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'LIIHUHQW�K\GURO\VLV�SURFHGXUHV�RI�ÁD[VHHG�SRO\VDFFKDULGHV��FKHPLFDO�DQG�HQ]\PDWLF��ZHUH�FDUULHG�RXW�ZLWK�+�62���+&O�DQG�
7)$�DW�GLIIHUHQW�DFLG�FRQFHQWUDWLRQV���������DQG���0��DQG�WHPSHUDWXUHV�����DQG�����&���(Q]\PDWLF�DQG�FRPELQHG�FKHPLFDO�DQG�
HQ]\PDWLF�K\GURO\VHV�RI�SRO\VDFFKDULGH�IURP�ÁD[VHHG�PXFLODJH�ZHUH�DOVR�VWXGLHG��$FLG�K\GURO\VLV�FRQGLWLRQV����0�+�62���
��K������&��DUH�UHTXLUHG�WR�TXDQWLI\�WRWDO�PRQRVDFFKDULGH�FRQWHQW�RI�ÁD[VHHG�PXFLODJH��7KH�HQ]\PDWLF�SDWKZD\��3HFWLQH[��
8OWUD�63��OLPLWV�VXJDU�GHVWUXFWLRQ�GXULQJ�K\GURO\VLV��EXW�LW�LV�DOVR�LQVXIÀFLHQW�IRU�FRPSOHWH�GHSRO\PHUL]DWLRQ��7KH�FRPELQDWLRQ�
RI�WKH�WZR�WUHDWPHQWV��L�H��PRGHUDWH�FKHPLFDO�K\GURO\VLV������0�+�62������&�����K��FRPELQHG�ZLWK�HQ]\PDWLF�K\GURO\VLV�LV�QRW�
PRUH�HIIHFWLYH�FRPSDUHG�WR�FKHPLFDO�K\GURO\VLV�LQ�GUDVWLF�FRQGLWLRQV����0�+�62��DW�����&���7KH�VWURQJ�LQWHUDFWLRQ�EHWZHHQ�
WKH�QHXWUDO�DQG�DFLG�IUDFWLRQV�RI�ÁD[VHHG�PXFLODJH�PD\�KLQGHU�WRWDO�UHOHDVH�RI�VXJDU�UHVLGXHV��3K\VLFDO�WUHDWPHQW�SULRU�WR�WKH�
K\GURO\VLV�FRXOG�EH�QHFHVVDU\�WR�DFKLHYH�FRPSOHWH�GHSRO\PHULVDWLRQ�RI�ÁD[VHHG�PXFLODJH�
.H\ZRUGV��/LQXP�XVLWDWLVVLPXP��OLQVHHG��PXFLODJHV��HQ]\PDWLF�K\GURO\VLV�

&LQpWLTXH�G·K\GURO\VH�GHV�FKDLQHV�GH� VXFUHV�QHXWUHV�HW�G·DFLGH�JDODFWXURQLTXH�GHV�SRO\VDFFKDULGHV�GX�PXFLODJH�GH�
JUDLQHV�GH�OLQ��'LIIpUHQWHV�YRLHV�G·K\GURO\VH��FKLPLTXH�HW�HQ]\PDWLTXH��GHV�SRO\VDFFKDULGHV�GX�PXFLODJH�GH�JUDLQHV�GH�OLQ�
RQW�pWp�UpDOLVpHV�DYHF�+�62���+&O�HW�OH�7)$�j�GHV�FRQFHQWUDWLRQV�G·DFLGH���������HW���0��HW�j�GHV�WHPSpUDWXUHV�����HW������&��
GLIIpUHQWHV��/HV�K\GURO\VHV�HQ]\PDWLTXHV�FKLPLTXHV�FRPELQpHV�j�O·K\GURO\VH�HQ]\PDWLTXH�RQW�pJDOHPHQW�pWp�pWXGLpHV��/HV�
PHLOOHXUHV�WHQHXUV�HQ�PRQRVDFFKDULGHV�GH�JUDLQHV�GH�OLQ�VRQW�REWHQXHV�j�GHV�FRQGLWLRQV�G·K\GURO\VH�DFLGH����0�+�62�����K��
�����&���/D�YRLH�HQ]\PDWLTXH��3HFWLQH[��8OWUD�63��OLPLWH�OD�GHVWUXFWLRQ�GX�VXFUH�ORUV�GH�O·K\GURO\VH��PDLV�HOOH�HVW�pJDOHPHQW�
LQVXIÀVDQWH�SRXU�OD�GpSRO\PpULVDWLRQ�FRPSOqWH��/D�FRPELQDLVRQ�GHV�GHX[�WUDLWHPHQWV��j�VDYRLU�O·K\GURO\VH�FKLPLTXH�PRGpUpH�
�����0�+�62��� ����&�� ���K�� HW� O·K\GURO\VH� HQ]\PDWLTXH�� Q·HVW� SDV� SOXV� HIÀFDFH� SDU� UDSSRUW� j� O·K\GURO\VH� FKLPLTXH� GDQV�
GHV�FRQGLWLRQV�GUDVWLTXHV����0�+�62��j������&���/D�IRUWH�LQWHUDFWLRQ�HQWUH�OHV�IUDFWLRQV�DFLGH�HW�QHXWUH�GX�PXFLODJH�GH�OLQ�
HVW� VXJJpUpH� FRPPH� UHVSRQVDEOH�GH� VD� GpSRO\PpULVDWLRQ�SDUWLHOOH��8Q� WUDLWHPHQW�SK\VLTXH� DYDQW� O·K\GURO\VH�SRXUUDLW� rWUH�
QpFHVVDLUH�SRXU�XQH�GpSRO\PpULVDWLRQ�FRPSOqWH�GX�PXFLODJH�GH�OLQ�
0RWV�FOpV��/LQXP�XVLWDWLVVLPXP��JUDLQH�GH�OLQ��PXFLODJH��K\GURO\VH�HQ]\PDWLTXH�
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)OD[VHHG� �/LQXP� XVLWDWLVVLPXP�/��� LV� NQRZQ� DV� D�
IXQFWLRQDO�IRRG�VRXUFH�GXH�WR�WKHLU�KLJK�FRQWHQW�LQ�RLO�
ULFK�LQ�Ơ�OLQROHQLF�DFLG�DQG�GLHWDU\�ÀEUH��2RPDK���������
DQG� WKHLU�PHGLFLQDO� SURSHUWLHV� OLNH� DQWL�LQÁDPPDWRU\�
DQG� DQWL�WXPRU� HIIHFWV� �7RONDFKHY� HW� DO��� �������
)OD[VHHG� FRQWDLQV� DSSUR[LPDWHO\� ���� OLSLG�� ����
SURWHLQV�� DQG�����ÀEUH��6ROXEOH�PXFLODJH� UHSUHVHQWV�
��������RI�ÀEUH�IUDFWLRQ��DQG�LV�NQRZQ�WR�KDYH�SRWHQWLDO�
EHQHÀWV� DJDLQVW� GLDEHWHV� DQG� FDUGLRYDVFXODU� GLVHDVHV�

�5LFNDUG� HW� DO��� ������� 5HFHQWO\�� ÁD[VHHG� PXFLODJH�
KDV�UHFHLYHG�DWWHQWLRQ�DV�D�VRXUFH�RI�ELRORJLFDO�DFWLYH�
ROLJRVDFFKDULGHV� �*XLOORX[� HW� DO��� �������0XFLODJH� LV�
RIWHQ�XVHG�DV�D�VWDELOL]HU�LQ�EHYHUDJH��DQG�LV�SDWHQWHG�DV�
D�WH[WXUH�LQJUHGLHQW�LQ�GDLU\�GHVVHUWV��4LQ�HW�DO���������
$QWWLOD�HW�DO����������$�SRVVLEOH�V\QHUJLVWLF�HIIHFW�ZLWK�
SURWHLQV�RQ�WKHLU�IXQFWLRQDOLWLHV�FRXOG�DOVR�EH�YDOXDEOH�
LQ�IRRGV��5DEHWDÀND�HW�DO���������

)OD[�PXFLODJH�LV�ORFDWHG�LQ�WKH�HSLGHUPDO�FHOO�OD\HU�
RI� WKH� VHHG� FRDW� DQG� LWV� H[WUDFWLRQ� FDQ� EH� DFKLHYHG�
E\� DTXHRXV� PHWKRG� IURP� WKH� VHHGV� IROORZHG� E\� D�



���� %LRWHFKQRO��$JURQ��6RF��(QYLURQ���������������������� +DSSL�(PDJD�7K���5DEHWDÀND�1���%OHFNHU�&K��6��HW�DO�

GU\LQJ�SURFHVV�DIWHU�ZKLFK�D�ORZ�YLVFRVLW\�PXFLODJH�LV�
REWDLQHG� �$WWVWU|P� HW� DO��� ������.DQNDDQSDD�$QWLOOD��
������2RPDK�HW�DO����������,W�FDQ�DOVR�EH�REWDLQHG�E\�
H[WUDFWLRQ�IURP�WKH�KXOO��&XL�HW�DO�������D��0\OO\PlNL��
�������7KH�ZDWHU�VROXEOH�PXFLODJH�LV�FRQVWLWXWHG�E\�D�
SRO\VDFFKDULGLF� PL[WXUH�� FRQWDLQLQJ� D� QHXWUDO� ������
DQG� WZR�DFLGLF� IUDFWLRQV� ������ �0XUDOLNULVKQD�HW� DO���
������&XL�HW�DO���������)HGHQLXN�HW�DO���������:DUUDQG�
HW�DO��� ������� ,Q� DGGLWLRQ�� LW� FRQWDLQV� WUDFHV� RI� SHFWLQ�
DQG�JOXFDQ��

7KH� QHXWUDO� SRO\VDFFKDULGHV� RU� DUDELQR[\ODQV� DUH�
FRPSRVHG� RI� OLQHDU� ơ���p���[\ORS\UDQRVH� EDFNERQH�
VXEVWLWXWHG�ZLWK�DUDELQRIXUDQRVH�VLGH�FKDLQV�DWWDFKHG�
YLD� Ơ���p��� DQG�RU� Ơ���p��� OLQNDJHV� �,]\GRUF]\N�
HW�DO���������1DUDQ�HW�DO����������7KLV�IUDFWLRQ�FRQWDLQV�
/�DUDELQRVH�� '�[\ORVH� DQG� '�JDODFWRVH�� 7KH� DFLGLF�
SRO\VDFFKDULGH� IUDFWLRQ� LV� HVVHQWLDOO\� FRPSRVHG� RI�
UKDPQRJDODFWXURQDQ�� DQG� FRQWDLQV� /�UKDPQRVH��
/�IXFRVH�� /�JDODFWRVH� DQG� '�JDODFWXURQLF� DFLG�
�0XUDOLNULVKQD�HW�DO����������

$FFRUGLQJ� WR� &XL� HW� DO�� �������� UKHRORJLFDO�
SURSHUWLHV� RI� ÁD[VHHG� PXFLODJH� GHSHQG� RQ� WKHLU�
FKHPLFDO�VWUXFWXUH�DQG�FRPSRVLWLRQ��6RPH�YDULDELOLW\�
LQ� WKH� FRPSRVLWLRQ� RI� ÁD[VHHG� PXFLODJH� LV� KRZHYHU�
REVHUYHG� GHSHQGLQJ� RQ� WKH� VSHFLHV� DV� ZHOO� DV� WKH�
FXOWLYDUV� DQG� WKH� VHDVRQV� �2RPDK� HW� DO��� ������ &XL�
HW�DO�������E��.DGLYDU��������2RPDK���������0RUHRYHU��
WKH� DQDO\VLV� PHWKRG� PD\� UHYHDO� YDULHW\� LQ� WKH� VDPH�
VSHFLHV�� 9DULRXV� TXDQWLÀFDWLRQ� PHWKRGV� RI� ÁD[VHHG�
VXJDUV�DUH�UHSRUWHG�LQ�WKH�OLWHUDWXUH��%KDWW\�HW�DO���������
&XL�HW�DO�������D��:DUUDQG�HW�DO����������1HXWUDO�DQG�DFLG�
VXJDUV� FDQ� EH� TXDQWLÀHG�E\� FRORULPHWULF� DVVD\V� DIWHU�
UHDFWLRQ� ZLWK�� UHVSHFWLYHO\�� UHVRUFLQRO�VXOSKXULF� DFLG�
DQG� PHWD�K\GUR[\GLSKHQ\O�� 7KLV� PHWKRG� LV� KRZHYHU�
QRW�VSHFLÀF�GXH�WR�WKH�LQWHUIHUHQFH�ZLWK�LPSXULWLHV�LQ�
WKH�DQDO\]HG�VDPSOH��&KURPDWRJUDSKLF�PHWKRGV�VXFK�
DV�JDV�FKURPDWRJUDSK\�ZLWK�ÁDPH�LRQL]DWLRQ�GHWHFWRU�
�*&�),'�� DQG� KLJK� SHUIRUPDQFH� DQLRQ� H[FKDQJH�
FKURPDWRJUDSK\� FRXSOHG� ZLWK� SXOVHG� DPSHURPHWULF�
GHWHFWRU� �+3$(&�3$'�� DUH� PRUH� DFFXUDWH� EXW�
QHHG� WR� IRUP� YRODWLOH� GHULYDWLYH� LQ� WKH� FDVH� RI� JDV�
FKURPDWRJUDSK\� DQDO\VLV�� 3ULRU� WR� WKHVH� DQDO\VHV��
VDPSOHV� KDYH� WR� EH� K\GURO\]HG� ZLWKRXW� GHVWUXFWLRQ�
RI� VXJDU� UHVLGXHV�� 5HFRYHU\� RI� WRWDO� KHPLFHOOXORVH·V�
VXJDUV� LV� DOVR� DQ� LPSRUWDQW� IDFWRU� LQ� WKH� FRQWH[W� RI�
ELRUHÀQHULHV� IRU� ELRHWKDQRO� DQG� RWKHU� DGGHG� YDOXH�
FKHPLFDOV�SURGXFWLRQ��&DUYDOKHLUR�HW�DO���������

6HYHUDO�SURFHGXUHV�DUH�DYDLODEOH�IRU�K\GURO\VLV�RI�
WKH�PXFLODJH�WR�XURQLF�DFLG�DQG�QHXWUDO�PRQRVDFFKDULGH�
FRPSRQHQWV�� 0HWKRGV� LQYROYLQJ� DFLGV� �&XL� HW� DO���
����D��:DQDVXQGDUD�HW�DO���������2RPDK�HW�DO���������
2RPDK�HW�DO���������0\OO\PlNL��������:DUUDQG�HW�DO���
������ *XLOORX[� HW� DO��� ������ KDYH� EHHQ� UHSRUWHG��
7KH� GLIIHUHQFHV� REVHUYHG� LQ� WKH� UHVXOWV� VXJJHVW� WKDW�
K\GURO\WLF� FRQGLWLRQV� DQG� WHFKQLTXHV� VKRXOG� EH�
LQYHVWLJDWHG��

0RUHRYHU�� VWXGLHV� RQ� SHFWLQ� SRO\VDFFKDULGHV�
VKRZHG�GLIIHUHQW�W\SHV�RI�K\GURO\VLV�QDPHO\�FKHPLFDO�
K\GURO\VLV� �/HLWDR� HW� DO��� ������0DUJD� HW� DO��� �������
HQ]\PDWLF� K\GURO\VLV� DQG� FRPELQHG� FKHPLFDO� DQG�
HQ]\PDWLF� K\GURO\VLV� �*DUQD� HW� DO��� ������ *DUQD�
HW�DO����������$FLG�K\GURO\VLV�RI�SHFWLQ�WR�JDODFWXURQLF�
DFLG� UHTXLUHV� D� SURORQJHG� WUHDWPHQW� ZLWK� DFLG� WR�
DFKLHYH� FRPSOHWH� K\GURO\VLV� DQG�� RQFH� UHOHDVHG�� WKH�
JDODFWXURQLF�DFLG�LV�VXEMHFWHG�WR�GHJUDGDWLRQ��IRUPLQJ�
ODFWRQHV�LQ�LUUHSURGXFLEOH�DPRXQWV��%ODNH�HW�DO����������
7KH�FRQGLWLRQV�UHFRPPHQGHG�IRU�DFLG�K\GURO\VLV�KDYH�
EHHQ� IRXQG� WR� EH� IDU� IURP� LGHDO� IRU� WKH� TXDQWLWDWLYH�
DQDO\VLV�RI�WKH�XULQDWH�FRQWHQW�LQ�DFLGLF�SRO\VDFFKDULGHV�
�/HLWDR� HW� DO��� ������� (Q]\PDWLF� SHFWLQ� K\GURO\VLV�
LV� D� EHWWHU� WHFKQLTXH� IRU� K\GURO\VLV� RI� WKLV� SRO\PHU�
ZLWKRXW� GHJUDGDWLRQ�� +RZHYHU�� WKLV� SURFHGXUH� QHHGV�
GLIIHUHQW�W\SHV�RI�HQ]\PH�DFWLYLWLHV�VXFK�DV�SHFWRO\WLF��
KHPLFHOOXORO\WLF� DQG� FDUERK\GUDWDVHV� IRU� DQ� HIÀFLHQW�
GHJUDGDWLRQ�RI�SHFWLQ��0DWVXKDVKL�HW�DO���������/HLWDR�
HW�DO����������,W�LV�UHSRUWHG�WKDW�WKH�VWUXFWXUH�RI�WKH�DFLG�
IUDFWLRQ� LQ�ÁD[VHHG�PXFLODJH� �)LJXUH���� LV� VLPLODU� WR�
WKDW�RI�SHFWLQ��1DUDQ�HW�DO����������

2Q� WKH� EDVLV� RI� VWXGLHV� RQ� QHXWUDO� DQG� DFLGLF�
SRO\VDFFKDULGHV��LW�ZRXOG�EH�LQWHUHVWLQJ�WR�LQYHVWLJDWH�
RWKHU�W\SHV�RI�K\GURO\VLV�VXFK�DV�HQ]\PDWLF�K\GURO\VLV�
DQG�FRPELQHG�FKHPLFDO�DQG�HQ]\PDWLF�K\GURO\VLV�

7KH�SXUSRVH�RI� WKH�SUHVHQW�ZRUN� LV� WR� LQYHVWLJDWH�
WKH� NLQHWLF� RI� WKH� OLEHUDWLRQ� DQG� GHJUDGDWLRQ� RI�
JDODFWXURQLF�DFLG�DQG�QHXWUDO�VXJDU�FKDLQV�DV�D�IXQFWLRQ�
RI� K\GURO\VLV� SDUDPHWHUV� QDPHO\� DFLG� FRQFHQWUDWLRQ��
QDWXUH�DQG�WHPSHUDWXUH�RI�UHDFWLRQV�LQ�RUGHU�WR�DFKLHYH�
FRPSOHWH� FKDUDFWHUL]DWLRQ� RI� ÁD[VHHG� SRO\VDFFKDULGH�
IUDFWLRQ��

HYHIPUV_`SHU

YOHTUVNHSHJ[\YVUHU

$UD *DO *DO8$ 5KD ;\O

)LJXUH� ���*HQHUDO� VWUXFWXUH� RI� ÁD[� PXFLODJH� QHXWUDO� DQG�
DFLGLF�IUDFWLRQV�³�6WUXFWXUH�JpQpUDOH�GHV�IUDFWLRQV�QHXWUHV�
HW�DFLGHV�GX�PXFLODJH�GH�JUDLQHV�GH�OLQ��$OL[�HW�DO���������



.LQHWLFV�VWXG\�RI�K\GURO\VLV�RI�WKH�SRO\VDFFKDULGHV�IURP�ÁD[VHHG�PXFLODJH� ���

,Q� WKLV� FRQWH[W�� WKUHH� SDWWHUQV� RI� K\GURO\VLV� KDYH�
EHHQ�FDUULHG�RXW�LQ�RUGHU�WR�REWDLQ�WKH�FRPSOHWH�UHOHDVH�
RI�JDODFWXURQLF�DFLG�DQG�QHXWUDO�VXJDUV�IURP�ÁD[VHHG�
PXFLODJH��DFLG�RU�HQ]\PDWLF�RU�FRPELQHG�FKHPLFDO�DQG�
HQ]\PDWLF�K\GURO\VLV��

���0$7(5,$/6�$1'�0(7+2'6

�����)OD[VHHG�PXFLODJH�SURGXFWLRQ

)OD[VHHG� �/LQXP�XVLWDWLVVLPXP�/���FXOWLYDU� ¶%HWKXQH·�
ZDV� REWDLQHG� IURP� 6$� 9DQGHSXWWH� �0RXVFURQ��
%HOJLXP���0XFLODJH�ZDV�VXSSOLHG�E\�WKH�UHVHDUFK�WHDP�
RI�WKH�352)/$;�:$*5$/,0�SURMHFW�

0XFLODJH�ZDV�SURGXFHG�IURP�ÁD[VHHG�E\�DTXHRXV�
H[WUDFWLRQ� �������Z�Y�� DW� ����&� XQGHU� KLJK� DJLWDWLRQ�
GXULQJ� ��PLQ�� DQG� DIWHU� ÀOWUDWLRQ� WKURXJK� D� PHWDOOLF�
VLHYH����PP���7KH�PXFLODJH�WKXV�REWDLQHG�ZDV��IXUWKHU��
IUHH]H�GULHG�SULRU�WR�DQDO\VLV�

�����6WDQGDUG�VROXWLRQV

7KH�GHWHUPLQDWLRQ�RI�JDODFWXURQLF�DFLG�ZDV�GRQH�XVLQJ�
D� VWDQGDUG� VROXWLRQ� RI� ��P0� JDODFWXURQLF� DFLG� DQG�
��P0� JOXFXURQLF� DFLG�� 7KH\� ZHUH� SUHSDUHG� IURP� D�
���P0�VWRFN�VROXWLRQ��7KLV�ZDV�DOVR�XVHG�WR�GHWHUPLQH�
WKH�UHODWLYH�UHVSRQVH�IDFWRUV��

7KH�GHWHUPLQDWLRQ�RI�QHXWUDO�VXJDUV�ZDV�GRQH�XVLQJ�
��GHVR[\�'�JOXFRVH� �SXULW\�!�������� IURP� 6LJPD�
&KHPLFDO� &R��� 6W� /RXLV�� 02�� DV� LQWHUQDO� VWDQGDUG���
2WKHU� VWDQGDUG� VROXWLRQV� LQFOXGHG� /�DUDELQRVH��
'�JDODFWRVH��$OGULFK��*HUPDQ\���/�UKDPQRVH��6LJPD��
*HUPDQ\��� '�PDQQRVH�� '�[\ORVH� �)OXND�� &]HFK�
5HSXEOLF��DQG�'�JOXFRVH��0HUFN��*HUPDQ\���6WDQGDUG�
VROXWLRQV� ZHUH� SUHSDUHG� DV� UHFRPPHQGHG� E\� WKH�
PDQXIDFWXUHU�

�����(Q]\PHV

7KH�HQ]\PH�XVHG��3HFWLQH[��8OWUD�63�LV�D�FRPPHUFLDO�
OLTXLG� SUHSDUDWLRQ� REWDLQHG� IURP� 1RYR� 1RUGLVN�
�&RSHQKDJHQ��'HQPDUN���7KLV� HQ]\PH�SUHSDUDWLRQ� LV�
SURGXFHG�IURP�D�VHOHFWHG�VWUDLQ�RI�$VSHUJLOOXV�QLJHU�

�����&KHPLFDO�K\GURO\VLV

+�62��K\GURO\VLV��7ZHQW\�ÀYH�PLOOLJUDPV�RI�PXFLODJH�
ZHUH�K\GURO\]HG��DW�GLIIHUHQW�WLPH�SRLQWV��ZLWK��������
DQG���0�RI�+�62�������PO��DW����RU�����&��$IWHU� WKH�
K\GURO\VLV��WKH�UHDFWLRQ�PHGLXP�ZDV�QHXWUDOL]HG�ZLWK�
1+�2+�����0��DQG���PO�RI�JOXFXURQLF�DFLG�����P0��
ZDV�DGGHG�DV�LQWHUQDO�VWDQGDUG��7KLV�VROXWLRQ�LV�DGMXVWHG�
WR� S+��� DQG�GLOXWHG� WR� ���PO��$OLTXRW� RI� K\GURO\VDWH�
ZDV�ÀOWHUHG�WKURXJK�D�������P�ÀOWHU�PHPEUDQH�EHIRUH�
LQMHFWLRQ�LQ�+3$(&�3$'��

7)$�K\GURO\VLV��7ZHQW\�ÀYH�PLOOLJUDPV�RI�PXFLODJH�
ZDV� K\GURO\]HG� ZLWK� ����PO� RI� ��0� 7)$� DW� ����&��
WKHQ�� WKH� K\GURO\VDWH� ZDV� WUHDWHG� DV� LQ� WKH� FDVH� RI�
+�62��K\GURO\VLV�

�����(Q]\PDWLF�K\GURO\VLV�

$�YROXPH�RI����PO�RI�PXFLODJH�VROXWLRQ����J�O����ZDV�
PL[HG� ZLWK� ���PO� RI� 3HFWLQH[�� 8OWUD� 63� �1RYR�
1RUGLVN�� 'HQPDUN�� GLOXWHG� ����IROG� LQ� ���P0�
VRGLXP�DFHWDWH�EXIIHU��S+����������FRQWDLQLQJ�����P0�
JOXFXURQLF�DFLG�DV�LQWHUQDO�VWDQGDUG��7KH�PL[WXUH�ZDV�
LQFXEDWHG� DW� ���&� IRU� ���K�� 'XULQJ� WKH� K\GURO\VLV��
DOLTXRWV�RI�K\GURO\VDWH�ZHUH�WDNHQ�DW�WLPH�LQWHUYDO����
WR� ���K�� DQG� KHDWHG� DW� ����&� IRU� ��PLQ� WR� LQDFWLYDWH�
WKH� HQ]\PHV� DQG� ÀOWHUHG� WKURXJK� D� ������P� ÀOWHU�
PHPEUDQH�EHIRUH�LQMHFWLRQ�LQ�+3$(&�3$'�

�����&RPELQHG�FKHPLFDO�DQG�HQ]\PDWLF�K\GURO\VLV

7ZHQW\�ÀYH�PLOOLJUDPV�RI�PXFLODJH�ZHUH�VXEMHFWHG�WR�
WUHDWPHQW�ZLWK�����PO�RI�����0�7)$�DQG�+�62��GXULQJ�
���WR����K�DW����&��7KH�ÀQDO�S+�ZDV�DGMXVWHG�DW���DQG�
WKH�K\GURO\VDWH�ZDV�GLOXWHG�WR����PO��7ZHQW\�PLOOLOLWHUV�
RI� WKLV� VROXWLRQ�ZDV�PL[HG�ZLWK����PO�RI�3HFWLQH[��
8OWUD� 63� HQ]\PH� GLOXWHG� ����IROG� LQ� ���P0� S+���
VRGLXP�DFHWDWH�EXIIHU�DQG�FRQWDLQLQJ�JOXFXURQLF�DFLG�
���P0��DV�LQWHUQDO�VWDQGDUG��7KH�PL[WXUH�ZDV�LQFXEDWHG�
DW����&�IRU���K�DQG�WUHDWHG�DV�GHVFULEHG�DERYH�

�����0RLVWXUH

7KH� PRLVWXUH� FRQWHQW� ZDV� GHWHUPLQHG� E\� GU\LQJ� DW�
����&�IRU����K��$OO�YDOXHV�ZHUH�FDOFXODWHG�RQ�D�GU\�
ZHLJKW�EDVLV�

�����$QDO\WLFDO�PHWKRG

*DODFWXURQLF� DFLG� ZDV� GHWHUPLQHG� E\� +3$(&�3$'��
ZKLOH�WKH�QHXWUDO�VXJDUV�ZHUH�DFHW\ODWHG��DQG�DQDO\]HG�
E\�JDV�FKURPDWRJUDSK\��*&��

+3$(&�3$'�� 7KH� VHSDUDWLRQ� RI� JDODFWXURQLF�
DFLG� ZDV� GRQH� E\� KLJK�SHUIRUPDQFH� DQLRQ�H[FKDQJH�
FKURPDWRJUDSK\�K\SKHQDWHG�WR�D�SXOVHG�DPSHURPHWULF�
GHWHFWRU� �+3$(&�3$'�� �*DUQD� HW� DO��� �������
+\GURO\VDWHV� �����O�� ZHUH� LQMHFWHG� RQ� D� 'LRQH[�
';����� FKURPDWRJUDSKLF� V\VWHP� �'LRQH[� &RUS���
6XQQ\YDOH�� &$�� XVLQJ� D� &DUER3DF� 3$���� FROXPQ�
���ð�����PP�� LQ� FRPELQDWLRQ� ZLWK� D� &DUER3DF�
3$����JXDUG�FROXPQ����ð����PP���7KH�PRELOH�SKDVH�
FRQVLVWHG� RI� VRGLXP� K\GUR[LGH� �����P0�� HOXWLRQ� LQ�
LVRFUDWLF�PRGH�� IROORZHG� E\� D� OLQHDU� JUDGLHQW�ZLWK� D�
VROXWLRQ�FRQWDLQLQJ�ERWK�VRGLXP�K\GUR[LGH������P0��
DQG� VRGLXP� DFHWDWH� �����P0��� 7KH� JUDGLHQW� HQGHG�
E\� ZDVKLQJ� ZLWK� VRGLXP� K\GUR[LGH� ����P0�� 7KHQ��
WKH� FROXPQ� ZDV� FRQGLWLRQHG� ZLWK� VRGLXP� K\GUR[LGH�



���� %LRWHFKQRO��$JURQ��6RF��(QYLURQ���������������������� +DSSL�(PDJD�7K���5DEHWDÀND�1���%OHFNHU�&K��6��HW�DO�

����P0��$OO� HOXHQWV�ZHUH� SXPSHG� DW� D� ÁRZ� UDWH� RI�
��PO�PLQ���DW����&�

*DV� &KURPDWRJUDSK\� DQDO\VLV� RI� QHXWUDO� VXJDUV�
ZDV� FDUULHG� RXW� XVLQJ� D� +HZOHWW� 3DFNDUG� +3������
6HULHV�*&� V\VWHP�� ÀWWHG� ZLWK� D� K\GURJHQ� ÁDPH�
LRQL]DWLRQ�GHWHFWRU��7KH�PRQRVDFFKDULGHV�OLEHUDWHG�E\�
FKHPLFDO�K\GURO\VLV�ZHUH�FRQYHUWHG�WR�DOGLWRO�DFHWDWHV�
DFFRUGLQJ�WR�WKH�SURFHGXUH�RI�%ODNHQH\�HW�DO����������
$OGLWRO� DFHWDWHV� GHULYDWLYHV�ZHUH� VHSDUDWHG� LQ� D� KLJK�
SHUIRUPDQFH� FDSLOODU\� FROXPQ� +3�� �OHQJWK� ���P��
LQWHUQDO� GLDPHWHU� ����PP�� ÀOP� WKLFNQHVV� �����ƫP���
,QMHFWRU� �VSOLWOHVV� PRGH�� DQG� GHWHFWRU� WHPSHUDWXUHV�
ZHUH�����DQG�����&�� UHVSHFWLYHO\��2YHQ� WHPSHUDWXUH�
LQLWLDOO\�DW�����&�ZDV�SURJUDPPHG�WR�ULVH� OLQHDUO\�DW�
��&�PLQ���XQWLO�����&�DIWHU�WKH�VHSDUDWLRQ�RI�VXJDU�DQG�
VXEVHTXHQWO\�WR�UHDFK�����&�DW�D�UDWH�RI����&�PLQ���LQ�
RUGHU�WR�FRQGLWLRQ�WKH�FROXPQ��&DUULHU�JDV�ZDV�KHOLXP�

�����6WDWLVWLFDO�DQDO\VLV

$OO�H[SHULPHQWV�ZHUH�GRQH� LQ�GXSOLFDWH��7R�PDLQWDLQ�
TXDOLW\� FRQWURO� GXULQJ� FKHPLFDO� DQDO\VHV�� WKH� HUURU�
EHWZHHQ�GXSOLFDWH�VDPSOHV�ZDV�GHWHUPLQHG��,I�WKH�HUURU�
EHWZHHQ� GXSOLFDWH� VDPSOHV�ZDV� JUHDWHU� WKDQ� ���� WKH�
DQDO\VLV�ZDV�UHSHDWHG�

���5(68/76�$1'�',6&866,21

�����&KHPLFDO�K\GURO\VLV�RI�JDODFWXURQLF�DFLG�
FKDLQV�RI�ÁD[�PXFLODJH

7KH� GLIIHUHQW� UHVXOWV� REWDLQHG� E\� WKH� FKHPLFDO�
K\GURO\VLV�RI�JDODFWXURQLF�DFLG�FKDLQV�RI�ÁD[�PXFLODJH�
ZLWK� GLIIHUHQW� DFLG� FRQFHQWUDWLRQV� DW� WHPSHUDWXUH� ���
DQG�����&�DUH�VKRZQ��)LJXUH���WR�)LJXUH����

&KHPLFDO�K\GURO\VLV�ZLWK��������DQG���0�VXOSKXULF�
DFLG�DW�����&��7KH�UHVXOWV�SUHVHQWHG�LQ�ÀJXUH���VKRZ�
WKDW� UHFRYHULHV� RI� JDODFWXURQLF� DFLG� DIWHU� WUHDWPHQW�
ZLWK� ����� �� DQG� ��0� VXOSKXULF� DFLG� DW� ����&� DUH� WKH�
KLJKHVW� REWDLQHG� DIWHU� ���� �� DQG� ��K�� UHVSHFWLYHO\��
7KH� JDODFWXURQLF� DFLG� RI� ÁD[� PXFLODJH� ZLWKLQ� WKHVH�
FRQGLWLRQV� UHSUHVHQWHG���������DQG�����E\�ZHLJKW�
RI� WRWDO� GU\� PDWWHU� �Z�Z� '0��� UHVSHFWLYHO\�� )RU�
ORQJ�WLPH� K\GURO\VLV�� WKH� GHVWUXFWLRQ� UDWH� RI� IUHH�
JDODFWXURQLF�DFLG�LV�JUHDWHU�WKDQ�WKH�UHOHDVH�UDWH�IURP�
WKH�SRO\VDFFKDULGH��*DUQD�HW�DO���������VKRZHG�VLPLODU�
HIIHFW� RQ� WKH� OLEHUDWLRQ� RI� SHFWLQ� JDODFWXURQLF� DFLG�
XQGHU�WKH�VDPH�FRQGLWLRQV�RI�K\GURO\VLV��7KH�UHOHDVH�RI�
JDODFWXURQLF� DFLGV�ZDV� FRQVLGHUDEO\� DFFHOHUDWHG�ZLWK�
JUHDWHU�FRQFHQWUDWLRQ�RI�VXOSKXULF�DFLG�

&KHPLFDO� K\GURO\VLV�ZLWK� ��0�7)$�DW� ����&��7KH�
WULÁXRURDFHWLF�DFLG����0��ZDV�DOVR�XVHG�DW�����&�IRU�
WKH� K\GURO\VLV� RI� ÁD[� PXFLODJH� SRO\VDFFKDULGHV��$V�
SUHVHQWHG� LQ�ÀJXUH���� LW� LV� FOHDU� WKDW� WKH� W\SH�RI�DFLG�
TXDQWLWDWLYHO\� DIIHFWV� WKH� HQG� SURGXFW�� 7KH� KLJKHVW�
SHUFHQWDJH� ZDV� REWDLQHG� ZKHQ� WKH� PXFLODJH� ZDV�
WUHDWHG�ZLWK�+�62���7HQ� SHUFHQW� DQG� ���� �Z�Z�'0��
RI� WKH� JDODFWXURQLF� DFLG�ZDV� TXDQWLÀHG�� UHVSHFWLYHO\��
DIWHU� ��K� K\GURO\VLV� ZLWK� ��0� +�62�� DQG� DIWHU� ��K�
K\GURO\VLV�ZLWK���0�7)$��,W�ZDV�KRZHYHU�REVHUYHG�WKDW�
WULÁXRURDFHWLF�DFLG�FDXVHV�OHVV�GDPDJH�WR�JDODFWXURQLF�
DFLG� WKDQ� +�62��� $W� WKH� VDPH� FRQFHQWUDWLRQ� RI� +��
�RU� VDPH� S+��� +�62�� ��0� ZDV� DOVR� PRUH� HIÀFLHQW�
WR� UHOHDVH� DFLG� JDODFWXURQLF� FRPSDUHG� WR� 7)$� ��0�
UHJDUGLQJ� WKH� KLJKHVW� FRQWHQW� RI� DFLG� JDODFWXURQLF�
�����YHUVXV����Z�Z�'0���*XLOORX[�HW�DO���������XVHG�
WULÁXRURDFHWLF� DFLG� LQ� GUDVWLF� FRQGLWLRQV� �����&�� ��K��
��0��DQG�REWDLQHG�ORZHU�UHFRYHULHV�����Z�Z�'0��RI�
WKH�JDODFWXURQLF�DFLG�FRPSDUHG�WR�RXU�UHVXOWV��7KLV�PD\�
EH�GXH�WR�GLIIHUHQFHV�LQ�VXJDU�FRPSRVLWLRQ�RI�ÁD[VHHG�

�:DQQHUEHUJHU�HW�DO���������
)XUWKHUPRUH�� K\GURO\VLV� RI�

SRO\VDFFKDULGHV� E\� VXOSKXULF�
DFLG� KDV� EHHQ� GHVFULEHG� DV� D�
VXSHULRU� K\GURO\VLV� SURFHGXUH�
IRU� FDUERK\GUDWHV� �*DUOHE� HW� DO���
������ EHFDXVH� LW� DOORZV� DOPRVW� D�
WRWDO�K\GURO\VLV�RI� WKHVH�SRO\PHUV��
+RZHYHU�� WKH� UHPRYDO� RI� VXOIDWH�
LRQV�DIWHU�K\GURO\VLV�LV�GLIÀFXOW��,W�LV�
LQDGHTXDWH�LQ�WKH�DQDO\VLV�RI�VXJDUV�
E\�+3$(&�DQDO\VLV��6DOYDGRU�HW�DO���
������

&KHPLFDO� K\GURO\VLV� ZLWK�
����0� VXOSKXULF� DFLG� DW� ���&��
7KH� FKHPLFDO� K\GURO\VLV� RI�
SRO\VDFFKDULGHV� RI� ÁD[� PXFLODJH�
ZLWK� ����0� +�62�� DW� ���&� LV�
FKDUDFWHUL]HG� E\� WKH� OLEHUDWLRQ� RI�

)LJXUH� ��� *DODFWXURQLF� DFLG� FRQWHQW� �J� SHU� ���� J� GU\� VDPSOH�� IURP� ÁD[VHHG�
PXFLODJH�VXEMHFWHG�WR�WUHDWPHQW�ZLWK��������DQG���0�+�62��DW�����&�DW�GLIIHUHQW�
K\GURO\VLV� WLPHV�³�+\GURO\VH�FKLPLTXH�GHV�FKDLQHV�G·DFLGH�JDODFWXURQLTXH�GH�
SRO\VDFFKDULGHV�GX�PXFLODJH�GH�JUDLQ�GH�OLQ�DYHF��������HW���0�+�62��j������&�
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.LQHWLFV�VWXG\�RI�K\GURO\VLV�RI�WKH�SRO\VDFFKDULGHV�IURP�ÁD[VHHG�PXFLODJH� ���

JDODFWXURQLF� DFLG� ZLWKRXW� DQ\� GHJUDGDWLRQ�
IRU� WKH� ÀUVW� ���K� �)LJXUH����� +RZHYHU�� RQO\�
����� �Z�Z�'0�� RI� JDODFWXURQLF� DFLGV� RI� ÁD[�
PXFLODJH� SRO\VDFFKDULGH� ZHUH� REWDLQHG� LQ�
WKHVH�FRQGLWLRQV��&RPSDUHG�ZLWK�K\GURO\VLV�LQ�
GUDVWLF�FRQGLWLRQV�DW�����&��ORZHU�FRQWHQWV�DUH�
REWDLQHG��ZKLFK�LV�GXH�WR�WKH�KLJKHU�UHVLVWDQFH�
RI� WKH� JDODFWXURQLF� OLQNDJHV� XQGHU� PLOGHU�
K\GURO\VLV� FRQGLWLRQV� �%LHUPDQQ�� ������ 'H�
5XLWHU�HW�DO���������

�����(Q]\PDWLF�K\GURO\VLV�RI�JDODFWXURQLF�
DFLG�FKDLQV�RI�ÁD[�PXFLODJH

(Q]\PDWLF� K\GURO\VLV� RI� SRO\VDFFKDULGH�
JDODFWXURQLF�DFLG�FKDLQV�XVLQJ�3HFWLQH[��8OWUD�
63�ZDV�VWXGLHG��7KLV�PL[WXUH�FRQWDLQV�PXOWLSOH�
HQ]\PH� DFWLYLWLHV� PDLQO\� SRO\JDODFWXURQDVHV�
DQG�KHPLFHOOXODVHV��:DQDVXQGDUD�HW�DO����������
$FFRUGLQJ� WR� ÀJXUH���� XS� WR� ��� �Z�Z�'0��
RI� WKH� JDODFWXURQLF� DFLGV� ZHUH� UHOHDVHG� DIWHU�
��K� RI� K\GURO\VLV�� &RPSDUHG� WR� WKH� UHVXOWV�
REWDLQHG� ZLWK� ��0� 7)$� IRU� ��K� DW� ��0� �DFLG�
WKDW� FDXVHV� OHVV� GDPDJHV��� LW� LV� FOHDU� WKDW� WKH�
HQ]\PDWLF� K\GURO\VLV� SURGXFHV� EHWWHU� UHVXOWV��
,Q� FRQWUDVW�� XQGHU� ��0� +�62�� FRQGLWLRQV�
WKH� JDODFWXURQLF�DFLG� ERQG� LV� EURNHQ� PRUH�
HIÀFLHQWO\��6HYHUDO�DXWKRUV�KDYH�UHFRPPHQGHG�
HQ]\PDWLF�DSSURDFK�WR�HVWLPDWH�WRWDO�FRQWHQW�RI�
JDODFWXURQLF�DFLG�IURP�SHFWLQ�FKDLQ��/HLWDR�HW�
DO���������5XPSXQHQ�HW�DO���������*DUQD�HW�DO���
�������*DUQD�HW�DO���������REWDLQHG�D�KLJK�\LHOG�
������ RI� JDODFWXURQLF� DFLG� FKDLQ� IRU� DSSOH�
SHFWLQ�ZLWK�HQ]\PDWLF�K\GURO\VLV�FRPSDUHG�WR�
����REWDLQHG�ZLWK�FKHPLFDO�K\GURO\VLV�

)LJXUH����*DODFWXURQLF�DFLG�FRQWHQW��J�SHU�����J�GU\�VDPSOH��IURP�
ÁD[VHHG�PXFLODJH� VXEMHFWHG� WR� WUHDWPHQW�ZLWK� ��0�7)$� DQG� ��0�
+�62��DW�����&�DW�GLIIHUHQW�K\GURO\VLV�WLPHV�³�+\GURO\VH�FKLPLTXH�
GHV�FKDLQHV�G·DFLGH�JDODFWXURQLTXH�GH�SRO\VDFFKDULGHV�GX�PXFLODJH�
GH�JUDLQ�GH�OLQ�DYHF���0�7)$�HW���0�+�62��j������&�

)LJXUH����*DODFWXURQLF�DFLG�FRQWHQW��J�SHU�����J�GU\�VDPSOH��IURP�
ÁD[VHHG�PXFLODJH�VXEMHFWHG�WR�WUHDWPHQW�ZLWK�����0�+�62��DW����&�
DQG�����0�+�62��DW�����&�DW�GLIIHUHQW�K\GURO\VLV�WLPHV�³�+\GURO\VH�
FKLPLTXH�GHV�FKDLQHV�G·DFLGH�JDODFWXURQLTXH�GH�SRO\VDFFKDULGHV�GX�
PXFLODJH�GH�JUDLQ�GH�OLQ�DYHF�����0�+�62��j�����&�HW�����0�+�62��
j������&�
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)LJXUH� ��� *DODFWXURQLTXH�
DFLG� FRQWHQW� �J� SHU� ���� J� GU\�
VDPSOH��IURP�ÁD[VHHG�PXFLODJH�
VXEMHFWHG� WR� WUHDWPHQW� ZLWK�
3HFWLQH[��8OWUD�63�DW�S+���DQG�
���&�RU�ZLWK�FRPELQHG�FKHPLFDO�
UHDOL]HG� ZLWK� ���� 0� 7)$� DW�
���&� DW� GLIIHUHQW� K\GURO\VLV�
WLPHV�³�+\GURO\VH�GHV�FKDLQHV�
G·DFLGH� JDODFWXURQLTXH� GH�
SRO\VDFFKDULGHV� GX� PXFLODJH�
GH�JUDLQ�GH� OLQ�HQ�SUpVHQFH�GH�
OD�3HFWLQH[��8OWUD�63�j�S+���
j�����&�RX�K\GURO\VH�FRPELQpH�
�7)$���SHFWLQH[�� UpDOLVpH�DYHF�
����0�7)$�j�����&�

��7LJ[PUL_

S�����4�;-(���7LJ[PUL_
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���� %LRWHFKQRO��$JURQ��6RF��(QYLURQ���������������������� +DSSL�(PDJD�7K���5DEHWDÀND�1���%OHFNHU�&K��6��HW�DO�

�����&RPELQHG�FKHPLFDO�DQG�HQ]\PDWLF�K\GURO\VLV�
JDODFWXURQLF�DFLG�FKDLQV�RI�ÁD[�PXFLODJH

3UHYLRXV�UHVXOWV�VKRZ�WKDW�WKH�GHVWUXFWLRQ�UDWH�RI�IUHH�
JDODFWXURQLF�DFLG�LV�JUHDWHU�WKDQ�WKH�UHOHDVH�UDWH�IURP�
WKH�SRO\VDFFKDULGH�ZLWK�GUDVWLF�FRQGLWLRQV�RI�K\GURO\VLV�
ZKLOH� PLOG� FKHPLFDO� K\GURO\VLV� LV� LQVXIÀFLHQW�
IRU� FRPSOHWH� GHSRO\PHUL]DWLRQ�� ,Q� DGGLWLRQ�� WKH�
WULÁXRURDFHWLF�DFLG�FDXVHV�OHVV�GDPDJH�WR�JDODFWXURQLF�
DFLG�WKDQ�+�62��

)RU�WKLV�UHDVRQ��WKH�FKHPLFDO�K\GURO\VLV�ZLWK�����0�
7)$�DW����&�ZDV�IROORZHG�E\�DQ�HQ]\PDWLF�K\GURO\VLV�
ZLWK� 3HFWLQH[�� 8OWUD� 63� HQ]\PDWLF� H[WUDFWV�� 7KLV�
HQDEOHV�WKH�DVVXUDQFH�WR�REWDLQ�D�FRPSOHWH�K\GURO\VLV�
RI� JDODFWXURQLF� DFLG��7KH� UHVXOWV� RI� WKLV� FRPELQDWLRQ�
DUH�SUHVHQWHG�LQ�ÀJXUH���DQG�DUH�FRPSDUHG�ZLWK�WKRVH�
REWDLQHG�E\�WKH�WZR�WUHDWPHQWV�VHSDUDWHO\��$FFRUGLQJ�WR�
WKLV�ÀJXUH��WKH�JDODFWXURQLF�DFLG�FRQWHQW�LV�FRPSDUDEOH�
WR� WKDW� REWDLQHG� E\� HQ]\PDWLF� K\GURO\VLV�� +RZHYHU��
+�62�� K\GURO\VLV� JLYHV� WKH� KLJKHU� JDODFWXURQLF�
DFLG� FRQWHQW� �)LJXUH�����$FFRUGLQJ� WR� WKH� OLWHUDWXUH��
WKH� '�JDODFWXURQLF� DFLG� LV� VWURQJO\� DWWDFKHG� WR� WKH�
UKDPQRV\O� 2��� SRVLWLRQ� �1DUDQ� HW� DO��� ������� 7KXV��
GUDVWLF�K\GURO\VLV�FRQGLWLRQV�DUH�UHTXLUHG�WR�UHOHDVH�WKH�
DFLG�JDODFWXURQLF�UHVLGXHV�

�����&KHPLFDO�K\GURO\VLV�RI�QHXWUDO�VXJDU�FKDLQV�RI�
ÁD[�PXFLODJH

&KHPLFDO� K\GURO\VLV� ZLWK� ��0� VXOSKXULF� DFLG�
DW� ����&�� 7KH� UHVXOWV� REWDLQHG� DIWHU� WKH� FKHPLFDO�
K\GURO\VLV� RI� ÁD[� PXFLODJH� SRO\VDFFKDULGH� QHXWUDO�
VXJDU�FKDLQV�XVLQJ���0�+�62��DW�����&�DUH�VKRZQ�LQ�
ÀJXUH����7KH�UHOHDVHG�VXJDU�FRQFHQWUDWLRQV� LQFUHDVHG�
WLOO�D�PD[LPDO�YDOXH�EHIRUH�GHFUHDVLQJ�

,W�ZDV�REVHUYHG�WKDW�WKH�UHOHDVH�RI�SRO\VDFFKDULGH�
VXJDUV� ZDV� QRW� UHDOL]HG� DW� WKH� VDPH� UDWH� IRU� HDFK�
FDUERK\GUDWH�� WKH� GLIIHUHQW� RSWLPD� GLIIHU� IURP� RQH�
VXJDU� WR� DQRWKHU�� 7KH� PD[LPXP� FRQFHQWUDWLRQV�
REWDLQHG� DIWHU� ��K� RI� K\GURO\VLV� ZHUH� DV� IROORZV��
[\ORVH� �������Z�Z�'0��� JDODFWRVH� ������Z�Z�'0��
DQG�DUDELQRVH��������Z�Z�'0���7KH�[\ORVH�ZDV�ÀUVW�
OLEHUDWHG� IROORZHG� E\� JDODFWRVH� WKHQ� DUDELQRVH�� 7KH�
/�UKDPQRVH�OLQNHG�WR�WKH�'�JDODFWXURQLF�DFLG�ZDV�WKH�
ODVW� VXJDU� UHOHDVHG�GXULQJ� WKH�K\GURO\VLV��7KH� UHDVRQ�
IRU� WKH� ORQJHU� WLPH� RI� OLEHUDWLRQ� RI� UKDPQRVH� LV� WKH�
PXOWLSOH� ERQGV� EHWZHHQ� WKLV� VXJDU� DQG� JDODFWXURQLF�
DFLG� �'H� 5XLWHU� HW� DO��� ������� 7KLV� REVHUYDWLRQ� ZDV�
FRQÀUPHG�E\�D�SUHYLRXV�VWXG\��$QGHUVRQ�HW�DO����������

&KHPLFDO� K\GURO\VLV� ZLWK� ��0� VXOSKXULF� DFLG� DW�
����&�� 7KH� FKHPLFDO� K\GURO\VLV� RI� DFLGLF� IUDFWLRQ�
XVLQJ� ��0� +�62�� DW� ����&� �)LJXUH���� VKRZV� WKH�
VDPH�NLQHWLFV�DV�ZLWK���0�+�62���7KH�OLEHUDWLRQ�DQG�
GHJUDGDWLRQ�RI� VXJDU�ZDV� IDVWHU� WKDQ� LQ� WKH�ÀUVW� FDVH�
RI� K\GURO\VLV� ���0� +�62�� DW� ����&��� ;\ORVH� �����
Z�Z�'0��� JDODFWRVH� ����� Z�Z�'0��� DQG� DUDELQRVH�
����Z�Z�'0��KDYH� D�PD[LPXP�K\GURO\VLV� DIWHU���K�
FRQWUDU\�WR�UKDPQRVH����K��

&KHPLFDO�K\GURO\VLV�ZLWK���0�+&O�DQG���0�7)$�DW�
����&�� 2WKHU� DFLGV� VXFK� DV� K\GURFKORULF� DFLG� ���0��
DQG�WULÁXRURDFHWLF�DFLG����0��ZHUH�XVHG�DW�����&�IRU�
WKH� K\GURO\VLV� RI� ÁD[� PXFLODJH� SRO\VDFFKDULGH�� 7KH�
NLQHWLFV� RI� VXJDU� UHOHDVH� ZLWK� +&O� ��0� �)LJXUH����
ZHUH� OHVV�HIÀFLHQW�FRPSDUHG� WR� WKRVH�RI�+�62�� ���0�
DQG� ��0�� K\GURO\VLV� �)LJXUHV� �� DQG� ���� :KHUHDV��
WKH� UHVXOWV� REWDLQHG� ZLWK� 7)$� ��0� �)LJXUH���� ZHUH�
VLPLODU� WR� WKRVH�REWDLQHG�ZLWK���0�+�62��K\GURO\VLV�
�)LJXUH�����+\GURO\VLV�ZLWK�+�62����0�ZDV�WKH�PRVW�

)LJXUH� ��� &KHPLFDO� K\GURO\VLV� RI� QHXWUDO� VXJDU� FKDLQV� RI�
ÁD[VHHG�PXFLODJH�SRO\VDFFKDULGHV�ZLWK���0�+�62��DW�����&�
DW� GLIIHUHQW� K\GURO\VLV� WLPHV� ³� +\GURO\VH� FKLPLTXH� GHV�
FKDLQHV�GH�VXFUHV�QHXWUHV�GH�SRO\VDFFKDULGHV�GX�PXFLODJH�
GH�JUDLQ�GH�OLQ�DYHF���0�+�62��j������&�

)LJXUH� ��� &KHPLFDO� K\GURO\VLV� RI� QHXWUDO� VXJDU� FKDLQV� RI�
ÁD[VHHG�PXFLODJH�SRO\VDFFKDULGHV�ZLWK���0�+�62��DW�����&�
DW� GLIIHUHQW� K\GURO\VLV� WLPHV� ³� +\GURO\VH� FKLPLTXH� GHV�
FKDLQHV�GH�VXFUHV�QHXWUHV�GH�SRO\VDFFKDULGHV�GX�PXFLODJH�
GH�JUDLQ�GH�OLQ�DYHF���0�+�62���j������&��

�� �� �� �� �� �� �
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.LQHWLFV�VWXG\�RI�K\GURO\VLV�RI�WKH�SRO\VDFFKDULGHV�IURP�ÁD[VHHG�PXFLODJH� ���

HIIHFWLYH��+RZHYHU�LW�ZDV�IRXQG�WKDW�WKH�WULÁXRURDFHWLF�
DFLG� FDXVHG� OHVV� GDPDJH� WR� VXJDUV� WKDQ� +�62�� RU�
+&O� HVSHFLDOO\� LQ� WKH� FDVH� RI� UKDPQRVH�� 7KH� UHVXOWV�
REWDLQHG�ZLWK� WKH�FKHPLFDO�K\GURO\VLV�ZLWK���0�7)$�
DQG�����&�GLIIHU�IURP�WKRVH�REWDLQHG�E\�*XLOORX[�HW�DO��
�������LQ�PRUH�GUDVWLF�FRQGLWLRQV������&����K����0���,Q�
D�SUHYLRXV�UHVHDUFK�WKH�VDPH�NLQHWLFV�RI�WKH�K\GURO\VLV�
RI�SRO\VDFFKDULGH�QHXWUDO�VXJDUV�FKDLQV�ZHUH�REWDLQHG�
ZLWK� +�62�� ��0�� 7)$� ��0� DQG� ��0� +&O� DW� ���&�
�UHVXOWV�QRW�VKRZQ���

7RWDO� QHXWUDO� VXJDU� ZLWK� ��0� +�62��� ��0� +&O�
DQG� ��0� 7)$� DW� ����&�� 7KH� FRQWHQW� RI� FHUWDLQ�
QHXWUDO� VXJDUV� LQFUHDVHG� GXULQJ� K\GURO\VLV� ZKLOH�
RWKHU� PRQRVDFFKDULGHV� ZHUH� DOVR� GHVWUR\HG�� 7KXV��
WKH�HIIHFW�RI�WKH�DFLG�W\SH��+�62���+&O�DQG�7)$��ZDV�
DOVR� DVVHVVHG�� WKH� UHVXOWV� DUH� SUHVHQWHG� LQ�ÀJXUH�����
7KH� K\GURO\VLV� ZLWK� ��0� +�62�� ZDV� PRUH� HIIHFWLYH�
FRPSDUHG� WR� WKH� WZR�RWKHU� DFLG� W\SHV�� ,Q� WKH� FDVH�RI�
+&O�DQG�+�62��K\GURO\VLV��WKH�DFLG�W\SH�LQÁXHQFHG�WKH�
K\GURO\VLV� NLQHWLFV�RI�PXFLODJH�SRO\VDFFKDULGHV��7KH�
NLQHWLF�SDWWHUQ�RI�VXJDU�K\GURO\VLV�ZLWK�7)$���0�ZHUH�
VLPLODU�WR�WKDW�RI�+�62����0��7KH�GLIIHUHQFH�EHWZHHQ�
WKH�UHVXOWV�REWDLQHG�ZLWK�7)$���0�DQG�+�62����0�PD\�
EH�H[SODLQHG�E\�WKH�FRQFHQWUDWLRQ�RI� WKH�FDWDO\WLFDOO\�
DFWLYH�SURWRQV��,W�ZDV�DOVR�REVHUYHG�WKDW�WKH�PD[LPXP�
RI� WRWDO� QHXWUDO�PRQRVDFFKDULGH� FRQWHQW�ZDV� UHDFKHG�
DIWHU� ��K� K\GURO\VLV�� 7KXV� IRU� URXWLQH� DVVD\V� DQG� WR�
FRPSDUH� GLIIHUHQW� VDPSOHV�� WKH� IROORZLQJ� K\GURO\VLV�
FRQGLWLRQV�PD\�EH�XVHG����0�+�62�����K��DW�����&�

���&21&/86,21

7KH�NQRZOHGJH�RI�WKH�RSWLPDO�FRQGLWLRQV�IRU�K\GURO\VLV�
RI� WKH� ÁD[�PXFLODJH� LV� RI� XWLOLW\� IRU� LWV� YDORUL]DWLRQ��
6WXG\LQJ�WKH�NLQHWLFV�RI�WKH�WRWDO�K\GURO\VLV�RI�WKH�ÁD[�
PXFLODJH� KDV� QRW� EHHQ� UHSRUWHG� EHIRUH� DQG� IURP� WKH�
UHVXOWV� REWDLQHG�� LW� FDQ� EH� FRQFOXGHG� WKDW� FKHPLFDO�
K\GURO\VLV�RI�ÁD[�PXFLODJH�ZLWK�VWURQJ�DFLG��+�62���
DW� KLJK� WHPSHUDWXUH� �����&�� VHHPV� WR� FRPELQH� WZR�
VLPXOWDQHRXV�SKHQRPHQD��ÀUVWO\��WKH�UHOHDVH�RI�VXJDUV�
DV� D� SURGXFW� RI� K\GURO\VLV� RI� WKH� ÁD[�PXFLODJH� DQG��
VHFRQGO\��WKHLU�GHJUDGDWLRQ�XQGHU�DFWLRQ�RI�WKH�DFLG�DQG�
WKH�KHDW��7KH�XVH�RI�WULÁXRURDFHWLF�DFLG�IRU�K\GURO\VLV�
RI� ÁD[� PXFLODJH� FDXVHV� OHVV� GDPDJH� WR� VXJDUV� WKDQ�
WKDW� RI�+�62�� DQG�+&O��+RZHYHU�� WKH� FRQFHQWUDWLRQV�
RI� WKH� VXJDUV� REWDLQHG�ZLWK�PLOG� K\GURO\VLV� DUH� OHVV�
WKDQ� WKRVH� UHDFKHG� DIWHU� GUDVWLF� K\GURO\VLV�� 7KH�
HQ]\PDWLF� SDWKZD\� OLPLWV� VXJDU� GHVWUXFWLRQ� GXULQJ�
K\GURO\VLV��WKH�FRPELQDWLRQ�RI�WKH�WZR�WUHDWPHQWV��L�H��
PRGHUDWH� FKHPLFDO� K\GURO\VLV� �����0� +�62��� ���&��
���K�� FRPELQHG� ZLWK� HQ]\PDWLF� K\GURO\VLV� LV� QRW�
PRUH� HIIHFWLYH� FRPSDUHG� WR� FKHPLFDO� K\GURO\VLV� LQ�
GUDVWLF�FRQGLWLRQV����0�+�62��DW�����&���,W�ZRXOG�EH�
LQWHUHVWLQJ�WR�LQYHVWLJDWH�RWKHU�W\SHV�RI�HQ]\PHV�FDSDEOH�

)LJXUH� ��� &KHPLFDO� K\GURO\VLV� RI� QHXWUDO� VXJDU� FKDLQV� RI�
ÁD[VHHG�PXFLODJH�SRO\VDFFKDULGHV�ZLWK���0�+&O�DW�����&�
DW� GLIIHUHQW� K\GURO\VLV� WLPHV� ³� +\GURO\VH� FKLPLTXH� GHV�
FKDLQHV�GH�VXFUHV�QHXWUHV�GH�SRO\VDFFKDULGHV�GX�PXFLODJH�
GH�JUDLQ�GH�OLQ�DYHF���0�+&O�j������&�

)LJXUH� ��� &KHPLFDO� K\GURO\VLV� RI� QHXWUDO� VXJDU� FKDLQV� RI�
ÁD[VHHG�PXFLODJH�SRO\VDFFKDULGHV�ZLWK���0�7)$�DW�����&�
DW� GLIIHUHQW� K\GURO\VLV� WLPHV� ³� +\GURO\VH� FKLPLTXH� GHV�
FKDLQHV�GH�VXFUHV�QHXWUHV�GH�SRO\VDFFKDULGHV�GX�PXFLODJH�
GH�JUDLQ�GH�OLQ�DYHF���0�7)$�j������&�

)LJXUH�����7RWDO�QHXWUDO�VXJDU�FKDLQV�RI�ÁD[VHHG�PXFLODJH�
SRO\VDFFKDULGHV�REWDLQHG�ZLWK���0�DFLG�DW�����&�DW�GLIIHUHQW�
K\GURO\VLV�WLPHV�³�6XFUHV�QHXWUHV�WRWDX[�GH�SRO\VDFFKDULGHV�
GX�PXFLODJH�GH�JUDLQ�GH�OLQ�DSUqV�K\GURO\VH�DYHF�DFLGH���0�
j������&�
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���� %LRWHFKQRO��$JURQ��6RF��(QYLURQ���������������������� +DSSL�(PDJD�7K���5DEHWDÀND�1���%OHFNHU�&K��6��HW�DO�

RI� UHOHDVLQJ� PRUH� JDODFWXURQLF� DFLG� WKDQ� 3HFWLQH[��
8OWUD�63� XVHG� LQ� WKLV� VWXG\�� +RZHYHU�� WKH� IROORZLQJ�
K\GURO\VLV� FRQGLWLRQV� �+�62�� ��0�� ��K�� ����&�� DUH�
UHTXLUHG� ZKHQ� TXDQWLI\LQJ� WRWDO� PRQRVDFFKDULGH�
FRQWHQWV� RI� ÁD[VHHG� PXFLODJH�� 7KH� GLIÀFXOW\� RI�
TXDQWLI\LQJ� WRWDO� PRQRVDFFKDULGHV� LQ� ÁD[VHHG�
PXFLODJH�DULVHV�IURP�WKH�VWURQJ�LQWHUDFWLRQ�EHWZHHQ�LWV�
QHXWUDO�DQG�DFLG�IUDFWLRQV��3K\VLFDO� WUHDWPHQW�SULRU� WR�
WKH�K\GURO\VLV�FRXOG�EH�QHFHVVDU\�WR�DFKLHYH�FRPSOHWH�
GHSRO\PHULVDWLRQ� RI� ÁD[VHHG� PXFLODJH�� ,Q� SUDFWLFH��
NQRZOHGJH� RI� RSWLPDO� FRQGLWLRQ� RI� KHPLFHOOXORVH�
K\GURO\VLV�SUHWUHDWPHQW�LV�DOVR�DQ�LPSRUWDQW�HFRQRPLF�
IDFWRU�LQ�VXJDU�ELRUHÀQHU\�SODWIRUPV�

$FNQRZOHGJHPHQWV

7KLV� UHVHDUFK� ZDV� VXSSRUWHG� E\� WKH� 8QLYHUVLW\� RI� /LHJH��
*HPEORX[�$JUR�%LR�7HFK�WKURXJK�D�SRVW�GRFWRUDO�IHOORZVKLS�
DZDUGHG�WR�'U�7KRPDV�+DSSL�(PDJD�

%LEOLRJUDSK\

$OL[�6��� 0DUDLV�6��� 0RUZDQ�&�� 	� /HEUXQ�/��� ������
%LRFRPSRVLWH�PDWHULDOV�IURP�ÁD[�SODQWV��SUHSDUDWLRQ�DQG�
SURSHUWLHV��&RPSRVLWHV�3DUW�$����������������

$QGHUVRQ�(�� 	� /RZH�+�-��� ������ 7KH� FRPSRVLWLRQ� RI�
ÁD[VHHG�PXFLODJH��-��%LRO��&KHP����������������

$QWWLOD�0��HW�DO���������,PSURYLQJ�RI�WH[WXUH�RI�GDLU\�SURGXFWV��
:2��������������-DQ����������

$WWVWU|P�5��� *ODQW]�3��� +DWDQVVRQ�+�� 	� /DUVVRQ�.��� ������
6DOLYD�VXEVWLWXWH��86�SDWHQW����������1RY����������

%KDWW\�5�� 	� &KHUGNLDWJXPFKDL�3��� ������ &RPSRVLWLRQDO�
DQDO\VLV�RI�ODERUDWRU\�SUHSDUHG�DQG�FRPPHUFLDO�VDPSOHV�
RI�OLQVHHG�PHDO�DQG�RI�KXOO�LVRODWHG�IURP�ÁD[��-��$P��2LO�
&KHP��6RF�������������

%LHUPDQQ�&�-��� ������ +\GURO\VLV� DQG� RWKHU� FOHDYDJHV� RI�
JO\FRVLGLF�OLQNDJHV�LQ�SRO\VDFFKDULGHV��$GY��&DUERK\GU��
&KHP��%LRFKHP����������������

%ODNH�-�'��	�5LFKDUGV�*�1���������3UREOHPV�RI�ODFWRQL]DWLRQ�
LQ�WKH�DQDO\VLV�RI�XURQLF�DFLGV��&DUERK\GU��5HV����������
����

%ODNHQH\�$�%���+DUULV�3�-���+HQU\�5�-��	�6WRQH�%�$���������
$� VLPSOH� DQG� UDSLG� SUHSDUDWLRQ� RI� DOGLWRO� DFHWDWHV� IRU�
PRQRVDFFKDULGH�DQDO\VLV��&DUERK\GU��5HV����������������

&DUYDOKHLUR�)���'XDUWH�/��	�*LULR�)�0���������+HPLFHOOXORVH�
ELRUHÀQHULHV��D�UHYLHZ�RQ�ELRPDVV�SUHWUHDWPHQWV��-��6FL��
,QG��5HV���������������

&XL�:�� HW� DO��� ������ &KHPLFDO� VWUXFWXUH�� PROHFXODU� VL]H�
GLVWULEXWLRQV��DQG�UKHRORJLFDO�SURSHUWLHV�RI�ÁD[VHHG�JXP��
-��$JULF��)RRG�&KHP�����������������

&XL�:��� .HQDVFKXN�(�� 	� 0D]]D�*��� ����D�� ,QÁXHQFH� RI�
JHQRW\SH� RQ� FKHPLFDO� FRPSRVLWLRQ� DQG� UKHRORJLFDO�
SURSHUWLHV�RI�ÁD[VHHG�JXPV��)RRG�+\GURFROO�����������
����

&XL�:��	�0D]]D�*�������E��3K\VLFRFKHPLFDO�FKDUDFWHULVWLFV�
RI�ÁD[VHHG�JXP��)RRG�5HV��,QW���������������

'H� 5XLWHU�*�$��� 6FKROV�+�$��� 9RUDJHQ�$�*�� 	�
5RPERXWV�)�0���������&DUERK\GUDWH�DQDO\VLV�RI�ZDWHU�
VROXEOH� XURQLF� DFLG� FRQWDLQLQJ� SRO\VDFFKDULGHV� ZLWK�
KLJK�SHUIRUPDQFH� DQLRQ�H[FKDQJH� FKURPDWRJUDSK\�
XVLQJ� PHWKDQRO\VLV� FRPELQHG� ZLWK� 7)$� K\GURO\VLV� LV�
VXSHULRU� WR� IRXU� RWKHU� PHWKRGV�� $QDO�� %LRFKHP��� �����
��������

)HGHQLXN�5�.�� 	� %LOLDGHULV�&�*��� ������ &RPSRVLWLRQ�
DQG� SK\VLFRFKHPLFDO� SURSHUWLHV� RI� OLQVHHG� PXFLODJH���
-��$JULF��)RRG�&KHP���������������

*DUOHE�.�$��� %RXUTXLQ�/�'��	� )DKH\�*�&��� ������ 1HXWUDO�
PRQRVDFFKDULGH� FRPSRVLWLRQ� RI� YDULRXV� ÀEURXV�
VXEVWUDWHV�� D� FRPSDULVRQ� RI� K\GURO\WLF� SURFHGXUHV�
DQG� XVH� RI� DQLRQ�H[FKDQJH� KLJK�SHUIRUPDQFH� OLTXLG�
FKURPDWRJUDSK\�ZLWK�SXOVHG�DPSHURPHWULF�GHWHFWLRQ�RI�
PRQRVDFFKDULGHV��-��$JULF��)RRG�&KHP�����������������

*DUQD�+���0DERQ�1���:DWKHOHW�%��	�3DTXRW�0���������1HZ�
PHWKRG� IRU� WZR�VWHS� K\GURO\VLV� DQG� FKURPDWRJUDSKLF�
DQDO\VLV� RI� SHFWLQ�QHXWUDO� VXJDU� FKDLQV��-��$JULF��)RRG�
&KHP�����������������

*DUQD�+�� HW� DO��� ������.LQHWLF� RI� WKH� K\GURO\VLV� RI� SHFWLQ�
JDODFWXURQLF� DFLG� FKDLQV� DQG� TXDQWLÀFDWLRQ� E\� LRQLF�
FKURPDWRJUDSK\��)RRG�&KHP���������������

*XLOORX[�.�� HW� DO��� ������ 3URGXFWLRQ� RI� DUDELQR[\ODQ�
ROLJRVDFFKDULGHV� IURP� ÁD[VHHG� �/LQXP� XVLWDWLVVLPXP���
-��$JULF��)RRG�&KHP�������������������

,]\GRUF]\N�0��	�%LOLDGHULV�&���������&HUHDO�DUDELQR[\ODQV��
DGYDQFHV� LQ� VWUXFWXUH� DQG� SK\VLFRFKHPLFDO� SURSHUWLHV��
&DUERK\GU��3RO\P�������������

.DGLYDU�0���������6WXGLHV�RQ� LQWHJUDWHG�SURFHVVHV� IRU� WKH�
UHFRYHU\� RI� PXFLODJH�� KXOO�� RLO� DQG� SURWHLQ� IURP� VROLQ�
�/RZ�/LQROHQLF�DFLG�ÁD[���7KqVH�GH�GRFWRUDW���8QLYHUVLWp�
GH�6DVNDWFKHZDQ��&DQDGD��

.DQNDDQSDD�$QWLOOD�%��� ������)OD[� SUHSDUDWLRQ�� LWV� XVH� DQG�
SURGXFWLRQ��86�3DWHQW����������-XO\�����������KWWS���ZZZ�
IUHHSDWHQWVRQOLQH�FRP���������KWPO���-XO\�����������

/HLWDR�0�&�$��� $ODUFDR� 6LOYD�0�/��� -DQXDULR�0�,�1�� 	�
$]LQKHLUD�+�*��� ������ *DODFWXURQLF� DFLG� LQ� SHFWLF�
VXEVWDQFHV� RI� VXQÁRZHU� KHDG� UHVLGXHV�� TXDQWLWDWLYH�
GHWHUPLQDWLRQ� E\�+3/&��&DUERK\GU�� 3RO\P��� ���� ����
����

0DUJD�)��� )UH\VVDF�9�� 	� 0RUYDQ�+��� ������ 5DSLG� JDV�
OLTXLG� FKURPDWRJUDSK\�PLFURDQDO\VLV� RI� FDUERK\GUDWHV�
LQ�ZRRG\�SODQW� WLVVXHV��-��7UDFH�0LFURSUREH�7HFK�������
��������

0DWVXKDVKL�6��� ,QRXH�6�,�� 	� +DWDQDND�&��� ������
6LPXOWDQHRXV� PHDVXUHPHQW� RI� WKH� JDODFWXURQDWH� DQG�
QHXWUDO� VXJDU� FRQWHQWV� RI� SHFWLF� VXEVWDQFHV� E\� DQ�
HQ]\PDWLF�+3/&�PHWKRG��%LRVFL��%LRWHFKQRO��%LRFKHP���
��������������

0XUDOLNULVKQD�*��� 6DOLPDWK�3�9�� 	� 7KDUDQDWKDQ�5�1���
������ 6WUXFWXUDO� IHDWXUHV� RI� DQ� DUDELQR[\ODQ� DQG�
UKDPQRJDODFWXURQDQ� GHULYDWLYH� IURP� OLQVHHG�PXFLODJH��
&DUERK\GU��5HV����������������

0\OO\PlNL�2��� ������ 3URFHVVLQJ� RI� ÁD[VHHG�� 86� 3DWHQW�
��������%���$XJ�����������



.LQHWLFV�VWXG\�RI�K\GURO\VLV�RI�WKH�SRO\VDFFKDULGHV�IURP�ÁD[VHHG�PXFLODJH� ���

1DUDQ�5��� &KHQ�*�� 	� &DUSLWD�1��� ������ 1RYHO�
UKDPQRJDODFWXURQDQ�,�DQG�DUDELQR[\ODQ�SRO\VDFFKDULGHV�
RI�ÁD[�VHHG�PXFLODJH��3ODQW�3K\VLRO����������������

2RPDK�%�'���������&KDSWHU�����SURFHVVLQJ�RI�ÁD[VHHG�ÀEHU��
RLO��SURWHLQ��DQG�OLJQDQ��,Q��7KRPVRQ�/��	�&XQQDQH�6���
HGV��)OD[VHHG�LQ�KXPDQ�QXWULWLRQ��&KDPSDLJQ��,/��86$��
$2&6�3UHVV����������

2RPDK�%�'�� 	� 0D]]D�*��� ������ &RPSRVLWLRQDO� FKDQJHV�
GXULQJ� FRPPHUFLDO� SURFHVVLQJ� RI� ÁD[VHHG�� ,QG�� &URS��
3URG������������

2RPDK�%�'�� 	�0D]]D�*��� ������ 2SWLPL]DWLRQ� RI� D� VSUD\�
GU\LQJ�SURFHVV�IRU�ÁD[VHHG�JXP��,QW��-��)RRG�6FL��7HFK���
������������

4LQ�/���;X�6��<��	�=KDQJ�:��%���������(IIHFW�RI�HQ]\PDWLF�
K\GURO\VLV� RQ� WKH� \LHOG� RI� FORXG\� FDUURW� MXLFH� DQG� WKH�
HIIHFWV� RI� K\GURFROORLGV� RQ� FRORU� DQG� FORXG� VWDELOLW\�
GXULQJ�DPELHQW�VWRUDJH��-��6FL��)RRG�$JULF���������������

5DEHWDÀND�+�1�� HW� DO��� ������ )OD[VHHG� SURWHLQV�� IRRG� XVHV�
DQG�KHDOWK�EHQHÀWV��,QW��-��)RRG�6FL��7HFK���������������

5LFNDUG�6�(�� 	� 7KRPSVRQ�/�8��� ������ +HDOWK� HIIHFWV� RI�
ÁD[VHHG� PXFLODJH�� OLJQDQV�� ,QW�� 1HZV� )DWV� 2LOV� 5HO��
0DW��������������

5XPSXQHQ�.��� 7KRPDV�/��� %DGLODV�1�� 	� 7KLEDXOW�-��)���
������9DOLGDWLRQ� RI� D� FRPELQHG� HQ]\PDWLF� DQG�+3/&�
PHWKRG� IRU� VFUHHQLQJ� RI� SHFWLQV� LQ� IUXLWV� RI� -DSDQHVH�
TXLQFH� �&KDHQRPHOHV� MDSRQLFD��� /HEHQVP�� :LVV��
7HFKQRO���������������

6DOYDGRU�/�'�� HW� DO��� ������ 0RQRVDFFKDULGH� FRPSRVLWLRQ�
RI�VZHHWSRWDWR�ÀEHU�DQG�FHOO�ZDOO�SRO\VDFFKDULGHV�IURP�
VZHHWSRWDWR�� FDVVDYD� DQG�SRWDWR� DQDO\VHG�E\� WKH� KLJK�
SHUIRUPDQFH� DQLRQ� H[FKDQJH� FKURPDWRJUDSK\� ZLWK�
SXOVHG�DPSHURPHWULF�GHWHFWLRQ�PHWKRG��-��$JULF��)RRG�
&KHP�����������������

7RONDFKHY�2�1�� 	� =KXFKHQNR�$�$��� ������ %LRORJLFDOO\�
DFWLYH� VXEVWDQFHV� RI� ÁD[�� PHGLFLQDO� DQG� QXWULWLRQDO�
SURSHUWLHV��D�UHYLHZ���3KDUP��&KHP��-���������������

:DQDVXQGDUD�3�� 	� 6KDKLGL�)��� ������ 5HPRYDO� RI� ÁD[VHHG�
PXFLODJH�E\�FKHPLFDO�DQG�HQ]\PDWLF� WUHDWPHQWV��)RRG�
&KHP�������������

:DQQHUEHUJHU�.��� 1\ODQGHU�7�� 	� 1\PDQ�0��� ������
5KHRORJLFDO� DQG� FKHPLFDO� SURSHUWLHV� RI� PXFLODJH� LQ�
GLIIHUHQW� YDULHWLHV� IURP� OLQVHHG� �/LQXP�XVLWDWLVVLPXP���
$FWD�$JULF��6FDQG���������������

:DUUDQG�-�� HW� DO��� ������ /DUJH�VFDOH� SXULÀFDWLRQ� RI�ZDWHU�
VROXEOH� SRO\VDFFKDULGHV� IURP� ÁD[VHHG� PXFLODJH�� DQG�
LVRODWLRQ�RI� D�QHZ�DQLRQLF�SRO\PHU��&KURPDWRJUDSKLD��
������������

:DUUDQG�-�� HW� DO��� ������ )OD[� �/LQXP� XVLWDWLVVLPXP�� VHHG�
FDNH�� D� SRWHQWLDO� VRXUFH� RI� KLJK� PROHFXODU� ZHLJKW�
DUDELQR[\ODQV"�-��$JULF��)RRG�&KHP�����������������
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