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�+�nh#�kñgfGù*fGôI÷Ifiô&Ŗh#¡�fGñ,õ����gö���õ5ö(��õjñ=�nôIfiô�÷IfGh>�m�Ì¡1ñgøI�Gö Ê   ¡pf���¡(�*ò¦ó�õ5fiõ��>fih5÷Ifiô«ª�ü�ó�ö%$#&�'*),+
¡�fGhAñgò¦ó�õjf#õjfGôÄ�Gö��hç�fih5ù��kfGñgò¦ó©���*ô���ñgò¦ó�õ5f»�LþWô�õ5fGhAø5ò¦óIñkfG÷IfiôÁñgô ÷IfGh®­�h  ��É*fGô��nhA÷Iô�öIôIù%�§¹r 
- ã8�O/Ûª��D�nù��*ôl$#&�'*),+(¡�f"�+¡(�*ò¦ó�õjf#õjfGôx�  öIh)��ñ*�*�!fWfGñgô1fGhM�>ó(��h5ùnf�áI÷IñgfD�*ôF�nfih5ø5ò¦ó1ñgfG÷1fGôIfiôM¬��*ùnfGô
fiô�õ¶�Mñkò��*f��kõ§�MöIh5÷Ifiô«áN÷(�*øAø�øAñgò¦óÃ÷Iñgf@�m�G�	¼¿fGhUõjf�ñgô1ôIfGhAó(�+�*¡K¿+á Ê  h­�fGô(��öIñgù���fGñ,õqh5f"1́h#��÷Iö�ý
�iñgfGhAfGô,�gñkf"Énfiôl- �+¹
/ ª
�m�*øAø>öIô�õ5fGh5øAò¦óIñgfi÷��gñkò¦óIf�ü�ô�õ¶�Mñgò��	�köIôIùnø �¾�*øAò¦óIñgô1fGô�÷IñkfJ�̈fGø5øAfGhAùnf"¡Iô1ñgø5øAf�øAõ%�*h#�P¡�fGfGñkô1K`öIøAø5fiô
öIô1÷û÷1f"�!fGô�õjø ´Ih5fiò¦óIfGôI÷QõjfGñ=�=��fGñkø5f	÷Iñkf��+¡8��fGñgò¦ó1fGôI÷Ifiô¸ü�h5ù*f"¡IôIñkø5øAfx�*fGhAø5ò¦óIñkfG÷IfiôIfGh@þRô�õjfih�ý

¸C¡�¡Iñ=�g÷IöIô1ù�¹�ª Ê � £Rf#õ5õ%���1�m�^���gøI�̀ öIô���õjñ=�nô�÷IfihI�+´�´��kñ*�GñkfGhUõjfGôP�D�*ø5ñgø�ª���ñkf)��ñ*�=�@f
�Mö1h5÷IfiôM�!ñkõ��*fGh5øAò¦óIñgfi÷IfGô1fGh�ü�ô�õ¶�Mñgò��	�köIôIùnø#�*ö1õ%�+�¾��õ5fGô,�nfGh#�*h#¡�fGñ,õjf#õ°ª



¹+à ömø��R÷"í�î��QP�êAðcí�ï'øDò��GëBì�óGð1<mîJí�î�ö¾í>:)ïGî�ì ë�ìR<S<D÷ÿîÂî�À��Iî�ï'÷UTMîIì?ê�ê"ê

ø5öIò¦ó�öIôIù*fGô]fGh �	�  �*hAfGô^�  �*ôIôIfGôEáG�Mñkh5÷��*ôIó(�*ô1÷̂ �+�nô5¸C¡�¡Iñ*�k÷IöIôIùo¹�ª Ê ÷1fGö1õ#�gñgò¦óEªG¨rfGóIh��·�*ò¦ó
�MöIh5÷Ifiôx��ñ*�=�@fMfiñgôIfihF�>ó(�*hAùnf�ö1ô�õ5fGhoñk÷IfGô�õ5ñgø5ò¦ó1fGôx±>fi÷IñgôIù*öIôIùnfiô��D�nø5ñkø ��fGhUõjfGô�fiñgôIfih�â�¨xç
²�ó��*õ%�nô1fGôIøUõjh%��ó��göIô1ùM�*ö1ø5ùnfiø5fiõ#�iõ"á����*�gfih5÷IñkôIùnøJ�*ôIø5ò¦ó��gñgf�ÉnfGô1÷O�!ñkõD�*fGhAø5ò¦óIñkfG÷IfiôIfGôKŖö1õ%���&�¥ý
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j�Ú h b�b�Ö¤×©Ø�Ù�Ú�Ûg§�w�¸.Ö©ÝnÜ<d�`Ù��



Ã®Ä��£Ä��óÁY¿nÇ�¾Y¿ËÁµÂV¿���¿nÈÉÊvÀLÅ(ÁµÊ ¾µÊ(ÆkÇ$À�½1À�½ »� 

!#"%$ !#&'$

!)(*$ !)+,$

h b�b�Ö¤×©Ø�Ù�Ú�Û{§�w6�ª²\kYç¡ß¥Ú®Ü¦Þ
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 ��¢ �Ö©æàçÓ Û¥Ù�Ü¦ ���Ô�eë �Ý¢Ý	c�Ù�Ú�î®Ü¦ �é�Ý	Þ�ãkÖ©  Ø�Ö¤ Ñ �h<c�dºÞ¥ç�×© �Ú� �eë �Ý¢Ý	c,Þ£Ý	Ö¤Ü¢Ö©Þ£Ú�d30Ù��ùØ¡ß¥Ýlå hrt®­
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f[g`g	hifkjml�npo�qir�n f[g`g	hifkjsnpo�tPr�nvuwl�npo�qir�n

x[g`g	hifkjml�npo�qir�n x[g`g	hifkjsnpo�tPr�nvuwl�npo�qir�n
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Ý	Ö©æàçÑØ�Ö© 
K Ö¤Ük�̈�T�êÝ	 �ç��µÜ¦Ö¤ wN Û¥ �Ý¢ *Ü�_*Ü¦ /�rÖ© �Ø��¢Ö¤Û´m��́ prÞsæàç�Ø�Þ£Ý	Ö©Ý¢Ý	æàç®ã� �×©×© �H±  K  ��	îiH�ß¥� K ß¥æàç®ÜPZªá�Ö¤ �Ý	 /ªvÚªm
Ü¢ ��¢Ý	æàç�Ö© �Ø� �×ôß¥Ý	Ý¢ �Ú�Ý¢Ö©æàç�Ø�Ù��¢æàç\Ø� �Ú�Ý)�sÝ	Ü¢  K ß´Ü¦Ö¤Ý¢æàç� �Ú«-¡ �ç�×© ��rØ� ���~ë �Ý	Ý¢Ù�Ú�Ûö ��	î·×¡0ß¥�	 �ÚyZM�µÖ¤Ú� 
ç�0Þ¥ç� ��ÎÛ£ �Ý	 �Ü#_�Ü¦ ¬�rÖ¤ �Ø��	Ö©Û´m?�¥prÞsæàç�Ø�Þ£Ý	Ö©Ý	Ý¢æàç®ã� �×©×¤ µã	0Ù��¢Ø� 
Ø�Ö© �Ý¢ A\� ��	 �Ö¤æàç� �Ú�Ö¤æàç®Ü K  �ç��íß¥Ùª³­0Þ£Ý¢ �ÚyZ
j K oû �Ú®Ü¦�	Ù K Ø� �Ý	-¡ �×¤Ø� �ÝùÖ©Ú¡ß¥î�_� PO�Ü¦ß�H, �×�Ö¤Ø� �Ú®Ü¦Öä¶�_�Ö¤ ��nÜ¦ S\
 ��¢ �Ö©æàç� E�íÖ¤ÚVØ� �Ú� �Ú®�°¯±a�¨5Ö©Ý	ÜP�
Ý	Ö©Ú�Ø«Ø�Ù��¢æàç5Ø�ß¥Ý
ÝnÜàß´Ü¢Ö©ÝnÜ¦Ö©Ý	æàç� 8�vß¥Ù�Ý	æàç� �Ú5Ø� �ÝW~öÞ£Ú®Ü¦ �Lªzóß¥�¢×¤Þ�L·uµ ���Nþß¥ç��	 �Ú�Ý�H, �Ø�Ö©Ú�Û´Ü�èºÝ	Ü¦ß´Ü¦Ö¤Ý	Ü¦Ö m
Ý	æàç� °uâß¥�	Öôß¥ÚQ_BN�0Ù��kØ�Ö© k�sÙ KGK  (Ø� ��B�s �Û K  �Ú®Ü¦ °ÿ@T̈��é©Z
á�Ö¤ 1Ö©Ú h HIH�Ö©×©Ø�Ù�Ú�Ûý§QZ²z èºæ�éAH± �Þ�H¡ß¥æàç®Ü¦ *Ü¦ �Úëá�Þ£Ý	Ö©Ý¢Ù�Ú·Ü¢ ��	Ý¢æàç�Ö¤ �Ø� (Ø�Ö¤�¢ �î·Üóß K -� �×©Ø��¢ß¥Ú�Ø«×ôß¥Ý	Ý¢ �Ú
Ý	Ö©æàç.Ö¤Ú>Ø� �Ú«�ML·uµ ��	Ü¢ �Ö©×¤Ù�Ú�Û£ �Ú\Ú�Ö©æàç®Ü K  �ç���ß¥Ù�³­0Þ£Ý	 �Ú>Ù�Ú�Ø.Ý	Ö©Ú�Ø.ß¥ÙQNóá�Ö©Ý¢î·�	 �Ü¦Ö¤Ý¢Ö¤ ��¢Ù�Ú�Û£Ý¦ß´�	Ü¦ ðm
Nþß¥î®Ü¢ �Ö¤ÚëoûÙ�Ý¦ß K2K  �Ú�ç¡ß´Ú�Û K ÖäÜyØ� ��kÛ£ *ã 0ß¥ç�×äÜ¦ �Ú5uµÞ�ñª �×¤Û£� 0Þ£i¥ �_�Ù�� 0Ù�æàî�_�ÙQN 0Ù�ç��¢ �ÚMZ
pvÖ©Ý	Ü¢Þ£Û£�¢ß KGK  ��¡ã
 �×¤æàç� lØ�Ö¤ ù�¢ �×ôß´Ü¢Öve¥ �Ú�p 0ß¥Ù�¶¡Û£î´ �ÖäÜ¦ �Ú H± �Ý	æàç��¢ �Ö¤H± �Úy� K ÖäÜrØ� �Ú� �Ú¥H± �ÝnÜ¦Ö KGK Ü¢ 
�ML�.> ��nÜ¦ (ß¥Ù%N Ü¦�¢ *Ü¦ �Úy��Ý	Þ ãkÖ¤  h Ú�Û®ß�H± �Ú 0ÙIH± ��
Ø¡ß¥Ý K Ö¤Ü	Ü¦×¤ ��¢ ��UN 0Ù���Ø� �Ú�ß¥Ú¡ß´×v�sÝ¢Ö¤ ��	Ü¢ �Ú³\�Ö©×¤ØIH, ðm
�	 �Ö©æàçM�Q�´; �sÝ¢Ö©Ú�Ø5Ö©Ú h HIH�Ö©×¤Ø�Ù�Ú�Ûl§QZ t _�Ù�Ý¢ß KGK  �Ú�Û£ �ÝnÜ¦ �×¤×¤Ü�Ù�Ú�ØµH± �Ý	Ü�0ß´Ü¦Ö¤Û£ �ÚÑØ�Ö© B\� �Þ�H�ß¥æàç®Ü¦Ù�Úªm
Û£ �ÚyZ
á�Ö¤ �prÖ¤Ý	Ü¢Þ£Û£�¦ß KGK  �N30Ù��óØ�Ö© rÛ£×©Þ�H¡ß¥×© �Úµ�(�¢ÖäÜ¦ ��	Ö© �ÚÑÙ�Ú®Ü¦ ��¢Ý	æàç� �Ö¤Ø� �ÚëÝ¢Ö©æàç5îwß¥Ù K e¥Þ£Ú�Ø� �Ú� �Ú�Ø� ��
×¤Þ£îwß¥×5�´Û¥×©Þ�H¡ß´×© �ÚD�(�¢ÖäÜ¦ ��	Ö© �Úy�ûØ¡ß5Ý	Ö©æàçdØ�Ö© lÝ��sÝ	Ü¦  K ßwÜ¦Ö©Ý	æàç� �Ú�~ë �Ý	Ý)Nº �ç�×© ��°×¤ �Ø�Ö¤Û£×©Ö¤æàç{ß¥Ù�i¥ ��¢ç�ß¥×¤H
Ø� ���-¡ �×¤Ø�Û£�¢ �ÚI_� �ÚJH±  K  ��¢î�H¡ß´� K ß¥æàç� �Ú�Ù�Ú�Ø{Ø�Þ£�nÜBe¥Þ£Ú H, �Ö©Ø� �Ú �(�¢ÖäÜ¦ ��	Ö© �ÚëÛ£ÙªÜ8H± ��E0Ù�æàîsÝ	Ö©æàçªm
Ü¢Ö©Û¥Üóã
 ��	Ø� �ÚMZ,á�Ö¤ �è�z K2K ¯�2̧� Û£×¤Þ�H¡ß¥×ôé�L h Ú¡ß¥×��ªÝ	 /N30Ù��yØ�ß¥Ý(¨ t£t�¶ L%-¡ �×¤Ø ×©Ö¤ wNº ��nÜkß¥×¤ÝW�v �Ý¢Ù�×äÜàß´ÜP�
Ø¡ß´Ý¢Ý  t � » � Ø� ���ß¥Ú¡ß´×v�sÝ¢Ö¤ ��	Ü¢ �Ú|}YÙ�Ú�î®Ü¦ ëß¥î�_� wO�Üàß�H�×© öá�Þ£Ý¢Ö¤Ý	ã
 ��nÜ¦ öç¡ß�H± �ÚFè�V �WV¬XÕ¨ éùã
Þ´m
H± �Ö��´;°6·�Qð̈ï´§öÖ¤Ý	Ü[Z$á�Ö¤ ëè�z KGK ¯$b̧�E×¤Þ£îwß¥×5�wÛ£×©Þ�H�ß¥× é�L h Ú¡ß´×v�sÝ¢ �Ö©Ø� �Ú®Ü¦Ö¤¶I_�Ö© ��	Ü  z%� » �EØ� ��
ß¥Ú�ß¥×v�sÝ¢Ö¤ ��nÜ¦ �ÚLá�Þ¥Ý¢Ö©Ý)O�Ù�Ú�î®Ü¢ ëß´×©Ýlß´îi_� PO�Ü¦ß�H± �×yÙ�Ú�Ø®H± P_�Öv,̧ ��	Ü@��;¹_�Ùº�Q¨ ­ �WZIá� ��l *Ü�ãóß´Ý�Û¥ *m
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¼�½�¾ ¼�½¡¾

h HIH�Ö©×©Ø�Ù�Ú�Ûý§QZ t ²¡pvÖ©ÝnÜ¦Þ£Û£�¢ß K2K  �_�Ù�Ø� �ÚöÖ¤Ú h HIH�Ö©×©Ø�Ù�Ú�Û�§QZ�@̧H, �Ý¢æàç��	Ö© wH, �Ú� �Ú��ML
uµ ��nÜ¦ �Ö¤×©Ù�Ú�Û£ �ÚyZ£á�Ö© ¬e¥ ��	Ü¢Ö©îwß¥×¤ �Ú�å<Ö©Ú�Ö¤ �ÚýÛ£ wH, �Ú�R	 *ã� �Ö©×©ÝµØ¡ß´Ý�0ÙQH, ��YØ� �ÚÑß¥Ú¡ß¥×��ªÝ	Ö© ��nm
Ü¦ �Úb-¡ �×¤ØIH± ��¢ �Ö©æàç�Û£  K ÖäÜ¢Ü¦ �×¤Ü¢ 8�«���´;^��ß¥ÚMZ

á�Þ£Ý	Ö©Ý#O�Ù�Ú�î®Ü¦  K Ö¤Ü
�(�¢ÖäÜ¦ ��¢Ö©Ù K V �WV�X ¨³¿À�YÁ �´;

¸ K2K ¯�¸G� Û£×©Þ�H�ß¥×  ïi�¹§ �%¨ðï£ï
¸ KGK ¯�2̧��×¤Þ£îwß¥×5�´Û¥×©Þ�H¡ß´×  t �¤¨ �Q� » ¸

z K2K ¯�Ģ� Û£×©Þ�H�ß¥×  t � » �Q�¹ï¥§
z KGK ¯�2̧��×¤Þ£îwß¥×5�´Û¥×©Þ�H¡ß´×  zi� » �Q� ­ �

z K2K ¯Iz2� Û£×©Þ�H�ß¥× ¸£§%� t �Q� ­¥t
z KGK ¯�z:��×¤Þ£îwß¥×5�´Û¥×©Þ�H¡ß´× ¸®ïi� ï ¨��Â�  

�íßEH, �×©×© L§%Z¤¨£²̀ }Y�	Þ�_� �Ú·Ü¦ß¥Ú®Ü¦ �Ö©×© LØ� ��>Ö¤Ú h HIH�Ö¤×©Ø�Ù�Ú�ÛF§%Z¹¸¬ß¥Ú¡ß¥×��sÝ¢Ö© ��	Ü¢ �ÚKá�Þ£Ý¢Ö¤Ýnm
O�Ù�Ú�î®Ü¢  K Ö¤ÜGV �WV´Xõ¨�Ý¢Þ�ãkÖ¤ �Ø�Ö©  0ÙIH± ���Ø� �Ú.ß¥Ú�ß¥×v�sÝ¢Ö¤ ��nÜ¦ �Ú¥-¡ �×¤ØIH± ��¢ �Ö©æàç\Û£  K ÖäÜ	m
Ü¦ �×¤Ü¦ �Ú7�³�I�´; �QN30Ù���e¥ ��	Ý¢æàç�Ö¤ �Ø� �Ú� @�:9�;=<?>PL*���:�@;�<�>[L%�(�¢ÖäÜ¦ ��¢Ö© �ÚyZ

�¢Ö©Ú�Û£ ��	 T\
�¢Ù�æàç®Ü¦ �Ö©×Îß¥î�_� wO�Ü¦Ö¤ ��nÜ¦ ��rá�Þ£Ý	Ö©Ý#O�Ù�Ú�î®Ü¦ �Ý¢Þ�ãkÖ© �Ø¡ß´Ýrç�0Þ¥ç� ��	 T�´; î¥Þ KGK  �ÚöØ�Ù��	æàç{Ø�Ö© 
ß¥×©ÝóÖ¤Ú¡ß¥î�_� wO�ÜàßEH, �×<Ö©Ø� �Ú·Ü¢Ö¤¶�_�Ö© ��	Ü¦ �Ú��rÖ© �Ø��¢Ö¤Û£Ø�Þ£Ý	Ö©Ý)H, ��¢ �Ö¤æàç� 8_�Ù�Ý	Ü¦ß¥Ú�Ø� �Ù�Ú�ØöÝ¢Ö¤Ú�Øöß¥Ù�æàç7N�0Ù��yØ�Ö© 
H, �Ö©Ø� �Úëß´Ú�Ø� ��	 �Ú7�ML h Ú�ß¥×v�sÝ¢ 3L%}íß¥ß¥�¢ �Nº �ÝnÜ�_�Ù�Ý	Ü¢ �×©×¤ �ÚyZ�á�Ö© �è�z KGK ¯Iz:��é�L h Ù�Ýnã� ��	Ü¦Ù�Ú�Û£ �ÚëÝ¢ ðm
ç� �Ú Ø� �Ù�Ü¢×©Ö©æàç�ã
 �Ú�Ö¤Û£ ��
Ø�Þ£Ý¢Ö K  *Ü¦�	Ö©Ý¢æàçÑß¥î�_� wO�Üàß�H�×© /}µÙ�Ú�î®Ü¦ �Z�á�Ö© k �Ú®Ü¢Ý#O��	 �æàç� �Ú�Ø� �Úëá(ß´Ü¢ �Ú³_�Ù
ß¥×©×¤ �Ú�§luµ ��nÜ¦ �Ö¤×©Ù�Ú�Û£ �Ú�Ý¢Ö¤Ú�ØöÖ©Ú7�íßEH, �×©×© �§QZ¤¨`_�Ù�Ý¦ß K2K  �Ú�Û£ ©Nþß¥Ý¢ÝnÜ[Z
�r PH± �Ú®-IÖ©× K2K  �Ý¢Ý	Ù�Ú�Û£ �Ú> ��)NºÞ£×¤Û¥Ü¦ �Ú«N 0Ù��°Ø¡ß¥ÝÑ¨ t£t�¶ Li\� �ÝnÜ¦�¦ß´ç�×©Ù�Ú�Û£Ý)Nº �×©ØVß´Ù�æàçgá�Þ£Ý	Ö©Ý K  �Ý	Ý¢Ù�Úsm
Û£ �Ú K ÖäÜ�Ø�  K á� *Ü¦ �î·Ü¢Þ£�¦ß´�¢�¦ß[�Lå hrt®­ Zµá�Ö© 5Û¥ �Ú¡ß¥Ù� J~ë �Ý¢Ý)O,Þ£Ý	Ö¤Ü¢Ö©Þ£Ú®N 0Ù���Ø¡ß¥Ý�å h1t®­ ãkÙ��	Ø� 
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ß¥Ú�ç¡ß¥Ú�Ø5Ø� ���Ö¤Ú h H�Ý¢æàç�Ú�ÖäÜ¢Ü t Z{zTH± �Ý	æàç��¢Ö¤ PH± �Ú� �ÚD~ë �Ü¢ç�ÞªØ� BH± �Ý	Ü¢Ö K2K Ü[Zsá(ß¥Ø�Ù��¢æàç5î´Þ£Ú�Ú®Ü¦ � �Ö©Ú
ç�Þ K Þ£Û¥ �Ú� �Ý�}µ�	Þ¥¶¡×iN�0Ù��YØ�Ö© 
uµ ��¢Öä¶¡îwß´Ü¦Ö¤Þ£Úlß´Ù�Ý¢Û£ *ãT0ß¥ç�×äÜYã� ��¢Ø� �ÚyZ��YÖ©ÚýÝ¢Þ¥×©æàç� �ÝYÝ	Ü¦ �×©×äÜc �Ö¤Ú� �Ú�î·�¢Ö m
Ü¢Ö©Ý¢æàç� �ÚU�I �Ý	Ü�Ø¡ß´�P�ûØ� �Ú�Ú\Ø�Ö¤ ýß¥î�_� wO�Üàß�H�×© �Ú\×¤Þ£îwß¥×© �Ú{á�Þ£Ý	Ö©Ý)Nº �ç�×© ��1Ý	Ö©Ú�Ø�ç�Ö¤ ���Ö¤Ú{ ��	Ý	Ü¢ ���å<Ö©Ú�Ö¤ 
Ø�Ù��¢æàç.Ø� �Ú.Ý��sÝ	Ü¦  K ßwÜ¦Ö©Ý	æàç� �Ú�~ë �Ý	Ý)Nº �ç�×© ��ùÙ�Ú�ØdÚ·Ù���Ù�Ú®ã� �Ý¢ �Ú·Ü¢×©Ö¤æàçVØ�Ù��	æàç�}IÞ¥Ý¢Ö¤Ü¢Ö©Þ£Ú�Ö© ��	Ù�Ú�Û£ÝËm
Nº �ç�×© ���H± �ÝnÜ¦Ö KGK ÜPZ
h ×©Ý�Û¥ � �Ö¤Û£Ú� *Ü¦ �}ÎÞ£Ý¢ÖäÜ¦Ö©Þ¥ÚÑ ��	Û®ß�H Ý	Ö©æàçy�ªØ¡ß¥Ýyå hrt®­ Ö©ÚG��LQ�/L%�vÖ¤æàç®Ü¦Ù�Ú�Ûlß¥Ù�Ý#_�Ù��¢Ö¤æàç®Ü¦ �Ú�Ù�Ú�Ø5Ù K
�Q�¹ï«æ K ß¥Ù�Ý�Ø�  K j�Ý¢Þ�_� �Ú®Ü¢�¢Ù K ç� ��¦ß´Ù�Ý�Ú¡ß¥æàç h _�ÙJe£ ��¢Ý	æàç�Ö© wH, �ÚyZ<á�Ö© Y}IÞ£Ý	Ö¤Ü¢Ö©Þ£Ú� �Ú{Ø� ��1 �Ö¤Úªm
_� �×©Ú� �Ú7~ë �Ý¢Ý	î´ß KGK  ��	Ú³H± �Ö±Ø�Ö© �Ý¢ ����YÖ©Ú�ÝnÜ¦ �×©×©Ù�Ú�Û°Ý	Ö©Ú�Ø«Ö©Ú h HIH�Ö©×©Ø�Ù�Ú�Û°§QZ{z«èþØ�éYØ�Ù��	æàçµ}YÙ�Ú�î®Ü¦ 
ß¥Ú�Û£ �Ø� �Ù�Ü¦ *Ü[Zâá� ��°ã� �Ö©i£ �\� ��¢ �Ö¤æàçOÖ¤ÚgØ� �� h HIH�Ö¤×©Ø�Ù�Ú�Ûdî´ �Ú�ÚQ_� �Ö¤æàç�Ú� *ÜÑØ�Ö¤ ��� �Ý¦ß K Ü¦ç� �Ö¤Ü�ß¥× m
×¤ ��1Û¥ � �Ö¤Û£Ú� *Ü¦ �Ú ~ë �Ý	Ý¢Þ£�nÜ¦ �Zûj K -�ß¥×¤×ÎØ� �Ýl¨ t¥t�¶ L%-¡ �×©Ø� �Ýr×¤Ö© �Û¥ �ÚbH± �ÖÎØ� ��� PH± �Ú H± �Ý	æàç��¢Ö¤ PH± �Ú� �Ú
�YÖ©Ú�Ý	Ü¦ �×©×¤Ù�Ú�Û  ~ö �Ý¢Ý	îwß KGK  ��	Ú�Ö©Ú�Ú� ��¢ç¡ß´×¤H Ø� �Ý K  �Ý¢ÝnÜ¦ �æàç�Ú�Ö©Ý	æàçÉÛM0Ù�Ú�Ý	Ü¢Ö©Û£ �Úµ\� ��	 �Ö¤æàç�ÝyÚ�Ö© �Ø��¢Ö m
Û£ ��8�(�¦ß´Ø�Ö© �Ú·Ü¢ �ÚöÙ�Ú�Øë ��)Nþß´Ý¢Ý¢ �Ú{Ý�0ß K Ü¦×¤Ö©æàç� ̀ -¡ �×¤Ø�Ý¢ �Û K  �Ú®Ü¦ �Ö K .> �Ý	 �Ú®Ü¦×¤Ö©æàç� �Ú{ß¥Ú�ç¡ß¥Ú�ØëÖ©ç��	 ��
}Y�¢Ö K 0ß´�	³¡Ù� �ÚI_�Z
h HIH�Ö©×¤Ø�Ù�Ú�Ûk§%Z ï�_� �Ö©Û¥Ü Ø¡ß¥Ý K ÖäÜ Ø�  K å h1t£­  �Ú®Ü¦×ôß´Ú�ÛyØ� ����( ��¢ß¥Ø� �Ú«è5476°a/�Qð̈ï�æ K éMH± �ÝnÜ¦Ö K2K m
Ü¢ �á�Þ£Ý	Ö©Ý)O��¢Þ¥¶�×���Ø¡ß´ÝÎ �Ú®Ü¦Ý#O��¢ �æàç� �Ú�Ø� �~öÞ£Ú®Ü¦ �Lªzóß¥�¢×¤Þ�L%}Y�¢Þ¥¶�×sÙ�Ú�ØT_�Ù K uµ ��	Û£×© �Ö©æàç�Ø�Ö©  K Ö¤Ü$Ø�  K
�µá��/zdÛ£  K  �Ý¢Ý¢ �Ú� {á�Þ¥Ý¢Ö©Ý�e£ ��	Ü¦ �Ö©×¤Ù�Ú�ÛIZAÃ¥ *ã� �Ö©×©Ý«ß¥ÚOØ� �Ú ì(�nÜ¦ �ÚeØ� �� å h1t®­ LQ~ë �Ý	Ý¢îwß K2K  ��¢Ú
Ý	Ö©Ú�Øy��_� �Ú®Ü¦�	Ö© ��nÜâÙ K Ø�Ö© /~ëÞ¥Ú·Ü¢ �L�zóß´�¢×©Þ�L·uµ ��nÜ¦ �Ö¤×©Ù�Ú�ÛI�£á�Þ£Ý	Ö©Ý�Nº �ç�×¤ ��?L h î�_� wO�Üàß¥ÚQ_PH¡ß¥×¤î¥ �Ú\è�Ä8ÅQÆ,¯
ÝwZ´�(×© �Ö¤æàç·Ù�Ú�Û�è t Z�¸®é¢éy �Ö¤Ú�Û£ P_� �Ö¤æàç�Ú� �ÜPZ á�Ö¤ Y\óß´×©î¥ �Ú{Û£ �×¤Ü¦ �ÚDN 0Ù��B�:9�;�<?>	6Çz K2K �¢�:�@;=<?>@6
¸	�Rèº×©Þ£îwß¥×£�´Û£×©Þ�H¡ß¥× é��¥ß´×©Ý¢Þ°Ø¡ß¥ÝW�(�	Ö¤Ü¦ ��¢Ö¤Ù K �¥Ø¡ß¥ÝóÝ	Ö©æàç Ö¤Ú5oûÙ�Ý¢ß KGK  �Ú�ç¡ß¥Ú�Û K ÖäÜ�Ø� ��
¶¡× K Ø�Þ£Ý¢Ö m
K  �Ü¢�¢Ö©Ý	æàç� �Ú«uµ ��¢Öä¶¡îwß´Ü¦Ö¤Þ£Ú�ß¥×©ÝâÝ¢Ö¤Ú�Ú�e£Þ£×¤×�ç� ��¢ß¥Ù�Ý¢î·�	Ö©Ý	Ü¦ß¥×©×¤Ö©Ý	Ö© ��nÜµç¡ß´ÜPZªá�Ö¤   ~ë �Ý¢Ý¢îwß K2K  ��¢Ú K ÖäÜ
Ø� �ÚLÚ�Ö© �Ø��¢Ö¤Û£Ý	Ü¢ �Ú h îi_� PO�Ü¦ß¥ÚI_�Ý¢æàç®ã� �×©×¤ �ÚeÖ¤Ú�Ú� ��¢ç¡ß¥×vHVØ� ��:-� �×©Ø�Û¥�¢ �ÚQ_� �ÚgÝ	Ö©Ú�ØgØ�Ù��¢æàçº�(�¢ �ÙI_� 
K ß¥�¢î·Ö¤ ��	ÜPZ
��ß K2K  �� K  �Ý	Ý¢Ù�Ú�Û¥ �Ú Ù�Ú�Ø�\� ��	 �æàç�Ú·Ù�Ú�Û£ �Ú�Ý	Ö©Ú�Ø Ö¤Ú&ç� ���e£Þ£�	�¦ß¥Û£ �Ú�Ø� �� 0ª�H, ��¢ �Ö¤Ú�Ý	Ü¢Ö K2K Ù�Ú�ÛQZ
á�Ö¤ �Ý=H± �ÝnÜ�0ß´Ü¢Ö©Û£ �Ú�ß¥Ù�æàçýØ�Ö¤ �Ö¤Ú h HIH�Ö©×©Ø�Ù�Ú�Û�§%Z¹§�Ø¡ß´�¢Û£ �Ý	Ü¦ �×©×äÜ¦ �ÚT�ML%-�ß¥î®Ü¦Þ£�	 �Ú@N�0Ù��IØ�Ö© 
 �Ö©ÚQ_� �×¤Ú� �Ú
~ë �Ý¢Ý	î´ß KGK  ��	ÚyZ��ªÞ�ã�Þ¥ç�×·Ö©Ú(Ø� �ÚùpvÞªæàçªmûß¥×¤Ý<ß¥Ù�æàç�Ø� �ÚY�vÖ© �Ø��¢Ö©Û¥Ø�Þ£Ý¢Ö¤Ý#H± ��	 �Ö©æàç� �Ú�Ý¢Ö¤Ú�Ø�Ø�Ö© Y×¤Þ£îwßwm
×¤ �Úy�£Û¥�¦ß¥Ø�Ö¤ �Ú®Ü¦ �Ú¡ß�H�ç 0ß¥Ú�Û£Ö¤Û£ �Ú�á�Þ£Ý	Ö©Ý	îs�	Ö¤Ü¢ ��¢Ö¤ �Úl ��)N 0Ù�×¤×¤ÜPZ¥j�Ú�Ý)H, �Ý¢Þ£Ú�Ø� ��¢ vØ�Ö¤  0ª/H± ��	 �Ö©Ú�Ý	Ü¦Ö KGK Ù�Ú�Û
Ö¤ÚÉØ� �ÚJ�rÖ¤ �Ø��	Ö©Û£Ø�Þ£Ý¢Ö¤Ý#H± ��¢ �Ö©æàç� �ÚÉ× 0ß¥Ý¢ÝnÜ�e¥ �� K Ù�Ü¦ �Úy�ûØ�ß¥Ý¢ÝvØ¡ß¥Ý8~ëÞ£Ú®Ü¦ 3L�zóß¥�¢×¤Þ�L%\� �Ý¢æàç�×¤ �Ù�Ú�Ö©Û£ ��nm
î´Þ�OQN K ÞªØ� �×©×¡Ø�Ö¤ 8�·Ü¦�¢ �ÙIH± �Ö¤Ü¢��0ß¥Û¥ r�	Ö©æàç®Ü¦Ö¤ÛkH± ��E0Ù�æàî·Ý¢Ö¤æàç·Ü¢Ö©Û¥ÜPZQ-/0Ù��
Ý[0ß K Ü¢×©Ö©æàç� B~ö �Ý¢Ý	Þ£�	Ü¢ � ��	Û£ PH± �Ú
Ý	Ö©æàçº�yL�.. ��	Ü¦ E�cØ�Ö¤  Ø� �ÙªÜ¦×©Ö¤æàçLîs×¤ �Ö¤Ú� ��lÝ	Ö©Ú�ØHß¥×¤Ý ¨�Z,�YÖ¤Ú§0ß¥ç�Ú�×¤Ö©æàç� �Ý:�v �Ý¢Ù�×äÜàß´Ü�î´Þ£Ú�Ú®Ü¦ öß¥Ù�æàç
H± �ÖÎØ� ��ruµ ��¢Öä¶¡îwß´Ü¦Ö¤Þ£Úëß¥Ú�Ø� ��¢ ��B}Y�¢Þ¥¶¡×¤ YHI_*ã`Zûß´Ú�Ø� ��	 ���\
 �Ý	Ü¢�¦ß¥ç�×©Ù�Ú�Û¥Ý)Nº �×¤Ø� �� K ÖäÜY0ß¥ç�Ú�×¤Ö©æàç�  K
~ëÞsØ�Ù�×©ß´Ü¦Ö¤Þ£Ú�Ý	Û£�¦ß¥ØµH± �Þ�H¡ß¥æàç®Ü¦ *Ürã
 ��	Ø� �ÚyZ
á�Ö¤ @�k �Ý¢Ù�×¤ÜàßwÜ¦ @_� �Ö©Û¥ �Úy�,Ø¡ß¥Ý¢Ý( �Ý K ÖäÜ�Ø�  K å hrt®­ K 0Þ¥Û£×©Ö¤æàçÉÖ©ÝnÜ[�,Ý¢ �ç��8eªÖ¤ �×Iîs�	Ö¤Ü¢Ö©Ý¢æàç� ��¢ °uâß¥×©Ö m
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 �Ý	 �Ú®Ü¦×¤Ö©æàç«Ø�Ù��¢æàç�Ø� �Ú«Û£ ��¢Ö¤Ú�Û£ ��	 �Ú
Ý��ªÝnÜ¦  K ß´Ü¢Ö©Ý	æàç� �Ú̂ -¡ �ç�×© ���Ø� ��«å hrt®­ LQ~ö �Ý¢Ý	Ù�Ú�Û£ �Ú̂ H, �ÖyÝ¢ �Ú�î·�¢ �æàç®Ü¢  K �·Ü¦�¦ß´ç�×©Ù�Ú�Û£Ý¢ �Ö©ÚQNþß¥×¤×�_�Ù
 ��¢î·× 0ß¥�	 �ÚyZ�. Ö¤  h HIH�Ö¤×©Ø�Ù�Ú�Ûù§%Z »  ��	î¥ �Ú�Ú� �Ú5× 0ß¥Ý¢ÝnÜ[�®îwß¥Ú�Ú�Ø�Ö¤ rå hrt®­ LQ~ë �Ý¢Ý	Ù�Ú�ÛTN 0Ù��âØ�ß¥Ý�H± ��	 �ÖäÜ¦Ý
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h HIH�Ö¤×©Ø�Ù�Ú�Û�§QZ » ²Iuµ ��¢Û£×¤ �Ö©æàçgØ� ��2~ëÞ£Ú®Ü¢ �L�zóß¥�	×©Þ�L\Ù�Ú�ØHå h1t®­ Lsá(ß´Ü¦ �Úgß¥Ù�Ý h Hªm
H�Ö©×©Ø�Ù�Ú�Ûë§QZ ïöß¥Ú�ç¡ß´Ú�Ø. �Ö©Ú� �� è�z K2K ¯<¸b�E×©Þ£îwß¥×ôé�LQ�( �Ú�ß¥Ù�Ö©Û¥î¥ �ÖäÜ¦Ý¢ß¥ÚQNºÞ£�	Ø� ��	Ù�Ú�ÛIZ

H± �Ý	æàç��¢Ö¤ PH± �Ú� :-¡ �×¤ØÉØ�Ö¤ 	~ëÞ¥Ú·Ü¢ �L�zóß´�¢×©Þ�Lªá�Þ£Ý¢Ö¤Ý#H± ��	 �æàç�Ú·Ù�Ú�Û5Ý	Þ£Û®ß¥�rÖ©Ú�Ú� ��¢ç�ß¥×¤Hë �Ö©Ú� ����( �Ú�ß¥Ùªm
Ö¤Û£î¥ �Ö¤ÜWe£Þ¥ÚVè�z K2K ¯¡¸2��×©Þ£îwß¥×ôé�e´ß¥×¤Ö©Ø�Ö¤ ��¢ �ÚyZ
�rß¥æàç�Ø�  K N�0Ù��óØ�Ö© 1 ��¢ÝnÜ¦ �Ú�î·×©Ö¤Ú�Ö©Ý	æàç� �ÚS}µ�	Þ£Ý	Ü¦ß´Üàß�Lsj�~b�=��L%-�0ß¥×©×¤ rî·�¢ÖäÜ¦Ö¤Ý¢æàç� ��YÖ¤ÚI_� �×vNº �×¤ØiL·uµ ��¢Ö¤¶ªm
îwß´Ü¢Ö©Þ£Ú�Ý K  �Ý¢Ý	Ù�Ú�Û£ �Ú°Ù�Ú®Ü¢ ��¢Ú�Þ KGK  �Ú�ãkÙ��¢Ø� �Ú°Ù�Ú�Ø°Ø�Ö¤ �Ý	 YØ�Ö© '��}A��Lsá�Þ£Ý¢Ö¤Ý#H± ��¢ �æàç�Ú·Ù�Ú�Û£ �ÚùÝnÜ¦ �Ü¢Ý
K Ö¤Ü�ç�Þ£ç� ��Í�( �Ú¡ß´Ù�Ö©Û£î´ �ÖäÜ H, �Ý	Ü�0ß´Ü¦Ö¤Û£ �ÚKî¥Þ£Ú�Ú·Ü¢ �Úy��Ù�Ú�Ø@ß¥Ù�æàçêØ�Ö¤ Î�I �Ý	Ü¦ß�OIO�×¤Ö©îwß´Ü¦Ö¤Þ£Ú� �Ú Ø� ��
ì��¢Ö¤Û£Ö©Ú�ß¥×pL%}Iß´Ü¦Ö¤ �Ú®Ü¦ �ÚIO�×�0ß¥Ú� yÚ�Ö¤ B�Î�¦ß¥Ú�Ý�Nº ��)O��¢Þ�H�×©  K  vÛ£ P_� �Ö©Û´Üóç¡ß´Ü	Ü¦ �Úy�ªî´Þ£Ú�Ú®Ü¦ 1Ø� ���uµ ��¢Öä¶¡îwß´Ü¦Ö m
Þ£Ú�Ý¦ß¥ÙQN ã�ß¥Ú�Ø�N�0Ù��yØ�Ö¤ ̀ NºÞ¥×©Û£ �Ú�Ø� �Ú�}Y�¢Þ¥Ý	ÜàßwÜàß�L%}Iß´Ü¦Ö¤ �Ú®Ü¦ �ÚëØ� �Ù�Ü¢×©Ö©æàç��	 �Ø�ÙI_�Ö© ��	Ükã� ��¢Ø� �ÚyZ
\� �Ö$ß¥î®Ü¦Ù� �×©×¤ �Ú�}Y�¢Þ£ÝnÜàß´Ü¦ß�Lsj�~b�=��Li-W0ß¥×©×¤ �Ú5 ��)NºÞ£×¤Û£ �Ú7�Î �Ý	Ü¦ß�OIO�×¤Ö©îwß´Ü¢Ö©Þ£Ú� �Ú�ÚsÙ��vÚ�ÞªæàçöÝ	Ü¢Ö©æàçIO��	Þ´m
H± �Ú¡ß´�	Ü¦Ö¤ÛI�rã
Þ�H± �ÖýØ¡ßEH, �ÖlØ¡ß¥Ýdå h1t®­ Ö¤Ú Ø� �Ú°}Yç¡ß¥Ú®Ü¦Þ K ã 0Ù��)Nº �×ý �Ö¤Ú�Û£ �Ý	 �Ü#_�ÜdÙ�Ú�Ø Ø�Ö¤ Lá�Þ´m
Ý	Ö©Ýýã 0ß¥ç��	 �Ú�ØOØ� �Ý2�I �Ý	Ü¢Ø�Ù��¢æàç�×ôß¥ÙQNºÝ«ß¥ÙQNºÛ¥ P_� �Ö©æàç�Ú� �Ü�ãkÖ©�¢ØMZµá�Ö© 5å h1t£­ LQ~ë �Ý¢Ý¢Ù�Ú�Û£ �ÚOã� ��¢Ø� �Ú
Ø�Ù��¢æàçD-� �×©ØQNºÞ¥� K L%}Y×ôß¥Ù�Ý	Ö¤H�Ö¤×©ÖäÜ�0ß´Ü¢Ý¢î¥Þ¥Ú·Ü¢�¢Þ£×¤×¤ �Úý ��	Û¢0ß¥ÚI_*Ü°èþÝPZ h H�Ý	æàç�Ú�Ö¤Ü	Ürï%Z�¸®é©Z�å�0ß´Ú�Û£ ���Nº�¢Ö¤Ý	Ü¦Ö¤ÛùÖ¤Ý	Ü
N30Ù��A}Y�¢Þ¥Ý	ÜàßwÜàß�Lsj�~D�=�|e¥Þ£�¢Û£ �Ý¢ �ç� �Úy�sØ�Ö¤ rá�Þ¥Ý¢Ö©Ý�e£ ��¢Ö¤¶�î´ßwÜ¦Ö©Þ¥Ú�Ý K  �Ý	Ý¢Ù�Ú�Û¥ �Ú�î¥Þ K O�×© *Ü¢ÜµØ�Ù��¢æàçÑØ�Ö© 
~ëÞ¥Ú·Ü¢ �L�zóß´�¢×©Þ�Lªá�Þ£Ý¢Ö¤Ý#H± ��	 �æàç�Ú·Ù�Ú�Û _�ÙV ��	Ý¢ *Ü�_� �Úy�íã
Þ�H± �Ö�Ø�Ö©  0ª/H± ��	ã�ß¥æàç·Ù�Ú�Û\Ø� ��ùî´Þ£�¢�	 �î®Ü¦ �Ú
-¡ �×¤Ø�î¥Þ¥×©×©Ö K Ö¤ ��	Ù�Ú�ÛùÙ�Ú�ØJ~DªWL%}Y×ôß´Ù�Ý¢ÖvH�Ö©×¤Ö¤Ü�0ßwÜ¦Ý#O���0ÙQNºÙ�Ú�Û£ �ÚÑãkÖ¤æàç®Ü¦Ö©Û¥ ̀ }µÙ�Ú�î®Ü¦ kH�×© �Ö¤H± �ÚyZ
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 �Ö© ��
\� �ÝnÜ¦�¦ß´ç�×©Ù�Ú�Û£Ý)Nº �×©Ø� ��� �Ö©Ú� �Ý«î·×¤Ö©Ú�Ö¤Ý¢æàç� �Úeprqk��Lsj�~b�=��Li}µ×©ß¥Ú�ÝwZµá(ß¥Ý:_�ÙóH± �ÝnÜ¦�¢ß¥ç�×© �Ú�Ø� ÉoûÖ© �×äm
e£Þ£×¤Ù K  �ÚdèþØ�Ù��¢æàçöØ�Ö© ̀ ~ëåIz�Li}IÞ£Ý	Ö¤Ü¦Ö¤Þ£Ú� �Úëß´Ú�Û£ �Ø� �Ù�Ü¢ �Üðé�Ý	æàç K Ö© �Û´ÜkÝ¢Ö©æàç�Ù�Ú K ÖäÜ¢Ü¦ �×¤H¡ß´��ß¥Ú�Ø¡ß´Ý
�:0Ù�æàî´ �Ú K ß¥�	îùÝ¢Þ�ãkÖ¤ óØ�Ö© ��%O± �Ö©æàç� �×©Ø���0Ù�Ý	 �Ú�ß¥Úy�EH, �Ö©Ø� �ÝcÝ	Ü¢�¦ß¥ç�×©Ù�Ú�Û¥Ý¢  K O�¶¡Ú�Ø�×©Ö¤æàç� yì��¢Û£ß¥Ú� ��́ Ø�Ö© 
e£Þ£�k �Ö¤Ú� ��W_�Ùëç�Þ£ç� �ÚJ�sÜ¦�¢ß¥ç�×¤ �Ú�H, �×ôß¥ÝnÜ¦Ù�Ú�Û�Û¥ �Ý¢æàç=0Ù�Ü�_*Ürã
 ��	Ø� �Ú K 0Ù�Ý	Ý¢ �ÚMZ
-B0Ù��µØ� �Ú³H, �Ý¢æàç��	Ö© PH± �Ú� �Úµ-�ß¥×¤×�ãkÙ��¢Ø� 1 �Ö¤Ú³\
 �Ý	Ü¢�¦ß¥ç�×©Ù�Ú�Û¥Ý#O�×©ß¥Úy��H¡ß¥Ý	Ö© ��¢ �Ú�Ø ß¥ÙQN » î´Þ�O�×ôß´Ú¡ß¥�¢ �Ú
�µÖ¤Ú�Ý	Ü¢�¦ß¥ç�×©�¢Ö¤æàç®Ü¦Ù�Ú�Û¥ �ÚHè�zE��� ¶ �Mz�z£ï ¶ �,¸�z t�¶ �M� ¶ �û¸�� ¶ � » ï ¶ Ù�Ú�ØL¨�§�� ¶ é K Ö¤ÜrÖ©Ú�Ý	Û£ �Ý¢ß K Ü »¥» �ª �Ûwm
K  �Ú·Ü¢ �Ú¬Ù�Ú�Ø  ¨ ïÎ~bªôO��	Þº-��¢ß¥î®Ü¦Ö¤Þ£Úy��Þ�O�Ü¦Ö K Ö¤ ��	ÜPZóá�Ö¤ �Ý¢ ��7\� �ÝnÜ¦�¢ß¥ç�×©Ù�Ú�Û£Ý#O�×ôß¥Úy�¬H, �Ö�Ø�  K
K ß¥Ú°ß¥ÙQNºÛ¥�¢Ù�Ú�Ø°Ø� ��=�ª �Û K  �Ú®Üàß¥ÚI_�ß¥ç�×sÙ�Ú�Ø°m!Û£� 0Þ¥i£ �Ú̀ e£Þ£Úù �Ö©Ú�  K]K Ö¤Ü¢Ü¢×© ��¢ �ÚT~ëÞsØ�Ù�×©ß´Ü¦Ö¤Þ£Ú�Ý	Û£�¦ß¥Ø
Ý#O��	 �æàç� �Ú.îwß¥Ú�Úy�,ãkÙ��¢Ø� �Ù�Ú®Ü¢ ����¢ �ß¥×©Ö¤Ý	Ü¦Ö¤Ý¢æàç� �Ú¥\� �Ø�Ö¤Ú�Û£Ù�Ú�Û£ �ÚOè�§�~öuõ}Yç�Þ´Ü¦Þ£Ú� �Ú�Ý	Ü¢�¦ß¥ç�×©Ù�Ú�Û®é
Ø�Þ£Ý¢Ö K  *Ü¦�	Ö©Ý¢æàçµe¥ ��¢Öä¶�_�Ö¤ ��nÜ[Z
j�Ú h HIH�Ö©×©Ø�Ù�Ú�Ûë§QZ  Ö©ÝnÜù×¤Ö©Ú�î·Ý� �Ö¤ÚÎz¥µ̧CÎz´¸ëæ K FlÛ£�	Þ£i£ �� h Ù�Ý¢Ý	æàç�Ú�ÖäÜ¢Ü�ß¥Ù�ÝùØ� �� K Ö¤ÜT�µá��Bz[L
-íÖ©× K Ö©Ú«Ø� ��
î¥Þ£�	Þ£Ú¡ß¥×¤ �Ú j�Ý	Þ�_� �Ú·Ü¢�¢Ù K Ý¢ wH, �Ú� (Ö K . 0Ù��)Nº �×vO�ç¡ß¥Ú®Ü¢Þ K Û£  K  �Ý	Ý¢ �Ú� �ÚD�� �Ý¦ß K Ü¦Ø�Þ´m
Ý¢Ö©Ý�e£ ��	Ü¦ �Ö©×¤Ù�Ú�ÛY_�Ù Ý¢ �ç� �ÚMZ�á(ß¥Ú� wH, �Ú Ö©ÝnÜ�Ø�Ö© v �Ú®Ü¦Ý)O��¢ �æàç� �Ú�Ø� @~ëÞ¥Ú·Ü¢ �L�zóß´�¢×©Þ�Lªá�Þ£Ý¢Ö¤Ý)e¥ ��	Ü¢ �Ö¤×©Ù�Ú�Û

f[ö�÷ ø[ù�÷

h HIH�Ö©×©Ø�Ù�Ú�Û §%Z ­ ²,p1q`��Lsj�~b�=�(²M~ÉåÎz�L%�(Þ£Ú�¶¡Û¥Ù��¦ß´Ü¢Ö©Þ£Ú� �Ú{Ø� ��AR	 �ã
 �Ö¤×©ÝrÛ£��0Þ£i´Ü¦ �Ú
�ª �Û K  �Ú·Ü¢ D_*ã� �Ö© ��G\
 �Ý	Ü¢�¦ß¥ç�×©Ù�Ú�Û¥Ý)Nº �×¤Ø� ��wZâá�Ö© 7\��cu Ø� �ÙªÜ¦ �ÚOØ� �Ú|H, �Ý	Ü¢�¦ß¥ç�×äÜ¦ �Ú
\� ��	 �Ö¤æàç{ß¥ÚöÙ�Ú�Ø�e£ ��¢ß¥Ú�Ý	æàç¡ß¥Ù�×¤Ö©æàç� �Ú�Ø�Ö© �å$ß¥Û£ �Ø� ��/O�×©ß¥Ú·Ù�Ú�Û£Ý	�¢ �×© we´ß¥Ú®Ü¢ �Ú�ì h �
è��%O± �Ö¤æàç� �×¤Ø��E0Ù�Ý¢ �ÚM���:0Ù�æàî´ �Ú K ß¥�¢îªé�Z
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w HIH�Ö©×¤Ø�Ù�Ú�Û�§%Z¤¨ » èþß®é/_� �Ö©Û´Ü� �Ö©Ú� �Ú¥z¥ŞCÍz¥¸5æ K F w Ù�Ý¢Ý¢æàç�Ú�Ö¤Ü	Üùß´Ù�Ý( �Ö¤Ú� �� K Ö¤Ü8-íÖ©× K N30Ù���Ø¡ß¥Ý
¨��£ï ¶ L%-¡ �×©ØlÛ£  K  �Ý¢Ý	 �Ú� �ÚÑá�Þ£Ý	Ö©Ý�e£ ��nÜ¦ �Ö©×©Ù�Ú�ÛIZ£á�Ö¤ W}Yç¡ß¥Ú®Ü¦Þ K ß�OQO�×©Ö¤î´ßwÜ¦Ö©Þ¥Ú°Ø�Ö¤ �Ý	 �ÝA-¡ �×©Ø� �Ýc ��)NºÞ£×¤Ûb�
Ü¢  K Ö¤ÜóÖ©Ú�Ý	Û£ �Ý¢ß K Ü | ���2~bªk��ã�Þ�_�ÙÉØ�Ö¤ �ì��¢Ö©Û¥Ö©Ú¡ß¥× LQ~bª¬ �Ü�ã�ß2e£ ��¢Ø��	 �Ö�Nþß¥æàç®ÜrãkÙ��	Ø� �ÚMZ,á(ß K ÖäÜ
 ��¢Û®ß�HöÝ¢Ö¤æàç�Ö©Ú�Ø� ���-íÖ¤× K  PH± �Ú� 1 �Ö©Ú� k~ÉßwñªÖ K ß¥×©Ø�Þ£Ý¢Ö¤Ý�e£Þ¥Ú{ÿ]z%¨��G�8��Z�á(ß¥Ý�}Yç¡ß¥Ú®Ü¦Þ K ãkÙ��¢Ø� 
N 0Ù��âØ�Ö¤ B~ö �Ý¢Ý	Ù�Ú�Û£ �Ú5Û£ �Û¥ �Ú 0ÙIH± ��âØ�  K z�Ý¢Þ�_� �Ú®Ü¦�	Ù K Ö¤ÚG��L%�BL%�kÖ©æàç®Ü¢Ù�Ú�Û̀ e£ ��	Ý¢æàç�Þ�H, �Úy��Ù K Ø�Ö© 



 § ¼(½�¾Y¿�ÀIÁµÂeÃ®Ä�Å�ÆkÇª¿nÈÉÁ1ÀIÊk¿ËÁ°ÌÎÍ�ÀIÁµÊrÇcÌ�ÏcÐÑÌIÍlÒkÁµÍEÓÕÔ½�ÐrÊrÁµÍrÅ@Å(ÁµÊ�Ä�Ä�Ä

w HQH�Ö©×¤Ø�Ù�Ú�Û�§QZä¨�§�²¢�(�¢Ù�Ú�Ø��¢Ö¤Ý¢Ý	 �Ø� ���¨£T̈�ª �Û K  �Ú·Ü¢ �Ø� �Ý��̈�®ï ¶ L%\� �Ý	Ü¦�¢ß¥ç�×¤Ù�Ú�Û£Ý�Nº �×©Ø� �ÝPZ

w HIH�Ö©×©Ø�Ù�Ú�Ûl§%Z¤¨ » ²I}Yç¡ß¥Ú®Ü¦Þ K L }  ��¢Öä¶¡îwß´Ü¦Ö¤Þ£Ú«Ø� �ÝTxfy`��L{z�~b�=� ¨��®ï ¶ L%-¡ �×¤Ø� �ÝâÙ�ÚV�
Ü¦ ���Ý	 �Ú�î·�	 �æàç®Ü¦  K �sÜ¢�¦ß¥ç�×¤Ù�Ú�Û£Ý	 �Ö¤ÚQNþß¥×©×�²́ z¥á�Li-íÖ©× K Ø�Þ¥Ý¢Ö©Ýùèþ×¤Ö©Ú�î·Ý¦é©�­~ëÞ£Ú®Ü¢ �LA�óß¥�	×©Þ�L
á�Þ£Ý¢Ö¤Ý)e¥ ��	Ü¢ �Ö¤×©Ù�Ú�Û�è�~ëÖ¤Ü	Ü¦ �é©��á�Þ£Ý	Ö©Ý	Ø�Öv¸, ��	 �ÚI_©e£ ��nÜ¦ �Ö©×©Ù�Ú�Û°èþ�¢ �æàç®Ü¦Ýàé�Zwá�Ö© ,�rß¥Ø� �× K ß´�"�
î·Ö© ��	Ù�Ú�Û£ �Ú5ß¥ÙQN$Ø�  K -íÖ©× K Ø� �Ù�Ü¦ �Ú5Ø�Ö© 1åÎß´Û£ rØ� �Ý8z�Ý	Þ�_� �Ú·Ü¢�¢Ù K Ýyß¥ÚM�sã
 �×¤æàç� �ÝW_�Ù
}  ��	Ö¤¶¡îwß´Ü¢Ö©Þ£Ú�Ý)_�ã
 �æàî´ �Úmz>æ K Ú¡ß¥æàç îwß¥Ù�Ø¡ß´×1ß¥Ù�Ý Ø� ��S}µç�ß¥Ú®Ü¦Þ K2K ÖäÜ¢Ü¢ ëç� ��¦ß¥Ù�Ý
e£ ��¢Ý¢æàç�Þ�H, �ÚÉãkÙ��	Ø� �Z

Þ�H, ��¢ ¬x 0ß¥×vN Ü¢ �Ø� �Ý�\� �Ý	Ü¢�¦ß¥ç�×¤Ù�Ú�Û£Ý�Nº �×¤Ø� �Ý�H± �Ý¢Ý	 ��v ���Nþß¥Ý¢Ý	 �Ú�_�Ùöî 0Þ¥Ú�Ú� �ÚMZ¢�r PH± �ÚöØ� �� K Ö¤Ü�-íÖ©× K
Û£  K  �Ý	Ý¢ �Ú� �Ú&á�Þ£Ý	Ö©Ý�e£ ��nÜ¦ �Ö©×©Ù�Ú�Û>Ö¤Ý	Ü�Ö©Ú w HQH�Ö©×¤Ø�Ù�Ú�Û>§QZä¨ » è�H�éýØ�Ö© � �Ú®Ü¢Ý#O��	 �æàç� �Ú�Ø� ®­ } ~®��L



Ã®ÄÂú�Ä:�óÁY¿nÇ�¾Y¿ËÁµÂV¿¢¿���¿nÈÉÊkÀ®�óÁY¿ó¼ùÆy¾Aû=ü£Ðr½1ÂIÇ%ü±À1ÌíÈVÆyÊvÁµÍ  ®»

}  ��	Ü¦ �Ö©×¤Ù�Ú�Û _�ÙLÝ	 �ç� �ÚyZ,�I �Ö©×©ß�HIH�Ö¤×©Ø�Ù�Ú�Ûgèþæ�éY_� �Ö©Û¥ÜýÝ	æàç�×©Ö¤ $£̄×¤Ö©æàçg ��¢Û¢0ß¥ÚQ_� �Ú�ØOßEH�Ý¢Þ£×¤Ù�Ü¦ �á�Þ¥Ý¢Ö©Ý
�
Ø�Ö�û̧ ��¢ �ÚI_� �Ú H, �Ö©Ø� �� }  ��	Ü¢ �Ö¤×©Ù�Ú�Û¥ �ÚyZ ¨ Ù��2�Y� K Ö¤Ü	Ü¦×©Ù�Ú�Û\Ø�Ö© �Ý¢ ���ãkÙ��	Ø� �Ú Ø�Ö© D~ëÞ£Ú®Ü¦ 3LA�óß¥�	×©Þ�L
á�Þ£Ý	Ö©Ýnã� ��	Ü¦ BO�Öäñª �×äã� �Ö©Ý	 Be£Þ£Ú5Ø� �Ú«0ÙIH± ���z@~ë �Ý	Ý¢Ù�Ú�Û£ �ÚöÛ£  K Ö¤Ü	Ü¦ �×¤Ü¦ �ÚS-íÖ¤× K Ø�Þ£Ý	 �Ú«ß�H�Û£ w_�Þ£Û£ �ÚyZ

w Ú¡ß¥×©Þ¥Û8_�Ù�Ø� �Ú2H± ��	 �ÖäÜ¦Ý'O��[0ß¥Ý¢ �Ú®Ü¦Ö© ��	Ü¢ �Ú2\� �Ö¤Ý#O�Ö¤ �×�N)0ß¥×©×¤ �ÚkH, *Ü¦�¦ß´æàç·Ü¢ �Ú�ãkÖ©�'_�Ù�Ú�0ß¥æàç�Ý	ÜA�ML }  ��nÜ¦ �Ö°�
×¤Ù�Ú�Û£ �ÚeØ� ��S-íÖ¤× K2K  �Ý¢Ý¢Ù�Ú�Û£ �ÚM�YØ�Ö© ëß¥Ù�Ý | á�L w Ú¡ß¥×v�sÝ	 �Ú K Ö¤Ü�Ù�Ú®Ü¢ ��¢Ý	æàç�Ö© �Ø�×©Ö¤æàç� �Ú̂ �� �Ú¡ß¥Ù�Ö¤Ûb�
î´ �Ö¤Ü¢Ý¦ß¥Ú%NºÞ£�¢Ø� ��¢Ù�Ú�Û£ �Ú��	 �Ý¢Ù�×¤Ü¦Ö¤ ��	 �ÚyZ)z�Ú w HQH�Ö©×¤Ø�Ù�Ú�ÛÑ§QZ¤¨ ­ ã� ��¢Ø� �Ú�Ø�Ö©  è�¸ KGK ¯±¸S�õÛ£×©Þ�H¡ß¥× é�L
�ML }  ��	Ü¦ �Ö©×¤Ù�Ú�Û�Ý¢Þ�ãkÖ© �Ø�Ö¤ �è�z K2K ¯�³̧� ×©Þ£îwß¥×£�́ Û£×©Þ�H¡ß¥× é�L }  ��nÜ¦ �Ö©×©Ù�Ú�Û�e£Þ£�	Û£ �ÝnÜ¦ �×¤×¤ÜPZ
á� ��rá�Þ¥Ý¢Ö©Ý�e£ ��¢Û£×¤ �Ö©æàçëß¥Ú�ç�ß¥Ú�ØÉØ� �Ý1î´Þ K H�Ö¤Ú�Ö© ��	Ü¢ �Ú>è�z KGK ¯�Ģ��×©Þ£îwß¥×£�́ Û£×¤Þ�H¡ß¥×ôé�L%�(�¢ÖäÜ¦ ��¢Ö©Ù K Ýw�
Ø�  K   K O%NºÞ£ç�×© �Ú� �Ú³�(�¢Ö¤Ü¢ ��	Ö©Ù K N30Ù��
Ø�Ö¤ B�YÖ¤ÚI_� �×vNº �×¤ØQe£ ��¢Öä¶¡îwß´Ü¦Ö¤Þ£ÚGH± �Ö�-¡ �×¤Ø� ��	Ú K Ö¤ÜµÚ�Ö¤ �Ø��	Ö©Û£  K
~ëÞsØ�Ù�×©ß´Ü¦Ö¤Þ£Ú�Ý	Û£�¦ß¥ØM�¥×©Ö¤ wNº ��	Üµß¥×¤Ý��v �Ý¢Ù�×äÜàß´ÜP�£Ø¡ß¥Ý	Ý
×¤ �Ø�Ö¤Û£×©Ö¤æàç »£» �  ï��êØ� ��âß¥Ú¡ß¥×��sÝ¢Ö© ��	Ü¢ �Ú�á(ß´Ü¦ �ÚV�
O�Ù�Ú�î®Ü¦ °ß¥î�_� POªÜàß�H�×¤ ùá�Þ¥Ý¢Ö©Ýnã� ��	Ü¢ kH± �Ý	Ö¤Ü#_� �ÚMZ,á�Ö¤ �ÝyÖ¤Ý	Ük �Ö¤ÚëØ� �Ù�Ü¢×©Ö©æàç�Û£ ��¢Ö¤Ú�Û£ ��	 ���}Y�¢Þ�_� �Ú®Ü¦Ý¢ß´Ü�_
ß¥×¤ÝcÖ K ¨ Ù�Ý¢ß KGK  �Ú�ç¡ß¥Ú�Û K Ö¤Ü'-íÖ©× K e£ ��¢Öä¶¡îwß´Ü¦Ö¤Þ£Ú� �ÚkH± �Ö� �Ö©ÚI_� �×©Ú� �Ú2}Y�¢Þ£ÝnÜàß´Ü¦ß�L{z�~b�=��Li-� �×©Ø� ��¢Ú
H± �Þ�H�ß¥æàç®Ü¦ �Ü�ã
 ��	Ø� �Údîwß¥Ú�ÚyZ<á(ß´Ý�è�z K2K ¯,¸7� ×¤Þ£îwß¥×5�wÛ£×©Þ�H�ß¥× é�L%�(�¢Ö¤Ü¢ ��	Ö¤Ù K Ý	Ü¢ �×¤×¤Ü�Ý	Þ K Ö¤Ü� �Ö©Ú
_�Ù5Ý	Ü¦�	 �Ú�Û¥ �ÝW�(�¢ÖäÜ¦ ��¢Ö©Ù K N�0Ù���Ø�Ö¤ v¶�× K H¡ß´Ý¢Ö© ��	Ü¢ B�'e´ß¥×©Ù�Ö© ��	Ù�Ú�Ûke£Þ£Ú�xgỳ �WL{z�~b����Lªá�Þ£Ý¢Ö¤Ý¢Ø¡ßwÜ¦ �Ú
Ø¡ß´�PZ��µ��NºÞ£×©Û´Ü1Ø� �� }  ��¢Û£×¤ �Ö©æàçÉß¥ÙQNµØ� ��8\óß´Ý¢Ö©Ýr �Ö¤Ú� �Ýlè�¸ K2K ¯,¸³�õÛ£×©Þ�H�ß¥× é�L%�(�¢Ö¤Ü¢ ��	Ö©Ù K ÝP�sã� �×L�
æàç� �Ý(Ý¢Ö¤æàçy�±ãkÖ¤ lß¥Ù%NµØ� �ÚJe¥Þ£�¦ß¥Ú�Û£ �Û®ß´Ú�Û£ �Ú� �Ú¥�ª �Ö¤Ü¦ �Ú{Û£ w_� �Ö¤Û¥ÜvãkÙ��¢Ø� E��N30Ù��rØ�Ö© @�� �Ý¦ß K Ü�O�×©ß¥ÚiL
}  ��¢Ö¤¶�î´ßwÜ¦Ö©Þ¥ÚÑç 0Þ£ç� ��¢Û¥�¦ß¥Ø�Ö¤Û K ÞªØ�Ù�×©Ö¤ ��	Ü¢ ���\� �Ý	Ü¢�¦ß¥ç�×¤Ù�Ú�Û£Ý)O�× 0ß´Ú� �ß¥×¤Ý
Û¥ � �Ö¤Û£Ú� *Üóç� ��¦ß¥Ù�Ý	î·�¢Ö©ÝnÜàß¥×¤×©Ö°�
Ý	Ö© ��nÜâç¡ß´Ü[�¥Ý¢Þ�ã� ��¢Ø� �Ú ­ ï%��¸£§k�êØ� ��âá(ß´Ü¦ �ÚIO�Ù�Ú�î®Ü¢ 1ß¥×¤ÝYØ�Þ£Ý	Ö K  �Ü¦�	Ö©Ý	æàç«ß´îi_� PO�Ü¦ß�H± �×±ß¥Ù�Ý	Û£ �ãkÖ¤ %�
Ý	 �ÚyZ<á�Ö¤ �Ý�Ö¤Ý	Ü1 �Ö©Úº0ß´ç�Ú�×©Ö¤æàç� ��B}Y�¢Þ�_� �Ú®Ü¦Ý¢ß´Ü�_ýãkÖ© TN�0Ù���Ø� �ÚU-±ß´×©×ÎØ� ��̀ �( �Ý¢ß K Ü#O�×ôß¥Ú�e¥ ��¢Öä¶¡îwß´Ü¦Ö¤Þ£Ú
Ù�Ú®Ü¢ ��vÝ¢æàç��[0ß¥Û£  K �·Ü¦�¦ß´ç�×©Ù�Ú�Û£Ý¢ �Ö©ÚQNþß¥×¤×*Nº �Ý	Ü¢Û£ �ÝnÜ¦ �×¤×¤Ükã
 ��¢Ø� �ÚÉî´Þ£Ú�Ú®Ü¦ EZ
�YÖ©Ú� Y�( �Ý¢ß K Ü#O�×ôß¥Ú�e¥ ��¢Öä¶¡îwß´Ü¦Ö¤Þ£Ú�ß¥Ú�ç�ß¥Ú�Øö �Ö©Ú� �Ý°è�¸ K2K ¯�³̧� Û£×©Þ�H�ß¥× é�L%�(�¢Ö¤Ü¢ ��	Ö©Ù K Ý
ÝnÜ¦ �×©×¤Ü­R	 %�
Ø�Þsæàç\×© �Ø�Ö©Û£×¤Ö©æàçë �Ö©Ú� �ÚU}Y×ôß¥Ù�Ý¢Ö¤H�Ö©×©ÖäÜ�0ß´Ü¢Ý	Ü¢ �Ý	ÜrØ¡ß¥�wZy-íÖ¤× K2K  �Ý¢Ý	Ù�Ú�Û£ �Ú{Ý¢Ö¤Ú�Ø�Ø¡ß K Ö¤Ü�N�0Ù���î·�¢ÖäÜ¦Ö¤Ý¢æàç� 
á�Þ£Ý	Ö©Ý	î¥Þ£Ú®Ü¦�	Þ£×©×¤ �Ú� �Ö¤ÚI_� �×©Ú� ��yç�Þsæàç K ÞsØ�Ù�×¤Ö© ��	Ü¦ ��W}Yç�Þ¥Ü¢Þ£Ú� �Ú%Nº �×©Ø� ��kÙ�Ú�Û£ � �Ö¤Û£Ú� �ÜPZ
. Ö¤ ÉØ�Ö¤  }  ��	Ü¦ �Ö©×¤Ù�Ú�Û£ �Úó_� �Ö©Û£ �Úy�µÜ¦�¢ *Ü¦ �Ú&Ö©Ú¡ß¥î�_� PO�Ü¦ß�H, �×rÛ¥�¢Þ�£̄ ��ML{z�Ú�Ø�Öv_� �ÝÑÙ�Ú�Ø&Ø�ß K ÖäÜ�Ù�ÚV�
_�Ù�×¡0ß¥Ý	Ý¢Ö¤ÛÉç�Þ£ç� «Û£  K  �Ý¢Ý	 �Ú� 5á�Þ¥Ý¢Ö©Ýnã� ��	Ü¢ Ge£Þ¥�lß¥×¤×©  K Ö©ÚdØ� �ÚÎ�vÖ© �Ø��¢Ö¤Û£Ø�Þ£Ý	Ö©Ý#H± ��	 �Ö¤æàç� �Ú>Ö©ÚdØ� ��
Þ�H± ��	 �Ú	-¡ �×©Ø�ç 0ß´×vN Ü¦ µß´ÙQN?��Ø�  K \� ��¢ �Ö©æàçy� Ø� ��­N 0Ù��ÎØ�Ö¤  }  ��¢Öä¶¡îwß´Ü¦Ö¤Þ£Ú�e£Þ£Ú@H± �Ý	Þ£Ú�Ø� ��¢  K z�Ú®Ü¢ ��¢ �Ý¢Ý	 
ã�ß¥�P�sØ¡ß� ��P�iO��	Þ�R	Ö¤_�Ö© ��nÜ
ß¥ÙQN<Ø� �Ú7}íß´Ü¢Ö© �Ú·Ü¢ �Úy�sÛ£ ��¦ß¥Ø� vØ�  K \� ��¢ �Ö©æàç Ø� �ÝW�( �ç�Ö¤�¢Ú�Ýâ �Ú®Ü¢Ý#O��	Ö©æàç®Ü[Z
\� �ÖYØ� ���Ü¢ �æàç�Ú�Ö©Ý¢æàç� �Ú�ª K Ý	 �Ü#_�Ù�Ú�ÛöØ� �Ý�Ý	Ö©æàç� �×vN)0Þ£� K Ö¤Û£ �Ú®xrÞsæàç�Ø�Þ£Ý	Ö©Ý?Li-� �×©ØIH± ��	 �Ö¤æàç�Ý�ß K \
 %�
Ý	æàç�×© �Ù�Ú�Ö©Û¥ ��íã
 ��	Ø� �Ú�ç�Ö¤ ��Iã
 �ÖäÜ¦ ��Î �Ö¤×© âØ� �Ý�-¡ �×©Ø� �ÝíÚ·Ù��cØ�Ù��¢æàç2~Éå���L%\�×¤ �Ú�Ø� �Ú�ß�H�Û£ �Ý¢æàç�Ö¤� K ÜPZ
�YÝcÖ¤Ý	ÜcØ�ß¥ç� ���e£Þ£�nãkÖ© �Û¥ �Ú�ØýØ�Ö¤ 
Ø�Ù��¢æàç�Ø�Ö¤ �Ý¢ 
Ø�Ù��	æàç�Û£ �×©ß¥Ý¢Ý	 �Ú� kÚ�Ö¤ �Ø� ��¢ �Ú� ��	Û£ �Ü¢Ö©Ý¢æàç� W�I�¢ß¥Ú�Ý K Ö©Ý
�
Ý	Ö©Þ£Ú�Ý	Ý	Ü¢�¦ß¥ç�×¤Ù�Ú�ÛöÝ¢Þ�ãkÖ© �Ø�Ö¤ «å< �æàîsÝnÜ¦�¢ß¥ç�×©Ù�Ú�Ûb_*ãkÖ©Ý¢æàç� �ÚVØ� �Ú. �Ö©ÚI_� �×©Ú� �ÚÎ~ëå]��Li\�×© �Ú�Ø� �ÚM�ÎØ�Ö© 
_�Ù��Yá�Þ£Ý	Ö©Ý#H± �×©ß¥Ý	Ü¢Ù�Ú�ÛrÖ©ÚùØ�  K ß¥Ù�Ý#_�Ù�Ý#O�ß¥�¢ �Ú�Ø� �Ú³�( PH�Ö¤ �ÜIÝ¢Þ�ãkÖ© óÖ¤ÚY�Î �Ö¤×© �ÚùØ� ��'�ªÖ©æàç� �×QH± �ÖäÜ¦��0ß´Û¥Ü
èºÝPZí×¤Þ£îwß¥×© �á�Þ£Ý	Ö©ÝE0ÙIH, ��¢ç�0Þ¥çsÙ�Ú�Û£ �ÚgÖ¤Ú.Ø� ���è�z KGK ¯Î ̧�ò×©Þ£îwß¥×£�́ Û£×¤Þ�H¡ß¥×ôé�Li�ML }  ��	Ü¦ �Ö©×¤Ù�Ú�Û·é�Z,á�Ö¤ 
_*ãkÖ©Ý¢æàç� �Ú�Ø� �Ú�å$ß K  �×¤×© �ÚiH�×© �Ú�Ø� �Ú°Ø�Ù��¢æàç�Û£ �×©ß¥Ý¢Ý	 �Ú� vå< �æàî·Ý	Ü¢�¦ß¥ç�×©Ù�Ú�Û(Ö¤Ý	ÜíØ� �Ù�Ü¢×©Ö¤æàçùÖ©ÚùØ� �Ú }  ��"�
Ü¢ �Ö©×¤Ù�Ú�Û£ �Úb_�Ù{×©Þ£îwß¥×¤Ö©Ý	Ö© ��	 �ÚyZ�á(ß¥ÝBªvÚ�e£ �� K 0Þ¥Û£ �Ú{Ø� �Ý�-íÖ¤× K ÝP��Ú�Ö© �Ø� ��¢ �Ú� ��	Û£ �Ü¢Ö©Ý	æàç� :�sÜ¢�¦ß¥ç�×¤Ù�Ú�Û
î´Þ£�¢�	 �î®ÜB_�Ùë�	 �Û£Ö¤Ý	Ü¢�¢Ö© ��¢ �Úy��Ý¢æàç�� 0ß¥Ú�î®Ü1ß¥Ù�æàçëç�Ö© ��yÝ¢ �Ö¤Ú� k�YÖ©Û£Ú·Ù�Ú�Û� �Ö©ÚyZ
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f[g`g	hifkjml�npo�qir�n x[g`g	hifkjsnpo�tPr�nvuwl�npo�qir�n

w HIH�Ö©×©Ø�Ù�Ú�Ûl§%Z¤¨ ­ ²%�ML }  ��	Ü¦ �Ö©×¤Ù�Ú�Û£ �ÚÑØ� �ÝyÖ©Ú w HIH�Ö¤×©Ø�Ù�Ú�Ûl§QZä¨ » e¥Þ£�¢Û£ �Ý	Ü¢ �×©×äÜ¦ �Úµ\� %�
Ý	Ü¢�¦ß¥ç�×¤Ù�Ú�Û£Ý�Nº �×¤Ø� �ÝWN�0Ù���e¥ ��¢Ý	æàç�Ö© �Ø� �Ú� 	�:9�;�<?>wL*�¢�:�@;=<?>PL%�(�¢ÖäÜ¦ ��	Ö© �ÚyZ

á�Ö© ýØ�Þ£Ý	Ö K  �Ü¢�¢Ö©Ý	æàç�  }  ��	Ö¤¶¡îwß´Ü¢Ö©Þ£Ú\Ø� �Ý«[̈�®ï ¶ Li-� �×©Ø� �Ý K Ö¤Ü(Ø�  K å<Ö©Ú� �ß¥�¦ß¥�	�¦ß[�\å wf|£­  ��)NºÞ£×¤Û¥Ü¦ 
 �Ú®Ü¦×©ß¥Ú�ÛVØ� ��7�( ��¦ß´Ø� �ÚKè54°6 �>æ K é©Z
á�Ö© �Ý	  }Y�¢Þ¥¶�×©×©Ö¤Ú�Ö©  ãkÙ��¢Ø� �Û£ *ãT0ß¥ç�×äÜ[�âØ¡ßVÝ¢Ö¤  K Ö¤Ü¢Ü¢Ö©Û
Ø�Ù��¢æàçëØ¡ß¥Ý�_�Ù�O�� 0ÙQNº �Ú�Ø� ùá�Þ£Ý	Ö©ÝnÜàß¥×Me¥ ��	× 0ß¥ÙQN ÜkÙ�Ú�ØëØ�ß�H, �Ö<Ø�Ö© ̀ H± �Ö¤Ø� �Úµe£Þ¥Ú� �Ö¤Ú¡ß¥Ú�Ø� ��rÛ¥ �Ü¦�	 �Ú�Ú{�
Ü¦ �ÚuxvÞªæàç�Ø�Þ£Ý¢Ö¤Ý#H± ��¢ �Ö©æàç� vÝ¢æàç�Ú� �Ö¤Ø� �ÜPZ w ÙQNºÛ£�	Ù�Ú�Ø�Ø� �Ýâç�Þ£ç� �Ú³~ëÞsØ�Ù�×©ß´Ü¦Ö¤Þ£Ú�Ý¢Û¥�¦ß¥Ø� �ÝcØ� �Ý�-¡ �×©Ø� �Ý
×¡0ß¥Ý	Ý	ÜkÝ¢Ö¤æàçD_�Ù�Ø�  K î¥ �Ö¤Ú� ̀ H, ©e£Þ£�)_�Ù�Û´Ü¦ Y~ë �Ý	Ý#O±Þ£Ý¢ÖäÜ¦Ö©Þ¥Ú�Nº �Ý	Ü¦ÝnÜ¦ �×©×© �ÚyZ
w HIH�Ö¤×©Ø�Ù�Ú�Û\§QZä¨  O���0ß´Ý¢ �Ú®Ü¢Ö© ��nÜ�Ø�Ö© S�µ�	Û£ PH�Ú�Ö©Ý	Ý¢ �Ø� ���å wg|®­ Lªá�Þ£Ý	Ö©Ý K  �Ý¢Ý¢Ù�Ú�ÛHèþØ�Ö¤   �Ö¤ÚI_� �×©Ú� �Ú
~ë �Ý	Ý#O�Ù�Ú�î·Ü¢ ÑÝ	Ö©Ú�Øy�,ãkÖ© ýÖ©Ú�Ø� �Ú e£Þ£�¢ß¥Ú�Û£ �Û®ß¥Ú�Û¥ �Ú� �Ú w HQH�Ö©×¤Ø�Ù�Ú�Û£ �Úy�ûØ�Ù��¢æàç>å<Ö©Ú�Ö¤ �ÚJe£ ��#H�Ù�ÚV�
Ø� �Ú�éóÙ�Ú�ØëÝnÜ¦ �×¤×¤ÜkØ�Ö¤ �Ý	 �Ø� �Ú�H, ��¢ �æàç�Ú� �Ü¢ �Ú\á�Þ£Ý	Ö©Ý	ã
 ��nÜ¦ �ÚëÝ	Þ ãkÖ¤ �Ø� �ÚD-íÖ©× K Ø�Þ£Ý¢ �Ú5Û£ �Û£ �Ú'0ÙIH± ��wZ
á�Ö©  } ß¥×©Ö¤Ø�Ö© ��¢Ù�Ú�ÛrØ� ��,~ëÞ£Ú®Ü¦ 3LA�óß¥�¢×¤Þ�Lªá�Þ£Ý	Ö©Ý)H, ��¢ �æàç�ÚsÙ�Ú�Û(Ý¢Þ£×¤×%_�Ù�Ú�0ß¥æàç�Ý	ÜµÖ K xvÖ©Ú�H�×©Ö¤æàî�ß¥ÙQN± �Ö¤Ú
è�z KGK ¯�Ģ� ×¤Þ£îwß¥×5�wÛ£×©Þ�H�ß¥× é�L%�(�¢Ö¤Ü¢ ��	Ö©Ù K  ��)NºÞ¥×©Û£ �ÚyZ
. Ö© lØ�Ö¤ lá(ß´Ü¢ �Ú� ��¢î¥ �Ú�Ú� �Ú.×ôß´Ý¢Ý¢ �Úy�û ��¢×©ß¥ÙIH�Ü(Ø�ß¥Ý�å wf|®­ Ö K �( �Û¥ �Ú�Ý¢ß´Ü�_	_�Ù K �µá��/z�L%-íÖ¤× K �
Ø�Ö© �á�Þ£Ý	Ö©Ý)H, ��¢ �æàç�ÚsÙ�Ú�Û.Ö K �vß¥ç K  �ÚLØ� ���Û£ *ã 0ß¥ç�×äÜ¦ �Úó�( �Ú¡ß¥Ù�Ö©Û£î´ �Ö¤Ü¢Ý¦ß¥Ú%NºÞ£�¢Ø� ��¢Ù�Ú�Û¥_�Ù|e´ß¥×¤ÖL�
Ø�Ö© ��¢ �ÚMZy~ëÖäÜ w Ù�Ý¢Ú¡ß´ç K  ù �Ö©Ú� �Ý1 �Ö©ÚI_�Ö©Û£ �ÚU~ë �Ý¢Ý#O�Ù�Ú�î®Ü¦ �Ý è±nµ6õa ­ æ K ¯*�®6 ¨�¨�¨ éyÖ K Ý	Ü¦ß¥�¢î
Ö©Ú�ç�Þ K Þ£Û¥ �Ú� �Ú^-¡ �×©Ø��¦ß¥Ú�ØQH, ��¢ �Ö¤æàçy�â ��¢Û¥Ö¤H�ÜÑØ� ��5á�Þ¥Ý¢Ö©Ý�e£ ��¢Û£×¤ �Ö©æàç N30Ù�� ß¥×¤×© �ã� �Ö¤Ü¦ ��¢ �Ú�}YÙ�Ú�î·Ü¢ 
 �Ö©Úº�1X �Q¨ » Z 0ª�H, ��	Ü¢��0ß¥Û¥Ü K ß¥ÚHØ�Ö© �Ý�ß¥ÙQN�Ø� �Ú|-±ß´×©×ó �Ö©Ú� ���ç�Þ K Þ¥Û£ �Ú� �Úeá�Þ¥Ý¢Ö©Ý�e£ ��	Ü¦ �Ö©×¤Ù�Ú�ÛI�
 �Ú®Ü¦Ý)O��¢Ö¤æàç·ÜóØ�Ö© �Ý� �Ö¤Ú� �� 0ª/H± ��	 �Ö¤Ú�Ý	Ü¢Ö K2K Ù�Ú�Û`e£Þ£Ú�~ö �Ý¢Ý	Ù�Ú�ÛýÙ�Ú�Øµ\� ��	 �æàç�Ú·Ù�Ú�Û�Ö¤Ú�Ú� ��¢ç¡ß¥×vH2e¥Þ£Ú
ÄTz@�SZªá�Ö© /�(Þ£Ú�Ý¢Ö¤Ý	Ü¢ �ÚI_�Ø� ��óá(ßwÜ¦ �ÚÑÖ©ÚÑØ� �Ú²xrÞsæàç�Ø�Þ¥Ý¢Ö©Ý)H, ��¢ �Ö©æàç� �ÚµH, �Ý	Ü�0ßwÜ¦Ö©Û´Ü[�·Ø¡ß¥Ý	ÝóØ¡ß¥Ý¬e¥ ��
�
ã� �Ú�Ø� �Ü¢  \� �Ý¢æàç�×¤ �Ù�Ú�Ö¤Û£ ��	î¥Þ�O%N K ÞsØ� �×¤×kØ�Ö© �Ü¦Þ¥Ü¦ß¥×© �Ú �·Ü¦�¢ �ÙQNþß¥î®Ü¦Þ¥�¢ �ÚeØ� ��«îs×¤ �Ö¤Ú� �Úó�ª �Û K  �Ú·Ü¢ 
î¥Þ£�	�¢ �î®Ü�ãkÖ© �Ø� ��	Û£Ö¤H�ÜPZ³z�ÚdØ� �ÚÍH, �Ö©Ø� �Ú´xvÞªæàç�Ø�Þ£Ý¢Ö¤Ý¢�¢ �Û£Ö©Þ¥Ú� �ÚdÝ¢Þ�ãkÖ© �Ø� �Ú��k �Û£Ö¤Þ£Ú� �Ú K Ö¤ÜBe£Þ£�
�
ç� ��	�¢Ý¢æàç� �Ú�Ø�ç�Þ¥ç� �ÚÉá�Þ£Ý¢Ö¤Ý¢Û£�¢ß¥Ø�Ö© �Ú®Ü¦ �Ú7é ß¥×©Ö¤Ø�Ö© ��¢ �Úëå wg|®­ LQ~ë �Ý¢Ý	Ù�Ú�Û Ù�Ú�Øë¶¡× K Ø�Þ¥Ý¢Ö K  �Ü¢�¢Ö¤Ý¢æàç� 
ªrÚ®Ü¦ ��¢Ý¢Ù�æàçsÙ�Ú�ÛgØ�Ö© 7\
 ��¢ �æàç�Ú·Ù�Ú�Û£ �Ú 0ß¥ç�Ú�×¤Ö©æàçLÛ£Ù�ÜPZµz K \� ��¢ �Ö¤æàçOØ� �Ý«á�Þ£Ý¢Ö¤Ý	Üàß´×©Ýl×¤Ö© wNº ��	Ü�Ø¡ß´Ý
å wg|®­ ç�Ö¤Ú�Û£ �Û¥ �ÚýØ� �Ù�Ü¦×¤Ö©æàç�Ú�Ö© �Ø��¢Ö¤Û£ ��	 W~ë �Ý¢Ýnã� ��	Ü¦ 1ß¥×©ÝíØ� ��,-IÖ©× K Zwá�Ù��¢æàç�Ø� �Ú�Û£ ��	Ö©Ú�Û£ ��¢ �Ú�Ý����
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w HIH�Ö¤×©Ø�Ù�Ú�ÛÉ§QZä¨  ²$å<Ö¤Ú�î·Ý�²�~ëÞ£Ú®Ü¦ 3LA�óß¥�	×©Þ�Lªá�Þ¥Ý¢Ö©Ý�e£ ��	Ü¦ �Ö©×¤Ù�Ú�ÛöØ� �Ý°Ö©Ú w HIH�Ö¤×©Ø�Ù�Ú�Û
§%Z¤¨ » e¥Þ£�¢Û¥ �Ý	Ü¢ �×¤×¤Ü¦ �Ú¥-� �×©Ø� �Ý( �Ú®Ü¦×©ß¥Ú�Û�Ø� ��k�� ��¦ß¥Ø� �ÚOè�4Í6d�5æ K érÖ K·}  ��	Û£×© �Ö©æàç
K Ö¤Üóå wf|®­ L%~ëÙ�×¤Ü¢Ö¤O�Ù�Ú�î®Ü�LQ~ë �Ý¢Ý	Ù�Ú�Û£ �ÚöÙ�Ú�Ø�-íÖ©× KGK  �Ý	Ý¢Ù�Ú�Û¥ �ÚyZsá�Ö©  w î�_� wO�Üàß´ÚI_%�
H�ß¥×©î´ �Ú	H± �Ý¢æàç��¢ �ÖvH, �Úý �Ö¤Ú� �Úýá�Þ¥Ý¢Ö©Ý�e£ ��¢Û£×¤ �Ö©æàçlß¥Ú�ç¡ß¥Ú�Øl �Ö¤Ú� �Ýkè�z K2K ¯w¸���×¤Þ£îwß¥× é�L
�(�	Ö¤Ü¦ ��¢Ö¤Ù K ÝwZsá�Ö© rá�Þ£Ý¢Ö¤Ý¢Ý#O�Ö¤Ü�_� rÖ¤Ú Ø� �� K Ö¤Ü¬-íÖ©× K Û£  K  �Ý	Ý¢ �Ú� �Ú }  ��nÜ¦ �Ö©×©Ù�Ú�Û°ãkÖ¤�¢Ø
Ø�Ù��¢æàçH �Ö¤Ú� µ�1ß´Ø� �× K ß¥�	î·Ö© ��	Ù�Ú�Ûbe¥ ��	Ù��¢Ý¢ß¥æàç®Ü[Z��k �æàç®Ü¦Ý�²µå wg|®­ Li�ML%-�ß¥î®Ü¢Þ£�¢ �Ú�N�0Ù��
Ø�Ö© 8e£ ��¢Ý	æàç�Ö© �Ø� �Ú� �Ú¥~ë �Ý	Ý¢Þ£�nÜ¦ EZ

ÝnÜ¦  K ß´Ü¢Ö©Ý¢æàç� �ÚS-¡ �ç�×© ��YØ� �� w �	�¦ß[� K  �Ý¢Ý	Ù�Ú�Û�è5eªÛ¥×�Z®ß¥Ù�æàçJ¿ ïª¨PÁôécî´ß´Ú�Ú K ß¥Ú� ��	î¥ �Ú�Ú� �ÚM�ªØ¡ß´Ý¢ÝâØ� ��
-íÖ¤× K Ø�Ö© vá�Þ£Ý	Ö©Ýnã� ��	Ü¦ kÖ¤Ú�Ø�Ö© �Ý	  K \� ��¢ �Ö©æàçÑÖ¤Ú�Ø� ����Iß´ÜâØ� �Ù�Ü¢×©Ö¤æàçU0ÙIH± ��	Ý¢æàç�0ßwÜ�_�ÜPZ�.°0ß¥ç��¢ �Ú�ØÑØ�Ö© 
-íÖ¤× K2K  �Ý¢Ý	Ù�Ú�Û1 �Ö©Ú�  0ª/H± ��	Ø�Þ£Ý¢Ö¤ ��	Ù�Ú�Û8e£Þ¥Ú�ÿ�¸̀ � ß´Ú�Ø� �ÙªÜ¦ �ÜP�£×¡0ß´Ý¢Ý	ÜíØ�Ö© �å wf|®­ LiªrÚ®Ü¦ ��¢Ý¢Ù�æàçsÙ�Ú�Û
 �Ö©Ú�  0ª/H± ��	Ø�Þ£Ý	Ö© ��	Ù�Ú�Û:e£Þ£ÚÉÿ@�̈¨ðï:�òèºÛ£×©Þ�H¡ß¥×©  w Ú¡ß´×v�sÝ¢ �é�e¥ �� K Ù�Ü¦ �ÚyZ±á�Ö© �-¡�¢ß¥Û£ ���Þ�Hë �ÝkÝ¢Ö©æàç
H± �Ö
Ø�Ö© �Ý¢ ��YªrÚ�ÝnÜ¦Ö KGK Ö©Û£î´ �ÖäÜ�Ù K  �Ö©Ú� �ÚÎ-¡ �ç�×¤ ���Ö©Ú>Ø� ��ùá�Þ£Ý¢Ö¤Ý#H± ��¢ �æàç�Ú·Ù�Û�ç¡ß¥Ú�Ø� �×äÜk�  *Ü�ãóß
H± �Ø�Ö¤Ú�Û¥ÜíØ�Ù��¢æàç� �Ö©Ú� óÚ�Ö©æàç®Üµß¥Ù�Ý	�¢ �Ö©æàç� �Ú�Ø� �\� �� 0Ù�æàî·Ý¢Ö¤æàç®Ü¦Ö©Û¥Ù�Ú�Û�Ø� ��í *ñsÜ¦�¢ßENºÞ£îwß¥×© �Ú:�sÜ¢�¢ �Ù�Ý	Ü¦�¢ß¥çV�
×¤Ù�Ú�Û.ÞsØ� ��ÑØ� ��5á�Ù��¢æàç�×ôß¥Ý	Ý¢Ý	Ü¢�¦ß¥ç�×©Ù�Ú�Û>Ø� �� åÎß K  �×©×© �Ú�H�×© �Ú�Ø� �ÚFè�esÛ£×�Z8¿ ï%� ­ ¨wÁôé@� ÞsØ� ��«Ù K
å<Ö K Ö¤Ü¢Ö© ��¢Ù�Ú�Û¥ �ÚUH, �Ö�Ø� ��	~ë �Ý¢Ý	Ù�Ú�Û K Ö¤Ü�Ø�  K á� �Ü¢ �î®Ü¦Þ¥�¦ß¥�	�¦ß[���Î×¡0ß¥Ý	Ý	Ü°Ý¢Ö¤æàç.Ü¦ �Ö©×¤ã
 �Ö¤Ý¢ GH, �ß¥Ú®ÜB�
ã
Þ£�	Ü¢ �Úy�sã� �Ú�Ú K ß¥Ú«Ø�Ö© �~«0Þ£Û£×©Ö¤æàç�î¥ �Ö¤ÜâØ� �Ý w �	�¦ß[�sÝ�Ú·Ù�Ü�_*Ü[�sØ�Ö© B�(Þ£Ú�Ý¢Ö¤Ý	Ü¢ �ÚI_rØ� ���á(ß´Ü¦ �Ú ß¥Ù�æàç
Ý	 �Û K  �Ú®Ü�ã
 �Ö©Ý	 Y_�ÙDO��E0ÙQNº �ÚMZ
w HIH�Ö©×¤Ø�Ù�Ú�Û1§QZ²z���_� �Ö¤Û¥ÜíØ�Ö© âá�Þ£Ý¢Ö¤Ý#H± �ÖäÜ¦��0ß´Û£ �_�ã
 �Ö© ��,�ª �Û K  �Ú®Ü¦ �_�ÙùØ� ��íÖ¤Ú w HIH�Ö¤×©Ø�Ù�Ú�Û�§QZä¨  ß¥ÚV�
Û£ �Û£ PH± �Ú� �Úöå wf|®­ L:HI_�ã`Z¢~öÞ£Ú®Ü¦ �LV�óß¥�¢×¤Þ�L%-¡ �×¤Ø�Ø�Þ£Ý	Ö©Ý)e¥ ��nÜ¦ �Ö¤×©Ù�Ú�ÛIZI�(  K 0ß °̄Ö©ç��	 �Ú Þ�OªÜ¦Ö K Ö© ��	Ü¢ �Ú
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Ö©×©ØQ_� �Ö¤×© �é
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K ß¥×©Ø�Þ£Ý¢Ö¤Ý
Ö¤ÚÑØ� ��óî¥Þ£�	Þ£Ú¡ß¥×¤ �Ú̧ z�Ý	Þ�_� �Ú®Ü¦�¢Ù K Ý	 PH± �Ú� k�Q� | ¨`�8����N 0Ù��W�s �Û K  �Ú®Ü ­ ²%�Q�ä¨ | �8��ZQ\� �Ö¤Ø� 
�ª �Û K  �Ú®Ü¦ kÝ¢Ö¤Ú�ØýÜ¡�iO�Ö©Ý	æàç2N 0Ù��YØ� �Ú2H, *Ü¦�¦ß´æàç·Ü¢ �Ü¢ �ÚG\� �ÝnÜ¦�¦ß´ç�×©Ù�Ú�Û£Ý#O�×©ß¥Úëè�esÛ£×�Z w HQH�Ö©×¤Ø�Ù�Ú�Û�§QZä¨�§®é�Z
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w HIH�Ö©×©Ø�Ù�Ú�Û�§%Z{z��ª²�\� �Ö¤Ü¢��0ß¥Û£ A_�ã
 �Ö¤ ����s �Û K  �Ú®Ü¦ (è��ª �Û K  �Ú®Ü » y ­ é�_�ÙýØ� ��íÖ©Ú w HV�
H�Ö©×¤Ø�Ù�Ú�Û�§QZä¨  Û£ w_� �Ö¤Û¥Ü¦ �Ú{á�Þ£Ý	Ö©Ý�e£ ��nÜ¦ �Ö©×©Ù�Ú�ÛIZ¡á�Ö¤  w î�_� POªÜàß¥ÚI_wH¡ß¥×¤î¥ �ÚÉÖ©ÚöØ� ��k×©Ö¤ÚV�
î¥ �Úµ\�Ö©×¤Ø�Ý#O�ß¥×¤Ü¢ �H�ß¥Ý¢Ö¤ ��¢ �Ú5ß¥ÙQN  �Ö©Ú� ��1è�z K2K ¯·¸	�@×©Þ£îwß¥×£�´Û£×¤Þ�H¡ß¥×ôé�L w Ù�Ý	ã
 ��nÜ¦Ù�Ú�ÛQ�
Ø�Ö© µÖ¤Ú°Ø� ��I�	 �æàç®Ü¦ �Ú�ß¥ÙQN¡ �Ö©Ú�  K è�z KGK ¯ ¸/�F×©Þ£îwß¥×ôé�L%�(�¢ÖäÜ¦ ��¢Ö©Ù K �àã
 �×©æàç� �ÝcÝ	Þ ã
Þ£ç�×
�rÖ¤ �Ø��	Ö©Ûb�Yß¥×©Ýkß¥Ù�æàç®xrÞsæàç�Ø�Þ¥Ý¢Ö©Ý)H, ��¢ �Ö©æàç� �Û£×¤ �Ö©æàç7H± �ç¡ß´Ú�Ø� �×äÜ[Z

á�Ö© l ðñªÜ¢�¢  K  :-¡Þ£� K Ø� ��k�ª �Û K  �Ú®Ü¢ �ÝnÜ¦ �×©×¤Ü�ç 0Þ£æàç�ÝnÜ¦  w ÚQNºÞ¥�¢Ø� ��¢Ù�Ú�Û¥ �Ú>ß¥Ú\Ø�Ö© �á�Þ£Ý	Ö©Ý)H, ��¢ �æàç{�
ÚsÙ�Ú�ÛIZ[.°0ß¥ç��	 �Ú�Ø°Ø�Ö©  w î�_� POªÜàß¥ÚI_wH¡ß¥×¤î¥ �ÚùÖ©Ú�Ø� �ÚkH, �Ö©Ø� �Ú°×¤Ö©Ú�î´ �Ú̀ �Î �Ö©×©ß�HIH�Ö¤×©Ø�Ù�Ú�Û£ �Ú�ãkÖ¤ �Ø� ��¢Ù K
ß¥Ù�Ý�Ø�  K è�z KGK ¯ ¸D�ü×©Þ¥î´ß´×5�´Û£×¤Þ�H¡ß¥×ôé�L%�(�	Ö¤Ü¦ ��¢ÖäÙ K ßEH�Û£ �×¤ �ÖäÜ¦ �Ü�Ý	Ö©Ú�ØM�´H, �Ý¢æàç��	 �Ö¤H± �Ú>Ø�Ö©  w î��
_� POªÜàß¥ÚI_wH¡ß¥×¤î¥ �ÚLÖ¤Ú.Ø� �ÚºH± �Ö¤Ø� �Ú.�¢ �æàç®Ü¢ �Úº\�Ö©×¤Ø� ��	ÚVØ�Ö¤  w î�_� PO�Ü¦ß¥ÚI_PH± ��	 �Ö¤æàç� � �Ö©Ú� �Ý5è�z KGK ¯
¸�� ×¤Þ£îwß¥× é�L%�(�¢ÖäÜ¦ ��	Ö©Ù K ÝPZ�á�Ö© 
Ý	Üàß´�¢î�Ù�Ú®Ü¦ ��	Ý¢æàç�Ö¤ �Ø�×¤Ö©æàç� ��(��0Þ £̄ �Ø� �� w î�_� PO�Ü¦ß¥ÚI_PH�ß¥×©î´ �Ú�Ö©ÚùØ� �Ú
�rÖ© �Ø��¢Ö¤Û£Ø�Þ£Ý	Ö©Ý)H, ��¢ �Ö¤æàç� �ÚJe¥Þ£ÚÍ�ª �Û K  �Ú·Ü » Ù�Ú�ØÍ�ª �Û K  �Ú®Ü ­ Ö¤Ú{Ø� ��(×¤Ö©Ú�î´ �ÚU\�Ö¤×©Ø�Ý)O¡ß¥×äÜ¦ TNºÞ¥×©Û¥Ü
ß¥Ù�ÝkØ� �ÚöØ� �Ù�Ü¦×¤Ö©æàç�Ù�Ú®Ü¦ ��¢Ý¢æàç�Ö© �Ø�×©Ö©æàç� �Ú �sæàç�Ö©æàç®Ü¦Ø�Þ£Ý¢Ö¤Ý K ßwñªÖ K ßQZ
á�Ö© �Ý¢ �Û K  �Ú·Ü�ã
 �Ö¤Ý¢ �Ú.á�Þ£Ý	Ö©Ý�e£ ��	Û£×© �Ö©æàç� TH, �Ý	Ü 0ß´Ü¦Ö¤Û£ �Ú{Ø�Ö© ùÛ¥Ù�Ü¦  0ª�H, ��¢ �Ö©Ú�ÝnÜ¦Ö K2K Ù�Ú�Û2e¥Þ£Ú¥~ë �Ý
�
Ý¢Ù�Ú�ÛëÙ�Ú�Ø«\� ��	 �æàç·Ù�Ú�ÛJN 0Ù���Ø� �Ú�-�ß¥×©×í �Ö©Ú� ��Ñè�z KGK ¯$¸b�E×¤Þ£îwß¥×5�wÛ£×©Þ�H�ß¥× é�LQ�� �Ú¡ß¥Ù�Ö¤Û£î¥ �Ö¤Ü¢Ý¦ß¥ÚV�
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NºÞ£�	Ø� ��	Ù�Ú�ÛIZ w Ù�æàçdç�Ö© ��1ãkÖ©�	Ø�×© �Ø�Ö©Û£×¤Ö©æàç�N�0Ù��� �Ö¤Ú� �Ú� �Ö©ÚI_�Ö©Û£ �Ú¥~ë �Ý	Ý#O�Ù�Ú�î®Ü5è��ª �Û K  �Ú®Ü ­ �enD6
¨��%¨ | æ K éy �Ö¤Úb�ML�.> ��	Ürî·Ú¡ß�OIOó0ÙQH, ��°¨@H± �Þ�H¡ß¥æàç®Ü¦ *Ü[Z á�Ö¤  0ª/H± ��¢ �Ö©Ú�ÝnÜ¦Ö KGK Ù�Ú�Û«×�0ß¥Ý¢ÝnÜ[��Ö©Ú�Ý#H± %�
Ý	Þ£Ú�Ø� ��¢ 7N�0Ù���Ø�Ö©  } ß¥×¤Ö©Ø�Ö¤ ��¢Ù�Ú�Û{Ø� ��«á�Þ¥Ý¢Ö©Ý)H, ��¢ �æàç�Ú·Ù�Ú�ÛVÖ¤ÚHØ� �Ú|�rÖ© �Ø��¢Ö¤Û£Ø�Þ£Ý	Ö©Ý	Û£ PH�Ö¤ �Ü¢ �Úy�'_�Ùy�
Ý	æàç�0ß¥�)Nº ��¢ 2�(�¢ÖäÜ¦ ��	Ö© �Úb_�ÙJe¥ ��nã� �Ú�Ø� �ÚMZ w ×©×¤ ��¢Ø�Ö©Ú�Û£ÝvÖ©ÝnÜ( �Ö¤Ú�  } ß´×©Ö©Ø�Ö© ��	Ù�Ú�ÛG_�Zy\/ZûÖ K �vß¥ç K  �Ú
 �Ö©Ú� �Ý(è�z KGK ¯·@̧�@×¤Þ£îwß¥× é�L%�(�¢ÖäÜ¦ ��	Ö©Ù K ÝP� ãkÖ© �N�0Ù��¬-� �×©Ø� �� K ÖäÜ
Ú�Ö© �Ø��¢Ö©Û¥  K ~ëÞsØ�Ù�×©ß´Ü¦Ö¤Þ£Ú�Ý	Û£�¦ß¥ØM�
Ú�Ö¤æàç®Ü K 0Þ£Û£×¤Ö©æàçdèºÝPZ¡�¢ �æàç®Ü¦ T\�Ö©×¤Ø�Ý#O¡ß´×¤Ü¦ 1Ö©Ú w HQH�Ö©×¤Ø�Ù�Ú�Û�§QZ²z��®é�Z
á(ß¥ç� ���×¤Ö© �Û´Ü�Ø� ��k�ªæàç�×©Ù�Ý¢Ý(Ú¡ß¥ç� �� Ø¡ß´Ý¢Ý(Ý¢Ö¤æàç\Ö K e£Þ£�	×©Ö¤ �Û£ �Ú�Ø� �Ú¥-�ß¥×¤×���Ø¡ß Ø¡ß¥Ý̀ \
 �Ý	Ü¢�¦ß¥ç�×©Ù�Ú�Û¥Ý"�
Nº �×©ØÎ0ÙIH± ���ã
 �ÖäÜ¦ `\� ��¢ �Ö©æàç� (Ú·Ù���e¥Þ£ÚD~Éå���L%\�×© �Ú�Ø� �ÚëßEH�Û£ �Ý	æàç�Ö©� K ÜóãkÖ¤�¢Øy��ß¥Ù�æàç7H, �Ö K å wf|®­
Ø� �Ý¢Ý	 �Ú®�YÚ� ��	Û£Ö© �ß�H�ç 0ß´Ú�Û£Ö©Û¥î¥ �ÖäÜkH,  K  ��¢î�H¡ß¥� K ß´æàç·ÜPZ$á�Ö© �Ý¢ :e£ ��	Ù��¢Ý¢ß¥æàç®ÜlãkÖ© 2H± �Ö K -íÖ©× K  �Ö°�
Ú� k-¡ �ç�×© �Ö¤Ú�Ý¢æàç 0ß´Ü�_�Ù�Ú�Û�Ø� ��vá�Þ£Ý	Ö©ÝóÖ¤ÚD�� wH�Ö© *Ü¦ �ÚM��Ö©Ú5Ø� �Ú� �Ú�e£Þ£�nãkÖ© �Û£ �Ú�ØöÚ�Ö¤ �Ø� ��¢ �Ú� ��¢Û¥ �Ü¦Ö¤Ý¢æàç� 
�sÜ¢�¢ �Ù�Ý	Ü¢�¦ß¥ç�×¤Ù�Ú�Û®_�Ù��ëá�Þ¥Ý¢Ö©Ý³H, �Ö¤Ü¦�[0ß¥Û¥ÜPZóá(ßVØ¡ß¥Ý K Ö¤ÜÑØ�  K å wg|®­ H, �Ý	Ü¢Ö K2K Ü¦ �á�Þ¥Ý¢Ö©Ý)O��¢Þ´¶¡×
ß¥×¤×© ��¢Ø�Ö¤Ú�Û£ÝÑÚ·Ù��5î·Ú¡ßEOIOêèn©̈L±�̈� ïÎ��é¥0ÙIH± ��5Ø� ���~ëÞ£Ú®Ü¢ �LA�óß¥�	×©Þ�L }  ��	Ü¢ �Ö¤×©Ù�Ú�Û.×©Ö© �Û¥Ü[�âØ¡ß¥��N°ß¥ÚV�
Û£ �Ú�Þ K2K  �Úúã
 ��	Ø� �Úy�1Ø¡ß¥Ý¢ÝÉØ¡ß¥ÝÉÖ K O�×©  K  �Ú®Ü¢Ö© ��nÜ¦ U\� �Ý¢æàç�×¤ �Ù�Ú�Ö©Û£ ��¢î¥Þ�OQN K ÞsØ� �×©×�Üàß´Ü¢Ý�0ß¥æàç�×¤Ö©æàç
ç�Ö¤Ú��¢ �Ö©æàç� �Ú�ØHÛ£ �Ú¡ß´ÙOÖ¤Ý	ÜýÙ�Ú�ØOØ�Ö¤ �~ëÞ£Ú®Ü¦ 3LA�óß¥�	×©Þ�LQ�sÖ K Ù�×©ß´Ü¦Ö¤Þ£Ú�Ý	�¢ �æàç�ÚsÙ�Ú�Û£ �ÚLÖ¤Ú�Ú� ��	ç¡ß¥×vHgØ� ��
Ø�Ù��¢æàç{Ø¡ß´ÝrÝnÜàß´Ü¢Ö©Ý	Ü¢Ö©Ý	æàç� @�vß¥Ù�Ý	æàç� �ÚJH± �ÝnÜ¦Ö KGK Ü¢ �Úb�� �Ú¡ß¥Ù�Ö¤Û£î¥ �Ö¤Üvî¥Þ¥�¢�¢ �î®Ü�Ý¢Ö¤Ú�ØyZ*�YÝrÝ	Þ£×©×äÜ¦ �ß¥Ú
Ø�Ö¤ �Ý	 ��̀ �sÜ¢ �×¤×© kH, *Ü¦Þ£Ú®Ü1ã
 ��	Ø� �ÚM� Ø¡ß¥Ý	Ý/e£ ��¢Ý	Ù�æàç®Ü�ãkÙ��¢Ø� E� á�Þ£Ý	Ö©Ý	ã
 ��nÜ¦ Ye¥Þ£ÚÉã
 �Ú�Ö¤Û£ ���ß¥×©Ý�:̈�8�
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ØAÕ�Ù�Ü¢×©Ö©æàç�îSÖ¢ÖäÜ¦Ö¤Ý¢æàç�Õ>Ö3Õµá�Þ£Ý	Ö©Ý)e Õ$Ö	Û£×�Õ�Ö©æàç�Õ K Ö¤Üe­ } ~®��L%\*Õ>Ö3Õ�æàç�ÚsÙ�Ú�Û�Õ�ÚýÛ Õ$Õ�Ö¤Û£Ú�Õ*Ü$ß¥×©Ý́ ~ÈÕ�Ý
�
Ý	Ù�Ú�Û�Õ�Ú K ÖäÜ�Ø�Õ K �µá��Bz[L%-íÖ©× K Zûá�Þ£Ý¢Ö¤Ý)e Õ$Ö¢Û¥×�Õ�Ö¤æàç�Õ ß´ÙQNyØ�Õ>Ö@\óß¥Ý	Ö©Ýke�Õ$Ö	Ý¢æàç�0ßbÖ)N Ü×Õ>Ö w î��
_>ÕPO�Ü¦ß¥ÚI_�î{Ö	Ö¤Ü3Õ$Ö¢Ö9Õ�Ú.è�_EZ¢\BZ¡×©Þ£îwß¥×9Õ } Õ$Ö	Û£×�Õ�Ö©æàç�Õ�é�Ý¢Ö¤Ú�Ø K Õ�Ö©Ý	Ü K 0Þ£Û£×¤Ö©æàçyZ

Ù �sÞ�N±Õ$Ö	ÚS~ÈÕ�Ý¢Ý	Ù�Ú�Û�Õ�Ú Ö©Ú:\*Õ>Ö3Õ�Ö©æàç�Õ�ÚÛÕ$Ö�NºÞ£×©Û Õ�Úy�́ Ö©Ú�Ø�Õ�ÚAÕ�Úµ�·Ü×Ö3Õ�ÙIH)Õ�Ö¤Ü3Ö 0ß¥Û ÕyØ�Õ�Ù�Ü¢×©Ö¤æàç 0ÙQHeÕ>Ö"�
ãkÖ9Õ�Û�Õ�Úy�·îwß¥Ú�ÚÑØAÕ$Ö�-`Õ�ç�×�Õ>Ö
ØAÕ$Ö
å wg|�Ú LQ~�Õ�Ý¢Ý	Ù�Ú�Û�Õ�Úy�sØ�Õ$Ö�HeÕ�Ø�Ö©Ú�Û´Ü
Ö¤Ý	ÜâØ�Ù�Ö	æàç Ø�Ö9Õ/�YÚ�Õ>Ö"�
Û¥Ö�Õ�ßEH�ç�0ß¥Ú�Û¥Ö©Û£îbÕ�Ö¤Ü�ØAÕ�Ý áqÕ*Ü×Õ�î·Ü¢Þ�Ö¢Ýw�
Û Ö�0Þ�¯�Õ>Ö�ãdÕ$Ö	Ø�Õ�Ú ß¥×©ÝuÕ�Ö¤ÚO×¤Þ£îwß¥×�Õ�ÝÉè�z K2K�Ü ¸���é�L
�aÖ	Ö¤Ü×Õ>Ö¢Ö¤Ù K _�Ù�×¡0ß¥Ý	Ý	Ü[Z } Õ$Ö	Ö¤¶¡îwß´Ü¢Ö©Þ£ÚAÕ�Ú¥H¡ß¥Ý¢Ö9Õ$ÖBÕ�Ú�Ø.ß¥ÙQNyÝ	Þ£×©æàç>Ý	Ü×ÖBÕ�Ú�Û Õ�Ú®�aÖ¢ÖäÜ×Õ$Ö	Ö�Õ�Ú>Ý	Ö©Ú�Ø
Ø�ß¥ç�Õ$ÖkÖ¤ÚöØ�Ö�Õ�ÝBÕ�ÚD-W0ß¥×¤×�Õ�Ú5Ú�Ö©æàç®Ü K 0Þ£Û¥×©Ö©æàçMZ

Ù \dÕ�Ö�Ý	æàç�Ö 0ß¥Û Õ K �sÜ3Ö¦ß¥ç�×¤Ù�Ú�Û£ÝBÕ�Ö¤ÚQNþß¥×©×kÙ�Ú�Øúç 0Þ¥ç�Õ$Ö	Û�Ö¦ß¥Ø�Ö©Û K ÞªØ�Ù�×©Ö9Õ$Ö	Ü3Õ�Ú̂ -EÕ�×©Ø�Õ>Ö¢Ú Ö©ÝnÜ�Õ�Ý
K Ö¤ÜµØAÕ K å wf|�Ú ×�Õ�Ø�Ö©Û¥×©Ö©æàç K 0Þ£Û£×¤Ö©æàçy��}µ×©ß¥Ù�Ý	Ö¤H�Ö¤×©Ö¤Ü 0ß´Ü¦Ý)O�Ö 0Ù%NºÙ�Ú�Û�Õ�ÚlØ�Õ$Ö
á�Þ£Ý	Ö©Ý#H)Õ$ÖBÕ�æàç�Ú·Ù�Ú�Û



Ý ��z ¼(½�¾Y¿�ÀIÁµÂeÃ®Ä�Å�ÆkÇª¿nÈÉÁ1ÀIÊk¿ËÁ°ÌÎÍ�ÀIÁµÊrÇcÌ�ÏcÐÑÌIÍlÒkÁµÍEÓÕÔ½�ÐrÊrÁµÍrÅ@Å(ÁµÊ�Ä�Ä�Ä

Ø�Ù�Ö	æàçI_�ÙQN30Ù�ç�Ö3Õ�ÚyZ¥á�Ö9Õ=. Ö©Ú�î Õ�×©ß�H�ç�0ß´Ú�Û£Ö©Û¥î Õ�ÖäÜ<Ø�Õ�ÝIáqÕ*Ü×Õ�î·Ü¢Þ�Ö?L w Ú�Ý)O�Ö3Õ�æàç�e Õ$Ö K 0Þ£Û Õ�Ú�Ý=e Õ$Ö
�
Ù�Ö¢Ý¢ß¥æàç®ÜµÕ�Ö©Ú�Õ�ÚTe�Õ>Ö¢Û�Ö[0Þ�¯�Õ>Ö	Ü×Õ�ÚlÝ)�sÝnÜ×Õ K ß´Ü¢Ö©Ý¢æàçAÕ�Ú2~ÈÕ�Ý¢Ý)N±Õ�ç�×�Õ>ÖPŹ á�Ö�Õ�Ý3Õ$Ö$Ö¤Ý	Üíß¥×©×9Õ$Ö¢Ø�Ö©Ú�Û£Ýye Õ$Ö
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Abstract

The present study investigates the application of compensators for the intensity

modulated irradiation of a thorax phantom. Measurements are compared

with Monte Carlo and standard pencil beam algorithm dose calculations.

Compensators were manufactured to produce the intensity profiles that were

generated from the scientific version of the KonRad IMRT treatment-planning

system for a given treatment plan. The comparison of dose distributions

calculated with a pencil beam algorithm, with the Monte Carlo code EGS4

and with measurements is presented. By measurements in a water phantom it is

demonstrated that the method used to manufacture the compensators reproduces

the intensity profiles in a suitable manner. Monte Carlo simulations in a water

phantom show that the accelerator head model used for simulations is sufficient.

No significant overestimations of dose values inside the target volume by the

pencil beam algorithm are found in the thorax phantom. An overestimation of

dose values in lung by the pencil beam algorithm is also not found. Expected

dose calculation errors of the pencil beam algorithm are suppressed, because

the dose to the low density region lung is reduced by the use of a non-coplanar

beam arrangement and by intensity modulation.

1. Introduction

With the concept of intensity modulated radiation therapy (IMRT), high and homogeneous

doses can be delivered to almost arbitrary target volumes. Simultaneously, it succeeds in

limiting damage to normal tissue, which improves tolerance of radiation therapy. Naturally,

for this to be achieved it is necessary to calculate dose distributions as exactly as possible

(ICRU 1987, Mohan 1997, Nahum 1997).

Almost all IMRT treatment-planning systems employ pencil beam algorithms, because

they use iterative optimization procedures and therefore need fast dose calculation algorithms

1 Now at William Beaumont Hospital, Department of Radiation Oncology, 3601 West 13 Mile, Royal Oak, MI 48073,

USA. E-mail: wlaub@beaumont.edu
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(Mohan 1998, Bortfeld et al 1993, Schulze et al 1997, Ahnesjö 1991, Ahnesjö et al 1992). It is

difficult to modify pencil beams for patient shape and heterogeneity. For expedience, empirical

scaling methods are employed. Because the energy transport of secondary electrons, which

may travel up to a few centimetres in water, is not taken into account by scaling methods, dose

calculations with pencil beam algorithms lead to errors near surfaces and inhomogeneities. The

Monte Carlo code EGS4 (Nelson et al 1985) (Electron Gamma Shower, Version 4) uses exact

interaction probabilities of electrons and photons. To verify Monte Carlo dose calculations

several authors performed measurements in water phantoms and in various solid state phantoms

(Laub et al 1998, Lu et al 1998, De Marco et al 1998). The experiments were designed

with the emphasis on the missing-tissue effect near surfaces, the re-buildup effect underneath

low-density inhomogeneities and variations of dose values through deviations in the atomic

number of different materials. In all cases Monte Carlo calculations and measurements were in

agreement. Contrary to this, calculations made with conventional dose calculation algorithms

showed errors when compared with measurements of up to 15% in proximity of surfaces and

inhomogeneities.

In the irradiation of the mediastinum, lung and thus low density regions are situated

adjacent to the target volume. As stated above, errors must be expected in the presence of such

inhomogeneities (Lu et al 1998). In IMRT dose can be tailored to the geometry of the target

and/or there can be a high dose gradient at the edge of the treatment volume. Consequently,

dose calculation errors could have a great effect on the tumour control and the advantages of

an IMRT treatment in the thorax region could be diminished or even undermined due to dose

calculation inaccuracies. Conversely, IMRT has the potential to reduce the dose to organs at

risk compared to conventional treatment planning. Therefore dose calculation errors in lung

could also be smaller and no longer of clinical relevance.

This study compares measurements, Monte Carlo calculations and pencil beam

calculations of an IMRT treatment plan. The IMRT treatment plan was designed in an

inhomogeneous physical thorax phantom. Compensators were manufactured to produce the

intensity profiles that were generated with the scientific predecessor version 1.2 beta of the

KonRad IMRT treatment-planning system (MRC Systems, 1997) (Bortfeld et al 1993, 1997,

Preiser et al 1997). Measurements were performed for comparison with EGS4 calculations

in a water phantom as well as in the thorax phantom. For these calculations, EGS4 was

linked to the treatment-planning system VOXELPLAN (DKFZ-Heidelberg). The results of

the measurements and EGS4 calculations were compared to the original fluence profiles of the

designed IMRT treatment plan and to the dose distribution that was calculated with the pencil

beam algorithm of KonRad in the thorax phantom.

2. Methods

2.1. IMRT treatment planning in KonRad

For this study a lung tumour was defined in a thorax phantom. A prescription dose of 70 Gy was

set for the defined tumour; a dose of 50 Gy was prescribed to the defined planning target volume

(PTV). Five non-coplanar beams of 6 MV were arranged in angles of (gantry, couch): (5, 0),

(40, 40), (164, 30), (205, 0) and (310, 0) degrees. The optimization of the dose distribution

employed dose–volume histogram (DVH) constraints, and quadratic overdose and underdose

constraints. The resolution of the grid of the resulting intensity profiles was 9 × 9 mm2 at

isocentre distance 100 cm. The finite-size pencil beam algorithm used in KonRad is described

elsewhere (Bortfeld et al 1993).
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2.2. Dose calculation in VOXELPLAN with EGS4

To perform accurate dose calculations of treatment plans with the EGS4 code an accelerator

head model is necessary which gives the parameters of electrons and photons emitted by a

clinical accelerator. A full phase-space file of a 15×15 cm2 open field was used to start Monte

Carlo (MC) histories. This file resulted from BEAM (Roger et al 1995) simulations of an

Elekta SL 20 linear accelerator and was calculated at a distance of 67.2 cm from the electron

source, which is exactly the distance to the block tray of the SL 20. To match the 9 × 9 mm2

resolution of the grid of the intensity profiles calculated in KonRad at isocentre distance 100 cm,

all electrons and photons of the phase-space file were organized in a 6×6 mm2 grid. Intensity

modulated fields were then simulated with the number of MC histories started from each

element of this grid proportional to the fluence through that element as calculated in KonRad.

Consequently, scatter or beam hardening from the compensators was not accounted for in

the MC simulations. An inclusion of compensators in BEAM simulations would be possible

because the compensator profiles are known before starting the MC simulation. However, a

beam modifier model would need further investigation and is beyond the scope of this paper.

The CT cube in VOXELPLAN is given by slices of 256 × 256 pixels. The volume of the CT

voxels is (pixel size) × (slice distance), with a slice distance of 0.5 cm and pixel dimensions

of 0.2 × 0.2 cm2 for the CT cube of the thorax phantom. For Monte Carlo simulations the

CT numbers of these voxels (in Hounsfield units) are converted into mass densities by the

same function as used in VOXELPLAN. Thresholds of the CT numbers are set to distinguish

a small number of different media or tissues. Simulations in the thorax phantom distinguished

the media Alderson lung, Alderson muscle, bone and air. In contrast to conventional dose

calculation algorithms, differences in the composition and therefore even in the effective atomic

number Z of media are regarded. To save computation time, the body outline of patients or

phantoms is used to set the medium of all voxels outside the drawn contour to vacuum. Contours

around organs at risk can be used to distinguish further media inside patients and phantoms.

The dose cube in VOXELPLAN is given by slices of 128 × 128 pixels, with pixel dimensions

of 0.4×0.4 cm2 for the dose cube of the thorax phantom. Calculated dose cubes can be viewed

in the program module VIRTUOS. The dose cube resolution was identical for Monte Carlo

and pencil beam calculations.

For the calculation of dose distributions with EGS4, between 150 and 250 million single

events were simulated. The statistical accuracy of the simulations was about 0.5–1% near the

isocentre of the calculated treatment plan. The electron and photon cutoffs ECUT and PCUT

were set to 611 keV and 100 keV, the electron and photon production thresholds AE and AP

were set to 521 keV and 10 keV. The value of the parameter ESTEPE (maximum fractional

energy a charged particle can lose per step) was settled to 4%. These parameters were found

by Lovelock et al (1995) to be those of the fastest trial. Simulations were run on a DEC Alpha

dual processor machine (533 MHz) with calculation times between 10 h and 20 h.

2.3. Verification measurements

To produce the intensity profiles that resulted from the optimization in KonRad for

measurements at the Elekta SL 20 linear accelerator, compensators were manufactured with

a CNC machine. The compensator thickness was calculated for each element of the intensity

profile by using the average attenuation coefficient of the photon energy spectrum that resulted

from the phase-space file calculated with BEAM. As a result of IMRT optimizations, very high

fluence values sometimes occur for single elements. For the IMRT plan used in this study the

high fluence values were always situated at the edges of the field, so they did not affect dose
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values in the high dose region. These element values were set in order to limit the compensator

thickness to a maximum of 6 cm. In building each compensator, parallel holes were drilled

into a square MCP 96 block. Afterwards, tracks were milled in one direction. Residual islands

between the tracks were finally broken off. It was not possible to account for the divergence

of the 6 MV photon beam by drilling diverging holes into the blocks.

In order to confirm the accuracy of the intensity modulation produced by the compensators,

two dose measuring methods were used. First, water phantom measurements were performed

with a diamond detector. Profiles with different offsets and perpendicular to the central

beam axis were measured with each compensator as beam modifier. The diamond detector

was placed at dose maximum dmax = 1.3 cm and at 5 cm, 10 cm and 20 cm surface

distance with a SSD of 100 cm. Second, CEA TVS EP films were positioned in a water

equivalent solid state phantom perpendicular to the central beam axis and at dose maximum.

Measured profiles for each beam were compared with the input fluence profiles from KonRad

because it was not possible to calculate the dose distribution of a given intensity modulated

beam in a water phantom. The comparison of calculated fluence values with measured

dose values gives an approximate estimate of the accuracy of manufactured compensators.

Additionally, EGS4 dose calculations were performed in a water phantom and compared to

dose measurements.

Finally, CEA films and thermoluminescence dosimeters (TL-100, Harshaw) were used to

measure the dose distribution produced by the five intensity modulated beams of the treatment

plan in the thorax phantom. Measurements were compared to the dose distribution calculated

with EGS4 and with the finite-size pencil beam algorithm of KonRad.

3. Results and discussion

3.1. Measurements and Monte Carlo calculations in homogeneous phantoms

Above the minimum level of measured dose values, input fluence values from KonRad show

good agreement with all measurements performed in a water phantom or in a homogeneous

solid state phantom (figure 1). However, deviations can be noticed at regions of low fluence.

In part, this is due to the fact that the scientific version of KonRad used does not account

for transmission through the compensators. In addition, the primary fluence is compared

to measured dose at depth in a water phantom. The dose in the water phantom will include

contributions from photons scattered in water and secondary electrons produced in the medium

from regions of high intensities. The scientific version of KonRad used in this study did not

allow specification of a minimum value for fluence profile elements of a rectangular field. For

the presented treatment plan the effect of transmission through compensators on the final dose

distribution will be discussed.

Film and diamond detector measurements agree to within ±3%, and at regions of high

dose gradients profiles are displaced by less than ±2 mm (figure 1). Consequently, film

measurements, which are much easier to perform, would be sufficient to check the quality of

compensators. Independent checks would be required for absolute doses. Measurements and

dose profiles calculated with EGS4 in a water phantom also agree. The maximum deviation is

about 5% or about ±2 mm at regions of high dose gradients but is well within ±3% for most

points. A value for the minimal transmission of photons through the compensators was set and

accounted for in the presented MC simulation. Compared to the measured transmission the

value set in the MC simulation is low and therefore was increased slightly for further EGS4

simulations. The underestimation of the transmission in the MC simulation does not effect

dose values above 25%.
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(a)

(b)

Figure 1. (a) Fluence matrix of beam 1 as resulting from the optimization process in KonRad for

a five beam IMRT treatment plan (left) and dose values of beam 1 as calculated at dose maximum

in a water phantom with EGS4 (right). The white line in the EGS4 calculation shows the position

of the profile displayed in figure 1(b). (b) Profile of beam 1 at dose maximum and at central beam

axis as calculated with EGS4 and measured with film and a diamond detector in a water phantom.

The fluence values given by KonRad are displayed for comparison. It can be noticed that KonRad

postulates fluence values within the field of almost zero (here at position x = 15 mm). The shown

EGS4 simulation accounts for a transmission of the compensator of beam 1 which is a little too

low compared to the measured transmission. This was corrected for further EGS4 simulations.

In spite of the non-divergent quality of the compensators, the agreement between

measurements and dose profiles calculated with EGS4 is independent of the offset and the

surface distance of the viewed profiles (figure 2). Most deviations caused by inaccuracies of

the manufacturing were found to result from MCP 96 islands that were not completely removed

and remained between milled tracks. Because of the good agreement between MC simulations

and measurements it can be asserted that this compensator manufacturing method is suitable for
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(a)

(b)

(c)

(d)

Figure 2. Profile of beam 1 at dose maximum depth and at 5, 10 and 20 cm surface distance with

an offset of 9.1 mm as calculated with EGS4 and measured with a diamond detector. Differences

between calculated and measured dose values are displayed for the dose maximum depth and for

10 cm and 20 cm surface distance.

producing given intensity profiles. The reasonably good agreement between fluence values

from KonRad and measurements also confirms this assertion. Moreover, it is found that the

method to account for intensity modulation during the MC calculations, by setting the number

of histories in an element proportional to the fluence calculated from KonRad, does not lead
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to recognizable errors, despite the omission of scatter as well as beam hardening from the

compensators.

3.2. Measurements and Monte Carlo calculations in a thorax phantom

After all manufactured compensators were checked in a homogeneous phantom, verification

was performed of the dose distribution in a thorax phantom as calculated by the KonRad

pencil beam algorithm. For the experimental verification TLDs as well as CEA films were

used. Both dosimetric methods were found to be time consuming and expensive. Calibration

measurements were necessary in both cases. Films were cut to the exact shape of phantom

slices and positioned between phantom slices. For the TLD measurements many TLDs had

to be numbered and placed into holes of phantom slices. For comparison with calculated

dose values, measured dose values were matched with the phantom anatomy. Moreover, the

positioning and irradiation of the thorax phantom took about 2 h. This effort was rewarded

by good agreement between film and TLD measurements; at least if the approximately 1% of

TLDs with anomalous readings are neglected. TLD measurements were rejected if they were

more than 50% higher than expected.

There is also good agreement between the EGS4 calculation of the dose distribution and the

dose measurements (figure 3). Therefore, to verify the KonRad pencil beam calculations, the

EGS4 calculation can be considered a substitute for measurements. In the following paragraphs

the dose distributions of the EGS4 calculation and the pencil beam calculation are compared.

Our comparison of Monte Carlo and pencil beam calculations shows no significant

deviations of dose values in lung or near the interface between the PTV and lung. The

deviations found in figure 3 for x ′
≈ 60 to 80 mm are not situated in lung and are due to

the transmission through the compensators that was accounted for in the MC calculation, but

not in the pencil beam calculation. Accounting for the transmission through the compensators

would increase dose values of the pencil beam calculation in this region and would therefore

improve the agreement between MC and pencil beam calculation. An increase of fluence due

to transmission for x ′
≈ −60 to −80 mm would potentially lead to higher dose values in lung

in the pencil beam calculation than in the MC simulation. It is difficult to estimate the effect

of an increase of fluence due to transmission on dose values in the high dose region. However,

from figures 3 and 4, we believe that in our example, the lack of transmission in the pencil

beam calculation has not greatly affected the high dose region.

For a CT slice at the isocentre, figure 4 displays the IMRT dose distributions as calculated

with the KonRad pencil beam algorithm (left) and with EGS4 (right). The 95%, 80%, 60%,

30% and 10% isodose contours are displayed. In agreement with figure 3, the dose distributions

show only slight differences in the PTV and in lung. Because the differences between the two

dose distributions are small the dose–volume histograms are also similar (figure 5).

Some differences in dose distributions could be caused by the use of two different

accelerator head models. Pencil beam algorithms use analytical functions to account for

scattered photons and for electron contamination, while a full phase-space file from BEAM

simulations was used in this investigation to start MC histories. However, differences caused by

the use of two different accelerator head models should not be significant. Another explanation

for the slight differences found are small humps in the KonRad profiles (figure 3), which result

from the discrete grid of the finite-sized pencil beam kernels. As a consequence of these

humps, the isodose lines of the pencil beam calculation are less smooth than the isodose lines

of the MC simulation. Statistical inaccuracies of the presented MC calculation must only be

considered for low dose values. In these regions, dose contributions are made by only one or

two of all five beams, which results in fewer interactions per voxel than in high dose regions
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(a)

(b)

Figure 3. Profile of the dose distribution as calculated for a five-beam IMRT treatment plan with

EGS4 and measured with film and TLDs in a thorax phantom. The profile of the dose distribution as

calculated by a finite-size pencil beam algorithm in KonRad is displayed for comparison. The small

humps that can be noticed result from the discrete grid of the finite-sized pencil beam kernels. The

upper plot shows the position of the profile, the position of the holes used for TLD measurements

and the dose distribution as measured with film.

and therefore in an decrease of the statistical accuracy. Fewer interactions per voxel also occur

in low density regions like lung. However, the number of simulated histories was very high so

that the statistical accuracy is better than 2% for all voxels. As discussed before, differences

in the low dose region of lung are caused by the transmission that was accounted for in the

MC simulation, but not in the pencil beam calculation. In addition, the MC simulation of

secondary photon and electron transport leads to a broader penumbra in low density regions

like lung as compared to the pencil beam calculation. Differences between the MC and pencil

beam calculations arise in the 10% and 30% isodose lines of figure 4 and in the DVHs of lung

for dose values below 30% due to a combination of these two effects (figure 5).
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(a) (b)

Figure 4. Dose distribution of an IMRT treatment plan in the thorax region of a phantom as

calculated with a pencil beam algorithm in KonRad (left) and with the EGS4 code (right).

The initially surprising agreement between pencil beam calculation and MC simulation is

explained by three observations. First, the phantom lung volume has a homogeneous density.

This is not true for real patients, where one finds voxels with lung tissue adjacent to voxels

containing mostly air. As a consequence, there is no electron equilibrium in most regions of

real human lung, which makes dose calculations more difficult and therefore decreases the

accuracy of pencil beam calculations. Second, the selected beam directions were chosen to

avoid dose in lung, which is a typical treatment planning objective. Some beams barely pass

through lung and consequently dose calculation errors in lung and at the interface between

lung and PTV are reduced. Third, with intensity modulation a further reduction of dose in

lung and therefore of absolute dose calculation errors is attained. In other words, the increase

of dose conformity in IMRT has the potential to suppress errors of pencil beam calculations

in the presence of low density regions such as lung.

4. Summary and conclusion

The present study investigates the application of compensators for the intensity modulated

irradiation of a thorax phantom. The comparison of measured dose distributions with dose

distributions calculated with the EGS4 code in the VOXELPLAN treatment-planning system

and with a pencil beam algorithm in the KonRad IMRT treatment planning system is presented.

A method to produce compensators is described. It is demonstrated that this method is

suitable to create given intensity profiles. Monte Carlo simulations in a water phantom also

show that the simple accelerator head model used for simulations is sufficient.

Differences between Monte Carlo and pencil beam calculations have been reported

recently by Lu et al (1998) in the clinical example of a mediastinum treatment. The patient

was irradiated with three coplanar beams. In the MC calculation the mean lung dose was

lower by about 5–10% as compared to the pencil beam calculation. Because of the re-buildup

effect, dose was also overestimated by the pencil beam algorithm near the interface between

the PTV and lung. Consequently, the dose volume histograms of both dose distributions were

very different.



1704 W U Laub et al

Volume [%] 

 

Dose [%] 

Figure 5. Dose–volume histogram of an IMRT treatment plan in the thorax region of a phantom.

Lines number 7 and number 8 show the dose–volume histogram of lung as calculated with EGS4;

line number 9 the one of the myelon; lines number 10 and number 11 show the dose–volume

histogram of the target volumes. For comparison lines number 1 and number 2 show the dose–

volume histogram of lung, line number 3 the one of the myelon and lines number 4 and number 5

show the dose–volume histograms of the target volumes of the pencil beam calculation in KonRad.

Contrary to the findings of Lu et al no significant overestimations of dose values inside

the target volume by the pencil beam algorithm were found in the thorax phantom used in this

study, in which the target volume was situated adjacent to low density inhomogeneities. An

overestimation of dose values in lung by the pencil beam algorithm also was not found. It

should be noted that a direct comparison can not be made because of major differences in the

treatment planning approach. In this study a phantom was used compared to a patient dataset

in Lu et al . Additionally, the expected errors of pencil beam calculations in the presence of low

density regions can potentially be suppressed by the use of non-coplanar beam arrangements

and/or intensity modulation, because these techniques have the ability to reduce the dose in

organs at risk such as lung.

However, in this specific example the observation can be made that the pencil beam

calculation proved to compare reasonably well with Monte Carlo calculations. Nevertheless,

it should not be concluded that in IMRT the accuracy of pencil beam calculations is always

sufficient and that the clinical relevance of Monte Carlo dose calculations is always smaller

than in conventional treatment planning. It is difficult to draw any general conclusions from

the pencil beam calculations in this study because of lack of transmission, because we are

dealing with a phantom in our study, not with a patient dataset, and because efforts have been

made with beam orientation to avoid the lung. As demonstrated by Laub et al (2000) there

are still some clinical situations in IMRT in which it is possible that the inaccuracies of pencil

beam algorithms are of clinical relevance. Inaccuracies of pencil beam algorithms can be of
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clinical relevance in the head and neck region for example, where PTVs are in general small

and where the treatment geometry is highly reproducible. In such situations the compensation

of secondary electron disequilibrium, e.g. the loss of dose in the re-buildup areas, is possible by

primary fluence (Laub et al 2000). Therefore, in some situations an accurate dose calculation

can be of much more importance in IMRT than in conventional treatment planning, where

losses of dose near low density volumes must be tolerated.

In the thorax region both Monte Carlo and pencil beam calculation accuracies are limited

due to errors caused by intra-fraction variation of lung volume (Stromberg et al 2000).

Treatment setup errors of real mediastinal patients are clinically more significant than the

differences found in this study between the pencil beam and the MC dose calculation (Yan

et al 1997). To minimize these errors some effort has been made already. A device for active

breathing control was developed for example (Wong et al 1999). The approximations and

simplifications made by the pencil beam calculation can therefore be justified by the advantage

of shorter calculation times, which is an important issue of IMRT optimizations. However,

the dose distribution of the optimized IMRT treatment plan should be verified with a more

sophisticated dose calculation method to ensure that the clinical objectives are achieved. The

influence of transmission depends on the shape of the calculated intensity profiles and could

be more significant for treatment plans other than that presented. A possibility to set minimum

fluence values for optimizations in IMRT treatment planning systems would therefore be

desirable.
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Untersuchungen zur Positionierungsgenauigkeit 
bei Prostatakonformationsbestrahlungen mittels 
Portal-Imaging 
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Hintergrund: Konformationstechniken, wie sie heutzutage routinemäßig für Patienten mit Prostatakarzinom angewandt werden,

erlauben, durch Adaption der Bestrahlungsfelder an das Planungszielvolumen (PTV) umliegendes Normalgewebe zu schonen. Um

die Vorteile dieser Techniken jedoch vollständig nutzen zu können, ist die korrekte Patientenpositionierung eine wichtige Vor-

aussetzung. In dieser Studie wurde mittels Portal-Imaging (EPID) untersucht, welche Positionierungsgenauigkeiten im Becken-

bereich unter Verwendung unterschiedlicher Lagerungshilfen möglich sind.

Patienten und Methode: Für die Studie wurden 15 Patienten mit Prostatakarzinom ausgewählt, die teils mit, teils ohne Rek-

tumballon bzw. Beckenmaske an einem Linearbeschleuniger mit Viellamellenblenden (MLC) bestrahlt wurden. Von jedem Patien-

ten wurden mehrfach aus orthogonalen Richtungen mittels eines Portal-Imaging-Systems Aufnahmen angefertigt und anschlie-

ßend mit den Planungs-DRRs (Digitally Reconstructed Radiographs) sowie den Simulationsaufnahmen verglichen.

Ergebnisse: Trotz unterschiedlicher Lagerungshilfen konnten für sämtliche Patientengruppen Gesamtpositionierungsungenauig-

keiten von durchschnittlich 4,0 mm (lateral), 4,5 mm (kraniokaudal) sowie 1,7 mm (dorsoventral) festgestellt werden. Mit Be-

ckenmaske war der laterale Positionierungsfehler zwar reduziert, gleichzeitig jedoch der kraniokaudale Positionierungsfehler ver-

stärkt. Der Gesamtpositionierungsfehler teilte sich dabei in einen systematischen und einen statistischen Anteil auf, für deren

verlässliche Abschätzung sechs bis acht EPID-Aufnahmen erforderlich waren.

Schlussfolgerungen: Mittels Portal-Imaging ist es möglich, aus einer geringen Anzahl von Verifikationsaufnahmen für jeden Pa-

tienten den systematischen und statistischen Positionierungsfehler zu ermitteln. Der erfolgreiche Einsatz von Lagerungshilfen zur

Patientenpositionierung erfordert jedoch – insbesondere im Hinblick auf IMRT – eine weitere Optimierung. 

Schlüsselwörter: Portal-Imaging · Prostata · Positionierungsgenauigkeit 
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Investigations on Uncertainties in Patient Positioning for Prostate Treatment with EPID 

Background: Conformal radiotherapy techniques as used in prostate treatment allow to spare normal tissue by conforming the

radiation fields to the shape of the planning target volume (PTV). To be able to fully utilize the advantages of these techniques

correct patient positioning is an important prerequisite. This study employing an electronic portal imaging device (EPID) inves-

tigated the positioning uncertainties that occur in the pelvic region for different patient positioning devices.

Patients and Methods: 15 patients with prostate cancer were irradiated with or without rectal balloon/pelvic mask at a linear

accelerator with multileaf collimator (MLC). For each patient multiple portal images were taken from different directions and com-

pared to the digitally reconstructed radiographs (DRRs) of the treatment planning system and to simulation films (Table 1, Fig-

ure 1).

Results: In spite of different positioning devices, all patients showed comparable total positioning uncertainties of 4.0 mm (lat-

eral), 4.5 mm (cranio-caudal) and 1.7 mm (dorso-ventral). The lateral positioning error was reduced for the pelvic mask patients

while the cranio-caudal error increased (Table 2, Figure 2). A systematic and a random component sum up to the total position-

ing error, and a good estimate of the magnitudes of the two is possible from six to eight portal images (Figure 3).

Conclusions: With a small number of portal images it is possible to find out the systematic and random positioning error of a pa-

tient. Knowledge of the random error can be used to resize the treatment margin which is clinically relevant since this error dif-

fers greatly for different patients (Figure 4). Image analysis with EPID is convenient, yet has some problems. For example, one

only gets indirect information on the movement of the ventral rectum wall (Figure 5). The successful operation of positioning de-

vices, although, needs further improvement – especially if one focuses on IMRT.

Key Words:  Portal imaging · Prostate treatment · Patient positioning uncertainties
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Einleitung 

Konformationstechniken, wie sie heutzutage routinemäßig in
der perkutanen Radiotherapie für Patienten mit Prostata-
karzinom angewandt werden, erlauben, durch Adaption der
Bestrahlungsfelder an das Planungszielvolumen (PTV) umlie-
gendes Normalgewebe zu schonen und ggf. Dosiseskalationen
im PTV durchzuführen. Die Konformation der Bestrahlungs-
felder wird dabei durch den Einsatz von Viellamellenblen-
den (MLC) oder individuell gefertigten Absorberblöcken er-
reicht, welche im Strahlengang positioniert werden [15, 19].
Die verbesserte Ausblockung besonders der Risikoorgane
führt dazu, dass die Wahrscheinlichkeit für Nebenwirkungen
im Zusammenhang mit einer Behandlung reduziert wird, wo-
durch sich gleichzeitig die Heilungswahrscheinlichkeit erhöht
[3]. Dosiseskalationen im PTV lassen einen zusätzlichen An-
stieg der Heilungswahrscheinlichkeit erwarten [8, 10]. 

Um die Vorteile solcher konformierender Techniken voll-
ständig nutzen zu können, muss allerdings eine Reihe von
Voraussetzungen erfüllt sein. Diese sind beispielsweise eine
günstige Lagerung des Patienten bereits bei der diagnosti-
schen Bildgebung oder die exakte Konturierung von PTV und
Risikoorganen. Zu den entscheidenden Voraussetzungen ge-
hören jedoch die reproduzierbar korrekte Patientenpositio-
nierung sowie eine möglichst gute Organimmobilisierung, und
zwar nicht nur während der einzelnen Bestrahlungsfraktio-
nen, sondern auch bezogen auf die Situation während der dia-
gnostischen Bildgebung [5, 6, 13, 14]. Organimmobilisierung
bedeutet eine Minimierung der Organeigenbeweglichkeiten
und gleichzeitig eine Minimierung der Beeinflussung von
Organlagen durch benachbarte mobile Strukturen [7].

In der vorliegenden Studie wurde mittels eines Electronic
Portal Imaging Devices (EPID) untersucht, welche Positionie-
rungsgenauigkeiten im Beckenbereich unter Verwendung un-
terschiedlicher Lagerungshilfen möglich sind. Bei den betrach-
teten Lagerungshilfen handelte es sich um Beckenmasken
sowie Rektumballonkatheter. Die Untersuchungen wurden
zum einen in Hinblick auf Radiotherapie mit intensitätsmo-
dulierten Feldern (IMRT) durchgeführt, zum anderen um zu
prüfen, inwieweit sich elektronische Feldkontrollaufnahmen
als Ersatz für konventionelle Verifikationsfilme eignen. Fer-
ner wurde untersucht, inwieweit diese Aufnahmen Aussagen
über interfraktionelle Organverschiebungen, insbesondere
über die von Risikoorganen, zulassen [1]. 

Patienten und Methode 

Für die Studie, welche von April bis August 2000 in der Abtei-
lung für Strahlentherapie der Radiologischen Universitäts-
klinik Tübingen durchgeführt wurde, wurden 15 konsekutiv
behandelte Patienten mit Prostatakarzinom ausgewählt. Die-
se Patienten wurden teilweise mit, teilweise ohne Applikation
eines Rektumballonkatheters an einem mit MLC ausgestat-
teten Elekta SLi15 Linearbeschleuniger (Elekta Oncology
Systems Ltd.) bestrahlt. Solange der Patient dies tolerierte,
wurde bei jeder Bestrahlung ein Rektumballon eingeführt,

der mit 40 ml Luft gefüllt wurde. Der Ballonkatheter sollte die
Eigenbeweglichkeit der Prostata minimieren [8]. Beim Auf-
treten proktitischer Beschwerden (Schmerzen, Blutungen)
wurde die Radiotherapie ohne Ballon fortgesetzt. Bei einer
Gruppe der Patienten dienten individuell angefertigte Be-
ckenmasken aus thermoplastischem Material als zusätzliche
externe Lagerungshilfe (Tabelle 1). 

Die strahlentherapeutische Behandlung erfolgte in allen
Fällen in Rückenlage mittels Vier-Felder-Box-Technik mit
15-MV-Photonenstrahlung. Die Akquirierung der EPID-Auf-
nahmen erfolgte jeweils während der Bestrahlung und damit
ebenfalls bei hohen Photonenenergien. Auf diese Weise war
es nicht erforderlich, die Patienten zusätzlichen Monitorein-
heiten auszusetzen. Die Patienten wurden für jede Sitzung an-
hand ihrer Hautmarkierungen bzw. der Markierungen auf der
Beckenmaske positioniert, welche dort während der Bestrah-
lungssimulation im Vorfeld der Therapie angebracht wurden.

Von jedem Patienten wurden über durchschnittlich 16
Fraktionen aus orthogonalen Richtungen (0°, 270°) mit Hilfe
des Portal-Imaging-Systems iView (Elekta Oncology Systems
Ltd.) Aufnahmen angefertigt und mit den entsprechenden Pla-
nungs-DRRs (Digitally Reconstructed Radiographs) vergli-
chen. Außerdem erfolgte ein Vergleich der EPID-Aufnahmen
mit den zugehörigen Simulationsaufnahmen (Abbildung 1).
Während die Planungs-DRRs bereits digitalisiert vorlagen und
lediglich aus dem Bestrahlungsplanungssystem HELAX TMS

Patient Rektumballon Beckenmaske Anzahl EPID-Aufnahmen

1 Ja Nein 19

2 Ja Nein 16

3 Teilweise Nein 23

4 Ja Nein 16

5 Ja Nein 12

6 Nein Nein 17

7 Ja Nein 17

8 Ja Nein 17

9 Teilweise Nein 16

10 Nein Nein 17

11 Ja Nein 11

12 Ja Nein 25

13 Ja Ja 20

14 Ja Ja 5

15 Nein Ja 9

Tabelle 1. Übersicht über die Lagerungshilfen, welche bei den hier un-
tersuchten Patienten eingesetzt wurden, sowie über die Anzahl der
EPID-Aufnahmen, die pro Patient für die Studie herangezogen wur-
den (Patienten 1–9: schlanke Statur, ohne Maske; Patienten 10–12:
kräftige Statur, ohne Maske; Patienten 13–15: mit Maske). 

Table 1. Overview over the positioning devices used in this study and
the number of portal images that were analyzed for the different pa-
tients (patients 1–9: slim stature, no mask; patients 10–12: corpulent
stature, no mask; patients 13–15: with mask).
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(MDS-Nordion)indieiView-Softwareimportiertwerdenmuss-
ten,warendieSimulationsaufnahmenzunächstzudigitalisieren.
Dies wurde mit Hilfe eines TANGO-Scanners (Heidelberger
Druckmaschinen) und einer Auflösung von 150 dpi erreicht.

Die Aufnahmen wurden auf die Lage der Feldkontur so-
wie – sofern vorhanden – auf die des Rektumballons relativ
zur Knochenstruktur hin analysiert. Der Symphysenspalt bzw.
die kraniokaudalen Ränder sowie der dorsale Rand der Sym-
physe dienten als Referenz für die Messungen. Die Lage des
Rektumballons wurde anhand der Scheitelpunkte des ellip-
soidförmigen Ballons bestimmt. 

Zur Ermittlung des Patientenpositionierungsfehlers dien-
te in erster Linie der Vergleich der EPID-Aufnahmen mit den
DRRs, da die vom Bestrahlungsplanungssystem berechneten
DRRs alle auf den Planungscomputertomographien (Pla-
nungs-CTs) der Patienten basieren, welche vor Therapiebe-
ginn durchgeführt wurden. Die Lage der Feldkontur relativ
zur knöchernen Referenzstruktur auf den DRRs wurde somit
als Sollposition festgelegt. Da die Akquirierung der Simulati-
onsaufnahmen mit Hilfe der DRRs geschah, wurden die Si-
mulationsaufnahmen bei der vergleichenden Auswertung mit
den DRRs wie EPID-Aufnahmen gewertet. Zwischen den Si-
mulations- und EPID-Aufnahmen erfolgte lediglich ein ten-
denzieller Vergleich. 

Da der Rektumballon auf den DRRs aufgrund der gerin-
gen Dichteunterschiede nicht sichtbar war, konnten die EPID-
Aufnahmen bezüglich der Ballonposition lediglich mit den
Simulationsaufnahmen verglichen werden. Es wurde dabei
angenommen, dass die Position des Rektumballons während
der Simulation die Ballonsollposition darstellte. 

Die Analyse der EPID-Aufnahmen erfolgte ausschließ-
lich mittels der iView-Software. Die translatorischen Abwei-
chungen in den drei Raumrichtungen wurden festgestellt. La-
terale Abweichungen ließen sich mit Hilfe der 0°-Aufnahmen
quantifizieren, dorsoventrale Abweichungen mittels der 270°-
Aufnahmen. Für die quantitative Analyse der kraniokaudalen

Abweichungen konnten sämtliche Auf-
nahmen herangezogen werden. Bei der
Analyse wurde zwischen Gesamtposi-
tionierungsfehlern sowie systematischen
und statistischen Fehlern unterschieden.
Der Gesamtpositionierungsfehler wurde
durch Betragsbildung aus den einzelnen
Messwerten ermittelt, der systematische
Positionierungsfehler wurde aus den
Fehlern, die pro Fraktion bei der Positio-
nierung auftraten, durch Mittelwertbil-
dung bestimmt, der statistische Fehler
ergab sich aus den gemessenen Standard-
abweichungen σ [4]. Es wurde ferner ver-
sucht, die festgestellten Ergebnisse mit
der Statur des jeweiligen Patienten in
Zusammenhang zu bringen. 

Ergebnisse 

Hilfsmittel zur Patientenlagerung 

Für sämtliche Patienten konnte trotz unterschiedlicher Lage-
rungshilfen ein nahezu einheitlicher Gesamtpositionierungs-
fehler von im Mittel 4,0 mm (lateral), 4,5 mm (kraniokaudal)
sowie 1,7 mm (dorsoventral) festgestellt werden. Dieses Er-
gebnis lieferte die Analyse der einzelnen EPID-Aufnahmen
sowie die der Simulationsaufnahmen bezüglich der Lage der
Feldkontur relativ zur Knochenstruktur verglichen mit den
Verhältnissen während der Akquirierung der Referenz-
DRRs. Dabei konnten zwischen der Patientengruppe ohne
Beckenmaske und der Gruppe mit Beckenmaske z.T. be-
trächtliche Unterschiede bezüglich des individuellen maxima-
len Positionierungsfehlers beobachtet werden. Eine Zusam-
menstellung der festgestellten maximalen Positionierungsfeh-
ler ist in Tabelle 2 gegeben.

Es zeigte sich, dass durch die Verwendung einer Becken-
maske zwar in den meisten Fällen der laterale Positionie-
rungsfehler reduziert werden konnte, gleichzeitig traten je-
doch verstärkt in kraniokaudaler Richtung Abweichungen
auf. In Abbildung 2 wird dies dadurch verdeutlicht, dass die
großen Halbachsen der hier dargestellten Ellipsen für Patien-
ten mit Beckenmaske in kraniokaudaler Richtung verlaufen,
für Patienten ohne Beckenmaske hingegen in laterale Rich-

Abbildung 1. Planungs-DRR (links) sowie EPID-Aufnahme (rechts) eines der in dieser Studie un-
tersuchten Patienten.

Figure 1. DRR originating from the treatment planning system (left) in comparison with portal
image (right).

Ohne Mit 

Beckenmaske Beckenmaske 

Lateral 8,3 mm 7,8 mm 

Kraniokaudal 9,0 mm 20,8 mm 

Dorsoventral 4,5 mm 5,6 mm

Tabelle 2. Maximale Positionierungsfehler, beobachtet für Patienten
ohne und mit Beckenmaske.

Table 2. Maximum positioning errors, as observed for patients with
and without pelvic mask.
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tung zeigen. Die Ellipsen kennzeichnen jeweils den Bereich,
innerhalb dessen 95% aller Messwerte liegen. Das verstärk-
te Auftreten von kraniokaudalen Positionierungsfehlern bei
Verwendung einer Beckenmaske ist darauf zurückzuführen,
dass das wiederholte Anlegen von Beckenmasken mit großen
Unsicherheiten verbunden ist, da diese Masken verhältnismä-
ßig viel Spielraum in Richtung der Körperlängsachse besitzen.

Vergleicht man für die beiden in Abbildung 2 dargestell-
ten Patienten jeweils die systematischen sowie die statisti-
schen Positionierungsfehler, so stellt man fest, dass ohne Mas-
ke in lateraler Richtung sowohl ein größerer systematischer
als auch ein größerer statistischer Positionierungsfehler als in
kraniokaudaler Richtung auftritt. Mit Beckenmaske ergibt
sich in beiden Richtungen ein ähnlich großer systematischer
Fehler, hingegen ist in lateraler Richtung der statistische An-
teil am Gesamtpositionierungsfehler im Vergleich zur kra-
niokaudalen Richtung reduziert. Ähnliche Beobachtungen
ergaben sich auch für die anderen Patienten. 

Abschätzung des Positionierungsfehlers 

Die Untersuchungen ergaben ferner, dass je nach Adipositas
des Patienten sechs bis acht EPID-Aufnahmen für eine aussa-
gekräftige Abschätzung des systematischen bzw. statistischen
Positionierungsfehlers ausreichen (Abbildung 3). Dabei ist
es nicht von Bedeutung, ob der Patient mit Beckenmaske
(Patient 13) oder ohne Beckenmaske (Patienten 2 und 10)
gelagert wird. Bei korpulenten Patienten (Patient 10) sind
tendenziell mehr EPID-Aufnahmen erforderlich, um den sys-
tematischen sowie den statistischen Positionierungsfehler
zuverlässig abschätzen zu können, als dies bei schlanken Pa-
tienten (Patient 2) der Fall ist. Eine Tendenz für den Betrag
des systematischen Positionierungsfehlers lässt sich bereits
aus den Abweichungen zwischen Simulationsaufnahmen und
Planungs-DRRs herauslesen. 

Wie in Abbildung 4 zu sehen ist, zeigen die statistischen
Fehler zwischen den einzelnen Patienten relativ große indivi-
duelle Unterschiede.

Elektronische kontra konventionelle Verifikations- 

aufnahmen 

Die EPID-Aufnahmen, welche im Rahmen dieser Studie auf-
gezeichnet und analysiert wurden, erwiesen sich als qualitativ
nur bedingt vergleichbar mit konventionellen Verifikations-
aufnahmen auf Filmbasis. Dies folgte aus einem einfachen op-
tischen Qualitätsvergleich der elektronischen Aufnahmen mit
Filmverifikationsaufnahmen, welche im selben Zeitraum rou-
tinemäßig von Patienten mit Prostatakarzinom angefertigt
wurden, die nicht an der Studie teilnahmen. Die elektroni-
schen Aufnahmen waren z.T. relativ stark verrauscht, das
Rauschen nahm mit der Betriebsdauer des Systems zu. Zu-
dem war es oftmals schwierig, besonders bei den lateralen
Aufnahmen und bedingt durch die anatomischen Verhältnis-
se, die keine großen Kontrastunterschiede erzeugten, in den
kleinen Bildausschnitten (typische maximale Feldausdehnun-
gen: 7–15 cm) Referenzstrukturen zu markieren. 

Mittels der EPID-Aufnahmen war es jedoch schnell und
bequem möglich, online die einzelnen Feldformen visuell zu
analysieren. Dadurch konnten in zwei Fällen einzelne „hän-
gende“ Lamellen oder in einem Fall ein falsch eingestellter
Kollimatorwinkel mit wenigen Monitoreinheiten festgestellt
und korrigiert werden.

Abbildung 2. Gemessene Positionierungsfehler eines Patienten ohne
Beckenmaske (oben) und eines Patienten mit Beckenmaske (unten) in
lateraler bzw. kraniokaudaler Richtung. Der systematische Fehleran-
teil wird jeweils durch die graue Linie, der statistische Fehleranteil
durch die Ellipse repräsentiert. Die Länge der Ellipsenhalbachsen ist
1,96 σlat bzw. 1,96 σcc, wobei σlat bzw. σcc dem lateralen bzw. kranio-
kaudalen statistischen Positionierungsfehler entspricht.

Figure 2. Measured positioning errors of a patient without/with pelvic
mask (top/bottom) in lateral and cranio-caudal direction. The gray
lines represent the systematic errors. The ellipses characterize the
random positioning errors and enclose the areas that include 95% of
the measured points. Therefore the lengths of the half center lines of
the ellipses are 1.96 σlat and 1.96 σcc with σlat as the lateral and σcc as the
cranio-caudal random positioning error.



Interfraktionelle Organverschiebungen 

Um Rückschlüsse auf interne Organverschiebungen ziehen

zu können, wurde in den EPID- sowie Simulationsaufnah-

men der Patienten, die mit Rektumballon bestrahlt wurden,

jeweils die genaue Lage des Ballons re-

lativ zur Knochenstruktur bestimmt.

Auf diese Weise konnten im Rahmen

der vorliegenden Arbeit dorsoventrale

Verschiebungen des Rektumballons von

durchschnittlich 2,4 mm festgestellt wer-

den (Abbildung 5). Die kraniokauda-

le Position des Rektumballons wurde

nicht analysiert, da sie keine Rückschlüs-

se auf Organverschiebungen in dieser

Richtung erlaubt. 

Diskussion 

In der Literatur findet sich eine Vielzahl

von Untersuchungen, die sich mit dem

Thema Lagerungshilfen für die Patien-

tenpositionierung bei Prostatabestrah-

lung sowie mit den erreichbaren Posi-

tionierungsgenauigkeiten befassen. Bei-

spielsweise wurden von Fiorino et al. [5]

verschiedene sog. Alpha Cradle Casts

miteinander verglichen. Die Gruppe um

Fiorino stellte fest, dass sich für Patienten

in Rückenlage eine Fixierung der Beine

sowohlvorteilhaftaufdiePositionierungs-

genauigkeit im Beckenbereich auswirkt

als auch besser reproduzierbar ist. Die aus

Filmverifikationsaufnahmen ermittelten

Standardabweichungen der Positionie-

rungsfehler lagen in lateraler Richtung

im Bereich 2,4–3,6 mm, in kraniokauda-

ler Richtung im Bereich 2,7–3,3 mm und

in dorsoventraler Richtung im Bereich

2,6–4,4 mm. Malone et al. [12] analysierten Kniekissen, Alpha-

Cradle-Liegen und thermoplastische Beckenmasken. Sie beob-

achteten, dass die Beckenmasken den anderen Systemen signi-

fikant überlegen waren, und stellten für diese Masken einen
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Abbildung 3. Änderung des Betrags des lateralen bzw. kraniokaudalen systematischen (oben)
sowie statistischen (unten) Positionierungsfehlers mit der Anzahl der ausgewerteten EPID-
Aufnahmen für verschiedene Patienten.

Figure 3. Change of the magnitudes of the lateral/cranio-caudal systematic (top) and random
(bottom) positioning errors with increasing number of evaluated portal images.

Abbildung 4. Statistische Positionierungsfehler σlat bzw. σcc für die in
dieser Studie untersuchten Patienten.

Figure 4. Random positioning errors σlat and σcc for the patients ana-
lyzed in this study.

Abbildung 5. Interfraktionelle Verschiebung des Rektumballons rela-
tiv zu seiner Position während der Aufnahme des Simulationsbildes.

Figure 5. Interfractional displacement of the rectum balloon relative
to its position during acquisition of the simulation image.
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mittleren absoluten Positionierungsfehler von 1,9–2,6 mm in
den drei Raumrichtungen fest. Ferner berichteten sie, dass
Positionierungsungenauigkeiten ≥ 10 mm durch den Einsatz
einer Beckenmaske nahezu eliminiert werden konnten. Alle
Patienten mit Beckenmaske waren in der zitierten Studie auf
dem Bauch gelagert. Weber et al. [20] stellten in einer Stu   die,
die ohne Positionierungshilfsmittel durchgeführt wurde, fest,
dass Bauch- wie Rückenlage ähnliche Gesamtpositionierungs-
fehler verursachten, wobei sich für Rückenlage ein größe-
rer systematischer Fehler zeigte. Kraniokaudal lag dieser bei
4,1 mm vs. 2,2 mm in Bauchlage. Der statistische Fehler betrug
in dieser Richtung für Rückenlage etwa 3,6 mm. In der Arbeit
wurden jedoch keine Abweichungen in lateraler Richtung
quantifiziert; sie können daher nicht mit unseren Beobachtun-
gen verglichen werden. Die vorliegende eigene Studie zeigt,
dass ohne Beckenmaske besonders mit großen lateralen Posi-
tionierungsfehlern zu rechnen ist. 

Es gibt noch eine Vielzahl weiterer interessanter Unter-
suchungen zum Thema Positionierungsgenauigkeit, z.B. [10,
14, 17]. Zwar ähneln sich die Untersuchungen alle, doch sind
sie und insbesondere ihre Ergebnisse meistens nur unter Vor-
behalt vergleichbar, bedingt durch die unterschiedliche Me-
thodik. Größenordnungsmäßig stimmen die festgestellten
Genauigkeiten jedoch meist recht gut überein. 

Die vorliegende Arbeit zeigte, dass für die Abschätzung
des systematischen sowie des statistischen Anteils am Gesamt-
positionierungsfehler je nach Adipositas des Patienten die An-
zahl der benötigten Verifikationsaufnahmen leicht schwankt.
Dies lässt sichdadurchbegründen,dassbei schlankenPatienten
(Patient 2 in Abbildung 3) die Repositionierung verhältnismä-
ßig einfach funktioniert, da sich hier kleinere Ungenauigkeiten
beimVersuch,dieLasermitdenMarkierungenaufderHaut des
Patienten deckungsgleich zur Überlagerung zu bringen, kaum
auswirken. Bei korpulenten Patienten (Patient 10 in Abbil-
dung 3) hingegen verursachen bereits die geringsten Ungenau-
igkeiten deutlich unterschiedliche Positionierungsergebnisse.

Ähnliche Ergebnisse bezogen auf die Zahl der benötigten
Verifikationsaufnahmen zeigen auch die Untersuchungen von
Denham et al. [4] und Yan et al. [22]. Denham et al. berichten
beispielsweise, dass sechs bis sieben Verifikationsaufnahmen
erforderlich sind, um den systematischen Fehler verlässlich
detektieren und quantifizieren zu können, wenn statistische
Fehler von etwa 10 mm möglich sind. Statistische Fehler in
dieser Größenordnung konnten auch in der vorliegenden Stu-
die festgestellt werden.

Während der systematische Positionierungsfehler korri-
giert werden kann, ist es möglich, aus dem statistischen Fehler
für jeden Patienten individuell einen Sicherheitssaum um das
klinische Zielvolumen zu bestimmen, dadurch ein individuel-
les PTV festzulegen und dieses dann in den Planungsprozess
einfließen zu lassen [9, 10, 21]. Die festgestellten großen indi-
viduellen Unterschiede in den statistischen Fehlern zeigen,
dass dieses Vorgehen in der Tat klinisch relevant ist, möchte
man optimale Behandlungsergebnisse erzielen. 

Die Verwendung eines elektronischen Feldkontrollsys-
tems für die vorliegende Untersuchung erwies sich als praktisch,
wenn auch gleichzeitig als recht gewöhnungsbedürftig. Es zeig-
ten sich die bereits vielfach diskutierten Vorteile [11, 18] von
EPID, wie Zeitersparnis aufgrund der wegfallenden Filment-
wicklung und der Tatsache, dass EPID-Aufnahmen bereits digi-
talisiert vorliegen und daher relativ einfach weiterverarbeitet
werden können, oder die Möglichkeit einer schnellen und be-
quemen visuellen Analyse der Feldform durch routinemäßig
durchgeführte Aufnahmen. Die Analyse der Aufnahmen wurde
allerdings durch ihre eingeschränkte Qualität (Rauschen, gerin-
ge Kontrastunterschiede) sowie durch die geringe Größe der
Bildausschnitte erschwert. Aufnahmen bei niedrigeren Photo-
nenenergien sowie mit vergrößerten Feldern, wie man sie bei-
spielsweise im Doppelbelichtungsmodus erhält, könnten die
Analyse erleichtern und sind daher wünschenswert. Allerdings
darf man dabei nicht vergessen, dass solche Aufnahmen mit zu-
sätzlichen Monitoreinheiten für den Patienten verbunden sind
und zu einer erhöhten Dosisbelastung des Normalgewebes und
bestimmterRisikoorgane,hierz.B.desRektums, führenkönnen.

In verschiedenen Studien wurde untersucht, inwieweit
sich EPID als Offline-Verifikationsmittel eignet und Filmauf-
nahmen ersetzen kann. Lavertu et al. [11] stellten z.B. fest,
dass EPID für die Prostataregion durchaus geeignet ist. Aller-
dings verwendeten sie ein anderes als das hier eingesetzte
EPID-System und bearbeiteten ihre Aufnahmen digital nach.
Vigneault et al. [18], die ein drittes System einsetzten, berich-
ten ebenfalls von einer guten Qualität der Aufnahmen sogar
bei 23-MV-Photonenstrahlung.

Die Lage des Rektumballons erlaubt, Rückschlüsse auf
interfraktionelle Lageveränderungen der Rektumwand zu
ziehen [16]. Interessant sind hierbei besonders Variationen
der Ballonposition in dorsoventraler Richtung, da man die
verschiedenen Positionen als grobe Anhaltspunkte für die La-
ge der vorderen Rektumwand ansehen kann, welche das der
Prostata am nächsten liegende Risikoorgan darstellt. Diese
Verschiebungen sind entkoppelt von den translatorischen
Verschiebungen, welche durch die endliche Genauigkeit bei
der externen Patientenpositionierung verursacht werden,
überlagern sich diesen und sollten ebenfalls während des Pla-
nungsprozesses berücksichtigt werden [2, 17]. 

In der vorliegenden Arbeit war es mittels Rektumballon
nur indirekt möglich, die Lage der vorderen Rektumwand und
damit in gewissem Maße die der Prostata in dorsoventraler
Richtung zu bestimmen. Mittels Kontrastmittelzugabe bzw. Im-
plantation von internen Markern ist es jedoch möglich, inter-
fraktionelle wie auch intrafraktionelle Organbewegungen im
Beckenbereichdirektaufzuzeichnen,wieverschiedeneArbeits-
gruppen untersucht haben. Balter et al. [2] haben z.B. anhand
von Verifikationsfilmen und implantierten Markern herausge-
funden, dass translatorische Verschiebungen der Prostata typi-
scherweise in der Größenordnung 0–4 mm liegen; dabei treten
bevorzugt Verschiebungen in kraniokaudaler sowie dorsoven-
traler Richtung auf. Auch die im Rahmen der eigenen Arbeit
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festgestellten dorsoventralen Verschiebungen des Rektumbal-
lons bewegen sich betragsmäßig in diesem Bereich.

Gerne wird auch auf CT-Simulationsserien zurückgegrif-
fen, um interne Organverschiebungen zu ermitteln oder um
das Zielvolumen zu identifizieren (z.B. [21]). CT-Verlaufsse-
rien unter Strahlentherapie mit wie ohne Rektumballon, wie
von Gerstner et al. [7] durchgeführt, zeigen des Weiteren, dass
durch die Anwendung eines Rektumballons eine Reduzie-
rung der Prostataeigenbeweglichkeit besonders in dorsaler
Richtung möglich ist. Außerdem wird durch den Ballonkathe-
ter der Abstand zwischen Rektumhinterwand und Prostata
vergrößert, an der Prostatabasis im Mittel bis zu 8 mm. Die
Lage der Prostata in lateraler und kraniokaudaler Richtung
wird, so wurde festgestellt, durch den Ballon nicht beeinflusst.

Schlussfolgerungen 

Mittels EPID ist es möglich, aus einer geringen Anzahl von
Verifikationsaufnahmen für jeden Patienten den individuel-
len systematischen Positionierungsfehler zu ermitteln, der
dann korrigiert werden kann. Gleichzeitig lassen sich auch die
von Patient zu Patient stark variierenden statistischen Positio-
nierungsfehler quantifizieren. Aus Letzterem kann individuell
für jeden einzelnen Patienten der erforderliche Sicherheits-
saum um das klinische Zielvolumen bestimmt werden. Die
Bestimmung dieser beiden Anteile am Gesamtpositionie-
rungsfehler ist mittels Portal-Imaging bequem möglich, sie
wird jedoch durch die im Vergleich zu herkömmlichen Veri-
fikationsaufnahmen verrauschteren Bilder erschwert. Wäh-
rend routinemäßig durchgeführte EPID-Aufnahmen eine
schnelle Qualitätskontrolle der Bestrahlungsfelder ermögli-
chen, sollten daher bei Aufnahmen der Patientenanatomie
vergrößerte Bestrahlungsfelder verwendet werden.

Der erfolgreiche Einsatz von Lagerungshilfen zur Patien-
tenpositionierung erfordert jedoch – insbesondere in Hinblick
auf IMRT – eine weitere Optimierung. Hier gilt besonders für
Beckenmasken, dass der Spielraum, den diese in Richtung der
Körperlängsachse aufweisen, erheblich reduziert werden muss.

Um zudem auch Organbewegungen während der Bestrah-
lung mittels Portal-Imaging adäquat aufzeichnen und berück-
sichtigen zu können, erscheint eine Kombination von EPID mit
internen Markern bzw. Kontrastmittelzugabe sinnvoll. 
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Abstract
In general, the deposition of a given target dose requires a longer radiation

time for intensity-modulated photon beams (IMBs) than for unmodulated

beams. Hence, the routine use of intensity-modulated radiotherapy (IMRT)

has repercussions both on the exposure of the patient to scatter and institutional

radiation safety. A rule of thumb is presented to assess the maximum

prolongation of radiation time for a case class in an idealized setting using

static superimposed field segments. The method considers only the degree to

which risk structures have to be blocked to meet specified dose restrictions.

1. Introduction

Intensity-modulated radiotherapy (IMRT) is rapidly being implemented for clinical routine in

many hospitals. The price to be paid for its promise of better sparing of organs at risk (OARs)

is prolonged irradiation times and an even greater dependence on treatment planning software.

The purpose of this note is to present a simple formula to assess the maximum prolongation

of beam-on time for a case class in an idealized setting. This rule of thumb can provide

a plausibility check for intensity-modulated treatment plans which may comprise several

times as many monitor units (MUs) as conventional treatment plans and hence evade clinical

experience.

It can also aid in estimating the whole-body dose originating from leakage and scatter

which is proportional to the total number of MUs for a generic class of cases. Further, it can be

used to estimate the increased demands on the shielding design for treatment rooms. Similar,

yet less detailed, considerations based on practical experience with IMRT were made by the

Intensity Modulated Radiation Therapy Collaborative Working Group (2001) and Mutic et al

(2001). In contrast, the rule presented here allows the making of predictions about the expected

radiation time prolongation factor (RTPF) based solely on the dose prescription characteristics

for a class of treatment cases.

0031-9155/03/020025+05$30.00 © 2003 IOP Publishing Ltd Printed in the UK N25
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2. Method

The delivery of conventional 3D-conformal radiation therapy is typically accomplished with

a set of beams shaped using the projection of the planning target volume (PTV). Every point

in the PTV is therefore irradiated by approximately the same primary fluence, if we discount

differences in radiological depth.

Starting from this premise, consider IMRT as a re-distribution of primary fluence to a

number of field segments: from certain beam areas fluence is removed by partial blocking

of OARs and applied from other beam incidences in the shape of additional fill-in segments

in order to maintain approximately constant primary fluence in every point of the PTV. In

other words, we assume that the total photon flux of a given treatment is equivalent for

unmodulated and intensity-modulated beams (IMBs). Since any multileaf collimator based

application requires the fragmentation of IMBs into multiple segments of smaller area, the

integral radiation time has to increase for IMRT.

Let RTPF be the radiation time prolongation factor, defined as the ratio of the number of

MUs required for an IMRT treatment divided by the number of MUs required for a conventional

treatment:

RTPF =
MUIMRT

MUconv

. (1)

Here, as well as below, any MU or dose specification given corresponds to a single fraction.

The value of RTPF depends on the degree of fluence modulation of a given treatment plan.

Assume that a given OAR should receive no more than the maximum dose Dmax, which

means the structure should be spared to a degree of

s = 1 −
Dmax

Dpresc

.

Dpresc in the above equation corresponds to the prescribed target dose.

Figure 1 depicts the situation for a concave PTV and a single OAR located in the path

of a conventional beam and an IMB. The fluence distributions of the beams are illustrated as

relative MU distributions (rel MUconv, rel MUIMRT) along lines perpendicular to the central

beam axis. In the schematic display of the modulated beam, we already assume that on average

(over all IMBs), the OAR will be shielded by a factor s. The geometrical configuration, an

OAR surrounded on two sides by a PTV, corresponds to the geometrical worst-case situation.

In the following, we will assume such a configuration for all beams contributing to an IMRT

treatment to arrive at an estimate of the maximum RTPF as a function of the shielding s.

The modulated fluence distribution rel MUIMRT of figure 1 has to be applied as a

hypothetical sequence of 3 + n field segments. Segment I, irradiating both PTV and OAR,

contributes a fraction (1 − s) to the RTPF and segments II und III, irradiating only the PTV,

contribute a factor s each. The missing flux of segment IV has to be contributed by other

beams, hence another fraction s has to be added to the total RTPF of this beam. Likewise,

this beam compensates for shielding in other beams so that additional n segments would have

to be applied from this direction, which are not displayed in figure 1 for the sake of simplicity.

However, their contribution has already been taken into account together with those beams

from which flux had been taken away.

Hence, the RTPF for a single beam shielding a single OAR is given as

RTPFbeam ≈ (1 − s) + s + s + s ≈ 1 + 2s.

If we assume an identical worst-case geometry for each IMB of a complete set, it follows for

the total RTPF for the case that a single OAR is considered during planning:

RTPF ≈ 1 + 2s.
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Figure 1. Relative MU distribution for an unmodulated beam and an IMRT beam with identical

incidence direction. The IMB is partially blocking a single OAR.
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Figure 2. Relative MU distribution of an IMRT beam with two OARs partially blocked.

From figure 2, the approximate RTPF for an arrangement with two OARs and a PTV,

aligned in the worst possible way, can be deduced. If the geometrical worst-case situation

continues for all beams of an IMRT treatment plan where n OARs are considered, the total

RTPF can be obtained as

RTPF = 1 + 2

n∑

k=1

sk (2)

where

sk = 1 −
Dmax−k

Dpresc

(3)

is the degree to which the kth OAR is blocked.
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Table 1. Estimated and observed RTPFs for two indications. Further, dose, MU and segment

number data are presented. The prostate data are averaged over the treatment plans of ten patients,
the H&N data correspond to a single IMRT plan.

Dpresc/ OAR Dmax/ IMRT segment

fraction (Gy) fraction (Gy) RTPFpredict RTPFobserv MUIMRT−H number (beams)

Prostate 2.1 Rectum 1.9 1.2 1.2 ± 0.16 244.4 ± 31.9 20.9 (5)

H&N 2.0
Spinal cord

Parotid glands

0

0
5.0 5.0 1004.1 94 (7)

The extension to dose–volume constraints for OARs can be made if it is possible to

interpret this as a maximum dose constraint for a partial volume of the OAR. This will often

be the case if the OAR is small relative to the target volume and in close vicinity to it, e.g.

for the parotids. In case multiple dose–volume constraints are used, or the OAR is of the size

of the target volume (e.g. lungs), it is generally hard to predict the shielding requirements.

Application of the formula using the lowest dose constraint of the respective OAR will often

lead to an overestimation of the RTPF.

Equation (2) is related to the estimate of total treatment time given by Stein et al (1994).

While the present equation applies to a case class in a setting using static field segments, the

estimate of Stein et al refers to dynamic multileaf collimation of a single beam.

So far, all considerations were based on a longitudinal symmetry of the treatment situation.

If the treatment situation deviates from this symmetry, both a greater or lesser degree of fluence

modulation may result, which is difficult to assess in general. Also, limitations of the treatment

planning software and delivery equipment may cause a further fragmentation of the fields into

segments, hence also leading to an increased RTPF. However, by the assumption of a worst-

case geometry, the estimates on the RTPF are rather conservative, so that often solutions with

smaller than predicted RTPFs can be encountered.

3. Results

Table 1 summarizes RTPFs for treatments of patients with prostate or H&N tumour. The

MUs shown, MUIMRT−H , are the results of the planning software Hyperion, an inverse IMRT

treatment planning system developed at our department (Alber et al 2000). The examples

serve the purpose of illustration rather than justification of formula (2), because we cannot

claim that the MUs obtained from our treatment planning system are anywhere near the ideal

minimum. Hence for prostate, all listed data were averaged over a group of ten patients. Mean

values ±1 standard deviation are listed in the table. In a simple setting such as this, the RTPF

estimate is rather accurate.

In contrast, the shielding requirements for this particular H&N treatment resulted in a very

complex treatment plan with ≈1004 MUs per fraction, a result that can also be made plausible

by the consideration made above. The extreme shielding requirements (Dmax/fraction = 0 Gy)

for the spinal cord and the parotids in this plan are due to the fact that the patient had undergone

prior conventional radiation treatment which had exhausted normal tissue tolerance. Dose

volume (DVH) constraints (0 Gy to 50% volume) for the parotids were used to allow the

planning system to meet the prescription for the target volume.

4. Discussion

For both indications tested, the RTPF calculated by this heuristic rule gives good order-of-

magnitude estimates of the actually observed RTPF. In practice, the overestimation of the
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RTPF caused by the assumption of a worst-case geometry for all treatment beams

approximately balances the effects of variations of patient geometry and constraints of delivery

that lead to an increase of the RTPF beyond the ideal limit. An important role in reducing

the practical RTPF is played by the treatment planning software, where inclusion of the

segmentation into the optimization proves crucial for inverse (Alber et al 2001) and forward

(De Gersem et al 2001) approaches alike.

The rule cannot estimate the total delivery time because it does not make predictions about

the number of segments necessary to deliver a treatment. In fact, predictions of this kind are

very case dependent and difficult. Note that the number of segments and the number of MUs

are not strictly related. Only this fact makes it possible to formulate such a general rule of

thumb for the RTPF at all.

The intention of the presented rule is to provide a comprehensive tool for simple

plausibility checks of RTPFs in IMRT while considering the characteristics of the individual

dose prescriptions. Since the rule predicts radiation time for an arbitrary treatment setup,

it could aid in estimating scatter dose exposure to patients. It is also of interest in facility

planning considerations.
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Abstract

A method for the quantitative four-dimensional (4D) evaluation of discrete dose

data based on gradient-dependent local acceptance thresholds is presented. The

method takes into account the local dose gradients of a reference distribution

for critical appraisal of misalignment and collimation errors. These contribute

to the maximum tolerable dose error at each evaluation point to which the

local dose differences between comparison and reference data are compared.

As shown, the presented concept is analogous to the γ -concept of Low

et al (1998a Med. Phys. 25 656–61) if extended to (3+1) dimensions. The

pointwise dose comparisons of the reformulated concept are easier to perform

and speed up the evaluation process considerably, especially for fine-grid

evaluations of 3D dose distributions. The occurrences of false negative

indications due to the discrete nature of the data are reduced with the method.

The presented method was applied to film-measured, clinical data and compared

with γ -evaluations. 4D and 3D evaluations were performed. Comparisons

prove that 4D evaluations have to be given priority, especially if complex

treatment situations are verified, e.g., non-coplanar beam configurations.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

With the clinical implementation of new radiation therapy techniques, dosimetric verification

of the dose computation algorithms involved becomes a key issue. This is definitely the case

for intensity modulated radiotherapy (IMRT).

An advanced approach for IMRT treatment planning is to use Monte Carlo based dose

calculations (Ma et al 2000, Leal et al 2003, Fippel et al 2003). To ensure high accuracy of

the calculations, the employed head models in particular need explicit verification.

Radiographic films, ionization chambers and arrays or portal imaging devices produce
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measured data suitable for comparisons (Low et al 1998b, Van Esch et al 2002, Depuydt et al

2002, Pasma et al 1999). Even if the calculation methods prove to be accurate, measurements

cannot be abandoned because data transfer and the delivery process still need to be checked.

If the correspondence between two IMRT dose distributions, a measured comparison and

a reference distribution, is to be tested, a global dose difference acceptance criterion is not

sufficient. Often, no point in the target volume (TV) exists which is irradiated by all beams or

individual segments of an IMRT step-and-shoot treatment and high dose gradients even inside

the TV will be observed for individual beams. For a homogeneous total dose within the TV,

the correct matching of these gradients is essential.

Van Dyk et al (1993) described the large effects of small spatial shifts on observed dose

differences for high dose gradients and introduced the concept of a distance-to-agreement

(DTA) based on them. The DTA for a given reference dose point defines the maximum spatial

distance within which a point in the comparison data set has to be found that receives the same

dose. Van Dyk suggested to use a fixed dose criterion for the analysis of low-gradient regions

and, complementary, perform a DTA-based analysis for high-gradient regions.

Instead of employing a DTA criterion, alternatively, one could enlarge the dose tolerances

for points in such regions. Venselaar et al (2001) tabulated in their publication fixed tolerance

values for application in different test configurations. For example, they proposed to use a

10% local dose criterion in high-gradient regions if a simple geometry is tested, while for a

more complex geometry a 15% local dose criterion should be used.

An analysis based on such multiple criteria allows us to identify pass and fail regions

within a data set but gives no quantitative index of the accuracy.

This paper takes up the theoretical concept of the γ -evaluation method of Low et al

(1998a). Based on Van Dyk’s proposal of complementary acceptance criteria for high and

low dose gradients, Low et al developed a technique for the quantitative comparison of

two-dimensional dose distributions in (2+1)-dimensional dose-distance space with proper

Euclidean metric. Straightforward modification allows us to apply this technique also on one-

and three-dimensional cases.

To perform quantitative dose comparisons, Low suggested drawing acceptance ellipsoids

around each dose point Dr(�rr) of a two-dimensional reference data set with the major axes of

the ellipsoids scaled by the chosen, fixed acceptance criteria. �Dmax, the maximum acceptable

dose difference if two dose points are directly compared, defines the scale of the dose axis;

the major axes in the two Cartesian directions, x and y, are both defined by the maximum

acceptable DTA, �dmax. For each point Dr(�rr), the dose points within the planar comparison

data set Dc(�rc) have to be searched for the point with the minimum distance. The distance of

this point, intrinsically scaled to a fraction of the acceptance criteria, gives the local γ -value,

the accuracy index.

Expressed in formulae, this concept reads

γ (xr , yr) = min
xc,yc

{Ŵr(xc, yc,Dc)} (1)

with

Ŵr(xc, yc,Dc) =

√

�r2

�dmax
2

+
�D2

�Dmax
2

where

�r = |�rc − �rr | = (xc − xr)
2 + (yc − yr)

2 (2)

and

�D = Dc(�rc) − Dr(�rr).
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�D is an absolute dose difference if �Dmax is also expressed in Gray. Otherwise, �D is a

relative dose difference if Dc,Dr are scaled to the maximum of Dr .

If for a certain reference point Dr(�rr), γ is found to be �1, the nearest Dc(�rc) is located

in the ellipsoid of acceptance. If the nearest Dc(�rc) is outside the ellipsoid, the acceptance

criteria cannot be met and the corresponding γ > 1 is a quantitative measure for the observed

disagreement.

With the γ -evaluation method two main problems exist. First, if evaluations are extended

to (3+1)D, many points need to be searched in the comparison data set, see equation (1). An

extension to 4D is desirable for the critical appraisal of misalignment and collimation errors

with realistic beam configurations and also for non-coplanar cases. Second, if the reference or

measurement data are coarsely spaced, interpolations are required to give a better resolution

and to avoid misinterpretations of the agreement. This causes even more evaluation points

which might become critical. Alternatively, with a coarser comparison grid a multiple-level

strategy could be used to reduce the occurrence of false negative indications allowing correct

evaluation. This has been addressed by Depuydt et al (2002).

These problems give motivation to find an equivalent criterion that avoids the search as

in equation (1).

Looking at Low’s concept from a different perspective, an alternative quantitative measure,

the acceptable local dose error, can be derived which can easily be interpreted from the laws

of error propagation. With this new measure, reliable dose comparisons, even for fine-grid

data sets, become feasible.

In this paper, the presented methodology is applied to film-measured, clinical IMRT data

and compared to the results of γ -calculations.

2. Materials and methods

For simplicity, the new method is first developed in (1+1)D dose-distance space. Imagine

a continuous profile of a reference dose distribution with acceptance ellipses drawn around

each dose point. The envelope of all these ellipses forms a tube around the reference profile.

Imagine further a second data set, a comparison dose profile. For those reference points where

γ -values �1 are observed, the comparison profile will run inside the tube, otherwise it will

extend outside.

This situation is sketched in figure 1. The shaded area in this graph corresponds to the

region where γ -values larger than 1 are found. Note that in the figure the dose distributions

Dc and Dr are scaled by

c =
�dmax

�Dmax

(3)

to yield the functions xDc
(labelled as ‘comp’) and xDr

(labelled as ‘ref’). This simple

transformation deforms the ellipses to circles. The circles’ radius is �dmax.

2.1. Acceptance intervals

Instead of determining the minimum distance of a point in Dr(�rr) to Dc(�rc), we are going to

perform the dose data analysis with respect to the acceptance tube enveloping Dr(�rr). To be

more precise, the intervals defined by the vertical thicknesses of the tube are interpreted as

the maximum acceptable local dose differences. We propose that for each point �r with

reference value xDr
(�r) effective and reliable comparisons are possible if it is tested whether

the value xDc
(�r) is located inside the acceptance interval for that point. If reference and
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D

comp
ref

Figure 1. Two continuous dose profiles (ref: reference profile, comp: comparison profile). The

vertical dose axis was scaled to xD = �dmax
�Dmax

·D and has physical unit ‘mm’. The acceptance

ellipses of Low et al (1998a) that can be drawn around each reference point become circular due

to the scaling and are enveloped by an acceptance tube.

D 321

comp
ref

a

b

Figure 2. Reference and comparison xD-profiles defined by discrete data points. The acceptance

tube is indicated, as are a few acceptance circles. γ -analysis and dose-tube test give different

results for reference points a and b in high-gradient region 1.

comparison data are defined on different grids, the comparison data set needs to be interpolated

for this test.

Figure 2 shows a reference profile (ref) with its enveloping acceptance tube and a

comparison profile (comp). In this case, both distributions are defined by discrete data

points equally spaced along the x-axis as indicated by the point-marking dots and thin impulse

lines. For illustration purposes, some acceptance circles are drawn. In region 3, all comparison

points xDc
(�r) are located within the acceptance tube and within the acceptance circle of at least

one reference point xDr
(�r) as indicated by two sample circles. Both methods, the γ -method

and the acceptance interval test identify these points as being in agreement. The findings

of both methods also correspond with the points in region 2, where disagreement between

comparison and reference data is observed.

For region 1, being a typical example for a high-gradient region, the results of the

two methods differ. While for both reference points in this region the acceptance tube-test

detects agreement, the γ -method identifies agreement only for reference point b. Such local
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Figure 3. Schematic representation of the proposed method for the determination of the vertical

acceptance tube thickness 2 · τ ′ at a certain point x. τ ′ can be calculated based on the local tangent

and normal vectors, �t and �n, and on the acceptance sphere radius τ . At point x, the comparison

and reference value differ by |xDc − xDr|.

differences in the findings of the two evaluation methods strongly depend on the ratio of

the grid spacing and �dmax, which defines the radius of the acceptance circles. The smaller

the ratio grid spacing
�dmax

, the better both methods will correspond. To avoid these discretization

artefacts, the search for a minimum (see equation (1)) have to be performed on an interpolated

profile.

2.2. The evaluation factor χ

For computing the thickness of the acceptance tube in dose direction, the situation is sketched

in figure 3. One side of the highlighted triangle in the figure runs parallel to the local tangent

vector

�t =

(

1
dxDr

dx

)

the second side extends along the reference distribution normal vector

�n =
1

√

1 +
( dxDr

dx

)2

(

−
dxDr

dx

1

)

and has length τ . The length of the vertical side of the triangle, τ ′, follows from the vector

equation

τ · �n + a · �t = τ ′ ·

(

0

1

)

where a is a multiplicative factor. Then

τ ′ = τ ·

√

1 +

(

dxDr

dx

)2

.

With the transformation factor c, as introduced in (3), τ ′ is obtained as

τ ′ = τ ·

√

1 + c2 ·

(

dDr

dx

)2

= τ ·

√

1 + c2 · ∇Dr
2
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or, expressed in doses instead of Cartesian coordinates,

τ ′ =

√

�D2
max + �d2

max · ∇Dr
2. (4)

This equation can readily be extended to 3D:

τ ′ =

√

�D2
max + �d2

max · ‖ �∇Dr‖2. (5)

In case the second derivative of the reference dose distribution is relatively small, 2 · τ ′ is a

good measure for the vertical thickness of the acceptance tube or the acceptance interval at

any profile point. Depending on the absolute value and the signature of the curvature, the real

value will be slightly over- or underestimated.

Equations (4) and (5) can be easily interpreted with respect to error propagation. The

equations show that in addition to the measurement error �Dmax the misalignment error(s)

|�dmax · ∇xDr |, |�dmax · ∇yDr | and |�dmax · ∇zDr | contribute(s) to the total local dose error

or, respectively, to the maximum acceptable local dose difference τ ′.

We introduce the new evaluation factor χ as

χ ≡
Dc(�r) − Dr(�r)

τ ′

=
Dc(�r) − Dr(�r)

√

�D2
max + �d2

max · ‖ �∇Dr‖2

. (6)

The value of |χ | (≃γ ) provides a quantitative measure for the agreement of two dose points.

If |χ | � 1, their difference in dose is acceptable. Note that the evaluation of each pair of

measurement and reference data points takes place at the same grid point �r , no search is

necessary.

2.3. Clinical test case

At the University Hospital Tübingen, IMRT planning is performed with the inverse treatment

planning system HYPERION which utilizes the fast Monte Carlo code XVMC for the dose

calculations (Alber et al 2000, Fippel et al 2003).

Multi-leaf collimated step-and-shoot segments for a 6 MV IMRT head-and-neck (H&N)

treatment with gantry angles of 0◦, 30◦, 75◦, 160◦, 200◦, 225◦ and 324◦ were optimized

based on patient CT data. For verification purposes, the resulting treatment plan was applied

without modifications to a cubic 30 cm solid water phantom. The iso-centre was transferred to

the midpoint of the phantom whose outer contours were aligned with the right-left, anterior-

posterior and superior-inferior directions. Monte Carlo doses were calculated on a 4 mm ×
4 mm × 4 mm dose grid covering the whole phantom.

Kodak EDR2 verification film (Eastman Kodak Co., Rochester, NY, USA) was inserted

into the middle of a corresponding slab phantom and the 2D dose was recorded for the coronal

iso-centric plane. The verification measurement was performed at an Elekta SLi15 linear

accelerator (Elekta Ltd, Crawley, UK) according to the simulation calculations. Absolute film

doses were calculated from the digitized film transmission values employing a transmission

value-to-dose calibration curve which was derived from film measurements immediately before

the actual measurements. The films were digitized using a Vidar VXR-12 scanner (Vidar

Systems Corporation, VA, USA). The scanned data had a resolution of ≈0.8 mm per pixel.

To allow the comparison of the two data sets based on the presented χ -methodology, both

distributions were interpolated onto a 1 mm grid. This grid size is small compared to the

maximum accepted misalignment errors of 3 mm and is a compromise between the original



Revision of the γ -evaluation concept 3549

Figure 4. Film-measured dose distribution of a H&N treatment plan consisting of seven beams.

The measurement was performed in the coronal, iso-centric plane of a cubic phantom.

resolutions of the two data sets. The Monte Carlo doses, which were taken as reference values,

were polynomially interpolated in 3D. The interpolation yielded 301 × 301 equidistant dose

points for the coronal iso-centric plane and the same number of dose points at the same

(x, y)-grid points for the neighbouring anterior and posterior dose planes.

Employing a value of 3% (compared to plane maximum dose Dmax) for the measurement

error �Dmax and �dmax = 3 mm, χ -ratios were calculated for each grid point. For the

same sets of discrete data and also based on 3%/3 mm acceptance criteria, γ -indices were

calculated so as to be compared with the results of the χ -analyses. With both methods,

(2+1)D and (3+1)D evaluations of the data were performed. For the (3+1)D evaluation cases,

it was assumed that the comparison dose plane could have been measured anywhere within

the phantom cube.

For 4D evaluations with the γ -method, (xc − xr)
2 + (yc − yr)

2 + (zc − zr)
2 has to be used

for �r instead of (xc − xr)
2 + (yc − yr)

2 in equation (2). To speed up the calculation process

of the γ -indices, the search areas for the minimum Ŵ-values were restricted to 7 × 7 × 7 pixel

large sub-grids around each dose point in question.

3. Results and discussion

Figure 4 shows the dose distribution obtained from film measurement for the investigated

H&N IMRT plan.

In figure 5, a graphical comparison of the χ - and γ -calculation results for that plan is

given. The upper two graphs in the figure represent |χ |-distributions and the lower two graphs

represent γ -distributions. While the graphs in the left column are results of full (3+1)D

evaluations, the graphs in the right column are results of (2+1)D evaluations and do not

consider misalignment in the anterior-posterior z-direction. In all four graphs, function values

between 0 and 3 are colour coded. Pixels with values �1 have the same colour shade to assist
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Figure 5. Results of the |χ |- (upper row) and γ - (lower row) evaluations for the film-measured

dose distribution in figure 4. For the comparisons, the Monte Carlo dose distribution was taken

as reference. In the left column, the results of 4D evaluations are shown, in the right column, the

results of the 3D analyses. All pixels with |χ |- and γ -values � 1 are displayed in the same shade

of green.

in the evaluation. Function values >3 are not resolved. A total of 241 × 241 points was

analysed.

In all four graphs, function values �1 dominate. |χ |- and γ -values larger than 1 can be

observed in the upper half of each graph. In these regions leaf transmission highly contributes

to the film dose causing over-response of the film.

Both graphs of the 4D evaluations and, likewise, both of the 3D comparisons correspond

with each other very well. This was expected because of the equivalent nature of the two

evaluation methods. The few differences that can be observed are due to the discrete nature

of the data.

While with the γ -method, each reference point was compared with 73 = 343 points which,

altogether, took around 25 s (≈20 × 106 calculations), the χ -evaluation was approximately a

factor 120 faster. Computations were performed using a computer with a 1 GHz processor.

The histograms in figure 6 provide an overview of the relative quantitative distribution of

the indices |χ | and γ based on the 241 × 241 analysed points. The width of the histogram

bins is 0.5. The similar histogram shapes in the left (4D evaluation) and right (3D evaluation)

panel once more confirm the analogy of the evaluation strategies. The observed differences

between the |χ | and γ data are mainly due to the coarse binning. The fact that the histogram
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Figure 6. Histograms showing the |χ |- and γ -value relative distributions for the graphs in figure 5

(left: 4D evaluation, right: 3D evaluation). Histogram bin width is 0.5. The vertical lines indicate

the mean |χ | and γ .

Figure 7. Results of 4D evaluations if film and Monte Carlo distributions are shifted 6 mm against

each other in right–left direction. The right graph follows from the γ -analysis, the left is the result

of a χ -analysis. The χ -analysis considers regions of under- and overdosage separately.

bars and the mean values in the left panel are shifted to smaller |χ |- and γ -values proves that

it is important for a correct data analysis not only to consider possible 2D misalignments but

also 3D misalignment errors. This is especially important if oblique or even non-coplanar

beams are applied or if antropomorphic phantoms which are difficult to position are used for

the measurements.

In table 1 the mean values of |χ | and γ for the presented 3D and 4D cases and the

percentages of the identified points with |χ | � 1 or, respectively, γ � 1 are collected. As the

data show, the full 4D analyses result in lower mean quantitative measures, while at the same

time also the number of accepted data points grows. Such data and histograms (see figure 6)

might assist dose evaluations.

If χ -ratios are calculated according to equation (6), positive and negative results may result

depending on the dose values Dc and Dr . A graph with χ -values ranging from [−3 · · · 3] is

presented in figure 7. The graph is the result of a 4D analysis of the sample case if film and

Monte Carlo data are shifted by 6 mm against each other. This graph allows easy interpretation



3552 A Bakai et al

Table 1. Resulting mean |χ | and γ values and percentages of the analysed points that have a |χ |
or γ � 1 for the different evaluations presented in figures 5 and 6.

Percentage of analysed points

Evaluation method |χ |mean, γmean with |χ | or γ � 1 (%)

|χ | (3D) 0.64 83.6

γ (3D) 0.68 84.2

|χ | (4D) 0.60 87.1

γ (4D) 0.64 86.8

concerning the shifts of the data sets. For comparison, the result of the corresponding 4D

γ -analysis is plotted in the left panel of the figure.

The comparisons in this work were based on a global �Dmax value (3% of Dmax) since film

measurements were performed. If equipment with reduced systematic measurement errors is

used, such as an ion chamber, array evaluations can be based on local Dmax values. This may

have a higher clinical relevance.

4. Conclusions

In this paper, a local dose error based method for the quantitative evaluation of dose

distributions is presented. The formalism of the new method can be derived from the

γ -evaluation concept if the acceptance regions on which the γ -analysis is based are abstracted

to an acceptance tube with spatially different vertical thicknesses. This different formalism

allows quantitative evaluation of dose distributions simply by the comparison of the locally

observed dose differences and the maximum accepted local dose error for a pair of dose points.

This works not only well for discrete data sets as a sample analysis based on film and Monte

Carlo dose data shows, but is much faster than searching the minimum Ŵ of a whole set of

points. The accepted dose errors that are given by the sum of the squared measurement and

misalignment errors can be calculated in advance since they are independent of the measured

comparison data. In general, it is recommended to consider misalignment errors in all three

spatial directions, because it corresponds to the three-dimensional character of irradiations.

A possible extension of the presented concept could be anisotropic acceptance criteria.

This might be desirable if treatment plans are to be verified where highly dose-sensitive healthy

structures are in the direct neighbourhood of the high dose regions of the TV and where an

alignment error of �dmax appears unacceptable. Considering spatially variant DTA acceptance

criteria � �d(�r) = (�dx(�r),�dy(�r),�dz(�r)), equation (5) changes to

τ ′ =

√

�D2
max + ‖� �d(�r) · �∇Dr‖2. (7)

An example of use of equation (7) could be the shielding of the myelon in H&N treatments.

Verification should prove the exact position of the gradient regions. It might, therefore,

be desirable to apply acceptance criteria � �d(�r) where misalignment errors in the anterior-

posterior z-direction could be more highly penalized for the myelon-facing parts of the dose

distribution.

Finding proper mathematical expressions for � �d(�r) will be the subject of future research.
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Background: Nowadays, multileaf collimation of the treatment fields from medical linear accelerators is a common option. Due
to the design of the leaf sides, the tongue and groove effect occurs for certain multileaf collimator applications such as the abut-
ment of fields where the beam edges are defined by the sides of the leaves. 
Material and Methods: In this study, the tongue and groove effect was measured for two pairs of irregular multileaf collimator
fields that were matched along leaf sides in two steps. Measurements were made at 10 cm depth in a polystyrene phantom using
Kodak EDR2 films for a photon beam energy of 6 MV on an Elekta Sli-plus accelerator. To verify the measurements, full Monte Car-
lo simulations were done. In the simulations, the design of the leaf sides was taken into account and one component module of
BEAM code was modified to correctly simulate the Elekta multileaf collimator. 
Results and Conclusion: The results of measurements and simulations are in good agreement and within the tolerance of film
dosimetry. 
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Untersuchung des Nut- und Feder-Effekts des Elekta-Lamellenkollimators mittels Monte-Carlo-Simulation 

und Filmdosimetrie 

Hintergrund: Heutzutage werden zunehmend Lamellenkollimatoren für die Kollimierung von Strahlenfeldern eingesetzt. Zwar er-
reicht man mit Lamellenkollimatoren eine bessere Anpassung der Dosisverteilung an die Form des Zielvolumens, jedoch ist ihre
Verwendung auch mit einigen Problemen bei der Dosisberechnung verbunden. Eines dieser Probleme, der Nut-und-Feder-Effekt,
wird in dieser Arbeit untersucht. Dieser Effekt ist besonders bedeutsam, wenn Feldanschlüsse zweier Felder bei einer Bestrahlung
vorgesehen sind.
Material und Methodik: Zur Untersuchung dieses Effekts wurden zwei Konfigurationen mit unregelmäßigen Paarfeldern einge-
setzt. Die Messungen erfolgten in einem Polystyrol-Phantom mit Kodak-EDR2-Filmen bei 6-MV-Photonenstrahlung an einem Elek-
ta-Linearbeschleuniger (Sli-plus). Um die Messungen zu verifizieren, wurde der Beschleunigerkopf mit Hilfe des BEAM-Programms
modelliert. Zur Berücksichtigung des Nut-und-Feder-Effekts wurde das BEAM-Programm entsprechend der Bauart des Elekta-Kolli-
mators modifiziert. 
Ergebnisse und Schlussfolgerung: Messungen und Dosisberechnungen der Monte-Carlo-Simulation ergaben eine gute Überein-
stimmung. 
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Introduction 

For several years, the computer-controlled multileaf collima-

tor has replaced compensators for conformal radiation thera-

py. Step-and-shoot and the dynamic multileaf collimator are

two well-known techniques based on the multileaf collima-

tor and are used to deliver intensity-modulated radiotherapy

[3, 12]. At the Tübingen University Hospital, Germany, the

former of these techniques (step-and-shoot) is used with an

Elekta Sli-plus Linac equipped with the Elekta multileaf colli-

mator. Many researchers have investigated the aspects of



dosimetric characteristic of a multileaf collimator [1, 2, 6, 7,

15]. One of these aspects, the tongue and groove effect, may

become a significant issue when underdosage occurs in the re-

gion of overlap of two leaf pairs of a multileaf collimator [10,

13, 16]. The results of several investigations show that syn-

chronization of the leaves can avoid the tongue and groove ef-

fect [11, 14], but increases the total number of monitor units

needed to deliver the required dose. In this study, we concen-

trate on a comparison of measurements of the tongue and

groove effect and Monte Carlo simulations. 

Dose calculation distributions influenced by the tongue

and groove effect can only be predicted accurately using the

Monte Carlo method. With this method a detailed design of

the multileaf collimator can be taken into account for the dose

calculation. For this investigation, the BEAM packages [9]

were used to simulate the accelerator head. In the new ver-

sion of the BEAM packages, only the component module

VARMLC is available to model the multileaf collimator based

on the design for Varian multileaf collimator. Therefore, this

component module was modified, so that it can be used to

simulate the Elekta multileaf collimator. 

Material and Methods 

The Elekta Multileaf Collimator 

The Elekta multileaf collimator consists of 80 independent

leaves which are divided into two banks. The material of the

leaves is tungsten alloy with a density of 18.0 g/cm3. The Elek-

ta multileaf collimator has curved leaf ends and a stepped de-

sign for the leaf sides. The projection of the leaf pitch in the

isocentric plane is 1.0 cm, but the projection of an individual

leaf is 1.1 cm. The Elekta multileaf collimator is placed 29.8 cm

below the target and has a thickness of 7.5 cm. More detailed

information of the Elekta multileaf collimator can be found in

the papers by Jordan & Williams [7] and Sykes & Williams

[10]. 

The modified component module that was used to model

the Elekta multileaf collimator is based on the component

module VARMLC. Some modifications have been made re-

garding the stepped design of the leaf sides. The parameters

required to describe the leaf are: the width of leaves (LW), the

dimensions of the leaf gap (LG), and the tongue and groove

mechanism (WG and WT; Figure 1). All parameters are given

at the top surface of the multileaf collimator (ZMIN), and the

leaf sides are focused to the target. 

Monte Carlo Simulation 

The 6-MV photon beam of the Elekta Sli-plus was modeled

using the BEAM program. A detailed model of this beam can

be found in previous papers [4, 5]. Basic modification was

made to the multileaf collimator geometry, since the stepped

design of the leaf sides was taken into account for the simula-

tions. The treatment head was divided into two stages. The

first stage consists of the target, primary collimator, low sec-

ondary filter, monitor chamber, mirror, and anti-backscatter-

ing plate. The setting of these components is independent of

the field size. The components of the second stage that are de-

pendent on the setting of field include the multileaf collima-

tor, the backup jaws, and the lower jaws. The multileaf colli-

mator and the backup jaws can move along the y-axis and the

lower jaws along the x-axis according to the Elekta conven-

tion. In this convention, the coordinate system is based on the

collimator’s coordinate system. 

In a first stage, the electron beam was modeled as a point

source with 2 mm diameter at the surface of the target, and its

energy has a spectrum with normal distribution. This spec-

trum has a mean energy of 6.8 MeV and a full-width at half-

maximum of 1 MeV. A trial-and-error method was used to

obtain the mean energy, until good agreement between calcu-

lated and measured depth dose was achieved. To increase the

speed of the simulation, bremsstrahlung splitting and range

rejection were enabled in this stage. Each bremsstrahlung

photon was split into 25 photons with reduced weight. The

phase space file was scored in the region below the mirror and

was employed as a particle source for the second stage. This

phase space file contains information of about 1.0 � 107 parti-

cles. From the second stage, a second phase space file was gen-

erated at the front surface of phantom (90 cm below the tar-

get). The number of particles in this file depends on the field

shape. 

The DOSXYZ [8] code was employed to simulate the

measurements which were done in a polystyrene phantom.

The second phase space file was used as input for this simu-
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Figure 1. Design of the Elekta multileaf collimator, described by the pa-
rameters: tongue width (WT), groove width (WG), leaf gap (LG), and
leaf width (LW). 

Abbildung 1. Aufbau der Elekta-Multilamellenkollimatoren und ihre
Eigenschaften: Nutbreite (WT), Federbreite (WG), Luftspaltbreite (LG)
und Lamellenbreite (LW). 
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lation. The voxel size was 0.2 cm perpendicular to the leaf

motion direction for overlap regions and 0.5 cm for other

regions, 1 cm in direction of the leaf motions, and 1 cm high.

The medium of voxels was set to the medium of polystyrene

phantom. 

Measurement of the Tongue and Groove Effect 

To reproduce the tongue and groove effect, two pairs of irreg-

ular fields were generated. All irregular fields were created by

the multileaf collimator only. Figure 2 shows the leaf prescrip-

tions of the first pair of irregular fields. The first irregular field

of this pair is the half of a 20 � 20 cm area that was blocked

with the leaves of the left leaf bank, with the leaf ends at over-

travel position of 10 cm. The leaf ends of the leaves of the right

leaf bank were set at 11 cm from the central axis. In the second

field, only the leaf positions of the left leaf bank were changed.

All leaves of the left leaf bank which were opened in the first

field are closed in the second field and vice versa. Therefore,

the tongue and groove effect was measured for only one over-

lap region between leaves 20 and 21. Another pair of irregu-

lar fields can be seen in Figure 3. The size of the open area

for these fields was similar to the fields of the first pair. In the

first field, every alternate group of two leaves from the left

bank was set to cross the central axis by 10 cm and the other

leaves were set 11 cm from the central axis. The second field

is the complement of the leaf configuration of the first field.

Using this pair of irregular fields, the tongue and groove effect

was investigated for nine overlap regions between leaves

12–13, 14–15, 16–17, 18–19, 20–21, 22–23, 24–25, 26–27, and

28–29. 

The tongue and groove effect was investigated by meas-

urements with Kodak EDR2 films in a polystyrene phantom.

Measurements were performed at an Elekta Sli-plus with a 6-

MV photon beam. The films were placed at a depth of 10 cm

below the phantom surface with a source-to-phantom-surface

distance of 90 cm. All films were exposed to the same number

of monitor units for each irregular subfield of the pair leaf con-

figurations. The films were developed with a PROTEC M45

film processor and scanned using the Vidar VXR-12 film digi-

tizer with a pixel size of approximately 0.339 mm. 

Results and Discussion 

Figure 4 shows a comparison of measured and simulated pro-

files for the first pair of irregular subfields. The measured and

simulated profiles were normalized to the maximum dose. In

this comparison, an agreement within 1% was found. The sta-

tistical uncertainties of the simulated profile were kept within

1%. At the overlap region by both profiles, a large deficit in

dose was seen. A peak deficit of the measured profile of 27.4%

with a full-width at half-maximum of 3.9 mm appeared. The

peak deficit of the simulated profile happened to be 28.0%

with a full-width at half-maximum of 4.6 mm. The difference

between the pixel size and the voxel size causes the difference

between measured and simulated peak deficit and its full-

width at half-maximum.
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Figure 2. Leaf prescription for the first pair of irregular fields.

Abbildung 2. Konfiguration der Multilamellenkollimatoren beim ers-
ten Paar unregelmäßiger Felder. 

Figure 4. Comparison of the measured (solid line) and simulated (dot-
ted line) profile for the first pair of irregular field. 

Abbildung 4. Gemessene (durchgezogene Linie) und simulierte (punk-tierteLinie)Querprofilef
rdieersteFeldkonfiguration.Figure 3. Leaf prescription for the second pair of irregular fields.

Abbildung 3. Konfiguration der Multilamellenkollimatoren beim
zweiten Paar unregelmäßiger Felder. 



The measured and simulated profiles from the second

pair of the irregular subfields can be seen in Figure 5, where

variation of the peak deficits at the nine overlap regions for

both profiles appeared. As for the first pair of the irregular

fields, the measured and simulated profiles of the second pair

were normalized to the maximum dose. In Figure 5, a good

agreement between measured and simulated profiles was

found. Yet, there are still differences at the overlap region

near the edge of profile. The largest difference between meas-

ured and simulated profile is still < 5%, while the statistical

uncertainties of the Monte Carlo simulation are in the order

of 1%. 

Table 1 gives more detailed information on these varia-

tions. For the measured profile, the peak deficits vary from

21.9% to 34.0% and their full-width at half-maximum from

3.3 to 4.6 mm. Table 1 shows that the variation of the peak

deficits for the measurement is independent of the position of

the overlap regions. This variation may be caused by small

deviations of the dimension of the leaf parameters within

machining tolerance. For simulation, the variation of the

peak deficits shows a pattern of underdosage which depends

on the location of the overlap region. The peak deficit in-

creases with the increment of the distance of the leaves from

the central axis. The peak deficit of the overlap region at the

central beam axis is lower than the peak at the edge of the

profile. 

There are no obvious differences in measurements and

simulations of the peak deficit and its full-width at half-maxi-

mum at the same overlap region between the two pairs of

the irregular fields. This proves that the tongue and groove ef-

fect is independent of the configuration of the leaf position,

but only depends on the location of the overlap region. The

measurements and simulations have shown that the full-width

at half-maximum is wider than that expected using an ideal-

ized model. This means that the focal spot has a finite size and

the leaf edge may not be perfectly aligned. There will also be

photon scattering and electron effects within the irradiated

medium. 

Conclusion 

In this study, the Monte Carlo simulation accurately repro-

duces the measured underdosage at overlap regions due to

tongue and groove effect, if detailed information of the leaf

side design is taken into account. The differences between

measured and simulated underdosage were found to be still

below the maximum allowed discrepancy of measurements

with film dosimetry. 
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