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'HSDUWPHQW RI &HUDPLFV 6FLHQFH DQG (QJLQHHULQJ� &KDQJZRQ 1DWLRQDO 8QLYHUVLW\�
&KDQJZRQ �������� .RUHD

�5HFHLYHG � 6HSWHPEHU ���� � DFFHSWHG �� 2FWREHU �����

$EVWUDFW−7KH JHQHUDWLRQ RI 2+ UDGLFDOV RQ 89�LOOXPLQDWHG 7L2� VXUIDFH LV PDLQO\ UHVSRQVLEOH IRU WKH SKRWRFDWD�

O\WLF R[LGDWLRQ RI SROOXWDQWV LQ YDULRXV FRQWDPLQDWHG HQYLURQPHQWDO PHGLD� $OWKRXJK WKH UHDFWLYLW\ RI 2+ UDGLFDOV LV

ODUJHO\ OLPLWHG ZLWKLQ WKH VXUIDFH UHJLRQ� WKH SRVVLELOLW\ RI 2+ GHVRUSWLRQ DQG GLIIXVLRQ LQWR WKH UHDFWLRQ PHGLXP KDV

EHHQ RIWHQ UDLVHG� 7KLV VWXG\ SURYLGHV VHYHUDO H[DPSOHV IRU WKH SUHVHQFH RI GLIIXVLQJ 2+ UDGLFDOV LQ DTXHRXV VROXWLRQ

DQG SRO\PHU PDWUL[ FRQWDLQLQJ 7L2� SDUWLFOHV� 7KH SKRWRFDWDO\WLF GHJUDGDWLRQ UDWHV RI �&+���1
� LQ 7L2� VXVSHQVLRQ

ZHUH FRPSDUDEOH EHWZHHQ DFLGLF DQG DONDOLQH FRQGLWLRQV� ZKLFK FRXOG QRW EH H[SODLQHG E\ D VLPSOH HOHFWURVWDWLF VXUIDFH

FKDUJH PRGHO� )URP WKH SUHVHQW PHFKDQLVWLF VWXG\� LW LV VXJJHVWHG WKDW WKH SKRWRFDWDO\WLF R[LGDWLRQ RI �&+���1
� DW DFLGLF

S+ PDLQO\ SURFHHGV WKURXJK IUHH 2+ UDGLFDOV LQ WKH VROXWLRQ EXON� QRW RQ WKH VXUIDFH RI 7L2�� 7KH GLIIXVLQJ 2+ UDGLFDOV

DOVR SOD\HG WKH UROH RI PDLQ R[LGDQWV LQ WKH VROLG SKDVH� 7KH SKRWRO\VLV RI 7L2��HPEHGGHG 39& FRPSRVLWH ILOPV

JHQHUDWHG FDYLWLHV DURXQG WKH LPEHGGHG 7L2� SDUWLFOHV DQG WKH GHYHORSPHQW RI FDYLW\ GLDPHWHU FRQWLQXHG HYHQ DIWHU

WKH GLUHFW FRQWDFW EHWZHHQ WKH 39& DQG 7L2� ZDV SURKLELWHG� 7KLV LPSOLHG WKDW DFWLYH R[\JHQ VSHFLHV WKDW ZHUH SKR�

WRJHQHUDWHG RQ 7L2� VXUIDFH GHVRUEHG DQG GLIIXVHG DFURVV D IHZ PLFURPHWHUV WR UHDFW ZLWK WKH SRO\PHU PDWUL[�

.H\ ZRUGV� 3KRWRFDWDO\VLV� 7L2�� +\GUR[\O 5DGLFDOV� 39&� 7HWUDPHWK\ODPPRQLXP

,1752'8&7,21

6HPLFRQGXFWRU SKRWRFDWDO\VLV KDV EHHQ H[WHQVLYHO\ VWXGLHG IRU

LWV DSSOLFDWLRQ WR WKH UHPHGLDWLRQ RI SROOXWHG ZDWHU DQG DLU >+RII�

PDQQ HW DO�� ����@� ,Q SDUWLFXODU� 7L2� KDV EHHQ WKH PRVW SRSXODU

DQG VXFFHVVIXO SKRWRFDWDO\VW IRU WKLV SXUSRVH >&KRL HW DO�� ����� �����

&KR HW DO�� ����� &KDL HW DO�� ����@� 7LWDQLXP GLR[LGH JHQHUDWHV D

SDLU RI D FRQGXFWLRQ EDQG �&%� HOHFWURQ DQG D YDOHQFH EDQG �9%�

KROH LQ WKH VROLG R[LGH ODWWLFH XSRQ DEVRUELQJ D SKRWRQ ZLWK HQHUJ\

JUHDWHU WKDQ ��� H9 �RU VKRUWHU ZDYHOHQJWK WKDQ ��� QP� DQG WKH

VXEVHTXHQW FKDUJH WUDQVIHUV DW WKH LQWHUIDFH LQLWLDWH YDULRXV NLQG RI

UHGR[ UHDFWLRQV� 7KH&% HOHFWURQV DQG9%KROHV LQ 7L2� DUHPRGHU�

DWH UHGXFWDQWV �(FE −���91+( DW S+�� DQG VWURQJ R[LGDQWV �(YE 

����91+( DW S+��� UHVSHFWLYHO\�0RVW RI WKH VWURQJ UHPHGLDO SRZHU

RI 7L2� SKRWRFDWDO\VWV LV PDLQO\ DVFULEHG WR WKH VWURQJ R[LGDWLRQ

SRWHQWLDO RI 9%� $FFRUGLQJO\� RWKHU ZLGH EDQG JDS VHPLFRQGXFWRUV

ZLWK KLJK SRVLWLYH YDOXHV RI (YE VXFK DV =Q2�:2�� DQG 6Q2� RIWHQ

VKRZ FRPSDUDEOH R[LGDWLYH UHDFWLYLWLHV�

7KH9%KROHV UHDFWZLWK VXEVWUDWHV WKURXJK HLWKHU WKH GLUHFW FKDUJH

WUDQVIHU RU WKH JHQHUDWLRQ RI 2+ UDGLFDOV >)R[ DQG 'XOD\� ����@�

7KH 2+ UDGLFDOV WKDW DUH YHU\ VWURQJ R[LGDQWV �(� ���91+(� DUH

SURGXFHG RQ 7L2� VXUIDFH E\ WKH UHDFWLRQ RI 9% KROHV ZLWK WKH VXU�

IDFH K\GUR[\O JURXSV RU DGVRUEHG ZDWHU PROHFXOHV �UHDFWLRQ ��� $O�

WKRXJK WKH VXUIDFH�JHQHUDWHG 2+ UDGLFDOV UHDFW ZLWK DGVRUEHG VXE�

VWUDWH RQ WKH VXUIDFH LQ PRVW FDVHV� WKH SRVVLELOLW\ WKDW WKH 2+ UDG�

LFDOV GHVRUE IURP WKH VXUIDFH DQG GLIIXVH LQWR WKH EXON PHGLXP KDV

EHHQ RIWHQ UDLVHG �UHDFWLRQ �� >7XUFKL DQG 2OOLV� ����@�

K
�

YE�!2+VXUI �RU +�2DG�ç�2+VXUI ���

�2+VXUIç�2+IUHH ���

6FKHPH � LOOXVWUDWHV WKH SKRWRFDWDO\WLF R[LGDWLRQ SURFHVV WKURXJK

6FKHPH �� 3KRWRFDWDO\WLF R[LGDWLRQ RI VXEVWUDWHV �6� LQLWLDWHG E\
WKH VXUIDFH 2+ UDGLFDOV RU WKH GLIIXVLQJ 2+ UDGLFDOV

LQ WKH EXON PHGLXP�



'LIIXVLQJ 2+ 5DGLFDOV LQ 7L2� 3KRWRFDWDO\VLV ���
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WKH VXUIDFH 2+ UDGLFDOV RU WKH GLIIXVLQJ IUHH 2+ UDGLFDOV� :KHWKHU

WKH IUHH 2+ UDGLFDOV DUH SUHVHQW DQG KRZ IDU WKH\ GLIIXVH DZD\ IURP

WKH VXUIDFH KDYH LPSRUWDQW PHFKDQLVWLF LPSOLFDWLRQV LQ WKH SKRWR�

FDWDO\WLF UHPHGLDWLRQ SURFHVV� ,Q WKLV VWXG\� ZH SURYLGH HYLGHQFH

IRU GLIIXVLQJ IUHH 2+ UDGLFDOV LQ DTXHRXV 7L2� VXVSHQVLRQ DQG LQ

WKH VROLG PDWUL[ RI 7L2��FRQWDLQLQJ SRO\PHU� %RWK WKH SKRWRFDWD�

O\WLF GHJUDGDWLRQ RI WHWUDPHWK\ODPPRQLXP �70$� LQ 7L2� VXVSHQ�

VLRQ DQG WKH SKRWRFDWDO\WLF GHFRPSRVLWLRQ RI 7L2��HPEHGGHG 39&

�3RO\YLQ\OFKORULGH� ILOPV LQ WKH DPELHQW DLU WRRN SODFH QRW RQO\ RQ

WKH 7L2� VXUIDFH EXW DOVR LQ WKH EXON RI PHGLXP�

(;3(5,0(17$/

�� 3KRWRFDWDO\WLF 'HJUDGDWLRQ RI 7HWUDPHWK\ODPPRQLXPV

�70$� LQ 7L2� 6XVSHQVLRQ

7LWDQLXP GLR[LGH �'HJXVVD 3���� D PL[WXUH RI ��� DQDWDVH DQG

��� UXWLOH ZLWK DQ DYHUDJH %(7 VXUIDFH DUHD RI �����P��J� ZDV

XVHG DV SKRWRFDWDO\VW ZLWKRXW IXUWKHU DFWLYDWLRQ� 7HWUDPHWK\ODP�

PRQLXP K\GUR[LGH �70$+�ZDV SXUFKDVHG IURP$OGULFK� $OO 7L2�

VXVSHQVLRQV ZHUH SUHSDUHG DW D FRQFHQWUDWLRQ RI ��� J�/ DQG ZHUH

GLVSHUVHG E\ VLPXOWDQHRXV VRQLFDWLRQ DQG VKDNLQJ� $Q DOLTXRW RI

WKH 70$ VWRFN VROXWLRQ ��P0�ZDV VXEVHTXHQWO\ DGGHG WR WKH VXV�

SHQVLRQ WR JLYH D GHVLUHG FRQFHQWUDWLRQ� WKHQ WKH S+ RI WKH VXVSHQ�

VLRQ ZDV DGMXVWHG ZLWK +&O RU 1D2+ VWDQGDUG VROXWLRQ� 3KRWRLUUD�

GLDWLRQ HPSOR\HG D ����: ;H DUF ODPS �2ULHO� DV D OLJKW VRXUFH�

/LJKW SDVVHG WKURXJK D ���FP ,5 ZDWHU ILOWHU DQG D 89 FXW�RII ILOWHU

�λ!���QP�� WKHQ WKH ILOWHUHG OLJKW ZDV IRFXVHG RQWR D ���P/ 3\UH[
UHDFWRU ZLWK D TXDUW] ZLQGRZ� 7KH UHDFWRU ZDV ILOOHG ZLWK PLQL�

PL]HG KHDGVSDFH� VHDOHG ZLWK D UXEEHU VHSWXP DQG VWLUUHGPDJQHWL�

FDOO\� 6DPSOH DOLTXRWV ZHUH ZLWKGUDZQ E\ D ��P/ V\ULQJH DQG ILO�

WHUHG WKURXJK D �����µP 37)( ILOWHU �0LOOLSRUH�� ,GHQWLILFDWLRQ DQG

TXDQWLILFDWLRQ RI LRQLF LQWHUPHGLDWHV DQG SURGXFWV ZHUH SHUIRUPHG

E\ XVLQJ DQ LRQ FKURPDWRJUDSK �,&� 'LRQH[ ';������

7KH VXUIDFH FRQFHQWUDWLRQV RI 70$ LRQV RQ 7L2��ZDWHU LQWHU�

IDFH ZHUH GLUHFWO\ PRQLWRUHG E\ XVLQJ DWWHQXDWHG WRWDO UHIOHFWLRQ

)RXULHU WUDQVIRUP LQIUDUHG VSHFWURVFRS\ �$75�)7,5� >+XJ DQG 6X�

O]EHUJHU� ����� 0DUWLQ HW DO�� ����@� 6SHFWUD ZHUH UHFRUGHG E\ XVLQJ

DQ )7,5 VSHFWURPHWHU �%RPHP� 0% ���� HTXLSSHG ZLWK D GHXWHU�

DWHG WULJO\FLQH VXOIDWH GHWHFWRU �'7*6� DQG DQ $75 XQLW �6SHFWUD�

7HFK� $5. NLW� ZLWK D KRUL]RQWDO =Q6H FU\VWDO� 7KH =Q6H FU\VWDO

���PPî�PPî�PP� FU\VWDO DQJOH ��R� ZDV ERQGHG LQ D WURXJK�

VKDSHG SODWH WR KROG OLTXLG VDPSOHV� )RU WKH SUHSDUDWLRQ RI 7L2� FRDW�

LQJ OD\HUV� ��� µ/ RI VXVSHQVLRQ FRQWDLQLQJ ����PJ RI 7L2� ZDV

DSSOLHG RYHU WKH RQH VLGH RI WKH =Q6H FU\VWDO SODWH DQG DOORZHG WR

GU\ XQGHU DPELHQW DLU� 7KH 70$ VROXWLRQZDV DSSOLHG RQ WKH WURXJK�

SODWH DQG HTXLOLEUDWHG ZLWK WKH 7L2��FRDWHG =Q6H SODWH� 7KH ,5 VSHF�

WUD RI WKH 70$ RQ WKH 7L2��ZDWHU LQWHUIDFH ZHUH WDNHQ ZLWK YDU\�

LQJ WKH VROXWLRQ S+�

�� 3KRWRO\VLV RI 7L2��39& &RPSRVLWH )LOPV

3RZGHU RI 39& >��&+�&+&O�Q�@ ZDV VXSSOLHG E\ /* &KHPLFDO

&R� 7KH 7L2� SKRWRFDWDO\VW ZDV 'HJXVVD 3��� 39&�7L2� FRPSRV�

LWH ILOPV ZHUH FDVW DV IROORZV� 7KH SRO\PHU VWRFN VROXWLRQ ZDV SUH�

SDUHG E\ GLVVROYLQJ �� J RI 39& LQ �/ RI WHWUDK\GURIXUDQ �7+)�

XQGHU YLJRURXV VWLUULQJ� ,Q RUGHU WR PLQLPL]H WKH VL]H RI 7L2� DJJUH�

JDWHV WKDW ZHUH HPEHGGHG LQ WKH 39&PDWUL[� WKH IUDFWLRQ RI VPDOOHU

7L2� DJJUHJDWH ZDV VHSDUDWHG E\ D FHQWULIXJDO PHWKRG� ,Q D W\SLFDO

SUHSDUDWLRQ� ��PJ RI WKH FHQWULIXJHG 7L2� SRZGHU ZDV VXVSHQGHG

LQ ���P/ RI 39& VWRFN VROXWLRQ WR JLYH ���ZW� RI 7L2� FRQWHQW

ZLWK UHVSHFW WR WKH WRWDO PDVV RI 39&� $Q DOLTXRW RI �P/ 39&�

7L2� VROXWLRQ ZDV VSUHDG RQ D VOLGH JODVV DQG GULHG IRU WZR GD\V�

7KH WKLFNQHVV RI WKH UHVXOWLQJ 39&�7L2� FRPSRVLWH ILOP ZDV PHDV�

XUHG WR EH �����µPE\ DPLFURPHWHU� 7KH WUDQVPLWWDQFH RI WKH 39&�

7L2� FRPSRVLWH ILOP ZDV W\SLFDOO\ DURXQG ��� DW λ ��� QP� $OO
WKH ILOPV ZHUH LUUDGLDWHG WKURXJK D 3\UH[ ILOWHU XQGHU D ����:PHU�

FXU\ ODPS� 7KH OLJKW IOX[ RQWR WKH VDPSOH ZDV PHDVXUHG WR EH ���

P:�FP� �����λ���� QP� ZLWK D SRZHU�PHWHU� 7KH VXUIDFH PRU�
SKRORJLFDO LPDJHV RI WKH LUUDGLDWHG FRPSRVLWH ILOP ZHUH WDNHQ E\

XVLQJ D ILHOG HPLVVLRQ VFDQQLQJ HOHFWURQPLFURVFRSH �)(�6(0�ZLWK

WKH SUH�WUHDWPHQW RI 3W GHSRVLWLRQ�
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�� 7L2��:DWHU ,QWHUIDFH

7KH SKRWRFDWDO\WLF GHJUDGDWLRQV RI �&+���1
� �70$� DW YDULRXV

S+ZHUH VXFFHVVIXOO\ GHVFULEHG E\ WKH ILUVW�RUGHU NLQHWLFV� $OWKRXJK

WKH PROHFXODU FKDUJH RI 70$ZDV QRW DIIHFWHG E\ S+� LWV GHJUDGD�

WLRQ UDWHV VKRZHG D VWURQJ S+�GHSHQGHQFH DV VKRZQ LQ )LJ� �� 7KH

³9´�VKDSHG S+ GHSHQGHQFH FRXOG QRW EH H[SODLQHG LQ WHUPV RI D

VLPSOH VXUIDFH�FKDUJH PRGHO RI 7L2� VLQFH WKH SKRWRFDWDO\WLF GH�

)LJ� �� )LUVW�RUGHU UDWH FRQVWDQWV� NSK� IRU WKH SKRWRFDWDO\WLF GH�
JUDGDWLRQ RI �&+���1

� �70$� DV D IXQFWLRQ RI S+� >70$@� 

��� µ0� >7L2�@ ��� J�/�

)LJ� ��7KH S+�GHSHQGHQW $75�)7,5 VSHFWUD RI 70$DW WKH 7L2��

ZDWHU LQWHUIDFH�



��� :� &KRL HW DO�

1RYHPEHU� ����

JUDGDWLRQ UDWH RI FDWLRQV VKRXOG EH PLQLPDO DW S+�S+]SF GXH WR WKH

HOHFWURVWDWLF UHSXOVLRQ EHWZHHQ WKH FDWLRQLF VXEVWUDWH DQG WKH SRVL�

WLYHO\�FKDUJHG VXUIDFH >.RUPDQQ HW DO�� ����@� )LJ� � VKRZV WKH S+�

GHSHQGHQW DGVRUSWLRQ EHKDYLRU RI 70$ ��P0� RQ7L2�ILOP�ZKLFK

ZDV PRQLWRUHG E\ $75�)7,5 PHWKRG� 7KH ,5 DEVRUSWLRQ SHDN DW

����� FP−� LV DVVLJQHG WR WKH ν�� DQWLV\PPHWULF &+� GHIRUPDWLRQ

RI �&+���1
� >%HUJ� ����@� $V SUHGLFWHG IURP WKH HOHFWURVWDWLFPRGHO�

70$ZDV UHSHOOHG IURP WKH 7L2� VXUIDFH DW DFLGLF S+ DQG VWURQJO\

DWWUDFWHG ZLWK LQFUHDVLQJ S+ DERYH S+]SF� ZKLFK ZDV DOVR FRQVLV�

WHQW ZLWK WKH SUHYLRXV REVHUYDWLRQV >&RQQRU HW DO�� ����� 'REVRQ

HW DO�� ����@� 7KHUHIRUH� LI WKH SKRWRFDWDO\WLF GHJUDGDWLRQ RI 70$

ZDV LQLWLDWHG E\ VXUIDFH�ERXQG2+ UDGLFDOV� LW VKRXOG EH YHU\ TXLFNO\

GHJUDGHG LQ DONDOLQH VROXWLRQV� ZKLFK ZDV QRW REVHUYHG� 7KLV LPSOLHV

WKDW WKH SKRWRFDWDO\WLF GHJUDGDWLRQ RI 70$ VKRXOG SURFHHG WKURXJK

QRW RQO\ 2+ UDGLFDOV RQ WKH VXUIDFH EXW DOVR IUHH 2+ UDGLFDOV LQ

WKH VROXWLRQ�

,Q RUGHU WR YHULI\ WKH UROH RI IUHH 2+ UDGLFDOV� WKH SKRWRFDWDO\WLF

GHJUDGDWLRQ RI �&+���1
� DW S+� DQG �� ZHUH FRPSDUHG LQ WKH DE�

VHQFH DQG SUHVHQFH RI WHUW�EXW\O DOFRKRO �W�%X2+� DV VKRZQ LQ )LJ�

�� 6LQFH GLIIXVLQJ IUHH 2+ UDGLFDOV� LI DQ\� ZRXOG EH VFDYHQJHG E\

H[FHVV W�%X2+ LQ WKH VROXWLRQ �UHDFWLRQ ���

�&+���&2+��2+IUHHç�&+�&�&+���2+�+�2 ���

LWV LQKLELWRU\ HIIHFW RQ WKH SKRWRFDWDO\WLF GHJUDGDWLRQ FRXOG EH WDNHQ

DV DQ HYLGHQFH RI WKH VROXWLRQ�SKDVH PHFKDQLVP >5LFKDUG DQG /H�

PDLUH� ����@� 7KH FRPSOHWH LQKLELWLRQ RI 70$ GHJUDGDWLRQ E\ W�

%X2+ZDV REVHUYHG DW S+��ZKLOH WKH LQKLELWLRQ DW S+��ZDV RQO\

SDUWLDO� :LWK WKH SUHVHQW H[SHULPHQWDO FRQGLWLRQV DQG WKH OLWHUDWXUH

UDWH FRQVWDQWV >N�W�%X2+��2+� �î���0−�V−�� N�70$��2+� 

�î���0−�V−� >%REURZVNL� ����@� >W�%X2+@ ��−�0� >70$@ ��−�

0@� ZH FDOFXODWH WKDW ���� RI IUHH 2+ UDGLFDOV VKRXOG EH VFDY�

HQJHG E\ W�%X2+� 7KH FRPSOHWH LQKLELWLRQ DW S+� VXSSRUWV WKH IUHH

2+ UDGLFDO DFWLRQ LQ VROXWLRQ ZKLOH WKH SDUWLDO LQKLELWLRQ DW S+��

VXJJHVWV D GXDO VXUIDFH�VROXWLRQ PHFKDQLVP�

:KHWKHU WKH LQLWLDO R[LGDWLRQ RFFXUV RQ WKH VXUIDFH RI WKH SKRWR�

FDWDO\VW RU LQ WKH VROXWLRQ EXON KDV EHHQ RIWHQ GLVSXWHG� :KLOH WKH

VXSSRUWLQJ HYLGHQFH IRU WKH VXUIDFH R[LGDWLRQ LV GRPLQDQW� WKH VROX�

WLRQ�SKDVH PHFKDQLVP KDV EHHQ RIWHQ UHSRUWHG� 6XQ DQG 3LJQDWHOOR

UHSRUWHG WKDW IUHH 2+ UDGLFDOV ZHUH LQYROYHG LQ WKH SKRWRFDWDO\WLF

R[LGDWLRQ RI ����GLFKORURSKHQR[\DFHWLF DFLGV GHSHQGLQJ RQ S+ >6XQ

DQG 3LJQDWHOOR� ����@� 0LQHUR HW DO� DUJXHG WKDW WKH SKRWRFDWDO\WLF

R[LGDWLRQ RI SKHQRO RQ IOXRULQDWHG 7L2� SURFHHGHG DOPRVW HQWLUHO\

YLD IUHH2+ UDGLFDOV >0LQHUR HW DO�� ����D� E@� 7KLV VWXG\ DGGV DQRWKHU

H[DPSOH RI KRPRJHQHRXV 2+ UDGLFDO R[LGDWLRQ LQ WKH 7L2��89 V\V�

WHP�

�� 7L2��39& ,QWHUIDFH

:H KDYH UHFHQWO\ UHSRUWHG D GHWDLOHG VWXG\ RQ WKH SKRWRFDWDO\WLF

GHJUDGDWLRQ DQG FKDUDFWHUL]DWLRQ RI WKH LUUDGLDWHG 39&�7L2� FRP�

SRVLWH ILOPV XQGHU DPELHQW DLU >&KR DQG &KRL� ����@� 7KH VXUIDFH

PRUSKRORJ\ RI WKH LUUDGLDWHG SRO\PHU ILOPV ZDV DQDO\]HG E\ 6(0�

)LJ� �D�H VKRZ WKH VXUIDFH LPDJHV RI WKH 39&�7L2� FRPSRVLWH ILOPV

WKDW ZHUH LUUDGLDWHG IRU �� ��� ��� ���� DQG ��� KUV XQGHU DLU� UH�

VSHFWLYHO\� 7KH 6(0 LPDJHV UHYHDO WKDW WKH GHJUDGDWLRQ RI WKH 39&

PDWUL[ VWDUWHG IURP WKH 39&�7L2� LQWHUIDFH DQG OHG WR WKH IRUPD�

WLRQ RI FDYLWLHV DURXQG 7L2� SDUWLFOH DJJUHJDWHV� 7KH LQGLYLGXDO FDY�

LW\ EHFDPH KLJKO\ LQWHU�FRQQHFWHG ZLWK LUUDGLDWLRQ� DQG WKHQ FRD�

OHVFHG WR D VL]H RI a��µP� )XUWKHU LUUDGLDWLRQ OHG WR VPRRWKLQJ RXW
WKH FDYLWLHV� 7KLV LV VLPLODU WR WKH SUHYLRXV REVHUYDWLRQ >+RULNRVKL

HW DO�� ����@� ZKLFK UHSRUWHG WKH IRUPDWLRQ RI KROHV LQ DQ LOOXPL�

QDWHG 7L2��EOHQGHG 39& ILOP LQ ZDWHU� 7KH 39&�7L2� ILOP WKDW ZDV

LUUDGLDWHG XQGHU QLWURJHQ DWPRVSKHUH VKRZHG OLWWOH VLJQ RI GHJUDGD�

WLRQ� ZKLFK FRQILUPHG WKH QHFHVVLW\ RI R[\JHQ IRU SKRWRFDWDO\WLF

UHDFWLRQ LQ WKH VROLG SKDVH� 7KH 6(0 LPDJHV DOVR LPSO\ WKDW WKH

DFWLYH R[\JHQ VSHFLHV JHQHUDWHG RQ 7L2� VXUIDFH GHVRUEHG DQG GLI�

IXVHG WKURXJK D ILQLWH GLVWDQFH WR HWFK RXW WKH SRO\PHUPDWUL[� 2WKHU�

ZLVH� WKH SKRWRFDWDO\WLF GHJUDGDWLRQ ZRXOG KDYH VWRSSHG DW DQ HDU�

OLHU VWDJH �H�J�� )LJ� �E� ZKHUH WKH FUHYLFH GHYHORSHG EHWZHHQ WKH

7L2� VXUIDFH DQG WKH SRO\PHU PDWUL[ LQKLELWHG WKH R[LGL]LQJ VSH�

FLHV RQ7L2� IURP GLUHFWO\ FRQWDFWLQJ WKH SRO\PHU�$V IRU 39&ZKRVH

JODVV WUDQVLWLRQ WHPSHUDWXUH ��� R&� LV ZHOO DERYH URRP WHPSHUD�

WXUH >/LGH� ����@� WKH PRELOLW\ RI WKH SRO\PHU FKDLQV LV UHVWULFWHG�

7KH HQODUJHG YLHZ �)LJ� �I� RI D FDYLW\ DURXQG 7L2� SDUWLFOHV FOHDUO\

VKRZV WKDW WKH FDYLW\ ERXQGDU\ ZDV ZHOO VHSDUDWHG E\ ���µP IURP

WKH SDUWLFOH ERXQGDU\� 7KLV VXSSRUWV WKDW WKH R[LGL]LQJ UDGLFDOV GH�

VRUEHG IURP WKH 7L2� VXUIDFH LQ WKLV VROLG�VROLG LQWHUIDFH UHJLRQ� 7KLV

DUJXPHQW LV DOVR FRQVLVWHQW ZLWK UHFHQW UHSRUWV >7DWVXPD HW DO�� �����

����@� ZKLFK REVHUYHG WKDW WKH DFWLYH R[\JHQ VSHFLHV �PRVW OLNHO\

2+ UDGLFDOV� JHQHUDWHG RQ LOOXPLQDWHG 7L2� GLIIXVHG DZD\ IURP

WKH VXUIDFH LQWR WKH JDV SKDVH�

&21&/86,216

,Q RUGHU WR LQYHVWLJDWH ZKHWKHU 2+ UDGLFDOV GLIIXVH RXW IURP WKH

SKRWRFDWDO\VW VXUIDFH� ZH KDYH FDUULHG RXW ERWK WKH SKRWRFDWDO\WLF

GHJUDGDWLRQ RI 70$ LQ DTXHRXV 7L2� VXVSHQVLRQ DQG WKH SKRWR�

FDWDO\WLF GHFRPSRVLWLRQ RI 7L2��HPEHGGHG 39& ILOPV LQ WKH DPEL�

HQW DLU� ,Q ERWK FDVHV RI WKH 7L2��ZDWHU DQG 7L2��39& LQWHUIDFH� WKH

DFWLYH R[LGL]LQJ VSHFLHV� PRVW OLNHO\ 2+ UDGLFDOV� GHVRUEHG IURP

WKH 7L2� VXUIDFH DQG GLIIXVHG LQWR WKH UHDFWLRQ PHGLXP WR LQLWLDWH

WKH GHJUDGDWLRQ UHDFWLRQ LQ WKH EXON� :KLOH WKH DGVRUEHG 2+ UDGL�

FDOV VWULFWO\ OLPLW WKH UHDFWLRQ VLWHV RQ WKH SKRWRFDWDO\VW VXUIDFH� WKH

GLIIXVLQJ 2+ UDGLFDOV FRXOG H[SDQG WKH UHDFWLRQ ]RQH XS WR PXFK

ODUJHU YROXPH �6FKHPH ��� 7KH EHKDYLRU RI GLIIXVLQJ IUHH 2+ UDGL�

FDOV LV DOVR LPSRUWDQW LQ XQGHUVWDQGLQJ RWKHU DGYDQFHG R[LGDWLRQ

SURFHVVHV >.DQJ HW DO�� ����@� ,Q JHQHUDO� WKH IUHH 2+ UDGLFDOV GH�

VRUEHG IURP 7L2� VXUIDFH VHHP WR WDNH SDUW LQ WKH SKRWRFDWDO\WLF R[�

)LJ� ��(IIHFWV RI 2+ UDGLFDO VFDYHQJHU� W�%X2+ ���−�0�� RQ WKH
SKRWRFDWDO\WLF GHJUDGDWLRQ RI 70$ DW S+ � DQG S+ ���



'LIIXVLQJ 2+ 5DGLFDOV LQ 7L2� 3KRWRFDWDO\VLV ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

LGDWLRQ UHDFWLRQV WR VRPH H[WHQW� +RZHYHU� UHPDLQLQJ WR EH DQVZHUHG

DUH WKH VSHFLILF H[SHULPHQWDO FRQGLWLRQV RU SDUDPHWHUV WKDW GULYH

WKH 2+ UDGLFDO GHVRUSWLRQ DQG KRZ IDU WKH GHVRUEHG 2+ UDGLFDOV

GLIIXVH RXW�

$&.12:/('*0(17

7KLV ZRUN ZDV VXSSRUWHG E\ .RUHD 5HVHDUFK )RXQGDWLRQ *UDQW

�.5)��������(�������

5()(5(1&(6

%HUJ� 5�:�� ³7KH 9LEUDWLRQDO 6SHFWUXP RI WKH 1RUPDO DQG 3HUGHXWHU�

DWHG7HWUDPHW\ODPPRQLXP ,RQ�́ 6SHFWURFKLP�$FWD���$� ��� �������

%REURZVNL� .�� ³3XOVH 5DGLRO\VLV 6WXGLHV &RQFHUQLQJ WKH5HDFWLRQV RI

+\GURJHQ$EVWUDFWLRQ IURP 7HWUDDON\ODPPRQLXP&DWLRQV�́ -� 3K\V�

&KHP�� ��� ���� �������

&KDL� <��6�� /HH� -��&� DQG .LP� %��:�� ³3KRWRFDWDO\WLF 'LVLQIHFWLRQ RI

(� FROL LQ D 6XVSHQGHG 7L2��89 5HDFWRU�́ .RUHDQ -� &KHP� (QJ��

��� ��� �������

&KR�6� DQG&KRL�:�� ³6ROLG�3KDVH3KRWRFDWDO\WLF'HJUDGDWLRQRI39&�

7L2� 3RO\PHU &RPSRVLWHV�́ -� 3KRWRFKHP�3KRWRELRO� $� &KHP������

��� �������

&KR�<�� &KRL�:�� /HH�&��+�� +\HRQ� 7� DQG /HH� +��,�� ³9LVLEOH /LJKW�

,QGXFHG 'HJUDGDWLRQ RI &DUERQ 7HWUDFKORULGH RQ '\H�6HQVLWL]HG

7L2��́ (QYLURQ� 6FL� 7HFKQRO�� ��� ��� �������

&KRL�:��+RQJ�6� -�� &KDQJ�<��6� DQG&KR�<�� ³3KRWRFDWDO\WLF'HJUD�

GDWLRQRI3RO\FKORULQDWHG'LEHQ]R�S�GLR[LQV RQ7L2�)LOPXQGHU89

)LJ� �� 6(0 LPDJHV RI WKH 39&�7L2� ����ZW�� FRPSRVLWH ILOP VXUIDFH� �D� EHIRUH LUUDGLDWLRQ� �E� ��KUV LUUDGLDWHG� �F� �� KUV LUUDGLDWHG�
�G� ��� KUV LUUDGLDWHG� �H� ��� KUV LUUDGLDWHG� �I� ��� KUV LUUDGLDWHG �HQODUJHG YLHZ��



��� :� &KRL HW DO�

1RYHPEHU� ����

RU 6RODU /LJKW ,UUDGLDWLRQ�́ (QYLURQ� 6FL� 7HFKQRO�� ��� ���� �������

&KRL� :�� .R� -� <�� 3DUN� +� DQG &KXQJ� -� 6�� ³,QYHVWLJDWLRQ RQ 7L2��

&RDWHG 2SWLFDO )LEHUV IRU *DV�3KDVH 3KRWRFDWDO\WLF 2[LGDWLRQ RI

$FHWRQH�́ $SSO� &DWDO� %� (QYLURQ�� ��� ��� �������

&RQQRU� 3� $�� 'REVRQ� .�'� DQG 0FTXLOODQ� $� -�� ³,QIUDUHG 6SHFWUR�

VFRS\ RI WKH 7L2��$TXHRXV 6ROXWLRQ ,QWHUIDFH�́ /DQJPXLU� ��� ����

�������

'REVRQ�.�'��&RQQRU�3�$� DQG0FTXLOODQ�$� -�� ³0RQLWRULQJ+\GURXV

0HWDO 2[LGH 6XUIDFH &KDUJH DQG$GVRUSWLRQ E\ 67,56�́ /DQJPXLU�

��� ���� �������

)R[� 0�$� DQG 'XOD\� 0� 7�� ³+HWHURJHQHRXV 3KRWRFDWDO\VLV�́ &KHP�

5HY�� ��� ��� �������

+RIIPDQQ�0�5��0DUWLQ� 6� 7�� &KRL�:� DQG%DKQHPDQQ�'�:�� ³(Q�

YLURQPHQWDO $SSOLFDWLRQV RI 6HPLFRQGXFWRU 3KRWRFDWDO\VLV�́ &KHP�

5HY�� ��� �� �������

+RULNRVKL� 6�� 6HUSRQH� 1�� +LVDPDWVX� <� DQG +LGDND� +�� ³3KRWRFDWD�

O\]HG'HJUDGDWLRQRI3RO\PHUV LQ$TXHRXV6HPLFRQGXFWRU 6XVSHQ�

VLRQV���3KRWRR[LGDWLRQRID6ROLG3RO\PHU�7L2��%OHQGHG3RO\�YLQ\O

FKORULGH� )LOP�́ (QYLURQ� 6FL� 7HFKQRO�� ��� ���� �������

+XJ�6� -� DQG6XO]EHUJHU�%�� ³,Q6LWX)RXULHU 7UDQVIRUP ,QIUDUHG6SHF�

WURVFRSLF (YLGHQFH IRU WKH )RUPDWLRQ RI 6HYHUDO 'LIIHUHQW 6XUIDFH

&RPSOH[HV RI 2[DODWH RQ 7L2� LQ WKH $TXHRXV 3KDVH�́ /DQJPXLU�

��� ���� �������

.DQJ� -��:�� /HH� .��+�� .RK� &��,� DQG 1DP� 6��1�� ³7KH .LQHWLFV RI

WKH 6RQRFKHPLFDO 3URFHVV IRU WKH'HVWUXFWLRQ RI$OLSKDWLF DQG$UR�

PDWLF +\GURFDUERQV�́ .RUHDQ -� &KHP� (QJ�� ��� ��� �������

.RUPDQQ�&�� %DKQHPDQQ�'�:� DQG+RIIPDQQ�0�5�� �3KRWRO\VLV RI

&KORURIRUP DQG 2WKHU 0ROHFXOHV LQ $TXHRXV 7L2� 6XVSHQVLRQ�́

(QYLURQ� 6FL� 7HFKQRO�� ��� ��� �������

/LGH�'�5� �(G��� ³&5&+DQGERRN RI&KHPLVWU\ DQG3K\VLFV ���WK HG���́

&5& 3UHVV� %RFD 5DWRQ� )/ �������

0DUWLQ� 6� 7��.HVVHOPDQ� -�0�� 3DUN�'�6�� /HZLV�1� 6� DQG+RIIPDQQ�

0�5�� ³6XUIDFH 6WUXFWXUHV RI ��&KORURFDWHFKRO $GVRUEHG RQ 7LWD�

QLXP'LR[LGH�́ (QYLURQ� 6FL� 7HFKQRO�� ��� ���� �������

0LQHUR� &�� 0DULHOOD� *�� 0DXULQR� 9� DQG 3HOOL]]HWWL� (�� ³3KRWRFDWD�

O\WLF 7UDQVIRUPDWLRQ RI 2UJDQLF &RPSRXQGV LQ WKH 3UHVHQFH RI ,Q�

RUJDQLF$QLRQV� ��+\GUR[\O�0HGLDWHGDQG'LUHFW(OHFWURQ7UDQVIHU

5HDFWLRQV RI 3KHQRO RQ D7LWDQLXP'LR[LGH�)OXRULGH 6\VWHP�́ /DQJ�

PXLU���� ���� �����D��

0LQHUR� &�� 0DULHOOD� *�� 0DXULQR� 9� DQG 3HOOL]]HWWL� (�� ³3KRWRFDWD�

O\WLF 7UDQVIRUPDWLRQ RI 2UJDQLF &RPSRXQGV LQ WKH 3UHVHQFH RI ,Q�

RUJDQLF $QLRQV� �� &RPSHWLWLYH 5HDFWLRQV RI 3KHQRO DQG $OFRKROV

RQ D 7LWDQLXP 'LR[LGH�)OXRULGH 6\VWHP�́ /DQJPXLU� ��� ����

�����E��

5LFKDUG� &� DQG /HPDLUH� -�� ³$QDO\WLFDO DQG .LQHWLF 6WXG\ RI WKH 3KR�

WRWUDQVIRUPDWLRQ RI )XUIXU\O $OFRKRO LQ $TXHRXV =Q2 6XVSHQVLRQV�́

-� 3KRWRFKHP� 3KRWRELRO� $� &KHP�� ��� ��� �������

6XQ�<� DQG3LJQDWHOOR� -� -�� ³(YLGHQFH IRU D6XUIDFH'XDO+ROH�5DGLFDO

0HFKDQLVP LQ WKH7L2� 3KRWRFDWDO\WLF2[LGDWLRQRI ����'LFKORURSKH�

QR[\DFHWLF $FLG�́ (QYLURQ� 6FL� 7HFKQRO�� ��� ���� �������

7DWVXPD� 7�� 7DFKLEDQD� 6�� 0LZD� 7�� 7U\N� '�$� DQG )XMLVKLPD� $��

³5HPRWH %OHDFKLQJ RI 0HWK\OHQH %OXH E\ 89�,UUDGLDWHG 7L2� LQ

WKH *DV 3KDVH�́ -� 3K\V� &KHP� %� ���� ���� �������

7DWVXPD� 7�� 7DFKLEDQD� 6� DQG )XMLVKLPD� $�� ³5HPRWH 2[LGDWLRQ RI

2UJDQLF &RPSRXQGV E\ 89�,UUDGLDWHG 7L2� LQ WKH *DV 3KDVH�́ -�

3K\V� &KHP� %� ���� ���� �������

7UXFKL� &� 6� DQG 2OOLV� '� )�� ³3KRWRFDWDO\WLF 'HJUDGDWLRQ RI 2UJDQLF

:DWHU &RQWDPLQDQWV�0HFKDQLVPV ,QYROYLQJ+\GUR[\O 5DGLFDO $W�

WDFN�́ -� &DWDO�� ���� ��� �������


