentre studies.

We also observed an effect of applying Aβ-PET templates at
different pathology stages. Although this effect was never more
than 2.9% of the group mean, this avoidable systematic error
could potentially bias Aβ-PET outcomes in treatment studies
with small effect sizes (Balducci et al., 2014; Brendel et al.,
2015c). This bias of inappropriate templates is unsurprising,
as automated brain normalization orientates mainly at edges
and high uptake regions of the image (Gispert et al., 2003).
High plaque burden in the forebrain results in a cortical hot-
spot and sharper cortex-to-extracortical contrasts for Aβ-PET
mouse brain images, which influences the quality of spatial
normalization when this hot region is absent from the utilized
template or vice versa. In practice, this mismatch tends to
shrink the scaled PET image, leading to underestimation in
mice with higher plaque burden than in the template and an
overestimation in mice with lower plaque burden. Interestingly
SUVRCTX/WM and SUVRCTX/BST suffered a lower bias (<2%
relative to the deviation of the individual Aβ-PET image to its
template) when compared to SUVRCTX/CBL and SUVRCTX/GLM

(>10% relative to the deviation of the individual Aβ-PET to
its template), supporting the preferred use of the WM and
BST reference regions (Figure 3), with matching of stage/age.
Furthermore, transient smoothing of the input image with a
0.6mm filter proved indispensable to avoid strong distortions in
the automated spatial normalization.

Intensity Scaling Methods
Variance of plain SUVCTX was rather high in BL and FU groups
of this investigation (15.9/13.2%), thus indicating inadequate
intensity scaling of Aβ-PET images by this method. Well-
known sources of error in the SUVCTX calculation include
paravenous leakage of the injectate, variability in brain perfusion,
and imprecise measurement of radiotracer dosage. We typically
calculate injected dose by well-counting syringes before and after
tracer application, whereas measurement of the injected dose in
a whole body VOI can be more precise (Rominger et al., 2013).
However, our scanning configuration does not always capture the
entire body of the mice. While SUV measurements are improved
with arterial blood sampling, this is inherently linked with a high
logistic and economic effort, scarcely feasible in a longitudinal
setting. Our SUVCTX findings were distinctly inferior to the
several SUVRCTX/REF results, with respect both to longitudinal
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and histological validation analyses. Thus, SUV methods are not
to be recommended for preclinical Aβ-PET studies.

Having ascertained the need to make SUVR calculations,
we need to identify the optimal reference region for intensity
scaling. Since a whole brain VOI is easily obtained, scaling to
the global mean brain uptake is convenient. Indeed we find
a high correlation between SUVRCTX/GLM and the histological
gold standard of Aβ accumulation. However, when large parts of
the brain are affected by the amyloid pathology, the denominator
for scaling is of course raised by the high tracer retention.
This resulted in the spurious detection of declining relative
FBB uptake in the hindbrain to follow-up at 6 weeks, an
artifact that could mimic a real clearance of fibrillar Aβ in
longitudinal interventional designs. Furthermore, global mean
scaling attenuated the apparent cluster size and effect size for
increases in Aβ in the longitudinal part of the study, relative to
findings with scaling to reference regions expected to be devoid
of Aβ pathology. Our findings are supported by earlier [18F]-
FDG-PET investigations of metabolic rate in human brain, in
relation to artifactual findings arising as a consequence of global
normalization (Borghammer et al., 2009). Scaling to [18F]-FDG
uptake in a reference cluster unaffected by pathology clearly
improved the detection of zones of true hypometabolism in
patients with AD or fronto-temporal dementia (Yakushev et al.,
2009; Dukart et al., 2013). Thus, we are confident that scaling by
reference regions devoid of plaque pathology should perform best
for detection of Aβ in the present mouse study.

In most transgenic mouse models, the hindbrain remains
relatively unaffected by Aβ plaque accumulation (Teipel et al.,
2011), but due to the characteristically high retention of [18F]-
labeled Aβ tracers in white matter, the binding in hindbrain
regions is quite heterogeneous. With regard to FBB-PET, we
see low non-specific binding in the cerebellum (Rominger
et al., 2013), which led to our adoption of cerebellum as a
reference region in small animal Aβ-PET analysis for this and
related ligands (Manook et al., 2012). While the cerebellum
can serve as an accurate reference region, it remains vulnerable
to spill-in from the overlying cranium and adjacent vascular
structures (Mille et al., 2012). In addition, cerebellum VOIs
are at risk for contamination from non-cerebral voxels, if the
caudal border of the brain is not captured precisely. Together,
these factors probably account for instances of false high and
false low SUVRCTX/CBL; resultant higher variance especially
in longitudinal analyses of SUVRCTX/CBL are responsible for
the lower correlation between BL and FU in the present
longitudinal arm, as compared to the more precise findings with
SUVRCTX/WM or SUVRCTX/BST. While spill-over and imperfect
capture of the caudal brain edges are less of an issue for human
Aβ-PET, WM reference scaling seems to give more stable results
to follow-up than does cerebellum scaling (Chen et al., 2015;
Brendel et al., 2015a). Similarly, the highest effect size (d =

1.64) in the present 6-week longitudinal setting was observed for
SUVRCTX/WM and SUVRCTX/BST.

The whole point of Aβ-PET is to depict accurately the plaque
load.We designed the present study to test the limits of sensitivity
of the method, by examining reference tissue methods in a
cohort of PS2APPmice with rather narrow inter-individual range

in plaque load (8.6–13.9%). This is in comparison to the ten-
fold range used in previous mouse studies of the correlation
between Aβ-PET and histological plaque load (1.0–9.2%, 0.3–
13.3%; Manook et al., 2012; Rominger et al., 2013). Results
with all intracerebral reference regions correlated highly with
the histological gold standard, although WM normalization
gave a slightly higher correlation. The slight superiority of
SUVRCTX/WM over SUVRCTX/BST can be explained by the larger
volume, giving less statistical noise in the results. The slight
superiority of SUVRCTX/WM over SUVRCTX/CBL, attributed
above to imperfect delineation of the caudal limit of the brain, is
also demonstrated by the lower correlation of SUVRCTX/CBL by
the novice reader with histology (R = 0.66); visual interpretation
of caudal limit of the fusion images is a matter of skill-learning.

In summary, SUVRCTX/WM performed best for the detection
of Aβ by PET in transgenic mice, which should prove
advantageous in preclinical imaging studies of longitudinal
design (Table 4). Thus, quantitation of [18F]-florbetaben uptake
in interventional trials, where accurate monitoring in single
animals is mandatory, can be improved implementing hindbrain
white matter intensity scaling, in conjunction with automated
spatial normalization.

Limitations
As mentioned above, we did not use the best possible means to
measure the injected FBB dose; we suppose that whole mouse
VOIs would have propagated to better correlations of SUVCTX

with the histological gold standard. While our PS2APP mice are
characterized by almost complete absence of Aβ pathology in the
hindbrain, present findings are not translatable to mouse models,
which may express relevant Aβ plaque burden in the reference
regions tested in this paper. Thus, prior knowledge about
the regional deposition of Aβ is indispensable for appropriate
selection of the reference in preclinical Aβ-PET studies with FBB
or related tracers.

Excessive reliance on automated methods for spatial
normalization of mouse brain should be avoided. Although
we did not detect any failures of the method, they might still
occur, were artificial hot spots present in the image. Thus, we
saw distinctly more cases of image distortions, especially in
brains with more heterogenous FBB uptake, in the absence of
transient input smoothing. As in all PET studies, it is important
to visually control post-processed images for potentially failed
spatial normalizations. In consideration of this issue, we first
attempted automated brain normalization with larger templates
(data not shown) encompasing adjacent extracerebral regions, so
as to support a correction of effects of partial volume (Brendel
et al., 2014). This approach yielded some excessive distortions
of the brain, when the VOI extended to include sources in the
neck or spine. We note that templates fulfilling the differing
requirements for partial volume effect correction and automated
brain normalization remain to be validated.

CONCLUSION

Automated spatial normalization of mouse brain can be applied
to Aβ-PET studies with FBB, thus ensuring pseudo-blinding,
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and by eliminating inter-reader variability due to differing skill
learning. This improves the reproducibility of the endpoint,
even if the reader is poorly trained. Intracerebral reference
regions lacking Aβ pathology are necessary for accurate in vivo
quantification of Aβ-PET with FBB; use of a hindbrain WM
reference tissue gave the best performance predominately due
to advantages in longitudinal designs. SUVCTX generation and
global mean scaling were distinctly inferior in performance to
the intensity scaling by pathology-free intracerebral reference
regions.
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Abstract 

Beta secretase (BACE) inhibitors are promising therapeutic compounds currently in clinical phase II/III trials. 
Preclinical [18F]-florbetaben (FBB) amyloid PET imaging facilitates longitudinal monitoring of amyloidosis in 
Alzheimer’s disease (AD) mouse models. Therefore, we applied this theranostic concept to investigate, by 
serial FBB PET, the efficacy of a novel BACE1 inhibitor in the PS2APP mouse, which is characterized by early 
and massive amyloid deposition. 

Methods: PS2APP and C57BL/6 (WT) mice were assigned to treatment (PS2APP: N=13; WT: N=11) and 
vehicle control (PS2APP: N=13; WT: N=11) groups at the age of 9.5 months. All animals had a baseline PET 
scan and follow-up scans at two months and after completion of the four-month treatment period. In addition 
to this longitudinal analysis of cerebral amyloidosis by PET, we undertook biochemical amyloid peptide 
quantification and histological amyloid plaque analyses after the final PET session. 

Results: BACE1 inhibitor-treated transgenic mice revealed a progression of the frontal cortical amyloid signal 
by 8.4 ± 2.2% during the whole treatment period, which was distinctly lower when compared to vehicle-treated 
mice (15.3 ± 4.4%, p<0.001). A full inhibition of progression was evident in regions with <3.7% of the increase 
in controls, whereas regions with >10% of the increase in controls showed only 40% attenuation with BACE1 
inhibition. BACE1 inhibition in mice with lower amyloidosis at treatment initiation showed a higher efficacy in 
attenuating progression to PET. A predominant reduction of small plaques in treated mice indicated a main 
effect of BACE1 on inhibition of de novo amyloidogenesis. 

Conclusions: This theranostic study with BACE1 treatment in a transgenic AD model together with amyloid 
PET monitoring indicated that progression of amyloidosis is more effectively reduced in regions with low initial 
plaque development and revealed the need of an early treatment initiation during amyloidogenesis. 

Key words: BACE1 inhibitor, transgenic AD mouse model, [18F]-florbetaben PET, amyloid deposition rate 

Introduction 
Alzheimer’s disease (AD) is the most common 

form of neurodegenerative dementia, and has an 
enormous impact on societies with aging populations 
[1]. The core histopathological features for diagnosis 

of AD consist of neurofibrillary tangles and amyloid 
plaques [2], which can now be assessed by molecular 
imaging in vivo [3, 4]. The principal component of 
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KHWHURJHQHRXV� FOHDYDJH� SURGXFW� RI� WKH� ǃ-amyloid 
precursor protein (APP). After initial ectodomain 
VKHGGLQJ� RI� $33� E\� WKH� ǃ-site amyloid precursor 
protein cleaving enzyme 1 (BACE1), which has many 
other known physiological substrates, the remaining 
APP C-terminal fragment (CTF-ǃ�� LV� VXEVHTXHQWO\�
FOHDYHG� E\� WKH� LQWUDPHPEUDQH� SURWHDVH� Ǆ-secretase, 
thereb\� UHOHDVLQJ� IUHH� $ǃ�� $OWHUQDWHO\�� WKH� VPDOOHU�
peptide fragment p3 is released following shedding 
by ADAM10. Additional fragments are formed via the 
ǈ-secretase ectodomain shedding pathway, which is 
followed by a BACE1 or an ADAM10 cleavage to 
produce longeU��$ǈ-ǂ��RU�VKRUWHU��$ǈ-ǃ��IRUPV�RI�WKH�
QDWLYH�$ǈ�SHSWLGH�[5]. However, the rate limiting step 
IRU�SURGXFWLRQ�RI�WKH�$ǃ�SHSWLGH�LV�WKH�DFWLYLW\�RI�WKH�
ǃ-secretase enzyme, which is widely considered to 
have a crucial role in the initiation of AD pathology. 
Current symptomatic therapeutic options for AD 
include acetylcholinesterase inhibitors [6] and NMDA 
receptor antagonists [7], both of which provide some 
transient amelioration of cognitive symptoms, but 
without any disease-modifying effects [8, 9]. With the 
advent of highly potent and BBB-permeable inhibitors 
of BACE1, this enzyme has emerged as a primary 
GUXJ� WDUJHW� IRU� UHGXFLQJ� $ǃ� GHSRVLWLRQ� LQ� WKH� $'�
brain. Therefore, the development and in vivo 
characterization of BACE1 inhibitors as therapeutic 
agents is of highest interest, with the caveat that 
untoward side effects can occur because of the wide 
spectrum of identified BACE1 substrates, especially in 
the central nervous system [10]. Most of the hitherto 
available BACE1 inhibitors also block the activity of 
BACE2, a close homologue of BACE1, which may 
cause additional on-target side effects [11]. 
Nonetheless, several BACE1 inhibitors are in human 
clinical trials testing for efficacy and safety in 
individuals with pre-symptomatic or manifest AD 
[12]. However, these trials have not so far imparted 
cognitive improvement in AD patients, indicating the 
necessity of much earlier and sustained BACE1 
inhibitor treatment to efficiently prevent the 
DFFXPXODWLRQ�RI�$ǃ�LQ�WKH�EUDLQ�[13].  

Amyloid positron-emission-tomography (PET) 
has in recent years emerged as valuable tool for 
assessment of cortical amyloidosis in vivo, and has 
been designated as a gatekeeper for inclusion of 
patients in anti-amyloid treatment trials. For such 
trials it is crucial to determine the dose-response of 
BACE1 inhibition and to define the optimal stage of 
AD for initiation of effective intervention with specific 
BACE1 inhibitors [12]��%\�WKH�VDPH�PHDVXUH��$ǃ-PET 
also serves as a non-invasive tool for monitoring the 
amyloid plaque burden in transgenic mice, yielding 
excellent correlations with histological or biochemical 
assessments [14-16]. In this regard, longitudinal 

SUHFOLQLFDO�WULDOV�RI�%$&(��LQKLELWLRQ�XVLQJ�$ǃ-PET as 
an endpoint are of great translational value, and are 
readily validated by ex vivo histological examinations. 
$V�LQ�FOLQLFDO�VWXGLHV��EDVHOLQH�$ǃ-PET results can be 
used to construct comparable experimental animal 
groups, and to investigate preconditions for 
individual differences in the progression of pathology 
longitudinally [15].  

Given this background, we aimed to apply a 
theranostic concept for monitoring by 
[18F]-IORUEHWDEHQ� $ǃ-PET the progression of 
amyloidosis in living PS2APP mice treated for four 
months with the small molecule BACE1 inhibitor 
RO5508887 [17]. We used serial and regional PET 
analyses for identifying the determinants of efficacy 
of BACE1 inhibition. Multimodal histological and 
biochemical readouts obtained post mortem served to 
substantiate and extend the conclusions drawn from 
PET. 

Methods 
Study design 

Groups of 26 female PS2APP-Swe (TG) and 22 
female C57BL/6 (WT) mice were randomly assigned 
to either treatment (TG-BSI; WT-BSI) or vehicle 
(TG-VEH; WT-VEH) groups at the age of 9.5 months. 
A baseline [18F]-florbetaben-3(7� VFDQ� �$ǃ-PET) was 
performed at this time, followed by initiation of daily 
oral RO5508887 treatment or vehicle, for a period of 
four months. Follow-XS�$ǃ-PET-scans were acquired 
after 10 weeks (at 11.5 months of age), and 18.5 weeks 
of treatment (at 13.5 months of age), whereupon the 
study was terminated. An additional pre-baseline PET 
scan at 8 months (-6 weeks) had been performed to 
LQYHVWLJDWH� WKH� QDWXUDO� ORQJLWXGLQDO� $ǃ� GHSRVLWLRQ�
rates in all mice prior to their randomization. Thus, 
each mouse underwent a total of four 
[18F]-florbetaben-PET scans over a period of 18 weeks. 
After completing the final scan, mice were killed and 
the brains removed for histological and biochemical 
analyses. Dose-titration experiments had been 
conducted prior to the chronic treatment in a separate 
group of 24 PS2APP mice. Figure 1 illustrates the 
study design. 

Animals  
All experiments were performed in compliance 

with the National Guidelines for Animal Protection, 
Germany, with approval of the local animal care 
committee (Regierung Oberbayern), and overseen by 
a veterinarian. The transgenic B6.PS2APP (line 
B6.152H) mouse is homozygous for both the human 
presenilin (PS) 2, N141I mutation and the human 
amyloid precursor protein (APP) K670N, M671L 
mutation. The APP and PS2 transgenes are driven by 
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mouse Thy-1 and mouse prion promoters, 
respectively. This line had been created by 
co-injection of both transgenes into C57BL/6 zygotes 
[18]. Homozygous B6.PS2APP mice show first 
appearance of amyloid plaques in the cortex and 
hippocampus at only five to six months of age [19]. 

BACE1 inhibitor 
The previously evaluated BACE1 inhibitor 

RO5508887 was used at a defined dose of 100 
mg/kg/d, which proved to be suitable in the chronic 
treatment arm of the same evaluation study using 
APPV717I transgenic mice [17]. Treatment was 
performed orally two times per day (11-13 h apart) 
per os (gavage). Acute in vivo treatment was 
performed for a dose finding in the PS2APP-Swe 
transgenic mouse model (N=24) with mutations 
causing increased BACE1 affinity and higher 
substrate turnover compared to normal APP, where 
RO5508887 proved to substantially block the enzyme 
at an acute dose of 30 mg/kg [17]. Therefore, the 
compound was administered once per os in 
PS2APP-Swe mice (60/90/120 mg/kg). For 
comparison, control PS2APP-Swe mice were treated 
with vehicle only (that is: 5% ethanol (VWR, 
Germany), 10% Solutol (MilliporeSigma, Germany) 
dissolved in sterile water). Brains were collected 2 and 
4 h after acute treatment and stored at -80 °C until 
analysis. Two mice were used per time-point and 
dose/vehicle. DEA and RIPA lysates served to 
monitor the changes in BACE1-dependent APP 
SURFHVVLQJ� DIIHFWLQJ� WKH� OHYHOV� RI� VROXEOH� $ǃ� DV�
measured by Western blot analysis (Figure S1). 

Aȕ-PET 
$ǃ-PET image acquisition, reconstruction and 

analysis followed a standardized protocol, as 
previously published [14, 16, 20], with some 
refinements and adaptions as described in detail in 

Supplementary Material. After measuring tracer 
uptake in cerebral cortex and white matter templates, 
standardized-uptake-value-ratios (SUVRCTX/WM) 
values were calculated for all groups of mice at each 
$ǃ-PET scan timepoint. Individual longitudinal 
FKDQJHV� ZHUH� FDOFXODWHG� DV� D� IXQFWLRQ� RI� WLPH� �Ʀ�- 
SUVRCTX/WM). 

Regional deposition rates were assessed by 
voxel-wise PET analyses. To this end, mean 
parametric images (SUVRWM) were calculated for the 
TG-BSI and TG-VEH groups at each time point (N 
=12-13 mice). The %-difference images were obtained 
by parametric image algebra in PMOD ((Timepoint-2 
– Timepoint-1)/Timepoint-1 × 100%). Next, the 
%-difference map of vehicle-treated animals between 
baseline and terminal PET scan was used for defining 
volumes-of-interest (VOIs) depicting 2%-stepwise 
LQFUHPHQWV�RI�$ǃ�GHSRVLWLRQ�UDWH�RYHU�WKH������ZHHNV�
of treatment. Adjacent 2%-step VOIs were combined 
to define regions of low (2-10%) and high (>10%) 
amyloid deposition rates.  

Biochemistry 

Aȕ extraction from brain and quantification 
Brains were removed from the cranium and 

dissected into left and right hemispheres. One 
randomly selected hemisphere was snap-frozen by 
immersion in liquid nitrogen and stored at –80 °C. 
Soluble proteins were extracted with DEA buffer (50 
mM NaCl, 0.2 % diethylamine, pH 10 + protease 
inhibitor (P8340, Sigma-Aldrich)). Membrane proteins 
were extracted with RIPA buffer (20 mM Tris-HCl 
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 
1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium 
pyrophosphate + protease inhibitor). RIPA-insoluble 
material was dissolved in 70% formic acid. 
4XDQWLILFDWLRQ�RI�$ǃ�ZDV�SHUIRUPHG�DFFRUGLQJ�WR�WKH�
manufacturer’s protocol using the MSD® 

 
Figure 1. Illustration of the study design. PS2APP (TG) and WT mice were scanned by Aȕ-PET starting at 8 months of age (Time-point (TP) -6). Treatment/vehicle 
randomization was realized after the 9.5 month scan (TP 0). Shortly after the terminal scan at 13.5 months (TP +18.5) all brains were split after perfusion and randomized 
hemispheres were used for terminal immunohistochemistry (methoxy-X04 plaque staining) and biochemistry analyses (protein assays). 
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MULTI-SPOT Human (6E10) Aǃ Triplex Assay (Meso 
Scale Diagnostics, Rockville, USA) with a MSD 
SECTOR Imager 4200. Quantitative data were 
analyzed statistically by two-tailed Student’s t-test (N 
=12 mice). 

Protein analysis 
Proteins were separated under denaturing 

conditions using discontinuous SDS-PAGE. Equal 
amounts of proteins denatured in Laemmli buffer 
were loaded onto the gel and 10 µL portions of the 
SeeBlue Plus2 Prestained Standard (Invitrogen) 
served as a molecular weight marker. Electrophoresis 
was performed in Tris-glycine buffer (25 mM Tris, 190 
mM glycine in ddH2O) using the Mini-PROTEAN 
system (BIORAD) on activated PVDF membranes. 
Low molecular weight proteins (< 20 kDa) were 
separated using precast gradient Tricine Protein Gels 
(10-20%, 1 mm, Novex) in Tris-tricine buffer using the 
XCell SureLock Mini-Cell system (Novex). After 
separation by SDS-PAGE, proteins were transferred 
onto membranes using the tank/wet Mini Trans-Blot 
FHOO� V\VWHP� �%,25$'��� &7)V�� $ǈ� DQG� $ǃ� ZHUH�
detected after transfer on Nitrocellulose membranes 
(Protran BA85; GE Healthcare), while other proteins 
were blotted on PVDF (Immobilon-P, Merck 
Millipore). Upon completion of the transfer and prior 
to blocking, proteins transferred to nitrocellulose 
membranes were additionally denatured by boiling 
the membranes in PBS (140 mM NaCl, 10 mM 
Na2HPO4, 1.75 mM KH2PO4, 2.7 mM KCl in ddH2O, 
pH 7.4) for 5 min. After cooling to room temperature, 
the nitrocellulose membranes as well as the PVDF 
membranes were blocked in I-Block solution (0.2% 
Tropix I-Block (Applied Biosystems) in PBS-T (0.1% 
Tween20 in PBS) for 1 h at room temperature or 
overnight at 4 °C (with agitation). Transferred 
proteins were detected using immunodetection and 
enhanced chemiluminescence (ECL). First, blocked 
membranes were incubated with primary antibodies 
diluted in I-Block solution overnight at 4 °C (with 
agitation). After removal of the antibody, membranes 
were washed 3x in PBS-T buffer (10 min each, at room 
temperature, with agitation) and subsequently 
incubated with a horseradish peroxidase 
(HRP)-coupled secondary antibody (obtained from 
Santa Cruz Biochemicals). Secondary antibodies were 
diluted in I-Block solution and membranes were 
incubated for 1 h at RT (with agitation) followed by 
three washes in PBS-T. For ECL detection, membranes 
were incubated with HRP substrate (ECL, GE 
Healthcare or ECL Plus, Thermo Scientific) for 1 min 
at RT and signals were captured by exposure of X-ray 
film (Super RX Medical X-Ray, Fujifilm), which were 
subsequently developed using an automated film 

developer (CAWOMAT 2000 IR, CAWO). Signal 
intensities were quantified using ImageJ analysis 
software and plotted as relative differences of the 
treatment group compared to control. 

Antibodies 
DEA soluble protein was analysed for APP 

processing products with the following antibodies: 
22C11 for detecting the APP N-terminus (used at 1 
µg/mL, obtained from MilliporeSigma, Darmstadt, 
*HUPDQ\��� �$�� IRU� GHWHFWLQJ� V$33ǃ-swe cleaved by 
BACE1 (used at 1 µg/mL; obtained from Tecan/ IBL 
International, Hamburg, Germany). 2D8 is an 
in-house rat monoclonal antibody against the 
N-WHUPLQXV� RI� $ǃ�� GHWHFWLQJ� DOVR� $ǈ-ǂ� �XVHG� DW� ��
µg/mL). 

Histochemical analyses 
)LEULOODU\�ǃ-amyloid plaques in brain specimens 

were stained with the fluorescent dye methoxy-X04 
(0.01 mg/mL in PBS at pH 7.4 for 15 min) [21]. Full 
details are described in Supplementary Material. 
Plaque load was calculated as the summed area of all 
plaques relative to the frontal cortex area. Plaque 
density was calculated as the number of plaques 
relative to frontal cortex volume [20]. These analyses 
ZHUH�SHUIRUPHG�E\�DQ�RSHUDWRU�EOLQG� WR� WKH�$ǃ-PET 
results. 

Statistics 
Group comparisons of VOI-EDVHG� $ǃ-PET 

results and biochemistry were performed with 
multivariate analysis of variance (MANOVA) using 
IBM SPSS Statistics (Version 23.0). Histology data 
(plaque load and plaque density) were compared 
between treated and untreated transgenic mice by 
multivariate analysis of covariance (MANCOVA) 
XVLQJ� $ǃ-PET baseline estimates as a covariate. 
Treatment effects in low and high amyloid 
accumulating regions were compared with a t-test. 
For correlation analyses, Pearson’s coefficients of 
correlation (R) were calculated. Plaque size 
distributions were compared with a Chi-square test 
followed by the Kolmogorov-Smirnov test with Prism 
V5.04 software (GraphPad Software, San Diego, CA, 
USA). A Shapiro-Wilk test was performed to verify 
normal distribution of sample values. A threshold of 
p<0.05 was deemed significant for rejection of the null 
hypothesis. 

Results 
Chronic BACE-I treatment effectively inhibits 
fibrillary Aȕ deposition as monitored by PET 

We applied a theranostic concept of longitudinal 
$ǃ-PET during chronic BACE-1 inhibition in PS2APP 
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mice to study treatment effects over 18.5 weeks and to 
investigate the value of treatment monitoring. 
0XOWLPRGDO� UHDGRXWV� E\� WHUPLQDO� $ǃ� SHSWLGH� OHYHO��
and terminal plaque load to immunohistochemistry 
served for further characterization of the effect of 
chronic treatment with RO5508887 on amyloidosis in 
PS2APP mice. 

Treatment and serial PET imaging proved 
well-tolerated, with only a single dropout in the 
TG-BSI group. All modalities revealed a significantly 
reduced progression of amyloidosis in TG-BSI mice 
when compared to the TG-VEH group. Particularly, 
PET revealed a significantly lower progression of 
amyloidosis as early as 10 weeks into the treatment 
regimen (+6.7% in BSI vs. +10.3% in VEH, p < 0.05) 
and an even greater effect at 18.5 weeks of treatment 
(+8.4% in BSI vs. +15.2% in VEH, p < 0.001; Figure 2). 
WT mice presented with stable PET values either in 
the treatment or the vehicle groups. 

Terminal immunohistochemistry confirmed PET 
ILQGLQJV�E\� WKH�GLUHFW�YDOLGDWLRQ�RI� ILEULOODU\�$ǃ�DQG�
indicated lower plaque load (-9.7%, p < 0.05; Figure 
3A) as well as plaque density (-9.9%, p < 0.05; Figure 
3B) in BACE1-treated TG mice when compared to TG 
vehicle controls. The major effect was observed on de 
novo plaque deposition, as the fraction of small 
plaques was apparently lower in the same contrast of 
treated versus control mice (Figure 3C-D). 

Acute and chronic BACE1 treatment lowers 
Aȕ deposition  

Brains of the PSAPP2-swe transgenic mice were 
collected 4 h after the last BACE1 inhibitor or vehicle 
treatment to allow monitoring of both the steady-state 
enzyme activity after inhibitor application and the 
long-term effect of the chronic treatment. BACE1 
inhibition results in reduction of the amyloidogenic 
pathway as indicated by lower levels of sAPP-ǃ��6ZH��
and increased sAPP-ǂ�� ZKLOH� WRWDO� V$33� UHPDLQHG�
unchanged. BACE1 inhibition resulted in a clear 
UHGXFWLRQ�RI�VROXEOH�$ǃ�DQG�FRQVHTXHQWO\�DQ�LQFUHDVH�
RI� $ǈ-ǂ� LQ� WKH� '($� IUDFWLRQ�� ZKLFK� LV� HQULFKHG� LQ�
soluble fragments, of the TG-BSI mice compared to 
TG-VEH controls 4 h after acute treatment (Figures 
4A-B���)XUWKHUPRUH��VROXEOH�$ǃ��'($��DQG�deposited 
$ǃ� �)$�� ZHUH� TXDQWLILHG� E\� (/,6$� �Figures 4C-D). 
Compared to the TG-VEH group, we saw a 47% 
UHGXFWLRQ� RI� VROXEOH� $ǃ��� DQG� D� ���� UHGXFWLRQ� RI�
$ǃ���� UHVSHFWLYHO\�� LQ� WKH� JURXS� WUHDWHG� ZLWK� WKH�
BACE inhibitor RO550887 (Figure 4C). However, the 
TG-BSI animals showed only a slight reduction of 
$ǃ��� OHYHOV� �-10% in TG-BSI vs. TG-VEH, p = 0.45), 
EXW� VLJQLILFDQWO\� UHGXFHG� $ǃ��� OHYHOV� DIWHU� FKURQLF�
treatment over 18 weeks in the fraction of deposited 
$ǃ� �-40% in TG-BSI vs. TG-VEH, p < 0.05) (Figure 
4D). 

 

 
Figure 2. Longitudinal Aȕ-PET imaging of BACE1 inhibition. (A) Plots show means (±SD) of the cortical amyloid signal relative to the baseline imaging for treated and 
vehicle groups of TG and WT mice. (B) Individual progression of the cortical amyloid signal in TG mice. (C) Signal intensities of the frontal cortical amyloid signal in TG and WT 
mice at the terminal Aȕ-PET scan (18.5 weeks). Coronal and axial slices illustrate group averages upon a T1w MRI template. * p < 0.05; *** p < 0.001 
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Figure 3. Immunohistochemical validation of Aȕ-PET results. Plots show frontal cortical mean (±SD) of plaque load (A) and plaque density (B) by methoxy-X04 
immunohistochemistry in TG-VEH (green) and TG-BSI (red) mice. (C) Histogram plotting of plaque size revealed significantly fewer small plaques in the TG-BSI animals (red) in 
comparison to the TG-VEH group (green), which was also explored in the visual analysis of sagittal cortical slices of methoxy-X04 staining (D). Error bars indicate SD. * p < 0.05. 

 
Figure 4. Biochemical analyses. (A) In Western blots, BACE1 inhibition was observed to result in reduction of the amyloidogenic pathway, as indicated by lowered levels of 
sAPP-ȕ (Swe) and increased sAPP-Į levels. The lower panel indicates that BACE1 inhibition caused reduced levels of soluble Aȕ and an increase of AȘ-Į in brains of the TG-BSI 
mice compared to TG-VEH controls 4 h after acute treatment. (B) Quantification of APP processing products indicated significant increase for sAPP-Į and AȘ-Į, but significant 
reduction for the BACE1-dependent products sAPP-ȕ and Aȕ, while total sAPP shedding remained unchanged (vehicle (n=6); BI/BACE inhibitor treated (n=5)). (C) Lower DEA 
levels of soluble Aȕ40 and Aȕ42 were observed in TG-BSI mice relative to TG-VEH controls. (D) Insoluble FA levels likewise indicated a significant reduction of Aȕ42, but only 
a small tendency for reduced Aȕ40 levels. Error bars indicate SD, * p < 0.05; ** p < 0.005; *** p < 0.001; n.s.= not significant. 
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In summary, all readouts and modalities 
indicated a significant chronic treatment effect by 
RO5508887 on progression of amyloidosis in PS2APP 
mice.  

Effectiveness of chronic BACE1 inhibition 
treatment depends on regional Aȕ deposition 
rates 

In a separate analysis, we used the theranostic 
$ǃ-PET approach to investigate regional longitudinal 
differences in amyloidosis during chronic treatment. 
We aimed to reveal possible relationships between the 
“naïve” regional deposition rate and the subsequent 
regional chronic treatment effect. Individual PET 
results in TG-VEH mice revealed the highest “naïve” 
UHJLRQDO�LQFUHDVH�LQ�DP\ORLGRVLV��Ʀ�-SUVRWM) in the 
bilateral frontal cortex (primary somatosensory areas), 
followed by primary motor areas and auditory and 
visual cortices. Lower progression of amyloidosis was 
observed in temporal cortex areas (e.g., gustatory, 
insular), as well as in the bilateral thalamus and 
hippocampus (Figure S2). 

Interestingly, we found a linear relationship 
(R>0.99; p<0.001) between the regional amyloid 
progression rate in TG-VEH, i.e., naïve progression, 
and the corresponding progression in TG-BSI mice 
(Figure 5A). This relationship indicated a threshold 
for regional deposition rate of 3.7% / 18.5 weeks in 
TG-VEH, below which complete blocking of further 
signal increase could be achieved with RO5508887 
treatment of TG mice. A polynomial function could be 
fitted to a plot of the individual treatment effect 
relative to naïve progression in the TG-VEH group, 
thus revealing very high treatment effect in regions 
with low naïve progression, which declined to a 
trough, with only 40% attenuation of amyloidosis in 
those regions with naïve progression exceeding about 
15% (Figure 5B). This finding was verified by 
voxel-wise mapping of the %-treatment effect, which 
showed the highest relative effect (nearly 100%) of 
BACE1 inhibition in brain regions with inherently low 
$ǃ-accumulation (e.g., gustatory and insular areas, 
thalamus; Figure 5C). 

 

 
Figure 5. Analysis of high and low Aȕ accumulating regions. (A) Progression of the Aȕ-PET signal in TG-VEH (x-axis) against TG-BSI (y-axis) mice. Values were obtained 
from regions with equal Aȕ accumulation in TG-VEH mice. Dotted line shows halted fibrillary Aȕ accumulation (0%) in TG-BSI mice and the nearly linear correlation of single 
regions between TG-VEH and TG-BSI mice calculates a complete stop of further fibrillary Aȕ accumulation in regions of ģ +3.7% signal increase in TG-VEH. Low and high Aȕ 
accumulating regions were defined by 2-10% and > 10% signal increase in TG-VEH mice over 18.5 months. (B) Consecutively, an exponential increase of the treatment effect in 
TG-BSI relative to TG-VEH mice was found with decreasing regional Aȕ accumulation, as observed in drug-naïve TG mice. (C) A 3D analysis of the forebrain confirmed these 
findings by indicating the highest relative treatment effect in lateral neocortical brain regions with a low Aȕ accumulation. The absolute reduction of the Aȕ deposition rate was 
significantly larger in high Aȕ accumulating regions (D), whereas the relative therapy effect was significantly lower in high Aȕ accumulating regions (E). 
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ConcHUQLQJ� WKH� DEVROXWH� UHGXFWLRQ� LQ� $ǃ�
deposition with treatment, we found a decrease of 7.6 
�� ����� LQ� KLJK� DFFXPXODWLQJ� UHJLRQV� ��� ����� WRWDO�
volume: 77 mm³) and a lesser decrease of 4.8 ± 2.0% in 
low accumulating regions (<10%; total volume: 92 
mm³; p < 0.005, Figure 5D). However, the relative 
treatment effect was significantly lower in high 
accumulating brain regions (49 ± 11%) when 
compared to brain regions with low accumulation, in 
which there was a relative treatment effect of 69 ± 28% 
(p < 0.05, Figure 5E). Kinetics of accumulation in 
individual animals to serial PET measurements in 
KLJK�DQG�ORZ�$ǃ�DFFXPXODWLQJ�UHJLRQV�DUH�SUHVHQWHG�
in Figure S3. 

We find significant regional differences in the 
response to chronic BACE1 inhibition treatment, 
which is characterized by a linear relationship relative 
to vehicle treatment. Regions with more pronounced 

ILEULOODU\�$ǃ�GHSRVLWLRQ� DUH� FKDUDFWHUL]HG� E\� JUHDWHU�
resistance to BACE1 inhibition, whereas a 100% 
blocking was achieved in regions with low deposition 
rates, all relative to findings in the vehicle group. The 
finding of individual deposition rate thresholds for 
FRPSOHWH�EORFNLQJ�RI�$ǃ�GHSRVLWLRQ�E\�D� WKHUDQRVWLF�
concept might guide individual dose regimens for 
BACE1 inhibitors in future clinical studies. Optimal 
dosing for blockade in high accumulating regions 
must be assessed in the light of a possible trade-off 
between side effects and clinical efficacy.  

BACE1 inhibition treatment is more effective 
during early amyloid build-up 

7KH� VHULDO� $ǃ-PET design made possible an 
assessment of baseline plaque load in brains of 
individual mice prior to initiation of the treatment. 
We used this technique to predict differences in 

ORQJLWXGLQDO� ILEULOODU\� $ǃ� GHSRVLWLRQ� IURP�
the baseline level, based on our earlier 
findings of such an association [15]. Indeed, 
present findings in TG-VEH mice indicated 
DQ� LQYHUVH�DVVRFLDWLRQ�EHWZHHQ�EDVHOLQH�$ǃ�
burden and the relative increase from 9.5 to 
13.5 months of age (R = -0.53, p < 0.05; 
Figure 6A). Thus, TG-VEH mice starting at a 
ORZ� EDVHOLQH� $ǃ-level tended to catch up 
WKHLU� LQLWLDOO\� GHOD\HG� $ǃ� DFFXPXODWLRQ��
TG-BSI mice revealed the highest 
treatment-related difference relative to the 
TG-9(+� JURXS� ZKHQ� WKHLU� LQLWLDO� $ǃ-level 
was low, as the accelerated increase 
observed in vehicle animals was prevented, 
leading to a reversal in the direction of the 
correlation (R = +0.27, p = n.s.; Figure 6A). 
In those TG-%6,�PLFH�ZLWK�KLJK�$ǃ-levels to 
baseline PET, the treatment effect was 
hardly discernible from the TG-VEH group. 
Findings in representative mice with a 
nearly equal baseline amyloidosis are 
illustrated in Figure 6B. To confirm the 
“regular” inverse correlation between 
EDVHOLQH� $ǃ-level and the subsequent 
deposition rate, we longitudinally imaged 
another vehicle-treated TG group (N=12), 
which confirmed the above results 
(R%/�¨�-BL-TER = -0.58, p < 0.05). 

The finding that baseline PET results 
predict treatment efficacy indicates that 
therapeutic BACE1 inhibition should be 
obtained early in the pathology time course, 
as present amyloid deposits proved more 
resistant to later treatment initiation. 

 

 

 
Figure 6. Treatment effect dependency from baseline amyloidosis. (A) Response 
prediction by means of Aȕ-PET. The percentage increase from baseline to termination SUVRCTX/WM is 
depicted as a function of the individual baseline value. For the TG-BSI, a low baseline value predicted 
a lesser increase in amyloidosis during treatment, whereas TG-VEH mice with a low baseline value 
increased tremendously. The treatment effect in TG-BSI relative to TG-VEH was markedly lower 
when amyloidosis was already established. The correlations (R) between the percentage increase and 
the baseline value are indicated. (B) Aȕ-PET signal intensities of individual exemplary mice for serial 
baseline, follow-up and terminal imaging time-points. The TG-BSI mouse with a low baseline (#20) 
indicates a very low Aȕ accumulation whereas the TG-VEH mouse with a low baseline (#08) shows 
high Aȕ accumulation. TG-BSI and TG-VEH with a high baseline show only minor differences in their 
sequential Aȕ accumulation. Coronal and axial slices are illustrated upon a T1w MRI template. 
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Discussion  
In this adequately powered longitudinal PET 

study of cerebral amyloidosis in a transgenic AD 
mouse model we investigated regional effects of a 
chronic disease-modifying therapy based on BACE1 
inhibition by applying a theranostic concept. The 
molecular imaging study entailed corroborative 
histopathological as well as biochemical analyses, 
thus encompassing three different readout modalities 
for monitoring amyloidogenesis. 

Serial [18F]-florbetaben Aȕ-PET in PS2APP 
mice provides a robust method for monitoring 
anti-amyloid treatment effects 

6HULDO�$ǃ-PET excellently captured the treatment 
effects of BACE1 inhibition versus vehicle and 
allowed in vivo assessment of the therapeutic target in 
individual mice. A recent study using a multi-tracer 
design succeeded in monitoring BACE1 effects in an 
DP\ORLG�PRXVH�PRGHO�XVLQJ�DQRWKHU�$ǃ-PET ligand 
([18F]-florbetapir), although the similarly altered 
signal in treated WT mice led the authors to conclude 
that the observed binding effects were not specific 
treatment effects on amyloid deposition [22]. In 
contrast, we found a highly stable background signal 
in WT mice in treatment and vehicle groups using the 
amyloid ligand [18F]-florbetaben, which encourages 
the use of the mouse model in combination with the 
earlier-validated quantification method [16]. A recent 
PET study showed the ability to detect non-fibrillar 
$ǃ� IRUPV� in vivo during treatment of transgenic 
ArcSwe mice with another BACE1 inhibitor [23], 
whereas our PET ligand binds only fibrillary parts of 
the plaque. Future monitoring regimes could 
therefore entail dual PET with selective tracers to 
capture both components of amyloidosis during 
BACE1 inhibition.  

Linear dependence of BACE1 inhibition 
treatment effect from Aȕ deposition rates can 
be captured by individual serial imaging 

In the present study with the BACE1 inhibitor 
RO5508887 at a daily dose of 100 mg/kg, we obtained 
only 49% attenuation of progression in brain regions 
ZLWK� KLJK� $ǃ� GHSRVLWLRQ�� VXJJHVWLQJ� WKDW� D� KLJKHU�
dose might have been more efficacious. The APP-Swe 
WUDQVJHQLF� PRXVH� PRGHO�� JLYHQ� LWV� KLJK� UDWH� RI� $ǃ�
synthesis, presents a clear limitation arising from the 
need for relatively high inhibitor dosing. However, 
more recent data have indicated a dose-dependent 
impairment of synaptic plasticity and cognitive 
functions or reduced muscle spindle numbers in adult 
mice with chronic BACE1 inhibitor treatment, which 
could be attributed to impairing function of the 
BACE1 substrate Neuregulin-1 [24, 25]. Thus, there is 

need for caution in selecting dosage regimens for 
drugs targeting BACE1 aiming to achieve a 
therapeutic window with optimal trade-off between 
safety and efficacy. The current data provide evidence 
that regional efficacy of RO5508887 treatment linearly 
correlates with the regional naïve deposition rate 
UHYHDOHG�E\�$ǃ-PET in vehicle-treated animals. Thus, 
SULRU�NQRZOHGJH�RI�WKH�LQGLYLGXDO�$ǃ�GHSRVLWLRQ�UDWH�
might inform the estimation of an optimal dosage of 
BACE1 inhibitor to slow or even arrest further 
progression of cortical fibrillary amyloidosis. This 
issue is even more important when considering the 
FOLQLFDO� ILQGLQJ� WKDW� $ǃ� DFFXPXODWLRQ� UDWHV� LQ�
amyloid-positive humans are very heterogeneous [26, 
27]. Such a treatment design and combinatorial 
WUHDWPHQWV�WRJHWKHU��H�J���ZLWK�DQ�$ǃ�LPPXQRWKHUDS\�
strategy might require dosage titration of BACE1 
inhibitors in individual patients according to their 
individual amyloidosis rates at initiation of therapy. 
Harkening back on the potential for cognitive side 
effects, it could well be that there are patients for 
whom the BACE1 inhibitor dosage predicted to be 
effective for slowing amyloidosis would bring an 
excessively high risk for adverse effects. On the other 
hand, some patients might require only low doses of 
BACE1 inhibitors, either because of their earlier 
GLVHDVH� VWDJH�� RU� DQ� LQWULQVLFDOO\� ORZHU� $ǃ�
progression. In this regard, recent detailed PET study 
of amyloid accumulation rates of humans with 
preclinical AD revealed a strong global and regional 
variation, which has major implications for 
anti-amyloid trials [28]. Our current findings of high 
and low amyloid accumulating regions in PS2APP 
mice are in line with the human findings, which 
emphasizes that our novel preclinical approach for 
dose-titration by considering amyloid deposition 
rates in multiple brain regions might be translatable to 
KXPDQ�LQYHVWLJDWLRQV��6HULDO�$ǃ-PET therefore has the 
potential to serve as a readout for determining the 
individual dosage as well as for monitoring 
effectiveness of treatment in individual patients in the 
context of personalized medicine.  

Early treatment initiation ensures high efficacy 
in BACE1 inhibition treatment 

Current results constitute compelling evidence 
that efficacy of RO5508887 in individual TG mice 
receiving a predefined dose of the medication 
GHSHQGV� RQ� WKHLU� ILEULOODU\� LQGLYLGXDO� $ǃ� OHYHOV� DW�
WKHUDS\�LQLWLDWLRQ��DV�LV�UHYHDOHG�E\�EDVHOLQH�$ǃ-PET. 
By selecting the present dose of 100 mg/kg/d 
RO5508887 on the basis of earlier findings [17] and by 
single dose validation in the current model, we 
observed a greater benefit in those mice having a 
relatively low plaque load at baseline, which matches 
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findings in our previous study with a gamma 
secretase modulator in Swedish mutant mice [15]. 
Thus, the relationship emerges as a general principle, 
irrespective of the molecular target in a treatment 
intervention. We now show that BACE1 
inhibitor-treated mice with high and low baseline 
amyloid levels progressed equally, whereas the 
FRXUVH� LQ� YHKLFOH�PLFH�ZLWK� ORZ�$ǃ� WR� EDVHOLQH� 3(7�
clearly had a more pronounced increase of 
amyloidosis between 9.5 and 13.5 months of age. This 
concept is coherent in the light of our 
immunohistochemistry findings, since the major 
impact of BACE1 treatment was clearly observed in 
lowering the fraction of small plaques. Thus, this 
treatment evoked the anticipated molecular effect on 
de novo plaque formation [17]. Findings of a recent 
chronic treatment study using a different BACE1 
inhibitor and a different amyloid mouse model are in 
line with our terminal immunohistochemistry results 
as their images indicated a similar main treatment 
effect on small plaques [22]. In summary, we find that 
the present dosage of RO5508887 can substantially 
lower the progression of amyloidosis in those brain 
regions and in those individual animals with low 
pre-existing plaque load. Due to the logistic difficulty 
and cost of serial PET imaging, we only investigated 
one preselected dosage and only one starting age. 
However, higher doses and persistent inhibition 
achievable, e.g., by oral drug administration with 
food would be necessary if the treatment initiation 
were at a disease stage with established plaque 
deposition. It remains to be elucidated if sufficient 
RO5508887 doses for such cases can be administered 
without provoking treatment-limiting side effects. 
While our present results in a double transgenic 
ǃ-amyloid mouse model are not immediately 
translatable to clinical AD, we provide compelling 
HYLGHQFH�WKDW�$ǃ-PET can potentially inform a crucial 
decision for clinical AD trials: at what stage of AD 
should BACE inhibitors be administered? With 
SUHFLVHO\� WKLV� LQ� PLQG�� FRUWLFDO� $ǃ� OHYHOV� DUH� EHLQJ�
examined in current phase II/III trials of BACE 
inhibitors [12]. Very recently, two phase III trials with 
Lanabecestat were discontinued early as they would 
probably not have met their primary endpoints [29]. 
Full details on the reasons behind the decisions are 
not yet released, but there is a general opinion that 
BACE1 inhibitors are unlikely to be effective in 
individuals who already have symptoms of AD 
dementia [29]. Our current results of lesser efficacy in 
mice with established amyloidosis give the first 
PET-based in vivo evidence for this contention. It will 
be of enormous interest if the efficacy in human 
treatment indeed proves to be predictable from the 
state of cortical amyloidosis at initiation of treatment. 

The lack of behavioral testing in this study presents a 
limitation since we can make no claims about 
beneficial or detrimental effects on cognition in the 
treated mice.  

Conclusion 
:H�GHPRQVWUDWH� WKDW� VHULDO� $ǃ-PET in PS2APP 

mice provides a robust theranostic approach for 
monitoring BACE1 inhibition treatment effects in this 
adequately powered longitudinal study. Regional 
analyses indicated a linear dependence of treatment 
HIILFDF\� XSRQ� $ǃ� GHSRVLWLRQ� UDWHV� LQ� WKH�
vehicle-WUHDWHG�JURXS��6HULDO�$ǃ-PET could therefore 
serve as a readout for titrating the optimal individual 
dosage as well as for monitoring treatment 
effectiveness in the context of personalized medicine. 
Finally, the correlation between baseline and the 
individual treatment effects in conjunction with 
terminal histological results revealed the need of an 
early BACE1 treatment initiation for prevention of de 
novo amyloidogenesis. 
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