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�
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7DEOH�RI�&RQWHQWV�� � � � � � � � �

�
��� ([HFXWLYH�6XPPDU\��������������������������������������������������������������������������������������������������������� ��
��� ,QWURGXFWLRQ���������������������������������������������������������������������������������������������������������������������� ��
����� %DFNJURXQG�DQG�UDWLRQDOH������������������������������������������������������������������������������������������ ��
����� 2EMHFWLYHV������������������������������������������������������������������������������������������������������������������ ��
����� 2XWFRPHV������������������������������������������������������������������������������������������������������������������� ��

��� /LWHUDWXUH�5HYLHZ ���������������������������������������������������������������������������������������������������������� ���
����� 8UHDVH�$FWLYLW\�������������������������������������������������������������������������������������������������������� ���
����� 0HFKDQLVP�RI�,QKLELWLRQ�RI�8UHDVH������������������������������������������������������������������������� ���

��� (IIHFW�RI�1��1�%XW\O��7KLRSKRVSKRULF�7ULDPLGH��Q%737� ������������������������������������������� ���
����� $PPRQLD�ORVV���������������������������������������������������������������������������������������������������������� ���
����� (IIHFW�RQ�SODQW�SURGXFWLRQ��������������������������������������������������������������������������������������� ���

��� )DFWRUV�$IIHFWLQJ�Q%737�(IILFDF\ �������������������������������������������������������������������������������� ���
��� 2WKHU�,PSOLFDWLRQ����������������������������������������������������������������������������������������������������������� ���
��� 0HWKRG�'HYHORSPHQW�IRU�(VWLPDWLQJ�8UHDVH�,QKLELWRU¶V�(IIHFW�RQ�1LWURXV�2[LGH��
� (PLVVLRQV ����������������������������������������������������������������������������������������������������������������������� ���
��� (IIHFW�RI�8UHDVH�,QKLELWRUV�RQ�,QYHQWRU\�(VWLPDWHV������������������������������������������������������� ���
��� 'LVFXVVLRQV�DQG�&RQFOXVLRQV����������������������������������������������������������������������������������������� ���
���� 5HFRPPHQGDWLRQV���������������������������������������������������������������������������������������������������������� ���
���� )XWXUH�5HVHDUFK�1HHGV �������������������������������������������������������������������������������������������������� ���
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��
�
��� ([HFXWLYH�6XPPDU\�
�
:H� FRQGXFWHG� D� OLWHUDWXUH� UHYLHZ� WR� H[DPLQH� WKH� FRQWULEXWLRQ� RI� XUHDVH� LQKLELWRUV� IRU� 1�
IHUWLOLVHU� WR�HPLVVLRQV�UHGXFWLRQV�LQ�1HZ�=HDODQG¶V�QDWLRQDO�JUHHQKRXVH�JDV�LQYHQWRU\�DQG�
GHYHORS�PHWKRGV�WR�GHVFULEH�KRZ�DPPRQLD��1+���HPLVVLRQV�IURP�SDVWRUDO�DJULFXOWXUH�VRLOV�
FDQ� EH� UHGXFHG� XVLQJ� XUHDVH� LQKLELWRUV�� � 8QOLNH� QLWURXV� R[LGH� �1�2���1+�� LWVHOI� LV� QRW� D�
JUHHQKRXVH� JDV�� +RZHYHU�� LW� DFWV� DV� D� VHFRQGDU\� VRXUFH� RI� 1�2� DQG� WKXV� FRQWULEXWHV� WR�
JOREDO�ZDUPLQJ�DQG�R]RQH�GHSOHWLRQ�LQ�WKH�DWPRVSKHUH��
��
$�QXPEHU�RI�FKHPLFDOV�KDYH�EHHQ�WHVWHG�DV�SRWHQWLDO� LQKLELWRUV�RI�VRLO�XUHDVH�DFWLYLW\�� IRU�
XVH� ZLWK� XUHD� IHUWLOLVHUV� RYHU� WKH� ODVW� ��� \HDUV�� � +RZHYHU�� RQO\� WZR� JURXSV�� QDPHO\�
+\GUR[DPLF� DFLGV� DQG� 3KRVSKRURGLDPLGDWHV�� KDYH� JDLQHG� LPSRUWDQFH� DV� SRWHQW� XUHDVH�
LQKLELWRUV��8,V����$PRQJ�WKH�FRPSRXQGV�VWXGLHG�DQG�HYDOXDWHG��1��Q�EXW\O��WKLRSKRVSKRULF�
WULDPLGH��Q%737��VROG�XQGHU�WKH�WUDGH�QDPH�$JURWDLQ��LV�FXUUHQWO\�WKH�PRVW�SURPLVLQJ�DQG�
HIIHFWLYH�8,�ZKHQ�PL[HG�ZLWK�XUHD�RU�XULQH���
�
%DVHG�RQ�WKH�DYDLODEOH�OLWHUDWXUH�DQ�DSSOLFDWLRQ�UDWH�RI��������Z�Z�Q%737�LV�RSWLPXP�IRU�
UHGXFLQJ�1+�� HPLVVLRQV� IURP� WHPSHUDWH� JUDVVODQGV�� �1HZ�=HDODQG� VWXGLHV�ZKHUH� Q%737�
��������Z�Z��ZDV�DSSOLHG� UHGXFHG�1+�� HPLVVLRQV�RQ�DYHUDJH�E\�����IURP�XUHD�DQG�E\�
���� IURP� XULQH� DQG� UHVXOWHG� LQ� DQ� RYHUDOO� LQFUHDVH� RI� ����� LQ� SDVWXUH� SURGXFWLRQ�ZKHQ�
FRPSDUHG�WR�XUHD�DORQH���
�
&XUUHQWO\� 1HZ� =HDODQG� 1�2� LQYHQWRU\� XVHV� WKH� ,3&&� GHIDXOW� YDOXHV� RI� ���� DQG� ���� IRU�
)UDF*$6)��IUDFWLRQ�RI�WRWDO�IHUWLOLVHU�HPLWWHG�DV�12[�DQG�1+���DQG�)UDF*$60��IUDFWLRQ�RI�WRWDO�
QLWURJHQ�H[FUHWLRQ�HPLWWHG�DV�12[�DQG�1+���� �,Q�D�UHFHQW�UHYLHZ�RI�1HZ�=HDODQG�VSHFLILF�
)UDF*$60�DQG�)UDF*$6)�HPLVVLRQ�IDFWRUV��6KHUORFN�HW�DO�� �������KDYH�UHFRPPHQGHG�D�1HZ�
=HDODQG� VSHFLILF� YDOXH� RI� ���� )UDF*$60� DQG� )UDF*$6)� EH� FRQVLGHUHG� IRU� DGRSWLRQ�� � 7KH�
DSSOLFDWLRQ� RI� Q%737� ZLWK� 1�IHUWLOLVHUV� DQG� XULQH� IXUWKHU� UHGXFHV� WKH� DPRXQW� RI� 1+��
HPLVVLRQ�DQG�UHGXFHV�WKH�YDOXHV�)UDF*$6)�DQG�)UDF*$60���7R�RXU�NQRZOHGJH��QR�FRXQWU\�KDV�
UHYLVHG�LWV�HPLVVLRQ�IDFWRUV�WR�DFFRXQW�IRU�WKH�HIIHFW�RI�Q%737�DSSOLFDWLRQ�ZLWK�XUHD�RU�RQWR�
VRLOV��
�
%DVHG� RQ� RXU� DERYH� HVWLPDWHV� RI� UHGXFWLRQV� LQ� 1+�� HPLVVLRQ� IURP� 1%37� WUHDWHG� XUHD�
DSSOLFDWLRQ��D�1HZ�=HDODQG�VSHFLILF�YDOXH�RI������IRU�)UDF*$6)�LV�UHFRPPHQGHG�IRU�DGRSWLRQ�
ZKHUH�IHUWLOLVHUV�FRQWDLQLQJ�XUHDVH�LQKLELWRU��1%37��DUH�DSSOLHG���:H�UHFRPPHQG�WKDW�ZKHUH�
1%37�LV�DSSOLHG�DV�UHFRPPHQGHG��)UDF*$6)�VKRXOG�EH�FDOFXODWHG�DV�IROORZV��
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�

)UDF*$6)� �>�)18,��î�����@���>�)1±�)18,��î�����@� � � � ����
�
ZKHUH� )UDF*$6)� LV� WKH� IUDFWLRQ� RI� WRWDO� IHUWLOLVHU� 1� HPLWWHG� DV� 1+��� )1� LV� WKH� WRWDO�
DPRXQW�RI�DSSOLHG� IHUWLOLVHU�1��)18,� LV� WKH�DPRXQW�RI�DSSOLHG� IHUWLOLVHU�1� WUHDWHG�ZLWK�
XUHDVH�LQKLELWRU��Q%737��
�
&KDQJLQJ� WKH�)UDF*$6)� IURP����� WR� ����� IRU� WKH� FXUUHQW� XVH� RI� �����*J�1�RI�6XVWDL1�
�XUHD� FRQWDLQLQJ� ZLWK� Q%737�� UHGXFHV� LQGLUHFW� 1�2� HPLVVLRQV� E\� ������ *J�� ZKLFK�
HTXDWHV� WR�����*J�&2��HTXLY�� �+RZHYHU��DVVXPLQJ�DOO� WKH�XUHD� LV�DSSOLHG�ZLWK�1%37�LQ�
1HZ� =HDODQG�� FKDQJLQJ� WKH� )UDF*$6)� IURP� ���� WR� ����� ZLOO� UHGXFH� WKH� LQGLUHFW� 1�2�
HPLVVLRQV�E\������*J��ZKLFK�HTXDWHV�WR������*J�&2��HTXLY���

�
&XUUHQWO\��WKHUH�DUH�QR�1HZ�=HDODQG�GDWD�RQ�GLUHFW�DSSOLFDWLRQ�RI�Q%737�RU�WKH�HIIHFW�
RI�Q%737�FRQWDLQLQJ�XUHD�IHUWLOLVHUV�DSSOLHG�FRQFXUUHQWO\�RU�DV�FORVH�DV�SRVVLEOH�WR�WKH�
GHSRVLWLRQ�RI�XULQH�1�RQ�1+�� HPLVVLRQV�� �7KHUHIRUH�� LW� LV�QRW�SRVVLEOH� WR�HVWLPDWH� WKH�
HIIHFW�RI�XUHDVH�LQKLELWRUV�RQ�HPLVVLRQ�UHGXFWLRQV�IURP�H[FUHWDO�1�LQSXWV�GXULQJ�JUD]LQJ���
7KLV�UHSRUW�DOVR�RXWOLQHV�WKH�DVSHFWV�RI�XUHDVH�LQKLELWRUV�WKDW�QHHG�WR�EH�IXUWKHU�HYDOXDWHG�
LQFOXGLQJ�WKHLU�HIIHFWLYHQHVV�LQ�GLIIHUHQW�VRLO�W\SHV��DW�D�UDQJH�RI�VRLO�WHPSHUDWXUHV�DQG�
VRLO� PRLVWXUHV�� DQG� WKH� PRGH� RI� DSSOLFDWLRQ� RI� Q%737� WR� XULQH� SDWFKHV� DQG� WKH�
IUHTXHQF\� RI� LWV� DSSOLFDWLRQ� WR� SURYLGH� TXDQWLWDWLYH� HVWLPDWHV� RQ� HPLVVLRQ� UHGXFWLRQV�
IURP�H[FUHWDO�1�LQSXWV�GXULQJ�JUD]LQJ�����
�
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��
�
��� ,QWURGXFWLRQ�
�
����� %DFNJURXQG�DQG�UDWLRQDOH�
�
8UHD�LV�WKH�IRUP�RI�1�IHUWLOLVHU�XVHG�PRVW�ZLGHO\�LQ�1HZ�=HDODQG�SDVWXUHV�DQG�LW�LV�WKH�
PRVW� VXVFHSWLEOH� WR� ORVV� YLD� DPPRQLD� YRODWLOLVDWLRQ�� �:KHQ� LW� LV� DSSOLHG� WR� VRLO�� XUHD�
XQGHUJRHV� K\GURO\VLV�� FDWDO\VHG� E\� WKH� HQ]\PH� XUHDVH� WR� IRUP� DPPRQLXP� FDUERQDWH�
>�1+���&2�@��(T������ZKLFK�LQ�WXUQ��EHLQJ�XQVWDEOH��GLVVRFLDWHV�LQWR�DPPRQLXP��1+����
DQG�FDUERQDWH��&2��±��LRQV��(T�������7KH�&2��±�LRQV�UHOHDVH�K\GUR[\O��2+���LRQV��(T������
WKHUHE\�UHVXOWLQJ�LQ�D�KLJK�S+�FORVH�WR�WKH�VLWH�RI�K\GURO\VLV��
�

�1+���&2����+�2�Æ��1+���&2��� � � �������������(T�����
�1+���&2��Æ��1+�������&2��±� � � � �(T�����
&2������+�2�Æ�+&2�±���2+±�� � � � �(T�����
�

$PPRQLD�YRODWLOLVDWLRQ�RU�HPLVVLRQ�LV�VLPSO\�D�FKHPLFDO�UHDFWLRQ�WKDW�RFFXUV�RQO\�XQGHU�
DONDOLQH�FRQGLWLRQV��L�H��ZKHQ�WKH�VRLO�S+�LV�KLJK��!������%RODQ�HW�DO����������7KH�HIIHFW�
RI�S+�RQ�WKH�DPRXQW�RI�1+���DQG�DPPRQLD��1+���IRUPHG�LV�FUXFLDO�LQ�GHWHUPLQLQJ�WKH�
IDWH�RI� IHUWLOLVHU�DQG�DQLPDO�H[FUHWD�1�� �$PPRQLXP�LRQV�GLVVRFLDWH� LQWR�JDVHRXV�1+���
ZKLFK�LV�VXEMHFWHG�WR�YRODWLOLVDWLRQ�ORVVHV��(T������

1+�����2+���Æ�1+��Ç����+�2��S.D������� � � �(T�����
�
7HPSHUDWXUH�� VRLO�ZDWHU�FRQWHQW�� DQG�RWKHU� IDFWRUV�KDYH�VRPH�FRQWUROOLQJ� LQIOXHQFH�RQ�
WKH� SRWHQWLDO� ORVV� RI� XUHD�1� E\� WKLV� SURFHVV�� � $� QHFHVVDU\� SUHUHTXLVLWH� IRU� 1+��
YRODWLOLVDWLRQ�LV�D�VXSSO\�RI�IUHH�1+��QHDU�WKH�VRLO�VXUIDFH���7KH�FRQYHUVLRQ�RI�1+���LRQV�
WR�1+���(T�����LV�WKXV�WKH�PDMRU�SURFHVV�UHJXODWLQJ�WKH�SRWHQWLDO�ORVV�RI�1+��IURP�VRLOV��
��
8QOLNH�QLWURXV�R[LGH��1�2���1+�� LWVHOI� LV�QRW�D�JUHHQKRXVH�JDV�� �+RZHYHU�� LW�DFWV�DV�D�
VHFRQGDU\� VRXUFH� RI�1�2�� E\� GHSRVLWLRQ� DQG� WKHQ� FRQYHUVLRQ� WR�12�� DQG�1�� WKURXJK�
QLWULILFDWLRQ�DQG�GHQLWULILFDWLRQ��DQG�WKXV�FRQWULEXWHV�WR�JOREDO�ZDUPLQJ�DQG�R]RQH��2���
GHSOHWLRQ� LQ� WKH� DWPRVSKHUH��1+��HPLVVLRQV� DOVR� UHSUHVHQW� DJURQRPLF� ORVVHV� DQG�PD\�
FDXVH�HXWURSKLFDWLRQ�DQG�VRLO�DFLGLILFDWLRQ�DIWHU�GHSRVLWLRQ�RQ�ZDWHU�DQG�VRLO�� �9DULRXV�
DSSURDFKHV�KDYH�EHHQ�XVHG�WR�PLWLJDWH�WKH�HFRQRPLF�DQG�HQYLURQPHQWDO� LPSDFWV�RI�1+��

ORVVHV��2QH�VXFK�DSSURDFK�LV�WKH�XVH�RI�XUHDVH�LQKLELWRUV��8,V���5HFHQWO\�LQ�1HZ�=HDODQG�
WKHUH�KDV�EHHQ�LQFUHDVLQJ�LQWHUHVW�LQ�WKH�XVH�RI�FRPPHUFLDOO\�IRUPXODWHG�8,V��H�J���6XVWDL1���
�
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��
�
WR�UHGXFH�WKH�ORVV�RI�1�WKURXJK�OHDFKLQJ�DQG�JDVHRXV�HPLVVLRQV���DQG�WKXV�HQKDQFH�SODQW�
SURGXFWLYLW\���
�
,W� KDV� EHHQ� VXJJHVWHG� �%RODQ� HW� DO�� ������ 6DJJDU� HW� DO�� ������ ������ ����� 6LQJK� HW� DO��
������WKDW�WKH�LGHDO�LQKLELWRU�IRU�XVH�LQ�DJULFXOWXUDO�VRLOV�VKRXOG��
�

•� VSHFLILFDOO\�EORFN�DQ�HQ]\PDWLF�UHDFWLRQ��H�J���8,V�VKRXOG�EORFN�XUHDVH�HQ]\PH�
GXULQJ�XUHD�K\GURO\VLV��

•� UHPDLQ� LQ� FORVH� FRQWDFW� ZLWK� 1� FRPSRXQGV� �H�J��� 8,V� PXVW� PRYH� ZLWK� XUHD�
PROHFXOHV�WKDW�DUH�QRW�UHDGLO\�DEVRUEHG�E\�VRLO����

�
•� QRW�DGYHUVHO\�DIIHFW�RWKHU�EHQHILFLDO�VRLO�RUJDQLVPV�DQG�KLJKHU�SODQWV�

�
•� UHPDLQ�HIIHFWLYH�LQ�WKH�VRLO�IRU�VHYHUDO�ZHHNV�DIWHU�XUHD�1�LQSXW�WKURXJK�IHUWLOLVHU�

DGGLWLRQ�DQG�XULQH�GHSRVLWLRQ�
�

•� QRW� EH� WR[LF� WR� DQLPDOV� DQG� KXPDQV� DW� WKH� OHYHOV� XVHG� WR� LQKLELW� QLWULILFDWLRQ�
HIIHFWLYHO\�

�
•� EH�FRVW�HIIHFWLYH�WR�XVH��

�
7KLV�SURMHFW�ZLOO�H[DPLQH�WKH�FRQWULEXWLRQ�RI�8,V�DPHQGHG�WR�1�IHUWLOLVHU�WR�UHGXFWLRQ�RI�
HPLVVLRQV�LQ�1HZ�=HDODQG¶V�QDWLRQDO�JUHHQKRXVH�JDV�LQYHQWRU\���,W�ZLOO�DOVR�GHWHUPLQH�
WKH� DFWLYLW\�GDWD� �TXDQWLWLHV�RI� LQKLELWRUV�� VRLO� W\SHV�� UHJLRQV�� JUD]LQJ� UHJLPHV��QHHGHG�
DQG� WKH�PHDQV� RI� LQFRUSRUDWLRQ� LQWR� WKH� QDWLRQDO� DJULFXOWXUDO� LQYHQWRU\� EDVHG� RQ� RXU�
FXUUHQW� XQGHUVWDQGLQJ� RI� WKH� HIIHFW� RI� XUHDVH� LQKLELWRU� RQ� QLWURJHQ� WUDQVIRUPDWLRQ�
SURFHVVHV�DQG�JDVHRXV�HPLVVLRQV�RI�1���7R�UHILQH�1HZ�=HDODQG¶V�DJULFXOWXUDO�HPLVVLRQV�
LQYHQWRU\��WKLV�SURMHFW�ZLOO�SURYLGH�HVWLPDWHV�RI�WKH�HIIHFW�RI�XUHDVH�LQKLELWRUV�DSSOLHG�WR�
SDVWRUDO�VRLOV�RQ�HPLVVLRQ�UHGXFWLRQV�DQG�VXJJHVW�D�PHWKRGRORJLFDO�DSSURDFK�WR�TXDQWLI\�
WKHVH�HPLVVLRQ�UHGXFWLRQV��
�
����� 2EMHFWLYHV�
�
7KH�DLPV�RI�WKH�SURSRVHG�SURMHFW�DUH�WR��

��� UHYLHZ� WKH�QDWLRQDO� DQG� LQWHUQDWLRQDO�SXEOLVKHG� UHVHDUFK�DQG�XQSXEOLVKHG�GDWD�
RQ� WKH� HIIHFW� RI� XUHDVH� LQKLELWRUV� IRU� QLWURJHQ� IHUWLOLVHU� RQ� JDVHRXV� ORVVHV� RI�
QLWURJHQ��1���

�������������������������������������������������
� �=DPDQ�0��1JX\HQ�0/��%OHQQHUKDVVHWW�-'��4XLQ�%)��������5HGXFLQJ�1+ � ��1 � 2�DQG�12 � �±1�ORVVHV�IURP�D�SDVWXUH�VRLO�ZLWK�
XUHDVH�RU�QLWULILFDWLRQ�LQKLELWRUV�DQG�HOHPHQWDO�6�DPHQGHG�QLWURJHQRXV�IHUWLOL]HUV��%LRO��)HUWLO��6RLOV�'2,���������V���������������
��
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��� DVVHVV�WKH�LPSDFW�RI�SRWHQWLDO�HPLVVLRQV�UHGXFWLRQV�RQ�WKH�QDWLRQDO�LQYHQWRU\��

��� GHWHUPLQH� WKH� UHTXLVLWH� DFWLYLW\� GDWD� DQG� PHDQV� RI� LQFRUSRUDWLRQ� LQWR� WKH�
QDWLRQDO�DJULFXOWXUDO�LQYHQWRU\��

�
����� 2XWFRPHV�
�
7KH�RXWFRPHV�RI�WKH�VWXG\�DUH�WR��

•� SURYLGH� D� IUDPHZRUN� IRU� HVWLPDWLQJ� WKH� HIIHFW� RI� XUHDVH� LQKLELWRUV� RQ� UHOHYDQW�
HPLVVLRQ� IDFWRUV� ZLWKLQ� WKH� QDWLRQDO� JUHHQKRXVH� JDV� LQYHQWRU\� DQG� WKHLU�
XQFHUWDLQW\�EDVHG�RQ�DYDLODEOH�UHOHYDQW�RYHUVHDV�DQG�1HZ�=HDODQG�SXEOLVKHG�DQG�
XQSXEOLVKHG�GDWD��

•� UHFRJQLVH�NH\�JDSV�LQ�DFWLYLW\�GDWD�IRU�QDWLRQDO�HPLVVLRQV�UHGXFWLRQ�HVWLPDWHV��

•� SURYLGH�UHFRPPHQGDWLRQV�IRU�WDUJHWHG�UHVHDUFK��LI�UHTXLUHG��WR�ILOO�WKH�NH\�JDSV�
LQ�HPLVVLRQ�IDFWRU�DQG�DFWLYLW\�GDWD�NQRZOHGJH��
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��� /LWHUDWXUH�5HYLHZ�
�
8UHD� LV� WKH� PRVW� FRPPRQ� VRXUFH� RI� IHUWLOLVHU�1� XVHG� ZRUOG�ZLGH� DQG� XUHD�EDVHG�
IHUWLOLVHUV�PDNH�XS�DOPRVW�KDOI� WKH�ZRUOG¶V�QLWURJHQ� �1��PDUNHW�� �&RQWLQXHG�JURZWK� LV�
H[SHFWHG�RZLQJ�WR�XUHD¶V�KLJK�DQDO\VLV�DQG�LWV�DELOLW\�WR�EH�DSSOLHG�DV�D�GU\�JUDQXOH�RU�D�
XUHD� FRQWDLQLQJ� VROXWLRQ�� � +RZHYHU�� WKH� PRVW� LPSRUWDQW� QHJDWLYH� LPSDFW� IURP� DQ�
LQFUHDVHG�XVH�RI�XUHD�EDVHG� IHUWLOLVHUV� �VROLG�RU� OLTXLG��ZRXOG�EH� WR� LQFUHDVH�DPPRQLD�
�1+���HPLVVLRQV�WR�WKH�DWPRVSKHUH���8UHD�DSSOLHG�WR�VRLOV�LQ�WKH�IRUP�RI�IHUWLOLVHUV�RU�LQ�
XULQH�DSSOLHG�K\GURO\VHV��L�H��LW�UHDFWV�ZLWK�VRLO�PRLVWXUH�DQG�EUHDNV�GRZQ���7KH�HQ]\PH�
XUHDVH��ZKLFK�LV�SURGXFHG�E\�VRLO�PLFUREHV��IDFLOLWDWHV�WKH�UHDFWLRQ���+LJK�WHPSHUDWXUHV�
DQG�KLJK�ELRORJLFDO�DFWLYLW\�DW�WKH�VRLO�VXUIDFH�SURPRWH�UDSLG�K\GURO\VLV�RI�XUHD�WR�1+��
DQG�FDUERQDWH� VSHFLHV�� OHDGLQJ� WR� ODUJH�1+�� ORVVHV� �XS� WR�����RI� DSSOLHG�1��� � ,I� WKLV�
FRQYHUVLRQ� WDNHV� SODFH� EHORZ� WKH� VRLO� VXUIDFH�� WKH� 1+�� LV� DOPRVW� LQVWDQWDQHRXVO\�
FRQYHUWHG�WR�1+���1��ZKLFK�LV�ERXQG�WR�VRLO�SDUWLFOHV���,I�WKH�FRQYHUVLRQ�WDNHV�SODFH�RQ�
WKH�VRLO�VXUIDFH�RU�RQ�WKH�VXUIDFH�UHVLGXHV��WKHUH�LV�SRWHQWLDO�IRU�WKH�1+��JDV�WR�HVFDSH�
LQWR�WKH�DWPRVSKHUH�LQ�D�SURFHVV�FDOOHG�DPPRQLD�YRODWLOLVDWLRQ�RU�HPLVVLRQ��
�
$PPRQLD�HPLVVLRQV�GHSHQG�RQ�WKH�HQYLURQPHQWDO�FRQGLWLRQV�DW�WKH�WLPH�RI�DSSOLFDWLRQ���
6RLO�WHPSHUDWXUH��VRLO�PRLVWXUH��DPRXQW�RI�VXUIDFH�SODQW�UHVLGXH��VRLO�S+��DQG�OHQJWK�RI�
WLPH� EHWZHHQ� DSSOLFDWLRQ� DQG� WKH� ILUVW� UDLQ� HYHQW� RU� LUULJDWLRQ� DUH� DOO� IDFWRUV� WKDW�
GHWHUPLQH�WKH�WRWDO�DPRXQW�RI�1�WKDW�FDQ�SRWHQWLDOO\�EH�ORVW�E\�YRODWDOLVDWLRQ���$PPRQLD�
HPLVVLRQ� ORVVHV� FDQ� EH� VXEVWDQWLDOO\� UHGXFHG� LI� D� XUHDVH� LQKLELWRU� LV� XVHG� ZLWK� WKH�
IHUWLOLVHU��%XQG\�	�%UHPQHU���������8UHDVH�LQKLELWRUV�VORZ�WKH�FRQYHUVLRQ�RI�XUHD�WR�WKH�
1+��� E\� LQKLELWLQJ� WKH� XUHDVH� HQ]\PH��ZKLFK� UHGXFHV�1+��� FRQFHQWUDWLRQ� LQ� WKH� VRLO�
VROXWLRQ�DQG�KHQFH� ORZHUV� WKH�SRWHQWLDO� IRU�1+�� HPLVVLRQ�� �6ORZLQJ� WKH�K\GURO\VLV�RI�
XUHD�DOORZV�PRUH�WLPH�IRU�LW�WR�GLIIXVH�DZD\�IURP�WKH�DSSOLFDWLRQ�VLWH���,W�DOVR�LQFUHDVHV�
WKH�SUREDELOLW\�WKDW�UDLQ�RU�LUULJDWLRQ�ZLOO�GLOXWH�WKH�XUHD�DQG�1+���FRQFHQWUDWLRQ�DW�WKH�
VRLO�VXUIDFH�DQG�LQFUHDVH�LWV�GLVSHUVLRQ�LQ�WKH�VRLO�VXEVHTXHQWO\�UHWDLQLQJ�1+��LQ�WKH�VRLO��
�
����� 8UHDVH�$FWLYLW\��
�
7KH�XUHD� LQ� IHUWLOLVHU� DQG�DQLPDO�XULQH� LV�XVXDOO\�K\GURO\VHG�ZLWKLQ�D� IHZ�GD\V�E\�DQ�
HQ]\PH�WHUPHG�XUHDVH��ZKLFK�LV�SUHVHQW�LQ�PDQ\�SODQWV�DQG�SODQW�OLWWHU��)UHQH\�	�%ODFN�
������ DQG� LQ� PRVW� VSHFLHV� RI� EDFWHULD�� \HDVW� DQG� IXQJL�� � 7KH� HQ]\PH� FDWDO\VHV� WKH�
K\GURO\VLV�RI�XUHD�WR�1+���DQG�FDUEDPDWH�LRQV�ZKLFK�WKHQ�GHFRPSRVH�WR�&2��DQG�1+�����
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7KH�DFWLYH�VLWH�RI�XUHDVH�HQ]\PH�FRQWDLQV�WZR�QLFNHO��,,��DWRPV�OLQNHG�E\�D�FDUEDPDWH�
EULGJH���7ZR�LPLGD]ROH�1�DWRPV�DUH�ERXQG�WR�HDFK�1L�DWRP��D�FDUER[\ODWH�JURXS�DQG�D�
ZDWHU�PROHFXOH�ILOO�WKH�UHPDLQLQJ�FRRUGLQDWLRQ�VLWH�RI�WKH�PHWDO�LRQ���7KH�DELOLW\�RI�VRLO�
EDFWHULD�DQG�IXQJL�WR�K\GURO\VH�XUHD�YDULHV��VRLO�EDFWHULD�K\GURO\VH�EHWZHHQ�����DQG����
��RI�XUHD��ZKLOH�VRLO�IXQJL�K\GURO\VH�EHWZHHQ�����DQG������/OR\G�	�6KHDIIH���������
$OWKRXJK�VRLO�XUHDVH�HQ]\PH�LV�FRQVLGHUHG� WR�EH�RI�PLFURELDO�RULJLQ� WKHUH� LV�HYLGHQFH�
WKDW�VRPH�VRLO�XUHDVH�DFWLYLW\�PD\�EH�GHULYHG�IURP�SODQWV��)UDQNHQEHUJHU�	�7DEDWDEDL�
��������+RZHYHU��WKHUH�LV�QR�GLUHFW�HYLGHQFH�IRU�WKH�SURGXFWLRQ�RI�XUHDVH�E\�SODQW�URRWV���
�
7KH� XUHDVH� DFWLYLW\� RI� VRLOV� LV� DVVRFLDWHG� ZLWK� RUJDQLF� PDWWHU� �2
7RROH� HW� DO�� ������
5H\QROGV� HW� DO�� ������ .LVVHO�	� &DEUHUD� ������� DV� WKH� RUJDQLF�PDWWHU� FRQWHQW� RI� VRLO�
GHFUHDVHV� ZLWK� GHSWK�� VR� WRR� GRHV� XUHDVH� DFWLYLW\� �%UHPQHU� 	� 0XOYDQH\� ������
0XOYDQH\�	�%UHPQHU���������8UHDVH�DFWLYLW\�LV�JUHDWHU�LQ�JUDVVODQG�WKDQ�LQ�FXOWLYDWHG�
VRLOV� �2
7RROH�HW�DO��������5H\QROGV�HW�DO��������:KLWHKHDG�	�5DLVWULFN��������ZKLFK�
SUREDEO\�UHODWHV�WR�GLIIHUHQFHV�LQ�RUJDQLF�PDWWHU�DQG�PLFURELDO�DFWLYLW\���
�
�+\GURO\VLV�RI�XUHD� LV� WHPSHUDWXUH�GHSHQGHQW�DQG�LQFUHDVHV�ZLWK�VRLO� WHPSHUDWXUH�RYHU�
WKH�UDQJH�RI��±��R&��9OHN�	�&DUWHU��������WKRXJK�VOLJKW�K\GURO\VLV�KDV�EHHQ�GHWHFWHG�DW�
VXE�]HUR� WHPSHUDWXUHV� � �%UHPQHU� 	� 0XOYDQH\� ������� � ,W� LV� DOVR� DIIHFWHG� E\� XUHD�
FRQFHQWUDWLRQ��VRLO�ZDWHU�DQG�VRLO�S+���7KH�RSWLPXP�S+�IRU�XUHD�K\GURO\VLV�LV�EHWZHHQ�
����DQG������.LVVHO�	�&DEUHUD����������
�
����� 0HFKDQLVP�RI�,QKLELWLRQ�RI�8UHDVH�
�
7KRXVDQGV�RI�FKHPLFDOV�KDYH�EHHQ�WHVWHG�DV�SRWHQWLDO�LQKLELWRUV�RI�VRLO�XUHDVH�DFWLYLW\��
IRU� XVH�ZLWK� XUHD� IHUWLOL]HUV�� � 7KHVH� FDQ� EH� FODVVLILHG� DFFRUGLQJ� WR� WKHLU� VWUXFWXUHV� RU�
DFFRUGLQJ� WR� WKHLU� ELQGLQJ� PRGHV� ZLWK� XUHDVH�� DQG� PRVWO\� IDOO� LQWR� WKUHH� JURXSV�� �L��
UHDFWLYH�RUJDQLF�RU�LQRUJDQLF�FRPSRXQGV��H�J���DON�HQ�\O�WKLRVXOILQDWH��D\GURTXLQRQH��S�
%HQ]RTXLQRQH��WKDW�UHDFW�ZLWK�VXOIK\GU\O��PHUFDSWR��JURXSV�LQ�WKH�XUHDVH�HQ]\PH���LL��
PHWDO�FKHODWLQJ�FRPSRXQGV� �H�J���FDSU\ORK\GUR[DPLF�DFLG��DFHWRK\GUR[DPLF�DFLG�� WKDW�
FDXVH�LQKLELWLRQ�GXH�WR�FRPSOH[�IRUPDWLRQ�ZLWK�RQH�RI�WKH�1L�DWRPV�DW�WKH�DFWLYH�VLWH�RI�
XUHDVH�� DQG� �LLL�� FRPSHWLWLYH� LQKLELWRUV� �H�J��� K\GUR[\XUHD�� SKRVSKRURDPLGHV�� SKHQ\O�
SKRVSKRURGLDPLGDWH�33'$��1��Q�EXW\O�SKRVSKRURWKLRLF�WULDPLGH�1%37��WKDW�UHVHPEOH�
XUHD�PROHFXOH��VWUXFWXUDO�DQDORJXH���DQG�ELQG�WR�WKH�DFWLYH�VLWH�RI�XUHDVH�HQ]\PH��$PWXO�
HW� DO�� ������� GLYLGHG�8,V� LQWR� �L�� VXEVWUDWH�DQDORJXH� LQKLELWRUV�� DQG� �LL�� QRQ�VXEVWUDWH�
OLNH�RU�PHFKDQLVP�EDVHG�LQKLELWRUV��GHSHQGLQJ�RQ�WKHLU�ELQGLQJ�PRGHV��
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6XEVWUDWH�DQDORJXH� LQKLELWRUV�KDYH� VWUXFWXUDO� VLPLODULWLHV� WR�XUHD� DQG� LQKLELW� XUHDVH�E\�
FRPSHWLQJ� IRU� WKH� VDPH� DFWLYH� VLWH� RQ� WKH� HQ]\PH�� � 7KLRXUHD�� PHWK\OXUHD�� K\GUR[\O�
XUHD��DQG�QXPHURXV�K\GUR[DPLF�DFLGV�DUH�WKH�PDLQ�H[DPSOHV�RI�WKH�VXEVWUDWH�DQDORJXH�
8,V��
�
1RQ�VXEVWUDWH�DQDORJXH�LQKLELWRUV�GR�QRW�KDYH�DQ\�FORVH�VWUXFWXUDO�VLPLODULW\�ZLWK�XUHD��
EXW� WKH\� LQWHUIHUH� ZLWK� WKH� HQ]\PH¶V� FDWDO\VLV� PHFKDQLVP�� OHDGLQJ� WR� HQ]\PH�
LQDFWLYDWLRQ�� � 7KHVH� FRPSRXQGV� DUH� DOVR� FDOOHG� ³PHFKDQLVP�EDVHG´� LQKLELWRUV�� H�J���
LPLGD]ROHV�DQG� VXOSK\GU\O� UHDJHQWV� OLNH�S�FKORURPHUFXULEHQ]RDWH��SRO\K\GULF�SKHQROV��
DPLQRFUHVROV�DQG�TXLQRQHV��H�J���S�EHQ]RTXLQRQH������GHPHWK\OEHQ]RTXLQRQH���
�
$�QXPEHU�RI�8,V�KDYH�EHHQ�VWXGLHG�DQG�WHVWHG�RYHU�WKH�ODVW����\HDUV��EXW�WKH�IROORZLQJ�
WZR�JURXSV�KDYH�JDLQHG�LPSRUWDQFH�GXULQJ�WKH�ODVW�IHZ�\HDUV�DV�SRWHQW�8,V��
�

+\GUR[DPLF�$FLGV���
+\GUR[DPLF�DFLG�>5�&21+�2+��5�&�2+� 12+@��+;$��GHULYDWLYHV�FKDUDFWHUL]HG�E\�
D�WHUPLQDO�2 &�1+2+�IXQFWLRQDOLW\�ZHUH�GLVFRYHUHG�E\��.REDVKL�HW�DO����������6LQFH�
WKHQ� D� UDQJH� RI� K\GUR[DPLF� DFLGV� KDYH� EHHQ� GHVLJQHG� DQG� H[DPLQHG� �*DOH�	�$WNLQV�
������1HUYLJ�	�.DGLV�������.REDVKL�HW�DO��������� �7KH�EHVW�VWXGLHG�K\GUR[DPDWH�DQG�
WKH�SURWRW\SH�RI�WKLV�FODVV�RI�LQKLELWRUV�LV�DFHWRK\GUR[DPLF�DFLG��$+$���ZKLFK�LQKLELWV�
XUHDVHV� IURP� &ORVWULGLXP� VRUGHOOL�� (�� FROL�� 0RUJDQHOOD� PRUJDQLL�� 3URWHXV� PLUDELOLV��
3URWHXV�YXOJDULV��3URYLGHQFLD�UHWWJHUL��6WDSK\ORFRFFXV�DXUHXV��5RVHQVWHLQ�HW�DO��������
DQG�PDQ\� RWKHU�PLFUR�RUJDQLVPV�� DV�ZHOO� DV� XUHDVHV� IURP� VRLO� �3XJK�	�:DLG� ��������
$+$�LV�D�VWDEOH�V\QWKHWLF�OHDG��3E��PROHFXOH��ZHDNO\�DFLGLF�DQG�KLJKO\�VROXEOH�LQ�ZDWHU��
ZKLFK�VWUXFWXUDOO\�UHVHPEOHV�XUHD�� �+\GUR[DPLF�DFLGV�DUH�HIIHFWLYH�PHWDO�FKHODWHV�DQG�
WKHLU�PHFKDQLVP�RI� LQKLELWLRQ� LQYROYHV� ELQGLQJ� WR� WKH�PHWDO� LRQV� RI� WKH� DFWLYH� VLWH� RI�
HQ]\PH���
�

3KRVSKRURGLDPLGDWHV���
7KH�V\QWKHWLF�SKRVSKRURGLDPLGDWHV�DUH�PRUH�SRWHQW�WKDQ�+;$�DQG�FDQ�EH�VXFFHVVIXOO\�
XVHG� WR� LQKLELW� WKH� XUHDVH� DFWLYLW\� RI� XUHRO\WLF� EDFWHULD� LQ� VRLO� �%\UQHV� HW� DO�� ������
0DUWHQV�	�%UHPQHU� ������.REDVKL� HW� DO�� ������ /LDR�	�5DLQHV� ������%UHPQHU� HW� DO��
������5DR�	�*KDL���������7KH�VWURQJ�LQWHUDFWLRQ�EHWZHHQ�XUHDVH�DQG�SKRVSKRURDPLGH�
FRPSRXQGV�PD\� UHVXOW� IURP� WKH� HOHFWURVWDWLF� VWDELOL]DWLRQ� DQG� VWUXFWXUDO� VLPLODULW\� RI�
SKRVSKRURDPLGH��WHWUDKHGUDO�JHRPHWU\��WKDW�PD\�PLPLF�DQ�LQWHUPHGLDWH�VWDWH�LQ��
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HQ]\PDWLF�FDWDO\VLV���0DQ\�FRPSRXQGV�KDYH�EHHQ�VWXGLHG�DQG�HYDOXDWHG��0XOYDQH\�	�
%UHPQHU� ������ 0DUWHQV� 	� %UHPQHU� ������ %URDGEHQW� HW� DO�� ������ 2
� &RQQRU� 	�
+HQGULFNVRQ��������WKRXJK�PRVW�KDYH�VKRZQ�OLPLWHG�SRWHQWLDO�DV�IHUWLOL]HU�DPHQGPHQW�
GXH� WR� SUREOHPV� RI� ORZ� HIIHFWLYHQHVV�� ODFN� RI� VXVWDLQHG� DFWLRQ�� RU� ODFN� RI� VWDELOLW\� LQ�
IHUWLOL]HU��1��Q�EXW\O��WKLRSKRVSKRULF�WULDPLGH��Q%737��LV�FXUUHQWO\�WKH�PRVW�SURPLVLQJ�
DQG�HIIHFWLYH�DW�ORZ�FRQFHQWUDWLRQV�ZKHQ�PL[HG�ZLWK�XUHD��%UHPQHU�	�&KDL�������-RR�
HW�DO���������Q%737�LV�QRW�DQ�DFWLYH�8,�DQG�PXVW�EH�FRQYHUWHG�LQ�WKH�VRLO�WR�LWV�R[\JHQ�
DQDORJXH� 1��Q�EXW\O�� SKRVSKRULF� WULDPLGH� �Q%372��� ZKLFK� LV� WKH� DFWXDO� 8,�
�&KULVWLDQVRQ�HW�DO����������7KH�FRQYHUVLRQ�RI�Q%737�WR�LWV�R[\JHQ�DQDORJXH�Q%372�LV�
UDSLG��RFFXUULQJ�ZLWKLQ�PLQXWHV�KRXUV� LQ�DHURELF� VRLOV� �%\UQHV�	�)UHQH\��������EXW� LW�
FDQ� WDNH� VHYHUDO� GD\V� LQ� WKH� IORRGZDWHU� RI� WURSLFDO� VRLOV�� Q%372� IRUPV� D� WULGHQWDWH�
OLJDQG�ZLWK�WKH�XUHDVH�HQ]\PH��EORFNLQJ�WKH�DFWLYH�VLWH��0DQXQ]D�HW�DO���������



�

/DQGFDUH�5HVHDUFK�1HZ�=HDODQG�/LPLWHG�

���
�

��� (IIHFW�RI�1��1�%XW\O��7KLRSKRVSKRULF�7ULDPLGH��Q%737���

�
����� $PPRQLD�ORVV��
�
6WXGLHV� FRQGXFWHG� LQ�1HZ�=HDODQG� DQG� RYHUVHDV� DQG� UHYLHZHG� KHUH� KDYH� VKRZQ� WKDW�
XUHD� FRQWDLQLQJ� IHUWLOLVHUV� FDQ� ORVH� XS� WR� ���� RU� PRUH� RI� WKHLU� 1� LI� QRW� UDSLGO\�
LQFRUSRUDWHG�LQWR�WKH�VRLOV���$FFRUGLQJ�WR�%ODFN�HW�DO���������WKH�UDWH�RI�1+��ORVVHV�IURP�
DSSOLHG�XUHD�LQFUHDVHV�ZLWK�LQFUHDVLQJ�UDWH�RI�XUHD�1�DSSOLFDWLRQ��(PLVVLRQV�UDQJH�IURP�
a����DW�UDWHV�RI�XUHD�1�W\SLFDOO\�DSSOLHG�E\�1HZ�=HDODQG�SDVWRUDO�IDUPHUV��L�H�������NJ�
1�KD�� EXW� UHDFK� a����DW� UDWHV� RI� ���NJ�1�KD� �0$)� UHSRUW� E\�6KHUORFN� HW� DO�� ��������
$PPRQLD�ORVVHV�DUH�H[SHFWHG�WR�EH�ORZ�IURP�XULQH�GHSRVLWLRQ�DV�FRPSDUHG�ZLWK�WKRVH�
IURP�VXUIDFH�DSSOLHG�XUHD�DV�PRVW�RI�WKH�XUHD�LQ�XULQH�GHSRVLWHG�IURP�JUD]LQJ�DQLPDOV�LQ�
SDVWXUH�VRLOV�LV�LQFRUSRUDWHG�LQWR�VRLO���&RPSLODWLRQ�RI�WKH�GDWD�XVLQJ�DVSLUDWHG�FKDPEHUV�
IURP� VWXGLHV� FRQGXFWHG� LQ� 1HZ� =HDODQG� E\� 6KHUORFN� HW� DO�� ������� VXJJHVW� WKH� GLUHFW�
DYHUDJH�1+��1�HPLVVLRQV�IURP�XULQH�DSSOLHG�WR�SDVWXUH�VRLOV�DUH����������
�
8UHD� LQ� IHUWLOLVHUV� RU� LQ� XULQH�ZRXOG� EH�PRUH� HIIHFWLYH� LI� DQ� HFRQRPLFDO� DQG� HIILFLHQW�
PHWKRG�ZDV� GHYLVHG� WR� UHGXFH�1+�� ORVV�� �2QH�PHWKRG� RI� UHGXFLQJ� ORVVHV� LV� WR� XVH� D�
XUHDVH�LQKLELWRU�WKDW�UHWDUGV�WKH�K\GURO\VLV�RI�XUHD�E\�VRLO�XUHDVH�DQG�DOORZV�WKH�XUHD�WR�
GLIIXVH�GHHSHU�LQWR�WKH�VRLO�� �0XFK�RI� WKH�1+�� WKHQ�UHOHDVHG�ZRXOG�EH�UHWDLQHG�E\�WKH�
VRLO���7KH�PRVW�UHDGLO\�DYDLODEOH�XUHDVH�LQKLELWRU�Q%737��LV�VROG�DV�$JURWDLQ���ZKLFK�LV�
IRUPXODWHG�DV�D�JUHHQ�FOHDU�OLTXLG�FRQWDLQLQJ�����RI�WKH�DFWLYH�LQJUHGLHQW�Q%737���7KH�
Q%737�LV�LQ�D�PL[HG�VROYHQW�FRQVLVWLQJ�RI�����E\�ZHLJKW�RI�1�PHWK\O�S\UUROLGRQH�ZLWK�
WKH� EDODQFH� FRQVLVWLQJ� RI� QRQ�KD]DUGRXV� VROYHQW� DQG� LQHUW� LQJUHGLHQWV� �,0&�$JULFR�
��������7KLV�FDQ�EH�XVHG�WR�LPSUHJQDWH�XUHD�JUDQXOHV���$JURWDLQ�LV�PDUNHWHG�E\�,QFLWHF�
3LYRW�/WG�LQ�WKH�IROORZLQJ�IRUPXODWLRQV���L��*UHHQ�8UHD�����ZKLFK�FRQWDLQV�������1�DV�
XUHD�DQG�$JURWDLQ�#�����/�W�WR�UHGXFH�WKH�ORVV�RI�1+��IRU�XS�WR����GD\V��DQG��LL��*UHHQ�
8UHD� ��� ZKLFK� FRQWDLQV� ������ 1� DV� XUHD� DQG� $JURWDLQ� #� ���� /�W� WR� UHGXFH� 1+��
YRODWLOLVDWLRQ� IRU� XS� WR� �� GD\V� �,QFLWHF� 3LYRW� /WG� ������� � ,Q� 1HZ� =HDODQG� WKH� RQO\�
FRPPHUFLDO�SURGXFW�DYDLODEOH�LV�6XVWDL1��*UHHQ�DQG�5DSLG�6��ZKHUH�JUDQXODWHG�XUHD�LV�
FRDWHG�ZLWK�$JURWDLQ�#�/�W�XUHD��DQG�WKHQ�PL[HG�ZLWK�DPPRQLXP�VXOSKDWH�LQ�WKH�FDVH�
RI�5DSLG�6��KWWS���ZZZ�VXPPLWTXLQSKRV�FR�Q]����
�
+HUH�ZH�UHYLHZ� WKH�RYHUVHDV�DQG�1HZ�=HDODQG�VWXGLHV�RQ� WKH�XVH�RI�PRVW�FRPPRQO\�
XUHDVH�LQKLELWRU�1%37����
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2YHUVHDV�VWXGLHV���
6WXGLHV� RI� Q%737� DV� XUHDVH� LQKLELWRU� DSSHDU� WR� KDYH� VWDUWHG�ZLWK� %UHPQHU� DQG� &KDL�
������� ZKR� UHSRUWHG� WKDW� Q%737� LV� FRQVLGHUDEO\� PRUH� HIIHFWLYH� WKDQ�
SKHQ\OSKRVSKRURGLDPLGDWH��33'��DV�D�VRLO�XUHDVH�LQKLELWRU�DQG�PHULWV�FRQVLGHUDWLRQ�DV�
D�IHUWLOLVHU�DPHQGPHQW�IRU�UHWDUGLQJ�K\GURO\VLV�RI�XUHD�IHUWLOL]HU�LQ�VRLO���)ROORZLQJ�WKLV�
SXEOLFDWLRQ� QXPHURXV� H[SHULPHQWV� ZHUH� FRQGXFWHG� WR� PHDVXUH� WKH� HIIHFWLYHQHVV� RI�
Q%737� DV� D� XUHDVH� LQKLELWRU� ZKHQ� DSSOLHG� ZLWK� IHUWLOLVHU� LQ� FRQWUROOHG� ODERUDWRU\�
FRQGLWLRQV��XSODQG�VRLO�V\VWHPV��FURSV���ORZODQG�VRLOV��IORRGHG�ULFH���WKRXJK�RQO\�D�IHZ�
ZHUH�FRQGXFWHG�XQGHU�SDVWRUDO�V\VWHPV���,Q�WKH�86�DORQH��XUHD�SOXV�Q%737�ILHOG�WULDOV�
ZHUH�FRQGXFWHG�LQ����VWDWHV�LQFOXGLQJ����UHVHDUFK�LQVWLWXWLRQV���7R�GDWH������WULDOV�KDYH�
EHHQ� FRQGXFWHG�ZRUOGZLGH� LQYROYLQJ� GLIIHUHQW� FURSV� VXFK� DV� FRUQ� ����� WULDOV��� ZKHDW�
����� WULDOV��� ULFH�� VXJDUFDQH�� FRWWRQ�� HWF�� �*RUGRQ�:HOFK��$JURWDLQ� ,QWHUQDWLRQDO��1HZ�
=HDODQG�3HUV��&RPP���$SSHQGL[������,Q�D�UHYLHZ�RI�ILYH�\HDUV�VWXGLHV�RI�Q%737�DFURVV�
86$��+HQGULFNVRQ��������FRQFOXGHG�WKDW�Q%737��FRPPHUFLDOO\�NQRZQ�DV�µ$JURWDLQ¶��
KDV�D�JRRG�SRWHQWLDO�WR�LPSURYH�WKH�HIIHFWLYHQHVV�RI�XUHD�EDVHG�IHUWLOLVHUV���,W�ZDV�PRVW�
HIIHFWLYH� LQ� UHGXFLQJ�1+�� HPLVVLRQV� IURP� VXUIDFH� DSSOLFDWLRQV� RI� ERWK� XUHD� DQG� XUHD�
DPPRQLXP� QLWUDWH� �8$1��� ZKHQ� DSSOLHG� WR� KLJK� S+� VRLOV� LQ�0DQLWRED� �*UDQW� HW� DO��
������DQG�UHVLGXH�FRYHUHG�WURSLFDO�ZHW�VRLOV��6FKOHJHO�HW�DO���������&OD\�HW�DO���������
�
$V� LQGLFDWHG� DERYH� WKHUH� KDYH� EHHQ� PDQ\� RYHUVHDV� VWXGLHV� RI� Q%737�ZLWK� GLIIHUHQW�
IHUWLOLVHUV�� �7KH�HQRUPRXV�DPRXQW�RI�DYDLODEOH� OLWHUDWXUH�RQ�Q%737�PDLQO\�GHDOV�ZLWK�
DJULFXOWXUDO�SURGXFWLRQ�V\VWHPV�LQ�WURSLFDO�FOLPDWHV��ZKLFK�DUH�RI�OLWWOH�UHOHYDQFH�WR�1HZ�
=HDODQG¶V� WHPSHUDWH� FOLPDWH� DQG� JUD]HG� SDVWRUDO� V\VWHPV�� � $GGLWLRQDOO\�� D� KLJK�
SURSRUWLRQ�RI�WKH�OLWHUDWXUH�LQYROYHV�IRUPV�RI�IHUWLOLVHUV�WKDW�DUH�QRW�ZLGHO\�XVHG�LQ�1HZ�
=HDODQG��ZH�KDYH�JHQHUDOO\�OLPLWHG�WKLV�UHYLHZ�WR�LQFOXGH�RQO\�WKRVH�VWXGLHV�ZKHUH�XUHD�
ZDV�LQFRUSRUDWHG�RU�VXUIDFH�DSSOLHG�ZLWK�Q%737�WR�SDVWXUH�VRLO��7DEOH����� �8QOLNH�WKH�
ODUJH� QXPEHU� RI� VWXGLHV� RQ� IHUWLOLVHU�1� DPHQGHG�ZLWK� Q%737��ZH� FRXOG� QRW� ILQG� DQ\�
LQWHUQDWLRQDO�ZRUN�RQ� WKH� HIIHFWLYHQHVV�RI�Q%737� LQ� UHGXFLQJ�GLUHFW�1+�� ORVVHV� IURP�
XULQH��
�
2I� PRVW� UHOHYDQFH� WR� 1HZ� =HDODQG� FRQGLWLRQV� DUH� YDULRXV� ODERUDWRU\� DQG� ILHOG� WULDOV�
FDUULHG� RXW� E\�:DWVRQ� HW� DO�� ������� ����� D�	�E�� ������ ������ LQ� ,UHODQG�ZLWK� Q%737�
WUHDWHG�XUHD�RQ�WHPSHUDWH�JUDVVODQG�VRLOV���$OO�WKHVH�VWXGLHV�FRQFOXGH�WKDW�1%37�LV�QRW�
RQO\�KLJKO\�HIIHFWLYH�LQ�UHGXFLQJ�WRWDO�1+��HPLVVLRQV�DQG�WKH�PD[LPXP�GDLO\�HPLVVLRQ��
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UDWH��EXW�DOVR�LQ�GHOD\LQJ�WKH�WLPH�DW�ZKLFK�PD[LPXP�1+��IOX[�RFFXUV���,Q�H[SHULPHQWV�
FRQGXFWHG�E\�:DWVRQ�HW�DO��DW�GLIIHUHQW�WLPHV��LW�ZDV�IRXQG�WKDW�WKH�SHUFHQWDJH�UHGXFWLRQ��
RI� 1+�� HPLVVLRQ� IURP� Q%737� ZKHQ� DSSOLHG� WR� XUHD� YDULHG� ZLWK� WKH� UDWH� RI� Q%737�
DSSOLFDWLRQ�� �7KH� SHUFHQWDJH� UHGXFWLRQ� LQ� HPLVVLRQV� LQFUHDVHG�ZLWK� DQ� LQFUHDVH� LQ� WKH�
UDWH� RI� Q%737� DGGLWLRQ� IURP� ����� WR� ����� �RQ� D� XUHD�ZHLJKW� EDVLV�� Z�Z���$W� ������
�Z�Z��DSSOLFDWLRQ�UDWH�HPLVVLRQ�UHGXFWLRQ�ZDV��������DYHUDJH�RI����GLIIHUHQW�VRLO�W\SHV��
XQGHU� ODERUDWRU\� FRQGLWLRQV� �����D��� ������ XQGHU� ILHOG� FRQGLWLRQV� �����E��� DQG� DW�
������ �Z�Z�� UDWH� LW� ZDV� ���� XQGHU� ODERUDWRU\� FRQGLWLRQV� �DYHUDJH� RI� ��� VRLO� W\SHV��
�����D��DQG�����XQGHU�ILHOG�FRQGLWLRQV������E����$W�WKH�KLJKHVW�UDWH�RI�������Z�Z��WKH�
UHGXFWLRQ� ZDV� ���� �����D�� DQG� ������ �������� � 7KHLU� VWXGLHV� DOVR� VKRZ� WKHUH� LV� QR�
VLJQLILFDQW�HIIHFW�RI�SUHYLRXV�Q%737�DSSOLFDWLRQV�RQ�WKH�VXEVHTXHQW�HIILFDF\�RI�Q%737�
LQ� UHGXFLQJ� 1+�� HPLVVLRQ� IURP� XUHD� �:DWVRQ� HW� DO�� ������� � :DWVRQ� HW� DO�� UHFHQWO\�
FRQGXFWHG� DQRWKHU� ODERUDWRU\� LQFXEDWLRQ� VWXG\� WR� DVVHVV� WKH� HIIHFW� RI� Q%737�RQ�1+��
ORVVHV� IURP� XUHD�ZLWK� ��� ������ ������� ������ ������ DQG� ����� �Z�Z�� RI� Q%737� LQ� IRXU�
FRQWUDVWLQJ�VRLOV�DW���GLIIHUHQW�VRLO� WHPSHUDWXUHV��:DWVRQ�HW�DO��������� �7KH�DYHUDJH���
UHGXFWLRQ� LQ� 1+�� HPLVVLRQV� IURP� DOO� WKH� VRLOV� DQG� WHPSHUDWXUHV� ZDV� ������� �������
������� ������ DQG� ������ IRU� ������ ������� ������ ������ DQG� ����� Q%737� UDWHV��
UHVSHFWLYHO\�� ZKLFK� OHG� WR� WKH� FRQFOXVLRQ� WKDW� FRPPHUFLDOO\� WKHUH� LV� OLWWOH� DGGLWLRQDO�
EHQHILW� LQ� XVLQJ� FRQFHQWUDWLRQV� DERYH� ������� Q%737� �Z�Z�� RQ� D� UDQJH� RI� JUDVVODQG�
VRLOV���
�
5HVXOWV� RI� DQRWKHU� VHULHV� RI� ILHOG� H[SHULPHQWV� LQ� WKH� 8.� VKRZ� WKDW� WKH� DGGLWLRQ� RI�
$JURWDLQ�DSSOLHG�DW�������������RU������Z�Z�Q%737�WR�VROLG�XUHD��LQ�WKH�JUDVVODQG�DQG�
WLOODJH�VRLOV��RQ�DYHUDJH�UHGXFHG�1+��HPLVVLRQV�E\������UDQJH���±�������&KDGZLFN�HW�
DO�����������
�
7KHVH� VWXGLHV� GLG� QRW� VKRZ� VLJQLILFDQW� GLIIHUHQFHV� �3!������ LQ� UHGXFWLRQ� RI� 1+��
HPLVVLRQV�EHWZHHQ�GLIIHUHQW�DGGLWLRQ�UDWHV�RI�$JURWDLQ��L�H�������YV�������RU�������YV��
������Q%737��� �7KH\�DOVR�VKRZ�QR�GLIIHUHQFHV� �3!������ LQ�1+�� HPLVVLRQV�UHGXFWLRQ�
ZKHQ� 1%37� ZDV� HLWKHU� FRDWHG� RQ� WR� WKH� XUHD� JUDQXOHV� RU� LQFRUSRUDWHG� ZLWKLQ� WKH�
JUDQXOHV��L�H��LQ�WKH�PHOW����
�
,Q�FRQWUDVW� WR� WKHVH� VWXGLHV�� WKHUH�ZDV�QR� VLJQLILFDQW� HIIHFW�RI�Q%737�RQ� UHGXFWLRQ�RI�
1+��HPLVVLRQV�IURP�WZR�6SDQLVK�JUDVVODQG�VRLOV�UHFHLYLQJ����NJ�1�KD±��DV�XUHD�RU�FDWWOH��
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VOXUU\�XQGHU�ORZ��VXPPHU��ZDWHU�ILOOHG�SRUH�VSDFH��:)36����±�����DQG�KLJK��ZLQWHU��
:)36� ���±����� �0HQHQGH]� HW� DO�� ������� � +RZHYHU�� WKH� 1+�� HPLVVLRQV� XQGHU� ORZ�
:)36�FRQGLWLRQV�ZHUH�����ORZHU�LQ�WKH�XUHD��UHGXFHG�IURP������WR������NJ��
1+��1�KD±���DQG�����ORZHU�LQ�WKH�VOXUU\��UHGXFHG�IURP�������WR������NJ�1+��1�KD����
WUHDWPHQWV�ZLWK�Q%737���,W�DSSHDUV�WKDW�WKH�KLJK�PDJQLWXGH�RI�1+��ORVV�IURP�VOXUU\�DV�
FRPSDUHG�ZLWK�XUHD�DQG�ODUJH�GLIIHUHQFHV�LQ�UHSOLFDWHV�DPRQJ�WKH�WUHDWPHQWV�PD\�KDYH�
PDVNHG� WKH� OHYHO� RI� VLJQLILFDQFH� LQ� DYHUDJH� HPLVVLRQV� UHGXFWLRQV� ZLWK� Q%737���
)XUWKHUPRUH��XQGHU�KLJK�:)36�OLWWOH�1+���XS�WR������NJ�1+��1�KD±���ZDV�HPLWWHG�IURP�
VRLO�EHFDXVH�RI�WKH�KHDY\�UDLQIDOO�LPPHGLDWHO\�DIWHU�IHUWLOLVHU�DSSOLFDWLRQ�WKDW�PD\�KDYH�
OHDFKHG�WKH�XUHD�WR�ORZHU�GHSWK���7KHVH�UHVXOWV�VXJJHVW�Q%737�PD\�
�EH�OHVV�HIIHFWLYH�LQ�VRLOV�ZKHUH�IHUWLOLVHU�DSSOLFDWLRQ�LV�LPPHGLDWHO\�IROORZHG�E\�KHDY\�
UDLQIDOO�DQG�RU�LUULJDWLRQ���
�

1HZ�=HDODQG�VWXGLHV��
7KH� ILUVW� XQSXEOLVKHG� H[SHULPHQWV� LQ� 1HZ� =HDODQG� WR� DVVHVV� WKH� HIIHFW� RI� XUHDVH�
LQKLELWRUV�ZHUH�FDUULHG�RXW�LQ�&DQWHUEXU\�E\�6FRWW�%ODFN�DQG�KLV�FROOHDJXHV�DW�/LQFROQ�
8QLYHUVLW\�LQ�WKH�PLG�����V��0$)�UHSRUW��6KHUORFN�HW�DO����������7KHVH�VWXGLHV�SURYHG�
Q%737� WR� EH� D� PRUH� HIIHFWLYH� XUHDVH� LQKLELWRU� WKDQ� 33'�� UHVXOWLQJ� LQ� 1+�� HPLVVLRQ�
UHGXFWLRQ�IURP�����±����ZKHQ�DSSOLHG�DW������WR�������Z�Z��ZLWK�XUHD������NJ1�KD����
�
7KHUH�ZDV�OLWWOH�1HZ�=HDODQG�UHVHDUFK�RQ�XUHDVH�LQKLELWRUV�EHWZHHQ�WKH�PLG�����V�DQG�
�������%HWZHHQ������DQG������WKHUH�ZDV�D���IROG�LQFUHDVH�LQ�IHUWLOLVHU�1�XVDJH�LQ�1HZ�
=HDODQG�IURP��������WR���������WRQQHV�1��PDLQO\�GXH�WR�LQWHQVLILFDWLRQ�RI�1HZ�=HDODQG�
SDVWXUHV���7KH�LQFUHDVLQJ�IHUWLOLVHU�1�LQSXW�WR�JUD]HG�SDVWXUHV�UHNLQGOHG�WKH�GHEDWH�RQ�LWV�
LPSDFW� RQ� DWPRVSKHULF�� WHUUHVWULDO� DQG� DTXDWLF� HQYLURQPHQWV� �3DUOLDPHQWDU\�
&RPPLVVLRQHU�IRU�WKH�(QYLURQPHQW�5HSRUW��������DQG�WKH�LQWHUHVW�WR�DVVHVV�WKH�LPSDFW�
RI� 1� WUDQVIRUPDWLRQ� LQKLELWRUV� RQ� 1� ORVVHV�� � &XUUHQWO\�� WKH� PDMRULW\� RI� WKH� QLWURJHQ�
IHUWLOLVHU�XVHG� LV�JUDQXODWHG�XUHD��ZKLFK�PDNHV�XS�a������RI� WKH�VDOHV�RQ�D�XQLW�RI�1�
EDVLV��DQG�$JURWDLQ�LV�WKH�RQO\�XUHDVH�LQKLELWRU�FRPPHUFLDOO\�DYDLODEOH�LQ�1HZ�=HDODQG��
�
0RVW�RI� WKH�ZRUN�RQ� WKH�HIIHFW�RI�Q%737� LQ� UHGXFLQJ�1+�� ORVVHV� IURP�1HZ�=HDODQG�
SDVWXUH� VRLOV� ZLWK� XUHD� DQG� XULQH� DSSOLFDWLRQ�� ERWK� XQGHU� JODVVKRXVH� DQG� ILHOG�
FRQGLWLRQV��KDV�EHHQ�UHFHQWO\�SXEOLVKHG�LQ�IRXU�SDSHUV��6LQJK�HW�DO��������=DPDQ�HW�DO��
������������0HQHHU�HW�DO����������,Q�D�JODVV�KRXVH�VWXG\��6LQJK�HW�DO���������XVHG��
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Q%737�� FRQWDLQLQJ� FRPPHUFLDO� XUHD� IHUWLOLVHUV� �6XVWDLQ� *UHHQ�� XUHD� FRDWHG� ZLWK�
$JURWDLQ�#�/�DJURWDLQ�WRQQH�XUHD�DQG�6XVWDLQ�<HOORZ��6XVWDLQ�*UHHQ�SOXV����6���DQG��
$JURWDLQ� WR� VWXG\� WKH� HIIHFW� RI� Q%737� LQ� UHGXFLQJ� 1+�� ORVVHV� IURP� XUHD� DQG� XULQH��
UHVSHFWLYHO\���7KH\�IRXQG�D�����DQG�D�����UHGXFWLRQ�LQ�1+��ORVVHV�ZLWK�WKH�DSSOLFDWLRQ�
RI�6XVWDLQ�*UHHQ�DW�����DQG�����NJ�1�KD�FRPSDUHG�ZLWK�XUHD�DSSOLHG�DW�WKH�VDPH�UDWHV���
�
�$� ���� UHGXFWLRQ� LQ� 1+�� HPLVVLRQV� ZDV� REVHUYHG� IURP� XULQH�DPHQGHG� SDVWXUH� VRLO�
FRUHV������NJ�1�KD��WUHDWHG�ZLWK�$JURWDLQ��#�/�W�RI�XUHD�HTXLYDOHQW����
�
,Q�D�ILHOG�WULDO�RQ�SDVWXUH�VRLO��=DPDQ�HW�DO���������REVHUYHG�D�����ORZHU�1+��HPLVVLRQ�
IURP�VRLO�WKDW�KDG�UHFHLYHG�6XVWDLQ�*UHHQ�DW����NJ�1�KD�FRPSDUHG�ZLWK�VRLO�UHFHLYLQJ�
WKH� VDPH� UDWH� RI� XUHD�� �:KHQ�6XVWDLQ�*UHHQ�ZDV� DSSOLHG� WRJHWKHU�ZLWK� D� QLWULILFDWLRQ�
LQKLELWRU� �'&'��� WKH� FRPELQDWLRQ� UHVXOWHG� LQ� D� ���� UHGXFWLRQ� LQ�1+�� ORVV� FRPSDUHG�
ZLWK� VWUDLJKW� XUHD�� LQGLFDWLQJ� '&'� VOLJKWO\� UHGXFHG� WKH� HIIHFWLYHQHVV� RI� Q%737�� � ,Q�
DQRWKHU�ILHOG�VWXG\�E\�=DPDQ�HW�DO���������LQ�������WKH�DSSOLFDWLRQ�RI�$JURWDLQ��#�/�W�
XUHD�HTXLYDOHQW��ZLWK�XULQH������NJ�1�KD�� WR�SDVWXUH�VRLO� UHVXOWHG� LQ�UHGXFWLRQ�RI�1+��
ORVVHV�E\����������DQG������RYHU�DXWXPQ��VSULQJ�DQG�VXPPHU�VHDVRQV� UHVSHFWLYHO\���
+RZHYHU��WKH�UHGXFWLRQ�LQ�1+��HPLVVLRQV�GHFOLQHG�WR����������DQG����RYHU�DXWXPQ��
VSULQJ�DQG�VXPPHU�ZKHQ�$JURWDLQ�ZDV�DSSOLHG�ZLWK�'&'��#�/�W�XUHD�HTXLYDOHQW���
�
,Q� DQRWKHU� ILHOG� O\VLPHWHU� H[SHULPHQW�ZLWK� D� IUHH�GUDLQLQJ� SXPLFH� VRLO��0HQHHU� HW� DO��
�������VKRZHG�����ORZHU��3�������1+��ORVV�IURP�XULQH�$JURWDLQ�WKDQ�WKH�XULQH�DORQH�
�����NJ�1�KD���2YHUDOO�1+��1� ORVV� IURP�XULQH�1�RYHU� WKH����GD\�SHULRG�ZDV� UHGXFHG�
IURP����� WR����NJ�1�KD�� � ,Q� WZR� WULDOV� FRQGXFWHG�E\�%DOODQFH�$JUL1XWULHQWV� LQ�������
Q%737� DSSOLHG� #� �������� ������ DQG� ����� �Z�Z�� WR� XUHD� ����� NJ� 1�KD�� UHGXFHG�
DYHUDJH�1+��HPLVVLRQV�E\�����IURP�D�YROFDQLF�DVK�VRLO��6SURVHQ�	�/HGJDUG�������DQG�
E\���±����IURP�0DQDZDWX�VLOW�ORDP�VRLO��7KHREDOG�HW�DO���������
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2YHUVHDV�VWXGLHV�
,Q� D�QXPEHU�RI� ILHOG� VWXGLHV�ZLWK�Q%737�DPHQGHG�XUHD�DSSOLHG� WR�PDL]H� �+HQGULFNVRQ�
������� ULFH� �%XUHVK�HW�DO���������RUFKDUGJUDVV� �'DFW\OLV�JORPHUDWD�/�� �%XQG\�	�2EHUOH�
������DQG�.HQWXFN\�EOXHJUDVV� �-RR�HW�DO��������� OHG� WR� LQFUHDVHV� LQ�\LHOG�DQG�1�XSWDNH�
FRPSDUHG� WR� XQDPHQGHG� XUHD�� � ,Q� ��� ILHOG� H[SHULPHQWV�� PRVWO\� LQ� WKH� 0LGZHVW� 86��
Q%737� LQFUHDVHG�DYHUDJH�\LHOGV�RI�PDL]H�E\�����NJ�KD� �����DW�DQ�DYHUDJH� IHUWLOLVDWLRQ�
UDWH� RI� ���� NJ�1�KD� �+HQGULFNVRQ� ������ ������� � 7R� DFKLHYH� HTXLYDOHQW� \LHOGV� ZLWKRXW�
Q%737�DPHQGPHQW�UHTXLUHG�DQ�DGGLWLRQDO����NJ�1�KD�IHUWLOLVHU���7KH�DYHUDJH�LQFUHDVH�IRU�
���WULDOV�RYHU���\HDUV�DW�DOO�UDWHV�RI�1�ZDV�����NJ�RI�JUDLQ�SHU�KHFWDUH��������,Q�VRXWKHUQ�
,OOLQRLV�� PDL]H� \LHOGV� ZHUH� LQFUHDVHG� E\� DQ� DYHUDJH� RI� ��� IRU� ��� H[SHULPHQWV� ZLWK�
EURDGFDVW� XUHD� DQG� ���� IRU� �� H[SHULPHQWV� LQ�ZKLFK� XUHD�ZDV� EDQG� SODFHG� RQ� WKH� VRLO�
VXUIDFH� �9DUVD� HW� DO�� ������� �$�FRPSOHWH� OLVW� RI�QXPEHU�RI� H[SHULPHQWV� FRQGXFWHG�ZLWK�
Q%737�ZRUOGZLGH� LV�JLYHQ�DW� WKH�HQG�RI� WKH� UHSRUW� �$SSHQGL[������ �+RZHYHU��YHU\� IHZ�
LQWHUQDWLRQDO�VWXGLHV�RQ�WKH�HIIHFW�RI�Q%737�RQ�SDVWXUH�SURGXFWLRQ�LQ�D�WHPSHUDWH�FOLPDWH�
KDYH�EHHQ�FRQGXFWHG�DQG�WKHVH�DUH�VXPPDUL]HG�LQ�WKH�IROORZLQJ�VHFWLRQ��
�

7HPSHUDWH�FOLPDWH��
)LHOG�VWXGLHV�ZLWK�Q%737�FRQGXFWHG�LQ�1RUWKHUQ�,UHODQG�WHPSHUDWH�JUDVVODQG��:DWVRQ�HW�
DO�� ������ VKRZ�Q%737� ������Z�Z�� VLJQLILFDQWO\� LQFUHDVHG� WKH� SDVWXUH� GU\�PDWWHU� \LHOG�
�'0�\LHOG��RI� WKH� DPHQGHG�XUHD� WUHDWPHQW�E\������� �)XUWKHU� ILHOG� WULDOV� �:DWVRQ�HW� DO��
����E�� HYDOXDWHG� D� UDQJH� RI� Q%737� FRQFHQWUDWLRQV� ������� ������ ����� ����� DQG� �����
Q%737�Z�Z��WR�GHWHUPLQH�WKH�RSWLPXP�DSSOLFDWLRQ�UDWH�IRU�WHPSHUDWH�JUDVVODQG�XQGHU�D�
UDQJH� RI� HQYLURQPHQWDO� FRQGLWLRQV� LQ� D� JLYHQ� \HDU�� � 7KH\� VKRZHG� WKDW� ������
FRQFHQWUDWLRQ�RI�Q%737�RYHUDOO�LQFUHDVHG�'0�\LHOG�E\���F�RPSDUHG�ZLWK�XUHD�DORQH������
NJ�1�KD��ZLWK�D�UDQJH�RI��±���UHVSRQVH�IRU�DOO�WKH�FRQFHQWUDWLRQV��7DEOH������,Q�D�ORQJ�
WHUP� H[SHULPHQW� DW� WKH� $JULFXOWXUDO� 5HVHDUFK� ,QVWLWXWH�� +LOOVERURXJK�� XUHD� DQG� XUHD�
DPHQGHG�ZLWK�����DQG�������Z�Z��Q%737�ZHUH�DSSOLHG�WKUHH�WLPHV�D�\HDU�RYHU���\HDUV�DW�
D� UDWH�RI�����NJ�1� �KD�\U�� �7KH� LQFUHDVH� LQ�'0�\LHOG�GXULQJ������������DQG������ZDV�
�����������DQG�������IRU�������Q%737�DQG�������������DQG������IRU������Q%737�
�Z�Z���UHVSHFWLYHO\��:DWVRQ�HW�DO����������$FFRUGLQJ�WR�WKLV�VWXG\��WKHUH�ZDV�QR�LQGLFDWLRQ�
RI�DQ\�ORQJ�WHUP�DGYHUVH�HIIHFW�RI�UHSHDWHG�Q%737�DSSOLFDWLRQV�RQ�SDVWXUH�SURGXFWLRQ���,Q�
FRQWUDVW��ERWK�D�8.�VWXG\���&KDGZLFN�HW�DO��������DQG�D�6SDQLVK�VWXG\��0HQHQGH]�HW�DO���
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���
�
������GLG�QRW�ILQG�VLJQLILFDQW�LQFUHDVH�LQ�JUDVV�\LHOG�IURP�DSSOLFDWLRQ�RI�Q%737�DPHQGHG�
XUHD�FRPSDUHG�ZLWK�XQDPHQGHG�XUHD��7DEOH�����
�

1HZ�=HDODQG�VWXGLHV�
,Q�1HZ�=HDODQG��4XLQ�HW�DO���������VKRZHG�D�����LQFUHDVH�LQ�SDVWXUH�\LHOG�IURP�6XVWDLQ��
�������� Q%737�Z�Z�� FRPSDUHG�ZLWK� VWDQGDUG� XUHD� DW� ��� DQG� ��� NJ� 1�KD� DSSOLFDWLRQ�
UDWHV���,Q�VXEVHTXHQW�VWXGLHV�FRQGXFWHG�DW�ILYH�GLIIHUHQW�VLWHV��6XVWDLQ�ZDV�DSSOLHG�DW����NJ�
1�KD�DIWHU�HYHU\�WZR�SDVWXUH�FXWV��RU�LQ�VSOLW�DSSOLFDWLRQV�RI����NJ�1�KD�DIWHU�HYHU\�SDVWXUH�
FXW��RYHU�SHULRGV�RI��±���PRQWKV���7KH�LQFUHDVH�LQ�'0�\LHOG�IURP�DSSOLFDWLRQ�RI�Q%737�
DPHQGHG�XUHD�FRPSDUHG�ZLWK�VWDQGDUG�XUHD�UDQJHG�IURP����WR����DW�0RUULQVYLOOH��DQG�
���WR�����DW�&DQWHUEXU\��5DPDNULVKQDQ�HW�DO���������
�
0DUWLQ�HW�DO���������DSSOLHG�$JURWDLQ�DPHQGHG�XUHD�DQG�VWDQGDUG�XUHD�DW�UDWHV�RI��������
��� DQG� ���� NJ� 1�KD� WR� GDLU\� SDVWXUH� GXULQJ� ZHW� VXPPHU� FRQGLWLRQV�� DQG� REVHUYHG� QR�
SDVWXUH�JURZWK�UHVSRQVH�WR�WKH�$JURWDLQ���,Q�WKLV�VWXG\�����PP�UDLQ�IHOO�LPPHGLDWHO\�DIWHU�
IHUWLOLVHU�DSSOLFDWLRQ��DQG� UHVXOWHG� LQ� WKH�XUHD�DQG� LWV�EUHDNGRZQ�SURGXFWV�EHLQJ�ZDVKHG�
LQWR�WKH�VRLO���%\�FRQWUDVW��LQ�WKH�GU\�FRQGLWLRQV�RI�WKH�VSULQJ�DQG�DXWXPQ�WULDOV��WKH�\LHOG�
DGYDQWDJH�RI�$JURWDLQ�DPHQGHG�XUHD�RYHU�VWDQGDUG�XUHD�UDQJHG�IURP����WR�����ZLWK�DQ�
DYHUDJH�RI�����VLPLODU�WR�GDWD�SUHVHQWHG�E\�6WDIIRUG�HW�DO���������DQG�GDWD�JLYHQ�DERYH��
0DUWLQ� HW� DO�� �������REVHUYHG� WKDW� WKH�\LHOG�DGYDQWDJH� LQ�ERWK� VSULQJ�DQG�DXWXPQ� WULDOV�
IURP�$JURWDLQ�WUHDWHG�XUHD�LQFUHDVHG�ZLWK�LQFUHDVLQJ�UDWH�RI�IHUWLOLVHU�DSSOLFDWLRQ��L�H�����
DW����NJ�1�KD�WR�����DW�����NJ�1�KD���,Q�DQRWKHU�ILHOG�WULDO�FRQGXFWHG�RQ�D�GDLU\�IDUP�LQ�
+DPLOWRQ�� WRWDO� SDVWXUH� SURGXFWLRQ� LQFUHDVHG� E\� ���� DQG� ���� IRU� XUHD�$JURWDLQ� DQG�
XUHD�$JURWDLQ�'&'������NJ1�KD��FRPSDUHG�ZLWK�XUHD�DORQH��=DPDQ�HW�DO���������7DEOH�
���� � 7KH� DSSOLFDWLRQ� RI� $JURWDLQ� ��� /�KD�� WR� XULQH� ����� NJ�1�KD�� LQ� D� ILHOG� SORW� VWXG\�
FRQGXFWHG� RYHU� WKUHH� VHDVRQV� �DXWXPQ�� VSULQJ� DQG� VXPPHU�� E\� =DPDQ� HW� DO�� �������
UHVXOWHG�LQ�DQ�LQFUHDVH�LQ�SDVWXUH�SURGXFWLRQ�DV�FRPSDUHG�WR�XULQH�DORQH�E\�D�PD[LPXP�RI�
���LQ�VSULQJ���,Q�WKLV�H[SHULPHQW��WKH�FRPELQHG�HIIHFW�RI�'&'�DQG�$JURWDLQ�ZDV�VOLJKWO\�
KLJKHU� WKDQ� WKH�HIIHFW�RI� DSSOLFDWLRQ�RI� LQGLYLGXDO� LQKLELWRUV�RQ�SDVWXUH�SURGXFWLRQ�ZLWK�
PD[LPXP�RI�����LQFUHDVH�LQ�SDVWXUH�SURGXFWLRQ�LQ�VSULQJ��
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$�\LHOG�UHVSRQVH�WR�XUHDVH�LQKLELWRU�DSSOLFDWLRQ�FRXOG�EH�H[SHFWHG�RQO\�ZKHQ�WKH�SDVWXUH�
LV�DEOH�WR�XWLOL]H�WKH�VXUSOXV�1�FRQVHUYHG�E\�WKH�LQKLELWRU�ZKHQ�HQYLURQPHQWDO�FRQGLWLRQV�
DUH�RWKHUZLVH� FRQGXFLYH� WR� VXEVWDQWLDO�1+�� ORVVHV� IURP�VXUIDFH� DSSOLHG�XUHD�� �%DOODQFH�
$JUL�1XWULHQWV� FRQGXFWHG� D� QXPEHU� RI� H[SHULPHQWV� �XQSXEOLVKHG� GDWD�� RYHU� ����±���
ZKHUH�DORQJ�ZLWK�RWKHU�SURGXFWV��6XVWDLQ�ZDV�FRPSDUHG�ZLWK�XUHD�RQ�D�VLWH�LQ�1RUWKODQG�
ZLWK� .LNX\X� GRPLQDQW� SDVWXUHV� �+XQW� 	� 2¶&RQQRU� ������� WZR� VLWHV� LQ� 1RUWKODQG� DQG�
5RWRUXD� �+DZNH�	�+XQW� ������ DQG� QLQH� VLWHV� WKURXJK� RXW� 1HZ� =HDODQG� �6PLWK� HW� DO��
��������+DZNH�DQG�+XQW���������PHDVXULQJ�SDVWXUH�\LHOG�UHVSRQVHV�WR�XUHD�DSSOLHG�DW�����
DQG� ���� NJ�1�KD�ZLWK� DQG�ZLWKRXW� GLIIHUHQW� GRVHV� RI� $JURWDLQ� �DV� 6XVWDL1��� IRXQG� QR�
VLJQLILFDQW�\LHOG�UHVSRQVHV�WR�GLIIHUHQW�UDWHV�RI�$JURWDLQ�DW�HLWKHU�UDWH�RI�XUHD�DSSOLFDWLRQ��
DW� DQ\� FXW� �SRLQW� LQ� WLPH��� RU� LQ� WRWDO� SURGXFWLRQ� DW� ERWK� WKH� VLWHV�� 6PLWK� HW� DO�� �������
UHSRUWHG� WKDW�RQO\� WZR�VLWHV�RXW�RI�QLQH��RQH� LQ�:DLNDWR� ���� LQFUHDVH��DQG� WKH�RWKHU� LQ�
&DQWHUEXU\� ���� LQFUHDVH��� VKRZHG� D� VLJQLILFDQW� GLIIHUHQFH� LQ� WRWDO� VSULQJ� SDVWXUH�
SURGXFWLRQ� LQ� UHVSRQVH� WR� DSSOLFDWLRQ� RI� 6XVWDLQ� FRPSDUHG�ZLWK� XUHD�� �2YHUDOO�� 6XVWDLQ�
JDYH� ��� ODUJHU� UHVSRQVH� WKDQ� XUHD� �UDQJH� �±����� GXULQJ� VSULQJ� SURGXFWLRQ� DFURVV� DOO�
VLWHV�DQ�RYHUDOO�DYHUDJH�LQFUHDVH�RI�������7DEOH������
�
,Q�VXPPDU\��WKH�EHQHILW�RI�XVLQJ�6XVWDLQ�WR�UHGXFH�1+��HPLVVLRQ�LV�PRVW�OLNHO\�UHDOLVHG�LQ�
GU\�FRQGLWLRQV�ZKHQ�IHUWLOLVHU�1�LV�EURDGFDVW�UDWKHU�WKDQ�LQFRUSRUDWHG�LQWR�WKH�VRLO�� �7KH�
UHYLHZHG� GDWD� IRU� YDU\LQJ� UDWHV� RI� Q%737� ZLWK� VXUIDFH� DSSOLHG� XUHD� VKRZHG� WKDW� WKH�
UHGXFWLRQ� LQ�1+�� HPLVVLRQV� LQFUHDVHG�ZLWK� LQFUHDVLQJ� UDWH� RI� Q%737�� EXW� IROORZHG� WKH�
ODZ�RI�GLPLQLVKLQJ� UHWXUQV� �7DEOH����� �2YHUDOO�� WKH�ZHLJKWHG�PHDQ��� UHGXFWLRQ� LQ�1+��
HPLVVLRQV�ZLWK�Q%737�DSSOLFDWLRQ�DERYH�RU�HTXDO�WR������Z�Z�FRQFHQWUDWLRQ�WR�VXUIDFH�
DSSOLHG�XUHD�LV�a������7DEOH�����:DWVRQ�HW�DO���������VXJJHVWHG�WKDW�FRPPHUFLDOO\�WKHUH�
LV� QR� DGGLWLRQDO� EHQHILW� LQ� XVLQJ� !������ �� RI� Q%737� Z�Z�� � ,Q� 1HZ� =HDODQG�� WKH�
FRPPHUFLDO� SURGXFW� 6XVWDL1� FRQWDLQV� Q%737� DW� WKH� UHFRPPHQGHG� FRQFHQWUDWLRQ� RI�
�������Z�Z���:KHQ�FRQVLGHULQJ�WKH�1HZ�=HDODQG�GDWD��WKH�UHGXFWLRQ�LQ�1+��HPLVVLRQV�
DYHUDJHG� ���� IURP�Q%737� DSSOLFDWLRQ� UDWH� RI� �������Z�Z�ZLWK� XUHD� DQG�a���� IURP�
Q%737�ZLWK�XULQH���
�
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��� )DFWRUV�$IIHFWLQJ�Q%737�(IILFDF\�

�
0DQ\�\HDUV�RI�UHVHDUFK�KDV�HVWDEOLVKHG�WKDW�Q%737�FDQ�EH�HIIHFWLYH�LQ�UHGXFLQJ�WKH�ORVV�
RI�1+��IURP�XUHD�EDVHG�IHUWLOLVHUV���7KH�UDWH�RI�UHGXFWLRQ�LQ�WKLV�ORVV�IURP�XUHD�ZLWK�WKH�
XVH�RI�Q%737�LV�UHJXODWHG�E\�D�UDQJH�RI�HQYLURQPHQWDO�FRQGLWLRQV�DQG�VRLO�FKDUDFWHULVWLFV���
7KH� IROORZLQJ� VHFWLRQ� GHVFULEHV� KRZ� WKH� VRLO� DQG� FOLPDWLF� FRQGLWLRQV� LQIOXHQFH� WKH�
HIIHFWLYHQHVV�RI�Q%737��
�

6RLO�SURSHUWLHV�
$PRQJ� WKH� IDFWRUV� WKDW� DIIHFW� 1+�� HPLVVLRQV� IURP� VRLOV� DUH� XUHDVH� DFWLYLW\�� VRLO� S+��
WHPSHUDWXUH��VRLO�PRLVWXUH�FRQWHQW��VRLO�FKDUDFWHULVWLFV��ZLQG�VSHHG�DQG�UDWH�DQG�PHWKRG�RI�
XUHD�DSSOLFDWLRQ�� � ,Q�D�VWXG\�RQ����GLYHUVH�VXUIDFH�VRLOV�ZLWK�D�ZLGH�UDQJH�LQ�SURSHUWLHV�
LQFXEDWHG�DW����&�IRU���GD\V�ZLWK�XUHD�DQG�Q%737��������Z�Z���WKH�DELOLW\�RI�Q%737�WR�
UHWDUG�XUHD�K\GURO\VLV�ZDV�VLJQLILFDQWO\�FRUUHODWHG�ZLWK�RUJDQLF�&�FRQWHQW��U� �±��������
WRWDO�1�FRQWHQW� �U� �±������� FDWLRQ�H[FKDQJH�FDSDFLW\� �U� �±������� VDQG�FRQWHQW� �U� �
�������FOD\�FRQWHQW��U� �±������DQG�VXUIDFH�DUHD��U� �±�������%UHPQHU�	�&KDL��������
EXW� VRLO� XUHDVH� DFWLYLW\� �%UHPQHU�	�&KDL� ������ DQG� VRLO� S+� �%URQVRQ� HW� DO�� ������ KDG�
OLWWOH�LQIOXHQFH���
�
$V�RUJDQLF�&�FRQWHQW�DQG�WRWDO�1�FRQWHQW�DUH�LQGLFHV�RI�RUJDQLF�PDWWHU�FRQWHQW�DQG�FDWLRQ�
H[FKDQJH� FDSDFLW\� LV� FORVHO\� UHODWHG� WR� RUJDQLF�PDWWHU� FRQWHQW�� LW�ZDV� FRQFOXGHG� LQ� WKH�
DERYH�VWXGLHV�WKDW�RUJDQLF�PDWWHU�FRQWHQW�DFFRXQWV�IRU�WKH�PRVW�RI�WKH�REVHUYHG�YDULDWLRQ�
LQ� HIIHFWLYHQHVV� RI� Q%737�� � 2WKHU� ZRUNHUV� KDYH� DOVR� VXJJHVWHG� WKDW� HIIHFWLYHQHVV� RI�
Q%737�LV�UHGXFHG�ZLWK�KLJK�SHUFHQWDJHV�RI�RUJDQLF�&��
LQ�VRLO�RU�DPHQGPHQW�RI�VRLO�ZLWK�SODQW�UHVLGXHV��&DUPRQD�HW�DO��������:DQJ�HW�DO��������
:DWVRQ�HW�DO������D���
���
,Q� DQ� H[WHQVLYH� ODERUDWRU\� VWXG\� ZLWK� ��� GLIIHUHQW� VRLO� W\SHV�� :DWVRQ� HW� DO�� �����D��
VKRZHG� WKDW� WKH� ILYH� VRLO� SURSHUWLHV�� L�H�� WLWUDWDEOH� DFLGLW\��PRLVWXUH� FRQWHQW�� S+�� XUHDVH�
DFWLYLW\��DQG�&(&��FRQWULEXWHG�VLJQLILFDQWO\�WR�WKH�YDULDWLRQ�RI�HIIHFWLYHQHVV�RI�Q%737�LQ�
VRLOV�� � $V� PDQ\� RI� WKHVH� VRLO� SURSHUWLHV� DUH� KLJKO\� FRUUHODWHG� WR� RQH� DQRWKHU�� LW� ZDV�
FRQFOXGHG� WKDW� WKH� UHVSRQVH� RI� LQFUHDVLQJ� LQKLELWRU� FRQFHQWUDWLRQ� LQ� UHGXFLQJ� 1+��
HPLVVLRQ� ZDV� WKH� KLJKHVW� LQ� VRLO� ZLWK� ORZ� RUJDQLF� PDWWHU� FRQWHQW�� KLJK� S+� DQG� ORZ�
EXIIHULQJ�FDSDFLW\����
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7KHVH� VRLO� FRQGLWLRQV� DOVR� OHDG� WR� KLJK� 1+�� HPLVVLRQV� IURP� XUHD�� Q%737� FOHDUO\� KDV�
FRQVLGHUDEOH�SRWHQWLDO�WR�LPSURYH�WKH�HIILFLHQF\�RI�XUHD�IURP�WKHVH�JUDVVODQG�VRLOV�� �7KH�
PDMRULW\�RI�1HZ�=HDODQG�SDVWRUDO�VRLOV�DUH�FKDUDFWHULVHG�E\�KLJK�RUJDQLF�PDWWHU�FRQWHQWV��
ORZ�S+�DQG�KLJK�EXIIHULQJ�FDSDFLW\���,W�PLJKW�EH�H[SHFWHG��WKHUHIRUH��WKDW�1+��HPLVVLRQV�
IURP�XUHD�DQG�XULQH�RQ�SDVWRUDO�VRLOV�ZRXOG�EH�ORZ��DQG�WKH�SRWHQWLDO� IRU�UHGXFLQJ�1+��
HPLVVLRQV� ZLWK� Q%737� ZRXOG� DOVR� EH� ORZ�� � +RZHYHU�� WKH� GDWD� RQ� 1+�� HPLVVLRQV�
UHGXFWLRQ� UHVXOWLQJ� IURP� DSSOLFDWLRQ� RI� Q%737� ���� WR� ����� 7DEOH� ��� VKRZ� D� ODUJH�
SRWHQWLDO�WR�LPSURYH�WKH�HIIHFWLYHQHVV�RI�XUHD�LQ�1HZ�=HDODQG�SDVWXUHV���
��
1R�GLUHFW�UHODWLRQVKLS�ZDV�REWDLQHG�EHWZHHQ�LQKLELWLRQ�RI�XUHD�K\GURO\VLV�DQG�UHGXFWLRQ�
LQ�1+��ORVV��WKLV�OHG�&DUPRQD�HW�DO���������WR�VXJJHVW�WKDW�Q%737�GHOD\HG�XUHD�K\GURO\VLV�
WKHUHE\�LQFUHDVLQJ�GLIIXVLRQ�RI�XUHD�LQWR�WKH�VRLO��DQG�UHGXFLQJ�1+��FRQFHQWUDWLRQV�RQ�WKH�
VRLO� VXUIDFH�� �7KXV� WKH�HIIHFW�RI�Q%737�RQ�1+�� ORVV� LV�DOVR�GHSHQGHQW�RQ� WKH�GLIIXVLRQ�
FKDUDFWHULVWLFV� RI� XUHD� LQ� WKH� VRLO� DQG� XUHDVH� DFWLYLW\�� �&KULVWLDQVRQ� HW� DO�� ������� IRXQG�
Q%737�PRUH�HIIHFWLYH�LQ�VDQG\�VRLOV�ZLWK�ORZ�S+�DQG�ORZ�EXIIHULQJ�FDSDFLW\�WKDQ�D�FOD\�
VRLO�ZLWK� KLJK� S+�� ,QWHUHVWLQJO\�� LQ� DQ� H[SHULPHQW�ZLWK� �� GLIIHUHQW� VRLO� W\SHV� LQFXEDWHG�
ZLWK�GLIIHUHQW�GRVH�UDWHV�RI�Q%737��$QWLVDUL�HW�DO���������IRXQG�WKDW�VRLO�ZLWK�KLJKHU�VDQG�
FRQWHQW�������DQG�RUJDQLF�PDWWHU�FRQWHQW��������RUJDQLF�&��QHHGHG�KLJK�FRQFHQWUDWLRQV�
RI� Q%737� WR� UHGXFH�1+�� ORVVHV� FRPSDUHG�ZLWK� VRLO�ZLWK� KLJK� FOD\� FRQWHQW� ������ DQG�
ORZHU� RUJDQLF�PDWWHU� FRQWHQW� ������� RUJDQLF�&��� � 7KH� ILQGLQJV� RI� WKH� VWXGLHV� UHSRUWHG�
DERYH�VXJJHVW� WKDW� WKH�HIILFLHQF\�RI�Q%737�DV�DQ� LQKLELWRU�GHSHQGV�RQ�WKH�FRPELQDWLRQ�
DQG�LQWHUDFWLRQ�RI�VRLO�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�UDWKHU�WKDQ�RQH�VLQJOH�IDFWRU���
�

$PRXQW�RI�Q%737�DSSOLHG��
,Q� ODERUDWRU\� VWXGLHV� DQ� LQFUHDVLQJ� UDWH� RI� Q%737� DSSOLFDWLRQ� ZLWK� XUHD� LQFUHDVHG�
LQKLELWLRQ�RI�XUHDVH�DFWLYLW\��%UHPQHU�	�&KDL�������&DUPRQD�HW�DO��������$QWLVDUL�HW�DO��
������DQG�UHGXFHG�LQ�1+��HPLVVLRQV�EXW�IROORZHG�WKH�ODZ�RI�GLPLQLVKLQJ�UHWXUQV��:DWVRQ�
HW�DO������D����7KH�RSWLPXP�FRQFHQWUDWLRQ�RI�Q%737�IRU�WHPSHUDWH�JUDVVODQG�SURGXFWLRQ�
ZDV�UHSRUWHG�WR�EH�������Z�Z���:DWVRQ�HW�DO���������UHSRUWHG�WKHUH�ZDV�OLWWOH�FRPPHUFLDO�
EHQHILW�LQ�XVLQJ�Q%737�FRQFHQWUDWLRQV�DERYH����������
�
)LHOG�WULDOV�LQYHVWLJDWLQJ�Q%737�SHUIRUPDQFH�DW�YDU\LQJ�UDWHV�XQGHU�WHPSHUDWH�FRQGLWLRQV�
DUH�OLPLWHG��:DWVRQ�HW�DO������E���������EXW�WKH�UHVXOWV�WHQG�WR�DJUHH�ZLWK�ODERUDWRU\��
VWXGLHV���$���\HDU�ILHOG�VWXG\�LQ�&DQDGD�VKRZHG�1+��HPLVVLRQV�RYHU����GD\V�DQG����GD\V��
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GHFUHDVHG�LQ�WKH�RUGHU����!�������!���������������1%37�Z�Z�ZKHQ�DSSOLHG�ZLWK�XUHD�
�5DZOXN�HW�DO����������5HVXOWV�RI�QXPHURXV�ILHOG�WULDOV�FRQGXFWHG�LQ�WKH�86$�ZLWK�Q%737�
DPHQGHG� XUHD� RYHU� ��� \HDUV� ZLWK� FRUQ�� ZKHDW�� EDUOH\�� ULFH�� FRWWRQ�� JUDLQ� VRUJKXP��
U\HJUDVV��DQG�VXJDUFDQH�JHQHUDOO\�VKRZ�WKH�������Q%737�Z�Z�LQFUHDVHG�WKH�\LHOG�DQG�1�
XSWDNH�FRPSDUHG�WR�XQDPHQGHG�XUHD��7UHQNHO�������:DWVRQ��������
����

6RLO�WHPSHUDWXUH�
7KH�WLPH�GHOD\�RI�PD[LPXP�XUHD�K\GURO\VLV�UDWH�DQG�WKH�UHGXFWLRQ�LQ�1+��HPLVVLRQV�E\�
Q%737�GHSHQG�RQ� VRLO� WHPSHUDWXUH�� �*HQHUDOO\��Q%737�HIIHFWLYHQHVV�GHFUHDVHV�ZLWK�DQ�
LQFUHDVH� LQ� VRLO� WHPSHUDWXUH� �:DWVRQ� HW� DO�� ������&DUPRQD� HW� DO�� ������� �$Q� LQFXEDWLRQ�
VWXG\� RI� WKH� HIIHFW� RI� Q%737� ������� Z�Z�� RQ� XUHD� K\GURO\VLV� LQ� VL[� GLIIHUHQW� VRLOV�
LQFXEDWHG�DW���������������DQG�����&�IRU������DQG����GD\V�VKRZHG�WKDW�WKH�LQKLELWRU\�HIIHFW�
RI�Q%737�RQ�XUHD�K\GURO\VLV�GHFUHDVHG�PDUNHGO\��RQ�DQ�DYHUDJH�IURP�����WR������ZLWK�
DQ�LQFUHDVH�LQ�WHPSHUDWXUH�IURP�����WR�����&���7KH�HIIHFW�RI�WHPSHUDWXUH�RQ�LQKLELWLRQ�RI�
XUHD�K\GURO\VLV�E\�Q%737�ZDV�FRQVLGHUDEO\�JUHDWHU�DIWHU����GD\V�WKDQ�DIWHU���RU���GD\V�
�%UHPQHU�	�&KDL��������&DUPRQD�HW�DO���������DOVR�REVHUYHG�WKH�UHODWLYH�HIIHFWLYHQHVV�DW�
Q%737� FRQFHQWUDWLRQV� ������� ������ DQG� ������GHFOLQHG� DV� WKH� WHPSHUDWXUH� LQFUHDVHG�
IURP�����WR����&���)RU�H[DPSOH��������Q%737�Z�Z�UHGXFHG�1+��ORVV�E\�����DW����&�EXW�
E\�RQO\�����DW����&��DQG�D�VLPLODU�SDWWHUQ�ZDV�REVHUYHG�IRU�XUHD�K\GURO\VLV�� �5HVHDUFK�
ILQGLQJV� RI� RWKHU� ZRUNHUV� DOVR� VKRZ� D� GHFUHDVH� LQ� Q%737� HIIHFWLYHQHVV� DW� KLJKHU�
WHPSHUDWXUHV��&OD\�HW�DO��������%UHPQHU�HW�DO��������5DZOXN�HW�DO���������ZKLFK�FDQ�EH�
H[SODLQHG�E\�LQFUHDVHG�XUHDVH�DFWLYLW\�ZLWK�WHPSHUDWXUH���8QGHU�WKHVH�FRQGLWLRQV�D�JUHDWHU�
FRQFHQWUDWLRQ�RI� Q%737� LV� UHTXLUHG� WR� DFKLHYH� D� OHYHO� RI� LQKLELWLRQ� HTXLYDOHQW� WR�ZKHQ�
ORVV�SRWHQWLDO�LV�ORZ���$W�KLJKHU�WHPSHUDWXUHV��WKH�K\GURO\VLV�UDWH�PD\�VXUSDVV�WKH�UDWH�RI�
Q%737�FRQYHUVLRQ�WR�Q%372��RU�WKH�UDWH�RI�LQKLELWRU�GHJUDGDWLRQ�PD\�EH�PRUH�UDSLG���
�
$� PRUH� UHFHQW� ODERUDWRU\� VWXG\� ZLWK� IRXU� GLIIHUHQW� VRLO� W\SHV� DW� WKUHH� GLIIHUHQW�
WHPSHUDWXUHV� ���&�� ���&� DQG� ���&���:DWVRQ� HW� DO�� ������� UHSRUWHG� WKDW� WKH� SHUFHQWDJH�
UHGXFWLRQ� LQ�1+�� ORVV� ZDV� ORZHU� DW� ���&� ������ WKDQ� DW� ��&� ������ RU� DW� ���&� ��������
7KHUH�ZDV�QR�HYLGHQFH�WKDW�WKH�SHUFHQWDJH�LQKLELWLRQ�DW����&�FRXOG�EH�LQFUHDVHG�E\�KLJKHU�
FRQFHQWUDWLRQV�RI�Q%737�DV�REVHUYHG�LQ�RWKHU�VWXGLHV�UHSRUWHG�DERYH���7KHVH�DXWKRUV�KDYH�
QRW� SURYLGHG� DQ\� H[SODQDWLRQ�ZK\� WKH� SHUFHQWDJH� LQKLELWLRQ� DW� ���&�ZDV� ORZHU� WKDQ� DW�
ERWK�D�ORZHU�DQG�D�KLJKHU�WHPSHUDWXUH���2XU�XQGHUVWDQGLQJ�RI�KRZ�WKH�ELRWLF�DQG�DELRWLF�
IDFWRUV� LQIOXHQFH� WKH� WUDQVIRUPDWLRQ�RI�Q%737�WR�Q%372�DQG�LWV�VXEVHTXHQW�VWDELOLW\� LQ�
VRLO� LV� OLPLWHG�EHFDXVH� OLWWOH� UHVHDUFK�KDV�EHHQ�GRQH�RQ� WKHVH�DVSHFWV�� ,W� LV�DQ� LPSRUWDQW�
DUHD�DQG�VKRXOG�EH�FRQVLGHUHG�ZRUWK\�RI�IXUWKHU�LQYHVWLJDWLRQ���
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�
(IIHFW�RQ�QLWULILFDWLRQ�GHQLWULILFDWLRQ��

:DQJ� HW� DO�� ������� FRQGXFWHG� LQFXEDWLRQ� VWXGLHV� WR� GHWHUPLQH� WKH� LQKLELWRU\� HIIHFWV� RI�
Q%737�RQ�QLWULILFDWLRQ�DQG�GHQLWULILFDWLRQ� LQ� VRLO�E\�DGGLQJ�DPPRQLXP�DQG�QLWULWH� LRQV�
UHVSHFWLYHO\�� �7KH\� IRXQG�QR� VLJQLILFDQW� LQIOXHQFH�RQ�ERWK�SURFHVVHV�ZKHQ�Q%737�ZDV�
DSSOLHG�DW� WKH� UDWH�RI�������Z�Z�� ,Q�FRQWUDVW��:DWVRQ�HW� DO�� �����D�� IRXQG� WKDW�Q%737�
DSSOLHG�DW��������Z�Z��VLJQLILFDQWO\�ORZHUHG�12��1��%UHPQHU�	�&KDL�������DQG�12��1�
FRQFHQWUDWLRQ�LQ�WKH�VRLO�VXJJHVWLQJ�UHGXFHG�UDWHV�RI�QLWULILFDWLRQ����
�
+RZHYHU�� WKH� DERYH� UHVXOWV� FRXOG� QRW� EH� UHSHDWHG� ZKHQ�:DWVRQ� HW� DO�� ������� DSSOLHG�
Q%737�DW�LQFUHDVLQJ�UDWHV�IURP�������WR��������Z�Z��ZLWK�QR�VLJQLILFDQW�HIIHFW�RQ�12�±

�1�FRQFHQWUDWLRQ�LQ�WKH�VRLO�ZKLFK�LV�LQ�DJUHHPHQW�ZLWK�RWKHU�ZRUNHUV��%XQG\�	�%UHPQHU�
������ %UHPQHU� HW� DO�� ������� �:DWVRQ� HW� DO�� ������� VXJJHVWHG� WKH� LQKLELWRU�PD\� KDYH� D�
VPDOO� HIIHFW� RQ� HLWKHU� LPPRELOL]DWLRQ� RU� RWKHU� 1� F\FOH� SURFHVVHV� WKDW� QHHG� IXUWKHU�
LQYHVWLJDWLRQ���,Q�D�O\VLPHWHU�VWXG\�FRQGXFWHG�E\�0HQHHU�HW�DO����������$JURWDLQ�DSSOLHG�
DW���NJ�KD�ZLWK�XULQH� UHVXOWHG� LQ� LQFUHDVHG�DFFXPXODWLRQ�RI�12��1�����NJ�1�KD�� LQ� WKH�
���±����PP�VRLO�GHSWK�RYHU����NJ�1�KD�LQ�WKH�XULQH�FRQWURO��12��1�FDQ�EH�WDNHQ�XS�E\�
SODQWV�RU�DOWHUQDWLYHO\�PD\�EH�OHDFKHG�LI�GUDLQDJH�RFFXUV�GXULQJ�D�UDLQIDOO�HYHQW��
�

(IIHFW�RQ�VRLO�PLFUREHV�
(DUOLHU�VWXGLHV�KDYH�VKRZQ�WKDW�Q%737�QRW�RQO\�VORZV�GRZQ�XUHD�K\GURO\VLV� LQ�VRLO�EXW�
DOVR� UDSLGO\� DOWHUV� WKH� RVPRWLF� VWUHQJWK� RI� WKH� VRLO� VROXWLRQ� �%XQG\�	�%UHPHQHU� ������
.LHIW� HW� DO�� ������� � 7KH� GHFUHDVHG� RVPRWLF� VKRFN� DORQJ� ZLWK� GHOD\HG� XUHD� K\GURO\VLV�
PLJKW� UHGXFH� WKH� IOXVK� RI� PLQHUDO� 1� DQG� WKXV� GHFUHDVH� WKH� RUJDQLF� 1� PLQHUDOL]DWLRQ�
DVVRFLDWHG�ZLWK�WKH�PLFURELDO�ELRPDVV���+RZHYHU��%HQHUMHH�HW�DO���������GLG�QRW�ILQG�DQ\�
VLJQLILFDQW�LPSDFW�RI�Q%737�RQ�VRLO�ELRPDVV�LQ�FOD\�ORDP�DQG�VDQG\�ORDP�VRLOV�GXULQJ�D�
��\HDU�PLFUR�SORW�VWXG\���7KHLU�ILQGLQJV�DUH�VXSSRUWHG�E\�UHFHQW�ILHOG�SORW�VWXGLHV�RI��
=DPDQ�HW�DO����������ZKR�REWDLQHG�QR�VLJQLILFDQW�GLIIHUHQFHV�LQ�VRLO�PLFURELDO�ELRPDVV�&�
DQG�1� RYHU� DXWXPQ� DQG� VSULQJ� VHDVRQV� ZLWK� DQG�ZLWKRXW� $JURWDLQ� DSSOLHG�ZLWK� XULQH���
%HFDXVH�$JURWDLQ�RQO\�DIIHFWV�WKH�VSHFLILF�DFWLYLW\�RI�XUHDVH��WKH�HQ]\PH�WKDW�K\GURO\VHV�
XUHD��DQG�LV�RQO\�HIIHFWLYH�IRU�D�VKRUW�SHULRG�RI�WLPH�RI��±���GD\V���,W�GRHV�QRW�DSSHDU�WR�
DIIHFW�VRLO�PLFURELDO�ELRPDVV��%HQHUMHH�HW�DO��������=DPDQ�HW�DO����������
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3K\WRWR[LFLW\�
6ROXWLRQ� FXOWXUH� VWXGLHV� GRQH� E\�ZRUNHUV� OLNH�%ROODUG� HW� DO�� ��������+DUSHU� ������� DQG�
0DWVXPRWR�HW� DO�� �������GHPRQVWUDWHG� WKDW�XUHD� FDQ�EH� WDNHQ�XS�DV� DQ� LQWDFW�PROHFXOH���
1RUPDOO\�XUHD�LV�UDSLGO\�K\GURO\VHG�WR�1+���1�LQ�VRLO�VR�SODQWV�ZRXOG�UDUHO\�WDNH�XS�XUHD�
DV�WKH�LQWDFW�PROHFXOH���7KH�VWXGLHV�FRQGXFWHG�E\�:DWVRQ�HW�DO���������UHSRUWHG�WLS�VFRUFK�
RQ� WKH� OHDYHV� RI� SODQWV� UHFHLYLQJ� XUHD� ����� NJ�1�KD�������Q%737� WKDW� LQFUHDVHG�ZLWK�
LQFUHDVLQJ� XUHD�1� DSSOLFDWLRQ� UDWH� DQG� FRQFHQWUDWLRQ� RI� Q%737� IURP� ������ WR� �����
�:DWVRQ� 	� 0LOOHU� ������� ��1� UHFRYHU\�� DORQJ� ZLWK� RWKHU� HYLGHQFH� LQ� WKLV� VWXG\� ZLWK�
U\HJUDVV��VXJJHVWHG�WKDW�ZKHQ�XUHD�K\GURO\VLV� LV�GHOD\HG�LW� LV�PRUH�OLNHO\�WKDW�WKH�LQWDFW�
XUHD�PROHFXOH�LV�WDNHQ�XS�E\�SODQWV���
�
$Q�DFFXPXODWLRQ�RI�XUHD�ZLWKLQ�SODQW�WLVVXH�KDV�EHHQ�UHSRUWHG�WR�FDXVH�OHDI�WLS�QHFURVLV���
,Q� WKHVH� FDVHV�� XUHD� DFFXPXODWLRQ� UHVXOWHG� IURP� D� UHGXFWLRQ� LQ� VR\EHDQ� OHDIOHW� XUHDVH�
DFWLYLW\� LQGXFHG� E\� QLFNHO� GHILFLHQF\� �DQ� HVVHQWLDO� FRPSRQHQW� RI� XUHDVH�� �(VNHZ� HW� DO��
�������E\�VSUD\LQJ�D�XUHD�VROXWLRQ�RQWR�WKH�IROLDJH�RI�ZLQWHU�ZKHDW��:DUGHQ�	�.HWWOHZHOO�
������RU�E\�LQKLELWLRQ�RI�VRLO�XUHDVH�DFWLYLW\�E\�LQKLELWRUV��.URJPHLHU�HW�DO����������������
,Q� WKH� VWXG\� FRQGXFWHG� E\� :DWVRQ� DQG� 0LOOHU� �������� LW� ZDV� QRW� FOHDU� WKDW� WKH�
SK\WRWR[LFLW\� ZDV� GXH� WR� XUHD� RU� D� UHVXOW� RI� S+� IOXFWXDWLRQV� ZLWKLQ� WKH� SODQW� WLVVXH�
IROORZLQJ� LWV� K\GURO\VLV� E\� VKRRW� XUHDVH�� � +RZHYHU�� WKH� SK\WRWR[LFLW\� REVHUYHG� ZDV�
WUDQVLHQW�DQG�XQOLNHO\�WR�KDYH�DQ\�ORQJ�WHUP�DGYHUVH�HIIHFW�RQ�JURZWK�DV�QHZ�GHYHORSLQJ�
OHDYHV�ZHUH� XQDIIHFWHG�� �1R� VXFK� SK\WRWR[LFLW\� V\PSWRPV�ZHUH� UHSRUWHG� LQ� DQ\� RI� WKH�
RWKHU�VWXGLHV�UHYLHZHG��
�

(IIHFW�RI�FRPELQHG�DSSOLFDWLRQ�RI�XUHDVH�DQG�QLWULILFDWLRQ�LQKLELWRUV�
)HZ� VWXGLHV� KDYH� DWWHPSWHG� WR� H[DPLQH� WKH� HIIHFW� RI� FRPELQHG� DSSOLFDWLRQ� RI�$JURWDLQ�
DQG�'&'�� �7KH� JHQHUDO� WKHRU\� EHKLQG� XVH� RI�'&'� DV� D� QLWULILFDWLRQ� LQKLELWRU� LV� WKDW� LW�
UHGXFHV�1�2�HPLVVLRQV�DQG�QLWUDWH�OHDFKLQJ�IURP�XUHD�EDVHG�IHUWLOLVHUV�DQG�XULQH�VSRWV�E\�
NHHSLQJ�1�LQ�1+���IRUP�IRU�ORQJHU�� �+RZHYHU��WKH�XVH�RI�'&'�FDQ�VRPHWLPHV�HQKDQFH�
WKH�1+��YRODWLOLVDWLRQ�ORVVHV�� �7KHUHIRUH�� LW� LV�DVVXPHG�WKDW� WKH�FRPELQHG�DSSOLFDWLRQ�RI�
WZR�LQKLELWRUV�FDQ�HQKDQFH�WKH�HIILFLHQF\�RI�DSSOLHG�XUHD�RU�XULQH���
�
7ZR� 1HZ� =HDODQG� ILHOG� VWXGLHV� WHVWLQJ� WKH� DERYH� K\SRWKHVLV� VKRZ� WKDW� DSSOLFDWLRQ� RI�
FRPELQHG�LQKLELWRUV�WR�VXUIDFH�DSSOLHG�XUHD�LQFUHDVHG�WKH�1+��HPLVVLRQV�E\������ZKLOH�
UHGXFLQJ�1+��HPLVVLRQV�IURP�XULQH�DSSOLFDWLRQ�E\����������DQG������LQ�DXWXPQ��VSULQJ�
DQG�VXPPHU�VHDVRQV��UHVSHFWLYHO\��=DPDQ�HW�DO�����������������
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+RZHYHU��WKLV�UHGXFWLRQ�IURP�XULQH�ZLWK�FRPELQHG�LQKLELWRUV�ZDV�ORZHU�IRU�HDFK�VHDVRQ�
WKDQ�WKDW�IURP�$JURWDLQ�DSSOLHG�VHSDUDWHO\���
�
,Q� VXPPDU\�� WKH� DYDLODEOH� RYHUVHDV� DQG� 1HZ� =HDODQG� UHVHDUFK� RQ� WKH� XVH� RI� XUHDVH�
LQKLELWRU� Q%737� LQ� SHHU�UHYLHZHG� OLWHUDWXUH� DQG� XQSXEOLVKHG� UHSRUWV� UHSRUWHG� KHUH�
VXJJHVWV�WKDW�LQ�WHPSHUDWH�FOLPDWHV�GLIIHUHQW�OHYHOV�RI�Q%737�DSSOLFDWLRQ�ZLWK�XUHD�UHGXFH�
DYHUDJH�1+��HPLVVLRQV�IURP�VXUIDFH�DSSOLHG�XUHD�E\�����DQG�DQ�HIIHFWLYH�UDWH�RI�Q%737�
DSSOLFDWLRQ�LV��������Z�Z�ZLWK�XUHD�RU�XULQH���7KH�HIILFLHQF\�RI�Q%737�YDULHG�ZLWK�WKH�
WKH�1�VRXUFH��VRLO� W\SH��WH[WXUH��S+��RUJDQLF�PDWWHU�FRQWHQW�DQG�VRLO�1�VWDWXV��DQG�RWKHU�
HQYLURQPHQWDO� FRQGLWLRQV� �WHPSHUDWXUH�� UDLQIDOO�� ZLQG� YHORFLW\��� � 1HZ� =HDODQG� VWXGLHV�
LQYROYLQJ�RSWLPXP�Q%737�DSSOLFDWLRQ���������Z�Z��ZLWK�XUHD�DQG�XULQH�UHVXOWHG�LQ�DQ�
DYHUDJH�����DQG�����UHGXFWLRQ�LQ�1+��HPLVVLRQV��UHVSHFWLYHO\��DQG�WKH�DYHUDJH�LQFUHDVH�
LQ�SDVWXUH�SURGXFWLRQ�ZDV������DQG�����EDVHG�RQ�RQO\�RQH�VWXG\���UHVSHFWLYHO\��
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��� 0HWKRG�'HYHORSPHQW�IRU�(VWLPDWLQJ�8UHDVH�,QKLELWRU¶V�(IIHFW�RQ�
1LWURXV�2[LGH�(PLVVLRQV�

�
$PPRQLD� LV� SURGXFHG� DQG� HPLWWHG� IURP� IHUWLOLVHUV� WKDW� FRQWDLQ�RU� SURGXFH� DPPRQLXP�±�1�
�1+���1��DQG�IURP�DQLPDO�H[FUHWHG�1��XULQH�DQG�GXQJ����$PPRQLD�LWVHOI�LV�QRW�D�JUHHQKRXVH�
JDV� EXW�ZKHQ� UH�GHSRVLWHG� RQ� ODQG� DFWV� DV� DQ� LQGLUHFW� VRXUFH� RI�1�2��1HZ�=HDODQG¶V�1�2�
LQYHQWRU\�FXUUHQWO\�XVHV�WKH�,3&&�GHIDXOW�YDOXHV�RI�����DQG�����IRU�)UDF*$6)��IUDFWLRQ�RI�WRWDO�
IHUWLOLVHU�HPLWWHG�DV�12[�DQG�1+���DQG�)UDF*$60��IUDFWLRQ�RI�WRWDO�QLWURJHQ�H[FUHWLRQ�HPLWWHG�
DV� 12[� DQG� 1+���� � ,Q� D� UHFHQW� UHYLHZ� RI� 1HZ� =HDODQG� VSHFLILF� )UDF*$60� DQG� )UDF*$6)�
HPLVVLRQ�IDFWRUV��6KHUORFN�HW�DO���������KDYH�SURYLGHG�VXIILFLHQW�MXVWLILFDWLRQ�WR�UHFRPPHQG�D�
1HZ�=HDODQG�VSHFLILF�YDOXH�RI�����IRU�)UDF*$60�DQG�)UDF*$6)�WR�EH�FRQVLGHUHG�IRU�DGRSWLRQ���
7KH�UHFRPPHQGHG�FKDQJHV�LQ�)UDF*$60�IURP�����WR�����LV�H[SHFWHG�WR�UHGXFH�1HZ�=HDODQG¶V�
1�2�LQYHQWRU\�E\�������*J�1�2��
�
$SSOLFDWLRQ� RI� WKH� XUHDVH� LQKLELWRU� Q%737�ZLWK�1�IHUWLOLVHUV� DQG� XULQH� IXUWKHU� UHGXFHV� WKH�
DPRXQW�RI�1+��HPLVVLRQ�DQG�WKXV�FRXOG�SURYLGH�MXVWLILFDWLRQ�WR�IXUWKHU�UHGXFH�WKH�YDOXHV�RI�
)UDF*$6)�DQG�)UDF*$60���7R�RXU�NQRZOHGJH��QR�RWKHU�FRXQWU\�KDV�UHYLVHG�LWV�HPLVVLRQ�IDFWRUV�
WR�DFFRXQW�IRU�WKH�HIIHFW�RI�Q%737�DSSOLFDWLRQ�ZLWK�XUHD�RU�RQWR�VRLOV��
�
Q%737�LV�VROG�DV�$JURWDLQ���ZKLFK�LV�IRUPXODWHG�DV�D�JUHHQ�FOHDU�OLTXLG�FRQWDLQLQJ�����RI�
WKH� DFWLYH� LQJUHGLHQW� Q%737�� � ,Q� 1HZ� =HDODQG� FRPPHUFLDO� XUHD� IHUWLOLVHUV� FRQWDLQLQJ�
$JURWDLQ� �6XVWDL1� *UHHQ� DQG� 5DSLG� 6�� DUH� DSSOLHG� WR� JUD]HG� SDVWXUH� VRLOV�
�KWWS���ZZZ�VXPPLWTXLQSKRV�FR�Q]����$OWKRXJK�6XVWDL1�KDV�EHHQ�DSSOLHG�WR�GDLU\��VKHHS��EHHI�
DQG�FURSSLQJ� VRLOV�� LWV� HIIHFW�RQ� WKH� UHGXFLQJ�1+�� HPLVVLRQV� �YLD�)UDF*$6)�� LV� FXUUHQWO\�QRW�
DFFRXQWHG�IRU�LQ�WKH�1HZ�=HDODQG�1�2�LQYHQWRU\��
�

$SSOLFDWLRQ�UDWH�IRU�XUHDVH�LQKLELWRU�
%DVHG�RQ�WKH�SHHU�UHYLHZHG�OLWHUDWXUH�ZH�FRQFOXGH�WKDW�DQ�Q%737�DSSOLFDWLRQ�UDWH�RI��������
Z�Z�ZLWK�XUHD�ZRXOG�PRVW�HIIHFWLYHO\�UHGXFH�1+��HPLVVLRQV�IURP�WHPSHUDWH�JUDVVODQGV����
�

,QIOXHQFH�RI�XUHDVH�LQKLELWRU�1%37�
:KHQ� Q%737� �������� Z�Z�� ZDV� DSSOLHG� ZLWK� XUHD� WR� IRXU� 1HZ� =HDODQG� SDVWRUDO� VRLOV�
VWXGLHV�� 1+�� HPLVVLRQ� ZDV� UHGXFHG� E\� ��±��� �� �Q�  � ��� PHDQ� ��� ��� 6WG�� 'HY�� ������
�6SURQVRQ�	�/HGJDUG� ������ 6LQJK� HW� DO�� ������=DPDQ� HW� DO�� ������ ������� � 7KHVH� VWDWLVWLFV�
GHILQH� WKH� XQFHUWDLQW\� RI� XUHDVH� LQKLELWRU� DSSOLFDWLRQ� WR�1HZ�=HDODQG� VRLOV�ZLWK� UHVSHFW� WR�
UHGXFWLRQV�LQ�1+��HPLVVLRQV���7KH�PHDQ�YDOXH�RI�����VXSSRUWV�RXU�UHFRPPHQGDWLRQ�RI��
FKDQJLQJ�)UDF*$6)�IURP������WR������IRU�WKH�IHUWLOLVHU�1�DSSOLHG�ZLWK�XUHDVH�LQKLELWRU�Q%737��
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0HWKRG�RI�HVWLPDWLRQ�RI�)UDF*$6)�
7KH� HIIHFWV� RI� XUHDVH� LQKLELWRUV� DUH� FDOFXODWHG�XVLQJ� UHYLVLRQV�RI�)UDF*$6)� �IUDFWLRQ�RI� WRWDO�
IHUWLOLVHU�HPLWWHG�DV�12[�DQG�1+���IURP�����WR������IRU�WKH�DPRXQW�RI�IHUWLOLVHU�1�DSSOLHG�ZLWK�
XUHDVH�LQKLELWRU�Q%737��&RQVHTXHQWO\��ZKHQ�Q%737�LV�DSSOLHG�DV�UHFRPPHQGHG��ZH�UHYLVH�
)UDF*$6)�IRU�WKH�QDWLRQDO�LQYHQWRU\�DV�IROORZV��
�

)UDF*$6)� �>�)18,��î�����@���>�)1±�)18,��î�����@� � � ����
�
ZKHUH�)UDF*$6)�LV�WKH�IUDFWLRQ�RI�WRWDO�IHUWLOLVHU�1�HPLWWHG�DV�1+���)1�LV�WKH�WRWDO�DPRXQW�RI�
DSSOLHG� IHUWLOLVHU� 1�� )18,� LV� WKH� DPRXQW� RI� DSSOLHG� XUHD� IHUWLOLVHU� 1� WUHDWHG� ZLWK� XUHDVH�
LQKLELWRU��Q%737���
�
>1RWH�� 7KHVH� FDOFXODWLRQV� WDNH� DFFRXQW� RI� 1+�� HPLVVLRQV� �)UDF*$6)�  � ������ IURP� Q%737�
WUHDWHG� XUHD�1� L�H��� )18,� DQG� 1+�� HPLVVLRQV� �)UDF*$6)�  � ������ IURP� WKH� WRWDO� DPRXQW� RI�
IHUWLOLVHU�1��)1��XVHG�PLQXV�Q%737�WUHDWHG�XUHD��7KH�DJVWDWV�RQ�)18,�ZLOO�EH�SURYLGHG�E\�WKH�
IHUWLOLVHU�LQGXVWU\@��
�



�

/DQGFDUH�5HVHDUFK�1HZ�=HDODQG�/LPLWHG�

���
�

��� (IIHFW�RI�8UHDVH�,QKLELWRUV�RQ�,QYHQWRU\�(VWLPDWHV�
�
7KHUH�DUH�QR�DYDLODEOH�GDWD�RQ�1+�� HPLVVLRQV� IROORZLQJ�DSSOLFDWLRQ�RI�Q%737� WR�XULQH�
SDWFKHV�LQ�D�JUD]HG�SDVWXUH�DQG�WKH�IUHTXHQF\�RI� LWV�DSSOLFDWLRQ�� �$SSOLFDWLRQ�RI�Q%737�
FRQWDLQLQJ�XUHD�IHUWLOLVHUV�FRQFXUUHQWO\�RU�DV�FORVH�DV�SRVVLEOH�WR�WKH�GHSRVLWLRQ�RI�XULQH�1�
PD\�UHGXFH�1+��HPLVVLRQV��EXW�OLWWOH�UHVHDUFK�KDV�EHHQ�FDUULHG�RXW�RQ�WKLV���7KHUHIRUH��LW�
LV� QRW� SRVVLEOH� WR� HVWLPDWH� WKH� HIIHFW� RI� XUHDVH� LQKLELWRUV� RQ� HPLVVLRQ� UHGXFWLRQV� IURP�
H[FUHWDO�1�LQSXWV�GXULQJ�JUD]LQJ���+HUH�ZH�FRQVLGHU�MXVW�WKH�SRWHQWLDO�UHGXFWLRQV�LQ�1+��
HPLVVLRQ� IURP� VXUIDFH� DSSOLHG� Q%737�DPHQGHG� FRQWDLQLQJ� XUHD� IHUWLOLVHUV� ZKLFK�
FRQWULEXWH�WRZDUGV�D�UHGXFWLRQ�LQ�)UDF*$6)��
��
%DVHG�RQ�WKH�SHHU�UHYLHZHG�OLWHUDWXUH�DQG�RXU�DERYH�UHSRUWHG�HVWLPDWHV�RI�UHGXFWLRQV�LQ�
1+��HPLVVLRQ��D�1HZ�=HDODQG�VSHFLILF�YDOXH�RI������IRU�)UDF*$6)�LV�UHFRPPHQGHG�IRU�
DGRSWLRQ�ZKHUH�IHUWLOLVHUV�FRQWDLQLQJ�XUHDVH�LQKLELWRU��Q%737�DUH�DSOOLHG��
�
,Q�1HZ�=HDODQG�� WKHUH�KDV�EHHQ�D� VL[�IROG� LQFUHDVH� LQ� IHUWLOLVHU�1�XVH�� IURP��������*J�
�*J� ����� J��RI�1� LQ������ WR���������*J�RI�1� LQ������ �0I(�������� �%HVW� HVWLPDWH�RI�
FXUUHQW�XUHD�XVDJH�LQ�1HZ�=HDODQG�LV�DURXQG����±����*J�����±����*J�RI�1��LQFOXGLQJ�
DURXQG����*J��������*J�1��RI�6XVWDL1���&XUUHQWO\��WKH�PDMRULW\�RI�WKLV�IHUWLOLVHU��a������
LV� DSSOLHG� WR� GDLU\�SDVWXUHV�� �8UHD� DQG�6XVWDL1�DUH� ERWK� DSSOLHG�#���±���NJ�1�KD�SHU�
DSSOLFDWLRQ�RU�D� WRWDO�RI����±����NJ�1�KD�\U�� �7KH�PDUNHW�SULFH�RI�6XVWLD1�LV�JHQHUDOO\�
�����WRQQH�H[WUD�WKDQ�VWDQGDUG�XUHD���2XU�ILJXUHV�RQ�8UHD�DQG�6XVWDL1�FRPH�IURP�H[SHUW�
MXGJHPHQW��-��%OHQQHUKDVVHW��SHUV��FRPP����������7KHVH�ILJXUHV�VXJJHVW�WKDW�LQ������RQO\�
DURXQG����RI�XUHD�IHUWLOLVHU�XVHG�LQ�1HZ�=HDODQG�FRQWDLQ�WKH�XUHDVH�LQKLELWRU�Q%737���
�
&KDQJLQJ�WKH�)UDF*$6)�IURP�����WR������IRU�WKH�FXUUHQW������*J�1�RI�6XVWDL1�UHGXFHV�WKH�
DQQXDO�1+��1�HPLVVLRQ�E\������*J�IURP������*J�WR������*J���7KH�,3&&�GHIDXOW�HPLVVLRQ�
IDFWRU�IRU�LQGLUHFW�1�2�HPLVVLRQV�IURP�YRODWLOLVLQJ�1�LV������NJ�1�2�1�NJ�1+[�1��,3&&�
������7DEOH�������� �7R�FRQYHUW� WKLV� WR�1�2�ZH�PXOWLSO\�E\������� �7KXV�WKH�UHGXFWLRQ� LQ�
LQGLUHFW�1�2� HPLVVLRQV� GXH� WR� FXUUHQW� DSSOLFDWLRQ� RI� 6XVWDL1� IHUWLOLVHU� LV� ������*J� SHU�
\HDU���7KLV�GLIIHUHQFH�RI�������*J�RI�1�2�HTXDWHV�WR�����*J�&2��HTXLY���
�
6KRXOG�DOO� WKH�XUHD�EH�DSSOLHG�ZLWK�1%37�LQ�1HZ�=HDODQG��FKDQJLQJ�WKH�)UDF*$6)�IURP�
���� WR������ZLOO� UHGXFH� WKH�DQQXDO�1+��1�HPLVVLRQ�E\���*J� IURP������*J� WR������*J��
UHVXOWLQJ�LQ�LQGLUHFW�1�2�HPLVVLRQV�UHGXFWLRQ�RI������*J���7KLV�GLIIHUHQFH�RI������*J�RI�
1�2�HTXDWHV�WR������*J�&2��HTXLY��
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��� 'LVFXVVLRQV�DQG�&RQFOXVLRQV�
�
6WXGLHV�FRQGXFWHG�LQ�1HZ�=HDODQG�DQG�RYHUVHDV�DQG�GLVFXVVHG�LQ�WKH�HDUOLHU�VHFWLRQV�RI�
WKLV�UHSRUW�KDYH�VKRZQ�WKDW�XQGHU�FHUWDLQ�FRQGLWLRQV�XUHD�FRQWDLQLQJ�IHUWLOLVHUV�FDQ�ORVH�XS�
WR� ���� RU� PRUH� RI� WKHLU� 1� E\� 1+�� YRODWLOLVDWLRQ� LI� QRW� LQFRUSRUDWHG� LQWR� WKH� VRLOV���
$PPRQLD� LWVHOI� LV� QRW� D� JUHHQKRXVH� JDV� EXW� ZKHQ� UH�GHSRVLWHG� RQ� ODQG� LW� DFWV� DV� DQ�
LQGLUHFW� VRXUFH� RI�1�2�� �&XUUHQWO\�1HZ�=HDODQG�1�2� LQYHQWRU\� XVHV� WKH� ,3&&� GHIDXOW�
YDOXH�RI�����IRU�)UDF*$6)��IUDFWLRQ�RI�WRWDO�IHUWLOLVHU�HPLWWHG�DV�12[�DQG�1+�����
�
$� ODUJH�ERG\�RI� UHVHDUFK�KDV� HVWDEOLVKHG� WKDW�1+�� HPLVVLRQ� ORVVHV� FDQ�EH� VXEVWDQWLDOO\�
UHGXFHG�LI�D�XUHDVH�LQKLELWRU� LV�XVHG�ZLWK�WKH�IHUWLOLVHU�RU�FDWWOH�XULQH�� �8UHDVH�LQKLELWRUV�
VORZ� WKH� FRQYHUVLRQ� RI� XUHD� WR� 1+��� E\� LQKLELWLQJ� WKH� XUHDVH� HQ]\PH�� ZKLFK� UHGXFHV�
1+���FRQFHQWUDWLRQ�LQ�WKH�VRLO�VROXWLRQ�DQG�KHQFH�ORZHUV�WKH�SRWHQWLDO�IRU�1+��HPLVVLRQ���
7KLV�DOVR�DOORZV�PRUH�WLPH�IRU�XUHD�WR�GLIIXVH�DZD\�IURP�WKH�DSSOLFDWLRQ�VLWH�RU�IRU�UDLQ�RU�
LUULJDWLRQ� WR� GLOXWH� XUHD� DQG� 1+��� FRQFHQWUDWLRQV� DW� WKH� VRLO� VXUIDFH� DQG� LQFUHDVH� LWV�
GLVSHUVLRQ�LQ�WKH�VRLO�VXEVHTXHQWO\�UHWDLQLQJ�1+��LQ�WKH�VRLO���
�
8UHDVH�LQKLELWRU��1��Q�EXW\O��WKLRSKRVSKRULF�WULDPLGH��Q%737��VROG�XQGHU�WKH�WUDGH�QDPH�
$JURWDLQ��LV�FXUUHQWO\�WKH�PRVW�SURPLVLQJ�DQG�HIIHFWLYH�LQ�UHGXFLQJ�WKH�DPRXQW�RI�1+��
HPLVVLRQ�DQG� WKXV�UHGXFLQJ� WKH�YDOXHV�)UDF*$6)�DQG�)UDF*$60�� �7KH�UDWH�RI� UHGXFWLRQ� LQ�
WKLV� ORVV� IURP� XUHD� ZLWK� WKH� XVH� RI� Q%737� LV� UHJXODWHG� E\� D� UDQJH� RI� HQYLURQPHQWDO�
FRQGLWLRQV�DQG�VRLO�FKDUDFWHULVWLFV��
�
%DVHG�RQ�UHVHDUFK�RQ�WKH�XVH�RI�XUHDVH� LQKLELWRU�Q%737�LQ�SHHU�UHYLHZHG�OLWHUDWXUH�DQG�
XQSXEOLVKHG� UHSRUWV� DQG� UHSRUWHG� KHUH� LW� LV� HYLGHQW� WKDW� D� Q%737� DSSOLFDWLRQ� UDWH� RI�
�������Z�Z�ZLWK�XUHD�RU�XULQH�PRVW�HIIHFWLYHO\�UHGXFHV�1+��HPLVVLRQV�IURP�WHPSHUDWH�
JUDVVODQGV����
�
1HZ�=HDODQG�VWXGLHV�LQYROYLQJ�RSWLPXP�Q%737�DSSOLFDWLRQ���������Z�Z��ZLWK�XUHD�DQG�
XULQH�VKRZ�DQ�RYHUDOO�UHGXFWLRQ�LQ�1+��HPLVVLRQV�RI�����DQG�����IURP�XUHD�DQG�XULQH��
UHVSHFWLYHO\�� � 7KH� DYHUDJH� LQFUHDVH� LQ� SDVWXUH� SURGXFWLRQ� LQYROYLQJ� Q%737� DSSOLFDWLRQ�
ZLWK�XUHD�DQG�XULQH�ZDV������DQG�����RQO\�EDVHG�RQ�RQH�VWXG\���UHVSHFWLYHO\���
�
,Q� WKH� DERYH� UHSRUWHG� H[SHULPHQWV�� $JURWDLQ� ZDV�PL[HG�ZLWK� XULQH� EHIRUH� DSSOLFDWLRQ��
WKXV�JLYLQJ�D�EHWWHU�FKDQFH�WR�WKH�DFWLYH�LQJUHGLHQW�WR�LQWHUDFW�ZLWK�XULQH����
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7KH�VLQJOH�DSSOLFDWLRQ�RI�Q%737�ZLWK�XULQH�UHVXOWHG�LQ�DQ�RYHUDOO�����UHGXFWLRQ�LQ�1+��
HPLVVLRQ�� � 7KH� HIIHFWLYHQHVV� RI� $JURWDLQ� LQ� VRLO� YDULHV� ZLWK� WKH� VRLO� RUJDQLF� PDWWHU�
FRQWHQW�� WH[WXUH��S+��VRLO�1�VWDWXV�DQG�PLFURELDO�DFWLYLWLHV�RI� WKH�VRLOV��Q%737�GRHV�QRW�
NLOO�PLFUREHV��EXW�LQKLELWV�WKH�DFWLYLW\�RI�XUHDVH�HQ]\PH�IRU�D�SHULRG�RI��±��ZHHNV���$V�WKH�
HIIHFW�RI�Q%737�GLPLQLVKHV��WKH�DPRXQW�RI�XUHDVH�HQ]\PHV�LV�EXLOW�XS�TXLFNO\���7KXV�WKH�
HIIHFW�RI�Q%737�GLUHFWO\�DSSOLHG�WR�SDVWXUH�VRLOV�LV�OLNHO\�WR�ODVW�XS�WR���ZHHNV��/LWWOH�1HZ�
=HDODQG�DQG�RYHUVHDV�UHVHDUFK�KDV�EHHQ�FRQGXFWHG�WR�HYDOXDWH�WKH�PRGH�RI�DSSOLFDWLRQ�RI�
Q%737� WR� XULQH� SDWFKHV� DQG� WKH� IUHTXHQF\� RI� LWV� DSSOLFDWLRQ� UHTXLUHG� WR� GHWHUPLQH� WKH�
SRWHQWLDO�IRU�GLUHFW�XVH�RI�Q%737�LQ�SDVWXUHV���7KHUHIRUH��ZH�DUH�RQO\�DEOH�WR�DVVHVV�WKH�
LPSDFW�RI�Q%737�DSSOLHG�ZLWK�XUHD� LQ�UHGXFLQJ�1+��HPLVVLRQ�DQG�LWV� LQGLUHFW�HIIHFW�RQ�
1�2���
�
%DVHG� RQ� WKH� SHHU�UHYLHZHG� OLWHUDWXUH� DQG� RXU� DERYH� HVWLPDWHV� RI� UHGXFWLRQV� LQ� 1+��
HPLVVLRQ��D�1HZ�=HDODQG�VSHFLILF�YDOXH�RI������IRU�)UDF*$6)�LV�UHFRPPHQGHG�IRU�DGRSWLRQ�
ZKHUH�IHUWLOLVHUV�FRQWDLQLQJ�XUHDVH�LQKLELWRU��1%37��DUH�DSSOLHG���&KDQJLQJ�WKH�)UDF*$6)�
IURP� ���� WR� ����� IRU� WKH� FXUUHQW� XVH� RI� ����� *J� 1� RI� 6XVWDL1� UHGXFHV� LQGLUHFW� 1�2�
HPLVVLRQV�E\�������*J��ZKLFK�HTXDWHV�WR�����*J�&2��HTXLY����
�
+RZHYHU��DVVXPLQJ�WKDW�LQ�1HZ�=HDODQG�DOO�WKH�XUHD�LV�DSSOLHG�ZLWK�Q%737��FKDQJLQJ�WKH�
)UDF*$6)� IURP� ���� WR� ����� ZLOO� UHGXFH� WKH� LQGLUHFW� 1�2� HPLVVLRQV� E\� ����� *J�� ZKLFK�
HTXDWHV�WR������*J�&2��HTXLY���
�
,I� D� GROODU� YDOXH� ZHUH� WR� EH� SODFHG� RQ� &2��HTXLY� RI� 1�2� HPLVVLRQV� UHGXFWLRQ� IURP� WKH�
FXUUHQW�DQG�SRWHQWLDO�XVH��DOO�XUHD���EDVHG�RQ�WKH�FXUUHQW�&2��HTXLY�YDOXH�RI�a¼�������������
�KWWS���ZZZ�SRLQWFDUERQ�FRP�WUDGLQJ���� 0D\� ������ RU� a1=������� SHU� WRQQH�� UHGXFHG�
1�2� HPLVVLRQV� IURP� FXUUHQW� XUHD� IHUWLOLVHUV� FRQWDLQLQJ� XUHDVH� LQKLELWRU� Q%737� LQ�1HZ�
=HDODQG� ZRXOG� RIIVHW� ��� *J� &2��HTXLY� GXULQJ� WKH� FRPPLWPHQW� SHULRG� �����±�������
HTXLYDOHQW�WR�D�VDYLQJ�RI�DERXW�1=�������PLOOLRQ���
�
2XU� UHFRPPHQGDWLRQV�RQ�FKDQJLQJ� WKH�)UDF*$6)� IURP����� WR������ DUH�EDVHG�RQO\�RQ�DQ�
DYHUDJH� HPLVVLRQV� UHGXFWLRQ� YDOXH� IURP� WKUHH� 1HZ� =HDODQG� VWXGLHV� RQ� WZR� DOORSKDQLF�
VRLOV�ZLWK�KLJK�RUJDQLF�&�OHYHOV�DQG�RQH�QRQ�DOORSKDQLF�VRLO�ZLWK�ORZ�RUJDQLF�&�OHYHO�DQG�
XUHD� DSSOLFDWLRQ� UDWHV�RI�����DQG�����NJ�1�KD�� � ,W� LV� QRW�SRVVLEOH� WR� DVVHVV� WKH� UHODWLYH�
FRQWULEXWLRQ�RI� WKH�NH\�VRLO�DQG�HQYLURQPHQWDO� IDFWRUV� �H�J���VRLO�RUJDQLF�&�� WHPSHUDWXUH�
DQG�PRLVWXUH��WRZDUGV�WKH�UHVSRQVH�UDWH�RI�Q%737�LQ�UHGXFLQJ�1+��HPLVVLRQ�DQG�WR��
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TXDQWLWDWLYHO\� DFFRXQW� WKHVH� LQ� D� QDWLRQDO� LQYHQWRU\� IURP� WKLV� H[LVWLQJ� 1HZ� =HDODQG�
LQIRUPDWLRQ���$V�PRUH�LQIRUPDWLRQ�RQ�WKH�HIIHFWLYHQHVV�RI�Q%737�DFURVV�D�FRPELQDWLRQ�RI�
VRLO� WHPSHUDWXUH�DQG�PRLVWXUH�RQ�VRLOV�FRQWUDVWLQJ�LQ�RUJDQLF�&�EHFRPHV�DYDLODEOH�PRUH�
DFFXUDWH� SDUDPHWHU� HVWLPDWHV� FRXOG� EH� GHYHORSHG� IRU� PRGHOOLQJ� WKH� HIIHFWLYHQHVV� RI�
Q%737�DW�UHJLRQDO�DQG�QDWLRQDO�VFDOHV��
�
$SDUW�IURP�WKH�VPDOO�UHGXFWLRQV�LQ�LQGLUHFW�1�2�HPLVVLRQV�LQYHQWRU\��WKHUH�DUH�DGGLWLRQDO�
HQYLURQPHQWDO� EHQHILWV� �QRW� FRQVLGHUHG� KHUH�� DQG� SURGXFWLYLW\� JDLQV�� � $� FRVW� EHQHILW��
SURYLGHG�E\� WKH� IHUWLOLVHU� LQGXVWU\� �-��%OHQQHUKDVVHW��SHUV��FRPP�������� DQG� UHSRUWHG�EHORZ��
KLJKOLJKWV�WKH�LQFUHDVHG�SDVWXUH�JURZWK�EHQHILW�IURP�Q%737�WUHDWHG�1�IHUWLOLVHUV�WKDW�PD\�PDNH�
XUHDVH�LQKLELWRUV�DQ�HYHQ�PRUH�YLDEOH�RSWLRQ���)RU�H[DPSOH��6XVWDL1�FXUUHQWO\�FRVWV������W�
PRUH�WKDQ�XUHD���(FRQRPLF�DQDO\VLV�VKRZV�WKDW�IRU�IDUPHUV�WR�UHFRXS�WKH�SUHPLXP�RI�WKH�
SURGXFW��1�UHVSRQVHV��NJ�'0�NJ�1��IURP�6XVWDL1�QHHG�WR�LQFUHDVH�E\�DW�OHDVW����LQ�GDLU\�
VLWXDWLRQV� DQG� ��� LQ� VKHHS� RSHUDWLRQV� �DVVXPLQJ� D� GDLU\�SD\RXW� RI� ������NJ�06� DQG� D�
ODPE�VFKHGXOH�RI����������7KH�DYHUDJH�LPSURYHPHQW�LQ�1�UHVSRQVH�DFURVV�DOO�NQRZQ�1HZ�
=HDODQG�6XVWDL1�WULDOV�LV�LQ�H[FHVV�RI������-��%OHQQHUKDVVHW��SHUV��FRPP���������VKRZLQJ�
IDUPHUV� ZLOO�� RQ� DYHUDJH�� PRUH� WKDQ� UHFRYHU� WKH� SUHPLXP� RI� WKH� SURGXFW� LQ� H[WUD�
SURGXFWLRQ���5HGXFWLRQV�LQ�*+*�HPLVVLRQV�IURP�XVLQJ�Q%737�WUHDWHG�XUHD�FDQ�WKHUHIRUH�
EH�UHJDUGHG�DV�EHLQJ�DFKLHYHG�ZLWK�QR�H[WUD�FRVW��
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���� 5HFRPPHQGDWLRQV�
�
8UHDVH� LQKLELWRU�� Q%737� DSSOLFDWLRQ� UDWH� RI� ������� Z�Z� ZLWK� XUHD� PRVW� HIIHFWLYHO\�
UHGXFHV� 1+�� HPLVVLRQV� IURP� WHPSHUDWH� JUDVVODQGV�� � $SSOLFDWLRQ� RI� XUHD� FRQWDLQLQJ�
Q%737�WR�1HZ�=HDODQG�SDVWRUDO�VRLOV�UHVXOWHG�LQ�DYHUDJH�����UHGXFWLRQ�LQ�1+��HPLVVLRQ���
%DVHG� RQ� WKH� SHHU�UHYLHZHG� OLWHUDWXUH� DQG� RXU� DERYH� HVWLPDWHV� RI� UHGXFWLRQV� LQ� 1+��
HPLVVLRQ��D�1HZ�=HDODQG�VSHFLILF�YDOXH�RI������IRU�)UDF*$6)�LV�UHFRPPHQGHG�IRU�DGRSWLRQ�
ZKHUH�IHUWLOLVHUV�FRQWDLQLQJ�XUHDVH�LQKLELWRU��Q%737�DUH�DSSOLHG��DQG�)UDF*$6)�VKRXOG�EH�
FDOFXODWHG�DV�IROORZV��
�

)UDF*$6)� �>�)18,��î�����@���>�)1±�)18,��î�����@� � � ����
�
ZKHUH�)UDF*$6)�LV�WKH�IUDFWLRQ�RI�WRWDO�IHUWLOLVHU�1�HPLWWHG�DV�1+���)1�LV�WKH�WRWDO�DPRXQW�
RI� DSSOLHG� IHUWLOLVHU� 1�� )18,� LV� WKH� DPRXQW� RI� DSSOLHG� IHUWLOLVHU� 1� WUHDWHG� ZLWK� XUHDVH�
LQKLELWRU��Q%737��
�
,Q� WKH� DEVHQFH� RI� 1HZ� =HDODQG� GDWD� RQ� GLUHFW� DSSOLFDWLRQ� RI� Q%737� RU� WKH� HIIHFW� RI�
Q%737�FRQWDLQLQJ�XUHD�IHUWLOLVHUV�FRQFXUUHQWO\�RU�DV�FORVH�DV�SRVVLEOH�WR�WKH�GHSRVLWLRQ�RI�
XULQH�1�RQ�1+��HPLVVLRQV��LW�LV�QRW�SRVVLEOH�WR�HVWLPDWH�WKH�HIIHFW�RI�XUHDVH�LQKLELWRUV�RQ�
UHGXFWLRQV� LQ�)UDF*$60� UHODWHG� WR�1+��HPLVVLRQV�IURP�H[FUHWDO�1�LQSXWV�GXULQJ�JUD]LQJ���
)XUWKHU�UHVHDUFK�LV�QHHGHG�WR�HYDOXDWH�WKH�PRGH�RI�DSSOLFDWLRQ�RI�Q%737�WR�XULQH�SDWFKHV�
DQG� WKH� IUHTXHQF\� RI� LWV� DSSOLFDWLRQ� WR� SURYLGH� TXDQWLWDWLYH� HVWLPDWHV� RQ� HPLVVLRQ�
UHGXFWLRQV�IURP�H[FUHWDO�1�LQSXWV�GXULQJ�JUD]LQJ�����
�
7KH�UHTXLUHPHQWV�IRU�WKH�XVH�RI�XUHDVH�LQKLELWRU�Q%737��$JURWDLQ��DUH�VLPLODU�WR�WKRVH�IRU�
QLWULILFDWLRQ� LQKLELWRU�'&'�� L�H�� D� UHTXLUHPHQW� IRU� DFFXUDWH�DQG�YHULILDEOH� UHFRUGV�RI� WKH�
VDOH� IURP� WKH� IHUWLOLVHU� LQGXVWU\� DQG� WUHDWHG� SDVWXUH�ODQG�VRLOV� DUHD� IURP� WKH� IDUPHUV���
/RQJ�WHUP� UHFRUG� VWRUDJH� DQG� DYDLODELOLW\� IRU� LQGHSHQGHQW� UHYLHZ� DUH� DOVR� UHTXLUHG�� �$�
*36�V\VWHP�WKDW�FRXOG�EH�IXWXUH�SURRI�DQG�VXLWDEOH�IRU�DFFUHGLWDWLRQ�RI�IDUP�VFDOH�FDUERQ�
FUHGLWV�DQG�,3&&�DXGLW��DQG�PLJKW�KDYH�ZLGHU�DSSOLFDWLRQ�WR�PRQLWRULQJ�1�XVH�DQG�ORVVHV�
IURP�IDUPV��DVVRFLDWHG�ZLWK�WKH�DSSOLFDWLRQ�SURSRVHG�IRU�'&'�E\�.HOOLKHU�HW�DO����������
VHHPV�LGHDO����
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���� )XWXUH�5HVHDUFK�1HHGV�
�
,Q� 1HZ� =HDODQG�� XUHDVH� LQKLELWRUV� KDYH� EHHQ� SURSRVHG� DV� PDQDJHPHQW� DOWHUQDWLYHV� WR�
UHGXFH�1+��HPLVVLRQV�DQG�WR�SURYLGH�JUHDWHU�1�DYDLODELOLW\�WR�WKH�SDVWXUH�SODQW��7KH�XVH�RI�
FRPPHUFLDOO\� IRUPXODWHG� XUHDVH� LQKLELWRUV� �8,V�� >1�Q�EXW\O�� WKLRSKRVSKRULF� WULDPLGH@��
Q%737�� �H�J���6XVWDL1�� LV� HQFRXUDJHG� WR� UHGXFH� WKH� ORVV�RI�1� WKURXJK�JDVHRXV�HPLVVLRQV��
Q%737� UHGXFHV� WKH� UDWH� RI� XUHD� K\GURO\VLV� WR� 1+��� EXW� XUHD� K\GURO\VLV� FDQ� QRW� EH�
LQKLELWHG�LQGHILQLWHO\�E\�Q%737��7KH�YDOXH�RI�Q%737�IRU�PLWLJDWLQJ�1+��HPLVVLRQ�ORVVHV�
LQ� JUD]HG� SDVWXUHV� ZLOO� GHSHQG� RQ� WKHLU� UDWH� RI� ELRGHJUDGDWLRQ� DQG� SHUVLVWHQFH� LQ� VRLOV���
5HVHDUFK�E\�6XPPLW�4XLQSKRV�VXJJHVWV�WKDW�JHQHUDOO\�Q%737�LV�OLNHO\�WR�ODVW�LQ�VRLOV�XS�WR�
��ZHHNV� �-��%OHQQHUKDVVHWW��SHUV�� FRPP���� WKH�SHULRG�GXULQJ�ZKLFK�1+�� LV�HPLWWHG� IURP�
XUHD�1����
�
6RLO� WHPSHUDWXUH� DQG�PRLVWXUH� DQG� VRLO� RUJDQLF�&� OHYHOV� DUH� REYLRXVO\� NH\� IDFWRUV� WKDW�
DIIHFW�WKH�UDWH�RI�1+��HPLVVLRQ�DQG�LWV���UHGXFWLRQ�ZLWK�WKH�LQKLELWRU���5HVXOWV�IURP�RQO\�
WKUHH�1HZ�=HDODQG�ILHOG�VWXGLHV�DQG�D�JODVVKRXVH�VWXG\�FOHDUO\�VKRZ�WKDW�Q1%37�LV�OHVV�
HIIHFWLYH� LQ� KLJK� &� DOORSKRQLF� VRLOV� LQ� UHGXFLQJ� 1+�� HPLVVLRQV� IURP� XUHD� ���±�����
FRPSDUHG�ZLWK�WKH�UHGXFWLRQV�������IURP�D�ORZ�&��
�
0DQDZDWX�VLOW�ORDP�VRLO���+RZHYHU��LW�LV�GLIILFXOW�WR�DVVHVV�WKH�UHODWLYH�FRQWULEXWLRQ�RI�VRLO�
WHPSHUDWXUH�DQG�PRLVWXUH�IURP�WKLV�H[LVWLQJ�1HZ�=HDODQG�LQIRUPDWLRQ�DV�WKH�NH\�VRLO�DQG�
HQYLURQPHQWDO�IDFWRUV�LQIOXHQFLQJ�Q%737�HIILFLHQF\����
�
0RUH�LQIRUPDWLRQ�RQ�WKH�HIIHFWLYHQHVV�RI�Q%737�DFURVV�D�FRPELQDWLRQ�RI�VRLO�WHPSHUDWXUH�
DQG� PRLVWXUH� RQ� VRLOV� FRQWUDVWLQJ� LQ� RUJDQLF� &� LV� QHHGHG� WR� TXDQWLWDWLYHO\� HVWLPDWH�
UHGXFWLRQV�LQ�1+��HPLVVLRQ��
�
7KH�RQO\�WKUHH�1HZ�=HDODQG�ILHOG�VWXGLHV�LQYROYLQJ�Q%737�XVHG�D�VLQJOH�DSSOLFDWLRQ�UDWH�
RI�����RU�����NJ�1�KD���1R�UHVHDUFK�KDV�EHHQ�FRQGXFWHG�LQYROYLQJ�WKH�ORZHU�DSSOLFDWLRQ�
UDWHV� RI� ��� DQG� ��� NJ� 1�KD� WR� UHDFK� �"�� DQ\� FRQFOXVLRQ� RQ� KRZ� WKH� HIIHFWLYHQHVV� RI�
Q%737�ZLOO� GLIIHU� ZLWK� WKHVH� UDWHV� RI� 8UHD�1�� � 7KLV� DVSHFW� QHHGV� WR� EH� FRQVLGHUHG� LQ�
IXWXUH�VWXGLHV��
�
)LQDOO\��WR�HYDOXDWH�WKH�PRGH�RI�DSSOLFDWLRQ�RI�Q%737�WR�XULQH�SDWFKHV�DQG�WKH�IUHTXHQF\�
RI� LWV� DSSOLFDWLRQ� WR� GHWHUPLQH� WKH� SRWHQWLDO� IRU� GLUHFW� XVH� RI� Q%737� LQ� 1HZ� =HDODQG�
SDVWXUHV�ILHOG�UHVHDUFK�LV�UHTXLUHG���
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���� 5HIHUHQFHV�
�
$PWXO�=��$5�� 6LGGLTXL�5$��&KRXGKDU\�0,� ������&KHPLVWU\� DQG�PHFKDQLVP�RI� XUHDVH�

LQKLELWLRQ��&XUUHQW�0HGLFLQDO�&KHPLVWU\��������±������
%ODFN�$6��6KHUORFN�55��&DPHURQ�.&��6PLWK�13��*RK�.0�������&RPSDULVRQ�RI� WKUHH�

ILHOG�PHWKRGV�IRU�PHDVXULQJ�DPPRQLD�YRODWLOL]DWLRQ�IURP�XUHD�JUDQXOHV�EURDGFDVW�
RQ�WR�SDVWXUH��-RXUQDO�RI�6RLO�6FLHQFH��������±�����

%OHQQHUKDVVHWW� -'�� 4XLQ� %)�� =DPDQ� 0�� 5DPDNULVKQDQ� &� ������ 7KH� SRWHQWLDO� IRU�
LQFUHDVLQJ� QLWURJHQ� UHVSRQVHV� XVLQJ� $JURWDLQ� WUHDWHG� XUHD�� 3URFHHGLQJV� RI�
*UDVVODQG�$VVRFLDWLRQ��������±�����

%RODQ�1��6DJJDU�6��6LQJK�-�������7KH�UROH�RI�LQKLELWRUV�LQ�PLWLJDWLQJ�QLWURJHQ�ORVVHV�LQ�
JUD]HG�SDVWXUH��1HZ�=HDODQG�6RLO�1HZV�����������±�����

%ROODUG� (*�� &RRN� $5�� 7XUQHU� 1$� ������ 8UHD� DV� D� VROH� VRXUFH� RI� QLWURJHQ� IRU� SODQW�
JURZWK�,��7KH�GHYHORSPHQW�RI�XUHDVH�DFWLYLW\�LQ�6SLURGHOD�ROLJRUUKL]D��3ODQWD�����
�����

%UHPQHU� -0�� &KDL� +6� ������ (YDOXDWLRQ� RI� 1�EXW\O� SKRVSKRURWKLRLF� WULDPLGH� IRU�
UHWDUGDWLRQ�RI�XUHD�K\GURO\VLV� LQ�VRLO��&RPPXQLFDWLRQV� LQ�6RLO�6FLHQFH�DQG�3ODQW�
$QDO\VLV��������±�����

%UHPQHU�-0��&KDL�+6�������(IIHFWV�RI�SKRVSKRURDPLGHV�RQ�DPPRQLD�YRODWLOL]DWLRQ�DQG�
QLWULWH� DFFXPXODWLRQ� LQ� VRLOV� WUHDWHG�ZLWK� XUHD�� %LRORJ\� DQG� )HUWLOLW\� RI� 6RLOV� ���
���±�����

%UHPQHU� -0�� 0XOYDQH\� 5/� ������ 8UHDVH� DFWLYLW\� LQ� VRLOV�� ,Q�� %XUQV� 5*� HG�� 6RLO�
HQ]\PHV��/RQGRQ��$FDGHPLF�3UHVV�/RQGRQ��3S�����±�����

%UHPQHU� -0�� 0F&DUW\� *:�� +LJXFKL� 7� ������ 3HUVLVWHQFH� RI� WKH� LQKLELWRU\� HIIHFWV� RI�
SKRVSKRURDPLGHV�RQ�XUHD�K\GURO\VLV�LQ�VRLOV��&RPPXQLFDWLRQV�LQ�6RLO�6FLHQFH�DQG�
3ODQW�$QDO\VLV���������±������

%UHPQHU�-0��0F&DUW\�*:��<HRPDQV�-&��&KDL�+6�������(IIHFWV�RI�SKRVSKRURDPLGHV�RQ�
QLWULILFDWLRQ�� GHQLWULILFDWLRQ�� DQG� PLQHUDOL]DWLRQ� RI� RUJDQLF� QLWURJHQ� LQ� VRLO��
&RPPXQLFDWLRQV�LQ�6RLO�6FLHQFH�DQG�3ODQW�$QDO\VLV��������±�����

%URDGEHQW�)(��1DNDVKLPD�7��&KDQJ�*<�������3HUIRUPDQFH�RI�VRPH�XUHDVH�LQKLELWRUV�LQ�
ILHOG�WULDOV�ZLWK�FRUQ��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO��������±�����
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%URQVRQ� .)�� 7RXFKWRQ� -7�� +LOWEROG� $(�� +HQGULFNVRQ� //� ������ &RQWURO� RI� DPPRQLD�

YRODWLOL]DWLRQ� ZLWK� 1��Q�%XW\O�� WKLRSKRVSKRULF� WULDPLGH� LQ� ORDP\� VDQGV��
&RPPXQLFDWLRQV�LQ�6RLO�6FLHQFH�DQG�3ODQW�$QDO\VLV���������±������

%XQG\�/*��%UHPQHU� -0�������(IIHFW� RI� XUHDVH� LQKLELWRUV� RQ� QLWULILFDWLRQ� LQ� VRLOV�� 6RLO�
%LRORJ\�DQG�%LRFKHPLVWU\������±����

%XQG\�/*��2EHUOH�6/�������(YDOXDWLRQ�RI�PHWKRGV�IRU�FRQWURO�RI�DPPRQLD�YRODWLOL]DWLRQ�
IURP�VXUIDFH�DSSOLHG�XUHD�FRQWDLQLQJ�IHUWLOL]HUV��-RXUQDO�RI�)HUWLOL]HU�1HZV������±
����

%XUHVK� 5-�� 'HGDWWD� 6.�� 3DGLOOD� -/�� 6DPVRQ� 0,� ������ )LHOG�HYDOXDWLRQ� RI� �� XUHDVH�
LQKLELWRUV�ZLWK�WUDQVSODQWHG�ORZODQG�ULFH��$JURQRP\�-RXUQDO��������±�����

%\UQHV�%+��)UHQH\�-5�������5HFHQW�GHYHORSPHQWV�LQ�WKH�XVH�RI�XUHDVH�LQKLELWRUV�LQ�WKH�
WURSLFV��)HUWLOL]HU�5HVHDUFK��������±�����

%\UQHV� %+�� 6DYDQW� 1.�� &UDVZHOO� (7� ������ (IIHFW� RI� D� XUHDVH� LQKLELWRU� SKHQ\O�
SKRVSKRURGLDPLGDWH�RQ�WKH�HIILFLHQF\�RI�XUHD�DSSOLHG�WR�ULFH��6RLO�6FLHQFH�6RFLHW\�
RI�$PHULFD�-RXUQDO��������±�����

&DUPRQD� *�� &KULVWLDQVRQ� &%� %\UQHV� %+� ������ 7HPSHUDWXUH� DQG� ORZ� FRQFHQWUDWLRQ�
HIIHFWV� RI� WKH� XUHDVH� LQKLELWRU� 1��Q�EXW\O�� WKLRSKRVSKRULF� WULDPLGH� �1EWSW�� RQ�
DPPRQLD�YRODWLOL]DWLRQ�IURP�XUHD��6RLO�%LRORJ\�	�%LRFKHPLVWU\��������±�����

&KDGZLFN�'��0LVVHOEURRN�7��*LOKHVS\�6��:LOOLDPV�-��%KRJDO�$��6DJRR�/��1LFKROVRQ�)��
:HEE� 6$�� &KDPEHUV� %� ������ $PPRQLD� HPLVVLRQV� IURP� QLWURJHQ� IHUWLOL]HU�
DSSOLFDWLRQV�WR�JUDVVODQG�DQG�WLOODJH�ODQG��,Q��:3�%�$PPRQLD�HPLVVLRQV�DQG�FURS�
1�XVH�HIILFLHQF\��&RPSRQHQW�UHSRUW�IR5�'HIUD�3URMHFW�17������&6$�����������S��

&KULVWLDQVRQ�&%��%DHWKJHQ�:(��&DUPRQD�*��+RZDUG�5*�������0LFURVLWH� UHDFWLRQV�RI�
XUHD�Q%737�IHUWLOL]HU�RQ�WKH�VRLO�VXUIDFH��6RLO�%LRORJ\�	�%LRFKHPLVWU\���������±
������

&KULVWLDQVRQ�&%��%\UQHV�%+��&DUPRQD�*�������$�FRPSDULVRQ�RI�WKH�VXOIXU�DQG�R[\JHQ�
DQDORJV�RI�SKRVSKRULF� WULDPLGH�XUHDVH� LQKLELWRUV� LQ� UHGXFLQJ�XUHD�K\GURO\VLV�DQG�
DPPRQLD�YRODWLOL]DWLRQ��)HUWLOL]HU�5HVHDUFK�������±����

&OD\�'(��0DO]HU�*/��$QGHUVRQ�-/�������$PPRQLD�YRODWLOL]DWLRQ�IURP�XUHD�DV�LQIOXHQFHG�
E\�VRLO�WHPSHUDWXUH��VRLO�ZDWHU�FRQWHQW��DQG�QLWULILFDWLRQ�DQG�K\GURO\VLV�LQKLELWRUV��
6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO��������±�����

(VNHZ�'/��:HOFK�50��&DU\�((�������1LFNHO��DQ�HVVHQWLDO�PLFURQXWULHQW�IRU�OHJXPHV�DQG�
SRVVLEOH�DOO�KLJKHU�SODQWV��6FLHQFH���������±�����
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)UDQNHQEHUJHU�:7��7DEDWDEDL�0$�������$PLGDVH� DQG�XUHDVH� DFWLYLWLHV� LQ�SODQWV��3ODQW�
DQG�6RLO��������±�����

)UHQH\�-5��%ODFN�$6������� ,PSRUWDQFH�RI�DPPRQLD�YRODWLOL]DWLRQ�DV�D� ORVV�SURFHVV�� ,Q��
:LOVRQ� -5� HG�� $GYDQFHV� LQ� QLWURJHQ� F\FOLQJ� LQ� DJULFXOWXUDO� HFRV\VWHPV��
:DOOLQJIRUG��8.��&$%�,QWHUQDWLRQDO��3S�����±�����

*DOH� *&�� $WNLQV� ,0� ������ ,QKLELWLRQ� RI� XUHDVH� E\� K\GUR[DPLF� DFLGV�� $UFKLYHV�
,QWHUQDWLRQDOHV�GH�3KDUPDFRG\QDPLH�HW�GH�7KHUDSLH����������±�����

*UDQW� &$�� -LD� 6�� %URZQ� .5�� %DLOH\� /'� ������ 9RODWLOH� ORVVHV� RI� 1+�� IURP� VXUIDFH�
DSSOLHG� XUHD� DQG� XUHD� DPPRQLXP� QLWUDWH�ZLWK� DQG�ZLWKRXW� WKH� XUHDVH� LQKLELWRUV�
1%37�RU�DPPRQLXP�WKLRVXOSKDWH��&DQDGLDQ�-RXUQDO�RI�6RLO�6FLHQFH��������±�����

+DUSHU�-(�������8SWDNH�RI�RUJDQLF�QLWURJHQ�IRUPV�E\�URRWV�DQG�OHDYHV��,Q��+DXFN�5'�HG��
1LWURJHQ�LQ�FURS�SURGXFWLRQ���0DGLVRQ��:,��$6$��&66$��666$��3S�����±�����

+DZNH�0��+XQW�%�������3DVWXUH�UHVSRQVHV�WR�UDWHV�RI�XUHDVH�LQKLELWRU�LQ�1RUWKODQG�DQG�
%D\�RI�3OHQW\��5HSRUW�IRU�%DOODQFH�$JUL�1XWULHQWV��0D\����������S��

+HQGULFNVRQ� //� ������ &RUQ� \LHOG� UHVSRQVH� WR� WKH� XUHDVH� LQKLELWRU� 1��Q�%XW\O��
WKLRSKRVSKRULF�WULDPLGH��1%37��ZKHQ�DSSOLHG�ZLWK�XUHD��3UHVHQWHG�DW�WKH�1RUWK�
&HQWUDO� ([WHQVLRQ�,QGXVWU\� 6RLO� )HUWLOLW\� &RQIHUHQFH�� 6W�� /RXLV�� 02�� ��±���
1RYHPEHU��������

+HQGULFNVRQ� //� ������ &RUQ� \LHOG� UHVSRQVH� WR� WKH� XUHDVH� LQKLELWRU� 1%37�)LYH� \HDU�
VXPPDU\��-RXUQDO�RI�3URGXFWLRQ�$JULFXOWXUH�������±�����

+XQW� %�� 2¶&RQQRU� 0� ������ &RPSDULVRQ� RI� WKUHH� QLWURJHQ� IHUWLOL]HUV� RQ� .LNX\X��
1RUWKODQG��5HSRUW�IRU�%DOODQFH�$JUL�1XWULHQWV��-XQH���������S��

-RR� <.�� &KULVWLDQV� 1(�� %ODFNPHU� $0� ������ .HQWXFN\� EOXHJUDVV� UHFRYHU\� RI� XUHD�
GHULYHG� QLWURJHQ� ±� ��� DPHQGHG� ZLWK� XUHDVH� LQKLELWRU�� 6RLO� 6FLHQFH� 6RFLHW\� RI�
$PHULFD�-RXUQDO��������±�����

-RR� <.�� &KULVWLDQV� 1(�� %UHPQHU� -0� ������ (IIHFW� RI� 1��QRUPDO�EXW\O�� WKLRSKRVSKRULF�
WULDPLGH� �1ESW�� RQ� JURZWK�UHVSRQVH� DQG� DPPRQLD� YRODWLOL]DWLRQ� IROORZLQJ�
IHUWLOL]DWLRQ�RI�NHQWXFN\�EOXHJUDVV��3RDSUDWHQVLV�/��ZLWK�XUHD��-RXUQDO�RI�)HUWLOL]HU�
,VVXHV������±�����

.HOOLKHU�)0��&ORXJK�7-��&ODUN�+�������'HYHORSLQJ�UHYLVHG�HPLVVLRQ�IDFWRUV�IRU�QLWURXV�
R[LGH� HPLVVLRQV� IURP� DJULFXOWXUDO� SDVWXUH� WUHDWHG� ZLWK� QLWULILFDWLRQ� LQKLELWRUV��
/DQGFDUH� 5HVHDUFK� &RQWUDFW� 5HSRUW� /&��������� 3UHSDUHG� IRU� WKH� 0LQLVWU\� RI�
$JULFXOWXUH�DQG�)RUHVWU\��:HOOLQJWRQ�����S���
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.LVVHO�'(��&DEUHUD�0/�������)DFWRUV�DIIHFWLQJ�XUHD�K\GURO\VLV��,Q��%RFN�%5��.LVVHO�'(�

HGV� $PPRQLD� YRODWLOL]DWLRQ� IURP� XUHD� IHUWLOL]HUV�� 0XVFOH� 6KRDOV�� $/�� 1DWLRQDO�
)HUWLOL]HU�'HYHORSPHQW�&HQWHU��7HQQHVVHH�9DOOH\�$XWKRULW\���3S����±����

.REDVKL�.��+DVH�-,��8HKDUD�.�������6SHFLILF�LQKLELWLRQ�RI�XUHDVH�E\�K\GUR[DPLF�DFLGV��
%LRFKLPLFD�HW�%LRSK\VLFD�$FWD��������±�����

.REDVKL� .�� 0XQDNDWD� .,�� 7DNHEH� 6�� +DVH� -,� ������ 7KHUDS\� IRU� XUROLWKLDVLV� E\�
K\GUR[DPLF� DFLGV�� ,,�� 8UHDVH� LQKLELWRU\� SRWHQF\� DQG� XULQDU\� H[FUHWLRQ� UDWH� RI�
KLSSXURK\GUR[DPLF� DFLG� GHULYDWLYHV�� -RXUQDO� RI� 3KDUPDFRELRG\QDPLFV� ��� ���±
�����

.REDVKL�.��7DNHEH�6��1XPDWD�$�������6SHFLILF�LQKLELWLRQ�RI�XUHDVH�E\�Q�DF\OSKRVSKRULF�
WULDPLGHV��-RXUQDO�RI�%LRFKHPLVWU\���������±������

.URJPHLHU�0-��0F&DUW\�*:��%UHPQHU�-0�������3RWHQWLDO�SKWRWR[LFLW\�DVVRFLDWHG�ZLWK�
WKH�XVH�RI�VRLO�XUHDVH�LQKLELWRUV��3URFHHGLQJV�RI�WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�
RI�WKH�8QLWHG�6WDWHV�RI�$PHULFD���������±���������

.URJPHLHU�0-��0F&DUW\�*:��6KRJUHQ�'5��%UHPQHU�-0������(IIHFW�RI�QLFNHO�GHILFLHQF\�
LQ�VR\EHDQV�RQ�WKH�SK\WRWR[LFLW\�RI�IROLDU�DSSOLHG�XUHD��3ODQW�DQG�6RLO���������±
��������

/LDR� &)+�� 5DLQHV� 6*� ������ ,QKLELWLRQ� RI� VRLO� XUHDVH� DFWLYLW\� E\� DPLGR� GHULYDWLYHV� RI�
SKRVSKRULF�DQG�WKLRSKRVSKRULF�DFLGV��3ODQW�DQG�6RLO��������±�����

/OR\G�$%��6KHDIIH�0-�������8UHDVH�DFWLYLW\�LQ�VRLOV��3ODQW�DQG�6RLO�������±����
0DUWHQV�'$��%UHPQHU�-0�������(IIHFWLYHQHVV�RI�SKRVSKRURDPLGHV�IRU�UHWDUGDWLRQ�RI�XUHD�

K\GURO\VLV�LQ�VRLOV��6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO��������±�����
0DUWLQ�5-��9DQ�GHU�:HHUGHQ�7-��5LGGOH�08��%XWOHU�5&�������&RPSDULVRQ�RI�$JURWDLQ�

WUHDWHG� DQG� VWDQGDUG�XUHD�RQ� DQ� LUULJDWHG�GDLU\�SDVWXUH��3URFHHGLQJV�RI� WKH�1HZ�
=HDODQG�*UDVVODQG�$VVRFLDWLRQ�������±����

0DWVXPRWR�+��<DVXGD�7��.RED\DVKL�0��7DNDKDVKL�(�������7KH� LQGXFLEOH� IRUPDWLRQ�RI�
XUHDVH�LQ�ULFH�SODQWV��6RLO�6FLHQFH�DQG�3ODQW�1XWULWLRQ�������±����

0HQHQGH]�6��0HULQR�3��3LQWR�0��0XUXD�*RQ]DOH]�&��(VWDYLOOR�-0�������(IIHFW�RI�1��Q�
%XW\O�� WKLRSKRVSKRULF� WULDPLGH� DQG� ����'LPHWK\OS\UD]ROH� SKRVSKDWH� RQ� JDVHRXV�
HPLVVLRQV� IURP� JUDVVODQGV� XQGHU� GLIIHUHQW� VRLO� ZDWHU� FRQWHQWV�� -RXUQDO� RI�
(QYLURQPHQWDO�4XDOLW\�������±����

0HQQHHU� -&�� /HGJDUG� 6�� 6SURVHQ� 0� ������ 6RLO� 1� SURFHVV� LQKLELWRUV� DOWHU� QLWURJHQ�
OHDFKLQJ�G\QDPLFV�LQ�D�SXPLFH�VRLO��$XVWUDOLDQ�-RXUQDO�RI�6RLO�5HVHDUFK��������±
�����
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0XOYDQH\�5/��%UHPQHU�-0�������&RQWURO�RI�XUHD�WUDQVIRUPDWLRQV�LQ�VRLOV��,Q��3DXO�($��
/DGG�-1�HGV�6RLO�ELRFKHPLVWU\��1HZ�<RUN��0DUFHO�'HNNHU��3S�����±�����

0DQXQ]D� %�� 'HLDQD� 6�� 3LQWRUH� 0�� *HVVD� &� ������ 7KH� ELQGLQJ� PHFKDQLVP� RI� XUHD��
K\GUR[DPLF�DFLG�DQG�1��Q�EXW\O��SKRVSKRULF�WULDPLGH�WR�WKH�XUHDVH�DFWLYH�VLWH��$�
FRPSDUDWLYH�PROHFXODU� G\QDPLFV� VWXG\�� 6RLO� %LRORJ\�	�%LRFKHPLVWU\� ���� ���±
�����

2
&RQQRU�0-��+HQGULFNVRQ�//�������(IIHFW�RI�SKHQ\OSKRVSKRURGLDPLGDWH�RQ�DPPRQLD�
YRODWLOL]DWLRQ�DV�DIIHFWHG�E\�VRLO�WHPSHUDWXUH�DQG�UDWH�DQG�GLVWULEXWLRQ�RI�XUHD��6RLO�
6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO���������±������

2
7RROH�3��0RUJDQ�0$��0F$OHHVH�'0�������(IIHFWV�RI�VRLO�SURSHUWLHV��WHPSHUDWXUH�DQG�
XUHD� FRQFHQWUDWLRQ� RQ� SDWWHUQV� DQG� UDWHV� RI� XUHD� K\GURO\VLV� LQ� VRPH� ,ULVK� VRLOV��
,ULVK�-RXUQDO�RI�$JULFXOWXUDO�5HVHDUFK��������±�����

2
7RROH�3��0RUJDQ�0$��0F*DUU\�6-�������$�FRPSDUDWLYH�VWXG\�RI�XUHDVH�DFWLYLWLHV� LQ�
SDVWXUH�DQG�WLOODJH�VRLOV��&RPPXQLFDWLRQV�LQ�6RLO�6FLHQFH�DQG�3ODQW�$QDO\VLV�����
���±�����

3XJK�.%��:DLG�-6�������7KH�LQIOXHQFH�RI�K\GUR[DPDWHV�RQ�DPPRQLD�ORVV�IURP�DQ�DFLG�
ORDP\�VDQG�WUHDWHG�ZLWK�XUHD��6RLO�%LRORJ\�DQG�%LRFKHPLVWU\�������±�����

4XLQ�%)��%OHQQHUKDVVHWW�-'��=DPDQ�0�������7KH�XVH�RI�XUHDVH�LQKLELWRU�EDVHG�SURGXFWV�
WR�UHGXFH�QLWURJHQ�ORVVHV�IURP�SDVWXUH��,Q��&XUULH�/'��+DQO\�-$�HGV�3URFHHGLQJV�
RI� WKH� :RUNVKRS� RQ� 'HYHORSPHQWV� LQ� )HUWLOL]HU� $SSOLFDWLRQ� 7HFKQRORJLHV� DQG�
1XWULHQW�0DQDJHPHQW�)HUWLOL]HU�DQG�/LPH�5HVHDUFK�&HQWUH�2FFDVLRQDO�5HSRUW�1R��
����3DOPHUVWRQ�1RUWK��0DVVH\�8QLYHUVLW\����3S�����±�����

5DPDNULVKQDQ� &�� =DPDQ� 0�� %OHQQHUKDVVHWW� -�� /LYHUPRUH� 1� ������ ,PSURYLQJ� WKH�
HIILFLHQF\�RI�QLWURJHQ�IHUWLOL]HUV�WKURXJK�XUHDVH�LQKLELWRU��,Q��&XUULH�/'��<DWHV�/-�
HGV� 3URFHHGLQJV� RI� WKH� :RUNVKRS� RQ� &DUERQ� DQG� 1XWULHQW� 0DQDJHPHQW� LQ�
$JULFXOWXUH� � )HUWLOL]HU� DQG� /LPH� 5HVHDUFK� &HQWUH� 2FFDVLRQDO� 5HSRUW� 1R�� ����
3DOPHUVWRQ�1RUWK��0DVVH\�8QLYHUVLW\��3S�����±�����

5DR� '/1�� *KDL� 6.� ������ (IIHFW� RI� SKHQ\OSKRVSKRURGLDPLGDWH� RQ� XUHD� K\GURO\VLV��
DPPRQLD�YRODWLOL]DWLRQ�DQG�ULFH�JURZWK�LQ�DQ�DONDOL�VRLO��3ODQW�DQG�6RLO��������±
�����

5DZOXN�&'/��*UDQW�&$��5DF]�*-�������$PPRQLD�YRODWLOL]DWLRQ�IURP�VRLOV�IHUWLOL]HG�ZLWK�
XUHD�DQG�YDU\LQJ�UDWHV�RI�XUHDVH�LQKLELWRU�1%37��&DQDGLDQ�-RXUQDO�RI�6RLO�6FLHQFH�
�������±�����

5H\QROGV�&0��:ROI�'&��$UPEUXVWHU�-$�������)DFWRUV�UHODWHG�WR�XUHD�K\GURO\VLV�LQ�VRLOV��
6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD�-RXUQDO��������±�����
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5RVHQVWHLQ�,-��+DPLOWRQPLOOHU�-0��%UXPILWW�:�������5ROH�RI�XUHDVH�LQ�WKH�IRUPDWLRQ�RI�

LQIHFWLRQ� VWRQHV�� FRPSDULVRQ� RI� XUHDVHV� IURP� GLIIHUHQW� VRXUFHV�� ,QIHFWLRQ� DQG�
,PPXQLW\�������±����

6FKOHJHO�$-��1HOVRQ�':�� 6RPPHUV� /(� ������ )LHOG� HYDOXDWLRQ� RI� XUHDVH� LQKLELWRUV� IRU�
FRUQ�SURGXFWLRQ��$JURQRP\�-RXUQDO���������±������

6KHUORFN� 5�� -HZHOO� 3�� &ORXJK� 7� ����� 5HYLHZ� RI� 1HZ� =HDODQG� VSHFLILF� )UDF*$60� DQG�
)UDF*$6)� HPLVVLRQ� IDFWRUV�� 5HSRUW� IRU� 0LQLVWU\� RI� $JULFXOWXUH� DQG� )RUHVWU\��
2FWREHU����������S��

6DJJDU� 6�� %RODQ� 1�� 6LQJK� -�� %ODUG� $� ������ (FRQRPLF� DQG� HQYLURQPHQWDO� LPSDFWV� RI�
LQFUHDVHG�QLWURJHQ�XVH� LQ�JUD]HG�SDVWXUHV�DQG�WKH�UROH�RI� LQKLELWRUV� LQ�PLWLJDWLQJ�
QLWURJHQ�ORVVHV��1HZ�=HDODQG�6FLHQFH�5HYLHZ����������±����

6DJJDU�6��/XR�-��*LOWUDS�'/��0DGGHQD�0�������1LWURXV�R[LGH�HPLVVLRQV�IURP�WHPSHUDWH�
JUDVVODQGV�� SURFHVVHV�� PHDVXUHPHQWV�� PRGHOLQJ� DQG� PLWLJDWLRQ�� ,Q�� 6KHOGRQ� $,��
%DUQKDUW� (3� HGV� 1LWURXV� R[LGH� HPLVVLRQV� UHVHDUFK� SURJUHVV�� 1HZ� <RUN�� 1RYD�
6FLHQFH�3XEOLVKHUV�,QF���LQ�SUHVV���

6DJJDU�6��7DWH�.5��*LOWUDS�'/��6LQJK�-�������6RLO�DWPRVSKHUH�H[FKDQJH�RI�QLWURXV�R[LGH�
DQG�PHWKDQH�LQ�1HZ�=HDODQG�WHUUHVWULDO�HFRV\VWHPV�DQG�WKHLU�PLWLJDWLRQ��D�UHYLHZ��
3ODQW�DQG�6RLO��������±�����

6LQJK� -��%RODQ�16��6DJJDU�6��=DPDQ�0�������7KH� UROH� RI� LQKLELWRUV� LQ� FRQWUROOLQJ� WKH�
ELRDYDLODELOLW\� DQG� ORVVHV� RI� QLWURJHQ�� ,Q�� 1DLGX� ,1,7,$/6� HW� DO�� HGV� &KHPLFDO�
ELRDYDLODELOLW\� LQ� WHUUHVWULDO� HQYLURQPHQW�� ��$PVWHUGDP��7KH�1HWKHUODQGV��(OVHYLHU��
,6%1��������������������3S�����±�����

6LQJK� -��%RODQ�16��6DJJDU�6������� ,PSDFW�RI�XUHDVH� LQKLELWRU�RQ�QLWURJHQ�G\QDPLFV� LQ�
SDVWXUH�FRUHV� UHFHLYLQJ�XUHD�IHUWLOLVHU�DQG�FDWWOH�XULQH��$XVWUDOLDQ�-RXUQDO�RI�6RLO�
5HVHDUFK��VXEPLWWHG���

6PLWK�&��/HGJDUG�6��:DOOHU�-�������$�FRPSDULVRQ�RI�6XVWDLQ�DQG�XUHD�IHUWLOLVHU��5HYLVHG�
5HSRUW�IRU�%DOODQFH�$JUL�1XWULHQWV��'HFHPEHU����������S��

6SURVHQ� 0�� /HGJDUG� 6� ������ $� FRPSDULVRQ� RI� WKH� HIIHFWLYHQHVV� RI� WZR� FRDWHG� XUHD�
SURGXFWV� LQ� UHGXFLQJ� YRODWLOVDWLRQ� ORVVHV� IURP� XUHD�� 5HSRUW� IRU� %DOODQFH� $JUL�
1XWULHQWV��)HEUXDU\����������S��



�

/DQGFDUH�5HVHDUFK�1HZ�=HDODQG�/LPLWHG�

���
�

6WDIIRUG� $�� &DWWR� :�� 0RUWRQ� -� ������ %DODQFH� $JUL�1XWULHQWV� DSSURDFK� WR� VXVWDLQDEOH�
IHUWLOLVHU�XVH��,Q��&XUULH�/'��<DWHV�/-�HGV�3URFHHGLQJV�RI�WKH�:RUNVKRS�RQ�&DUERQ�
DQG� 1XWULHQW� 0DQDJHPHQW� LQ� $JULFXOWXUH�� )HUWLOL]HU� DQG� /LPH� 5HVHDUFK� &HQWUH�
2FFDVLRQDO�5HSRUW�1R������3DOPHUVWRQ�1RUWK��0DVVH\�8QLYHUVLW\��3S�����±�����

7KHREDOG�3��/HGJDUG�6��6SURVHQ�0�������7KH�HIIHFWLYHQHVV�RI�WZR�FRDWHG�XUHD�SURGXFWV�
LQ�LPSURYLQJ�WKH�HIILFLHQF\�RI�XUHD�DSSOLHG�WR�D�0DQDZDWX�VLOW� ORDP�VRLO��5HSRUW�
IRU�%DOODQFH�$JUL�1XWULHQWV��-XQH����������S��

7UHQNHO� 0(� ������ &RQWUROOHG�UHOHDVH� DQG� VWDELOL]HG� IHUWLOL]HU� LQ� DJULFXOWXUH�� ,Q��
,QWHUQDWLRQDO�)HUWLOL]HU�,QGXVWU\�$VVRFLDWLRQ�3DULV��3S����±����

9DUVD�(&��-HPLVRQ�-0��2VERUQ�0:��/HLV�$.��+QHWNRYVN\�6:��-DQ�1�������(IIHFW�RI�
1%37�DPHQGHG�XUHD� DQG�8$1�RQ� QR�WLOO� FRUQ� LQ� VRXWKHUQ� ,OOLQRLV�� 3UHVHQWHG� DW�
WKH� ��UG� 1RUWK� &HQWUDO� ([WHQVLRQ� ,QGXVWU\� 6RLO� )HUWLOLW\� &RQIHUHQFH�� 6W�� /RXLV��
02����±���2FWREHU�������

9OHN�3/*��&DUWHU�0)�������7KH�HIIHFW�RI�VRLO�HQYLURQPHQW�DQG�IHUWLOL]HU�PRGLILFDWLRQV�RQ�
WKH�UDWH�RI�XUHD�K\GURO\VLV��6RLO�6FLHQFH��������±����

9LWWRUL�$QWLVDUL� /�� 0DU]DGRUL� &�� *LRDFFKLQL� 3�� 5LFFL� 6�� *HVVD� &� ������ (IIHFWV� RI� WKH�
XUHDVH� LQKLELWRU� 1��Q�EXW\O�� WKLRSKRVSKRULF� WULDPLGH� LQ� ORZ� FRQFHQWUDWLRQV� RQ�
DPPRQLD�YRODWLOL]DWLRQ�DQG�HYROXWLRQ�RI�PLQHUDO�QLWURJHQ��%LRORJ\�DQG�)HUWLOLW\�RI�
6RLOV��������±�����

:DQJ�=��9DQ�&OHHPSXW�2��/LDQWLH�/��%DHUW�/�������(IIHFW�RI�RUJDQLF�PDWWHU�DQG�XUHDVH�
LQKLELWRUV� RQ�XUHD�K\GURO\VLV� DQG� LPPRELOL]DWLRQ�RI�XUHD�QLWURJHQ� LQ� DQ� DONDOLQH�
VRLO��%LRORJ\�DQG�)HUWLOLW\�RI�6RLOV��������±�����

:DUGHQ�05��.HWWOHZHOO�36�������(IIHFWV�RI�GLIIHUHQW�GRVHV�RI�XUHD�VROXWLRQ�DSSOLHG�WR�WKH�
IROLDJH� RI� ZLQWHU� ZKHDW� DW� VWHP� H[WHQVLRQ� RQ� OHDI� VFRUFK� DQG� \LHOG�� 7HVWV� RI�
$JURFKHPLFDOV�DQG�&XOWLYDUV�������±�����

:DWVRQ� &-� ������ 8UHDVH� DFWLYLW\� DQG� LQKLELWLRQ�� SULQFLSOHV� DQG� SUDFWLFH�� ,Q�� 7KH�
,QWHUQDWLRQDO�)HUWLOLVHU�6RFLHW\�3URFHHGLQJV�1R�������3S��""±""�

:DWVRQ� &-�� $NKRQ]DGD� 1$�� +DPLOWRQ� -7*�� 0DWWKHZV� ',� ������ 5DWH� DQG� PRGH� RI�
DSSOLFDWLRQ� RI� WKH� XUHDVH� LQKLELWRU� 1��Q�%XW\O�� WKLRSKRVSKRULF� WULDPLGH� RQ�
DPPRQLD�YRODWLOL]DWLRQ�IURP�VXUIDFH�DSSOLHG�XUHD��6RLO�8VH�DQG�0DQDJHPHQW�����
���±�����
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:DWVRQ�&-��0LOOHU�+��3RODQG�3��.LOSDWULFN�'-��$OOHQ�0'%��*DUUHWW�0.��&KULVWLDQVRQ�&%�

�����D��� 6RLO� SURSHUWLHV� DQG� WKH� DELOLW\� RI� WKH� XUHDVH� LQKLELWRU� 1��Q�%XW\O��
WKLRSKRVSKRULF�WULDPLGH��Q%737��WR�UHGXFH�DPPRQLD�YRODWLOL]DWLRQ�IURP�VXUIDFH�
DSSOLHG�XUHD��6RLO�%LRORJ\�	�%LRFKHPLVWU\���������±������

:DWVRQ�&-��0LOOHU�+�������6KRUW�WHUP�HIIHFWV�RI�XUHD�DPHQGHG�ZLWK�XUHDVH�LQKLELWRU�1�
�Q�EXW\O�� WKLRSKRVSKRULF� WULDPLGH�RQ�SHUHQQLDO� U\HJUDVV��3ODQW�DQG�6RLO��������±
����

:DWVRQ� &-�� 3RODQG� 3�� $OOHQ�0%'� ������ 7KH� HIILFDF\� RI� UHSHDWHG� DSSOLFDWLRQV� RI� WKH�
XUHDVH�LQKLELWRU�1��Q�EXW\O��WKLRSKRVSKRULF�WULDPLGH�IRU�LPSURYLQJ�WKH�HIILFLHQF\�
RI�XUHD�IHUWLOL]HU�XWLOL]DWLRQ�RQ�WHPSHUDWH�JUDVVODQG��*UDVV�DQG�)RUDJH�6FLHQFH�����
���±�����

:DWVRQ� &-�� 3RODQG� 3�� 0LOOHU� +�� $OOHQ� 0%'�� *DUUHWW� 0.�� &KULVWLDQVRQ� &%� ����E��
$JURQRPLF� DVVHVVPHQW� DQG� 1���� UHFRYHU\� RI� XUHD� DPHQGHG� ZLWK� WKH� XUHDVH�
LQKLELWRU� Q%737� �1��Q�%XW\O�� WKLRSKRVSKRULF� WULDPLGH�� IRU� WHPSHUDWH� JUDVVODQG��
3ODQW�DQG�6RLO���������±�����

:DWVRQ�&-��6WHYHQV�5-��/DXJKOLQ�5-�������(IIHFWLYHQHVV�RI� WKH�XUHDVH� LQKLELWRU�1%37�
�1��Q�EXW\O�� WKLRSKRVSKRULF� WULDPLGH�� IRU� LPSURYLQJ� WKH� HIILFLHQF\� RI� XUHD� IRU�
U\HJUDVV�SURGXFWLRQ��)HUWLOL]HU�5HVHDUFK�������±����

:KLWHKHDG�'&��5DLVWULFN�1�������7KH�YRODWLOL]DWLRQ�RI�DPPRQLD�IURP�FDWWOH�XULQH�DSSOLHG�
WR�VRLOV�DV�LQIOXHQFHG�E\�VRLO�SURSHUWLHV��3ODQW�DQG�6RLO��������±����

=DPDQ�0��1JX\HQ�0/��%ODQQHUKDVVHWW�-'��4XLQ�%)�������5HGXFLQJ�1+���1�2�DQG�12��

�1�ORVVHV�IURP�D�SDVWXUH�VRLO�ZLWK�XUHDVH�RU�QLWULILFDWLRQ�LQKLELWRUV�DQG�HOHPHQWDO�
6�DPHQGHG�QLWURJHQRXV�IHUWLOL]HUV��%LRORJ\�DQG�)HUWLOLW\�RI�6RLOV��������±�����

=DPDQ�0��6DJJDU�6��%ODQQHUKDVVHWW�-'��6LQJK�-�������(IIHFW�RI�XUHDVH�DQG�QLWULILFDWLRQ�
LQKLELWRUV�RQ�1�WUDQVIRUPDWLRQ��JDVHRXV�HPLVVLRQV�RI�DPPRQLD�DQG�QLWURXV�R[LGH��
SDVWXUH�\LHOG�DQG�1�XSWDNH�LQ�JUD]HG�SDVWXUH�V\VWHP��6RLO�%LRORJ\�	�%LRFKHPLVWU\�
��������±������
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