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“The art of simplicity is a puzzle of complexity” 

— Douglas Horton (1891-1968)

�

�



���

��������	����	
������

�

��������	
��	�
�������

)���������
�������� !��������� ��"#�
�������"����#�����������"������������"��"�

�

��"� �"$��#����% %
��"�� ����� 
%���� "#�&�������'�  �� ��"��
����'� "%� "���*��% �"�����#���

&�#��&�����
�#����'����+,�,,,�* �(*����%���-,,3.$������������������	���
����
�
�����
��


����
��
��	���
��������������� �
����
�

�
��
�
�������������
��

�����
� ����������	�	���


�������������������������
���
����������������������
���

��
��������������

���� �������
� �������
��
���
� ��
���� �
���
� ��������� �

��
�

� 
�������� �
�� ������

����
��
���
�
����
���

��
��
��
�����
����
����������
������������������
�����������

����� �����
� ��
��
��� ��
��
��� 
���
��

�� �
� �� ���
���� ������ ������
��� ��
���� �
��

������
�
��
������ �
�����������  

����
�

���� 
��� ������� ��� 
������� �
� 
��� �����
�� 
���

��
�������
�
��!�"
��������
������#���

���������������� ��
��� ����� 
��$�������
��� �%��&'�������� �����
�� ��
��������


���
�
�����
�������
�������������������
��

���
�
����
���������
�
������
���
�������
�

���� ��������� �������$������ 
��� 
���
� 
������ 
��������������	
�� 
�� ��������� �� 
������

�������� �
� ����
���� ���� �
� �� ����� ����� ������	
�� ��
�� �
�� ��

���� ����� �
�� ��
&�����

���(��
��
��������������
���
��
���
���
��
���)�
�
�������������������������*���&�*���+���

$�������
��� ���	������ ���

�
����
����� 
���
� �����	���

��� ��
������ �������
��
�� �
�

��	����� 
������� 	������� �
� 
��� ���
���� �
� 
��� ����
� ����� ��
� 
�
� �
� �

��
��� �
����

���
�

�
�������
�����������
��
�
�������
����
��
��	�
��
���
��������,���������������

$��� ������ 
��������

��
��� 
��
� �������� ��� �����������
� ������
����
� 
��� 
���� �������


��������������
�����������������������
������
�����



�������	�
���

�
�

/�� ���� ������ 	
��	��
	� ������� ������� ���� 	�� 
��	�
�� 	��������
�� ����
��� �
�� �������

	��
���
�� ��
���	� ��� ���	��� ��������		�
��� �
���
� ����	����� ���
�������� �
�� ����������

�  !"#�

$
� 	���%&	���
��%>	����
	�
����� �	����������
�������	����� ��
����	�
�� 	��������	�

�������	����	��
����
������������
��
�	�������	������	���
��
�	�
�����������
��������

�������
��'�����%??("#�)�����
��	�����

�
	���
�	����������	���
���������
��
�����
�	�

�
���
�	���
	���	�����	��%?	���
����
���� 	����
	�
������������"#�

�

����������	
����	��
������

*�	�� 	����������	��
���� 	��� +,
���
���� -������.� �
�%@(?����/��
����0�
��
� �
��

1��
��2�
���3��+4���
���
	���
����
	�)��
���.��%@&("��	���
����������
�	���������������

��		�
� ���� 	�� �� ����
�� �	�
	#� 5
��
	�
�	����� 
��	��
� 0�
��
� 
�
� 2�
���� ������ 	�� ����

2�
���3����
6��
� 	����
����
���������� 
��������
����
����
������ �
�%?  ����/�

�
���

��
�7����
��6���
�����8
�����/��
�����
	���
��/��
�����
	����  ?"#��

)���
� ��	���
�	���� ��� �� 
����
��� ��������
�� ����
� ��	�� 	��� ��
6� ��� �

����

�%@>?"� �
�� 9�����
�� �%@>?:� -������
� �	� ��#�� � % "�� ���� ��
�� 	��� ��
�	� 	�� �����
��

����
���	�	�����
��������#�7��������
������	
��	�
���
���	���	��	��������
�������	��	�

���������������
�	�� ��
��
���
���������
�� �
�%@@@� 	�������
��
�������
��������� �����

������	�A������
��
��	��
�A�����"��*������
��%@@@"#�)�����
�� �	������
��� �������
��

	��� 
���������
�����2�
���3�� ����������� ���
������ �
��
�	�
��� 	��	� ��
�����������
��

�������	�����	�� 	�����	�
���������
���	��� 	���2�
�����
� +���	�
�.�� ��	�
����������
��� �
�

	���-�		�
�;���
��	���
�����%? ���/
����
��/
�����  �:�-�	��
��
���  @"#�



�������	�
���

���

-./� � ���������	� �
� ���� 
��	�� �
�
� �
� ���� ����� �������� �
����� 
���		��� ���

������������ ���� ������� �
� ������	���	� ��� �
��� ���� ����	� �

����� ���� �
����

���
��������	� ��� ��
�� ��	������������ �
���� �����
�� 
��� ���	� ���
������� ���������
��

��	���������������������������
��������������
�������
�����	���
����
� 
�����!�	�������"��

�
�	��������	����	��������	������������������������	����	���
�����������
��
	����
��	��

#��������������	���
���������	����������	��	�	����
	�������������
��
��
�������������
����

����
�����������	����������	�
���	�
�
���
	�	����������������	�������
���
������������

����	�	� !$����
����
�����������%"�
���
���	�� ��������	� ������
��
	��� ���	� �����
	����

���� ������� �
� ����	� 
�
��
���� 
��� ������������ 
�
��	�	�� #�������
�� ������	���	� ������

������� ����
���� �������� 
��� 
�
��	���� 
��� 
��
���� ����
	� �	�
���	���� ��
�� ���� ��������

������	���� ������� �
� �
�� �
	� &%� !����� 
��� '��
��� ���%"�� "����������	� �
	�

�������	��� 
	� 
� �	�
��� ��
���	���� ���������� ������	��
�� ���
�
���	������ ������� ���

���	��������
�� 	�������	�� ���������� ���	��������
	� 	����� ������ ���� �
�	���
� ����(	�

	��������!'����������
��������"���

������ ������	�����
��������������	��
	������������������
��
������������)��	��

"
	���		��� ��� 
��� !��%*"������ ���� 
��	�� ��� 	����		
����� 	�
�����
��� ������	���	������

)���
������ ����������������� 
�	�� �
����� )���
������ ��	�
��� !+,�
�����"�� 
��� �����


������� ���	� ������)��� ��� ���
�� ������	���	� 	������� 

���� !��-�"�� ���� �
������

�
�������	���������������������	�����
��
��
����	�����������������
��
	���
��	����!
������,

�������"� 
��� ."� !��
����,����	���"� 
���		� ���
�� ������	���	/� ��,����� 
��
	�


�����	��� �����	���� ����� +,�
������ !0��	����� 
��� ��� �
	����� ��-�"�� #������ ��� 
���

!��-�"� ����������� .,�
������ ��
�� �������	� 
�� 
���	�� �������
�� �
������ �
������ ���

���
����� ������	���� ����
�
����	������ 
� 	
��� 	�������� 
�� %�1"�� �������� 
� ������������

��2���� 	���� 
	� ����	���� ��
���� 	�
����������� .���	
�� .,�
������ ��
�	� ��� 	�
���� 
���



� � � �������	�
���

���

01102�3�0�����������	
��	� 	

��

�� ���� �����
��
��
����� �������
�	��� 	

����	����
���

��
����������	
�
����
��

�	��������	
��������

�����������������
����� ��� ����!�"����#�	
������	��
��
��� 	����
����	
� 	

�

��������
�������#�	
������	�$����#
�%���
��� ���&
������#
�����
�� 	

� ����	����	
��	���

�	���� ��� �
��� ��������� ��� ��������	� 	������ �
���� ���� ������
�
�� ��	�	��� ����
���

���
������	�
���'

�
��	���
������	

��
�������
������(
��
������
�
	��������
���� ��	
���

���#��
��'

�����&��
���	����)�	

�������
�	�����
�	��������
�	�����
����������
����	��

�
���
��
�#���	�������
���	

����*+���,���
��
��-�	�	

����������
��'����
�.��*/��	

�

/���������(�������	�'������."����0"��&��
����	�	
�� 	
�	�*����������	� 	�������
��� �����

�
�����	
����#
�������
�
�	1��	�
������	�#��#
�	�
��	
�	����������	����
��
����
	����.�����	
���

���)�

���	�����
��	

�����	�����	�	����	

�����������
����
��
�����
�	
��	
�	�����
��

��� 	

� �
	� �
���	� ��� �
���� ���������� ��� ��������� �
���������� ����	�	�	����� ���� 	
�	�

	������ ����	
� ��� ���
�� ��� #������� 	
��� *������
�	� �
�������
� �������	������� ��� 	��

����
	
�� �
���.�� ��� ����	���� 	�� 	

�
� �����
	���� ��	
�#�
	�	����� 	
�	� 
��
� ����� 	

�

������	���� ���� �
�
	��� ����
�� �
�
���
� 
�
�� ����
��&��
��� ����� #�
���	
�� �
�
���� ����

�
���
�	�����

������
#	�����
����*	
������

��
��
.�����*	
�������ö��
���
.� ���	����

�����)�������� 	��������##�
������
�
�����������
�
�"���
�������
��

�)�#���	�������

����
��#�
���#���	�����&��������!���"��

(
	
����������� ��������	�
�� ��� ��	��
�
	���� �
�	� 	

� ��	�	���� 	

���� ��� &��
���

�����������	
�� ���� ��
�� 0�� �
���� ��	��� ��#���
�
�	�� ��� 
���
�	���� 	
�
����
�� ����	�

�����
�� 	

� �
����	
����	��������������
����� �
�������
������� ����
��
�	������
�

���������	���� ��� �
���������� �
������
�
�	�� ��� 	������ ���#�
�� #������
�� ��� ��2���

3��
��� ���� ����
������� ���)���� ��� 4
����
�#
���� �
�����
�� �� ������ ���)
��� 	

�



�������	�
���

���

��������	���� 
���
���
��� ��� ����� 
������ 
����� ��� 	�������� ����� 
�����
� 
�������

������
����"%�����������	�������������������
����������
���
���
��������
�������������

������	�
���
�
�������
�������������
������������������� ��������������
��
����������������

������� ��� ���� �
!��������� ��� ��
�� ������������� "�� ���� ����
��� �(������ ���� #�����������

$%&'���� ������������������������
����
�����������������	������ ���������������
��������


�������� ���������
�	��
��
���� ���������������������� �����	��������� �������
���
���
���

�����
������
���������������
�������������������
����������	����
���������� ����������

�������������
���!�����"��	���������������$%&(��$%)'�������������������������������������


���������
� ������
�� ����� ��������� ��� ���� ���
������ ��� �������� ���	����������
������


���
���
�������������������� ������������
������
�����
��**� ���
�������
����%����

��������$%)*+�,���������,�����$%)*���������������	����
���
���
���������������������������

��	�����������������
���
���
��**��"��	���������������$%)'�����������$%)-�������������

����	����
���������
�	��
����������
�������������������������
�����
���
���
���%�����

**����%+**��!-.+!$$���/�������$%)-���%�������������
���� �������������%+**������������

���������� �������
�
������������ �������������� ����
�**!$$����������� ����
�%!-.�� ���

���
� ���� ��������� ������� ����� ������� ��� ����� $%%'+� #��������
	� ��� ����� $%%'�� �����

	����
��������
�	�����������������
��������������������
���������������������$%%'����

���� ��������	���� 
���
���
�� ������ ���� ��� ��� ���� ������ ��� 
���� ��
�����


���������
� ��

������������ �
!������ 
���
���
��� �����
�������� �	�
���
� ��� ��������

���	�����
��������������� ������������#��
�����%����
����*''%+�%����
�����������*'$$���

������������������
�����������	����������
��������������������������
��
�����������������

���������	���������		����������� ����������� ������������������ ���������	�����
���������

����
����� �����	����� ����� �
������� �0�����
�� ���� "%�� ��������� *''(��

�



�������	�
���

���

�
�	�������	�	�
�����	���	��
	�

'�������������	
��������
������������	�
����	���	��
����$�	���������
���������

������������
���$���
�������������	���	�
������	������	��������	��
��������	
����������	
���

�
	��
��� ��� �������� ���������	��� �������� �-��	�	��� �$���� 
������������ �� ���	���� ���

�����
���$��� �������� )���� ���������� '�	�� 
������ ���� ��� ��������$���� �-�
���

������$
	��������� ��������	����
����	�	
��	��� ����������)�	
������
�$������������� �����

)�$����	���-
���������	�������	������)��������������
�����	�������	�����'����	�����������

)��� �$�������� �����)	��� �� 
�������
�� 	�� �������� 
��������� 	�� ������ ��� ���������

������������������������
���$������ $�����	���	
�
����������!��'���
$�������������

���� �$���� 
��������	
� �����
���$��� 	�� ������ ��� ���� 
������$�� ���
���� ��� ��������

�$���"$����	�������	�����
�������
����������)�	
����
��������	����)�����$��	�����	��

���� �������� ���� #�������	����� ������� ���� $����
��������	
������
���$��!�� #��������

$$	���	���� ���� 
��
��� 
��������	
�� %#�
��� ����&� )���� �$��	����� ��� ���� �����	���


���	������ ���)� 	�
����	����� �)���� ����� ���� �
"$	���� 
���������� �������	���� ���

��������	
� �	������� 
�$��� ���� ��� ���"$������ ���
�	���� ��� ���� �����
���$��� $���� ���


����
���	��� 
����	�$�	������������	����� '������$��	
��	��������� �	�
������� �$���� 	����

���� �$	���	���� '��� ����� ��
���� 	�� ���� #�������	����� ������� ����  $���� 
��������	
�

�����
���$���%����&!��������	�����#�
��%����&���

'��� 
����������� 
���������� ��� ��� 	��	�	�$���� 
���� �	���� ��� �	��$�� ������� 	��


��������'���������%����������(
�����	�
��(�������&��)�	
��	�����	�����������������$�����

���� ��������
�� ��� ���� 
����������� 	�� ���� 
������ )�� 
��������� ���� '��������� %��
�

������(
�����������(	����&�%+	����&�	������������	����	��������
��������������������

������)	�����	�	�	���� 	���	������������������������	����������������
���������������


����	�	����

���	�������	*�����
��	����������
�������������������	�������������������
��



�������	�
���

���

3�����������	��
�	�����	�	
��������������
	�����
	��	
������	�������������	�	��	������

������������	������������������	����
������
�
���	��	�����������	��
�	��	�	��	
����


����
�
����

������������������	��
�����
������	����������������������	���
�	���������������������

�

�
������������	�����������������
����������������	�������
�������
��	
���	�� 
���

����� �����!��
���� 
�
� ��	� ����� 
��� "� #� �����$� �	�
��	� ������
�� ��	� �	��� �	��	�� ��� ��	�


���
�	��� �� ���������
�� �	����� ��� 
	���	
� 
�� 
�	
�� �$���� �	��		�� ���� ��	������

�
�
�
�%�� ����� 
�������� �����������
�� �	
���	�� ����� 
�� �	�����	�	�&� 	�
�� ���

���������	� 
���� ��	���	�	��&� 
�
� 
���� �	��
��� ��
�
��	������� �
�
��� �� �
�
� ��� 
�

���������
�� 
�	
� ��
�� ��� 
����������
��	� ����� ���� '������$� 
�	� ��� �����	�� ��� 

�%	��



�������	�
���

���

��������� �����������	� 
������� ���� 
����� ���� ���
����� �������������� ����� ����

���������������������������������	��

�
	������ ��� ��	��� ����	���	��� ���� �����	
	��� 	���� ������ 	�	�� 
������ 
����� ��� ���� ���	�	��� �
� ����
������	�����	��������	�� ���
���� ��
 	��������	�� ���������� ���� ���������	�� ��	
���� ����	���	��������
������	���� ������ �	�	���� ���� ����	���	��� 	�� ����� ���� ������ � ��	� ���� ���� ���
� � ��	!� ��
	�����

��������������	
�����
 
���������
	�������������
���	����
����������	���	�!�

�

�����������������������������������������������
����������������������������
��

����������� �������������������������������	�������� ��������������������� ����� �!"#�

�������������� �� ��!!#� ���� �������	������ ��� ���������
������������������� ��������������

�
���������������������������������������������������������
���������	������
����������

����������
��������������
��������������
��������������$���������$��������

�����������

%��
��� &'	� (��������� �������� ���� ������� 
������ ����������� �
���������� ���� �����

����������	�)������������ *+,����� *-*����
���������������� ����������������������������

�����������	� .�� ��������������� ���������� ���� ����������� ������ ���� �����������

���
��� ��� ���������� ������� �� ������ ������������ ��������� 
�� ���� ���� 
���������� ��� ��

������������������	�.����������������������������������������������������%/'������������



�������	�
���

���

��
��������������

���
��
����
��	��������
	������	�������
� �

�11���������� �	�

������ ����
�
�����

���� �������� ���������������
����������������
�����

�
� ���
��������
����
�� �	�

�������������
�����
���	�������������


�����������������	��
������
��������

���
��������

�

���� ��������� �������
���������
���
���������������
��
�����

��
�����������������

��
� ��
����������
�������� ����
����
�����
��

��������
��������

���������������
���
����
����������
�

�����
����	�

�����������������������

��
��������

���� ������
�����
�������� ��
���������������������
���
���

����� ���	���������� �����������
�����
����
������
���������

�� �����
�������� ��

�
����������������
���������
��

����� � �
�������������������������������������������

�����������
����
���������	������

���� �����
����� ���	������
���������������
������������������

�����������
�����

���� ����
����� ����
�����������������������������

����
��������
���������������������
�������
�

��
��������

���� ����
����� 
���������� !"���
�����������������

��
� ��
��
���
�������� �����
��������	���
��

��������
���������


� 
������
�������� ����
����
���
��������
����������
�������

	
�����������������������
���
����
��������

�
����

�� �
������������ ����
������������������������
�������

�
�������
�����������������
���
�������#�����

	��	���������
���	��������

�

��
�
���� ����� 	���� ��� ���� ��
��� ���� ������� 
�
��������$� %�� ���� ��� ���� ���������

��
����������������&���
��������������������������
��$�%�������������
����������
���������

�������
������
��
���&��
���������
���������
������
���
��
���
��������������������
��"$�

'
���
������ �
�� ������ ��	��(�������� ����� ������� 
�
���������� ���� ��� ��
�� ����� ����

��
���������������������	
���
�������
���������������������
��
����������
����������

����� �� ���������� ��
�
������ ����$� )�
� �&��
��� ��� 
�
�
� %%%�� ����

��*#+�"�(�*~+�#(+�~++"� ����������� �� �
������������ 	������� ��
��������� *� ���� +��

����� ���� 	
���
������ ��������� ��� �
� 	������� ��
�������� 	�����*(�*� ����*(+�� ����



�������	�
���

���

����������	���
�����	����
�����
�����	��	���� ���
�� ����������

���
��������� ���� 
����


����������������������������
����

����������
������	���
�����	����

���
�������
�����

����������

����
������������
�����
����������������
������

�����

�
����� �������������� ��������� 
� �
���� �
�� ���� ������
��
�� �������� ��� ��

�� ��
�� 
���

����
���
������������� 
��������


���
������
������
���
������
������������������

����
��������������������
����


��
����������
����������������
����������
�����������

�

��� �
����� ����������� ��� ���������������������� ���� �
��� ������������ �������� ����

��������� ��� 
� �
�����!�
���
�� �
������
�� ��� �����������


�� ��

����� ����� ��
��� ���� ���

�����
����
����������������
���������

���������������
���������
������
����
���������

��������

� "������������������������������������
����������

�����

���������


�������

���

� �������� ��� ���
��� 
��� ����


�� ���
���� ����� #$� ������������� ���� ���

�

����������
��
�����
���������������
����
�%���
���������������������
����#$��&���

�
�������

���

���������
������������
���������������
���������������
������
����������
���
��"���

�
��� �����'��� 
��� ����� ��� ��������� ������ �
����� 
���
�� ������ ����
����� ��
�%����
�����

��������
����������� ����������������������������� ���
����������

�����

�������������

��������

�
����
�������������

���������������������������
�����������
����������
�����

��� 
�� 
�����

� �


���� ��� ������������ ��� 
� ��

� ���������� 
��� (��� �))���

�
�������		��
�����������

"�����������
������������	�������
��������
��������������������������
��������

��������
�������
�����"������������������%���������������
��
���

����
��
��������
���

������
����	�������

��
���������������������
��������������������
���
������������������

*%�
������
�

������
����
�
���


�������������������	�����������������
����
���������

����� ���������
�� ��� ����������
���� ���
���� ��� ���� ��
��
���� ��� ���
��� 
�

��
�
��



�������	�
���

���

�4+���������+�	
��	��	�
���������	��
�����������������	�	�������������
�����
�	������
��

��� �����	� �������� �
� ���
� �����
� 
��� ����
�����
���� ��� ���� ������� ����
��� ���		�
����� ���

����
����� ��������
� �������� ��� 
��� ���	��������� ������ �
�� ��� �������
� ���	�

��
�������!����
�
����"�	�������
�
����������#������
���
���	���������	���	�
������	��

��������
���� ����������� ��	����
�	�������� 
��
� 
��� 
����	�������������� �����
	�
������	��

����
������
���	�����
����
��������	��$%&����'��������&�
�����
�())����*���������������


���+���������� ���� 	�!��	��� ����
��
���� ��
�����
��� � ��	������� *��	�� ��� ����� ��


���	�
������������
����� �����
	������	�
������		�
������,�������������	
+
�	�����
�	��
�

������	
���������		�
������������
������������
��������	���������������
����
���������

*����������	�������� �	���������������� �-.������ 
�����	���
�	����
�	������� 
���

���������	���
����
����������� 
��������!���
������
������� 
���������+���� ��
	��
�	�����

-.�� �,�
���� ���� /	���
� ��%0�� ������ 
������� ��	���������	� ��
�����
����� 1�� ������

���	��	��
���� ������������������������!�����������	�����
��-.��
�	��
����
����
�������
�

������������
���	�����
���������
���������������
�����
����������������	�����
������

#�� ��2�
� ��	���� ���� 3���� ������
	�
��� 
��
� ��
����
�� -.�
� ��� 
��� ��	�� ���

	���
�
����-.�
�������������	������� 
������
�	�����	��������� �����
��������	�������

�������������	������
������ ���������-.���	�����
��
���	����
��
��������
�	�����	������

*��������
�����-.�"4.���	�������������
�����������	��������������������������
�����
�

���� ����������� 
������� 
���� ���������
��� 	������
���� 
�� ��������
��
����� ��������� ���

	���������
�-.��
���������� ���
��� ��
����5)�
�������	
�������������
	��
�������-.��

���	�	���� ���� �����������-.�� �	�����
�� ������
�	��� ��� ���������
�!���
�
�� 
�� ����� �����

���	�����
���� ������������ ��� 
�����	�����6)�
� ����	�������� ��� ��
�����	�����
���� �+#7'��

���� ��
	������� 8� �� 
�����!��� 
��
� 	�����
�������� ������������� �9����	� �
� ���
���6�:�

9����	+7���	��
����
���6(���*����
�����!���������������
�������	��
��	������
�������-.��

��
�� 
��� ��
���	������ ���������
�	�� �
	������ ��
�	� ����
�	���� ;
�	��
�-.�<� �
����	�



�������	�
���

�
�

+0���������������	
�����
������
������	���
���
�����
������	
������������
��������
����

���� 
�	���� ���� ���	���� �	� �	��� ������� �	���������
���� �	�
������ ����� ������
��

��
	���� �����
����� ���� 
�	���� ���� ���
� ��������� ����� �� ���	�	
�	��� 
��	�� �	�

�����������	
�� �	����	���������	
���� ���	�����
�������	��	
������� ����
������	�� !"#�

�
���������
������� �	������������������
	���������
��� ���������������
�	�������������

���	�	
�	���� 	�� �������
�� ������
����� ��
� ��� �	���
��� �
� ���� ����� ��
�����
��� !
�

������	
����������
������������
����	�
���	�������������
���������
�������������������������

����� �������� �	� 
�	������$�
�� �	�����	��� ��
	��� �����
�
�� �
�� �
����� �����
����

�	�
��	�������
��������
	��������	����������

!
������	��	��
��������	�����������	��
���������
������������
�������
�����
���

������	����������$�	
��	���������������������������������
��	����������% ����&���



�������	�
���

���

�������	
����
����
�����
��
�����

�
	
	�	���
�

�
	�����������	�����

"����	�
�������������'�	�����
����("3')�(/������������
���*+�,--.)������������/

����� ��	������� 
�����!��� ���	�� 
����	� ���� ��	���� �.�� �����
�� 
�� �'�	������ 
��

��	������������
������������	��	�
�������	�����'������	���
�	�
��������
���
����	�

������*�,!���������
�����
����	�������	������������	���	������.���	�� ����������'�

�����
	�����
���������������	��
�����	���	�����(���	��������	����	����	�
����	��.������

��	��� ����	����	�� ��	���	�����.�)*� #�� 
����	���������������������"�
/,�����������.�+�

����� 
���	����
��	���/�'�	�����
������������'�	���
�
������!������+� 
��� 
��������	��
�'�

��������� �.��� �	�� ��/�'�	������� 
����	������������
������� ��	����*�����������	
�

����
���	������ ����� �������

�� �	��� ��
	
� ������
������� ��� ���������� ��� 	� ���������


��
������������������
��������	
	�������������
��
�����������

�	
�����������������

���� �

�����������	���������������� ���� �	����� 
���� ��� �������	��	������	����	��� 
������

��

��	��� ���� �	�����	���	�������������������������������
��� ������	��	����	���	
���

��
������	����� 
����� 4’-6-diamidino-2-phenylindole (��!"#� 	

������ �����������

���������	����� �	���� ��� ������ ��������� ��!"� 	���	�	���� ������ ��� �

���������� �	����

	�	
������ �����	
� ��	���� ���$%�$&����	��	���� 	��� �	��
���� 	��� ���� �

���������� �	����

�����
���	�����	�
����	
���� ���� 
����������	�������������������	������	� "����������

'������(���
����"�	������'	��	�"
	�	��"����'�#��

)��� 	��	��	��� ��	�� "*�� �	�� ����� �	���������� 	���+�+"'�� (���� ��
��#� ��� ����

	��
�������
��������,��	�����������
������������
��
��� �����
����	��������
�����
���	��


����������� ����,�� ����� �
	
�������	��	����� 	��� ���� �������
���� ��� ��� ������ �����	����

	����	�������+
�����������������������
�����
���	�����	
��	����	
��
���	�����-����	��
���

	��� ����	
�����,��� �	�	�������������� (++!,#��	����	
� ���� ����� 	�	
������ 	
���
��� ����

�
�������	������"*�����++!,�����
���	��������������������������
���	��	�
���	��
���
�����



������
	�
���

���

,�����
-���,�	��	
�.�������,���
�.�,�	���-	��//�,#/	����,���01�2//3:�0-�������,���01�-..11�

-..3/0�

23�� �/1� �	0�1�-1�������� ,	� ��,��,� ��������� ���--�,�	�/� /���� �/� ,-��/�	��,�	�/1�

��1�-/�	�/1� ���� ��/�-,�	�/:� ,��/�� �	� �	,� ���/�� ����
�/� ��� �	�4� ��&��-� ���� ,��/�


���-�,�� �	� -���,�1�� �&�������� ��� .��� �	�,��,� ��,0���� ,�&	�-� ���� �	-&��� .��0�

��	,��-���&�,�,�	��	
�23���/�,��,��,�-�2��-�/�/�&���/�	
���
��,�&	�-��	�,��,0���,�&	�-�

/�&����	
,����	�/�/,/�	
���&�.,�-��	
�,�&	�-���-����4&�1�/,-	&�1������	-&���,�//��0� 	�

��� ����� ,	� ��,��,� �	�4� ��&��-� ���--�,�	�/1� ,��� /�&���� &�/,� �	�,���� �,� ���/,� 4.5�

��	���/,��� ��-����4&�� .��� �	&��-��� ,	� �	-&��� 	-� /,-	&��� .��0� #�� ,��	-41� ,��/�

�-	���&�&�4� ��� 	1�-�	&���4� ,�����,�	�	
�/,�&��-	+��//��,��
� ,��� /�&���� /	� ,��,� ,���

&�,�-���� �/���	0��,	�-��-�/��,�&	-��,����4.5�,�&	�-1���,�0����,�&	�-�/�&���/��-��

/&���1� ����� ����-����,�&	�-�/�-
�-4�0��-��/�

�����,�-�/��,�	��&�-
��/�&�/,���0�4/����

0��
�����
���/,�,����,,�&�,�,	��-�/�-1���	-&����-����
���,�	�1�,��/�&�4��	,�����	//����0�

�/� 23�� �/� ��/	� 	��4� ����� ,	� 1�/����/�� ,��� �1�-�
�� ��&��-� ���� ,4��� 	
� �	�4� ��&��-�

�&�������/1� ,�&	�-� ��,�-	
����,4� 0���� -�&���� ������1� ����//� 23�� �/� �/��� ���

�	&����,�	��0�,��	,��-�
��	&�+0����/�-�����
�,�����2��/�/�����/���-4	,4���
0�� �

�������
�����	�������������������������,�23�/���/���,��,�������,�	�/�	
�

,�&	�-�.����	0��,	�,���2.+2-�+����1���,6����	���&���,���01�2//3:�0��,(��,���01�2//7/�����

�&���
���,�	�/��/�/&�����/�-�+����1�������-��	-,���,2		/��,���01�2//1:�����-��,���01�2//4/0�

#������,,�&�,�,	����	��,�
	-�/	&��	
�,����.���,���1�-��,�	����,��,��������-	&	/	&�/�	
�

����,�4� ����1�����/1� 6�-���	

� �,� ��0� ,2//7:� 2////� ��,-	������ �4��&��� /,����-��

-�
�-�������,�-1��/�,.+'4#/� ��/,����	
�
�.������
�	/,���,�-�/�	��/0� ��/���/������/�	0��

,	� -������ ,��� ��&��-� 	
� 
��/�� �	/�,�1�� ���� 
��/�� ��
�,�1�� -�/��,/1� ,��-��4� ���-��/��
�

/��/�,�1�,4� ���� /����
���,41� ���� -�
�	�/� ,��,� �-�1�	�/�4� ���� ,	� ��� �.������� 
-	&� ,���

����4/�/� /���� �/� ,�����/,��� ���
� 	
� ,����+�-&�	
� ��-	&	/	&�/�21�2/1� ����-.� �/�0���� �/�



�����
	��
���

���

	�5�6����� 3��3�7� ���5�� ���� 4�� 3�35������ ���� ����5�	���� 5���5� �
� 2*�� ��	�� 	�����

6���
��3	��������3����"�63	�5��,�����

�

�������	
��������	��
����
���	�
���������	
���	�����������"��������	�����
���� �����������������
��

�������������
������������	�	����������	
��
�����	�������������
����
�

	
�������
�	�������
�
��
������������
��

�	���� �	��	��	�������
�����
����������������������������������
���	
��
�	�	���
� �
�

���������� ����	
����� 
���������� ��� �������� �������� ���� �������
��� ������ ���

��	�� ��
�� ���
���� ��� ��	� ��
�
���� ���������� ���������� �
 ��� 
�� ������
 � �!����� ���

���������"��������+
���#
�����������������$�����������
�����	��������������!�$���������

���� ������ ��� �����
���!� ������ ������ ��"������� ������� 
���� ������
��� ���
�
�
���

����������� �
����
��� �%��� ����!�
� ��� ��� �������� �
�������������� ��
���������
����

���
���������
�������!�
���
�����!������!�����
��������
������������
�� polymorphisms 

(SNP arrays). The latter may assess genomic imbalances that� ���� ���� ���������� ��� ��$!�

������� �������
���� �������&� ����� ����� ��� ������'!���
�!� �()	
� �!� ��
$�������� �
���!�

�%
������������&�*++,
��



�����	
������

���

�	
����
����
	��
��
��
�������	���������	�����

 �!���� +"'	� 4���� ��������� ���	�
� �������
� 
�
�� ���������� ��� �����������

�	��������
����������������
������������������+������
������������� �������������������

�����

����
��
���
�	���������� �
���� ��
�
�
�
������!"�����
��
�
��������
��� �����


������ �#����
���$� %������
� ��� � �
� ��� ������ �������� ������
��	��
 ��� ������������

��� �����
� 
�� � �
�
�������#�+���� &'�+���(�� 
�������� ������������ &�)*(�� ���� ���

�


�����
��������	������$��

�

���
�������� &'�+���(� &����� ��� ��� ��$�� ����(� �
� �� ����
������� 
���������

��� ������ 	�
��� ��� ���� !+�  �
��� � ��
�
�
�
� 	����� ��	������ ��� � �� ����������

��
	�������� ��� ����� ������� ��
�
� ��� ������� �� ������� ������� 
��������� ���� ��� �

� ��
�
�
�$� , �� ��� ������
���
� �
�� ��� �� ��
	���������� ���	����	������� ������� ��

����������� ������� ��
	�������
� � ��� �#����� � ����
	������ ������� ���
��
��$� �
� � ��

��
	�������
�������
	�������
�����������
��
�!-��������������������� ���
���������������

�	������ ��"������������������
��
��������
������
 �	�������� ��
�
�
�
$�����������
��
�

���������� ���
�
�� ��
�������
������
�� ����������&+�,"(��,�#�
�.�������������������
�

&�$�$� "�"� ���� "�/(� ���� 	�� �
��� ���� � ��'�+���� ��� ������� ����
� ��0�� �
� �
��� �
�

�������
����$� ,�� � ������� ��
�� �
� ��������� 
���������� ��� � �� ������� 	�����

�

�#��������1�
�

���� ������� ����

� � �� 
�������� ���������� ���� � �� ������� ��� ������
�����

�����
���������� ����� ��������� ��
�
����� �������������
���
��
�� ��������
���	��� ��'�

+��������������
�
��
$�, ���
���
�
���	���������
�������������������� ����
���� ������


�������������������� �� ��
�
�
�$����������� ���
���
�
�����
��	��
�����
��
������

�	���������������
��
�����
�������� ��
���� �
��� ����� ����
������
�����������������
�

��� �� ��
�
�
������� � ����
��
���� �
����
��� ��� �����	���
��� ������������ 2��������

��������
3�� ������� �� ��
�
�
��������
��������������������
���
���������
��������

���
�������� ��	������������������	�������	��4�	������$��



������		�
���

���

�)5#������������������� ������)������'�������������������������� $���$�� ��������

�$��$�� 
���������
�� ���� ���)� ���� ����)������ ���������
� ��������� ,������ ��� ��	�� 
///��

�
������� ��� ��	�� �����	� #�� ��� 
�����$������ $���$�� ��� ���� ��������� ��� ���
��-� �$��$��

����
����� �
������ )����� ������������� �������� ��������� ������ ��� ��������� ����

���
�����������������������������������������$���������������������������$�������

��� ������� �$����� ����������������� ��������������� ����� ���� �����)���� ����)� ����

�����$����� ������ ��� ������������� �������� �������	� �����$��� ������ ����
������ ����


��������� �����
����������������� ����������
�����$�������������
��
����������������

$����� ���� ���� ��� ����� ����� $���$�� )���� �����
����� ��� ��������� ����� ���
��-�

������������������)�����������������������$���������������
�������������������$�������

������������	�����
�	������"�������#���
����������)����������������)������������$������

����������� ����������� ��� ���������� $������ ���������� ������������������ ���������������

�$������������������������$
�������������������������	�#����������$���������
���������������

��������
������ ��������� ����������������	� #������������ ��������������������$�������)����

����� ��$��������� �������� �$��������� ���������� ��� ��������� ����� �����������$��

����������������������)�����������$�����$��������������$���������������
�������� ������!�

�$�� ��� �$
����
����� ��$���������� ����� �)�� ��"������ ����������� ��������� ��� ����

�����
�����������������������	��$���������
�������������
�����$��������
�����������-��$���

)���� ����  ��������!� ����������� ��������� ���� �� ��������������� ��$����������

������������ ����� ��� �� ��-�$��� ��� ���� ��$���������� 
������� ��� ���� �)�� ��"������

����������� ��������	� �������� ������� 
�������� ������#��� �����
������������� ���$��

)���� ���� ���
$���� 
������� $���� ��##� ��� �� ��$���������� ��� ���������� �����������

�����$��	�$���� ������ ��� ���������� ����� ����������� ���� ������������������ �������������

����������������������������$��������������������������������$����������������������������

��	�����
�	��



����
��������

���

�%��&��&�������'��&�
���&	&���(����'-+#��*�)%�&��(���
	'�&��&��(����������������	�


���
����99����������
������
����������
�
��
�����
������
������������
�������������
��

�
���
������ ������
�� 
�
��
����
����������!�

!
���������������
������
����������
��



������
���!�

"�����!���!�
��
������
!
�����

�

����������	�
�������
����

����������	�
���
���
��������	���� ������ �#��	

�
���
����9::�� ���!��
����

$%���
��
��
��
��



�� �������
��������!
������������������
������
�
����
�

����������

���
�� ����!���!
�� ���������
����
��
�
���
��
���
����� ����!���!
� �
� &�����������

!��������
������������!�
�!
������
�����!���!
�������
��
���$%���!�
���������������

�
��������!
�
��


�����'

�(
��
���
����99)*�'


�����
���
����99)���'�
�
���
�������
����
�

��
�� ��� ��
��
� ��
���� �������� �
���� �
������ ��� ��
� 
����
� 

����� ��� ��
� ��� !��
�

����!���!
���+�������
���
���),,-����

'�
���
����.+#��������
��
�������������������
���������������
����������!���!
�

�����!
������
���� ���
�����
��


�����!����

�� ��
�������������!
����
��������������
�

��
����������.+#�� ��
� ��� �������
��� ��
�
� �
�� ������� ��� �
�
�!��
� ��
� �����
� ��� ��

!��	
������!���!
��������������� �
�
���
����
����
���������
�����!���!
����
��
 ��

'�
��������

�
�!��������������
������������
���
���!
��������'&+#�����

������������������	���������������
�!���������
������!�
��������
��!���$%��

���
�� ���
������ ��� ����� �������� �
������ ����� ��� ���!����� ���!����� ����
���
� ���������
�

����!���!
�� �/�+���� ���� �
���� ���������
� ����!���!
�� ���+���� '�
� ����
�
��� �
������

���� ��
�� ����
�
��� ��(
�� ���$%��� ��
��/�+�� ���� ��
�� �,,&0,,	�� ���
���� ����(���� 
�� �
���

�99)�� �
�
�����+��������	
��������1,,	�����
�������$%���/��	
�
���
����9:2���3�#������



������	��
���


��

�*����� ������� 	�����
�	� ��
�� ��� ����� ������� ����� ���� �����
������� �	����� ��� ����


�����	��������������	�������������������� ���������������	������ ��������	��
���	��

��������������� ���� �������������� ��	������ ��� ��� 
�	�	�
���� ��
�������
��
������� ��� 
����


��������



������	��
���


��

�

�����������#�����$��	�
�����%&�
��$�������
�'������(�$��	
�����
�$����	��������'������(�$�($�
����'��$�'��$�$�
�

��)� �	�� �%���
�
� ���*�
���� �	� �� 
���$������� &�'�� ����� 
�		����'��'���� ��� ������ ���� $��&�
� �� ������#�
���*�'*��+,-.��.'/01234/�305231�235224.67.67.839.
��/304/�30�235224.822)� ����&$� ��
���'�� 
����
.� ��$'� ��
�
�������
�
� ������$���$)� �����%����� ���*�
���� $��&��
� '��� $���� ������'���$)� ���� ��
� ���� $��&� '��� ����
���*�'*�����
����	�����	���
������$'��������������)���������&$�����'�'��'���$�
��	����'�
���$���
���$$�$���:����
�
�*���������*$�$+���:��$�����/3�33%20.7.;�22%2,.3<�304�
��/3�23%�'��.0�30%23.39.�
30�32�'��.3=�33�'��4)� �
�� ���
�� �	� �� ��'����$�� �*���
�$�
� &�'�� &����� ������$���� ����'��
� �����$� 	���
������$���$� ,� /
����4� ��
� 37� /��
4)� ��� ����� ���
�� �	� �� ��'����$�� ($��
� '��� �� 3>��! �����$)� ��!� �$�
�������
� ��� ��
� ��
� ���$� '�� ������$����� ���
� ;�22.� &�����$� �� 3� �$� �������
� ��� 
����� ��
� ���$� '��
������$��������
�23�22)�
�
�



�


��

�

�

�

�

�

�

�

�

�

"From the brain and the brain only arise our pleasures, joys, laughter 

and jests, as well as our sorrows, pains, griefs, and tears.... These 

things we suffer all come from the brain, when it is not healthy, but 

becomes abnormally hot, cold, moist or dry." 

— Hippocrates (460 BC - 370 BC) 
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“Nothing in life is to be feared, it is only to be understood. Now is the 

time to understand more, so that we may fear less."  

— Marie Curie (1867-1934) 
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Summary Giant cell ependymoma (GCE), a rare ependymoma subtype, was recently 

recognised as a separate diagnostic entity with variations both in malignant potential and 

course of disease. We analysed the first supratentorial GCE using G-band karyotyping, DNA 

ploidy analysis, and array comparative genomic hybridisation. The tumour was hypodiploid 

and the karyotype showed multiple monosomies. This novel cytogenetic pattern seems 

specific for GCE as the only previous cytogenetic analysis of a GCE found similar 

monosomies. We were also able to analyse cytogenetically the subsequent recurrent tumour, 

phenotypically an anaplastic ependymoma, allowing a first insight into the genetic events 

involved in disease progression.  
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1. Introduction 

Ependymomas are primary tumours of the 

central nervous system, presumably 

derived from cells lining the ventricles and 

the central canal of the spinal cord. They 

account for 2% to 9% of all neuroepithelial 

tumours and show remarkable 

histopathological heterogeneity [1]. The 

World Health Organisation currently 

recognises 4 main groups of ependymal 

tumours: subependymoma, myxopapillary 

ependymoma, ependymoma (including 

cellular, papillary, clear cell, and tanycytic 

subtypes), and anaplastic ependymoma [1]. 

In 1996, giant cell ependymoma (GCE) 

was first proposed as a separate 

morphological subtype of ependymoma of 

the filum terminale with a likely 

favourable outcome [2]. Since then, more 

cases have been described, both in relation 

to the spinal cord and the brain [3]. The 

distinguishing pathogenetic and other 

biological properties of these tumours 

remain unclear [4-6]. Of the now 

altogether 13 reported GCE, only 1 has 

been described cytogenetically [2]. In this 

study, the use of G-band karyotyping, 

DNA ploidy analysis and array 

comparative genomic hybridisation 

(aCGH) revealed a cytogenetic pattern 

likely to be characteristic of GCE. 

 

2. Case report 

A 38-year-old man presented with a 

grand-mal seizure and subsequent 2-week 

history of postictal speech disturbance not 

responding to steroids. On admission, he 

had a mild degree of predominantly 

receptive dysphasia. There were no other 

neurological symptoms or signs. Magnetic 

resonance imaging (MRI) revealed a 

3.5 x 2 cm expansive, contrast-enhancing 

mass with evidence of a haemorrhagic 

component posteriorly in the left temporal 

lobe. Functional MRI sequences confirmed 

the presence of a tumour possibly 

involving Wernicke’s area. The tumour 

was macroscopically totally removed and 

the histopathology suggested a 

supratentorial giant cell ependymoma of 

unknown malignant potential. The 
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postoperative course was uneventful and 

the patient showed immediate 

improvement of speech. No adjuvant 

therapy was administered, but regular 

imaging was arranged as follow-up. 

A local recurrence was revealed by 

MRI 18 months after the initial surgery, 

despite the patient being asymptomatic. 

The recurrent tumour was macroscopically 

completely resected and classified as an 

anaplastic ependymoma. Postoperatively, 

the patient did well and was treated with 

radiotherapy (1.8 Gy x 33 to 59.4Gy) given 

to the postoperative surgical cavity plus a 

margin of 20 mm. At the latest follow-up 

(6 months after surgery), there was no sign 

of recurrence and the patient was clinically 

doing well. 

 

 

2.1. Pathological findings 

Samples of tumour tissue were 

fixed in 10% buffered formalin and 

embedded in paraffin. Sections were 

stained with haematoxylin and eosin 

(H&E). Immunohistochemistry was  

 

 

 

 

 

performed with standard laboratory 

detection systems. 

The initial tumour was a 

moderately cellular glial tumour. In some 

Fig. 1 Pathological features of the 2 ependymomas: 
In some areas of the initial tumour (A), cells were 
pleomorphic with mono- and multinucleated tumour 
giant cells. In other areas, perivascular pseudorosettes 
and relatively monomorphic tumour cells were found 
(B). In the recurrent tumour (C), multiple serpentine 
pseudopalisading necroses and pleomorphic tumour 
cells reminiscent of glioblastoma were seen. 
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regions, it was composed of markedly 

pleomorphic cells, including 

multinucleated giant cells (Fig. 1A). There 

were frequent mitotic figures (6 mitoses 

per 10 high-power fields), including 

abnormal ones. In other regions, 

perivascular pseudorosettes were seen, and 

tumour cells had fairly round 

monomorphic nuclei (Fig. 1B). No 

microvascular proliferation was noted. 

There was evidence of haemorrhage, but 

no overt necrosis. Most of the neoplastic 

cells were positive for GFAP, S-100, and 

vimentin. Approximately 10% of the 

malignant cells were Ki-67-positive. These 

features led to a diagnosis of supratentorial 

giant cell ependymoma of unknown 

malignant potential. 

The recurrent tumour was 

composed of highly pleomorphic cells with 

countless mononuclear and multinucleated 

tumour giant cells. There were numerous 

mitoses, microvascular proliferation, and 

large areas of geographical and 

pseudopalisading necrosis (Fig. 1C). 

Approximately 20% of the tumour cells 

were Ki-67-positive. Regions containing 

pseudorosettes typical for ependymoma 

were not found. This tumour was classified 

as an anaplastic ependymoma. 

 

2.2. G-banding and karyotyping 

Tumour material from the first and 

second operation was processed for 

cytogenetic analysis using standard 

methods for short-term culture. After an 

average of 12 days, the cultures were 

harvested as described by Mandahl et 

al.[7]. Chromosome preparations were G-

banded using Wright stain and karyotyped 

according to the recommendations of the 

ISCN [8]. The G-banded karyotype from 

the initial tumour specimen was 

hypodiploid with several monosomies (Fig. 

2A), i.e. 34~36,XY,-3,-6,-11,-12,-13,-14,-

15,-17,-18,-22[cp6]/46XY[10]. In the 

recurrent tumour sample, only three 

metaphases were available for analysis and 

these showed a similar hypodiploid 

karyotype, i.e. 33~36,XY,-3,-6,-10,-11,-

12,-13,-14,-18,-22[cp3] (Fig. 2B). 
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2.3. DNA ploidy analysis 

DNA image cytometry was performed on 

formalin-fixed, paraffin-embedded tissue 

from both tumour samples. The procedures 

for measurement of DNA content and the 

criteria for ploidy classification have been 

described [9]. In the first sample, 1281 

tumour nuclei were compared with 24 

lymphocytes as internal controls. In the 

recurrent tumour sample, 221 nuclei were 

compared with 5 lymphocytes. Despite the 

scarcity of cells, the histograms showed 

both samples to be aneuploid (Fig. 2C and 

D). The majority clone in both samples 

was hypodiploid, but the recurrent sample 

displayed an additional triploid clone. 

 

 

2.4. Genome-wide array comparative 

genomic hybridisation (aCGH) 

Genomic DNA was extracted from 

fresh-frozen tissue using the MagAttract 

DNA Mini M48 kit (Qiagen Inc., Valencia, 

CA, USA), labelled according to the 

manufacturer’s instructions, and aCGH 

was performed using the Agilent SurePrint 

G3 Human CGH Microarray 4x180K 

arrays (Agilent Technologies Inc., Palo 

Alto, California, USA). Data was analysed 

using Agilent Feature Extraction Software 

(version 10.5.1.1) and Genomic 

Workbench software (Agilent 

Technologies Inc.) as previously described 

[10]. 

The original data of the aCGH 

hybridization can be found in the public 

database Gene Expression Omnibus (GEO) 

(http://www.ncbi.nlm.nih.gov/geo/query/ac

c.cgi?acc= GSE23065). Examination of the 

initial tumour revealed 9 copy number 

aberrations (CNAs) with gain of material 

at 8p, loss of material at 1p, 3q, 7q, 12p, 

16q, and 22q, and homozygous deletions at 

1q and 22q. No high level amplifications 

were seen. In the recurrent tumour, 28 

CNAs with gain of material at 1q, 2q, 3q, 

4p, 5p, 5q, 8q, 9p, 9q, 11q, 13q, 20p, and 

21q, and amplifications at 20q and 21q 

were found. Loss of material was observed 

at 2q, 4p, 7q, 11q, 14q, 19p, 21p, and 21q, 

whereas homozygous deletions were seen 
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only at 8p. No aberrations were shared by 

both samples. 

3. Discussion 

The karyotypic features of the GCE 

presented here and the only other G-

banded tumour [2] were markedly 

hypodiploid with multiple monosomies 

leading to a stemline midway between 2n 

and n, and both displayed loss of 

chromosomes 14 and 22. In this case, the 

presence of a dominant hypodiploid clone 

could be confirmed using DNA ploidy 

analysis. This generally uncommon genetic 

pattern may, despite the scant data 

available, be characteristic of this tumour 

type. The pathogenetic role of these 

monosomies warrants further investigation, 

although the classical hypothesis is that 

loss of tumour suppressor genes on the lost 

chromosome(s) is the important result. 

In general, genomic events 

involved in ependymoma pathogenesis 

remain elusive. The 107 ependymomas 

cytogenetically characterised to date have 

been near-diploid to near-triploid with loss 

of chromosome 22 as by far the most 

common aberration, followed by +7, +12 

and/or -17 [11]. Hence, the markedly 

hypodiploid tumour stemline differentiates 

GCE from more classical ependymomas, 

but it is worthy of note that both show loss 

of chromosome 22. These pathogenetic 

considerations thus support the 

histopathological notion that GCE have 

features resembling ependymomas, while 

at the same time representing an entity of 

its own. 

From a pathological point of view, 

GCE can be difficult to differentiate from 

the much more common glioblastomas [1] 

that most commonly display near-diploid 

to hyper-diploid karyotypes with gain of 

chromosome 7 and loss of chromosomes 

10, 13, and 22 as the most frequent 

aberrations seen by both G-banding and 

CGH [12]. As GCEs seem to have a very 

clear-cut cytogenetic pattern, it could be 

argued that cytogenetic analysis should be 

included in routine diagnostics. 
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Fig. 2 A, G-banded karyogram of the initial tumour, the giant cell ependymoma, with multiple numerical 
aberrations giving the karyotype 36,XY,-3,-6,-11,-12,-13,-14,-15,-17,-18,-22. B, G-banded karyogram of the 
recurrent tumour, the anaplastic ependymoma, with a very similar karyotype 33,XY,-3,-6,-10,-11,-12,-13,-14,-
15,-16,-17,-18,-21,-22. C, Ploidy distribution of the giant cell ependymoma. D, Ploidy distribution of the 
recurrent anaplastic ependymoma. The green area shows the distribution of the tumour cells, whereas the blue 
areas show the distribution of the internal control cells. The majority of the tumour cells were hypodiploid in 
both samples, though an additional triploid clone was evident in the recurrent sample only.  

 
 
The literature has suggested 

intracerebral GCEs to be more aggressive 

than those related to the spine [4-6, 13-15]. 

The remarkable similarity between the 

cytogenetic profiles of this supratentorial 

tumour and that of the filum terminale [2] 

suggests no clear pathogenetic backing for 

this finding. 

In this patient, material from both 

the initial tumour and the subsequent 
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relapse was available for analysis, 

providing an opportunity to assess the 

genetic events involved in tumour 

progression. On the chromosomal level, 

both tumour samples were hypodiploid 

with multiple monosomies; however, loss 

of chromosome 10 first occurred in the 

recurrence and therefore was associated 

with tumour progression. Little is known 

about anaplastic ependymomas 

specifically, so we cannot know to what 

extent, if at all, anaplastic ependymomas 

differ cytogenetically from GCEs. 

Although monosomy 10 was found in the 

low-grade GCE reported by Zec et al. [2], 

our findings suggest that loss of this 

chromosome may be a feature of more 

aggressive ependymomas, as it is in other 

gliomas [12]. 

It was of some concern to us that 

there was only minimal agreement between 

findings by G-band karyotyping and 

aCGH, limited to loss of material from 3q 

and 22q in the first sample and 11q and 

14q in the second sample. In particular, 

aCGH failed to confirm monosomies 

detected by karyotyping and instead 

detected large areas of apparently gained 

chromosomal material. This discrepancy is 

most likely attributable to difficulties 

inherent in the CGH approach when 

genomic material is lost or gained to the 

extent that the test sample stemline is 

(almost) exactly midway between two 

ploidy levels [16]. Karyotyping, which 

relies on actually seeing the chromosome 

complement of individual cells, has no 

similar problem and is therefore less prone 

to producing such artefacts.  In this setting, 

DNA ploidy assessment proved useful as it 

confirmed the karyotypic findings. This 

also illustrates the usefulness of applying 

multiple investigative methods to the study 

of tumour genomes, and that one should be 

careful interpreting CGH, both 

conventional and array-based, when used 

as a stand-alone technique to study the 

acquired chromosomal abnormalities of 

neoplastic cells. 
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The pathogenesis of paediatric central nervous system tumours is poorly understood. To 

increase knowledge about the genetic mechanisms underlying these tumours, we 

performed genome-wide screening of 17 paediatric gliomas and embryonal tumours 

combining G-band karyotyping and array comparative genomic hybridisation (aCGH). 

G-banding revealed abnormal karyotypes in 56% of tumour samples (9 of 16; one failed 

in culture), whereas aCGH found copy number aberrations in all 13 tumours examined. 

Pilocytic astrocytomas (n=3) showed normal karyotypes or non-recurrent translocations 

by karyotyping but the well-established recurrent gain of 7q34 and 19p13.3 by aCGH. 

Our series included one anaplastic oligoastrocytoma, a tumour type not previously 

characterised genomically in children, and one anaplastic neuroepithelial tumour 

(probably an oligoastrocytoma); both showed loss of chromosome 14 by G-banding and 

structural aberrations of 6q and loss of 14q, 17p, and 22q by aCGH. Three of five 

supratentorial primitive neuroectodermal  

tumours showed aberrant karyotypes;  

two were near-diploid with mainly 

Supported by: Grants from The University of Oslo, 
The Norwegian Radium Hospital Foundation, and 
The Norwegian Cancer Society. 
*Correspondence to: Dr. Hanne-Sofie Spenning 
Dahlback. E -mail: h.s.s.dahlback@medisin.uio.no  
 



��
������
�������������
��
���
��
����

 

structural changes and one was near-triploid with several trisomies. aCGH confirmed 

these findings and revealed additional recurrent gains of 1q21-44 and losses of 3p21, 

3q26, and 8p23. We describe cytogenetically for the first time a cribriform 

neuroepithelial tumour, a recently identified variant of atypical teratoid/rhabdoid 

tumour with a favourable prognosis, which showed loss of 1p33, 4q13.2, 10p12.31, 

10q11.22, and 22q by aCGH. This study indicates the existence of distinct cytogenetic 

patterns in paediatric gliomas and embryonal tumours; however, further studies of 

these rare tumours using a multi-modal approach are required before their true 

genomic aberration pattern can be finally established.  

 
INTRODUCTION 

In developed countries, tumours of 

the central nervous system (CNS) represent 

the largest group of solid cancers (39-51%) 

in childhood (Parkin et al., 1999; Stiller et 

al., 2006). Despite steady improvements in 

prognosis over the past decades, CNS 

tumours remain the leading cause of cancer 

mortality in children (U.S. Cancer 

Statistics Working Group, 2010).  

Paediatric CNS malignancies 

constitute a heterogeneous group of 

morphological entities that do not replicate 

the distribution pattern seen in adult 

patients (Louis et al., 2007). Pilocytic 

astrocytomas (PAs) are by far the most 

common tumour entity (24%) followed by 

medulloblastomas (16%) and 

ependymomas (10%) (Rickert and Paulus, 

2001).  

Although more than 450 paediatric 

CNS tumours have been characterised 

cytogenetically by G-banding (Mitelman et 

al., 2011), no clear abberation pattern has 

yet been demonstrated in the majority of 

tumour entities. Medulloblastomas are 

exceptions to this inasmuch as they show 

i(17q) in 30-40% of cases (Bigner et al., 

1988; Griffin et al., 1988), and that gain of 

6q and 17q has been suggested to define 

prognostically adverse groups of patients 
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(Bigner et al., 1997; Russo et al., 1999; 

Rossi et al., 2006; Pfister et al., 2009). 

Similarly, although PAs have mostly 

shown normal karyotypes or non-recurrent 

findings by karyotyping (Agamanolis and 

Malone 1995; Bigner et al., 1997), array 

comparative genomic analysis (aCGH) has 

revealed gain of 7q34 in a majority of 

cerebellar tumours (Deshmukh et al., 2008; 

Jones et al., 2008).  

In an attempt to add to the 

pathogenetic understanding of some of the 

common as well as more rare CNS 

tumours in children, we analysed 17 

paediatric CNS tumours by two 

complementary screening techniques: 

karyotyping and aCGH. To the best of our 

knowledge, these are the first paediatric 

CNS tumours to be examined using this 

combined approach. 

 

MATERIALS AND METHODS 

Tumour Samples 

Seventeen tumour samples from 17 

children were included (Table 1). Samples 

were collected as a prospective series 

between January 2005 and July 2009 at the 

Department of Neurosurgery, 

Rikshospitalet, Oslo, Norway. Patients 

eligible for participation were aged 0-15 

years (mean age: 5 years; range: 1-12 

years) at the time of surgery. Ten patients 

were female and seven were male.  

All diagnoses were re-evaluated by 

a neuropathologist and are based on the 4th 

edition of the World Health Organisation 

classification (2007). Tumours were 

considered primary if the diagnosis was 

made at the time of the first biopsy (16 

tumours) and recurrent (one; # 10) if 

previously biopsied. This latter patient had 

received adjuvant chemotherapy 

(vincristine) after the first surgery, i.e., one 

year prior to the surgery for the recurrent 

tumour. 

All tumours were apparently 

sporadic. Thirteen tumours were 

supratentorial and four were infratentorial. 

Of the ten gliomas, there were three PAs, 

two low-grade gliomas (one of which was 



��
������
�������������
��
���
��
����

 

a likely PA, the other an unclassifiable 

low-grade astrocytoma), two 

glioblastomas, one anaplastic 

oligoastrocytoma, one anaplastic 

neuroepithelial tumour (most likely an 

oligoastrocytoma), and one low-grade 

neuroepithelial tumour (dysembryoplastic 

neuroepithelial tumour or low-grade 

astrocytoma). Seven embryonal tumours 

were also included: one medulloblastoma 

(classical type), five supratentorial central 

nervous system primitive neuroectodermal 

tumours (CNS-PNET), and one cribriform 

neuroepithelial tumour (CRINET). The 

study was approved by the Regional Ethics 

Committee, and samples were retrieved 

from a biobank established according to 

national ethical guidelines. Informed 

consent was obtained from all patients 

and/or parents/guardians. 

 

G-banding and Karyotyping 

Tumour material was disaggregated 

mechanically and enzymatically using 

collagenase type II (Worthington, 

Freehold, NJ). The resulting cells were 

seeded into tissue culture flasks and 

cultured in Basal Iscove’s medium 

supplemented with 10% fetal bovine serum 

(FBS), 1% penicillin/streptomycin, 1% 

non-essential amino acids, 1% ITS+ 

Premix (Becton Dickinson, Bedford, MA), 

0.1% MITO+ Serum Extender (Becton 

Dickinson), and 0.1% hydrocortisone. 

After an average of 12 days, the cultures 

were harvested as described by Mandahl et 

al. (1992). Chromosome preparations were 

G-banded using Wright stain and 

karyotyped according to the ISCN (2009) 

guidelines. All cases were reviewed 

independently by two experienced 

cytogeneticists.  

 

Genome-wide Array Comparative 

Genomic Hybridisation (aCGH) 

Genomic DNA was extracted from 

fresh-frozen tissue using the MagAttract 

DNA Mini M48 kit (Qiagen Inc., Valencia, 

CA), labelled according to the 

manufacturer’s instructions, and aCGH 

was performed using Agilent SurePrint G3 
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Human CGH Microarray 4 x 180K arrays 

(Agilent Technologies Inc., Palo Alto, 

CA). Based on the Quality Control (QC) 

metrics, all samples had a derivative log 

ratio (DLR) spread value of ≤0.2. Data 

were analysed using Agilent Feature 

Extraction Software (version 10.5.1.1) and 

the Genomic Workbench software (Agilent 

Technologies Inc.) with threshold settings 

and filters as previously described 

(Dahlback et al., 2011a). The individual 

profiles were visually checked. 

Annotations are based on human genome 

build 18.  

 

RESULTS 

The histopathological classification, 

karyotypes, and genomic imbalances of the 

17 paediatric brain tumours are listed in 

Table 1. All samples were analysed by at 

least one method. Cell culturing and 

subsequent G-banding analysis was 

informative in 16 samples, nine (56%) of 

which showed an abnormal karyotype, 

whereas seven were normal. The 

remaining one sample failed in cell culture. 

The nine cases with chromosomal 

abnormalities included three CNS-PNETs, 

one PA, one low-grade astrocytoma, one 

low-grade glioma, one glioblastoma, one 

anaplastic oligoastrocytoma, and one 

anaplastic neuroepithelial tumour 

(probably an anaplastic oligoastrocytoma). 

Of the samples with abnormal karyotypes, 

all but one (# 14) had a near-diploid 

chromosomal constitution. The abnormal 

karyotypes were simple (≤ four aberrations 

per clone) in all three low-grade gliomas. 

The oligoastrocytoma, the neuroepithelial 

tumour, and the three embryonal tumours 

showed complex karyotypes with multiple 

numerical and structural changes, some of 

which could not be fully identified as they 

resulted in marker chromosomes and/or 

additional chromosomal material of 

unknown origin. No double minutes or ring 

chromosomes were observed. 

Four cases could only be analysed 

by G-banding, another eight showed 

normal karyotypes but revealed copy 
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number alterations by aCGH, whereas the 

remaining five tumour samples showed 

aberrations by both techniques. aCGH was 

informative in all 13 cases where there was 

sufficient material for both tissue culture 

and DNA extraction. In most cases, aCGH 

verified the karyotypic findings but also 

revealed additional imbalances. The 

average copy number imbalances per 

tumour was 8.9 with gains (4.9) being 

more common than losses (4.0). The 

original data of the aCGH hybridisations 

can be found in the public database Gene 

Expression Omnibus (GEO) at 

http://www.ncbi.nlm.nih.gov/geo/query/ac

c.cgi?acc=GSE27671. 

 Of the six low-grade gliomas (#1-

6), three displayed abnormal karyotypes 

with simple changes (≤ 4 aberrations per 

clone), none of which was recurrent. All 

three displayed at least one translocation. 

Two PAs (one supratentorial and one 

infratentorial) could be analysed by aCGH 

and both showed gain of 7q34 and 

19p13.3. In addition, case 1 showed gain 

of 12p13.31 and 16q24.2-q24.3, whereas 

case 3 also showed gain of 13q21.31 by 

aCGH. The low-grade neuroepithelial 

tumour (#6) showed gain of 12p13.31 and 

19p13.3-13.2, loss of 1q21.1, 8p23.1, and 

11p11.2, and homozygous deletions of 

4q13.2 and 8p11.23. 

The high-grade gliomas included 

two glioblastomas (#7 and #8), one 

anaplastic oligoastrocytoma (#10), and an 

anaplastic neuroepithelial tumour that 

probably represented another anaplastic 

oligoastrocytoma (#9). Only one of the 

glioblastomas (#7) showed an abnormal 

karyotype by G-banding analysis with gain 

of chromosomes 7 and 12. By aCGH, this 

case revealed gain of material at 6q and 7q 

and loss of 8p, whereas a second 

glioblastoma (#8) showed copy number 

aberrations involving 10 chromosomes 

with gains of 5p, 7q, and 14q, losses of 2p, 

4q, 5q, 10q, 13q, and 18q, and 

homozygous loss from Xp. The anaplastic 

oligoastrocytoma that had evolved from a 

previous low-grade glioma (#10) displayed 
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a complex abnormal karyotype with loss of 

chromosomes 6, 8, 9, 14, 19, and 22, 

structural aberrations involving 

chromosomes 4, 5, 6, 8, 11, and 20, and 

three marker chromosomes. aCGH verified 

copy number loss of or from chromosomes 

4, 5, 6, 8, 9, 14, and 19, but also identified 

additional copy number losses of Xp, 15q, 

and 17p, homozygous loss from 22q, and 

gains of 4p, 9p, 12p, and 19q. G-banding 

analysis of the anaplastic neuroepithelial 

tumour (#9; Fig. 1) revealed a complex 

karyotype with gain of chromosomes 2 and 

8, loss of chromosomes X, 10, 11, 14, 15, 

16, and 17, structural rearrangements of 

3p, 6p, 6q, 7p, 14p, and 18p, five markers, 

and a ring chromosome of unknown origin. 

aCGH verified gain of chromosomes 2 and 

6 and loss of chromosomes X, 6, 10, 11, 

14, 15, 16, and 17. It also revealed 

additional gains at 7p, 10q, 11q, 12p, 15q, 

16q, 17p, 17q, and 21q, loss from 18q, and 

homozygous loss from 22q.  

 

 

 

 

 

 

 

 

 

Figure 1. Histopathological and cytogenetic features of 
case 9 (A- E). The formalin-fixed biopsy specimen 
showed a cellular neuroepithelial tumour, most likely an 
anaplastic oligoastrocytoma. (A) The majority of tumour 
cells had relatively round monomorphic nuclei surrounded 
by a perinuclear halo. (B) In small areas, however, the 
tumour showed astrocytic differentiation. Granular 
eosinophilic astrocytes (C) with Pas-positive cytoplasm 
(D) were also seen. Frequent mitoses were present. No 
necrosis or microvascular proliferation was found. (E) G-
banding karyogram of a tetraploid subclone 83,XX,-X,-
X,+add(3)(p11)x2,der(6)add(6)(p21)del(6)(q21)x2,-7, 
add(7)(p22),-10,-10,-11,-11,-13,-14,-14,-14,add(14)(p11), 
-15,-15,-16,-16,-17,17,add(18)(p11)x2,+r,+5mar (arrows 
indicate breakpoints). (F) Ideogram illustrating the 
distribution of genomic imbalances observed by aCGH in 
cases 9 and 10. Gains are seen to the right of each 
chromosome, whereas losses are seen to the left. Losses 
of 14q, 17p, and 22q were common to both tumours by 
aCGH.  
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The medulloblastoma, one CNS-PNET, 

and the cribriform neuroectodermal tumour 

had normal karyotypes by G-banding. 

aCGH analysis of the medulloblastoma 

(#11) revealed multiple aberrations with 

gain of X, 1, 2, 3, 6, 7, 9p, 12p, 14, 15q, 

17, 18, 19, 20q, and 22q and loss of 10p, 

10q, 11, 16p, 16q, and 21. Three CNS-

PNETs displayed near-diploid or near-

triploid complex karyotypes with 

numerical as well as structural aberrations. 

These karyotypes consisted of only one 

abnormal clone per case and recurrent 

changes included gain of chromosome 1 (2 

cases), loss of the X chromosome (2 

cases), and structural aberrations involving 

chromosome 21 in all three cases. One 

CNS-PNET (#14) was near-triploid with 

multiple numerical aberrations and 

structural rearrangements of chromosomes 

12, 18, and 21. Another was diploid with 

addition of unknown material to 

chromosomes 14 and 21, a deleted 

chromosome 22, as well as a marker 

chromosome. The third CNS-PNET 

showed gain of chromosome 1 as well as 

an unbalanced translocation involving 

chromosomes 1 and 3, addition of 

unknown material to chromosome 11, and 

an i(21q). Four of five CNS-PNETs 

included in this series could be analysed by 

aCGH and showed from three to 14 copy 

number aberrations (Table 1), with losses 

(5.3) being slightly more common than 

gains (5.0). Recurrent copy number gains 

were found at 1q21-44 (#14 and 16 ) while 

losses were recurrent at 3p21 (#14 and 16), 

3q29 (#13 and 14), and 8p23.1 (#12 and 

13). 

Case 17 of this series was a two-

year-old girl who presented with a large, 

contrast-enhancing multifocal tumour of 

the third ventricle, the largest focus 

measuring 5 cm in all directions. The 

formalin-fixed biopsy specimen showed 

regions of epithelial differentiation in a 

cribriform pattern (Fig. 2A). Other areas 

showed small cells with cytoplasmic 

prosesses in a reticular pattern (Fig. 2B). 

Loss of nuclear INI-1 protein expression  
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Figure 2. Histopathological and genomic features of case 17. In some areas, the tumour showed epithelial 
differentiation in a cribriform pattern (A), whereas other areas showed small cells with cytoplasmic prosesses in 
a reticular pattern (B). The cells were negative for INI1 protein expression (C). This features were highly 
suggestive of a cribriform neuroectodermal tumour (CRINET). (D) Ideogram of aCGH findings. Losses were 
seen at 1p33, 4q13.2, 10p12.31, 10q11.22, and 22q11.1-13.33. 

 

(BAF47; 1:150, BD Biosciences, 

San Jose, CA) of tumour cells was 

observed (Fig. 2C). Widespread positivity 

was noted for EMA, cytokeratin, GFAP, 

vimentin, and CD99. Some cells were 

positive for synaptophysin. The findings 

were suggestive of AT/RT and the patient 

was treated accordingly. The 

histopathological diagnosis was later 

reevaluated at the University of Texas MD 

Anderson Cancer Centre, Houston, TX 

when the patient was referred for proton 

radiation therapy. It was then thought to 

represent a cribriform neuroectodermal 

tumour (CRINET). At the time of writing 

(18 months after surgery), the patient is 

alive and in remission. G-banding revealed 

(# 17; Fig. 2) a normal karyotype, but 

subsequent aCGH analysis showed losses 

of 1p, 10p, 10q, and 22q and homozygous 

loss of 4q. 
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DISCUSSION 

The present series of paediatric 

CNS tumours illustrates the morphological 

heterogeneity of these neoplasms, but also 

that the spectrum of pathological entities 

differs from the one observed in adults 

where gliomas, meningiomas, and 

metastases from extracranial malignancies 

predominate (Louis et al., 2007). 

Furthermore, of the 17 examined tumours, 

one third could not readily be grouped in 

accordance with the current WHO 

classification (2007), emphasising the 

diagnostic challenges neuropathologists 

and clinicians face. This accentuates the 

call for pathogenetic classifications, an 

alternative grouping of tumours that could 

also hopefully provide information about 

prognosis as well as key insights into 

molecular disease mechanisms that may 

eventually be translated into more effective 

and individualised therapies (Brandal et al., 

2010).  

To the best of our knowledge, this 

is the first series of paediatric CNS 

tumours to be analysed by both G-banding 

and aCGH. G-banding is able to visualise 

small clones, identifies balanced 

aberrations such as translocations, 

inversions, and insertions, and detects 

intratumour heterogeneity, admittedly all at 

relatively low resolution (5-10Mb). CGH, 

on the other hand, offers genome screening 

at a higher resolution level (here 

approximately 13kb), is independent of 

cell culture, but is unable to detect the 

presence of balanced aberrations. The 

combined use of the two screening 

techniques thus offers a uniquely unbiased 

and complementary overview of the whole 

tumour genome. In this series, all samples 

could be analysed and were informative by 

at least one method. Five tumour samples 

revealed genomic aberrations by both 

techniques, allowing direct comparison, 

and the findings were in good overall 

agreement (Table 1). aCGH provided 

additional information on genomic copy 

number changes in all cases where it could 

be performed, most likely due to the higher 
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resolution level this technique offers. 

Additionally, genomic imbalances were 

seen by aCGH in seven tumour samples 

with normal karyotypes, probably because 

the cells of the neoplastic parenchyma 

could not be induced to divide in vitro in 

these cases (Table 1).  

No tumour samples showed 

isolated loss of a sex chromosome. 

Previous cytogenetic analyses of adult 

CNS tumours and normal brain tissue have 

frequently shown loss of the Y 

chromosome as the sole finding (Bigner et 

al., 1988; Jenkins et al., 1989; Lindström et 

al., 1991). The rarity of such findings in 

childhood CNS tumours suggests that they 

may be related to ageing (Bigner et al., 

1997).  

In agreement with findings in 

previous studies (Neumann et al., 1993; 

Agamanolis and Malone 1995; Roberts et 

al., 2001; Orr et al., 2002), the PAs and 

low-grade astrocytomas analysed by G-

banding revealed either normal karyotypes 

or simple aberrations with no recurrent 

features. The reasons are probably at least 

two-fold. It was noted that low-grade 

samples submitted for cytogenetic analysis 

were very small, probably because the 

extent of surgical resection is kept to a 

minimum in order to spare the surrounding 

developing brain. Secondly, but to some 

extent related to the point above, the 

proportion of abnormal cells may have 

been too low to achieve growth of 

neoplastic cells in culture. Two pilocytic 

astrocytomas could be analysed using 

aCGH and both showed gain of 7q34 and 

19p13.3. Gain of 7q34 has been reported in 

46-80% of PAs and results in activation of 

the oncogene BRAF which may become a 

future diagnostic and therapeutic target in 

these tumours (Deshmukh et al., 2008; 

Jones et al., 2008; Pfister et al., 2008; 

Jacob et al., 2009). As it was present in 

both infratentorial and supratentorial PAs, 

the gain does not seem to be specific for 

tumours of a given anatomic location. Gain 

of 19p13.3 was also found in both PAs (#1 

and 3) and the low-grade neuroepithelial 



��
������
�������������
��
���
��
����

 

tumour (#6). This is in accordance with 

findings in previous studies (Pfister et al., 

2009). The molecular consequences of the 

events at 19p13.3 in PAs are unknown but 

could conceivably, like the BRAF 

activation in 7q34, be of future therapeutic 

interest. The low-grade neuroepithelial 

tumour (#6) was difficult to fully classify 

and could according to the 

histopathological assessment represent 

either a low-grade glioma or a 

dysembryoplastic neuroepithelial tumour 

(DNET). Although little is known about 

the cytogenetic features that characterise 

DNETs (Fujisawa et al., 2002), gains of 

12p13.31 and 19p13.3 were shared by both 

the neuroepithelial tumour and PAs in our 

series, something that perhaps argues 

against the DNET diagnosis; however, 

more cytogenetic data are certainly needed 

before the karyotypic information can be 

brought to bear on the differential 

diagnosis between these two rare subsets 

of paediatric gliomas in any reliable 

manner. 

Glioblastoma multiforme (GBM) 

accounts for approximately 7% of all 

childhood malignancies (Rickert and 

Paulus, 2001). The genomic pattern of 

adult GBM has been extensively studied 

with 513 tumours being analysed by G-

banding so far (Mitelman et al., 2011), 

whereas a mere 32 paediatric GBM (≤5 in 

each series) have been karyotypically 

described and have largely failed to 

reproduce the typical adult pattern of 

aberrations that includes +7/-10, -13, and -

22 (Dahlback et al., 2009). Whereas some 

GBMs of childhood have had near-diploid 

karyotypes with only a few chromosomal 

abnormalities, others had a near-

triploid/near-tetraploid chromosome 

number with much more complex 

aberrations (Chadduck et al., 1991; Karnes 

et al., 1992; Sawyer et al., 1992; Vagner-

Capodano et al., 1992; Neumann et al., 

1993; Fujii et al., 1994; Agamanolis and 

Malone 1995; Sainati et al., 1996; Bigner 

et al., 1997; Roberts et al., 2001). 

Conventional CGH studies limited to 23 
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paediatric GBMs (Rickert et al., 2001; 

Warr et al., 2001) have detected gains of or 

from 1q, 2q, 3q, and 17q and losses of or 

from 17p and 13q as recurrent copy 

number changes. In the present series, only 

one (#7) of the two GBMs showed 

karyotypic changes with gain of 

chromosomes 7 and 12 by G-banding and 

this tumour displayed gains of 

chromosome material from 6q and 7q and 

loss from 8p by aCGH. The other (#8) 

harboured ten copy number aberrations 

including gain of chromosome material 

from 7q and loss of 10q by aCGH despite a 

normal karyotype. Although this is 

compatible with the existence of two 

subgroups of childhood GBM based on 

complexity of acquired aberrations (Bax et 

al., 2010), existing data is very scant and 

more multicentre studies are urgently 

needed to determine to what extent and 

how the pattern of genomic aberrations is 

non-random in these tumours. 

 Oligoastrocytomas are very rare in 

children but their precise incidence is 

difficult to determine due to a lack of 

generally accepted classification criteria 

(Louis et al., 2007). An incidence of 6% of 

oligodendroglial tumours in children aged 

0-14 years has been reported; however, this 

includes oligodendrogliomas as well as 

oligoastrocytomas (Houben et al., 2006). 

Knowledge about the acquired genomic 

changes of oligoastrocytomas is limited to 

CGH (conventional and array) analyses of 

adult tumours that have revealed frequent 

losses of 1p/19q, 4q, 9p, 10q, 13q, and 14q 

as well as gains of 7p, 8q, 10p, and 11q 

(Kros et al., 1999; Kitange et al., 2005; 

Dahlback et al., 2011). To the best of our 

knowledge, no oligoastrocytomas in 

children have been characterised 

genomically. The present series included 

one anaplastic oligoastrocytoma (#10; this 

was a recurrent anaplastic 

oligoastrocytoma and the patient had been 

treated with vincristine one year prior to 

removal of the recurrence) and an 

anaplastic neuroepithelial tumour. The 

latter most probably represented another 
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anaplastic oligoastrocytoma (#9; Fig. 1) 

illustrating how difficult it is to firmly 

decide on a diagnosis of oligoastrocytoma; 

in this case the alternative CNS-PNET 

with extensive glial differentiation could 

not be excluded. Genomically, this tumour 

showed multiple complex aberrations both 

by G-banding (Fig. 1E) and aCGH (Fig. 

1F), and the finding of trisomies for 

chromosomes 2 and 8 could point towards 

a diagnosis of CNS-PNET. On the other 

hand, none of the other G-banding or 

aCGH findings fit with those previously 

described in CNS-PNET (see below). It 

may be worthy of note that both the 

anaplastic oligoastrocytoma (#10) and the 

anaplastic neuroepithelial tumour showed 

loss of chromosome 14 and structural 

aberrations of chromosome 6 by G-

banding, admittedly as part of complex 

karyotypes, as well as losses of 14q and 

17p and homozygous loss from 22q when 

analysed by aCGH. The latter argues in 

favour of a diagnosis of anaplastic 

oligoastrocytoma also for case 9, but 

certainly more of these tumours must be 

characterised genomically before the 

diagnostic value of cytogenetics in this 

context can be determined and any non-

random role of aberrations of 

chromosomes 6, 14, 17, and/or 22 is 

established.  

Interestingly, whole-genome 

screening failed to identify the well-

established complete 1p/19q-codeletion 

that has been reported to be present in 30-

50% of adult oligoastrocytomas (Louis et 

al., 2007). These findings are supported by 

the fact that such aberrations have not been 

detected in paediatric oligodendroglial 

tumours when analysed by fluorescence in 

situ hybridisation using single probes per 

chromosome nor by loss of heterozygosity 

studies (Pollack et al., 2003; Raghavan et 

al., 2003; Kreiger et al., 2005). Thus, it 

seems highly likely that the genetic 

pathways involved in the pathogenesis of 

paediatric oligodendroglial tumours are 

different from those of their adult 

counterpart. 
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Medulloblastomas and CNS-

PNETs are embryonal tumours that occur 

most commonly in the cerebellum and in 

supratentorial sites, respectively. The 

former account for 25-30% of childhood 

CNS tumours and the aCGH findings of 

the presently included case are in 

accordance with those of previous studies 

with multiple copy number aberrations 

including gain of 17q (Rossi et al., 2006). 

CNS-PNETs, on the other hand, make up a 

mere 1.9-2.5% of paediatric CNS tumours 

(Gaffney et al., 1985; Pollack 1994; 

Rickert and Paulus 2001). These tumours 

carry a particularly poor prognosis 

compared with the morphologically similar 

medulloblastomas and usually fail to 

respond to standard therapy, especially in 

childhood when cranial irradiation is best 

avoided because of the pronounced 

neurocognitive deficits that usually follow 

(Timmermann et al., 2002; Larouche et al., 

2006). Due to the rarity of CNS-PNETs, 

few such tumours have been investigated 

cytogenetically.  

In this series, three cases showed 

abnormal karyotypes. Two were near-

diploid with mainly structural changes 

whereas one was near-triploid with several 

trisomies including three copies of 

chromosomes 1, 2, and 7. This pattern is 

by and large similar to that of the five 

previously reported abnormal cases, two of 

which showed hyperdiploid to near-triploid 

karyotypes with multiple trisomies 

including gain of chromosome 1, while the 

remaining three were near-diploid with 

various structural changes (Bhattacharjee 

et al., 1997; Roberts et al., 2001; Batanian 

et al., 2003). In our series, the patient who 

had the CNS-PNET with a near-triploid 

karyotype (#14) died 7 months after 

surgery, whilst the remaining two have no 

sign of tumour progression after 3 and 4 

years, respectively. Though our findings 

suggest that CNS-PNETs may consist of 

separate subgroups based on ploidy status, 

this must be replicated in larger studies that 

should also take into account clinical 

parameters and survival. To date, only 33 
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CNS-PNETs have been studied for 

genomic aberrations by conventional or 

array-based CGH (Russo et al., 1999; Inda 

et al., 2005; McCabe et al., 2006; Pfister et 

al., 2007). In line with findings in previous 

studies, all our cases analysed by aCGH 

showed multiple copy number aberrations. 

Recurrent gains of 1q were seen in two 

cases, specifically of bands 1q21-44, 

something that has formerly been 

described in 10 tumours (Russo et al., 

1999; Inda et al., 2005; Pfister et al., 2007). 

What gene-level change this might 

correspond to is unknown. Recurrent 

losses were found at 3p21, 3q26, and 8p23. 

In contrast to previous studies, no tumour 

showed loss of 9p or chromosomes 13 and 

16 (Russo et al., 1999; McCabe et al., 

2006). Gain of 4q and losses of 19q and 

20q, which have all been seen recurrently 

in previous studies (Russo et al., 1999; 

Inda et al., 2005; Pfister et al., 2008), were 

observed in one tumour each. Also in 

agreement with previous reports, no CNS-

PNETs showed gain of 17q. This may 

explain some of the biological differences 

between the morphologically similar 

medulloblastomas and CNS-PNETs, but 

further studies are required to corroborate 

these conclusions. 

Atypical teratoid/rhabdoid tumours 

(AT/RT) are rare malignant embryonal 

tumours that contain rhabdoid cells and 

carry a particularly poor prognosis. 

Cytogenetically, only 16 such cases have 

been described and the only common 

aberration has been monosomy 22 (Biegel 

et al., 1990; Biegel 2006; Mitelman et al., 

2011). Only 10 cases have been described 

using conventional CGH (Wharton et al., 

2003; Rickert and Paulus 2004); they 

showed recurrent losses of chromosomes 

and chromosome arms 1p, 3p, 17q, 19, and 

22q. Jackson et al. (2009) recently showed 

inactivation of the INI1/SMARCB1 gene, 

which maps to chromosome band 22q11.2, 

in a clear majority of cases. Inactivation of 

both copies of the gene leads to loss of 

protein expression in the nucleus which is 

detectable by immunohistochemistry in 
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almost all cases (Judkins et al., 2004). 

Routine screening of malignant paediatric 

CNS tumours has been advocated and is 

particularly helpful in small biopsy 

specimens where rhabdoid cells may be 

hard to find. Additionally, AT/RT are 

morphologically diverse tumours and are 

often difficult to distinguish from other 

embryonal tumours such as 

medulloblastomas and CNS-PNETs (Louis 

et al., 2007).  

CRINET was only recently 

suggested as a separate tumour entity by 

Hasselblatt et al. (2009) who described two 

cases of non-rhabdoid ventricular tumours 

with loss of INI1 protein and a relatively 

favourable prognosis compared to AT/RT. 

The same investigators have also reported 

a homozygous duplication as well as 

deletions affecting the INI1 locus in 

another two yet unpublished cases (Pfister 

et al., 2010). Our case is the first CRINET 

to be analysed genomically, and although 

G-banding revealed a normal karyotype, 

aCGH showed loss of the entire 22q, 1p33, 

10p12.31, and 10q11.22 as well as 

homozygous loss of 4q13.2 (Fig. 2D). The 

absence of data on more cases makes firm 

conclusions impossible. However, losses 

of 1p and 22q have been described in two 

and nine of the ten AT/RT analysed by 

conventional CGH, respectively (Wharton 

et al., 2003; Rickert and Paulus 2004). This 

suggests a pathogenetic link between the 

two tumour entities. It could be speculated 

that loss of 10q and homozygous loss of 4q 

might represent changes specific to the 

CRINET variant, but this must be 

confirmed in future studies of this 

prognostically distinct tumour type.  
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