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;OPZ�PZ�HU�VWLU�HJJLZZ�HY[PJSL�\UKLY�[OL�[LYTZ�VM�[OL�O[[W!��JYLH[P]LJVTTVUZ�VYN�SPJLUZLZ�I`�UJ�UK������3PJLUZL�
^OPJO�WLYTP[Z�\ZL�HUK�KPZ[YPI\[PVU�PU�HU`�TLKP\T��WYV]PKLK�[OL�VYPNPUHS�^VYR�PZ�WYVWLYS`�JP[LK��[OL�\ZL�PZ�UVUώ
JVTTLYJPHS�HUK�UV�TVKPÄJH[PVUZ�VY�HKHW[H[PVUZ�HYL�THKL�

$EVWUDFW

2EMHFWLYHV

7KLV�VWXG\�LQWURGXFHV�DQ�LQLWLDO�HYDOXDWLRQ�RI�D�QRYHO�+LJK̝,QWHQVLW\�)RFXVHG�(OHFWURPDJQHWLF
�+,)(0��WHFKQRORJ\��7KH�SULPDU\�JRDO�LV�WR�TXDQWLI\�DQ\�HIIHFWV�WKH�WUHDWPHQWV�PD\�KDYH�RQ
DEGRPLQDO�WLVVXHV��DV�ZHOO�DV�WR�HVWDEOLVK�K\SRWKHVHV�IRU�IXWXUH�UHVHDUFK�RI�WKLV�WHFKQRORJ\�

0HWKRGV

7ZHQW\̝WZR�SDWLHQWV�UHFHLYHG�IRXU�DEGRPLQDO�WUHDWPHQWV�XVLQJ�WKH�(06&8/37�GHYLFH��%7/�,QGXVWULHV
,QF���%RVWRQ��0$���$QWKURSRPHWULF�HYDOXDWLRQV�ZHUH�UHFRUGHG�DQG�GLJLWDO�SKRWRJUDSKV�ZHUH�WDNHQ�DW
EDVHOLQH��DW���PRQWKV��DQG�DW���PRQWKV�SRVW̝WUHDWPHQWV��7KH�05,�ZLWKRXW�FRQWUDVW�GHWHUPLQHG�E\
YHUWHUWHEUDV�7���DQG�6���),(67$�DQG�)635*�VHTXHQFHV��ZDV�XVHG�WR�PHDVXUH�GLPHQVLRQV�LQ�FRURQDO
FURVV̝VHFWLRQDO�LPDJHV�RI�DEGRPLQDO�PXVFOH�DQG�IDWW\�WLVVXHV��LQ�RUGHU�WR�DVVHVV�DQ\�DQDWRPLFDO�FKDQJHV
LQGXFHG�E\�WKH�DSSOLFDWLRQ�

5HVXOWV

$QDO\VLV�RI�WKH�VDPH�05,�VOLFHV�YHULILHG�E\�WLVVXH�DUWHIDFWV�VKRZHG�D�VWDWLVWLFDOO\�VLJQLILFDQW��DOO�3ௗ�ௗ
��������DYHUDJH�������UHGXFWLRQ�RI�DGLSRVH�WLVVXH�WKLFNQHVV��������LQFUHDVH�LQ�UHFWXV�DEGRPLQLV
PXVFOH�WKLFNQHVV��DQG�������UHGXFWLRQ�LQ�UHFWXV�DEGRPLQXV�VHSDUDWLRQ��GLDVWDVLV�UHFWL��DV�PHDVXUHG
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IURP�WKH�PHGLDO�ERUGHU�RI�WKH�PXVFOH���PRQWKV�SRVW̝WUHDWPHQW��0RUH�VLJQLILFDQW�LPSURYHPHQWV�ZHUH
REVHUYHG�LQ�SDWLHQWV�ZLWK�%0,�����±������FODVVLILHG�DV�³QRUPDO´���05,�GDWD�IURP��̝PRQWK�IROORZ̝XS
VXJJHVW�WKH�FKDQJHV�FDQ�EH�SUHVHUYHG�LQ�ORQJHU�WHUP��7DSH�PHDVXUHPHQWV�VKRZHG�RQ�DYHUDJH����ௗFP
VXEXPELOLFDO�FLUFXPIHUHQFH�UHGXFWLRQ��7KH�ZHLJKW�RI�WKH�VXEMHFWV�GLG�QRW�FKDQJH�VLJQLILFDQWO\��DYHUDJH
í����OE��3ࣟ!ௗ�������1R�DGYHUVH�HYHQWV�ZHUH�UHSRUWHG�

&RQFOXVLRQV

05,��FRQVLGHUHG�DV�D�KLJKO\�SUHFLVH�GLDJQRVWLF�PHWKRG��UHYHDOHG�VLPXOWDQHRXV�PXVFOH�JURZWK��IDW
UHGXFWLRQ�DQG�UHGXFHG�DEGRPLQDO�VHSDUDWLRQ�DW���PRQWKV�DQG�DW���PRQWKV�SRVW�WUHDWPHQWV��XQUHODWHG
ZLWK�GLHWLQJ��)XUWKHU�UHVHDUFK�VKRXOG�LQYHVWLJDWH�WKH�H[DFW�SK\VLRORJLFDO�SURFHVVHV�ZKLFK�VWDQG�EHKLQG
WKH�WLVVXH�FKDQJHV�REVHUYHG�LQ�WKLV�VWXG\��/DVHUV�6XUJ��0HG�������±�����������������7KH�$XWKRUV�
/DVHUV�LQ�6XUJHU\�DQG�0HGLFLQH�3XEOLVKHG�E\�:LOH\�3HULRGLFDOV��,QF�

.H\ZRUGV��GLDVWDVLV�UHFWL��IDW�UHGXFWLRQ��+,)(0��PDJQHWLF�WHFKQRORJ\��PXVFOH�JURZWK

,1752'8&7,21

7KH�SRSXODULW\�RI�QRQ̝LQYDVLYH�ERG\�VKDSLQJ�SURFHGXUHV�KDV�EHHQ�JURZLQJ�UDSLGO\²WKH�QXPEHU�RI
SURFHGXUHV�SHUIRUPHG�LQ�WKH�86�PRUH�WKDQ�GRXEOHG�EHWZHHQ������DQG���������&U\ROLSRO\VLV�
UDGLRIUHTXHQF\��ORZ�OHYHO�ODVHU�WKHUDS\�DQG�IRFXVHG�XOWUDVRXQG���DUH�PRVW�ZLGHO\�XVHG�IRU�WUHDWLQJ
SDWLHQWV¶�IDW�EXOJHV��DQG�WKHLU�HIILFDF\�KDV�EHHQ�GHPRQVWUDWHG�LQ�PXOWLSOH�SUHYLRXV�VWXGLHV��6LPLODU�WR
HYHU\�DHVWKHWLF�SURFHGXUH��WKHVH�WHFKQRORJLHV�KDYH�DOVR�FHUWDLQ�OLPLWDWLRQV��$OO�FXUUHQW�QRQ̝LQYDVLYH�IDW
UHPRYDO�WUHDWPHQWV�DUH�EDVHG�RQ�WKHUPDO�HIIHFWV�DQG�DV�VXFK��WKH\�PD\�EULQJ�DERXW�YDULRXV�FROG�RU�KHDW
UHODWHG�VLGH�HIIHFWV��0RUH�LPSRUWDQWO\��DOO�WKHVH�PRGDOLWLHV�DUH�GHVLJQHG�WR�DGGUHVV�RQO\�IDW�WLVVXH�

6XEFXWDQHRXV�IDW�LV�DQ�LPSRUWDQW�IDFWRU�DIIHFWLQJ�SDWLHQW
V�ERG\�FRQWRXUV�DV�LW�FRPSULVHV�DSSUR[LPDWHO\
������RI�KXPDQ�ERG\�FRPSRVLWLRQ��+RZHYHU��PXVFOH�WLVVXH�FRPSULVHV�HYHQ�D�ODUJHU�SRUWLRQ�RI�WKH
KXPDQ�ERG\�FRPSRVLWLRQ������PDOH�����IHPDOH����DQG�GHSHQGLQJ�RQ�LQGLYLGXDO�FKDUDFWHULVWLFV��WKH
FRQGLWLRQ�RI�SDWLHQW
V�PXVFOH�FDQ�SOD\�HLWKHU�DQ�HTXDO�RU�HYHQ�PRUH�LPSRUWDQW�UROH�LQ�GHILQLQJ�WKH
RYHUDOO�DHVWKHWLF�DSSHDUDQFH��6WLOO��SK\VLFDO�ZRUNRXW�LV�FXUUHQWO\�WKH�RQO\�JHQHUDOO\�DYDLODEOH�PHWKRG
IRU�QDWXUDO�VWUHQJWKHQLQJ�RI�RQH
V�PXVFOHV�

7KH�XVH�RI�PDJQHWLF�VWLPXODWLRQ�KDV�D�SURYHQ�WUDFN�UHFRUG�ZKHQ�WUHDWLQJ�YDULRXV�PHGLFDO�LQGLFDWLRQV�
UDQJLQJ�IURP�QHXURORJ\����������SV\FKLDWU\����SK\VLRWKHUDS\����������������WR�WUHDWLQJ�XULQDU\
LQFRQWLQHQFH�LQ�ZRPHQ�����)XUWKHUPRUH��GXH�WR�WKH�QRQ̝WKHUPDO�DQG�QRQ̝LRQL]LQJ�QDWXUH�RI�WKH
WHFKQRORJ\��LWV�DSSOLFDWLRQ�LV�FRQVLGHUHG�UHODWLYHO\�VDIH����(YHQ�WKRXJK�WKH�WHFKQRORJ\�LV�KLJKO\
HIIHFWLYH��LW�LV�QRW�DV�ZLGHO\�XVHG�DV�HOHFWULFDO�VWLPXODWLRQ����

7KLV�VWXG\�EULQJV�DQ�LQLWLDO�HYDOXDWLRQ�RI�D�QRYHO�+LJK̝,QWHQVLW\�)RFXVHG�(OHFWUR̝0DJQHWLF��+,)(0�
WHFKQRORJ\�DSSOLHG�WR�WKH�DEGRPLQDO�DUHD��LQ�RUGHU�WR�DVVHVV�WKH�SK\VLRORJLFDO�UHVSRQVH�LQ�WUHDWHG
SDWLHQWV��7KH�SULPDU\�JRDO�LV�WR�TXDQWLI\�DQ\�HIIHFWV�WKH�WUHDWPHQWV�PD\�KDYH�RQ�DEGRPLQDO�WLVVXHV��DV
ZHOO�DV�WR�HVWDEOLVK�K\SRWKHVHV�IRU�IXWXUH�UHVHDUFK�RI�WKLV�WHFKQRORJ\��7KH�RXWFRPHV�RI�WKH�VWXG\�DUH
H[SHFWHG�WR�VXJJHVW�LI�+,)(0�FDQ�EH�SRWHQWLDOO\�XVHG�DV�D�QHZ�WHFKQRORJ\�IRU�QRQ̝LQYDVLYH�ERG\
VKDSLQJ�WUHDWPHQWV�

0$7(5,$/6�$1'�0(7+2'6

6WXG\�3RSXODWLRQ

7ZHQW\̝WZR�VXEMHFWV�����IHPDOHV�DQG����PDOHV��SDUWLFLSDWHG�LQ�WKLV�SURVSHFWLYH��PXOWL̝FHQWHU��QRQ̝
UDQGRPL]HG��SLORW�VWXG\��7KH�DYHUDJH�DJH�RI�WKH�SDUWLFLSDQWV�ZDV�����ௗ�ௗ�����ZLWK�D�PHDQ�%0,�SULRU�WR
WKH�WUHDWPHQWV�RI�����ௗ�ௗ���ௗNJ�P ��7KH�H[FOXVLRQ�FULWHULD�LQFOXGHG�SUHJQDQF\��EUHDVWIHHGLQJ��DQ\�
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PHGLFDO�FRQGLWLRQ�FRQWUDLQGLFDWLQJ�WKH�DSSOLFDWLRQ�RI�DQ�HOHFWURPDJQHWLF�ILHOG��KHDUW�GLVRUGHUV�
XQKHDOHG�ZRXQG�LQ�DEGRPLQDO�DUHD��DQG�DQ\�FRQFRPLWDQW�PHGLFDWLRQ�NQRZQ�WR�FDXVH�EORDWLQJ�RU�DIIHFW
ZHLJKW��6HH�7DEOH���IRU�WKH�EDVHOLQH�GHPRJUDSKLF�SURILOH��3DWLHQWV�ZHUH�QRW�ILQDQFLDOO\�LQFHQWLYL]HG�IRU
HLWKHU�SDUWLFLSDWLRQ�RU�FRPSOHWLRQ�RI�WKH�VWXG\��DQ�LQIRUPHG�FRQVHQW�ZDV�REWDLQHG�IURP�DOO�RI�WKHP��7KH
VWXG\�ZDV�FRQGXFWHG�LQ�FRPSOLDQFH�ZLWK�DSSOLFDEOH�HWKLFDO�VWDQGDUGV�DQG�XVHG�DQ�,5%�DSSURYHG
SURWRFRO�
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6WXG\�'HVLJQ

3ULRU�WR�WKH�WUHDWPHQWV��HDFK�VXEMHFW�ZDV�LQTXLUHG�DERXW�KLV�KHU�SK\VLFDO�DFWLYLW\�KDELWV�DQG�DQ
DSSUR[LPDWH�GDLO\�FDORULF�LQWDNH�ZDV�FDOFXODWHG�LQ�FRRSHUDWLRQ�ZLWK�D�SURIHVVLRQDO�QXWULWLRQLVW��$OO
SDWLHQWV�ZHUH�DVNHG�WR�PDLQWDLQ�WKHLU�URXWLQH�GLHW�DQG�DFWLYLW\�OHYHO�ZLWKRXW�DQ\�PRGLILFDWLRQV�XQWLO
VWXG\�FRPSOHWLRQ��$IWHUZDUGV��SDWLHQWV�UHFHLYHG�IRXU�WUHDWPHQWV��VSDFHG�E\��±��GD\V��XVLQJ�D�+,)(0
WHFKQRORJ\�GHYLFH��(06&8/37��%7/�,QGXVWULHV��%RVWRQ��0$��DV�SHU�WKH�,5%̝DSSURYHG�SURWRFRO�

�D

D



���������� +LJK�LQWHQVLW\�IRFXVHG�HOHFWURPDJQHWLF�WKHUDS\�HYDOXDWHG�E\�PDJQHWLF�UHVRQDQFH�LPDJLQJ��6DIHW\�DQG�HIÀFDF\�VWXG\�RI�D�GXDO�WLVVXH�HIIHFW�EDVHG�QRQ L«

KWWSV���ZZZ�QFEL�QOP�QLK�JRY�SPF�DUWLFOHV�30&��������"IEFOLG ,Z$5�9&L]O:YX+<.�:�Z,9Q&X[P(:&�:B�]6(�'RS[P�Y)H*Y*RW��WX5�,<8 ����

(06&8/37�3URFHGXUH

'XULQJ�WKH�DSSOLFDWLRQ��SDWLHQWV�GLG�QRW�UHFHLYH�DQ\�DQHVWKHVLD�DQG�ZHUH�O\LQJ�LQ�D�VXSLQH�SRVLWLRQ��$OO
SURFHGXUHV�ZHUH�DSSOLHG�WR�WKH�DEGRPHQ�DQG�HDFK�VHVVLRQ�LQFOXGHG�H[DFWO\����PLQXWHV�RI�FRQWLQXRXV
DSSOLFDWLRQ��2QH�DSSOLFDWRU��VHH�)LJ�����ZDV�SODFHG�RQ�WKH�VNLQ�DW�WKH�XPELOLFDO�OHYHO��7KH�FHQWHU�RI�WKH
PDJQHWLF�FRLO�ZDV�SODFHG�H[DFWO\�DERYH�WKH�QDYHO��7KH�DSSOLFDWRU�ZDV�DIIL[HG�E\�D�GLVLQIHFWHG�IL[DWLRQ
EHOW�WR�PLQLPL]H�PRYHPHQWV�GXULQJ�WKH�SURFHGXUH��7KH�VWLPXODWLRQ�LQWHQVLW\�VWDUWHG�DW����DQG�ZLWKLQ
���VHFRQGV�WR�WKH�WUHDWPHQW�LW�ZDV�VORZO\�LQFUHDVHG�E\�WKH�RSHUDWRU�XQWLO�UHDFKLQJ�SDWLHQW
V�WROHUDQFH
WKUHVKROG��7KH�WROHUDQFH�WKUHVKROG�ZDV�FRQWLQXRXVO\�FKDOOHQJHG�GXULQJ�WKH�FRXUVH�RI�WKH�WUHDWPHQWV��$
GXDO�IHHGEDFN�SULQFLSOH�ZDV�DSSOLHG��ZLWK�WKH�RSHUDWRU�YLVXDOO\�FKHFNLQJ�WKH�LQWHQVLW\�DQG�KRPRJHQHLW\
RI�WKH�PXVFOH�FRQWUDFWLRQV�DFURVV�WKH�DEGRPHQ��DV�ZHOO�DV�UHJXODUO\�DVNLQJ�WKH�SDWLHQW�DERXW�IHHGEDFN
UHJDUGLQJ�WKH�OHYHO�RI�FRPIRUW�DQG�WKH�EDODQFH�RI�FRQWUDFWLRQV�EHWZHHQ�GLIIHUHQW�DEGRPLQDO�DUHDV�

)LJXUH��

6FKHPH�RI�WKH�(06&8/37�DSSOLFDWRU�

(YDOXDWLRQ�0HWKRGRORJ\

$�FRPSOHWH�HYDOXDWLRQ�RI�WKH�SDWLHQWV�ZDV�SHUIRUPHG�DW�EDVHOLQH�DQG���PRQWKV�DIWHU�WKHLU�ODVW�WUHDWPHQW�
DQG�LQFOXGHG�D�EULHI�PHGLFDO�KLVWRU\�DQG�H[DPLQDWLRQ��PDJQHWLF�UHVRQDQFH�LPDJLQJ��05,��VFDQ��ZHLJKW
DQG�ZDLVW�FLUFXPIHUHQFH�PHDVXUHPHQWV��GLJLWDO�SKRWRJUDSK\��DQG�PRQLWRULQJ�RI�DQ\�DGYHUVH�HYHQWV�
'XH�WR�ILQDQFLDO�FRQVWUDLQWV��RQO\�IRXU�UDQGRPO\�VHOHFWHG�SDWLHQWV�ZHUH�VFKHGXOHG�IRU�D��̝PRQWK�IROORZ̝
XS�WR�JDLQ�DQ�LQVLJKW�LQWR�WKH�WHQGHQFLHV�WKH�UHVXOW�PD\�KDYH�LQ�WKH�ORQJ�WHUP�

05,�VFDQV�ZHUH�XVHG�WR�REVHUYH�FKDQJHV�LQ�DEGRPLQDO�IDW�DQG�PXVFOH�WLVVXHV�RI�WKH�WUHDWHG�SDWLHQWV�
7KH�VFDQQHG�ERG\�YROXPH�ZDV�GHILQHG�E\�7���DQG�6��YHUWHEUDH�DQG�WKH�DUUD\�FRLO�V\VWHP�ZDV�VHW�XS�LQ
VXFK�D�ZD\�WR�PLQLPL]H�DQ\�SUHVVXUH�RQ�SDWLHQW
V�WRUVR��7KH�LPDJHV�ZHUH�DFTXLUHG�XVLQJ�WKH�%+̝$[̝
7�̝),(67$�DQG�%+̝$[̝7�̝)63*5�VHTXHQFHV��)RU�HDFK�SDWLHQW��ODWHUDO�VXEXPELOLFDO�DQG�HSLXPELOLFDO
VOLFHV�RI�WKH�VDPH�VHTXHQFH�DQG�RI�WKH�VDPH�ERGLO\�VHFWLRQ�ZHUH�H[WUDFWHG�LQ�FRRSHUDWLRQ�ZLWK�D
TXDOLILHG�UDGLRORJLVW��H[SHULHQFHG�LQ�UHDGLQJ�DEGRPLQDO�VFDQV���DQG�WKH�WKLFNQHVV�RI�VXEFXWDQHRXV
DGLSRVH�WLVVXH�DV�ZHOO�DV�UHFWXV�DEGRPLQLV�ZHUH�PHDVXUHG��,Q9HVDOLXV�������7KH�PHDVXUHPHQWV�ZHUH
WDNHQ�LQ�PXOWLSOH�SRLQWV�ZKLFK�ZHUH�ODLG�RXW�ODWHUDOO\�LQ�WKH�UDQJH�EHWZHHQ�SDWLHQW
V�LOLDF�FUHVWV��'LUHFW
XPELOLFDO�DUHD�ZDV�H[FOXGHG�IURP�HYDOXDWLRQ�GXH�WR�DEVHQFH�RI�WKH�PXVFOH�VWUXFWXUH��OLQHD�DOED��DQG
DGLSRVH�OD\HU��WKH�QDYHO���)XUWKHUPRUH��WKH�VL]H�RI�DEGRPLQDO�VHSDUDWLRQ�ZDV�PHDVXUHG�IURP�WKH�VDPH
05,�VOLFHV�

*XOLFN�,,�VSULQJ̝ORDGHG�WDSH�DVVLVWHG�PHDVXUHPHQWV�ZHUH�WDNHQ��ௗFP�EHORZ�XPELOLFXV��SDWLHQWV�KDG�WKH
PRVW�GLVWLQFWLYH�IDW�EXOJHV�LQ�WKLV�UHJLRQ�SULRU�WR�WKH�WUHDWPHQWV��)URQWDO�DQG�ODWHUDO�GLJLWDO�SKRWRJUDSK\
ZDV�WDNHQ��D�SRVLWLRQLQJ�PDW�ZDV�XVHG�WR�HQVXUH�FRQVLVWHQF\�
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$OO�GDWD�FROOHFWHG�SULRU�WR�WKH�WUHDWPHQWV�ZHUH�FRPSDUHG�ZLWK�WKH�IROORZ̝XS�GDWD��DOO�UHVXOWV�ZHUH�WHVWHG
IRU�VLJQLILFDQFH�ZLWK�D�WZR̝VDPSOH�SDLUHG�W̝WHVW��'HVFULSWLYH�GDWD�ZHUH�SUHVHQWHG�DV�WKH�PHDQ�DQG�6'�

5(68/76

7KH�3URFHGXUHV

$OO����VXEMHFWV�FRPSOHWHG�WKH�HQWLUH�VWXG\��2Q�DYHUDJH������ௗ�ௗ����GD\V�DQG�����ௗ�ௗ����GD\V�HODSVHG
EHWZHHQ�WKH�EDVHOLQH�DQG�WKH�ODVW�SURFHGXUH��DQG�EHWZHHQ�WKH�ODVW�SURFHGXUH�DQG�WKH�IROORZ̝XS
HYDOXDWLRQ��UHVSHFWLYHO\��0RVW�SDWLHQWV�WROHUDWHG�VWLPXODWLRQ�LQWHQVLWLHV�UDQJLQJ�EHWZHHQ����DQG�����
DOUHDG\�E\�WKH�HQG�RI�WKHLU�ILUVW�VHVVLRQ�RU�GXULQJ�WKHLU�VHFRQG�VHVVLRQ��GHSHQGLQJ�RQ�LQGLYLGXDO
VHQVLWLYLW\��0LQLPXP�WROHUDEOH�LQWHQVLW\�ZDV������D�SDWLHQW�ZLWK�%0,�����������RXW�RI����SDWLHQWV
WROHUDWHG������LQWHQVLW\��+LJKHU�%0,�SDWLHQWV�WHQGHG�WR�WROHUDWH�VOLJKWO\�KLJKHU�LQWHQVLW\�VHWWLQJV��1R
DGYHUVH�HYHQWV�RFFXUUHG��7KH�RQO\�QRWLFHG�VLGH�HIIHFW�ZDV�PLOG�PXVFOH�VRUHQHVV���GD\�DIWHU�WKH�ILUVW
WUHDWPHQW�UHSRUWHG�E\�VL[�SDWLHQWV��LQ�DOO�FDVHV�WKH�VRUHQHVV�UHVROYHG�LWVHOI�ZLWKLQ�WKH�QH[W����KRXUV�
2YHUDOO�WKH�SDWLHQWV�GLG�QRW�FKDQJH�WKHLU�OLIHVW\OH�RU�GLHWDU\�LQWDNH�VLJQLILFDQWO\�

05,�(YDOXDWLRQ�RI�$EGRPLQDO�7LVVXHV

7KH�VWXG\�DYHUDJH�DQG�LQGLYLGXDO�SDWLHQW�FKDQJHV�LQ�DEGRPLQDO�IDW��DEGRPLQDO�PXVFOH�DQG�GLDVWDVLV�DUH
SUHVHQWHG�LQ�7DEOH���DQG�)LJXUH����UHVSHFWLYHO\��2Q�DYHUDJH�D�VWDWLVWLFDOO\�VLJQLILFDQW�LPSURYHPHQW�ZDV
REVHUYHG�LQ�DOO�WKUHH�PHDVXUHPHQWV�ZKHQ�FRPSDULQJ�WKH��̝PRQWK�IROORZ̝XS�WR�WKH�EDVHOLQH²D
UHGXFWLRQ�LQ�DGLSRVH�WLVVXH�WKLFNQHVV��í��������DQ�LQFUHDVH�LQ�UHFWXV�DEGRPLQLV�WKLFNQHVV����������DQG
D�UHGXFWLRQ�LQ�DEGRPLQDO�VHSDUDWLRQ��í��������,Q�WRWDO�������Qௗ ௗ����RI�SDWLHQWV�LPSURYHG�LQ�DOO�WKUHH
IDFHWV�VLPXOWDQHRXVO\��7KH�DQDO\VLV�GLG�QRW�VKRZ�DQ\�QRQ̝UHVSRQGLQJ�SDWLHQWV�ZKR�ZRXOG�QRW�KDYH�DQ\
FKDQJHV�LQ�WKH�WLVVXH�DW�DOO��1R�RWKHU�VWUXFWXUDO�FKDQJHV�LQ�WKH�WLVVXHV�ZHUH�REVHUYHG�

7DEOH��

$YHUDJH�&KDQJHV�LQ�$EGRPLQDO�7LVVXHV�LQ�7UHDWHG�6XEMHFWV

0HDVXUHPHQW %DVHOLQH �̎0RQWK�)8 'LIIHUHQFH 3ʡYDOXH

0XVFOH�WKLFNQHVV�>PP@ ����ௗ�ௗ��� ����ௗ�ௗ��� ���ௗ�ௗ��� 3ࣟ�ௗ�����

)DW�WKLFNQHVV�>PP@ ����ௗ�ௗ��� ����ௗ�ௗ��� í���ௗ�ௗ��� 3ࣟ�ௗ�����

$EGRPLQDO�VHSDUDWLRQ�>PP@ ����ௗ�ௗ��� ����ௗ�ௗ��� í���ௗ�ௗ��� 3ௗ�ௗ�����

:DLVW�FLUFXPIHUHQFH�>FP@ ����ௗ�ௗ��� ����ௗ�ௗ��� í���ௗ�ௗ��� 3ௗ�ௗ�����

:HLJKW�>OE@ �����ௗ�ௗ���� �����ௗ�ௗ���� í���ௗ�ௗ��� 3ࣟ!ௗ����
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)LJXUH��

&KDQJHV�����LQ�DEGRPLQDO�WLVVXHV�LQ�LQGLYLGXDO�SDWLHQWV��5HGXFWLRQ�LQ�VXEFXWDQHRXV�DGLSRVH�WLVVXH
WKLFNQHVV��OLJKW�EOXH���JURZWK�LQ�UHFWXV�DEGRPLQLV�WKLFNQHVV��GDUN�EOXH���DQG�UHGXFWLRQ�LQ�DEGRPLQDO
VHSDUDWLRQ��JUD\��DUH�SUHVHQWHG�

$Q�LQFUHDVH�LQ�WKH�DEGRPLQDO�PXVFOH�PDVV�ZDV�REVHUYHG�LQ������Qௗ ௗ����RI�SDWLHQWV��RQH�VXEMHFW�GLG
QRW�VKRZ�DQ\�FKDQJH��7KH�PXVFOH�JURZWK�ZDV�UHODWLYHO\�FRQVLVWHQW��ZLWK�PDMRULW\�RI�SDWLHQWV�VKRZLQJ
DQ�LQFUHDVH�LQ�WKH�UDQJH�RI���±�����VHH�)LJ������7KH�FKDQJHV�ZHUH�FDOFXODWHG�DFURVV�ERWK�VLGHV�RI�WKH
PXVFOH��WKH�GLIIHUHQFH�LQ�JURZWK�EHWZHHQ�WKH�ULJKW�DQG�OHIW�UHFWXV�DEGRPLQLV�ZDV�LQVLJQLILFDQW�
+RZHYHU��WKH�GLVWDQFH��VHSDUDWLRQ��EHWZHHQ�WKH�OHIW�DQG�ULJKW�DEGRPLQDO�PXVFOHV�GHFUHDVHG�LQ������Qௗ
 ௗ����RI�SDWLHQWV��RQH�SDWLHQW�GLG�QRW�VKRZ�DQ\�FKDQJH�DQG�IRU�DQRWKHU�SDWLHQW�WKH�GLVWDQFH�PDUJLQDOO\
LQFUHDVHG�������ௗPP�RU���������&RQWUDU\�WR�RXU�H[SHFWDWLRQV��D�VXEJURXS�RI�ZRPHQ�ZKR�KDG
SUHYLRXVO\�EHHQ�SUHJQDQW��Qௗ ௗ���GLG�QRW�KDYH�KLJKHU�YDOXHV�RI�DEGRPLQDO�VHSDUDWLRQ�EHIRUH�WUHDWPHQWV
�DYHUDJH�����ௗPP�FRPSDUHG�WR�����ௗPP�LQ�RWKHU�SDWLHQWV���7KH\�KRZHYHU�GLG�WUHQG�WRZDUG�VOLJKWO\
JUHDWHU�SURSRUWLRQDO�LPSURYHPHQW��DYHUDJH�UHGXFWLRQ�ZDV�������FRPSDUHG�WR�������LQ�WKH�UHVW�RI�WKH
FRKRUW���7KH�SHUFHQWDJH�FKDQJH�LQ�DEGRPLQDO�VHSDUDWLRQ�ZDV�LQGHSHQGHQW�RI�LWV�VHYHULW\��VL]H��EHIRUH
WUHDWPHQWV��$OVR��VWDWLVWLFDO�DQDO\VLV�FRQILUPHG�WKDW�WKH�FKDQJHV�LQ�PXVFOH�WKLFNQHVV�DQG�FKDQJHV�LQ
DEGRPLQDO�VHSDUDWLRQ�ZHUH�WZR�KLJKO\�LQGHSHQGHQW�HIIHFWV��3ௗ!ௗ������FRUUHODWLRQ�FRHIILFLHQW�í������
05,�RI�VXEMHFWV�ZLWK�PDMRU�PXVFOH�JURZWK�WKXV�GLG�QRW�QHFHVVDULO\�UHYHDO�D�PDMRU�UHGXFWLRQ�LQ
DEGRPLQDO�VHSDUDWLRQ�
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)LJXUH��

3ORWV�VKRZ�WKH�PHGLDQ�YDOXH��TXDUWLOH�YDOXHV��DV�ZHOO�DV�WKH�PD[LPXP�DQG�PLQLPXP�VDPSOH�YDOXH�ZLWK
UHJDUGV�WR�FKDQJHV�LQ�DEGRPLQDO�WLVVXHV�RI�WUHDWHG�SDWLHQWV�FDOFXODWHG�IURP�05,�VFDQV��7KH�FKDQJHV
UHSUHVHQW�D�FRPSDULVRQ�EHWZHHQ�WKH�EDVHOLQH�DQG�WKH��̝PRQWK�IROORZ̝XS�

0HDVXUHPHQWV�RI�WKH�IDW�WLVVXH�UHYHDOHG�DQ�RSSRVLWH�WUHQG��ZLWK�WKH�DYHUDJH�WKLFNQHVV�GHFUHDVLQJ�LQ�DOO
SDWLHQWV��7KH�UHGXFWLRQ�ZDV�VOLJKWO\�PRUH�YDULDEOH�WKDQ�FKDQJHV�LQ�WKH�PXVFOH��FRHIILFLHQW�RI�YDU�
��������WKLV�ZDV�SULPDULO\�GULYHQ�E\�WZR�SRVLWLYH�H[WUHPLWLHV��,Q�WRWDO������Qௗ ௗ����RI�SDWLHQWV�KDG�WKH
IDW�OD\HU�UHGXFHG�E\�PRUH�WKDQ�����DW�WKH�IROORZ̝XS��0RUH�VLJQLILFDQW�DEVROXWH�FKDQJHV�ZHUH�REVHUYHG
LQ�VXEXPELOLFDO�05,�FXWV�RSSRVHG�WR�HSLXPELOLFDO�FXWV�

)RU�ERWK�WKH�UHGXFWLRQ�LQ�IDW�DQG�UHGXFWLRQ�LQ�DEGRPLQDO�VHSDUDWLRQ��VOLJKWO\�PRUH�VLJQLILFDQW
LPSURYHPHQWV�ZHUH�VHHQ�LQ�SDWLHQWV�ZLWK�%0,�FODVVLILHG�DV�³QRUPDO´������±����ௗNJ�P ���7KHLU
VXEFXWDQHRXV�IDW�PDVV�GHFUHDVHG�RQ�DYHUDJH�E\��������DQG�WKH�VL]H�RI�GLDVWDVLV�GHFUHDVHG�E\�������
)RU�³RYHUZHLJKW´�SDWLHQWV������±����ௗNJ�P ��WKH�VDPH�PHDVXUHPHQWV�DYHUDJHG�������DQG�������
UHVSHFWLYHO\�

�Ʌ0RQWK�'DWD

%DVHG�RQ�05,�HYDOXDWLRQ��WKH�PXVFOH�WKLFNQHVV�FRQWLQXHG�WR�JURZ�DQG�WKH�DEGRPLQDO�VHSDUDWLRQ
FRQWLQXHG�WR�VKRUWHQ�LQ�DOO�IRXU�UDQGRPO\�VHOHFWHG�SDWLHQWV�ZKHQ�FRPSDUHG�WR�WKH��̝PRQWK�IROORZ̝XS�
7KH�DYHUDJH�WKLFNQHVV�LQ�WKHVH�SDWLHQWV�HYROYHG�IURP�����ௗPP��EDVHOLQH���WR������ௗPP��������LQFUHDVH
DW���PRQWKV���DQG�RQ�WR������ௗPP��������LQFUHDVH�DW���PRQWKV���7KH�DEGRPLQDO�VHSDUDWLRQ�IXUWKHU
LPSURYHG�IURP�DYHUDJH�RI������ௗPP����PRQWKV��WR������ௗPP����PRQWKV���,Q�WKH�VDPH�SDWLHQWV��WKH
DYHUDJH�WKLFNQHVV�RI�VXEFXWDQHRXV�IDW�ZDV�RQ�DYHUDJH�����ௗPP�ORZHU�������ௗPP��DW���PRQWKV
FRPSDUHG�WR�WKH�EDVHOLQH�������ௗPP���VHH�)LJXUH���

�

�
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)LJXUH��

$YHUDJH�UHVXOWV�RI�05,�HYDOXDWLRQ�DW���PRQWKV�SRVW̝WUHDWPHQWV�

2WKHU�(YDOXDWLRQ

&RPSDUHG�WR�WKH�EDVHOLQH��WKH�DYHUDJH�VXEXPELOLFDO�FLUFXPIHUHQFH�RI�SDWLHQWV�GHFUHDVHG�E\����ௗ�ௗ���ௗ
FP�DW�WKH��̝PRQWK�IROORZ̝XS��7KH�FKDQJH�ZDV�VWDWLVWLFDOO\�LQGHSHQGHQW�RI�ZHLJKW�YDULDWLRQV��WKH
DYHUDJH�ZHLJKW�UHPDLQHG�VWDEOH��'LJLWDO�SKRWRJUDSKV�VKRZHG�GLVWLQFWLYH�DHVWKHWLF�LPSURYHPHQWV�LQ�DOO
SDWLHQWV�H[FHSW�IRU�RQH��([DPSOHV�RI�GLJLWDO�SKRWRJUDSKV�OLQNHG�ZLWK�FRUUHVSRQGLQJ�05,�LPDJHV�DUH
VKRZQ�LQ�)LJXUHV���DQG���

)LJXUH��

0DJQHWLF�UHVRQDQFH�DQG�GLJLWDO�LPDJHV�RI�6XEMHFW�,'��EHIRUH��OHIW��DQG���PRQWKV�SRVW̝WUHDWPHQWV��ULJKW��
0DOH�������%0,�����ௗNJ�P ��EHIRUH��DQG�����ௗNJ�P ����PRQWKV���ZHLJKW�í����OE��í��������VXEFXWDQHRXV�IDW
í�������ZKLWH�PDUNLQJV���PXVFOH�WKLFNQHVV���������JUHHQ�PDUNLQJV���DEGRPLQDO�VHSDUDWLRQ�í�������UHG
PDUNLQJV���FLUFXPIHUHQFH�í�ௗFP��&RPELQDWLRQ�RI�WKH�HIIHFWV�SURGXFHG�DQ�RYHUDOO�YLVXDO�LPSURYHPHQW�LQ
SDWLHQW
V�DEGRPLQDO�DUHD�

� �
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)LJXUH��

0DJQHWLF�UHVRQDQFH�DQG�GLJLWDO�LPDJHV�RI�6XEMHFW�,'���EHIRUH��OHIW��DQG���PRQWKV�SRVW̝WUHDWPHQWV��ULJKW��
)HPDOH�������%0,�����ௗNJ�P ��EHIRUH��DQG�����ௗNJ�P ����PRQWKV���ZHLJKW�í����OE��í�������VXEFXWDQHRXV
IDW�í�������PXVFOH�WKLFNQHVV����������DEGRPLQDO�VHSDUDWLRQ�í�������FLUFXPIHUHQFH�í���ௗFP�
&RPELQDWLRQ�RI�WKH�HIIHFWV�SURGXFHG�DQ�RYHUDOO�YLVXDO�LPSURYHPHQW�LQ�SDWLHQW
V�DEGRPLQDO�DUHD�

',6&866,621

7KH�ILQGLQJV�IURP�05,�VFDQV�SUHVHQWHG�KHUHLQ�KDYH�VKRZQ�WKDW�DSSOLFDWLRQ�RI�WKH�+,)(0�WHFKQRORJ\
RQ�WKH�DEGRPHQ�FDQ�FDXVH�WKUHH�GLIIHUHQW�VLPXOWDQHRXV�FKDQJHV�LQ�DEGRPLQDO�WLVVXHV�QRQ̝LQYDVLYHO\�
9LVXDO�LPSURYHPHQW�LQ�SDWLHQWV¶�DSSHDUDQFH�REVHUYHG���PRQWKV�DIWHU�WKHLU�ODVW�WUHDWPHQW�YHU\�PXFK
UHVHPEOH�WKH�HIIHFWV�RI�QRQ̝LQYDVLYH�KHDW�RU�FROG̝EDVHG�IDW�UHGXFWLRQ�WUHDWPHQWV�FRPELQHG�ZLWK�DQ
H[WUHPHO\�LQWHQVLYH�SK\VLFDO�ZRUNRXW�

7KH�PDMRULW\�RI�WKHUDSHXWLF�DSSURDFKHV�DLP�DW�UHGXFLQJ�WKH�VXEFXWDQHRXV�IDW�OD\HU��HLWKHU�VXUJLFDOO\�RU
QRQ̝LQYDVLYHO\���\HW�QRQH�RI�WKH�SUHYLRXV�RQHV�GHDO�ZLWK�VWUHQJWKHQLQJ�RI�WKH�PXVFXODU�IRXQGDWLRQV�
&XUUHQWO\��WKH�RQO\�ZD\�WR�VWUHQJWKHQ�WKH�FRUH�LV�D�SK\VLFDO�ZRUNRXW�SODQ��7KH�LQYHVWLJDWHG�GHYLFH�XVHV
+,)(0�WHFKQRORJ\�WR�LQGXFH�DOPRVW����WKRXVDQG�SXOVHV�LQ�RQH���̝PLQXWH�VHVVLRQ��6XFK�IUHTXHQF\�RI
QHUYH�VWLPXOL�OHDGV�WR�VXSUDPD[LPDO�PXVFOH�FRQWUDFWLRQV�ZKLFK�DUH�QRW�DFKLHYDEOH�YROXQWDULO\��7KH
PXVFOH�WLVVXH�LV�IRUFHG�WR�DGDSW�WR�WKLV�VWUHVV��UHVXOWLQJ�LQ�PXVFOH�WKLFNHQLQJ��7KH�SULQFLSOH�RI�PXVFOH
K\SHUWURSK\�DQG�K\SHUSODVLD�LQGXFHG�E\�LQWHQVLYH�PXVFOH�FRQWUDFWLRQV�KDV�DOUHDG\�EHHQ�SURYHQ�LQ
SUHYLRXV�VWXGLHV���������������������7KH���PRQWK�GDWD�VXJJHVW�WKDW�WKH�PXVFOHV�FRQWLQXH�WR�LPSURYH�LQ
ORQJHU�WHUP��ERWK�LQ�WHUPV�RI�WKHLU�RYHUDOO�PDVV�DQG�ODWHUDO�VHSDUDWLRQ��\HW�IXUWKHU�LQYHVWLJDWLRQ�LV
QHFHVVDU\�WR�EHWWHU�XQGHUVWDQG�WKH�H[DFW�SK\VLRORJ\�

5HVHDUFK�RQ�KLJK�LQWHQVLW\�PXVFOH�WUDLQLQJ�KDV�VKRZQ�WKDW�D�OLSRO\WLF�UHDFWLRQ�WDNHV�SODQ�LQ�IDW�WLVVXH
DGMDFHQW�WR�WKH�FRQWUDFWLQJ�PXVFOH�����7KH�05,�VFDQV�SUHVHQWHG�KHUHLQ�VKRZ�D�UHGXFWLRQ�LQ�DGLSRVH
WLVVXH�QRW�LPPHGLDWHO\�DIWHU�WKH�WUHDWPHQWV��EXW���PRQWKV�DIWHU�WKH�ODVW�SURFHGXUH��$�SRVVLEOH
H[SODQDWLRQ�IRU�WKH�ODVWLQJ�UHGXFWLRQ�LQ�IDW�LV�WKDW�WKH�OLSRO\WLF�UHDFWLRQ�LV�VR�LQWHQVH��UHOHDVLQJ�ODUJH
DPRXQW�RI�IUHH�IDWW\�DFLGV��))$��ZKLFK�LQWR[LFDWH�WKH�DGLSRF\WHV�DQG�WULJJHU�WKHLU�GHDWK��7KLV�FHOO
UHDFWLRQ�KDV�DOUHDG\�EHHQ�VKRZQ�LQ�PXOWLSOH�VWXGLHV�LQ�RWKHU�ILHOGV�RI�PHGLFLQH�����������������$�UHFHQW

� �
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KLVWRORJ\�VWXG\�UHSRUWHG�D�VLJQLILFDQW�LQFUHDVH�LQ�WKH�DSRSWRWLF�LQGH[�RI�DGLSRF\WHV�DIWHU�RQH�+,)(0
WUHDWPHQW�RQ�SLJV��:HLVV�5��SUHVHQWHG�DW�$6/06��'DOODV�7;��$SULO��������7KHLU�REVHUYDWLRQ�ZDV
FRXSOHG�ZLWK�DQ�LQFUHDVHG�SUHVHQFH�RI�P51$�SUR̝DSRSWRWLF�PDUNHUV�LQ�PROHFXODU�ELRFKHPLVWU\�UHVXOWV�
DV�ZHOO�DV�ZLWK�DQ�LQFUHDVHG�FRQFHQWUDWLRQ�RI�))$�LQ�EORRG�VHUXP��,Q�DGGLWLRQ��DQ�LQFUHDVH�RI������
�IURP������WR�������LQ�WKH�DSRSWRWLF�LQGH[�ZDV�FDOFXODWHG�IURP�����KLVWRORJLFDO�VDPSOHV��7KLV�DJDLQ
VXJJHVWV�D�SRWHQWLDO�UHODWLRQVKLS�EHWZHHQ�))$�UHOHDVHG�DIWHU�WKH�PXVFOH�FRQWUDFWLRQV�DQG�IDW�DSRSWRVLV�
KRZHYHU�WKLV�K\SRWKHVLV�UHTXLUHV�IXUWKHU�UHVHDUFK�DV�LWV�YDOLGDWLRQ�ZDV�QRW�WKH�SXUSRVH�RI�RXU�VWXG\�

7KH�WKLUG�PDMRU�REVHUYDWLRQ��D�UHGXFWLRQ�LQ�DEGRPLQDO�VHSDUDWLRQ��ZDV�UDWKHU�YDULDEOH��$Q������
FRHIILFLHQW�RI�YDULDWLRQ�VKRZV�WKDW�WKH�UHVSRQVH�LQ�SDWLHQWV�GLIIHUHG�VLJQLILFDQWO\��IURP�YHU\�OLWWOH�FKDQJH
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