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� � ,1 75 2 ' 8 &7,2 1 � � �

� �� � 6\�]�^R_X`�a � �� 3 b�_�c7ced cgf 5 hLiP_�j � � �
� �� � $ d kml/n ) d c�_�b ( o/_7b�\/_[^�dpl>c 	 9 _�b�d�q/_�^Pd�lFc 5 h�j�l�rZ^ � �� � � �

� � ' $ 7$ �$ &4 8 ,6,7,2 1 � � �

� �� � & l�b�b�hFiF^�d�lFcsl�nXt�d�f/t � uZ\/_[b�d�^Rvs`"^�_�^�dpi 0 5 d kN_ef�h>` � � �
� �� �� � 7RVKLED¶V�0 5�,PDJH�VWRUDJH�IRUPDW�DQG�WKH�6LP%LR�HQYLURQPHQW� � �

� �� � & l�b�b�hFiF^�d�lFcsl�nXjP`"h�\�q[l � q/v�c[_�kYd�iwd c � o�d o�l 0 5 d kN_ef/h>` � � �
� �� �� � ' HYHORSPHQW�RI�WKH�0 5�H[ HUFLVH�ULJ� � �
� �� �� � 2 SWLFDO�) RUFH�0 HDVXULQJ�6\ VWHP� � �
� �� �� � 3VHXGR�G\ QDPLF�0 5�LPDJHV� � � �

� �� � $ j1r�l/^Pl7i>l�b�n1l�rx^�t7hy`"h�b�hPiF^�d�lFcsl�ngjD_[^�d h1cz^F` � � � �

� � $ 1 �,67�72 2 / � � � �

� �� � , cz^�r�l�q/\[iF^Pd�l>c � � � �
� �� � ) h�_[^R\�r>h>` � � � �
� �� � * rF_�j1t7d�iP_�b{\X`"h�ryd cz^�h�r>n�_ziLh �* 8 ,� � � � �
� �� � ' h�kylFc|`"^�rF_[^�dplFc}l/ng^�t/h ,67 ^Pl7lZbNn1l�rx^�t7h 0 5 aZc[hPh�d kN_ef�h{_�c/cXl/^R_[^�dplLc � � � �

� � $ 1 �,39 7�72 2 / � � � �

� �� � , cz^�r�l�q/\[iF^Pd�l>c � � � �
� �� � $ cslZo7h�r>o7d h�~•l/n|^�t7h ,39 7 ^Pl7lZb � � � �

� �� �� � * HQHUDO�VWUXFWXUH� � � �
� �� �� � ' HILQLWLRQ�RI�VWDWLVWLFDO�PHDVXUHV�IRU�� ' �YHULILFDWLRQ�SURFHVV� � � �
� �� �� � ' HILQLWLRQ�RI�VWDWLVWLFDO�PHDVXUHV�IRU�� ' �YHULILFDWLRQ�SURFHVV� � � �

� �� � 0 h�_�cslZ]�`"h�r>o7h�r � � � �
� �� �� � 3RODU�KLVWRJUDP�PHWKRG� � � �
� �� �� � %LJ6PDOO�UHJLRQV�FUHDWLRQ�PHWKRG� � � �

� �� � * rF_�j1t7d�iP_�b{\X`"h�ryd cz^�h�r>n�_ziLh �* 8 ,� � � � �

� � 9 $ / , ' $ 7,2 1 �2 ) �,0 $ * ( �6( * 0 ( 1 7$ 7,2 1 � � � �

� �� � 7 t/h 9 5 hFf / l7iP_7b � ' _Zczq 9 7 rF_�cg`*nRlZr>k€r�lZ\[^�d ceh>` � � � �
� �� �� � 95HJ/ RFDO� ' �URXWLQH�DQG�0 5,�SDWLHQW�GDWD�IURP�0 DULERU� � � �
� �� �� � &RQILJXUDWLRQ�RI�WHVWLQJ�FRPSXWHU�V\ VWHP� � � �

� �� � 5 h>`�\�bP^F` � � � �
� �� � ' • ‚�ƒR„Z‚"‚�• …�† � � � �

� �� �� � 7HFKQLFDO�SRLQW�RI�YLHZ� � � �
� �� �� � 0 HGLFDO�SRLQW�RI�YLHZ� � � �

� � 3$ 7,( 1 7�63( &, ) ,&�) ,1 ( �( / ( 0 ( 1 7�. 1 ( ( �0 2 ' ( / 6�$ 1 ' �
3$ 0 �68 ,7( � � � �

� �� � 3$ 0 ‡�…Lˆ�‰LŠ"‹�…P‡ � � � �
� �� �� � &RQYHUVLRQ� � � �
� �� �� � / LQNDJH� � � �
� �� �� � 0 RGHOOLQJ� � � �
� �� �� � 6LPXODWLRQ� � � �
� �� �� � 3UHVHQWDWLRQ� � � �

� �� � 5 Œ1‚�„F‹D•D‚ � � � �
� �� �� � 5HODWLRQVKLS�DQG�FKDQJHV�RI�DUWLFXODWLQJ�ERGLHV� � � �
� �� �� � ( [ SHULPHQW�UHJDUGLQJ�SDUWLDO�$&/ �UXSWXUH� � � �
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� �� � ' ŽL†F•L•X• ƒg• •X•>‘LŒ[ˆ�ŒD‘L• ‚�•*ˆ�•>•�• …P† � � � �
� �� �� � ( XOHU�URWDWLRQ�DQJOHV�DQG�G\ QDPLF�SDWLHQW�GDWD��G\ QDPLF�UHJLVWUDWLRQ�� � � �
� �� �� � ( XOHU�URWDWLRQ�DQJOHV�DQG�3$0 �6DIH�VLPXODWLRQ�UHVXOWV� � � �
� �� �� � 4 XDQWLWDWLYH�YDOLGDWLRQ�RI�WKH�6LP%LR�HQYLURQPHQW�VLPXODWLRQ�UHVXOWV� � � �

� �� � ' • ‚�ƒR„Z‚"‚�• …�† � � � �
� �� � 3 Œ�ˆ�Š"…Pˆ�•g• †>‘ 3$ 0 6•FŠ�Œg‚�• •X„F‹�•>•�• …P†Y…�†Nˆ�Œ�•g…L•�ŒX‚�• •�Œ � � � �

� � 6,0 %,2 �( 1 9 ,5 2 1 0 ( 1 7�&+ $ ,1 �$ 1 ' �6,0 %,2 �( ' ,72 5 � � � �

� �� � 6 ƒ�Œ*†F•LˆP• …�’LŒ�Š"• †>• •�• …�† � � � �
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� � &2 1 &/ 8 6,2 1 � � � �

� � � 5 ( ) ( 5 ( 1 &( 6� � � �

� � � $ 33( 1 ' , ; � � � �
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� � �� �� � / RFDO�SDUW�RI�WKH�VFHQDULR� � � �
� � �� �� � 5HPRWH�SDUW�RI�WKH�VFHQDULR� � � �

� � �� � ( ™L“"Œ�ˆP• •gŒ*†Z•D‚�• † 3$ 0 �6„F• •�ŒX‚�•�•P†F’L•Lˆ�’N•g…P’LŒD‹�‹D• †>‘�“�ˆP…LƒRŒ�’L„Lˆ�Œ � � � �
� � �� �� � ) LUVW�PRGLILFDWLRQ� � � �
� � �� �� � 6HFRQG�PRGLILFDWLRQV� � � �
� � �� �� � 7KLUG�PRGLILFDWLRQV� � � �
� � �� �� � ) RXUWK�PRGLILFDWLRQ� � � �
� � �� �� � ) LIWK�PRGLILFDWLRQ� � � �
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� � ,QWURGXFWLRQ�
�
7KH�FHQWUDO�REMHFWLYH�RI�: RUNSDFNDJH�� �LV�WR�HYDOXDWH�DQG�YDOLGDWH�WKH�6LP%LR�HQYLURQPHQW���,W�FRQVLVWV�RI�
IRXU� VXEWDVNV� WKDW� ZLOO� DVVHVV� WKH� XWLOLW\ � RI� 6LP%LR� VLPXODWLRQV� IRU� WKUHH� PHGLFDO� DSSOLFDWLRQV�� QDPHO\ ��
( OHFWURPDJQHWLF� 6RXUFH� / RFDOLVDWLRQ� LQ� WKH� %UDLQ�� %LR�PHFKDQLFDO� + HDG� 0 RGHOOLQJ� DQG� . QHH� / RDGLQJ�
0 RGHOV�ZLWK�3URVWKHVLV�' HVLJQ�3UREOHPV����
�
,Q� FRQWUDVW� WR� 6XEWDVN� � �� �� WKH� REMHFWLYH�RI� 6XEWDVN� � �� � LV� WR�SHUIRUP� VLWH� LQGHSHQGHQW� 6LP%LR� JHQHULF�
HQYLURQPHQW� LQVWDOODWLRQ� DQG� HYDOXDWLRQ�YDOLGDWLRQ� RI� UHVXOWV� JHQHUDWHG� LQ� RUGHU� WR� VROYH� WKH� SUREOHP� RI�
' HVLJQ�RI�QRYHO�UHSODFHPHQW�SDUWV�IRU�WKH�PHQLVFL�RI�WKH�KXPDQ�NQHH�MRLQW�DQG�PHWKRGV�IRU�WKHLU�VXUJLFDO�
LPSODQWDWLRQ� �SURVWKHVLV� GHVLJQ��� 7KH� HYDOXDWLRQ� DQG� YDOLGDWLRQ� RI� WKH� DSSOLFDWLRQ� UHODWHG� WR� WKH�
RSWLPLVDWLRQ�RI�SURVWKHVHV�GHVLJQ�FRQVLVWV�LQ�FRPSDULVRQ�RI�WKH�VLPXODWHG�SHUIRUPDQFH�RI�WKH�RSHUDWHG�NQHH�
ZLWK�UHFRPPHQGHG�WDUJHW�YDOXHV�DQG�ZLWK�WKH�SHUIRUPDQFH�RI�D�KHDOWK\ �NQHH��NLQHPDWLFV�DQG�PHFKDQLFV�
UHVXOWV���
�
' HVSLWH�WKH�IDFW�6XEWDVNV�� �� �DQG�� �� �DGGUHVV�WKH�VDPH�DSSOLFDWLRQ��D�JUHDW�GLIIHUHQFH�H[ LVWV�EHWZHHQ�WKHP��
1 DPHO\ ��SDUWQHUV�8 1 ,�0 %�DQG�6%0 �LQYROYHG�LQ�6XEWDVN�� �� �ZLOO�SHUIRUP�VLWH�LQGHSHQGHQW�HYDOXDWLRQ�DQG�
YDOLGDWLRQ�RI�WKH�6LP%LR�HQYLURQPHQW��%RWK�QHZ�SDUWQHUV��L�H��WKH�8 1 ,�0 %�UHVHDUFKHUV��3DUWQHU�� � ��DQG�WKH�
6%0 �FOLQLFLDQV��3DUWQHU�� � ���KDYH�QRW�EHHQ�ELDVHG�E\ �WKH�6LP%LR�SURMHFW�DFWLYLWLHV�DQG�FRQVWUDLQWV�VR�IDU�
�H�J��WRRO�GHYHORSPHQW���7KHUHIRUH��WKH\ �FDQ�EH�WUHDWHG�DV�LQGHSHQGHQW�DVVHVVRUV�DQG�SRWHQWLDO�HQG�XVHUV���
�
7KH� FHQWUDO� REMHFWLYH� RI� 6XEWDVN� � �� � LV� WKHUHIRUH� WR� WKRURXJKO\ � HYDOXDWH� DQG� YDOLGDWH� WKH� 6LP%LR�
HQYLURQPHQW�IURP�LWV�RYHUDOO�DSSOLFDELOLW\ �SRLQW�RI�YLHZ�DQG��HVSHFLDOO\ ��WKH�UHVXOWV�ZLOO�EH�YDOLGDWHG�IURP�
SRVVLEOH� HQG�XVHUV�� 7KH� IHHGEDFNV� IURP� PHGLFDO� HQG�XVHUV� ZLOO� LPSURYH� WKH� 6LP%LR� FRUUHFWQHVV��
DSSOLFDELOLW\ ��DQG�FRPSUHKHQVLELOLW\ ��$ OO�DFWLYLWLHV�ZLOO�DOVR�OHDG�WR�D�PRUH�XVHU�IULHQGO\ �6LP%LR�JHQHULF�
HQYLURQPHQW��H�J��LPSURYHG�JUDSKLFDO�XVHU�LQWHUIDFHV��
�
7KLV�GRFXPHQW�LV�WKH�ILQDO�GHOLYHUDEOH���E���RI�6XEWDVN�� �� �� �,W�SURYLGHV�WKH�ILQDO�HYDOXDWLRQ�UHVXOWV�IRU�WKH�
WKLUG�WHVW�DSSOLFDWLRQ�LQ�WKH�YDOLGDWLRQ�DQG�HYDOXDWLRQ�RI�WKH�6LP%LR�HQYLURQPHQW�ZLWK�UHVSHFW�WR�WKH�NQHH�
MRLQW��7KH�SXUSRVH�RI� ' HOLYHUDEOH� � �� E�LV�WR�GHVFULEH�DQG�GLVFXVV�WKH� ILQDO�HYDOXDWLRQ�UHVXOWV�DQG�RYHUDOO�
HIILFLHQF\ �RI�WKH�6LP%LR�HQYLURQPHQW��
�

� �� � 6XEWDVN�� �� �3ODQQLQJ�5 HFDS�
�
6XEWDVNV�� �� �DQG�� �� �DGGUHVV�WKH�VDPH�DSSOLFDWLRQ��FRQVHTXHQWO\ �WKH�RYHUDOO�SDWKZD\ �IRU�ERWK�VXEWDVNV�LV�
DOPRVW�WKH�VDPH��2 YHUDOO�SDWKZD\ �LV�UHVXPHG�IURP�' HOLYHUDEOH�� �� E��DGGHG�VWHSV�DUH�PDUNHG�LQ�EROG��
�

� �� $ FTXLUH�KLJK�TXDOLW\ �VWDWLF�0 DJQHWLF�5HVRQDQFH��0 5� �LPDJHV�RI�QRUPDO�DQG�SDWKRORJLFDO�NQHHV��
� �� $ FTXLUH�ORZHU�TXDOLW\ �SVHXGR�G\ QDPLF�0 5�LPDJHV�RI�QRUPDO�DQG�SDWLHQW�NQHHV�ZKLOH�XQGHUJRLQJ�

H[ HUFLVH�XQGHU�OLJKW�ORDG�XVLQJ�D�FXVWRP�GHVLJQHG�H[ HUFLVH�ULJ��
� �� 6HJPHQW�WKH�0 5 �LPDJHV�WR�FUHDWH�ODEHOOHG�WLVVXH�VWUXFWXUHV���,Q�SUDFWLFH��WKLV�VHJPHQWDWLRQ�PLJKW�

EH�DFKLHYHG�E\ �UHJLVWUDWLRQ�WR�D�WHPSODWH��
� �� 9 DOLGDWH�WKH�LP DJH�VHJPHQWDWLRQ�UHVXOWV��
� �� 8 VH�WKH�KLJK�TXDOLW\ �VHJPHQWV�WR�JHQHUDWH�ILQLWH�HOHPHQW�PHVKHV�RI�HDFK�VWUXFWXUH�LQ�WKH�NQHH��
� �� 8 WLOLVH�WKH�PHVKHV�LQ�WKH�3$ 0 �6XLWHÔ�H[ SOLFLW�ILQLWH�HOHPHQW�VRIWZDUH�HQYLURQPHQW��
� �� 9 DOLGDWH� WKH� EHKDYLRXU� �� SHUIRUPDQFH� RI� WKH� ) �( �� PHVKHV� DJDLQVW� WKH� LQ�YLYR� LPDJLQJ� DFTXLUHG�

XVLQJ�WKH�H[ HUFLVH�ULJ��
� �� ( YDOXDWH�WKH�XWLOLW\ �RI�WKH�6LP%LR�VRIWZDUH�WRROV� IRU�FOLQLFDO�VFHQDULRV�LQYROYLQJ�WKH�NQHH�MRLQW��

such as the effect of meniscal tissue removal (partial meniscectomy) and the “virtual design” of 
PHQLVFDO�LPSODQWV��

� �� 9 DOLGDWH�WKH�6LP %LR�HQYLURQP HQW�DV�D�ZKROH��
�
�
�



6LP%LR�' HOLYHUDEOH�' � �� E�

� � �� �

� �� � $ LP �RI�) LQDO�( YDOXDWLRQ�	 �9DOLGDWLRQ�5 HSRUW�� �� �
�
7KH�DLP�RI�' HOLYHUDEOH�� �� E�LV�WR�SURYLGH�ILQDO�HYDOXDWLRQ�UHVXOWV�IRU�WKH�WKLUG�WHVW�DSSOLFDWLRQ�RI�WKH�6LP%LR�
HQYLURQPHQW�ZLWK�UHVSHFW�WR�WKH�NQHH�MRLQW��) LUVW��WKH�SDWLHQW�GDWD�DFTXLVLWLRQ�SURWRFRO�DQG�DX[ LOLDU\ �WRROV�
GHYHORSHG�LQ�6XEWDVN�� �� �ZLOO�EH�VXPPDUL] HG�IURP�' HOLYHUDEOH�� �� D��( YHQWXDO�PRGLILFDWLRQV�DQG�XSJUDGHV�
IURP�' HOLYHUDEOH�� �� D�ZLOO�EH�H[ WUD�LQGLFDWHG��7KHQ��UHVXOWV�RI�WKH�HYDOXDWLRQ�DQG�YDOLGDWLRQ�RI�WKH�6LP%LR�
HQYLURQPHQW�ZLOO�EH�SUHVHQWHG��7KLV�SDUW�LV�GLYLGHG�LQ�WKUHH�ELJ�VHFWLRQV��D��YDOLGDWLRQ�RI�WKH�6LP%LR�LPDJH�
UHJLVWUDWLRQ�URXWLQHV��VHH�6HFWLRQ�� ���E��YDOLGDWLRQ�RI�) �( ��PHVK�PRGHOOLQJ�DQG�VLPXODWLQJ�E\ �XVLQJ�3$ 0 �
6XLWH��VHH�6HFWLRQ�� � �DQG��F��RYHUDOO�6LP%LR�HQYLURQPHQW�DSSOLFDELOLW\ ��HVSHFLDOO\ �IURP�WKH�PHGLFDO�SRLQW�RI�
YLHZ� �VHH�6HFWLRQ� � � �� 7KLV�UHSRUW�FRQFOXGHV�ZLWK�JHQHUDO�UHPDUNV�DQG�SRWHQWLDO�GLUHFWLRQV� IRU�WKH� IXWXUH�
ZRUN��
�
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� � ' DWD�$ FTXLVLWLRQ�
�
%HFDXVH�6XEWDVN�� �� �DGGUHVVHV�JHQHUDOO\ �WKH�VDPH�DSSOLFDWLRQ�DV�6XEWDVN�� �� ��FRQVHTXHQWO\ �ERWK�SDWKZD\ V�
DUH� DOPRVW� LGHQWLFDO� �VHH� 6XEVHFWLRQ� � �� � �� 7KH� FHQWUDO� REMHFWLYH� RI� 6XEWDVN� � �� � LV� WR� LQVWDOO� WKH� 6LP%LR�
HQYLURQPHQW�RQ�LQGHSHQGHQW�VLWH��H�J��DW�SRWHQWLDO�HQG�XVHU�VLWH��DQG�WR�EH�DEOH�WR�SHUIRUP�ELR�QXPHULFDO�
VLPXODWLRQV� ZLWK� WKH� 6LP%LR� HQYLURQPHQW� RQ� VSHFLILF� HQG�XVHU� NQHH� SDWLHQW� GDWD�� 7KHUHIRUH�� DOO� VWHSV�
LQYROYHG� LQ� 6XEWDVN� � �� –IURP� GDWD� DFTXLVLWLRQ� WR� VLPXODWLRQ� DQG� UHVXOW� LQWHUSUHWDWLRQ–VKRXOG� EH� DOVR�
UHSURGXFHG�LQ�6XEWDVN�� �� ��7KH�ILUVW�VWHS�LQ�WKH�6LP%LR�HQYLURQPHQW�SURFHVVLQJ�FKDLQ�LV�WKH�SDWLHQW�GDWD�
DFTXLVLWLRQ��
�
$ V� VWDWHG� LQ� ' HVLJQ� 5HSRUW� � �� D�� WKH� SXUSRVH� RI� DFTXLULQJ� KLJK�TXDOLW\ � YROXPHWULF� 0 5� LPDJHV� ZDV� WR�
SHUPLW�WKH�LGHQWLILFDWLRQ�RI�WKH�VWUXFWXUHV�RI�WKH�NQHH�DW�VXIILFLHQW�UHVROXWLRQ�WR�HQDEOH�KLJK�TXDOLW\ � ILQLWH�
HOHPHQW�PHVKHV�WR�EH�JHQHUDWHG���,Q�FRQWUDVW��WKH�SXUSRVH�RI�DFTXLULQJ�G\ QDPLF�ORZ�UHVROXWLRQ�0 5 �LPDJHV�
RI�WKH�NQHH�ZKLOH�XQGHUJRLQJ�OLJKW�H[ HUFLVH�ZDV�WR�SHUPLW�WKH�YDOLGDWLRQ�RI�WKH�NLQHPDWLF�EHKDYLRXU�RI�WKH�
ILQLWH�HOHPHQW�PRGHOV�RI�WKH�NQHH���7KH�PHDVXUHG�GLVSODFHPHQWV�DQG�URWDWLRQV�LQ�WKH�; ��< ��=�GLUHFWLRQV�RI�
WKH� WLELD� UHODWLYH� WR� WKH� IHPXU� GHULYHG� IURP� WKH� 0 5� LPDJHV� ZRXOG� EH� FRPSDUHG� WR� WKH� PRGHOOHG�
GLVSODFHPHQWV�DQG�URWDWLRQV��
�

� �� � &ROOHFWLRQ�RI�KLJK�TXDOLW\ �VWDWLF�0 5 �LP DJHV�
�
%RWK� SDUWQHUV� IURP� 0 DULERU�� L�H�� SDUWQHUV� 8 1 ,�0 %� DQG� 6%0 �� KDYH� DFFHVV� WR� 7RVKLED� 9 LVDUW� � �� 7� 0 5�
VFDQQHU��+ RZHYHU��WKH�SDUWQHU�8 6) ' �XVHV�3KLOLSV�( FOLSVH�� �� 7�0 5�VFDQQHU��,W�LV�NQRZQ��WKDW�WKH�YDULDELOLW\ �
LQKHUHQW�LQ�0 5�LPDJLQJ�FRXOG�FDXVH�WKH�LPDJHV�RI�WKH�VDPH�VXEMHFW�FROOHFWHG�ZLWK�WZR�GLIIHUHQW�V\ VWHPV�
EXW�QRPLQDOO\ �WKH�VDPH�0 5�SURWRFRO�PD\ �QRW�EH�LGHQWLFDO��7R�PLQLPLVH�WKH�LQIOXHQFH�RI�0 5�VFDQQHU�RQ�
ILQDO�UHVXOWV��VHYHUDO�WHVW�ZHUH�PDGH�LQ�WKH�SURMHFW�PRQWKV�� � �WR�� � �ZLWK�WKH�7RVKLED�9 LVDUW�0 5�VFDQQHU��
7KH�PDLQ�JRDO�RI�WKLV�WHVWLQJ�ZDV�WR�REWDLQ�D�W\ SH�RI�0 5�NQHH�LPDJHV�DV�VLPLODU�DV�SRVVLEOH�WR�0 5 �LPDJHV�
XVHG� E\ � WKH� SDUWQHU� 8 6) ' �� 7KH� FRPSOHWH� PDWFKLQJ� RI� ERWK� W\ SHV� RI� LPDJHV� ZDV� QRW� SRVVLEOH�� 7HVWLQJ�
GHWDLOV�DUH�GHVFULEHG�LQ�' HOLYHUDEOH�� �� D��
�
7KH�VWDWLF�LPDJHV�DUH�DFTXLUHG�ZLWK�WKH�SDWLHQWV
�NQHHV�FORVH�WR�IXOO�H[ WHQVLRQ�DQG�EORFNHG�LQ�SRVLWLRQ�XVLQJ�
D�VROLG�EORFN�WR�PLQLPLVH�PRWLRQ�DUWHIDFWV��
��
The final parameters of Toshiba’s MR sFDQQHU� IRU� DFTXLULQJ� KLJK�TXDOLW\ � VWDWLF� 0 5 � NQHH� LPDJHV� ZHUH�
GHFLGHG� E\ � FOLQLFLDQV� DIWHU� FRQVXOWDWLRQ� ZLWK� SDUWQHU� 8 6) ' �� 7KH� 0 5� NQHH� LPDJH� DFTXLUHG� ZLWK� WKHVH�
SDUDPHWHUV�LV�GHSLFWHG�LQ�) LJXUH�� ��7KH�VHOHFWHG�VFDQQHU�SDUDPHWHUV�DUH��) ( � ' �LPDJH�WHFKQLTXH�ZLWK�4 ' �
NQHH�FRLO��75 � �� � ��7( � �� �� ��) OLS�DQJOH �� � �� � ��1 $ 4  � � ��HIIHFWLYH�SL[ HO�VL] H�LV�� �� �PP��) 2 9 �LV�� � �[ �� � �
FP��LPDJH�PDWUL[ �LV�� � � [ � � � �SL[ HOV��� � �VOLFHV�SHU�VHTXHQFH�ZLWK�� �PP�VOLFH�WKLFNQHVV��7KH�LPDJH�VHTXHQFH�
DFTXLVLWLRQ�XVLQJ�WKHVH�VHWWLQJV�ODVWV�DERXW�� � �PLQ��
�

� �� �� � Toshiba’s MR Image storage format and the SimBio environment�
�
Toshiba’s MR scanner used in Maribor stores every image sequence on hard disk in its internal 
�XQGRFXPHQWHG�� IRUPDW�� ,W� DOVR� GRHV� QRW� KDYH� LQWHJUDWHG� DQ\ � FRQYHUWHU� IRU� FRQYHUWLQJ� GDWD� LQWR� PRUH�
DSSURSULDWH�DQG�ZLGHO\ �XVHG�VWRUDJH�IRUPDW��H�J��$ &5�1 ( 0 $ ��' ,&2 0 ����
�
To enable usage of imaging material from Toshiba’s MR scanner in the SimBio software chain, appropriate 
LQWHUIDFHV�ZHUH�GHYHORSHG�XQWLO�SURMHFW�PRQWK�� � �� ,Q�WKH� IUDPHZRUN�RI�WKLV�DFWLYLW\ ��DOVR�D�FRQYHUWHU�IRU�
LPDJH� VHTXHQFHV� VWRUHG� LQ� DQ� LQWHUQDO� 7RVKLED� 0 5 � IRUPDW� WR� ' ,&2 0 � IRUPDW� ZDV� LPSOHPHQWHG�� 7KLV�
“Toshiba�WR�DICOM” converter is a part of an IST tool (see Section � � IRU� GHWDLOV��� 2 QFH� WKH� LPDJH�
VHTXHQFH�LV�VWRUHG�LQ�WKH� ' ,&2 0 � IRUPDW��LW�FDQ�EH�HDVLO\ �WUDQVIRUPHG�LQWR�WKH�9 ,67$ � IRUPDW�XVLQJ�WKH�
SimBio environment tools (i.e. dcmtov converter). The VISTA format was agreed to be the “standard” 
LPDJH�VWRUDJH�IRUPDW�LQ�WKH�6LP%LR�HQYLURQPHQW��
�

�
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� �� � &ROOHFWLRQ�RI�SVHXGR�G\ QDP LF�LQ�YLYR�0 5 �LP DJHV�
�
,Q�FRQWUDVW�WR�WKH�FROOHFWLRQ�RI�KLJK�TXDOLW\ �VWDWLF�0 5 �NQHH�LPDJHV��WKH�SXUSRVH�RI�DFTXLULQJ�G\ QDPLF�ORZ�
UHVROXWLRQ� 0 5 � LPDJHV� RI� WKH� NQHH� ZKLOH� XQGHUJRLQJ� OLJKW� H[ HUFLVH� ZDV� WR� SHUPLW� WKH� YDOLGDWLRQ� RI� WKH�
NLQHPDWLFV�EHKDYLRXU�RI�WKH�ILQLWH�HOHPHQW�PRGHOV�RI�WKH�NQHH��) RU�SVHXGR�G\ QDPLF�LQ�YLYR�0 5 �LPDJLQJ�D�
0 5 �FRPSOLDQW�H[ HUFLVH�ULJ�LV�UHTXLUHG��7KLV�ULJ�HQDEOHV�IOH[ LRQ��H[ WHQVLRQ��RI�OLJKWO\ �ORDGHG�SDWLHQW�NQHH��
7KH�SULPDU\ �UHTXLUHPHQW�RI�WKH�G\ QDPLF�0 5 �VHTXHQFHV�LV�WKDW�WKH\ �VKRXOG�SURYLGH�DGHTXDWH�TXDOLW\ �WR�
UHVROYH�WKH�PRWLRQ�RI�WKH�WLELD�ZLWK�UHVSHFW�WR�WKH�IHPXU�DQG�VKRXOG�EH�DFTXLUHG�TXLFNO\ ���
�

� �� �� � ' HYHORSP HQW�RI�WKH�0 5 �H[ HUFLVH�ULJ�
�
$ V� GHVFULEHG� LQ� ' HOLYHUDEOH� � �� D�� WKH�SXUSRVH�RI� WKH�0 5 �H[ HUFLVH� ULJ� LV� WR�SHUPLW� WKH� YDOLGDWLRQ�RI� WKH�
TXDOLW\ �RI�WKH�) ( �PRGHOV�FUHDWHG�XVLQJ�WKH�6LP%LR�HQYLURQPHQW���7KH�ULJ�PXVW�DOORZ�D�YROXQWHHU�RU�SDWLHQW�
WR�XQGHUWDNH�D�FRQWUROOHG�H[ HUFLVH�SURWRFRO�ZKLOH�H[ HUWLQJ�NQRZQ�OLJKW�IRUFHV�DQG�WKH�ULJ�PXVW�EH�IXOO\ �0 5�
FRPSOLDQW��WKDW�LV��LW�PXVW�QRW�XWLOLVH�DQ\ �PHWDO�RU�IHUUR�PDJQHWLF�PDWHULDOV�LQ�LWV�FRQVWUXFWLRQ���
�
3DUWQHU�6%0 �UHSURGXFHG�0 5�FRPSOLDQW�H[ HUFLVH�ULJ�ZLWK�VRPH�PLQRU�PRGLILFDWLRQ�DFFRUGLQJ�WR�D�VFKHPH�
SURYLGHG�E\ �WKH�SDUWQHU�8 6) ' ��7KH�PDMRULW\ �RI�ZRUN�ZDV�GRQH�E\ �WKH�SURMHFW�PRQWK� � � �� 7KHUHIRUH��DOO�
GHWDLOV� FRXOG� EH� IRXQG� LQ� WKH� ' HOLYHUDEOH� � �� D�� ,Q� WKLV� VXEVHFWLRQ� WKH� PRVW� LPSRUWDQW� IHDWXUHV� DQG�
PRGLILFDWLRQV�RI�WKH�0 5�H[ HUFLVH�ULJ�DUH�VXPPDUL] HG��
�
7KH�+ RVSLWDO�3K\ VLFV�: RUNVKRS��SDUWQHU�6%0 ��XQGHUWRRN�WKH�IDEULFDWLRQ�RI�WKH�0 5�H[ HUFLVH�ULJ��7R�JHW�D�
VROLG�� EXW� QRW� WRR� KHDY\ � FRQVWUXFWLRQ�� D� ZRRGHQ� OLQLQJ� SDUW� ZDV� PDGH� �GLYLVLEOH� NQHH� SODWIRUP��� ZKLFK�
VHUYHV�DV�D�FRQQHFWLRQ�EHWZHHQ�WKH�VKRXOGHU�FRLO�DQG�WKH�IRRW�SODWH��VHH�) LJXUH�� � ��,Q�RUGHU�WR�LPSURYH�WKH�
0 5 �LPDJH�TXDOLW\ ��DQ�DGMXVWDEOH�NQHH�VXSSRUW�ZDV�DGGHG�WR�WKH�NQHH�SODWIRUP��VHH�) LJXUH�� � ��7KLV�VXSSRUW�
PLQLPLVHV� NQHH� PRYHPHQWV� DQG� GHFUHDVH� WKH� NQHH� PXVFOH� IDWLJXH� GXULQJ� WKH� G\ QDPLF� WHVWV� E\ � IL[ LQJ�
GLIIHUHQW�DQJOH�SRVLWLRQV�RI�WKH�NQHH��' LIIHUHQW�NQHH�SRVLWLRQV��L�H��NQHH�DQJOHV��FDQ�EH�DOWHUHG�E\ �WKH�SDWLHQW�
KLPVHOI�E\ �SXVKLQJ�WKH�ZRRGHQ�FRLO��) LJXUH�� � �LQWR�WKH�QH[ W�GHVLUHG�SRVLWLRQ��DSSUR[ LPDWH�NQHH�DQJOHV�DUH�
� ��� � ��� � ��� � ��DQG�� � °� ��7KH�SRVLWLRQ�DQG�KHLJKW�RI�WKH�IRRW�SODWH�ZHUH�OLPLWHG�GXH�WR�WKH�0 5 �VFDQQHU�ERUH�
GLPHQVLRQV��VHH�) LJXUH�� ��WKH�0 5 �VFDQQHU�KHLJKW�LV�� � �FP�DQG�ZLGWK�� � FP� �DQG�D�UHTXLUHG�NQHH�IOH[ LRQ�LQ�
WKH�FRLO��WKH�NQHH�IOH[ LRQ�DQJOH�VKRXOG�UHDFK�DW�OHDVW�� � °� ��7KH�PD[ LPDO�NQHH�IOH[ LRQ�DQJOH�REWDLQHG�ZLWK�
RXU� PRGLILHG� H[ HUFLVH�ULJ� LV� DURXQG� � � °� �VHH� ) LJXUH� � � �� $ � FXVWRP� PDGH� Q\ ORQ� KHHO� FXS� LV� IOH[ LEOH� DQG�
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DGMXVWDEOH�WR�WKH�LQGLYLGXDO�IRRW�VL] H��7KLV�HQVXUHV�D�JUHDWHU�VXSSRUW�DQG�FRPIRUW�IRU�WKH�SDWLHQW��VHH�) LJXUH�
� ). The patient' s shank and ankle are fixed with a flexible ankle�IRRW�RUWKRVLV��$ ) 2 �±VHH�) LJXUH�� ���
�
$ SSUR[ LPDWH�NQHH�MRLQW�IOH[ LRQ�DQJOHV�GXULQJ�D�G\ QDPLF�WHVW�FDQ�EH�REWDLQHG�IURP�DGMXVWDEOH�NQHH�VXSSRUW��
3DUWQHU�8 1 ,�0 %�KDV�GHYHORSHG�D�VLPSOH�VHPL�DXWRPDWHG�FRPSXWHU�DVVLVWHG�URXWLQH�IRU�PHDVXULQJ�WKH�NQHH�
IOH[ LRQ�DQJOH�IURP�WKH�VHJPHQWHG�G\ QDPLF�0 5�LPDJHV��VHH�) LJXUH�� � ��7KH�UHDO�SRVLWLRQ�RI�WKH�NQHH�MRLQW�
GXULQJ�WKH�G\ QDPLF�WHVW��HVSHFLDOO\ �E\ �REHVH�SDWLHQWV��ZLOO�WKXV�EH�GHWHUPLQHG�E\ �FRPSDULQJ�WKH�VHWWLQJV�RI�
DGMXVWDEOH�NQHH�VXSSRUW�RQ�WKH�0 5 �H[ HUFLVH�ULJ�DQG�VHPL�DXWRPDWLFDOO\ �FDOFXODWHG�NQHH�IOH[ LRQ�DQJOHV���
�
3DUWQHU� 8 1 ,�0 %� GHYHORSHG� DQ� RSWLFDO� VHQVRU� IRU� PHDVXULQJ� WKH� IRUFH� RQ� WKH� IRRW�SODWH� SHGDO� RI� 0 5�
H[ HUFLVH�ULJ��0 HDVXUHG�IRUFH�LV�RQH�RI�WKH�FUXFLDO�SDUDPHWHUV�E\ �PRGHOOLQJ�) ( �SDWLHQW�PHVK��7KLV�VHQVRU�LV�
LQWHJUDWHG�LQWR�WKH�IRRW�SODWH�RI�WKH�0 5�H[ HUFLVH�ULJ��7KH�VWUXFWXUH�RI�RSWLFDO�VHQVRU��LWV�LQVWDOODWLRQ�LQWR�WKH�
IRRW�SODWH��WKH�IRUFH�YDOXH�DFTXLVLWLRQ��DQG�RWKHU�IHDWXUHV�DUH�GHVFULEHG�LQ�WKH�IROORZLQJ�VXEVHFWLRQ��
�
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� �� �� � 2 SWLFDO�) RUFH�0 HDVXULQJ�6 \ VWHP �
�
,Q� WKH� VHTXHO� D� IRUFH� PHDVXULQJ� V\ VWHP�� ZKLFK� FRXOG� EH� ZLWKRXW� DQ\ � FRQVHTXHQFHV� XVHG� IRU� PHDVXULQJ�
LQVLGH� D� KLJK� PDJQHWLF�IOX[ � V\ VWHP�� H�J�� 0 5� VFDQQLQJ� GHYLFH� V\ VWHP�� ZLOO� EH� SUHVHQWHG�� 7KLV� IRUFH�
PHDVXULQJ�V\ VWHPV�ZDV�GHYHORSHG�E\ �WKH�SDUWQHU�8 1 ,�0 %�LQ�WKH�VFRSH�RI�WKH�6LP%LR�HQYLURQPHQW�UHVXOWV�
YDOLGDWLRQ��
�
7KH�0 5�GHYLFHV�DUH�VHQVLEOH�RQ�PHWDO�SLHFHV�DQG�RQO\ �OLPLWHG�UDQJH�RI�DYDLODEOH�WHFKQRORJ\ �FRXOG�EH�XVHG�
LQ�VXFK�FDVHV��: LWK�UHJDUG�WR�WKH�HQYLURQPHQW�FRQGLWLRQV��ZH�GHFLGHG�WR�XVH�WKH�WHFKQRORJ\ �RI�RSWLFDO�ILEUH�
DQG�VWDQGDUG�FRPSXWHU�WHFKQRORJ\ ��2 XU�IRUFH�PHDVXULQJ�V\ VWHP�FRQVLVWV�RI�WZR�LQGHSHQGHQW�FRPSRQHQWV��
ZKLFK�DUH��

�� 2 SWLFDO�V\ VWHP�DQG��
�� 0 RQLWRULQJ�V\ VWHP���

�
) LJXUH� � �GHSLFWV�GHSOR\ PHQW� GLDJUDP� RI� WKH� IRUFH�PHDVXULQJ�V\ VWHP�� ZKHUH� D� VHSDUDWLRQ�EHWZHHQ�RSWLF�
V\ VWHP�DQG�PRQLWRULQJ�V\ VWHP�LV�HPSKDVL] HG��
�
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� �� �� �� � 2 SWLFDO�V\ VWHP �

�
� ��2 SWLFDO�SDUW�
�
7KH�IRUFH�VHQVRU�XWLOL] HV�D�VLPSOH�SULQFLSOH�RI�PHDVXULQJ�WKH�RSWLFDO�SRZHU�ORVVHV�LQ�RSWLFDO�ILEUH�FDXVHG�E\ �
EHQGLQJ�RI�WKH�ILEUH��7KH�ILEUH�PXOWLORRS�FRLO��� � �ORRSV��LV�SRVLWLRQHG�EHWZHHQ�WZR�ZDOOV�RI�WKH�IRUFH�VHQVRU�
FDVH��VHSDUDWHG�E\ �HODVWLF�VSDFHUV��UXEEHU��DV�VKRZQ�LQ�) LJXUH�� � ��7KH�DSSOLHG�IRUFH�FDXVHV�GLVSODFHPHQW�RI�
WKH�PRYDEOH�VHQVRU�FDVH�ZDOO�WKDW�EHQGV�WKH�RSWLFDO�ILEUH�FRLO�DQG�LQGXFHV�GHFUHDVLQJ�RI�WKH�SDVVHG�RSWLFDO�
SRZHU��%HFDXVH�WKH�QRQ�OLQHDU�ORVV�GLVSODFHPHQW�GHSHQGHQFH��WKH�VHQVRU�FDOLEUDWLRQ�LV�QHHGHG��
�

�
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�
7KH�FKRVHQ�RSWLFDO�ILEUH�KDV�KLJK�DEVRUELQJ�FRDWLQJ�WKDW�LV�QHHGHG�IRU�D�VXSSUHVVLRQ�RI�WKH�RSWLFDO�ILEUH�
FODGGLQJ��ZKLFK�SURGXFHV�XQZDQWHG�RSWLFDO�SRZHU� IOXFWXDWLRQV�LQ�WKH�VHQVH�RI�QRLVH��2 WKHU�SUREOHPV�RI�
RSWLFDO�SRZHU�IOXFWXDWLRQV�IURP�H�J��OLJKW�VRXUFH�LQVWDELOLW\ �DQG�EHQGLQJ�RI�WKH�LQSXW�DQG�RXWSXW�ILEUHV�DUH�
VROYHG�E\ �UHIHUHQFLQJ�E\ �DGGLWLRQDO�ILEUH�SDWK��DV�VKRZQ�LQ�) LJXUH�� � ��
�
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�
7KH�OLJKW�IURP�OLJKW�VRXUFH��ODVHU�GLRGH��LV�ODXQFKHG�LQWR�WKH�LQSXW� ILEUH�DQG�LV�FDUULHG�XS�WR�WKH�RSWLFDO�
FRXSOHU��ZKHUH�WKH�OLJKW�LV�GLYLGHG�LQWR�WZR�ILEUHV��2 QH�RI�WKHVH�ILEUHV�LV�VHQVLQJ�ILEUH�ZLWK�D�FRLO�DQG�RWKHU�
LV�D�UHIHUHQFH�ILEUH�ZKHUH�WKH�RSWLFDO�SRZHU�LV�LQGHSHQGHQW�RI�WKH�PHDVXUHG�IRUFH��$ OO�XQZDQWHG�FKDQJHV�RI�
WKH�RSWLFDO�SRZHU�LQ�V\ VWHP�DUH�SUHVHQW�LQ�ERWK�ILEUHV�VR�WKH\ �FDQ�EH�HOLPLQDWHG�IURP�PHDVXUHG�VLJQDO��
�
7KH�DGYDQWDJHV�RI�XVHG�SULQFLSOH�DUH��

�� VLPSOH�GHVLJQ�
�� PLQLPXP�QXPEHU�RI�H[ SHQVLYH�RSWR�HOHFWURQLF�FRPSRQHQWV�
�� VLPSOH�VLJQDO�SURFHVVLQJ��

R

R'
Iin Iout

optical fibre coil

output fibre

HODVWLF�VSDFHU

input fibre

)

RSWLFDO�ILEUH�FRLO
RSWLFDO�FRXSOHU

/ '

3 ' �

3 ' �

RSWR�HOHFWURQLF
SURFHVVLQJ�XQLW

ILEUH�SURWHFWLRQ�IOH[ LEOH�WXEH

VHQVRU�FDVH

LQSXW�ILEUH

RXWSXW�UHIHUHQFH�ILEUH

RXWSXW�VHQVLQJ�ILEUH
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�
7KH�GLVDGYDQWDJHV�DUH��

�� KLJKO\ �QRQ�OLQHDU�FKDUDFWHULVWLFV��OHVV�VWDEOH�FDOLEUDWLRQ��PRUH�SURQRXQFHG�GULIW��OLPLWHG�VSDQ�
DQG�ORZHU�DFFXUDF\ ��

�� QRLVH�FDQ�EH�FDXVHG�E\ �SURSDJDWLRQ�RI�FODGGLQJ�PRGHV�
�� QHHG�IRU�UHODWLYHO\ �ODUJH�GLVSODFHPHQW��FP�UDQJH��ORRS�GLDPHWHU�LV�GHWHUPLQHG�E\ �RSWLFDO�DQG�

PDWHULDO�SURSHUWLHV�RI�WKH�ILEUH��
�� ZDYHOHQJWK�VHQVLWLYLW\ ��ODUJH�WHPSHUDWXUH�GLIIHUHQFH�DW�WKH�VRXUFH�FDQ�FDXVH�GULIW���

�
� ��( OHFWURQLFV�
�
,Q�WKLV�SDUW�ZH�ZLOO�IRFXV�RQ�WKH�HOHFWURQLF�SDUW�RI�WKH�RSWLFDO�IRUFH�VHQVRU��7KH�HOHFWURQLFV�FDQ�EH�GLYLGHG�LQ�
WKH�IROORZLQJ�SDUWV��
�

· � ODVHU�GLRGH�GULYHU��
· � SKRWR�GLRGH�UHFHLYHU�ZLWK�WKH�DPSOLILHU�FLUFXLW��
· � PLFURFRQWUROOHU�SDUW�ZLWK�WKH�FRPPXQLFDWLRQ�VXSSRUW��

�
D��/ DVHU�GLRGH�GULYHU�
�
7KH�SXUSRVH�RI�WKH�ODVHU�GLRGH�LV�WR�HPLW�OLJKW� ZLWK�FHUWDLQ�ZDYHOHQJWK�WR�WKH� ILEUH�� : H�XVHG�WKH� ILEUH�
FRXSOHG� 3/ � � ) 3� >3' / ' @� ODVHU�GLRGH�� 7KH� SRZHU� VXSSO\ � IRU� ODVHU� GLRGH� VKRXOG� EH� VWDEOH�� WKHUHIRUH� ZH�
VXSSO\ �WKH�ODVHU�GLRGH�GULYHU�VHSDUDWHO\ � IURP�WKH�RWKHU�HOHFWURQLFV�WKURXJK�D�' &�' &�FRQYHUWHU��7KH�7( ' �
� � � � �>75$ &2 @�ZDV�XVHG�LQ�RXU�FDVH���
�
7R�REWDLQ�WKH�VWDEOH�OLJKW�SRZHU�WKH�VSHFLDO�ODVHU�GULYHU�FLUFXLW�L&�: -�>,&+@�ZDV�XVHG��7KH�ZKROH�ODVHU�
GLRGH�GULYHU�FLUFXLW�LV�GHSLFWHG�LQ�) LJXUH�� � ��
�

�
š�› œR•�ž¶Ÿ7 �¹�¡*Ã�¦�±'Ÿ$žLD› ©�*ŸZ"ž$› Á�Ÿ:žF²�› ž¶²�•�› §

�
E��3KRWR�GLRGH�UHFHLYHU�
�
7ZR�SKRWR�GLRGHV�FRXSOHG�ZLWK�ILEUH�ZHUH�XVHG�WR�PHDVXUH�WKH�OLJKW�SRZHU�IURP�WKH�RXWSXW�UHIHUHQFH�DQG�
RXWSXW�VHQVLQJ�ILEUH��7KH�SKRWRGLRGH�FKDQJHV�WKH�FXUUHQW�DFFRUGLQJ�WR�WKH�OLJKW�SRZHU��7KRVH�FKDQJHV�DUH�
TXLWH� VPDOO�� WKHUHIRUH� WKH� VLJQDO� PXVW� EH� DPSOLILHG� EHIRUH� PHDVXUHPHQW�� %HFDXVH� WKH� DPSOLILHU� SDUW� LV�
LGHQWLFDO� IRU� ERWK� SKRWRGLRGHV�� ZH� ZLOO� H[ SODLQ� MXVW� RQH�� : H� XVHG� WZR� RSHUDWLRQDO� DPSOLILHUV� �2 S$ PS��
2 3� � �>$ ' � @��7KH�ILUVW�2 S$ PS��,&� �LQ�) LJXUH�� � ��LV�XVHG�DV�SKRWRFHOO�DPSOLILHU�EDVHG�RQ�WKH�FXUUHQW�WR�
YROWDJH�FRQYHUWHU�>1 6@�� ,WV�JDLQ�PD\ �EH�VHOHFWHG�E\ � ' ,3�VZLWFKHV�6: � �LQ�WKH�UDQJH�IURP�� � � � �WR�� � � � ��
: LWK�WKH�KHOS�RI�WKLV�FLUFXLW�WKH�FXUUHQW�FKDQJH�LV�FRQYHUWHG�LQWR�WKH�YROWDJH�FKDQJH��$ QRWKHU�2 S$ PS�LV�
XVHG�WR�DPSOLI\ �WKH�REWDLQHG�YROWDJH�IURP�WKH�ILUVW�2 S$ PS��7KLV�2 S$ PS�LV�XVHG�DV�WKH�LQYHUWLQJ�DPSOLILHU�
>1 6@��7R�OLPLW�WKH�YROWDJH�EHWZHHQ�� 9 �DQG�� 9 ��WZR�6KRFNOH\ �GLRGHV�ZHUH�XVHG��
�
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�
�
F��0 LFURFRQWUROOHU�SDUW�
�
7KH�PLFURFRQWUROOHU�SDUW�FRQVLVWV�RI�WKH�IROORZLQJ�SDUWV��

· � $ �' �FRQYHUWHU��
· � PLFURFRQWUROOHU��
· � 56� � � �LQWHUIDFH��

�
,Q�RUGHU�WR�UHSUHVHQW�WKH�DQDORJXH�VLJQDO��L�H��YROWDJH��WR�WKH�FRPSXWHU��LW�PXVW�EH�FRQYHUWHG�LQWR�D�VHTXHQFH�
RI� GLJLWV�� 7KLV� LV� GRQH� XVLQJ� DQ� $ �' � FRQYHUWHU�� ,Q� RXU� FDVH� ZH� XVHG� WKH� FRQYHUWHU� ZKLFK� LV� DOUHDG\ �
LQWHJUDWHG�LQ�WKH�PLFURFRQWUROOHU�3,&� � ) � � � �>3,&@��7KH�PLFURFRQWUROOHU�KDV�ILYH�DQDORJXH�LQSXWV�IRU�WKLV�
SXUSRVH��ZKHUH�WZR�OLQHV�FDQ�EH�XVHG�DV�WKH�LQSXWV�RI�YROWDJH�UHIHUHQFH��QHHGHG�E\ �FRQYHUVLRQ�WR�LPSURYH�
DFFXUDF\ ��,Q�RXU�FDVH�ZH�FRQQHFW�WKH�DPSOLILHG�VHQVLQJ�VLJQDO�IURP�WKH�SKRWR�GLRGH�WR�WKH�LQSXW�3$ � ��DQG�
WKH�VLJQDO�IURP�UHIHUHQFH�GLRGH�WR�3$ � �� �7R�JHW�WKH�VWDEOH�UHIHUHQFH�YROWDJH�9 Ô Õ�Ö � ��WKH�VSHFLDO�LQWHJUDWHG�
FLUFXLW�$ ' � � � �>$ ' � @�ZDV�XVHG��: LWK�WKH�KHOS�RI�WKLV�,&�ZH�JHW�VWDEOH�� 9 ��7KRVH�� 9 �DUH�FRQQHFWHG�WR�WKH�
LQSXW�3$ � ��7KH�9 Ô Õ�Ö � ��FRQQHFWHG�WR�3$ � ��SURYLGHV�JURXQG�DQG�LV�FRQQHFWHG�GLUHFWO\ �WR�WKH�SRZHU�VXSSO\ �WR�
UHGXFH�QRLVH��$ V�DOUHDG\ �VWDWHG�WKH�PLFURFRQWUROOHU�3,&�� � ) � � � �ZDV�XVHG��7KH�PLFURFRQWUROOHU�LV�FRQQHFWHG�
WR�WKH�H[ WHUQDO�FU\ VWDO��� � �0 + ] � ��7KH�PLFURFRQWUROOHU�LV�FRQQHFWHG�WR�WKH�3&�ZLWK�WKH�56� � � �LQWHUIDFH���: H�
LPSOHPHQW�WKLV�LQWHUIDFH�XVLQJ�0 $ ; � � � ��ZKLFK�FRQYHUWV�77/ �VLJQDOV��� 9 �� 9 � �WR�WKH�VLJQDOV�UHTXLUHG�E\ �
56� � � �� �� � 9 �� � 9 � ��7KH�PLFURFRQWUROOHU�SDUW�LV�GHSLFWHG�LQ�) LJXUH�� � ��
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�
� ��6RIWZDUH�
�
7KH�WDVN�RI�WKH�VRIWZDUH�LV�WR�WULJJHU�WKH�$ �' �FRQYHUVLRQ�DQG�WKHQ�VHQG�WKH�REWDLQHG�LQIRUPDWLRQ�WR�WKH�3&��
7KH�SVHXGRFRGH�RI�WKH�VRIWZDUH�LV�GHSLFWHG�LQ�) LJXUH�� � ��
�×FØLÙDÚ€Û>ÜPÙDÝ

Þ

ß

ÝFÙDàLÙ1ÜLá�Ù�âRÜRàLÙRØRÝãØLä€à�åPæèçLØ�é1àFâFêëàLÙ"ÛZæ�é>êìÜRÝ�ÚîíLï�ðFñ�ò�ó

ô

å>Ù�á1æöõpàPé1÷Pæ�ø

Þ

ô

ÜPÙ1àÑäRØ�émàRåPæîàLÙ"ÛZæ�é•ÙDÝ�à�æPé�éD÷�çPà�ó

ï1à�ÜPé1à€ð/ù1úãûRØRÝRüLæ�éPâ�Ù1Ø�ÝãØRÝÑûDåLÜRÝ�ÝPæPáîýþõ¶ÿ*ð�ý>ø�ó

ï�á1æ�æDç7ó

ï1à�ÜPé1à€ð/ù1úãûRØRÝRüLæ�éPâ�Ù1Ø�ÝãØRÝÑûDåLÜRÝ�ÝPæPá�� õ¶ÿ*ð��Fø�ó

ï�á1æ�æDç7ó

�

ØRÚPæmà�åPæãØ��Pà�ÜLÙDÝ�æ�ÚèüFÜPá�÷PæLâîä�éRØ�Ûãð/ù1úZó

ïRæRÝ�Úîà�åPæîÚ�ÜRà�Üîà�ØÑÿ

�

ó

�

�
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�
7KH�VRIWZDUH�VDPSOHV�� � � � �VDPSOHV�IRU�HDFK�FKDQQHO�SHU�VHFRQG��7KH�VDPSOLQJ�UDWH�LV�FRQWUROOHG�E\ �WKH�
WLPHU��ZKLFK�JHQHUDWHV�� � � � �LQWHUUXSWV�SHU�VHFRQG��7KH�UHVROXWLRQ�RI�HDFK�VDPSOH�LV� � � �ELWV��7R�DFKLHYH�
JUHDWHU�DFFXUDF\ ��WKH�PLFURFRQWUROOHU�JRHV�WR�WKH�VOHHS�VWDWH�GXULQJ�WKH�FRQYHUVLRQ�DV�VXJJHVWHG�LQ�>3,&@��
�
%HFDXVH�ZH�VDPSOH�ERWK�FKDQQHOV�DW�HDFK�WLPH�LQWHUUXSW��� � �E\ WHV�RI�LQIRUPDWLRQ�VKRXOG�EH�VHQW�WR�WKH�3&�
DIWHU�HDFK�VDPSOLQJ��7KH�GDWD�LV�VHQW�LQ�WKH�IRUP�RI�� �E\ WHV��ZKHUH�HDFK�E\ WH�LV�FRGHG�LQ�WKH�IROORZLQJ�ZD\ ��
�
%\ WH��

�
%LW�� � %LW�� � %LW�� � %LW�� � %LW�� � %LW�� � %LW�� � %LW�� �

�
: KHUH�

· � %LW�� ��SDULW\ �ELW��RGG�SDULW\ � �
· � %LW�� ��FKDQQHO�� �±�� ��FKDQQHO�� �±�� �
· � %LW�� ��KLJKHU�� �ELWV�±�� ��ORZHU�� �ELWV����� �
· � %LW�� �±�ELW�� ��� �ELWV�RI�GDWD��0 6%�±�ELW�� ��/ 6%�±�ELW�� � �

�
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�
,W�LV�FOHDU�WKDW�� �E\ WHV�PXVW�EH�VHQG�DIWHU�HDFK�VDPSOLQJ��%HFDXVH�ZH�VDPSOH�� � � � �VDPSOHU�SHU�VHFRQG��� � � � �
E\ WHV��� � �� � � �ELWV�V��PXVW�EH�WUDQVIHUUHG�HDFK�VHFRQG��7KH�FKRVHQ�VSHHG�IRU�56�� � � �LV�� � �� � � �ELWV�V��� �ELWV��
� �VWRS�ELW��QRQ�SDULW\ ���
�
7R�HDVH�WKH�XSJUDGLQJ�RI�WKH�VRIWZDUH��WKH�ERRWORDGHU�>%2 7@�ZDV�DOVR�LQVWDOOHG�LQ�WKH�PLFURFRQWUROOHU��,Q�
WKLV�ZD\ ��QHZ�VRIWZDUH�FDQ�VLPSO\ �EH�GRZQORDGHG�WR�WKH�PLFURFRQWUROOHU�WKURXJK�56�� � � �LQWHUIDFH��
�

� �� �� �� � 0 RQLWRULQJ�V\ VWHP �

�
7KH� PRQLWRULQJ� V\ VWHP� LV� D� VPDOO� SDUW� RI� WKH� IRUFH� PHDVXULQJ� V\ VWHP�� ,W� LV� UHVSRQVLEOH� IRU� VDPSOLQJ��
GLVSOD\ LQJ�DQG�VWRULQJ�RXWSXW�VLJQDOV�RI�RSWLFDO�V\ VWHP��7KH�DSSOLFDWLRQ�LV�VWDQG�DORQH��PXOWLWKUHDGHG��,W�FDQ�
EH�XVHG�LQ�RWKHU�VLPLODU�V\ VWHPV�ZKHUH�WKH�VDPH�SURSULHWDU\ �FRPPXQLFDWLRQ�SURWRFRO�LV�VXSSRUWHG��) LJXUH�
� � �GHSLFWV�WKH�XVH�FDVH�GLDJUDP�RI�PRQLWRULQJ�V\ VWHP��7KH�V\ VWHP�VXSSRUWV�VDPSOLQJ��GDWD�SUHVHQWDWLRQ�DQG�
VWRULQJ�GDWD�RQ�SHUVLVWHQW�PHGLD���
�

�
š�› œ1•�ž¶Ÿ7 *Ç"¡��R±'Ÿ�²$¦�±'Ÿ��› ¦�œDž·¦*¥�© ¯7¥�©�«D› § ©�ž$› «�œz± Í�±$§ Ÿ$¥

�
� ��6DPSOLQJ�
�
7KH�RSWLFDO�V\ VWHP�FRQWUROOHU�FRPPXQLFDWHV� ZLWK�D�3&�YLD�D�VHULDO�SRUW�� ,W�SURYLGHV�D�VHULHV�RI�GLVFUHWH�
VDPSOHV��7KLV�VLJQDO�LQYROYHV�WZR�FKDQQHOV��ZKHUH�HDFK�FKDQQHO�VDPSOH�LV�UHSUHVHQWHG�E\ �WZR�E\ WHV��7KH�
FRPPXQLFDWLRQ�UDWH�LV�� � � � � �%DXG��ZKLFK�SURYLGHV�� � � � �VDPSOHV�SHU�VHFRQG��,Q�JHQHUDO�LW�LV�SRVVLEOH�WR�
FKDQJH�DV�WKH�VDPSOLQJ�UDWH�DV�WKH�OLVWHQLQJ�SRUW��EXW�WKH�FRPPXQLFDWLRQ�SURWRFRO�LV�IL[ HG���
�
� ��' DWD�SUHVHQWDWLRQ�
�
$ � GDWD� SUHVHQWDWLRQ� FRPSRQHQW� LV� UHVSRQVLEOH� IRU� SORWWLQJ� WKH� VDPSOHG� GDWD� LQVLGH� D� FRQWURO� ZLQGRZ��
* UDSKLFDO� SUHVHQWDWLRQ� RI� VLJQDOV� RQ� WKH� FRPSXWHU� LV� YHU\ � LPSRUWDQW� IRU� PRQLWRULQJ�� FRQWUROOLQJ� DQG�
PDQDJLQJ�WKH�ZKROH�PHDVXULQJ�SURFHGXUH���
,Q�RXU�FDVH�ZH�PHDVXUHG�WKH�IRRW�IRUFH�ZLWK�H[ HUFLVH�IRRW�ULJ�DQG��DW�WKH�VDPH�WLPH��WKH�VXEMHFW�KDG�WR�NHHS�
WKH�IRUFH�DV�PXFK�FRQVWDQW�DV�SRVVLEOH��,Q�VXFK�FDVHV�GDWD�SUHVHQWDWLRQ�LV�XVHIXO�DQG�LQGLVSHQVDEOH�SDUW�RI�
PRQLWRULQJ�DQG�IRUFH�PHDVXULQJ�V\ VWHP��EHFDXVH�LW�KHOSV�SDWLHQW�WR�NHHS�FRQWURO�RYHU�WKH�IRUFH�SURGXFHG��
) LJXUH�� � �GHSLFWV�WKH�PDLQ�ZLGJHW�RI�WKH�VLJQDO�GLVSOD\ ��7KH�ZLGJHW�FRQVLVWV�RI�WKUHH�PDLQ�SDUWV�ZKLFK�DUH��

�� ) RUFH�/ HG�' LVSOD\ �GLVSOD\ V�FXUUHQW�IRUFH�QXPHULFDOO\ ��
�� 3ORW�' LVSOD\ �SORWV�WKH�KLVWRU\ �RI�WKH�VDPSOHG�IRUFH�
�� &RQWURO�SDQHO�JLYHV�WKH�DELOLW\ �WR�VWDUW�DQG�VWRS�D�VDPSOLQJ�VHVVLRQ��

�
�
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�
� ��6WRULQJ�GDWD�
�
6DPSOHG�GDWD�DUH�VWRUHG�RQWR�SHUVLVWHQW�PHGLD�� ' DWD�DUH�VWRUHG�ELQDU\ �DQG�LWV�VWUXFWXUH�LV�YHU\ �SULPLWLYH��
DFWXDOO\ �WKH�VLJQDO�FKDQQHOV�DUH�DGGHG�RQH�DIWHU�DQRWKHU��7KH�VWRULQJ�SURFHGXUH�H[ HFXWHV�FRQFXUUHQWO\ �ZLWK�
WKH�VDPSOLQJ�DQG�GLVSOD\ LQJ�GDWD��7KH�GDWD�KDYH�WR�EH�VWRUHG�IRU�DW�OHDVW�WZR�UHDVRQV��

�� ) XUWKHU�SURFHVVLQJ�RI�VWDWLVWLFDO�GDWD�DQG�
�� $ �QHFHVVLW\ �RI�GDWD�UHFRYHU\ �DELOLW\ ��

�
7KH�GHVFULEHG�PRQLWRULQJ�V\ VWHP� ZDV�VXFFHVVIXOO\ �XVHG� IRU�PHDVXULQJ�WKH�SDWLHQW� IRRW� IRUFH�LQVLGH�0 5�
GHYLFH���
�
7KH�PDLQ�GLVDGYDQWDJH�RI�WKH�IRUFH�PHDVXULQJ�V\ VWHP�LV�D�FDOLEUDWLRQ�SURFHGXUH��EHFDXVH�DQ\ �WZLVWLQJ�RU�
UHSRVLWLRQLQJ�RI�RSWLFDO�FDEOHV�FKDQJHV�WKH�IUDFWLRQ�RI�WKH�RSWLFDO�HQHUJ\ �ZKLFK��RQ�WKH�RWKHU�KDQG��PXVW�
ILUPO\ �FRUUHVSRQG�WR�WKH�PHDVXUHG�IRUFHV�RQO\ ��7KHUHIRUH��EHIRUH�D�QHZ�PHDVXUHPHQW�LV�VHW�XS�D�SRVVLEOH�
UHFalibration might be necessary.  The system was designed as a prototype and therefore we didn' t take any 
DGGLWLRQDO�DWWHQWLRQ�WR�UHVROYH�WKLV�SUREOHP���
�

� �� �� � 3VHXGR�G\ QDP LF�0 5 �LP DJHV�
�
7KH�SVHXGR�G\ QDPLF�0 5�VHTXHQFHV�VKRXOG�SURYLGH�DGHTXDWH�TXDOLW\ �WR�UHVROYH�WKH�PRWLRQ�RI�WKH�WLELD�ZLWK�
UHVSHFW�WR�WKH�IHPXU�DQG�VKRXOG�EH�DFTXLUHG�TXLFNO\ ��7KH�SDUWQHUV�LQ�6KHIILHOG�FKRVH�WKH�6( �7� �WHFKQLTXH�
ZLWK� WKUHH� VOLFHV� LQ� WKH� PHGLDO�� WKUHH� LQ� WKH� ODWHUDO� NQHH� FRPSDUWPHQW� DQG� RQH� LQ� WKH� PLGGOH� VOLFH� �L�H��
LQWHUFRQG\ ODU�UHJLRQ), by using 6 different knee positions (knee angles between 0o and 40o).�
�
) RU�G\ QDPLF�WHVWLQJ�LQ�0 DULERU��ZKHUH�WKH�LPDJLQJ�LV�SHUIRUPHG�LQ�WKH�' LDJQRVWLF�&HQWUH�) RQWDQD��ZH�XVHG�
D�VLPLODU�VWUDWHJ\ �DV�SDUWQHUV�LQ�6KHIILHOG��GHWDLOV�DUH�GHVFULEHG�LQ�' HOLYHUDEOH�� �� D� ��7KH�PDLQ�GLIIHUHQFH�LV�
WKDW�ZH�DFTXLUH� � �VOLFHV�SHU�WHPSRUDO�NQHH�SRVLWLRQ�� ) RU�G\ QDPLF�WHVWLQJ�WKH� -RLQW�3DLU�FRLO�EXLOW�RI�WZR�
SDUDOOHO�ORRSV�ZDV�XVHG��VHH�) LJXUH�� � ��: LWK�UHJDUG�WR�GLIIHUHQW�NQHH�GLPHQVLRQV�ZH�FDQ�UHJXODWH�WKH�ORRSV�
GLVWDQFH�DQG�JHWWLQJ�WKHP�DV�QHDU�DV�SRVVLEOH��7KH�FORVHVW�ORRS�SRVLWLRQ�HQDEOHV�WKH�LQFUHDVH�RI�RWKHUZLVH�
ZHDN�0 5�VLJQDO�RI�WKH�-3�FRLO�DQG�GHFUHDVH�WKH�DULVLQJ�QRLVH���
�
7KH�ILQDO�FKRVHQ�SDUDPHWHUV�IRU�WKH�G\ QDPLF�LPDJLQJ�ZHUH�DJUHHG�ZLWK�SDUWQHU�8 6) ' �DQG�DUH�DV�IROORZV��
) ( � ' �LPDJH�WHFKQLTXH��75�  � � � � ��7( �  � � � �� �� ) OLS�DQJOH � � ��1 $ 4  � �� * DS � �� � ��HIIHFWLYH�SL[ HO�VL] H�RI�
� �� � �PP�XVLQJ�� � �[ �� � �FP�ILHOG�RI�YLHZ��� � � �[ �� � � �PDWUL[ �DQG�� �VOLFHV�ZLWK�� �� �PP�VOLFH�WKLFNQHVV�DQG�
DURXQG�� �PLQ�GXUDWLRQ�IRU�HDFK�RI�VL[ �DQJOH�SRVLWLRQV��) DVW�LPDJH�DFTXLVLWLRQ�LV�LPSRUWDQW��DV�SDWLHQWV�ZLWK�
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VHYHUH�WHQGRQ�DQG�PHQLVFXV�LQMXULHV�PD\ �QRW�EH�FDSDEOH�RI�DSSO\ LQJ�OLJKW�ORDGV�IRU�ORQJHU�WKDQ�ILYH�WR�WHQ�
PLQXWHV�ZLWKRXW�PXVFOH�IDWLJXH�EHLQJ�LQWURGXFHG��ZKLFK�PLJKW�FDXVH�PRWLRQ�DUWHIDFWV���
�
' \ QDPLF�LPDJLQJ�EULQJV�DOVR�VRPH�DGGLWLRQDO�DGYDQWDJHV��H�J��D�IRUZDUG�VKLIW�RI�WKH�IHPXU�LQ�FDVH�RI�WRWDO�
$ &/ �UXSWXUH�DQG�IL[ HG�WLELD�LQ�WKH�$ ) 2 �LV�QRZ�FOHDUO\ �VHHQ��VHH�) LJXUH�� � � ��ZKLFK�ZDV�QRW�D�FDVH�LQ�WKH�
VWDWLF�LPDJHV��VHH�) LJXUH�� � ���: LWK�G\ QDPLF�LPDJLQJ��WKH�SUHRSHUDWLYH�SODQQLQJ�FDQ�DOVR�EHFDPH�VDIHU�DQG�
DSSOLFDEOH�LQ�WKH�SUDFWLFH��

� �
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� �� � $ �SURWRFRO�IRU�WKH�VHOHFWLRQ�RI�SDWLHQWV�
�
7KH�SURWRFRO�IRU�WKH�VHOHFWLRQ�RI�SDWLHQWV�ZDV�DOUHDG\ �IL[ HG�LQ�WKH�SURMHFW�PRQWK�� � ��VHH�' HOLYHUDEOH�� �� D�
IRU� GHWDLOV��� ,Q� WKLV� VXEVHFWLRQ�� WKH� PDLQ� IHDWXUHV� ZLOO� EH� VXPPDUL] HG� DQG� GHWDLOHG� OLVW� RI� SDWLHQWV� GDWD�
LQFOXGHG�LQ�WKH�6LP%LR�VWXG\ �ZLOO�EH�SURYLGHG��
��
$ GXOWV�EHWZHHQ� � � �DQG� � � � \ HDUV�RI�DJH��ZLWK�QRUPDO�NQHH�SULRU�WR�WKH�LQMXU\ �DQG�SRVVLEOH�PHQLVFXV�RU�
OLJDPHQW�WHDU��ZHUH�VHOHFWHG�IRU�WKH�6LP%LR�VWXG\ ��,GHDOO\ ��WKH�VXUJHRQ�VKRXOG�DLP�WR�VHOHFW�SDWLHQWV�EHOORZ�
� � � \ HDUV��PDOH�ZLWK�WKH�ULJKW�NQHH�LQMXU\ ��WR�EH�FRPSOHWHO\ �FRPSOLDQW�ZLWK�WKH�0 5�SURWRFROV�VHW�E\ �WKH�
SDUWQHU�8 6) ' ��%\ �RXU�VHOHFWHG�SDWLHQWV��WKH�GLDJQRVLV�VXJJHVWV�VLJQLILFDQW�DOWHUDWLRQ�LQ�WKH�NQHH�NLQHPDWLFV��
H�J�� PHQLVFXV� WHDU� RU� FUXFLDO� OLJDPHQWV� UXSWXUH�� VR� WKH� RSHUDWLYH� WUHDWPHQW� ZDV� SODQQHG�� $ IWHU� SDWLHQW�
DJUHHPHQW��WKH�EDVLF�SDWLHQW�GDWD�ZHUH�JDWKHUHG��KHLJKW��ZHLJKW��FOLQLFDO�OHJ�OHQJWKV�DQG�UDQJH�RI�WKH�NQHH�
PRWLRQ�EHIRUH�DQG�DIWHU�WKH�VXUJHU\ ��7KH�W\ SLFDO�WLPH�WDEOH�IRU�SDUWLFXODU�SDWLHQW�LQFOXGHG�LQWR�WKLV�VWXG\ �LV�
DV� IROORZV�� WKH� ILUVW� SUHRSHUDWLYH� 0 5,� VFDQ� DQG� FOLQLFDO� H[ DPLQDWLRQ� �GD\ � � � ±� � � � �� RSHUDWLYH� WUHDWPHQW�
�DURXQG�WKH�GD\ �� � � ��SRVWRSHUDWLYH�SK\ VLRWKHUDS\ �DQG�UHKDELOLWDWLRQ�ZLWK�FOLQLFDO�UHYLHZ�EHWZHHQ�WKH�GD\ �� � �
±�� � ��DQG�WKH�ILQDO�SRVWRSHUDWLYH�0 5 �VFDQQLQJ��GD\ �� � �±�� � � ���
�
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$ OWRJHWKHU�� �SDWLHQWV�ZHUH�VHOHFWHG�LQ�WKH�6LP%LR�VWXG\ ��+RZHYHU��WKUHH�RI�WKHP�KDG�WR�ZLWKGUDZ�IURP�WKLV�
VWXG\ �EHFDXVH�RI�HLWKHU�WHUULEOH�NQHH�SDLQV�RU�0 5 �GDWD�ZHUH�QRW�DFFHSWDEOH��L�H��SDWLHQWV�&��' ��DQG�( � ��7KH�
EDVLF�GDWD�IRU�WKH�SDWLHQWV�DUH�JDWKHUHG�LQ�7DEOH�� ��
�

3DWLHQW� $ � %� &� ' � ( � ) � * � + �
. QHH��OHIW��ULJKW�� ULJKW� ULJKW� ULJKW� � ULJKW� ULJKW� ULJKW� ULJKW�
* HQGHU� PDOH� PDOH� PDOH� : � PDOH� PDOH� PDOH� PDOH�
$ JH� � � � � � � � � � ,� � � � � � � � � � �
%RG\ �ZHLJKW��NJ�� � � � � � � � � � 7� � � � � � � � � � �
%RG\ �KHLJKW��FP�� � � � � � � � � � � � � + � � � � � 1 � � � � � � � � �
� � � � ' � � 2 � � �
6KDQN�P HDVXUHP HQWV�

�LQ�FP ��
� � � 5 � � � � �

$ EVROXWH� OHQJWK� RI�
ORZHU�H[ WUHPLW\ �

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

) RRW�OHQJWK�� � � � � � �� � � � � : � � � �� � $ � � � �� � � � �
6KDQN�OHQJWK�� � � �� � � � � � � � � � �� � 7� � � �� � � � �
0 LQ�VKDQN�GLDPHWHU�� � �� � � �� � � �� � ) � � �� � $ � � �� � � �� �
8 SSHU�VKDQN�H[ WHQW�� � � � � � �� � � � �� � 5 � � � �� � � � � � � � �� �
/ RZHU�VKDQN�H[ WHQW�� � � �� � � � �� � � � �� � 2 � � � � � � � � � � �
0 D[ �VKDQN�GLDPHWHU�� � � �� � � � �� � � � �� � 0 � � � � � � � � � � �
� � � � � � � � �
) HPXU�P HDVXUHP HQWV�

�LQ�FP ��
� � � 6� � � � �

) HPXU�OHQJWK�� � � � � � �� � � � �� � 7� � � � � � � � � � �� �
/ RZHU�IHPXU�GLDPHWHU�� � � �� � � �� � � � �� � 8 � � � �� � � � � � � � �
/ RZHU�IHPXU�H[ WHQW�� � � � � � �� � � � �� � ' � � � � � � � �� � � � �
0 LGGOH�IHPXU�H[ WHQW�� � � �� � � � � � � �� � < � � � �� � � � � � � � �� �
8 SSHU�IHPXU�H[ WHQW�� � � �� � � � � � � �� � � � � � � � � � � � �
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�

� � $ Q�,67�WRRO�
�
$ PRQJ�PDLQ�JRDOV�RI�6XEWDVN�� �� �LV�DOVR�WKH�YDOLGDWLRQ�RI�WKH�6LP%LR�HQYLURQPHQW�LPDJH�VHJPHQWDWLRQ�
UHVXOWV� �VHH� 6XEVHFWLRQ� � �� � �� 7R� YDOLGDWH� WKH� VHJPHQWDWLRQ� UHVXOWV� RI� WKH� UHJLVWUDWLRQ� PHWKRGV� IURP� WKH�
6LP%LR�HQYLURQPHQW�FUHGLEOH��DQ�DSSURSULDWH�UHIHUHQFH�LPDJH�PXVW�EH�VHOHFWHG��FRQVWUXFWHG���,W�LV�NQRZQ�
that in the field of medicine the only references (i.e. ªgolden ruleº) available are readings provided by 
FOLQLFLDQV��6XFK�UHIHUHQFHV��RI�FRXUVH��LQWURGXFH�D�JUHDW�GHDO�RI�LQWHU�REVHUYHUV�YDULDELOLW\ ��7KHUHIRUH��WKH�
UHIHUHQFH�LPDJHV�VKRXOG�EH�YHU\ �FDUHIXOO\ �VHJPHQWHG�E\ �KDQG��0 DQXDO�DQQRWDWLRQ�RI�WKH�0 5�NQHH�LPDJH�
VHTXHQFH�LV�KRZHYHU�YHU\ �WHGLRXV�DQG��DW�WKH�VDPH�WLPH��YHU\ �ERULQJ�WDVN�IRU�FOLQLFLDQV��H�J��RUWKRSDHGLF�
VXUJHRQV���7KHVH�DQQRWDWLRQV�PXVW�EH�GRQH��E\ �DOO�PHDQV��YHU\ �FDUHIXOO\ �DQG�DFFXUDWHO\ ��$ FFRUGLQJO\ ��DQ�
DSSOLFDWLRQ�,67��L�H��$ Q�,PDJH�6HJPHQWDWLRQ�7RRO��ZDV�GHYHORSHG�E\ �WKH�SDUWQHU�8 1 ,�0 %��$ �GHYHORSPHQW�
RI�WKH�,67�WRRO�ZDV�ILQLVKHG�DURXQG�SURMHFW�PRQWK�� � ��WKHUHIRUH��DOO�GHWDLOV�FDQ�EH�IRXQG�LQ�WKH�' HOLYHUDEOH�
� �� D��,Q�WKLV�VHFWLRQ�MXVW�LWV�PDLQ�IHDWXUHV�DQG�JUDSKLFDO�XVHU�LQWHUIDFH��* 8 ,� �ZLOO�EH�SUHVHQWHG��7KH�,67�WRRO�
LV�D�SDUW�RI�WKH�6LP%LR�HQYLURQPHQW�WRROV��
�

� �� � ,QWURGXFWLRQ�
�
$ Q�,PDJH�6HJPHQWDWLRQ�7RRO��,67��KDV�EHHQ�GHVLJQHG�DV�D�0 5�LPDJH�PDQLSXODWLRQ�DQG�DQDO\ VLV�VRIWZDUH��
7KH�WRRO�LV�LQ�WKH�ILUVW�SODFH�PHDQW�DV�D�KHOSLQJ�WRRO�IRU�D�PDQXDO�VHJPHQWDWLRQ�RI�WKH�0 5 �LPDJHV��ZKHUH�
WKH�SK\ VLFLDQ��ZLWK�HDVH�DQG�TXDOLW\ ��DQQRWDWHV�WKH�UHJLRQV�RI� LQWHUHVW� �52 ,� � LQVLGH�WKH�WZR�GLPHQVLRQDO�
VOLFH�RI�WKH�0 5�VHTXHQFH��7KH�LQWHUHVWLQJ�UHJLRQV��H�J��PHQLVFXV��SDWHOOD��DUH�VKRZQ�E\ �WKHLU�RZQ�FRORXU�
DQG�PDUNHG�ZLWK�D�GHVFULSWLYH�WH[ W��7KH�DQQRWDWLRQV�RI�UHJLRQV�FDQ�EH�VWRUHG�LQ�D�; 0 / �GRFXPHQW��7KH�,67�
DSSOLFDWLRQ�KDV�DQ�DGYDQFHG�DQG�XVHU�IULHQGO\ �JUDSKLFDO�LQWHUIDFH��* 8 ,� ��,W�VXSSRUWV�PDQ\ �XVHIXO�URXWLQHV��
VXFK�DV�FRS\ LQJ�WKH�DQQRWDWLRQV�IURP�SUHYLRXV�VOLFHV��LPSRUWLQJ�WKH�DQQRWDWLRQV��] RRP��HWF���
�
7KH�WRRO�VXSSRUWV�WKH�IROORZLQJ�IHDWXUHV���

�� 6LPSOH�QDYLJDWLRQ�WKURXJK�WKH�0 5 �LPDJHV��
�� ( DV\ �PDQXDO�VHJPHQWDWLRQ�XWLOLW\ �IRU�WKH�0 5�LPDJHV��
�� A conversion utility from internal, proprietary Toshiba' s MR image format to the DICOM file 

IRUPDW��
�� $ Q�DGYDQFHG�KHOS��

�
8 QIRUWXQDWHO\ ��WR�GHSOR\ �VRIWZDUH�ZKLFK�VDWLVILHV�LWV�LQWHQGHG�SXUSRVH��RQH�KDV�WR�PHHW�DQG�HQJDJH�XVHUV�WR�
H[ SRVH� WKH� UHDO� UHTXLUHPHQWV� RI� WKH� V\ VWHP�� 3DUWQHU� 6%0 � WLJKWO\ � FROODERUDWHG� WKURXJK� WKH� GHVLJQ� DQG�
GHYHORSPHQW�SKDVHV��0 DQ\ �KDQG\ �DQG�XVHIXO�DSSOLFDWLRQ�FRPPDQGV�ZHUH�WKXV�UHFRPPHQGHG��0 DQ\ �EXJV�
DQG�DZNZDUGQHVV��HVSHFLDOO\ �ORJLFDO��ZHUH�WKXV�VXSSUHVVHG��
�

� �� � ) HDWXUHV�
�
) LJXUH�� � �GHSLFWV�WKH�XVH�FDVH�GLDJUDP�RI�RXU�LPDJH�VHJPHQWDWLRQ�WRRO��8 0 / � ��7KLV�GLDJUDP�VKRZV�WKH�
DFWLRQV�LPSOHPHQWHG��&RQFHSWXDOO\ ��WKH�DFWLRQV�RU�FRPPDQGV�FRXOG�EH�VHSDUDWHG�LQWR�WZR�PDMRU�JURXSV��

�� 7KH�JHQHUDO�ZKLFK�FRYHUV�WKH�QHFHVVDU\ �DFWLRQV�RI�ORDGLQJ��VDYLQJ��H[ SRUWLQJ�WKH�0 5�LPDJH�DQG�
GRFXPHQW��

�� 0 RUH�RULHQWHG�WR�WKH�DFWLRQV�PDQLSXODWLQJ�WKH�VHOHFWHG�FRQWRXU��H�J��FUHDWH��GHOHWH���
�
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�
7KH�DFWLRQ�QHZ�FRQWRXU�FUHDWHV�D�QHZ�FRQWRXU�LQVLGH�WKH�0 5,�VOLFH��7KH�FRQWRXU�KDV�VRPH�SURSHUWLHV��VXFK�
DV�WKH�QDPH��GHVFULSWLRQ�DQG�FRORXU��7KH�FRQWRXU�QDPH�KDV�WR�EH�XQLTXH�LQVLGH�WKH�0 5,�VOLFH��EHFDXVH�WZR�
FRQWRXUV�ZLWK�WKH�VDPH�QDPH�ZRXOG�FDXVH�FRQIXVLRQ�LQ�IXUWKHU�YROXPH�YHULILFDWLRQ�VWHSV���
�
7KH�FRQWRXU�LV�PDGH�XS�RI�VHYHUDO�FRQWURO�SRLQWV��7KH\ �DUH�FRQQHFWHG�HLWKHU�DV�D�SRO\ OLQH�RU�DV�D�VSOLQH�
FXUYH��7KH�PLQLPDO�QXPEHU�RI�FRQWURO�SRLQWV�LV�WKUHH��%\ �XVLQJ�WKH�FRQWURO�SRLQWV��WKH�SK\ VLFLDQV�HDVLO\ �
GHQRWH��PDQDJH�DQG�PRGLI\ �WKH�FRQWRXUV��) XQFWLRQV�IRU�PDQLSXODWLQJ�FRQWURO�SRLQWV�DUH�PRYH���DGG���LQVHUW�
DQG� UHPRYH� FRQWURO� SRLQWV�� 7KH� DOUHDG\ � VWRUHG� DQQRWDWLRQV� FDQ� EH� LPSRUWHG� E\ � FDOOLQJ� WKH� LPSRUW�
DQQRWDWLRQV�IXQFWLRQ���
�
7KH�DFWLRQ�GHOHWH�FRQWRXU�UHPRYHV�WKH�VHOHFWHG�FRQWRXU�IURP�WKH�0 5,�VOLFH��ZKLOH�DFWLRQV�FRS\ �DQG�SDVWH�
ZRUN�RQ�FRQWRXU�OHYHO�� ) LJXUH� � � �GHSLFWV�DQ�0 5 �VOLFH�WKURXJK�WKH�NQHH�DQG�VKRZV�WKH�SUREOHP�RI�WZR�
QHLJKERXULQJ�FRQWRXUV��ZKHUH�WKH�WLVVXHV�DUH�FORVH�WRJHWKHU��7KH�SK\ VLFLDQ�KDV�VHYHUH�GLIILFXOWLHV�GUDZLQJ�
WKH�ERUGHU�EHWZHHQ�WKH�IHPXU�FRQWRXU��LQ�UHG��DQG�WKH�DUWLFXODU�FDUWLODJH��LQ�EOXH���
�

�
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7KHUHIRUH��WKH�WRRO�VXSSRUWV�DOVR�DQ�DGMRLQ�WR�IXQFWLRQ��ZKLFK�KHOSV�WR�HDVLO\ �DQG�TXLFNO\ �GHQRWH�WKH�FRQWRXU�
LQ�VXFK�FDVHV��7KH�DGMRLQ�WR�IXQFWLRQ�ZDV�GHYHORSHG�IRU�WKH�FDVHV�ZKHUH�WZR�UHJLRQV�KDYH�SUDFWLFDOO\ �WKH�
VDPH�ERUGHU��7KH�HIIHFW�RI�WKH�DGMRLQ�IXQFWLRQ�LV�HOLPLQDWHG�E\ �WKH�GLVMRLQ�IXQFWLRQ��
��
$ IWHU�WKH�VHJPHQWDWLRQ��WKH�DQQRWDWLRQV� �FRQWRXUV��DUH�VWRUHG�LQWR�D� ; 0 / �GRFXPHQW��NQRZQ�DV�WKH�0 5�
GRFXPHQW��7KH�; 0 / �WHFKQRORJ\ �ZDV�FKRVHQ��EHFDXVH�LW�LV�SODWIRUP�LQGHSHQGHQW��HDVLO\ �H[ WHQGDEOH�DQG�WKH�
GRFXPHQW�FRQWHQWV�FDQ�EH�DFFHVVLEOH�YLD�WKH�,QWHUQHW��7KH�GRFXPHQW�GRHV�QRW�FRQWDLQ�DQ\ �UDZ�0 5�LPDJH�
GDWD��MXVW�D�OLQN�WR�LW���7KHUHIRUH��LW�LV�QHFHVVDU\ �WR�WUDQVIHU�ERWK�WKH�0 5�GRFXPHQW�DQG�LPDJH� IURP�WKH�
VRXUFH�ORFDWLRQ�WR�WKH�GHVWLQDWLRQ���
�
7KH� WRRO� FDQ� DOVR� EH� XVHG� DV� DQ� 0 5 � LPDJH� YLHZHU�� EHFDXVH� LW� VXSSRUWV� WZR� GLIIHUHQW� 0 5� LPDJH� GDWD�
formats. The first is an internal Toshiba' s MR LPDJH�IRUPDW��ZKLOH�WKH�VHFRQG�LV�WKH�' ,&2 0 �GDWD�IRUPDW�
FRPPRQO\ �XVHG�IRU�WKH�WUDQVIHU�DQG�VWRUDJH�RI�PHGLFDO�LPDJHV�>' ,&2 0 @���
�

� �� � * UDSKLFDO�XVHU�LQWHUIDFH��* 8 ,��
�
) LJXUH� � � � GHSLFWV� WKH� PDLQ� ZLGJHW� RI� WKH� ,67� DSSOLFDWLRQ� FRQVLVWLQJ� RI� VL[ � PRUH� RU� OHVV� LQGHSHQGHQW�
FRPSRQHQWV��7KH�DSSOLFDWLRQ�KDV�WKH�IROORZLQJ�FRPSRQHQWV��

�� 7KH�) LOH�PHQX�RIIHUV�W\ SLFDO�DSSOLFDWLRQ�FRPPDQGV��VXFK�DV�RSHQ��VDYH��H[ SRUW��LPSRUW��] RRP��HWF��
�� 7KH�WRROEDU�LV�D�VKRUWFXW�WR�IUHTXHQWO\ �XVHG�FRPPDQGV��
�� 7KH� VWDWXV� EDU� GLVSOD\ V� D� GHVFULSWLRQ� RI� WKH� FRPPDQG� ZKHQ� D� XVHU� KROGV� WKH� PRXVH� RYHU� WKH�

FRPPDQG���
�� 7KH�SUHYLHZ�DOORZV�YLHZLQJ�WKH�0 5,�VOLFH�LQ�LWV�UHGXFHG�VL] H���: KHQ�QDYLJDWLQJ�WKURXJK�WKH�LPDJH�

VHTXHQFH�E\ �FOLFNLQJ�OHIW�DQG�ULJKW�DUURZV��WKH�H[ SHUW�FDQ�HDVLO\ �SUHYLHZ�WKH�0 5 �VOLFH��
�� 7KH�FRQWRXU�OLVW�LV�D�VKRUWFXW�IRU�PDQLSXODWLQJ�WKH�UHJLRQV�RI�LQWHUHVW��: KHQ�GRXEOH�FOLFNLQJ�WKH�

region' s name the property dialog appears, however, when the region' s name is clicked just once 
WKHQ�WKH�FRUUHVSRQGLQJ�52 ,�LV�VHOHFWHG��

�� 7KH� LPDJH� YLHZ� LV� WKH� FDQYDV�� ZKHUH� WKH� EDFNJURXQG� 0 5� LPDJH� DQG� IRUZDUG� LPDJH� DUH� WKH�
region' s canvases.�

�

�
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�
7KH�,67�DSSOLFDWLRQ�GDWD�FDQ�EH�HQWHUHG�RU�PRGLILHG�E\ �XVLQJ�WKH�GLDORJV�RI�VHYHUDO�GLIIHUHQW�W\ SHV� �H�J��
SRSXS�GLDORJ���7KH�VHOHFWHG�FRQWRXU�FDQ�EH�PDQLSXODWHG�E\ �XVLQJ�WKH�FRPPDQGV�DFFHVVLEOH�HLWKHU�WKURXJK�
WKH�PHQX�VWUXFWXUH�RU�WKURXJK�D�FRQYHQLHQW�FRQWRXU�SRSXS�GLDORJ�DV�VKRZQ�LQ�) LJXUH�� � ��
�
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�

� �� � ' HP RQVWUDWLRQ�RI�WKH�,67�WRRO�IRU�WKH�0 5 �NQHH�LP DJH�DQQRWDWLRQ�
�
,Q� WKH� VHTXHO� DQ� DSSOLFDWLRQ� RI� ,67� WRRO� IRU� 0 5� NQHH� LPDJH� DQQRWDWLRQ� ZLOO� EH� SUHVHQWHG�� ) LUVW�� WKH�
DQDWRPLFDO� NQHH� VWUXcture ªBone Femurº is annotated in our case (see ) LJXUH� � � �� VOLFH� � � � �� 7KH� H[ DFW�
determination of the neighbouring structure ªCartilage Femurº is, because of the ªAdjoin toº function, 
SRVVLEOH� ZLWK� PLQLPDO� QXPEHU�RI points (see slice 33). To show both lines an option ªSelect Allº  was 
selected. It can be seen that ªCartilage�Femurº does not overlap the bone line, although the inner cartilage 
SRLQWV�DUH�VHOHFWHG�ZURQJO\ �LQ�WKH�ERQH�DUHD��DQG��WKH\ �DUH�VWLOO�YLVLEOH�LQVide the ªBone Femurº contour.�
�
Functions ªCopyº and ªMoveº contour are demonstrated on the ªBone Patellaº in slice 33. Modification of 
ªBone Patellaº to the desired position is in the slice 34. If ªAdjoin toº function is omitted, then additional 
SRLQWV�FRuld be added with the ªInsert CTRL Pointº function (see slice 34).�
�
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� � $ Q�,397�WRRO�
�
$ QRWKHU�DX[ LOLDU\ �WRRO�GHYHORSHG�LQ�6XEWDVN� � �� � LV�D�WRRO� IRU�YDOLGDWLQJ�WKH�6LP%LR�LPDJH�VHJPHQWDWLRQ�
UHVXOWV�� $ Q� ,PDJH� 3URFHVVLQJ� 9 HULILFDWLRQ� 7RRO� �,39 7� �� DV� WKLV� WRRO� LV� QDPHG�� LV� PHDQW� DV� D� WRRO� IRU�
VWDWLVWLFDO� YDOLGDWLRQ� RI� WKH� 6LP%LR� LPDJH� SURFHVVLQJ� UHVXOWV�� 7KH� ,39 7� WRRO� VWDWLVWLFDOO\ � HYDOXDWHV� WKH�
VHJPHQWDWLRQ� DELOLW\ � RI� WKH� 6LP%LR� HQYLURQPHQW� UHJLVWUDWLRQ� URXWLQHV� EDVHG� RQ� D� FRPSDULVRQ� ZLWK�
UHIHUHQFHV� SURYLGHG� E\ � WKH� FOLQLFLDQV�� $ � JUDSKLFDO� XVHUV� LQWHUIDFH� DQG� D� VLPSOH� � ' � LPDJH� SURFHVVLQJ�
YHULILFDWLRQ� SURFHVV� ZDV� ILQLVKHG� DURXQG� WKH� SURMHFW� PRQWKV� � � �� ZKLOH� DGYDQFHG� VWDWLVWLFDO� PHDVXUHV��
HVSHFLDOO\ �IRU�WKH�� ' �YHULILFDWLRQ�SURFHVV��DQG�UHSRUW�JHQHUDWLRQ��ZHUH�ILQLVKHG�DURXQG�SURMHFW�PRQWK�� � ��
�

� �� � ,QWURGXFWLRQ�
�
7KH� ,39 7� WRRO� LV� FRPSOHWHO\ � JHQHULF� WRRO� IRU� D� VWDWLVWLFDO� HYDOXDWLRQ� RI� VHJPHQWDWLRQ� UHVXOWV� DJDLQVW�
UHIHUHQFHV� REWDLQHG� E\ � REVHUYHU� RU� VHYHUDO� REVHUYHUV�� � ,Q� WKH� VHTXHO�� DQ� ,39 7� WRRO� SDUDGLJP� ZLOO� EH�
GHVFULEHG�RQ�WKH�H[ DPSOH�RI�WKH�6LP%LR�HQYLURQPHQW�YDOLGDWLRQ��
�
) LJXUH�� � �D��GHSLFWV�D�VFKHPH�RI�WKH�,39 7�SURFHVVLQJ�FKDLQ��7KH�LPDJH�VHJPHQWDWLRQ�UHVXOWV�UHWXUQHG�E\ �
WKH� 6LP%LR� HQYLURQPHQW� UHJLVWUDWLRQ� URXWLQH� 9 5HJ/ RFDO� ' � �VHH� 6XEVHFWLRQ� � �� � � DUH� FRPSDUHG� WR�
LQGHSHQGHQW� PHDVXUHV�SURYLGHG�E\ � WKH� FOLQLFLDQV� �RUWKRSDHGLF� VXUJHRQV��� ,Q� JHQHUDO�� UHIHUHQFHV� �PDQXDO�
DQQRWDWLRQV��IURP�VHYHUDO�LQGHSHQGHQW�FOLQLFLDQV��RU�RWKHU�LQGHSHQGHQW�VHJPHQWDWLRQ�WRROV��H�J��DXWRPDWHG�
SUHGLFWLRQ�EDVHG� VHJPHQWDWLRQ� DOJRULWKP��� DUH� SURYLGHG�� 7KHVH� REVHUYHU� UHIHUHQFHV� LQWURGXFH� FHUWDLQ�
DPRXQW�RI�LQWHU�REVHUYHUV�YDULDELOLW\ �LQ�WKH�HYDOXDWLRQ�SURFHVV��7R�PLQLPLVH�WKLV�YDULDELOLW\ ��WKH�,39 7�WRRO�
proposes a calculation of a so called ªmean observerº reference (see ) LJXUH�� � �E����7ZR�DSSURDFKHV�ZHUH�
researched for the ªmean observerº creation, i.e. Polar Histogram method and Big�6PDOO�UHJLRQV�PHWKRG��
Afterwards a comparison between the SimBio results and this ªmean observerº reference is executed. Of 
FRXUVH, it is also possible to compare segmentation results just with the observer reference (without ªmean 
observerº reference). Statistical results obtained depend upon the type of verification performed. In the case 
RI�� ' �YHULILFDWLRQ��WKH�0 5�NQHH�VOLFHV�DUH�FRPSDUHG�RQ�D�VOLFH�WR�VOLFH�EDVLV��7KH�UHVXOWV�DUH�FDOFXODWHG�IRU�
VHOHFWHG� VOLFHV� RQO\ �� ,Q� WKLV� W\ SH� RI� YHULILFDWLRQ�� DOVR� DQ� LQWHUDFWLYH� VWDWLVWLFDO� HIILFLHQF\ � FDOFXODWLRQ� IRU�
SDUWLFXODU�NQHH�VWUXFWXUH�LV�HQDEOHG��H�J��ERQH�SDWHOOD���,Q�WKH�FDVH�RI�� ' �YHULILFDWLRQ��WKH�0 5�NQHH�LPDJH�
VHTXHQFH�LV�DVVHVVHG�LQ�HQWLUHW\ ��2 Q�WKH�RQH�KDQG��WKH�HQWLUH�LPDJH�VHTXHQFH�LV�FRPSDUHG�RQ�VOLFH�WR�VOLFH�
EDVLV��RQ�WKH�RWKHU�KDQG��WKH�6LP%LR�SDWLHQW�PRGHO�FDOFXODWHG�IURP�WKH�0 5 �LPDJH�VHTXHQFH�LV�FRPSDUHG�
against the ªmean observerº model. The IPVT tool returns the statistical results in a form of a HTML 
GRFXPHQW�UHSRUW��ZKHUH�VWDWLVWLFV�DQG�PHDVXUHV�DUH�UHSUHVHQWHG�HLWKHU�E\ �QXPHULFDO�YDOXHV�RU�LQ�WKH�IRUP�RI�
YDULRXV�JUDSK��H�J��EDUV���,Q�WKH�VHTXHO��WKH�,39 7�WRRO�LV�GHVFULEHG�LQ�GHWDLO��
�
�

�
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� �� � $ Q�RYHUYLHZ �RI�WKH�,397�WRRO�

� �� �� � * HQHUDO�VWUXFWXUH�
�
) LJXUH�� � �VKRZV�WKH�XVH�FDVH�GLDJUDP�RI�WKH�,PDJH�3URFHVVLQJ�9 HULILFDWLRQ�7RRO��2 QO\ �JHQHUDO�DFWLRQV�DUH�
SUHVHQWHG��
�

�
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�
$ �YHULILHU�RU�DQDO\ ] HU��H�J��RUWKRSDHGLF�VXUJHRQ��RI�DUELWUDU\ �LPDJH�VHJPHQWDWLRQ�DOJRULWKP�FDQ�LPSRUW�RU�
export segmentation data and experts'  annotations with actions LPSRUW� RU� H[ SRUW�� &XUUHQWO\ �� WKH�
VHJPHQWDWLRQ�GDWD�VWRUHG�LQ�WZR�GLIIHUHQW�ILOH�IRUPDW�W\ SHV�DUH�VXSSRUWHG��

�� 7KH�0 DWODE�PDWUL[ �LQ�WKH�WH[ W�EDVH�ILOH�IRUPDW��DQG�
�� the MR document generated by the IST tool. Typically, the expert' s annotations are stored in this 

IRUPDW���
�
&RUUHVSRQGLQJ� DQQRWDWLRQV� WKURXJK� WKH� 0 5,� VHTXHQFH� DUH� JURXSHG� E\ � WKH� ORJLFDO� QDPH� RI� DQQRWDWLRQ��
,QVLGH�D�SDUWLFXODU�JURXS±WKH�JURXS�LV�GHILQHG�ZLWK�WKH�ORJLFDO�QDPH±LW�LV�SRVVLEOH�WR�FDOFXODWH�RU�HYDOXDWH�
the results. The segmentation results and expert' s annotations (i.e. contours) are compared against several 
VWDWLVWLFDO�PHDVXUHV��VHH�6XEVHFWLRQV�� �� �� �DQG�� �� �� �IRU�GHILQLWLRQV���QDPHO\ ���

�� UDWLRV�UB �DQG�UC ��
� � + DXVGRUII�GLVWDQFH�
�� PHDQ�DEVROXWH�GLVWDQFH��
�� VSKHULFDO�GLVWDQFH��

�
7KH�,39 7�WRRO�HQDEOHV�WKH�YHULILHU�WR�FUHDWH�D�FXVWRP�VFHQDULR�DQG��WKXV��FRQVWUXFWV�KLV�RZQ�ZRUNIORZ�RI�
HVWLPDWLRQ��YHULILFDWLRQ���7KH�SRWHQWLDO�XVHU�FDQ�VHOHFW�EHWZHHQ�� ' �DQG�� ' �YHULILFDWLRQ��+H�FDQ�FKRRVH�D�
SDUWLFXODU�JURXS�WR�YHULI\ �WKH�VHJPHQWDWLRQ�UHVXOWV�RQ��VWDWLVWLFDO�PHDVXUHV�XVHG��DQG�KRZ�PDQ\ �H[ SHUWV�ZLOO�
EH�LQFOXGHG�LQ�WKH�VWXG\ ��' HIDXOW�VFHQDULR�FDOFXODWHV�SDUWLFXODU�VWDWLVWLFDO�PHDVXUHV�RQ�HYHU\ �VOLFH�IRU�HYHU\ �
JURXS�IURP�WKH�VHTXHQFH��ZKLOH�D�FXVWRP�VFHQDULR�LV�FDOFXODWHG�RQO\ �RQ�RSHQHG�VOLFHV�DQG�VHOHFWHG�JURXSV��
7KLV� IOH[ LEOH�GHILQLWLRQ�RI� VFHQDULRV� HQDEOHV� DOVR� WKH�TXDOLW\ � RI� PDQXDO�DQQRWDWLRQV�SURYLGHG�E\ � VHYHUDO�
REVHUYHUV� �H[ SHUWV�� FDQ� EH� DVVHVVHG�� &RQVHTXHQWO\ �� LQ� WKH� LQLWLDO� SKDVH� WKH� DQDO\ ] HU� FDQ� FRPSDUH� WKH�
DQQRWDWLRQV�IRU�HDFK�H[ SHUW�ZLWK�UHVSHFW�WR�D�³ PHDQ�REVHUYHÚ �DQG��LQ�WKH�QH[ W�YHULILFDWLRQ�VWHSV��WKH�OHDVW�
DFFXUDWH�H[ SHUW�FRXOG�EH�HOLPLQDWHG���
�
7KH�UHSRUW�JHQHUDWRU�DFWLRQ�H[ HFXWHV�WKH�FXVWRP�RU�GHIDXOW�VFHQDULR��7KH�RXWSXW�ZLWK�FDOFXODWHG�VWDWLVWLFDO�
PHDVXUHV�LV�ZULWWHQ�LQ�D�+ 70 / �GRFXPHQW��DQ�RXWSXW�UHSRUW�LV�FXUUHQWO\ �DYDLODEOH�RQO\ �LQ�UDZ�WH[ W�IRUPDW���
%\ �XVLQJ�FDOFXODWHG�VWDWLVWLFDO�PHDVXUHV��WKH�DQDO\ ] HU�FDQ�HDVLO\ �DQG�HIILFLHQWO\ �WDNH�D�GHFLVLRQ�DERXW�WKH�
TXDOLW\ �DQG�HIILFLHQF\ �RI�WKH�VHJPHQWDWLRQ�DOJRULWKP���
�

� �� �� � ' HILQLWLRQ�RI�VWDWLVWLFDO�P HDVXUHV�IRU�� ' �YHULILFDWLRQ�SURFHVV�
�
7KH�,39 7�WRRO�FXUUHQWO\ �HYDOXDWHV�WKH�VHJPHQWDWLRQ�UHVXOWV�DFFRUGLQJ�WR�IRXU�VWDWLVWLFDO�PHDVXUHV��QDPHO\ �
UDWLRV� UB � DQG� UC �� +DXVGRUII� GLVWDQFH�� DQG� D� PHDQ� DEVROXWH� GLVWDQFH�� %\ � � ' � YHULILFDWLRQ� FURVV�VHFWLRQV�
WKURXJK�SDWLHQW�VSHFLILF�� ' �NQHH�PHVK�DW�IL[ HG�] �SRVLWLRQ�DUH�FRPSDUHG�DJDLQVW�PDQXDO�DQQRWDWLRQ�SURYLGHG�
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E\ �FOLQLFLDQV��$ FWXDOO\ ��WKLV�FRPSDULVRQ�LV�GRQH�RQ�VOLFH�WR�VOLFH�EDVLV�� ,Q�WKH�VHTXHO��WKHVH�PHDVXUHV�DUH�
H[ SODLQHG��
�

� �� �� �� � 5 DWLRV�UD �DQG�UE �

�
7ZR�TXDQWLWDWLYH�LQGH[ HV��GHQRWHG�E\ �UB �DQG�UC , for measuring the algorithm' s segmentation efficLHQF\ �ZHUH�
LQWURGXFHG�LQ�>3=� � @��7KLV�HIILFLHQF\ �LV�FDOFXODWHG�XSRQ�DQ�LQWHUVHFWLRQ�EHWZHHQ�WKH�VHJPHQWHG�UHJLRQ�DQG�
the reference object (i.e. the expert' s reading). The ratio UB �LV�WKH�UDWLR�EHWZHHQ�WKH�DUHD�RI�LQWHUVHFWLRQ�DQG�
UHIHUHQFH� REMHFW�� ZKLOH� WKH� UDWLR� UC � LV� WKH� UDWLR� EHWZHHQ� WKH� DUHD� RI� LQWHUVHFWLRQ� DQG� VHJPHQWHG� UHJLRQ��
) LJXUH�� � �GHSLFWV�D�VFKHPH�IRU�FDOFXODWLRQ�RI�UDWLRV�UB �DQG�UC ��
�

�
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�
%RWK�LQGH[ HV�JLYH�� � � �� �IRU�SHUIHFW�DJUHHPHQW�DQG�� �� �IRU�FRPSOHWH�GLVDJUHHPHQW�EHWZHHQ�FDOFXODWHG�DQG�
UHIHUHQFH� REMHFW�� ) RU� H[ DPSOH� LI� UDWLRV� UB � DQG� UC � DUH� ERWK� � � � � � WKHQ� WKLV� FRXOG� EH� LQWHUSUHWHG� WKDW� WKH�
FDOFXODWHG�UHJLRQ� LV� FRPSOHWHO\ � FRYHUHG�E\ � WKH�UHJLRQ�RI� PHDQ� REVHUYHU� �L�H�� UHIHUHQFH�REMHFW��DQG�YLFH�
YHUVH��$ QRWKHU�H[ DPSOH�FRXOG�EH�WKDW�UDWLR�UB �LV�� � � �DQG�UDWLR�UC �LV�� � � ��7KLV�LV�LQWHUSUHWHG�WKDW�WKH�� � �� �RI�
UHIHUHQFH�UHJLRQ�LV�FRYHUHG�E\ �WKH�FDOFXODWHG�UHJLRQ�DQG�� � � �RI�FDOFXODWHG�UHJLRQ�E\ �WKH�UHIHUHQFH�UHJLRQ��
�

� �� �� �� � 0 HDQ�DEVROXWH�GLVWDQFH�

�
7KH�PHDQ�DEVROXWH�GLVWDQFH�IRU�PHDVXULQJ�WKH�GLVWDQFH�EHWZHHQ�FXUYHV�$�DQG�%�LV�GHILQHG�DFFRUGLQJ�WR�WKH�
IROORZLQJ�HTXDWLRQ�IURP�>0 . 7� � @��
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ZKHUH� { }T$ DDDU ,...,, 2= �DQG� { }V% EEEW ,...,, 2= �� ( OHPHQWV�DX �DQG�EX �UHSUHVHQW�WKH�FRRUGLQDWHV�RI�WKH�

SRLQWV�ZKLFK�GHILQH�WKH�FXUYHV��7KH�GLVWDQFH�RI�SRLQW�DX �WR�WKH�FORVHVW�SRLQW�RQ�WKH�FXUYH�%�LV�GHQRWHG�E\ �
G�DY �%���DQG�LV�GHILQHG�DV�

.min),( Z

[

Z DED -= \%G �

�

� �� �� �� � + DXVGRUII�GLVWDQFH�

�
7KH�+ DXVGRUII�GLVWDQFH�PHDVXUHV�WKH�PD[ LPXP�GLVWDQFH�EHWZHHQ�WZR�FXUYHV��7KH�GLVWDQFH�IURP�WKH�FXUYH�
$ �WR�WKH�QHDUHVW�SRLQW�RQ�WKH�FXUYH�%�LV�PHDVXUHG�DQG�YLFH�YHUVD��7KH�GLVWDQFH�LV�FDOFXODWHG�LQ�VHYHUDO�VWHSV��
) RU�H[ DPSOH�ZH�KDYH�WZR�VHWV�RI�SRLQWV�WKDW�PHDVXUHV�WKH�PD[ LPXP�GLVWDQFH�EHWZHHQ�FXUYH�$ �DQG�WR�WKH�
QHDUHVW�SRLQW�LQ�WR�WKH�FXUYH�%�DQG��ZKHUH�LV�LQWHUHVWHG�WKH�+ DXVGRUII�GLVWDQFHV�EHWZHHQ�WKHP��,Q�WKH�ILUVW�
VWDJH�WKH�( XFOLGLDQ�GLVWDQFHV�EHWZHHQ�WKH�SRLQWV�IURP�VHW�$ �WR�WKH�VHW�%�LV�FDOFXODWHG��$ FWXDOO\ � IRU�HDFK�
SRLQW�WKH�VKRUWHVW�GLVWDQFH�IURP�VHW�$ �WR�WKH�VHW�%�LV�NHSW��) LQDOO\ ��EHWZHHQ�DOO�GLVWDQFHV�ZH�WDNH�WKH�ODUJHVW�
GLVWDQFH�DQG�ZH�FDQ�VD\ �WKDW�DQ\ �SRLQW�RI�$ �LV�DW�PRVW�DW�GLVWDQFH�
�

},);,(min{),( %\$[\[G%$K ÎÎ= �
�
WR�WKH�SRLQWV�RI�%��7KH�+ DXVGRUII�GLVWDQFH�+ �$�%��LV�PD[ LPXP�EHWZHHQ�WKH�GLVWDQFHV�K�$�%��DQG�K�%�$���
�
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� �� �� � ' HILQLWLRQ�RI�VWDWLVWLFDO�P HDVXUHV�IRU�� ' �YHULILFDWLRQ�SURFHVV�
�
7KH� ,39 7� WRRO� DOVR� HQDEOHV� � ' � YHULILFDWLRQ� RI� UHVXOWV�� 7KLV� YHULILFDWLRQ� SKDVH� LV� DOVR� FDOOHG� YROXPH�
HVWLPDWLRQ� SURFHVV�� ,Q� FRQWUDVW� WR� WKH� � ' � HVWLPDWLRQ� WKH� UHIHUHQFH� �H[ SHUW�� UHJLRQV� DUH� ERGLHV� �L�H�� � ' �
PRGHOV��DQG�WKH�ILQDO�DVVHVVPHQW�FRYHUV�ZKROH�REVHUYHG�REMHFW��7KH�YROXPH�HVWLPDWLRQ�SURFHVV�LV�VLPLODU�
WR�WKH�ZHOO�NQRZQ�� ' �HVWLPDWLRQ�SURFHVV��EXW�DQ�LQSXW�LV�HLWKHU�� ' �PRGHO�RU�DQQRWDWLRQV�IRU�HYHU\ �VOLFH�LQ�
WKH� LPDJH� VHTXHQFH�� ,I� LQSXW� LV� LQ� D� IRUP� RI� VOLFH� DQQRWDWLRQV� WKHQ� D� WUDQVIRUPDWLRQ� SURFHVV� IURP� VOLFH�
DQQRWDWLRQV� WR� � ' � ERG\ � LV� UHTXLUHG�� RWKHUZLVH� D� VSKHULFDO� GLVWDQFH� EHWZHHQ� ERGLHV� FDQ� EH� LPPHGLDWHO\ �
PHDVXUHG��
�

� �� �� �� � 7UDQVIRUP DWLRQ�SURFHVV�

�
,I�LQSXW�LQWR�� ' �YHULILFDWLRQ�SURFHVV�LV�LQ�WKH�IRUP�RI�� ' �VOLFH�DQQRWDWLRQV��WKHQ�WKHVH�DQQRWDWLRQV�PXVW�EH�
ILUVW�WUDQVIRUPHG�LQWR�D�� ' �ERG\ ��) RU�HDFK�DQQRWDWLRQ�MXVW�WZR�GLPHQVLRQV�DUH�DYDLODEOH��ZKLOH�WKH�WKLUG±
YROXPH�LQIRUPDWLRQ�LV�REWDLQHG�IURP�D�VOLFH�WKLFNQHVV��) LJXUH�� � � ��7KH�VOLFH�WKLFNQHVV�LV�RQH�RI�WKH�0 5�
VFDQQHU�GHYLFH�SDUDPHWHUV� �VHH�6HFWLRQ�� �� � ��$ IWHUZDUGV��WKH�DQQRWDWLRQV�DUH�SUHVHQWHG�LQWR�� ' �ZRUOG�DV�
pucks. The puck is defined by annotation' s boundary (XY plane) and slice thickness (] �D[ LV���) LQDOO\ ��WKH�
SXFNV�DUH�SXW�WRJHWKHU�RQ�SXFN�E\ �SXFN�EDVLV�LQWR�D�JUXII�ERG\ ���
�
�

6OLFH�
WKLFNQHV

6OLFH�
DQQRWDWLRQV

=�D[LV ; �D[LV

0 5�LP DJHV

=

<

;

7UDQVIRUP DWLRQ 5HVXOW,QSXW�0 5�LP DJHV

* UXII�
ERG\

3XFN
<�

D
[L

V

�
]_^ `Aa�b"c�d�e
fhg(i�c�jkb"l�m�c"n<n�mJi�o�^ pql rAj�a�m�s_o�p(t�`�b"a r rvu�l�t"wxm�b<cJo
y ^ l�p
z

�

� �� �� �� � 6SKHULFDO�GLVWDQFH�

�
6SKHULFDO� GLVWDQFH� LV� D� YROXPH� PHDVXUH�� ,W� LV� LQGHSHQGHQW� RI� IRUP� DQG� H[ SDQVH� RI� WKH� VXUIDFH� RI� WKH�
DVVHVVHG�ERGLHV��7KH�VXUIDFH�LV�FRQQHFWHG�ZLWK�SDWFKHV��( DFK�SDWFK�LV�GHILQHG�E\ �DW�OHDVW�WKUHH�HGJH�SRLQWV�
�QRGHV��YHUWH[ HV���ZKHUH�WKHVH�SRLQWV�OLH�LQ�D�SODQH��) LJXUH�� � �GHSLFWV�WZR�VSKHUHV±VPDOO�DQG�ODUJH��6PDOO�
VSKHUH� LV� LQVLGH� WKH� ELJJHU� RQH�� 7KH� FRORXUHG� WULDQJOHV� UHSUHVHQW� WZR� SDWFKHV±WKH� UHG� OLHV� RQ� WKH� VPDOO�
VSKHUH�� ZKLOH� WKH� EOXH�OLHV�RQ� WKH�ELJJHU� VSKHUH�� $ Q�RUDQJH� DUURZ�LV� D�QRUPDO� RQ�WKH� UHG�SDWFK�� * UHHQ�
VWUDLJKW�OLQHV�WKURXJK�SDWFK�HGJH�SRLQWV�KDYH�D�VDPH�GLUHFWLRQ�DV�WKH�QRUPDO���
�
%HIRUH�GLVWDQFH�EHWZHHQ�WZR�ERGLHV��L�H��YROXPHV��LV�FDOFXODWHG�FHQWUHV�RI�JUDYLW\ �IRU�ERWK�ERGLHV�QHHG�WR�
EH�DOLJQHG��PDWFKHG���$ IWHU�WKLV�WUDQVODWLRQ�WKH�VSKHULFDO�GLVWDQFH�LV�FDOFXODWHG�ZLWK�D�IRXU�VWHS�SURFHGXUH���
�

� �� &DOFXODWH�QRUPDOV±IRU�HDFK�SDWFK�IURP�DVVHVVHG�VXUIDFH��ERG\ ��WKH�QRUPDO�LV�FDOFXODWHG���
� �� &UHDWH�VWUDLJKW�OLQHV±VWUDLJKW�OLQHV�WKURXJK�WKH�SDWFK�HGJH�SRLQWV��7KH\ �KDYH�VDPH�GLUHFWLRQ�YHFWRU�

DV�WKH�QRUPDO�RI�SDWFK��VHH�) LJXUH�� � ����
�
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]_^ `{a)b<c�d
|
fhg(}�l�n jki�c�b"c"n�o�p(tvp�l�b�~•o�€(o(p�t•nJy b�o�^ `�i�y
€ ^ p�c

�
� �� &DOFXODWH�( XFOLGLDQ�GLVWDQFH±WKLV�GLVWDQFH�LV�PHDVXUHG�EHWZHHQ�WKH�HGJH�SRLQW�DQG�QHDUHVW�

SRLQW�ZKHUH�WKH�VWUDLJKW�OLQH�SLHUFH�WKURXJK�D�UHIHUHQFH�VXUIDFH��VHH�) LJXUH�� � � ���
� �� &DOFXODWH�VWDWLVWLFDO�IDFWRUV±IRU�HDFK�VXUIDFH�WKH�DYHUDJH�( XFOLGLDQ�GLVWDQFH�DQG�WKHLU�VWDQGDUG�

GHYLDWLRQ�LV�FDOFXODWHG���
�

�
]_^ `Aa)b<c_‚�ƒ�f�„�a�m)€ ^ t�^ o�p…t�^ n�y o�p
mJc�u(c�y }�c�c�p†y }�l�n�a�b r�o
mJc"n�z

�
� �� ) LQDOO\ ��WKH�VSKHULFDO�GLVWDQFH�LV�GHILQHG�DV�WKH�PLQLPXP�EHWZHHQ�WKH�DYHUDJHV�RI�( XFOLGLDQ�

GLVWDQFHV�EHWZHHQ�DOO�SDWFKHV�RQ�ERWK�ERGLHV��
�
0 DWKHP DWLFDO�IRUPDOLVDWLRQ���
�
7KH� LQSXWV� LQWR� VSKHULFDO� GLVWDQFH� FDOFXODWLRQ�SURFHVV� DUH� WZR� VXUIDFHV�6 B �DQG�6C �� 7KH� VXUIDFH� LV� D�GDWD�
VWUXFWXUH��ZKLFK�FRQVLVWV�RI�YHUWLFHV�DQG�SDWFKHV��7KH�YHUWH[ �LV�GHILQHG�E\ �WKUHH�SRLQWV�
�

},,;,,{ ÂÎ= ]\[]\[9 ��
�
3DWFK�3 ‡ �LV�D�GDWD�VWUXFWXUH��DQG�LV�VDPH�DV�WKH�SODQH�3�GHILQHG�E\ �WKUHH�YHUWLFHV�WKDW�DUH�QRW�FROOLQHDU��EXW�
ERXQGHG�E\ �VWUDLJKW�OLQHV�O�EHWZHHQ�YHUWLFHV���
�

};,,{ 321 999993 ˆ Î= DQG�

�
)},(),(),(),,(;{ 313221321 99O[99O[99O[9993[[3‰ £Ù£Ù£ÙÎ= ��

�
) LQDOO\ ��WKH�VXUIDFH�LV�GHILQHG�DV�D�XQLRQ�RI�WKUHH�YHUWLFHV�DQG�RQH�SDWFK��
�

})} } ;,,({} ,,,{ {{ 321321 9999939996 Š

‹ Î= � ��

�
) RU�VSKHULFDO�GLVWDQFH�FDOFXODWLRQ�ILUVW�SDWFK�QRUPDOV�DUH�FDOFXODWHG��7KH�QRUPDO�1 �LV�FDOFXODWHG�DV�
� �
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$ IWHUZDUGV�VWUDLJKW�OLQHV�WKURXJK�SDWFK�HGJHV�DUH�FRQVWUXFWHG��6WUDLJKW�OLQH�6Ž �KDV�WKH�VDPH�GLUHFWLRQ�IDFWRU�
DV�WKH�SDWFK�QRUPDO�DQG�LV�GHILQHG�DV�
�

RI�QRUPDOGLUHFWLRQG39GW96 •

•

•
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�
7KHQ�D�GLVWDQFH�EHWZHHQ�VXUIDFHV�$�DQG�%�LV�FDOFXODWHG�DV�IROORZV�
�

$9%6779( ’

“ ÎÙÇÎ+= 12
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2
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1 ; ��

�
ZKHUH�7 ” �LV�WKH�QHDUHVW�SRLQW�ZKHUH�WKH�VWUDLJKW�OLQH�6Ž �SLHUFH�WKURXJK�D�UHIHUHQFH�VXUIDFH�%��) LQDOO\ ��WKH�
VSKHULFDO�GLVWDQFH�' • �LV�FDOFXODWHG�DV�D�PLQLPXP�EHWZHHQ�WKH�DYHUDJHV�RI�( XFOLGLDQ�GLVWDQFHV�( – �$�%��DQG�
( – �%�$���

6%$P$%(Q%$(' —

˜ ™

—

š
™

› ÎÙ= åå
Î"Î"
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�
ZKHUH�Q�DQG�P�DUH�QXPEHU�RI�SDWFKHV�RQ�VXUIDFH�6œ �RU�6” ��UHVSHFWLYHO\ ��
�
Spherical distance is interpreted as the distances between assessment' s surface and expert' s surface. The 
GLVWDQFH�VKRZV�KRZ�PXFK�WZR�SDWFKHV�ZLWK�UHJDUG�WR�WKHLU�QRUPDO�GLUHFWLRQ�GLIIHU�IURP�WKH�RWKHU�VXUIDFH�
DQG�KRZ�WLJKWO\ �DOO�GLVWDQFHV�DUH�FOXVWHUHG�DURXQG�WKLV�GLVWDQFH���
�

� �� � 0 HDQ�REVHUYHU�
�
In development phase, the biggest problem was creation of the ªmean observerº. Namely, in the 
YHULILFDWLRQ�SKDVH�LW�LV�SRVVLEOH�WR�KDYH�PDQ\ �PDQXDO�DQQRWDWLRQV�IURP�VHYHUDO�REVHUYHUV��VHH�) LJXUH�� � �E����
,W�LV�DOVR�ZHOO�NQRZ�WKDW�DQQRWDWLRQV�GLIIHUHQWLDWH�IURP�RQH�REVHUYHU�WR�DQRWKHU��$ QG�WKH�TXHVWLRQV�KHUH�DUH��
ªWhich observer is correct?º and ªHow to take into account a particular observer?º It was decided to 
FDOFXODWH� D� URXJK� DYHUDJH� DQQRWDWLRQ� IURP� DOO� DQQRWDWLRQV� SURYLGHG� E\ � WKH� REVHUYHUV�� 7KLV� DYHUDJH�
annotation is called the ªmean observerº.�
�
The ªmean observerº is regarded an expert whose aQQRWDWLRQV� DUH� WUXVWIXO�� 7KH� SURFHVV� RI� WKH� PHDQ�
REVHUYHU�FDOFXODWLRQ�LV�FUXFLDO�IRU�DVVHVVLQJ�WKH�LPDJH�VHJPHQWDWLRQ�DOJRULWKP�TXDOLW\ ��7KH�PDLQ�SUREOHP�LV�
therefore the question how to ensure quality and reliable ªmean observerº annotations. �
�
7KH�,39 7�Wool implements two methods to calculate the ªmean observerº:�

�� 3RODU�KLVWRJUDP�DQG�
�� %LJ�6PDOO�UHJLRQV��%6�PHWKRG���%6�PHWKRG�LV�RXU�RZQ�GHYHORSPHQW�FRQWULEXWLRQ���

�

� �� �� � 3RODU�KLVWRJUDP �P HWKRG�
�
7KH�PHWKRG�EDVHG�RQ�SRODU�KLVWRJUDP�PDSV�D�ERUGHU�RI�HDFK�52 ,� IURP�&DUWHVLDQ�FRRUGLQDWHV�LQWR�SRODU�
FRRUGLQDWHV��) LJXUH�� �  shows this mapping procedure. A region' s centre of gravity is a starting point, while 
the region' s border point is the ending point in this mapping.�
�
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�
$ OO�UHJLRQV��H�J��ERQH�SDWHOOD�DQQRWDWLRQ�IRU�DOO�REVHUYHUV�LQ�RQH�VOLFH��DUH�WKHQ�DOLJQHG�E\ �WKHLU�FHQWUHV�RI�
gravity. The ªmean observerº is LWHUDWLYHO\ �FDOFXODWHG�DFFRUGLQJ�WR�WKH�IROORZLQJ�HTXDWLRQ��
�

n1,...,i                     ,
11

,,1, =+
-

= - aaa ¶

·

¶

·

¶

· F
L

P
L

L
P �

�
,QGH[ �L�GHQRWHV�WKH�FXUUHQW�REVHUYHU�WDNHQ�LQWR�FRQVLGHUDWLRQ��ZKLOH�Q�GHQRWHV�WKH�QXPEHU�RI�DOO�REVHUYHUV��
P ¸ ¹ º  denotes the calculated point for the ªmean observerº at the �E\ �XVLQJ�DQQRWDWLRQV�IURP�L�REVHUYHUV��
ZKLOH�F̧ ¹ º �LV�D�FRQWRXU�SRLQW�DW�DQJOH� �IRU�L�WK�REVHUYHU��
�
7KLV�PHWKRG�LV�VLPSOH�WR�LPSOHPHQW�EXW�KDV�PDQ\ �GLVDGYDQWDJHV��

�� ,I�WKH�FRQWRXUV�DUH�QRQ�FRPSDFW�WKHQ�PRUH�WKDQ�RQH�FDQGLGDWH�SRLQW�DW�VHOHFWHG�DQJOH�H[ LVW��1 RQ�
FRPSDFW�UHJLRQV�FDQ�WKHUHIRUH�OHDG�WR�D�QRQ�XQLIRUP�VROXWLRQ���

�� The second problem is maintaining the contour connectedness. In the process of the ªmean 
observerº creation, it is possible that the obtained ªcontourº is not contiguous. Region points in 
VXFK� FDVHV� IRUP� LVODQGV�� 7KLV� SUREOHP� FRXOG� EH� UHVROYHG� E\ � XVLQJ� WKH� WKLQQLQJ� DOJRULWKP� IRU�
FRQVWUXFWLQJ� WKH� LVODQG� VNHOHWRQ�� DQG�� WKHQ�� LQWHUFRQQHFWLQJ� WKHVH� VNHOHWRQV� LQWR� D� QHZ� PHDQ�
FRQWRXU��+ RZHYHU��WKLV�SURFHVV�DOVR�OHDGV�WR�D�QRQ�XQLIRUP�VROXWLRQ��

�
Because more robust solution was required another approach of the ªmean observerº creation was 
GHYHORSHG���
�

� �� �� � %LJ6P DOO�UHJLRQV�FUHDWLRQ�P HWKRG�
�
7KH�SRODU�KLVWRJUDP�PHWKRG�LV�YHU\ �ZHOO�VXLWHG�IRU�WKH�FRQYH[ �UHJLRQV��ZKLOH�LW�SUDFWLFDOO\ �DOZD\ V�IDLOV�IRU�
QRQ�FRPSDFW�UHJLRQV��L�H��FRQFDYH�UHJLRQV���&RQYH[ �UHJLRQV�DUH�MXVW�D�VXEVHW�RI�DOO�UHJLRQV��7KH�%6�PHWKRG�
GHYHORSHG��KRZHYHU��GHDOV�ZLWK�FRQYH[ �DQG�FRQFDYH�UHJLRQV��7KH�LGHD�RI�%6�PHWKRG�LV�HOHJDnt. Let' s take 
IRU�FRQVLGHUDWLRQ�WZR�UHJLRQV�$�DQG�%��ZKHUH�UHJLRQ�$�IXOO\ �FRYHUV�UHJLRQ�%��7KH�DYHUDJH��PHDQ��SRLQW�OLHV�
RQ�KDOI�RI�VWUDLJKW�OLQH�EHWZHHQ�WZR�QHDUHVW�SRLQW��ZKHUH�ILUVW�SRLQW�EHORQJV�WR�WKH�FRQWRXU�$�DQG�WKH�VHFRQG�
WR�WKH�FRQWRXU�%��
�
7KH� DOJRULWKP� LV� SUHVHQWHG� EHORZ� �VHH� DOVR� ) LJXUH� � � � �� ,WV� FRPSOH[ LW\ � LV� 2 �Q

”

� �� 7KHUH� DUH� WZR� LQSXW�
SDUDPHWHUV�LQWR�WKLV�DOJRULWKP��QDPHO\ �UHJLRQV�$�DQG�%��7KH�DOJRULWKP�IUDPHZRUN�LV�DV�IROORZV���

� �� &UHDWH�ELJ�DQG�VPDOO�UHJLRQ�VHWV��7KH�ELJ�UHJLRQ�LV�D�XQLRQ�RI�$�DQG�%�UHJLRQV��ZKLOH�WKH�VPDOO�
UHJLRQ�UHSUHVHQWV�D�FURVV�VHFWLRQ�EHWZHHQ�UHJLRQ�$�DQG�%��

� �� 6HOHFW�D�VWDUWLQJ�SRLQW��PDUNHG�DV�D�) �RQ�WKH�FRQWRXU�RI�WKH�ELJ�UHJLRQ��
� �� %\ �XVLQJ�( XFOLGLDQ�GLVWDQFH�ILQG�WKH�QHDUHVW�SRLQW��PDUNHG�DV�( ��RQ�WKH�VPDOO�UHJLRQ�FRQWRXU��
� �� &DOFXODWH�PHDQ�SRLQW�3 »A¼ ½�¾ �EHWZHHQ�) �DQG�( ��
� �� ,I�3 »A¼ ½�¾ �LV�QRW�D�QHLJKERXULQJ�SRLQW�RI�SUHYLRXV�PHDQ�SRLQW�3 »A¼ ½�¾<¿ À<Á – ��WKHQ�FRQQHFW�SRLQWV�3 »A¼ ½�¾ �DQG�

3 »{¼Â½�¾<¿ À<Á – �ZLWK�D�VWUDLJKW�OLQH��,Q�WKLV�ZD\ ��WKH�FRQWRXU�FRQWLQXRXV�LV�SUHVHUYHG���
� �� 7DNH�WKH�QH[ W�SRLQW�IURP�WKH�ELJ�UHJLRQ��
� �� 5HSHDW�VWHSV��� � ��� � � ��� � � �DQG��� � �XQWLO�DOO�ELJ�UHJLRQ�FRQWRXU�SRLQWV�DUH�SURFHVVHG��

�
�
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�
7KH�DOJRULWKP�EDVHG�RQ�%6�PHWKRG�SHUIRUPV�YHU\ �ZHOO��
�
0 DWKHP DWLFDO�IRUPDOLVDWLRQ��
�
7ZR�UHJLRQV�5 œ �DQG�5 ”  are inputs into the BigSmall region method for creation of the ªmean observerº. 
5HJLRQ�LV�GHILQHG�DV�D�OLVW�RI�SRLQWV��
�

},);,{ ( ÂÎ= \[\[5 ��
�
%LJ�UHJLRQ�%Æ �LV�DQ�XQLRQ�RI�UHJLRQV�5 œ �DQG�5 ” ��ZKLOH�VPDOO�UHJLRQ�6Æ �LV�DQ�LQWHUVHFWLRQ�RI�UHJLRQV�5 œ �DQG�
5 ” ��
�

2121 55655% ÇÇ Ç=È= �
�
) ROORZLQJ�OLQHV�VXPPDUL] HG�WKH�%LJ6PDOO�DOJRULWKP�GHVFULEHG�DERYH��
�
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ZKHUH�$ holds the ªmean observerº contour.�

� �� � * UDSKLFDO�XVHU�LQWHUIDFH��* 8 ,��
�
7KH� SULPDU\ � JRDO� RI� WKH� ,39 7� DSSOLFDWLRQ� LV� YDOLGDWLRQ� RI� LPDJH� VHJPHQWDWLRQ� UHVXOWV�� EXW� LW� LV� DOVR�
DSSOLFDEOH� DV� D� WUDLQLQJ� V\ VWHP�� 7KH� DSSOLFDWLRQ� LV� LQWHUDFWLYH� DQG� KDV� DQ� DGYDQFHG�� HIILFLHQW� DQG� XVHU�
IULHQGO\ �JUDSKLFDO�XVHU�LQWHUIDFH��* 8 ,� ��,W�VXSSRUWV�WKH�IROORZLQJ�XVHIXO�DFWLRQV��

�� 6LPSOH�0 5 �LPDJH�QDYLJDWLRQ�
�� =RRP�IXQFWLRQV�
�� � ' �0 RGHO�SUHVHQWDWLRQ�DQG�YLVXDOL] DWLRQ�
�� VWDWLVWLFDO� LPDJH� SURFHVVLQJ� YHULILFDWLRQ� �FRQWRXU� EDVHG� LQ� � ' � SODQH� DQG� � ' � YROXPH�

PHDVXUHPHQWV��
�� UHSRUW�JHQHUDWLRQ�LQ�WKH�IRUP�RI�+ 70 / �GRFXPHQWV�
�� FRQYHUVLRQ�URXWLQHV�
�� VFHQDULR�JHQHUDWLRQ�DQG��
�� GUDJ�DQG�GURS�IDFLOLW\ ��

�
) LJXUH�� � �GHSLFWV�WKH�,39 7�PDLQ�ZLGJHW��ZKLFK�LV�FRPSRVHG�RI�WKH�IROORZLQJ�PDMRU�JUDSKLFDO�FRPSRQHQWV��
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� � 0 HQX�EDU�RIIHUV�W\ SLFDO�DSSOication commands, such as open, import or export the expert' s or 
HVWLPDWHG�DQQRWDWLRQV��VFDOH�XS�GRZQ�LPDJH��HWF��

�� 1DYLJDWLRQ�EDU enables navigation through the ªnextº and ªpreviousº buttons, pre�YLHZLQJ�WKH�
0 5,�VOLFHV��DQG�WKH�0 5,�VOLFH�ORDGLQJ��

�� 5HJLRQ� EDU is separated in three portions: the regions'  names, and lists of experts and 
estimates. ªRegions'  namesº form a list of, already known, grouped regions of annotations. 
The ªexpert listº contains the labels of imported experts, while the ªestimate listº coQWDLQV�WKH�
ODEHOV�RI�HVWLPDWHV���

�� $FWLRQ�EDU�LV�XVHG�IRU�FRPPXQLFDWLRQ�ZLWK�WKH�XVHU��,W�UHFHLYHV�WKH�PRXVH�HYHQWV��7KH�LQSXW�
GDWD� DUH� VHW� E\ � WKH� GURS� PRXVH� HYHQW�� ,Q� VXFK� D� ZD\ �� WKH� XVHU� GRHV� QRW� QHHG� WR� XVH� WKH�
NH\ ERDUG���

�� 6FHQDULR�EDU�LV�MXVW�D�OLVW�RI�FXVWRP�GHILQHG�DFWLRQV��$ �YHULILFDWLRQ�H[ HFXWLRQ�LV�SUHVFULEHG�E\ �
WKH�VFHQDULR��7KH�UHVXOWV�DUH�ZULWWHQ�DV�+70 / �UHSRUW��

�� 5HVXOW�EDU�LV�DQ�RXWSXW�ZLQGRZ�ZKHUH�WKH�UHVXOWV�RI�WKH�VFHQDULR�H[ HFXWLRQ�DUH�GLVSOD\ HG��
�� 7DE�LPDJH�YLHZ�SURYLGHV�D�VWDFN�RI�WKH�ORDGHG�0 5,�VOLFH�ZLGJHWV��7KH�DQDO\ ] HU�VHOHFWV�DQ�0 5�

LPDJH� E\ � FOLFNLQJ� RQ� WKH� ZLGJHW� WDE� DQG�� WKXV�� YLVXDOO\ � DQG�RU� E\ � XVLQJ� WKH� LQWHJUDWHG�
statistical tool calculates the differences between segmentation results and expert' s 
DQQRWDWLRQV���
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7KH�,39 7�WRRO�XVDJH�LV�FRQIRUPDEOH�VLQFH�LW�LV�FRQVLVWHQW�ZLWK�VWDQGDUG�FRPPRQ�DSSOLFDWLRQV��7KHUHIRUH��LW�
GRHV�QRW�UHTXLUH�D�ORW�RI�WLPH�WR�EHFRPH�IDPLOLDU�ZLWK�LW��7KH�ILQDO�UHSRUW�LV�+70 / �EDVHG��WKXV�LW�LV�SRVVLEOH�
WR�SUHVHQW�WKH�HVWLPDWLRQ�GDWD�LPPHGLDWHO\ �YLD�,QWHUQHW��
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� � 9DOLGDWLRQ�RI�LP DJH�VHJP HQWDWLRQ��
�
$ � YDOLGDWLRQ� RI� WKH� 6LP%LR� HQYLURQPHQW� LPDJH� VHJPHQWDWLRQ� UHVXOWV� ZDV� SHUIRUPHG� LQ� WKH� IROORZLQJ�
PDQQHU�� ILUVW��VHYHUDO�VOLFHV� IURP�WKH�0 5 �LPDJH�VHTXHQFH�WKURXJK�WKH�NQHH�ZDV�PDQXDOO\ �DQQRWDWHG�E\ �
FOLQLFLDQV� XVLQJ� WKH� ,67� WRRO�� ) RU� WKUHH�SDWLHQWV±L�H��SDWLHQW� $ �� * �� DQG� +±WKH� LPDJH� VHTXHQFH� ZDV� IXOO\ �
DQQRWDWHG��ZKLOH�LPDJH�VHTXHQFHV�IRU�WKH�RWKHU�SDWLHQWV�ZHUH�DQQRWDWHG�MXVW�SDUWLDOO\ ��7KXV�WKH�UHIHUHQFHV�
ZHUH�REWDLQHG��$ IWHUZDUGV��WKHVH�NQHH�LPDJH�VHTXHQFHV�ZHUH�SURFHVVHG�E\ �WKH�6LP%LR�LPDJH�UHJLVWUDWLRQ�
URXWLQH��L�H��9 5HJ/ RFDO� ' � �DQG�PDSSLQJ�IXQFWLRQ��L�H��9 7UDQVIRUP���$ �WHPSODWH�NQHH�PRGHO�FRQVWUXFWHG�
E\ �SDUWQHU�8 6) ' �ZDV�XVHG�LQ�WKLV�UHJLVWUDWLRQ�SURFHGXUH��7KH�UHVXOW�RI�WKLV�SKDVH�ZDV�D�SDWLHQW�VSHFLILF�� ' �
NQHH�PHVK��ZKLFK�ZDV�REWDLQHG�E\ �PDSSLQJ�WHPSODWH�NQHH�PHVK�ZLWK�IXQFWLRQ�9 7UDQVIRUP�XVLQJ�PDSSLQJ�
PDWUL[ �FDOFXODWHG�E\ �9 5HJ/ RFDO� ' �URXWLQH����
�
7KH�REWDLQHG�VHJPHQWDWLRQ�UHVXOWV�ZHUH�DIWHUZDUGV�FRPSDUHG�ZLWK�WKH�UHIHUHQFHV�E\ �XVLQJ�WKH�,39 7�WRRO��
7ZR�W\ SHV�RI�YHULILFDWLRQ�ZHUH�SHUIRUPHG��� ' �DQG�� ' �YHULILFDWLRQ���%\ �� ' �YHULILFDWLRQ�WKH�SDWLHQW�� ' �NQHH�
PHVK� ZDV� ILUVW� VOLFHG� DFFRUGLQJ� WR� DSSURSULDWH� YR[ HO� GLPHQVLRQV� DQG��DIWHUZDUGV�� VR� REWDLQHG� VHJPHQWV�
ZHUH�FRPSDUHG�WR�PDQXDO�DQQRWDWLRQV�SURYLGHG�E\ �RUWKRSDHGLF�VXUJHRQV��+ RZHYHU��E\ �� ' �YHULILFDWLRQ�WKH�
REWDLQHG�SDWLHQW�� ' �NQHH�PHVK�IURP�WKH�6LP%LR�HQYLURQPHQW�ZDV�FRPSDUHG�WR�D�� ' �NQHH�UHIHUHQFH�PRGHO�
FRQVWUXFWHG�IURP�VSDUVH�PDQXDO�DQQRWDWLRQV�SURYLGHG�E\ �RUWKRSDHGLF�VXUJHRQV��
�
Let' s describe particular steps of the validation procedure more in detail.�
�

� �� � 7KH�95 HJ/ RFDO� ' �DQG�97UDQVIRUP �URXWLQHV�
�
7KH� PDLQ� 6LP%LR� HQYLURQPHQW� LPDJH� VHJPHQWDWLRQ� URXWLQHV� GHVLJQHG� IRU� VHJPHQWDWLRQ� RI� WKH� NQHH�
VWUXFWXUHV� IURP� WKH� 0 5 � VOLFHV� DUH� FDOOHG� 9 5HJ/ RFDO� ' � DQG� 9 7UDQVIRUP�� 7KH� 9 5HJ/ RFDO� ' � URXWLQH�
VHJPHQWV�WKH�0 5�LPDJHV�E\ �D�QRQ�OLQHDU�UHJLVWUDWLRQ�RU�PDSSLQJ��UHVSHFWLYHO\ ��$ FWXDOO\ ��D�SDWLHQW�LPDJH�
VHTXHQFH�LV�UHJLVWHUHG�WR�D�WHPSODWH�LPDJH��$ �TXDOLW\ �PHDVXUH�RI�JRRGQHVV�RI�ILW�EHWZHHQ�WKH�LPDJHV�XVHG�
LQ�9 5HJ/ RFDO� ' �LV�EDVHG�RQ�VXP�RI�VTXDUHV�RI�GLIIHUHQFHV�RI�YR[ HO�JUH\ OHYHO�LQWHQVLWLHV��VHH�' HOLYHUDEOHV�
� �� �D�F� IRU�GHWDLOV�DERXW�WKH�9 5HJ/ RFDO� ' �UHJLVWUDWLRQ�URXWLQH��� ) XQFWLRQ�9 7UDQVIRUP�DFWXDOO\ �SHUIRUPV�
PDSSLQJ�RI�WKH�WHPSODWH�NQHH�PHVK�WR�WKH�SDWLHQW�VSHFLILF�NQHH�PHVK�E\ �XVLQJ�LQIRUPDWLRQ�REWDLQHG�IURP�
9 5HJ/ RFDO� ' �URXWLQH��
��
7R�YDOLGDWH�WKH�6LP%LR�HQYLURQPHQW�LPDJH�VHJPHQWDWLRQ�DOJRULWKP�DV�WKRURXJKO\ �DV�SRVVLEOH��D�0 DWODE�
YHUVLRQ� RI� ERWK� URXWLQH� ZHUH� DSSOLHG�� &HUWDLQO\ �� WKH� 0 DWODE� DQG� / LQX[ � YHUVLRQ� RI� 9 5HJ/ RFDO� ' � DQG�
9 7UDQVIRUP� DUH� WKH� VDPH�� 7KH� 0 DWODE� HQYLURQPHQW� ZDV� SUHIHUUHG� DOVR� EHFDXVH� RI� LWV� IDVW� SURWRW\ SLQJ�
DELOLW\ �DQG�DQ�HDV\ �YLVXDOLVDWLRQ�RI�WKH�UHVXOWV��0 DWODE�HQYLURQPHQW�DOVR�HQDEOHG�DVVHVVPHQW�RI�LQWHUPHGLDWH�
LPDJH�VHJPHQWDWLRQ�UHVXOWV��$ SSHQGL[ �� � �� �SUHVHQWV�D�SURWRFRO�IRU�VWDWLF�0 5 �LPDJH�UHJLVWUDWLRQ�LQ�GHWDLO��
�
7KH� WHPSODWH� PHVK� RI� KXPDQ� NQHH� XVHG� LQ� WKH� UHJLVWUDWLRQ� SURFHGXUH� ZDV� WKDW� RI� SDUWQHU� 8 6) ' �� 7KLV�
WHPSODWH�PHVK�ZDV�DIWHUZDUGV�XVHG�WR�segment a patient' s knee data obtained by Toshiba' s MR scanner in 
0 DULERU���
�
,Q�WKH�IUDPHZRUN�RI�WKLV�DFWLYLW\ ��VHYHUDO�VRIWZDUH�PRGXOHV�ZHUH�GHYHORSHG�LQ�6XEWDVN�� �� ��D�PRGXOH�IRU�
importing the patient' s data into the Matlab environment (from internal Toshiba' s format and DICOM); 
PRGXOHV�IRU�YLVXDOLVLQJ�WKH�UHJLVWUDWLRQ�UHVXOWV� �D�SDUWLFXODU�NQHH�VWUXFWXUH�RQO\ �RU�DOO�NQHH�VWUXFWXUHV���D�
PRGXOH�IRU�H[ SRUWLQJ�WKH�VHJPHQWDWLRQ�UHVXOWV�IURP�WKH�0 DWODE�HQYLURQPHQW�LQWR�D�IRUPDW�DSSURSULDWH�IRU�
WKH�,39 7�WRRO��
�

� �� �� � 95 HJ/ RFDO� ' �URXWLQH�DQG�0 5 ,�SDWLHQW�GDWD�IURP �0 DULERU�
�
Preliminary registration results (project month 31) on Maribor patient knee data obtained by Toshiba' s 
9 LVDUW� 0 5� VFDQQHU� SRLQWHG� RXW� D� FHUWDLQ� OHYHO� RI� HUURU�� ' HVSLWH� DSSURSULDWH� FRQWUDVW� HQKDQFHPHQW� RI�
0 DULERU�0 5 �LPDJHV�DQG��FRQVHTXHQWO\ ��UHJLVWUDWLRQ�UHVXOWV�LPSURYHPHQW��WKH�RYHUDOO�UHVXOWV�ZHUH�VWLOO�QRW�
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DSSOLFDEOH�IRU�QH[ W�VWHSV��H�J��PHVKLQJ��LQ�WKH�6LP%LR�HQYLURQPHQW�FKDLQ��VHH�' HOLYHUDEOH�� �� D�IRU�GHWDLOV���
7KHUHIRUH��WKH�IROORZLQJ�VWUDWHJ\ �ZDV�XQGHUWDNHQ��
�
7KH�ILUVW�SUHOLPLQDU\ �UHVXOWV�RQ�0 DULERU�LPDJHV�SRLQWHG�RXW�WKDW�WKH�YDULDELOLW\ �LQKHULWHG�LQ�WKH�0 5�LPDJLQJ�
FDXVHV�FHUWDLQ�SUREOHPV� IRU�WKH�6LP%LR�VHJPHQWDWLRQ�URXWLQH��7KLV�ZDV�DFWXDOO\ �H[ SHFWHG�LQ�WKH�6LP%LR�
SURMHFW�SURSRVDO��VHH�SDUW�%�DQG�&�RI�WKH�6LP%LR�SURMHFW�SURSRVDO���7KH�RULJLQDO�SODQ�ZLWKLQ�WKH�6LP%LR�
SURMHFW�ZDV�WKDW�IRU�HDFK�DSSOLFDWLRQ�WKHUH�ZRXOG�EH�D�UHIHUHQFH�LPDJH�DQG�D�UHIHUHQFH�PHVK��3UDFWLFDOO\ �
WKLV� PHDQV� WKDW� IRU� HDFK� 6LP%LR� HQYLURQPHQW� HQG�XVHU� LW� LV� RZQ� UHIHUHQFH� LPDJH� DQG� PHVK� PXVW� EH�
FRQVWUXFWHG��6LQFH�WKH�9 5HJ/ RFDO� ' �PHWKRG�UHOLHV�RQ�QRQ�OLQHDU�LPDJH�UHJLVWUDWLRQ�LW�LV�QHFHVVDU\ �WKDW�WKH�
LPDJHV�EHLQJ�UHJLVWHUHG�DUH�IURP�WKH�VDPH�PRGDOLW\ � �DQG�LQ�WKH�FDVH�RI�0 5,�XVLQJ�WKH�VDPH�DFTXLVLWLRQ�
SURWRFRO��� 7KH� ODWWHU� FRXOG� QRW� EH� DVVXUHG� IURP� 0 DULERU� SDUWQHUV�� &HUWDLQO\ �� WKLV� LV� D� SRWHQWLDOO\ � VHYHUH�
UHVWULFWLRQ�VLQFH�EXLOGLQJ�WKH�UHIHUHQFH�PHVK�LV�D�GLIILFXOW�SURFHVV��DOWKRXJK�LW�RQO\ �KDV�WR�EH�GRQH�RQFH���
%RWK�SDUWQHUV� IURP�0 DULERU�KDG�LQVXIILFLHQW�WLPH��NQRZOHGJH��DQG�ODFN�RI�UHTXLUHG�VRIWZDUH�OLFHQFHV�WR�
EXLOG�WKH�0 DULERU�UHIHUHQFH�NQHH�PHVK���
�
7KH� VROXWLRQ� DGRSWHG� E\ � SDUWQHU� 8 6) ' � WKDW� RI� PDSSLQJ� 0 DULERU� UHIHUHQFHV� WR� 6KHIILHOG� UHIHUHQFHV�� LV�
SUREDEO\ �WKH�EHVW�RQH�LQ�VXFK�VLWXDWLRQ�� ,Q�DQ�LGHDO�ZRUOG�WKLV�SUREDEO\ �VKRXOG�KDYH�EHHQ�GRQH�XVLQJ�D�
UHJLVWUDWLRQ�URXWLQH�ZKLFK�XVHV�DQ�,QIRUPDWLRQ�7KHRUHWLF�FRVW�IXQFWLRQ�EXW�VXFK�URXWLQHV�GR�QRW�H[ LVWV�DW�WKH�
UHVROXWLRQ� UHTXLUHG� LQ� WKH� 6LP%LR� SURMHFW�� 5HJLVWHULQJ� VHJPHQWV� LV� D� XVHIXO� VHFRQG� EHVW� �H�J�� IHPXU�
VHJPHQWV�RQ�0 DULERU�0 5 �LPDJHV�WR�IHPXU�RQ�6KHIILHOG�0 5 �LPDJHV���&RQVWUXFWLQJ�D�UHIHUHQFH�LPDJH�LQ�WKLV�
ZD\ �DGGV�VRPH�DGGLWLRQDO�HUURU�WR�WKH�DQDO\ VLV��VLQFH�WKHUH�LQHYLWDEO\ �ZLOO�EH�VRPH�PLVPDWFK�EHWZHHQ�WKH�
PDSSHG�UHIHUHQFH�LPDJH�DQG�WKH�UHIHUHQFH�PHVK���7KH�PDJQLWXGH�RI�WKLV�HUURU�LV�XQNQRZQ��KRSHIXOO\ �UHVXOWV�
SRLQWHG�RXW�WKDW�LW�LV�VPDOO��
�
/ HW� VXPPDUL] H� DOO� ILQGLQJV�� 7KH�UHIHUHQFH� LPDJH� XVHG� LQ� WKH� 9 5HJ/ RFDO� ' � ZDV� PRGLILHG� DFFRUGLQJ� WR�
UHIHUHQFH�0 DULERU�SDWLHQW�GDWD� �L�H��SDWLHQW�$ �±VHH�GHVFULSWLRQ�DERYH��3DUWQHU�8 6) ' �DFWXDOO\ �VXFFHHG�WR�
UHJLVWHU� 6KHIILHOG�UHIHUHQFH�LPDJH� WR� D� VHFRQG�UHIHUHQFH�LPDJH� IURP� 0 DULERU��7KLV� PHDQV� WKH� ILUVW� VWHS�
WRZDUG� SRVVLELOLW\ � RI� XVLQJ� D� VLWH�LQGHSHQGHQW� UHIHUHQFH� LPDJH�� ,I� XVH� RI� VXFK� DQ� LPDJH� LV� SRVVLEOH� WKH�
SRWHQWLDO�IRU�XVLQJ�KLJK�TXDOLW\ ��( XURSHDQ��UHIHUHQFH�LPDJHV�ZRXOG�EH�VLJQLILFDQW��
�
7KH�UHIHUHQFH�NQHH�PHVK�XVHG�LQ�WKH�9 7UDQVIRUP�URXWLQH�ZDV�WKDW�RI�SDUWQHU�8 6) ' ���
�

� �� �� � &RQILJXUDWLRQ�RI�WHVWLQJ�FRP SXWHU�V\ VWHP �
�
) RU�WHVWLQJ�SXUSRVHV�WKH�6LP%LR�HQYLURQPHQW�ZDV�LQVWDOOHG�RQ�D�3&�V\ VWHP���7KLV�V\ VWHP�KDV�WKH�IROORZLQJ�
FRQILJXUDWLRQ��� � ,QWHO�3HQWLXP�; HQRQ�� �� �* + ] �SURFHVVRUV��� �* %�5$ 0 �DQG�5$ ,' �� �RUJDQLVDWLRQ�RI�KDUG�
GLVFV��� � � �* %���7KH�V\ VWHP�ZDV�HTXLSSHG�ZLWK�WKH�5HG�+ DW�� �� �GLVWULEXWLRQ�RI�WKH�/ LQX[ �RSHUDWLQJ�V\ VWHP±�
NHUQHO� YHUVLRQ� � �� �� � � DQG� ZLWK� &2 5%$ �2 5%LW� � �� �� � �� 7KH� 3&� V\ VWHP� ZDV� FRQQHFWHG� WR� WKH� ,QWHUQHW�
WKURXJK�� � � �0 ELW�V�ORFDO�DUHD�QHWZRUN��7KH�ILUHZDOO�VKLHOGV�WKLV�V\ VWHP��
�

� �� � 5 HVXOWV�
�
+ LJK�TXDOLW\ � VWDWLF� 0 5� LPDJHV� WKURXJK� KXPDQ� NQHH� DFTXLUHG� LQ� 0 DULERU� KDYH� GLPHQVLRQV� RI� � � � [ � � � �
SL[ HOV��7KH�QXPEHU�RI�VOLFHV�SHU�LPDJH�VHTXHQFH�LV�� � ��WKH�VOLFH�WKLFNQHVV�LV�� PP��ZKLOH�WKH�HIIHFWLYH�SL[ HO�
VL] H�LV�DURXQG�� �� �PP��VHH�6XEVHFWLRQ�� �� � ��%HFDXVH�WKH�SDUDPHWHUV�RI�WKH�0 5 �VFDQQHU�LQ�0 DULERU�GRHV�QRW�
PDWFK� WKRVH� LQ� 6KHIILHOG�� DQG�� FRQVHTXHQWO\ �� WKH� 0 DULERU� SDWLHQW� GDWD� DUH� QRW� DOLJQHG� ZLWK� 6KHIILHOG�
WHPSODWH� LPDJH�� WKHUHIRUH� D� SUHSURFHVVLQJ� VWHS� ZDV� DGGHG�� ( YHU\ � 0 5� LPDJH� VHTXHQFH� ZDV�� ILUVW��
LQWHUSRODWHG�WR�REWDLQ�WKH�ILQDO�UHVROXWLRQ�RI�� � � [ � � � [ � � � �YR[ HOV��ZLWK�DQ�LQ�SODQH�UHVROXWLRQ�RI�� �� PP���
�
6XFK� VWDWLF� SDWLHQW� 0 5� NQHH� VHTXHQFH� ZHUH�� ILUVW�� PDQXDOO\ � DQQRWDWHG� E\ � RUWKRSDHGLF� VXUJHRQ� �SDUWQHU�
6%0 �� DQG�� DIWHUZDUGV�� SURFHVVHG� E\ � WKH� 6LP%LR� HQYLURQPHQW� �L�H�� 9 5HJ/ RFDO� ' � DQG� 9 7UDQVIRUP�
URXWLQHV���7KH�UHJLVWUDWLRQ�UHVXOWV�DQG�UHIHUHQFHV�ZHUH�WKHQ�LPSRUWHG�LQWR�WKH�,39 7�WRRO��ZKHUH�D�VWDWLVWLFDO�
FRPSDULVRQ�RI�WKH�UHVXOWV�ZDV�SHUIRUPHG��
�
) LJXUH�� � �GHSLFWV�DQ�H[ DPSOH�RI�WKH�6LP%LR�UHJLVWUDWLRQ�UHVXOWV�IRU�WKH�0 DULERU�SDWLHQW�$ ��,Q�ILJXUH��D��WKH�
UHJLVWUDWLRQ�UHVXOWV�DUH�RYHUODLG�RQ�WKH�RULJLQDO�SDWLHQW�0 5 �LPDJH��VOLFH�� � � ��) LJXUH��E��GHSLFWV�WKH�WHPSODWH�
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LPDJH�XVHG�IRU�WKH�6LP%LR�HQYLURQPHQW�UHJLVWUDWLRQ�SURFHVV�LQ�0 DULERU��7KLV�LPDJH�ZDV�FRQVWUXFWHG�E\ �
SDUWQHU�8 6) ' ��
�
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�
,Q�WKH�VHTXHO�WKH�VWDWLVWLFDO�DVVHVVPHQW�RI�WKH�6LP%LR�HQYLURQPHQW�UHJLVWUDWLRQ�UHVXOWV�ZLOO�EH�GHVFULEHG��
7DEOH�� �GHSLFWV�VWDWLVWLFDO�UHVXOWV�IRU�� ' �YHULILFDWLRQ�SURFHVV�RI�WKH�6LP%LR�HQYLURQPHQW�LPDJH�UHJLVWUDWLRQ�
UHVXOWV�IRU�SDWLHQWV�$ �DQG�+ ��,Q�� ' �YHULILFDWLRQ�SURFHVV��FRQWRXUV�REWDLQHG�E\ �WKH�6LP%LR�HQYLURQPHQW�DQG�
PDQXDO�DQQRWDWLRQV�E\ �RUWKRSDHGLF�VXUJHRQV�DW�SDUWLFXODU�VOLFH�ZHUH�FRPSDUHG��7KH�VWDWLVWLFDO�UHVXOWV�DUH�
SUHVHQWHG�IRU�WKUHH�ERQHV�DQG�WKHLU�FDUWLODJHV�� IHPXU��WLELD��DQG�SDWHOOD���DQG�IRU�WKH�PHQLVFL��0 0 �±�PHGLDO�
PHQLVFL�� 0 / �� ODWHUDO� PHQLVFXV��� 7KH� VWDWLVWLFDO� PHDVXUHV� XVHG� LQ� WKLV� SURFHVV� ZHUH�� UDWLRV� Uä � DQG� Uå ��
+ DXVGRUII�GLVWDQFH��DQG�0 HDQ�DEVROXWH�GLVWDQFH��) RU�JRRG�VHJPHQWDWLRQ�UHVXOWV�WKH�UDWLRV�Uä �DQG�Uå �VKRXOG�
EH�FORVH�WR�� ��ZKLOH�ERWK�GLVWDQFHV�VKRXOG�EH�VPDOO��7KH�+ DXVGRUII�GLVWDQFH�SRLQWV�RXW�WKH�PD[ LPDO�HUURU�
EHWZHHQ�ERWK�FXUYHV��7KLV�PHDVXUH�LV�H[ WUHPHO\ �VHQVLWLYH�WR�RXWOLHUV�LQ�GDWD��,QYHUVHO\ �LV�WUXH�IRU�WKH�PHDQ�
DEVROXWH�GLVWDQFH��ZKLFK�DFWXDOO\ �DYHUDJHV�HQWLUH�HUURU��7KLV�PHDVXUH�LV�XVXDOO\ �WKH�PRVW�FRPSHWHQW����
�
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) RU�RWKHU�WKUHH�SDWLHQWV±L�H��%��) ��DQG�* ±WKH�SDWLHQW�0 5�LPDJH�VHTXHQFHV�ZHUH�MXVW�SDUWLDOO\ �DQQRWDWHG�E\ �
RUWKRSDHGLF�VXUJHRQV��DUELWUDU\ �� � �VOLFHV�DQG�DUELWUDU\ �NQHH�VWUXFWXUHV���7KXV��DW�VWDWLVWLFDO�� ' �YHULILFDWLRQ�
RI�UHVXOWV�E\ �XVLQJ�WKH�,39 7�WRRO�MXVW�WKHVH�VOLFHV�ZHUH�WDNHQ�LQWR�DFFRXQW��$ YHUDJH�RI�FDOFXODWHG�VWDWLVWLFDO�
PHDVXUHV�IRU�ERQHV��WLELD��IHPXU��DQG�SDWHOOD��DUH�DV�IROORZV��Uä �LV�DURXQG�� �� ��Uå �LV�DURXQG�� �� ��+ DXVGRUI�
GLVWDQFH�LV�DURXQG� � � �PP��ZKLOH�WKH�0 HDQ�DEVROXWH�GLVWDQFH�ZDV�DURXQG� � �� �PP��7KH�VDPH�UHVXOWV� IRU�
FDUWLODJHV�DUH��Uä � LV�DURXQG� � �� ��Uå � LV�DURXQG� � �� ��WKH�+DXVGRUII�GLVWDQFH�LV�DURXQG� � �PP��DQG�WKH�0 HDQ�
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DEVROXWH� GLVWDQFH� LV� DURXQG� � �� � PP�� 7KH� DVVHVVPHQW� RI� PHQLVFL� ZDV� QRW� SRVVLEOH� GXH� WR� LQDSSURSULDWH�
ODEHOOLQJ�RI�WKLV�VWUXFWXUH�DW�PDQXDO�DQQRWDWLRQ���
�
7KH�PDLQ�UHDVRQ�IRU�D�ELW�SRRUHU�UHVXOWV�DV�IRU�WKH�SDWLHQWV�$ �DQG�+ �DUH�0 5�LPDJLQJ�GDWD�IRU�WKH�SDWLHQW�%��
7KLV�VFDQ�DSSHDUV�WR�EH�GLIIHUHQW�TXDOLW\ �IURP�WKH�UHVW��LW�VHHPV�WR�EH�D�ELW�QRLV\ �DQG�WKHUH�LV�DOPRVW�QR�VRIW�
WLVVXH�VXUURXQGLQJ�WKH�NQHH��VHH�7DEOH�� �IRU�SDWLHQW�GDWD�LQIR���$ OVR�WKH�SDWLHQW�) �LV�QRW�LGHDO��DV�WKH�ERWWRP�
RI�WKH�WLELD�LV�TXLWH�SRRU��7KH�UHDVRQ�WKDW�VWDWLF�UHJLVWUDWLRQ�SHUIRUPV�SRRUHU�IRU�WKHVH�WZR�SDWLHQWV�FRXOG�
DOVR�EH�WKDW�ERWK�RI�WKH�NQHHV�ZHUH�VFDQQHG�LQ�IXOO�RU�HYHQ�K\ SHU�H[ WHQVLRQ��DQG�QRW�DW�� � � �DV�H[ SHFWHG���
7KH�ODWWHU�FRXOG�QRW�EH�YHULILHG�DQ\ �PRUH��VLQFH�SDWLHQW�0 5�DFTXLVLWLRQ�ZDV�QRW�ILOPHG�E\ �D�FDPHUD��
�
7DEOH�� �GHSLFWV�VWDWLVWLFDO�UHVXOWV�IRU�� ' �YHULILFDWLRQ�SURFHVV�RI�WKH�6LP%LR�HQYLURQPHQW�LPDJH�UHJLVWUDWLRQ�
UHVXOWV� IRU� SDWLHQWV� $ � DQG� + �� ,Q� � ' � YHULILFDWLRQ� SURFHVV�� � ' � SDWLHQW� PRGHO� REWDLQHG� E\ � WKH� 6LP%LR�
environment and patient model constructed by orthopaedic surgeons'  manual annotations were compared. 
7KH�VSKHULFDO�GLVWDQFH� IRU�HDFK�NQHH�VWUXFWXUH�ZDV�FDOFXODWHG��7KLV�GLVWDQFH�LV�DFFRUGLQJ�WR�LWV�PHDQLQJ�
YHU\ �VLPLODU�WR�WKH�0 HDQ�DEVROXWH�GLVWDQFH��7KH�UHVXOWV�IRU�FDUWLODJH�WLELD�FRXOG�QRW�EH�FDOFXODWHG��EHFDXVH�
RI�D�ODEHO�PLVPDWFK��&DUWLODJH�WLELD�UHWXUQHG�E\ �WKH�6LP%LR�HQYLURQPHQW�ZDV�UHWXUQHG�LQ�WZR�SDUWV��ODWHUDO�
DQG�PHGLDO���ZKLOH�RUWKRSDHGLF�VXUJHRQV�SURYLGHG�MXVW�RQH�ODEHO�IRU�WKH�FDUWLODJH�WLELD��
�
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� �� � ' LVFXVVLRQ�
�
7KH�6LP%LR�HQYLURQPHQW�LPDJH�SURFHVVLQJ�HIILFLHQF\ �ZLOO�EH�GLVFXVVHG�IURP�WZR�YLHZSRLQWV��WHFKQLFDO�DQG�
PHGLFDO�SRLQW�RI�YLHZ��

� �� �� � 7HFKQLFDO�SRLQW�RI�YLHZ�
�
7KH�SDWLHQW�LPDJH�UHJLVWUDWLRQ�DQG�UHIHUHQFH�PHVK�PDSSLQJ�XVLQJ�WKH�6LP%LR�HQYLURQPHQW�XQGHU�/ LQX[ �ODVW�
DERXW�� � �PLQXWHV�RQ�RXU�WHVWLQJ�FRPSXWHU�V\ VWHP��VHH�6XEVHFWLRQ�� �� �� � ��7KH�UHJLVWUDWLRQ�FRGH�LV�FXUUHQWO\ �
ZULWWHQ� MXVW� IRU� VLQJOH� SURFHVVRU� FRPSXWHU� V\ VWHPV�� PXOWL� SURFHVVRU� FRPSXWHU� V\ VWHPV� WKHUHIRUH� GR� QRW�
speed up the registration process. To use the SimBio registration routine in a ªquasiº real�WLPH��WKLV�FRGH�
QHHGV� WR� EH� UHZULWWHQ� IRU� D� SDUDOOHO� H[ HFXWLRQ� �H�J�� SDUDOOHO� YLUWXDO� PDFKLQH�� VHQGLQJ� PHVVDJHV� YLUWXDO�
PDFKLQH��DQG�VHYHUDO�SURFHVVRUV�FRPSXWHUV�PXVW�EH�XVHG��H�J��DERXW�� � �� � �SURFHVVLQJ�XQLWV�LI�DOPRVW�OLQHDU�
VSHHG�XS�IDFWRU�LV�VXSSRVHG�DQG�SURFHVVLQJ�WLPH�DURXQG�� � �VHFRQGV�H[ SHFWHG���
�
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( [ WUHPHO\ � LPSRUWDQW� WKLQJ� DW� WKH� LPDJH� UHJLVWUDWLRQ� XVLQJ� WKH� 6LP%LR� HQYLURQPHQW� LV� WR� HQDEOH� D�
FRPSDWLELOLW\ �RI�GDWD�XVHG��H�J��DVVXULQJ�WKDW�ULJKW�NQHHV�DUH�RQO\ �UHJLVWHUHG�WR�ULJKW�NQHHV�RU�WKDW�LPDJHV�
KDYH�QRW�EHHQ� IOLSSHG�LQ�YDULRXV�ZD\ V�� ,GHDOO\ �WKH�VRIWZDUH�VKRXOG�FKHFN� IRU�SRWHQWLDO�PLVPDWFKHV��DQG�
ZRXOG�GR�VR�LQ�D�ZRUNLQJ�FOLQLFDO�HQYLURQPHQW��+RZHYHU��WKH�6LP%LR�HQYLURQPHQW�LV�VWLOO�D�SURWRW\ SH�DQG�
GRHV�QRW�KDYH�LPSOHPHQWHG�VXFK�VDIHW\ �PHFKDQLVPV��7KXV��D�FOLQLFLDQ�PXVW�GR�WKLV�FRQVLVWHQF\ �SDWLHQW�GDWD�
FKHFN�PDQXDOO\ ���
�
2 QH�RWKHU�KDQG��LW�LV�DOVR�FUXFLDO�WR�HQVXUH�FRUUHFW�LGHQWLFDO�YR[ HO�GLPHQVLRQV�RI�SDWLHQW�LPDJH�GDWD�DQG�
UHIHUHQFH�LPDJH�� ,Q�SUDFWLFH�WKLV�UHTXLUHPHQW� IRU�UHJLVWUDWLRQ�URXWLQH� �L�H��9 5HJ/ RFDO� ' � � FDQ�EH�ZDLYHG�
VLQFH�WKH�UHJLVWUDWLRQ�DOJRULWKP�ZLOO�ODUJHO\ �GHDO�ZLWK�WKH�VFDOLQJ�UHTXLUHG��7KH�UHJLVWUDWLRQ�URXWLQH�GHDOV�
ZLWK�QRQ�LGHQWLFDO�LQVOLFH�YR[ HO�GLPHQVLRQV�ZKHQ�UHJLVWHULQJ��EXW�ZKHQ�WKH�UHIHUHQFH�PHVK�LV�PDSSHG�EDFN�
WR�SDWLHQW�LPDJH�ZLWK�9 7UDQVIRUP�IXQFWLRQ��WKH�REWDLQHG�PHVK�LV�IRU�D�VTXDVKHG�H[ WHQGHG�NQHH�UDWKHU�WKDQ�
WKH� DFWXDO� NQHH�� 7KH� SUREOHP� LV� WKDW� WKH� FR�RUGLQDWHV� IRU� WKH� UHIHUHQFH� PHVK� DUH� LQ� DEVROXWH� XQLWV�� EXW�
EHFDXVH�WKH�PDSSLQJ�HIIHFWLYHO\ �DVVXPHV�WKDW�ERWK�LPDJHV�KDYH�WKH�VDPH�DEVROXWH�YR[ HO�GLPHQVLRQV��WKH�
REWDLQHG�SDWLHQW�VSHFLILF�NQHH�PHVK�ZLOO�EH�GLPHQVLRQDOO\ �LQFRUUHFW��7KLV�FDQ�EH�IL[ HG�HDVLO\ �E\ �VFDOLQJ�WKH�
SDWLHQW�PHVK�FR�RUGLQDWHV�ZLWK�WKH�UDWLRV�RI�YR[ HO�GLPHQVLRQV�RI�UHIHUHQFH�DQG�SDWLHQW�LPDJH��7KH�YR[ HO�
GLPHQVLRQ�FKHFN�LV�DOVR�QRW�LQWHJUDWHG�LQWR�WKH�6LP%LR�HQYLURQPHQW��WKHUHIRUH��WKLV�WDVN�LV�OHIW�WR�FOLQLFLDQ���
�
( [ FHSW� FRPSDWLELOLW\ � LPDJH� GDWD� DQG� YR[ HO� GLPHQVLRQ� FKHFN� QR� PDQXDO� LQWHUDFWLRQ� LV� UHTXLUHG� DW� WKH�
6LP%LR� LPDJH� UHJLVWUDWLRQ�� ,I� SDWLHQW� GDWD� FRQVLVWHQF\ � FRXOG� EH� DVVXUHG�� WKHQ� UHJLVWUDWLRQ� DQG�
WUDQVIRUPDWLRQ�FDQ�EH�FRPSOHWHO\ �DXWRPDWHG��
�
7KH�UHVXOW�RI�WKH�6LP%LR�HQYLURQPHQW�LPDJH�UHJLVWUDWLRQ�DQG�WUDQVIRUPDWLRQ�SKDVH�LV�D�SDWLHQW�VSHFLILF�� ' �
NQHH�PHVK��7KLV�LV�DFWXDOO\ �� ' �PRGHO��,I�UHVXOWV�IRU�SDUWLFXODU�LPDJH�VOLFH�VKRXOG�EH�YLVXDOLVHG��WKHQ�WKLV�� ' �
NQHH�PRGHO�PXVW�EH�ILUVW�FXW�DW�VSHFLILF�] �ORFDWLRQ�WR�REWDLQ�VHJPHQWV��DQG�RQO\ �WKHQ��WKHVH�VHJPHQWV�FDQ�EH�
RYHUODLG�RQ�DQ�RULJLQDO�JUH\ �OHYHO�LPDJH��: KHQ�FXWWLQJ�WKURXJK�� ' �PRGHO�D�GHVLUHG�YR[ HO�GLPHQVLRQ�VKRXOG�
EH�FKRVHQ��3DUWQHU�8 6) ' �GHYHORSHG�D�XWLOLW\ �0 DWODE�URXWLQH�IRU�VOLFLQJ�VXFK�PRGHOV��WKH�ODWHVW�YHUVLRQ�LV�
VOLFHBPRGH� � ���: KHQ�VOLFLQJ�NQHH�PRGHOV�ZLWK�WKLV�XWLOLW\ �URXWLQH��WKH�UHWXUQHG�VHJPHQWV�DUH�LQ�VRPH�FDVHV�
EURNHQ��WKHUHIRUH��WKH�PDQXDO�LQWHUDFWLRQ�LV�UHTXLUHG��7KLV�LV�YHU\ �LQFRQYHQLHQW��HVSHFLDOO\ ��ZKHQ�VOLFLQJ�
NQHH�PRGHOV�IRU�D�SDWLHQW�LPDJH�VHTXHQFH�RI�� � �RU�HYHQ�� � � �LPDJHV��5HWXUQHG�VHJPHQWV�DUH�DOVR�RQ�VRPH�
UHJLRQV� YHU\ � MDJJHG� DQG�� WKXV�� YHU\ � XQUHDOLVWLF�� +RZHYHU�� LW� VKRXOG� EH� UHPLQGHG� DJDLQ� WKDW� WKLV� VOLFLQJ�
URXWLQH�LV�D�YHULILFDWLRQ�WRRO��DQG��DV�VXFK��GRHV�QRW�LQIOXHQFH�WKH�6LP%LR�HQYLURQPHQW�LPDJH�SURFHVVLQJ�
HIILFLHQF\ ��
�
,Q�6HFWLRQ�� �� �� ��D�YDULDELOLW\ �LQKHULWHG�LQ�WKH�0 5 �LPDJLQJ�DQG�LQIOXHQFH�RQ�WKH�9 5HJ/ RFDO� ' �UHJLVWUDWLRQ�
URXWLQH�ZHUH�GLVFXVVHG��3UDFWLFDO�FRQFOXVLRQ�IURP�WKLV�GLVFXVVLRQ�LV�WKDW�ZKHQ�WKH�6LP%LR�HQYLURQPHQW�ZLOO�
EH� LQVWDOOHG� RQ� WKH� HQG�XVHU� VLWH� ZLWK� D� 0 5 � VFDQQHU� DQG� VFDQQLQJ� SURWRFRO� QRW� NQRZQ� WR� WKH� 6LP%LR�
HQYLURQPHQW�\ HW��WKHQ�DQ�LQLWLDOLVDWLRQ�SKDVH�PXVW�EH�SHUIRUPHG��,Q�WKLV�SKDVH��DW�OHDVW�DSSURSULDWH�UHIHUHQFH�
LPDJH� VKRXOG� EH� FRQVWUXFWHG�� RU�� HYHQ� EHWWHU�� WKH� QHZ� UHIHUHQFH� PHVK� FRQVWUXFWHG� IURP� UHIHUHQFH� GDWD�
REWDLQHG�E\ �WKLV�QHZ�0 5�VFDQQHU�DQG�SURWRFRO��7KLV�SKDVH�VKRXOG�EH�WKHRUHWLFDOO\ �GRQH�MXVW�RQFH�SHU�HQG�
XVHU�VLWH��DW�WLPH�RI�WKH�LQVWDOODWLRQ���$ V�RQH�RI�WKH�IXWXUH�VWHSV�ZH�SURSRVH�WR�VWXG\ �0 5 �LPDJLQJ�YDULDELOLW\ �
ZLWK�UHVSHFW�WR�GLIIHUHQW�VFDQQHUV�DQG�SRVVLELOLWLHV�RI�LWV�UHGXFWLRQ��,I�VXFK�PHWKRG�ZLOO�EH�SODXVLEOH�WKHQ�
SUREDEO\ �WKH�LQLWLDOLVDWLRQ�SKDVH�DW�WKH�6LP%LR�HQYLURQPHQW�LQVWDOODWLRQ�ZLOO�EH�PXFK�VKRUWHU��
�

� �� �� � 0 HGLFDO�SRLQW�RI�YLHZ�
�
5HVXOWV� IRU�SDWLHQWV�$ �DQG�+ �ZLOO�EH�DVVHVVHG� IURP�WKH�PHGLFDO�SRLQW�RI�YLHZ�LQ�WKH�VHTXHO��7KRVH�WZR�
SDWLHQWV�KDYH�FOLQLFDO�PDMRU�NQHH�SDWKRORJLHV�DQG�ZH�IRXQG�D�OHVLRQ�RI�DQWHULRU�FUXFLDO�OLJDPHQW��$ &/ � �DQG�
PHGLDO� PHQLVFXV�� 3DWLHQW� $ � KDV� D� UXSWXUHG�SRVWHULRU� KRUQ�RI� PHGLDO� PHQLVFXV� DQG� D� VXEWRWDO� UXSWXUH�RI�
$ &/ ��ZKLOH�WKH�SDWLHQW�+ �KDG�RQO\ �$ &/ �UXSWXUH��%HFDXVH�RI�PHQWLRQHG�SDWKRORJ\ ��ERWK�SDWLHQWV�QHHGHG�WKH�
VXUJLFDO�WUHDWPHQW��3UHRSHUDWLYHO\ �UHTXHVW�RI�PHQLVFXV�VXUJHU\ �ZDV�GHWDLOHG�LQVSHFWLRQ�RI�PHQLVFXV�UHJLRQ��
ZKLOH� $ &/ �UHFRQVWUXFWLRQ� E\ � ERWK� SDWLHQWV� ZLWK� WKH� 3$ 0 �6XLWH� PRGHOOLQJ� DQG� YLVXDOLVDWLRQ� RI� NQHH�
NLQHPDWLFV�ZDV�RXU�QH[ W�WDUJHW��
�
$ W�WKH�EHJLQQLQJ�ZH�WUHDWHG�WKH�DQQRWDWLRQV�SURYLGHG�E\ �WKH�6LP%LR�HQYLURQPHQW�DV�DGGLWLRQDO�LQIRUPDWLRQ�
EHIRUH�WKH�RSHUDWLRQ��EHFDXVH�HDFK�H[ SHUW�D�VOLJKW�GLIIHUHQWO\ �DQQRWDWHV�WKH�DQDWRPLFDO�UHJLRQ�RI�LQWHUHVW�
�52 ,� �� 7KH� SURSHU� GHWHUPLQDWLRQ� RI� LQWHUHVWLQJ� DQDWRPLFDO� VWUXFWXUHV�� ZKLFK� KDYLQJ� FRQFDYH� VKDSH� DQG�
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URXJK�VXUIDFH�ZLWK�QRW�YHU\ �FOHDU�DQDWRPLFDO�ERXQGDU\ ��H�J��ODWHUDO�DQG�PHGLDO�NQHH�ERUGHU��SURNVLPDO�DQG�
GLVWDO�VFDQ�ERUGHU��LQWHUFRQG\ O�UHJLRQ���LV�FULWLFDO�EHIRUH�WKH�RSHUDWLRQ��
�
%HIRUH�WKH�6LP%LR�LPDJH�UHJLVWUDWLRQ�UHVXOWV�ZHUH�VWDWLVWLFDOO\ �DVVHVVHG��WKH�SDWLHQW�$ �DQG�SDWLHQW�+ �ZHUH�
PDQXDOO\ � DQQRWDWHG�� : H� EHFRPH� DZDUH� RQ� VRPH� DQDWRPLFDO� UHJLRQV�� EHFDXVH� IRU� WKRVH� UHJLRQV� ZHUH�
DPELJXLW\ �WR�GHWHUPLQDWH�WKHLU�ERXQGDULHV��7KLV�KDSSHQHG�LQ�FDVHV�ZKHUH�WKH�UHJLRQV�KDYH�FRQFDYH�VKDSH�
FKDUDFWHULVWLF��ZKLOH�WKH�RWKHU�KDYH�QHEXORXV�ERXQGDULHV��) URP�WKH�SK\ VLFLDQ�DVSHFW�RI�YLHZ�VRPH�UHJLRQV�
DUH�PHGLFDO�PRUH�LPSRUWDQW�WKDQ�WKH�RWKHU��( VSHFLDOO\ �WKH�DUWLFXODU�DQG�LQWHUFRQG\ ODU�UHJLRQV�DUH�PHGLFDO�
LQWHUHVWLQJ��EHFDXVH�WKH�PRVW�SDWKRORJ\ �RFFXUV�LQ�WKRVH�UHJLRQV��) LJXUH�� � �GHSLFWV�WKH�DQWHUR�SRVWHULRU��$ 3��
knee view, where red circles denote surgeon' s important knee parts which are:�

�� FRQG\ ODU�NQHH�MRLQW�UHJLRQ�DQG�
�� LQWHUFRQG\ ODU�NQHH�MRLQW�UHJLRQ��

�
5HJLRQV�RXWVLGH�LQGLFDWHG�FLUFOHV�DUH�QRW�DV�LQWHUHVWLQJ� IRU�SK\ VLFLDQ�DV�LQGLFDWHG�UHJLRQV��EXW�WKH\ �ZHUH�
WRRN�LQWR�FRQVLGHUDWLRQ�LQ�WZR�GLIIHUHQW�FDVHV��ZKLFK�DUH��

�� WKH�H[ WHUQDO�PHGLDO�DQG�ODWHUDO�NQHH�MRLQW�SDUW�DQG��
�� WKH�LQIHULRU�DQG�VXSHULRU�UHJLRQV�LQ�0 5�LPDJHV��

�

u�vxw�y4z�{ |x}

~

w€• •x} u�vxw€y�z�{ |x}

�
•�ž ŸA )¡<¢_£I‚�¥)ß_ª�¯ ¢�¡�ž «�¡(©�«)³J¯ ¢�¡Jž «(¡_× ßkÍ�Ü�Þ�ª
¢J¢xƒ�«
ž ª�¯(Ö�ž ¢JÏ

�
,W� VKRXOG� EH� WDNHQ� LQWR� FRQVLGHUDWLRQ� WKDW� DEVROXWHO\ � JURXQG� WUXWK� RI� PDQXDOO\ � VHJPHQWHG� 0 5� LPDJHV�
doesn' t exist and deviation between different experts is not uncommon. ) LJXUH�� � �GHSLFWV�IRXU�H[ DPSOHV�
�GHQRWHG�E\ �� ��� ��� ��DQG�� � ��ZKHUH�SK\ VLFLDQ�FRXOG�KDYH�D�GRXEW��ZKHUH�WKH�ERXQGDULHV�RI�ERQHV��FDUWLODJHV�
RU�WLVVXHV�UHDOO\ �DUH��,Q�WKH�ILUVW�0 5 �LPDJH�WKH�DQDWRPLFDO�GHWHUPLQDWLRQ�RI�VWUXFWXUHV�RQ�WKH�H[ WHUQDO�ODWHUDO�
DQG�PHGLDO�NQHH�SDUW�LV�QRW�GHWHUPLQLVWLF��EHFDXVH�VRPH�RI�WKHP��H�J��ERQH�IHPXU��KDYH�D�FRQFDYH�VXUIDFH��
&RQVHTXHQWO\ ��LW�LV�H[ SHFWHG�WKDW�WKH�FRPSXWHU�DVVLVWHG�DOJRULWKPV�FDQ�PDNH�PLVWDNHV�WRR�LQ�VXFK�UHJLRQV��
7KH�VHFRQG�0 5�LPDJH�SUHVHQWV�LQIHULRU�WLELD�SDUW��ZKLFK�LV�QRW�HQWLUHO\ �GHILQHG��EXW�LWV�DUWLFXODU�SRVLWLRQ�LV�
QRW�VR�LPSRUWDQW�IURP�PHGLFDO�SRLQW�RI�YLHZ��6OLJKW�IDLOXUH�LQ�VXFK�UHJLRQ�LV�WKXV�QRW�FRQVHTXHQWLDO��,Q�WKH�
WKLUG� 0 5 � LPDJH� WKH� DQDWRPLFDO� ERXQGDULHV� RI� DUWLFXODU� UHJLRQV� DUH� DOPRVW� FOHDUO\ � GHILQHG�� ZKLOH�
GHWHUPLQDWLRQ�RI�FDUWLODJHV�FRXOG�EH�KDUGHU��%XW�WKH�ZHLJKW�RI�SUREOHP�LV�VPDOO��EHFDXVH�WKLQ�VWUXFWXUH�RI�
FDUWLODJHV�DQG�ORZHU�0 5�FRQWUDVW�UHJDUGLQJ�WR�WKH�QHLJKERXUKRRG�NQHH�VWUXFWXUHV��+ RIID�DQG�6\ QRYLD��GR�
QRW�DIIHFW�ILQDO�HVWLPDWLRQ��7KH�ODVW�0 5 �LPDJH��GHQRWHG�E\ �� ��GHSLFWV�WKH�LQWHUFRQG\ ODU�UHJLRQ�LQ�WKH�PLGGOH�
SDUW�RI�WKH�NQHH�MRLQW��ZKHUH�WKH�WDUJHW�DQDWRPLFDO�VWUXFWXUHV�EHJLQ�RU�HQG��L�H��DQWHULRU�DQG�SRVWHULRU�KRUQV�
RI�PHQLVFL��DWWDFKPHQW�RI�FUXFLDO�OLJDPHQWV��PHGLDO�DQG�ODWHUDO�FRQG\ OH�ERUGHUV���7KH�GHWHUPLQDWLRQ�RI�WKH�
GRUVDO�LQQHU�SDUW�RI�ODWHUDO�FRQG\ OH�DQG�WKH�PDUJLQV�RI�WKH�SRVWHULRU�KRUQ�RI�ODWHUDO�PHQLVFXV�LV�QRW�HQWLUHO\ �
FOHDU��EHFDXVH�WKHVH�SDUWV�DUH�EOXUUHG��
�
��
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7KH� DXWRPDWHG� 6LP%LR� HQYLURQPHQW� LPDJH� VHJPHQWDWLRQ� �UHJLVWUDWLRQ�� DOJRULWKP� VXIILFLHQWO\ � GHWHFWV�
REVHUYHG�UHJLRQV�LQ�PRVW�FDVHV� �VHH�6XEVHFWLRQ� � �� � IRU�GHVFULSWLRQ�RI�UHVXOWV���KRZHYHU��WKHUH�DUH�VRPH�
FDVHV�ZKHUH�ERXQGDULHV�DUH�QRW�FRUUHFWO\ �GHWHFWHG��7KRVH�H[ WUHPH�FDVHV�ZHUH�LQVSHFWHG��GHVSLWH�D�IDFW�WKDW�
WKH\ �UDUHO\ �RFFXU��$ Q�LQWHQWLRQ�ZDV�WR�EH�FRQYLQFHG��WKDW�WKH\ �FRXOG�QRW�DIIHFW�WKH�ILQDO�PHGLFDO�GHFLVLRQV�
DERXW�UHJXODU�DQDWRPLF�NQHH�VWUXFWXUHV��) LJXUH�� � �GHSLFWV�IRXU�W\ SLFDO�JURXSV�RI�SRRUHU�VHJPHQWHG�UHJLRQV�
(denoted by 1, 2, 3, and 4). The first MR image clearly depicts a difference between surgeon' s manual 
DQQRWDWLRQ� DQG� FRQWRXU� REWDLQHG�E\ � WKH� 6LP%LR� HQYLURQPHQW�� 7KH� UHDVRQ� IRU� WKDW� FRXOG� EH� WKH� LQIHULRU�
tibia' s boundary, which is not very clear. We also compare our estimation with the output report provided 
E\ �,39 7�DSSOLFDWLRQ��6WDWLVWLFDO�UHVXOW�SRLQW�RXW�D�ELW�VPDOOHU�Uä �DQG�Uå �UDWLR�DQG�KLJKHU�+ DXVGRUII�DQG�PHDQ�
DEVROXWH�GLVWDQFH� �Uä �  � � �� � � � � � ��Uå �  � � �� � � � � � ��+ DXVGRUII�GLVWDQFH� � � �� � � � � � �PP��0 $ ' �  � � �� � � � � � �
PP��� ) URP� PHGLFDO� DQG� VXUJLFDO� DVSHFW� WKH� IDXOW� RQ� H[ WHUQDO� UHJLRQV� LV� QRW� DV� LPSRUWDQW� DV� DERYH�
LQWURGXFHG�LQWHUHVWLQJ�UHJLRQV���
�
7KH�VHFRQG�0 5�LPDJH�LQ�) LJXUH�� � �LV�WKH�SRVWHULRU�KRUQ�RI�ODWHUDO�PHQLVFXV�DQG�WKH�LQQHU�ERUGHU�RI�ODWHUDO�
IHPRUDO�FRQG\ OH�LQ�WKH�LQWHU�FRQG\ OH�UHJLRQ��7KH�H[ SHUW�DQQRWDWLRQ�LV�LQ�EOXH��ZKLOH�WKH�6LP%LR�UHVXOW�LV�LQ�
JUHHQ��7KH�FRUUHFW�H[ SODQDWLRQ�RI�WKDW�SUREOHP�LV�SUREDEO\ �WKH�FKDUDFWHULVWLF�RI�VXUIDFH��ZKLFK�KDV�FRQFDYH�
VKDSH��7KH�IDLOXUH�FRXOG�LQIOXHQFH�WKH�VXUJHU\ �LQ�WKH�GRUVDO�DUWLFXODU�UHJLRQ��ZKHUH�LV�PRVWO\ �WKH�PHQLVFXV�
VXUJHU\ � DQG� UDUHO\ � WKH� UHFRQVWUXFWLYH� FDUWLODJH� VXUJHU\ � SHUIRUPHG�� : LWK� UHJDUG� WR� SURSHU� PHQLVFXV�
GHWHUPLQDWLRQ�E\ �WKH�FRPSXWHU�WKH�DSSHDUHG�FDUWLODJH�HUURU�LV�QRW�DV�VLJQLILFDQW�IRU�WKH�NQHH�VXUJHU\ ���
�
7KH� WKLUG� 0 5� LPDJH� GHSLFWV� D� PHQLVFXV� FRQWRXU�� ' LVDJUHHPHQW� EHWZHHQ� H[ SHUW� �\ HOORZ� FRQWRXU�� DQG�
FRPSXWHU� �JUHHQ� FRQWRXU�� LV� SUHVHQWHG� LQ� WKH� PLGGOH� SDUW� RI� PHQLVFXV�� ZKLOH� ERWK� PHQLVFXV� KRUQV� DUH�
FRUUHFWO\ � VHJPHQWHG�� 7KH� VRXUFH� RI� WKDW� SUREOHP� LV� QRW� DQDWRPLFDO� DQG� WKH� SKHQRPHQRQ� LV� SUREDEO\ �
WHFKQLFDO��H�J��GLIIHUHQFHV�EHWZHHQ�0 5 �LPDJH�PRGDOLW\ ��VOLFLQJ�SURFHGXUH��� �) URP�PHGLFDO�SRLQW�RI�YLHZ�
VXFK�IDLOXUH�FRXOG�FRQIXVH�WKH�LQWHUSUHWDWLRQ�RI�PHQLVFXV�SDWKRORJ\ �DQG�FRXOG�DIIHFW�SODQQLQJ�RI�PHQLVFXV�
VXUJHU\ �� 7KH� PRVW� FRPPRQ� SDWKRORJ\ � LV� SRVWHULRU� PHQLVFXV� KRUQ� UXSWXUH�� ZKHUH� WKH� 6LP%LR� UHVXOW� LV�
FRUUHFW���
�
7KH� IRXUWK� 0 5� LPDJH� LQ� LQ� ) LJXUH� � � � GHSLFWV� WKH� LQWHUFRQG\ O� SUR[ LPDO� IHPRUDO� SDUW�� ZKHUH� GHIHFW� RI�
DQWHULRU�IHPRUDO�FRUWH[ �LV�YLVLEOH��7KH�PLVWDNH�LV�DQDWRPLFDOO\ �LQH[ SOLFDEOH��EHFDXVH�PRVW�HUURUV�DUH�LQ�WKH�
H[ WHUQDO�IHPRUDO�PHWD�SK\ VLFV�ZLWKRXW�PDMRU�VHQVH�IRU�LQWUD�DUWLFXODU�VXUJHU\ ��%XW��LI�WUHDWHG�PLVWDNH�RFFXUV�
LQ�WKH�RUWKRSDHGLF�WDUJHW�UHJLRQV�WKH�FRQVHTXHQFH�FRXOG�EH�VHULRXV��$ Q\ ZD\ ��DSSHDUDQFHV�RI�VLPLODU�IDLOXUHV�
LQ�WDUJHW�UHJLRQV�ZHUH�QRW�QRWLFHG�LQ�RXU�FDVHV���
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�
,Q� JHQHUDO�� WKH� 6LP%LR� HQYLURQPHQW�VHJPHQWDWLRQ� LQ� PRVW��HVSHFLDOO\ � LQ�WKH� VXUJHRQ� LPSRUWDQW� DUWLFXODU�
UHJLRQV��ZDV�SUHFLVH��$ OO�PDMRU�NQHH�SDUWV�ZHUH�SURSHUO\ �GHWHFWHG��) LJXUH�� � �GHSLFWV�DQ�H[ DPSOH�RI�FRUUHFW�
6LP%LR�HQYLURQPHQW�VHJPHQWDWLRQ���
�

�
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� � 3DWLHQW�VSHFLILF�ILQH�HOHP HQW�NQHH�P RGHOV�DQG�3DP �6XLWH�
�
,Q�SUHYLRXV�VHFWLRQ��WKH�6LP%LR�HQYLURQPHQW�LPDJH�UHJLVWUDWLRQ�DQG�WHPSODWH�PHVK�PDSSLQJ�SURFHGXUHV�
ZHUH�SUHVHQWHG�DQG�HYDOXDWHG��7KH�UHVXOW�RI�WKLV�SKDVH�ZDV�D�SDWLHQW�VSHFLILF�ILQH�HOHPHQW�NQHH�PHVK��7KH�
next step in the SimBio environment processing chain is a modelling of such patients'  knee models by 
XVLQJ�3DP�6XLWH�WRROV��,Q�WKLV�VHFWLRQ�DQ�LPLWDWLRQ�RI�SUHVFULEHG�SURFHGXUH�SURYLGHG�E\ �SDUWQHUV�8 6) ' �DQG�
( 6,� IRU�PRGHOOLQJ�SDWLHQW�VSHFLILF�NQHH�PRGHOV�ZLOO�EH�SUHVHQWHG��7KH�3DP�6XLWH�LV�D�QDPH� IRU�D�VHW�RI�
3$ 0 � WRROV±L�H�� * HQHULV�� 6DIH� DQG� 9 LHZ±XVHG� LQ� WKLV� PRGHOOLQJ� SURFHVV�� ) LUVW�� WKH� 3$ 0 � ZRUNIORZ� LV�
SUHVHQWHG�� 6RPH� WHFKQLFDO� UHFRPPHQGDWLRQ� DQG� IRXQGHG� HUURU� DUH� UHSRUWHG� LQ� WKH� VHTXHO�� 7KLV� VHFWLRQ�
concludes with some physicians'  considerations and recommendations. The correctness of simulation 
UHVXOWV�DQG�XVDELOLW\ �RI�JUDSKLFDO�XVHU�LQWHUIDFH�ZHUH�DOVR�DVVHVVHG��
�

� �� � 3$ 0 �Z RUNIORZ �
�
3DWLHQW�VSHFLILF�) ( �NQHH�PRGHOOLQJ��VKRUWO\ �3$ 0 �SURFHGXUH��FRQVLVWV�RI�ILYH�SURFHVVHV��ZKLFK�DUH��

�� &RQYHUVLRQ��
�� &RQQHFWLRQ��OLQNDJH���
�� 0 RGHOOLQJ��
�� 6LPXODWLRQ�DQG�
�� 3UHVHQWDWLRQ��

�
7KH�JRDO�RI�3$ 0 �ZRUNIORZ�LV�WR�LPLWDWH�WKH�UHDO�SDWLHQW�NQHH�NLQHPDWLFV�E\ �VLPXODWLQJ�D�) ( �NQHH�PRGHO�DV�
UHDOLVWLF�DV�SRVVLEOH�� ) LJXUH�� � �GHSLFWV�GDWD�IORZ�GLDJUDP� � ' ) ' � �RI�WKLV�PRGHOOLQJ�SURFHGXUH��ZKHUH�WKH�
FRQQHFWLRQV�EHWZHHQ�GDWD�VWUXFWXUHV��L�H��GDWD�ILOHV�DQG�SURFHVVHV��DUH�H[ SRVHG��3URFHVV�LV�SUHVHQWHG�E\ �D�
FLUFOH�� ZKLOH� WZR� SDUDOOHO� OLQHV� GHILQH� WKH� GDWD� VWUXFWXUH�� $ � FRXUVH� RI� HYHQWV� LV� GHILQHG� E\ � FRQQHFWLRQV�
EHWZHHQ�SURFHVVHV���
�
,QSXWV�LQWR�3$ 0 �6XLWH�PRGHOOLQJ�SURFHGXUH�DUH�SDWLHQW�VSHFLILF�) ( �NQHH�PHVK�VWRUHG�LQ�9 LVWD�IRUPDW�ILOH��D�
IRRWSDG� DQG� PDWHULDOV� GDWD� ILOHV�� 9 LVWD� IRUPDW� LV� XQXVDEOH� IRU� PRGHOOLQJ� E\ � WKH� 3$ 0 �* HQHULV�� WKXV� WKH�
SDWLHQW�NQHH�PHVK�PXVW�ILUVW�EH�FRQYHUWHG�LQWR�D�3$ 0 �&UDVK���3&��GDWD�ILOH��7KH�REWDLQHG�ILOH�LV�MXVW�D�UDZ�
PHVK� ZLWKRXW� PDWHULDOV�� ZKLFK� DUH� FUXFLDO� IRU� PRGHOOLQJ�SURFHVV�>* ( 1 @��7KHUHIRUH�� WKH� PDWHULDOV� DQG� D�
IRRWSDG� PRGHO� DUH� FRQQHFWHG� ZLWK� WKH� SDWLHQW� PHVK� E\ � XVLQJ� VWDQGDUG� WH[ W� HGLWRU� SURJUDPV� �H�J�� -RH��
( PDFV��� 0 RGLILHG� PRGHO� LV� WKHQ� FKHFNHG� LQ� WKH� 3$ 0 �* HQHULV�� DQG� VRPH� DGGLWLRQDO� LQIRUPDWLRQ� LV�
HQFRXQWHU� LQWR� PRGHO�� ) RU� H[ DPSOH� WKH� IRUFH� LQIRUPDWLRQ� RQ� WKH� IRRWSDG� PRGHO� LV� DOWHUHG� DFFRUGLQJ� WR�
PHDVXUHG�IRUFH�YDOXHV�DW�WKH�SVHXGR�G\ QDPLF�0 5 �LPDJLQJ��VHH�6XEVHFWLRQ�� �� �IRU�GHWDLOV���6XSSOHPHQWHG�
SDWLHQW� NQHH� PRGHO� LV� WKHQ� VLPXODWHG� E\ � WKH� 3$ 0 � 6DIH� WRRO�� 7KLV� WRRO� VLPXODWHV� D� NQHH� NLQHPDWLFV�
DFFRUGLQJ� WR� SDWLHQW� PRGHO�� 7KH� VLPXODWLRQ� FDQ� EH� H[ HFXWHG� ORFDOO\ � �L�H�� DW� HQG�XVHU� VLWH�� RU� UHPRWHO\ ��
XVXDOO\ �RQ�WKH�+3&�FOXVWHU��7KH�ODVW�VWDJH�LQ�WKH�6LP%LR�HQYLURQPHQW�SURFHVVLQJ�FKDLQ�LV�D�SUHVHQWDWLRQ�
�YLVXDOL] DWLRQ��DQG�LQWHUSUHWDWLRQ�RI�VLPXODWLRQ�UHVXOWV��
�
,Q�WKH�IROORZLQJ�SDUDJUDSKV�WKHVH�SURFHVVHV�ZLOO�EH�GHVFULEHG�EULHIO\ ���
�

� �� �� � &RQYHUVLRQ�
�
7KH�LQSXW�LQ�WKH�FRQYHUVLRQ�SURFHVV��VHH�) LJXUH�� � � �LV�D�YLVWD�IRUPDW�ILOH�ZLWK�D�SDWLHQW�NQHH�PHVK��ZKLFK�LV�
D�UHVXOW�RI�WKH�6LP%LR�LPDJH�UHJLVWUDWLRQ�URXWLQHV��VHH�6HFWLRQ�� � ��7KH�9 LVWD�ILOH�IRUPDW�ZDV�SULPDU\ �QRW�
GHVLJQHG�IRU�D�PRGHOOLQJ�ZLWK�WKH�3DP�6XLWH�WRROV��DQG��WKXV��D�FRQYHUVLRQ�LQWR�3$ 0 �&UDVK�ILOH�IRUPDW�LV�
mandatory. The conversion process is very simple. In the first stage, the reserved word ªsizeº should be 
replaced by the ªnnodesº in Vista file��0 RGLILHG�9 LVWD�ILOH�LV�WKHQ�RSHQHG�LQ�WKH�3$ 0 �* HQHULV��,W�VKRXOG�EH�
QRWHG�WKDW�DQ�DSSURSULDWH�ILOH�W\ SH�PXVW�EH�VHOHFWHG�LQ�) LOH�2 SHQ�GLDORJ��,I�QR�HUURU�RFFXUV��WKHQ�WKH�ILOH�LV�
VDYHG�LQ�WKH�3$ 0 �&UDVK�ILOH�IRUPDW��
�
�
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�
VISTA 

data file

Conversion 
from VISTA 

into Pam Crash 
data format

PAM-CRASH 
data file

Linkage by 
text editor

Foot-pad 
data file

MATERIALS
data file

Modeling inside
Pam Generis

Simmuation by 
Pam Safe

Presentation by 
Pam View

REPORT
file

Mesh plot 
output file

Time History 
output file

�
ˆŠ‰ ‹@Œ�•�ŽŠ•x±$’x²�—…œ ‰ Ž�¤…œ Ÿ$‰ ¤IŽ¯Ž�˜ Ž4™¦Ž4¤$œ�•�¤IŽ4ŽŠ™¦Ž�›�¡š—x¤x³+œ ¡IŽ´²@µ¶«¸· ¢…Œ$‰ œ Ž…•¶•�žI–4Ž�›�›�‰ ¤�‹¹–�¡x—…‰ ¤+‰ ¤�›�‰ ³IŽ¯œ ¡IŽ�¢�‰ ™�£¯‰ žšŽ�¤I¥�‰ •�ž�¤I™ Ž�¤…œ ©

�

� �� �� � / LQNDJH�
�
$ �JRDO�RI�OLQNDJH�VWDJH�LV�LQFOXVLRQ�RI�PDWHULDO�DQG�0 5 �H[ HUFLVH�ULJ�SURSHUWLHV�WR�WKH�SDWLHQW�VSHFLILF�NQHH�
PRGHO� VWRUHG� LQ� WKH� �3&� ILOH� IRUPDW�� 7KHVH� SURSHUWLHV� DUH� FRQWDLQHG� LQ� DQ� DXWRQRPRXV� ILOH�� ,W� FRQWDLQV�
VHYHUDO� SDUDPHWHUV� OLNH�� SDUDPHWHUV� FRQFHUQLQJ� WKH� PDWHULDOV� �H�J�� VKHDU� DQG� EXON� PRGXOXV��� FRQWDFW�
LQIRUPDWLRQ�EHWZHHQ�VXUIDFHV��H�J��WKH�FRQQHFWLRQ�EHWZHHQ�ERQH�IHPXU�DQG�FDUWLODJH���H[ WHQVLRQV�RI�D�NQHH�
PRGHO��H�J��WLELD�ERQH��DQG�0 5�H[ HUFLVH�ULJ��$ �0 5�H[ HUFLVH�ULJ�PRGHO�DQG�WKH�H[ WHQVLRQ�RI�WKH�NQHH�PRGHO�
�VHH�) LJXUH�� � � �FRQVLVW�RI�VHYHUDO�EDUV��ZKLFK�DUH��

�� � �EDUV�IRU�WKH�WLELD�ERQH��
�� � �EDUV�IRU�WKH�IHPXU�ERQH��
�� � �EDUV�IRU�WKH�IRRW�EHDPV��
� � � �EDUV�IRU�WKH�IRRWSODWH��

�

�
ˆ¯‰ ‹@Œ�•�ŽŠº…»x’)“�¡IŽ…• —…œ ‰ Ž�¤…œ�•�¤IŽ4ŽŠ™ ž�³IŽ�˜ ©

�
7KH�OLQNDJH�LV�GRQH�ZLWK�VWDQGDUG�WH[ W�HGLWRU��,QVLGH�WKH�3$ 0 �&UDVK�ILOH�WKH�IROORZLQJ�OLQH�LV�DGGHG�EHORZ�
WKH�UHVHrved word ªTITLEº:�
�
� ,1 &/ 8 ����SDWLHQWB; BPHVKBLQFOXB� �SF 
�
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7KH�ILOH�QDPH�MXVW�LOOXVWUDWHV�WKH�SRVVLEOH�QDPH��$ W�OLQNDJH�LW�LV�SRVVLEOH�WKDW�PDSSLQJ�EHWZHHQ�PDWHULDOV�
DQG� VXUIDFHV� LV� QRW� FRUUHFW� LQ� VRPH� FDVHV�� 7KHUHIRUH�� DQ� DXWRPDWLF� IXQFWLRQ� IRU� UHDVVLJQ� WKH� QXPEHULQJ�
LQVLGH�WKH�0 DWODE�HQYLURQPHQW�ZDV�GHYHORSHG��$VVLJQ� PDWHULDO�P���
�

� �� �� � 0 RGHOOLQJ�
�
7KH�PRGHOOLQJ�SURFHVV�LV�GRQH�LQ�WKH�3$ 0 �* HQHULV��7KLV�SURJUDP�LV�FRPSOHWHO\ �JHQHULF���
�
7KH� PDLQ� SXUSRVH� RI� PRGHOOLQJ� LV� WR� DFKLHYH� D� UHDO� NQHH� PRYHPHQW� �NLQHPDWLFV�� LQVLGH� D� YLUWXDO�
HQYLURQPHQW��7KH�PRGHOOLQJ�TXDOLW\ �GHSHQGV�RQ�VHYHUDO�IDFWRUV��OLNH��

�� PDWHULDO�GDWDEDVH�LQIRUPDWLRQ��
�� 0 5 �H[ HUFLVH�ULJ�LQIRUPDWLRQ��
�� IRRWSODWH�IRUFH�DQG�
�� FRQQHFWLRQ�EHWZHHQ�ERQHV��

�
&ROODERUDWLRQ�EHWZHHQ�3$ 0 �* HQHULV�H[ SHUWV�DQG�RUWKRSDHGLF�VXUJHRQV�LV�FUXFLDO�DW�WKLV�VWHS��%RWK�H[ SHUWV�
LQYHVWLJDWH�UHTXLVLWH�VWHSV�IRU�DQ�RSWLPDO�VLPXODWLRQ��,I�VLPXODWLRQ�UHVXOWV�DUH�VDWLVI\ LQJ��WKHQ�D�PRGHOOLQJ�
SURWRFRO�LV�SUHVFULEHG��7KH�SUHVFULEHG�SURWRFRO�LV�LQ�RXU�FDVH�DV�IROORZV��

�� $ VVHPEO\ � TXDOLW\ �� 7ZR� VWUXFWXUHV� LQ� WKH� PRGHO� FDQ� KDYH� QRGHV� RQ� VDPH� SRVLWLRQ� �H�J��
) HPXU&DUW�DQG�LWV�HQYHORSH�) HPXU&DUW( QY���6XFK�QRGHV�DUH�VR�FDOOHG�GRXEOH�QRGHV��7R�DVVXUH�
WKH�LQWHJULW\ �RI�WKH�PRGHO�DQG�PXWXDO�LQIOXHQFH�RI�WKRVH�WZR�VWUXFWXUHV��GRXEOH�QRGHV�VKRXOG�
EH�WUDQVIRUPHG�LQWR�WKH�VLQJOH�QRGHV��VKDUHG�E\ �ERWK�VWUXFWXUHV��7KH�IROORZLQJ�VWUXFWXUHV��DQG�
WKHLU� HQYHORSHV�� ZHUH� WHVWHG� IRU� GRXEOH� QRGHV�� ) HPXU&DUW�� / DW7LELDO&DUW�� 0 HG7LELDO&DUW��
3DWHOOD&DUW�� / DW0 LQLVFXV�� 0 HG0 LQLVFXV�� ) HPXU	 ) HPXU&DUW( QY�� 7LELD	 / DW7LELDO&DUW( QY��
3DWHOOD	 3DWHOOD&DUW( QY��

�� ' LVSODFHPHQW� FRQGLWLRQ�� ) HZ� VSHFLDO� QRGHV� RU� JURXS� RI� QRGHV� H[ LVWV� LQ� WKH� PRGHO�� 7KHLU�
PRYHPHQW� LV� VXEMHFWHG� WR� SDUWLFXODU� FRQGLWLRQV�� ,Q� RXU� FDVH� WKH� SRLQWV� RI� IDVWHQHU� RI� WKH�
WHQGRQV�LQ�WKH�XSSHU�SDUW�RI�WKH�OHJ�DUH� IL[ HG�GXULQJ�WKH�VLPXODWLRQ�� ) RU�WKH�KDPVWULQJ�DQG�
TXDGULFHSV�WHQGRQV�RQO\ �WKH�=�URWDWLRQV�DUH�DOORZHG��,Q�WKLV�ZD\ �WKH�VWUXFWXUH�LV�PDLQWDLQHG�LQ�
D�; < �SODQH��) RU�WKH�KLS�WHQGRQ�DOO�URWDWLRQV�DUH�DOORZHG��

�� 1 RGDO� ORDG�� 7R� VLPXODWH� WKH� NQHH� IOH[ LRQ� GXULQJ� D� ZDON� �RU� LQ� WKH� 0 5 � H[ HUFLVH� ULJ��� LW� LV�
QHFHVVDU\ � WR� DSSO\ � D� IRUFH� RQ� WKH� IRRW� OHYHO�� 7KLV� IRUFH� LV� FRQFHQWUDWHG� LQ� D� SRLQW� RI� WKH�
IRRWSODWH�LQ�RXU�FDVH��0 5�H[ HUFLVH�ULJ� ��

�� 1 RGDO�FRQVWUDLQWV��7KH�IRRWSODWH�LV�PDGH�ZLWK�EDUV�LQGHSHQGHQW�RI�WKH�IRRW�LWVHOI�LQ�WKH�PRGHO��
+RZHYHU��LW�LV�REYLRXV�WKDW�WKHLU�PRYHPHQWV�DUH�GHSHQGHQW��7KHUHIRUH��DGGLWLRQDO�FRQVWUDLQWV�
VSHFLI\ LQJ�WKDW�WKH�SRLQWV�RI�WKH�IRRWSODWH�WUDQVODWH�H[ DFWO\ �OLNH�WKRVH�RI�WKH�IRRW�PXVW�EH�DGGHG��

�� 5LJLG�ERG\ ��7KH�ERQHV�PXVW�EH�GHFODUHG�DV�ULJLG�ERG\ �WR�DYRLG�WKH�GHIRUPDWLRQV��$ �OLJDPHQW�
SDUW� RI� PHQLVFXV� LV� DOVR� WUDQVIRUPHG� LQWR� WKH� ULJLG� ERG\ � WR� SUHYHQW� GHIRUPDWLRQV�� 7KH�
IROORZLQJ� ULJLG� ERGLHV� DUH� LQ� RXU� PRGHO�� IHPXU�� SDWHOOD�� WLELD�� DV� ERQHV� DQG� ODWPHQSUR[ ��
ODWPHQGLV��PHGPHQSUR[ ��PHGPHQGLV�DV�SDUW�RI�PHQLVFXV��

�� 6XUIDFH� GHFODUDWLRQ�� 7KH� YDULRXV� SDUWV� RI� WKH� MRLQW� KDYH� VRPH� VXUIDFHV� LQ� FRQWDFW�� 7KHVH�
VXUIDFHV�KDYH�WR�EH�GHILQHG�WR�HQVXUH�D�JRRG�VOLS�RI�RQH�VWUXFWXUH�DFFRUGLQJ�WR�RWKHU�GXULQJ�WKH�
VLPXODWLRQ��7KHUH�DUH�VHYHQ�VXFK�FRQWDFWV�LQ�RXU�PRGHO��

ƒ� EHWZHHQ�WKH�IHPXU�DQG�SDWHOOD��
ƒ� EHWZHHQ�WKH�IHPXU�DQG�WLELD��VHSDUDWHG�EHWZHHQ�WZR�LQWHUQ�DQG�H[ WHUQ�VXUIDFHV���
ƒ� EHWZHHQ�WKH�IHPXU�DQG�PHQLVFLXV��
ƒ� EHWZHHQ�WKH�WLELD�DQG�PHQLVFLXV���

�
�� Contact interface. For each contact a ªmasterº and ªslaveº surface have to be defined. �

�

� �� �� �� � 7HP SODWH�NQHH�P RGHO�E\ �SDUWQHU�8 6) ' �

�
) LJXUH� � � �GHSLFWV�D�WHPSODWH�NQHH�PRGHO�SURYLGHG�E\ �SDUWQHU�8 6) ' ��7KH�ERQHV�DUH�DOZD\ V�LQ�EOXH��WKH�
FDUWLODJHV�LQ�EOXH�JUHHQ��PXVFOHV�DQG�OLJDPHQWV�DUH�LQ�JUHHQ�RU�GDUN�JUH\ ��7HPSODWH�PRGHO�SURYLGHG�E\ �
SDUWQHU�8 6) ' �LV�D�EDVH�RI�RXUV��,W�FRQWDLQV�DOO�WKH�QHFHVVDU\ �HOHPHQWV�WR�PDNH�D�ILUVW�VLPXODWLRQ��7KH�WKUHH�
PDLQ�ERQHV��L�H��IHPXU�LQ�GDUNHVW�EOXH��WLELD��DQG�SDWHOOD��DQG�D�SDUW�RI�WKH�ILEXOD�DUH�PRGHOOHG��,Q�WKH�PRGHO�
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WKHUH�DUH�DOVR�OLJDPHQWV�DQG�PXVFOHV��7KHVH�SDUWV�HQDEOH�NQHH�PRYHPHQW��7KH�IXQFWLRQDOLW\ �RI�SDUWLFXODU�
VWUXFWXUH�LV�GHVFULEHG�LQ�WKH�VHTXHO��

�� 4 XDGULFHSV�PXVFOHV�DQG�WHQGRQV��VHH�) LJXUH�� � , label 1). There are just 3 ªbarsº used to model 
WKLV� SDUW� RI� WKH� OHJ�� 4 XDGULFHSV� PXVFOHV� EHFRPH� WHQGRQV� EHIRUH� EHLQJ� OLQNHG� WR� WKH� SDWHOOD� LQ�
UHDOLW\ ��7KH\ �DOORZ�H[ WHQVLRQ�RI�WKH�NQHH�DQG�D�SDWLHQW�IRUFH�RQ�WKH�0 5�H[ HUFLVH�ULJ��

�� Hamstring (label 2). There are just 2 ªbarsº here. One bar is linked to the fibula and the other on 
WKH�WLELD��7KH\ �DOORZ�EHQGLQJ��IOH[ LRQ��RI�WKH�NQHH��

�� Patellar ligament (label 3). It is made of 5 ªbarsº. They link the patella with the tibia and enable an 
H[ WHQVLRQ�IOH[ LRQ�RI�WKH�NQHH��,W�LV�WKH�FRQWLQXDWLRQ�RI�WKH�TXDGULFHSV�PXVFOHV�DQG�WHQGRQV��

�� / DWHUDO�DQG�PHGLal collateral ligament (label 4). There are just 4 ªbarsº on each side of the knee. 
7KH\ �DUH�PDLQ�OLQNV�EHWZHHQ�WKH�IHPXU�DQG�WLELD��RU�ILEXOD���

�
7KH�RWKHU�EDUV�DUH�XVHG�WR�OLQN�WKH�PHQLVFL�WR�WKH�WLELD��� � � �EDUV�IRU�WKH�ODWHUDO�PHQLVFXV�DQG�� � � IRU�WKH�
PHGLDO� PHQLVFXV��� : LWKRXW� WKHVH� EDUV�� WKH� PHQLVFXV� VWD\ V� LQ� LWV� LQLWLDO� SRVLWLRQV� GXULQJ� WKH� VLPXODWLRQ��
7KHUH�DUH�DOVR�� �EDUV�IRU�WKH�DQWHULRU�FUXFLDWH�OLJDPHQW�DQG�� �IRU�WKH�SRVWHULRU�RQH��7KH\ �HQVXUH�WKH�VWDELOLW\ �
RI�WKH�NQHH��
�
$ �EDU�LV�D�VSHFLDO�HOHPHQW�GHILQHG�RQO\ �E\ �WZR�QRGHV�DQG�VRPH�PDWHULDO�SURSHUWLHV��$ OO�WKH�PRYHPHQWV�
DURXQG�WKHVH�WZR�QRGHV�DUH�SRVVLEOH��+ RZHYHU��LW�FDQ�RQO\ �KDYH�IRUFHV�LQ�WKH�GLUHFWLRQ�RI�WKH�EDU��PHDQLQJ�
WKDW�D�EDU�LV�VXEMHFWHG�RQO\ �WR�FRPSUHVVLYH��RU�H[ WHQVLYH��IRUFHV��
�
�

�
ˆŠ‰ ‹�Œ�•�ŽŠº…¼x’)“IŽ4™_••˜ —$œ Ž••4¤$Ž4ŽŠ™¦ž�³IŽ�˜x³$Ž Ÿx‰ ¤IŽ4³�½=”�•¶—x•�œ ¤xŽ�•�¾"¢�ˆ"¿+©

� �� �� �� � . QHH�P RGHO�E\ �SDUWQHUV�IURP �0 DULERU�

�
7KH�NQHH�PRGHO�GHILQHG�E\ �SDUWQHUV�IURP�0 DULERU�LV�KHDYLO\ �EDVHG�RQ�WKH�WHPSODWH�NQHH�PRGHO�GHILQHG�E\ �
SDUWQHU�8 6) ' ��7KHUH�ZDV�MXVW�IHZ�SDUWV�FKDQJHG��) LJXUH�� � ��D��GHSLFWV�D�NQHH�PRGHO�GHILQHG�E\ �SDUWQHUV�
IURP�0 DULERU��$ OO�WKH�PDLQ�SDUWV�RI�WKH�NQHH�MRLQW�DUH�VWLOO�YLVLEOH��� � �TXDGULFHSV�PXVFOHV�DQG�WHQGRQV��� ��
KDPVWULQJ��� � �SDWHOODU�OLJDPHQW��DQG�� � �ODWHUDO�DQG�PHGLDO�FROODWHUDO�OLJDPHQW��
�
7R�VLPXODWH�D�SDWLHQW�OHJ� IRUFLQJ�RQ�WKH�0 5�H[ HUFLVH�ULJ��D�ZKROH�WKH�OHJ�KDV�KDG�WR�EH�PRGHOOHG��7KH�
PLVVLQJ�SDUW�RI�IHPXU�DQG�WLELD�ZDV�PRGHOOHG�E\ �� �EDUV��� �EDUV�IRU�WKH�IHPXU�DQG�WLELD��7KHVH�� �EDUV�IRU�WKH�
IHPXU�DQG�WLELD�PHHW�LQ�RQH�QRGH��7KLV�QRGH�HQDEOHV�URWDWLRQ�RI�ERWK�ERQHV�LQ�HYHU\ �GLUHFWLRQ��( DFK�ERQH�
ZDV�PRGHOOHG�E\ �� �EDUV��EHFDXVH�ORZHU�QXPEHU�RI�EDUV�UHVXOWHG�LQ�XQSUHGLFWHG�PRYHPHQW�DQG�URWDWLRQ��

c �
d �

d �

e �f �
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�
7KH�PRGHO�RI�WKH�0 5 �H[ HUFLVH�ULJ��VHH�) LJXUH�� � ��E�� �LV�FRQQHFWHG�WR�WKH�QRGH��ZKHUH�WKH�EDUV�UHSUHVHQWLQJ�
WKH�WLELD�PHHW��
�
$ V�LW�KDV�EHHQ�DOUHDG\ �PHQWLRQHG��DOO�WKH�RSHUDWLRQV�QHHGHG�WR�UXQ�D�VLPXODWLRQ�DUH�FRQWDLQHG�LQ�WKH�WZR�
LQFOXGHG� ILOHV�� 3DP� * HQHULV� DSSOLHV� SDUDPHWHUV� WR� QRGHV� ZKLFK� DUH� LGHQWLILHG� E\ � XQLTXH� QXPEHUV��
8 QIRUWXQDWHO\ �� WKHVH� LGHQWLILFDWLRQ� QXPEHUV� DUH� DOWHUHG� IURP� RQH� SDWLHQW� WR� DQRWKHU�� 7KHUHIRUH�� WKHVH�
QXPEHUV� PXVW� EH� FRUUHFWHG� PDQXDOO\ � GLUHFWO\ � LQ� WKH� ILOH� IRU� HDFK� SDWLHQW� WR� DSSO\ � DSSURSULDWH� VHWWLQJV��
3RWHQWLDO� HUURUV� SUHVHQW� SRLQWV� RI� IDVWHQHU� RI� WKH� WKUHH� EDUV� IRU� WKH� IHPXU� RU� WLELD�� ZKLFK� FDQ� EH� OLQNHG�
HOVHZKHUH��%RXQGDU\ � FRQGLWLRQV�RI� WKH� IDVWHQHU�SRLQWV� IRU� WKH� KDPVWULQJ�DQG�TXDGULFHSV� WHQGRQV� FDQ�EH�
PLVDSSOLHG�WR�RWKHUV�QRGHV��DQG�ULJLG�ERG\ �QRGHV�SDUW�LQ�WKH�PHQLVFL�FDQ�KDYH�D�ZURQJ�SODFH�WRR��
�

�

�
�
�

�
�

À Á�Â À ÃIÂ
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�

� �� �� � 6LP XODWLRQ�
�
3DWLHQW�VSHFLILF�NQHH�PRGHO�LV�VLPXODWHG�ZLWK�WKH�3$ 0 �6DIH�SURJUDP��ZKLFK�LV�EDVHG�RQ�WKH�WKHRU\ �RI�ILQLWH�
VWDWH�HOHPHQWV��,I�WKH�PRGHO�LV�FRUUHFW��WKLV�WDVN�QHHGV�QR�PDQXDO�LQWHUDFWLRQ���
�

� �� �� � 3UHVHQWDWLRQ�
�
5HVXOWV� RI� WKH� VLPXODWLRQ� ��' 6< � DQG� �7+3� ILOHV�� FDQ� EH� REVHUYHG� E\ � WKH� 3$ 0 �9 LHZ� SURJUDP�� ) RRW�
WUDQVODWLRQ�LQ�WKH�\ �GLUHFWLRQ�DQG�D�IOH[ LRQ�RI�WKH�NQHH�FDQ�EH�VHHQ�GXULQJ�WKH�VLPXODWLRQ��$ OVR�D�UHODWLYH�
URWDWLRQ�EHWZHHQ�ERQH�IHPXU�DQG�WLELD�FDQ�EH�HDVLO\ �REVHUYHG��7KH�SDWHOOD�VOLSV�RQ�WKH�IHPXU�DQG�FRPHV�LQ�
IURQW�RI�LW�DV�H[ SHFWHG��
�

� �� � 5 HVXOWV�
�
,Q�WKH�VHTXHO�WKH�6LP%LR�HQYLURQPHQW�ILQDO�UHVXOWV�ZLOO�EH�SUHVHQWHG��7KH�ILQDO�6LP%LR�UHVXOWV�DUH�DFWXDOO\ �
VLPXODWHG� NQHH� NLQHPDWLFV� LQ� WKH� 3$ 0 �6XLWH�� ,Q� $ SSHQGL[ � � � �� � DOO� VWHSV� DSSOLHG� LQ� WKH� 3$ 0 � * HQHULV�
PRGHOOLQJ�SURFHGXUH�WR�REWDLQ�VXFK�VLPXODWLRQ�UHVXOWV�DUH�SUHVHQWHG��0 HGLFDO�SRLQW�RI�YLHZ�RI�SK\ VLRORJLFDO�
�QDWXUDO��NQHH�NLQHPDWLFV�REWDLQHG�E\ �3$ 0 �HQYLURQPHQW�ZLOO�EH�JLYHQ��7KH�PDLQ�JRDO�RI�YHULILFDWLRQ�LV�D�
GHVFULSWLYH�DVVHVVPHQW�RI�TXDOLW\ �RI�NQHH�NLQHPDWLFV���
�
. QHH�NLQHPDWLFV�FRXOG�EH�DVVHVVHG��LI�ZH�REVHUYH��

�� DPRXQW�DQG�PDQQHU�RI�NQHH�PRYHPHQW�LQ�WKH�DQDWRPLFDO�SODQHV��VHH�6XEVHFWLRQ�� �� ���
� � UHODWLRQVKLS�DQG�FKDQJHV�RI�DUWLFXODWLQJ�ERGLHV��

�

�

f �

c �
d �

e �
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$ OVR�H[ WUD�H[ SHULPHQW�DW�WKH�SDWLHQW�PRGHOOLQJ�ZDV�GRQH�ZLWK�LQWHQWLRQ�WR�VHH�KRZ�WKH�6LP%LR�HQYLURQPHQW�
ZLOO� UHVSRQG�� . QHH� NLQHPDWLFV� EHIRUH� DQG� DIWHU� WKH� VXUJLFDO� WUHDWPHQW� RQ� D� SDWLHQW� ZLWK� VLJQLILFDQW�
IXQFWLRQDOO\ �NQHH�GLVWXUEDQFH�ZDV�VLPXODWHG��L�H��SDWLHQW�%���7KLV�SDWLHQW�KDV�D�SDUWLDO�$ &/ �UXSWXUH��7KH�
FRUUHFWQHVV� RI� PRYHPHQW� ZDV� HVWLPDWHG� EDVHG� RQ� WKH� SVHXGR�G\ QDPLF� 0 5 � LPDJHV� DFTXLUHG� DW� VOLJKWO\ �
ORDGHG�NQHH��7KLV�JDYH�DQ�YLVXDO�LQIRUPDWLRQ�RI�IXQFWLRQDO�XQVWDEOH�NQHH��7KLV�DGGLWLRQ�LQIRUPDWLRQ�LV�YHU\ �
LPSRUWDQW��EHFDXVH�RUGLQDU\ �VWDWLF�0 5�LPDJHV�GR�QRW�FRQWDLQ�VXFK�LQIRUPDWLRQ��
�

� �� �� � 5 HODWLRQVKLS�DQG�FKDQJHV�RI�DUWLFXODWLQJ�ERGLHV�
�
7KH� UHODWLRQVKLS� DQG� FKDQJHV� RI� DUWLFXODWLQJ� ERGLHV� FRYHUV� WKH� FRUUHFWQHVV� RI� SRVLWLRQ� RI� DQDWRPLFDO�
VWUXFWXUHV�DQG�WKHLU�GHIRUPDWLRQV��7KH�ILQDO�DVVHVVPHQW�ZDV�PDGH�VROHO\ �XSRQ�WKH�YLVXDO�LQIRUPDWLRQ��,Q�WKH�
VHTXHO�D�W\ SLFDO�3$ 0 �VLPXODWLRQ�UHVXOW�ZLOO�EH�GHVFULEHG�DQG�DVVHVVHG�� ) LJXUH� � � �H[ SODLQV�WKH�DUWLFXODU�
VWUXFWXUH�GHIRUPDWLRQV�DFFRUGLQJ�WR�GLIIHUHQW�NQHH�SRVLWLRQV� IRU�SDWLHQW�+ ��7KLV�SDWLHQW�KDV�QR�PHQLVFXV�
SDWKRORJ\ �DQG�DOVR�$ &/ �EDUV�ZHUH�SUHVHUYHG��
�
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�
7KH� EHJLQQLQJ� RI� WKH� VLPXODWLRQ� F\ FOH� �VHH� ) LJXUH� � � � �D�� � SRLQWV� RXW� WKDW� UHODWLRQV� LQ� IHPRUR�WLELDO�
DUWLFXODWLRQ� DQG� LQ� WKH� SDWHOOR�IHPRUDO� SDUW� DUH� DQDWRPLFDOO\ � FRUUHFW� DQG� QR� GHIRUPDWLRQ� RI� PDMRU�
LQWUDDUWLFXODU�VWUXFWXUHV�LV�YLVLEOH��( VSHFLDOO\ ��D�VKDSH�DQG�SRVLWLRQ�RI�PHQLVFL�LV�YHU\ �FOHDU�DQG�QR�PHQLVFXV�
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VXUIDFH� GHIRUPDWLRQV� ZHUH� YLVLEOH� DW� VLPXODWLRQ� EHJLQQLQJ�� &RQILJXUDWLRQ� RI� FDUWLODJH� LV� TXLWH� FOHDU��
DOWKRXJK�LWV�ERXQGDU\ �LV�LQ�WKH�XSSHU�DQWHULRU�SDUW�RI�IHPRUDO�FRQG\ O�VOLJKW�WRRWKHG��
�
,Q� WKH� PLGGOH� VLPXODWLRQ� SDUW� �VHH� ) LJXUH� � � � �E�� �� WKH� UHODWLRQ� LQ� IHPRUR�WLELDO� DUWLFXODWLRQ� LV� VWLOO�
DQDWRPLFDOO\ � FRUUHFW� DQG� DOVR� WKH� GLVWDO� VKLIW� RI� WKH� SDWHOOD� GXH� WR� NQHH� IOH[ LRQ� LV� JRRG� YLVLEOH�� VR� WKH�
NLQHPDWLFV�SURSRUWLRQV�DUH�ZHOO�SUHVHQWHG��3DUWLFXODU�GHIRUPDWLRQV�RI�LQWUDDUWLFXODU�VWUXFWXUHV�FDQ�QRW�EH�
VHHQ�� VR�ZH� FDQ� LPDJLQH� WKDW� LQ� FDVH� RI� SDWKRORJLFDO� GLVWXUEDQFHV�E\ � D� SDWLHQW�� WKHVH� FKDQJHV� FRXOG�EH�
SUHVHQWHG�SURSHUO\ ��
�
$ W�WKH�HQG�RI�WKH�NQHH�NLQHPDWLFV�VLPXODWLRQ��VHH�) LJXUH�� � ��F�� ��D�SRVLWLRQ�RI�IHPXU�WRZDUG�WKH�WLELD�KDV�
VOLJKW� GRUVDO� VOLS�� ZKDW� LV�LQ� WKLV� H[ WUHPH� SRVLWLRQ�TXLWH� QRUPDO��EXW� WKHUH� DUH� VRPH� GLVWXUEDQFHV�RI� WKH�
SDWHOOD�SRVLWLRQ��ZKLFK�KDV�D�VOLJKW�DQWHULRU�WLOW�DW�WKH�DSH[ ��7KLV�FRXOG�SRVVLEO\ �FDXVH�VRPH�GLVWXUEDQFHV�LQ�
WKH�SDWHOOD�NLQHPDWLFV�E\ �H[ WUHPH� IOH[ LRQ��VR�WKH�HVWLPDWLRQ�RI�SDWHOOD�JOLGLQJ�LQ�WKLV�SRVLWLRQ�KDV�VRPH�
OLPLWDWLRQ��
�
,Q� JHQHUDO�� WKH� DUWLFXODU� SURSRUWLRQV� LQ� WKH� VLPXODWHG� NQHH� MRLQW� E\ � XVLQJ� WKH� 6LP%LR� HQYLURQPHQW� �L�H��
3$ 0 �6XLWH�WRROV��DUH�YHU\ �FOHDU��1 R�REYLRXV�DQG�XQSK\ VLRORJLFDO�VWUXFWXUH�GHIRUPDWLRQV�LQ�WKH�6LP%LR�
NQHH�VLPXODWLRQ�UHVXOWV��ZLWK�H[ FHSWLRQ�RI�VOLJKW�SDWHOOD�JOLGLQJ�GLVWXUEDQFHV�ZHUH�QRWLFHG��

� �� �� � ( [ SHULP HQW�UHJDUGLQJ�SDUWLDO�$&/ �UXSWXUH�
�
( [ WUD� H[ SHULPHQW� ZDV� GRQH� RQ� D�SDWLHQW� ZLWK� FOLQLFDO� GLVWXUEDQFH� �L�H��SDWLHQW�%��� EXW� IXQFWLRQDO�ERUGHU�
G\ VIXQFWLRQ� RI� WKH� NQHH� MRLQW� ZLWK� VRPH� DQWHULRU� NQHH� LQVWDELOLW\ � GXH� WR� SDUWLDO� FUXFLDO� OLJDPHQW� �$ &/ ��
UXSWXUH��7KH�3$ 0 �* HQHULV�PRGHOOLQJ�SURFHGXUH�ZDV�VOLJKWO\ �PRGLILHG�LQ�RUGHU�WR�LPLWDWH�D�UHDO�VLWXDWLRQ��
9 LUWXDO�UHVHFWLRQ�RI�WKH�$ &/ �OHG�WR�D�VLJQLILFDQW�DQWHULRU�IHPRUDO�WUDQVODWLRQ��ZKLFK�ZDV�DOVR�SUHVHQWHG�DQG�
ZHOO�YLVLEOH�LQ�WKH�3$ 0 �VLPXODWLRQ�UHVXOWV��) LJXUH�� � �GHSLFWV�WKH�PRVW�LPSRUWDQW�VQDSVKRWV�IURP�WKH�3DP�
6DIH� VLPXODWLRQ� UHVXOWV� RQ� SDWLHQW� %�� 7KH� ILQDO� YLVXDO� DVVHVVPHQW� RI� NQHH� NLQHPDWLFV� FRUUHFWQHVV� ZDV�
VXSSRUWHG�E\ �SVHXGR�G\ QDPLF�0 5 �NQHH�LPDJLQJ�PDWHULDO��NQHH�ZDV�XQGHU�ORDG���$ �UHDO�NQHH�NLQHPDWLFV�
EHIRUH� DQG� DIWHU� WKH� VXUJLFDO� WUHDWPHQW� �L�H�� $ &/ � UHFRQVWUXFWLRQ�� ZDV� SUHVHQWHG� LQ� WKH� SVHXGR�G\ QDPLF�
LPDJHV��WKH�VDPH�SKHQRPHQRQ�ZDV�DOVR�QRWHG�LQ�WKH�ILQDO�6LP%LR�HQYLURQPHQW�UHVXOWV�IRU�WKH�SDWLHQW�%���
�
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�
�
2 EWDLQHG�VLPXODWLRQ�UHVXOWV�WKXV�YHULILHG�WKDW�D�UHVSRQVH�RI�WKH�6LP%LR�HQYLURQPHQW�DIWHU�$ &/ �EDU�UHPRYDO�
ZDV�VDWLVI\ LQJ��
�

� �� � ' \ QDP LF�LP DJH�UHJLVWUDWLRQ�
�
3VHXGR�G\ QDPLF�ORZ�UHVROXWLRQ�0 5�LPDJHV�RI�WKH�NQHH�ZKLOH�XQGHUJRLQJ�OLJKW�H[ HUFLVH�ZHUH�DFTXLUHG�IRU�
SXUSRVH� RI� YDOLGDWLQJ� WKH� NLQHPDWLFV� EHKDYLRXU� RI� WKH� ILQLWH� HOHPHQW� PRGHOV� RI� WKH� NQHH�� ) RU� SVHXGR�
G\ QDPLF�LQ�YLYR�0 5 �LPDJLQJ�D�0 5 �FRPSOLDQW�H[ HUFLVH�ULJ�LV�UHTXLUHG��7KLV�ULJ�HQDEOHV�IOH[ LRQ��H[ WHQVLRQ��
RI� OLJKWO\ � ORDGHG� SDWLHQW� NQHH�� 6HH� 6XEVHFWLRQ� � �� � IRU� GHWDLOV� DERXW� SVHXGR�G\ QDPLF� LPDJLQJ�� ' \ QDPLF�
LPDJH�UHJLVWUDWLRQ�SURFHGXUH�LV�DFWXDOO\ �D�YDOLGDWLRQ�WRRO�IRU�WKH�3$ 0 �6DIH�VLPXODWLRQ�UHVXOWV�RQ�WKH�SDWLHQW�
VSHFLILF�� ' �ILQH�HOHPHQW�NQHH�PRGHO��
�
,Q�WKH�YDOLGDWLRQ�SURFHGXUH�ZH�IRFXVHG�MXVW�RQ�WKH�NLQHPDWLFV�EHKDYLRXU�RI�WKH�ERQH�WLELD�DQG�IHPXU��7KH�
( XOHU�URWDWLRQ�DQJOHV�IRU�WKH�WLELD�ZLWK�UHVSHFW�WR�WKH�IHPXU�ZHUH�REVHUYHG��) LUVW��WKHVH�URWDWLRQ�DQJOHV�ZHUH�
FDOFXODWHG�XVLQJ�WKH�G\ QDPLF�SDWLHQW�GDWD�REWDLQHG�E\ �SVHXGR�G\ QDPLF�0 5 �LPDJLQJ��$ IWHUZDUGV��WKH�VDPH�
DQJOHV� ZHUH� FDOFXODWHG� IURP� WKH� VLPXODWLRQ� UHVXOWV� REWDLQHG� E\ � 3$ 0 � 6DIH� VLPXODWLRQ�� %RWK� FDOFXODWHG�
DQJOHV�ZHUH�FRPSDUHG�DQG�WKH�GLIIHUHQFH�ZDV�FDOFXODWHG��6PDOO�GLIIHUHQFH�LQGLFDWHV�D�JRRG�PRGHOOLQJ�RI�
WKH�SDWLHQW�VSHFLILF�NQHH�PHVK��
�

� �� �� � ( XOHU�URWDWLRQ�DQJOHV�DQG�G\ QDP LF�SDWLHQW�GDWD��G\ QDP LF�UHJLVWUDWLRQ��
�
3VHXGR�G\ QDPLF�0 5�LPDJLQJ��ZKHUH�D�SDWLHQW�NQHH�XQGHUJRHV�OLJKW�H[ HUFLVH��ZDV�SULPDU\ �GHVLJQHG�IRU�D�
YDOLGDWLRQ�RI�NQHH�NLQHPDWLFV�UHVXOWV�REWDLQHG�IURP�3$ 0 �6DIH�VLPXODWLRQ�RI�SDWLHQW�NQHH�PRGHO��,Q�RSWLPDO�
FRQGLWLRQV��D�NQHH�IOH[ LRQ�RI�ZDONLQJ�SDWLHQW�VKRXOG�EH�DFTXLUHG�in a so called ªopenedº MR scanner. 6XFK�
FRPSDULVRQ�RI�VLPXODWHG�NQHH�IOH[ LRQ�REWDLQHG�E\ �WKH�3$ 0 �6XLWH�WRROV�ZLWK�LQ�YLYR�DFTXLUHG�NQHH�IOH[ LRQ�
in ªopenedº MR scanner ZRXOG�EH�WKH�PRVW�DXWKRULWDWLYH� However, such ªopenedº 0 5 �VFDQQHUV�DUH�YHU\ �
UDUH�DQG�KDYH�DOVR�SUREOHPV�ZLWK�D�ERUH�GLPHQVLRQ��7KXV��WKH�SVHXGR�G\ QDPLF�0 5 �LPDJLQJ�LV�WKH�VHFRQG�
EHVW�SRVVLELOLW\ ��
�
$ W�G\ QDPLF�0 5�LPDJLQJ�WKH�SDWLHQW�NQHH�ZDV�DFTXLUHG�LQ�VHYHUDO�IOH[ LRQ�SRVLWLRQV��XVXDOO\ �DW�� �SRVLWLRQV��
IRU�VRPH�SDWLHQWV�ZLWK�VSHFLILF�NQHH�GLPHQVLRQV�MXVW�DW�� �SRVLWLRQV���$ W�HDFK�IOH[ LRQ�SRVLWLRQ�WKUHH�( XOHU�
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URWDWLRQ�DQJOHV� IRU�ERQH�WLELD�ZLWK�UHVSHFW�WR�ERQH�IHPXU�ZHUH�FDOFXODWHG��7KHVH�DQJOHV�ZHUH�QRUPDOL] HG�
ZLWK�UHVSHFW�WR�WKH�VWDWLF�ERQH�IHPXU��
�
7KH� PDLQ� LGHD� RI� G\ QDPLF� UHJLVWUDWLRQ±DV� WKLV� SURFHVV� LV� XVXDOO\ � FDOOHG±LV� WR� UHJLVWHU� D� ELQDU\ � YROXPH�
FRQVWUXFWHG�IURP�G\ QDPLF�0 5�GDWD�DW�SDUWLFXODU�NQHH�IOH[ LRQ�WR�D�VWDWLF�0 5�ELQDU\ �YROXPH�IRU�SDUWLFXODU�
ERQH�� 7KLV� UHJLVWUDWLRQ� LV� GRQH� IRU� ERWK� ERQHV�� L�H�� IHPXU� DQG� WLELD�� ' \ QDPLF� UHJLVWUDWLRQ� UHWXUQV� DIILQH�
PDWUL[ � IRU� HDFK� ERQH�� ) URP� DIILQH� PDWULFHV� WKH� ( XOHU� DQJOHV� DUH� FDOFXODWHG�� 2 QFH� WKHVH� DQJOHV� DUH�
FDOFXODWHG�� WKH\ � FDQ� EH� SORWWHG� ZLWK� UHVSHFW� WR� WKH� LQLWLDO� VWDWLF� NQHH� RULHQWDWLRQ� RU� FRPSDUHG� WR� DQJOHV�
REWDLQHG�IURP�WKH�3$ 0 �6DIH�VLPXODWLRQ��
�
( QWLUH�SURWRFRO�IRU�G\ QDPLF�0 5�LPDJH�UHJLVWUDWLRQ�ZLWK�DOO�GHWDLOV�LV�GHVFULEHG�LQ�$ SSHQGL[ �� � �� ��
�

� �� �� � ( XOHU�URWDWLRQ�DQJOHV�DQG�3$0 �6DIH�VLP XODWLRQ�UHVXOWV�
�
7KUHH�( XOHU�URWDWLRQ�DQJOHV�IRU�ERQH�WLELD�ZLWK�UHVSHFW�WR�ERQH�IHPXU�FDQ�DOVR�EH�FDOFXODWHG�IURP�WKH�3$0 �
6DIH�VLPXODWLRQ�UHVXOWV��,Q�WKH�VHTXHO�WKLV�SURFHGXUH�LV�GHVFULEHG��6LPXOWDQHRXVO\ �ZLWK�SDWLHQW�NQHH�PHVK�
PRGHOOLQJ�LQ�WKH�3$ 0 �* HQHULV��� � �QRGHV��SRLQWV��IRU�HDFK�ERQH��IHPXU�DQG�WLELD��ZHUH�PDUNHG�IRU�WUDFLQJ�
WKURXJK�VLPXODWLRQ��7KXV��ZKHQ�WKH�SDWLHQW�) ( �NQHH�PRGHO�LV�VLPXODWHG�E\ �XVLQJ�3$ 0 �6DIH�MRLQWO\ �ZLWK�
JHQHUDO�UHVXOWV�DOVR�SRVLWLRQV�RI�WKHVH�� � �QRGHV�DUH�VWRUHG�LQ�D�VSHFLDO�WH[ W�ILOH���2 8 738 7�ILOH���2 QH�HQWU\ �LV�
ZULWWHQ�� � � �QRGHV��IRU�HDFK�VLPXODWLRQ�F\ FOH�LQ�WKLV�RXWSXW�ILOH��7KHUH�ZDV�� � � �F\ FOHV�DW�WKH�W\ SLFDO�3$0 �
6DIH�VLPXODWLRQ��7KLV�ILOH�ZDV�DIWHUZDUGV�LPSRUWHG�LQWR�WKH�0 DWODE�HQYLURQPHQW��VSHFLDO�LPSRUW�URXWLQH�ZDV�
GHYHORSHG�IRU�WKLV�WDVN���$ �� ' �PDWUL[ �RI�� � [ � [ � � � �HOHPHQWV�ZDV�REWDLQHG�IRU�HDFK�ERQH��7KHVH�PDWULFHV�
SUHVHQW�LQSXW� IRU�FDOFXODWLRQ�RI�DIILQH�PDWULFHV�� ) RU�L�WK�F\ FOH�D� IROORZLQJ� � [ � � �PDWUL[ �ZDV�FRQVWUXFWHG�
IURP�WKH�� ' �PDWUL[ ��
�
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ZKHUH�WULSOHW��[ Ö × Ø ��\ Ö × Ø ��] Ö × Ø � �SUHVHQW�FRRUGLQDWH�IRU�M�WK�QRGH�LQ�L�WK�F\ FOH��7KHQ��WKH�IROORZLQJ�SUHGHWHUPLQHG�
OLQHDU�HTXDWLRQ�V\ VWHP�PXVW�EH�VROYHG��
�

0;$; ÙÙ = ��

�
ZKHUH�; Ú �GHQRWHV�D�PDWUL[ �ZLWK�WKH�LQLWLDO�ERQH�SRVLWLRQ� �DW�F\ FOH�� � �� ; Û �GHQRWHV�D�PDWUL[ �ZLWK�WKH�ERQH�
SRVLWLRQ� DW� F\ FOH� L�� DQG� $ Û � GHQRWHV� DQ� DIILQH� PDWUL[ � LQ� F\ FOH� L�� 7KLV� HTXDWLRQ� DFWXDOO\ � GHWHUPLQHV� D�
PDJQLWXGH�RI�URWDWLRQ�IRU�SDUWLFXODU�ERQH�ZLWK�UHVSHFW�WR�WKH�LQLWLDO�ERQH�SRVLWLRQ��,Q�RXU�FDVH��WKH�0 DWODE�
HQYLURQPHQW�ZDV�XVHG�WR�VROYH�WKLV�OLQHDU�V\ VWHP��$ IWHU�FDOFXODWLQJ�DIILQH�PDWULFHV�IRU�DOO�F\ FOHV�IRU�ERWK�
ERQHV��WKH�QHZ�DIILQH�PDWUL[ �RI�WLELDO�IOH[ LRQ�SRVLWLRQ�ZLWK�UHVSHFW�WR�IHPXU�ZDV�FDOFXODWHG�LQ�HDFK�F\ FOH�DV�
IROORZV��
�

ÜÜÜ )7D 1-= ��

�
ZKHUH�7 Û �DQG�) Û GHQRWHV�DIILQH�PDWUL[ �LQ�L�WK�F\ FOH�IRU�ERQH�WLELD�DQG�IHPXU��UHVSHFWLYHO\ ��7KLV�DIILQH�PDWUL[ �
LV� WKH� GHFRPSRVHG� LQWR� LWV� VHSDUDWH� ( XOHU� URWDWLRQ� FRPSRQHQWV�� 7KH� VDPH� IXQFWLRQ� FDOFBDQJOHV� DV� DW�
G\ QDPLF�LPDJH�UHJLVWUDWLRQ�SURWRFRO��VHH�$ SSHQGL[ �� � �� � IRU�GHWDLOV��ZDV�DSSOLHG��,W�VKRXOG�EH�QRWHG�WKDW�
EHIRUH�WKH�FDOFBDQJOHV�IXQFWLRQ�ZDV�DSSOLHG��WKH�DIILQH�PDWUL[ �DÛ �ZDV�ILUVW�URWDWHG�IRU�� � � Ý ��
�

� �� �� � 4 XDQWLWDWLYH�YDOLGDWLRQ�RI�WKH�6LP %LR�HQYLURQP HQW�VLP XODWLRQ�UHVXOWV�
�
,Q� WKLV� VXEVHFWLRQ� VRPH�G\ QDPLF�LPDJH�UHJLVWUDWLRQ�UHVXOWV� ZLOO� EH�SUHVHQWHG�� ) LJXUH� � � � DQG� ) LJXUH� � � �
GHSLFW�WKH�&DOFXODWHG�( XOHU�URWDWLRQ�DQJOHV�IRU�WKH�SDWLHQW�$ �DQG�+ ��UHVSHFWLYHO\ ��7KH�3$ 0 �6DIH�VLPXODWLRQ�
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UHVXOWV�DQG�SURFHGXUH�GHVFULEHG�LQ�WKH�6XEVHFWLRQ�� �� �� �ZHUH�XVHG�LQ�WKLV�FDOFXODWLRQ�SURFHVV��( DFK�JUDSK�
GHSLFWV�VSHFLILF�( XOHU�URWDWLRQ�DQJOH�LQ�GHJUHHV��SORWWHG�RQ�< �D[ LV��DJDLQVW�VLPXODWLRQ�F\ FOH��SORWWHG�RQ�; �
D[ LV���6LPXODWLRQ�F\ FOH�FRXOG�EH�DOVR�LQWHUSUHWHG�DV�WLPH��7KH�WKUHH�JUDSKV�DUH�GHSLFWHG�IRU�HDFK�SDWLHQW��D��
URWDWLRQ�DURXQG�; �D[ LV��L�H��YDUXV�YDOJXV���E��URWDWLRQ�DURXQG�< �D[ LV��L�H��LQWHUQDO�H[ WHUQDO�URWDWLRQ���DQG�F��
URWDWLRQ�DURXQG�=�D[ LV��L�H��IOH[ LRQ�H[ WHQVLRQ���
�

�
ÀÊÁ�Â

�
À Ã$Â

�
À Ë�Â

ˆŠ‰ ‹�Œ�•�Ž•ºIÞ$’"Ð)—…˜ –�Œx˜ —…œ Ž4³ŠÒŠŒx˜ Ž�•¶•�žIœ —…œ ‰ žx¤š—x¤�‹@˜ Ž�›�Ÿ�•�ž�™ßœ ¡IŽ´²"µ´«à¢$— Ÿ�Ž�›�‰ ™šŒI˜ —…œ ‰ ž�¤š•�Ž�›�Œ�˜ œ ›�Ÿxž�•�œ ¡IŽ…• —$œ ‰ Ž�¤…œ�µ ’…—=¨¯•�ž$œ —…œ ‰ žx¤š—�•�žIŒ�¤x³ á

—4É�‰ ›�È…½ ¨¦•�ž$œ —$œ ‰ ž�¤�—x•�ž$Œ�¤x³¹â —4É�‰ ›�È$– ¨¯•�ž$œ —…œ ‰ ž�¤�—�•�žIŒ�¤I³ ã&—�É_‰ ›�©
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�
7KH�VDPH�( XOHU�URWDWLRQ�DQJOHV�ZHUH�WULHG�WR�EH�FDOFXODWHG�DOVR�E\ �XVLQJ�WKH�G\ QDPLF�UHJLVWUDWLRQ�SURFHGXUH�
DQG�SVHXGR�G\ QDPLF�SDWLHQW�GDWD��VHH�6XEVHFWLRQ� � �� �� � ��+RZHYHU��QR�PHDQLQJIXO�UHVXOWV�ZHUH�REWDLQHG��
7KHUHIRUH�� D� TXDOLW\ � RI� WKH� UHJLVWUDWLRQ� UHVXOWV� ZHUH� LQVSHFWHG� YLVXDOO\ � E\ � LVRVXUIDFLQJ� WKH� VWDWLF� DQG�
G\ QDPLF� YROXPHV� IRU� SDUWLFXODU� SRVLWLRQ� DQG� RYHUOD\ LQJ� WKHP�� ) LJXUH� � � � DQG� ) LJXUH� � � � GHSLFW� VXFK�
G\ QDPLF�UHJLVWUDWLRQ�UHVXOW�IRU�SDWLHQWV�$ �DQG�+ ��7KH�ILUVW�IOH[ LRQ�NQHH�SRVLWLRQ��NQHH�IOH[ LRQ�DURXQG�� � Ý � �
ZDV� G\ QDPLF� UHJLVWHUHG� IRU� ERQHV� IHPXU� DQG� WLELD�� 9 LVXDO� LQVSHFWLRQ� SRLQWHG� RXW� WKDW� WKH� G\ QDPLF�
UHJLVWUDWLRQ�RI�G\ QDPLF�ELQDU\ �YROXPH�WR�WKH�VWDWLF�ELQDU\ �YROXPH�IRU�SDUWLFXODU�ERQH��ZDV�QRW�SHUIRUPHG�
ZHOO��2 Q�ERWK�ILJXUHV�WKHUH�FDQ�EH�VHHQ�WKDW�VSDUVH�G\ QDPLF�VOLFHV��GHSLFWHG�LQ�OLJKW�JUHHQ��DUH�QRW�FRUUHFWO\ �
UHJLVWHUHG�WR�VWDWLF�YROXPH��GHSLFWHG�LQ�GDUN�JUHHQ���7KHUH�FDQ�EH�VHYHUDO�UHDVRQV�WKDW�G\ QDPLF�UHJLVWUDWLRQ�
SHUIRUPV� YHU\ � SRRU�� D�� UHVROXWLRQ� PLVPDWFK� RI� VWDWLF� DQG� SVHXGR�G\ QDPLF� SDWLHQW� GDWD� �LQFRUUHFW� YR[ HO�
GLPHQVLRQ���E��LQDSSURSULDWH�GLVWRUWLRQ�FRUUHFWLRQ�DSSOLHG�RQ�0 5�VFDQQHU��F��VOLJKW�PRWLRQ�RI�WKH�SDWLHQW�
NQHH�GXULQJ�SVHXGR�G\ QDPLF�LPDJLQJ��G��WUDQVODWLRQ�RI�0 5�VFDQQHU�) 2 9 �GXULQJ�SVHXGR�G\ QDPLF�LPDJLQJ��
DQG�H��HUURU�LQ�WKH�G\ QDPLF�UHJLVWUDWLRQ�SURFHGXUH��' XH�WR�WKH�ODFN�RI�WLPH�ZH�ZHUH�QRW�LQ�WKH�SRVLWLRQ�WR�
VSHFLI\ ��ZKHUH�IURP�FDPH�WKLV�HUURU�LQWR�UHVXOWV��( VSHFLDOO\ �FDUHIXOO\ �WKH�UHVROXWLRQ�PLVPDWFK�ZDV�FKHFNHG���
�
�
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�
�
7KH�( XOHU�URWDWLRQ�DQJOHV�FRXOG�QRW�EH�FDOFXODWHG�XVLQJ�WKH�G\ QDPLF�UHJLVWUDWLRQ�SURFHGXUH��7KHUHIRUH��DOVR�
WKH�GLIIHUHQFH�EHWZHHQ�( XOHU�URWDWLRQ�DQJOHV�IURP�3$ 0 �VLPXODWLRQ�DQG�G\ QDPLF�UHJLVWUDWLRQ�FRXOG�QRW�EH�
HVWLPDWHG�DV�ZDV�LQLWLDOO\ �SODQHG��&RQVHTXHQWO\ ��WKH�ILQDO�6LP%LR�HQYLURQPHQW�UHVXOWV�ZHUH�QRW�YDOLGDWHG�
ZLWK�TXDQWLWDWLYH�PHDVXUHV��+RZHYHU��LW�VKRXOG�DOVR�EH�QRWHG�WKDW�WKH�G\ QDPLF�UHJLVWUDWLRQ�SURFHGXUH�LV�MXVW�
RQH�RI�WKH�6LP%LR�HQYLURQPHQW�YDOLGDWLRQ�WRROV��DQG��WKXV��LW�GRHV�QRW�KDYH�DQ�LPSDFW�RQ�WKH�ILQDO�UHVXOWV��
�
,Q� OLWHUDWXUH� >. : � � �� $ 1 * @� VRPH� GDWD� DERXW� NQHH� NLQHPDWLFV� ZKLFK� YHULILHV� WKH� 6LP%LR� HQYLURQPHQW�
VLPXODWLRQ� UHVXOWV� ZHUH� IRXQG�� $ � JDLW� F\ FOH� LV� DQ� H[ SUHVVLRQ� GHILQLQJ� D� NQHH� PRYHPHQW� E\ � ZDONLQJ��
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$ FTXLULQJ� VXFK� SK\ VLRORJLFDO� F\ FOH� LQ� 0 5� VFDQQHU� LV� QRW� SRVVLEOH�� WKHUHIRUH�� VRPH� RWKHU� VROXWLRQV� DUH�
XVXDOO\ �VRXJKW��H�J��OLNH�SVHXGR�G\ QDPLF�LPDJLQJ�LQ�WKH�6LP%LR�SURMHFW���) LJXUH�� � �GHSLFWV�WKH�JDLW�F\ FOH��
,Q�WKH�ILUVW�SKDVH�RI�LW�DOO�WKH�URWDWLRQ�PRYHV�LQ�WKH�GLUHFWLRQ�RI�LQWHUQDO�URWDWLRQ�XQWLO�D�SHDN�LV�UHDFKHG�DW�
PLGVWDQFH�� ILUVW�� � �� � � �RI�WKH�JDLW�F\ FOH���7KHQ�WKH�URWDWLRQ�EHJLQV�WR�UHYHUVH�WRZDUG�H[ WHUQDO�URWDWLRQ�XQWLO�
SXVK�RII�� ' XULQJ�WKLV�SKDVH��HVSHFLDOO\ �GXULQJ�WKH�YHU\ �ODVW�SDUW�RI�WKH�VWDQFH��WKHUH�LV�PRUH�UDSLG�FKDQJH�
LQWR�H[ WHUQDO�URWDWLRQ��SDUWLFXODUO\ �RI�WKH�WLELD�>. : � � @���
�

�
ˆŠ‰ ‹@Œ�•�ŽŠºI±I’I¬�Ž�˜ —$œ ‰ ¥4Ž••�ž$œ —$œ ‰ žx¤�›�ž Ÿ¦•4¤$Ž4Ž�°�ž…‰ ¤IœI—$œ$œ ¡IŽ¶‹_—$‰ œI–Ê”_–�˜ Ž�©

�
,Q� OLWHUDWXUH� >$ 1 * @�� ZH� DOVR� IRXQG� WKH� IROORZLQJ� JUDSK� IRU� LQWHUQDO�H[ WHUQDO� NQHH� URWDWLRQ� DJDLQVW� NQHH�
IOH[ LRQ�GHSLFWHG�LQ� ) LJXUH� � � . Comparing this graph for curve denoted ªWalkingº to ) LJXUH� � � � �E��DQG�
) LJXUH� � � � �E��D�ELJ�VLPLODULW\ �FDQ�EH�QRWLFHG��&RQVLGHULQJ�WKH�LQQHU�DQG�RXWHU�URWDWLRQ�RI�WKH�NQHH�MRLQW�
GXULQJ�WKH�G\ QDPLF�WHVWV��ZLWK�DULVLQJ�LQWHUQDO�URWDWLRQ�GXH�WR�PRUH�NQHH�IOH[ LRQ�LV�REYLRXV��8 QIRUWXQDWHO\ ��
the ªscrew�home mechanismº of the tibia could not be seen in the SimBio environment simulation. The 
UHDVRQ� IRU� WKLV� LV�� WKDW� WKH� WHPSODWH� NQHH� ZDV� VFDQQHG� DW� VOLJKW� IOH[ LRQ�� VR� WKH� H[ WUHPH� H[ WHUQDO� WLELDO�
URWDWLRQ� E\ � WKH� IXOO� NQHH� H[ WHQVLRQ� LV� PLVVLQJ�� 7R� REWDLQ� VXFK� UHVXOWV� WKH� 3$ 0 � PRGHOLQJ� SURFHGXUH�
SURYLGHG�E\ �WKH�SDUWQHU�8 6) ' �VKRXOG�EH�PRGLILHG�DFFRUGLQJO\ ��+ RZHYHU��WKH�PDWFK�EHWZHHQ�IOH[ LRQ�DQJOHV�
� � Ý � DQG� � � Ý � LQGLFDWHV� WKDW� WKH� ILQDO� 6LP%LR� UHVXOWV� DUH� FRUUHFW�� GHVSLWH� WKH� IDFW� WKDW� WKH\ � FDQ� QRW� EH�
TXDQWLWDWLYH�YDOLGDWHG��
�

�
ˆ¯‰ ‹@Œ�•�ŽŠÞ…»x’�Ô€¤…œ Ž�•�¤x—…˜ ç Ò�É_œ Ž4•€¤I—$˜x•�žIœ —$œ ‰ ž�¤�ž Ÿ¯•4¤$Ž4Ž•—�‹$—_‰ ¤�›4œx•4¤xŽ�Ž�ŸI˜ Ž=É�‰ žx¤I©
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� �� � ' LVFXVVLRQ�
�
,QVSHFWLRQ�RI�3$ 0 �6DIH�VLPXODWLRQ�UHVXOWV�LQ�WKH�3$ 0 �9 LHZ�SRLQWHG�RXW�WKDW�VLPXODWHG�NQHH�NLQHPDWLFV�
DOPRVW� FRPSOHWHO\ � PDWFK� H[ SHFWDWLRQV� RI� FOLQLFLDQV� �DUH� DOPRVW� UHDOLVWLF��� ,Q� JHQHUDO�� WKH� DUWLFXODU�
SURSRUWLRQV� LQ� WKH� VLPXODWHG� NQHH� MRLQW� DUH� YHU\ � FOHDU� DQG� QR� XQK\ VLRORJLFDO� VWUXFWXUH�GHIRUPDWLRQV� DUH�
YLVLEOH��7KHUH�DUH�RQO\ �VRPH�VOLJKW�GLVWXUEDQFHV�RI�WKH�SDWHOOD�JOLGLQJ�DW�WKH�H[ WUHPH�NQHH�IOH[ LRQ��ZKLFK�
PLJKW�FDXVH�VRPH�GLVWXUEDQFHV�LQ�WKH�SDWHOOD�NLQHPDWLFV��6KDSH�DQG�SRVLWLRQ�RI�PHQLVFL�LV�YHU\ �FOHDU�DQG�QR�
PHQLVFXV�VXUIDFH�GHIRUPDWLRQV�DUH�VHHQ�LQ�VLPXODWLRQ�UHVXOWV��7KXV��LQ�FDVH�RI�SDWKRORJLFDO�GLVWXUEDQFHV�E\ �
D�SDWLHQW�WKHVH�FKDQJHV�FRXOG�EH�SUHVHQWHG�SURSHUO\ ��
�
7KH� FOLQLFDO� EHQHILW� RI� WKH� ILQDO� 6LP%LR� HQYLURQPHQW� UHVXOWV� LV� EHWWHU� YLVXDOLVDWLRQ� RI� SDWLHQW� NQHH�
NLQHPDWLFV��) RU�H[ DPSOH�WKH�NQHH�FRXOG�VHHP�DW�ILUVW�VLJKW�DV�FOLQLFDOO\ �DOPRVW�VWDEOH��ZKLOH�WKH�VLPXODWLRQ�
UHVXOWV�FRXOG�YLVXDOL] H�HQRXJK�IXQFWLRQDO�LQVWDELOLW\ ��%DVHG�RQ�WKLV�YLVXDO�DQG�DOVR�QXPHULFDO�LQIRUPDWLRQ�D�
VXUJHRQ� FRXOG� PDGH� EHWWHU� SUHRSHUDWLYH� GHFLVLRQ�� $ FFRUGLQJO\ �� ZLWK� D� YHU\ � FRPPRQ� DQG� FOLQLFDO� EDGO\ �
GHWHUPLQHG� IXQFWLRQDO� VLWXDWLRQ� ZLWK� SDWLHQW� KDYLQJ� SDUWLDO� $ &/ � UXSWXUH� ZDV� H[ SHULPHQWHG�� 7KH� ILQDO�
6LP%LR� UHVXOWV� IRU� WKLV� H[ SHULPHQW� DFWXDOO\ � SRLQWHG� RXW� VXFK� DPRXQW� RI� LQVWDELOLW\ � WKDW� WKH� RSHUDWLYH�
WUHDWPHQW�ZRXOG�EH�QHFHVVDU\ ��
�
7KLV�H[ SHULPHQW�YHULILHG�WKDW�PDQ\ �RWKHU�FOLQLFDO�FDVHV�FRXOG�EH�VLPXODWHG�E\ �WKH�6LP%LR�HQYLURQPHQW��
$ SSURSULDWH�PRGLILFDWLRQ�RI�WKH�3$ 0 �* HQHULV�PRGHOOLQJ�SURFHGXUH�QHHGV�WR�EH�DSSOLHG�WKXV�LQ�VXFK�FDVHV���
+RZHYHU�� WKHVH� PRGLILFDWLRQV� EULQJ� DQRWKHU� SUREOHP� LQWR� WKH� 6LP%LR� HQYLURQPHQW�� QDPHO\ �� KRZ� WR�
YDOLGDWH�YHULI\ � D� FRUUHFWQHVV� RI� REWDLQHG� VLPXODWLRQV�� 7KH� ODWWHU� LV� WKH� PRVW� VLJQLILFDQW� IRU� WKH� FOLQLFDO�
SUDFWLFH��
�
6WDELOLW\ �RI�SDWLHQW�) ( �NQHH�PHVK�XVHG�LQ�WKH�3$ 0 �6XLWH�PRGHOOLQJ�SURFHVV�LV�DOVR�YHU\ �GHSHQGHQW�XSRQ�
WHPSODWH�PHVK�PRUSKLQJ�DQG�LQGLUHFWO\ �RQ�WKH�TXDOLW\ �RI�WKH�LPDJH�UHJLVWUDWLRQ�HQWLUHO\ ��) RU�H[ DPSOH��LI�
WKH� PHGLDO� PHQLVFXV� KDV� EHHQ� GHIRUPHG� FRQVLGHUDEO\ � IRU� SDUWLFXODU� SDWLHQW�� SRVVLEO\ � GXH� WR� DFWXDO�
SDWKRORJ\ � ZLWKLQ� WKH� PHQLVFXV�� WKH� PRUSKLQJ� DOJRULWKP� ZLOO� KDYH� WR� UHGXFH� WKH� HOHPHQW� VL] HV�
PDUNHGO\ �� 7KLV� E\ � DOO�PHDQV� ZLOO�QRW� DLG� VLPXODWLRQ� VWDELOLW\ �� 7KHUHIRUH��LW� LV� SRVVLEOH� WKDW� DQRWKHU�
PDQXDO�LQWHUYHQWLRQ�LQWR�3$ 0 �6XLWH�PRGHOOLQJ�SURFHVV�PD\ �EH�QHFHVVDU\ �IRU�JURVV�NQHH�SDWKRORJLHV��
�

� �� � 3HUIRUP LQJ�3$ 0 �6DIH�VLP XODWLRQ�RQ�UHP RWH�VLWH�
�
7KH�3$ 0 �6DIH�VLPXODWLRQ�WRRN�RQ�RXU�WHVWLQJ�FRPSXWHU�V\ VWHP� �VHH�6XEVHFWLRQ� � �� �� � �DURXQG� � � �WR� � � �
KRXUV��GHSHQGLQJ�RQ�SDWLHQW��PDWHULDO�DQG� IRUFH�LQIRUPDWLRQ�XVHG��7KLV�LV�DFFHSWDEOH� IRU�WKH�WHVWLQJ�DQG�
GHYHORSPHQW�SKDVH��KRZHYHU��IRU�WKH�FOLQLFDO�HQYLURQPHQW�VXFK�ORQJ�SHULRG�LV�QRW�DFFHSWDEOH��$ �UHVSRQVH�
WLPH�VKRXOG�EH�PLQLPDO�LQ�WKH�FOLQLFDO�SUDFWLFH��3DUWQHU�( 6,�GHYHORSHG�DOVR�WKH�FOXVWHU�YHUVLRQ�RI�3$ 0 �6DIH�
VLPXODWLRQ�WRRO��7KH�RYHUDOO�3$ 0 �6DIH�VLPXODWLRQ�WLPH�FDQ�WKHUHIRUH�VLJQLILFDQWO\ �GHFUHDVH�LI�WKH�FOXVWHU�
YHUVLRQ�RI�WKLV�WRRO�LV�XVHG��8 VXDOO\ ��WKH�6LP%LR�HQYLURQPHQW�HQG�XVHU�GRHV�QRW�RZQ�D�KLJK�SHUIRUPDQFH�
FRPSXWLQJ��+3&��V\ VWHP�RU�HYHQ�FOXVWHU��7KXV��WKH�3$ 0 �6DIH�VLPXODWLRQ�LV�LQ�VXFK�VFHQDULR�H[ HFXWHG�RQ�
WKH�UHPRWH�ORFDWLRQ�ZLWK�WKH�KLJK�SHUIRUPDQFH�FRPSXWLQJ�IDFLOLW\ ��
�
6XFK�RSWLRQ�ZDV�DOVR�WHVWHG�LQ�RXU�WHVWLQJ�6LP%LR�HQYLURQPHQW��7KH�UHPRWH�+3&�FRPSXWHU�IDFLOLW\ �ZDV�
SURYLGHG�E\ �WKH�SDUWQHU�1 ( &��7KLV�V\ VWHP�ZDV�DFWXDOO\ �D�FOXVWHU�FRQVLVWLQJ�RI�� � �QRGHV�ZLWK�� �SURFHVVRUV�
HDFK��7KH�IROORZLQJ�SURFHGXUH�ZDV�XVHG�LQ�WKH�VR�FDOOHG�UHPRWH�VFHQDULR�RQ�WKH�1 ( &�FOXVWHU��
�

� �� 0 RGHO�SDWLHQW�NQHH�PHVK�ZLWK�WKH�3$ 0 �* HQHULV�SUH�SURFHVVRU�RQ�WKH�ORFDO�FRPSXWHU��
� �� 2 SHQ�D�FRQQHFWLRQ�WR�UHPRWH�KRVW��XQGHU�2 6�/ LQX[ �XVH�D�FRPPDQG�VVK�WR�FRQQHFW���
� �� 7UDQVIHU�UHTXLUHG�SDWLHQW�NQHH�GDWD���SF�ILOHV��WR�UHPRWH�KRVW��H�J��VFS�FRPPDQG��
� �� &KHFN�FOXVWHU�DYDLODELOLW\ ��H�J��UXQ�SURJUDP�ZDWFK�JULVX��
� �� ' HILQH�QXPEHU�RI�QRGHV�XVHG�IRU�WKH�VLPXODWLRQ��
� �� 3UHSDUH�WKH�FOXVWHU�
� �� 5XQ�WKH�3$ 0 �6DIH�VLPXODWLRQ�
� �� 7UDQVIHU�WKH�3$ 0 �6DIH�VLPXODWLRQ�UHVXOWV�WR�WKH�ORFDO�FRPSXWHU��

�
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7KH�3$ 0 �6DIH�VLPXODWLRQ�IRU�SDWLHQW�+ �WRRN�DURXQG�� � �KRXUV�ZKHQ�H[ HFXWLQJ�ORFDOO\ ��VHH�6XEVHFWLRQ�� �� �� �
IRU�GHVFULSWLRQ�RI�RXU�WHVWLQJ�PDFKLQH���,QWHUYDO�RI�� � � �PV�ZDV�VLPXODWHG�DQG�� � � � �� �QRGH�VROLG�HOHPHQWV��
� � � � � �VKHOO�HOHPHQWV��WKH�PDMRULW\ �RI�ZKLFK�ZHUH�LQFOXGHG�DV�SDUW�RI�D�ULJLG�ERG\ �DQG�WKH�UHPDLQGHU�XVHG�LQ�
WKH�FRQWDFW�LQWHUIDFH�GHILQLWLRQ���DQG�� � � �EDU�EHDP�HOHPHQWV�ZHUH�XVHG�LQ�WKLV�3$ 0 �VLPXODWLRQ��
�
7KH�VDPH�VLPXODWLRQ�ZDV�SHUIRUPHG�DOVR�RQ�WKH�1 ( &�FOXVWHU�E\ �XVLQJ�GLIIHUHQW�QXPEHU�RI�QRGHV��L�H��� �� ��
� �� � ��DQG� � � �QRGHV��� ( DFK�FOXVWHU�QRGH�KDV� � �$ 0 ' �$ WKORQ� � � � � � �SURFHVVRUV� �� � � � �0 + ] � �ZLWK� � * %�RI�
5$ 0 �� 5HVXOWV� DUH�GHSLFWHG� LQ� ) LJXUH� � � �� 3$ 0 � VLPXODWLRQ� ZKHQ� XVLQJ� � � FOXVWHU� QRGHV� WRRN� DURXQG� � � �
KRXUV��7KH�VSHHG�XS�LV�WKXV�DURXQG�� �FRPSDUHG�WR�VLPXODWLRQ�XVLQJ�MXVW�� �QRGH�SURFHVVRU��RU�� �� �LI�UHVXOW�LV�
FRPSDUHG�WR�ORFDO�H[ HFXWLRQ����
�
7KLV�VSHHG�XS�LV�OLPLWHG�E\ �YHU\ �VPDOO�QXPEHU�RI�HOHPHQWV�XVHG�LQ�3$ 0 �VLPXODWLRQV��7KHUHIRUH��H[ HFXWLRQ�
WLPHV�DUH�GRPLQDWHG�E\ �FRPPXQLFDWLRQ� IRU�WKH�ODUJHU�SURFHVVRU�QXPEHUV�� ) LJXUH� � � �SRLQWV�RXW�WKDW�WKH�
RSWLPDO�QXPEHU�RI�1 ( &�FOXVWHU�QRGHV�LV�� ��L�H��� � �SURFHVVRUV���%LJJHU�VFDOLQJ�VHHQ�ZLWK�3$ 0 �6DIH�LV�RIWHQ�
IRU�DXWRPRWLYH�PRGHOV�ZLWK�� � � �� � � ��RU�HYHQ�� � � �� � � � �HOHPHQWV��
�

�
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� � 6LP %LR�HQYLURQP HQW�FKDLQ�DQG�6LP %LR�( GLWRU��
�
,Q�SUHYLRXV�VHFWLRQV��VHH�6HFWLRQV�� �DQG�� � ��WKH�HQWLUH�6LP%LR�HQYLURQPHQW�FKDLQ�ZDV�GHVFULEHG�LQ�D�JUHDW�
GHWDLO�� ( YHU\ � VWHS� UHTXLUHG� IURP� WKH� SDWLHQW� 0 5� NQHH� LPDJH� WR� D� SDWLHQW� VSHFLILF� � ' � NQHH� PHVK� DQG�
REWDLQHG� 3$ 0 � NQHH� VLPXODWLRQ� ZHUH� H[ SODLQHG� DQG� YDOLGDWHG�� ,W� ZDV� VKRZQ�� WKDW� PDQ\ � GLIIHUHQW�
DXWRQRPRXV� VRIWZDUH� SURJUDPV� IRUP� WKH� 6LP%LR� HQYLURQPHQW� �H�J�� 9 5HJ/ RFDO� G�� 9 7UDQVIRUP�� 3$ 0 �
* HQHULV��� 2 XWSXWV� IURP� RQH� SURJUDP� DFWXDOO\ � SUHVHQW� LQSXWV� IRU� WKH� QH[ W� SURJUDP� LQ� WKH� 6LP%LR�
HQYLURQPHQW� FKDLQ�� ( DFK� SURJUDP� DOVR� UHTXLUHV� PDQ\ � DGGLWLRQDO� SDUDPHWHUV� VHW�� 5XQQLQJ� 6LP%LR�
HQYLURQPHQW�LQ�VXFK�ZDV�LV�YHU\ �LQFRQYHQLHQW� IRU�DQ�RSHUDWRU� �WHFKQLFLDQ�RU�VXUJHRQ��DQG�FRXOG�OHDG�WR�
VRPH�SRWHQWLDO�HUURUV���
�
7KHUHIRUH��WKH�6LP%LR�( GLWRU�ZDV�GHYHORSHG�XQGHU�: 3�� ��VHH�' HOLYHUDEOHV�� D��� E��DQG�� F�IRU�GHWDLOV�DERXW�
WKH�6LP%LR�( GLWRU���7KH�6LP%LR�( GLWRU�HQDEOHV�GHILQLWLRQ�RI�DUELWUDU\ �VFHQDULRV�FRPSRVHG�IURP�FDOOV�WR�WKH�
6LP%LR�HQYLURQPHQW�WRROV��,W�DOVR�HQDEOHV�GHILQLWLRQ�RI�XVHU�GHILQHG�VXEWDVN��H�J��VFULSW�FDOOV���7KH�6LP%LR�
( GLWRU�VWRUHV�D�VFHQDULR��L�H��VLPXODWLRQ�UHTXHVW��LQ�D�IRUP�RI�; 0 / �ILOH��7KLV�UHTXHVW�LV�WKHQ�H[ HFXWHG�E\ �D�
SURJUDP�FDOOHG�6LP%LR�3LORW��DOVR�GHYHORSHG�XQGHU�: 3�� � ��7KH�6LP%LR�3LORW�FDQ�EH�FDOOHG�DXWRQRPRXVO\ �
IURP�D�/ LQX[ �VKHOO�RU�FDQ�EH�LQYRNHG�IURP�WKH�6LP%LR�( GLWRU��
�
,Q� WKH� VHTXHO�� WKH� DSSOLFDWLRQ� RI� WKH� 6LP%LR� ( GLWRU� IRU� WKH� NQHH� MRLQW� VLPXODWLRQ� E\ � XVLQJ� WKH� 6LP%LR�
HQYLURQPHQW�ZLOO�EH�GHVFULEHG��
�

� �� � 6FHQDULR�GHILQLWLRQ�
�
7KH�6LP%LR�( GLWRU�HQDEOHV�GHILQLWLRQ�RI�DUELWUDU\ �H[ HFXWLRQ�VFHQDULRV��) RU�RXU�WHVW�DSSOLFDWLRQ��ZKHUH�WKH�
NQHH�MRLQW�NLQHPDWLFV�DQG�PHFKDQLFV�ZHUH�VLPXODWHG��WKH�6LP%LR�HQYLURQPHQW�VFHQDULR�ZDV�GLYLGHG�LQ�WZR�
SDUWV��ORFDO�DQG�UHPRWH�SDUW��7KH�ORFDO�SDUW�HQFRPSDVVHV�VWHSV�IURP�0 5 �SDWLHQW�LPDJH�WR�D�SDWLHQW�VSHFLILF�
� ' �NQHH�PHVK�DQG�LQLWLDO�PRGHOOLQJ�VWHS�LQ�WKH�3$ 0 �* HQHULV��+HUH�WKH�ORFDO�SDUW�RI�WKH�VFHQDULR�LV�ILQLVKHG��
7KLV� LV� UHDVRQDEOH�� VLQFH� DW� WKLV� VWDJH� D� PDQXDO� LQWHUDFWLRQ� RI� WKH� RSHUDWRU� �WHFKQLFLDQ� RU� VXUJHRQ�� LV�
H[ SHFWHG��7KH�RSHUDWRU�PXVW�QDPHO\ �GR�VRPH�PRGHOOLQJ�LQ�WKH�3$ 0 �* HQHULV�WR�SUHSDUH�SDWLHQW�NQHH�PHVK�
IRU�D�VLPXODWLRQ��VHH�6XEVHFWLRQ�� �IRU�PRGHOOLQJ�GHWDLOV����
�
$ PRQJ�WRROV�QHHGHG�IRU�WKH�ORFDO�SDUW�RI�WKH�VFHQDULR��RQO\ �3$ 0 �* HQHULV�SURJUDP�EORFN�LV�SUHGHILQHG�LQ�
the Editor. Therefore, all other application had to be included manually. The command ªApplicationsº from 
a menu ªOptionsº was used for this task. Adding user�GHILQHG�DSSOLFDWLRQV�LV�VWUDLJKWIRUZDUG��) LJXUH�� � �
GHSLFWV�DQ�H[ DPSOH�RI�DGGLQJ�WKH�9 5HJ/ RFDO� ' �URXWLQH�IURP�WKH�6LP%LR�HQYLURQPHQW��$ IWHU�GHILQLQJ�DOO�
QHFHVVDU\ �DSSOLFDWLRQV��ZLWK�DOO�UHTXLUHG�SDUDPHWHUV���WKH�SUHIHUHQFHV�PXVW�EH�VWRUHG��,Q�WKH�QHZ�6LP%LR�
( GLWRU�VHVVLRQ��WKH�XVHU�PXVW�ILUVW�MXVW�ORDG�WKHVH�SUHIHUHQFHV�DQG�DOO�SUHYLRXVO\ �XVHU�GHILQHG�DSSOLFDWLRQV�
ZLOO�EH�DYDLODEOH�� ) LJXUH� � � �GHSLFWV�D�VFKHPH�RI�WKH�ORFDO�VFHQDULR�SDUW�IRU�WKH�NQHH�MRLQW�PHFKDQLF�DQG�
NLQHPDWLFV�VLPXODWLRQ�E\ �XVLQJ�WKH�6LP%LR�HQYLURQPHQW��( DFK�EORFN�SUHVHQWV�RQH�DSSOLFDWLRQ�RU�VFULSW��
�
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7KH�UHPRWH�SDUW�RI�VFHQDULR�LV�OLDEOH�IRU�SHUIRUPLQJ�WKH�3$ 0 �6DIH�VLPXODWLRQ�RQ�D�PRGHOOHG�SDWLHQW�NQHH�
PHVK� DQG� IRU� D� YLVXDOLVDWLRQ� RI� VLPXODWLRQ� UHVXOWV� E\ � XVLQJ� WKH� 3$ 0 � 9 LHZ�� %RWK� SURJUDP� EORFNV� DUH�
DOUHDG\ �SUHGHILQHG�LQ�WKH�6LP%LR�( GLWRU��) LJXUH�� � �GHSLFWV�D�VFKHPH�RI�WKH�UHPRWH�VFHQDULR�SDUW���
�

�
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�
�
The name ªremote scenario partº is a bit misleading, since both PAM Suite tools can be installed and run 
FRPSOHWHO\ �RQ�WKH�ORFDO�FRPSXWHU�V\ VWHP��+ RZHYHU��LQ�WKH�6HFWLRQ� � �� �� LW�ZDV�VKRZQ��WKDW�W\ SLFDO�3$ 0 �
6DIH�VLPXODWLRQ�H[ HFXWHV�DURXQG�� � �KRXUV�ZKHQ�UXQQLQJ�RQ�RXU�WHVWLQJ�FRPSXWHU�V\ VWHP��VHH�6XEVHFWLRQ�
� �� �� � ��7KLV�LV�DFFHSWDEOH�IRU�WKH�WHVWLQJ�DQG�GHYHORSPHQW�SKDVH��KRZHYHU��IRU�WKH�FOLQLFDO�HQYLURQPHQW�VXFK�
ORQJ� SHULRG� LV� QRW� DFFHSWDEOH�� $ � UHVSRQVH� WLPH� VKRXOG� EH� PLQLPDO� LQ� WKH� FOLQLFDO� SUDFWLFH�� 3DUWQHU� ( 6,�
GHYHORSHG�WKH�FOXVWHU�YHUVLRQ�RI�3$ 0 �6DIH�VLPXODWLRQ�WRRO��7KH�RYHUDOO�3$ 0 �6DIH�VLPXODWLRQ�WLPH�FDQ�
WKHUHIRUH�VLJQLILFDQWO\ �GHFUHDVH�LI�WKH�FOXVWHU�YHUVLRQ�RI�WKLV�WRRO�LV�XVHG��8 VXDOO\ ��WKH�6LP%LR�HQYLURQPHQW�
HQG�XVHU� GRHV� QRW� RZQ� D� KLJK� SHUIRUPDQFH� FRPSXWLQJ� V\ VWHP� RU� HYHQ� FOXVWHU�� 7KXV�� WKH� 3$ 0 � 6DIH�
VLPXODWLRQ� LV� LQ� VXFK� VFHQDULR� H[ HFXWHG� RQ� WKH� UHPRWH� ORFDWLRQ� ZLWK� WKH� KLJK� SHUIRUPDQFH� FRPSXWLQJ�
IDFLOLW\ ��7KH�SDUW�RI�WKH�VFHQDULR�LV�WKXV called ªremote partº.�
�
; 0 / �UHTXHVW�ILOHV�IRU�WKH�ORFDO�DQG�UHPRWH�SDUW�RI�VFHQDULR�DUH�GHVFULEHG�LQ�$ SSHQGL[ �� � �� ��
�

� �� � 5 HP RWH�FRP SXWLQJ�IDFLOLW\ �Z LWKLQ�6LP %LR�VFHQDULR�
�
,Q�) LJXUH�� �  the ªremote scenario partº is depicted. In the previous subsection, the problem of acceptable 
VLPXODWLRQ�WLPH�DQG�D�VROXWLRQ�RI�XVLQJ�UHPRWH�FRPSXWLQJ�IDFLOLW\ �ZHUH�GLVFXVVHG��$ V�D�SRWHQWLDO�HQG�XVHU�
ZH�DOVR�WHVWHG�WKH�DELOLW\ �RI�WKH�6LP%LR�HQYLURQPHQW�WR�SHUIRUP�WKH�3$ 0 �6DIH�VLPXODWLRQ�UHPRWHO\ �RQ�D�
+3&� 1 ( &� FOXVWHU�� 5HPRWH� FRPSXWLQJ� IDFLOLW\ � LV� DOUHDG\ � VXSSRVHG� LQ� WKH� 6LP%LR� ( GLWRU�� WKHUHIRUH�� QR�
DGGLWLRQDO�SURJUDP�EORFN�QHHG�WR�EH�GHILQHG��' HVSLWH�WKLV��VRPH�ZRUN�LV�VWLOO�OHIW�DW�WKH�HQG�XVHU�VLWH�DQG�IRU�
WKH�6LP%LR�HQYLURQPHQW�LQVWDOODWLRQ�WHDP��$ SSURSULDWH�ILUHZDOO�DQG�QHW�SDUDPHWHUV�PXVW�EH�VHW�RQ�WKH�HQG�
XVHU�DQG�UHPRWH�VLWH��XVXDOO\ �WKH�FRPPHUFLDO�FRPSXWHU�V\ VWHPV�DUH�VKLHOG�E\ �ILUHZDOOV���ZKLOH�WZR�VRIWZDUH�
clients must be provided for the SimBio environment: 1) ªSubmitDataPamSafeº client designed for transfer 
of patient knee PAM models stored in .PC files to remote site, and 2) ªRetrieveResultsºclient designed for 
GRZQORDGLQJ�3$ 0 �6DIH�VLPXODWLRQ�UHVXOWV�IURP�UHPRWH�VLWH��H�J���' 6< �DQG��7+3�ILOHV����7KHVH�FOLHQWV�KDYH�
DOUHDG\ �EHHQ�GHYHORSHG�IRU�WKH�2 6�/ LQX[ ��NHUQHO�YHUVLRQ�� �� �[ �DQG�XS�DQG�&2 5%$ ���,I�WKH�HQG�XVHU�RZQV�
FRPSXWHU�V\ VWHP�HTXLSSHG�ZLWK�RWKHU�8 1 ,; �V\ VWHP��H�J��6* ,��+3�8 ; � ��WKH�QHZ�YHUVLRQ�RI�WKHVH�FOLHQWV�
PXVW�EH�SURYLGHG��
�



6LP%LR�' HOLYHUDEOH�' � �� E�

� � �� � �

6\ VWHP�DGPLQLVWUDWRU�DW�WKH�HQG�XVHU�VLWH�PXVW�FKDQJH�ILUHZDOO�VHWWLQJV�RI�D�FRPSXWHU�V\ VWHP�UXQQLQJ�WKH�
6LP%LR�( GLWRU��7KH�PDLQ�FKDQJH�LV�WR�DOORZ�DFFHVV�RI�UHPRWH�FRPSXWHU�WR�D�ORFDO�FRPSXWHU�V\ VWHP��,I�WKH�
2 6�DW�WKH�HQG�XVHU�VLWH�LV�/ LQX[ ��DV�LQ�RXU�FDVH��WKHQ�DSSURSULDWH�UHPRWH�KRVW�,3�DGGUHVV�DQG�SRUW�PXVW�EH�
RSHQHG� LQ� D� ILOH� FDOOHG� LSWDEOHV� �ORFDWHG� LQ�GLUHFWRU\ � �HWF�V\ VFRQILJ�� �� DQG�� DIWHUZDUGV�� WKH� QHW� VKRXOG� EH�
UHVWDUWHG� ��HWF�LQLW�G�LSWDEOHV� UHVWDUW��� 7KH� VDPH� SURFHGXUH� PXVW� EH� FDUULHG� RXW� DW� WKH� UHPRWH� VLWH�� ,I� WKH�
FRQQHFWLRQ�EHWZHHQ�ORFDO��H�J��HQG�XVHU��DQG�UHPRWH�VLWH��H�J��+3&�FOXVWHU��LV�VWLOO�QRW�HQDEOHG��WKH�SRVVLEOH�
VROXWLRQ�LV�WR�DOWHU�DQ�RUGHU�RI�' 1 6�UHVROYLQJ��LQ��HWF�QVVZLWFK�FRQI�ILOH���
�
7KH�UHPRWH�VFHQDULR�SDUW�LV�FRPSRVHG�RI�WZR�PDLQ�VWHSV��� � �VXEPLWLRQ�RI�3$ 0 �VLPXODWLRQ�GDWD�WR�D�UHPRWH�
KRVW� DQG� DQ� LQYRFDWLRQ� RI� UHPRWH� 3$ 0 � 6DIH� VLPXODWLRQ�� DQG� � � �UHWULHYLQJ� WKH� 3$ 0 � VLPXODWLRQ� UHVXOWV��
: KHQ�WKH�6LP%LR�Pilot executes the ªremote scenario partº, first the SubmitDataPamSafe client is invoked. 
7KLV�FOLHQW�VHWV�D�FRQQHFWLRQ�WR�D�UHPRWH�KRVW�DQG�LQLWLDWHV�D�WUDQVIHU�RI�3$ 0 �VLPXODWLRQ�GDWD��$ W�WKLV�VWDJH�D�
UHPRWH� ,' � �L�H�� 5,' � � LV� DVVLJQHG� WR� WKH� UXQQLQJ� SURFHV�� : KHQ� GDWD� WUDQVIHU� LV� FRPSOHWHG�� WKH�
6XEPLW' DWD3DP6DIH�FOLHQW�LQLWLDWHV�WKH�3$ 0 �6DIH�VLPXODWLRQ�RQ�WKH�UHPRWH�KRVW��7KH�FRQQHFWLRQ�EHWZHHQ�
HQG�XVHU� �L�H�� ORFDO�� DQG� UHPRWH� VLWH� LV� UHODWLYHOO\ � VHFXUH�� EHFDXVH� RI� WKH� ILUHZDOO� VHWWLQJV�� XVDJH� RI�
HQFU\ SW\ RQ�� DQG� XVDJH� RI� XVHUQDPH�SDVVZRUG� DXWKRULVDWLRQ� PHFKDQLVP� IRU� DFFHVV� WR� WKH� 6LP%LR�
HQYLURQPHQW� RQ� UHPRWH� VLWH��7KH� VHFRQG� VWHS� LQ� WKH� UHPRWH� VFHQDULR� SDUW� LV� UHWULHYLQJ� 3$ 0 � VLPXODWLRQ�
UHVXOWV��7KLV�URXWLQH��ZULWWHQ�DV�D�VFULSW��ILUVW�SHULRGLFDOO\ �FKHFNV��ZKHWKHU�UHVXOWV�IRU�WKH�SURFHV�ZLWK�5 ,' �
DUH�DOUHDG\ �DYDLODEOH��/ RFDO�FRPSXWHU�V\ VWHP�LQ�VXFK�GHVLJQ�SROOV�GDWD�D�ZKROH�WLPH�WKH�3$ 0 �VLPXODWLRQ�
H[ HFXWHV��7KLV�SUHVHQWV�FHUWDLQ�RYHUKHDG�RI�SURFHVVLQJ�WLPH��KRZHYHU��VXFK�DGGLWLRQDO�SURFHVVLQJ�WLPH�LV�
XVXDOO\ �YHU\ �VPDOO��: KHQ�WKH�3$ 0 �6DIH�VLPXODWLRQ�LV�FRPSOHWHG��WLPH�FRPSOH[ LW\ �RI�WKH�3$ 0 �VLPXODWLRQ�
GHSHQGV�RQ�VWUHQJWK�RI�WKH�+3&�FRPSXWHU�RQ�WKH�UHPRWH�VLWH���WKH�UHVXOWV�DUH�WUDQVIHUHG�EDFN�WR�D�ORFDO�VLWH��
,W�VKRXOG�EH�QRWHG�WKDW�HQRUPRXV�DPRXQW�RI�GDWD�DUH�WUDQVIHUHG�EDFN�DW�WKLV�VWDJH��RUGHU�RI�� � � �0 %���7KXV��
WKH�IDVW�,QWHUQHW�FRQQHFWLRQ�LV�H[ SHFWHG�EHWZHHQ�WKH�UHPRWH�DQG�ORFDO�VLWH���
�
) LQDOO\ ��WKH�VLPXODWLRQ�UHVXOWV�DUH�YLVXDOL] HG�E\ �XVLQJ�WKH�3$ 0 �9 LHZ�DSSOLFDWLRQ��
�
�
�
��
�
�
�
�
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� � * UDSKLFDO�XVHU�LQWHUIDFH�DVVHVVP HQW�DQG�
UHFRP P HQGDWLRQV�

�
) LUVW�� WKH� 6LP%LR� JUDSKLFDO� XVHU� LQWHUIDFH� ZLOO� EH� DVVHVVHG� LQ� WKLV� VHFWLRQ�� $ IWHUZDUGV�� VRPH�
UHFRPPHQGDWLRQV�DQG�REVHUYDWLRQV�E\ �XVLQJ�WKH�6LP%LR�HQYLURQPHQW�ZLOO�EH�JLYHQ��
�

� �� � 6LP %LR�* 8 ,�
�
7KH�6LP%LR�HQYLURQPHQW�LV�VWLOO�LQ�WKH�GHYHORSPHQW�SKDVH��L�H��SKDVH�RI�SURWRW\ SLQJ��) RU�VXFK�SKDVH�ZLWKLQ�
D�VRIWZDUH�OLIH�F\ FOH�LW�LV�FKDUDFWHULVWLFDOO\ �WKDW�QRW�DOO�IXQFWLRQV�DUH�LPSOHPHQWHG��PLVVLQJ�IXQFWLRQDOLW\ � ��
JUDSKLFDO�XVHU�LQWHUIDFH�LV�QRW�FRPSOHWHG��QHLWKHU�XVHU�QRU�UHIHUHQFH�PDQXDO�H[ LVW��QR�VXSSRUW�LV�SURYLGHG�
HWF��' HVSLWH�WKLV�WKH�H[ LVWLQJ�* 8 ,�RI�WKH�6LP%LR�HQYLURQPHQW�ZDV�DVVHVVHG��,W�KDV�DFWXDOO\ �WKUHH�JUDSKLFDO�
XVHU�LQWHUIDFHV��D��WKH�6LP%LR�( GLWRU��E��WKH�3$ 0 �* HQHULV�SUH�SURFHVVRU��DQG�F��WKH�3$ 0 �9 LHZ��$ OO�RWKHU�
WRROV�LQYROYHG�LQ�WKH�6LP%LR�SURFHVVLQJ�FKDLQ�DUH�MXVW�FRPPDQG�OLQH�SURJUDPV���
�
7RROV�3$ 0 �* HQHULV�DQG�9 LHZ�DUH�FRPPHUFLDO�VRIWZDUH�WRROV�IURP�WKH�3$ 0 �6XLWH��7KH\ �DUH�EHVLGHV�WKH�
6LP%LR�HQYLURQPHQW�XVHG�DOVR�LQ�VHYHUDO�RWKHU�GRPDLQV��H�J��FDU�LQGXVWU\ ��ELR�PHFKDQLFDO�VLPXODWLRQV���%LJ�
XVDJH�RI�WKHVH�WRROV�LQ�DOO�RWKHU�DUHDV�DFWXDOO\ �VSHDNV�HQRXJK�E\ �LW�VHOI��%RWK�WRROV�KDYH�D�FRQVLVWHQW�* 8 ,��
ZLWK�HQDEOHG�GLUHFW�PDQLSXODWLRQ�RQ�DSSOLFDWLRQ�REMHFWV��$ OVR�D�EDVLF�XVHU�KHOS�DQG�VXSSRUW�DUH�LQWHJUDWHG�
LQWR� WKHVH� WRROV�� 7KH� XVHU� KHOS� FRXOG� EH� DFFRUGLQJ� WR� RXU� RSLQLRQ� ULFKHU�� 8 VDJH� RI� ERWK� WRROV� GRHV� QRW�
SUHVHQW�DQ\ �GLIILFXOWLHV� IRU�XVHUV��7KHUH�ZDV�VRPH�VPDOO�LQGLVWLQFWQHVV�LQ�WKH�* 8 ,�DQG�DW�XVDJH�RI�WKHVH�
WRROV��EXW�ZLWK�QR�VHULRXV�LQIOXHQFH�RQ�WKH�ILQDO�UHVXOWV��
�
7KH�UHDO�IURQW�HQG�RI�WKH�6LP%LR�HQYLURQPHQW�LV�DFWXDOO\ �WKH�6LP%LR�( GLWRU�� ,W�ZDV�GHYHORSHG�WR�HQDEOH�
UXQQLQJ� RI� DOO� 6LP%LR� WRRO� �RU� HQWLUH� 6LP%LR� FKDLQ�� IURP� RQH� FHQWUH�� 7KLV� SURJUDP� KDV� W\ SLFDO� �L�H��
VWDQGDUG��* 8 ,�ZLWK�PHQX�VWUXFWXUH� �SXOO�GRZQ�DQG�SRSXS�PHQXV���WRROEDUV��DQG�PRXVH�LQWHUDFWLRQ��7KH�
XVDJH�RI�WKLV�SURJUDP�LV�VWUDLJKWIRUZDUG��7KH�PDLQ�SRWHQWLDO�GLIILFXOW\ �LV�WR�GHILQH�D�VFHQDULR��: KHQ�WHVWLQJ�
DQG�GHVLJQLQJ� WKH� 6LP%LR�UHTXHVW� DQG� LI� WKLV� UHTXHVW� �VFHQDULR�� LV� QRW�FRUUHFW�� WKHQ�WKH� ( GLWRU�GRHV�QRW�
ZDUQV� XVHU� WKURXJK� ZHOO�NQRZQ� PHFKDQLVP� RI� GLDORJV�� EXW� ZULWHV� LQIRUPDWLRQ� OLQHV� LQWR� ORJ� ILOHV�� 7KLV�
FRXOG�EH�QRQ�VWDQGDUG�IRU�QRYLFH�XVHUV�DQG�SRWHQWLDO�VRXUFH�RI�HUURUV��H�J��HQG�XVHU�QRWLFH�QR�UHVSRQVH�IRU�
VXFK�VFHQDULR�DQG�WKXV�WULHV�VFHQDULR�ZLWK�VRPH�DOWHUHG�SDUDPHWHUV��GHVSLWH�D�IDFW�WKDW�WKH�RQO\ �HUURU�ZDV�
MXVW� PLVVSHOOHG� SURJUDP� QDPH��� 7KHUHIRUH�� D� SUHGHILQHG� VFHQDULR� VHW� IRU� WKH� 6LP%LR� HQYLURQPHQW� LV�
VXJJHVWHG���2 QFH�WKH�VFHQDULR�LV�GHILQHG�DQG�WHVWHG��WKH�RQO\ �PRGLILFDWLRQ�DQ�HQG�XVHU�QHHG�WR�FKDQJH�LV�MXVW�
D�QHZ�SDWLHQW�QDPH��
�

� �� � 2 EVHUYDWLRQ�DQG�UHFRP P HQGDWLRQ�
�
7KH�6LP%LR�HQYLURQPHQW�SURFHVVLQJ�FKDLQ�UDQJHV�IURP�LPDJH�UHJLVWUDWLRQ�WR�YLVXDOLVDWLRQ�RI�WKH�VLPXODWHG�
NQHH�NLQHPDWLFV�LQ�WKH�3$ 0 �9 LHZ��,Q�WKH�VHTXHO��VRPH�REVHUYDWLRQV�DQG�UHFRPPHQGDWLRQV�UHJDUGLQJ�WKH�
6LP%LR�HQYLURQPHQW�XVDJH�ZLOO�EH�UHSRUWHG��
�
,W�VKRXOG�EH�QRWHG�WKDW�WKH�LQSXW�LQWR�WKH�6LP%LR�HQYLURQPHQW�FKDLQ�LV�WKH�SDWLHQW�VSHFLILF�0 5�NQHH�LPDJH�
VHTXHQFH�� +RZHYHU�� SDWLHQW� 0 5 � LPDJH� DFTXLVLWLRQ� DQG� WUDQVIHU� RI� LPDJLQJ� PDWHULDO� WR� WKH� 6LP%LR�
HQYLURQPHQW�LV�QRW�DXWRPDWHG��&XUUHQWO\ ��WKH�HQG�XVHU�PXVW�HQVXUH�E\ �KLPVHOI�WKH�WUDQVIHU�RI�0 5 �LPDJLQJ�
PDWHULDO�IURP�VFDQQHU�WR�DSSURSULDWH�IRUPDW�IRU�WKH�6LP%LR�HQYLURQPHQW��L�H��9 LVWD�IRUPDW���3DUWQHUV�IURP�
0 DULERU�KDG�WR�GHYHORSHG�PDQ\ �FRQYHUVLRQ�URXWLQHV�DQG�DOVR�0 DWODE�HQYLURQPHQW�ZDV�XVHG�IRU�WKLV�WDVN��
7KLV�LV�QRW�DFFHSWDEOH�IRU�WKH�SRWHQWLDO�HQG�XVHU��PDQ\ �EXJV�FDQ�EH�HQWHUHG�WKURXJK�WKLV�WUDQVIHU�SURFHVV�LI�
QRW� VXSHUYLVHG� E\ � WKH� 6LP%LR� HQYLURQPHQW��� ( VSHFLDOO\ � FULWLFDO� LV� YR[ HO� GLPHQVLRQ� FKHFN� DQG� FKHFN� RI�
DSSURSULDWH�NQHH�RULHQWDWLRQ��7KHUHIRUH��D�YLVXDOLVDWLRQ�DQG�FRQWURO�WRRO�LV�VXJJHVWHG�EHIRUH�WKH�GDWD�DUH�
DFWXDOO\ �LQVHUWHG�LQWR�WKH�6LP%LR�HQYLURQPHQW��
�
7KH�6LP%LR�HQYLURQPHQW�ILUVW�SURFHVVHV�SDWLHQW�0 5�LPDJH�E\ �LWV�DXWRPDWHG�LPDJH�UHJLVWUDWLRQ�URXWLQH�DQG�
WHPSODWH�PHVK�PDSSLQJ�IXQFWLRQ��6HJPHQWDWLRQ�UHVXOWV��VHH�6XEVHFWLRQ�� �� � �DUH�LQ�PRVW�FDVHV�DFFHSWDEOH��
KRZHYHU�� WKHUH� DUH� VWLOO� VRPH� VOLFHV�� ZKHUH� SDUWLFXODU� NQHH� VWUXFWXUHV� DUH� GHWHFWHG� SRRUHU�� ) RU� FOLQLFDO�
SUDFWLFH��D�YLVXDOLVDWLRQ�DQG�FRUUHFWLRQ�WRRO�LV�LQGLVSHQVDEOH��FXUUHQWO\ �QRW�SDUW�RI�WKH�6LP%LR�HQYLURQPHQW���
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7KLV� WRRO� VKRXOG� YLVXDOLVH� LPDJH� UHJLVWUDWLRQ�UHVXOWV�� � ' �SDWLHQW� VSHFLILF� NQHH� PHVK�� DQG�HQDEOH� PDQXDO�
FRUUHFWLRQ�RI�SDUWLFXODU�VHJPHQWDWLRQ�UHVXOWV�DQG�� ' �NQHH�PHVK���
�
7KH�REWDLQHG�SDWLHQW�VSHFLILF�� ' �NQHH�PHVK�SUHVHQWV�DQ�LQSXW�LQWR�3$ 0 �6XLWH�PRGHOOLQJ��( [ HFXWLRQ�RI�WKH�
6LP%LR�FKDLQ�LV�DFWXDOO\ �EURNHQ��ZKHQ�WKH�PDQXDO�3$ 0 �PRGHOOLQJ�RI�WKH�SDWLHQW�VSHFLILF�� ' �NQHH�PHVK�LV�
UHTXLUHG�� 7KLV� PRGHOOLQJ� XVXDOO\ � UHTXLUHV� RQH� KRXU� RI� WUDLQHG� WHFKQLFLDQ� WLPH�� 7KH� SRWHQWLDO� HQG�XVHU�
VKRXOG�WKHUHIRUH�HPSOR\ �WUDLQ�VXFK�SHUVRQQHO��ZKLFK�PLJKW�EH�GLVDSSURYHG��FRXOG�QRW�EH�DIIRUGHG��E\ �VRPH�
HQG�XVHUV��7KH� 3$ 0 �6XLWH� WRROV� HQDEOH� PRGHOOLQJ� RI� QHDUO\ � DQ\ � NQHH� FOLQLFDO� FDVH� �H�J�� $ &/ � UXSWXUH���
+RZHYHU�� ZLWK� GLIIHUHQW� PRGHOOLQJ� SURFHGXUH� D� SUREOHP� RI� DXWRPDWHG� YDOLGDWLRQ� RI� WKH� 6LP%LR� UHVXOWV�
HPHUJHV��6XFK�YDOLGDWLRQ�LV�PDQGDWRU\ �IRU�HYHU\ �WRRO�LQ�D�FOLQLFDO�SUDFWLVH���
�
7KH�6LP%LR�HQYLURQPHQW�UHWXUQV�ILQDO�UHVXOWV�LQ�IRUP�RI�VLPXODWLRQV��ZKLFK�FDQ�EH�YLVXDOL] HG�LQ�WKH�3$ 0 �
9 LHZ��7KH�WUDLQHG�SHUVRQQHO�RQO\ �FDQ�LQWHUSUHW�VXFK�UHVXOWV�WR�FOLQLFLDQV��7KLV�LV�QRW�WKH�PRVW�DGYDQWDJHRXV�
VROXWLRQV��0 XFK�EHWWHU�ZLOO�EH��LI�WKH�6LP%LR�HQYLURQPHQW�ZLOO�LQWHUSUHW�E\ �LWVHOI�WKH�VLPXODWLRQ�UHVXOWV�IURP�
WKH�PHGLFDO�SRLQW�RI�YLHZ��7KHUHIRUH��WKH�SRVW�SURFHVVLQJ�URXWLQH�LV�VXJJHVWHG�IRU�VXFK�LQWHUSUHWDWLRQ��
�
�

� � &RQFOXVLRQ�
�
3DUWQHUV�8 1 ,�0 %�DQG�6%0 �ZLWK�KHOS�RI�SDUWQHU�8 6) ' �LQ�WKLV�RQH�\ HDU�SDUWLFLSDWLRQ�LQ�WKH�6LP%LR�SURMHFW�
DFWXDOO\ �UHHVWDEOLVKHG�WKH�6LP%LR�HQYLURQPHQW�LQ�0 DULERU��$ OVR�WKH�ILUVW�UHVXOWV�ZHUH�DVVHVVHG�RQ�WKH�VHW�RI�
ILYH�SDWLHQWV�IURP�0 DULERU��) RU�ILQH�WXQLQJ�RI�WKH�HQWLUH�6LP%LR�FKDLQ��DGGLWLRQDO�WLPH�VORW�ZLOO�EH�UHTXLUHG��
�
7KH�6LP%LR�HQYLURQPHQW�UHWXUQV�YHU\ �SURPLVLQJ�UHVXOWV�UHJDUGLQJ�NQHH�NLQHPDWLFV��+ RZHYHU��WKHUH�LV�VWLOO�
QHHG�IRU�ILQH�WXQLQJ�RI�DOO�WRROV�LQYROYHG�LQ�WKH�6LP%LR�HQYLURQPHQW��7KH�PDLQ�IRFXV�VKRXOG�EH�SXW�WR�WKH�
0 5 �LPDJLQJ�YDULDELOLW\ �ZLWK�UHVSHFW�WR�GLIIHUHQW�VFDQQHUV�DQG�SRVVLELOLWLHV�RI�LWV�UHGXFWLRQ��%HIRUH�SXWWLQJ�
WKH�6LP%LR�HQYLURQPHQW�LQ�WKH�FOLQLFDO�SUDFWLFH��PRUH�H[ WHQVLYH�YDOLGDWLRQ�VWXG\ �RQ�ELJJHU�SDWLHQW�GDWD�VHW�
VKRXOG�EH� FDUULHG�RXW��7KH�QHZ� SURMHFW�� H[ WHQVLRQ�RI� WKH� 6LP%LR�SURMHFW��RULHQWHG� PRUH� WRZDUG� FOLQLFDO�
SUDFWLVH�LV�WKXV�VXJJHVWHG��
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� � �$ SSHQGL[ �
�

� � �� � 3URWRFRO�IRU�VWDWLF�0 5 �LP DJH�UHJLVWUDWLRQ�
�
,Q� WKLV� VXEVHFWLRQ� DOO� VWHSV� QHHGHG� WR� SHUIRUP� LPDJH� UHJLVWUDWLRQ� ZLWK� WKH� 6LP%LR� HQYLURQPHQW� ZLOO� EH�
JLYHQ�� 0 DLQ� LPDJH� UHJLVWUDWLRQ� IXQFWLRQV� �L�H�� 9 5HJ/ RFDO� ' � DQG� 9 7UDQVIRUP�� ZHUH� GHYHORSHG� E\ � WKH�
SDUWQHU�8 6) ' ��ZKLOH�SDUWQHU�8 1 ,�0 %�GHYHORSHG�DOO�QHFHVVDU\ �XWLOLWLHV��H�J��LPSRUWLQJ��H[ SRUWLQJ�SDWLHQW�
GDWD��YLVXDOLVDWLRQ����
�
6WDWLF�0 5 �LPDJH�UHJLVWUDWLRQ�XVLQJ�6LP%LR�HQYLURQPHQW�FDQ�EH�SHUIRUPHG�RQ�WZR�GLIIHUHQW�ZD\ V�LQ��D��
0 DWODE�HQYLURQPHQW��E� �/ LQX[ �VKHOO��%RWK�UHVXOWV�DUH�RI�FRXUVH�LGHQWLFDO�RQ�D�OHYHO�RI�QRGHV�RI�SDWLHQW�� ' �
NQHH�PHVK��/ HW�GHVFULEH�ERWK�SDWKZD\ V�PRUH�LQ�GHWDLO��
�

� � �� �� �0 DWODE�HQYLURQP HQW�
�
6LP%LR�HQYLURQPHQW�FRGH�IRU�WKH�LPDJH�UHJLVWUDWLRQ�GHVLJQHG�IRU�0 DWODE�HQYLURQPHQW�LV�FRPSRVHG�RI�VHW�
RI�PDWODE� IXQFWLRQV� � �P� IXQFWLRQV��DQG�VHW�RI�H[ WHUQDO� IXQFWLRQV�SUHSDUHG� IRU�0 DWODE� �0 ( ; � ILOHV���7KH�
RYHUDOO�SDWKZD\ �LV�DV�IROORZV��
�

� �� / RDG�DOO�WHPSODWHV�
� �� / RDG�SDWLHQW�LPDJH�
� �� &KHFN�DQ�RULHQWDWLRQ�RI�SDWLHQW�LPDJH�
� �� ,QWHUSRODWH�SDWLHQW�LPDJH�WR�DSSURSULDWH�YR[ HO�GLPHQVLRQ�
� �� 6WDWLF�UHJLVWUDWLRQ�
� ™ š�›&œ •�ž
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� �� 9 LVXDOL] H�UHVXOWV�
� �� ( [ SRUW�UHVXOWV�

�
) LUVW��DOO�WHPSODWHV��XVXDOO\ �VWRUHG�LQ��0 $ 7�ILOH��DUH�ORDGHG��%\ �WHPSODWHV�LW�LV�PHDQW�UHIHUHQFH�LPDJH��L�H��
VSHFLDO�UHIHUHQFH�LPDJH� IRU�0 DULERU�0 5�NQHH�LPDJHV���UHIHUHQFH�� ' �NQHH�PHVK�DQG�D�UHJLRQ�RI�LQWHUHVW�
ELQDU\ �YROXPH��L�H��GLODWHGBVHJV���3DWLHQW�LPDJH�LV�WKHQ�ORDGHG�LQWR�0 DWODE��8 VXDOO\ ��0 DULERU�SDWLHQW�0 5�
images were converted from internal Toshiba' s file format into DICOM. Therefore, DICOM reader was 
LPSOHPHQWHG� E\ � SDUWQHU� 8 1 ,�0 %� �L�H�� 5HDG' ,&2 0 �P��� ,Q� WKH� WKLUG� VWHS�� WKH� SDWLHQW� LPDJH� VKRXOG� EH�
FKHFNHG��ZKHWKHU�LW�LV�FRUUHFWO\ �RULHQWHG�FRPSDUHG�WR�UHIHUHQFH�LPDJH�DQG�PHVK��7KLV�LQVSHFWLRQ�ZDV�LQ�RXU�
FDVH�GRQH�MXVW�YLVXDOO\ ��KRZHYHU��LQ�WKH�UHDO�6LP%LR�DSSOLFDWLRQ�WKLV�WDVN�KDV�WR�EH�DXWRPDWHG��,Q�RXU�FDVH�D�
SDWHOOD�ZDV�YLVXDOO\ �LQVSHFWHG�ZKHWKHU�LW�LV�ORFDWHG�RQ�WKH�ULJKW�RI�WKH�LPDJH��,I�LW�ZDV�QRW��WKHQ�HYHU\ �LPDJH�
LQ�WKH�VHTXHQFH�QHHG�WR�EH�IOLSSHG�IURP�OHIW�WR�ULJKW��,Q�VWHS�� ��WKH�0 DULERU�SDWLHQW�0 5�LPDJH��XVXDOO\ �RI�
GLPHQVLRQV�� � � [ � � � [ � � ��ZDV�LQWHUSRODWHG�WR�GLPHQVLRQ�� � � [ � � � [ � � � ��7KH�LQWHUSRODWLRQ�ZDV�GRQH�E\ �XVLQJ�
LQIRUPDWLRQ�IURP�DOO�WKUHH�GLPHQVLRQV��IXQFWLRQ�LQWHUSBYRO�P���) LQDOO\ ��WKH�LPDJH�UHJLVWUDWLRQ�LV�SHUIRUPHG�
E\ � XVLQJ� 9 5HJ/ RFDO� ' � URXWLQH� �UHJLVWHUBPXOWLUHV� IXQFWLRQ��� &DOFXODWHG� PDSSLQJ� LV� WKHQ� XVHG� LQ� WKH�
9 7UDQVIRUP�IXQFWLRQ��WUDQVIRUPBQRQOLQBPRGHO�IXQFWLRQ���7UDQVIRUPDWLRQ�RI�UHIHUHQFH�NQHH�PHVK�UHVXOWV�LQ�
D�SDWLHQW�VSHFLILF�� ' �NQHH�PRGHO��,Q�VWHS�� ��REWDLQHG�UHVXOWV�DUH�YLVXDOO\ �LQVSHFWHG��: H�DFWXDOO\ �FXW�WKURXJK�
WKH�SDWLHQW� � ' �NQHH�PHVK�DW� IL[ HG� ] �SRVLWLRQ�DQG�DSSURSULDWH�YR[ HO�GLPHQVLRQ��2 EWDLQHG�VHJPHQWV� �H�J��
bones, cartilages, menisci) are overlaid on an original grey level slice through patient' s knee. All routines 
IRU�VXFK�YLVXDOLVDWLRQ�ZHUH�GHYHORSHG�E\ �WKH�SDUWQHU�8 1 ,�0 %��7KH�ODVW�VWHS��L�H��VWHS�� ��LV�DFWXDOO\ �QHHGHG�
IRU� D� YHULILFDWLRQ� SURFHVV�� 7KLV� VWHS� DFWXDOO\ � IRUPDWV� UHJLVWUDWLRQ� UHVXOWV� IRU� WKH� LPDJH� SURFHVVLQJ�
YHULILFDWLRQ�WRRO�,39 7��7ZR�TXDQWLWLHV�DUH�H[ SRUWHG��D��FURVV�VHFWLRQV�WKURXJK�SDWLHQW�NQHH�PHVK�DW�VSHFLILF�
SRVLWLRQ�RI�] ��DQG�E��SDWLHQW�� ' �NQHH�PHVK�DV�VHW�RI�QRGHV�DQG�SDWFKHV��7KH�SDWLHQW�VSHFLILF�� ' �NQHH�PHVK�
LV�ILUVW�FXW�WKURXJK�DORQJ�] �D[ LV��] �LV�YDULHG�IURP�� �WR�� � � �DW�DSSURSULDWH�YR[ HO�GLPHQVLRQ���7KH�REWDLQHG�
VHJPHQWV�WRJether with segments'  labels for particular image slice are stored in a joint binary file. On the 
RWKHU�KDQG��SDWLHQW� � ' �NQHH�PHVK�LV�DOVR�VWRUHG�LQ�D�VHSDUDWH�ELQDU\ � ILOH�DV�OLVW�RI�QRGHV� �YHUWH[ HV��DQG�
SDWFKHV��
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6LP%LR�HQYLURQPHQW�LPDJH�UHJLVWUDWLRQ�FRGH�GHVLJQHG�IRU�WKH�0 DWODE�HQYLURQPHQW�LV�EDVLFDOO\ �LQWHQGHG�IRU�
D�YHULILFDWLRQ�RI�LQWHUPHGLDWH�UHVXOWV��
�

� � �� �� �/ LQX[ �VKHOO�
�
7KH�6LP%LR�HQYLURQPHQW�FRGH�IRU�WKH�LPDJH�UHJLVWUDWLRQ�GHVLJQHG�IRU�/ LQX[ �VKHOO�LV�DFWXDOO\ �FRPSRVHG�RI�
WZR�PDLQ�VXEVHTXHQW�SURFHGXUH�FDOOV��L�H��9 5HJ/ RFDO� ' �DQG�9 7UDQVIRUP�URXWLQH��7KH�RYHUDOO�SDWKZD\ �LV�
DV�IROORZV��
�

� �� VDYH�SDWLHQW�LPDJH�LQ�WKH�9 ,67$ �IRUPDW�
� �� 5HJLVWUDWLRQ�URXWLQH�
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) LUVW�VWHS�LV�FXUUHQWO\ �VWLOO�GRQH�XQGHU�0 DWODE�HQYLURQPHQW��,W�DFWXDOO\ �LQYROYHV�VWHSV�� �DQG�� �DW�SURWRFRO�
GHYHORSHG�IRU�WKH�0 DWODE�HQYLURQPHQW��VHH�6XEVHFWLRQ�� � �� �� � ���3DWLHQW�LPDJH�LV�H[ SRUWHG�IURP�WKH�0 DWODE�
HQYLURQPHQW�E\ �XVLQJ�YLVWDZULWH�IXQFWLRQ��GHYHORSHG�E\ �WKH�SDUWQHU�8 6) ' � ��$ IWHU�KDYLQJ�SDWLHQW�LPDJH�LQ�
WKH�YLVWD�IRUPDW��WZR�VWUDLJKWIRUZDUG�VWHSV�DUH�SHUIRUPHG��) LUVW��9 5HJ/ RFDO� ' �IXQFWLRQ�LV�FDOOHG��VWHS�� � ��
DQG�� DIWHUZDUGV�� D� UHIHUHQFH� PHVK� LV� WUDQVIRUPHG� E\ � 9 7UDQVIRUP� IXQFWLRQ� �VWHS� � � �� $ IWHU� 6LP%LR�
HQYLURQPHQW� LPDJH� UHJLVWUDWLRQ�� WKH� SDWLHQW� VSHFLILF� � ' � NQHH� PHVK� LV� VWRUHG� LQ� WKH� YLVWD� IRUPDW� �L�H��
SDWLHQWBPHVK�Y��� 7KLV� UHVXOW� LV� SUHSDUHG� IRU� WKH� QH[ W� VWHS� LQ� WKH� 6LP%LR� HQYLURQPHQW� FKDLQ� �L�H�� 3$ 0 �
* HQHULV�PRGHOOLQJ���
�

� � �� � 3URWRFRO�IRU�G\ QDP LF�0 5 �LP DJH�UHJLVWUDWLRQ�
�
3VHXGR�G\ QDPLF�0 5�LPDJLQJ��ZKHUH�D�SDWLHQW�NQHH�XQGHUJRHV�OLJKW�H[ HUFLVH��ZDV�SULPDU\ �GHVLJQHG�IRU�D�
YDOLGDWLRQ� RI� NQHH� NLQHPDWLFV� UHVXOWV� REWDLQHG� IURP� 3$ 0 � 6DIH� VLPXODWLRQ� RI� SDWLHQW� NQHH� PRGHO�� $ W�
G\ QDPLF�0 5�LPDJLQJ�WKH�SDWLHQW�NQHH�ZDV�DFTXLUHG�LQ�VHYHUDO�IOH[ LRQ�SRVLWLRQV��XVXDOO\ �DW�� �SRVLWLRQV���$ W�
HDFK�IOH[ LRQ�SRVLWLRQ�WKUHH�( XOHU�URWDWLRQ�DQJOHV�IRU�ERQH�WLELD�ZLWK�UHVSHFW�WR�ERQH�IHPXU�DUH�FDOFXODWHG��
�
' \ QDPLF�UHJLVWUDWLRQ±DV�WKLV�SURFHVV�LV�XVXDOO\ �FDOOHG�VKRUWO\ ±UHJLVWHUV�D�ELQDU\ �YROXPH�FRQVWUXFWHG�IURP�
G\ QDPLF�0 5 �GDWD�DW�SDUWLFXODU�NQHH�IOH[ LRQ�WR�D�VWDWLF�0 5�ELQDU\ �YROXPH�IRU�SDUWLFXODU�ERQH��L�H�� IHPXU�
DQG�WLELD��� ' \ QDPLF�UHJLVWUDWLRQ�UHWXUQV�DIILQH�PDWUL[ � IRU�ERWK�ERQHV��DQG�WKH�( XOHU�DQJOHV�DUH�FDOFXODWHG�
IURP� WKHVH� PDWULFHV�� ' \ QDPLF� UHJLVWUDWLRQ� SURWRFRO� ZLWK� DOO� QHFHVVDU\ � IXQFWLRQV� ZDV� GHYHORSHG� E\ � WKH�
SDUWQHU�8 6) ' ��,W�H[ HFXWHV�XQGHU�WKH�0 DWODE�HQYLURQPHQW�RQO\ ��7KH�RYHUDOO�SDWKZD\ �LV�DV�IROORZV��
�

� �� &UHDWH�VWDWLF�ELQDU\ �YROXPHV�IRU�WKH�ERQH�IHPXU�DQG�WLELD�IURP�WKH�SDWLHQW�NQHH�PRGHO��
�
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� �� 0 DQXDOO\ �DQQRWDWH��VHJPHQW��WKH� IHPXU�DQG�WLELD�ERQH�RQ�HYHU\ �SVHXGR�G\ QDPLF�0 5�LPDJH� IRU�

HDFK�IOH[ LRQ�SRVLWLRQ��
� �� ,PSRUW�WKHVH�DQQRWDWLRQV��FRQWRXUV��LQWR�0 DWODE��
� �� &RQYHUW�PDQXDO�DQQRWDWLRQV��FRQWRXUV��IRU�HDFK�IOH[ LRQ�SRVLWLRQ�LQWR�D�ELQDU\ �YROXPH��
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�
� �� 5HJLVWHU�ELQDU\ �YROXPH�FUHDWHG�IURP�PDQXDO�DQQRWDWLRQV�WR�VWDWLF�ELQDU\ �YROXPH�IRU�HDFK�IOH[ LRQ�

SRVLWLRQ��IRU�WLELD�DQG�IHPXU���
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� �� ,QVSHFW� WKH� TXDOLW\ � RI� WKH� UHJLVWUDWLRQ� UHVXOWV� YLVXDOO\ � E\ � LVRVXUIDFLQJ� WKH� VWDWLF� DQG� G\ QDPLF�
YROXPHV�IRU�HDFK�SRVLWLRQ�DQG�RYHUOD\ LQJ�WKHP��

� �� &DOFXODWH�DIILQH�PDWUL[ �DQG�WKH�( XOHU�URWDWLRQ�DQJOHV�IRU�HDFK�IOH[ LRQ�SRVLWLRQ�
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) LUVW��D�ELQDU\ �YROXPH�IRU�ERQH�WLELD�DQG�IHPXU�DUH�FRQVWUXFWHG�IURP�D�SDWLHQW�NQHH�PRGHO��,Q�QH[ W�VWHSV��
ELQDU\ �YROXPHV�IURP�SVHXGR�G\ QDPLF�SDWLHQW�GDWD�DUH�FRQVWUXFWHG��7KHUHIRUH��WKH�SVHXGR�G\ QDPLF�LPDJHV�
ZHUH�ILUVW�PDQXDOO\ �DQQRWDWHG��%RQH�IHPXU�DQG�WLELD�ZHUH�DQQRWDWHG�RQ�HYHU\ �0 5�LPDJH�IRU�HYHU\ �NQHH�
IOH[ LRQ�SRVLWLRQ��XVXDOO\ �� �SRVLWLRQV��ZLWK�� �LPDJHV�SHU�NQHH�IOH[ LRQ�SRVLWLRQ���3DUWQHUV�IURP�0 DULERU�XVHG�
,67�WRRO�IRU�WKLV�WDVN��$ QQRWDWLRQV�ZHUH�DIWHUZDUGV�H[ SRUWHG�LQ�; 0 / � ILOH�DV�OLVW�RI�FRQWRXU�SRLQWV��7KHVH�
FRQWRXUV�ZHUH�DIWHUZDUGV�LPSRUWHG�LQ�WKH�0 DWODE�HQYLURQPHQW��DQG��ILQDOO\ ��WKH�ELQDU\ �YROXPHV�IRU�HDFK�RI�
WKHVH� VSDUVH� G\ QDPLF� LPDJHV� ZHUH� JHQHUDWHG� �VHH� VWHSV� � �� ��� ,Q� VWHS� � �� WKHVH� ELQDU\ � YROXPHV� ZHUH�
UHJLVWHUHG�WR�VWDWLF�ELQDU\ �YROXPHV��,W�LV�DGYLVDEOH�WR�LQVSHFW�WKH�TXDOLW\ �RI�WKH�UHJLVWUDWLRQ�UHVXOWV�YLVXDOO\ �
E\ � LVRVXUIDFLQJ� WKH� VWDWLF� DQG� G\ QDPLF� YROXPHV� IRU� HDFK� SRVLWLRQ� DQG� RYHUOD\ LQJ� WKHP�� ,I� WKH� G\ QDPLF�
UHJLVWUDWLRQ�ZDV�VXFFHVVIXO��WKHQ�ERWK�YROXPHV�PDWFK�� ) LQDOO\ ��D�QHZ�DIILQH�PDWUL[ � IRU�HDFK�RI�WKH�WLELDO�
IOH[ LRQ�SRVLWLRQV�ZLWK�UHVSHFW�WR�WKH�VWDWLF�IHPXU�LV�FDOFXODWHG��7KLV�DIILQH�PDWUL[ �IRU�HDFK�IOH[ LRQ�SRVLWLRQ�
LV�WKHQ�GHFRPSRVHG�LQWR�LWV�VHSDUDWH�( XOHU�URWDWLRQ�FRPSRQHQWV�PDWULFHV�XVLQJ�D�SUH�GHWHUPLQHG�RUGHU��H�J��
z, x, and y). Partner USFD developed this routine called calc_angles.m. It uses functions from Matlab' s 
RSWLPLVDWLRQ� WRROER[ � IRU� WKLV� WDVN� �L�H�� WKH� / HYHQEHUJ�0 DUTXDUGW� QRQ�OLQHDU� OHDVW� VTXDUHV� PLQLPLVDWLRQ�
PHWKRG����
�
' HWDLOV� DERXW� URXWLQHV� PRGHO� LPDJH�� FRQWRXUV� LPDJH�� UHJLVWHUBG\ QDPLF�� DQG� FDOFBDQJOHV� SURYLGHG� E\ �
SDUWQHU�8 6) ' �FDQ�EH�IRXQG�LQ�' HOLYHUDEOH�� �� ��D��E��DQG�F� ��
�

� � �� � ; 0 / �6LP XODWLRQ�UHTXHVW�ILOH�IRU�WKH�6LP %LR�( GLWRU�
�
7KH�6LP%LR�( GLWRU�HQDEOHV�GHILQLWLRQ�RI�DUELWUDU\ �H[ HFXWLRQ�VFHQDULRV��) RU�RXU�WHVW�DSSOLFDWLRQ��ZKHUH�WKH�
NQHH�MRLQW�NLQHPDWLFV�DQG�PHFKDQLFV�ZHUH�VLPXODWHG��WKH�6LP%LR�HQYLURQPHQW�VFHQDULR�ZDV�GLYLGHG�LQ�WZR�
SDUWV��ORFDO�DQG�UHPRWH�SDUW���

� � �� �� �/ RFDO�SDUW�RI�WKH�VFHQDULR�
�
The simulation request ªLocal partº encompasses steps from MR patient image to a patient specific 3D 
NQHH� PHVK� DQG� LQLWLDO� PRGHOOLQJ� VWHS� LQ� WKH� 3$ 0 � * HQHULV�� 7KH� DSSOLFDWLRQV� XVHG� LQ� WKLV� FKDLQ� DUH��
YUHJORFDO� D (image registration), vtransform (knee mesh mapping), replacement_script (script for the ªon�
flyº string replacement), generis (PAM Generis).�
�
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� � �� � ( [ SHULP HQWV�LQ�3$ 0 �6XLWH�VWDQGDUG�P RGHOOLQJ�SURFHGXUH�
�
,Q�WKH�VHTXHO��VRPH�H[ SHULPHQW�DFFRUGLQJ�WR�WKH�3$ 0 �6XLWH�PRGHOLQJ�SURFHGXUH�GHILQHG�E\ �SDUWQHU�8 6) ' �
ZLOO�EH�GHVFULEHG��7KHVH�H[ SHULPHQWV�ZHUH�GRQH�E\ �SDUWQHUV�IURP�0 DULERU�DQG�LQ�VRPH�SRLQWV�VLJQLILFDQWO\ �
LPSURYHG�WKH�VLPXODWLRQ�UHVXOWV��LQGLUHFWO\ �DOVR�WKH�6LP%LR�HQYLURQPHQW�UHVXOWV���
�
,Q�WKH�SURMHFW�PRQWK�� � ��DIWHU�LQVSHFWLRQ�RI�WKH�3$ 0 �6DIH�VLPXODWLRQ�UHVXOW�DQ�RUWKRSHGLF�VXUJHRQ��SDUWQHU�
6%0 ��SRLQWHG�RXW�VRPH�SUREOHPV�� ,W�KDG�EHHQ�QRWLFHG�WKDW�D� IOH[ LRQ�RI�WKH�NQHH�ZDV�QRW�ELJ�HQRXJK�WR�
DVVHVV�ZKHWKHU�D�NQHH�NLQHPDWLFV�LV�FRUUHFW�RU�QRW��7KH�NQHH�NLQHPDWLFV�FRQVLVWV�RI�WZR�VXFFHVVLYH�SDUWV��
WKH�UHODWLYH�URWDWLRQ�RI�WKH�IHPXU�DQG�WLELD�DURXQG�WKH�OHJ�D[ LV�DQG�DIWHUZDUGV�D�IOH[ LRQ�RI�WKH�NQHH�RFFXU��
7KHUH� ZDV� DOVR� D� SUREOHP� GXULQJ� 3$ 0 � VLPXODWLRQ� ZLWK� VKDSHV� RI� PHQLVFL� DQG� FDUWLODJHV�� $ OVR� SDWHOOD�
OX[ DWLRQ�RFFXUUHG�DW�NQHH�IOH[ LRQ��
�
) LJXUH�GHSLFWV�ROG�VLPXODWLRQ�UHVXOWV�RQ�SDWLHQW�+ ��ZKHUH�DOO�WKHVH�SUREOHPV�DUH�LOOXVWUDWHG���
�

ILUVW�F\ FOH� P LGGOH�F\ FOH� ODVW�F\ FOH�
�

� � �� �� �) LUVW�P RGLILFDWLRQ�
�
D� �0 DWHULDOV�

�
7KH�QHZ�PDWHULDO�SDUDPHWHUV�SURYLGHG�E\ �SDUWQHU�8 6) ' �KDG�EHHQ�VHW��7KH�OLQHDU�HODVWLF�VWLIIQHVV�RI�WKH�
DQWHULRU�DQG�SRVWHULRU�FUXFLDWH�OLJDPHQWV�DQG�WKH�ODWHUDO�DQG�PHGLDO�FROODWHUDO�OLJDPHQWV�ZDV�DOWHUHG��ORZHU�
YDOXHV���7KLV�PRGLILFDWLRQ�HQDEOHG�D�EHWWHU�NQHH�IOH[ LRQ��
�
E��) ULFWLRQ�
�
7KH�VWDWLF�FRHIILFLHQW�RI�IULFWLRQ�EHWZHHQ�WKH�VXUIDFHV�LQ�FRQWDFW�LQ�WKH�NQHH�ZDV�IL[ HG�DW�� �� � ��7KLV�LV�ILYH�
WLPHV� OHVV� WKDQ� WKH� FRHIILFLHQW� EHWZHHQ� LFH� RQ� LFH� �� �� � �� ( [ SHULPHQWV� SRLQWHG� RXW� WKDW� WKLV� FRHIILFLHQW�
LQFUHDVHV�ZLWK�D�SDWLHQW�DJH��WKXV�LW�VKRXOG�EH�FKDQJHG�HDFK�WLPH�WR�KDYH�D�JRRG�VLPXODWLRQ��
�
�
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F��3DWHOOD�OLJDPHQWV�
�

7R�VXSSUHVV�GLVWXUEDQFHV�LQ�WKH�SDWHOOD�PRYLQJ�GXULQJ�WKH�VLPXODWLRQ��WKH�SRVLWLRQ�RI�LWV�OLJDPHQWV�RQ�WKH�
WLELD�KDV�EHHQ�FKDQJHG��7KH\ �DUH�QRZ�FRQQHFWHG�WR�QRGHV�SODFHG�KLJKHU�RQ�WKH�ERQH��
�
) LJXUH�GHSLFWV�UHVXOWV�DIWHU�WKH�ILUVW�PRGLILFDWLRQ��7KH�ERQH�SDWHOOD�PRYHPHQW�LV�VWLOO�LQFRUUHFW��3UREOHPV�RI�
WKLV� ERQH� DUH� LWV� OLJDPHQW�� ,Q� VLPXODWLRQ� WKH\ � DUH� VLPSO\ � EDUV�� ZKLFK� JR� WKURXJK� WKH� IHPXU�� DQG�� WKXV��
SURYRNH�LQFRUUHFW�UHVXOWV��+ RZHYHU��VKDSHV�RI�WKH�PHQLVFL�DUH�D�OLWWOH�EHWWHU�DQG�DOVR�D�IOH[ LRQ�RI�WKH�MRLQW�LV�
DV�H[ SHFWHG��
�

ILUVW�F\ FOH� P LGGOH�F\ FOH� ODVW�F\ FOH�
�

� � �� �� �6HFRQG�P RGLILFDWLRQV�
�
7KH�QH[ W�H[ SHULPHQW�ZDV�IRFXVHG�RQ�RWKHU�SDUDPHWHUV�XVHG�LQ�WKH�3$ 0 �NQHH�PRGHOLQJ�SURFHVV��D�SRVLWLRQ�
RI�SDWHOOD�OLJDPHQWV�LV�VWLOO�WKH�VDPH��7KH�FRHIILFLHQW�RI�IULFWLRQ�ZDV�IL[ HG�DW�� �� � �� ,W�ZDV�GLVFRYHUHG�WKDW�
<RXQJ�PRGXOXV��PDWHULDO�SURSHUW\ ��ZDV�QRW�FRUUHFW�IRU�DOO�VWUXFWXUHV��( [ DFW�YDOXHV�DUH>3$ 5@��( � IHPXU�� �
� � �� �* SD��( �WLELD�� �� � �� �* SD��( �PHQLVFXV�� �� �� �0 SD��( �FDUWLODJH��a�� �0 SD��DQG�( �WHQGRQ�� �� �� �WR�� �� �
* 3D��2 WKHU�SDUDPHWHU�YDOXHV�UHPDLQ�WKH�VDPH���
�
) LJXUH�GHSLFWV�UHVXOWV�IRU�WKH�SDWLHQW�+ ��$ �KLJKHU�IULFWLRQ�FRHIILFLHQW�SURYRNH�UROO�D�IHPXU�RQ�PHQLVFL�DQG�
OHDYH�WKH�MRLQt as it can ‘cling'  on the surface of menisci. This value pointed out as inappropriate. New 
PDWHULDO�SURSHUWLHV�VHHP�QRW�WR�FKDQJH�WKH�VLPXODWLRQ�UHVXOWV���
�

ILUVW�F\ FOH� P LGGOH�F\ FOH� ODVW�F\ FOH�
�

� � �� �� �7KLUG�P RGLILFDWLRQV�
�
7KHUH� ZHUH� VWLOO� ELJ� SUREOHPV� ZLWK� WKH� PHQLVFL� GXULQJ� WKH� VLPXODWLRQ�� 3DUWQHU� ( 6,� SURYLGHG� VROXWLRQV�
concerning ‘hourglassing'  problem and local deformations. These new data have been entered in the model.�
7KH�FRHIILFLHQW�RI�IULFWLRQ�LV�� �� � ��0 DWHULDO�SURSHUWLHV�DUH�VDPH�DV�SURYLGHG�E\ �SDUWQHU�8 6) ' ��
�
) LJXUH�GHSLFWV�VLPXODWLRQ�UHVXOWV�RQ�SDWLHQW�+ �DIWHU�WKLUG�PRGLILFDWLRQ��$ W�WKLV�VWDJH��WKH�SUREOHP�RI�PHQLVFL�
ZDV�VROYHG��$ OVR�D�UHODWLYH�PRWLRQ�EHWZHHQ�ERQH�IHPXU�DQG�WLELD�VHHPV�WR�EH�FRUUHFW��7KH�NQHH�LV�VWLOO�QRW�
IOH[ HG�HQRXJK��DQG�DOVR�WKHUH�LV�VWLOO�D�SUREOHP�ZLWK�WKH�SDWHOOD��



6LP%LR�' HOLYHUDEOH�' � �� E�

� � �� � �

�

ILUVW�F\ FOH� P LGGOH�F\ FOH� ODVW�F\ FOH�
�

� � �� �� �) RXUWK�P RGLILFDWLRQ�
�
7KH�SRVLWLRQ�RI�SDWHOOD�OLJDPHQWV�KDV�EHHQ�FKDQJHG�WR�WKH�XSSHU�SDUW�RI�WKH�ERQH��7KH�� �OLJDPHQWV�KDYH�
EHHQ�SXW�MXVW�RQ�WKH�WRS�RI�WKH�SDWHOOD��
�
) LJXUH�GHSLFWV�VLPXODWLRQ�UHVXOWV�RQ�SDWLHQW�+ �DIWHU�WKH�IRXUWK�PRGLILFDWLRQ��7KH�UHVXOWV�DUH�VOLJKWO\ �EHWWHU��
KRZHYHU�� WKHUH� ZDV� VWLOO� D� GRXEW� RQ� WKH� SDWHOOD� PRYHPHQW�� 7KH� UHDO� SUREOHP� VHHPV� WR� EH� WKH� SDWHOOD�
ligaments which ªtraverseº the femur. This is of course QRW�D�QDWXUDO�PRYHPHQW���
�

ILUVW�F\ FOH� P LGGOH�F\ FOH� ODVW�F\ FOH�
�

� � �� �� �) LIWK�P RGLILFDWLRQ�
�
6XFK�PRGLILFDWLRQV�FRXOG�SURYRNH�DQ�DEQRUPDO�WHUPLQDWLRQ�RI�WKH�VLPXODWLRQV�DW�HDUO\ �VWDJHV��7KLV�LV�GXH�WR�
ODUJH�GHIRUPDWLRQ�RI�IHZ�PHVKHV�LQ�WKH�PRGHO��ZKLFK�FDQ�FUHDWe `negative ' volumes. The result is a kind of 
ªexplosionº (i.e. a node of the mesh is put to a wrong place far from its original position). This is 
XQGHUVWRRG�DV�D�PLVWDNH�E\ �WKH�3$ 0 �6DIH�VLPXODWLRQ�WRRO��
�
3DUWQHU�8 6) ' �UHFRPPHQGHG�WKH�IROORZLQJ�PRGLILFDWLRQV���

� � 7KH�WLELD�EDUV�ZHUH�WRR�ORQJ��%RQH�WLELD�VKRXOG�EH�D�OLWWOH�VKRUWHU�WKDQ�WKH�IHPXU��,Q�RXU�ODVW�PRGHO��
WKH�OHQJWK�RI�WLELD�ZDV�RXW�RI�SURSRUWLRQ��6LQFH�WKH�IRUFH�WR�WKH�IRRWSODWH�ZDV�DSSOLHG��WKXV�D�WRUTXH�
LQ�WKH�NQHH�ZDV�PRUH�LPSRUWDQW�WKDQ�LW�QRUPDO�VLWXDWLRQ��7KH�QHZ�SRVLWLRQ�RI�WKH�IRRW�KDV�EHHQ�
FKRVHQ�DFFRUGLQJ�WR�WKH�IRUPHU�PRGHO�ZLWK�MXVW�RQH�EDU�RQO\ ��

� � An option ªactive nodal time stepº has been turned on.7R�UHGXFH�WKH�GHIRUPDWLRQ�RI�FDUWLODJHV�
GXULQJ�WKH�VLPXODWLRQ��WKH�SURSHUWLHV�RI�WKH�VXUIDFes in contact have been changed: Young' s 
modulus and Poisson' s ratio have been increased by applying the values� RI� WKHLU�
corresponding solid. Young' s modulus of surfaces increased from 0.01 GPa to 0.14 GPa for 
cartilages and to 0.08 GPa for menisci. At the same time Poisson' s ratio increased from 0.3 to 
� �� ��


