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electrofisioldgicas para evaluar y predecir la discapacidad fisica o cognitiva en pacientes con
esclerosis multiple (EM). En primer lugar, a través de RM convencional se ha evaluado el
comportamiento radiologico de determinados patrones de lesiones cerebrales y su asociaciéon
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Clinical Issues Plennary Session” de la Academia Americana de Neurologia celebrada en
Nueva Orleans en Abril de 2012.

Estos estudios han servido para profundizar en el conocimiento de la fisiopatologia de los
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1. Introduccion a la esclerosis multiple

La esclerosis multiple (EM) es una enfermedad inflamatoria crénica y neurodegenerativa del
sistema nervioso central (SNC) de etiologia desconocida aunque probablemente multifactorial
en que se combinan una susceptibilidad genética y causas ambientales (Marrie, 2004;
Compston and Coles, 2008). Afecta predominantemente a adultos jovenes, con un pico de
incidencia en la tercera década de la vida (Compston and Coles, 2008). Ademas, es la causa
no traumatica mas frecuente de discapacidad en este grupo poblacional en el mundo occidental

y tiene importantes consecuencias en la vida profesional, familiar y social de los enfermos.

La prevalencia de la enfermedad incrementa con la distancia hacia el norte o el sur desde el
ecuador (Simpson et al., 2011). En Espafa, los estudios epidemiolégicos situan la prevalencia
en la franja de riesgo medio-alto de desarrollo de la enfermedad (Pugliatti et al., 2006) y
parecen indicar que esta incrementando, con unos 80 casos/100.000 habitantes en la region de
Catalufa en la actualidad (Otero-Romero et al., 2012). Asimismo, la prevalencia a nivel mundial
también parece estar aumentando, probablemente a expensas de un mayor incremento en

mujeres (Koch-Henriksen and Sorensen, 2010).

2. Historia natural

El 85% de los pacientes inician la enfermedad con un episodio agudo que afecta una (o a
veces varias) localizaciones neuroldgicas, conocido como un sindrome neurolégico aislado
(SNA) (Confavreux and Vukusic, 2006; Scalfari et al., 2010; Miller et al., 2012). Cuando esto se
acompana de lesiones en la sustancia blanca (SB) detectadas por resonancia magnética (RM)
convencional en lugares clinicamente silentes, la proporcién de sujetos que presentan un
segundo brote de desmielinizacion es del 82% a lo largo de los siguientes 20 anos mientras
que en caso de no presentar lesiones la proporcidon es unicamente del 20% (Fisniku et al.,
2008).

El diagndstico de la enfermedad requiere que la clinica o las lesiones visibles en RM se
repitan a lo largo del tiempo y afecten a diferentes regiones del SNC (Polman et al., 2011). Al
presentar el segundo brote de la enfermedad el paciente cumple criterios clinicos de esclerosis
multiple remitente-recidivante (EMRR) (Polman et al., 2011). Los nuevos episodios de

desmielinizacion ocurren de forma erratica, y la tasa anualizada de brotes suele estar entre 0.3
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y 1.7 episodios/afio (Inusah et al., 2010). Inicialmente estos episodios de disfuncidén neurolégica
o brotes se suelen recuperar de forma completa, pero con el tiempo la recuperacion de algunos
episodios es incompleta y se acumulan sintomas residuales. Es destacable que el numero de
episodios, sus manifestaciones clinicas y la capacidad de recuperacion son muy variables de
un paciente a otro e incluso pueden ser diferentes a lo largo del tiempo en un mismo paciente
(Compston and Coles, 2008). Por ello, se considera que la enfermedad es muy heterogénea,

tanto en su presentacién como en su evolucion y en la respuesta terapéutica.

Eventualmente, alrededor del 65% de los pacientes evolucionan a una fase
secundariamente progresiva (EMSP) en la cual la discapacidad empeora de forma sostenida
independientemente de la presencia de brotes (Compston and Coles, 2008). El tiempo medio
que tardan los pacientes en evolucionar a una fase secundariamente progresiva es de unos 19
afios (Vukusic and Confavreux, 2003). Puede considerarse que la fase remitente-recidivante y
la secundariamente progresiva representan dos estadios clinicos de la misma enfermedad
(Leray et al., 2010).

Se calcula que alrededor de un 10% de los pacientes con EM podria presentar una forma
benigna y continuar con una discapacidad muy baja tras 20-30 afios de enfermedad
(Hutchinson, 2012). Sin embargo, el término “benigno” ha sido objeto de debate en los ultimos
afios dado que algunos pacientes que cumplen con esta definicion presentan un
empeoramiento de su discapacidad de forma tardia, pueden tener disfuncién cognitiva o

convertir a formas secundariamente progresivas (Portaccio et al., 2009).

Aproximadamente el 10% de los casos presentan un curso progresivo de la discapacidad
desde el inicio (Miller et al., 2012). Los pacientes con EM primaria-progresiva (EMPP)
empeoran desde el inicio aunque raramente pueden presentar algun brote de forma
concomitante. En comparacién con pacientes con EMSP inician la enfermedad con una edad
mayor, tardan menos en alcanzar una progresion confirmada de la discapacidad y tienen un
peor prondstico funcional (Confavreux and Vukusic, 2006). Estas diferencias clinicas han
abierto el debate de si en realidad la EMPP podria ser una enfermedad distinta a las formas

recurrentes o si es una forma mas del espectro.
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3. Fisiopatologia

En la EM se produce una infiltracion focal en el SNC por linfocitos autorreactivos que lleva a
un dafo de la mielina y los axones. Al principio de la enfermedad la inflamacion es transitoria y
existe remielinizacién (Lassmann, 2008), lo cual caracteriza clinicamente esta primera fase de
la enfermedad por episodios transitorios de disfuncion neurolégica que habitualmente se
recuperan. Sin embargo con el tiempo, los cambios patolégicos se caracterizan por una
activacion de la microglia de forma generalizada en el SNC asociada con neurodegeneracion
extensa y cronica (Frischer et al., 2009; Lassmann et al., 2012; Popescu et al., 2013). El
correlato clinico de esta fase tardia es la acumulacion progresiva de la discapacidad (Leray et
al., 2010). Se ha documentado que la acumulacién de la discapacidad persistente a lo largo del
tiempo parece ser debida al dafio axonal y que la gravedad del dafio axonal se correlaciona
con el grado de inflamaciéon (Trapp et al., 1998). Aunque en los ultimos afios han habido
grandes avances en el conocimiento de la fisiopatologia de la enfermedad, todavia no se
conoce con exactitud cual es la inter-dependencia entre la inflamacion focal, la inflamacion
difusa y la neurodegeneracion (Frischer et al., 2009), asi como su contribucién relativa a los

déficits clinicos.

Una de las principales caracteristicas de la enfermedad es la presencia de lesiones focales
en la SB del SNC que pueden visualizarse mediante RM convencional. En los estudios
anatomopatoldgicos, las lesiones activas estan infiltradas por macréfagos con desechos de
mielina, linfocitos y astrocitos reactivos, y aunque existe una preservacion parcial de los
axones, ya existe dafio axonal. Las lesiones cronicas inactivas estan bien circunscritas, son
hipocelulares, con gliosis fibrilar, pérdida de los axones y los oligodendrocitos son prominentes
(Filippi et al., 2012; Popescu et al., 2013).

Se han descrito cuatro patrones distintos de desmielinizacion en las lesiones focales
agudas (Lucchinetti et al., 2000). En el tipo | y Il existe desmielinizacion asociada a inflamacion
por linfocitos T activados y macréfagos. Ademas, en el tipo Il existe también un depdsito de
inmunoglobulinas y complemento. Las lesiones de tipo Ill y IV, en cambio, parecen tener un
dano o distrofia primaria de los oligodendrocitos (Lucchinetti et al., 2000). Estos patrones
pueden ser heterogéneos entre distintos pacientes pero suelen ser homogéneos entre las
multiples lesiones de un mismo paciente y pueden ser importantes en la evolucion de la

enfermedad y la respuesta a tratamientos (Lucchinetti et al., 2000).
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A nivel de la sustancia gris (SG) las lesiones son areas focales de desmielinizacién donde
existe una pérdida de oligodendrocitos y axones. Sin embargo, se diferencian de las lesiones
de SB en el grado y tipo de inflamaciéon, en que no existe disfuncion de la barrera
hematoencefalica (BHE) y ademas puede apreciarse una marcada inflamacién meningea
(Calabrese et al., 2009; Calabrese et al., 2010). Las lesiones corticales son dificiimente visibles
a través de secuencias de RM convencional debido a los bajos niveles de infiltracion por
células inflamatorias, a la ausencia de dafio de la BHE y a la baja densidad de mielina en las
capas corticales superiores, lo cual disminuye el contraste en dichas secuencias (Popescu et
al., 2013).

Asimismo, la afectacion del tejido cerebral va mas alla de las lesiones circunscritas. Existe
una afectacién difusa del tejido cerebral con dafio de la SB (la llamada sustancia blanca de
apariencia normal, SBAN) y de la SG. En la SNBA existe gliosis, desmielinizacion, infiltracion
por células redondas pequefas, presencia de macréfagos, activacion de la microglia y de los
astrocitos (Filippi et al., 2012). En el cértex puede existir pérdida o atrofia neuronal, resultado
de una degeneracién anterégrada o retrégrada desde lesiones en la SB, SG profunda u otras

areas corticales (Kolasinski et al., 2012).

4. Discapacidad fisica y cognitiva asociada a la EM

4.1 Condicionantes de la discapacidad

La EM puede causar sintomas motores, sensitivos, de tronco cerebral, manifestaciones
cerebelosas, visuales, esfinterianas, cognitivas y neuropsiquiatricas (Cook, 2006). Los
sintomas dependeran mayoritariamente de la localizacion de los brotes, es decir de la
inflamacién focal. Dichos sintomas llegan a su maximo pocos dias tras el inicio del brote y
mejoran a lo largo de las siguientes semanas hasta su recuperacién total o parcial. La
discapacidad en la EM proviene de la recuperacion incompleta de los brotes inflamatorios lo
cual refleja el balance entre el dafio al SNC y el grado de reparacion enddégena, asi como
cambios gliéticos y neurodegeneracion progresiva irreversible (Frohman et al., 2005; Compston
and Coles, 2008). Asimismo, parece ser que el sustrato patolégico de la discapacidad
permanente, aquella que persiste tras 3-6 meses desde el inicio del empeoramiento, es el dafio
axonal (Bjartmar et al., 2000; Tallantyre et al., 2010). En las formas progresivas de la
enfermedad existe un sustrato patoldgico distinto, con inflamacién difusa y neurodegeneracion,

que condiciona que la discapacidad sea progresiva (Lassmann et al., 2012). En estos casos
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predominan los sintomas medulares, aunque también puede manifestarse como afectacioén

progresiva de nervio éptico, cerebro o tronco cerebral (Compston and Coles, 2008).

4.2 Disfuncién cognitiva

La disfuncién cognitiva puede estar presente desde etapas iniciales de la enfermedad en
algunos pacientes y causar dificultades en el ambito laboral y social. A pesar de ello ha sido
una manifestacion de la enfermedad que ha recibido poca atencién hasta hace relativamente
pocos afios. La EM puede causar problemas en la atencion, la eficiencia del procesamiento de
la informacién, en funciones ejecutivas, memoria de trabajo y memoria episddica (Chiaravalloti
and Deluca, 2008). Es sabido que las principales funciones cognitivas afectadas son la rapidez
de procesamiento de la informacion, el aprendizaje visual y la memoria episddica (Calabrese,
2006; Chiaravalloti and DeLuca, 2008). La prevalencia de la disfuncion cognitiva se situa entre
el 40-70% de los pacientes con EMRR segun las series publicadas (Benedict et al., 2006; Patti,
2009).

Uno de los principales condicionantes de la disfuncién cognitiva en la EM parece ser la
desconexion funcional entre las estructuras corticales y profundas de SG secundaria al dafio de
los tractos de la SB (Catani and ffytche, 2005). Sin embargo, actualmente hay datos suficientes
en la literatura para creer que la afectacion de la SG también juega un papel importante en los
cambios cognitivos (Morgen et al., 2006; Pirko et al., 2007; Calabrese et al., 2012; Zivadinov
and Pirko, 2012).

Varios estudios de neuroimagen han demostrado que el volumen de las lesiones cerebrales
se asocia con la disfuncién cognitiva en la EM (Filippi et al., 2010). Ademas, la atrofia cerebral
global o en la corteza, que es un marcador de cambios patolégicos destructivos, parece
relacionarse con cambios en la funcién cognitiva (Pelletier et al., 2001; Calabrese et al., 2010).
Sin embargo, tanto las medidas globales de lesiones como de atrofia no son capaces de
explicar de forma completa las alteraciones cognitivas, probablemente en parte porque son
medidas de un dafo inespecifico global y no dan informacion topografica. En ese sentido,
estudiar la relacion entre atrofia de determinadas estructuras cerebrales elegidas a priori como
el cuerpo calloso (CC) (Pelletier et al., 2001; Mesaros et al., 2009) o el talamo (Benedict et al.,
2006; Benedict et al., 2013), o a través de métodos no-aprioristicos que permitan identificar las
regiones relevantes para una funcién cognitiva sin partir de la eleccion previa de regiones
especificas (Calabrese et al., 2010) puede ser util puede ayudar a explicar mejor la disfuncion

cognitiva en la EM.
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Los avances en RM han permitido incrementar el conocimiento de los condicionantes de la
disfuncion cognitiva (Filippi et al., 2010; Penny et al., 2010). El dafio de la integridad del tejido
cerebral (Dineen et al., 2009; Roosendaal et al., 2009; Yu et al., 2012) o la presencia de
lesiones (Sepulcre et al., 2008; Sepulcre et al., 2009; Rossi et al., 2012), en determinados
tractos de SB se asocia con un peor rendimiento en funciones cognitivas especificas, lo cual
va a favor de que existe un sindrome de desconexion en la EM. También la integridad tisular de
la SG se ha relacionado con el rendimiento cognitivo (Rovaris et al., 2002). Sin embargo, la
asociacion entre integridad microestructural en SG a nivel regional y el rendimiento cognitivo no
se ha evaluado previamente en la EM. Asi, la aplicacion de nuevas tecnologias de
neuroimagen puede aumentar el conocimiento acerca de la asociacion entre estructura

cerebral y funcion.

4.3 Escalas de evaluacion

La Escala de Discapacidad Ampliada de Kurtzke (Expanded Disability Status Scale, EDSS)
es la mas utilizada para medir la discapacidad en la EM tanto en la practica clinica habitual
como en ensayos clinicos (Kurtzke, 1983). Tiene en cuenta la gravedad de la afectacion de
siete sistemas funcionales y la capacidad de deambulacion. Sin embargo, esta escala tiene
diversas limitaciones como una baja sensibilidad, una excesiva influencia de la afectacion
motora en puntuaciones elevadas, una distribucién bimodal y una baja reproducibilidad en las

puntuaciones mas bajas de la escala (Comi and Filippi, 2005).

La Multiple Sclerosis Functional Composite (MSFC) es una escala mas reciente que se
utiliza principalmente en el ambito de la investigacién (Fischer et al., 1999). Es una medida
compuesta que incluye tres tests que evaluan la funcién de las extremidades superiores e
inferiores y las habilidades cognitivas. Su valor se expresa en puntuacién z, que indica cuantas
desviaciones estandares se desvia la medida respecto a la media de una poblacion de
referencia. Es una escala continua que se correlaciona altamente con el EDSS (Miller et al.,

2000) pero con la ventaja de ser mas sensible a los cambios (Comi and Filippi, 2005).

Una de las principales baterias utilizadas para el cribaje de la disfuncidon cognitiva en
pacientes con EM es la Bateria Neuropsicolégica Repetitiva Breve (BRB-N) (Rao, National
Multiple Sclerosis Society, New York 1991). Dicha bateria evaltua las siguientes funciones
cognitivas:

- Memoria verbal episddica: se evalua a través del Selective Reminding Test (SRT) que

consta de tres subtests distintos.
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- Memoria visual: evaluada a través del 10/36 Spatial Recall Test (SPART) y del SPART
diferido (SPART-D)

- Atencion y rapidez de procesamiento de la informacion: Paced Auditory Serial Addition Test
(PASAT) y Symbol Digit Modalities Test (SDMT)

- Fluencia verbal asociativa: Word List Generation (WLG).

Esta bateria tiene la ventaja de ser de facil y rapida administracion (40-45 minutos), ha
demostrado su sensibilidad en distintos estudios y se considera como uno de los métodos de
referencia para el cribaje de la disfuncion cognitiva en la EM (Camp et al., 2005; Sepulcre et al.,
2006). Sin embargo, su principal limitacion es que no tiene en cuenta los dominios de funciones

ejecutivas superiores y el procesamiento espacial (Benedict and Zivadinov, 2011).

5. Biomarcadores

Un biomarcador se refiere a una caracteristica objetiva que puede ser evaluada y medida,
pudiendo reflejar un proceso biolégico normal, un proceso patolégico o una respuesta a una
terapia (Biomarker Definitions Working Group, 2001). Pueden usarse como marcadores
subrogados, los cuales no solo presentan una correlacién fuerte y clinicamente significativa con
una medida clinica sino que también son capaces de informar sobre el efecto de una terapia
modificadora de la enfermedad (Prentice, 1989; Modificado 1997).

La identificacién de buenos biomarcadores para la EM, una enfermedad extremadamente
compleja y heterogénea, ha sido un objetivo importante de la comunidad cientifica en los
ultimos afos. Aunque se han realizado importantes esfuerzos muy pocos de ellos han sido
validados o integrados en la practica clinica rutinaria (Fernandez et al., 2013). La dificultad para
encontrar biomarcadores en la EM se debe a algunas caracteristicas intrinsecas de la
enfermedad (Rajasekharan and Bar-Or, 2012) como el desconocimiento acerca del mecanismo

exacto de la misma, la relativa inaccesibilidad del 6rgano diana y su gran complejidad biolégica.

Un metanalisis de multiples estudios basados en la historia natural de la enfermedad ha
identificado los principales biomarcadores clinicos que se asocian con la evolucion de la
discapacidad y que pueden ser de utilidad prondstica (Degenhardt et al., 2009). Entre aquellos
factores prondsticos negativos, en todos los grupos de pacientes con EM, esta el inicio de la
fase progresiva y el grado de discapacidad a los 2 y 5 afos tras el diagndstico. En pacientes

con EMRR un numero elevado de brotes, un intervalo corto entre el primer y segundo brote,
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una discapacidad alta a los 5 afios del inicio y la afectaciéon de multiples sistemas funcionales
son factores prondsticos negativos (Degenhardt et al., 2009). La actividad inflamatoria en forma
de brotes al comienzo de la enfermedad (dos primeros anos) estd ampliamente aceptada
como factor prondstico (Scalfari et al., 2010). Pero este efecto se mantiene sélo hasta que se
alcanza una EDSS de 3-4 puntos; a partir de ese punto, la discapacidad progresa de manera
continua e independiente de los brotes (Leray et al., 2010). Asi, deberia considerarse esta fase
como “ventana terapéutica” donde centrar los esfuerzos terapéuticos y donde mas utilidad
pueden tener los estudios que buscan marcadores predictivos de la evolucion de la

enfermedad.

En liquido cefalorraquideo (LCR) se utiliza de forma rutinaria la determinacién de la
presencia de bandas oligoclonales (BOC) y el indice de I1gG (Stangel et al., 2013). La presencia
de BOC de IgG en LCR es muy sensible pero poco especifica de la EM. Ademas de su papel
en el apoyo al diagndstico de la enfermedad, tienen un valor prondstico en el desarrollo de una
EM clinicamente definida tras un SNA (Tintore et al., 2008; Dobson et al., 2013) aunque su
valor prondstico sobre la progresion de la enfermedad no esta del todo establecido (Joseph et
al., 2009; Siritho and Freedman, 2009; Lourenco et al., 2013). Las BOC de IgM, sin embargo, si
parecen asociarse con formas agresivas de EMRR y con un peor prondstico (Villar et al., 2003;
Garcia-Barragan et al., 2009; Villar et al., 2009) y pueden variar tras iniciar un tratamiento

modificador de la enfermedad (Bosca et al., 2010; Villar et al., 2012).

Las nuevas disciplinas llamadas globalmente “émicas” (transcriptomica, proteémica,
lipiddmica, metabolémica y epigendmica) tienen un gran potencial para hallar biomarcadores
en liquidos biolégicos. Desafortunadamente, por el momento ninguna de estas tecnologias ha
conseguido encontrar un biomarcador para la EM que sea utilizado en la practica clinica
(Comabella and Racke, 2012).

5.1 Estudios electrofisiolégicos

De entre los biomarcadores subclinicos cabe destacar los potenciales evocados (PE) cuya
utilidad en la EM radica en que pueden detectar un dafo subclinico del SNC si la via que
estudian esta afecta o ayudar a confirmar la presencia de un brote en caso de duda. Sin
embargo, su sensibilidad para detectar la presencia de lesiones cerebrales y su capacidad
pronostica es mucho menor que la RM (Leocani and Comi, 2008). Posiblemente, la evaluacion
conjunta de diversas modalidades de PE pueda mejorar dicha capacidad de pronosticar la

evolucion de la enfermedad (Invernizzi et al., 2011; Margaritella et al., 2012).
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Asimismo, es posible evaluar la conectividad interhemisférica a través del CC mediante
estudios neurofisiolégicos que utilizan la estimulacion magnética transcraneal (Transcranial
Magnetic Stimulation, TMS). El periodo de silencio ipsilateral (ipsilateral Silent Period, iSP)
refleja la inhibicion de la actividad motora voluntaria ipsilateral al estimulo que ejerce el TMS
(Giovannelli et al., 2009). Parece evaluar la funciéon de fibras transcallosas que median un
efecto inhibitorio desde el cértex motor estimulado al cértex motor del hemisferio opuesto
aunque podrian también estar implicadas vias mas caudales (Jung et al., 2006). Sin embargo,

hasta el momento su significado y utilidad en la EM han sido poco estudiados.

5.2 Biomarcadores de imagen en RM

La RM permite estudiar el SNC de una forma incruenta y ha significando un avance
importantisimo en la forma de evaluar la EM. Actualmente, es una herramienta esencial para el
diagnostico de la enfermedad y se utiliza de forma rutinaria en el seguimiento clinico de los
pacientes. Ademas, las nuevas técnicas de RM han permitido obtener medidas cuantitativas
acerca del dano del tejido cerebral y estudiar la estructura y funcion con mayor detalle. Todo
ello esta permitiendo el desarrollo de biomarcadores de imagen en RM, algunos de los cuales
se han implementado en la practica asistencial. Las principales caracteristicas que debe tener

un biomarcador de neuroimagen en la EM se exponen en la tabla 1.

«Permitir un diagnéstico temprano e incrementar la sensibilidad y
especificidad

*Ayudar en la decision terapéutica a ofrecer un pronostico

«Detectar la actividad de la enfermedad para ayudar en latoma
de decisiones

«Monitorizar la respuestaterapéutica

*Fiable, con alta sensibilidad y especificidad
*Reproducible y cuantitativo
*Sensible a cambios en la enfermedad

+Se correlaciona y es capaz de predecir medidas clinicas
relevantes

*Noinvasivo, simple de llevar a cabo y de interpretar
*Validado por estudios patoldgicos

*Da una informacion global con la posibilidad de extraer
informacion regional

*Naturaleza y gravedad de las alteraciones macroscopicas en la
sustancia blanca

Componente celular de la informacion

«Dafio del tejido de la sustancia blanca de apariencia normal

-Dafio de la sustancia gris

*Capacidad de reparacion y reorganizacion tras el dafio tisular

Tabla 1: Caracteristicas idoneas de un biomarcador en RM en esclerosis multiple. Adaptado de
Filippi and Agosta, 2010 y Handbook of Multiple Sclerosis, Stuart Cook 2006.
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5.2.1 Técnicas de RM convencional
La RM convencional ha demostrado ser util para el diagnéstico de la EM en pacientes en
los que se sospecha la enfermedad (Polman et al., 2011) y permite alcanzar un diagndstico

mas temprano (Montalban et al., 2010; Polman et al., 2011).

Las lesiones de EM se visualizan como areas de aumento de sefal en secuencias
potenciadas en T2, densidad proténica o Fluid-Attenuated Inversion Recovery (FLAIR) aunque
el incremento de sefal no es especifico de los cambios patoldégicos subyacentes en las
distintas lesiones (Filippi et al., 2012). Los agujeros negros son aquellas lesiones que se
muestran hipointensas en secuencias espin-eco potenciadas en T1. Patolégicamente se
asocian con areas donde existe una destruccion tisular severa con pérdida de axones

principalmente (van Waesberghe et al., 1999).

La RM convencional es capaz de diferenciar entre lesiones activas y cronicas basandose
en la presencia o no de rotura de la BHE. Las lesiones con rotura de la BHE presentan
captacién de gadolinio que puede persistir entre 2 y 6 semanas. La captacién de gadolinio
puede tener una morfologia nodular o en forma de anillo (Gaitan et al., 2011). Las lesiones
captantes en forma de anillo parecen asociarse a un mayor dano tisular (Morgen et al., 2001;
Davis et al., 2010) y pertenecen en su mayoria a un patrén patolégico de tipo | / Il (Lucchinetti
et al., 2003). Sin embargo, en la actualidad existen dudas de si estos patrones de captacion
son consecuencia del tiempo que tarda en adquirirse la imagen de RM tras la administracion
del contraste o si en realidad representan distinta respuesta inmune o un tipo distinto de lesién
(Gaitan et al., 2011). En las fases progresivas de la enfermedad la expansion lenta de las
lesiones no suele presentar captacion de gadolinio y la inflamacion y dafo tisular generalmente

se dan en ausencia de rotura de la BHE (Filippi et al., 2012).

Algunas lesiones, sobretodo de gran tamario (lesiones pseudotumorales) (Schwartz et al.,
2006; Lucchinetti et al., 2008) presentan un borde hipointenso en secuencias T2 lo cual podria
estar traduciendo la presencia de macrofagos activados o radicales libres. Estas lesiones
presentan frecuentemente una captacién de gadolinio en forma de anillo y podrian
corresponder a un sustrato patolégico de tipo | / [l (Bruck et al., 2001; Lucchinetti et al., 2003).
Sin embargo, no se conoce su prevalencia en la poblacion general de EM ni si se asocian con

un fenotipo concreto de paciente o a una peor evolucién de la discapacidad.

Las nuevas lesiones visibles en secuencias potenciadas en T2 y las lesiones captantes de

gadolinio en T1 han sido ampliamente utilizadas como marcadores subrogados de actividad



Estudios de resonancia magnética y técnicas electrofisioldgicas para evaluar y predecir la discapacidad en pacientes con EM

subclinica inflamatoria para medir el efecto nuevos tratamientos en ensayos clinicos (Goodin,
2006; Barkhof et al., 2012; Cohen et al., 2012). Ademas, la apariciéon de nuevas lesiones
durante el seguimiento de pacientes que recibian terapia modificadora de la enfermedad se ha
asociado con un mayor numero de brotes anuales y con un empeoramiento de la funcion fisica
y cognitiva (Rio et al., 2008; Cadavid et al., 2011; Killestein and Polman, 2011).

La RM convencional también tiene cierta capacidad para dar informacién prondstica en
etapas tempranas de la enfermedad, a través del numero de lesiones en secuencias
potenciadas en T2, de su localizacion y de la presencia de lesiones captantes de gadolinio en
secuencias T1 (Fisniku et al., 2008). El nUmero de lesiones cerebrales en T2 y la presencia de
lesiones infratentoriales o captantes de gadolinio son los principales factores prondsticos en

RM sobre la aparicién de un segundo brote tras un SNA (Filippi and Rocca, 2007).

A pesar de estos datos, existe una “paradoja clinico-radiolégica” (Rocca et al., 2012). Es
decir, la fortaleza de la asociacién entre los hallazgos en RM convencional y las
manifestaciones clinicas presentes o futuras de la enfermedad es modesta (Filippi and Agosta,
2010; Rocca et al., 2012). Probablemente sea, al menos en parte, el resultado de una baja
especificidad para distinguir los distintos fendmenos patoldgicos subyacentes que se dan en la
enfermedad, como el edema, desmielinizaciéon, remielinizacion, gliosis y dafio axonal. Otra
limitacion de la RM convencional es que no ofrece informacién acerca del dano oculto en la SB
(la llamada SBAN) y en la SG (Filippi et al., 2012).

5.2.2 Técnicas de RM no convencional o avanzada

La RM no convencional o avanzada aporta informaciéon mas alla de las lesiones focales y
permite estudiar el tejido que tiene una apariencia normal. Asi, es posible obtener datos
cuantitativos y patolégicamente mas especificos a través de estas técnicas (Bakshi et al., 2008;
Filippi and Agosta, 2010; Ceccarelli et al., 2012; Filippi et al., 2012). Dichas caracteristicas

dotan a estas técnicas de grandes ventajas para llegar a generar biomarcadores en la EM.
En el articulo de revision incluido al final de esta introduccion se exponen de forma sintética
las principales caracteristicas de las técnicas de RM avanzada mas utilizadas en la actualidad,

su correlato anatomopatoldgico y posible utilidad.

Estudio de la atrofia cerebral: En pacientes con EM existe una mayor pérdida de volumen

cerebral o atrofia que en personas sanas, en todos los subtipos de EM (Miller et al., 2002; De
Stefano et al., 2010), probablemente debido a una pérdida axonal en la SB, y a una pérdida

neuronal y glial en la SG junto con disminucién de la densidad sinaptica (Filippi et al., 2012).
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Las lesiones visibles contribuyen al desarrollo de atrofia, sobretodo de la SG (Geurts et al.,
2012), aunque también de la SB. En diversos estudios se ha descrito una correlacion
significativa entre la discapacidad medida por el EDSS o el MSFC vy la fraccion de parénquima
cerebral ("brain parenchymal fraction”, BPF) que es el volumen del parénquima cerebral
dividido por el volumen de todo el cerebro (Grassiot et al., 2009; Geurts et al., 2012). Asimismo,
el cambio en volumen cerebral es capaz de predecir el cambio en las medidas de discapacidad
(Frischer et al., 2009; Lukas et al., 2010; Popescu et al., 2013). En general la correlaciéon entre
atrofia cerebral global y discapacidad es moderada, sin embargo, los estudios que han
evaluado la atrofia a nivel regional han encontrado asociaciones mas fuertes con la
discapacidad sobretodo en regiones que comprendian funciones motoras (Grassiot et al., 2009)
o de la SG (Geurts et al., 2012; Benedict et al., 2013). La discapacidad cognitiva también
parece relacionarse con la atrofia cerebral, principalmente de la SG, en todos los subtipos de
EM (Grassiot et al., 2009; Calabrese et al., 2010).

Imagen por tensor de difusién: La imagen por tensor de difusion (Diffusion Tensor Imaging,

DTI) se basa en el estudio del movimiento de las moléculas de agua en un tejido (Sbardella et
al.,, 2013). Es una técnica sensible y especifica para detectar cambios en la integridad
microestructural. EI movimiento del agua en tres dimensiones puede representarse como un
elipsoide, del cual es posible obtener varios indices: la anisotropia fraccional (AF) que refleja la
prevalencia de la difusividad en una direccién, la difusividad media (DM) que mide el
movimiento global del agua sin direccionalidad, la difusividad radial (DR) y la difusividad axial
(DA). Los dos primeros indices son poco especificos y no distinguen entre varios procesos
patoldgicos, como el edema, la inflamacion, desmielinizacién y gliosis (Sbardella et al., 2013),
mientras que la DR parece correlacionarse con la integridad de la mielina y la DA con la

integridad axonal en modelos animales (Song et al., 2002).

En pacientes con EM existen anormalidades en el DTI de la SBAN que traducen un dafo
microestructural desde fases iniciales de la enfermedad que empeoran a lo largo del tiempo y
con el deterioro clinico (Rovaris et al., 2002; Preziosa et al., 2011). Los hallazgos en la SG
parecen ser menos consistentes en fases iniciales de la enfermedad. En EMRR se ha
detectado un aumento de la DM y disminucion de la AF en algunos estudios (Ceccarelli et al.,
2007) mientras que otros no han detectado diferencias entre pacientes y controles (Griffin et al.,
2001). También las lesiones presentan alteracién de los indices de DTI, mas marcadas en
lesiones captantes de gadolinio y en agujeros negros (Preziosa et al., 2011; Sbardella et al.,
2013).
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Los estudios de correlacién entre indices de DTl y discapacidad han detectado
asociaciones entre ambos parametros (Liu et al., 2012; Onu et al., 2012; Sbardella et al., 2013)
y en otros casos no (Griffin et al., 2001). Ademas las asociaciones han sido débiles-moderadas.
Sin embargo, cuando la difusién se analiza a nivel regional, en tractos especificos, se han
detectado correlaciones mas fuertes. Asi, el EDSS se ha correlacionado con cambios en el DTI
del tracto cértico espinal y del CC (Wilson et al., 2003; Lin et al., 2005; Kern et al., 2011) y el
rendimiento cognitivo con la integridad de algunos tractos concretos (Dineen et al., 2009; Yu et
al., 2012).

Espectroscopia: La espectroscopia proporciona informacién metabdlica en vivo permitiendo

la cuantificacién de diversos metabolitos como el N-acetil aspartato (NAA), mioinositol (ml),
creatina (Cr), colina, glutamato y otros (Narayana, 2005; Sajja et al., 2009). El NAA suele estar
reducido en el tejido cerebral de pacientes con EM, indicando pérdida o dafio axonal (De
Stefano et al., 2001; Sastre-Garriga et al., 2005). Asimismo, el ml puede estar incrementado
desde fases iniciales de la enfermedad, traduciendo astrogliosis, y se correlaciona con los
valores de discapacidad (Chard et al., 2002). Sin embargo, su capacidad de prediccion de la
discapacidad ha sido muy poco estudiada. Unicamente en un estudio previo, se demostré que
aquellos pacientes con SNA que presentaban niveles mas bajos de NAA tenian mas
probabilidades de convertir a EMCD (Wattjes et al., 2008).

Estudio de la mielina a través de la relaxometria del T2: El estudio de la mielina se

fundamenta en el tiempo de relajacion del T2. La parte inicial de dicho decaimiento parece
proceder del agua entre las capas de mielina (Beaulieu et al., 1998). La fraccion de agua de la
mielina o “Myelin Water Fraction” (MWF) se obtiene dividiendo la sefal del agua
correspondiente a la mielina entre la sefal global del agua. En la SB puede existir una
disminucion de la MWF que es mas pronunciada en las lesiones (Laule et al., 2004; Oh et al.,
2007), sin embargo su capacidad de predecir la evolucion de la enfermedad no ha sido
estudiada. Actualmente se estan realizando importantes esfuerzos para solventar algunas
dificultades técnicas propias de esta técnica que permitan aumentar su aplicabilidad (Guo et al.,
2012; Kitzler et al., 2012).

En definitiva, todas estas técnicas tienen el potencial de generar marcadores en la EM que
se asocien y sean capaces de predecir la discapacidad fisica y cognitiva de una forma mas
estrecha que las técnicas convencionales, una vez solventadas algunas limitaciones

tecnoldgicas.






Trabajo de revisiéon

Avances en técnicas de resonancia magnética no convencional en la esclerosis multiple

Sara Llufriu Duran1,2, Yolanda Blanco Morgado1,2, Ihigo Gabilondo Cuéllarz, Eloy Martinez De
Las Heras2, Francesc Graus Ribas1,2, Albert Saiz Hinarejos1,2

'Unidad de Neuroinmunologia-Esclerosis multiple. Servicio de Neurologia. Hospital Clinic.

Barcelona. 2Institut d’Investigacions Biomédiques August Pi i Sunyer (IDIBAPS). Barcelona.

Revista Espafiola de Esclerosis Multiple. Junio de 2011. Numero 18. Paginas 10-17.

Articulo de revisiéon






REVISION

10

Correspondencia: Sara Llufriu — Servicio de Neurologia — Hospital Clinic
G/ Villarroel, 170 — 08036 Barcelona — E-mail: sllufriu@clinic.ub.es

L

® REVISTAESPANOLA DE ESCLEROSIS MULTIPLE @ N° 18 - Junio de 2011 @

Avances en técnicas de resonancia magnética no
convencional en la esclerosis miltiple

SARA LLUFRIU DURAN"?, YOLANDA BLANCO MORGADO"?, IN1GO GABILONDO CUELLAR?,
ELoy MARTINEZ DE LAS HERAS?, FRANCESC GRAUS RiBAS"2, ALBERT SAIZ HINAREJOS'?
*Unidad de Neuroinmunologia-Esclerosis multiple. Servicio de Neurologia. Hospital Clinic. Barcelona.
?Institut d”Investigacions Biomediques August Pi i Sunyer (IDIBAPS). Barcelona.

RESUMEN. Las técnicas de resonancia magnética (RM) no convencional han revolucionado la investigacion en la esclerosis mltiple, de-
bido al gran interés por encontrar parametros objetivos con especificidad anatomopatologica, buen correlato clinico y valor pronostico.
Estas técnicas ofrecen una mayor informacion acerca de la fisiopatologia de la enfermedad y se asocian de forma mas robusta con datos
de discapacidad clinica y cognitiva que las secuencias convencionales. Sin embargo, su adquisicion y post-procesado no estan exentos
de dificultades técnicas. En este trabajo se revisan las aplicaciones de las principales técnicas de RM no convencional y los estudios mas

destacados publicados hasta la fecha.

Palabras clave: resonancia magnética, esclerosis miltiple, atrofia, transferencia de magnetizacion, tensor de difusion, espectroscopia,
resonancia magnética funcional, relaxometria, resonancia magnética de alto campo.

ABSTRACT. Advanced magnetic resonance imaging (MRI) has been a revolution in multiple sclerosis (MS) research, due to the great
interest in finding objective biomarkers with pathology specificity, strong clinical correlation and prognostic value. These techniques
offer more information about MS physiopathology and have a better association with clinical and cognitive disability compared to con-
ventional MRI. However, the acquisition and post-processing steps can have technical difficulties. In this paper, the applications and

recent research in non conventional MRI techniques are described.

Key words: magnetic resonance imaging, multiple sclerosis, atrophy, magnetization transfer, diffusion tensor imaging, magnetic reso-
nance spectroscopy, functional magnetic resonance imaging, relaxometry, high-field magnetic resonance imaging.

a resonancia magnética (RM) ha supuesto un gran
avance en el diagnostico y monitorizacion de los pa-
cientes con esclerosis multiple (EM) en las dos Gltimas
décadas. La presencia de lesiones cerebrales en areas
caracteristicas, el aumento en su nimero en secuencias
potenciadas en T2 y la aparicion de lesiones captan-
tes de gadolinio se consideran los principales criterios
para el diagndstico de la EM en RM*2 Asimismo, es-
tos parametros de RM convencional han sido utiliza-
dos para evaluar el prondstico de la enfermedad y la
respuesta a los tratamientos®. Sin embargo, estas me-
didas se asocian sélo parcialmente a la discapacidad
clinica del paciente (paradoja clinico-radioldgica) y
son débiles predictores a largo plazo*’. La principal
limitacidn de estas técnicas es que traducen de forma
incompleta los procesos fisiopatologicos de la enfer-
medad y que la apariencia de las lesiones no es espe-
cifica de la patologia subyacente. Ademas, tienen una
baja sensibilidad para la deteccion de la patologia de
sustancia gris y del dafio difuso de la sustancia blan-
ca de apariencia normal®®.

Dado que existe la necesidad de encontrar bue-
nos biomarcadores en RM con especificidad patolo-
gica y que ofrezcan una evaluacion global, tanto para
el diagndstico, fenotipo y progresion de la enferme-

dad, las técnicas de RM no convencional o cuantitati-
va han surgido con fuerza®. Los biomarcadores idea-
les de la enfermedad serian aquellas técnicas capaces
de evaluar la extension y naturaleza de las anormali-
dades de la sustancia blanca, los componentes celu-
lares de la inflamacion, la patologia de la sustancia
gris, asi como la eficacia de la reparacion y de la re-
organizacion funcional después del dafio tisular.

Las estrategias propuestas para superar las limi-
taciones de la RM convencional son tres. Primero,
desarrollar secuencias avanzadas que sean capaces
de detectar la patologia invisible a las secuencias es-
tandares. Segundo, implementar mejoras en la ma-
quinaria o “hardware” como el uso de altos campos
magnéticos. Tercero, estandarizar técnicas de post-
procesado que de forma totalmente automatica pue-
dan ser aplicadas en tiempo real para visualizar o
cuantificar el dafio subyacente en el sistema nervioso
central (SNC)?.

Algunas de las limitaciones actuales de las téc-
nicas de RM no convencional son el escaso conoci-
miento de la patologia subyacente a los cambios en
sus valores, que puede ser variada y concomitante.
Ademas, las mejores estrategias para la adquisicion
y post-procesado son tema de debate atn en la actua-
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lidad. Es por ello que su aplicabilidad esta limitada a
la investigacion.

A continuacion describiremos las principales téc-
nicas de resonancia magnética cuantitativa y sus apli-
caciones.

U Mapa de lesiones

Un nuevo enfoque al analisis de las lesiones visibles
en RM convencional es a través de su post-procesa-
do para obtener un mapa probabilistico de lesiones
(MPL) y con ello informacion acerca de su distribu-
cion regional®. El anlisis del MPL mostré una distri-
bucién de lesiones en T2 alrededor del sistema ven-
tricular similar en pacientes con un sindrome clinico
aislado (SCA), EM recurrente-remitente (EMRR) y
EM secundariamente progresiva (EMSP)*. Ademas,
se objetivo que los pacientes con EMSP presentaban
lesiones localizadas predominantemente alrededor
de los ventriculos y en la fosa posterior, a diferencia
de los pacientes con EM primariamente progresiva
(EMPP) en los cuales existe una afectacion mas difu-
sa de regiones corticales y subcorticales®. En un es-
tudio en el que se comparaba el MPL en secuencias
T1y T2 entre pacientes con EMRR y EMPP se de-
mostré que la probabilidad maxima de encontrar le-
siones en zonas concretas era mayor en EMPP, prin-
cipalmente en la corona radiata™.

Otra posibilidad es el analisis seriado para estu-
diar los cambios de sefial relacionados con la evolu-
cion de la lesién. Cambios en el patron de progresion
dentro de lesiones individuales pueden indicar un
cambio global de la patologia del paciente pasando
de formas inflamatorias a procesos patologicos mas
degenerativos®™,

4 Atrofia

Estudios longitudinales han demostrado que la pérdi-
da de volumen cerebral en pacientes con EM (0,5%
- 1% al afio) es mayor que en sujetos sanos (0,1% -
0,3%)%. Dicha atrofia se cree que no esta inicamente
relacionada con las lesiones visibles en T2, sino que
también se deriva de cambios en la sustancia blanca
y gris de apariencia normal*’*® (Figura 1). La pérdi-
da tisular afecta mas a la sustancia gris que blanca
en pacientes con EM, y dentro de ésta, las estructuras
mas afectadas son los ganglios basales y el talamo*®.
Los mejores métodos para la segmentacion y la ca-
racterizacion de la atrofia de la sustancia gris estan
por establecer, y algunas de sus limitaciones son la
clasificacion de lesiones como sustancia gris, lo cual
requiere correccion manual.

Tanto la pérdida de volumen cerebral global
como de sustancia gris se han asociado de forma

importante con la discapacidad®®?. En estudios lon-
gitudinales, el volumen cerebral en fases tempranas
es un buen predictor de discapacidad tanto para pa-
cientes con formas en brotes como progresivas® 2,
El volumen de la corteza cerebral se asocia de forma
significativa con la alteracion cognitiva y es el me-
jor predictor de la alteracion de la memoria verbal
y de los sintomas neuropsiquiatricos®®#. Finalmente,
la medida del volumen cerebral puede ser utilizada
para evaluar el efecto neuroprotector de las terapias
en EM, aunque debe tenerse en cuenta que puede
existir una aceleracion de la atrofia (pseudoatrofia)
en los meses siguientes al inicio de la terapia proba-
blemente por resolucion de la inflamacion y el ede-
ma acompariante?.

Q Transferencia de magnetizacion

El ratio de transferencia de magnetizacion (RTM) re-
fleja la capacidad de las macromoléculas de un tejido
de intercambiar magnetizacion con las moléculas de
agua circundante®, de forma que una disminucion
en el RTM indicaria una pérdida de estructura ma-
cromolecular, rica en mielina. Anatomopatoldgica-
mente, el RTM se asocia con el porcentaje de axones
residuales y el grado de desmielinizacién® 3, En EM
el RTM est4 disminuido tanto en lesiones como en
sustancia blanca de apariencia normal® %, Las me-
didas de RTM se correlacionan de forma moderada
a alta con la discapacidad clinica y cognitiva® *, y
parecen empeorar a lo largo del tiempo en todos los
fenotipos de EM?* ¥. Su valor pronéstico ha sido
evaluado encontrando que la altura del histogra-
ma del RTM de la sustancia gris y el porcentaje de
cambio del RTM lesional durante el primer afio eran
predictores independientes del empeoramiento de la
discapacidad 8 afios después®. Asimismo, es posible
seguir la evolucion del RTM en las lesiones, monito-
rizando de esta forma la desmielinizacion y remieli-
nizacion in vivo®.

QA Tensor de difusion

El movimiento Browniano de traslacion de las mo-
léculas en un fluido estd influenciado por estruc-
turas celulares como las membranas celulares y los
citoesqueletos axonales. El tensor de difusién es una
descripcién matematica de la magnitud y direccio-
nalidad (anisotropia) del movimiento de las molécu-
las de agua en un espacio tridimensional*. Del ten-
sor de difusion es posible obtener la difusién media
(DM), independiente de la orientacion espacial de
las estructuras tisulares, y otros indices de la difu-
sién anisotropica de las moléculas como la anisotro-
pia fraccional (AF), la cual refleja la prevalencia de
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Em Liquido cefalorraquideo, sustancia gris y sustancia blanca (junto con mapa de lesiones en color gris) en un

control sano (linea superior), en un paciente con EMRR (linea media) y en un paciente con EMSP (linea inferior). Segmen-
tacion realizada mediante el programa Sienax (www.fmrib.ox.ac.uk/fsl). Es destacable la atrofia del parénquima cerebral en

los pacientes con EM respecto al control sano.

la difusién a lo largo de una direccion del espacio™
(Figura 2). Los cambios en estos pardmetros se co-
rresponden con desmielinizacion y dafio axonal en
estudios post mortem®. En pacientes con EM se han
demostrado alteraciones en los patrones de difusion
tanto en lesiones focales como en la sustancia blanca
y gris de apariencia normal. En el estudio de las le-
siones, aquellas consideradas agujeros negros en T1

® REVISTAESPANOLA DE ESCLEROSIS MULTIPLE @ NP 18 - Junio de 2011 @

son las que presentan una mayor alteracion de la di-
fusion, mientras que se han obtenido resultados dis-
cordantes cuando se comparan lesiones captantes de
gadolinio con aquellas no captantes® *. También en
el parénquima cerebral de apariencia normal es po-
sible detectar anormalidades en la difusion®, incluso
antes del desarrollo de lesiones visibles*. Parece ser
que el estudio del tensor de difusion es mas sensible
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Tensor de difusion. Representacion del mapa de anisotropia fraccional, mapa de difusividad axial y mapa de
difusividad media.

al acimulo del dafio de sustancia gris que de sustan-
cia blanca de apariencia normal*’. Existe una buena
correlacion con los datos clinicos, principalmente la
difusion en lesiones visibles en T2 y en sustancia
gris®**, lo que ha permitido generar algunas escalas
de puntuacién en RM que expliquen la varianza de la
discapacidad asociada a la EM®. Finalmente, ha de-
mostrado un valor predictivo de la discapacidad en
una serie de pacientes con EMPP®,

La tractografia es una técnica basada en el mo-
vimiento direccional del agua y permite generar una
representacion virtual, en tres dimensiones, de los
tractos de fibras de sustancia blanca®. Gracias a ello
se abre la posibilidad de estudiar la organizacion de
la sustancia blanca y la conectividad en humanos®.
Los pacientes con EM que presentan sintomas mo-
tores tienen unos indices de difusion anormales en el
tracto corticoespinal en comparacion con sujetos sa-
nos 0 con pacientes sin sintomas motores®; ademas,
las medidas de difusion de este tracto se correlacio-
nan mejor con datos clinicos que la carga lesional en
T2 o los valores de difusion globales del cerebro®.
Un estudio que combinaba medidas de tractografia

con medidas de conectividad funcional demostré una
correlacion entre ellas, lo que sugiere que el dafio de
las fibras de la sustancia blanca puede inducir cam-
bios funcionales adaptativos que limitan sus manifes-
taciones clinicas®.

Q Espectroscopia

La espectroscopia permite medir la sefial generada
por los protones presentes en moléculas organicas
de tejidos vivos, a diferencia de otros tipos de téc-
nicas en que la sefial proviene de los protones del
agua. Entre los principales metabolitos que es posible
cuantificar se encuentra el N-acetil-aspartato (NAA)
marcador de disfuncion o pérdida axonal/neuronal.
La colina (Cho) esta incrementada cuando existe una
destruccion de la mielina, remielinizacion e inflama-
cion. El aumento de creatina (Cr) esta asociado con la
densidad celular. EI mioinositol (ml) es un marcador
de proliferacion glial y astrogliosis® (Tabla I). Las
lesiones de EM captantes de gadolinio muestran un
aumento de la Cr, Cho, ml y glutamato, mientras que
el NAA puede ser bajo o levemente disminuido. En

Metabolitos
N acetil aspartato (NAA)

Metabolitos obtenidos mediante espectroscopia

Derivado de la sintesis de aminoacidos.

Correlato patoldgico
Disminuido en caso de pérdida o disfuncion

Colina (Cho)
Creatina (Cr)

Mioinositol (ml)

Glutamato (Gl)

Se sintetiza casi exclusivamente en neuronas.
Forma parte de los fosfolipidos constituyentes
de las membranas celulares.

Reserva energética de las neuronas y la glia.

Molécula similar al azicar que interviene
en la regulacion osmotica del tejido cerebral.
Neurotransmisor excitatorio.

neuronal o axonal.

Elevado en la inflamacion, la desmielinizacion
y remielinizacion.

Su aumento esta relacionado con el aumento
de la densidad celular.

Niveles elevados de ml se correlacionan

con proliferacion glial.

Su aumento se asocia con neurotoxicidad.
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la sustancia blanca de apariencia normal el patron es
similar, mientras que en las lesiones cronicas el NAA
estd marcadamente reducido, el ml esta incrementado
y la concentracion de glutamato es normal®-2,

Actualmente se estan desarrollando métodos
para determinar otros metabolitos relevantes para la
EM, como el glutation®, el acido gamma amino bu-
tirico (GABA), el acido ascorbico, asi como la sefial
macromolecular de fondo (valina, alanina, leucina,
isoleucina, treonina) que contiene elementos que for-
man parte de la mielina.

O Resonancia magnética funcional

La RM funcional utiliza un mecanismo de contraste
dependiente de la sefial BOLD (*blood-oxygenation-
level-dependent”), secundaria a las diferencias en la
concentracion de desoxihemoglobina sanguinea en
areas activadas como consecuencia de variaciones en
la actividad neuronal®. En los estudios realizados a
pacientes con EM evaluando las redes visuales, cog-
nitivas y motoras, se han encontrado alteraciones en
el reclutamiento de zonas normalmente implicadas en
el desarrollo de una tarea o en la activacion de éareas
adicionales en comparacién con sujetos sanos®. Los
cambios corticales funcionales varian entre pacientes
en diferentes estadios de la enfermedad, después de
un brote y en pacientes clinicamente estables®™ . Pa-
rece que al inicio de la enfermedad hay un incremen-
to de la activacion de las areas que estan dedicadas
normalmente al desempefio de una tarea determina-
da; en siguientes estadios, se objetiva una activacion
bilateral de estas regiones concretas, y en fases toda-
via mas avanzadas existe una activacion mas difusa
y que incluye areas adicionales (aquellas que en su-
jetos sanos se activan al realizar tareas complejas o
nuevas)®.

O Relaxometria. Estudio de la mielina

La fraccién de agua de la mielina (“Myelin Water
Fraction”, MWF) se obtiene a través de la medicion
del tiempo de relajacidn transversal, el cual consta
de un componente corto derivado del agua atrapa-
da entre las capas de la mielina® (Figura 3). Dicha
medida es especifica del contenido de mielina y su
integridad®. En lesiones de EM existe un 30-50%
de disminucion de la MWF, mientras que en la sus-
tancia blanca de apariencia normal la disminucion
es de alrededor del 7-15% en comparacion con su-
jetos sanos™ ™,

Esta técnica, en la actualidad, presenta importan-
tes limitaciones técnicas, como un tiempo largo de
adquisicién y el estudio Unicamente de una pequefia
parte del parénquima cerebral. Sin embargo, se estan
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Em Secuencia FLAIR y secuencia DESPOT (mye-

lin water fraction map). En la secuencia DESPOT es posible
observar la disminucion o ausencia de mielina en zonas que
corresponden a lesiones hiperintensas en FLAIR. Imagen
cedida por Roland G. Henry, Center for Functional and Mo-
lecular Imaging, Department of Radiology and Biomedical
Imaging, UCSF (University of San Francisco, California).

realizando esfuerzos para obtener adquisiciones en
tres dimensiones y con una mejor sefial/ruido™ .

Q Resonancia magnética de alto campo

El uso de altos campos magnéticos (3 Tesla) 0 muy
altos campos (7 Tesla) ofrece la ventaja de mejorar la
deteccion de lesiones tanto en sustancia blanca como
en sustancia gris™ y una mejor aplicacion de técnicas
de RM no convencional (espectroscopia, transferen-
cia de magnetizacién, etc.). La imagen de suscepti-
bilidad de fase que puede obtenerse con RM 7 Tes-
la permite estudiar la heterogenidad de las lesiones,
dado que el contraste que se obtiene esta relacionado
con la oxigenacion de la sangre, la vasculatura y la
actividad macroféagica™. Asimismo, la RM de alto
campo es mas sensible y especifica a la deteccion del
hierro, por lo que es una herramienta Gtil para el es-
tudio de los depositos de hierro en la sustancia gris y
su contribucion a la neurodegeneracion™ 77,

Q Conclusiones

Aungue la RM convencional ha permitido de forma
indudable mejorar nuestra capacidad diagnostica y de
seguimiento de pacientes con EM, esta limitada por
una baja correlacion clinica y poco poder predictivo.

Los nuevos avances en RM magnética no con-
vencional abren un camino para solventar la paradoja
clinico-radiolégica de las técnicas convencionales.
Estas permiten un estudio mas especifico de los feno-
menos fisiopatoldgicos subyacentes en la EM de for-
ma cuantitativa y, con ello, mas objetiva. Sin embar-
go, existe un largo camino para que las técnicas de
RM no convencional sean perfectas, y es primordial
su estandarizacion y optimizacion.
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V. Hipotesis






Estudios de resonancia magnética y técnicas electrofisioldgicas para evaluar y predecir la discapacidad en pacientes con EM

El conocimiento acerca de los mecanismos involucrados en la discapacidad fisica y
cognitiva en la EM es limitado. Ademas, existe la necesidad de encontrar buenos marcadores
con capacidad para predecir la evolucion de la enfermedad y que con ello ayuden en la
monitorizacion y decision terapéutica. Hay evidencias de que el uso de técnicas de resonancia
magneética cerebral o electrofisiolégicas puede ayudar a caracterizar mejor la disfuncion actual

y a predecir su evolucion en los pacientes con EM.

Las hipodtesis planteadas son:

1. Se ha descrito que las lesiones pseudotumorales en pacientes con esclerosis multiple
presentan un borde hipointenso en secuencias potenciadas en T2 que traduciria la
existencia de macréfagos, y captacion de gadolinio en forma de anillo. Hipotetizamos que
la presencia de lesiones con borde hipointenso en T2 o de lesiones captantes de gadolinio

en anillo se asocia a una evolucion clinica mas severa en la esclerosis multiple.

2. Los pacientes con esclerosis multiple presentan alteraciones tanto de la estructura como
de la funcién del cuerpo calloso. Dichas alteraciones pueden estar asociadas con la

presencia de discapacidad fisica y cognitiva a través de un mecanismo de desconexion.

3. La alteracion de la integridad de la sustancia blanca y la presencia de lesiones focales
no explican completamente la disfuncion cognitiva en la esclerosis multiple. El dafio
microestructural de la sustancia gris puede contribuir a explicar estos déficits incluso en

pacientes en fases iniciales de la enfermedad.

4. El dafo axonal, la astrogliosis y la desmielinizacién, fendmenos que forman parte del
sustrato patolégico de la enfermedad, se asocian con la progresion de la enfermedad y
pueden ser marcadores predictivos de la evolucién de la discapacidad en la esclerosis

multiple.






VI. Objetivos






Estudios de resonancia magnética y técnicas electrofisioldgicas para evaluar y predecir la discapacidad en pacientes con EM

En base a las hipétesis nos planteamos los siguientes objetivos:

1. Conocer la prevalencia de lesiones con borde hipointenso en secuencias potenciadas en
T2 y de lesiones captantes de gadolinio en anillo en una cohorte de pacientes seguidos
segun la practica clinica habitual, y evaluar la correlacion entre ambos patrones

radioldgicos y su significado clinico.

2. |dentificar el dafio estructural y microestructural del cuerpo calloso y la disfuncién de sus
conexiones motoras inhibitorias, y conocer la relacion existente entre el dafo del cuerpo

calloso y la discapacidad fisica y cognitiva.

3. ldentificar aquellas regiones donde la integridad tisular se correlaciona con el
rendimiento de funciones cognitivas especificas. Determinar el impacto de la integridad de
la sustancia gris y de los tractos de sustancia blanca y las lesiones en la cognicion de

pacientes poco discapacitados.

4. Determinar la capacidad de los marcadores de dafio axonal, astrogliosis y
desmielinizacion en resonancia magnética avanzada de predecir la discapacidad fisica y la

atrofia cerebral a medio plazo.






VIl. Resultados
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RESULTADOS

En este trabajo se pretendia conocer la prevalencia de lesiones con borde hipointenso en
secuencias potenciadas en T2 y de lesiones captantes de gadolinio en anillo en la practica

clinica habitual, la correlacién entre ambos patrones radioldgicos y su significado clinico.

Para ello, se revisaron de forma retrospectiva todas las RM realizadas a los pacientes de la
Unidad de EM del Hospital Clinic de Barcelona entre los afios 2000 y 2009. Se analizaron un

total de 580 RM pertenecientes a 257 pacientes.

Se identificaron 35 lesiones con borde hipointenso, que correspondian al 9% de los
pacientes, y 40 lesiones captantes de gadolinio en anillo, es decir al 12% de los pacientes. De
forma infrecuente ambos patrones se presentaron de manera conjunta. Mientras que las
lesiones con borde hipointenso no se asociaron a una peor evolucion de la enfermedad, la
presencia de lesiones captantes de gadolinio en anillo aumentaba el riesgo de alcanzar una
discapacidad elevada y los pacientes que las presentaban tardaban menos tiempo en llegar a
un EDSS de 4.0 y 6.0.
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Abstract

Background: Hypointense rims peripherally on T2-weighted MRI (rim lesions) have been associated with gadolinium
ring-enhancing lesions in multiple sclerosis (MS) in pathological studies. However, little is known about their frequency,
we analyzed clinical significance in a cohort of MS sufferers according to routine clinical practice.

Methods: We retrospectively reviewed all available MRI scans performed on our MS patients between 2000 and 2009.
A total of 580 MRI scans from 257 patients were analyzed. The presence of rim lesions and ring enhancement was
assessed and counted blind. Furthermore, the correlation between both patterns, and with clinical characteristics, was
evaluated.

Results: Thirty-five rim lesions were identified and 9% (24/257) of the patients showed at least one of these lesions.
Forty ring-enhancing lesions were counted and 12% (29/245) of the patients who had undergone gadolinium MRI
presented at least one such lesion. Thirteen lesions co-localized both patterns (40% of the rim lesions and 33% of
the ring-enhancing lesions). Rim lesions and ring-enhancing lesions were observed in patients with clinically isolated
syndrome (7%, 7%), relapsing—remitting (11%, 15%) and secondary progressive (13%, 9%) but none with primary pro-
gressive MS. Presence of ring-enhancing lesions was significantly associated with a shorter time to reach EDSS (Expanded
Disability Status Scale) 4.0 and 6.0 (hazard ratio 7.6, 95% confidence interval 2.3-24.6).

Conclusions: Rim lesions and ring-enhancing lesions are present in close to 10% of patients with MS, and frequently
both lesions appear independently one to the other. The association of ring enhancement with worst prognosis needs to
be confirmed in prospective studies.

Keywords
Multiple sclerosis, magnetic resonance imaging, ring-enhancing lesions, diffusion-weighted imaging, T2 hypointensity
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Introduction

Ring enhancement on MRI images is well recognized as
one of the patterns of enhancement in multiple sclerosis
(MS). It has been reported to occur in approximately
one quarter of all enhancing lesions.' > However, the
presence of an associated hypointense rim peripherally
on T2-weighted MRI (rim lesions) has been described
in a few case reports and in three particular series.* ® In
one study on ring-enhancing lesions of different etiolo-
gies, the association of the ring enhancement with
hypointense T2 rims was found in 54% (7/13) of the
included MS patients.® A pathology study correlating
autopsy/biopsy MS subtypes with MRI found hypoin-
tense T2 rims in 50% (27/54) of the cases, all with an

immunopathological pattern I/IL.” Lastly, rim lesions
were detected in 45% (75/168) of patients with biopsy
confirmed tumefactive MS.? Despite this, the clinical
significance of rim lesions in a cohort of patients with
MS, followed according to routine clinical practice,
remains unknown.

'Service of Neurology, Hospital Clinic, Universitat de Barcelona, Spain.
2Service of Radiology, Hospital Clinic, Universitat de Barcelona, Spain.
*Neurociencias, Institut d'Investigacié Biomedica August Pi i Sunyer
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Diffusion-weighted MRI (DWI) is sensitive to the
random translational motion of water molecules in
tissue and can indeed detect subtle pathological changes
not apparent on conventional MRI. The apparent dif-
fusion coefficient (ADC) is usually increased in demye-
linating lesions and in normal apparent white matter
(NAWM) of MS patients.” However, the relationship
between ADC values and enhancement is less well
known,'®!" and the behavior of rim lesions has not
been formally evaluated.

The aim of the present study was to review the brain
MRI scans of our MS patients to determine the fre-
quency of rim lesions and ring enhancement, and to
analyze the correlation between both patterns and the
clinical significance associated with these lesions. In
addition, the behavior of these lesions on DWI was
also analyzed.

Methods
Patients

We identified 307 consecutive patients from the data-
base at the MS center at the Hospital Clinic of
Barcelona with either clinically isolated syndrome or
definite MS according to the McDonald criteria,'?
who had had a brain MRI carried out between 2000
and 2009. Patients were included in the database from
2000 and followed every 3—6 months, collecting infor-
mation about clinical relapses, disability (EDSS
[Expanded Disability Status Scale]) and therapies pro-
spectively, as previously reported elsewhere.'> The
demographics and clinical characteristics of the series
(see below for the MRI protocol) are detailed in
Table 1, and are similar to those reported in previous
studies."*!> There were no significant differences in
clinical characteristics or number of MRI scans per-
formed between those patients included and excluded
because of the MRI criteria of selection (data not
shown). The study was approved by the ethics commit-
tee of the Hospital Clinic.

MRI protocol

To guarantee the quality and uniformity of the study,
only the MRI scans performed at 1.5 Tesla were
included. Thus, 145 MRI scans were excluded, leaving
580 scans from 257 patients for retrospective evalua-
tion. With some exceptions (14 MRI scans did not
have post-contrast T1-weighted imaging, and 168 did
not have DWI sequences), all MRI scans were per-
formed following the same protocol (Table 2). Three
experienced neuroradiologists (TP, MS, and JB)
reviewed the MRI scans blinded to the clinical
characteristics.

Table |. Demographic and clinical characteristics of the cohort

of MS patients included in the study

Patients
included N =257

Gender ratio, Female/Male 165/92 =1.79
Age (y); Mean £SD 42412
Median (Range) 41 (17-74)
Type of MS; N (%)
Clinically isolated syndrome 46 (18%)
Relapsing—remitting 170 (66%)
Secondary progressive 24 (9%)
Primary progressive 17 (7%)
Disease duration (y); Mean &= SD 100£7.7
Age of onset (y); Mean +SD 3224106
Median (Range) 30 (8-67)
Number of relapses in the first 2 y* 22+ 14
Mean + SD
Number of relapses in the first 5 y? 3.7+£3.0
Mean +SD
Annualized relapse rate®; Mean =+ SD 0.7+0.5
EDSS at 5y from onset; Median (Range) 2.0 (0-7.0)
Time to EDSS 3.0 (y); Mean 95% CI 7.6 (5.9-9.4)
Time to EDSS 4.0 (y); Mean 95% CI 9.7 (7.9-11.5)
Time to EDSS 6.0 (y); Mean 95% CI 12.7 (10.3-14.9)
Time to SP course (y); Mean 95% ClI 13.2 (9.6-16.9)

*Only relapsing—remitting and secondary progressive patients were
considered.

y, years; SD, standard deviation; EDSS, expanded disability status scale;
SP, secondary progressive; Cl, confidence interval.

Conventional imaging. Prior to blind data collection,
the lesions of interest were defined by consensus among
the study investigators: rim lesions were defined by the
presence of a complete or almost complete border of
T2-weighted hypointensity relative to the hyperinten-
sity of the lesion center and surrounding edema
(Figure 1) as described previously.® Ring enhancement
on post gadolinium T1-weighted images was defined by
the presence of a complete circular (closed ring) or
incomplete (open ring) border of enhancement
(Figure 2). The volume of contrast enhancement was
measured by outlining manually the hyperintensity on
post gadolinium T1-weighted images and using the
MRIcro Analyze Viewer program. The presence of
rim lesions and ring-enhancing lesions, the number,
size and volume of contrast enhancement, the associa-
tion between them and their evolution were assessed.

Diffusion-weighted MRI. The pattern of DWI was
analyzed in the center, the border and the periphery
of the rim and the ring-enhancing lesions. In those
lesions with an annular morphology (apparent low
intensity in the border) in the ADC maps (Figure 3),
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Table 2. Summary of the MRI acquisition characteristics used in the study
T1-weighted
PD / T2-weighted TI-weighed Tl-weighted sequence
sequence sequence sequence with contrast DW sequence

MRI system Axial orientation Axial orientation

Sagittal orientation Axial orientation Axial orientation

1.5-T Signa HDxt TES sequence; CSE sequence;

CSE sequence; CSE sequence; TR/TE: 7000/89 ms;

(General Electrics,

TR/TE: 3900/

TR/TE: 500/9 ms;

Milwaukee, WI, 23/83 ms; Matrix/FOV:
USA) Matrix/FOV: 250 mm
250 mm X 292 mm
X 292 mm x 240 mm;
X 240 mm; ST: 5mm;
ST: 5mm; IG: | mm
IG: | mm

1.5-T Magnetom
Symphony

TES sequence;
TR/TE: 2980/

CSE sequence;

TR/TE: 552/17 ms;

TR/TE: 500/12 ms; TR/TE: 500/9 ms; b: 1000 s/m?;
Matrix/FOV: Matrix/FOV: Matrix/FOV:
192 mm x 380 mm 250 mm 132 mm
x 240 mm; ST: 5mm; X 292 mm X 293 mm
IG: I.5mm x 240 mm; X 239 mm;
ST: 5mm; ST: 5mm;
IG: | mm; IG: | mm
Gd IV
0.1 mmol/kg
CSE sequence; TR/TE:  CSE sequence; TR/TE: 3400/94 ms;
400/9 ms; Matrix/ TR/TE: 552/17 ms; b: 1000 s/m?;
FOV: 192 mm Matrix/FOV: Matrix/FOV:
x 256 mm 256 mm 128 mm
x 240 mm; X 192 mm x 280 mm
ST: 5mm; x 240 mm; x 250 mm;
IG: I.5mm ST: 5mm; ST: 5mm;
IG: [.5mm; IG: [.5mm

(Siemens Medical 26/106 ms; Matrix/FOV:
Systems, Germany)  Matrix/FOV: 256 mm x 192 mm
288 mm % 240 mm;
x 384 mm ST: 5mm;
X 240 mm IG: [.5mm
ST: 5mmy;
IG: I.5mm

Gd IV 0.1 mmol/kg

CSE, conventional spin echo; DWV, diffusion weighted; Gd, gadodiamide;
ST, slice thickness; T, Tesla; TE, echo time; TES, turbo spin echo; TR, re

a region of interest (ROI) was manually drawn in the
three parts of the lesion. A ROI was also drawn in the
contralateral matched NAWM. The ADC values were
obtained using a Functool 6.3 program with a worksta-
tion AW4.4 (2008) General Electric Company.

Statistical analysis

Chi-squared or Fisher exact tests were performed to
compare categorical variables. Comparisons between
continuous variables were performed using a r-test or
Wilcoxon’s rank test according to the normality of the
distributions of the variables. An ANOVA or Kruskal-
Wallis test was used for multiple comparisons. Kaplan—
Meier analysis was used to estimate cumulative survival
probabilities and to build survival plots. The time to
reach an EDSS endpoint of 3.0, 4.0 and 6.0 was also
analyzed using a Cox proportional hazards regression.
All statistical analysis was performed by SPSS 16.0 ver-
sion. Significant p-values were set at the 0.05 level.

Results
Conventional imaging

We identified 35 rim lesions from 9% (24/257) patients.
The median number per scan was 1 (range 1-8), and

IG, interslice gap; IV, intravenous; FOV, field of view; PD, proton density;
petition time.

Figure |. Rim lesions: axial T2-weighted images showing a
complete border of hypointensity relative to the hyperintensity
of the lesion center and the periphery.
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(A)

(B)

Figure 2. Ring-enhancing lesions: axial T2-weighted image showing a rim lesion (A) and the complete circular border of enhance-
ment (B) on a Tl-weighted image after administration of gadolinium-DTPA.

(A)

(B)

Figure 3. Diffusion-weighted imaging (A) of the rim lesion showed in Figure |, and the hypointensity of the border in the apparent

diffusion coefficient maps (B).

all but 4 lesions had a complete border of hypointen-
sity. The median size of the lesions was 7.7 mm (range
3.4-17.4mm).

Moreover, we counted 40 ring-enhancing lesions
from 12% (29/245) patients. The median number per
scan was 1 (range 1-4). The most frequent pattern
(60%) was closed ring and 5 patients had both pat-
terns of ring enhancement. The median size of the
lesions was 9.8 mm (range 5.6-31.6mm), and the

median volume of contrast enhancement was 273 mm?®
(range 80-6143 mm?).

From the 32 rim lesions with an available post-
contrast study, 40% co-localized with ring enhance-
ment and 12.5% with nodular enhancement.
Accordingly, 32.5% (13/40) ring-enhancing lesions co-
localized with a hypointense rim on T2. Coexistence of
rim lesions with and without enhancement was
observed in 3 patients.
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Fifteen rim lesions had an MRI follow-up (median
12 months, 1-52 months). The hypointense border on
T2 persisted in 12% at 3.5 and 13 months, and 88%
changed to a homogeneous T2-weighted hyperintensity.
The ring enhancement had disappeared in the 19 cases
with follow-up MRI (median 12 months, 1-52 months).

Diffusion-weighted MRI. DWI study was available in
44% (12/27) of the isolated ring-enhancing lesions, in
73% (16/22) of the isolated rim lesions and in 69%
(9/13) of those with co-localization of both patterns.
On DWI, the most frequent pattern was hyperintensity
in all the lesion parts except in the center, where
hypointensity was the most prevalent pattern in iso-
lated rim lesions and co-localizing lesions.

Mean ADC values were higher in the center, border
and periphery compared with the contralateral
NAWM. The mean ratio (region analyzed/NAWM)
showed the following pattern: increased values in the
center > periphery > border of the lesion (Table 3).
ADC in the border was significantly lower than in the
center for lesions with co-localization (p =0.004), and a
trend was found in isolated ring-enhancing lesions
(»=0.05). No significant differences were observed
between the three types of lesion. Results of the ADC
analysis are summarized in Table 3.

Clinical and MRI relationship

Rim lesions were detected in 7% of the patients with a
CIS, in 11% of the relapsing-remitting patients

Table 3. Apparent diffusion coefficient (ADC) values

(RRMS) and in 13% of the secondary progressive
(SPMS) patients. Ring-enhancing lesions were found
in 7% of the patients with CIS, 15% of the RRMS
and 9% of the SPMS patients (Table 4). The 21%
(5/24) of patients with rim lesions and 24% (7/29) of
patients with ring-enhancing lesions had received cor-
ticosteroid treatment within 30 days previous to the
MRI where those lesions were present. The frequency
of corticosteroid therapy was not significantly different
between patients with rim lesions that co-localized
with ring enhancement and those who did not have
contrast enhancement (23% vs. 22%, p=1.0). None
of these lesions were found in patients with primary
progressive MS (PPMS). There were no significant dif-
ferences in demographical or clinical characteristics of
the patients with rim lesions compared with the rest of
the patients (Table 4). However, patients with ring-
enhancing lesions had a shorter time to reach an
EDSS score of 4.0 (median of 3 years vs. 11 years,
p=0.004) and an EDSS score of 6.0 (median of
4 years vs. 14 years, p=0.001) (Table 4). In a Cox
regression model, that included as covariates: MS
course; number of relapses in the first 2 years from
onset; presence of rim lesions; and presence of ring-
enhancing lesions, a significantly higher risk of reach-
ing an EDSS of 4.0 and 6.0 was observed, associated
with the presence of ring-enhancing lesions (hazard
ratio [HR] 7.6, 95% confidence interval [CI] 2.3 to
24.6, p=0.001) and the number of relapses in the
first 2 years of disease (HR 1.7, 95% CI 1.3 to 2,
p<0.001).

Center Border Periphery NAWM
ADC ADC ADC ADC
(x10>mm?/s) Ratio® (x10>mm?%s) Ratio® (x103mm?%s) Ratio® (x 1073mm?/s)
Only Rim Lesion | 2.54 3.08 1.03 1.24 2.05 2.49 0.83
hypointensity Lesion 2 1.75 2.14 0.86 1.05 1.19 1.45 0.82
Mean+SD 2.14+0.63 261 +0.67 094+0.12 1.154+0.13 1.62+0.61 1.97 +0.73 0.8240.004
Only ring Lesion | 1.39 1.83 1.26 1.66 1.22 1.61 0.76
enhancement Lesion 2 1.46 1.70 0.87 1.01 0.94 1.09 0.86
Lesion 3 .16 1.59 0.69 0.95 0.83 1.14 0.73
Lesion 4 1.86 2.30 0.88 1.08 0.82 1.01 0.8l1
Mean+SD 1.47 £0.29 1.85+0.31 0.93+0.24 1.184+0.33 0.95+0.19 1.21 +£0.27 0.79+0.06
Rim Lesion | 1.84 2.14 1.25 1.45 1.21 1.41 0.86
hypointensity | esion 2 1.81 2.10 1.26 1.46 1.25 1.45 0.86
with ring Lesion3  1.87 2.20 0.94 1.10 1.64 1.93 0.85
enhancement
Lesion 4 2.12 2.33 1.31 1.44 1.25 1.37 091
Mean+SD 191 £0.14 2.194+0.1 1.19£0.17 1.36+0.18 1.34+£0.20 1.544+0.26 0.87+0.03

“Relative to ADC of contralateral normal appearing white matter (NAWM).
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Table 4. Demographic and clinical characteristics of the patients according to the presence of rim lesions or ring enhancement

Ring- No Ring-
Rim lesions No Rim lesions enhancement  enhancement
N=24 N=233 b N=29 N=216" b

Gender ratio. 1.7 1.87 ns. 2.2 1.7 n.s.
Female/Male
Age (y); 42+ 14 42+11 ns. 40%12 2411 n.s.
Mean 4+ SD
Type of MS; N (%)

CIS 3 (7%) 43 (93%) ns. 3 (7%) 42 (93%) 0.09

RR 18 (11%) 152 (89%) 24 (15%) 138 (85%)

SP 3 (13%) 21 (87%) 2 (9%) 20 (91%)

PP 0 17 (100%) 0 16 (100%)
Duration of disease (y); mean &+ SD 99+79 1076 ns. 95+6.6 98+74 n.s.
Age at onset (y); mean =SD 324+11.6 322+105 ns. 30=%10 33£11 n.s.
Number of relapses® first 2y;

mean £+ SD 1.94+0.9 23+ 1.5 ns. 21+14 23+ 1.44 n.s.
Number of relapses® first 5y;

mean =+ SD 34+24 3.8+3.1 ns. 34+20 3.8+3.1 n.s.
Annualized relapse rateb;

mean £+ SD 0.7+0.7 0.7+0.5 ns. 0.6+04 0.7+0.6 n.s.
EDSS at 5y from onset;

median (range) 1.0 (0—6.5) 2.0 (0—6.5) n.s. l.6+1.4 21+14 n.s.
Time to EDSS 3.0 (y); mean 95% Cl 8.4 (2.6—14.2) 7.5 (5.7-9.3) ns.  3.2(0-6.8) 8.1 (6.2—10.1) n.s.
Time to EDSS 4.0 (y); mean 95% ClI I1.5(45-186) 95 (7.6—11.3) ns.  4.3(1.6-7.1) 10.4 (8.5—12.4) 0.004
Time to EDSS 6.0 (y); mean 95% ClI 13 (4.3-21.7) 12.5 (10.1—-149) ns.  4.4(4.4-9.5) 134 (11.1-13.8)  0.001

*Twelve patients were excluded because they did not have post-contrast T|-weighted imaging.
bOnIy relapsing—remitting and secondary progressive patients were considered.
y, years; CIS, clinically isolated syndrome; RR, relapsing—remitting; SP, secondary progressive; PP, primary progressive; SD, standard deviation; ClI,

confidence interval.

Discussion

The frequency of rim lesions in an unselected MS pop-
ulation, and outside of a pathological series, had not
been reported previously. Here we report that 9% of
patients with MS have rim lesions on the MRI. This
figure is much lower than the 45-50% found in the
two available pathological series,”® although the differ-
ences both in techniques and in bias in patient selection
for pathological studies do not make a direct compari-
son possible. It is worth mentioning that only one of the
included patients had a lesion that could be considered
tumefactive.®'® Regarding MRI studies, a previous
study reported rim lesions in 4.5% (6/132) of MS
patients,'” although the definition of a rim lesion (with
a central hyperintensity surrounded by a halo of lower
intensity) was not identical to our study and previous
studies.® The detection of the rim, that might reflect
the presence of an iron-rich macrophage layer at the
edge of the lesion,'®!? containing paramagnetic free rad-
icals,>* can be masked in conventional T2-weighted

sequences. At 7T the chance of detection of paramag-
netic substances increases.”” In that sense a recent report
comparing 1.5 T and 7T MRI found rim lesions at 7 T in
3 of the 12 patients evaluated with T2*-weighted gradi-
ent echo (GRE) sequence.”' Moreover, a postprocessing
technique of GRE (phase imaging) at 7T, which
improves the detection of iron, allowed the visualization
of a peripheral rim in 8% of lesions that was
undetectable with magnitude GRE.*> Taken together,
the data in the current and prior studies suggest that
rim lesions, are infrequently found in conventional
imaging.??

Additionally, our study shows that the frequency of
ring-enhancing lesions at any point in the disease is
about 12%. This figure would be in accordance with
the fact that, in active MS patients, less than a quarter
of the new enhancing lesions have this pattern.'?
Classically, lesions with a hypointense rim on T2-
weighted imaging have been described in association
with gadolinium ring enhancement.*>”** However,
we found that they can appear separately, as only
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40% of the rim lesions co-localized with the ring
enhancement.

Rim lesions were not detected in patients with
primary progressive MS, nor were the ring-enhancing
lesions. Although the number of patients analyzed
was low, these results agree with the low frequency
of enhancement reported in primary progressive
patients.'*?> However, other pathologic processes
might contribute because 47% of the rim lesions were
not associated with any enhancement. The lower fre-
quency of a hypercellular edge at the lesion border in
PPMS compared with SPMS?® could be a part of those
differences.

We did not find clinical differences in patients with
relapse onset related to the presence of rim lesions. One
possible explanation is that these lesions seem to be
transient because nearly 90% of the rim lesions disap-
peared during follow-up. In contrast, the presence of
ring-enhancing lesions in the current study was associ-
ated with a shorter time to reach a higher disability.
Correlations between enhancing lesions, relapses, T2
lesion load and disability measured by the EDSS have
been controversial.>’** A recent analysis from the
Sylvia Lawry Centre for MS Research, which included
31 RRMS and SPMS trial placebo groups, did not find
that baseline enhancing lesions predicted in-trial
relapses or disability at trial exit.” However, in a
study with 28 RRMS patients, the percentage of ring-
enhancing lesions correlated with EDSS and T2 lesion
load, and predicted the occurrence of relapses and
worsening of the EDSS after three years.! Further
reports, which have shown that ring-enhancing lesions
evolve most frequently into persistent permanent black
holes,?” correlate strongly with increased cerebral atro-
phy and with a high disease activity.>*' Taken together
these data suggest that ring-enhancing and homoge-
neously enhancing lesions may represent a different
pathological process. Correlation studies of MRI find-
ings with lesion pathology have shown that ring-enhan-
cing lesions were associated with massive macrophage
infiltration in the zone of myelin destruction at the
plaque border,*>** and with more destructive damage
as measured by magnetization transfer analysis.>*>

In a previous study, rim lesions showed variable
signals on DWI, and mostly mixed with regions of
bright and dark intensity. However, ADC maps were
not evaluated.® We also found variable signals on
DWI and lower ADC levels of NAWM compared
with the lesions. In addition, in ring-enhancing lesions
and in those that co-localized rim hypointensity with
ring enhancement, the ADC levels were lower in the
border compared with the center. The results are in
line with previous studies that found variable ADC
values and decreased diffusivity in the edge of the
acute lesions compared with the plaque center.’*

This probably represents the presence of vasogenic
edema in the extracellular space superimposed on a
decrease in diffusivity®®> caused by cytotoxic edema
from the massive cell infiltration,*>>* or alternatively
due to the cell infiltration by itself.

Only one ring-enhancing lesion showed an absolute
reduced ADC value in the border, a pattern of
restricted diffusion that has been described in isolated
reports and in patients with tumefactive demyelinating
lesions. 6337

This study carries the inherent limitations of any
retrospective study. Although patients were followed
prospectively, the design of the MRI analysis is retro-
spective. Therefore, decisions in the number or timing
of MRI scans were not controlled. Despite this, the
patients we excluded were different neither in terms of
clinical characteristics nor the number of MRIs per-
formed. The possible impact of corticosteroid therapy
in the observed frequency of ring-enhancing lesions in
the whole cohort cannot be answered with this obser-
vational study.

In conclusion, the frequencies of rim lesions and
ring-enhancing lesions in an unselected cohort of MS
patients at some point in the disease are 9% and 12%
respectively. Both lesions can be present independently.
Ring-enhancing lesions, but not rim lesions, seem to be
associated with a worst prognosis. Further prospective
studies are needed to confirm the prognostic value of
identifying these lesions.
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RESULTADOS

En este articulo se pretendian evaluar las alteraciones en la estructura y funcion del CC en
pacientes con EM y determinar la relacion entre dichas alteraciones y la discapacidad fisica y

cognitiva.

Para ello se incluyeron 21 pacientes con EMRR y 13 controles sanos apareados por edad y
sexo. El estudio comprendia una evaluacion multimodal del CC a través de RM vy
electrofisiologia. A todos los sujetos se les realiz6 una RM craneal que incluia una secuencia
3D T1-Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) y una secuencia
de DTI. Ademas se les realizé una evaluacion electrofisiolégica para determinar la duracion y
latencia del iSP asi como el tiempo de conduccion central a través del uso de TMS. A los
pacientes se les administrd la BRB-N, el EDSS y el test MSFC para evaluar su discapacidad

cognitiva y fisica.

Los pacientes presentaron una disminucién significativa del volumen del CC y una
alteracion de su microestructura medida a través de DTI. Ademas, se objetivd un aumento de la
latencia del iSP que podria traducir una alteracién de la integridad de las fibras inhibitorias
transcallosas entre las cortezas motoras. Las medidas de latencia del iSP se asociaron con el

volumen vy la integridad microestructural del CC.

La alteracién de la microestructura y de la conduccion inhibitoria motora del CC se
asociaron con una mayor discapacidad cognitiva principalmente en tests que evaluaban la
memoria episédica verbal y visual y los tests de rapidez de procesamiento de la informacion v,

en menor medida, con la discapacidad fisica.
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Abstract

Background: Corpus callosum (CC) is a common target for multiple sclerosis (MS) pathology. We investigated the influence
of CC damage on physical disability and cognitive dysfunction using a multimodal approach.

Methods: Twenty-one relapsing-remitting MS patients and 13 healthy controls underwent structural MRI and diffusion
tensor of the CC (fractional anisotropy; mean diffusivity, MD; radial diffusivity, RD; axial diffusivity). Interhemisferic transfer of
motor inhibition was assessed by recording the ipsilateral silent period (iSP) to transcranial magnetic stimulation. We
evaluated cognitive function using the Brief Repeatable Battery and physical disability using the Expanded Disability Status
Scale (EDSS) and the MS Functional Composite (MSFC) z-score.

Results: The iSP latency correlated with physical disability scores (r ranged from 0.596 to 0.657, P values from 0.004 to
0.001), and with results of visual memory (r=—0.645, P=0.002), processing speed (r=—0.51, P=0.018) and executive
cognitive domain tests (r=—0.452, P=0.039). The area of the rostrum correlated with the EDSS (r=—0.442, P=0.045). MD
and RD correlated with cognitive performance, mainly with results of visual and verbal memory tests (r ranged from —0.446
to —0.546, P values from 0.048 to 0.011). The iSP latency correlated with CC area (r= —0.345, P=0.049), volume (r=—0.401,
P=0.002), MD (r=0.404, P=0.002) and RD (r=0.415, P=0.016).

Conclusions: We found evidence for structural and microstructural CC abnormalities associated with impairment of motor
callosal inhibitory conduction in MS. CC damage may contribute to cognitive dysfunction and in less extent to physical
disability likely through a disconnection mechanism.
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Introduction The association between disability measured by the Expanded
) ) ) Disability Status Scale (EDSS) [3] and CC atrophy remains
The corpus callosum (CC) is the major cerebral comuussure. It inconsistent, with some studies showing a positive correlation
connects homologous regions of both sides of the brain providing [2.4], but others reported no significant relationship [5,6]. In
interhemispheric communication between cortical and subcortical contrast to structural magnetic resonance imaging (MRI) tech-
neurons. It plays an important role in the organization of complex niques, the evaluation of CC by means of diffusion tensor imaging
comma}nds involving bllater'al tasks with precise timing of in- (DTI) seems to correlate better with clinical measures of disability
formation transfer between sides [1]. The CC is a common target 6,7]
in multiple sclerosis (MS) frequently showing focal demyelinating Only few studies have addressed the relationship between CC

lesions and atrophy since early stages of the disease [2]. Hence it is
of interest to study whether CC damage influences cognitive
impairment and physical disability in MS, two of the most
devastating consequences of the disease.

damage and cognitive impairment in MS. A significant correlation
has been reported between CC atrophy and the severity of
impairment in the performance of tasks requiring interhemispheric

@ PLoS ONE | www.plosone.org 1 May 2012 | Volume 7 | Issue 5 | e37167



transfer of information [8] and also between a number of diffusion
metrics from tractography maps or D'TT voxel-based approaches
and the results of a single cognitive test [9,10] or a battery of
neuropsychological tests [11,12]. In overall, the revised literature
suggests that cognitive impairment in MS could be the
consequence of disconnection between cortical and subcortical
circuits [13].

The interhemispheric connectivity through the CC can be
evaluated by means of transcranial magnetic stimulation tech-
niques (TMS), i.e. interhemispheric inhibition (IHI) and ipsilateral
silent period (1SP) [14,15,16]. A recent study found that even with
no evidence of macroscopic CC lesions, patients with early
relapsing-remitting MS showed abnormally reduced IHI and
abnormally reduced fractional anisotropy (FA) from DTI within
the motor part of the CC, although the correlation between both
measures could not be demonstrated in those patients [17].
However, in healthy controls there was a direct linear correlation
between IHI and DTI measures [18] suggesting a close link
between microstructure and function.

The iSP reflects the inhibition induced on ipsilateral voluntary
activity by focal unilateral TMS [16]. It is thought to be mediated
through the CC although other more caudal pathways may also
exist [19]. Correlation studies looking at iSP, physical disability
and structural CC MRI changes have shown conflicting results
[20,21,22]. However, the relationship between iSP and micro-
structural CC damage or cognition has not been investigated so
far. DTT allows the study of microscopic Brownian motion of
water molecules hindered by cellular structures, such as cell
membranes and axonal cytoskeleton. This property makes the
technique sensitive to microstructure integrity disruption, frequent
in MS lesions and in normal-appearing white matter (NAWM)
[11,23]. White matter damage is reflected by a reduction in FA
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and increase in overall diffusion (mean diffusivity, MD), which are
non-specific metrics due to the various underlying pathophysio-
logical mechanisms [24]. Other metrics derived from FA are axial
diffusivity (AD) and radial diffusivity (RD), which seem to be
related to axonal damage and demyelination respectively in
animal models [25].

With this background we hypothesized that the cognitive
impairment and physical disability in MS could be associated with
disconnection between brain areas due to CC damage. To test this
hypothesis we used a multimodal approach to investigate CC
status by analyzing the structural/microstructural damage of the
CC, and the function of motor inhibitory connections through the
CC by the iSP in a series of relapsing-remitting MS patients.
Then, we analyzed the relationship between the extent of CC
damage and cognitive impairment, using a battery of neuropsy-
chological tests, and scores on standard disability scales including
the EDSS and the Multiple Sclerosis Functional Composite
(MSFC) [26].

Methods
Study subjects

Twenty one consecutive patients with relapsing-remitting MS
[27] were prospectively selected from the outpatient MS Clinic of
the Hospital Clinic of Barcelona. All patients had to be
ambulatory with low to moderate disability (EDSS 0 to 6.0),
under stable immunomodulatory treatment and relapse and
steroid-free for at least one month prior to the study inclusion.
Thirteen age and sex matched healthy individuals were included
as controls. The Hospital Clinic Research Ethics Committee
approved the study and all participants gave written informed
consent.

HEALTHY CONTROL

MULTIPLE SCLEROSIS PATIENT

Figure 1. Structural magnetic resonance imaging of the corpus callosum. Area of corpus callosum in midsagittal slice with subdivision in 7
segments, corresponding consecutively to the rostrum, genu, rostral body, anterior midbody, posterior midbody, isthmus, and the splenium (top
images) and volume obtained from 11 consecutive central sagittal slices (bottom images). Left images correspond to a healthy control and right

images to a multiple sclerosis patient.
doi:10.1371/journal.pone.0037167.g001

@ PLoS ONE | www.plosone.org

May 2012 | Volume 7 | Issue 5 | e37167



Clinical and cognitive evaluation

The disease history was recorded and a complete neurological
examination including the EDSS and MSFC z-score punctuation
to assess physical disability was obtained. The z-score of the MSFC
was calculated by comparison with a standard MS population
according to the protocol of the National MS Society [26]. The
Brief Repeatable Battery-Neuropsychology test (BRB-N) was used
to assess the cognitive status. Neuropsychological test scores were
expressed as z-scores for all tests and cognitive domains, derived
from normative data obtained from a published Spanish healthy
control cohort study and stratified by age and education [28].
Tests included in the BRB-N were: the Selective Reminding Tests
(SRT) to assess verbal memory; the 10/36 Spatial Recall Tests
(10/36) to assess visual memory; the Symbol Digit Modalities Test
(SDMT) to assess attention, visual precision search, processing
speed and executive functions; the Paced Auditory Serial Addition
Task 3 seconds (PASAT 3) to assess the maintenance of attention,
processing speed and working memory; and the World List
Generation (WLG) to assess associative verbal fluency. The z-
scores from the verbal memory domain, visual memory domain,
attentional/executive domain, fluency domain, and the global
BRB-N were measured as previously reported [28]. Physical and
cognitive scores were not measured in control subjects.

Neurophysiological evaluation

TMS was used to assess motor threshold (passive and active),
central motor conduction time and ipsilteral silent period in hand
muscles. A Mystro 5Plus EMG was used for recording the
responses and triggering the magnetic stimulator. The stimulator
was a Novametrix 200 (MagStim, London), equipped with an 8-
shaped coil for cortical stimulation and a round coil for cervical
foraminal stimulation. Surface recording electrodes were attached
over the first dorsal interosseous (FI) muscles of both sides. Resting
motor threshold was measured as the minimum stimulus intensity
needed to elicit motor evoked potentials (MEPs) of at least 50 uV
in 50% of a series of stimuli [29]. The stimulus intensity was
changed stepwise in 1% increment or decrement until the
threshold was reached. We applied magnetic stimulation to the
scalp and to the cervical region. During cortical stimulation,
subjects were requested to maintain a slight preactivation of the FL.
The latency difference between the MEPs to cortical and cervical
stimulation was calculated as the central motor conduction time
(CMCT). Then, subjects were asked to keep a steady contraction
of about 20% of their maximum voluntary contraction by pressing
the index finger against the thumb in both hands. Stimuli of
suprathreshold intensity were applied six times in each side. The
mean duration and onset latency of the iSP from both hands were
manually measured by a technician unaware of clinical and MRI
data.
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Image acquisition and data postprocessing

All scans were performed on a 3T Siemens Trio MRI scanner
(Erlangen, Germany), using a 32 channel head coil for radio
frequency transmission and signal reception. The MRI protocol
included the following sequences: a) 3D structural T1-weighted
MPRAGE (Magnetization Prepared Rapid Acquisition Gradient
Echo) sequence: Repetition Time (TR): 2050 ms, Echo Time
(TE): 2.4 ms, Inversion recovery time (TT): 1050 ms, Flip angle:
9°, FOV: 220 mm; b) DTIT sequence: TR/TE: 7600/89 ms,
acquisition matrix 122x122, FOV: 250 mm, 60 contiguous axial
slices, diffusion gradients in 30 different directions, b va-
lue = 1000 s'mm "~ %,

CC area was calculated from the 3D structural T1-weighted
midsagittal slice by means of semiautomatic segmentation tool of
Analyze software 9.0 (http://www.analyzedirect.com; Biomedical
Imaging Resource, Mayo Clinic). The midsagittal CC section was
then divided in 7 segments with a semiautomated subregional
division [30] (Figure 1). A CC mask was drawn in 11 consecutive
slices around the midsagittal plane where it could be clearly
differentiated from the cingulated gyrus. Moreover, all the CC
lesions were manually traced on the MPRAGE sequence to get
a lesion load from the CC. The volumetric and DTT analysis of the
CC included the visible lesions. The volume of the CC mask was
calculated by adding the area of the 11 consecutive slices (area per
slice thickness) (Figure 1). The CC area and the volume were then
multiplied by a brain scaling factor calculated by SIENAX
(FMRIB, Oxford, UK) to normalize for the cranial size.

An experienced neurologist created T1-lesion masks using semi-
automated thresholding and manual editing methods directly from
the high-resolution TI1-MPRAGE images. Subsequent brain
segmentation and normalization were performed using SIENAX,
which was effectively fully automated once the T'1 lesion mask had
been wused to avoid pixel misclassifications. The following
parameters were derived from the segmentation: the normalized
brain parenchymal volume (nBPV), normal-appearing white
matter volume (nWMYV), grey matter volume (nGMV) and whole
brain T1-MPRAGE lesion volume (nLV).

FSL (FMRIB, Oxford, UK) tools were used to register DTT to
structural images. A linear (FLIR'T, solid rigid transformation) and
nonlinear (FNIRT) registrations of FA maps to skull removed
structural image were performed excluding the CC lesions when
estimating the warps. The double registration was done aiming to
consider changes in displacement and shape with high accuracy to
structural image. The resulting transformation files were applied to
index images derived from DT to coregister them to CC mask.
The borders of the CC mask were eroded to avoid that partial
volume voxels diminishing mean values of the diffusivity indexes.
The mean values of the following parameters were obtained in

Table 1. Results from the cognitive tests and domains included in the Brief Repeatable Battery in patients with multiple sclerosis.

Tests SRTS SRTR SRTD 10/36 10/36D SDMT PASAT WLG
—0.68 (1.27) —0.80 (1.21) —0.03 (1.06) —0.14 (0.75) —0.03 (1.15) 0.21 (1.24) —0.53 (1.16) —1.13 (0.77)
Cognitive domains Verbal memory Visual memory Attentional/executive Fluency
—0.64 (1.14) —0.09 (0.81) —0.15 (1.12) —1.13 (0.77)
Global BRB —0.50 (0.77)

generation; BRB = Brief Repeatable Battery.
doi:10.1371/journal.pone.0037167.t001
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Values are mean = SD z-scores. Abbreviations: SRTS = selective reminding test long term storage; SRTR = selective reminding test long term retrieval; SRTD = selective
reminding test delayed recall; 10/36 = spatial recall test; SDMT = symbol digit modalities test; PASAT-3 = paced auditory serial addition task 3 seconds; WLG =world list
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CC: FA, MD, RD (the average of the second and third
eigenvalues) and AD (the first eigenvalue) from the CC mask.

Statistical analysis

The statistical analysis was performed using SPSS for Windows
(version 17.0). Normality was assessed by the Kolmogorov-
Smirnov test; all the variables except for the CC lesion volume
had a normal distribution. All values are expressed as mean (SD).
The independent-samples Student’s ¢ test was used to compare
demographic, neurophysiologic and MRI metrics between MS
and controls. Univariate correlations between clinical, neurophys-
1ological, cognitive and MRI data were examined in patients with
the Pearson correlation coefficients. A linear regression model was
used to evaluate the effect of disease duration and disability on iSP
measures. P-values<<0.05 were considered to indicate statistical
significance.

Results

Clinical and cognitive data

The 21 MS patients had a mean (SD) age of 37.2 (6.9) years, 12
(57%) were female with mean disease duration of 9.5 (5.38) years.
Median EDSS score was 2.0 (range 0 to 6.0) and mean MSFC z-
score 0.23 (0.59). The 13 healthy controls had a mean age of 35.2
(7.4), similar to the age of the patients (= 0.45), and 8 (61.5%)
were females. The results of the cognitive tests in the cohort of M'S
patients are shown in Table 1.

Neurophysiological study

A summary of the data extracted from the TMS study is shown
in Table 2. The mean iSP onset latency was significantly longer in
MS patients than in controls (P=0.001). There was a statistically
significant correlation between iSP latency and the EDSS score
(r=0.657, P=0.001), the MSFC z-score (r=—0.596, P=0.004),
and cognitive data, 1.e., the 10/36 (r=—0.645, P=0.002), the
SDMT (r=—0.51, P=0.018) and the executive cognitive domain
(r=—0.452, P=0.039) z-scores. Moreover, the iSP latency
correlated with disease duration, but this effect disappeared
(B=0.170, P=0.426) when the EDSS sore was added to the
model (B=0.564, P=0.015).

The mean iSP duration was not different between MS patients
and controls. We did not find any significant correlation between
the duration of the iSP and the physical disability or cognitive
dysfunction. The latency of the MEP to cortical stimulation was
significantly longer in patients than in controls subjects, resulting
in a longer mean CMCT (P=0.007). There was no significant
correlation between CMCT latency and physical disability (EDSS:
r=0.248, P=0.278; MSFC: r=—0.028, P=0.905) or cognitive
data (data not shown). However, a significant correlation was

Table 2. Results from the ipsilateral silent period and central
motor conduction time.

MS patients Controls P
iSP latency 41.25 (4.95) 35.47 (3.62) 0.001
iSP duration 20.06 (4.71) 18.51 (2.67) 0.25
CMCT latency 8.51 (2.60) 6.20 (1.11) 0.007

Values are mean (SD). Results from the electrophysiology study are expressed in
milliseconds. Abbreviations: CMCT = central motor conduction time;

iSP =ipsilateral silent period; MS =multiple sclerosis.
doi:10.1371/journal.pone.0037167.t002
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found between the CMCT and the iSP latency (r=0.398,
P=0.022). Finally, there were no significant differences in resting
motor threshold between patients and control subjects (£>0.05).

Corpus callosum MRI data

Table 3 summarizes the data concerning MRI findings. There
were no significant differences in the area of the CC in the
midsagittal slice between MS patients and controls, although the
area of segment 1 (rostrum of the CC), but not of the other
segments, was smaller in patients (P=0.03). The CC volume was
smaller in MS patients compared with controls (#=0.007). The
CC volume correlated with the nLLV (r=—0.686, P=0.001). The
area of segment 1 correlated with the EDSS (r=—0.442,
P=0.045) and with the 10/36 delayed (r=10.439, P=0.047) test.
The other CC structural measures did not significantly correlate
with physical disability or cognitive data (data not shown).

Compared with controls, MS patients showed lower FA
(P=0.032) and higher MD (P=0.001), AD (P=0.022) and RD
(P=0.003) values. Table 4 shows the results from the DTI
analysis.

There was no significant correlation between DTT measures and
physical disability (EDDS and MSFC z-score). On the other hand,
MD values correlated with the 10/36 delayed test (r=—0.546,
P=0.011), the verbal memory domain (r = —0.446, P= 0.043) and
the visual memory domain (r=—0.468, P=0.033), RD values
with some cognitive tests, i.e. the SRT long-term storage
(r=—0.437, P=0.048), the SRT long-term retrieval (r=—0.484,
P=0.026), the 10/36 delayed test (r=—0.502, P=0.02) and the
verbal memory domain (r= —0.484, P=0.026).

Combination of electrophysiological and MRI data

The 1SP latency correlated with the area of the CC (r= —0.345,
P=0.049), with the area of segments 1 (r=—0.523, P=0.002) and
3 (r=-0.359, P=0.04) and with the volume of the CC

Table 3. Results from the corpus callosum and the whole
brain structural MRI analysis.
MS patients  Controls P

Area of CC (midsagittal slice) 6.78 (1.2) 7.11 (0.9) 0.17
Segment 1 area 0.25 (0.1) 0.34 (0.1) 0.03
Segment 2 area 1.55 (0.3) 1.58 (0.3) 0.78
Segment 3 area 0.87(0.2) 0.96 (0.1) 0.20
Segment 4 area 0.84 (0.2) 0.95 (0.09) 0.89
Segment 5 area 0.80 (0.2) 0.78 (0.1) 0.76
Segment 6 area 0.88 (0.2) 0.91 (0.2) 0.68
Segment 7 area 1.60 (0.3) 1.69 (0.3) 0.43

Volume of CC 8.19 (1.65) 9.84 (1.60) 0.007

Volume of CC lesions 0.14 (0.27) n/a n/a

nBPV 1,508.8 (72.0)  1,627.3 (81.2)  <0.001

nWMV 725.8 (49.2) 781.7 (32.6) 0.001

nGMV 783 (39.8) 845.6 (57.5) 0.001

nLV 6.99 (8.04) n/a n/a

Values are mean (SD). Results from the corpus callosum areas are expressed in

cm? and volumes in cm?>. Abbreviations: CC=corpus callosum; n/a=not

applicable; nBPV =normalized brain parenchymal volume; nWMV = normalized

normal-appearing white matter volume; nGMV = normalized grey matter

volume; nLV = normalized whole brain T1-MPRAGE lesion volume; MS = multiple

sclerosis.

doi:10.1371/journal.pone.0037167.t003
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Table 4. Diffusion-tensor MRI-derived metrics of the corpus
callosum.

MS patients Controls P
Average FA 0.69 (0.04) 0.72 (0.02) 0.03
Average MD 0.97 (0.04) 0.89 (0.03) 0.001
Average AD 1.86 (0.09) 1.78 (0.05) 0.02
Average RD 0.52 (0.03) 0.44 (0.03) 0.003

Values are mean (SD). They refer to metrics of the corpus callosum mask
including visible lesions. Average MD, AD and RD are expressed in units of
mm?/sx10~3, FA is a dimensionless index. Abbreviations: AD = axial diffusivity;
MD =mean diffusivity; FA =fractional diffusivity; RD =radial diffusivity;

MS =multiple sclerosis.

doi:10.1371/journal.pone.0037167.t004

(r=—0.401, P=0.021). The iSP onset latency also correlated with
whole brain volume metrics, i.e. the nBPV (r=—0.542, P=0.01),
the nWMV (r=—0.527, P=0.002) and the nGMV (r=—0439,
P=0.011) but the correlation was not significant with the nLLV or
the lesion load inside of the CC (data not shown). Finally, the iSP
latency also correlated with MD (r=0.404, P=0.02) and RD
(r=0.415, P=0.016) values. The CMCT did not show any
correlation with structural or DTT measures (data not shown).

Discussion

In this study, we investigated the influence of CC damage on the
cognitive dysfunction and physical disability in MS patients, using
a multimodal approach. First, we assessed the structural and
microstructural characteristics of the CC by MRI and the function
of motor inhibitory connections through the CC by the iSP. Then,
we examined the relationship between the extent of CC damage
and cognitive dysfunction using a battery of neuropsychological
tests, and physical disability based on standard disability scales.
Our study shows that the microstructural integrity of the CC and
the motor callosal conduction are impaired in MS patients and
these abnormalities correlate with cognitive dysfunction, mainly
verbal and visual memory, information processing speed and
executive tasks, and in a lesser extent, with physical disability.

It is well known that stimulation of one hemisphere by TMS
inhibits the activity generated in the contralateral hemisphere
[14,16]. However, the physiology of this effect is not completely
understood. A silent period is produced in the ongoing voluntary
activity in both hands to unilateral stimulation. While the
contralateral one follows the generation of a MEP and, therefore,
it involves post firing of alpha motoneurons, the iSP is never
preceded by a MEP and, consequently, it must be considered as
the result of suppression of the voluntary corticospinal drive. It is
conceivable that the iSP depends on the integrity of transcallosal
inhibitory fibers between motor cortices. Increased latency of the
iSP in MS patients has been found in some studies [31,32] and
prolonged iSP duration in others [20,21,22]. These abnormalities
are probably related to demyelination [32]. In the current study
the iSP latency was longer in MS patients than in healthy controls,
and the same was observed in the 2 patients who did not have
evidence of CC lesions (data not shown), revealing motor callosal
conduction deficit in MS patients. Although the iSP latency
correlated with the duration of the disease, this effect disappeared
when the EDSS was added to the statistical model, suggesting that
the slowness in the interhemispheric inhibitory command could be
a characteristic feature of late disease stages [21] due to the higher
physical disability related to those stages.

@ PLoS ONE | www.plosone.org
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In agreement with previous studies we found a significant,
although moderate, correlation between iSP abnormalities and the
CMCT [20]. Although the iSP measures could be in part
reflecting the demyelination of the contralateral corticospinal
tract, the fact that the iSP but not the CMCT significantly
correlated with structural CC damage (atrophy) and with DTI
markers of microstructure integrity (MD and RD) would suggest
that the CC is a main contributor to this abnormality.

As expected, CC atrophy [6,8] was found in our patients with
non-disabling MS [33]. However, differences with respect to
healthy subjects were only significant for the area of the rostrum
and the volume of the CC. In line with other reports, the overall
callosal volume did not correlate with measures of physical
disability [6], although a significant but moderate correlation was
found with the area of the rostrum, which is composed by axonal
fibers that connect ventro-prefrontal cortices of either hemisphere.
In the same way, DTI measures of axonal damage and
demyelination, reduced FA and increased MD, AD and RD were
also found [17,32], even though none of them correlated with the
physical disability observed in our patients. Our findings are in line
with those found in pathological studies showing a substantial loss
of both axonal density and volume in the NAWM of the CC with
a trend to higher decrease in the rostrum and midbody [34].

Latency of the iSP significantly correlated with scores on
standard disability scales including the EDSS and z-MSFC. This is
in agreement with previous studies that showed that the functional
impairment of interhemispheric transfer analyzed by neuropsy-
chological testing or IHI correlated with the EDSS [8,22].
Therefore, it is likely that the increased latency of the iSP found
in our patients reflects dysfunction of inhibitory fibers connecting
the primary motor cortices [35]. In this sense, a previous study
found an inverse correlation between 1SP duration and the amount
of ipsilateral motor cortex activation in functional MRI suggesting
that the increased activation represented a consequence of loss of
transcallosal inhibitory fibers [32].This would lead to reduced
inhibitory input and, consequently, to impairment of the motor
performance [32].

The latency of the iSP significantly correlated with the
performance of immediate visual spatial memory, working
memory, speed of information processing, attention and executive
tasks, while some values from the CC microstructure, MD and
RD, correlated with immediate and delayed verbal and visual
spatial memory, that is with the profile of neuropsychological
dysfunction most frequently reported in MS [13,36,37]. To the
best of our knowledge, the relationship between iSP and cognitive
performance has not been previously evaluated in MS patients.
Interestingly, though, abnormalities in the iSP have been
associated with decrease of verbal fluencies, attention functions
and MRI atrophy of the CC in patients with corticobasal
degeneration [38].

Previous studies in MS have shown significant correlations
between cognitive status and CC microstructure. A significant
increase in CC MD values was observed in relapsing-remitting MS
patients with cognitive impairment [9], even in the benign MS
form [12]. Moreover, patterns of tract A reduction for cognitive
tests, including localizations such as the body and splenium of the
CC, only partially overlapped with the visible T2 lesions,
supporting that NAWM abnormality contributes to cognitive
dysfunction [13].

Our study would favor the hypothesis that, in MS, cognitive
impairment, and likely also physical disability, are, at least in part,
influenced by the CC status and might result from a multiple
disconnection syndrome [13,39]. Post-mortem studies have shown
strong correlations between regional demyelinating lesion load and
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axonal density in the corresponding projection region of the CC in
MS patients [40]. In agreement with that, we found a positive
correlation between atrophy of the CC and whole brain lesion
load. However, the correlation between iSP and atrophy but not
with lesion load would suggest that the 1SP onset latency reflects
abnormalities beyond the visible white matter lesions. In addition,
the results of our study add a piece of evidence on the close link
between microstructure and function, showing a significant but
moderate correlation between the iSP and MD and RD metrics.
Nevertheless, the iSP abnormality seems to be able to capture signs
of cognitive and physical impairment in MS that could be related
to callosal disconnection.

A limitation of our study is the low number of patients included
that might have potentially affected the statistical power. However,
we studied a relatively homogeneous cohort of relapsing-remitting
patients with non-disabling MS as their median EDSS score was
2.0 after mean disease duration longer than 5 years [33].
Moreover, the exploratory nature of this study precluded multiple
testing correction analysis. However, the biological plausibility and
the consistency of the results in agreement with previous research
give further support to the conclusions. Nevertheless, it would be
interesting to confirm the results of this study in a larger cohort
including multiple testing correction analysis. Finally, we did not
perform DTI tractography analysis to further characterize the
relationship between the 1SP and the topographical distribution of
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the CC abnormalities. Although this approach would be in-
teresting to better understand the involved pathophysiology, it is
likely that the regional distribution would not reach stronger
correlations considering the large variability of both the extent and
location of MS lesions.

In conclusion, we found evidence for structural and micro-
structural abnormalities of the CC that are associated with
impairment of motor callosal inhibitory conduction in MS. CC
damage is likely to contribute to cognitive dysfunction and in less
extent to physical disability through a disconnection mechanism.
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RESULTADOS

Este trabajo pretendia identificar las regiones cerebrales donde el rendimiento cognitivo se
correlaciona con la integridad tisular y determinar el impacto del dafo de la sustancia gris, la

sustancia blanca y la presencia de lesiones en la disfuncién cognitiva.

Se incluyeron 67 pacientes con EMRR y 26 controles sanos. A los pacientes se les realiz
un estudio neuropsicoldgico con la BRB-N. Se utilizaron técnicas no aprioristicas para
identificar las regiones de SG o de SBAN donde los valores de DTl en RM se correlacionaban
con el rendimiento cognitivo. Ademas, se identificaron las regiones donde la presencia de
lesiones de SB se asociaba con el rendimiento cognitivo. Finalmente, se analizaron de forma
conjunta los datos de RM en un modelo de regresién lineal multiple para conocer cuales eran

los principales determinantes de la cognicién.

Los pacientes presentaron una alteracion de los indices de DTI en multiples regiones de SG
y SBAN. La alteracién de la integridad o la presencia de lesiones en regiones especificas se
asociaban con un peor rendimiento cognitivo en funciones concretas. En el modelo de
regresion lineal multiple los elementos que mas explicaban la varianza del rendimiento
cognitivo eran la integridad de la SBAN junto con la presencia de lesiones, mientras que la
integridad de la SG medida a través de DTI sélo afiadia un pequefio incremento a dicha

varianza.
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Abstract

Objectives: Our aim was to investigate the impact of gray matter (GM) integrity on cognitive performance in multiple
sclerosis (MS), and its relationship with white matter (WM) integrity and presence of lesions.

Methods: Sixty-seven patients with MS and 26 healthy controls underwent voxel-based analysis of diffusion tensor
images (DTI) in GM and tract-based spatial statistics (TBSS) from WM to identify the regional correlations between
cognitive functions and integrity. Lesion probability mapping (LPM) was generated for correlation analysis with cognition.
Multiple linear regression analyses were used to identify the imaging measures associated with cognitive scores.
Results: Compared with controls, patients showed abnormal DTl indices in several GM regions and in most VWM tracts.
Impairment in DTl indices in specific GM regions was associated with worse performance of distinct cognitive functions.
Those regions showed anatomical correspondence with cognitively relevant tracts in TBSS and LPM. The combination
of regional GM and WM DTl and lesion volume accounted for 36-51% of the variance of memory and attention scores.
Regional GM DTI explained less than 5% of that variance.

Conclusion: GM and WM integrity of specific networks influences cognitive performance in MS. However, GM damage

assessed by DTI only adds a small increment to the explained variance by VWM in predicting cognitive functioning.
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Introduction

Multiple sclerosis (MS) is characterized by inflammatory
demyelination and axonal damage responsible for the
development of visible lesions and diffuse damage of what
appears to be otherwise normal brain tissue.!

Diffusion tensor imaging (DTI) allows for quantitative
measurements of the brain microstructural integrity. In
patients with MS, reduced fractional anisotropy (FA) and
increased mean diffusivity (MD) indices are usually found
in normal-appearing white matter (NAWM) and lesions,
reflecting impairment of tissue integrity due to demyelina-
tion,? axonal damage or gliosis.? Axial diffusivity (AD) and
radial diffusivity (RD) are other DTI indices which appear
to be related to axonal damage and demyelination in animal
models, respectively.* The information on gray matter
(GM) integrity is more limited, and increases in MD and
either decreases or increases in FA have been reported in
MS.>6

Cognitive impairment affects a large proportion of
patients”® and can involve several cognitive domains,
including attention, executive functions and long-term

memory.”? The disconnection between cognitively relevant
cortical or subcortical regions seems to contribute to cogni-
tive dysfunction in MS,!%-12 and there is evidence of GM
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involvement in such effects.!>1* However, the influence of
GM integrity damage, measured by DTI, on cognitive
impairment is not completely known.!?

Non-hypothesis-driven magnetic resonance imaging
(MRI) methods allow regional damage to be detected in MS
patients and to associate this with cognitive impairment.
Tract-based spatial statistics (TBSS) has shown that low FA
values in certain WM tracts are associated with worse perfor-
mance in specific neuropsychological tests.!0:16:17

Because WM pathology alone cannot explain cognitive
dysfunction in MS,'® we hypothesize that GM damage
assessed by DTI may provide a relevant contribution even
in patients in the early phase of the disease. To test this
hypothesis, we investigated the impact of regional GM
integrity on cognitive performance, and its relationship
with WM integrity and presence of lesions using voxel-
based analysis (VBA) of GM diffusivity, TBSS of the
NAWM and lesion probability mapping (LPM), first to
characterize the topographical distribution of GM and
WM damage, and then to identify the main imaging meas-
ures associated with the specific cognitive domains in
patients with mildly disabled relapsing-remitting MS
(RRMS).

Methods
Study subjects

For this study, 67 RRMS patients with low-to-moderate
disability (Expanded Disability Status Scale!® (EDSS)
0-5.5) were consecutively selected from the MS Center at
the Hospital Clinic of Barcelona. Also included were 26
age and gender-matched healthy controls (HC). The Ethics
Committee of the Hospital Clinic approved the study and
all the participants provided their informed consent.

Neuropsychological evaluation

The Brief Repeatable Battery® was used to test the follow-
ing cognitive functions in patients.

Episodic verbal memory was assessed with the selective
reminding test (SRT) that comprises several subtests: ver-
bal memory long-term storage (SRT-S), long-term retrieval
(SRT-R) and delayed recall (SRT-D) tests. To evaluate
immediate working memory we used the immediate recall
(SRT-IR) after a single trial in the SRT test (repetition of a
12-item word list).20

Visual memory was measured by the 10/36 Spatial
Recall Test (SPART) and 10/36 SPART delayed recall
(SPART-D).

Attention was assessed with the Symbol Digit Modalities
Test (SDMT) and the Paced Auditory Serial Addition
Task-3 seconds (PASAT).

Semantic verbal fluency was assessed with the Word
List Generation (WLG).

Test scores were expressed as z-scores, derived from
normative data obtained from a published HC cohort strati-
fied by age and education.?! A test result was considered
abnormal if it was over 2.0 SD below the mean test value
for the published cohort, and patients were classified as
cognitively impaired if they had at least two altered tests.!?
For the SRT-IR test we used the absolute number of cor-
rectly repeated words, and the education level was included
as a covariate in the analyses performed with this test.

MRI protocol and image analysis

Images were acquired on a 3T Siemens Trio MRI (Erlangen,
Germany), using a 32-channel head coil. The protocol
included a 3D T1-weighted Magnetization Prepared Rapid
Acquisition Gradient Echo (T1-MPRAGE) sequence: rep-
etition time (TR), 2050 ms; echo time (TE), 2.4 ms; inver-
sion recovery time, 1050 ms; 0.9 mm isotropic resolution.
DTI sequence: TR/TE, 7600/89 ms; acquisition matrix,
122x122; 2.5 mm isotropic resolution; 1 volume without
directional weighting and 30 different gradient directions
(1000 s/mm?). For more details on the sequences and pro-
cessing steps see the Supplementary Materials.

Individual WM lesion masks were generated manually
on the T1-MPRAGE sequence in patients using [ITK-SNAP.

Voxel-based analysis of GM diffusivity.  In patients, the VBA
pre-processing protocol was modified using lesion inpaint-
ing (LI) in TI-MPRAGE to improve the segmentation and
registration processes.?? The default processing parameters
from DARTEL toolbox were applied.?3 Then, the diffusion
tensor FA, MD, RD and AD maps were normalized to the
standard space. A binarized mask of GM was applied to the
unmodulated images to exclude non-GM voxels.

Two-sample t-tests were used to localize the regions
with significant differences in GM DTI indices between
patients and controls. Multiple linear regression analyses
were performed to identify those areas from the whole
brain GM in which the DTI indices correlated with cogni-
tive z-scores in patients after adjusting for age, sex and a
brain scaling factor. A cluster-defining threshold of p=0.001
was used, and clusters were considered significant at
p<0.05 cluster level family-wise error (FWE) corrected.
Then, the DTI indices from those significant regions were
obtained.

Tract-based spatial statistics. FMRIB Software Library
tools were used to process the diffusion tensor data. Geo-
metric distortions were corrected by a phase-unwrapping
method followed by eddy current correction. Reconstruc-
tion of the diffusion tensors was performed to obtain FA,
MD, RD and AD tensor-derived measures for each voxel.
TBSS projected the FA, MD, AD and RD data for each
subject on the mean-space tract skeleton.?* To avoid
errors in registration processes LI was applied.?
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Table I. Characteristics of the subjects included in the study.

MS patients (n=67) Healthy controls (n=26) p value

Female/Male 43/24 1719 0.07
Age, years 39.5(8.8) 36.0(7.2) 0.56
Educational level, n (%):

Elementary school 5(8) - -

High school 28 (42)

Further education or university 31 (46)

Higher degrees 3(4)
Disease duration, years 8.7 (6.8) - -
Patients under treatment, n (%) 59 (88) - -
Median EDSS score (range) 1.5 (0-5.5) - -
Normalized TI-Lesion volume, cm? 8.8 (9.7) - -

EDSS: Expanded Disability Status Scale.
Values are expressed as mean (standard deviation) except for EDSS.

To produce a skeleton of the NAWM we excluded those
voxels where at least >10% of the patients presented a
lesion in the lesion maps.

NAWM FA, MD, RD and AD skeletons were compared
between MS patients and controls using the randomize tool
in the FSL library, with 5000 permutations and threshold-
free cluster enhancement (p<0.05, corrected for multiple
comparisons by controlling for FWE rates),?¢ while treating
age and sex as covariates. We performed similar inter-sub-
ject voxel-wise correlations between whole brain skeleton
DTTI indices and cognitive scores in patients. Finally, we
obtained the DTI indices from those significant skeleton
regions.

Tractography. Because TBSS applies DTI information
from local WM tracts to a skeleton representing the centres
of all fibre bundles and does not give the exact information
corresponding to the real tract anatomy, we explored the
possible anatomical coincidence between regions associ-
ated with cognition in VBA of GM and TBSS by tractogra-
phy on a healthy subject. The DTI sequence parameters
were: TR/TE, 16600/110 ms; acquisition matrix, 154x154;
1.5 mm isotropic resolution; 1 volume without directional
weighting and 60 different gradient directions (1500 s/
mm?). The significant clusters in GM VBA obtained for
each cognitive test were used to seed streamlining-based
tractography.

Lesion probability mapping. The lesion masks from each
patient were normalized to the standard space provided in
DARTEL. In the LPM each voxel value can be thought of
as an estimate of the probability that the subject has a lesion
at that location (Supplementary Figure S-1).27

The relationship between z-scores and the lesion prob-
ability at each voxel was modelled as a multiple linear
regression, with each cognitive z-score as the dependent
variable,?® and age, sex and brain scaling as covariates.
Significance was defined in the same way as that

described for the VBA of the GM. Then, the volume of
lesions inside the significant clusters was calculated for
each patient.

Statistical analysis

Mann—Whitney U test was used to compare demographic
characteristics between patients and controls. Multiple lin-
ear regression (at cluster level) was used to model the rela-
tionship between FA values from significant tracts in TBSS,
RD values from significant GM regions in VBA and lesion
volume from significant clusters in LPM as explanatory
variables, and z-score of every test as a response variable.
In all models age, disease duration and EDSS were included
as covariates. Statistical analyses were performed using
SPSS and significance level was set at p<0.05.

Results
Clinical and neuropsychological data

Patients had low disability scores (median EDSS of 1.5, range
0-5.5) (Table 1). At least one abnormal neuropsychological
test result was observed in 21 (31.3%) patients. Three (4.5%)
patients had two or more abnormal results from the battery
and were considered cognitively impaired. Results from the
neuropsychological evaluation are shown in Table 2.

DTI comparison between MS patients and
controls

In the GM, decreases in the FA, increases in the MD, AD
and particularly the RD, were detected in several GM
regions in patients with MS as opposed to the HC, includ-
ing the thalamus, caudate nucleus, hippocampus, cingulum,
frontal, temporal and occipital cortex (Figure 1).

In the NAWM, patients showed a widespread decrease
in the FA and increase in the MD and RD compared with
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Table 2. Results from the neuropsychological evaluation in patients.

Domain Test Subscore Cognitive function Mean (SD) score Patients with
abnormal subtests n (%)

Verbal memory SRT SRT-IR Verbal memory immediate recall 6.45 (1.87) -
SRT-S Verbal memory long-term storage  —0.09 (1.19) 4 (6)
SRT-R Verbal memory long-term retrieval —0.25 (1.30) 7 (10.4)
SRT-D Verbal memory delayed recall —0.08 (1.17) 8(11.9)
Visual memory  10/36 SPART SPART Visual memory —0.37 (0.90) 2 (3)
SPART-D  Visual memory delayed recall 0.04 (1.15) 5(7.5)
Attention SDMT Attention, visual precision search, 0.25 (1.02) 0 (0)
processing speed and executive
functions
PASAT Attention, processing speed and —0.43 (1.13) 7 (10.4)
working memory
Verbal fluency  WLG Associative verbal fluency —0.66 (0.96) 5(7.5)

SRT: Selective Reminding Test; SPART: Spatial Recall Test; SDMT: Symbol Digit Modalities Test; PASAT: Paced Auditory Serial Addition Test; WLG:Word
List Generation.

Z-scores were obtained for all tests from comparison with a Spanish healthy population except for immediate recall in which absolute number of
correct responses was considered.

Figure |. Voxel-based analysis of gray matter diffusivity: regions with decreased gray matter fractional anisotropy (FA) and increased
mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD) in patients with MS compared with control subjects (p<0.05,
corrected for multiple comparisons).
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Figure 2. TBSS: skeletal voxels with decreased normal-appearing white matter fractional anisotropy (FA) and increased mean
diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD) in patients with MS compared with control subjects (p<0.05,

corrected for multiple comparisons).

HC. However, the increases in AD were restricted to a
small number of tracts, mainly the corpus callosum (CC),
anterior thalamic radiation, corticospinal tract and inferior
fronto-occipital fasciculus (Figure 2).

Topographical associations with cognitive
functions

Episodic verbal memory. In the GM, the RD was more sen-
sitive than the other indices to detect correlations with ver-
bal memory tests. The different subtests revealed distinct
associations with specific GM regions (Figure 3), mainly in
the left hemisphere. Thus, decrease in z-scores was associ-
ated with increase of RD in the left angular cortex for the
SRT-IR z-scores, in the occipital cortex (i.e. angular, calca-
rine, lingual and fusiform cortex) and medial structures,
such as the hippocampus and thalamus for the SRT-S
z-scores, in the bilateral cortical (i.e. several regions of the
occipital and temporal cortex, insula) and medial structures

(i.e. hippocampus, parahippocampus and thalamus) for the
SRT-R z-scores and in the left occipital lobe, hippocampus,
thalamus, precuneus and fronto-orbital cortex for the
SRT-D z-scores.

The four SRT subtests revealed several WM areas in
which cognitive performance was correlated with the TBSS
skeleton FA (Figure 3), MD and RD. These results predom-
inated in the left hemisphere, and for all subtests there was
significant overlap in the tracts identified, including the
CC, cingulum, anterior thalamic radiations, inferior fronto-
occipital fasciculus, forceps major, sagittal stratum (includ-
ing the inferior longitudinal fasciculus (LF)) and the
retrolenticular portion of internal capsule.

Areas of anatomic correspondence between relevant
GM regions and skeleton NAWM for memory performance
were visually identified (Figure 3) in calcarine and lateral
occipital cortex with the left inferior LF. Using tractogra-
phy from the significant GM clusters, occipital and tempo-
ral seeds elicited forceps major tracts and left inferior LF
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Figure 3. Distribution of significant associations between DTI or lesion probability and the Selective Reminding Tests scores in

patients.

Voxels of GM where increased RD (p<0.05 cluster level, corrected) correlated with test z-scores are coloured in green.Voxels from the NAWM
skeleton where reduced FA (p<0.05, corrected) correlated with cognitive test performance are coloured in red.Voxels where lesions probability cor-
related (p<0.05 cluster level, corrected) with cognitive scores are coloured in blue.

showing an anatomical connection between those GM and
WM significant regions (Supplementary Figure S-2 and
Table S-1).

Long-term memory tests correlated with probability of
lesion in the corona radiata, CC, posterior thalamic radia-
tion extending to superior LF, and the left inferior fronto-
occipital fasciculus (Figure 3).

Visual memory. Worse SPART-D but not SPART z-scores
were correlated with the decrease of FA (Figure 4) and
the increase of RD values in several NAWM tracts,
mainly the CC, bilateral anterior and posterior corona
radiata, posterior thalamic radiation and cingulum.
Lesion probability was correlated with the SPART-D
z-scores in the left forceps major (Figure 4), while no
significant correlations were detected for the VBA of
GM diffusivity.

Attention. In the GM, lower SDMT z-scores were corre-
lated with higher RD in the left occipital cortex, cerebellum
and anterior insula (Figure 4). In the NAWM, there was a
widespread correlation between the SDMT scores and the
FA, MD and RD throughout the skeleton. Through tractog-
raphy we could generate tracts from left occipital cortex
corresponding to the inferior fronto-occipital fasciculus
tracts supporting an anatomical connection between those
significant regions (Supplementary Figure S-2 and Table
S-1). A significant correlation with probability of lesion
was detected in the posterior thalamic radiations and left
sagittal stratum (Figure 4).

We did not find any significant correlation for PASAT
z-score.

Verbal fluency. No significant correlations were found for
WLG z-scores in VBA, TBSS and LPM.
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Figure 4. Distribution of significant associations between DTI or lesion probability and cognitive tests (SPART-D and SDMT).
Voxels of GM where increased RD (p<0.05 cluster level, corrected) correlated with tests are coloured in green.Voxels from the NAWM skeleton
where reduced FA (p<0.05, corrected) correlated with cognitive test performance are coloured in red.Voxels where lesions probability correlated

(p<0.05 cluster level, corrected) with cognitive scores are coloured in blue.

Multiple linear regression analyses (cluster level)

The DTI indices selected for the multiple linear regression
analyses were RD in GM and FA in NAWM skeleton as
they showed the most extensive and consistent associa-
tions with cognitive scores in the non-hypothesis-driven
techniques. The model that included regional GM RD,
NAWM FA, regional lesion volume, and age, disease dura-
tion and EDSS as covariates, explained 36-51% of the
variance of memory and attention scores (Table 3). GM
RD contributed with less than 5% to the explained vari-
ance, while FA from the relevant tracts and lesion volume
from the significant clusters in LPM were the main ele-
ments associated with each z-score. As exploratory meas-
ure we analysed the contribution of GM DTI after
excluding NAWM FA and regional WM lesions from the
model, and we found a significant correlation between GM
RD and cognitive z-scores which explained 29-38% of the
variance of memory and attention scores (Supplementary
Table S-2).

Discussion

Using a combination of non-hypothesis-driven techniques,
we identified a wide distribution of tissue integrity impair-
ment throughout the GM and WM in a group of mildly
disabled MS patients. Moreover, we defined the regions
where integrity of GM and WM tissue are critical for the
performance of specific cognitive tasks. Some of those
cognitively relevant regions corresponded to GM and their
projecting tracts, suggesting that the damage at any point of
these networks may influence cognitive performance.
Importantly, measures of WM integrity and regional
lesions, rather than GM integrity, explained a substantial
proportion of the variance in cognitive functions, indicating

that WM damage measured with DTI provides relevant
information to monitor cognitive dysfunction in MS.

Our findings confirm the ability of DTI to detect tissue
damage in deep and cortical GM as well as in most WM
tracts in patients with MS. The presence of extensive micro-
structural abnormalities is consistent with the view that MS
is an immunological disease with diffuse brain involvement
beyond the presence of visible lesions.! The most evident
differences between patients and controls in GM were seen
in the RD measures. Animal models suggest that an increase
in RD is associated with demyelination. In the NAWM, the
changes associated with a predominant myelin damage
were widespread, whereas the increase in AD, that is sug-
gested to reflect axonal injury in animal models,* was lim-
ited to a small number of tracts.!®

In addition, we identified several GM regions and WM
tracts where changes in tissue integrity or the presence of
lesions were associated with a worsening of cognitive per-
formance. Although some of those regions were coinciden-
tal for several cognitive tests, most were specific for the
domain explored.

In the GM, the regions associated with episodic memory
performance in MS patients were mostly coincidental with
those networks of structures consistent with current theories
regarding the neurobiological basis of memory.?® The associ-
ations were predominantly in the left hemisphere, and they
evolved from the angular cortex, implicated in the phonologi-
cal loop in working memory (SRT-IR), towards a predomi-
nant medial temporal lobe including the thalamus® and
occipital involvement in the delayed recall. These findings
are in agreement with the anatomic substrates that differen-
tially support memory performance in Alzheimer disease.?’
Declarative memory performance was associated with the
integrity of selected tracts in the WM, including the cingu-
lum, CC, left forceps major and inferior LF, which play
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Table 3. Multiple linear regression analyses at cluster level.

FA in NAWM RD in GM Regional lesions  Age Disease duration EDSS R? GM contribution®
SRT-IR* B=0.41 p=0.004 B=-0.30 p=0.045 — B=-0.11 p=0.33 B=0.01 p=0.94 B=0.08 p=0.53 0.41  0.04|
SRT-S B=0.341 p=0.07 B=-0.07 p=0.72 B=-0.28 p=0.04 B=-0.01 p=0.97 B=0.12 p=0.35 B=-0.03 p=0.86 0.39  0.004
SRT-R B=0.24 p=0.25 B=-0.15p=0.49 B=-0.22p=0.18 B=-0.02 p=0.87 B=-0.02 p=0.91 B=-0.07 p=0.62 0.36  0.005
SRT-D B=0.14 p=0.47 B=-0.09 p=0.63 B=-0.38 p=0.02 B=-0.24 p=0.04 B=0.02 p=0.88 B=-0.07 p=0.64 0.4]  0.002
SPART-D B=0.32 p=0.01 - B=-0.36 p=0.03 B=-0.18 p=0.11 B=0.I1 p=0.39 B=-0.07 p=0.58 0.37 -
SDMT B=0.26 p=0.08  B=-0.20 p=0.21 B=-0.36 p=0.01 B=0.01 p=0.91 B=0.07 p=0.53  B=-0.07 p=0.5| 0.51 0.014

B: standardized beta. SRT-IR: Selective Reminding Test immediate recall; SRT-S: Selective Reminding Test long-term storage; SRT-R: Selective Reminding Test
long-term retrieval; SRT-D: Selective Reminding Test long-term delayed recall; SPART-D: Spatial Recall Test delayed; SDMT: Symbol Digit Modalities Test.
DTI values were obtained from the regions that significantly correlated with each cognitive z-scores in TBSS (for NAWM) and in VBA (for GM).
Regional lesions correspond to the volume of lesions in the regions where LPM significantly correlated with each cognitive z-score.

*The analysis for SRT-IR included education as a covariate (B=1.48-0.33 p=0.1-0.7).

Explained variance (R?) from GM RD in the model.

important roles in the maintenance of memory during aging.3!
Similar results were found in two MS studies using the Rey
Auditory Verbal Learning Test.!®!7 Moreover, our lesion
probability results represent additional evidence that declara-
tive verbal memory relies on temporo—thalamo—frontal and
temporo—parieto—frontal pathways for storage and retrieval 2’

Some of the tracts originating from relevant GM regions
were coincidental with the skeleton tracts associated with
z-scores. This allowed us to identify important networks for
the maintenance of memory functions (i.e. left occipital and
temporal lobe regions connecting with forceps major and
inferior LF). Altogether, suggesting that microstructural
damage or presence of lesions at any point of those net-
works could be implicated in memory impairment in MS.

Delayed visual memory test scores were correlated with
the NAWM DTI indices and with lesion probability in the
CC, forceps major and inferior LF, with left predominance,
as previously reported using the Benton visual retention
test.!9 The similarities observed with episodic verbal mem-
ory test results suggest that these WM tracts are essential in
maintaining memory functions in MS, independently of the
specific modality.

The GM regions associated with SDMT performance
were comparable with those areas activated in functional
MRI studies.?? However, the association with DTI indices
along the skeleton!” was more widespread compared with
memory tests, probably due to the involvement of several
cognitive functions and functional traits of this test.3? In
contrast to previous studies,!®!” we found no correlation
between DTI indices and PASAT z-scores®> or WLG
z-scores, a discrepancy that may reflect differences in the
clinical characteristics and methods used.

Previous studies pointed out the relevance of WM integ-
rity in MS-associated cognitive impairment.!%-123% Qur study
reinforces this view and shows that the regional approach
we used is sensitive to explain cognitive performance in
MS. In addition, we found that the impact of GM damage,
as measured with DTI, only adds a small additional variance
in cognitive functioning on top of NAWM FA and regional
WM lesions in our cohort of mildly disabled RRMS patients.
However, GM RD was able to explain 29-38% of the vari-

ance of memory and attention scores when NAWM FA and
regional WM lesions were excluded from the analysis.
Therefore, our results are not contradictory with the impor-
tance of the GM damage in determining disability and cog-
nitive progression in MS, but point out that in the first years
of the disease, when the clinical characteristics of RRMS
are characterized by relapses due to WM lesions, the influ-
ence of GM pathology to cognitive dysfunction might be
more limited than that of WM damage.3*

The present work has strengths and limitations. It
combines the study of DTI measures in both the GM and
WM, and incorporates several technical improvements.
Although the current study address the impact of GM
damage in the cognitive performance of patients with low
cognitive disability, it does not answer whether GM DTI
measures would be able to differentiate cognitively pre-
served from cognitively impaired MS patients, and to detect
changes over time. Finally, although exclusion criteria to
participate were a diagnosis of a psychiatric disorder or a
medical illness that could interfere in the neuropsychologi-
cal evaluation, symptoms of depression, anxiety and fatigue
were not formally assessed. Nevertheless, the low percent-
age of abnormal tests we found suggests a low impact of
those symptoms in the cognitive results.

In conclusion, we describe relevant networks where the
integrity impairment is associated with a worse perfor-
mance in specific cognitive functions. WM integrity, rather
than GM, seems to be the main contributor to the cognitive
performance in mildly disabled RRMS patients. Overall,
our results support the view that cognitive impairment in
MS is consequence of a disconnection syndrome provoked
by damage to multiple tracts, coupled to damage in the GM.
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ONLINE SUPPLEMENTARY MATERIAL

MRI protocol and image analysis

We identified an artifact in the diffusion-weighted images due to vibration of the MRI
platform,” which was found in parietal regions and mainly in 6 directions. In order to remove this
artifact we discarded the affected directions from all subjects studied.?

The T1-MPRAGE sequence was used by two experienced neurologists to manually
generate a lesion mask for each patient using ITK-SNAP.? The lesion volume measurement
revealed a mean intra-observer correlation coefficient of 0.98 (p <0.001, n = 6 patients),

indicating excellent reliability between the two neurologists.

Voxel-based analysis of gray matter diffusivity

In patients, the VBA pre-processing protocol was modified using lesion inpainting (LI) in T1-
MPRAGE to improve the segmentation and registration processes.*” Briefly, the New Segment
tool from SMP8°® was applied to the T1-MPRAGE images of each subject to segment the GM
and WM. Next, DARTEL’ was used to derive a specific template of the entire sample and to
normalize the sample to the MNI space. The individual diffusion tensor fractional anisotropy
(FA), mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD) maps were aligned
rigidly to the T1-MPRAGE images, and subsequently warped to MNI using flow fields generated
by DARTEL. The unmodulated DTI images were smoothed using an 8 mm full width at half
maximum (FWHM) isotropic Gaussian function before being used as the input for statistical
analyses. By applying a binarized mask of GM from the Anatomical Automatic Labeling tool,®
VBA was performed exclusively using GM indices.

To localize the areas in which there was significant increase or decrease in FA, MD, RD or
AD of the GM of patients as opposed to controls, we used a two-sample T-test. Moreover, we
performed a multiple linear regression analysis to identify areas in which the MD and RD of the
GM was correlated with cognitive scores in patients, adjusting for age, sex and a brain scaling
factor. A cluster-defining threshold of p = 0.001 (uncorrected) was used and clusters were
considered significant at p <0.05 (cluster level family-wise error (FWE) corrected for a whole-

brain search).

Tract-based spatial statistics
All tools used to process the diffusion tensor data were from the FMRIB Software Library

(FSL, http://www.fmrib.ox.ac.uk/fsl). Geometric distortions caused by susceptibility field changes

were corrected by applying a phase-unwrapping method followed by eddy current correction.
Reconstruction of the diffusion tensors was performed using FMRIB’s Diffusion Toolbox in order

to obtain FA, MD, RD and AD tensor-derived measures for each voxel. Next, the FA maps for



each subject were registered linearly to the corresponding T1-MPRAGE. For patients, an
automated method involving lesion inpainting in the T1-MPRAGE sequence was applied to
avoid errors in registration. Afterwards, the T1-MPRAGE images were normalized to the
Montreal Neurological Institute (MNI) standard space using affine registration and non-linear
registration. Next, the FA data for each subject were aligned in the MNI space applying the
corresponding warp fields and the mean FA image was skeletonized' using a threshold of 0.2
to exclude non-WM voxels. The individual registration and projection vectors obtained during
this process were also applied to the MD, RD and AD data.

To create a mean lesion mask of the patients, individual lesion maps in T1-weighted images
were linearly registered and normalized to MNI space through the warping performed during the
alignment in TBSS. The lesion maps were averaged to create a lesion probability distribution
that showed voxels in which at least 10% of the patients presented a lesion, and they were
subtracted from the skeleton to produce a skeleton of the NAWM only.

Whole brain FA, MD, RD and AD skeletons from NAWM were compared between MS
participants and controls using the randomize tool in the FSL library, with 5,000 permutations
and threshold-free cluster enhancement (TFCE, p <0.05, fully corrected for multiple
comparisons by controlling for FWE,"" while treating age and sex as covariates. We performed
similar inter-subject voxel-wise correlations between skeleton DTI indices and cognitive scores
only in patients. The significant regions were located and labeled anatomically to two WM

atlases.'*"

Tractography

We used streamline tractography to obtain tracts from the significant clusters in GM VBA for
each cognitive test in a healthy control subject. First, the healthy volunteer diffusion tensor
image was aligned to the T1-MPRAGE using Boundary-Based Registration (BBR) ™ and local
fitting of diffusion tensors was performed. The VBA binary masks were then specified as seeds
to perform tensor-based deterministic fiber tracking through MRtrix software package.' The
elicited tracts were normalized into MNI space and identified anatomically using a tractography

atlas.™

Lesion Probability Mapping

The lesion masks from each patient were normalized to the standard MNI space images by
applying the deformation fields obtained in DARTEL. Individual normalized lesion masks were
smoothed with an 8 mm FWHM Gaussian kernel to create a lesion probability map for each
patient. In the probability map each voxel value can be thought of as an estimate of the
probability that the subject has a lesion at that location (Supplementary Figure S-1)."° The

relationship between disability scores and the lesion probability at each voxel was modeled as a



multiple linear regression, with each cognitive score as the dependent variable,"” and age, sex
and brain scaling as covariates. Significance was defined in the same way as that described for

the VBA of the gray matter.
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Supplementary Figure legends

Supplementary Figure-1: Lesion probability map. White matter lesion frequency map resulting

from the overlap of the binary masks of the entire sample of patients.

SDMT

Supplementary Figure-2: Tractography. Regions in GM significantly associated with cognitive
scores in VBA (in dark blue) were used as seeds to produce deterministic tractography. In the
same image, the significant skeleton tracts from TBSS associated with the cognitive z-scores

are shown in red.



Supplementary Table S-1. Results of tractography from significant DTI GM clusters

and anatomical correspondence with TBSS significant clusters

o s st
clusters

SRT-IR Left angular cortex Left superior LF No
SRT-S Left angular cortex Left superior LF No

Left calcarine cortex E(l;rceps major and inferior Yes

Left lingual cortex Inferior LF Yes

Left temporal cortex Inferior LF Yes

Parahippocampus and Anterior thalamic radiations ~ No

thalamus
SRT-R Right precentral cortex None No

Left angular cortex Left superior LF No

Left lateral inferior occipital ~ Left superior LF Yes

cortex

Left fusiform cortex Left inferior LF Yes

Left inferior temporal gyrus ~ None No

Right lateral occipital cortex ~ None No

Bilateral hippocampus Anterior thalamic radiations  Yes (left)

Right and left insula None No
SRT-D Left fronto-orbital cortex gziti(i:riirsior fronto-occipital ~ Yes

Parahippocampus and Anterior thalamic radiation No

thalamus

Left precuneus Forceps major Yes

Left calcarine cortex Left inferior LF Yes
SDMT Left anterior Left inferior fronto-occipital ~ Yes

insula/operculum fasciculus

Insula Extreme capsula No

Left fusiform cortex Left inferior LF Yes

Lateral occipital cortex Left.inferior frgnto-gccipital Yes

fasciculus and inferior LF
Tract to middle cerebellar No

Left cerebellum

peduncle




Supplementary Table S-2. Multiple linear regression analyses at cluster level with GM
RD

RD in Disease EDSS

Age . R?
GM g duration

SRT-IR B—053  B=008 B=0.03 B=0.05 0.32

SRT-S B=-0.59  B=0.03 B=0.07 B=0.05 0.29
p<0.001  p=0.80 p=0.61 p=0.72

SRT-R B=-0.51 B=0.04 B=-0.05 B=-0.03 0.29
p<0.001  p=0.73 p=0.69 »=0.80

SRT-D B=-0.44 B=-0.21 B=-0.10 B=0.04 0.31
p=0.001  p=0.09 p=0.43 p=0.79

SDMT B=-0.64  B=0.11 B=0.06 B=-0.02  0.38
p<0.001  p=0.33 =0.96 p=0.89

B: standarized beta. SRT-IR: Selective Reminding Test immediate recall; SRT-S:
Selective Reminding Test long-term storage; SRT-R: Selective Reminding Test long-
term retrieval; SRT-D: Selective Reminding Test long-term delayed recall; SDMT:
Symbol Digit Modalities Test.

DTI values were obtained from the GM regions that significantly correlated with each
cognitive z-scores in VBA.
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RESULTADOS

Este estudio pretendia evaluar la capacidad predictiva de marcadores de desmielinizacion,
astrogliosis y dafo axonal obtenidos a través de RM avanzada sobre la atrofia cerebral y la
discapacidad a lo largo de 4 afos y con ello conocer los eventos patogénicos relacionados con

la progresién de la EM.

Se estudiaron dos cohortes de sujetos. En la cohorte preliminar se incluyeron 59 pacientes
y 43 controles sanos, y en la confirmatoria se incluyeron 220 pacientes con EM. En ambos
grupos se realiz6 una RM cerebral que incluia espectroscopia para determinar marcadores de
astrogliosis (ml) y de dafio axonal (NAA) y se estudié la desmielinizacion a través de la Myelin
Water Fraction (MWF). Las medidas a predecir fueron el porcentaje de cambio en el volumen
cerebral (“Brain Parenchymal Volume Change” BPVC), el cambio en la discapacidad medida
con EDSS y zMSFC vy la progresion sostenida de la discapacidad. En la cohorte confirmatoria

Uunicamente se incluyeron datos de espectroscopia como predictores.

En cuanto a resultados, en la cohorte preliminar el incremento de ml y la disminucién de
NAA en la SBAN y gris se asociaban a un mayor BPVC. De esta forma, surgio la idea de
utilizar la ratio mI/NAA en la SBAN como un predictor mas. La ratio de mI/NAA en la SBAN fue
capaz de predecir la evolucion de BPVC, la evolucion de zMSFC y la progresion sostenida de
zMSFC. El MWF no se asocié a la evolucién de la atrofia ni de la discapacidad.

En la cohorte confirmatoria de nuevo la ratio mI/NAA fue capaz de predecir el BPVC y

también la evolucion de zMSFC y del EDSS asi como la progresion sostenida del EDSS.
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ABSTRACT

Objectives: The aim of this study is to assess the ability of several specific in vivo MR markers

of CNS injury to predict brain volume loss and clinical disability in multiple sclerosis (MS).

Methods: Baseline N-acetylaspartate (NAA), myo-inositol (ml) in normal-appearing white
(NAWM) and grey (NAGM) matter, and Myelin Water Fraction (MWF) in NAWM markers of
axonal damage, astrogliosis and demyelination respectively, were evaluated as predictors in a
preliminary dataset (59 MS subjects, 43 healthy controls). Results from potential predictors
were subsequently tested for replication in a confirmatory dataset (220 MS subjects). Clinical
scores and percentage of brain volume change (PBVC) were obtained annually over 4 years in
both datasets. Predictors of outcomes were assessed using linear models, linear mixed-effects

models, and logistic regression.

Results: NAA and ml led to statistically significant effects on brain volume in the preliminary
dataset, suggesting the consideration of mI/NAAyawm ratio as a primary predictor. The ratio
proved to be a strong predictor of PBVC in both cohorts ([-1.68 annual slope of PBVC per unit
of increase in the ratio, p=0.02] and [-1.08 annual slope; p=0.02], respectively). In addition, the
mI/NAAyawn ratio predicted clinical disability (linear Multiple Sclerosis Functional Composite
(MSFC) evolution [-0.52 points annually; p<0.001]; MSFC sustained progression [Odds
Ratio:2.76 for each increase in one standard deviation in the ratio; p=0.013]) in the preliminary
dataset and predicted MSFC evolution [-0.23 points annually; p=0.012], Expanded Disability
Status Scale (EDSS) evolution [0.57 points annually; p=0.04], and EDSS sustained
progression [Odds Ratio:1.46; p=0.009] in the confirmatory dataset. MWF did not show

predictive value in the exploratory dataset and was not evaluated in the confirmatory dataset.

Conclusions: The mI/NAAyawwm ratio has consistent predictive power in the evolution of brain
atrophy and neurological disability in MS. The combined presence of astrogliosis and axonal

damage in white mater has cardinal importance in disease severity.



Introduction

The mechanisms underlying disease evolution in MS are not fully known. Current predictors
based on clinical' or conventional (structural) MRI data? are known to relate to long-term
disability, but have limited specificity in characterizing and quantifying the heterogeneous
pathological features of MS.?> The study of myelin destruction and repair, axonal injury and
astrogliosis, major pathological events in MS,*® by means of non-conventional MRI techniques®

could help in achieving that goal.

Magnetic resonance spectroscopic (MRS) has contributed considerably to understanding the
pathogenesis and natural history of MS.” Metabolic abnormalities in MS patients are not
restricted to lesion sites, but are more diffuse in nature.®? N-acetylaspartate (NAA) is an amino
acid found in the central nervous system. Although the exact physiological function is still
unclear, its appearance in neurons and axons and absence from mature glia cells, NAA is used
as a marker of neuronal/axonal integrity and function'. Over the past several years, NAA is
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found to be depleted in MS patients. Moreover, the loss of NAA could precede brain
atrophy'! and moderately correlates with subsequent development of physical disability." Myo-
inositol (ml) is thought to originate from intracellular astrocyte stores.”> ml can be elevated in
MS patients,” reflecting astroglial hypertrophy or hyperplasia, even in early stages of the
disease™ and precedes the decrease of NAA and brain volume." Moreover, a relatively new
MRI technique allows the estimation of myelin water content derived from the quantification of

short T2 relaxometry component.®

The measure is specific to myelin content and/or its integrity
in neurological tissue.” The Myelin Water Fraction (MWF) is commonly reduced in MS white

matter (NAWM),'® which may reflect active or chronic demyelination.

The aim of the present study was to conduct a rigorous analysis of spectroscopy and
relaxometry markers of axonal integrity, astrogliosis and demyelination in vivo with respect to
predicting long-term clinical disability and brain volume loss. After performing an initial analysis
in a preliminary group of MS patients (preliminary dataset), results were tested for replication in

a larger representative MS group (confirmatory dataset).

Material and Methods
Preliminary dataset

Study population: Fifty-nine MS and 43 control subjects were included in a case-control

longitudinal study. The MS subjects, fulfilling 2001 McDonald criteria,’® were prospectively and

consecutively selected from clinical patients visiting one of the physician’s clinic (DP) at the



University of California, San Francisco (UCSF) Multiple Sclerosis Center (see sponsor in the
funding section). At baseline (assessment of predictors) only the use of interferon-B and
copolymer-1 disease modifying therapies for MS was allowed. On follow-up visits, the use of
natalizumab, rituximab and oral immunosuppressive drugs was permitted. The mean study
follow-up time was 3.5 years (SD £1.2) and eighty percent of the MS subjects (47/59) completed
4 years of the study. All participants gave written and informed consent to enter the study
approved by the UCSF Ethics Committee. Demographic and clinical data are available in Table
1.

Predictors: Predictors were derived from a 3-dimensional short-echo proton magnetic
resonance spectroscopic imaging (3D-'HMRSI) sequence and a multi-slice multi-echo T2
relaxometry sequence using a single 3T GE Signa scanner (GE Healthcare, Waukesha, WI,

USA) with an eight-channel phased array coil. Spectroscopic signals were acquired from a
supratentorial PRESS box covering 4 slices centered on the corpus callosum? using point-
resolved spectroscopy (PRESS) volume selection, with a conventional phase enconding, with

TR/TE 1000/40 msec, total acquisition time=15 min. Metabolite contributions within each voxel

were estimated by adjusting short echo time signals to a model function created from a prior
knowledge basis set of metabolite signals according to the semi-parametric approach
developed in HR-QUEST accounting for macromolecular contributions, and for NAA and ml T1

relaxation values estimated at 3T using a similar method described previously.?' T1-weighted

three-dimensional inversion recovery spoiled gradient-echo (IR-SPGR) images were
segmented into GM and WM compartments. The GM and WM maps were re-gridded to
spectroscopy resolution and convolved with the point spread function for spectroscopic
imaging to yield the percent GM and WM content within each spectroscopic voxel?’. For
patients, the voxels containing manually segmented lesions on the IR-SPGR sequence were
removed from the analysis. Moreover, the spectroscopic voxels were included in the linear fit only
if their concentration estimates had estimated Cramer-Rao bounds within threshold values (10%
for [NAA], [Cho] and [Cre], 30% for the [ml]). (Appendix e-1).

MWEF from NAWM were extracted from a 16-slice T2 prep spiral sequence (TR=2000 ms, T En
=7,17, 28, 38, 49, 60, 70, 92, 124, 177, 220, and 294 msec; in-plane resolution of 2 x 2 mm?;
16 5-mm thick slices; NEX=6) that acquires non-linearly spaced 12-echo datasets as previously
reported.” Lesion and white matter masks were re-gridded to the lower resolution MWF map
derived from the 12-echo data, which was fit to a distribution of T2 values using a nonnegative
least square algorithm. MWF maps (defined as ratio between peak area for T2 component < 50
msec and total water) were created to yield the percent content within each voxel. The MWF
median value was calculated from the NAWM mask for each patient at baseline and used as a

predictor.

1
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Confirmatory dataset

Study Population: An independent group of MS subjects from the UCSF MS Center were

prospectively recruited from a large genotype-phenotype separately funded research project
(see funding section), and used here to confirm the results obtained in the preliminary study. All
participants gave written and informed consent to enter the study. A total of 220 MS subjects
meeting the 2005 revised McDonald criteria®* were included with a mean follow-up time of 3.6
years (SD + 0.9). As described in the preliminary study, the use of MS therapies was permitted.
Eighty nine percent of the subjects (193/220) completed 3 years and 68% (150/220) completed

four years of follow up. Demographic and clinical data are provided in Table 1.

Predictors: Four predictors from the preliminary dataset analysis were retained (MWF was not
used). NAA and ml from NAWM and NAGM were derived from a 2-dimentional TE-Averaged
spectroscopic imaging technique (TE-Averaged-CSI)* using the same 3T GE scanner and
phased-array coil used for the preliminary dataset. The spatial data were acquired with a
nominal in plane spatial resolution of 1.2x1.0 cm with a volume selection box placed in the
supratentorial brain, covering a single 1.5cm-thick slice, just above the corpus callosum body
(TR = 1sec, 64 echo time steps starting at TE = 35 msec with an echo time increment of 2.5
msec, total acquisition time= 21 minutes) to encompass as much cortical grey matter possible.
The resulting 8-coil combination data were TE-averaged. Then NAA and ml values were
quantified using the LCmodel in millimoles/L (mM) and corrected for T1 and T2 metabolite
relaxation times measured from cortical grey matter and white matter.?' After obtaining the
percent GM and WM content within each voxel the same way as for the preliminary dataset,
pure GM and WM metabolite concentrations were extrapolated® by modeling the metabolite
concentrations as a linear function of WM content. The same estimated Cramer Rao lower

bound threshold as for the preliminary dataset was used.

Study outcome measures (preliminary and confirmatory datasets)

All outcome metrics were collected similarly for both datasets. Brain atrophy progression for
each pair of scans (baseline-year1, year1-year2, year2-year3, etc.) over the observation period
was measured by estimated brain volume changes using SIENA (Structural Image Evaluation
using Normalization of Atrophy. Image Analysis Group, Oxford, UK). Clinical outcomes were
measured longitudinally using the Expanded Disability Status Scale (EDSS) and the Multiple

Sclerosis Functional Composite (MSFC) scores over the observation period.

Brain volume changes: Structural MR images for both studies were acquired on the same 3T

GE scanner prior to the spectroscopy sessions. The main MRI outcome was the slope in the



percent brain volume change (PBVC) over the study period based on annual brain images
acquired using a 3D high-resolution IR-SPGR (TR/TE/TI = 7/2/400 msec, 15° flip angle, matrix:
256 x 256 x 180, FOV: 240 x 240 x 180 mm?, IS: 180 1-mm).

Clinical measures: Annual neurological evaluations included standardized MS clinical metrics

(EDSS and MSFC). All examiners were blinded to radiological predictors and outcomes.
Subjects with a baseline EDSS of 5.5 or less were defined to have a sustained progression in
their EDSS if an overall increase of 21.0 points was observed for at least two consecutive
measures (sustained EDSS progression for 12 months); for patients with a baseline EDSS of
6.0 or more, progression was defined as an increase of =0.5 points over 2 consecutive
measures. Three formally trained research coordinators at the UCSF MS Center administered
the MSFC. MSFC standardized scores (z-scores) were derived by the methods previously
described by the National MS Society’s Clinical Assessment Task Force?® and calculated from a
reference population published previously.?” Sustained progression in zZMSFC was defined as
having a Z score that worsened 220% from baseline value over two consecutive time points.
The main clinical outcomes of the study were the longitudinal change in EDSS and zMSFC
scores along with the binary summary outcomes of sustained EDSS or MSFC progression over

12 months.

Imaging covariates: Experienced neurologists created T1-lesion masks using semi-automated

thresholding and manual editing methods directly from the high-resolution IR-SPGR images.
Subsequent brain segmentation and normalization were performed using SIENAX (Image
Analysis Group, Oxford, UK), which was effectively fully automated once the T1 lesion mask
had been used to avoid pixel misclassifications. The final normalized brain parenchymal
volume (nBPV) and normalized lesion volume (nLesVol) metrics derived from SIENAX were

used as covariates in statistical modeling.
Statistical Analysis

All statistical analyses were performed using R (http://www.r-project.org/). Cross-sectional
comparisons of metabolites (NAA, ml) and MWF between MS subjects and controls were
performed using Wilcoxon Rank Sum tests. Linear mixed-effects models were used to
longitudinally model all outcomes (disability scores (EDSS, MSFC), and brain volume changes).
The linear mixed effects models were fitted using restricted maximum likelihood (R NLME
package Ime function, Pinheiro and Bates® with disability score, or brain volume change at
each time point as the dependent variable. Additional covariates considered included time from
baseline exam, baseline imaging variables (nLesVol, nBPV), and baseline disease duration. All

baseline covariates were included with corresponding interactions with time. Random effects for



both intercept and slope were included in the model to accommodate between subject variability

in the outcome and its rate of change.

All fitted linear mixed effects models used an unstructured covariance matrix for the random
effects with independent and identical distributed normal errors, except for the SIENA

volumetric change outcome for which we adopted a model®

accommodating the inherent
correlation between subsequent pairs of change scores. This change model implements
random intercept and slope, but with fixed part of the intercept set at zero (in the smaller original
dataset a random intercept and slope was not estimable in which case we used a random
intercept only). In contrast to the specification in the paper”, we only modeled PBVC
measurements between subsequent pairs of time points (baseline-year1, year1-year2, year2-
year3, year3-year4) to create a slope for each patient rather than changes between all time
point pairs. We did this to account for the non-additivity of percent changes (albeit close to

additive for small percent changes) while still working on a scale of percent change.

Mixed-effects models were initially fit with single predictors (each outcome versus each
predictor). Subsequently, models with multiple predictors were fitted to determine independent
additive value of predictors, e.g., combinations of multiple metabolites in NAWM, NAGM and
MWFyawm. Finally, additional covariates: disease duration, treatment status (ever or never on
therapy for the duration of the observation period), nLesVol, and nBPV were added to each of
the final statistical models to determine whether the effects of primary predictors remained
consistent after accounting for these additional covariates. Results are given in terms of
estimated annualized changes along with 95% confidence interval (Cl) and associates p-values.
Many of the mixed-effects models were checked for assumptions of normality (via qq-plots) and

they appeared reasonable with no extreme outliers (including metabolite ratios).

Logistic regression analysis allowing for over-dispersion was used to determine the influence of
metabolite levels on the risk of EDSS and zMSFC sustained progression. Results are given in

terms of estimated odds-ratios along with 95% CI and associated P-values.

All results are reported based on a significance level of a=0.05. Although we examine many
differences and issues, we report nominal p-values, without adjustment for multiple testing.

(Appendix e-1).

Results

Preliminary study



Predictors: All metabolites and MWF measures are reflected in Table 2. Statistically significant
differences were found between MS subjects and healthy controls for all predictors except for
NAA concentration levels in NAGM. It is notable that the mI/NAA ratio in NAWM (mI/NAAnawwm)
provided the largest percent difference (31%; p < 0.001).

Prediction of brain atrophy evolution: Results of longitudinal mixed-effects models predicting

brain volume change are shown in Table 3. Overall, the mean PBVC from baseline to year 4
was -1.63% (SD +1.1%). In the single predictor analyses we did not find any statistically
significant associations between metabolite levels or MWF and PBVC evolution (Table 3).
However, in a multiple predictor analysis that included ml, NAA and their interaction as
predictors, there was a statistically significant positive interaction between ml and NAA in
NAWM, indicating that NAA levels may modify the influence of ml on volume loss [+0.02 annual
slope of PBVC for each simultaneous unit increase in both NAA and ml; 95% CI: 0.006 to 0.03;
p = 0.003]. A similar interaction pattern was also observed in NAGM where a statistically
significant interaction revealed that NAAnagm could reduce the influence of ml on brain tissue
loss [0.008 annual slope; 95% CI: 0.003 to 0.014; P = 0.003]. These statistical significant
interactions between ml and NAA along with biological plausibility (increased gliosis, reduced
axonal integrity) prompted consideration of mI/NAA as a predictor. Higher baseline mI/NAAnawm
predicted increased longitudinal brain volume loss. Specifically, for each unit of increase in
mI/NAAnawm ratio, we estimated a corresponding annual slope of PBVC of -1.68; 95% CI:-3.05
to -0.30; p = 0.017 (Table 3).

Prediction of change in disability: The median EDSS increase over the course of the study was

only 0.5 point, with individual patient changes ranging from -1.5 to 4.5. Forty eight percent
(24/50) of the patients presented EDSS sustained progression (12-month sustained) and 20%
(10/49) of the patients showed zMSFC progression. No predictors were found to have a
statistically significant influence on EDSS evolution. However, ml [-0.043 zMSFC point annually
for each increase in one mM; 95% CI: -0.08 to -0.009; p = 0.015] and mI/NAA ratio [-0.522
ZMSFC point annually; 95% CI: -0.82 to -0.23; p < 0.001] in NAWM were statistically significant
predictors of longitudinal zMSFC decline (Table 3).

Moreover, the mI/NAAyawm Was a significant predictor of zZMSFC sustained progression over 12
months: estimated Odds Ratio (OR) per standard deviation increase in the ratio= 2.76; 95% CI:
1.32 to 6.47; p = 0.013, but not of EDSS sustained progression [OR= 1.04; 95% CI: 0.60 to
1.79; p = 0.87].

When the additional covariates (disease duration, nBPV, nLesVol, treatment status) were added

into the models, the pattern of results was unchanged.



MWF did not show any predictive value on the evolution of brain atrophy or disability.
Confirmatory study

Predictors: Predictors used in the confirmatory study are summarized in Table 4. Our main goal
in this part of the study was to prioritize the assessment of mI/NAAyawm. However, as the
confirmatory dataset had a larger number of patients, results with absolute metabolites were
also analyzed but presented in the supplementary material (Appendix e-1). MWF as a predictor

was not acquired as part of this study.

Prediction of brain_atrophy evolution: The overall mean PBVC from baseline to year 4 was -

2.02% (SD % 1.15). Similar to the preliminary study, higher mI/NAAyawwm ratio predicted larger
brain parenchyma volume loss [-1.08 annual slope; 95% CI: -1.95 to -0.20); p = 0.02] (Table 3
and Figure 1).

Prediction of change in disability: The median EDSS change was 0.0 point, ranging from -3.0 to

3.0, at the end of the study. For each unit increase of mI/NAAyawwm ratio there was an estimated
corresponding annual mean EDSS increase [0.57 point annually; 95% CI: 0.015 to 1.13; p =
0.04] over the subsequent 4 years (Figure 1). Longitudinal changes in zMSFC were also
predicted by baseline mI/NAAyawm [-0.23 point annually; 95% CI: -0.41 to -0.05; p =0.012]
(Figure 1).

Twenty seven percent (55/204) of patients experienced 12-month sustained EDSS progression,
and 16% (31/191) zMSFC sustained progression. 12-month sustained EDSS progression was
significantly predicted by mI/NAAnawm ratio (OR per standard deviation increase in the ratio of
1.46; 95% CI: 1.10 to 1.94; p = 0.009), but not by mI/NAAnaem [OR=-0.25; 95% CI: -0.64 to 0.15;
P = 0.22]. However, contrarily to the preliminary dataset, we did not observe a significant effect
of the mI/NAAnawm on the 12-month zMSFC sustained progression [OR=1.19; 95% CI: 0.84 to
1.66; p = 0.32].

Similarly to the preliminary dataset, when the additional covariates (disease duration, nBPV,

nLesVol, treatment status) were added into the models, the pattern of results was unchanged.
Discussion

The main focus of our study was to investigate longitudinally the predictive value of
pathologically specific MR metrics on MS disease progression and to replicate our findings
using independent datasets. Our observations provide evidence that the relationship between
axonal damage and astrogliosis from MS white matter areas is a key element in the
development of clinical disability and brain volume loss in MS. More specifically, we report that

mI/NAAyawm metabolite ratio is a predictor of MS progression.



MS subjects were first recruited in a preliminary study. PBVC from SIENA *° served in this long-
term study as the MRI correlate of brain tissue loss. Our multiple predictor analyses included
baseline ml and NAA from both MS white and grey matter areas. The interaction between NAA
and ml showed a statistically significant effect on PBVC. This statistical interaction between mi
and NAA in opposite directions (reduced NAA, increased ml) along with biological plausibility
(reduced axonal integrity, increased gliosis) immediately prompted consideration of mI/NAA as
a predictor. Indeed, higher baseline mI/NAAwawm Was a statistically significant predictor of
increased longitudinal brain volume loss, MSFC evolution and sustained MSFC progression
(Odds Ratio = 2.76), but not sustained EDSS progression. MWF, a marker of myelin integrity,
was not a statistically significant predictor in any statistical models we performed. The lack of
sensitivity and robustness (despite good quality fits of all compartment peaks in the cases used,
data not shown) of our technique used in detecting myelin injury could explain these findings, or
alternatively, it could support the notion that permanent disability in MS may be driven by axonal

rather than myelin damage.>'*?

A large confirmatory study using an independent MS group of subjects and a different
metabolite quantification method was conducted in order to replicate the results from the
preliminary study. Notably, mI/NAAyawm ratio was again able to statistically significantly predict
brain volume loss, zMSFC, and EDSS change over time and 12-month sustained EDSS

progression, overall confirming the main findings of the preliminary results.

Previous smaller studies had found that ml correlated cross-sectionally with clinical disability®>**

and that low levels of NAA and high ml in NAWM of clinically isolated syndrome subjects were
predictors of conversion to clinically definite MS.** Higher mI/NAA ratio levels in MS patients are
likely to reflect the combination of astrogliosis and axonal damage. From both datasets, ml
levels (mainly from NAWM) consistently predicted brain volume changes and disability.
Although causality was not determined in this study, the results could highlight the importance
of reactive astrocytes in MS, potentially having a deleterious action on disability and brain
atrophy when astrogliosis increases. However, its deleterious effect can be influenced by axonal
status. This reinforces the theory of the dual roll of astrocytes in MS: on one side they may
contribute to degeneration and demyelination, by promoting inflammation, damage of
oligodendrocytes and axons, and glial scarring, but on the other side they may create a
permissive environment for remyelination, by their action on oligodendrocyte precursor
migration, oligodendrocyte proliferation, and differentiation.’®* Nonetheless, both in vivo

metabolite levels taken together seem to be important to predict the outcomes of interest.

Overall, the predictive power of the metabolites in grey matter was less pronounced than

metabolites estimated from white matter areas. However, the importance of grey matter



pathology in MS is not questioned by these findings. Estimating metabolites in vivo is
challenging in the cortical grey matter, especially when using a 2D spectroscopy single-slice
technique, like the one used in the confirmatory study. Some of the differences we found in
metabolite levels could come from the different techniques used in each dataset (for example,
mean NAA in NAGM was numerical lower than in NAWM in the confirmatory dataset, although
the difference was not significant). Additionally, issues related to partial voluming may be at
play, this being particularly important for cortical grey matter due to its “ribbon-like”
morphological nature. Nonetheless, this does not invalidate the robust predictive value of

mI/NAA ratio derived from white matter.

Our study has limitations. We did not evaluate the longitudinal variations of our metabolites and
of myelin water fraction. We were therefore unable to characterize the longitudinal progression
of all predictors considered in the study; obtaining such data would address a different question
but could provide additional insight into this progressive disease. Nonetheless, a cross-sectional
(‘baseline’) predictor derived from a single scan offers to clinicians a practical and convenient
tool for patient monitoring. However, the low number of progressive MS patients (SP and PP
MS) included in the study precluded drawing inferences in these patient groups. Additionally, all
spectroscopy scans were acquired on a single 3T GE platform and subjects were recruited from
a single site. Although generalization of the findings and potential population biases could
represent limitations, a single site study design has the advantage of minimizing scanner and
site heterogeneity, especially in estimating metabolite concentration levels (mM), and of
increasing sensitivity to detect disease patterns. Importantly, the effect sizes of the changes in
PBVC and disability measures predicted by the ratio were overall low, preventing the application
of this measure at this point for prediction at the individual level. We rather think our results

inform about the pathological substrates of disease evolution.

A practical result of this experiment is that a metabolite ratio came up as our most robust
predictor. A major advantage for the use of metabolite ratios over individual metabolite
concentrations in clinical settings is that they are relatively easy to measure and can be readily
obtained from most clinical MRI facilities.®®* Of note however, we think that the biological
interpretation of mI/NAA is different than NAA/Cr ratio, another metabolite ratio that has been
used in MS research for over two decades. mI/NAA ratio rather reflects two known pathological
processes of CNS injury instead of using Creatine as a “normal” reference. As such, its

validation in other neurodegenerative disorders may also prove to be promising.*

In summary, we conclude from this work that mI/NAAxawwm ratio in multiple sclerosis is a robust

predictor of brain volume loss and clinical disability over time. Our work demonstrated that the



combination of astrogliosis and axonal damage has cardinal importance in the evolution of

multiple sclerosis. Further studies should evaluate its potential in clinical settings.
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Figure legend

Figure 1. Association of brain atrophy and clinical measures evolution with mI/NAAyawm ratio
levels. The annualized change in the PBVC (A) and zMSFC (C) decreased with the increase in
the mean mI/NAA while the change in EDSS (B) increased with the increase in the mI/NAA
levels. “BLUP” refers to best linear unbiased predictors of the rates of change extracted from

the linear mixed effects model.
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Table 2: Summary of imaging parameters used as predictors in the preliminary study

MS Subjects Controls* Percent
Predictor Mean + SD Mean + SD difference P Value

(n = 59) (n =43) MS vs. Ctrls
NAAawM — MM 7.72+1.42 8.43+1.19 184 % 0.013
NAANyaem — MM 944 +20 9.18 +1.54 12.8% 0.49
Minawm — MM 2.57 +0.52 2.22+0.45 115.8 % 0.001
Mlyagy — MM 4.03+0.95 3.39+0.78 118.9 % 0.001
mI/NAAyawm — ratio 0.34 £ 0.04 0.26 + 0.06 1 30.8 % <0.001
mI/NAAnagy — ratio 0.44+01 0.37 £ 0.08 118.9 % 0.004
MWF — % 10.52 + 1.12 11.18 £ 0.92 15.9% 0.041

*For healthy control subjects, metabolite concentrations are extracted from white matter and
grey matter regions. Abbreviations: SD = standard deviation; mM = millimoles per liter; NAA =
N-acetyl-aspartate; ml = myo-inositol; NAGM = MS normal-appearing grey matter; NAWM = MS
normal-appearing white matter;, MWF = myelin water fraction. P values are derived from

Wilcoxon Rank Sum test.
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Table 4: Summary of imaging parameters tested as predictors in the confirmatory study. All MS

subjects and MS subtypes are included

Abbreviations: SD = standard deviation; mM = millimoles per liter; NAA = N-acetyl-aspartate; ml

. All MS CIS RRMS SPMS PPMS
Predictors Mean + SD Mean+SD Mean+SD Mean+SD Mean = SD
(n = 220) (n = 33) (n = 164) (n=17) (n = 6)
NAANawvM — MM 98+1.34 10.1+1.22 984+1.36 942+1.24 9.03+1.44
NAAnagy — MM 876 +1.6 893+146 8.79+1.66 8.07+1.30 8.53+1.93
Mlyawm — MM 392+069 393+059 390+0.72 3.93+0.64 3.92 +0.69
Mlyagy — MM 474+105 499+145 470+x099 452+0.72 5.00 + 0.99
mI/NAAnawm — ratio 0.40+0.07 039+0.06 0.40+£0.06 0.42=+0.07 0.47 £0.1
mI/NAANaem — ratio 0.54+0.09 056+0.12 054+0.08 0.57+0.11 0.60 £ 0.08

= myoinositol; NAGM = normal-appearing grey matter; NAWM = normal-appearing white matter;

CIS = clinically isolated syndrome; RRMS = relapsing remitting MS; SPMS = secondary

progressive MS; PPMS = primary progressive MS.




Appendix e-1
Material and Methods
Preliminary dataset

Spectroscopy predictors: The acquisitions had a phase-encoding matrix of 12x12x8 with an
FOV of 120x120x80 mm resulting in a nominal voxel size of 1cm®.  Chemical shift
misregistration was reduced by prescribing a PRESS box larger than the region of interest
(ROI, overpress) by a factor of 1.2 using 4 saturation bands to suppress signals arising from
beyond the ROI. Metabolite contributions within each voxel were estimated by adjusting short
echo time signals to a model function created from a prior knowledge basis set of metabolite
signals according to the semi-parametric approach developed in HR-QUEST accounting for
macromolecular contributions, and for NAA and ml T1 relaxation values estimated at 3T (T1
NAAwm=1.37s and T1 NAAgw=1.36s in healthy controls; T1 NAAww=1.31s and T1
NAAgew=1.44s in MS subjects; T1 mlww=1.09s and T1 mlew=1.28s in healthy controls; T1
mlww=0.98s and T1 mlgwy=1.16s in MS subjects) using a similar method described
previously." Non-brain regions were removed from the anatomical images using a semi-

automated brain extraction tool (FSL, www.fmrib.ox.ac.uk/fsl). T1-weighted three-dimensional

inversion recovery spoiled gradient-echo (IR-SPGR) images were segmented into GM and
WM compartments using a hidden Markov random field model with expectation maximization.
The GM and WM maps were re-gridded to spectroscopy resolution and convolved with the
point spread function for spectroscopic imaging to yield the percent GM and WM content within
each spectroscopic voxel.? Manual lesion segmentation was performed on from 3D T1-weighted
gradient-echo images. For patients, the voxels containing the manually segmented lesions were
removed from the analysis. Moreover, the spectroscopic voxels were included in the linear fit only
if their concentration estimates had estimated Cramer-Rao bounds within threshold values (10%
for [NAA], [Cho] and [Cre], 30% for the [ml]).

Statistical Analysis

Mixed-effects models were initially fit with single predictors (each outcome versus each
predictor). Subsequently, models with multiple predictors were fitted to determine independent
additive value of predictors, e.g., combinations of multiple metabolites in NAWM, NAGM and
MWFyawm. Postulated models were based on clinical relevance and once the model was fitted,
variables with no clinical or/and statistical significance were dropped. Clinical relevance was
primarily based on biological plausibility and was used to define subsets of variables to consider

as predictors (e.g. all GM metabolite predictors).
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Many of the mixed-effects models were checked for assumptions of normality (via qg-plots) and
they appeared reasonable with no extreme outliers. There were too many models examined to
check the assumptions for every one of them. However, because many of the outcomes
considered were inter-related, the checks performed on a subset of models provide some

insurance against distributional violations in the remaining models.

Although we examine many differences and issues, we report nominal p-values, without
adjustment for multiple testing. Adjustment would require that each result detract from the
others, but there are clear biological relationships among many of the variables that we examine
leading to correlated tests (in contrast to the assumed independence of tests in conventional
multiple testing procedures), and these permit coherent sets of findings to reinforce each other
rather than detract from one another. Thus, multiple comparison adjustment would do exactly
the wrong thing in this situation®*. We therefore rely on scientific judgment and study design
rather than formal adjustment methods to indicate where caution is warranted despite findings
with P < 0.05. Finally, because we are validating all results on an independent dataset the

potential for false positive results is greatly diminished.

Results

Individual metabolites as predictors of brain volume and clinical outcomes from the confirmatory
dataset (n=220)

Using single predictor analyses, we did not observe a statistically significant influence of ml or
NAA on brain volume loss (Table 3). However, there were additive longitudinal effects of ml and
NAA in NAWM on PBVC over the course of the study [-0.1 annual slope; 95% CI: -0.19 to -
0.008; p = 0.03 and 0.05%; 95% CI: -0.001 to 0.096; p = 0.06 respectively], but not in NAGM as
we had observed in the preliminary dataset. Longitudinal changes in MSFC were predicted by
ml levels in NAWM [-0.03 point annually; 95% CI: -0.042 to -0.009; p = 0.002]. When combined
additively in a multiple predictor analysis, NAA [-0.31; 95% CI: -0.59 to -0.04; p = 0.03] and ml
[0.62; 95% CI: 0.11 to 1.15; p = 0.02] from NAWM predicted sustained EDSS progression.
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Table e-1: Comparison of clinical and spectroscopy data from both datasets

Preliminary dataset Confirmatory dataset

Mean = SD Mean + SD P Value

(n =59) (n = 220)
Age —y 43.2+9.5 424 +9.5 0.61
Disease duration—y 10.4 £9.6 9.3+ 9.3 0.97
EDSS — points 1.5+1.2 22+15 0.006
MSFC — z-score 0.1+0.5 0.1+0.7 0.65
NAANawm— MM 7.7+1.4 9.8+1.3 <0.001
NAANacm— MM 94+20 87+16 0.01
Mlyawm — MM 26+0.5 3.9+07 <0.001
Mlnaem — MM 40+1.0 47+11 <0.001
mI/NAAyawm — ratio  0.34 £ 0.06 0.40 £ 0.07 <0.001
mI/NAAyacm — ratio 0.44 £ 0.11 0.54 +0.09 <0.001

Abbreviations: SD = standard deviation; mM = millimoles per liter; NAA = N-acetyl-aspartate; ml
= myoinositol; NAGM = normal-appearing grey matter; NAWM = normal-appearing white matter.

P values are derived from Wilcoxon Rank Sum test.
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Estudios de resonancia magnética y técnicas electrofisioldgicas para evaluar y predecir la discapacidad en pacientes con EM

La EM es una enfermedad extremadamente heterogénea tanto en su forma de
presentacion como en su evolucion o respuesta terapéutica. Mientras algunos pacientes van a
presentar una discapacidad leve a lo largo de décadas, otros presentan una evolucion térpida
acumulando una gran discapacidad con alteraciones motoras, sensitivas, del equilibrio y
cognitivas, en un plazo corto de tiempo. Los eventos fisiopatolégicos subyacentes
responsables de la discapacidad son poco conocidos aunque se postula que depende de un
equilibrio entre dafo y reparacidn y que probablemente la discapacidad persistente o
mantenida esté en relacion con un dafo de predominio axonal (Bjartmar et al., 2000; Tallantyre
et al., 2010). Dada la heterogeneidad de la enfermedad, son muchos los estudios que han
buscado factores predictivos determinantes de una u otra evolucién, con la finalidad de poder
seleccionar aquellos pacientes que se pueden beneficiar, por ejemplo, de tratamientos mas
agresivos pero que conllevan mas efectos adversos, y no someter al mismo riesgo a todos los
pacientes. Sin embargo, las variables clinicas identificadas en estudios de historia natural de la
enfermedad han mostrado que tienen una utilidad muy limitada, y de ahi la busqueda y
desarrollo de biomarcadores que nos permitan predecir de forma mas fiable, el prondstico o la

respuesta terapéutica.

En este sentido, la neuroimagen ha supuesto un gran avance por su contribucién tanto al
diagnéstico como a la evaluacion del pronéstico de la enfermedad. Sin embargo, la
identificacion y cuantificacion de las lesiones cerebrales por si misma solo se asocia de forma
parcial con la discapacidad clinica del paciente. Por ello, el objetivo de esta tesis ha sido el de
caracterizar mejor a través de marcadores de neuroimagen y electrofisiolégicos las alteraciones
asociadas a la presencia de discapacidad fisica y/o cognitiva, y su contribucién en predecir la

evolucion de la enfermedad.

La neuroimagen permite detectar de forma incruenta las lesiones presentes en la SB de los
pacientes. Algunos patrones de lesiones en RM pueden sugerir un sustrato patologico
concreto, y asi se ha descrito la existencia de lesiones con un borde hipointenso visible en
secuencias T2 causado por el acumulo de sustancias paramagnéticas como los macrofagos
cargados de hierro o radicales libres y que podrian pertenecer al patrén /Il en anatomia
patoldgica (Lucchinetti et al., 2000; Lucchinetti et al., 2003; Schwartz et al., 2006). Estas
lesiones suelen presentar de forma mayoritaria una captacion de gadolinio en anillo (Bruck et
al., 2001; Abou Zeid et al., 2012), y se han descrito principalmente en series de pacientes de
EM con lesiones pseudotumorales (Bruck et al., 2001; Schwartz et al., 2006; Lucchinetti et al.,

2008). Sin embargo, su prevalencia y significado clinico en pacientes con EM seguidos de
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forma rutinaria en la practica clinica no era bien conocida, y este fue el objetivo del primer

trabajo de esta tesis.

Asi, en el primer trabajo evaluamos de forma retrospectiva 580 RM pertenecientes a 257
pacientes con EM seguidos en la Unidad de EM del Hospital Clinic segun la practica clinica
habitual. En el estudio identificamos que las lesiones con borde hipointenso en T2 y las
lesiones captantes de gadolinio en forma de anillo estaban presentes en el 9% y 12% de los
pacientes con EM, respectivamente, y que con frecuencia estos dos patrones aparecian de
forma independiente. Por tanto, la frecuencia de las lesiones con borde hipointenso en T2 en
una poblacién general de EM era mucho menor a la descrita en series de pacientes con
lesiones pseudotumorales de EM en las que se detectaban hasta en el 30-53% de los
pacientes (Lucchinetti et al., 2008; Abou Zeid et al., 2012). Otro hecho diferencial fue la menor
asociacion a captaciéon de gadolinio en anillo, pues sélo el 40% de las lesiones con borde
hipointenso en T2 presentaban este patron de captacion, y el que un 12.5% de estas lesiones
presentaran una captacion homogénea de gadolinio. De forma interesante, un 47.5% de las
lesiones no presentaba captacion de gadolinio, o que indicaria que este borde hipointenso
persiste en fases mas crénicas de la lesién cuando ya no es evidente la rotura de la BHE. En
este sentido, un estudio piloto reciente que utilizé la imagen de susceptibilidad magnética, que
es mas sensible en la deteccion de sustancias paramagnéticas o acumulo de hierro, identifico
lesiones con un borde hipointenso en imagen de fase que persistia tras un seguimiento de 31
meses (Bian et al., 2013). Este dato iria a favor de que el borde hipointenso puede permanecer
en una fase crénica de la lesién traduciendo la persistencia de macrofagos cargados de hierro.
Aunque en nuestro trabajo algunas lesiones mostraban el borde hipointenso a los 3.5 o0 13
meses de seguimiento, no nos fue posible concluir sobre este aspecto por la limitacion en el
bajo numero de casos con seguimiento a largo plazo, dada la naturaleza retrospectiva del

estudio.

Las lesiones captantes de gadolinio en anillo, con o sin borde hipointenso en T2 se
identificaron en el 12% de los pacientes de la presente cohorte. Si bien estudios previos
asociaban la captacion en forma de anillo a una mayor destruccion tisular que aquellas lesiones
que tenian una captacion homogénea de contraste (Morgen et al., 2001), estudios mas
recientes indican que ambos patrones de captacion podrian representar un estadio distinto de
un proceso patogénico comun mas que un tipo distinto de lesién (Davis et al., 2010; Gaitan et
al., 2011). Es posible que este patrén de captacion esté reflejando una inflamacién masiva y

desmielinizacién perilesional, lo cual explicaria que pueda detectarse una alteracion de la
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difusion de las moléculas de agua en el borde (Abou Zeid et al., 2012) similar a lo que

detectamos en una de las lesiones descritas en nuestro trabajo.

En los pacientes con EMPP no identificamos ni lesiones con borde hipointenso en T2 ni
captantes de gadolinio en anillo. Aunque el nimero de pacientes con esta forma de EM era
bajo en nuestro estudio, este dato iria a favor de que en este tipo de pacientes la inflamacién

focal esta menos presente que la inflamacion difusa o neurodegeneracion (Filippi et al., 2012).

Al analizar el significado clinico de la presencia de estas lesiones, observamos que las
lesiones con borde hipointenso en T2 no parecian asociarse a una evolucion clinica distinta.
Sin embargo, la presencia de lesiones con captacion de gadolinio en anillo se asociaba a un
peor pronostico. Asi los pacientes con lesiones captantes en anillo alcanzaron una
discapacidad elevada en menos tiempo, requiriendo el uso de un apoyo (EDSS de 6.0 puntos)
en una media de 4.4 anos respecto a 13.4 afos en aquellos pacientes sin este tipo de lesiones.
Estos datos concuerdan con trabajos previos que han asociado estas lesiones con la
discapacidad presente y futura y la aparicion de nuevos brotes (Morgen et al., 2001). Por tanto,
las lesiones captantes de gadolinio en anillo pueden estar caracterizando un subtipo agresivo
de enfermedad y su deteccion puede ser de utilidad para identificar aquellos pacientes con mas

riesgo de progresion de la discapacidad a corto plazo.

Aunque las técnicas de RM convencionales utilizadas en el primer trabajo permitan
identificar lesiones de la SB, la informacion que aportan acerca de la naturaleza de estas
lesiones y del dafio en el tejido cerebral de apariencia normal es muy limitada. Sin embargo, las
técnicas de RM avanzada, son capaces de aportar informacién sobre la SBAN y la SG (Bakshi
et al., 2008; Ceccarelli et al., 2012) parecen correlacionar mejor con la discapacidad. Ademas
permiten realizar diferentes abordajes capaces de extraer una informacién mas precisa de la
relacion existente entre las alteraciones en la neuroimagen y la discapacidad (Ceccarelli et al.,
2012). Por ejemplo, el uso de medidas compuestas de RM combinando distintos tipos de
informacion (ej. presencia de lesiones y dafo microestructural) o el abordaje regional que
permita relacionar regiones o tractos especificos con funciones concretas. A través del uso de
estos métodos, estudios previos han sugerido que la afectacion de la SB, tanto por la presencia
de lesiones macroscépicas como por un dano microestructural, puede producir una
desconexidn entre estructuras cerebrales corticales y subcorticales que explicarian, en parte, la
discapacidad fisica y cognitiva en los pacientes (Dineen et al., 2009; Filippi and Agosta, 2010;
Ceccarelli et al., 2012). La utilizacion de estas aproximaciones a través de RM avanzada fue la

base para profundizar en estos aspectos en la presente tesis.
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Asi, en el segundo trabajo, se eligié una estructura especifica, el cuerpo calloso (CC) que
es la mayor comisura cerebral y diana frecuente de lesiones, para determinar la relacién entre
el dano de esta estructura y la discapacidad fisica y cognitiva en la EM. En el estudio se
incluyeron 21 paciente, todos ellos con una forma remitente-recidivante de la enfermedad, y
con una discapacidad leve-moderada, intentando asegurar una muestra que fuera lo mas
homogénea posible. Como era de esperar, observamos alteraciones estructurales (disminucion
de volumen) y microestructurales (alteracion de los valores de DTI) en el CC de los pacientes.
Una atrofia del CC que podria explicarse por la presencia de lesiones (Barkhof et al., 1998),
pero también por un dafio directo de la integridad microestructural o secundario a una
degeneracion Walleriana (Evangelou et al., 2000), lo cual estaria en concordancia con la
correlacion encontrada entre volumen del CC y el volumen de lesiones en la SB. Ademas,
identificamos una alteracién en la conduccién interhemisférica inhibitoria que conecta las
cortezas cerebrales motoras de ambos hemisferios a través del estudio del iSP (Hoppner et al.,
1999; Lenzi et al., 2007) y que estas alteraciones correlacionaban con los datos de atrofia y
dafo microestructural evaluado a través del DTI, pero no con el volumen lesional. Vale la pena
remarcar que los pacientes que no presentaban lesiones focales en el CC, también
presentaban una alteracion del iSP, todo ello indicando que se requiere un dafo mas extenso
que el producido por las lesiones focales para que se produzca una alteracién de la conduccion

interhemisférica.

La observacion en nuestro estudio de que el dafo estructural /microestructural del CC se
asocia a discapacidad fisica y, sobretodo, cognitiva, refuerza el papel relevante de esta
estructura en la EM, tal como habian puesto de manifiesto otros estudios utilizando diferentes
técnicas y aproximaciones (Pelletier et al., 2001; Lin et al., 2008; Mesaros et al., 2009; Kale et
al., 2010; Ozturk et al., 2010; Yaldizli et al., 2010; Sigal et al., 2012). De hecho, demostramos
por primera vez que la integridad de la conduccién interhemisférica inhibitoria del CC esta
asociada al rendimiento cognitivo en tests de memoria visual y de funciones ejecutivas y, por
tanto, que la integridad del CC tanto en términos de estructura como de funcién, es importante

para el mantenimiento de las funciones cognitivas.

En definitiva, los datos obtenidos en este estudio a través de la utilizacion de técnicas de
RM no convencional y electrofisiologia apoyan la hipétesis de que en la EM existe una
desconexion de areas cerebrales por afectacion de tractos de la SB (Catani and ffytche, 2005;

Dineen et al., 2009) responsables, en parte, de la disfuncién fisica y sobretodo de la cognitiva.
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Sin embargo, el dafio de la SB por si sélo no puede explicar de forma completa los déficits
neuroldgicos y, en especial, la disfuncién cognitiva de los pacientes con EM. En los ultimos
anos numerosos trabajos han destacado la importancia del dafio de la SG en el proceso
patoldgico de la enfermedad ya desde fases tempranas de la enfermedad (Geurts et al., 2012;
Horakova et al., 2012). Este avance ha sido posible gracias a las nuevas técnicas de RM que
han mejorado la sensibilidad para detectar la afectacion de la SG (Pirko et al., 2007) y han
puesto de manifiesto su posible asociacion con la discapacidad fisica y cognitiva (Dalton et al.,
2004; Fisher et al., 2008; Fisniku et al., 2008; Calabrese et al., 2010).

Dado que el dano microestructural de la SG podria contribuir a explicar los déficits
cognitivos el tercer trabajo de esta tesis tuvo el objetivo de determinar el impacto del dafio de
la SG, evaluado a través del DTI, en la alteracion cognitiva en pacientes con EM en fases
tempranas de la enfermedad, y su relacién con el dano microestructural de la SBAN vy la
presencia de lesiones. Para ello utilizamos métodos no-aprioristicos, primero para caracterizar
la distribucion topogréfica del dano de SG y SB, y posteriormente para identificar las principales
medidas de neuroimagen que se correlacionan con el rendimiento de funciones cognitivas

especificas.

En el presente trabajo los pacientes incluidos tenian una forma remitente-recidivante de EM
y presentaban una discapacidad fisica y cognitiva baja (31,3% de los pacientes presentan al
menos un test neuropsicoldgico anormal, pero solo un 4.5% tenian 2 o mas tests alterados y se
podian considerar cognitivamente afectos). A pesar de la baja discapacidad, los pacientes
presentaban alteraciones de la integridad microestructural en multiples regiones de la SG
(Ceccarelli et al., 2008) y en la mayoria de tractos de la SBAN (Yu et al., 2012). Las medidas
de DTl mas ampliamente alteradas eran las que reflejaban un dano predominantemente por
desmielinizacion (Song et al., 2003; Song et al., 2005), mientras que el dafo axonal medido
con la difusividad axial estaba presente en regiones mas circunscritas de la SG y en algunos
tractos de SG. Ademas, el dafio microestructural se extendia mas alla de las lesiones visibles a
través de la RM convencional. Estos datos estan en consonancia con estudios patolégicos que
demuestran que la EM es una enfermedad que afecta de forma difusa al SNC, y que estas

alteraciones ya estan presentes en fases tempranas de la enfermedad (Filippi et al., 2012).

A pesar de la constatacién de que existe una alteracion difusa de la microestructura,
observamos que las regiones cerebrales donde la integridad microestructural se asociaba con
el rendimiento cognitivo eran distintas en funcion del dominio cognitivo evaluado. Asi, la
integridad de la SG en regiones especificas se asociaba con el rendimiento en tests cognitivos

concretos, como por ejemplo el giro angular, tdlamo o estructuras mediales temporales con la
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memoria episddica verbal. Resultados que concuerdan con las teorias actuales de las bases
neurobiolégicas de las funciones cognitivas (Squire, 2004; Forn et al., 2011; Wolk and
Dickerson, 2011). Ademas, en los tests de memoria episddica verbal las asociaciones
topograficas cambiaban segun el subtest utlizado. Esto coincide con trabajos que defienden
que una correcta memoria episodica implica sustratos anatdomicos distintos segun el estadio del
procesamiento de la informacion (Wolk and Dickerson, 2011). Asimismo, también el dafo
microestructural en algunos tractos o la presencia de lesiones en localizaciones concretas se
asocio con el rendimiento cognitivo, similar a estudios previos (Dineen et al., 2009; Sepulcre et
al., 2009; Yu et al., 2012). Algunos de estos tractos coincidian anatomicamente con las
regiones de SG relevantes en la misma funcion cognitiva, lo cual refuerza los resultados
obtenidos con las distintas técnicas. Ademas permitié definir algunas redes relacionadas con la
memoria 0 con las funciones ejecutivas que comprendian regiones corticales occipitales y
temporales izquierdas con el fasciculo longitudinal inferior o el fasciculo fronto-occipital.
Finalmente, la alteracién de la integridad del CC en los pacientes y su asociacién con la
memoria episodica verbal, visual y con funciones ejecutivas coincide con los resultados

encontrados en el trabajo niumero dos de esta tesis.

Para evaluar el impacto de la alteracion de la SG y SB en el rendimiento cognitivo,
realizamos un analisis de regresién lineal multiple con los valores de integridad microestructural
en la SG, en la SBAN y el volumen de las lesiones. Estos valores provenian de las regiones
obtenidas del analisis de correlacion entre integridad tisular o lesiones y rendimiento cognitivo.
El modelo explicaba el 36-51% de la varianza en los tests de memoria y atencion. Sin
embargo, la integridad de la SG soélo aportaba algo menos de un 5% a la varianza en los tests
cognitivos. Por tanto, nuestro estudio ponia de manifiesto que en pacientes en fase precoz de
la enfermedad y con baja discapacidad cognitiva, los principales elementos asociados a la

cognicion son la integridad de la SBAN y la presencia de lesiones de SB.

Este hallazgo no contradice la importancia del papel de la SG en la discapacidad, tal como
han defendido multiples trabajos sobretodo basados en la atrofia (Geurts et al., 2012; Horakova
et al., 2012), pues cuando el analisis lo limitamos a la SG, pudimos observar que la integridad
de la SG explicaba el 29-38% de la varianza de los test cognitivos. Por tanto, nuestro trabajo
apunta a que en las fases iniciales de la enfermedad cuando la enfermedad se caracteriza por
brotes secundarios a lesiones focales de SB la influencia de la patologia de SG sobre la

cognicion podria ser mas limitada que la ocasionada por el dafo de la SB.
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En definitiva, estos hallazgos junto con los del trabajo numero dos van a favor de que existe
un mecanismo de desconexion multiple, por afectacion de un gran niumero de tractos, junto con
un dafo de SG, que estan causando la disfuncion cognitiva en los pacientes con EM. Ademas,
demuestra que el uso del DTl como marcador de la integridad microestructural del tejido
cerebral es util para conocer los efectos de la enfermedad sobre el SNC y sus consecuencias

clinicas.

La RM avanzada también nos permite estudiar los mecanismos de destruccion y
reparacion, analizar el dafio axonal y la astrogliosis, patologia que forma parte de los
principales eventos de la EM (Filippi et al., 2012). Asi, podemos medir metabolitos como el
NAA y el ml, que son marcadores de integridad axonal y astrogliosis, respectivamente,
mediante espectroscopia, Ademas, el MWF obtenido a través del estudio de la relaxometria en
T2 puede informar sobre la integridad de la mielina (Oh et al., 2007; Laule et al., 2008)
probablemente de una forma mas especifica que otras técnicas como el DTI o la transferencia
de magnetizacion pero con mayores limitaciones técnicas (Bakshi et al., 2008). Trabajos
previos han encontrado correlaciones entre el NAA (De Stefano et al., 1998; Fu et al., 1998;
Sarchielli et al., 1999; De Stefano et al., 2001; Ruiz-Pena et al., 2004; Sastre-Garriga et al.,
2005) o ml (Chard et al., 2002) y la presencia de atrofia cerebral o discapacidad en estudios
transversales en general limitados por un pequefio tamafo muestral. Sin embargo, la
capacidad de predecir la evolucion de la enfermedad de estos marcadores es poco conocida
(Wattjes et al., 2008; Sbardella et al., 2011).

Por ello, en el trabajo numero cuatro de esta tesis, se quisieron identificar qué eventos
patoldgicos preceden a la progresion de la enfermedad a medio plazo y evaluar su capacidad
de prediccién de la progresion de la discapacidad y de la atrofia cerebral. Para ello utilizamos el
NAA y el ml como marcadores de dafo axonal y astrogliosis, respectivamente, cuantificados en
la SBAN y en la SG y el MWF en la SBAN como marcador de desmielinizacion, y se analizé su
utilidad en un grupo preliminar de pacientes y controles. Observamos que el ml y NAA en la
SBAN parecian tener un efecto sobre la atrofia y que el NAA era capaz de modular la influencia
de ml sobre dicha atrofia. De ello surgié la idea de utilizar una ratio combinando ambos
metabolitos, la ratio de mlI/NAA. Dicha ratio medida en SBAN fue capaz de predecir la
evolucién de la atrofia cerebral a lo largo de 4 anos y la evolucion de la discapacidad. Sin
embargo las medidas de los metabolitos en SG y el MWF no se asociaron con la evolucion de

la enfermedad.

Para confirmar los hallazgos se realiz6 el mismo analisis con el ratio de mI/NAA en un

grupo distinto de pacientes con un mayor numero de casos (220) incluyendo diferentes

1

1
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fenotipos de pacientes. En este estudio confirmatorio el incremento de la ratio de mI/NAA en la
SBAN también fue capaz de predecir el aumento de la discapacidad y la atrofia en los

siguientes 4 anos.

Estos resultados ponen de manifiesto que existe una importante relacion entre la progresion
de la enfermedad y la presencia de dafio axonal y astrogliosis en la SB. Ademas apoyarian que
los astrocitos puedan ejercer un efecto deletéreo a través de la promocion de la inflamacion y
desmielinizacion asi como la formacién de una cicatriz glial que dificulte la remielinizacion y el
crecimiento axonal (Moore et al., 2011; Cambron et al., 2012). Un efecto, no obstante, que
pude ser mas complejo, pues también se sabe que la accién de los astrocitos sobre la
migracion proliferacion y diferenciacion de los oligodendrocitos (Williams et al., 2007; Nair et al.,
2008) puede ayudar a crear un ambiente permisivo para la remielinziacion. En cualquier caso,
nuestro estudio refuerza la idea de trabajos previos de que los cambios en marcadores de

astrogliosis preceden al dafio axonal y al desarrollo de atrofia (Kirov et al., 2009).

Ademas de informar sobre los eventos subyacentes al futuro desarrollo de discapacidad y
pérdida de volumen cerebral, la importancia de este trabajo radica en que identifica un nuevo
marcador, la ratio de mI/NAA en la SBAN, capaz de predecir la evolucién de la enfermedad a
medio plazo. Es importante tener en cuenta que una de las ventajas que ofrece este marcador,
en comparacion con la obtencién de valores absolutos de metabolitos, es que es mas
facilmente medible lo que puede facilitar su aplicacién en estudios mas amplios en que se
involucren distintos centros (Narayana, 2005; De Stefano et al., 2007). Por el contrario, la
potencia del efecto predictor es baja, lo cual puede limitar su uso como biomarcador predictivo

a nivel individual.

A pesar de que el MWF no fuera capaz de predecir la evoluciéon de la enfermedad, esto no
invalida la importancia de la desmielinizacién en la evolucion de la discapacidad y la atrofia. Es
probable que este hecho se haya visto influenciado por las limitaciones técnicas de la
secuencia utilizada para la adquisicion del MWF. El uso de mejoras técnicas que aumenten la
sensibilidad a los cambios en la mielina (Guo et al., 2012; Kitzler et al., 2012) puede ayudar a
confirmar la importancia de este evento en la progresién de la enfermedad en futuros estudios.
Algo parecido ocurre con los marcadores de espectroscopia en la SG, donde la propia
naturaleza de esta region (bajo grosor cortical y posible efecto de volumen parcial) puede hacer

menos fiable la cuantificacion de los metabolitos.
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En definitiva, los estudios incluidos en esta tesis han servido para profundizar en el
conocimiento de la fisiopatologia de los condicionantes de la discapacidad, y en el avance en la
busqueda de marcadores utiles para evaluar y predecir la discapacidad en la esclerosis
multiple. Asi, hemos evidenciado que la inflamaciéon evaluada a través de la presencia de
lesiones captantes de gadolinio en anillo puede ser un indicador de peor prondstico. Ademas,
el dafio microestructural de la sustancia gris y blanca medible a través de DTI, se asocia a
discapacidad fisica y, en especial, a disfuncién cognitiva, y que existe un mecanismo de
desconexidn entre estructuras corticales y subcorticales debido no sélo a la presencia de
lesiones sino también a un dafo difuso que participa en el desarrollo de las alteraciones
neuroldgicas. Por ultimo, el dafio axonal y la astrogliosis en la sustancia blanca de apariencia
normal son elementos que participan en la progresién de la enfermedad, y que su medida a
través de la ratio de mI/NAA es capaz de predecir la evolucion de la discapacidad y la atrofia a

lo largo de los siguientes 4 anos.






IX. Conclusiones
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1. Las lesiones con un borde hipointenso en secuencias potenciadas en T2 y las lesiones
captantes de gadolinio en anillo se presentan en un pequefio porcentaje de pacientes con EM
(9 y 12% respectivamente), y ambos patrones pueden aparecer de forma independiente.
Mientras que las lesiones con borde hipointenso no se asocian a una peor evolucién clinica, las
lesiones captantes de gadolinio en anillo incrementan el riesgo de progresion de la

discapacidad, y por tanto se asocian a un peor prondstico.

2. El cuerpo calloso de los pacientes con EM presenta alteraciones tanto en su
estructura/microestructura como en su funcion inhibitoria de la conduccién entre ambas
cortezas motoras. Dichas alteraciones se asocian con la discapacidad fisica y sobretodo con un

peor rendimiento en tests de memoria y funciones ejecutivas.

3. Desde fases tempranas de la EM existe una alteracion extensa de la microestructura del
tejido cerebral. La integridad de la sustancia gris y de la sustancia blanca de apariencia normal
y la presencia de lesiones en regiones especificas se asocian con el rendimimiento de
funciones cognitivas concretas. La alteracion en la integridad de la sustancia blanca y la
presencia de lesiones visibles, mas que la alteracion de la integridad de la sustancia gris,
parecen ser los principales contribuyentes a la disfuncion cognitiva en pacientes en la fase

precoz de la enfermedad.

4. El dafio axonal junto con la astrogliosis en la sustancia blanca de apariencia normal son
eventos importantes en el desarrollo de la discapacidad y la atrofia cerebral. La ratio de mI/NAA
obtenido a través de espectroscopia es capaz de predecir la evolucion de la discapacidad y de

la atrofia cerebral a medio plazo.
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