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FE DE ERRATAS

Capitulo 2, pagina 13: corriente inversa debida a los portadores minoritarios

Capitulo 2, pagina 15: En un diodo de tipo p (union N*P) la regiéon N estd mucho mas

dopada que la regién P.

Capitulo 2, fig. 2.2

N P

Lp d Ln

Fig. 2.2 Volumen de deteccion de un diodo tipo p.

Capitulo 2, pagina 16: La corriente adicional I se crea dentro de la zona de transicion

y dentro de la zona P de espesor L.

Capitulo 2, pagina 23: La camara cilindrica tiene un factor (sobra la referencia a la

cadmara plano paralela).

Capitulo 2, pagina 33 (apartado 2.3.2): El primero, calcula la dosis a plano medio

Capitulo 3, tabla 3.2 (pie de tabla): diode calibrated to give dose at the depth of dose

maximum, 1.4 cm from entrance and exit relatively

Capitulo 6, pagina 113: The diodes are inserted in a plastic water phantom at 10 cm
depth with their flat surface facing the beam. The source surface distance is then

varied from 80 cm (0.56 mGy/pulse) to (0.23 mGy/pulse).

Capitulo 7, pagina 127: Esta asimetria tiene como consecuencia que el diodo

sobrestima la dosis en este porcentaje...
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CAPITULO 1

INTRODUCCION

1.1 La radioterapia dentro de las distintas modalidades terapéuticas del

tratamiento del cancer

La terapia génica, que consiste en introducir un gen activo en una célula para corregir
una anomalia metabdlica o para generar una nueva funcién, ha abierto nuevas
posibilidades en el tratamiento del cancer. Sin embargo, el progreso en este tipo de
terapia se ve limitado por las técnicas de transferencia genética de las que se dispone
en la actualidad. Debido a esto, muchas aplicaciones de la terapia génica son de dificil
aplicacion clinica con la tecnologia actual. Por tanto, la radioterapia, la quimioterapia y
la cirugia siguen siendo los tratamientos de eleccion en la mayoria de canceres. El
objetivo de la radioterapia con fin curativo es administrar una dosis tan alta como sea
necesaria al tejido afectado de céncer, protegiendo a su vez al maximo los tejidos

sanos circundantes para causar los minimos efectos secundarios al paciente tratado.

Desde el descubrimiento de los RX en 1895 se han utilizado las radiaciones ionizantes
para el tratamiento del cancer. Existen dos modalidades de Radioterapia: La
Teleterapia y la Braquiterapia. La Braquiterapia consiste en administrar la dosis
necesaria de radiacion introduciendo las fuentes radioactivas en contacto con el tumor
aprovechando una cavidad natural del organismo o directamente en el tejido afecto.
En Teleterapia el tratamiento consiste en la irradiacion del paciente con uno o varios
haces de radiacion externos (principalmente fotones y electrones) que provienen bien
sea de un acelerador lineal o de una unidad de Co-60. Las direcciones de los haces de
tratamiento, asi como sus puertas de entrada, se escogen de tal manera que la

irradiacion del tejido afecto sea lo mas homogénea posible y que el dafio a 6rganos
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criticos y tejidos sanos sea minimo. La radioterapia conformada, que consiste en
adaptar la forma del campo de radiacién a las proyecciones geométricas del volumen
gque se quiere tratar, ha permitido aumentar las dosis al tumor sin aumentar las dosis al

tejido sano circundante.

En esta ultima década, el desarrollo de la terapia con modulacién de intensidad y la
planificacion inversa permite mejorar de forma significativa las distribuciones de dosis
adaptéandolas ain mas al volumen que se quiere tratar reduciendo la dosis en los

tejidos sanos circundantes.

Todos los procedimientos, cada vez mas complejos, en la planificacion y en la
ejecucion de los tratamientos con radioterapia contribuyen a aumentar la incertidumbre
global en las distribuciones de dosis. El control de calidad, es por tanto, de vital
importancia. El control de calidad durante la irradiaciébn del paciente se puede
desglosar en dos tipos de verificaciones: la verificacion geométrica y la verificacion

dosimétrica

1.2 Verificaciéon de los tratamientos con radioterapia externa

1.2.1 Verificacion geométrica

La planificacion de un tratamiento de radioterapia precisa de una representacion de la
anatomia del paciente asi como de la delimitacion de la zona que se quiere irradiar, ya
sea el tumor o el lecho tumoral. Actualmente, esta informacién se obtiene a partir de
imagenes de tomografia computarizada (TC), que permiten una reconstruccion
tridimensional de la anatomia del paciente. A partir de estas imagenes se definira el
volumen que se quiere tratar, planning target volume (PTV) y se disefiaran los campos
de irradiacion necesarios para irradiar homogéneamente el PTV protegiendo tanto
como sea posible los tejidos y 6rganos sanos circundantes. Las técnicas actuales de
escalada de dosis van asociadas a una reduccion de los PTV de tal manera que un
error en el posicionamiento o en la forma de los campos de irradiacion comportaria
una subdosificacion del PTV o una sobredosificacion de los 6rganos o tejidos

circundantes.
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Las peliculas radiograficas de verificacion o las imagenes adquiridas con un electronic
portal imaging device (EPID) permiten verificar la forma y la localizacion del campo de
tratamiento a partir de referencias 6seas y compararlo con los campos planificados.
Existen diversos estudios publicados que comparan las placas de simulaciéon o las
radiografias reconstruidas digitalmente (DRR), cuando se trata de una planificacién
virtual, con las placas de verificacion o las imagenes del EPID asi como trabajos que

estudian la variabilidad diaria del volumen irradiado [1-4].

1.2.2 Verificacion dosimétrica

La precision en la dosis administrada juntamente con la precision en la balistica del
tratamiento, es decir, que los campos de irradiacién abarquen correctamente el PTV,

son piezas clave en el éxito o fracaso de un tratamiento con radioterapia.

La relacién entre la dosis administrada y su efecto biolégico viene descrita por las
curvas dosis-respuesta para el tumor y para los Organos o tejidos criticos.
Normalmente, una dosis alta implica un buen control tumoral; sin embargo, el aumento
de dosis esta limitado por la tolerancia de los tejidos sanos que se irradian al mismo

tiempo.

La precisién necesaria en la dosis administrada viene determinada por las curvas
dosis-respuesta medidas clinicamente. El ICRU 24 [5] recomendaba una precision de
un +5% en la dosis administrada al PTV basandose en la experiencia clinica disponible
en 1975.

Posteriormente, en 1983, Goitein propuso considerar la incertidumbre de un 5% como
1,5 veces la desviacién estandar (DE) [6]. Mas tarde Brahme, basandose en modelos
radiobiolégicos calculé cual era la precisidbn con la que se tenia que administrar la
dosis y llegé a la conclusion que para la mayoria de tumores, para obtener una
desviacion estandar absoluta menor de un 10% en la probabilidad de control tumoral,
la desviacion estandar en la dosis media administrada al PTV debia ser menor de un
5% [7,8]. Esta desviacion se calcula como la combinacion de las incertidumbres
aleatorias y sistematicas. Finalmente Mijnheer et alt. [9] proponen una desviacion
absoluta maxima de un 3.5 % en la dosis administrada en los tratamientos con

finalidad radical.
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La correspondencia entre la dosis prescrita y la dosis administrada al paciente sélo
puede verificarse por medio de la dosimetria in vivo, es decir, medidas de dosis

durante el tratamiento.

El primero en utilizar la dosimetria in vivo fue Sievert en el afio 1932. Utilizaba
pequefias camaras de ionizacion colocadas en cavidades facilmente accesibles como
el recto, la vagina, la cavidad oral o la vejiga y de esta manera realizaba medidas

rutinarias.

En los primeros tiempos de la radioterapia, con equipos de RX de 200 kV, los céalculos
de la dosis eran inciertos y la dosimetria se basaba en medidas efectuadas en la piel y
en el centro del campo. La cdmara de ionizacién era el dosimetro por excelencia, pero
debido a la dificultad de su posicionamiento para realizar medidas in vivo y
principalmente por el peligro potencial de electrocucion del paciente, se dejaron de

hacer medidas de dosis durante los tratamientos.

En los afios sesenta y setenta, gracias a la introduccién de los dosimetros basados en
la termoluminescencia (TLD) para medir la dosis absorbida en radioterapia, se le da un
nuevo impulso a la dosimetria in vivo. En el afio 1976 Rudén, evalta el uso de los

TLD para la dosimetria in vivo [10].

Posteriormente, en los afios ochenta, a raiz de los trabajos publicados por Rikner y
Grussell [11-16] sobre la utilizacion de detectores de semiconductor, diodos, para la
medida de la dosis, se empieza a investigar la posibilidad de utilizar este tipo de
detectores para la dosimetria in vivo [17-25]. La ventaja de los diodos sobre los TLD es
gue los primeros son de lectura inmediata. Esto permite, en el caso de que se detecte
una diferencia entre la dosis medida por el detector y la dosis prescrita, comprobar
todos los parametros del tratamiento mientras el paciente aun estd en la sala de

tratamiento.

Aunque en la actualidad los diodos y los TLD son los detectores mas utilizados para la
dosimetria in vivo, se estan estudiando otros métodos alternativos como la utilizacion
de los EPID [26-31], de centelleadores plasticos, detectores de alanina y de diamante
[32].
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1.3 Finalidades de la dosimetria in vivo.

Las medidas de dosis in vivo se realizan con dos finalidades. En primer lugar, se
utilizan como una parte de los programas de control de calidad en radioterapia. Se
compara la dosis medida con la dosis esperada, segun la planificacion del tratamiento,
en el mismo punto. En segundo lugar, se utilizan para conocer la dosis recibida en un
punto en donde no es posible determinarla con precision por los sistemas informaticos
habituales de planificacion en radioterapia (PRT). Este seria el caso de la dosimetria
en técnicas especiales tales como la irradiacion corporal total (ICT) y la irradiacién de
piel total (IPT).

La dosimetria in vivo, como parte del control de calidad de los tratamientos estandar,
permite tanto detectar errores humanos tales como intercambiar una técnica de
tratamiento a distancia fuente piel constante (DFP) por una técnica isocéntrica,
inexactitudes en la toma del contorno del paciente, etc., como detectar problemas
técnicos como, por ejemplo, que la tasa de dosis del acelerador no sea estable. Asi,
Bascuas et alt. [33] averiguaron que las diferencias encontradas entre la dosis medida
y la dosis prescrita eran debidas a una variacion en la recombinacion de iones en las
camaras monitoras del acelerador y variaciones en la cantidad de electrones
dispersados que incidian en las paredes de estas cdmaras cuando se variaba la

energia, la posicion del brazo o la tasa de dosis.

Dependiendo del tipo de errores que se quieren detectar se realizardn medidas en la
entrada de los haces de tratamiento exclusivamente o bien medidas combinadas
entrada/salida. Las medidas en la entrada permiten detectar errores tales como
variaciones en la tasa de dosis de las unidades de tratamiento, calculos erréneos de la
dosis de entrada por el planificador, errores en la transcripcion de datos de la
planificacion a la hoja de tratamiento y/o errores en la ejecucion del tratamiento (DFP,
filtros en cufia, protecciones, energia, tiempo o unidades monitor, tamafio de campo).
Las medidas de dosis combinadas permiten, ademas, detectar variaciones en el
grosor del paciente y errores inherentes a los modelos de calculo de dosis del
planificador (i.e. correcciones por heterogeneidad). Existen distintos grupos que han
publicado los errores que han detectado mediante dosimetria in vivo en series de

pacientes para distintas localizaciones [18-23, 34-39].
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Las técnicas especiales reciben este nombre porque se apartan de las técnicas
estandar de tratamiento. En el caso de la ICT [40] y de la IPT cada centro disefia la
técnica en funcién de sus posibilidades tecnoldgicas para conseguir una distribucién
de dosis homogénea en el paciente y que la dosis en los 6rganos de riesgo no supere
sus niveles de tolerancia. Como la técnica estara condicionada por los recursos y
equipamiento de cada centro (tamafio del bunker, tipo de haz de radiacién, etc.), la
mayoria de sistemas de planificacion comercializados no disponen de ninguna opcién
para el calculo de dosis en este tipo de tratamientos de forma fiable. Se ha de tener en
cuenta, también, que como son tratamientos de larga duracion (5 o 6 minutos de
irradiacion cuando se utiliza una técnica fraccionada o casi una hora si se administra
toda la dosis en una sesion) los movimientos del paciente no son despreciables. Por
todas estas razones, la monitorizacion de la dosis mediante dosimetria in vivo es
imprescindible para conocer la dosis en los puntos de interés, sobre todo en los
pulmones, donde las curvas dosis-efecto son muy pronunciadas y un exceso de dosis

podria inducir una neumonitis intersticial radiégena.

1.4 Objetivos de este estudio

El objetivo de este estudio es la calibracion de diodos, para ser utilizados en
dosimetria in vivo en haces de fotones de alta energia, en diversas situaciones, la

mayoria de ellas no descritas en la literatura:

En primer lugar se calibra un conjunto de diodos para determinar la dosis entrada y
salida en la técnica especifica de ICT (capitulo 3). Se hace especial hincapié en la

calibracion de los diodos detras de protecciones a pulmén de transmision parcial.

En el capitulo 4 se desarrolla un algoritmo de calculo para calcular las dosis a plano
medio a partir de las dosis in vivo en ICT. Se presentan resultados en una serie de
pacientes. Se comprueba la aplicabilidad de este algoritmo en presencia de
heterogeneidades (pulmén) y detrds de protecciones de transmision parcial. Se

compara este algoritmo con el algoritmo propuesto por Rizzoti et alt. [41].

La calibracion de diodos para altas energias de RX en técnicas estandar de
tratamiento se trata en los capitulos 5 y 6. En el capitulo 5 se comparan dos tipos de

diodos disefiados para trabajar con RX de 16-25 MV. En el capitulo 6 se amplia esta
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comparacion a 4 tipos de diodos comercializados y también se presenta la calibracion
de un diodo para trabajar con haces de RX de energias comprendidas entre 4-8 MV.
Este capitulo corresponde a la recopilacion de la experiencia del Hospital de la Santa
Creu i Sant Pau en la calibracion de diodos para medir la dosis in vivo a la entrada en
técnicas estandar asi como en la implementacién de la dosimetria in vivo en la rutina
clinica. Esta recopilacion hace inevitable que se repitan, aunque con mas detalle,

algunos de los procedimientos de calibracién citados en capitulos anteriores.

Ha sido también objetivo del capitulo 5 matizar una tesis propuesta por G. Rikner y E.
Russell [11, 13, 14, 16] que hace referencia a la inferioridad desde el punto de vista
dosimétrico de los diodos tipo n, en un nuevo diodo n comercializado por Pecitron en
1997.
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CAPITULO 2

MATERIAL | METODO

2.1 Introduccién

Dado que la teoria de semiconductores, y en particular la de diodos de unién, esta
ampliamente descrita en multitud de trabajos [1-4] y no es objetivo de esta tesis
profundizar en ella, s6lo se tratardn los aspectos relevantes relacionados con el
objetivo de la misma, es decir, la utilizacion de los diodos como detectores de

radiacion ionizante.

2.1.1 El diodo como detector de radiacion.

Cuando se expone un diodo a una radiacion electromagnética de longitud de onda
suficiente para que la energia transportada por un fotébn sea superior a la energia
minima necesaria para crear un par electrén-hueco, las interacciones de los fotones
con la red cristalina produciran un aumento en el nimero de portadores minoritarios
que atraviesan la union. Estos portadores crearan una corriente adicional I, (intensidad
de corriente de ionizacion). El valor de esta corriente depende del nimero de pares
electron-hueco creados por unidad de tiempo, y por tanto del niumero de fotones
incidentes por unidad de tiempo. Por lo tanto, midiendo el valor de esta corriente, o de
una cantidad relacionada, se puede obtener una indicacién de la tasa de dosis a la que

ha sido irradiado el diodo [1].

En la figura 2.1 se puede ver la intensidad de corriente en funcion de la tension
aplicada cuando la unién esta o no esta irradiada. La corriente de fugas (corriente

inversa debida portadores minoritarios) en el diodo polarizado inversamente
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experimenta una gran variacion dependiendo de que dicho diodo se encuentre
irradiado o no. Esta variacion de la corriente inversa es la que se utiliza como sefial de
detecciéon. En el caso de los diodos utilizados para dosimetria in vivo en nuestro
ambito este voltaje es cero, ya que los diodos operan cortocircuitados. La energia
media necesaria para crear un par electron-hueco es de unos 3.6 eV. Esta energia es
superior a la energia del gap ya que una parte de esta energia se cede al electron en

forma de energia cinética y otra parte cedera energia a los fonones de la red cristalina.

Fig. 2.1 Caracteristicas de un diodo trabajando cuando se irradia () y cuando no se irradia (o).

Para que exista esta corriente suplementaria (I.), es necesario que los portadores de
carga minoritarios creados puedan atravesar la union. Es, pues, necesario que sean
creados en la zona de transicion o suficientemente cerca de tal manera que puedan
llegar a ella antes de desaparecer por recombinacion o por captura de alguno de los

defectos de la red cristalina.

Es pues necesario, definir una vida media t de los portadores minoritarios dentro de su

medio:

e 1p vida media de los huecos dentro de la regién N (en donde los huecos son
minoritarios).

e T, vida media de los electrones dentro de la region P (en donde los electrones son

minoritarios).

Y una longitud de difusién L:

e Ly longitud de difusion de los huecos dentro de la region N.
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e L, longitud de difusién de los electrones dentro de la region P.

La ley de Fick liga estas magnitudes con la movilidad (p) y la temperatura absoluta T.

1
Lo=(k-T -pnp-tp-e )2 Ec. 2.1
p Hp - Tp s

en donde e es la carga del electrén y k una constante.

La misma expresién substituyendo la p por la n puede aplicarse para Lp,.

El volumen util dentro del cual todos los pares electron-hueco creados contribuiran a la
corriente I esta limitado por las longitudes Lp y L, desde las superficies que delimitan

la zona de transicion de espesor 8. El espesor del volumen de deteccién viene dado

por la siguiente expresion:
Volumen de deteccion = A- (Lp + Lp + 0) Ec. 2.2

En donde A es la superficie de la union.

La intensidad de corriente de ionizacion I depende del nimero g de portadores de
carga minoritarios, creados en exceso por la irradiacion, por unidad de tiempo y de

volumen.
lL=e-g-A-(Lp+Ln+0) Ec. 2.3

En un diodo de tipo p (uniéon P*N) la region N estd mucho mas dopada que la regién P.
Por lo tanto en un diodo de tipo p la probabilidad de que un hueco de la region N
(portador minoritario) se recombine es mas grande que la probabilidad de
recombinacion de un electrén en la regién P, ya que en la regién N hay muchas mas

trampas e impurezas y los huecos son capturados justo después de su creacion. En
consecuencia, la vida media de un hueco en la zona N (tp) es mucho mas pequefa

que la de un electron libre dentro de la zona P (tn). Esto implica que Lp >> Ly (fig.

2.2).
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Ln S Lp

Fig. 2.2 Volumen de deteccién de un diodo tipo p.

Por tanto, en un diodo de tipo p, la contribucion de los huecos a la corriente de

ionizacion es practicamente despreciable. La corriente adicional I se crea dentro de la
zona de transicion y dentro de la zona P de espesor Lp. En general esta Ultima es

mucho méas grande que 8. Esto explica que las uniones N*P reciban el nombre de

diodos tipo p y las uniones P*N reciban el nombre de diodos tipos n.

2.1.2 Efecto de las radiaciones de alta energia sobre el diodo

La dosimetria de las radiaciones ionizantes con diodos se basa en la creaciéon de
pares electron-hueco dentro del volumen de deteccion del detector. Por tanto, la

sensibilidad del diodo depende de las dimensiones del volumen efectivo de deteccidn.

La excitacion de los electrones de las capas externas de los &tomos y la ionizacién de
los mismos es, de hecho, la principal manifestacién de la interaccion radiacion-
semiconductor. Pero, cuando la radiacion incidente esta constituida por particulas de
alta energia también se deben considerar las interacciones de la radiacion con los
atomos de Silicio que se traducen en un desplazamientos de los mismos creando
vacios (lagunas) o parejas atomicas intersticiales dentro de la red. Estas dislocaciones
modifican las propiedades del cristal y actian como trampas o centros de
recombinacion. Un efecto bien conocido de estas modificaciones es la pérdida de
sensibilidad de este tipo de detectores a medida que son irradiados. Esto se debe a
que se produce una disminucién en la longitud de difusion y por tanto en el volumen

efectivo de deteccion.
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2.2 Material

En este apartado se describe brevemente el material utilizado en los distintos articulos

de los que se compone este trabajo de investigacion.

2.2.1 Sistemas de deteccidn

2.2.1.1 Sistema de dosimetria in vivo mediante detectores de semiconductor

El sistema de dosimetria in vivo se compone de un electrométro y de diversos tipos de

detectores de semiconductor (diodos).

Electrometro

El electrometro utilizado es el DPD510 comercializado por Scanditronix. Es un

electrémetro de 10 canales.

Para medidas de precision es tan importante el electrémetro como los diodos. Para
minimizar las corrientes de fuga, los diodos no se polarizan. Sin voltaje de polarizacion
externo, se puede medir la respuesta del diodo en cortocircuito (corriente) o con el
circuito abierto (voltaje). El electrometro utilizado opera en modo corriente, de esta
forma tenemos una relacion lineal entre la carga generada y la dosis. Al operar
cortocircuitado el electrémetro debe tener una impedancia muy baja, en este caso
cero. Como la sefial del diodo es alta el electrémetro no necesita tener una ganancia
demasiado alta. En la figura 2.3 se representa el diagrama de un electrometro

operando de la manera descrita.

tierra
virtual -

Amp:

DIODO - ©P. salida
\ -

1 ajuste 1
N offset -

Fig. 2.3 Diagrama de un electrémetro operando en modo de cortocircuito apropiado para la medida de
la dosis utilizando diodos.
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En la tabla 2.1 se resumen las caracteristicas de medida del electrometro DPD510

suministradas por el fabricante.

Tabla2.1 Caracteristicas de medida del DPD510 (Scanditronix)

Caracteristica Valor
Modalidades de medida Dosis absoluta, tasa de dosis
Unidades disponibles Gy o rads
Rangos de medida 1mGy hasta 20 Gy

(cambio de rango automatico)
Resolucion 0,001 Gy

Detectores de semiconductor (diodos)

En el desarrollo de los diversos articulos se han utilizado diversos tipos de diodos
comercializados para dosimetria in vivo. Un diodo consiste de un chip de silicio (el
diodo propiamente dicho) y de un capuchén. Este capuchén ademas de proteger el
diodo, que es muy fragil, garantiza que el diodo mida en condiciones de equilibrio
electrénico. Esta es la razon por la que una misma casa comercial ofrece distintos
detectores adaptados a distintos rangos de energias (fig. 2.4). La unica diferencia

entre estos detectores es su capuchén de equilibrio electrénico.

u

Fig. 2.4. Fotografia de los distintos tipos de diodos que ofrece Scanditronix. De izquierda a derecha
EDD2 (haces de electrones), EDE5 (Co-60), EDPO (dosis piel), EDP10 (RX 4-8 MV), EDP15 (6-
12 MV), EDP20 (RX 8-16 MV), EDP30 (RX 16-25 MV).

Cuando se utilizan diodos como dosimetros se debe tener en cuenta los distintos

factores que tienen influencia sobre su respuesta:
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A. Factores que modifican la respuesta del diodo debidos a la naturaleza del

mismo (chip de Silicio):

La energia del haz de fotones. El nUmero atémico del silicio (Z=14) es mas alto

que el del tejido blando (Zefectiva=7) Y por tanto, el nimero de electrones creados

por efecto fotoeléctrico sera mas alto en el silicio que en el tejido blando cuando la

energia varia.

La tasa de dosis. A tasas de dosis altas los centros de recombinacion estaran

ocupados y por tanto, se tendr4 una menor tasa de recombinacion, induciendo, por

tanto, una mayor respuesta del diodo a estas tasas.

La temperatura. Cuando se aumenta la temperatura, algunos electrones que estan

atrapados en centros de recombinacion, que estan dentro del gap, tienen suficiente
energia para pasar a la banda de conduccion y contribuir a la respuesta del diodo.
Por tanto, la sensibilidad del diodo aumenta al aumentar la temperatura. Este
efecto es menos pronunciado para un diodo no irradiado (menor namero de
centros de recombinacion) y aumenta a medida que el diodo acumula dosis. Sin
embargo, el cambio de sensibilidad en funcién de la temperatura tiende a

estabilizarse a medida que la dosis acumulada aumenta.
El tipo. Los diodos tipo n son unas 4-5 veces mas sensibles que los diodos tipo p.
El tipo de diodo también se ha asociado a la dependencia de la sensibilidad con la

tasa de dosis [5, 6].

El nivel de dopaje. Afectard también la sensibilidad del diodo y esta relacionado

con la dependencia de la sensibilidad con la tasa de dosis y de la variacion de esta

sensibilidad con la dosis acumulada [7, 8].

Dosis acumulada. Tal y como se ha explicado en el apartado 2.1.2 la radiacion es
la causa también de la creacidon de nuevos centros de recombinacion. Por tanto, a
medida que la dosis acumulada aumenta, los centros de recombinacién aumentan
y la sensibilidad del diodo disminuye. Esta disminucién es muy pronunciada con los

primeros Gy y se suaviza a medida que la dosis acumulada aumenta. Debido a
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esto, los diodos se suministran preirradiados. Se intenta asi que los diodos tengan

una respuesta independiente de la dosis acumulada.

La dosis acumulada puede también modificar la respuesta del diodo en funcién de

la energia y de la tasa de dosis.

Factores que modifican la respuesta del diodo debidos al capuchén de

equilibrio electrénico:

El angulo de incidencia de la radiacidn sobre el diodo. La forma del capuchén de

equilibrio electrénico determina la dependencia angular de la respuesta del diodo.
De esta manera un diodo con capuchdn cilindrico tiene una dependencia angular

muy distinta a la de otro con un capuchdn semiesférico.

Contaminacion electrénica. Si el capuchdn de equilibrio electrénico no tiene un

espesor equivalente agua igual al de la profundidad del maximo de dosis
absorbida para la energia de fotones utilizada, el diodo sobrestimara la dosis
debido a que detectarad electrones que la camara de referencia situada a la

profundidad del méximo de dosis no detectara.

Para la elaboracion de este trabajo se ha utilizado un tipo de diodo para haces de RX

entre 4y 6 MV (tabla 2.2) y cuatro tipos de diodos distintos disefiados para trabajar en
haces de RX de alta energia (entre 16-25 MV) (tabla 2.3). En las tablas 2.2 y 2.3 se

detallan las caracteristicas técnicas mas relevantes de cada uno de estos diodos

proporcionadas por el fabricante. La figura 2.5 muestra la fotografia de este conjunto

de diodos.

Fig. 2.5 De izquierda a derecha EDP10, EDP30, P30, isorad-p, QED.
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Tabla 2.2 Caracteristicas técnicas de los diodos utilizados en haces de RX de 6 MV

segun el fabricante

EDP 10 (Scanditronix)

Tipo p
Forma del capuchén de equilibrio electronico Semiesférico
Composicion del capuchén de equilibrio electronico Epoxi

0,75 mm de acero

inoxidable
Espesor equivalente agua del capuchén de equilibrio electronico 10 mm
Resistividad 0,2 ohm-cm
Sensibilidad 40 nC/Gy
Espesor del volumen de deteccion 60 um
Area efectiva de deteccion 1,76 mm?
Preirradiacion Electrones de 10 MeV

8 kGy
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Tabla 2.3 Caracteristicas técnicas de los diodos utilizados en haces de RX de 18 MV segun el fabricante
EDP 30 P30 QED 1116 Isorad-p 1164
(Scanditronix) (Precitron) (Sun Nuclear) (Sun Nuclear)
Tipo p n p p
Forma del capuchon de equilibrio electrénico Semiesférico Semiesférico Semiesférico Cilindrico

Composicién del capuchén de equilibrio electrénico

Espesor equivalente agua del capuchén de equilibrio
electrénico

Resistividad

Sensibilidad

Espesor del volumen de deteccién

Area efectiva de deteccion

Preirradiacion

1mm de Tantalio

30 mm

0,2 Ohms-cm
40 nC/Gy
60 um
1,76 mm?
Electrones de 10 MeV
8 kGy

0,5 mm poliacetal
1,6 mm tungsteno
2,4 mm epoxi

30 mm

150-300 nC/Gy
100 pm
6,8 mm?
Electrones de 10 MeV
25 kGy

0,7 mm epoxi
3,4 mm Cu

30 mm

0,8 Ohms:-cm
40 nC/Gy
50 um
2,65 mm®
Electrones de 10 MeV
10 kGy

1,3 mm tungsteno

25,8 mm

0,8 Ohms-cm
40 nC/Gy
50 um
2,72 mm?
Electrones de 10 MeV
10 kGy
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2.2.1.2 Sistemaionométrico

Los diodos se calibran comparando su respuesta con la dosis determinada con un

sistema ionométrico. Este sistema consta de:

Un electrometro de la firma Nuclear Enterprise (N.E.) modelo DOSELEADER
conectado a una cadmara de ionizacién cilindrica de tipo dedal de 0,6 cm® modelo N.E.
2571.

Tanto la camara cilindrica como la cadmara plano-paralela conectadas al electrometro
tienen un factor de calibracién trazable al Laboratorio Oficial de Metrologia en Espafia
(CIEMAT). Para la determinacion de la dosis absoluta se sigue el Protocolo Espafiol

elaborado por el comité de Dosimetria en Radioterapia de la SEFM [9, 10].

Se trabaja con el electrémetro midiendo carga ya que el laboratorio de metrologia da el

factor de calibracion del conjunto caAmara-electrémetro en mGy/nC.

2.2.1.3 Emulsiones fotogréficas y filmdensitometro

Para estudiar la perturbaciéon causada por los diodos a una cierta profundidad dentro
del paciente se utilizan las emulsiones radiograficas. En particular se utilizan las
peliculas X-Omat V. Esta pelicula se suministra en un embalaje de papel (ready-pack)

y es sensible a la irradiacion directa con rayos X. Son peliculas de emulsion doble.

El densitometro utilizado para leer las peliculas es de la firma comercial Scanditronix.
Este densitometro automatico forma parte del equipo analizador de campos de
irradiacion RFA-300. El densitometro se monta sobre el maniqui de agua, ajustandose
en el soporte del detector y tiene la posibilidad de moverse en el plano x-y mediante un

servosistema.

Previo a su utilizacién, este sistema ha sido sometido a pruebas de aceptacion y
calibrado [11].
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2.2.1.4 Sistema de detecci6én mediante detectores termoluminiscentes

Los detectores termoluminiscentes se utilizan para comprobar los algoritmos de
céalculo de dosis a plano medio. La calibracion de los detectores termoluminiscentes
(detectores o dosimetros TL) con haces de fotones y electrones de alta energia se ha
realizado comparando la respuesta termoluminescente de los dosimetros con los
valores de dosis de referencia proporcionados por un sistema ionométrico con un
factor de calibracion trazable al laboratorio de referencia Espafiol (CIEMAT). En el
Laboratorio de Dosimetria y Calibracion del Instituto de Técnicas Energéticas de la
Universidad Politécnica de Catalunya (INTE-UPC) se ha realizado la lectura de los
dosimetros, asi como irradiaciones periddicas con haces de Cs-137 para la asignacion
de factores de calibracion individuales para cada detector y el control de estabilidad de

los mismos[12-15].

El sistema dosimetrico termoluminiscente consta de:

- Cristales de fluoruro de litio de dimensiones 3,1 x 3,1 x 0,9 mm® del tipo LiF
TLD 700 (Harshaw). La utilizacion de Li-7 elimina la posible contribucion

neutronica.

- Lector semiautomatico modelo Rialto (Vinten). Este lector consta de dos
canales independientes de lectura, carrusel para 30 dosimetros y sistema de

calentamiento por resistencia.

- Horno de borrado de PTW. Su ciclo de borrado est4 controlado por un

microprocesador.

El proceso de lectura de los dosimetros TL se lleva a cabo de la forma siguiente: Antes
de cada irradiacion tiene lugar un tratamiento de borrado en el horno, primero a 400°C

durante una hora y luego a 100°C durante dos horas.

Después de la irradiacion, la lectura de los dosimetros tiene dos partes: una zona de
precalentamiento a 135°C y 10s y una zona de lectura de 135°C a 270°C con una

velocidad de calentamiento de 25°C/s durante 12s.



Material y método 25

Con el fin de mejorar la precision de la lectura se calibra cada detector TL
independientemente, se le asigna un factor de calibracién individual y se realizan
controles de estabilidad del sistema dosimétrico con una fuente de Cs-137
periodicamente. La incertidumbre en la determinacion de la dosis con estos
dosimetros es de un 3% (1 DE).

2.2.2 Maniquies

Para la calibracion de diodos se utilizan maniquies solidos de laminas (poliestireno y
plastic water). Los maniquies utilizados disponen de laminas con una hendidura para

poder insertar las camaras de ionizacion.

Para estudiar como influye la temperatura en la respuesta del diodo se utiliza un
maniqui de agua y por altimo, para verificar los algoritmos de dosis a plano medio a

partir de medidas in vivo, se utiliza un maniqui antropomorfico tipo Rando-Alderson.

2.2.2.1 Maniquies de poliestireno

Se utilizan dos maniquies de laminas de poliestireno blanco. Las laminas tienen una
superficie de 30 x 30 cm? en el primero y de 50 x 50 cm? en el segundo y grosores de
1 mm, 4 mmy 5 mm. Se pueden conseguir maniquies de distintos espesores apilando
distintos niumeros de laminas. Estas laminas han sido mecanizadas en el propio
hospital. En la figura 2.6 se muestra uno de los maniquies de poliestireno. Se dispone
de laminas especiales para la insercion de la camara cilindrica (fig. 2.6) y para un
diodo (fig. 2.7).

Fig. 2.6 Maniqui de laminas de poliestireno con la lamina de insercion para una camara cilindrica de
0.6c¢c.
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Fig. 2.7 Lamina de insercién para un diodo semiesférico.

El espesor equivalente agua de distintos grosores de poliestireno se obtiene de la

aplicacion de la siguiente expresion:

Npoliestireno
€agua=Cpoliestireno "Ppoliestireno"— Ec. 2.4
Nagua

En donde: e es el espesor, p es la densidad masica y n es el nimero de electrones

por unidad de masa.

Sustituyendo p y n por sus valores se obtiene el siguiente factor de conversion:

Se considera que aplicando este factor de escala no es necesario aplicar un factor de

conversién dosis poliestireno-dosis agua.
2.2.2.2 Maniqui de “plastic water”

A partir del afio 1998 se dispone en el Servicio de un maniqui de laminas de plastic
water (CIRS). Este maniqui es tejido equivalente y por tanto equivalente al agua. Las
laminas tienen una superficie de 30 x 30 cm? y grosores que varian entre 1 mm y 6
cm. En la figura 2.8 se muestra un maniqui de ldminas de plastic water asi como la

lamina de insercion para una camara cilindrica.
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Fig. 2.8 Maniqui de ldaminas de plastic water.

Para el maniqui de plastic water el factor de escala es 1y el factor de conversién dosis
plastic water-dosis agua es 0,996 para los haces de RX de 18 MV y de 1.004 para los
haces de RX de 6 MV [16]. Por lo tanto, se considera este maniqui como equivalente
agua y la dosis medida en él con la cdmara de ionizacion es la dosis agua a la
profundidad de medida.

2.2.2.3 Maniqui de agua

El maniqui utilizado, que se ha fabricado en el propio centro, tiene las siguientes
dimensiones: 24 x 42 x 7,5 cm®. Dispone de un termostato que permite variar la
temperatura y de un agitador para asegurar que esta sea uniforme. Este maniqui
dispone de una lamina de metacrilato de 2 mm de grosor en contacto con el agua (fig.
2.9), en donde se fijan los diodos, que no pueden estar en contacto directo con el

agua.

Fig. 2.9 Maniqui de agua con el montaje experimental para medir la influencia de la temperatura en la
respuesta del diodo.
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2.2.2.4 Maniqui antropomorfico

Para verificar los algoritmos de calculo de dosis a plano medio a partir de las medidas
in vivo a la entrada y a la salida del haz de radiacion, previo a su utilizacion sobre
pacientes, se ha utilizado un maniqui antropomorfico tipo Rando Alderson (fig. 2.10).
Este maniqui ha sido cedido por el Servicio de Oncologia Radioterapica del Hospital
Clinico de Barcelona.

Este maniqui comprende cabeza, tronco y abdomen. Se presenta en secciones de 2.5
cm de espesor. Cada una de estas secciones dispone de alojamientos de 0,5 cm de
didmetro que permiten la insercion de dosimetros TL (cristales). Estos alojamientos

estan distribuidos uniformemente y separados 3 cm los unos de los otros.

;'1

Fig. 2.10 Fotografia del maniqui Rando Alderson.
2.2.3 Equipo deirradiacién

Para la realizacién de estos trabajos se utiliza un acelerador lineal de electrones con
finalidad médica (Varian, modelo Clinac 1800) instalado en el Servicio de Oncologia

Radioterapica del Hospital de la Santa Creu i Sant Pau (fig. 2.11).
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Fig. 2.11 Fotografia del acelerador Clinac 1800 (Varian).

Este acelerador de electrones permite trabajar con distintas energias de electrones (4,
6, 9, 12, 16 MeV) y con haces de RX de dos energias (6 MV y 18 MV). En la tabla 2.4

se indican los indices de calidad de los haces de RX y las energias en la superficie

(Eo) de los haces de electrones.

Tabla2.4 Calidad de los distintos haces de radiaciéon del acelerador lineal Clinac 1800

del Hospital de la Santa Creu i Sant Pau de Barcelona

energia nominal Indice de calidad Eo (MeV)
\]100/\]200
6 MV 1,73 -
x
e 18 MV 1,50 -
4 MeV - 3,4 MeV
2 6 MeV - 5,7 MeV
3 9 MeV . 8,3 MeV
(8]
% 12 MeV - 10,9 MeV
16 MeV - 15,7 MeV

Este acelerador permite seleccionar diversos valores de

la tasa de dosis (UM/min)

(80, 160, 240, 320, 400 UM/min). Es importante sefialar que al variar el valor de la tasa

de dosis se estad modificando la cantidad de pulsos por unidad de tiempo, y no la dosis

por pulso, que en este tipo de aceleradores es constante.
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Cuando se trabaja con RX, el sistema de colimacién del acelerador permite obtener
haces de radiacién de seccién rectangular variable (de 1 x 1 cm? hasta 40 x 40 cm?® a
100 cm de la fuente de irradiacién). Se pueden conformar los campos mediante
bloques de cerrobend que se disponen sobre una bandeja de polimetilmetacrilato
(PMMA) (fig. 2.12) y que se ancla al portabandejas del acelerador. Este acelerador
dispone de 4 cufias fisicas (15°, 30°, 45°, 60°), como la que se muestra en la figura
2.13.

Fig. 2.12 Bloque de cerrobend montado sobre la bandeja de PMMA.

Fig. 2.13 Cufa de 45°

Cuando se trabaja con haces de electrones es necesario utilizar un sistema de
colimacioén adicional. Este tipo de acelerador utiliza conos como colimacion adicional
(fig. 2.14). Se dispone de 5 conos que definen campos de irradiacion que van desde
5 x 5 cm? hasta 25 x 25 cm? en incrementos de 5 cm. Se pueden obtener otros
tamafos o formas de campo colocando bloques de cerrobend de un centimetro de

grosor en la base del cono (fig. 2.15).
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Fig. 2.14 Cabezal del acelerador con un cono de electrones.

Fig. 2.15 Cerrobend para configurar el campo de electrones.

2.3 Método

La metodologia esta ampliamente descrita en cada uno de los articulos que componen
este trabajo, sin embargo en este apartado se describen brevemente el procedimiento
de calibracién asi como los modelos de célculo de dosis a plano medio a partir de las

medidas in vivo.
2.3.1 Calibracion

La calibracion de los diodos consta de dos partes bien diferenciadas. La primera es la
calibracion en condiciones de referencia. La segunda, la determinacion de los factores
de correccion cuando las condiciones de irradiacion difieren de las condiciones de

referencia.

En el caso de la calibracion para técnicas estandar de tratamiento las condiciones de
referencia son: DFS = 100 cm, campo 10 x 10 cm? definido en el isocentro, tasa de

dosis 240 UM/min y sin ningln accesorio entre la fuente y la superficie del maniqui.
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Para la calibracion para la técnica de ICT las condiciones en nuestro centro son: DFS
= 405 cm, campo maximo (40 x 40 cm? definido en el isocentro), tasa de dosis 400
UM/min, una lamina de 1 cm de grosor de polimetiimetacrilato (PMMA) (spoiler)

interpuesto entre la fuente y el maniqui.

Se define la dosis entrada como la dosis a la profundidad del maximo de dosis (dmax) Y
la dosis salida, por simetria, como la dosis a dmax desde la superficie de salida del haz

de radiacion (fig. 2.16). Se definen pues, dos factores de calibracion: un factor de
calibracion entrada (Fcalen) Y un factor de calibracion salida (Fca ex) - Para la técnica
de ICT se definen también un factor de calibracion entrada y otro salida detras de las

protecciones parciales de cerrobend (Fcal,en cer Fcalex,cer)-

= *
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Fig. 2.16 Esquema del dispositivo experimental para determinar el factor de calibracion entrada  [A]
(Fcaien) ¥ €l factor de calibracion salida [B] (Fcalex). Tomado de J. Van Dam y G. Marinello [17].

Los diodos se calibran comparando su respuesta con la dosis determinada con la
camara de ionizacion cilindrica situada en el centro del campo y a la profundidad del

maximo de dosis. El factor de calibracién se define como:

Dgi

Feal=—"—
Ldiodo

Donde D¢ es la dosis determinada por la camara de ionizacion y Lgiodo €S la lectura
del diodo.
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Puesto que la sensibilidad de los diodos depende de la tasa de dosis, de la energia y
de la temperatura, cuando las condiciones de medida difieran de las condiciones de
calibracion se deberan aplicar factores de correccion para obtener la dosis a partir de
la lectura del diodo (ver capitulo 6). Asi, se deberian determinar los factores de
correccion por tamafio de campo (FC campo), por bandeja (FC pandeja), pOr distancia de
la superficie a la fuente (FCprs), por cuiia (FCcuna), por temperatura (FC temp) y por
angulo de incidencia del rayo central del haz sobre el diodo(FC anguio). EStos factores
se consideran independientes entre si. La dosis medida por el diodo vendra dada,

entonces, por la siguiente expresion:

En donde L es la lectura del diodo, F¢y es su factor de calibraciéon y IT CF; es el

producto de todos los factores de correccion.

2.3.2 Algoritmos de calculo

Para calcular la dosis a plano medio a partir de las dosis a la entrada y a la salida

determinadas con los diodos se utilizan dos algoritmos de calculo.

El primero, calcula la dosis entrada a partir de la media aritmética entre la dosis a la
entrada y la dosis a la salida. Esta media se corrige por un factor CF dado que la
variacion de la dosis con la profundidad es exponencial y no lineal. Este algoritmo es
similar al propuesto por Alan Noel [18] y corresponderia a un calculo simplificado como
los propuestos por Huyskens et alt. [19]. Asi, la dosis a plano medio se puede calcular

para cada haz segun la ecuacién 2.9.

D1/jo=—"-——""xCF Ec. 2.9

El factor de correccién CF se determina experimentalmente del modo siguiente: En
primer lugar, se calibran los diodos siguiendo la metodologia descrita en el apartado
2.3.1, después se colocan los mismos a la entrada y a la salida de maniquies
regulares de distinto grosor con la camara de ionizacién a plano medio. Se fijan las

condiciones de irradiacion de acuerdo con las condiciones de calibracién, es decir, Si
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se calibra para ICT el CF se determinar4d a una DFS de 405 cm, con el spoiler
interpuesto, campo mMaximo, mientras que si se calibra para técnicas estandar se

determinara el CF a DFS de 100 cm y para distintos tamafios de campo. Se mide

simultaneamente la dosis a la entrada (Dep), a la salida (Dsg) vy a plano medio

(D1/2(c.i.)). El factor de correccion CF se calcula mediante la ecuacion 2.10.

_ D,,(ci)
(D, +D_)/2

Ec. 2.10
El segundo método es el propuesto por Rizzotti et alt. [20]. Se determina la relaciéon
entre Den, Dex ¥ D12 en condiciones de ICT o para distintos tamafios de campo en

condiciones estandar de tratamiento. Este método tiene la ventaja respecto del

primero de no utilizar de forma explicita el grosor del paciente.
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CAPITULO 3

CALIBRATION OF SEMICONDUCTOR DETECTORS FOR DOSE
ASSESSMENT IN TOTAL BODY IRRADIATION

N. Jornet, M. Ribas and T. Eudaldo
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Financiado por el F.I.S.S. expediente n° 94/0030-02

The aim of this paper is to discuss the measurements that were carried out to
implement "in vivo dosimetry" with EDP-30 diodes, in total body irradiation (TBI)
techniques. Exit calibrations and calibrations behind cerrobend protection blocks
showed the importance of calibrating diodes in all relevant clinical conditions.
Special attention was given to calibration of diodes behind cerrobend blocks.
Dependence of the calibration factors on the thickness of the shielding blocks
was therefore studied. This dependence was again studied adding a wax cap to
the diode and the ionisation chamber was placed at the same depth that the
measuring point of the diode. Temperature dependence in diode sensitivity and
dependence on accumulated dose for diodes response and for temperature

correction factors were studied.
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3.1 Introduction

High dose total body irradiation (TBI) with a megavoltage photon beam prior to bone
marrow transplant has been performed in our hospital since September 1993. A
hyperfractionated technique is used so that six fractions of 2.25 Gy are delivered twice a

day over 3 days.

The aim of this work is to describe the measurements we made to calibrate EDP-30
diodes in order to implement in vivo dosimetry for a TBI assessment of dose. Special
emphasis was put in the calibration below the cerrobend blocks as we found a 30%
change in calibration factors, which was greater than we expected from bibliographic

references of EDP-10 and EDP-20 diodes, about which much has been written.

In a separate paper the algorithm that is used to derive the midplane dose as well as the

results of patient dose measurements using this method will be described

3.2 Material

TBI is performed using the 18 X-Ray beam generated by Varian Clinac-1800 linear
accelerator. Customized lung blocks which allow partial transmission are being used to
assure a maximum lung dose of 10 £ 0.5 Gy. The collimator is opened to its maximum
field size which is 40 * 40 cm? at the isocenter and is rotated 45°. The source-skin distance
is set to 405 cm. We interpose a 1 cm thick lucite screen called Spoiler between the
source and the patient (40-50 cm from the patient) with two purposes: firstly, to raise skin-
dose and secondly, to hold the lung shields. This irradiation technique is the same as that

used at the "Hoépital Cantonal Universitaire" in Geneva, Switzerland (5).

Ten EDP-30 diodes (Scanditronix) connected to the DPD-510 electrometer are used. Each
diode is encapsulated by a hemi-spherical build-up cap of 1 mm of tantalum stated to be

equivalent to approximately 3 cm water for 16-25 MV X-rays.

All calibration measurements were performed with a polystyrene phantom consisting of
slabs with an area of 30 x 30 cm? . A 0.6 cc cylindrical chamber (type NE 2505/3A)
connected to an lonex 2500/3 electrometer was inserted in a special slab made for this
purpose. This ionisation chamber has an exposure calibration factor traceable to the

National Standard Dosimetry Laboratory in Spain and was used to determine absolute
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dose values.
To determine the temperature correction factor we used a water phantom

equipped with a thermostat.

3.3 Method and results

3.3.1 Initial tests

When a new diode is received it is subjected to the following tests

Determination of diode build-up cap thickness

Measurements are made at standard calibration conditions (i.e. SSD=100 cm, field 10x10
cm?) to find the real build up of EDP 30. Slabs of 4mm and 1 mm of polystyrene are used
to cover the diodes till dose maximum is reached. Air gaps are eliminated by using a

special slab with a hole to insert the diode.

Knowing that for our 18 MV X-rays the dose maximum at standard calibration conditions is
found at 35 mm water depth, from table 3.1, it can be seen that the water equivalent build-
up cap thickness of our detectors is about 14 mm instead of the 30 mm marketed by
Scanditronix. This has also been observed by A. Noel (priv. commun.) and admitted by

Scanditronix.

Table 3.1 Build-up cap determination for EDP-30

Bolus equivalent Diode 3 (Gy) Diode 5 (Gy)
Water thickness (mm)

Without bolus 1.980 1.995
0.6 2.026 2.059
5.8 2.132 2.162
131 2.197 2.232
17.2 2.212 2.245
214 2.216 2.251
23.4 2.212 2.249
29.7 2.204 2.240
33.8 2.194 2.229
42.1 2.166 2.202

Posterior response verification
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Posterior response is tested by placing the diode at a 180° angle at the entry surface and
covering it with a bolus of 35 mm water equivalent to guarantee electronic equilibrium at
standard calibration conditions. The diodes are inserted in the special slab to avoid air
gaps. Measurements were made at standard calibration conditions. Their response is then
compared with that of the diode placed at a 0° angle at the entry surface in full electronic

equilibrium.

A ratio between the obtained and the expected response of about 0.73 is obtained.

Linearity correction factor

As EDP-30 diodes are being used only for TBI treatments, the linearity of the diode-
electrometer system signal with dose is checked in TBI conditions in the range of doses

that our detectors read in a clinical situation; from 0.3 Gy to 1.5 Gy.

The signal of the diode-electrometer system is linear with the delivered dose
within 1% over the useful range in TBI. Uncertainties due to the non-linearity of

the diode-electrometer system can therefore be ignored.

3.3.2 Calibration procedure

Once the diodes have passed the previous tests we proceed to their calibration for TBI
technique. Calibration implies the determination of the "calibration factors" of each
individual diode and the determination of correction factors that are needed to calculate
the absorbed dose when measuring and calibration conditions, differ. In fact, for TBI only
three correction factors are of any interest: dose rate correction factor, temperature
correction factor and directionality correction factor. Therefore, to determine the dose

measured with the diode we should apply the following equation:

dose (Gy) = diode reading X Fg¢a X Feorrection EC. 3.1

Fcorrection = Fdose rate X Fdirect. X Ftemp Ec.3.2

3.3.2.1 Determination of calibration factors
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The calibration factor of each individual diode is determined in TBI reference conditions
(SSD =405 cm, field 40 x 40 cm? at the isocenter, spoiler in position). For this purpose we
use the polystyrene phantom with a total thickness of 20 cm equivalent water. The diodes
are taped to the anterior slab of the polystyrene phantom forming a circle of 10 cm
diameter centered on the beam axis and the ionisation chamber is placed at the depth of
dose maximum at the beam axis. The deviation resulting from not calibrating the diodes
one by one at the beam axis is of the order of the reproducibility error (< 0.5%) and

therefore not taken into consideration.

The signal of each diode is then compared to the absorbed dose determined with the
ionisation chamber. Spanish Dosimetry Protocol (8) includes the application of a
displacement factor for the ionisation chamber. This factor is applied only on exit dose
measurements. For entrance dose, as measurements are not performed on the

exponential part of the curve but at the depth of dose maximum, this factor is not applied
(2). The calibration factor (Fgg) is determined as the ratio of the absorbed dose

determined with the ionisation chamber (IC) and the diode reading in TBI conditions.

_ absorbed dose ic

Feq = Ec. 3.3
ca diode reading ©

The entrance dose is defined as the dose at the point along the central axis of the beam at

a distance dmax from the entrance surface of the phantom; dmay is equal to the depth of

dose maximum in the phantom (1). In TBI reference conditions dmax is equal to 14 mm. As

the build-up cap of the diodes is about 14 mm the measuring point of the diode and the

ionisation chamber are at the same depth.

Calibration is done at room temperature which is about 22.5°C. Temperature inside the
accelerator room is controlled by means of a thermostat so temperature variations are

usually inferior to 0.5°C, and no temperature corrections are made.

As a change in the calibration factor can be expected when the irradiation conditions
described are changed due to the fact that diode sensitivity depends on dose rate and on

directionality (1, 2, 4, 6), four different calibrations are made:
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- Entrance (Fep)
- Exit (Fex)
- Entrance behind cerrobend shielding blocks (Fen cer)

- Exit behind cerrobend shielding blocks (Fex cer)

By making these four different calibrations we avoid applying the dose rate correction
factor and the directionnality correction factor. Therefore, to obtain the dose from the
reading of the diode we should multiply this reading by the appropriate calibration factor

and by the temperature correction factor.

Entrance calibration (Fep)

Fcal described previously is now Fgp

Exit calibration (Fey)

To calibrate in exit conditions, the polystyrene phantom is turned so the exit dose is then
defined as the dose at -14 mm from the exit surface at the beam axis. A depth of 1.4 cm is
largely sufficient in TBI geometry to assure conditions of electronic equilibrium in the

backward direction.

Dependence on phantom thickness

Measurements of exit calibration factor with different phantom thickness (10, 20, 30 cm,
SSD= 405 cm.) were performed to assess the independence of exit calibration factor on

patient thickness.

Comparing the reading of the diode positioned on the phantom exit surface with the dose
measured with the ionisation chamber at the exit point we never obtain differences greater
than 0.5 %. As the experimental error is of the same order, the exit calibration factor can

be considered independent of phantom thickness.

Calibration behind cerrobend shielding blocks (Fen cer, Fex,cer)
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To calibrate behind the cerrobend shielding, we attach one cerrobend block of the same
thickness to be used in the treatment ( 3 cm ) onto the spoiler. This block is rectangular
(12 cm high and 7 cm wide). The four detectors to be used in the treatment to assess lung
dose are placed behind this protection and the same entrance and exit calibration

procedure is followed.

Dependence on the thickness of the cerrobend block

Dependence on the thickness of the cerrobend block of Fen cer and Fey cer Was tested

calibrating some diodes behind blocks of thicknesses ranging from 0 to 4 cm. Ratios

between calibration factors with and without cerrobend blocks are shown in table 3.2.

Table 3.2 Variation of calibration factors depending on cerrobend thickness

Entrance factors

Thickness (Cm) Fen,Cer/Fen 2 Fen,Cer/Fen ° F en,Cer/Fen ¢
0 1.000 1.000 1.000
1 1.100 1.159 1.009
2 1.214 1.338 1.013
3 1.334 1.562 1.022
4 1.450 1.817 1.031

Exit factors

Thickness (cm) a

Fex,cer/Fex Fex,cer/Fex ¢

0 1.000 1.000
1 0.986 0.990
2 0.961 0.970
3 0.930 0.950
4 0.905 0.934

Study of variation of entrance and exit factors behind cerrobend blocks when changing block
thickness. ® diode calibrated to give dose at the depht of dose maximum, 1.2 cm from entrance and

for exit respectively. ® diode calibrated to give dose at the depht of dose maximum without
cerrobend. The diode has an additional cap of 16 mm water equivalent thickness to give a total
build-up of 30 mm.

¢ diode calibrated to give dose at 3 cm depht from entrance and exit respectively. The diode has the
additional cap on.

Calibration behind cerrobend blocks of different thickness introducing an additional build-
up cap of wax (16 mm equivalent water) was done, so the diode had a total build-up cap of
30 mm equivalent water. The ionisation chamber was left at 14 mm from surface. The

same was done with the ionisation chamber at 30 mm equivalent water depth. This was
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also made for exit factors. Results of this are also shown in table 3.2.

The following ratios, Fex/Fen, Fen,cer/Fen and Fex cer/Fen, Were calculated. For these set of

diodes instead of using different ratios for each different diode we could use the media as

the standard deviation of the individual values is significantly lower than the deviation of

the individual readings. So for that set it was found: Fey/Fen=0.761+0.003, Fencer/Fen

=1.298+0.004 and Fey cer/Fen =0.772+0.008.

3.3.2.2 Correction factors

Temperature correction factor

The influence of temperature on the diode signal was studied as this correction factor is
not negligible for the TBI treatment condition (7, 9).

A water phantom equipped with a thermostat was used. The diodes were taped on a thin
slab of perspex which was in contact with the water. The temperature, measured with a
digital thermistor provided with an immersion probe, was slowly increased from 22°C to
32°C (the average skin temperature). The sensitivity of the diodes was determined at
different temperatures and expressed relative to that of 22.5°C. Each temperature was
maintained approximately 20 min in order to reach full thermal equilibrium between the
surface of the phantom and the diodes. This experience was done first when we received

the diodes, and then, some time after of use.

The response is found to increase linearly with temperature. Sensitivity varies between
0.16 and 0.29% per °C when they are new and between 0.23 and 0.3 % depending on the
diode itself per °C when the dose accumulated is of about 1 KGy.

During all dose determinations with a diode, the measurements were accompanied by a
simultaneous dose determination with the ionisation chamber so the output variation of the
accelerator could then be ignored [1].

3.3.2.3 Calibration frequency

Calibration factors were checked weekly, before each TBI. After 60 TBI (i.e. between 0.9
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and 1 KGy) an increase of calibration factor with accumulated dose of about 8 to 11% was
observed for all diodes as the dose build up. The increase rate was higher for the first

Grays than for the last ones.

From weekly calibration we saw that there was a small, almost linear increase in the value
of the ratios Fex/Fen, Fen cer/Fen and Fex cer/Fen amounting to approximately 2 % between

the first and last calibration for all diodes. It would then be possible to use these ratios for

weekly calibrations over a month, after which, a constancy check should be made (2).

34 Discussion

For dose assessment in TBI techniques by means of in vivo dosimetry, calibration factors

should be determined for diodes in all relevant clinical conditions.

In fact, if entrance calibration factors were used for diodes positioned on the exit surface,
dose would be overestimated in approximately 25%. Testing the directional dependence of

these diodes at standard calibration conditions a 0.73 factor between the prescribed dose

and that of the diode is found. That is in agreement with the Fey/Fen ratio that we find at

TBI conditions, 0.761. For EDP-10 Fgy/Fep varies from 1.04 to 1.11 (3) and for EDP-20 it

is of the order of 0.98 (A. Noel, priv. commun.). Thus ratios which are higher than

expected from the literature and for older diodes are found.

If entrance calibration factors were used instead of entrance calibration factors behind
lung block protections, there would be an underestimation of dose in approximately 30-
35%. Other authors have repported a decrease of the diode response behind wedges (1,2)
or when the SSD varies (2,9) for EDP-10 and EDP-20. However, we obtained higher dose
underestimation percentages than those obtained by them. This can be due to the different
design of EDP-30, as these diodes were designed to assure small field disturbance and
small field size dependence. Behind cerrobend blocks there is an increase of secondary
particles and with this new design and this small build-up cap the electronic and the low
energy X-rays contamination could influence the diode response due to the interphase

tantalum-semiconductor.

From table 3.2 it can be seen that to avoid different calibration factors for each different
block thickness, EDP-30 should be calibrated behind cerrobend blocks with a total build up



46 Calibracion de diodos en condiciones de ICT

similar to that marketed by Scanditronix and with the ionisation chamber at the same
depth. For exit calibration factor we do not observe any improvement when adding this
additional build-up cap calibrating with the ionisation chamber at 30 mm depth. It can seen
that once we have reached the electronic equilibrium, both with the chamber and with the
diode, the obtained ratios are compatible with those reported for other diodes by Van Dam
and al. (9).

The dependence on temperature is similar to that found by other authors (4,7,9).
Temperature correction factor must be determined separately for all diodes. A detector
calibrated at room temperature 22.5°C will overestimate the dose on the patient by about
2-3% if no correction factor is applied. As this correction factor may vary with integrated

dose it should be controlled after some time in use.

As the sensitivity of diodes changes with accumulated dose the entry calibration factor in
TBI conditions should be checked before every TBI treatment against an ionisation
chamber when they are new, and after some time of use the calibrations can be spaced

out.

Once we have the ratios: Fex/Fen, Fen cer/Fen and Fey cer/Fen, and after having studied how

they change with accumulated dose during a year and a half of use we have decided to

check entry calibration factors once a week, and ratios once a month.
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Background and Purpose

During TBI techniques an accurate determination of the dose distribution is
very difficult when using commercial treatment planning systems. In order to
determine the midplane dose, an algorithm was developed, based on the use
of in vivo dosimetry.

Material and Methods

Scanditronix EDP-30 diodes were placed at the entrance and the exit surface
for in vivo dosimetry. The proposed algorithm was validated firstly in a regular
and homogeneous phantom of different thickness with an ionisation chamber
and TL dosimeters, and secondly, in an Alderson anthropomorphic phantom
with TL dosimeters. In this study, in vivo measurements were evaluated in 60
patients and furthermore, in 20 of them, the midplane dose calculated with this
algorithm was compared with the method described by Rizzotti A, Compri C,
Garusi GF. Dose evaluation to patients irradiated by ®°Co beams, by means of
direct measurement on the incident and on the exit surfaces. Radiother.
Oncol. 1985;3;279-283.

Results

No differences were found between the two methods. The differences

between dose values calculated with both methods and dose values
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measured with the ionisation chamber and TL dosimeters were within a = 2%
and a +4%, respectively, in the regular and homogeneous phantom, and
within a 2% in the Alderson phantom. The used algorithm showed to be
useful to calculate midplane dose when hetereogeneities as lungs were
present. Even when partial transmission blocks were used to reduce dose to
lungs, the algorithm, with modified correction factors gave midplane lung dose
in the Alderson phantom within a 1.3% of the measurements with TL
dosimeters. For 360 patients’ measurements in each A-P and P-A field, the
relative deviations were analysed between the measured and calculated
entrance, exit dose and midplane dose and the prescribed dose, always
applying the temperature correction factor. These deviations at the entrance
dose were within +4%. Greater deviations were found for the exit dose
measurements. Deviations larger than +10%, corresponded in general to
obese patients, with a thickness over 25 cm. The relative deviations between
the total received and prescribed midplane dose in 60 patients were within
+3%.

Conclusions

The results indicate excellent correspondence between the total prescribed
and calculated midplane dose using this algorithm while also no significant
differences were found when the Rizzotti method was used. Comparison
between doses measured with TL dosimeters in the core of the Alderson
phantom lungs and doses calculated from in vivo measurements showed that
the proposed algorithm could be used in the presence of heteogeneities even
when partial transmission blocks were used. The temperature correction

factor must be applied in order to avoid a 2-3% dose overestimation.
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4.1 Introduction

Since the early applications of total body irradiation (TBI) prior to bone marrow
transplantation in the seventies, haematologists, immunologists, radiotherapists and
medical physicists have been trying to increase the success of the treatments.
Improvement requires an understanding of all the clinical, biological and physical

aspects.

The techniques and dosimetry of radiation treatments are more controllable than many
other variables associated with clinical trials. However, regardless of the TBI technique
used, limitations of the available input data and inherent problems with dose calculation
algorithms, make accurate determination of TBI dose distributions very difficult when
using most commercial treatment planning systems. Consequently, it is difficult to
predict the actual dose delivered to the patient under the sometimes special
circumstances required for TBI. Therefore, some authors [1,2] recommend the use of in
vivo dosimetry for the determination of the actual dose to patients undergoing TBI

treatments.

The accuracy in the determination of an administrated dose in this technique as well as
in standard radiotherapy has to be high. The estimated accuracy required should be

stated and as good as possible [3], preferably below £5% (1 s.d.).

For this reason, an in vivo dosimetry procedure was started in our hospital in
September 1993, with the aim of determining the dose prescribed to the midplane
along the central axis of the beam which corresponds to umbilicus level, as well as the

dose to lungs considered organs at risk for this technique.

The purpose of this study was, therefore, firstly to develop an algorithm for dose
calculation in TBI techniques using direct measurements carried out with diodes placed
on the entrance and the exit surfaces during treatment. Secondly, the accuracy of the
dose calculation procedure for this technique was investigated using regular and
anthropomorphic phantoms. Thirdly, the proposed algorithm was compared with the
method described by Rizzotti et al. [4].

The proposed algorithm has been shown to be useful for calculating the dose to the

lungs. Partial transmission lung shields are used for half of each treatment session.
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The quality of the beam changes behind those blocks, so special diode calibration [5]
and a modification of the correction factors employed in this algorithm were needed to

calculate the dose to the lung core under these conditions.

The doses obtained by in vivo dosimetry using the proposed algorithm were compared
with the prescribed midplane dose for a series of 60 patients. Midplane doses were
also calculated using the Rizzotti method for a selection of 20 patients. The deviations

from the prescribed dose using both methods are compared.

4.2 Material and methods

In our centre the TBI technique consists of a set of parallel opposed anterior - posterior
fields using a horizontal 18 MV X-ray beam generated by a Varian Clinac 1800 linear
accelerator. This technique is the same as that used at the “Hopital Cantonal
Universitaire” in Geneva, Switzerland [6] and is described in a previous paper [3]. A
total dose of 13.5 Gy is delivered by a hyperfractionated technique, with six fractions of
2.25 Gy twice a day, over three days. The dose in the lungs is reduced to 10.5 £ 0.5 Gy
with partial transmission cerrobend blocks (3 cm thick) which are fixed to the spoiler.
Although both anterior and posterior fields are treated in every session, lung blocks are
used in an alternative fashion: anterior blocks are used in the first, third, and fifth
treatment fractions, while posterior blocks are used during the second, fourth, and sixth
fractions. If, according to the in vivo dose measurements, a lung dose higher or lower
than previously specified is predicted, the lung blocking time is corrected. The dose
rate is 25.26 cGy/min at midplane for a standard thickness of 20 cm. One session lasts
approximately 30 min, from the moment that the patient goes into the treatment room

up to the moment he/she goes out.

In order to determine, the dose administrated to patients in any point along the beam’s
central axis, as well as the dose at midplane inside lungs, by means of in vivo
dosimetry with diodes placed at the entrance and the exit surface, the following

methodology was chosen:

4.2.1  Calibration of the equipment
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p-type EDP-30 silicon diodes (Scanditronix) are used as dosimeters connected to a
DPD-510 electrometer (Scanditronix). The calibration of these diodes is performed
against a 0.6cm® cylindrical chamber (NE 2571) connected to a Doseleader
electrometer (NE). A polystyrene phantom (30 x 30 x 20 cm3) is used to calibrate the
diodes. The calibration procedure as well as the determination of correction factors

was described in a previous paper [5].

4.2.2 Development of the calculation method for target dose determination on

the beam axis

Using combined entrance and exit dose measurements (Dep, Dex), ONe can estimate
the dose delivered to a point placed in the target volume. Different algorithms have
been proposed to determinate midplane dose in recent literature [7,8]. In TBI
treatments, most centres choose a midplane point along the central beam axis as the
point where the dose is prescribed. In our centre the midplane dose (Dq/7) is estimated
by taking the arithmetical mean of the entrance and the exit dose corrected by a factor,
CF, since the dose variation with depth is not linear but exponential. This algorithm is
similar to the one proposed by Noel et al. [8] and would correspond to a simplified

calculation such as those proposed by Huyskens et al. [7].

Therefore the midplane dose (D1/2) can be expressed for each radiation treatment

beam as:

Dan+D
PentPex o Ec. 4.1

D1/o=
1/2 2

The theoretical CF (CFineor) is given by the expression:

PDD(e/2)
PDD(ecal)+PDD(e —ecal)
2

Where PDD corresponds to percentage depth dose measured in TBI conditions using a

CFtheor= Ec. 4.2

microchamber type RK 85-05 (0.120cm3) connected to a radiation field analyser RFA-

300 (scanning volume 49.5 x 49.5 x 49.5 cm3). PDD is normalized at the depth of
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calibration. ecg is the depth of calibration corresponding to the depth of dose maximum
in TBI conditions without partial shielding blocks (14 mm of water). By definition PDD

(eca)=1, e is the thickness of the patient and e/2 is midthickness.

The validity of the formula proposed for CF, Ec. 4.2, was investigated in a
homogeneous polystyrene phantom (fig 4.1a) in which the entrance and exit diodes
and the ionisation chamber at midplane along the central axis were simultaneously
positioned. The positioning of detectors was carefully carried out in order to avoid the

shadowing effect, which was 3% at 5 cm depth.

Therefore, the experimental CF (CFeyp) is given by the expression:

D1/2
CFexp=——"—— Ec. 4.3
P Den +Dex ¢

2

D1, was determined with the ionisation chamber placed at midplane for different
phantom thicknesses. The readings of the ionisation chamber were converted to dose

values by applying the Spanish Dosimetry Protocol [9].

Behind the partial transmission blocks used to reduce dose to lungs, different CF

(CF'theor, CF'exp) were determined as a different PDD referred as PDD’ was measured

(Fig. 4.2). CF'theor Was calculated using Ec. 4.2. It was then compared with CF'exp (fig
4.1b).

The theoretical and experimental CF data were compared and the difference between
them was less than 1% without transmission blocks and 2% with transmission blocks
(fig. 4.1). These differences may be due to a rise in the response of the entrance diode
when it approaches the spoiler, to a small dependence of the exit calibration factor on
phantom thickness that was not taken into consideration [5], or to the difference in exit
dose when using a semi-infinite phantom or a finite one. The experimental CF will be

used for the calculation algorithm so all these factors will be taken into account. From

here on, CFexp will be referred to as CF.
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Fig. 4.1 (a) Correction factor (CF) as a function of thickness used in Ec. 4.1 for dose calculation from in
vivo measurements in our TBI technique. (b) Correction factor (CF’) when partial transmission

blocks are used. CFiheor (+) and CFexp (1) are shown as well the fitted model of CFexp
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Fig. 4.2 PDD in TBI conditions under a partial transmission block (3 cm thick cerrobend block allowing

for a 32% transmission), experimental data and the fitted model are shown.

When heterogeneities are present (lungs) water equivalent thickness, instead of the
total_thickness of the patient at the level where the diodes are placed, was used to

calculate CF. The ratio between exit and entrance dose measured with the diodes is

taken as PDD(e-ecq) ), then e can be found from the PDDs curves.

The conversion of midplane dose to dose at any other point along the central axis is
performed using the PDD corresponding to TBI conditions. Then, to find the dose at

any point along the central axis the following expression is applied:

PDD(2)

D(2)=D1/ax—
PDD(e/ 2)

Ec.4.4

Where Dy, is given by Ec. 4.1.

The midplane dose along the central beam axis can also be deduced using the method
proposed by Rizzotti and al. [4]. The relation between Degn, Dex and D12 was

determined in TBI conditions using polystyrene phantoms of different thickness with
the ionisation chamber placed at midplane and two diodes, one placed at the entrance

surface and the other at the exit surface. All detectors were placed along the central

axis of the beam. The relation between Dgy/Den and Dqo/Den was first determined
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without partial shielding blocks (fig. 4.3a) and then with partial shielding blocks (fig.

4.3b). This method has the advantage of not using the patient thickness explicitly.
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Fig. 4.3 (a) Experimental D1/2 /Den as a function of Dex/Den. D1/2 was determined placing an ionisation

chamber at the midplane while Depy and Dey were determined placing one diode on the entrance
surface and the other at the exit surface of the phantom. The fitted model is also shown. (b)

Idem under partial transmission blocks.
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4.2.3  Verification on phantoms of the dose calculation algorithm for in vivo

dosimetry, with an ionisation chamber and TL dosimeters

To validate our algorithm in TBI conditions, two kinds of phantoms were used, one

regular and homogeneous and the other anthropomorphic.
4.2.3.1 Homogeneous and regular phantom

Measurements were made on polystyrene phantoms of different thickness (10, 20, and
30 cm) with and without partial transmission blocks. Diodes were placed on entrance
and exit sites on the central axis. The ionisation chamber and TLD chips were inserted
in special slabs made for this purpose which were placed at several depths in the

phantoms. The dose, calculated from the readings of the diodes using Ec. 4.4 (where
D1/2 was calculated using Ec. 4.1 or the Rizzotti method) was compared with the dose

measured with the ionisation chamber and the TL dosimeters placed at the depth of

interest.

The TL detectors used in this study were LiF chips type TLD-700 (3.1 x 3.1 x 0.9 mm3)

from Harshaw. Before each irradiation, a standard annealing procedure was carried out
in a PTW microprocessor-controlled annealing oven: 400°C for 1 hour, followed by
100°C for two hours. The detectors were read out with a commercial semi-automatic
Vinten Rialto TLD reader. The heating cycle had two parts: a preheat zone of 135°C for
10 s, and a reading zone from 135°C to 270°C with a linear heating rate of 25°C/s for
12 s. To improve the dosimetric accuracy, individual calibration factors were
established for each detector [10,11], and stability checks were performed periodically
at the INTE Secondary Standard Calibration Laboratory with a cesium-137 beam. In

this way, the relative statistical uncertainty obtained never exceeded 3%.
4.2.3.2 Anthropomorphic phantom

In this case, an Alderson anthropomorphic phantom sliced into 2.5 cm thick transverse
sections, each containing a matrix of 5 mm diameter holes spaced 3 cm apart, was
employed. The anthropomorphic part of the phantom extended from the head to the
iliac crest. During the irradiation, the Alderson phantom was held in the same standing

position as patients in such a way that the umbilical section was aligned on the central
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axis. This section is 22 cm thick and along its axis it has three TLD inserts at 4.5, 10
and 19 cm depth. Three TLD dosimeters were loaded into each insert. TLD’s were also
inserted at midplane in the lungs. Only the right lung was shielded with a partial

transmission block.

Diodes were placed at the entrance and the exit surfaces on the phantom along the
central beam axis as well as on one of the slices containing the lungs (22.1 cm thick).
Doses calculated using the two algorithms, the one based on the arithmetical mean of
entrance and exit doses and that used by Rizzotti, are compared with TLD doses at

midplane and at other depths along the central axis and also at midplane of the lungs.

4.2.3.3 Measurement procedure in patients

In vivo dosimetry is performed on every patient and at each treatment session by using
diodes placed on the skin at the entrance and exit surfaces on different anatomical
sites: central axis (abdomen) and off-axis (head-front, neck, mediastinum, lungs, thigh
and leg). The diodes are positioned by a technician and remain in the same points
throughout the session. In this study only the measurements along central axis are

evaluated.

In each session, the skin temperature of the patient is taken before the treatment starts
by fixing a contact thermometer on the skin. In the first treatment session, after
completion of the treatment set-up, the patient diameter along the beam axis is

checked using a calliper.

For each patient the theoretical entrance and exit dose are calculated by the

expressions:

_2256y/2 Ec. 4.5
PDD(e/ 2)
Dex—Denx - PD(e-€ca) Ec. 4.6

100
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All the in vivo dose measurements are performed by a physicist. When discrepancies
of more than +5% on entrance dose are found, a check of the treatment set-up is
performed with the patient still in treatment position. All calculations of midplane dose
are also made by a physicist.

Twenty patients with diameters along central beam axis ranging from 15 to 34 cm were
chosen to compare the dose at midplane calculated using the two methods, that based
on the arithmetical mean of the entrance and exit dose that is used in routine in our

institution, and that proposed by Rizzotti et al.

4.3 Results

4.3.1 Dose comparison: phantom dose vs. dose calculation

The results of the regular and homogeneous phantom dose comparison with ionisation
chamber and TL dosimeters are summarised in Table 4.1.The comparison between
results with TLD and dose calculated for all depths along the central beam axis in the
Alderson phantom are shown in Table 4.2. While the comparison between dose
measured inside the lungs with TLD and dose calculated from in vivo entrance and exit

measurements with and without partial shielding blocks are shown in Table 4.3.
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Table 4.1 Dose comparison in an homogeneous regular phantom

Water depth Dm /Dl D’m /D’l Dm /Drizzotti D’m /D’rizzotti

(cm) IC TLD IC TLD IC TLD IC TLD
Phantom thickness: 10 cm

1.7 1.013 1.028 1.037 0.956 1.013 1.028 1.052 0.970

5.0 1.007 1.021 1.004 0.987 1.007 1.021 1.019 1.002

7.1 1.000 1.005 1.003 0.997 1.000 1.005 1.017 1.011
Phantom thickness: 20 cm

3.0 1.017 1.041 0.996 0.974 1.015 1.039 0.994 0.972

5.0 1.016 1.032 0.998 1.002 1.014 1.030 0.997 1.000

10.0 1.006 1.006 1.006 1.033 1.006 1.004 1.004 1.031

13.7 1.002 1.002 1.013 1.009 1.000 1.000 1.011 1.007

175 0.998 0.993 0.995 1.003 0.995 0.993 0.994 1.001
Phantom thickness: 30 cm

3.2 1.019 1.041 1.017 1.043

5.8 1.020 1.041 1.018 1.040

9.5 1.014 1.004 1.011 1.000

13.2 1.008 1.000 1.006 0.998

17.0 1.009 0.991 1.007 0.988

194 0.978 0.976

20.7 1.025 1.023

245 1.011 1.008

26.9 1.012 1.009

Comparison between the dose measured, Dy, with an ionisation chamber (IC) and termoluminescent
dosemeters (TLD) and the dose calculated from entrance and exit in vivo measurements using Ec. 4.4,

where D12 can be calculated using Eqg. 4.1, D1, or Rizzotti method, D rizzotti. D'm, D’1 and D’rizzottj refer
to doses under partial transmission blocks.

Table 4.2  Anthropomorphic phantom dose comparison (central axis)

Depth (cm) D(TLD)/D1 D(TLD)/Drizzotti
4.5 1.021+0.006 1.019+0.006
10.5 1.015+0.003 1.015+0.004
19 0.991+0.005 0.991+0.006

Comparison between dose measured with TLD placed at different depths in the abdominal slice of an
Alderson rando phantom (antero-posterior diameter of 22.1 cm) and the doses calculated from entrance

and exit in vivo dose measurements using Ec. 4.4 where D1/ can be calculated using Ec. 4.1, D1, or

Rizzotti method, Drizzotti. The mean of measurements done on four different days as well as its standard
deviation is given.
Table 4.3 Anthropomorphic phantom dose comparison (dose to the lungs)

water
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equivalent D(TLD)/Dq D(TLD)/Drizzotti
thickness (cm)
Right lung with partial transmission block 12.2 1.013 0.952
Left lung without partial transmission block 13.2 0.993 0.993

Comparison between dose measured with TLD placed at mid-depth in a slice containing the lungs (antero-
posterior diameter of 22.1cm) and the midplane dose calculated from entrance and exit in vivo dose

measurements using Ec. 4.1 D; , or Rizzotti method, D rizzoti.

4.3.2 Dose comparison: patient dose vs. dose calculation

Combined entrance and exit dose measurements along the central axis were
performed on 60 patients. This corresponds to a total number of 360 measurements for
each field A-P and P-A. The patients included in this study were both sexes and aged
between 5 and 50. The central axis diameter ranged from 15.2 to 33.9 cm. Diode’s

readings were corrected for temperature dependence.

Differences between measured and expected doses have been plotted as frequency
distribution histograms. N is the number of measurements, x the mean value and s.d.

the standard deviation.

Figure 4.4 (a,b) shows the relative deviations (%) between entrance and exit doses
measured and calculated, ((Dmes - Dcal)/Dca) X 100 , both for A-P and P-A fields. The
frequency distribution of the relative deviation between the total dose at the midplane
received and prescribed for both the A-P and the P-A beams is represented in Fig. 4.4

(c). The mean and standard deviation are indicated in the figures.

Figure 4.5 shows the frequency distribution of the relative deviations between the total

received dose and the prescribed dose for all patients.

Figure 4.6 shows the midplane dose for both fields calculated from in vivo
measurements using Rizzotti method compared with the midplane dose calculated

using Ec. 4.1.
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Fig. 4.4 Relative deviations (%) between the measured and the calculated entrance (a), exit (b) and
midplane (c) doses for 360 measurements for the A-P and P-A field.
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Fig. 4.5 Relative deviations (%) between the total midline dose calculated from in vivo measurements
adding the A-P and P-A contributions for 60 patients.
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Fig. 4.6 Relative deviations (%) between the calculated midplane dose and the prescribed dose. The
midplane dose was calculated from in vivo measurements using Ec. 4.1 and the Rizzotti method
for 20 patients (120 measurements) for the A-P field (a) and for the P-A field (b).
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4.4 Discussion

4.4.1 Dose comparison: phantom dose vs. dose calculation

The differences observed in Table 4.1 between the dose values measured with the
ionisation chamber and the dose values calculated with the algorithm in routine use or
with the method proposed by Rizzotti are within £2% in most cases when using the
ionization chamber and within +3% when are determined with TLD. These deviations

are of the same order as the experimental error.

It can be seen from table 4.2 that using both calculation methods the dose agrees with

the dose measured with TLD within +£2%.

Table 4.3 shows that both algorithms give the same dose as that measured with TLD
inside the lung when no transmission blocks are used. In this case, using or not using
the water equivalent thickness of the slice on which diodes are placed, does not signify
any major difference in the calculated dose using Ec. 4.1, as CF varies smoothly with e
(from 1.015 to 0.985 between 7 cm and 32 cm). Behind the transmission blocks, CF’
has to be used. Using CF instead of CF’ would lead to a 24% dose overestimation. CF’
depends strongly on e, particularly the first 10 cm, so it is important to use the
equivalent water thickness. When transmission blocks are used, the measurement of
CF and D1/2/Den as a function of Dey/Den €ntrains more uncertainties than when the
blocks are not present. Therefore, the dose to lungs under the blocks is given with a

deviation of +£10%. More work is needed to improve accuracy.

442 Dose comparison: patient dose vs. dose calculation

The results displayed in figure 4.4 (a) show that for the A-P beam the majority of
measurements have deviations from the expected dose smaller than +2%, and that
with the exception of one of those, all are included into +4%. The one value greater
than 4% was examined and it was seen that it corresponded to the thickest patient,
being 33.9 cm along the central axis. For the P-A field all deviations are within the +4%
except for five measurements which correspond to the same patient. The error was

attributed to the difficulties in its positioning.
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In figure 4.4 (b) a broad distribution for the A-P beams ranging from -13% to 9% can be
seen. It has been checked that values larger than +10% (two measurements) are
related to patients thicker than 30 cm. In this figure and for the P-A field, deviations go
from —16% to 14%, with 14 measurements with a deviation higher than a 10%. The
standard deviations for the exit dose are higher than those found for the entrance
diode, which may be attributed to the fact that the mobility of the abdomen surface
becomes pronounced in obese patients, with a thickness over 25 cm. Besides, as the
exit surface of the patient is in contact with the support structure, movement of the
patient could then also move exit diodes whose surface could then deviate from being
perpendicular to the beam resulting in a slight underestimation of dose. This would be
more pronounced for P-A beams where the abdomen surface is in contact with the

support structure.

In Fig. 4.4 (c) all deviations are within +3% with 98% of the measurements with a

deviation within +2% for the A-P beam and 92% for the P-A beam.

In Fig. 4.5 can be seen that all deviations are within +3% and 98% of the
measurements are within +2% when the temperature correction factor is applied. It is
important to note that neglecting correction factor would introduce a 2-3% systematic

overestimation of dose which is also mentioned in the literature [12].

The discrepancies between measured and prescribed doses were attributed to the fact
that the diodes are taped on the patient’'s skin from the beginning to the end of the
session. Although the patient turns around from one field to the other with the diodes
still in position, it is checked if they remain at the same point. In addition, for each
treatment radiation field, the patient must not move for 8 to 10 minutes, which may be

difficult for some patients and especially for children.

For these reasons, the level of action for TBI treatments has been set at 5% for

entrance and midplane doses and at 10% for exit dose measurements.

Although the algorithm that we use is, in principle, less accurate than the Rizzoti
method if real instead of equivalent thickness is used, from Fig. 4.5 it can be seen that
no significant differences were found between these two methods. The proposed

algorithm is preferred first for its simplicity. The on-line dose can be estimated by a very
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simple calculation from in vivo entrance and exit measurements, as without applying
CF the error made would be less than 3%. Secondly, an error of 10% on the exit dose
would lead to a 4% error on the midplane dose using the proposed algorithm, while if
the Rizzotti method was used this error would be increased to 5%. When lung partial
shielding blocks are used equivalent thickness must be calculated and CF’ is not

negligible, so the Rizzotti method could be more appropiate.

4.5 Conclusions

A dose calculation algorithm from exit and entrance in vivo dose measurements with
diodes has been developed for a TBI technique. The validity of the proposed algorithm
has been checked in regular and anthropomorphic phantoms with an ionisation
chamber and TLD. Almost all values are within +3% of the measured doses. This
algorithm gives also good results when heterogeneities are present (lungs), even when
partial transmission shielding blocks are used. In this last case a special CF (CF’) has
to be used in expression (1) as the beam quality changes behind the partial

transmission blocks. If CF was used instead of CF’ lung would be overdosed in a 24%.

The agreement between the total prescribed midplane dose and the calculated dose, in
this series of 60 patients was excellent, better than £3%. Taking into account that the
skin temperature is not the same as the temperature at which the diodes are calibrated,
unless temperature correction factor is applied, the dose would be overestimated by 2-
3%. The greatest deviations were found for the exit dose measurements (more for the
P-A field than for the A-P field). When analysed, these measurements corresponded to
patients with thicknesses greater than 30 cm. Heukelom and al. [13] reached similar
conclusions for pelvic treatments. The Rizzotti method gave similar results as our
routine method. Finally, these excellent results show that the proposed algorithm can

be used in TBI technique, being more straightforward than the Rizzotti method.
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CAPITULO 5

IN VIVO DOSIMETRY: INTERCOMPARISON BETWEEN p-TYPE
BASED AND n-TYPE BASED DIODES FOR 16 TO 25 MV ENERGY
RANGE
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This paper compares two different types of diodes designed to cover the
energy range from 16 to 25 MV, one n-type (P30) and the other p-type
(EDP30). A 18 MV X-ray beam has been used for all tests. Signal stability
post-irradiation, intrinsic precision and linearity of response with dose, antero-
posterior symmetry and dose decrease under the diode were studied. Also,
the water equivalent thickness of the build up caps was determined. Both
types of diodes were calibrated to give entrance dose. Entrance correction
factors for field size, tray, source skin distance, angle and wedge were
determined. Finally, the effect of dose rate, temperature and accumulated
dose on the diode’s response were studied. Only P30 had full build-up for 18
MV X-rays and standard irradiation conditions. Field size correction factor
was about 2-4 % for field sizes bigger than 20 x 20 cm?’ for both types of
diodes. Tray correction factor was negligible for P30 while EDP30 would
overestimate the dose by a 2% for a 40 x 40 cm? field size if the correction
factor was not applied. Wedge correction factors are only relevant for the 60°
wedge, being the correction factor for P30 significantly higher than for EDP30.

P30 showed less temperature dependence than EDP30. Sensitivity
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dependence on dose per pulse was a 1.5% higher for P30 than for EDP30
and therefore a higher SSD dependence was found for P30. The loss of
sensitivity with accumulated radiation dose was only about 0.3% for P30, after
300 Gy, while amounted to 8 % for EDP30. Weighing the different correction
factors for both types of diodes no conclusions about which type is better can
be driven. From these results it can be also seen that the dependence of the
diode response on dose rate in a pulsed beam does not seem to be
associated with the fact of being n-type or p-type but could be related to the

doping level of the diodes.
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51 Introduction

In vivo dosimetry has proved to be a useful tool for quality assurance in radiotherapy
[1-7]. Diodes offer an advantage over other in vivo detectors, such as TLD, in that they
can measure dose on line. Nevertheless if very accurate measurements are required,

each diode must be extensively calibrated before being used on the patient.

Diodes from different firms can differ in terms of type (n-type or p-type), doping level,
doping process, the effective width of the sensitive volume, build up cap design,

material and thickness, and preirradiation dose given to the diode.

On the one hand, the design of the build up cap of diodes to be used for in vivo
dosimetry in high energy X-ray photon beams must be a compromise between the
build-up cap thickness needed to ensure electronic equilibrium for every beam
configuration (field size, source to skin distance, beam modifying devices, etc), patient
comfort and avoidance of under-dosage of the target volume under the diode. On the
other hand, the level of preirradiation influences the dose rate dependence of the diode
response as well as temperature dependence and loss of sensitivity with accumulated
dose [1,3,8-12].

The ideal in vivo diode for a range of X-ray energies should have small dependence
(below 1%) on field size, source to skin distance (SSD), interposition of beam
modifying devices such as wedges, trays, partial transmission blocks, and orientation
of the beam. Moreover, correction factors should not be modified with accumulated
dose. The loss of sensitivity with accumulated dose should be kept as low as possible.
All these requirements must be fulfilled taking into consideration that the field

perturbation caused by the diode should be minimal.

In the literature, there is very limited information about the dosimetric characteristics of
in vivo diodes for 16-25 MV X-Ray beams. Moreover data on the. dosimetric
characteristics of studied n-type diode has not been previously published so that the
common thought that p-type diodes are more suitable for in vivo dosimetry [13] is
based on references dating from mid-nineties [4,9,12,14,15] which refer to older n-type
diodes. Therefore, the aim of this work was to study the dosimetric characteristics of
two different types of commercial diodes (one n-type and the other p-type) designed to

cover the energy range from 16 to 25 MV X-rays for in vivo dosimetry and also to
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establish the differences between them. It is important to know the dosimetric
characteristics of different types of diodes before choosing one type to be used in
clinical routine, as the correction factors that have to be applied to the reading of the
diode to give real dose differ quite a lot from type to type. It will depend on how they
are to be used and on the action levels chosen by the centre which is the more

appropriate type of diode.
5.2 Materials

Two types of Silicon diodes with a high doping level, one p-type from Scanditronix
(EDP30) and one n-type from Precitron AB (P30) were used. Three diodes of each
type were tested. These diodes were connected to a DPD510 ten-channel Scanditronix

electrometer.

EDP30 have a thickness of the measuring volume of 60 um and an effective detection
area of 1.76 mm2 , they are provided with a half-spherical build-up cap of 1 mm of

Tantalum stated by the manufacturer to correspond to 30 mm water equivalent
thickness, their resistivity is stated to be 0.2 ohms-cm and their sensitivity is about 40
nC/Gy. They have been preirradiated by the manufacturer with 10 MeV electrons up to
8 kGy.

P30 have an effective thickness of the measuring volume of 0.1 mm and an effective
detection area of 6.8 mm? and their build-up cap is made of, from the outside in 0.5
mm Polyacetal, 1.6 mm of tungsten and 2.4 mm of epoxi, stated to correspond to 30
mm water equivalent thickness. They have a sensitivity of 150-300 nC/Gy. The
manufacturer has preirradiated them with 10 MeV electrons up to 25 kGy. The
manufacturer provides no information about the doping level or the resistivity of the

diodes.

All measurements were performed in an 18 MV X-ray beam from a linear accelerator
Clinac 1800 (Varian).

A Farmer 2571 ionisation chamber (0.6cc) connected to a Dose Leader electrometer
was used as the reference dose detector. This ionisation chamber has a calibration

factor traceable to the National Standard Dosimetry Laboratory in Spain.
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A plastic water phantom (CIRS) (slices of area 30 x 30 cm2 and thickness ranging from

0.1 to 5 cm) was used. This phantom has a special slab to accommodate the ionisation
chamber. For the plastic water phantom and for 18 MV X-rays the scaling factor is 1
and the conversion factor dose measured in plastic water dose-to-water is 0.996 [16]

so it was neglected.

To determine the influence of temperature on diode’s sensitivity, a water phantom

equipped with a thermostat was used.
5.3 Methods

Both sets of diodes were subjected to a set of tests that our department performs

whenever a new diode is received. These initial tests consist of the measurement of:

Signal stability after irradiation: the display of the signal taken immediately after
irradiation is compared with the display of the signal 5 min after the end of the

irradiation.
Intrinsic precision: the mean and the standard deviation of ten readings are calculated.

Linearity of the response with dose: The response of the diode is represented as a

function of dose.

Depth of the diode measuring point: The diode is fixed on the surface of the plastic
water phantom with its hemispherical surface facing the gantry and covered with a
special plastic water slab to avoid air gaps. Irradiations with 18 MV X-rays are
performed by adding plastic water slabs over the diode until its reading reaches
maximum. As the depth of dose maximum in water at these irradiation conditions is

known, the water equivalent thickness of the build-up cap can be calculated.

Antero-posterior symmetry: the ratio of the diode reading when irradiated with its round
side facing the accelerator collimator, and when irradiated with its flat side facing the
collimator, is obtained. To fix the diode with its round build-up cap on the phantom the
special slab in which the diode can be inserted is used. The diode measuring point is
considered to be on its flat side and is kept at the depth of dose maximum during this

test.
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Dose decrease under the diode: The dose decrease at 5 cm depth under the diode is
calculated by comparing two beam profiles at this depth, one measured with the diode

on the surface of the phantom, and the other without the diode.

Once all these tests had been performed, the diodes were calibrated to be used in

clinical practice. Calibration involves determining first the calibration factor of each
diode under standard reference conditions (SSD = 100 cm; 10 x 10 cm2 field size at

the isocentre; gantry angle 0°) and then the correction factors that have to be applied
when irradiation conditions differ from reference ones. For this intercomparison only

entrance calibration factors and entrance correction factors were determined.

Entrance calibration factor is defined as the ratio of the dose measured by the
ionisation chamber placed at the depth of dose maximum (zmax) in standard reference

irradiation conditions and the reading of the diode on the surface of the plastic water

phantom. The calibration factor is determined at 22.5°C.

Different correction factors (table 5.1) have been measured and compared for the two
types of diodes. To determine these correction factors the diode was fixed on the

surface of the plastic water phantom on the field axis and the ionisation chamber, when
needed, was placed at znax 0n the field axis inside the plastic water phantom. With the

exception of the correction factor when a tray is used, where two parameters are
changed at the same time from reference conditions (i.e. field size and the tray), only

one parameter is changed each time. For instance, to determine field size correction

factor, SSD is set to 100 cm and field size is changed from 5 x 5 cm2 to 40 x 40 cmz.

Table 5.1. Definition of the entrance correction factors determined

CF
OF (z.. ,5D=100)!
field size el Zex )
OF..(SD =100)
transmissionic( z,,,, ,CXC,SSD = 100)
tray

transmission sc( cxc,SSD = 100)
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R ( Zax 110x10,SD )/ R, ( Zy ,10x10,SSD = 100)

SSD R (10x10,SD )/ R, (10x10,SSD = 100)
transmission ic( z,,, ,10x10, SSD = 100,wd )
wedge transmission sc(10x10, S = 100, wd )
R..(10x10,S3D = 100,° )
angle R, (10x10,SSD = 100,6° )
R, (22.5°C)
temperature RSC(TOC)

YOF =R(cxc)/R (10 x 10)

R applies for reading, sc for semiconductor detector (diode), ic for ionization chamber, wd for wedge angle,
c for field size, 6 for gantry angle, and zmax for the depth of dose maximum.

To study the dependence of diode sensitivity on temperature (CFiemperature) the

methodology described in a previous paper [17] was used.

The influence of dose rate (dose per pulse) on diode sensitivity was also studied. The
diodes, and the ionisation chamber were inserted in a plastic water phantom at 10 cm
depth. The diodes were placed inside the plastic water phantom with their flat surface
facing the beam, so both diodes and the ionisation chamber measured at the same
depth regardless of the different build-up caps of the diodes. This depth was chosen to
exclude the influence of contaminating electrons. The source surface distance was,
then, varied from 80 cm (0.54 mGy/pulse) to 130 cm (0.22 mGy/pulse). The field size

was set so as to guarantee that the phantom was completely irradiated at any distance.
The loss of sensitivity with accumulated dose was determined for the two sets of
diodes. A reading of the diode was taken after irradiations of 20 Gy with 18 MV X-rays,
till the accumulated dose reached 300 Gy. A monitoring ionisation chamber was used
to prevent accelerator dose fluctuations from influencing the results of this study.

5.4 Results

5.4.1 Initial tests

Results of these tests for both types of diodes are shown in table 5.2.
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Table 5.2. Comparison between the results of the initial tests performed on one diode

of each type

EDP30 P30
STABILITY AFTER IRRADIATION -0.6% 0.3%
(dif. 5 min)
INTRINSEC PRECISSION (SD) 0.16% 0.05%
(10 readings)
LINEALITY RESPONSE/DOSE (r%) 1.0000E00 1.0000E00
(range of dose studied) (0.17 Gy- 6.78 (0.27Gy-34

Gy) Gy)

DEPTH OF THE DIODE MEASUREMENT POINT 1.4cm 3.0cm
FRONT-BACK SYMMETRY 0.752 0.851
(ratio®)
DOSE DECREASE (under the diode) AT 5 cm 3% 9%
DEPTH

where:! ratio refers to the ratio between the dose at the depth of dose maximum with the diode irradiated
with its round size facing the collimator and the dose at the depth of dose maximum with the flat size of the
diode facing the collimator.

5.4.2 Calibration factors

The entrance calibration factors for P30 and for EDP30 are 0.191 and 1.492

respectively.

5.4.3 Correction factors

5.4.3.1 Field size correction factor (CFyjeld size)

Field size correction factor for both type of diodes is shown in Fig 5.1. As can be seen,
EDP30 would overestimate the dose by 2% for field sizes above 20x20 cm? while P30
would underestimate it by the same amount if the field correction factor was not
applied. The accuracy in the determination of this correction factor is about 0.2 % (1
sd). The correction factor variation within the same type of diodes is 0.3 % (1 sd) for

both types.
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CFiield size

Fig. 5.1.
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Entrance field size correction factors (CF field size) for EDP30 (+) and for P30 (). The mean of
the correction factors determined for the three diodes of each type is presented. The error bars
correspond to 1sd.

Tray correction factor (CFray)

From fig. 5.2. it can be seen that CFygay is negligible, less than 0.5%, for P30, while

EDP30 would overestimate the dose by 2% for the maximum field size if the correction

factor was not applied. The uncertainty in the determination of this factor is about 0.2%

(1 sd) and the factor variation within diodes of the same type is of the same order.

Fig. 5.2.
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5.4.3.3 SSD correction factor (CFssp)

Fig. 5.3 shows the variation of CFssp for the two types of diodes. The accuracy in the
determination of this factor is 0.3% (1 sd). For EDP30, CFssp increases by about 5%
when increasing the SSD from 80 to 120 cm while it increases by about 7% for the

same SSD range and for P30 diodes.
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CFssp

0,98 —+

0,96 +

0,94

70 80 90 100 110 120 130
SSD (cm)

Fig. 5.3. SSD correction factor (CFssp) for EDP30 and for P30.The mean of the correction factors
determined for the three diodes of each type is presented. The error bars correspond to 1sd.

5434 Angle correction factor (CFangle)

Fig. 5.4.(a) and fig. 5.4.(b) show that the sensitivity of both types of diodes decreases
as a function of the angle between the central beam axis and the symmetry axis of the
diode (x, y axis fig 5.4). These sensitivity variations amount to 4 % for EDP30 and to 4—
5% for P30 for an angle of 45°. For EDP30, the maximum difference within the same
batch and for an angle of 45° is about 2% while the maximum difference between
measurements for the same diode is 0.5%. For P30, the reproducibility of
measurements for the same diode (0.3% as a maximum) as well as the interdiode
variability (0.5% for a 45° wedge) is better than for EDP30.

X %_/

Plane containing x AXIAL
Plane containing y TILT
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Fig. 5.4 Angular symmetry of both types of diodes. Axial (a) and tilt (b) symmetries are studied. A
diagram shows the two symmetry axis. The mean of the correction factors determined for the
three diodes of each type is presented. The error bars correspond to 1sd.

5.4.3.5 Wedge correction factor (CFyedge)

The effect of wedge filters on diode sensitivity is shown in table 5.3. CFyedge Were

close to unit for 15°, 30° and 45° wedges for both types of diodes. The 60° wedge
correction factor was about 1% for EDP30 while amounted to 4.1% for P30. The
uncertainty on the measurement of this factor for the 60° wedge was about 1.6% (1 sd)
for EDP30 and 2.4% (1 sd) for P30.

Table 53 CFwedge

Wedge angle CFwedge
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P30 EDP30
15 0.994+0.003 1.002+0.003
30 0.998+0.008 1.004+0.005
45 0.998+0.009 0.998+0.013
60 1.041+0.025 1.009+0.016

The mean and SD of 5 measurements and for the three diodes of each type is given.

5.4.3.6 Temperature correction factor (CFiemperature)

The effect of temperature on each diode’s response is shown in fig. 5.5. A linear
increase of the diode signal with temperature is found. The sensitivity changes by 0.2
% per °C for P30 and by 0.3 % per °C for EDP30. As the temperature correction varies
significantly within one batch of diodes for both types it is justified determining this

factor for each individual diode.
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Fig. 5.5 Sensitivity dependence on temperature for EDP30 (empty dots) and for P30 (filled dots). CF for
the six diodes is shown.

CFiield sizes CFtray, CFssp and for CFyedge Will be the mean of the correction factors

determined for the three diodes of each type as the uncertainty on the determination of
those factors is of the same order than the difference between the correction factor for

diodes of the same type.

5.4.4 Dose rate dependence

As it can be seen from Fig. 5.6 the sensitivity variation with dose per pulse is 1% for
EDP30 and 3.5% for P30 in the dose per pulse range studied. The uncertainty of the
measurements is of the same order of the interdiode variability within the same batch
(0.2% 1 sd).
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Fig. 5.6 Sensitivity dependence on dose per pulse for EDP30 and for P30.The mean of the correction
factors determined for the three diodes of each type is presented. The error bars correspond to

1sd.

5.4.5 Loss of sensitivity with accumulated dose

The loss of sensitivity with accumulated radiation dose is shown in Fig. 5.7 The

sensitivity of P30 decreases by only 0.2% per 100 Gy while that of EDP30 decreases

by 3.4 % per 100 Gy.
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Fig. 5.7 Sensitivity loss with accumulated dose for all EDP30 (empty dots) and for all P30 (filled dots).
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55 Discussion

5.5.1 Initial tests (table 5.2)

All diodes had acceptable signal stability (better than 1%) 5 minutes after irradiation

and an acceptable intrinsic precision (better than 0.5%).

The linearity of the diode response with dose was excellent for both types of diodes in
the dose ranges studied. As P30 are about 8 times more sensitive than EDP30, when
they were connected to DPD510 they saturated with doses higher than 3.5 Gy while no
saturation was observed for EDP30 in the range of doses studied. The saturation of
P30 with relatively low doses was because the gain of the DPD510 electrometer was

not adjusted to the sensitivity of this diode.

Water equivalent build up thickness differs between the two diodes, 1.4 cm for EDP30
and 3 cm for P30. As they are designed to measure in high energy X-ray beams, only

P30 measures in conditions of electronic equilibrium in most cases.

The antero-posterior symmetry of P30 is better than that of EDP30. As antero-posterior
symmetry is related with the ratio between entrance and exit calibration factors, the
overestimation made by using the entrance factor for exit dose measurements will be
greater for EDP30 than for P30 (17% and 9% respectively). However, if these diodes
have to be used to measure exit doses with accuracy better than 10% an exit
calibration factor should be determined. The exit calibration factor is defined as the

ratio between the dose measured with an ionisation chamber placed at a depth equal
to dmax from the exit surface and the reading of the diode tapped on the exit surface of

the phantom.

The dose decrease at 5 cm depth under P30 is about 9% while is about 3% for EDP30,
making EDP30 more suitable than P30 if the clinic wants to use it in each treatment
session. This result is in accordance with the fact that P30 have a thicker build up cap
than EDP30. Nevertheless, as both diodes are small no problems would arise if P30 is

to be used one or may be few times during the treatment [18].

5.5.2 Calibration factors
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There is a factor of 8 between calibration factors of both diodes. This result is in
agreement with the difference in sensitivity stated by the manufacturers (a factor of
between 4 and 7.5).

5.5.3 Correction factors

5.5.3.1 Field size correction factor (Fig.5.1)

For high-energy photon beams, backscattering is negligible and almost all scattered
photons come from the overlying layers [19]. So as the diode is placed on the phantom
surface, the reading of the diode is virtually independent of the phantom scatter and
only sees the head scatter. Then, the phantom scatter seen by the chamber, placed at
3 cm depth inside the phantom, is higher than the phantom scatter seen by the diode.
Therefore, we would expect that diodes underestimated the dose if the diode response
was not corrected by field size dependence. However, this only happens for P30
diodes.

EDP30 show the opposite behaviour, they overestimate the dose if no correction is
applied. This is because, as the EDP30 build-up cap is not thick enough to guarantee
electronic equilibrium, all the electrons scattered from the head of the accelerator reach
the diode where as they do not reach the ionisation chamber placed at the depth of
dose maximum. This not only compensates for the lack of phantom scatter but

overcomes it.

The CFiield size Obtained for EDP30 are in agreement with the results published by

Georg et al. [20]. However, for P30 the sensitivity dependence on field size is much

lower than that reported for other n-type in vivo diodes [13,15].

5.5.3.2 Tray correction factor (Fig.5.2)

The use of trays to support blocks modifies the incident photon fluency by producing
electrons. The block trays used are 6 mm thick, are made of polycarbonate and are
placed at 65 cm from the source. P30 and the ionisation chamber, being at the same
depth see the same head scatter electron spectrum, therefore no field size

dependence on the tray correction factor is expected for P30. For the same reason and
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as EDP30 is not measuring under electronic equilibrium, the field size dependence on

the tray correction factor can be explained.

5.5.3.3 SSD correction factor (Fig. 5.3)

Georg and al [20] reported an increase in sensitivity by about 3.5 and 4.5% when
increasing the SSD from 80 to 120 cm for EDP30 diodes which agrees with our results.
However, the results obtained for P30 diodes do not agree with previous published
results [15] that reported variations of about 10% when increasing the SSD from 80 to

120 cm for n-type diodes from other manufacturers.

5.5.3.4 Angle correction factor (Fig. 5.4)

For both diodes, having a semi-spherical build-up cap and a ground plate, the
directional dependence was expected to be larger than for other diodes having a
cylindrical build-up cap. The angle dependence obtained for both types of diodes is
larger than it has been reported for Scanditronix diodes [21] (2-3 % for an angle of
incidence of 60°). Although both diodes have similar angular dependence, for EDP30
the variation of the dependence within the same batch is not negligible (sd 1.5%) while

for P30 the mean of the CF for the three diodes can be used.

5.5.3.5 Wedge correction factor (table 5.3)

The wedges decrease the dose-rate and also change the beam quality; consequently,
they change the diode response. This effect is similar for EDP30 and P30 except for
the 60° wedge filter. For the 60°-wedge filter the correction factor for P30 is of about
1.040+0.025 while it is 1.009+0.016 for EDP30. These results are in agreement with
the dependence on dose rate of both diodes (fig. 5.6). Other authors [2,20,22] suggest
correction factors of about 1.5 % for EDP10 and EDP20 and between 1 and 2% for
EDP30 which are similar to those obtained for our EDP30.

5.5.3.6 Temperature correction factor (fig. 5.5)
The sensitivity variation with temperature of both types of diodes agrees with the

specifications of the manufacturer and for EDP30 it also agrees with the results
obtained by other authors [8,10].
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The temperature dependence on the diode’s sensitivity has been correlated with the
dose rate dependence [8] a higher dose rate dependence would mean a higher
temperature dependence. However, P30 shows a higher dependence on dose rate
than EDP30, which is not in accordance with a lower sensitivity variation with

temperature.

5.5.4 Dose rate dependence (Fig. 5.6)

From Grussell and Rickner [9,11] hypothesis that dose rate dependence is associated
with preirradiated n-type Si diodes, no dose rate dependence would be expected for p-
type diodes while for n-type diodes, P30, that have been preirradiated to 25 kGy it
would be expected a high sensitivity dependence with dose rate. However from fig. 5.6
it can be seen that both diodes have a dose rate dependence and although P30 has
the highest dependence it is only a 2% higher than that of EDP30. These results agree
with the sensitivity dependence on SSD (fig. 5.3), where the correction factor is higher
for P30 than for EDP30. And also could explain the fact that the 60° wedge correction
factor for P30 is a 3% higher than that for EDP30.

5.5.5 Loss of sensitivity with accumulated dose (fig. 5.7)

As the preirradiation dose is higher for P30 than for EDP30 the loss of sensitivity
obtained for both types of diodes would be in agreement with the hypothesis that the
more the diodes accumulate dose the less the sensitivity decreases, reaching a
plateau when accumulated doses are high enough. Our results are in disagreement
with the thesis that the decrease in sensitivity with irradiation depends on the type of
diode [13] (n-type or p-type) and with the 4.5% per 100Gy decrease in sensitivity for an
n-type diode reported by Li and al [14].

5.6 Conclusions

Weighing the different correction factors for both types of diodes no conclusions about
which type is better can be driven. On one hand, P30 have the highest sensitivity

dependence on dose rate and therefore correction factors depending on dose rate as
CFssp and CFyedge for the 60° wedge are higher than for EDP30. On the other hand,

EDP30 have an insufficient build up cap and therefore they have a non-negligible tray
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correction factor. Moreover, EDP30 also show higher sensitivity dependence with
temperature and a greater sensitivity decrease with accumulated dose than P30.

Therefore, whether to chose one or the other will depend on the priorities of the user.

However, correction factors that can vary with accumulated dose as CFssp, CFiemp,

CFwedge should be redetermined after some time of clinical use to see if they remain

constant or not. For n-type diodes a variation of these factors with accumulated dose
has been predicted [9]. Recent experiments performed by L66f [23] et al. show that the
dose rate dependence on P30 does not vary with accumulated dose. That would imply

that those correction factors would not change after some time of use.

The build up cap should be optimised in both types of diodes in order to make their
response more independent of field size keeping the perturbation of the irradiation field
as low as possible. Maybe a compromise between the two would be the solution.

Finally, the dependence of diode response on dose rate in a pulsed beam does not
seem to be associated with an n-type diode [12,13] but could be associated with the

doping level of the diode as has been demonstrated for p-type diodes [11,24].
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6.1 Tests performed on the diodes before their calibration (Initial tests)

It is not called acceptance test because for some of the tests we have not established

acceptance limits.

Due to the way diodes are made, two diodes, even from the same fabrication batch,
may not behave the same way when irradiated. Therefore, it is recommended to do
some tests before using them in routine. The results of these tests should be
contrasted with the technical specifications provided by the manufacturers.

The tests that are performed whenever a new diode is received in our centre are:

6.1.1 Signal stability after irradiation.
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6.1.2 Intrinsic precision

6.1.3 Study of the linearity response/dose

6.1.4 Verification of the equivalent water depth of the measuring point (water
equivalent thickness of the build-up cap)

6.1.5 Study of the front-back symmetry of the diode

6.1.6 Perturbation of radiation field behind the diode.

All diodes are connected to the same channel of the electrometer to avoid drifts and
loss of signal that would depend on the channel where they are connected. All the

channels of the electrometer are checked regularly.

All the measurements corresponding to these tests are performed at reference
conditions (i.e. collimator opening 10x10 cm? phantom surface at the isocenter). For
most of the tests the diode is fixed on the surface of a plastic phantom (in our case a
polystyrene or a plastic water phantom).

6.1.1 Signal stability after irradiation

The display of the signal taken immediately after irradiation is compared with the
display of the signal 5 min after the end of the irradiation. Five minutes is considered
the average time period of those encountered in clinical practice.

6.1.2 Intrinsic precision

The standard deviation of 10 readings of 100 MU each is calculated.
6.1.3 Study of the linearity response/dose

We verify that the response is proportional (in this case linear) to the absorbed dose for
clinical significant doses. As we verify regularly the linearity between M.U and dose,
we verify the linearity of the system diode-electrometre between 15 and 600 M.U.

6.1.4 Verification of the water equivalent depth of the measuring point

The diode is fixed on the surface of the plastic water phantom and covered with a

special plastic water slab to avoid air gaps (fig. 6.1). Irradiations with X-rays are

performed by adding plastic water slabs over the diode until the reading reaches its
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maximum. As the depth of dose maximum in water at these irradiation conditions is

known, the water equivalent thickness of the build-up cap can be calculated (fig. 6.2).

depth of the diode measuring point

1,62
16 + +

1,58 + +

1,56 +

1,54 + +

1,52 +
15+

1,48 T+

1,46 \ \ \ \
0 0,5 1 15 2 2,5 3

+++++++

SSD =100 cm

reading

plastic water thickness (cm) over the diode

Fig. 6.1 Experimental setting Fig. 6.2 Results for an EDP30 diode. The depth of
dose maximum for a 10 x 10 cm? and 18
MV X-rays is 3.5 cm, then the water
equivalent thickness of the build up cap of
EDP30is 1.4 cm.

6.1.5 Study of the front-back symmetry of the diode

The ratio of the diode reading when irradiated with its round side facing the accelerator
collimator, and when irradiated with its flat side facing the collimator, is obtained. The
diode measuring point is considered to be on its flat side and is kept at the depth of

dose maximum during this test.

SSD =100 cm SSD =100 cm

OZ ) 4 tzmax

Fig. 6.3 Experimental setting. Z is the thickness of plastic water needed to have the measuring point of
the diode at the depth of dose maximum (i.e. Z + water equivalent thickness of the build-up-cap

of the diode = Z max)
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6.1.6 Perturbation of radiation field behind the diode: Dose decrease under the
diode

First, one X-Omat V Kodak film is placed inside a plastic water phantom at 5 cm depth.
Then, the diode is fixed on the surface of the phantom. Finally, an irradiation is
performed. Another film is exposed under the same conditions but without the diode.
The dose decrease at 5 cm depth under the diode is calculated by comparing the two

beam profiles at this depth.

We use a film scanner (Scanditronix, as an option of the field analyser RFA-300) to

obtain beam profiles. It has a spatial resolution of 0.1 mm.

6.1.7 Results of the initial tests

As an example in table 6.1.a the results of the initial tests for one EDP10 are shown. In
table 6.1.b the same is shown for four different types of diodes to be used for high

energy X-rays beams (16-25 MV).

Tabla6.1.a Results of the initial tests (RX-6MV)

EDP10
Stability after irradiation (5 min) 0.3%
intrinsic precission (sd) (10 irradiations) 0.06%
lineality response/dose (r?) 1.0000E00

(0.2 Gy-7 Gy)

depth of the diode measurement point 0.80cm
(water equivalent depth)
front back symmetry (ratio®) 0.989

dose decrease at 5 cm depth 6 %
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Tabla 6.1.b Results of the initial tests (RX-18MV)

EDP30 P30 QED 1116 Isorad-p 1164
Stability after irradiation -0.58% 0.33% -0.06% -0.20%
(5 min)
intrinsic precission (sd) 0.16% 0.05% 0.07% 0.10%
(10 irradiations)
lineality response/dose 1.0000E00 1.0000E00 1.0000E0 1.0000E00
(@ (0.2 Gy-7Gy) (0.2Gy-3.5Gy) (0.2Gy-7Gy) (0.2 Gy-7 Gy)
depth of the diode
measurement point 1.4cm 3.0cm 2.2cm 3.3cm
(water equivalent depth)
front back symmetry 0.745 0.851 0.941
(ratio")
dose decrease at 5 cm 2.5% 10.4% 5.6% 14%
depth

! ratio refers to the ratio between the dose at the depth of dose maximum with the diode irradiated with its
round size facing the collimator and the dose at the depth of dose maximum with the flat size of the diode
facing the collimator.

6.2 Methodology for diode’s calibration (entrance dose)

Diodes are calibrated against an ionisation chamber placed at the depth of dose

maximum inside a plastic phantom (polystyrene or plastic water).

The diodes are taped on the surface of the phantom near the field centre, but paying
attention that they do not perturb the response of the ionisation chamber (Fig. 6.4). The

calibration is performed at reference irradiation conditions (field size at the isocentre 10
x 10 cm2; SSD = 100 cm) (fig. 6.4). As the accelerator rooms are equipped with air-

conditioner the room temperature is always kept between 21°C and 22°C.

A 0.6cc cylindrical ionisation chamber (IC) is connected to an electrometer . Their
calibration factor is traceable to the National Standard Dosimetry Laboratory in Spain.
First, the reading in plastic is converted to reading in water by multiplying the first by a
factor determined experimentally (in the case of plastic water, this factor is equal to
unity). To determine absolute dose to water, the Spanish Dosimetry Protocol is used
[1,2]. The Spanish protocol includes the application of a displacement factor, for
entrance dose. As the measurements are not performed on the exponential part of the

curve but at the depth of dose maximum, this factor is not applied.
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A

SSD =100 cm

10 x 10 cm?

A Zmax

pw

Fig. 6.4 Experimental setting for entrance calibration

The calibration factor F¢g is determined as the ratio of the absorbed dose determined
with the ionisation chamber and the diode reading (Ec. 6.1).
absorbed dose IC

Feal = Ec. 6.1
cal Diode reading

As the sensitivity of the silicon chip of the diodes depends on dose rate, energy and
temperature, when measuring conditions differ from calibration conditions some
correction factors will have to be applied to the diode reading. Moreover as a diode
detector for in vivo dosimetry consists on the chip plus a build-up cap, the design of the
latter will have an influence on the diode response when irradiation conditions change.
Some of the correction factors depend as well on the diode calibration methodology. In
figure 6.5 a schema of the interrelations of the geometrical dependencies of diode’s
sensitivity with the physical dependencies, build-up cap design and calibration

methodology is shown.
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Physical dependencies Geometrical dependencies

Dose rate . > Field size
\\

Temperature ™ Source skin distance (SsSD
Calibration methodology
Accumulated dose Wedges, trays

Energy Orientation

Fig. 6.5 Schema of the relation of the geometrical dependencies of diode’s sensitivity (correction factors)
with the physical dependencies, build-up cap design and calibration methodology. The arrows
show the interrelations.

Let's us take the field size correction factor as an example. The diode is calibrated to

give the dose at the depth of dose maximum in standard conditions. When it is taped

on the phantom surface the scatter seen by the diode is not the same as that seen by
the ionisation chamber (fig. 6.6) so a field correction factor will have to be applied even
if the diode build-up cap is thick enough to guarantee electronic equilibrium.

Furthermore, as dose rate sensitivity dependence may change with accumulated dose

the correction factors that are due to that dependence such as SSD correction factor

will have to be checked after some time of use.

@)

Fig. 6.6 On the left, the diode sees more head scatter than phantom scatter while on the right, the
ionisation chamber placed at the depth of dose maximum sees more phantom scatter than head
scatter.

The following correction factors are determined:

6.2.1 Field size correction factor (CField size)
6.2.2  Tray correction factor (CFray)
6.2.3  SSD correction factor (CFssp)

6.2.4  Wedge correction factor (CFyedge)
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6.2.5  Angle correction factor (CFangle)

6.2.6  Temperature correction factor (CFtemperature)

In addition, for some types of diodes, the following tests were performed to assess the

importance of the following issues:

Influence of the dose rate on the diode’s sensitivity

Loss of sensitivity with accumulated dose
6.2.1 Field size correction factor (CFjijeld size)

Field size correction factor is defined as:

OFc (€, Zmax)

CHieldsize = Ec. 6.2
OFgiode (€)
where OF is:
()= R©) Ec. 6.3
R (10x 10)

and c is the side of the square field in cm, and R applies for reading.

If measures of the OFgjoge are performed at the same time than OFjc using a plastic

phantom, attention should be paid to OFj; because it can differ from OF;; measured in

water, so a factor to convert reading-in-plastic to reading-in-water should be applied.

This factor will probably depend on field size. To simplify things, you can measure
OFgiode and compare it with OFjc measured in water at the depth of dose maximum.

Field size correction factors for different diodes in different beam qualities are shown in
figures 6.7 and 6.8 .



Experiencia en dosimetria in vivo (dosis entrada) 103

1.005

1.000 - B

ﬁ (i}
()
5 0.995 | &
2 B
1L 0.990 + 2 §
|
oes | .
0-980 T T T T 1
0 10 20 30 40 50

side of the square field (cm)

Fig. 6.7 CF field size for EDP-10 and 6 MV X-rays. Mean and s.d. of measures performed with 10 diodes

is given
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Fig. 6.8 CFfield size for EDP30, P30, Isorad-p 1164 and QED 1116 for an 18 MV X-ray beam. The mean
and standard deviation for three diodes of each type and three measurements is shown.

As mentioned above, even if the diode has an appropriate build up cap (i.e. that

guarantees electronic equilibrium) and the equivalent water depth of the measuring
point of the diode corresponds to the depth of dose maximum, CFjelg size Will be

different from unity [3].

6.2.2  Tray correction factor (CFyay)
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Shielding blocks are positioned on a tray attached to the treatment head. In our
hospital, and for Clinac-1800 accelerator, this tray is of PMMA and is 0.5 cm thick.
Inserting a tray between the source and the patient increases the amount of electrons
that reaches the patient’'s skin. Therefore, if the diode does not have an appropriate

build up cap tray correction factor varies with field size.

To determine CFyray, the tray transmission is first measured with an ionisation chamber

for different field sizes at the depth of dose maximum and then with the diodes taped to

the surface of the plastic phantom. The transmission factors measured with the
ionisation chamber and the diodes are compared, and CFay as a function of field size

is obtained (fig. 6.9 and fig. 6.10).

transmission; (c,water)

C = Ec. 6.4
Fray transmissiongjgge (C)
Where the transmission is defined as:
.. R(c,tr
transmlsson:w Ec. 6.5
R(c)
with c is the side of the square field in cm, and R the reading.
1.01 +
1.005 +
Ll B
§ 0.995 §
S 099 | 0
0.985 §
0.98 1 z
0.975 1 1 1 1 1
0 10 20 30 40 50

side of the square field (cm)
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Fig. 6.9 CFyray for EDP10 and 6 MV X-rays. The mean and the s.d. of CFyay determined for 10 EDP10

diodes.
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©
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Fig. 6.10 CFay for EDP30, P30, QED 1116 and Isorad-p 1164 for an 18 MV X-ray beam. The mean
and standard deviation for three diodes of each type and three measurements is shown.

6.2.3  SSD correction factor (CFssp)

When the source surface distance is changed, the dose per pulse and the electronic
contamination change. First, the sensitivity of the diodes depends on the dose per
pulse. Secondly, if the build-up cap of the diode isn’t thick enough an overestimation of
dose at short SSD can also be due to electronic contamination that would be “seen” by
the diode but not by the ionisation chamber placed at the depth of dose maximum.
Therefore, a SSD correction factor different from unity is expected.

The correction factor for SSD is defined:

Ric (Zmax ,10 XlO,SSD)
_ Ric(zmax 10x10,SSD =100)
CFSSD B Rd|0de (Zmax ,10 XlO, SSD)
Rdiode (Zmax ,10 XlO, SSD = 100)

Ec. 6.7

The diode is taped to the surface of a plastic water phantom. The field size is fixed to
10x10 cm? at the isocentre. The reading of the diode measured at different SSD

normalised to the reading of the diode at 100 cm SSD is compared to the same ratio
measured with an ionisation chamber placed inside a plastic water phantom at the

depth of dose maximum.
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In figure 6.11 CFsgp for different types of diodes and for 18 MV X-rays is shown.
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Fig. 6.11 CFssp for EDP30, P30, QED 1116 and Isorad-p 1164 for an 18 MV X-ray beam. The mean

and standard deviation for three diodes of each type and three measurements is shown

6.2.4  Wedge correction factor (CFyedge)

Inserting a wedge in the beam results in a decrease of the dose rate and a modification
of the spectrum of the beam. Therefore, as the sensitivity of the diode depends on
both, dose rate and energy, a correction factor different from unity is expected when
using wedges.

The wedge correction factor is defined as the ratio between the transmission factor for
a 10 x 10 cm? field size, measured with the ionisation chamber placed at the depth of
dose maximum, and the transmission factor for the same field size, measured with the

diode placed at the field centre taped on the surface of the plastic phantom.

transmission(w,10x10,Zmax Jic
transmission(w,10 x10)diode

CF\Nedge = Ec. 6.6

with w the wedge angle.
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For 6 MV X-rays CFyedge Was determined for ten EDP10 diodes, three times each and

for different field sizes. In this case the estimated uncertainties associated to the
determination of this factor are indicated in table 6.1 for the different wedges. These
uncertainties correspond to 1sd of 5 measurements performed with the same diode on
different days. Therefore, as for EDP10 and 6 MV X-rays beams the dependence on

field size of CFyedge is of the same order of the uncertainty of the factor itself, CFyedge

is considered independent of field size and the correction factor determined for a 10x10

cm? field size is used.

Table 6.1 Uncertainties associated to the determination of the wedge correction factor for
EDP10 and 6 MV X-Rays.

Wedge angle (°) 15 30 45 60
Uncertainty (%) 0.2 0.7 0.4 1.0

In table 6.2, the correction factors for the different diodes EDP10, EDP30, P30, QED
1116 and isorad-p 1164 are shown for the different wedges. The mean of 5

measurements for three different diodes of the same type is given.

Table 6.2  CFyeqqe for different wedges for a 10x10 cm? and for 6 MV X-Rays (EDP10) and
for 18 MV X-Rays (EDP30, P30, QED 1116 and Isorad-p 1164).

Wedge angle (°) 15 30 45 60

CFwedge EDP10 1.009 1.013 1.018 1.035
CFuwedge EDP30 1.002 1.004 0.998 1.009
CFuwedge P30 0.994 0.998 0.998 1.041
CFwedge QED 1116 1.005 0.999 1.012 1.015

CFwedge Isorad-p 1164 0.993 0.989 0.978 1.010
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6.2.5  Angle correction factor (CFangle)

To measure the directional dependence of the diodes they where placed with the
measuring point (considered to be at the basis of the diode) at the isocentre on the
surface of the plastic phantom. The variation of the diode response with gantry angle
for a 10x10 cm? field size was measured with the diode long axis perpendicular (axial
symmetry) and parallel (tilt symmetry) to the axis of gantry rotation (fig. 6.12). The

results of the measurements are shown in figures 6.13 and 6.14.
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Fig. 6.12 The plane containing x: TILT. The plane containing y: AXIAL.
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Fig. 6.13 Axial and Tilt symmetry for EDP10, for 6 MV X-Rays.
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Fig. 6.14 Axial and Tilt symmetry for P30, EDP30, QED 1116 and Isorad-p 1164 for 18 MV
X-Rays.

6.2.6 Temperature correction factor (CFiemperature)

To study the influence of temperature on the diode signal, a water phantom equipped
with a thermostat is used. The diodes are taped on a thin slab of Perspex, which is in
contact with the water. The temperature, measured with a digital thermistor provided
with an immersion probe, is slowly increased from 22°C to 32°C. Readings of the
diodes are determined at different temperatures and expressed relative to that at
22.5°C. Each temperature value is maintained approximately 20 minutes in order to
reach full thermal equilibrium between the surface of the phantom and the diodes. The
variation of the reading of the diode is a linear function of temperature. Then, we can
define the sensitivity variation with temperature (SVWT) as the slope of the linear ajust
(%/°C).

The temperature correction factor is defined as:

CRemperature = 1- SVWT -[T(°C) - 22.5°C] Ec. 6.8

if the temperature at which the diodes have been calibrated (T.y) is 22.5. If Ty differs

from 22.5°C the temperature correction factor is defined as:



Experiencia en dosimetria in vivo (dosis entrada) 111

1- SVWT - [T(°C)-22.5°C]

Ec. 6.9
1-SVWT -[22.5°C - T¢q1(°C) |

CRemperature =

For 10 EDP10 SVWT varies from 0.26 %/°C to 0.34 %/°C.

The procedure is done twice, when the diodes are received and after some time of use.
In table 6.3 the variation of sensitivity per °C for one EDP30 diode, new and after some

time of clinical use (accumulated dose should be estimated) is shown.

Table 6.3 Variation of sensitivity in % per °C for one EDP30 diodes. When they are new and
after some time of use.

Diode number New (%/°C) Post-irradiation (%/°C)
1 0.290 0.275
2 0.293 0.291
3 0.320 0. 340
4 0.216 0.274
5 0.281 0. 273

In Fig. 6.15 variation of sensitivity of P30, EDP30, Isorad-p 1164 and QED 1116 is
shown.

(@)
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signal at t°C/signal at 21.5°C

(b)

resp at t°C/ resp at 21.5°C

Fig. 6.15

6.3
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Variation of sensitivity with temperature for (a) three EDP30 and three P30 diodes, and (b)
three QED 1116 and three Isorad-p 1164 diodes. Here, we chose 21.5°C as normalisation
temperature, as we are only interested in comparing the different types of diodes.

Influence of dose-rate on the diode’s sensitivity
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A Clinac 1800 accelerator (Varian) changes the dose rate by varying the number of
pulses per unit of time and not the dose per pulse. Therefore, to test the influence of
dose per pulse on the diode sensitivity the following experiment was designed. The
diodes are inserted in a plastic water phantom at the depth of dose maximum with their
flat surface facing the beam. The source surface distance is then varied from 80 cm
(0.76 mGy/pulse) to 130 cm (0.29 mGy/pulse). The field size is chosen in such a way

that the phantom is completely irradiated at any distance.

No wedges are used to reduce dose rate as by doing so, not only dose-rate would be
modified but also the energy spectrum. Then, the results of the experiment would mix

up dose rate dependence with energy dependence.

This test has been performed for EDP30, P30, QED 1116 and Isorad-p 1164. Results

are shown in fig. 6.16.
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Fig. 6.16 Influence of dose-rate. Relative sensitivity is defined as the ratio of the response of the diode
at any dose per pulse to the response at the dose per pulse corresponding to a SSD of 100
cm.

6.4 Loss of sensitivity with accumulated dose (SVWAD)
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The loss of sensitivity with accumulated dose has been studied for EDP30, P30, QED
1116 and Isorad-p 1164 diodes. Readings of 177 MU (2 Gy) have been taken after
irradiations of 1500 MU (17 Gy) at 240 MU/min (dose-rate used in the clinical
practice). An 18 MV X-ray beam has been used. A monitoring ionisation chamber is

used to avoid accelerator fluctuations influencing the results of the study.

Fig. 6.17 shows the loss of sensitivity with accumulated dose for the different types of
diodes.
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Fig. 6.17 Sensitivity loss with accumulated dose for P30, EDP30, QED 1116 and Isorad-p 1164.

6.5 Summary of correction factors.

The mean and standard deviation of the correction factors for ten EDP10 diodes is
given in table 6.4.

Table 6.4 Summary of entrance correction factors for edp10 for 6 MV X-Rays.

CF field size Field size (cm)

SSD =100cm 5x5 1.000 + 0.001

Open field 10x 10 1.000 =+ 0.000
15x 15 0.996 + 0.000
20 x 20 0.992 + 0.000
30 x 30 0.987 + 0.002
40x 40 0.985 + 0.000
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CF tray Field size (cm)
SSD =100cm 5x5 1.002 £ 0.002
10 x 10 1.000 + 0.002
15x 15 0.996 + 0.002
20 x 20 0.992 + 0.002
30 x 30 0.987 + 0.002
40 x 40 0.985 + 0.001
CF angle _g_An le
(Axial symmetry)
0° 1.000 + 0.000
SSD =100cm 10° 1.002 + 0.001
Field size 30° 1.008 + 0.007
10 x10cm? 45° 1.015 + 0.010
Open field 60° 1.023 + 0.010
CF wedge Wedge angle
SSD =100cm 15° 1.009 + 0.002
Field size 30° 1.013 + 0.007
10 x10 cm? 45° 1.018 + 0.004
60° 1.035 + 0.010
SVWT 0.26-0.34%/°C

For EDP30, P30 and Isorad-p (1164) the mean and the standard deviation of three
diodes of each type and three determinations for diode is given. For QED (1116) the

mean and standard deviation of one measurement and three diodes is given, with the

exception of CFyedge and CFangle, for which the results of one diode and one

measurement are given (table 6.4).

Table 6.5 Summary of entrance correction factors for EDP30, P30, QED 1116 and
Isorad-p 1164 for 18 MV X-Rays.

CF field size Field size (cm) EDP30 P30 QED Isorad-p

SSD =100cm 5x 5 0.978+ 0.001 | 0.970+0.002 |0.986+ 0.002 | 0.968+ 0.001

Open field 10x 10 1.000+ 0.000 | 1.000+ 0.000 |1.000+ 0.000 | 1.000+ 0.000
15x 15 0.993+0.001 | 1.016+ 0.001 | 1.006+ 0.001 | 1.018+ 0.001
20 x 20 0.984+ 0.002 | 1.026+0.002 |1.008+ 0.001 | 1.031+ 0.001
30 x 30 0.968+ 0.002 | 1.034+0.002 |1.011+ 0.001 | 1.044+ 0.002
40 x 40 0.961+ 0.003 | 1.038+0.003 | 1.015=+ 0.001 | 1.051+ 0.003

CF iray Field size (cm) EDP30 P30 QED Isorad-p

SSD =100cm 5x5
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10 x 10 1.000+ 0.001 | 1.001+0.001 |1.003+ 0.001 | 0.997+ 0.002
15x 15 1.002+ 0.002 | 1.001+ 0.001 |1.003+ 0.001 | 0.997+ 0.001
20x 20 0.999+ 0.001 | 1.000+ 0.001 |1.002+ 0.001 | 0.999+ 0.002
30 x 30 0.993+ 0.001 | 0.998+ 0.002 |0.998+ 0.002 | 0.998+ 0.002
40 x 40 0.983+ 0.001 | 0.996+0.000 |0.993+ 0.000 | 0.997+ 0.001
0.977+0.002 | 0.994+ 0.001 |0.990+ 0.001 | 0.996+ 0.001
CF ssp SSD (cm) EDP30 P30 OED Isorad-p
Field size = 80 0.973+ 0.002 | 0.965+ 0.003 | 0.964+ 0.005 | 0.969+ 0.001
10x10 cm? 90 0.992+ 0.004 | 0.985+ 0.002 | 0.987+ 0.003 | 0.992+ 0.003
100 1.000+ 0.000 | 1.000+ 0.000 | 1.000+ 0.000 | 1.000+ 0.000
Open field 110 1.010+ 0.002 | 1.014+ 0.002 | 1.012+ 0.002 | 1.019+ 0.003
120 1.021+ 0.002 | 1.031+ 0.003 | 1.025+ 0.003 | 1.035+ 0.004
130 1.025+ 0.002 | 1.041+0.003 | 1.032+ 0.002 | 1.048+ 0.004
CF angle Angle EDP30 P30 QED Isorad-p
(Axial symmetry)
o° 1.000+ 0.000 | 1.000+ 0.000 1.000 1.000+ 0.000
SSD =100cm 10° 1.002+ 0.006 | 1.002+ 0.002 1.002 1.000+ 0.001
Field size 30° 1.022+0.011 | 1.022+ 0.003 1.020 1.000+ 0.001
10 x10 cm? 45° 1.042+ 0.015 | 1.044+ 0.003 1.033 | 1,000+ 0.001
60° 1.050+ 0.015 | 1.058+ 0.003 1.033 11,000+ 0.002
Open field
CF wedge Wedge angle EDP30 P30 QED Isorad-p
SSD =100cm 15° 1.002+ 0.003 | 0.994+ 0.003 1.005 0.993+ 0.001
Field size 30° 1.004+ 0.005 | 0.998+ 0.008 0.999 0.989+ 0.003
10 x10 cm? 45° 0.998+ 0.013 | 0.998+ 0.009 1.012 0.978+ 0.011
60° 1.009+ 0.016 | 1.041+ 0.025 1.015 1.010+ 0.007
SVWT (%/°C) EDP30 P30 QED Isorad-p
0.23-0.30 0.15-0.21 0.29-0.30 | 0.19-0.25
SVWAD (%/100Gy) EDP30 P30 QED Isorad-p
3.4 0.2 0.8 0.3

6.6

How in vivo dosimetry is performed in routine in our hospital

At this moment an in vivo dosimetry check of entrance dose is performed on the

second treatment session of every treatment performed at the linear accelerator

(Clinac 1800, 6 MV and 18 MV X-rays). The expected entrance dose (reference dose

in next table) is that from the 3D treatment planning system (TPS). In our case
CadPlan (Varian-Dosetek Oy, vs. 2.7, 6.2.7).

The dosimetrist is asked to fill the following table:
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Patient’'s name:

Identification number:
Dosimetry number:

Cadplan identification number:
Date of simulation:
Anatomical localisation:
Energy:

CT planning (Y/N):

Dose per fraction to ICRU point (Gy):

Field identification

Gantry angle

SSD (cm)

Equivalent field size (cm x cm)

Wedge (°)

Tray (Y/N)

diode angle (°)

Reference dose (CadPlan)

ICRU point dose

Where diode angle refers to the angle between the perpendicular to the diode basis

and the angle of incidence of the beam and reference dose corresponds to the dose

at 1.5 or at 3.5 cm depth from the entrace surface for 6 MV and 18 MV X-rays

respectively.

From this table the expected reading of the diode can be easily calculated by dividing

the reference dose by all the correction factors. This value is used to give the range

inside which the in vivo measurement should be.

Then the radiation therapists, at the treatment unit, on the second treatment fraction

are asked to fill in the following table (in vivo chart):

Date:




Experiencia en dosimetria in vivo (dosis entrada) 119

Field identification

DFD (cm)
(detector focus distance)

Acceptance limits Filled in by the physicist

Diode reading

If the entrance dose is out of limits Energy Cerrobend blocks
You should CHECK Field size MU
SSD wedge

Diode position (has it turned? has it fallen down?)
Error with the SET

The acceptance limits (that's to say the limits within which the in vivo dose measuremet
should be so that no action would be taken) at this moment are £5% of the expected

entrance dose when no wedges are used and £7% when wedges are used.

Once the in vivo dosimetry has been performed, on the same day or the day after, a

physicist evaluates the results.

If the entrance dose differs with the prescribed dose in more than a 5 %, an immediate
check of the patient set-up and the diode position is performed. If the radiation
therapists detect any anomaly on those parameters, they are asked to repeat the in
vivo measurements during the next treatment session. If they don't find any reason for

the difference two situations have to be distinguished:

1. The differences are for most of the patients that day. If several in vivo entrance
doses do not match with the expected entrance doses during the same day the
calibration of the beam should be checked as well as the calibration factors of the

diodes.

2. The differences are for only one patient. In that case, the physicist should go over
the in vivo chart, the dosimetry chart, to check the monitor unit calculation and

finally to perform a phantom simulation.

The flow diagram showing what it is done when the action levels are exceeded for

entrance dose is shown in figure 6.18.
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Since now, we have found an explanation for all the deviations. The most frequent

reasons for deviations greater than 5% in the entrance dose were:

- The diode has turned or fallen down.

- There has been a set up error (SSD, field size, cerrobend blocks)

- There has been a mistake when introducing the calibration factors of the diodes in
the electrometer.

- For isocentric techniques the SSD during the treatment is not the same that it was

planned due to a change in the diameter of the patient.

Some times, due to the patient position or immobilisation device the diode can not be
placed directly on the patient’s skin. Only on these cases the reading of the diode is

corrected by the inverse square law.
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START:
1
entrance measurement yes

correct

Clearly wrong
diode/patient
positio!

immediate check:
patient set-up/ diode

2

out-of-tolerance
signal for more than one
patient that day 2

check diode “a posteriori” check:
calibration factor IVD chart check;

data transfer, MU check
correct / found
recalibrate grror found:
4 error on VD
chart ?
check accelerator
output
stop error on
2 .
treatments error found dosimetry chart?

stop treatments;
discussion
error in MU
calculation?
check diode
A correction factors
OK

stop treatment;
discussion

Fig. 6.18 Decision flow chart for entrance in vivo dosimetry.
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6.6.1 How entrance in vivo dose is calculated from entrance in vivo

measurements
D ent,diode = L ent, diode X F calrent X CFent Eq. 6.10
CF ent = CFiield X CFray X CFangle X CFssp X CFwedge Eg. 6.11
Dic (Zmay ,10x10
Fedl ent = i, (Zmax ) Eq. 6.12
L diode

Equation 6.12 corresponds to equation 6.1 for entrance calibration.

6.6.2 Results

An “in vivo dosimetry” Excel book manages all patients and gives “on line” the mean
and s.d. of all treatments that have been evaluated. As an example in table 6.6 the
deviation in % between expected and measured entrance dose for all evaluated pelvic

treatments is shown.

In our department, pelvis are treated with 18 MV X-rays using a four conformed field

box technique. We treat at a SSD = 100 cm, i.e we do not use an isocentric technique.

Table 6.6 Deviations between entrance doses measured by in vivo measurements and
predicted by CadPlan (3D and 2D dosimetries).

C2 C4 C2+C4 C3 C1 C1+C3 All fields
left right lateral post Ant A/P

Mean 0.965% 0.328% 0.646% 1.828% 1.273% 1.551% 1.098%
Sd 2.026% 2.630% 2.37% 1.982% 2.38% 2.207% 2.333%
N 706 706 1412 706 706 1412 2824

Mean and s.d. refer to the mean and the standard deviation of the deviations in % between expected
(CadPlan) and measured dose for each field. N is the number of treatments evaluated (in this case large
fields and boost fields are considered together).
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Table 6.7 Deviations between entrance doses measured by in vivo measurements and
predicted by CadPlan (3D dosimetries).

C2 Cc4 C3 C1 All fields
left right post Ant
Mean 0.349% -0.330% 1.250%  1.505%  0.694%
Sd 2.520% 2.220% 1.971%  2.660%  2.430%
N 22 22 22 22 88

Mean and s.d. refer to the mean and the standard deviation of the deviations in % between expected
(CadPlan) and measured dose for each field. N is the number of treatments evaluated (in this case large
fields and boost fields are considered together).

The uncertainty in the measured entrance dose in these kind of treatments has been
estimated in 1.6% (1 s.d.).

The accuracy of the entrance dose measured with the diodes will depend on the
accuracy of Fgg and CF that has been estimated to be 0.5% (1 s.d.) and on the

reproducibility and accuracy of diode’s positioning 1.5% (1 s.d.).

So we are evaluating the possibility of changing the tolerance level to 3% for entrance

doses and pelvic treatments.
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6.7
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CAPITULO 7

DISCUSION DE LOS RESULTADOS

7.1 Introduccion

En este estudio se pone a punto un sistema de dosimetria in vivo con diodos que
permite, por un lado, determinar la dosis en distintos puntos en la técnica de
irradiaciéon corporal total (ICT), y por otro, verificar la dosis administrada en

tratamientos estandar con haces de fotones de alta energia.

Dado que se calibran los diodos con dos finalidades distintas, se ha optado por dividir
la discusion en dos apartados. El primero correspondera a la determinacion de la dosis
en la técnica de ICT y el segundo a la dosimetria in vivo como herramienta de la

garantia de calidad en los tratamientos con radioterapia.

7.2 La dosimetriain vivo en la técnicade ICT

En nuestro centro, un paciente sometido a una irradiacién corporal total se trata en
bipedestacion a 405 cm de la fuente de irradiacién y con un haz de RX de 18 MV [1,2].
Para conseguir que la piel esté correctamente irradiada, se interpone una lamina de
metacrilato de 1 cm de grosor entre la fuente y el paciente con la finalidad de degradar
el haz. Los pulmones se protegen con bloques de cerrobend que atendan
parcialmente el haz. De esta forma, el pulmén recibe una dosis de radiacion mas baja
durante todo el tratamiento. Todos estos parametros hacen que no sea posible
planificar el tratamiento de forma estandar, es decir, mediante un sistema de
planificacién 3D utilizando imagenes de TC. Para ello, seria necesario, en primer lugar,

introducir en el planificador los perfiles, rendimientos en profundidad, la tasa de dosis y
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demas parametros requeridos por el planificador en condiciones de ICT y en segundo
lugar, obtener imagenes TC con el paciente en bipedestacién. Dada la dificultad de la
primera condicién y la imposibilidad en estos momentos de obtener imagenes TC en
bipedestacion, se opt6 por la dosimetria in vivo con diodos para determinar la dosis on
line en diversos puntos de interés en el paciente (cabeza/cuello, pulmones, abdomen,

extremidades inferiores).

Los diodos escogidos con esta finalidad fueron los EDP30 que acababan de ser
comercializados por Scanditronix para ser utilizados en haces de RX de energias
comprendidas entre 16 y 25 MV. Scanditronix indicaba que estos diodos estaban
provistos de un capuchén de equilibrio electronico de 3 cm equivalentes agua de

grosor.

En primer lugar, previa a su calibracion para ICT, se sometieron los diodos a un test
inicial o de aceptacién (capitulo 3). En él se comprobaba la estabilidad de la respuesta
de los diodos post-irradiacion, la linealidad de la respuesta con la dosis, la
reproducibilidad de las medidas, el grosor equivalente agua del capuchén de equilibrio
electrénico, la simetria antero-posterior de la respuesta y la perturbacion del haz en

profundidad debida al diodo.

De estos tests cabe destacar dos resultados: 1) el grosor del capuchén de equilibrio

electrénico y 2) la asimetria de la respuesta antero-posterior.

1. A partir de la tabla 3.1 se constata que el grosor equivalente agua del capuchon
de los EDP30 es igual a 14 mm para fotones de 18 MV. Este resultado ha sido
corroborado por Meijer et al. [3]. Este capuchoén es insuficiente para garantizar el
equilibrio electronico en el punto de medida del diodo. Sjoren y Karlsson [4]
cuantificaron la contaminacion electronica en un haz de RX de 20 MV para
distintas condiciones de irradiacion (distintas DFS, distintos tamafios de campo,
interponiendo filtros y bandejas entre la fuente y la superficie, etc). Concluyeron
gue el capuchon de equilibrio electrénico de los EDP30 es suficiente para
absorber todos los electrones secundarios pero seria necesario afadir un
capuchon adicional para aumentar el nimero de fotones dispersados cerca de la

parte sensible del detector.
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2. El diodo presenta una asimetria entre la respuesta anterior (diodo con la
superficie curva mirando al foco de irradiacién) y posterior (diodo con la
superficie plana mirando al foco de irradiacion) de aproximadamente un 25%. En
este test, la parte sensible del detector estd a 100 cm de la fuente y esta cubierta
por el mismo espesor equivalente agua cuando se mide la respuesta anterior y
posterior (3.5 cm equivalentes agua). Esta asimetria tiene como consecuencia
gue el diodo subestima la dosis en este porcentaje si se utiliza el factor de

calibracién entrada cuando el diodo mide dosis salida.

La calibracion de los diodos se hace en condiciones de ICT. Se realizan cuatro

calibraciones independientes, entrada sin y con bloque de cerrobend de transmision

parcial (Fcalen, Fcalencer) Y salida sin y con bloque de transmision parcial (Fcaj ex

Fcal.excer). Si se utilizara el factor de calibracion entrada para las medidas a la entrada

detras de un bloque de 3 cm de grosor se infraestimaria la dosis en un 30-35%. Este
porcentaje aumenta a medida que el grosor del bloque aumenta (tabla 3.2). En la tabla
3.2 también se puede ver que si se afiade un capuchdn de equilibrio electrénico
adicional de tal manera que el grosor total del capuchén sea igual a 3 cm y se calibra

comparando la lectura del diodo con la de la camara de ionizacibn a 3 cm de
profundidad, la dependencia del cociente Fcajen cer/ Fcal,en CON el grosor del bloque y

el valor absoluto de este cociente disminuyen.

En el capitulo 3 también se estudia la dependencia de la sensibilidad de los diodos con
la temperatura. En este caso se obtienen resultados muy similares a los obtenidos por
otros autores [5-7]. Un diodo calibrado a 22.5°C (temperatura ambiente de la sala)
sobrestimaria la dosis en aproximadamente un 3% cuando se fija sobre el paciente.
Este resultado se corrobora en el capitulo 4 en donde se presentan los resultados de
las medidas in vivo sobre una serie de 60 pacientes sometidos a ICT. Si no se aplicara
el factor de correccion por temperatura existiria una desviacion sistematica entre la

dosis prescrita y la dosis calculada a partir de las medidas in vivo de un 2-3%.

Una vez se han calibrado los diodos, es necesario desarrollar e implementar
algoritmos de célculo para que a partir de las dosis medidas a la entrada y a la salida
del haz de radiaciéon se pueda calcular la dosis a plano medio. En el capitulo 4 se

ponen a punto dos algoritmos, uno desarrollado en el propio centro, muy simple, que
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consiste en la media entre la dosis entrada y la dosis salida corregida por un factor, CF
(ec. 4.1), que depende del grosor real del paciente en los puntos de interés y otro mas

complejo que fue desarrollado por Rizzotti [8].

Antes de utilizar estos algoritmos en rutina y para calcular dosis en pacientes, se
verifican en maniquies regulares y homogéneos y en maniquies antropomorficos
contrastando los resultados obtenidos con medidas a plano medio realizadas con
camaras de ionizacion y detectores termoluminiscentes. No se encuentran diferencias
significativas entre los dos métodos de calculo y los valores obtenidos coinciden dentro
de un 2% con las medidas con camara de ionizacion y en un 3 % con las medidas con
detectores termoluminiscentes para un maniqui homogéneo. Estos porcentajes se
corresponden con las incertidumbres (1 DE) en las medidas de ambos métodos. En el
maniqui antropomorfico, ambos algoritmos coinciden y la dosis calculada es igual,
dentro de la incertidumbre de la medida, a la dosis determinada con los detectores

termoluminiscentes.

El algoritmo simple resulta también util para calcular la dosis a plano medio de pulmén
con y sin bloques de transmision parcial. Cuando no se utilizan estos bloques de
proteccion, dado que CF no varia demasiado con el grosor (de 1.015 a 0.985 entre 7 y
32 cm), no es necesario calcular el grosor equivalente agua para determinar CF
utilizando la grafica de la figura 4.1 (a). Al interponer las protecciones a pulmén, para
el célculo de la dosis a plano medio de pulmén se ha de utilizar una calibracion
especial de los diodos (capitulo 3) y un factor de correccion CF’ determinado en estas
condiciones (fig. 4.1 (b)). Este factor depende fuertemente del espesor, principalmente
durante los 10 primeros centimetros. Por lo tanto, cuando se interponen las
protecciones a pulmén, debe utilizarse el grosor equivalente que se obtiene a partir de
la transmision y del rendimiento en profundidad en un maniqui equivalente agua (fig.
4.2). El algoritmo propuesto por Rizzotti resulta util en este caso ya que el grosor
equivalente agua esta implicito. La determinacion de CF’ y de las curvas de Rizzotti en
el caso de que las protecciones se utilicen, conlleva mas incertidumbre que cuando se
determinan sin ellas. Por esto, la dosis a pulmén detras de las protecciones se da con

una incertidumbre de aproximadamente +10%.

De las medidas sobre la serie de pacientes se puede ver que la dosis esperada a la

entrada sobre el eje central del haz coincide con la dosis medida (fig. 4.4 a). Para el
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campo anteroposterior (A/P), con la excepcion de un caso, en que existe una
desviacion de un 4% respecto a la dosis esperada, todas las medidas tienen
desviaciones respecto a la dosis esperada inferiores al 2 %. Para el campo
posteroanterior (P/A) todas las desviaciones estan dentro del 4 % a excepciéon de 5
medidas que corresponden al paciente mas grueso de la serie (35 cm). La dispersién
de resultados cuando se compara la dosis medida a la salida en el eje central con la
dosis esperada es mucho mayor que la obtenida cuando se valora la dosis entrada
(fig. 4.4 b). Los histogramas, en este caso, estan centrados sobre —1.3% para el
campo A/P y sobre —-3.6% para el campo P/A. Esta desviacion sistematica de las
medidas se asocia al hecho de que el diodo de salida esta en contacto con el soporte
de la ICT. En este caso, cualquier movimiento del paciente puede mover el diodo de
tal manera que se pierda la perpendicularidad entre el eje del haz y la base del diodo.
En la irradiacion P/A el diodo que mide la dosis a la salida del haz esta fijado sobre el
abdomen del paciente y en pacientes con diametros superiores a 25 cm, la movilidad
de éste es importante. Este hecho justifica que en este caso la media de las
desviaciones sea superior para el campo P/A que para el A/P. Las dosis a plano medio
calculadas a partir de las medidas in vivo con el algoritmo simple coinciden con las

dosis prescritas para ambos campos.

En la figura 4.5 se puede ver que no existen diferencias significativas entre las dosis a
plano medio en el eje central del haz calculadas a partir de las medidas in vivo por los
dos métodos. Dado que los factores CF (sin bloque de cerrobend) (fig.4.1(a)) son muy
proximos a la unidad, el método simple permite conocer de forma inmediata la dosis a
plano medio a partir de las dosis entrada y la dosis salida. Esta es la principal razén

por la que en nuestro centro se ha optado por utilizarlo en rutina.

7.3 La dosimetria in vivo como control de calidad en un tratamiento

El éxito de un tratamiento con radioterapia depende, entre otros pardmetros, de que la
dosis administrada sea realmente la prescrita por el radioterapeuta. La dosimetria in
Vivo nos permite monitorizar la administracion de la dosis de forma independiente a los
sistemas de planificacién y a los programas que calculan las unidades de monitor. Es
pués, un sistema Unico para verificar toda la cadena dosimétrica, desde la calibracién

del haz, pasando por la planificaciébn del paciente, hasta la sesién de tratamiento.
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Dependiendo de la magnitud de los errores que se quieran detectar, la calibracion de

los diodos debera ser mas o menos exhaustiva.

En el capitulo 6, se describen ampliamente los procedimientos para calibrar los diodos.
Para verificar la metodologia de calibracion ésta se aplicé en la calibraciéon de un
conjunto de diez diodos EDP10 ya que los factores de correccidén para este tipo de
diodos han sido publicados por distintos grupos de investigacion [9,10]. Dado que los
resultados obtenidos eran coherentes con los publicados se adopt6 esta metodologia
en la calibracién de distintos tipos de diodos (EDP30, P30, QED 1116 y Isorad-p 1164)
disefiados para medir la dosis in vivo en haces de RX de energias comprendidas entre
16y 25 MV.

Se calibraron 3 diodos de cada tipo. Los factores de correccidon se determinaron 3

veces para cada diodo.

El factor de correccién por tamafio de campo para campos mayores que el de 10 x 10
cm2 es inferior a la unidad para los EDP30 mientras que supera la unidad para los

restantes. El hecho de tener un capuchon de equilibrio electronico de 3 cm
equivalentes agua no implica que el factor de correccion sea igual a la unidad. De
hecho, el tipo de diodo que presenta el mayor factor de correccién (5%) es el Isorad-p
(geometria cilindrica) que tiene un capuchén de 3.3 cm equivalentes agua. Este factor
de correccion significativamente mas alto, corrobora la hipotesis de que dicho factor de
correccion esta relacionado con la metodologia de calibracion. Este diodo detecta
muchos menos fotones dispersos que la camara situada a 3 cm de profundidad. El
diodo QED 1116 es el que tiene los valores menores de este factor de correccion, ya
que al tener un capuchoén de grosor intermedio entre los EDP30 y los Isorad- p 1164,
es el que mejor compensa la falta de contribucion de los fotones dispersos por el

maniqui, con la contaminacién foténica y electrénica que proviene del cabezal.

El factor de correccion por bandeja estd relacionado con el grosor del capuchdn,

siendo practicamente despreciable (para todos los tamafios de campo a excepcion del

40 x 40 cm2 ) para los diodos con el capuchén mas grueso (Isorad-p 1164 y P30).
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El factor de correccion por la distancia foco superficie (DFS) esta relacionado con la
dependencia de la respuesta del diodo en funcién de la tasa de dosis y con la
contaminacion electrénica y fotonica de baja energia. La dependencia de la respuesta
en funcion de la tasa de dosis también se ha relacionado con el tipo de diodo (n o p)
[11]. A partir de la figura 6.16 se observa que el diodo que presenta mas dependencia
es el P30, siendo la diferencia respecto al resto de los diodos mas significativa para las
altas tasas. Seria de esperar, por ejemplo, que los diodos EDP30 tuviesen un factor de
correccion a DFS pequefias mucho menor que los P30. Sin embargo, los valores del
factor de correccién para distancia foco superficie igual a 80 cm para los distintos tipos
de diodos no son tan diferentes, siendo esto compatible con el hecho de que debido a
su capuchon de equilibrio electronico, los EDP30 detectan mas contaminacion
electronica y fotonica de baja energia. EI mismo razonamiento se puede aplicar para

DFS mayores de 100 cm.

La dependencia de la respuesta del diodo con la tasa de dosis y con el espectro

energético son los responsables del factor de correccion por cufia (tabla 6.4).

El factor de correccion por angulo de incidencia depende exclusivamente de la
geometria del capuchén. Sélo es igual a la unidad cuando el diodo tiene simetria
cilindrica (Isorad-p) (tabla 6.5). Sin embargo, este tipo de diodos presentan el
inconveniente de crear una perturbacion del campo de irradiacion en profundidad

mucho mayor (tabla 6.1b).

La variacion de la sensibilidad con la temperatura varia entre 0.15%/°C hasta
0.30%/°C, siendo los diodos P30 los que presentan menor variacion. Solo debe
corregirse la respuesta cuando los diodos permanecen sobre el paciente un tiempo

suficiente (5 min. minimo) para que alcancen el equilibrio térmico.

La pérdida de sensibilidad con la dosis acumulada es significativamente mayor para
los EDP30 (tabla 6.5), ya que son los diodos que han recibido una dosis de
preirradiacion menor (tabla 6.1b). Este tipo de diodos, por tanto, deben recalibrarse

con una frecuencia 7 veces mayor que los otros tipos de diodos estudiados.

Si se aplican todos los factores de correccion a la lectura del diodo se puede

determinar la dosis entrada con una precisién de un 0.2% -0.3%(1DE) dependiendo
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del tipo de diodo y cuando no se utilizan filtros en cufia. Si se utilizan filtros de 60°
esta precision disminuye hasta un 2.5% para los P30. Puesto que los limites de
tolerancia en las dosis entrada determinadas in vivo deben estar de acuerdo con la
precision de las medidas, el limite de tolerancia en campos con cufia debe ser mayor
que para los campos sin cufia. Sin embargo, se esta trabajando para mejorar la
precision en la determinacién del factor de correccion por filtro en cufa. La definicion
de los limites de tolerancia, y de las acciones a seguir cuando se superan éstos es de
extrema importancia. Un nimero elevado de repeticiones de las dosimetrias in vivo
pondran en duda la utilidad de estos controles y en consecuencia puede inducir al
desencanto entre el personal técnico de las unidades de tratamiento. El limite de
tolerancia debe definirse en funcion de la precision con la que se mide la dosis in vivo
y de la reproducibilidad de las medidas en el paciente. Por tanto, no sera el mismo
para un campo tangencial de mama (angulacion, filtros en cufia) que para un campo

directo sin protecciones ni filtros en cufa.
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CAPITULO 8

CONCLUSIONES

8.1 Introduccién

El objetivo de este trabajo ha sido la puesta a punto de la técnica de dosimetria in vivo
con detectores de semiconductor (diodos) para medir la dosis en una técnica especial,
la irradiacion corporal total (ICT), y como control de calidad sobre la dosis administrada

en técnicas estandar con haces de RX de alta energia.

Para ello, se ha establecido una metodologia de calibracion de diodos y se han
implementado algoritmos de célculo para determinar la dosis en el punto ICRU a partir
de la medida de la dosis in vivo en la entrada y en la salida del haz. Aunque en esta
tesis se aplican estos algoritmos al calculo de la dosis en distintos puntos de interés en
el paciente para la técnica de ICT, estos algoritmos son también aplicables a técnicas
estandar de tratamiento una vez determinados los factores de correccion y las curvas
de Rizzotti en estas condiciones. Se estudia la aplicabilidad de estos algoritmos en
presencia de heterogeneidades (pulmén) en la técnica de ICT y detras de protecciones

de cerrobend de distinto espesor.

A medida que la energia de RX aumenta, se hace necesario un capuchén de equilibrio
electrénico mas grueso para que el diodo mida bajo condiciones de equilibrio
electronico. Esto conlleva un aumento de la perturbaciéon del haz de radiacién y por
tanto una infradosificacién del volumen que se quiere tratar. Algunos fabricantes de
diodos han optado por no dotar a sus diodos del grosor de capuchon electronico
necesario. En esta tesis se han caracterizado y calibrado 4 tipos distintos de diodos
comercializados para altas energias de RX y se relacionan las caracteristicas estos

diodos con los valores de los factores de correccion obtenidos.
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8.2 Conclusiones
1. Debido a la asimetria antero-posterior de la respuesta de los diodos de geometria

semiesférica es necesario calibrar los diodos a la entrada y a la salida del haz. En
el caso de los diodos EDP30 y en condiciones de ICT, utilizar el factor de
calibracion entrada para diodos colocados a la salida del haz implicaria una

sobrestimacion de la dosis de un 25%.

La técnica de ICT escogida en nuestro centro conlleva la utilizacion de
protecciones de cerrobend de transmision parcial para reducir la dosis a pulmon.
Los diodos que miden la dosis in vivo detras de estas protecciones necesitan una
calibracion especifica. Si se utilizara el factor de -calibracion entrada sin
protecciones cuando se mide detras de proteccién, la dosis se infraestimaria en un
30-35%. Esta infraestimacion es debida a que detrads de la proteccion hay una
disminucion de tasa de dosis y un cambio en la calidad del haz de radiacién y por

tanto el diodo tiene menor sensibilidad.

Al interponer los bloques los bloques de cerrobend para proteger el pulmén en la
técnica de ICT, el factor de calibracion entrada (Fen cer) depende del grosor de los

bloques. A medida que el grosor aumenta, la sensibilidad del diodo disminuye y
por tanto, el factor de calibracion entrada aumenta. Esta dependencia se puede
evitar afadiendo un capuchdén de equilibrio adicional sobre el diodo de manera que
en total tenga un capuchén de 3 cm equivalentes agua y calibrando respecto a la
medida de dosis con cAmara de ionizacion colocada a 3 cm de profundidad dentro

del maniqui.

El algoritmo simple propuesto en nuestro centro para calcular la dosis a plano
medio en ICT (media aritmética entre la dosis entrada y la dosis salida corregida
por un factor determinado experimentalmente) es igual de preciso que el método
de Rizzotti. Este algoritmo simple presenta la ventaja de ser mas facil de aplicar y
dado que el factor de correccién (CF) es muy proximo a 1 (fig. 4.1(a)), la dosis a

plano medio es de célculo inmediato a partir de las dosis entrada y salida.

El algoritmo simple permite calcular la dosis en pulmén.). En el caso de que se

utilicen las protecciones de transmision parcial para el pulmon, debe utilizarse el
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10.

11.

grosor equivalente agua para determinar el factor de correcciéon CF'. Este factor se
determina detras de las protecciones. En este caso también es necesaria una

calibracion especial de los diodos.

Dado que el factor de correccién para calcular la dosis a partir de la media entre la
dosis entrada y la dosis salida detras de las protecciones de cerrobend (CF’) no es
despreciable y que se debe calcular el grosor tejido equivalente, el método de

Rizzotti seria, en este caso, mas conveniente.

No aplicar el factor de correccidén por temperatura a las lecturas de los diodos, en
la técnica de ICT, representaria una sobreestimacion de la dosis de

aproximadamente 3%.

Existen diferentes tipos de diodos disponibles comercialmente que difieren en el
nivel de preirradiacion, el tipo y nivel de dopaje, disefio y grosor del capuchoén de
equilibrio electrénico. Es necesario conocer como cada una de estas
caracteristicas influyen en la respuesta del diodo para poder utilizar los diodos para

dosimetria in vivo de una forma adecuada dentro la practica clinica.

El grosor equivalente agua del capuchén de equilibrio electrénico de los EDP30
determinado experimentalmente (14 mm) no coincide con el especificado por el

fabricante (30 mm).

La metodologia utilizada para calibrar los diodos es responsable de algunos de los
factores de correccion. Es decir, aunque el disefio del capuchoén y la naturaleza del
diodo tienen influencia sobre el valor de los factores de correccion, el hecho de que
la respuesta del diodo, fijado sobre la superficie del maniqui, se compare con la
respuesta de una camara de ionizacion dentro del maniqui y a la profundidad del
méaximo de dosis hace que el valor de algunos factores de correccidbn nunca

puedan ser 1.

Los nuevos diodos tipo n (P30) no presentan una diferencia significativa en la
dependencia de su respuesta con la tasa de dosis con respecto a los diodos tipo p.
Esta dependencia, descrita para los Isorad-n (antiguos diodos tipo n), podria estar

asociada al nivel de dopaje de los diodos y no al tipo de dopaje.
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12. Asi mismo, la pérdida de sensibilidad con la dosis acumulada no depende tanto del

tipo de diodo, como de la dosis de preirradiacion.

13. En la implementacion en la rutina clinica de la dosimetria in vivo como control de
calidad de los tratamientos, es esencial definir en primer lugar, los limites de
tolerancia de las medidas in vivo y en segundo lugar, que acciones deben seguirse
cuando las dosis medidas no estan dentro de estos limites. Estos limites deben
fijarse en funcion del tipo de errores que se quieren detectar y de la precision que

se puede alcanzar en las medidas in vivo.

8.3 Investigaciones futuras

A partir de esta tesis, se abren dos lineas de investigacion. La primera pretende
profundizar en la calibracion de los diodos no sélo en haces de fotones sino también
en haces de electrones. La segunda se focaliza en el desarrollo de algoritmos de
célculo para determinar la dosis en presencia y dentro de heterogeneidades a partir de
dosis entrada y dosis salida determinadas in vivo, tanto en la técnica de ICT como en

técnicas estandar.

Dentro de la primera linea se estan realizando estudios sobre la independencia de los
factores de correccién, sobre si es necesaria la aplicacion de factores de correccién
cuando se conforman los campos y, si lo es, como deberian aplicarse y, por ultimo se
estan poniendo a punto protocolos de calibracién de los diodos para dar la dosis a la
salida. También se ha finalizado la calibracion de diodos para medir la dosis in vivo en
tratamientos con haces de electrones y actualmente se estdn analizando los

resultados.

Dentro de la segunda linea, se pretende en primer lugar determinar la dosis dentro del
tejido blando en el punto de prescripcibn de dosis cuando el haz atraviesa
heterogeneidades simétricas o asimétricas a partir de la dosis entrada y la dosis salida
determinadas in vivo. En segundo lugar, se pretende determinar la dosis dentro de las
heterogeneidades con medidas ionométricas y posteriormente utilizar la dosimetria in

vivo para calcularla.
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