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1. INTRODUCCION






En este apartado se analizan las bases fisicas de la Espectroscopia por
Resonancia Magnética de Protén (ERM 'H) (apartado 1.1.) y los antecedentes
de la ERM "H aplicada al diagndstico de los tumores cerebrales mas frecuentes
(apartado 1.2.). Se muestran, a titulo ilustrativo, espectros promedio
procedentes de la base de datos de ERM 'H del centro del “Institut de
Diagnostic per la Imatge (IDI)” del Hospital Universitario de Bellvitge. Para la
obtencion de estos espectros se ha utilizado una secuencia PRESS de voxel
unico con los siguientes parametros: TR, 2000 ms; TE, 30-32 y/o 136 ms;

amplitud de banda, 1000 Hz; numero de puntos en el espectro, 512.

1.1. Bases biofisicas y bioquimicas de la ERM 'H

Con el descubrimiento del fenémeno de la resonancia magnética (RM)
se inicio la utilizacion de la espectroscopia por resonancia magnética (ERM) en
el campo de la quimica. En la actualidad, la ERM se utiliza de forma rutinaria
para el analisis estructural de los compuestos quimicos. Con los avances
tecnolégicos, la ERM se extendié al campo de la bioquimica como técnica de
analisis estructural de macromoléculas y de las interacciones entre moléculas.
Hoy en dia, estos estudios se pueden realizar en érganos o tejidos de animales
y personas “in vivo”, con la posibilidad de estudiar de forma directa algunos

procesos metabdlicos sin interferir en ellos.
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Existe un alto numero de nucleos atémicos que presentan el fendmeno
de resonancia magnética nuclear. La informacion que se obtiene de cada uno
de ellos es diferente. Con mucho, el nucleo mas utilizado en el estudio del

cerebro ha sido el proton.

1.1.1. Biofisica

1111, Bases  biofisicas. Ley de Larmor. Constante de

apantallamiento. Desplazamiento quimico.

Tanto la obtencién de imagenes por RM (IRM) como la ERM se basan en
la propiedad que presentan ciertos nucleos atomicos para absorber
selectivamente la energia de radiofrecuencia cuando se someten a un campo
magnético (fendmeno de resonancia). El exceso energético que se deriva de
este fendmeno es liberado por los nucleos mediante un proceso de relajacion
nuclear. La frecuencia a la que se produce este proceso, frecuencia de
precesion (f,) (figura 1), es directamente proporcional al valor del campo
magnético efectivo (B) que percibe el nucleo, segun viene definido por la ley de

Larmor:

(@ fp= y. B/ 2 n, donde y es la constante giromagnética del nucleo

considerado y B es el campo magnético efectivo.
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Figura 1. Imagen de un protén
en que se ilustra el movimiento
de precesion

El campo magnético efectivo (B) viene determinado por un campo
magnético externo (Bex), constituido a su vez por el campo magnético
producido por el iman y los gradientes, y un campo magnético “interno”,
denominado campo magnético local (Biocal), que esta inducido por cargas en

movimiento que forman parte de las diferentes moléculas.

(b) B= Bext +Blocal

El Biocal Siempre se opone al campo magnético externo, por lo que ejerce
un efecto de pantalla. Su efecto es que el nucleo perciba un campo magnético
inferior al campo magnético externo. El Bica €S proporcional al campo
magnético externo a través de una constante que recibe el nombre de

constante de apantallamiento (o).

(C) Biocal = - 0. Bext
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En consecuencia:

(d) B=Be(1-0)

Aplicando la formula (d) en (a) obtenemos:

(e) fp= }/. Bext (1'6) /2 T

Dado que 7 es la constante giromagnética, constante para cada nucleo

considerado, y el campo magnético externo (Bex) sera constante para cada
experimento, tenemos que la f, dependera, en ultimo término, de la constante
de apantallamiento (o). Esta constante no dependera unicamente del nucleo
considerado, sino que sera caracteristica para la estructura electronica de su
entorno y en consecuencia sera caracteristica de la molécula en que esté
presente. No seré igual la ¢ del nticleo 'H presente en el grupo metil del lactato
(figura 2) o de la colina (figura 3). En el caso de la colina, el grupo metil se
encuentra adyacente a un atomo de N, que es mas electronegativo que el
atomo de C que se encuentra adyacente al grupo metil del lactato. El atomo de
N, debido a su electronegatividad ejercera cierta atraccion sobre los electrones
del grupo metil adyacente. Este se encontrara mas desposeido de su nube
electronica y, por lo tanto, menos apantallado. En consecuencia, la frecuencia
de resonancia del grupo metil de la colina estara desplazada a valores mas

altos que el grupo metil del lactato (figura 4).



Introduccion

(o4 o

intensidad

0,030 ~

0,025 -

0,020 -

0,015 -

0,010 -

0,005 -

Lact

0,000

-0,005 -

3,5

T v T
2,0 15

frecuencia (ppm)

1,0 0,

5

0,0

Figura 2. Estructura
molecular del lactato.

Figura 3. Estructura
molecular de la colina.
Los protones de sus
grupos  metil  sufren
menor apantallamiento
que los del lactato por la
mayor electronegatividad
del N central.

Figura 4. Espectro en el
que se identifica la
diferente posicion de un
'H incluido en un grupo
metil del lactato (Lact)
respecto otro incluido en
la molécula de colina
(Cho).
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En una representacion del espectro en el dominio de la frecuencia, los
valores del eje x vendran en unidades de Hz. Una forma mas frecuente de
representarlo es en unidades de desplazamiento quimico (5). EIl
desplazamiento quimico del radical “A” respecto a un radical de referencia “R”

viene definido por la ecuacion:

(f) 0 = (fon-for)/for

El valor de esta variable es muy pequefio, y por ello se expresa
multiplicado por 10°, en unidades de partes por millén (o ppm). Esta variable no
tiene dimensién. La principal ventaja respecto a la valoracion en Hz es que el
desplazamiento quimico no depende del campo magnético, unicamente
depende de la constante de apantallamiento. Asi pues, el desplazamiento
quimico identifica el compuesto en el que se encuentra el nucleo, de manera
que la escala de desplazamiento quimico permite la identificacion de los

diferentes compuestos presentes en la muestra analizada.

En la practica para cada nucleo existen una serie de compuestos de
referencia a partir de los cuales se tabula la posicion de los demas. En la ERM
'H, una de las referencias mas utilizadas histéricamente en el terreno de la
bioquimica es el 3-trimetilsilil[2,2,3,3-*H]propionato  sédico (TSP). Este
compuesto no se encuentra en los organismos vivos, pero se ha respetado
como referencia para los estudios ERM "H realizados “in vivo”. A la posicién de

resonancia de este compuesto se le asigna el valor de 0 ppm y su f, se utiliza
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como fyr. La tabla 1 muestra los valores de desplazamiento quimico respecto al

TSP (considerado como compuesto de referencia) para los compuestos mas

frecuentemente encontrados en estudios cerebrales.

Tabla 1. Metabolitos detectables en el cerebro normal y en los tumores
cerebrales, junto con su posicion en el espectro

Metabolito Abreviatura Localizacion Multiplicidad
(ppm)
Lactato Lact 1,35 Doblete
Alanina Ala 1,47 Doblete
Acetato Ac 1,92 Singlete
N-acetil aspartato NAA 2,02 Singlete
Glutamato Glx 2,10 Multiplete
Glutamina Glx 2,14 Multiplete
Glutamato Glx 2,35 Triplete
Succinato Succ 2,42 Singlete
Glutamina Glx 2,46 Triplete
N-acetil aspartato NAA 2,50 Doblete de dobletes
Creatina Cr 3,03 Singlete
Colina Cho 3,20 Singlete
Scyllo-inositol sl 3,35 Singlete
Taurina Tau 3,43 Triplete
Colina Cho 3,52 Triplete
Myo-inositol ml 3,55 Doblete de dobletes
Glicina Gly 3,56 Singlete
Glutamato Glx 3,77 Triplete
Glutamina Glx 3,78 Triplete
Alanina Ala 3,79 Cuadriplete
Creatina Cr 3,93 Singlete
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1.1.1.2. Resumiendo las bases fisicas

Resumiendo, cada atomo devuelve la energia con que ha sido excitado
a una frecuencia determinada (frecuencia de precesion o fy) que no depende
unicamente del atomo estudiado, sino también del compuesto en que se
encuentra. En base a este fendmeno, la ERM 'H identifica los diferentes

compuestos quimicos segun la frecuencia a que precesan.

1.1.1.3. Algunos aspectos adicionales a tener en cuenta

1.1.1.3.1. Seleccion del area a estudiar

Para realizar un estudio de ERM 'H “in vivo” tendremos que identificar

en un primer momento el area que queremos estudiar y posicionar en ella el

“voxel” que nos indica el volumen especifico que vamos a estudiar. Para ello

realizaremos secuencias de IRM que nos proporcionaran imagenes de

referencia (figura 5).

1.1.1.3.2. Homogeneizacioén del area a estudiar

Constituye un paso de especial importancia en la preparacion previa a la

obtencion del espectro. Consiste en modificar los gradientes de manera que el

10
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Figura 5. Imagen de IRM en que se muestra el
posicionamiento del voxel. En este caso se
encuentra localizado en sustancia blanca normal
parietal izquierda

campo magnético externo al que estan sometidos los diferentes compuestos
sea lo mas similar posible. En la formula “fo= y . Bext . (1-0) / 2 7', si
conseguimos que todas las moléculas estén sometidas a un Bex idéntico, o
muy similar, las diferencias de precesion entre ellas seran debidas unicamente
al apantallamiento, o lo que es lo mismo, a su entorno eléctrico. Si el campo
magnético no es homogéneo, el Bex €n una localizacion “A” sera diferente del
Bext €n una localizacion “B”, y parte de las diferencias en las frecuencias de
precesion entre protones de moléculas localizadas en los puntos “A” y “B”
seran debidas a la diferencia del Bexx y no uUnicamente a diferencias del
apantallamiento. Esto dificultaria o, en casos extremos, impediria la
identificacién del compuesto dado que puede llegar a producir un solapamiento

de las resonancias del espectro.

11
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1.1.1.3.3.  Supresién de la senal del agua

Es otro de los pasos de preparacion. Es necesario debido a que el agua
es el compuesto mas abundante en el parénquima cerebral con mucha
diferencia. Su concentracién es aproximadamente entre 10* y 10° veces la del
resto de compuestos, de manera que nos los enmascararia. Existen diferentes
métodos para suprimir la sefal del agua. En los estudios de esta tesis se ha
utilizado un método que consiste en enviar un pulso de radiofrecuencia a la
frecuencia de resonancia especifica del agua, que satura y reduce al maximo
su sefal. La figura 6 muestra dos registros obtenidos con los mismos

parametros en un voluntario sano sin (a) y con (b) supresion de agua.

1.1.1.3.4. Obtencion del espectro del voxel seleccionado. Constituciéon

del espectro

Para obtener la sefal del voxel el aparato de resonancia envia una serie
de pulsos que excitan selectivamente los 'H del area de interés seleccionada, y
recibe la sefal enviada por los mismos al relajarse, por medio de una antena
receptora. Este proceso se repite un numero de veces determinado y el
resultado final sera el promedio de la senal obtenida con todos los pulsos. Con
ello, se obtiene una grafica que nos muestra la evolucién de la sefal (corriente
eléctrica) respecto al tiempo (figura 7), denominada FID (“free induction

decay”).

12
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Figura 6. Espectro obtenido
en parénquima normal sin
(a) y con (b) supresion de
agua. Ampliada se muestra
el area comprendida ente 4
y 2 ppm. Nétese una mejor
resolucién de los picos en el
espectro con supresion de
agua, asi como mejor
relaciéon sefal/ruido y menor
repercusion de la cola del
pico de agua sobre el area
de interés.

Figura 7. FID del espectro
mostrado en la figura 6b. La
grafica muestra la
intensidad de la senal
obtenida en relacién al
tiempo

13
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La informacién que nos ofrece la FID esta constituida por la suma de las
sinusoides de relajacién de los multiples protones incluidos en el voxel (figura
8). Mediante el procesado y analisis de la FID se pretende evaluar el numero

de sinusoides que la componen y la amplitud de cada uno.

La amplitud de la sinusoide esta relacionada con la concentracion de
nucleos y la frecuencia de cada una de ellas viene determinada por el campo
magnético efectivo que recibe cada uno de los componentes (que dependera

de su constante de apantallamiento, ver apartado 1.1.1.1.).

1.1.1.3.5. Influencia del tiempo de eco sobre el espectro

Para optimizar la adquisicion del espectro se pueden variar diferentes
parametros. La modificacion de estos parametros influira no sdélo en la
apariencia del espectro, sino también en la informacién que puede ser extraida.
Uno de los mas relevantes es el tiempo de eco (TE). En la actualidad, el TE
usado “in vivo” por la mayoria de grupos varia entre 18 ms y 288 ms. A este
respecto, se habla de estudios con TE corto o largo, utilizando la mayoria de
estudios con TE corto un TE entre 18 y 45 ms, y los estudios con TE largo
entre 120 y 288 ms. Se han aducido diferentes argumentos a favor y en contra
de cada opcion. Un TE largo permite observar un numero reducido de
metabolitos con menor distorsién de la linea de base. El resultado es un

espectro mas sencillo de procesar, analizar e interpretar. Con TE de alrededor

14
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Figura 8. Proceso de formacion del espectro. Espectros obtenidos mediante un programa
especifico que permite simular espectros (programa jMRUI). La figura 8e muestra una FID que
seria la resultante de la suma de las FIDs mostradas en 8a y 8c. Al realizar la transformada de
Fourier (TF) de esta FID obtenemos la figura 8f, que nos da una representacion del espectro
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el resultado de la suma de las figuras 8b (TF de 8a) y 8d (TF de 8c). Esta nos permite

identificar mejor la presencia de dos compuestos (A y B) y sus intensidades que la figura 8e.
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de 136 ms los dobletes de alanina y lactato se encuentran invertidos, siendo
mas sencillo diferenciarlos de lipidos y otras macromoléculas. Por otro lado, en
TE corto son visibles un mayor numero de resonancias debido a que la sefial
de compuestos con fuerte modulacién puede perderse a TE largo. De esta
manera, es necesario un TE corto para mejor valoracion de algunos
compuestos como por ejemplo lipidos, myo-inositol, glutamina o glutamato. La
influencia del TE en la clasificacion de tumores cerebrales “in vivo” no ha sido
estudiada en profundidad, y no existe una decision unanime sobre el TE a ser

utilizado con este fin.

En los trabajos de esta tesis se ha utilizado secuencias con TE largo
(136 ms) porque:
- producen mejor diferenciacién entre lactato, alanina y lipidos
- probablemente existe un significado diferente en la observacién de lipidos a
TE largo respecto a TE corto
- la cuantificacién es mas sencilla y por lo tanto se ha considerado que los
resultados deberian ser mas reproducibles
- el hecho de ser mas sencillo de analizar, cuantificar e interpretar puede

condicionar una aplicacion mas satisfactoria en la practica clinica.
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1.1.1.3.6. Secuencias de voxel unico frente a secuencias multivoxel.

Dentro de las técnicas de espectroscopia, se puede elegir entre
secuencias de voxel unico y secuencias multivoxel. Las secuencias multivoxel
presentan la ventaja de poder estudiar en una misma sesion las caracteristicas
metabdlicas de multiples voxels. En una primera valoracion, esto las haria de
eleccion en cualquier situacion. No obstante, presentan una serie de
inconvenientes a tener en cuenta para estudiar tumores cerebrales. En primer
lugar, cuanto mayor es el area a estudiar, mayores son las dificultades técnicas
para obtener un registro de calidad. A efectos practicos, la calidad del registro
sera menor, tanto en relacion sefal/ruido, como en homogeneidad del campo y
definicion de los picos. En segundo lugar, el tiempo de adquisicion es mayor en
las secuencias multivoxel. En tercer lugar, el método de localizacién que
utilizan estas secuencias es menos preciso que en secuencias de voxel unico,
con pérdida de sefal por el método utilizado, y contaminacion desde voxels
vecinos. Por ultimo, el procesamiento de los registros es mas largo y esta
menos automatizado. En la practica, cuando la region a estudiar esta
claramente definida sera de eleccion la realizacion de secuencias de voxel
unico por su mayor calidad y rapidez en cuanto a obtencién y procesado.
Cuando se desea valorar diferentes regiones a la vez o el area a estudiar no
esta claramente definida (seguimiento de tumores cerebrales post-tratamiento,
guia para biopsia estereotactica por ERM) seran de eleccion las secuencias

multivoxel al obtener una mejor valoracion espacial.

17



Introduccion

En esta tesis se han utilizado secuencias de voxel unico por su mayor
rapidez, su mas sencillo andlisis y la mejor calidad del espectro obtenido. Se ha
considerado que estos factores harian estas secuencias de mas facil
introduccion en la practica clinica. No obstante, el conocimiento obtenido
usando este tipo de secuencias deberia ser extrapolable a secuencias

multivoxel.

1.1.1.4. Procesamiento de los espectros de esta tesis

Para el analisis de los espectros de esta tesis se ha realizado una
cuantificacion de intensidad considerando &reas reconstruidas usando el
programa MRUI (1), accesible a través de http: www.carbon.uab.es/mrui. Este
programa calcula la intensidad de cada resonancia en el dominio del tiempo.
Para ello es necesario introducir previamente la posicion y amplitud aproximada

de la resonancia a estudio.

1.1.2. Metabolitos presentes en los espectros de tumores

Una vez obtenido y procesado el espectro, se puede relacionar cada

resonancia en el espectro con un metabolito en el tejido, y la cantidad de este

compuesto se puede valorar segun el area de la resonancia. A continuacién se

describe la informacién que aportan diferentes metabolitos que se pueden
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observar en un espectro de protdn de tumores y que han sido utilizados en el

analisis de los espectros:

0,9 y 1,3 ppm- Lipidos (Lip)- Originan resonancias relativamente anchas
que son debidas a los grupos metil y metileno, respectivamente, de la
cadena de acidos grasos. Pueden originar otras sefiales menores entre 2-
2,5y 5-6 ppm. Se han relacionado con la presencia de necrosis (2) y se
proponen como criterio de malignidad, sobre todo si aparecen en espectros

registrados con un TE largo.

1,35 ppm- Lactato (Lact)- Proporciona informacion sobre el grado de
metabolismo aerobio-anaerobio de la region. En condiciones normales no
se detecta en el parénquima cerebral. Su presencia indica que la
respiracion oxidativa normal en el metabolismo celular se encuentra
alterada y que los carbohidratos estan siendo catabolizados por la via
anaerobia. Esta situacion se da en lesiones altamente celulares vy
metabdlicas que han crecido por encima de lo que su aporte vascular les
permite. También se encuentra en lesiones quisticas o necréticas debido a
la dificultad de lavado del lactato. Aumenta en lesiones de alto grado, pero
su correlacion con el grado tumoral (3) o con el metabolismo tumoral

valorado por PET (4) no es buena.

1,47 ppm- Alanina (Ala)- Es un aminoacido no esencial que ha sido

detectado en meningiomas.
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2,02 ppm- N-Acetil Aspartato (NAA) y otros compuestos N-acetilados
(NACC)- Es la resonancia mas intensa que se observa en la ERM 'H del
parénquima sano. Diversos estudios sugieren que estos compuestos estan
presentes de manera especifica en la neurona del cerebro de personas
adultas, y que seria un marcador especifico neuronal (5, 6, 7). Una
disminucién de NAA se ha observado en enfermedades que presentan
pérdida de neuronas o axones (demencia, placas antiguas de EM,
isquemia, Esclerosis Mesial, tumores -especialmente cuando son de origen
extraaxial-). Una segunda resonancia de los NACC, menos prominente, se
puede encontrar en 2,50 ppm. Respecto a esta especificidad de NAA vy
NACC como marcador neuronal, hay que tener en cuenta la presencia de
cierto componente de GIx en esta region del espectro, con lo cual, en
determinadas situaciones no hay que confundir la presencia de resonancia
en 2,02 ppm con presencia de NAA, lo que nos podria llevar a descartar
erroneamente algun diagnéstico o a atribuir la presencia de esta

resonancia a contaminacion externa.

2,1-2,4 ppm- Glutamina y glutamato (GIx)- Originan también una serie de
sefales en la region 3,6-3,8. Se valoran mejor a TE corto. Son dificiles de
separar a un campo magnetico de 1,5 T. Parece existir dos “pools” de
glutamina y glutamato, relacionados con el componente neuronal y el glial.
El compuesto que presenta mayor correlacién con los procesos patoloégicos

es la glutamina. Diversos estudios sugieren considerar la glutamina como
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marcador glial. No obstante, Glx aumentado es un prominente hallazgo de

los meningiomas.

3,03 ppm- Creatina y fosfocreatina (Cr)- Presentan una segunda resonancia
en 3,90 ppm. Estan relacionadas con la capacidad energética del cerebro, y
se han considerado marcadores de los sistemas dependientes de energia
en las células del SNC. Es la resonancia con menor variabilidad del cerebro
y se ha utilizado a modo de referencia interna, normalizando los valores de
NAA y Cho como ratios de estas resonancias respecto a la Cr (NAA/Cr,
Cho/Cr). No obstante, disminuye en tumores cerebrales, ya sea por
existencia de un bajo nivel energético o, en el caso de tumores secundarios,

por originarse de células que no contienen este compuesto (8, 9, 10, 11).

3,20 ppm- Derivados de la colina (Cho)- Esta resonancia presenta
contribuciones de diferentes metabolitos como son colina libre,
fosforilcolina, glicerofosforilcolina y fosfatidilcolina. Refleja metabolismo de
recambio celular y estd aumentada en procesos que producen
hipercelularidad. Aunque se ha relacionado con la mielina (se considera que
el origen de estos metabolitos seria a partir de productos de destruccién de
la mielina), su concentracion en sustancia blanca es solo ligeramente mas
alta que en la sustancia gris. Se ha observado que varia tanto en procesos
locales como sistémicos, con lo que también existiria cierta contribucion
extracerebral, probablemente hepatica, en la concentracion y composicion

del pico de colina. Se ha correlacionado los niveles de colina in vivo con el
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potencial de proliferacion tumoral, determinado por el analisis
inmunohistoquimico de biopsias utilizando Ki-67 para gliomas (12, 13). Esto
daria soporte a la idea de que la Cho se correlaciona directamente con
malignidad. No obstante, debe notarse que los meningiomas pueden

mostrar niveles de Cho superiores a los gliomas de mayor grado.

e 3,55 ppm- Myo-inositol (ml)- Es un azucar que forma parte de un tipo de
lipidos, fosfatidilinositol y de un grupo de mensajeros, los inositol
polifosfatos. Se le otorga un papel como osmolito y se ha sugerido como
marcador de astrocitos. Se encuentra aumentado en astrocitomas de bajo
grado y disminuido o ausente en tumores no gliales. Un aumento en la
sefial de ml se ha descrito como caracteristico de hemangiopericitomas

frente a meningiomas, los cuales presentan ml bajo o ausente.

e 3,56 ppm- Glicina (Gly)- Su sefnal se superpone a la del ml. Se ha descrito

aumentada en los glioblastomas multiformes.

Para terminar este apartado se quiere subrayar que la correlacion
resonancia-metabolito no es exacta. Diferentes protones en un mismo
compuesto pueden presentar resonancias en diferentes localizaciones del
espectro (ver tabla 1). De igual modo, 'H procedentes de diferentes
compuestos se pueden superponer en un mismo area del espectro, de manera

que la correlacién directa entre resonancia y metabolito requiere de ulteriores
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estudios “in vitro”. Un ejemplo lo tendriamos en los compuestos ml y Gly. Esto

constituye una limitacion que se debe tener en cuenta al analizar un espectro.

1.2. ERM 'H en el estudio de tumores cerebrales

1.2.1. Antecedentes

Con el desarrollo de técnicas de ERM 'H apropiadas para su utilizacion
“in vivo”, la informacion bioquimica que aporta la ERM 'H se ha ido
combinando, cada dia con mayor frecuencia, a la informaciéon morfolégica que
aporta la IRM. La accesibilidad actual de paquetes de software de
espectroscopia ha incrementado su uso en situaciones clinicas cotidianas. En
la actualidad, se pueden obtener estudios ERM 'H en la mayoria de equipos de
resonancia con una duracion cada vez mas ajustada. Por lo tanto, los estudios
de ERM 'H pueden ser afiadidos en los estudios de RM convencional sin
grandes inconvenientes. Uno de los terrenos en que la ERM "H ha ido ganando

mas terreno ha sido el del diagndstico de tumores cerebrales.

1.2.2. Interés de la ERM 'H en el diagnéstico de tumores cerebrales

Para un manejo 6ptimo de los pacientes afectos de tumor cerebral, es

necesario disponer de un diagnéstico lo mas exacto posible. La IRM puede
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proporcionar un diagnostico inicial de las masas cerebrales con una exactitud
diagnostica de entre 30 y 90% dependiendo del tipo de tumor (14, 15). La
anatomia patologica (AP) sigue siendo considerada el “gold standard” para
determinar el diagndstico definitivo, por lo que la biopsia del tumor sigue siendo
necesaria. No obstante, la mortalidad descrita en la realizacién de biopsias es
del 1,7% (16). En un estudio de 550 pacientes a los que se practicé biopsia
estereotactica, Yu y colaboradores (14) encontraron que un 8% presentaban
procesos inflamatorios o abscesos, un 2,2% presentaban otro tipo de lesiones,
un 3,4% fueron biopsias no diagnésticas, y un 8% padecieron complicaciones.
Un método no invasivo, como lo es la ERM 'H, que permitiera predecir con
exactitud el tipo de lesiones, podria evitar biopsias en procesos no tumorales o
tumores poco accesibles que serian tributarios de radio-quimioterapia mas que

de reseccion quirurgica.

1.2.3. Limitaciones en la correlacion entre ERM 'H y anatomia patoldgica.

Dado que la AP es la referencia para el diagnostico de los tumores
cerebrales, los resultados de la ERM 'H se tendran en cuenta segun su
correlacion con la AP. Cualquier dificultad en establecer esta correlacion
correctamente, sea derivada de la AP o de la ERM 'H, redundara
negativamente en los resultados atribuidos a la ERM 'H. Estas limitaciones
explicaran también parte de las discrepancias entre estudios, segun la técnica

utilizada para la ERM "H (posicionamiento del voxel, imagenes de referencia
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pre o postcontraste, técnica de voxel unico o multivoxel) y para la AP (biopsia

estereotactica, reseccidon parcial, reseccion total). Existen varias limitaciones a

considerar:

1.

Los tumores pueden ser muy heterogéneos y su espectro puede contener
informacion de multiples compartimentos de tejido (17): células tumorales
viables, areas de necrosis, areas quisticas, tejido normal (infiltrado). Cada
compartimento aporta un tipo determinado de informacién que condiciona
la clasificacién, por lo que debe tenerse muy en cuenta en base a que

componente se ha elaborado cada clasificador antes de aplicarlo.

Células de diferente grado tumoral pueden coincidir en un mismo tumor
(18). El espectro de un voxel de determinado volumen (1 cm® — 8 cm®) nos
proporcionara el espectro promedio de ese volumen, mientras que el
diagndstico AP considerara el mayor grado detectado en la muestra,

aunque represente unicamente una pequefa proporcion del voxel (figura 9).

El diagndstico histopatolégico de una pequefia muestra del tumor obtenida
por estereotaxia puede no ser representativa de la totalidad del tumor
(figura 10). No se trata de una limitacion de la ERM "H sino de la técnica
quirtrgica y/o la AP pero condicionara un diagnostico por ERM 'H diferente

del anatomopataldgico, que sera considerado incorrecto.
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AA

Figura 9. El espectro proporciona una valoracion promediada del
contenido total del voxel. En el caso ilustrado el espectro sera propio de
astrocitoma de bajo grado (ABG), infravalorando el grado del tumor
(limitacién 2). AA, astrocitoma anaplasico.

BIOPSIA

Figura 10. La muestra obtenida por estereotaxia puede no dar una
valoracion exacta del grado tumoral. En el caso ilustrado el espectro sera
de astrocitoma anaplasico (AA), mientras el diagndstico de la biopsia sera
de astrocitoma de bajo grado (ABG) (limitacion 3). El diagnéstico por ERM
'H sera considerado incorrecto al no coincidir con la anatomia patoldgica.
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4. Lo mismo sucede con la muestra obtenida del voxel seleccionado para la
realizacion de ERM 'H. El espectro obtenido puede no correlacionarse con
el diagndstico AP por no haber estudiado el area de mayor grado. Se trata
de una limitacion propia de las técnicas de voxel unico que queda
minimizada en las técnicas multivoxel, en que la totalidad del tumor queda

incluida en el estudio (19, 20, 21) (figura 11).

Figura 11. La muestra incluida en el voxel para espectroscopia puede no
ser demostrativa del mayor grado tumoral (limitacion 4). AA, astrocitoma
anaplasico; ABG, astrocitoma de bajo grado.

5. Una ultima limitacion viene derivada también de la AP. Algunos estudios
han demostrado discrepancias en el diagndstico emitido por diferentes
anatomopatélogos sobre una misma muestra (22). Estas discrepancias

revertiran en los resultados obtenidos para la ERM "H.
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A pesar de estas limitaciones, hay patrones de espectroscopia que se
han demostrado caracteristicos de determinados tipos tumorales, y diferentes
técnicas estadisticas se han mostrado capaces de relacionar determinados
patrones de ERM 'H con determinados grupos tumorales (8, 19, 20, 23, 24, 25,

26).

1.2.4. Diferenciacion parénquima cerebral normal / tumor

La ERM se ha demostrado util para distinguir entre parénquima cerebral
normal y tumores cerebrales (5, 27, 28, 29). Las principales caracteristicas
descritas en los tumores cerebrales son: descenso de NACC (30), descenso de
Cr, aumento de Cho, aumento de Gly/ml (30), presencia de Lact, aumento de
GlIx (31) y presencia de resonancia de lipidos en diferentes proporciones (5, 17,
30, 32, 33, 34, 35, 36, 37, 38). El descenso de NACC expresaria la reduccion o
ausencia de neuronas y axones en la mayoria de tumores, mas marcada en
tumores extraaxiales. La disminucién de Cr es un hallazgo inconstante en
tumores, que se ha asociado a un status de baja energia, o al origen celular de
tumores metastasicos en células que no contienen Cr. La elevacion de Cho es
un hallazgo muy prevalente en tumores. Se ha justificado por la proliferacion de
las membranas celulares. El lactato apareceria a partir de su acumulacién en
areas quisticas y necréticas, o a partir de sobreproduccién en tumores con una

alta ratio de glicolisis y activacién de la via anaerobia. De su origen se justifica

28



Introduccion

que su distribucion en el tumor sea heterogénea. Los lipidos se han asociado a

areas de necrosis.

Un aspecto de mayor dificultad es la distincion entre tumor y proceso
patolégico no tumoral (procesos inflamatorio-infecciosos, infarto subagudo,
Esclerosis Multiple). La figura 12 muestra dos lesiones de aspecto tumoral en

que la ERM 'H aporté informacién util para su diferenciacion.

De todos modos, el papel de estos metabolitos en el diagndstico de una
lesion como tumoral debe ser valorado con cautela. En un estudio realizado
con 241 pacientes con sospecha de neoplasia, 6 de los que mostraron un
patrén de ERM 'H tumoral resultaron corresponder a astrogliosis reactiva en la
AP (39). En este estudio se sugirié que el aumento de Cho en estos casos
podria ser debido a proliferacién de elementos celulares del sistema inmune y
astroglia. A pesar de que los cambios espectroscépicos asociados a gliosis son
una moderada elevacién de Gly/ml y Cho, con moderada reduccién de NACC,
una gliosis reactiva severa puede llevar a cambios que pueden ser confundidos
con un tumor de bajo grado (30, 40). Mas alla de la semana de evolucién,
algunas lesiones isquémicas se pueden confundir con tumores por ERM 'H (9).
Un tercer motivo de falso positivo pueden ser algunas formas pseudotumorales

de EM (41, 42, 43).

29



Introduccion

0,01

0,008 4

0,006 4

0,004 4

intensidad

0,002 4

b—0.002 4
frecuencia (ppm)

Lact

0,06 Cho
0,05 -

0,04

intensidad

-0,01 -
d frecuencia (ppm)

Figura 12. La figura muestra dos imagenes de aspecto tumoral (a y c) y los espectros
respectivos obtenidos a TE de 136 ms (b y d). En el primer espectro (b) se aprecia discreta
reduccién de la resonancia de NACC con minimo aumento de la ratio Cho/Cr. Este patrén no
permite sugerir un origen tumoral. En el segundo caso el espectro (d) es mas claramente
tumoral, con marcada reduccion de NACC y marcado aumento de la ratio Cho/Cr. En el primer
caso la anatomia patologica no detecté tumor, y la evoluciéon de las imagenes confirmé una
lesion pseudotumoral. En el segundo caso el estudio histolégico confirmé la presencia de un
astrocitoma de bajo grado.
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Figura 13. Falso positivo de la ERM 'H para tumor de bajo grado en un caso de Esclerosis
Mudltiple. La figura (a) muestra una lesidon focal temporal izquierda de aspecto tumoral en la
secuencia potenciada en T2. El espectro obtenido con TE de 136 ms muestra un significativo
aumento de la ratio Cho/Cr y Cho/NACC (superior a 2) que sugiere una tumoracion de bajo
grado. El diagndstico definitivo fue Esclerosis Multiple.

1.2.5. Tumores gliales. Diferenciacion del grado tumoral

Los hallazgos descritos como tipicos de los astrocitomas incluyen una
reduccion del nivel de NACC, moderada reduccion de niveles de Cr y elevaciéon
de Cho (figuras 14, 15 y 16) (3, 27, 44). Mdultiples estudios han analizado la
capacidad de la ERM para distinguir entre diferentes grados tumorales en

astrocitomas y han propuesto diferentes marcadores:

1.2.5.1. Incremento de los compuestos derivados de la colina con el

grado tumoral

En multiples trabajos se ha afirmado correlacién directa entre el area de

Cho y el grado tumoral en tumores astrociticos (8, 12, 28, 32, 33, 45, 46, 47,
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48, 49). No obstante, este incremento lineal con el grado no se ha constatado
en todos los estudios. Es un hecho prevalente que los niveles de Cho en
astrocitoma anaplasico son mayores que en astrocitoma de bajo grado, pero
diversos estudios han encontrado niveles de Cho menores en glioblastoma que
en astrocitoma anaplasico (8, 21, 31, 45, 46). Puede ser debido a predominio
en el voxel de areas necroticas sobre areas celulares proliferativas. Esto
explicaria también la variabilidad presente entre estudios, dependiendo de la
estrategia utilizada para posicionar el voxel sobre el tumor, y cierta
discordancia entre estudios practicados “in vitro” e “in vivo”, dado que los

primeros solo consideran areas de tumor viable no necraético.

1.2.5.2. Papel del lactato en la gradacion de tumores

También se ha sefalado la presencia de lactato como indicador de alto
grado tumoral (3, 5, 27, 28, 29, 45, 47, 50, 51, 52, 53, 54). La justificacion del
aumento de lactato con el grado tumoral seria que el aumento de la actividad
metabdlica desplazaria el metabolismo celular hacia la via anaerobia,
provocando depdsito de lactato. Otros estudios han demostrado gran
variabilidad en la cantidad de lactato (3), que se justifica porque la presencia de
este metabolito no depende unicamente de su produccion por parte de las
células, sino de la capacidad de lavado del mismo. De este modo se

acumularia en areas quisticas o con mala llegada del arbol vascular (45).
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1.2.5.3. Papel de los lipidos en la gradacién de tumores

Los lipidos se han relacionado con areas de necrosis, y por tanto se
encontrarian en tumores de alto grado tumoral (2, 32, 45). Serian pues
indicadores de alto grado tumoral y se encontrarian presentes en
glioblastomas. Se han descrito en diferentes proporciones en astrocitomas
anaplasicos dependiendo de los estudios. Con respecto a los glioblastomas,
algunos grupos han distinguido entre glioblastomas con lipidos y glioblastomas
sin lipidos de cara a su clasificacion (33, 55), y han intentado correlacionar

estos dos patrones con el grado de actividad tumoral.

1.2.5.4. Papel del Myo-Inositol y la glicina en la gradaciéon de tumores

Estos compuestos resuenan aproximadamente en la misma posicion del
espectro (3,55 — 3,56 ppm), de manera que no es posible diferenciarlos
unicamente por su posicion. Se ha descrito un descenso del Myo-inositol con el
grado tumoral (8, 31, 56, 57). Por otro lado, estudios “in vitro” han detectado un

aumento de la cantidad de glicina en glioblastoma (31, 58).

Con respecto a estos marcadores, cabe destacar que existe una

significativa superposicion entre grados tumorales, probablemente debido a las

limitaciones descritas en el apartado 1.2.3.
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Figura 14. Registro
promedio a TE corto a partir
de 12 astrocitomas de bajo
grado (a), 16 astrocitomas
anaplasicos (b) y 54
glioblastomas (c).
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Figura 15. Registro
promedio a TE largo a partir
de 12 astrocitomas de bajo
grado (a), 16 astrocitomas
anaplasicos (b) y 54
glioblastomas (c).
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1.2.6. Meningiomas

Figura 16. Superposicion de
los espectros promedio de
tumores gliales para TE corto
(a) y TE largo (b). La presencia
de lipidos es caracteristica de
glioblastoma. Los valores de
Cho son mayores en
astrocitoma anaplasico que en
bajo grado, y mayores en
ambos que en glioblastoma.
Noétese aumento de Gly/ml a
TE corto en astrocitoma de
bajo grado.

Los meningiomas constituyen un grupo de tumores sobre los que se han

descrito diferentes hallazgos caracteristicos:
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1.2.6.1. N-Acetil Aspartato y otros compuestos N-acetilados en

meningiomas

Dado que los meningiomas se originan fuera del parénquima neuronal,
en teoria no deberian contener NAA (27). Sin embargo, en la practica clinica es
frecuente observar resonancia en 2,02 ppm en el espectro, que en teoria
deberia corresponder a NAA (figura 17). Diferentes argumentos se han
aportado para explicar este hecho. En primer lugar se atribuy6 a contaminacion
de tejido no meningiomatoso, por mal posicionamiento del voxel o mala
delimitacién del mismo (3). Esta explicacion en muchos casos no es factible. En
la actualidad esta resonancia se atribuye a otros tipos de compuestos N-
acetilados, diferentes de NAA (59). De todos modos, es prevalente una

marcada reduccion del pico centrado en 2,02 ppm (NACC) en meningiomas.

1.2.6.2. Compuestos derivados de la colina y creatina-fosfocreatina

en meningiomas

En meningiomas, la sefal de Cho estd marcadamente aumentada.

Existe también una marcada reduccion en la sefal de Cr, hecho que se ha

confirmado en estudios realizados “in vitro” (60).
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1.2.6.3. Lactato y alanina en meningiomas

El Lact y la Ala también pueden estar elevadas en algunos

meningiomas. De momento no hay explicacion para este aumento de Ala, pero

parece ser un hallazgo prevalente y caracteristico (figura 17) (3, 27, 28, 34, 50,

6
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Introduccion

1.2.6.4. Glutamina y glutamato en meningiomas

Se ha detectado también un aumento de GIx en extractos de
meningioma (46). Este dato se ha mostrado de utilidad para diferenciar “in vitro”
entre meningioma y astrocitoma (31). Un hallazgo referido recientemente como
caracteristico de meningiomas ha sido una elevacion de glutation en

resonancias alrededor de 2,36; 2,9; 3,4y 3,78 ppm (62).

A pesar de que estos hallazgos parecen ser muy prevalentes y
reproducibles, su aplicacion en el diagnoéstico de meningiomas no ha sido

analizada en profundidad en un estudio clinico.

1.2.7. Metastasis

En presencia de una lesion unica es clinicamente importante distinguir
entre tumor cerebral primario y secundario. Esta diferenciacién es
frecuentemente dificil (si no imposible) sin histologia. La mayoria de las
metastasis muestran de moderada a marcada reduccion de NACC, reduccién
de Cr y elevados niveles de Cho (figuras 18 y 19). Estos hallazgos son
idénticos a los de algunos astrocitomas. Frecuentemente las metastasis
pueden contener lipidos y lactato, al igual que ocurre con tumores gliales de
alto grado, atribuido a la presencia de areas de necrosis intratumoral (3, 50, 63,

64, 65). El estudio de los patrones espectrales en base al origen del tumor
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de 32 metastasis a TE corto
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cantidad de lipidos en las
posiciones de 09 y 1,3
ppm.

primario no ha detectado diferencias suficientemente significativas (66).

Diferentes hallazgos se han propuesto para diferenciar entre metastasis y

glioblastoma por diferentes grupos, sin que ninguno haya sido confirmado

hasta la fecha: aumento de GIx en metastasis (67), aumento de la relacion Lip

1.3/Lip 0.9 en metastasis (8) ausencia de Cr en metastasis (10). Se ha sugerido

ausencia de NACC como caracteristico de metastasis, dado que este tumor se

origina fuera del cerebro. La mayoria de trabajos no han encontrado.
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este hallazgo, de manera similar y con explicaciones

también similares a como sucede en el caso de los meningiomas (apartado

1.2.6.1)
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1.2.8. Tumor Neuroectodérmico Primitivo (TNEP)

Son tumores mas frecuentes en nifios. Estos tumores muestran
incrementos de Cho superiores a los encontrados en astrocitomas y
ependimomas (68). Se han detectado también patrones caracteristicos de myo-

inositol, taurina, glutamina y glutamato, de interpretacion incierta (figura 20) (31,

69).
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2.1. Hipétesis de trabajo. Interés de la tesis

La ERM "H, como técnica que valora los cambios bioquimicos en los
tejidos, deberia proporcionar informacién util para diferenciar los distintos

grupos tumorales, a partir de sus caracteristicas bioquimicas.

La informacion proporcionada por la ERM 'H deberia poder ser aplicada
en la practica clinica para diferenciar entre tipos tumorales “in vivo”. Para ello

€s necesario:

1. Conocer el patron espectral en ERM 'H de cada grupo tumoral.

2. Conocer que variables espectroscépicas diferencian mejor los diferentes
grupos.

3. Disponer de un método que aplique estas caracteristicas diferenciales
en la clasificacién de tumores cerebrales.

4. Conocer los resultados esperados, y si éstos justifican la utilizaciéon de la

ERM "H en tumores cerebrales.

La mayor parte de trabajos previos, tal como se ha visto en la
introduccién, se han centrado en el punto 1, con escaso desarrollo de los
puntos 2, 3 y 4. Esta tesis enfoca el tema de la clasificacion de tumores

cerebrales en la practica clinica incidiendo sobre los cuatro puntos.
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Por otro lado existe significativa dispersion de resultados, e incluso
resultados contradictorios, entre los diferentes trabajos. Esto se puede explicar
por diferentes razones: gran variabilidad de parametros para realizar el estudio
ERM, diferentes estrategias de posicionamiento del voxel, diferentes matices
en la valoracion del “gold standard” (anatomia patoldgica), diferentes
prevalencias de subtipos tumorales, variabilidad intrinseca de patrones
espectrales en los diferentes grupos tumorales. Esto justificaria el interés de
desarrollar completamente el punto 1 en esta tesis, dado que la experiencia
previa no esta suficientemente validada para su aplicacion directa (de hecho en
algunos casos es contradictoria). Justificaria también la necesidad de elaborar
un método de clasificacion ductil que pueda ser adaptado a la variabilidad de

resultados en diferentes grupos de estudio.

Dada la diferente prevalencia de los tumores cerebrales, se han

planteado dos enfoques para la clasificacion del total de tumores:

1. En primer lugar se ha considerado un nucleo de tumores constituido por los
cinco grupos mas frecuentes: meningioma, astrocitoma de bajo grado,
astrocitoma anaplasico, glioblastoma y metastasis. En nuestra experiencia,
este grupo de tumores constituye aproximadamente un 85 % del total. Para
este grupo se ha considerado necesario un método que clasifique cada
caso en uno de los cinco grupos en un unico procedimiento, respondiendo a

la pregunta “; el tumor estudiado corresponde con mayor probabilidad a un
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2.2,

meningioma, astrocitoma de bajo grado, astrocitoma anaplasico,

glioblastoma o metastasis a partir de sus hallazgos espectroscédpicos?”

El diagnéstico del resto de tumores (por ejemplo los tumores
neuroectodérmicos primitivos), con una prevalencia mucho menor, se ha
planteado a partir del diagndstico diferencial entre estos tumores y los del
primer grupo, en procedimientos “de dos en dos”. Este método permite
utilizar la informacion obtenida previamente en los estudios de imagen para
acotar el diagnéstico diferencial y mejorar los resultados en un grupo de

tumores de baja incidencia. Permitiria responder la pregunta “;el tumor
estudiado corresponde con mayor probabilidad al grupo tumoral A o al
grupo tumoral B a partir de sus hallazgos espectroscépicos?”. EI mismo
método permitiria también ajustar el diagnéstico diferencial entre los

tumores del primer grupo en el caso de que se utilice la informacion

obtenida en los estudios de imagen para acotar el diagndstico diferencial.

Objetivos generales

1. Caracterizar el patron espectral de ERM 'H de los diferentes grupos de

tumores cerebrales.

2. Avanzar en la aplicacion de la ERM 'H en el diagndstico clinico de

tumores cerebrales.
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2.3.
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Objetivos especificos

. Caracterizar el patrén espectral de ERM 'H de los tumores cerebrales

mas frecuentes en el adulto (meningioma, astrocitoma de bajo grado,
astrocitoma anaplasico, glioblastoma y metastasis) y las variables

espectroscopicas que mejor diferencian estos tumores entre si (trabajo

1),

. Elaborar un método para aplicar las variables espectroscépicas definidas

en el apartado anterior en el diagndstico de los tumores cerebrales mas

frecuentes del adulto en la practica clinica (trabajo 1).

. Caracterizar el patron espectral de ERM 'H de un tumor cerebral poco

frecuente en el adulto, el tumor neuroectodérmico primitivo (TNEP), e
identificar las variables espectroscépicas que mejor diferencian este
grupo tumoral de los tumores cerebrales mas frecuentes del adulto

(trabajo 2).

. Elaborar un método para aplicar las variables espectroscépicas definidas

en el apartado anterior en el diagndstico del TNEP en la practica clinica
(trabajo 2). Este método servira de base para aplicar la ERM 'H en el

diagndstico de tumores de baja prevalencia.
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5. Elaborar un método para mejorar el diagnostico diferencial del
meningioma con los otros tumores cerebrales mas frecuentes (trabajo
3). Servira de base para aplicar la ERM 'H en el diagnéstico de tumores
cerebrales frecuentes con mejores resultados, cuando el diagndstico por

imagen es sugestivo pero no concluyente.

6. Comprobar la utilidad de la ERM 'H para diagnosticar meningiomas

cerebrales de aspecto radiolégico atipico (trabajo 3).
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En este apartado se resumen los aspectos comunes en cuanto a
Material y Métodos de los tres articulos de esta tesis. En el apartado de
Material y Métodos de cada articulo se podran encontrar mas detalles y

algunas particularidades propias del enfoque de cada trabajo.

3.1. Pacientes

Los trabajos que constituyen esta tesis valoraron retrospectivamente 144
espectroscopias de tumores cerebrales no tratados, que incluian: 37
meningiomas, 18 astrocitomas de bajo grado, 14 astrocitomas anaplasicos, 30
glioblastomas, 11 TNEP y 34 metastasis. Se incluyé 79 varones y 65 mujeres
con edades comprendidas ente los 14 y los 81 afos (media de edad de 54
afnos). Todos los diagndsticos se confirmaron mediante anatomia patolégica,
excepto 10 metastasis en que el diagnéstico se basdé en la presencia de
multiples lesiones intracraneales en pacientes con un tumor primario conocido.
Los estudios fueron aprobados por el Comité Etico de Investigacién Clinica
(CEIC) del Hospital Universitario de Bellvitge (HUB). En todos los pacientes se

obtuvo Consentimiento Informado.
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3.2. Espectroscopia por Resonancia Magnética de Protén

En todos los casos la ERM 'H se afiadi6 al final del estudio de IRM. La
ERM 'H se realizd en el centro del Institut de Diagnostic per la Imatge (IDI) del
Hospital Universitario de Bellvitge en una maquina Philips (ACS-NT, Philips
Medical Systems, Best, Holanda) de 1,5 Teslas. Se utiliz6 una secuencia
PRESS (Point-Resolved Spectroscopic Sequence) de voxel unico con un
volumen de interés de entre 1,5x 1,5x 1,5¢cm® (3,4 mL)y 2 x 2 x 2 cm® (8 mL)
dependiendo del tamaino del tumor. La estrategia para el posicionamiento del
voxel fue la de estudiar el mayor volumen posible del area tumoral sdlida,
evitando areas quisticas, y minimizando la contaminacién por tejido periférico
no tumoral. Para ello se analizaron todas las secuencias disponibles,

incluyendo las obtenidas tras la administracion de contraste endovenoso.

La homogeneidad del campo magnético en el volumen de interés se
optimizd con un sistema automatico de tres bobinas de los gradientes lineales
(X, Y, Z). A continuacion de optimizé la supresion de agua mediante la

aplicacién de un pulso de excitacidon selectiva a la frecuencia del agua.

Los principales parametros utilizados para la realizacion del espectro

fueron:

- Tiempo de repeticion (TR): 2000 ms

- Tiempo de eco (TE): 136 ms
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- Puntos definidos en el espectro: 512
- Amplitud de banda: 1000 HZ

- Excitaciones: 128 a 192 (dependiendo del tamafio del voxel)

El analisis del espectro fue realizado en una consola auxiliar con ayuda
del programa MRUI (1), accesible a través de http: www.carbon.uab.es/mrui.
Este programa calcula la intensidad de cada resonancia en el dominio del
tiempo, que equivale al area en el dominio de la frecuencia. Previamente al
ajuste del espectro se filtr6 el agua residual con el algoritmo de Henkel-Lanczos
(1). Se analizé el espectro en el dominio del tiempo con el método VARPRO
(variable projection method) (1) después de introducir como valores iniciales
una estimacion de la posicion y anchura a media altura de cada una de las
resonancias. Para evitar sesgos por el operador, la cuantificacion de las
resonancias se realizd definiendo siempre todas las resonancias de interés,
incluso cuando éstas eran dificiles de diferenciar del ruido, con el criterio de
que la posterior cuantificacién y analisis deberia detectar diferencias entre ruido

y resonancia real sin influencia del operador.

Se definieron las siguientes resonancias de interés en el espectro:

- Lip 0.9 centrado en 0,90 ppm

- Lip 1.3 centrado en 1,30 ppm

- Lact como un doblete centrado en 1,35 ppm

- Ala como un doblete centrado en 1,47 ppm
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- NACC centrado en 2,02 ppm

- Glx centrado entre 2,10y 2,40 ppm
- Crcentrado en 3,03 ppm

- Cho centrado en 3,20 ppm

- Gly/ml centrado en 3,55 ppm

Cada una de estas resonancias se considerd6 por separado para
cuantificacion y analisis estadistico. La resonancia Cr (3,03 ppm) y/o el agua
(4,75 ppm) fueron seleccionadas como resonancias de referencia para
correccion de posibles desplazamientos en el dominio de la frecuencia.

Los datos obtenidos se normalizaron mediante la férmula “x=
100-x/(NACC?*+Cr?+Cho?)"?* (siendo x; el valor del area original de la
resonancia a normalizar). En el caso de los lipidos (Lip 0.9 y Lip 1.3) se utilizé

la formula “x= 100-x/(NACC?+Cr?+Cho?+Lip 0.9%+Lip 1.3%)"?".

3.3. Analisis estadistico

El analisis estadistico para identificar la presencia de diferencias

significativas entre los diferentes grupos se realizd mediante tests no

paramétricos. Se utilizo el test de Kruskal-Wallis el analisis de cada resonancia

valorando todos los grupos de tumores a la vez. Posteriormente se buscaron
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diferencias entre grupos mediante el test T3 de Dunnett. En el caso de

comparaciones 2 a 2 se utilizo el test de la U de Mann Whitney.

Dado que se analizaron varios procedimientos para cada resonancia, los
valores de la P fueron corregidos utilizando el método de Hochberg. La
definicion de diferencias significativas se realizé sobre los valores de P
corregidos (P*). Diferencias de P* menores de 0,05 fueron consideradas

estadisticamente significativos.

Los analisis estadisticos se realizaron con el programa SPSS (SPSS,

Chicago, lllinois, EUA).

3.4. Métodos para la clasificacion de los tumores

En este apartado existe cierta variabilidad entre los diferentes trabajos,
dado que cada método se adaptd en funcidon a la pregunta que se queria

responder.

En todos los casos se utilizé un algoritmo diagnéstico que clasificaba los
casos nuevos segun el valor de las resonancias que mejor discriminaban entre
grupos tumorales. Para establecer el punto de corte se utilizé un criterio no
paramétrico, como es el limite del percentil del 90 % (o del 10% segun los

casos) de los tumores.
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3.5. Comprobacion de resultados

En los trabajos 1 y 2 se reservé un grupo de tumores como grupo “test”.
De esta manera se desarrollaron los clasificadores utilizando el grupo de
entrenamiento y, una vez establecidos estos clasificadores, se comprobd6 su

funcionamiento en el grupo de test.

En el trabajo 3 se utilizé el método de “dejar-uno-fuera”. Para utilizar este
método se retira un caso de la base de datos, el cual se “deja fuera”. Se
desarrollan los clasificadores sin tener en cuenta el caso, el cual se utilizara
posteriormente como test. Se repite el procedimiento de elaboracién de los
clasificadores tantas veces como casos existen en la base de datos,
reservando cada vez un caso diferente fuera. De esta manera se obtendran

tantas comprobaciones como casos existen en la base de datos.
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NEURO

Proton magnetic resonance spectroscopy
(tH MRS) of human brain tumours:
assessment of differences between tumour
types and its applicability

in brain tumour categorization

Abstract Our objective was to
evaluate the usefulness of proton
magnetic resonance spectroscopy
('H MRS) in categorizing brain tu-
mours. In vivo single-voxel 'H MRS
at an echo time of 136 ms was per-
formed in 108 patients with brain
neoplasms that included 29 meningi-
omas (MEN), 15 low-grade astro-
cytomas (LGA), 12 anaplastic astro-
cytomas (AA), 25 glioblastomas
(GBM) and 27 metastases (MET).
Time-domain fitted areas of nine res-
onances were evaluated in all spec-
tra. Twenty-five additional tumours
were prospectively included as inde-
pendent test set. Differences in at
least two resonances were found in
all pairwise comparisons of tumour
groups except in GBM vs MET.
Large lipid resonance at 1.30 ppm
was found to be characteristic of
GBM and MET, and alanine was
characteristic of MEN. Significant
differences were found between
LGA and AA in choline-containing
compounds and total creatine reso-
nances. When implemented in a
stepwise algorithm, these findings
correctly classified 84% (21 of 25)
tumours in the independent test set.

Introduction

Diagnosis of brain tumours can become a difficult chal-
lenge to clinicians and radiologists in some cases. Non-
invasive diagnosis relies mostly on clinical history and
radiological exams. Using these data, a first diagnostic

Some additional utility was found

in glycine/myo-inositol at 3.55 ppm
for bilateral differentiation between
GBM and MET (9 of 11, 82% cor-
rect classification in the test set).

'H MRS provides useful information
to categorize the most common brain
tumours that can be implemented

in clinical practice with satisfactory
results.

Keywords Magnetic resonance -
Spectroscopy - Brain neoplasms -
Diagnosis - MR

orientation can be given, but histopathological examina-

tion of a biopsy sample is often required before starting

aggressive treatments. This is so even in cases in which
surgical procedures are not the first choice in the final
treatment. In this context, additional information provid-
ed by other non-invasive radiological techniques can be
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of high interest for taking clinical decisions about patient
management and, hopefully in the future, for trying to
avoid some surgical diagnostic procedures.

Proton MR spectroscopy ('"H MRS) is a non-invasive
technique for measuring the biochemical content of liv-
ing tissues that can be performed on most 1.5-T clinical
MR equipment. This technique provides metabolic infor-
mation complementary to the anatomical changes found
in radiological exams which have proved useful in pro-
viding extra information from various brain diseases.
Nevertheless, this information has not been fully inte-
grated yet in most diagnostic protocols of brain tumours.
From a radiological point of view, an important question
is whether 'H MRS can be used as a diagnostic tool in
this field. For this, it is necessary to:

1. Know which findings better differentiate between tu-
mour groups in 'H MRS

2. Have available a user-friendly method to apply these
findings in clinical brain tumour classification

3. Know the results forecasted for this diagnostic tool in
every clinical situation

Our aim was to focus on the potential of this technique to
distinguish among the major types of cerebral neoplasms.
With this purpose, we studied in a quantitative approach
nine major metabolite resonances in single-voxel MR
spectra obtained from brain tumours at long echo time
(136 ms), and compared their values among groups. We
applied our results to the development of an empirical di-
agnostic approach path and we assessed its accuracy for
objectively classifying those tumour groups.

Materials and methods

Patients

We retrospectively evaluated 108 consecutive proton MR spectro-
scopic studies in 108 patients (51 women and 57 men, age range
14-81 years, mean age 54 years) with a variety of intracranial tu-
mours that included meningiomas (MEN; n=29), low-grade astro-
cytomas (LGA; n=15), anaplastic astrocytomas (AA; n=12), glio-
blastomas (GBM; n=25) and metastases (MET; n=27). Twenty-
five consecutive additional tumours (8 MEN, 3 LGA, 2 AA,
5 GBM and 7 MET) were included in a prospective test set with
the aim of assessing the reproducibility of results in an indepen-
dent group of tumours not included in the training set. All neo-
plasms were confirmed pathologically with the exception of 9
MET in which the diagnosis was based on the presence of multi-
ple lesions in patients suffering from a known primary neoplasm.
The maximum diameter of the tumours was measured in order to
assess the possible influence of size in the differences found in 'H
MRS. The study was approved by our institutional review board
and informed consent was obtained from all patients.

Spectroscopy
The 'H MRS was performed before any treatment on a 1.5-T MR

unit (ACS-NT, Philips Medical Systems, Best, The Netherlands)
using a point-resolved spectroscopic sequence (PRESS) with a

volume of interest (VOI) between 1.5x1.5x1.5 cm3 (3.4 ml) and
2x2x2 cm3 (8 ml), depending on tumour size. The standard receiv-
er head coil was used in all cases, and the spectroscopic exam was
incorporated into a routine MR imaging study. The aim was to po-
sition the largest possible voxel within the solid tumoral area,
avoiding areas of cysts, and with minimum contamination from
the surrounding non-tumoral tissue. Automatic shimming of the
linear X, Y and Z channels was used to optimize the field homo-
geneity. The water resonance was set on resonance and the water
suppression pulse was optimized. Proton spectra were recorded
with a repetition time of 2000 ms and an echo time of 136 ms. A
total of 512 data points were collected over a spectral width of
1000 Hz. Four dummy scans plus 128 or 192 excitations, depend-
ing on VOI size, were accumulated for each spectrum. Spectrum
analysis was performed off-line by means of the MRUI software
[1]. The time domain data were analyzed with the variable projec-
tion method (VARPRO). This is a non-linear least-squares fitting
method that calculates the frequency of the resonances, the ampli-
tude corresponding to the area in the frequency domain and the
line width at half-height for each signal. Before applying the
VARPRO method, the residual water signal was filtered with the
Henkel-Lanczos singular value decomposition algorithm.

Assignment of the resonances of interest, including N-acetyl-
aspartate and other N-acetyl containing compounds (NAc) at
2.02 ppm, creatine plus phosphocreatine (Cr) at 3.03 ppm, choline
and other trimethyl-amine-containing compounds (Cho) at
3.20 ppm, lipids (Lip 0.9) at 0.90 ppm and (Lip 1.3) at 1.30 ppm,
glutamate and glutamine (Glx) at 2.35 ppm and glycine and/or
myo-inositol (Gly/ml) at 3.55 ppm was based on previous docu-
mented studies of brain tumours [2, 3, 4, 5, 6, 7, 8]. Two doublets
inverted owing to phase modulation due to J coupling were de-
fined, corresponding to lactate (Lact) at 1.35 ppm and to alanine
(Ala) at 1.47 ppm. Water resonance frequency (4.75 ppm) and/or
Cr (3.03 ppm) were chosen as reference resonances for correction
of possible shifting in the frequency domain. Each one of these
nine resonances (Lip 0.9, Lip 1.3, Lact, Ala, NAc, Glx, Cr, Cho
and Gly/ml) was considered separately for quantification and sta-
tistical analysis.

For comparative purposes, fitted resonance areas by MRUI of
Lact, Ala, NAc, Glx, Cr, Cho and Gly/ml were normalized dividing
each value by the square root of the sum of the squares of
the three main spectroscopic resonances (x=100%x,/(NAc2+Cr2+
Cho?)!2, were x; is the area of the resonance being normalized) in a
modification of the method described by Tate et al. [2]. For normal-
ization of resonance areas of lipids the square value of Lip
0.9 and Lip 1.3 was included in the sum of the denominator
(x=100*x;/(NAc2+Cr2+Cho2+Lip 0.92+Lip 1.32)!”2) in order to avoid
extremely high values in the comparison of metabolites that have
been considered to pertain to different metabolic compartments [9].
Data obtained were compared between tumour types in order to as-
sess which findings were characteristic of each type and the utility
of each metabolite resonance signal in classifying the different tu-
mours. Assessment of differences between normal brain parenchy-
ma and tumoral tissue, a fact that has been well established in previ-
ous work [3, 10, 11, 12, 13, 14], was beyond the scope of this study.

Statistics

Significance of differences between various groups for each me-
tabolite was tested with the Kruskal-Wallis non-parametric analy-
sis of variance. A post hoc analysis was performed between
groups using the Dunnett’s T3 test. The same statistic tests were
used to test differences in tumour size between groups. Differ-
ences of p<0.05 were considered to be statistically significant. We
then searched for the resonances that showed higher differences
between every tumour type and the rest of types. All analyses
were performed by using a software program (SPSS for Windows,
SPSS, Chicago, I11.).
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Empirical diagnostic approach path

The results of the above analysis were assembled in an algorithm
that used the 90% percentiles of the most discriminative resonanc-
es to classify every particular case. We elaborated this path with
two major aims:

1. To corroborate and quantify the utility of the spectroscopic
trends found

2. To obtain a preliminary and easily reproducible tool for clini-
cal brain tumour classification on the basis of 'H MRS

The performance of this empiric diagnostic approach was tested
with the “leave-one-out” method [2, 15] in the 108 tumours retro-
spectively included in the study. The performance of this path in
differentiating between pairs of groups was also evaluated. Final-
ly, this algorithm was applied to an independent test set of 25 tu-
mours not used for training the system.

Results

Table 1 summarizes the mean and standard deviation ob-
tained for the different resonance areas and tumour
groups, whereas Table 2 shows the metabolite resonanc-
es that showed statistically significant differences in the
comparison between tumour groups. Tumour sizes
ranged between 17 and 96 mm of maximum diameter.
Mean and standard deviation of sizes for every group are
shown in Table 1. No significant differences were found
in size between groups. Accordingly, this parameter was
not taken into account for further discrimination at-
tempts. Eight of the nine resonances evaluated in the
study (Lip 0.9, Lip 1.3, Lact, Ala, NAc, GIx, Cr and
Cho) showed significant differences in their normalized
values between tumours. Representative spectra of the
different tumour groups of the study are shown in Fig. 1.

Meningiomas

Alanine was the most characteristic resonance of MEN.
This resonance showed high levels of statistical signifi-
cance for all bilateral comparisons (Table 2); in conse-
quence, we considered it a marker of MEN. Only few
non-meningeal tumours showed resonance doublets at-
tributable to Ala in the spectrum. Other findings charac-
teristic of MEN were:

1. Relative decrease of Cr with respect to astrocytic tu-
mours

2. Increase of Cho with respect to LGA, GBM and MET

3. Increase of GIx in reference to LGA and AA

4. Absence of Lip 1.3 with respect to GBM and MET

Astrocytic tumours

The GBM was well differentiated from the rest of astro-
cytic tumours and from MEN by the presence of a broad

Table 1 Normalized area values of nine metabolite resonances in the 108 brain tu-

partate and other N-acetyl-containing compounds; Glx glutamine-glutamate; Cr cre-

atine; Cho choline and other trimethylamine-containing compounds; Gly/ml glycine

and/or myo-inositol

mours analyzed by in vivo 'H MRS. Lip 0.9 lipid component centred at 0.9 ppm; Lip
1.3 lipid component centred at 1.3 ppm; Lact Lactate; Ala alanine; NAc N-acetyl as-

Lip1.3 Lact Ala NAc Glx Cr Cho Gly/ml

Lip 0.9

N  Size2

84.41£9.06 3.63+4.30
93.26+4.53 5.59+9.42
92.49+5.33 9.57+12.81

18.75£10.76  96.55+£2.65 4.72+10.68

42.32+7.89
11.28+15.00 28.47+8.00

20.98+15.85 27.85+9.46

30.18+21.85
7.06+£9.34

13.32+5.66
26.42+16.40
16.81+12.00

28.07+18.29
0.68+2.63
5.01£8.32

3.87+7.90
19.22+15.64

28.35+51.67
71.00£30.66 75.93+153.13 5.69+12.14 21.83+9.20

0.52+2.80
00
12.41+£23.51
70.33+33.15 51.50+108.09 0.74+3.87

1.61+6.52
00

25 47.28+13.68 7.04+8.18
27 39.67+17.92 9.60+8.03

29 50.48+15.89

Low-grade astrocytoma 15 57.33+18.48
Anaplastic astrocytoma 12 50.00+16.42 3.16+10.96

Glioblastoma

Meningioma
Metastasis

1.96+3.16

13.15£15.87 20.33+13.33  90.38+9.02

29.65+17.16

aSize measured as the maximal tumour diameter in millimetres. No significant differences were found between tumour groups

Values shown are mean+standard deviation
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Fig. 1a—e Representative
H MRS of brain tumours
obtained at long echo time
(TE 136 ms). a Meningioma.
b Low-grade astrocytoma.

¢ Anaplastic astrocytoma.

d Glioblastoma. e Metastasis

Cho
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Table 2 Metabolite resonances with statistically significant differences between tumour groups

Meningioma Low-grade Anaplastic ~ Glioblastoma Metastasis
astrocytoma astrocytoma
Meningioma - Lact * Ala™™ Ala™" GIx* Lip 1.3"" Ala™* Lip 0.9 Lip 1.3"*
GIx*™ Cr*** Cho™  Cr* NAc™ Cr* Cho* Ala™ NAc™ GIx* Cho*
Low-grade astrocytoma Lact * Ala™* GIx™* - Cr* Cho*  Lip 0.9"" Lip 1.3**** Lip 0.9"" Lip 1.3
Cr*** Cho™ GIx* Cr*** Cho Cr*
Anaplastic astrocytoma Ala*** GIx* Cr* Cr** Cho* - Lip 1.3"** Lip 1.3"*
Glioblastoma Lip 1.3"* Ala™" Lip 0.9" Lip 1.3"* Lip 1.3 - See footnote?
NAc™ Cr* Cho* GIx* Cr*™** Cho*
Metastasis Lip 0.9 Lip 1.3 Lip 0.9 Lip 1.3*** Lip 1.3"*  See footnote? -

Ala™" NAc™* GIx* Cho* Cr***

“p<0.05; "p<0.01; **p<0.001

2 No statistically significant differences were found between ilioblastoma and metastasis using single resonances; nevertheless, some dif-

ferentiation was achieved with Gly/ml

resonance centred at 1.3 ppm, attributable to lipids. Nev-
ertheless, no statistically significant differences were
found between GBM and MET in this study. According-
ly, both tumours were combined in a single group for
classification purposes.

The Cr and Cho resonances showed significant differ-
ences between LGA and the other astrocytic tumours —
AA and GBM - (Table 2). Cho was lower in LGA,
whereas Cr was significantly higher. Although differ-
ences between AA and the rest of tumours were found
for several resonances (Table 2), this tumour group was
the one that showed higher overlap with the rest of tu-
mours.

Glioblastoma-metastasis

The most characteristic finding of GBM and MET was
the presence of a broad resonance of Lip 1.3. This reso-
nance was increased with respect to all the remaining
groups. The resonance that showed the highest tendency
to differ between GBM and MET was Gly/ml, although
no statistically significant values were found.

Empirical diagnostic approach path

The resonances that showed the strongest discriminative
performance between tumours (Lip 1.3, Ala, Cho and
Cr) were included in the discriminatory algorithm
(Fig. 2). This algorithm suggested one of four possible
outputs (GBM-MET, MEN, LGA and AA) for every
particular case using the 90% percentiles of the areas of
the involved resonances. The performance of the algo-
rithm was assessed in the database by means of the
leave-one-out method. The correct diagnosis was sug-
gested in 83 of 108 cases (77%), whereas in 10 of 108

TE 136ms
'H MRS

Tip 1.3 in0
90%p of GBM-
MET

Lip 1.3 into
90%p of no-
GBM-ME;

Cho into 90%p
of AA

Cr into 90%p
of AA

UNCLASSIFIABLE

Fig. 2 Algorithm showing the path followed for discrimination
of the most common brain tumours. 90% p 90% percentile; GBM-
MET glioblastoma or metastasis; MEN meningioma; LGA low-
grade astrocytoma; AA anaplastic astrocytoma

cases (9%) a diagnosis could not be confidently suggest-
ed (“unclassifiable tumours”), and in only 15 of 108
cases (14%) did the diagnosis suggested not match with
the definitive one. When the algorithm was prospectively
applied to an independent test set of 25 tumours, 21
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Table 3 Performance of the empirical method in bilateral differentiation

Glioblastoma+metastasis

Anaplastic astrocytoma

Low-grade astrocytoma

+ ? - + ? - + ? -
Meningioma 91% 5% 4% 83% 0 17% 95% 0 5%
(74 of 81) (4 of 81) (3 of 81) (34 of 41) (7 of 41) (42 of 44) (2 of 44)
Low-grade 93% 0 7% 52% 37% 11%)
astrocytoma (62 of 67) (50f 67) (14 of 27) (10 of 27) (3 of 27
Anaplastic 86% 0 14%
astrocytoma (55 of 64) (9 of 64)
+ Correct classifications; ? unclassifiable; —incorrect classifications
Totals: + 87% (281 of 324); ? 4% (14 of 324); - 9% (29 of 324)
Cho
Glx
| NAc
Ala
| | | 1 1 L
3.5 3 25 2 1.5 1
ppm

Fig. 3a, b Pathologically proven malignant meningioma in a
45-year-old man. a Axial T1-weighted contrast-enhanced MR im-
age (TR 541 ms/TE 15 ms) shows a right frontal mixed tumour.
There is a solid enhancing medial area and a lateral non-enhancing
hypointense area suggesting cyst or necrosis. Peripheral enhance-
ment is also seen. Extra-axial origin, as well as a diagnosis of men-
ingioma, could not be confidently suggested from MRI alone. The
IH MRS was carried out in this case for obtaining additional infor-
mation. The voxel position for 'H MRS is shown in the figure.
A-A at the edges of the voxel are inerasable marks of the spectro-
scopic software used. b Localized 'H MRS (SE; TR/TE/no. of ac-
quisitions: 2000 ms/136 ms/128) of the tumour voxel (line broaden-
ing=1 Hz) shows a prominent inverted doublet centred at 1.47 ppm,
attributable to Ala. A highly prominent resonance from Cho, as well
as some amount of GIx, is also seen in the spectrum. The tumour
was classified as meningioma by the empirical algorithm. This diag-
nosis satisfactorily matched with the final histological one

cases (84%) reached the correct diagnosis, and 4 cases
(16%) were incorrectly classified. The potential in dis-
criminating between pairs of groups by this path was
also assessed (Table 3), as an approach to the perfor-

mance that radiologist would forecast after excluding
some groups of the differential diagnosis list. The GBM
and MET were assembled in a single group because no
significant differences were found between them in the
statistical analysis. Gly/ml was the resonance that
showed a higher tendency to differ between these tumour
groups. An attempt for differentiation between them
was carried out with the 90% range of this resonance.
Tumours were empirically classified as MET when the
value of Gly/ml was into the 90% range of MET, and as
GBM when the value went beyond the 90% percentile of
MET. In the training set, 75% (36 of 48) of tumours in-
cluded in the GBM-MET group was correctly split into
GBM or MET by this approach, whereas 25% (12 of 48)
tumours were incorrectly classified. Four GBM-MET
tumours were excluded for this evaluation because the
region of the spectrum corresponding to Gly/ml was
considered non-measurable due to superimposition of re-
sidual unsuppressed water. In the test set, 9 of 11
GBM-MET tumours (82%) were satisfactorily split into
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Fig. 4a—c Dural metastasis in a
48-year-old woman suffering
from breast cancer. a Axial
T1-weighted contrast-enhanced
MR image (TR 541 ms/TE

15 ms) shows an extra-axial
mass in the right frontal lobe.
The lesion shows intense and
relatively heterogeneous con-
trast enhancement. b Axial
T2-weighted MR image

(TR 2175 ms/TE 85 ms) shows
heterogeneous signal of the tu-
mour. There is oedema in the
white matter and mass effect to
the surrounding structures. Du-
ral metastasis is the most feasi-
ble diagnosis. Nevertheless, no
other lesion was found in any
other location and, accordingly,
meningioma was also consid-
ered in the differential diagno-
sis. Voxel location for 'TH MRS
is shown in the figure. A-A at
the edges of the voxel are
inerasable marks of the spec-
troscopic software used.

¢ Localized 'H MRS (SE;

TR 2000 ms/TE 136 ms/no. of
acquisitions 128) of the tumour
(line broadening=1 Hz) shows
prominent resonance of lipids
at 1.3 ppm with an increase in
Cho and a decrease in Cr and
NAc. The tumour was classi-
fied as glioblastoma—metastasis
by means of the empirical path
algorithm, giving additional
support to the diagnosis of me-
tastasis. Further differentiation
between glioblastoma and me-
tastasis by means of Gly/ml in-
cluded the tumour into the me-
tastasis group

Cho

Lip 1.3

Lip 0.9

N

GBM and MET by this approach, whereas 2 of 11 (18%)
were incorrectly classified. A MET of the test set was
excluded of this procedure, as in the case of the training
set, because of poor evaluation of Gly/ml area.

As an example, two cases from our data set in which
IH MRS would be of utility for clinical diagnosis
are shown in Figs. 3 and 4. Figure 3 shows a heterogene-
ous para-sagittal tumour in which presence of Ala in
'H MRS gave support to a difficult diagnosis of MEN.
Figure 4 shows a solitary extra-axial tumour in a 49-
year-old woman suffering from a breast carcinoma in
which 'H MRS provided additional support to the diag-
nosis of metastasis.

| 0.5

Discussion

Proton MR spectroscopy (!H MRS) has been recognized
as a safe diagnostic technique that can improve the non-
invasive categorization of brain disorders and that is
starting to have a role in everyday clinical medicine
[9, 10, 11, 16, 17, 18, 19, 20]. Presently, 'H MRS can
be performed with low time requirements on most
1.5-T MR units. This brings to the radiologist the chance
of correlating 'H MRS information with anatomical MRI
findings in the course of a single MR exam. Assembling
all this information can be of special interest in the diag-
nosis of brain tumours. It is well known that MRI find-
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ings may be nonspecific in a non-negligible number of
patients having focal brain masses, and that a concise di-
agnosis cannot be suggested occasionally. The 'H MRS
gives additional biochemical information that may be
useful in complementing the MRI findings (Figs. 3, 4)
[9, 16, 21]. Nevertheless, 'H MRS has not yet been fully
introduced in most clinical protocols of brain tumour ex-
amination. Knowing the characteristics that better identi-
fy every tumour group, as well as having user-friendly
methods to apply these characteristics in brain tumour
classification, could give an additional support for its in-
troduction in everyday clinical practice. In our study we
analyzed the spectroscopic findings of the five more
common brain tumour types and evaluated the metabo-
lite resonances that better differed among them. We nor-
malized the values obtained for each resonance area with
a method that evaluates not only the relation between
two resonances, but also the relationship of every single
resonance with the three main ones in normal brain pa-
renchyma (NAc, Cr and Cho). This is a modification of
the method described by Tate et al. [2], of easy introduc-
tion in daily practice. Our aim was to apply a user-
friendly normalization method that provides a global
evaluation of the spectrum, avoiding the need for exter-
nal references, time-consuming measurements of addi-
tional parameters or the need of assuming as certain
some premises that could bring us uncertain values. The
ideal echo time for tumour classification by 'H MRS is a
point under discussion. In this study we used an echo
time of 136 ms because of:

1. Good differentiation between Lact, Ala and lipids due
to J-modulation

2. Possible different significance of the observation of
lipids in long echo time with respect to short echo
time

3. Lower baseline distortion

4. Easy quantification and more reproducible results

Another point under discussion is the selection of single-
voxel (SV) or multi-voxel (CSI) MRS techniques. We
consider that SV has some major advantages presently in
clinical brain tumour discrimination when spatial resolu-
tion is not requested (i.e. low time requirements, quicker
post-processing of data for obtaining quantitative assess-
ment, and better magnetic field homogeneity in the
VOI). Accordingly, we used a SV technique, under the
consideration that knowledge obtained could be also ap-
plied in future CSI studies. Eight resonances (Lip 0.9,
Lipl.3, Lact, Ala, NAc, Glx, Cr and Cho), including
some that received little consideration before for brain
tumour studies, showed significant differences between
tumour groups. It is well known that contribution from
'H of different biochemical compounds can appear in the
same area of the spectrum, producing a single resonance.
Correspondence between a resonance and a particular
metabolite would need further ex vivo and in vitro ex-

ams [4, 5, 22] that were beyond the scope of this work.
In consequence, we focused on the correlation between
spectroscopic patterns and clinical diagnosis, avoiding
deductions in the biochemical field that could be uncer-
tain.

We found that MEN, LGA, AA and the highest-grade
brain tumours — GBM and MET - can be well differenti-
ated by 'H MRS at 136 ms. The MEN is characterized
by long echo time 'H MRS by the presence of Ala, low
Cr and NAc, high Cho and Glx, and absence or low
quantities of lipids at 0.90 and 1.30 ppm. Increase in
Ala, defined as an inverted doublet centred at 1.47 ppm,
has been found to be a consistent and relatively specific
finding for MEN [12, 17, 21, 23, 24, 25, 26]. Our results
agree with this, as Ala values were higher in MEN than
in the rest of tumours included in the study. Three main
groups can be considered within astrocytic tumours:
LGA; AA; and GBM. In correlation with previous re-
ports in this respect [6, 27], GBM can be identified in
this group by high values of Lip 0.9 and Lip 1.3. These
two broad resonances have been ascribed to necrotic re-
gions in the in vivo spectra and indicate a high grade of
malignancy [6, 27, 28, 29]. Increase in Cho and decrease
in Cr in high-grade tumours supported differentiation be-
tween AA and LGA. An increase on the metabolites that
contribute to the Cho resonance has been considered to
correlate with malignancy in astrocytic tumours [6, 23],
and with the diagnosis of MEN [3, 12]. In our study, Cho
was higher in MEN than in glial tumours. In astrocyto-
mas, Cho was higher in AA and GBM than in LGA; nev-
ertheless, Cho was slightly smaller in GBM than in AA.
This could be caused by a preponderance of necrotic ar-
eas over viable proliferative cellular areas in the sampled
voxel for GBM, a fact that may vary between studies de-
pending on voxel positioning strategy and size [23]. The
AA was the tumour that showed worse results in terms
of tumour classification (Table 3). These results must be
evaluated taking into account that some inconsistencies
between biopsy samples and 'H MRS may be due to the
histological heterogeneity of astrocytic tumours and to
some overlap between grades. Besides, reproducibility in
tumour grading by histology has also been reported to be
difficult [30].

Metastases are high-grade brain lesions in which
presence of necrosis, represented by long echo time
spectrum by broad resonances centred at 0.90 and
1.30 ppm, may be expected. Our study confirms a signif-
icant increase of these lipid resonances in MET, in con-
trast with lower-grade tumours. We did not find any sta-
tistically significant difference between GBM and MET
in the resonances defined in our study; accordingly, we
considered them as a single group for classification pur-
poses. Unfortunately, to date, single-voxel 'H MRS has
not shown robust enough results in their differentiation
[13, 18, 29]. In vitro studies with biopsy samples have
suggested an increase in glycine being discriminative be-
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tween GBM and MET [23]. Gly/ml showed a tendency
to be higher in GBM than in MET in our study. We ob-
tained promising results in differentiation between GBM
and MET by means of Gly/ml values, with successful
separation of 36 of 48 cases (75%) in the training set and
9 of 11 cases (82%) in the test set.

On the basis of the differences found, we developed
an empirical method that classified every case into one
of four groups (GBM-MET, MEN, LGA or AA). This
method produced a success percentage of 77%, with on-
ly 14% incorrect classifications, suggesting that the find-
ings obtained in our study could be of utility in classify-
ing tumours. We also had satisfactory results in bilateral
discrimination between pairs of groups, illustrating the
possible improvement of results forecasted when some
groups could be confidently excluded from the differen-
tial diagnosis by previous non-MRS information. These
results are in the range of previous work in brain tu-
mours [2, 9, 31, 32], especially taking into account that
we have discriminated between four groups, and that
we included differentiation between LGA, AA and
GBM-MET in the algorithm. Introduction of an inde-
pendent test set of tumours, not used for training the
system, with 84% (21 of 25) correct classifications, pro-
vides strong validation for our results [2, 33, 34]. Previ-
ous work has assessed the utility of 'H MRS in brain tu-
mour classification. In this respect, Preul et al. achieved
a 99% rate success with CSI, evaluating six major bio-
chemical resonances in 105 spectra, and applying linear

discriminant analysis (LDA) [15]. Using a similar spec-
troscopic approach, Burtscher et al. [10] did not confirm
this high diagnostic accuracy. Usenius et al. [9] assessed
PRESS 'H MRS as a diagnostic method for differentiat-
ing between benign glial tumours, malignant glial tu-
mours and “others” in a series of 33 tumours, with an
82% rate of success. Tate et al. [2] used LDA for differ-
entiating between spectra from meningioma, oligoden-
droglioma, metastasis and two groups of astrocytic tu-
mours (with high and low intensity of lipid signal). They
obtained good results in the pairwise comparison be-
tween all tumours. We report here a simple method of
brain tumour discrimination that uses an empirical path
based on the 90% percentiles of some ‘“discriminative”
resonance areas. Until a definitive robust classification
method appears, preliminary methods, such as the one
reported by us, provide a way to exploit the quantitative
potential of '"H MRS, as well as to prospectively test the
usefulness and reproducibility of some spectroscopic
findings in brain tumour discrimination. The major ad-
vantages of our method are that it allows an easy identi-
fication of the resonances on which the suggestion of a
particular diagnosis rests, and that it is of easy imple-
mentation in a clinical setting.
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Adult Primitive
Neuroectodermal Tumor:
Proton MR Spectroscopic
Findings with Possible
Application for Differential
Diagnosis’

PURPOSE: To assess the utility of proton magnetic resonance (MR) spectroscopy in
the clinical categorization of primitive neuroectodermal tumors (PNETSs) in adults.

MATERIALS AND METHODS: In vivo proton MR spectroscopy was performed
with an echo time of 136 msec in nine adults with PNET, and findings were
retrospectively compared with spectroscopic findings of 22 meningiomas, 12 low-
grade astrocytomas, eight anaplastic astrocytomas, 23 glioblastomas, and 21 me-
tastases. Nine resonances were semiquantitatively evaluated. Statistical analysis was
performed by using Kruskal-Wallis and Mann-Whitney U tests. The Hochberg cor-
rection was applied for multiple comparisons. Results were prospectively validated
in 24 tumors of the six types included in the study.

RESULTS: The resonances of choice for identifying PNET were alanine (P < .001)
and glutamate and glutamine (P = .004), both decreased with respect to menin-
gioma; choline increased with respect to low-grade (P < .001) and anaplastic
astrocytoma (P = .055); and lipids at 1.30 ppm decreased and choline and other
trimethyl-amine-containing compounds increased with respect to glioblastoma
(P < .001 and P = .004, respectively) and metastasis (P < .001 and P = .021,
respectively). We developed an algorithm for bilateral differential diagnosis between
PNET and other tumor types. The leave-one-out method was used to test the five
possible differential situations in the retrospective data set, with the following
results: PNET versus meningioma, 31/23/5/3 (number of total/correct/unclassifi-
able/incorrect procedures); PNET versus low-grade astrocytoma, 21/19/2/0; PNET
versus anaplastic astrocytoma, 17/6/9/2; PNET versus glioblastoma, 32/28/2/2; and
PNET versus metastasis, 30/27/1/2. In total, 131 consecutive procedures produced
103 (79%) correct classifications and nine (7%) misclassifications. Twenty-five
(78%) of 32 possible procedures in the prospective independent test set produced
correct classifications and four (13%) produced incorrect classifications.

CONCLUSION: In vivo proton MR spectroscopy provides useful information in
clinical differentiation between PNETs and common brain tumors in adults.
© RSNA, 2002

Primitive neuroectodermal tumors (PNETs) include a heterogeneous group of tumors
thought to originate from primitive or undifferentiated neuroepithelial cells that typically
occur in pediatric patients. The prototype of these tumors is cerebellar medulloblastoma,
which constitutes 13%-25% of all pediatric brain tumors (1-3). Only 20%-30% of PNETs
occur in adults, constituting up to 1% of all brain tumors in this age group (1,2,4,5). The
typical cerebellar PNET is a midline tumor of well-defined margins that homogeneously
enhances after contrast material administration at both computed tomographic (CT) and
magnetic resonance (MR) imaging (1-3,6,7). As opposed to pediatric tumors, medulloblas-
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tomas in adults tend to result in a higher
frequency of atypical findings (4,8), to
the point that some authors have sug-
gested always considering medulloblas-
toma in the differential diagnosis of a
posterior fossa mass in an adult (4). On
the other hand, supratentorial PNETs are
uncommon highly heterogeneous tu-
mors that can mimic other high-grade
tumors on MR images (9). The high fre-
quency of atypical findings and the low
incidence of PNET in adults can make
PNET diagnosis difficult in some cases.
In this context, additional information
from new diagnostic techniques such as
proton MR spectroscopy would be wel-
comed to reinforce the differential diag-
nosis with other tumors.

Proton MR spectroscopy is a noninva-
sive imaging technique for measuring
the biochemical content of living tissue
that can now be performed with most
1.5-T clinical MR imaging instruments.
This biochemical information may pro-
duce additional data about tumor me-
tabolism that may be useful in tumor
diagnosis. Several studies (10-28) have
evaluated proton MR spectroscopy in the
most common brain tumors both in vivo
and in vitro, but little interest has been
shown in PNET, especially in adults. The
aim of the present study was to assess the
utility of proton MR spectroscopy as a
noninvasive tool for clinical categoriza-
tion of PNET in adults.

MATERIALS AND METHODS

Patients

We retrospectively evaluated nine con-
secutive proton MR spectroscopic exam-
inations in nine patients (eight men and
one woman; 18-67 years of age; mean
age, 30.8 years) with intracranial PNET
(two supratentorial and seven infratento-
rial). Tumors were untreated in six pa-
tients and recurrent in the other three.
All neoplasms were confirmed his-
topathologically. We compared the re-
sults obtained in PNETs with a data set of
86 proton MR spectra of the most fre-
quent brain tumors in 86 adults (45
women and 41 men; 14-81 years of age;
mean age, 54.7 years). This comparative
data set included meningiomas (n = 22),
low-grade astrocytomas (n = 12), ana-
plastic astrocytomas (n = 8), glioblas-
tomas (n = 23), and metastases (n = 21).
Proton MR spectroscopic findings ob-
tained under identical conditions in the
white matter of six healthy volunteers
were also considered references. Never-
theless, assessment of differences be-
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tween normal brain parenchyma and tu-
moral tissue, well established in previous
work (10-14), was considered to be out
of the scope of this study.

To test the reproducibility of differ-
ences found between tumors and their
application in diagnosis, 51 consecutive
proton MR spectroscopic examinations
were prospectively performed in 51 pa-
tients with brain lesions that suggested
tumor. Cases in which a definitive diag-
nosis was available on the basis of the
same criteria as the retrospective training
set and in which the diagnosis was one of
the six tumor types included in the study
were included in the definitive test set.
Twenty-seven patients (no definitive di-
agnosis, n = 13; diagnosis other than tu-
mor, n = 7; diagnosis of tumor other
than one of the six types included in the
study, n = 7) did not match these criteria
and were excluded from the test set. The
definitive test set included 24 proton MR
spectra corresponding to PNET (n = 2;
one supratentorial and one infratento-
rial), meningioma (n = 7), low-grade as-
trocytoma (n = 3), anaplastic astrocy-
toma (n = 4), glioblastoma (n = 2), and
metastasis (n = 6). The study was ap-
proved by our institutional review board
and informed consent obtained from all
patients and volunteers.

MR Imaging

In all patients, MR imaging was per-
formed with a 1.5-T unit (ACS-NT; Phil-
ips Medical Systems, Best, the Nether-
lands) in the three orthogonal planes,
including at least T1- (536-541/135) (rep-
etition time [TR] msec/echo time [TE]
msec), intermediate- (2,175/20) and T2-
(2,175/85) weighted images. T1-weighted
images were obtained in at least two
planes after intravenous administration
of 0.1 mmol per kilogram of body weight
of gadolinium-based contrast material
(Magnevist; Schering, Berlin, Germany,
or Omniscan; Nycomed, Oslo, Norway).
Fast fluid-attenuated inversion recovery,
or FLAIR (6,706/120/2,000 [TR msec/TE
msec/inversion time msec]|; turbo factor,
15 msec) images were available for six
PNETs.

Proton MR Spectroscopy

In all 125 cases (nine retrospective
PNETs, 86 retrospective comparative data
set tumors, six healthy volunteers, and
24 prospective test set tumors), proton
MR spectroscopy was performed with the
same MR unit by using a point-resolved
spectroscopic sequence. A volume of in-

terest between 1.5 X 1.5 X 1.5 cm? (3.4
mL) and 2 X 2 X 2 cm® (8.0 mL) was
placed by one of three authors (C.M., C.
Aguilera, or M.S.) following the meeting
of consensus criteria. The volume of in-
terest size and position were determined
by examining the MR images in all three
dimensions (sagittal, coronal, and trans-
verse planes), with the aim of positioning
the largest possible voxel within the solid
tumoral area, as judged at MR image in-
spection, with avoidance of areas of cysts
or necrosis and with minimum contam-
ination from the surrounding nontu-
moral tissue. A standard receiver head
coil was used in all cases, and spectros-
copy was incorporated into the course of
a conventional MR imaging examina-
tion. Automatic shimming of the linear
X, Y, and Z channels was used to opti-
mize field homogeneity. The water reso-
nance was set on resonance, and the wa-
ter suppression pulse was optimized.
Proton MR spectroscopic examinations
were performed by using a spin-echo
pulse sequence with parameters of 2,000/
136. A total of 512 data points were col-
lected over a spectral width of 1,000 Hz.
Four dummy scans and 128 or 192 sig-
nals acquired, depending on voxel size,
were obtained for each spectrum. Spec-
tral analysis was performed off-line with
the use of MRUI software (available
through the MRUI Project, www.carbon
.uab.es/mrui) (29). Time domain data
were analyzed with the variable projec-
tion method (29) after filtering the resid-
ual water signal by using the Henkel-
Lanczos singular-value decomposition
algorithm.

Assignment of the resonances of inter-
est, including N-acetylaspartate and other
N-acetyl-containing compounds (NACCs)
at 2.02 ppm, creatine plus phosphocre-
atine (CR) at 3.03 ppm, choline and
other trimethyl-amine-containing com-
pounds (CHO) at 3.20 ppm, lipids (LIPs)
at 0.90 ppm (LIP 0.90) and 1.30 ppm (LIP
1.30), glutamate and glutamine (GLX) at
2.35 ppm, and glycine and/or myoinosi-
tol (Gly/MI) at 3.55 ppm was based on
previous studies of brain tumors (10,11,
15-21,30-33) and phantoms (15,30). Two
inverted doublets due to phase modula-
tion from ] coupling were defined that
corresponded to lactate (LACT) centered
at 1.35 ppm and to alanine (Ala) at 1.47
ppm. Each of these nine resonances (LIP
0.90, LIP 1.30, LACT, Ala, NACC, GLX,
CR, CHO, and Gly/MI) was considered
separately for statistical analysis. Reso-
nances in the region of taurine above the
noise level were not detectable in most
cases and, accordingly, taurine resonance
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Flow chart shows the empiric path used for bilateral differential diagnosis of PNET. DR = discriminative

resonance, 'H MRS = proton MR spectroscopy, 90% P = 90th percentile. * = First and second discriminative resonances
may vary depending on the tumor type to be differentiated from PNET. #* = Non-PNET tumors were meningioma,
low-grade astrocytoma, anaplastic astrocytoma, glioblastoma, and metastasis. TE = echo time.

was not quantified. Water (4.75 ppm)
and/or CR (3.03 ppm) were chosen as
chemical shift reference resonances to
correct possible shifting in the frequency
domain. To avoid operator bias, reso-
nance peaks were defined in the fre-
quency domain even when there were
doubts about their differentiation from
noise. Our criterion was that further
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quantification and analysis result in dif-
ferences between noise and metabolite
signal without operator influence. An
area of “0” was assigned only to reso-
nances in which the software program
used did not satisfactorily fit a peak in the
area of interest.

For comparative purposes, the program-
fitted resonance areas for LACT, Ala,

NACC, GLX, CR, CHO, and Gly/MI reso-
nances were normalized by dividing each
value by the square root of the sum of the
squares of the three main spectroscopic
resonances (x = 100 X xi/(NACC? +
CR? + CHO?*)"?, where xi is the original
area of the resonance being normalized,
in a modification of the method used by
Tate et al (16). For normalization of the
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TABLE 1
MR Imaging Findings in PNETs in Nine Adults
MR Imaging Blood
Maximum into
Patient No./ Diameter ~ T1-  Intermediate-  T2- Contrast Margin Lesion the Necrosis and/
Age (y) PNET Location (mm) weighted weighted weighted FLAIR Enhancement Definition Heterogeneity Tumor  or Cysts
1/67 Frontal lobe 75 Hypo Hyper Hyper NA Intense Good  Highly Yes Yes
heterogeneous
2/28 Cerebellar 56 Hypo Iso Hyper NA Moderate Poor  Heterogeneous No No
hemisphere
3/40 Cerebellar 44 Hypo Hyper Hyper Hyper Intense Poor  Heterogeneous No Yes
hemisphere
4/24 Frontal lobe and 70 Iso Iso Iso Iso Moderate Poor  Highly Yes Yes
corpus heterogeneous
callosum
5/18 Cerebellar vermis 34 Hypo Iso Hyper NA Moderate Good Homogeneous No No
6/21 Cerebellar 52 Hypo Hyper Hypo Hyper Intense Poor  Heterogeneous No Yes
hemisphere
7/29 Cerebellar vermis 58 Hypo Iso Hyper Iso Moderate Good  Heterogeneous No Yes
8/27 Cerebellar 46 Hypo Iso Iso Iso Moderate Poor  Heterogeneous No Yes
hemisphere
9/23 Cerebellar 44 Hypo Hyper Hyper Hyper Intense Good  Heterogeneous No Yes
hemisphere
Hyper = hyperintense with respect to gray matter, Hypo = hypointense with respect to gray matter, Iso = isointense with respect to gray matter, NA =
not available.

resonance areas of LIPs, the square value
of LIP 0.90 and 1.30 was included in the
sum of the denominator {x = 100 X xi/
[(NACC? + CR? + CHO? + LIP 0.90% +
LIP 1.30%)!/2]}. Data obtained were used
to compare PNETs with the other tumor
types to assess which findings were char-
acteristic of this tumor at in vivo spec-
troscopy. We should emphasize, as have
authors of previous studies (22,31), that
we assigned these characteristic reso-
nances not to a particular metabolite but
to a resonance in the spectrum, taking
into account that a particular resonance
origin should not be directly extrapo-
lated to a particular metabolite without
further ex vivo and in vitro examination
(15,32,34).

Statistics

The goal of the current study was to
determine whether there were significant
differences between PNETs and each of
the other common brain tumors in
adults (meningiomas, low-grade astrocy-
tomas, anaplastic astrocytomas, glioblas-
tomas, and metastases) and to design a
procedure to distinguish PNETs from the
rest of the tumors. To this end, we con-
sidered the nine metabolite resonances
and determined which tumor type pro-
duced significant differences with respect
to PNETs.

We performed Kruskal-Wallis nonpara-
metric analysis of variance for each me-
tabolite resonance to test for significant
differences among the six tumor types.
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Then, to compare the group of interest
(PNETs) with the other tumor types,
Mann-Whitney U tests were performed.
Because we considered five statistical
tests for every metabolite resonance, we
corrected the obtained P values by using
the Hochberg method (35). Then the sig-
nificant differences were defined by using
the corrected P values (P*) instead of the
original P value. Differences of P* less
than .05 were considered statistically sig-
nificant. Statistics were computed with
SPSS software (SPSS, Chicago, I11).

Empirical Method for Bilateral
Differential Diagnosis of PNET

With the aim of testing the usefulness
of differences between PNETs and the
rest of the tumors in PNET identification,
we elaborated an empiric path for dis-
crimination between PNETs and the rest
of the tumors in pairwise comparisons.
This path used the 90th percentiles of the
resonances that showed the strongest dis-
criminative performance (one or two for
every bilateral comparison) in the tumors
under consideration. A scheme of this
path is shown in Figure 1. In the first
step, the case was included in one of the
two tumor groups being compared if the
value for the first discriminative reso-
nance was in the 90th percentile of one
of the tumor types. Values in the overlap-
ping area of the 90th percentile or be-
tween the boundaries of these percentiles
were considered transitorily unclassifi-
able. A second step was performed, when

possible, in the transitorily unclassifiable
group by using a second discriminative
resonance. This path was developed by
using the retrospective data set. Its per-
formance was tested in the retrospective
training set by using the leave-one-out
method and in a prospective indepen-
dent test set.

RESULTS
MR Imaging

The imaging findings in the nine
PNETs are summarized in Table 1. Only
one (14%) of the seven posterior fossa
PNETs showed the typical aspect of me-
dulloblastomas reported in childhood as
a homogeneous lesion of the inferior ver-
mis with well-defined margins and ho-
mogeneous enhancement with contrast
material administration (3,6-8,36). The
rest were heterogeneous tumors. Five
(71%) of seven infratentorial PNETs were
located in the cerebellar hemisphere,
while only two (29%) were in their typi-
cal location in the vermis. The signal in-
tensity of the tumors was diverse with
the sequences performed. In the current
study, PNETs were most commonly
found to be heterogeneous lesions with
poorly defined margins located in the
cerebellar hemisphere (four [44%] of
nine tumors). Three (43%) of seven pos-
terior fossa PNETs were heterogeneous
poorly defined tumors located in the cer-
ebellar hemispheres with areas of cysts
and/or necrosis.
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healthy volunteers are shown in Table 2.
The metabolite resonances found to dif-
fer significantly between PNETs and
other tumor groups are indicated, and
relevant P* values are shown.

PNETs were characterized by high
CHO resonances and low Ala, NACC, CR,
and LIP resonances (Table 2). Scatter dia-
grams of the resonances that showed
greater differences between tumors are
shown in Figure 2. CHO and NACC were
the strongest discriminative resonances
in the pairwise comparison between
PNETs and the rest of the tumors and
showed significant differences at compar-
ison with low-grade astrocytoma (P* <
.001 and P* = .013 for CHO and NACC,
respectively), glioblastoma (P* = .004
and P* = .013), and metastasis (P* = .021
and P* = .010) (Fig 2, Table 2). CR also
showed significant differences at compar-
ison with low-grade astrocytoma (P* <
.001) and glioblastoma (P* = .012). Ala
and GLX were significantly decreased
with respect to meningiomas (P* < .001
and P* = .004, respectively) (Table 2). Ala
resonance was detectable in four PNETs
in amounts lower than those in menin-
giomas. Broad resonances at 1.30 ppm
that were attributable to LIPs were found
in only one PNET, with a lower signal
than those in glioblastomas and metasta-
ses (Fig 2¢). In the rest of the cases, no LIP
signals were detectable (P* < .001 for LIP
1.30 between PNET and glioblastoma; P*
< .001 for LIP 1.30 between PNET and

Differential Diagnosis of PNET

The resonances that showed the stron-
gest discriminative performance and thus
were considered “first discriminative res-
onances” with PNET were Ala for menin-
gioma, CHO for low-grade and anaplastic
astrocytoma, and LIP 1.30 for glioblas-
toma and metastasis. Additional discrim-
inative utility was found in GLX for me-
ningioma and in CHO for metastasis and
glioblastoma; accordingly, these resonances
were chosen as second discriminative res-
onances for these tumors. This second
step was considered inappropriate for
low-grade and anaplastic astrocytomas,
since the values of the alternative reso-
nances (NACC and CR) had a possible
correlation with the elective one (CHO)
because of the normalization method used.
Table 3 shows the resonances of choice
for pairwise comparison in this study, the
boundaries used for application of the
path shown in Figure 1, and the results
obtained at categorization of the retro-
spective data set, as assessed by using the
leave-one-out method (16,22). A total of
131 differential procedures were used to
test the system in the retrospective train-
ing set by using the leave-one-out meth-
od: (a) five testing procedures were per-
formed with every PNET (n = 9) to test
the algorithm versus every one of the
other five tumor types (total, 45 proce-
dures); (b) only one testing procedure was
performed in every non-PNET tumor
(n = 86) to test the procedure that differ-
entiated this tumor type from PNET (to-

CHO
97.67 = 2.54
96.77 = 2.10
90.52 + 8.81 (P = .021)*
40.67 + 5.84

CR
13.67 =10.13

17.52 £9.56
45.59 + 3.69 (P < .001)" 81.80 = 8.16 (P < .001)"

36.61 = 1.64

28.27 = 9.48 (P = .012)" 92.31 + 5.39 (P = .004)"
22.42 = 13.38

26.60 + 5.96 (P = .062)" 95.02 + 2.34 (P = .055)"

GLX
9.11 + 6.82
24.27 + 14.24 (P = .004)"

5.09 = 3.74

7.30 = 6.24
21.03 = 16.24
12.41 = 14.64
11.02 = 2.63

NACC
11.78 = 6.52
14.33 = 5.84
30.31 = 16.10 (P = .013)"

12.90 = 8.37
21.96 + 9.41 (P = .013)"
28.47 = 15.91 (P = .010)"
83.46 + 3.33

Metabolite Resonance*

27.03 + 18.76 (P < .001)"
0x0
2.56 = 5.04
5.58 =12.50
0.96 *= 4.39

Anaplastic astrocytoma, GBM = glioblastoma, LGA = low-grade astrocytoma, MEN = meningioma, MET = metastasis.

* None of the resonances showed a significant difference between PNET and anaplastic astrocytoma. CHO and CR showed a higher tendency to differ.

Normalized Area Values of Nine Metabolite Resonances from Database of 95 Brain Tumors Analyzed with in Vivo Proton MR Spectroscopy
Ala
5.26 = 6.43
T Resonances were found to be significantly different with respect to PNET. P values were corrected by using the Hochberg method for multiple comparisons.
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Figure 2. Scatterplots show the distribution of normalized Lip 1.3
area values (ordinates, arbitrary units) of the resonances that
allowed better differentiation of PNET (*) and other tumor 100 -
types. The mean value for every tumor group is also labeled (-) g
and its numeric value given. (a) Scatterplot shows the distribu- 90
tion of the resonance that corresponds to CHO in PNET, low- 80 | g
grade astrocytoma (LGA) (D), anaplastic astrocytoma (AA) (), o
and glioblastoma (GBM) (<). Note the higher values for PNET 70 - 70.67 = 69.71
(*). The tumor group showing the most overlap with PNET is 60 - 8
anaplastic astrocytoma. Glioblastoma also shows overlap that is X
of low diagnostic effect, as the main differences between PNET 50 -
and glioblastoma are found in LIP 1.30 (Figs 2c and 7). (b) Scat- 40 1 X
terplot shows the distribution of Ala in meningioma (MEN) (O) 8
and PNET. The mean value is significantly higher in meningi- 30 - X
oma. (c) Scatterplot shows the distribution of LIP 1.30 in glio- 2
blastoma (GBM) (<), metastasis (MET) (X), and PNET. The 01 < X
mean value is significantly higher in glioblastoma and metas- 10 A 47
tasis than in PNET. " —
0 © *
GBM MET PNET
c.

oma (Fig 5). Prominent resonances from
LIP at 1.30 ppm in Figure 4 and Ala at
1.47 ppm in Figure 5 give additional sup-
port to a presumptive diagnosis of metas-
tasis (or glioblastoma) and meningioma.
Figures 6 and 7 illustrate the differential
diagnosis between PNET and glioblastoma
in heterogeneous hemispheric tumors. LIP
resonance in Figure 7 oriented the case as
glioblastoma (or metastasis). All diag-
noses were histopathologically proved.
This empiric classification approach
was tested in a prospective test set of 24
tumors, two of which were PNETs. Be-
cause both PNETs were used to test the
algorithms for differentiation from all
five of the other groups (10 testing pro-
cedures for two PNETs), a total of 32 pro-
cedures were performed to prospectively
test the algorithms for bilateral differen-
tial diagnosis between PNETs and other
tumors, as described previously. Of the
32 total procedures, 25 (78%) yielded cor-
rect classifications, three (9%) yielded
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unclassifiable tumors, and four (13%)
yielded misclassifications (Table 4).

DISCUSSION

PNETs are undifferentiated round cell tu-
mors that typically occur in childhood.
Only 20%-30% of these tumors occur in
adulthood, at which time, as opposed to
the pediatric tumors, they tend to show a
higher frequency of atypical features
(4,8). This is the reason that some au-
thors have suggested that medulloblas-
toma always be considered in the differ-
ential diagnosis of a mass in the posterior
fossa of an adult (4). Our results agree
with this atypical aspect of medulloblas-
toma in adulthood. In the current study
participants, the most common pattern
for posterior fossa PNET in 43% of medullo-

blastomas was a heterogeneous poorly de-
fined tumor located in the cerebellar hemi-
sphere with areas of cystic or necrotic
degeneration into the tumor. On the
other hand, supratentorial PNETs, similar
to other supratentorial tumors, tend to
show a highly heterogeneous pattern
with areas of necrosis (9). Thus, addi-
tional information for diagnosis of these
tumors would be of interest, especially
when considering that diagnosis of PNET
prior to surgery has important repercus-
sions in therapeutic decisions and prog-
nosis (ie, suspicion of PNET could indi-
cate spinal staging MR imaging to discard
drop metastases throughout the cerebro-
spinal fluid before surgery [1,2]; insertion
of a ventriculoperitoneal shunt should be
considered only if strictly necessary be-
cause it may be a channel for neoplastic
spread to extraneural sites [37], and the
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TABLE 3

in 95 Retrospective Cases

Criteria for Bilateral Tumor Discrimination of PNET and Assessment of Results

A: Bilateral Tumor Discrimination Criteria

Discriminative Criteria

Tumors Comparison
Compared Discriminative Resonance* PNET Tumor
PNET, MEN 1st, Ala; <2.78 >14.00

2nd, GLX <5.04 >30.14
PNET, LGA 1st, CHO >91.90 <90.34
PNET, AA 1st, CHO >98.42 <91.90
PNET, GBM 1st, LIP 1.30; <7.08 >42.40
2nd, CHO >97.50 <91.90
PNET, MET 1st, LIP 1.30; <3.41 >42.40
2nd, CHO >98.81 <91.90

the first.

B: Bilateral Differential Diagnosis Results

* The second discriminative resonance was used only when discrimination was not possible with

Bilateral Differential Diagnosis Results*

Tumors

Compared Correct Unclassifiable Incorrect
PNET vs MEN

PNET 6/9 2/9 1/9

MEN 17/22 3/22 2/22

Total 23/31 (74) 5/31 (16) 3/31 (10)
PNET vs LGA

PNET 8/9 1/9 0/9

LGA 11/12 112 0/12

Total 19/21 (90) 2/21 (10) 0/21 (0)
PNET vs AA

PNET 5/9 3/9 1/9

AA 1/8 6/8 1/8

Total 6/17 (35) 9/17 (53) 2/17 (12)
PNET vs GBM

PNET 9/9 0/9 0/9

GBM 19/23 2/23 2/23

Total 28/32 (88) 2/32 (6) 2/32 (6)
PNET vs MET

PNET 9/9 0/9 0/9

MET 18/21 1/21 2/21

Total 27/30 (90) 1/30 (3) 2/30 (7)
Overall® 103/131 (79) 19/131 (14) 9/131 (7)

meningioma, MET = metastasis.
case.

tions.

Note.—Data are numbers of correct, unclassifiable, and incorrect results obtained for the 131
procedures evaluated in the retrospective training set. Numbers in parentheses are percentages.
AA = anaplastic astrocytoma, GBM = glioblastoma, LGA = low-grade astrocytoma, MEN =

* Assessed by using the leave-one-out method. Discriminative criteria were calculated for every

T PNETs were bilaterally compared with all five groups; thus, 95 spectra yielded 131 classifica-

high sensitivity of these tumors to che-
motherapy and radiation therapy could
have a major effect on patient care [37]).

The biochemical information sampled
with proton MR spectroscopy brings ad-
ditional data about the metabolism and
pathophysiologic status of brain tumors,
provides diagnostic orientation on the
basis of the use of molecular or metabolic
profiles, and complements the informa-
tion gathered at anatomic imaging. Nev-
ertheless, before applying proton MR
spectroscopy for tumor classification in
daily clinical practice, it is necessary to

562 - Radiology - November 2002

know the characteristics of every tumor
group and the most useful findings in
differentiating between tumor types. Au-
thors of many studies (10-20,22-25)
have evaluated proton MR spectroscopy
in the most common brain tumors both
in vivo and in vitro, and their spectral
characteristics are being progressively es-
tablished, with promising results in dif-
ferentiating between them. Evaluation of
less common tumors constitutes an addi-
tional step in the introduction of proton
MR spectroscopy in clinical practice,
which is essential for completing the
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Figure 3. PNET. (a) Transverse T2-weighted
MR image (2,175/85) shows a relatively homo-
geneous tumor (arrows) in the posterior fossa,
adjacent to the posterior wall of the fourth
ventricle. The voxel position for proton MR
spectroscopy (box) is also shown. (b) Localized
spin-echo proton MR spectrum (2,000/136,
128 acquisitions) of the tumor shows promi-
nent resonances from CHO and low CR and
NACC resonance. There is a small amount of
LACT (Lact) and a resonance at 3.55 ppm that
is attributable to Gly/MI. Some peaks (*)
around 3.30 and 3.40 ppm suggest the pres-
ence of taurine in this particular case. The his-
tologic diagnosis was PNET. The empiric algo-
rithm satisfactorily classified this tumor as
PNET at bilateral comparisons with the main
tumors included in the differential diagnosis
(metastasis and meningioma).

study of the clinical application of pro-
ton MR spectroscopy to diagnose brain
tumors. In this respect, little interest
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Figure 4. Metastasis. (a) Transverse T2-
weighted MR image (2,175/85) shows a well-
defined midline tumor (arrows) adjacent to the
aqueduct and fourth ventricle. There is some
heterogeneity with central low signal intensity
and peritumoral edema. The voxel position for
proton MR spectroscopy (box) is shown.
(b) Localized spin-echo proton MR spectrum
(2,000/136, 128 signals acquired) of the tumor
shows LIP resonance at 1.30 ppm and a small
amount at 0.90 ppm. This finding is highly
suggestive of metastasis or glioblastoma. The
diagnosis after tumor removal was metastasis.
Bilateral comparison with PNET satisfactorily
suggested metastasis.

has been shown in proton MR spectros-
copy of PNETs, especially in adults.
Most PNETs described in the spectro-
scopic literature correspond to a few
cases included in large series of brain
tumors.

In vivo proton MR spectroscopy in
children has focused on differentiation
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Figure 5. Meningioma. (a) Transverse T2-
weighted MR image (2,175/85) shows a well-
defined midline tumor (arrows). The voxel po-
sition for proton MR spectroscopy (box) is
depicted. “A” marks correspond to unremov-
able marks made by the spectroscopic software
package used. (b) Localized spin-echo proton
MR spectrum (2,000/136, 128 signals acquired)
of the tumor shows an inverted Ala doublet
centered at 1.47 ppm that is highly suggestive
of meningioma. Note also a clear resonance of
GLX. The histologic diagnosis was meningi-
oma. Bilateral comparison satisfactorily re-
sulted in differentiation of this tumor from
PNET.

between the three most common poste-
rior fossa tumors in this age group: PNET,
ependymoma, and astrocytoma, with
good results in most series (21,26). Au-
thors of previous studies (21,26) found
low ratios of NACC/CHO, CR/CHO, and
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Figure 6. PNET. (a) Transverse fast FLAIR MR
image (6,706/120/2,000; turbo factor, 15)
shows a heterogeneous tumor (arrows) with a
cystic and/or necrotic area. The voxel position
for proton MR spectroscopy (box) is shown.
(b) Localized spin-echo proton MR spectrum
(2,000/136, 192 signals acquired) of the tumor
shows prominent resonance from CHO and
low CR and NACC resonances. A certain
amount of LACT is probably overlapping with
Ala. Note also a small peak (*) at 3.4 ppm that
is difficult to differentiate from noise and
could suggest resonance from taurine. The de-
finitive diagnosis after partial tumor removal
was PNET. Bilateral differentiation from glio-
blastoma satisfactorily suggested PNET.

LACT/CHO to be characteristic of medul-
loblastoma in children and resulted in
improvement in discriminating among
PNETs, low-grade astrocytomas, and epen-
dymomas in children when proton MR
spectroscopic findings were considered
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TABLE 4
Results of 32 Differential Diagnostic Procedures in a Prospective Test Set
of 24 Tumors to Test the Empirical Method for Bilateral
Differential Diagnosis of PNET
Case No./ Procedure Bilateral Differential Final
Definitive Diagnosis No. Diagnostic Procedure Classification Result
1/LGA 1 PNET vs LGA PNET Incorrect
2/MEN 2 PNET vs MEN MEN Correct
3/LGA 3 PNET vs LGA PNET Incorrect
4/AA 4 PNET vs AA AA Correct
5/GBM 5 PNET vs GBM GBM Correct
6/MEN 6 PNET vs MEN MEN Correct
7/MET 7 PNET vs MET MET Correct
8/MEN 8 PNET vs MEN MEN Correct
9/AA 9 PNET vs AA Unclassifiable Unclassifiable
10/LGA 10 PNET vs LGA PNET Incorrect
11/PNET 11 PNET vs MEN PNET Correct
12 PNET vs LGA PNET Correct
13 PNET vs AA PNET Correct
14 PNET vs GBM PNET Correct
15 PNET vs MET PNET Correct
12/AA 16 PNET vs AA AA Correct
13/PNET 17 PNET vs MEN Unclassifiable Unclassifiable
18 PNET vs LGA PNET Correct
19 PNET vs AA Unclassifiable Unclassifiable
20 PNET vs GBM PNET Correct
21 PNET vs MET PNET Correct
14/MET 22 PNET vs MET MET Correct
15/MET 23 PNET vs MET MET Correct
16/MEN 24 PNET vs MEN PNET Incorrect
17/MEN 25 PNET vs MEN MEN Correct
18/MEN 26 PNET vs MEN MEN Correct
19/AA 27 PNET vs AA AA Correct
20/MEN 28 PNET vs MEN MEN Correct
21/MET 29 PNET vs MET MET Correct
22/MET 30 PNET vs MET MET Correct
23/MET 31 PNET vs MET MET Correct
24/GBM 32 PNET vs GBM GBM Correct
Note.—Of the results of 32 procedures, 25 (78%) were correct, three (9%) were unclassifiable, and
four (13%) were wrong. AA = anaplastic astrocytoma, GBM = glioblastoma, LGA = low-grade
astrocytoma, MEN = meningioma, MET = metastasis, PNET = primitive neuroectodermal tumor.

(26). Furthermore, most in vitro studies
(23,24,27,28) have reported an increase
in total CHO, taurine, Gly, and inositol
levels in PNET. The differential diagnosis
in adults is significantly different from
that in children and should include the
most common tumors in adults: menin-
gioma, metastasis, and astrocytic tumor
(low-grade astrocytoma, anaplastic astro-
cytoma, and glioblastoma). The first two
may simulate medulloblastoma in homo-
geneous posterior fossa midline tumors
or in tumors located peripherally in the
hemispheres. Metastasis and astrocytic
tumors can be confused with PNETs in
cases of heterogeneous tumors located
outside the vermis or in the cerebral
hemispheres (Figs 6, 7). On the other
hand, an identical spectroscopic pattern
of medulloblastoma in children and
adults cannot be taken for granted. PNET
has shown different radiologic behavior
in adults (4,8); for example, a desmoplas-
tic histologic variant has been described
to be more frequent in this age group
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(4,5,8), and some authors have suggested
a different origin of PNETs in adults with
respect to children (38). Accordingly, our
study focuses on the characteristics of
PNET in adults and its differential diag-
nosis in this age group.

Our results were similar to those previ-
ously reported in pediatric PNETs. As in
previous work in children (27,28), we
found high relative CHO values in PNET
with respect to the rest of the tumors,
showing significant differences with all
tumors except meningioma and anaplas-
tic astrocytoma. These high CHO values
would correlate with the high cellularity
of PNET observed at histologic examina-
tion, with densely packed cells and scant
cytoplasm (36). Another characteristic of
PNET found in the current study was the
absence of or low amounts of LIP signal,
in contrast with that in other high-grade
tumors (glioblastoma and metastases).
LIP signals have been correlated with ne-
crosis in tumors (39-42). The low inten-
sity of LIPs in PNET, considered grade 4
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Figure 7. Glioblastoma. (a) Transverse inter-
mediate-weighted MR image (2,175/20) shows
a heterogeneous tumor (arrows) with a ne-
crotic cystlike area in the left frontal lobe. The
voxel position for proton MR spectroscopy
(box) is also shown. (b) Localized spin-echo
proton MR spectrum (2,000/136, 192 signals
acquired) of the tumor shows LIP resonance at
1.30 ppm that is highly suggestive of metasta-
sis or glioblastoma. The histologic diagnosis
after partial tumor removal was glioblastoma.
Bilateral discrimination with PNET satisfacto-
rily suggested glioblastoma.

malignancy by the World Health Organi-
zation (43), may be a result of their high
cellularity and a low amount of necrosis.
There were also differences in Ala and
GLX between PNET and meningioma.
Ala was significantly increased in menin-
giomas, a well-known finding with re-
spect to other tumors (10,13,17,23,24)

Majos et al
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that was also found with respect to PNET
in the current study. We also evaluated
GLX resonance, although it should be
taken into account that it could have
contributions from LIP resonances when
prominent LIP signals are present at 0.90
and 1.30 ppm (39,40,44). Previous phan-
tom studies (30,33) have shown that
GLX is detectable with a echo time of 136
msec. We found this resonance to be in-
creased in meningioma at comparison
with that in PNET.

The ideal echo time for tumor classifi-
cation with proton MR spectroscopy is
under discussion. In the current study,
we preferred to use a relatively long echo
time (136 msec) sequence, since it allows
good differentiation between LACT and
Ala and LIPs because of J modulation,
produces less baseline distortion, and is
easier to quantify; we thus believed that
it would give more reproducible results.
Another point under discussion is the
choice between single- or multivoxel
techniques (45). Multivoxel techniques
more completely represent the tumor
heterogeneity. Nevertheless, single-voxel
techniques may have major advantages
for brain tumor discrimination in clinical
practice: It takes less time to perform the
examination, it is easier and quicker to
process data to obtain quantitative re-
sults, and it is possible to obtain better
magnetic field homogeneity in the vol-
ume of interest. Nevertheless, although
we used a single-voxel technique, we
hope that the spectroscopic pattern
knowledge gained will be of interest in
interpreting multivoxel data in the fu-
ture.

The most accurate method of clinical
proton MR spectroscopic interpretation
also remains an open question. While a
robust classification method is unanimously
accepted, some preliminary methods could
be useful to exploit the quantitative po-
tential of proton MR spectroscopy. An
additional use for such preliminary meth-
ods would be prospective testing of the
usefulness and reproducibility of spectro-
scopic findings in differentiating between
tumors. In this respect, we obtained satis-
factory results in pairwise differentiation
between PNET and the five more com-
mon brain tumors in adults in a retro-
spective training set, with correct classi-
fication of 79% (103 of 131) of cases, in
the range seen in previous research on
brain tumors (12,16,21,26). Of high inter-
est for clinical application is that in 7%
(nine of 131) of cases, an incorrect diagno-
sis was suggested as a result of our method.
Differentiation of PNET in our study was
carried out by using the 90th percentiles of
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some specific discriminative resonances
that included Ala and GLX for meningi-
oma, CHO for low-grade and anaplastic
astrocytomas, and LIP 1.30 and CHO for
glioblastoma and metastasis. We con-
firmed the consistency and reproducibil-
ity of our findings by means of a prospec-
tive test set of 24 tumors (correctly
classified, 78% [25 of 32 procedures]; un-
classifiable, 9% [three of 32 procedures];
and misclassified, 13% [four of 32 proce-
dures]). Only a few studies of brain tumor
classification with proton MR spectroscopy
(16,46) have included prospective test sets
to validate the performance produced by
their discrimination strategies. In the
present study, we preferred to use such
an independent test set because it avoids
the possible bias of using the same cases
for training and testing (16,47). In this
way, we expected to gain better insight
into the utility of our results for bilateral
tumor discrimination in real new cases.
Our aim in elaborating a bilateral dis-
criminative path was not to definitively
establish a method for tumor classifica-
tion but to test the findings reported in
the study, its reproducibility, and its use-
fulness when applied in tumor discrimi-
nation. This method could be used as a
guide for applying proton MR spectro-
scopic findings in tumor categorization.
Nevertheless, boundaries (the 90th per-
centile in our case) should be recalcu-
lated and tested for every clinical setting
because of differences in the acquisition
protocols and MR imaging systems used.
Nonetheless, our findings confirm that in
vivo proton MR spectroscopy provides
additional information for identifying
PNETs in adults on the basis of the tu-
mors’ biochemical characteristics, which
are reflected in their spectral pattern.
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Abstract Our aim was to evaluate
the usefulness of proton MR spec-
troscopy ("H MRS) in the diagnosis
of radiologically atypical brain
meningiomas. We studied 37 pa-
tients with intracranial meningiomas
with MRI and "H MRS (TE

136 ms). Their spectra were quanti-
tatively assessed and compared with
those of 93 other intracranial brain
neoplasms: 15 low-grade and

14 anaplastic astrocytomas, 30 glio-
blastomas and 34 metastases. The
most characteristic features of men-
ingiomas were the presence of ala-
nine, high relative concentrations of
choline and glutamine/glutamate
and low concentrations of creatine-
containing compounds, N-acetyl-
containing compounds and lipids.
These resonances were assembled in
algorithms for two-way differentia-
tion between meningioma and the
other tumours. The performance of

the algorithms was tested in the

130 patients using the leave-one-out
method, with 94% success in differ-
entiating between meningioma and
other tumour. Of the 37 meningio-
mas, five (14%) were thought atypi-
cal on MRI, and in only one of
these, found to be malignant on
histology, was a diagnosis other than
meningioma suggested by the algo-
rithm. The other four were correctly
classified. We suggest that 'H MRS
provides information on intracranial
meningiomas which may be useful in
diagnosis of radiologically atypical
cases.

Keywords Meningioma - Magnetic
resonance imaging - Magnetic
resonance spectroscopy

Introduction

Intracranial meningiomas usually have typical radio-
logical appearances and diagnosis by conventional
imaging is relatively certain in most cases. A small per-
centage are atypical and diagnosis may not be confi-
dently suggested by imaging alone [1, 2, 3]. Additional
information from other noninvasive techniques such as
proton MR spectroscopy (‘"H MRS) could be relevant
prior to surgery or radiotherapy. Accurate presurgical
diagnosis in such cases could have important implica-

tions, suggesting preoperative endovascular embolisa-
tion in centres where that is thought to be useful, or
simply follow-up imaging of patients for whom surgery
is not indicated.

Our aim was to assess whether 'H MRS could be
useful in diagnosis of intracranial meningiomas as a
whole, and of radiologically atypical tumours in par-
ticular. We used a quantitative method recently re-
ported for identification of intracranial tumours,
subjecting the spectra of the lesion to two-way com-
parisons [4].
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Materials and methods

We reviewed 37 MRS studies of 13 men and 24 women,
18-80 years old, mean 56 years, with intracranial meningiomas
(MEN). A data-set of 93 MRS studies of the most frequent in-
tracranial tumours, obtained from 93 patients (37 women, 56 men,
14-81 years old, mean 56 years) were used for comparison:
15 low-grade (LGA) and 14 anaplastic astrocytomas (AA),
30 glioblastomas (GBM) and 34 metastases (MET). All were
confirmed histologically with the exception of ten MET, in which
the diagnosis was based on the presence of multiple intracranial
lesions in patients with known primary tumour. MRS studies
obtained under identical conditions from the white matter of six
healthy volunteers were also used for reference. The study was
approved by our Ethics Committee and informed consent was
obtained from all patients and volunteers.

In the patients MRI was performed at 1.5 tesla, in three
orthogonal planes, including T1- (TR 536 TE 15 ms), proton
density- (2175, 20 ms), and T2- (2175, 85 ms) weighted images.
Contrast-enhanced T1-weighted images were obtained in at least
two planes. Three experienced neuroradiologists (C.Ag., M.S. and
S.C.), blinded to the final diagnosis analysed the images of the
130 tumours and suggested the most likely diagnosis, or diagnoses,

Fig. 1A, B Algorithms for two- A
way differential diagnosis. A
Model algorithm for two-way
differential diagnosis. *1st, 2nd
and 3rd discriminative reso-
nances (DR) may vary depend-
ing on the tumour type to be
differentiated from MEN
(meningioma) (Table 2). 90% P
90th centile. **non-MEN may
be LGA (low-grade astrocy-

for each. The meningiomas in which the diagnosis included possi-
bilities other than MEN were listed as “meningiomas with uncer-
tain imaging diagnosis”.

Single-voxel "TH MRS was incorporated in the standard imaging
study. The volume of interest (VOI) was between 1.5x1.5x1.5 cm?®
(3.4 cc) and 2x2x2 cm® (8 cc). It was placed so as to position the
largest possible voxel within the solid tumour seen on MRI,
avoiding cysts or areas of necrosis, and with minimum contami-
nation from the surrounding non-neoplastic tissue. The homoge-
neity of the magnetic field in the VOI was optimised automatically.
The spectra were obtained with a water-suppressed, single-voxel,
point-resolved spectroscopic sequence (PRESS) with TR 2000 TE
136, 128-192 excitations, 512 points acquired and 1000 Hz acqui-
sition bandwidth. The standard receiver head coil was used in all
cases. Spectral analysis was with the MRUI software [5]. The time
domain-data were analysed with the variable projection method
(VARPRO) [J] after filtering the residual water signal with the
Henkel-Lanczos singular value decomposition algorithm.

The resonances of interest were the methylene groups of fatty
acids in MRS-visible lipids (Lip 1.3) at 1.30 ppm, lactate (Lac) as
an inverted doublet centered at 1.35 ppm, alanine (Ala) as an in-
verted doublet at 1.47 ppm, N-acetyl-aspartate and other N-acetyl
containing compounds (NAc) at 2.02 ppm, glutamate and gluta-
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mine (Glx) at 2.35 ppm, creatine plus phosphocreatine (Cr) at
3.03 ppm, and choline and other trimethyl-amine-containing
compounds (Cho) at 3.20 ppm. Assignment of these resonances
was based on previous data on intracranial tumours [4, 6, 7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19] and phantom studies [6, 7]. Cr
and/or water (4.7 ppm) were chosen as chemical-shift reference
resonances to correct possible shifting in the frequency domain.
Special attention was paid to differentiation between Lac and Ala
on the basis of the position of the doublets, using the MRUI
software. We defined the peaks in the frequency domain, even when
there could be doubts about their differentiation from noise, using
the criterion that further quantification and analysis should find
differences between noise and metabolite signal without operator
influence. Our aim was to avoid operator bias due to application of
prior knowledge. An area of ““0” was assigned only to resonances
to which the program was unable to fit a peak in the area of
interest.

Each the seven resonances of interest was considered separately
in the analysis. Fitted resonance areas for Lac, Ala, NAc, Glx, Cr
and Cho were normalised using a ratio between the resonance in
question and the three main spectroscopic resonances (x = 100xx;/
(NAC?+ Cr?+ Cho?)!/?), where x; is the original area of the reso-
nance being normalised) [4, 8, 9]. For normalisation of the reso-
nance areas of lipids the square of the value Lip 1.3 was included in
the denominator (x=100xx;/(NAc?+ Cr’*+ Cho®+ Lip 1.3%)"?).

Fig. 1A, B (Contd.) B

Data obtained for MEN were compared to the other tumours to
identify the characteristics of this tumour in in vivo 'H MRS. We
did not assign the characteristic resonances to a particular metab-
olite, but simply to a resonance in the spectrum. Extrapolation of
the origin of a particular resonance to a particular metabolite
would require further ex vivo and in vitro studies beyond the scope
of this clinical study [6, 10, 20].

Statistical significance of differences between various groups for
each metabolite was tested with the Kruskal-Wallis nonparametric
analysis of variance. A post-hoc pair-wise analysis was performed
between MEN and the other groups using Dunnett’s T3 test. Dif-
ferences of P <0.05 were taken as statistically significant. We
calculated 90th centiles for nonparametric variables in every re-
sonance and tumour group. All statistical tests were performed
using SPSS software. The resonances showing the largest differ-
ences between MEN and the other groups were incorporated into a
three-step algorithm [4] (Fig. 1), the performance of which was
tested by the leave-one-out method [4, 8, 21].

Results

Means and standard deviations of the 37 MEN,
93 other tumours and six healthy volunteers are shown
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Table 2 Results obtained applying the leave-one-out method to resonances selected for two-way tumor differentiation

Two-way classification Discriminant resonances

Classification (%)

Ist 2nd 3rd Correct Unclassifiable Wrong
MEN vs LGA Ala Cr Glx 51/52 (98) 0/52 (0) 1/52 (2)
MEN vs AA Ala Cr Glx 45/51 (88) 4/51 (8) 2/51 (4)
MEN vs GBM Lip 1.3 Ala Cr 64/67 (96) 0/67 (0) 3/67 (4)
MEN vs MET Lip 1.3 Ala Cho 66/71 (93) 0/71 (0) 5/71 (7)
Overall 226/241 (94) 4/241 (2) 11/241 (4)

Table 3 Performance of the diagnostic algorithm in five meningiomas with uncertain imaging diagnosis

Patient/age (years) Site Alternative diagnoses Two-way comparisons Spectroscopic diagnosis
1/18 Left frontal LGA, AA, others MEN vs LGA MEN
MEN vs AA MEN
4/22 Right trigone LGA, AA, others MEN vs LGA MEN
MEN vs AA MEN
25/20 Right trigone LGA, AA, others MEN vs LGA MEN
MEN vs AA MEN
35/76 Left frontal AA, GBM, MET MEN vs AA MEN
MEN vs GBM GBM
MEN vs MET MET
37/45 Right frontal AA, GBM, MET MEN vs AA MEN
MEN vs GBM MEN
MEN vs MET MEN
Overall correct diagnoses 10/12 (83%)
Discussion

Fig. 2A, B Intraventricular meningioma in a 20-year-old woman.
A Axial contrast-enhanced TI1-weighted image shows a large
tumour in the right trigone. The tumour is slightly heterogeneous,
with moderate contrast enhancement and a nonenhancing central
area (arrow). At this age, the most common intraventricular
tumours are low-grade gliomas. Meningioma and anaplastic
astrocytoma were included in the differential diagnosis. The voxel
for spectroscopy (‘"H MRS) is shown. B The spectrum obtained
shows a typical Ala doublet centered at 1.47 ppm, increased choline
(Cho) and Glx and decreased Cr and N-acetyl-containing com-
pounds (NAc). The tumour was classified as meningioma in all
two-way comparisons

"H MRS is a noninvasive technique way of showing the
biochemical content of living tissue, which yields addi-
tional data about the metabolism of tumours which can be
useful in diagnosis [4, 9, 12, 25, 26, 27, 28, 29, 30]. In order
to use MRS in clinical practice, we need a system which
gives a limited range of diagnoses. It is of interest to know
if '"H MRS can improve diagnostic accuracy in daily
practice. Single (SV) or multivoxel (MV) strategies may be
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Fig. 3A-C Frontal meningioma in an 18-year-old man. A Coronal
B axial contrast-enhanced T1-weighted images show a heteroge-
neous left frontal tumour with solid enhancing (large black arrows)
and probably cystic nonenhancing areas (large white arrows). It
contacts the meninges (small black arrows), but a meningeal origin
cannot be suggested confidently. There is oedema in the white
matter (small white arrows). Differential diagnosis included LGA,
AA, meningioma and other tumours, including oligodendroglioma
and primitive neuroectodermal tumour. The voxel for '"H MRS is
shown in B. C The spectrum does not show Ala. Nevertheless, the
very high Cho and low Cr and NAc suggested meningioma in two-
way comparisons

chosen. We chose the former because it is a less time-
consuming, both for data acquisition and processing and
therefore easier to accommodate in clinical practice; it
allows better optimisation of magnetic field homogeneity,
which facilitates accurate evaluation of certain resonance
peaks; and it provides better voxel delineation, minimis-
ing contamination of the spectrum by tissue outside the
volume selected. MV techniques allow assessment of tu-
mour heterogeneity, and should be used in follow-up of

C ChoT1TT
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NAcll
Glx
Lact
35 3 33 2 1.5 1 03
ppm

tumours after treatment, in differentiation between radi-
onecrosis and tumour recurrence and in guiding stereo-
tactic biopsy. SV techniques may play a prominent role in
initial diagnosis for the reasons given above; knowledge
gained from SV studies such as this may be of use for
properly interpreting spectra acquired with MV studies.

Fig. 4A-C Left frontal meningioma in a 76-year-old man. A
Coronal B and axial contrast-enhanced T1-weighted images show a
heterogeneous tumour with solid areas (large black arrows), and
nonenhancing cystic and/or necrotic areas (large white arrow).
There is contact with the meninges (small white arrows). An extra-
axial origin could not be confidently suggested, and differential
diagnosis included AA, GBM and intra-axial MET. Meningioma
or extra-axial metastasis were included because of the large vessel
between the tumour and brain parenchyma (small black arrow).
The voxel for "H MRS is shown in B, including most of the solid,
enhancing tumour. C The lipid peak in the TE 136 ms spectrum
suggested GBM or MET in two-way comparison with MEN. Large
Cho and low Cr and NAc peaks correctly suggested MEN in the
comparison with AA. The pathological on the resected tumour was
malignant meningioma
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Different echo times may also be chosen for '"H MRS.
Although short echo times have some advantages, such
as better assessment of Glx and myo-inositol, we chose a
TE 136 ms because we think it provides better differ-
entiation between Lac-Ala and lipids; low baseline dis-
tortion; and easy quantification of spectra. We
normalised the values for each resonance with a previ-
ously reported method [4, 9], which evaluates not only
the relation between two resonances, but the relation-
ship of every single resonance with the three main ones
in normal brain parenchyma (NAc, Cr and Cho). We
believe this method can easily be introduced in daily
practice and provides overall assessment of the spectrum
avoiding the need for external references, measurement
of additional parameters, or assuming some premisses
which could yield uncertain values.

We assessed the potential impact of MRS in diagnosis
of meningiomas. The majority may be confidently differ-
entiated from other intracranial tumours on the basis of
their spectroscopic pattern, especially the presence of
large amounts of alanine, known from in vitro studies [31,
32]. This biochemical characteristic is shown in vivo by 'H
MRS as a doublet centered at 1.47 ppm, inverted at the
echo time we used due to J-coupling-induced modulation.
Other characteristic trends are high Cho/Cr and Cho/
NACc ratios, which may play a prominent diagnostic role
when Ala is not detectable. We confirmed the prominent
role of Ala in identifying meningiomas, as well as the
usefulness of the relationship between Cho, Cr and NAc,
and some usefulness of Glx. We found that normalised Cr
was the parameter best implementing this characteristic
relationship between Cho, Cr and NAc in clinical identi-
fication of meningiomas. Previous work has shown the
detectability of Glx at an echo time of 136 ms [7, 13].
Nevertheless, little interest has been paid to this resonance
in intracranial tumours. Characteristic markers of other
tumours may also be useful for discrimination between
them and meningiomas. This is true of glioblastomas and
metastasis, in which Lip 1.3 is characteristic [14, 22].
When used in an algorithm, as reported previously [4],
these findings produced 94% correct classification of
meningiomas, 2% unclassifiable tumours, and only 4%
incorrect classifications.

Meningiomas have been traditionally thought easy to
diagnoses by imaging alone. Many are, but in a small
group the diagnosis is not unequivocal. Additional

noninvasive techniques such as diffusion, perfusion and
"H MRS may play a role in these cases. We have iden-
tified two such situations. First, intraventricular tu-
mours in young patients suggest a differential diagnosis
in which low-grade gliomas are the first option [11, 22,
23, 24]. Nevertheless, large homogeneous tumours may
suggest meningioma or AA. "H MRS may be of utility
by reinforcing the suspicion of meningioma. The possi-
bility of embolisation prior to surgery should be evalu-
ated, to avoid massive bleeding [33]. Second, some
meningiomas may resemble malignant intra-axial neo-
plasms, such as AA, GBM or MET, especially tumours
with nonenhancing cystic or necrotic areas in which
signs of their extra-axial origin are not evident, espe-
cially if they are surrounded by extensive oedema.
Techniques which limit differential diagnosis could have
prognostic implications and may be of interest for
planning surgery. A third situation in which '"H MRS
may be useful is the differentiation between solitary ex-
tra-axial metastasis and meningioma in patients with a
known primary tumour, without evidence of other me-
tastases [34]. A suggestion of meningioma may indicate
surgery as the first option, while metastasis may open
the field to palliative, more conservative treatment (al-
though biopsy will generally be still required prior to
treatment).

Our MRI diagnosis was uncertain in five meningio-
mas (14%); this rate is unexpectedly high. The reason
may be we studied only meningiomas in which it was
feasible to perform 'H MRS of good quality, thereby
excluding some subtypes such as “en plaque” tumours,
small sphenoid ridge lesions and other very character-
istic meningiomas which could have increased the rate of
confident diagnosis. The two incorrect results of our
MRS analysis concerned a tumour in which the Lip 1.3
peak suggested GBM or MET. Lipid resonance in ma-
lignant meningiomas has been reported [35] and may be
a cause for false-negative diagnosis of meningioma in the
method reported, for further optimisation of our pro-
posed diagnostic algorithm. The 94% certain diagnosis
rate confirms '"H MRS as a valuable addition to the
diagnosis of radiologically atypical meningiomas.
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5.1. Aspectos de los apartados de material y métodos de los articulos

de trascendencia para valorar los resultados.

Cabe considerar varias etapas entre la adquisicion de los datos
espectroscopicos (FID o free induction decay) y la clasificacion de un
determinado caso en un grupo tumoral en base a su patron espectral. Parte de
la discordancia entre los resultados obtenidos en diferentes trabajos puede ser
explicada por los diferentes procedimientos utilizados en cada uno de estos
pasos. Cabe destacar que en los tres trabajos que constituyen esta tesis se
han utilizado procedimientos totalmente superponibles para cada uno de estos
pasos, de manera que entre ellos unicamente ha variado la pregunta a
responder y no la manera de procesar los datos espectroscopicos. Esto le
confiere solidez a la valoracion de la utilidad clinica de la ERM que constituye

esta tesis.

Una vez obtenida la FID, la primera etapa consiste en el procesado de
los datos con el objetivo de visualizar el espectro. En esta fase se aplican
diferentes algoritmos para incrementar la resolucion, mejorar la relacion sefial-
ruido y se aplica la transformada de Fourier. También se aplican algoritmos
para corregir la fase y la linea de base del espectro. EI método ideal de
preprocesado ha de incluir la menor manipulacion posible por parte del
operador y la utilizacién de los mismos algoritmos para evitar que los datos
cuantitativos estén afectados de manera diferente por los procedimientos

resefiados anteriormente. Para disminuir al maximo el efecto del operador en
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esta tesis hemos calculado areas de cada resonancia del espectro con un
algoritmo que trabaja en el dominio del tiempo. De esta manera los
procedimientos descritos anteriormente (algoritmos para incrementar
resolucion, para mejorar la relacion sefal ruido, para corregir la fase y la linea
del espectro en el dominio de la frecuencia) no afectan y el procesamiento del
espectro se ha realizado siguiendo los criterios citados anteriormente

unicamente con fines de presentacion.

Dado que los resultados obtenidos en la cuantificacién de un espectro se
dan en unidades relativas, es importante su normalizacion de cara a obtener
cifras comparables entre casos diferentes. En esta tesis se ha utilizado un
método innovador, que utiliza la formula “x= 100-x/(NACC?+Cr’+Cho?)"*
(siendo x; el valor del area original de la resonancia a normalizar) para el
procedimiento. Los métodos utilizados anteriormente han consistido en calcular
relaciones entre resonancias (por ejemplo entre Cho y Cr, NACC y Cr...), entre
la altura de una resonancia y la altura del global de puntos del espectro
valorada en forma de la integracion del mismo, y entre una resonancia y la
resonancia del agua. La principal ventaja de los métodos que calculan
relaciones entre resonancias radica en su simplicidad, mientras que el principal
inconveniente es que ante un resultado determinado (p.e. aumento de la ratio
Cho/Cr) no permite distinguir el origen del mismo (puede ser debido a aumento
de Cho o descenso de Cr). Los métodos con valoraciones mas globales, ya sea
mediante la integracion del area del espectro o la relacion del metabolito con

respecto al agua, obvian este inconveniente, dando una valoracion mas
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absoluta, a costa de una mayor complejidad de la cuantificacién. EI método
utilizado para esta tesis permite obtener una valoracion global del espectro de
una forma mas sencilla, mas facil de aplicar en la practica clinica, mediante la
relacion entre el area de una resonancia determinada y la suma de las tres

resonancias predominantes del espectro.

El siguiente paso, una vez cuantificado el espectro y obtenidos valores
comparables, es la clasificacion en grupos. Diferentes grados de complejidad
matematica se han utilizado para elaborar las herramientas para la
clasificacion, que se han llamado “clasificadores”. Para esta tesis se ha
utilizado un método de clasificacion no paramétrico basado en la distribucion de
los valores de las determinadas resonancias en cada grupo, y se han
posicionado los valores de corte a nivel de los percentiles del 90%. También se
trata de un método innovador, no utilizado previamente para clasificacion de
espectros, cuya principal ventaja es que no requiere asumir distribucion normal
de los valores. A pesar de que obtiene resultados de clasificacién ligeramente
inferiores a métodos descritos con anterioridad (p.e. con LDA - ‘“linear
discriminant analysis”), este método, al no requerir asumir una premisa no
demostrada (distribucién normal), debiera ser mas robusto y producir mayor
reproducibilidad de los resultados. Se ha puesto especial énfasis en que el
método sea suficientemente manejable para poder ser actualizado facilmente
con casos nuevos, para poder ser optimizado por usuarios con diferente
experiencia previa (sea por caracteristicas técnicas de las secuencias u otros

factores) y para ser optimizado para diferentes diagnésticos diferenciales.
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Finalmente se deben comprobar los resultados obtenidos con el método.
Para realizar este proceso de una forma fiable cabe dos opciones: a/reservar
un grupo de casos no usados para elaborar los clasificadores y probar el
clasificador con este grupo, que se denomina grupo de test o “test set”, y b/usar
el método denominado “dejar uno fuera” o “leave-one-out” (Miller AJ). Este
ultimo método consiste en calcular los clasificadores varias veces, una para
cada caso, incluyendo todos los casos excepto el que esta siendo evaluado. La
exactitud del método se evalua clasificando el caso que ha sido dejado fuera.
En los dos primeros trabajos de esta tesis se ha optado por el primer método,
reservando un grupo de casos para ser utilizado como grupo de test.
Consideramos que este método proporciona una validacion mas solida de los
resultados, ya que el grupo de entrenamiento del clasificador es totalmente
independiente del grupo de test. En casos en que solo se dispone de un
limitado numero de casos, la aplicacion del método de “dejar uno fuera” permite
evitar el efecto negativo que tendria el incluir un caso extremo en un test set de
dimensiones reducidas. En el tercer trabajo se utilizé este método (dejar uno
fuera) dado que el numero de casos en que se debia aplicar el clasificador era

bajo (n=5).

En resumen, existen tres rasgos comunes en los articulos de esta tesis

que los caracterizan:
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- La cuantificacion mediante areas integradas y normalizacién segun la

formula x= 100-x/(NACC?*+Cr?+Cho?)"?,

- La elaboracion de un método de clasificaciéon no paramétrico que utiliza

los percentiles del 90% de determinadas resonancias.

- La utilizacion de grupos de test (test sets) para la comprobacion de

resultados (en los trabajos 1y 2).

5.2. Discusion global de los tres articulos

En el primer articulo se abordd el tema de la clasificacion de tumores
cerebrales en los cinco grupos de mayor prevalencia en adultos: meningioma,
astrocitoma de bajo grado, astrocitoma anaplasico, glioblastoma y metastasis.
Para ello se incluyé 108 estudios de espectroscopia en 108 pacientes afectos
de meningioma (n=29), astrocitoma de bajo grado (n=15), astrocitoma
anaplasico (n=12), glioblastoma (n=25) y metastasis (n=27). A parte de estos
pacientes se incluyéd un grupo de test de 25 casos compuesto por 8
meningiomas, 3 astrocitomas de bajo grado, 2 astrocitomas anaplasicos, 5
glioblastomas y 7 metastasis. El estudio estadistico detecté diferencias
significativas entre grupos en ocho de las nueve resonancias evaluadas (Lip
0.9, Lip 1.3, Lact, Ala, NACC, GIx, Cr y Cho). La resonancia Lip 1.3 se mostré

como la mas caracteristica del grupo de tumores de mayor grado (glioblastoma
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y metastasis), mostrando diferencias altamente significativas con el resto de
grupos tumorales (p<0,001). Ala resulté ser muy caracteristica de meningioma,
también con alta significacién (p<0,001). La comparacion entre astrocitoma
anaplasico y de bajo grado mostré diferencias significativas en Cr (p<0,01) y
Cho (p<0,05). De acuerdo con estos resultados, se elaboré un algoritmo con
estas cuatro resonancias para clasificar el total de tumores. En el primer paso
el clasificador evaluaba la resonancia de Lip 1.3 para identificar glioblastoma y
metastasis. En el segundo se evaluaba la resonancia de Ala para identificar los
meningiomas. Por ultimo, el tercer y cuarto paso evaluaban Cr y Cho para
separar meningioma, astrocitoma de bajo grado y astrocitoma anaplasico. Este
algoritmo clasificé de forma satisfactoria 21 de los 25 casos incluidos en el test
set (84%). En este articulo se evalué también la diferenciacion entre
glioblastoma y metastasis. Ninguna resonancia del espectro mostré diferencias
significativas entre estos dos grupos de tumores. Gly/ml fue la que mostrd
mayor capacidad para distinguir entre los dos grupos, con correcta clasificaciéon
de 36 de 48 tumores (4 tumores fueron excluidos de esta valoracién debido a
que el area del espectro en que se detecta la resonancia Gly/ml estaba
artefactada) en el grupo de entrenamiento (75%), y 9 de 11 tumores (1 tumor
fue excluido por no ser valorable el area en que se detecta la resonancia

Gly/ml) en el grupo de test (82%).
Este primer trabajo permitié concluir que la informacién bioquimica sobre

los tejidos que nos brinda la ERM "H permite categorizar los grupos tumorales

mas frecuentes del SNC, y que usando un método relativamente sencillo de
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clasificacion se pueden obtener resultados satisfactorios para su aplicacion en
la practica clinica. Una objecién es que, al igual que se ha constatado en
estudio previos, los grupos glioblastoma y metastasis no mostraron diferencias
significativas. No obstante, se consigui® una separacién entre ellos

razonablemente satisfactoria con la resonancia Gly/ml.

La siguiente pregunta a plantearse es que sucede con los grupos
tumorales menos prevalentes. Este es el punto que desarrollé el segundo
articulo. Para ello se evaluaron retrospectivamente 9 pacientes diagnosticados
de tumor neuroectodérmico primitivo (TNEP), y se compararon sus
caracteristicas a las de 22 meningiomas, 12 astrocitomas de bajo grado, 8
astrocitomas anaplasicos, 23 glioblastomas y 21 metastasis. Las caracteristicas
del TNEP fueron la presencia de una prominente resonancia de Cho, superior a
la de todos los otros grupos, con muy escasa resonancia de lipidos y baja
NACC y Cr. Ala mostré valores significativamente menores que en el
meningioma, pero algo superiores que en astrocitoma de bajo grado,
anaplasico y metastasis. Se desarrollaron algoritmos para el diagnostico
diferencial entre TNEP y cada uno de los otros cinco grupos incluidos en el
estudio, utilizando las 2 resonancias con mayores diferencias entre TNEP y el
grupo a comparar. El sistema clasificador se valid6 utilizando un grupo test
compuesto por 2 TNEP, 7 meningiomas, 3 astrocitomas de bajo grado, 4
astrocitomas anaplasicos, 2 glioblastomas y 6 metastasis. Los resultados
obtenidos en esta evaluacion fueron: 78% clasificaciones correctas, 9%

procedimientos en que el sistema clasificador no fue capaz de sugerir un
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diagnéstico, y 13% en que el diagndstico sugerido fue incorrecto. Estos
resultados son muy satisfactorios para el diagnéstico de un grupo tumoral tan
poco frecuente como es el TNEP en adultos, y potencian la ERM como un
método a ser utilizado ante la sospecha de un TNEP, para realizar el
diagndstico diferencial con otros grupos posibles. EI método utilizado es de
sencilla elaboraciéon y abre la posibilidad de elaborar algoritmos similares para
ser aplicados en el resto de tumores cerebrales de baja incidencia, de cara a
ayudar en el diagnéstico diferencial con tumores mas frecuentes en situaciones

clinicas concretas.

El tercer trabajo pretende analizar la aplicacion del método elaborado en
el segundo trabajo en el diagnéstico diferencial entre los tumores del primer
grupo. Este método mejoraria el diagndstico en casos en que el estudio
convencional permitiera excluir del diagnéstico diferencial algunos tumores.
Para desarrollar el estudio se eligié un tipo de tumores, los meningiomas, que
en la mayoria de casos presenta un aspecto caracteristico (tumores
extraaxiales con captacion homogénea, implante dural y escaso/nulo edema en
sustancia blanca), pero que en un numero reducido de casos (14% en el
estudio) pueden presentar un aspecto radioldégico atipico, con captacion
heterogénea, implante dural dudoso y edema en sustancia blanca. En estos
casos plantean diagnéstico diferencial con un grupo reducido de tumores. En el
estudio se incluyeron 37 meningiomas, 15 astrocitomas de bajo grado, 14
astrocitomas anaplasicos, 30 glioblastomas y 34 metéastasis. De los 37

meningiomas, 5 mostraron aspecto radiologico atipico (14%). Los algoritmos
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producidos para el diagnéstico diferencial consideraban las tres resonancias
con mayores diferencias entre meningioma y el grupo tumoral a comparar. En
todos los algoritmos se incluyé Ala en el primer o segundo paso. Otras
resonancias utilizadas fueron Lip 1.3, Cr, Cho y GIx. Con estas resonancias se
obtuvo una clasificacién correcta en 226 de 241 procedimientos testados por el
método de “dejar uno fuera” (94%), inclasificable en 4 procedimientos (2%) e
incorrecta en 11 procedimientos (4%). Los 5 meningiomas atipicos generaron
12 procesos de diagnéstico diferencial, siendo correcto el diagndstico sugerido
por los algoritmos en 10 casos (83%). El método descrito permite mejorar el
procedimiento diagndstico en los tumores mas prevalentes del SNC cuando el
diagndstico diferencial puede ser acotado de forma fiable mediante el estudio

de imagen.

107






Conclusiones

6. CONCLUSIONES

109






Conclusiones

6.1.

6.2.

Conclusiones generales

Los tumores cerebrales presentan patrones espectroscopicos
determinados que pueden ser utilizados para identificar los grupos

tumorales mas frecuentes.

La informacion obtenida por medio de la ERM 'H puede ser aplicada en
la practica clinica para la aproximacion diagnéstica de los tumores

cerebrales con resultados satisfactorios.

Conclusiones especificas

1. Los tumores cerebrales mas frecuentes en el adulto (meningioma,

astrocitoma de bajo grado, astrocitoma anaplasico, glioblastoma y

metastasis) presentan diversas caracteristicas propias, entre las que

destacan:

a. Valores de Lip 1.3 superiores en glioblastomas y metastasis que

en el resto de tumores.

b. Valores de Ala superiores en meningiomas que en el resto de

tumores.
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c. Valores de Cho superiores en astrocitomas anaplasicos que en
astrocitomas de bajo grado, y a su vez en meningiomas que en

los otros grupos tumorales

d. Valores de Cr inferiores en astrocitomas anaplasicos que en
astrocitomas de bajo grado, y a su vez en meningiomas que en

los otros grupos tumorales

2. Mediante un algoritmo que considera la distribucion de las diferentes

resonancias en los diferentes grupos tumorales se consigue separar
cuatro grupos tumorales (meningioma, astrocitoma de bajo grado,
astrocitoma anaplasico y glioblastoma+metastasis) con buenos

resultados (84% clasificaciones correctas).

El TNEP presenta un patron espectroscépico caracteristico consistente
en presencia de Cho en cantidades superiores al resto de tumores
estudiados, escasa cantidad de Cr y NACC, ausencia o escasa cantidad
de Lip, y presencia de Ala en cantidad inferior a meningiomas pero algo

superior a astrocitomas de bajo grado, anaplasico y metastasis.

La implementacion de los hallazgos descritos en el punto anterior en un
algoritmo para diagnéstico diferencial “dos a dos” entre TNEP y los

tumores cerebrales mas frecuentes, permite identificar los TNEP con
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buenos resultados (78% clasificaciones correctas, 9% no clasificables y

13 % clasificaciones incorrectas).

Cuando se aplican los hallazgos diferenciales de los meningiomas en un
algoritmo de diagndstico diferencial se consigue  distinguir
satisfactoriamente entre meningioma y no-meningioma (94%

clasificaciones correctas).

Los meningiomas de aspecto radioldgico atipico pueden ser reconocidos

satisfactoriamente con este procedimiento (83% clasificaciones

correctas).
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