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LISTADO DE ABREVIATURAS

AP4,: isoforma de 42 aminoacidos de la proteina beta-amiloide

APOE: apolipoproteina E

AFE-T: Ancient Farming Equipment Test

DCL.: deterioro cognitivo leve

DCS: declive cognitivo subjetivo

EA: enfermedad de Alzheimer

FTT: Finger Tapping Test

LCR: liquido cefalorraquideo

NIA-AA: National Institute of Aging — Alzheimer’s Association

OLP: olvido acelerado a largo plazo

PET: tomografia por emisién de positrones

PET-FDG: PET de fluorodeoxyglucosa

P-tau: tau fosforilada

RM: resonancia magnética

T-tau: tau total

17



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

18



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

Il. INTRODUCCION

19



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

20



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

INTRODUCCION

La enfermedad de Alzheimer (EA) comprende una larga fase asintomatica (o preclinica)
que comienza decadas antes de la aparicion de los primeros sintomas, en la que se
desencadenan los procesos fisiopatoldgicos caracteristicos de la enfermedad. El estudio
detallado y la deteccidn precoz de los primeros cambios cognitivos en esta etapa, son de
vital importancia para predecir la conversion a las posteriores fases sintomaticas de la
enfermedad. Asimismo, existe una necesidad creciente de identificar y comprender los
diferentes factores que influyen en el rendimiento cognitivo, tanto en esta fase
preclinica como en el envejecimiento sano, para aplicar las intervenciones mas éptimas

de la forma mas temprana.

1. Conceptualizacion actual y epidemiologia de la EA

La EA es una enfermedad neurodegenerativa que conlleva un deterioro gradual y
progresivo de las funciones cognitivas. En la actualidad, se define como una entidad
clinico-bioldgica y es concebida como un continuo que transcurre desde una fase
asintomatica conocida como fase preclinica, en la que se desencadenan los procesos
fisiopatolégicos propios de la enfermedad, hasta una etapa de demencia (Jack et al.,
2018). Las caracteristicas neuropatoldgicas distintivas de la EA son el depoésito
extracelular de la proteina B-amiloide (placas neuriticas) y el depdsito intracelular de tau
hiperfosforilada (ovillos neurofibrilares), cuyo acumulo conduce a la muerte neuronal y
el subsiguiente deterioro cognitivo. Las primeras manifestaciones cognitivas de la EA
aparecen en la denominada fase de deterioro cognitivo leve (DCL) e incluyen, en las
formas tipicas de la enfermedad, la alteracion de la memoria episddica, desorientacion,
cambios en el estado de &nimo y/o en la personalidad, dificultades de expresion y

comprension del lenguaje y disminucion de la atencion, entre otras.
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The continuum of Alzheimer’s disease
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Figura 1. Conceptualizacion de la EA como un continuo. Tomada de “Toward defining the
preclinical stages of Alzheimer’s disease: Recommendations from the National Institute on
Aging and the Alzheimer’s Association workgroup”, por R. A. Sperling et al., 2011. Alzheimer’s
and Dementia, 7, p. 283.

En 2015, el nimero total de personas con demencia en todo el mundo se estimo6 en
aproximadamente 46,8 millones de casos y se calculd que este nimero podria duplicarse
cada 20 afios, alcanzando asi los 74,7 millones de casos en 2030 y los 131,5 millones en
2050. Por otro lado, su incidencia a nivel mundial se estim6 en més de 9,9 millones de
nuevos casos cada afo (Prince et al., 2015). De entre todas las demencias, se calcula que
la EA podria representar entre el 60 y el 80% de los casos (Alzheimer’s Association,
2020). En Espafia, la prevalencia de la EA podria oscilar entre el 5.5% y el 5.8% en
personas mayores de 65 afios, con una incidencia de 9,2 por cada 1000 personas / afio

(Garré-Olmo, 2018).

2. Evolucion de los criterios diagnoésticos y de investigacion de la EA

Histéricamente, la EA ha sido definida como una entidad clinico-patologica
caracterizada por un fenotipo clinico determinado. Los primeros criterios diagnosticos
publicados, establecian que el diagndstico definitivo de la EA requeria de confirmacion
histopatoldgica post-mortem (McKhann et al., 1984). En sus primeras aproximaciones,

el diagnéstico de la EA implicaba la presencia de un deterioro cognitivo lo
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suficientemente severo para afectar la funcionalidad del paciente en sus actividades de
la vida diaria, cumpliendo asi con los criterios sindromicos de demencia (American
Psychiatric Association, 2000; World Health Organization, 1994). Mas adelante, se
publicaron los primeros criterios de investigacion para la EA en los que se introduce la
presencia de biomarcadores especificos para su identificacion (Dubois et al., 2007,
2014). En 2011, el National Institute of Aging y la Alzheimer’s Association (NIA-AA)
establecen las nuevas guias diagndsticas para las etapas de DCL (Albert et al., 2011) y
demencia (McKhann et al., 2011) de la EA. Asimismo, gracias al progreso en el
conocimiento de los biomarcadores de la EA, se constituye por primera vez un marco
conceptual y unas recomendaciones especificas para el estudio de la fase preclinica de
la enfermedad (Sperling et al., 2011). Por dltimo, con la voluntad de unificar los
criterios publicados en 2011 y formalizar de este modo la concepcion de la EA como un
continuo clinico-bioldgico, se publican en 2018 las vigentes guias de investigacion en el

marco del estudio de la EA (Jack et al., 2018).

3. Biomarcadores de la EA y los marcos conceptuales de 2011 y 2018

Para el desarrollo de los trabajos incluidos en la presente tesis doctoral, se siguieron las
recomendaciones del NIA-AA disponibles en el momento de publicacion de cada uno
de los estudios. El primer trabajo, publicado en 2017, siguio las guias de investigacion
de 2011 (Sperling et al., 2011); por otro lado, el resto de trabajos fueron publicados
entre 2019 y 2020 y siguieron las recomendaciones de 2018 (Jack et al., 2018). Antes de
exponer las caracteristicas de las diferentes guias de investigacion, es necesario definir
los biomarcadores centrales de la EA. Actualmente, se conciben tres grandes grupos de
biomarcadores: los biomarcadores de amiloide, los biomarcadores de tau patoldgica y

los biomarcadores de neurodegeneracién o dafio neuronal.
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Biomarcadores de amiloide

El acumulo extracelular de B-amiloide (placas neuriticas) es uno de los procesos
patoldgicos distintivos de la EA. La hipdtesis de la cascada amiloide (Hardy & Higgins,
1992), ha sido el modelo dominante de patogénesis de la EA y se basa en el depdsito
gradual de amiloide, que desencadena la formacion de ovillos neurofibrilares y la
muerte neuronal. El depdsito de placas de amiloide es un proceso insidioso que ocurre
décadas antes de que se manifiesten los primeros sintomas de la enfermedad (Jack et al.,
2013; Villemagne et al., 2013). Los niveles cerebrales de placas de amiloide pueden
obtenerse de manera indirecta mediante la extraccion de liquido cefalorraquideo (LCR)
o de manera directa mediante técnicas de Tomografia por Emisién de Positrones (PET;
del inglés, Positron Emission Tomography) con trazadores especificos de la proteina
amiloide. En la obtencién de los niveles de amiloide en LCR, la isoforma de 42
aminoacidos de la proteina B-amiloide (AP42) €s uno de los péptidos mas utilizados para
fines diagndsticos asi como un indicador valido de la patologia cerebral subyacente a la
EA (Blennow, Mattsson, Schéll, Hansson, & Zetterberg, 2015). Diferentes estudios han
demostrado que los niveles reducidos de AP, en LCR correlacionan de manera inversa
con la carga amiloide cerebral tanto en autopsia (Strozyk, Blennow, White, & Launer,
2003; Tapiola et al., 2009) como in vivo, mediante técnicas de PET (Fagan et al., 2006;

Grimmer et al., 2009).

Biomarcadores de tau patoldgica

El acumulo intracelular de tau hiperfosforilada es la segunda de las caracteristicas
neuropatologicas distintivas de la EA. Los denominados biomarcadores de tau
patoldgica hacen referencia expresa al proceso fisiopatoldgico subyacente a la EA (i.e.,

el depdsito de ovillos neurofibrilares). De este modo, los niveles cerebrales de tau
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patoldgica se pueden medir in vivo mediante PET con trazador de proteina tau o de
forma indirecta mediante el andlisis de los niveles de tau fosforilada en LCR (P-tau). En
cuanto a la obtencion de los niveles de tau mediante el analisis de LCR, es importante
destacar que Unicamente los niveles de P-tau se consideran un biomarcador especifico
de la EA mientras que los niveles de tau total (T-tau) se consideran un biomarcador de
neurodegeneracion. Esta diferenciacion se sostiene por la evidencia de que los ovillos
neurofibrilares estan compuestos principalmente de tau hiperfosforilada (Bakota &
Brandt, 2016; Lee, Balin, Otvos, & Trojanowski, 1991). Asimismo, la especificidad de
la alteracion de los niveles de P-tau en la EA queda reflejada en el hecho de que la
mayoria del resto de enfermedades neurodegenerativas presentan niveles elevados de T-
tau mientras que los niveles de P-tau suelen ser normales (Blennow, Hampel, Weiner, &

Zetterberg, 2010).

Biomarcadores de neurodegeneracion o dafio neuronal

Actualmente, se conciben tres biomarcadores de neurodegeneracion en la EA: los
niveles de T-tau en LCR, el PET de Fluorodeoxyglucosa (PET-FDG) vy la atrofia en

resonancia magnética (RM).

Los niveles aumentados de T-tau en LCR son indicadores de dafio neuronal y no son un
biomarcador especifico para la EA ya que, como se ha comentado, suelen estar
alterados en la mayoria de las enfermedades neurodegenerativas. En la EA, estudios
recientes sugieren que los niveles de T-tau podrian ser un factor clave en la prediccion
de la progresion de la enfermedad tanto en sujetos cognitivamente sanos (Roe et al.,

2013) como en pacientes con DCL (Ferreira et al., 2014; Petersen et al., 2013).

El PET-FDG es una técnica de neuroimagen que refleja el nivel de actividad sinaptica

mediante la medicion del metabolismo de glucosa cerebral. En la EA, el patron
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caracteristico del PET-FDG muestra un hipometabolismo bilateral de los I6bulos
temporal y parietal. EI PET-FDG tiene una buena sensibilidad en la deteccion de la
disfuncion sinéptica en la EA (Anchisi et al., 2005; Drzezga et al., 2003) y en el
seguimiento de la progresion de la enfermedad (De Leon et al., 2001; Johnson, Fox,

Sperling, & Klunk, 2012).

La atrofia cerebral en RM estructural es otro biomarcador de neurodegeneracion que, en
el momento del diagnostico de la EA, suele mostrar un patron caracteristico que
involucra los Iébulos temporales mediales y las cortezas paralimbicas y
temporoparietales (Dubois et al., 2007). De entre diferentes estructuras cerebrales
implicadas en la EA, se ha sugerido que tanto la atrofia del I6bulo temporal medial
como la del hipocampo son buenos indicadores de la progresion a demencia (Risacher

et al., 2009).

3.1 El marco conceptual de 2011

Las recomendaciones del NIA-AA de 2011 (Sperling et al., 2011) emergen tras el auge
del conocimiento de los biomarcadores, con la intencién de proporcionar un lenguaje
comun para el estudio y clasificacion de sujetos cognitivamente sanos con niveles
anormales de biomarcadores de la EA. Estas guias fueron concebidas para que su
aplicacion se restringiera al &mbito de la investigacion y no como criterios diagnosticos
que pudieran utilizarse en la practica clinica diaria. Una limitacion de las guias de 2011
fue la agrupacion de los biomarcadores en dos categorias: biomarcadores de amiloide y
biomarcadores de neurodegeneracion. De este modo, lo que actualmente conocemos
como biomarcadores de tau patologica y biomarcadores de neurodegeneracion se
clasificaban en la misma categoria. En las recomendaciones de 2011, se propusieron tres

etapas sucesivas para la fase preclinica de la EA:
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Etapa 1: Caracterizada por la presencia en solitario de amiloidosis, detectable por

los niveles (reducidos) de AP, en LCR o por alteracion de PET de amiloide.

Etapa 2: Presencia de amiloidosis y neurodegeneracion. Como medidas de
neurodegeneracion se incluian el PET-FDG y/o RM funcional, la RM estructural
(atrofia de hipocampos y/o reduccién del grosor cortical) y la alteracion

(indistinta) de los niveles de t-tau y P-tau en LCR.

Etapa 3: Amiloidosis, neurodegeneracion y “declive cognitivo sutil”. En esta
etapa se introduce el concepto “declive cognitivo sutil”, definido como el conjunto
de cambios cognitivos y/o conductuales sutiles, insuficientes para cumplir criterios
de DCL y detectables: 1) en estudios longitudinales, por la reduccion del
rendimiento cognitivo de un sujeto en comparacién con su propio rendimiento
basal; 0 2) en estudios transversales, mediante nuevas pruebas cognitivas mas

demandantes que los tests neuropsicoldgicos estandar.

3.2 El marco conceptual vigente

Las guias del NIA-AA de 2018 (Jack et al., 2018), constituyen un cambio histérico en la

conceptualizacion de la EA, que deja de concebirse como una entidad clinico-patologica

para entenderse como un continuo clinico-biolégico cuyo sustrato neuropatologico

subyacente es detectable en vida. Se abandona la concepcion sindromica de la EA para

disociar, por un lado, entre la enfermedad con sus caracteristicas biologicas y, por otro

lado, el sindrome o estado cognitivo que la acompafa (clasificable como cognicién

normal, DCL o demencia). Es también en este contexto en el que se descarta la idea de

una enfermedad formada por tres entidades clinicas separadas (EA preclinica, DCL y

demencia) para formalizar la concepcion de la enfermedad como un continuo. Esta
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nueva concepcion surge a raiz de diferentes estudios que sefialan que la EA se desarrolla
a traves de un largo periodo de tiempo (Monsell et al., 2014; Resnick et al., 2010;
Wilson, Leurgans, Boyle, Schneider, & Bennett, 2010) y que la progresion de los
niveles de biomarcadores es asimismo un proceso continuo que empieza afos antes de
la aparicion de los sintomas (Bateman et al., 2012; Fagan et al., 2014; Villemagne et al.,
2013). Otra de las diferencias fundamentales entre las recomendaciones de 2011 y las de
2018, es que en las primeras los biomarcadores se agrupaban Unicamente en
biomarcadores de amiloide y de neurodegeneracidn, mientras que en las segundas se

implementa la denominada clasificacion A/ T /N (Jack et al., 2016):

- A: biomarcadores de amiloide (niveles de ABs, en LCR o PET de amiloide). La
alteracion de este biomarcador determina si un individuo esta o no en el continuo
Alzheimer. Sin embargo, la alteracion o positividad en solitario de los

biomarcadores de amiloide no es suficiente para hablar de EA.

- T: biomarcadores de tau patoldgica (niveles de P-tau en LCR o PET de tau). Los
biomarcadores de tau patolégica determinan si alguien que esta en el continuo
Alzheimer tiene EA. Asi, para hablar de EA es necesaria la alteracion conjunta de

los biomarcadores de amiloide y tau patoldgica.

- N: biomarcadores de neurodegeneracion (niveles de T-tau, PET-FDG y RM). Son
biomarcadores inespecificos de la EA y estan relacionados con la severidad de la

enfermedad.

Por altimo, cabe destacar que del mismo modo que en las recomendaciones de 2011, la

aplicacion del marco conceptual vigente se limita al &mbito de la investigacion.
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Figura 2. Ejemplo de un perfil de biomarcadores A+ T+ N+. PET de amiloide alterado o
positivo (panel A); PET de tau alterado (paneles B y C); y atrofia en RM (panel D). Adaptada de
“NIA-AA Research Framework: Toward a biological definition of Alzheimer's disease”, por C.
R. Jack et al., 2018. Aizheimer’s and Dementia, 14, p. 539.

4. El estudio cognitivo del envejecimiento sano y de la fase preclinica del

continuo Alzheimer

El depobsito de proteinas, la atrofia cerebral y/o la disminucion del rendimiento
cognitivo son variables que correlacionan de forma significativa con la edad. De hecho,
la edad representa el principal factor de riesgo para el desarrollo de la EA (Alzheimer’s
Association, 2013). Sin embargo, es importante sefialar que la EA no es una parte mas
del proceso normal de envejecimiento y que, para la correcta caracterizacion de ambos

procesos, hay que tener en cuenta diferentes variables.

El envejecimiento sano

La aparicion de los biomarcadores no solo ha permitido un mayor conocimiento de la
EA, sino que ha abierto la puerta al estudio del envejecimiento sano en ausencia de
patologia de tipo Alzheimer. En la actualidad, es posible estudiar muestras de sujetos

cognitivamente sanos con niveles normales de biomarcadores de EA (i.e., fuera del
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continuo Alzheimer). Esto es importante dado que la mayoria de publicaciones sobre la
cognicion en el envejecimiento sano no incluyen datos bioldgicos de los sujetos
estudiados, aumentando de este modo la posibilidad de incluir en sus muestras a

individuos situados dentro del continuo Alzheimer.

Los cambios cognitivos asociados al envejecimiento sano han sido ampliamente
documentados en la literatura cientifica. Si bien hay capacidades cognitivas, como el
vocabulario y el conocimiento general, que muestran estabilidad e incluso mejoria con
la edad; otras como la memoria, el lenguaje, la velocidad de procesamiento y la atencion
muestran una clara disminucion (Fjell et al., 2014; Harada et al., 2013). Sin embargo,
existe una necesidad creciente de identificar y estudiar las diferentes variables
relacionadas con estos cambios cognitivos. En primer lugar, existen variables
demogréficas como la edad, los afios de escolaridad y la reserva cognitiva (Kawas,
Gray, Brookmeyer, Fozard, & Zonderman, 2000; Stern, 2009, 2012) que tienen un
impacto significativo en la cognicion a lo largo de la vida. Un estudio prospectivo que
incluy6 una muestra de 2509 individuos cognitivamente sanos mostré que tanto la edad
como el nivel educativo eran predictores del mantenimiento de la funcidn cognitiva
durante un periodo de 8 afios (Yaffe et al., 2009). En segundo lugar, algunas variables
neuropsicoldgicas han sido identificadas como predictoras de deterioro cognitivo. Por
ejemplo, el deterioro de la memoria se ha considerado como el principal factor de riesgo
cognitivo para desarrollar patologias relacionadas con la edad, como el DCL o la EA
(Petersen et al., 2001). Por ultimo, se ha sugerido que el mantenimiento de la funcion
cognitiva en el envejecimiento esta relacionado principalmente con el mantenimiento
del cerebro, es decir, la ausencia relativa de cambios cerebrales estructurales y
funcionales (Nyberg, Lovdén, Riklund, Lindenberger, & Backman, 2012). En linea con

esto, un estudio longitudinal que evalud 125 participantes durante un periodo de 3 afios,
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mostré que aquellos sujetos con un mayor volumen del I6bulo temporal medial (LTM)
al inicio del estudio, tenian mas probabilidades de mantener su funcion cognitiva a lo

largo tiempo (Dekhtyar et al., 2017).

La fase preclinica del continuo Alzheimer

La caracterizacion integral de la fase mas temprana del continuo Alzheimer es esencial
para la identificacion de individuos que, pese a exhibir un rendimiento cognitivo
normal, presentan evidencia del proceso patoldgico subyacente a la enfermedad. Existen
diferentes variables, asi como factores de riesgo, que hay que tener en cuenta en el
estudio de la fase preclinica del continuo Alzheimer y que se han visto relacionados con

el rendimiento cognitivo.

En primer lugar, el impacto de los biomarcadores de la EA en la cognicion de sujetos
situados dentro del continuo Alzheimer ha sido ampliamente documentado (Dumurgier
et al., 2017; Ho & Nation, 2018; Pettigrew et al., 2015; Tijms et al., 2018). Estudios
longitudinales han demostrado una relacion clara entre la carga de amiloide y el declive
de la memoria, sugiriendo que el deposito de B-amiloide en individuos cognitivamente
sanos precede y se asocia al futuro deterioro cognitivo (Doraiswamy et al., 2012;
Hedden, Oh, Younger, & Patel, 2013). La positividad de los biomarcadores de amiloide
también se ha asociado con puntuaciones de memoria mas bajas en poblaciones
cognitivamente sanas (Harrington et al., 2017; Jansen et al., 2018). Sin embargo,
algunos estudios recientes han sugerido que los niveles de tau podrian estar mas
estrechamente relacionados con los cambios cognitivos que los biomarcadores de
amiloide, especificamente con el declive de la memoria (Glodzik et al., 2011; Nelson et

al., 2012; Rolstad et al., 2013).
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La fase preclinica del continuo Alzheimer también se ha visto relacionada con una serie
de cambios estructurales y funcionales a nivel cerebral. Diferentes estudios
longitudinales han demostrado que existen areas estratégicas relacionadas con la
memoria, como el hipocampo o estructuras adyacentes del 16bulo temporal medial (i.e.,
cortex entorrinal), que muestran una pérdida de volumen a nivel basal y una mayor tasa
de atrofia entre 5 y 10 afios antes del diagnostico (Bernard et al., 2014; Younes, Albert,
& Miller, 2014). Sin embargo, ademas del 16bulo temporal medial se ha observado que
existen regiones prefrontales (Rugg & Vilberg, 2013; Wolk & Dickerson, 2011) y
estructuras como el cerebelo (Kim, Ugurbil, & Strick, 1994; Rosenbloom,
Schmahmann, & Price, 2012; Stoodley & Schmahmann, 2018) relacionadas con el
rendimiento en tareas de memoria. También se ha sugerido que los individuos
cognitivamente sanos situados dentro del continuo Alzheimer, muestran cambios sutiles
a nivel funcional que preceden a los sintomas clinicos y cognitivos de la EA (Rami et

al., 2014; Sheline et al., 2010).

A nivel cognitivo, es ampliamente aceptado que la pérdida de memoria es generalmente
el cambio cognitivo mas temprano en la EA (Albert, Moss, Blacker, Tanzi, & McArdle,
2007; Howieson et al., 2008; Petersen et al., 1999). Estudios longitudinales sugieren que
la evaluacion de la memoria episodica representa una de las medidas mas sensibles en la
prediccion de la futura progresion a fases sintomaticas de la EA (Caselli et al., 2014;
Pietrzak et al., 2015; Schmid, Taylor, Foldi, Berres, & Monsch, 2013). Sin embargo,
hay estudios que también destacan la alteracion temprana de otras funciones cognitivas
(Baker et al., 2017; Grober et al., 2008) y proponen que la afectacion de otros dominios,
como las funciones ejecutivas, podria ser anterior a la de la memoria episddica en el
continuo de la EA (Harrington et al., 2013). De hecho, se ha sugerido que se podrian

detectar diferencias entre controles y sujetos con EA preclinica en una gran variedad de
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habilidades cognitivas como la atencion, memoria de trabajo, funcion visuoespacial,
velocidad de procesamiento y/o razonamiento verbal y no verbal (Ritchie et al., 2017).
Por otro lado, también se ha investigado el papel de la funcion motora como un posible
predictor de deterioro cognitivo. Algunos estudios han sugerido que la disfuncion
motora podria ser un marcador sensible de la fase asintomatica de la EA (Albers et al.,

2015; Buchman & Bennett, 2011).

Por ultimo, existen diferentes factores que se han visto relacionados con un mayor
riesgo de desarrollar deterioro cognitivo y EA. A nivel genético, el gen de la
apolipoproteina E (APOE) representa el mayor factor de riesgo para la EA (Yu, Tan, &
Hardy, 2014). Los sujetos portadores de una (heterocigotos) o dos (homocigotos) copias
del alelo €4 tienen un riesgo mayor de desarrollar EA en comparacién con los no
portadores (Corder et al., 1993; Farrer et al., 1997). La frecuencia estimada de la EA es
del 91% en homocigotos &4/e4, con una edad media de inicio de los sintomas de 68
afos; del 47% en heterocigotos €3/e4, con edad de inicio de 76 afios; y del 20% en no
portadores, con inicio a los 84 afios (Liu CC, Kanekiyo T, Xu H, 2013). Estudios
longitudinales sugieren que el genotipo APOE €4 podria estar relacionado con un
mayor deterioro de la memoria en sujetos cognitivamente sanos (Caselli et al., 2009;
Wilson et al., 2002) y con mayores tasas de atrofia del 16bulo temporal medial en la EA
(Filippini et al., 2009; Manning et al., 2014). El estudio de sujetos cognitivamente sanos
homocigotos o heterocigotos para APOE &4, ofrece la oportunidad de investigar los
primeros cambios cognitivos relacionados con la EA. Por otro lado, en cuanto a factores
psicologicos que se han visto relacionadas con el futuro desarrollo de deterioro
cognitivo, se ha sugerido que el declive cognitivo subjetivo (DCS) podria representar
una de las primeras manifestaciones de la EA (Jessen, 2014; Mitchell, Beaumont,

Ferguson, Yadegarfar, & Stubbs, 2014; Reisberg et al., 2008). EI DCS ha sido definido
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como la disminucion autopercibida de las capacidades cognitivas en sujetos cuyo
rendimiento cognitivo se sitGa dentro de la normalidad (Jessen et al., 2014). Esta
autopercepcion de la disminucion del rendimiento cognitivo viene dada por la
perspectiva subjetiva y persistente del propio sujeto en relacion a un estado de
normalidad cognitiva previo y no requiere de la confirmacion de otros individuos.
Asimismo, no esta percepcion no esta relacionada con ningun evento subito o agudo
que pudiera explicarla (Jessen et al., 2020). Estudios longitudinales recientes muestran
que los sujetos con DCS y evidencia de biomarcadores de EA tienen un mayor riesgo de
desarrollar deterioro cognitivo (Van Harten et al., 2013; Wolfsgruber et al., 2017). De
este modo, el estudio de sujetos con DCS que se encuentran dentro del continuo
Alzheimer podria representar uno de los escenarios mas optimos para la identificacién
de las primeras manifestaciones cognitivas relacionadas con el EA. Para la evaluacion y
cuantificacion del DCS en los estudios incluidos en la presente tesis doctoral, se ha
utilizado el Subjective Cognitive Decline Questionnaire (SCD-Q; Rami et al., 2014). El
SCD-Q evalua el grado de DCS en un periodo de tiempo de dos afios. Incluye preguntas
que abordan la percepcion de cambio (o disminucion del rendimiento cognitivo) en
diferentes actividades de la vida diaria. EvalGa diferentes dominios cognitivos,
incluyendo la memoria, el lenguaje y las funciones ejecutivas. Contiene dos formularios
paralelos con las mismas preguntas: el formulario "MiCog" es respondido por el sujeto
de estudio y el formulario "SuCog" es respondido por un informante (generalmente un
familiar). El cuestionario ha sido validado, mostrando una alta validez convergente,
consistencia interna y poder discriminante para distinguir entre sujetos con y sin DCS
(Rami et al., 2014). En un estudio reciente, se ha observado una correlacion entre las
puntuaciones del SCD-Q y los biomarcadores de EA en LCR (Valech et al., 2015). El

SCD-Q ha mostrado una alta especificidad para la fase preclinica del continuo
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Alzheimer, especialmente aquellos items relacionados con el lenguaje y las funciones

ejecutivas (Valech et al., 2018).

5. Deteccidn precoz de cambios cognitivos sutiles

La identificacion de cambios cognitivos sutiles en individuos cognitivamente sanos que
se encuentran dentro del continuo Alzheimer es crucial para predecir la progresion hacia
las posteriores fases sintomaticas de la EA. Sin embargo, la mayoria de los estudios con
un disefio transversal no han podido encontrar una clara relacion entre el rendimiento
cognitivo en pruebas neuropsicoldgicas estandar y la evidencia de biomarcadores de EA
en individuos cognitivamente sanos (Aizenstein et al., 2008; Mormino et al., 2009;
Storandt, Mintun, Head, & Morris, 2009; Villemagne et al., 2011). En este contexto,
parece necesario el desarrollo de nuevas pruebas neuropsicologicas mas demandantes,
que aporten mayor sensibilidad para la deteccién de dificultades cognitivas sutiles en la

fase preclinica del continuo Alzheimer.

En los ultimos afios, se han desarrollado nuevas tareas neuropsicoldgicas altamente
exigentes para la deteccion de los primeros cambios cognitivos en el continuo de la EA
(Rentz et al., 2013). Son ejemplos de pruebas altamente demandantes el Face Name
Associative Memory Exam (Rentz et al., 2011), el Short-Term Memory Binding test
(Parra et al., 2010) o el Memory Capacity Test (Rentz et al., 2010), entre otros. Hasta la
fecha, el uso de este tipo de medidas mas exigentes ya ha mostrado resultados
prometedores en individuos cognitivamente sanos, incluyendo muestras de sujetos con
biomarcadores alterados de EA (Rentz et al., 2011), portadores presintomaticos de
mutaciones de EA familiar (Parra et al., 2010) e individuos con DCS (Sanabria et al.,

2018). Incluso se han encontrado asociaciones entre el deposito de B-amiloide cerebral
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en areas estratégicas y el rendimiento neuropsicologico en sujetos cognitivamente sanos

(Rentz et al., 2011).
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Figura 3. Ejemplos de estimulos del Face Name Associative Memory Exam (panel A) y el
Short-Term Memory Binding test (panel B). Adaptada de “Promising developments in
neuropsychological approaches for the detection of preclinical Alzheimer’s disease: a selective
review”, por D. M. Rentz et al., 2013. Alzheimer’s research and Therapy, 5 (58), p. 3-4.

Para el desarrollo de los trabajos incluidos en la presente tesis doctoral, se disefiaron dos

nuevas tareas cognitivas: el Ancient Farming Equipment Test (AFE-T) y el Finger

tapping test (FTT).

Ancient Farming Equipment Test

El AFE-T es innovadora tarea de aprendizaje asociativo basada en el paradigma Ancient
Farming Equipment (Laine & Salmelin, 2010). Este paradigma fue originalmente
disefiado para examinar el aprendizaje de nuevas palabras en la adquisicion de un nuevo
lenguaje e involucra el sistema de memoria declarativa para asociar adecuadamente
nombres desconocidos a objetos que son igualmente novedosos. Los nombres de los
objetos son pseudopalabras (e.g., Gorsi, Folute) y los objetos son imagenes en blanco y

negro de maquinaria agricola antigua, de origen finlandés. La necesidad de asociar
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estimulos novedosos, desprovistos de contenido semantico previo, hace que la tarea sea
especialmente exigente, sobretodo en comparacion con tareas clasicas de memoria
episédica que Unicamente requieren de la memorizacion de palabras u objetos

existentes.

VEMMEL VANKO

Figura 4. Ejemplo de estimulos del paradigma Ancient Farming Equipment. Adaptada de
“Neurocognition of New Word Learning in the Native Tongue: Lessons From the Ancient
Farming Equipment Paradigm”, por M. Laine y R. Salmelin, 2010. Language learning, 60
(Suppl. 2), p. 28

En general, los modelos biolégicos de memoria que han estudiado las bases neurales de
la adquisicion de palabras, diferencian entre contribuciones hipocampales vy
neocorticales (O’Reilly & Norman, 2002). En primer lugar, la codificacion inicial de
una nueva palabra y su asociacion con una nueva imagen dependeria del hipocampo
(Davis, Di Betta, Macdonald, & Gaskell, 2009; Mestres-Missé, Camara, Rodriguez-
Fornells, Rotte, & Minte, 2008; Rodriguez-Fornells, Cunillera, Mestres-Missé, & de
Diego-Balaguer, 2009). Un estudio reciente de RM funcional en el que se aplico el
paradigma AFE en un paciente afasico y en controles sanos, mostrd una clara
implicacion de esta estructura durante el periodo de aprendizaje (Tuomiranta et al.,
2015). En segundo lugar, la posterior integracion del aprendizaje en el 1éxico mental
involucraria sistemas neorcorticales, incluyendo areas del lébulo temporal izquierdo
(Raboyeau et al., 2004), l6bulo parietal inferior izquierdo (Breitenstein et al., 2005) y

region frontal inferior izquierda (James & Gauthier, 2004).
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Hasta la fecha, el paradigma AFE se ha utilizado principalmente para estudiar la
adquisicion de nuevas palabras en individuos sanos (Cornelissen et al., 2004;
Gronholm, Rinne, Vorobyev, & Laine, 2005) y en dos estudios de pacientes con DCL y
EA (Gronholm-Nyman, Rinne, & Laine, 2010; Gronholm, Rinne, Vorobyev, & Laine,
2007). Gronholm et al. (2007) estudiaron los correlatos neuroanatomicos del paradigma
AFE en sujetos con DCL mediante PET. En comparacion con controles de la misma
edad, el grupo de pacientes con DCL mostr6 una mayor activacion de la corteza
cingulada anterior. En un estudio posterior, los mismos autores mostraron diferencias de
aprendizaje y recuerdo a largo plazo entre controles, sujetos con DCL y pacientes con

EA utilizando el mismo paradigma (Gronholm-Nyman et al., 2010).
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Figura 5. Resultados del estudio de Gronholm-Nyman, Rinne y Laine (2010), en el que se
utilizé el paradigma Ancient Farming Equipment. Los graficos muestran las curvas de
aprendizaje y olvido de tres grupos de sujetos: Controles (a), DCL (b) y EA (c). Las sesiones de
aprendizaje (sesiones 2-5) se completaron dentro de un periodo maximo de dos semanas. Las
sesiones de recuerdo se llevaron a cabo una semana (sesion 6), un mes (sesién 7) y dos meses
(sesién 8) tras la ultima sesion de aprendizaje. Las lineas representan el rendimiento al asociar
parejas de objeto/nombre para las cuales se proporcionaba tanto el nombre del objeto como su
definicion (lineas oscuras) o Gnicamente el nombre (lineas claras). Adaptada de “Learning and
forgetting new names and objects in MCI and AD”, por P. Gronholm-Nyman, J. O. Rinne y M.
Laine, 2010. Neuropsychologia, 48, p. 1084.
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Como se ha podido comprobar, los diferentes estudios que han utilizado el paradigma
Ancient Farming Equipment incluyen disefios complejos. En particular, el AFE-T,
empleado para el deasarrollo de cuatro de los cinco trabajos que constituyen la presente
tesis doctoral, incluye: 1) una fase de aprendizaje inicial, con dos sesiones de
aprendizaje en dos dias consecutivos de una lista de 24 estimulos (lista A) con un
ensayo final de recuerdo inmediato facilitado, 2) una fase de recuerdo a largo plazo
(evocacion libre, facilitada y reconocimiento a la semana, 3 meses y 6 meses desde el
aprendizaje inicial), 3) una fase de reaprendizaje a los 6 meses (re-administracion de la
lista A) y 4) un seguimiento a los 18 meses con la administracion de una nueva lista
(lista B). Las diferentes fases de esta prueba perminten una evaluacion exhaustiva de la
funciones de aprendizaje y memoria, lo cual resulta particularmente importante en el
estudio de sujetos cognitivamente sanos a riesgo de desarrollar EA. Especificamente, la
fase de recuerdo a largo plazo permite la evaluacion del denominado olvido acelerado a
largo plazo (OLP). EI OLP es un fenémeno cognitivo que se caracteriza por la pérdida
rapida de informacion en periodos de dias o semanas a pesar de una capacidad de
aprendizaje inicial intacta (Butler, Gilboa, & Miller, 2019). Recientemente, el OLP se
ha postulado como un marcador potencial de las fases asintomaticas de la EA. Dos
estudios recientes han identificado OLP en un periodo de retencion de 1 semana en una
cohorte de sujetos presintomaticos con EA familiar (Weston et al., 2018) y en
individuos asintomaticos con riesgo genéetico aumentado de EA (Zimmermann &
Butler, 2018). EIl primero de los dos estudios, mostré6 OLP mediante el uso de tres
pruebas cognitivas estandar (recuerdo de una lista de palabras, evocacion de una figura
y recuerdo de una historia) en sujetos presintomaticos con EA familiar (Weston et al.,
2018). Por otro lado, Zimmerman y Butler (2018) identificaron OLP en sujetos

asintomaticos portadores de APOE ¢4. Evaluaron 60 participantes (20 homocigotos para
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€3, 20 heterocigotos para €3 y €4, y 20 homocigotos para €4) con una prueba de
aprendizaje de una lista de 15 palabras. En sus analisis, el haplotipo APOE &4 no mostro
efectos sobre la capacidad de aprendizaje o el recuerdo a corto plazo, pero se asocio con

OLP en el periodo de una semana.
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Figura 6. Resultados del estudio de Weston et al. (2018). El grafico muestra como un grupo de
sujetos presintomaticos con EA familiar presenté un rendimiento similar al del grupo control al
aprender una lista de palabras, pero rindi6 significativamente peor al tratar de recordar las
palabras al cabo de 7 dias. Adaptada de “Accelerated long-term forgetting in presymptomatic
autosomal dominant Alzheimer's disease: a cross-sectional study”, por P. S. J. Weston et al.,
2018. The Lancet Neurology, 17, p. 127.
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Figura 7. Resultados del estudio de Zimmermann & Butler (2018). El panel A muestra como los
tres grupos de estudio rindieron de manera similar al aprender una lista de 15 palabras. El panel
B muestra como los grupos de sujetos portadores del alelo APOE &4 obtuvieron mayores tasas
de olvido que el grupo de no-portadores. Adaptada de “Accelerated long-term forgetting in
asymptomatic APOE ¢4 carriers”, por J. F. Zimmermann y C. R. Butler, 2018. The Lancet
Neurology, 17, p. 395.
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Finger Tapping Test

Por utlimo, para el tercero de los trabajos de la presente tesis doctoral, se desarroll6 una
version computarizada de la tarea clasica Finger Tapping Test (Reitan, 1985). Esta
nueva version del FTT consiste en presionar repetidamente y lo més répido posible la
barra espaciadora de una computadora con el dedo indice mientras se mira un punto de
fijacion. La tarea proporciona dos indicadores sensibles de rendimiento motor que son:
1) la velocidad de tapping y 2) la variabilidad intra-sujeto. La velocidad de tapping es el
namero de veces que se prensiona la barra espaciadora. La variabilidad intra-sujeto hace
referencia a la inconsistencia en el rendimiento de un mismo sujeto entre los diferentes
ensayos de la tarea (Hultsch, Strauss, Hunter, & MacDonald, 2008). Aunque la mayor
parte de la literatura se ha centrado en el analisis de la velocidad motora (Buracchio,
Dodge, Howieson, Wasserman y Kaye, 2010; Camicioli, Howieson, Oken, Sexton y
Kaye, 1998; Del Campo et al., 2016), algunos estudios recientes han sugerido que la
variabilidad intra-sujeto también podria ser un marcador especifico de las primeras fases

de la EA (Verghese et al., 2008; VVerghese, Wang, Lipton, Holtzer y Xue, 2007).
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I11. OBJETIVOS
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OBJETIVOS

La fase preclinica del continuo Alzheimer comienza décadas antes de la aparicion de los
primeros sintomas de la enfermedad. Los procesos fisiopatoldgicos caracteristicos de la
enfermedad se desencadenan a lo largo de esta fase en ausencia de deterioro cognitivo
objetivo. En la actualidad, existe una necesidad creciente de identificar y comprender
los diferentes factores que influyen en el rendimiento cognitivo tanto en la fase
preclinica del continuo Alzheimer como en el envejecimiento sano. Dado que los tests
neuropsicoldgicos estandar no permiten una evaluacion detallada de la funcion
cognitiva en estas poblaciones, es necesario desarrollar nuevas herramientas mas
exigentes, sensibles y especificas. En este contexto, mediante el desarrollo y uso de dos
nuevas tareas cognitivas, el objetivo general de la presente tesis doctoral ha sido
estudiar las funciones de aprendizaje y olvido a largo plazo, asi como la funcién motora

fina, tanto en el envejecimiento sano como en la fase preclinica del continuo Alzheimer.

Asimismo, de los diferentes trabajos desarrollados derivan los siguientes objetivos

especificos:

1. Estudiar las funciones de aprendizaje y olvido a largo plazo, a través del Ancient
Farming Equipment Test, en sujetos cognitivamente sanos situados dentro del
continuo Alzheimer y evaluar su posible relacién con los biomarcadores de

enfermedad de Alzheimer en liquido cefalorraquideo.

2. Investigar la relacion de diferentes variables biologicas, neuroanatémicas y
neuropsicoldgicas con los cambios cognitivos mas tempranos en el
envejecimiento sano, es decir, en individuos cognitivamente sanos situados fuera

del continuo Alzheimer.
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3. Explorar la funcion motora fina, mediante el Finger Tapping Test, en sujetos
situados dentro del continuo Alzheimer y su posible relacion con los niveles de

biomarcadores de enfermedad de Alzheimer en liquido cefalorraquideo.

4. Determinar el potencial del olvido acelerado a largo plazo como marcador de
disfuncion cognitiva sutil en individuos con riesgo genético aumentado de
desarrollar enfermedad de Alzheimer y examinar la posible relacion entre el
olvido acelerado a largo plazo y los biomarcadores de enfermedad de Alzheimer

en liquido cefalorraquideo.

5. Evaluar las funciones de aprendizaje y olvido a largo plazo, mediante el Ancient
Farming Equipment Test, en sujetos con deterioro cognitivo subjetivo y explorar
su posible relacién con los biomarcadores de enfermedad de Alzheimer en

liquido cefalorraquideo.
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IV. PUBLICACIONES
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Abstract. We employed a highly demanding experimental associative learning test (the AFE-T) o explore memory func-
tioning in Preclinical Alzheimer’s Disease stage | (PreAD-1) and stage 2 (PreAD-2). The task consisted in the learning of
unknown object/name pairs and our comprehensive setup allowed the analysis of leaming curves, immediate recall, long-term
forgetting rates at one week, three months, and six months, and relearning curves. Forty-nine cognitively healthy subjecis
were included and classified according to the presence or absence of abnormal CSF biomarkers (Control, a=31; PreAD-1,
a=14; PreAD-2, n=4). Control and PreAD-1 performances on the experimental test were compared by controlling for age
and education. These analyses showed clear learning difficulties in PreADD-1 subjects (F=6.98; p=0.01). Between-group
differences in long-term forgetting rates were l2ss notable, reaching statistical significance only for the threg-month cued
forgetting rate (F=4.83; p=0.03). Similarly, relearning sessions showed only statistical trends between the groups (F=3.22;
p=0.08). In the whole sample, significant correlations between CS5F ARyftan ratio and the AFE-T were found, both in
the total learning score (r=0.52; p<0.001} and in the three-month cued forgetting rate (r=-0.38; p<0.01). Descriptive
subanalyses involving PreAD-2 sugpested greater learning and recall difficulties in these subjects when compared with the
PreAD-1 group. The present results suggest that explicit leamning difficulties when binding information could be one of the
earliest signs of the future emergence of episodic memory difficulties on the Alzheimer’s disease continuum. Our findings
indicate that the AFE-T is a sensitive test, capable of detecting subtle memory difficulties in PreAD-1.
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INTRODUCTTON

The identification of subtle cognitive changes in
preclinical Alzheimer’s disease (Pre-AD) has long
been considered critical for predicting progression
toward later clinical AD stages. Within the Pre-AD
phase, three preclinical stages were defined by the
Mational Institute of Aging and Alzheimer’s Associ-
ation (NIA-AA): stage | with abnormal amyloid-B
{AB) levels, stage 2 with both amyloidosis and neu-
rodegeneration (including elevated levels of CSF tau
or brain atrophy), and stage 3 with the onset of sub-
tle cognitive decline [1, 2]. The usefulness of the
NIA-AA staging has been demonstrated in recent
reports involving Pre-AD subjects [3—6]. These stud-
ies on the different Pre-AD stages support the idea
that the co-occurrence of AP deposition and neu-
rodegeneration (i.e., Pre-AD-2) accelerates cognitive
decline in cognitively healthy individuals and is
needed for the emergence of subtle cognitive difficul-
ties. Another important measure in Pre-AD studies is
the apolipoprotein E (APOE) 4 genotype. In that
line, Lim et al. [7] analyzed the cognitive perfor-
mance of 144 healthy older adults classified as APOE
g4 carriers (n==61) and APOE £4 noncarriers (n=83).
They found a moderate negative relationship between
cerebral Ap and episodic memory performance only
in APOE €4 carriers.

A cognitive feature of Pre-AD subjects is that all
of them. regardless of staging, have scores within the
normal range on standard neuropsychological tests.
Thus, most studies using a cross-sectional design
have failed to find a relationship between cognitive
performance on standard newropsychological tests
and biomarker evidence of AD in clinically asymp-
tomatic at-risk individuals [8—11]. However, studies
such as the conducted by Rentz et al. [12] found
associations between a high demanding face-name
associative memory test and AP accumulation in
brain regions associated with memory systems. Other
later studies including Pre-AD staging, reported
group differences between PreAD-2 subjects and
controls but failed to find cross-sectional difficulties
in PreAD-1 [4, 5], and only a posterior report showed
that a demanding memory test (the free recall subtest
of the Memory Capacity Test: MCT) managed to dis-
criminate between Pre AD-1 subjects and controls [6].
The MCT is a high demanding associative memory
task consisting on binding a total of 32 words (dis-
tributed in two lists) with a semantic cue to improve
encoding and recall. The test includes free and cued
immediate recall and free and cued delayed recall at

30 minutes. Therefore, it seems mandatory to develop
more sensitive cognitive measures to detect subtle
cognitive difficulties at Pre-AD stages, especially in
PreAD-1.

In the present study, we adapted an innovative asso-
ciative learning task based on the Ancient Farming
Equipment (AFE) paradigm [13] to assess learning,
recall, and relearning in Pre-AD subjects. This task.
originally devised to examine the early stages of
leamning new words in one’s native tongue, engages
the declarative memory system in order to properly
associate unfamiliar names to objects that are equally
novel. The fact that participants need to create a new
associative link between the representations at the
lexical (new-word trace) and at the visual-conceptual
level (new-object) makes this task highly demanding,
especially compared to classical episodic memory
tasks that require solely the memonzation of words or
existing objects. Task difficulty is further enhanced by
the fact that AFE performance is measured by spon-
taneous oral production of the novel word. Based
on the influential Complementary Learning Sys-
tems model (CLS) [14], it has been hypothesized
that the initial encoding of a new word and its
associative link to a new picture (concept) engages
medial-temporal lobe regions (e.g.. hippocampal and
parzhippocampal cortices) [13, 15-18]. There is evi-
dence showing that these regions are affected early in
AD [19-21].

Todate the AFE paradigm has been mainly used to
study acquisition of new words in healthy individuals
[22-24] and in two studies concerning mild cognitive
impairment (MCI) and AD [25, 26]. A recent IMRI
study using the AFE paradigm in an aphasic patient
and in healthy controls showed a clear involvement
of medial temporal lobe regions during the learning
period [21]. In alater study, Grinholm et al. [23] stud-
ied the neural correlates of the AFE paradigm in MC1
subjects using positron emission tomography (PET).
Compared to age-matched controls, MCI subjects
showed increased activation in the anterior cingulate
cortex, suggesting that the naming of newly learned
objects imposed additional executive and attentional
demands. The behavioral results of this study showed
learning differences between controls and MCI since
the first training run, indicating that initial learning
measures were sensitive to MCIL The same authors
reported learning and forgetting differences between
MCIL. AD, and controls in a later study uwsing the
same paradigm [26]. These results showed that both
learning and forgetting performances were signifi-
cantly impaired in the MCI subjects in comparison
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to controls but all groups showed similar forgetting
patterns, and that the MCI group benefited less from
phonological cueing than controls.

Because of the novelty of the learning materials
in the test (here coined as the AFE-Test, or AFE-T)
and the high demands of its outcome measure (spon-
taneous naming). participants need multiple runs in
order to be able to learn the set of new object/word
pairs. It has been suggested that learning across mul-
tiple trials may provide the most sensitive index for
initial diagnosis of MCI [27]. Besides. a crucial dif-
ference between this test and other standard memory
tests is the longer time span for assessing forget-
ting (which comprised three time-points: one week, 3
manths, and 6 months after initial learning). Previous
memory tasks used in MCI and in early detection of
people at risk of AD have usually evaluated delayed
memory recall or recognition only after a 20-30-min
delay from the encoding phase [28]. Importantly for
the present research, recent studies have suggested
that longer-term follow-up is crucial for tracking for-
getting rates, including both recognition and recall,
in order to obtain a level of sensitivity able to detect
subtle memory difficulties [29, 30]. In addition, we
included a phonological cueing test in the long-term
follow-upin order to evaluate recall processes in more
detail. Finally, the AFE-T also includes an additional
relearning fask carried out six months after the ini-
tial learning. Some studies suggest that information
that has become inaccessible in recall or recognition
tests can be reactivated by relearning tasks [31-33].
In sum, the information provided by the present com-
prehensive AFE-T includes detailed learning curves
(learning rate), short and long-term forgetting mea-
sures, and a relearning curve.

We expected that the AFE-T. being a highly
demanding learning and memory test, would enable
us to detect subtle difficulties in learning and/or recall
in Pre-AD subjects that cannot be detected by stan-
dard neuropsychological tests. Moreover, we aimed
to evaluate the possible relationship between learn-

ing and memory performance and CSF proteins in
Pre-AD subjects.

MATERIAL AND METHODS
Participanis

Forty-nine cognitively normal subjects were
included in the present study between 2013 and

2015. They were recruited from longitudinal ongoing
projects at three Spanish memory centers: Hospi-

tal Clinic (HC), Hospital de la Santa Crew i Sant
Pau (HSP) in Barcelona, and the CITA-Alzheimer
Foundation (CITA) in San Sebastian. All subjects
were bilingual (Catalan-Spanish for HC and HSP,
and Basque-Spanish for CITA participants). The
ethics committee of the Hospital Clinic of Barcelona
approved the study, and all participants provided
sizned. informed consent before underzoing the neu-
ropsychological assessment, MRI, and the lumbar
puncture. All subjects had to meet the following
inclusion criteria: a) at least three years of formal
education, so as to exclude mental retardation or
congenital leaming disability, b) Mini-Mental State
Examination (MMSE) [34] score =24, and c) objec-
tive cognitive performance within the normal range
(cutoff 1.3 8D from normative mean) in all tests on a
specific neuropsychological battery (see below). The
following exclusion criteria were applied: a) presence
of any neurological diagnosis, b) presence of a sen-
ous or unstable medical condition, c) diagnosis of a
major psychiatric disorder including schizophrenia,
major depression or substance abuse, and d) pres-
ence of a CSF pattern compatible with suspected
non-amyloid pathology (SNAP). In accordance with
the guidelines proposed by the National Institute
on Aging and the Alzheimer's Association (NIA-
AA) for defining Pre-AD for research purposes [1],
healthy subjects were classified into three groups:
control (CTR, n=31), preclinical Alzheimer disease
stage | (PreAD-1.n=14)and preclinical Alzheimer’s
disease stage 2 (PreAD-2, n=4). CSF tau and p-tau
levels and MRI imaging (evaluated by an expert neu-
ralogist in order to exclude cases with brain structural
damage or hippocampal atrophy) were used to clas-
sify Pre-AD subjects into PreAD-1 or Pre AD-2.

Determination of binlogical and CSF biomarkers

All subjects underwent a lumbar puncture between
9am. and |2 p.m. In the extraction, 10 ml of CSF was
collected. The samples were centrifuged and stored
in polypropylene tubes at —80°C within the first hour
after extraction. CSF APyz levels. total tau (tau), and
phosphorylated taw at threonine- 181 {ptau) were mea-
sured by enzyme-linked immunosorbent assay kits
(Innogenetics, Ghent. Belgium). Cut-off values of
abnormality for each CSF biomarker were defined
according to previous work [35, 36]: a) ABy =550
pe/ml. b) tau =350 pgfml for subjects younger than
50 years, =400 pg/ml for subjects between 50-70
years old, and =450 pg/ml for subjects older than 70
years, and ¢) ptau =75 pg/ml. The time lapse between
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the lumbar puncture and the AFE-T assessment was
2.25 (1.4) years. Both, the AFE-T administrator and
the study participants were blind to the CSF results.

Apolipoprotein E analysis

Genomic DNA was extracted from peripheral
blood of probands using the QlAamp DNAblood
minikit (Qiagen AG, Basel, Switzerland). ApoE
genotyping was performed by polymerase chain
reaction amplification and Hhal restriction enzyme
digestion. The study participants were blind to the
ApoE results.

Newropsychological battery and psychological
ASSEESMEnt

All participants were assessed with a comprehen-
sive neuropsychological battery, administered by a
trained neurcpsychologist blind to the CSF results.
The battery encompassed four cognitive domains.
The memory domain included the Free and Cued
Selective Reminding Test [37]. the language domain
comprised of the Boston Naming Test [38] and
Semantic fluency [39]; the visual perception domain
contained the number location subtest of the VOSP
battery [40]. and the executive functions domain
consisted of the Trail Making Test [41], the Stroop
Test [42]. the Symbol Digit Modalities Test [43].
and the Digit Span test of the WAIS [44]. Global
cognition was assessed with the MMSE [34]. Pre-
morbid intelligence was assessed with the Spanish
word accentuation test [45]. The average time lapse

between the neuropsychological assessment and the
AFE-T administration was 1.21 {0.2) months.

Word and pseudoword spans

At the end of the one-week recall session of the
AFE-T, two word and pseudoword verbal span tests
were administered. We developed these experimental
tests to assess verbal working memory in the context
of both familiar and unknown words. and to ensure
that leaming performance between the groups in the
AFE-T was not influenced by different working mem-
ary capacities. In both tests, words or pseudowords
appeared one at a time for 3 s on a white background
on a computer screen. The participants were asked
to read each word aloud and try to remember them
in the exact order. After the items were presented, an
image of a microphone appeared on the screen and
the participanis were asked to repeat all the items just
presented in exactly the same order. Points were given

for fully correct responses (i.e.. when the exact words
were pronounced in the exact order of presentation).
When a correct response was given on at least one out
of the three sequences of a given span length, the next
series with a higher length was presented. The task
was initiated with two-item sequences and ended with
a maximum of eight items for the word span and six
for the pseudoword span. The task was interrupted
if the participant was unable to repeat any of the
three sequences of a given span. The total score cor-
responded to the maximum span that the participant
was able to repeat correctly.

The ancient farming equipment text (AFE-T)

The task was to learn to orally name new
object/name pairs. The objects were 24 black-and-
white images of ancient farming equipment taken
from the AFE paradigm [13]. These objects are
unknown today (see an example of a novel picture
in Fig. 1), and subjects” unfamiliarity with the object
was confirmed in a pre-training screening test. In
this screening test, the objects were presented one
by one and the participant was requested to indicate
whether they knew them. Each object was paired with
a pseudoword, that is, a non-existing word that fol-
lows the phonotactic rules of Spanish [46]. The object
names consisted of 14 bisyllabic and 10 trisyllabic
pseudowords that did not exist in the Spanish dic-
tionary (e.g.. gorsi, folute; see the complete list in
Appendix 1) All the stimuli were presented on a com-
puter screen against a white background using the
E-prime 2.0 (Psychology Software Tools, Inc., PA,

FOLUTE

Fig. 1. Example of a novel picture and a novel word in the AFE-T
{see Appendix | for a full list of materials usad).
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Fig. 2. Schematic design of the phases of the AFE-T.

USA). In order to thoroughly explore learning and
forgetting in Pre-AD, the test design included two
consecutive learning sessions, one immediate cued
recall, three long-term delayed recall/recognition ses-
sions, and two releaming sessions. The AFE-T had
a total duration of six months. All the phases are
explained in detail below (see Fig. 2 for a schematic
description of the overall design used).

Initial learning sessions (L5)

Two learning sessions were performed on two con-
secutive days (LS1 for the first day, and L52 for
the second day). Each leamning session included a
total of seven runs and took approximately 45 min.
Before starting the leaming phase, each of the 24
object/name pairs was displayed for 7 s with a 500 ms
pause between them. The participants were asked to
read aloud the name of the object printed below, and to
try to leam each object/name pair. After the presenta-
tien, the seven learning runs were performed. In each
run, the participants were presented with the objects
one at a time, and were asked to spontanecusly say
its name aloud. They were given a maximum of 7sto
recall the name of each object. After this, the comect
name of the object appeared below the object for 4 s,
regardless of whether the participant was able to say
the correct name. The following object was presented
after a 500 ms interval. The order of presentation of
the objects in each run was randomized.

Immediate Cued Recall (1CR)
After the last run of the L52, an immediate
cued-recall test was administered. In this task, each

object was presented one at a time. When the object
appeared, the experimenter verbally provided the first
syllable of the object’s name (phonemic cue). The
participant then had a maximum of 7 s to provide the
complete correct name. In this run, the administrator
did not give the whole comect name.

Long-term recall

Long-term recall was examined at one week,
three months, and six months after the initial learn-
ing phase. Each session took 10-15 min and began
with a visual recognition task. The visual recogni-
tion task required the participant to identify the 24
trained objects among 24 foils (maximum score of
48). The stimuli were presented one by one for 7s,
with a 500 ms interstimulus interval, in a pseudo-
randomized order. The participant had to verbally
respond “YES™ or “NO” o indicate whether the
object had been among the 24 trained items. The
recognition task was followed by free recall. Here,
each trained object appeared on the screen in a ran-
domized order, and the participant was asked to name
it orally. A maximum of 7s was given to name
each object. When the participant could not pro-
vide the correct response, the experimenter provided
the first syllable of the name (delayed cued recall).
The same procedure of cued recall was repeated
one week. three months., and six months after the
initial learning. At the end of the 6-month period,
a picture-word matching task was administered in
order to further explore the participants’ word acqui-
sition through recognition memory. In this task, three
pseudowords, the target and two foils sharing the
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same initial syllable. were presented beside each
object. The participants were requested to choose the
correct alternative for each stimulus (maximum score
of 24).

Releaming phase (RL)

Relearning started immediately after the end of
the 6-month session, following the verbal recogni-
tion memory task. Releaming was also performed on
two consecutive days, and followed exactly the same
procedure as in the learning phase.

Scoring svstem

All verbal responses were recorded for offline
scoring. Following the scoring procedure of the
AFE paradigm. a response was considered correct
{score= 1) when: (a) the participant recalled the exact
name of the object, or when (b) the name recalled dif-
fered by a single phoneme from the original name.
Under (b). the following cases were considered:
the substitution, addition, or omission of a single
phoneme at any given position of the word, or a
change in position of an otherwise correct phoneme.
This criterion was applied for all runs. Thus, for each
run, the range for the scores was (0-24.

Statistical analyses

Statistical analyses were performed using the
SPSS (v.22.0) package for Windows. In all anal-
vses, a p<0.03 was considered to be significant.
The main analyses were performed comparing the
CTR and the Pre AD-1 groups. Demographical data,
levels of CSF ABys CSF tau, and CSF ptau, and
APOE &4 frequencies were compared using Student
i-tests for independent samples and ‘f analyses when
appropriate.

AFE-T learning and relearning scores were ana-
lyzed wsing mixed-model analyses of variance,
controlling for age and years of education. In these
analyses, the within-group learning curves {runs),
overall group differences (group), and the inter-
action between learning and group (run x group)
were explored. Additionally, analyses of covan-
ance (ANCOWA) controlling for age and vears
of education with post-hoc Bonferroni corrections
were performed to analyze the specific runs in
which the scores differed significantly between the
two groups.

Forgetting rates for CTR and PreAD-1 groups
were determined to analyze the delayed recall scores

relative to the learning scores of each group. The
forgetting rate was defined as one minus the ratio
between each delayed session score and the score
obtained on the last learning run (e.g., 1-(one-week
free recall score/LS2 run 7 score). for one-week free
forgetting rate). In this way, the forgetting rate rep-
resents the mean percentage of object/name items
previously learned that were forgotten. In the delayed
recall sessions, the free and cued raw scores, the
forgetting rates and the recognition scores were com-
pared between the groups using ANCOVAs adjusted
for age and education. Finally, to explore the possi-
ble relearning benefits (i.e., the reactivation of stored
information that cannot be voluntarily recalled),
paired {-tests were run comparing the within-group
scores of the first runs of the learning versus relearn-
ing sessions.

Due to the fact that the present AFE-T version
has not been used before. our study is essen-
tally explorative. Following the recommendations
by Armstrong [47], we applied Bonferroni correc-
tions because here “a large number of tests are carried
out without pre-planned hypothesis in an attempt to
establish any results that may be significant™ {op.cit.,
p. 505).

Using the whole sample, Pearson bivariate cor-
relations were calculated to assess the associations
between the C5F ARy levels and the following
AFE-T scores: total learning and three-month cued
forgetting rate. Total leaming, operationalized as the
total score in the last run of the learning sessions,
was hypothesized to reflect mainly acquisition. It
has been suggested that the latter trials in repeti-
tive tests of memory are more strongly related to
the integrity of medial temporal lobe structures,
whereas early trials comelate more strongly with
inferior parietal, middle frontal gyrus, and tempo-
ral pole regions of interest [48]. Three-month cued
forgetting rate was hypothesized to represent con-
solidation in long-term memory. The cued nature
of recall allows for a more specific measure of
consolidation, minimizing the role of executive com-
ponents in recall [49]. Cued recall at three months
was hypothesized to be the best measure to capture
the longer term forgetting rate while avoiding floor
effect.

Finally. even though the subjects had to be within
the nmormal range on all the neuropsychological
tests administered to be eligible, we ran t tests to
explore possible between-group differences on these
tests. For these analyses, the scaled scores (i.e.
MNeuronorma) of each test were used.
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Table 1
Demographics, biological data, and CSF biomarker levels of CTR and PreAD-1 groups
Parameters CTR (n=31) PreAD-1 (in=14) f p value
Demographics
Gender (% women) T0.9% T8.65% 0.29° 059
Ape 648 6.4 [49-77] 678+ 7.1 [58- TE] 139 017
Years of education 11637 108 +£3.9 0469 049
Biological data and CSF
APOE E4 (% positive]) 6.5% 57.1% 14.34% <H.0001*
ARy BDGE211.2 4145+ 829 881 =i.0001*
Tau PEERE 24008 +99.3 0325 080
Pram 51T+ 14.1 462+ 164 -1.15 026

Diata are presented as means + standard deviation. CSF, cerebrospingl fluid; ARy, amyloid-beta isoform 42; taw,
total taw; ptaw, phosphorylated taw. ® Pearson Chi-Square; ** - 000001,

RESULTS

Sample characieristics

Demographical and biological data of the CTR and
PreAD-1 groups are shown in Table 1. Age ranged
between 49 and 86 wears, and educational level
ranged between 3 and 20 years. There were no signifi-
cant differences inage (p=0.17) or years of education
(p=049) between the CTR and PreAD-1 groups.
Gender distribution was also similar [11:0.29;
p=0.59) with women accounting for more than
T0% in both CTR and PreAD-1. Regarding the AD
biomarkers. C8F Apy; was significantly lower in
the PreAD-1 group (#(43)=-8.81: p=0.001). There
were no significant group differences in the levels of
CSFtau (1{43)=0.25; p=0.80) or ptau ({47} =-1.15;
p=026). The APOE-«4 allele was significantly
more frequent in the PreAD-1 group than in CTR
(¥?=14.34; p<0.001), with a frequency of 57.1%
versus 6.5% of carriers. respectively.

Descriptive characteristics of the PreAD-2
subjects (n=4)

The PreAD-2 subjects (n=4) had a mean age
of 77.8 (6.9) years [range 70.9-86.1]. compared to
a mean age of 67.8 years in the PreAD-1 [range
58.2-78.3]. Their mean length of education was 11
years [range 3—18], compared to 10.8 [range 6-20]
in PreAD-1 group. In PreAD-2, 50% were women,
compared to 79% in PreAD-1. APOE-4 carriers rep-
resented 25% of the PreAD-2 sample compared to
55.5% in the PreAD-1. Regarding the biological data,
PreAD-2 group had a mean CSF ABg of 341.6
(124.1) pefml [228.5-512.2]. CSF tau of 486 (128)
pefml [389-666], and CSF ptau of 89.8 (17.4) pg/ml
[75.2-114], compared to 414.5 (82.9) pg/ml, 240.8

(99.3) pgfml, and 46.2 {16.4) pg/ml in the PreAD-]
group, respectively.

AFE-T performance in PreAD-]

Initial learning phase

The ANCOVA on correct spontaneous naming
responses showed a significant main effect for run in
the whole sample (F(13,533)=5.3; p< 0001}, indi-
cating an overall increase of naming performance
throughout the learning sessions in both groups (see
Fig. 3). Furthermaore, the run x group interaction term
was significant (F(13,533)=4.T7; p<0.001), reflect-
ing the steeper learning curve of the CTR group
and their better overall performance (F{1.41)=6.9;
p<0.01) (zee Fig. 3). Specifically, the CTR group
showed a mean leaming progression of 16.7 (4.9)
items (#30)=18.7; p<0.001) (ie., the difference
between the first and the last learning run scores),
whereas the PreAD-1 group showed a mean value of
12.1 (6.0) items (#(]3)=7.52; p<0.001). The main
statistical comparisons are shown in Table 2. When
looking at the scores for each run, ANCOVA revealed
significant between-group differences in runs 1, 2, 6,
and 7 on the first learning day and in all the runs of
the second learning day (see Fig. 3).

Immediate cued recall

In the immediate cued-recall performed at the end
of the second learning day, the mean for the CTR
group was 21.6 (2.4) points, and the Pre AD-1 group
a mean of 17.3 (4.5) points. The ANCOVA showed
that this group difference was statistically significant
(F(1.400=15.4; p<0.001: see Fig. 3).

Forgetting rate {one-week, three-monih,
and six-manth delayed sessions)

Forgetting rates {one minus the ratio between each
delayed session score and the score obtained on the
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Fig. 3. AFE-T learning, free recall, and relearning scores of CTR and PreAD-1 groups. ICR, immediate cued recall; FR, free recall. Group
differences in each point are indicated by an asterisk (*p < 0.06, **p<0.01).

Table 2
AMCOVA of learning, recall and releaming AFE-T scores bebween
CTR and PreAD-1 group {only the first and last min of each learning
amd relearning session are showm)

CTR (n=231) PreAD-1(n=14) F pvalue
L3I_RI 1.2+ 1.1 0206 739 000+
LE1I_RT 11.2+ 4.8 Guh+ 4.4 673 oot
LEZ_RI 125+£52 7148 7.80 <0.01%*
L2 RT 179+ 54 123+62 699 oo1t
ICR 21.6+24 17.3+45 1537 <001
| Week _FFR 0.27+03 04703 375 006
| Week_CFR 16+ 0.1 0.29+02 40 005
IMonths_FFR. 0.77 +0.2 083+02 23 064
IMonths CFR 046 +0.2 066+02 483 0u03*
HMonths_ FFR  0.79+0.2 081 +03 0.0l 0.99
G Month CFR 050+ 0.2 061 +03 035 055
RLEI_RI 105+ 65 TT+48 079 038
RLSI_R7T 181£51 142+ 60 293 010
RLS2_RI 18152 132+ 6.0 532 003t
RLSZ_R7T 211 £34 17456 535 003t
RL_ICR 231017 21.2+29 5.21 0.03*

Deata are presented as means + standard deviation. LE1, 1st learn-
ing day; L52, 2nd leaming day: B, mn number; ICE, immediate
cued recall; FFR., free forgetting rate; CFR, cued forgedting rate;
RL, releaming. *p<0005; **p <001,

last learning run) were analyzed in each group. In
this way. the forgetting rate represents the mean per-
centage of object/name items previously learned that
were forgotten. At the one-week free recall session,
the CTR had a forgetting rate of 0.27 (0.3) while
the PreAD-1 group had a forgetting rate of 047
(0.3). ANCOVA revealed that this difference was
not statistically significant (F{1.36)=3.7; p=0.06).
When including the phonemic cue, the forgetting rate

decreased to 0.16 (0.1} in the CTR and 0.29 {0.2)
in the PreAD-1: the difference showed a marginal
significant trend (F(1.36)=4.1; p=0.05). At three
months, the CTR group showed a forgetting rate of
0.77 (0.2} in the free recall and the PreAD-1 showed
a forgetting rate of (L83 (0.2). When the cue was
administered, the CTR got a forgetting rate of 0.46
(0.2) whereas the PreAD-1 decreased only to 0.66
(0.2). The latter difference was statistically signif-
icant (F(1,36)=4.8; p=0.03). At six months, both
CTR and PreAD-1 once again had similar forget-
ting rates in the free recall: 0.79 (0.2) and 0.81 {0.3),
respectively. When including the cues, the between-
group differences did not reach statistical significance
(F(1.36)=0.4; p=0.55), with forgetting rates of (.50
(02) and 0.61 (0.3} in the CTR and PreAD-1 groups,
respectively. Both groups benefited significantly from
the phonemic cues ineach of the delayed sessions (see
Supplementary Figure 1).

Delayed recognition

Recognition scores were based on comectly rec-
ognized objects and comectly rejected foils (24 for
each, total score =48). The ANCOWVA showed a sig-
nificant group difference in the one-week delayed
visual recognition scores (F(1.41)=5.5; p=0.02),
although the difference between the means was only
0.5 points (CTR=47.9+ 0.4, PreAD-1 =474+ 1.4).
No significant group differences in visual recognition
were observed at three months or six months. Meither
did the picture-word matching task at six-month post
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learning reveal any group difference in recognition
Memory.

Relearning phase

The ANCOVA on comect spontanecus naming
responses showed a significant main effect of run
(F(13.533)=117; p<0.001) in the whole sample,
reflecting an overall significant increase of nam-
ing performance throughout the relearning sessions
in both groups (see Fig. 3). However, an con-
trary to the learning phase, similar steepness of
the relearning curves between the CTR and the
PreAD-1 groups were found (Time x Group interac-
tion, Fi(13,533)=0.7; p=0.75). The results showed
significant overall differences in performance across
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groups (F(1,41)=4.4; p<0.05). When looking at the
scores for each run, ANCOVA revealed significant
between-group differences in runs 1, 2, and 7 on the
second relearning day. Significant differences were
observed by the ANCOVA on the immediate cued
recall (F{1,39)=5.2; p=0.03), with the CTR scor-
ing 23.1 (1.7) compared to 21.2 (2.9} in the PreAD-1
group.

Descriptive analyses of the AFE-T performance
in PreAD-2

The PreAD-2 group learned a total of 7.8 (6.9)
object/name pairs on the AFE-T, with a range
between O and 14 on the last learning run (see
Fig. 4). This was below the mean in the PreAD-]
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Fig. 4. Correlations between total learning and 3 month forgetting rate scores of the AFE-T and C5F ARy and CSF AB42/tan ratio in the

whole sample. CFR, cued forgetting rate.
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group (12.3), while the standard deviation was sim-
ilar in the two groups (6.2 and 6.9 for PreAD-1
and PreAD-2, respectively). As regards the forget-
ting rates, at the one-week free recall the PreAD-2
subjects forgot 0.4 {0.2) of the acquired items, com-
pared to 0.5 (0.3} in the Pre AD-1 group. When the cue
was administered, the PreAD-2 rate remained at 0.4
{0.3) compared to 0.3 (0.2) in the PreAD-1. At three
months, the PreAD-2 subjects had a mean index of
1 {0} in free-recall, decreasing to 0.8 (0.2) when the
cue was included. The Pre AD-1 group, in compari-
son, had scores of 0.8 (0.2) in the free forgetting rate
and 0.7 (0.2} in the cued forgetting rate.

C8F AByy levely and AFE-T scores in the whole
sample

Total learning was defined as the score obtained on
the last run of the learning sessions. A significant pos-
itive correlation was found between the total learning
score and CSF AByz (r=0.37; p=0.01). To explore
the relationship of CSF APy and recall, the corre-
lation between the biomarker and the three-month
cued forgetting rate was calculated, showing a nega-
tive comelation (r=-0.34; p=0.03; see scatter plots
in Fig. 4).

We also measured the association between the
AFE-T and the ratio AB4a/tau. Results showed a sig-
nificant positive correlation between the total learning
score and the ratio (r=10.52; p <0.001). Regarding the
three-month cued forgetting rate, a significant nega-
tive correlation was found with ABs/tan (r=—0.38;
p=<0.01; Fig. 4).

Srandard newropsychological tests in PreAD-1

There was no significant difference in global cog-
nition between the CTR and the PreAD-1 group
(1{43)=—0.2; p=10.9). as assessed by the MMSE [34].
Mor was there a significant difference on the verbal
intelligence score (H43)=0.6; p=0.5). Crucially to
the present research, no single test of the standard
neuropsychological battery showed significant dif-
ferences between the groups, with p values ranging
from 0.07 to (.95 (see Table 3). Regarding the word
and psendo-word span tasks included in the AFE-T
{see Supplementary Table 1), significant group dif-
ferences were found for the pseudo-word span (F(1,
38)=T.7;: p<0.01} with better performance in the
PreAD-1 group than in the CTR. No significant dif-
ferences were observed in the word span task (F(1,
38)=0.1; p=0.7). Finally, the mean scores on the

Tahle 3
T-test of the standard newropsychological scores between CTR and
FreAl-1 groups
Parameters CTR PreAD-1 t  value
{n=31) {n=14)
Global Cognition
MMSE® 2WI1x16 2BI1+16 015 .88
WAT® 29+46 239+47 063 0.53
Memory
FCSRT - FR 124228 1L1x26 142 0.16
FCSRT - TR 125+27 122430 037 0.71
FCSRT - DFR 12527 1L6+£30 097 0.34
FCSRT - DTR 13.7+43 126+40 081 042
Language
BNT IL5+18 1L1I+£19 Q66 0.51
Sem-Flu 1L0x20 10229 L06 0.27
Perception

VOEP — Mumbers 131 £446 13.0+£49 006 0.95
Executive functions

TMT-A 1122 10526 080 043
TMT-B 10323 94£25 LIl 0.27
Stroop-W 11320 10716 097 0.34
Stroop-C IL1+18 9922 L7 009
Stroop-CW 1L7£23 103X£18 191 0.07

SDOMT 122+28 1L1+3T7 099 0.33
Dvigits-F I08+26 11628 -0.99 0.33
Digits-B 124221 12027 054 0.59

Data comespond to scaled scores of the standard neuropsycho-
logical tests and are presented as means 4+ standard deviation.
MMSEE. Mini-Mental State Examination; WAT, Word Accentu-
ation Test; FCSRT-FR, Free and coed selective reminding test
free recall; FCSRT-TR, total recall; FCERT-DFR. delayed free
recall; FOSET-DTR, delayed total recall; BNT, Boston naming
test; Sem-Flu, Semantic fluency; VOSP, visual object and space
perception battery; TMT-A, Trail making test A; TMT-B. Trail
making test B: Stroop-W, Stroop test words:, Stroop-C, Stroop
test color; Stroop-1, Stroop test color-word; SDMT. Symbol digit
medality test; Digits-F, WAIS Span-digit foreard: Digits-B, WAIS
span-digit backward. "Raw scores.

standard neuropsychological tests of Pre AD-1 group
and the descriptive scores of the PreAD-2 subjects
showed that the four Pre AD-2 participants had higher
scaled scores on all the tests administered.

DISCUSSION

This study searched for evidence for subtle learn-
ing and/or recall difficulties in Pre-AD by employing
a highly demanding associative word learning test,
the AFE-T. The test had to be particularly sensi-
tive as these cognitive difficulties are too mild to be
detected by standard nevropsychological tests. More-
over, we explored the possible associations between
learning and memory performance and CSF pro-
teins in Pre-AD subjects. The results observed were
very conclusive in showing initial learning difficul-
ties in our PreAD-1 subjects, while their long-term
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recall and releamning were relatively preserved. Addi-
tionally, we found that CSF ARy4> levels comrelated
significantly with the total leaming score. Our find-
ings suggest that the AFE-T is a promising tool
for characterizing the cognitive profile of PreAD-1,
being sensitive enough for detecting incipient
episodic memory difficulties in this population.

The wsefulness of the NIA-AA staging has been
demonstrated in recent reports involving Pre-AD sub-
jects [3-6]. Mormino et al. [4] studied 166 cognitively
normal individuals divided into preclinical groups for
a mean of 2.1 years. PreAD-1, control, and SNAP
showed improvement in performance over time (due
to task repetition effects) while PreAD-2 subjects
declined. suggesting that the co-occurrence of AR
deposition and neurodegeneration (ie.. PreAD-Z)
accelerates cognitive decline in cognitively healthy
individuals. In a recent study by Soldan et al. [5],
222 cognitively healthy subjects were followed up
for a mean of 11.0 years and classified into preclinical
stages. Only PreAD-2 subjects showed worse cogni-
tive performance both at baseline and longitudinally
compared with the other biomarker groups, whereas
controls, PreAD-1 and SMAP groups did not differ.
The authors concluded that baseline and longitudinal
cognitive decline is only detected in PreAD-2 sub-
jects. However, it should be bome in mind that these
studies used standard neuropsychological tests and
memory composites to evaluate the cognitive perfor-
mance of Pre-AD subjects. Otherwise, Papp et al. [6]
studied 260 clinically normal older adults grouped
in preclinical stages using a highly demanding asso-
clative memory test (the MCT). The authors found
decrements in PreAD-1 subjects’ free recall score
when compared with Controls.

The present study investigated the cognitive perfor-
mance of PreAD-1 subjects using a highly demanding
associative memory test. Unlike most memory tests
used to assess Pre-AD, the AFE-T requires learning,
binding and storing novel information. Forming new
associations or binding unrelated information with
previous semantic knowledge is thought to set high
demands on cognitive processing [12]. This kind of
learning may depend on the formation of new neural
connections in brain areas specifically related to the
acquisition of new knowledge [ 13] which show incip-
ient changes in Pre-AD, such as the hippocampus and
adjacent medial temporal lobe structures [19, 201
Probably due to these higher cognitive demands
related to the associative learning, the AFE-T was
able to find consistent learning difficulties in Pre AD-1
subjects when compared to controls. This important

finding suggests that the AFE-T is sensitive encugh
to identify differences between controls and Pre-AD
subjects, even at the first stage of the Pre-AD phase.
Furthermore, considering the fact that the PreAD-]
group performed better in the pseudo-word span, their
impaired initial learning in the AFE-T could not be
due to impairments in attention or working memory,
factors that are strongly linked to episodic memory
[50, 51]. However, it is important to note that the idea
that episodic (associative) memory is the first mem-
ory system to be affected in AD has been questioned
[52]. Moreover, the fact that item-based and associa-
tive memory systems are independent also remains
unclear [53].

One of the main strengths of the present study is the
long-term follow-up of participants, which allowed a
comprehensive assessment of delayed memory and
forgetting rates. Since most of the time intervals in
standard neuropsychological tests range between 20
and 30 minutes [28], the assessment of longer term
(days or months) forgetting rates in Pre-AD remains a
field to be explored. Our analysis involving PreAD-1
subjects and controls showed differences in their
raw scores at one-week free and cued recall, and at
three-month cued recall. Nevertheless, these group
differences were influenced by the initial learning
performance. since analysis of forgetting measures
showed that the PreAD-] subjects and controls pre-
sented similar forgetting rates. These findings suggest
that the initial consequences of amyloid deposition
affect initial learning and encoding processes more
than posterior recall and retrieval processes. Only
the three-month cued forgetting rate showed sig-
nificant differences between PreAD-1 subjects and
controls. Though weak, the greater benefit from the
phonological cueing in the CTR group than in the
Pre AD-| suggests that the poorer performance exhib-
ited by the PreAD-1 group in this long-term recall
session should not be attributed merely to a “tip-of-
the-tongue™ effect, but to a subtle information loss.
Similar results were presented in a previous study
using the AFE paradigm in which MCI patients ben-
efited less from phonclogical cueing than controls
[26]. Regarding the secondary analysis, the small
group of PreAD-2 subjects presented a similar per-
formance in the free recall but a lower benefit from
the cue. These results are in agreement with a recent
report which indicated that while Pre AD-1 subjects
showed subtle reductions in free recall, a decline in
the cued recall may represent progression to PreAD-2
stages [46]. Albeit collection of long-term forgetting
rates with free and cued recall is cumbersome, these
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findings suggzest that they can provide valuable infor-
mation for identifying memory difficulties in Pre-AD.

Another innovative memory assessment included
in the AFE-T was Relearning, which was included to
investigate previous leamning influence. Information
that cannot be remembered in a free or cued recall or
recognition tests can be reactivated and detected by
relearning tasks [31-33]. Relearning in the Pre-AD
phase has not previously been studied. After the floor
effect present in both groups at the 6-month recall ses-
sion, we further explored whether there were existing
but inaccessible memory traces that could be reac-
tivated during relearning. As shown by the similar
positive relearning curves, both groups were able to
benefit from this intervention. Interestingly, between-
group differences during this relearning phase were
lower than those observed during the initial learning
phase. Again, these results might suggest that initial
learning is the most powerful cognitive feature for
discriminating PreAD-1 subjects from controls. Clin-
ically, this makes the testing paradigm more viable
as delayed testing could be avoided. Regarding the
usefulness of standard neuropsychological tests, sev-
eral reports in recent years have failed to find group
differences between normal aging and clinically nor-
mal at-risk subjects [8—11]. In agreement with these
results, and as expected considering the inclusion
criteria of the present study, we did not find any
significant cross-sectional difference between ouwr
two groups in a comprehensive battery of standard
neuropsychological tests. Thus, currently available
standard newropsychological tests do not seem to
have sufficient sensitivity to differentiate cognitively
healthy individuals with decreased CSF APys levels
from controls [12, 534].

In the present study, we also examined the
association between CSF APByz levels and AFE-T
performance in the PreAD-1 group. The relation-
ship between amyloid and cognition in Pre-AD has
been studied in recent vears, but most cross-sectional
studies have not found a relationship between amy-
loid levels and memory performance wsing standard
neuropsychological tests [8, 55-58]. Only longitudi-
nal studies have shown stronger associations between
amyloid burden and future memory impairment, indi-
cating that amyloid burden in cognitively normal
individuals precedes cognitive impairment and is
associated with a higher risk of future cognitive dete-
ricration [59, 60]. In the present study. the highest
statistically significant association between the CSF
AByz levels and the AFE-T performance was found in
the total learning score. This finding supports the view

that episodic memory decline is more closely related
to amyloid levels [60], and that this link may be seen
only with a highly demanding associative learning
task. In line with this, an association between amyloid
accumulation in the frontal cortex and cognitive per-
formance was described in a previous study in which
a highly challenging face-name associative test was
administered, indicating that in addition to the medial
temporal lobe and related structures, frontal regions
are also critical in associative memory encoding and
recall [12]. This also concurs with a previous PET
study which showed that the AFE paradigm engages
executive and attentional functions [23].

One notable limitation of the present study is its
small sample size, limiting the power of the statis-
tical analyses. For instance. although no standard
neuropsychological test showed significant differ-
ences between CTR and pre-AD, the probability of
type Il error in these analyses was high. Regard-
ing AFE-T. the comprehensive long-term assessment
procedure of the AFE-T can be considered to safe-
guard against spurious results that may hamper these
kinds of studies. With regards to the delayed recall of
the AFE-T, it may appear surprising that both the CTR
and PreAD-1 group showed poor performance after
six months of learning. There is probably a tradeoff
between learning runs and the length of maintenance,
and a shorter interval might have shown a difference
between the groups. Previous studies in MCI patients
[26] used more training days, and those participants
had better maintenance of information at six months.
Another potential limitation concerns the multiple
comparisons problem that arises from the large num-
ber of statistical comparisons performed. This was
dealt with post-hoc Bonferroni corrections, albeit
this is an admittedly conservative method. Lastly,
although the AFE-T as a whole is not fully suitable
for use in the clinical setting, it allows characteriza-
tion of the different processes involved in learning
and memory function in the preclinical phase of AD.
In the light of the present results which identify initial
learning as the most sensitive area for detecting cogni-
tive difficulties in the Pre AD-1, we are now designing
and validating a shortened version of the AFE-T for
use in the clinical setting.

In conclusion, vsing a new, highly demanding,
comprehensive associative memory test, we identi-
fied significant incipient learning difficulties together
with a relative preservation of the recall processes
in PreAD-1 subjects. Our findings suggest that the
AFE-T is a promising tool for characterizing the
cognitive profile of PreAD-1 and that it is sensitive
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enough to detect incipient episodic memory difficul-
ties in this population.
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Appendix 1. Stimuli used in the AFE-T (novel pictures and novel words)
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Supplementary Material
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Supplementary Table 1. ANCOVA of all the AFE-T scores (CTR and PreAD-1

groups).

CTR (n=31) PreAD-1 (n=14) F P value
LS1_R1 1.2¢1.1 0.2+0.6 7.39 0.01°
LS1_R2 2.5+1.9 0.841.0 7.68 <0.01"
LS1_R3 3.9+2.2 2.7+1.7 1.34 0.25
LS1_R4 6.03.6 3.9+2.9 2.07 0.16
LS1_R5 7.6+4.3 4.943.7 2.19 0.15
LS1_R6 9.5+4.7 5.8+4.4 4.17 0.04°
LS1_R7 11.2+4.8 6.6+4.4 6.73 0.01"
LS2_R1 12.545.2 7.1+4.8 7.80 <0.01"
LS2_R2 13.745.8 8.045.8 6.92 0.01°
LS2_R3 14.445.5 9.0%6.1 6.39 0.01"
LS2_R4 15.445.5 10.246.1 5.39 0.02
LS2_R5 16.645.3 11.046.1 7.43 <0.01"
LS2_R6 17.745.1 11.246.4 10.81 <0.01"
LS2_R7 17.945.4 12.3+6.2 6.99 0.01"
ICR 21.6+2.4 17.3+4.5 15.37 <0.01"
1Week_ViRe 47.9:0.4 47.4+1.4 5.52 0.02°
1Week_FR 13.146.6 7.245.7 5.40 0.02°
1Week_FFR 0.2740.3 0.47+0.3 3.75 0.06
1Week_CR 18.3+4.3 12.945.3 9.66 <0.01"
1Week_CFR 0.1640.1 0.290.2 4.09 0.05
3Months_ViRe 46.3+1.7 45.1%2.9 2.32 0.14
3Months_FR 41450 2.9+4.4 0.12 0.73
3Months_FFR 0.7740.2 0.830.2 0.23 0.64
3Months_CR 11.945.6 6.5t4.0 7.63 <0.01"
3Months_CFR 0.46£0.2 0.66+0.2 4.83 0.03
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6Months_ViRe 44.8+5.1 44.3+3.4 0.14 0.72
6Months_FR 4.0£5.0 3.3#4.8 0.01 0.97
6Months_FFR 0.7940.2 0.81+0.3 0.01 0.99
6Months_CR 11.0+5.9 7.245.8 1.50 0.23
6Month_CFR 0.50+0.2 0.61+0.3 0.35 0.55
6Months_VeRe 21.4%2.5 20.4+3.0 0.06 0.82
RLS1_R1 10.546.5 7.7+4.8 0.79 0.38
RLS1_R2 12.6+6.8 8.845.2 1.84 0.18
RLS1_R3 14.246.6 10.245.5 2.18 0.15
RLS1_R4 15.446.4 11.246.2 2.27 0.14
RLS1_R5 16.745.6 12.745.9 2.83 0.10
RLS1_R6 17.445.6 13.545.7 2.74 0.11
RLS1_R7 18.145.1 14.246.0 2.93 0.10
RLS2_R1 18.145.2 13.246.0 5.32 0.03"
RLS2_R2 18.9+4.7 14.346.3 5.19 0.03"
RLS2_R3 19.6+4.4 15.945.8 3.43 0.07
RLS2_R4 19.9+4.4 16.545.3 2.84 0.10
RLS2_R5 20.3+4.0 16.945.2 3.56 0.07
RLS2_R6 19.745.0 17.4+5.7 0.76 0.39
RLS2_R7 21.1+3.4 17.4+5.6 5.35 0.03
RL_ICR 23.1+1.7 21.2+2.9 5.21 0.03

Data are presented as means # standard deviation. Key: LS1, 1% learning day; LS2, 2™ learning day; R, learning run
number; ICR, immediate cued recall; ViRe, visual recognition; FR, free recall; FFR, free forgetting rate; CR, cued recall;
CFR, cued forgetting rate; VeRe, verbal recall; RL, re-learning.

*p< 0.05

“p<0.01
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Supplementary Table 2. ANCOVA of word span and pseudo-word span between CTR and
PreAD-1 groups

CTR (n=31) PreAD-1 (n=14) F P value
Word span 4.6%1.1 4.5+0.7 0.14 0.71
Pseudo-word span 3.0+0.5 3.5+0.7 7.71 <0.01"

Data are presented as means * standard deviation.
“p<0.01
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Supplementary Table 3. Comparison of the standard neuropsychological scores between
PreAD-1 and PreAD-2 groups.

Parameters PreAD-1 (n=14) PreAD-2 (n=4)

Global Cognition

MMSE® 28.1+1.6 28.3+0.9
WAT 23.94.7 27.043.2
Memory

FCSRT — FR 11.1+2.6 13.5+1.7
FCSRT —TR 12.2+3.0 17.0+1.4
FCSRT —DFR 11.6+3.0 13.0.£1.4
FCSRT —DTR 12.6+4.0 15.3+4.0
Language

BNT 11.1+1.9 13.0+3.0
Sem-Flu 10.2+2.9 11.5+2.4
Perception

VOSP — Numbers 13.0+4.9 13.3¥4.9

Executive functions

TMT-A 10.5+2.6 11.5+#1.3
TMT-B 9.4+2.5 10.0£0.0
Stroop-W 10.7+1.6 11.0+1.0
Stroop-C 9.9+2.2 12.3+2.9
Stroop-CW 10.3+1.8 13.0+2.0
SDMT 11.1+3.7 11.3+1.2
Digits-F 11.6+2.8 13.3+2.2
Digits-B 12.0+2.7 15.6+2.2

Data correspond to scaled scores of the standard neuropsychological tests and are presented as means #
standard deviation. Key: MMSE, Mini-Mental State Examination; WAT, Word Accentuation Test; FCSRT-FR, Free
and cued selective reminding test free recall; FCSRT-TR, total recall; FCSRT-DFR, delayed free recall; FCSRT-DTR,
delayed total recall; BNT, Boston naming test; Sem-Flu, Semantic fluency; VOSP, visual object and space
perception battery; TMT-A, Trail making test A; TMT-B, Trail making test B; Stroop-W, Stroop test words; Stroop-
C, Stroop test color; Stroop-I, Stroop test color-word; SDMT, Symbol digit modality test; Digits-F, WAIS Span-digit
forward; Digits-B, WAIS span-digit backward.

* Raw scores
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Supplementary Fig. 1. Comparison between AFE-T free and cued recall scores in CTR and
PreAD-1 group.
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Methods: Thirty-two cognitively and biologically normal (CEN) subjects underwent MEL nesropsychological assessment,
and the AFE-T at baseline and 18 months later. To explore the relationship between cognitive performance and relevant
factors, a linear model was set up. For a secondary analysis that further explore the effect of taw, the subjects were divided
into CBN-Tau+ (tau < 228.64 pg/ml; n=16) and CEN-Tau® (tau = 228.64 pg/ml: n=16). We also performed voxel-based
morphometry (YBM) to identify regions of grey matter volume that would predict both baseline and longitudinal cognitive
performance.

Results: Our main finding was an association between CSF tau and longitudinal memory decline measured with AFE-T
(F=-0.17, p=L05; r=-0.414; p<0.01), and further analyses showed different evolvement between subgroups, with an
accelerated decline in individuals with higher taw (F(1,31)=8.37; p<0.01). VBM resulis suggested that AFE-T performance
is related to grey matter volume in a madial temporal, middle frontal, and posterior cerebellar network at baseline, and that
there are strategic brain areas driving the longitudinal cognitive changes.

Conclusions: The present findings provide evidence for structural and biological markers linked to cognitive aging by
highlighting the role of tau, 2 marker of neurodegeneration, which can be related with the earliest memory changes in healthy

suhjects.

Keywords: Aging, biomarkers, cognition, early detection, memory decline, tau, voxel-hased morphometry

INTRODUCTION

Understanding the factors underlying age-related
changes in cognition has long been achallenge. Since
cognitive changes in normal aging and in incipient
pathological processes (e.g., preclinical Alzheimer's
disease; AD) are closely related, there is a need
to identify the earliest factors driving the cognitive
decline in both populations in order to ensure an early
detection of the pathological processes. While there
is extensive literature on the aging process in large
cohorts of cognitively impaired and unimpaired sub-
jects, we have very little information on biomarkers of
age-related cognitive changes in cognitively healthy
subjects with a confirmed normal AD cerebrospinal
fiuid {C5F) biomarker profile.

The cognitive profile in normal aging has been
well-documented in the scientific literature [1-3].
However, one important question that remains open
concerns the factors related to these observed cog-
nitive changes. First, demographic variables such
as age, years of education, and cognitive reserve
[4-6] are known to have an impact on the trajec-
tory of cognition over the life span. A prospective
study involving a large sample of 2,509 cognitively
healthy elderly adults reported that both age and
educational level predicted maintenance of cognitive
function over an 8-year period [7]. Second, some
neuropsychological variables have been identified
as predictors of cognitive decline. Memory decline
has been considered as the major cognitive risk fac-
tor for developing age-related pathologies, such as
mild cognitive impairment (MCI) or AD [8]. Third,
the maintenance of cognitive functioning in aging is
thought to be primarily related to brain maintenance,

that is, relative lack of structural and functional brain
changes [9]. In line with this. a recent report sug-
gested that subjects with larger medial temporal lobe
(MTL) volumes at baseline were more likely to main-
tain their cognitive function over time [10]. Fourth,
biological markers on cognition have been a topic
of intensive research during the last few years. The
most studied AD CSF biomarkers are the tan pro-
tein levels and the 42 amino acid form of amyloid-B
(AB42). Some studies have suggested that CSF tau
levels rather than AR pathology are more closely
related to cognition, specifically to memory decline
[11-13].

Due to the proximity of cognitive changes related
to normal aging versus incipient pathological pro-
cesses, there is an increasing need to develop more
sensitive tests for an early detection of subtle cog-
nitive difficulties in populations at risk. For that
reason, new highly demanding neuropsychological
tests such as the Face Name Associative Memory
Exam [14-16] or the Short-Term Memory Bind-
ing test [17] have been developed. Using previous
research on the neural mechanisms involved in lan-
guage learning and memory, we recently evaluated a
highly demanding learning and memory test called
the Ancient Farming Equipment Test (AFE-T) (for
a review, see Laine & Salmelin [18]). This task
engages the declarative memory system in learning to
associate unfamiliar names (new labels or words) to
completely new objects. To date, the AFE paradigm
has been used to study acquisition of new words
in groups of healthy adults [19, 20] and, in two
studies, in MCI and AD patients [21, 22]. A fMRI
study using the AFE paradigm in an aphasic patient
and in healthy controls showed a clear involvement
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of MTL regions during the learning phase [23]. In
our recent study, we employed the AFE-T to detect
subtle cognitive difficulties in preclinical AD sub-
jects. The AFE-T was found to be a promising tool
for characterizing the cognitive profile of preclinical
AD, being sensitive enough to detect initial learn-
ing difficulties in cur at-risk population. Furthermore,
the AFE-T was associated with the CSF APB42/ftau
ratio [24].

Since there is recent literature regarding the rela-
tionships between cognitive function and AD CSF
biomarkers in cognitively normal subjects [25-29],
the present research pushed further by focusing on a
specific sample of cognitively healthy subjects with
normal AD CSF biomarker levels. The aim of the
present study was to examine and follow up this
well-characterized sample in order to detect demo-
graphical, structural and biological variables related
to the earliest cognitive changes in aging. Employing
the sensitive AFE-T cognitive measure, we specif-
ically wanted to investigate whether a biomarker
related to neurodegeneration (i.e., CSF tau) is associ-
ated with the earliest longitudinal decline of learning
and memory in cognitively and biologically normal
aging.

MATERIAL AND METHODS
Participanis

The present participants represent a sub-sample of
Tort-Merino et al. [24], and thus the present methods
description follows that paper. Thirty-two cognitively
healthy subjects with normal AD CSF biomarker lev-
els were included in the present study and followed
up for |8 months. The participants were recruited at
three Spanish memory centers: Hospital Clinic (HC)
and Hospital de la Santa Creu i Sant Pau (HSP) in
Barcelona, as well as the CITA-Alzheimer Founda-
tion (CITA) in San Sebastian. Due to the nature of
this recruitment, some of the subjects included in the
study presented memory complaints. The ethics com-
mittee of the Hospital Clinic of Barcelona approved
the study, and all participants provided a signed.
informed consent before undergoing the neuropsy-
chological assessment, MRI and the lumbar puncture.
All subjects had to meet the following inclusion cri-
teria: a) at least three years of formal education, b)
Mini-Mental State Examination (MMSE) score =24,
and ¢) Clinical Dementia Rating (CDR) score =0 and
objective cognitive performance within the normal

range (cutoff 1.5 8D from normative mean ) in all tests
on aneuropsychological battery (see below). The fol-
lowing exclusion criteria were applied: a) presence of
any neurological diagnosis, b) presence of a serious or
unstable medical condition, ¢) diagnosis of a major
psychiatric disorder including schizophrenia, major
depression or substance abuse. and d) presence of any
abnormality in CSF APyz, tau, and/or phosphorylated
tau at threonine-181 (ptau) levels.

For a secondary analysis that further explored
the effect of CSF tau in normal aging, we divided
the present sample into CBN-Tau* and CBN-Tau®
subgroups according to their CSF tau levels. These
secondary analyses were done in order to visval-
ize the main findings of the study. The mean of the
CSF tau values (228.64 pg/ml) of the 32 subjects was
used as a cut-off point to ensure an equal distribution
between groups. Subjects with CSF tau levels below
228.64 pg/ml were classified as CBN-Tau* (n=16)
and subjects with CSF tau above 228.64 pg/ml were
included in the CBN-Tau® group (n=16).

Determination of biological and AD CSF
biomarkers

All subjects underwent a lumbar puncture between
Qam. and 12p.m. to collect [0ml of CSF The
samples were centrifuged and stored in polypropy-
lene tubes at —80°C within the first hour after
extraction. CSF APg: levels, tau, and ptan were
measured by enzyme-linked immunosorbent assay
kits (Innogenetics. Ghent. Belgium). Cut-off values
of abnormality for each AD CSF biomarker were
defined according to previous work [30]: a) APRa
=550 pg/ml, b) tau =400 pg/ml for subjects between
5070 years old. and =430 pz/ml for subjects older
than 70 years, and ¢} ptau =75 pg/ml. As noted in the
inclusion criteria, all subjects included in the study
presented normal levels for all AD biomarkers. The
AFE-T administrator and the participants were blind
to CSF results.

Apolipoprotein E analysis

Cenomic DNA was extracted from peripheral
blood of probands using the QlAamp DNAblood
minikit (Qiagen AG, Basel, Switzerland). APOE
genotyping was performed by polymerase chain
reaction amplification and Hhal restriction enzyme
digestion. Both the AFE-T administrator and the
study participants were blind to the APOE results.
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Neuropsychological assessment

All participants were assessed both at the baseline
and at the follow-up session with a comprehen-
sive neuropsychological battery, administered by a
trained neurcpsychologist blind to the CSF results.
The battery encompassed four cognitive domains.
The memory domain included the Free and Cued
Selective Reminding Test (FCSRT) [31]. the lan-
guage domain comprised of the Boston Maming Test
[32], and a Semantic Fluency Task [33]; the visual
perception domain contained the Number Location
subtest of the VOSP battery [34]; and the executive
functions domain consisted of the Trail Making Test
[35]. the Stroop Test [36]. the Symbol Digit Modal-
ities Test [37], and the Digit Span test of the WAIS
[38]. Global cognition was assessed with the MMSE
[39]. Premorbid intelligence was assessed with the
Spanish Word Accentuation Test [40]. Subjective
memory complaints were measured by the Subjec-
tive Cognitive Decline Questionnaire (SCD-()) [41].
The average time lapse between the baseline neu-
ropsychological assessment and the baseline AFE-T
(list A)was +0.4 (5D 0.6) months and the time lapse
between the follow-up neuropsychological assess-
ment and the follow-up AFE-T (list B) was 0.4 (5D
(0.4) months.

The Ancient Farming Equipment Test

The AFE-T called for learning of two lists of new
object/name pairs. For both lists, the objects were
24 black-and-white images of ancient farming equip-
ment taken from the AFE paradigm [18]. Each object
was paired with a pseudoword. that is, a non-existing
word that follows the phonotactic rules of Spanish
[42]. The object names consisted of 14 bisyllabic
and 10 trisyllabic pseudowords that do not exist in
the Spanish dictionary. All stimuli were presented on
a computer screen against a white background using
the E-prime 2.0 version (Psychology Software Tools,
Inc.. PA, USA)L

The study had a total duration of 18 months and
included a baseline testing session and an |8-month
follow-up. List A was administered at the baseline
assessment and list B at the 18-month follow-up. The
assessments are explained in detail below.

Initial learning sessions, total learning score,
and immediate cued recall

List A was administered in two initial learning ses-
sions that were performed on two consecutive days.

Each leaming session included a total of seven runs
and took approximately 45 min. Before starting the
learning phase, each of the 24 object/name pairs was
displayed for seven seconds with a 500 ms pause
between the pairs. The participants were asked to read
aloud the name of the object printed below, and to try
to learn each object/name pair. After the presentation,
the seven leaming runs were performed. In each run,
the participants were presented with the objects one
at a time, and were asked to spontanecusly say its
name aloud. They were given a maximum of 7s to
recall the name of each object. Afier this, the correct
name appeared below the object for 45, regardless
of whether the participant had been able to produce
the correct name. The following object was presented
after 500 ms. The order of presentation in each mn
was randomized. For each run, the range of scores
was (24,

After the last run of the second learning day (i.e..
total learning score), the immediate cued recall (TCR)
was administered. In this test, each object was pre-
sented one at a time. When the object appeared, the
experimenter verbally provided the first syllable of
the object’s name (phonemic cue). The participant
then had a maximum of 7s to provide the correct
name. This time feedback (i.e.. the correct name ) was
nit provided after the response.

Follow-up session at 18 months

The 18-month follow-up included exactly the same
procedure as at the baseline except that list B was
administered.

Scoring system

All verbal responses were recorded for offline
scoring. Following the scoring procedure of the
AFE paradigm, a response was considered correct
(score = 1) when (a) the participant recalled the exact
name of the object, or when (b) the name recalled
differed only by a single phoneme from the original
name. Under (b), the following cases were consid-
ered: substitntion. addition. or omission of a single
phoneme at any given position of the word, or a
change in position of an otherwise correct phoneme.
This criterion was applied for all runs.

Validation study

A validation study with 30 young adults was con-
ducted to confirm that the word lists A and B had
comparable difficulty. We ran independent t-tests to
explore possible between-group differences between
word lists A and B. In addition. we compared the per-
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formances between the participants of the validation
study (younger adults) and the subjects included in
the study.

Neuroimaging

Acquisifion

For each participant, two Tl-weighted, high-
resolution, MPRAGE structural MRI {echo time [TE]
2.98 ms, repetition time [TR] 2300 ms, inversion time
900 ms, flip angle 9°, bandwidth 240 Hz/pixel, matrix
256 x 256, 240 axial slices, isometric voxel size 1/4
1.0mm?*) scans were acquired at the IDIBAPS's
Imaging core facilities with a 3T whole-body MRI
scanner (Siemens Magnetom Trio; Hospital Clinic,
Barcelona).

The mean time between scans was 1.9 (SD 0.2)
vears. Three participants were excluded due to severe
motion artifacts.

Processing and analyses

Image processing was performed using the uni-
fied segmentation procedure [43], DARTEL twolbox
[44]. and Pairwise Longitudinal Registration [28]
toolbox implemented in SPM12 (Welcome Trust for
Neuroimaging) according to standard procedures.
In the whole sample, we performed whole brain
voxel-based morphometry (VBM) analyses evaluat-
ing which regions of grey matter volume significantly
predicted the total learning score and the immediate
cued recall of the AFE-T at baseline {cross-sectional
VBM. n=29), as well as their longitudinal change
(longitudinal VBM), using multiple regression within
the SPM 12 environment controlling for age and total
intracranial volume.

In the longitudinal VBM analysis, we only
included subjects whose scores declined (n=20 for
total learning score: n=23 for immediate cued
recall), because our focus was on identifying the
brain regions associated with impairment over time.
We chose these two measures as they are most
representative of total learning and cued recall,
respectively. We reported results at a threshold
of p=0001 uncorrected for multiple comparisons
and uvsed a threshold of p<0.005 uncorrected for
multiple comparisons for visualization purposes
(hittpo/fwwenitre.org/projects/mricron).

Statistical analyses

Statistical analyses were performed using the SPSS
{v.22.0) package for Windows. Following the recom-

mendations of the American Physiological Society
[46] and in order to avoid type | errors, alpha value
of p<0.0] was considered to be significant for all the
comparative analyses.

Whole sample analvses

Faor the whole sample, demographical data, levels
of CSF AP4; CSF tau, and CSF ptau, and APOE
&4 frequencies were calculated. Regarding the longi-
tudinal change in both the AFE-T and the standard
neurcpsychological tests, repeated-measures anal-
yses of variance (ANOWVA) were run in order to
compare baseline and follow-up performances.

Pearson bivariate correlations were calculated to
assess overall associations between the demographic
(age. years of education, and cognitive reserve) and
biological {AD CSF biomarkers) data and the dif-
ference between baseline and follow-up score in
the immediate cued recall of the AFE-T (immediate
cued recall difference score). The difference between
baseline and follow-up in the immediate cued recall
difference score was considered to be the best AFE-T
outcome measure, as it is the final score of the test
(end of the 2nd learning day).

To explore the relationships between the longitu-
dinal memory performance (in both the AFE-T and a
standard meuropsychological test) and relevant fac-
tors, a linear model was set up. The first analysis
included the AFE-T immediate cued recall difference
score as the dependent variable and the second one
included the FCSRT cued recall difference score. For
the second analysis, the FCSRT cued recall differ-
ence score was used as a homologous variable of the
immediate cued recall difference score of the AFE-
T (final cued recall output). Age. the SCD-() score,
CSF Apy;, and CSF tau were included as covariates
in both analyses.

Further analyses: differences between
CBN-Tau® and CBN-Tau*

Demographic data, levels of CSF AP4:. CSF
tau, and CSF ptau, and APOE £4 frequencies were
compared using i-tests for independent samples
and Chi-square analyses when appropriate. We ran
ANOVAs to explore possible cross-sectional differ-
ences between CBN-Tau! and CBN-Tau! on the
AFE-T at the baseline and at the follow-up assess-
ments.

Regarding the longitudinal change, dependent
samples -tests were run to compare within-group dif-
ferences between baseline and follow-up scores of the
AFE-T in both CBN-Tau? and CBN-Tau!. Follow-



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

216 A. Tort-Merino et al. £ Tau Driving Memory Decline in Healthy Aging

up between-group differences were analyzed wsing
mixed-model ANCOWVA controlling for age, years of
education, and CSF ABg; levels with post-hoc Bon-
ferroni corrections.

RESULTS

Sample characteristics

Thirty-two cognitively and biologically normal
{(CBN) subjects were included in the present study.
Age ranged between 53 and 78 years, and educational
level between 5 and 18 years. Female/male ratio was
62.5/37.5. Regarding the AD CSF biomarker levels,
the mean CSF ARy was 824.1 (8D 210.9) pg/ml
[557.5-1405.0]. CSF tau was 228.6 (SD 72.3) pg/ml
[83.5-364.2], and CSF ptau was 50.9 (SD 13.5) pg/ml
[23.5-71.0]. Only 2 subjects (6.2%) were APOE 4
positive (see Table 1)

Variables associated with longitudinal cognitive
decline

Pearson correlations were run in order to find over-
all associations between demographic and biological
data and cognitive changes. The immediate cued
recall difference score (i.e., the difference between
the follow up and baseline score on the final cued
recall output) was used as an indicator of longitu-
dinal eognitive decline. Demographic data such as
age (r=-0.24: p=0.20), years of education (r=0.19;
p=029 and cognitive reserve (r=0.16; p=041}
were not associated with the immediate cued recall
difference score. Neither did the biological variables
of C5F ARy (r=—0.4; p=0.82) and CSF ptau
(r=-0.24; p=0.18). However, we found a signifi-
cant negative correlation between CSF tau and the
immediate cued recall difference score (r=—0.414;
p=0.01; see scatter plot in Fig. 1). indicating worse
recall associated to higher CSF tau levels.

CSF tau driving longitudinal memory changes

The first linear mode] analysis showed that CSF tau
(B=-0.1T; p<0.05) predicted the performance in the
immediate cued recall difference score of the AFE-
T. Age (B=-0.029; p=0.T05), the SCD-Q) score
(B=-0.107; p=0.153), and CSF ARy (8=0.002;
p=0.317) did not predict change on this cognitive
variable. The second model, with the FCSRT cued
recall difference score as the dependent variable, did
not reveal any statistically significant predictors [age
(B=-—0089; p=038&1), SCD-Q score (B=-0.130;

p=0.188), CSF ABg (B=—0.003; p=0327), and
CSF tau (B=0.014; p=0.148)].

Performance in the AFE-T

Validation study

Thirty healthy younger adults were recruited and
randomly divided into two groups ( group A, for word
list A; and group B, for word list B). Age ranged
between 17 and 29 years (mean 20.27; SD=2.57)
and all subjects were college students. There were no
significant differences between the validation groups
on age or educational level.

Importantly for the present purposes, independent
samples t-tests revealed no significant differences
between the validation groups A and B in any of
the leaming runs or in the immediate cued recall
(with p-values ranging between 0.20 and (.86; see
Fig. 2). As expected, when comparing the overall
performances in lists A and B between the valida-
tion subjects and the study participants, significant
differences were found in favor of the younger vali-
dation subjects in both list A (t{14)=3.74, p<0.01)
and list B (t{14)=3.98, p <0.01).

The AFE-T in the whole sample

We compared baseline and 18-month follow-up
scores of the AFE-T in the whole sample (Table 2;
Fig. 2). ANOVAs showed significant differences
with a better performance in the baseline session in
comparison with the follow-up in the runs 6 (F(1,
31)=T.13;p<0.01)and T(F(1.31)=18.19; p< 0.01)
of the first learning day, and in the runs 1 (F(l.
31=13.00; p<001), 2 (F(1. 31)=7.20; p<0.01),
T (i.e., total learning score; F(1,31)=T.81; p<0.01)
and immediate cued recall (F(1,31)=7.61; p<0.01).

Standard newropsychological tests in the whele
sample

Comparisons of baseline and follow-up scores
on standard neuropsychological tests are shown
in Supplementary Table 1. There was no signifi-
cant difference in global cognition between baseline
and follow-up scores (F{1.300=1.37; p=0.25), as
assessed by the MMSE. Nor was there a signif-
icant difference on the wverbal intelligence score
(F(1.300=4.12; p=0.51). Most of the scores obtained
at the follow-up assessment were higher than at the
baseline, even reaching statistical significance for the
free recall subtest of the FCSET (Fi1.300=12.25;
p=001).
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Table 1
Demographics, biological data. and AD CSF levels of the whole sample
Demographics Biological data & AD CSF levels
Female/male ratio 62.5/37.5 APOE 4 (% positive) 6.2%
Age 64.6 (SD 6.2) [53-78] ABsn 824.1 pg/ml (SD 210.9)
Years of education 11.4(SD 3.8) [5-18] Tau 228.6 pg/mi (SD 723)
CRQ 16.6 (SD 4.5) [6-22] ptau 50.9 pg/ml (SD 13.5)
Data are presented as means (SD: standard deviation) and [range]. CSFE. cercbrospinal fluid; ABy;. amyloid-B
isoform 42: Tau, total tau: ptau, phosphorylated tau: CRQ. Cognitive Reserve Questionnaire.
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Fig. 1. Correlatioas in the whole sample between CSF tau and CSF pTau levels and the immediate cued recall difference score of the AFE-T.
ICR. immediate cued recall of the AFE-T (difference between baseline and follow-up scores).
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18] == 18m F-Up:list B -

AFE-T Performance (max. 24)

Leaming Runs

Fig. 2. AFE-T baseline and follow-up performance in the whole sample. ICR. immediate cued recall, *p<0.01.

(Fe Now) aouvwaofsag 1-44F



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

218 A. Tont-Mering et al. / Tau Driving Memory Decline in Healthy Aging
Table 2
AMOVA of the AFE-T baseline and follow-up scores in the whole sample
Huns List & (N=32) List B {N=32) F r
Baseline 18 month F-up

LEIR] 1.0{5D 1.2) 0.7 (5D 0.9 1.55 0.222
L1 R2 212(5D 2.0 1.5 (5D 1.6 4.15 0.050
LSI_R3 33(8D23) 03D LT 0.35 0.557
LI R4 5.2(8D 3T 4.1 (5D 3.6 4.46 0.043
LSI_RS 6.6 (50 4.3) 5.6(50 4.3) 322 0.083
LI R& 23(5D4.8) 6.6 (S0 5.3) T.13 0.009*
LEIRT 100 (S0 5.0 T.7(8D 5.6) 18.19 0.001**
L5ZR1 112 (SD 5.7) B9 (5D &.5) 13.09 0001+
LS2 R2 12.1 (8} 5.5) 10.4 (8D 6.9) T.20 0.009*
LE2 B3 12.5 (S 6.6) 11.4 (5D 6.9) 270 0.1
LEZ R4 138 (5D 6.4) 12.1 (5D 7.3) 5.08 0.031
LSZ RS 14.8 (50 6.4) 13.7 (5D 7.2) 146 0.127
LS2 R6 15.8 (8D 6.7) 14.1 (8D 7.2) .46 0016
LS2 RT 16.1 (SIr 6.3) 14.5 (5D 7.3) T.81 0.009*
ICR 20.4 (5D 5.8) 19.0 (8D 4.9) T.61 0.009*

Drata are presented as means (S10; standard deviation). LS 1, 15t learning day; 152, 2nd
learning day; B, learning mun number; LS2_R7. fofal leaming score; ICR, immediate

cred recall. *p=0.01; **p< 0005,

Further analyses: comparisons beiween
CBN-Tau* and CEN-Tau' groups

Group characteristics

Demographic and biclogical data for both CBN-
Tau* and CBN-Tau' groups are shown in Table 3.
No differences between CBN-Tau* and CBN-Tau®
groups were found in age (t(30)=0.80; p=0428),
years of education (t{30)=0.09; p =0.928), cognitive
reserve (t(26)=—1.03; p=0.312), or C5F A4z lev-
els (1(30)=2.04; p=0.039). There were no significant
differences between groups in terms of gender distri-
bution {X:J':D_BS'. p="0.554) or in APOE =4 allele
frequency (x?=1.88; p=0.170). Significant differ-
ences were found in CSF tau (((30)=9.32; p<0.01)
and CSF ptau (t(30)=631: p<0.01).

Differences between CBN-Tau' and CBN-Tau*
Broups

ANOVAs were run to determine whether CBN-
Tau® and CBN-Tau* groups showed cross-sectional
differences at baseline and/or follow-up performance
in the AFE-T.

There were no significant differences between
groups in either baseline or follow-up performance
{with p values ranging from 0. 184 to 0.960 and (.596
to 0.967, respectively).

Regarding the longitudinal change within each
group, dependent samples t-tests were run in order
to examine differences between baseline and follow-
up learning runs. For CBN-Taut, learning runs 5

and 7 of the first leaming day of the follow-up
were significantly lower than at the baseline. In the
CBN-Tau group, these differences were found in
the runs 6 and 7 (i.e.. retal learning score) and in
the immediate cued recall of the second learning
day (Table 4; Fig. 3). When ANCOVAs were run
to analyze longitudinal between-group differences,
the performance difference between the baseline and
follow-up immediate cued recall scores between the
CBN-Tau* and CBN-Tau" groups revealed that the
CBN-Tau® had a larger difference in the immediate
cued recall difference score than the CBN-Tau* sub-
jects did (F(1,31)=8.37; p<0.01). The differences
in the rest of the learning runs showed no signifi-
cant differences between groups (see Supplementary
Table 2; Fig. 3).

Neuroimaging analyses

We evaluated which regions of grey matter volume
predicted the rotal learning score and immediate cued
recall of the AFE-T at baseline, as well as their lon-
gitudinal change (tetal learning score and immediate
cued recall difference scores).

Cross-sectional VBM

At baseline, both toial learning score and imme-
diate cued recall showed positive correlations with
grey matter volume in a similar network including
the left and right posterior cerebellar lobes, right and
left medial temporal regions, and the right middle
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Tahle 3
Demographics, binlogical data, and AD CSF levels of the CBMN-Tau and CBN-Tau' SRS

Faramcters CBN-Tau! (n=16) CBN-Ta! (n=18) t P
Demographics

Gender (% women) GE.E% 56.3% 0358 0.554

Age 63.7 (3D 6.7) [53-TE] 5.5 (50 5.6) [56-73] 0.8k 0.428

Years of education 11.3 (5D 3.3) [6-18] 11.4 (5D 4.4) [5-18] 0,09 0.928

CRO) 17.7 (5D 4.2) [9-22] 15.9 (5D 4.8) [6-22] -1.03 0312
Biological data & CSF

APOE g4 (% positive) 0% 12.5% 1.888 0.170

AP 747.7 pgiml (3D 231.5) Q005 pe/ml (51 161.0) 204 0.039

Tau 167.3 peiml (S 39.2) 200 poiml (5D 35.1) 9.32 0.1

plau 40,8 pgiml (S 11.1) 60.9pziml (5D 6.1) 6.31 L

[iata are presented as means {30 standard deviation). CSF, cerebrospinal fluid; CBM, cognitively and biclogically
normal; AR4r, amyloid-B isoform 42; Taw, total tau; ptau, phosphorylated tau; CRO), cognitive reserve questionnaire.
T swatistic; *p <001,

Fivst learning day Second learning day

24+ - 24
2] oo
= 204 fw 3
£ 18] —— CBM-Tau* Bascling {n=16) L o
LTS - CRM-Tow® F-Up"™™ (n=16) Fls
g 144 . L 14 %
= 124 12 E
% 10 . Ll E
: " 1
E =—f ';‘i::l” L6 3
= 4w

Bund HRun5 PRen$ Ken? Ronl  Ruanl Ru:ﬂ Run 4

14 —— CEN-Tau' Bassline (n=16}
16 e O T F-Lip™™ in=16)

AFE-T  Performonce (may. 245
fbZ W) sourianfad 1748

Itu;ll Hunl Rim3 R4 RBund RBunf Run7 Bunl Runl Run? Rund Bun5 Rukd  Rus 7 R
Learming Rums

Fig. 3. Comparison of the AFE-T bascline and fiollow-up performance in the CBN-Taut and CEN-Tau! groups. CHN, cognitively and
biologically normal; ICR, immediate cued recall; *p <001 (within-group differences); **p <001 (between-group difference).

occipital gyrus (Fig. 4). For the total learing score, Longitudinal VEM

an additional left middle frontal cluster was a sig- The longitudinal decline in both scores correlated
nificant predictor. No grey matter regions showed a with the rate of grey matter volume reduction in
significant negative correlation with either score. the right posterior cerebellar lobe (Fig. 4). Volume
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Table 4
Dependent samples t-tests for the AFE-T baseline and follow-up scores of the CBN-Tau* and CBN-Tau' groups

CBN-Tau* (n=16) CBN-Tau! (n=16)

Runs List A List B t 2 List A List B t P
Baseline 18 m F-Up Bascline 18m F-Up

LSIRI 09(SD1.9) 0.6(SD 0.9) 0.77 0.451 10(SD0.9) 0.7(SD 0.9) 0.96 0.352
LSIR2 23(Sb2l) 1.6(SD 1.5) 1.96 0.068 20(SD2.0) 1.4(SD 1.8) 1.01 0.289
LSI_R3 35(SD26) 3.0(SD14) 0.67 0.510 3.1(SD20) 30(SD3.0) 0.16 0.873
LSI_R4 53(SD4.6) 3.7(SD3.2) 233 0.034 51(SD27) 44(SD4.0) 0.82 0.423
LSI_RS 7.2(SD438) 55(SD39) 3.36 0.004* 6.1 (SD3.9) 57(SD48) 0.35 0.728
LSI_R6 85(SD5.7) 6.7(SD 4.8) 2.83 0.013 8.1(SD38) 66(SD5.8) 1.36 0.19%4
LSIR7 10.2(SD5.7) 8.1(SD5.2) 3.29 0.005* 98(SD4.6) 74(SD6.1) 2.77 0.014
LS2RI 11.1(SD6.4) 8.6(SD6.3) 2.64 0.018 11.3(SD5.2) 92(SD69) 2.39 0.030
LS2R2 120(8D7.1) 10.3 (SD 6.3) 2.28 0.037 12.2 (SD 6.0) 10.4(SD7.7) 1.62 0.127
LS2_R3 12.0(SD 6.7) 11.5(SD5.8) 0.59 0.562 13.0(SD 6.5) 11.2(SD 8.0) 1.69 0.112
LS2_R4 13.6(8SD7.2) 12.9 (SD 6.6) 0.62 0.543 14.0 (SD 5.7) 11.4(SD 8.0) 261 0.019
LS2R5 14.1 (SD6.7) 14.3 (SD 6.6) -0.21 0.834 15.6(SD6.1) 13.2(SD 8.0) 235 0.032
LS2R6 15.1 (SD 7.6) 147 (SD 6.7) 0.55 0.588 16.4(SD5.7) 13.5(SD79) 295 0.009*
LS2R7 16.0 (SD 6.6) 15.6 (SD 6.8) 0.79 0437 16.2(SD 6.2) 13.5(SD 7.8) 296 0.009*
ICR 19.6(SD4.7) 19.6(SD5.2) 0.14 0.884 21.2(SD 25) 18.5(SD49) 340 0.004*

Data are presented as means (SD; standard deviation). CBN. cognitively and biologically normal: LS1. 1st leaming day; I.S2, 2nd lcarning
day: R, learning run number; LS2_R7, tatal learning score; ICR. immediate cued recall. *p<0.01.

Fig. 4. Grey matter volume comrelates of the Immediate Cued Recall (A) and Total Leaming Score (B) of the AFE-T. Grey matter volume
corrclates of the immediate cued recall (A) and fotal learning score (B) performance on the AFE-T. Green represents cross-sectional
performance at bascline. Hot color represents the correlates of longitudinal change. Results are displayed at a p<0.005 threshold for
visualization purposcs.

reduction in additional clusters in the left insula for
the total learning score, and the left anterior inferior
temporal lobe for the immediate cued recall. corre-
lated with decline in memory performance. All grey
matter volume correlates of cross-sectional and lon-
gitudinal performance on the AFE-T are shown in
Supplementary Table 3.

DISCUSSION

We conducted the first study examining a specific
sample of cognitively healthy subjects with a nor-

mal pattern of AD CSF biomarkers using a highly
demanding learning and memory test and VBM.
with the aim to identify the earliest biological and
structural variables related to longitudinal cognitive
decline in cognitively and biologically normal aging.
Our main finding showed that CSF tau is associated
with longitudinal cognitive changes in this popula-
tion. Furthermore, we found different longitudinal
cognitive patterns by dividing our cohort into two
subgroups based on their CSF tau levels. The VBM
results also suggested that performance on the AFE-T
is related to grey matter volume in a medial tempo-
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ral, middle frontal, and posterior cerebellar network at
baseline, and that there are strategic brain areas driv-
ing the observed longitudinal cognitive changes. Our
findings suggest that there are biological and struc-
tural markers reflecting normal cognitive aging and
highlight the critical impact of tau as a good predic-
tor of the earliest memory decline in healthy subjects
with normal AD CSF biomarkers. Taken together,
since both CSF tau and anatomic MRI are consid-
ered biomarkers of neurodegeneration in the current
ATN classification [47], our results point the pres-
ence of neurcdegeneration as a potential predictor of
cognitive change.

In the last few years, the relationships between
biomarkers and cognition have been intensively stud-
ied [25-29, 48] and some studies have suggested a
stronger association between cognition and tau than
between cognition and AR [11, 13, 49]. According
to the literature, AP accumulates first in the neo-
cortex and then in subcortical areas [30]. Instead.
tau wsually concentrates first in the medial tempo-
ral areas [51] that are closely related to encoding
of new information, learning processes and memory.
The main finding of the present study was to find of
an association between CSF tau and the longitudinal
cognitive decline in the AFE-T in a sample of sub-
jects with normal AD CSF biomarker levels. Some
longitudinal studies have found associations between
cognition and tau [12, 49] in cognitively healthy sub-
jects. Hessen et al. [49] studied 122 subjects with
subjective cognitive decline (SCD) and found that
a subgroup presenting memory decline during the
study period had significantly higher CSF tan lev-
els at baseline. However, it has been suggested that
SCD population could have a somewhat higher risk
of developing incipient cognitive decline than con-
trols [52]. Furthermore, a study by Glodzik et al. [12]
found that elevated p-tauzs; levels were related to
both decreased memory function and MTL atrophy
in a group of normal elderly subjects that experienced
longitudinal memory decline. Nevertheless, in this
study it is important to note that 1) CSF p-tauss is
a specific marker of neurofibrillary pathology and 2)
the group with decreased memory function presented
lower levels of the AB42/APap ratio indicating a
noticeable contribution of amyloid deposition. In the
present study, our statistical model showed that SCD
{measured by the SCD-(J) and C5F ARy; were not
associated with the immediate cued recall difference
score of the AFE-T, and allowed the identification of
a unique contribution of CSF tau into predicting the
longitudinal memory decline.

An important issue was to further investigate our
main finding regarding the CSF tau impact on the
cognitive performance of cognitively healthy sub-
jects. In this regard, we identified distinct patterns
of cognitive decline in the AFE-T between the two
groups that were established according to their CSF
tau levels. Our findings are enhanced by the fact that
the study groups showed a marginal difference in the
CS5F APz levels in favor of the group with higher tau
levels. This rejects the possibility that AP was con-
tributing to the observed cognitive differences and,
again, argues in favor of a unique effect of CSF tau
in the memory function. As seen in Fig. 3, the group
with higher tau levels performed worse in more runs
of the follow-up assessment when compared with the
group exhibiting lower levels of tau. Furthermore,
in their last runs, the lower tau group reached their
baseline performance level, whereas the group with
higher levels of tau remained below their baseline
level throughout the whole follow-up testing. These
results suggest that subjects with lower tau levels
exhibited practice effects in comparison with those
with higher tan. Importantly, the lack of learning
effects has been recently identified as a cognitive
marker of subtle cognitive changes [53], highlight-
ing its importance as a predictive variable of future
cognitive decline. In addition, the change between
the baseline and the follow-up immediate cued recall
showed a significant difference in favor of the lower
tau group. Taken together. our resulls suggest that
CS5F tau levels could have an impact on the learning
and memory functions of cognitively healthy individ-
uals, and that highly demanding memory tests such
as AFE-T could detect this pathological process even
in this population.

Our VBM results also suggest that AFE-T perfor-
mance is related to grey matter volume in a medial
temporal, middle frontal, and posterior cerebellar
network at baseline (cross-sectional VBM. n=29),
and that there are strategic brain areas drving the
observed longitudinal cognitive changes (longitudi-
nal VBM, n=20 for total learning score and n=23
for immediate cued recall). We were able to identify
grey matter regions the volume of which predicted
performance on the AFE-T at baseline, as well as
those in which the longitudinal change in volume pre-
dicted the amount of decline in the studied measures.
Cross-sectional performance at baseline in both total
learning and cued recall measures was associated
with grey matter volume in a medial temporal and
posterior cerebellar network. For the total learning
score, an additional left middle frontal cluster was
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a significant predictor. perhaps reflecting a larger
executive function component than that involved in
cued recall. These results are in line with extensive
previous literature showing that the medial tempo-
ral and prefrontal regions are related to performance
on a variety of memory tasks [34-56]. The predom-
inant brain region involved in both cross-sectional
and longitudinal performance was the posterior cere-
bellum. This finding was unexpected. However, the
role of the posterior cerebellum in a variety of cog-
nitive tasks including language, learning, memory
and especially executive functions such as working
memory and planning is well established [57-61].
The large extension of the cerebellar clusters with
respect to the cortical clusters may be explained by the
healthy cognitive and biological state of our cohort.
In normal aging, the posterior cerebellar lobes show
accelerated volume reduction with respect to other
structures [62], and this reduction may be more rel-
evant to cognitive performance than typically shown
by studies of diseased patients with cortical lesions.
In ling with our results, other recent studies includ-
ing similarly aged and cognitively healthy cohorts
[63—65] show involvement of the cerebellum in mem-
ory and executive function tests. Taken together, our
findings showed structural correlates of cognitive
performance in a well-characterized sample of sub-
jects with normal cognition and normal AD CSF
biomarker levels, providing evidence on the most vul-
nerable brain systems related to learning and memory
in aging.

Another important topic of the present work
concerned the sensitivity of cognitive measures
in the assessment of cognitively healthy subjects.
Our whole-sample analyses of the standard neu-
ropsychological tests showed improved follow-up
performance on most of the tasks, suggesting clear
practice effects that are commonly observed in cog-
nitively healthy individuals [53, 66-68]. Practice
effects have been explained by several factors such
as knowledge about testing procedures, previously
learned strategies, and a reduced sense of novelty
and nervousness when re-testing [69]. On the other
hand, our findings on the AFE-T showed a poorer
performance at the follow-up assessment when com-
pared with the baseline, suggesting that the use of a
demanding cognitive measure can alleviate practice
compound that may mask subtle cognitive changes
in cognitively normal subjects. This is crucial for
pinpointing age-related cognitive changes that other-
wise could become underestimated [70]. Importantly
for the present research, our validation study demon-

strated that both baseline and follow-up lists of
stimuli were equally challenging and therefore com-
parable, and thus the observed follow-up changes
could not be explained by list-related differences.
Taken together, our findings support the idea that
standard neuropsychological tests are not sensitive
enough to detect subtle cognitive changes in a cogni-
tively healthy population [71, 72], and suggest that the
AFE-T could be a sensitive task for the early detection
of longitudinal cognitive decline.

This study has some limitations. One important
issue is its small sample size which limits the strength
of the statistical analyses. However, the comprehen-
sive AFE-T protocol allowed for a better and more
fine-grained characterization of learning and mem-
ory processes. With AFE-T. participants’ learning
and memory functions were evaluated using 15 learn-
ing runs at both baseline and follow-up assessments
for both free and cued recall. Regarding the AFE-
T. it is also important to note that only the form A
was administered at baseline and form B at the 18-
month follow-up. Although our pilot study indicated
that lists A and B did not differ in terms of level
of difficulty, it would have been more appropriate to
counterbalance their presentation for the baseline and
follow-up. Another potential limitation of the present
study concerns the multiple comparisons problem
that arises from the large number of statistical com-
parisons performed. This was dealt with post-hoc
Bonferroni corrections, albeit this is an admittedly
conservative method. Moreover, following recom-
mendations [46] to avoid type | errors, alpha level
was set to p<0.01 for all the comparative analyses.
Finally, considering the novelty of the present find-
ings and the limited sample size, the results have to
be interpreted with caution and replication is called
for in further studies involving larger samples of cog-
nitively and biclogically normal subjects.

Conclusions

The present study is the first to show that in a
sample of cognitively healthy individuals with nor-
mal AD CSF biomarker levels, tau, a marker of
neuradegeneration, is associated with longitudinal
cognitive decline. Furthermore, our results pinpoint
critical brain areas related to cross-sectional and
longitudinal learning and memory performance in
this well-characterized sample. Taken together, our
results suggest the presence of neurodegeneration as
a potential predictor of cognitive change in healthy
individuals. The present findings shed light on the



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

A. Tort-Mering et al. /7 Taw Driving Memory Decline in Healthy Aging 223

impact of CSF tau in cognition and provide important
knowledge about the relationships between biolog-
ical status and the earliest age-related cognitive
changes.
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Supplementary Material

Supplementary Table 1. Mean values and ANOVA results for the baseline vs.
follow-up standard neuropsychological measures in the whole sample.

1% evaluation 2" evaluation

Parameters F P value
Baseline 18 month follow-up

GIobaIaCognition
MMSE 28.1(SD 1.6) 28.4(SD 1.3) 1.37 .250
WAT’ 24.4(SD 4.7) 25.6 (SD 3.3) 4.12 .051
Memory
FCSRT - FR 12.1 (SD 2.3) 13.4 (SD 2.5) 12.25 .001°
FCSRT - TR 12.4(SD 2.7) 13.4 (SD 2.8) 2.53 122
FCSRT — DFR 12.1(SD 2.5) 13.2(SD 2.7) 4.10 .052
FCSRT - DTR 13.6 (SD 4.3) 15.1 (SD 3.1) 6.64 .015
Language
BNT 11.6 (SD 1.9) 12.3(SD 2.1) 7.18 .012
Sem-Flu 11.0(SD 2.0) 11.6 (SD 2.5) 1.31 .262
Perception
VOSP — NL 12.7 (SD 4.5) 12.9(SD 4.1) 0.21 .647
Executive Functions
TMT -A 11.0(SD 2.1) 11.4(SD 2.7) 0.59 449
TMT-B 10.0 (SD 2.2) 11.0(SD 2.8) 5.21 .030
Stroop - W 11.3(SD 2.0) 11.2 (SD 2.2) 0.06 .807
Stroop—C 10.9 (SD 1.5) 10.8 (SD 1.3) 0.79 .781
Stroop - CW 11.6 (SD 2.3) 12.2(SD 2.2) 3.15 .092
SDMT 11.7 (SD 2.9) 11.1(SD 1.8) 0.71 412
Digits — F 10.9 (SD 2.5) 10.8 (SD 2.4) 0.04 .843
Digits — B 12.1(SD 2.1) 12.8 (SD 2.8) 1.35 .255

Data correspond to scaled scores of the standard neuropsychological tests and are presented as means (SD
standard deviation. Key: MMSE, Mini-Mental State Examination; WAT, Word Accentuation Test; FCSRT-FR, Free
and cued selective reminding test free recall; FCSRT-TR, total recall; FCSRT-DFR, delayed free recall; FCSRT-DTR,
delayed total recall; BNT, Boston Naming Test; Sem-Flu, Semantic fluency; VOSP, visual object and space
perception battery; NL: number location; TMT-A, Trail Making Test A; TMT-B, Trail Making Test B; Stroop-W,
Stroop test words; Stroop-C, Stroop test colors; Stroop-I, Stroop test color-word; SDMT, Symbol digit modality
test; Digits-F, WAIS Digit span forward; Digits-B, WAIS Digit span backward.

*Raw scores

"p<0.01
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Supplementary Table 2. ANCOVAs of the differences between AFE-T baseline and
follow-up scores between CN-Tau' and CN-Tau' groups.

CN-Tau' (n=16) CN-Tau® (n=16)

Runs List A List B ListA List B F P value
Baseline 18m F-Up Baseline 18m F-Up
LS1_R1 0.9 (SD 1.4) 0.7 (SD 0.9) 1.0(SD0.9) 0.7(SD0.9) 0.13 720
LS1_R2 2.3(SD2.1) 1.6 (SD 1.5) 20(SD2.0) 1.4(SD1.8) 0.03 .862
LS1_R3 3.5 (SD 2.6) 3.0(SD 2.4) 3.1(SD2.0) 3.0(SD3.0) 0.41 525
LS1_R4 5.3 (SD 4.6) 3.7(SD 3.2) 51(SD27)  4.4(SD4.0) 1.43 243
LS1_R5 7.2 (SD 4.8) 5.5 (SD 3.9) 6.1(SD3.9) 5.7(SD4.8) 0.70 410
LS1_R6 8.5 (SD 5.7) 6.7 (SD 4.8) 81(SD3.8)  6.6(SD5.8) 0.52 821
LS1_R7 10.2 (SD 5.7) 8.1(SD5.2) 9.8(SD4.6)  7.4(SD6.1) 0.26 613
LS2_R1 11.1(SD 6.4) 8.6 (SD 6.3) 113(SD5.2) 9.2(SD6.9) 0.64 428
LS2_R2 12.0(SD7.1)  10.3(SD6.3) 12.2(SD6.0) 10.4(SD7.7) 0.48 494
LS2_R3 12.0(SD6.7)  11.5(SD5.8) 13.0(SD6.5) 11.2(SD8.0) 0.12 728
LS2_R4 13.6(SD7.2)  12.9(SD6.6) 14.0(SD5.7) 11.4(SD 8.0) 0.63 434
LS2_R5 14.1(SD6.7)  14.3(SD 6.6) 156 (SD6.1)  13.2(SD 8.0) 1.43 241
LS2_R6 15.1(SD7.6)  14.7 (SD 6.7) 16.4 (SD5.7) 13.5(SD7.9) 2.23 147
LS2_R7 16.0(SD6.6)  15.6 (SD 6.8) 16.2(SD6.2) 13.5(SD7.8) 2.50 125
ICR 19.6(SD4.7)  19.6 (SD 5.2) 21.2(SD2.5) 185 (SD4.9) 8.37 .007*

Data are presented as means (SD; standard deviation). Key: LS1, 1+ learning day; LS2, 2™ learning day; R, learning
run number; LS2_R7, total learning score; ICR, immediate cued recall.

"p<0.01
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Supplementary Table 3: Grey matter volume correlates of cross-sectional and
longitudinal performance on the AFE-T.

Cross-sectional VBM

Total learning score

X y z t-value p(corr) p(uncorr) Region
Cluster 1 (6134 vox)
maximum 1 -5 -75 -29 7.44 <0.001 <0.001 L Vermis
maximum 2 -36 -75 -30 6.18 <0.001 <0.001 L posterior cerebellum
Cluster 2 (241 vox)
maximum 1 -26 51 24 5.06 0.298 <0.001 L middle frontal gyrus
Cluster 3 (1985 vox)
maximum 1 47 -68 -30 5.05 0.302 <0.001 R posterior cerebellum
maximum 2 54 -53 -30 4.49 0.661 <0.001 R posterior cerebellum
Cluster 4 (169 vox)
maximum 1 41 21 21 4.32 0.758 <0.001 R Fusiform
Cluster 4 (90 vox)
maximum 1 21 -101 5 3.90 0.443 <0.001 R occipital pole
Immediate Cued Recall
Cluster 1 (1000 vox)
maximum 1 50 -74 -33 5.17 0.214 <0.001 L posterior cerebellum
maximum 2 -30 -78 -24 3.93 0.939 <0.001 L posterior cerebellum
Cluster 2 (394 vox)
maximum 1 21 -99 5 4.78 0.412 <0.001 R occipital pole
Cluster 3 (1018 vox)
maximum 1 36 -72 -33 4.66 0.494 <0.001 R posterior cerebellum
maximum 1 47 -69 -32 4.55 0.573 <0.001 R posterior cerebellum
Cluster 4 (565 vox)
maximum 1 3 -65 -15 4.50 0.609 <0.001 R Vermis
maximum 2 ) -77 -27 4.39 0.690 <0.001 R Vermis
Cluster 5 (217 vox)
maximum 1 42 .17 21 4.35 0.713 <0.001 R Fusiform
Longitudinal VBM
Total learning score
Cluster 1 (45 vox)
maximum 1 44 54 -5 4.00 0.659 <0.001 R middle frontal gyrus
Cluster 2 (15 vox)
maximum 1 -17  -50 2 3.64 0.848 <0.001 L posterior cingulate
Cluster 3 (9 vox)
maximum 1 -20 -56 69 3.85 0.757 <0.001 L superior parietal
Immediate Cued Recall
Cluster 1 (10 vox)
maximum 1 41 14 36 3.70 0.860 <0.001 R middle frontal gyrus
Cluster 2 (14 vox)
maximum 1 -47 -5 -32 3.67 0.873 <0.001 L inferior temporal gyrus
Cluster 3 (3 vox)
maximum 1 38 57 -30 3.49 0.937 <0.001 R posterior cerebellum

Key: VBM= voxel-based morphometry.

93



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

94



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

Trabajo numero 3:

Early detection of subtle motor dysfunction in cognitively normal subjects with

amyloid-p positivity

Mollica MA, Tort-Merino A, Navarra J, Fernandez-Prieto I, Valech N, Olives J, Ledn

M, Lle6 A, Martinez-Lage P, Sanchez-Valle R, Molinuevo JL, Rami L

Cortex (2019) 121: 117-124
DOI: 10.1016/j.cortex.2019.07.021

Impact Factor: 4.009

95



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

96



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

CORTEX 121 (201§)] 117—124

Available online at www. sciencedirect com

ScienceDirect

Journal homepage: wwaw. elsevier. com/ocate/cortex

Research Report
Early detection of subtle motor dysfunction in )
- - - - - Cracs bar
et
cognitively normal subjects with amyloid-p e
PoOs ltl‘iﬂt}?
Maria A. Mollica ", Adria Tort-Merino “, Jordi Navarra °,
Irune Fernandez-Prieto ™%, Natalia Valech “, Jaume Olives °, Maria Ledn °,
Alberto Lle6 %, Pablo Martinez-Lage ", Raquel Sdanchez-Valle ™,
Jose L. Molinuevo ™ and Lorena Rami “*
* Alzheimers Disegse and Other Cognitive Disorders Unit, Neurdogy Service, Hospital Chinic, Barcelona, Spain
b Peychiatry and Psychology Service, Sant Joan de Déu Foundation, hstitut de Recerca Sant Joan de Deu, Barcelona,
Spain
~ Department of Cogrition, Development and Educational Peychology, Umversity of Barcelong, Barcelona, Spain
N Neurgpeychology & Cogmition Group, Department of Peychology and Research nstitute for Health Sciences
[ILMICS), University of the Balearic Islands, Palma, Spain
“ August Pi i Sumyer Biomedical Research Institute ([DIBAPS), Barelona, Spain
rMemmy Unit, Department of Neurdlogy, Hospital de la Santa Crew i Sant Pau and Institute of Biomedical Research,
Barmelona, Spain
ECenter= for Networked Biomedical Research on Neurodegenerative Diseqses, CIBERNED, Madrid, Spain
% The CITA Alzheimer Foundation, Centre for Research and Adwanced Themapies for Alzheimer's Disease, San
Sehastian, Spain
ARTICLEINFO ABSTRACT
Article kistory: Since the current neurapeychologoal assesaments are not sansitive to subtle deficits that
Received 14 February 20019 may be present in cognitively normal subjects with amylaid-p positivity, more aoourate
Reviewsd 5 Apri 2019 and effident measures are nesded. Ohar aim was to investigate the presence of subtle motor
Revised 19 May 2019 deficits in this population and its relationship with cerebrospinal flud [£5F) amyloid- g
Accepted 16 July 2019 levels, We adapted the Finger Tapping Task to measure tapping speed and intrasubject
Action editor Peber Gamrard variability. Seventy-two right-handed participants completsd the study. Subjects were
Published online 30 August 2019 divided into three groups according to their C5F biomarker profile: 37 control participants
[negative C5F AD biornarkers, CTE), 20 cognitively normal subjects with amyloid-p posi-
Keywaorde: tiwity [abnormmal levels of CSF AR, AR+ and 15 AD patienta. All subjects undareent mbar
Early detsction puncture for the CSF analysia, apolipoprotzin E genotyping and completed the Fingsr
Maotor deficits Tapping Task, a neuropsychologcal batery and cardiovasoular risk factor and physical

Abbreviations: CN, Cognitively normal, Apg, amyloid-beta isoform 42; AP+, amyloid-beta positive; FTT, Fingsr Tapping Task;, CoV,
Coeffident of Variation.
* Corresponding author. Aldheimers Disease and Other Cognitive Disorders Unit, Meurology Service, Hospital Clinie, Villarrosl 170,
0HD36, Barcelona, Spain.
E-mail address: Iram#@dinic ub.es (L. Rami).
! These authoms contributed equally to this work.
httpa:fdoi.org 10, 1006 cortex 201907 021
OO 0- 9452 @ 2019 Elsevier Ltd. Al rights ressrved.



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

113 CORTEX 121 (2019) 117—12a
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Meuropsychological assessment

activity assessments. An overall difference between groups was found both in tapping
speed [266) = 1937, p < 01] and in intrasubject variahility [F(2,86) = 1140, p < .01]. Mare
spedifically, the AR+ group showed lower spead [F(1,53) = 5.3, p « 05] and greater intra-

subject variability [F1,52] = E48, p < .01] than the CTRE group, and higher s peed than the AD
group [A130) = 1361, p < 01] Speed (f = 263, p < .05) and intrasubject variabiity
(= —.558, p < 01) were significantly associated with CS5F amyloid-p levels. The present
findings suggest that subtle motor difficulties can be detected in cognitively healthy sub-
jects with amyloid- p positivity and be related to C5F AR, levels. An accurate assessment of
motor functions could help on identifying individuals at the earlisst stage of the Alz-

heimers contimurm.

© 2019 Elsevier Ltd. All rights ressrved.

1. Introduction

Cognitively normal (CH) subjects with amyloid-f positivity
present, by definition, biomarker evidence of amyloid depo-
sition &nd normeal cognition ecoording t© exsting stendard
tests until they meet criteriz for mild cognitive Impairment
[MCI) (Jack et &l., 201E). Therefore, the early detection of this
population is still based on the znalysi of the Alzheimers
disesse [AD) cerebrospinal fluid (CSF; Shaw et al., 2009) andfor
poditron emission tomography 1maging (PET, Johnson et al,
2013} biomearkers, which are highly-invasive and costly
methods.

Since the current neuropsychological assessments are not
sensitive to subtle deficits that may be present in CH subjects
with amyloid-f pomtivity, more accurate and efhoent mea-
sures would be helpful for the development of an mitial
screening of this populaton. In this context, the use of accu-
rate computerized neuropsychological testing methods could
be more suitsble than traditional tests for an early detechon of
subtle cognitive difhculties at this earliest stape of the disesse
(Rentz et al, 2013} and recent research has reported that
maotor dysfunction may be a sensitive marker of preclinical
phasﬁ of AD (Albers et al., 2015 Buchman & Bennett, 2011).
Importantly, although previous literature has mainly focused
on analyzing motor speed (Buracchio, Dodge, Howlesomn,
‘Wasserman, & Keye, 2010, Camicioli, Howleson, Oken,
Sexton, & Eaye, 1998 Del Campo et gl., 2018), a few recent
studies have suggested that intrasubject vaneability (ie, the
momonsistency of performance) might ako be a relevant
marker of early AD (Verghese et al, 2008, Verghese, Wang,
Lipton, Holtzer, & Xue, 2007).

Inthe present study, a novel version of the Finger Tapping
Task FTT) (Reitan, 1985) was developed to explore two in-
dicators of motor functon (speed and intrasubject variability,
Hultsch, Strauss, Hunter, & MacDonald, 2008) in a group of CN
subjects with amyloid-f positivity (Af+), 2 control group (CTR)
and & group of AD patients. We hypothesized that the FTT
would be able to detect the presence of subtle motor deficits at
the earhiest stage of the Alzheimers continuum. The AP+
group would exhibit lower speed and grester intrasubject
variability than the CTR group and similar response patterns
to those of the AD group. We also expected to find an

associetion between tapping performance and the levels of
CSF amyloid-f isoform 42 (Afiag).

2. Methods

We report how we determined our sample size, all data ex-
clusions, all inclusionyexclusion oiteria, whether inclusion/
exclusion criteria were estzblished prior to data anelysis, all
manipulations, and all measures in the study. Materizls and
data for the study are publidy archived at hittps://fosf io/Zkjes/.
Missing outputs are not included due to confhdentality rea-
sons &nd are avellable from corresponding suthor on request.
Researchers who wish to access the data should contact the
carresponding author, Lorena Bami. Sufficient data to repli-
cate all results reported in the paper will be released to re-
seerchers after completion of a dats sharing agreement.

2.1, Study partidpants

Seventy-two night-hended partiopants completed the study.
The Hospitel Clmics ethics committee approved the study
end &ll participants provided written informed consent prior
to enrollment Mo part of the study procedures or analyses
was pre-registered prior to the resesrch being conducted.
Subjects were recruited from three Spanish centers: the Alz-
heimers Disease and Other Copgitive Disorders Unit of the
Hospitzal Clinic and the Memory Unit of the Hospital de la
Santz Creu i Sant Pau in Barcelona, and the CITA Alzheimer
Foundation in San Sebastign. The following exclusion criteria
were sppled: sigruficant psychiatric and medical conditions,
motor and/or jont problems, parkinsonisn mgns, essental
tremor, suspected non-Alzheimers pathology, severe cerebral
atrophy or white matter hyperintensities. The sample con-
sisted of 57 CN individuals and 15 patients with AD. Normal
cognition was defined as & score falling within the normal
range (1.5 standard deviations from normatve mesns) in
every test of an exhaustive neuropsychological battery.
Following the recommendations of the 2018 NIA-AA research
framewaork (Jack et al., 2018), the 57 CH subjects were further
divided into two groups sccordmg to their CSF biomarker
profile: & control group (normeal CSF Afs: levels; CTR, n = 37)
end a group of CH subjects with amyloid-f positvity
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(ebnormal CSF Afys levels; Af+, n=20). From the A+ group, 3
subjects presented abnormal ptau levels and therefore met
criteria for preclinicel AD. Due to the nature of the study
recruitment, some of the CN subjects were heslthy wolunteers
(n = 2E) and some others {n = Z8) presented cognitive com-
pleints. The 15 AD patients also met criteria for AD (Jack et al.,
2018) and & of them presented a Global Deterioration Scale
(GDS; Reisherg, Ferris, de Leon, & ]. Crook, 1982) score of 3 and
9 a3 GDS score of 4.

2.2 Finger Tapping Task (FTT) design and procedure

E-Prime 2.0 (Psychology Software Tools Inc., Pittsburgh, PA)
was used to create 3 modified computerized version of the
standard (and menusally-sdmmistered) FTT. Partcipants were
instructed to tap repeatedly and a5 fast as they could on the
computer keyboards spacebar with their index finger while
looking &t a fixation point, untl & STOP sign appeared on the
screen. Instructions were given verbally by the experimenter
and also displayed on the monitor. The partcipants sat in
front of the monitor at a distance of spproxameately 60 cm,
with the palms of their hands fadng downwards and their
fingers extended on & table. The test included six different
blocks of 10s each f{three nght-hand blocks and three left-
hand blocks, in slternating arder). Participants were asked to
begin pping with theirrightindex finger and were allowed to
rest for 30s between each 10s block. The FIT was admims-
tered using an Intel Core computer connected toa 19-nch LD
monitor (HF Compaq LA 1956X Monitor, 75 Hz)in & quiet room.
The experimental session lasted approximately 10 min. The
measures of interest were the tapping rate (1e., the total
number of taps) and intrasubject varebility, which was ob-
tined after calculating the coefficient of varation (CoV)
(Hultsch et el., 2008). CoV is the standard messure of intra-
subjectvanability and 15 computed by dividing the individuzl's
standard deviation [SD) by his/her mean (SD¥mean). Higher
CoV indicated more inconaistent performance across trials.

2.3 Functional, cognitive and risk factors for
cardicvascular disense procedures

Before performing the FTT, zll subjects underwent a
compre hensive neuropsychological battery. The same battery
was used mn sll three recruitment centers. The memory
domain included the Free and Cued Selective Reminding Test
(FCSRT; Grober & Buschke, 1987), the lnguspe domeain
camprised of the Boston Naming Test (Kaplan, Goodglass, &
Weintraub, 1983) and a Semantic Fuency Task (Roth, 2011);
the visual perception domain contained the Mumber Location
subtestof the VOSP battery (Warrigton & James, 1991), and the
executive functions domain consisted of the Trail Malang Test
forms A and B (TMT-A/B; Eeitan, 1958), the Stroop Test
[Stroop, 1935), and the Symbol Digit Modalities Test (SDMT;
Smith, 1958). Furthermore, as cardiovascular risk factors may
have a significant impact on motor funcioning, the clinical
histories of the participants were reviewed to record infor-
mation on the presence or ebsence of hypertension, diabetes,
hyperlipidemia, smoking history and history of stroke or
myocardial inferction. Body mass mdex was calculated from
height and weight messurements. Frequency of involvement

in physical actvibes was assessed by responses to questions
from a leisure activities questionnaire (Karp et al, 2006).

2.4, Apolipoprotein E (APOE) analysis and
determination of CSF biomarkers

Genomic DNA was extracted from peripherzl blood of pro-
bandsusing the QlAamp DMAblood minikit (Qiagen AG, Basel,
Switzerland). APOE genotyping was performed by polymerase
chain resction amphficaton and Hhal restnichon enzyme
digestion.

All subjects underwent & lumbar puncture between 9 a.m.
and 12 pm. to collect 10 ml of CSF. The samples were centri-
fuged and stored in polypropylene tubes st —80 °C within the
frst hour after extraction. C5F Ay levels, teu and p-tau were
messured by enzyme-linked immunosorbent assay kits
[Irmugeneﬁﬁ, Ghent, Eelgiu.m]. Cut-off valhies of ahnumta]itjr
for each CSF blomearker were defined according to previous
wark (Valech etal, 2015): a) Afys <550 pg'ml, b) tau=400 pgfml
for subjects between 50 and 70 years old, and =450 pg'ml for
subjects older than 70 years, and c) p-tau=75 pg/ml. Both the
FTT administrator and the study participants were blind to the
APQE and CSF results.

2.5.  Smtistical analyses

As the distmbubtion of tapping intrasubject vansbility was
positvely skewed, we applied a logarithmic transformation
(logil; Tebachnick & Fidell, 19%96) in order to obtain normality
50 &s to be sble to use parametric analyses (e.g., regression
maodels). Since Group « Hand interactions were notsignificeant
all the analyses of wpping perfarmeance included date from
both hands. Statistical significence was set atp « 05.

Analyses of variance (ANOVA), Fishers exact tests, and T-
Tests were carried out to compare demographic and chmcal
datz, and CSF levels of biomarkers in the CTR, AR+, and AD
groups. Analyses with FTT and cognitive messures were per-
formed controlling for the effects of the demographic vari-
ables (zpe, pender and educstionzl lewel) with post-hoc
Bonferroni corrections. Analyses of covariance (ANCOWA)
were performed to compare cognitive performance inthe CTR
and the Af+ group, and tapping speed and intrasubject vari-
ability performances across the three groups.

Multiple regresson analyses were performed with either
mntrasubject wariebility or speed &5 the outcomes, and
inchding AD biomarkers asindependent variables. A series of
models examined Afg, tau, and p-tau alone (models 1-3), in
combination (model 4), and in interection with each other
(models 5—6). Also, & logistic regression model including both
tapping speed and intrasubject variability &s dependent vari-
ables znd the group factor (CTR vs Afi+ group &s the inde-
pendent varable was also performed. Potential confounders
such as ape, pender, education, APOE status, the time interval
between FTT and lumbar puncture, and the GDS score were
inchided in all the regression models.

Receiver O perating Characteristic (ROC) curves were used
to compare the dispnostic sccuracy of the FTT measures in
discriminating between AP+ and AD groups from controls and
between AR+ and AD groups. Fimally, ocorrelstons were
employed to evaluste the relstionship between FTT
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performance and the cognitive test battery in CN subjectsand
correlations between FTT measures and cardiovasoular risk .
factors were also studied. T . ]
i 1 o

= I 1
3. Results £ . —|_ T

T a0l 1 |
3.1.  Demographics and cdinical characteristics g )
There were no statistically significent differences in terms of E 1
age, years of education and gender between the CTR, Af+and g m
AD groups. Mo differences on SCD frequency were found ‘“"i
(3% =1.46, p = 23) between CTR (56%) and Af+ (40°%) proups. As g g
expected, the CSF Afi, levels were significantly higher in the B 1
CTR group than in the Af+ and the AD groups. The CTR and E |
the Af+ groups showed no differences in tau and p-tau levels, =

and differed signifiently from the AD group. Percentzge of
APOE &4 carmiers was significantly higher in Af+ (40%) and AD
(53%) groups, compared to CTR (11%) group. Specibcally, the
frequency of APOE #4 carriers was significantly higher in the
A+ when compared with the CTR group [* = 6B5E, p « .05).
Demographics, CSF AD biomarker levels and APOE «4 zllele
distributions are shown in the Table 1.

3.2.  Finger tapping performance

An overzll difference between groups was found both in tap-
ping speed [F(2,66) = 19.37, p < 01] and in intrasubject vari-
ablity [F(266) = 1140, p « 01]|. More speahcslly, the Ap+
group showed lower speed [F(1,52) =533, p < 05| and greater
intrasubject variability [F(1,52) = 848, p = .01] than the CTR
group, and higher speed than the AD group [F{120) = 13.61,
p < 01]. The Af+ and AD groups did not differ in terms of
intrasubject variability [F(1,20) = 2565, p = .114]. At the same
time, the AD group showed lower speed [F(L47) = 3572
p < .01] and greater mntrasubject varnabbty [F(1,47) = 19.01,
p < .01] than the controls Eee Figp. 14, Table Z).

-

CTR Ap+ AD

(rrangs

Fig. 1 — Group comparisons of tapping rate for each of the
three groups. p<0.05.

3.3 The relationship between CSF AD biomarkers and
tapping performance

Multiple regression analyses with speed (f = .263, p = .05) or
intrasubject variability (f = —558, p « .01) as the outcomes
revesled statistically signiicant associations between these
measures and CSF Afy levels after ruling out potential con-
tounding etfects such as age, gender, education, APOE status,
the time mnterval between FTT and lumbar puncture, and the
DS score. These associations remzined significant after the
inclusion of tau in the regression model (= 280, p < .05, for
speed, end p = —.551, p < 01, for intrasubject wvanability). The

Table 1 — Demographics, C5F biomarker levels and APOEe4 status.

Para e er CTE [n - 37) Af4n=20) AD(n-=1% ANOVA
F Effect=ize p Post Hoe commparisen”  p
Age 64.7 5.4) 665 (7.7 67.3 @.5) JEI6 24 48 - -
Education (years) 117 4.3) 112 (4.3 10.8 [5.1) .18 i) 7B - -
% fernale G64.% R437) 70.0% [14/20)  60.0% [B/15) 34 073 a% - -
AR (pg'ml) B39 (177.8) %429 [109.9) 3686 (109.2) 70.80 &7 OH™  CTR versus Af4 o=
CTR versus AD om=
AR wersus AD A
tau {pgm]) 7321 (760) 7327 [115.9) 624.1 (217.1) 55.98 £19° O™ CTR versus Af4 100
CTR versus AD o
ARG wrEus AD om=
p-tau {pgiml) 26127 478 (20.2) 94.3 26.4) 3341 Aot OH™  CTR versus Af4 1.00
CTR versus AD o
AR wersus AD S
% APOEc4 11.7% @/37) £0.07% (8/20) ST.1% @47 12700 An W™ CTR versus Af4 ik
CTR versus AD o=
AR wemus AD 247

Diata are presented as Means [Standard Devation).

o< 05, %p 0.

* Chi-square vahae

& Bonferron carmection to adjust for multiple comparisans.
© Mmsing APOE data for ane of the AD subjects.
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Table 2 — Motor performance in the Finger Tapping Task and group comparsons.

FTIT mesgsures CTRfn=137 Af+(n=20) ADn=15 E Effect size  p* Post-hoc p*

Tapping spesd 344.37 [36.5) 32070 (2.3) 283,53 (35.1) 19.37 anx M CTR wersus Af4 i
CTR wersus AD .00
Afd wrEus AD .00

Tapping varahliny™ 75 (21 57 (150 A6 13 1140 257 O COTR versus Afld o
CTR wersus AD .00
Af4 versus AD 126

Trata are presented as Means (Standand Deviation). Eey Tapping speed: total number of taps; Tapping variability: cosfficiant of vadation (STY

mean, CoV) of the Hme interval bebw een aps.

"p < 05 Tp < OL

* ANCOVA [contralling for gernder, age, and educational level).
E Loglo scaled.

cantributions of tau or p-tau levels on tapping performance
were not significant After the inclusion of the interaction
terms between teu and APy, biomserkers to the regression
model, the contmbuton of the explaned varnance was ag-
nificant (f = —. 302, p« .05, forspeed; and f = —375,p « .01, for
intrasubject variahility]. Regression models and f coeflicients
with 85% Cls are presented in Table 3. A scatter plot including
the sssociation between APy and Eppmg rate 15 shown 1n
Fig. 1B.

A logistic regression model including both tapping speed
end mirasubject weriebility showed thet mtrasubject varni-
gbility made & unique contribution to the prediction of APy
ebnormeality (CTR vs AR+), over and above the effect of tapping
rate (B=4.115; p « .05).

3.4  ROCcurves of tapping rate and intrasubject
variabiity

ROC curves of tppng rate and mirasubject warizbility for
discrimin stmg the AR+ group from controls yielded an area
under the curve (AUC) of 654 (p = .057) and 731 (p « 01),
respectively (ses Fig. 24). Optimal cut-off scores were 342.5 for
EpEngrate and. 76 for mtrasubject vaniability. ROC curves for
discrimin stm g the AD group from controls yielded an AUC of
A75 and &35 (both p « .01}, for rate andinrasubject variability,

respectively (see Fig. ZB). In this case, optimal cut-off scores
were 309.5 for apping rate and .70 for intrasubject variability.
Finally, ROC curves for disciminating the Af+ group from AD
yielded an AUC of 768 (p < .01} and .670 (p = £3), for rate and
intrasubject variahility, respectively (see Fig. 20). Optimal cut-
off scores were 296.5 for tapping rate and .57 for intrasubject
wariabiliby.

3.5.  Functional, cognitive and cardiovascular disease
variables

The CTR and the Af+ groups did not show significant differ-
ences on any of the neuropsychological (functonal and
cognitive) messures (with p-values ranging from 124 to 928).
Performance in FTT wes not correlated with any of the car-
diovascular risk factors studied (p-values ranging from . 200 to
543 for tapping rate and 202 o 806 for intrasubjec
wariability).

3.6.  Relationships between FTT mensures and
neuropsychological tests in CW subjects

Tapping rate and intrasubject venabibty correlsted with
standard tests of viswomotor, attention and executive func-
tions, such &5 TMT-A (r=-507,p = .01 and r = .352, p < .01,

Table 3 — Multiple regression analyses with variability or speed as the outcome s and CS5F AD biomarkers as the independ ent

variables,
Models CSF factor Tapping rate T apping veriahility”
B (C1 95%) r B (1 95%) p
Maodel 1 Aflyy 263 {006 — 080) T —558 =001 — 000 oo™
Model 2 tau —1m (—.080 — 038 481 Jiet {000 — 000 B4
Madel 3 ptau —o (—475 — 404 8732 —094 {004 — 002 554
Model 4 Alya 260 {1002 — aE3) 4T —551 {—.001 — 000 001
tau —1m (—152 — 1m9) -] 5 001 — 00 804
ptau —1r19 (—924 — 990 546 —43 {007 — 1008) 893
Maodel 5 Aflgz % tau 070 {000 — 000] 517 —am {000 — 000 o
Model & Aflyy % p-tan 157 {000 — 001 180 —a7s {000 — 000 oz

Eey: i standardized coeficient; CF Confidence interval .

*Associations that remained signifcant {p < .05) after including potential confounding effects.
=Azeociations that remained significant {p < .01) after incliding potential confounding effects,
1 Logld sealad,
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A CTR versus Afl+ group a Discussion
100 ey
P FTT varinbilicy Our results suggest that motor dysfunction is associated with
a0 P (gLl peaked) amyloid pathology and may subtly emerge during the earliest
[ — FTTrute stage of the Alzheimers continuum. Considering that the
-_3,‘., &0 C ] standard neuropsychological tests suffer from msufficient
= Y |" sensitivity in healthy controls, several authors suggested that
% i .'J the detecton of subtle defiats should be based on the appli-
= cation of more sccurate tests (Rentz et &l., 2013). In this line of
|" research, our results emphasize the importance of applying
20 J adequate measures of speciic bran functions to fmd early
[ AD-releted dysfunctions in apparently healthy adults.
o T T A computer-based tapping task such as the one used in the
C — B present study may be suitable for detecting subtle motor dif-
|00 - Specificity (%) ficulbes in &Bn ﬂ.ﬂ'LE["Jtn'EE asymptomatic pupulamm In this
regard, the non-invesive method employed in our study, the
B. CTR versus ADV group tapping task, proved to be easy enough to be quickly under-
stood, brief enough not to generate fatigue, and easy to
100 7 : sdminister independently of educational level, which is
I FTT varishiliry known to be & main confounder in the study of cognitive
N I—— varameshl deficits (Stern, 2009). In contrast with other messures used
_ LA ' - =S bath in the present and in previous studies, the large amount
a_*: B0 of data points obtained for the calculation of CoV makes this
E measure & good candidate for the study of subtle motor defi-
B 40- cits in relatively small preclinical sample groups, thus
IE compenseting for the mnmnsic dithculty of recnuting partici-
0 I pants n this knd of population.
I The results reported here are in line with recent studies
n suggesting that motor dysfunction may be a sensibwve marker
] o 20 A &I[; EII:- 100 ofthe preclinical phases of AD (Albers et &l 2015, Buchman &
Bennett, 2011). Also, our stetistie]l models show that both
100 - Specificity (%) amyloid alone and the interaction between amyloid and
pathologic tau contributed to tapping performeance while tau
C. AR+ versus AD group biomarkers slone did not. These results support the current
100 i i i i research crienia (Jeck et al, 2018), which sugpest that
o PTT variatility asbnormal Af biomarkers alone could serve as the defining
80 '_ =1 i (gl scabed ) signature of the AD continuum and that both A and patho-
— - —  FTTrate logic tau biomarkers together characterize Alzheimers dis-
= -  — ease. A plausible mterpretation of our fmdings might be that
= 1 | [ motor dysfunctions are related to an initial amyloidosis,
é e which is, according to the "amyloid cascade hypothesis' (Jack
E 4”'; i et al, 2010), the earbest biomarker &t the asymptomatic
stage of AD. The mechamsms by which amyload pathology
204 oould leed to the motor dysfunctions in the prechnicel phases
[ of AD still remain unknown. However, some neuropatholog-
o ' : i i ical studies suggest that AD pathology may be early presentin

a 20 40 BD AD 100
MY - Rpecificity (74)

Fig. 2 — ROC curves of pping rate and variability for the
prediction of amyloid sbnormality (4) and AD (B) and for
disoiminating the Ap+ group from AD (C).

respectively), TMT-B (r = —421, p < .01 and r = 324, p < .05},
SDMT (r= 391, p<.0land r= —433 p«< 05)and Stroop Color-
Word subtest [r=.348, p < .01 and r =—.500,p < .01} Alsa, FTT
rate showed a signifiant correletion with the BMT (r = .40z,
p < .01).

many cortical areas including regions that subserve motor
funchons (Schneider et a1, 2006; Suve et al., 19949). This is true
not only mn AD patients (Armold, Hyman, Flory, Damasio, &
Ven Hoesen, 1991) but in CHN subjecs =3  well
[Gienna kopoulos, Hof, Michel, Guimon, & Bouras, 1997). Here,
it is also worth mentioning that tapping performance is not
merely sutomated motor actvity (Amboni, Berone, &
Hausdorit, 2013). Indeed, the imnternal generation of move-
ment requires executive components such as initiztion and
sustained sttention in order to execute n &chon &nd main-
tain it to schieve the task goals. Consistent with these as-
sumptions, our analyses of correlations between mpping
performence and the traditional neuropsychologiesl tests
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revealed that the former was especially associated with tests
assessing attention and executive functions. These functions
are glso related to areas where amyloid deposition is early
sited (Grothe et al., 2017). Taken together, our results suggest
that the presence of AD pathology could lead to the motor
dysfunction observed 1n the AR+ subjects.

To our kmowledge, very few studies heve investigated
intrasubject varizability in the AD continuum. These previous
studies suppested that intrasubject variability might also be a
relevant marker of early AD (Bangert & Balota, 2012, Verghese
et zl., 2008, 2007). For mnstance, Verghese et al. (2008) reported
that individusls with mild AD presented greaster intrasubject
variability when walking than did healthy aduls. Our results
are even mare consistent with a study showing that & group
with AD exhibited greater intrasubject variability during the
execution of Epping movements than & group of healthy older
adults (Bengert & Balote, 2012). In hne with these previous
works, we also report an Increase Inintrasubject variability in
the Af+ and AD groups suggesting the potential role of this
less studied motor messure in distinguishing these pop-
ulations from controls.

Also, when cnmparj.ng the role of ta‘p‘pJ'ILE rabte versus
intrasubject vanzhility in determinng the classification of
controls and CH individusls with emyloid-p posiivity, intra-
subject variability was found to be the only varizble that made
a2 unique contribution to the prediction of amyloid abnor-
maJit:,r. In this regard, B prer'.rinus studjr foundthatintrasubject
miahj.lit:,r durj.nE B ]:rs:,rchumutur task, predicmd the classifi-
cetion of MCI versus heslthy elders, beyond the effects of
speed (Doxon et al, 2007). When companng the diagnostic
accuracy of the FTT messures, both aspects of motor perfor-
mances had an important role in AD discrimination at
different stapes aof the disesse However, intrasubject vari-
ability showed to be mare accurate than tapping rate at the
earliest stage of the AD continuum.

Importantly, the groups tested in the present study did not
differ in terms of mrdiovascular risk factor status, and per-
formance in FTT was not associated with any of these factors.
However, smce we fooused on tapping performance, addi-
tonal motor measures might be necessary tocharacternze the
proups’ motor status. Furthermore, conseermp the cross-
sectional nature of our study and that the current research
criteria for defining preclinical AD require the presence of
both amyloid and tau Womarkers, our indings preclude the
possbility of determining whether amyloid-related motor
difficulbes are also assooated with subsequent cognitive
mmpairment due to AD. Also, considering the between-
methods varisbility for messuring C5F amyloid levels and
the small sample size of Af+ subjects, the Af+ group may not
be representative of typiml amyloi positive CN subjects.
Another important issue refers to the extrapolation of the
present results to older populations. Here, it 15 important to
ke into account the increasing prevalence of cardiovascular
risk factors with age and the impact of these varizbles on
motor performance. Although our sample ranged between 50
and 80 years and performance mn FTT was not correlated with
any of the cardiovascular nisk factors, we cannot ascertsin
that the present results are generzlizable to older subjects.
Finally, although motor dysfuncions were found m otherwise

asymptomatic individuals, these results do not imply that
subte dysfunctions cannot be found in domazins other than
maotor control when they are appropriately tested (perhaps
with the use of more sensitive methods). Further research is
called for regarding the sensitivity of intrasubject varnablitymn
tests for psychomotor andfor cogmitive dysfunchon in pre-
clinical AD.

In conclusion, the present results suggest that the newly
developed version of FTT may be a useful test zble to detect
subtle motor defidts in CN individuzls with amyloid-f posi-
tivity and that both speed and intrasubject venabilty are
associated with CSF Afy: levels. Our indings suggest that an
accurate assessment of motor fundions could help on iden-
tifying individuals at the earliest stage of the Alzheimers
continuurm.
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Abstract

Accelerated long-term forgetting (ALF) refers to a rapid loss of information over days
or weeks despite normal acquisition/encoding. Notwithstanding its potential relevance
as a presymptomatic marker of cognitive dysfunction, no study has addressed the
relationship between ALF and Alzheimer’s disease (AD) biomarkers. We examined
ALF in APOE ¢4 carriers vs. non-carriers, and its relationships with AD cerebrospinal
fluid (CSF) biomarkers. We found ALF over three months in APOE &4 carriers
(F(1,19)=5.60; p<0.05; Cohen’s d=1.08), and this performance was associated with
abnormal levels of the CSF AB4./ptau ratio (r=-.614; p<0.01). Our findings indicate that
ALF is detectable in at-risk individuals, and that there is a relationship between ALF

and the pathophysiological processes underlying AD.

Keywords: accelerated long-term forgetting; biomarkers; memory; early detection
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Introduction

Accelerated long-term forgetting (ALF) has been defined as a rapid loss of information
over days or weeks despite normal acquisition and encoding. Recently, the potential
usefulness of ALF in the early detection of subtle cognitive difficulties in asymptomatic
stages of familial* and sporadic*® Alzheimer’s disease (AD) has attracted particular
attention. Two recent studies showed larger ALF in autosomal dominant disease
mutation carriers’ and asymptomatic individuals with increased genetic risk (APOE ¢4

carriers)® over a 1-week retention period.

Despite the potential relevance of ALF as a presymptomatic marker of subtle cognitive
dysfunction, no study has yet addressed the relationship between ALF and AD
biomarkers, or even evaluated ALF over periods beyond one week. To fill this gap, we
employed an effortful and cognitively demanding associative memory task to explore
ALF during a 6-month follow-up in cognitively healthy carriers vs. non-carriers of the
APOE ¢4 haplotype. Moreover, we examined the relationship between ALF and AD
cerebrospinal fluid (CSF) biomarker levels. The possible findings derived from the
present work would be of particular relevance for AD prevention trials, as well as for

the assessment and monitoring of cognitively unimpaired populations at risk of AD.

Participants and methods

The present participants represent a sub-sample of Tort-Merino et al.?, and thus the
methods description follows that paper. Amongst all the participants included in this
previous work, 11 subjects were APOE ¢4 carriers (heterozygous for €3 and €4). In the
present study, these 11 carriers were age-, sex-, and education-matched with 11 non-
carriers (homozygous for €3). The study was not pre-registered, and thus the present
analyses are exploratory. All subjects underwent APOE genotyping, a lumbar puncture
to determine CSF amyloid- (AP42), total tau (tau), and phosphorylated tau (ptau) levels,
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a standard neuropsychological assessment to ensure that they were cognitively normal,
and the cognitively demanding Ancient Farming Equipment Test (AFE-T) to tap
learning and long-term retention at 1 week, 3 and 6 months. Participants were blind to
APOE status and CSF results. The mean time lapse between the lumbar puncture and
the AFE-T assessment was 2.09 (1.4) years. The neuropsychological battery
encompassed four cognitive domains (memory, language, perception and executive
functions; see Tort-Merino et al.? for tests details), and it included the Cognitive
Reserve Questionnaire (CRQ) for assessing cognitive reserve’ and the Subjective

Cognitive Decline Questionnaire (SCD-Q)’ for measuring cognitive concerns.

The AFE-T calls for learning novel object/name pairs: it contains 24 black-and-white
images of unfamiliar ancient farming equipment taken from the AFE paradigm® which
are paired with a pseudoword. The test consists of two initial learning sessions
administered on two consecutive days. Each learning session include seven learning
runs (range of performance score 0-24 points per run). The AFE-T provides two final
learning outcomes: (1) the free learning score (FLS) and (2) the cued learning score
(CLS). Long-term recall is examined one week, three months and six months after the
initial learning phase, including a visual recognition task, free recall and cued recall
(participants are not told in advance that they will be reassessed). Forgetting rates for
free and cued recall scores at 1 week, 3 months and 6 months were obtained with
comparisons to the initial learning phase. The forgetting rate was defined as one minus
the ratio between each delayed score (free or cued) and the score obtained on the FLS
(for free forgetting rates) or CLS (for cued forgetting rates) [e.g., 1-(one-week free
recall score / FLS), for one-week free forgetting rate; and 1-(one-week cued recall score
| CLS), for one-week cued forgetting rate]. Recall rates at 3 months and 6 months were

also compared with the 1-week recall session. At the end of the 6-month session, a
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verbal recognition task was given. Concerning the APOE carriers, one subject did not

obtain the CLS and three subjects refused to complete the 6-month assessment.

In order to mathematically model the forgetting functions, we followed previous
recommendations’ °. Forgetting curves are characterized by a curvilinear relation that
shows a rapid initial decline of information that is followed by a slower and longer
decay, thus showing that information is lost in a larger extent after initial encoding.
Previous studies on forgetting have shown that these functions (power and logarithmic)
are the most accurate ones to describe forgetting curves. Information decay with time in
our sample was fitted better using a logarithmic function [(y=a—bIn(time)] when
compared to a power function. Thus, each data point (4-time data points) for each
subject and condition (free and cued recall conditions) was fitted using a non-linear
least-squares regression. Fit parameters were calculated based on the residual sum of
squares and showing the proportion of data variance accounted for (R%). The slope
(parameter b) and intercept (parameter a) were computed separately for each subject
and condition. The slope captures the forgetting rate of encoded information while the
intercept represents the estimated initial level of performance (immediately after the last

learning run).

Demographical data, levels of CSF ARy, CSF tau and CSF ptau were compared using
Student t-tests for independent samples and Chi-square analyses when appropriate.
Analysis of variance (ANOVA) with post-hoc Bonferroni corrections and effect sizes
expressed as Cohen’s d were conducted to compare the between-group scores on the
AFE-T and the standard neuropsychological tests. Magnitude scale for Cohen’s d has
been suggested as: d = 0.2, small effect size, d = 0.5, medium effect size and d = 0.8,
large effect size™®. The AFE-T scores included in the analyses were the two final

learning scores (i.e., FLS and CLS) and the forgetting measures (raw scores and
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forgetting rates). Pearson’s bivariate correlations were used to assess the association
between the forgetting measures (including the slope parameter from the modeled

functions) with AD CSF biomarkers and subjective cognitive ratings.

Results

Group differences between APOE &4 carriers and non-carriers

We observed no group differences in age, sex, years of education or cognitive reserve.
Regarding the AD biomarkers, there were no differences in CSF tau or p-tau levels, but
CSF A4 levels were significantly lower (t(20)=3.98; p<0.01) in the APOE ¢4 carrier
group (Table 1). There were no differences in any of the standard neuropsychological

tests. Neither did the AFE-T exhibit group differences in the learning scores (Table 1).

Modeling of forgetting curves

Figures 1A and 1B show the forgetting curves as well as the decaying information
function modeled for the whole group. Importantly, the fit of the logarithmic function to
the group data was nearly perfect in both groups, slightly better for the non-carriers
(R=99% of variance explained) compared to carriers (R*=97%). Particularly for cued
recall (Fig. 1B), the slope (forgetting rate parameter) was steeper for the carriers (b=-
9.1) compared to non-carriers (b=-6.6). Importantly for the convergent validity of the
different forgetting measures used (information decay mathematical model and
forgetting rates at each time point, see results below), the 3-month cued forgetting rate

and the cued slope were strongly correlated (r=-.796; p<0.01).

Forgetting rates at 1-week, 3- and 6-months
We computed forgetting rates as in previous studies of ALF"® (see Figs. 1C and 1D). At
3 months, cued recall score was significantly lower (F(1,19)=4.99; p<0.05; Cohen’s

d=0.99) in the carriers than in the non-carriers (Table 1; Fig. 1B). Besides, the APOE &4
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carriers evidenced ALF in their 3-month cued forgetting rate (F(1,19)=5.60; p<0.05;
Cohen’s d=1.08), as well as in their cued forgetting rate between the 1-week and 3-
month recall (F(1,19)=8.70; p<0.01; Cohen’s d=1.32; Post-hoc power = 0.81) (Table 1;
Fig. 1D). No significant group differences were found on any of the free forgetting rates

(Table 1; Fig. 1C) or on the recognition scores (Table 1).

Correlational analyses

Correlational analyses in the whole sample showed a significant negative correlation
between the 3-month cued forgetting rate and the ratio CSF AP4,/ptau (r=-.614; p<0.01;
Fig. 2A). This correlation remained significant after controlling for potential
confounders such as age (r=-.481; p<0.05), years of education (r=-.606; p<0.01) or the
delay between CSF AD biomarkers acquisition and AFE-T testing (r=-.548; p<0.05).
Besides, a significant positive correlation between the cued slope (from the modeled
function in each individual) and the ratio APas./ptau (r=.458; p<0.05; Fig. 2B) was
found, again indicating that higher forgetting was associated to lower (more pathologic)
levels of CSF AD biomarkers.

A significant positive correlation was found between the 3-month cued forgetting rate
and the SCD-Q score (r=.636; p<0.01; Fig. 2C), and a significant negative correlation
was found between the cued slope and the SCD-Q (r=-.508; p<0.05; Fig. 2D), showing

that higher forgetting was associated with higher cognitive concerns.

Discussion

By using a new highly demanding associative memory test, AFE-T, we examined ALF
in cognitively healthy APOE &4 carriers and its relationships with AD CSF biomarkers.
The results revealed ALF in cued recall over three months in our well-characterized
sample of APOE &3/e4 heterozygotes. Moreover, this performance was positively
associated with core AD CSF biomarkers and subjective cognitive scores.
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The effects of APOE €4 on memory performance in clinically normal adults and its
relationship with amyloid burden have been widely studied™ 3. As expected, our
results showed that APOE €4 carriers presented lower CSF AP levels than non-carriers
(Table 1). However, data on the link between ALF and AD is still limited. Recent
evidence from animal research showed accelerated forgetting with intact learning
performance in a study using a model of familial AD (pre-pathological PDAPP mice)**.
In humans, ALF has been proposed as a potential cognitive marker for asymptomatic
stages of AD. In an earlier report, our group provided evidence for subtle learning
dysfunction and long-term forgetting in preclinical AD subjects by employing the AFE-
T2. A more recent study on a cohort of autosomal dominant AD families showed one-
week ALF in presymptomatic mutation carriers by using three standard cognitive tests®.
Moreover, Zimmerman & Butler® revealed ALF in asymptomatic APOE ¢4 carriers by
assessing 60 participants (20 homozygous for €3, 20 heterozygous for €3 and €4, and 20
homozygous for €4) with a standard memory test. Participants were asked to learn a 15-
word list from the Rey Auditory Verbal Learning Test (RAVLT)" on four consecutive
trials to an 80% accuracy criterion. In their analyses, APOE status had no effects on
memory encoding or short-term recall, but was associated with long-term forgetting

over one week.

In line with Zimmermann & Butler®, we found intact learning and ALF in APOE ¢4
carriers. However, here we employed AFE-T in order to explore participants’ cognition
in a more comprehensive way. AFE-T requires forming new associations or binding
information without previous semantic knowledge, which is setting high demands on
cognitive processing®®, especially compared to other standard episodic memory tasks.
Regarding the learning performance, AFE-T allowed a deeper analysis of encoding

processes by yielding free and cued recall scores. Another strength is that we did not
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predefine any learning accuracy criterion which limits scoring range and thereby the
chances for finding between-group differences. The setup with AFE-T also allowed
exploration of free and cued recall for a longer time period, tracking ALF over 6 months
after the learning phase. While the one-week session appeared to be too close to initial
learning, the 3-month session was the optimal time-point to find ALF in our APOE &4
carriers, and cued recall measures showed higher sensitivity than spontaneous naming.
Although the APOE ¢4 carriers also performed worse than non-carriers on the free
recall, the lack of statistically significant between-group differences in these measures
might be related to task difficulty and the floor effects observed beyond the 1-week
session. Also, the lack of significant between-group differences in the 6-month session
might be due to the missing data in the APOE carriers group, which would also explain

the slight improvement of this group compared to its performance at 3 months.

Importantly, both groups fitted the logarithmic function nearly perfect and particularly
for cued recall, the APOE ¢4 carriers showed a steeper slope (comprehensive forgetting
measure) compared to non-carriers, indicating an overall tendency to show larger
information loss after the initial learning in the carrier group, especially in between the
first week and the 3-month period. It is important to note that the slope parameter from
the employed function strongly correlated with the AFE-T forgetting rate at 3 months,
demonstrating that both measures are clearly associated and again pointing out to the
idea that the information is lost to a larger extent during the initial period after
encoding. These results may also explain why the correlations found are larger with the
3-month forgetting rate and the slope. After three months the rate of information loss is
very small and therefore it might be futile to evaluate ALF beyond this time point.
Taken together, our findings speak for the use of more sensitive measures with longer

follow-up designs when studying cognitively healthy at-risk subjects. ALF is emerging
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as a cognitive feature of presymptomatic AD, highlighting the utility of long-term recall

designs on monitoring cognitive changes in this population.

Similarly to the previous studies™®, we found a relationship between self-perceived
subjective cognitive decline and ALF. This is an important finding since subjective
cognitive concerns have been suggested as a risk factor for cognitive decline and
dementia'*®. Furthermore, the present results showed a strong correlation between
ALF (measured by cued forgetting rates and the slope parameter from the AFE-T) and
the CSF Apa2/ptau ratio. Importantly, CSF A4, and CSF ptau levels are valid indicators
of the abnormal protein deposits underlying AD pathophysiology (i.e., p-amyloid
plaques and neurofibrillary tangles, respectively) and define AD as a specific
neurodegenerative disease amongst other cognitive disorders*®. Our finding on the
correlation between ALF as measured by AFE-T and the ratio CSF Ap42/ptau provides
further evidence for ALF as a promising candidate for a specific marker of AD-related
subtle cognitive decline in presymptomatic stages of the disease. Finally, it is important
to note that given our relatively small sample size, validation of the present results is

called for in future studies including larger samples and more robust power analyses.

In sum, ALF is detectable in at-risk individuals, and there is a relationship between this
cognitive measure and the pathophysiological processes underlying AD. We strongly
recommend the use of more demanding cognitive tests including long-term forgetting
measures for identifying and tracking the earliest cognitive manifestations in
presymptomatic AD. The present results show that accelerated forgetting is able to
capture cognitive dysfunction earlier in the AD continuum. Thus, they are particularly
relevant for AD prevention trials, in which regulatory agencies require a change in

cognition /functional status and not only a biomarker change.
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Table 1. Demographics, CSF levels and AFE-T results in the APOE &4 carriers vs. non-carriers.

Parameters APOE €4 non-carriers APOE ¢4 carriers F p
Demographics
Gender (% women) 72.7% 72.7% 0.00°  1.00

Age 65.1 (SD 6.5) [58-75]  65.8 (SD 6.9) [56-77]  -0.23  .814

Years of education 11.0 (SD 3.3) [8-18] 12.2 (SD 4.3) [8-20] -0.78  .446

CRQ 16.4 (SD 3.9) [9-22] 15.4 (SD 5.5) [6-22] 0.46 651

CSF levels

APy 873.9 pg/ml (SD 294.1) 4705 pg/ml (SD 163.1) 3.98 .001"
Tau 2474 pg/ml (SD98.7)  307.1pg/ml (SD95.2) -1.44  .165

Ptau 53.8 pg/ml (SD 14.8) 59.1 pg/ml (SD 15.7) -0.81 423

AFE-T

Free learning score (FLS) 17.8 (SD 6.2) 14.2 (SD 6.8) 1.62 218

Cued learning score (CLS) 21.0 (SD 3.2) 18.6 (SD 4.8) 1.87 187

1-week free recall 14.1 (SD 6.5) 9.8(SD 7.4) 2.05 .168

1-week cued recall 18.2 (SD 4.6) 15.1 (SD 5.9) 1.86 .188

1-week FFR 0.15 (SD 0.4) 0.41 (SD 0.3) 2.54 127

1-week CFR 0.14 (SD 0.1) 0.21 (SD 0.2) 1.21 .285

3-month free recall 7.1 (SD 6.9) 3.4 (SD 4.6) 2.18 155

3-month cued recall 13.3(SD 5.5) 7.6 (SD 6.4) 499  .037
3-month FFR 0.59 (SD 0.3) 0.82 (SD 0.2) 3.76 .067

3-month CFR 0.37 (SD 0.2) 0.62 (SD 0.3) 560 .029"
6-month free recall 7.3 (SD 6.2) 4.8 (SD 5.4) 0.81 .380

6-month cued recall 13.1(SD 5.9) 10.2 (SD 7.2) 0.89 .358

6-month FFR 0.58 (SD 0.3) 0.74 (SD 0.2) 1.61 222

6-month CFR 0.38 (SD 0.2) 0.48 (SD 0.3) 0.67 423

1-week to 3-month FFR 0.51 (SD 0.3) 0.75 (SD 0.2) 3.52 .076

1-week to 3-month CFR 0.27 (SD 0.2) 0.57 (SD 0.3) 8.70 .008"
1-week to 6-month FFR 0.49 (SD 0.3) 0.70 (SD 0.2) 2.50 132

1-week to 6-month CFR 0.27 (SD 0.2) 0.46 (SD 0.3) 2.14 161

1-week visual recognition 48.0 (SD 0.0) 475 (SD 1.5) 1.44 244

3-month visual recognition 46.3 (SD 1.8) 45.7 (SD 1.6) 0.71 409

6-month visual recognition 46.0 (SD 1.5) 46.1 (SD 0.8) 0.04 .839

6-month verbal recognition 21.9 (SD 2.3) 22.4 (SD 1.6) 0.26 616

Data are presented as means (SD; standard deviation) [range]. Key: CRQ, cognitive reserve
questionnaire; CSF, cerebrospinal fluid; AP, amyloid-p isoform 42; Tau, total tau; ptau,
phosphorylated tau; FFR, free forgetting rate; CFR, cued forgetting rate.

P values were determined by Student’s t-test for demographics and CSF levels; ' X? statistic;
"p< 0.05; “p< 0.01.
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Figure 1. Panel A shows the free recall scores and the free slopes for APOE ¢4
carriers and non-carriers. Panel B shows the cued recall scores and the cued
slopes. Panels C and D show the free and cued forgetting rates, respectively.
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Figure 2. Panels A and B show the correlation between the ratio CSF Ap4,/ phosphorylated
tau and the 3-month cued forgetting rate and the cued slope from the AFE-T, respectively.
Panels C and D show the correlations between the SCD-Q score and the 3-month cued
forgetting rate and the cued slope, respectively.
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Supplementary Data

Neuropsychological assessment

All participants were assessed with a comprehensive neuropsychological battery,
administered by a trained neuropsychologist blind to the CSF and APOE results. The
battery encompassed four cognitive domains. The memory domain included the Free
and Cued Selective Reminding Test [1], the language domain comprised of the Boston
Naming Test [2] and Semantic fluency [3], the visual perception domain contained the
number location subtest of the VOSP battery [4], and the executive functions domain
consisted of the Trail Making Test [5], the Stroop Test [6], the Symbol Digits
Modalities Test [7], and the Digit Span test of the WAIS [8]. Global cognition was
assessed with the Mini Mental State Evaluation [9]. Premorbid intelligence was

assessed with the Spanish Word Accentuation Test [10].
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ABSTRACT

We studied a sample of cognitively unimpaired subjects in order to investigate accelerated long-
term forgetting (ALF) in individuals with and without subjective cognitive decline (SCD) and to
explore the relationships between objective and subjective cognitive performance and
cerebrospinal fluid (CSF) Alzheimer’s disease (AD) biomarkers. Fifty-two individuals were
included and SCD was quantified through the Subjective Cognitive Decline Questionnaire
(SCD-Q), using the validated cutoff of 7 points in the total score to classify subjects as non-
SCD (n = 21) or SCD (n = 31). The SCD subjects where further subdivided according to the
presence or absence of abnormal levels of CSF Ap4,. In order thoroughly explore participants’
cognition we employed a new highly-demanding cognitive test: the Ancient Farming Equipment
Test (AFE-T). The AFE-T consists on learning novel object/name pairs. Its comprehensive
design includes two consecutive learning sessions and a long-term recall phase with free and
cued recall at one week, three months, and six months after the initial learning. The SCD group
showed a significantly higher free forgetting rate at 3 months compared to the non-SCD
(F(1,44) = 4.72; p < 0.05). When stratifying by amyloid status, SCD/AB+ showed a
significantly lower performance than SCD/AB— on the learning scores and on the 1-week cued
forgetting rate and 3-month recall of the AFE-T (all p < 0.05). Higher SCD-Q scores predicted
higher forgetting rates on the AFE-T. In conclusion, by using more demanding cognitive tasks,
it is possible to detect ALF in subjects with SCD, especially in those with abnormal CSF Afa;

levels.
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1. Introduction

Subjective cognitive decline (SCD), defined as a self-experienced impairment of
cognitive abilities in otherwise cognitively unimpaired subjects, has been suggested to
represent an early symptomatic manifestation in Alzheimer’s disease (AD) [1]. The
identification of subtle cognitive difficulties in cognitively unimpaired individuals
within the AD continuum is critical for predicting progression towards later clinical
stages. However, given that (by definition) subjects with SCD perform within the
normal range on standardized cognitive tests, it seems mandatory to use more sensitive

measures in order to explore the earliest cognitive changes in this population.

In recent studies, we employed a new highly-demanding cognitive test (the Ancient
Farming Equipment Test; AFE-T) in order to explore accelerated long-term forgetting
(ALF) in cognitively unimpaired populations [2, 3]. The concept of ALF - defined as a
loss of information over days or weeks despite normal acquisition — has recently
emerged in the field of neurodegenerative diseases as a cognitive marker for the
presymptomatic stages of AD [4, 5]. To date, the AFE paradigm has been used to study
acquisition of new words in groups of healthy adults [6, 7] and in MCI and AD patients
[8, 9]. The task engages the declarative memory system in order to associate unknown
name/object pairs. Its comprehensive design allows the analysis of learning curves with
free and cued measures, and free and cued long-term forgetting rates at one week, three
months and six months. In a recent study, we employed the AFE-T to detect subtle
cognitive difficulties in the preclinical stage of the Alzheimer’s continuum. The AFE-T
was found to be a promising tool for characterizing the cognitive profile of preclinical

AD and sensitive enough to detect learning difficulties and ALF in this population [3].
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Regarding the assessment of SCD, following the Subjective Cognitive Decline Initiative
(SCD-I) guidelines [1] we recently developed and validated the Subjective Cognitive
Decline Questionnaire (SCD-Q). The SCD-Q has emerged as a potential tool for
measuring SCD. In contrast to the pre-existing questionnaires, the SCD-Q explores the
perception of decline, as opposed to impairment, in a relatively short period of time
(i.e., last 2 years), exploring the self-perceived performance in daily life activities that
involve multiple cognitive domains. The questionnaire has been validated, showing
high convergent validity, internal consistency, and discriminant power to distinguish
between subjects with cognitive impairment and those without [10]. In a previous work,
we explored the performance of the SCD-Q in cognitively unimpaired individuals
within the Alzheimer’s continuum, showing a correlation between SCD-Q scores and
cerebrospinal fluid (CSF) AD biomarkers [11]. At the same time, our results have
shown high specificity to the preclinical stage of the AD continuum of the SCD-Q items
related with language and executive decline [12]. Finally, in a recent work, we explored
the associations between gray mater volumes and the SCD-Q scores in a sample of
cognitively healthy older adults. Results suggested that the SCD-Q is related to incipient

brain changes that may be due to preclinical AD [13] .

In the present study, we explored ALF in subjects with and without SCD. We also
aimed to investigate the relationships between subjective and objective cognitive
performance considering relevant factors such as AD CSF biomarker levels. We
hypothesized that the AFE-T could be highly sensitive to detect possible subtle learning
and retention difficulties that would be otherwise undetected by standard
neuropsychological tests. We also expected to find higher difficulties in subjects with

SCD and AP positivity.
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2. Methods

2.1. Participants

Fifty-two cognitively unimpaired subjects aged 50 or above were included in the
present study. The participants were recruited at three Spanish memory centers:
Hospital Clinic and Hospital de la Santa Creu i Sant Pau in Barcelona, and the CITA-
Alzheimer Foundation in San Sebastian. The ethics committee of the Hospital Clinic of
Barcelona approved the study, and all participants provided a signed, informed consent
before undergoing neuropsychological assessment, MRI and a lumbar puncture. All
subjects had to meet the following inclusion criteria: a) at least three years of formal
education, b) Mini-Mental State Examination (MMSE) [14] score > 24, and c) scores
within the normal range (cutoff 1.5 SD from normative mean) in the total recall and
delayed total recall scores from the Free and Cued Selective Reminding Test (FCSRT)
[15]. The following exclusion criteria were applied: a) presence of any neurological
diagnosis, b) presence of a serious medical condition that could affect cognition, c)
diagnosis of a major psychiatric disorder including schizophrenia, major depression or

substance abuse.

According to the SCD-Q cutoffs established by Rami et al. [10] participants were
classified as: 1) non-SCD (n=21): subjects with a SCD-Q score < 7, or 2) SCD (n=31):
individuals with a SCD-Q score > 7. Following the recommendations from the NIA-AA
[16], SCD subjects were further classified as: (1) SCD with normal CSF AB4; levels

(SCD/AB—; n=21) and (2) SCD with Alzheimer’s pathologic change (SCD/AB+; n=10).

2.2. Determination of biological and AD CSF biomarkers
All subjects underwent a lumbar puncture between 9 a.m. and 12 p.m. to collect 10 ml

of CSF. The samples were centrifuged and stored in polypropylene tubes at —80-C
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within the first hour after extraction. CSF Al levels, tau and ptau were measured by
enzyme-linked immunosorbent assay Kits (Innogenetics, Ghent, Belgium). Cut-off
values of abnormality for each AD CSF biomarker were defined according to previous
work [3]: a) AR4<550 pg/ml, b) tau>400 pg/ml for subjects between 50—70 years old,
and >450 pg/ml for subjects older than 70 years, and c¢) ptau>75 pg/ml. The AFE-T

administrator and the participants were blind to CSF results.

2.3. Apolipoprotein E Analysis
Genomic DNA was extracted from peripheral blood of probands using the QlAamp
DNAblood minikit (Qiagen AG, Basel, Switzerland). APOE genotyping was performed

by polymerase chain reaction amplification and Hhal restriction enzyme digestion.

2.4. Neuropsychological assessment

All participants were assessed both at the baseline and at the follow-up session with a
comprehensive neuropsychological battery, administered by a trained neuropsychologist
blind to the CSF results. The battery encompassed five cognitive domains. The memory
domain included the free recall and delayed free recall scores from the FCSRT [15] and
the constructional praxis recall subtest from the Consortium to Establish a Registry for
Alzheimer’ Disease (CERAD) battery [17], the language domain comprised of the
Boston Naming Test [18] and a Category Fluency Task [19]; the praxis domain
included the constructional praxis subtest from the CERAD battery [17]; the visual
perception domain contained the Letters and Number Location subtests from the Visual
Object and Space Perception (VOSP) battery [20], and the executive functions domain
consisted of the Trail Making Test — Form A [21], the Stroop Test [22], the Symbol
Digit Modalities Test [23], and a Letter Fluency Task [24]. Global cognition was
assessed with the MMSE [14]. Premorbid intelligence was measured through the

Spanish Word Accentuation Test [25].
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2.5. The Subjective Cognitive Decline Questionnaire (SCD-Q)

The SCD-Q is a validated questionnaire that follows the SCD-1 framework for research
of SCD in preclinical AD [1]. It assesses perceived SCD by asking subjects whether
their present performance in daily tasks is now worse than two years ago. The
questionnaire includes 24 items assessing perceived decline in instrumental activities of
daily living that include memory, language, and executive tasks. Subjects must answer
if they believe to be performing these activities worse than roughly two years ago, in a
Yes/No format. The total score is computed from the 24 items (i.e., YES =1, and NO =
0), with higher scores indicating greater perceived cognitive decline. For more details,

see Rami et al. [10]. All participants in the study answered the SCD-Q.

2.6. The Ancient Farming Equipment Test

The AFE-T request participants to learn a list of new-object/name pairs. The objects
were 24 black-and-white images of non-familiar or unknown objects, which were based
on ancient farming Finnish equipment [26]. Each object was paired with a new-word (a
non-existing word that follows the phonotactic rules of Spanish [27]). The object names
consisted of 14 bisyllabic and 10 trisyllabic pseudowords. All stimuli were presented on
a computer screen against a white background using the E-prime 2.0 version

(Psychology Software Tools, Inc., PA, USA).

2.6.1. AFE-T Design
Learning phase
The learning phase was administered in two initial learning sessions performed on two
consecutive days. Each learning session included a total of seven runs and took
approximately 45 minutes. Before starting, each of the 24 object/name pairs was
displayed for seven seconds with a 500 ms pause between the pairs. The participants

were asked to read aloud the name of the object printed below, and to try to learn each
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object/name pair. After the presentation, the seven learning runs were performed. In
each run, the participants were presented with the objects one at a time, and were asked
to spontaneously say its name aloud. They were given a maximum of 7 sec to recall the
name of each object. After this, the correct name appeared below the object for 4 sec,
regardless of whether the participant had been able to produce the correct name. The
following object was presented after 500 ms. The order of presentation in each run was

randomized.

Learning indexes: free learning score (FLS) and cued learning score (CLS)

The performance (correct naming) during the last run of the second learning day was
taking as a final learning index: free learning score (FLS). Afterwards, the cued
learning score (CLS) was obtained. The CLS was a final cued learning run where after
each object appearance the experimenter verbally provided the first syllable of the
object’s name (phonemic cue). For both scores (i.e., FLS and CLS), the range of scores

was 0-24.

Forgetting measures at 1 week, 3 months and 6 months

Each session took 10-15 minutes and began with a free recall run. Here, each trained
object appeared on the screen in a randomized order, and the participant was asked to
name it orally (free recall). When the participant could not provide the correct response,
the experimenter provided the first syllable of the name (cued recall). Free and cued
forgetting rates were also examined at 1 week, 3 months and 6 months after the initial
learning phase. Forgetting rates were defined as one minus the ratio between each
delayed session score and the score obtained on the last learning run [e.g., 1-(one-week
free recall score / FLS), for 1-week free forgetting rate; and 1-(3-month cued recall

score / CLS score), for 3-months cued forgetting rate], as in previous studies [5, 28]. In
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this way, the forgetting rate represents the mean percentage of object/name items

previously learned that were forgotten.

Forgetting slopes

In order to mathematically model the forgetting functions, we followed previous
recommendations [29-31]. Forgetting curves are characterized by a curvilinear relation
that shows a rapid initial decline of information that is followed by a slower and longer
decay, thus showing that information is lost in a larger extent after encoding. Although
power functions have been encountered to fit better forgetting curves, in the present
sample, the logarithmic function [(y = a —b-In(time)] was even better than the fit
observed with power functions. Previous studies on forgetting have shown that these
functions (power and logarithmic) are the most accurate ones to describe forgetting
curves. Each data point (4-time data points) for each subject and condition (free and
cued recall conditions) was fitted using a non-linear least-squares regression. Fit
parameters were calculated based on the residual sum of squares and showing the
proportion of data variance accounted for (R?). The slope (parameter b) and intercept
(parameter a) were computed separately for each subject and condition. The slope (b)
captures the forgetting rate of encoded information while the intercept (a) represents the

estimated initial level of performance (immediately after the last learning trial).

2.7. Statistical analyses

Statistical analyses were performed using the SPSS (v. 22.0) package for Windows. An
alpha value of p < 0.05 was considered to be significant for all the analyses.
Demographics, biological and CSF data were compared using t-tests for independent

samples and Chi-square analyses when appropriate.
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Analyses of covariance (ANCOVA) controlling for age and years of education with
post-hoc Bonferroni corrections were performed to explore possible cross-sectional
learning and recall differences between SCD and non-SCD groups on the AFE-T. The
analyzed learning indexes were the FLS and the CLS. Long-term free and cued recall
scores and free and cued forgetting rates were also compared. Finally, group differences
on the standard neuropsychological tests were also analyzed trough ANCOVA'’s
adjusted for age and education with post-hoc Bonferroni corrections. The analyses were
executed in order to (1) explore possible between-group differences between non-SCD
and SCD groups and (2) to further compare SCD subjects’ performance according to AP

status (i.e., SCD/AB- vs. SCD/AB+).

Pearson bivariate correlations were calculated to assess overall associations between the
AFE-T scores, AD CSF biomarker levels and the SCD-Q. To explore the relationships
between the subjective and objective cognitive performance and relevant factors, linear
regression models were set up. The analyses included the free (model 1) and cued
(model 2) slopes from the AFE-T as dependent variables (slopes represents robust
measures of long-term forgetting). Age, years of education, CSF A4, CSF p-tau and

the SCD-Q score were included as independent variables.

3. Results

3.1. Sample characteristics

Demographics, biological and CSF data for the whole sample and the non-SCD and
SCD groups are shown in Table 1. Age ranged between 53 and 80 years, and
educational level ranged between 3 and 22 years. There were no significant differences
in age (t(50) = 0.04; p = 0.97), years of education (t(50) = 0.71; p = 0.48) or premorbid

intelligence (WAT; t(50) = 0.01; p = 0.99) between the non-SCD and SCD groups.
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Gender distribution was also similar (* = 1.06; p = 0.38) with women accounting 57%
for the non-SCD group and 71% for the SCD group. Regarding the AD biomarkers,
there were no significant differences between groups in CSF AB, (t(50) = -0.14; p =
0.89), CSF tau (t(50) = -0.98; p = 0.33) or CSF ptau (t(50) = -1.15; p = 0.25). The
APOE-¢4 allele was similarly frequent in the non-SCD group than in SCD (,* = 0.12; p

= 0.72), with a frequency of 19% versus 16% of carriers, respectively.

Regarding the results of the cognitive testing, there were no significant differences in
global cognition, as assessed by the MMSE, between the non-SCD and the SCD groups
(28.8£1.4 vs. 28.2+1.5, respectively). Nor was there a significant difference on verbal
intelligence (24.8+4.4 vs. 24.8+4.1). No single test of the standard neuropsychological
battery showed significant differences between the groups, with p values ranging from

0.10 to 0.95 (see Supplementary Table 1).

3.2. AFE-T performance between non-SCD and SCD groups

3.2.1. Free learning score (FLS) and cued learning score (CLS)

The non-SCD group showed a FLS of 14.9+6.7 named new-words whereas the SCD
group showed a mean of 14.3+7.0 new-words. In the CLS, the mean for the non-SCD
group was 19.2+5.1 new-words named, and the SCD group obtained a mean of 19.0+4.7
new-words. The ANCOVA showed that these group differences were not statistically
significant [(F(1,48) = 0.01; p = 0.96) and (F(1,48) = 0.07; p = 0.93), respectively].
Learning indexes (i.e., FLS and CLS) comparisons between SCD and non-SCD groups

are shown in Fig. 1A and Table 2.

3.2.2. Long-term recall and forgetting rates
Long-term performance between groups is shown in Fig. 1A (free and cued recall;

slopes) and Fig. 1B (free and cued forgetting rates), and in Table 2.
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Forgetting rates at 1-week

For the one-week free recall session, the non-SCD group had a forgetting rate of
0.28+0.3 while the SCD group had a forgetting rate of 0.42+0.2. ANCOVA revealed
that this difference was not statistically significant (F(1,46) = 2.53; p = 0.12). When
including the phonemic cue to facilitate naming, the forgetting rate decreased to
0.18+0.1 in the non-SCD and 0.22+0.2 in the SCD group (F(1,46) = 0.71; p = 0.40).
Forgetting rates at 3 months

At three months, the non-SCD group showed a forgetting rate of 0.75+0.2 in the free
recall and the SCD showed a forgetting rate of 0.89+£0.2. The ANCOVA showed that
this group difference was statistically significant (F(1,44) = 4.72; p < 0.05). When the
cue was presented, both groups obtained the same forgetting rate (non-SCD = 0.54+0.3;
SCD = 0.54+0.2; F(1,44) = 0.01; p = 0.93).

Forgetting rates at 6 months

At six months, the non-SCD group had a forgetting rate of 0.75+0.3 while the SCD
group had a forgetting rate of 0.87+£0.2 (F(1,42) = 3.26; p = 0.08). When including the
phonemic cue, the forgetting rate decreased to 0.53+£0.3 in the non-SCD group and
0.56%0.2 in the SCD (F(1,42) = 0.07; p = 0.78). These differences were not significant.
Forgetting slopes

Curves in Fig. 1 represent the best-fitting function for each group and condition. The fit
of the logarithmic function to the group data was nearly perfect in both groups and

conditions (R?> 98%, in all cases). Function parameters are shown in Fig. 1A.

3.3. AFE-T performance in SCD according to AP status
3.3.1. Free learning score (FLS) and cued learning score (CLS)
Within the SCD group, the FLS was significantly lower for the SCD/AB+ subgroup

compared to the SCD/AB— (8.7+4.9 vs. 17.1+6.2, respectively; F(1,27) = 6.44, p <
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0.05). In the CLS, the mean for the SCD/AB+ subgroup was 15.1+4.4 vs. 20.8+3.6
points for the SCD/AB— subgroup. The ANCOVA showed that this group difference
was also statistically significant (F(1,27) = 7.51, p < 0.05). Learning indexes of SCD

subgroups are shown in Fig. 2A and Table 3.

3.3.2. Long-term recall and forgetting rates

The SCD/AB+ displayed lower performance in all the long-term memory scores
compared to SCD/AB-. Significant differences between the SCD/AB— and SCD/AB+
subgroups were found in the one-week free (SCD/AB— = 11.4+7.0 vs. SCD/AB+ =
4.6+2.7; F(1,24) = 4.49; p < 0.05) and cued (SCD/AB- = 17.4+5.0 vs. SCD/AP+ =
9.8+4.3; F(1,24) = 7.10; p < 0.01) recall, and in the 3-months free recall (SCD/AB- =
10.6+4.7 vs. SCD/AB+ = 5.2+3.6; F(1,24) = 4.27; p < 0.05). Regarding the forgetting
rates, the SCD/AB— subgroup obtained a free forgetting rate at one week of 0.17+0.1
whereas the SCD/AB+ obtained a forgetting rate of 0.35+0.1. This difference was
statistically significant (F(1,24) = 5.13; p < 0.05). Long-term recall and forgetting rates

between SCD subgroups are shown in Fig. 2A and B, respectively; and in Table 3.

3.3.3. Standard neuropsychological tests
Regarding the standard neuropsychological assessments, within the SCD group, there
were no significant differences in any test of the neuropsychological battery between the

AP—and AP+ subgroups (Supplementary Table 2).

3.4. Correlations between the AFE-T scores, AD CSF biomarkers and the SCD-Q
Significant correlations were found in the whole sample between CSF A4, and 1) the
FLS (r = .288; p < 0.05), 2) the TLS (r = .289; p < 0.05), 3) the 1-week cued forgetting

rate (r = -.465; p < 0.01), and 4) the 3-month cued forgetting rate (r = -.328; p < 0.05).A
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significant correlation was found between the 3-month free forgetting rate of the AFE-T

and the SCD-Q (r =.330; p < 0.05).

3.5. Models on the association between objective and subjective cognitive
performance.

Lineal regression analyses were conducted to explore which variables were associated
with the objective cognitive performance in the AFE-T. The models included the free
slope (model 1) and the cued slope (model 2) as dependent variables. The AFE-T slopes
were selected as dependent variables since they represent the most comprehensive
measures of long-term forgetting across all the time period. Age, years of education,

CSF AB42, CSF p-tau and the SCD-Q were included as independent variables.

While age, years of education, CSF A4, or CSF p-tau were not associated (all p > 0.05)
with the free (model 1) and cued (model 2) slopes, the SCD-Q score was associated
with the cued slope of the AFE-T [ =-.212 (95% CI -.406 to -.018); p < 0.05]. Figure
3 shows the scatterplot on the association between the cued slope of the AFE-T and the
SCD-Q score, indicating that higher scores in the SCD-Q predicted faster decrease of

information in long-term memory (higher forgetting).

4. Discussion

This study provides evidence for subtle objective memory difficulties in subjects with
SCD, especially in those with abnormal CSF A4, levels. We thoroughly explored
learning and long-term recall processes in a well-characterized sample of cognitively
unimpaired subjects with vs. without SCD by means of a new highly-demanding
associative memory test. Our findings suggest a clear relationship between SCD ratings

and objective memory performance.
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Increasing evidence suggests that SCD might be the first symptomatic manifestation in
the AD continuum [1, 32, 33]. However, several cross-sectional studies have not been
able to show a significantly lower performance in cognitive tests in SCD samples
compared to non-SCD, demonstrating that the links between SCD and objective
cognitive performance are difficult to find when standard neuropsychological tests are
used [34]. The poor cross-sectional correlation typically found between SCD and
objective cognitive performance might be due to limitation in sensitivity of the applied
neuropsychological tests [35]. To date, the use of more challenging measures has shown
promising results in cognitively unimpaired subjects including preclinical AD [36, 37],

presymptomatic mutation carriers of familial AD [38] and SCD [39] samples.

The usefulness of the AFE-T for exploring memory function throughout the
Alzheimer’s continuum has been previously endorsed in several studies including
preclinical AD [3], MCI [8] and AD [9]. In the present study, the AFE-T showed subtle
memory difficulties in subjects with SCD that were otherwise undetected by our
comprehensive neuropsychological battery. Targeting memory function in SCD —
especially by using more sensitive cognitive measures — could be of relevant interest as
subjective decline on memory capacities are thought to be more related to an increased
risk of future cognitive decline [40]. However, this assumption could be skewed as most
studies on SCD have concentrated on memory domain and there is scarce evidence [12,

41] focusing on subjective decline in other cognitive functions.

Another important point regarding the nature of the AFE-T and its potential application
in SCD concerns to its neural correlates. Recently, the functional and structural
correlates of the AFE-T have been identified in cognitively unimpaired subjects [2, 7] as
well as in patients [8, 42]. These studies have suggested that performance on this task

depends on specific brain regions that are typically affected in AD, such as the medial
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temporal lobe (MTL). In this line, cross-sectional studies have shown incipient volume

loss in this AD-related brain region in subjects with SCD [43-45].

When comparing performances in the AFE-T between individuals with vs. without
SCD, we specifically found accelerated long-term forgetting (ALF) in those subjects
with SCD. The concept of ALF — defined as a loss of information over days or weeks
despite normal acquisition — has recently emerged in the field of neurodegenerative
diseases as a cognitive marker for the presymptomatic stages of AD [4, 5]. A recent
study on a cohort of autosomal dominant AD families revealed ALF at one week in
presymptomatic mutation carriers [5]. In a similar way, Zimmermann & Butler [28]
recently showed ALF in asymptomatic apolipoprotein E (APOE) €4 carriers. Here, it is
important to note that in addition to compute the forgetting rates — which are similar to
those reported in these previous studies — we also modeled the participants’ forgetting
function in order to obtain a comprehensive measure of information decay (i.e., the
slope). The modeled function provides an estimate of the intercept and the forgetting
slope individually for each subject and allows to compute an overall forgetting measure
for the whole period, instead of several measures obtained when calculating a forgetting
rate for each time-point. Our results suggest that ALF may be present in subjects with
SCD and highlight the need of using more challenging cognitive measures including
more specific and sensitive variables when assessing cognitively unimpaired

populations.

Interestingly, amyloid status (positive vs. negative) influenced significantly the
cognitive performance of SCD subjects. Those individuals with abnormal amyloid
levels displayed poorer learning and long-term recall scores than those with normal CSF

AD biomarkers. These results are relevant since there are recent longitudinal studies
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showing that subjects with SCD and biomarker evidence of AD are at a higher risk of
future decline [46, 47]. At the same time, we found a relationship between the
participants’ amyloid-f levels and cognitive performance on the AFE-T. Also, our
regression analyses pointed to cognitive complaints as predictors of long-term memory
performance, indicating that higher scores in the SCD-Q are associated with a faster
decrease of information in long-term memory (higher forgetting, Fig. 3). Our
observations are in line with previous studies suggesting that cognitively unimpaired
subjects with evidence of AP pathology and SCD undergo objective cognitive decline at
a higher rate than individuals with either amyloidosis or SCD alone, and are at a higher
risk of rapid cognitive decline [48]. Our findings suggest that subjects with SCD and
amyloid-p positivity may be closer to develop the earliest cognitive manifestations in

the AD continuum than subjects with only SCD.

Regarding the assessment of SCD, the SCD-Q might be especially suited for the study
of the earliest symptomatic manifestations in the AD continuum given it was designed
following the SCD-1 framework for research of SCD in preclinical AD [10]. Previous
studies have shown significantly higher scores in the SCD-Q in samples of preclinical
AD subjects when compared to controls [11, 12]. The SCD-Q distinguishes from the
pre-existing SCD questionnaires in that it explores the perception of decline in a
relatively short period of time, exploring the self-perceived performance in an array of
daily life activities that involve multiple cognitive domains, instead of being restricted
to memory. These properties increase the likelihood of detecting SCD due to preclinical
AD [1]. Taken together, our results suggest the use of more robust and sensitive
measures to ensure an exhaustive evaluation of SCD when assessing cognitively

unimpaired populations.
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Our study has some limitations. First, the relatively small sample size could limit the
power of the statistical analyses. Replication of the present results in independent and
larger samples is therefore needed. Second, in this study we only included participants
from memory clinic and research settings. This is an important consideration since it is
well known that recruitment setting (i.e., epidemiological, memory clinic, research)
affects studies in SCD [49, 50]. Furthermore, the way by which subjective and objective
cognitive outcomes are assessed may also affect these studies. In this sense, it is
important to note that the SCD-Q is a validated tool for measuring SCD. Also,
regarding the objective assessment of participants’ cognitive capacities, the
comprehensive AFE-T protocol allowed for a thorough assessment of learning and
long-term memory processes. However, validation of the present results is called for in
future studies using different assessment methods. Finally, another important limitation
concerns the cross-sectional nature of the study. Further assessment is needed to

accurately follow-up participants’ trajectories of cognitive decline.

In sum, by using comprehensive measures for assessing subjective and objective
cognition, we provide evidence for accelerated long-term forgetting in individuals with
SCD, especially in those within the Alzheimer’s continuum. The presence of significant
associations between SCD ratings and AD biomarkers and objective cognitive
performance, highlight the contribution of biological and cognitive markers (and its co-

occurrence) as potential predictors of the earliest manifestations in Alzheimer’s disease.
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Table 1. Demographics, biological data and CSF levels.

Parameters Total non-SCD SCD T p
(N=52) (n=21) (n=31)

Demographics

Gender (% women) 65.4% 57.1% 70.9% 1.06  .378

Age 67.2+6.7 67.3+6.4 67.2+6.9 0.04 970

Years of education 11.0+4.3 11.5+4.4 10.6+4.3 0.71 480

MMSE 28.5+1.5 28.8+1.4 28.2+1.5 1.21 233

WAT 24.8+4.2 24.8+4.4 24.8+4.1 0.01 999

Biological & CSF data

APOE &4 (% positive) 17.6% 20% 16.1% 012" 724

APa2 706.0£268.9  699.5+225.1  710.4+298.6 -0.14 .888

Tau 254.4+105.5 236.8+84.8 266.3+117.4  -0.98 .328

Ptau 53.3+16.1 50.2+14.4 55.4+17.0 -1.15 254

Data are presented as means + standard deviation. Key: WAT: Word Accentuation Test;
CSF: cerebrospinal fluid; APs: Amyloid-beta isoform 42; Tau: total tau; Ptau:
phosphorylated tau.

" Pearson Chi-Square
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Table 2. ANCOVA of learning indexes and long-term forgetting scores of the AFE-
T between non-SCD and SCD groups.

Variables non-SCD (n = 21) SCD (n=31) F p

FLS 14.9+6.7 14.3+7.0 0.01 965
CLS 19.245.1 19.0+4.7 0.07 934
1-Week FR 11.2+6.8 9.5+6.7 678 415
1-Week CR 16.3%5.2 15.4%5.7 242 625
1-Week FFR 0.28+0.3 0.42+0.2 2.53 118
1-Week CFR 0.18+0.1 0.22+0.2 0.71 404
3-Month FR 3.8+3.8 2.1+3.9 1.92 172
3-Month CR 9.6+5.9 9.1+4.9 0.14 708
3-Month FFR 0.75+0.2 0.89+0.2 4.72 035"
3-Month CFR 0.54+0.3 0.54+0.2 0.01 929
6-Month FR 4.0+4.3 2.3+4.1 1.57 217
6-Month CR 9.746.3 8.6+5.0 0.26 610
6-Month FFR 0.75+0.3 0.87+0.2 3.26 .078
6-Month CFR 0.53+0.3 0.56+0.2 0.07 786

Data are presented as means + standard deviation. Key: FLS, free learning score;
CLS, cued learning score; FR, free recall; CR, cued recall; FFR, free forgetting
rate; CFR, cued forgetting rate. p <0.05
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Table 3. ANCOVA of learning indexes and long-term forgetting scores of the AFE-
T within the SCD group including Ap status subgroups.

SCD (n = 31)

Variables (n A:B _21) n A:BEO) F p
FLS 17.1+6.2 8.7+4.9 6.44 017"
CLS 20.8+3.6 15.1+4.4 7.51 011"
1-week FR 11.4+7.0 4.6+2.7 4.49 044"
1-week CR 17.445.0 9.8+4.3 7.10 .008"™
1-week FFR 0.380.2 0.53+0.2 2.54 123
1-week CFR 0.170.1 0.35+0.1 5.13 032"
3-month FR 2.9+4.4 0.3+0.5 1.08 308
3-month CR 10.6+4.7 5.2+3.6 4.27 049"
3-month FFR 0.850.2 0.96+0.1 1.45 239
3-month CFR 0.480.2 0.68+0.2 2.76 110
6-month FR 2.9+4.7 0.8+1.1 0.29 595
6-month CR 9.945.1 5.6+3.4 0.97 334
6-month FFR 0.860.2 0.91+0.1 0.11 745
6-month CFR 0.530.2 0.65+0.2 0.25 621

Data are presented as means + standard deviation. Key: FLS, free learning score;
CLS, cued learning score; FR, free recall; CR, cued recall; FFR, free forgetting
rate; CFR, cued forgetting rate.
“p<0.05
“p<0.01
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Figure 1. AFE-T performance between non-SCD and SCD groups.
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Figure 2. AFE-T performance in SCD stratifying by Ap status.
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Figure 3. Scatterplot on the relationship between the cued slope and the SCD-Q scores
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Trabajon®1

Early detection of learning difficulties when confronted with novel information in

preclinical Alzheimer’s disease stage 1

El objetivo del primero de los trabajos publicados fue estudiar las funciones de
aprendizaje y olvido a largo plazo, a través del AFE-T, en sujetos cognitivamente sanos
situados dentro del continuo Alzheimer y evaluar su posible relacion con los
biomarcadores de EA en LCR. Siguiendo las guias de investigacion del NIA-AA de
2011, un total de 49 sujetos cognitivamente sanos fueron clasificados como controles
(CTR, n = 31), EA preclinica — Fase 1 (EAP-1, n = 14) y EA preclinica — Fase 2 (EAP-
2, n = 4). La configuracién del AFE-T permitio el andlisis de curvas de aprendizaje,
tasas de olvido a largo plazo y curvas de reaprendizaje. Los resultados del estudio
mostraron dificultades claras de aprendizaje en sujetos EAP-1 (F = 6.98; p < 0.01) en
comparacion con los controles. Las diferencias en las tasas de olvido fueron menores,
alcanzando la significacion estadistica la tasa de olvido facilitado a los tres meses (F =
4.83; p < 0.05). Las curvas de reaprendizaje mostraron leves dificultades entre los
grupos que no alcanzaron la significacion estadistica. Los subanalisis en individuos con
EAP-2 mostraron mayores dificultades de aprendizaje y recuerdo en estos sujetos en
comparacion con los controles y también con EAP-1. En toda la muestra, se encontraron
correlaciones significativas entre los biomarcadores de EA en LCR (ratio APso/tau) y el
AFE-T, tanto en la puntuacion final de aprendizaje (r = 0.52; p < 0.01) como en la tasa
de olvido facilitado a los tres meses (r = —0.38; p < 0.01). Este trabajo sugiere que el
AFE-T es una prueba sensible, capaz de detectar dificultades sutiles de aprendizaje y
olvido a largo plazo en la fase méas temprana del continuo Alzheimer. Las dificultades
de aprendizaje podrian ser uno de los primeros signos de pérdida memoria episddica en
el continuo Alzheimer.
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Trabajo n® 2

Tau protein is associated with longitudinal memory decline in cognitively healthy

subjects with normal Alzheimer’s disease cerebrospinal fluid biomarker levels

En este trabajo, se estudid una muestra de sujetos cognitivamente sanos con niveles
normales de biomarcadores de EA en LCR. El objetivo fue investigar la relacion de
diferentes variables bioldgicas, neuroanatomicas y neuropsicoldgicas con los cambios
cognitivos mas tempranos en el envejecimiento sano. Treinta y dos sujetos cognitiva y
biolégicamente normales (CBN) completaron una RM y el AFE-T, al inicio del estudio
y tras 18 meses. Para explorar la relacion entre las funciones de aprendizaje y memoria
y diferentes variables que pueden influir en el rendimiento cognitivo, se establecié un
modelo lineal. Posteriormente, se dividid la muestra segin los niveles de T-tau de los
sujetos, en dos grupos: CBN-Tau| (tau < 228.64 pg/ml; n = 16) y CBN-Tau?t (tau >
228.64 pg/ml; n = 16). Por ultimo, se llevaron a cabo analisis de voxel-based
morphometry (VBM) para identificar las regiones relacionadas con el rendimiento basal
y longitudinal en el AFE-T. Como resultado principal, se encontr6 una asociacion entre
los niveles de T-tau en LCR vy la disminucién del rendimiento en el AFE-T a los 18
meses (B = —-0.17, p < 0.05; r = -0.41; p < 0.01). Asimismo, se observo una evolucion
diferente de los dos subgrupos, con mayor empeoramiento de los individuos con los
niveles de tau mas altos (F = 8.37; p < 0.01). El rendimiento en el AFE-T correlacion0
con el volumen de sustancia gris en areas del 16bulo temporal medial, 16bulo frontal y
cerebelo. Los hallazgos de este estudio sugieren que existen variables biologicas y
neuroanatomicas que podrian influir en el empeoramiento cognitivo en el
envejecimiento sano y que no estan relacionados con los procesos patolégicos de la EA.
Los resultados obtenidos apuntan a la presencia de neurodegeneracion como potencial

predictor de los cambios cognitivos mas tempranos en el envejecimiento sano.
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Trabajon® 3

Early detection of subtle motor dysfunction in cognitively normal

subjects with amyloid-g positivity

El objetivo de este estudio fue investigar la funcion motora fina en sujetos con niveles
alterados de la proteina -amiloide en LCR (i.e., dentro del continuo Alzheimer) y su
posible relacion con los biomarcadores de EA en LCR. Mediante una version
computarizada del finger tapping test (FTT), se midieron dos indicadores sensibles del
rendimiento motor: la velocidad de tapping y la variabilidad intra-sujeto. Setenta y dos
participantes completaron el estudio. Se establecieron tres grupos segun el perfil de
biomarcadores de EA en LCR, siguiendo los criterios de investigacion vigentes (Jack et
al., 2018): 37 controles (CTR), 20 sujetos cognitivamente sanos con niveles de f-
amiloide alterados (AP+) y 15 pacientes con EA prodromica o inicial. Todos los sujetos
completaron el FTT, una exploracién neuropsicoldgica, cuestionarios de factores de
riesgo cardiovascular y actividad fisica, una puncion lumbar y una extraccion de sangre
para obtener el genotipo de APOE. Se encontré una diferencia general entre los grupos
de estudio en velocidad de tapping (F = 19.37, p <0.01) y en variabilidad intra-sujeto (F
=11.40, p < 0.01). Especificamente, el grupo AR+ mostré menor velocidad de tapping
(F =5.33, p < 0.05) y mayor variabilidad intra-sujeto (F = 8.48, p < 0.01) que el grupo
CTR, y mayor velocidad que el grupo EA (F = 13.61, p < 0.01). La velocidad de
tapping (B = .263, p < 0.05) y la variabilidad intra-sujeto (p = .558, p < 0.01) se
asociaron significativamente con los niveles de AP4, en LCR. Este estudio mostro
dificultades motoras sutiles en sujetos que se encuentran dentro del continuo Alzheimer
y que estas dificultades estan relacionadas con los niveles de AP, en LCR. Los
resultados sugieren que una evaluacion precisa de las funciones motoras podria ayudar a

identificar individuos en la etapa mas temprana de la EA.
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Trabajo n° 4

Accelerated long-term forgetting over three months in asymptomatic APOE &4 carriers

En este trabajo se investigd el papel del olvido acelerado a largo plazo (OLP) como
potencial marcador de disfuncién cognitiva sutil en individuos con riesgo genético
incrementado de desarrollar EA y se examind la posible relacion entre el OLP y los
biomarcadores de EA en LCR. Mediante el AFE-T, se examino la presencia de OLP en
sujetos portadores vs. no-portadores del haplotipo APOE €4. Se incluyeron 22 sujetos
cognitivamente sanos: 11 portadores de APOE ¢4 (heterocigotos para €3 y €4) fueron
aparejados por edad, sexo y afios de escolaridad con 11 no-portadores de APOE &4
(homocigotos para €3). Con el fin de modelar mateméaticamente la funcion de olvido, se
aplicé una funcion logaritmica [(y=a—b-In(tiempo)]. La pendiente de olvido (parametro
b) y la estimacion de la puntuacion de aprendizaje final (pardmetro a) se obtuvieron por
separado para cada sujeto. EI SCD-Q fue utilizado para cuantificar el grado de quejas
cognitivas subjetivas de los participantes del estudio. No se encontraron diferencias
entre portadores y no portadores en ninguna de las pruebas neuropsicoldgicas estandar.
El AFE-T tampoco mostro diferencias grupales en las puntuaciones de aprendizaje. Sin
embargo, el recuerdo facilitado a los tres meses del AFE-T fue significativamente
menor (F (1,19) = 4.99; p <.05; Cohen’s d = .99) en los portadores que en los no-
portadores. Particularmente para el recuerdo con pistas, la pendiente (medida de olvido
a largo plazo) fue mayor para los portadores (b = -9.1) en comparacion con los no
portadores (b = -6.6). Ademas, se encontraron correlaciones significativas entre la ratio
AP4o/P-tau y las medidas de OLP. Estas medidas de olvido también correlacionaron con
el grado de DCS. Estos hallazgos indican que es posible detectar OLP en individuos con
riesgo genético aumentado de desarrollar EA y que podria existir una relacion entre esta

variable cognitiva y los procesos fisiopatoldgicos subyacentes a la EA.
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Trabajon®5

Accelerated long-term forgetting in individuals with subjective cognitive decline and

amyloid-g positivity

En este estudio se examinaron las funciones de aprendizaje y olvido a largo plazo
mediante el AFE-T en una muestra de sujetos con deterioro cognitivo subjetivo y se
exploré su relacion con los biomarcadores de EA en LCR. Se incluyeron 52 individuos
y se cuantificd el DCS a través del Subjective Cognitive Decline Questionnarie (SCD-
Q; Rami et al., 2014), utilizando el punto de corte de 7 puntos en la puntuacion final del
MiCog para clasificar a los sujetos como DCS o no-DCS (DCS, n = 31; no-DCS, n =
21). Los sujetos con DCS se subdividieron de acuerdo con la presencia o ausencia de
niveles anormales de AP4, en LCR. Todos los sujetos completaron una evaluacion
neuropsicoldgica estandar, el AFE-T y una puncién lumbar. En el AFE-T, el grupo con
DCS mostr6 una tasa de olvido libre a los 3 meses significativamente mayor que el
grupo sin DCS (F = 4.72; p < 0.05). Al subdividir los sujetos con DCS segun los niveles
de B-amiloide, se observd que los sujetos con niveles alterados de A4, rindieron peor
que aquellos con niveles normales tanto en las sesiones de aprendizaje como en las
recuerdo a largo plazo del AFE-T. La puntuacién del SCD-Q correlaciond
significativamente con las tasas de olvido del AFE-T; indicando que cuanto mayor es la
gueja cognitiva, mas alta es la tasa de olvido. Este estudio sugiere que es posible
detectar dificultades sutiles de aprendizaje y olvido a largo plazo en sujetos con
deterioro cognitivo subjetivo, especialmente en aquellos con niveles anormales de APas;

en LCR.
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DISCUSION

Los trabajos incluidos en la presente tesis doctoral tienen como objetivo el estudio de
las funciones de aprendizaje y olvido a largo plazo, asi como de la funcién motora fina,
tanto en el envejecimiento sano como en la fase preclinica del continuo Alzheimer. Se
ha investigado la relacion de estas funciones con los biomarcadores de la EA y se ha
evaluado la contribucién de diferentes variables bioldgicas, neuroanatomicas y
neuropsicoldgicas en los cambios cognitivos mas tempranos en el envejecimiento sano.
Todo ello aporta informacion acerca de los procesos subyacentes al empeoramiento

cognitivo en estas poblaciones.

El primero de los trabajos, estudié la posibilidad de detectar dificultades sutiles de
aprendizaje y/u olvido a largo plazo en sujetos cognitivamente sanos situados dentro del
continuo Alzheimer. ElI AFE-T, una prueba de memoria asociativa altamente exigente,
permitio el analisis exhaustivo de curvas de aprendizaje, tasas de olvido a largo plazo y
curvas de reaprendizaje. Los resultados obtenidos mostraron dificultades de aprendizaje
y olvido a largo plazo en sujetos situados en la etapa mas temprana del continuo
Alzheimer. Ademas, se encontraron asociaciones entre los biomarcadores de la EA,

especialmente los niveles de AB4, en LCR, y las puntuaciones del AFE-T.

Mediante el AFE-T se explord, de forma exhaustiva, la capacidad de aprendizaje en una
tarea altamente exigente. A diferencia de la mayoria de pruebas neuropsicoldgicas
estandar, el AFE-T requiere aprender, asociar y almacenar informacion novedosa. Se ha
sugerido que la formacion de nuevas asociaciones desprovistas de contenido semantico
previo, exige un alto procesamiento cognitivo (Rentz et al., 2011). Este tipo de
aprendizaje podria depender de areas cerebrales relacionadas especificamente con la

adquisicion de nuevos conocimientos (Laine y Salmelin, 2010), areas que muestran

170



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

cambios incipientes en la fase preclinica del continuo Alzheimer como el hipocampo y
estructuras adyacentes del 16bulo temporal medial (Bernard et al., 2014; Younes et al.,
2014). Probablemente debido a estas mayores demandas cognitivas, el AFE-T permitio
detectar dificultades sutiles de aprendizaje en la fase més temprana del continuo
Alzheimer. En linea con estos resultados, Papp et al. (2015) estudiaron 260 sujetos
cognitivamente sanos mediante una prueba de memoria altamente exigente, el Memory
Capacity Test (Rentz et al., 2010). En comparacion con el grupo control, los individuos
que presentaban niveles alterados del biomarcador de amiloide obtuvieron un

rendimiento significativamente més bajo en la puntuacién de recuerdo libre.

El AFE-T también permitié una evaluacion exhaustiva del olvido a largo plazo,
mediante el célculo de las tasas de olvido. En general, la mayoria de pruebas
neuropsicoldgicas estandar se caracterizan por evaluar la capacidad de retencién en un
intervalo de tiempo de entre 20 y 30 minutos (Lezak, 1983). De este modo, la
evaluacion de tasas de olvido a largo plazo (recuerdo diferido a la semana, tres meses y
seis meses desde el aprendizaje inicial) representaba un campo por explorar en la fase
preclinica del continuo Alzheimer. Las diferencias observadas entre los grupos de
estudio, sugiere que el andlisis del olvido a largo plazo podria proporcionar datos
valiosos para la identificacion de dificultades de memoria en la fase mas temprana del
continuo Alzheimer. Ademas, el uso de medidas de recuerdo libre y facilitado permitio
observar un mayor beneficio de las claves fonéticas por parte grupo control en
comparacion con los sujetos con niveles alterados de AP4,. Esto sugiere que las
dificultades exhibidas no se debian a un déficit de evocacion (i.e., efecto de “la punta de
la lengua”) sino a la pérdida o desvanecimiento de la informacion previamente

codificada. En esta linea, Gronholm et al. (2008) emplearon el paradigma AFE en

171



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

pacientes con DCL y observaron que se beneficiaban menos del recuerdo con pistas que

los controles.

El reaprendizaje fue otro método de evaluacion innovador en el estudio de la fase
preclinica del continuo Alzheimer. Diferentes estudios han sugerido que la informacion
que no se puede recordar en una prueba de aprendizaje a través de medidas de recuerdo
facilitado o reconocimiento, podria reactivarse mediante tareas de reaprendizaje
(Hansen, Umeda, & Mckinney, 2013; MacLeod, 1988; Van der Hoeven & De Bot,
2012). Los resultados obtenidos indicaron que el grupo control y el grupo de sujetos con
niveles alterados de AB4, mostraron curvas de reaprendizaje similares. Las diferencias
significativas observadas entre los grupos durante la fase de reaprendizaje fueron
menores que las observadas durante la fase de aprendizaje inicial, sugiriendo que el
beneficio obtenido al reaprender la tarea por parte del grupo con niveles alterados de
AB4; le resto sensibilidad a la misma para obtener diferencias significativas entre ambos

grupos.

En este primer estudio, también se exploraron las posibles asociaciones entre el
rendimiento en el AFE-T y los niveles de biomarcadores de EA en LCR. La gran
mayoria de estudios con un disefio transversal no ha logrado encontrar asociaciones
entre el rendimiento cognitivo en los tests neuropsicolégicos estandar y los
biomarcadores de EA (Aizenstein et al., 2008; Mormino et al., 2009; Storandt et al.,
2009; Villemagne et al., 2011). Unicamente algunos estudios longitudinales han
mostrado asociaciones entre los niveles de B-amiloide y el posterior deterioro de la
memoria (Clark et al., 2016; Doraiswamy et al., 2012). Mediante el AFE-T se hallaron
correlaciones significativas entre el rendimiento en aprendizaje y olvido a largo plazo y

los biomarcadores de EA en LCR, especialmente con los niveles de ABs, en LCR. De
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manera similar, Rentz et al. (2011) encontraron una asociacion entre el deposito cerebral
de amiloide medido mediante técnicas de PET y el rendimiento en una tarea de memoria
asociativa altamente exigente, el Face-Name Associative Memory Exam. Los hallazgos
obtenidos respaldan la idea de que la disminucion de la memoria episddica estd
estrechamente relacionada con los niveles de B-amiloide (Hedden et al., 2013), y que
este vinculo puede identificarse Unicamente a través de tareas més exigentes que los
tests neuropsicologicos estdndar. En resumen, el AFE-T se presentd como una
herramienta prometedora para la caracterizacion del perfil cognitivo de la fase
preclinica del continuo Alzheimer, siendo significativamente sensible como para
detectar dificultades sutiles de aprendizaje y olvido a largo plazo en esta poblacion en
comparacién con controles. Los hallazgos de este primer trabajo promueven el disefio y
uso de nuevas pruebas cognitivas mas exigentes para la deteccion y seguimiento de las

primeras manifestaciones cognitivas en el continuo Alzheimer.

El segundo de los trabajos perseguia la identificacion de variables neuroanatémicas (i.e.,
pérdida de volumen de substancia gris) y bioldgicas relacionadas con el empeoramiento
cognitivo longitudinal en el envejecimiento sano (sujetos con niveles normales de
biomarcadores de EA). Este estudio mostr6 que los niveles de tau en LCR, un
biomarcador de neurodegeneracion, estaban relacionados con el empeoramiento
longitudinal de la capacidad de aprendizaje y memoria. Ademas, mediante analisis de
VBM, se observo que el rendimiento basal en el AFE-T esta relacionado con el
volumen de substancia gris en areas cerebrales que incluyeron estructuras del 16bulo
temporal medial, frontal medio y cerebelo. Asimismo, se identificaron areas estratégicas
(i.e., l6bulo temporal medial y cerebelo) relacionadas con la disminucion del

rendimiento en el AFE-T a nivel longitudinal en esta poblacion.
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En los altimos afios, la relacion entre los biomarcadores de la EA y la cognicién ha sido
ampliamente estudiada en sujetos cognitivamente sanos (Donohue et al., 2017;
Dumurgier et al., 2017; Ho & Nation, 2018; Pettigrew et al., 2015; Sanabria et al., 2018;
Tijms et al., 2018). Algunos estudios han sugerido que los niveles de tau podrian
guardar una relacién mas estrecha con el rendimiento cognitivo que los niveles de B-
amiloide (Hessen et al., 2015; Nelson et al., 2012; Rolstad et al., 2013). El principal
hallazgo del segundo estudio, fue encontrar una asociacion entre los niveles de T-tau en
LCR vy la disminucion del rendimiento en el AFE-T en un periodo de dos afios, en una
muestra de sujetos cognitivamente sanos con niveles normales de biomarcadores de EA
en LCR. En linea con estos resultados, algunos estudios han encontrado asociaciones
entre la disminucién del rendimiento cognitivo y los niveles de tau en sujetos
cognitivamente sanos (Glodzik et al., 2011; Hessen et al., 2015). Hessen et al. (2015)
estudiaron una muestra de 122 sujetos con DCS y encontraron que un subgrupo que
presentaba niveles de T-tau mé&s elevados al inicio del estudio, mostré una mayor
disminucion del rendimiento en memoria a los dos afios de seguimiento. Sin embargo,
los resultados de este estudio podrian estar influenciados por el tipo de muestra
evaluada, ya que se ha sugerido que la poblacion con DCS podria tener un riesgo mayor
de desarrollar deterioro cognitivo que los controles (Jessen et al., 2014). En otro estudio,
Glodzik et al. (2011) encontraron que los niveles elevados de P-tau estaban relacionados
tanto con la disminucion del rendimiento cognitivo como con la atrofia del l6bulo
temporal medial, en un grupo de sujetos cognitivamente sanos que experimentaron una
disminucion de la memoria en un periodo de dos afios. No obstante, es importante
destacar que los niveles de P-tau son un marcador especifico de patologia neurofibrilar
y que, ademas, el grupo que mostro disminucion de la memoria también presentaba

niveles mas bajos de la ratio ABa2/APa en LCR. Esto sugiere que, en este estudio, hubo
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una contribucién notable de la patologia de tipo Alzheimer en el rendimiento cognitivo
de los participantes. Probablemente el aspecto mas relevante del segundo trabajo de la
tesis doctoral, es que se estudio el envejecimiento sano mediante la evaluacion de una
muestra con niveles normales de biomarcadores de EA, excluyendo la posibilidad de
incluir en el estudio a sujetos dentro del continuo Alzheimer. Se observo una
contribucion dnica de los niveles de T-tau en la disminucion de la capacidad de
aprendizaje y memoria, independientemente del grado de DCS de los participantes o de

los niveles de ABa..

Este trabajo también permiti6 identificar las regiones de substancia gris relacionadas
con el rendimiento en el AFE-T, tanto a nivel basal como longitudinal. EI rendimiento
basal se vio relacionado con el volumen de substancia gris en estructuras del l6bulo
temporal medial, frontal medio y cerebelo. La puntuacién de aprendizaje libre se vio
asimismo relacionada con areas especificas del I6bulo frontal, tal vez reflejando una
mayor contribucién de las funciones ejecutivas en comparacion con el recuerdo con
pistas. Los resultados coinciden con la literatura existente, que muestra que las regiones
temporal medial y prefrontal estan relacionadas con el rendimiento en una amplia
variedad de tareas de memoria (Eyler, Sherzai, Kaup, & Jeste, 2011; Rugg & Vilberg,
2013; Wolk & Dickerson, 2011). Sin embargo, la region cerebral predominante
involucrada tanto en el rendimiento transversal como longitudinal fue el cerebelo. La
implicacion del cerebelo en tareas de aprendizaje y memoria, lenguaje y funciones
ejecutivas, ha sido ampliamente descrita (Desmond & Fiez, 1998; Guell, Gabrieli, &
Schmahmann, 2018; Kim et al.,, 1994; Rosenbloom et al., 2012; Stoodley &
Schmahmann, 2018). La contribucion predominante del cerebelo frente a otras
estructuras podria explicarse por el estado cognitivo y bioldgico de la muestra estudiada

ya que, en el envejecimiento sano, los lébulos cerebelosos muestran una reduccién

175



Deteccion precoz de cambios cognitivos sutiles en el envejecimiento y en la fase preclinica del continuo Alzheimer

acelerada con respecto a otras estructuras (Taki et al., 2013). Los resultados presentados
indican que hay areas del 16bulo temporal medial, frontal medio y cerebelo relacionadas
con el rendimiento en aprendizaje y memoria en una muestra bien caracterizada de
sujetos con cognicion normal y niveles normales de biomarcadores de EA en LCR.
Tomados en conjunto, los hallazgos sugieren que existen variables bioldgicas y
neuroanatdbmicas que podrian influir en el empeoramiento cognitivo en el
envejecimiento sano y que no estan relacionados con los procesos patologicos de la EA.
Dado que tanto los niveles de T-tau en LCR como los cambios en RM se consideran
biomarcadores de neurodegeneracién (Jack et al., 2018), los resultados obtenidos
apuntan a la presencia de neurodegeneracion como potencial predictor de los cambios

cognitivos mas tempranos en el envejecimiento sano.

Mas alla del estudio de los dominios cognitivos mas tipicos (i.e., aprendizaje y
memoria, funciones ejecutivas) en la deteccion de dificultades cognitivas en la EA, se
ha sugerido que la evaluacion del rendimiento motor podria ser de utilidad en la
evaluacion de sujetos situados en la fase preclinica del continuo Alzheimer (Albers et
al., 2015; Buchman & Bennett, 2011). En esta linea, los resultados del tercer trabajo
sugieren que la disfuncion motora esta asociada con la patologia amiloide y que puede

ser detectada de forma sutil durante la etapa mas temprana del continuo Alzheimer.

En este trabajo se observo que los niveles de A4, estaban relacionados con el
rendimiento en el FTT. Una interpretacion plausible de estos hallazgos es que la
disfuncion motora podria estar relacionada con el deposito mas temprano de proteina
amiloide cerebral, que es, segun la hipotesis de la cascada amiloide (Hardy & Higgins,
1992), el biomarcador mas temprano en la etapa asintoméatica de la EA. Los
mecanismos por los cuales la patologia amiloide podria conducir a una disfuncion

motora en la fase preclinica del continuo Alzheimer todavia se desconocen. Sin
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embargo, algunos estudios neuropatoldgicos sugieren que el acimulo de B-amiloide
puede estar presente de forma temprana en diferentes areas corticales, incluidas las
regiones relacionadas con la funcion motora (Schneider et al., 2006; Suva et al., 1999).
Esto ha sido observado no Unicamente en pacientes con EA (Arnold, Hyman, Flory,
Damasio y Van Hoesen, 1991), sino también en sujetos cognitivamente sanos
(Giannakopoulos, Hof, Michel, Guimon y Bouras, 1997). Asimismo, los modelos
estadisticos aplicados mostraron que tanto los niveles de AB42 como su interaccion con
los niveles de P-tau contribuyeron al rendimiento en el FTT. Este es un hallazgo
importante ya que estos niveles son indicadores validos de los depositos de proteinas
subyacentes a la fisiopatologia de la EA (i.e., placas de P-amiloide y ovillos
neurofibrilares, respectivamente) y definen la EA como wuna enfermedad

neurodegenerativa especifica entre otros trastornos cognitivos (Jack et al., 2018).

Otro aspecto importante fue investigar diferentes medidas de rendimiento motor como
alternativa a los tests neuropsicoldgicos estandar, los cuales carecieron de nuevo de la
sensibilidad necesaria para diferenciar entre los sujetos con niveles alterados de ABs, y
los controles. EI FTT se mostré como una tarea no invasiva, breve y facil de entender y
completar independientemente del nivel educativo, lo cual se sabe que es uno de los
principales factores de confusion en los estudios sobre la cognicion (Stern, 2009).
Ademaés, permitio el estudio de un indicador del rendimiento motor menos utilizado: la
variabilidad intra-sujeto. La inconsistencia del rendimiento entre los diferentes ensayos
del FTT resulto ser un indicador mas sensible que la velocidad de tapping. Los escasos
estudios previos que habian estudiado esta medida, ya sugerian que la variabilidad intra-
sujeto podria ser un marcador relevante para la EA temprana (Bangert y Balota, 2012;
Verghese et al., 2008, 2007). Verghese et al. (2008) indicaron que un grupo de sujetos

con EA inicial presentaba mayor variabilidad al caminar que el grupo control. Otros
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estudios han mostrado que los pacientes con EA presentan mayor variabilidad en tareas
de tapping que los controles (Bangert y Balota, 2012). En linea con estos resultados, el
tercer trabajo destaca la potencial utilidad de esta medida motora menos estudiada.
Tomados en conjunto, los hallazgos sugieren que la alteracion de los biomarcadores de
la EA podria conducir a una disfuncion motora sutil en sujetos cognitivamente sanos y
que una evaluacion precisa de las funciones motoras podria ayudar a identificar

personas en la etapa mas temprana del continuo Alzheimer.

En el cuarto trabajo, se empled el AFE-T para investigar la presencia de olvido
acelerado a largo plazo (OLP) en sujetos cognitivamente sanos con riesgo genético
incrementado de desarrollar EA (portadores de APOE ¢4), asi como la relacion entre el
OLP y los biomarcadores de EA. En comparacién con los no-portadores (homocigotos
APOE ¢£3/¢3), se detecté OLP en el grupo de portadores (heterocigotos APOE €3/¢4) en
el recuerdo con pistas a los tres meses del AFE-T. Este rendimiento se vio relacionado

con los biomarcadores de EA en LCR, asi como con las puntuaciones del SCD-Q.

Los efectos de APOE &4 en el rendimiento en memoria de sujetos cognitivamente sanos
y su relacién con la carga de amiloide han sido ampliamente estudiados (Kantarci et al.,
2012; Lim et al., 2013; Mormino et al., 2014). Sin embargo, los datos existentes sobre la
relacion entre el OLP y la EA son todavia muy limitados. Un estudio reciente de
investigacion en animales, mostré OLP en ratones PDAPP, un modelo de EA familiar
presintomatica (Beglopoulos et al., 2016). En humanos, el OLP se ha postulado como
un potencial marcador cognitivo de las fases asintomaticas de la EA. Un estudio
reciente identific6 OLP en sujetos presintomaticos con EA familiar en un periodo de
una semana (Weston et al., 2018). Utilizando un disefio similar, Zimmerman y Butler
(2018) evaluaron 60 participantes cognitivamente sanos (20 homocigotos para €3, 20

heterocigotos para €3 y €4, y 20 homocigotos para €4) y encontraron OLP en los grupos
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portadores de APOE 4. Los sujetos homocigotos para €4 olvidaron més informacion
que los heterocigotos y, del mismo modo, los sujetos hereocigotos olvidaron méas que
los no-portadores. Los resultados del cuarto trabajo, mostraron que los grupos de
portadores y no-portadores tenian un rendmiento similar en la capacidad de aprendizaje
y codificacion. Sin embargo, en comparacion con los no-portadores, el grupo de
portadores mostr6 OLP en un periodo de tres meses desde el aprendizaje inicial. El
AFE-T permitié un analisis méas exhaustivo de los procesos de codificacién y olvido,
durante un periodo de tiempo més largo (6 meses) que en los trabajos publicados hasta
la fecha. El recuerdo a los 3 meses permitié identificar OLP en sujetos portadores de
APOE &4 y se observé una mayor sensibilidad de las medidas de recuerdo facilitado en

comparacion con la evocacion libre.

En relacion al modelado de la funcion de olvido, ambos grupos se ajustaron
adecuadamente a la funcion logaritmica. Particularmente en el recuerdo con pistas, los
portadores de APOE &4 mostraron una pendiente mayor en comparacion con los no-
portadores, indicando una mayor pérdida de informacién después del aprendizaje inicial
especialmente entre la primera semana y los 3 meses. Es importante tener en cuenta que,
en la funcion empleada, la pendiente correlacioné significativamente con la tasa de
olvido a los 3 meses del AFE-T, demostrando que ambas medidas estaban claramente
asociadas. Esto indico nuevamente que la informacion se perdié en mayor medida
durante el periodo inicial después de la codificacion y que, a partir de los 3 meses, la
pérdida de informacién fue minima. Esto podria sugerir que el estudio de la funcién de
olvido mas alla de los tres meses podria ser menos sensible. En este trabajo, también se
encontraron correlaciones significativas entre el grado de DCS y el OLP. Este es un
hallazgo importante dado que el DCS se ha sugerido como un factor de riesgo cognitivo

para el desarrollo de deterioro cognitivo y demencia (Jessen et al., 2010; Reisberg,
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Shulman, Torossian, Leng, & Zhu, 2010). Todavia mas relevante es la fuerte
correlacion observada entre el OLP y la ratio AB4./P-tau, la cual aporta mayor evidencia
para la identificacion del OLP como un potencial indicador de dificultades cognitivas
sutiles en las fases asintomaticas de la EA. En resumen, es posible detectar OLP en
individuos con riesgo genético incrementado de desarrollar EA, y existe una relacion
entre esta medida cognitiva y los procesos fisiopatoldgicos subyacentes a la
enfermedad. El uso de pruebas cognitivas mas exigentes, que incluyan medidas de
olvido a largo plazo, podria ser de utilidad en la identificacion y seguimiento de las
primeras manifestaciones cognitivas en las fases méas tempranas del continuo

Alzheimer.

El quinto y ultimo trabajo, mostr6 dificultades sutiles de aprendizaje y olvido a largo
plazo en sujetos con DCS, especialmente en aquellos con niveles anormales de ABg4, en
LCR. Se explord la funcién de aprendizaje y olvido a largo plazo en una muestra bien
caracterizada de controles y sujetos con DCS mediante el AFE-T. Los hallazgos
sugieren que existe una relacion entre el grado de DCS vy el rendimiento cognitivo

objetivo en las funciones de aprendizaje y olvido a largo plazo.

Cada vez existe mayor evidencia que sugiere que el DCS podria ser una de las primeras
manifestaciones sintomaticas en el continuo Alzheimer (Jessen et al., 2014; Mitchell,
Beaumont, Ferguson, Yadegarfar y Stubbs, 2014; Reisberg et al., 2008). Sin embargo,
la mayoria de estudios transversales no han encontrado un rendimiento
significativamente menor en pruebas neuropsicoldgicas en sujetos con DCS en
comparacion con controles, lo que sugiere que la relacion entre el DCS y el rendimiento
cognitivo objetivo es dificil de encontrar cuando se utilizan tests neuropsicologicos
estandar (Mark y Sitskoorn, 2013). EI AFE-T mostré dificultades sutiles de memoria, en

particular olvido a largo plazo, en sujetos con DCS que de otro modo no fueron
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detectadas por los tests neuropsicoldgicos estandar. Recientemente, se ha sugerido que
la queja subjetiva de memoria estd mas estrechamente relacionada con riesgo de
deterioro cognitivo futuro (Jessen et al., 2010). Sin embargo, esta suposicion podria
estar sesgada debido a que la mayoria de trabajos sobre DCS se han focalizado en el
estudio de esta funcién cognitiva y hay pocos trabajos (La Joie et al., 2016; Valech et
al., 2018) que se centren en el deterioro subjetivo de otras funciones. Otro punto
importante con respecto a la posible aplicacién del AFE-T en sujetos con DCS guarda
relacion con sus correlatos neurales. Recientemente, los correlatos funcionales y
estructurales del AFE-T se han identificado tanto en sujetos cognitivamente sanos
(Grénholm et al., 2005), como en pacientes con afasia (Gronholm et al., 2007
Tuomiranta et al., 2015). Estos estudios han sugerido que el rendimiento en esta tarea
depende de regiones cerebrales especificas que generalmente se ven afectadas en la EA,
como el l6bulo temporal medial. En esta linea, estudios transversales han mostrado una
pérdida de volumen incipiente en esta region del cerebro en sujetos con DCS (Perrotin

etal., 2017; Peter et al., 2014; Saykin et al., 2006).

Uno de los aspectos mas interesantes del estudio fue observar que el estado del
biomarcador de amiloide (positivo versus negativo) influy6 significativamente en el
rendimiento cognitivo de los sujetos con DCS. Aquellos individuos con niveles
alterados de AP42 mostraron un rendimiento significativamente peor tanto en la fase de
aprendizaje como en la de recuerdo a largo plazo del AFE-T, en comparacion con
aquellos con niveles normales. Estos resultados estdn en linea con estudios
longitudinales recientes que indican que los sujetos con DCS vy niveles anormales de
biomarcadores de EA tienen un mayor riesgo de deterioro cognitivo (Van Harten et al.,
2013; Wolfsgruber et al., 2017). Al mismo tiempo, las observaciones de este trabajo

coinciden con estudios previos que indican que los sujetos cognitivamente sanos con
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evidencia de patologia amiloide y DCS experimentan deterioro cognitivo longitudinal

antes que los individuos que presentan tnicamente DCS (Vogel et al., 2017).

Con respecto a la evaluacion del DCS, el SCD-Q podria ser especialmente adecuado
para el estudio de las primeras manifestaciones clinicas en el continuo Alzheimer.
Diferentes estudios han mostrado puntuaciones significativamente més altas en el SCD-
Q en muestras de sujetos situados dentro del continuo Alzheimer en comparacion con
controles (Valech et al. 2015; Valech et al. 2018). EI SCD-Q se diferencia de otros
cuestionarios porque explora la percepcion subjetiva de deterioro cognitivo en un
periodo relativamente corto de tiempo (2 afios). En lugar de restringirse al &mbito de la
memoria, el SCD-Q explora el rendimiento en una serie de actividades de la vida diaria
que involucran maltiples dominios cognitivos. Ademas, el SCD-Q permite recoger la
opinion de un informante acerca de la cognicion del sujeto de estudio. Estas propiedades
aumentan la probabilidad de detectar DCS en el contexto de la fase preclinica del
continuo Alzheimer (Jessen et al. 2014). Este trabajo destaca la necesidad de desarrollar
y emplear medidas mas robustas y sensibles para garantizar una evaluacién exhaustiva
del DCS. En resumen, mediante el uso de medidas integrales para evaluar la cognicién
subjetiva y objetiva, es posible detectar dificultades cognitivas sutiles en individuos con
DCS, especialmente en aquellos situados dentro del continuo de Alzheimer. Los
hallazgos sefialan la importancia de estudiar los biomarcadores de la EA y su relacion
con el DCS en la evaluacion de las primeras manifestaciones cognitivas de la fase

preclinica del continuo Alzheimer.
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VII. CONCLUSIONES
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CONCLUSIONES

1. Mediante el uso de nuevas pruebas cognitivas altamente exigentes, como el

Ancient Farming Equipment Test, es posible identificar dificultades de

aprendizaje y olvido a largo plazo en sujetos cognitivamente sanos situados

dentro del continuo Alzheimer.

1.1.

1.2.

1.3.

El rendimiento en el Ancient Farming Equipment Test esta relacionado
con los biomarcadores centrales de la enfermedad de Alzheimer (i.e.,
biomarcadores de amiloide y tau patolégica).

El Ancient Farming Equipment Test es una herramienta prometedora
para la caracterizacion del perfil cognitivo de la fase preclinica del
continuo Alzheimer.

El uso de tests neuropsicoldgicos estandar para el estudio e identificacion
de sujetos en la fase preclinica del continuo Alzheimer resulta

insuficiente.

2. Los niveles de tau total en liquido cefalorraquideo, un marcador de

neurodegeneracion, estdn relacionados con el empeoramiento cognitivo

longitudinal en sujetos cognitivamente sanos situados fuera del continuo

Alzheimer.

2.1.

El rendimiento en el Ancient Farming Equipment Test esta relacionado
con el volumen de sustancia gris en areas del I6bulo temporal medial,
frontal medio y cerebelo. Un menor volumen de substancia gris en areas
cerebrales estratégicas esta relacionado con el empeoramiento cognitivo

a nivel longitudinal.
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2.2. Los biomarcadores de neurodegeneracion estudiados (i.e., niveles de tau
total en liquido cefalorraquideo y atrofia en resonancia magnética
estructural) estan relacionados con el empeoramiento de la funcion de

aprendizaje y memoria longitudinal en el envejecimiento sano.

3. Los sujetos cognitivamente sanos situados dentro del continuo Alzheimer
presentan un rendimiento significativamente peor en el Finger Tapping Test en

comparacién con controles.

3.1. El rendimiento en el Finger Tapping Test estd relacionado con los
biomarcadores especificos de la enfermedad de Alzheimer en liquido

cefalorraquideo.

4. Es posible detectar olvido acelerado a largo plazo en individuos cognitivamente
sanos con riesgo genetico incrementado de desarrollar EA (portadores del

genotipo APOE &4).

4.1. Existe una relacién entre el olvido acelerado a largo plazo y los
biomarcadores especificos de la enfermedad de Alzheimer en liquido
cefalorraquideo, que destaca su aplicabilidad como potencial marcador

cognitivo en sujetos portadores del genotipo APOE ¢4.

5. Es posible detectar dificultades sutiles de aprendizaje y olvido a largo plazo en
sujetos con deterioro cognitivo subjetivo, especialmente en aquellos situados
dentro del continuo Alzheimer (i.e., con niveles alterados del biomarcador de

amiloide).
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