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Abreviaturas

ACM: Arteria cerebral media

AF o FA: Anisotropla Fraccional.

tAF o rFA; ratio de Anisotropla Fraccional

ARM: Anglografia por Resonancia Magnética.

BPCI: Brazo posterior de capsula interna,

BRIC: Biomarcadores radiolégicos an el infarto cerabral.
BRIC-RM: BRIC por RM

CR: Corena radiata,

DE: Desviacion estandar

DW: Dagenaracidn Walleriana,

FLAIR: Atenuacién de liquide con inversidn recuperacian,
GE: Eco de Gradiente,

ITD: Imagen del tensor de Difusion,

MTT: Tiempo de transito medio,

NIHSS: Escala de ictus del Instituto Nacional de Salud.
m-NIHSS: [tams molores de la Escala NIHSS,

RM: Resonancia Magnética,

ROI: Region de interéds.

rTPA: Activador del Plasminogeno Tisular recombinado,
SC: Area subcortical.

TC: Tomografia computarizada,

TCE: Tracto corticoaspinal,

TOF: Tiempa de vualo.

TTD: Tractografia por tensor de difusion

VPN; Valor Predictivo Negativo,

VPP: Valor Pradictivo Positivo



1. Introduccidn

El infarto cerebral es una enfermedad frecuente que provoca una gran morbilidad y
mortalidad en nuestra sociedad. El Unico tralamienio aprobado hasta ahora es la
lerapia con rTPA (1) pero este tratamiento tiene varias limilaciones coma una ventana
terapéutica corta, el pequefio porcentaje de pacientes a los que se les puede aplicar y
el riesgo de transformacion hemorragica (2). Por lodo ello es importante aprobar
tratamientos mejores que rTPA aunque el proceso de aprobacion actual de nuevos

farmacos es extremadamente largo (cerca de 12 afos) y caro (3),

Para solucionar esta situacién se han introducide nuevos biomarcadores que deben
sustitulr a los marcadores clinicos clasicos basados en la morbilidad y mortalidad del
paciente (4). En teorla estos nuevos biomarcadores podran demostrar el efecto
terapéutico mas claramente, por lo que seran precisos menos pacientes para poder
conseguir demostrar un resultado positive que permita aprobar estos nuevos
tratamientos, Por todo ello estos nueves biomarcadores podrian ayudar a aprobar

nuevos farmacos de una manera mas rapida y economica (4).

Hasta ahora se han propuestc multiples marcadores genéticos y moleculares (2, 5, 6.7)

y algunos biomarcadores radiologicos (5, 8, 9).

El infarto cerebral se puede estudiar por diferentes técnicas radioclogicas como
ecografia, tomografla computarizada (TC), angiografia y Resonancia Magnética (RM).

La RM es una tecnica muy sensible para el diagnostico precoz del Infarto cerebral vy



para hacer el seguimiento en fase subaguda-cronica. La RM aporta maltiples variables

radiolégicas cuantificables pero no esta clara cuales serian los biomarcadores validos.

En la Figura 1, se muestra un ejemplo de cuantificacion de biomarcadores radiologicos
en un paciente con Infarto cerebral, El paciente presento un ictus con un score de la
escala de NIHSS (escala de ictus del instituto Nacional de Salud) de 20. En el estudio
inicial la secuencia vascular contrastada mostraba una estenosis severa proximal de
Arteria cerebral media (ACM) izquierda con flujo distal. La secuencia de Difusién
mostraba un pequefno infarto subcortical de ACM izquierda cuyo volumen era de 4.8 cc.
El estudio de perfusion mostraba un trastorno de la perfusion en el mapa de Tiempo de
transito medio (MTT) a nivel del territorio superficial y profundo de ACM. Su volumen
ara mucho mayor (175 ce) que el del infarto apreciado en la secuencia de Difusion lo
cual indica la existencia de un area de panumbra o de tejido en riesgo de 170,2 cc
(diferencia entre difusién y perfusion), El paciente recibié tratamiento trombolitico y se
consigulé una recanalizacién precoz de la oclusién de ACM (no mostrada) sin
transformacion hemorragica en la secuencia eco de gradiente (no mostrado). Se
apreciaba una normalizacion completa de la alteracion de perfusién (volumen 0) con
leve aumento de la lesidn en Difusidn (volumen de 16 cc). Todo ello asociado a una

mejora clinica con reduccion del NIHSS a 3



FIGURA 1. Ejemplo de cuantificacién de biomarcadores radioldgicos en el infarto
cerebral por Resonancia Magnética

ESTUDIO INICIAL
ARM Difusidn Perfusion (MTT)

4.8 ec 175 ¢¢
o . .
16 cc b ec

ARM: Angiografia por Resonancia magnética, MTT: Tiempo de transito medio.

Existen amplios estudios sobre los criterios para validar a los biomarcadores
moleculares pero hay una necesidad de revisiones similares sobre biomarcadores
radliologicos en el infarto cerebral (BRIC). La primera linea de investigacién de esta

tesis se centra en la validacién de estos biomarcadores,

El volurmen del infarto cerebral s uno de los biomarcadores radiolégicos mas usados
en los ensayos clinicos (10, 11, 12, 13, 14, 15, 16,17). Se considera que &l método

planimétrico @s el patrén de referencia para cuantificar el volumen del infarto (10, 11,
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12) pero tiene el inconveniente de que precisa mucho tiempo para su realizacion y no
se puede realizar en fase aguda. El método ABC/2 por el contrario es muy rapido y se
puede realizar en fase aguda aunque tiene el inconveniente de que no estaba
determinada su fiabilidad (18, 19). La segunda linea de investigacion de esta tesis
analiza la fiabllidad de este método ABC/2 para cuantificar el volumen del infarto en la

RM en fase aguda.

La pérdida de la funcion motora es una de las secuelas mas comunes de los pacientes
con Infarto y se correlaciona con invalidez y reduccion de la calidad da vida (20, 21).
Ademas un 65% de pacientes pueden mostrar un cierto grado de recuperacién de la
funcion motora (22). Todo ello hace necesario la validacion de blomarcadores

radiologicos pradictivos del déficit motor.

Diferentes estudios han demostrado que la recuperacion motora depende de la
Integridad de las fibras moltoras siende el traclo cérticoespinal (TCE) el principal tracto

responsable de los movimientos motoras.

La secuencia de Imagen del tensor de Difusion (ITD) permite visualizar y cuantificar el
dafo estructural en los tractos de sustancia blanca (23). En primer lugar podemos
realizar una tractografia por tensor de Difusion (TTD) con reconstruccion de los
diferentes tractos de sustancia blanca (24). En segundo lugar podemos cuantificar
directamente parametros como la anisotropia fraccional (AF) para demostrar la

integridad de los tractos de sustancia blanca.
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Se ha propuesto la asociaclén del défict motor con la existencia de degeneracién

walleriana del TCE y con una reduccion de los valoras de AF

(25, 26, 27, 28). Sin embargo existen pocos estudios prospectivos que hayan validado

&l valor del AF como biomarcador prondstico.

Es necesario validar biomarcadores radiologicos basados en TTD que puedan predecir
como sara la evolucion de los pacientas con infarto. En la tercera investigacion de esta
tesis se analiza el valor pronéstico que puede tener el nivel de afectacién del
tractograma del TCE. En la cuarta investigacion se valora directamente el valor de la

AF para predecir el déficit motor del paciente.

1



2. Objetivos.

Los objetivos principales de esta tesis son:

1. Establecer @l conjunto de posibles blomarcadores radiologicos del infarto cerebral en

el estudio por RM determinando los criterios dae validacion,

2. Analizar la validez de los métodos de cuantificacion del volumen del infarto cerebral

por RM.

3. Evaluar la validez de la topografia de afectacién de tracto corticoespinal en fase
aguda del infarto como blomarcador pronostico de la funcion motora final del paciente

con Infarte.

4. Determinar la validez de la AF como biomarcador pronodstico en fase aguda y

subaguda de la funcion motora final del paciente con Infarto
Los objetivos especificos de cada investigacion de la tesis son:
Invastigacion de base sobre biomarcadores de imagen

1. Establecer los criterios para podear validar una variable radiclogica como biomarcador

en el infarto cerabral.

2 Evaluar la validez como biomarcador radiologico de las diferentes variables de un

estudio por RM en el infarto cerebral.

Invastigacion sobre el biomarcador volumen del infarto cerebral

12



1. Determinar la flabllidad del méatodo ABC/2 de calculo del volumen del infarto cerebral

agudo en la secuencia de Difusidn por RM.

2. Analizar la reproducibilidad del método ABC/2 para cuantificar el volumen del infarto

cerebral en la secuencia de Difusién por RM,
Invastigacion sobre el biomarcador de tractografia

1. Evaluar si el compromiso del TCE en |la TTD en una localizacion especifica permite

predecir el dafo axonal de la via motora asi come la funcién motora final.

2. Determinar sl un modelo predictive formado por la informaciéon sobre al nivel de
afectacion del TCE en la TTD junto con la escala motora tiene mayor capacidad

predictiva que las escalas clinicas aisladas.
Investigacion sobre el biomarcador anisotropia fraccional

1. Evaluar de |la correlacién de la AF con el grado de déficit motor en pacientes con
Infarto cerebral en comparacidn con las escalas clinicas validadas en fase aguda y

subaguda.

13



3. Métodos.
3.1, Poblacién del estudio. Seleccion de pacientes.

La base de datos de estudios por RM en pacientes con infarto cerebral tiene unos
criterios de inclusién y exclusion comunes que se han aplicado en todas las

investigaciones de esta tesis:

- Los criterios de inclusion comprendian: lctus de menos de 12 horas de evolucion,
edad mayor de 18 afos, valoracion de Escala de Rankin menor de 2 e infarto de arteria

carabral media,

- Los criterios de exclusion comprendian: Pacientes en coma, sindromes lacunares,
accidente Isquémico transitorio, infarto cerebral previo que artefacto la valoracion

clinica y neurolagica, enfermedad cronica severa y enfermedad inflamatoria.

Todos los pacientes fueron tratados siguiendo las guias de practica clinicas publicadas
en la literatura. Cada uno de los trabajos fue aprobado por el comite etico del Hospital
Dr Josep Trueta de Girona y el pacienta o un familiar firmé el consentimiento informado

del astudio.

Dado que la tesis tiene por objeto la validacion de diferentes biomarcadores, el trabajo
se ha desarrollade con diferentes grupos de pacientes de esta base de datos en

funcién del objetivo especifico de investigacion

Invastigacion de base sobre blomarcadores de imagen
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Dado que el objetivo era definir criterios de validez de biomarcadores y un grupo de
biomarcadores en las publicaciones de la literatura no se ha analizado pacientes

directamente.

Investigacion sobre el biomarcador volumen del infarto cerebral

Se han estudiado 86 paclentes con Infarto cerebral,

Investigacion sobre el biomarcador lractogralia

Se ha estudiado un grupo de 60 pacientes

Invesligacion sobre el biomarcador anisolropla fraccional

Se ha estudiado un grupo de 60 pacientes

3.2. Varlables clinicas,

La base de datos de estudios por RM en pacientes con infarto cerebral recoge una

bateria de variables clinicas que se han aplicado en las Investigaciones de esla tesis:

Un neurdlogo senior certificado determiné el valor de NIHSS en tres momentos de la

evolucion del paciente (dia 3, dia 30 y dia 90),

El subindice motor m-NIHSS categoriza el déficit motor en tres grados de peor a mejor
funcion motora: Grado | (total m-NIHSS score de 0), Grado || (m-NIHSS, 1-4) y Grado

i1l (m-NIHSS, 5-8).

15



El indice de Barthel y la escala modificada de Rankin se usaron para medir la

incapacidad y dependencia para las aclividades de la vida diaria en el dia 890 de

avoluelon,

Tados los datos clinicos se determinador sin conocimiento de la cuantificaclén de los

biomarcadores radioldgicos.

Dado que la tesis tiene por objeto la validacién de diferentes biomarcadores, en

algunas lineas de investigacion se han analizado varlables especificas.
Investigacion de base sobre biomarcadores de imagen

Dado que el objetivo era definir criterios de validez de biomarcadores y un grupo de
biomarcadores en las publicaciones de la literatura no se han obtenido variablas

clinicas directamente en un grupo de pacientes,
Investigacion sobre el biomarcador volumen del infarto cerebral

En esta investigacion de correlacion de datos radiolégicos no se analizaren variables

clinicas concretas,

Investigacién sobre al blomarcador tractografia

En esta investigacion se determinaron las escalas clinicas generales comentadas.
Investigacion sobre el biomarcador arisotropia fraccional

En asta invastigacion se determinaron las escalas clinicas generales comentadas.

16



3.3. Protocolo radiolégico.

La base de datos de estudios por RM en pacientes con infarto cerebral tiene un

protocolo radiolégico comin que se han aplicado en las investigaciones de esta lesis.
Las caracteristicas del protocolo radiologico son:
- Los estudios de RM se realizan en un equipo de 1.5 Teslas.

- El protocolo radiolégice Incluia las siguientes secuencias: Difusion, FLAIR (Atenuacion
de liquido con inversidn recuperacidn), T2-GE (Eco de Gradiente), Perfusion,
Angiografia por RM (ARM) con técnica TOF (Tiempo de vuelo) y secuencia ITD

(Imagen de Tensor de Difusion). Los paramelros lécnicos se detallan en los arliculos.

- El protocolo radiologico se repetia en tres fases de la evolucién del paciente: el

estudio del primer dia, el control del tercer dia y el control del dia 30 de evolucion
Investigacion de base sobre biomarcadores de imagen

Dado que el objetivo era definir criterios de validez de biomarcadores y un grupo de
biomarcadores en las publicaciones de la literatura no se ha obtenido estudios

radiolégicos en un grupo de pacientas,

Investigacidn sobre el blomarcador volumen del infarto cerebral
En esta investigacion sa raalizd el protocolo radiologico comun,
investigacion sobre el biomarcador lractografla

En asta invastigacion sa realizd el protocolo radioldgico comun,

17



Investigacion sobre el blomarcador anisolropia fraccional
En esta investigacién se realizd el protocolo radiclégico comun,
3.4, Postproceso radiolégico.

Dado que la tesis tiene por objeto la validacion de diferentes biomarcadores, el trabajo
se ha desarrollado con diferentes tecnicas de postproceso en funcion del objetive

especifico de cada una de las investigaciones de la tesis.
Invastigacion de base sobre biomarcadores de imagen

Dado que el objetivo era definir criterios de validez de biomarcadores y un grupo de
biomarcadores en las publicaciones de |a literatura no se ha realizado postproceso

radiologico directamente,
Investigacion sobre el biomarcador volumen del infarto cerebral

Tres abservadores de manera ciega determinaron el volumen del infarto carabral con la

técnica ABC/2 y con el método planimétrico.

18



FIGURA 2. Método ABC/2,

La figura 2 muestra un ejemplo de aplicacion del metode ABC/2, Primero se escoge el
corte en el que el infarto tiene el mayor volumen y se determina el diametro antero
posterior mayor (valor A) y el diamelro perpendicular mayor en el mismao nivel (valor B,
Después se delermina el diametro vertical (valor C) mediante la suma del grosor de
todos los cortes en que se ve el infarto. El valor del volumen se obtiene entonces con

laformula AxBx C x 0.5.
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Investigacién sobre el biomarcador tractografia

Se realizé reconstruccidn de la traclografia a partir del estudio de DT, Las

especificaciones técnicas se detallan en el articulo.

Para determinar que segmento del TCE estaba afectado por el Infarte se hizo una
superposicion de las imagenes de Difusion con el tractograma del TCE. Se analizé la
relacion con el infarto en 5 niveles: corlex motor y premotor, sustancia blanca
subcortical, corona radiata y brazo posterior de capsula interna (BPCI), Se realizo esta

valoracion en los estudios del dia 1°, 3% y 30.

Se calculd el valor de AF an el bulbo a nivel homaolateral o contra lateralmente al lado
del infarto. Se determind también el ratio entre el valor de AF del lado afecto respecto al

contralateral.

Tambilén se determiné el volumen del Infarte mediante el método planimétrico.

La figura 3 muestra un ejemplo de un paciente de 45 anos con un infarto pequefio pero
con un déficit motor importante dada la afectacion del TCE en el BPCI, Se muestra la
superposicion del TCE en diferentes niveles cerebrales: Cértex motor-premotor, Centro
Semioval, Corona radiata y Brazo posterior de Capsula interna. En el estudio del
primer dia se aprecia un pequefio infarto de territorio profundo de ACM izquierda. En el
estudio de control al dia 3 se aprecia el crecimiento del infarto con compromiso del
TCE. En el estudio final se ve |la ausencia del TCE con una reduccion de |la anisotropia

fracclonal a nivel del bulbe Indicando la degeneracién walleriana de la via piramidal,

20



FIGURA 3. Ejemplo de compromiso de via plramidal en brazo posterior de
capsula interna.

Cartar Mator Cantra Sambkoval Cofana Fadlata Brafo poitailor de Ailsatropla
Cédriex Praimotor Capsula Inteina Pracclonal
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NIHSS: Escala de infarto del Instituto Nacional de Salud, mNIHSS: ltems motores de la
escala, Vol.: Volumen, Inf: inferior, FA: Anisotropia Fraccional, rFA: Anisotropia
Fraccional relativa.

Investigacion sobre el biomarcador anisolropla fraccional

Se cuantificd al valor de AF dal TCE a nivel del bulbo tanto en el lado homolateral al
infarto como en el lado contralateral mediante la colocacién de reglones de interés

(ROI). Se calculd el ratio rFA como la razén entre el valor de AF del lado afecto con

respecto al lado contralateral sano.

La figura 4 muestra un ejamplo de degeneracion walleriana en un pacienta de 67 afos

con un infarto de ACM y una hemiparesia severa (mNIHSS de 8). En el estudio inicial

21



no se aprecia alteracion de la sefial en el tronco. Sin embargo en el estudio del dia 30
se aprecia una hiperintensidad focal en la mitad derecha de la protuberancia (indicado
por flachas) y una reduccion de la sefial en la misma drea en el mapa de AF, Todo ello

son signos de la Degeneraclén walleriana del tracto cortico espinal derecho.

FIGURA 4. Ejemplo de cambios por RM en la Degeneracién Walleriana.

| Infarto FLAIR Dlfusién Anisatrapis
Fracclonal

< 12 horas

Maan FA= 00801

rEf= 1,041

Maan FA= 0,418
rFa= Q.027
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4. Copia de Publicaciones.

4.1, Articulo 1. Investigacién de base sobre blomarcadores de imagen en RM

Magnetic resonance imaging biomarkers of ischemic stroke: criteria for the validation of
primary imaging biomarkers. Drug News Perspect. 2009 Oct; 22(8).481-6.
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INTRODUCTION

Isehemic stroke IS comman and Is assaciat-
il with & high rste of disability and death,
Thrombalytle therapy with recomblnant tis-
sue plasminogen activator [ri-PA] remains
the only treatment proven to ba effectiva in
acute (schomic siroks! However, it has
Impeftant limitatiens, such a5 4 narow
therapautic window, the small percentage
of patjents currently beneliting fram this
thirapy and the risk for sigaificant hemar-
rhagle transformation, Therelore, It s essan-
tial to find new theraples lor stroke”
Unforiunately, tha approval of new troat-
ments s a long (nearly 12-year) and expan-
sive process.” To overcome this difficulty, &
rieve Infaret definition, based an (he prés:
ance of cell death in the braln or retina due
to cerebral Ischemia, was Introduced.® In
addition, the use of new surrogate end-
polnts or blomarkers * was proposed 1o
replace the clinical endpolnts of marbidity
and martality, In theary, these surrogate
oulcomes can detect signs of therapeutic
benefit mare clearly.® Thus, fewer patients
would be required to achleve positive results
and effective treatments could be found
mare quickly and sconomically,

Mary genitic and molecular biomarkers 2%
¥ and several imaging biomarkers A0 havg
been proposed, Magnetic resonance imag-

ing {(MRI) has on established role in the
study of acute stroke patients (Fig. (H R
Different MRI techniques are useful In the
study of acute stroke. Magnetic resonance
angiography (MRA]} can evaluate a pationt's
vascular status. Diffusion-weighted Imaging
{DW) and T2"-wiighted sequences can dif-
ferentinte betwesn lschemic and hamar:
rhagic stroke. Combined DW( and perfu-
sion-welghted imaging (PWI) can distin-
guish between definitively infarcted and
potentially salvageable tissue {penumbra).
Finally, MR s useful in follow-up after treat-
maent, detecting changos in lesion size, eval-
uating recanalization, and detarmining 1he
grade of hemorrhagic transformation, "
Howaver, 1o our knowledge, (tho validation
criteria for MR biomarkers of stroke have yel
to be dalined,

in this article, we will define the spachic reg-
uisites lor validating MR| blomarkers of
Acute ischemic strake (MRI-BAS) and raview
the extent to which the main MBI Blormark-
ers currently fullill these critera,

VALIDATION CHITIRIA

Blomarkers of ischemic siroke should have
the lollowing utilities: 1) 1o dlagnose
lsehamile strake; 2) ta ldentily the stage of
the lschernic lesion (e, a5 markers of
desfinitively Infarcted or of potentially sal-
vageable tissue); and 3) to predict the svalu-
flan of ischemic ftroke, bath spontaneausly
and after [herapy l:l'.ﬂ-.. Inerease of lesion
yolume, monitaring the responss o therapy
and Its possible secondary effects). Other
{eatures of good blomarkers Include speci-
ligity and sensitivity for a gleen disease and

SUMMARY

lschemic stroka is associated with a
high rate of disabllity and death,
Establishing valid blomarkers could
help accelurate the approvel of promis-
ing new theraples for stroke. Whereas
many serum Biomarkers have LDeen
avaluated, possible Irnnulng Bitarmark-
arf of stroke |ack validation, Magretic
resanance |I'I'I.h-i|ﬂﬂ {HR” I% o vary sari-
sitive technique to study acute stroke
and MR| parameters have bean estab-
lished to assess the cutcom of acute
strake, This review reassesses the erlte-
fla for the valldation of MRI Blomarkers
af acule lschemic stroke (MRI-BAS)
Soyven criterin were used ta review the
valldity of the main MRI‘BAS: vascular
alatus, lesion volurme, revarsibility on
diffusion-welghted imaging, pefusian
alteration, penumbra studied with dif-
fuslan-perfusion mismatch, clinical=
diffusion mismatch, diffuslon=angiog-
raphy mismatch and hemorrhagic
transfarmation, We analyzed the defi-
nitlong ol these blomarkers and the
extent ta which sach fullills the critara
for validation and found thal few MRI-
BAS have bean fully validated, Further
stidies shauld halp ta Improve the val-
idation of current MRI-BAS and deval-
ap new blamarkers,

Camespondence 5. Madraga
waped rasa®gmall cam

Al



Hraln images from a patlent with acute stroke A hours e onset and an MIHSS oo of 20
A) Dilfisslon-walghted Imaging (W1, showing an acute schemic lesion of the lalr lenticular nucleus
(b Verritary af thi left middlo coretral artary, MCA), B) Tirme-ta-paak (TTP) map, 8 perfusionowolght
ol imaaging (FWD tochniguee, revealing a mor estenshive pedusan alteration encompassing most of thi
suiperfichal and desp errtory of the MCA, Tha mismalch Betsaren D0 sne PO rsaodls th presenco of
significant parumibira, C) 177 map revealing 1he presence af a thromias in the prozimal artory (arroew)
) Magnatic resonance anglography (MRA), demonstrating sivere occlusion of the left MCA with a lack
ol fiows. Tha prosonce of & pro=imal occlusion and a simall nfarct (DW=MRA mismatch) s another
rthid ta datormibne the prisiines of penumbra, Y A Fluld Ligeid Attenuation inversion Rocovery
(FLAIR) muap, which doos not show thas acute stroke but réveals tha prosence of extansiva chionic white
rratied lEskors. F) TTP map altisr 3 haues, fevaallng the incormplite reduction of PYWI alterition (partial
reporiugon) G) FLAIR mag alter & haurs of treatment, showing 4 mild hem wihaglc transfarmation of
Ly il L TR hyrminl hemarrhage. M) MERA Tollows-up afler 2 hours of freatment with recomblngit
Istide plasiminogen sctkatarn, showing thie recovery of nofmal Naw In the el MCA [comploto darly
recanallzatlan)

thg .il:-llll"li' 1o predict gisense progression of Same studies

treatment. Blomarkers should be strondg,
fast and simple to use and be supported by
aconomic analyses.~*" Divarse criterla have
pen proposed for the validation of imaging

gxcludde smiall infarets (= 10 erne ) Tror tredt
mant, while other authors have proposed
considering infarcts larger than 100 cm as
Blamarkers of strokes, ™ grd we have com
[Hned thiem Into a set of seven criterka for this

villdation of MRI-BAS (Table 1) it LAmi

rralgrant infarcts, The Maal inlarct size |9
usually determined aftor 30 days' evaolu
Hisr = Leslan growth 16 the valume chants
between the inltial DWI study and the Tinal
oiudy ot day 30 using the Fluld Liguld
Altepudtion |Inviersion Recovery (FLAIR)
SEjUENCE

LWl
ravvarsibility 15 the parcentage of (he acule
DWW lesian that does not averlap with the
final infarction®

PWI can maasurs
prlusiEan with maps ol mean transll tmie,
time to peak or maximum tme (i),
among othirs ™ Early reperflusion bk beap
dafined sy 5 30% reduction In the Inital PWI1
volume 4-8 hours after treatment.™ Late
riprfusion s tha grade of reperfusion afta)

3 s

[ Ischarmic
penumbea 15 the critically hypaperfused ts
siie that can be salvaged from Infarction by
garly reperusion alter acute sl mia, <" i
early reperfusion or a4 successful neuropro
tectivi Interventlon does nol occur, the o
af the infarct will expand and the penumbirg
will be incorporated into the linal Inlarct vol
umis, The leading agproach 1o the ehallisnge
& eslimaling [he lsehemic penumbrg 15
based on the differance betwesn the volums
of tissiue that axhibits a disturbance in care
biral blood flow as assessed by PWI, and the
voluma of tissue [hat has already developed
advanced Ischemic injury
reflected by cytotoxic edema on Dy 2%
Most authars conslder a dignilicant penum
bra to be present when the slze of the PWI

ovidence ol

Set of criteria for o volld mognetic resonance imaging (MR1) biomarker of stroks

1, The lomarker shoulo Be a ologicsl, physlological, blochemical or anatoimibcal ehange detectalile

2 Thit blarminrker shauld Be elosily kel with thie bargel of 1he disgase froatment

Many MR paramisters am potentially good
MRI-BAS, We sélected the elght MRBI-BAS
sl elted In the lteratire (Toble ), Brisfly,
thase MRI-BAS ara delined a5 (ollews

hava & strong Unk 10 the true endpalnt,

and fopsltle

Whilis vais
clilar status has been classiiied in dilfarant
ways, most studles determinaed initial vessal

feal tharnpy bidliig evaluated

3, Thi biomarker should Bave @ Iegical relationsbip with the sivenly of 1he disease. 11§ Important 16

A, The catection and/or guantitative measurement of the blomarker should b accurate, roproduciblo

5, Mew troatments (drugs oF diviess) £an ehinge tho biomarkers value, The measurod chinoes over
tima afa closely Inkid 1o U success of fallur af the tharaiy and 1o the tfe endpoint of the msd-

B Thi blomarker can proyide Inskght ines (e tosicity ol & trealmaent

patency, linal vessel status, early (< 8 hours
altdr trealment) and Late (3<5 davs allér
traatment) recanallzatian, 40

TR

7. Soma MBI Bamarkers am supportod by o largi Body of =clentific evidonce and are thus hghly rec
armman ot fof elinlgal uie If aoule stioks, Preclinlcal assessment s valuable
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Table 11 Types of magnenic resonance imaging blomarkess of acure stroke

A, Symptomatic vssel palency

Irithsl versod patency, final vesael statuy, sarly recanallgatlan, late recanalization,

{3 Infarct lislon valums

Initial infarce volume, final lesion volume, leslon enlargemoent botween days | and 3, leslan enlange-

mint botwimn diys 1and 30.

C. Rovorsiballity of acuti lschimic losion
B fustan-welghted Imaging reversibillty,

£, Perfuslon alteration

Initlal perfusion alteration, final perfusion alteration, sary reperusion, late reperfusian.
£. Ponumbra vallme determined as diffusion-parfusion mismateh

F. Penumbra voluine determined as clinical-diffusian misimatch

G, Penumbra valuime determined s diffuslon=anglography mismateh

H. Hernafrhagie trarmfarmation of scute infamt
Graches of hemarrhaglc trarsformation.

lesion Is = 120% of that of the DWI lesion ™™
and other studies consider a minimum
lestion valurme of 10 em? indicative of signifi-
cant penumbra,™ The concepl of penumbra
salvige is dufined os the difference betwaen
the baseline PWI lesion and thi {inal Infarct
valume,

| (B TTRTT] In o ki e el

i) <l il According ta this
modal, the Haotlonal Institute of Health
Stroke Scale (MIHSS) scare substitules PWI
lason volume because PWI = difficult to
agsess in the acule setting In most canfars,
Clinical=diffusion  mismatch (CDM) s
dofined as an MIHSS score = 8 and a DW)
lesion volume of < 25 ml.™ Other authors
hove proposed the criteda of an MIHSS
score = 8 and a leslon volume of = 15 ml, "

miraad i

IIHAGE @ DU
anighsigra iy mismstch, The followlng
dnﬂnulun of OWI-MRA mismatch has boen
proposed; 1) DWI lesion volume of < 25 ml
i patients with a praximal vedssel occlusian
or 2} DWI lesion volume of = 15 mlL in
patients with proximpl vessel stenosls ar an
abrormal finding in a distal vessel ™

Piridit I iRk [

i1, Flirmariagic transfoimation of sl
wlha . Lindegrade hemarhagie transfor-
mation s a physiological proceys related lo
stroke recanalization and reparfusion. Ther
aie different grades of hemorrhagie rans-
farmation ¥, but It is classified as significant
{8ICH) whan |t is assoclated with a worsen-
Irgj @l ot least four points on the MIMSS and
when there s a dense hamatama (= 30% ol

the infarcted area) with a substantial space-
necupying affect, ™

CLINICAL AN THERAPEUTIC UTILITY
OF MizI-BAS

Table I summarzes (he correlations
batwesn sach MR blomarker and clinlcal
outcoma and thilr potential value n elinical
trials,

o Mascular
ﬂl:ﬂu"ﬁ"'l By a thmmﬁ is a clear treatment
targel, Recanalization hias beén correlated
with Infarct growth, DWI=PWI mismatch
andl favorable clinlcal fHWI\H.”

et bt wolvrne. Patlents with lange
baseling DWI leslan volumes whio achlevis
early reperlusion appesr to be at greatest
risk of SICH after ri-PA therapy * and the
accepted ciitadan it 1o exglude ledlons lang-
#r than one-third of the terdtory of the mid-
die cormbral artarg™ Infarct growih is the
masl commanly used Imaging surrogate
andpolng, MR

CT LT S0 10

i Rigarsltul iy of i B hainie leslicn, DWWl
reversibility Is related to early recanallzation
444 and favorable clinical rasponse ™ This is
a promising new blomarker, Fulure trials
can determine its accuracy and rmpro-

ducibility,**

. My Coalteranian, Eprly reperfusian
has been a secondary ' or primary @ end-
peint i some clinical trials, Early réperfu-
slon correlates lavorably with clinlcal out-
come, Late reparlusion |5 asseciited with

reduced Infarct growth and improved neuro-
lagical and functional outcormes.™

i "

i PMIMH 'ﬁ'lh |
IJWI PWI mismalch wha have been treated
with ri-FA imaire often dermansirate recinal -
leation, reperfusion, reduced infarct growth
and favorable clinical response than those
without, 9% A DWI-PW| mismatch has
been used to select pationts lor trials of
Intravenous thrombalysis with desmote-
plate "% snd ntra-arterial thrombolysis
with alteplase or urokinase *®

Patlents with 8 COM
after treatment, especially those with a
DW= FWI mismiatch, showe less infaret growth
eomipared with those without o CDM, 5%

S =S i

I Reporiusion Is
associatad with an increased rate of favor-
able clinical response In patients with a
W =MRA mismaich *

M. ST ¥ P st P I i
Hemarrhage & the maln exclusion
criterion for thrombolysis and sICH is associ:
atogl with & poor outeormie, 9

JOTY o AT ICICIF TV T TNRITRG

TR

ERITICAL ANALYSIS OF VALIDITY OF
MR STROKE BIOMAREERS

The application of the proposed valldation
criterla shows the current Umitatlons af
MRI-BAS

BLL Moat MRI Blomarkers are only
structural and further studies should vall-
date more bicleglcal, physlalaglcal and blo-
chemical MRI-BAS. In this sense, future
advances in MR| will allow the developmani
ol pew imaging blamarkers rélated to the
prisance of inflammation, endothellal dam-
age of edema.

Faw Imaging blomarkers are
clossly Unked to the presance of the treal-
ment target. Vascular status s clearly relal-
ed to the thrombus geeluding the vessel, but
furthar studlies should redefine this parame-
tar considaring ofher varlables such oy the
collateral circulation.

The detection of the penumbra 15 controvr
slal and PWI abnormalltley often overestl-
mate critical hypopedusion.®™® Themlom,
the DWI-FWI mismatch concept needs Lo
b pefifmed S50

Al
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fadite 1 Velidity of each MRI-RAS

MBI change

Target e
Carrelation with soverity of dispass +
Cuallty quantiiaira measurement +
Treatments change valuo of MRI-BAS 44
Inclusian critain +
Exclision critefla i
Secondary ehdpolnt e
Toxleity assessmin

Evidliga in publications +

LS
4 ++
* + + +*
+ + + +
s iR (S L ll
L2 2]
i i
L L EEL Y
i 4 ¥ &

e

a4
+ ++

* i *

¥ * L

113 32 Vi
W

daa

e

aad

+ * +

MRI-BAS, magnetlc resananice imaging lmarkars of acute ichom(e stroke: (W1, diffusion-walghted imaging MW, perfusion-welghted imaging COM, cin-
Ical-diffuslon mismatch: MRA, magnetic resonance snglography
+++ High comelation, ++ moderate camelation, + wiild comrelation,

inerinn The real clinical correlation of
sarme MRI blomarkers, such as a COM M ora
DWI-PWI mismatch, Is controversial "%
Further studied should redeling the value of
these tamarkers and probably develap an
imaging scaring system that integratos dif-
ferent MR varlables (o prodicl auledmae and
manitar the @fficacy of strake treatment, ¥

i rrnan: Measuring the accuracy of MR-
BAS |s hindared by the lack of standardiza-
ton of MRl lechinigues between dilferent
vendors and centers™ The feasibility of
MRI-BAS s lmited and needs fo be
[mpreved thraugh the development of auta-
matlc systems to guantify leslon volums,
viersdl low, penumbea and hemaerrhagle
transformation.

Hienn Stroke treatments can change
the value of the MR| blomarkers, such as ths
voscular status of & DWI-PWI mismatch,
and this change Is related 1o the success
ol the therapy, Howaver, 1o date, the ussful-
niess of MR In strake trials s based malnly
on |ocal axparience, expert opinions and
puiblished open-label studies, The lack of
placebo-controlled trials using MR Wil g g
great impediment Decause it (8 nol pessi-
bli le separate the effects of spantaneous
virrsus  “rt-PA-Induced” recanalization,
Thus, It s essential te pardorm larger,
randomized studies including MRI-BAS,
such as DWI-MRA or DWI-PWl mismat-
ches, ™

A4

L lonon Few Blomarkers detect the
toxicity or odversa effects of treatment, and
wiie neisd 1o develop mare iImaging blarmark-
@15 1o dpelect the dimet toxicity of f-PA aind
futurg theraples. Although hemarrhagic
transfarmation 1s a good marker of an
achvarse olfect aof treatment, ther 15 a need
for an sICH predictor that Incorporales mul-
tiple factors, """ and further siudies
should analyze the promising value of the

appatent diffusion coefficient,

chieton. Most publications about MRI-
BAS enly present type 1l evidence,
Publications with type | and type || evidence
aré required, which raflect the resulls of
wall-controlled prospective, randomized,
dauble-blind clinical trials ™

CONCLUSION

We propose a set of critera for the valldatian
of MRI-BAS, Howinvir, lew currént MRI-BAS
fully meet these requirements. Furlhar
large, randomized triald will snable us to
overcaime (hie limitations ef current MRI-
BAS and to valldate naw blomarkees,
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ABSTRACT

BACHGROUND AND PURPOSE

Infarct volume is used as a surragate autcome measure in elinieal trials of therapies for
acute fschemic stroke, ABC/2 ie a fast volumetric method, but its accuracy remains to be
determined. We aimed to study the accuracy and repraducibility of ABC/2 in determining
acute infarct volume with diffusion-weighted imaging.

METHODS

We studied B8 consecutive patients with acute Ischemic stroke. Three blinded observers
determined volume with the ABC/2Z method, and the results were comparad with thote of
the manual planimetric method,

REBULTS

The ABC/2 technique overestimated infarct volume by a median false increase (variable
ABC/2 volume minus planimatric volume) of 7.33 em® (1.20, 22,170, representing a
162.86% increase over the value of the gold standard (variable ABC/2 volume over plani-
meetric valume) (121.70, 248.52). In anch method, the interrater relinbility was excellent:

Kaywards: Siroke, voluma, infarct.
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the intraclass correlations were .992 and 985 for the ABL/2 technique and planimetric

method, respectively.
CONCLUSIONS

ABC/2 Is volumatric methed with clinfcal value but It eansistently ovarastimates the real

infarct volume,

Introduction

Ischemic stroke rosults in a high rate of disbility.! Acute
cerebral infarct volume is an important imaging biomarker:*
lnrger infarels nre nssociuted Lo an imporiant mass effect, worse
ouicome, and greater visk of hemorrhagic transformation af-
ter thrombolytic treatment.®’ In this sense, infarcis occupying
moie than onesthird of the territory of the middle corebral artery
(MCA) ar moasuring more than 100 cc have been proposed as
exclusion oriterin for thrombaolytic weatment,? and infarel sn-
largement s aflen used as o surrogate endpoint for reatment
failure,*1*

However, aoule infarct volume assessmend is subjective. The
gold standard is the planimetrie l.mthuiqtm in whieh Infarct val-
ume is calculaied alter manually segmenting the borders of the
infarct In each slice.™® However, this method s tme eonsim:
ing and therefore cannot be -ppl,i.-,-d in neute seltings w guide
treatment decisvions. A faster, accurate, and reproducible way
to calculate Infirct volume in acute settings is needed, and the
ABC/2 hins been proposed 1o meel this need." The ABC/2 §

f'ﬂﬂ by giwarnmanta’ grants; From MEC
IME010-21008-C03-01 and from Fondo
da Invastignolonas Sanianas (FIS) grant
{rakirancd PIOKOOS0E),

J Nauraimnging 2011:XX:1-6
0BOl: 10.1111/). 1562 -8560.2011.00580.x

a fust volumetric method based on the formula of the ellipse;'*
it has been validated for hematoma managemeni'® but not for
acuie lschemic stroke.'™ " Some publications''® discuss the
validity of ABC/2 for asseasing acule infarct volume with re-
spect io other methaods,

We almed 10 define the accuracy of ABC/2 in determining
acule nfaret volume with ﬂﬂ'u.llnl':-wnluhhd Imnsln! {DWT)
compared with the planimetrie iechnigue and 0 determine the
interohserver reproducibility of ABC/2,

Material and Mathods

This Is n secondary study of consecutive patienis with acute
hemispheric lichemie stroke admilted within the first 12 hours
after the anset of symptoms, The primary alm of this ongo
ing prospective study is o investignte whether the moleeular
factors associated with early newrological deterioration corre-
luia iox the evolution of the magnetic resonance imaging (MRI)
abnormalities in the acute phase of tervitorial infaretions,

Copyright @ 2011 by the American Soclety of Neuroimaging 1



Inclusion Criteria

lnclusion celiern lor this sludy wero age older than L8, Ume
[romm the oneet of symploms 1o incluslon <12 hours, and previ-
ous modifled Rankin score <2, For the purpose of this investiga-
tion, only patients with an acute MCA infarction were studied.
Execlusion erlieria were comi on admislon, pure lacunar Eyn-
dromes, iransient ischomic pitack, previous cerebral Infarction
impeding the clinical and neuroradiological evaluation, severe
chronle disenses, and inflammatory disenses.

The ethics commities approved the study and we obiained
writlen Informed consent from all patlents or their relatlves
before imaging.

MRI Protocol

All patients underweni MRI on admission within the frst
12 hours after stroke onssl. Magnetic resonance (MR) images
ware obiained ona 15T ayalem ([:yrr:m'.ull NT, ]’hﬂi[lll Macli-
cal Systems, Bost, the Netherlands) with echoplanar capabilities
of 22 mT/m gradient strengih and maximum slew raie of 120
m [Yim/ma The MRI pmtm’.‘lhl included & DWI Kguance that
was glitained with a single-shot spin-echo echo-planar pulse
with a diffusion gradient & value of 0 and 1,000 #/mm? along
thres nxes. The other parameters were 20 slices, fomm alice
thicknem, O gap, 102 ms T, 6,000 ma TR, 67 (epi factor), and
28 secands’ duration.

Volumetric Assessment

W measured infarct volume on the initin]l DWI sequence using
twa methods: the manual planimetric segmentation method
and the ABC/2 methad.

Iti the mianual "rluni:l:lwl.ﬁl:' imethad, wo lraced the |.1pri'|'11ﬂer
of the area of abnormal signal intensity on each DWI map and
then used Philips worlatation volumelie soltware to eslimalie
the 1wl volume based on the ama trmeed and thickness of
each slice, The window level and window width were chosen to
obtain the best contrast beiween the lesion and the surrounding
fiarial Ussue.

In the ABC/Z method (Fig 1), we selected the slice where
the Infarct looked lnrgesi, measured the largest dinmeter of the
irfarct b thla alice (AJ wnd iis largeal ]:lrrpnnq'il_‘ulu.r ditmeler tﬂ}.
and thin determined the veriical dismeter {C) by summing the
thickness of the slices in which the lesion was visible, Finally,
we cileulnted Infarel volume uslng the formula 5 = A = B =
L nan

In some patients, the infarct appeared as a combination of
mu'ltlplr: seattared amall leilons. In these cases, the volume aof
each lesion was determined and the glohal volume was ohiained
with the sum of the diiferent volumes.

Three observers with experience in acule siroke imaging
who were blinded 1o the clinical charnetoristica and sirake oui-
come analyzed the volume on the initial DWT sequence. Each
observer calculnted the volume thiee Umes with the ABC2
method; abservars were blinded 1o thelr previous measure-
ments, The mean value was used for all analyses. To avoid
i learning effect during the siudy, the measurements were per-
formed afler & period of & manths” exporience in the volumetric
assessment of ischemic lealons. For each method, we deter

2 Journal of Neuroimaging Vol XX No XX 2011

Fig 1, ABGZ2 methad. First, the largest dinmater (A} of tha infaral
and i largast parpandicular dinmaeter (B wore maagured with a
oalipar. Than, tha variioal dinmater (C) wis datormined by unming
tha thicknass of the slicos in which the laslon was visibla. Infarct
valume wiin calculated according 1o theformula S = A« B = C.

mined intmaobserver variability by i,'nrnp:nr]ng the data from
each observer at two different measuring seasions, and we de.
termined interobserver variability by comparing the three ob-
servers lrsl medsurements, The Hme belwoesn the Arst and
second assessments of & sean with the same method wis ot least
1 week,

MCA infarcis were divided into thres groupa on the bakis of
the terriory invalved as follows: {1 deep [caudate, lenticular
nuclel, and/or internal capsule), (2] superficial (cortieal strue-
tures, including the insulu), or (3) both teritories,

Statistical Analysis

Analyses were parformed with R (R Foundation for Siatistical
f_:umpuuu“. Viennii, Austria) and Minitab 15,1 software (Stale
College, FA), Calegorical variables are presented in percent:
ages. Continuous variables are presented ns menn % standird
devintion (SD) or median t'."llll.‘l'l.“r"l:'. depending on thelr dis-
iributions, Continuous varlables were compared between two
groups with Student’s ftest or the Munn.-Whlmnz Leal s ap-
propriate, l’r:llm:'limii WTH l;'m:q.l':nmﬂ with the x* test, Statls-
tical signilicance was set ol P = 05, We analyzed the variabil-
ity of the measurements by Bland and Altman plots showing
the differenes botweon three measuremenls pgqinn[ thelr mean
and by calculating the intraclass correlation coefficient for each
method.

Results
Over a 3-year period, B1 patients (mean age, 6068 £ 11.20
years; range, 40-00 yeara) wore ineluded in the study. Five



Table 1, Infarct Vohome by Obsorver in the ABC/2 and Flanimetric
Muthads

e —

Maihod Chsarver Maan o G0 ai ] @i
i A0 & B5.67 A0 1787  4p2h
ARCYZ ' 45,600 G000 RDY 2187 BAT)
El 42,50 & 8087 KA B0 S0
1 24,00 + 34,81 521 1006 2243
Planimetric 2 2174 £ 3051 422 b8 25406
El 23,40 £ JLA6 405 1002 2452

All valuas ara in e, Mean b 51 = mean vilaime anid saisilad devision, O] =
Vil qjiiaatile, M = irdddlais, QA = Syl diiaiils.

patients were excluded because of moton artifnets; thus, we
studdied BG stroke patients (mean age, 69.37 £ 114; range, 40-
B0 yoars), All patients were studied In the first 12 hours after
stroke onget (mean, 2.8 hours;, range, .25:9.8 hours).

All patients had MCA infaretion: 52 in the superficial torri-
tory of the MCA (60.5%), 19 in the deep larrdtory [22,1%), and
15 in both territories (17.4%).

Infuret volumes mensured with the ABC/2 mathod (1934 ¢c
[8.20, 52.04]) (median, s Q, 3rd Q) were significantly higher
than those mensured with the planimetric method (8.95 ce [4.92,
28.08)) (P = .0001), Table | shows the diiferences between the
twi methods for each observer.

With respect o the gold standard, the ABC/2 technique
overesimated infarct volume by a median flse incronse (vari-
ible ABC/2 valume minis l'l'd.l'llrh'qql.ri(: volume) of 733 cm”
01,25, 22,170, representing o 162.56% increase over the value
of the gold standard value (variable ABC/2 volume over p!nm-
metric volume) 912170, 248 52),

Figure 2 shows the correlation between the two methods
and the slope of the graph using fitted line plot in observer 1,
observer 2, and observer 3, reapectively,

Tabla 2 shows the infarct volume with respect to the terrio-
ries affected by the infarct (deep, superficlal, or both terviosies).
In all three types, the slope was significantly greater than 1 (£ <
001 for suparficial or deop infarcts, and P < 0273 for infarcts
affecting both tervitories), This analysis supporis the overesti-
mailon of the ABC/2 meihod with respect to the planimatric
inintlidl.

The interabserver reliability was excellent for both tech-
nigues: the intraclnss correlation coefficient was 992 for (he
ABC/2 technique and 985 for the planimetric method. Al

throe observars chose the same slice in the DWI sequences for
the ABC/2 technique in 65.1% of cases.

The Intraohserver variability of the ABC/2 method in ob-
server 2 wind dludled with different methods and yinldqu.l iha
following rosults; (1) the Pearson correlation was 98, (2) the
significance level of the Mann-Whimey test was U841, and (3)
the Bland-Altman plot confirmed the intraobserver relinbility
{Fig a).

Discussion

In aur study, three results support the conclusion that ABC/2 (s
not an sccurate method for the mensurement of lschemic lealon
volume. First, the ABC/2 technique overestimated infaret vol-
ume by & modian false increase {varlable ABC/2 volume minus
planimetric volume] of 7,43 em® (129, 22.17), o 162.56% in-
crease (varinble ABC/2 volume over planimetrie volume) ovar
the gald standard value (121,70, 248 52), Second, the overest-
mation was conflrmed in the three observers, Third, the ABC/2
method overestimated infarct volume regardless of the vascular
lerritory niTeeted.

Threa results support the conclusion that the reproducibility
of ABC/2 Is ndequate: first, the intracliss correlution was 992
setond, ithe three obiorvers chose the same alice for ABCSZ
measurement in 65, 1%; and third, the intrmobserver relishility
was very high,

The ARC/Z technigue his been used in some siroke -
pers, 17 but few atudion have examined (s validity, Van der
Worp ei al studied the inier and inirm-observer variabil-
ity of differant volumetrle methods and found higher ropro-
dueibility for the planimetric method than for ABC/2 or other
approaches, However, these authors did not compare the ac-
ouracy of ARC/Z with respect 1o the planimetrie method. In
this sense, our analysis reveals that the ABC/2 method signil-
icantly overeatimates the infarct valume determined with the
planimetric method.

Sims et al' recently reported that the ABC/2 ollipsoid
furmula wias more sccurate than spherical and cylindrical ap-
proaches for estimating infarct volume and that the intre and
inter-observer reliability of ABC/2 was high for both acute and
subacute infarcls; they concluded that the ABC/2 method is
much beiter than the other fast methods for determining acule
stroke treatment. However, our :mdr suggests that the accu-
racy of the ABC/2 mathod is limited because it oversstimates
the infarct volume determined with the gold sinndard method.
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Fig 2. infarct voluma corralation between ABC/2 and planimatric methods in obsorver 1 (A), abaervar 2 (B), and obsarver 3 (C),
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Table 2, Infarct Valume by MCA ‘I“nn'uchz inthe ABC/Y and Planimerlc Methods

Typa aBG2 Planimatie Carrelatian Slops mr

Superficial 1.0 (2,00, 15.08) 5,450 (1.88, 9.21) Al 162 0 4%
Desp 2130 (.02, 50.04) .84 (5.1, 22.48) Bl 162 25.4%
Superficial 4 desp fil.2 (2.4, 130.8) 40.00 (14.04, 72810 0 1.28 6.0
Gilbal 15,34 {0.20, 52.04) 0,93 (4.2, 23.00) i 1.52 ThA%

All values wre in oo Maedian, Q1 = st guainils, (] = il quainilis,

One explanation for this averestimation might be related to the
irregular shape (not similar to an ellipse] of most infarois (Fig 1)
Thus, investigators using ADC/2 10 determine infarel volume
in the acute setting should know this Bmitation,

Chur results support the use planimetric method beoause {1
I8 more accurate. However, this method (s time consuming, it
hins o signifieant learning curve, and it is not feasdble in the
aculo setting, In this sconario, the ABC/2 method can be used
to obtain a fast assessment of volume of the infarct provided its
advantages and Bmitations are clearly understood.

A faster, reliable automatic planimetric volumetric method
needs o be developed o determing the volume of the (schemic
leslon and the volume of the mismatch botwesn diffusion aned
perfusion alterations in the acuie seiting and in the FLAIR
sequence after 30 daya’ svalution,

Acute Infarce volume could be considered an imaging
biomarker " ¥ hecause it can be used (o determine whether
to include patlenis in new treatment trials and to predict the
ouicome of stroke patlenis. A recent paper” established ihe eri-
torin for valid MRI biomarkers for acute ischemie stroke, Cne
criterion is an accurate, feasible, reproducible technique for
measuring infarct volume. The varlable accuracy of volumetrie
methods is alio velated 1o e laek of sandardization af MRI
lochniques betwean different vendors and centers,®' The de-
velopment of automatic systems for quantifying lesion volume
can mnke inforet volume assesament more leasible, Different
commercial and academic informatics tools 1o determine in-
farct valume can automatically quantify the volume of ischemie
lesions and integraie this information in the electronic medi-
el records, studies should be undoriaken to validate thess
systems, ™

-+

-' . " : | | 'I - -
- 3|
4] F =
n m 1m 1] mn m
Avarage valume
Fig 3. Bland-Altman plet confirmaed the Intracbservar reliabliity.

Tha figura ahawa ihal madl values are wilhin 1he confidance limits,
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Our study has some limitations thal merit comment. Firai,
we studied o group of infirets with small volumes (1934 cc
[#.20, 52.94]). Further studies should confirm the findings in a
sample with larger infarcts,

Second, we did nol analyze the validity of the ABC/2
miethod in the measuroment of the mismatch volume ar in the
wipensment of final Infarct valume. Further studies should ad-
dress the value of ABC/2 in these scenarios with o large anmple.

Third, we did not analyze the therupeutic value of ABC/2
mothad, Some previous papers have shown the clinical value of
Infarct volume determined with the ABC/2 method In elinical
decision making in acute settings.'" ' These authors suggested
that errars in extimating the volume of small infarcts have lit-
tle impact on clinical decision. Further studies should analyze
the final therapeutic utility of new volumetrie tochnigues with
reapoct o ABC/Z methad,

Fourth, we included only MCA infarcts and we excluded
lugunar syndromes. Volume could be an important prognostic
fuetor in any type of infarct; however, we decided to study MCA
infurcts because most trials investigating new treatments cons
centrate only on supratentorial infarcts, and these corfespond
mainly 10 MCA infarels. In this sense, our priorty to validate
infarct volume as an imaging biomarker for the treatment of
MCA infarcis.” Further studies should addreas ihe valiclation of
valume In all kinds of infarels.

Conclusion

Owr Nindings indieate that the ABC/2 method eonalalenily over-
eatimates the volume of infarction compared with the planimet-
ric method, Although ABC/Z Is leas accurate, it is reproducible
and fast and may be useful in the acute selling ]!rﬁ\"ltlnri itz
limitatlons are tiken inlo conaideration.
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BACKOROUND AND PURPOSE: Early prodiction ol motor outcoma (8 of interaat in atroke managormant.
Wa aimed to delarming whathar [asion lesation at DTT s predictive of motor outcome ofter acuts
atroka and whisthar this intarmation improvid e prodictive accuiney of the clinical seoran,

MATERIALS AND METHODS; \Wa avaluated 80 consacutiva pationts wathin 12 hours of middla cerabral
ariory stroko onsst, We uted DTT to evolunte CST invalvaiment A the mator conex and pramatar
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= fagambinant lissue plasminogan sstivater, WD = Wallerlan dogenaration

An:cum-: early prediction of motor functional outcome in
the early stage of stroke is impottant for clinicians and
researchers in management and rehabilitation.' Motor deflclt
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after stroke is commaon and has o considerable influence on
quality of lfe,! Severnl observational studies have demoi-
strated that the grade of initial motor deficit is the most im-
portant determinant of motor rn:u'.'ery."" Other valld predic-
tars in regression models have included infarct site, volume of
stroke, age, demographics, comaorbidities, Infarct side, and
strake subtype,' "

The C5T is the main pathway that mediates voluntary
movements, and neurophysiological and structural imaging
studies have evidenced that motor otitcome it heavily depen-
dent on the integrity of the motor fbers.® " Thus, the involve-
mient of motor-related cortical reglons, CR, and internal cap-
sule progressively decrense the probability of upper limb
functional recovery.™"* Recently, these findings were comple-
miented by DT studies that have demansirated the usefulness
of DTT for predicting poor motor outcome when infarat in-
volves the CST.'"™* DTI enables in vivo visualization and
quantification of microstructural damage to white matter
tracts,”! DTT uses data acequired through DT to reconstruct a
D magrascopic orientation of the white matter fibers that
enables the specific topographic relation between lesion loca-
thon and CST fibers to be evaluated. ™ Decreases in FA, a DTI-
derived structural measure, have been interpreted as W and

AJNA Am J Neuroradiol 32.857-83 | May 2011 | www.aiirerg 887

2
E
I
g



propased as an index of axanal danuige.” Decreased FA in the
CST correlates with motor impalement | month after stroke,™
In contrast, although patlents with large infarcts tend 1o have
poor outcome, functional deficits due to moderate-sized in-
farcts are more difficuli to predict.”**** COne of the major rea-
sons functional outcome does not correlate strongly with ins
farct volume is that the specific site of the lesion is not taken
into account. ™

In the current study, we aimed to 1) evaluate whether the
specific site of a lesion in the CST {primary MC, PMC, CS, CR,
PLIC, and combinations among these) at DTT prediets axonal
damage to the motor pathway and functional motor outcome
alter aciite stroke, and 2) asmess whether a model incarporating
DTT information on the specific location of the stroke and
clinical scores is more accurate in predicting motor outcome
than clinical scores alone.

Mataerials and Mothods

Patients

The datn reparted here were obtained from the same cohort of pa-
tents included in our peevions aludy relating WI and motor aui-
come ™ Patlents (ncluded had o nonlacunar, Arst-ever MOA Infar-
tion and were admitied 10 our stroke unit within 12 hours of
syimpronm onget during a 1%-month period. Patients with other le-
sions, cerebral hemorrhage, significant presexising nonlschemic
nevralagic defici (including dementia or extrapyramidal disease), or
i llil[l:!l'b‘ ol prior siroke thal woiild hinider the inlerpretation of elin-
leal und imaging data were excluded. Oure instirutonal eilics com.
mittee approvad the siudy, and writion informad consent was ob-
talred feom all patienis or from close relatives.

Clinical Examination

A senior certliled swlf neurologis used the Matonal Instires of
Flealth Stroke Scale 1o assess clinical deficit st admission, at day 3, at
elay Al and at day 90 from siroke onset, The m-NIHSS subindex (3a,
Aby, Bii, B} wis used Lo categoriee the severity of limb weakness as
grade | {iotal m-NIVSS seore of 0), grade 1 (m-RIHSS, scare of 1=4),
ar grade 1T (m-NIHSS, score of 3-8), The mRS and Bl were used 1o
iensure disability and dependence in sctivities of daily living ot day
4, Poor overall ouicome was defined as mRS =3, B <a0, of both.™
All elinical mesensments were performed without knowledge of the MR
imaging findings. Patlents were treated according 1o published
ildelines, "

MR I'maging Protocel

All scans were performed with a whole-body 1,57 MR system (Gyro-
scan Intera; Philips Medical Sysiema, Besl, the Metherlands] with o
SENSE head coil. The routine protweol ineluded axial irace DWI,
fuid-attenvated Inversion recovery, T2-welghted gradientoecho, pers
fusigm -weighied imaging, Ume-of-llight anglography, and DT se-
guenices. DTT was performed by using o single-shiot echo-planar im-
aging sequence with tha sensitivity encoding parallel-imaging scheme
(ueeeleration factor, 1) afler contrant agent administration, Diffusion-
sensitheed gradients were applisd along 15 noncollinear direetiom
with a bevalue of 1000 s/fmm”, In addition, diffuslon-weighted Do
images were obiained, Other acquisitlon paramaters were TRTE,
6795 mad72 mel 23 ¥ 3o POV and 112 = 112 matrix size, DTI
vonel size was 2,05 X 2.0% = 3 mm. Forty sectlons covering the entire
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brabn were obtained parallel to the hicominissural e without inter
section gaps. 7] acquisition took 3 minutes and 10 seconds,

Data Processing and DT

DiTuslon-senslilzed image sos were ranaferred 1o an off=line work-
station for data analyais. We aed DTIWeb version 2,0 (hitp/ftra-
et uidgedu/ DT Vindexhiml} 1o caloulate wensor values for raciogra-
|'|'|1'|,'.J:III Anisolrapy mupi were abtained by using oreniation-
Independent A, and color PA maps were generatesd fnllowing the
standard eonvention {red, lefi-right; green, anteropasterion; and blue,
superkor-inferior),

Tractography was hased on a diffusion ensor dellection algo-
rithm.™ The threshald for stapping fiber propagation was FA <0.2
andd anggle <70°, The seeding imethiad put 1 atarting seed randomly
inslde each voxel with an A =04, Ta reconstiuct the CST, the RO
were placed al the level of the cereliral pesduncle and around the CRin
the direciion-codded color axial sections, Unrelaied fibers, such as
thase giviing 1o the contraliteral hemisphere, cerebellum, or thalamus,
were remioved by using specilic ROTs, All RO were placed by 2 of the
aiithists (ARG, G the C5T depicted and the evaliiathon of the
PMC were validated by walng landmarks (rom  newroanatomy
itlises.

Assessmient of Damage to Specific CST Reglons

Ta declde which structures were affected by Infaret, the iractograns
of C5Ts were superimposed on DWI, and the following specific re-
gioms were evaluaiod; MO, PMC, G5, CR, PLIC, and combinations of
these reglons (On-line Fig 1), These regions were scored scparately
v each seetlon an 3 separate o caslons & woeks apari by 1 rier ()P
il o by 2 ralers (P, SR all raters were biinded 1o the dinical
ratings, Discardant ratings weore resnlved by eonsensus,

Measurement of the FA Valies of CSTs

First, FA values Tor each reglon of Interest on adal sections of the
afTecied and unalfected CST ol the rosiral pons were abitained by
averiging all voxels of Y contiguous sections, Second, the ipsilateral-
te-comtrnlateral CST FA rutios were ealeulated (rFA = TA 5 il
FA aiiecrsst sisie )+ T readers (107, G blinded 1o the dinieal scores
juianiified Ia,

Caleulation of Infarct Volume

[nfarct volumes were determilned off-line. Twe readers (1P, G.1)
manually outlined the arcas af abnormal hyperintomsity on each axial
trace DWIL Surfice arcas of abnormal hyperintensity were summed
aniel multiplied by section thickness (6 mm) and intorsection gap (1
mim) 1o caleulite infarct volumes. The results of the 2 reudeis were

i-“'ﬂ'l'wll-“

Statistical Analysis

To determine whether acute-stage involvement ol speeific O5T re-
ginns and combinations of C5T reglons were associaied with stroke
severity, clinicil and motor sutcome al day 30 and at day 90, axonal
dnmage, anc/or acuie- phase infarct volume, we vsed the chi-sgquared
test 10 compare categoric variables and Studem  test o compare
quantitative varlables, We used the Cohen & coificlent 1o nssess In-
triobserver and interobserver reliability. Intra- and interoberver
agreement wore classificd as slight (& = 0,0-0,20), falr {g = 0.21=
0.40), moderate (& = 0.41=0.60), substantial (x = G.61-0,80), or
almosl porfect (g = 0.81=1,00) according to (he scale proposed by
Landis and Koch."
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Wotor outcome was (st analyzed by using bivarkate statistics, We
culculaied the correlation cocilicients Tor lexian siie and for clinical
scores with motor deficlr o day 3, day 30, and diy 90, Fach specilic
CST region was coded as 0 {(unaffecied by infarci) or | {alfeciod by
infarci). The predictive dainsel contalned both dichomomons (in
volveinent of apecific CET repion) and numerie and mitlo varialles
{infarct volume, rI'A, and m-MI1I55] for which an r, or correlation
coelfcient was used, redpectively, CoelMicionts with o P valug <08
woro consldared significant,

Multiple regression analysis was used 1o predict motor auléome al
day 90 alter siroke hy using a combination of maotor deficil; specilic
CST reglon involved, and imaging data, We also evaluated the adgdi
tional predictve value conferred by adding the effect of reglon in
volved 1o that of the motor defiein. The depeimdent varialsle was the
mi-NITSS score ab day 90 afier stroke, predicied from the following
combiiations of independent variables: 1] the specific CST region,
m-NITHESS, and Infarct volume in the st 12 hours after siroke; 2) the
ipecific CRT region, m=MIHES, and infarct volume ot day 3 and 3) the
spiciiic CST reglon, m-NIHSS, infarct volume, and rl'A st day 30, To
deterinineg which coinbination of independent variables yiclded the
st predicilve model, variables were deleted one by one from the
intelel on e basis of the signilicance of thelr regression coelliclents
and the B* selectinn method. The models with the hlghest B and all
predietor variables that were significant (P < 05} were retained For
each prediction, Only the model selecied for the daiaset obmined o
day 3 Tullilled the assumption of nommality, All statisiical analyses
were performed by using MINITAD verslon 15.1.0.0 (Minitab, State

College, Pennsylvanial,

Subjects

HI:\'I:jJ-lll'.'E CONSECUNVE patients with ischemie MCA stroke
were acanned on admission, but data from 5 patients were
Incomplere at du:c' 90 due o recurrence ol strake, dedth, dnd
the presence of motion artifocts. Analyses were therefore based
ol 60 subjects (37 men, 23 wamei: aged 68 = 13 vears), One

patient missed the MR imaglng study at admisslon but com:
pleted stuchios on day 3 and day 30, All patients underwent MR
imaging and clinical assessmeint at day 30,

Clindeal Chavacteristics and DTT Anilysis

Chn-line Table | presents detpled clindeal aid MR cdata for all
the patients. The m=NI1HSS score at admission was 11 (inter-
quartile range 7-17}, indicating that most patients had mod

erate o severe heirologie defits, All patients had started
physiotherapy within 2 weeks after the stroke, At admission,
47 (78.3%]) of 60 patients presented some motor deficits, and
28 (59.6%) of thess patienta had maderate-sevare molor def-
il (mi=MTHSS 1. A Il.Ll)' 3, 2H patients (46,7%) in total jare-
sented some motor deficits, and 13 {(d6.4%) of these patients
wore classifice at m-NIHSS 1L Impravements with respect to
baseline scores were observed In 67.8% of paticnts al day 30
and in B5.7% at day 90, and 42.8% and 39.2% of motor deficits
wore elegorized as m-NIHSS I at day 30 and day 90, respec

Ii\'riy.'l'hr MOA territones most Irequently involved were the
peripheral territory, striatocapsular territory, or both, Thiry-
one patients (51.67%) received intravenons riPA (alteplasel,
There were no signilicant dilferences in APA freatment at ad-
MUESIEN ATonNE the m-KNI1H5S grouips at day 90, Bl and mRS
scores before the stroke were 100 and 0 in all patlents,
rospoctively,

The meain time lor reconatrughing and dssessing the DTT 1o
eviluate the daomage to C5T regions was 3 minutes and 30
seconds. At admission, the CST did not seem disrupred o
digplaced in any patient, Intrarater and interrater agreement
about the region af the C5T affected wis almost perfoct (k
0.88 and w = 044, respectively). Mo CST involvement by in-
furet on admission was observed in 14 (23.34%) patients; how
ever, 5 of these had motor deficha (On-line Table 1), In éon
trast, CST lnvolvement was observed on admission n 5
patients without motor deficits; the areas affected were the
PMC (n = 21, PMC and CR {n = 1), CR (n = 1}; and PLIC

AJNR Am J Kauroradiol 3206783 | May 2011 | vwewajnrong Bha
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(n = 1} At day 30, involvement of at least one specific C51
PERInT Was observed in all patients with mator deficit, Finally,
PLIC involvement in the first 12 hours was associated with
unifavorable overall oulcome (mRS =3, Bl <a0, or bath) (P =
I

Muotor Outcome Prediction and the Involvement of the
S .‘fﬁ.' C8T Regions
Damage to the PLIC in the first 12 hours and ot day 3 after
atroke correlited with ehnical severity, axonal damape ex-
pressed as decreased FA and rPA values, and motor oulcome it
day 30 and day 90 (F < ,001) better than damage 1o any aother
CST region (Table 1). There was no significant correlation
Betwieen acute inlaret volume and motor outeome at day 20 (P
0176, r = 0.485) (Figs 1 and 2).
Ch invalvement, OR involvement, ar bath at day 3 was
pssociated with motor deficit at day 30 and day 90 (i = .004)
and agonal damage (P = .003) (On-line Table 2). It is note:
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'wm'lh}' that h|1l'|'|l|.|l|||',||n1|:|.'1 aigrihicant associations can be ob-
served, combined PLIC and C5 or CR involvement al day 3
Wils nat 'Hl_tllll':ulhl for molor oulcome al day 30 or at day 90
(P =157 and P = 21§ for the interaction between PLIC and
CSan day 30 and at I.l.l:\" 90, reapectively; P = 521 and = 457
for the interaction between PLIC and CR at day 30 and ar day
g0, I'e:’.}'u:i.'t:‘n'rl'}‘r. Theretore, the motar outcome at day 30 and
at day 90 is secondary to PLIC damage.

Damage 1o the PLIC in the first 12 hours vielded the l"t"'h':""t
sensitivity, specificity, and predictive values for the predicrion
of motar outcoime al day 20, Intereatingly, PLIC damage by
acute stroke clearly distinguishes subjects without motor def-
11t (=M IHSS 1) Trom those with motar deficlt (NIFISS [ and
I11} and even differentintes m=BIHSS 1 from m-MNTHSS T a
:hl}.‘ g0 ( Table 1),

Carrelations analysis revealed significant coefMelents only
betweeni PLIC invalvement in the first 12 hours and motor
outcome at day 90 (Onsline Table 3). Damage 1w the CR, C5,



Tabla & Modols selectod from multiple ragreasian analysas for
prodicting m-NIHES 30 days afier siroke from moior soores and
spaoliic C5T roglons

Ragrossion

Pradictar Coolflgiant 1 Yalua Addad #

Moasuremunte obtaingd =12 he (#F = 7650, F = §0.00°%)
PUC damnga .36 BBL"™" 74,50
Congtant oo

Muoagutamants abiained at 72 i | = B562, F = 74.30%%
in-WiHS3 075 672 100
PUE damagn 228 1.8 1]
Conatant =158

Muonsuirimants obimined al day 30 (F = %010, F = 23872°%)
meHIHSS 0.06 15.00% 0,10
Constant =140

i O 4 P 000

or both; m-NIHSS; and acute-stage infarct volume were not
related to motor outcome it 90 days. At day 3, PLIC damage
and m-NITIS8 showed the most significant correlations with
motor outcome al 90 daye. At day 30, PLIC damage,
m-=MHISS, and azonal damage showed the most significant
correlations with motor outcome at day 20, The only relation
between infaret volume and mator outcome at day 90 was a
modest correlation observed ar day 3,

Table 2 summarizes the best predictive models achieved at
eich time polnt, The simplest model to prediet m-NIHSS at
day 90 based on the data available in the first 12 hours con-
slsted only of PLIC damage; PLIC damage alone accounted for
75.5% of the variance in oulcome, At day 3, regression analy-
ses indicated that m-M1HSS accounted lor 79% of the varlance
in motor outenme at day 90, and PLIC damage had a signifi-
cant contribution of only 6.62%. Regression coefflcients for
these assesaments were positive, indicating that an infarct af-
fecting CST and m:NIHSS is predictive of greater motor def-
icit from day 3 to 20 duvs after stroke, The best model for
predicting motor outcome at day 90 based on the assessments
at day 30 included anly the m-NIHSS, which accounted for
903 10% of the variance in the measurement.

Assaciation between the Region of the CST Affected in
the First 3 Daya after Stroke and FA Indexes at Day 30
Our previous study demonstrated that mean FA values along
the alfected CST were significantly lower than the normal con-
tralateral side only at day 30 after stroke onset (£ < 001], and
these values were lower than the corresponding FA values ol-
tained at admission and at day 3. Moreover, the decrease in
imean FA values correlated positively with the motor deficit at
A days after strake,"* Combined involvement of the PLIC dnd
€5 ar CR at day 30 was not significantly associated with de-
creased FA indexes (P = 0.445 for the Interaction between
PLIC and C5 P = B30 for PLIC and CR). Hence, axonal
damage reflected as decreased FA ratlo values at day 30 was
also secondary to PLIC damage, There was no association be-
tween infarct volume and WD (F = —0.221, P = 090).

Discussion

We sought to determine whether acute stroke damage (o spe-
cific C5T reglons evident at DTT can predict limb motor our-
come on a categoric scale based on the m-NIHSS, We found
that the involvement of the PLIC alone ar in comblnation with

other specific CST reglons in the first 12 hours aller stroke was
strongly associoted o severe motor deficits in the first 12 hours
and poor motor functional outeome at day 90, Although dam-
age to the C8 and CR at day 3 was also associated with poar
mator outcome at day 90, PLIC damage in the first 12 hours
after stroke was clearly the best predictor of mator deficits and
of thelr severity.

Predictors of matar outcome praposed include location
and extenslon of the stroke specifically within the CST, grade
of initlal mator deficit, and infarct volume, Our findings cor-
roborate previous studies that found motor ouicome is
strangly dependent on the integrity of the CST and that the
invalvement of regions such as the PLIC with more attenuated
and arganized corticofugal tract fibers is associated with poor
long-term recovery after stroke.” Shelton and Reding'* found
that the probability of recovery of upper limb movement ai 2
months decreased progressively with the invalvement of the
M, CR, ar internal eapsule, In turn, Schiemanck ot al” found
that infarcts involving the internal capsule, alone or In combi-
natian with other areas, were associated with a significantly
lower probability of hand motar deficit rather than Infarcis in
the MC, subeortex, or CR, We also found that axonal injury of
the CST affected by stroke (a5 determined by decreased FA
vitlues in the pons) in the acule stage was only associated with
PLIC damage.

Although it seemia logical that larger lesions would correlate
with greater deficits,™ we found no correlation between in-
faret volume and motor outcome at day 90, Motor deficit was
present anly when critical motor regions were involved, sug:
gesting that large lesions do not necessarily predict poor out-
come and that location of the lesion might be more predictive
than its slze, Whereas subcortical strokes are normally smaller
than cortical strokes, they are also more likely to involve both
primary MC and PMC fibers, and patients with subcortical
infarcts have worse motor outcome than those with cortical
stroke, " These findings may indicate that the extent of dam-
age specifically within the CST is a major determinant of mos
tor deficit.

Previous structural imaging studics designed to predict
motar recovery based on lesion location within the CST used
conventional axial MR imaging sections and hand-draswn C5T
ks o Using T2 changes to nssess lesions may not accu-
rately reflect specific neuronal damage, because leslons can be
patchy and edeima can contribute 1o T2 signal intensity hyper-
intensity, Conventional T2-weighted MR imaging provides
excellent contrast between white and gray matter but pm\-idm
na information about fiber direction.® In contrast, DTT
clearly deplets the trajectory of the CST, making it posible to
evaluate the tnpugrnf.hy and extent of tissue damage, particu-
larly In acute stroke.” We found strong lnterrater agreement,
indicating the reliability and validity of DTT as a lesion map:
ping technique for this purpose, Recently, some DT studies
have reported that motor outcome could be predicted by us.
ing anatomic relationships berween the stroke lesion and CST
damage on DTT in patients with intracerebral hemorrhage,
CR infarct, and lacunar infarets,'* ™" Jang et al'’ demon-
strated that DTT performed at an early stage of pontine infarct
(mean DTT seanning, 15 days; rangs, 5-30 days) is useful for
predicting motor ouicome. Similarly, another study reported
that the degeee of CST invalvement on DTT within 3 days of
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stroke onset was strongly correlated with the severity of mator
deficit and functional recovery at 3 months in patients with an
acute lenticulostriate infarct,'” To our knowledge, ours is the
first prospective study to examine consecutlve patlents with
DTT within the firat 12 hours after MCA stroke onset,

In the multiple regression analysis, the best model for pre-
dicting mator auteome at day 90 i the acute stage was PLIC
damage by infarct on DWI alone (not in combination with the
clinical parameters)) therefore, PLIC damage could be consld-
ered an early imaging predictor of poor motor outcome, Sev-
eral studiea have demonatrated that the grade of inidal motor
deficit is the most important determinant of motor recoy-
ery."” In this respect, at day 3 we found that the clinical assess-
ment is the most usefuil predictor of motor outcome and that
adding information about PLIC damage increases the accu-
racy of the prognosis, Our findings are in line with those ob-
tained by Peys et al*, who analyzed the site of the lesion on CT
anicd MIt imaging between 5 and 29 days alter stroke (median,
10} and obtained arm motor scores 13 to 37 days after stroke
{median, 22), These authors found thit aem recovery at 2
maonths was best predicted by o combination of the motor
performance (R m 59,21 and purely subcortical lesion loca-
tion (R* = 5.31) and that motor recovery ot 12 months was
best predicted by elinical tests alone (R? = 53.11) when clinical
scores wore mansured at 2 months after stroke,

Clinfcal assessment In the acute setting has some limita:
tions, Firet, it can be difficull o aascis the gmlq ol paresis
clinleally In uncooperative or severely cognitively impaired
patients, and elinical lindings are oceasionally inconelusive or
questioniblewith respect to motor outcome. Second, the isches
imie panumbri evidenced by perfusion-diffusion mismatch
inot evaluated in the current study) can produce symptoms
that are elinically indistinguishable from those produced by
the infarct core.™ The ischemic penumbra represents severely
hypoperfused tssue around an Infaret core) the neurons in the
penumbra are supposedly structurally intact but functionally
inactive, so penumbral areas are poientlally salvageable.”” In
our sample, the ischemic penumbra could explain why some
patients without C5T invalvement by infarct presented motor
deficits in the acute stage and why the initial mator defici did
not correlate with motor outcome, though the effects of the
ischemic penumbia are limited 1o the deute phase and have no
direct effect on the longsterm outcome. Hence, if perfusion is
restored to penumbral areas and disturbances disappear (eg, a1
day 3) and the DW1abnormality does not involve the CST, the
outcome will be good despite high m-NIHSS acore on
ndmission.

Our pesults show that DT can be useful in the elinical
scenario, muking it possible to determine the damage to spe-
cifie regions of motor pathways in patients with acute stroke
consistently, easily, and quickly. Including DTT in acute
sirake protocols may generate valid progrostic information
because mator outcome seems strongly influenced by CST
damage, in particular at the level of the PLIC, In this scenario,
DTT could improve the accuracy of prognosis and help im-
prove management in individual stroke patlents,

Several limitations to our study should be enphasized,
First, we considered long-term clinleal follow-up (90 days)
hecause though motor recovery scems o accur predomi-
nantly in the first few months after stroke, some patlents show

B2  Pulg | AJNR 32 | May 2017 | wasajnrong

considerable recovery in later phases.' Howeover, although sev-
ernl longltudinal cohort studies and randomized controlled
trials found that most of the overall improvement in motor
functions occurred within the first monih after stroke, some
degree of motor recovery continued in some patients in later
phases for up to & months, especially in subgroups with high
maoltor severity score on admission (59.57% of patients with
mator deficit in our cohort). Second, the pim of this study was
to design a simple and easy method to evaluate different CST
regions qualitatively (affected or not) in the dcute stroke sce-
nario; thus, we did not consider quantitative data such as the
proportion of damaged fibers, that may have improved the
aceuracy of our predictions,'™" Nevertheless, our reaults in-
dicate that DTT perfarmed within hours of stroke onset s
uselul for determining which patents are lilkely to suiler long-
term motar doficits, Importantly, this approach eliminates the
need for more advanced postprocessing techniques that are
maore time-consuming and require greater specialization, ko it
cin be npplied more widely and benefit more patients. Finally,
DT1 reflects the averaged water diffusion property within a
voxel, which |s considered an Indirect indlcator of the axons;
therefore, this up;;r:m:h may oversimplify the model of the
axonal structures,”!

Conclusions

DTT should be incorporated in MR imaging protocals for
acule strake because determining the damage to specific re-
gions of mator pathways can help predict motor outcome.
Ot sty lenda support to the idea that motor outcome |s
highly dependent on lesion location and the extent to which
acute stroke alfects the CST. In particular, PLIC damage could
be considered an early imaging predictor of poor motor out-
come. These fndings have implications for the use of lesion
mapping techniques in the prognosis of mator outcome after
stroke and for establishing more effective criterln for enrolling
and cvaluating patients in experimental rehabilitation pro-
grams, Further research should focus on improving the accu-
racy of predictions of molor outcame alter stroke based on
early imaging predictors, with special attention (o the prog-
noatic value af DT,

References
o Heraliieks T, vai Linbeek | Geutts A, o al. Mator recovery after strokes a
wralaminlie review of the lleraluns Arh Phee Sed Belnbil 200083 1629-37

2. Bl PUY, Yidpe BT, Reding M. Motor lmgalemenii as o praslicior of fung-
il recovery anid gulde io rehabillaGion irea iinend after siroke, Mo ebn-
il Wil Reguiir 2060011522937

A, PPrahbakaran 5 Zarahin B Biley © of al. Inter-individual suriability in the -
padiy for muior recovery alier lschemile siroke. Neurerehildl Mesral Bepair
200832404 <71

4. Peys Ha Hetshrl] |, Wilms G, i al. Predicting srm recovery following siroks
valiow of aliz of beslon. Acti Kevrof Sevnl 20007 10237 177

5, Kwikkel G, Kollon 8], van der Groml §; of al. Probabilliy of regalning dexterliy
im the Mazcld upper lmb: inpact of severdiy of paresis and thme slnce nnsei ln
acuie siroke, Siroke 200340118 - B4

6. Behicmanch SK, Kwalbel G, Post MW, #i al. Impact of infernal capsula leslons
on autcome of moior hand funcilen 81 one year pasi-stroke. | Belabil Med
2008 46— | ]

7. Pingirs B, Pendlobury 5T, Smith 5, of al. Relaiing MR changes te mowr deflcl
after chamic sireks by segmeniailon of functional moior pathways. Sioke
200N 3] T 2-TH

B Vendlehury 8T, Blanire AM, Lee MA, oi al. Axonal injury bs the lniarnal cap-
anile cowrra Lt wilh matur limpalrmient after sirnke, Stroke 195030850 - 62

B, Chen CL, Tang T, Chan MES ot al. Braln leskon slag anad lacatlon sffecis an



i

A

11,

3

13,

matar recoviry and fanctlonal outcoine I seoke patkente Ash Wiy Ml
Rl 2004081 447-53

Sl LL Linglenterg 0, Alisinder MU, o 6l Laskan laad af thi cornloospliel
tract predices mator inapalrmant b chirnle stroke, Sirsde 20004191013
Lindenborg R, Ronga ¥, Zhis LL, o al. Structiiral Ineegriry of ol
miiir hers peadicts mator lmpalement 16 chienle straks, Neunilgy
301 T 74 2R~ B7

Rapluarada G, Nastings L, e Hoardhir AR, g il, Can matar racovery n atiike
patlenis b pradicred by sarly iranscranlal magnetc stlniladanf Sioake
1937 2101924

wiihi Kuifk AA, Paumian W, Menideicks 1T, a0 sl Praddlonng s iisar iecoy-
#ry In sevare straki the rele of motor evokad potantials bn velation 1o sarly
clinical asssssmant, Neurardhialil Newral Repair 200933455

, Shetion PN, Reding M, Diifect ol loslin locai b an e Mk s oF ecivery

ltar aivoke. Srroke 2001320 10712

. Molles M, Cibeseka |, Placke %, av al, Diifuskion iensor pyvambdal ractiagragy in

pitlinits wiih amerior choraldal amery Infarce, AJNE Awi | Newronidisl
IO 30 AR -0

- Lal C Zhang 82 Liv W, @0 al, Whilte matner tractageaphiy by o sl s

imaging plays an impariait ol in progiosis satimarion of aoite liownas b
farctiana, Jir | Radliol 20078072 §

» Janigg SH, Dai 3, Boi 586, 1 al, Mover autcome predicion welig diffushen

i sty I il lnlain. A Newsl 08 A8 45

Chie 81, Kim DG, Kiim DS, # al, Motar asitcoie scosidisg 10 e linegrity of
thidi enirtlenapl el viac daterinlied by JiTaloi e teaoigeaphy i he
saily atitjge of eoiniia adlane |faecs, Neinie Lo 24300 2007

Eniibalil | Yamsada K, Kigi O @ al, MR isciogiapliy for the svaluatles of
funiethisiial racovary froi Ll indlostitare bifails, Neaialage 200060 1083
Lagwr 1%, Man MK, Kiin §H, ot al, Pilir eackiing by diffuslin tensor lmaglg lis
caiticinaphinal twact strake Tijuogiajhiial civivela i wlih dliloal syaplams,
MNaursmiage JRI0TT | =T

Milfnia G, Vv B Lee 5K of al, THlislon-deises MR lillaglog aml
iractogra iy expliriing bealn inlevasrienine and sonmeivity, Nedaligy
HOT 348 MT- Al

Chivimg] NIV, Clikii MO, Chiaii CY, Pelivci jlis i Hinbatiins of eo jiilal baial
alignelthinis i elliibeal diifialon teieas MR ractogiaiby, AINE A § N
it J0Y 1 ARA- 1,

Thinivealla G, Glasahe ¥, Welller O al, Thing daiirse of Wallerlin depenem-

B
-

s
-

b

i

Ll

Al

LF
33,

A

-‘FI

thooin v b haenl e stoke revealed by ol sl vevisior b glangs | Mewref Mo
by Payleisiive JO0%) Taion - 44

Pl 1, Pediara & Waso G, o il Wallerlan degenienition bi the cortloosjlial
vt evalisatind by Jdiifualin tepor inagling correlates with mator dafloli 30
days afer mbdidle oeveliral artery Ishenilo stroke, ATV A | Meurormafind
EL LR TTTREE B 1]

Weate T, Mailer 1t Ollnger CF, o1 il Measursmants of agite verelral
Inufarontion eslinn shan by dompited timogeapliy, Sinike RS 20EY |75
v 1L, Jihiarion K, Haimer 10, 60 al, Infaros valiine as o sievigile oF sl
lasy oteaine wwasii b schamle steoke ollikal wials, The RANTTTAS i
vt nare, Sipike |90 20 0-04

Suler G, Sreen O, D Keywer 1, Use of tie Pa el inides i modifled Rankin
sl I aonte stroke telals, Sieike 199930 SR

Hurpedn Semke [nlilaive Exsvutive Commibies, DUED Welling Comimivies,
il TS, ot al, Birnpedi stroke (nltlative recomimendtions far siroke man:
afpiieal— i it J008, Cereliniigin [y 2003 (6311237

Pl P, Davaddia I, Veiras M, ol A DTTWelii o web-based franiework foe D7
dita vissialisntion and processing. Lt Notes Cimpui S 2007007087140
Latgai M, Wielnsteln D8, Touriada KM, 21 al. White niniler Irasctography using
i Tiasding Vensos dafllentlon, Hien Braln Maje 200008500 -3 |

Wakana 8 [lang |1, Hagac-Poetscher LM et al, Plber tractbasalailas of buman
white mialter an oy, Fodiolgy 2004125077 17

Laitadls [, Kaeli GO This mvasuremend of abserver agreemieni (or categoricsl
data, fiwrricivies 195N 150 <4

Ravulaal KO0, Dl rd AL Sehilagg U =i al, Dschamibe leslon volumaes In néute stroks
by aliluislonewelghied disgnetic resomee (maging sorrelate wiih clinkcsl
it Asin Newrol TREEAL 0 <30

. Mamata H, Mamata ¥, Wastin CF, of al. High-resoluiion ling scan diffusion

ensor ME imaglng of white maiter ber iract anaiomy. AINE Am | Moo -
ilfol 2012200677

Cho SHL i SH, Chod BY, 21 al, Motor sutcoms sccording to diffuslon tonsor
irndlography findings in the early siage of intracerelesl hemaerhage, Mewrosi
e 20T A1 14240

Pirieiianle [hE, Shah K, Patel UL of al. Systenutic review of ©1 anild MR perfu-
ahinfa v gy Foor wssssmment ol cuic corebrovascular disense. AINE A J New-
riarsayiiand JUHRLE | 476 B2

Sohapler W, Chsunar Y Hie 1, of al. Assessing (lssue viab ity sdih M diftu-
sl sl prrfuslon [maging AINE A [ Nearomalial 20324456 -4

AJNI Am J Nourorodiol 3206763 | Moy 2000 | weewajorog 883



4.4. Articulo 4. Investigacion sobre el biomarcador anisotropia fraccional
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Wallerian Degeneration in the Corticospinal Tract
Evaluated by Diffusion Tensor Imaging Correlates
with Motor Deficit 30 Days after Middle Cerebral
Artery Ischemic Stroke

BACKGROUND AND PURPOSBE: The quontilication and clinical significanco of WD in C5Ta following
supifatoniadinl streke are not wall undartood. We evalusted the anlbotropy by using OT1 and signal:
intansity changes on convenlignal MR imaging In the CST 1o daterming whather these findings am
corralated with limb motor deficit in patianis with MCA (sehamic stroke

MATERIALE AND METHODS: YWa studiod 80 patianta within 12 haura of streke anpat, Al admisaion, day
3, and day 30 of avalutian, patients underwant multimodal MA (maging, including 0T sequances, Wa
aanpaged (he severity of limb vaskrass by uiing tha motor subindax scores (Ba, 8b, Go. bl of the
mi-NIHSS and estoblished 3 groupa: | imeNIHES scoras of O, | (meMIHSS, 1=4), and 1 (m-NIHSS, 5-0)
FA wiluos and FAS wara maasured on tho alfected and tha unaffectod C5Ta in the pons,

REBULTS: FA values for the CST wara significantly lowar on the aflactad aida companed with tha
unaffactad side anly at day 30 (P = 001}, and tho rFA was significantly correlatad with the motor defiolt
at day 30 (P = 001 ¢ = =0 703}, Tha sonditivity, apacilicity, and positive and nagative prodictive valuas
for motor deficit by rFA < 0825 ware B5 2%, 54.9%, 90.9%, and 97.4%, reapsctivaly

CONCLUBIONS: WD iIn tha C5T ravealod by OT! comalatan with moter dalicit 30 daya altor MCA
ischamic stroke, This study bighlights the utility of Imaging tollow-up at 30 days and the potantial of BT

J. Barana

Al h Auiregate martkar n clinical tinle

ABBREVIATIONE: ANOVA = one-way analyaia of variance, CST = corticeapinal tract; OT] = diffu-
slon tansor imaging; DWI = diffusionwaeighted (maging; EPI = acho-planar imaging: FA = e
Hanal anisatrepy. FLAIR = lluid-attanuatod invarnion recovary; ICC = [ntracloss correlotion coeffl
ciont; 10 = interguartile; MCA = middla corabral iftofy, MIHES = Natienal Ingtitutas of Haalth
Stroke Scals; m-MIMSS = motor subindex scores of the NIHES, PW = porfusion-walghted
imnging: rFA = FA ratie; ROC = recelver oparating charactaristic: riPA = roecombinant tissus
plasminogan activatorn SENSE = sensitivity-ancoding; WD = wallarisn deganaration

M otar defieit is ane of the most common sequelac of isch-
emic stroke, and (s severity correlates with functional
disability and reduced quality of life,' The CST is the most
Important motor pathway,” The extent of WD in the C5T is
one of the mijor determinanis of motor deficit,” WD consists
of the anterograde degeneration of axons and thelr myelin
sheaths after proximal axonal ar cell body injury from numer-
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ous cavses, including stroke, and hos been demonsteated
through experiments, postmortem studies, transcranial mag:
netic stimulation, and conventional imaging."" Many studies
have reparted hyperintense signals regarded as WD along the
affected CST on T2-weighted or diffusion-weighted imaging
weeks or months after stroke; and this finding coreelates well
with persistent functional disability.™'? However, on conven-
tienal MR imaging, thess findings are usually subile and can be
difficult to detect in the first few weeks; moreover, the extent of
W is difficult o quantlfy on conventional MR imaging and is
nat consistent (n all patients with motor deficit.

Recently, much interest has focused on the potential of DT
for in vivo quantification of micrastructural damage to cere-
bral white matter following stroke, DT1 provides information
on the predominant direction and degree of tissue water dif-
fusion."™"* In the white matter, water diffuses quickly length-
wise alang the fibers and slowly perpendicular to fibers, result-
ing in apisotropic diffusion.'” The degree of anisotropy
depends on the level of organization and integrity of the white
matter tract and on the degree of freedom of water dilfusion
movements by orlented axonal membranes and myelin
eheaths,"® Reduced anisotropy along the CST remote from a
corebral infarct has been interpreted as WD, even when these
areas appeared normal on conventional MR imaging.'™""
Cross-sectional studies found that lower FA values in the al-
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feetesd C5T were associnted with greater motor deficit 1-2
weeks after stroke onset and a worse motor recovery at 3
manths, """ However, the few studies of WD of the CST de-
termined by DT after supratentorial stroke were performed in
imall heterogencous samples months to years after stroke on-
set. To our knowledge, no prospective controlled studies have
assessed WD in the CST immediately following MCA ischemic
stroke. Therefore, we investigated the value of FA as o potential
biomarker of motor deficit in relation to well-establighed clin-
ical scores after MCA territory ischemic stroke.

Materials and Mothods

Patienis

W slulied 60 consecutive patients with peute MOCA hemispharic in-
farction within 12 hours of symptom onser. We excluded parienis
with cerehral hemorrhage, significant preexisting nonbehomic noi-
rodogie deflclt, or a history of prior stroke., The study wis appiroved by
the lucal ethics committes, All patienis or their relatives provided
written Informed consent,

Climical Asgrzsment

Patletits underwent neuralogic examination, including NIHSS seore,
by a cortified neurologist at admission, day 3, and day 30 alter siroke
amsel, On the basis of the m-MIHSS (5a, S, 6a, 6b), the severily of
limb weakness was categorized into grade [ (total m=N1HSS score of
), grade 11 (m-NIHSS, 1=4], and grade 117 (m-NIHSS, 5-8), All
m-MIHSS assesamints were administered without knowledge of the
MR imiging fndings

MR Imaging
Al patienis underweni MK imaging examinaiion on & 15T Intera

scanier (Philigs Healtheare, Best, the Netherlands). The protoenl in-
cluded axinl trace W1, FLAIK, gradioni-echo T2 -weighied, PWI,
iime-of: Hight angiography, and DT sequences. DTE dala were ac-
quired by using single-shot BPI sequences with the SENSE paraliel-
imagiing scheme (accelertion factor 2) afler contrast agent adminis-
trathom, IYTT with SENSE helped reduce scannbng time and minkmize
the susceptibility and disionion artifacts typieally associated with EPI
secquences, Dilfusion-sensitized gradionts were applied along 15 non-
collinear divections with a bevalue of 1000 a'mm’. Diffusion-
wrighted IO imoges were also obiained, Other sequisiiion parameters
were Lhe I'aliawing: TRS/TE, 679572 ma; FOV, 23 = 23 émjand mairix
shee, 113 2 113, Forly-five contiguous 3-mm axial sections covering
the entire bralin and braln sem were aequired parallel w the antero-
peterior line, DT scanming time was 3 minutes 10 seconids,

Data Procesiing

DT1 data weie transfersed 10 an off-line workstation for postprocess-
ing and visually checked for quality, Difusion-encoded FAwelghted
Imiages were elaborated by using the caleulation scheme praposcd by
Pajevic and Plerpanli,*® Calor FA maps were generated following the
stafdird conventian (red, lefi-# ghts green, anleroposterion; and blue,
supgrior-inforior), Quantliative values of BA were abiained by man-
1.Il||r placing regioni of interes an the entlee CST area al the level of
the rostral pans an axial sections (el and right sides) on the basls of
il Tl-wdghlﬂ.l iimage anl anatomic knowledge, by uiing our image
dirsplay software (OTIWeb, Version 2.0, hipé/rien.adgedw/DTH
index.itinl). ™ FA values fiar ench region of interest were obtained
by averaging all voxels within the reglon of interest on ihe sldes af-
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fected and unaiTected by the infaret. In each patient, the FA ol (he C5T
wais dlerlved from the mean value of 3 contiguous sectlons. The ipsi-
[mteral-to-coniralateral  ©51  rPAs were  ealculmed (iFA =
PA irecisat sishs | PAisatiniod side)r A moasuremanis were repealed by |
rater (L) on the fiest 30 patients on the affocted and unalfeciod sides
(it total @l 1HD imeimireiiienia) on 2 spatate oodasions | month apart
and were performed once by 2 raters (LP, GLL The presented FA
values are based on the average of the mean values obinined by the 2
raors, Statlstical amalysis (intrarater and Interraer comparisons) wis
perfarmied for the mean 'A values, Unaffectod C5Ts at the level of the
fombral pans were wsed as internal cantrols for the sssessmeni of WD-
felated changes lecause ne significant differonces in antiotropic dif-
fuslon are found between wacti oi the lelt and vight sides in narmal
subjects." ™" Slgnal: ntensity abnormalities on e alTected side of the
CET were alw determined on diifuslon-welghied b=1000, T2
wrighted, and FLAIR images, Tinally, for infaret volumes, 2 raters
(1.1, G.B ) manually outlined the areag of abnormal hyporiniensliy
aneach section of DWIs, Surlaces of arcas of abnarmal hyperintensity
wiete sumirmied and mmultijplied by section thickness (6 sim) and injer-
section gap (1 mm] to calculate infarel volumes. The results of the 2
raters were averaged,

Statistical Analysls
Dt are presented as mean | = S0) values for each group. The statis-
tical evaluation of the resulis was based on ANOVA with the Bonfey-
rani corroetion, Lovene and Bartden wsis were used 0 determine
whether the samples had equal variances, and thim ANOVA iets were
applicd o examing the relationship of the mean TA values on the
allected side of the C5T and of tFA with the clinical xcorea at achmis-
sl il dﬂ:.‘ Jy and ar day 30, To determine the assecialion between
wean PA, motor defich an day 3 and an day 30, and signal-inensity
change in affected C5T. we used the ANOVA tesi, The Peirson rank
carrelation enelficlent was epleulated 1o compare the PA and rFA
vilies witlh elinical scares and infarct volume, To caloulate the TA
ind rEA cutodl points e discriminate subjects with motor doficii al
divy 20 from those without, we used the ROC curves, For theae toats,
P 05 was consldered to indicate a stnistically significant difference,
To compare first and second measuremenis of the abserver nuim-
her | (intranhservor rellability) and o compare the measuremania of
2 indepencdeni ohiervers (interobserver reliabidliiy ), we used the 1CC
Thie level of iinifa- and interobmerver cotalstency was elassifiod as falr
(100 = 0.5=0.7), good (0,7=0.9), or almast perlect (=090}, All sta-
tistical evaluations were performed by using Minial, Version
18.1.0.0 {(Minitab, Staie College, Pennsylvania).

Reaulta

Sultfect

Sixty consecutive patients with nonlacunar MCA ischemic
stroke (38 men, 22 women; mean age, 68 £ 13 years) were
Included in the study between May 2006 and December 2007,
One patient missed the admission MR imaging study but com-
pleted the day 3 and day 30 studies. Two patlents missed the
day 3 imaging study. All patients underwent MR Imaging and
clinieal asseasment at day 30, Two patients had small slightly
hyperintense areas in the periventricular white matter; none
had previous strokes, The modified Rankin Seale score before
the infarct was 0 in all patients.
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Clinical and Neurolmaging Characteristics

Table 1 shows the mean clinical scores and anisotropic indexes
it baseling, day 3, and day 30, At day 30, mean NIHSS and
m=MIHSS scores had improved compared with baseline val-
ues, At day 30, 21 patients had some motor deficlt (m-
MIHSS-11 or m-NIHS5-111 categories) (Table 2) and all pa-

tients had started physiotherapy within 2 weeks after the
strake, Infarct volumes on DWI ranged from 0.72 1o 164,04
ml; and there were significant differences berween the mean
infarct volimes at admission, day 3, and day 30 (P = 213),
The MCA territories most frequently invalved were the pe-
ripheral and/or striatocapsular territorles. Thirty-one patients
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(51.67%) received intravenous riPA, There were no signifl-
cant differences in APA treatment at admission among the
m=MIHSS groups at day 30. Mo significant differences were
found among the mean FA values in the unaffected CST in the
entire group of patients st admission, day 3, and day 30 (0.6049,
0,598, and 0.591, respoctively) (P = 531), The estimated in-
terobserver consistency showed good agreement for FA mea-
surements (ICC = 0.809), The estimated intraobierver con-
sistency wos also good (ICC = 0.881).

Correlations Between DTI Conventional MR Tnaging
Findings, and Clinieal Scores

The FA and rFA cutoff points that best discriminated the pres-
ence of motor deficit at day 30 were 0,556 and 0,925, respes-
tively. The sensitivity, specificity, and positive and negative
predictive values for motor deficit by FA = 0,556 were 76,20,
70,90, 6%, and B5. 7%, respectively. Por FA at the pons ipsi-
lateral to the infarct at day 30, the area under the ROC curve
was edqual to 0,897 with an error of 0,043, The sensitivity, spec.
ificity, and positive and negative predictive values for motor
deficil by rFA =< 0.925 were 95.2%, 94.9%, 90.9%, and 97.4%,
respectively, The area under the ROC curve was ¢quu1 1 0,937
with an error of 0,037,

Mean FA values on the affected side of the CST were sig-
nificantly different from those on the normal contralateral
slde only at day 30 (P < ,001), and mean FA values on the
affected side at 30 days were lower than those atadmission and
atday 3 (Table 1. Likewise, rFA values in patients with motor
deficits (m=-NHISS-11 and m«NHI58 1) were lower only at 30
days (P <.001). In 20 of 21 patients with motor deficits at 30
days (93.294), FA in the affected CST was below the mean
value of the group of patients without motor deficit, and FA
was lower on the affected side than on the unaffected side in
the group of patients with motor deficits (Table 2). FA de-
cremsed 17% in the m-MNIHSS-11 and 32846 In WIHSS-I10
groups, and the decrepse in mean FA and rFA values correlated
negatively with the degree of motor deficlt at 30 days (Figs 1
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and 2). However, there were no significant differences in mean
FA and FA values between patients with NIHSS:(1 and
MIHSS-111 ar 30 days,

Correlations of FA measurements in the CST at day 30 with
clinical scores and infaret volumes in patients with MCA in-
farction are reported in Table 3. None of the clinical scores or
infaret volumes measured within 12 hours correlated with FA
indexes in the CST at day 30, However, clinical severity at day
3 correlated with FA indeses at day 30, and the strongest cor-
relatian was between rl'A and m=M1HSS score. Moreover, no
slgnificant differences in FA values were found between af-
fected and unaffected CST at admiszsion ar at day 3, and these
PA indexes were not correlated with motor status at 30 days (P
=200, r= 0,321; P = 23}, r = 0,372, respectively). On the
other hand, there was no significant coreelation between acute
infarct volume and the KIHSS and m-NIHSS scores ai day 30
(P 103, r = (0472 P = 176, r = 0485, reapectively),

Signal-intensity abnormalities on conventional MR imag-
Ing (hyperintensities) were detected b only 40% and 45.4% of
affected CSTw in patients with m-NIHSS8-11 and m-NHIS8-111
it day 30, respectively (Fig 3). Changes in signal intensity were
also associated with decreased FA and rFA values (P < 001),
Subjects without motor defieit had no significant signal-inten-
sity abnormalitices,

Discussion

This prospective study in 4 relatively large cohort of patients
with territorial MCA infarction found significant correlations
between DTT-measured WD in the C5T and m-NIH5%-mea-
sured limh motar deficit 30 days after stroke onset. Decreased
anisotropy distal 1o the infaret on the affected side of the CST,
exprossed an FA values mensured at the rostral pons, correlated
significantly with limb motor deficit ar day 30,

As far o we know, no 0T data focused on a cutoff value for
WD 30 days after stroke onset have been published. Care is
needed when applying cutoff anisotrople values because
changes in diffusion after WD depend strongly on the prees-
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Isting architecture of the white matter, Experimental studies
sugpest that the orientation of membranes continues to be the
major determinant of anisotropy after WD, In fact, changes in
diffusion abserved in the rostral pons, where the CST inter
sects the transverse pontine fibers, differ substantially from
changes observed in the cercbral peduncle or in the posterior
limb of the internal capsule, where the C5T consista of lsolated
and well-defined bundles of parallel fibers.'* Consequently,
after white matter damage, cutofl anlsotrapie values at differ-
ont points along the CST might differ, and further studies need
to clarify this point.

W propose an rFA cutoff point that discriminates a high
proportion of patients with normal maotor function from
those with motor deficit, We found that the rFA cutoff poini
discrlmlnates these jritienis better thin the FA catall |||,||'r|.|.
Intraindividual evaluation by using (A can detect damage to
the CST ipsilateral to the infarct in patients with high baseline
FA (patient 10, Table 2), On the other hand, the trojectory of
the transvirae pontine fibers can introduce error in calculating
CAT ansotropy measired at the rostral jns, and "“i“B riA
values minimizes this error, Finally, rFA is more applicable
across centers and operators than absolute FA,

In the clinical setting, DTT enables evaluation of micro-
structiral ehanges in the CST better than conventional MR
imaging, quantifying the amount of damage specifically
within the motor system after stroke. Although W is assaci-
ated with motor deficit, motor deficit is determined by loss ol
{unction of the motor neurons and/or axons, which may o
may not be accompanied by WD,

Our stuely shows that imaging-based regional markers cor-
relire with matar deficitg in MCA stroke, By carrelating DTI
findings and clinical dam, we found that mortar deficit 30 days
after stroke increased with decreased anlsotropy in the pons,
The decrease in the FA values in the affected CS5T becomies
progressively smaller during the subacute-to-chronic stages of
stroke, and previous studies have demonstrated worse out-
come in patlents with evident WD on conventional MR imag-
ing t-:q:hui¢.||.'|-|.-.-.."'’JI Slgnal-intensity abnormalities related 1o
W are generally not detected until 4 weeks after stroke, when
themain finding isa hyperintensity along the affected tracts on
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DWT and T2-weighted images, After assessing WD changes
qualitatively on conventional imuges and quantitatively by us-
ing DTI, we found differences In andsotropy in patlents with
maotor deficits who had no signal-intensity abnormalities an
conventional MR imaging. Most Important, most patients
with maotar deficite at 30 days who presented decreased FA
virlues hiad no signol-intensity abnormalities on the affected
side of the CST; maore specifically, fewer than hall presented
hyperintensities on FLAIR andfor restricted diffusion an
DWI. The signal-intensity change in the affected CST was
strongly associnted with lower PA indexes, These findings sug-
gest that DT is more sensitive In detecting tissue changes res
garded as WD than conventional MR imaging and DWI,

In an experimental model after unilateral MCA occlusion
in rats, signs of WD in the CS5T were detected in the brain steim
in histologlc stalns as early as 27 days fter the stroke.* Within
the second stage, W decreased pradually up to 6 weeks, Other
recent studies have demonstrated early signs of WD [n patlents
with stroke within 2-3 wecks of onsel by using DTL'™*
Greater FA reduction along the CST on the affected side after
cerebral infarction is associated with greater early motor def-
icht and worse motor recovery at 3 months." In our study,
we found significant correlations between FA Indexes and mo-
tor deficit only at 30 days, and the reductions in mean FA, 17%
and 32% In patients with m-NIHS5:11 and m=NIHS5-111 re-
spectively, are similar to other published values measured at
the pons.' ™' Thomalla et al.'” found a 1396 decrease In FA
measured at the corebral peduncle 2—6 montha and 2-16 days
after strolce.

Severe WD in the CST distal to a supratentorial infaret in
the acute stage has been regarded as a predictor of worse maotor
outcome,' " Liang et al™ conducted a similar longirudinal
controlled study by using serial [T (o assess both antegrade
and retrogride WD in 12 patients with subcortieal ischemic
infarctions Involving the posterior limb of the internal cap-
sule, They found progressive decrease In FA with time starting
from the first week in the region just proximal and distal to the
internal capaule lesion, On the other hand, Wanatabe et al®
used serial DTI evaluations 10 assess WD in the CST of 16
patients with stroke (6 lschemic, 10 hemaorrhagic). They found
that the good recovery group had no significant change in
antsotropy in the rostral pons berween 2 and 3 weels, whereas
the poor recovery group had a significant decrease in anisot-
ropy during that time, Although not specifically calculated, Fig
4 of their study shows that the 0.9 ratio is the approximate
antsotropy cutoff for distinguishing the separate recovery
groups 3 weeks alter onae,

Recently, Kusano et al™ reported that FA indexes measured
in the cercbral peduncles within 2 days alter intracerebeal
hemorrhage onset may predict functional motor outcome. In
this study, a region of interest=laned analysis of the FA ol the
CST in the cerebral peduncles showed that FA measured in the
affected side decreased by 11% compared with the unnfiected
cerchral peduncle. The cutoff point of the r'A for the good
{m-NIH55, 0=2) and pooy (m-NIH5S scores = 3) outcomes
was (L85, Despite the differences in the study design, diseose,
and time of evolution when the cutafl point was determined,
our cutolf point of 0.925 at 30 days is very similar 1o theirs,

We found ne earlier changes in DTT that predicted motor
outcome. The ¥-day follow-up included in aur protacol failed
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to show changes in anisotropy at a polnt in the C8T fur from
the infaret, specifically at the rostral pons, Placing the region of
interest nearer to the infarct might find changes in PA values at
duy 3 that could predict poor motar autcome,

A valid surrogate functional outcome measure for stroke is
needed, Clinical variables such as age and lnltial stroke severity
measured with a neurologic deficit scale such ar the NIHSS
have consistently been associated with functional outcome afs
ter ischemic stroke. ™ However, provious studies have demon-
strated that infarer volume on conventional MR imaging cor-
relates only modestly with funetional outcome,”’ We found
that stroke severity at day 3 correlated negatively with rPA
duy 30; however, this correlation was nat found during the
first 12 hours after onset. In the acute phose (<12 hours after
onaet], three-quarters of our patients had motor deficits, and
they were moderate or severe (m=NTHSS-[11) in nearly half of
these patients. However, at day 3, only half of our patients had
maotar deficits and only 2096 of these deficits were moderate or
severe. These differences In motor deficlis between the acute
phase and day 3 are probably due 1o the lschemic penumbra
(ot evaluated in our study),

On the other hand, stroke volume measured on conven-
tional MR Imaging at day 3 and ar day 30 correlated weakly
with FA indexes at day 30, Volume measures do not take into
account the location of the lesion or the functional pathways
invalved, and 2 different infarcts of the same size in different
locations could have very different functional expression.
Thus, rather than total stroke lesion volume, It seems much
mare reliable to use DT] 10 evaluate the cxtent of damage
specilically within the CST 1o determine motor deficht and
axanal injury. However, we found no evidence that stroke se-
verity at day 3 was expressed as WD, Placing the reglon of
interest in a region of the CST closer to the infarct might make
it possible to detect changes in FA Indexes earlier and to pre-
dict which patients will have worse outeomes in the chronic
phase so that rehabilitation interventions can be adjusted to
each patient's need from the carliest stages 1o use health care
resources more efficiently.

One new rescarch ling aims 1o improve neurologic out-
come through stem cell=based treatment of chronic stroke.*
Although the study of the mechaniams underlying stem
cell = hased treatment has focused on angiogenesis and nearo-
genesis, while matter reorganization may contribute 1o fune-
tional recovery after stroke. The earliest stem cell transplanta-
tioins were carfied ot 1-9 weeks lrom onser,™ and 1 weeks
was illso the time when our study demonsirated C8T damage
in the patients with motor deficits. DTI may also be useful in
determining the real state of the C5T before treatment, quan-
tifying the amount of damage specifically within the maotor
system after stroke, and FA indexes could be an alternative way
of monitoring the changes in cerebral tssue that lead 10 im-
praved outeoime,

Several potentlal limimtions to our study merlt comment.
lirsi, manunl region-of-interest placemant is subject to oper-
ator bins, especially at day 30, when CST damage is present,
and this may result in variability in location, size, and shape,
Ideally, all the descending motor pathway areas should have
been included to avoid underestimating the degree of DTI
change and thus the degree of WD Further studies by using
automated region-of-interest analysis of voxel-based analysis



may resolve this issue. Using m-NIFSS categorization does
not diminish the significance of the assoclation between de-
creased BA and motor deficit, though dedicated neuromaotor
rewt batteries llke the Medical Research Council Scale or
Motricity Index might find significant anisotropic differences
between different grades of motor deficits, On the other hand,
it cairld be interesting to determine other anlsotroplc param-
eters, like mean diffusivity or diffusion tensor eigenvalues, and
1o analyze whether changes in the affected tract can be de-
tected earlier to enable better and earlier prognosis, Finally,
the amall number of patlents with motor deficits at 30 days
could be o limitation; however, our sample tize seema sulli-
clent given that the profile of patients defined by the inclusion
criteria is similar, the variability in the findings for the unaf-
fected slde among all patients is low, and the normal unaf-
fected side served a5 an internal control that minimized the
potentlal varlability among patients. Nevertheless, a larger
suinple would have inereased the power of our findings.

Conclusions

In summary, the current study shows that DTT is more sensi-
tive than conventional MR imaglng in detecting WD and pro-
vides further evidence that FA could potentially be used as an
Imaging surrogate marker for motor deficit. To our knowl-
edge, this s the first study 10 determine an anlsotropic cutoff
point in the evaluation of WD in patients with motor deficits
30 d“'ﬂ‘ after atroke, Tdenifying imaging biomarkers of WD
represents a real challenge and could have implications for
clinigal decision-maldng, Evaluation of CST integrity by using
anisotropic parameters can be useful for setting therapeutic
goals and for selecting and monitoring patlents with stroke for
individual rehabilitation strategies,
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5. Sintesis de los resultados y discusion.

5.1 Aportaciones especificas de las publicaciones del estudio,

Investigacién base sobre biomarcadores de imagen por RM en infarto cerebral.

Este trabajo se aportaba la definicion de un panel de 7 criterios para validar un

blomarcador radiolégico de RM en el infarto cerebral (BRIC-RM). Estos criterios se

detallan en la tabla 1.

TABLA 1. Panel de criterios para validar un BRIC-RM

1. Deba sar un cambio biolégico, fislolbgico, bloquimico o anatdémico detectable por RM.
2. El blomarcador radioldgico por RM dabe estar muy relacionado con la diana del tratamiento.

3, El blomarcador radioldgico por RM deba taner una relacién légica con la sevaridad de la

anfarmedad. Es importante taner una relacién fuserte con el marcador final de evolucidn clinlica,

4, Dabe sar posible madir y cuantificar el biomarcador dé una manara precisa, reproducible y

fiabla,

6. Los nuevos lratamientos alteran el valor del biomarcador radiolégico par RM. Esta variacidn

8@ ralaciona con el éxito o el fracaso del tratamiente evaluade y con la avolucion clinica final
6. El blomarcadaor radioldgice por RM puede dar informacién de la toxicidad del iratamiento,

7. Existen publicacionas can evidencia cientifica alta que apoyan su uso cinico &n infarta

cerabral. La axistencia da estudios preclinicos seria muy Otil,

BRIC-RM: Biomarcador radiolégico de infarto cerebral por RM,
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. En este trabajo se aporta tambien una seleccion de 8 biomarcadores radiclogicos en
el infarto cerebral por RM (BRIC-RM) que pueden ser mas utiles en el infarto cerebral,

La definicion de los 8 BRIC se detalla en la tabla 2.

TABLA 2. Propuesta de BRIC-RM

A. PERMEABILIAD ARTERIAL

- Permeabilidad vascular inicial y final. Recanalizacién inicial o tardia,
B. VOLUMEN DEL INFARTO

- Volumen inicial v final del infarto. Variacion de volumen en los primeros 3
dias o en el primer mes,

C. REVERSIBILIDAD DEL INFARTO CEREBRAL

- Reversibilidad de la lesion en difusion,

D. ALTERACION DE LA PERFUSION

- Trastorno inicial y final de la perfusion. Reperfusién precoz y tardla.
E, F, G. VOLUMEN DE PENUMBRA O TEJIDO EN RIESGO,

- Diferencia entre Difusion y Perfusion.

- Diferencia entre Difusion y estado clinico.

- Diferencia entre Difusion y permeabilidad vascular,

H. TRANSFORMACION HEMORRAGICA.,

Grados de transformacion hemorragica.

BRIC-RM: Biomarcador radiolégico de infarto cerebral por RM.
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. Finalmente se realiza una revisién de |la validez de los 8 Biomarcadores de imagen

por RM en el infarto cerebral (BRIC). La valoracion de cada uno se resume en la tabla 4

TABLA 3. Validez de cada biomarcador radiolégico del infarto cerebral (BRIC).

Ocliiglin WVirliirii Ravaisihl | Alaraolidn Hlarindia Dif@iendia Diferanila Translarmation
Vascular | Difugion | ldad da e EHifusidn Difuasion Difusidn hamorigia
Difusiédn Parfusidn Parfusldn Clinlea Anjfla

\ﬂﬂbhgwﬂli‘l g ER 2] (23 dad = :r_ = bEE i ERe ]

Diana T ie = Wi i

Corraladidn + i ' ' ' ' f s

oo aavarhd ad

Cumitileahls * + + L o L L] L

Cambli can al i i i dis bas 1 wah +4

ti @it

Valora I

touicidad

Lvidancla an & 4 i i ¥ 3 & N

publicaciones

RM: Resonancia Magnética. BRIC: Biomarcador Radiolégico del infarto cerebral,

+++ Correlacion Alta, ++ Correlacion Moderada, + Correlacion Leve

Esta revision de los BRIC-RM fue pionera en el momento de su publicacion v fue la
base de la realizacion de estudios posteriores de nuestro grupo en la validacién de

BRIC-RM especificos.
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En estudios posteriores de revision sobre el tema (29) se ha diferenciado las utilidades
de los BRIC-RN en cualro areas: blomarcador cuantificable de manera fiable,
blomarcador que pronocstica la evolucion clinica final, blomarcador que predice la
probabllidad de respuesta al tratamiento y biomarcador que puede ser marcador

surrogado sustituyendo a los "endpeint” clinicos clasicos en los ensayos clinicos.

En esta revision (29) se ha conservado la misma relacién de biomarcadores pero
agrupandolos en cinco categorias: BRIC-RM de la lesion isquémica, del compromiso

hemadinamico, de la permeabilidad vascular y de la transformacién hemorragica.

De todas maneras ese articulo confirma la vigencia del analisis de los puntos débiles y

fuertes de cada uno de los biomarcadores que aparece en la tabla 3 de la tesis.

Investigaclén sobre el blomarcador volumen del infarto cerebral

En esta investigacion se pretende analizar |a fiabilidad del método de cuantificacion del
volumen del infarto cerebral en la secuencia de difusién en la RM, En este trabajo se
confirmé la existencia de una buena correlacion entre los valores de volumen del infarto
determinados por cada técnica en cada paciente como se muestra en la figura 4. Es
decir que cuando el volumen era altc o bajo, era alto o bajo para los dos métodos de

cuantificacion
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FIGURA 4. Correlacién entre el valor del volumen por los dos métodos en cada
observador.
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Por otro lado, se demostré que la reproducibilidad era muy alta con una variabilidad
interobsarvador bajo. De modo concreto el coeficiente de correlacién intraclase era de

0.992 para el método ABC/2 y de 0.985 para el método planimétrico.

Sin embargo este trabajo también demostrd la existencia de una diferencia clara en el
valor concreto del volumen del infarto por los dos métodos para cada observador con
una tendencia a sobreastimacion por el método ABC/2 (TABLA 4)

TABLA 4, Volumen del Infarto por cada observador con método ABC/2 y
volumétrico.

Método Observador Medla+/- SD a1 M Qa

1 30.20+53.67 840 17.57 48,23

ABC/2 2 45.60+60.08 8,07 21,87 571

3 42.53+58.67 813 18.50 £4,02

1 24.30£34 81 5.21 10.36 22.83

Planimétrieo 2 21.74429 51 4.22 984 | 2548
3 23.46432.56 4,95 10.02 24.52
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Todo los valores se expresan an cc Media+/- DE: Volumen medio con desviacion
standard, Q1: 1r' Cuartil, M: Mediana, Q@3: 3' Cuartil.

En asta investigacion se demostro las diferencias del volumen entre ambos métodos en
funcién del territorio vascular, En la tabla 5§ se confirma que los volimenes oblenidos
con el método ABC/2Z (19.34 cc [B.20, 52.94])) (mediana, 1rQ, 3rQ) eran
significativamente mayores que los volumenes obtenidos con el metodo planimétrico
(9,93 cc [4.92, 23.09]) (p < 0.0001). En resumen, la técnica ABC/Z sobreestima el
volumen del infarto cerebral con una media de incremento falso (volumen con ABC/2 -
volumen planimétrico) de 7.33 em3 [1.29, 22.17], lo cual representa un aumento
(velumen con ABC/2 / volumen planimetrico) del 162.56 % [121.70, 248.52] sobre el

valor del volumen real determinado por método planimétrico.

TABLA 5. Diferencias de volumen del infarto segtn el territorio de ACM para el
método ABC/2 y planimétrico.

Territorio de ABC/Z PLANIMETRICO | Correlacién | slope R?

ACM

Superficial 9.04 5,350 0,83 1.62 89.4%
[2.00,15.88) [1.88:9.21]

Profundo 31.38 9.84 0,88 1.62 75.4%
[8.92,60.84] [5.13:22.49]

Suparficial + | 61,2 40,08 079 1.29 83.0%

Profundo
[23.4,130.8] [14,93;72 81]

" Global 10.34 9.93 0.88 1.52 75.4%
(820,52 94] | [4.92:23.00)

Todos los valores en ce. Media,
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En la discusion de la publicacion se comenta que el impacto clinico real de esta
sobreastimacion as un tema conflictive con discrepancia entre diversos autores (19, 30,
31) y con propuestas de que quizas no tenga un impacto clinico real. De todos modos
estos resultados apoyan la necesidad de desarrollar metodos fiables de cuantificacion
automatica y rapida del volumen del infarto cerebral que puedan aplicarse en fase

aguda del infarto cerebral.

Posteriormente a la publicacion de esta investigacién han aparecido diversos trabajos
con resultados contradictorios. Por un lado (32) se estudia la aplicaciéon del método
ABC/2 en la cuantificacion de la penumbra por CT perfusion, Los autores demuestran
que @s una técnica reproducible entre diversos autores lo cual coinclde con los
resultados de nuestra publicacion pero no comparan los resultados con el método

planimeatrico considerada el patron oro. Estudios futuros deberan abordar este tema,

En otro trabajo (33) los autores estudian |a fiabilidad del métode ABC/2 para cuantificar
la penumbra por RM mediante la comparacion con al método planimétrico, Este trabajo
sa apoya en nuestra publicacion para corregir dos de las limitaciones; por un lado la
necesidad de estudiar infartos de mayor velumen y por lade la necesidad de estudiar la
penumbra. Los autores confirman la correlacion y reproducibilidad de la téenica que
apuntabamos en nuestra publicacién pero encuentran que ABC/2 sl que es una técnica
fiable para medir la penumbra cuando se usa coma criterio de penumbra |a existencia
de una diferencia de 50 cc entre Difusién y Perfusién. Es decir progresivamente se esta

definiendo mejor la ulilidad de la técnica ABC/2 vy estudios futuros deberan seguir
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analizando la correlacién con el método planimétrico en cada area de estudio de los

pacientes con Infarto cerebral,
Investigacién sobre el biomarcador tractografia

En esta inveatigacion se pretendia analizar |a capacidad pronostica de la topografia de
afectacion por el infarto del tractograma de TCE. Esta investigacion fue el primer
estudio prospectivo controlado que examinaba pacientes con TTD en las primeras 12
horas de evolucion. Los astudios previos s& basaban an secuencias convencionales T2

que no permiten valorar el TCE (32, 35, 36).

En este trabajo se demostré que la existencia de una afectacién del TCE en el brazo
posterior de la capsula interna (BPCI) era el biomarcador con mayor poder predictivo
de la evolucion motora final y también del dafio axonal y de la severidad clinica en el

ingrese (P <0.001).

También se determind la ausencia de correlacién entre el volumen del infarto y el
estatus motor en el dia 90 (P=0,176, r=0.485). Es decir, la presencia de un infarto de
gran volumen no implica per se un mal prondstico de la funcién motora del paciente.
Por ejemplo los infartos subcorticales son mas pequenos que los corticales pero con
mas probabilidad puedan afectar a las fibras motoras primarias y secundarias y dar un
deficit motor importante, Estos datos indican que el grado de extension del infarto sobre

el TCE es el mayor determinante de déficit motor del paciente,

El trabajo demostrd (tabla 6) que la afectacion del TCE a nivel del BPCI en al astudio

inicial es el blomarcador asociado a la mayor sensibilidad, especificidad, valor
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TABLA 6. Sensibilidad, Especificidad, Valor Predictivo Positivo y Valor Predictive
negativo del grado de déficit motor seguan el nivel de afectacion de la capsula
interna.

Evalucidn im-NIHEE Senalbilidad Espoeifieidad VPP VPN
Funzidn
Maotora
BPCI = 12 horad Dl 30 1w I 8a.a7 100.00 100.00 H4.78
ivs il 100,00 70.00 Fo.67 100.00
Din 90 1 ve i TG0 100.00 100.00 ae8.13
I v il 100,00 71,43 15,71 100,00
BPCI of diad
Din 30 Lm 1N 71.41 100.00 100.00 46,47
flen il ion .00 60,00 7333 100.00
[ia 90 Lus AN 70.945 100.00 100.00 #71.1
1w il 100,00 5714 80,00 100,00
SCaldin 3 Dia 30 s I B8.75 87.18 a6, T 1ar
LLRY Al 5456 50.00 54 B5 50,00
Dia 90 1w I 47.37 82.03 56,25 1mar
e il 560.00 67.14 G0.67 40,00
CReldla3 Difa 30 Lva A1 71.43 58 41 46,88 Ay
s 1l G61.64 20.00 46,67 33,33
Dim 90 1 i I 7168 58.10 43,75 214
i v il 54.33 0.00 50.00 0.00

BPCI: Brazo posterior de capsula interna, SC: Area subcortical, CR: Corona radiata, VPP: Valor
Predictive Positivo, Valor Predictivo Negativo,
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predictivo positive y valor pradictivo negativo para predecir ¢l nivel de déficit motor en el
dia 80 (73.7%, 100%, 100%, and 89.1%, respectivamente). Ademas se determiné que
tenia mayor poder predictivo que la misma valoracion clinica inicial para predecir la

funcién motora a los 3 meses (R2=75 .50, F=80.09, P<0.001).

Este trabajo compard los diferentes modelos predictivos (Tabla 7) y demostré que en
las primeras horas la afectacion del BPCI| aporta el 75.5% de la varianza en la
prediccion de la evolucién. Por el contrario en el dia 3 |a valoracion clinica aporta el
79% de la capacidad predicliva y el biomarcador radiologico solo el 6.62%. En el dia 30
la valoracion clinica aporta el 90.10 del poder predictivo. Esta investigacion es la
primera que demuestra que la determinacion de un blomarcador radiologico como la
afectacion del TCE en el BPCI es el mejor modelo predictivo en las primeras 12 horas
de evolucion de la evelucion motora final. Los estudios previos solo demostraban la
utilidad de la valoracion clinica (20, 22, 37, 38, 39). En este sentido nuestra
invastigacién confirma que en el dia 3 del infarto |la valoracién de la escala clinica es el
mejor predictor y que la asociacion al biomarcador “afectacién de BPCI" aumenta el
poder pronostico, De todas maneras la valoracion clinica tiene limitaciones (40) v es
importante tener un método objelivo radioldgico. Es decir los dalos de esta
investigacion sugieren que serla util anadir la TTD en el protocolo radiclogico de un

paciente con Infarto para mejorar su manejo clinico,
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TABLA 7. Modelos seleccionados para el modelo de regresién maltiple para
predecir el valor de mNIHSS al dia 90 del infarto

Modealos prjdh;tqmrdq funl;-i-ﬁn mnt_nr;mf'iﬁﬁl B tevalum Added R

Wariables medidas an las primeras 12 horss (R'e 76 50, FeBo 08°)
Afscinoion da BPLC 5,306 088 76.50
Conatania 044

Varinhlon madidas an dia 3 (R7=84.62, Fa74.38°")

m-NIHSS 076 B.72 74,00
Afaciacian do BPCH 228 3.38" 662
Canntanis 168

Variables madidas an dia 30 (=900, F=236 72"

m-NIHSS 086 15.38 9010

Constania A0

BsCaoaficianin di mgresidn  F=0.001, P<0.01; P=0 08

Posteriormenta a la publicacion de esta investigacién han aparecido diversos trabajos
con resultados relacionados. Unos autores se basan en esla publicacién como base y
desarrollan un método de cuantificacion del TCE basado en el andlisis de voxel (41)
que demuestra su utilidad para predecir el déficit motor en extremidades superiores

aunque todavia supone una técnica mucho mas compleja e imposible de aplicar en la
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fase aguda a diferencia de |la metodologia que se propone en esta tesis, Estudios

futuros deberdn validar esta nueva técnica de cuantificacion de la tractografia.

Otro autor (42) demuestran la existencia de una reduccion de |la anisotropia del BPCI
se relaciona con una mayor actividad cortical compensadora en el estudio funcional
carebral y con una peor avolucion de la funcion motora. Por todo ello proponen la AF
del BPCI como un nueve biomarcador predictor de la recuperacion de la funcién motora

con tratamiento rehabilitador.

Otros autores usan de manera combinada la RM funcional con la TTD (43) para
demostrar que la disminucion de FA del BPCI| se asocia a un aumento de |a actividad
cortical contralateral, Futuros estudios combinando estas dos biomarcadores puaden

predecir mejor la respuesta a tratamiento rehabilitador,

Investigacién sobre el biomarcador anisotropia fraccional

En esta investigacion se pretendia analizar la capacidad pronéstica del blomarcador
valor de AF de TCE., La primera aportacién del trabajo fue demostrar la
reproducibilidad del biomarcador con escasa variabilidad intracbservador (K: 0.78) e

intercbservador (K. 0,76).

El trabajo demostré que el valor de AF en el dia 30 estaba reducido de manera
significativa y sobretodo en pacientes con déficit motor significativo determinado por

unos grados mNIHSS [l y mNIHSS Ill de déficit motor (TABLA 8 y Figura 5),
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TABLA 8. Datos Radiolégicos y Clinicos

<14 horas [+]FE] Bla 40
(n=58) {n=84) {n=80)
Beoora Molor, %, madla £ DS
m=NIHES | 7040 §32,00 BE7, D{D)
m-HIHSS 1 NT. 2+ 28027211 180, 2784120
m=NIHSS 1| M7, 7204008 217,738 104 18.3, 7.27 £ 0.BO
p-vallua P 001 P=< 001 B =), 001

AF da TCIL, media 4 DE: afeciade, lnde no alectade

m-MNIHSS | 0.578 20,08, 0.50710.08 0618 £ 0.07, 0612 £000 0.608 £0.07, 0.000 40,08
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FIGURA 5. Evolucién de la AF y rAF en estudio inicial dia 3 | dia 30.
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El trabajo confirmaba que los signos clasicos de degeneracion walleriana (DW) con
hiperintensidad en FLAIR se asociaba a la existencla de una disminucién de los valores

de AF y rAF en ese TCE.

La investigacion realizdé una aportacion significativa al determinar que los valores de
corte ("cut-off”) de la AF v de la rAF en el dia 30 para identificar a los pacientes con un
déficit motor severo en el dia 30 eran de 0,526 y de 0.89. Estos valores coinciden
parcialmente con los aportados por otra publicaciones (44) que habian sugerido un
valor de corte de 0.85. Estudios futuros multicéntricos de rehabilitacién pueden usar

aste valor de corte del biomarcador rAF de TCE.

Este trabajo también demostrd que el biomarcader volumen del infarto el dia 30 se
correlaciona muy débilmente con el grado de déficit motor en el mismo dia 30 a
diferencia de rAF que muestra una correlacién mucho mejor, Estos datos coinciden con
los resultados de otros trabajos (25, 26, 28 45) vy supone la validacién del rAF como
biomarcador con utilidad como marcador subrogado en futuros estudios en lugar de |a
valoracion clinica. Esta confirmacion es importante porque supone validar un
biomarcador que podria ser utllizade como marcador surrogado funcional ofreciendo
una alternativa valida a los "endpoints” clinicos establecidos. Estudios futuros podran

validar esta estrategia.

Posterlormente a la publicacion de esta investigacion aparecié una publicacion que
proponia que la reduccion del FA se puede ya demostrar mucho mas precozmente en
el tercer dla de evolucién (46, 47) lo cual no coincide con nuastro hallazgo de que no sa

apreciaban este signo de DW hasta el dia 30 de evolucion, Estudios futuros con
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estudios entre el dia 3 y el 30 pueden confirmar la aparicién mas pracoz de signos de

DW.

Finalmente en nuestro grupo de trabajo se ha realizado otro proyecto de investigacién

para determinar la capacidad predicliva a largo plazo de la AF del TCE (48)

5.2 Limitaciones especificas de las investigaciones realizadas.
Cada una de |as investigacionas de esta tesis tiene limitaciones
Investigacion de base sobre biomarcadores de imagen

El primer articulo de |a tesis es un trabajo pionero en el estudio de los biomarcadores
radiolégicos pero tiene varias posibles limitaciones. La primera es que no analiza todos
los posibles biomarcadores por RM, En este sentido en esta tes|s se realizaron otras
dos lineas de investigacién para analizar |a validez de |a tractografia y de la anisotropla

fraccional en el Infarto, Tampoco se han analizado biomarcadores de otras pruebas

radioldgicas o la relacidon con los biomarcadores moleculares dado que estaban fuera

del objetivo de |a publicacion.
Investigacién sobre al biomarcador volumen del infarto cerebral

La linea de investigacion sobre el volumen tiene varias limitaciones. La primera es que
se esludio un grupo de infartos de pequeno volumen (19.34 cc (8.20, 52.94]). Estudios

futuros tendran que confirmar los hallazgos en infartos de mayor tamafio,
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Una segunda limitacion @s que no se ha analizado la validez del metodo ABC/2 para
estudio de la penumbra isquémica, Estudios futuros tendran que analizar |a validez de

este método para medir este biomarcador.

Una tercera limitacion es que no se ha analizado el valor terapéutico del método
ABC/2. Estudios futuros tendran que analizar la validez de nuevos métodos

volumétricos con respecto al métado ABC/2.

Una cuarta limitacién es que solo se han estudiado infarto de ACM que son los que
usualmente se Incluyen en los ensayos clinicos, De todas maneras, los estudios futuros
tendran que analizar la validez de nuevos métodos volumélricos en infarlos de oflros

tarritorios,
Investigacion sobre el biomarcador lractografia

La linea de investigacion sobre |a traclografia tiene varias limitaciones, La primera es
qua s& ha valorado el dia 90 para determinar el grado de funcién motora final aunque
algunos pacientes pueden mostrar una mejoria mas alla del 6° mes. Por ello se ha

realizado otro estudio del grupo para valorar la evolucidn final a los dos afios.

La segunda limitacion es que solo se ha realizado una valoracion cualitativa de la
afectacion del TCE vy es posible que la cuantificacion de otros biomarcadores como la
densidad de fibras pudiera ser (til. Estudios futuros pueden determinar la utilidad de
estos biomarcadores cuantitativos del estado de TCE. Sin embargo es importante
subrayar que la valoracion cualitativa liena la gran ventaja de que se puede hacer por

cualquier especialista en fase aguda sin necesidad de postproceso complejo.
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La tercera limitacion es que la reconstruccion del TCE a partir de un pixel da una vision
indiracta de los axones lo cual puede simplificar la estructura real de los axonas,
Estudios futuros puedan confirmar los resultados de este estudio con otras técnicas de

reconstruccion tractografica.
Invastigacidn sobre el biomarcador anisotropla fraccional

La linea de investigacion sobre anisotropia fracclonal tiene varias limitaciones. La
primera es que la realizacion de medidas mediante la realizacién de un ROl puede
inducir errores, Los estudios futuros con colacién automatica de RO| y andlisis por

voxel puede evitar esta limitacidn.,

La segunda limitacion es que se ha usado una escala motora simplificada basada en el
la escala NIHSS, El uso de estudios futuros de escalas especializadas como el Indice
de motricidad puede encontrar diferencias en la anisotropla de diferentes grados de

déficit motor,

La tercera limitacion @s que se ha usado solo la AF comao biomarcador de la ITD pero
estudios futuros puedes estudiar sl otros biomarcadores como la difusitividad media o

los valores eigen puadan detectar mas precozmente |la degeneracién walleriana (DW).

La dltima limitacion es el pequefio numero de pacientes con déficit motor en el da 30.
Sin embargo todos los pacientes tenian la homogeneidad proporcionada por cumplir los
mismos crilerios de inclusidn y ademas se ha comparado en cada paciente la mitad del

bulbo con DW con respecto a la mitad normal para minimizar la variabilidad. De todas
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maneras estudios futuros con un tamafio muestral mayor puede mejorar la validacion

de la AF como biomarcador
5.3 Aportaciones globales de las publicaciones del estudio.
Esta tesis aporta los siguientes resultados globales:

« Creacion de un panel de criterios de validacion de los Biomarcadores de imagen

por RM en el infarto cerebral.

« Propuesta de una bateria de B grupos principales de Biomarcadores en el infarto

en fase aguda por RM en fase aguda.
« Andlisis de los puntos fuertes y débiles de cada uno de los principales BRIC-RM,

« Demostracion de la alla correlacion entre los métodos ABC/2 y planimétrico para

calculo del valumen del infarto cerebral por RM.

« Demostracion de que la buena reproducibilidad del método ABC/2 para calculo

del volumen del infarto cerebral por RM.

s+ Demostracidn de que el método ABC/2 sobrestima el volumen real del infarto,

Este dato limita su utilidad clinica y su aplicacion en ensayos clinicos futuros,

= Demostracién de que la afectacién del TCE a nivel del BPCI en las primeras 12
horas de avolucidn muestra una fuerte asociacidén con el déficit motor severo an

las primeras 12 horas y con la una funcién motora pobre el dia 80.
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Demeostracion de que la ausencia de correlacion entre el volumen del infarto v el
astatus motor en el dia 90. Es decir, la afectacion del TCE es el mayor

determinanta de déficit motor.

Demostracion de la validez de una valoracién cualitativa del TCE que puade
hacerse por cualquier especialista en fase aguda sin necesidad de postproceso

complajo.

Demaostracion de que la TDT debe incorporarse a los protocolos radiologicos de
RM del infarto cerebral agudo para predecir en fase aguda la evolucion motora

final.

Demostracion de que la ITF es mas sensible que la RM convencional en la

deteccion de |a degeneracion wallerlana,

Validacidn de AF como posible biomarcador del déficit motor dado que se
demuestra que la reduccion de AF en tronco el dia 30 tiene una alta correlacion

con la avolucidn motora final

Demaostracion de que los valores de AF del TCE eran significativamente

menores en el lado afecto del infarto pero sclo en el dia 30 de evolucién.,

Demostracion de que el valor de corte ("cut-off”) de la AF en el dia 30 para

diseriminar un déficit motor era de 0.89,

Los resultados de esta tesis abren nuevas vias de trabajo e investigacion como:
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« Necesidad de estudios de validacién y cualificacion de los diferentes

Biomarcadores del infarto cerebral en fase aguda y subaguda,

« |mportancia del desarrollo de métodos automaticos y estandarizados de andlisis

del volumen del infarta.
La importancla y aplicabilidad de los resultados se concreta en varios puntos:

s Lavalldacion y cualificacién de los biomarcadores puede mejorar y agilizar los

futuros ensayos de tratamientos en fase aguda del infarto cerebral.

« Potencialidad de la Difusion tensor como mareador surrogado de la evelucion
clinica final en futuros ensayos clinicos en isquemia cerebral y en nuevos

estrateglas de rehabilitacion.

« Apoyo para que |os protocolos de RM de pacientes con infarto incluyan una

sacuencia de ITD.

« Apoyo para realizacion de contrel por RM a los 30 dias de evelucion incluyendo

en el protocolo radiologico una secuencia de ITD.
5.4 Publicaciones y seguimiento

La fesis se presenta coma compendiec de 4 publicaciones realizadas que han tenido un

alto impacto como se detalla en cada una de ellas:

1. Magnetic resonance imaging biomarkers of ischemic stroke: criteria for the validation

of primary imaging biemarkers. Pedraza 5, Puig J, Blasco G, Daunis-l-Estadella J,
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Boada |, Bardera A, Pratas A, Castellanos M, Serena J. Drug News Perspact. 2008 Oct,

22(8):481-6, IF de 2,598,

2. Rellability of the ABC/2 Method in Determining Acute Infarct Volume, Pedraza S,
Puig J, Blasco G, Daunis-I-Estadella J, Boada |, Bardera A, Castellanos M, Serena J. J

Neuroimaging. 2011 Mar 29, |1G 1.287,

3. Acute Damage to the Posterior Limb of the Internal Capsule on Diffusion Tensor
Tractography as an Early Imaging Predictor of Motor Outcome after Stroke. Puig J,
Pedraza S, Blasco G, Daunis-l-Estadella J, Prados F, Remollo S, Prats A, Soria G,
Boada |, Castellanos M, Serena J. AJNR Am J Neuroradiol. 2011, Ap 7, 32:857-63, IF;

3.464.

4, Wallerian Degeneration in the Corticospinal Tract Evaluated by Diffusion Tensor
Imaging Correlates with Motor Deficit 30 Days after Middle Cerebral Artery Ischemic
Stroke. Puig J, Pedraza 5, Blasco G, Daunis-I-Estadella J, Prats A, Prados F, Boada |,
Castellanos M, Sanchez-Gonzalez J, Remolle S, Laguillo G, Quiles AM, Gémez E,

Serana J. AJNR Am J Neuraradiol. 2010 Mar 18. 1324-30, IF: 3,464,

Las publicaciones de esta tesis han sido la base para la realizacion de los siguientes

proyectos de investigacion financlados:

- Proyecto "WAKEUP. Efficacy and safety of MRI-based thrombolysis In wake-up
stroke: a randomised, double-blind, placebo-controlled trial) Agency “European Union-

VIl programma” REF: No 278278. 2011/2016. Principal Investigador general: Prof, Dr.
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Christian Gerloff, Salvador Pedraza es el Investigador principal en Espafia y director del

comité de analisis de estudios radiologicos.

- Proyecto Desarrollo de un biomarcador radioldgice basado en el analisis de la
conectividad estructuras y funcional en pacientes con infarto cerabral agudo para la
prediccléon de la recuperacion funcional. Entidad financiadora: "BECA FIS" REF

P113/02545, 2013-2016. Salvador Pedraza es el Investigador principal.

Es importante destacar la relacién con la tesis de Josep Pulg Alcantara que analiza
especificamente la utilidad de la DTl en el infarto cerebral para determinar el tiempo de

evolucion y |la capacidad predictiva a largo plazo.

a8



7. Conclusiones
Esta tesis realiza aportaciones importantes como:

= Propuesta pionera de un marco conceptual sobre los criterlos de validez de un
Biomarcadores de imagen por RM en el infarto cerebral con una revision critica
de la validez de un panel de 8 blomarcadores y con propuesta de los campos

concretos a mejorar en cada uno de ellos.

« Demostracion de que la cuantificacion del volumen del infarto con el matodo
ABC/2 muestra una buena correlacién con el método planimétrico y posee una

buena reproducibilidad pero tiene un valor clinico limitado dado que exagera el

volumen real dal infarto cerebral.

= Demostracion de que la afectacion del TCE a nivel del brazo posterior de la
capsula interna es un biomarcador predictivo de una mala evolucion motora en

un paciente con infarto cerebral.

s Demostracion de |a reduccion de la AF del TCE como biomarcador de la
existencia de degeneracion walleriana es un buen blomarcador predictivo del

deficit motor en el dia 30 de evolucion del paciente con infarto cerebral.
Los resultados de esta tesis abren nuevas vias de trabajo e investigacién como:

+ Necesidad de estudios detallados de validacién y cualificacién de cada uno de

los diferentes Biomarcadores del infarto cerebral en fase aguda y subaguda.
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+ Importancia del desarrollo de métodos automaticos y estandarizados para

cuantificacion del volumen del infarto en fase aguda.

La importancia y aplicabilidad de los resultados se concreta en varios puntos:

+ Lavalidacion y cualificacion de los blomarcadores radiologicos puede mejorar y

agilizar los futuros ensayos de tratamientos en fase aguda del infarto cerebral

« Potencialidad de la Difusién tensor como marcador surrogado de la evolucion

clinica final en futuros proyectos de investigacion en isquemia cerebral
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