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AB42 Isoforma de 42 aminoacids de la proteina beta-amiloide
APP Gen de la proteina precursora d’amiloide

DCL Deteriorament cognitiu lleu

LCR Liquid cefalorraquidi

MA Malaltia d’Alzheimer

MAG Malaltia d’Alzheimer genetica

MAP Malaltia d’Alzheimer d’inici precog

MAT Malaltia d’Alzheimer d’inici tarda

MMSE Mini-Mental State Examination

MTA Escala d’atrofia medial temporal

Ng Neurogranina

NfL Neurofilaments de cadena lleugera

NIA-AA National Institute of Aging - Alzheimer Association

NINCDS-ARDRA National Institute of Neurologic, Communicative Disorders and
Stroke- Alzheimer’s disease and Related Disorders Association

PET Tomografia per emissi6 de positrons

PET-amiloide PET amb tracador de proteina amiloide

PET-FBB PET amb tracador de proteina amiloide 18-F-Florbetaben
PET-FDG PET cerebral amb tracador 1gF-fluorodexoxiglucosa

PICOGEN Programa d’informacié i consell genetic per a demencies familiars de
I'Hospital Clinic de Barcelona.

P-Tau Proteina Tau fosforilada
PL punci6 lumbar

PSEN Gen de la presenilina
RM Ressonancia magneética
T-Tau Proteina tau total
14-3-3 Proteina 14-3-3
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INTRODUCCIO

1. Epidemiologia, definicid i variants cliniques de la malaltia d’Alzheimer

d’inici precog¢

La malaltia d’Alzheimer (MA) és una malaltia neurodegenerativa que produeix un
deteriorament cognitiu progressiu. A nivell neuropatologic, els canvis tipics de la
malaltia consisteixen en el diposit extracel-lular de proteina amiloide (AB42) i el diposit
intracel-lular de proteina tau hiperfosforil-lada. Aquests canvis poden precedir fins a 15
0 20 anys l'inici dels simptomes, etapa que coneixem com a fase preclinica de la malaltia
(Sperling et al. 2011). Progressivament, i a través de mecanismes complexes es produeix
la mort neuronal amb la conseqlient atrofia cerebral. A nivell clinic, aquestes alteracions
neuropatologiques es tradueixen en l'aparicié de simptomes, inicialment en forma de

deteriorament cognitiu lleu i finalment, demencia.

En base a estudis poblacionals, s’estima que en els darrers anys hi ha hagut un
increment dels casos prevalents de demencia a nivell mundial. S"ha descrit que aquest
augment ha sigut d'un 117% des de I'any 1990 al 2016, essent actualment, la prevalenca
global de demencia d’'uns 50 milions de persones. Degut a 'augment de I'esperanca de
vida i el caracter cronic propi de la malaltia, es preveu que es mantingui aquest augment
dels casos en els propers anys. S’estima que la prevalenga es duplicara cada 20 anys i
s’assoliran aixi, les xifres de 80 milions d’afectes al 2030 i de 152 milions I'any 2050
(World Alzheimer report 2018 - Alzheimer’s disease International, CDB 2016 Dementia
collaborators, 2019).

Tot i que existeixen diferents malalties que poden causar una demencia, la causa més
freqlient és la MA, que n’és la responsable d’aproximadament el 76% dels casos. L’edat
és el major factor de risc per patir-la. La seva incidencia es duplica cada 5 anys a partir
dels 65 anys d’edat i per tant, té lloc majoritariament en fases avancades de la vida
(Garré- Olmo et al., 2018). Pero tot i aixi, la MA també la poden patir persones més
joves. De forma arbitraria es va establir el llindar de 65 anys per classificar la MA segons
I'edat. Aixi, es va definir la MA d’inici preco¢ (MAP) com aquella que inicia els
simptomes abans dels 65 anys, i la MA d’inici tarda (MAT), com la que inicia els

simptomes per sobre d’aquesta edat. A nivell epidemiologic, alguns estudis descriuen
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que la MAP té una incidencia d’aproximadament 13 casos per 100.000 persones/any i
que aquesta conforma un 5-10% dels casos totals de MA (Garré-Olmo et al. 2010; Mercy

et al. 2008).

A més de les diferencies epidemiologiques, la MAP també té unes caracteristiques
cliniques i evolutives diferents a aquells pacients amb MAT. Segons els simptomes que
presenti el pacient podem diferenciar-ne dues variants cliniques: la amnesica i la no
amnesica. La variant amnesica o tipica, és aquella en que el problema de memaoria és
el simptoma predominant des de I'inici de la malaltia. A mesura que la malaltia avanga,
els deficits cognitius poden extendre’s progressivament a altres arees cognitives més
enlla de la memoria i donar lloc a problemes de llenguatge, viso-espaials i de conducta
pero el deficit mnesic és el primer en apareixeri el que predomina al llarg del procés de
malaltia. En el cas de la MAT aquesta és la variant més freqiient ja que representa un
94% dels casos, sent menys freqlient en la MAP (68%). Per altra banda, la variant no
amnesica, consisteix en l'afectacié predominant d’'una area cognitiva que no és la
memoria (Koedam et al.,, 2010). Les formes de presentacié no amneésiques que trobem
més freqiientment a la MAP soén les alteracions del llenguatge, generalment en forma
d’afasia logopeénica (17%), les alteracions viso-espaials i les apraxies (13%) o la
disfuncié executiva i conductual (2%)(Koedam et al., 2010). A la MAP, la variant no
amnesica és molt més freqiient que en la MAT, ja que pot estar present fins a un 30-40%

dels casos.

L’evolucid clinica dels pacients amb MAP també és diferent d’aquells amb inici tarda. Tot
i la heterogeneitat en la progressid, els pacients amb MAP poden presentar un curs clinic
més agressiu i un declivi més rapid de les funcions cognitives ja present en els primers
anys d’evoluci6 de la malaltia (Wattmo et al., 2017). En estudis post-mortem en pacients
amb MAP, també s’han descrit una major carrega de plaques neuritiques i cabdells
neurofibril-lars aixi com una major pérdua sinaptica comparat amb aquells pacients
amb MAT. Aixi, aquesta progressio clinica més rapida podria estar relacionada a una
major severitat de canvis neuropatologics caracteristics de la MA subjacents en aquests

pacients (Bigio et al., 2002).
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Tot i que la MAP és majoritariament esporadica, es coneix que fins a un 0,5% dels
pacients amb MA té un origen genetic. En aquests casos, la preséncia d'una mutacié
genetica és un factor determinant per patir la malaltia i aquesta s’hereta amb un patré
de transmissié autosomic dominant amb una edat d’inici abans dels 65 anys. Les
mutaciés més frequients tenen lloc al gen presenilina 1 (PSEN1), seguit del gen de la
proteina precursora de amiloide (APP) i el gen presenilina 2 (PSENZ). Habitualment,
I'inici dels primers simptomes a la MA genética (MAG) és molt precog, dels 20 als 50 any,

sent la penetrancia gairebé completa als 65 anys.

2. Diagnostic de la malaltia d’Alzheimer

Classicament, la MA era considerada una entitat clinico-patologica, és a dir, per al seu
diagnostic era condicié necessaria complir els criteris sindromics de demeéncia, i I'estudi
anatomopatologic era I'inica eina de confirmaci6 diagnostica. Pero en els darrers anys
la conceptualitzacié de la MA ha canviat i actualment es considera una entitat clinico-
biologica amb un fenotip clinic que varia des de cognicié normal (fase preclinica) fins a
fases avancades de demencia, que es presenta amb simptomes cognitius diversos
(variants amnesica i no amnesica) i de la que s’en pot fer un diagnostic mitjan¢ant
biomarcadors biologics de la malaltia. Tot i que el diagnostic de certesa definitiu de MA
s’estableix amb I'estudi anatomopatologic, al llarg del temps s’han definit criteris pel seu
diagnostic en vida, que alhora s’han anat modificant degut al desenvolupament de noves
eines diagnostiques. Inicialment, el diagnostic de MA s’establia unicament en fase de
demeéncia, que és la fase de la malaltia en que el deficits cognitius interfereixen en el
desenvolupament de les activitats de la vida diaria del pacient, i que per tant, afecta a la
seva funcionalitat global (DSM IV- American Psychiatric Association, 2000; ICD-10-
World Health Organitzation, 1993). Els primers criteris que definien la deméncia deguda
a MA van ser publicats l'any 1984 pel National Institute of Neurological and
Communicative Disorders and Stroke-Alzheimer’s Disease and Related Disorders
Association (NINCDS-ARDRA) (McKhann et al, 1984). Aquests permetien establir el
diagnostic de MA en vida basant-se majoritariament en criteris clinics tot i que incloien

exploracions complementaries dirigides a descartar altres causes de demeéncia:
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tomografia computeritzada cerebral (TC), electroencefalograma i analisi basic del liquid
cefaloraquidi (LCR). La normalitat d’aquestes proves era un criteri de suport per al
diagnostic de MA aixi com també la presencia d’atrofia cerebral al TC, de la que no
s’'indicava cap patro6 concret. Donada la definicié eminentment clinica dels criteris degut
a I'absencia de biomarcadors especifics de la malaltia, la seva precisié diagnostica era
relativament baixa, obtenint-se aproximadament un sensibilitat del 80% i especificitat

del 70% (Beatch et al 2012., Knopman et al., 2001).

En les ultimes decades s’han desenvolupat diferents biomarcadors de la malaltia que
permeten demostrar in vivo els canvis neuropatologics propis de la MA. L’any 1998 es va
definir i establir per consens que el biomarcador ideal per al diagnostic de la MA havia
de tenir una sensibilitat major del 80% per distingir MA de controls, una especificitat
superior al 80% per distingir MA d’altres demeéncies, aixi com ser validat per cohorts
amb confirmacié anatomo-patologica (The Ronald and Nancy Reagan Research Institute
of the Alzheimer's Association and the National Institute on Aging Working Group,
1998). La determinacié de nivells baixos de AB42 a LCR i la deteccié de plaques
d’amiloide mitjangant el PET (tomografia per emissiéo de positrons) amb tracadors
d’amiloide, s6n biomarcadors capacos de demostrar el diposit cerebral de proteina
amiloide. Per altra banda, els nivells elevats de proteina tau total (T-Tau) i tau
fosforilada (P-Tau) a LCR, I'hipometabolisme temporo-parietal en el PET cerebral amb
tracador 1gF-fluorodexoxiglucosa (PET-FDG) i 'atrofia d’hipocamp o temporo-parietal a
la RM, tradueirien diferents moment del procés de neurodegeneracio (Jack et al., 2013).
El desenvolupament d’aquests biomarcadors va suposar un canvi important en la
definicio del diagnostic de la MA ja que va permetre per primera vegada identificar els
canvis biologics de la malaltia en vida, aixi com establir el diagnostic de la MA en la seva
fase prodromica, és a dir, en fase de deteriorament cognitiu lleu (DCL). Aixi, I'any 2011
van ser publicats els nous criteris diagnostics de MA tant per a DCL com per demeéncia i
que sén vigents per al seu diagnostic en 'actualitat (McKhann et al., 2011; Albert et al,,
2011). Aquests criteris estratifiquen la certesa del diagnostic de la MA en probabilitat
alta, intermedia o baixa segons s’hagi pogut demostrar o no la preséncia de disposit
d’amiloide i/o neurodegeneracié mitjancant els diferents biomarcadors. Tot i que I'is

dels biomarcadors en els criteris diagnostics es cenyeixen al marc de fases
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simptomatiques de la malaltia, en context d’investigacid, aquests biomarcadors
permeten l'estudi i detecci6 dels canvis biologics de la malaltia inclus en fases
precliniques. De fet, en 'ambit de la recerca es van desenvolupar recentment un nous
criteris de classificacio de la MA, que permeten classificar i identificar diferents fases de
la malaltia, inclés fases precliniques (Jack et al, 2018). En aquests criteris, la
categoritzacié de les diferents fases es realitza principalment en base a la demostracié
d’alteracions en biomarcadors de a) diposit d’amiloide, mitjancant 'estudi de nivells de
AB42 a LCR i PET-amiloide, i b) diposit de tau mitjan¢ant I'estudi de nivells de P-Tau a
LCR i PET amb tracadors de proteina tau. Tot i que aquests sén els principals factors
classificadors, en una segona linia d’evidencia, hi apareix la preséncia de biomarcadors
de c) neurodegeneracié, i per tant, considerats menys especifics com els nivells de T-

Tau, PET-FDG i atrofia a RM cerebral.

3. Biomarcadors diagnostics a la malaltia d’Alzheimer

Determinacié de proteina amiloide i tau en LCR

L’analisi del LCR obtingut mitjan¢ant la puncié lumbar permet mesurar els nivells de
diferents proteines, considerades biomarcadors, que ens proporcionen informacié dels

canvis neuropatologics al cervell a la MA:

-Proteina amiloide (Af4z): La disminucioé de la concentracié d’aquesta proteina en LCR
es correlaciona amb la quantitat de diposit parenquimatés de proteina amiloide a nivell

cerebral, fet demostrat en estudis anatomopatologics (Seppala et al., 2012).

-Proteina tau total (T-Tau) i tau fosporilada (P-Tau): L’augment de la concentraci
d’aquestes proteines a LCR tradueirien la preséncia de dany neuronal, que provoca
'alliberament de la proteina tau a 'espai extracel-lular. Tot i que ambdds es consideren
biomarcadors de neurodegeneraci6 de la MA, en els darrers anys s’ha suggerit una
major especificitat de P-Tau envers T-Tau. Estudis anatomopatologics també han
demostrat una bona correlacié entre els nivells de P-Tau i T-Tau i els diposits cerebral

de tau en forma de cabdells neurofibril-lars (Seppala et al., 2012).

L’analisi de LCR en el diagnostic de la MA ha demostrat tenir una bona precisié

diagnostica a I'hora de distingir pacients de controls obtenint sensibilitat i especificitats
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per sobre del 80%, complint per tant els criteris establerts préviament per ser

considerat biomarcador de la MA (Mattsson et al., 2017; Seeburger et al., 2015).

PET amb tracador de proteina amiloide

El PET, mitjancant 'administraci6 de diversos tracadors de proteina amiloide (florbetapir,
florbetaben o flutemetamol) pot detectar in vivo la distribuci6 anatomica de les plaques
d’amiloide al cervell. Diversos estudis han demostrat una molt bona correlacié entre la
positivitat del PET-amiloide i la disminucié de AB42 a LCR aixi com la distribucié de
captaci6 del PET-amiloide i el diposit parenquimatés de la proteina en estudis
anatomopatologics (Chiotis et al., 2017; Mattsson et al. 2014; Landau et al., 2013). Pel que
fa a la seva precisié diagnostica, aquesta ha mostrat ser superior al 85% en termes de
sensibilitat i especificitat en diversos estudis (Chiotis et al., 2017; Yeo et al., 2015; Sabri et

al, 2015).

PET cerebral amb tracador 1gF-fluorodexoxiglucosa

El PET-FDG permet saber el grau d’activitat sinaptica mitjancant la mesura del
metabolisme de glucosa. El patr6 caracteristic de la MA és I'hipometabolisme temporo-
parietal bilateral encara que pot haver-hi també cert hipometabolisme frontal. La
sensibilitat diagnostica d’aquesta prova ha demostrat ser bona, per sobre del 80% en
diversos estudis, pero la especificitat és subdptima, entre el 60 i el 75% (Garibotto et al.,

2017, Jagustetal. 2017).

Ressonancia magneética cerebral

Es una tecnica disponible i economica que permet I'avaluacié de la presencia d’atrofia de
diferents estructures cerebrals. L’hipocamp és una de les regions que s’afecten de forma
més precog a la MA i la seva atrofia s’ha inclos en els criteris com a un dels biomarcadors

diagnostics. L'atrofia d’hipocamp pot avaluar-se mitjangant una escala visual o bé,
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quantificant el volum d’hipocamp. Pel que fa a I'avaluacié visual, s'utilitza I'escala de
Scheltens que classifica el grau d’atrofia d’hipocamp en cinc categories (0-4).
Posteriorment, els valors assignats a I'hipocamp dret i 'esquerre es promitjen donant
lloc a I'escala de d’atrofia medial temporal (MTA). Es va establir que el punt de tall
considerat patologic per a subjectes menors de 75 anys seria el MTA21.5 (Van de Pol et
al, 2014). Malgrat s’estan desenvolupant técniques de mesura semiautomatica per
millorar la deteccié de I'atrofia d’hipocamp, el seu processat és complex i dificulta la
seva integracid a la practica clinica. En canvi, la rapidesa i facil aplicacié de I'avaluacié
visual fa que sigui molt més utilitzada. Diversos estudis han avaluat la precisi6
diagnostica d’ambdues tecniques d’atrofia d’hipocamp a la MAT; aquestes han mostrat
certa variabilitat segons I'estudi perd en general obtenen bones sensibilitats (80-90%)
per discriminar MA de controls pero especificitats més baixes (<70%) al discriminar MA
d’altres demencies (Kate et al., 2017; Harper et al,, 2016). En canvi, en el cas de la MAP,
el seu rendiment diagnostic no ha estat ben avaluat. Donat que sén pacients més joves i
tenen una major freqliéncia de presentacions no amnesiques és esperable que tinguin
menys atrofia d’hipocamp i que aquesta sigui indetectable si no s’apliquen tecniques de
mesura semiautomatica, aixi com major atrofia en altres arees com ara atrofia parietal.
La majoria d’estudis en que s’avalua el rendiment diagnostic de I'atrofia d’hipocamp,
consisteixen en cohorts sense confirmacié biologica de la malaltia o no estan dirigides

exclusivament a MAP.

Estudi genétic

En aquells pacients amb MAP amb un patré6 d’herencia autosomica dominant de la
malaltia també d’inici preco¢ es recomana l'estudi genetic. La deteccié6 d’'una mutacio
patogenica als gens PSEN1, PSENZ2 o APP permet establir per ella mateixa el diagnostic
de la malaltia en un pacient simptomatic, aixi com donar consell genetic als seus
familiars, oferint la possibilitat que els que ho desitgin poguin coneixer el seu estat
genetic tot i no presentar simptomatologia. Tot i que la presencia de la mutaci6 és
suficient per emetre el diagnostic de MAG, habitualment es completa I'estudi amb altres

biomarcadors bioquimics i de neuroimatge, per tal de poder caracteritzar millor la
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malaltia. A 'Hospital Clinic de Barcelona, des del 'any 2002 es duu a terme el Programa
d’informaci6 i consell genetic per a demencies familiars (PICOGEN) (Fortea et al. 2011),
programa que permet tant I'assessorament als pacients portadors de la mutacio i les
seves families, com l'estudi de la trajectoria de diferents biomarcadors biologics en
diferents estadis de la malaltia, inclis en fases precliniques (Bateman et al, 2011,
Fleisher et al.,, 2012). En aquest sentit, hi ha diversos estudis han utilitzat el PET-
amiloide amb tracadors florbetapir i 11C-Pittsburgh compound B per definir diferents
patrons de captacié en aquests pacients i han demostrat diposit d’amiloide fins a 15
anys abans de l'inici del simptomes, especialment a nivell estriatal (Benzinger et al,,
2013). En canvi, no hi ha estudis publicats que avaluin la seguretat i els patrons de

captacié amb el PET-FBB a la MAG.

4. Importancia del diagnostic precog

El diagnostic de la MAP sovint és complex. Per una banda, I'aparici6é dels simptomes a
edats precoces de la vida i les presentacions cliniques atipiques poden dificultar la
identificacié del problema tant per part de pacients i families, com per professionals
sanitaris, fet que comporta un retard a la consulta medica inicial i un retard a la
derivacié a unitats especialitzades. Per altra banda, la major preseéncia de variants
atipiques de la malaltia fa que hi hagi un major solapament clinic amb altres patologies.
Aquest solapament té lloc tant amb patologies neurodegeneratives com la demencia
frontotemporal (DFT), que és la segona causa deteriorament cognitiu d’inici precog, com
amb trastorns no neurodegeneratius com ara els trastorns de l’estat d’anim. Aquests
factors condueixen a una major discrepancia entre el diagnostic clinic i
I'anatomopatologic en pacients amb MAP, especialment en fases de DCL i demencia lleu

(Balasa etal., 2011; Mendez et al., 2006).

Actualment, 1's dels nous criteris diagnostics i la possibilitat d’utilitzar diversos
biomarcadors (bioquimics, de neuroimatge i geneétics) afegeixen evidencia del procés
fisiopatologic i milloren la certesa diagnostica. Aixo permet que el diagnostic sigui més
acurat fins i tot en fases inicials de la malaltia. Fer un diagnostic precog i acurat és

especialment important en aquests pacients. La MAP té un impacte personal, social,
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familiar, legal i economic rellevant ja que aquest grup de pacients pertanyen a una franja
d’edat en que en general estan laboralment actius i tenen responsabilitats cap a fills
joves. El diagnostic preco¢ en aquests casos permetra que la persona afecta pugui tenir
el diagnostic en una fase en la que encara sigui capa¢ de decidir sobre el seu futur,
planificar els recursos socials, iniciar el programa de tractament farmacologic i no
farmacologic (estimulaci6é cognitiva), aixi com la possibilitat de participar en assaigs
clinics amb possibles farmacs modificadors de I'evolucié de la malaltia, que es troben
actualment en fase de desenvolupament. Tot i que els biomarcadors han demostrat ser
utils i necessaris per a realitzar un diagnostic acurat i precog, no hi ha estudis que de
forma global hagin fet balan¢ de quin rendiment diagnostic o de quin valor afegit
proporcionen cada un d’ells al procés diagnostic en el cas concret de la MAP. De la
mateixa manera, tampoc s’ha avaluat el grau d’invasivitat, entes com la tolerabilitat de
les proves realitzades (RM cerebral, puncié lumbar, PET-amiloide, PET-FDG) per part
dels pacients. Per tant, esta per determinar quin biomarcador o conjunt de
biomarcadors sén millors per al diagnostic de la MAP, tenint en compte ambdés factors,
que siguin utils per al clinic en el procés diagnostic i que siguin alhora ben tolerats pel

pacients, per tal de poder aixi, optimitzar la seva aplicacié.

5. Recerca d’altres biomarcadors

Més enlla dels biomarcadors inclosos en els criteris diagnostics de la MA, a nivell de
recerca existeixen altres biomarcadors dels que se n’esta avaluant la seva capacitat
diagnostica i/o pronostica a la MA. Hi ha estudis previs que han descrit el perfil de diversos
nous biomarcadors tant a LCR com a nivell de neuroimatge a la MA en cohorts de MAT
perd no hi ha estudis que ho avaluin en MAP. Alguns d’aquests biomarcadors sén el

seguents:

Biomarcadors a LCR

-Neurofilament de cadena lleugera (NfL): El procés de neurodegeneracié condueix a la

destruccié del citoesquelet neuronal, i per tant, I'alliberament de proteines estructurals
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com els NfL, que sén d’origen axonal. Els seus nivells son detectables a LCR i la seva
elevaci6 ha sigut detectada tant en demencies neurodegeneratives (DFT i MA) com en
altres patologices neurologiques (esclerosi lateral amiotrofica, I'esclerosis multiple)
(Gaiana et al.,, 2017; Pijnenburg et al., 2007). S’ha proposat com un biomarcador de
neurodegenereacio inespecifica, i s6n necessaris més estudis per coneixer millor la seva

capacitat tant diagnostica com pronostica en la MAP.

-Neurogranina (Ng): Es una proteina d’origen dendritic que reflexa la degeneraci6
sinaptica. La seva elevacié a LCR s’ha proposat com un marcador especific de la MA
donat que el seu increment no s’ha trobat a altres patologies neurodegeneratives

(Portelius et al. 2018).

-Proteina 14-3-3: Aquesta proteina també reflexa dany neuronal sinaptic. Ha estat
ampliament estudiada en la malaltia de Creutzfeldt-Jakob considerant-se’'n el seu
augment a LCR un biomarcador d’aquesta malaltia (Schmitz et al., 2016). Tot i aixi,
aquest és inespecific i per exemple també s’ha descrit la seva elevacié en LCR de

pacients amb MA (McFerrin et al.,, 2017).

Biomarcadors de neuroimatge

-Alteracions estructurals de subtancia blanca a RM: L’estudi de les alteracions a
subtancia blanca no s’inclou en els criteris diagnostics de la MA. Tot i aixi, més enlla de
'extensa bibliografia publicada en relaci6 als patrons d’atrofia cortical a subtancia gris,
hi ha també diversos estudis que han descrit alteracions de la conectivitat estructural a
subtancia blanca a la MA. Aquests canvis han estat correlacionats amb els biomarcadors
classics de la MA (A2, tau) tant en estadis simptomatics de la malaltia com en estadis
preclinics (Canu et al.,, 2017; Pereira et al., 2017, Sala-Llonch et al., 2015). Tot i axi, la
relacié que tenen els canvis estructurals cerebrals observats en pacients amb MA amb la

resta de biomarcadors actualment en recerca (NfL, Ng, 14-3-3) no ha estat ben definits.
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HIPOTESIS

1. L’'impacte clinic de I'as dels biomarcadors en pacients amb una alteracié cognitiva
d’inici precog sera rellevant.

a) L’aplicaci6 clinica dels diferents biomarcadors podria comportar un canvi de
diagnostic i/o de tractament fins a un 20% dels pacients.

b) Els biomarcadors de diposit de proteina amiloide (PET-amiloide i AB42 a LCR)
proporcionarien un augment de certesa diagnostica per al diagnostic de pacients
amb MAP, la qual seria similar entre ells i superior als biomarcadors de
neurodegeneracié. Els diferents biomarcadors de neurodegeneracié (T-Tau i P-
Tau a LCR, PET-FDG, atrofia d’hipocamp a la RM) podrien proporcionar una
confianca diagnostica diferent entre ells al ser indicatius de diferents processos
fisiopatologics.

c) Les diferents proves realitzades per obtenir els biomarcadors diagnostics
(punci6 lumbar, PET-FDG, PET-amiloid, RM cerebral) seran majoritariament ben

tolerades, si bé podrien existir algunes diferéncies entre elles.

2. La mesura de l'atrofia d’hipocamp a la RM cerebral mitjangant una tecnica
semiautomatica podria millorar el rendiment diagnostic d’aquest biomarcador en el
diagnostic de pacients amb MAP, respecte a la seva avaluacié mitjancant I'escala

visual MTA.

3. L’avaluaci6 de l'atrofia a la RM cerebral de diferents regions cerebrals mitjancant
diferents escales visuals (orbito-frontal, cingulat anterior, fronto-insular, temporal
anterior, posterior) podria ser més util i tenir un major rendiment diagnostic que
I'escala d’atrofia d’hipocamp pel diagndstic de pacients amb MAP, especialment en

pacients amb presentacié no amnesica.

4. La perdua de substancia gris i substancia blanca en arees tipiques de MAP es
relacionara amb I’alteracié dels biomarcadors a LCR tipics d’aquesta malaltia (AB4z i

T-Tau) pero també amb altres biomarcadors de dany cerebral com NfL, Ngi 14-3-3.
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5. L’Gs de PET-amiloide amb florbetaben en subjectes portadors de mutacions en gens
causants de MAG (PSEN1), tant asimptomatics com simptomatics, sera segur i
permetra identificar patrons regionals i temporals de diposit de proteina amiloide al

llarg de la malaltia.
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OBJECTIUS

1. Avaluar I'impacte clinic de I'is de diferents biomarcadors (biomarcadors a LCR, PET-
amiloide, PET-FDG, atrofia d’hipocamp a la RM cerebral) en el diagnostic de pacients
amb MAP en termes de a) canvi de diagnostic i tractament, b) grau de confianca

diagnostica aportada per cada biomarcador i c) tolerabilitat de les proves.

2. Determinar i comparar el rendiment diagnostic en pacients amb MAP de I'atrofia de
I'hipocamp en RM cerebral mesurada mitjancant dues tecniques: l'escala visual

d’atrofia hipocampal (MTA) i la volumetria semiautomatica de I’hipocamp.

3. Determinar el rendiment diagndstic en pacients amb MAP de diferents escales visuals
que avaluen diferents arees d’atrofia cerebral (escales orbito-frontal, cingulat
anterior, fronto-insular, temporal anterior, posterior). Comparar el rendiment
diagnostic d’aquestes escales amb el de I'escala MTA, tant en pacients que presenten

la variant amneésica com no amnesica.

4. Establir la relacié entre la perdua de substancia gris i substancia blanca caracteristica

de pacients amb MAP amb diversos biomarcadors a LCR: AB4z, T-Tau, NfL, Ng, 14-3-3.

5. Determinar la seguretat i eficacia del PET-amiloide amb florbetaben en subjectes
portadors de mutacions en PSENI, simptomatics i asimptomatics, i avaluar els

patrons de diposit regional de proteina amiloide al llarg de la malaltia.
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MATERIAL I METODES

Els aspectes metodologics utilitzats en la present tesi doctoral es detallen en 'apartat
corresponent a cada treball. Tot seguit es descriuen breument els criteris de seleccio

dels pacients estudiats i les principals técniques utilitzades.

1. Pacients

Els subjectes seleccionats per aquest treball van ser pacients visitats a les consultes
externes de la Unitat d’Alzheimer i altres trastorns cognitius del Servei de Neurologia de

I'Hospital Clinic de Barcelona, van ser els seglients:

a) MAP: Pacients menors de 65 anys que complien criteris clinics de DCL i demeéncia lleu

degut a MA (Albertetal., 2011; McKhann et al., 2011).

b) MAT: Pacients majors de 65 anys que complien criteris de DCL i demeéncia lleu per

MA (Albert et al.,, 2011; McKhann et al., 2011)

c) MAG: Pacients menors de 65 anys complien criteris de DCL i demeéncia lleu per MA
(Albert et al., 2011; McKhann et al, 2011) i que féssin portadors d’'una mutacid
patologica al gen de la PSEN1.

d) DFT: Pacients menors de 65 anys que complien criteris diagnostics de diferents
variants de DFT (variant conductual, afasia primaria progressiva semantica o no fluent

(Rascovsky K etal,, 2011; Gorno-Tempini ML etal., 2011).

e) DCL de causa no neurodegenerativa: Subjectes menors de 65 anys que complien

criteris de DCL amb biomarcadors a LCR negatius.

37



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precoc¢

f) Controls sans: Es van seleccionar tant un grup de subjectes de <65 anys com >65
sense alteracions cognitives (test neuropsicologic normal) amb estudi de biomarcadors
a LCR negatius.

Tots els pacients que han participat van signar un consentiment informat. Aquest estudi

ha sigut aprovat per el Comité de étic de I'Hospital Clinic de Barcelona.

2. Metodes

Les principals tecniques utilitzades per al desenvolupament d’aquesta tesi han sigut les

seguents:

a) Analisi de biomarcadors a LCR: Es va realitzar 'extracié de 10mL de LCR mitjangant

puncié lumbar per a I'analisi dels nivells dels diferents biomarcadors. Aquests es van
analitzar mitjangant tecnica ELISA amb els kits comercials disponibles per a cada
biomarcador: Af42, T-Tau i P-Tau (INNOTEST, Fujirebio-Ghent, Belgium), NfL (IBL
International, Hamburg, Germany), 14-3-3 (CircuLex, MBL International Corporation,
Woburn, MA, USA) al Laboratori de la Unitat d’Alzheimer d’Hospital Clinic-IDIBAPS
(Cellex). La Ng (in-house ELISA amb un anticds monoclonal Ng7) es va analitzar al

Clinical Neurochemistry Laboratory, Mélndal.

b) RM cerebral: Totes les imatges es van adquirir en un unic aparell de RM 3.0 Tesla
Siemens Magnetom Trio (Erlangen, Germany) del Centre de Diagnostic per la imatge del
Servei de Radiologia de I'Hospital Clinic de Barcelona-plataforma IDIBAPS. Es van
utilitzar sequiiencies MPRAGE (TR=2300 mseg; TE=2,98 mseg; 256 x 256 matrix) i
Diffusion Weighted echo-planar imaging (TR = 7600 ms, TE = 89 ms, 122 x 122 matrix.

-Avaluacio d’escales d’atrofia visual: L’avaluaci6 de les escales visuals (MTA, cingulat

anterior, frontoinsular, orbitofrontal, temporal anterior, atrofia posterior) es va dur a

terme per dos avaluadors cecs al diagnostic del pacient.
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-Avaluacio quantitativa del volum de I'hipocamp: Les seqiiencies T1 van ser processades
amb FreeSurfer v5.3 a la plataforma neuGRID (www.neugrid4you.eu) per obtenir el volum
hipocampal amb el pipeline nG+FreeSurfer+5.3.0+Diagnostic+v05.xml.

-Analisi del gruix cortical (CTh-Cortical Thickness): El processat per obtenir el gruix
cortical es va dur a terme ambFreeSurfer v6.0.0 (https://surfer.nmr.mgh.harvard.edu/).
-Analisi de substancia blanca: El processat per obtenir els indexs de integritat de

subtancia blanca es va realitzar amb FSL v5.0.11.

c)_PET-amiloide: Després de I'administracié del tracador (florbetaben, fluetemetamol o
florbetapir) es van adquirir les imatges amb PET molecular (molecular computed
tomography PET, Siemens).
-Avaluacié visual: Es va realizar per radiolegs experts segons el descrit a les guies.
-Avaluacié quantitativa: Es van obtenir les ratios de captaci6 de tracador per cada regié
(standardized uptake value ratio-SUVR) i posteriorment es van analitzar amb

Freesurfer.

c) PET-FDG: Després de l'administracié del tracador 18-flurordesoxiglucosa es van
adquirir les imatges amb PET molecular (molecular computed tomography PET,
Siemens). L’avaluacio visual es va realizar per radiolegs experts segons el descrit a les

guies.

d) Qiiestionari de confianca diagndstica: Mitjangant un qiiestionari el neuroleg indicava,

per cada pacient, el diagnostic de sospita inicial, el diagnostic final després dels
biomarcadors, la confian¢a diagnostica proporcionada per cada biomarcador, aixi com

els canvis de tractament.

e) Questionari d’invasivitat: A través d'un quiestionari els pacients informaven del grau

de tolerabilitat percebuda per cadascuna de les proves realitzades (puncié lumbar, PET-

amiloide, PET-FDG i RM cerebral) mitjancant escala analogica.
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Treball nimero 1:

Clinical applicability of diagnostic biomarkers in early onset cognitive

impairment.

Falgas N, Tort-Merino A, Balasa M, Borrego-Ecija S, Castellvi M, Olives ],
Bosch B, Férnandez-Villullas G, Antonell A, Augé JM, Lomeiia F, Perissinotti A,
Bargall6 N, Sanchez-Valle R, Llad6 A

European Journal of Neurology 2019; 2019 Feb 21.

doi: 10.1111/ene.13945.0:1-7
IF: 4.621; Q1 Neurosciences, Clinical Neurology
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ORIGINAL ARTICLE

Clinical applicability of diagnostic biomarkers in early-onset cognitive
impairment
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Background and purpose: Several diagnostic biomarkers are currently avail-
able for clinical use in early-onset cognitive impairment. The decision on
which biomarker is used in each patient depends on several factors such as its
predictive value or tolerability.

Methods: There were a total of 40 subjects with early-onset cognitive com-
plaints (<65 years of age): 26 with Alzheimer’s disease (AD), five with
frontotemporal dementia and nine with diagnostic suspicion of non-neurode-
generative disorder. Clinical and neuropsychological evaluation, lumbar punc-
ture for cerebrospinal fluid (CSF) AD core biochemical marker determination,
medial temporal atrophy evaluation on magnetic resonance imaging, amyloid-
positron emission tomography (PET) and '®F-fluorodeoxyglucose-PET were
performed. Neurologists provided pre- and post-biomarker diagnosis, together
with diagnostic confidence and clinical/therapeutic management. Patients
scored the tolerability of each procedure.

Results: Cerebrospinal fluid biomarkers and amyloid-PET increased diagnos-
tic confidence in AD (77.4%-86.2% after CSF, 92.4% after amyloid-PET,
P < 0.01) and non-neurodegenerative conditions (53.6%—75% after CSF, 95%
after amyloid-PET, P < 0.05). Biomarker results led to diagnostic (32.5%) and
treatment (32.5%) changes. All tests were well tolerated.

Conclusions: Biomarker procedures are well tolerated and have an important
diagnostic/therapeutic impact on early-onset cognitive impairment.
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Introduction

Early-onset cognitive impairment diagnosis leads to
diagnostic difficulties due to the frequent overlap
between dementias such as Alzheimer’s disease (AD)
and frontotemporal dementia (FTD) or non-neurode-
generative disorders [1]. This diagnostic complexity fre-
quently entails greater rates of misdiagnosis and

Correspondence: A. Lladd, Alzheimer’s Disease and Other Cognitive
Disorders Unit, Neurology Service, Hospital Clinic Barcelona,
C/Villarroel 170, 08036 Barcelona, Spain (tel.: + 34 932275785;

fax: +34 932275783; e-mail: allado(@clinic.cat).

*These authors contributed equally to this work.

diagnostic delay, especially in mild cognitive impair-
ment (MCI) and mild dementia stages [2]. In order to
increase the diagnostic accuracy, different biomarkers
have been developed and included in both AD and
FTD diagnostic criteria [3—6]. They have been classified
into amyloid deposition biomarkers [amyloid-Bg,
(AP42) level determination on cerebrospinal fluid (CSF)
and amyloid-positron emission tomography (PET)] and
neurodegeneration biomarkers [tau determination on
CSF, medial temporal atrophy (MTA) visual assess-
ment on magnetic resonance imaging (MRI) and '*F-
fluorodeoxyglucose (FDG)-PET] [3.4,7]. Currently,
although the use of these biomarkers aims to improve

© 2019 EAN




Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici preco¢

2 N.FALGAS ET AL. }

their diagnostic accuracy and efforts to determine their
clinical validity are being made, their impact in the
diagnostic and therapeutic approach in prodromal/ini-
tial stages in early-onset patients is still uncertain [8,9].
In addition, deciding which diagnostic procedures are
used should be a shared decision involving not only
clinicians but also patients and caregivers [10]. There-
fore, the individualized election of biomarkers should
take into account the added diagnostic confidence of
each biomarker and the patient’s tolerance of proce-
dures. We aimed to describe the diagnostic implications
of using diagnostic biomarkers on clinical practice in
early cognitive impairment to determine their added
diagnostic confidence and the patient’s tolerance of the
procedures.

Methods

We included 40 subjects who were referred to the Alz-
heimer’s Disease and Other Cognitive Disorders Unit
at the Hospital Clinic Barcelona for early-onset cogni-
tive complaints (<65 years of age and Mini-Mental
State Examination score > 18). The study was
approved by the Hospital Clinic Barcelona Ethics
Committee and all participants gave written informed
consent. Neurological and neuropsychological evalua-
tions to assess cognitive and functional performance
were performed. The treating neurologist (N.F., R.S.-
V., M.B., S.B., A.L.) determined the initial diagnosis
based only on clinical features as well as its diagnostic
confidence (range, 0%-100%). Patients with initial
diagnosis of AD, behavioral variant of FTD
(bvFTD), non-fluent variant of primary progressive
aphasia (nfvPPA), semantic variant of primary pro-
gressive aphasia (svPPA), dementia with Lewy bodies
(DLB) or non-degenerative condition (i.e. anxiety,
depression, bipolar disorder, fibromyalgia, chronic
fatigue syndrome) were included [3-6,11]. Patients
underwent the following procedures.

a) Magnetic resonance imaging to MTA visual assess-
ment. High-resolution sagittal TIl-weighted MRI
images were acquired on a 3-T scan (Magnetom Trio,
Siemens, Erlangen, Germany) at the MRI Core Facil-
ity/IDIBAPS platform. An expert radiologist who spe-
cialized in dementia neuroimaging (N.B.) visually
assessed the right/left hippocampus on Tl-coronal
images to score MTA according Scheltens’ scale
[7,12].

b) Lumbar puncture (LP). Levels of A4, total-tau
and phosphorylated-tau were measured using com-
mercial sandwich enzyme-linked immunosorbent assay
kits (Fujirebio, Gent, Belgium) [13].

¢) "F-fluorodeoxyglucose-positron emission tomogra-
phy. FDG-PET was performed according to current

guidelines and experienced nuclear medicine physi-
cians (F.L., A.P.) evaluated whether the pattern of
brain hypometabolism was consistent with AD (tem-
poroparietal), FTD (frontotemporal), svPPA (left pos-
terior frontoinsular), nfvPPA (anterior temporal) or
non-specific.

d) Amyloid-PET. Florbetapir (n = 29), flutemetamol
(n = 10) or florbetaben (n = 1) ligands were used for
PET acquisition. Nuclear medicine physicians (F.L.,
A.P.) evaluated the visual uptake pattern in accor-
dance with the current guidelines. Both FDG-PET
and amyloid-PET images were acquired in a Biograph
molecular computed tomography PET (mCT PET)
computed tomography scanner (Siemens).

After the procedures, neurologists updated the diag-
nosis based not only on clinical features but also tak-
ing into account biomarker results [3-6,11]. AD
diagnosis included MCI due to AD and dementia due
to AD [3,4]. Non-degenerative condition diagnosis
was established in those with compatible clinical fea-
tures and non-altered specific biomarkers. Neurolo-
gists also scored diagnostic confidence provided by
each biomarker. Changes in treatment with cholines-
terase inhibitors were also reported and defined as fol-
lows: (i) starting the treatment in patients with AD in
whom it was not started before as the initial suspicion
was a non-AD disorder or (ii) not starting or with-
drawing the treatment in those patients with initial
suspicion of AD that biomarkers finally ruled out.
Participants scored the discomfort they experienced
during each procedure (range, 0-10) categorized as:
no discomfort (0-1), mild (2—4), moderate (5-7) and
severe (8-10) discomfort. The reason for the discom-
fort and willingness to repeat the procedure were cate-
gorized as: “Yes, sure’, ‘Probably yes’, ‘Probably no’
and ‘No, never, it was too annoying’.

Statistical analysis

Statistical analysis was conducted using Stata/IC 14.2.
(College Station, Texas, USA) Differences in demo-
graphic data, biomarker results and tolerability were
assessed by -test for quantitative data and »° test for
categorical data. Change in diagnostic confidence pre-
and post-biomarkers was assessed by paired-sample -
tests.

Results

Demographics and clinical data

Demographic data are shown in Table 1. The mean
age of participants was 58.9 (SD 3.9) years, mean age
of symptom onset was 56.4 (SD 5.2) years and 52.5%
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Table 1 Demographic and clinical data according to the initial
diagnosis

Initial diagnosis AD(n=26) FIDnm=6) NN@®n=9)
Age (years) 59.3:43:5 58.8 + 4.2 578 £ 0.5
Sex (female) 53.8 20 444
Age at symptom 56.8 £ 5.3 56.4 + 3.7 549 + 6.2
onset (years)
MMSE score 218 £ 34 262+15 26.5-+71.1
Apog4* 39.1 40 50
Symptom at onset
Memory 61.5 0 77.8
Language 11.5 20 0
Visuospatial 15.38 0 11.1
Executive-behavioral — 11.54 80 11.1

AD. Alzheimer’s disease; FTD, frontotemporal dementia; MMSE,
Mini-Mental State Examination; NN, non-degenerative condition;
“Patients with at least one allele of apolipoprotein E type 4 allele
(Apo€4); *P < 0.05. Data are given as mean £ SD and %.

were male with no statistical differences between
groups. Initial diagnosis was AD in 26 subjects (65%)
(12 MCI-AD and 14 mild dementia), FTD in five sub-
jects (12.5%) and non-degenerative condition in nine
subjects (22.5%). The Mini-Mental State Examination
score was lower in the AD group (21.8, P < 0.05).

The final diagnosis was AD in 20 subjects (50%) (7
MCI-AD and 13 mild dementia), 19 of them with
high likelihood and one with intermediate likelihood
of AD pathophysiological process, according to
National Institute on Aging-Alzheimer’s Association
criteria [3,4]. Ten patients (25%) were diagnosed with
FTD, six with probable bvFTD diagnosis, one with
definitive bvFTD diagnosis, two with imaging-sup-
ported svPPA diagnosis and one with imaging-sup-
ported nfvPPA diagnosis [5,11]. Nine patients (22.5%)
were diagnosed with non-degenerative disorder and
one patient (2.5%) with DLB [6].

Biomarker results

In 25% of participants, the LP was not performed
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withdrawal. MRI was not performed due to claustro-
phobia in 5% of subjects. All subjects underwent
amyloid-PET and FDG-PET, although 5% of FDG-
PET scans were not interpretable due to hyper-
glycemia.

Distribution of biomarker results according to the
initial diagnosis is shown in Table 2. CSF biomarkers
showed combined decreased A4, and increased tau
levels in 55% of patients with initial diagnosis of AD,
33% of those with suspicion of non-neurodegenerative
disorder and none of those with suspected FTD.
Amyloid-PET was negative for all patients with sus-
pected FTD and positive for 65% of those with suspi-
cion of AD and 33% of those with a suspected non-
neurodegenerative condition. MTA score > 1.5 was
present in all suspected diagnoses of FTD, 48% of
AD and 11% of non-neurodegenerative conditions.
The 45% of subjects with suspected non-neurodegen-
erative disorder had normal FDG-PET but 33%
showed an AD hypometabolism pattern and 22 were
non-specific. An AD hypometabolism pattern was
found in 69% of those with a pre-biomarker clinical
diagnosis of AD. In the case of patients with sus-
pected FTD, 80% had an FTD hypometabolism pat-
tern and 20% had an AD pattern. Good concordance
with amyloid results and decreased AP4» CSF were
found.

Changes in clinical diagnosis

Biomarker results caused a diagnostic change in one-
third (13) of the participants (Fig. 1). Nine of the
patients with initial AD diagnosis (34.6%) had a
changed diagnosis after biomarkers: five patients
were diagnosed with FTD variants (three bvFTD,
one nfvAPP and one svPPA) and four with a non-
neurodegenerative disorder. Furthermore, there was a
diagnostic change in four patients with initial diagno-
sis of non-degenerative disorder (44.4%) (three were
diagnosed with AD and one with DLB). Biomarker

due to technical difficulties or patient consent results confirmed FTD in all patients with initial
Table 2 Biomarker results according to initial diagnosis

CSF MTA  FDG-PET Amyloid-PET
Initial score
diagnosis  Abnormal® Normal® AB,° Tau! =15 AD pattern®  FTD pattern’ Normal® Non-specific"  Positive ~Negative
AD 55 30 10 5 48 69 11:5 11.5 8 65 35
FTD 0 100 0 0 100 20 80 0 0 0 100
NN 33 50 17 0 11 33 0 45 22 33 67

AD, Alzheimer’s disease; CSF. cerebrospinal fluid; FDG, "*F-fluorodeoxyglucose; FTD, frontotemporal dementia; MTA, medial temporal atro-
phy; NN, non-degenerative condition; PET, positron emission tomography; “Decreased amyloid-f4 (Afs>) and increased total-tau (t-tau) and
phosphorylated-tau (p-tau) levels; "Normal APy, and t-tau and p-tau levels; “Only decreased APy, with normal t-tau and p-tau levels; “Only
elevated t-tau and p-tau with normal APy, levels; “Temporoparietal hypometabolism; "Frontotemporal, left posterior frontoinsular or anterior
temporal hypometabolism; #No hypometabolism; "Non-specific or non-interpretable due to hypoglycemia. Data are given as %.
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Initial diagnostic | AD@=26) | | FTD @-5) I [ NN @=9) |
suspicion 7 - ~
i\ | i
/‘/ : \\ x ’/i \
A B :
[ 65% | 19% | 15% [ 100% | [ 33% || s6% || 1%
7 i ] I Figure 1 Diagnostic changes due to bio-

¥ v N v ¥ ‘L Y marker results. AD, Alzheimer’s disease;

Finaldiagnosis | AD FTD || NN FTD AD NN || DLB FTD, frontotemporal dementia; NN,
@=1N|[ @=9|] @=4) (n=5) @=3) [[ @=5]|] a=1 non-degenerative condition.

suspicion of FTD diagnosis (five bvFTD and one
svPPA).

Change in therapeutic management

Biomarkers also contributed to treatment change in
32.5% of the participants (13 subjects) (Table 3).
Cholinesterase inhibitors were initiated in four
patients due to a change from an initial diagnosis of
non-AD to a final diagnosis of AD/DLB. The treat-
ment was not started in eight patients because biomar-
ker results ruled out the initial diagnostic suspicion of
AD. Cholinesterase inhibitor was withdrawn in one
patient (with a diagnosis change from AD to a non-
neurodegenerative disorder).

Diagnostic confidence before and after the biomarker
results

The neurologist’s diagnostic confidence was compared
before and after biomarkers (Table 3). The initial
diagnosis was confirmed after biomarkers in 27
patients. In the patients with AD, both CSF and amy-
loid-PET increased the diagnostic confidence (+8.8%
and + 15%, respectively, P < 0.01). However, MTA
assessment decreased it (P <0.01) and FDG-PET
showed no significant increase. When non-degenera-
tive disorder was suspected, both CSF (+21.4%,
P <0.05) and amyloid-PET (+41.4%, P <0.01)
increased diagnostic confidence but no significant
increase was found for MTA or FDG-PET. For sus-
pected FTD, diagnostic confidence did not reach sta-
tistical significance although CSF and amyloid-PET
showed an increase of up to 20%.

Patient tolerance of biomarkers

Patient tolerance showed no significant differences
between biomarkers. However, FDG-PET (63%)
and amyloid-PET (61%) showed the highest rate of
non-discomfort and LP showed the highest percent-
age (26%) of mild discomfort (local pain during the
LP or headache after it). The highest percentage of

Table 3 Diagnosis, treatment and diagnostic confidence changes
before and after biomarker results

Pre-biomarker

diagnosis AD (n = 26) FITD(n=5) NN@®=9)
Diagnostic change 9 (34.6) 0(0) 4 (44.4)
Treatment change 9 (34.6) 0(0) 5 (55.6)
Pre-biomarker DC 774 £ 5 71 £+ 31.9 53.6 £ 154
Post-CSF DC 86.2 + 13.3 86 + 8.2 75 £ 20
Change in DC 8.8 4+ 13.8* 15+ 374 21.4 + 21**
Post-MTA 57.6 + 24.8 62 + 24.1 65 + 23.2
score DC

Change in DC —19.7 £ 24.1* -9 £ 494 11.4 +22.6
Post-FDG- 72.1 + 19.5 82 + 104 66 + 31.5
PET DC

Change in DC -5.3 +20.7 11 + 40.7 124 + 28
Post-amyloid- 924 + 6.6 87 £ 7.6 95 + 8.7
PET DC

Change in DC 15 +9.7* 16 + 26.5 414 + 15*

AD, Alzheimer’s disease: CSF, cerebrospinal fluid: DC, diagnostic
confidence; FDG, '"F-fluorodeoxyglucose; FTD, frontotemporal
dementia; MTA. medial temporal atrophy; NN, non-degenerative
condition; PET, positron emission tomography: *P <0.01;
**pP < (.05. Data are given as n (%) and mean + SD.

severe discomfort was for MRI (21%), mostly due
to anxiety and claustrophobia (Table 4). A total of
79% of participants would surely repeat or probably
repeat all tests with no significant differences
between biomarkers (Table 4). A total of 8.1%
of patients would not give consent to repeat the
MRI.

Discussion

From our results, the use of biomarkers increases the
diagnostic confidence in patients with early-onset cog-
nitive impairment. However, differences in diagnostic
confidence were observed between biomarkers. CSF
biomarkers and amyloid-PET increased it in AD,
whereas MTA and FDG-PET did not demonstrate
any added diagnostic confidence. In almost one-third
of patients, clinical diagnosis and/or treatment chan-
ged after biomarker results. All tests were well toler-
ated.
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Table 4 Distribution of tolerability and willingness to repeat bio-
marker procedures

Discomfort LP MRI FDG-PET Amyloid-PET
None 452 54.1 63.2 62.1
Mild 25.8 16.2 18.4 16.2
Moderate 16.1 8.1 13.2 13.5
Severe 12.9 21.6 52 8.2
Would repeat it?
Yes. sure 80.6 70.3 81.6 81.6
Probably yes 9.7 16.2 10.5 10.5
Probably not 9.7 54 53 53
No, never 0 8.1 2.6 2.6

FDG, "F-fluorodeoxyglucose; LP, lumbar puncture; MRI, magnetic
resonance imaging; PET, positron emission tomography. Data are
given as %.

The percentage of diagnostic/therapeutic change
due to biomarkers is in accordance with other publi-
cations although most of them evaluated it in late-
onset AD [14-17]. These data together reflect the
important impact of AD biomarkers in daily clinical
practice in the diagnostic work-up of early-onset cog-
nitive impairment.

Our data show that each biomarker has different
added value to increase diagnostic confidence. Data
on comparison of diagnostic confidence between all
biomarkers are scarce. Some studies have been pub-
lished on the impact of an isolated biomarker or two-
biomarker comparison [8]. In our cohort, amyloid-
PET and CSF increased the diagnostic confidence.
The improvement in diagnostic confidence by amy-
loid-PET and its superiority over other biomarkers,
such as FDG-PET, has also been suggested [15]. Pre-
vious studies also suggest that CSF biomarkers
improve diagnostic confidence, with a high correlation
with amyloid-PET results [13,14,18,19]. These data are
in accordance with our results as both biomarkers
reach good concordance and there are no differences
in terms of added diagnostic value between them. In
this context, there is no apparent benefit of using
another biomarker if amyloid-PET or CSF biomark-
ers have been performed.

These biomarker differences on diagnostic confi-
dence could be related to how informative they are
about brain pathological changes in AD. CSF and
amyloid-PET have better diagnostic confidence proba-
bly because they provide direct information related to
the pathological brain changes that take place in AD,
i.e. amyloid and tau deposition. In this respect, CSF
gives more information than amyloid-PET because it
provides data not only about amyloid but also about
tau deposition, which should be considered as an
added value with regard to other biomarkers. In addi-
tion, it is well known that the diagnostic accuracies of
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CSF and amyloid-PET are better than those of other
biomarkers. Furthermore, they are in accordance with
the Consensus Report of the Working Group on Molec-
ular and Biochemical Markers of AD as definitely
being considered diagnostic biomarkers. For both rea-
sons, CSF and amyloid-PET could provide certainty
to clinicians in determining or ruling out a diagnosis
of AD [20-22].

In the present study, although some biomarkers
increased diagnostic confidence up to 15%-20% in
FTD, it did not reach statistical significance. We con-
sider that a larger sample of patients with FTD would
probably have allowed demonstration of the utility of
these biomarkers in FTD diagnosis in line with previ-
ously published data [23].

Surprisingly, a reduction in diagnostic confidence
after MTA assessment was observed, suggesting MTA
to be less helpful in the early-onset cognitive impair-
ment diagnosis framework. This is probably related to
the lack of relevant MTA in our sample. This was
expected as patients with early-onset AD have less
hippocampal atrophy than those with late-onset AD
and, when it is present, it overlaps with other neu-
rodegenerative disorders, such as FTD. To the best of
our knowledge, no studies of isolated MTA diagnostic
confidence in early-onset AD have been performed,
but Verhagen et al. determined that atrophy scales on
MRI increased diagnostic confidence in cognitive
impairment [17]. These data do not fit with ours prob-
ably due to several methodological differences, such as
non-biomarker-supported diagnosis, inclusion of late-
onset subjects and the use of various visual scales.
For clinicians, CSF and amyloid-PET would be more
reliable for the diagnostic process of early-onset cogni-
tive impairment because they provide more certainty
in establishing or ruling out AD.

Furthermore, in our cohort, the use of biomarkers
led to a therapeutic change in one-third of the
patients. These data are in accordance with previous
studies that showed a similar proportion of treatment
change when evaluating isolated amyloid-PET or CSF
[15,16]. All of these data suggest that well-defined
diagnosis in patients with early-onset cognitive impair-
ment could have direct implications on their therapeu-
tic management.

In terms of procedures, patient tolerance was good
for all tests and thus, in general, no restrictions would
be needed. In cases of known claustrophobia avoiding
MRI should be considered.

The main limitation of our study is the small sam-
ple size. However, as far as we are aware, this is the
first study cohort of patients with early-onset cogni-
tive impairment in which all of the available diagnos-
tic biomarkers have been performed and therefore
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that compares diagnostic confidence of all biomarkers
at the same time. Another limitation is the variability
in diagnostic confidence between clinicians, which is
related to the subjective condition of this variable
itself.

In  conclusion, these data  suggest that
amyloid-PET and AD core biomarkers in CSF are
the more helpful and reliable biomarkers for AD
diagnosis in early-onset cognitive impairment and
that their use has direct implications for the clinical
and therapeutic management of these patients. Fur-
ther studies in larger and well-characterized cohorts
are needed to determine the diagnostic utility and
reliability of each biomarker in MCI and mild
dementia with the aim of optimizing their diagnostic
management.
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ABSTRACT

NIA-AA diagnostic criteria include volumetric or visual rating measures of hippocampal
atrophy (HA) as a diagnostic biomarker of Alzheimer's disease (AD). We aimed to
determine its utility as a diagnostic biomarker for early onset Alzheimer’s disease
(EOAD) by assessing Medial Temporal Atrophy (MTA) and hippocampal volume (HV)
determination. MTA score and HV quantified by FreeSurfer were assessed in 140 (aged
<65) subjects with biomarker supported diagnosis: 38 amnesic (A-EOAD), 20 non-
amnesic (NA-EOAD), 30 late onset AD (LOAD), 20 fronto-temporal dementia (FTD) and
32 healthy controls (HC). The results showed that the proportion of MTA>1.5 was
higher on LOAD and FTD than EOAD and HC but none of the MTA thresholds (21, 21.5
and 22) showed acceptable diagnostic accuracy. LOAD had lower HV than the other
groups. A-EOAD HV was lower than NA-EOAD and HC but equal to FTD. The 6258mm3
cut-off showed good diagnostic accuracy between A-EOAD and HC. Both tools showed a
moderate inverse correlation. In conclusion, MTA has a limited diagnostic utility as an
EOAD biomarker as it does not discriminate AD from FTD or HC in initial symptomatic

stages. HV may discriminate A-EOAD from HC but not from FTD.

Key Words: Alzheimer's disease, Frontotemporal dementia, Atrophy, Magnetic

Resonance Imaging

Abbreviations: AD, Alzheimer’s disease; EOAD, Early Onset Alzheimer’s disease; A-
EOAD, Amnesic Early Onset Alzheimer’s disease; NA- EOAD, Non-Amnesic Early Onset
Alzheimer’s disease; LOAD, Late-onset Alzheimer’s disease; FTD, Fronto-temporal
dementia; bvFTD, behavioral variant of Fronto-temporal dementia; nfvPPA, non-fluent
variant of Primary Progressive Aphasia; svPPA, semantic variant of Primary Progressive
Aphasia; HC, healthy controls; HA, Hippocampal atrophy; HV, Hippocampal volume;
MTA, Medial temporal atrophy; MMSE, Mini Mental State Examination; FAQ, Pfeiffer

Functional Activities Questionnaire; MCI, mild cognitive impairment.
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1.INTRODUCTION

Up to 10% of subjects with neurodegenerative dementias have an early onset disease,
defined as a clinical onset below 65 years (Garre-Olmo | et al,, 2010). The most frequent
cause of early-onset dementia is Alzheimer’s disease (AD), usually presenting with
progressive anterograde episodic memory impairment. However, non-amnestic clinical
presentations, are also commonly seen in early onset AD (EOAD) and frequently overlap
with other neurodegenerative dementias such as frontotemporal dementia (FTD)
leading to greater rates of misdiagnosis and diagnostic delay (Balasa M et al., 2011;
Mendez MF et al, 2008). In this context the use of specific biomarkers is crucial in
achieving an accurate diagnosis.

Hippocampal atrophy (HA) is a well-recognized feature of AD considered a
neurodegeneration biomarker in current NIA-AA diagnostic criteria (Apostolova LG et
al., 2006; Sarazin M et al., 2010; Albert MS et al., 2011; McKhann GM et al., 2011). Medial
Temporal Atrophy (MTA) visual rating scale is a popular HA evaluation instrument,
although its utility in EOAD is still unclear (Scheltens Ph et al., 1992). Since quantitative
volumetric analysis is time consuming, semiautomatic methods have been developed.
Data regarding its reliability in early symptomatic stages is lacking (Cuingnet R et al,
2011).

In this study we sought to elucidate the differences in HA between LOAD, EOAD and
FTD, and compare visual and semiautomatic quantitative assessment diagnostic
accuracy. We hypothesized that quantitative analysis would be more useful, especially

in amnesic EOAD.

2. METHODS

2.1 Subijects:

The study was approved by the Hospital Clinic Barcelona Ethics Committee and all
participants gave written informed consent. One hundred forty subjects evaluated at the
Alzheimer’s disease and other cognitive disorders Unit at Hospital Clinic de Barcelona
were enrolled on this retrospective cross-sectional study. All subjects underwent a
complete neurological and neuropsychological evaluation, 3T brain MRI and a spinal tap

for the determination of AD CSF biomarkers. All subjects scored 220 on the Mini Mental
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State Examination (MMSE), had a clinical onset before 65. Patients were classified into 3

groups:

1)

2)

3)

4)

EOAD group (n=58): 28 of them with mild cognitive impairment (MCI) (Pfeiffer
Functional Activities Questionnaire (FAQ)<6) and 30 with mild dementia (Pfeffer
RI et al,, 1982). All subjects had a typical AD CSF biomarker profile. So, all EOAD
fulfilling the NIA-AA diagnostic criteria for MCI due to AD or AD dementia (Albert
MS et al.,, 2011; McKhann GM et al., 2011). Based on their clinical presentation,
EOAD participants were further classified into two subgroups: amnesic (A-EOAD,
38 subjects) and non-amnesic variant (NA-EOAD, 20 subjects).

LOAD group (n=30): All subjects had a typical AD CSF biomarker profile.
Nineteen of them fulfilled the NIA-AA diagnostic criteria for MCI due to AD and
eleven for AD dementia (Albert MS et al,, 2011; McKhann GM et al., 2011).

FTD group (n=20): Six behavioral variant of FTD (bvFTD), seven non-fluent
variant for primary progressive aphasia (nfvPPA) and seven semantic variant of
primary progressive aphasia (svPPA) (Rascovsky K et al., 2011; Gorno-Tempini
ML et al,, 2011). A C9orf72 expansion was present in two cases of bvFTD and
three nfvPPA subjects had GRN mutation. All FTD subjects had normal AD CSF
biomarkers levels.

Healthy controls (n=32): with no cognitive complaints, cognitive performance
within normative range and normal AD CSF biomarkers. They were classified as

young HC (aged under 65) (n=16) and older ones (aged over 65) (n=16)

2.2 Genetic and CSF biomarkers determination

APOE genotype was determined through the analysis of rs429358 and rs7412 by Sanger

sequencing.

All subjects underwent a spinal tap. Levels of amyloid  (AB42), total-tau (T-Tau), and

phosphorilated-tau (P-Tau) were measured using commercial sandwich ELISA kits

(Fujirebio, Gent, Belgium). The CSF cut-off values determined by our laboratory were

used to classify subjects according to NIA-AA criteria (Balasa M et al.,, 2014).
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2.3 Brain MRI imaging

For each subject, high-resolution sagital T1-weighted MRI images were acquired in a
3Tesla scan (Siemens Magnetom Trio, Erlangen, Germany) at the Magnetic Resonance
Image Core Facility, using proprietary three-dimensional magnetization-prepared
rapid-acquisition gradient echo: MPRAGE sequences (TR=2300 ms; TE=2,98 ms;

acquisition matrix 256 x 256, voxel size 1x 1 x 1).

2.4 Visual assessment

We used T1-coronal images on midbrain to score right and left hippocampus; we
scrolled through the whole hippocampus and then selected the main assessment slice in
the middle of the hippocampal body, in front of the pons. It was rated according to the
five-point scale developed and validated by Scheltens et al. and then averaged to obtain
a single MTA value for each subject (Scheltens Ph et al.,, 1992, Harper et al. 2016). An
expert radiologist specialized in dementia neuroimaging (N.B.) and a trained neurologist

(N.F.) blinded to diagnosis and clinical data, visually assessed MRI images.

2.5 Quantitative assessment

T1 sequences were analyzed with FreeSurfer v5.3 in neuGRID platform to obtain the HV
with the pipeline nG+FreeSurfer+5.3.0+Diagnostic+v05.xml. This pipeline relies on
Freesurfer-ReconAll 5.3.0 in cross sectional mode (Fischl B et al., 2004; Reuter M et al,,
2012; Cover KS et al., 2016). Freesurfer segments the hippocampi of 3D T1-weighted
structural brain MRI scans. The pipeline involves intensity non-uniformity correction,
affine transformation to MNI template, intensity normalization, skull stripping, removal
of non-brain tissue, linear and non-linear transformations to a probabilistic brain atlas
and labelling of subcortical structures. The right label per each single voxel is
determined using spatial localization priors (Fischl B et al., 2002). The hippocampal
volumetric values in mm3 are contrasted against a normative population of 238 healthy
controls of ADNI. All automated hippocampal segmentations were performed on 64-bit
Linux machines using the neuGRID web-portal (www.neugrid4you.eu). NeuGRID allows
to efficiently analyze large amount of imaging data with more than 5000 CPU cores and

20TB of physical space (Redolfi A et al., 2013; Redolfi A et al., 2015). The neuGRID
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platform provided a final report directly to the physician reporting the volumetric
information, the percentile assessments, as well as pictures of the segmented
hippocampi allowing a direct evaluation of the FreeSurfer segmentation results (see
Supplementary material Fig.S1). ). Additionally, we also analyzed HV using FreeSurfer's

standard approach, i.e., native-space volume normalized by total intracranial volume.

2.6 Statistical Analysis

Statistical analysis was conducted using Stata/IC 14.2. Categorical data was analyzed by
X2 test and quantitative data by ANOVA and Student’s t-test with Bonferroni post-hoc
procedure. APOE €4 status was dichotomized as carrier/non-carrier and variables were
compared in €4 carrier and non-carrier groups using ANOVA. Inter-rater reliability of
left, right and averaged MTA score was determined by Kappa index and intraclass
correlation coefficient (ICC) by a two-way random, absolute for single-measures [ICC
(2,1)] and average measures ICCs [ICC(2,k)]. The quantitative assessment’s accuracy
was estimated using receiver operator characteristics (ROC). Best thresholds were
selected maximizing sensitivity and specificity. Pearson correlation coefficients

evaluated the association between visual and quantitative assessments.

3. RESULTS

3.1 Demographics

LOAD and old HC were older than other groups as expected. Groups showed no
differences in gender (Table 1). AD and FTD groups showed lower MMSE scores
(p<0.01) compared to HC. The presence of APOE €4 allele was highest among A-EOAD
(65.8%) than in FTD and HC groups (p<0.05), including significant differences between
A-EOAD and NA-EOAD (p=0.038).

3.2 Visual assessment
3.2.1 Descriptive data

MTA scores showed substantial agreement between both raters: 88% of total agreement
(k=0.83) on the left, 88% (k=0.84) on the right and 83% (k=0.78) on the averaged MTA).

Both single and average ICC values were >0.9 which is considered an excellent
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correlation between both raters (see Supplementary material Table S1). Most

discrepancies were found on 0 and 1 scoring and were solved by consensus.

No significant differences were observed between right and left Scheltens’ score, neither
between the whole groups FTD (nfvPPA, svPPA and bvFTD) on MTA. The comparison of
MTA scores between MCI due to AD and mild AD dementia subjects did not show

differences, neither considering APOE €4 status.

The distribution of the visual MTA assessment is displayed in Figures 1 and 2.
Proportion of participants with MTA score 21.5 was higher in LOAD (77%, p<0.01) and
FTD (70%, p<0.01) than A-EOAD (34.3%), NA-EOAD (30%) and HC groups (6,3%). FTD
was the only group with MTA23.5 (15%). A-EOAD showed differences compared to HC
(p=0.032) but not to NA-EOAD or FTD.

3.2.2 Diagnostic performance

We evaluated diagnostic sensitivity and specificity for different thresholds of the MTA
score among AD and FTD groups (Table 2a). MTA performed better at discriminating
LOAD and FTD from HC than EOAD from HC. However, no threshold reached 80%
performance on both sensitivity and specificity. In addition, MTA did not reach 60%

diagnostic accuracy at discriminating between AD groups from FTD (Table 2b).

3.3 Quantitative assessment

3.3.1 Descriptive data

There were no differences in right and left HV. Thus, averaged HV were used for
subsequent analyses. No significant differences were found on mean HV values among
FTD clinical variants (nfvPPA, svPPA and bvFTD) neither between MCI due to AD and
mild dementia due to AD. HV considering APOE €4 status did not show differences
between groups.

The distribution of the HV by different diagnostic groups is shown in Figure2. We
observed significant differences on the average HV between groups (p<0.001). The post

hoc analysis showed that HV LOAD (4890+866 mm?3) was smaller than the other groups
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(p<0.05). A-EOAD HV (5568+663 mm3) was smaller than NA-EOAD (6260+872mm3)
(p=0.019) and HC (6766 711mm3) (p<0.001), but we did not find differences between
A-EOAD and FTD groups (5671.1mm3+1109 mm?3). No differences between NA-EOAD
and HC or FTD were found. FTD had smaller HV than HC (p=0.001). Furthermore, the
distribution and means of the HV by different diagnostic groups using total intracranial

volume normalization is shown as Supplementary material Table S2 and Fig.S2.

3.3.2 Diagnostic performance

ROC curves were used to determine HV threshold with a better diagnostic performance.
The 5838 mm3 threshold distinguished between LOAD and HC with very good
sensitivity (100%) and specificity (87%). HV threshold of 6259 mm?3 showed good
sensitivity (88%) and specificity (87%) to distinguish A-EOAD from HC (Figure3.1a). For
identifying NA-EOAD versus HC, the best threshold was 6745 mm3, although it showed
suboptimal sensitivity (69%) and specificity (70%) (Figure3.1b). The best HV cut-off for
FTD versus HC was 6365.5 mm?3 (sensitivity 82.3% and specificity 75%) (Figure3.1c).
We also compared AD groups to FTD (Figure 3.2a and 3.2b). The best cut-off for
comparing A-EOAD and FTD was 5763.5 mm3 and for comparing NA-EOAD versus FTD
was 5845 mm3, although both showed sensitivity and specificity below 70%. The 5124
mm3 threshold distinguished LOAD from FTD with 75% sensitivity and 63% specificity.
Moreover, diagnostic performance of HV using total intracranial volume normalization

is shown in Supplementary Material Fig.S3.
3.4 Correlation between quantitative and visual assessment

There was a significant moderate inverse correlation (r=-0.537, p<0.001) between MTA

score and the quantitative HV evaluation.

4. DISCUSSION
In this study we compared a visual scale and a semiautomatic tool for measuring HA in
patients with EOAD, LOAD and FTD in order to determine the diagnostic accuracy of

both tools in early symptomatic stages. In our cohort, MTA scale had little utility as a
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diagnostic biomarker and the quantitative measurement of HV was useful only in
distinguishing LOAD and A-EOAD from HC.

To our knowledge this is the first study to compare both visual and volumetric
assessment in a well-characterized biomarker-confirmed cohort of LOAD, EOAD and

FTD patients.

Since its development, Scheltens’ HA visual rating scale has been validated in numerous
studies as a good predictor of progression from MCI to AD dementia and to discriminate
AD from HC and has also been proved to correlate with volumetric methods (Heo JH et
al, 2013; Wahlund LO et al.,, 2000). The MTA score has been proposed as the best
marker of HA and the MTA21.5 cut-off has been recommended to be used for AD
diagnosis under the age of 75 (Van de Pol LA et al, 2014). In the case of volumetric

assessment, it is not clear yet which HV cut off should be used.

In our study, MTA was not able to accurately discriminate HC from AD or FTD patients,
since specificity and sensitivity did not reach the 80% threshold for any of the groups
(Consensus report of the Working Group on: molecular and biochemical markers
of Alzheimer's disease, 1999). The quantitative assessment only achieved a good
diagnostic performance in discriminating LOAD and A-EOAD from HC with little

discriminative capacity between the other comparisons.

Most previous studies point to the fact that both visual scales and quantitative analysis
are able to discriminate between AD and HC, despite relevant variability in terms of
diagnostic performance and they mostly focus on LOAD patients (Heo JH et al., 2014;
Cavedo E et al, 2014). In reference to LOAD, our results are in line with previous
publications in terms of sensitivity albeit greater specificity in our cohort. (Harper et al,,
2016) This could be explained by the characteristics of our older HC group in whom
preclinical AD had been carefully ruled out through the use of CSF biomarkers and an
extensive neuropsychological evaluation. In both visual scales and quantitative analysis,
the diagnostic accuracy is better in LOAD than EOAD, as well as it is better in A-EOAD
than in NA-EOAD. It makes sense, since LOAD patients mostly present amnesic clinical

phenotype and have more HA whereas EOAD patients frequently have a non-amnestic
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clinical profile related to less HA (Balasa M et al.,, 2011; Koedam EL et al., 2010; Phillips
J, 2018). Poor MTA diagnostic accuracy results on EOAD may be due to the fact we have
only included patients in early symptomatic stages (i.e, MCI and mild dementia,
MMSE=20). Is well known that patients in advanced stages of the disease have more
HA, thus, in consequence, assessing MTA at these stages could increase its
discriminative power; but on the daily clinical practice it is in the early stages of the
disease when the differential diagnosis is more complex and it is precisely where
biomarkers should be more useful and make the difference. On the other hand, most
studies using Scheltens' MTA scale do not have CSF results and the AD diagnosis is
based only on clinical criteria (Cuingnet R et al., 2011; Heo JH et al., 2013; Wahlund LO
etal.,, 2000; Van de Pol LA et al,, 2014; Duara R et al., 2013; Ferreira D et al., 2015; Varon
D et al, 2015; Pereira B et al,, 2014; Shen Q et al,, 2011; Ridha BH et al.,, 2007). We
consider this fact to be a significant caveat since trying to establish AD diagnosis without
biological confirmation of the disease can lead to higher rates of misdiagnosis (Beach TG
et al.,, 2010). Claus et al reported good diagnostic accuracy (83.3% sensitivity and 86.4%
specificity) for MTA21 at discriminating 18 EOAD patients from subjective cognitive
impairment subjects (Claus ]] et al,). Their data does not fit with our results, which
could be explained by several methodological differences such as: the use of
computerized tomography (CT) scan, the lack of biomarker supported diagnosis, the

wide range of clinical severity stages included in the sample and its small size.

Volumetric assessment is expected to provide an added value in AD diagnosis (Bosco P
et al,, 2017). Several techniques have been developed to achieve the most accurate
measurement and many comparisons of both tools have been published (Cuingnet R et
al, 2011; Heo JH et al., 2013; Wahlund LO et al., 2000; Van de Pol LA et al., 2014; Duara
Retal, 2013; Ferreira D et al,, 2015; Varon D et al,, 2015; Pereira JB et al., 2014; Shen Q
et al,, 2011). However, comparing them is difficult because of the heterogeneity of study
samples and imaging techniques used. Cuingnet et al. compared the diagnostic
performance of different quantitative methods, including volumetric measurement of
HV of clinically diagnosed MCI and mild AD patients aged 55-90 (Cuingnet R et al,,
2011). HV evaluation was as sensitive as other methods but however less specific: 63%

sensitivity and 80% specificity on distinguishing HC from AD patients and 73%
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sensitivity and 74% specificity between HC and MCI. By contrast, our data show
acceptable diagnostic performance of the volumetric analysis to distinguish A-EOAD
from HC. That difference can be explained also by methodological differences such as no

biomarker supported diagnosis.

When comparing both LOAD and EOAD with FTD patients, visual and quantitative HA
assessment does not appear to be a good diagnostic biomarker. This data fits well with
previous works that show similar HA on both disorders (Van de Pol LA et al., 2006;
Hornberger M et al,, 2012). The relevant MTA and its wide distribution found on FTD
could be related to the heterogeneity and the fast disease progression of the FTD itself.

The clinical overlap between NA-EOAD and FTD sometimes leads to differential
diagnosis difficulties in clinical practice and highlights the crucial importance of using
disease-specific biomarkers (Beach TG et al., 2012). Unfortunately, in our cohort, neither

visual nor quantitative assessment performed optimally at differentiating them.

In line with previous studies mostly performed in late-onset cognitive impairment, we
observed a moderate correlation between MTA visual rating and volumetric techniques
(Dhikav V et al., 2017). The moderate correlation could be explained because MTA score
is based mostly on a single slice while HV is a three-dimensional measure. These data
suggest that both techniques may perform in a different way with regard to HV

measurements, therefore caution must be taken before considering them equivalent.

Furthermore, variability through different HV quantification methods has been
previously described (Buckner et al. 2004). Conversely, both NeuGRID platform and
total intracranial volume normalization methods provided quite similar results. It

suggests that HV diagnostic performance is consistent across analysis methods.

Our results would support the idea that visual MTA rating may play a limited role in the
clinical diagnosis of EOAD, in particular in early clinical stages. With regards to
volumetric assessment, it would only show an advantage compared to visual rating in
discrimination between LOAD and A-EOAD from HC. Current criteria for the clinical
diagnosis of AD includes HA as a neurodegeneration biomarker (Albert MS et al.,, 2011;

McKhann GM et al,, 2011). In light of our results showing low discriminative capacity of

65



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precoc¢

HA between groups, this feature should be interpreted with caution in early-onset

cognitive impairment especially in patients with non-amnestic presentations.

The main limitation of our study is the relatively small sample size, although, as far as
we are aware this is the larger cohort study focused on EOAD patients reported until
now. On the other hand, we have only used one semiautomatic volumetric analysis and
it is possible that other volumetric techniques for evaluating HA may show different

diagnostic performances.
4.1 Conclusion

In conclusion, the utility of HA as a diagnostic biomarker in our cohort of EOAD patients,
is limited. Further studies in larger and well-characterized cohorts are needed to
determine the diagnostic utility of HA as a biomarker in the early stages for EOAD

patients.
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Table 1.
A-EOAD NA-EOAD FTD Young HC LOAD Older HC
(n=38) (n=20) (n=20) (n=16) (n=30) (n=16)

Gender (% Female) 57.9 60 45 62.5 60 46.7
Age Mean 61.3*£5 59.7+5.7 61.1*4.4 575+3.3 71.3%52* 747+3.9
AAO Mean 58.3*+4.7 57.2£5.5 58.1+4.4 - 722+4.9° -
Time to diagnosis 3*£15 25+t1.3 3t22 - 24122 -
MMSE score 24.3£2.6 25.1=*3 25.8+2.8 29+1.2° 24.2+3 28.4+0.7°
APOE €4 (% positive) 65.8¢ 35 20 18.8 55.2f 6.7

CSF AB42 (pg/mL) 397.6108° 366.28£124° 851.1+305 893.2+247 358.2+£105° 733+185
CSF P-Tau (pg/mL) 108.6 - 36° 112.1+44° 48.6+18 51.4=*9 95+47° 59.3+17
CSF T-Tau (pg/mL) 748.31426° 701.9+£382° 3276158 224.3+52 677£439° 299.1+116

Data are presented as means=standard deviation. A-EOAD, Amnesic Early Onset Alzheimer
Disease; NA-AEOD, Non-Amnesic Early Onset Alzheimer Disease; FTD, Frontotemporal
Dementia; HC, Healthy Controls; AAO, Age At Onset.

& Statistically significant (p<0.01) differences compared to A-EOAD, NA-EOAD, FTD, Young
HC

bStatistically significant (p<0.01) differences compared to A-EOAD, NA-EOAD, FTD.

¢ Statistically significant (p<0.01) differences compared to A-EOAD, NA-EOAD, FTD and
LOAD.

dstatistically significant (p<0.05) differences compared to NA-EOAD, FTD, LOAD and young
and older HC.

®Statistically significant (p<0.05) differences compared to FTD, young and older HC.

"Statistically significant (p<0.05) differences compared to older HC.
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Table 2.

2a) Diagnostic accuracy for MTA visual rating of diagnostic groups vs HC.

A-EOAD (n=38) NA-EOAD (n=20)  LOAD (n=30) FTD (n=20)

MTA>1  Se58% Sp 69% Se 45% Sp 69% Se 90% Sp 56%  Se 80% Sp 69%
MTA>1,5 Se34% Sp 93% Se 30% Sp 93% Se 77% Sp 94%  Se 70% Sp 94%
MTA>2  Se 29% Sp 94% Se15% Sp94%  Se63% Sp 100% Se50% Sp 94%
AUC 0.67 (0.54-0.81) 0.63 (0.46-0.80) 0.88 (0.79-0.98)  0.85 (0.72-0.97)

2b) Diagnostic accuracy for MTA visual rating of AD group vs FTD group.

A-EOAD (n=38) NA-EOAD (n=20) LOAD (n=30)
MTA 21 Se 58% Sp 20% Se 45% Sp 20% Se 80% Sp 10%
MTA21,5 Se 34% Sp 30% Se 30% Sp 30% Se 70% Sp 23%
MTA 22 Se 29% Sp 50% Se 15% Sp 50% Se 50% Sp 37%
AUC 0.28 (0.14-0.43) 0.24 (0.09-0.31) 0.53 (0.35-0.68)

A-EOAD, Amnesic Early Onset Alzheimer’s Disease; NA-EOAD, Non-Amnesic Early Onset
Alzheimer’s Disease; FTD, Frontotemporal Dementia; HC=Healthy Controls; MTA, Medial
temporal Atrophy score; Se, Sensitivity; Sp, Specificity.
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Figure 1. Distribution of MTA scoring for diagnostic groups and HC (percentage, %).
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Figure 2. Box plots of the MTA and HV distribution depending on the diagnosis.
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Figure 3. Diagnostic performance of HV quantitative assessment
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Supplementary Material Table S1 Inter-rater reliability measures: total agreement,
Kappa index and intraclass correlation coefficient.

Single mesures ICC | Average-Mesures ICC

Scale 2 rater n=141 2 rater n=141
Left MTA 0.94 (0.92-0.95) 0.97 (0.96-0.98)
Right MTA 0.91 (0.88- 0.94) 0.96 (0.88-0.94)

Averaged MTA

0.94 (0.92-0.96)

0.97 (0.96-0.98)

Agreement (%) | Kappa
Scale 2 rater n=141 2 rater n=141
Left MTA 88 0.83
Right MTA 88 0.84
Averaged MTA 83 0.78

Supplementary Material Table S2. Mean hippocampal volumes by groups using total
intracranial volume normalization.

HV mean (mm® =SD
A-EOAD (n=38) 3171+£365.7
NA-EOAD (n=20) 3506434
LOAD (n=30) 2860377
FTD (n=20) 3241+544
Young HC (n=16) 3809+376
Older HC (n=16) 3646+ 418

Data are presented as meanststandard deviation; A-EOAD, Amnesic Early Onset Alzheimer Disease;
NA-AEOD, Non-Amnesic Early Onset Alzheimer Disease; FTD, Frontotemporal Dementia; HC, Healthy
Controls; SD, standard deviation

72



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precog

Supplementary Material Figure S1. Mean hippocampal volumes by groups using total
intracranial volume normalization.
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Supplementary Material Figure S2. Distribution of hippocampal atrophy by groups using
total intracranial volume normalization
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Abstract

The diagnosis of incipient symptomatic stages of early-onset dementia is challenging.
The magnetic resonance imaging (MRI) is an easy-access biomarker. We evaluated the
visual atrophy scales usefulness in two hundred subjects: eighty-four early onset
Alzheimer disease (AD) patients (48 amnestic, 22 non-amnestic, 14 autosomal-
dominant), 25 frontotemporal dementia (eleven behavioral variant (bvFTD), nine
semantic variant of primary progressive aphasia (svPPA), five non-fluent aphasia
(nfvPPA), seven mutation carriers), 25 mild cognitive impairment due to non-
degenerative disorders and 59 controls. All had MMSE=218, 3T-brain MRI and
biomarker-supported diagnosis. Two raters evaluated six frontal, temporal and parietal
scales. Inter-rater reliability and diagnostic performance in terms of area under the
receiver-operator curves and balanced accuracy were analyzed. Best scales to
discriminate AD from controls were the anterior cingulate scale for amnestic and the
posterior one for non-amnestic. Anterior temporal scale was the best for bvFTD and
svPPA, anterior cingulate scale for nfvPPA and all scales for the genetic ones. However,
no scale demonstrated good performance at discriminating AD from FTD or non-
degenerative disorders. The clinicians should interpret with caution atrophy scale
assessment in subjects with early-onset cognitive impairment given that none of the

evaluated scales met the requirements for being a diagnostic biomarker.

Key Words: Alzheimer's disease, Frontotemporal dementia, Atrophy, Magnetic

Resonance Imaging
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Abbreviation list:

AC = anterior cingulate; AD = Alzheimer’s disease; A-EOAD = amnesic early onset AD;
ADAD = Autosomal dominant Alzheimer’s disease; AUC = area under the receiver-
operator characteristic curve; AT = anterior-temporal scale; CSF = cerebrospinal fluid;
EOD = early onset dementia; FI = fronto-insular scale; FTD = frontotemporal dementia;
bvFTD = behavioral variant of FTD; svPPA = semantic variant of primary progressive
aphasia; nfvPPA = non-fluent variant of primary progressive aphasia; ICC = intraclass
correlation coefficient; ICC(2,1) = two-way single measures ICC; ICC(2,k)= two-way
average measures ICC based on k raters; MCI = mild cognitive impairment; MMSE = Mini
Mental State Examination; MTA = medial temporal lobe atrophy, NA-EOAD = non-
amnesic early onset AD; OF = orbito-frontal; PA = posterior atrophy; amyloid-PET =

amyloid tracer-positron emission tomography
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Introduction

Early onset dementia (EOD) can reach up to 10% of dementia cases (Garre-Olmo et al,
2010). The clinical diagnosis of EOD is frequently challenging and might lead to relevant
delay until an accurate diagnosis (Mendez et al.,, 2014).

Different imaging, genetic and biochemical biomarkers have been developed and
included in the Alzheimer’s disease (AD) and frontotemporal dementia (FTD) current
diagnostic criteria (Albert et al, 2011; McKhann et al,, 2011; Rascovsky et al,, 2011;
Gorno-Tempini et al., 2011). Structural MRI is the most available biomarker. Although
volumetric quantification methods have been developed, they are complex and time-
consuming making them challenging to integrate into clinical practice. For that, the
visual assessment is the more used tool for brain atrophy evaluation in clinical

environments.

Visual assessment has been demonstrated to be useful in late-onset patients (Duara et
al., 2013; Ferreira et al.,, 2015; Ten Kate et al.,, 2017; Claus et al.,, 2017). Instead, its
usefulness on EOD has not been widely assessed. In a recent study, an extensive and
well-structured rating protocol was applied to a mostly focused EOD cohort, but it
included wide range of disease stages (Harper et al, 2016). In this context, they
concluded that Fronto-Insular (FI) and Medial Temporal Atrophy (MTA) were the best

scales to differentiate AD and FTD from controls.

However, the moment of the first evaluation is when these scales can be most needed to
be of help, usually in initial symptomatic stages, mild cognitive impairment (MCI) and
mild dementia. In this sense, we aim to elucidate the diagnostic performance of visual
rating assessment on MRI in initial stages of the most frequent neurodegenerative EOD
(AD and FTD) with a wide range of clinical phenotypes, in both sporadic and genetically

determined cases.

Materials and methods

Subjects:
Two hundred subjects evaluated at the Alzheimer’s disease and other cognitive
disorders Unit at Hospital Clinic de Barcelona were enrolled in this cross-sectional

study. The study was approved by the Hospital Clinic Barcelona Ethics Committee and
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all participants gave written informed consent. All subjects had a clinical onset before

65 years and Mini Mental State Examination (MMSE)>18 and were selected from the

Early-onset Dementia Cohort and the Genetic counselling program for familial

dementias (PICOGEN) (Fortea et al, 2011). All of them had a neurological and

neuropsychological evaluation, 3T brain MRI and biomarker-supported diagnosis.

Patients were classified into the following groups:

1)

2)

3)

4)

5)

6)

Sporadic early onset AD (EOAD) (n=70): Twenty-seven with MCI (Pfeiffer
Functional Activities Questionnaire FAQ<6) and 43 with mild dementia (FAQ>6)
(Pfeffer et al., 1982). All subjects had typical AD core cerebrospinal-fluid (CSF)
biomarkers profile (n=65) or positive amyloid-PET (amyloid tracer-positron
emission tomography) (n=5) and fulfilled the National Institute on Aging and
Alzheimer’s Association (NIA-AA) diagnostic criteria for MCI due to AD or AD
dementia and were further classified into: amnesic (A-EOAD, 48 subjects) and
non-amnesic variants (NA-EOAD, 22 subjects) (Albert et al., 2011; McKhann et al.,
2011).

Autosomal dominant Alzheimer’s disease (ADAD) (n=14): Seven with MCI and
seven with mild dementia due to AD were retrospectively. All of them carried a
pathogenic mutation in the PSEN1 gene.

Sporadic FTD (n=25): Eleven subjects accomplished behavioral variant of FTD
(bvFTD) diagnostic criteria, five of non-fluent variant for primary progressive
aphasia (nfvPPA) and nine of semantic variant of primary progressive aphasia
(svPPA) (Rascovsky et al., 2011; Gorno-Tempini et al, 2011). All FTD patients
had normal AD CSF biomarkers results (n=22) or negative amyloid-PET (n=3).
Genetic FTD (n=7): Two subjects with C9orf72 expansion (2 bvFTD), four with
GRN mutation (three nfvPPA, one bvFTD) and one case with MAPT mutation
(bvFTD).

Non-degenerative MCI (n=25): Subjects with MCI with normal AD CSF
biomarkers and clinical features compatible with fibromyalgia, chronic fatigue
syndrome or psychiatric disorders as anxiety or depression.

Controls (n=59) with no cognitive complaints and normal AD CSF biomarkers
results. Forty-two controls age-matched with sporadic EOAD and FTD patients
and 17 controls age-matched with ADAD patients.
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CSF biomarkers determination
CSF levels of amyloid beta, total-tau, and phosphorylated-tau were measured using

Innotest ELISAs following manufacturer’s instructions (Fujirebio, Ghent, Belgium).

Brain MRI imaging

High-resolution sagittal T1-weighted images were acquired in a 3Tesla scan (Siemens
Magnetom Trio, Erlangen, Germany) at the Magnetic Resonance Image Core Facility,
using proprietary three-dimensional magnetization-prepared rapid-acquisition gradient
echo: MPRAGE sequences (TR=2300 mseg; TE=2,98 mseg; acquisition matrix 256x256,

voxel size 1x1x1).

Visual rating assessment

MRI visual rating assessment was performed by two clinical dementia experts (M.B, N.F)
blind to all clinical information. They evaluated the following scales: anterior temporal
scale (AT) (Davies et al., 2006), medial temporal atrophy (MTA) (Scheltens et al,,1992),
posterior atrophy (PA) (Koedam et al, 2011) and anterior atrophy scales including
orbitofrontal (OF), anterior cingulate (AC) and fronto-insular (FI) regions (Davies et al,
2009, Fumagalli et al, 2014). All these scales were assessed for every subject following

the previously described rating protocol (Harper et al.,, 2016).

Statistical analysis

Statistical analysis was conducted using Stata/IC 14.2 (College Station, Texas, USA).
Categorical data was analyzed by X2 test and quantitative data by ANOVA and Student’s
t-test with Bonferroni post-hoc procedure. Inter-rater reliability of rating scales was
determined by the intraclass correlation coefficient (ICC) by a two-way random,
absolute for single-measures [ICC (2,1)] and average measures ICCs [ICC(2,k)]. The
diagnostic accuracy was estimated using area under the curve (AUC) values of receiver
operator characteristics. Balanced accuracy was calculated as 0.5 x (sensitivity +

specificity).
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Results

Demographics

Demographical data is shown in Table 1. The ADAD subjects and their paired controls
were younger with respect to the other groups (p<0.01). Higher women rate was found
in controls. No differences in disease duration between groups were found. EOAD and
bvFTD had lower MMSE than controls as well as A-EOAD and bvFTD than non-
degenerative MCI (p<0.01).

Inter-rater reliability of visual rating scores

The kappa index showed substantial agreement on all the scales. The ICC values for

single and average measures were excellent (Supplementary Material Table 1).

Mean rating scores per diagnostic group

Detailed rating score data is summarized in Table 1 and Fig.1. A-EOAD had higher scores
than controls in all scales (p<0.05) and in AC and FI scales than non-degenerative MCI
(p<0.05). The NA-EOAD showed higher ratings than controls in PA, AT and OF (p<0.05)
and higher rates on PA and AT (p<0.05) than non-degenerative MCI. In EOAD subgroups
comparison, a tendency to higher PA score in NA-EOAD and higher MTA score in A-
EOAD were found, although they did not reach the statistical significance. In ADAD, MTA
(p<0.05) and PA (p<0.01) scores were higher than controls.

Compared to controls and non-degenerative MCI, bvFTD obtained higher rates in AC, FI,
OF, AT and MTA (p<0.05) and svPPA in FI (p<0.05) and AT (p<0.01). No differences
were found with nfvPPA. All scales were higher in genetic FTD (p<0.05).

The bvFTD and svPPA groups showed higher scores in MTA and AT (p<0.01) than EOAD
groups. Genetic FTD had higher scores in FI, OF and AT (p<0.05) scales than A-EOAD, in
the AC, FI (p<0.01) and AT (p<0.05) than NA-EOAD. The detailed distribution of rating

scores is included as Supplementary Material Fig.1.
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Rating scales diagnostic performance

Detailed diagnostic performances of scales for each group comparison are shown in
Table 3. In A-EOAD, AC (AUC=0.80), followed by FI and MTA (AUC=0.77) showed good
diagnostic accuracies. In NA-EOAD and ADAD, the PA scale was the best one (AUC>0.80).
Otherwise, none of the scales showed an acceptable diagnostic accuracy for

discriminating EOAD from FTD or non-degenerative MCI (AUC<0.75).

Diagnostic performance in bvFTD was very good (AUC>0.90) for AT, OF and AC scales
and good for FI, MTA and PA (AUC>0.75). In svPPA, diagnostic performance was very
good (AUC>0.90) for AT and MTA scales and good (AUC>0.75) for FI and OF, whilst in
nfvPPA, only the AC scale showed good diagnostic performance (AUC=0.78). All scales
showed a very good (AUC>0.90) or excellent (AUC>0.97) diagnostic performance in
genetic FTD.

Discussion

In our EOD cohort, the atrophy visual rating demonstrated to be reliable when based in
a well-structured evaluation (Harper et al., 2016). The best scales for identifying AD and
FTD from controls were different according to the clinical phenotype. The AC scale was
the best for A-EOAD and PA scale for NA-EOAD, highlighting the little diagnostic
accuracy of MTA in EOAD. Otherwise, AT is better to discriminate bvFTD and svPPA
from controls as well as the AC scale for nfvPPA. All the scales had a very good

diagnostic performance for genetic FTD.

Previous studies have investigated the diagnostic performance of brain atrophy scales in
dementia being most of them focused on late-onset dementias and without biomarkers
supported diagnosis (Duara et al.,, 2013; Ferreira et al., 2015; Ten Kate et al., 2017; Claus
et al., 2017, Yuan et al, 2019). Solely a recent study studied a pathologically-proven
sample mostly focused on EOD but in advanced clinical stages (EOAD mean MMSE was
16.6+6.3) (Harper et al, 2016). Furthermore, another previous study with no
biomarker-supported diagnosis found out better diagnostic performance of visual rating
scales on moderate-severe AD cases compared to the mild ones (Yuan et al,, 2019). To

our knowledge, our study is the first to compare the visual brain atrophy assessment
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exclusively focused on EOD in the initial symptomatic stages (MCI and mild dementia,
MMSE 23.3%£3.5) in a well-characterized cohort with biological confirmation of the
disease. We consider it of interest, since this is the timeframe when these subjects will
seek medical advice, thus it is precisely then when biomarkers should be more
important for establishing an accurate diagnosis. Additionally, often in clinical practice
the diagnostic dilemma is not between AD or FTD and healthy controls but between the
different neurodegenerative dementias (AD vs FTD) and non-degenerative cognitive
impairment; for this reason, a group of non-degenerative MCI was also included in the

evaluation.

FTD and AD showed higher atrophy scores than non-degenerative MCI and controls.
Higher rates of atrophy were found on FTD being especially remarkable in the genetic
cases, accordingly to recent data reported on a larger genetic FTD cohort (Fumagalli et
al., 2019). As expected, all FTD variants except the nfvPPA, showed a predominant
atrophy pattern in those scales reflecting frontotemporal damage, and relatively lesser

on posterior areas (i.e PA scale) (Rabinovici et al. 2017).

Different atrophy spreading patterns between AD phenotypes have been defined. While
amnesic AD is characterized by early atrophy of the hippocampus and medial temporal
lobes before spreading to neocortex, non-amnestic AD has relative sparing of the
hippocampus and other regions as parietal areas are more afected (Phillips et al., 2018).
In our study, a tendency of greater atrophy on PA scale in NA-EOAD and MTA on A-
EOAD was found. This predominant posterior atrophy in non-amnestic forms compared
to the typical amnestic ones agrees with their clinical phenotype (Phillips et al., 2018;
Koedam et al,, 2010).

Diagnostic performance was good or excellent in most scales for FTD variants, except
for the nfvFTD. The good diagnostic accuracy achieved by the MTA scale in these FTD
variants was especially notable, which contrasts with its lower discriminative capacity
in EOAD (Harper et al., 2016; Falgas et al., 2019). This finding is especially relevant for
the amnestic phenotypes since it is expected to have more hippocampal atrophy and
higher MTA ratings. In addition, the MTA scale was not able to discriminate AD from

FTD and neither from the non-degenerative MCI. Taking into account that MTA is
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considered a hallmark of AD and a biomarker in the current AD diagnostic criteria, it is
important to note its low diagnostic performance in EOAD, as well as highlighting that it
would not accomplish with the consensus for valid AD biomarker of at least 80%
sensitivity and specificity (The Ronald and Nancy Reagan Research Institute of the

Alzheimer's Association and the National Institute on Aging Working Group, 1999).

Although the anterior cingulate functions and their relation with AD remain
understudied, previous reports described its volume loss in AD (Jones et al., 2006). It
has been related to executive functions such as unawareness of memory deficits, flexible
thinking and apathy (Amanzio et al., 2011). In this line, AC scale was the best for A-
EOAD in our cohort, however, its diagnostic performance was still disappointing (66%

sensitivity, 83% specificity).

The PA scale demonstrated to have the best diagnostic performance for NA-EOAD and
ADAD. Since parietal atrophy is more common in AD atypical presentations and it is not
characteristic of FTD, the PA scale was expected to obtain good diagnostic performance
in NA-EOAD, but surprisingly it was not enough to meet the consensus of AD biomarkers

criteria.

As far as none of the scales reached the AD biomarkers criteria, clinicians should be
aware of over relying on the presence of atrophy at the first evaluation in a subject with
early-onset cognitive impairment. On a broader view, we might reconsider the role of
brain atrophy assessment in the current AD diagnostic criteria, defining whether it
should be a supportive criteria for clinical diagnosis instead of being categorized as a
biological AD biomarker in the early-onset patients. This would allow to weigh the
added diagnostic value of visual atrophy assessment in comparison to other more
specific AD neurodegenerative biomarkers (i.e: total and phosphorylated tau on CSF)
which would be more in concordance of what is defined on the new AD research

framework (Clifford et al., 2018).

The main limitation of our study is the relatively small sample size in some of the FTD
subgroups, although, as far as we are aware this is the larger reported cohort focused on

early stages of EAOD and FTD patients with biomarker-supported diagnosis.
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In summary, even if we found differences in single visual scales scores between groups,
they have shown little utility in the differential diagnosis of EOD in early stages.
Furthermore, the results of the present study evidenced that none of the single scales
met the requirements for being a valid diagnostic biomarker. Further studies in other
well-characterized cohorts to evaluate single visual rating scales usefulness in early

stages of EOD are needed to confirm our data.
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Table 1. Demographics and mean visual rating scores

HC A-EOAD NA-EOAD  Ndg-MCI bvFTD svPPA nfvPPA Genetic FTD  Significant differences
n 42 18 22 25 11 9 5 7 NA
Age at scan, mean (5D) 58.5(3.7) 59.5(4.2) 57.4(3.8) 59.6 (4.1) 60.9 (5.2) 60 (4.3) 61.2 (3.4) 59.2 (4.7) None
Sex, (male) % 21.4 37.5 54.6 52 72.7 66.7 60 14.3 a, i*, v¥, w*, m* p, q*
Disease duration at scan NA 3(1.5) 1.9 (2.5) 3.9(3.3) 3.2(1.6) 25(1.4) 1.4(2.1) 2.3(0.8) None
MMSE 28.7(1.2) 23(3.6) 24.2(3.6) 26.4(2.5) 249(3.3) 263(3) 25.8(2.5) 25.1(3.5) d*, e*, i*, n, m*
CSF ABa, mean (SD) 906 (271)  384(101) 435(139) 880(165) 1043 (211) 864 (369) 620 (90) 944 (189) a*, b*, c*, d*, e*, f*, h*, i*, j*
CSF t-tau, mean (SD) 209 (59) 776 (311) 631(330)  244(102) 288 (93) 246 (49) 289 (121) 286 (185) a*, b*, c*, d*, e*, f*, g*, i*, j*y
CSF p-tau, mean (SD) 48 (12) 122(70)  98(28) 51 (15) 54 (19) 38(7) 47 (15) 45 (12) a*, b*, c*, d*, e*, f*, g*, i*, j*
Mean visual rating scores
Orbito-frontal, mean (SD) 0.3(0.4) 0.9(0.7) 0.9(0.5) 0.4 (0.5) 1.5(1.1) 1.2 (1) 0.9 (0.9) 1.9 (1.1) ¢, d*, i,m,n, q,t5u
Anterior Cingulate, mean (SD) 0.4 (0.5) 1.2(0.8) 1(0.7) 0.6 (0.5) 1.8 (1.1) 1(0.9) 1.3(0.7) 2.3(0.8) d*, e, h*, k, m, n, p,t*, u
Fronto-insula, mean (SD) 0.5 (0.5) 1.2(0.7) 1.1(0.5) 0.7 (0.7) 1.7 (0.8) 1.5(0.6) 1.1(0.4) 2.3(0.5) c*, d*, e h*, m,n, q%rs, *t,u
Anterior temporal, mean (SD) 0.4 (0.4) 0.9(0.6) 0.9(0.3) 0.6 (0.4) 1.8 (0.8) 1.8(0.6) 0.7(0.3) 1.8(0.8) a* b* ¢, d* % g% h,i,j,|,m,n, o0 g% r* t5u
Medial temporal, mean (SD) 0.4 (0.4) 1.1(0.7) 0.7 (0.6) 0.7 (0.5) 1.9(1.1) 2(0.8) 0.6 (0.6) 1.6 (0.8) a* b* d*, % g* I*, m,n, 0,1, t*, u
Posterior, mean (SD) 0.6 (0.6) 12(0.7) 15(0.6)  0.8(0.5) 1.2 (0.6) 1(0.6) 1.1(0.1) 1.9 (0.6) d,i,j,t*u
Younger HC  ADAD Significant differences
n 17 14 NA
Age, mean (5D) 46.8 (8.5) 48.3 (8.4) None
Sex 353 57.1
Disease duration at scan 3.7 (2.5) NA
MMSE 29.6 (0.5) 22.7 (3) x*
CSF ABaz, mean (SD) 807 (221) 322 (177) x*
CSF t-tau, mean (SD) 222 (70) 935 (871) x*
CSF p-tau, mean (SD) 46 (9) 119 (94) x*
Mean visual rating scores
Orbito-frontal, mean (5D) 0.3 (0.4) 0.4 (0.6) None
Anterior Cingulate, mean (SD) 0.5 (0.6) 1(0.7) None
Fronto-insula, mean (SD) 0.5 (0.5) 0.8 (0.7) None
Anterior temporal, mean (5D) 0.4 (0.4) 0.5(0.5) None
Medial temporal, mean (5D) 0.2 (0.4) 0.6 (0.6)

X
Posterior, mean (SD) 0.4 (0.5) 1.1 (0.6) x*




®Amnesic AD vs behavioral variant FTD
®Amnesic AD vs Semantic dementia
“Amnesic AD vs genetic FTD

dAmnesic AD vs controls

€Amnesic-AD vs non-degenerative MCI
*Non-amnesic AD vs behavioral variant FTD
€Non-amnesic AD vs Semantic dementia

"Non-amnesic AD vs genetic FTD

'Non-amnesic AD vs controls

INon-amnesic AD vs non-degenerative MCI
“behavioral variant FTD vs Semantic dementia

' Behavioral variant FTD vs Non-fluent aphasia

™ Behavioral variant FTD vs controls

" Behavioral variant FTD vs non-degenerative MCl
° Semantic variant FTD vs Non-fluent aphasia

P Semantic variant FTD vs genetic FTD

9 Semantic variant FTD vs controls

" Semantic variant FTD vs non-degenerative MCI
* Non-fluent aphasia vs genetic FTD

' Genetic FTD vs controls

“ Genetic FTD vs non-degenerative MCI

¥ Genetic FTD vs behavioral variant

*MCl vs controls

* Familiar AD vs younger controls
YNon-fluent-aphasia vs amnesic AD

*Indicates significance at p<0.01, otherwise p<0.05; NA = not applicable

Abbreviations: Ndg-MCl, non-degenerative MCI
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Table 2. Diagnostic performance of brain atrophy scales for each group comparison.

Classification task Scale (cut-off)? Se Sp Balanced AUC
accuracy
EOAD vs controls AC(1) 67% 83% 75% 0.77
FI (1) 71% 74% 73% 0.76
OF (1) 60% 83% 71% 0.75
A-EOAD vs controls AC (1) 66% 83%  75% 0.80
FI (1) 71% 74% 72% 0.77
MTA (1) 63% 81% 72% 0.77
NA-EOAD vs controls PA (1.5) 68% 88%  78% 0.84
AT (0.5) 95% 50% 73% 0.83
OF (1) 68% 85%  77% 0.81
FI (1) 68 86 73% 0.78
ADAD vs young controls  PA (1) 86% 69%  77% 0.81
MTA (0.5) 64% 85% 74% 0.78
EOAD vs Ndg-MClI None
EOAD vs FTD None
FTD vs controls AT (1.5) 84% 79% 81% 0.90
FI (1) 84% 74% 79% 0.86
MTA (1) 76% 81% 78% 0.84
AC (1) 72% 83% 78% 0.83
OF (1) 60% 86% 81% 0.80
bvFTD vs controls AT (1) 91% 79% 85% 0.93
OF (1) 64% 86% 75% 0.93
AC (1) 82% 84% 83% 0.90
FI (1) 91% 74% 82% 0.89
MTA (1.5) 73% 98% 85% 0.88
PA (1) 82% 60% 71% 0.75
svPPA vs controls AT (1) 100%  79% 89% 0.98
MTA (1) 89% 81% 85% 0.96
FI (1) 89% 74% 81% 0.89
OF (1) 67% 86% 76% 0.79
nfvPPA vs controls AC (1) 80% 71% 78% 0.78
Genetic FTD vs controls  AC (1) 100%  83% 92% 0.97
MTA (1) 100% 81% 90% 0.94
AT (1.5) 71% 100% 86% 0.94
FI (1) 86% 69% 77% 0.94
PA (1.5) 86% 88% 87% 0.92
OF (1.5) 57% 100% 79% 0.92

®Sensitivity and especificity of scales with AUC over 0.75 and balanced accuracy over 70% are shown. The
optimal cut-offs for each scale are those with higher balanced accuracy. They should be interpreted as: < cut-
off = normal, > cut-off: abnormal.

Abbreviations: Se, sensitivity; Sp, specificity; Ndg-MCl, non-degenerative MCl



Figure 1. Distribution of mean rating scores for each group
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Supplementary Material

Table 1. Inter-rater reliability of visual rating scores

Single mesures

ICC

Average-Mesures ICC

Scale 2 rater n=200 2 rater n=200

Left MTA 0.87 (0.82-0.90) 0.93 (0.90-0.95)

Right MTA 0.83 (0.75- 0.89) 0.91 (0.86-0.94)

Left PA 0.85 (0.80-0.89) 0.92 (0.89-0.94)

Right PA 0.84 (0.79-0.89) 0.92 (0.88-0.94)

Left AT 0.86 (0.81-0.89) 0.92 (0.90-0.94)

Right AT 0.89 (0.85-0.92) 0.94 (0.92-9.96)

Left OF 0.90 (0.87-0.92) 0.95 (0.93-0.96)

Right OF 0.91 (0.88-0.93) 0.95 (0.94-0.96)

Left AC 0.88 (0.84-0.91) 0.94 (0.91-0.95)

Right AC 0.91 (0.88-0.93) 0.95 (0.94-0.96)

Left FI 0.90 (0.87-0.92) 0.95 (0.93-0.96)

Right FI 0.89 (0.85-0.92) 0.94 (0.92-0 .96)
Agreement (%) | Kappa

Scale 2 rater n=200 2 rater n=200

Left MTA 81 0.71

Right MTA 76 0.63

Left PA 83.8 0.75

Right PA 84 0.75

Left AT 85.5 0.76

Right AT 87.5 0.79

Left OF 86.5 0.78

Right OF 87 0.79

Left AC 84 0.76

Right AC 88 0.82

Left FI 86.4 0.80

Right FI 85.5 0.79
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Fig. 1. Distribution of rating scores
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ABSTRACT

Background: Prior studies have described distinct patterns of brain grey matter (GM)
and white matter (WM) alterations in Alzheimer's disease (AD) and frontotemporal
lobar degeneration (FTLD), as well as differences in their cerebrospinal fluid (CSF)
biomarkers profiles. We aim to investigate the relationship between early-onset AD

(EOAD) and FTLD structural alterations and CSF biomarker levels.

Methods: We included 138 subjects (64 EOAD, 26 FTLD and 48 controls), all of them
with a 3T MRI brain scan and CSF biomarkers available (the 42 amino acid-long form of
the amyloid-beta protein [AB42], total-tau protein [T-tau], neurofilament light chain
[NfL], neurogranin [Ng] and 14-3-3 levels). We used FreeSurfer and FSL to obtain
cortical thickness (CTh) and fraction anisotropy (FA) maps. We studied group
differences in CTh and FA and described the 'AD signature' and 'FTLD signature'. We
tested multiple regression models to find which CSF-biomarkers better explained each

disease neuroimaging signature.

Results: CTh and FA maps corresponding to the AD and FTLD signatures were in
accordance with previous literature. Multiple regression analyses showed that the
biomarkers that better explained CTh values within the AD signature were A and 14-3-
3; whereas NfL and 14-3-3 levels explained CTh values within the FTLD signature.
Similarly, AB42, T-tau and age explained the FA values within the AD signature, while
NfL and 14-3-3 levels explained FA values in the FTLD signature. Ng levels were not

predictive in any of the models.

Conclusions: Biochemical markers contribute differently to structural (CTh and FA)

changes typical of AD and FTD
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1. INTRODUCTION

Early-onset dementia (EOD) is usually defined by a clinical onset under 65 and can
reach up to the 5-10% of patients with dementia. Alzheimer’s disease (AD) is the most
common cause of EOD, followed by frontotemporal lobar degeneration (FTLD) (1).
Early-onset AD (EOAD) is characterized by a faster disease progression and atypical
presentations (non-amnestic symptoms) overlapping with other neurodegenerative
dementias such as FTLD making the diagnosis more challenging (2,3). Thus, the use of
neuroimaging and biochemical biomarkers is especially suitable in EOD in order to
establish an early and accurate diagnosis (4).

Several studies have aimed to determine the different profiles of cerebrospinal fluid
(CSF) biomarkers in different neurodegenerative diseases such as AD or FTLD (5). Some
of these biomarker profiles have been well described whilst other novel biomarkers are
still under investigation. Decreased amyloid-beta protein 42 (AB42) with increased total
tau (T-tau) and phosphorylated tau (P-tau) levels define the typical AD biochemical
profile (6, 7, 8, 9). Regarding novel biomarkers, neurofilament light chain (NfL) has been
proposed as a non-specific neurodegeneration marker and while it is increased both in
AD and FTLD as well in several other neurodegenerative disorders (i.e., amyotrophic
lateral sclerosis or multiple sclerosis) (10, 11), CSF NFL has been shown to be of
particular use for the differentiation between FTLD and early-onset AD while levels are
higher in AD with onset in late life (12, 13). Neurogranin (Ng) is a synaptic (dendritic)
marker that has been suggested to be specific for AD (14, 15), although increased levels
are also found in Creutzfeldt-Jakob diseases with very intense neurodegeneration (16).

The 14-3-3 protein has been extensively studied in Creutzfeldt-Jakob disease, but its

participation on the AD neuropathological process has also been described (17, 18, 19,
20). Furthermore, previous studies have suggested that some of these biomarkers, as
NfL or Ng, could provide information about the disease prognosis in AD and FTLD,
respectively (21, 22, 23, 24).

Neuroimaging using Magnetic Resonance Imaging (MRI) has been widely used to
describe cortical thickness (CTh) and white matter (WM) loss patterns in AD and FTLD
as well as to find differential trajectories along the different disease stages (25, 26, 27,

28, 29, 30).
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The relationship between AD neuroimaging features and classical AD biochemical
markers and their reciprocal influence have been studied during both the clinical and
preclinical phases of the disease (28). However, studying the influence of new
biomarkers is more challenging as the trajectories have been poorly described and they
might interact with those already reported, possibly giving non-trivial relationships. In
this sense, how the different CSF biomarkers might explain or contribute to each disease

atrophy pattern is still uncertain (31, 32).

In this context, our goals were 1) to provide a descriptive analysis of CSF-biomarker
levels and structural patterns (CTh, hippocampal volume and FA) in early-onset AD and
FTLD, 2) to study the relationship between early-onset AD and FTLD brain structural
measures and CSF-biomarkers levels and 3) to perform a multivariate approach to
evaluate which biomarkers better explained the characteristic structural alterations

associated with each disease (i.e., disease signatures).

2. METHODS AND MATERIALS

2.1. Participants

One hundred thirty-eight subjects with disease onset under 65 were evaluated at the
Alzheimer’s disease and other cognitive disorders Unit at Hospital Clinic de Barcelona
and were enrolled on this cross-sectional study. All subjects underwent a complete
neurological and neuropsychological evaluation, 3T brain MRI scan and a spinal tap for

the determination of CSF biomarkers. Subjects were classified into 3 groups:

- AD group (n=64): All EOAD patients fulfilled the National Institute on Aging -
Alzheimer’s Association (NIA-AA) diagnostic criteria for MCI due to AD or mild
AD dementia and Mini-Mental State Examination (MMSE) 218 (8, 9). All subjects
had a typical AD CSF biomarker pattern. Both early sporadic AD (n=52) and
autosomal dominant AD (ADAD) (n=12) were included.

- FTD group (n=26): Ten behavioral variant of FTD (bvFTD) patients, 8 non-fluent
variant for primary progressive aphasia (nfvPPA) and 8 semantic variant of

primary progressive aphasia (svPPA) (33, 34) patients were included. Ten cases
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were genetic cases (4 carried the C90RF72 expansion, 2 MAPT mutations and 4
GRN mutations). All FTLD were at mild phases of the disease (MMSE = 18) at
inclusion.

- Healthy controls (CTR) (n=48): healthy adults (age < 65 years old) with no
cognitive complaints, cognitive performance within normative range and normal

levels of AD CSF biomarkers.

The study was approved by the Hospital Clinic Barcelona Ethics Committee and all

participants gave written informed consent.

2.2. CSF Biomarkers

Commercially available single-analyte enzyme-linked immunosorbent assay (ELISA)
kits were used to determine levels of CSF Af342, T-tau and P-tau (INNOTEST, Fujirebio
Europe N.V,, Gent, Belgium), NfL (IBL International, Hamburg, Germany) (35) and 14-3-
3 (CircuLex, MBL International Corporation, Woburn, MA, USA) (20) at the Alzheimer’s
Disease and Other Cognitive Disorders Unit Laboratory, Barcelona. @ CSF Ng
concentration was measured using an in-house ELISA based on the monoclonal
antibody Ng7 (epitope including amino acids 52-65 on Ng) as described previously (23).
All 138 participants had CSF AP, T-tau, and P-tau levels available. NfL levels were
available in 133 subjects, Ng in 104 and 14-3-3 in 94.

2.3. MRI acquisition

All participants were examined in the same 3T MRI scanner (Magnetom Trio Tim,
Siemens Medical Systems, Germany). A high-resolution 3D structural data set (T1-
weighted, MP-RAGE, repetition time = 2300 ms, echo time = 2.98 ms, 240 slices, field-of-
view = 256 mm, voxel size = 1 x 1 x 1 mm) and a Diffusion Weighted echo-planar
imaging (EPI) sequence (30 directions + b0 image, with two repeated acquisitions, TR =
7600 ms, TE = 89 ms, 60 slices, distance factor = 0%, FOV= 250 mm, matrix size =122 x

122, voxel size = 2 x 2 x 2 mm) were acquired for all subjects.
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2.4. Cortical Thickness processing and analysis

CTh processing and vertex-wise statistical analyses were performed using FreeSurfer
v6.0.0 (https://surfer.nmr.mgh.harvard.edu/). The entire pipeline is fully explained
elsewhere (36, 37) and includes a set of methods applied to the T1-weighted MRI
images to generate brain surfaces and CTh maps, calculated as the closest distance
between the gray/white matter surface to the pial surface at each vertex of the
tessellated surface (38). Before statistics, individual CTh maps were registered to a
common space and smoothed using a FWHM of 15 mm.

Using the vertex-wise CTh data, we performed a set of analyses using general linear
models (GLM). We first evaluated group differences, using age as covariate. Then, for
each biomarker, we computed the correlation between the biomarker levels and CTh
within each group. Results were corrected for multiple comparisons using monte-carlo

simulations, and setting a threshold of p<0.05 for cluster significance.

2.5. Hippocampal volumes

Since the hippocampus is the main subcortical structure affected in AD and it is even
considered an AD hallmark, we also assessed the hippocampal volume. We used the
automated segmentation from FreeSurfer to obtain measures of hippocampal volume
(39, 40). We calculated normalized hippocampal volume for each subject, by averaging
left and right hippocampi and dividing by the total intracranial volume. We then
calculated group differences and correlations with biomarker levels in hippocampal

volume in R (https://www.r-project.org/.)

2.6. DTI processing and analysis

DTI processing and voxel-wise statistical analyses were performed with FSL v5.0.11
(41). Diffusion weighted images were first registered, using the BO image as a reference
volume, and corrected for motion and for eddy current effects. Then, non-brain tissue
was removed using FSL’s Brain Extraction Tool (BET) (42), and FA maps were obtained
using the FMRIB Diffusion Toolbox. Tract-Based Spatial Statistics (TBSS) (43) was used
for voxel-wise statistical analysis of FA maps. Basically, within the TBSS protocol,
nonlinear transforms were first applied using FNIRT to obtain FA images aligned to

standard space and the resulting images were merged into single 4D image. Then, the

112


https://www.r-project.org/

Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precoc¢

mean of all FA images was fed into a skeletonization protocol obtaining the group mean

FA skeleton. Finally, individual FA data were projected onto group skeleton.

DTI-based voxel-wise statistics on the FA maps were carried out using a permutation
testing for nonparametric statistics using a GLM design. In a first GLM, we included the
three main groups (CTR, AD and FTD), and we tested for differences between the three
groups using age as a covariate. In a second set of analyses, we included individual
biomarker values for each group, and subjects' age. We tested for correlations between
FA and each biomarker in the three groups, using age as a covariate. This procedure was

performed separately for NFL, T-tau, A, Ng and 14-3-3.

2.7. Disease-specific signatures and multiple regression approaches

We created diseases signature maps, obtained from the group comparison analyses,
namely CThap and CThrrp and FAap and FArrp, for the CTh and FA maps. Signatures for
CTh were obtained from the AD<FTD and the FTD<AD contrasts, in order to depict areas
of specific cortical atrophy for each disease. Due to the fact that the direct comparison
between AD and FTD in FA did not give significant results, we created FA signatures as

the difference between the AD<CTR and the FTD<CTR maps.

After creating these disease-specific signature maps, we obtained individual CTh and FA
values for each signature across the entire sample of subjects. We tested multiple
regression models in order to evaluate the predictive capabilities of the different
biomarkers for each signature, using Akaike Information Criterion (AIC) stepwise
algorithm in R (44). For that, we used a sample of N=75 subjects, corresponding to those
that had complete sets of MRI and CSF measures. Before multiple regression models, we
evaluated pair-wise correlations of the different CSF biomarkers. We then created four
separate models for predicting CThap, CThrrp, FAap and FArrp, with AB, T-tau, NfL, Ng,
14-3-3 levels and age as predictors. We used 90% confidence intervals obtained with
bootstrapping algorithms to study the significance of the models and the relative
importance of each predictor. In addition, we evaluated the multiple regression models

corresponding to the hippocampal volume and the MMSE results.
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3. RESULTS

3.1. Sample Demographics, Clinical Data and biomarkers

Demographic information, MMSE scores and mean levels of the biomarkers are shown
in Table 1. In summary, we found a slightly greater proportion of females in the CTR
group compared with the FTLD group. FTLD subjects were slightly older than CTR and
AD groups (p<0.05). MMSE scores were lower in both AD and FTLD groups compared
with CTR (p<0.05), but did not differ between AD and FTLD. We found lower AB42 and
higher T-tau and P-tau concentrations in AD compared to FTLD and CTR. Compared to
CTR, NfL and 14-3-3 were higher in both AD and FTD, but in AD and FTLD comparison,
NfL were higher in FTLD while 14-3-3 concentration was higher in AD. Ng levels in AD
were higher than in CTR and FTLD (Table 1).

We found significant correlation between several pairs of biomarkers, both in the whole

sample or in the different clinical groups (Supplementary Material Tables 1-4).

3.2.CThresults

3.2.1 Group differences in CTh

We found reduced CTh in frontal and temporal areas in FTLD compared with CTR, and
widespread CTh loss in AD. We use the map resulting from the AD<FTLD contrast to

represent the CThap signature, and the reverse contrast for the CTherip (See Figure 1A).

3.2.2 CTh and CSF biomarkers correlation analysis

In FTLD, NfL levels showed a significant negative correlation with CTh in a cluster
located on the left hemisphere (cluster size=15667.98 mm2, cluster p=0.0001), covering
mainly frontal areas, including the pars opercularis, the pars triangularis, the middle
and superior frontal and the precentral (Figure 2) gyrus. We also found a negative
correlation between CTh and T-tau levels across several bilateral frontal areas, mainly
the superior frontal gyrus (Figure 2). In AD, no correlations were found between

biomarker values and CTh.
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3.3. Hippocampal volumes: Differences across diseases and correlations with
biomarkers

We found reduced normalized hippocampal volume in AD and in FTLD compared with
CTR (p=7.54-10-1% and p=4.51-10-%9 respectively). No differences in hippocampal volume
were found between AD and FTLD (p=0.15).

When the three clinical groups were pulled together, normalized hippocampal volume
showed correlations with AB42 (p=0.01, r=0.22 age-corrected), T-tau (p=0.046; r=-
0.17), NfL (p=0.01, r=-0.23) and Ng (p=0.046, r=-0.20). We did not find any significant
correlation between normalized hippocampal volumes and CSF biomarkers, when AD,

FTLD and CTR groups were studied separately (all p>0.05).

3.4. DTI results

3.4.1 Group differences in FA

DTI analyses were performed with 112 subjects (49 AD, 23 FTLD and 40 CTR) with
available DTI data of good quality. When comparing FA maps across groups, we found
patterns of significantly reduced FA both for AD and FTLD vs CTR. These decreases were
found generally across the entire skeleton for both diseases, with predominance in
frontal areas and the left hemisphere in FTLD. When the two disease groups were
compared, we found greater alterations in the left hemisphere in FTLD, whereas we
could not detect areas with lower FA in AD. The signature patterns for FA were defined
as the difference between the CTR>AD (FAap) and the CTR>FTLD (FAap) maps, both
thresholded at corrected level of p<0.05. (Figure 1A)

3.4.2. FA and CSF biomarkers correlation analysis

In AD patients, we found a significant negative correlation between NfL values and FA in
the forceps minor, the anterior thalamic radiation, the cingulum, the corticospinal tract,
the uncinate fasciculus, the inferior longitudinal fasciculus, the inferior fronto-occipital
fasciculus and the temporal part of the superior longitudinal fasciculus. In FTLD
patients, FA values in the forceps minor, the anterior thalamic radiation, cingulum,
forceps minor and the left superior longitudinal fasciculus correlated negatively with

NfL (Figure 3). T-tau and 14-3-3 showed a negative correlation with FA in the forceps
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minor for the FTLD group. The remaining biomarkers (AB, Ng) did not yield any

significant results.

3.5. Disease signatures and multiple regression results

The areas within each signature, representing different patterns of structural damage in
AD and FTLD, are described previously and shown in Figure 1B.

In the multiple regression analysis, we found that AB42 and 14-3-3 levels contributed to
predict CTh levels within the CThap area, explaining 28% of its variance, whereas CTh
values within the CThrrip area was better predicted by NfL and 14-3-3, explaining 29%
of the variance. For FA values in FAap, the predictive factors were AB, T-tau and age
(29% of the variance), and for FA values in FArrLp, these were NfL and 14-3-3 (49% of

the variance). Ng levels were not predictive in any of the models (Table 2).

In addition to the disease signature patterns, we created models for the hippocampus
volumes (using the normalized bilateral volume) and for the MMSE scores. We found
that AB42, NfL. and AGE were the factors that better explained the hippocampal volume
(28% of variance), whereas NfL, 14-3-3 and age, predicted the MMSE score (28%

variance).

For each model, we calculated the relative importance of each predictor and we found
that NfL had the highest impact in both the CTh values in CTherip (89%) and FA values
FArrLp (92%), whereas AB had the highest importance for both CThap (64%) and FAap
(47%). The most important predictors for the hippocampal volume and for MMSE were

NfL and 14-3-3 respectively (Figure 3B).

4. DISCUSSION

We performed a cross-sectional study of structural GM and WM alterations and their
relationship with CSF biomarkers in early-onset AD and FTLD. Differential patterns of
brain loss and CSF biomarkers profiles were found for both diseases. For the AD

signatures, we found that, in addition to Af, 14-3-3 was the only neurodegeneration

116



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precog

marker that significantly contributed to CTh levels variation, whereas T-tau contributed
to FA levels. For FTLD signatures, NfL. and 14-3-3 were the main contributors to both
CTh and FA values.

In our cohort, as expected, EOAD patients showed lower Af3 and higher T-tau and P-tau
CSF concentrations compared to FTLD and controls (6, 7). NfL concentrations were
higher in both diseases compared with CTR, and in FTLD compared to AD, in
concordance with previous publications (12, 21, 22, 23, 45). Ng in AD were higher than
controls and FTLD, but not significant differences were found in FTLD with respect to
CTR (14, 15, 20, 43, 44, 45). There are few data about 14-3-3 levels in non-prion
neurodegenerative disorders, in our cohort, 14-3-3 levels were increased in AD and

FTLD compared with CTR and in AD compared with FTLD (17).

We found cortical and subcortical (hippocampus) GM loss in both AD and FTLD
compared with controls. In general, the atrophy pattern was more widespread in AD
and presented a fronto-temporal predominance in FTLD in line with previous
publications (27, 49). We also found WM integrity loss in both diseases, greater in FTLD
than AD. These findings are similar to previous studies evaluating the structural
connectivity in neurodegenerative dementias that have suggested more WM damage in

FTLD compared to AD, especially in frontal and temporal regions (25, 27, 50).

In the multivariate analysis, we found that AD and FTLD neuroimaging signatures were
differentially influenced by CSF biomarkers. For AD, A was the biomarker that most
contributed to CTh and FA values within the AD signature. Unexpectedly 14-3-3 resulted
a significant predictor of CTh values while other neurodegeneration markers as T-tau,
NfL and Ng did not. T-tau and age, but not NfL also contributed to FA values. Previous
studies have analyzed the contribution of Af and T-tau to structural changes in AD (16,
26, 53, 54, 55). In our cohort, 14-3-3 levels showed a strong correlation with T-tau levels

both in the whole group and in the different clinical subgroups. This could suggest that
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the effect of T-tau observed in other studies could be related to the 14-3-3 effect we
observed in this study, while here the strong correlation observed could cancel the

effect of T-tau in the regression model.

Both CTh and FA values within the FTLD signature were mostly explained by NfL levels,
although 14-3-3 levels also contributed. NfL values were associated CTh and FA values
in the left frontal and temporal regions in FTLD. These data support that NfL is a
neurodegeneration marker strongly related to FTLD (42). These findings are also
consistent with previous studies in FTLD patients that reported correlations between
brain structure and NfL concentration especially in frontotemporal areas, with
predominance in the left hemisphere (22, 24). The relation of NfL with WM changes,
beyond the GM loss, is plausible as NfL is an axonal protein (51).

14-3-3 was also the main factor in MMSE, supporting a role as a non-disease specific
marker of neurodegeneration. Regarding hippocampal volume, we found that A and
NfL accounted almost equally models suggesting both CSF biomarkers could contribute
to the subcortical atrophy, as suggested previously (32).

Ng was the only CSF biomarker that did not influence any model, despite being altered
in AD subjects even if has been suggested to be a specific biomarker of AD (56).
Although our data further support previously reported elevated CSF Ng concentrations
in AD compared with FTLD and controls, it did not reach relevance enough to outstand
in the AD statistical model. These results are in line with a recent publication that
reported that Ng did not show a diagnostic added value to the classic basic AD

biomarkers in terms of diagnostic accuracy (47).

We should acknowledge several limitations in this study. First, the relatively small
sample size, especially in the FTLD group. In this sense, the inclusion of different clinical
FTLD variants can lead to some variability within the FTLD group, but which in turn
reflects the heterogeneity of the FTLD itself. We also acknowledge that the fact that the
maps obtained from the groups are then used in the analysis with biomarkers that also
differ between groups could introduce some circularity. However, we think that the goal

of evaluating which biomarkers better explained these structural changes is valid as we
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use multiple regression models. Further studies in larger cohorts are needed to confirm

and expand these data.

In conclusion, our study suggests that biochemical markers might contribute differently
to structural (CTh and FA) changes typical of AD and these results support the
complexity of the relationship between CSF biomarker and structural brain changes in

these diseases.
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Table 1. Demographics, clinical data and CSF-biomarker values.

Group means (SD)

Group comparisons

CTR AD FTD CTRvs AD | CTRvsFTD | ADvsFTD
p value p value p value

Gender (m/f) 14/34 28/36 14/12 0.036

AGE 54 (9.4) 57 (6.5) 60 (6) 0.106 5.3*10" 0.010

mean (SD) years

AP 788.02 (243.6) | 397.8 (158.2) | 812 (269.6) 7.2%10™ 0.702 4.4%10°

mean (SD) ng/L

P-Tau 49.3 (12.32) 115.42 49.4 (17.12) 4.4%10™ 0.98 1.2*10%°

mean (SD) ng/L (66.13)

T-Tau 215.79 (61.51) 857.36 331.36 0.75*10% 6.6*10™ 1.82*10°

mean (SD) ng/L (574.77) (148.19)

Nfl 378.31(130.8) | 1072.54 2687.3 3.3*10"° 4.7*10°® 1.4*10°

mean (SD) ng/L (537.2) (1530.6)

14-3-3 2461.8 (522.6) | 5416.36 3909.17 5.35*10° 7.01*10° 0.0033

mean (SD) ng/L (2553.9) (1319.14)

Ng 160 (55) 260 (130) 150 (62) 5.35%10° 0.28 3.35*10°

mean (SD) ng/L

MMSE score 29.04 (1.11) | 22.38(4.85) | 24.12 (4.86) 3.9%10° 7.2%10* 0.19

Descriptive data are of each group is presented as meanszstandard deviation. Statistically

significant p values are shown in group comparisons. CTR, controls; AD, Alzheimer disease;

FTD, Frontotemporal dementia; AB, amyloid-beta protein; P-Tau, phosphorylated-tau, T-Tau,

Total-tau; Nfl, neurofilament light chain; 14-3-3, 14-3-3 protein; Ng, neurogranine; MMSE,

Mini Mental state Examination.
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contribution to Alzheimer’s disease and frontotemporal dementia

signatures.

AP T-Tau Nfl Ng | 14-3-3 AGE R? | Variance
explained
by model

CThap 0.639 0.361 0.28 | 28%

[0.193, 0.967] [0.033, 0.807]

FAap 0.466 0.268 0.266 0.25 | 28%

[0.051, 0.889] |[0.013, 0.753] [0.002, 0.642]

CTherp 0.890 0.110 0.31 | 29%
[0.520, 0.999] [0.001, 0.481]

FAemD 0.924 0.076 0.47 | 49%
[0.800, 0.995] [0.006, 0.200]

HV 0.365 0.398 0.237 0.28 | 28%

[0.049, 0.688] [0.039, 0.865] [0.004, 0.637]

MMSE 0.117 0.723 0.160 0.28 | 28%

[0.0004, 0.584]

[0.217, 0.950]

[0.012, 0.406]

These data show results of a multiple regression models. Coefficients are normalized to show

relative contribution of each variable. CThap/ CTherp,: Mean cortical thickness values within
the AD/FTD signatures; FAap/FArrp: Mean FA values within the defined FA/AD signatures.

AP, amyloid-beta protein; P-Tau, phosphorylated-tau, T-Tau, Total-tau; Nfl, neurofilament

light chain; 14-3-3, 14-3-3 protein; Ng, neurogranine; HV, hippocampal volumeMMSE, Mini

Mental state Examination.
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Figure 1. (A) Patterns of specific structural alterations associated with
Alzheimer’s Disease (AD) and Frontotemporal Dementia (FTD). (B) Relative
importance (%) of each CSF Biomarker and Age in each multiple regression
model.
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Correlations between CTh and CSF-Biomarkers
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Figure 2. Results of the vertex-wise correlations between CTh and the CSF
Biomarkers. Significant correlations (corrected p<0.05) are shown in blue
(negative correlations).

Correlations between FA and CSF-Biomarkers
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Figure 3. Results of the voxel-wise correlations between FA and the CSF
Biomarkers. Significant correlations (corrected p<0.05) are shown in blue.
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Individuals with autosomal dominant Alzheimer's disease (ADAD) present amyloid deposits before
symptoms onset. We aimed to investigate efficacy and safety of 18F-florbetaben (FBB) for assessing
amyloid deposition in ADAD. We acquired FBB positron emission tomography and magnetic resonance
imaging of 25 individuals from PSENT families (NCT02362880). We studied individual uptake patterns,
group differences, and correlation with estimated years to symptoms onset, as well as adverse events.
We found that asymptomatic carriers (N = 14) showed increased FBB uptake across the cerebral cortex

ifi’:g:;,s Hisease and in the caudate. FBB accumulation appeared more than 15 years before onset in the precuneus and
Biornarkers bankssts, among other regions, overlapping regions showing increased cortical thickness in the same
Familial Alzheimer's disease subjects. FBB uptake correlated with estimated years to symptoms onset in several areas, especially the
Presenilin 1 rostral anterior cingulate. Symptomatic carriers (N = 7) had an elevated FBB uptake plateau. No adverse
Florbetaben events were reported. Overall, we found progressive FBB uptake in ADAD starting 2 decades before
PET symptoms. The rostral anterior cingulate is a candidate area to track AP deposition in addition to the
Amyloid precuneus.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Autosomal dominant Alzheimer's disease (ADAD), with almost
100% penetrance, allows the study of the trajectories of different
biomarkers and the evaluation of disease-modifying treatments at
early or presymptomatic stages of the disease (Bateman et al.,
2011). In addition, the relatively predictable age of onset in ADAD
allows the calculation of the estimated years to symptom onset
(EYO), as a proxy of the distance to symptoms onset for each

* Corresponding author at: Alzheimer's Disease and Other Cognitive Disorders
Unit, Department of Neurology, Hospital Clinic, IDIBAPS, University of Barcelona,
Villarroel, 170 08036, Barcelona, Spain. Tel.: (+34)932275785; fax: (+34)
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(R. Sanchez-Valle).
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asymptomatic mutation carrier (MC). This facilitates the compari-
son between individuals with different mutations and the study of
the progression of the disease even in cross-sectional samples.
Using the EYO measure, research on ADAD, has revealed a temporal
ordering of biomarkers indicating that the first pathological
changes appear during the asymptomatic stage in target core re-
gions and that these progressively expand toward new regions of
the brain as the disease symptoms worsen. Brain amyloid-f (AB)
accumulation is one of these biomarkers, and 2 ongoing trials, the
Dominantly Inherited Alzheimer Network Trials Unit (Mills et al.,
2013) and the Alzheimer's Prevention Initiative (Carrillo et al.,
2013), are already testing drugs that aim to limit the amyloid
accumulation in the brain in both ADAD and sporadic Alzheimer's
disease (AD).

Positron emission tomography (PET) imaging is a reliable tool to
explore the patterns of amyloid deposition. Different amyloid-PET
tracers available have demonstrated accurate correlation with
postmortem amyloid deposition. In ADAD, both the 11C-Pittsburgh
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compound B (PIB) (Bateman et al., 2012; Benzinger et al., 2013;
Gordon et al., 2018; Quiroz et al., 2018; Rodriguez-Vieitez et al.,
2016) and the 18F-florbetapir (Fleisher et al., 2012) tracers have
been used, detecting elevated amyloid uptake about 15 years before
estimated symptom onset. In addition, some of the patients with
ADAD show relevant and early striatal amyloid tracer binding that is
not frequent in sporadic AD (Benzinger et al., 2013).

However, it has not yet been established whether different
amyloid tracers bind to identical sites on AP fibrils, offering the
same ability to detect the regional AB burden. Regional and tem-
poral disparities in fibrillar Ap accumulation might have important
implications for clinical trials. On the other hand, even if PIB-PET is
considered the gold standard for amyloid tracers, its availability is
more limited worldwide, given that it is a carbon tracer.

Florbetaben (FBB: trans-4-(N-methyl-amino)-4-{2-[2-(2-[18F]
fluoroethoxy) ethoxy]-ethoxy} stilbene; Neuraceq) has high affin-
ity and specificity for Ap, lack of binding to Lewy bodies or neuro-
fibrillary tangles in postmortem tissue at low nanomolar
concentrations, and excellent correlation with global PiB retention
(Rowe et al., 2017). However, no studies have been published to
date examining the spatial pattern and chronology of 18F-florbe-
taben (FBB) binding in ADAD MCs. In this study, we investigate for
the first time the efficacy and safety of the f-amyloid tracer FBB for
assessing the regional and chronological amyloid deposition
pattern in ADAD due to PSENT mutations.

2. Material and methods
2.1. Participants

Participants were recruited within the genetic counseling pro-
gram for familial dementias (PICOGEN) at the Hospital Clinic, Bar-
celona, Spain (Fortea et al., 2011). Participants were adult children
(>18 years) of patients with symptomatic ADAD with a mutation in
the PSEN1 gene and who were either cognitively normal (Clinical
Dementia Rating [CDR] = 0) or had mild symptoms of cognitive
decline (CDR 0.5 or 1). Exclusion criteria were the presence of any
condition precluding the completion of the study, any major
medical disease, especially severe liver disease (aspartate amino-
transferase/alanine aminotransferase levels > 5 x upper limits of
normal) or advanced renal insufficiency (creatinine > 2 x upper
limits of normal), current or previous history of alcohol abuse or
epilepsy, known allergy to florbetaben or its constituents, preg-
nancy or breast feeding or planned pregnancy during the study
period, and any medical or psychiatric disease other than ADAD,
which could cause disturbance of brain function or cognition.

The study was approved by the hospital clinic ethics committee,
and all subjects gave written informed consent. According to the
Spanish regulations related to the use of radiotracers in human
subjects, the study was registered as a clinical trial (EudraCT No.
2014-000763-41, protocol code FBB-FAD-2014, ClinicalTrials.gov
Identifier: NCT02362880) and approved by the Spanish Drugs and
Medical Products Agency.

Participants were classified as asymptomatic if they had no
cognitive complaints, their cognitive performance was normal, and
they scored 0 on the CDR scale, or as symptomatic if their CDR score
was >0 or if their cognitive performance was >1.5 SD below the
mean. In addition, according to their genetic status, participants
were classified as MCs, either asymptomatic or symptomatic MC
(AMC or SMC), and noncarriers or controls (CTR).

We calculated the EYO for AMC as the subject’s age at the time of
the study minus their parental age at symptoms onset. Further-
more, we divided the AMC into 2 groups: stage I-AMC, those
younger than 15 years from estimated symptoms onset, and stage
II-AMC, older than 15 years from estimated symptoms onset. In

SMC, we calculated EYO as the subject’s age at the time of the study
minus their real age at symptoms onset.

2.2. Safety measures

Safety measures were recorded at the moment of the PET
acquisition and after 24 hours. We recorded adverse events spon-
taneously reported by the participant, discovered as a result of
general questioning by the study staff, or determined by physical
examination, as well as findings of the medical and neurological
examination and vital signs (blood pressure, heart rate,
temperature).

2.3. MRI acquisition

Participants were examined on a 3T magnetic resonance imag-
ing (MRI) scanner (Magnetom Trio Tim; Siemens Medical Systems,
Germany). A high-resolution 3D structural data set (T1-weighted,
MP-RAGE, TR = 2300 ms, TE = 2.98 ms, voxel size =1 x 1 x 1 mm;
FoV = 256 mm) was acquired. Two subjects (one SMC and one
AMC) were acquired in a different scanner with comparable
sequences.

2.4. PET acquisition

Each participant received a single intravenous bolus of approx-
imately 300 MBq (8.1 mCi) of [18F] florbetaben, followed by a saline
flush. Eighty minutes after injection, participants were scanned in a
Siemens Biograph molecular CT. The scanning included a low-dose
CT (50 mA, 120 kV) for attenuation correction and a PET acquisition
consisting in 4 5-minute dynamic 3D frames. PET images were
corrected for attenuation, death time, dispersion, and decay and
reconstructed using an iterative algorithm (TRUEX-+Time of Fly; 8
iterations, 21 subsets, and a gaussian with postfilter full width at
half maximum, FWHM, of 3 mm), resulting in the final sequence of
whole brain images of 109 planes (1.02 x 1.02 x 2.0 mm). Summed
images were subsequently created for quantification and analyses.

2.5. Visual analysis of PET images

The visual pattern of tracer retention was evaluated by 2 phy-
sicians (authors NF and FL) blinded to the genetic and clinical status
of the participants in the following areas: lateral temporal, frontal,
parietal, posterior cingulate, precuneus, occipital, striatum, and
cerebellum. Interpretation of the images was made comparing ac-
tivity of gray matter with activity in adjacent white matter. FBB
uptake in each of these regions was classified as pathologic/positive
or nonpathologic/normal. Furthermore, cortical retention was
classified as focal retention, if it was localized in a region, or as
generalized uniform uptake, if it covered several regions of the
cortical mantle.

2.6. MRI analysis

Images were processed with FreeSurfer (http://surfer.nmr.mgh.
harvard.edu/), version 6.0. The FreeSurfer stream includes cortical
reconstruction and registration, subcortical segmentation (Fischl
et al,, 2002), delineation of pial and white matter surfaces, esti-
mation of the cortical thickness (CTh), and parcellation of the
cortical surface (Fischl et al., 2004).

For whole-head segmentation of MRI data, we used an atlas
specifically defined for PET analysis, consisting of 101 regions of
interest (ROIs) covering cortical and subcortical areas (Greve et al.,
2016). We performed visual validation of the surface reconstruction
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and segmentation results. We calculated the mean CTh value within
each cortical ROI of the atlas.

2.7. Automated PET quantification and analysis

Each individual PET scan was first registered to its corresponding
MRI image using normalized mutual information (Greve and Fischl,
2009). All registrations were visually inspected.

We obtained the standardized uptake value ratio (SUVR) for
each of the atlas ROIs, calculated as the mean uptake in the ROI
divided by the uptake in the region of reference. We used the pons
as a reference region according to previous studies (Su et al., 2016).

PET values were corrected for partial volume effects using the
geometrical transfer matrix method (Greve et al., 2016). To reduce
the number of measures, we calculated the bilateral mean (average
between left and right) of the uptake in the main regions, resulting
in 40 summary values per subject (6 subcortical and 34 cortical
regions).

We used a previously reported cutoff of 0.78 (Bullich et al., 2017)
to calculate the number of subjects with high FBB uptake at each
region within each group. However, this threshold was obtained
with results from a slightly different methodology based on ROIs
from the automated anatomical labeling (AAL) atlas (Tzourio-
Mazoyer et al., 2002). We used this threshold, as one of the most
restrictive thresholds reported in the mentioned study, to account
for changes in the methodology (FreeSurfer-based analysis with
PVC vs. AAL-based analysis with no PVC). In addition, to further
explore these differences between methods, we obtained the
quantification results with the AAL-based analysis. These methods,
as well as the comparison between results from the 2 approaches,
are reported in Supplementary Material.

2.8. Statistical analyses

We compared the SUVR values between groups, using
nonparametric tests in MATLAB. Specifically, we used Kruskal-
Wallis and Mann-Whitney U for testing differences between
groups of subjects. For each region, we tested 4 hypotheses: (1)
higher uptake in SMCs than CTR; (2) higher uptake in AMCs than
CTR; (3) higher uptake in stage I-AMCs than CTR; and (4) higher
uptake in stage I[I-AMCs than CTR. We also used Spearman corre-
lations to assess the association between individual SUVR scores
and EYO, calculated in all MC and in AMC and SMC subjects
separately.

In regard to CTh, we also performed group comparisons and
correlation with EYO in the 34 cortical bilateral parcellations. All
tests were considered significant at the p < 0.05 level. We
calculated differences after correction for multiple comparisons
using the false discovery rate (FDR) correction, for each hy-
pothesis and across all the regions evaluated, implemented in

MATLAB (Benjamini and Hochberg, 1995), with an FDR of

q<0.05.

3. Results
3.1. Sample characteristics

Twenty-five participants from ADAD families caused by 12
different PSEN1 mutations (E120K, H131R, V151M, H163R, S169P,
L173F, G209E, K239N, L282R, L286P, G378R, and 1439S) were
included. Of them, 14 were AMCs, 7 were SMCs, and 4 CTR. De-
mographic and clinical data are shown in Table 1. We observed
group differences in age (Kruskal-Wallis test p < 0.05). CTR and
AMCs differed in EYO (Mann-Whitney U, p < 0.01), but not in age. In
our sample, we observed a bias toward female participants because
of the fact that women from our ADAD clinical cohort were more
prone to participate in research studies than men. Seven AMCs
were classified as stage I-AMCs, younger than 15 years from esti-
mated onset (mean EYO = —18.8 years, SD: 3.16), and 7 AMCs were
classified as stage II-AMC, older than 15 years from estimated onset
(mean EYO = —7.95 years, SD: 7.14).

3.2. Safety results

No adverse events were reported related to the tracer injection
or PET scanning.

3.3. Visual assessment of PET images

Sixteen MCs, all 7 SMCs and 9 of 14 AMCs, showed abnormal
(increased) FBB uptake at visual assessment at least in one of the
areas studied. Seven of them (43.75%) showed both generalized
uniform uptake and local striatal tracer uptake. They corresponded
to 4 SMCs and 3 AMCs with EYO range —13 to 9.4 years and the
following mutations: S169P, L173F, E120K, H163R, K239N, and
L173F. Two L282R AMCs (12.5%) presented only generalized uni-
form cortical uptake. Two SMCs (12.5%) with EYO 3.1 and 4 years
and G209E and H163R mutations showed only striatal retention.
Four AMCs (25%) had focal cortical retention, with EYO range
to —20.2 to —1.8 years and the K239N, L282R, G378R, and V151M
mutations. One SMC (6.25%) with EYO 7.3 and L286P mutation
presented cerebellar tracer retention in addition to generalized
uniform cortical uptake. This participant was the only SMC who did
not show striatal uptake at visual inspection. The 9 participants
with high striatal uptake were 6 SMCs and 3 AMCs. The 5 remaining
AMCs (EYO range: —24.4 to —15.7) were negative in all the areas
evaluated at visual inspection. Fig. 1 provides one example of each
of the amyloid patterns observed. All noncarriers were negative at
visual inspection.

Table 1

Participant demographics and clinical variables
Variable CTR AMC SMC p
N =25 4 7
Age, y, mean (SD) 48.37 (10.01) 37.11 (8.79) 51.88 (2.32) 0.005
Sex, M/F 1/3 1/13 5/2 0.01
EYO, y, mean (SD) 2.06 (4.56) -13.38 (7.73)" 4.88 (2.58) <0.001
MMSE, mean (SD) 30 28.86 (1.56) 2243 (3.31) < 0.001
CDR total, mean (SD) 0 1.07 (0.67) < 0.001
CDR-SOB, mean (SD) 0 4.57 (3.62) < 0.001

p values obtained by Kruskal-Wallis test.

Key: AMC, asymptomatic mutation carrier; CDR, Clinical Dementia Rating; CTR, noncarriers or control; EYO, estimated years to symptoms onset; SMC, symptomatic mutation

carrier; SOB, sum of boxes; SD, standard deviation.
¢ indicates that there are differences between AMCs and CTR.
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Fig. 1. Visual patterns of 18F-florbetaben (FBB) uptake observed in the PSEN1 mutation carriers. (A) Negative scan. (B) Generalized uniform uptake. (C) Focal occipital uptake. (D)

Striatal and focal cortical uptake. (E) Cerebellar uptake.
In AMCs, the caudate and all cortical areas, with the exception of the

entorhinal cortex, showed increased SUVR compared with CTR (all
surviving FDR threshold: p = 0.019, Fig. 3). When AMC subjects
were divided according to EYO, we found increased uptake (p <
0.05, uncorrected) in stage [-AMCs compared with CTR in 21 of 40
regions including 20 cortical ROIs and the caudate. However, none
of these differences survived FDR correction. In stage II-AMCs,
compared with CTR, we also found higher uptake in the hippo-
campus and in the rest of cortical areas (all surviving FDR threshold:

p = 0.037, Fig. 4A and Supplementary Material).

3.4. Individual quantification

We studied the individual FBB uptake quantifications in all the
regions. The percentages of subjects with altered (above cutoff)
values within each group and for each region are summarized in
Fig. 2. All SMC subjects showed regional SUVR values above the
cutoff in all the areas studied except for the caudate (85.7% positive
subjects), putamen (85.7% positive), hippocampus (14.2% positive),
amygdala (57.4% positive), entorhinal cortex (0% positive), para-
hippocampal cortex (57.14% positive), and temporal pole (71.43%
positive). Interestingly, the only SMC (EYO= 7.32 years, mutation
L268P, and CDR = 1) subject that did not show increased SUVR in 3.6. Correlation between SUVR and EYO

the caudate showed increased SUVR in the cerebellum. The youn-

gest AMC who showed FBB above cutoff had an EYO of —20 years (7 For all MCs, we observed significant correlations between SUVR

out of 40 positive regions), and the second youngest had an EYO and EYO in all the areas studied (all surviving FDR threshold: p =

of —16 years (20 of 40 positive regions). 0.0023, see values in Supplementary Material). In AMCs, we found
Of the stage I-AMC subjects, only the 2 subjects mentioned  correlations between SUVR and EYO in many cortical areas and in

above, showed SUVR above cutoff in some areas: bankssts, pre- the amygdala (all surviving FDR threshold: p = 0.035), which were

cuneus, inferior and superior parietal, and supramarginal and  pot seen in SMCs. The regions with the strongest significant cor-

lateral occipital (Fig. 2). However, all the stage II-AMC subjects  relations (r > 0.62, p < 0.05, FDR corrected) are shown in Fig. 5.

presented at least one area with SUVR above the cutoff. CTR sub-

jects present normal SUVR values in all the areas except for the 3.7. Cortical thickness
pallidum.

The results obtained using the original methods defined in Bullich In AMCs, we found higher CTh than CTR in the bankssts, para-
et al. (2017) are included in Supplementary Material, together with central, pars opercularis, pars triangularis, rostral middle frontal, and
the comparative analysi§ between both sets of results. In summary, we superior temporal (p < 0.05, Fig. 4B). In SMCs, we found thinner cortex
founq a stfoqg correlation between both sets (,’f measures and we than CTR in the precuneus and inferior parietal, superior parietal, and
obtained similar results both for group comparison analyses and in supramarginal regions (all p < 0.05, Fig. 4B). We found negative cor-
the rate of positive/negative subjects per region. We also tested the relation with EYO in MCs in the banks;sts. fusiform, inferior parietal,
regional variability of the thresholds, and we concluded that the middle temporal, postcentral, precuneus, and supramarginal. We
puml?er of subjects ‘flaSS'ﬁEd, as positive or negative was almost observed that all the areas mentioned previously, with significantly

identical when usig regional vs global. thrgsholds (See increased CTh in AMCs or decreased CTh in SMCs, showed also sig-
Supplementary Material for results and further discussion). nificant AB deposition compared with CTR (Fig. 4).

3.5. Group differences in SUVR 4. Discussion
In SMCs, we found higher FBB uptake in all the regions, We examined the spatial pattern of FBB retention in ADAD due
compared with CTR (all surviving FDR threshold: p = 0.023, Fig. 3). to PSEN1 mutations. Consistent with the amyloid hypothesis and
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Percentage of subjects with increase in individual standardized uptake value ratio (SUVR) values (cutoff = 0.78) for each region at each stage.
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Fig. 3. Mean standardized uptake value ratio (SUVR) within each ROI for controls (CTR), asymptomatic mutation carriers (AMCs), and symptomatic mutation carriers (SMCs). Only
areas with significant differences between CTR and AMCs are shown in the figure. Differences between CTR and SMCs are significant for all regions studied.

according to previous findings with other tracers and in other co-
horts, we found increased FBB uptake in PSENT MCs in cortical and
subcortical areas, found in precuneus, bankssts, supramarginal,
superior and inferior parietal and lateral occipital in asymptomatic
subjects younger than 2 decades before the predicted symptoms
onset, suggesting progressive deposition of fibrillar AB. We identi-
fied areas with strong correlation between FBB uptake and EYO
among which outstands the rostral anterior cingulate, suggesting
that this area could be used to track the progressive fibrillar AB
deposition across the disease. Striatal pathological uptake was
observed in 50% of the positive scans, and cerebellar uptake was
only in one SMC at visual examination. In addition, we identified
areas of increased CTh in AMCs, in accordance with previous studies
(Fortea et al., 2010; Sala-Llonch et al., 2015), as the bankssts and the
precuneus, which also presented significant amyloid deposition in
early AMC stages. Besides not being a longitudinal study, our
findings in subjects at different EYO suggest a progressive increase
in amyloid deposition when approaching disease onset. In terms of
safety, the use of FBB PET was shown to be safe and well tolerated in
this population.

Overall, we demonstrate the capability of FBB-PET imaging to
depict amyloid deposition changes up to 20 years before the clinical
onset of AD. Notably, we described regional patterns similar to
those reported in other cohorts with other tracers, besides potential
differences in the degree of retention between amyloid binding
detected with 18C-PIB and FBB (Villemagne et al., 2012). Studies on
the DIAN cohort, both cross-sectionally (Bateman et al, 2012;
Benzinger et al., 2013; Oxtoby et al., 2018) and longitudinally
(Gordon et al., 2018), reported amyloid deposition in nearly every
cortical region 15 years before the estimated age of onset for ADAD
MCs, measured with PIB-PET. Also using PIB, another study re-
ported higher striatum uptake in presymptomatic ADAD subjects
17 years before the estimated onset and longitudinal increases in

the frontal cortex and in the putamen when subjects approached
the age of onset (Rodriguez-Vieitez et al., 2016). In presymptomatic
PSEN1 E280A MCs, using 18F-florbetapir, it has been found that
fibrillar AP began to accumulate about 16 years before the predicted
median age of mild cognitive impairment onset, in the anterior and
posterior cingulate, precuneus, parietotemporal and frontal cortex,
and basal ganglia (Fleisher et al., 2015). In addition, studies in
sporadic AD (Villemagne et al., 2013) have found amyloid PET
changes up to 17 years before the stage of mild dementia, sug-
gesting similarities between ADAD and late-onset sporadic AD in
the chronology of the progressive amyloid deposition.

In regard to the regional specificity, using PIB, striatal amyloid
accumulation was described as a specific feature of ADAD (Klunk
et al., 2007). In our sample, using FBB, we find a regional pattern
of alterations in ADAD, which was in general characterized by
diffuse cortical uptake accompanied by slight striatal alterations.
Striatal uptake was frequent but not universal in our subjects.
Interestingly, the only SMC who did not show altered FBB uptake in
the striatum showed relevant cerebellar uptake. Increased FBB
uptake in the caudate appeared in the early presymptomatic phase,
whereas hippocampal uptake increase appeared in the last years of
the presymptomatic stage, it was significantly higher in stage II-
AMCs (less than 15 years before the predicted age of onset), with
no differences in younger asymptomatic carriers, compared with
noncarriers. In addition, only one of the MCs showed FBB uptake
above the cutoff in the hippocampus. Our study did not show
relevant amyloid tracer retention in ADAD in the hippocampus,
similar to previous studies (Benzinger et al., 2013; Gordon et al,,
2018; Rodriguez-Vietez et al., 2016) and in agreement with clas-
sical neuropathological studies that revealed the hippocampus only
presented mild deposits of amyloid (Braak and Braak, 1991). The
rest of subcortical structures studied showed abnormal deposition
in SMCs, but not in AMCs.
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Fig. 4. Summary of the FBB and CTh group comparisons. In (A), areas with significant FBB uptake differences in the comparison with the CTR group (p < 0.05 in the Kruskal-Wallis
test), as indicated with gray boxes (light gray for stage I-AMCs, medium gray for stage II~-AMCs, and dark gray for SMCs). The brain representation shows significant cortical
parcellations on a standard surface brain. Green-yellow scale indicates the degree of differences in the SUVR for each region of each group compared with CTR. In (B), areas with
significant CTh differences in the comparison with the CTR group (p < 0.05 in the Kruskal-Wallis test), as indicated with blue boxes (decreased CTh) and red boxes (increased CTh).
The brain representation shows significant cortical parcellations on a standard surface brain. Blue-Red colors indicate the direction of differences for each region of each group
compared with CTR, following the same legend as the box grid. See main text for differences surviving multiple comparisons. Abbreviations: AMC, asymptomatic mutation carrier;
CTh, cortical thickness; CTR, control; FBB, 18F-florbetaben; SMC, symptomatic mutation carrier; SUVR, standardized uptake value ratio. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

We found strong correlations between FBB uptake and EYO for
all MCs in all the regions studied. These were also observed in
AMCs, but not in SMCs, suggesting that time does not relevantly
affect amyloid accumulation after the symptoms onset. If we
exclude the pallidum, which may present unspecific bingeing,
considering that CTR also presented high uptake, the anterior
rostral cingulate appeared as the region showing strongest corre-
lations in AMCs, and thus, it can be considered as a candidate region
to be used to track amyloid deposition (rho = 0.75 in AMCs and 0.83
in MCs). In addition, the precuneus that has been proposed as a
candidate region by other authors (Bateman et al., 2012; Benzinger
et al., 2013; Gordon et al., 2018), also showed strong correlations in
our sample (rho = 0.62 in AMCs and 0.77 in MCs).

In previous studies, we described increased CTh in AMCs
compared with CTR, at a mean of 16 years from symptoms onset, in
the temporoparietal cortex, precentral and postcentral cortices, and
pars triangularis and pars opercularis regions, accompanied by
increased caudate volume (Fortea et al., 2010; Sala-Llonch et al.,
2015). We then speculated that neuroinflammation and/or accu-
mulation of amyloid species preceding neurodegeneration could

account for this phenomenon. Here, we observed that those regions
showed increased FBB uptake very early on in the disease course,
suggesting pathological fibrillar amyloid deposition in areas with
increased thickness (Fortea et al., 2010; Sala-Llonch et al., 2015). In
the same line, Rodriguez-Vieitez et al. (2016) described that there is
initially high followed by declining astrocytosis in ADAD carriers, at
the time of early amyloid deposition, suggesting astrocyte activa-
tion is implicated in the early stages of AD pathology (Quiroz et al.,
2018).
Notably, in this study, we used a semiautomated method that
uses individual anatomical information, PET-MRI registration, and
partial volume effect correction (Greve et al., 2016). Even if we have
proven that the classification into positive/negative scans is similar
to that obtained by visual ratings, automatic quantifications
allowed us providing an accurate description of regional alterations,
discriminating areas affected differently at each stage of the disease
progression.
It is a matter of discussion whether different amyloid tracers

bind to identical sites on AP fibrils, offering the same ability to
detect the regional AR burden or not. In this sense, one of the main
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Fig. 5. Correlation between SUVR and EYO for each group. For each region, the result of the Spearman correlation within the AMC group is shown on the bottom-right corner. Only
regions with correlation of r > 0.62 are shown and corrected p < 0.05. The detailed results of the correlations for all groups and all regions are shown in Supplementary Material.
Abbreviations: AMC, asymptomatic mutation carrier; CTR, control; EYO, estimated years to symptoms onset; SMC, symptomatic mutation carrier; SUVR, standardized uptake value ratio.

contributions of our work is the confirmation that FBB is able to
detect the amyloid plaques observed in PSENT1 carriers as soon as 2
decades before predicted age of onset. On the other hand, previous
studies refer to the precuneus as the preferred area to study the
progressive deposition of amyloid using amyloid PET. Here, besides
validating the results on the precuneus, we discuss that other areas,
as the anterior cingulate, are also good candidates to monitor am-
yloid uptake.

Overall, even when most of our results are in line with previous
studies with other tracers, suggesting that most of the effects
described are related to real amyloid deposition and not to an un-
specific tracer effect, we should acknowledge some limitations. First,
the sample size limits the strength of the results and precluded some
of the potential analysis, but on the other hand, it is relevant
considering that is a unicentric study and no other data are available
with FBB in this population. The second limitation is that this is a
cross-sectional study, and even if cross-sectional studies have pro-
vided evidences further proved in longitudinal studies, the magni-
tude of the effect or the temporal pattern of changes may differ with
real longitudinal studies. Other limitation is the use of an FBB cutoff
positivity that was obtained for sporadic AD. However, the results
obtained are congruent with what could be expected according to
the literature. Finally, our approach relied on a familial age of
symptom onset as a proxy for disease progression, which limits the
accuracy of predictions due to the potential imprecision in such es-
timates (Ryman et al., 2014). Giving that it is currently not possible to
predict the exact age of onset for each AMC subject using individual
biomarkers, in the future, our results would need to be reanalyzed
retrospectively when these AMCs reach the disease onset.

5. Conclusion

In summary, we confirm and expand previous findings of very
early, progressive, and region-dependent amyloid tracer uptake in
ADAD in an independent unicentric cohort (Barcelona cohort), with
a different amyloid tracer, FBB. Our findings would suggest that FBB
disclosse a similar spatial pattern and chronology of tracer uptake
to that described in previous publications with other amyloid
tracers in ADAD.
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DISCUSSIO

Els treballs que conformen la present memoria de tesi doctoral pretenen aportar
informacié d’aplicabilitat clinica sobre quin és l'impacte clinic de I'is dels actuals
biomarcadors diagnostics, avaluant quins d’aquests biomarcadors diagnostics son
millor tolerats i augmenten més la confianca diagnostica, amb 'objectiu final de poder
optimitzar el procés diagnostic a la MAP. Aixi mateix, el present treball pretén ampliar el
coneixement sobre altres biomarcadors que ara per ara s’utilitzen en ’ambit de recerca
per tal d’entendre millor la fisiopatologia de la malaltia i valorar el seu potencial valor

diagnostic i/o pronostic en la MAP.

El primer treball descrit avalua l'aplicabilitat dels diferents biomarcadors diagnostics
durant el procés diagnostic de pacients amb deteriorament cognitiu d’inici precoc. Tot i
que alguns estudis previs han avaluat la confianga diagnostica que aportava I'iis d’alguns
d’aquests biomarcadors de forma aillada, aquest és el primer estudi en fer una
comparativa entre tots els biomarcadors disponibles en una mateixa cohort de pacients
amb MAP (Frisoni et al, 2017; De Wilde et al,, 2017). El resultats d’aquest treball
suggereixen que a la practica clinica diaria, I'ds d’aquests biomarcadors tindria un
impacte clinic molt rellevant en el procés diagnostic del deteriorament cognitiu d’inici
precog, ja que comporta un canvi de diagnostic d'un ter¢ dels pacients. Aquesta dada
esta en concordanca amb publicacions prévies que demostren percentatges de canvi
diagnostic similars, tot i que majoritariament s’han avaluat en cohorts de MAT
(Rabinovici et al., 2019; De Wilde et al., 2018; Motara et al., 2017; Duits et al,, 2015;
Mouton-Liger et al, 2014). El fet que hi hagi aquest percentatge de canvi diagnostic
després de les proves, suggereix que en una part important dels pacients que consulten
per deteriorament cognitiu a edats primerenques de la vida, I'is de biomarcadors ens
permetria obtenir un diagnostic més acurat i fiable que el que obtindriem només amb
els criteris clinics. Aquests resultats estarien en concordanga amb la revisié de cohorts
clinico-patologiques (Beach et al., 2012; Balasa et al., 2011). Aixo, s’explicaria en part,
per la major especificitat que ofereixen els biomarcadors respecte als criteris clinics, ja
que fenotipicament hi ha un solapament de la MA amb altres patologies, especialment
en les formes no amnesiques. A més, en la nostra cohort, el seu Us també va comportar

canvis de tractament en un ter¢ de la mostra, fet que també esta en la linia del publicat
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préviament en estudis que avaluen I'impacte de I'ds d'un biomarcador de forma aillada
(De Wilde et al., 2018; Motara et al., 2017). Aix{ doncs, la integracié dels biomarcadors
en el maneig diagnostic de MAP també condicionaria en molts casos el seu maneig

terapeutic.

La decisi6 de quin biomarcador utilitzar durant el procés diagnostic hauria de ser una
decisi6é compartida entre el metge i el pacient i/o la familia, per tant a més d’avaluar la
utilitat dels biomarcadors des del punt de vista de la confianga diagnostica que genera
en el professional, és important també coneéixer I'opinié dels pacients respecte el grau
d’invasivitat de les proves diagnostiques utilitzades (Kunneman et al., 2017). Els
resultats mostren que la majoria de pacients no havien tingut cap molestia, o havien
tingut una molestia lleu, en totes les proves, aixi com que majoritariament també les
repetirien si fos necessari. Per tant, podem afirmar que en la nostra cohort totes les
proves (puncié lumbar, PET-FDG, PET-amiloide, RM cerebral) van ser en general ben
tolerades. Es d’especial rellevancia destacar que la puncié lumbar, considerada una
prova invasiva, va ser molt ben tolerada per la majoria de pacients fet que suggereix que
no és necessari limitar-ne el seu s més enlla de les contraindicacions ja conegudes
(tractament anticoagulant, plaquetopenia, alteracié de ’hemostasia), tot i que sempre
cal tenir en compte totes les mesures per prevenir-ne els possibles efectes secundaris.
Per altra banda, tot i que els resultats de tolerabilitat no van mostrar diferéncies
significatives entre les diferents proves, la RM cerebral va obtenir percentualment el
nombre meés elevat de molestia severa que va ser deguda a claustrofobia, i per tant

caldria evitar-la en aquests casos.

A més de I'impacte global dels biomarcadors en el procés diagnostic i terapeutic del
pacient amb MAP i la tolerabilitat de les proves, els resultats del primer treball també
suggereix que el valor afegit que aporta cada biomarcador al diagnostic final del pacient
és diferent. En aquest sentit, el PET-amiloide i els biomarcadors a LCR (AB42 i tau)
mostren un increment significatiu en la confianca del clinic tant a I’hora de confirmar el
diagnostic final de MAP, com a l'hora de descartar-lo i establir un diagnostic de
deteriorament cognitiu no neurodegeneratiu, o bé establir el diagnostic d’'una altra
malaltia neurodegenerativa com la DFT. El PET-FDG en canvi, no ha demostrat

incrementar significativament la confianga diagnostica en aquests pacients i I'avaluacio
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visual de 'atrofia d’hipocamp a RM mitjangant escala visual MTA fins i tot I'ha reduida
de forma estadisticament significativa. La superioritat trobada en el nostre treball dels
biomarcadors més especifics de MA, com el LCR i el PET-amiloide, és concordant amb
estudis publicats préviament que ja suggerien un major increment de la confianca
diagnostica d’aquests biomarcadors envers el PET-FDG o MTA (Bocchetta et al., 2015;
Ossenkoppele et al,, 2013). El fet que el PET-amiloide i I'analisi del LCR proporcionin
una mesura directa del canvis anatomopatologics cerebrals des de fases inicials de la
malaltia, aixi com el seu bon rendiment diagnostic i la bona correlacié entre ells, és
coherent amb el fet que ambdds biomarcadors incrementin la confianga de forma
rellevant i similar entre ells (Weston et al., 2016). Tant el PET-FDG com [l'atrofia
d’hipocamp a RM cerebral, en canvi, sén biomarcadors menys especifics i que
probablement reflecteixin canvis fisiopatologics que es produeixen en moments més
tardans del mateix procés de neurodegeneracié. Aix0 pot condicionar que el seu
rendiment diagnostic sigui inferior en fases inicials de la malaltia i en conseqiiéncia,

proporcioni una menor confianca diagnostica (Jack et al., 2013).

Tot i aixi, I'avaluacié visual de l'atrofia d’hipocamp mitjancant I'escala MTA ha sigut
ampliament validada en nombrosos estudis (Ten Kate et al., 2017). Si bé la majoria s’han
realitzat en cohorts sense confirmacié biologica ni anatomopatologica de la malaltia,
'atrofia d’hipocamp s’ha proposat com a bon predictor de progressié de DCL a MA, aixi
com ha demostrat tenir una bona correlacié amb diverses tecniques de quantificaci6 de
volum de I'hipocamp (Ten Kate et al.,, 2017; Ferreira et al., 2015; Varon et al., 2015;
Pereira et al.,, 2014; Duara et al,, 2013; Heo et al,, 2013; Shen et al.,, 2011). Tot aixo,
juntament amb el fet que és una eina ampliament disponible i que a diferencia de les
tecniques quantitatives, és facilment aplicable a la practica clinica, va portar a que es
proposés com a biomarcador per a I'avaluacio6 de I'atrofia d’hipocamp i que a data d’avui
sigui encara la tecnica més utilitzada. Aixi mateix, es va establir un MTA21,5 com a punt
de tall considerat com a patologic en pacients per sota dels 75 anys (Van de Pol et al,
2014). El contrast d’aquestes dades amb els resultats obtinguts en el nostre primer
treball, junt amb les poques dades disponibles a la literatura de pacients amb MAP,

especialment tenint en compte les presentacions atipiques de la malaltia, van motivar
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que ens plategéssim avaluar la seva sensibilitat i especificitat diagnostica en una cohort

de pacients amb MAP, utilitzant ambdés metodes (MTA i volumetria d’hipocamp).

Els resultats obtinguts en aquest segon treball suggereixen que el rendiment diagnostic
de l'avaluacié visual de l'atrofia d’hipocamp mitjangant 'escala MTA en pacients amb
MAP és suboptim i inferior al rendiment obtingut en pacients amb MAT i inclis, amb
altres patologies com la DFT. La sensibilitat de I'atrofia d’hipocamp en pacients amb
MAP va ser inferior al 60% per a tots els punts de talls avaluats de MTA (MTA21,
MTA=1,5, MTA=2), sent especialment més baixa en aquells subjectes amb presentacions
no amnesiques. S’ha descrit que les variants no amneésiques de la MA sovint presenten
un patro6 d’atrofia cerebral predominant en altres arees cerebrals com ara la parietal, en
comptes I'hipocamp (Phillips et al., 2018; Mendez et al., 2017; Rabinovici et al., 2007;
Frisoni et al., 2007). Per tant, era esperable que la capacitat diagnostica de MTA en
aquest grup fos inferior que en pacients amb MA amneésica (Lehman et al., 2012). En
canvi, el seu baix rendiment en presentacions amnesiques és més sorprenent degut a
que 'hipocamp és una estructura cerebral directament relacionada amb la memoria i es
coneix que fisiopatologicament és la primera estructura en afectar-se en estadis inicials
de la malaltia per patologia tau (Sarazin et al., 2010; Braak et al. 1985). El fet que MTA
sigui tan poc sensible pel diagnostic de MAP i que per tant tingui un limitat valor afegit
en el procés diagnostic d’aquests pacients, pot explicar-se llavors, tant per la major
freqliencia de presentacions no amnesiques, aixi com pel fet que al ser pacients més
joves l'atrofia cerebral podria ser menys prevalent i/o menys rellevant en les fases
inicials de la malatia (Lehman et al, 2012). Aixi mateix, la capacitat de MTA per
discriminar entre la MA i altres patologies (DFT) va ser suboptima ja que les
especificitats obtingudes per distingir entre MAT i MAP de DFT van ser inferiors al 40%.
Aquest dada posa de rellevancia la poca utilitat d’aquesta eina per al diagnostic
diferencial entre MA i la DFT, donat que la mateixa DFT també pot presentar atrofia

d’hipocamp (Harper et al,, 2016; Hornberger et al., 2012).

El desenvolupament en les ultimes decades de diferents técniques de mesura
volumetrica de I'hipocamp té com a objectiu disposar d’'una eina que pugui aportar un
benefici en el diagnostic de la MA respecte la seva avaluacié mitjancant I'escala visual

(Bosco et al, 2017). En el nostre treball la volumetria va mostrar un rendiment
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diagnostic superior a I'avaluacio visual de la MTA per discriminar pacients amb MAP de
controls, obtenint el millor punt de tall (6258.75 mm3) una sensibilitat i especificitat
superior al 85%, un resultat similar al descrit a la literatura (Cover et al., 2016; Varon D
et al,, 2015; Cuingnet et al.,, 2011; Shen et al,, 2011; Ridha et al., 2007; Wahlund LO et al,,
2000). Tot i aixi, malauradament, aquesta técnica no va aconseguir discriminar la MA
d’altres patologies com la DFT en pacients amb deteriorament cognitiu d’inici precog
(Van de Pol et al, 2006). Tenint en compte els criteris descrits previament que
defineixen que un biomarcador de MA hauria de tenir una sensibilitat i especificitat del
80%, I'atrofia d’hipocamp, ja sigui avaluada visualment o quantitativament, no compliria
els criteris diagnostics per ser-ho en el marc de la MAP, ni tan sols en aquells pacients
amb presentacions amnesiques (The Ronald and Nancy Reagan Research Institute of the

Alzheimer's Association and the National Institute on Aging Working Group, 1998).

La poca utilitat diagnostica de la MTA aixi com el coneixement de que altres arees
cerebrals més enlla de I'hipocamp poden estar atrofiques a la MAP, ens portar a
plantejar un tercer treball. L’objectiu d’aquest va ser valorar si altres escales visuals
d’atrofia cerebral descrites a la literatura podrien obtenir un millor rendiment
diagnostic en aquests pacients en fases inicials de la malaltia (DCL i demeéncia lleu). Els
resultats van mostrar que les escales amb millor rendiment diagnostic per discriminar
pacients amb MAP de controls eren diferents segons el fenotip clinic. Aixi, I'escala del
cingulat anterior va demostrar ser la millor per detectar pacients amb variant amnesica
de la MA (sensibilitat 66%, especificitat 83%), per sobre del rendiment de la MTA. El
cingulat anterior s’ha relacionat amb la flexibilitat de pensament, apatia i
desconeixement dels propis deficits mnesics (Amazio et al.,, 2011). Tot i que ha estat poc
estudiada la seva relacié6 amb la MA, alguns estudis previs ja havien descrit atrofia en
aquest area en la MA (Jones et al., 2006). Per altra banda, I’escala d’atrofia posterior, va
ser I'escala amb millor rendiment tant per la variant no amnesica de la MAP (sensibilitat
68%, especificitat 88%) com per la MAG (sensibilitat 86%, especificitat 69%). Aquest
resultat esta en concordanca amb el patré d’atrofia predominant a arees parietals,
descrit previament a la literatura per a MAP, especialment en casos no amnesics
(Koedam et al,, 2010). Aixi mateix, els resultats concorden amb els publicats previament

en una cohort que incloia subjectes amb MAP amb confirmacié anatomopatologica pero
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en estadis més avancats de la malaltia (Harper et al., 2016). De totes formes, en el nostre
treball, tot i que I'escala del cingulat anterior en amnesics i la d’atrofia posterior en no
amnesics sén escales amb millor rendiment diagnostic, malauradament tampoc

compleirien els criteris per a ser considerades biomarcador de MA.

Els rendiments diagnostics obtinguts tant per I'escala MTA com per la resta d’escales
d’atrofia visual, suggereixen una utilitat limitada d’aquestes escales en el diagnostic de
pacients amb deteriorament cognitiu d’'inici preco¢ ja que indiquen que I'absencia
d’atrofia cerebral en un pacient amb deteriorament cognitiu d’inici precog, no descarta
la possibilitat de patir MAP i si n’hi ha, aquesta és poc especifica. Atesos aquest resultats
caldria remarcar la necessitat de ser cautes en la interpretacié de 'avaluacié visual
d’atrofia cerebral en la primera valoracié d'un pacient amb deteriorament cognitiu
d’inici preco¢. Aixi mateix, tenint en compte que hi ha altres biomarcadors
neurodegeneratius més especifics de la malaltia, com ara P-Tau a LCR, caldria
reconsiderar quin valor atorguem a I'avaluacid de l'atrofia d’hipocamp dins dels criteris
diagnostics de MA. En aquest sentit, creiem que redefinir I'atrofia d’hipocamp com a
criteri o biomarcador de suport en comptes de com a biomarcador diagndstic, com a
minim en casos de pacients amb MAP, ajudaria a ponderar el seu valor respecte altres
biomarcadors que ofereixen un major valor afegit en el procés diagndstic, especialment
quan son aplicats a pacients que inicien la simptomatologia abans dels 65 anys. Aquesta
definicio estaria al seu torn, més en concordanca amb allo descrit recentment en els

nous criteris de recerca a la MA (Jack et al., 2018).

Els darrers treballs de la present tesis doctoral han sigut dirigits a l'estudi de
biomarcadors, tant bioquimics en LCR com de neuroimatge, que podrien tenir un paper
rellevant en la fisiopatologia de la malaltia. La majoria s’han desenvolupat en els tultims

anys i l'ts d’alguns d’ells encara esta limitat a I'ambit de la recerca.

En el quart treball presentat vam avaluar el perfil de biomarcadors a LCR i la seva
relacié amb els canvis estructurals cerebrals (RM cerebral) caracteristics de pacients
amb MA. Vam incloure tant biomarcadors tipics (AB42, T-Tau i P-Tau), com nous
biomarcadors (Ng i NfL) aixi com d’altres que, tot i que coneguts, el seu paper dins la MA

ha estat menys estudiat (14-3-3) (Mattson et al,, 2017). Tot i que la relacio entre les
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caracteristiques en neuroimatge de la MA i els seus biomarcadors tipics de LCR han
estat estudiats tant en fases cliniques com precliniques de la malaltia, és encara incert
quina relaci6 o influéncia poden tenir els nous biomarcadors sobre els patrons d’atrofia
a la MAP (Pegueroles et al.,, 2017; Idland et al., 2017; Fortea et al.,, 2014; Tosun et al,,
2011).

Els resultats descriptius dels biomarcadors a LCR van mostrar que a més del perfil
classic de la malaltia, consistent en la disminuci6 dels nivells de AB4z1i elevacié de T-Tau
i P-Tau, la concentracié a LCR de la resta de biomarcadors (Ng, Nfl i 14-3-3) també
estava elevada comparat amb controls. Aquests resultats s6n concordants amb el descrit
préviament (Blennow et al., 2018; Portelius et al., 2018; Rohrer et al., 2016; Burkhard et
al,, 2001).

La signatura tipica de la MAP a la nostra cohort, definida pel patré de canvis estructurals
a la RM, va consistir en la disminucié generalitzada de gruix cortical (substancia gris), la
perdua generalitzada d’integritat de la substancia blanca aixi com perdua de volum
d’estructures subcorticals (hipocamp), en la linia del publicat a la literatura (Moller et al.
2015, Rabinovici et al. 2007). El biomarcador que va destacar com a principal predictor
de l'atrofia cerebral a la MAP, tant a substancia gris com a substancia blanca, va ser els
nivells de la proteina AB42. Tot i aixi el seu efecte sobre la perdua de gruix cortical es va
veure complementat per la 14-3-3, que es va erigir com a segon biomarcador en
importancia relativa. Pel que fa al dany a substancia blanca, a més de la AB4z, la perdua

de volum a aquest nivell també es va relacionar amb T-Tau i 'edat.

El predomini de la influencia dels biomarcadors ABs2 i T-Tau en les alteracions
estructurals cerebrals tipiques de la MA s6n esperables degut a que conformen el segell
distintiu dels principals canvis fisiopatologics de la MA. L’efecte d’aquest biomarcadors
sobre el patr6 d’atrofia cerebral esta en consonancia amb allo descrit, fet que suggereix
que aquests biomarcadors diagnostics, s6n també uns bons descriptors de les
alteracions estructurals que tenen lloc a la MA (Blennow et al., 2018; Pereira et al., 2017;
Ossenkoppele et al,, 2015; Tosun et al., 2011). De totes formes, els resultats d’aquest
treball posen també en rellevancia la participaci6 d’altres proteines més enlla dels

biomarcadors tipics de la malaltia, i per tant, destaca la complexitat del procés
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fisiopatologic de la MAP. Aixi, la proteina 14-3-3, ha mostrat la seva contribucié als
canvis observats a substancia gris. Aquest és un fet plausible ja que tot i que inespecifica,
la 14-3-3 ha demostrat tenir un paper en els procés neurodegeneratiu de la MA
(Burkhard et al., 2001; McFerrin et al., 2017). Cal destacar per altra banda I’'abséncia de
NfL i Ng com a factors influents en el patré d’atrofia cerebral a MAP. En el cas de NfL, pot
explicar-se pel fet que tot i que la seva presencia en MA ha estat ben demostrada, aquest
és un biomarcador amb més pes a altres patologies com la DFT, on ha demostrat tenir
concentracions més elevades aixi com implicacions pronostiques de la malaltia
(Steinacker et al., 2018; Rohrer et al,, 2016; Pijnenburg et al., 2007). Per altra banda, la
rellevant correlacié estadistica obtinguda entre Nfl i T-Tau pot haver comportat la
neutralitzacié de l'efecte de NfL en l'estudi multivariant. A la nostra cohort, en
concordang¢a amb el préviament publicat, es va observar una major concentracié de NfL
a DFT que a MA, aixi com també va ser el biomarcador que més va contribuir al patré
d’atrofia cerebral a la DFT. La Ng en canvi, encara que s’ha definit com a biomarcador
especific de MA, hi ha estudis recents que han suggerit que no aporta un valor afegit
respecte als biomarcadors tipics de la MA i han posat en dubte la seva utilitat

diagnostica (Lista et al., 2017).

Com hem vist al llarg de la discussio, els biomarcadors de dipodsit de proteina amiloide
tenen un paper especialment important a nivell diagnostic de la MAP i també a I’hora
d’entendre la fisiopatologia de MAP. Aix0 és degut a que la seva detecci6 tradueix un
dels principals canvis anatomopatologics coneguts que tenen lloc a la MA. El PET-
amiloide és una de les eines que ens permet la seva deteccio, i aplicat a cohorts de MAG
ens ofereix la possibilitat d’estudiar la trajectoria d’aquest biomarcador al llarg de tota

la malaltia, des de fases precliniques a cliniques de la malaltia (Bateman et al.,, 2011).

Per aquest motiu, en el cinque treball, vam voler avaluar la seguretat i eficacia del PET-
FBB per detectar patrons de diposit de MA en una cohort de MAG amb mutacié en
PSEN1, incloent tant subjectes asimptomatics com simptomatics. Els resultats van
mostrar que el PET-FBB és una tecnica segura donat que no hi va haver cap efecte
advers derivat de la realitzaci6é de la prova. Aixi mateix, la seva lectura tant visual com
semi-quantitativa va permetre classificar de forma dicotomica el resultat de la prova.

Tot i aixi la lectura semi-automatica va permetre aprofundir en I'estudi detallat del grau
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d’afectaci6 de cada regio cerebral. Els resultats van mostrar un increment de la captacié
de florbetaben en els portadors de la mutaci6 de PSENI, tant a nivell cortical com
subcortical. Aquesta captaci6 era present ja en el portadors asimptomatics, fins a dues
déecades abans de I'inici dels simptomes. Aquesta troballa dona suport a la hipotesi que
els primers canvis de la malaltia tenen lloc en fases precliniques precoces i coincideix
amb el descrit previament amb els tragadors 11C-Pittsburgh compound B (Gordon et al.,
2018; Benzinguer et al,, 2013; Bateman et al., 2012) i florbetapir (Fleisher et al., 2012).
Pel que fa a patrons de captacio, el més freqiient a la nostra mostra va ser la captacio
cortical difusa amb captacio estriatal associada. La captacié estriatal s’havia proposat
préviament com una caracteristica especifica a la MAG donat que no és una troballa
freqiient a la MA esporadica (Benzinguer 2013). Tot i que aquesta captacié s’havia
demostrat préviament utilitzant el tragador 11C-Pittsburgh compound B, no s’havia
confirmat amb un altre tracador como el florbetaben. En la nostra cohort, la captaci6
estriatal va ser freqiient perd no universal de manera similar a altres cohorts estudiades
amb altres tracadors (Klunk et al., 2017). Per altra banda, també es va detectar una
captacié precoc¢ al nucli caudat en fases presimptomatiques de la malaltia, i en canvi
I’hipocamp no va mostrar una afectaci6 rellevant, resultats que estan en concordanga
amb estudis previs (Gordon et al., 2018; Betzinguer et al., 2013; Braak and Braak, 1991).
Es van identificar també diverses regions que mostraven una forta correlacié entre la
captacié de FBB i la edat estimada d’inici dels simptomes, sent especialment rellevant en
la regid del cingulat anterior. Aixi mateix, el precuneus també va mostrar una correlacio
forta, de forma similar al descrit previament (Gordon et al., 2018; Benzinguer et al,,
2013; Bateman et al., 2012). Aix0 suggereix que, més enlla del precuneus, el cingulat
anterior també podria ser una regio util per la monitoritzacié del diposit de proteina
amiloide. Per ultim, es va observar un increment del gruix cortical regional a RM en
subjectes portadors asimptomatics en arees com el cortex temporo-parietal, suggerint
que aquests canvis podrien estar en relaci6 amb l'existencia d’'un diposit inicial de
proteina amiloide en fases precoces de la malaltia, tal i com s’havia descrit previament

(Sala-Llonch et al,, 2015; Fortea et al., 2010).
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CONCLUSIONS

1. L’ts dels biomarcadors diagndstics tenen un impacte clinic rellevant en el procés
diagnostic de la MAP

a. L’as de biomarcadors en el diagnostic de la MAP comporta un canvi de
diagnostic i de tractament en un terg dels casos.

b. Els biomarcadors Af4z, T-Tau i P-Tau a LCR i el PET-amiloid sén els
biomarcadors més utils en el procés diagnostic de MAP donat que
incrementen de forma significativa la certesa diagnostica. En canvi, el
PET-FDG i 'atrofia d’hipocamp a RM no han demostrat proporcionar un
valor diagnostic afegit.

c. Les proves que es realitzen per obtenir els biomarcadors diagnostics
(puncié lumbar, PET-FDG, PET-amiloide, RM cerebral) s6n segures i ben

tolerades per part dels pacients.

2. L’avaluaci6 visual de I'atrofia d’hipocamp (escala MTA) té una utilitat limitada en
el diagnostic de la MAP. La técnica semiautomatica (plataforma NeuGRID) per
mesurar la volumetria d’hipocamp millora el rendiment diagnostic d’aquest
biomarcador al discriminar de MAP de controls, pero no al discriminar-la d’altres
neurodegeneratives (DFT). Cap de les dues ténciques compleixen criteris per ser

considerats biomarcadors diagnostic de MA en aquests pacients.

3. En la variant amnesica de la MAP, l'escala que obté un millor rendiment
diagnostic és I'escala del cingulat anterior, a diferencia de la variant no amnesica
en que I'escala amb millor rendiment és I'escala posterior. Tot i aixi, totes les
escales visuals d’atrofia cerebral utilitzades a la practica clinica (orbito-frontal,
cingular anterior, fronto-insular, temporal anterior, posterior) tenen un
rendiment diagnostic suboptim i cap d’elles compleix els criteris per ser

considerades biomarcador diagnostic de MAP.

4. En els analisis de regressié6 multiple els marcadors que expliquen millor els

valors de gruix cortical a la signatura tipica de MAP s6n ABszi 14-3-3, mentre que
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AB42 i T-Tau sén els que millor expliquen els valors d’integritat de subtancia

blanca. En canvi, NfL i Ng no contribueix al model.

L’Gs de PET-FBB és segur i permet identificar una acumulacié progressiva de
proteina amiloide a la MAG amb un patré espaial caracteristic que comenca fins a
dues decades abans de l'inici dels simptomes. El patr6 visual més freqiient és la
captacié generatizada cortical associada a captacié estriatal. La captacio de
florbetaben al cingulat anterior rostral podria ser una regié adequada per

monitorizar el diposit progressiu de Af3 en portadors de la mutacié a PSEN1.

156



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precog

IX. BIBLIOGRAFIA

157



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici preco¢

158



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precog

Albert MS, DeKosky ST, Dickson D, et al. The diagnosis of mild cognitive impairment due
to Alzheimer’s disease: Recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimer’s Dement. 2011; 7: 270-279.

Alzheimer Disease International Consortium. World Alzheimer report 2018. The state of
the art of dementia research: New frontiers. Alzheimer’'s disease International.

https://www.alz.co.uk/research/world-report-2018

Amanzio M, Torta DM, Sacco K, et al. Unawareness of deficits in Alzheimer's disease: role

of the cingulate cortex. Brain 2011;134:1061-76.

American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders

(DSM-5), 4th edition text revised. Washington DC: 2000.

Balasa M, Gelpi E, Antonell A, et al; Neurological Tissue Bank/University of
Barcelona/Hospital Clinic NTB/UB/HC Collaborative Group. Clinical features and APOE
genotype of pathologically proven early-onset Alzheimer disease. Neurology. 2011 May
17;76(20):1720-5.

Bateman R]J, Aisen PS, De Strooper B, et al. Autosomal-dominant Alzheimer's disease: a
review and proposal for the prevention of Alzheimer's disease. Alzheimers Res Ther.
2011 Jan 6;3(1):1.

Beach TG, Monsell SE, Phillips LE, Kukull W. Accuracy of the clinical diagnosis of
Alzheimer disease at National Institute on Aging Alzheimer Disease Centers, 2005-2010.
] Neuropathol Exp Neurol. 2012 Apr;71(4):266-73.

Benzinger TLS, Blazey T, Jack CR, et al. Regional variability of imaging biomarkers in
autosomal dominant Alzheimer’s disease. Proc. Natl. Acad. Sci. U. S. A. 2013 Nov 19;
110(47).

Bigio EH, Hynan LS, Sontag E, et al. Synapse loss is greater in presenile than senile onset
Alzheimer disease: implications for the cognitive reserve hypothesis. Neuropathol Appl
Neurobiol. 2002 Jun;28(3):218-27.

Blennow K, Zetterberg H. Biomarkers for Alzheimer's disease: current status and
prospects for the future. 2018. ] Intern Med.284(6):643-663.

159



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precoc¢

Bocchetta M, Galluzzi S, Kehoe PG, et al. The use of biomarkers for the etiologic diagnosis of MCI
in Europe: an EADC survey. Alzheimers Dement. 2015 Feb;11(2):195-206.e1.

Bosco P, Redolfi A, Bocchetta M, et al. The impact of automated hippocampal volumetry
on diagnostic confidence in patients with suspected Alzheimer's disease: A European
Alzheimer's Disease Consortium study. Alzheimers Dement. 2017 Sep;13(9):1013-
1023.

Braak H, Braak E. On areas of transition between entorhinal allocortex and temporal
isocortex in the human brain. Normal morphology and lamina-specific pathology in
Alzheimer's disease. Acta Neuropathol. 1985;68(4):325-32.

Burkhard PR, Sanchez ]JC, Landis T, Hochstrasser DF. CSF detection of the 14-3-3 protein
in unselected patients with dementia. Neurology. 2001 Jun 12;56(11):1528-33.

Chiotis K, Saint-Aubert L, Boccardi M, et al. Geneva Task Force for the Roadmap of
Alzheimer's Biomarkers. Clinical validity of increased cortical uptake of amyloid ligands
on PET as a biomarker for Alzheimer's disease in the context of a structured 5-phase
development framework. Neurobiol Aging. 2017 Apr;52:214-227.

Cover KS, van Schijndel RA, Versteeg A, et al. Alzheimer's Disease Neuroimaging
Initiative, neuGRID. Reproducibility of hippocampal atrophy rates measured with
manual, FreeSurfer, AdaBoost, FSL/FIRST and the MAPS-HBSI methods in Alzheimer's
disease. Psychiatry Res. 2016 Jun 30;252:26-35.

De Wilde A, van der Flier WM, Pelkmans W, et al. Association of amyloid positron
emission tomography with changes in diagnosis and patient treatment in an unselected
memory clinic cohort. JAMA Neurol 2018; 75: 1062-1070.

Duara R, Loewenstein DA, Shen Q, et al. The utility of age-specific cut-offs for visual
rating of medial temporal atrophy in classifying Alzheimer's disease, MCI and
cognitively normal elderly subjects. Front Aging Neurosci. 2013 Sep 18;5:47.

Ferreira D, Cavallin L, Larsson EM, et al. AddNeuroMed consortium and the Alzheimer's
Disease Neuroimaging Initiative. Practical cut-offs for visual rating scales of medial
temporal, frontal and posterior atrophy in Alzheimer's disease and mild cognitive
impairment. ] Intern Med. 2015 Sep;278(3):277-290.

Fleisher AS, Chen K, Quiroz YT,et al. Florbetapir PET analysis of amyloid-3 deposition in
the presenilin 1 E280A autosomal dominant Alzheimer’s disease kindred: a cross-
sectional study. Lancet Neurol. 11, 1057-1065.

Fortea |, Lladé A, Clarimén ], et al. PICOGEN: five years experience with a genetic
counselling program for dementia. Neurologia 2011; 26:143-9.

160



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precog

Fortea |, Vilaplana E, Alcolea D, et al. Alzheimer's Disease Neuroimaging Initiative.
Cerebrospinal fluid B-amyloid and phospho-tau biomarker interactions affecting brain
structure in preclinical Alzheimer disease. Ann Neurol. 2014 Aug;76(2):223-30.

Frisoni GB, Pievani M, Testa C, et al. The topography of grey matter involvement in early
and late onset Alzheimer's disease. Brain. 2007 Mar;130(Pt3):720-30.

GBD 2016 Dementia Collaborators. Global, regional, and national burden of Alzheimer's
disease and other dementias, 1990-2016: a systematic analysis for the Global Burden of
Disease Study 2016. Lancet Neurol. 2019 Jan;18(1):88-106. doi: 10.1016/S1474-
4422(18)30403-4.

Gaiani A, Martinelli I, Bello L, et al. Diagnostic and Prognostic Biomarkers in
Amyotrophic Lateral Sclerosis: Neurofilament Light Chain Levels in Definite Subtypes of
Disease. JAMA Neurol. 2017

Garre-Olmo ], Genis Batlle D, del Mar Fernandez M, et al. Registry of Dementia of Girona
Study Group (ReDeGi Study Group). Incidence and subtypes of early-onset dementia in a
geographically defined general population. Neurology. 2010 Oct 5;75(14):1249-55. doi:
10.1212/WNL.0b013e3181f5d4c4.

Garre-Olmo ]. Epidemiology of Alzheimer's disease and other dementias. RevNeurol.
2018 Jun 1;66(11):377-386. Review.

Harvey R], Skelton-Robinson M, Rossor MN. The prevalence and causes of dementia in
people under the age of 65 years. ] Neurol Neurosurg Psychiatry. 2003 Sep;74(9):1206-
9.

Heo JH, Kim MK, Lee JH, Lee JH. Usefulness of medial temporal lobe atrophy visual rating
scale in detecting Alzheimer's disease: Preliminary study. Ann Indian Acad Neurol. 2013
Jul;16(3):384-387.

Hornberger M, Wong S, Tan R, et al. In vivo and post-mortem memory circuit integrity in
frontotemporal dementia and Alzheimer's disease. Brain. 2012 Oct;135(Pt 10):3015-
3025.

Yeo JM, Waddell B, Khan Z, Pal S. A systematic review and meta-analysis of
(18)F-labeled amyloid imaging in Alzheimer's disease. Alzheimers Dement (Amst).
2015 Mar 29;1(1):5-13.

161



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precoc¢

Idland AV, Sala-Llonch R, Borza T, Watne LO, Wyller TB, Breekhus A, Zetterberg H,
Blennow K, Walhovd KB, Fjell AM. CSF neurofilament light levels predict hippocampal
atrophy in cognitively healthy older adults. Neurobiol Aging. 2017 Jan;49:138-144.

Jack CR Jr, Bennett DA, Blennow K, et al. NIA-AA Research Framework: Toward a
biological definition of Alzheimer's disease. Alzheimers Dement. 2018 Apr;14:535-62.

Jack CR Jr, Knopman DS, Jagust W], et al. Tracking pathophysiological processes in
Alzheimer's disease: an updated hypothetical model of dynamic biomarkers. Lancet
Neurol. 2013 Feb;12(2):207-16.

Jones BF, Barnes |, Uylings HB, et al. Differential regional atrophy of the cingulate gyrus
in Alzheimer disease: a volumetric MRI study. Cereb Cortex 2006; 16:1701-8.

Jagust W, Reed B, Mungas D, Ellis W, Decarli C. What does fluorodeoxyglucose PET
imaging add to a clinical diagnosis of dementia? Neurology. 2007 Aug 28;69(9):871-7.

Kvartsberg H, Duits FH, Ingelsson M, et al. Cerebrospinal fluid levels of the synaptic
protein neurogranin correlates with cognitive decline in prodromal Alzheimer’s disease.
Alzheimer’s Dement 2015;11:1180-90.

Knopman DS, DeKosky ST, Cummings JL, Chui H, et al. Practice parameter: diagnosis of
dementia (an evidence-based review). Report of the Quality Standards Subcommittee of
the American Academy of Neurology. Neurology. 2001 May 8;56(9):1143-53.

Koedam EL, Lauffer V, van der Vlies AE, et al. Early-versus late-onset Alzheimer's
disease: more than age alone. ] Alzheimers Dis. 2010;19(4):1401-8. doi: 10.3233/JAD-
2010-1337.

Kunneman M, Pel-Little R, Bouwman FG, et al. Patients’ and caregivers’ views on
conversations and shared decision making in diagnostic testing for Alzheimer’s disease:
the ABIDE project. Alzheimer’s Dement 2017; 3: 314-322.

Landau SM , Lu M , Joshi AD , et al. Alzheimer’s Disease Neuroimaging Initiative.
Comparing positron emission tomography imaging and cerebrospinal fluid
measurements of beta-amyloid. Ann Neurol 2013; 74, 826-836

Lehmann M, Koedam EL, Barnes J,et al. Posterior cerebral atrophy in the absence of

medial temporal lobe atrophy in pathologically-confirmed Alzheimer's disease.
Neurobiol Aging. 2012 Mar;33(3):627.

162



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precog

Lista S, Toschi N, Baldacci F, et al. Alzheimer Precision Medicine Initiative (APMI).
Cerebrospinal Fluid Neurogranin as a Biomarker of Neurodegenerative Diseases: A
Cross-Sectional Study. ] Alzheimers Dis. 2017.

Ljubenkov, P. A,, Staffaroni, A. M., Rojas, |. C., Allen, L. E.,, Wang, P., Heuer, H,, ... Rosen, H. ].
(2018). Cerebrospinal fluid biomarkers predict frontotemporal dementia trajectory,
1250-1263.

Mattsson N, Insel PS, Landau S, et al. Alzheimer's Disease Neuroimaging Initiativea.
Diagnostic accuracy of CSF Ab42 and florbetapir PET for Alzheimer's disease. Ann Clin
Transl Neurol. 2014;1(8):534-43.

Mattsson N, Lonneborg A, Boccardi M, Blennow K, Hansson O; Geneva Task Force for the
Roadmap of Alzheimer's Biomarkers. Clinical validity of cerebrospinal fluid AB42, tau,
and phospho-tau as biomarkers for Alzheimer's disease in the context of a structured 5-
phase development framework. Neurobiol Aging. 2017 Apr;52:196-213. doi:
10.1016/j.neurobiolaging.2016.02.034.

Mattsson N, Lonneborg A, Boccardi M, Blennow K, Hansson O; Geneva Task Force for the
Roadmap of Alzheimer's Biomarkers. Clinical validity of cerebrospinal fluid AB42, tau,
and phospho-tau as biomarkers for Alzheimer's disease in the context of a structured 5-
phase development framework. Neurobiol Aging. 2017. Apr;52:196-213.

McFerrin MB, Chi X, Cutter G, Yacoubian TA. Dysregulation of 14-3-3 proteins in
neurodegenerative diseases with Lewy body or Alzheimer pathology. Ann Clin Transl
Neurol. 2017 Jun 7;4(7):466-477.

McKhann G, et al. Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA
Work Group under the auspices of Department of Health and Human Services Task
Force on Alzheimer’s Disease. Neurology. 1984;34(7):939-44.

McKhann GM, Knopman DS, Chertkow H, et al. The diagnosis of dementia due to
Alzheimer’s disease: Recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimer’s Dement. 2011; 7: 263-269.

Mendez MF. The accurate diagnosis of early-onset dementia. Int ] Psychiatry Med. 2006; 36:
401-412.

Mendez MF. Early-Onset Alzheimer Disease. Neurol Clin. 2017 May;35(2):263-281.

163



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precoc¢

Mercy L, Hodges JR, Dawson K, Barker RA, Brayne C. Incidence of early-onset dementias
in Cambridgeshire, United Kingdom. Neurology. 2008 Nov 4;71(19):1496-9.

Moller C, Hafkemeijer A, Pijnenburg YA, Rombouts SA, van der Grond ], Dopper E, van
Swieten ], Versteeg A, Pouwels PJ], Barkhof F, Scheltens P, Vrenken H, van der Flier WM.
2015 Joint assessment of white matter integrity, cortical and subcortical atrophy to
distinguish AD from behavioral variant FTLD: A two-center study. Neuroimage Clin.
9:418-29.

Motara H, Olusoga T, Russell G, et al. Clinical impact and diagnostic accuracy of 2-[18F]-
fluoro-2-deoxy-Dglucose  positron-emission tomography/computed tomography
(PET/CT) brain imaging in patients with cognitive impairment: a tertiary centre
experience in the UK. Clin Radiol 2017; 72: 63-73.

Mouton-Liger F, Wallon D, Troussi_ere A-C, et al. Impact of cerebro-spinal fluid
biomarkers of Alzheimer’s disease in clinical practice: a multicentric study. ] Neurol
2014; 261: 144-151

Ossenkoppele R, Mattsson N, Teunissen CE, et al. Cerebrospinal fluid biomarkers and
cerebral atrophy in distinct clinical variants of probable Alzheimer's disease. Neurobiol
Aging. 2015Aug;36(8):2340-7.

Pegueroles ], Vilaplana E, Montal V, et al. Alzheimer's Disease Neuroimaging Initiative.
Longitudinal brain structural changes in preclinical Alzheimer's disease. Alzheimers
Dement. 2017 May;13(5):499-5009.

Pereira ] B, Cavallin L, Spulber G, et al. AddNeuroMed consortium and for the Alzheimer's
Disease Neuroimaging Initiative. Influence of age, disease onset and ApoE4 on visual
medial temporal lobe atrophy cut-offs. ] Intern Med. 2014 Mar; 275(3):317-330.

Pereira JB, Westman E, Hansson O; Alzheimer's Disease Neuroimaging Initiative.
Association between cerebrospinal fluid and plasma neurodegeneration biomarkers
with brain atrophy in Alzheimer's disease. Neurobiol Aging. 2017 Oct;58:14-29.

Pijnenburg YA, Janssen JC, Schoonenboom NS, Petzold A, Mulder C, Stigbrand T, Norgren
N, Heijst H, Hack CE, Scheltens P, Teunissen CE. CSF neurofilaments in frontotemporal
dementia compared with early onset Alzheimer's disease and controls. Dement Geriatr
Cogn Disord. 2007;23(4):225-30.

Portelius E, Olsson B, Hoglund K, Cullen NC, Kvartsberg H, Andreasson U, Zetterberg H,
Sandelius A, Shaw LM, Lee VMY, Irwin DJ, Grossman M, Weintraub D, Chen-Plotkin A,

164



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precog

Wolk DA, McCluskey L, Elman L, McBride ], Toledo ]B, Trojanowski JQ, Blennow K.
Cerebrospinal fluid neurogranin concentration in neurodegeneration: relation to clinical
phenotypes and neuropathology. Acta Neuropathol. 2018 Sep;136(3):363-376.

Rabinovici GD, Gatsonis C, Apgar C, et al. Association of Amyloid Positron Emission
Tomography With Subsequent Change in Clinical Management Among Medicare
Beneficiaries With Mild Cognitive Impairment or Dementia. JAMA. 2019 Apr
2;321(13):1286-1294.

Rabinovici GD, Seeley WW, Kim E]J, et al. Distinct MRI atrophy patterns in autopsy-
proven Alzheimer's disease and frontotemporal lobar degeneration. Am ] Alzheimers
Dis Other Demen. 2007 Dec-2008 Jan;22(6):474-88.

Ridha BH, Barnes ], van de Pol LA, et al. Application of automated medial temporal lobe
atrophy scale to Alzheimer disease. Arch Neurol. 2007 Jun;64(6):849-854.

Rohrer, ]J. D., Woollacott, 1. O. C,, Dick, et al. (2016). Serum neurofilament light chain
protein is a measure of disease intensity in frontotemporal dementia, Neurology,
87:1329-1336.

Sabri, 0., Sabbagh, M.N., Seibyl, J., et al. Florbetaben Phase 3 Study Group, 2015.
Florbetaben PET imaging to detect amyloid beta plaques in Alzheimer’s disease: phase 3
study. Alzheimer’s Demen. 11, 964-974.

Sarazin M, Chauviré V, Gerardin E, et al. The amnestic syndrome of hippocampal type in
Alzheimer's disease: an MRI study. ] Alzheimers Dis. 2010;22(1):285-94.

Seeburger JL, Holder DJ, Combrinck M, et al. Cerebrospinal fluid biomarkers distinguish
postmortem-confirmed Alzheimer’s disease from other dementias and healthy controls
in the OPTIMA cohort. J. Alzheimer’s Dis. 2015; 44: 525-5309.

Shen Q, Loewenstein DA, Potter E, et al. Volumetric and visual rating of magnetic
resonance imaging scans in the diagnosis of amnestic mild cognitive impairment and
Alzheimer's disease. Alzheimers Dement. 2011 Jul;7(4):e101-108.

Schmitz M, Ebert E, Stoeck K, et al. Validation of 14-3-3 Protein as a Marker in Sporadic
Creutzfeldt-Jakob Disease Diagnostic. Mol Neurobiol. 2016 May;53(4):2189-99.

165



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precoc¢

Seppala, T.T., Nerg, O., Koivisto, AM. et al. CSF biomarkers for Alzheimer disease
correlate with cortical brain biopsy findings. 2012 Neurology 78, 1568-1575.

Sperling RA, Aisen PS, Beckett LA, et al. Toward defining the preclinical stages of
Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's
Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers
Dement. 2011 May;7(3):280-92. doi: 10.1016/j.jalz.2011.03.003. Epub 2011 Apr 21.

Steinacker P, Anderl-Straub S, Diehl-Schmid ],et al.Serum neurofilament light chain in behavioral
variant frontotemporal dementia. Neurology. 2018 Oct 9;91(15):e1390-e1401.

Tarawneh R, D'Angelo G, Crimmins D, et al. Diagnostic and Prognostic Utility of the
Synaptic Marker Neurogranin in Alzheimer Disease. JAMA Neurol. 2016 May
1;73(5):561-71.

Ten Kate M, Barkhof F, Boccardi M, et al; Geneva Task Force for the Roadmap of
Alzheimer's Biomarkers. Clinical validity of medial temporal atrophy as a biomarker for
Alzheimer's disease in the context of a structured 5-phase development framework.
Neurobiol Aging. 2017 Apr;52:167-182.el.

Tosun D, Schuff N, Shaw LM, Trojanowski JQ, Weiner MW; Alzheimer's Disease
Neurolmaging Initiative. Relationship between CSF biomarkers of Alzheimer's disease
and rates of regional cortical thinning in ADNI data. ] Alzheimers Dis. 2011;26 Suppl
3:77-90

Van de Pol LA, Scheltens P. Medial temporal lobe atrophy scores translated to clinical
practice: editorial comment on influence of age, disease onset and ApoE4 on visual
medial temporal lobe atrophy cut-offs'. ] Intern Med. 2014 Mar;275(3):331-333.

Varon D, Barker W, Loewenstein D, et al. Alzheimer's Disease Neuroimaging Initiative.
Visual rating and volumetric measurement of medial temporal atrophy in the
Alzheimer's Disease Neuroimaging Initiative (ADNI) cohort: baseline diagnosis and the
prediction of MCI outcome. Int ] Geriatr Psychiatry. 2015 Feb;30(2):192-200.

Wahlund LO, Julin P, Johansson SE, Scheltens P. Visual rating and volumetry of the
medial temporal lobe on magnetic resonance imaging in dementia: a comparative study.
] Neurol Neurosurg Psychiatry. 2000 Nov;69(5):630-635.

166



Utilitat dels marcadors bioquimics i de neuroimatge per al diagnostic de la malaltia d’Alzheimer d’inici precog

Wattmo C, Wallin AK. Early- versus late-onset Alzheimer's disease in clinical practice:
cognitive and global outcomes over 3 years. Alzheimers Res Ther. 2017 Aug 31;9(1):70.
doi: 10.1186/s13195-017-0294-2.

World Health Organitzation- The ICD-10 classification of mental and Behavioral
Disorders, 1993

Wellington H, Paterson RW, Portelius E, et al. Increased CSF neurogranin concentration
is specific to Alzheimer disease. Neurology. 2016 Mar 1;86(9):829-35.

167



