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. LISTADO DE ABREVIATURAS

AB42: isoforma de 42 aminoacidos de la proteina B-amiloide
ADNI: Alzheimer's Disease Neuroimaging Initiative

APOE: apolipoproteina E

CA: Cuerno de Amon

DCL: deterioro cognitivo leve

EA: enfermedad de Alzheimer

EAIP: enfermedad de Alzheimer de inicio precoz

EAIT: enfermedad de Alzheimer de inicio tardio

FDG: fluorodesoxiglucosa

LCR: liquido cefalorraquideo

LTM: I6bulo temporal medial

NfL: neurofilamentos de cadena ligera

NIA-AA: National Institute on Aging and Alzheimer’s Association

NINCDS-ARDRA: National Institute of Neurological and Communicative
Disorders and Stroke-Alzheimer’s Disease and Related Disorders

Association

p-tau: proteina tau fosforilada

PET: Tomografia por emisién de positrones
PPA: proteina precursora de amiloide
PSEN: gen de la presenilina

RM: resonancia magnética

t-tau: proteina tau total
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1. ENUMERACION DE ARTICULOS QUE COMPONEN LA
TESIS

La tesis se presenta en formato de compendio de articulos, que son el
resultado del trabajo del doctorando con la supervision de los directores Dr.
Albert Lladd Plarrumani y Dra. Roser Sala Llonch, la tutorizacion de Dra.
Raquel Sanchez del Valle, y la colaboracién de distintos miembros de la
Unidad de Alzheimer y otros trastornos cognitivos del Servicio de Neurologia
del Hospital Clinic.

La tesis se estructura, siguiendo la normativa del Programa de Doctorado de
Medicina e investigacion traslacional de la Universitat de Barcelona, como
compendio de publicaciones cientificas. Los articulos se enmarcan en un
proyecto de investigacion que, siguiendo una de las lineas de trabajo de la
unidad en la cual se desarrolla, evalua los cambios transversales y
longitudinales en Resonancia Magnética (RM) craneal estructural de 3
Teslas en sujetos con enfermedad de Alzheimer de inicio precoz (EAIP)
confirmada biolégicamente mediante biomarcadores en liquido
cefalorraquideo (LCR). Ademas, se estudia la variabilidad existente en la
EAIP en base al sexo en las medidas de RM craneal estructural, el deterioro
cognitivo o los niveles de biomarcadores en LCR (proteina $-amiloide 42
(AB42), proteina tau fosforilada (p-tau), proteina tau total (t-tau) y
neurofilamentos de cadena ligera (NfL)). Por otro lado, en los trabajos que la
conforman también se investiga la capacidad de la RM craneal estructural de
predecir la evolucion cognitiva de los sujetos con EAIP y la relacion entre los
niveles de biomarcadores en LCR vy la progresién de la atrofia, ampliando asi
el conocimiento sobre el valor prondstico de los biomarcadores en la EAIP.

La tesis consta de 3 objetivos y 3 articulos:

1. Objetivo 1: estudiar, en sujetos con EAIP confirmada biolégicamente, las
diferencias fenotipicas en funcién del sexo en medidas de grosor cortical
o volumen hipocampal (y sus subcampos), el deterioro cognitivo y los
niveles de biomarcadores de LCR (AB42, p-tau, t-tau y NfL).

Articulo 1: Contador, José; Pérez-Millan, Agnés; Guillen, Nuria; Sarto,
Jordi; Tort-Merino, Adria; Balasa, Mircea; Falgas, Neus; Castellvi,
Magdalena; Borrego-Ecija, Sergi; Junca-Parella, Jordi; Bosch, Beatriz;
Fernandez-Villullas, Guadalupe; Ramos-Campoy, Oscar; Antonell, Anna;
Bargallo, Nuria; Sanchez-Valle, Raquel; Sala-Llonch, Roser; Lladd,
Albert. Sex-differences in early-onset Alzheimer’s disease. Under review.

2. Objetivo 2: estudiar los cambios transversales y longitudinales en grosor
cortical y volumen subcortical mediante RM craneal en sujetos con EAIP
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confirmada biolégicamente en comparacion con sujetos control, y
analizar la capacidad pronéstica de los biomarcadores en LCR (AB42, p-
tau, t-tau y NfL) en el momento del diagndstico para predecir la evolucién
longitudinal de dichas medidas.

Articulo 2: Contador, José; Pérez-Millan, Agnés; Tort-Merino, Adria;
Balasa, Mircea; Falgas, Neus; Olives, Jaume; Castellvi, Magdalena;
Borrego—Ecija, Sergi; Bosch, Beatriz; Fernandez-Villullas, Guadalupe;
Ramos-Campoy, Oscar; Antonell, Anna; Bargall6, Nuria; Sanchez-Valle,
Raquel; Sala-Llonch, Roser; Llado, Albert Alzheimer's Disease
Neuroimaging Initiative. Longitudinal brain atrophy and CSF biomarkers in
early-onset Alzheimer’s disease. Neuroimage: Clinical. 2021;32:102804.
doi: 10.1016/j.nicl.2021.102804. IF: 4.881; Q2 Neuroimaging

. Objetivo 3: estudiar la capacidad para predecir los cambios cognitivos
longitudinales de las alteraciones en grosor cortical y volumen subcortical
en RM craneal que presentan en el momento del diagndstico los sujetos
con EAIP confirmada biolégicamente en comparacion con sujetos control.

Articulo 3: Contador, José; Pérez-Millan, Agnés; Guillen, Nuria; Tort-
Merino, Adria; Balasa, Mircea; Falgas, Neus; Olives, Jaume; Castellvi,
Magdalena; Borrego-Ecija, Sergi; Bosch, Beatriz; Fernandez-Villullas,
Guadalupe; Ramos-Campoy, Oscar; Antonell, Anna; Bargalld, Nuria;
Sanchez-Valle, Raquel; Sala-Llonch, Roser; Llado, Albert. Baseline MRI
atrophy predicts 2-year cognitive outcomes in early-onset Alzheimer’s
disease. Journal of Neurology 2022;269(5):2573-2583. doi:
10.1007/s00415-021-10851-9. IF: 4.849. Q1, Clinical neurology
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lIl.INTRODUCCION

a) Enfermedad de Alzheimer y enfermedad de Alzheimer de inicio
precoz

En 1906, Alois Alzheimer presento los hallazgos histopatologicos de una
mujer con deterioro cognitivo progresivo de inicio a los 51 afios consistente
en pérdida de memoria, dificultades con el lenguaje, desorientacion y
alucinaciones, y que falleci6 a los 56 afios en un estadio de demencia
avanzada (1). Unos anos mas tarde, en 1910, Emil Kraepelin reconoce como
una entidad clinico-patoldgica lo que llamo6 Enfermedad de Alzheimer (EA),
causante de demencia de inicio precoz o presenil, diferenciada de la
demencia senil, de inicio tardio y que se creia propia del envejecimiento.
Estudios posteriores en los anos 60-70 demostraron que la mayoria de las
personas con demencia senil presentaban los hallazgos neuropatolégicos de
la EA. Desde entonces, la investigacion se centré en el estudio de las
presentaciones tardias, mas frecuentes, quedando relegadas a un segundo
plano las presentaciones precoces de la enfermedad inicialmente descritas
por Alois Alzheimer.

En el ano 2019, se estima que la prevalencia mundial de demencia fue de
57,4 millones de personas, con la prevision de que en 2050 el numero de
personas con demencia ascendera a los 152,8 millones (2). Demencia es un
concepto que de forma general se refiere a la pérdida de habilidades
cognitivas que interfieren en las actividades de la vida diaria. Dentro de las
posibles etiologias, la EA es la causa mas frecuente de demencia,
responsable del 60-80% de los casos (3). Habitualmente se presenta con un
cuadro de afectacion de la memoria episédica anterégrada que se
acompana en la evolucion de otros sintomas cognitivos, como afectacién de
las capacidades visoespaciales, lenguaje o funcién ejecutiva/atencional. Su
prevalencia e incidencia estan en aumento en los ultimos afios debido sobre
todo al envejecimiento de la poblacion, y sin un tratamiento efectivo que
detenga la evolucion de la enfermedad, la EA se ha convertido en una
epidemia mundial con una gran repercusion socioeconémica (4).

Siguiendo el punto de corte arbitrario de 65 afios, la EA se puede clasificar
segun la edad de inicio en EA de inicio precoz (EAIP, <65 afios) y EA de
inicio tardio (EAIT, >65 afos). A pesar de que la edad es el principal factor
de riesgo conocido para la EA y la incidencia y la prevalencia de la
enfermedad aumentan de forma exponencial a partir de los 65 afos, el 5-
10% de los casos inicia a edades mas jovenes (5,6), estimandose la
prevalencia de la EAIP en 41,1 por 100.000 individuos (7). Igual que ocurre
en la demencia de inicio tardio, la EAIP es también la causa
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neurodegenerativa mas frecuente en jovenes, suponiendo hasta el 50% de
las etiologias neurodegenerativas en una consulta especializada en
demencia de inicio precoz (8). Ademas del retraso diagndstico que conlleva
la EAIP (9), la enfermedad sobreviene en un periodo de la vida en el que las
personas que la sufren y, en general, sus cuidadores, aun tienen muchas
responsabilidades familiares, laborales, econémicas y sociales, y los
recursos disponibles para este grupo de edad son limitados (10).

Como ya describié Alois Alzheimer, la EA se define a nivel neuropatologico
por el depdsito extracelular de placas de proteina (3-amiloide y el acumulo
intracelular de proteina tau fosforilada (p-tau) en forma de ovillos
neurofibrilares. El depdsito de proteina 3-amiloide comenzaria en regiones
neocorticales y se extenderia por el sistema limbico, diencéfalo, tronco del
encéfalo y finalmente el cerebelo. Por el contrario, la patologia tau
inicialmente progresaria desde la corteza transentorrinal hacia el sistema
limbico (hipocampo) y, por ultimo, regiones neocorticales (11,12),
correlacionandose de forma estrecha con los sintomas, severidad y
progresion clinica de la enfermedad (13). Segun la "hipotesis de la cascada
amiloide”, el proceso patoldgico se iniciaria 15-20 afios antes de la aparicion
de los sintomas en lo que se conoce como fase preclinica de la enfermedad
(14). Asi, el acumulo de la proteina -amiloide desencadenaria distintos
procesos de respuesta inflamatoria, estrés oxidativo, formacién de ovillos
neurofibrilares de proteina tau, disfuncion neuronal y, finalmente, muerte
celular, los cuales conducirian a la pérdida cognitiva primero en forma de
deterioro cognitivo leve (DCL) y, posteriormente, demencia. Ambas, la EAIT
y la EAIP, comparten el depésito de proteina B-amiloide y ovillos
neurofibrilares como marcador patoldgico de la enfermedad, aunque algunos
autores sostienen que podriamos estar ante dos formas diferentes de la
enfermedad (15). En este sentido, la EAIP presenta cambios
neuropatolégicos mas severos con una mayor carga de patologia tau en
regiones parietales, precuneus y lobulo frontal (16,17). Ademas, el
hipocampo parece estar afectado con menos frecuencia en la EAIP, sobre
todo en las presentaciones no-amnésicas. Por otro lado, las personas con
EAIP podrian presentar una forma patolégica mas pura de EA, en la que la
sintomatologia observada no estaria tan influencia por otros procesos
neuropatoldégicos que se observan con mas frecuencia en las presentaciones
tardias (18).

Por ultimo, si bien la mayoria de los individuos con EA se presentan con una
forma esporadica de la enfermedad, menos del 1% presentan una forma
genética autosdbmica dominante asociada a mutaciones en uno de los 3
genes conocidos: presenilina 1 (PSEN1), presenilina 2 (PSEN2) o proteina
precursora de amiloide (PPA). Este porcentaje asciende al 10-15% en la
EAIP (6,19), ya que habitualmente el inicio de los sintomas de estas formas
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genéticas suele producirse por debajo de los 65 afios. Ademas de las
variantes genéticas autosomicas dominantes, se han identificado varios
genes que confieren un riesgo poligénico para la enfermedad. El mas
estudiado es el alelo €4 del gen de la apolipoproteina E (APOE), cuya
presencia disminuye la edad de inicio en EA, siendo mas frecuente en la
EAIP que en la EAIT (20). La presencia del alelo €4 también se ha
relacionado con la atrofia del I6bulo temporal medial (LTM) caracteristica de
las presentaciones amnésicas de EA. Por el contrario, su ausencia
predispondria a una afectacion mas alla del LTM y a presentaciones no-
amnésicas en la EAIP (21), si bien algunos estudios neuropatoldgicos en
EAIP no han encontrado diferencias en la frecuencia de los genotipos de
APOE entre los dos tipos de presentaciones (22).

b) Diagnéstico de la enfermedad de Alzheimer y biomarcadores

La EA tradicionalmente ha sido considerada una entidad clinico-patolégica,
en la que el diagndstico de certeza de un sindrome clinico compatible sélo
podia ser confirmado mediante la anatomia patoldgica. Los primeros criterios
diagnosticos de EA del National Institute of Neurological and Communicative
Disorders and Stroke-Alzheimer’s Disease and Related Disorders
Association (NINCDS-ARDRA) en 1984 se basaban exclusivamente en
criterios clinicos, siendo imprescindible cumplir criterios de demencia e
incluyendo pruebas complementarias unicamente para descartar otras
causas de demencia (23). Ademas, no se tenia en cuenta la variabilidad
fenotipica de la enfermedad mas alla de las presentaciones amnésicas. La
precision diagndstica de estos criterios es relativamente baja, alcanzando
una sensibilidad en torno al 80% y una especificidad del 70% (24), con el
30% de los sujetos diagnosticados en vida no presentando la enfermedad en
estudios anatomopatologicos (25).

En los ultimos 30 anos, el paradigma de la enfermedad ha cambiado con el
desarrollo de biomarcadores que demuestran in vivo los procesos
patoldgicos de la EA, incluyendo el depdsito de proteinas -amiloide y tau,
asi como la progresiva neurodegeneracion. La EA es considerada hoy en dia
una entidad biolégica en la que el continuum clinico de la enfermedad puede
diagnosticarse sin necesidad de estudios anatomopatolégicos. Inicialmente,
en los criterios diagnosticos de demencia debida a EA de 2011 del National
Institute on Aging y la Alzheimer’s Association (NIA-AA) (26) se definieron
niveles de certeza en base a la demostracion mediante biomarcadores del
depdsito de proteina B-amiloide y/o neurodegeneracion, y ademas la EA
paso a poderse diagnosticar en su fase de DCL (27). Se permitia el
diagnostico de EA en individuos sintomaticos en cualquier fase de la
enfermedad y no soélo con presentaciones amneésicas, si bien la definicion de
la enfermedad aun no estaba separada de criterios clinicos.
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Posteriormente, la NIA-AA define en 2018 un marco de investigacion en EA
(28) que reconoce, ademas de las fases de DCL y demencia de la
enfermedad, una fase preclinica de deteccion de cambios bioldgicos en
sujetos asintomaticos. Asi el término de EA pasa a referirse completamente
a una entidad que es bioldgica y no clinica. La nueva clasificacién de 2018
propone el sistema ATN segun la cual el continuo clinico de la enfermedad
se categoriza mediante: a) biomarcadores llamados “A” de depdsito de
amiloide, cuya positividad determina si alguien se encuentra en el continuo
de Alzheimer; b) biomarcadores de patologia tau, denominados “T”, que
indican cuando son positivos si alguien en el continuo de Alzheimer presenta
EA; y c) biomarcadores de neurodegeneracion “(N)”, entre paréntesis por su
menor especificidad, pues también pueden aparecer en otras patologias
distintas de la EA (29), si bien son de un valor innegable al relacionarse
estrechamente con la sintomatologia. De esta manera, las diferentes fases
clinicas de la enfermedad pueden ser caracterizadas en base a un perfil ATN
que es evaluado mediante biomarcadores en liquido cefalorraquideo (LCR) o
técnicas de neuroimagen. No obstante, con el nuevo marco de investigacion,
se deja la puerta abierta a incorporar otros biomarcadores que puedan ser
validados en el futuro (30). A continuacion, se detallan los principales
biomarcadores de la enfermedad disponibles:

- Biomarcadores de LCR:

Al encontrarse en contacto directo con el cerebro, el LCR es capaz de
reflejar de forma estrecha la produccién y aclaramiento de diferentes
proteinas y es util para evaluar los cambios patoldgicos de la EA. Niveles
bajos del péptido B-amiloide 42 (AB42) o elevados de p-tau en LCR son
biomarcadores validados que traducen, respectivamente, la presencia de
depdsito de proteina p-amiloide u ovillos neurofibrilares (31,32). Segun el
modelo actual de la enfermedad, serian los que se alteran mas precozmente
(33). Por otro lado, los niveles elevados de tau total (t-tau) se relacionan con
la neurodegeneracion secundaria a la pérdida neuronal, sin ser especificos
de la EA. Ademas, otros biomarcadores en LCR como los neurofilamentos
de cadena ligera (NfL), de origen axonal, también se incluyen en los nuevos
criterios de 2018 de la NIA-AA como medida de neurodegeneracién
inespecifica.

El principal inconveniente del analisis del LCR es que requiere de una
técnica invasiva como es la puncion lumbar, lo que puede limitar su
aceptacion por parte de algunos sujetos. Sin embargo la seguridad del
procedimiento es ampliamente respaldada (34) y podria no ser peor tolerada
que otras pruebas (35). En este sentido, el desarrollo e implantacion de
técnicas de analisis de biomarcadores en plasma en los ultimos afos
promete ser una herramienta diagndstica de gran utilidad en la EA (36,37),
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presentando la ventaja de que su obtencion es minimamente invasiva y facil
en la practica clinica.

- Biomarcadores de neuroimagen:

Las técnicas de neuroimagen ofrecen la posibilidad de evidenciar los
cambios patoldgicos de la EA y ademas caracterizar espaciotemporalmente
la distribucion de la enfermedad. Dentro de este grupo se encuentran la
Resonancia Magnética (RM) y la tomografia por emisién de positrones
(PET):

- RM craneal:

La RM craneal es una prueba de imagen no invasiva que no usa
radiacion ionizante y que ademas presenta las ventajas de ser de bajo
coste y estar instaurada en la mayoria de los centros. Es una herramienta
de uso habitual para el estudio de sujetos que se presentan con deterioro
cognitivo, ya sea para descartar otras entidades o evaluar la presencia de
comorbilidades como la patologia vascular cerebral. Por otro lado, la RM
craneal llamada estructural, y concretamente la secuencia 3D potenciada
en T1, es un biomarcador disponible para analizar la morfologia cerebral.
En la EA, los estudios de RM craneal estructural permiten definir
espacialmente la neurodegeneracion a través de la atrofia cerebral,
obteniéndose patrones que se relacionan estrechamente con los
sintomas observados y siendo util para caracterizar los distintos fenotipos
de la enfermedad. Tradicionalmente, la RM de 1.5 Teslas ha sido
utilizada en la practica clinica. No obstante, los equipos de RM de 3
Teslas estan cada vez mas presentes y otorgan una mayor resolucion
para diferenciar entre sustancia gris y blanca, facilitando asi la deteccién
de la atrofia cerebral en la EA (38). Ademas, los equipos de RM de 7
Teslas disponibles por el momento en investigacion, junto al desarrollo de
nuevas secuencias, permiten adquirir una imagen aun mas detallada de
las estructuras.

Segun el modelo actual de la EA (33,39), la atrofia cerebral seria el
biomarcador que mas cerca se encuentra temporalmente de la aparicion
de los sintomas cognitivos, y sucederia al acumulo de proteina tau, con
el que se relaciona topograficamente, reflejando la neurodegeneracion
asociada a este depésito (40). Asi, en sujetos con EA, la
neurodegeneracion seguiria un patrén caracteristico de atrofia, con
regiones que muestran atrofia en etapas precoces de la enfermedad y
otras que se afectan en etapas avanzadas. Al ser una herramienta con la
que se pueden realizar medidas repetidas con relativa facilidad, permite
ademas monitorizar la progresion de la neurodegeneraciéon y capturar la
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secuencia temporal de atrofia a través de estudios longitudinales,
relacionandose la tasa de cambio en diferentes estructuras con los
cambios cognitivos (41). De cara a evaluar transversal y
longitudinalmente los cambios en RM estructural se pueden usar
diferentes enfoques (escalas visuales de atrofia o bien métodos basados
en el vértice craneal, regiones de interés o voxeles), y a dia de hoy,
existen varios softwares automatizados de segmentacion cerebral
(Freesurfer- https://surfer.nmr.mgh.harvard.edu/, FSL, SPM) que
proporcionan medidas cuantitativas que han mostrado una correlacion
alta con las medidas histologicas (42).

EI LTM, y particularmente la corteza entorrinal y el hipocampo, se han
establecido como regiones que se afectan de forma especifica y precoz
en la EA. De la misma manera, se ha descrito un patrén de atrofia cortical
caracteristico de la enfermedad que, siguiendo la distribucion de los
estudios anatomopatoldgicos, incluiria la corteza del LTM, temporal
posterior, parietal y algunas regiones del I6bulo frontal. Este patrén se
relaciona con la severidad de los sintomas y puede ser detectado incluso
en sujetos asintomaticos amiloide positivo (43,44). Ademas, la atrofia en
estas regiones es util en discriminar sujetos con EA de sujetos sanos o
con otras demencias (45). Sin embargo, la sensibilidad y especificidad
son bajas para considerar los hallazgos en RM craneal estructural un
biomarcador diagnostico de EA (46). Aqui es importante tener en cuenta
que, si bien se ha producido un cambio de paradigma en la EA que
permite su diagndstico in vivo, la mayoria de los estudios han incluido
sujetos sin confirmacion biolégica de la enfermedad. Por otro lado, existe
cierta heterogeneidad en las mediciones de RM utilizadas y muchas
veces no han separado los distintos fenotipos clinicos, lo que ha podido
afadir variabilidad a los hallazgos.

Por ultimo, usando otras modalidades de RM como la RM de difusion, la
cual permite obtener medidas de la microestructura de la sustancia
blanca cerebral, se han detectado cambios en los tractos cerebrales de
personas con EA, incluyendo tractos limbicos y cortico-corticales (47).
Ademas, la RM funcional, que utiliza la medida de la sefal BOLD (blood
level oxygen dependent), permite estudiar los cambios en la actividad
cerebral durante la ejecucion de tareas, asi como los cambios en la
conectividad funcional en reposo, medida como las fluctuaciones
espontaneas de dicha sefial (48). En este sentido, se han descrito
alteraciones en la red neuronal por defecto o en la conectividad del
hipocampo que preceden a los cambios estructurales en EA y podrian
permitir un diagndstico precoz y diferencial frente a otras patologias (49).
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- PET cerebral:

El PET es una técnica capaz de proporcionar in vivo informacién sobre
procesos biolégicos como el metabolismo cerebral o el depdsito de
proteinas. Es una prueba minimamente invasiva que presenta la
desventaja del uso de radiacion ionizante. Su disponibilidad sigue siendo
bastante limitada a algunos centros ya que los trazadores han de
producirse en las inmediaciones debido al tiempo limitado con el que
emiten radiacion. Ademas, es una prueba relativamente cara, sobre todo
en comparacién con otros biomarcadores disponibles como los
biomarcadores en LCR. Por un lado, utilizando un analogo de la glucosa
(fluorodesoxiglucosa — FDG) se puede mapear el metabolismo de la
glucosa en el cerebro, relacionado con la neurodegeneracion. La
localizacion espacial del déficit metabdlico se relaciona con los sintomas
clinicos y difiere entre diversos fenotipos clinicos de la EA, aunque su
resolucién espacial es baja (50). Posteriormente, la aparicion de
diferentes trazadores ha permitido estudiar la presencia de los
marcadores patologicos de la EA. Asi, los trazadores de proteina [3-
amiloide (florbetapir, florbetaben o flutemetamol), y mas recientemente de
proteina tau (flortaucipir, MK-6420, P12620, RO948 F 18), han
demostrado ser capaces de detectar in vivo la distribuciéon anatdomica del
depdsito de estas proteinas (51,52).

c) Variantes fenotipicas y diferencias en biomarcadores en la
enfermedad de Alzheimer: edad y sexo

A pesar de que en los ultimos afios el uso de los biomarcadores y de los
nuevos criterios han mejorado de forma significativa la certeza diagnostica
de la EA, las investigaciones estudiando los biomarcadores exclusivamente
en la EAIP son limitadas. Por otro lado, existe un interés creciente en evaluar
el desarrollo y la expresion de la enfermedad dependiendo del sexo (53),
siendo la EA 2 veces mas prevalente en mujeres que hombres (4), aunque
en el caso de la EAIP no parece que la prevalencia difiera entre sexos (7). El
estudio de las diferencias fenotipicas en funcién a la edad de inicio o el sexo
de los sujetos es crucial para una medicina personalizada que incluya
herramientas diagndsticas y de monitorizacion especificas que faciliten el
desarrollo de tratamientos eficaces. Algunas de las diferencias fenotipicas o
en biomarcadores dependiendo de la edad de inicio o el sexo son las
siguientes:

- Manifestaciones clinicas:

La presentacion amnésica o tipica es la mas frecuente en la EAIT (94%) y en
la EAIP, aunque en menor proporcion (68%). Las presentaciones no-

28



amnésicas o atipicas, aquellas que involucran inicialmente a dominios que
no son la memoria, son infrecuentes en la EAIT, pero en la EAIP pueden
suponer hasta el 30-40% de las presentaciones de la enfermedad (54,55),
reflejando la mayor afectacion patologica de regiones neocorticales (17) y
contribuyendo en parte al retraso diagndstico de la EAIP por su menor
reconocimiento (22). Por otro lado, el curso clinico de la enfermedad es, en
general, mas agresivo en la EAIP que en la EAIT, con un menor tiempo de
evolucion hasta llegar a la fase demencia y una menor supervivencia
(20,56,57).

En cuanto a las diferencias clinicas segun el sexo, la evidencia sugiere que
las mujeres con EA presentan un curso clinico mas agresivo (58), acorde
con la mayor carga neuropatolégica de proteina tau encontrada en mujeres
(59,60).

- Biomarcadores de LCR:

Al igual que en la EAIT, la EAIP muestra la disminucion de los niveles de
Ap42 y el aumento de p-tau y t-tau en LCR caracteristicos de la EA (61,62).
Por el momento, no hay evidencia de que los niveles en la EAIP difieran de
las presentaciones tardias, salvo algun estudio aislado reportando niveles
mas bajos de AB42 en la EAIP (63). En cambio, los niveles de NfL aumentan
con la edad en sujetos con y sin EA (64). El sexo de los sujetos tampoco
parece influenciar las concentraciones de AB42 o tau en la EAIP (61),
aunque la interaccién entre el sexo femenino y el alelo ¢4 de APOE podria
resultar en niveles mas altos de proteina tau en el espectro de la EA (65).
Por el contrario, algun estudio sugiere que los hombres con EA presentarian
niveles mas altos de NfL que las mujeres (64).

- Estudios de RM craneal:

A pesar de que la literatura investigando los cambios en RM debidos a la EA
es extensa, como se ha comentado, la mayoria de la evidencia disponible se
basa en estudios en los que se incluyen personas sin confirmacion bioldgica
de la enfermedad, y los trabajos en este sentido centrados en la EAIP son
escasos, sobre todo a nivel longitudinal.

Tradicionalmente, la afectacion del hipocampo ha sido considerada
caracteristica de la EA, incluyéndose en los criterios de la enfermedad como
un biomarcador diagnostico (26,27). Sin embargo, su utilidad en el
diagndstico de la EAIP podria ser limitado (66). A diferencia de la EAIT, mas
limitada a regiones temporales mediales, los estudio transversales en EAIP
muestran una atrofia global mas extensa, incluyendo regiones neocorticales
fuera del LTM (67-71), siendo las conclusiones sobre el patron de atrofia
longitudinal en sujetos diagnosticados mediante el uso de biomarcadores
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mas limitadas (72—74). Por otro lado, estudios recientes analizando los
cambios en los distintos subcampos del hipocampo en la EAIP han
demostrado cambios especificos para variantes amnésicas y no-amnésicas
a nivel transversal (75). Tomados en conjunto, los hallazgos sugieren un
proceso patolégico mas agresivo en sujetos con EAIP que se traduce en un
patrén topografico caracteristico al compararlo con sujetos con EAIT.

En cuanto a las diferencias por sexos en la EA, los resultados previos que
investigan los patrones de atrofia entre mujeres y hombres con EA son
variables. Asi, en la EA, menor volumen hipocampal se ha descrito tanto en
mujeres (76) como en hombres (77) y las mujeres parecen presentar una
tasa de progresion mayor de la atrofia (78—80).

- Estudios PET craneal:

La captacién cortical de trazadores para placas de (-amiloide (florbetapir,
florbetaben o flutemetamol) no muestra diferencias dependiendo de la edad
de inicio (81,82) o el sexo (83), aunque algunos estudios han mostrado que
los sujetos con EAIP presentan mayor retencién en estructuras subcorticales
como el talamo o el globo palido (84). EI PET-amiloide, al igual que el
estudio de biomarcadores en LCR, es una herramienta de gran utilidad en el
diagnostico diferencial de la EAIP. Dicha utilidad disminuye en edades mas
avanzadas, dado que la positividad de PET-amiloide en sujetos
asintomaticos aumenta con la edad (hasta 35% a los 80 afios) (83).

El escenario con los distintos trazadores de PET-tau es diferente
(Flortaucipir, MK-6420, P12620, RO-948). La captacién del trazador en la EA
refleja estrechamente la distribucion espaciotemporal de la patologia tau
desde el LTM a regiones neocorticales. Ademas, se relaciona con la
posterior neurodegeneracion y los sintomas clinicos (85), especialmente en
la EAIP (86). Consistente con los hallazgos anatomopatoldgicos, la EAIP
presenta mayor acumulo progresivo de patologia tau (87) y mayor captacion
extratemporal del trazador de tau comparada con la EAIT (88-90), tanto en
presentaciones amnésicas como no-amnesicas. Ademas, los sujetos con
EAIP parecen tolerar una mayor carga de tau que podria relacionarse con
una mayor resiliencia cognitiva (91) o con la menor presencia de copatologia
en personas jovenes (18,92). Por otro lado, estudios recientes han puesto de
manifiesto una mayor captacion del trazador de tau en mujeres con EA
(93,94), sugiriendo una mayor susceptibilidad a la patologia tau, pero mayor
resiliencia cognitiva a los efectos de su acumulo (91).

d) Biomarcadores de progresion en la enfermedad de Alzheimer

El estudio de los biomarcadores de la EA en los ultimos afios ha mejorado
sin duda la comprension de la fisiopatologia de la enfermedad, aunque
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también se ha puesto de manifiesto la gran complejidad y los numerosos
matices que resultan de la interaccion entre las proteinas $-amiloide y tau en
el cerebro. A pesar de los avances, los mecanismos que contribuyen a la
velocidad de progresion de la enfermedad son poco conocidos.
Particularmente, las relaciones que se establecen entre distintos
biomarcadores y la clinica no son del todo comprendidas, y en los criterios
de 2018 de la NIA-AA se subraya la importancia de combinar diferentes
biomarcadores para estudiar los diferentes procesos patolégicos.

Conocer a qué velocidad progresara la EA es de gran relevancia para
otorgar, en primer lugar, un pronostico certero a los sujetos con la
enfermedad y sus allegados de cara a planificar el futuro. Ademas, conocer
con precision la evolucion de la enfermedad es de utilidad en ensayos
clinicos, en los que identificar sujetos con una rapida progresioén permitiria
disminuir la variabilidad y demostrar eficacia con un menor numero de
participantes y en un menor intervalo de tiempo (103,104). Se sabe que los
sujetos con DCL A+T+N+ y A+T+N- son los que presentan mayor riesgo de
progresion a fase de demencia a corto plazo, comparado con otros perfiles
de biomarcadores (95,96). Por otro lado, estudios en sujetos con evidencia
biolégica de la enfermedad, han mostrado que los niveles de proteina tau o
NfL en LCR podrian predecir los cambios cognitivos y la pérdida cerebral en
RM craneal (97-99). Ademas, la atrofia en RM (100,101) o la captacion en
PET-tau (102) podrian ser utiles para predecir los cambios cognitivos en el
futuro. Sin embargo, la evidencia sobre el riesgo de progresion en la EIAP es
practicamente nula.

En este contexto, la RM no sdélo es una herramienta que puede ayudar a
comprender la fisiopatologia de la EAIP, sino que también puede
proporcionar datos de prondstico utiles en la practica clinica e investigacion.
Como biomarcador de neurodegeneracion no invasivo, accesible y
econdmico, la RM craneal estructural permitiria caracterizar la topografia de
la atrofia progresiva, mostrando hallazgos que serian especificos para la
EAIP, diferentes a las presentaciones tardias y que dependerian del sexo de
los sujetos. Ademas, dada la estrecha relacion entre la neurodegeneracion y
los sintomas cognitivos, la RM craneal podria ser un biomarcador prondstico
que predijera los futuros cambios cognitivos en la EAIP, menos influenciada
por otras patologias. Por otro lado, integrando los cambios estructurales en
RM con otros biomarcadores se podrian poner de manifiesto relaciones que
permitan predecir la evolucion de la pérdida neuronal, identificandose asi
sujetos con una evolucién mas agresiva.
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IV.HIPOTESIS

1.

El sexo de los sujetos con EAIP podria influir en la extension espacial
de la neurodegeneracion de la enfermedad medida por RM craneal
estructural, el grado de deterioro cognitivo o los niveles de
biomarcadores en LCR.

Los estudios de RM craneal estructural permitirian evaluar la
progresion de la atrofia cerebral en sujetos con EAIP, lo que puede
contribuir al conocimiento de la fisiopatologia de la EAIP y al
desarrollo de medidas especificas para monitorizar la evolucion de la
enfermedad. Ademas, los niveles de biomarcadores en LCR en el
momento del diagndstico podrian predecir la progresion longitudinal
de la atrofia en estos sujetos.

En la EAIP, los cambios en RM craneal estructural en el momento del
diagnostico podrian predecir los cambios cognitivos longitudinales.
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V. OBJETIVOS

. Estudiar, en sujetos con EAIP confirmada biolégicamente, las
diferencias fenotipicas en funcion del sexo en medidas de grosor
cortical o volumen hipocampal (y sus subcampos), el deterioro
cognitivo y los niveles de biomarcadores de LCR (AB42, p-tau, t-tau y
NfL).

. Estudiar los cambios transversales y longitudinales en grosor cortical
y volumen subcortical mediante RM craneal en sujetos con EAIP
confirmada biolégicamente en comparacion con sujetos control, y
analizar la capacidad pronéstica de los biomarcadores en LCR (Ap42,
p-tau, t-tau y NfL) en el momento del diagndstico para predecir la
evolucion longitudinal de dichas medidas.

. Estudiar la capacidad para predecir los cambios cognitivos
longitudinales de las alteraciones en grosor cortical y volumen
subcortical en RM craneal que presentan en el momento del
diagndstico los sujetos con EAIP confirmada biolégicamente en
comparacion con sujetos control.
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VI.MATERIALES, METODOS Y RESULTADOS

OBJETIVO 1

Estudiar, en sujetos con EAIP confirmada biologicamente, las diferencias
fenotipicas en funcién del sexo en medidas de grosor cortical o volumen
hipocampal (y sus subcampos), el deterioro cognitivo y los niveles de
biomarcadores de LCR (AB42, p-tau, t-tau y NfL).

Titulo del trabajo:

“Sex-differences in early-onset Alzheimer’s disease.”

Autores: Contador, José; Pérez-Millan, Agnés; Guillen, Nuria; Sarto, Jordi; Tort-Merino,
Adria; Balasa, Mircea; Falgas, Neus; Castellvi, Magdalena; Borrego-Ecija, Sergi; Junca-
Parella, Jordi; Bosch, Beatriz; Fernandez-Villullas, Guadalupe; Ramos-Campoy, Oscar;

Antonell, Anna; Bargalld, Nuria; Sanchez-Valle, Raquel; Sala-Llonch, Roser; Lladd, Albert.
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ABSTRACT

INTRODUCTION: Sex is believed to drive heterogeneity in Alzheimer’'s
disease (AD), although evidence in early-onset AD (<65 years, EOAD) is
scarce.

METHODS: We included 62 EOAD patients and 44 healthy controls (HC)
with cerebrospinal fluid (CSF) AD’s core biomarkers and neurofilament light
chain levels, neuropsychological assessment, and 3T-MRI. We measured
cortical thickness (CTh) and hippocampal subfield volumes (HpS) using
Freesurfer. Adjusted linear models were used to analyze sex-differences and
the relationship between atrophy and cognition.

RESULTS: Compared to same-sex HC, female-EOAD showed greater
cognitive impairment and broader atrophy burden than male-EOAD. In a
direct female-EOAD and male-EOAD comparison, there were slight
differences in temporal CTh, with no differences in cognition or HpS. CSF tau
levels were higher in female-EOAD than in male-EOAD. Greater atrophy was
associated with worse cognition in female-EOAD.

DISCUSSION: At diagnosis, there are sex-differences in the pattern of
cognition impairment, atrophy burden and CSF tau in EOAD.

Keywords: Alzheimer Disease, Early onset Alzheimer Disease, Sex
Characteristics, cognition, biomarkers, atrophy, cerebrospinal fluid, MRI.

Abbreviations: AB, amyloid-B; AD, Alzheimer’s disease; APOE, Apolipoprotein E; CA, cornus
ammonis; CSF, cerebrospinal fluid; CTh, cortical thickness; EOAD, early-onset AD GC-ML-
DG, granule cell and molecular layer of dentate gyrus; HC, healthy controls; HATA,
hippocampus—amygdala transition area; LM, Linear Models; LOAD, late-onset AD MR,
magnetic resonance imaging; MCI, mild cognitive impairment; ML, molecular layer; NfL,
neurofilament light chain; p-tau, phosphorylated tau; PET, positron emission tomography; t-
tau, total tau; YOE, years of education.
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1. INTRODUCTION

Alzheimer’s disease (AD) is the leading cause of neurodegenerative
dementia globally. According to age at onset, AD is classified in early-onset
AD (<65 years; EOAD) and late-onset AD (>65 years; LOAD), both sharing
the neuropathological hallmarks of the disease but presenting different
clinical and neurobiological characteristics (1). In both presentations, AD is 2
times more prevalent in women, even after considering their greater life
expectancy (2,3). Women are the epicenter of AD’s pandemic, but also
increasing evidence supports that sex is a factor driving clinical and
pathological heterogeneity in the disease, and sex-differences have become
a research priority for the development of precision medicine approaches (4).
However, whether sex should be considered when predicting disease onset,
prognosis and treatment response remain unclear. Difficulties in this field
included the fact that most of the studies assessing sex-differences are
based on a clinical diagnosis, with rates of 30% of patients not having AD
pathology at autopsy (5). Nevertheless, in the last decade, biomarkers have
allowed the shift from a clinical to a biological construct, reflected in the 2018
criteria of the National Institute on Aging and Alzheimer’s Association
Research Framework (6), and nowadays, their use is recommended for
supporting AD diagnosis in early-onset individuals.

Therefore, identifying sex influence in AD biomarkers, and how these change
across different AD’s presentations like EOAD, is critical for understanding
the pathophysiology of the disease. Neuropathological studies have
demonstrated that women present more neurofibrillary tangles compared to
men (7,8), but a similar amount of amyloid-f3 (AB) plaques. Evidence
suggests that women present greater cognitive impairment than men (9), in
line with the close relationship between tau and cognition. On the other hand,
prior findings showed variability in the specific atrophy patterns and atrophy
progression rates found between women and men in AD, probably explained
by the lack of systematic approach (i.e., brain volume normalization) and
patient heterogeneity across studies, being these potential differences still
controversial. For instance, smaller hippocampal volume has been reported
in both women (10) and men(11), but the evidence of sex-differences in the
pattern of hippocampal subfield atrophy is scarce. Furthermore, sex seems to
have no impact on CSF concentrations of AB42 or tau in patients with AD
(12,13), including EOAD patients(14). However, an interaction of female sex
and Apolipoprotein E (APOE) influencing higher tau levels in women has
been reported (13). In contrast, male patients exhibit higher CSF levels of
neurofilament light chain (NfL) compared with females (15). Overall, further
studies investigating sex-differences in clinical and biomarker features by
using well-characterized cohorts are warranted.
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Here, we aimed to study the sex influence on cognition, CSF biomarkers
levels (AB42, phosphorylated tau(p-tau), total tau (t-tau) and NfL), cortical
thickness (CTh), hippocampus and hippocampal subfield volumes in an
EOAD cohort with a biomarkers-based diagnosis. In addition, we explored
sex-differences in the association between atrophy and cognition.

2. METHODS

2.1 Study participants

We included 106 participants, 62 EOAD patients and 44 healthy controls
(HC), recruited from a prospective cohort at the “Alzheimer’s disease and
Other Cognitive Disorders Unit”, at the Hospital Clinic de Barcelona. At the
beginning of the study, all participants underwent a clinical and physical
examination, a lumbar puncture for analysis of CSF AD’s core biomarkers, a
structural brain 3T-MRI scan and APOE genotyping. 54 EOAD and 43 HC
also performed a comprehensive neuropsychological evaluation. In addition,
CSF NfL levels were analyzed in 54 EOAD patients and 40 HC.

All EOAD patients presented AD biomarkers profile suggesting underling AD
neuropathology (A+T+) with neurodegeneration (N+) according to the NIA-
AA Research Framework 2018(6) and a Mini-Mental State Examination
(MMSE) score>15. They also fulfilled diagnostic criteria for mild cognitive
impairment (MCI) due to AD or AD mild dementia (16,17). HC presented
normal cognition and normal AD biomarkers (A-T—-N-).

Ethical approval was obtained from the Hospital Clinic Ethics Committee
(HCB/2019/0054) and written informed consent was obtained from all the
participants

2.2 Cognitive assessment

A detailed cognitive battery was administered by a trained neuropsychologist,
including sixteen cognitive tests for the assessment of five cognitive domains:
memory, language, praxis, visual-spatial perception and executive and
attention functions. MMSE was used as a measure of global cognition. All
scores were z-normalized using the mean and standard deviation of HC. For
each participant, we created a mean z-score composite for each of the
cognitive domains in addition to a mean global composite of all of them.
Details on the cognitive assessments for each domain can be found in
Supplementary Table S1.

2.3 CSF biomarkers and APOE genotype

We used commercially available single-analyte enzyme-linked
immunosorbent assay to determine levels of AD’s core biomarkers
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(INNOTEST, Fujirebio) and NfL (IBL International). CSF samples were
collected and processed according to our lab protocol (18). The APOE
genotype was determined through the analysis of rs429358 and rs7412 by
Sanger sequencing. Participants were categorized according to the presence
of at least one APOE ¢4 allele (carriers) or the absence of APOE €4 alleles
(non-carriers).

2.4 Imaging acquisition protocol

Structural MRI scans for each subject were acquired at a field strength of 3
Tesla with a T1-weighted magnetization-prepared rapid gradient-echo
(MPRAGE) sequence (repetition time = 2.30 milliseconds, echo time = 2.98
milliseconds, 240 slices, field-of-view = 256 mm, voxel size =1 x 1 x 1 mm)
using a 3T Magnetom Trio Tim scanner (Siemens Medical Systems,
Germany). In addition, 6 subjects were scanned in a comparable 3T Prisma
scanner (Siemens Medical Systems, Germany) using the same protocol. All
studies were performed at the Magnetic Resonance Image Core Facility of
IDIBAPS using the MRI scans located in Hospital Clinic Barcelona.

2.5 Image processing
2.5.1 Cortical thickness

We processed T1-weighted acquisitions using the stream available in
FreeSurfer version 6.0 (http://surfer.nmr.mgh.harvard.edu/). FreeSurfer
preprocessing steps are fully reported elsewhere (19,20). The summary
measures of mean CTh in 68 cortical parcellations (21) were obtained in
addition to hemispheric measures of mean CTh. Furthermore, we calculated
the mean parietotemporal CTh z-score of both hemispheres using the HC
group as a reference (Supplementary Table S2), taking into account the
characteristic atrophy of these lobes in AD. All the images were visually
inspected and manually corrected if needed.

2.5.2 Hippocampal subfields

Following recent hypotheses on hippocampal regional specificity, the entire
hippocampal formation was segmented using the routine volumetric
FreeSurfer 6.0 pipeline (22,23). The whole hippocampus volume and 12
subfields were obtained for each hemisphere: hippocampal tail,
parasubiculum, presubiculum, subiculum, cornus ammonis (CA)1, CA2-3,
CAA4, hippocampus—amygdala transition area (HATA), molecular layer (ML)
and granule cell and molecular layer of dentate gyrus (GC-ML-DG), fimbria,
and hippocampal fissure. All images were visually checked to detect errors in
segmentation. Volumes were normalized by the estimated intracranial
volume and scaled with a factor of 100 for visualization purposes. In addition,
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the bilateral hippocampal volume mean z-score was calculated using the HC
group as a reference.

2.6 Statistical analyses
2.6.1 Demographics and clinical characteristics of the sample

EOAD and HC were compared using t Student tests for continuous variables
and 2 tests for the sex and APOE. ANOVA with post hoc analysis and
Fisher’s tests were used to analyze differences across sex groups. All
statistical analyses in this study were conducted using R 4.0.2.

2.6.2 Cognitive measures

We used Linear Models (LM) to compare z-scores between EOAD and HC in
separate group-comparisons for male and female, adjusted by age and years
of education (YOE). We also directly compared female-EOAD and male-
EOAD using adjusted LMs. Furthermore, we tested sex by group interactions
in the whole sample with age and YOE as covariates. All p values were
adjusted for multiple comparisons using Bonferroni correction and we used a
significant threshold of corrected p < 0.05.

2.6.3 CSF biomarkers levels

Differences between EOAD and HC in CSF biomarkers levels were analyzed
using t Student tests and ANOVA with post hoc analysis. In the EOAD group,
we performed separated LM adjusted by APOE status and age at lumbar
puncture to test sex-differences in CSF levels (AB42, p-tau and t-tau and
NfL). We also tested the sex x APOE status interaction on CSF biomarkers
levels. A significant threshold of p < 0.05 after Bonferroni correction was
used. Ten EOAD subjects were excluded from the analysis of AR42 level
differences due to variations in our laboratory’s standard protocol.

2.6.4 MRI| measures

We first performed separate comparisons between female and male EOAD
patients and HC of the same sex for CTh and hippocampal volume
differences, including hippocampal subfields. We created LM for each
measure, with age at MRI, APOE status and MRI scanner as covariates.
Next, we performed the direct comparison between female-EOAD and male-
EOAD, including MMSE as a covariate and the covariates used in the
previous analysis. Finally, we evaluated the sex by group interaction in the
whole sample. A significant threshold of p < 0.05 Bonferroni corrected was
used in all analyses.

2.6.5 Association between atrophy and cognitive performance
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In female-EOAD and male-EOAD, we fitted separate LM with each of the
cognitive z- scores as the response variable and the mean parietotemporal
CTh or the mean hippocampal volume z-score as a predictor. Age at
neuropsychological assessment and YOE were introduced as covariates.

3. RESULTS

3.1 Demographics and clinical characteristics of the sample

Age at MR, LP or cognitive assessment and education were similar between
women and men with EOAD/HC and between participants with EOAD and
HC (p>0.05, Table 1). No differences in age at onset were found between
female-EOAD and male-EOAD (p>0.05). APOEg4 carriers’ frequency was
higher in EOAD than HC due to higher frequency in female-EOAD and male-
EOAD than female-HC (p<0.001). As expected from the group’s
conformation, significant differences in raw MMSE scores were observed
between EOAD and HC and between female-EOAD or male-EOAD and HC
of the same sex (p<0.001).

3.2 Sex-differences in cognition

Female-EOAD showed lower z-scores than female-HC in all the domains,
global composite and MMSE. In contrast, male-EOAD showed lower z-
scores than male-HC only in memory, attentional and executive functions,
global composite and MMSE (all p<0.05 Bonferroni corrected, Figure 1). No
differences were found between female-EOAD and male-EOAD nor group by
sex interactions including all EOAD and HC (p>0.05). Detailed
neuropsychological information for each group can be found in
Supplementary Table S3 and Table S4.

3.3 Sex-differences in CSF biomarkers levels

As expected from the selection criteria, significant differences in the levels of
CSF biomarkers between EOAD and HC were found, in the whole sample
and separated by sexes (p<0.05, Supplementary Table S5).

Female-EOAD showed significantly higher CSF t-tau and p-tau levels than
male-EOAD, after adjusting for age at lumbar puncture and APOE status
(p<0.05, Bonferroni corrected, Figure 2). CSF AB42 and NfL levels showed
no significant sex-differences. No sex by APOE-status associations were
observed in CSF biomarkers levels.

3.4 Sex-differences in MRI measures

3.4.1 Cortical thickness
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Female-EOAD and male-EOAD showed reduced CTh in parietotemporal
regions when compared to HC of the same sex (p<0.05 Bonferroni corrected,
Figure 3A and 3B), extended to the frontal lobe in male-EOAD. In female-
EOAD, cortical loss was observed in bilateral banks of superior temporal
sulcus, fusiform, middle and inferior temporal, inferior parietal and precuneus
regions; the left posterior cingulate, supramarginal and superior temporal
regions; and the right superior parietal region. In male-EOAD, cortical loss
was found in bilateral banks of superior temporal sulcus, inferior parietal and
precuneus regions; and the left caudal middle frontal, middle and inferior
temporal, parahippocampal, isthmus cingulate, superior parietal and
supramarginal regions. In a direct female-EOAD and male-EOAD
comparison, male-EOAD showed reduced CTh in the left parahippocampal
region (p<0.05, Bonferroni corrected, Figure 3C), and no significant sex by
group interactions were found in the whole sample (p>0.05).

Regarding hemispheric CTh, female-EOAD showed reduced CTh in both
hemispheres when compared to same-sex HC, while male-EOAD only did in
the left hemisphere (p<0.05, Bonferroni corrected, Figure 3D and 3E). No
differences were found between female-EOAD and male-EOAD in
hemispheric CTh (p>0.05, Figure 3F) neither significant sex by group
interactions were observed in the whole sample (p>0.05).

3.4.2 Hippocampal subfields

Compared to HC of the same sex, female-EOAD showed volume differences
in all the subfields and in bilateral hippocampus, except for bilateral
parasubiculum and right CA 2/3. Male-EOAD showed differences in the
bilateral hippocampal tail and left presubiculum and left hippocampus (all
p<0.05, Bonferroni corrected, Table 2 and Figures S1&S2). No differences
were found between EOAD-female and EOAD-male or sex by group
interactions in the whole sample (p>0.05).

3.5 Association between atrophy and cognitive performance

In female-EOAD, parietotemporal CTh showed a positive association with
MMSE, global composite and praxis and perception functions z-scores,
whereas mean hippocampus volume showed a positive association with
memory (p<0.05 uncorrected, Supplementary Figure 3). Results did not
survive after multiple comparison correction. No significant associations were
found in male-EOAD. Additional information can be found in Supplementary
Table S6.
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4. DISCUSSION

We investigated the impact of sex in cognitive impairment, CSF biomarkers
levels, CTh and hippocampal subfield volumes in an EOAD cohort with a
biomarkers-based diagnosis. In a direct comparison between female-EOAD
and male-EOAD, we found that, at the time of diagnosis, there are no sex-
differences in cognition, hippocampal volume or hippocampal subfield
volume. Slight differences in cortical thickening in the medial temporal lobe
were observed. However, female-EOAD presented more widespread atrophy
burden and greater cognitive impairment than male-EOAD when compared
to sex-matched HC. On the other hand, we observed that CSF levels of tau
were higher in female-EOAD than male-EOAD, independently of the APOE
status, and no differences were found in AB42 or NfL levels. Finally, we
found that parietotemporal CTh and hippocampal volume were associated
with cognition in female-EOAD but not in male-EOAD. Although previous
works have investigated the influence of sex in AD, this is the first study
exclusively centered on EOAD, the most common early-onset
neurodegenerative dementia.

In addition to the direct comparison between female-EOAD and male-EOAD,
we conducted a separate analysis comparing each group with HC of the
same sex to avoid introducing sex as a covariate. At diagnosis, women
presented greater cognitive impairment than men when compared to same-
sex HC, in five cognitive domains and global cognition. These findings are in
concordance with prior reports studying LOAD patients that showed that
cognitive functions are more severely and widely affected in women
(9,24,25). Also, previous evidence in normal aging points to a cognitive
advantage in verbal memory tests in women and in motor and visuospatial
tasks in men (26,27) that remains stable until the MCI stage(11) and seems
to disappear or even reverses in AD(25). According to this, women would
require more neurodegenerative burden than men to be diagnosed and, at
this point, they may be more susceptible to the clinical manifestation of AD
(7,28).

In line with the observed multidomain cognitive decline in female-EOAD, we
found, a broader atrophy pattern in female-EOAD than in male-EOAD when
they were compared to controls of the same sex. While the atrophy pattern in
women EOAD covered parietotemporal regions of both hemispheres, in
male-EOAD the pattern was more limited to the left hemisphere. Both sex
patterns of cortical atrophy in female and male patients are consistent with
the EOAD literature (29,30). From the visual exploration of the patterns, it is
observable that regions like the precuneus seem to capture atrophy equally
in both sexes at diagnosis, while the medial temporal lobe cortex might show
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sexual dimorphism in EOAD, which was confirmed statistically, as male
patients presented lower thickness than women in the left parahippocampal
region. In previous studies, no sex-differences in CTh have been found
among amyloid-positive patients (31), although females seem to present
greater temporoparietal tau-PET retention than males. On the other hand,
women with AD have shown more accelerated longitudinal cortical thinning
(32-35) and more severe neurofibrillary degeneration and brain loss
associated with faster cognitive progression(7). In line with our findings in
CTh, we observed that female-EOAD showed bilateral hippocampus volume
loss and atrophy of most hippocampal subfields compared to same-sex HC.
In contrast, male-EOAD showed relative hippocampal subfields preservation.
As previously described in AD (11), no sex-effect on hippocampal volume
was found in EOAD when directly comparing both sexes. However, a
symmetrical and generalized hippocampal subfield volume loss has been
demonstrated in typical EOAD (36), similar to our findings in female-EOAD,
with CA1 being one of the regions of early neurofibrillary tangles deposition in
AD(37). In healthy aging, the female sex confers selective vulnerability of
specific hippocampal subfields to volume loss (38). Here we observed that, in
male-EOAD, differences in hippocampal volume were limited to left
presubiculum and bilateral tail, which might reflect regions that are more
vulnerable in male-EOAD with reciprocal connections with the medial
temporal regions (39,40). Moreover, the hippocampal-sparing AD subtype
has been previously linked to the male sex in AD (41). On the other hand, the
effect of APOE €4 allele on hippocampal atrophy seems stronger in women
than men (42). Although the proportion of APOE €4 carriers was similar
between women and men with EOAD, the number of carriers was lower in
the female-HC group. Whether an amyloid-independent effect of APOE in
normal aging mediates our results is still controversial, as cognition seems to
remain relatively preserved over time when amyloid pathology is not present
(43). Taken all together, our findings suggest sex-related differences in
atrophy spreading in EOAD subjects due to selective vulnerability. Women
have previously shown higher tau burden than men in many regions (7,44)
and hippocampus(8), while men might present a more located pattern of
neurodegeneration at the time of diagnosis, consistent with the idea that tau
pathology is influenced by sex-specific genetic, chromosomal and hormonal
mechanisms (45). Furthermore, we have also observed that AD pathology
might be more likely to result in cognitive dysfunction in females than in
males (46), although our results did not survive after correction for multiple
comparisons. Cognitive symptoms might be more attributable to the atrophy
burden in women, according to previous evidence in which women may show
stronger relationships between tau distribution and cognition (47), and other
non-tau pathways might be linked with the cognitive decline in men, making it
less specific of AD pathology.
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Finally, previous studies of CSF AB42, p-tau and t-tau concentrations
generally have not found differences between women and men (12-14).
However, these studies were not restricted to A+T+N+ participants, and
never in EOAD. We found elevated tau levels in women with EOAD that were
not explained by the presence of the APOE ¢4 allele, as previously indicated
(13). Our data suggest that the APOE ¢4 effect in women on CSF tau might
not be a sex-specific risk marker for AD at younger ages, similar to previous
evidence showing a strong sex-specific association between APOE €4 and
AD in women between ages 65-75(42). Furthermore, some studies show
that women present greater increase in CSF tau levels than men
longitudinally (48). On the other hand, no differential effect of APOE €4 has
been found on tau-PET retention (31), and testosterone levels might mediate
the influence of APOE €4 on CSF tau(49). In contrast, higher CSF NfL levels
among men with AD were previously reported, and sex-specific reference
intervals have been proposed (15). However, we observed similar levels of
CSF NfL between women and men with EOAD, maybe pointing to sex-
differences in white matter integrity and vascular burden between EOAD and
LOAD patients, while the observed higher tau levels in female-EOAD could
reflect the greater neurodegeneration specific to AD pathology.

There are limitations to this study. Here we have only focused on biological
sex, but we have not assessed whether other factors like gender,
neuropsychiatric symptoms, vascular factors or individual hormonal history
are mediating our results. The study is also limited by the cross-sectional
design, where longitudinal studies can better capture the temporal order of
sex-differences. Our sample derived from a memory clinic cohort and the
relatively small sample size makes it necessary for our findings to be
replicated in larger multicentric samples. Studies investigating sex-
differences between EOAD and LOAD patients are also still needed.
Furthermore, the approach used for measuring hippocampal subfields also
has some limitations: the segmentations only approximate the histology and
there is an extensive debate regarding volume normalization for the study of
sex-differences.

5. CONCLUSION

We have described different patterns of cognitive impairment, brain atrophy
burden and CSF biomarkers levels in women and men with EOAD at the time
diagnosis. In subjects with a biomarkers-based diagnosis, our results suggest
that there are sex-differences in pathology spreading and susceptibility to the
disease in EOAD and that these can contribute to disease prevention,
diagnosis, and monitoring treatment response in clinical trials. Further studies
are needed towards precision medicine in early-onset dementia patients.
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Table 1 Characteristics of the participants

EOAD HC
Female- Male- All- Female- Male- All-HC
EOAD EOAD EOAD HC HC (N=44)
(N=34)  (N=28) (N=62) (N=32) (N=12)
Age at onset (years) 57.5(4.3) 56.3(3.8) (546'19) N/A N/A N/A
60.1 58.6 57.8 58.3
Age at MRI (years) 60.6 (4.1) 59.4 (4.3) 4.2) (4.5) (6.0) (4.9)
22.4 23.9 231 28.7 29 28.8
MMSE score @0t (33t (3.8 (1.7 (1.0)8T  (1.5)
APOE¢4 carriers (N) 197 157 34* 481 3 7*
60.1 58.5 57.7 58.3
Age at LP (years) 60.7 (4.6) 59.3 (4.3) (4.5) (4.6) (6.0) (5.0)
Age at cognitive 59.9 58.4 58.3
assessment (years) 606(4.2) 59.1(4.2) 4.2) (4.6) 58 (6.2) (5.0)

11.4 11.3 128 117
(3.5) (3.5) (3.7)  (3.6)

0.2 0.1
(0.4) (0.2)

Education (years) 10.4 (3.5) 12.5(3.2)

Time between MRI and
cognitive assessment 0.4(0.8) 0.2(0.4) 0.3(0.6) 0.1(0.1)
(years)

* Significant differences between EOAD and HC using t Student or x2.

Between sexes comparisons were performed using ANOVA with post hoc analysis and
Fisher’s tests: T, significantly different from HC-female; ¥, significantly different from HC-
male; §, significantly different from EOAD-female; ], significantly different from EOAD-
male.

Kay: EOAD, early-onset Alzheimer’s disease; HC healthy control; LP, lumbar puncture;
MMSE, Mini-Mental State examination; MRI, magnetic resonance imaging.
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Figure 1. Neuropsychological z-scores differences between groups and sexes (*p<0.05,
Bonferroni corrected, Lineal Models using age at neuropsychological assessment, APOE

and education as covariates). Key: EOAD early-onset AD; HC healthy controls; MMSE Mini-
Mental State Examination.
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Figure 2. Sex-differences in CSF biomarkers in EOAD (*p<0.05, Bonferroni corrected).
Lineal Models using age at lumbar puncture and APOE as covariates. Key: EOAD early-
onset AD; AB42: amyloid- 42; P-tau, phosphorylated tau; T-Tau, total tau; NfL,
neurofilaments light chain.
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Resonancia magnética craneal estructural de 3 Tesla

como biomarcador de neurodegeneracion y prondstico en la enfermedad de Alzheimer de inicio precoz

Figure 3. (A-C) Group differences in regional cortical thickness. We only show standardized
B coefficients of regions with statistically significant results (p<0.05, Bonferroni corrected).
(D-F) Group differences in hemispheric cortical thickness (*p<0.05, Bonferroni corrected).
Key: EOAD early-onset AD; HC healthy control; Std. B, standardized 3 coefficients.

A. Female-EOQAD vs Female-HC Std-6515
left right : -0.35
B. Male-EOAD vs Male-HC Std. 6315
' Y X Y XE
left right -0.35
C. Female-EOAD vs Male-EOAD Std. B
left right
D. Female-EOAD vs Female-HC E. Male-EOAD vs Male-HC
@] Female-EOAD [@ Female-HC @ Male-ECAD Male-HC
* * *
26 261 % o
€ - = o
28241 8% 241 :gq
58 | =
Cx L o33 ©EICETV
£ o -
22 ] 224
=]
Y [ ]
204 201
left right left right
hemisphere hemisphere hemisphere hemisphere
F. Female-EOAD vs Male-EOAD
[@] Female-EOAD [@] Male-EOAD
261 & -~
£ e
£ ode
8 ® 24 B
=1 [Svee] eEn
SE 2l &
N
2.2 s
[ ]
® ®
201
left right
hemisphere hemisphere

64



Supplementary material:

Supplementary Table S1. Cognitive composites

Cognitive domain Test

FCSRT - free learning
FCSRT - total learning
Memory FCSRT - delayed free recall
FCSRT - delayed total recall
Landscape test

Boston Naming Test
Language Semantic fluency: animals
comprehension subtest of BDAE

WAB ideomotor praxis

Praxis
CERAD constructional praxis
. . VOSP incomplete letters
Visuospatial
VOSP number location
Trail Making Test-A
. Letter fluency test: F, Aand S
Executive

WAIS digit span forwards
WAIS digit span backwards

The sign of Trail Making Test-A seconds was reversed to represent lower score, lower
performance.

Key: BDAE, Boston Diagnostic Aphasia Examination; CERAD, Consortium to Establish a
Registry for Alzheimer’s Disease; FCSRT, Free and Cued Selective Reminding Test;
VOSP, Visual Object and Space Perception; WAB, Western Aphasia Battery; WAIS,
Wechsler Adult Intelligence Scale.
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Supplementary Table S2. Regions included in the parietotemporal composite

Lobe Region (left and right hemisphere)

Inferior parietal
Isthmus cingulate
Postcentral
Parietal Posterior cingulate
Precuneus
Superior parietal
Supramarginal

Banks of superior temporal sulcus
Entorhinal
Fusiform
Inferior temporal
Temporal Middle temporal
Parahippocampal
Superior temporal
Temporal pole
Transverse temporal
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Supplementary Table S3. Cognitive z-scores by groups

EOAD HC
Female- Male- All- Female-
Cognitive measure EOAD EOAD EOAD HC N(IZIZS)C g‘\:l:zg)
(N=28) (N=26) (N=54) (N=31)
zMMSE(SD) -3.9(2.6) -3.2(2.3) -3.6(2.5) -0.1(1.1) 0.2(0.6) 0(1)

zGlobal composite(SD)  -3.6(3.5)  -2.9(3.0) -3.3(3.3) -0.04(0.6) 0.1(0.3) 0.01(0.5)

zMemory(SD) -46(22) -39(1.8) -42(20) 0.1(0.8) -0.1(0.6) 0.005 (0.8)
zLanguage(SD) -32(4)  -21(35) -27(3.7) -0.1(0.9) 0.2(0.5) -0.002(0.8)
zPraxis(SD) -42(71)  -43(7.9) -43(74) -0.1(05) 02(0.2) 0.01(0.5)
zVisuospatial(SD) -48(7.9)  -3(5.7) -3.9(6.9) -0.1(0.8) 0.3(0.6) 0.04(0.8)

zExecutive and

attentional function(sp) 151 1109 -13(1.0) -01(0.8) 02(05) -0.005(0.7)

Key: EOAD, early-onset Alzheimer’s disease; HC, healthy controls; MMSE, Mini-Mental State
examination; SD=standard deviation.
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Supplementary Table S4. Standardized coefficients of the differences in
cognition between EOAD and HC of the same sex

. Female-EOAD vs Male-EOAD vs
Cognitive measure

Female-HC Male-HC
zZMMSE Std. B (SD) -3.8(0.5)* -3.3(0.6)*
zGlobal composite  Std. 3 (SD) -3.4(0.6)* -3(0.9)*
zMemory Std. B (SD) -4.4(0.4)" -3.7(0.5)*
zLanguage Std. B (SD) -2.7(0.8)* -2.3(1.0)
zPraxis Std. B (SD) -4.1(1.3)* -4.4(2.4)
zVisuospatial Std. B (SD) -4.9(1.5)* -3.5(1.6)
ZExecutive and Std. B (SD) -1.2(0.2)* -1.2(0.3)*

attentional function

The cognitive battery was available in 28 female-EOAD, 26 male-EOAD,
31 female-HC and 12 male-HC. *p<0.05, Bonferroni corrected, using
Linear Models. Age and years of education were introduced as covariates
in the models. Key: EOAD, early-onset Alzheimer’s disease; HC, healthy
controls; MMSE, Mini-Mental State examination; SD=standard deviation;
Std. B, standardized (3 coefficient
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Supplementary Table S5. Cerebrospinal fluid biomarkers differences between EOAD and

HC
EOAD HC

Fgg:s' 2"0"":5 AI-EOAD Female-HC Male-HC  All-HC

(N=34) Ne2gy (N2 (N=B2)  (N=12)  (N=44)
CSF AR42 362.7 4153 383.9 820.8 8653  832.9
levels (pg/ml)*  (88.6)81 (70781 (852)f  (179.8)%" (290.6)*" (212.9)F
CSF p-tau 136.6 97.9 191 o gy 48 47.1
levels (pg/ml) (55.6)81 (28.3)81  (49.0) : Q97" (9.8)t
CSF t-tau 10212 692.5 872.7 205.9 1995  204.1
levels (pg/ml)  (416.1)8T  (318.08T  (407.0)0t  (52.8)%"  (67.20%" (56.4)
CSF NfL levels 11753 1026.5 1112 422 1 5532  458.2
(pg/miyt 631.8)8T (469381  (568.2)t (136.1)%" (161.3)%" (153.2)

* CSF AB42 levels of 31 female-EOAD, 21 male-EOAD and 44 HC were included in the
analysis. TCSF NfL levels were available 31 female-EOAD, 23 male-EOAD, 29 female-HC
and 11 male-HC. £ Significant differences between EOAD and HC using t Student.
Comparisons between EOAD and HC sexes were performed using ANOVA with post hoc
analysis: §, significantly different from HC-female; || significantly different from HC-male; #
significantly different from EOAD-female; ** Significantly different from EOAD-male. Key:
AB, amyloid-B; EOAD, early-onset Alzheimer’s disease; HC healthy control; NfL,
neurofilament light chain; p-tau, phosphorylated tau; t-tau, total tau.
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Supplementary Table S6. Association between parietotemporal CTh or hippocampal
volume and cognition z-scores

Parietotemporal CTh  Hippocampal volume

Cognition z-score Z-score z-score

Std.B(SD)  p Std.B(SD)  p

Female-EOAD  1.7(0.7)*  0.02 0.9(0.6) 0.14
zZMMSE
Male-EOAD 0.2(0.6) 0.72 0.7(0.6) 0.22

Female-EOAD 2.5(0.9)* 0.01 1.02(0.76) 0.19
zGlobal composite

Male-EOAD 12(0.9)  0.21 0.3(0.9)  0.70
Female-EOAD  02(0.4) 060  0.7(0.3*  0.03
zMemory
Male-EOAD 0.40.5) 047 0.6(0.5)  0.20
Female-EOAD  12(1.1)  0.30 1.1(0.9) 022
zLanguage
Male-EOAD 1.0(1.1) 035  -1.3(1.0)  0.19
Female-EOAD  55(1.7)* 0003  1.8(16)  0.26
zPraxis
Male-EOAD 1.0(11) 035  -01(24) 095
Female-EOAD  4.7(2.0)*  0.03 08(1.8)  0.67
zPerception
Male-EOAD 29(16) 009  -08(16)  0.64
Attentional Female-EOAD  04(02)  0.14 01(02)  0.65
and executive function Male-EOAD 1.7(23) 048  -02(02) 054

Standardized B coefficients and p-values from Linear Models to analyze the association
between parietotemporal cortical thickness or hippocampal volume z-scores and cognition
z-scores. Age at neuropsychological assessment and years of education were introduced
as covariates.

Key: EOAD, early-onset Alzheimer’s disease; HC, healthy controls; MMSE, Mini-Mental
State examination; SD=standard deviation; Std. B, standardized 3 coefficient
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Supplementary Figure 1. Differences between groups and sexes in left hippocampus and
hippocampal subfields volumes adjusted by total intracranial volume (*p<0.05, Bonferroni
corrected). Key: CA, cornus ammonis; EOAD early-onset AD; GC-ML-DG, granule cell and
molecular layer of dentate gyrus; HATA, hippocampus - amygdala transition area; HC

healthy control.
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Supplementary Figure 2. Differences between groups and sexes in right hippocampus and
hippocampal subfields volumes adjusted by total intracranial volume (*p<0.05, Bonferroni
corrected). Key: CA, cornus ammonis; EOAD early-onset AD; GC-ML-DG, granule cell and
molecular layer of dentate gyrus; HATA, hippocampus - amygdala transition area; HC
healthy control.
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Supplementary figure 3. Association between parietotemporal cortical

thickness or hippocampal volume and cognition in female-EOAD and male-
EOAD. Dashed lines represent a significant association between cognition
and MRI measures (p<0.05, uncorrected, in separated by sex Lineal Models
using age and education as covariates). Key: CTh, cortical thickness; EOAD
early-onset AD.
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OBJETIVO 2

Estudiar los cambios transversales y longitudinales en grosor cortical y
volumen subcortical mediante RM craneal en sujetos con EAIP confirmada
biolégicamente en comparacién con sujetos control, y analizar la capacidad
prondstica de los biomarcadores en LCR (AB42, p-tau, t-tau y NfL) en el
momento del diagndstico para predecir la evolucion longitudinal de dichas
medidas.
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ARTICLE INFO ABSTRACT
Keywords: There is evidence of longitudinal atrophy in posterior brain areas in early-onset Alzheimer’s disease
Early.—ons.et Alzheimer’s disease (EOAD; aged < 65 years), but no studies have been conducted in an EOAD cohort with fluid biomarkers char-
Longitudinal acterization. We used 3T-MRI and Freesurfer 6.0 to investigate cortical and subcortical gray matter loss at two
MRI years in 12 EOAD patients (A + T + N + ) compared to 19 controls (A-T-N-) from the Hospital Clinic Barcelona
Atrophy . . .
Gerebrospinal fluid cohort. We explored group differences in atrophy patterns and we correlated atrophy and baseline CSF-
Biomarkers biomarkers levels in EOAD. We replicated the correlation analyses in 14 EOAD (A + T + N + ) and 55 late-

onset AD (LOAD; aged > 75 years; A + 'I' + N + ) participants from the Alzheimer’s disease Neuroimaging
Initiative. We found that EOAD longitudinal atrophy spread with a posterior-to-anterior gradient and beyond
hippocampus/amygdala. In EOAD, higher initial CSF NfL levels correlated with higher ventricular volumes at
baseline. On the other hand, higher initial CSF Ap42 levels (within pathological range) predicted higher rates of
cortical loss in EOAD. In EOAD and LOAD subjects, higher CSF t-tau values at baseline predicted higher rates of
subcortical atrophy. CSF p-tau did not show any significant correlation. In conclusion, posterior cortices, hip-
pocampus and amygdala capture EOAD atrophy from early stages. CSF Ap42 might predict cortical thinning and
t-tau/NfL subcortical atrophy.

Abbreviations: AD, Alzheimer’s disease; EOAD, early-onset AD; CSF, cerebrospinal fluid; AB42, amyloid p1-42; t-tau, total Tau; MRI, magnetic resonance imaging;
p-tau, phosphorylated Tau; NfL, neurofilament light chain; LOAD, late-onset AD; NFT, neurofibrillary tangle; MTL, medial temporal lobe; NIA-AA, National Institute
on Aging-Alzheimer’s Association; GM, gray matter; ADNI, Alzheimer’s disease Neuroimaging initiative; HC, healthy controls; HCB, Hospital Clinic Barcelona;
MMSE, Mini-Mental State Examination; MCI, mild cognitive impairment; PET, positron emission tomography; CTh, cortical thickness; spc, symmetrized percent
change; FWHM, full-width at half maximum; GLM, general linear model; FWE, family-wise error; Bankssts, banks of the superior temporal sulcus.
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1. Introduction

According to the arbitrary cut-off age of 65 years, Alzheimer’s dis-
ease (AD) is classified as early-onset AD (EOAD, aged < 65 years) or late-
onset AD (LOAD, aged > 65 years). Both variants share the same path-
ological landmarks, such as underlying amyloid plaques, neurofibrillary
tangles (NFT) and progressive neurodegeneration. However, early-onset
presentations might constitute a distinct and more severe variant of AD
(Mendez, 2012) in which AD-pathology distributes differently. While
the limbic areas are predominantly affected in LOAD, EOAD patients
show a higher burden of NFT in neocortical regions (Marshall et al.,
2007; Murray et al., 2011).

These neuropathological features go along with higher rates of non-
amnestic symptoms (Koedam et al.,, 2010) and faster cognitive decline in
EOAD (Wattmo and Wallin, 2017). On the other hand, cross-sectional
studies using magnetic resonance imaging (MRI) reveal a pattern of
widespread atrophy in EOAD particularly marked in parietal areas,
whereas in LOAD, atrophy is restricted to temporal regions (Aziz et al.,
2017; Harper et al,, 2017; Moller et al.,, 2013; Ossenkoppele et al.,
2015a). Longitudinal MRI studies suggest that, in EOAD, the associative
cortices are more vulnerable to atrophy than the medial temporal lobe
(MTL), and that the atrophy rates are faster than those in LOAD (Cho
et al, 2013a; Fiford et al., 2018; Joie et al., 2020; Migliaccio et al.,
2015). However, the conclusions drawn by prior studies regarding a
specific pattern of longitudinal atrophy for EOAD are not clear as many
of them include subjects in whom the clinical diagnosis of AD was not
supported by the use of biomarkers or who were not obtained from
specific EOAD cohorts.

In 2018, the National Institute on Aging-Alzheimer’s Association
(NIA-AA) Research Framework redefined the AD continuum in terms of
three groups of biomarkers: amyloid (A), tau (T) and neurodegeneration
(N) (Jack et al., 2018), namely the ATN profile. The ATN profile can be
evaluated through neurcimaging or biofluids (e.g. cerebrospinal fluid
(CSF)). In this context, longitudinal patterns of progressive atrophy
could help to identify regions of early neurodegeneration in EOAD, in
whom the MTL seems to not optimally reflect the spread of the disease
(Falgas et al.,, 2019; Murray et al., 2011).

There is a poor understanding of how longitudinal changes in MRI
interact with other biomarkers, especially in EOAD. Similar to LOAD
patients, the presence of low levels of CSF amyloid-p1-42 (Ap42) with
high levels of phosphorylated Tau (p-tau) and total Tau (t-tau) define the
diagnosis in EOAD (Jack et al.,, 2018; McKhann et al., 2011). Some
studies have suggested that baseline CSF Tau and neurofilament light
chain (NfL) levels could predict longitudinal atrophy in AD (Fjell et al.,
2010; Tarawneh et al., 2015; Zetterberg et al., 2016), and baseline Ap42
levels have been previously correlated with the pattern of atrophy in
EOAD (Falgas et al., 2020; Ossenkoppele et al., 2015b).

In this prospective study, we aim to describe the pattern of pro-
gressive atrophy in a well-characterized EOAD cohort over two years.
We hypothesized that the longitudinal cortical loss in EOAD would
follow a posterior gradient of cortical thinning and that the subcortical
gray matter (GM) loss would extend beyond MTL structures. Secondly,
we aim to define therelationship between baseline CSF levels of Ap42, p-
tau, t-tau and NfL, and the longitudinal rates of atophy in EOAD. To
confirm our results, we additionally analyze these parameters in EOAD
and LOAD subjects from the Alzheimer’s disease Neuroimaging Initia-
tive (ADNI) database.

2. Methods
2.1. Participants
2.1.1. Discovery sample: Hospital Clinic of Barcelona cohort
We selected EOAD patients and age-matched healthy controls (HC)

from a prospective cohort collected at the “Alzheimer’s disease and
Other Cognitive Disorders Unit” in Hospital Clinic, Barcelona (HCB).

Neurolmage: Clinical 32 (2021) 102804

Participants met the following inclusion criteria: having two available 3
T-MRI scans (one at baseline and one after 2 years), Mini Mental State
Examination (MMSE) >= 15, available CSF biomarkers levels and
multiple clinical and neuropsychological evaluations. Subjects with
previous psychiatric or neurological conditions, autosomal dominant
pattern of AD inheritance or gross brain pathology (i.e., stroke, tumor)
were excluded. According to clinical and biomarker data (Jack et al.,
2018), participants were classified in two groups:

- EOAD-HCB (N = 12): EOAD patients with AD core CSF biomarkers
levels in the range suggesting the presence of AD neuropathology (A
+ T+ ) with neurodegeneration (N + ). Patients also fulfilled NTA-AA
diagnostic criteria for mild cognitive impairment (MCI) due to AD
with high likelihood, or AD mild dementia with high evidence of AD
pathophysiology process (Albert et al., 2011; McKhann et al., 2011).
All subjects that fulfilled the inclusion criteria in this study presented
an amnestic or multidomain neuropsychological profile at the time
of the first MRL

HC (N = 19): research volunteers with cognitive performance within
normative range and normal CSF levels of core AD biomarkers (A-T-
N-).

This study was approved by HCB Ethics Committee and all the in-
dividuals gave written informed consent for their clinical data to be used
for research purposes.

2.1.2. Replication sample: Alzheimer’s disease Neuroimaging initiative
(ADNI) cohort

To further investigate the interaction between CSF biomarkers levels
and progressive GM loss, as well as a possible influence of age, we used
two groups of patients obtained from the ADNI GO/2 database (adni.
loni.usc.edu). The ADNI was launched in 2003 as a public—private

nartnarchin 1ad hy Drinpinal Tnuacticatnr Minhanl W Wainor M) writh
PanadiCisnip, 184 oy rIiNCipar MVEsUgatl mviilnady vv., vvaindl, iy, Wiul

a primary goal to test whether different biomarkers can be combined to
measure the progression of MCI and early AD. For up-to-date informa-
tion, see www.adni-info.org.

The selection criteria for the EOAD-ADNI and LOAD-ADNI samples
were identical to those of our discovery sample: a baseline diagnosis of
MCI/AD, two 3 T-MRI scans with appropriate quality (baseline and at 2
years point), MMSE >= 15 and available CSF biomarkers at baseline. We
selected patients with an A + T + N + profile in CSF and we excluded
those with discordant Florbetapir-PET information. We included sub-
jects < 65 years in the EOAD group (EOAD-ADNI: N = 14) and subjects
>=75 years in the LOAD group (LOAD-ADNIL: N = 55), to avoid a po-
tential overlap between groups. In addition, we used available infor-
mation in ADNI regarding CSF biomarkers rate of change at two years
and baseline Florbetapir-PET Standardized Uptake Value Ratio (SUVR).

2.2. Cerebrospinal fluid biomarkers and APOE genotype

For the discovery cohort, all CSF samples were collected before the
MRI scan except for one patient in EOAD-HCB and five subjects in HC.
We used commercially available single-analyte enzyme-linked immu-
nosorbent assay (ELISA) to determine levels of CSF Ap42, p-tau, t-tau
(INNOTEST, Fujirebio Europe N.V., Gent, Belgium) and NfL (IBL Inter-
national, Hamburg, Germany). CSF samples in the ADNI cohort were
collected after first MRI scan. Details regarding the CSF samples in the
ADNI cohort are described elsewhere (Shaw et al., 2009). For the dis-
covery cohort, we used the CSF Ap42 (A), p-tau (T) and t-tau (N) cut-off
values determined by our laboratory (Antonell et al., 2020). For the
ADNI cohort, we used pre-defined cut-off points (Ap42 < 980 pg/mL, p-
tau > 21.8 pg/dl and t-tau > 245) to determine the ATN status.

APOE genotype was determined through the analysis of 15429358
and 157412 by Sanger sequencing in the discovery cohort. APOE geno-
typing in ADNI has been outlined previously (Risacher et al., 2010).
APOE status was analyzed according to the presence or absence of at
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least one APOE ¢4 allele.
2.3. Imaging acquisition

A 3 T Magnetom Trio Tim scanner (Siemens Medical Systems, Ger-
many) at Hospital Clinic was used to collect the MR data of the discovery
sample. A high-resolution 3D structural data set (T1-weighted, MP-
RAGE, repetition time = 2,300 ms, echo time = 2.98 ms, 240 slices,
field-of- view = 256 mm, voxel size =1 x 1 x 1 mm) was acquired for all
subjects at each time point. The ADNI brain MRI and Florbetapir-PET
protocols have been reported in detail elsewhere (Jack et al.,, 2008;
Landau et al., 2013).

2.4. Imaging processing

For the discovery sample, we first performed cortical reconstruction
and volumetric segmentation of MRI scans using the longitudinal stream
in FreeSurfer 6.0 (http://surfer nmr.mgh.harvard.edu/). It creates a
specific subject template in order to minimize the bias between time-
points, leading to good reliability and reproducibility scores (Reuter
et al., 2012). All the images in this study were visually inspected and
manually corrected when needed.

Using the FreeSurfer longitudinal stream, we obtained cortical
thickness (CTh) maps and subcortical volumes at each time-point. We
used the symmetrized percent change (spc) to evaluate longitudinal
changes in CTh, calculated as the rate of thickness change (CTh at time2
— CTh at timel) divided by the average thickness ((CTh at time2 + CTh
at timel)/2). Before statistics, all CTh maps were registered to a com-
mon space and smoothed using a full-width at half maximum (FWHM)
kernel of 15 mm. In addition, we obtained global CTh measures for each
hemisphere (mean CTh across all the vertices) and summary measures
within the atlas-based parcellations available in FreeSurfer (34 cortical
regions in each hemisphere) (Desikan et al., 2006).

For the subcortical structures, we obtained volumetric measures at
baseline and at two years for the 23 atlas-based subcortical GM regions
available (Seidman et al,, 1997) and we calculated the spe, using the
same method described for the CTh maps.

For the replication samples, we downloaded the summary table of
longitudinal measurements for subcortical volumes and CTh, which
have been calculated within the ADNI pipeline. We calculated the spc at
two years point as previously described. In addition, we downloaded the
summary table of SUVR calculations for amyloid-PET.

2.5. Statistical analysis demographics, clinical data and CSF biomarkers
levels

To compare differences between groups at baseline, the Mann-
Whitney U test was used for continuous variables and the Fisher’s
exact tests for the sex and APOE ¢4 distributions. In addition, we per-
formed a cross-correlation correlation analysis between the CSF bio-
markers levels in each of the different AD samples. All the statistical
analyses were conducted using R version 4.0.2 (http://www.R-project.
org/)

2.6. Cortical thickness analysis

For the discovery sample (EOAD-HCB), we used tools available in
FreeSurfer to obtain vertexwise differences between groups, using
different general linear model (GLM) designs. We obtained group CTh
differences at baseline, as well as differences in CTh spc maps, using age
and sex as covariates. Information on baseline atrophy was included to
describe which regions were preserved or atrophied at baseline and
presented (or not) atrophy over two years. All maps were corrected for
multiple comparisons using a permutation-based method, as

NeuroImage: Clinical 32 (2021) 102804

implemented in Freesurfer. This method corrects for family-wise error
(FWE) while accounting for the distribution of the data using Monte
Carlo permutations at the cluster level. Significance level for the group
differences was set at p < 0.01. In addition, we used global CTh mea-
sures for each hemisphere and atlas-based parcellations to further study
cortical differences across groups, using Mann-Whitney U test. To better
compare our results across cohorts, and to explore a possible bias results
towards regions that might have severe atrophy at baseline, we also
studied differences in longitudinal cortical loss across groups using the
rate of change (CTh at time2 - CTh at timel/Time 2 - Time 1).

Within the EOAD-HCB group, we performed correlations between
initial CSF biomarker levels (Af42, p-tau, t-tau, and NfL) and whole CTh
spc maps. The resulting correlation maps were corrected for multiple
comparisons as stated above and thresholded at p < 0.05. After the
correlation analysis between the spc map and the initial CSF levels, we
used Spearman’s coefficients to correlate separately the spc of the re-
gions that were identified in the previous clusters and the corresponding
levels of CSF biomarkers (for interpretation purposes). We then corre-
lated separately the spc of these regions with CSF biomarker levels in the
EOAD-ADNI and the LOAD-ADNI groups. In addition, to better under-
stand this relationship, we performed the same analysis using the
measures of the regions that showed atrophy in EOAD-HCB at baseline.
We also correlated CTh spe with initial CSF biomarkers levels using the
full sample of EOAD-HCB and HC subjects in the analysis. Finally, we
performed a cross-correlation analysis between the CSF biomarkers in
the different AD samples. Since we found differences between the in-
terval between the first MRI and the lumbar puncture in EOAD-HCB,
EOAD-ADNI and LOAD-ADNI, we tested a possible influence of this in-
terval in CSF levels or the spc decline.

2.7. Subcortical volume analysis

For the discovery sample, we used the Mann-Whitney U test to
calculate group differences in volume at the time of the first scan and the
differences in spc longitudinally. For volume analyses, significance level
was set at p < 0.002, which was the result of adjusting an initial p level
of 0.05 to account for all the independent tests assessed, according to the
Bonferroni criteria for multiple comparisons correction. In addition, we
repeated the cross-sectional analysis after intracranial volume adjust-
ment. The longitudinal analysis for subcortical GM loss was also
repeated using the rate of change as previously described.

We then used Spearman’s coefficients to correlate initial CSF
biomarker levels and the spc in the structures that showed significant
longitudinal atrophy. Later, we repeated the analysis using the previ-
ously identified significant regions but in the ADNI cohort. Also, the
volume of the structures that exhibited baseline atrophy was correlated
with initial biomarkers level and the spc was correlated including EOAD-
HCB and HC in a single correlation analysis. The influence of the interval
between MRI scan and lumbar puncture in spc was also investigated.

3. Results

3.1. EOAD-HCB cohort: Baseline demographics, clinical data and CSF
biomarkers levels

Demographics, MMSE scores, APOE genotype and CSF biomarkers
levels are shown in Table 1. As expected from the groups’ conformation,
EOAD-HCB presented lower Ap42 and higher t-tau, p-tau and NfL levels
and scored worse in MMSE than HC. There were no differences between
groups in age at the first MRI scan, time between scans, time between the
first MRI scan and the lumbar puncture, sex or APOE ¢4 status. In
addition, we found that higher levels of AB42, p-tau and NfL correlated
with higher levels of t-tau in EOAD-HCB. P-tau also correlated with NfL
(p < 0.05, Supplementary Fig. 1).
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Table 1
Demographic, clinical characteristics, and CSF biomarkers levels for groups
included in analysis.

Variable EOAD-HCB HC EOAD- LOAD-
ADNI ADNI
N 12 19 14 55
Femal e/Male 8/4 16/3 8/6 24/31
Age at onset, years 57.25(4.86) N/A NE NE

Age at first MR], 60.64 (4.58) 57.96 60.7 (3.38) 79.41
years (4.68) (3.45)f
Time to second 1.99 (0.17) 2.02 (0.25) 2.06 (0.1)f 2.08
MRI, years (0.09)f
Time between MRI ~ 0.66 (1.17) 1.15(1.05)  0.13 0.08
and GCSF, vears (0.13)f (0.05)f
APOE &4 carriers/ 3/9 3/16 13/1f 21/34¢
non carriers
MMSE, mean 20.83 29.27 26.07 26.55
(3.43)* (1.06) (3.08)f (2.73)f
Ap42, mean pg/mL 387.65 (73)* 892.26 653.14 674.72
(217.88) (181.43) (166.85)
p-tau, mean pg/mL 103.65 53.27 45.18 37(16.5)
(24.29)* (11.20) (15.21)
t-tau, mean pg/mL 740.28 227.29 438.89 364.54
(282.44)* (50.91) (127.25) (145.53)
NfL, mean pg/mL 914.94 416.50 ME NE
(219 (109.12)

MOTE. Data are presented as mean (standard deviation). *p < 0.05 for the
comparisons between EOAD-HCB and HC; tp < 0.05 for the comparisons be-
tween EOAD-HCB and EOAD-ADNI; {p < 0.05 for the comparisons between
EOAD-HGE versus LOAD-ADMI. Abbreviations: EQAD, early-onset AD; HGB,
Hospital Clinic; HG, healthy controls; LOATD, late-onset ATY; N /A, not applicable;
IE, not evaluated; MRI, Magnetic resonance imaging; CSF; cerebrospinal fluid;
MMSE, IMini-IMental State Examination; AB42, amyloid p42; p-tau, phosphory-
lated tau; t-tau, total tau; ML, neurofilament light chain.

3.2. EOAD-ADNI cohort: Baseline demographics, clinical data and CSF
biomarkers levels

Data from the EOAD-ADNI and LOAD-ADNI samples are presented in
Table 1. Compared to EOAD-HCB, we found no differences inage at first
MRI scan in the EOAD-ADNI, while the LOAD-ADNI group was older, as
expected. Compared to EOAD-HCB, EOAD-ADNI and LOAD-ADNI
showed differences in MMSE score, proportion of APOE ¢4 carriers,
time between scans and the time between the first MRI scan and the
lumbar puncture. No sex differences were found. Higher CSF levels of p-

A.Cross-sectional analysis EOAD < HC
Right hemisphere

B Cluster 1
Left hemisphere

E Cluster 1 B Cluster 2 p <0.01 corrected
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tau correlated with higher t-tau levels in EOAD-ADNI and LOAD-ADNI
(p = 0.05, Supplementary Fig. 2).

3.3. EOAD-HCB baseline analyses

3.3.1. Cortical thickness

The EQAD-HCB group showed lower CTh than HC in global CTh of
left and right hemispheres (p = 0.00072 and p = 0.0042, respectively),
with no differences between them (p = 0.55). With the vertex-wise
analyses, we found a pattern of reduced CTh in EOAD-HCB compared
to HC (p < 0.01 cluster-wise corrected, Fig. 1A). These differences
comprised the bilateral precuneus, the posterior and isthmus cingulate
regions, areas surrounding the temporoparietal junction - including the
bilateral supramarginal, the superior and inferior parietal, banks of the
superior temporal sulcus (bankssts) - as well as the superior, middle and
inferior temporal regions. These differences also extended into the right
lateral occipital cortex. However, the EOAD-HCB group did not show
differences in CTh in the MTL, the temporal pole or the frontal lobe
compared to HC.

When analyzing the CTh of atlas-based parcellations, we found that
the bilateral middle temporal, the precuneus and the inferior parietal
regions showed the greatest reduction in CTh in EOAD-HCB compared to
HC, in addition to the left inferior temporal and left supramarginal (all p
< 0,00074, Supplementary Table 1).

3.3.2. Subcortical volumes

EOAD-HCB group showed lower volume in bilateral hippocampus
and amygdala and greater volume of inferior-lateral ventricles when
compared to HC (all p < 0.002; Fig. 2A, Supplementary Table 2). Results
did not differ after adjusting for total intracranial volume.

3.4. EOAD-HCB longitudinal analysis

3.4.1. Longitudinal changes in cortical thickness

EOAD-HCB showed longitudinal cortical thinning in posterior rather
than anterior regions compared to HC (p < 0.01 cluster-wise corrected;
Fig. 1B). Areas affected at baseline continued changing over 2 years and
additional longitudinal atrophy was found in the bilateral MTL,
including the entorhinal and parahippocampal regions, fusiform,
insular, lateral occipital and lingual regions.

Using global CTh measures, we observed greater longitudinal CTh

B.Longitudinal analysis EOAD < HC
Right hemisphere

Cluster 1 H Cluster 2
Left hemisphere

B Cluster 1 p <0.01 corrected

Fig. 1. Vertex-wise maps of the differences between EOAD-HGB and HG in (A) cortical thickness at baseline and (B) cortical thickness spe at two years. Significant
clusters of gray matter loss are shown in light and dark blue, EOAD < HC with a corrected p < 0.01. The results are represented on the fsaverege model. At baseline

(A), the EOAD-HCB participants exhibited lower CTh than HC in three clusters, one in the right hemisphere (size
1,2555.52 mm?). At two years (B), EOAD-HGB showed lower spc in three cluster, two in the right hemisphere (dark blue

(light blue 3,182.41 mm?® and dark blue
3,777.76 mm? and light blue

30,742.5 mm?) and one in the left hemisphere (size

13,262.72 mm®) and two in the left hemisphere

4442455 mm?). Abbreviations: EOAD, early-onset AD; HGB, Hospital Glinic

Barcelona; HG, healthy controls; CTh, cortical thickness; spe, symmetrized percent change. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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A. Subcortical volume at baseline
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B. Subcortical volume spc
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Fig. 2. Significant differences between EOAD-HCB and HC in (A) subcortical gray matter volume at baseline and (B) subcortical volume spc at two vears, *p-values
< 0.002, Statistical analyses have been performed with Mann-Whitney U test and corrected for multiple comparisons with the Bonferroni's method. Abbreviations:
EQAD, early-onset AD; HCB, Hospital Clinic Barcelona; HC, healthy controls; spe, symmetrized percent change.

loss in both hemispheres in EOAD-HCB compared to HC (p < 0.000001),
with no differences between hemispheres (p = 0.59). However, we
observed asymmetries in the topography of longitudinal atrophy in the
spc maps. In the left hemisphere, cortical loss involved language-related
areas such as the pars opercularis and the transverse temporal gvri,
while right atrophy spread further into the visual cortex (cuneus) and
prefrontal areas. Compared to HC, the greatest rates of cortical thinning
in EOAD-HCB were found in the bilateral entorhinal, right fusiform, left
precuneus and bilateral parahippocampal regions (all p < 0.00074;
Table 2, Supplementary Table 3). When using the rate of change as
measure of longitudinal CThloss results did not change (all p < 0.00074,
Supplementary Table 4).

3.4.2. Symunetrized percent change in subcortical volume

In two years, the EOAD-HCB group showed volume loss in regions
beyond the MTL, including the bilateral hippocampus, amygdala, thal-
amus, cerebellum GM, and left caudate and putamen regions. This loss
was accompanied by a bilateral enlargement in the lateral and inferior-
lateral ventricles (all p < 0.002, Bonferroni-corrected; Fig. 2B, Supple-
mentary Table 5). The greatest reductions were observed in the bilateral
hippocampus, amygdala, thalamus and left caudate regions (Table 2).
Using the rate of change instead of the spe, the subcortical regions that
exhibited longitudinal atrophy remained the same (all p < 0.002, Sup-
plementary Table 6), except the left pallidum (p = 0.0025).
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Table 2
Symmetrized percent change (%) of regions that exhibited greater longitudinal
atrophy.

Region EOAD-HCB HC p value
Right entorhinal —12.5(4.3) —0.4(2.9) 0.00000005
Left entorhinal ~12.1(5.3) —0.6(1.9) 0.00000003
Right fusiform —8.9(4.7) —0.1(1.8) 0.00000009
Left precuneus —8.6(4.5) -0.7(2.2) 0.00000032
Right parahippocampal —8.5(6.4) 0.1(1.8) 0.000011
Left parahippocampal —8.2(4.2) 0(2.5) 0.0000048
Right hippocampus —14(5.9) —-1.5(3.7) 0.000001
Left Amygdala —12.3(7.3) —0.5(3.8) 0.0000002
Left hippocampus —10.4(6.3) -1(1.7) 0.0000084
Right amygdala —10.4(5.8) —2.2(6) 0.0000184
Left Caudate —8.9(8.8) —1.2(1.6) 0.0002964
Left Thalamus —7.3(3.9) -1.2(1.7) 0.0000084
Right thalamus —7.3(3.9) —~1.3(1.3) 0.0000064

NOTE. Data are presented as mean (standard deviation). Abbreviations: EOAD,
early-onset AD; HCB, Hospital Clinic; HC, healthy controls. Additional infor-
mation can be found in Supplementary.

3.5. Correlation between baseline and longitudinal GM changes and
initial CSF biomarkers

3.5.1. Baseline and longitudinal CTh changes and initial CSF biomarkers in
EOAD-HCB cohort

At baseline, no correlations were found between the regions that
exhibited cortical loss and the CSF biomarkers levels in EOAD-HCB (p >
0.05). At two years, initial CSF Ap42 levels showed a negative correla-
tion with longitudinal CTh loss in areas of the right hemisphere (cor-
rected p < 0.05; Fig. 3A). CSF p-tau, t-tau or NfL levels did not yield any
significant results (p > 0.05).

High levels of Ap42 in EOAD patients correlated with accelerated
cortical thinning in two clusters, covering the right superiorparietal,
precuneus, lingual and isthmus cingulate cortices (cluster 1: p = -0.85);
and the right precuneus, posterior cingulate and paracentral cortices
(cluster 2: p = -0.83). When we studied the spc within these regions, as
obtained with the atlas-based measures, high CSF Ap42 levels in EOAD-
HCB correlated with faster cortical thinning in the right precuneus (p =
-0.78, p = 0.0047) and superior parietal regions (p = -0.59, p = 0.049)
(Fig. 3B).

In addition, when including EOAD-HCB and HC subjects in a single
correlation analysis, we found that baseline levels of CSF biomarkers
(Ap42, t-tay, p-tau, NfL) correlated with the CTh spc measures in the
majority of cortical regions. In this case, higher CSF Ap42 levels were
correlated with less atrophy over two years in all regions that showed
longitudinal atrophy, except left cuneus and left putamen; higher t-tau,
p-tau and NfL levels were correlated with higher longitudinal atrophy in
all regions (all p < 0.05, Supplementary Table 7).

3.5.2. Baseline and longitudinal changes in subcortical volumes and initial
CSF biomarkers in EOAD-HCB cohort

In EOAD-HCB, higher initial CSF NfL levels were correlated with
higher volume of the left lateral ventricle at baseline (p = 0.59, p =
0.049; Supplementary Fig. 3). In contrast, higher baseline CSF t-tau
levels correlated with greater volume loss over two years in left amyg-
dala (p =-0.601, p = 0.042; Fig. 3B (p= 0.59, p = 0.049; Supplementary
Fig. 3). CSF Ap42 or p-tau levels did not showed any significant corre-
lation with baseline measures or longitudinal atrophy. On the other
hand, when including EOAD-HCB and HC in the analysis, initial CSF
biomarkers correlated with longitudinal atrophy. As expected, higher
CSF AB42 were correlated with less atrophy over two years, except left
putamen; higher t-tau levels were correlated with higher longitudinal
atrophy in all the regions except left caudate; higher p-tau levels were
correlated with higher longitudinal atrophy except left cerebellum cor-
tex; higher NfL were correlated with higher longitudinal atrophy in all
the regions (all p < 0.05, Supplementary Table 8).
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3.5.3. Longitudinal GM changes and initial CSF biomarkers in ADNI cohort

In EOAD-ADNI but not in LOAD-ADNI, higher CSF Ap42 levels at
baseline correlated with accelerated cortical loss over the next two years
in the right precuneus (p = -0.6, p = 0.026) and right superior parietal
regions (p = -0.54, p = 0.048) (Fig. 3B). In contrast, we found that high
CSF t-tau values at baseline correlated with greater volume loss in the
left amygdala in LOAD-ADNI (p = -0.374, p = 0.0051; Fig. 3B), but not
in EOAD-ADNIL

The available 18F-AV-45 (Florbetapir) PET SUVR in right precuneus
and superior parietal regions, parietal lobes and whole brain did not
correlated with the atrophy rates of the above regions in EOAD-ADNI (n
= 14, Supplementary Table 9). In EOAD-ADNI (n = 8), the annualized
rate of change in CSF Ap42 levels (mean = -30.6, standard deviation =
61.8) did not show significant correlation with right precuneus or
superiorparietal spe. Furthermore, the CSF t-tau annualized rate of
change (mean = 3.9, standard deviation = 28) was also not correlated
with left amygdala (p > 0.05) in LOAD-ADNI (n = 33). No significant
correlations were observed between the interval between the first MRI
and the lumbar puncture and CSF levels or spc decline, neither in EOAD-
HCB nor in EOAD-ADNI/LOAD-ADNI (p > 0.05).

4. Discussion

We performed a prospective 3T-MRI study to track CTh and GM
volume changes in EOAD. First, we analyzed the pattern of initial at-
rophy in EOAD to describe which regions were preserved or atrophied at
baseline and which presented longitudinal atrophy. We showed that
posterior cortices, together with the hippocampus and the amygdala,
were the most affected regions at the time of diagnosis. The longitudinal
analysis at 2 years showed that progressive atrophy spreads throughout
the neocortex with a posterior-to-anterior gradient and beyond the
initial subcortical structures. Finally, we observed that, within the
pathological range, initial CSF Ap42 levels closer to the to the normality
threshold were associated with accelerated cortical loss in posterior
regions in EOAD whereas higher baseline t-tau levels correlated with
greater rates of volume loss in MTL subcortical structures in EOAD and
LOAD samples.

At baseline, we described lower CTh in EOAD in the bilateral pari-
etal, precuneus, and posterior cingulate as well as in the lateral temporal
lobes and right occipital cortices. Previous cross-sectional MRI studies
have also found widespread brain atrophy in EOAD, particularly in
parietotemporal areas when compared to LOAD (Aziz et al., 2017; Falgas
et al., 2020; Harper et al., 2017; Moller et al., 2013; Ossenkoppele et al.,
2015a). We found that the thickness of the entorhinal and para-
hippocampal cortices was preserved at the time of diagnosis, in conso-
nance with studies describing greater pathological burden (Murray
etal,, 2011; Whitwell et al., 2012) and greater Tau deposit outside the
MTL at younger ages (Joie et al., 2020; Scholl et al., 2017). In addition,
our results describing lower volumes in the hippocampus and amygdala
in EOAD also agree with previous studies on subcortical structures
(Cavedo et al., 2014; van de Pol et al., 2006).

Amyloid deposits are first observed in the isocortex and then in
subcortical structures while NFTs accumulate in the MTL before
neocortical involvement (Braak and Braak, 1991; Hyman et al., 2012).
We found that EOAD patients show atrophy in isocortical areas whereas
the entorhinal/parahippocampal cortices were spared at early stages.
This suggests a specific pattern of atrophy for patients with EOAD in
which the MTL might be less influenced by other processes associated
with aging (Savva et al., 2009). The posterior-to-anterior gradient is
consistent with previous longitudinal MRI studies analyzing structural
changes according to age at onset (Fiford et al., 2018; Joie et al., 2020;
Thijssen et al.,, 2020). In subjects without biomarkers characterization,
Cho et al. found cortical loss throughout the cortex over three years (Cho
et al.,, 2013a) whereas Migliaccio et al. found that volume loss spread
from the hippocampus and parietotemporal cortices to the precuneus
and isthmus cingulate regions, and the MTL cortices were spared over
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Fig. 3. (A) Vertex-wise maps of correlations between
the cortical thickness spc and baseline cerebrospinal
fluid Ap42 levels in EOAD-HCB (p < 0.05 cluster-
wise corrected; clusterl size — 3461.18 mm?; clus-
ter2 size = 1891.24 mm?). (B) Significant correla-
tions between the regional rates of gray matter
atrophy in EOAD-HCB, FOAD-ADNI and LOAD-ADNI
and the baseline cerebrospinal fluid biomarkers
levels. Abbreviations: CTh, cortical thickness; spc,
symmetrized percent change; AB42, amyloid p42;
EOAD, early-onset AD; HCB, Hospital Clinic Barce-
lona; ADNI, Alzheimer's disease neuroimaging
initiative; t-tau, total tau.
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one year (Migliaccio et al., 2015). Volume loss in subcortical structures
beyond the MTL is in line with previous reports (Cho et al., 201 3b; Fiford
et al., 2018) and some authors even suggest specific pathomechanisms
for subcortical atrophy in EOAD (Lee et al.,, 2020).

Although the MTL presented the greatest rates of CTh and subcortical
GM loss at the longitudinal level, atrophy was only detectable in
subcortical structures at the time of diagnosis. The precuneus, isthmus
cingulate, and lateral parietotemporal regions had reduced CTh at the
time of the diagnosis and accelerated cortical loss over two years. Here,
we reinforce the idea that the posterior associative regions might better
capture cortical loss in EOAD than the MTL (Hamelin et al., 2015). The
precuneus and posterior cingulate are early sites of amyloid deposition
and had been implicated in changes of the default mode network at early
AD phases (Palmqvist et al., 2017). In addition to an age effect, the more
focally posterior GM changes in the neocortex could be influenced by the
low number of APOE ¢4 carriers in our cohort (Mattsson et al., 2018).

Higher CSF Ap42 levels, within pathological range, were associated
with faster cortical loss in precuneus and superior parietal cortices in the
two EOAD cohorts, but not in LOAD subjects. CSF Ap42 levels have been
related to EOAD GM loss in cross-sectional studies (Falgas et al., 2020;
Ossenkoppele et al, 2015b). Although AD biomarkers of neuro-
degeneration become abnormal after amyloid biomarkers (Jack et al,,
2018), rates of atrophy might accelerate before the conventional
thresholds of CSF AB42 positivity (Insel et al.,, 2016). In preclinical
stages, transitional CSF Ap42 values are related to increased CTh in
temporoparietal and precuneus regions (Fortea et al, 2011) and a
reduction in the rates of brain atrophy is followed by an acceleration of
cortical loss once CSF Tau levels increase (Pegueroles et al., 2017). Here,
we found a counterintuitive correlation between amyloid and CTh spc
for the two EOAD samples. One possible explanation could be that the
rates of cortical loss observed in subjects close to the AB42 positivity
threshold reflect greater inflammation in vulnerable regions due to
accelerated deposit of amyloid once levels become abnormal (Kreisl
et al., 2013; Ossenkoppele et al., 2012). Amyloid pathology precedes
and activates microglia (Parbo et al., 2018) and the dual peak hypothesis
of neuroinflammation in AD suggests that an early peak in activated
microglia is initially protective, attempting to remove AP, whereas a
later peak is detrimental (Fan et al., 2017). On the other hand, higher
inflammation in medial temporal regions and the hippocampus has been
negatively associated with hippocampal volume in [11C]PK11195-PET
and MRI studies (Femminella et al., 2016). Here, initial CSF Ap42
levels might correlate with neuroinflammation in EOAD, predicting an
acceleration of atrophy due to activated microglia. In addition, in our
cohort, EOAD subjects that exhibited higher pathological levels of AB42
also presented higher t-tau levels, maybe suggesting higher degree of
neurodegeneration. Our results cannot indicate cause-effect relation-
ships but suggest that amyloid-dependent neurodegeneration might be
related to the observed progressive cortical thinning in EOAD subjects.
Both EOAD samples showed differences in the proportion of APOE car-
riers and MMSE scores. This suggests that the relationship between CSF
Ap42 levels and the cortical thinning could be observed in EOAD pa-
tients with MCI and mild dementia regardless of the APOE genotype.
Although previous studies have reported a dose-dependent CSF Ap42
effect in APOE €4 LOAD patients, the available evidence exploring this
effect in EOAD is limited (Kaur et al., 2020). In addition, previous
studies have reported that the correlation between amyloid-PET and
cortical thickness is typically poor (Whitwell et al., 2018). Although
both CSF Ap42 and amyloid PET are valid biomarkers of brain Ap-plaque
load, our findings, as whole, contribute to highlight the complex re-
lationships at the regional level between atrophy and amyloid bio-
markers. Novel image coregistration techniques might improve the
sensitivity of the detection of a correlation between amyloid PET and
longitudinal atrophy in MRI (Pillai et al., 2020).

We also observed that NfL or t-tau might be associated with
subcortical volume loss independently of subjects’ age. As previously
proposed across the AD continuum (Fijell et al., 2010), we observed that
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higher t-tau levels at baseline correlated with accelerated atrophy in the
left amygdala in EOAD and LOAD, although not replicated in the two
EOAD samples. In addition, we observed that higher NfL levels at
baseline were related to cross-sectional ventricular enlargement. T-tau/
NfL levels have shown low correlation with cortical thickness, regardless
of the time interval, and these biomarkers might be more related with
other neurodegeneration processes rather than cortical thinning (Boer-
winkle et al., 2021). Despite of CSF t-tau and NfL levels represent N
biomarkers, t-tau might reflect Ap42-dependent subcortical atrophy
while NfL. might indicate neurodegeneration independently of amyloid
pathology (Tarawneh et al., 2015; Zetterberg et al., 2016). On the other
hand, we found that p-tau was not correlated with MRI atrophy. How-
ever, p-tau was highly correlated with t-tau and NfL levels, supporting
the notion that p-tau is related with the abnormal phosphorylated state
of tau in AD whereas t-tau reflects the intensity of brain damage (Jack
et al.,, 2018). Still, p-tau, and the rest of CSF biomarkers used in this
study, correlated with the degree of atrophy over time when EOAD and
healthy subjects were analyzed together. Whether CSF biomarkers
represent a marker of future atrophy associated with underlying pa-
thology must be assessed in further studies.

Similar to other EOAD studies, our main limitation is the relatively
small sample size, which might limit the power to detect further dif-
ferences in atrophy or correlations between CSF biomarkers and atro-
phy. For this reason, we replicated the correlation analysis in two
independent cohorts. The selection criteria in the ADNI cohort might
account for the observed differences between EOAD-ADNI/LOAD-ADNI
and EOAD patients in memory clinic setting, exemplified by higher
number of APOE €4 + cases and better cognitive status in ADNI. Another
strength of our study is the use of CTh measures that may reflect changes
more specific to AD than the previous volumetric analysis which are
more influenced by the effect of aging or other pathologies on white
matter loss (Feczko et al., 2009). Studies in larger EOAD cohorts and
i aem A e o
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sequence of early atrophy.
5. Conclusion

We characterized progressive cortical thinning and subcortical vol-
ume loss in biologically well-characterized EOAD patients and young
controls. We showed that posterior cortices, hippocampus and amygdala
capture better the progressive atrophy in EOAD at early stages than the
MTL. Our study narrows the field of brain areas for disease tracking,
providing a valuable prior constraint on future hypothesis testing. More
research is required to understand age-related mechanisms for atrophy
spreading and the relationship between the pattern of atrophy and CSF
biomarkers.
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Supplementary material:

Table 1. Cortical thickness measurements at baseline

LEFT HEMISPHERE RIGHT HEMISPHERE

Region EOAD-HCB HC | EOAD-HCB HC |

value value
(?nTr:) sD (%Tr;‘) sp P (%an:) ) (?nTn:‘) sp P

Bankssts 238 0.19 256 0.190.0093 240 0.19 2.63 0.14 0.0010
Caudal anterior cingulate  2.73 0.20 2.67 0.21 0.7547 2.56 0.15 2.53 0.20 0.8270
Caudal middle frontal 252 011 2.65 0.10 0.0027 2.51 0.13 2.62 0.12 0.0234
Cuneus 1.94 012 1.88 0.12 0.8901 1.99 0.12 1.96 0.12 0.8901
Entorhinal 3.05 0.38 3.49 0.350.0021 3.36 0.30 3.62 0.22 0.0090
Fusiform 261 0.17 2.78 0.14 0.0037 2.68 0.19 2.81 0.12 0.0202
Inferior parietal 227 0.21 2.53 0.12 0.0003 2.30 0.22 2.55 0.10 0.0007
Inferior temporal 2.63 0.17 2.86 0.150.0003 2.73 0.17 2.86 0.12 0.0135
Insula 293 0.14 296 0.150.2947 286 0.19 2.97 0.14 0.0694
Isthmus cingulate 217 0.18 2.31 0.190.0217 2.33 0.21 2.36 0.22 0.5081
Latera occipital 222 0.22 235 0.16 0.0667 2.28 0.22 2.38 0.15 0.1730
Lateral orbitofrontal 264 0.15 2.66 0.07 0.4596 2.70 0.15 2.72 0.16 0.3823
Lingual 2.02 012 2.00 0.130.6177 210 0.12 2.06 0.11 0.8470
Medial orbitofrontal 234 0.16 247 0.09 0.0150 2.45 0.14 244 0.11 0.5397
Middle temporal 266 0.17 2.93 0.14 0.0001 2.71 0.19 2.96 0.11 0.0001
Parahippocampal 265 0.29 2.78 0.27 0.1099 274 0.26 2.80 0.16 0.1436
Para central 249 012 248 0.130.6329 252 0.16 2.55 0.13 0.3132
Pars opercularis 258 0.09 259 0.10 0.5713 255 0.13 2.60 0.13 0.1807
Pars orbitalis 269 018 2.71 0.190.3882 2.77 0.21 2.76 0.15 0.5484
Pars triangularis 247 0.15 248 0.10 0.3374 247 0.14 247 0.12 0.5556
Pericalcarine 1.75 0.14 1.69 0.16 0.8633 1.80 0.14 1.76 0.19 0.6771
Postcentral 216 0.13 224 0.110.0524 213 0.12 2.21 0.10 0.0322
Posterior cingulate 246 010 248 0.130.2517 252 0.11 246 0.15 0.9063
Precentral 262 015 266 0.120.3229 255 0.15 2.61 0.14 0.1412
Precuneus 226 0.14 248 0.12 0.0001 2.30 0.15 2.49 0.12 0.0007
Rostral anterior cingulate 2.74 0.16 2.80 0.14 0.1916 295 0.20 2.85 0.15 0.9240
Rostral middle frontal 239 0.11 246 0.09 0.0265 2.39 0.09 242 0.10 0.2205
Superior frontal 269 0.08 2.75 0.08 0.0283 2.73 0.09 2.73 0.08 0.4596
Superior parietal 220 0.21 236 0.120.0114 214 0.23 2.32 0.11 0.0079
Superior temporal 267 010 2.80 0.14 0.0060 2.74 0.15 2.85 0.14 0.0293
Supramarginal 246 0.12 2.63 0.09 0.0001 243 0.15 2.62 0.12 0.0012
Frontal pole 269 0.21 2.86 0.290.0482 273 0.22 2.76 0.17 0.2582
Temporal pole 3.45 0.32 3.79 0.30 0.0021 3.63 0.26 3.88 0.30 0.0098
Transverse temporal 243 0.16 240 0.20 0.7483 2.51 0.11 2.50 0.19 0.5323
Mean thickness 244 0.07 2.55 0.09 0.0007 2.46 0.09 2.55 0.09 0.0042

Abbreviations: CTh, cortical thickness; EOAD, early-onset AD; HCB, Hospital Clinic; HC, healthy
controls; bankssts, banks of the superior temporal sulcus; SD, standard deviation.
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Table 2. Subcortical gray matter volume measurements at baseline

, EOAD-HCB HC
Region p value
Vol (mm?) SD Vol (mm?) SD
Left Hippocampus 3285.5 476.7 3955.4 549.8 0.00071
Left Amygdala 1131.2 169.1 1487.9 199.5 0.00001
Left Thalamus 6681.4 820.1 6890.6 702.3 0.35216
Left Caudate 3271.8 725.8 3381.7 383.9 0.47613
Left Putamen 4420.4 607.2 44257 586.8 0.39761
Left Pallidum 1912.8 197.9 1830.0 2225 0.91150
Left Accumbens area 301.7 111.2 399.1 83.5 0.01272
Left Cerebellum white matter 16165.5 2185.8 15195.8 1797.0 0.91792
Left Cerebellum cortex 50878.4 8162.6 49087.5 4847.2 0.50796
Left lateral ventricle 14495.3 9877.6 11418.9 7765.1  0.14365
Left inferior lateral ventricle 8491 514.3 388.3 280.1 0.00099
Right Hippocampus 3425.4 481.5 4020.1 510.6  0.00116
Right Amygdala 1398.5 173.1 1721.4 216.2  0.00004
Right Thalamus 6723.7 748.6 6927.0 781.5 0.26765
Right Caudate 3523.4 556.8 3525.7 405.0 0.52387
Right Putamen 4406.2 502.3 4472.6 595.8 0.20578
Right Pallidum 1814.7 214.8 1727.2 162.6  0.94021
Right Accumbens area 459.6 74.8 526.3 97.0 0.03219
Right Cerebellum white matter 15002.1 2418.8  15051.9 24939 0.53975
Right Cerebellum cortex 51667.4  8560.7 49923.8 42955 0.42871
Right lateral ventricle 124245 6479.2 9973.5 6080.8 0.08850
Right inferior lateral ventricle 812.0 733.6 328.4 167.2 0.00116
Brain stem 20002.9  2904.5 19580.9 2023.9 0.73235

Abbreviations: Vol, volume; EOAD, early-onset AD; HCB, Hospital Clinic; HC, healthy

controls; SD, standard deviation.
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Table 3. Cortical thickness symmetrized percent change (%) at two years

LEFT HEMISPHERE

RIGHT HEMISPHERE

EOAD-

EOAD-

HC HC
Region Spl_éCB spe p value Sp':CB spe p value
(%) SD (%) SD (%) SD (%) SD

Bankssts -8 46 -04 1.7 0.00000021 -45 9 -0.3 2.9 0.00900153
Caudal anterior cingulate  -1.2 3.3 -0.2 2.5 0.30867791 -2.1 5.6 -0.1 2.1 0.12600864
Caudal middle frontal -5 44 01 1.8 0.00001426 -3.3 3.6 -04 1.7 0.00624418
Cuneus -2.7 34 06 3.1 0.00624418 -3 3.6 0.8 2.6 0.00050682
Entorhinal -12.1 5.3 -0.6 1.9 0.00000003 -12.5 4.3 -0.4 2.9 0.00000005
Fusiform -74 49 0.2 1.4 0.00000047 -89 4.7 -0.1 1.8 0.00000009
Inferior parietal -7.3 44 -04 1.4 0.00000264 -6.2 49 0.1 1.4 0.00019260
Inferior temporal -76 41 -0.2 1.3 0.00000013 -6 3.9 0.6 1.6 0.00000193
Insula -48 21 0.1 2.1 0.00000098 -44 4.7 04 2.5 0.00029643
Isthmus cingulate -7.3 48 -04 2.4 0.00000480 -7.6 5 -0.7 1.2 0.00000264
Latera occipital -44 37 05 1.8 0.00001837 -4 44 1 2.3 0.00050682
Lateral orbitofrontal -29 53 05 1.4 0.01272157 -35 4 -0.3 1.7 0.00706989
Lingual -3.3 21 1 34 0.00011211 -5 4.5 0.2 2.9 0.00009107
Medial orbitofrontal -21 8 -0.8 3.5 0.20577542 -2.8 45 -0.1 1.9 0.04633203
Middle temporal -79 39 0 1.2 0.00000480 -6.4 3.7 -0.2 1.1 0.00000358
Parahippocampal -82 42 0 25 0.00000480 -85 6.4 0.1 1.8 0.00001100
Para central 24 41 03 4 0.02925895 -2.3 6.2 1.4 3.2 0.03219154
Pars opercularis -3.8 39 04 1 0.00002350 -1.3 3 0 2 0.13463717
Pars orbitalis 26 5 -05 2.2 0.03535338 -3.2 43 04 2 0.00157417
Pars triangularis -21 3.5 -0.3 1.9 0.08849631 -0.8 2.6 0.2 1.6 0.22947857
Pericalcarine -25 51 1.1 55 0.03875665 -3.6 7.1 0.2 4.9 0.07601140
Postcentral -3.6 26 04 1.3 0.00000840 -1.7 3.1 0.3 1.9 0.02925895
Posterior cingulate -3.8 3.8 -0.3 2 0.00323799 -3.3 4.2 0.1 1.4 0.00244638
Precentral -2 31 1 1.9 0.00135140 -0.7 4.4 0.5 2.1 0.08208077
Precuneus -8.6 4.5 -0.7 2.2 0.00000032 -6.5 4.4 -01 1.6 0.00002350
Rostral anterior cingulate -2.5 4.3 -0.9 3.4 0.07027853 -3.7 3 -1.7 2.2 0.05500848
Rostral middle frontal -34 42 -03 1.6 0.00135140 -3 4.7 0.2 1.5 0.02925895
Superior frontal 29 34 01 2 0.00115662 -34 34 0 1.2 0.00024608
Superior parietal -6 43 -0.2 1.5 0.00001100 -5.7 3.8 -0.2 1.3 0.00005925
Superior temporal -6.8 36 0.1 0.9 0.00000138 -4.3 3.3 -0.3 0.9 0.00001837
Supramarginal -6.5 34 -0.3 1.2 0.00000098 -3.5 5.8 -0.2 1.3 0.02403716
Frontal pole -1.8 42 0.2 3.6 0.13463717 -1.2 8.4 -14 3.2 0.60239318
Temporal pole -6.9 51 -0.1 2.8 0.00000193 -7.1 5.9 -0.7 3 0.00001426
Transverse temporal -45 48 0.6 3.6 0.00060167 -2.1 4.9 -0.2 2.6 0.02403716
Mean thickness -47 24 0.1 0.9 0.00000009 -4.1 19 0.1 1 0.00000032

Abbreviations: EOAD, early-onset AD; HCB, Hospital Clinic; HC, healthy controls; bankssts,
banks of the superior temporal sulcus; SD, standard deviation; spc, symmetrized percent change
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Table 4. Cortical thickness rate of change (%) at two years

LEFT HEMISPHERE

RIGHT HEMISPHERE

Regi EOAD-HCB HC EOAD-HCB HC
egion P value P value
roc (%) SD roc(%) SD roc (%) SD roc(%) SD

Bankssts -0.09 0.05 0.00 0.02 0.00000032 -0.05 0.10 -0.01 0.04 0.01136049
Caudal anterior cingulate  -0.02  0.04 0.00 0.03 0.30867791 -0.03 0.07 0.00 0.03 0.08208077
Caudal middle frontal -0.06 0.05 0.00 0.02 0.00001426 -0.04 0.04 -0.01 0.02 0.00624418
Cuneus -0.03 0.03 0.01 0.03 0.00371067 -0.03 0.04 0.01 0.02 0.00042537
Entorhinal -0.17 0.06 -0.01 0.03 0.00000005 -0.20 0.06 0.00 0.05 0.00000005
Fusiform -0.09 0.06 0.00 0.02 0.00000069 -0.11 0.05 0.00 0.03 0.00000009
Inferior parietal -0.08 0.05 0.00 0.02 0.00000638 -0.07 0.05 0.00 0.02 0.00026131
Inferior temporal -0.10 0.05 0.00 0.02 0.00000013 -0.08 0.05 0.01 0.02 0.00000193
Insula -0.07 0.03 0.00 0.03 0.00000193 -0.06 0.06 0.01 0.05 0.00024608
Isthmus cingulate -0.08 0.06 0.00 0.03 0.00000638 -0.09 0.06 -0.01 0.01 0.00000264
Latera occipital -0.05 0.04 0.00 0.02 0.00002988 -0.04 0.05 0.01 0.03 0.00042537
Lateral orbitofrontal -0.03 0.06 0.01 0.02 0.01012329 -0.05 0.05 0.00 0.02 0.00798629
Lingual -0.03 0.02 0.01 0.03 0.00013732 -0.05 0.05 0.00 0.03 0.00009107
Medial orbitofrontal -0.02 0.09 -0.01 0.04 0.19447303 -0.03 0.05 0.00 0.02 0.04633203
Middle temporal -0.10 0.05 0.00 0.02 0.00000480 -0.09 0.05 0.00 0.02 0.00000480
Parahippocampal -0.10 0.05 0.00 0.04 0.00000358 -0.11 0.09 0.00 0.03 0.00000840
Para central -0.03 0.05 0.01 0.05 0.01959784 -0.03 0.08 0.02 0.04 0.01421629
Pars opercularis -0.05 0.04 0.01 0.01 0.00001837 -0.02 0.04 0.00 0.03 0.14364877
Pars orbitalis -0.03 0.06 -0.01 0.03 0.02172539 -0.04 0.06 0.00 0.03 0.00157417
Pars triangularis -0.02 0.04 0.00 0.02 0.07601140 -0.01 0.03 0.00 0.02 0.25459007
Pericalcarine -0.02 0.05 0.01 0.05 0.04241212 -0.03 0.07 0.00 0.04 0.08208077
Postcentral -0.04 0.03 0.00 0.01 0.00000358 -0.02 0.03 0.00 0.02 0.02654484
Posterior cingulate -0.04 0.04 0.00 0.02 0.00211786 -0.04 0.05 0.00 0.02 0.00244638
Precentral -0.03 0.04 0.01 0.02 0.00083957 -0.01 0.06 0.01 0.03 0.07027853
Precuneus -0.09 0.04 -0.01 0.03 0.00000047 -0.07 0.05 0.00 0.02 0.00002350
Rostral anterior cingulate  -0.03  0.05 -0.01 0.05 0.06487399 -0.05 0.04 -0.02 0.03 0.04241212
Rostral middle frontal -0.04 0.04 0.00 0.02 0.00240957 -0.03 0.05 0.00 0.02 0.02403716
Superior frontal -0.04 0.04 0.00 0.03 0.00115662 -0.04 0.05 0.00 0.02 0.00020343
Superior parietal -0.06 0.05 0.00 0.02 0.00001426 -0.06 0.04 0.00 0.01 0.00005925
Superior temporal -0.09 0.04 0.00 0.01 0.00000138 -0.06 0.04 0.00 0.01 0.00002988
Supramarginal -0.08 0.04 0.00 0.02 0.00000138 -0.04 0.06 0.00 0.02 0.02925895
Frontal pole -0.02 0.05 0.00 0.05 0.13463717 -0.01 0.11 -0.02 0.04 0.58690608
Temporal pole -0.11  0.06 0.00 0.05 0.00000358 -0.12 0.09 -0.01 0.06 0.00003774
Transverse temporal -0.05 0.05 0.01 0.04 0.00050682 -0.03 0.06 0.00 0.03 0.03535338
Mean thickness -0.06 0.03 0.00 0.01 0.00000013 -0.05 0.02 0.00 0.01 0.00000032

Abbreviations: EOAD, early-onset AD; HCB, Hospital Clinic; HC, healthy controls; bankssts, banks of the superior temporal
sulcus; SD, standard deviation; roc, rate of change
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Table 5. Subcortical gray matter volume symmetrized percent change (%) at two years

Region EOAD-HCB HC p value
spc % SD spc % SD

Left Hippocampus -10.4 6.3 -1.0 1.7 0.0000084
Left Amygdala -12.3 7.3 -0.5 3.8 0.0000002
Left Thalamus -7.3 3.9 -1.2 1.7 0.0000084
Left Caudate -8.9 8.8 -1.2 1.6 0.0002964
Left Putamen -6.5 5.7 -1.0 21 0.0021179
Left Pallidum 2.7 3.3 0.1 2.8 0.9872784
Left Accumbens area -24.5 37.0 -4.0 10.6 0.0195978
Left Cerebellum white matter 0.8 6.4 0.6 29 0.4130939
Left Cerebellum cortex -3.8 3.1 -1.0 2.0 0.0013514
Left lateral ventricle 34.3 15.0 4.8 8.5 0.0000001
Left inferior lateral ventricle 48.8 18.6 6.9 151 0.0000001
Right Hippocampus -14.0 5.9 -1.5 3.7 0.0000010
Right Amygdala -10.4 5.8 -2.2 6.0 0.0000184
Right Thalamus -7.3 3.9 -1.3 1.3 0.0000064
Right Caudate -7.2 8.3 -2.2 25 0.0424121
Right Putamen -7.4 7.3 -2.4 2.7 0.0217254
Right Pallidum 2.6 8.9 0.2 5.8 0.7189750
Right Accumbens area -5.7 10.1 -2.8 5.3 0.2174468
Right Cerebellum white matter -1.1 7.8 -2.0 3.3 0.6023932
Right Cerebellum cortex -4.8 4.4 -1.2 3.7 0.0009870
Right lateral ventricle 29.8 13.9 4.8 8.9 0.0000019
Right inferior lateral ventricle 43.2 19.3 0.3 14.8 0.0000002
Brain stem -2.8 2.0 -0.9 1.8 0.0079863

Abbreviations: EOAD, early-onset AD; HCB, Hospital Clinic; HC, healthy controls; SD,

standard deviation; spc, symmetrized percent change.
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Table 6. Subcortical gray matter volume rate of change (%) at two years

. EOAD-HCB HC

Region roc % SD roc % SD p value

Left Hippocampus -162.0 901 -19.4 324 0.00000840
Left Amygdala -61.3 27.0 -4.3 28.2 0.00000264
Left Thalamus -236.4 123.7 -40.7 59.8 0.00001100
Left Caudate -117.3 84.3 -17.9 22.3 0.00029643
Left Putamen -135.7 114.7 -20.5 43.8 0.00244638
Left Pallidum 24.8 31.8 2.6 28.8 0.98727843
Left Accumbens area -16.5 26.0 -5.4 19.3 0.06487399
Left Cerebellum white matter 53.5 523.8 66.1 222.4 0.38227532
Left Cerebellum cortex -987.1 872.8 -230.4  409.2 0.00135140
Left lateral ventricle 2834.0 1887.3 208.4  669.3 0.00000021
Left inferior lateral ventricle 255.5 134.4 14.2 29.7 0.00000001
Right Hippocampus -225.4 103.1 -28.6 63.4 0.00000069
Right Amygdala -67.0 32.8 -16.7 42.4 0.00002988
Right Thalamus -236.7 123.5 -47.5 47.3 0.00002350
Right Caudate -113.8 109.8 -39.5 41.3 0.03535338
Right Putamen -151.4 142.8 -49.6 56.1 0.02654484
Right Pallidum 22.5 76.4 2.4 50.6 0.70529305
Right Accumbens area -11.0 22.0 -6.4 151 0.26764856
Right Cerebellum white matter -129.7 598.0 -138.5 261.0 0.61772468
Right Cerebellum cortex -1214.4 1114.7 -257.3 8314 0.00071194
Right lateral ventricle 2184.3 1501.3 191.8 609.8 0.00000138
Right inferior lateral ventricle 247.6 275.8 2.6 26.3 0.00000005
Brain stem -272.0 194.2 -87.9 170.9 0.00424182

Abbreviations: EOAD, early-onset AD; HCB, Hospital Clinic; HC, healthy controls; SD,
standard deviation; roc, rate of change.
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Table 7. Correlation between longitudinal cortical loss and initial cerebrospinal fluid biomarkers using the full sample
of EOAD-HCB and HC subjects

Region AB42 p p value t-taup pvalue p-taup pvalue NfL p p value
Left bankssts 0.52 0.00332 -0.74 0.00000496 -0.69 0.00003 -0.73 0.00000817
Left caudal middle frontal 0.58 0.0007 -0.58 0.000874 -0.46 0.00978 -0.65 0.000158
Left entorhinal 0.68 0.0000422 -0.78 0.00000127 -0.74 0.00000511 -0.82 0.00000102
Left fusiform 0.63 0.000225 -0.65 0.000118 -0.61 0.000314 -0.67 0.0000765
Left inferior parietal 0.59 0.000535 -0.62 0.000259 -0.5 0.00468 -0.71 0.0000215
Left inferior temporal 0.64 0.000131 -0.7 0.0000167 -0.64 0.000157 -0.72  0.000012
Left insula 0.65 0.00011 -0.68 0.0000433 -0.54 0.00192  -0.72 0.0000145
Left Isthmus cingulate 0.62 0.000265 -0.58 0.000883 -0.56 0.00113  -0.58 0.000895
Left lateral occipital 0.56 0.00125 -0.58 0.000775 -0.57 0.0011 -0.63  0.000297
Left lingual 0.52 0.00326 -0.57 0.00111 -0.56 0.00142  -0.58 0.000976
Left middle temporal 0.59 0.000552 -0.62 0.000262 -0.53 0.00246  -0.68 0.0000528
Left para hippocampal 0.56 0.00122 -0.65 0.000117 -0.61 0.000347 -0.65 0.000142
Left pars opercularis 0.65 0.000126  -0.52 0.00329 -0.46 0.0103 -0.59  0.000768
Left postcentral 0.53 0.0025 -0.74 0.00000404 -0.62 0.000262 -0.65 0.000148
Left precuneus 0.64 0.00015 -0.64 0.000155 -0.51 0.00373  -0.64 0.000214
Left superior parietal 0.45 0.0126 -0.65 0.000104 -0.55 0.00175 -0.71 0.0000202
Left superior temporal 0.68 0.0000416 -0.6 0.000427 -0.51 0.0037 -0.73  0.0000105
Left supramarginal 0.56 0.00136 -0.67  0.000067 -0.6 0.000409 -0.73 0.00001
Left temporal pole 0.76  0.00000261 -0.55 0.00153 -0.54 0.00192 -0.65 0.000162
Left transverse temporal 0.41 0.0222 -0.56 0.00126 -0.53 0.00259 -0.54 0.00231
Left Mean Thickness 0.63 0.000212 -0.68 0.0000356 -0.59 0.00057  -0.74 0.00000726
Right cuneus 0.34 0.0613 -0.65 0.00011 -0.63 0.000207 -0.54 0.00221
Right entorhinal 0.7 0.0000218 -0.71 0.0000125 -0.57 0.001 -0.76 0.00000357
Right fusiform 0.67 0.0000653 -0.8 0.00000106 -0.61 0.000379 -0.71 0.0000183
Right inferior parietal 0.55 0.00141 -0.54 0.00165 -0.45 0.0103 -0.59  0.000675
Right inferior temporal 0.54 0.00188 -0.72 0.0000106 -0.62 0.000256 -0.73 0.00000845
Right insula 0.46 0.0095 -0.62 0.00028 -0.53 0.00266  -0.55 0.00192
Right Isthmus cingulate 0.59 0.000632 -0.63 0.000198 -0.54 0.00206  -0.63 0.000276
Right lateral occipital 0.36 0.0465 -0.62 0.0003 -0.52 0.00321 -0.58 0.000895
Right lingual 0.48 0.00676 -0.64 0.000133 -0.46 0.0104 -0.71  0.0000226
Right middle temporal 0.6 0.000518 -0.66 0.0000716 -0.56 0.00124 -0.7  0.0000283
Right para hippocampal 0.54 0.00197 -0.66 0.0000775 -0.57 0.00101 -0.72  0.000015
Right precuneus 0.48 0.00645 -0.6 0.000476  -0.53 0.0024 -0.67 0.0000846
Right superior frontal 0.46 0.0095 -0.5 0.00483 -0.38 0.0336 -0.74 0.00000575
Right superior parietal 0.49 0.00607 -0.58 0.000783 -0.49 0.0054 -0.66 0.0000935
Right superior temporal 0.71 0.0000164 -0.53 0.00233 -0.43 0.0159 -0.52 0.00382
Right temporal pole 0.64 0.000173 -0.65 0.000128 -0.55 0.00166  -0.73 0.0000109
Right Mean Thickness 0.62 0.00029 -0.71  0.0000137 -0.56 0.00123 -0.76 0.00000308

Abbreviations: AB42, amyloid 342; p-tau, phosphorylated tau; t-tau, total tau; NfL, neurofilament light chain, p,
Spearman's rank correlation coefficient.
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Table 8. Correlation between longitudinal subcortical atrophy and initial cerebrospinal fluid
biomarkers using the full sample of EOAD-HCB and HC subjects

Regi Ap42 t-tau p-tau NfL

egion 0 p value p value p value 0 p value
Left Hippocampus 0.55 0.00151 -0.65 0.000102 -0.53 0.00237 -0.63 0.000246
Left Amygdala 0.55 0.00144 -0.76 0.00000214 -0.67 0.0000586-0.680.0000651
Left Thalamus 0.59 0.000652 -0.52 0.00292 -0.51 0.00358 -0.63 0.000286
Left Putamen 0.31 0.0865 -0.54 0.00217 -0.48 0.00751 -0.48 0.0079
Left Pallidum -024 0199 04 0.0269 0.36 0.0458 0.27 0.144
Left Cerebellum Cortex 0.51 0.00379 -0.42 0.0185 -0.27 0.136 -0.39 0.0323
Left Lateral Ventricle -0.66 0.0000707 0.66 0.0000745 0.54 0.00182 0.76 0.000003
Right Hippocampus 0.55 0.0017 -0.71 0.0000119 -0.62 0.00025 -0.710.0000189
Right Amygdala 0.61 0.000317 -0.64 0.000136 -0.51 0.00398 -0.6 0.000593
Right Thalamus 0.55 0.00151 -0.57 0.000994 -0.51 0.00418 -0.680.0000595
Right Cerebellum Cortex 0.38 0.0367 -0.54 0.0021 -0.37 0.0409 -0.55 0.00178
Right Lateral Ventricle ~ -0.64 0.000159 0.62 0.0003 0.48 0.00626 0.68 0.0000595

Abbreviations: AB42, amyloid 42; p-tau, phosphorylated tau; t-tau, total tau; NfL, neurofilament
light chain, p, Spearman's rank correlation coefficient.
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Table 9. Florbetapir-PET SUVR in the regions analyzed in EOAD-ADNI

Right precuneus Right superior parietal Global composite Parietal lobe

SUVR (SD) 1.68 (0.20) 1.44 (0.22) 1.54 (0.20) 1.56 (0.21)

Abbreviations: SUVR, Standardized Uptake Value Ratio; SD, standard deviation.
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Figure 1. Correlation between the different CSF biomarkers at baseline in EOAD-HCB
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Figure 2. Correlation between the different CSF biomarkers at baseline in EOAD-ADNI and LOAD-ADNI

CSF p-tau (pg/mL) at baseline

CSF p-tau (pg/mL) at baseline

A. EOAD-ADNI
o dp=026p=037
60 = . ¢ -
50 - /
40 = ° i
- L ¢ .
1 . L] 1
400 600 800

CSF AR42 (pg/mL) at baseline

B. LOAD-ADNI
p=005 p=071
75 - °
2 DA
'.~- ar ..oso'o
25 -, - -
] ] . I -
400 600 800 1000

CSF AR42 (pg/mL) at baseline

CSF t-tau (pg/mL) at baseline

CSF t-tau (pg/mL) at baseline

p=0.24.p=5.4

600 -
L] m .

- -
500 -
m-//-./'

LI .
300 = .

*
T T T
400 600 800

CSF AR42 (pg/mL ) at baseline

500 = 50054, p=069

600 = .
. -
- & Y
-« o .
400 - e’ ew
o.‘. « e 2o
. y -
-
200 - W i'..
& .
| | 1 1
400 600 800 1000

CSF AR42 (pg/mL ) at baseline

CSF p-tau (pg/mL) at baseline

CSF p-tau (pg/mL) at baseline

p=098, p<22e-16

70 -

60 -

50 -

40 -

30 -

DT T T 1
300 400 500 600

CSF t-tau (pg/mL) at baseline

p=096,p<22e-16

75 -

1 1 1 1
200 400 600 800

CSF t-tau (pg/mL) at baseline

96



Figure 3 Correlation between initial CSF
biomarkers levels and baseline atrophy in EOAD-
HCB
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OBJETIVO 3

Estudiar la capacidad para predecir los cambios cognitivos longitudinales de
las alteraciones en grosor cortical y volumen subcortical en RM craneal que
presentan en el momento del diagndstico los sujetos con EAIP confirmada
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Abstract

Background MRI atrophy predicts cognitive status in AD. However, this relationship has not been investigated in early-onset
AD (EOAD, < 65 years) patients with a biomarker-based diagnosis.

Methods Forty eight EOAD (MMSE >15; A+ T +N +) and forty two age-matched healthy controls (HC; A — T — N —)
from a prospective cohort underwent full neuropsychological assessment, 3T-MRI scan and lumbar puncture at baseline.
Participants repeated the cognitive assessment annually. We used linear mixed models to investigate whether baseline corti-
cal thickness (CTh) or subcortical volume predicts two-year cognitive outcomes in the EOAD group.

Results In EOAD, hemispheric CTh and ventricular volume at baseline were associated with global cognition, language
and attentional/executive functioning 2 years later (p <0.0028). Regional CTh was related to most cognitive outcomes
(p <0.0028), except verbal/visual memory subtests. Amygdalar volume was associated with letter fluency test (p < 0.0028).
Hippocampal volume did not show significant associations.

Conclusion Baseline hemispheric/regional CTh, ventricular and amygdalar volume, but not the hippocampus, predict two-
year cognitive outcomes in EOAD.

Keywords Early-onset Alzheimer’s disease - Magnetic resonance imaging (MRI) - Biomarkers - Longitudinal -
Progression - Neuropsychological evaluation - Cognition - Prediction biomarkers
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bankssts ~ Banks of the superior temporal sulcus

BDAE The Boston Diagnostic Aphasia Examination

BNT Boston Naming Test

CERAD Consortium to Establish a Registry for Alz-
heimer’s disease

CSF Cerebrospinal fluid

CTh Cortical thickness

DFR Delayed free recall

Digits-B Digits span backwards

Digits-F Digits span forwards

DTR Delayed total recall

EOAD Early-onset AD

LFT Letter fluency test

FCSRT Free and Cued Selective Reminding Test

FDG-PET Fluorodeoxyglucose positron emission
tomography

FL. Free learning

GC Global composite

HC Healthy controls

HCEB Hospital Clinic de Barcelona

LM Linear model

LME Linear mixed-effects model

LOAD Late-onset AD

MMSE Mini-Mental State Examination

MRI Magnetic resonance imaging

MTL Medial temporal lobe

NIA-AA  National Institute on Aging-Alzheimer’s
Association

SF Semantic fluency test

TL Total learning

TMT-A Trail Making Test-A

VOSP Visual object and space perception hattery

WAB Western Aphasia Battery

WAIS Wechsler Adult Intelligence Scale

YOE Years of education

Introduction

Alzheimer’s disease (AD) is classified into early-
onset (EOAD, age at onset < 65 years) and late-onset
(LOAD, > 65 years) presentations. Both entities feature the
progressive deposition of amyloid-p (Ap) and tau proteins
that leads to synaptic and neuronal loss and the subsequent
cognitive impairment [1]. However, compared to LOAD,
EOAD subjects present a greater pathological burden in neo-
cortical regions and less hippocampal involvement [2, 3].
In addition, EOAD tends to present a pattern of widespread
neocortical atrophy, as seen in magnetic resonance imaging
(MRTI) studies [4—6], and the medial temporal lobe (MTL)
atrophy, an established neurodegeneration biomarker in AD,
has shown limited utility in this population [7]. On the other
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hand, EOAD shows a higher frequency of non-amnestic
symptoms and faster cognitive decline than LOAD [8, 9].

The National Institute on Aging-Alzheimer’s Associa-
tion (NIA-AA) provides a framework for in vivo evidence
of AP plaques and Tau deposit (A/T biomarkers), as well
as for neurodegeneration (N) [10], with the A+ T +N+and
A+T+N — subtypes showing the highest rates of progres-
sion from preclinical stages to AD’s dementia. However, the
links between the ATN system and the cognitive status are
modest and there is still a clinical need to identify patients
at the greatest risk for cognitive decline. In this sense, brain
atrophy in MRI, especially in the MTL structures, has
yielded satisfactory results in tracking neurodegeneration
[11] and predicting clinical progression [12-14]. In EOAD,
cross-sectional MRI studies have shown an association
between the cognitive profile and the pattern of brain atro-
phy [15, 16]. However, literature describing how baseline
MRI atrophy may predict cognitive status in EQAD is lack-
ing. Moreover, whether the outcomes emphasizing memory
and hippocampus should be applied to this subgroup remains
an unanswered question.

Here, we include sporadic EOAD subjects (A+T+N+)
and healthy controls (HC; A — T — N —) who underwent a
baseline 3T-MRI and lumbar puncture for analysis of cer-
ebrospinal fluid (CSF) biomarkers (Ap42, p-tau and t-tau).
First, we compare the longitudinal changes in a compre-
hensive neuropsychological evaluation, as well as the base-
line pattern of atrophy in MRI, between EOAD and HC.
Then, in the EOAD group, we investigated the relationship
between baseline MRI measures reflecting global atrophy
{i.e. hemispheric cortical thickness (CTh) and lateral ventri-
cles (I.Vs) volume) and cognitive outcomes up to two years.
We hypothesized that global atrophy would predict the cog-
nitive status in non-amnestic domains rather than in memory
measures. Finally, we used the measures of regional cortical
thinning and subcortical volume loss in EOAD to investigate
region-specific associations with the future cognitive status.
We hypothesized that measures of neocortical regions, rather
than the MTL structures, would be predictors of the cogni-
tive outcomes in EOAD.

Material and methods
Study participants

We included 48 EOAD patients (Mini-Mental State Exami-
nation (MMSE) score > 15) and 42 age-matched HC from a
prospective cohort recruited at the “Alzheimer’s disease and
Other Cognitive Disorders Unit”, Hospital Clinic de Barce-
lona (HCB). At baseline, all participants underwent a com-
prehensive neuropsychological testing, a 3T-MRI scan and a
lumbar puncture to analyze AD CSF biomarkers. During the
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follow-up, the neuropsychological evaluation was repeated
annually over 2 vears (namely visit 1 and visit 2), except for
those enrolled in clinical trials, who were unable to perform
the battery or withdrew their consent.

All the EOAD patients presented CSF levels of AD
biomarkers in the range suggesting AD neuropathology
(A +T +) with neurodegeneration (N +) according to the
NIA-A A Research Framework 2018 [10]. EOAD subjects
also fulfilled diagnostic criteria for mild cognitive impair-
ment due to AD, or AD mild dementia [17, 18]. HC pre-
sented normal cognition and normal CSF levels of core
biomarkers (A — T — N —). We excluded participants with
previous psychiatric or neurological conditions, autosomal
dominant pattern of AD inheritance, poor MRI quality or
gross brain pathology (i.e., stroke, tumor). HC were obtained
from different research projects. They were a combination of
patients’ relatives recruited from our outpatient’s clinic and
volunteers who came to our center to participate in research.

The study was approved by Hospital Clinic Ethics Com-
mittee and all the individuals gave written informed consent
for their clinical data to be used for research purposes.

Laboratory testing

Commercially available single-analyte enzyme-linked
immunosorbent assay (ELISA) was used to determine lev-
els of CSF Ap42, p-tau and t-tau (INNOTEST, Fujirebio
Europe N.V., Gent, Belginm). The CSF Ap42 (A), p-tau (T)
and t-tau (N) levels were used to determine the ATN status
according to cut-off values determined by our laboratory
[19]. APOE genotyping was performed through the analy-
sis of rs429338 and rs7412 polymorphisms, either using
TagMan genotyping (Thermo Fisher Scientific, Waltham,
MA, USA) or Sanger sequencing. Individuals were classi-
fied according to the presence of at least one APOE €4 allele
(carriers) or the absence of APOE ¢4 alleles (non-carriers).

Cognitive assessment

All subjects completed an initial comprehensive neuropsy-
chological battery administered by a trained neuropsy-
chologist, including sixteen cognitive performances (five
cognitive domains) and the MMSE as a measure of global
cognition [20]. The same cognitive battery was performed
annually.

The Free and Cued Selective Reminding Test (FCSRT)
[21] was used to assess verbal learning [free learning (FL) and
total learning (TL) scores] and memory function [delaved free
recall (DFR) and delayed total recall (DTR) scores]. Delayed
visual memory was measured using the Landscape test (LT)
[22]. Language evaluation comprised the Boston Naming Test
(BNT) [23], a semantic fluency test (SF) [24] and the audi-
tory comprehension subtest of the Boston Diagnostic Aphasia

Examination (BDAE) [25]. The ideomotor praxis subtest of
the Western Aphasia Battery (WAB) [26] and the construc-
tional praxis subtest included in the Consortium to Establish a
Registry for Alzheimer’s Disease (CER AD) battery [27] were
used to assess the praxis domain. Visual-spatial perception
was measured by the incomplete letters and number location
subtests of the Visual Object and Space Perception battery
(VOSP-letters/VOSP-numbers, respectively) [28]. Attention
and executive functions evaluation consisted in the Trail Mak-
ing Test-A (TMT-A) [29], a letter fluency test (LFT) [30] and
the digit span forwards (attention span, Digits-F) and back-
wards (working memory, Digits-B) subtests of the Wechsler
Aduit Intelligence Scale (WAIS) [31].

All scores were z-normalized using the mean and stand-
ard deviation of HC at baseline. In the case of TMT-A, we
reversed the score sign to maintain an interpretation of wors-
ening performance, lower score. For each subject, we created
a global composite (GC) using the mean z-score for all tests
except MMSE (16 cognitive tests). Not available values were
omitted.

MRI acquisition and processing

A high-resolution 3D structural data set (T1-weighted, MP-
RAGE, repetition time=72.300 ms, echo time=2.98 ms, 240
slices, field-of-view =256 mm, voxel size=1x1x 1 mm) was
acquired for each individual at baseline in a 3T Magnetom Trio
Tim scanner (Siemens Medical Systems, Germany) at HCB.
In addition, 3 EOAD subjects were scanned in a 3T Prisma
scanner (Siemens Medical Systems, Germany) at HCB using
the same protocol.

We used the processing stream available in FreeSurfer
version 6.0 (hitp://surfernmr.mgh.harvard.edu/) to perform
cortical reconstruction and volumetric segmentation of the
T1-weighted acquisitions. FreeSurfer preprocessing steps are
fully reported elsewhere [32, 33]. FreeSurfer allowed us to
generate automated CTh maps and segmentation of the sub-
cortical structures. We obtained global measures of mean CTh
and volume of the 1.Vs of the left and right hemispheres (lh,
th). In addition, for studying regional effects, we used the sum-
mary measures of mean CTh in 68 cortical parcellations and
gray matter volumes of 17 subcortical structures, all derived
from atlases available in FreeSurfer [34, 35]. Subcortical vol-
umes were normalized by the estimated intracranial volume
and scaled with a factor of 100. All the images were visnally
inspected and manually corrected if needed.

Statistical analysis
Demographics, genetics and CSF biomarker levels

At baseline, EOAD and HC were compared using t Student
tests for continuous variables and ;f tests for the sex, APOE
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and laterality distributions. Due to sample size reductions at
Visit 1 and Visit 2, between-group differences in the succes-
sive visits were analyzed using the Mann—Whitney U tests
for continuous variables and Fisher's exact tests for categori-
cal data. A p value < (.03 was considered statistically sig-
nificant. All statistical analyses in this study were conducted
using R 4.0.2 (http://www.R-project.org).

Neuropsychological scores

We studied group differences in neuropsychological scores
to evaluate which domains were affected at baseline and at
2 years point. At baseline, we used linear models (LM) to
calculate between-group differences in neuropsychological
z-scores, with age at neuropsychological testing (age), sex,
years of education (YOE) and APOE status as predictors.
Prior to analyses, all dichotomous variables (e.g., sex) were
dummy-coded to make them usable in regression models.
We performed linear mixed-effects models (LME) to
examine differences in cognitive trajectories between EOAD
and HC at 2 years. The z-scores of the tests at visit 2 were
used as the variable to be predicted. Participants were mod-
eled as random effects and the diagnostic group, the visit
(baseline, visit 1, visit 2) and their interaction (group X
visit) were introduced as fixed effects. In addition, baseline
z-scores, age, sex, YOE and APOF status were also intro-
duced as fixed effects. The group X visit 2 interaction was
selected as the main contrast of interest. After Bonferroni
correction (initial p level =0.03, number of tests=18), a p
value < 0.0028 was considered statistically significant.

Structural differences at baseline

Similarly, we evaluated the differences of baseline MRI
between EOAD and HC to obtain the patterns of atrophy
as well as their MRI-derived summary measures. We cal-
culated differences between groups in CTh and volume
measures using LM. Age at MRI scan, sex and APOFE
status were introduced as covariates of no interest. After
Bonferroni correction for multiple comparisons (initial p
level =0.03, number of tests=89), only p values < 0.0006
were considered statistically significant. As we had slightly
different acquisitions in a subset of participants, we repeated
the analysis with the scan as a predictor to discard any effect
of scan change.

MRI prediction of 2-years cognitive outcomes

We performed LMEs in EOAD to investigate whether base-
line atrophy predicts cognition at 2 years. Cognitive z-scores
were introduced as dependent variables. Participants were
modeled as random effects, while fixed effects were: visit
(baseline, visit 1, visit 2)), the brain structural measures
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(introduced individually), and the interaction between brain
measurements and visit (MRI x visit). In addition, base-
line z-score for each cognitive measure, age, sex, YOE and
APOE status were also introduced as fixed effects, to be used
as covariates of no interest. We performed the analysis for
each of the MRI measures that resulted significant in the
baseline analysis of group differences, as well as for global
measures. MRI X visit 2 interaction was selected as the main
contrast of interest. A p value < 0.0028 was considered sta-
tistically significant.

Results
Demographics, genetics and CSF biomarker levels

EOAD and HC characteristics at baseline are summarized
in Table 1. Compared to HC, EOAD presented lower Ap42
and higher p-tau and t-tan levels and a higher proportion of
APOE &4 carriers (all p < 0.03). We found no differences in
age, YOE, time between visits, time between the neuropsy-
chological assessments and MRI scan/lumbar puncture, sex
or laterality. 23 EOAD and 29 HC subjects continued at visit
1 whereas 15 EOAD and 28 HC did at visit 2 (Supplemen-
tary Table 1 and 2).

Neuropsychological scores

At baseline, compared to HC, EOAD patients scored lower
in all tests of the neuropsychological battery (p < 0.05, Bon-
ferroni corrected, Fig. 1).

At 2 years, EOAD declined faster in all the cognitive
scores than HC (p < 0.05, Bonferroni corrected, Table 2),
except for Digits-B.

MRI atrophy at baseline

At baseline, 1h and rh CTh was lower in EOAD than HC and
LVs volumes were higher (p <0.05, Bonferroni corrected;
Fig. 2a). When comparing the lateralization effects in global
measures of atrophy in EOAD, no hemispheric asymmetries
were found in CTh (p=0.6) or LVs volume (p=0.4).
Regarding the regional pattern of atrophy in EOAD,
we found lower CTh bilaterally in superior frontal, caudal
middle frontal, rostral middle frontal, fusiform, supramar-
ginal, precuneus, superior and inferior parietal; banks of
the superior temporal sulcus (bankssts), superior, middle
and inferior temporal; posterior and isthmus cingulate and
lateral occipital regions. In addition, lower CTh was found
in EOAD in the right entorhinal, insula and parahippocams-
pal areas (p < 0.05, Bonferroni corrected; Fig. 2b). Finally,
we found reduced subcortical volume in EOAD in the
bilateral amygdala and hippocampus (p < 0.05, Bonferroni
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Table 1 Demographics. EOAD (n=48) HC (n=42) P value

clinical characteristics and CSF

biomarker levels of the study N Mean SD N Mean SD

groups
Age at onset (years) 48 56.46 4.24 N/A N/A N/A N/A
CSF Ap42 (pg/ml) 48 422.26 133.64 42 826.70 205.61 1716+
CSF p-Tau (pg/ml) 48 98.96 36.17 42 51.19 12.67 171
CSF Tau (pg/ml) 48 696.92 435.06 42 219.53 71.35 17%%
Age at MRI scan (years) 48 59.23 4.38 42 57.51 5.22 0.10
Age at NPS (years) 48 59.17 4.37 42 57.49 5.23 0.11
MMSE score 48 22.77 3.57 42 28.76 1.61 215
Time MRI-LP (years) 48 0.13 0.20 42 0.11 0.12 0.52
Time NPS-MRI (years) 48 0.09 0.11 42 0.10 0.12 0.66
Time NPS-LP (years) 48 0.11 0.22 42 0.15 0.15 0.31
Years of education 48 12.33 4.65 42 12.14 4.45 0.84
Sex (Female) 27 N/A N/A 32 N/A N/A 0.08
Laterality (Right) 47 N/A N/A 40 N/A N/A 091
APOE4 (Carriers) 21 N/A N/A 8 N/A N/A 0.02%
Time Visit 0-Visit 1 (years) 23 1.07 0.14 29 1.11 0.13 0.2
Time Visit 0-Visit 2 (years) 15 2.06 0.18 28 2.13 0.23 0.1

EOAD and HC characteristics were compared using ¢ Student test for continuous variables, linear mixed-
effect model for the MMSE and the 2 test for the sex, APOE e4 and laterality distributions

EOAD early-onset AD; HC healthy controls; NPS Neuropsychological assessment; N/A not applicable;
MRI Magnetic resonance imaging; CSF cerebrospinal fluid; MMSE Mini-Mental State Examination; Ap42
amyloid pB42; p-fau phosphorylated tau; r-fau total tau; LP Lumbar Puncture; SD standard deviation

*Significant differences at p value <0.05

Fig. 1 Basehne neuropsy_ GIO?aI Memory Language Praxis Perception fentionand
chologlcal scores and error cognition executive function
bars across the study groups
(*p<0.05, Bonferroni cor- x k| k k x x Kk |k *x * | x *x  *x x| *k * *x %
rected). Key: EOAD early-onset 04 e e e} PR S S TS S S
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corrected; Fig. 2¢). After using the type of MRI scan as  Global brain measures at baseline predict 2-year

a covariate, results did not change (p < 0.05, Bonferroni  cognitive outcomes

corrected), except for lh rostral middle frontal (p =0.05,

Bonferroni corrected). At 2 years point, the hemispheric CTh and the volume of
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Table 2 Between-group differences in two-year cognitive outcomes

Test Std. p SD Raw p value
Global composite —4.11 0.38 5720%
MMSE -4.13 0.37 372
FCSRT—Afree learning -1.2 022 17*
FCSRT—total learning -2.88 036 471«

-132 025 6%
—4.11 075 27%
-25 0.41 8%
-373 037 278«
-094 024 2™
-16.99 267 37
—-2.93 0.49 37
—-8.08 .12 57«
-266 056 6%
-9.72 1.82 47«
- 1.79 036 27
—-0.91 020 2%
- 1.13 025 17
-053 035 27

FCSRT—delayed free recall
FCSRT—delayed total recall
Landscape test

Boston naming test

Semantic fluency test
BDAE—auditory comprehension
CERAD——constructional praxis
VOSP—incomplete letters
VOSP—incomplete numbers
WAB—ideomotor praxis

Trail Making Test—A

Letter fluency test

Digits span—Forwards

Digits span—Backwards

Linear mixed-effects models for between group differences in cogni-
tive outcomes at 2 years

SD standard deviation; BDAE Boston Diagnostic Aphasia Examina-
tion; CERAD Consortium to Establish a Registry for Alzheimer’s
Disease; FCSRT Free and Cued Selective Reminding Test; MMSE
Mini-Mental State Examination; VOSP Visual Object and Space Per-

ception; WAB Western Aphasia Battery; Std § standardized p coeffi-
cients

*Cognitive scores with a significant group X visit 2 interaction
(adjusted p value <0.05 after Bonferroni correction)

the LVs in EOAD at baseline were associated with the cog-
nitive outcomes in 7 out of 18 neuropsychological scores.
Lower 1h CTh at baseline was associated with lower z-scores
in MMSE at 2 years, in addition to SF and LFT tests. In
contrast, lower rh CTh at baseline was related to lower
TMT-A z-scores at 2 years. On the other hand, a higher 1h/
rh LV volume was associated with lower z-scores in GC and
MMSE. In addition, higher lIh/rh LV was associated with
lower BDAE cognitive outcomes, whereas higher rh LV vol-
ume was related to worse Digits-F performance at 2 years
(p <0.0028, Fig. 3).

Regional pattern of atrophy in EOAD predicts 2-year
cognitive outcomes

In EOAD, multiple regions that presented atrophy at baseline
were associated with the cognitive status at 2 years, includ-
ing all cognitive scores except for DTR and LT (p < 0.0028;
Fig. 4). In the vast majority of studied regions, we found
a positive association between the initial atrophy and the
cognitive outcomes at 2 years (i.e. higher regional CTh or
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volume at baseline in EOAD predicted better z-scores at
visit 2). The cortical and subcortical regions at baseline
that were related to the cognitive status at visit 2 included:
GC: 1h amygdala, bankssts, fusiform, inferior parietal, lat-
eral occipital, middle temporal, precuneus, superior pari-
etal and supramarginal regions and rh parahippocampal,
precuneus and supramarginal regions; MMSE: 1h inferior
temporal, middle temporal, superior frontal and supramar-
ginal and rh inferior temporal, insula and supramarginal;
FL: 1h caudal middle frontal and superior temporal and
rh rostral middle frontal; DFR: rh rostral middle frontal;
BNT: lh/rh supramarginal, rh parahippocampal; BDAE: lh
middle temporal and supramarginal and rh parahippocam-
pal; SF: 1h middle temporal, inferior temporal and superior
frontal; CERAD: 1h/rh bankssts and posterior cingulate, lh
fusiform and supramarginal and rh precuneus and supra-
marginal; WAB: 1h fusiform and superior parietal and rh
parahippocampal; VOSP-letters: rh posterior cingulate and
supramarginal; VOSP-numbers: lh posterior cingulate and
precuneus; LFT: 1h amygdala, bankssts and supramarginal
and rh parahippocampal; TMT-A: 1h/rh bankssts, inferior
parietal and superior frontal, lh rostral middle frontal and
supramarginal and rh fusiform, superior temporal, middle
temporal and inferior temporal; Digits-B: rh parahippocam-
pal and superior temporal (p < 0.0028).

On the other hand, higher CTh in lh superior parietal
and lateral occipital regions at baseline was associated with
lower scores in TL. Higher CTh in rh entorhinal was related
to lower scores in Digits-F (p < 0.0028).

Discussion

In this prospective study, we investigated the relationship
between initial atrophy in EOAD patients (A +T+N+) and
the subsequent cognitive status 2 years later. We found that
greater hemispheric CTh loss or LV enlargement at baseline
predicted worse cognitive outcomes in global cognition and
in non-amnestic domains. Furthermore, CTh measures of the
neocortex in EOAD, rather than those of MTL structures,
predicted neuropsychological scores at 2 years, except for
the delayed verbal and visual memory scores.

EOAD’s cognitive impairment at baseline involved
amnestic and non-amnestic domains. These results sup-
port the clinical heterogeneity previously observed in
EOAD patients, and they contrast with the predominance
of memory alterations reported in LOAD [9, 36, 37]. We
describe a pattern of widespread cortical atrophy, with
relative preservation of the MTL cortex, which is in
consonance with previous investigations reporting that
the associative cortices are more vulnerable to atrophy
than the MTL in EOAD [4-6]. Similarly, this pattern of
extensive cortical reduction in EOAD has been related to
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Aphasia Examination; CERAD Consortium to Establish a Registry

multidomain cognitive impairment [15], even suggesting
that these patients have a more aggressive form of AD
[3]. Furthermore, the observed decline in all the cognitive
domains explored in our cohort aligns with the idea of a

25 0 25 50 75

25 0 25 50 75 25 0 25 50 75

Std. B

for Alzheimer’s disease; CTh cortical thickness; FCSRT Free and
Cued Selective Reminding Test; {2 left hemisphere; LV lateral ven-
tricle; MMSE Mini-Mental State Examination; »1 right hemisphere;
VOSP visual object and space perception; WAB Western Aphasia Bat-
tery; Std. p standardized B coefficients

faster deterioration beyond the memory domain in EOAD
patients without a biomarker-based diagnosis [38].

We showed that greater global atrophy in EOAD at base-
line was associated with worse cognitive status in global
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cognition, language and attentional/executive functioning.
Previously, in cross-sectional studies, atrophy in EOAD has
been related to global cognition and attentional/executive
performance, whereas memory has been associated with
atrophy in LOAD subjects. Moreover, cognitive impairment
could be more related to atrophy in EOAD than in LOAD
[16], in which other brain pathologies than AD contribute
to the cognitive profile [39, 40].

Memory outcomes have been linked to AD atrophy, espe-
cially to the MTL [41]. However, our results suggest that
global or MTL atrophy is not the best indicator of future
memory performance in EOAD. We found that MRI meas-
ures of neocortical regions correlated with non-amnestic
outcomes in EOAD. In addition, measures of the frontal
and lateral-temporal regions were associated with memory
outcomes (free learning and delayed free recall). Still, no
brain region was associated with the future scores in delayed
total recall or landscape test. We also observed that a rela-
tive conservation of right parietal and occipital regions was
associated with worse learning outcomes, suggesting that
EOAD patients with lesser posterior atrophy might show
faster decline in this domain [15].

In our study, we did not find a relationship between the
cognitive status at 2 years in EOAD and baseline hippocam-
pal volume. In contrast, entorhinal CTh and amygdala vol-
ume predicted scores in the attention/executive domain. We
are aware that neuropsychological constructs explore diver-
gent aspects of cognition, and pathological changes might
exert effect before atrophy appears [42]. However, our aim
here was not to find atrophy correlates of the cognitive phe-
nomenology in EOAD, but to provide structural informa-
tion that might be useful for prediction models of disease
evolution in EOAD patients. We have shown that baseline
neocortical atrophy in EOAD might better predict the subse-
quent cognitive decline than the hippocampus, which might
also be insensitive for EOAD diagnosis [7]. Our findings
support the notion that atrophy beyond the MTL is asso-
ciated with vounger age and extensive cognitive decline,
including non-amnestic domains [2, 43, 44], and different
brain networks may be affected according to age at onset [45,
46]. According to our results, global cognition and domain-
specific scores at 2 vears in EOAD are mostly attributed
to baseline atrophy in parietal and lateral temporal regions.
These regions, rather than the MTL structures, might be use-
ful for identifying patients with a faster clinical progression
of the disease.

The strengths of our study are the use of CSF biomark-
ers for the characterization of all participants. In addi-
tion, we used global and regional measures of atrophy,
including CTh and subcortical gray matter volume, to
predict cognitive performance in a comprehensive neu-
ropsychological evaluation, including 16 cognitive test

(five cognitive domains) and global cognition measures.
The main limitation is the relatively small sample size and
the loss of patients longitudinally, especially at 2 years.
In this sense, we tried to minimize longitudinal biases by
using a LME approach to our data. On the other hand, we
examined the effect of a single brain region on future cog-
nitive status, while a multivariate analysis including mul-
tiple brain areas as predictors might estimate the impor-
tance of each MRI measure to the cognitive outcomes and
the interdependencies between different regions. Another
limitation of our work is the lack of a LOAD sample to
compare our results with. However, LOAD was outside
the scope of our research cohort, which is based uniquely
in EOAD. Although there are previous studies in LOAD
subjects or that do not take into account the age of the par-
ticipants, we believe that the comparison of our findings
to those in LOAD would be useful to better understand
the differences between AD patients according to the age
at onset. Furthermore, fluorodeoxyglucose positron emis-
sion tomography (FDG-PET) data is not available in our
study and we are aware that the association of the FDG-
PET uptake with the neuropsychological scores, and the
comparison of these findings with the MRI results, would
help to better understand the relationship between neu-
rodegeneration and clinical progression. Nevertheless, to
our knowledge, this is the first prospective study to inves-
tigate the relationship between the initial brain atrophy
and the short-term cognitive outcomes in EOAD subjects
with a biomarker-based diagnosis. Our study provides data
for future hypothesis testing, narrowing the field of brain
MRI measurements that could predict the evolution of the
disease in EOAD. The demonstration of the efficacy of
disease-modifying therapies is obtained through biomark-
ers and clinical assessments. A better understanding of the
disease according to the age at onset could provide specific
biomarkers of clinical progression for each individual in
clinical trial designs, selecting those individuals with a
higher risk of clinical decline and increasing the chance
of observing a positive response to drugs.

In conelusion, global atrophy in EOAD at baseline was
related to outcomes in global cognition, language and
attentional/executive functioning at 2 vears. However,
memory, praxis or visuospatial outcomes were not related
to global atrophy in EOAD. On the other hand, baseline
atrophy in neocortical regions in EOAD was associated
with the future cognitive status in all domains and global
cognition. However, the hippocampus was insensitive to
predict cognitive changes over time. Whether cognitive
performance in EOAD can be predicted by an age-specific
pattern of atrophy must be assessed in larger cohorts.

Supplementary Information The online version contains supplemen-

tary material available at https://doi.org/10.1007/500415-021-10851-9.
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Supplementary material:

Supplementary Table 1
Demographics, clinical characteristics, and CSF biomarker levels for participants at visit 1

EOAD (n=23) HC (n=29)

N Mean SD N Mean SD p value

Age at onset (years) 23 5587 4.60 N/A N/A N/A N/A
CSF AB42 (pg/ml) 23 396.91 11947 29 85749 230.82 212
CSF p-tau (pg/ml) 23 101.66  33.11 29 51.44 11.79 7°08*
CSF t-tau (pg/ml) 23 69259 330.51 29 22594 70.66 1-09*
Time baseline-Visit 1 (years) 23 1.07 0.14 29 1.11 0.13 0.2
Age at NPS (years) 23  59.71 4.65 29 59.51 4.36 1
MMSE score (baseline) 23 22.30 3.18 29 28.72 1.49 5-09%
MMSE score (Visit 1) 22 20.64 5.25 29  28.90 1.21 4-08*
Time Visit 1 - MRI (years) 23 1 0.14 29 1.09 0.19 0.16
Time Visit 2 - LP (years) 23 1.11 0.19 29 1.13 0.24 0.57
Years of education 23  11.78 4.49 29 12.07 4.17 0.80
Sex (Female) 14 N/A N/A 22 N/A N/A 0.37
Laterality (Right) 22 N/A N/A 27 N/A N/A 1
APOE4 (Carriers) 8 N/A N/A 3 N/A N/A 0.04*

EOAD and HC characteristics at Visit 1. Asterisks indicate significant differences at p<0.05.
Key: EOAD, early-onset AD; HC, healthy controls; NPS, Neuropsychological assessment;
N/A, not applicable; MRI, Magnetic resonance imaging; CSF, cerebrospinal fluid; MMSE,
Mini-Mental State Examination; AB42, amyloid 42; p-tau, phosphorylated tau; t-tau, total tau;
LP, Lumbar Puncture; SD, standard deviation
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Supplementary Table 2

Demographics, clinical characteristics and CSF biomarker levels for participants at visit 2

EOAD (n=15) HC (n=28)
N Mean SD N Mean SD p value

Age at onset (years) 15 57.60 4.63 - - - -

CSF AB42 (pg/ml) 15 413.57 112.25 28 870.12 228.06 g-10%
CSF p-tau (pg/ml) 15 94.01 31.38 28 55.16 13.14 7-05*
CSF t-tau (pg/ml) 15 654.24 288.42 28 238.60 72.56 1-08*
Time baseline-Visit 2 15 2.03 0.12 28 2.11 0.17 0.13
Age at Visit 2(years) 15 62.11 4.86 28 58.86 4.07 0.03*
MMSE score (baseline) 15 21.80 3.19 28 28.93 1.54 1-07*
MMSE score (Visit 2) 15 15.27 5.06 27 29.00 1.07 6 -08*
Time Visit 2- MRI (years) 15 1.98 0.12 28 2.10 0.19 0.03*
Time Visit 2 - LP (years) 15 2.06 0.18 28 213 0.23 0.10
Years of education 15 11.13 4.53 28 12.39 410 0.27
Sex (Female) 9 N/A N/A 22 N/A N/A 0.29
Laterality (Right) 14 N/A N/A 26 N/A N/A 1

APOE4 (Carriers) 5 N/A N/A 6 N/A N/A 0.47

EOAD and HC characteristics at visit 2. Asterisks indicate significant differences at p<0.05. Key:
EOAD, early-onset AD; HC, healthy controls; NPS, Neuropsychological assessment; N/A, not
applicable; MRI, Magnetic resonance imaging; CSF, cerebrospinal fluid; MMSE, Mini-Mental State
Examination; AB42, amyloid B42; p-tau, phosphorylated tau; t-tau, total tau; LP, Lumbar Puncture;

SD, standard deviation Examination.
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VIL. DISCUSION

En los trabajos que conforman la presente tesis doctoral se han investigado
las alteraciones transversales y los cambios longitudinales en RM craneal
estructural en sujetos con EAIP confirmada biologicamente, ademas de la
variabilidad existente en la enfermedad en base al sexo de los sujetos. Por
otro lado, los trabajos incluidos también han evaluado la capacidad de la RM
craneal estructural para predecir la evolucidén cognitiva de los sujetos con
EAIP, asi como la relacién entre los niveles de biomarcadores en LCR en el
momento del diagndstico y la progresién de la atrofia, ampliando el
conocimiento sobre el valor prondstico de los biomarcadores en la EAIP. Si
bien algunos trabajos previos han estudiado los cambios patologicos en la
EAIP, son pocos los estudios que incluyen exclusivamente sujetos con
confirmacion de la enfermedad mediante el uso de biomarcadores en LCR y
un perfil A+T+N+ segun los ultimos criterios de investigacion de la NIA-AA
de 2018 (28).

El primer trabajo presentado investiga de forma transversal las diferencias
en grosor cortical, volumen hipocampal y sus subcampos, deterioro cognitivo
y niveles de biomarcadores de LCR entre mujeres y hombres con EAIP en
fase de DCL o demencia leve. Aunque trabajos previos han evaluado
diferencias en diferentes biomarcadores entre sexos en la EA (ver Ferretti et
al., 2018 para una revisiéon (53)), este es el primer trabajo exclusivamente
centrado en la EAIP. Los resultados de este trabajo indican que existen
diferencias en la propagacion y susceptibilidad a la enfermedad entre sexos
en la EAIP. Aunque puedan ser sutiles, los hallazgos afiaden nueva
informacion para crear grupos biolégicamente mas homogéneos en futuras
investigaciones, necesarios ya sea para entender la fisiopatologia de la
enfermedad o probar la eficacia de tratamientos modificadores de la
enfermedad (103). Segun los resultados de este primer trabajo, la extension
de la atrofia, la magnitud de los sintomas cognitivos y su relacién con la
atrofia cerebral, o los niveles de tau en LCR, podrian variar segun el sexo de
los sujetos con EAIP, anadiendo heterogeneidad a los estudios si no se
tuviera en cuenta este factor en su planificacién.

Por un lado, cuando se comparan directamente hombres y mujeres con
EAIP, los hombres parecen mostrar una mayor pérdida cortical en el LTM,
concretamente en la region parahipocampal. Sin embargo, al comparar
mujeres y hombres con sus respectivos controles, el patron de pérdida
cortical es mas extenso en las mujeres en el momento del diagnéstico,
afectando a regiones parietotemporales de ambos hemisferios y no a la
corteza del LTM, mientras que en los hombres la pérdida cortical esta mas
limitada al hemisferio izquierdo y afecta a la corteza del LTM. Acorde con la
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pérdida cortical, las mujeres muestran afectacion de ambos hipocampos y la
mayoria de los subcampos hipocampales, mientras que la afectacién de los
subcampos es mas limitada en hombres, y unicamente el hipocampo
izquierdo muestra diferencias con los controles del mismo sexo. Los
patrones de pérdida cortical en el neocortex observados en ambos sexos
son congruentes con los hallazgos de estudios en la EAIP que no han tenido
en cuenta la influencia del sexo (67—71), y van en la linea de los hallazgos
de los siguientes trabajos presentados en esta tesis doctoral. Sin embargo,
en cuanto al hipocampo, estudios previos han descrito una pérdida de
volumen generalizada en los subcampos del hipocampo en la EAIP (75), que
van mas en consonancia con los hallazgos encontrados en las mujeres.
Llama la atencion que la region Cuerno de Amoén 1 (CA1) del hipocampo no
mostré diferencias frente a controles en hombres, cuando ha sido descrita
como una de las regiones iniciales de depdsito de neurofibrilar en la EA
(104). No obstante, se ha descrito un fenotipo de EA con escasa afectacion
hipocampal que es mas frecuente en hombres (105). Ademas, la evidencia
previa en la EA apunta a que las mujeres presentan una mayor carga de
patologia tau en la corteza y el hipocampo, tanto en estudios de PET
(93,106) como anatomopatolégicos (59,60). Otros estudios
anatomopatoldgicos analizando sujetos con EAIP también han encontrado
un mayor grado de patologia tau en mujeres, incluyendo los subcampos del
hipocampo CA1 y subiculum, y sin que existan diferencias en el numero de
diagndsticos patolégicos concomitantes entre sexos (18). Por otro lado, aun
siendo aqui la frecuencia de portadores del alelo ¢4 de APOE similar entre
sexos en EAIP, el alelo €4 podria condicionar una mayor atrofia hipocampal
en mujeres que en hombres con EA (107). También la mayor frecuencia del
genotipo de APOE ¢4 en mujeres con EAIP que en sus respectivos controles
podria verse reflejada en una mayor afectacién hipocampal en mujeres con
la enfermedad. Sin embargo, para evitar precisamente la influencia de este
factor, nuestros resultados han sido ajustados por la presencia o no del alelo
€4 de APOE.

Acorde con nuestros hallazgos, cuando se usen medidas de RM craneal
para evaluar la progresion de la EAIP, no sélo la edad de inicio puede influir,
sino también el sexo de los sujetos. En este sentido, la utilizacion de
regiones como el precuneus podria asegurar que se estan evaluando
cambios en el grosor cortical en ambos sexos en la EAIP, mientras que la
corteza del LTM o el hipocampo parecen mostrar dimorfismo sexual. Las
diferencias en cuanto a cémo se organizan los cambios patolégicos en el
cerebro de hombres y mujeres podrian estar en relacidon con vias
anatomicas y funcionales, y conexiones asociadas, especificas para cada
uno de los sexos. Asi, algunos trabajos han mostrado una mayor densidad
de redes neuronales y conexiones regionales en relacion con una mayor
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carga de tau en todo el cerebro en mujeres con EA (108). En este sentido,
los sujetos con EAIP también parecen mostrar un patron de redes
neuronales que se diferencia de la EAIT, con menos cambios funcionales en
regiones conectadas con el hipocampo (109). Nuevos estudios en el futuro
centrados en la EAIP tendran que analizar las diferencias en redes
neuronales entre sexos y su relacion con la neurodegeneracion.

Por otro lado, en este primer trabajo y en linea con la evidencia actual, no
encontramos diferencias entre sexos en los niveles de AB42 en LCR (32).
Por contra, las mujeres con EAIP presentaron niveles mas altos de p-tau y t-
tau en LCR que los hombres. Sin embargo, no encontramos una relacién
con el genotipo de APOE como trabajos previos, en los que niveles mas
altos de tau en mujeres se asociaron a la presencia del alelo ¢4 de APOE
(65,110). Por otro lado, otros estudios han encontrado niveles mas altos de
tau tanto en mujeres portadoras de APOE €4 como en no portadoras
dependiendo del estadio clinico de la enfermedad (111). Si bien la
asociacion entre el depdsito cerebral de tau y los niveles de p-tau o t-tau en
LCR es modesta en sujetos con EA amiloide positivos (112), en nuestro
trabajo se podria hipotetizar que los niveles mas altos de t-tau o p-tau en
mujeres podrian estar en relacion con la mayor extension de la
neurodegeneracion observada en ellas o un supuesto mayor depdsito de
ovillos neurofibrilares de tau. Ademas, existe evidencia de que la
disminucién de los niveles de estradiol en mujeres posmenopausicas parece
aumentar la actividad de las enzimas involucradas en la fosforilacion de tau,
conduciendo a niveles mas altos de p-tau. Por otro lado, la caida de los
niveles de estrogenos provocarian un mayor estrés oxidativo y disfuncion
mitocondrial, que a través de mecanismos de apoptosis podria provocar
aumentos en las concentraciones de t-tau (113). Niveles mas altos de
testosterona también podrian ser un factor protector frente al aumento de tau
(114). Teniendo en cuenta estos hallazgos, seria necesario investigar mas
en profundidad si los puntos de corte han de ser diferentes para cada sexo,
buscando que sean lo mas sensibles y especificos posible para mujeres u
hombres. En este trabajo se ha visto también que las concentraciones de
NfL en LCR, biomarcador de neurodegeneracién como t-tau, no mostraron
diferencias entre hombres y mujeres, en contra de la evidencia previa que
muestra niveles mas altos en hombres (64). Si bien t-tau y NfL son
biomarcadores de neurodegeneracion, proporcionan en parte informacion
independiente sobre la integridad neuronal. Los NfL en LCR son una medida
de dafo axonal inespecifico mientras que t-tau, aunque también se elevaria
en otras condiciones, podria reflejar un dano neuronal mas indicativo de EA
(115), y ademas sus niveles estan estrechamente relacionados con los
niveles de p-tau. Los niveles de NfL parecen aumentar con la edad, se
relacionan con la presencia de factores de riesgo cardiovasculares y
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aumentan en otras enfermedades neuroldgicas. Hasta qué punto la edad u
otros factores juegan un papel en los niveles de NfL en cada sexo tendra
que ser evaluado en futuros estudios.

Por ultimo, acorde con la mayor extension en mujeres de pérdida de grosor
cortical y volumen hipocampal en ambos hemisferios, este primer trabajo
también muestra como el sexo femenino parece presentar deterioro en mas
dominios cognitivos que los hombres cuando se compara con controles de
su mismo sexo. Estos hallazgos son congruentes con la evidencia previa,
sobre todo en EAIT, que apunta a una mayor afectacion cognitiva en
mujeres (58,116,117). Asi mismo, que las mujeres presenten mayores
diferencias cognitivas frente a controles de su mismo sexo podria tener que
ver con la mayor ventaja cognitiva de las mujeres sanas, principalmente en
memoria verbal (118), ventaja que parece desaparecer o incluso invertirse
con la enfermedad. Por el contrario, los hombres parecen preservar las
habilidades visoperceptivas/visoespaciales y motoras (119). Ademas, no
soélo el patrén de atrofia y el deterioro cognitivo es mas extenso en mujeres,
sino que la relacidén entre ambos podria ser mas estrecha. En este trabajo,
menor grosor cortical en regiones parietotemporales o0 menor volumen
hipocampal se correlacioné con peores puntuaciones cognitivas
exclusivamente en el sexo femenino. Trabajos previos también han
encontrado una mayor relacion entre el depdsito de tau y las puntuaciones
cognitivas en mujeres (120), y seria interesante examinar en el futuro si otros
procesos patolégicos se relacionan con el deterioro cognitivo. Hay que tener
presente que habitualmente se usan medidas cognitivas para definir y
monitorizar la enfermedad, y aqui se han utilizado medidas cognitivas
similares para mujeres y hombres, mientras que seria importante analizar el
uso de evaluaciones mas especificas para cada sexo, medidas que podrian
presentar una mejor relaciéon con la atrofia dependiendo del sexo y reflejar la
evolucién de la enfermedad mas estrechamente. Por otro lado, medidas de
atrofia en RM que sean comunes para mujeres y hombres también servirian
para capturar adecuadamente los cambios de la enfermedad.

Una de las grandes limitaciones de este estudio es que no se han tenido en
cuenta los cambios vasculares u hormonales de los sujetos. Existe evidencia
de que la enfermedad cerebrovascular contribuye al deterioro cognitivo en la
EA (121), y el sexo masculino parece que presenta mas cambios vasculares
relacionados con la edad (122). Ademas, el papel de las hormonas sexuales
es un importante objeto de estudio en el dimorfismo sexual del deterioro
cognitivo (123). Futuros estudios tendran que analizar la influencia de estos
factores en las diferencias entre sexos en la EAIP.

Tras anadir informacién a la evidencia disponible de estudios transversales
de RM craneal en la EAIP, el segundo trabajo de esta tesis se ha centrado
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en evaluar la capacidad de la RM craneal de describir los cambios
longitudinales en grosor cortical y volumen subcortical en sujetos con EAIP
con un perfil A+T+N+ en LCR. Aunque algunos estudios han evaluado con
anterioridad la evolucién de la atrofia en la EAIP, las conclusiones hacia un
patrén de atrofia longitudinal caracteristico no son del todo concluyentes, ya
que la mayoria de estos trabajos han incluido sujetos sin confirmacion
biolégica de la enfermedad mediante biomarcadores (72—74) y/o han
evaluado el efecto de la edad como covariable en los analisis estadisticos
(78,86,124,125). Por otro lado, el uso frecuente de medidas de volumen sin
afiadir medidas de grosor cortical han podido limitar también los resultados
previos, pues las ultimas parecen estar menos influenciadas por otras
patologias o la edad (126).

Los hallazgos de este segundo trabajo muestran que la pérdida de grosor
cortical y volumen subcortical en el momento del diagndstico involucra
regiones parietales, temporales laterales y occipitales, ademas del
hipocampo y la amigdala, mientras que la corteza entorrinal y
parahipocampal no muestran diferencias respecto a controles.
Posteriormente, en un tiempo de dos afos, la atrofia se extiende por el
neocortex, incluyendo el LTM, y afectando a estructuras subcorticales mas
alla del hipocampo o la amigdala. Este trabajo muestra que la EAIP A+T+N+
presenta una afectacion progresiva y nada desdefable de estructuras
neocorticales diferente de la afectacién mas focalizada en el LTM de la EAIT
(74), con un gradiente de atrofia que va desde regiones posteriores a
anteriores (86,125). Ademas, la afectacion de estructuras subcorticales mas
alla del hipocampo y la amigdala va en la linea las descripciones previas en
EAIP (72,125), no estando tampoco limitada la afectacion subcortical al LTM.
Segun la clasificacion anatomopatoldgica actual de la enfermedad, el estadio
de acumulo de ovillos neurofibrilares de tau en el LTM precederia a su
aparicion neocortical (11,12), sin embargo ésta no seria la unica forma en
que la patologia se extiende por el cerebro. Estudios anatomopatologicos
que han tenido en cuenta la edad de inicio (16,17,127) muestran menor
afectacion del LTM y mayor carga patologica fuera de €l en sujetos jovenes
con la enfermedad, congruente con el patron que hemos observado.
También los estudios de PET-tau, tanto de corte transversal (86,88,89) como
longitudinal (87,128), han encontrado mayor depdsito de patologia tau fuera
del LTM en sujetos jovenes. Por otro lado, la captacién de flortaucipir en el
LTM se ha visto que aumenta con la edad independientemente de la
positividad de amiloide (90), por lo que la afectacion por la patologia tau
independiente de amiloide en el LTM en jovenes no seria tan prominente.
Nuestro estudio muestra, al menos a nivel de atrofia, una extensa afectacion
en regiones neocorticales antes que en la corteza del LTM, apoyando que
existe una secuencia diferente de progresion de la atrofia a lo esperado en la
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EAIT, y que podria traducir diferencias en el depdsito de tau dependiendo de
la edad de inicio. Por otro lado, las alteraciones mnésicas en la EA
tradicionalmente han sido ligadas a la pérdida neuronal en estructuras del
LTM. Sin embargo, este segundo trabajo, compuesto mayormente por
sujetos con un inicio amnésico, apoyaria la hipotesis de que los sintomas de
la enfermedad podrian estar en relacion con la disrupcion de otras redes
anatomicas mas alla de la red funcional por defecto (129-131). Asi una
mayor afectacion del fasciculo fronto-occipital o cingulo en la EAIP (132),
facilitarian la propagacién de la patologia tau de forma mas rapida. Esto
explicaria en parte la morfologia especifica de la extensién de la patologia
tau en la EAIP frente a la EAIT.

Debido al tamario limitado de la muestra de este trabajo, no se ha realizado
un analisis estratificado por sexos, si bien cabria preguntarse, al tratarse de
participantes de la misma cohorte y en vista de los hallazgos del primer
trabajo, si el hecho de que no existan diferencias respecto a controles en la
corteza del LTM no estara influenciado por la mayor proporcion de mujeres
en este estudio (2:1). Ademas, al ser el genotipo APOE un factor que
confiere patrones de vulnerabilidad a la enfermedad especificos en el
cerebro, la baja proporcion de sujetos portadores de APOE €4 también
podria contribuir a la mayor atrofia en regiones posteriores observada,
mientras que una mayor edad y el alelo €4 se asociarian a un patrén de
atrofia mas centrado en el LTM (81). El hecho de que, como hemos visto,
exista menor afectacion del LTM en fases de DCL o demencia leve y
ademas muestre dimorfismo sexual, apoya que no es una region con gran
aplicabilidad clinica en la EAIP (66). En vista de los hallazgos, se podria
hipotetizar que es preferible usar regiones corticales parietales o temporales
laterales, que se encuentran afectadas desde fases iniciales y en ambos
Sexos.

Estudios previos han analizado de forma transversal la asociacion de los
niveles de biomarcadores en LCR con la pérdida cerebral en la EAIP (62,70).
Sin embargo, todavia no existen biomarcadores que permitan detectar qué
sujetos con EA presentaran un curso clinico mas agresivo. Dado que los
biomarcadores en LCR preceden a la atrofia en RM, este segundo trabajo
también ha evaluado la capacidad de los niveles de biomarcadores en LCR
en el momento del diagndstico de detectar qué sujetos presentaran mayor
atrofia cerebral en los 2 afios posteriores. Los resultados muestran que
niveles iniciales mas altos de Ap42 en LCR, siempre dentro del rango
patoldgico, se relacionaron con mayor pérdida cortical en regiones
parietales, mientras que niveles mas altos de t-tau se relacionaron con una
mayor pérdida progresiva de volumen en la amigdala. A priori, la relacién
entre niveles de AB42 mas cerca del punto de corte de la normalidad con
una mayor pérdida de grosor cortical puede parecer contraintuitiva. Sin
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embargo, estudios previos ya han puesto de manifiesto que podria existir
una aceleracion de la atrofia en sujetos cognitivamente sanos con niveles de
amiloide en rango de la normalidad pero proximos al punto de corte
patoldgico, quizas reflejando la susceptibilidad que pueden tener algunos
sujetos a pequenos acumulos de amiloide (133). Otros trabajos han
propuesto una relacién en U invertida entre los niveles de amiloide y el
grosor cortical en regiones caracteristicamente afectadas en la EA. Segun
esta relacion cuadratica, los sujetos con niveles de amiloide en el tercil
medio, es decir, niveles transicionales entre lo normal y patolégico,
presentarian un engrosamiento cortical comparado con sujetos en el tercil
con niveles dentro del rango de normalidad (134). Este incremento de grosor
cortical que precederia al adelgazamiento cortical podria verse reflejado en
una aceleracion de la atrofia posteriormente en sujetos con niveles
patoldgicos de amiloide cerca del punto de corte, y se ha relacionado con
una hipertrofia neuronal previa a la atrofia y el inicio de los sintomas (135).
También se ha sugerido que el aumento de grosor cortical podria tener que
ver con una mayor inflamacion secundaria al deposito amiloide en estas
regiones, y algunos autores proponen dos picos de activacidon de la microglia
en la EA, uno protector contra el acumulo de amiloide seguido de otro
proinflamatorio (136), el cual provocaria una aceleracion de la
neurodegeneracion en un segundo tiempo. Dado el tamafio limitado de la
muestra, con el objetivo de confirmar nuestros hallazgos y evaluar su
especificidad en EAIP, se analizaron sujetos con EAIP y EAIT de la cohorte
“Alzheimer's Disease Neuroimaging Initiative” (ADNI). En esta muestra
independiente, se replico la asociacion de los niveles de AB42 con una
pérdida acelerada de grosor cortical parietal en los sujetos con EAIP, no asi
en sujetos con EAIT, sugiriendo que la asociacion podria ser mas especifica
de sujetos con un inicio precoz, quizas al presentar mayor inflamacion que
las presentaciones tardias (137).

Hemos visto también que mayor concentracion de t-tau basal se asocio
unicamente a una pérdida mas rapida de volumen en la amigdala. Los
niveles de t-tau han sido relacionados con la pérdida de volumen progresiva
en distintas regiones en la EA (98) y, como marcador de dafio axonal,
podrian estar mas relacionados con la pérdida de volumen que con el grosor
cortical (138). Ademas, su relacion con la pérdida de volumen seria
independiente de la edad, al observarse también la misma relacion en
sujetos con EAIT de la cohorte ADNI. Como ya ha sido descrito, los niveles
de NfL, como marcador también de dafio axonal y relacionado con la pérdida
de sustancia blanca, mostraron una asociacion positiva con el aumento
ventricular en el momento del diagnostico, sin mostrar, a diferencia de
estudios previos, una asociacion con la velocidad de la atrofia cerebral
(99,139). En conjunto, estos hallazgos ponen de manifiesto la compleja
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relacion entre los biomarcadores de LCR y la pérdida neuronal. Si bien,
podrian ser utiles para predecir cambios estructurales transversales o
longitudinales y ayudar a seleccionar sujetos con rapida progresion o
monitorizar el efecto de tratamientos modificadores de la enfermedad.

Aunque con el cambio conceptual de la enfermedad a una entidad bioldgica
cada vez mas se estan intentando implementar medidas que usen
biomarcadores para monitorizar la enfermedad o demostrar el efecto de
tratamientos modificadores, en la actualidad es todavia habitual el uso de
medidas cognitivas en este sentido. Dado que, segun el modelo actual de la
EA, la atrofia en RM precede y se encuentra en estrecha relacion con la
aparicion de los sintomas cognitivos, el tercer trabajo de esta tesis ha
querido analizar la capacidad de las medidas basales de grosor cortical y
volumen subcortical para predecir los cambios longitudinales de una bateria
neuropsicolégica completa. Por un lado, los resultados de este ultimo trabajo
reafirman en una cohorte de sujetos con EAIP A+T+N+ que, a pesar de
presentarse mayoritariamente con un perfil amnésico de la enfermedad, la
pérdida cognitiva en la EAIP es amplia y heterogénea, involucrando otros
dominios cognitivos en el momento del diagndstico (22,55,140). Ademas, la
pérdida cognitiva en dos afios involucra los cinco dominios explorados,
asociandose la EAIP con un declinar mas agresivo cuando se compara con
la EAIT (20), y apoyando la idea de que la EAIP no es una enfermedad tan
centrada en el LTM como en la EAIT, donde existe una afectacion
predominante de la memoria. Por otro lado, el patron de atrofia en RM
craneal que hemos observado va en consonancia con los resultados
descritos previamente en esta tesis, con relativo respeto de la corteza del
LTM, y un patrén similar se ha asociado con los sintomas cognitivos en
trabajos previos de corte transversal en EAIP (141,142).

En los resultados de este trabajo se puede ver que una mayor afectacion en
el momento del diagnéstico en medidas de atrofia global, como son la
disminucién del grosor cortical hemisférico o el aumento del volumen
ventricular, predicen un mayor declinar cognitivo global y en puntuaciones de
lenguaje y funciones ejecutivas. Las futuras puntuaciones de memoria no se
asociaron a ninguna medida de RM, quizas porque a pesar de ser un
dominio afectado podria guardar poca relacién con la atrofia no tan centrada
en el LTM como también hemos visto en el segundo trabajo, donde sujetos
mayoritariamente con un inicio amnésico no mostraron afectacion del LTM.
Ademas, en este tercer trabajo se ha visto que la atrofia de regiones
neocorticales en la EAIP y no tanto la atrofia observada en el LTM es capaz
de predecir la pérdida cognitiva durante los dos afios posteriores, tanto en
medidas globales de cognicion como en medidas de dominios amnésicos y
no amnésicos. Llama la atencion que el hipocampo, tan ligado a la pérdida
de memoria en la EA (143,144), no mostré ningun resultado significativo a la
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hora de predecir las futuras puntuaciones. Sin embargo, al no realizar un
analisis estratificado por sexos, cabria preguntarse si existe dimorfismo
sexual en la relacion entre las puntuaciones cognitivas y el hipocampo, como
hemos visto en el primer trabajo, donde si que existe una asociacion
transversal entre el hipocampo y las puntuaciones de memoria en mujeres.
Por otro lado, vemos que son las regiones parietales y temporales laterales
en el momento del diagndstico las que parecen ser mas utiles en identificar
qué sujetos con EAIP presentaran un declinar cognitivo acelerado en los dos
anos siguientes. De nuevo, estos hallazgos ponen de manifiesto como estas
regiones, mas que el hipocampo o la corteza del LTM, serian mas
caracteristicas de la afectacion que produce la EAIP, y ademas guardan una
relacion mas estrecha con la progresion clinica, siendo utiles para detectar
qué sujetos con EAIP tienen mas probabilidad de empeorar mas
rapidamente, y en los que existiria mas probabilidad de observar el efecto de
un farmaco modificador de la enfermedad a corto plazo.

En este trabajo, las futuras puntuaciones de memoria se relacionaron con el
grosor cortical de regiones frontales y temporo-laterales en el momento del
diagndstico, y ninguna region cerebral mostrd asociacion con la afectacion
en el recuerdo diferido caracteristico de la EA. Asi, las evaluaciones
centradas en memoria podrian no ser un buen indicador de la pérdida
neuronal en la EAIP y quizas distintas variables como el sexo de los sujetos
podrian influir en la relacion entre la atrofia y el deterioro cognitivo y han de
tenerse en cuenta en modelos multivariados. En esta linea, estudios
transversales previos han mostrado que la atrofia en la EAIP se relaciona
con sintomas ejecutivos/atencionales mientras que la atrofia en la EAIT esta
mas ligada a sintomas de memoria (141). También, es interesante ver en
este trabajo como una relativa preservacion de regiones posteriores se
relaciond con peores puntuaciones en aprendizaje, quiza apuntando a
diferentes subtipos de patrones de atrofia (142). De todas maneras, es
evidente que la relacion que existe entre los cambios producidos por la
enfermedad y los sintomas observados es compleja, y no soélo los cambios
estructurales en RM parecen contribuir a la pérdida cognitiva, pues otros
cambios patolégicos que aqui no han sido estudiados, como podria ser la
disfuncion sinaptica secundaria al depdsito de tau, también podrian contribuir
al deterioro cognitivo (145).

Para finalizar, ademas de las limitaciones expuestas en cada uno de los
trabajos, el reducido tamano de la muestra estudiada ha podido influir en
algunas conclusiones. A las dificultades que presentan en general los
estudios longitudinales, especialmente en EA, en la que el empeoramiento
progresivo de los sujetos obstaculiza el seguimiento, se suman los
inconvenientes ocasionados por la pandemia de COVID-19. El
confinamiento, el estrés emocional, las restricciones hospitalarias y la
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reticencia legitima a participar en investigacion, tratandose ademas de un
colectivo tan vulnerable a la infeccién, han podido determinar las
evaluaciones longitudinales que se han podido realizar.
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VIIL. CONCLUSIONES

. La progresion de la atrofia cerebral en sujetos con EAIP se puede
monitorizar mediante RM craneal estructural de 3T y seguiria un patrén
diferente al descrito en presentaciones tardias de la enfermedad. En el
momento del diagndstico, la atrofia cerebral en la EAIP involucra
regiones neocorticales, hipocampo y amigdala, con menor afectacion de
la corteza del I6bulo temporal medial de lo que sucede en EAIT. Ademas,
existen diferencias entre sexos en la distribucion espacial de la atrofia. A
los dos afios, la atrofia cerebral en la EAIP sigue un gradiente que va
desde regiones corticales posteriores a anteriores y se observa una
pérdida de volumen mas alla de las estructuras subcorticales inicialmente
afectadas.

. El sexo de los sujetos podria influir en el grado de deterioro cognitivo en
el momento del diagndstico de la EAIP, asi como en la relacion entre los
sintomas cognitivos y la atrofia cerebral. Las medidas de atrofia global o
de regiones neocorticales obtenidas con RM en el momento del
diagndstico predicen mejor que la atrofia de las estructuras temporales
mediales la evolucion cognitiva a los dos afios de los sujetos con EAIP.

. Los biomarcadores en liquido cefalorraquideo de patologia amiloide
(AB42) y neurodegeneracion (t-tau) en el momento del diagnéstico de la
EAIP podrian ser utiles para predecir qué sujetos presentaran mayor
atrofia cerebral a los dos afios.
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