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'LVWLQFW�GDI����LVRIRUPV�UHJXODWH�VSHFLILFDWLRQ�RI�YXOYDO�SUHFXUVRU�FHOOV� LQ
&DHQRUKDEGLWLV�HOHJDQV
/LEHUWD�&XNR���$OOLVRQ�5�&DOH�����/RQL�5DPER�����0DF\�/�.QREORFN���;DQWKD�.DUS�h
�&HQWUDO�0LFKLJDQ�8QLYHUVLW\
�&XUUHQW�DGGUHVV��8QLYHUVLW\�RI�0LFKLJDQ��$QQ�$UERU
h7R�ZKRP�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG��NDUS�[#FPLFK�HGX

$EVWUDFW
)2;2� WUDQVFULSWLRQ� IDFWRUV� UHJXODWH� GHYHORSPHQW�� ORQJHYLW\�� DQG� VWUHVV�UHVLVWDQFH� DFURVV� VSHFLHV�� 7KH� &�� HOHJDQV� )2;2
RUWKRORJ��GDI�����KDV�WKUHH�PDMRU�LVRIRUPV�ZLWK�GLVWLQFW�SURPRWHUV�DQG�1�WHUPLQL��'LIIHUHQW�FRPELQDWLRQV�RI�LVRIRUPV�UHJXODWH
GLIIHUHQW�SURFHVVHV��$GYHUVH�HQYLURQPHQWV�FDQ�LQGXFH�GDXHU�GLDSDXVH�DIWHU�WKH�VHFRQG�ODUYDO�PROW��'XULQJ�GDXHU��GDI����EORFNV
VSHFLILFDWLRQ�RI�YXOYDO�SUHFXUVRU�FHOOV��LQFOXGLQJ�(*)5�5DV�PHGLDWHG��Ő�IDWH�VSHFLILFDWLRQ�DQG�/,1����1RWFK�PHGLDWHG��Ő�IDWH
VSHFLILFDWLRQ��8VLQJ�LVRIRUP�VSHFLILF�PXWDQWV��ZH�ILQG�WKDW�GDI���D�DQG�GDI���I�DUH�IXQFWLRQDOO\�UHGXQGDQW�IRU�WKH�EORFN�WR�WKH
H[SUHVVLRQ�RI��Ő�IDWH�PDUNHUV��,Q�FRQWUDVW��DOO�WKUHH�LVRIRUPV�FRQWULEXWH�WR�EORFNLQJ�WKH�H[SUHVVLRQ�RI��Ő�IDWH�PDUNHUV�

)LJXUH����GDI����LVRIRUP�VSHFLILF�PXWDQWV�H[SUHVV�93&�VSHFLILFDWLRQ�PDUNHUV�GXULQJ�GDXHU

�$��9XOYDO�SUHFXUVRU�FHOO��93&��VSHFLILFDWLRQ�RFFXUV�LQ�WKH�/��VWDJH�GXULQJ�FRQWLQXRXV��QRQ�GDXHU��GHYHORSPHQW��6WHUQEHUJ
������� 6L[� HTXLSRWHQWLDO� 93&V� DUH� QDPHG� 3��S�3��S�� /,1���(*)� LV� VHFUHWHG� IURP� WKH� DQFKRU� FHOO� �$&�� DQG� D� FDQRQLFDO
(*)5�5DV�0$3.�SDWKZD\�VSHFLILHV��Ő�YXOYDO� IDWH� LQ�3��S� �UHG���3��S� WKHQ�H[SUHVVHV� OLJDQGV� IRU�/,1����1RWFK�� DFWLYDWLQJ
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/,1����VLJQDOLQJ�LQ�WKH�DGMDFHQW�FHOOV��3��S�DQG�3��S��/,1����VLJQDOLQJ�VSHFLILHV��Ő�YXOYDO�IDWH��EOXH���7KH�UHPDLQLQJ�93&V
DGRSW�D�QRQ�YXOYDO�IDWH��6WHUQEHUJ���������%��$V�ODUYDH�PROW�IURP�/�G�LQWR�GDXHU��/�G�'�PROW����Ő�FHOO�IDWH�PDUNHU�H[SUHVVLRQ
LV�REVHUYHG�LQ�3��S��UHG���+RZHYHU��WKLV�H[SUHVVLRQ�LV�ORVW�ZLWKLQ�RQH�GD\�RI�HQWHULQJ�GDXHU��VXFK�WKDW�ODUYDH�WKDW�KDYH�EHHQ�LQ
WKH�GDXHU�VWDJH�IRU�RQH�GD\��Ȑ��GD\�GDXHUȑ��GR�QRW�H[SUHVV��Ő�IDWH�PDUNHUV���Ő�FHOO�IDWH�PDUNHUV�DUH�QRW�REVHUYHG�SULRU�WR�GDXHU
RU�GXULQJ�GDXHU�LQ�ZLOG�W\SH�RU�GDI���FRQWURO�ODUYDH��.DUS�DQG�*UHHQZDOG���������&�'��7KH�GDI���H������DOOHOH�ZDV�XVHG�WR
LQGXFH�GDXHU�IRUPDWLRQ�DQG�LV�SUHVHQW�LQ�DOO�VWUDLQV��6WUDLQV�ODFNLQJ�RQH�RU�PRUH�GDI����LVRIRUP�ZHUH�VFRUHG�IRU�WKH�SUHVHQFH�RU
DEVHQFH� RI� H[SUHVVLRQ� RI� D� �Ő� IDWH� PDUNHU� �DU,V���>ODJ��S��\IS@��RU� �Ő� IDWH� PDUNHU� �DU,V���>OVW��S��\IS@��� ,QGLYLGXDO� GRWV
UHSUHVHQW� WKH�SHUFHQW�RI� ODUYDH�H[SUHVVLQJ�WKH�UHOHYDQW�PDUNHU� LQ�D�VLQJOH�WULDO�RI������GDXHU�ODUYDH��7KH�PHDQ�DQG�VWDQGDUG
GHYLDWLRQ� IRU� HDFK� VWUDLQ� LV� VKRZQ��/HWWHUV� DERYH� WKH� GDWD� LQGLFDWH� VWDWLVWLFDO� JURXSLQJV��ZKHUH� VWUDLQV� WKDW� KDYH� D� OHWWHU� LQ
FRPPRQ�DUH�QRW�VWDWLVWLFDOO\�GLIIHUHQW�IURP�HDFK�RWKHU���.UXVNDO�:DOOLV�ZLWK�'XQQȍV�PXOWLSOH�FRPSDULVRQ�WHVW��ž� ��������3�
YDOXHV�IRU�DOO�QRQ�VLJQLILFDQW�FRPSDULVRQV�ZHUH�!������ZLWK�WKH�IROORZLQJ�H[FHSWLRQV��,Q�SDQHO��&���GDI�������YV��GDI����D���S� 
������ ,Q�SDQHO� �'���FRQWURO�YV��GDI����D����S� �������&RQWURO�YV��GDI����D�I���S� �������GDI�������YV��GDI����I���S�  � ������ �&�
3HUFHQW�RI���GD\�GDXHU�ODUYDH�WKDW�H[SUHVV�WKH�ODJ��S��\IS��Ő�IDWH�PDUNHU�LQ�3��S��GDI����DOOHOHV��GDI��������PJ'I����GDI����D��
WP������GDI����I���WP������GDI����D�I���PJ����/RVV�RI�GDI���D�DQG�GDI���I�WRJHWKHU�UHFDSLWXODWHV�WKH�SKHQRW\SH�RI�ORVV�RI�DOO
GDI����LVRIRUPV�LQ�WKH�QXOO�DOOHOH�GDI���������'��3HUFHQW�RI�HDUO\�GDXHU�ODUYDH�WKDW�H[SUHVV�WKH�OVW��S��\IS��Ő�IDWH�PDUNHU�LQ�3��S
DQG�RU�3��S��GDI����DOOHOHV��GDI��������PJ'I����GDI����D����WP������GDI����D����WP������GDI����I���WP������GDI����D�I���PJ���
/RVV� RI� HDFK�GDI���� LVRIRUP� WHVWHG� SURGXFHV� D� SKHQRW\SH� LQWHUPHGLDWH� EHWZHHQ� WKH� FRQWURO�GDI��� VWUDLQ� DQG� WKH� GDI������
DOOHOH�

'HVFULSWLRQ
)RUNKHDG�ER[�2��)2;2��WUDQVFULSWLRQ�IDFWRUV�UHJXODWH�FULWLFDO�SURFHVVHV�LQFOXGLQJ�GHYHORSPHQW��PHWDEROLVP��ORQJHYLW\��DQG
VWUHVV�UHVLVWDQFH��7KH�&��HOHJDQV�)2;2�RUWKRORJ��GDI�����KDV�EHHQ�IRXQGDWLRQDO�IRU�WKH�GLVFRYHU\�RI�PDQ\�RI�WKHVH�UROHV�ZKLFK
DUH�FRQVHUYHG�DFURVV�VSHFLHV��.HQ\RQ�HW�DO��������0XUSK\�DQG�+X�������7LVVHQEDXP��������GDI����ZDV�GLVFRYHUHG�IRU�LWV�UROH
LQ�SURPRWLQJ�HQWU\� LQWR�GDXHU�GLDSDXVH�ZKLFK�RFFXUV� DIWHU� WKH� VHFRQG� ODUYDO�PROW� LQ� UHVSRQVH� WR�XQIDYRUDEOH� HQYLURQPHQWV
�&DVVDGD�DQG�5XVVHOO�������9RZHOV�DQG�7KRPDV�������

7KHUH�DUH� WKUHH�PDMRU� LVRIRUPV�RI�GDI�����GDI���D��GDI���E��DQG�GDI���G�I�K��KHUHDIWHU�FDOOHG�ȐGDI���Iȑ���HDFK�ZLWK� LWV� RZQ
SURPRWHU� �VHH�0HWKRGV���7KHVH� LVRIRUPV�DUH�H[SUHVVHG� LQ�GLVWLQFW� WLVVXHV�DQG�SURGXFH�SURWHLQV� WKDW�GLIIHU�DW� WKH�1�WHUPLQXV
�/LQ�HW�DO��������2JJ�HW�DO��������.ZRQ�HW�DO���������2I�WKH�WKUHH�LVRIRUPV��GDI���E�GLIIHUV�WKH�PRVW�IURP�WKH�RWKHU�WZR��ZKLOH
GDI���D�DQG�GDI���I�DUH�EURDGO\�H[SUHVVHG��GDI���E�H[SUHVVLRQ�LV�IRXQG�SULPDULO\�LQ�QHXURQV��WKH�SKDU\Q[��DQG�VRPDWLF�JRQDG�
)XUWKHUPRUH��'$)���D�DQG�'$)���I�KDYH�PRUH�DPLQR�DFLGV�LQ�FRPPRQ��LQFOXGLQJ�WKH�HQWLUH�'1$�ELQGLQJ�GRPDLQ��ZKHUHDV
D�SRUWLRQ�RI�WKH�'$)���E�'1$�ELQGLQJ�GRPDLQ�FRPHV�IURP�D�GLVWLQFW�H[RQ��0XUSK\�DQG�+X�������

7KH�PROHFXODU�GLIIHUHQFHV�EHWZHHQ�LVRIRUPV�DSSHDU�WR�FRUUHODWH�ZLWK�WKHLU�ELRORJLFDO�IXQFWLRQV��GDI���D�DQG�GDI���I�WRJHWKHU
UHJXODWH� ORQJHYLW\��GDXHU�IRUPDWLRQ��DQG�VWUHVV�UHVLVWDQFH��ZLWK� OLWWOH� WR�QR�LQSXW�IURP�GDI���E��/HH�HW� DO��������.ZRQ�HW� DO�
������&KHQ�HW�DO���������,Q�FRQWUDVW��GDI���E�UHJXODWHV�QHXURQDO�PRUSKRORJ\�DQG�EHKDYLRU��&KULVWHQVHQ�HW�DO��������6XQ�HW�DO�
�������+RZHYHU�� WKHUH� DUH� VRPH� H[DPSOHV� RI� VKDUHG� UROHV� EHWZHHQ�GDI���E� DQG� RWKHU� LVRIRUPV��GDI���D� DQG�GDI���E�ERWK
FRQWULEXWH� WR� LQQDWH� LPPXQLW\� LQ�DGXOWV�� WKRXJK�GDI���D�SOD\V� WKH�SUHGRPLQDQW� UROH��0F+XJK�HW�DO���������)LQDOO\��DOO� WKUHH
LVRIRUPV� FRQWULEXWH� WR� SUHYHQWLQJ� H[SUHVVLRQ� RI� DQ� DGXOW� FHOO� IDWH�PDUNHU� LQ� WKH� K\SRGHUPLV� RI� GDXHU� ODUYDH� �:LULFN� HW� DO�
������

'XULQJ�GDXHU��GDI����LV� SDUW� RI� D�PHFKDQLVP� WR�EORFN� VSHFLILFDWLRQ�RI� YXOYDO� SUHFXUVRU� FHOOV� �93&V�� �.DUS� DQG�*UHHQZDOG
�������6L[�93&V��3��S�3��S�� DUH�ERUQ� LQ� WKH�/�� VWDJH�� UHPDLQ�PXOWLSRWHQW� LQ� WKH�/�� VWDJH�� DQG�DUH� VSHFLILHG� WR�RQH�RI� WZR
YXOYDO�IDWHV�LQ�WKH�/��VWDJH��/,1���(*)�VHFUHWHG�IURP�WKH�DQFKRU�FHOO�VSHFLILHV��Ő�IDWH�LQ�WKH�XQGHUO\LQJ�93&��3��S��3��S�WKHQ
VLJQDOV�WR�LWV�QHLJKERUV�YLD�/,1����1RWFK�WR�VSHFLI\��Ő�FHOO�IDWH��93&V�WKDW�GR�QRW�UHFHLYH�HLWKHU�VLJQDO�WDNH�RQ�D�QRQ�YXOYDO
IDWH� ��Ő�� �)LJ���$�� �6WHUQEHUJ�������� ,Q� WKH�GDXHU� OLIH�KLVWRU\���Ő� IDWH�VSHFLILFDWLRQ�EHJLQV�SULRU� WR�GDXHU� IRUPDWLRQ��EXW� WKLV
VSHFLILFDWLRQ� LV�HUDVHG�ZLWKLQ�RQH�GD\�DQG� WKHUHDIWHU�GDXHU� ODUYDH�GR�QRW�H[SUHVV�HLWKHU��Ő�RU��Ő�FHOO� IDWH�PDUNHUV� �)LJ���%�
�.DUS�DQG�*UHHQZDOG��������7KH�EORFN�WR��Ő�IDWH�RFFXUV�DW�RU�XSVWUHDP�RI�5DV�DFWLYDWLRQ��ZKHUHDV�WKH�EORFN�WR��Ő�IDWH�DSSHDUV
WR�RFFXU�GRZQVWUHDP�RU�LQ�SDUDOOHO�WR�DFWLYDWLRQ�RI�/,1����1RWFK��.DUS�DQG�*UHHQZDOG�������2ȍ.HHIIH�DQG�*UHHQZDOG�������
+RZHYHU��GDXHU�ODUYDH�ZLWK�D�QXOO�DOOHOH�RI�GDI�����GDI��������H[SUHVV�ERWK��Ő�DQG��Ő�PDUNHUV�GXULQJ�GDXHU��LQGLFDWLQJ�WKDW�GDI�
���RSSRVHV�ERWK��Ő�DQG��Ő�FHOO�IDWH�VSHFLILFDWLRQ��.DUS�DQG�*UHHQZDOG�������

7R� GHWHUPLQH� ZKLFK� GDI���� LVRIRUPV� DUH� UHVSRQVLEOH� IRU� EORFNLQJ� 93&� VSHFLILFDWLRQ� GXULQJ� GDXHU�� ZH� WRRN� DGYDQWDJH� RI
H[LVWLQJ�LVRIRUP�VSHFLILF�PXWDQWV��7KHVH�PXWDWLRQV�HOLPLQDWH�HLWKHU�GDI���D��GDI���I��RU�ERWK�GDI���D�DQG�GDI���I��GDI���D�I��
ZLWKRXW�DIIHFWLQJ�WKH�H[SUHVVLRQ�RI�WKH�UHPDLQLQJ�LVRIRUPV��&KHQ�HW�DO���������6SHFLILFDOO\��WKH�GDI���I�DOOHOH��WP������GHOHWHV
WKH�H[RQV�VSHFLILF�WR�WKH�GDI���I�LVRIRUP��7ZR�VLPLODU�DOOHOHV��WP�����DQG�WP������GHQRWHG�KHUH�DV�GDI����D���DQG�GDI����D���
HDFK�GHOHWH�D�SRUWLRQ�RI�WKH�GDI���D�VSHFLILF�H[RQ�DQG�FDXVH�IUDPHVKLIW�PXWDWLRQV��)LQDOO\�� WKH�GDI����D�I��DOOHOH��PJ���� LV� D
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QRQVHQVH�PXWDWLRQ�LQ�DQ�H[RQ�WKDW�LV�FRPPRQ�WR�WKH�GDI���I�DQG�GDI���D�LVRIRUPV�EXW�XSVWUHDP�RI�WKH�ILUVW�GDI���E�H[RQ��&KHQ
HW�DO���������:H�FURVVHG�WKHVH�DOOHOHV�LQWR�VWUDLQV�FRQWDLQLQJ�HLWKHU��Ő�RU��Ő�FHOO�IDWH�PDUNHUV��$OO�VWUDLQV�DOVR�FRQWDLQHG�WKH�GDI�
��H������PXWDWLRQ�WR�LQGXFH�GDXHU�IRUPDWLRQ�LQ�GDI����PXWDQWV��9RZHOV�DQG�7KRPDV�������/DUVHQ�HW�DO��������.DUS�������

7R�GHWHUPLQH�ZKLFK�GDI����LVRIRUPV�DUH�LQYROYHG�LQ�EORFNLQJ��Ő�IDWH�VSHFLILFDWLRQ��ZH�XVHG�ODJ��S��\IS�DV�RXU��Ő�IDWH�PDUNHU�
ODJ��� HQFRGHV� D� /,1���� OLJDQG� H[SUHVVHG� E\� 3��S� DIWHU� FRPPLWPHQW� WR� �Ő� IDWH� �&KHQ� DQG� *UHHQZDOG� ������ =KDQJ� DQG
*UHHQZDOG��������&RQVLVWHQW�ZLWK�SULRU�ZRUN�� LQ� FRQWURO�GDI���GDXHU� ODUYDH�� ODJ��S��\IS�ZDV� H[SUHVVHG� DV� ODUYDH�PROW� LQWR
GDXHU��EXW�H[SUHVVLRQ�IDGHG�RYHU�WKH�ILUVW�GD\�LQ�GDXHU�DV�PXOWLSRWHQF\�ZDV�UH�HVWDEOLVKHG��,Q�FRQWUDVW��GDI��������GDI���ODUYDH
FRQWLQXHG�WR�H[SUHVV�ODJ��S��\IS�DW�KLJK�SHQHWUDQFH��)LJ���&���.DUS�DQG�*UHHQZDOG��������:KLOH�ORVV�RI�GDI���D�FDXVHG�RQO\
PLQLPDO�ODJ��S��\IS�H[SUHVVLRQ�LQ���GD\�GDXHU�ODUYDH�DQG�ORVV�RI�GDI���I�ZDV�QRW�GLIIHUHQW�IURP�WKH�FRQWURO�GDI���VWUDLQ��ORVV�RI
ERWK�LVRIRUPV�WRJHWKHU�SURGXFHG�D�SKHQRW\SH�VWDWLVWLFDOO\�LQGLVWLQJXLVKDEOH�IURP�WKH�QXOO�DOOHOH��)LJ���&���:LWK�WKH�FDYHDW�WKDW
ZH�ZHUH� QRW� DEOH� WR� GLUHFWO\� WHVW� D�GDI����E��DOOHOH�� WKHVH� GDWD� VXJJHVW� WKDW� LVRIRUPV�D� DQG� I� IXQFWLRQ� WRJHWKHU� WR� EORFN� �Ő
VSHFLILFDWLRQ� DQG� WKDW�GDI���E�SOD\V� DW�PRVW� D�PLQRU� UROH� LQ� WKLV� SURFHVV�� 7KLV� UROH� LV� VLPLODU� WR� WKH� UHTXLUHPHQW� IRU� WKRVH
LVRIRUPV�WR�UHJXODWH�GDXHU�IRUPDWLRQ��OLIHVSDQ��DQG�VWUHVV�UHVLVWDQFH��/HH�HW�DO��������.ZRQ�HW�DO��������&KHQ�HW�DO��������

7R�GHWHUPLQH�ZKLFK�GDI����LVRIRUPV�DUH�LQYROYHG�LQ�EORFNLQJ��Ő�IDWH�VSHFLILFDWLRQ��ZH�XVHG�OVW����\IS�DV�RXU��Ő�PDUNHU��OVW���LV
D�GLUHFW� WUDQVFULSWLRQDO� WDUJHW�RI�/,1����DQG� LV� H[SUHVVHG� LQ�3��S�DQG�3��S�DIWHU� FRPPLWPHQW� WR��Ő� IDWH� �/L� DQG�*UHHQZDOG
������8QGHUZRRG�HW�DO���������&RQWURO�GDI���ODUYDH�WKDW�KDG�UHFHQWO\�PROWHG�LQWR�GDXHU�H[SUHVVHG�YHU\�OLWWOH�OVW��S��\IS�LQ�3�S
RU� 3��S�� ,Q� FRQWUDVW�� GDI�������� GDI��� ODUYDH� GLVSOD\HG� SHQHWUDQW� OVW��S��\IS� H[SUHVVLRQ� DW� WKLV� WLPH� �)LJ�� �'�� �.DUS� DQG
*UHHQZDOG��������/RVV�RI�GDI���D��GDI���I��RU�ERWK�GDI���D�DQG�GDI���I�SURGXFHG� DQ� LQWHUPHGLDWH� SKHQRW\SH� VXFK� WKDW� WKH
SHQHWUDQFH�RI�OVW��S��\IS�H[SUHVVLRQ�ZDV�QRW�VWDWLVWLFDOO\�GLIIHUHQW�IURP�HLWKHU�WKH�GDI���RU�WKH�GDI��������GDI���FRQWUROV��)LJ�
�'���7KHVH� GDWD� VXJJHVW� WKDW� DOO� WKUHH� LVRIRUPV� FRQWULEXWH� WR� EORFNLQJ� �Ő� FHOO� IDWH� VSHFLILFDWLRQ��7KLV� UROH� LV� VLPLODU� WR� WKH
UHTXLUHPHQW�IRU�DOO�WKUHH�LVRIRUPV�WR�EORFN�H[SUHVVLRQ�RI�WKH�FRO���S��JIS�DGXOW�FHOO�IDWH�PDUNHU�LQ�WKH�ODWHUDO�K\SRGHUPLV�RI
GDXHU�ODUYDH��:LULFN�HW�DO��������

7DNHQ�WRJHWKHU��ZH�KDYH�IRXQG�GLVWLQFW�UHTXLUHPHQWV�IRU�GDI����LVRIRUPV�WR�EORFN��Ő�DQG��Ő�FHOO�IDWH�VSHFLILFDWLRQ�GXULQJ�GDXHU�
3URPRWHU� VZDS� H[SHULPHQWV� LQGLFDWH� WKDW� GLIIHUHQFHV� LQ� H[SUHVVLRQ� H[SODLQ� UHTXLUHPHQWV� IRU� GLIIHUHQW� LVRIRUPV� IRU� WKH
UHJXODWLRQ�RI�OLIHVSDQ�DQG�GDXHU�IRUPDWLRQ��/HH�HW�DO��������.ZRQ�HW�DO���������GDI����LV�UHTXLUHG�LQ�93&V�WR�EORFN�H[SUHVVLRQ
RI�WKH��Ő�IDWH�PDUNHU�XVHG�LQ�WKLV�VWXG\��WKH�IRFXV�RI�GDI����DFWLYLW\�IRU�LWV�UROH�LQ��Ő�IDWH�LV�XQNQRZQ��.DUS�DQG�*UHHQZDOG
�������)XUWKHUPRUH��LQ�ZLOG�W\SH�ODUYDH��ODJ��S��\IS�LV�H[SUHVVHG�GXULQJ�WKH�/�G�GDXHU�PROW�DQG�GRZQUHJXODWHG�GXULQJ�GDXHU
ZKHUHDV�OVW��S��\IS�LV�QRW�H[SUHVVHG�LQ�WKH�/�G�GDXHU�PROW�RU�GDXHU��.DUS�DQG�*UHHQZDOG��������7KLV�GLIIHUHQFH�LQ�H[SUHVVLRQ
UDLVHV�WKH�SRVVLELOLW\�WKDW�WKH�EORFN�WR��Ő�IDWH�VSHFLILFDWLRQ�RFFXUV�ODWHU�WKDQ�WKH�EORFN�WR��Ő�VSHFLILFDWLRQ��,W�ZLOO�EH�LQWHUHVWLQJ
WR�LQYHVWLJDWH�ZKHWKHU�WKH�GLVWLQFW�UHTXLUHPHQWV�LGHQWLILHG�LQ�WKLV�VWXG\�DUH�GXH�WR�GLIIHUHQFHV�LQ�H[SUHVVLRQ�RI�GDI����LVRIRUPV�
HLWKHU�VSDWLDOO\�RU�WHPSRUDOO\��GLIIHUHQFHV�LQ�WKH�IRFXV�RI�GDI����DFWLYLW\�IRU��Ő�DQG��Ő�IDWH��RU�WKH�XQLTXH�1�WHUPLQXV�RI�HDFK
GDI����LVRIRUP�

0HWKRGV
6WUDLQV�DQG�PDLQWHQDQFH

&��HOHJDQV�VWUDLQV�ZHUH�PDLQWDLQHG�DW���Ő&�RQ�1*0�SODWHV�ZLWK�(��FROL�VWUDLQ�23���DV�D�IRRG�VRXUFH�

'DXHU�LQGXFWLRQ

7KH�GDI���H������DOOHOH�ZDV�SUHVHQW�LQ�DOO�VWUDLQV�DQG�XVHG�WR�LQGXFH�GDXHU�IRUPDWLRQ��9RZHOV�DQG�7KRPDV�������/DUVHQ�HW�DO�
������.DUS��������7HQ�WR�WKLUW\�JUDYLG�DGXOW�KHUPDSKURGLWHV�RI�WKH�GHVLUHG�VWUDLQV�ZHUH�DGGHG�WR�VHHGHG�SODWHV�DW���Ő&�RU���Ő&�
7KH�DGXOWV�ZHUH�DOORZHG�WR�OD\�HJJV�IRU���KRXUV�DW���Ő&��7KH�DGXOWV�ZHUH�UHPRYHG��DQG�WKH�HPEU\RV�ZHUH�LQFXEDWHG�DW���Ő&
IRU� D� IXUWKHU� ��� KRXUV� IRU� ȐHDUO\� GDXHUVȑ� RU� ��� KRXUV� IRU� Ȑ��GD\� GDXHUVȑ�� $W� ��Ő&�� GDI��� ODUYDH� PROW� LQWR� GDXHU� DW
DSSUR[LPDWHO\����KRXUV�DIWHU�HJJ�OD\LQJ��.DUS��������7R�HQVXUH�ODUYDH�ZHUH�ZLWKLQ�WKH�GDXHU�VWDJH��SULRU�WR�VFRULQJ��SXWDWLYH
GDXHU� ODUYDH�ZHUH� DGGHG� WR� DQ�1*0� SODWH� VHHGHG�ZLWK� ��[� FRQFHQWUDWHG�23���PL[HG�ZLWK� UHG� IOXRUHVFHQW� EHDGV� �6LJPD
/������DW�D��������UDWLR��Y�Y��RI�EHDGV�WR���[�23����/DUYDH�ZHUH�LQFXEDWHG�RQ�EHDG�FRQWDLQLQJ�SODWHV�IRU����PLQXWHV��'DXHU
ODUYDH��LQFOXGLQJ�GDI�������GDXHU� ODUYDH��GR�QRW� LQJHVW� IRRG�DQG� WKXV�GR�QRW� WDNH�XS�DQ\� IOXRUHVFHQW�EHDGV�GXULQJ� WKLV� WLPH
�1LND�HW�DO��������� WKHUHIRUH�� ODUYDH� WKDW� ODFNHG�EHDGV�ZHUH�XVHG�IRU�H[SHULPHQWV��7R�HQVXUH� ODUYDH�ZHUH�QRW�VWLOO�ZLWKLQ� WKH
/�G�GDXHU�PROW��',&�RSWLFV�ZHUH�XVHG�WR�FRQILUP�UDGLDO�FRQVWULFWLRQ�DQG�IXOO\�IRUPHG�GDXHU�DODH�

0LFURVFRS\

/DUYDH� ZHUH� DQHVWKHWL]HG� LQ� ���0� OHYDPLVROH� RQ� ��� DJDURVH� SDGV�� :RUPV� ZHUH� LPDJHG� XVLQJ� D� =HLVV� $[LR,PDJHU� '�
FRPSRXQG�PLFURVFRSH�ZLWK�D���[�REMHFWLYH��DQ�$[LR&DP�05P�5HY���FDPHUD��DQG�=HQ�VRIWZDUH��=HLVV���7R�DYRLG�EOHDFKLQJ�
',&�RSWLFV�ZHUH�XVHG� WR� ORFDWH� WKH� UHOHYDQW�93&V� IROORZHG�E\� VQDSSLQJ�D� VLQJOH� LPDJH�RI�',&�DQG�<)3�FKDQQHOV�XVLQJ�D
���PV�H[SRVXUH� WLPH� IRU�<)3�� ,PDJHV�ZHUH�FDWHJRUL]HG�DV�RQ�RU�RII��ZKHUH�RQ� LQGLFDWHG�GHWHFWDEOH�<)3�H[SUHVVLRQ� LQ� WKH

�

������������2SHQ�$FFHVV



�

UHOHYDQW�93&V�LQ�WKH�LPDJH��&RQWUROV�ZHUH�SHUIRUPHG�LQ�SDUDOOHO�ZLWK�LVRIRUP�VSHFLILF�PXWDQWV��DQG�HDFK�VWUDLQ�ZDV�VFRUHG�E\
����LQGHSHQGHQW�UHVHDUFKHUV��7KH�FRPELQHG�GDWD�IURP�DOO�UHVHDUFKHUV�DUH�VKRZQ�LQ�)LJXUH���

6WDWLVWLFV

7KH�SHUFHQW�RI�GDXHU�ODUYDH�H[SUHVVLQJ�WKH�UHOHYDQW�PDUNHU�LQ�HDFK�LQGLYLGXDO�WULDO�ZDV�WUHDWHG�DV�DQ�LQGLYLGXDO�GDWD�SRLQW��)RU
HDFK� VWUDLQ�� ����� WULDOV�ZHUH� SHUIRUPHG��ZKHUH� HDFK� WULDO� FRQVLVWHG� RI� ����� GDXHU� ODUYDH��'LIIHUHQFHV� EHWZHHQ� VWUDLQV�ZHUH
DVVHVVHG�XVLQJ�.UXVNDO�:DOOLV�ZLWK�D�'XQQȍV�PXOWLSOH�FRPSDULVRQ�WHVW��ž� ��������7KH�WRWDO�QXPEHU�RI�ZRUPV�VFRUHG�IRU�HDFK
VWUDLQ�ZDV��*6������Q �����*6������Q �����;9����Q ����;9����Q ����;9����Q �����*6������Q ����*6������Q ���
;9����Q ����;9����Q ����;9����Q ����;9����Q ���

GDI����LVRIRUPV

7KH�GDI����LVRIRUPV�GHVFULEHG�LQ�WKLV�VWXG\�DUH�WKRVH�WKDW�KDYH�EHHQ�GHILQHG�DQG�FKDUDFWHUL]HG�LQ�WKH�OLWHUDWXUH��/LQ�HW�DO�������
2JJ�HW�DO��������/HH�HW�DO��������.ZRQ�HW�DO��������&KHQ�HW�DO���������$OO�RI�WKHVH�LVRIRUPV�FRQWDLQ�D�)RUNKHDG�'1$�ELQGLQJ
GRPDLQ��SKRVSKRU\ODWLRQ�VLWHV�IRU�$.7��DQG�1�WHUPLQDO�SKRVSKRU\ODWLRQ�VLWHV��+RZHYHU��WKH�VHTXHQFHV�DW�WKH�1�WHUPLQXV�YDU\
EHWZHHQ� LVRIRUPV� �UHYLHZHG� LQ�0XUSK\� DQG�+X� ������� ,Q� WKH� FXUUHQW� YHUVLRQ� RI�:RUP%DVH� �:6������ WKHUH� DUH� ���GDI���
LVRIRUPV� OLVWHG�� 7KH� LVRIRUP� GHVFULEHG� DV� GDI���D� LQ� WKH� OLWHUDWXUH� FRUUHVSRQGV� WR� WKH� QHDUO\� LGHQWLFDO� 5��+���E��� DQG
5��+���F��� LVRIRUPV� RQ� :RUP%DVH�� 7KH� LVRIRUP� GHVFULEHG� DV� GDI���E� LQ� WKH� OLWHUDWXUH� FRUUHVSRQGV� WR� 5��+���D��� RQ
:RUP%DVH�� 7KH� LVRIRUPV� GHVFULEHG� DV� GDI���G�I�K� LQ� WKH� OLWHUDWXUH� FRUUHVSRQG� WR� LVRIRUPV� 5��+���G���� 5��+���I���
5��+���K����5��+���L����DQG�5��+���N����,Q�DGGLWLRQ�WR�WKHVH�LVRIRUPV��:RUP%DVH�DOVR�OLVWV�5��+���H����5��+���O����DQG
5��+���P����QRQH�RI�ZKLFK�KDYH�EHHQ�FKDUDFWHUL]HG�LQ�WKH�OLWHUDWXUH��5��+���H���ODFNV�D�'1$�ELQGLQJ�GRPDLQ��5��+���O��
DQG� 5��+���P��� DUH� SUHGLFWHG� WR� HQFRGH� WKH� FRPSOHWH� )RUNKHDG� '1$� ELQGLQJ� GRPDLQ� EXW� ODFN� WKH� 1�WHUPLQDO
SKRVSKRU\ODWLRQ� VLWHV�� 7KH�GDI����D�� DQG�GDI����I��PXWDWLRQV�� WP������ WP������ DQG� WP�����ZRXOG� QRW� DIIHFW� DQ\� RI� WKHVH
XQFKDUDFWHUL]HG� LVRIRUPV� �&KHQ� HW� DO�� �������+RZHYHU�� WKH�GDI����D�I��PXWDWLRQ��PJ���� LV� DQ� HDUO\� VWRS� FRGRQ� WKDW� VKRXOG
GLVUXSW�LVRIRUPV�5��+���O���DQG�5��+���P����2JJ�HW�DO��������

5HDJHQWV

6WUDLQ
QDPH *HQRW\SH GDI����LVRIRUPV

GHOHWHG 5HIHUHQFH�IRU�VWUDLQ

*6���� GDI���H������DU,V����>ODJ��S���[1/6��<)3���FHK���S��*)3��

SKD�����@
1RQH��ZLOG�W\SH� .DUS�	�*UHHQZDOG

����

*6���� GDI����PJ'I�����GDI���H������DU,V��� $OO��QXOO�DOOHOH� .DUS�	�*UHHQZDOG
����

;9�� GDI����WP�������GDI���H������DU,V��� GDI���D 7KLV�ZRUN

;9�� GDI����WP�������GDI���H������DU,V��� GDI���I 7KLV�ZRUN

;9�� GDI����PJ�����GDI���H������DU,V��� GDI���D�I 7KLV�ZRUN

*6���� GDI���H�������DU,V����>OVW��S���[1/6��<)3���WW[��S��*)3��

SKD�����@
1RQH��ZLOG�W\SH� .DUS�	�*UHHQZDOG

����

*6���� GDI����PJ'I�����GDI���H�������DU,V��� $OO��QXOO�DOOHOH� .DUS�	�*UHHQZDOG
����

;9�� GDI����WP�������GDI���H�������DU,V��� GDI���D 7KLV�ZRUN

;9�� GDI����WP�������GDI���H�������DU,V��� GDI���D 7KLV�ZRUN

;9�� GDI����WP�������GDI���H�������DU,V��� GDI���I 7KLV�ZRUN
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;9�� GDI����PJ�����GDI���H�������DU,V��� GDI���D�I 7KLV�ZRUN

$FNQRZOHGJHPHQWV��:H�DUH�JUDWHIXO�WR�&DWKHULQH�2ȍ.HHIIH�DQG�,YD�*UHHQZDOG��&ROXPELD�8QLYHUVLW\��IRU�KHOSIXO�GLVFXVVLRQ
DQG�FULWLFDO�UHDGLQJ�RI�WKH�PDQXVFULSW��:H�WKDQN�0DWWKHZ�-��:LULFN�DQG�$��6FRWW�0F1DXJKW��&HQWUDO�0LFKLJDQ�8QLYHUVLW\��IRU
DGYLFH�DERXW�GDWD�DQDO\VLV�DQG�VWDWLVWLFV��6RPH�VWUDLQV�ZHUH�SURYLGHG�E\�WKH�&*&��ZKLFK�LV�IXQGHG�E\�1,+�2IILFH�RI�5HVHDUFK
,QIUDVWUXFWXUH�3URJUDPV��3���2'���������7KDQNV�WR�:RUP%DVH�IRU�LQIRUPDWLRQ�

5HIHUHQFHV
&DVVDGD� 5&�� 5XVVHOO� 5/�� ������ 7KH� GDXHUODUYD�� D� SRVW�HPEU\RQLF� GHYHORSPHQWDO� YDULDQW� RI� WKH� QHPDWRGH� &DHQRUKDEGLWLV
HOHJDQV��'HY�%LRO�������������3XE0HG�,'���������

&KHQ�$7��*XR�&�� ,WDQL�2$��%XGDLWLV� %*��:LOOLDPV� 7:��+RSNLQV�&(�� HW� DO��� +X� 3-�� ������ /RQJHYLW\�*HQHV�5HYHDOHG� E\
,QWHJUDWLYH�$QDO\VLV�RI�,VRIRUP�6SHFLILF�GDI����)R[2�0XWDQWV�RI�&DHQRUKDEGLWLV�HOHJDQV��*HQHWLFV��������������3XE0HG�,'�
��������

&KHQ� 1�� *UHHQZDOG� ,�� ������ 7KH� ODWHUDO� VLJQDO� IRU� /,1����1RWFK� LQ� &�� HOHJDQV� YXOYDO� GHYHORSPHQW� FRPSULVHV� UHGXQGDQW
VHFUHWHG�DQG�WUDQVPHPEUDQH�'6/�SURWHLQV��'HY�&HOO������������3XE0HG�,'����������

&KULVWHQVHQ� 5�� GH� OD� 7RUUH�8ELHWD� /�� %RQQL� $�� &RO³Q�5DPRV� '$�� ������ $� FRQVHUYHG� 37(1�)2;2� SDWKZD\� UHJXODWHV
QHXURQDO�PRUSKRORJ\�GXULQJ�&��HOHJDQV�GHYHORSPHQW��'HYHORSPHQW���������������3XE0HG�,'����������

.DUS�;��*UHHQZDOG� ,��������&RQWURO�RI�FHOO�IDWH�SODVWLFLW\�DQG�PDLQWHQDQFH�RI�PXOWLSRWHQF\�E\�'$)����)R[2� LQ�TXLHVFHQW
&DHQRUKDEGLWLV�HOHJDQV��3URF�1DWO�$FDG�6FL�8�6�$��������������3XE0HG�,'����������

.DUS�;��������:RUNLQJ�ZLWK�GDXHU�ODUYDH��:RUP%RRN�������������3XE0HG�,'����������

.HQ\RQ�&��&KDQJ�-��*HQVFK�(��5XGQHU�$��7DEWLDQJ�5��������$�&��HOHJDQV�PXWDQW�WKDW�OLYHV�WZLFH�DV�ORQJ�DV�ZLOG�W\SH��1DWXUH
������������3XE0HG�,'���������

.ZRQ�(6��1DUDVLPKDQ�6'��<HQ�.��7LVVHQEDXP�+$��������$�QHZ�'$)����LVRIRUP�UHJXODWHV�ORQJHYLW\��1DWXUH��������������
3XE0HG�,'����������

/DUVHQ� 3/�� $OEHUW� 36�� 5LGGOH� '/�� ������ *HQHV� WKDW� UHJXODWH� ERWK� GHYHORSPHQW� DQG� ORQJHYLW\� LQ� &DHQRUKDEGLWLV� HOHJDQV�
*HQHWLFV���������������3XE0HG�,'���������

/HH�5<��+HQFK�-��5XYNXQ�*��������5HJXODWLRQ�RI�&��HOHJDQV�'$)����DQG�LWV�KXPDQ�RUWKRORJ�).+5/��E\�WKH�GDI���LQVXOLQ�
OLNH�VLJQDOLQJ�SDWKZD\��&XUU�%LRO�������������3XE0HG�,'����������

/L�-��*UHHQZDOG�,��������/,1����LQKLELWLRQ�RI�/,1����FRQWULEXWHV�WR�SUHFLVLRQ�DQG�WLPLQJ�RI�&��HOHJDQV�YXOYDO�IDWH�SDWWHUQLQJ�
&XUU�%LRO�������������3XE0HG�,'����������

/LQ�.��'RUPDQ�-%��5RGDQ�$��.HQ\RQ�&��������GDI�����$Q�+1)���IRUNKHDG�IDPLO\�PHPEHU�WKDW�FDQ�IXQFWLRQ�WR�GRXEOH�WKH
OLIH�VSDQ�RI�&DHQRUKDEGLWLV�HOHJDQV��6FLHQFH���������������3XE0HG�,'���������

0F+XJK�'5��.RXPLV�(�� -DFRE� 3��*ROGIDUE� -�� 6FKODXELW]�*DUFLD�0��%HQQDQL� 6�� HW� DO���<RXQJPDQ�0-�� ������'$)���� DQG
60.���&RQWULEXWH�WR�,QQDWH�,PPXQLW\�'XULQJ�$GXOWKRRG�LQ�&DHQRUKDEGLWLV�HOHJDQV��*���%HWKHVGD�����������������3XE0HG
,'����������

0XUSK\�&7��+X�3-��������,QVXOLQ�LQVXOLQ�OLNH�JURZWK�IDFWRU�VLJQDOLQJ�LQ�&��HOHJDQV��:RUP%RRN���������3XE0HG�,'����������

1LND�/��*LEVRQ�7��.RQNXV�5��.DUS�;��������)OXRUHVFHQW�%HDGV�$UH�D�9HUVDWLOH�7RRO� IRU�6WDJLQJ�&DHQRUKDEGLWLV�HOHJDQV� LQ
'LIIHUHQW�/LIH�+LVWRULHV��*���%HWKHVGD��������������3XE0HG�,'����������

2
.HHIIH�&��*UHHQZDOG�,��������(*)5�VLJQDO�WUDQVGXFWLRQ�LV�GRZQUHJXODWHG�LQ�&��HOHJDQV�YXOYDO�SUHFXUVRU�FHOOV�GXULQJ�GDXHU
GLDSDXVH��'HYHORSPHQW��������3XE0HG�,'����������

2JJ�6��3DUDGLV�6��*RWWOLHE�6��3DWWHUVRQ�*,��/HH�/��7LVVHQEDXP�+$��5XYNXQ�*��������7KH�)RUN�KHDG�WUDQVFULSWLRQ�IDFWRU�'$)�
���WUDQVGXFHV�LQVXOLQ�OLNH�PHWDEROLF�DQG�ORQJHYLW\�VLJQDOV�LQ�&��HOHJDQV��1DWXUH�������������3XE0HG�,'���������

6WHUQEHUJ�3:��������9XOYDO�GHYHORSPHQW��:RUP%RRN���������3XE0HG�,'����������

6XQ�6��2KWD�$��.XKDUD�$��1LVKLNDZD�<��.DJH�1DNDGDL�(��������GDI����)2;2�LVRIRUP�E�LQ�$,<�QHXURQV�LV�LQYROYHG�LQ�ORZ
SUHIHUHQFH�IRU�%LILGREDFWHULXP�LQIDQWLV�LQ�&DHQRUKDEGLWLV�HOHJDQV��1HXURVFL�5HV������������3XE0HG�,'����������

7LVVHQEDXP�+$��������'$)�����)2;2�LQ�WKH�&RQWH[W�RI�&��HOHJDQV��&XUU�7RS�'HY�%LRO������������3XE0HG�,'����������
�
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8QGHUZRRG�56��'HQJ�<��*UHHQZDOG� ,�� ������ ,QWHJUDWLRQ� RI� (*)5� DQG�/,1����1RWFK� 6LJQDOLQJ� E\� /,1���(ON��� WKH�&GN�
.LQDVH�0RGXOH��DQG�685���0HG���LQ�9XOYDO�3UHFXUVRU�&HOO�)DWH�3DWWHUQLQJ�LQ�&DHQRUKDEGLWLV�HOHJDQV��*HQHWLFV�����������
������3XE0HG�,'����������

9RZHOV� --�� 7KRPDV� -+�� ������ *HQHWLF� DQDO\VLV� RI� FKHPRVHQVRU\� FRQWURO� RI� GDXHU� IRUPDWLRQ� LQ� &DHQRUKDEGLWLV� HOHJDQV�
*HQHWLFV��������������3XE0HG�,'���������

:LULFN�0-��&DOH�$5��6PLWK�,7��$OHVVL�$)��6WDURVWLN�05��&XNR�/��HW�DO���.DUS�;��������GDI����)2;2�EORFNV�DGXOW�FHOO�IDWH�LQ
&DHQRUKDEGLWLV�HOHJDQV�GDXHU�ODUYDH�YLD�OLQ����75,0����3/R6�*HQHW�����H���������3XE0HG�,'����������

=KDQJ� ;�� *UHHQZDOG� ,�� ������ 6SDWLDO� UHJXODWLRQ� RI� ODJ��� WUDQVFULSWLRQ� GXULQJ� YXOYDO� SUHFXUVRU� FHOO� IDWH� SDWWHUQLQJ� LQ
&DHQRUKDEGLWLV�HOHJDQV��*HQHWLFV��������������3XE0HG�,'����������

)XQGLQJ��7KLV�ZRUN�ZDV�VXSSRUWHG�E\�5��*0�������IURP�WKH�1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�DQG�&$5((5���������IURP�WKH
1DWLRQDO�6FLHQFH�)RXQGDWLRQ��WR�;.��

$XWKRU�&RQWULEXWLRQV��/LEHUWD�&XNR��LQYHVWLJDWLRQ��IRUPDO�DQDO\VLV��ZULWLQJ���UHYLHZ�HGLWLQJ��$OOLVRQ�5�&DOH��LQYHVWLJDWLRQ�
ZULWLQJ� �� UHYLHZ� HGLWLQJ�� /RQL� 5DPER�� LQYHVWLJDWLRQ�� 0DF\� /� .QREORFN�� LQYHVWLJDWLRQ�� ZULWLQJ� �� UHYLHZ� HGLWLQJ�� IRUPDO
DQDO\VLV��;DQWKD�.DUS��FRQFHSWXDOL]DWLRQ��IRUPDO�DQDO\VLV��IXQGLQJ�DFTXLVLWLRQ��VXSHUYLVLRQ��ZULWLQJ���RULJLQDO�GUDIW��ZULWLQJ��
UHYLHZ�HGLWLQJ�

5HYLHZHG�%\��$QRQ\PRXV

+LVWRU\��5HFHLYHG� 1RYHPEHU� ���� ����� 5HYLVLRQ� 5HFHLYHG� 'HFHPEHU� ��� ����� $FFHSWHG� 'HFHPEHU� ��� ����� 3XEOLVKHG
2QOLQH�'HFHPEHU���������,QGH[HG�'HFHPEHU���������

&RS\ULJKW��j� ����� E\� WKH� DXWKRUV�� 7KLV� LV� DQ� RSHQ�DFFHVV� DUWLFOH� GLVWULEXWHG� XQGHU� WKH� WHUPV� RI� WKH� &UHDWLYH� &RPPRQV
$WWULEXWLRQ� ���� ,QWHUQDWLRQDO� �&&� %<� ����� /LFHQVH�� ZKLFK� SHUPLWV� XQUHVWULFWHG� XVH�� GLVWULEXWLRQ�� DQG� UHSURGXFWLRQ� LQ� DQ\
PHGLXP��SURYLGHG�WKH�RULJLQDO�DXWKRU�DQG�VRXUFH�DUH�FUHGLWHG�

&LWDWLRQ��&XNR��/��&DOH��$5��5DPER��/��.QREORFN��0/��.DUS��;���������'LVWLQFW�GDI����LVRIRUPV�UHJXODWH�VSHFLILFDWLRQ�RI
YXOYDO�SUHFXUVRU�FHOOV�LQ�&DHQRUKDEGLWLV�HOHJDQV��PLFUR3XEOLFDWLRQ�%LRORJ\�����������PLFURSXE�ELRORJ\�������

�

������������2SHQ�$FFHVV

https://www.ncbi.nlm.nih.gov/pubmed/28954762
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