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THESIS SUMMARY IN SPANISH
ESCALA DE ATROFIA TEMPRANA DEL LOBULO
TEMPORAL MEDIAL (EMTA).

1)INTRODUCCION

El concepto y definicion de la Enfermedad de Alzheimer (EA) preclinica (EAPc) ha sido
posible gracias a la aparicién y desarrollo de un modelo de biomarcadores especificos para la
misma (1, 2). Sin embargo, en los modelos de biomarcadores desarrollados por el grupo de
trabajo internacional (GTI) y la asociacién del instituto internacional en envejecimiento y EA
(AIIE-EA), la resonancia magnética (RM) estructural (1, 3-5) se utiliza bien como un
biomarcador tardio en la fisiopatologia de la EAPc (4, 5) o se ha excluido en las versiones mas
recientes de los mismos (4, 6). Los biomarcadores preclinicos y clinicos actualmente
aceptados para la EA son los derivados del andlisis del liquido cefalorraquideo (LCR) (Af -42,
T-tau o P-tau) o de las técnicas de tomografia por emision de positrones (TEP) de amiloide
(1). Sin embargo, estos biomarcadores en la practica clinica no son lo suficientemente
sensibles por si mismos para detectar las primeras fases del proceso neurodegenerativo.

La escala radioldgica para el estudio de la atrofia del 16bulo temporal medial (MTA) de
Sheltens et al. fue desarrollada en 1992 (5) y dado que las técnicas de morfometria basada en
voxeles no son una herramienta incorporada a la practica clinica, la escala de Sheltens et al.
estd todavia en uso. Fue desarrollada en plano coronal (7, 8) y consta de cinco grados (0-4)
definidos por la magnitud del ancho de la fisura coroidea, del ancho del asta temporal del
ventriculo lateral y por la altura de hipocampo.

Esta escala ha sido validada mediante estudios volumétricos y neuropsicolégicos a lo largo de
los dltimos 20 aflos como una herramienta diagnoéstica util para clasificar los grados de atrofia
del 16bulo temporal en enfermos con demencia por EA moderada o severa frente a controles
sanos con unos rendimientos diagnosticos representados por una sensibilidad del 70-100% y
una especificidad del 67-96% (9).

Asi pues esta justificado tener en cuenta el grado de atrofia registrado en la escala de Sheltens

et al. combinada con informacioén clinica en el diagnéstico clinico de pacientes de EA.
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La propuesta original de Scheltens et al. (MTA) recomienda en un punto de corte ajustado por
edad consistente en valores de puntuacion de su escala =2 en cualquiera de los dos
hemisferios que seran considerados anormales para personas menores de 75 afios de edad, y
valores de puntuacién de su escala 23 seran considerados anormales para personas por
encima de 75 afos de edad (5). Estos puntos de corte han mostrado, no obstante, una baja
especificidad (67%) (10). También se ha propuesto un punto de corte de esta escala 21.5
basado en la puntuaciéon media de ambos hemisferios (11). Este punto de corte muestra una
alta especificidad (94%), pero una baja sensibilidad (46%). Se ha descrito mas recientemente,
un nuevo punto de corte 22 basado también en la puntuacién media de ambos hemisferios
con una alta sensibilidad en pacientes mayores de 75 afios (12), y finalmente que una
puntuacion de 3 podria considerarse normal en individuos mayores de 80 afios de edad (13).
Entre 45 y 65 afios de edad se ha propuesto un punto de corte =1 basado también en la
puntuaciéon media de ambos hemisferios (11, 14). El area bajo la curva ROC que muestra el
mayor rendimiento ajustado por décadas de edad es 78.5 (14). Asi pues para el estudio de la
EAPc la escala de Scheltens et al. tiene un valor limitado, habida cuenta que solamente se ha
propuesto un punto de corte de 21.5 como media de la puntuacién de ambos hemisferios, asi
pues existe la necesidad de describir una nueva escala mas especifica y sensible para juzgar la

atrofia del 16bulo temporal medial en sujetos entre 40 y 60 afios (EAPc).

2) HIPOTESIS y OBJETIVOS

a) Hipétesis
La hipdtesis de esta tesis es que existe una atrofia hipocampal de bajo grado (AHBG) previa al
diagnostico de la apariciéon de la demencia en la EA. Basdndose en esta hipétesis nuestro
objetivo es desarrollar una nueva escala de atrofia del I6bulo temporal medial por RM (EMTA)
en los sujetos en etapas finales de la EAPc, definida por los criterios AIIE-EA (presencia de una

disminucién de Af31-42 junto con el aumento de T-tau o P-tau en el LCR, pero sin déficit

27



Early Medial Temporal Atrophy Scale (EMTA)

cognitivo, mostrando uUnicamente un rendimiento bajo en la prueba de memoria verbal-
TAVEC - version en espafiol de la prueba CVLT) (1, 2, 15, 16). La aplicaciéon de esta nueva
escala so6lo requiere la experiencia de un neurorradiolégo entrenado, resultando un método
rapido y de bajo coste para identificar a los sujetos que podrian beneficiarse de las nuevas

terapias ahora en fases Il y III de ensayos clinicos (17, 18).

Nuestra hipdtesis esta basada en los siguientes hechos:

i) Hay AHBG antes de que sea detectable en el rango descrito por las escalas radioldgicas de
atrofia disponibles actualmente y utilizadas para el diagnéstico.

ii) Esta atrofia AHBG es diferente en términos de magnitud de los efectos del envejecimiento y
podria corresponder a las primeras etapas de la EA antes de que aparezcan los déficits
cognitivos que conducen al diagnéstico clinico de la misma.

iii) Es posible detectar esta AHBG por medio de una nueva escala de atrofia radiolégica basada
en criterios anatomicos bien definidos: EMTA

iv). Esta nueva escala tiene una alta concordancia cuando es leida por diferentes especialistas
iv) La AHBG puede medirse cuantitativamente y los cambios volumétricos medidos
corresponden a los cambios anatémicos definidos y a las etapas de atrofia radiolégica
propuestas.

v) Junto con otros biomarcadores tempranos de la EA, la EMTA. puede resultar de gran
utilidad para detectar las primeras fases del proceso neurodegenerativo previas a la aparicion

de la demencia.

b) Objetivos
i) Definir y validar una nueva escala de AHBG basada en la RM estructural (EMTA), para
identificar las fases preclinicas de los sujetos con EA (EAPc).
ii) Probar la reproducibilidad por radiélogos y neurélogos independientes cualificados de la
aplicacion de la EMTA.
iii) Cuantificar volumétricamente la AHBG y comparar los resultados obtenidos con los
criterios de atrofia de base anatémica previamente identificados en la EMTA.
iv) Comparar el rendimiento de la EMTA con los resultados de otros biomarcadores de EA

(LCR y biomarcadores cognitivos) en la misma poblacién a estudio.
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3) MATERIAL y METODOS
a) Cohorte PGA

i) Disenio

Este estudio tiene un disefio transversal y esta realizado en una cohorte de adultos
cognitivamente sanos que participaron en el Proyecto Guipuizcoa Alzheimer (PGA) . El
protocolo de adquisicion de imagen por RM de esta cohorte esta basado en los
proyectos de Redes en Riesgo y Conectad disefiados por el Dr. Ernesto J. Sanz-Arigita.
El Comité de Etica local aprobé el protocolo del estudio y todos los sujetos dieron su
consentimiento informado por escrito para el mismo: para la recogida, el

almacenamiento de las muestras bioldgicas y genéticas; asi como para la realizacion

del estudio de RM.

ii) Sujetos a estudio

(1) Criterios de inclusion

Se incluyeron en el estudio voluntarios adultos mayores de 35 afios y menores de
80. A todos los participantes se les invito a realizarse una puncién lumbar para la
obtencion de una muestra de LCR y su posterior envio al Biobanco. Los voluntarios
que no otorgaron su consentimiento para la realizaciéon de la puncién lumbar no
fueron excluidos. Un 50% de las muestra eran personas con antecedentes
familiares de demencia por EA en primer grado (padre, madre o hermano) y el otro
50% de la muestras no tenia antecedentes de EA. Se cont6 con el testimonio de
acompafiantes de los voluntarios para contrastar la informaciéon obtenida en las

entrevistas clinicas.

(2) Criterios de exclusion

Se excluyeron:

- Los individuos que tenian criterios de demencia leve, moderada o grave segun los
criterios del DSM-IV y del estadio de CDR > 1.

- Los que sujetos con antecedentes de enfermedad neurolégica que pudieran causar

demencia o deterioro cognitivo.
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- Los individuos con historia de accidente cerebrovascular sintomatico que dej6
secuelas cognitivas significativas (por ejemplo, afasia).

- Los voluntarios con antecedentes de enfermedad psiquiatrica diagnosticada que
pudiera causar demencia o deterioro cognitivo. No se excluyen aquellas personas
con sintomas psiquiatricos leves (ansiedad, depresion).

- Los pacientes con enfermedad sistémica grave o no controlada que pudiera causar
deterioro cognitivo o demencia o que pudiera restringir la participaciéon en el
estudio.

- Los sujetos que sufrian una limitaciéon sensorial como ceguera o sordera o
cualquier limitacién significativa (afasia severa, ansiedad excesiva, falta de fluidez
o comprension suficiente en castellano o euskera) para la realizaciéon de las
pruebas cognitivas.

- Los voluntarios que presentaban una contraindicacion absoluta para la realizacion
de RM a intensidad de campo de 3 Tesla: marcapasos, stents metalicos
contraindicados, metralla, claustrofobia, y extensos tatuajes.

Los candidatos que se negaron a firmar el consentimiento informado.

b) Estudios de RM craneal

A todos los individuos se les practicé una RM craneal con el siguiente protocolo de

adquisicion y andlisis:

i) Protocolo de adquisicion

Se obtuvieron exploraciones de RM cerebral utilizando un equipo de 3 Tesla (Siemens
Magnetom Tim Trio ®) y una bobina de la cabeza de 32 canales. Se adquirieron
secuencias volumétricas estructurales de voxel cuadrado de 1,25mm potenciadas en
T1 (imagen anatémica) que se utilizaron para el posterior andlisis de las mismas

mediante técnicas de morfometria basada en voxeles (MBV).

ii) Realizacion de las mascaras de los patrones - estadios de la nueva
escala.
(1) FSL-view
Se utiliz6 FSL-view ® para realizar las mascaras - moldes de los patrones o

estadios de la nueva escala sobre las imagenes anatémicas T1 de RM alas que
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previamente se les habia sometido al proceso de extraccion del parénquima
cerebral respecto del resto de las estructuras que lo rodean (BET®), seguido de
uno de registro (FLIRT®) segun el espacio de referencia del cerebro del instituto
neurolégico de Montreal (MNI 512 a 1mm). En estos moldes o mascaras se aplicé
un cédigo de color distinto para caracterizar a:
(a) la cisura coroidea (medial a la fimbria) -amarillo oscuro.
(b) la porcién medial del asta temporal del ventriculo lateral (lateral a la
fimbria) y localizada sobre el cuerpo del hipocampo- amarillo claro
(c) la porcién inferior y lateral del asta temporal del ventriculo lateral (lateral al
cuerpo del hipocampo)-amarillo claro
(d) La cisura transversa peritroncular-naranja

(e) el cuerpo del hipocampo-rojo

iii) Post-procesado MBV
(1) Vertex-FIRST ®

Se utiliz6 FIRST® (segmentacion de estructuras subcorticales) para segmentar la
amigdala y el hipocampo a partir de la imagen T1 (imagen anatémica) y estimar las
diferencias de la forma de los contornos de estas estructuras entre los grupos
propuestos a estudio.

(2) SPM8®

Las imagenes T1 (imagen anatémica) fueron segmentadas para el estudio del
volumen de la sustancia gris de la totalidad del 16bulo temporal utilizando la
herramienta MBV8 ® para la obtencion del mapa paramétrico estadistico SPM8 ®
que se ejecuta en MATLAB ® 2011

(3) Free-Surfer ®

La reconstruccion volumétrica de la cortical y la segmentacion volumétrica de las
estructuras cisternales y ventriculares de la totalidad del 16bulo temporal se realiz6
con el paquete gratuito de andlisis de imagen FreeSurfer ®

(http://surfer.nmr.mgh.harvard.edu/).

iv) Lectura de las RM aplicando la nueva escala

(1) Un equipo compuesto de neurorradidlogos
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Un equipo compuesto por un neurorradidlogo (NR) y un residente de
neurorradiologia (rNR), se entrenaron en la aplicacién de la nueva escala, sirviendo
su trabajo de base para el calculo de los indices de variabilidad intra e
interobservador sobre un grupo de imagenes correspondientes a 60 sujetos de la
cohorte de PGA elegidos al azar incluyendo individuos clasificados en todos los

estadios de la nueva escala.

c) Pruebas cognitivas

Todos los participantes fueron estudiados desde el punto de vista neuropsicolégico con

los siguientes test:

(1) General: Mini-Mental (MMSE)

(2) Prueba de Vocabulario Test (WAIS-III)

(3) Memoria verbal (TAVEC-versién en espanol de la prueba CVLT)
Memoria visual

(5) Habilidades de Lenguaje

(6) Habilidades de percepcion visual

(7) Habilidades de construccién visual

(8) Habilidades de atencion y funcién ejecutiva

(9) Habilidades de fluidez verbal semdntica

(10) Habilidades de fluidez verbal fonética

(11) Habilidades de trazabilidad A and B;

(12) Prueba de ndmeros clave (WAIS-III)

(13) Prueba de Stroop

(14) Prueba del Zoo

(15) Prueba de comportamiento y funcién ejecutiva (BADS)

(16) Prueba de praxias (WAB).

d) Estudio de Biomarcadores en LCR

Todas las muestras de LCR fueron estudiadas en el Hospital de Sant Pau mediante técnica de
Innotest® para la determinacion de AB1-42, tau y p-tau. Se utilizaron los puntos de corte
propuestos por Alcolea et al. (19) para los valores de estos biomarcadores: A-beta positivo si
< 580 pg./ml, Tau total positivo si > 350 pg./ml Fosfo-tau positivo si > 50 pg./ml.
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4) RESULTADOS

a) Sujetos a estudio

La muestra esta compuesta por 482 sujetos de los que 72 se retiraron voluntariamente, 6
presentaron un MiniMental test con un rendimiento menor de 26 y fueron excluidos y por
ultimo en 44 de ellos el estudio de resonancia no reuni6 calidad suficiente para el analisis
siendo también retirados del estudio, resultando una muestra final valida para el andlisis de
360 sujetos. De esta muestra de 360 sujetos con RM valida, y MMSE mayor de 26, 345
mostraron CDR de 0 y 15 CD de 0,5. Los sujetos incluidos se encontraban en edades
comprendidas entre los 39 y 79 afios, con una edad media de 56 afios. El 57,22% eran
mujeres y el 42,77% hombres. El 93% de la muestra (n=335) eran diestros, un 2,2% fueron
zurdos, un 3,3% ambidiestros y finalmente un 1,38% zurdos corregidos.

Se obtuvieron muestras de LCR en un 59,44% de los sujetos incluidos (n=213), de ellos el
92,9% (n=199) mostraban MMSE mayor de 26 y CDR de 0 mientras que el 6,9% (n=15)
presentaron MMSE mayor de 26 y CDR de 0,5

La distribucién de la muestra seguin la caracterizacién de la expresion de Apoe fue: 66,9%
Apoe 3/3 (n=241), 23,6% Apoe 3/4 (n=85), 1,6% Apoe 4/4 (n=6)y 7,7% Apoe 2/3 (n=28).

La nueva escala se desarrolla en este estudio sobre la muestra final de 360 sujetos.

b) La identificacidon de la nueva escala EMTA

La EMTA estd inspirada en la MTA propuesta por Scheltens et al. (5) desarrollada también
como esta en plano coronal (7, 8) y fundamentada como la MTA en el estudio de la magnitud
del ancho de la fisura coroidea, del ancho del asta temporal del ventriculo lateral y por la
altura de hipocampo, pero incidiendo en los cambios mas incipientes de estas estructuras que
periten identificar y sistematizar los mismos en el curso del envejecimiento, resultando asi
una nueva EMTA mas sensible para detectarlos.

La EMTA se fraguo basandose en el estudio de los espacios de LCR que rodean el
comienzo del cuerpo del hipocampo (proceso unciforme del mismo), al nivel en el que la
fimbria es identificable (ramificacién distal del Fornix), y l1a relacién de esta con tela coroidea

y plexo coroideo del asta temporal en todos los sujetos de la muestra a estudio, describimos

33



Early Medial Temporal Atrophy Scale (EMTA)

en cada uno de ellos el aspecto de estas estructuras y reflejando estos resultados en una tabla
de Excel descriptiva. Se valor¢ al nivel referido (fimbria) el tamafio y forma de:

i) lacisura coroidea (medial a la fimbria).

ii) la porcion medial del asta temporal del ventriculo lateral (lateral a la fimbria) y

localizada sobre el cuerpo del hipocampo.
iii) la porcion inferior y lateral del asta temporal del ventriculo lateral (lateral al
cuerpo del hipocampo).

iv) La cisura transversa peritroncular

v) el cuerpo del hipocampo.
Posteriormente agrupamos los sujetos incluidos en dicha tabla de Excel que mostraban
coincidencia de patrones en todas estas estructuras. Asi con esta informacién realizamos unas
mascaras en el programa FSL-View (a modo de molde) que representaran cada uno de los
patrones o estadios observados (resultaron seis en total que nombramos S1 a S6).
Posteriormente se clasificaron los hipocampos derecho e izquierdo de los 360 sujetos validos
de la muestra seguin la escala MTA de Scheltens y segtin los nuevos patrones o estadios que el
estudio observacional anatémico habia apuntado (S1 a S6). Por esta razon la nueva EMTA es
capaz de reconocer y graduar la aparicién de cambios incipientes, que son susceptibles de
cuantificacion mediante técnicas volumétricas.
A continuacién estudiamos los sujetos clasificados mediante ambas escalas (MTA y la nueva
EMTA) mediante técnicas volumétricas de morfometria basada en voxeles (first-vertex, SPM y
Free-Surfer) lo que permiti6é conocer el volumen de sustancia gris del hipocampo, el volumen
global de hipocampo y el volumen del conjunto de los espacios de LCR mencionados.
Estos resultados nos permitieron verificar que:
1- los sujetos graduados como MTA 0 o 1 eran distintos entre si (first-vertex).
2- que de entre los seis estadios o patrones observados en la nueva escala (S1 a S6) solo
cuatro mostraban agrupaciones de voxeles que los demostraran distintos segun las técnicas

SPM y Free-Surfer

c) Reproducibilidad por dos radidlogos

La variabilidad intraobservador resultante para el NR mostré un indice Kappa de 0.72 para el
lado izquierdo y 0,80 para el lado derecho. La variabilidad interobservador obtenida entre NR

y rNR mostro6 un indice Kappa de 0.76 para el lado izquierdo y 0,82 para el lado derecho.
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d)

Cuantificar volumétricamente la EMTA: desarrollo de la nueva

escala EMTA..

Primero clasificamos todos los sujetos mediante la MTA y la EMTAs y la EMTA4, en
segundo lugar verificamos mediante analisis a través de First-Vertex la presencia de
diferencias estadisticamente significativas entre sujetos clasificados como MTA 0 y
MTA1 (con correcciones para edad y sexo), en tercer lugar validamos mediante SPM8 y
Free-surfer la presencia de diferencias estadisticamente significativas entre los

estadios EMTA4 (sin correcciones para edad y sexo)

i) Clasificacion de los sujetos mediante las escalas clasificacion de la MTA y las

nuevas escalas EMTA¢s and EMTA (Tablas 33, 35, 37, 38).

Encontramos la siguiente distribuciéon de sujetos segin la MTA n=352 temporal

derecho (TD) and n= 349 temporal izquierdo (TI):

- MTAO | MTA1 | MTA2 | MTA3 | MTA4
96 130 18 1 1

Left 1

N=349

Right 149 192 10 0 0
N=352

Left
N=357

Right
N=357

Por otro lado encontramos esta distribucién segiin la EMTAg n=357:

O 3
30 79 43 4 75 24

1

103 46 121 31 46 11
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Left
N=357

Right
N=357

Después de la validacion mediante la técnica de MBV los seis estadios de la nueva

escala original EMTAg¢ se fusionaron en cuatro EMTA4 n=357:

G O G G G
09 44 79 24

2

148 121 77 11

ii) Validacion de la clasificacion MTA 0 y MTA 1 mediante FIRST-VERTEX
analisis.

Este andlisis corregido por edad y sexo nos permitié demostrar que entre los dos

estadios las formas de los hipocampos eran diferentes, y esta diferencia era

significativa:

-MTA 0 (n=149 TD y n=196 TI)

-MTA 1 (n=203 TD y n=153 TI)

Las agrupaciones de voxeles que marcaban las diferencias estadisticamente

significativas mas acusadas eran:

-TD (p<0,001, 85% cortex enthorinal, 67% subiculum y 16% cornu de ammnonis)

-TI (p<0,012 , 88% amigdala laterobasal, 48% subiculum y 29% cornu de ammnonis).

Tablas 30, 31

Una vez que tuvimos la evidencia de que la gran mayoria de los sujetos a estudio

correspondian a cambios incipientes de atrofia continuamos nuestro estudio validando

los estadios de la EMTAas.

iii) Validacion de los estadios EMTA mediante SPM and Free-Surfer: de la EMTA¢
ala EMTA4.

En un primer paso validamos los seis patrones morfolégicos que definen la EMTAs.

Primero estudiamos el efecto global (EG) de la escala EMTAs aplicada a nuestra

poblacién a estudio mediante técnicas de MBV para la escala en el 16bulo TD (Figura

36) (area de la fisura coroidea, fimbria, asta temporal medial e inferolateral, p<0,000).

En segundo lugar, estudiamos las diferencias en el volumen de la sustancia gris (VSG)

en el l6bulo TD entre los sujetos clasificados como estadios S1, S2, S3, S4, S5 y S6 de la

EMTA¢ (Figura 37). El VSG de los estadios S1, S2 y S2, S3 no mostr6 diferencias
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estadisticamente significativas (DES). Por otro lado, el VSG del estadio S3 fue mayor
que el del S4 (asta temporal medial, p<0,001), el VSG de S4 fue mayor que el de S5
(asta temporal inferolateral, p<0,001) y por ultimo el VSG de S5 fue mayor que el de S6
(asta temporal lateral, p<0,001). Ahora procedimos a validar mediante analisis Free
Surfer los resultados obtenidos con SPM8-tool box para los estadios de la EMTAs
(Figura 38). Se demostraron DES entre estadios S1, S2, S3, S4, S5 y S6 (p<0,001); S2y
S3, S4, S5 and S6, (p<0,001); entre S3 y S4y S6 (p<0,001) y entre S3 y S5 (p<0,09); en
cuanto al volumen del asta temporal infero-lateral. Se demostraron DES entre estadios
S6 vs. S1,S2, S3, S4 y S5 en cuanto al volumen del hipocampo (p<0,001) (Figure 38).

. Después de este andlisis decidimos colapsar los estadios iniciales S1-S2 de la escala
EMTAs dando lugar a la nueva escala EMTAs, dado que no mostraban entre ellos DES.
En un segundo paso validamos mediante un andlisis MBV-SPM8-tool-box los cinco
estadios remanentes de la EMTAs para el 16bulo TD. En primer lugar estudiamos, el EG
de la escala EMTAs en el 16bulo TD que mostré DES en las areas de: la fisura coroidea,
fimbria, asta temporal medial e inferolateral, p<0,000 (Figura 40). En Segundo lugar,
estudiamos las diferencias en el VSG correspondientes al 16bulo TD entre los estadios
EMTAs S1-S2 vs. S3, S3 vs. S4, S4 vs. S5 and S5 vs. S6 (Figura 41 y 42). E1 VSG de los
estadios EMTAs S1 y S2 colapsados fue mayor con DES frente al de S3 (fimbria,
p<0,001). EI VSG de S3 fue también mayor con DES que el de S4 (fimbria-fisura
coroidea, p<0,001). El VSG de S4 fue también mayor con DES que el de S5 (asta
temporal inferolateral, p<0,001). EI VSG de S5 fue también mayor con DES que el de S6
(asta temporal medial, p<0,001).

Luego validamos mediante Free Surfer los resultados obtenidos mediante los analisis
SPM8-tool-box de los estadios de la EMTAs (Figura 43). Se demostraron DES entre
estadios S1y S2 (colapsados) y S3, S4, S5, S6 (p<0,001), entre S3 y S4, S5, S6 (p<0,001)
y entre S3 y S4 (p<0,09) en cuanto al volumen del asta temporal infero-lateral. Se
demostraron DES entre estadios S6 vs. S1-S2, S3, S4 y S5 en cuanto al volumen del
hipocampo (p<0,001). Analizando los estadios S4 y S5 de la EMTAs, encontramos que
habfa AV (agrupaciones de voxeles) con DES que indicaban que el VSG del estadio S4
era mayor que el del S5 (asta temporal inferolateral, p<0,001) y otras agrupaciones de
voxeles que mostraban lo contrario (fimbria, p<0,01) (Figura 44). Ademas el volumen
del asta temporal lateral inferior correspondiente a S6 era mayor que el de S5 y el de

S4 mayor que el de S3. Después de este andlisis de la EMTAs decidimos fusionar los
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estadios S4-S5 dando lugar a la nueva escala EMTA4, dado que representan en
conjunto un mismo estadio con similitudes en el VSG y de los espacio de LCR que
rodean el cuerpo del hipocampo..

En ultimo lugar tratamos de validar mediante analisis VBM-SPM8-tool-box los estadios
de la escala EMTA¢ para el 16bulo TI. No fue posible el andlisis para el estadio S4
(debido a su n=3) (Tabla 38). Por otro lado el resto de los resultados de la MBV del TI

fueron comparables con los obtenidos para el 16bulo TD.

e) Comparacién de resultados de la EMTA biomarcadores de LCRy
cognitivos:
i) Correlacion de los estadios EMTA4 con los biomarcadores de LCR.
Una vez que validamos mediante MBV la escala EMTAs4 comenzamos un andlisis
exploratorio comparativo (AEC) de los biomarcadores de LCR en los estadios de la
escala EMTA4 en el 16bulo TD, n= 357. Asi pudimos observar como habia una DES en
cuanto a la edad media de los estadios S4 (68,1) vs. S1(56,5) S2 (57,2), S3 (57,8).
Ademas, habia una DES entre los valores de los biomarcadores de LCR Af1-42/tau
entre los estadios S1 y S4 (p<0,005), y también entre los estadios S2 y S3 frente a S4
(p<0,05). Cuando estudiamos el biomarcador de LCR AB1-42/p-tau también habia una
DES entre los estadios S1y S4 (p<0,05) (Tabla 40-41).
Al analizar el porcentaje de biomarcadores en LCR AB1-42 positivos para cada estadio
de la clasificacion EMTA4 en el 16bulo TD encontramos que habia una DES entre los
estadios S4 y S1, S2 y S3 (p<0,000). De todas formas seguimos un AEC del porcentaje
de biomarcadores en LCR AB1-42 positivos para cada estadio de la clasificacion EMTA4
en el lébulo TI, n= 357. Pudimos observar como habia una DES en relacién a la edad
media entre los estadios S4 y S1, S2 y S3 (61,8 afios en S4 y una p<0,001). Ademads no
encontramos DES en cuanto a los biomarcadores en LCR AB1-42/tau o LCRAB1-42/p-
tau entre los estadios EMTA4 en el 16bulo TI. Por ultimo estudiamos el porcentaje de
biomarcador positivo AB1-42 para cada uno de los estadios EMTA4 del 16bulo TI.
Encontramos DES a SSD relativa al porcentaje de biomarcador en LCR Af1-42 positivo
entre los estadios S4 y S1, S2 y S3 aun cuando menos pronunciados que en el I6bulo TD

(p<0,063) (Tabla 42-43).
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ii) Correlacion de los estadios de la EMTA: con los biomarcadores
neuropsicoloégicos.

Realizamos también un AEC de todos los biomarcadores neurocognitivos incluidos en
el subtitulo 2.5 del apartado de métodos en n=357 voluntarios para el I6bulo TD y n=
356 para el I6bulo TI (un sujeto juzgado como ALTM 3 fue excluido de este andlisis) en
los estadios de la escala EMTA4 mostrandose, solo aquellos resultados que presentaron
DES. Asi pues con respecto al 16bulo TD: solo encontramos DES entre los estadios S1,54
en el test de alteracién de la memoria-media- p<0,0054. Con respecto al 16bulo TI
encontramos DES entre los estadios S1 y S4 para: el test de alteracién de la memoria-
media-y el test compuesto global de memoria p<0,0074 (en ambos casos), en el TAVEC
recuerdo libre precoz p<0,48, TAVEC recuerdo libre tardio p<0,464 y TAVEC recuerdo
reclamado precoz p<0,47 . Entre los estadios S1 y S3 en el TAVEC de ensayo
inmediato p<0,0121 y entre los estadios S1, S2, S3 y S4 en el test compuesto de
memoria precoz (p<0,044) (Tabla 44).

Por otro lado no encontramos DES en cuanto a los test de: a) Lenguaje: test de
nominaciéon de Boston , Test de repeticion y comprensién (Boston), b) test de
percepciéon visual y practica: Figura compleja de Rey, Juicio de orientacién lineal,
Poppelreuter (the 15-objects test(20), and c) Funciones de atencién y funcion
ejecutiva: Test de fluencia verbal, Digit Span (WAIS-III), Stroop Test, Test de
realizacion de trazado, Zoo Mapa Test and (BADS) Test de codificacién de simbolos

digitales (WAIS-III).
5) DISCUSION

En el presente estudio desarrollamos y validamos a través del andlisis con MBV la
nueva escala EMTA4 que tiene la capacidad de medir los cambios de atrofia de bajo
grado que ocurren antes de que comiencen a ser detectables con la escala MTA.

El estadio S1 de la EMTA4 (anterior S1 y S2 fusionados de la escala EMTAg) asi como el
estadio S2 de la EMTA4 (anterior S3 de la EMTAs) corresponden a estadios 0 de la
escala MTA. El estadio S3 de la escala EMTA4 es equivalente al estadio 1 de la MTA. Este
estadio S3 de la EMTA;4 tiene dos posibles patrones morfolégicos que corresponden a
los anteriores S4 & S5 de la escala EMTAs. El estadio S4 de la EMTAspor su parte

coincide con el correspondiente a un incipiente estadio 2 de la MTA.
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Aunque los estadios 0 y 1 de la MTA han sido considerados no relevantes clinicamente
en la propuesta original de Scheltens et al. dado que se recomienda un punto de corte
ajustado por edad de la MTA =2 en cualquiera de los dos hemisferios para ser
considerado anormal por debajo de la edad de 75 afios (5) y también otros autores
(11, 14) propusieron un punto de corte para la MTA 21.5 basado en la graduacién
media de ambos hemisferios entre 45-65 afios (el espectro de edad de la fase pre-
clinica de la Enfermedad de Alzheimer), nosotros hemos encontrado un progresivo
adelgazamiento de la corteza cerebral (CC) del hipocampo desde el estadio S1 al S3 de
la EMTA4 (estadios 0 y 1 de la MTA) acompafiado también por un progresivo descenso
de los niveles de AB1-42 en LCR (% de voluntarios con niveles <580pg/ml, es de: 9,8%
S1,16,4% S2,17,1% S3y 75% S4 en 16bulo TD asi como de 13,3% S1, 10,3% S2, 19,5%
S3y37,5% S4 en 16bulo TI).

Mientras que Sheltens et al. (5) propusieron un punto de corte de la escala MTA 22 en
cualquiera de los hemisferios cerebrales como patolégico para sujetos edades menores
de 75 afos, en nuestro trabajo hemos demostrado la existencia de una incipiente
atrofia hipocampal (AH) en el estadio S4 de la EMTA4 (estadio MTA 2 precoz) con una
edad media de 68,1 afios para el 16bulo TD y 61,8 afios para el 16bulo TI (p<0,001 Tl y
p<0,005 TD) acompafiados de un rendimiento bajo en los test de memoria verbal
(TMV) para TD y sobre todo para el 16bulo TI y DES en LCR en los biomarcadores A31-
42 /tau o CSF AB1-42/p-tau entre los estadios S1 vs S4 (MTA 0 vs. MTA 2 precoz) para
16bulo TD.

La sélida validacion de la EMTA4, tiene el mismo valor que el obtenido previamente por
Sheltens et al. (5) en el estudio original de la MTA, o mas recientemente en los estudios
de Wahlund et al. (aplicando la MTA al estudio de la Enfermedad de Alzheimer en fase
de demencia, sujetos cognitivamente normales (CN) and y sujetos diagnosticados de
otros tipos de demencia) (21), Westman et al. (utilizando la MTA para el estudio de la
Enfermedad de Alzheimer en fase de demencia, sujetos cognitivamente normales (CN)
y Enfermedad de Alzheimer en fase en fase de deterioro cognitivo ligero (DCL) (22) o
Cavallin et al. (usando la MTA al estudio de una cohorte sujetos ancianos sanos = 60
afios de edad )(13).

Comparamos nuestros resultados (basado en voluntarios de la cohorte PGA (proyecto
Guipuzcoa Alzheimer) con tres estudios relevantes: Wang et al.(23), Fortea et al. (24) y

finalmente Jack et al. (25) que corresponden a estudios longitudinales de
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envejecimiento y alteraciones de memoria (KADRC-Washington-USCM study(23),
ADNI(24) y MACSA-Mayo study (25)). Hay diferencias entre estos cuatro trabajos
relativas a los métodos utilizados: 1-en cuanto a la edad media: (71 afios (23), 73,4
afios (24), 72 afios (25) and 56,6afios PGA), 2- en relacién al criterio usado apara
etiquetar a un voluntario como CN; en el estudio de Wang et al. Definido como tener un
CDR de 0, y en el de Fortea et al. (24) tener un MMSE de 29,1, mientras que en nuestro
estudio incluimos n=199 sujetos con puntuaciéon CDR < 0.5 y también n=15 con MMSE
< 26 pero puntuacién CDR > 0.5 y 3-el numero de voluntarios enrolado que oscila entre
n=100 (23) y n=1246(25) pasando a través de n=145(24) and n= 214 en nuestra serie.
Por un lado las principales diferencias reflejadas entre nuestro estudio y los de Wang
et al.(23), Fortea et al. (24) y finalmente Jack et al. (25) se concentran en: 1- este
grupo(23) encuentra una elevacién de tau en LCR asociado a disminucién de grosor
cortical en las areas propias de la firma cortical de la EA pero no con AH, mientras que
en nuestro trabajo encontramos los dos fenémenos asociados, 2- este trabajo (23)
encuentra que la disminucién en LCR de Af1-42 se relacionaba con un menor
rendimiento en las pruebas de memoria episédica mientras que en nuestro estudio lo
esta con un peor desempefio en los test de memoria verbal, 3- Jack et al. (25)
encuentran empeoramiento progresivo de la memoria en el lapso de tiempo
transcurrido entre los 30 afios y 90 afios mientras que en nuestro trabajo solamente
hemos encontrado empeoramiento en el rendimiento de los test de memoria verbal
para los sujetos clasificados como S4 de la EMTA4 con edades medias de 68,1 afios para
el 16bulo TD & 61,8 afios para el 16bulo TI. Ellos encontraron AH progresiva desde los
30 afos hasta mediados los 60 afios, cuando acelera su evolucién mientras que en
nuestro estudio solo demostramos AH incipiente para los sujetos clasificados como S4
de la EMTA4.

Por otra parte las principales coincidencias con nuestro estudio de las series de Wang
et al. (23), Fortea et al. (24) y por ultimo Jack et al. (25) se concentran en: 1- la
observacién del adelgazamiento de la corteza cerebral (23, 24) en las areas propias de
la firma cortical de la EA, 2- hallazgos que sugieren interaccion entre los
biomarcadores de LCR de la EA resultando un fenémeno bifasico de adelgazamiento
cortical asociado con bajos niveles de Af en LCR, seguido por AH una vez que en LCR la
p-tau aparece(24) y 3- en estos trabajos como en nuestra serie la AH es el ultimo

fendmeno en aparecer en el proceso del envejecimiento(24, 25).
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Una limitacién del presente estudio es que hemos incluido n=199 sujetos con
puntuaciéon de CDR < 0.5 y también n=15 con MMSE < 26 pero puntuacién de CDR
score > 0.5; asi pues nuestros resultados pueden estar influidos por esta circunstancia
en comparacion con los estudios de Wang et al. (23) que incluyen en su trabajo solo
sujetos con CDR 0 o la serie de Fortea et al. (24) que incluyen voluntarios con MMSE
29,1. Otra limitacién de nuestro estudio es relativa al tamafio de la muestra asi de
n=357 sujetos incluidos en nuestra serie para el analisis de MBV y del de los
biomarcadores neuropsicologicos, la muestra se limit6 a n=213 cuando
correlacionamos los biomarcadores de MBV con los de LCR. Finalmente otra limitacién
de la aproximacion del presente estudio es que hemos investigado la relaciéon entre
cambios morfolégicos incipientes, biomarcadores de LCR y neuropsicolégicos de modo
transversal, y asi no somos capaces de poder investigar si esos cambios se relacionan
con un cuadro clinico final tipico.

Un punto fuerte de nuestro trabajo, es el uso combinado de biomarcadores de LCR y
neuropsicolégicos para un limitado pero notable grupo de 213 voluntarios, mayor que
la muestra de Wang et al (23) n=100 y Fortea et al (24) n=145. Actualmente se esta
llevando a cabo un seguimiento longitudinal de los datos de la cohorte PGA. Estos datos
nos permitiran investigar si la EMTA4 puede ser usada como un biomarcador para el
diagnostico precoz de la EA (mediante la mediciéon del CDR registrado la evolucion de
los estadios de esta escala).

La variabilidad intraobservador registrada en la aplicaciéon de la EMTA (0,72 valores
kappa ponderados en el lado izquierdo y 0,80 en el lado derecho) fue inferior a la
observada por Ferreira et al. (0,93 en el lado izquierdo y 0,94 en el lado derecho) (14)
o Cavallin et al. (0,88 en el lado izquierdo y 0,89 en el lado derecho) (13) en la
aplicacion de la MTA. La variabilidad interobservador observada aplicando la EMTA
(0,76 valores kappa ponderados en el lado izquierdo y 0,82 en el lado derecho)
también fue un poco mas baja que la observada para la escala atrofia PA (0,85 en los
lados izquierdo y derecho)(26). La explicacion de estas peores variabilidades intra e
interobservador obtenidas con la EMTA en comparacién con las publicadas para las
escalas MTA (13, 14) y PA (26)podria estar relacionada con la propia naturaleza del
EMTA, disefiada y validada para detectar cambios de atrofia de bajo grado del 16bulo

temporal medial.
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6) CONCLUSIONES

a)

b)

g)

h)

Hemos confeccionado una nueva escala de medir la atrofia temporal medial (EMTA),
mediante RM craneal, mas sensible que la utilizada habitualmente (MTA).

La EMTA fue primero disefiada sobre un analisis visual de las RM craneales basada en
estrictos criterios anatémicos

La EMTA ha sido validada mediante estudios de morfometria basada en voxeles
resultando 4 estadios seglin el grado de atrofia: S1 a S4

Los estadios S1 y S2 de la EMTA corresponden al estadio 0 de la MTA. El estadio S3
corresponde al estadio 1 de la MTA. El estadio S4 al MTAZ2 en su fase inicial.

La EMTA es facil de aplicar y tiene una buena correlacién inter e intraobservador.

Los individuos en estadio S4 tienen una edad mas avanzada que la de los estadios S1 a
S3.

Los individuos en estadio S4 en el lado derecho muestran alteraciones de
biomarcadores en LCR (AB1-42/tau o CSF AB1-42/p-tau) comparados con los que
estan en el estadio S1

Los sujetos en S4 en l6bulo temporal izquierdo muestran rendimientos alterados en
los test cognitivos de memoria verbal.

Creemos que la EMTA puede considerarse un marcador precoz de la

neurodegeneracion en la fase preclinica de la Enfermedad de Alzheimer.
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1) INTRODUCTION

The preclinical Alzheimer’s disease (PcAD) concept and definition has been possible due to
the appearance and development of specific biomarkers for Alzheimer’s disease (AD) (3, 4).
However in the biomarkers models developed by IWG and NIAA-AA, the structural magnetic
resonance imaging (MRI) (3, 6, 15, 27) has been entitled either as a late appearance
biomarker in the pathophysiology of preclinical AD (15, 27) or it has been eventually excluded
(4, 6). The current accepted preclinical & clinical biomarkers are: cerebral spinal fluid (CSF),
biomarkers (AB 1-42, T-tau or P-tau) or amyloid positron emission tomography (PET) (3).
However these by themselves are not sensitive enough in clinical practice to detect the early

phases of the neurodegenerative process.

The present thesis is focused on the study of the low-grade atrophy prior to the diagnosis of
AD. We aim to develop an anatomically based radiological scale of atrophy of the medial
temporal lobe (MTL). Furthermore, we will compare the anatomical scaling with
corresponding volumetric measures as well with other AD biomarkers in order to test its

sensitivity as biomarker for preclinical AD.

a) Definition, pathology and diagnosis of the Alzheimer’s Disease

Alzheimer’s disease is a chronic neurodegenerative disease that usually starts slow and
get worse over the time. The most common early symptom is difficulty in remembering
recent events (short-term memory loss). As the disease advances symptoms can
include: language problems, disorientation, mood swings, loss of motivation, not

managing self-care and behavioural issues (28).

Pathologically AD is characterising by an abnormal protein deposits: Ap plaques and
neurofibrillary  tangles (NFTs) formed by hyper phosphorylated tau.
Neurodegeneration is as important as these hallmark pathological lesions of AD, and
manifests as atrophy, neuron loss, and gliosis, which are routinely noted in research
post-mortem examinations. Although the loss of synapses also is highly significant for
the clinical manifestations of AD, this is difficult to assess without the use of labour-

intensive morphometric methods, so it is not routinely measured in most AD research
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centres. Neurodegeneration and NFT deposition are both neuronal processes and
occur in roughly the same topographic distribution. Ap plaques are extracellular and
occur in a different, but to some degree overlapping, topographic distribution from

NFT and neurodegenerative pathological changes (27).

The distribution pattern and packing density of amyloid deposits turned out to be of
limited significance for differentiation of neuropathological stages. Neurofibrillary
changes occurred in the form of neuritic plaques, neurofibrillary tangles and neuropil
threads. The distribution of neuritic plaques varied widely not only within
architectonic units but also from one individual to another. Neurofibrillary tangles and
neuropil threads, in contrast, exhibited a characteristic distribution pattern permitting
the differentiation of six stages. The first two stages were characterized by an either
mild or severe alteration of the transentorhinal layer pre-alpha (transentorhinal stages
[-II). The two forms of limbic stages (stages III-IV) were marked by a conspicuous
affection of layer pre-alpha in both transentorhinal region and proper entorhinal
cortex. In addition, there was mild involvement of the first Ammon's horn sector. The
hallmark of the two-isocortical stages (stages V-VI) was the destruction of virtually all
isocortical association areas. The investigation showed that recognition of the six
stages required qualitative evaluation of only a few key preparations. AD is an age-
related, not an age-dependent disease. The degree of brain destruction at stages III-IV
frequently leads to the appearance of initial clinical symptoms. The stages V-VI
representing fully developed AD are increasingly prevalent with increasing age. The
arithmetic means of the stages of both the amyloid depositing and the neurofibrillary

pathology increase with age. Age is a risk factor for AD (29, 30) (Figure 1).
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Figure 1- Frequency of stages of Alzheimer-related lesions in different age categories.

[Modified Braak H and Braak E (24)].
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Traditionally AD has been define as a type of dementia [accounts for 60% to 70% of
cases (28)], a notion brought into existence with the publication of criteria from the
National Institute of Neurological and Communicate Disorders and Stroke-Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA) in 1984 (3, 31). Two
major principles of these criteria were: 1) the clinical diagnosis of AD could only be
designated as “probable” as the patient was alive and could not be made definitively
until Alzheimer’s pathology had been confirmed post mortem; and 2) the clinical
diagnosis of AD could be assigned only when the disease had advanced to the point of
causing functional disability and met the threshold criteria of dementia (31). The
absence at that time of clinical criteria for the other dementias and the lack of

biomarkers resulted in a low specificity in differentiation AD from other dementias (3).

In the past eight years, both the International Working Group (IWG) and the US
National Institute on Aging-Alzheimer’s Association Working Group (NIA-AA-WG)
have contributed criteria for the diagnosis of Alzheimer’s disease (AD) that better
define clinical phenotypes and integrated biomarkers into the diagnostic process,

covering the full staging of the disease (3, 4, 6, 32-34).
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Table 1- Diagnosis criteria Alzheimer’s disease depending the sponsor society

NINCDS-ADRDA 1984 Probable-in vivo

Clinically advanced

IWG 2007 in vivo

Prodromal

Episodic memory
Biomarker-MRI-PET-CSF

2010 New Lexicom
Preclinical AD

“Asymptomatic at risk”

“Presymtomatic”

Clinical AD

“Atypical AD”

“Mixed AD”
Biomarker-MRI-PET-CSF
Less complex in semiology
Consistency

Applicable Clinical Trials

NIAA-AA 2011 Preclinical AD

Pre dementia AD (MCI)

Dementia AD

Each of them with its on diagnostic criteria

Asymptomatic AD-biomarkers evidence of Af accumulation
Pre dementia AD (MCI)

Dementia AD - probabilistic likelihood

Applicable without support of Biomarkers

Less specificity

b) Pathophysiology of Alzheimer’s disease

Spearling et al. propose a theoretical model of the physiological cascade of AD to
facilitate the discussion of the concept of a preclinical stage of AD (4). They proposed
model of AD views AP peptide accumulation as a key early event in the
pathophysiological process of AD. However the acknowledge of the aetiology of AD
remains uncertain and several mechanism have been proposed (synaptic,
mitochondrial, metabolic, inflammatory, neuronal, cytoskeletal and other age-related
alterations) as well to play an even earlier role, more central than AP peptide
accumulation (4). There are also a significant debate about whether abnormal

processing versus clearance of AP42 the aetiology event in sporadic AD (late onset).
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Some investigators have suggested that the sequestration of AP fibrillar forms may
even serve as a protective mechanism against oligomeric species, which may be the
more synaptotoxic forms of AP (4). However of all the known autosomal dominant,
early onset forms of AD are thought to be, at least in part, due to alterations in amyloid
precursor protein (APP) production or cleavage. Similarly, trisomy 21 invariably
results in AD pathological individuals (4). Autopsy and biomarkers studies suggest that
AP42 accumulation increases with advanced aging (the greatest risk factor). It is also
clear that synaptic depletion, intracellular hyper phosphorylated forms of tau, and
neuronal loss invariably occur in AD and in autopsy seem to correlate better than
plaque counts or total AP load with clinical impairment (4) Usually the presence of
markers “upstream” AP accumulation is associated with markers of “downstream”
pathological changes (such abnormal tau, neural dysfunction, glial activation and
neuronal loss and atrophy). However remains to be proven that Af accumulation is
sufficient to incite the downstream pathological cascade of AD. It is also unknown
whether this neurodegenerative process could be related to direct synaptic toxicity
due to oligomeric forms of AB, or a “second hit” that results in synaptic dysfunction,
neurodegeneration, neurofibrillar tangle formation, and eventually neuronal loss (4)

(Figure 2).

Hypothetical model of AD pathophysiological cascade
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Genetics Other age-related brain diseases
~< P,
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Figure 2- Hypothetical model of the Alzheimer's disease (AD) pathophysiological

sequence leading to cognitive impairment. This model postulates that amyloid beta (AB)

accumulation is an “upstream” event in the cascade that is associated with “downstream” synaptic
dysfunction, neurodegeneration, and eventual neuronal loss. Note that although recent work from
animal models suggests that specific forms of Af may cause both functional and morphological synaptic
changes, it remains unknown whether A is sufficient to incite the neurodegenerative process in
sporadic late-onset AD. Age and genetics, as well as other specific host factors, such as brain and
cognitive reserve, or other brain diseases may influence the response to AB and/or the pace of

progression toward the clinical manifestations of AD. [Modified Sperling et al. (4)].

Norton et al. (35) present a model that estimates the modifiable component of the risk
of AD in relation to seven key risk factors based on a previous work of Barnes et al.
(36). They estimate that one in three AD cases worldwide is attributed to diabetes,
midlife hypertension, midlife obesity, physical inactivity, smoking, depression or low
educational attainment, taking into account the frequent co-occurrence of these
factors. Based on this estimate, they show, in their most optimistic scenarios, that
relative reductions in the prevalence of each of the seven risk factors of 20% per
decade might reduce the number of cases of AD in 2050 by 15.3%, which would
translate into a reduction in the number of individuals with AD from 106 million
expected without intervention to 90 million worldwide by 2050 (35). According to the
models, most AD cases worldwide are attributed to low educational attainment (35). In
the USA, Europe and UK, the largest proportion of cases is attributed to physical
inactivity (35) (Figure 3).
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Figure 3- Modifiable risk factors for Alzheimer's disease across life

An individual's profile of modifiable risk factors includes adverse and protective factors. These factors
include education and environmental, behavioural, and lifestyle factors. Examples are physical activity,
diet, smoking, and depression—factors that can fluctuate over the course of life. Vascular risk factors—
e.g., diabetes, hypertension, and obesity—generally occur from midlife onwards, under the influence of
environmental, behavioural and lifestyle factors, on a background of genetic predisposition. Adverse
factors induce disease processes in the brain that generally start to develop later in life. Protective
factors might attenuate disease processes and can also contribute to cerebral reserve capacity. Disease
processes include cerebrovascular disease and Alzheimer's disease type pathological changes, the
combined burden of which leads to progressive neuronal damage in the brain. Once the balance
between the burden of neuronal damage and cerebral reserve capacity is disturbed, cognitive

dysfunction ensues. [Modified Norton et al. (35)].

Following Norton et al. (29) maintaining mental health up to the late life requires a life
spam perspective on prevention. AD is at least partially preventable and that several
known risk factors for poor health also substantially contribute to dementia risk. In
fact, the potential for prevention might be even larger if other modifiable risk factors

for dementia (e.g., diet and leisure activities) are consider (37).
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Pathogenesis is not restricted to the neuronal compartment, but includes strong

interactions with immunological mechanisms in the brain (38). Misfolded and

aggregated proteins bind to pattern recognition receptors on microglia and astroglia,

and trigger an innate immune response characterised by release of inflammatory

mediators, which contribute to disease progression and severity (38). Genome-wide

analysis suggests that several genes that increase the risk for sporadic AD encode

factors that regulate glial clearance of misfolded proteins and the inflammatory

reaction (38). External factors, including systemic inflammation and obesity, are likely

to interfere with immunological processes of the brain and further promote disease

progression. Modulation of risk factors and targeting of these immune mechanisms

could lead to future therapeutic or preventive strategies for AD (38) (Figure 4).
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Physiological functions of microglia, including tissue surveillance and synaptic remodelling, are
compromised when microglia sense pathological amyloid  accumulations. Initially, the acute
inflammatory response is thought to aid clearance and restore tissue homoeostasis. Triggers and
aggravators promote sustained exposure and immune activation, which ultimately leads to chronic
neuroinflammation. Perpetuation of microglia activation, persistent exposure to proinflammatory
cytokines, and microglial process retraction cause functional and structural changes that result in

neuronal degeneration. TLR=Toll-like receptor. [Modified Heneka et al. (32)].

c) Biomarkers of Alzheimer’s disease

Over the past two decades, it has become increasingly possible to identify in vivo evidence of
the specific neuropathology of AD by use of validated and disease specific biomarkers(6).
Laboratory and neuroimaging biomarkers are very highly correlated with neuropathological
lesions of AD (6). From the point of view of IWG represented by Dubois et al. (1), these
biomarkers can be divided into pathophysiological and topographical markers (Table 2).

Table 2- Biomarkers division following IWG criteria

Pathophysiological = Topographical

markers markers

Cerebrospinal fluid

Amyloid 42 Yes No
Total tau, phospho-tau Yes No
PET

Amyloid tracer uptake Yes No
Fluorodeoxyglucose No Yes
Structural MRI

Medial temporal atrophy No Yes

[Modified Dubois et al. (1)].

Pathophysiological markers correspond to the two aetiological degenerative processes that
characterise Alzheimer’s pathology: The amyloidosis path to neuritic plaques and the
taupathy path to neurofibrillar tangles. They include CSF measurements of reduced
concentrations of amyloid {3, increase total tau, and increasing phospho-tau, and amyloid PET

scanning with Pittsburg compound B (PiB) or other radioligands (florbetaben, 18F-AV-45, etc).
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CSF biomarkers (low amyloid  and, even more specifically, abnormal ratio of tau to amyloid
B) are associated with very high rates of progression from amnesic mild cognitive impairment
(MCI) to AD dementia, and have shown a consistently high sensitivity and specificity in
predictive models (6). High mean cortical binding values for PiB-PET are predictive of
cognitive decline and development of AD clinical signs in cognitively normal elderly
individuals (6). In vivo pathophysiological markers correlate very well with their respective
neuropathological lesions, including CSF amyloid 8 and PiB-PET with senile plaques, and total

tau and phospho-tau with neurofibrillar tangles (6).

Topographical markers are used to assess the less specific and downstream brain changes
that correlate with regional distribution of Alzheimer’s pathology and include medial
temporal lobe atrophy and reduced glucose metabolism in temporo-parietal regions on
fluorodeoxyglucose PET. These markers are valuable indicators because structural brain
changes accurately map to the Braak stages of neurofibrillar tangle deposition (6). These MRI
and PET topographical markers have been shown consistently to predict the development of
AD dementia in MCI cohorts and to correlate with disease severity (6). In 2007 there was no
empirical basis for assessing weightings to pathophysiological versus topographical changes
associated with neurodegeneration. Since then, understanding of the timing of pathological
events has increased, with pathophysiological changes preceding the topographical changes
associated with neurodegeneration (more related the latter with the emergence of cognitive

symptoms (6).

Nevertheless CSF and amyloid PET have both shown the highest specificity when correlated
with the underlying Alzheimer’s pathology in post-mortem studies. Conceptually, they are the
most specific biomarkers to determine that an individual is within the AD continuum even
several years before the clinical onset of disease (3). A marked reduction in CSF Af 1-42 and in
the AP 1-22 /AP 1-40 ratio has consistently been noted in patients at different stages of AD.
However, an isolated low A 1-42 is not sufficiently specific to diagnose AD, in view of similar
findings in some patients with non-AD dementias (Lewy body disease or vascular dementia),
given its presence long before onset of clinical AD, or given AD copathologicaly in patients
with Lewy body disease. Additionally AB 142 concentrations are particularly sensitive to
preanalytical and analytical biases and make it difficult to achieve the requisite low

coefficiency of variation and quality control (3).
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The added value of the combination of CSF markers has been tested in predictive studies of
progression to AD dementia. Individuals with a high ratio of T-tau to AB 1-42 or of P-tauig: to
AP 1-42 progress to symptomatic cognitive impairment (ie, CDR>0) more quickly than do the
remainder of the cohort. This result was not observed for A 1.42 concentrations alone for the
duration of the longitudinal studies (3-5 years) completed to date. The combination of T-tau,
AP 1-42 and P-tau is highly predictive of dementia, which has been confirmed in three large
multicentre studies namely the Alzheimer’s Disease Neuroimaging initiative (ADNI) study, the
Development of Screening Guidelines and Criteria for Predementia Alzheimer’s Disease
(DESCRIPA) study, and the Swedish Brain Power (SBP) project. A meta-analysis recently
confirmed that the combination of CSF Af 1.42 with either T-tau or P-tau has the highest
predictive accuracy, whereas individual markers were also predictive but with lower accuracy
(odds ratio [OR] 7.5-8.1). Studies of autosomal dominant mutation carrier, including the
Dominantly Inherited Alzheimer’s Disease (DIAN) project, also show that high CSF T-tau and
P-tau combined with a decrease in CSF AP 1.42 and the ratio of AP 1-42 /AP 1-40 are present 10-

15 years before the first symptoms of dementia (3).

Additionally the combined analysis of the CSF biomarkers provides the best accuracy in the
differential diagnosis between AD and others degenerative dementias, with a good
concordance with post-mortem diagnosis. In particular, the ratio of T-tau to AB 1-42 was the
best biomarker to differentiate AD from frontotemporal lobar degeneration, and showed a
specificity of 96.6% in a series of patients with diagnostic confirmation either by genetics or
by post-mortem examination (3). PET imaging with amyloid tracers, including 11C-PiB,
florbetapir (AV-45), flutemetanol (18F-PiB derivative), florbetaben (AV-41) and AZ4694,
provide important information about the extent of AB neuritic plaque burden in the brain.
Amyloid PET is therefore considered as a surrogate marker of brain fibrillary amyloid
pathology (neuritic plaques and amyloid angiopathy) and by extension a good marker of

Alzheimer’s pathology (3).

From the point of view of NIAA-AA represented by Jack et al. a model of AD biomarkers
intended to be a framework for in vivo staging of the disease. The model was initially
presented at the International Conference on Alzheimer’s disease in July 2009, and published

in January 2010 (27). New evidences in this field have been accumulated since that time and
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modifications to this model has been proposed by the same group and published in February
2013 (15). Following this proposal biomarkers of AD can be divided into two major
categories: a) measures of brain amyloid [ (AB) deposition and b) measures of
neurodegeneration (defined as progressive loss of neurons or their processes [axons and
dendrites] with a corresponding impairment in neuronal function) (15). Brain A deposition
is assessed by measurements of CSF AB 142 and PET amyloid imaging. Increased
concentrations of CSF T-tau and P-tau, hypometabolism on PET-FDG and atrophy on
structural MRI are measurements of neurodegeneration. PET-FDG and MRI follows a

modality-specific topology that is characteristic of AD (6, 15).

This NIAA-AA biomarkers model is predicated on the assumption that biomarkers are related
to specific pathophysiological processes. Low CSF Af 1-42 and uptake of amyloid PET tracers
are associated with fibrillar AB deposits. Increase in T-tau and P-tau is associated with
neurofibrillar tangle (NFT) burden at autopsy, and in AD, T-tau and P-tau behave very
similarly to each other. Atrophy in MRI studies correlates with neuron loss and are
measurements of tau-related degeneration. Ante-mortem PET FDG hypometabolism is also

correlated with NFT burden and not with plaque burden at autopsy (15).

The basic principles of this model at its original description were: a) the major AD biomarkers
become abnormal in a temporally ordered manner (CSF AP 1.42 and amyloid PET are dynamic
earliest, followed by CSF tau and PET FDG, then structural MRI followed by clinical symptoms.
The model assumes that the maximum rate of change moves sequentially from one biomarker
class to the next, and as the disease progresses all biomarkers become progressively more
abnormal simultaneously, b) A deregulation, which leads to plaque formation, is necessary
but not sufficient to produce the clinical AD syndrome. Cognitive decline is only loosely
coupled with rate of magnitude of amyloid PET and CSF AP 1.42, but is closely coupled with the
magnitude and rate of change on neurodegenerative biomarkers (CSF T-tau and P-tau, hypo-
metabolism on PET-FDG and atrophy on structural MRI), c) rates of change in each biomarker
follow a non-linear temporal course, which these authors postulate to be sigmoid-shaped with
time, d) a subject-specific lag in time exists between biomarker evidence of in situ AD
pathophysiology and the emergence of cognitive impairment, which is mediated by
differences in brain resiliency or cognitive reserve and e) the added contributions of other

pathologies (e.g., vascular disease, Lewy bodies, TDP-43 inclusions) that often co-occur with
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aging also contribute substantially to interindividual variations in clinical disease expression

(27) (Figure 5).
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Figure 5- Biomarkers NIAA-AA 2010 model.

Evidence has been accumulated since the original description of this NIAA-AA biomarkers
model that clearly supports the general temporal ordering framework describe above in
which amyloid biomarkers become abnormal first, followed by biomarkers of
neurodegeneration, and the clinical symptoms. However, less evidence has been obtained to
define the relative temporal ordering of CSF tau, PET FDG, and structural MRI (15). In fact
results as whose derived from this thesis tend to probe the early cortical hippocampal
thickness changes that occurs before the AD clinical onset. Regarding the sigmoid-shape of
the biomarkers curve evolution over time, it has to be said that several sources reinforce the
idea that amyloid biomarkers do follow a sigmoid-shape trajectory over time although related
PET FDG and MRI atrophy measurements some evidences suggest that their slopes curves
may not be parallel to the amyloid biomarker curve and continue to change substantially

through the dementia phase of the disease (15).

Due to AD pathophysiology usually coexists with other pathophysiology changes, particularly
cerebrovascular disease and synucleinopathy (bearing in mind that hippocampal sclerosis,
TDP-43 and potentially non-AD taupathies such as argyrophylic grain disease are also

important contributors), this reality could be a confounder factor when studying a
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determinate elderly cohort for which one possible solution is to analyse the subset of
participants who tested positive for AD biomarkers to screen out people who are not

following the AD pathophysiological pathway (15).

The original NIAA-AA biomarkers model was design to have quantifiable horizontal and
vertical axis. Progressive clinical stages disease stages were place on the horizontal axis.
Although it is certainly true that every person who develops AD exhibits progressive cognitive
decline, indexing of individuals on the horizontal axis by clinical stage or continuous
measurements of cognitive impairment has proved to be a flawed approach due mainly to the
fact that important pathophysiological changes occur on the preclinical phase (that might
constitute half or more of the total disease duration) in which measurements of cognitive
decline are most imprecise (15). A new NIAA-AA biomarkers model version therefore has

been proposed (15) (Figure 6).

A
Max A CSF AR, P —
—— Amyloid PET — —
— (SFtau
— MRI + FDGPET
Cognitive impairment
2
g Dementia
2
20
~
$
~ F
5 s
@ $
Normal
Min - >
B
Max 4 ———
B
<
2
= / Dementia
g /
2
el
<
£ P
£ &
z &
=) ~
Min - >
Time T

Figure 6- Biomarkers NIAA-AA 2013 model.

58



Early Medial Temporal Atrophy Scale (EMTA)

The main differences with respect to the 2010 version are: a) the horizontal axis is now
expressed as time, not clinical stage, b) a range of possible cognitive outcomes is shown at
given positions along the horizontal axis reflecting the fact that each individual responds to
AD pathophysiological process uniquely (high risk of cognitive impairment profile people
shows a curve that is shifted to the left in time), ¢) modifications of the specific ordering of
some biomarkers (CSF AP 142 is now positioned slightly before amyloid PET, which is
followed by CSF tau. PET FDG and MRI are drawn coincidentally as the last biomarkers to
become abnormal), d) The biomarker curves (still sigmoid-shaped) have a progressively
steeper slope in the right-hand tail for later-changing biomarkers and e) the biomarkers
curves are drawn closer together in the revised model indicating less distinct temporal

separation (15).

One of the most important criticisms of this model was that originally did not account for the
fact that medial temporal limbic tau pathology is a nearly universal feature of ageing and that
tau pathology typically appears in individuals at a younger age than do A (therefore AT8-
positive pretangles (i.e., positively stained perikarya) were reported in a high proportion of
young individuals (as young as 6 years of age) in selected subcortical areas (15). Braak and
Del Tredici (39)propose that tau pathology begins in the locus coeruleus (changes then
spread to other brainstem nuclei and to the entorhinal cortex, perhaps by direct cell-to-cell
transmission) and that the subcortical deposition of tau is the starting point of the AD

pathophysiological cascade, beginning as early as the first decade of life (15).

Small and Duff (40)have suggested that tau hyper phosphorylation and AB accumulation
might be independent pathophysiological processes that share a common upstream cause.
Mesulam(41) specifically suggested that protracted exposure to up regulation of cellular
activity related to neural plasticity could represent the common upstream cause of both tau
hyper phosphorylation and A accumulation. Duykaerts (42)has also suggested that tau and
AP pathological changes could be independent processes but with pathogenic synergy (15).

Several independent sources of AD biomarker evidence suggest that the sequence of events

depicted by these biomarkers is AP pathophysiology first, and then tau related

neurodegeneration. However autopsy data suggest on the other hand that AD-like taupathy
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precedes AP deposition. One way to integrate this information could be the idea that
tauopathy and A3 pathophysiology arising independently.

In this proposed integrating model (Figure 6), subcortical tauopathy is the first AD
pathophysiological process to arise in many individuals and is detectable only by
immunostaining methods. This tauopathy however does not by itself lead to AD. A
pathophysiology arises later and independently from pre-existing tauopathy. Through
unknown mechanisms AB pathophysiological changes qualitatively transform and, as
proposed by Price and Morris(43), accelerate the antecedent subcortical tauopathy leading to
neocortical spread of NFTs. So acceleration of the initial slow developing subcortical
tauoptahy occurs after A biomarkers become abnormal (15). In elderly people this theory is
consistent with the notion of an age-related failure to clear misfolded proteins, or failure of
normal protective mechanisms to sequester toxic soluble forms of these proteins or both. An
independent A3 pathophysiology can accelerate an antecedent tauopathy as probed by: a) the
fact that genetically determine A overproduction leads to AD, whereas genetically determine
tauopathis doses not, which support a casual instigating role for Af and not tau in early-onset
AD, b) a recent discovered coding mutation in the amyloid precursor protein gene that
protects against late-onset AD (so there are casualty points to A as the disease initiator in
early-onset AD, and as either initiator or an accelerator in sporadic AD. In a subject specific

manner, probably at least two pathways to sporadic AD might exists (15) (Figure 7).

Max A CSFAB. I
—— Amyloid PET — —
— (SFtau
—— MRI + FDG PET
Cognitive impairment
£ / Dementia
o &
£ / &
2 MCl £
= Detection i 8
threshold
l h Y 2 i A/ Normal

Min le=—0==

A 4

Time

Figure 7- Model integrating Alzheimer’s disease immunohistology and biomarkers

60



Early Medial Temporal Atrophy Scale (EMTA)

The black horizontal line denotes the threshold for biomarker detection of pathophysiological changes. The grey
area denotes the zone in which abnormal pathophysiological changes lie below the biomarker detection
threshold. In this figure, tau pathology precedes Af deposition in time, but only early on at a sub threshold
biomarker detection level. AB deposition then occurs independently and rises above the biomarker detection
threshold (purple and red arrows). This induces acceleration of tauopathy and CSF tau then rises above the
detection threshold (light blue arrow). Later still, FDG PET and MRI (dark blue arrow) rise above the detection
threshold. Finally, cognitive impairment becomes evident (green arrow), with a range of cognitive responses that
depend on the individual’s risk profile (light green-filled area). AB=amyloid (. FDG=fluorodeoxyglucose.
MCI=mild cognitive impairment.

Table 3-Biomarkers sum up following IWG vs. NIAA-AA criteria

IWG NIAA-AA

a) Pathophysiological a) Sigmoid Shaped

CSF have a progressively steeper slope in the right-hand

AB 140 tail for later-changing biomarkers

T-tau and P-tau

PET b) Specific ordering

Pib-PET 12 CSF AP ;4,, 22 PET-PiB, 32 CSF tau, 42 PET FDG and MRI are drawn
c) Horizontal axis is now expressed as time

b) Topographical

PET d) Range of possible cognitive outcomes

FDG-PET (high risk shows a curve that is shifted to the left in time)

Structual MRI

Medial temporal lobe e) AB pathophysiology first, then tau related neurodegeneration

atrophy acceleration of the initial slow developing subcortical tauoptahy occurs

after AB biomarkers become abnormal

d) Preclinical Alzheimer disease.

A new version of the diagnostic criteria for preclinical AD that was proposed in 2014 by

Dubois et al (20) is summarizing in Table 4.

IWG-2 criteria for asymptomatic at risk for AD (A plus B)

A Absence of specific clinical phenotype (both are required)
» Absence of amnestic syndrome of the hippocampal type
» Absence of any clinical phenotype of atypical AD

B In-vivo evidence of Alzheimer’s pathology (one of the following)
e Decreased AB1-42 together with increased T-tau or P-tau in CSF
e Increased retention on fibrillar amyloid PET

IWG-2 criteria for presymptomatic AD (A plus B)

A Absence of specific clinical phenotype (both are required)
» Absence of amnestic syndrome of the hippocampal type
» Absence of any clinical phenotype of atypical AD

B Proven AD autosomal dominant mutation in PSEN1, PSENZ2, or APP,
or other proven genes (including Down’s syndrome trisomy 21)

AD=Alzheimer’s disease.
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A new version of the diagnostic criteria for preclinical AD that was proposed in 2011 by

Sperling et al (2) is summarizing in Table 5.

Table 5- Staging categories for preclinical AD research

Description af (PET or CSF) Markers of neuronal Evidence of subtle

injury (tau, FDG, sMRI) cognitive change

Stage Asymptomatic cerebral
1 amyloidosis Positive Negative Negative

Stage  Asymptomatic amyloidosis
2 + “downstream” neurodegeneration Positive Positive Negative

Stage  Amyloidosis + neuronal injury +
3 subtle cognitive/behavioral decline Positive Positive Positive

Abbreviations: AD, Alzheimer’s disease; Ab, amyloid beta; PET, positron emission tomography; CSF,

cerebrospinal fluid; FDG, fluorodeoxyglucose (18F); sMRI, structural magnetic resonance imaging.

There are five cohorts nowadays studying the preclinical AD that are:

a) MAYO-MCSA(1)
296 subjects enrolled, mean age 78 years, biomarkers obtained PET-PiB, PET-FDG.
And MR-VBM.

b) KADRC- WUSM(2)
311 subjects enrolled, mean age 65 years, biomarkers obtained Af 1-42, T-tau or P-
tau in CSF.

c) Cita (unpublished yet).
213 subjects enrolled, mean age 56 years, biomarkers obtained Af 1-42, T-tau or P-
tau in CSF.

d) BIOCARD-JHSM (44)
245 subjects enrolled, mean age 57 years, biomarkers obtained MRI-VBM.

e) WRAD-WUSM (45)
211 subjects enrolled, mean age 60 years, biomarkers obtained Af 1.42,T-tau or P-
tau in CSF.

The characteristic of these five cohorts are summarizing in tables 6 and 7.
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Table 6- Preclinical AD cohorts description.-I-

Series Number  Age Cohort Biomarkers Cutoff points
Subjects

Knopmann 296 78y MAYO  PET-PIB. GCR 1,5

2012 MCSA PET-FDG HPR 1,35

ADMADRC RM-VBM. Hva -0,70

Vos 311 65y KADRC AB,, <459pgr/ml

2013 WUSM  TauTotal >339pgr/ml

Youden Tau Fosforilada >67pgr/ml

Index

Cita 214 56y CITA AB,, <550pgr/ml
PGA TauTotal >350pgr/ml

Tau Fosforilada >59pgr/ml

Table 7- Preclinical AD cohorts description.-II-

Series Number Age Cohort Biomarkers Cutoff points
Subjects

Soldan 245 57y BIOCARD RM-VBM Hazard Model
2012 JHSM No CSF APOE status

Own data CR (cognitive reserve)
Almeida 211 60y  WRAD AB,, =734ngr/ml
2015 WUSM Tau Total =295ngr/ml

Own data Tau Fosforilada =42,14ngr/ml

The distribution of subjects from cohorts: MAYO-MCSA (1), KADRC- WUSM (2) and Cita
classified by NIAA-AA preclinical stages of AD are displayed in Table 8 and Table 9. As you can
appreciate the lower mean age of Cita-cohort condition in the one hand the relative high
percentage of volunteers corresponding to Stage 0 (63%) comparing with the results
obtained with the other two cohorts compared (43%-MAYO/MCSA, 41%-KADRC-WUSM) and
in the other hand the relatively low figures of volunteers included in Stage 2 (5%) comparing
with the results obtained with the other two cohorts compared (13%-MAYO/MCSA, 12%-
KADRC-WUSM).
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Table 8- The distribution of subjects from cohorts: MAYO-MCSA (1), KADRC- WUSM (2)
and Cita classified by NIAA-AA preclinical stages of AD.

Series Stage 0 Stage 1 Stage 2 Stage 3 Stage 4

MAYO

MCSA 43% 15% 13% 2% 23%
2012

78y

KADRC

WUSM 41% 15% 12% 4% 23%
2013

65y

PGA
Cita 63% 10% 5% 1% 21%
56y

Table 9- The percentage of conversion to at least CDR 0.5 of MAYO-MCSA and KADRC-
WUSM

Series Stage 0 Stage 1 Stage 2 Stage 3 Stage 4

MAYO

MCSA 5% 1% 21% 43% 10%
2012

15 months

KADRC

WUSM 2% 11% 26% 56% 5%
2013

5 years

e) Therapies for Alzheimer disease

i) Amyloid chelation therapy

(1) Targeting AB production and removal: Inhibiting 3 secretase activity.
One type of disease-modifying approach traetment involves [-secretase inhibitors,
designed to block the production of amyloid 3, which are now being tested in phase 2 and

phase 3 clinical trials. These studies are bolstered by target engagements of more than
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80% lowering of amyloid 8 production. Together, these clinical trials suggest that the
magnitude of target engagement and stage of disease are crucial, and provide tantalising

evidence that these disease-modifying approaches could be nearing confirmation (17).

(2) Immunotherapy

(a) Active-vaccination-ADEM
Immunotherapy in AD aimed at (3-amyloid covers 2 types of vaccination: active vaccination
against AB42 in which patients receive injections of the antigen itself, or passive vaccination
in which patients receive injections of monoclonal antibodies (mAb) against AB42. Three of
the peptide vaccines for active immunizations, CAD106, ACC001, and Affitope, are in phase 2
clinical trials. Three of the mAbs solanezumab, gantenerumab, and crenezumab, are or were
in phase 2 and 3 clinical studies. While the phase 3 trials failed, one of these may have shown
a benefit at least in mild forms of AD without ADEM phenomena. There is a need for a greater
initiative in the development of immunotherapeutics. Several avenues have been explored
and still to come (46).
(b) Passive APi-s immunotherapies

Although a highly effective drug has not yet been approved for the treatment of AD, pivotal
advances were made in 2014, leading to substantial knowledge about therapeutic targets and
early stages of disease (17). Two phase 3 trials of anti-amyloid-§ monoclonal antibodies did
not show significant benefits in cognitive or functional primary outcomes; however, they
revealed insights into the disease course and suggested improvements in trial methodology.
Bapineuzumab had no effect on cognition, while showing minimal effects on biomarkers,
including a slight decrease in accumulation of fibrillar amyloid only in individuals who carried
the APOE4 allele and a slight lowering of CSF phospho-tau. Solanezumab bound significant
amounts of soluble amyloid-f3, its biomarker of target engagement, but did not show
significant benefits in the primary cognitive outcome. However, there were benefits in
secondary outcome measures of cognition only in patients with mild dementia, but not in
those with moderate dementia, suggesting that earlier stages of disease are more amenable to
therapeutic benefits. Similarly, in a phase 2 study of crenezumab, an antibody which also
targets soluble amyloid 8 in addition to aggregated forms, cognitive benefit was detected only

in patients with mild AD and at the highest doses of crenezumab used in the study (17).
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Several monoclonal antibodies, including solanezumab, gantenerumab, and crenezumab, are

in late-stage clinical development in trials of populations at early disease stages.

As a summary of the neurotransmitter, amyloid chelation therapy and immunotherapy
despite the early promise of these therapies, none has proved effective at stopping or
reversing the neurodegenerative process, nor clear cognitive benefits have been observed.
However, some evidence suggests that the early application of some of the treatments (mild

AD dementia) might have a cognitive benefit.

ii) Prevention trials

Several prevention trials have launched to test prevention in dominantly inherited AD and in
people thought to be at high risk of AD due to the presence of fibrillar amyloid deposits in the
brain. The Alzheimer’s Prevention Initiative (API) Colombian trial and the Anti-Amyloid
Treatment in Asymptomatic Alzheimer’s Disease trial (A4 trial) launched in the past year, and
the Dominantly Inherited Alzheimer Network Trials Unit (DIAN-TU) prevention trial
continued from the year before. In 2014, three new prevention efforts were announced. The
API announced a future prevention trial in APOE4 homozygous participants. The DIAN-TU
trial platform announced the next stage to prevent cognitive decline in a platform prevention
trial of the DIAN-TU Adaptive Prevention Trial (DIAN-TU APT) and the European Innovative
Medicines Initiative (IMI) announced the European Prevention of Alzheimer’s Disease study, a

cohort study to initiate adaptive prevention trials (17).

In support of these novel approaches to treat or prevent Alzheimer’s disease, there has been
rapid development of trial methodology, biomarkers, and cognitive measurements. The
specialty continues to move into the investigation of early disease stages, aiming to treat
before symptoms manifest. On the basis of trial results showing that one in four trial
participants did not have cerebral amyloidosis, biomarkers are playing an ever more
important part in the selection of participants, through screening for the presence of cerebral

amyloid by PET scan and CSF measures (17).

Approaches to accelerate drug development are underway, bolstered by international efforts

initiated at the G8 dementia summit, and establishment of the World Dementia Council. Rapid
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development of tau PET imaging measures has shown strong correlations of tau deposits with
gold standard clinical and cognitive measures. Tau PET imaging is being added to trials, in
addition to amyloid imaging, CSF biomarkers, and MRI, to provide insight into the in vivo
actions of the drug candidates, and to develop surrogate biomarkers to accelerate future
trials. Cognitive tests continue to evolve with the development of sensitive measures of
cognitive decline associated with amyloid pathology, several novel cognitive composites, and

frequent longitudinal assessments promising better metrics to judge drug effects (17).

Increased governmental support is essential to address the burden of AD; however, the future
of research funding is uncertain. There is a wealth of basic science knowledge, hypotheses,
and targets whose translation into clinical therapies is constrained by limited fiscal resources.
In support of the efforts to develop effective treatments and prevention strategies, public-
private partnerships such as the NIH Advanced Medicines Program have accelerated
implementation of tau PET imaging and RNA analysis in trials. In addition to the multi-
national Alzheimer’s Disease Neuroimaging Initiative (ADNI) and the global DIAN, several
observational cohorts are also being established, with networks to better understand
frontotemporal dementia and dementia in Down’s syndrome. The European IMI has initiated
several AD programmes to understand and accelerate therapeutics development. The global

coordination of these efforts will be instrumental to address the global burden of AD (17).

f) Hippocampal formation anatomy

i) Gross anatomical features of hippocampal formation

(1) Rostrocaudal extent of the hippocampal fields
The Figure 8 provides a histological estimate of the locations, along the temporal lobe
rostrocaudal axis, of the different components of the hippocampal formation. The length of
each component has been calculated relative to the distance to the frontotemporal junction,
also known as the limen insulte (47). The rostrocaudal extent of the major portion of the
hippocampal formation occupies the cavity of the temporal extension of the lateral ventricle

for approximately 4 cm (Figures 8 and 9)(47).
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Temporal pole
1em
22 Frontotemporal junction
24 Anterior limit of the entorhinal cortex
29 Anterior limit of the amygdala
33 Anterior limit of the lateral ventricle
35* Anterior limit of the subiculum
41 Anterior limit of the dentate gyrus
48 Posterior imit of the uncus
50 Posterior limit of the entorhinal cortex
51 Anterior limit of the lateral geniculate nucleus
58 Posterior limit of the lateral geniculate nucleus
65 Anterior limit of the calcarine sulcus
68 Posterior limit of the dentate gyrus
75 men Posterior limit of the hippocampal formation

Figure 8- Entire human hippocampal formation has a rostrocaudal extent of

approximately 5 cm. A representation of the approximate linear extents of each of the subdivisions of the

hippocampal formation and related structures as reconstructed from a series of coronal sections through the

temporal lobe of one brain. Numbers on the left show the distances in millimetres from the rostral pole of the
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temporal lobe to each of the anatomical points indicated on the right side of the bold vertical line. The distance

between the asterisks indicates the length of all hippocampal formation fields excluding the entorhinal cortex

Figure 9- Dorsolateral view of the human hippocampus after removal of the overlying

structures. The preparation is seen from slightly different angles in (A) and (B). The lateral ventricle (5) has

been opened, thus exposing the shape of the hippocampus. It is possible to follow the hippocampus caudally as it
ascends toward the retrosplenial region. Ultimately, the fornix (3) extends rostrally and then ventrally to
bifurcate around the anterior commissure (7) and innervate the septal nuclei and diencephalon. The lateral
surface of the temporal lobe can be seen at the bottom of the two views. Scale bar equals 2 cm. 1, pés
hippocampus; 2, hippocampus (body); 3, fimbria-fornix; 4, hippocampal commissure; 5, temporal horn of the

lateral ventricle; 6, amygdala, 7, anterior commissure; 8, optic nerve; 9, corpus callosum.

The entorhinal cortex is the most rostrally situated of the hippocampal formation regions, and
it can be identified just behind the limen insulae. The entorhinal cortex begins rostrally at

approximately 2.5 cm from the temporal pole. The rostral most 5 mm of the entorhinal cortex
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is located rostral to the amygdaloid complex. The next 5 mm lies in a position ventromedial to
the amygdaloid complex. Thus, approximately a full centimetre of the entorhinal cortex is
located rostral to any other component of the hippocampal formation. The dentate gyrus,
hippocampus, subiculum, presubiculum, and parasubiculum bend medially and then take a
caudal direction at the rostral limit of the lateral ventricle, forming the uncus. The subiculum
makes this bend most rostrally and thus forms the most rostral portion of the hippocampal
formation (excluding the entorhinal cortex). The subiculum is the first visible hippocampal
structure inside the lateral ventricle, i.e. in a rostrocaudal series of MRI coronal sections
through the brain. The dentate gyrus makes the medial bend most caudally; it becomes visible
around 6 mm from the anterior pole of the hippocampus in coronal sections. The medial or
“uncal” region of the hippocampal formation makes up a large portion of what is usually

referred to as the uncus (Figures 10, 11 and 12)(47).

Figure 10- Ventral and ventromedial surface of the human brain (A) Ventral surface of the

human brain after removal of the brainstem and the cerebellum. The gyri and sulci of the ventral surface of the
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temporal lobe are clearly exposed, and the relationships of the medial temporal lobe to other diencephalic and
mesencephalic structures can be seen. (B) The ventromedial aspect of the left temporal lobe of the same brain
after being bisected along the midline. The hippocampal structures situated at the medial and dorsal aspect of
the temporal lobe that could not be demonstrated in the ventral view are now visible. The scale bar in both
panels equals 1 cm. 1, rhinal sulcu; 2, collateral sulcus; 3, intrarhinal sulcus; 4, occipitotemporal sulcus; 5, gyrus
ambiens; 6, entorhinal cortex; 7, perirhinal cortex (anterior portion); 8, uncus; 9, hippocampal fissure; 10, sulcus
semiannularis; 11, gyrus semilunaris; 12, mammillary bodies; 13, anterior commissure; 14, precommissural
fornix; 15, postcommissural fornix; 16, thalamus; 17, optic chiasm; 18, olfactory tract; 19, olfactory bulb; 20,
substantia nigra; 21, corpus callosum (rostrum); 22, corpus callosum (splenium); 23, choroidal fissure; 24, gyri

Andreae Retzii; 25, parahippocampal gyrus.

This uncal portion extends for a rostrocaudal distance of approximately 1 cm and, as we will
discuss later, comprises several different hippocampal fields(47). The various hippocampal
fields also have different caudal termination points. The entorhinal cortex ends first,
approximately 1.7 cm caudal to the anterior limit of the lateral ventricle and approximately
1.5 cm caudal to the start of the subiculum. The caudal border of the entorhinal cortex
generally takes place approximately at the end of the gyrus intralimbicus (the most caudal
portion of the uncus) and roughly coincident with the rostral limit of the lateral geniculate
nucleus (Figures 12 and 13)(47) if the plane of the section is orthogonal to a horizontal line
through the anterior and posterior commissures. The parasubiculum ends at approximately
the same level as the entorhinal cortex. However, the caudal border of the presubiculum is
more difficult to determine precisely. This is because near the caudal border of the
hippocampus there is a subtle change in the cytoarchitectonic characteristics of the

presubiculum, which, in the monkey (48), marks the transition to a ventrotemporal extension

of the retrosplenial cortex (49).

71



Early Medial Temporal Atrophy Scale (EMTA)

Figure 11- Dentate gyrus border from the CA3 field of the hippocampus. .Dashed line in the
dentate gyrus separates the polymorphic layer (hilus) of the dentate gyrus from the CA3 field of the
hippocampus. Note that both the hippocampal fissure (hf) and the choroidal fissure (cf) are apparent at this level
of the medial or uncal hippocampal formation. Note also that the border between CA1 and the subiculum

(marked by arrows) is obliquely oriented relative to the pyramidal cell layer.

Figure 12- Dashed line in the dentate gyrus indicates the border between the

polymorphic layer of the dentate gyrus (PL) and the CA3 field of the hippocampus. Note
that at this level the entorhinal cortex is no longer present and the parasubiculum (PaS) of the hippocampal
formation abuts the parahippocampal cortex (PHG), which has replaced the perirhinal cortex in, a caudal
continuation of the parahippocampal region. Note also that a small groove (target sign) called the fimbriodentate

sulcus separates the molecular layer of the dentate gyrus from the fimbria.
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Figure 13- A representative series of coronal, thionin-stained sections (arranged from
rostrally (Figure 13) to caudally (Figure 14)) through the human hippocampal

formation. A, amygdaloid complex; a, alveus; ab, angular bundle; ac, anterior commissure; AHA,

amygdalohippocampal area; BNM, nucleus basalis of Meynert; CA1, CA1 field of the hippocampus; CA2, CA2 field
of the hippocampus; CA3, CA3 field of the hippocampus; cas, calcarine sulcus; cf, choroidal fissure; cos, collateral
sulcus; DG, dentate gyrus; EC, entorhinal cortex; f, fimbria; gl, GL, granule cell layer of the dentate gyrus; hc,
hippocampal commissure; hf, hippocampal fissure; irs, intrarhinal sulcus; LGN, lateral geniculate nucleus; 1-m,
stratum lacunosum-moleculare of the hippocampus; ml, ML, molecular layer of the dentate gyrus; o, stratum
oriens of the hippocampus; ot, optic tract; p, pyramidal cell layer of the dentate gyrus; PaS, parasubiculum; PHG,
parahippocampal gyrus (areas TF and TH); pl, PL, polymorphic layer of the dentate gyrus; PRC, perirhinal cortex
(areas 35 and 36); Prs, presubiculum; r, stratum radiatum of the hippocampus; RSP, retrosplenial cortex; S,
subiculum; ssa, sulcus semiannularis; V, temporal horn of the lateral ventricle. A dashed line indicates the
oblique border between the entorhinal cortex and the laterally adjacent perirhinal cortex. Here, and in Figures
17 and 19 small arrows mark the dorsomedial and ventrolateral extents of layer II of the entorhinal cortex and

an asterisk marks the collateral sulcus (9).

As the remaining fields of the hippocampal formation curve dorsally to meet the retrosplenial
region (Figure 9), their cytoarchitecture becomes increasingly difficult to interpret. As a rule,

the hippocampal fields that make up the rostral extreme of the hippocampus (i.e., the

73



Early Medial Temporal Atrophy Scale (EMTA)

subiculum and CA1 of the hippocampus) also makes up the caudal extreme. Therefore, the
other hippocampal fields are enclosed at the rostral and caudal extremes by CA1 and the
subiculum (the dentate gyrus, CA3, and CA2). For this reason, the dentate gyrus and CA2 and
CA3 fields of the hippocampus appear to end at a more rostral level than the CA1 field and
subiculum (Figures 9 and 10). The dentate gyrus ends approximately 7 mm in front of the

caudal pole of the hippocampal formation at a level that is just caudal to the emergence of the

calcarine sulcus of the occipital lobe (Figure9)(47).

Figure 14- A coronal section near the caudal pole of the hippocampal formation. The

hippocampal formation is bending dorsally and medially toward the corpus callosum. It is at about this level that
the dentate gyrus and the CA2 and CA3 fields end, though CA1 and the subiculum continue caudally for some
distance. The presubiculum and parasubiculum are replaced by the retrosplenial cortex (RSP) and the collateral
sulcus is replaced by the calcarine sulcus (cas). Fibers of the hippocampal commissure (hc) are apposed to the

ventral surface of the corpus callosum (9).

(2) Ventromedial Surface Anatomy
In the following paragraphs, we will describe the surface appearance of the temporal lobe
regions that contain the hippocampal formation and associated structures. We will refer to
illustrations showing the ventral and medial surfaces of the human brain (Figures 9 and 10)

and to illustrations showing dorsolateral views of the hippocampal formation as seen through
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dissection of the temporal lobe (Figure 9)(47). We will then relate the gross anatomical
features visible in these views to the familiar cytoarchitectonic terms of the hippocampal
fields. The ventral and medial surfaces of the temporal lobe are organized into longitudinal
strips by two prominent, rostrocaudally-oriented sulci. As illustrated in Figure 16, the more
lateral of the two is the occipito-temporal sulcus, which is often broken, forming small,
transverse gyri. The more medial of the sulci, and the one that is more highly associated with
the hippocampal formation, is the collateral sulcus (47).

The collateral and the occipitotemporal sulcus are often continuous with each other. The
collateral sulcus is continuous rostrally with the rhinal sulcus in about 40% of human brains
(50), although there is a remarkable amount of individual variability in the configuration of
these sulci (51-54). These rhinal and collateral sulci form the lateral border of the
parahippocampal gyrus (55). The parahippocampal gyrus has been broken up into an anterior
part that is made up mainly of the entorhinal cortex and associated perirhinal cortex and a
posterior part that includes the TF and TH fields (56, 57) in non-human primates, the
parahippocampal gyrus consists only of the TF and TH fields (48). As we will describe in more
detail in the cytoarchitectonic description, the collateral sulcus does not provide a discrete
lateral boundary for the entorhinal cortex, which ends somewhere along the medial bank of
the sulcus. The two fields of the perirhinal cortex (58) actually form the remainder of the

medial bank, fundus, and a portion of the lateral bank of the collateral sulcus (Figure 9).
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Figure 15- A series of coronal sections of the human temporal lobe arranged from

rostral (A) to caudal (I). The various cytoarchitectonic fields of the hippocampal formation have been
shaded with different hatching patterns (panel E is marked as a template) to show the varying extents of each of

the fields at different rostrocaudal levels (9).
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The perirhinal cortex may or may not extend onto the most medial surface of the fusiform
gyrus (the cortex located lateral to the collateral and/or occipitotemporal sulci) in different
brains (51). This appears to depend on the depth of the collateral sulcus. The perirhinal cortex
not only covers all the surface of the lateral bank of the collateral sulcus but also extends a
variable distance lateral to the collateral sulcus along the ventral surface of the temporal lobe
(53); this is important to remember when segmenting the medial temporal lobe in MRI

coronal sections (Figure 16).

: CA3
Chf DG CA1
S

ab

cs
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Figure 16- MRI representative levels through the hippocampal formation through a
rostral (A) to caudal (F) sequence of levels approximately at comparable levels as

shown in Figures 13. Abbreviations are as in Figure 13; Cb, cerebellum; cs, collateral sulcus; Chf, choroidal

fissure; GA, gyrus ambiens; GS, gyrus semilunaris; GU, gyrus uncinatus corresponding to HATA,
hippocampoamygdaloid transitional area; PPH, posterior parahippocampal cortex (areas TF and TH); PUL,

pulvinar complex of the thalamus (9).

The entorhinal cortex (Figures 10 and 17) forms much of the anterior portion of the
classically defined parahippocampal gyrus. The entorhinal cortex may be localized visually by
identifying the conspicuous bumps (verrucae (or warts) (59); that mark its surface, and that
are best developed in humans (60), although they can be observed in apes as well (55). These
bumps are located above the islands of cells that form layer II of the entorhinal cortex (61).
Interestingly, in unfixed specimens of the entorhinal cortex, grayish patches are evident on
the surface of the entorhinal cortex that gives it a lattice-like appearance (Figure 23).
Tangential sections through the superficial layers of the entorhinal cortex yield a similar
appearance (50, 62). The dorsomedial aspect of the human entorhinal cortex forms a
conspicuous mound or prominence referred to as the gyrus ambiens (5 in Figure 16). The
ventral limit of the gyrus ambiens is separated from the rest of the entorhinal cortex by a

shallow sulcus that Retzius (63) referred to as the inferior rhinal sulcus.

Because of the verticality and shortness in longitudinal extent of this sulcus, its lack of
relationship with the more vertically oriented rhinal sulcus and the fact that it is inside the
limits of the entorhinal cortex, we have referred to it as the intrarhinal sulcus. This sulcus can
be seen in Figures 9 and 10. The intrarhinal sulcus is thought to be formed as an indentation
of the tentorium cerebelli (50, 64); in vivo MRI images indicate that the inferior rhinal sulcus
may not always be coincident with the tentorium cerebelli. The dorsomedial limit of the
entorhinal cortex becomes marked by the shallow sulcus semiannularis (10 in Figure 10).
The gyrus semilunaris that is situated just dorsal to the sulcus semiannularis is made up of the

periamygdaloid cortex (11 in Figure 10).
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Figure 17- Detail of the unfixed surface of the human entorhinal cortex in a 72-year-old

control case. Differences in density allow the clear appreciation of a latticework design that corresponds to

cell islands in layer II. Note also the white matter surrounding the darker patches of layer II cell islands, the so-

called substantia reticularis alba of Arnold. Scale bar equals 5mm (9).

There is a series of prominent bulges located caudal to the gyrus ambiens that is generally
called the uncus (or hook, 8 in Figure 16). The uncus, which comprises portions of several
fields of the hippocampal formation, is one of various useful landmarks used in neurosurgical
resections of the medial temporal lobe. The gyrus uncinatus forms the most rostral of the
uncal bulges. In histological sections, the gyrus uncinatus corresponds to the hippocampo-
amygdaloid transitional area. The middle bulge is called the band or limbus of Giacomini and
is formed mainly by the most medial bend of the dentate gyrus (Figure 11). The most caudal
of the uncal bulges is the gyrus intralimbicus and is composed mainly of field CA3 of the
hippocampus. As seen in Figure 16, and in the coronal sections in Figures 19 and 24, the
ventral boundary of the uncus is formed by the rostral extension of the hippocampal fissure,

also known as the uncal sulcus or uncal notch (9 in Figure 10).

Caudal to the level of the uncus, the hippocampal fissure becomes attenuated (Figure 14),

and the choroidal fissure (23 in Figure 10) faces the medial surface of the dentate gyrus and
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fimbria (Figure 10). A small indentation between the fimbria and the molecular layer of the
dentate gyrus has been called the fimbriodentate sulcus by Gastaut (65) in this region (Figure
12, target sign). At rostral levels of the hippocampal formation, the hippocampal fissure
extends laterally to separate the dentate gyrus or hippocampus from the underlying
subiculum. Rostral to the medial closure of the hippocampal fissure, there is a narrow region
between the hippocampus and the subiculum that corresponds to a rostral extension of the
lateral ventricle cavity (Figure 19). Klingler (47) has labelled this ventricular pocket the

diverticulum unci.

As the parahippocampal gyrus meets the retrosplenial region caudally, the medial surface
presents a group of small bumps known as the gyri Andreae Retzii (24 in Figure 10; see also
inset in Figure 14). This irregular region of cortex marks the caudal limit of the hippocampal
formation; it is composed mainly of the CA1 field of the hippocampus and the subiculum.
Although they are difficult to see in Figure 16, two obliquely oriented small gyri are located
deep to the gyri Andreae Retzii. The medial one is called the fasciola cinerea and corresponds
to the caudalmost part of the dentate gyrus. The lateral gyrus is the gyrus fasciolaris, and
corresponds to the caudal end of the CA3 field. There is still some dispute about which of the
fields of the hippocampal formation surround the splenium to form the induseum griseum, or

supracommissural hippocampus (66). Our analysis indicates that the subiculum and field CA1

mainly form this small band of supracallosal tissue.

Figure 18- Numbers at the top right of this illustration indicate the layers of the

entorhinal cortex. Note the shallow intrarhinal sulcus (irs) that is located in the entorhinal cortex (9).
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(3) Dorsomedial Surface Anatomy
The classical gross anatomical image of the human hippocampal formation is of a prominent,
bulging eminence in the floor of the temporal horn of the lateral ventricle (Figure 9). As seen
in the coronal histological sections (Figures 11-13), a number of distinct cytoarchitectonic
fields, including the dentate gyrus, hippocampus, and subicular cortices, are included in this
region. The anatomist Arantius (67) first used the term “hippocampus” (or sea horse); he
considered the three-dimensional form of the grossly dissected human hippocampus to be
reminiscent of this sea creature. It is actually unclear from the account of Arantius (67) which
particular aspect or surface of the hippocampal formation reminded him of the sea horse
since he also likened the hippocampus to a silkworm. An historical and amusing account of
the etymology of the term “hippocampus” is provided by Lewis (68). As he noted, others such
as Winslow (69) likened the hippocampus to a ram’s horn and de Garengeot (70) named the
hippocampus Ammon’s horn after the mythological Egyptian god. The term Cornu Ammonis
was appropriated by Lorente de No’ (71) for his terminology of the hippocampus proper (CA1-
CA4), and Ammon’s horn has been used synonymously with the hippocampus. Recent use

favors the term “hippocampus”, however.

The ventricular portion of the hippocampus is presented in two slightly different views in
Figure 9. This portion of the hippocampal formation is widest at its anterior extent where the
structure bends toward the medial surface of the brain. The subtle gyri (or digitations
hippocampi) formed in this region (which can range from two to five in number), (72) give it
a foot like appearance and the name pes (foot) hippocampus (1) has classically been applied
to this area (Figure 9). The pes hippocampus contains several hippocampal fields, and the
constituents change at different rostrocaudal levels. Its convoluted appearance adds
complexity in coronal sections in the identification of individual hippocampal fields.
Continuing caudally from the pes hippocampus, the unreflected “body” of the hippocampus
(Figure 9, (2)) becomes progressively thinner as it bends upward toward the splenium of the

corpus callosum.
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Figure 19- In Figures 11-13, small arrows marks the borders of each of the

cytoarchitectonic fields of the hippocampal formation. A dashed line indicates the oblique border

between the entorhinal cortex and the adjacent perirhinal cortex. The open arrow at top right indicates a
transition region between the amygdala and hippocampal formation, which appears to be cytoarchitectonically
distinct from other hippocampal fields. The asterisk in the center of the field marks the enclosed region of

ventricular cavity called the diverticulum unci (9).

The medial surface of the hippocampus presents a fringe of fibers named the fimbria. Fibers
originating from the pyramidal cells of the hippocampus and subiculum travel in the white
matter which sheaths the hippocampus (the alveus) and coalesce in the medially situated
fimbria (Figure 9 (3)). At rostral levels, the fimbria is thin and flat, but it becomes
progressively thicker caudally as more fibers are continually added to it. As the fimbria
leaves the caudal extent of the hippocampus, it fuses with the ventral surface of the corpus
callosum and travels rostrally in the lateral ventricle forming the fornix, which has different
portions. The region between the caudal limit or the hippocampal formation and the fusion
with the corpus callosum forms the crus of the fornix, whereas the major portion of the
rostrally directed fiber bundle is called the body of the fornix. At the end of its rostral
trajectory, the body of the fornix takes a ventral course and descends, forming the columns of
the fornix. The fornix then divides around the anterior commissure to form the anterior
column of the fornix or precommissural fornix, which innervates the septal region, and the
posterior column of the fornix or post commissural fornix, which terminates in the

diencephalon (Figure 9A).
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About at the point where the fimbria fuses with the posterior portion of the corpus callosum,
fibers extend across the midline to form the hippocampal commissure. A variety of gross
anatomical terms have been applied to this commissural projection but the term “psalterium”
or David’s lyre (alluding to an ancient instrument “psaltery” made of strings stretched over a
board and cited in the Bible) is most common. The psalterium makes up the dorsal
hippocampal commissure. As we will discuss below, the primate hippocampal commissural
connections are much more limited than in the rodent, (73, 74). Stereotaxic depth
encephalography indicates that, as in the monkey, there is little commissural interaction of
the human hippocampal formation (75). Gloor et al. (76)4) have confirmed that the ventral
hippocampal commissure is virtually absent in the human brain whereas the dorsal

hippocampal commissure is similar to that observed in the non-human primate brain.

ii) Cytoarchitectonic Organization of the Hippocampal Formation

(1) Topographycal considerations
We presented a description of the topographical organization of the human hippocampal
formation in the preceding section that should facilitate the interpretation of the cross-
sectional photomicrographs shown in Figures 8 to 13. Much of the hippocampal formation
lies in the floor of the temporal horn of the lateral ventricle (Figure 9, A and B). The
individual fields of the hippocampal formation can be envisioned as adjacent bands of brain
tissue, running rostrocaudally in the temporal lobe, mostly made up of a dominant single cell
layer. The distinctive C-shape of the hippocampal formation is obtained when the fields fold
over each other in the mediolateral direction. This highly recognizable interlocking fashion is
best shown in its midportion or “body” (Figures 12 and 20) where every field sequentially
follows one another, beginning with the dentate gyrus and finishing at the border with the
cortex at the parahippocampal region, in an orderly fashion that can be appreciated in coronal
sections through his region. Perhaps the most distinctive feature of the hippocampal
formation in humans as well as in experimental animals is the rigid step-by-step progress of
the information flow, starting and finishing at the entorhinal cortex, always unidirectional,

albeit not excluding other inputs and outputs from other sources.

As the hippocampal formation approaches the rostral limit of the ventricle, it bends sharply in

a medial direction and then in a caudal direction and loses the simple display of the
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hippocampal formation fields. The photo-micrographs (Figures 11 and 18) of coronal
sections through “uncal” levels show complex arrangements of the hippocampal formation
fields. It is difficult to determine solely with Nissl-stained coronal sections which fields of the
hippocampal formation are seen at these levels. Only with the aid of other histochemical and
inmunohistochemical series is one able to differentiate the fields that are designated in

Figures 13 and 14 and schematically shown in Figure 9.

At caudal levels, the human hippocampal formation again loses its simple C-shaped
organization. It bends dorsally as it ascends toward, and ultimately bends around, the
splenium of the corpus callosum. Coronal sections through these caudal levels (Figure 14)

again provide complex images with discontinuous representations of several of its fields.

(2) Dentate Gyrus, Hippocampus, Subiculum
As in other species, the human dentate gyrus is a trilaminate cortical region. Its organization
is most easily appreciated at mid rostrocaudal levels of the hippocampal formation (Figures
12 and 20). Here it forms a C-shaped structure separated ventrally from the CA1 field of the
hippocampus and the subiculum by the fused hippocampal fissure (Figures 13 and 19). The
principal cell layer of the dentate gyrus is the granule cell layer. Primarily one class of neuron,
the granule cell, which sends a unipolar dendritic tree into the overlying molecular layer,

populates it.

Dendritic staining of human granule cells show that they are invested with spines except for
the most proximal 20-30 mm (77). Earlier estimates of granule cell number (78) concluded
that there are about 9x 10° granule cells in the human dentate gyrus. However, more recent
estimates using unbiased stereological techniques have come up with figures that are
substantially higher (i.e., 15 x106) (79). Interestingly, Sa et al(80) report a right-left
asymmetry in the number of dentate granule cells, which are 20% more numerous on the
right side. Human dentate granule cells often give rise to basal dendritic trees that extend into
the subjacent polymorphic layer. Lim et al. (77) noted the presence of basal dendrites in 30%

of the neurons they investigated. Such basal dendrites are seldom observed in non-primates.

The third layer of the dentate gyrus is generally called either the polymorphic layer or the

hilus of the dentate gyrus. This is a complex region (81), and there has been substantial
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confusion as to whether it should be included as a part of the dentate gyrus or is another,
independent field of the hippocampus proper (the so-called field CA4). The situation is further
complicated by the fact that the appearance of the region enclosed by the granule cell layer
varies from species to species. With the use of powerful anatomical techniques in this region,
there is increasingly convincing evidence in the rat and non-human primate that the
polymorphic layer is a part of the dentate gyrus. Perhaps the most salient data come from
connectional studies of the hilus, which indicate that its cells give rise to projections only to
the dentate gyrus and not to any other field of the hippocampal formation (82). Connectional
studies in the in vitro human hippocampal slice preparation also support the distinction of the
polymorphic layer from the hippocampus. Lim et al. (77) demonstrated a dense plexus of

fibers arising from the polymorphic layer that separates it from the remainder of CAE3.
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Figure 20- Coronal sections through the hippocampal formation of the rat, monkey, and

human brains presented at the same magnification. Preparations are stained with thionin for the

demonstration of neuronal cell bodies. The dashed line in the monkey and human dentate gyri separates the
polymorphic layer of the dentate gyrus from the CA3 field of the hippocampus. In the human section, a dashed

line also indicates the oblique border between field CA1 and the subiculum (9).

In the human dentate gyrus, it is not easy to differentiate the cells of the polymorphic layer
from those of the hippocampus in standard Nissl preparations. Yet both Timm’s stained
preparations (Figure 21A), which yield a patchy distribution of dark precipitate in the
polymorphic layer, and acetylcholinesterase preparations (Figure 21 B), which demonstrate
numerous precipitate-laden cells in the polymorphic layer, make the establishment of the
border much easier. In Figures 11, 20, 21 A and B, and 22A, a dashed line indicates the
border of the polymorphic layer with the hippocampus.
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Figure 21- (A) A coronal section through the human hippocampal formation stained by

the Timm'’s sulfide silver method for the demonstration of heavy metals. The section has
also been counterstained with cresyl violet for the demonstration of neuronal cell bodies. Dark precipitate is
confined to the polymorphic layer of the dentate gyrus and to the region within and immediately surrounding
the CA3 pyramidal cell layer. The region of dark precipitate corresponds to the distribution of the mossy fiber
axons arising from the granule cells of the dentate gyrus. Staining is attributable to the high level of zinc
contained in the en passant presynaptic mossy fiber boutons. The termination of staining in the hippocampus

marks the border between the CA3 and CAZ2 fields. This section was prepared and kindly made available to us by

Carolyn Houser, University of California, Los Angeles. (B) A coronal hipppocampal section stained

for the demonstration of AchE. In the dentate gyrus, staining is dense in the outer portion of the
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molecular layer (the superficial limit of which is marked with arrowheads) and in the polymorphic layer. There
are numerous AchE-positive neurons in the polymorphic layer that distinguish it from the adjacent CA3 field.
AchE staining is heavy in the CA3 field, especially in stratum oriens, and it gets somewhat darker in area CAZ2.

There is a marked decrease in staining in CA1 and a further decrease in the subiculum (9).

The other question that commonly arises concerning this region is what to label the portion of
the hippocampal pyramidal cell layer that is enclosed by the granule cell layer. As illustrated
in Figures 11 and 12, these cells are rather numerous in the human hippocampal formation
and are organized in a complex pattern. In fact, the pyramidal cell layer typically makes a
sharp bend as it extends towards the hilus and folds back on itself (the so-called end blade).
Lorente de No’ (71) included some portion of the enclosed pyramidal cell as his field CA4.
However, in some illustrations, he also appears to have applied the term “CA4” to the cells of
the polymorphic layer of the dentate gyrus. Because there is no cytoarchitectonic or
connectional reason to distinguish the CA3 pyramidal cells enclosed within the granule cell
layer from those that are outside it, we have dropped the use of the confusing term “CA4” and

simply referred to the entire hippocampal pyramidal layer in this region as CA3.

(a) Hippocampus

The human hippocampus can be divided into three distinct fields, CA3, CA2, and CA1
according to the nomenclature of Lorente de No’ (71). In most respects, the overall
organization of these fields is similar to that observed in the macaque monkey (83).

Field CA3 borders the hilus of the dentate gyrus, where it terminates in a complex
fashion (as described earlier). At its other end, it borders field CA2. Cassell (84) and
Seress (78) have estimated that there are about 2.1 x10¢ neurons in the CA3 region
and Cassell (84) has estimated that there are about 0.22 x 10% pyramidal cells in CAZ2.
More recent accounts of the number of neurons for CA3-CA2 combined using
stereological techniques offer a figure of approximately 2.8 x 106 neurons (79). Sa et al
(80)reported hemispheric asymmetry so that CA3-CA2 contains 14% more neurons
on the right side compared to on the left hippocampus. The CA3 pyramidal cells are the
largest of the hippocampus and stain darkly in Nissl stains. While the layer is
approximately ten cells of thickness, it nonetheless has a relatively homogeneous
appearance. There is no indication of sub lamination or marked variation of neuronal
size or shape in different mediolateral sectors of CA3. The hallmark of CA3 is that its

neurons receive input on their proximal dendrites from the axons of the dentate
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granule cells (the mossy fibers). The mossy fiber projection is located either within or
immediately above the pyramidal cell layer in what is generally called stratum
lucidum. The pattern of mossy fiber termination is best illustrated in Timm’s silver
sulfide preparations (Figure 21A), in which the terminal varicosities of the mossy
fibers are densely labeled with precipitate, presumably owing to their high content of
zinc (85). Lim et al (77) analysed the mossy fiber projection in slices of hippocampal
tissue from human temporal lobe. Immunohistochemical stains have also been used to
map the projections of the mossy fibers (86). Most of the dentate gyrus granule cells
are immunoreactive for calbindin, as are interneurons in the external part of the
molecular layer of the dentate gyrus (87). The mossy fibers occupy the pyramidal cell
layer. Fascicles of mossy fibers cross the pyramidal cell layer of CA3 to accumulate in
the stratum lucidum, where they form the so-called end-bulb, and form presynaptic
terminals on dendrites (mossy fiber giant boutons). Also, at this point
intrahippocampal mossy fibers travel for some distance along the longitudinal axis of

the hippocampus.
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Figure 22- Higher-magnification photomicrographs to demonstrate the major
cytoarchitectonic features of each of the fields of the human hippocampal formation. (A)

The molecular (ML), granular (GL), and polymorphic (PL) layers of the dentate gyrus are indicated. The dashed
line marks the border between CA3 of the hippocampus and the polymorphic layer (hf, hippocampal fissure). (B)
Region of transition between the CA3 (on the left of the arrow) and CA2 (on the right) fields of the hippocampus.
Note that the pyramidal cell layer in CA3 is both wider and more diffusely organized than in CA2. (C) Field CA2 of
the hippocampus has the narrowest and most densely packed pyramidal cell layer of the hippocampal fields. The
principal laminae of the hippocampus are also indicated: a, alveus; o, stratum oriens; p, pyramidal cell layer; r,

stratum radiatum; 1-m, stratum lacunosum-moleculare. (D) Field CA1 of the hippocampus has a wider pyramidal
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cell layer than fields CA3 or CA2 and the cells tend to be smaller and more widely separated. The most superficial
pyramidal cells are more tightly packed, are somewhat larger, and stain somewhat darker than the deeper cells.
(E) Transition region between CA1 (on the left side) and the subiculum (on the right). A narrow cell free zone
(marked by arrows) often corresponds to the oblique border between the two fields. The region of overlap of the
two pyramidal cell layers varies from brain to brain but in some cases can extend for several millimeters. (F) The
pyramidal cell layer of the subiculum is often wider than of CA1l. There are roughly two major layers of
pyramidal cells, with the superficial ones being somewhat smaller than the deeper ones. Islands of small also
characterize the subicular pyramidal cell layer darkly stained cells (arrowhead) that lie at its superficial edge.
(G) The presubiculum is characterized by a densely packed layer II that, at rostral levels (as illustrated in this
photomicrograph), breaks up into spherical islands. The outer cap of layer II cells is more densely packed and
somewhat darker staining than the cells in the remainder of the layer. (H) The entorhinal cortex is a
multilaminate region that is generally considered to make up at least six distinct layers. The most distinctive
feature of the entorhinal cortex is the islands of darkly stained modified pyramidal and stellate cells that make
up layer II. In some regions, the surface of the entorhinal cortex forms bumps (verrucae or warts in the gross
anatomical terminology) above the islands of layer II cells; these bumps are present in this section (compare
with Figure 24.3 for a surface view). Another distinguishing characteristic of the entorhinal cortex is the lack of
an internal granular layer (layer IV). In its place through much of the entorhinal cortex is a cell-free space, the
socalled lamina dissecans. (I) Transition region between the amygdala and hippocampus. This field is located in
the rostral aspect of the uncal hippocampal formation (open arrow in Figure 24.5). Its small, darkly stained, and

tightly packed neurons do not resemble those in any other hippocampal field (9).

Before proceeding, it might be appropriate to review the laminar nomenclature of the
hippocampus. While the hippocampus has essentially one cellular layer, the pyramidal
cell layer, the plexiform layers above and below all have been given distinctive names.
Axons of the pyramidal cells form the limiting surface with the ventricular cavity, and
this fiber band is called the alveus. Between it and the pyramidal cell layer is the
stratum oriens, which is occupied mainly by the basal dendrites of the pyramidal cells,
though it also harbors a variety of neurons, many of which are interneurons. The
region opposite to the pyramidal cell axons (and closer to the hippocampal fissure)
contains the apical dendrites of the pyramidal cells as well as a number of
interneurons. This plexiform region has historically been divided into a number of
laminae. These include:

1. Stratum lucidum (meaning clear for its transparent aspect in the unfixed

hippocampus), in which the mossy fibers travel and form en passant synapses

on the proximal dendrites of the pyramidal cells, is located immediately above

the pyramidal cell layer in CA3.
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As noticeable decrease in glial staining, it is not as prominent in Nissl-stained
sections of the human hippocampus because many of the mossy fibers also
travel within the pyramidal cell layer and the difference in background glial
staining is Not as distinctive. Stratum lucidum is missing in fields CA2 and CA1
because pyramidal cells in these fields do not receive mossy fiber input.

2. Stratum radiatum is distal to stratum lucidum and contains the axons of the
associational connections (in CA3) or the Schaffer collaterals (in CA1) - see
below.

3. Stratum lacunosum-moleculare is located closest to the hippocampal fissure.

In stratum radiatum (as well as in stratum oriens), the CA3 and CAZ2 cells receive associational
projections from other rostrocaudal levels. Kondo et al. (82) have recently reported in the
non-human primate an associational fiber system that extends for as much as three-fourths of
the longitudinal extent of the hippocampus, and is considerably less defined relative to the
rodent hippocampus. Other subcortical inputs arise from regions such as the septal nuclei and
the supramammillary region. In CA1, the projections from CA3 and CA2 (the so-called Schaffer
collaterals) terminate in stratum radiatum and stratum oriens. The perforant pathway
projection from the entorhinal cortex to the dentate gyrus and CA3 travels, in part, in stratum
lacunosum-moleculare of the hippocampus and makes en passant synapses on the distal

apical dendrites of the hippocampal pyramidal cells (88).

The border between CA3 and CA2 is not readily apparent in Nissl-stained sections. This is
because CA3 cells appear to extend under the border of CA2 for a short distance. The CA2
region has the most compact and narrow pyramidal cell layer of the hippocampus (Figure
28C). Its cells are about as large and darkly stained as those in CA3, but there is far less space
between the cell bodies. These characteristics, coupled with the lack of mossy fiber input, are
the distinguishing features of the CA2 field. Even though the borders of CA2 are among the
most difficult to establish with confidence, it clearly deserves to be thought of as a distinct
cytoarchitectonic field, since CA2 has distinct connectional characteristics. In the macaque
monkey, for example, it receives a particularly heavy input from the supramammillary region
of the hypothalamus (89), as well as a distinctive substance P projection from the
hypothalamus (90). It appears to be particularly insensitive to pathology (it is the so-called

resistant sector of classical neuropathology (81, 82).
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Field CA1 is unquestionably the most complex subdivision of the human hippocampus.
According to Stephan (91) and Stephan and Manolescu (92), it is also one of the most
phylogenetically progressive of the hippocampal fields. Not only does it appear to be
populated by a far more heterogeneous group of neurons than the other hippocampal fields,
but its appearance also varies substantially along both its mediolateral and its rostrocaudal
axes. The border of CA1 with CA2 is not sharp because some CA2 pyramidal cells extend over
the emerging CA1 pyramidal cell layer. The boundary between CA1 and CA2 can be placed,
however, shortly after the pyramidal cell layer starts to broaden. The border with the
subiculum is equally difficult to place because it forms a rather oblique border zone. As shown
most clearly in Figures 11, 20 and 22E, the pyramidal cell layer of CA1 overlaps that of the
subiculum for a considerable distance. There is often a cell-free zone between the two layers
that helps to define the border (Figure 22E). Once the overlapping nature of this border is
recognized, using cytoarchitectonic criteria in Nissl-stained material can then readily place

the boundary.

Before describing the features of field CA1, we should discuss the origin and usefulness of the term
“prosubiculum”. Lorente de No’ (71) used it to describe a field situated between CA1 and the
subiculum. Analysis of his Figures 22 and 33 indicates that the area he illustrated as the
prosubiculum is actually much of what contemporary authors consider subiculum proper.
Some authors continue to use the term “prosubiculum” to label the region of overlap of CA1
and the subiculum (93). However, we would agree with Braak (94) (see Figure 23), Braak
(95) (see Figure 17) and Cassell (84) that overlap of elements from two adjacent fields does
not constitute sufficient grounds for defining the existence of a new field. If the cells in this
region are ultimately shown to have input and output characteristics distinctly different from
other parts of CA1 or the subiculum, then use of the term “prosubiculum” might be warranted.

Until then, we have separated this border region into CA1 and subicular components.

Earlier studies (84), indicated that the CA1 field of the human hippocampus contains
approximately 4.6 x 10¢ neurons. Of these, Olbrich and Braak (96) have estimated that 9.4%,
or approximately 430000, are interneurons while the remainder are pyramidal cells. More
recent studies using unbiased counting methods, yield counts that are three to four times
higher, as reported by Sa” et al. ((80); 11 x 10°), West and Gundersen (79), West et al (14.4 x
10% (97)7)), and Simic et al. (20 x 10%(98)) without detectable differences between left and
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right sides of the hippocampus. As Braak (95) pointed out, the human CA1 pyramidal cell
layer generally can be subdivided into two main laminae that are each many cells thick. At
many levels of the hippocampus, however, each of the sublayers also appears multilaminate.
The pyramidal cell layer varies in thickness from about ten cells to more than 30 cells. In
general, the outer layer of pyramidal cells is more compact, and the cells tend to stain

somewhat more darkly than the more deeply placed cells (Figure 23).

The CA1 pyramidal cell layer has a variable appearance at different rostrocaudal levels of the
hippocampus. At any particular level, there is a gradient of changing organizational features
along the mediolateral axis. Close to the CA2 border, the CA1 pyramidal cell layer is at its
thinnest, and the cells of both sublayers appear most tightly packed (Figures 17 and 18).
Toward the subicular border, the pyramidal cell layer gets appreciably thicker and more
loosely organized. It is often difficult to identify two discrete sublayers of CA1 in this region
because the cells are patchier. Stratum radiatum is much broader in the region of CA1 closest

to CA2 and becomes much thinner toward the subiculum (Figures 11, 12 and 20).

(b) Subiculum
An early estimate of the number of pyramidal cells in the subiculum was approximately 2.55 x
10¢ (84). However, more recent studies yield counts that are nearly twice as high (98), that is,
around 5 x 106 neurons. The subiculum (among others) is the origin of major subcortical
projections to the septal complex, nucleus accumbens, anterior thalamus, and mammillary
nuclei, as well as projections to the entorhinal cortex, and to some cortical regions in the non-
human primate (93). However, these projections are poorly understood, even in experimental
animals. Moreover, the cellular and laminar organization of this region has not yet been

clearly delineated.

As noted earlier, the subiculum and field CA1 of the hippocampus overlap at their border
(Figures 11, 20 and 22E). The laminar organization of both regions is complex in this zone.
Medially (closer to the presubiculum), the subiculum can easily be divided into three layers.
Superficially, there is a wide molecular layer into which the apical dendrites of the subicular
pyramidal cells extend. The molecular layer of the human subiculum tends to be relatively
wider than in the monkey and rat and, as in those species; it is distinct from the stratum

radiatum of CA1. At some levels, islands of what appear to be layer Il presubicular cells invade
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the distal portions of the subicular molecular layer (99). The pyramidal cell layer of the
subiculum is 30 or more cells thick, and can be divided into at least two sublaminae. Relative
to CA1, the subicular pyramidal cells tend to be somewhat larger and more widely spaced.
Braak (99) has labeled the two sublaminae of the pyramidal cell layer the external (nearest
the molecular layer) and internal layers. The cells of the external pyramidal cell layer are
larger than those in the internal pyramidal layer, and many contain a dense accumulation of
lipofuscin in the proximal portion of their apical dendrites. Neither of the subicular pyramidal
cell layers is homogeneous. In particular, the superficial limit of the external pyramidal cell
layer contains islands of small, darkly stained cells (Figures 27 and 28F). This characteristic
also distinguishes the subiculum from CA1, which contains large, darkly stained cells at its
superficial limit (compare Figure 28 F). The deepest portion of the subicular pyramidal cell
layer contains a variety of smaller neurons, which appear to be analogous to the polymorphic
layer identified in the monkey (83). As indicated in Figure 21, the subiculum makes up much
of the rostral uncal flexure of the hippocampus. We should note also that cells (Figure 29 I)
that a unique field lays between the rostromedial subiculum and the amygdalohippocampal
area of the amygdaloid complex (Figure 25, open arrow). This transition region contains a
high density of small, darkly stained cells that are unlike neurons in any of the other
hippocampal fields. This region has been termed hippocampoamygdaloid transitional area

(HATA) by Rosene (93).

(3) Presubiculum and Parasubiculum
The laminar organization of the presubiculum and parasubiculum is complex and only poorly
understood. It is perhaps most useful to consider that the presubiculum consists of a single,
superficially located cellular layer made up of an external principal (layer II) and an internal
principal cellular layer (62), which is formed by densely packed, small, modified pyramidal
cells (Figure 23 G). Layer II of the presubiculum tends to be narrow and continuous at
posterior levels of the hippocampal formation but breaks up into larger-diameter islands at
more rostral levels. As in the monkey (83), layer II in the human can be further divided into a
narrow, superficial rim that contains more densely packed and darkly stained neurons and a

broader band of more widely separated cells.

The parasubiculum also contains a single cellular layer that is difficult to clearly differentiate
from the presubiculum. The layer II cells of the parasubiculum tend to be somewhat larger

than those in the presubiculum and more widely spaced.
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Figure 23- Higher-magnification photomicrographs of approximately the same region

of the CA1 field of the hippocampus in the rat, monkey, and human. This is a standard Nissl-

stained preparation, and all of the images are at the same magnification. The calibration bar at the lower left
applies to all three panels. Note that CA1 in the rat, which is the dark line at the bottom of the image, consists of
three to five layers of tightly packed pyramidal cells (individual cells are difficult to resolve at this
magnification). The monkey pyramidal cell layer, in contrast, is approximately 30 cell layers thick and there is a
hint of sub lamination within the top half of the layer having a slightly higher density of neurons. The pyramidal

cell layer in the human CA1 field is even thicker and has a much more heterogeneous or laminated appearance

(9)-

(4) Entorhinal Cortex
The term “entorhinal cortex” was coined by Brodmann (58) as a synonym for his area 28.
More than any other hippocampal field, the entorhinal cortex has undergone substantial
regional and laminar differentiation in the primate brain relative to the rodent (91). In the rat,
the entorhinal cortex comprises two regions (medial and lateral) that were originally
proposed by Brodman, his areas 28a and 28b. In the macaque monkey, the entorhinal cortex
demonstrates a marked gradient of cytoarchitectonic changes from rostral to caudal extents,
and can be partitioned into at least seven different cytoarchitectonic fields ((100); Figure 24
upper part). Classically, the human entorhinal cortex has been studied by several authors
(101), who have partitioned it into as many as 23 fields (101). Our own studies suggest that
the laminar organization of the human entorhinal cortex is not nearly as distinct as in the
macaque monkey. Nonetheless, we have observed the same rostrocaudal gradient of

cytoarchitectonic differentiation in the human entorhinal cortex. Using similar criteria, up to
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eight fields, largely comparable with those defined for the monkey, can be distinguished in the
human entorhinal cortex ((53); Figure 24 lower part). Other cytoarchitectonic parcellations
for the human entorhinal cortex have also been proposed, based either on the peculiarities of
the pigment staining of layer II neurons ((50); 12 subfields) or more classical cyto- and
myeloarchitectonic approaches ((102); 9 subfields). In the monkey, the entorhinal cortex is
spatially associated with the amygdaloid complex rostrally and the other fields of the
hippocampal formation caudally. It extends rostrally to about the mid rostrocaudal level of
the amygdala and caudally to the level of the anterior limit of the lateral geniculate nucleus or
about midway back through the hippocampus (Figure 8). In the human, the entorhinal cortex

appears to extend relatively more rostrally than in the monkey.

Structures that form the medial and lateral borders of the entorhinal cortex are different at
various rostrocaudal levels. At rostral levels, the entorhinal cortex borders the
periamygdaloid cortex medially, and the boundary is marked approximately by the sulcus
semiannularis (Figure 13). As the other fields of the hippocampal formation emerge at more
caudal levels of the entorhinal cortex, the medial boundary is formed either by the pre-
subiculum or the parasubiculum. Unlike in the rat and monkey, where the lateral border of
most of the entorhinal cortex is coincident with the rhinal sulcus, there is no easily
identifiable lateral limit of the human entorhinal cortex. In fact, the rhinal sulcus in the human
is, for the most part, situated rostral to the entorhinal cortex (38, 42). Although the collateral
sulcus lies laterally to the entorhinal cortex for its full rostrocaudal extent, at no level does it
form its lateral border. As in the monkey, the human entorhinal cortex is laterally adjacent to
the perirhinal cortex (areas 35 and 36 of Brodmann) for much of its rostrocaudal extent. In
the monkey, we have found that area 35 forms the lateral border of rostral levels of the
entorhinal cortex, whereas area 36 (which is differentiated from area 35 principally by the
presence of a distinct layer 1IV) borders caudal levels (100). In the human brain, the lateral
border of the entorhinal cortex is formed throughout its rostrocaudal extent by a cortical field
that lacks a distinct layer IV and has many of the other cytoarchitectonic characteristics of
area 35, although with some peculiarities (54). However, the border between area 35 and the
entorhinal cortex is not easily placed. As indicated in Figures 19 and 25, these two fields
appear to have an obliquely oriented boundary. The deep layers of the entorhinal cortex
appear to extend somewhat more laterally than the superficial layers. This distinctly oblique

border between area 35 and the entorhinal cortex has been emphasized by Braak (62), who
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has labelled the region of overlap the “transentorhinal zone”, and by Ding et al. (54) as area 35
u (for “unique”). The caudal limit of the human entorhinal cortex also presents a complex
cytoarchitectonic appearance. In the monkey (100), the entorhinal cortex is continuous
caudally with a lateral extension of what appears to be the parasubiculum, and then with
fields TH and TF of the parahippocampal gyrus. For some distance, however, neural elements
from all these fields appear to be intermixed. A similar situation also holds true for the human

entorhinal cortex.

Figure 24- Two-dimensional unfolded maps of the entorhinal cortex in the nonhuman
primate (Macaca fascicularis monkey, upper panel) and in the human brain (lower

panel). In both cases, the same scale and orientation (arrows) applies to both species. While in the non-human
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primate, no special mention to adjacent sulci (the rhinal sulcus in particular) is made, in the case of the human
entorhinal cortex, the location of the the gyrus semilunaris (GS) above the upper dashed line (sulcus
semiannularis), the location of the intrarhinal sulcus (irs) in the middle of the mediolateral extent of the
entorhinal cortex, and the fundus of the collateral sulcus (cs) separated some distance from the lateral border of
the entorhinal cortex by the laterally adjacent perirhinal cortex are indicated. Subfields of the entorhinal cortex,
which presumably share homology between both species, are color-coded in a similar way. Despite the fact that
only one more subfield could be reliably identified, note the expanse of the caudal and lateral entorhinal portions

of the human brain compared to nonhuman primates (9).

While the entorhinal cortex is a multilaminate structure, its cellular constituents and laminar
organization are quite distinct from those of other neocortical regions. Several numbering
schemes have been adopted for its various layers. According to Ramén y Cajal (103),
Hammarberg (104) provided the first account of entorhinal lamination and recognized five
distinct layers. Ramoén y Cajal (103) described seven cellular and plexiform layers in the
entorhinal cortex, while Lorente de No’ (71) assigned six. Other authors (38, 40, 93, 95), have
not numbered the layers of the entorhinal cortex but simply divided it into two laminae, the
laminae principalis externa and principalis interna, with a cell-free space, the lamina
dissecans, interposed. By doing this, they stressed the perceived impropriety of associating
layers of the entorhinal cortex with those of the neocortex. We (Amaral et al.,(100)) have
adopted with minor modifications (Figure 24) the scheme of layering proposed by Ramoén y
Cajal (103). Because there has been substantial confusion concerning the laminar
organization of the human entorhinal cortex, it is worthwhile to review briefly the major

characteristics of each of its laminae.

The entorhinal cortex can be conveniently divided into six layers (Figure 22H). Layer I,
closest to the pial surface, is an acellular or plexiform layer that tends to be somewhat thicker
at more posterior levels. Layer II is a cellular layer made up of islands of relatively large and
darkly stained, modified pyramidal and stellate cells (Figure 22H). Layer II is one of the most
outstanding and distinguishing characteristics of the entorhinal cortex (see Figure 17 for
unfixed appearance). The islands are distributed all over the entorhinal cortex, although
they tend to be thinner, more elongated, and less noticeable rostrally, at dorsal and medial
portions (38, 41, 50). In the fixed brain, the cell islands of layer II form small mounds (Figure
23H) on the surface of the brain that can be observed with the naked eye (Figures 8, 9 and
13). These raised bumps on the surface of the entorhinal cortex (the verrucae hippocampi

illustrated by Klingler (59)) provide a useful macroscopic indication of the rostral entorhinal
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location. Layer II cell islands are surrounded by white strands of fibers that have been
referred to as substantia reticularis alba of Arnold. The presence of modularity in the human
entorhinal cortex has been demonstrated with cytochrome oxidase activity in the upper
layers of the human entorhinal cortex (105). Interestingly, the cytochrome oxidase pattern
loses the patchy appearance at the caudal limit of the entorhinal cortex. Further evidence of
modularity in the human entorhinal cortex is demonstrated by immunoreactivity for non-
phosphorylated neurofilaments and the calcium-binding proteins, calbindin and parvalbumin
(106). The reader interested in this aspect of entorhinal morphology is referred to the
detailed study by Solodkin and Van Hoesen (107). Although there are no reported studies of
the ultrastructure of layer Il neurons in the human entorhinal cortex, the study by Goldenberg
et al. (108) in the rhesus monkey shows differences along the rostrocaudal extent of the
entorhinal cortex. Rostrally, neurons are grouped in clusters with frequent appositions of
their somata. These appositions were absent at intemediate and caudal levels. In contrast,
axosomatic synapses and the presence of myelinated fibers increase at progressively more
caudal levels in the entorhinal cortex. Usually, there is an acellular gap between layer II and
the broad layer of medium-sized pyramidal cells that populate layer III. This gap increases at
more posterior levels of the entorhinal cortex so that, in myelin-stained preparations, the
layer II cell islands are conspicuous negative images outlined by the dense fiber labelling in
layer I and in the space between layers Il and IIl. Layer III contains a relatively homogeneous
population of pyramidal cells. Layer III cells have a columnar appearance at caudal levels of
the entorhinal cortex but tend to be arranged in large patches rostrally. In myelin
preparations, layer III contains delicate bundles of radially oriented fibers that extend to the
pial surface. These bundles of fibers are more noticeable at rostral levels of the entorhinal
cortex, and they become particularly dense close to the boundary with the perirhinal cortex.
Golgi studies of the monkey entorhinal cortex (100) show that dendrites of layer III pyramidal
neurons bend and pass through the interstices of layer II cell islands, a morphological feature
that has also been observed in the human entorhinal cortex after intracellular filling of

neurons in fixed slices (109).

One of the most characteristic features of the entorhinal cortex in all species is the absence of
an internal granule cell layer. In its place there is an acellular region of dense fiber labelling,
the lamina dissecans (101), which is most noticeable at mid rostro-caudal levels of the

entorhinal cortex. In the entorhinal regions where the lamina dissecans is not prominent,
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layers III and V are apposed. Fiber preparations through these regions, however, still
demonstrate a heavy plexus of fibers at the interface of the two layers. To emphasize the lack
of a typical internal granule cell layer in the entorhinal cortex, the lamina dissecans has been
labeled as layer IV. In some reports of the human entorhinal cortex, the term “layer IV” has
been applied to the layer of large pyramidal cells that lies deep to the lamina dissecans (110).
To avoid the confusion that might arise from labelling a layer of large pyramidal cells with the
same number typically applied to a layer of small granule cells in the neocortex, we have
followed Ramon y Cajal’s lead and labelled the large cells deep to lamina dissecans as layer V.
Layer V is about five or six cells deep and comprises primarily large and darkly stained
pyramidal cells. At rostral levels of the entorhinal cortex, layer V merges with layer Il while at
midlevels the lamina dissecans clearly separates the two layers. Layer V becomes most highly
developed at mid to caudal levels of the entorhinal cortex, and here three sublaminae can be
differentiated. The most superficial layer (sublayer Va) contains the largest pyramidal cells in
the entorhinal cortex, while the middle sublayer (Vb) contains somewhat smaller and more
loosely arranged cells. The deep sublamina (layer Vc) contains fewer neurons and a fairly
dense plexus of fibers (Figures 18 and 19, (53)). At the same time that the lamina dissecans
becomes less noticeable in the caudal half of the entorhinal cortex, layer Vc becomes much
more pronounced, and it is easy to mistake Vc for a caudal extension of the lamina dissecans.
At rostral levels of the entorhinal cortex, layer VI is not easily distinguished from layer V.
Close to the border with the perirhinal cortex, layer VI is rather broad and diffuse. The border
of layer VI with the white matter is not sharp rostrally, and there is a gradient of decreasing
cell density from this layer into the white matter. Caudally, however, layer VI presents a sharp
border at the transition with the white matter (Figures 11 and 19). The subcortical white
matter situated deep to the subicular complex is called the angular bundle (Figures 11 and
19) because of its trajectory in non-primates. It is within this region that the perforant path
fibers travel to caudal levels of the hippocampal formation. At the border of the entorhinal
cortex with the perirhinal cortex, layer VI tends to fade out in a gradual fashion and finally
ends somewhat more laterally than the termination of layer V. This contributes to the oblique
orientation of the border between the entorhinal and perirhinal cortices discussed earlier.
Several estimates of the number of neurons in the human entorhinal cortex have been made
(19, 40, 106-108). The counts generally are carried out relative to layers but do not take into
consideration the various subfields of the entorhinal cortex. The number of neurons in the

human entorhinal cortex is on the order of 7-8 x 10°. Of these, about 10% are in layer II,
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approximately 45% are located in layer III, about 15% of the total number populate layer V,
and 31% are in layer VI. Comparing these numbers to estimates of neuron number in other
hippocampal fields, emphasizes how divergent the axonal projection of layer Il neurons must
be both to the dentate gyrus, which contains 15 x 106 granule cells and CA3, which contains
2.8 x 106 pyramidal cells (111). It is important to note that 3.6 x 10° neurons in layer III of the
entorhinal cortex project to 16 x 106 neurons in the human CA1 field of the hippocampus.
This means that almost half of the total number of neurons in the human entorhinal cortex
project to CA1 (112). Therefore, CA1 is under very heavy direct influence from the entorhinal

cortex.

iii) Clinical hippocampus anatomy- normal aging vs Alzheimer disease.

A recurrent question in aging research is to what extent humans lose neurons, as they grow
older. Until a few years ago, the common assumption was that the hippocampus begins to lose
neurons in midlife and the loss continues into old age. However, this view had to be corrected
after studies that used unbiased sampling strategies. Recent numerical counts by West et al.
(113), and Simic et al. (98) show that the hippocampal formation does not generally suffer
any age-related loss of neurons. Only the subiculum (52% or 7.3% per decade) and the hilus
of the dentate gyrus (31% or 4.2% per decade) demonstrate substantial cell loss in normal
aging (113); however, in these studies it is important to include young subjects for
comparison, and consider gender differences. In contrast, neuronal loss in the hippocampal
formation of AD patients is much higher, even in very mild cases (97). Studies on the
entorhinal cortex (114) reveal a similar trend (0.7% of neuron loss per year, and, specifically
1.2% for layer Il neurons). The analysis of the extent of atrophy in the human entorhinal
cortex in normal aging (age range of the series, 12-110 years old) based on the areal
measurement of two-dimensional reconstructions of the entorhinal cortex reveals a decrease

up to 4% in size over the life range (115).

Among the many conditions that produce patholological changes in the hippocampal
formation, AD is probably the most devastating (49, 105, 106, 111-115). Myriad studies have
come to the clear conclusion that this disorder is distinctly different from an elaboration of
normal aging. AD is associated with four neuropathological correlates in the hippocampal

formation: neuronal cell loss, neurofibrillary tangles, neuritic plaques, and granulovacuolar
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degeneration (for more information about each one of these lesions, see Tomlinson (116) and

Braak and Braak (117)).

Corsellis (118) first drew attention to complete cell loss in the CA1 field of the brains of
Alzheimer patients. Ball (111) subsequently conducted systematic analyses of cell loss in the
hippocampal formation, and he estimates that there is a decrease of some 56% in the number
of hippocampal pyramidal cells (versus 12% in age-matched controls). These early studies
have been confirmed by more recent studies using unbiased sampling procedures (97). These
studies demonstrate that CA1 suffers a profound neuron loss (an average of 68%), in contrast
to normal aging where neuron loss is negligible. Hyman et al. (105, 113) have emphasized
that the cell loss is pronounced not only in CA1, but that the subiculum and layers Il and V of
the entorhinal cortex are also depleted of neurons. More recent studies (114) show that there
is already profound neuron loss (35% in the entorhinal cortex as a whole, of which 50% is in
layer 11, and 46% in CA1, in mild clinical cases of Alzheimer disease). Interestingly, despite the
fact that neurons in layers Il and V of the entorhinal cortex are nearly eliminated, layers III

and VI have a relatively normal appearance.

Neurofibrillary tangles, while occasionally observed in the normal-aged brain, are more
numerous in the Alzheimer brain and are located in the same regions that undergo the
greatest amount of cell loss (119, 120). Ball (119) noted that a greater number of
neurofibrillary tangles occur in the posterior part of the hippocampus. Neuritic plaques are
spherical foci, 5-200 mm in diameter, which may have a central amyloid core surrounded by
argyrophilic rods and granules. They are very numerous in the hippocampal formation of
patients with AD and show a preference for the molecular layer or the dentate gyrus (105).
The fourth pathological correlate of AD is granulovacuolar degeneration (120). Neurons
demonstrating granulovacuolar degeneration contain one or more 3-5-mm vacuoles that hold
0.5-1.5-mm argyrophilic granules. These profiles are numerous in the subiculum and CA1 of

the Alzheimer brain but are not frequently found in the entorhinal cortex.

It has been suggested that, as AD develops, the hippocampal formation, especially the
entorhinal cortex, becomes, in essence, functionally disconnected from its major afferent and
efferent interactions, as a result of the cell loss and other pathological sequelae of AD (see

Hyman et al. (110), and Braak and Braak (117), for a comprehensive review of the human
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entorhinal cortex in various pathologies). Given the important role the hippocampal
formation is known to play in certain forms of memory, it is likely that a major portion of the
problems with memory function observed in AD is attributable to damage of the anatomical

connections of the hippocampal formation (121).

The importance of the hippocampal formation morphology has been stressed by the clinical
use of structural MRI as a useful method for evaluation of the atrophy degree which correlates
with the neurodegeneration (124-129, and for a recent review, see Frisoni et al. (122)). The
volumetric measurement of the hippocampal formation is a useful aid in the diagnosis and
prognosis of the disease, and the importance of the correct identification of the anatomical

structures is crucial to make accurate measurements (reviewed in Konrad et al. (123)).

Elaboration on anatomical and MRI studies of the human entorhinal cortex (124), have
favoured the application to clinical studies. Recent clinical reports (125, 126), advanced the
diagnosis and conversion of mild AD to full clinical symptoms by measuring the thickness,
among other areas, of the entorhinal cortex. These methods have been also applied to the
whole cerebral cortex in a longitudinal study where only the areas around the central sulcus
showed no differences in thickness between controls and AD patients. Still, the early diagnosis
of AD based on structural MR is elusive, as it seems that biomarkers (f3-amyloid, tau protein)
of the disease become abnormal at an earlier stage relative to neurodegeneration markers

such as brain atrophy (27).

g) Neuroimaging and neuroradiology of Alzheimer’s disease and

aging (temporal and parietal scales).

i) Structural neuroimaging MRI studies in Alzheimer’s disease.
Voxel based morphometry (Voxel-based morphometry [VBM]) is a free method of bias that in
a relatively short time allows the verification of atrophy changes in different brain regions.
Publications based on this technique applied to the study of AD have shown how the disease
spreads from the medial temporal lobe to the lateral temporal lobe and then to the parietal
lobe and finally to the frontal lobe, reproducing pathological studies about AD proposed by
Shiino et al. (127)
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Based on this description Shiino et al. (139) studied 40 non-familiar AD, 20MCI, 88 controls
above 60 years and 40 below this age. The authors of this paper describe progressive atrophy
in controls at the perisylvian cortex, anterior cingulate cortex, caudate head, dorsomedial and
parahippocampal cortex and thalamus in subjects with AD further involvement of the
amygdala, hippocampus, subcallosa region of the posterior cingulate cortex and posterior

association cortex parietooccipital.

Shiino et al. (139) propose four subtypes of AD for its selective atrophy patterns: amygdala-
hippocampal involvement (Hipp), hippocampal-amygdala, posterior cingulate cortex and
precuneus (Hipp / PCC-PRCC), hippocampus-amygdala and posterior parietal-occipital cortex
(Hipp / TOP) and the posterior cingulate cortex, precuneus and posterior cortex (PCC-PRCC /
TOP). The PCC-PRCC or PCC-PRCC / TOP EA pattern occurs in 90% under 65 years. 100% of
the Hipp patterns AD carrying more than 36 months of clinical evolution. Karas et al. (128)
shown in AD overall cortical atrophy with preservation of sensory-motor cortex, cerebellum
and occipital pole in addition to those already mentioned in hippocampus, insula and

temporal pole.

Several studies focus on the earliest changes in AD like Whitwell et al. (129) (the most early
changes evident in the prodromal phase-DCL/ EA-amygdala-hippocampus focus on entorhinal
cortex and anterior-fusiform gyrus ), Desikan et al. (130) (changes are in the etnorhinal cortex
and inferior parietal turn predict the transformation of MCI due to AD) and Weimer (131)
(the size of the ventricular system increases with age but the pace increases, years before the
development of MCI). Others do it in determining the subjects at risk of developing the
disease as Stoub et al. (132) (studying the volume of the parahippocampal white matter
(PWM) in two samples of 65 subjects followed for 8.5 years, concluding statistically
significant differences in baseline volume PWM from the group that is stable and that evolves
MCI). Moreover, Franko and Joly (133) found the highest rates of atrophy in the anterolateral
right hippocampus in those subjects with MCI that progress to AD versus those that remain
stable MCI. These areas of the anterolateral right hippocampus concentrate the largest
deposits of tau. The parietal cortex is involved in the processes of attention and episodic
memory formation (134) particularly the dual involvement of dorsal parietal cortex (superior
parietal lobe-precuneus) and parietal cortex ventral (supramarginal angle and rotation) in

search functions, attention and verification for memory formation.
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The parietal lobe involvement in the EA focused studies like Ross et al. (135) (which stresses
that derioration in the profile of these subjects predominates disorder morphology,
dysgraphia and difficulty bimanual tasks), or Jacobs et al. (136) (described as the volume of
the inferior parietal lobe versus other lobes is the one which best discriminates in a cohort
follows the stable group, the one which progresses and those subjects that in an evolution of 6

years it is shown that they were on preclinical disease stage).

Several studies focus on the differentiation patterns of early (under age 65) or late onset of
AD have been done: Karas et al (137) (EA early debut show a disproportionate involvement
precuneus), Ishii et al (138) (parietotemporal and posterior cingulate atrophy in AD debut
early but not late), Shibuya et al. (139) (AD early onset shows less involvement at entorhinal
cortex that late onset AD subjects) or Moller et al. (140) (late AD subjects show debut with
hippocampal atrophy, right temporal lobe and cerebellum compared to early onset of AD
showing hippocampal atrophy, temporal lobe, precuneus, frontal and cingulate gyrus lower.
The direct comparison between the two groups result in individuals early-onset AD show

more atrophy in the precuneus and late-onset AD in medial temporal lobe).

The value of family history of AD to predict patterns of atrophy has also been studied by
Okonkwo et al. (141) (in a follow-up period of four years middle-aged adults with a family
history showed changes in the posterior hippocampus atrophy in the absence cognitive
impairment without accredited effect factor APOE4) or pattern of familial AD by Schott et al.
(142) (annual checks in familial AD show etorhinal hippocampus and cortex atrophy that

occurs early in AD at the rate 5 % per year vs. controls).

(1) Clinical radiological diagnostic criteria-medial temporal lobe atrophy scale

(Sheltens) and parietal atrophy scale (Koedam).

(a) Scheltens (MTLA-scale)
Voxel based morphometry is not an affordable method in clinical practice that is
why visual rating scale temporal atrophy given by Sheltens et al. (5) still in use

was developed. This scale developed in coronal plane (7, 8) consisting of five

grades (0-4) (Table10, Figure 25) which value the width of the choroidal
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fissure and the medial temporal horn and as the height of the hippocampus has

been validated against studies volumetric, neuropsychological and disease for

the past 20 years (9) as a diagnostic tool for grading patterns temporal atrophy

in moderate to severe AD and control subjects with a sensitivity of 70- 100%

and specificity of 67-96%.

Table 10- MTA visual rating scale

MTA visual rating scale

Width of Width of

Score choroid fissure temporal horn

1 1 N

2 11 11
3 111 111
4 11 111

Height of
hippocampal formation

l
H
U

F Barkhof, M Hazewinkel, M Binnewijzend and R Smithuis. 2012
http://www.radiologyassistant.nl/en/p43dbf6d16f98d/dementia-role-of-mri.html

Below 75 years
v'MTA-score of 2 is abnormal
v'MTA-score of 1 de may be normal

Above 75 years
v'"MTA-score of 3 or 4 is abnormal
v'"MTA-score of 2 may be normal

F Barkhof, M Hazewinkel, M Binnewijzend and R Smithuis. 2012
http://www.radiologyassistant.nl/en/p43dbf6d16f98d/dementia-role-of-mri.html
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Figure 25- Examples of MTA scales scores.

It seems justified to take account of the degree of atrophy registered on the
scale of temporal atrophy in combination with clinical information when AD
individual patients are diagnosed in clinical practice.

The original proposal by Scheltens and colleagues consisted of an age-adjusted
cut-off of MTA score 22 in either of the two hemispheres considered abnormal
below the age of 75 years, with an MTA score 23 required to be abnormal above
75 years of age(5). This cut-off has shown low specificity (67%) (10). A cut-off
of 21.5 based on the average score of both hemispheres has also been proposed
(11). This cut-off has shown higher specificity (94%), but at the expense of
lower sensitivity (46%). Further, a cut- off of 22 based on the average score of
both hemispheres has been reported to have higher sensitivity in patients with
AD older than 75 years (12), and a score of 3 might be considered normal in
individuals above 80 years of age (13). Between 45-65 years a cut-off of 21.5
based on the average score of both hemispheres has also been proposed (11,
14). The age-decades-adjusted cut-off resulted in the best performance for MTA
is AUC = 78.5 (14). So for the study of PcAD the MTA has a limited value as far
as only a cut-off of 21.5 on the average score of both hemispheres have been

proposed so there is a necessity to describe a new sensible and specific new
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scale of medial temporal lobe atrophy for judging subjects between 40 and 60

years old (PcAD stage).

Westman et al. (22) in a recent study compared the performance of visual scales
of temporal atrophy, with multivariate evaluation Magnetic Resonance Imaging
(MRI) system and manual measurement of hippocampal volume in order to
distinguish 75 AD compared with healthy controls and predictive value for
conversion of 101 MCI to AD. They found accuracies to distinguish AD from
healthy controls of 83% for the multivariable system based on MRI, 81% for
visual scale temporal atrophy and 89% for manual measurement of the
hippocampus. All three methods show similar accuracy in estimating the

conversion of MCI into AD in track a year.

Recently, Duara et al (143) and previously, Wahlund et al. (21) have
contributed with their studies to endorse the clinical validity of the temporal
lobe scale.

Cavallin et al. (13) compared the scales of temporal atrophy with volumetric
measurements in a cohort healthy subjects between 60 and 84 years getting a
significantly high correlation, for healthy subjects and 70 years degrees 0 and 1
are considered normal grade 2 between 70 and 80 years and grade 3 over 80
years. To our knowledge there are no published studies of application of scales
of temporal atrophy in cohorts of healthy subjects younger than 60 years
(cohort PGA). A recent publication by Kim et al. (144) developed a rating scale
of temporal atrophy in axial plane (including valuation of peritroncular tank)
and compares it to the performance of the coronal temporary visual scale with

good results.

(b) Parietal atrophy scale (Koedam).

The visual rating scale proposed by parietal atrophy Lehemann et al. (145) (in
EA early and late debut and young and elderly controls) and its validation by
Moller et al. (26) (in subjects with subjective memory complaints against DCL)
has been more recent. However its development is based on the same reasons

that support the use of the time scale in clinical practice. Atrophy parietal scale
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has four degrees (0 to 3) (Table 11, Figure 26) values in three planes sulci
dimensions of postero-superior cingulated sulcus, lateral parietal and occipital

parietal sulcus. The inferior parietal sulcus is which best discriminated between

degrees.

Table 11- Characteristics of parietal scales scores

Koedam score for Parietal Atrophy

Grade O no cortical atrophy
mild parietal
Grade 1 cortical atrophy
substantial
Grade 2 parietal atrophy
Grade 3 end-stage “knife-

Blade” atrophy

closed sulci of
parietal lobes and cuneus

mild widening of
posterior cingulate and
parieto-occipital sulci

substantial widening
of the sulci

extreme widening of the
posterior cingulate and
parieto-occipital sulci

F Barkhof, M Hazewinkel, M Binnewijzend and R Smithuis. 2012
http://www.radiologyassistant.nl/en/p43dbf6d16f98d/dementia-role-of-mri.html
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Figure 26- Examples of Parietal scales scores (159).

To our knowledge there are no published studies of application of parietal
atrophy scales to a cohort of healthy subjects younger than 60 years (cohort
PGA).

(2) Cortical thickness of AD signature regions (included hippocampus) decreases in
preclinical AD.

Wang et al. (161) try to determine whether an MRI-based AD signature biomarker can detect

tau-related neurodegeneration in preclinical AD, and to assess whether AD signature cortical

thinning is associated with cognitive changes in cognitively normal (CN) older individuals.
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This study consist of a large cohort of CN individuals (n=188), we measured the hippocampal

volume and cortical thickness within independently defined AD signature regions.

We cross-sectionally assessed the associations between AD signature cortical thinning or
hippocampal atrophy with CSF biomarkers of tau (increased tau) and b-amyloid (Ab)
(decreased Ab42). We also examined the impact of AD signature cortical thinning or other
biomarker changes (i.e., hippocampal atrophy, reduced CSF Ab42, or increased CSF tau) on
cognitive performance in CN individuals. The results obtained shows that elevated CSF tau
was associated with AD signature cortical thinning but not hippocampal atrophy. In contrast,
decreased CSF Ab42 was associated with hippocampal loss but not AD signature cortical
thinning. In addition, AD signature cortical thinning was associated with lower visuospatial
performance. Reduced CSF Ab42 was related to poorer performance on episodic memory. In
conclusion spatially distinct neurodegeneration is associated with Ab and tau pathology in
preclinical AD. Ab deposition and AD signature cortical atrophy independently affect

cognition in CN older individuals.

(a) How detect radiologically through structural MRI this cortical thickness
decrease of Alzheimer’s disease signature regions.

This thesis is based on the subtle changes at the anterior portion of the hippocampus body
(around fimbria)(47) that can be observe through the progressive increases of the identifiable
dilated choroid fissure first, followed after by the same phenomena with the temporal horn
(that constitute grade 1 scheltens medial temporal lobe atrophy scale) just until the time in
which this temporal horn just begins to dilated (early grade 2 scheltens medial temporal lobe
atrophy scale). These subtle changes qualitatively (radiologically) identifiable by anatomical
landmarks (almost used by Scheltens medial temporal lobe atrophy scale) constitute a new
medial temporal lobe early atrophy scale that could also be quantitatively (VBM techniques)

demonstrated.

(3) Consequences of the application of this sensitive new medial temporal lobe

early atrophy scale in combination with CSF biomarkers.
The application of this sensitive new medial temporal lobe early atrophy scale in combination
with CSF biomarkers could allow us to identify the preclinical AD late states subjects in whose

neurodegeneration had already began (demonstrated by CSF biomarkers- decrease Af 1-42
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together with increase T-tau or P-tau) without cognitive impairment but with low
performance in memory cognitive tests and accompanied by cortical thickness decreases of

hippocampus.

ii) DTI studies in Alzheimer’s disease.

Several works have been performed multiple studies comparing diffusion tensor imaging
(DTI) with volumetric measures, some like Clerx et al. (146) centered in the medial temporal
lobe (LTM) performing a meta-analysis evaluated the diagnostic value of the diffusion tensor
imaging (DTI) in early AD compared to commonly accepted measures of atrophy of the medial
temporal lobe. Seventy-six studies about LTM atrophy measures including 8122 subjects and
55 DTI studies including 2791 subjects are reviewed. Volumetric studies (effective size
expressed as Hedge index) differed between AD and controls (ES 1.32-1.98)) and MCI and
controls (ES 0.61 - .146). In studies of DTI fraction anisotropy (FA) of the total cingulate was
the index that best differentiated AD controls (ES =1.73) and FA parahippocampal gyrus,
which did between MCI and controls (ES = 0.97). Moreover, the mean diffusivity (MD) of the
hippocampus allowed differentiating AD vs. controls (ES = -1.17) and DCL controls (ES = -1
.00). As a general conclusion LTM volumetric measurements showed the same performance

as the DTI.

However in the comparison between controls and MCI, ES measures DCL to MD exceeded
those ES measured hippocampal volume. MD values seem to have greater discriminatory
power than the FA with higher values of ES in frontal, parietal, temporal and occipital lobes.
Other jobs with the same approach (comparing DTI and VBM) include all brain regions in
their area (not just the medial temporal lobe) as the study of Wang et al. (147) compared the
grey matter integrity and tracts white matter (DTI) of 10 subjects with MCI and 10 controls.
They are analysed in group’s cortical thickness, fraction anisotropy (FA) and apparent
diffusion coefficient (ADC). MCI patients showed decreased FA and increased ADC in frontal
region, temporal and corpus callosum. MCI cortical thickness resulted in decreased frontal,

temporal and parietal regions.

Changes in white matter pathways and cortical thickness were more pronounced in left

hemisphere. In conclusion both DTI as cortical thickness are effective methods to differentiate
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controls vs. MCI patients, improving the combination of the two the diagnostic accuracy.
Other studies link patterns focal cerebral atrophy with the integrity of white matter pathways
that connect them and their metabolism and the study of Firbank et al. (148) of the
foreknowledge that hippocampal atrophy and hypometabolism of the posterior cingulate

phenomena are often found in AD and dementia with Lewy bodies body (LBCD).

These regions also show a correlation of activity at rest as parts of the default neural network
(DMN) connected by the cingulus as large white matter tract. Their study hypothesized that
hippocampal atrophy associated with disruption of the cingulus, which can be measured by
techniques DTI. 5 AD study, 5 healthy volunteers and 5 LBCD. Hippocampal volume and
cingulate FA is calculated. Multivariable analysis correlating FA cingulate against hippocampal
volume, overall atrophy and Group (AD, LBCD or control) is performed. The results suggest
that the progression of dementia is associated with increased measures of global atrophy and
disruption of the posterior cingulate and white matter pathways that connect this with the
lateral parietal. The study concludes that in addition to these hypo metabolism areas which
are described in AD and LBCD seems to be a disruption of white matter pathways that connect
them. Finally there are jobs like Canu et al (149) which studied the integrity of white matter
pathways from the perspective of volume, so this paper studies the ways of white matter in 18
AD early onset (EO) 24 AD Late onset (LO) and 4 controls, exploring the volume of white
matter pathways and correlating the measures with the terms of the genotype of

apolipoprotein (APOE). VBM studies are performed to estimate the volume of white matter.

Compared with control patients LO showed selective loss of volume of the parahippocampal
white matter, while the EO showed a more diffuse pattern with involvement of posterior
structures. The different distribution pattern of white matter atrophy in turn reflects the grey
matter one. The highest risk was associated with increased ApoE atrophy of the
parahippocampal white matter in both groups. Atrophy values were higher in white matter in

EO than in LO which gives an idea of the greater aggressiveness of this type of disease.

iii)fMRi studies in Alzheimer’s disease.

Functional studies are based on the sampling of neural networks that have an anatomical

basis recognized by the white matter pathways that connect them (149). Thus the study of He
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et al. (150) focuses on the investigation of a large-scale network of connections between
different brain regions on the basis of studies of cortical thickness. Two areas that are
considered anatomically connected when they show statistically significant correlations
between its cortical thicknesses thus constituting a network of cortical connections from 124
brains of the database of the international consortium of the human brain mapping.
Connections significant short and long range found within each hemisphere and between
brain hemispheres, many of which coincide with known white matter tracts measured by DTI
techniques. The study concludes that the human brain has a structure robust network
connection to a pattern of "small world" with robust neighbourly relations alternating with
relations between distant areas. These results support the functional studies of known neural

networks.

The DMN default neural network has focused the attention of many studies in healthy
population and served as the basis for the AD. So Damoiseaux et al. (151) focused their study
on aging that is associated with impairment of cognitive functions without disease. Attention,
information processing and memory are affected. Based on the observations of disruption of
white matter pathways OSullivan et al. (152) the theory that starts off with normal aging
affects neural networks as the default neural network (DMN) whose condition can be tested
by studies functional fMRI. This work studied 10 young and 22 elderly subjects with
functional studies in waking state, at rest and with open eyes (resting-state Studies). The
study concludes that DMN components that are affected by aging are the superior and middle
frontal gyrus, the second cinguloposterior and third the medial parietal and superior

temporal gyrus.

When first decreases activity any of these neural networks has less executive ability. Davis et
al. (153) summarized in his study that changes with aging (with greater difficulty completing
tasks) are given in the DMN to translate a compensation mechanism (the occipital activity is
reduced and increased frontal activity) reflected in the medial posterior cortex activation
which is reduced and increases medial frontal cortex. Sorg et al. (154) in their work
hypothesizes that the EA components DMN reduced functional connectivity and atrophy.
Studied 16 healthy volunteers for this year and 24 subjects with amnestic MCI by resting-state
fMRI. The object of the work was to identify if there was any neural network study resting-

state fMRI (RNs) that affect the MCI and whether these alterations of functional connectivity
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changes were associated with atrophy. Eight networks RNs were identified, of which only
DMN and executive attention network were affected in MCI. Volumetric studies meanwhile
reflected lost volume of medial temporal lobes. Functional connectivity between medial
temporal lobes and the posterior cingulated was lost in MCI, being preserved in controls. The
study concludes that in MCI deterioration of a group of neural networks represented a

process of neurodegeneration is proved.

Meanwhile Binnewijzend et al. (155) studied the functional regional connectivity in 9 AD and
MCI and 4 healthy controls using resting-state fMRI. The study tracked 2.8 years (sd 1.9
years) with 7 MCI converted to AD and 4 stable MCI. AD patients showed changes in
functional connectivity in cinguloposterior precuneus versus controls (regardless of cortical
thickness). Values of functional connectivity of the MCI were between the controls and AD,
although only AD and MCI stable showed statistically significant differences. The study

concludes that the deterioration of functional connectivity in the DMN in AD is shown.

Finally Buckner et al. (156) indicate that the target age changes focus on posterior cortical
regions including the posterior cingulate, the splenium of the CC and lateral parietal regions
involved in DMN in young adults and show amyloid deposition in elderly adults and AD. In the
initial AD atrophy and metabolic decrease was observed in these posterior cortical regions
and medial temporal lobe. These regions are involved in retrieving memories in young and
subsequently undergo changes with age own AD (amyloid deposits, metabolic disorder and
atrophy). These regions of the medial temporal lobe part of a neural network whose

disruption contributes to the deterioration of memory (DMN)

iv) Metabolic imaging studies in Alzheimer’s disease (PET / SPECT / MRI-
ASL).

Metabolic imaging studies in AD are based on the application of techniques of positron
emission tomography (PET), positron single photon emission (SPECT) and magnetic

resonance flow technique spin labeling (ASL).

PET studies in the context of the AD use the longitudinal sensitive markers to study this

technique. Ossenkoppele et al. (157) evaluates changes in the longitudinal PET markers
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pathological changes of AD [11C] PIB y [18F) FDDNP and cerebral metabolic activity 18F] FDG in
patients with AD, MCI and healthy volunteers. The study focuses on controls, patients MCI and
AD. The interval between the baseline and follow-up study was 2.5 years (2-4 years).
Parametric maps for each path are generated and the uptake ratio (SUVR) is measured. An
overall significant increase cortical global [11C] PIB, [18F) FDDNP was found in subjects with
MCI, but no changes were observed in AD and controls. Regional analysis revealed that the
increase of PIB was produced in lateral temporal lobe. The uptake of [18F] FDG was reduced
by tracking AD in frontal, parietal and lateral temporal regions. Correlation between overall
minimental test and overall PIB deposit and FDG uptake in the posterior cingulate was
established. It is concluded that increased amyloid burden in MCI patients and progressive

metabolic deterioration in AD is credited.

Regarding SPECT studies as the work of Lee et al. (158) focus on applying techniques of
positron emission single photon (SPECT) using technetium-99m as a marker 99mTc-HMPAO).
The study is based on 20 patients with mild AD, 20 with moderate AD and 20 controls. The
images obtained were transformed into an anatomic space transformations reference based
on the voxel to voxel image. Hypoperfusion in the left parietal lobe was found in patients with
mild AD, the AD moderate hypoperfusion affect both parietal-temporal regions rear, front
occipital lobes contiguous region of the posterior cingulate and frontal lobes with less

intensity.

ASL techniques as the work of Alsop et al. (159) studied the cerebral flow in this study in 18
patients and 11 controls. Sixteen slices of 5mm were made. Flow images transformed to an
anatomical reference space based on transformations of the voxel image voxel. The analysis
showed significant decrease in flow relative to controls in temporal, parietal, frontal and
posterior cingulate region. Correlations between degrees of more severe involvement of the
minimental test with the posterior parietal lobe, posterior cingulate region were obtained, but
not the temporal lobe. Tosun et al. (160) perform a combination study based on identifying
structural atrophy using MRI techniques, alterations of cerebral blood flow (CBF) by ASL
techniques as the best predictors of expansion measured by amyloid deposition techniques 8F-
AV45-PET in patients with MCI. Also evaluate the relative importance of the methods to
classify subjects with initialMCI as AB + and AB-. Sixty-seven patients ADNI-GO / 2 with initial
MCI are studied. The 8F-AV45-PET positive initial MCI posted a return on the classification of
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these subjects 83% accuracy, 78% positive predictive value and 84% negative predictive
value using a multidisciplinary classifier that took into account demographic, APOE4 and
multimodal MRI analysis based on the categorization AB. We conclude that multimodal MRI

can predict the state of deposit of amyloid in patients with initial MCI.

v) Early onset vs late onset Alzheimer’s disease patterns.

Alzheimer’s disease is the most common form of degenerative dementia with debut either
early age (EO) or late age (LO) (arbitrarily defined as less than or greater than 65 years
respectively). The clinical presentation is dominant form of anterograde episodic memory
deficit. However, there are an increasing number of evidence pointing to a clinic
inhomogeneity in the EA forms of clinical predominance memory impairment (LO) and others
with greater involvement of nonamnesic functions (visual, spatial, praxis, language disorders
and executive dysfunction) that focuses on the EO forms. The latter forms of no amnesic
functions impairment debut have been less studied. Early diagnosis of AD depends heavily on

detailed study of the distinguishing features between the two clinical presentations.

Using MR imaging techniques, this thesis focuses on exploring the structural differences and
metabolic between EA (EO vs LO) in the rostral and caudal parts of the DMN, particularly
those differentials preclinical stage of the disease having as one of its objectives to develop a
quantitative scale of structural changes in defining the preclinical stage of AD (EO vs LO) so
far not developed (161). It is possible to detect early structural changes in the DMN during the
preclinical phase of AD through the structural impact of the early accumulation of b-amyloid
by DWI (microstructure) and MRI (macrostructure) studies (162-164). We can analyse the
metabolic changes associated with structural ones, particularly cerebral blood flow changes

(ASL) in the DMN (165) (Table 12).
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Table 12- impact of the early accumulation of $-amyloid by DWI (microstructure), MRI
(macrostructure) and blood flow changes (ASL) in the rostral DMN (MTL).

Art. Blood Microstructure Macrostructure
flow
Perfusion Diffusivity Cortical Thickness  Tractography
Low Risk BA (-)
(-) normal normal DMN  normal DMN normal DMN normal DMN &0 iay0)!
(LR) Tau (-)
BA
(-) normal normal MTL MTL 1 MTL (atrophy) normal DMN
Tau (-) preclinical
High Risk
(HR) (+)early BA] Prodromal
MTL 1 MTL 1 MTL (atrophy) normal MTL
symptoms Tau 1 / MCI
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2- HYPOTHESIS and OBJECTIVES

a) Basics for Hypothesis and Objectives (Hypothesis’s arcade).

The hypothesis of this thesis affirm that it is possible to define a new MRI structural
medial temporal lobe atrophy scale (EMTA), whose last fourth of fourth stages
(corresponding with early stage 2 of MTLA (5)) is able to identify subjects at late
stages of preclinical AD (with decrease A 1-42 together with increase T-tau or P-tau in
CSF but no cognitive deficit only low performance at verbal memory test-TAVEC -

Spanish version of CVLT test) as has been defined by NIAA-AA criteria (1, 2, 15, 16).

Identify subjects at late stages of preclinical AD through a new MRI structural medial
temporal lobe atrophy scale (EMTA) is important because it only requires
neuroradiological trained expertise, commonly present in radiology departments of
hospitals, resulting in a quick and inexpensive method to detect those subjects who

could benefit from the new therapies now on trial Il & III phases (17, 18).

b) Hypothesis

i)

There is atrophy in MTL before it becomes detectable within the range described by

the currently available radiological atrophy scales used for diagnoses.

ii) This atrophy is different in terms of magnitude from ageing effects and could

correspond to the early stages of AD prior to cognitive deficits leading to clinical

diagnosis of AD.

iii) It is possible to detect this low-grade MTL atrophy by means of a radiological atrophy

scale based on well-defined anatomical criteria.

iv) The low-grade MTL atrophy can be measured quantitatively and the volumetric

changes measured correspond to the anatomically defined changes and proposed
radiological atrophy stages.

Together with other early-AD biomarkers, the new low-grade MTL atrophy scale might
prove of great value to detect the first phase of the neurodegenerative process leading

to AD.
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c) Objectives

i) Define and validate a new MRI structural medial temporal lobe atrophy scale (EMTA)
to identify the preclinical stages of AD subjects (PcAD).

ii) Test the reproducibility of the anatomically based criteria for low-grade atrophy by
qualified independent radiologists.

iii) Volumetrically quantify early MTL atrophy and compare with the previously identified
anatomically based atrophy criteria of the atrophy scale.

iv) Identify other non-MRI biomarkers of AD (CSF and cognitive biomarkers) in the same
population under study and compare with the low-grade MTL atrophy scale in order to
confirm the status of possible late stages of preclinical AD related to low-grade MTL

atrophy.

121



Early Medial Temporal Atrophy Scale (EMTA)

3- MATERIAL AND METHODS

a) GAP Cohort

i) Design
Transversal study in a cognitively healthy adults cohort of subjects enrolled in
the GAP (Guipuzcoa Alzheimer Project), men and women without dementia
aged between 39 and 79 years (both inclusive) and with and without history of
AD in first-degree relatives. Subjects were recruited between June 2011 and
January 2013 via advertisements in the local media and presentations at the

local Alzheimer Family Association.

ii) Study subjects

(1) Inclusion criteria
The local Ethics Committee approved the study protocol and all subjects
gave written informed consent consisted of general consent of the study,
collection and storage of biological and genetic samples and consent to MRI.
All participants were invited for lumbar puncture and cerebrospinal fluid
(CSF) sample donation. Those subjects who chose not to participate in this
procedure not have been excluded. A 50% of the samples are people with a
history of dementia by EA in first-degree relative (father and / or mother
and / or sister). Other 50% of the samples will no history of EA in the family
(both parents have reached the age of 70 years without developing
symptoms of AD). There were availability of companion / reporting people.

(2) Exclusion Criteria
Criteria mild, moderate or severe dementia according to DSM-IV criteria and
stadium CDR people = 1. Background of significant neurological disease of
any kind that might cause cognitive impairment dementia. The history of
symptomatic stroke that has left no significant cognitive sequelae (e.g.
aphasia) is not an exclusion criterion. Background of diagnosed psychiatric

illness that could cause dementia cognitive impairment. No people with mild
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psychiatric symptoms (anxiety, depression) that do not constitute a specific
diagnosis are excluded. Severe or uncontrolled systemic-disease that can
cause cognitive impairment or dementia may restrict participation. Sensory
longitudinal follow limitation, blindness or deafness, any significant
limitation (severe aphasia, excessive anxiety, lack of fluency study /
sufficient understanding in basque or castilian) for the administration of
cognitive tests. Contraindication for MRI study: pacemakers, other metallic
stents contraindicated, shrapnel, claustrophobia, and extensive tattoos.

Negative to sign the informed consent.

iii) Study variables (Table 13).
(1) Clinical data.
(2) Neurocognitive data
(3) Neuroimaging data
(4) Genetic and epigenetic data
(5) CSF data

iv) Blood, plasma and serum data.

Table 13- Study variables

Study Variables

Clinical Data

Demographic variables

1. Age (years)
Sex (Male/Female)
Education level
Years of schooling

Profession exercised

o 1o W

Index of Social Position Hollinghead

Vascular Risk Factors (structured interview).

1. Hypertension (criteria of the guidelines of the European
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Society of Hypertension, 2005)

Hypercholesterolemia (NIH criteria-National Heart, Lung,
and Blood Institute, 2001)

Diabetes and pre-diabetes (type and type criteria of the
American Diabetes Association, 2010).

Alcohol consumption (measured by survey methodology
National Health)

Snuff consumption (measured according to the
methodology of the national health survey)

Heart disease (ischemic, heart insufficiency, valve
disease, arrhythmia, cardiac surgery and type)

Peripheral arterial disease (ankle-brachial index)

Syncope

Personal and family medical history (structured interview).

1)
2)
3)
4)
5)
6)
7)
8)

Neurological

Psychiatric

Nephro-urological

Digestive

Trauma

Rheumatic or autoimmune

Respiratory

Infectious (including banal infections, with particular

emphasis on herpes).

Family history (structured interview)

1)
2)

Dementia (dementia type, age of onset) Psychiatric
Current symptoms (structured interview) Dementia

(dementia type, age of onset) Psychiatric

Neurocognitive data

1. General: Mini-Mental State Examination (MMSE)
2. Vocabulary test (WAIS-III)

3. Verbal memory
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Visual memory

Language

Visual perceptive skills capacity
Visual constructional ability

Attention and executive functions

© © N o s

Semantic verbal fluency

10. Phonetic verbal fluency

11. Tracking test (trail making) A and B;

12. Test key numbers (WAIS-III)

13. Stroop test

14. Zoo test

15. Plane (behavioural assessment of the dysexecutive
syndrome, BADS)

16. Praxias (apraxia subscale of the WAB).

Neuroimaging data

(1) Voxels based morphometry (atrophy)
(2) "Cortical Mapping / Cortical thickness" (regional study the

thickness of the cerebral cortex

Genetic data

(1) APOE polymorphism

CSF data

(2) Levels of amyloid AB 1-42 (INNOTEST® {3-AMYLOID (1 -42)
(3) Total tau protein levels (INNOTEST® htau Ag)
(4) Phosphorylated tau protein levels (INNOTEST® PHOSPHO-

TAU P)
Blood, plasma and serum data
(D Cholesterol; HDL
(2) LDL
(3) Fasting glucose, Glycosylated hemoglobin
(4) Insulin
(5) B-amiloide 1-40( ABTest® Araclon-Biotech)
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(6) B-amiloide 1-42 and plasma (ABTest® Araclon-
Biotech)

(7) C reactive protein

(8) Homocysteine

(9 Folic acid,

(10) Vitamin B12

b) MRI

i) Acquisition protocol

Whole-brain scans were obtained using a 3 T scanner (Siemens Magnetom Tim
Trio) using a 32-channel head coil. Isotropic structural 3D T1-weighted images
were acquired using a sagittal magnetization prepared rapid acquisition
gradient echo (MPRAGE) sequence (1.25mm x 1.25mm x 1.25 mm voxels,
repetition time (TR) = 2300 ms, echo time (TE) = 2.86 ms, inversion time (TI) =
900 ms, flip angle = 9 degrees), which were used for VBM analysis. A 2D fat-
saturated FLAIR sequence (0.9 mm x 0.9 mm x 3 mm voxels, TR = 9000 ms,
TE=79 ms, TI = 2500 ms) was acquired for the visual rating of white matter

hyperintensities (WMH).

ii) Temporal (Scheltens-MTA) and parietal (PA-Koedam) scale atrophy

We use the isotropic structural 3D T1-weighted images were acquired using a
sagittal magnetization prepared rapid acquisition gradient echo (MPRAGE)
reformatted to the coronal plane through OsiriX: An open-source software for
navigating in multidimensional DICOM images (166). The coronal plane
perpendicular to the long hippocampus axis has been advocated as the best one
to study the temporal lobe, although some authors have proposed the axial
plane to the same purpose (7, 8). The Scheltens scale of medial temporal lobe
atrophy was defined (5) using a coronal plane planned parallel to the brainstem
axis that is the one we have used in our reading of images. Nevertheless,
Hasboun et al. (7) tested three different volume-calculation protocols: (a) on

sections from a coronal 3D acquisition not perpendicular to the axis of the

126



Early Medial Temporal Atrophy Scale (EMTA)

hippocampal formation (NOPERP protocol), (b) on sections obtained with the
same acquisition but reformatted perpendicular to the axis of the hippocampal
formation (REFOR protocol), and (c) on sections from a coronal 3D acquisition
perpendicular to the axis of the hippocampal formation (PERP protocol),
obtained with the patient's head tilted backward to obtain measurements of the
volume of the hippocampal formations, an accurate 3D processing technique
was used to segment the hippocampus. In all subjects, two hippocampal
formation right-left asymmetry indexes were calculated by using each of the
three protocols. They concluded that with the use of 3D acquisitions in the
study of hippocampal formation biometry, different procedures lead to
significant variations in the absolute values of the volume of the hippocampal
formation. However, there is a strong correlation between the results obtained
by each method (7). PA was scored on T1-weighted images viewed in the

sagittal, axial and coronal planes (145).

iii) VBM postprocessing

(1) FIRST-Vertex
FIRST was used to segment the amygdala, hippocampus, from the in-painted
T1. The reproducibility of FIRST has been previously reported (167-169).
Voxel-wise statistics were conducted with randomise (170) function (FSL
v5.0.5). Permutation-based nonparametric F-tests were performed within
the framework of the general linear model (GLM) with TFCE (threshold-free
cluster enhancement) (185, 186) and 5000 permutations. The resulting
statistical maps, corrected for multiple comparisons with family wise error
(FWE), where threshold at p < 0.05 and clusters of less than 100 voxels were
excluded from the results.

(2) SPM
The structural 3D T1 images were segmented using the VBM8 toolbox
(Gaser, Department of Psychiatry, University of Jena, Germany) as
implemented in Statistical Parametric Mapping (SPM8; Welcome
Department of Cognitive Neurology, London, UK) running in MATLAB 2011a
(MathWorks Inc., Natick, MA, USA). Default parameters of VBM8 were used

unless specified otherwise. The VBM8 toolbox provides an integrated pre-
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processing pipeline for image segmentation including nonlinear DARTEL
warping to Montreal Neurological Institute (MNI) space (171). Resulting
grey matter (GM) images (1.5 mm3 voxels) were modulated for non-linear
effects only, compensating for volume changes during normalization while
correcting for brain size. Images were smoothed using an isotropic Gaussian
filter of 8mm full-width at half-maximum (FWHM). To limit the analysis to
areas of GM, absolute threshold masking with a threshold of 0.2 was used.
After processing, the quality of the segmentations was visually checked and
none had to be excluded. Total GM, white matter (WM) and total intracranial
volumes (TIV, i.e. GM + WM + CSF) were derived from segmented images in
native space.

WMH were rated on FLAIR images using the three-point Fazekas scale
ranging from 0 (no WMH) to 3 (large confluent areas of WMH). Severe WMH
are (172) associated with increased brain atrophy (173) and can be a
separate risk factor for dementia (174). Hence, Fazekas score was included
as a covariate in the analysis (175).

(3) Free Surfer

Cortical reconstruction and volumetric segmentation was performed with
the Free Surfer image analysis suite, which is documented and freely
available for download online (http://surfer.nmr.mgh.harvard.edu/).
Briefly, this processing includes motion correction and averaging (176) of
multiple volumetric T1 weighted images (when more than one is available),
removal of non-brain tissue using a hybrid watershed/surface deformation
procedure (177) automated Talairach transformation, segmentation of the
subcortical WM and deep GM volumetric structures (including
hippocampus, amygdala, caudate, putamen, ventricles) (178, 179) intensity
normalization (180), tessellation of the GM WM boundary, automated
topology correction (181, 182), and surface deformation following intensity
gradients to optimally place the grey/white and grey/cerebrospinal fluid
borders at the location where the greatest shift in intensity defines the
transition to the other tissue class (175, 183-185). Nowadays is common
specialized software used when cortical thickness and volumetric

measurements are required (186).
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c) Laboratory

i) CSF biomarkers

We performed ABi-42 (Innotest®), tau (Innotest®),p-tau (Innotest®) analysis
at the Laboratory of Neurosciences of Hospital Sant Pau, Barcelona. Dr. Alberto
Lle6 (participates in the Alzhemimer’s Association/JPNd quality control /
standardization program of CSF biomarkers). The Innotest® Af1.42 is a solid-
phase enzyme immunoassay for the quantitative determination of 3-amyloid-
42) in human CSF. The combined use of CSF-Tau and CSF-f-amyloid(i-42) marker
concentrations allows differentiation between AD and normal aging or other
neurological diseases such as depression (175, 187-191). The cut-off value used
to classify subjects as positive or negative regarding CSF beta-amyloid levels is

580pg/ml (values below this cut-off are positive).

ii) APOE

APOE4 genotype was determined using one-stage PCR as previously described
(175, 192), and dichotomized as no APOE4 allele (APOE4-) or at least one APOE4
allele (APOE4+).

d) Cognitive test

In order to check that the distribution of scores is approximately normal, the
Kolmogorov-Smirnov test was applied. If the Kolmogorov-Smirnov test was
significant, three groups were compared with the Kruskal-Wallis test. If not, they
were compared with ANOVA. These results are non adjusted for multiple
comparisons (due to the fact of being exploratory analyses) (175). Several domains

have been analysed:

Memory
(1) Verbal: TAVEC-CVLTT Spanish version (193)
(2) Visual-Rey complex figure (194-196)
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(3) Semantic: Vocabulary WAIS-III, memory alteration test (197).

ii) Language

(1) Boston naming test (198-200)
iii) Visual perception and praxis

(1) Rey complex figure (194-196)

(2) Judgement line orientation (201-203)

(3) Poppelreuter (The 15-object test) (20)
iv) Attention and executive Functions

(1) Verbal fluency test (204-206)

(2) Digital span (WAIS-III) (207-209)

(3) Stroop test (210-212)

(4) Trail making test (208, 209)

(5) Zoo map test (BADS)(213)

(6) Symbol digit-coding (WAIS-III)(207).
v) General

(1) MMSE (214)

(2) CDR (215)
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4- RESULTS

a) GAP epidemiological variables analysis.

The GAP cohort population consisted of 482 healthy volunteers between 39 and 79
years were recruited between June 2011 and January 2013 via advertisements in the
local media and presentations at the local Alzheimer Family Association. Seventy two
subjects moved off GAP voluntarily, 6 were excluded for performing a MMSE>26 and
additional 44 more for having a low quality 3D T1-MPRAGE study (due to low signal to
noise ratio or movement artefacts). The final total amounts of healthy volunteers
whose structural MR studies are acceptable for analysis are 360. Three hundred thirty
five out of 360 showed dexterity, 8 were left-handed, 12 ambidextrous, 5 left-handed
corrected. Bearing in mind the GAP volunteers who accepted the CSF lumbar puncture

we obtained 213 healthy volunteers with MMSE>26, 199 of whom showed CDR of 0.

Table 14- MMSE the subjects might perform

30-27 without impairment
25-26 possible impairment
24-10 mild-moderate AD
9-6 moderate-severe AD

<6 severe AD

Table 15- CDR the subjects might perform

0 without risk
0,5 MCI

1 mild AD

2 moderate AD

3 severe AD
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Finally studied by their APOe genes expression they displayed the following
distribution (Table 16):

Table 16- APOe genes expression the subjects show

Normal risk

Increase risk 3/4 454 40
High risk 4/4 4 1
Low risk 2/3 15 12
No data 2

Total 360

b) First analysis temporal and parietal scale vs. high / low APOe

risk

The first analysis we performed was to test if the Scheltens (MTLA-scale) or the
parietal atrophy scale (Koedam) applied to the GAP cohort were able to classified the
healthy volunteers by their APOe gene expression AD risk levels.
As it is shown at Tables 17-18 the vast majority of the GAP subjects were graded GO &
G1 in both scales
Table 17- Distribution displayed by the GAP cohort classified following Scheltens
(MTLA-scale)

.

Left 198 154 6

Right 150 205 5 0 0
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Table 18- Distribution displayed by the GAP cohort classified following parietal
atrophy scale (Koedam)

Koedam | GO G1 G2 | G3
Parietal
190 141 28 1

Left

Right 202 128 26 4

The next analysis we performed was to identify covariates (besides APOe genes
expression) to take into account in our analysis. With this aim we performed a T-Test

(Tables 19-23).

Table 19- Covariate Age statistical significance

APOe 3/3 57,27 7,097 56,41 58,25

N=214

APOe3/4 5591 6,900 54,43 57,47

N=85

Total 0.123
N=326
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Table 20- Covariate Sex statistical significance

APOe 3/3 0,59 0,493 0,5

N=214

APOe3/4 0,53 0,502 0,42 0,63

N=85

Total 0.344
N=326

Table 21- Covariate Educational level statistical significance

APOe3/3 1395 3,578 13,54 14,40

N=214

APOe3/4 13,89 3,745 13,06 14,72

N=85

Total 0.898
N=326

Table 22- Covariate MMSE statistical significance

VSE | Mean | Sciev | Lover | Uner | 520

APOe3/3 28,63 1,155 28,47 28,78

N=214

APOe 3/4 28,88 1,085 28,66 29,11

N=85

Total 0.073
N=326
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Table 23- Sum up covariate statistical significance

e e [ser Jm e

Sig (2t) 0,123 0,344 0,898 0,073

As it is shown at Tables 19,20,21,22 & 23 there were no statistical significance
correlation of covariates of Age, Sex, Educational level and MMSE with respect to the

Apoe risk expressions

The following analysis we performed was a Chi? analysis for studying the distribution of the
normal APOe risk volunteers (3/3) vs increase APOe risk volunteers (3/4) into the different

Scheltens (MTA-scale) or the parietal atrophy scale (Koedam) grades (Tables 24-28).

Table 24- Chi? analysis for studying the distribution of the normal APOe risk
volunteers (3/3) vs increase APOe risk volunteers (3/4) into the different left

parietal atrophy scale (Koedam) grades.

Left 1 2
Parietal
95 21

APOe3/3 124 1

N=214 (57,9%)  (443%) (98%)  (0,4%)
APOe3/4 48 31 6 0

N=85 (56,4%)  (36,4%)  (7%) (0%) 0.801
Total 172 126 27 1

N=326
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Table 25- Chi? analysis for studying the distribution of the normal APOe risk
volunteers (3/3) vs increase APOe risk volunteers (3/4) into the different right

parietal atrophy scale (Koedam) grades

-- —
130 84 23

APOe 3/3 4

N=214 (60,7%)  (39.2%)  (10,7%)  (1,8%)
APOe3/4 49 34 2 0

N=85 (57,6%)  (40%) (23%)  (0%) 0.801
Total 179 118 25 4

N=326

Table 26- Chi? analysis for studying the distribution of the normal APOe risk
volunteers (3/3) vs increase APOe risk volunteers (3/4) into the different left

Scheltens (MTLA-scale)

Left | 4 Sig (2t)
Temporal
109 6 1 1

APOe3/3 124

N=214 (57,9%) (50,9%) (2,8%) (0,4%) (0,4%)
APOe3/4 58 27 0 0 0

N=85 (682%) (31,7%) (0%) (0%) (0%)  0.068
Total 182 136 6 1 1

N=326
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Table 27- Chi? analysis for studying the distribution of the normal APOe risk
volunteers (3/3) vs increase APOe risk volunteers (3/4) into the different right

Scheltens (MTLA-scale)

Right 1 3 Sig (2t)
Temporal
104 132 5 0 0

APOe 3/3

N=214 (485%) (61,6%) (23%) (0%)  (0%)
APOe3/4 33 52 0 0 0

N=85 (38,%) (61,1%) (0%)  (0%)  (0%)  0.286
Total 137 184 5 0

N=326

Table 28- Sum up of statistical significance obtained performing a Chi? analysis
for studying the distribution of the normal APOe risk volunteers (3/3) vs
increase APOe risk volunteers (3/4) into the different Scheltens (MTLA-scale) or
the parietal atrophy scale (Koedam) grades both sides (right and left).

APOe 3/3 | Scheltens Koedam
Vs Left temporal

APOe 3/4

Right parietal

Sig(2t) 0,068 0,099

As it is shown at Tables 24-28 there were no statistical significance correlation of a Chi?

analysis for studying the distribution of the normal APOe risk volunteers (3/3) vs increase
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APOe risk volunteers (3/4) into the different Scheltens (MTLA-scale) or the parietal atrophy

scale (Koedam) grades.

The last analysis we performed was an ANCOVA (analysis of covariance) for studying the

multiple variable effects of MMSE and APOe in left Scheltens (MTLA-scale) and the right

parietal atrophy scale (Koedam) grades (Tables 29a and 29b).

Table 29a- ANCOVA-analysis-dependent variable: Right parietal

Corrected Model

Intercept

MMSE total
APOEcode_partic
Error

Total

Corrected Total

3,2062
,021
,217

3,008
161,956
266,000
165,162

,802 1,747
,021 ,045
217 474
1,003 2,186
,459

Table 29b- ANCOVA-analysis-dependent variable: Left temporal

Source Type III Sum of Mean
Squares Square

Corrected Model
Intercept

MMSE total
APOEcode_partic
Error

Total

Corrected Total

3,2542
,208
,014

3,150

116,145

203,000

119,399

,208 ,633
,014  ,041
1,050 3,191
,329

Source Type III Sum of Mean
Squares Square

,832
,492
,089

427
,840
,024
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This last analysis reflects no effects demonstrated in terms of MMSE and APOE for the
right parietal Koedam grades, but effects in terms of APOE for the left temporal.

c) Vertex analysis of GAP classified by Scheltens (MTA-scale).

A number of cases representative for the main Scheltens’grades were selected as
reference. Due to the characteristics of the sample under study, the majority of the
cases were classified as grades 0 and 1. Only a few cases belonged to grade 2 (n=5 for
the right temporal, n=6 for the left temporal); grade 3 (n=1 for the left temporal) and
grade 4 (n=1 for the left temporal) were only present in one case each grade that were

pathological.

We analysed GAP subjects classified by Scheltens (MTA-scale) as grade 0 and grade 1

through Vertex analysis.

Three of subjects were removed from the original sample due to bad 3D T1 structural
MRI in one case, being acquired with a different protocol in other case and a third case
in which the process of segmentation was unsatisfactory. Five cases were removed for
the Scheltens scale analysis for the right temporal (due to be graded 2 n=5) and 11 for
the left temporal (due to be graded 2 n=6, graded 3 n=1, graded 4, n=1 and 3 in which
the process of segmentation was unsatisfactory). The final number of subjects included
in the analysis of the Scheltens MTA scale was 352 for the right temporal and 349 for
the left temporal (Table 30).

Table 30- Scheltens MTA scale distribution right and left temporal

Scheltens MTAO MTA1 RT n=203, LT n=153

(MTA-scale) RT n=149, LT n=196 MTA2 RT n=5, LT n=6
MTA 3 LT n=1
MTA 4 LT n=1
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We found statistically significant clusters of voxels differentiating Scheltens (MTA-
scale) grade 0 and grade 1 for the right and left hippocampus (Tables 31 and 32), and
(Figure-33).

Table 31- Statistically significant clusters of voxels grade 0 vs grade 1 for right

temporal

MTA-Shelten’s (941) 85% GM Hippocampus entorhinal cortex RH
Right 67% GM Hippocampus subiculum RH
Hippocampus, 27,-10,-30 16% GM Hippocampus cornu ammonis RH
AGE-SEX

Corrected

P=0,001

Table 32- Statistically significant clusters of voxels grade 0 vs grade 1 for left
temporal
MTA-Shelten’s (705) 88% GM Amygdala_laterobasal group LH
Left 48% GM Hippocampus subiculum LH

Hippocampus, -28,-7,-29 29% GM Hippocampus cornu ammonis LH
AGE-SEX

Corrected

P=0,012
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Figure 27- Statistically significant clusters of voxels grade 0 vs grade 1 both sides

3D model.

d) Early temporal lobe atrophy EMTA: Definition

Due to the fact that the Scheltens (MTA-scale) or the parietal atrophy scale (Koedam)
applied to the GAP cohort were not able to classified succesfully the healthy volunteers
by their APOe gene expression AD risk levels (only the ANCOVA analysis shows
statistically significant results). And based on our observation on anatomical
landmarks that surrounds the body of the hippocampus in grade 0 of Scheltens (MTA-
scale) subjects (fimbria, choroidal fissure, lateral temporal horn and peritroncular
fissure (Figure 11, pp 66), we proposed a new medial temporal lobe atrophy EMTA
describing the variety of appearances of theses referred structures observed in GAP
healthy cohort subjects (Figure 28). We establish besides the concordance between
Scheltens (MTLA-scale) and the new new medial temporal lobe atrophy EMTA stages
(Figure 28).
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Figure 11-Anatomical landmarks that surrounds the body of the hippocampus

(9).
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F: Fimbria ILV: Inferior Lateral Ventricle
CF: Choroldal Fissure MLV: Medial Lateral Ventricle
HF: Hippocampal Fissure  HS: Hippocampal Sulcus
TF: Transverse Fissure H: Hippocampus

Figure 28-New medial temporal lobe atrophy EMTA describing the variety of

appearances of these structures that surrounds the body of the hippocampus observed

in GAP healthy cohort subject.
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The description of the new medial temporal lobe atrophy EMTA based on strict

anatomical criteria is as follows in Figures- 29-34.

' S1 there is no dilation of the
choroidal fissure or the
. temporal horn.

Figure 29- Description of the new medial temporal lobe atrophy EMTA stage
S1.

S2 a focal
dilation of the
choroidal fissure
medial to fimbria
can be detected.

Figure 30- Description of the new medial temporal lobe atrophy EMTA stage S2.
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S3 there is a focal
dilation of the
choroidal fissure
and the medial
temporal horn at
both sides of
fimbria that
divide the CSF
space above
Hippocampus.

Figure 31- Description of the new medial temporal lobe atrophy EMTA stage S3.

S4 A There is a global dilation
of the medial temporal horn.
The choroidal fissure is placed
medially. The SCF appear to
represent one continuous
space

Figure 32- Description of the new medial temporal lobe atrophy EMTA stage
S4.
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S5 the lateral
temporal horn has a
laminar appearance
and merge with
medial temporal
horn — importantly
its lateral aspect
shows no dilation

Figure 33- Description of the new medial temporal lobe atrophy EMTA stage
S5.

S6 the lateral
temporal horn has a
laminar appearance
and merge with
medial temporal
horn. At this stage
the lateral aspect
shows dilation

Figure 34- Description of the new medial temporal lobe atrophy EMTA stage S6.
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e) Development of new EMTAg scale.

i) First step: Definition of stages EMTAsg and its correlation with

Scheltens MTA (Figure-35).

L

S1(no dilation Choroidal Fissure), S2 (focal dilation of Choroidal Fissure), S3 (focal dilation of
Choroidal Fissure and medial temporal horn) all of them corresponding to Sheltens MTA 0. S4
(global dilation of the medial temporal horn over the body of the hippocampus) and S5
(Laminar apprearance of the lateral temporal horn with no dilation that merges with medial
temporal horn) these stages correspond to MTLA 1. Finally S6 (Dilation of the lateral
temporal horns that merges with medial temporal horn)

Figure 35- Definition of stages EMTA

After discussing on strict anatomical criteria the definitions of the new EMTA stages,
we read again the former MTA ratings in the GAP cohort of healthy volunteers (Table
33).
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Table 33- Distribution of scores MTLA and EMTA S1-S6, and their correlation

MTLA 3
MTLA O MTLA 1 MTLA 2* LTn=1
RT n=149 RT n=192 RT n=10
LT n=196 LT n=130 LT n=18 MTLA 4
LT n=1
S1 S2 S3 S4 S5 S6
RT RT RT RT RT RT
N=103 N=46 N=121 N=31 N=46 N=11
LT LT LT LT LT LT

N=130 N=79 N=43 N=4 N=75 N=24

* MTLA ratings read again (former MTLA 1) after discussion on strict anatomical

definitions (Amsterdam, March 2015).

Now we proceeded to validate by VBM-SPM8-tool-box analysis the 6 EMTA stages as
we have defined them in Table 34.

Table 34- VBM EMTAg¢ analysis characteristics

Separately for the right and left temporal lobe

* Full factorial design:
1. One factor scale - 6 levels
2. No covariates
3. Inclusive mask temporal lobe
4

. Threshold for significance FEW<0,05
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We began with the right temporal lobe (Table 35).

Table 35- VBM matrix and stage contrast applied in the EMTA ¢ right temporal

lobe analysis.

Contrast

S1 S2
n=103 |n=46
1 -1
1 -1
1 -1
1
1 -1
1 -1
1 -1
1

F contrast: overall effect of scale

T contrast: S1 > S2
T contrast: S2 > S3
T contrast: S3 > S4
T contrast: S4 > S5

T contrast: S5 > S6

First, we studied the overall effect of the scale on the right temporal lobe (Figure 36).
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Main effect of scale 51-S6

contrast(s)

'S S
-

SPH{FS’35 1}

l]esxgn matmx

Statistics: p-values adjusted for search volume

set-level cluster-level peak-level
mm w0
P © PEUE-corr FFDR-corr  KE  Puncorr PEUE-corr 9FDR-corr F (Ze)  Puncorr
0,000 B 857 0,000 0,000 33,13 Inf 0,000 27 -15 -14
0,000 0,000 25,28 Inf 0,000 36 -13 -17
0,000 0,000 16,12 7.53 0,000 38 -25 -11
208 0,000 0,000 14,35 7.08 0,000 -32 -13 -17
0,001 0,038 8,76 5,25 0,000 -24 -16 -14
78 0,001 0,025 9.07 5,37 0,000 62 -13 -11
0,024 0,517 7.09 4,57 0,000 56 -21 -9
47 0,003 0,096 8,20 5,03 0,000 -32 -36 -6
45 0,010 0,287 7.56 4,77 0,000 62 -40 6
22 0,030 0,589 6.98 4,52 0,000 33 -36 -15
table shows 3 local maxima more than 8,0mm apart
Height threshold: F = 6,69, p = 0,000 {0,050) Degrees of freedom = [5,0, 351,0]
Extent threshold: k = 0 voxels, p = 1 000 (0,050) FWHHM = 11,0 11,4 10,4 nm mm mms 7,3 7,6 B, S {voxels}
Expected voxels per cluster, <k> = Volume: 232733 = 68958 voxels = 136,1 resels
Expected number of clusters, <{c> = 0 05 Voxel size: 1.5 1,5 1.5 mm nm mm3 (resel = 383,25 voxels)

FUEp: 6,693, FIRp: 8,756

Figure 36- VBM the overall effect analysis of the EMTA ¢ scale on the right
temporal lobe. Area: cf,f mth,ilth and Ith. Coordinates 27-15-11. Cluster Size 957.
Pvalue (FEW, peak value) p<0,000. Z-value 7.53.

Secondly, we studied the differences on GM volume on the right temporal lobe among
S1, S2, S3, S4, S5 and S6 EMTA stages (Figure37). The GM volume of stages S1, S2 and
S2, S3 did not show statistically significant differences in terms of GM volume. On the
other hand, the GM volume of stage S3 was greater than the one corresponding to
stage S4 (mth, 27-15-14,80,p<0,001,7.08), the GM volume of stage S4 was greater than
the one corresponding to stage S5 (ilth, 36-13-18,27,p<0,001,5.28), and finally the GM
volume of stage S5 was greater than the one corresponding to stage S6 (Ith, 34-12-

17,68,p<0,001,5.79) (Figure 37).

150



Early Medial Temporal Atrophy Scale (EMTA)

Right side
$1>8S2 $2>S3 S3>54

EMTA,

no significant  no significant
voxels voxels

Figure 37- VBM differences on Grey Matter (GM) volume on the right temporal
lobe among S1, S2, S3, S4, S5 and S6 EMTAs stages

Now we proceeded to validate by Free Surfer analysis the results obtained by SPM8-
tool box EMTAs stages as we have defined them. Statistically significant differences
were demonstrated between S1 and S3, S4, S5 and S6 (p<0,001); S2 and S3, S4, S5 and
S6, (p<0,001); between S3 and S4 and S6 (p<0,001) and not significant between S3 and
S5 (p<0,09); in terms of inferior lateral ventricle (temporal horn) volume. Statistically
significant differences were demonstrated between S6 vs. S1, S2, S3, S4, and S5 in

terms of hippocampus volume (p<0,001) (Figure 38).
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Free surfer - right side

Inferior lateral ventricle Hippocampal volume
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Figure 38- Free-Surfer differences on inferior lateral ventricle (temporal horn)
volume and hippocampus volume on the right temporal lobe among S1, S2, S3,

S$4, S5 and S6 EMTA¢ stages

As a conclusion for this first step, the definitions of stages EMTA6 are summarized in

Table 36.

Table 36- Definition of stages EMTAs

Conclusions EMTAg right side

* No significative statistical differences between S1 and S2 on VBM Grey

matter analyses

* No significative statistical differences between S1 and S2 on inferior

lateral ventricular and hippocampus volumes
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* We decide to collapse S1 and S2 into a single stay that leads to new McTAs

ii) Second step: Volumetric biomarkers study of new EMTAs right sided.

After EMTAg analysis we decided to collapse the former S1-S2 stages giving as a

result the new EMTAs scale (Figure 39).

Figure 39- Definition of stages EMTAs

We began with the right side (Table 36) volumetric studies. We proceed to validate by
VBM-SPM8-tool-box analysis the 5 remaining EMTA5 stages for the right side (after
collapsing former S1 and S2) (Table 37).
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Table 37- VBM matrix and stage contrast applied in the EMTA5s rigth side analysis

Contrast

Right Side

F contrast: overall effect of scale

1 -1
1 -1
1 -1
1 -1 T contrast: S1&S2> S3
1 -1 T contrast: S3 > S4
1 -1 T contrast: S4 > S5
1 -1 T contrast: S5 > S6

Firstly, we studied the overall effect of the EMTAs scale on the right temporal lobe that
shows a huge number of voxel cluster illustrating the differences introduces by this

new scale (Figure 40).
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Hain effect of scale 512-S6

contrast(s)

SPH{F +

4,352
1S
1 2 3
Design matrlx
Statistics: p-values adjusted for search volume

set-level cluster-level peak-level

i mm-mn
P N PRUE-corr FIR-corr  KE Puncorr PEWE-corr SFDR-corr © (Zo) Puncorr
0,000 6 1046 0,000 0,000 40,32 Inf 0,000 27 -13 -14
0,000 0,000 31,66 Inf 0,000 36 -13 -17
0,000 0,000 19,71 7.63 0,000 3§ -25 -11
248 0,000 0,000 17,95 7.26 0,000 -32 -13 -17
0,000 0,014 10,95 5.47 0,000 -24 -18 -12
128 0,000 0,011 11,20 5,55 0,000 62 -13 -11
0,010 0,240 8,77 4,77 0,000 56 -21 -9
0,027 0,574 8,11 4,53 0,000 66 -21 -6
62 0,001 0,037 10,23 5,25 0,000 -32 -36 -5
78 0,004 0,120 9,35 4,96 0,000 62 -40 &
3 0,035 0,696 7.94 4,47 0,000 57 -1-20
table shows 3 local maxima more than 8,0mm apart
Height threshold: F = 7,70, p = 0,000 {0,050} Degrees of freedom = [4,0, 352,0]
Extent threshold: k = 0 voxels, p = 1,000 (0,050) FWHM = 11,0 11,3 10,4 mm nm mm3 7.3 7.6 6,9 {voxels}
Expected voxels per cluster, <k> = 10,554 Volume: 232733 = 68958 voxels = 137,0 resels
Expected number of clusters, <c> = 0,05 Voxel size: 1,5 1,5 1,5 mm mm mmy (resel = 380,73 voxels)

FUEp: 7,702, FDRp: 10,226

Figure 40- VBM the overall effect analysis of the EMTA; scale on the right
temporal lobe. Area: cf,f mth,ilth and Ith. Coordinates 27-13-14. Cluster Size
1105. Pvalue (FEW, peak value) p<0,000. Z-value 7.65

Secondly, we studied the differences on GM volume corresponding to the right
temporal lobe among S1 & S2 vs, S3, S3 vs S4, S4 vs S5 and S5 vs S6 EMTA; stages
(Figures 41 and 42). The GM volume of stages S1 and S2 collapsed was statistically
significative greater than the GM volume of stage S3 (f, 27-15-14,41,p<0,001,5.89). The
GM volume of stage S3 was also greater than the one corresponding to stage S4 (f-cf,

27-15-14,81,p<0,001,7.04). (Figure 41).
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Right side

GM S1&2 > S3

Figure 41- VBM differences on Grey Matter (GM) volume on the right temporal lobe
among S1, S2 vs. S3, and S3 vs. S4 EMTA; stages

The GM volume of stage S4 collapsed was statistically significant greater than the GM volume of

stage S5 (ilth, 36-13-18,27,p<0,001,5.29). The GM volume of stage S5 was also greater than the
one corresponding to stage S6 (mth, 34-12-17,68,p<0,001,5.66) (Figure 42).
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Right side

GM S4 > S5

Figure 42- VBM differences on Grey Matter (GM) volume on the right temporal lobe
among S4 vs. S5, and S5 vs. S6 EMTA5 stages.

Now we proceed to validate by Free Surfer analysis the results obtained by SPM8-tool-box
EMTA; stages as we have defined them (Figure 39). Statistically significant differences were
demonstrated between S1 and S2 (collapsed) and S3, S4, S5, S6 (p<0,001), between S3 and S4,
S5, S6 (p<0,001) and not significant between S3 and S4 (p<0,09) in terms of inferior lateral
ventricle (temporal horn) volume. Statistically significant differences were demonstrated

between S6 vs. S1, S2, S3, S4 and S5 (p<0,001) in terms of hippocampus volume (Figure 43).
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Free Surfer - right side
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Figure 43- Free Surfer differences on the right temporal lobe between S1 and S2

(collapsed) and S3, S4, S5, S6 and between S3 and S4, S5, S6 in terms of inferior

lateral ventricle (temporal horn) volume.

Analysed S4 and S5 stages of EMTAs, we realised that there were clusters of voxels indicating

GM volume S4 is greater than S5 (ilth, 36-13-18,27,p<0,001,5.29) and others clusters of voxels
showing the contrary (fimbria 28-15-12,7,p<0,01,4.73) (Figure 44). In addition to the fact

that inferior lateral ventricular volume and hippocampus volume were in reality almost the

same between S4 and S5 of EMTAg¢. So one question come out: Are S4 and S5 consecutive

stages or parallel paths from S3 to S67. Additionally there were no significante clusters that

indicates S6 > S5 and S4 > S3.

Figure 44- S4 and S5 right side EMTA
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GM S4 > S5 GM S5 > S4

When we tried to validate by VBM-SPM8-tool-box analysis the 6 EMTAg stages for the left side

(Table 38) we found that no analysis was possible for subgroup S4. Otherwise other VBM

results were comparable to that obtained for the right side.

Table 38- VBM matrix and stage contrast that it can be applied in the EMTAs left

temporal lobe analysis.

Contrast

F contrast: overall effect of scale

1 -1
1 -1
1 -1
1 -1
1 -1 T contrast: S1 > S2
1 -1 T contrast: S2 > S3
1 -1 T contrast: S3 > S4
1 -1 T contrast: S4 > S5
1 -1 T contrast: S5 > S6

*No analysis possible for subgroup S4. Other VBM results comparable to right side
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As its shown at Table 38 Left EMTA¢ no leads to Left EMTAs due to the

small number of S4 subjects found n=3

As a conclusion for this second step, the definition of stages EMTA4 is summarized in Table 39.

Table 39- Definition of stages EMTA,

Conclusions EMTA; right side

Should we further collapse the scale (S4 and S5)? Yes

How do S4 and S5 relate each other?
Why? Because VBM shows significant clusters both ways. Inferior lateral

ventricular volume and hippocampal volume same in S4 and S5. Collapse

How to deal with CSF and neuropsychological comparisons for left side

EMTA. with (S4 N=3)? Collapse

iii) Third and final step: Comparison of CSF and cognitive biomarkers:

Study of the new EMTA 4: A suitability study.

After EMTAs analysis we decided to collapse the former S4-S5 stages giving as a result
the new EMTA 4scale (Figure 45).
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Figure 45- Definition of stages EMTA4

We began making an exploratory comparative analysis of the CSF biomarkers with
the stages corresponding to the EMTA4 scale at the right side (Table 40). We could
observe how there was a statistically significant difference related to the mean age
between S4 and S1, S2 and S3 groups. Moreover, there were statistically significant
differences in CSF Afi.42/tau biomarker between all groups (p<0,001) and also
between S1 vs. S4 (p<0,002), S2 vs. S4 (p<0,012) and S3 vs. S4 (p<0,016). When we
studied the CSF APi.42/p-tau biomarker there were a statistically significant
differences between all groups (p<0,0245) and between to S1 and S4 (p<0,0017)
(Table 40).
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Table 40-Exploratory comparative analysis of the CSF biomarkers with the stages

corresponding to the EMTA 4 scale at the right side

I

Age 56,5 6,7 57,2 6,6 57,8 6,7

68,1 7,0

CSF AB1-42 837,1 204,55 838,4 229,5 814,0 207,1 663,6 317,5
CSF Tau 211,4 824 234,2 98,4 212,5 79,5 290,8 125,0
CSF p-tau 40,9 13,0 45,2 16,2 42,1 12,8 50,1 15,6

CSF AB1.42/tau [EX 1,3 41 1,5 41 1,2 2,5& 1,1

CSF AB1-42/p-

tau

21,8 6,3 20,7 7,4 20,5 59 14,48 7,4

(*) p<0.001 vs. S§1, S2, §3, $4, S5
(&) Between all groups p< 0.0049, p< 0.002 S4 vs. S1; p<0.012 S4 vs. §2, p<0.016 S4 vs. S3
($) Between all groups p< 0.0245, p< 0.017 S4 vs. S1.

Then we studied the percentage CSF AB1.42 positive biomarker for each EMTA 4 at
the right side (Table 41). We found that there was a statistically significant
difference related to the percentage CSF Af1.42 positive biomarker between S4 and

S1, S2 and S3 groups (p<0,000).
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Table 41- Percentage CSF AB1-42 positive biomarker for each EMTA 4 at the right side

- NEGATIVE POSITIVE
80,0%

70,0%
Bl »» o= O

50,0%
B o o

30,0%
- 82,5% 17,5% 20,0%

i
- 25,0% 75,0% 0,0% —- : '

1 2 3 4

Chi-Squared Test
Asymp. Sig.
(2-sided)
Pearson’s Chi-Squared 23,5443
Likelihood Ratio 16,732 3 ,001

Linear-by-Linear
11,323 1 ,001

Association

N of Valid Cases 213

Afterwards we continued making an exploratory comparative analysis of the CSF
biomarkers with the stages corresponding to the EMTA4 scale at the left side
(Table 42). We could observe how there was a statistically significant differences
related to the mean age between S4 and S1 groups (p<0,005). Moreover there were
no statistically significant differences in CSF Afi.42/tau or CSF Afi.42/p-tau
biomarkers at EMTA 4 scale (Table 42).
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Table 42- Exploratory comparative analysis of the CSF biomarkers with the stages

corresponding to the EMTA, scale at the left side

E-PVJ
How
Er—n
Hm

EH
N
Hm

Age 56,5 6,7 57,4 6,5 57,8 6,8 61,8 8,8

CSF AB1-42 838,3 2123 893,5 2251 754,4 207,4 797,5 261,5

CSF Tau 2209 851 239,9 98,9 213,4 101,2 225,8 92,1
CSF p-tau 42,9 13,6 46,6 14,9 41,5 16,0 40,6 15,3

CSF APi1.42/tau (W) 1,3 4,2 1,4 4,1 1,6 3,9 1,5

CSF AB1-42/p-

tau

21,1 6,5 20,6 59 20,5 8,0 21,0 7,2

(*) p<0.005 vs. S1

Then we studied the percentage CSF Af1.42 positive biomarker for each EMTA4 at
the left side (Table 43). We found that there were no statistically significant
differences related to the percentage CSF AB1-42 positive biomarker between S4 and

S1, S2 and S3 groups, much less pronounced than at the right side (Table 43).
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Table 43- Percentage CSF AB1-42 positive biomarker for each EMTA 4 at the left side

40,0%
NEGATIVE POSITIVE 35,0%
30,0%
86,7% 12,50%
25,0%
89,7% 10,34% 20,0%
15,0%
80,5% 20% oox |
62,5% 31,25% 5,0% I
0,0% :

Chi-Squared Test
Asymp. Sig.
(2-sided)

Pearson’s Chi-Squared 7,313a
Likelihood Ratio 6,173 3 ,103

Linear-by-Linear
4,689 1 ,030

Association

N of Valid Cases 213

Finally, we made an exploratory comparative analysis of all the neurocognitive
biomarkers included in Table 13 with the EMTA4 stages showing only at Table 43,
the ones that show a statistical significant difference. Therefore with respect to the
right side we only found statistically significant difference between S4 and S1 in the

memory alteration test. Nevertheless, for the left side we found significant

165



Early Medial Temporal Atrophy Scale (EMTA)

difference between S4 and S1 in: a) global memory composite, b) memory
alteration test, c) TAVEC short delay free recall, d) TAVEC short delay cued recall
and e) TAVEC long delay free recall. Between S1 and S3 for TAVEC immediate total
trial. And, we found difference between S1, S2, S3 and S4 in short delay memory

composite (Table 44).

Table 44-Exploratory comparative analysis of all the neurocognitive biomarkers

included in Table 13 with the EMTA4 stages showing only at Table 43, the ones that

show a statistical significant difference

S3
RT \E

\EnaaailiieEta i 1.14 (0.53,1.55) 0.94 (0.43,1.35) 0.94 (0.33, 1.35)
median (S1,54

S3
LT N=79

Global memory 0.40 (-0.19,0.77) 0.17 (-0.35,0.58)  0.28 (-0.29, 0.60)

0.33(-0.49,0.73) .

-0.24 (-0.41,0.32)

composite, median
(S1,54)
Sl HEVAL W OwAS 0.19 (-0.44, 0.70) -0.01 (-0.47,0.45) 0.05(-0.43,0.51) -0.22 (-0.68, 0.13) .044
composite, median
(51,52,S3,54)
WEWOWANSENESS 1,14 (0.53,1.55) 094 (0.33,1.35) 0.94 (0.33,1.35) 0.53 (-0.08, 0.94) .0074
median (S1,54)

IS elEnER eIl 0.24 (-0.40,0.82)  0.11 (-0.45,0.76) -0.10 (-0.72, 0.61) -0.34 (-0.73, 0.33) .0121

trial, median (S1,S3)

IV e DEVAIEE  0.15 (-0.56,0.66) -0.01 (-0.34,0.64) 0.00 (-0.56,0.66) -0.56 (-0.92,0.07) .0484
recall, median (S1,54)

IR e D EVARIER!  0.06 (-0.69,0.82) -0.06 (-1.07,0.46) 0.03 (-0.74,0.51) -0.95 (-1.38, 0.37) .0474
recall, median (S1,54)

IV it EEyAiEEs  0.14 (-0.57,0.94)  -0.07 (-0.68,0.63) -0.07 (-0.94, 0.63) -0.68 (-1.13, 0.28) .0464
recall, median (S1,54)

- Non-parametric test: Kruskal-Wallis test.
- Age-adjusted Z scores. Mean=0.00, standard deviation=1.00.
- Years of education did not differ significantly between three groups (RT, p=.816; LT, p=.219).
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No statistically significant differences were found in: a) Language: Boston Naming
Test, Repetition and Comprehension (Boston), b) Visual Perception and Praxis: Rey
Complex Figure, Judgment Line Orientation, Poppelreuter (the 15-objects test(20),
and c) Attention and Executive Functions: Verbal Fluency Test, Digit Span (WAIS-
[1I), Stroop Test, Trail Making Test, Zoo Map Test and (BADS) Symbol Digit-Coding
(WAIS-III).

f) Intra e inter-observer variability.

Based on our observation on anatomical landmarks that surrounds the body of the
hippocampus in grade 0 of Scheltens (MTA-scale) subjects (fimbria, choroidal fissure,
lateral temporal horn and peritroncular fissure-((47)-Figure 11) we propose a new
medial temporal lobe atrophy EMTA4 (Figure 45) describing the variety of
appearances of theses referred structures observed in GAP healthy cohort subjects.

We establish besides the concordance between Scheltens (MTA-scale) and the new

new medial temporal lobe atrophy EMTA stages (Figure 28).

Figure 11- Anatomical landmarks that surrounds the body of the hippocampus

9
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.

&€

Figure 45- Definition of stages EMTA4

-

A neuroradiologist (NR, 20 years experienced) firstly rated all the MR images.

After a training of 20 selected cases, a subset of 60 cases was also rated by a
neuroradiologist resident (NRr, 2 years experienced). Both ratters were blinded to the
subjects’ age, sex and diagnosis.

Intra-ratter reliability (NR, 20 years experience) was determined for the same subset
of 60 cases out of the 360 subjects included in the data set, express a weighted kappa
(quadratic weights) of 0.72 for left and 0,80 right scores. Inter-ratter reliability
between NR and NRr registered a weighted kappa (quadratic weights) of 0.76 for left
and 0,82 right scores.

168



Early Medial Temporal Atrophy Scale (EMTA)

5- DISCUSSION.

In the present study we developed and validated it through VBM studies the new
EMTA, that has the capability to measure the low-grade atrophy changes that occurs
before it becomes detectable with MTA.

The S1 EMTA4 (former S1 and S2 EMTA¢ collapsed) as well as S2 EMTA4 (former S3
EMTAG¢) corresponds to MTA 0 stages. S3 EMTA; is equivalent to MTA 1 (S3 EMTA4 has
two possible morphological patterns that correspond to former S4 & S5 EMTAg). S4
EMTA4 matches the early MTA 2 pattern.

Although MTA 0 and MTA 1 have been considered non-relevant stages by the original
proposal by Scheltens and colleagues as far as they promoted an age-adjusted cut-off of
MTA score =2 in either of the two hemispheres to be considered abnormal below the
age of 75 years (5) and others authors (11, 14) proposed a cut-off of 1.5 based on the
average score of both hemispheres between 45-65 years (at the PcAD age spectrum),
we have found a progressive cortical thinning (PCTh) of the hippocampus from S1 to
S3 EMTA4 (MTA 0 and MTA 1 stages) (Figures 41 and 42) accompanied also by a
progressive decrease in CSF of AB1-42 levels Tables 41 and 43 for RT and LT.

While Scheltens and colleagues (5) proposed a cut-off of MTA score =2 in either of the
two hemispheres as abnormal below the age of 75 years, we have demonstrate
incipient hippocampus volume atrophy (HVa) at S4 EMTA4 (early MTA2) mean aged
68,1 years RT & 61,8 years LT Tables 41,42 and (Figure-43) accompanied by low
performance normal scores in verbal memory test (VMT) (related subjects of the same
age and educational level) for LT Table-44 and statistical significant differences in CSF
AB1-42/tau or CSF AB1-42/p-tau biomarkers between S1 vs S4 (MTAO vs early MTA2)
for RT Table 40.

The solid validation of the EMTAs,, is as good as the one obtained formerly by Sheltens
et al (5) at the MTA original study, or in more recent studies by Wahlund et al.
(applying the MTA to study AD at dementia stage, cognitively normal subjects (CN) and
subjects demented diagnosed of other types of dementia) (21), Westman et al.
(applying the MTA to study AD at dementia stage, CN and AD at mild cognitive
impairment (MCI) subjects) (22) or Cavallin et al. (applying MTA to a cohort of elderly
healthy people mean aged = 60 years old )(13).
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We also discuss our work with three relevant studies: Wang et al.(23), Fortea et al.
(24) and finally Jack et al. (25) corresponding to longitudinal studies of memory and
ageing (KADRC-Washington-USCM study(23), ADNI(24) and MACSA-Mayo study(25))
based on volunteers as the GAP cohort. Therefore there are differences between these
four studies related to the methods: 1-their mean age (71years(23), 73,4years(24),
72years(25) and 56,6years GAP) and 2-the criteria used to entitle the volunteers as
CN; in the Wang et al have a CDR of 0, and in the Fortea et al. (24) have a MMSE of 29,1
while in our study we included n=199 subjects with CDR score < 0.5 and also n=15
with MMSE < 26 but CDR score > 0.5 and 3-the number of volunteers enrolled varying
between n=100 (23) and n=1246(25) passing through n=145(24) and n= 214 our
series.

In the one hand the main differences reflected between our study and Wang et al.(23),
Fortea et al. (24) and finally Jack et al. (25) are concentrated on: 1- (23) they found that
elevated CSF tau was associated with AD signature PCTh but not HVa but in our work
we found both phenomena associated, 2-(23) these authors found that reduced CSF
AB1-42 was related to poorer performance on episodic memory but in our study was
related with poorer performance in VMT, 3-(25) at this work found memory worsened
from age 30years through the 90s while we have found only VMT worsened for S4
mean aged 68,1 years RT & 61,8 years LT (Tables 6,8), 4-(25) these authors found HVa
worsened gradually from age 30 years to the mid-60s and more steeply beyond that
age while we demonstrate incipient HVa at S4 EMTAu.

On the other hand the main coincidences between our study and Wang et al. (23)
(Figure46), Fortea et al. (24) (Figure47) and finally Jack et al. (25) (Figure48) are
concentrated on: 1- PCTh (23, 24) in relation to AD signature cortical as in our work, 2-
(24) found data that suggest interactions between biomarkers in AD result in a 2-
phase phenomenon of PCTh associated with low CSF A, followed by HVa once CSF p-
tau becomes abnormal like we found in our series and 3- (24, 25) in this works and in
our series HVa is the last phenomena appearing in the aging process.

One limitation of the present study is that we have included n=199 subjects with CDR
score < 0.5 and also n=15 with MMSE < 26 but CDR score > 0.5, so our results are
influence by this circumstance compared with Wang et al. (23) that included in their
work only CDR 0 subjects or Fortea et al. (24) which included MMSE 29,1 subjects.
Other limitation of our study is related with the sample size of n=357 for the VBM and
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neurophysiological analysis which is limited to n=214 when correlate VBM with CSF
biomarkers. Finally another limitation of the present approach is that we have
investigated the relationship between early morphological MRI changes and CSF and
neuropsychological biomarkers cross-sectionally, and so we are unable to investigate if
these changes are related clinical outcomes. However, a strong aspect of our approach
is that we used a combination of CSF and neuropsycological biomarkers for a limited
but notorious n=214 volunteers, more than the sample of Wang et al (23) n=100 and
Fortea et al (24) n=145. Currently, longitudinal follow-up data of the GAP study is
being collected. With this data we can further investigate if EMTA4 may have use as a

biomarker for early diagnosis of the disease.

D value

! 10

Figure 46- Surface maps of cortical thickness were compared between cognitively normal (CN) individuals
(n=100) who were negative for CSF Af1.42 (>500pg/ml) and CSF Tau (<500pg/ml) and individuals with
Alzheimer disease (AD) (n=20) who were positive for either CSF AB1.42 (<500pg/ml) or amyloid imaging with
Pittsburgh compound B (mean cortical binding potential 20.18) using a general linear model. A group difference

map (AD<CN) was thresholded at a vertex-level p < 0.001 and a cluster size >100mm? after adjustment for age,
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sex, presence of APOE €4 allele, and scanner type (3T Trio vs. 1.5T Vision). The map is displayed on the semi-

inflated cortical surface of Free Surfer average brain with light grey regions representing gyri and dark grey

regions representing sulci (15).
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Figure 47- Estimated median regression lines in scaled units vs. age for all demographic groups, with separate

panels for memory ,adjusted hippocampal volume (HVa), and amyloid positron emission tomography (PET).

Knots were placed at ages 50, 75 and 80 years. Blue lines represent relationships in men, and orange lines

represent relationships in women. Solid lines represent APOE €4 carriers, and dashed lines represent APOE €4

non-carriers (232).

The intraobserver variability observed applying the EMTA (0,72 weighted kappa

values on the left side and 0,80 on the right side) was lower than that observed by

Ferreira et al. (0,93 on left side and 0,94 on right side)(14) or Cavallin et al. (0,88 on

left side and 0,89 on right side) (13) applying the MTA. The interobserver variability

observed applying EMTA (0,76 weighted kappa values on the left side and 0,82 on the

right side) was also a little bit lower than that observed for PA atrophy scale (0,85 on

the left and right sides)(26) . The explanation for this worse intra e interobserver

variability compared with the one obtained with MTA and PA atrophy scale could be

related to the proper nature of the EMTA, designed and validated to detect low-grade

MTL atrophy changes.

172



Early Medial Temporal Atrophy Scale (EMTA)

Cortical Thicknass (mm)

CSF AR (pg/ml)
m  p-lau positive
® p-tau negative

£
@
&
e
x
£
o
&

CSF p-tau (pg/ml)
m AR positive
® AR negative

Figure 48-Interaction analyses in Alzheimer’s Disease Neuroimaging Initiative: familywise corrected (p<0.05)
cluster in which the correlation between cortical thickness (Cth) and 1 biomarker is modified by the status of the
other dichotomized biomarkers. (A1) Areas in which the § amyloid 1.4 (AB)-CTh correlation is modified by
phospo-tau 181, (p-tau) status. (A2) Scatter-plot showing CTh and Af values at the maximun significant vertex in
the laterotemporal cluster. Ptau-positive subjects are shown in red, and p-tau-negative subjects are shown in
blue. (B1) Areas in Ptau-CTh correlation is modified by AB status. (B2) Scatter-plot showing CTh and p-tau
values at the maximun significant vertex (asteriks) in the fusiform cluster. Af positive subjects are shown in red,
and AP negative subjects are shown in blue. Red-yelow indicates a positive correlation, and blue indicates a

negative correlation. CSF= cerebroespinal fluid (233).
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6- CONCLUSIONS

a) We have made a new scale to measure the medial temporal
atrophy (EMTA) through cranial MRI, more sensitive than the
more commonly used (MTA)

b) The EMTA was first designed on a visual analysis of the cranial
MRI of GAP volunteers based on strict anatomical criteria.

c) The EMTA has been validated by voxel based morphometry
studies resulting in 4 stages according to the degree of atrophy:
S1to S4

d) Stages S1 and S2 of the EMTA corresponds to stage 0 of the MTA.
The S3 corresponds to MTA 1. The S4 to stage MTA 2 in its initial
phase.

e) The EMTA is easy to apply and has a good inter and intra-
observer correlation.

f) Individuals stage S4 has a more advanced age than Stage S1 to
S3.

g) Individuals stage S4 shown on the right side abnormalities in CSF
biomarkers (AB1-42/tau o CSF AB1-42/p-tau) compared with
those in stages S1, S2 and S3.

h) The subjects in S4 shown in left temporal lobe altered cognitive
performance test of verbal memory compared with S1 stage
subjects.

i) We believe that the EMTA could be considered an early marker
of Neurodegeneration in the preclinical phase of Alzheimer’s

disease.
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