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grew up in Ystad, Skåne, attended the 
International Baccalaureate at Malmö 
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Acute myocardial ischemia, due to an acute coronary occlusion (ACO), and its possible subsequent complications is one 
of the most common causes of death in the western world. If not treated with removal of the coronary occlusion in a timely 
manner, the acute myocardial ischemia will develop into an acute myocardial infarction (AMI). Furthermore, malignant 
arrhythmias, such as ventricular fibrillation (VF), may arise during ischemia or even at reperfusion of the ischemic 
myocardium, potentially causing a cardiac arrest (CA). Early diagnosis and treatment is, therefore, paramount in this 
patient group. The predominant method of diagnosing these patients today is by the use of the 12-lead ECG. Acute 
myocardial ischemia is visualized on the ECG as ST-segment elevation. However, when the myocardial ischemia is more 
severe, patients may not only have ST-segment changes but can also develop concurrent changes in the QRS complex, 
termed ‘terminal QRS distortion’, which has been linked to measures of ischemia severity and poorer outcome. There is, 
however, no clinically viable method for detecting these changes on the ECG, in order to change patient management and/
or treatment, in use today.

Paper I 1) introduces a novel method for quantifying terminal QRS distortion, termed ischemic QRS prolongation (IQP), 
2) establishes the correlation between IQP and collateral flow during acute ischemia in an experimental dog model and 3) 
prove that the same pattern of IQP occurs in patients with coronary artery disease (CAD) undergoing prolonged, elective 
angioplasty balloon inflation. 
Paper II develops the initial one-lead method of IQP measurement to 12-leads and eliminates the need for a pre-occlusion 
baseline measurement.
Paper III demonstrates that IQP is predictive of impending reperfusion VF in an experimental canine model undergoing 
coronary occlusion and, thus, acute ischemia.
Paper IV compares IQP with measures of myocardial injury by cardiac magnetic resonance imaging (CMR) showing that 
IQP does not correlate to the amount of myocardial injury in stable first time ST elevation myocardial infarction (STEMI) 
patients.
Paper V shows that IQP, in the context of an acute coronary occlusion and STEMI, is associated with out-of-hospital 
cardiac arrest (OHCA).

In summary, IQP shows promising correlations to ischemia severity and malignant arrhythmias, displaying its potential for 
identifying of STEMI patients at risk of poor outcome and/or impending CA.
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234Ecg $PNQVUFS HFOFSBUFE 234 EVSBUJPO
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234EmSTD 234 EVSBUJPO BU NBYJNVN 45�EFWJBUJPO
234Er 3FGFSFODF 234 EVSBUJPO
3$" 3JHIU DPSPOBSZ BSUFSZ
S*21 3FMBUJWF JTDIFNJD 234 QSPMPOHBUJPO
30$ 3FDFJWFS PQFSBUJOH DIBSBDUFSJTUJD
304$ 3FUVSO PG TQPOUBOFPVT DJSDVMBUJPO
4"/ 4JOPBUSJBM OPEF
4$% 4VEEFO DBSEJBD EFBUI
40$$&3 4VQQMFNFOUBM PYZHFO JO DBUIFUFSJ[FE DPSPOBSZ FNFSHFODZ SFQFSGVTJPO
45% 45�TFHNFOU EFWJBUJPO
45& 45�TFHNFOU FMFWBUJPO
45&.* 45�TFHNFOU FMFWBUJPO NZPDBSEJBM JOGBSDUJPO
55. 5BSHFU UFNQFSBUVSF NBOBHFNFOU USJBM
7' 7FOUSJDVMBS mCSJMMBUJPO
75 7FOUSJDVMBS UBDIZDBSEJB
8$5 8JMTPO�T DFOUSBM UFSNJOBM



"DLOPXMFEHFNFOUT

ɨF UIFTJT JO ZPVS IBOE XPVME OPU IBWF CFFO QPTTJCMF XJUIPVU UIF DPMMBCPSBUJPO BOE IFMQ
GSPN B HSFBU OVNCFS PG QFPQMF� )FSF GPMMPX TPNF TQFDJBM DPOTJEFSBUJPOT�

7FSPOJDB
 * BN GPSFWFS JO ZPVS EFCU
 GPS BMM UIF IBSE XPSL
 TBDSJmDFT BOE FOPSNPVT BNPVOU
PG TVQQPSU UIBU ZPV IBWF HJWFO NF� ɨJT UIFTJT
 BT SPNBOUJD BT UIFTFT BSF
 JT EFEJDBUFE UP
ZPV BOE XPVME OPU IBWF CFFO QPTTJCMF XJUIPVU ZPV CZ NZ TJEF�

ɨF MBUF %S� (BMFO 4� 8BHOFS 	���������
 XBT WFSZ NVDI UIF JOTUJHBUPS UP CPUI UIF
DVSSFOU UIFTJT BOE NZ FOUJSF BDBEFNJD DBSFFS� %VSJOH NZ UJNF XPSLJOH XJUI (BMFO * FY�
QFSJFODFE TPNF PG UIF NPTU EJċDVMU NPNFOUT JO NZ BDBEFNJD DBSFFS
 IPXFWFS
 JU XBT BMTP
UIF NPTU FOSJDIJOH QFSJPE JO NZ MJGF SFHBSEJOH QFSTPOBM
 BDBEFNJD BOE QIJMPTPQIJD EFWFM�
PQNFOU� * GFFM WFSZ GPSUVOBUF UP IBWF IBE UIF QSJWJMFHF PG VOEFSHPJOH (BMFO�T ATDIPPM PG
SFTFBSDI�
 FTQFDJBMMZ BU MPDBUJPO JO %VSIBN XJUI (BMFO BT NFOUPS
 DIBVĊFVS BOE GSJFOE� )F
JT NJTTFE�

)FOSJL &OHCMPN
 UIBOL ZPV GPS UBLJOH NF PO BT B CBDIFMPS
 NBTUFS BOE 1I% TUVEFOU
 GPS
HVJEJOH NF UISPVHI EJċDVMU NPNFOUT BDSPTT UIF HMPCF BOE FEJUJOH OVNFSPVT JUFSBUJPOT
PG NBOVTDSJQUT
 UIBOLT GPS CFJOH NZ TVQFSWJTPS� 3PCFSU +FOOJOHT
 ZPV BSF UIF POF XIP
BDUVBMMZ QFSGPSNFE UIF FYQFSJNFOUT PO UIF DBOJOF QPQVMBUJPO PWFS �� ZFBST BHP
 BOE IBMG
PG UIF UIFTJT XPVME OPU IBWF BOZ EBUB UP TVQQPSU JU XJUIPVU ZPV
 JU IBT CFFO BO BCTPMVUF
QMFBTVSF UP XPSL XJUI ZPV� 7JLUPS &MNCFSH
 UIBOL ZPV GPS UIF FOHBHFNFOU JOUP *21 BOE
UIF BCTPMVUFMZ FTTFOUJBM EFWFMPQNFOU PG UIF NFUIPE
 BT XFMM BT PVS NBOZ TLZQF TFTTJPOT EF�
CBUJOH FWFSZ &$( JO EFUBJM� ɨBOLT
 .JDIBFM 3JOHCPSO
 GPS ZPVS TVQQPSU BOE JOQVU� +PTFG
#SÊOTWJL
 UIBOL ZPV GPS UBLJOH PO B SFBMMZ CJH QSPKFDU GPS ZPVS CBDIFMPS EFHSFF BOE KPJO�
JOH NF PO NZ WFSZ mSTU 5FTMB SJEF� ɨBOL ZPV
 "SEBWBO ,IPTIOPPE
 GPS B XPOEPSGVM KPC
QSPPGSFBEJOH UIF UIFTJT
 GPS CFJOH UIF GBTUFTU UP BOTXFS BOZ DPNNVOJDBUJPOT BOE
 NPTUMZ

GPS ZPVS LJOEOFTT BOE XJU� 6MG &LFMVOE
 UIBOL ZPV GPS MFUUJOH NF VTF UIF EBUB ZPV XPSLFE
TP IBSE UP DPMMFDU� +PTFG %BOLJFXJD[
 UIBOLT GPS ZPVS TVQQPSU BOE HVJEBODF UISPVHI UIF
0)$" KVOHMF� * BMTP XBOU UP UIBOL /JLMBT /JFMTFO BOE UIF SFTU PG UIF 55.�TUVEZ HSPVQ
GPS MFUUJOH NF VTF ZPVS EBUB UP BDIJFWF UIF NPTU TJHOJmDBOU SFTVMUT JO UIF UIFTJT� ɨBOL

YJ
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ZPV
 %BWJE /PSEMVOE
 GPS ZPVS DPVOUMFTT IPVST BOBMZ[JOH $.3 EBUB� .BSDVT $BSMTTPO

UIBOL ZPV GPS ZPVS FTTFOUJBM GFFECBDL BOE DSJUJRVF
 UIFSFCZ
 JNQSPWJOH BOE FMFWBUJOH NZ
XPSL JO XBZT * IBEO�U UIPVHIU PG� ɨBOL ZPV )ÌLBO "SIFEFO
 GPS ZPVS EJTDVTTJPOT
 FO�
DPVSBHFNFOU BOE TUSFOHUI� ɨBOL ZPV
 "SJF $ .BBO
 GPS ZPVS UFDIOJDBM FYQFSUJTF
 TLZQF
TFTTJPOT
 BOE CFJOH UIF LFZ�NBTUFS PG UIF 45"''�*** &$( WBVMU� 0MMF 1BIMN
 UIBOL ZPV GPS
NBOVTDSJQU GFFECBDL
 TQFMMJOH BOE HSBNNBS FYQFSUJTF BOE JOUFSFTUJOH EJTDVTTJPOT� $IVDL
.BZOBSE
 GPS ZPVS IFMQ XJUI TUBUJTUJDBM NFUIPET� ɨBOL ZPV
 4FCBTUJBO #JEIVMU
 GPS UIF
UFDIOJDBM BOE TUBUJTUJDBM FYQFSUJTF JO QBQFS *� * XPVME BMTP MJLF UP TFOE B TQFDJBM UIBOLT UP
1FS "SWJETTPO GPS BMXBZT XPOEFSJOH IPX JU�T HPJOH BOE IJT MBUFY FYQFSUJTF� " HSFBU UIBOLT
UP UIF SFTU PG UIF $BSEJBD .3�HSPVQ
 GFMMMPX 1I%�4UVEFOUT
 FOHJOFFST BOE BENJOJTUSBUJWF
QFSTPOOFM
 JO -VOE GPS BMM ZPVS TVQQPSU BOE GFFECBDL� * XPVME BMTP MJLF UP IJHIMJHIU UIF
NBJO GVOEJOH CPEJFT CFIJOE NZ SFTFBSDI
 )KÊSU�-VOHGPOEFO
 UIF 'BDVMUZ PG .FEJDJOF BU
-VOET 6OJWFSTJUZ
 UIF %FQBSUNFOU PG $MJOJDBM 1IZTJPMPHZ BOE /VDMFBS .FEJDJOF BU 4LÌOF
6OJWFSTJUZ )PTQJUBM
 3FHJPO 4LÌOF�

* BMTP XBOU UP UIBOL UIF TUVEFOU HSPVQ UIBU XPSLFE JO (BMFO�T PċDF UIF GBMM PG ����

4JSJ
 3PEFSJDL
 -BVSB
 ɧPNBT BOE *SFOF
 GPS ZPVS JOEJTQFOTBCMF DPNQBOZ JO A(BMFO�T
TDIPPM PG SFTFBSDI�� 3PCCFSU ;VTUFS[FFM
 UIBOL ZPV GPS CFJOH WFSZ OJDF UP B ZPVOH TUV�
EFOU FNCBSLJOH PO SFTFBSDI GPS UIF WFSZ mSTU UJNF� -PVJTF .BSLFSU
 * XJMM BMXBZT BTTPDJBUF
NZ UJNF JO %VSIBN XJUI ZPVS IPTQJUBMJUZ
 DIJMMFE SFE XJOF BOE DBS SJEFT
 UIBOLT GPS UBLJOH
NF JOUP ZPVS IPNF� $MBJSF BOE #FOPJU "MNFS GPS CFJOH UIF QFSGFDU UPBTUNBTUFST BT XFMM BT
QIFOPNFOBM DPVTJOT
 UIBOL ZPV GPS ZPVS TVQQPSU
 DPOWFSTBUJPOT BOE MBVHIT�

ɨBOL ZPV
 "OOB�,BSJO ɧVWFTIPMNFO "MNFS BOE "OESFBT "MNFS GPS ZPVS TVQQPSU BOE
FODPVSBHFNFOU�

)BSSZ � 7JPMB
 ZPV BSF UIF KPZ PG NZ MJGF�

½TUSBCZ
 �� 0DUPCFS ����



1BSU *

3FTFBSDI $POUFYU





$IBQUFS �

*OUSPEVDUJPO

#BTFE PO QSFWJPVT TUVEJFT
 JU JT LOPXO UIBU QBUJFOUT TVĊFSJOH GSPN B QSFTVNFE IFBSU BUUBDL
BOE B DFSUBJO UPNCTUPOF�MJLF NPSQIPMPHZ PO UIFJS FMFDUSPDBSEJPHSBN 	&$(
 IBWF B XPSTF
PVUDPNF� *O UIF GPMMPXJOH DIBQUFST UIF VOEFSMZJOH FMFDUSPQIZTJPMPHZ PG UIF IFBSU UIBU QSP�
EVDFT UIJT QBUUFSO JO B TJUVBUJPO PG UPUBM DPSPOBSZ PDDMVTJPO XJMM CF EJTDVTTFE
 UIF DPODFQU
PG JTDIFNJD 234 QSPMPOHBUJPO 	*21
 XJMM CF JOUSPEVDFE BOE JUT QPUFOUJBM SPMF JO GVUVSF
IFBMUIDBSF XJMM CF FYQMBJOFE� 'JSTU
 IPXFWFS
 B EJTDVTTJPO PO UIF SPMF PG DBSEJPWBTDVMBS EJT�
FBTF JO UPEBZ}T TPDJFUZ�

"DVUF NZPDBSEJBM JOGBSDUJPO 	".*
 JT UIF MFBEJOH DBVTF PG EFBUI JO UIF XFTUFSO XPSME�<�>
*O ����
 �� ��� QFPQMF TVĊFSFE GSPN BO ".* JO 4XFEFO
 POF� BOE ���EBZ NPSUBMJUZ XBT
��� BOE ��� SFTQFDUJWFMZ�<�> 4PNFUJNFT BO ".* PS FWFO JUT QSFDVSTPS
 UIF BDVUF DPSPOBSZ
PDDMVTJPO 	"$0
 XJUI TVCTFRVFOU BDVUF NZPDBSEJBM JTDIFNJB
 XJMM DBVTF B DBSEJBD BSSFTU
	$"
� 8IFO UIF $" MFBE UP EFBUI
 JU JT EFmOFE BT B TVEEFO DBSEJBD EFBUI 	4$%
� *OEFFE

��� PG 4$%T IBWF EJTFBTF JO UIFJS DPSPOBSZ BSUFSJFT
<�> XIJDI JT UIF QSFDVSTPS UP "$0
 BOE
��� IBE B UISPNCVT
 EJTSVQUFE QMBRVF PS CPUI JO POF PS NPSF DPSPOBSZ BSUFSJFT DBVTJOH BO
"$0�<�> )PXFWFS
 JG UIF QBUJFOU TVSWJWFT UIF JNNFEJBUF SBNJmDBUJPOT PG B $" PVUTJEF PG
B IPTQJUBM TFUUJOH JU JT EFmOFE BT BO PVU�PG�IPTQJUBM DBSEJBD BSSFTU 	0)$"
� 0)$" JT BMTP
B MFBEJOH DBVTF PG NPSUBMJUZ JO UIF XPSME
<�
 �> XJUI B WFSZ QPPS QSPHOPTJT PG POMZ �����
TVSWJWJOH UP IPTQJUBM EJTDIBSHF JO &VSPQF�<�> "O 0)$" JT DBVTFE FJUIFS CZ B DBSEJBD PS
OPO�DBSEJBD DBVTF
<�> XJUI B DBSEJBD DBVTF CFJOH NPSF GSFRVFOU�<�
 ��> *O BO BOHJPHSBQIJD
TUVEZ
 ��� PG 0)$" TVSWJWPST XFSF GPVOE UP IBWF BO "$0�<��> ɨVT
 B WFSZ DPNNPO
DBVTF GPS 0)$" TFFNT UP CF "$0 BOE BDVUF NZPDBSEJBM JTDIFNJB XJUI PS XJUIPVU ".*�
ɨFSFGPSF
 UIFSF JT NVDI UP CF HBJOFE CZ JNQSPWJOH UIF JEFOUJmDBUJPO BOE NBOBHFNFOU PG
UIFTF QBUJFOUT�

�
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��� "DVUF .ZPDBSEJBM *TDIFNJB

#PUI ".* BOE UIF NBKPSJUZ PG 0)$"T BSF QSFDFEFE CZ BO "$0
 MPTT PG CMPPE nPX UP UIF
BĊFDUFE NZPDBSEJVN
 JNQBJSFE PYZHFO EFMJWFSZ BOE TVCTFRVFOU BDVUF NZPDBSEJBM JTDIFNJB�
ɨF UFSN JTDIFNJB EPFT OPU JOEJDBUF PS JODMVEF JOGBSDUJPO
 IPXFWFS
 JU XJMM MFBE UP DFMM EFBUI
JG UIF NZPDBSEJVN JT OPU SFQFSGVTFE JO B UJNFMZ NBOOFS�

����� 1BUIPQIZTJPMPHZ

"UIFSPTDMFSPTJT

ɨF QBUIPQIZTJPMPHZ PG BDVUF NZPDBSEJBM JTDIFNJB JT NVMUJGBDUPSJBM� )PXFWFS
 UIF CBTJT PG
BO "$0 JT PGUFO BUIFSPTDMFSPTJT
<��> BOE UIF SVQUVSF PG B TDMFSPUJD QMBRVF� "UIFSPTDMFSPTJT
JT UIF HSBEVBM CVJMEVQ PG QMBRVFT JO UIF JOUJNB MBZFS PG UIF BSUFSJBM XBMM PWFS EFDBEFT�<��>
3JTL GBDUPST GPS BUIFSPTDMFSPTJT BSF UIF GPMMPXJOH�<��>

%JBCFUFTB
 %ZTMJQJEFNJBC
 4NPLJOHD


5SBOT GBUTE
 "CEPNJOBM PCFTJUZF
 8FTUFSO QBUUFSO EJFUG 


*OTVMJO SFTJTUBODFH
 )ZQFSUFOTJPOI
 "EWBODFE BHFJ


.BMF HFOEFSK
 'BNJMZ IJTUPSZL
 (FOFUJD BCOPSNBMJUJFTM


ɨF QSPDFTT PG BUIFSPTDMFSPTJT JT DIBSBDUFSJ[FE CZ JOnBNNBUJPO JO UIF BSUFSJBM XBMMT� -JQPQSP�
UFJOT BSF BDDVNVMBUFE JO UIF JOUJNB PG UIF WFTTFM XBMM XIJDI
 XIFO TVCKFDUFE UP PYJEBUJWF
TUSFTT
 JOEVDF MFVLPDZUF NJHSBUJPO� ɨF NBDSPQIBHFT BSF TJHOBMFE
 EVF UP UIF PYJEBUJWF
TUSFTT
 UP DPOTVNF UIF MJQPQSPUFJOT� ɨVT
 PWFS UJNF UIF NBDSPQIBHFT CFDPNF MBEFO XJUI
DIPMFTUFSPM QSPEVDUT
 QBSUJDVMBSMZ -%- XJUIJO UIF WFTTFM XBMM BOE EFWFMPQ JOUP TP DBMMFE
AGPBN DFMMT�� "T UIF NBDSPQIBHFT EJF UIF GPBN DPSF SFNBJOT BOE GPSN UIF CBTJT PG UIF
QMBRVF� $PODVSSFOUMZ TNPPUI NVTDMF DFMMT BSF TJHOBMFE UP NJHSBUF GSPN UIF NFEJB MBZFS
PG UIF WFTTFM XBMM UP UIF JOUJNB� ɨFZ TUBCJMJ[F UIF JOUJNB CZ TFDSFUJOH FYUSBDFMMVMBS NBUSJY
GPSNJOH B mCSPVT DBQTVMF BSPVOE UIF MJQJE DPSF� ɨF DPSF BOE UIF mCSPVT DBQTVMF NBLFT VQ
XIBU XF DBMM UIF TDMFSPUJD QMBRVF� ɨF TUSFOHUI PG UIF mCSPVT DBQTVMF HPWFSOT UIF QSPQFOTJUZ
GPS UIF QMBRVF UP SVQUVSF
<��> BOE JOnBNNBUJPO DBO XFBLFO UIF DBQTVMF BOE EFTUBCJMJ[F UIF
QMBRVF� 8IFO UIF QMBRVF JT XFBLFOFE CZ UIJT QSPDFTT JU NBZ SVQUVSF BOE USJHHFS UIF GPSNB�
UJPO PG B UISPNCVT JO UIF DPSPOBSZ WFTTFM� ɨJT JT EVF UP UIF UISPNCPHFOJD DPOUFOUT PG UIF
QMBRVF
 DBVTJOH QMBUFMFU BDUJWBUJPO
 JOJUJBUJPO PG UIF DPBHVMBUJPO DBTDBEF
 NVSBM UISPNCVT
GPSNBUJPO
 BOE FNCPMJ[BUJPO� 'VSUIFSNPSF
 UIJT IZQFSDPBHVMBCMF TUBUF DBO DBVTF B DIBJO
SFBDUJPO BOE JOJUJBUF UIF SVQUVSF PG PUIFS BU�SJTL QMBRVFT
 DBVTJOH NPSF UIBO POF DVMQSJU
MFTJPO�<��>

ɨVT
 UIF GPSNBUJPO PG B UISPNCVT EVF UP B SVQUVSFE QMBRVF
 JT UIF DBVTF PG UIF "$0

JO UVSO MFBEJOH UP PCTUSVDUFE CMPPE nPX EPXOTUSFBN PG UIF MFTJPO BOE JOJUJBUJPO PG UIF
JTDIFNJD DBTDBEF�<��>
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$FMM 3FTQJSBUJPO

ɨF IFBMUIZ BOE OPSNBM NZPDZUF JT TVQQMJFE
 WJB B DPSPOBSZ BSUFSZ BOE TVCTFRVFOU DBQ�
JMMBSZ
 XJUI HMVDPTF BOE PYZHFO 	'JHVSF ���
� "U UIF TBNF UJNF XBTUF QSPEVDUT GSPN UIF
NFUBCPMJTN JT SFMFBTFE JOUP UIF CMPPE TUSFBN BOE SFNPWFE GSPN UIF DFMM� (MVDPTF JT UIF NBJO
FOFSHZ TVCTUSBUF BOE JT CSPLFO EPXO JO UIF DFMM UISPVHI HMZDPMZTJT
 JO XIJDI QZSVWBUF BOE B
TNBMM BNPVOU PG BEFOPTJOF USJ�QIPTQIBUF 	"51
 BSF QSPEVDFE� "51 JT UIF NBJO FOFSHZ DVS�
SFODZ XJUIJO UIF DFMM BOE JT VTFE GPS BO BCVOEBOU BNPVOU PG EJĊFSFOU QSPDFTTFT�<��> 1ZSV�
WBUF JT JO UVSO NFUBCPMJ[FE UISPVHI ,SFC�T DZDMF JOUP /"%) BOE BEEJUJPOBM "51�<��
 ��>
)PXFWFS
 UIF NBJO "51 QSPEVDUJPO PDDVST JO UIF NJUPDIPOESJB UISPVHI B QSPDFTT LOPXO
BT UIF NJUPDIPOESJBM FMFDUSPO USBOTQPSU DIBJO 	&5$
�<��
 ��> /"%) DBSSJFT B QSPUPO 	)+

XIJDI HFOFSBUFT B QSPUPO HSBEJFOU PWFS UIF JOOFS NFNCSBOF PG UIF NJUPDIPOESJB� 5P GVFM
UIJT QSPDFTT PYZHFO JT OFFEFE
 XIJDI IFMQT NPWF UIF QSPUPO BHBJOTU UIF HSBEJFOU� ɨF QBT�
TJWF NPWFNFOU PG QSPUPOT BMPOH UIF HSBEJFOU TVCTFRVFOUMZ QPXFST UIF QSPEVDUJPO PG "51�

'JHVSF ���� /PSNBM DFMM SFTQJSBUJPO� (MVDPTF BOE PYZHFO JT TVQQMJFE WJB UIF CMPPETUSFBN� ɨSPVHI HMZDPMZTJT

HMVDPTF JT CSPLFO EPXO JOUP QZSVWBUF BOE B TNBMM BNPVOU PG BEFOPTJOF USJ�QIPTQIBUF 	"51
� 1ZSVWBUF JT JO
UVSO NFUBCPMJ[FE UISPVHI ,SFC�T DZDMF JOUP /"%) BOE BEEJUJPOBM "51� ɨF NBJO "51 QSPEVDUJPO PDDVST
JO UIF NJUPDIPOESJB UISPVHI UIF FMFDUSPO USBOTQPSU DIBJO 	&5$
� " QSPUPO HSBEJFOU JT NBJOUBJOFE PWFS UIF
JOOFS NFNCSBOF PG UIF NJUPDIPOESJB XJUI UIF VTF PG PYZHFO� 1BTTJWF NPWFNFOU PG QSPUPOT BMPOH UIF HSBEJFOU
TVCTFRVFOUMZ QPXFST UIF QSPEVDUJPO PG "51�
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8IFO UIF TVQQMZJOH BSUFSZ JT DMPTFE
 EVF UP BO "$0
 JTDIFNJB FOTVFT BOE TVTQFOET
UIF QSPDFTTFT EJTDVTTFE BCPWF 	'JHVSF ���
� 8IFO UIF PYZHFO TVQQMZ EXJOEMFT
 UIF &5$
JT IBMUFE BOE UIF QSPUPO HSBEJFOU CFDPNFT JNQBJSFE�<��> ɨVT
 UIF DFMM RVJDLMZ TXJUDI UP
BOBFSPCJD SFTQJSBUJPO BOE SFMJFT PO HMZDPMZTJT BMPOF
 UVSOJOH HMVDPTF NPMFDVMFT JOUP MBDUBUF
JOTUFBE PG QZSVWBUF
 GPS "51 QSPEVDUJPO�<��> ɨJT DBVTFT BDJEPTJT XJUIJO UIF DFMM� ɨF
HMVDPTF TVQQMZ XJMM BMTP EXJOEMF TJODF JU JT NBJOMZ TVQQMJFE WJB UIF CMPPETUSFBN
 IPXFWFS

UIF DFMM EPFT IBWF HMZDPHFO SFTFSWFT XIJDI DBO SFBEJMZ CF DPOWFSUFE JOUP HMVDPTF
 BMUIPVHI
UIFTF BSF mOJUF� ɨVT
 UIFZ BSF EFQMFUFE RVJDLMZ BOE UIF "51 DPOTVNQUJPO TVSQBTTFT UIF
QSPEVDUJPO MFBEJOH UP BO JNNFEJBUF FOFSHZ TIPSUBHF�<��
 ��
 ��> 'VSUIFSNPSF
 QSPUPOT
GSPN /"%) BSF BDDVNVMBUFE JO UIF DFMM TJODF UIFSF JT OP PYZHFO UP VQIPME UIF QSPUPO
HSBEJFOU JO UIF NJUPDIPOESJB
<��> DBVTJOH GVSUIFS JOUSBDFMMVMBS BDJEPTJT�<��> ɨF DFMM XJMM
USZ UP SFWFSTF UIF BDJEPTJT CVU CZ EPJOH TP EFTUBCJMJ[F UIF NFNCSBOF QPUFOUJBM GVSUIFS�<��>
'VSUIFSNPSF
 BT JTDIFNJB DPOUJOVFT
 DBUBCPMJUFT BSF BDDVNVMBUFE BOE BT "51 MFWFMT GBMM UIFSF
JT OPU FOPVHI FOFSHZ UP VQIPME UIF NFNCSBOF QPUFOUJBM
 VMUJNBUFMZ TJHOBMJOH UIF JOJUJBUJPO
PG BQPQUPTJT�<��> .FNCSBOF QPUFOUJBM BOE FĊFDUT PO JPO HSBEJFOUT XJMM CF EJTDVTTFE JO EFUBJM
JO TFDUJPO ����

'JHVSF ���� *TDIFNJD DFMM SFTQJSBUJPO� �
 %VF UP UIF PDDMVEJOH UISPNCVT
 HMVDPTF BOE PYZHFO TVQQMZ JT ESBTUJ�
DBMMZ EFQSJWFE� �
 ɨF &5$ JT IBMUFE BOE UIF QSPUPO HSBEJFOU CFDPNFT JNQBJSFE� �
 ɨF DFMM TXJUDI UP BOBFSPCJD
SFTQJSBUJPO BOE SFMJFT PO HMZDPMZTJT BMPOF
 UVSOJOH HMVDPTF NPMFDVMFT JOUP MBDUBUF JOTUFBE PG QZSVWBUF
 GPS "51
QSPEVDUJPO� �
 ɨF "51 DPOTVNQUJPO TVSQBTTFT UIF QSPEVDUJPO MFBEJOH UP BO JNNFEJBUF FOFSHZ TIPSUBHF� �

ɨF IBMUFE QSPDFTTFT UPHFUIFS MFBE UP B NPVOUJOH BDJEPTJT�
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ɧF *TDIFNJD $BTDBEF

ɨF MBTU TUFQ PG UIF JTDIFNJD DBTDBEF JT DFMM EFBUI BOE JOGBSDUJPO CVU
 CFGPSF UIJT UFSNJOBM
GBUF
 TFWFSBM BMUFSBUJPOT JO UIF NZPDBSEJVN DBO CF PCTFSWFE� EJBTUPMJD EZTGVODUJPO
 TZTUPMJD
EZTGVODUJPO
 &$( DIBOHFT BOE BOHJOB QFDUPSJT�<��>

%JBTUPMJD EZTGVODUJPO JT EFmOFE BT JNQBJSFE SFMBYBUJPO PG UIF IFBSU� *U JT UIF NPTU FOFSHZ
EFNBOEJOH QSPDFTT BOE JT UIFSFGPSF BĊFDUFE mSTU� %VSJOH EJBTUPMF
 $B2+ JT NPWFE GSPN UIF
JOUSBDFMMVMBS TQBDF FYUSBDFMMVMBSMZ PS JOUP UIF TBSDPQMBTNJD SFUJDVMVN
 B QSPDFTT XIJDI VTFT
NFNCSBOF QVNQT BOE SFRVJSFT FOFSHZ 	"51
� "T EFTDSJCFE BCPWF
 EVSJOH JTDIFNJB UIF
NZPDBSEJBM DFMMT HPFT GSPN BFSPCJD UP BOBFSPCJD SFTQJSBUJPO BOE XJUIJO �� TFDPOET UIFSF
JT BO JNCBMBODF JO "51 QSPEVDUJPO BOE DPOTVNQUJPO�<��> ɨFSFGPSF
 UIFSF JT B EFDMJOF JO
$B2+ NPWJOH BHBJOTU UIF DPODFOUSBUJPO HSBEJFOU EVSJOH EJBTUPMF SFTVMUJOH JO BO JNQBJSFE
SFMBYBUJPO BOE BMTP SFQPMBSJ[BUJPO CFGPSF UIF OFYU BDUJPO QPUFOUJBM 	"1
	TFF TFDUJPO ���
�

4ZTUPMJD EZTGVODUJPO GPMMPXT EVF UP UIF BDDVNVMBUJPO PG $B2+ JOUSBDFMMVMBSMZ
 UIVT
 CF�
DPNJOH BDJEJD BOE SJDI JO QIPTQIBUF�<��
 ��> ɨJT DBVTFT EFDSFBTFE SFHJPOBM DPOUSBDUJMJUZ
XJUIJO B GFX CFBUT BOE EZTLJOFTJB XJUIJO � NJOVUF� TJODF UIF HMPCBM DPOUSBDUJMJUZ JT BG�
GFDUFE OFHBUJWFMZ
 MFGU WFOUSJDMF 	-7
 FOE�EJBTUPMJD QSFTTVSF SJTFT BOE TZTUPMJD CMPPE QSFTTVSF
ESPQT
<��> BĊFDUJOH DBSEJBD PVUQVU BOE TUSPLF WPMVNF BT XFMM� ɨFTF IFNPEZOBNJD BĊFDUT
EFQFOE PO UIF TFWFSJUZ 	TVCTFDUJPO �����
 BOE FYUFOU PG JTDIFNJB�

&$( DIBOHFT JT UIF UIJSE TUFQ JO UIF JTDIFNJD DBTDBEF BOE XJMM CF DPOTJEFSFE JO EFUBJM
JO TFDUJPO ���� ɨF BDDVNVMBUJPO PG NFUBCPMJUFT FWFOUVBMMZ DBVTFT BOHJOB QFDUPSJT
<��>
CVU UIJT VTVBMMZ JT UIF MBTU TJHO PG JTDIFNJB CFGPSF JSSFWFSTJCMF DFMM JOKVSZ� ɨF QBUJFOU DBO
FYQFSJFODF DIFTU QBJO
 XJUI QPTTJCMF SBEJBUJPO UP BSNT
 OFDL
 KBX
 TIPVMEFS PS CBDL� ɨF
IFBSU JT JOOFSWBUFE EJĊVTFMZ BOE NFSHF XJUI OFSWFT GSPN UIF SFTQFDUJWF QBJO BSFBT DBVTJOH
UIF QBJO SBEJBUJPO�

ɨF VMUJNBUF TUFQ JO UIF JTDIFNJD DBTDBEF
 BT NFOUJPOFE BCPWF
 JT JSSFWFSTJCMF DFMM JOKVSZ
	DFMM EFBUI
 BOE
 UIVT
 ".*� *G JTDIFNJB JT BMMPXFE UP QFSTJTU UIF JOGBSDUJPO XJMM TQSFBE JO
B XBWFGSPOU NBOOFS GSPN FOEP� UP FQJDBSEJVN�<��> 'JOBMMZ
 UIF JOGBSDU XJMM CFDPNF USBOT�
NVSBM 	DPWFSJOH UIF GVMM UIJDLOFTT PG UIF WFOUSJDMF XBMM
 BOE OP JTDIFNJD DFMMT SFNBJO� ɨVT

UIF EVSBUJPO PG JTDIFNJB JT QBSBNPVOU GPS QBUJFOU QSPHOPTJT�

".* $MBTTJmDBUJPO

"MUIPVHI UIF UIFTJT EPFT OPU DPOTJEFS ".* JO EFUBJM CVU SBUIFS UIF QSFDVSTPS
 BDVUF NZ�
PDBSEJBM JTDIFNJB
 JU JT PG WBMVF UP EFTDSJCF UIF EJĊFSFOU TVC DMBTTJmDBUJPOT PG ".*� ɨF
NBJO DMBTTJmDBUJPO JT UIBU PG PDDVSSFODF PG BO 45�TFHNFOU FMFWBUJPO 	45&
 PO UIF QSFTFOU�
JOH &$( PS OPU 	ɨF QBUIPQIZTJPMPHZ BOE FMFDUSPQIZTJPMPHZ PG UIF &$( BOE 45�TFHNFOU
XJMM CF DPWFSFE JO TFDUJPO ���
�

t 45�TFHNFOU FMFWBUJPO NZPDBSEJBM JOGBSDUJPO 	45&.*
� "O FMFWBUFE 45�TFHNFOU TJH�
OJmFT
 QSFEPNJOBOUMZ
 USBOTNVSBM JTDIFNJB EVF UP BO "$0� ɨF 45&.* UFSN JT



� $)"15&3 �� */530%6$5*0/

UIFSFGPSF DPOUSBEJDUPSZ TJODF
 JO MBSHF QSPQPSUJPO PG 45&.* DBTFT
 UIF NZPDBSEJVN
IBT OPU BDUVBMMZ JOGBSDUFE ZFU� ɨF SFDPNNFOEFE UIFSBQZ JT
 UIFSFGPSF
 JNNFEJBUF
SFQFSGVTJPO PG UIF JTDIFNJD SFHJPO JO PSEFS UP NJOJNJ[F UIF NZPDBSEJBM JOKVSZ�<��>

t /PO 45�TFHNFOU FMFWBUJPO NZPDBSEJBM JOGBSDUJPO 	/45&.*
� /45&.* JT EFmOFE
BT JTDIFNJB BOE JOGBSDUJPO XJUIPVU 45&� $MJOJDBM FWBMVBUJPO
 BOBNOFTJT BOE DIFN�
JDBM NBSLFST PG NZPDBSEJBM DFMM EFBUI BSF VTFE UP EJĊFSFOUJBUF /45&.* GSPN PUIFS
DBSEJBD BOE OPO�DBSEJBD EJTFBTFT�<��>

����� 4FWFSJUZ PG *TDIFNJB BOE $PMMBUFSBM 'MPX

%VSJOH NZPDBSEJBM JTDIFNJB UIF BĊFDUFE NZPDBSEJBM DFMMT BSF EFQSJWFE PG PYZHFO BOE HMV�
DPTF 	BT EJTDVTTFE BCPWF
� )PXFWFS
 JU JT OPU BO JNNFEJBUF DFTTBUJPO PG TVQQMZ
 UIVT
 UIF
SBUF BU XIJDI UIF JTDIFNJD BSFB EFWFMPQT JOUP JOGBSDUJPO WBSJFT�<��> ɨJT XJOEPX PG UJNF

GSPN "$0 UP OFDSPTJT BOE
 UIVT
 JOGBSDUJPO
 EFQFOET PO TFWFSBM GBDUPST BOE SBOHFT GSPN ���
I�<��> 'VSUIFSNPSF
 )FETUSÚN FU BM� SFQPSUT B NFBO UJNF PG ��� NJOVUFT GSPN QBJO POTFU
UP ��� JOGBSDUJPO PG UIF NZPDBSEJBM SFHJPO BU�SJTL�<��> ɨJT NVMUJGBDUPSJBM SBUF WBSJBUJPO PG
UIF JOGBSDU FWPMVUJPO JT DPNQVOEMZ UFSNFE UIF ATFWFSJUZ PG JTDIFNJB�� 'BDUPST BĊFDUJOH UIF
TFWFSJUZ PG JTDIFNJB JODMVEF� QSFTFODF PG DPMMBUFSBMT
<��> BSUFSZ TQBTN XJUI JOUFSNJUUFOU PD�
DMVTJPO
 UIF TFOTJUJWJUZ PG UIF NZPDZUFT UP JTDIFNJB
 QSF�DPOEJUJPOJOH
<��> BOE JOEJWJEVBM
EFNBOE GPS PYZHFO BOE OVUSJFOUT�<��
 ��>

.FBTVSJOH UIF TFWFSJUZ PG JTDIFNJB JT DIBMMFOHJOH� 0OF TVSSPHBUF JT UIF RVBOUJmDBUJPO
PG DPMMBUFSBM BSUFSJBM nPX
 XIJDI JT DMPTFMZ SFMBUFE UP UIF UJNF DPVSTF PG JSSFWFSTJCMF NZPDZUF
JOKVSZ�<��
 ��> $PMMBUFSBM BSUFSJBM nPX DBO CF NFBTVSFE CZ SBEJPBDUJWF TVCTUBODFT
<��> CVU
BMTP JOEJSFDUMZ BTTFTTFE CZ DBSEJBD NBHOFUJD SFTPOBODF JNBHJOH 	$.3
 BOE BOHJPHSBQIZ�<��>
*U IBT CFFO DPSSFMBUFE UP JOGBSDUJPO TJ[F
 MFGU WFOUSJDVMBS GVODUJPO
 NPSUBMJUZ BOE UIF BNPVOU
PG BU�SJTL NZPDBSEJVN UIBU EPFT OPU JOGBSDU PO $.3�<��
 ��
 ��>

$PMMBUFSBMT BSF WFTTFMT UIBU JOUFSDPOOFDU UIF NBJO DPSPOBSZ BSUFSJFT
 BOE JO DBTF PG BO
"$0
 QBSUMZ TVQQMJFT UIF JTDIFNJD NZPDBSEJVN XJUI CMPPE BOE PYZHFO BQBSU GSPN UIF
DVMQSJU WFTTFM�<��> )PXFWFS
 DPMMBUFSBMT BSF OPSNBMMZ POMZ BCMF UP BMMPDBUF MFTT UIFO ��� PG
UIF OPSNBM CMPPE nPX JO DBTF PG BO "$0
<��> BOE BSF OPO�GVODUJPOJOH PUIFSXJTF�<��> 1SF�
DPOEJUJPOJOH
 JTDIFNJD IFBSU EJTFBTF 	*)%
 BOE DPSPOBSZ BSUFSZ EJTFBTF 	$"%
 QSPNPUFT
BSUFSJPHFOFTJT EVF UP NJME SFQFBUFE IZQPYJB PWFS B MPOH QFSJPE PG UJNF JO UIF BĊFDUFE BSFB

PQFOJOH VQ UIF VOVTFE DPMMBUFSBMT�<��> ɨVT
 QBUJFOUT XJUI SFDSVJUBCMF DPMMBUFSBMT IBWF B
MPXFS DBSEJPWBTDVMBS FWFOU SBUF BOE JNQSPWFE TVSWJWBM�<��> *O GBDU
 B DPMMBUFSBM nPX PG ���
PG UIF SFTUJOH nPX WBMVF DBO QSPUFDU BOE QSFWFOU JOGBSDUJPO JO QBUJFOUT XJUI JTDIFNJB GPS
MPOHFS UIBO � IPVS�<��>

1BUJFOUT XJUIPVU PS XJUI POMZ B SFTUSJDUFE BNPVOU PG DPMMBUFSBMT
 UIFSFGPSF
 UFOE UP TVĊFS
GSPN NPSF TFWFSF JTDIFNJB
 IBWF B GBTUFS JOGBSDU SBUF BOE NPWF UISPVHI UIF JTDIFNJD DBTDBEF
RVJDLFS�
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����� ɧFSBQZ

ɨF BJN PG UIFSBQZ JO "$0 BOE BDVUF NZPDBSEJBM JTDIFNJB JT UP SFTUPSF CMPPE nPX UP UIF
JTDIFNJD NZPDBSEJVN UISPVHI GBTU SFQFSGVTJPO BOE JT UIF BCTPMVUF SFDPNNFOEFE UIFSBQZ

JO CPUI UIF 64 BOE &VSPQF�<��o��> 'VSUIFSNPSF
 GBTUFS SFQFSGVTJPO DPSSFMBUFT UP TNBMMFS
JOGBSDU TJ[F BOE MPXFS NPSUBMJUZ�<��> ɨFSF BSF UXP GVOEBNFOUBMMZ EJĊFSFOU NFUIPET PG
BDIJFWJOH SFQFSGVTJPO� NFDIBOJDBM 	QFSDVUBOFPVT DPSPOBSZ JOUFSWFOUJPO <1$*> BOE DPSP�
OBSZ BSUFSZ CZQBTT HSBGUJOH <$"#(>
 BOE QIBSNBDPMPHJDBM 	mCSJOPMZTJT
�

1$*

$VSSFOU HVJEFMJOFT GPS USFBUNFOU PG 45&.* SFDPNNFOE QSJNBSZ 1$* BT UIFSBQZ JG B 1$*
DFOUFS JT BWBJMBCMF
 BOE UIF JOUFSWFOUJPO DBO CF DPNQMFUFE XJUIJO ��� NJO GSPN mSTU NFEJDBM
DPOUBDU�<��
 ��o��
 ��o��> %VSJOH 1$* UIF BĊFDUFE DPSPOBSZ BSUFSZ JT
 VTVBMMZ
 BDDFTTFE
GSPN UIF SBEJBM PS GFNPSBM BSUFSZ UISPVHI DBUIFSJ[BUJPO BOE WJTVBMJ[FE VTJOH SFBM�UJNF Y�SBZ
JNBHJOH 	BOHJPHSBQIZ
� $PSPOBSZ BOHJPQMBTUZ JT QFSGPSNFE UP PQFO VQ UIF PDDMVEFE BSUFSZ
WJB JOnBUJPO PG B CBMMPPO DBUIFUFS BU UIF TUFOPTJT
 PGUFO XJUI UIF JOTFSUJPO PG B TUFOU JO PSEFS
UP LFFQ UIF BSUFSZ PQFO� 4UFOU QMBDFNFOU JT QSFGFSSFE PWFS CBMMPPO BOHJPQMBTUZ BMPOF BT
JU EFDSFBTFT UBSHFU WFTTFM SFWBTDVMBSJ[BUJPO BOE TVCTFRVFOU NZPDBSEJBM JOGBSDUJPO�<��
 ��>
1SPHSFTTJWF EFMBZ CFUXFFO QBJO POTFU BOE 1$* JODSFBTF JO�IPTQJUBM BOE MPOH�UFSN NPSUBMJUZ
BOE B ���NJOVUF EFMBZ JO USFBUNFOU JODSFBTFT SJTL SBUJP 	33
 PG ��ZFBS NPSUBMJUZ CZ ���<��

��>

$"#(

ɨF $"#( QSPDFEVSF DPOTJTUT PG PQFOJOH VQ UIF DIFTU DBWJUZ
 BDDFTTJOH UIF IFBSU BOE HSBGU�
JOH WFJOT
 FYUSBDUFE GSPN UIF QBUJFOU�T PXO TIBOL
 CZQBTTJOH UIF PDDMVEFE PS TUFOPUJD QBSU
PG UIF DVMQSJU BSUFSZ	JFT
� *U TIPVME CF OPUFE UIBU UIF QSPDFEVSF JT B NBKPS TVSHFSZ XJUI QP�
UFOUJBMMZ TFSJPVT DPNQMJDBUJPOT BUUBDIFE UP JU� $"#( JT QSFGFSSFE PWFS 1$* JO QBUJFOUT XJUI
NVMUJ�WFTTFM EJTFBTF� )PXFWFS
 JO BO BDVUF TFUUJOH
 BOHJPHSBQIZ XJUI PS XJUIPVU 1$* JT VTV�
BMMZ QFSGPSNFE GPS EJBHOPTUJD QVSQPTFT BOE UP BMMFWJBUF UIF JNNFEJBUF DPSPOBSZ PDDMVTJPO
DBVTJOH TZNQUPNT� ɨVT
 BMUIPVHI QSJNBSZ 1$* JT UIF TUBOEBSE SFWBTDVMBSJ[BUJPO UFDI�
OJRVF GPS 45&.* QBUJFOUT
 $"#( DPVME CFOFmU UIPTF XIP EP OPU SFTQPOE UP 1$*�<��>
*O /45&.* QBUJFOUT
 IPXFWFS
 $"#( JT B NPSF DPNNPO PDDVSSFODF EVF UP
 GPSFNPTU

NVMUJWFTTFM EJTFBTF�<��
 ��>

'JCSJOPMZTJT

'JCSJOPMZTJT JT BO BMUFSOBUJWF USFBUNFOU UIFSBQZ UP 1$* PS $"#( BJNFE BU EJTTPMWJOH UIF
UISPNCVT QIBSNBDPMPHJDBMMZ� ɨSPNCPMZUJDT JOEVDF UIF DPOWFSTJPO PG QMBTNJOPHFO UP QMBT�
NJO XIJDI MZTF UIF mCSJO BOE EJTTPMWFT UIF UISPNCVT
<��
 ��> SFTVMUJOH JO B SFEVDFE NPSUBM�
JUZ CZ ��� DPNQBSFE UP QMBDFCP�<��
 ��> )PXFWFS
 JU IBT CFFO TIPXO UIBU 1$* JT QSFGFSBCMF
PWFS mCSJOPMZTJT JO UIF BDVUF TUBHF 	���� NJO GSPN NFEJDBM DPOUBDU

<��
 ��> XIJDI SFEVDFT
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TIPSU�UFSN NBKPS BEWFSTF DBSEJBD BOE DFSFCSPWBTDVMBS FWFOUT 	�� WT ���� Q��r����
�<��>
'VSUIFSNPSF
 mCSJOPMZTJT JT POMZ ��¦��� TVDDFTTGVM JO SFTUPSJOH BSUFSJBM nPX JO 45&.*
QBUJFOUT�<��> *O NPSF UIBO ��� XJUI QFSTJTUFOU 45& BGUFS mCSJOPMZTJT SFTDVF 1$* JT OFD�
FTTBSZ EVF UP DPNQMJDBUJPOT BOE VODPNQMFUF SFQFSGVTJPO�<��
 ��> )PXFWFS
 UIF USFBUNFOU
IBT B QVSQPTF JO TJUVBUJPOT JO XIJDI JOUFSWFOUJPO XJUIJO UIF ��� NJO UJNF MJNJU JT EJċDVMU
PS JNQPTTJCMF UP BDIJFWF� *O UIJT TJUVBUJPO
 -JV FU BM� TIPXT UIBU 1$* BGUFS mCSJOPMZTJT TIPX
TJNJMBS SFTVMUT UP QSJNBSZ 1$* BOE JT CFUUFS DPNQBSFE UP MBUF 1$* 	���� NJO GSPN mSTU
NFEJDBM DPOUBDU
�<��> 'VSUIFSNPSF
 3FOBSE FU BM� TIPXFE JO BO SFUSPTQFDUJWF TUVEZ UIBU
0)$" QBUJFOUT USFBUFE XJUI mCSJOPMZTJT JO BNCVMBODF IBE B IJHIFS DIBODF PG BSSJWJOH BU
IPTQJUBM BMJWF�<��> 0)$" 	BT EJTDVTTFE BCPWF
 JT PGUFO EVF UP TFWFSF NZPDBSEJBM JTDIFNJB

XIJDI IBWF QPPSFS PVUDPNF DPNQBSFE UP TUBCMF 45&.* QBUJFOUT�<�>

��� $BSEJBD &MFDUSPQIZTJPMPHZ

ɨF OPSNBM FMFDUSPQIZTJPMPHZ PG UIF NZPDBSEJVN JODMVEJOH UIF NFNCSBOF QPUFOUJBM
 UIF
BDUJPO QPUFOUJBM 	"1
 BOE UIF DBSEJBD DPOEVDUJPO TZTUFN GPMMPXFE CZ UIF DIBOHFT UIBU PD�
DVST EVSJOH BDVUF NZPDBSEJBM JTDIFNJB XJMM CF EFTDSJCFE�

����� ɧF .FNCSBOF 1PUFOUJBM

&WFSZ TJOHMF FVLBSZPUJD DFMM IBWF B DFMM NFNCSBOF BOE BDSPTT JU BO FMFDUSJD QPUFOUJBM PG ��� UP
��� N7�<��> ɨJT FMFDUSJDBM DIBSHF JT QBSBNPVOU GPS DFMM TVSWJWBM BOE GVODUJPO� ɨF NFN�
CSBOF QPUFOUJBM JT NBJOUBJOFE CZ JPO DIBOOFM QVNQT
 GVFMFE CZ "51
 NPWJOH JPOT BDSPTT
UIF NFNCSBOF BHBJOTU UIFJS DPODFOUSBUJPO HSBEJFOU� ɨF NFNCSBOF QPUFOUJBM PG WFOUSJDV�
MBS DFMMT JT BSPVOE ��� N7� ɨF NBJO JPOT JOWPMWFE JO UIF NBJOUFOBODF PG UIF NFNCSBOF
QPUFOUJBM BSF TPEJVN 	/B+

 DIMPSJEF 	$M−

 DBMDJVN 	$B2+
 BOE QPUBTTJVN 	,+
�<��>
$PODFOUSBUJPO PG /B+
 $M− BOE $B2+ BSF IJHIFS FYUSBDFMMVMBSMZ XIJMF ,+ DPODFOUSBUJPO JT
IJHIFS JOUSBDFMMVMBSMZ�<��> &YBNQMFT PG JPO DIBOOFM QVNQT BSF UIF /B�, QVNQ XIJDI NPWF
UISFF /B+ PVU PG UIF DFMM GPS UXP ,+ JOUP UIF DFMM BOE UIF /B�$B FYDIBOHFS XIJDI SFNPWFT
POF $B2+ GSPN UIF DFMM GPS UISFF /B+�<��> 1PUBTTJVN DBO USBWFM GSFFMZ PWFS UIF NFNCSBOF
UISPVHI EJĊVTJPO BOE UIF SFTVMUJOH FRVJMJCSJVN EFUFSNJOFT UIF SFTUJOH QPUFOUJBM�<��>

.ZPDBSEJBM DFMMT BSF FMFDUSJDBMMZ FYDJUBCMF BOE VTF UIF NFNCSBOF QPUFOUJBM GPS USBOTNJU�
UJOH TJHOBMT CFUXFFO EJĊFSFOU QBSUT PG UIF DFMM� ɨF TJHOBM JT USBOTNJUUFE WJB MPDBM DIBOHFT
JO UIF NFNCSBOF QPUFOUJBM TQSFBEJOH UP BEKBDFOU PS NPSF EJTUBOU QBSUT PG UIF NFNCSBOF
XIJDI JO UVSO BDUJWBUFT EJTUBOU JPO DIBOOFMT UP UIF TPVSDF� ɨVT
 SFQSPEVDJOH UIF TJHOBM�
'VSUIFSNPSF
 BMM NZPDBSEJBM NVTDMF DFMMT BSF MJOLFE CZ HBQ KVODUJPOT
 XIJDI BMMPXT UIF
FMFDUSJD DIBSHF UP QSPQBHBUF GSPN POF DFMM UP UIF OFYU
<��> GPSNJOH B OFUXPSL BDSPTT BMM
NZPDZUFT UIBU JT QBSUJDVMBSMZ JNQPSUBOU GPS UIF FMFDUSJD QSPQBHBUJPO JO UIF IFBSU BOE DBSEJBD
QVNQ GVODUJPOBMJUZ�
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����� ɧF "DUJPO 1PUFOUJBM

"O "1 DBVTFT B UPUBM DFMM EFQPMBSJ[BUJPO XIFSF UIF NFNCSBOF QPUFOUJBM DIBOHFT JUT QPMBSJUZ
GSPN OFHBUJWF 	��� N7
 UP QPTJUJWF 	�� N7
� $FSUBJO WPMUBHF HBUFE JPO DIBOOFMT
 XIFO BD�
UJWBUFE
 JOEVDFT UIF "1
 XIJDI TQSFBET UISPVHIPVU UIF DFMM�<��> *U JT UIF "1 UIBU QSPQBHBUFT
UIF FMFDUSJDBM BDUJWBUJPO PG UIF IFBSU MFBEJOH UP NZPDBSEJBM DPOUSBDUJPO� "1T WBSZ XJUIJO UIF
IFBSU EVF UP UIF WBSZJOH TFUVQT PG JPO DIBOOFMT� "O "1 JO B DBSEJBD NVTDMF DFMM HP UISPVHI
UIF GPMMPXJOH DZDMF 	'JHVSF ���
�

'JHVSF ���� "DUJPO QPUFOUJBM 	"1
 PG B NZPDBSEJBM NVTDMF DFMM� ɨF OVNCFST JOEJDBUF UIF "1 QIBTFT PO UIF
XBWFGPSN� #FMPX
 UIF NBJO JPO NPWFNFOU JT TIPXO� " QPTJUJWF EFnFDUJPO GSPN UIF MJOF JOEJDBUFT FČVY XIJMF
B OFHBUJWF EFnFDUJPO TJHOJmFT JOnVY�

1IBTF �

1IBTF � JT UIF SFTUJOH QIBTF CFUXFFO "1T XIFO UIF QPUFOUJBM PG UIF NFNCSBOF JT SPVHIMZ
��� N7�<��> "T EFTDSJCFE BCPWF
 UIF SFTUJOH QPUFOUJBM EFQFOET PO UIF JPO HSBEJFOUT PWFS
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UIF DFMM NFNCSBOF XIJDI JT VQIFME CZ JPO QVNQT BOE DIBOOFMT�

1IBTF �

ɨF "1 CFHJOT XJUI B SBQJE JOnVY
 BMPOH UIF HSBEJFOU
 PG NBJOMZ /B+ JPOT UISPVHI WPMUBHF
HBUFE DIBOOFMT JO UIF DFMM NFNCSBOF� ɨF DIBOOFMT BSF BDUJWBUFE CZ BO "1 BSSJWJOH GSPN B
OFJHICPSJOH DFMM UISPVHI HBQ KVODUJPOT� ɨF OFJHICPSJOH "1 SBJTFT UIF NFNCSBOF QPUFOUJBM
OFBS UIF HBQ KVODUJPOT BCPWF UIF UISFTIPME QPUFOUJBM 	BCPVU ��� N7
 XIJDI DBVTFT UIF /B+�
DIBOOFMT UP PQFO� ɨF "1 TQSFBET BDSPTT UIF DFMM BOE DBVTFT UIF JNNFEJBUF 	JO MFTT UIBO
� NT
 EFQPMBSJ[BUJPO BOE SFWFSTFE QPMBSJUZ PG UIF FOUJSF NFNCSBOF QPUFOUJBM
 SFBDIJOH B
QPUFOUJBM PG BCPVU �� N7�<��>

1IBTF �

%VSJOH QIBTF � UIF WPMUBHF HBUFE /B+ DIBOOFMT JOBDUJWBUF
 EVF UP UIF OFX QPTJUJWF NFN�
CSBOF QPUFOUJBM
 USBQQJOH TPEJVN JOTJEF UIF DFMM
 UIVT
 SFWFSTJOH JUT DPODFOUSBUJPO HSBEJFOU�
$PODVSSFOUMZ PUIFS DIBOOFMT PQFO BMMPXJOH B MJNJUFE BNPVOU PG TPEJVN UP MFBWF UIF DFMM

BMPOH JUT OFX HSBEJFOU
 SFTVMUJOH JO B OFU MPTT PG QPTJUJWF JPOT JOUSBDFMMVMBSMZ
 XIJDI SFTVMUT
JO UIF OPUDI PG UIF "1 	'JHVSF ����<��>

1IBTF �

1IBTF � JT LOPXO BT UIF QMBUFBV QIBTF� ɨF NFNCSBOF QPUFOUJBM SFNBJOT DPOTUBOU EVF UP
UIF CBMBODFE JPO NPWFNFOUT BDSPTT UIF NFNCSBOF� ,+ NPWF FYUSBDFMMVMBSMZ TJODF UIFSF JT B
EFmDJU PG QPTJUJWF JPOT UIFSF
 XIJMF $B2+ nPX JO 	BMPOH JUT HSBEJFOU
 UISPVHI -�UZQF DIBO�
OFMT BDUJWBUFE CZ UIF TPEJVN JOnVY� ɨF DBMDJVN QFSGPSNT QPTJUJWF GFFECBDL BOE PQFOT
BEEJUJPOBM DBMDJVN DIBOOFMT JO UIF TBSDPQMBTNJD SFUJDVMVN JODSFBTJOH UIF DBMDJVN DPODFO�
USBUJPO GVSUIFS JOUSBDFMMVMBSMZ�<��> ɨF JODSFBTF JO $B2+ DPODFOUSBUJPO BDUJWBUFT UIF DPO�
USBDUJPO PG UIF NZPDZUF� 'VSUIFSNPSF
 JU PQFOT DIBOOFMT GPS $M− JOnVY� ɨF OFU DIBSHF
EJĊFSFODF PG UIFTF JPO NPWFNFOUT JT DMPTF UP OFVUSBM BOE UIF NFNCSBOF QPUFOUJBM SFNBJOT
DPOTUBOU�<��>

1IBTF �

1IBTF � JT UIF SFQPMBSJ[BUJPO QIBTF� $BMDJVN DIBOOFMT DMPTF XIJMF QPUBTTJVN DIBOOFMT SF�
NBJO PQFO� ɨVT
 UIF OFU nPX JT PG QPTJUJWF JPOT PVU PG UIF DFMM
 MPXFSJOH UIF NFNCSBOF
QPUFOUJBM
 JO UVSO PQFOJOH NPSF ,+ DIBOOFMT� ɨFTF DIBOOFMT TUBOE GPS UIF NBKPSJUZ PG UIF
SFQPMBSJ[BUJPO BOE UIF QPUBTTJVN DIBOOFMT EPFT OPU DMPTF VOUJM B NFNCSBOF QPUFOUJBM PG
��� N7 UP ��� N7 JT BDIJFWFE� $PODVSSFOUMZ
 UIF /B�, QVNQ BOE UIF /B�$B FYDIBOHFS
SFTUPSF UIF QSF�"1 TUFBEZ TUBUF� ɨF DBMDJVN JT
 UIVT
 SFNPWFE GSPN UIF JOUSBDFMMVMBS TQBDF
BOE DPOUSBDUJPO TUPQT� ɨFO
 -�UZQF DBMDJVN DIBOOFMT DMPTF BU UIF FOE PG QIBTF ��
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����� ɧF &MFDUSJDBM $POEVDUJPO 4ZTUFN PG UIF )FBSU

ɨF DPOEVDUJPO TZTUFN PG UIF IFBSU DPOTJTUT PG BOE QSPQBHBUF UIF FMFDUSJDBM BDUJWBUJPO TJHOBM
	"1
 JO UIF GPMMPXJOH PSEFS� UIF TJOPBUSJBM OPEF 	4"/

 UIF BUSJB
 UIF BUSJPWFOUSJDVMBS OPEF
	"7/

 )JT CVOEMF
 UIF SJHIU BOE MFGU CVOEMF CSBODI
 UIF QVSLJOKF mCFST BOE UIF WFOUSJDMF
NZPDZUFT 	'JHVSF ���
�<��> "MM UIFTF TUSVDUVSFT
 FYDFQU UIF NZPDZUFT PG UIF CPUI BUSJB BOE
WFOUSJDMFT
 BSF NBEF VQ PG TP DBMMFE QBDFNBLFS DFMMT� " QBDFNBLFS DFMM XJMM TQPOUBOFPVTMZ
HFOFSBUF BO "1 BU HJWFO JOUFSWBMT JG OPU QSFNBUVSFMZ BDUJWBUFE GSPN BO FYUFSOBM "1
 DPNQBSFE
UP UIF NZPDBSEJBM NVTDMF DFMMT XIJDI TJNQMZ DPOEVDU UIF "1� #BTFE PO UIFJS TFUVQ BOE
WBSJFUZ PG JPO DIBOOFMT UIFTF EJĊFSFOU QBDFNBLFS DFMMT IBWF FBDI B EJĊFSFOU "1 XBWFGPSN
NPSQIPMPHZ BOE GSFRVFODZ� ɨF 4"/ QSPEVDF UIF IJHIFTU BNPVOU PG "1T QFS NJOVUF
	������

 XIJDI QSPQBHBUFT UISPVHI UIF FMFDUSJDBM DPOEVDUJPO TZTUFN
 BDUJWBUJOH UIF PUIFS
QBDFNBLFS DFMMT QSFNBUVSFMZ PG UIFJS PXO GSFRVFODZ� ɨVT
 UIF SFTVMUJOH IFBSU SBUF JT UIBU
PG UIF 4"/ JO B IFBMUIZ IFBSU�

'JHVSF ���� ɨF FMFDUSJDBM DPOEVDUJPO TZTUFN PG UIF IFBSU� ɨF FMFDUSJDBM TJHOBM USBOTNJUT UISPVHI TUFQ CZ TUFQ
BDUJWBUJPO PG UIF EJĊFSFOU TUSVDUVSFT
 TUBSUJOH XJUI UIF TJOPBUSJBM OPEF 	UIF QBDFNBLFS
 UIFO BDUJWBUJOH UIF BUSJB

UIF BUSJPWFOUSJDVMBS OPEF
 )JT CVOEMF
 UIF SJHIU BOE MFGU CVOEMF CSBODI
 UIF QVSLJOKF mCFST
 UIF TFQUVN BOE
mOBMMZ UIF WFOUSJDMF NZPDZUFT�
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ɨF "1 PG B QBDFNBLFS DFMM JT EJĊFSFOU GSPN B WFOUSJDMF NZPDZUF BOE JUT DZDMF JT EFTDSJCFE
CFMPX 	'JHVSF ���
�

1IBTF �

ɨF SFTUJOH QIBTF JT XIBU TFUT UIF QBDFNBLFS DFMMT BQBSU TJODF B QBDFNBLFS DFMMT NFNCSBOF
QPUFOUJBM JT OFWFS TUBUJD� %VSJOH QIBTF � UIF NFNCSBOF QPUFOUJBM PG QBDFNBLFS DFMMT 	LOPXO
BT UIF QBDFNBLFS QPUFOUJBM
 HSBEVBMMZ CFDPNFT NPSF QPTJUJWF VOUJM JU SFBDIFT UIF UISFTIPME
QPUFOUJBM 	BSPVOE ��� N7

 JOJUJBUJOH UIF mSJOH PG BO "1�<��> ɨF DIBOOFMT UIPVHIU UP
CF CFIJOE UIF QBDFNBLFS QPUFOUJBM BSF DBMMFE IZQFSQPMBSJTBUJPO�BDUJWBUFE DZDMJD OVDMFPUJEF�
HBUFE DIBOOFMT
<��> XIJDI PQFO BU OFHBUJWF WPMUBHFT BOE BMMPX QPUBTTJVN BOE TPEJVN JPOT
JOUP UIF DFMM� ɨJT nPX PG JPOT JT SFGFSSFE UP BT UIF GVOOZ DVSSFOU�<��> "OPUIFS IZQPUIFTJT
GPS UIF QBDFNBLFS QPUFOUJBM JT UIF TP DBMMFE ADBMDJVN DMPDL�� $BMDJVN JT UIPVHIU UP MFBL GSPN
UIF 43
 BDUJWBUJOH UIF TPEJVN�DBMDJVN FYDIBOHFS
 DBVTJOH B TMPX OFU SBJTF PG UIF QPTJUJWFMZ
DIBSHFE JPOT JOUSBDFMMVMBSMZ�<��>

1IBTF �

*O DPOUSBTU UP UIF NZPDBSEJBM NVTDMF DFMMT
 XIJDI SFMJFT PO GBTU TPEJVN DIBOOFMT GPS UIF
NBJO "1 TQJLF
 QBDFNBLFS DFMMT IBWF WPMUBHF HBUFE DBMDJVN DIBOOFMT� ɨFTF DIBOOFMT BSF
BDUJWBUFE CZ UIF QBDFNBLFS QPUFOUJBM SFBDIJOH UIF UISFTIPME WBMVF 	QIBTF �
� ɨF $B2+
DIBOOFMT BSF TMPXFS UIBO UIF /B+ DIBOOFMT BOE
 UIFSFGPSF
 UIF EFQPMBSJ[BUJPO TQJLF IBT B
nBUUFS VQTMPQF�<��> ɨF EFQPMBSJ[BUJPO TQJLF IBT JUT QFBL BU BCPVU �� N7�

1IBTF � � �

ɨFSF JT OP BQQBSFOU QIBTF � BOE � JO QBDFNBLFS DFMMT�

1IBTF �

"T JO NZPDBSEJBM NVTDMF DFMMT
 QIBTF � JT UIF SFQPMBSJ[BUJPO QIBTF BOE FODPNQBTTFT UIF DMP�
TVSF PG DBMDJVN DIBOOFMT BOE PQFOJOH PG WPMUBHF HBUFE -�UZQF QPUBTTJVN MFBL DIBOOFMT�<��>
$PODVSSFOUMZ TPEJVN QFSNFBCJMJUZ JOUP UIF DFMM EFDSFBTFT� ɨFTF JPO nPXT
 UPHFUIFS XJUI
UIF POHPJOH QSPDFTTFT PG UIF /B�$B FYDIBOHFS BOE /B�, QVNQ
 DBVTF B TMPX SFQPMBSJ[BUJPO
UP UIF TFDPOE 	OFHBUJWF
 QFBL JO NFNCSBOF QPUFOUJBM PG ��� N7� "U UIF FOE PG QIBTF � UIF
WPMUBHF HBUFE DBMDJVN DIBOOFMT DMPTF BOE QIBTF � FOTVFT�

ɨVT
 UIF JPO DIBOOFM BOE QVNQ TFUVQ PG UIF EJĊFSFOU QBDFNBLFS DFMMT JT XIBU EFUFSNJOFT
UIF SBUF BU XIJDI UIF QBDFNBLFS QPUFOUJBM EFQPMBSJ[FT BOE
 UIFSFCZ
 UIF GSFRVFODZ PG UIF
"1T� "T OPUFE FBSMJFS
 UIF 4"/ IBT UIF IJHIFTU GSFRVFODZ PG BCPVU ������ )[
 "7/ �����
)[ BOE UIF QVSLJOKF mCFST ����� )[�
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'JHVSF ���� "DUJPO QPUFOUJBM 	"1
 PG B NZPDBSEJBM NVTDMF DFMM� ɨF OVNCFST JOEJDBUF UIF "1 QIBTFT PO UIF
XBWFGPSN� #FMPX
 UIF NBJO JPO NPWFNFOU JT TIPXO� " QPTJUJWF EFnFDUJPO GSPN UIF MJOF JOEJDBUFT FČVY XIJMF
B OFHBUJWF EFnFDUJPO TJHOJmFT JOnVY�

��� 7JTVBMJ[JOH *TDIFNJB XJUI &$(

ɨF TUBOEBSE ���MFBE &$( JT TUJMM UIF NPTU DPNNPO DBSEJBD EJBHOPTUJD FYBNJOBUJPO VTFE
UPEBZ EVF UP TFWFSBM SFBTPOT�<��> 'PSFNPTU
 JU JT WFSZ JOFYQFOTJWF BOE POMZ UBLFT B GFX
TFDPOET GPS UIF BDUVBM SFDPSEJOH� *U JT BMTP XJEFMZ BWBJMBCMF JO BMNPTU BMM QBSUT PG UIF XPSME
BOE
 MBTUMZ
 UIFSF JT B TUSPOH DPMMFDUJWF FYQFSJFODF XJUIJO UIF NFEJDBM mFME PG JOUFSQSFUJOH
UIF &$( XBWFGPSNT�

����� " #SJFG )JTUPSZ PG UIF &$(

ɨF mSTU QSBDUJDBM FMFDUSPDBSEJPHSBQI XBT JOWFOUFE JO ���� JO -FJEFO
 UIF /FUIFSMBOET

CZ 8JMMFN &JOUIPWFO�<��> *U XBT B TUSJOH HBMWBOPNFUFS
 BO JNQSPWFNFOU PWFS UIF PSJHJOBM
HBMWBOPNFUFS JOWFOUFE CZ $MÏNFOU "EFS
 B 'SFODI FOHJOFFS
 JO ����
<��> &JOUIPWFO�T WFS�
TJPO XBT DBQBCMF PG EFUFDUJOH WFSZ XFBL DVSSFOUT� ɨFSF BSF
 IPXFWFS
 QSFDVSTPST MFBEJOH
VQ UP &JOUIPWFO�T JOWFOUJPO� *O ���� +PIO #VSEFO 4BOEFSTPO SFDPSEFE FMFDUSJDBM DVSSFOUT
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JO B GSPH IFBSU
<��> BOE JO ���� "VHVTUVT 8BMMFS SFDPSEFE UIF mSTU IVNBO &$( XJUI B
-JQQNBOO DBQJMMBSZ FMFDUSPNFUFS XIJDI QSPEVDFE B USBDF PG UIF IFBSUCFBU JO SFBM UJNF�<��>
)PXFWFS
 JO ���� &JOUIPWFO BTTJHOFE UIF MFUUFST 1
 2
 3
 4 BOE 5 UP UIF UIFPSFUJDBM XBWF�
GPSNT DSFBUFE CZ FRVBUJPOT GSPN 8BMMFS�T DBQJMMBSZ FMFDUSPNFUFS�<��
 ��> 8IFO UIF NPSF
QSFDJTF XBWFGPSNT XFSF PCUBJOFE GSPN IJT PXO TUSJOH HBMWBOPNFUFS JO ���� UIF MFUUFST
XFSF LFQU BOE BSF TUJMM JO VTF UPEBZ� ɨF JOJUJBM &$(T VTFE POMZ MJNC FMFDUSPEFT BOE MFBET�
*O ���� &JOUIPWFO QVCMJTIFE IJT mSTU SFQPSU PO OPSNBM BOE QBUIPMPHJD &$( SFDPSEJOHT
JODMVEJOH QSFNBUVSF CFBUT
 BUSJBM nVUUFS
 BOE "7 CMPDL BNPOH PUIFST�<��> &JOUIPWFO DPO�
UJOVFE UP EFTDSJCF UIF &$( GFBUVSFT PG B OVNCFS PG DBSEJPWBTDVMBS EJTPSEFST BOE SFDFJWFE
UIF /PCFM QSJ[F JO ���� GPS IJT XPSL BOE EJTDPWFSZ�<��>

*O ���� UIF mSTU &$( JO B QBUJFOU XJUI BDVUF NZPDBSEJBM JTDIFNJB XBT SFDPSEFE BOE
QVCMJTIFE CZ )BSPME 1BSEFF�<��>

*O ����
 (FOFSBM &MFDUSJD EFWFMPQFE B QPSUBCMF EFWJDF XJUIPVU UIF VTF PG UIF TUSJOH
HBMWBOPNFUFS
 CVU SBUIFS JOUFSOBMT GSPN B SBEJP�

*O ����
 UIF 8JMTPO DFOUSBM UFSNJOBM 	8$5
 XBT mSTU EFTDSJCFE CZ 8JMTPO BOE DPXPSL�
FST� <��> ɨF 8$5 JT FTTFOUJBM GPS UIF SFDPSEJOH PG MFBET 71�76 BOE JT EFTDSJCFE JO EFUBJM
CFMPX� *O TIPSU
 UIF 8$5 JT B DPNQPVOE PG UIF SFDPSEJOHT GSPN UIF MJNC MFBET
 QSPWJE�
JOH B OFHBUJWF QPMF PS FMFDUSPEF UP UIF DIFTU FMFDUSPEFT� ɨF MFBET XFSF HJWFO UIF QSFmY 7
EVF UP UIF WPMUBHF SFDPSEFE BU UIF QPTJUJWF FMFDUSPEF� " TUBOEBSEJ[BUJPO PG MFBET 71�76 XBT
QVCMJTIFE JO ���� BOE EFTDSJCFT UIF QMBDFNFOU PG UIF FMFDUSPEFT PO UIF DIFTU�<��>

8JUI UIF 8$5 UISFF PUIFS OFX MFBET XFSF BMTP JOUSPEVDFE
 73
 7- BOE 7'
 XJUI
UIF 8$5 BT OFHBUJWF QPMF BOE UIF SJHIU BSN
 MFGU BSN BOE MFGU GPPU FMFDUSPEF BT QPTJUJWFT�
)PXFWFS
 JO ���� &NBOVFM (PMECFSHFS QSPQPTFE BO JNQSPWFNFOUT PO UIF OFX MFBET DBMMFE
UIF BVHNFOUFE MFBET� B73
 B7- BOE B7' 	FYQMBJOFE JO EFUBJM CFMPX

 XIJDI IBE IJHIFS
BNQMJUVEF UIBO UIF QSFWJPVT WFSTJPOT�<��>

����� ɧFPSZ

$BSEJBD &MFDUSJD 'JFME (FOFSBUJPO

ɨF EFQPMBSJ[BUJPO PG UIF IFBSU NPWFT BT B XBWFGSPOU UISPVHI UIF BUSJB
 "7/
 )JT CVO�
EMF
 CVOEMF CSBODIFT
 QVSLJOKF mCFST
 TFQUVN BOE UIF WFOUSJDMFT
 DPOEVDUJOH
 QSPQBHBUJOH
BOE JOJUJBUJOH BO "1 JO FBDI DFMM� %VSJOH EFQPMBSJ[BUJPO UIF DFMMT HBJO B SFWFSTFE QPMBS�
JUZ 	EFTDSJCFE BCPWF
 BOE XJMM CF OFU QPTJUJWF� "T UIF "1 TQSFBET
 BDSPTT UIF NFOUJPOFE
TUSVDUVSFT CVU FTQFDJBMMZ UIF NZPDBSEJBM NVTDMF DFMMT 	UIF WFOUSJDMFT

 JU GPSNT BO BDUJWBUJPO
XBWFGSPOU� ɨF BDUJWBUFE EFQPMBSJ[FE DFMMT XJMM CF QPTJUJWFMZ DIBSHFE XIJMF UIF EJTUBM DFMMT

XIJDI IBWF OPU CFFO BDUJWBUFE ZFU
 SFUBJOT JUT OFHBUJWF DIBSHF� ɨJT EJĊFSFODF JO DIBSHF
BDSPTT UIF XBWFGSPOU HFOFSBUFT BO FMFDUSJD mFME�<��> ɨF FMFDUSJD mFME DBO CF SFQSFTFOUFE
CZ UIF DBSEJBD WFDUPS XJUI B DFSUBJO EJSFDUJPO BOE NBHOJUVEF JO FWFSZ JOTUBOU UIBU DIBOHFT
DPOUJOVPVTMZ BT UIF XBWFGSPOU QSPQBHBUFT 	'JHVSF ���
�

4JODF
 BMM NZPDBSEJBM NVTDMF DFMMT IBWF TJNJMBS EVSBUJPO PG EFQPMBSJ[BUJPO
 UIF SFQP�
MBSJ[BUJPO XBWFGSPOU XJMM TUBSU XJUI UIF DFMMT UIBU EFQPMBSJ[FE mSTU BOE USBWFM JO UIF TBNF
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'JHVSF ���� "T UIF BDUJWBUJPO XBWFGSPOU TQSFBET UISPVHI UIF IFBSU UIF HSBEJFOU CFUXFFO UIF EFQPMBSJ[FE BOE
SFQPMBSJ[FE DFMMT GPSNT BO FMFDUSJDBM mFME XIJDI DBO CF TVNNBSJ[FE XJUI UIF DBSEJBD WFDUPS�

EJSFDUJPO� )PXFWFS
 EVSJOH SFQPMBSJ[BUJPO UIF NZPDZUFT HP GSPN B QPTJUJWF NFNCSBOF QP�
UFOUJBM UP B OFHBUJWF
 SFWFSTF UIF TJUVBUJPO PG BDUJWBUJPO� ɨVT
 UIF EJSFDUJPO PG UIF DVSSFOU
nPX BOE UIF FMFDUSJDBM mFME XJMM CF UIF PQQPTJUF DPNQBSFE UP EFQPMBSJ[BUJPO� "MTP
 JO DPO�
USBTU UP EFQPMBSJ[BUJPO
 XIJDI USBOTQJSFT EVSJOH MFTT UIBO � NT
 SFQPMBSJ[BUJPO BOE SFDPWFSZ
UP B SFTUJOH NFNCSBOF QPUFOUJBM UBLFT ��� NT PS MPOHFS�<��>

&MFDUSPEFT BOE -FBET

"O FMFDUSPEF JT B DPOEVDUJWF QBE UIBU JT QMBDFE PO UIF CPEZ TVSGBDF PG UIF TVCKFDU� " MFBE

PO UIF PUIFS IBOE
 JT B NFBTVSFNFOU PG UIF EJĊFSFODF JO QPUFOUJBM
 JO POF EJSFDUJPO PG
UIF DBSEJBD FMFDUSJD mFME WFDUPS
 CFUXFFO UXP FMFDUSPEFT� ɨF EJSFDUJPO JO XIJDI UIF WFD�
UPS JT NFBTVSFE JO JT UIF QIZTJDBM EJSFDUJPO CFUXFFO UIF UXP FMFDUSPEFT PO UIF CPEZ� ɨF
NBHOJUVEF PG UIF WFDUPS JT UIF EJĊFSFODF JO QPUFOUJBM CFUXFFO UIF UXP FMFDUSPEFT BOE JT
NFBTVSFE JO N7� 0OF FMFDUSPEF JT EFTJHOBUFE QPTJUJWF BOE UIF PUIFS OFHBUJWF� ɨF OFHBUJWF
FMFDUSPEF QPUFOUJBM JT TVCUSBDUFE GSPN UIF QPTJUJWF ZJFMEJOH UIF CJQPMBS QPUFOUJBM�<��> ɨF
CJQPMBS QPUFOUJBM EFQFOET PO UIF TJ[F PG UIF WFDUPS 	BOE
 UIVT
 UIF BDUJWBUJPO XBWFGSPOU

 PO
UIF BOHMF CFUXFFO UIF EJSFDUJPO PG UIF WFDUPS BOE B MJOF ESBXO GSPN UIF TJUF PG BDUJWBUJPO
UP UIF SFDPSEJOH TJUF
 BOE UIF EJTUBODF GSPN BDUJWBUJPO GSPOU UP UIF SFDPSEJOH TJUF� " WFDUPS
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QPJOUJOH EJSFDUMZ UPXBSET UIF QPTJUJWF FMFDUSPEF XJMM SFTVMU JO NBYJNBM WPMUBHF TFOTFE XIJMF
B WFDUPS QPJOUJOH EJSFDUMZ QFSQFOEJDVMBS UP UIF QPTJUJWF FMFDUSPEF XJMM SFTVMU JO B WPMUBHF PG
[FSP�

*O PSEFS UP HFU B iDPNQMFUFw QJDUVSF PG UIF DBSEJBD WFDUPS
 XF IBWF
 � MJNC MFBET
 �
BVHNFOUFE MFBET BOE � QSFDPSEJBM MFBET 	EFTDSJCFE JO EFUBJM CFMPX
� ɨFTF
 JO UPUBM
 ��
MFBET NFBTVSF UIF WFDUPS JO �� EJĊFSFOU EJSFDUJPOT� ɨF ���MFBE &$(
 IPXFWFS
 POMZ VTF
�� FMFDUSPEFT
 � PO UIF FYUSFNJUJFT BOE � QMBDFE PO UIF DIFTU�<��> " NPEFSO &$( NBDIJOF
NBLFT UIFTF NFBTVSFNFOUT VQ UP ���� UJNFT QFS TFDPOE
 XIJDI JO UVSO JT QMPUUFE PO QBQFS
XJUI N7 PO UIF Z�BYJT BOE NT PO UIF Y�BYJT
 NBLJOH VQ UIF XFMM�LOPXO &$( XBWFGPSNT�

-JNC -FBET

ɨF MJNC MFBET DPOTJTUT PG MFBE *
 ** BOE *** 	'JHVSF ���
� ɨF OBNF DPNFT GSPN UIF FMFDUSPEF
QPTJUJPOT PO UIF EJTUBM QBSU PG UIF BSNT BOE UIF MFGU MFH�

t -FBE * JT UIF QPUFOUJBM CFUXFFO UIF 	QPTJUJWF
 MFGU BSN 	-"
 FMFDUSPEF BOE SJHIU BSN
	3"
 FMFDUSPEF�

t -FBE ** JT UIF QPUFOUJBM CFUXFFO UIF 	QPTJUJWF
 MFGU MFH 	--
 FMFDUSPEF BOE UIF SJHIU
BSN 	3"
 FMFDUSPEF�

t -FBE *** JT UIF QPUFOUJBM CFUXFFO UIF 	QPTJUJWF
 MFGU MFH 	--
 FMFDUSPEF BOE UIF MFGU
BSN 	-"
 FMFDUSPEF�

ɨF UISFF MJNC MFBET GPSN B USJBOHMF
 DBMMFE UIF &JOUIPWFO�T USJBOHMF
 JO UIF GSPOUBM QMBOF
BOE XJMM NFBTVSF UIF FMFDUSJD mFME WFDUPS JO UISFF EJĊFSFOU EJSFDUJPOT
 �◦
 ��◦ BOE ���◦
SFTQFDUJWFMZ�

"VHNFOUFE -FBET

*O PSEFS UP HBJO NPSF MFBET
 BOE iWJFXTw
 PG UIF DBSEJBD WFDUPS NVMUJQMF FMFDUSPEFT DBO CF
DPOOFDUFE UPHFUIFS CZ DBMDVMBUJOH UIF NFBO PG UIF JODMVEFE FMFDUSPEF�T QPUFOUJBMT
 UIJT WBMVF
UIFO GPSN UIF OFHBUJWF NFNCFS PG B CJQPMBS FMFDUSPEF QBJS� ɨJT WJSUVBM FMFDUSPEF JT DBMMFE
B DPNQPVOE FMFDUSPEF� ɨF SFTVMUJOH MFBE JT UIF QPUFOUJBM EJĊFSFODF CFUXFFO UIF QPTJUJWF
	QIZTJDBM
 FMFDUSPEF BOE UIF OFHBUJWF 	WJSUVBM
 DPNQPVOE FMFDUSPEF�<��> ɨFTF MFBET JO UIF
GSPOUBM QMBOF BSF DBMMFE UIF BVHNFOUFE MFBET BOE JODMVEF�

t -FBE BVHNFOUFE WFDUPS SJHIU 	B73
 JT UIF QPUFOUJBM CFUXFFO UIF 	QPTJUJWF
 SJHIU BSN
	3"
 FMFDUSPEF BOE UIF 	OFHBUJWF
 DPNQPVOE FMFDUSPEF PG UIF MFGU BSN 	-"
 BOE UIF
MFGU MFH 	--
 FMFDUSPEF�

t -FBE BVHNFOUFE WFDUPS MFGU 	B7-
 JT UIF QPUFOUJBM CFUXFFO UIF 	QPTJUJWF
 MFGU BSN
	-"
 FMFDUSPEF BOE UIF 	OFHBUJWF
 DPNQPVOE FMFDUSPEF PG UIF SJHIU BSN 	3"
 BOE
UIF MFGU MFH 	--
 FMFDUSPEF�
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'JHVSF ���� &JOUIPWFO�T USJBOHMF�

'JHVSF ���� ɨF IFYBYJBM SFGFSFODF GSBNF�
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t -FBE BVHNFOUFE WFDUPS GPPU 	B7'
 JT UIF QPUFOUJBM CFUXFFO UIF 	QPTJUJWF
 MFGU MFH 	--

FMFDUSPEF BOE UIF 	OFHBUJWF
 DPNQPVOE FMFDUSPEF PG UIF SJHIU BSN 	3"
 BOE UIF MFGU
BSN 	-"
 FMFDUSPEF�

ɨF BVHNFOUFE MFBET BMTP NFBTVSF UIF DBSEJBD WFDUPS JO UISFF EJĊFSFOU EJSFDUJPOT PO UIF
GSPOUBM QMBOF� 5PHFUIFS
 UIF MJNC BOE BVHNFOUFE MFBET WFDUPST DBO CF TVQFSJNQPTFE UP
GPSN UIF IFYBYJBM SFGFSFODF GSBNF 	'JHVSF ���
� *G B73 JT DPOWFSUFE UP �B73 JU XJMM TIJGU
���◦ BOE UIFSFCZ UIF � MFBET DPWFS ���◦ PG UIF GSPOUBM QMBOF JO ��◦ TMJDFT� 4JODF UIF DBSEJBD
WFDUPS VTVBMMZ QPJOUT CFUXFFO �◦ BOE ��◦ EVSJOH EFQPMBSJ[BUJPO PG UIF WFOUSJDMFT
 UIF MJNC
BOE BVHNFOUFE MFBET HJWF UIF QIZTJDJBO B HPPE QJDUVSF PG UIF IFBSU BDUJWJUZ�

1SFDPSEJBM -FBET

ɨF QSFDPSEJBM MFBET BSF EFSJWFE GSPN � DIFTU FMFDUSPEFT UIBU TJUT PO TQFDJmD QSFEFUFSNJOFE
TJUFT PO UIF UPSTP 	'JHVSF ���
 BOE TQBOT UIF USBOTWFSTF QMBOF� &BDI PG UIF � FMFDUSPEFT JT
UIF QPTJUJWF FMFDUSPEF CVU UIFZ BMM TIBSF UIF TBNF DPNQPVOE 	OFHBUJWF
 FMFDUSPEF� *O UIJT
DBTF UIF OFHBUJWF FMFDUSPEF JT UIF NFBO WBMVF PG BMM UIF MJNC FMFDUSPEF QPUFOUJBMT
 LOPXO BT
8JMTPO DFOUSBM UFSNJOBM 	8$5
�<��> ɨF 8$5 SFTJEFT JO UIF DFOUFS PG UIF IFBSU PS
 SBUIFS

UIF iFMFDUSJD DFOUFSw PG UIF IFBSU 	'JHVSF ����
�<���> ɨF � QSFDPSEJBM MFBET BSF 71
 72
 73

74
 75 BOE 76�

ɧF &$(8BWFGPSNT

5P JOUFSQSFU UIF XBWFGPSNT PG BO &$( JU JT GVOEBNFOUBM UP VOEFSTUBOE UIF UIFPSZ PG UIF
DBSEJBD FMFDUSJD mFME
 FMFDUSPEFT BOE MFBET 	TFF BCPWF
� ɨF GPVS GPMMPXJOH QPJOUT TVNT VQ
PVS QSFWJPVT LOPXMFEHF�

t EFQPMBSJ[BUJPO PG UIF NZPDBSEJVN UPXBSE UIF QPTJUJWF FMFDUSPEF QSPEVDFT B QPTJUJWF
EFnFDUJPO

t EFQPMBSJ[BUJPO PG UIF NZPDBSEJVN BXBZ GSPN UIF QPTJUJWF FMFDUSPEF QSPEVDFT B OFH�
BUJWF EFnFDUJPO

t SFQPMBSJ[BUJPO PG UIF NZPDBSEJVN UPXBSE UIF QPTJUJWF FMFDUSPEF QSPEVDFT B OFHBUJWF
EFnFDUJPO

t SFQPMBSJ[BUJPO PG UIF NZPDBSEJVN BXBZ GSPN UIF QPTJUJWF FMFDUSPEF QSPEVDFT B QPTJ�
UJWF EFnFDUJPO

ɨF CBTJD XBWFGPSNT PG UIF &$( BSF TIPXO JO 'JHVSF ���� GSPN UIF iWJFXw PG MFBE **

XIJDI JT HFOFSBMMZ VTFE GPS TUBOEBSE SFQSFTFOUBUJPO PG BO &$( XBWFGPSN� ɨF mSTU QPTJUJWF
EFGFDUJPO JT UIF 1 XBWF
 XIJDI SFQSFTFOUT UIF EFQPMBSJ[BUJPO PG UIF BUSJB
 XIFO UIF WFDUPS
HFOFSBMMZ BMXBZT QPJOUT UPXBSET MFBE ** BOE
 UIVT
 SFTVMUT JO B QPTJUJWF EFnFDUJPO� 'JHVSF ����
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'JHVSF ���� 1SFDPSEJBM FMFDUSPEF QMBDFNFOU� *��� � *OUFSDPTUBM TQBDF ����

'JHVSF ����� 1SFDPSEJBM FMFDUSPEFT JO UIF USBOTWFSTF QMBOF XJUI UIF 8JMTPO DFOUSBM UFSNJOBM 	8$5
 NBSLFE�
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'JHVSF ����� 4UBOEBSE &$( XBWFGPSN GSPN MFBE ** XJUI 1
 2
 3
 4 BOE 5 XBWF�

TVNNBSJ[FT
 JO HFOFSBM UIF DBSEJBD WFDUPS UISPVHIPVU UIF IFBSU DZDMF BOE UIF BDDPNQBOZJOH
&$( XBWFGPSNT�

ɨF 234 DPNQMFY SFQSFTFOUT UIF EFQPMBSJ[BUJPO PG UIF WFOUSJDMFT
 XIJDI CFHJOT XJUI
)JT CVOEMF
 UIF SJHIU BOE MFGU CVOEMF CSBODI
 UIF TFQUVN
 UIF QVSLJOKF mCFST BOE MBTUMZ
UIF NZPDBSEJBM DFMMT PG UIF WFOUSJDMFT� 'VSUIFSNPSF
 UIF EFQPMBSJ[BUJPO XBWFGSPOU TQSFBET
HFOFSBMMZ GSPN UIF FOEPDBSEJVN UP UIF FQJDBSEJVN EVF UP UIF QVSLJOKF mCFST MJOJOH UIF
FOEPDBSEJVN�

ɨF 2 XBWF JT EFmOFE BT UIF mSTU OFHBUJWF EFnFDUJPO PG UIF 234 DPNQMFY BOE SFQSFTFOUT
UIF EFQPMBSJ[BUJPO PG UIF TFQUVN XIFO UIF WFDUPS QPJOUT BXBZ GSPN MFBE ** 	'JHVSF ����
� "T
UIF EFQPMBSJ[BUJPO TQSFBET UISPVHI FOEPDBSEJVN UP FQJDBSEJVN
 UIF WFDUPS QSFEPNJOBUMZ
QPJOUT UPXBSE MFBE ** EVF UP UIF MBSHFS NBTT PG UIF -7
 QSPEVDJOH UIF 3 XBWF� ɨF 3 XBWF
JT BMTP EFmOFE BT UIF mSTU QPTJUJWF EFnFDUJPO PG UIF 234 DPNQMFY� ɨF MBTU QPSUJPO PG
NZPDBSEJVN UP CF EFQPMBSJ[FE JT UIF CBTF PG UIF -7
 UIF WFDUPS OPX BHBJO QPJOUT BXBZ GSPN
MFBE ** BOE SFTVMUT JO B TFDPOE OFHBUJWF EFnFDUJPO� "T ZPV DBO JNBHJOF
 UIF 234 DPNQMFY
WBSJFT TJHOJmDBOUMZ JO NPSQIPMPHZ EFQFOEJOH PO XIJDI MFBE JT BOBMZ[FE
 XJUI OPU BMM PG UIF
XBWFT OFDFTTBSJMZ QSFTFOU�<��
 ���>

ɨF 5 XBWF SFQSFTFOUT UIF SFQPMBSJ[BUJPO PG UIF WFOUSJDMFT BOE JT HFOFSBMMZ B QPTJUJWF
EFnFDUJPO JO MFBE **� ɨF SFQPMBSJ[BUJPO XBWFGSPOU NPWFT JO UIF TBNF EJSFDUJPO PG UIF EF�
QPMBSJ[BUJPO CVU UIF DFMMT HP GSPN B QPTJUJWF NFNCSBOF QPUFOUJBM UP B OFHBUJWF
 SFTVMUJOH JO
B QPTJUJWF EFnFDUJPO JO MFBE **�

ɨF 45�TFHNFOU JT UIF QFSJPE GSPN UIF FOE PG UIF 234 DPNQMFY UP UIF CFHJOOJOH PG
UIF 5�XBWF� *G UIF 234 DPNQMFY SFQSFTFOUT UIF EFQPMBSJ[BUJPO PG UIF DBSEJBD DFMMT BOE UIF
5�XBWF SFQSFTFOUT UIF SFQPMBSJ[BUJPO
 UIFO
 UIF 45�TFHNFOU
 JO SFMBUJPO UP UIF "1
 SFQSFTFOUT
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'JHVSF ����� ɨF DBSEJBD WFDUPS UISPVHIPVU UIF IFBSU DZDMF BOE UIF BDDPNQBOZJOH &$( XBWFGPSNT� ɨF
HSBEJFOU PG FMFDUSJD DIBSHF CFUXFFO EFQPMBSJ[FE BOE SFQPMBSJ[FE QSPEVDF UIF DBSEJBD FMFDUSJD mFME XIJDI JT
TVNNBSJ[FE CZ UIF IFBSU WFDUPS�
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UIF QMBUFBV QIBTF 	QIBTF �
� %VSJOH UIF QMBUFBV BMM DFMMT BSF BDUJWBUFE XJUI B QPTJUJWF
 CVU
TUBUJPOBSZ
 NFNCSBOF QPUFOUJBM BOE UIFSF JT OP FMFDUSJD mFME HFOFSBUFE TJODF UIFSF JT OP
EJĊFSFODF JO DIBSHF CFUXFFO UIF EJĊFSFOU QBSUT PG UIF IFBSU� 4JODF UIF &$( SFDPSET POMZ
DIBOHFT JO WPMUBHF
 UIF 45�TFHNFOU SFNBJOT JTPFMFDUSJD BOE XJUIPVU EFnFDUJPO�<��>

����� *TDIFNJB

ɨF FĊFDUT PG JTDIFNJB PO DFMM SFTQJSBUJPO BOE UIF JTDIFNJD DBTDBEF JT EFTDSJCFE JO TFDUJPO
������ 5P CSJFnZ SFDBQUVSF
 EVSJOH BDVUF NZPDBSEJBM JTDIFNJB UIF "51 QPPM JT EFQMFUFE
UP B WBSZJOH EFHSFF EFQFOEJOH PO UIF TFWFSJUZ PG JTDIFNJB� ɨJT DBVTFT UIF "51 ESJWFO JPO
QVNQT UP EFDSFBTF JO QSPEVDUJWJUZ BOE
 UIVT
 UIF NFNCSBOF QPUFOUJBM JT BĊFDUFE
 CFDPNJOH
NPSF QPTJUJWF� "MTP
 UIF EFDSFBTFE JOXBSE DVSSFOU PG $B2+ BOE JODSFBTFE PVUXBSE DVSSFOU
PG ,+ DBVTF JNQBJSFE SFMBYBUJPO BOE SFQPMBSJ[BUJPO�<���
 ���> ɨF FĊFDUT PO UIF "1 BSF

UIVT
 TFWFSBM� EFDSFBTFE SFTUJOH QPUFOUJBM
 TIPSUFOFE EVSBUJPO
 EFDSFBTFE SBUF PG SJTF BOE
EFDSFBTFE BNQMJUVEF 	'JHVSF ����
�<��>

'JHVSF ����� &ĊFDUT PO UIF NZPDBSEJBM BDUJPO QPUFOUJBM EVSJOH JTDIFNJB� EFDSFBTFE SFTUJOH QPUFOUJBM
 TIPSUFOFE
EVSBUJPO
 EFDSFBTFE SBUF PG SJTF BOE EFDSFBTFE BNQMJUVEF�

'JHVSF ���� TIPXT BO PWFSWJFX PG UIF VOEFSMZJOH NFUBCPMJD DIBOHFT EVF UP JTDIFNJB� "QBSU
GSPN UIF EFQMFUJPO PG "51 BOE JODSFBTF JO "%1
 UIF DFMM BMTP CFDPNFT BDJEJD EVF UP BDDV�
NVMBUJPO PG MBDUJD BDJE BOE )+� ɨFTF CJPDIFNJDBM DIBOHFT DBVTFT MFBLBHF PG QPUBTTJVN
BOE BDDVNVMBUJPO PG DBUFDIPMBNJOFT BOE MJQJE NFUBCPMJUFT 	BNQIJQIJMFT
 JO UIF FYUSBDFM�
MVMBS TQBDF
 JO UVSO BĊFDUJOH UIF FMFDUSJDBM QSPQFSUJFT PG UIF DFMM�<���> ɨF BDJEPTJT PG UIF
JOUSBDFMMVMBS TQBDF BDUJWBUFT UIF /B+�)+ FYDIBOHFS XIJDI BDDVNVMBUFT /B+ BOE JO UVSO BD�
UJWBUFT UIF /B+�$B2+ FYDIBOHFS
 DBVTJOH BDDVNVMBUJPO PG DBMDJVN BOE DFMM TXFMMJOH�<���>
ɨF DPOTFRVFODFT PG UIFTF NFUBCPMJD DIBOHFT BSF EFQPMBSJ[BUJPO PG UIF NFNCSBOF QPUFOUJBM

/B+ DIBOOFM JOBDUJWBUJPO BOE TMPX DPOEVDUJPO�<���>
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'JHVSF ����� 0WFSWJFX PG VOEFSMZJOH NFUBCPMJD DIBOHFT EVF UP JTDIFNJB� 4VCTDSJQU J � JOUSBDFMMVMBS
 F �
FYUSBDFMMVMBS�

45�TFHNFOU &MFWBUJPO

0OF PG UIF FBSMJFTU TJHOT PG BDVUF NZPDBSEJBM JTDIFNJB JT 45�TFHNFOU FMFWBUJPO 	45&
� *OKVSZ
DVSSFOUT BSF UIPVHIU UP DBVTF UIF 45&
 IPXFWFS
 UIJT JT B TUJMM BDUJWF BSFB JO SFTFBSDI BOE
DPOTFOTVT IBWF OPU CFFO SFBDIFE�<���> ɨF UXP NBJO UIFPSJFT BSF UIBU PG EJBTUPMJD BOE
TZTUPMJD JOKVSZ DVSSFOUT XIJDI DBVTFT 52 EFQSFTTJPO BOE 45& SFTQFDUJWFMZ� 'JSTU UP QSPWJEF
FWJEFODF PG CPUI UIFTF QIFOPNFOB XBT 4BNTPO BOE 4DIFS XIP SFDPSEFE MPDBM &$(T GSPN
FMFDUSPEFT EJSFDUMZ PO UIF TVSGBDF PG EPH IFBSUT�<���>

%JBTUPMJD *OKVSZ $VSSFOU

3BUIFS UIBO B 45&
 UIF EJBTUPMJD JOKVSZ DVSSFOU UIFPSZ QSPQPTFT UIBU JU JT UIF 52 TFHNFOU
UIBU JT EFQSFTTFE
 SFTVMUJOH JO B TFFNJOHMZ 45&� %VF UP UIF SFEVDFE SFTUJOH NFNCSBOF
QPUFOUJBM PG UIF JTDIFNJD DFMMT EVSJOH QIBTF � PG UIF "1 	TFF BCPWF
 UIFZ BSF MFTT OFHB�
UJWFMZ DIBSHFE DPNQBSFE UP OPSNBMMZ SFQPMBSJ[FE NZPDBSEJVN DFMMT BOE B WPMUBHF HSBEJFOU
JT
 UIFSFGPSF
 HFOFSBUFE JO CPSEFS [POFT CFUXFFO JTDIFNJD BOE OPO�JTDIFNJD DFMMT�<���> ɨJT
EJĊFSFODF DBVTFT BO BMUFSFE QPUFOUJBM EJĊFSFODF JO UIF MFBE PWFSMBZJOH UIF JTDIFNJD SFHJPO
EVSJOH QIBTF �
 PS EJBTUPMF 	'JHVSF ����

 SFTVMUJOH JO B 52 EFQSFTTJPO� 4JODF UIF &$(
SFDPSEFST JT OPU BCMF UP DPNQFOTBUF GPS CBTFMJOF TIJGU UIF 52�TFHNFOU XJMM MPPL OPSNBM
XIJMF UIF 45�TFHNFOU JT FMFWBUFE�

4ZTUPMJD *OKVSZ $VSSFOU

ɨF TZTUPMJD JOKVSZ DVSSFOU JT QSBDUJDBMMZ UIF SFWFSTF PG UIF EJBTUPMJD JOKVSZ DVSSFOU� *O TZTUPMF
UIF TBNF QIFOPNFOPO PDDVST CVU JOTUFBE PG 52 JU JT UIF 45�TFHNFOU UIBU JT BĊFDUFE BOE
JOTUFBE PG EFQSFTTJPO UIF 45�TFHNFOU JT FMFWBUFE� ɨJT JT EVF UP UISFF VOEFSMZJOH DIBOHFT JO
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'JHVSF ����� %JBTUPMJD JOKVSZ DVSSFOU�

'JHVSF ����� %JBTUPMJD JOKVSZ DVSSFOU�
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UIF JTDIFNJD "1� �
 TIPSUFOJOH PG UIF "1 EVSBUJPO
 �
 EFDSFBTF JO "1 VQTUSPLF WFMPDJUZ BOE
�
 EFDSFBTFE BNQMJUVEF PG UIF "1 	'JHVSF ����
�<��> #FDBVTF PG UIFTF DIBOHFT BO QPUFOUJBM
HSBEJFOU XJMM GPSN CFUXFFO JTDIFNJD BOE OPO�JTDIFNJD [POFT EVSJOH UIF 25 JOUFSWBM BOE
DBVTF B AUSVF� 45& 	'JHVSF ����
�

3FDJQSPDBM $IBOHFT

4JODF B MFBE NFBTVSFT UIF QPUFOUJBM EJĊFSFODF PG UIF DBSEJBD WFDUPS JO POF EJSFDUJPO
 B MFBE
FYBDUMZ PQQPTJUF 	���◦
 XJMM TIPX UIF mSTU MFBE SFDPSEJOH iVQTJEF�EPXOw PS OFHBUJWF� ɨJT
JT DBMMFE SFDJQSPDBM MFBET� ɨFSFGPSF
 TPNFUJNFT B SFDJQSPDBM 45 EFQSFTTJPO JO MFBE ** JT UIF
NPTU BQQBSFOU DIBOHF EVF UP BDVUF QPTUFSJPS�NFEJBM NZPDBSEJBM JTDIFNJB
 TJODF UIFSF BSF
OP MFBET DPWFSJOH UIF DPOUSBMBUFSBM TVSGBDF� 7JDF WFSTB
 TPNFUJNFT BO 45& JT BDUVBMMZ B
SFDJQSPDBM 45�TFHNFOU EFQSFTTJPO� ɨJT QIFOPNFOPO JT SFnFDUFE JO UIF 45&.* FRVJWBMFOU
DSJUFSJB
 XIFSF 45�TFHNFOU EFQSFTTJPO JO 71�72 JT VTFE UP EFUFDU F�H� B MFGU DJSDVNnFY BSUFSZ
	-$9
 PDDMVTJPO�<���>

����� ɧF 4FWFSJUZ PG *TDIFNJB BOE 5FSNJOBM 234 %JTUPSUJPO

ɨF WJTVBMJ[BUJPO PG JTDIFNJB BOE 45& PO UIF &$( EFQFOET QSJNBSJMZ PO UIF TFWFSJUZ PG
JTDIFNJB BT XFMM BT UPQPHSBQIZ BOE QSFTFODF PG VOEFSMZJOH IFBSU EJTFBTF TVDI BT QSJPS ".*
PS BSSIZUINJBT� "T EJTDVTTFE BCPWF
 UIF NFUBCPMJD DIBOHFT JO UIF DFMM OPU POMZ BĊFDUT UIF
45�TFHNFOU CVU BMTP UIF DPOEVDUJWJUZ PG UIF DFMM
 TMPXJOH UIF TQFFE BU XIJDI UIF FMFDUSJDBM
TJHOBM JT USBOTGFSSFE BDSPTT UIF JTDIFNJD NZPDBSEJVN� ɨJT QIFOPNFOPO IBT CFFO BUUSJCVUFE
QSJNBSJMZ UP UIF MFBLBHF PG QPUBTTJVN JOUP UIF FYUSBDFMMVMBS TQBDF
<���
 ���> BOE IJHI QPUBT�
TJVN DPODFOUSBUJPO 	������� N.
 IBT CFFO TIPXO UP TMPX UIF NZPDBSEJBM DPOEVDUJPO TJODF
UIF IJHI ,+ MFWFMT SFEVDF UIF GBTU /B+ JOXBSE DVSSFOU�<���
 ���>

"MSFBEZ XJUIJO ����� TFDPOET PG UIF POTFU PG B "$0
 UIF FMFDUSJDBM DPOEVDUJPO CFHJO
UP TMPX EPXO JO UIF JTDIFNJD NZPDBSEJVN�<���o���> %VSJOH BDVUF DPSPOBSZ PDDMVTJPO JO
DBOJOFT
 HJBOU 3 XBWFT
 EVF UP BDVUF USBOTNVSBM JTDIFNJB
 IBT CFFO DPSSFMBUFE UP JODSFBTF JO
USBOTNVSBM DPOEVDUJPO UJNF BTTFTTFE CZ NFBTVSJOH UIF BDUJWBUJPO UJNF CFUXFFO FOEP� BOE
FQJDBSEJBM FMFDUSPHSBNT�<���
 ���> 4MPXJOH PG UIF EFQPMBSJ[BUJPO BOE QIBTF �
 UIVT
 TFFNT UP
SFTVMU JO BO BMUFSFE NPSQIPMPHZ PG UIF 234 DPNQMFY
 FTQFDJBMMZ CSPBEFOJOH� 'VSUIFSNPSF

EJTUPSUJPO PG UIF 234 DPNQMFY EVSJOH BOHJOB
 BMUIPVHI SBSF
 IBT CFFO LOPXO BT B IBSCJOHFS
PG EPPN GPS B MPOH UJNF�

ɨFTF NPSQIPMPHJD DIBOHFT UP UIF 234 DPNQMFY IBT CFFO SFGFSSFE UP BT iHJBOU 3 XBWFw

iNPOP�QIBTJD 234�45 DPNQMFYw BOE iUPNCTUPOJOHw
 UIF MBUUFS EVF UP UIF MJLFOFTT JO CPUI
BQQFBSBODF BOE QSPHOPTJT PG UIFTF QBUJFOUT 	'JHVSF ����
�<���
 ���o���> *U IBT BMTP CFFO
UFSNFE AUFSNJOBM 234 EJTUPSUJPO�
<���o���
 ���
 ���
 ���> XIJDI UIF BVUIPS PG UIJT UIFTJT
mOET UP CF B NPSF OFVUSBM UFSN� 1SJPS TUVEJFT IBWF JOEJDBUFE UIBU UIF BNPVOU PG UFSNJOBM
234 EJTUPSUJPO JT SFMBUFE UP UIF TFWFSJUZ PG JTDIFNJB BOE BO JOEFQFOEFOU OFHBUJWF QSPHOPTUJD
GBDUPS JO QBUJFOUT QSFTFOUJOH XJUI "$0�<��
 ���o���> 'VSUIFSNPSF
 QSFWJPVT TUVEJFT IBWF
TIPXO UIBU UFSNJOBM 234 EJTUPSUJPO JT SFMBUFE UP QPPS DPMMBUFSBM nPX BOE
 UIVT
 UIF TFWFSJUZ



�� $)"15&3 �� */530%6$5*0/

'JHVSF ����� &YBNQMF PG UPNCTUPOF 234 NPSQIPMPHZ�

PG JTDIFNJB�<��> #BMDJ FU BM� IBWF TIPXO UIBU AUPNCTUPOJOH� NPSQIPMPHZ JT BTTPDJBUFE XJUI
JODSFBTFE NPSUBMJUZ
 JO�IPTQJUBM DBSEJPHFOJD TIPDL
 WFOUSJDVMBS UBDIZDBSEJB BOE 7'�<���>
ɨFTF SFTVMUT XFSF DPOmSNFE CZ "ZIBO FU BM�
<���> TIPXJOH UIBU AUPNCTUPOJOH� NPSQIPMPHZ
JT BO JOEFQFOEFOU QSFEJDUPS PG ��NPOUI BMM�DBVTF NPSUBMJUZ JO BOUFSJPS 45&.*�

.PSF UIBO UXFOUZ�mWF ZFBST BHP
 4DMBSPWTLZ FU BM� JOUSPEVDFE BO &$( NFUIPE GPS
HSBEJOH UIF TFWFSJUZ PG JTDIFNJB GPMMPXJOH BO "$0� (SBEF * o UBMM QFBLFE 5 XBWFT
 (SBEF
** o 45&
 BOE (SBEF *** o UFSNJOBM 234 EJTUPSUJPO�<���
 ���> (SBEF *** PG JTDIFNJB
	(�*
 JT EFmOFE BT 45& XJUI QPTJUJWF 5 XBWFT
 EJTUPSUJPO PG UIF UFSNJOBM QPSUJPO PG UIF
234 BOE EJTBQQFBSBODF PG UIF 4 XBWFT CFMPX UIF JTPFMFDUSJD MJOFT JO MFBET XJUI 3T DPO�
mHVSBUJPO 	VTVBMMZ 71o73
 PS FNFSHFODF PG UIF +�QPJOU � ��� PG UIF 3 XBWFT JO MFBET
XJUI R3 DPOmHVSBUJPO�<���> " (�* QBUUFSO PO UIF QSFTFOUJOH &$( IBT CFFO TIPXO UP
DPSSFMBUF XJUI JOGBSDU TJ[F
 NZPDBSEJVN BU SJTL
 JNQBJSFE NZPDBSEJBM TBMWBHF
 SFQFSGVTJPO
JOKVSZ BOE QPPS DMJOJDBM PVUDPNFT�<���
 ���o���> )PXFWFS
 UIJT QPUFOUJBMMZ JNQPSUBOU
NFUIPE GBJMFE UP BDIJFWF DMJOJDBM BDDFQUBODF CFDBVTF PG� UIF DIBMMFOHF PG JUT BDDVSBUF NBOVBM
BQQMJDBUJPO
<���> BOE CFDBVTF JU IBT TUJMM POMZ QSPWFO DISPOJD QSPHOPTUJD WBMVF 	J�F� DPSSFMB�
UJPO XJUI MBSHFS JOGBSDU TJ[F BOE IJHIFS NPSUBMJUZ
�<���
 ���> *UT EJBHOPTUJD WBMVF SFHBSEJOH
USJBHF JT ZFU UP CF EPDVNFOUFE� ɨFSFGPSF
 DVSSFOUMZ
 UIFSF JT OP DMJOJDBMMZ VTFE NFUIPE
GPS EFUFSNJOJOH UIF TFWFSJUZ PG JTDIFNJB JO QBUJFOUT XJUI TVTQFDUFE "$0
 BOE USJBHF PG UIF
SFQFSGVTJPO UIFSBQZ TUSBUFHZ JT OPU DPOTJEFSFE�

*O QSFWJPVT FYQFSJNFOUBM TUVEJFT UIBU IBWF JOWFTUJHBUFE JTDIFNJB�JOEVDFE 234 DIBOHFT

234 EVSBUJPO XBT NFBTVSFE GSPN 234 POTFU UP BO FTUJNBUFE + QPJOU�<��
 ���
 ���> )PX�
FWFS
 UFSNJOBM 234 EJTUPSUJPO DPOTJTUT PG BO QSPMPOHBUJPO PG UIF DPNQMFY BMPOH XJUI B
TJHOJmDBOU 45& XIJDI SFTVMUT JO B NFSHJOH PG UIF 3 BOE UIF 5 XBWF 	'JHVSF ����

 NBLJOH
UIF MJNJUT PG UIF 234 DPNQMFY BOE 5 XBWF VOEFmOBCMF� ɨJT JT EVF UP UIF QSPMPOHFE EF�
QPMBSJ[BUJPO QIBTF PG UIF NZPDBSEJVN
 TUJMM HPJOH PO BT SFQPMBSJ[BUJPO TUBSUT BU UIF PSJHJO�
(�* BOE �UPNCTUPOJOH� DSJUFSJB BEESFTTFT UIFTF JTTVFT UP TPNF FYUFOU CVU BSF
 IPXFWFS
 EJ�
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'JHVSF ����� 3 BOE 5 XBWF NFSHJOH�

DIPUPNPVT� 'VSUIFSNPSF
 UIF DSJUFSJB EP OPU DPWFS B SFDJQSPDBM 45�TFHNFOU EFQSFTTJPO PG
B QPTUFSJPS -$9 PDDMVTJPO�

����� .BMJHOBOU "SSIZUINJBT BOE $BSEJBD "SSFTU

*TDIFNJB�*OEVDFE "SSIZUINJBT

1BUJFOUT XJUI "$0 BOE TFWFSF JTDIFNJB NBZ BMTP TVĊFS GSPN NBMJHOBOU BSSIZUINJBT EVSJOH
EJĊFSFOU QIBTFT PG UIF JTDIFNJD DBTDBEF� 8JUIJO UIJT DPOUFYU
 NBMJHOBOU BSSIZUINJBT BSF
EFmOFE BT VODPOUSPMMFE BOE QVMTFMFTT WFOUSJDVMBS SIZUINT
 TVDI BT WFOUSJDVMBS UBDIZDBSEJB
	75
 BOE WFOUSJDVMBS mCSJMMBUJPO 	7'
� .BMJHOBOU BSSIZUINJBT JO UVSO MFBE UP $"
 FJUIFS
JO�IPTQJUBM
 PVU�PG�IPTQJUBM 	0)$"

<�> PS TVEEFO DBSEJBD EFBUI 	4$%
�<���> 5SBOTJFOU
JTDIFNJD 234 XJEFOJOH IBT CFFO TIPXO UP QSFEJDU JNQFOEJOH 7' BOE TJ[F PG UIF NZPDBS�
EJBM JOKVSZ JO BO FYQFSJNFOUBM BDVUF JTDIFNJB TFUUJOH JO QJHT�<���o���> 'VSUIFSNPSF
 BT
EFTDSJCFE BCPWF
 #BMDJ FU BM� IBWF TIPXO UIBU AUPNCTUPOJOH� NPSQIPMPHZ JT BTTPDJBUFE XJUI
JODSFBTFE NPSUBMJUZ
 JO�IPTQJUBM DBSEJPHFOJD TIPDL
 75 BOE 7'�<���>

ɨFSF BSF NBOZ QPTTJCMF DBVTFT GPS UIFTF DPOEJUJPOT
 IPXFWFS
 XJUIJO UIJT UIFTJT BDVUF
NZPDBSEJBM JTDIFNJB BT UIF VOEFSMZJOH QBUIPMPHZ XJMM CF DPOTJEFSFE� ɨF CJPDIFNJDBM JN�
CBMBODF PG JTDIFNJB GPMMPXJOH B UPUBM DPSPOBSZ PDDMVTJPO
 DBVTJOH BSSIZUINJBT
 EFWFMPQ BT B
DPOTFRVFODF PG BVUPNBUJD PS OPOBVUPNBUJD FDUPQJD FYDJUBUJPO�<���> "VUPNBUJD FYDJUBUJPO
JT EVF UP BCOPSNBM BVUPNBUJDJUZ JO UIF NZPDBSEJBM DFMMT BOE FBSMZ PS EFMBZFE BGUFSEFQPMBS�
J[BUJPOT� "GUFSEFQPMBSJ[BUJPOT BSF XIFO NZPDZUFT QBSUJBMMZ EFQPMBSJ[F� J�F� NPWF UP B NPSF
QPTJUJWF NFNCSBOF QPUFOUJBM
 EVSJOH B EJĊFSFOU QIBTF UIBO QIBTF �� &BSMZ BGUFSEFQPMBSJ[B�
UJPOT PDDVS EVSJOH QIBTF � PS � 	BGUFS OPSNBM EFQPMBSJ[BUJPO
 BOE EFMBZFE BGUFSEFQPMBSJ[B�
UJPOT EVSJOH QIBTF � 	CFGPSF OPSNBM EFQPMBSJ[BUJPO
�

/POBVUPNBUJD FYDJUBUJPO
 IPXFWFS
 JT EVF UP DMBTTJDBM SFFOUSZ
 XIFSF UIF EJTPSEFSFE
BOE TMPX JTDIFNJD�JOEVDFE DPOEVDUJPO DBVTFT UIF FMFDUSJDBM TJHOBM UP QFSTJTU UP SFFYDJUF UIF
NZPDBSEJVN JOTUFBE PG EZJOH PVU BGUFS DPNQMFUF BDUJWBUJPO�<���>

*O UIF SFWFSTJCMF QIBTF PG JTDIFNJB
 ���� NJOVUFT BGUFS UIF "$0
 UIFSF JT B EJTUJODU
EJĊFSFODF JO FUJPMPHZ EFQFOEJOH PO FBSMZ 	���� NJOVUFT
 PS MBUF 	����� NJOVUFT
 PDDVSSFODF
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PG BSSIZUINJBT� *O FBSMZ BSSIZUINPHFOFTJT DMBTTJDBM SFFOUSZ TFFNT UP CF QSFEPNJOBOU
 HJWJOH
SJTF UP CVSTUT PG 75 CVU TFMEPN TVTUBJOFE 7'�<���> )PXFWFS
 MBUF BSSIZUINPHFOFTJT JT EVF
UP CPUI GPDBM BOE OPO�GPDBM TPVSDFT TVDI BT BVUPNBUJD BVUPNBUJDJUZ
 SFFOUSZ
 JOKVSZ DVSSFOUT
BOE QIBTF � SFFOUSZ� -BUF BSSIZUINPHFOFTJT JO UIF SFWFSTJCMF QIBTF NPSF PGUFO FWPMWF JOUP
TVTUBJOFE 7' BOE 4$%
 QSPCBCMZ EVF UP UIF IJHIFS $B2+ MPBE�<���>

)PXFWFS
 JTDIFNJB BSSIZUINPHFOFTJT JT OPU TUSBJHIUGPSXBSE CVU SBUIFS B DPNQMFY JO�
UFSBDUJPO CFUXFFO CJPDIFNJDBM BOE FMFDUSPQIZTJPMPHJDBM EJTUVSCBODFT BOE JU JT EJċDVMU UP
JOEJDBUF POF DVMQSJU QSPDFTT� 'VSUIFSNPSF
 HFOFUJDT QMBZ B MBSHF BOE XJEFMZ VOFYQMPSFE SPMF
JO BSSIZUINPHFOFTJT�

3FQFSGVTJPO "SSIZUINJBT

*O TPNF DBTFT
 BSSIZUINJBT EP OPU BQQFBS EVSJOH UIF JTDIFNJD QIBTF CVU SBUIFS EVSJOH
SFQFSGVTJPO UIFSBQZ XIFO UIF CMPPE nPX JT SFTUPSFE UP UIF BĊFDUFE NZPDBSEJVN� /PO�
MFUIBM SFQFSGVTJPO BSSIZUINJBT TVDI BT� CSBEZDBSEJB
 QSFNBUVSF WFOUSJDVMBS CFBUT BOE CVSTUT
PG 75 JT DPNNPO�<���> ɨVT
 SFQFSGVTJPO BSSIZUINJBT SBSFMZ DBVTF BOZ SFQFSGVTJPO JOKVSZ�
)PXFWFS
 JO TPNF DBTFT MFUIBM BSSIZUINJBT
 TVDI BT QVMTFMFTT 75 PS 7'
 PDDVST
 VTVBMMZ
XJUIJO TFDPOET PG SFQFSGVTJPO�<���> ɨFTF NBMJHOBOU BSSIZUINJBT DBO CF EFWBTUBUJOH BOE
NPTU PGUFO MFBE UP $"� ɨF FMFDUSPQIZTJPMPHJDBM NFDIBOJTN CFIJOE MFUIBM SFQFSGVTJPO BS�
SIZUINJBT TFFNT UP CF B XBTIPVU PG WBSJPVT JPOT
 TVDI BT MBDUBUF BOE QPUBTTJVN� )PXFWFS

UIFSF JT OP DPOTFOTVT PO UIF FYBDU FMFDUSPQIZTJPMPHJD NFDIBOJTN�<���>

����� $.3

$BSEJPWBTDVMBS NBHOFUJD SFTPOBODF JNBHJOH 	$.3
 JT DVSSFOUMZ DPOTJEFSFE UIF SFGFSFODF
TUBOEBSE GPS BTTFTTNFOU PG NZPDBSEJVN BU SJTL 	.B3

 mOBM JOGBSDU TJ[F 	*4
 BOE NZPDBSEJBM
TBMWBHF JOEFY 	.4*
 JO UIF TFUUJOH PG "$0�<���>

"TTFTTNFOU PG .B3 JT CBTFE PO UIF QIFOPNFOPO UIBU JTDIFNJD NZPDZUFT CFDPNFT
FEFNBUPVT BOE UIFSFGPSF HFOFSBUFT B IJHI TJHOBM JOUFOTJUZ JO 5�� XFJHIUFE JNBHFT BOE BO
JODSFBTFE FYUSBDFMMVMBS WPMVNF
 XIJDI HJWFT SJTF UP JODSFBTFE TJHOBM JOUFOTJUZ JO $&�44'1
JNBHFT�<���>

*OGBSDU TJ[F 	*4
 JT VTVBMMZ RVBOUJmFE XJUI MBUF HBEPMJOJVN�FOIBODFE $.3� (BEPMJOJVN�
%05" JT BO FYUSBDFMMVMBS DPOUSBTU BHFOU UIBU FĊFDUT QSPUPOT JO JUT TVSSPVOEJOHT
 TIPSUFOJOH
UIF 5� SFMBYBUJPO UJNF BOE UIFSFCZ FOIBODFT DPOUSBTU XIFO OVMMJOH UIF TJHOBM GSPN WJBCMF
NZPDBSEJVN� 8IFO NZPDBSEJVN JT JOGBSDUFE NZPDZUFT EJF BOE UIF FYUSBDFMMVMBS DPNQBSU�
NFOU CFDPNFT JODSFBTFE� ɨFTF JOGBSDUFE BSFBT BQQFBS CSJHIU PO MBUF HBEPMJOJVN�FOIBODFE
$.3 BOE DBO CF BTTFTTFE UP DBMDVMBUF *4�<���>

1SFWJPVT TUVEJFT JO 45&.* QBUJFOUT IBWF TIPXO UIBU UFSNJOBM 234 EJTUPSUJPO EVF UP
JTDIFNJB JT BTTPDJBUFE XJUI MBSHFS *4 	BDVUF BOE � NPOUIT QPTU 45&.*

 MBSHFS .B3
 MPXFS
.4* BOE NPSF TFWFSF NJDSPWBTDVMBS PCTUSVDUJPO�<���o���
 ���> 'VSUIFSNPSF
 MPX DPMMBU�
FSBM nPX
 BOE UIFSFCZ NPSF TFWFSF JTDIFNJB
 IBT CFFO DPSSFMBUFE UP MPXFS .4* BOE NPSF
SBQJE JOGBSDU EFWFMPQNFOU PO $.3�<��>



$IBQUFS �

"JNT

"DVUF NZPDBSEJBM JTDIFNJB BOE JUT TVCTFRVFOU SBNJmDBUJPOT 	".*
 0)$" FUD�
 BSF B DPN�
NPO DBVTF PG EFBUI� ɨF PWFSBMM BJN PG UIJT UIFTJT
 UIFSFGPSF
 JT UP FWBMVBUF B QSPQPTFE
JNQSPWFNFOU PO UIF JEFOUJmDBUJPO PG UIFTF QBUJFOUT� ɨF BJNT PG UIF JOEJWJEVBM QBQFST BSF
TUBUFE CFMPX�

1BQFS *
5P �
 UFTU B OPWFM NFUIPE GPS RVBOUJGZJOH UFSNJOBM 234 EJTUPSUJPO UFSNFE �JTDIFNJD 234
QSPMPOHBUJPO� 	*21

 �
 FTUBCMJTI UIF SFMBUJPOTIJQ CFUXFFO *21 BOE DPMMBUFSBM BSUFSJBM nPX
EVSJOH BDVUF JTDIFNJB JO BO FYQFSJNFOUBM EPH NPEFM BOE �
 UFTU JG UIF TBNF QBUUFSO PG *21
PDDVST JO QBUJFOUT XJUI DPSPOBSZ BSUFSZ EJTFBTF 	$"%
 VOEFSHPJOH QSPMPOHFE
 FMFDUJWF BO�
HJPQMBTUZ CBMMPPO JOnBUJPO�

1BQFS **
5P JOUSPEVDF BO &$( NFUIPE GPS RVBOUJmDBUJPO PG *21 UIBU DPOTJEFST BMM �� TUBOEBSE MFBET
BOE EPFT OPU SFRVJSF DPNQBSJTPO XJUI B CBTFMJOF SFDPSEJOH�

1BQFS ***
5P UFTU UIF IZQPUIFTJT UIBU *21 EVSJOH UIF JOJUJBM �� NJOVUFT PG BDVUF DPSPOBSZ PDDMVTJPO
DBO TFSWF BT QSFEJDUPS GPS PDDVSSFODF PG SFQFSGVTJPO 7' JO BO FYQFSJNFOUBM DBOJOF NPEFM�

1BQFS *7
5P FWBMVBUF UIF SFMBUJPO CFUXFFO *21 BOE NZPDBSEJBM JOKVSZ BTTFTTFE CZ $.3 JO QBUJFOUT
QSFTFOUJOH XJUI BDVUF 45&.*�

1BQFS 7
5P FYQMPSF UP XIBU FYUFOU *21 JT QSFTFOU JO 45&.* QBUJFOUT TVĊFSJOH GSPN 0)$" DPN�
QBSFE UP UIPTF XIP EP OPU�

��





$IBQUFS �

.BUFSJBMT BOE .FUIPET

��� &YQFSJNFOUBM $BOJOF .PEFM

"MM FYQFSJNFOUT JOWPMWJOH UIF VTF PG MBCPSBUPSZ BOJNBMT DPOGPSN UP UIF HVJEFMJOFT PG UIF
"NFSJDBO 1IZTJPMPHJDBM 4PDJFUZ BOE UIF TUBOEBSET JO UIF (VJEF GPS UIF $BSF BOE 6TF PG
-BCPSBUPSZ "OJNBMT
 %)&8 1VCM� /P� /*) ��o��
 SFWJTFE ����
 BOE XBT BQQSPWFE CZ
UIF JOTUJUVUJPOBM SFWJFX CPBSE�

����� 4UVEZ 1PQVMBUJPO

1BQFS *

%BUB GSPN �� IFBMUIZ NPOHSFM EPHT PSJHJOBMMZ TUVEJFE JO UIF FBSMZ �����T XFSF JODMVEFE�<��>
"MM EPHT VOEFSXFOU QSPYJNBM PDDMVTJPO PG UIF MFGU DJSDVNnFY DPSPOBSZ BSUFSZ 	-$9
 GPS �
NJOVUFT� $PMMBUFSBM nPX XBT FWBMVBUFE VTJOH NJDSPTQIFSFT BT EFTDSJCFE CFMPX�<��>

1BQFS ***

%BUB GSPN �� IFBMUIZ NPOHSFM EPHT
 QSFWJPVTMZ JODMVEFE JO TUVEJFT PG SFQFSGVTJPO FĊFDUT JO
MBUF JTDIFNJD JOKVSZ PSJHJOBMMZ QVCMJTIFE JO ����
 XFSF JODMVEFE�<��> "MM EPHT VOEFSXFOU
QSPYJNBM PDDMVTJPO PG UIF -$9 GPS �� NJOVUFT�

����� $PMMBUFSBM #MPPE 'MPX .FBTVSFNFOU

"T QSFWJPVTMZ EFTDSJCFE
 NZPDBSEJBM DPMMBUFSBM CMPPE nPX XBT FYQSFTTFE JO NM�NJO�H XFU�<��

��> *O TIPSU
 UIF JTDIFNJD BOE OPO�JTDIFNJD NZPDBSEJVN XBT NFBTVSFE CZ JOKFDUJOH SB�
EJPBDUJWF NJDSPTQIFSFT MBCFMFE XJUI 464D
 884S
 1134O
 141$F
 PS 153(E BU ��� NJOVUFT
JOUP UIF JTDIFNJD FQJTPEF� #FHJOOJOH KVTU CFGPSF BOE DPOUJOVJOH ��� NJOVUFT BGUFS NJ�
DSPTQIFSF JOKFDUJPO
 SFGFSFODF CMPPE TBNQMFT XFSF XJUIESBXO GSPN UIF BPSUB WJB B GFNPSBM
BSUFSZ DBUIFUFS� .JDSPTQIFSF SBEJPBDUJWJUZ XBT NFBTVSFE XJUI B HBNNB DPVOUFS 	.PEFM

��
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"����
 1BDLBSE *OTUSVNFOUT
 %PXOFS�T (SPWF
 *-
 64"
� .ZPDBSEJBM CMPPE nPX XBT DBM�
DVMBUFE BDDPSEJOH UP UIF GPSNVMB� tissue flow = (tissue counts)∗(reference blood flow)

(reference blood counts) �

��� )VNBO 4UVEZ 1PQVMBUJPOT

ɨF PSJHJOBM TUVEJFT XFSF BQQSPWFE CZ UIF JOTUJUVUJPOBM SFWJFX CPBSE 	64"
 BOE UIF SFHJPOBM
FUIJDT DPNNJUUFF 	4XFEFO
 BOE XSJUUFO DPOTFOU XBT PCUBJOFE GSPN BMM TVSWJWJOH QBSUJDJQBU�
JOH QBUJFOUT� %FUBJMFE QPQVMBUJPO EFTDSJQUJPO DBO CF GPVOE JO UIF JOEJWJEVBM QBQFST�

1BQFS * � **

&$(T GPS UIF IVNBO DPIPSU XFSF PCUBJOFE GSPN UIF 45"''�*** EBUBTFU
 PSJHJOBMMZ BDRVJSFE
BU UIF $IBSMFTUPO "SFB .FEJDBM $FOUFS
 87
 64"�<���
 ���> 1BUJFOUT JODMVEFE XFSF SF�
GFSSFE GPS QSPMPOHFE � NJOVUFT FMFDUJWF CBMMPPO 1$* EVF UP TUBCMF BOHJOB QFDUPSJT BOE JO�
GPSNFE DPOTFOU XBT PCUBJOFE GSPN FBDI QBUJFOU CFGPSF FOSPMNFOU� %JHJUBM ���MFBE &$(T
XFSF SFDPSEFE DPOUJOVPVTMZ QSF�PDDMVTJPO BOE EVSJOH UIF QSPDFEVSF�

1BQFS *7

1BUJFOUT JODMVEFE XFSF PSJHJOBMMZ B QBSU PG UIF SBOEPNJ[FE DPOUSPMMFE 40$$&3 	4VQQMF�
NFOUBM 0YZHFO JO $BUIFUFSJ[FE $PSPOBSZ &NFSHFODZ 3FQFSGVTJPO
 USJBM� ɨJT USJBM XBT
DPOEVDUFE BU 4LÌOF 6OJWFSTJUZ )PTQJUBM
 4XFEFO BOE DPOTJTUFE PG ��� OPSNPYJD 	02�
TBUVSBUJPO ǚ���
 45&.* QBUJFOUT XIP VOEFSXFOU QSJNBSZ 1$* BOE SBOEPNJ[FE UP FJUIFS
TUBOEBSE PYZHFO UIFSBQZ PS OP TVQQMFNFOUBM PYZHFO JO UIF BNCVMBODF� �� QBUJFOUT VO�
EFSXFOU $.3 ��� EBZT BGUFS UIF 1$*� 1BUJFOUT XJUI QSFWJPVT ".* PS JOBCJMJUZ UP EFDJEF
XIFUIFS UP QBSUJDJQBUF XFSF FYDMVEFE�<���>

1BQFS 7

ɨF TUVEZ DPIPSU DPOTJTUFE PG EBUB EFSJWFE GSPN UXP EJĊFSFOU DMJOJDBM USJBMT� POF HSPVQ PG
45&.* QBUJFOUT XIP TVĊFSFE GSPN BO BDVUF 0)$" 	UIF UBSHFUFE UFNQFSBUVSF NBOBHFNFOU
<55.> USJBM
 BOE POF UIBU EJE OPU 	UIF 4VQQMFNFOUBM 0YZHFO JO $BUIFUFSJ[FE $PSPOBSZ
&NFSHFODZ 3FQFSGVTJPO <40$$&3> USJBM� EFTDSJCFE BCPWF
�<���
 ���> %BUB XBT BDRVJSFE
BU 4LÌOF 6OJWFSTJUZ )PTQJUBM JO -VOE BOE .BMNÚ 	55. BOE 40$$&3

 BOE UIF IPTQJUBM
PG )FMTJOHCPSH
 4XFEFO 	55.
�<���
 ���>

ɨF 55.�USJBM JODMVEFE BEVMU
 VODPOTDJPVT QBUJFOUT SFTVTDJUBUFE GSPN BO 0)$" PG B
QSFTVNFE DBSEJBD DBVTF� 8JUIJO UIF PSJHJOBM TUVEZ
 UXP EJĊFSFOU UBSHFU UFNQFSBUVSFT GPS
QPTU�SFUVSO PG TQPOUBOFPVT DJSDVMBUJPO 	304$
 DPPMJOH XFSF TUVEJFE 	��◦$ WT� ��◦$
�<���>
%VF UP MPHJTUJD BOE SFHVMBUPSZ SFBTPOT 4XFEJTI QBUJFOUT XFSF POMZ DPOTJEFSFE�
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��� &MFDUSPDBSEJPHSBQIZ

����� &$( "DRVJTJUJPO

1BQFS * � *** 	DBOJOFT


"MM EPHT XFSF BOFTUIFUJ[FE XJUI ����� NH�LH PG TPEJVN QFOUPCBSCJUBM JOUSBWFOPVTMZ
 JO�
UVCBUFE BOE WFOUJMBUFE BT QSFWJPVTMZ EFTDSJCFE JO EFUBJM�<��
 ��
 ��> *O TIPSU
 B MFGU UIPSB�
DPUPNZ XBT QFSGPSNFE UISPVHI UIF GPVSUI JOUFSDPTUBM TQBDF BOE UIF IFBSU XBT TVTQFOEFE
JO B QFSJDBSEJBM DSBEMF� ɨF -$9 XBT JEFOUJmFE BOE PDDMVEFE GPS � 	QBQFS *
 PS �� 	QB�
QFS ***
 NJOVUFT XJUI B TJML TOBSF� 6TJOH B (PVME NPEFM ���� SFDPSEFS
 &$( MFBE ** XBT
SFDPSEFE DPOUJOVPVTMZ CFGPSF
 EVSJOH UIF PDDMVTJPO BOE BMTP EVSJOH SFQFSGVTJPO VOUJM UIF
IFBSU XBT FYDJTFE� 234 XBWFGPSN NFBTVSFNFOUT XFSF PCUBJOFE GSPN &$( MFBE ** BU B
QBQFS TQFFE PG ��NN�T BOE NBHOJmFE Y� JO B TUBOEBSE QIPUPDPQJFS J�F� BDIJFWJOH ��NN�T
BOE ��NN�N7�

1BQFS * � **

" EFUBJMFE EFTDSJQUJPO PG UIF 45"''�*** TUVEZ XBT SFDFOUMZ QSFTFOUFE�<���
 ���> *O TIPSU

BMM QBUJFOUT JODMVEFE SFDFJWFE BQQSPYJNBUFMZ � NJOVUFT PG CBMMPPO PDDMVTJPO PG UIF SJHIU
DPSPOBSZ BSUFSZ 	3$"

 UIF MFGU BOUFSJPS EFTDFOEJOH BSUFSZ 	-"%
 PS UIF -$9� %JHJUBM ���
MFBE &$(T XFSF SFDPSEFE DPOUJOVPVTMZ 	4JFNFOT�&MFNB "#
 4PMOB
 4XFEFO
 QSF�PDDMVTJPO
BOE EVSJOH UIF QSPDFEVSF VOUJM BQQSPYJNBUFMZ � NJOVUFT BGUFS CBMMPPO EFnBUJPO�

8BWFGPSN NFBTVSFNFOUT XFSF PCUBJOFE GSPN UIF EJHJUBM DPOUJOVPVT ���MFBE &$(
SFDPSEJOHT� .FBTVSFNFOUT XFSF NBEF GSPN QSJOU�PVUT PG UIF &$(T BU B QBQFS TQFFE PG
��NN�T BOE HBJO PG ��NN�N7� 7BMVFT XFSF NFBTVSFE GSPN B TJOHMF MFBE JO PSEFS UP FNV�
MBUF UIF NFUIPE VTFE JO UIF FYQFSJNFOUBM EPH DPIPSU� ɨF FYUSFNJUZ MFBET XFSF DPOTJEFSFE
GPS BTTFTTNFOUT PG 3$" PDDMVTJPOT BOE QSFDPSEJBM MFBET GPS -"% BOE -$9 PDDMVTJPOT� 4JODF
UIF EPH BOE IVNBO DBSEJBD BOBUPNJFT EJĊFS
 UIF MFBE XJUI UIF NPTU QSPOPVODFE JTDIFNJD
234 QSPMPOHBUJPO BNPOH UIF DPOTJEFSFE MFBET BOE XJUIJO � NJOVUFT PG PDDMVTJPO XBT VTFE�

1BQFS *7 � 7

%JHJUBM
 �� TFDPOE
 ���MFBE &$(T XFSF SFDPSEFE� ɨF mSTU QPTU�304$ &$( XBT VTFE GPS
UIF 55. QPQVMBUJPO� *G OP &$( XBT BWBJMBCMF XJUIJO � IPVST GSPN 0)$"
 UIF QBUJFOU
XBT FYDMVEFE� 'PS UIF 40$$&3 QPQVMBUJPO
 UIF mSTU &$( QSJPS UP 1$* XBT VTFE� *G BO
BNCVMBODF &$( XBT VOBWBJMBCMF
 UIF mSTU &$( SFDPSEFE BU IPTQJUBM BENJTTJPO
 CFGPSF 1$*

XBT VTFE�

0UIFS FYDMVTJPO DSJUFSJB XFSF CVOEMF CSBODI CMPDL 	###
 PS BOZ WFOUSJDVMBS PS QBDF�
NBLFS SIZUIN PO UIF &$(� %VSJOH UIF SFDPSEJOH
 BMM QBUJFOUT XFSF SFTUJOH JO B TVQJOF
QPTJUJPO� .BOVBM NFBTVSFNFOUT XFSF NBEF GSPN QSJOU PVUT PG NFEJBO CFBUT PG UIF &$(
BU B QBQFS TQFFE PG ��NN�T BOE HBJO PG ��NN�N7�
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0O UIF &$(
 *21
 NBYJNBM 45�EFWJBUJPO
 PDDVSSFODF PG QBUIPMPHJDBM 2 XBWFT
<���>
PDDVSSFODF PG 45 DIBOHFT NFFUJOH DVSSFOU 45&.* PS 45&.* FRVJWBMFOU DSJUFSJB
<���
 ���>
BOE UIF DPNQVUFS HFOFSBUFE 234 EVSBUJPO 	234Ecg
 XFSF SFDPSEFE�

����� *TDIFNJD 234 1SPMPOHBUJPO

"T EJTDVTTFE JO UIF JOUSPEVDUJPO
 UFSNJOBM 234 EJTUPSUJPO IJOEFST UIF OPSNBM NFUIPEPMPHZ
PG NFBTVSJOH 234 EVSBUJPO� ɨF TMPX BOE UIVT EFMBZFE EFQPMBSJ[BUJPO PG UIF JTDIFNJD NZ�
PDBSEJVN SFTVMUT JO 234 QSPMPOHBUJPO CZ XIJDI UIF 234 DPNQMFY BOE 5 XBWF BSF NFSHFE
BOE UIF +�QPJOU EJTBQQFBST JO MFBET PWFSMZJOH UIF JTDIFNJD NZPDBSEJVN 	'JHVSF ����
� *O
UIF QSFTFOU UIFTJT XF JOUSPEVDF B OFX NFUIPE GPS BTTFTTJOH JTDIFNJD 234 QSPMPOHBUJPO
FWFO JO UIF BCTFODF PG B EFmOFE +�QPJOU
 JO BO BUUFNQU UP TPMWF UIJT QSPCMFN� ɨF NFUIPE
XBT EFWFMPQFE CZ %S� (BMFO 8BHOFS BOE UIF BVUIPS PG UIF DVSSFOU UIFTJT� ɨF DPODFQU PG
EFmOJOH B MJOF CFUXFFO UIF 3�4 XBWF BOE UIF JOUFSTFDU PG UIF 13 CBTFMJOF
 BT EFTDSJCFE GPS
UIF QSPQPTFE NFUIPE
 JT TJNJMBS UP B QSFWJPVTMZ EFTDSJCFE NFUIPE PG EFUFSNJOJOH UIF PĊTFU
PG UIF 5 XBWF�<���> ɨF UFSN GPS UIJT DIBOHF JO UIF 234 DPNQMFY IBT
 IPXFWFS
 CFFO IBSE
UP EFUFSNJOF� 4JODF UIF DVSSFOU NFUIPE EPFT OPU VTF UIF +�QPJOU BT PĊTFU
 UIF NFBTVSFNFOU
GSPN 234 POTFU UP 13 JOUFSDFQU DBOOPU CF UFSNFE A234 EVSBUJPO�� 8F IBWF
 UIFSFGPSF

EFDJEFE UP SFGFS UP UIF EJĊFSFODF CFUXFFO CBTFMJOF 234 EVSBUJPO BOE UIF EJTUBODF GSPN
234 POTFU UP 13 JOUFSDFQU BT JTDIFNJD 234 QSPMPOHBUJPO 	*21
� *U TIPVME CF OPUFE UIBU
UIF USVF 234 EVSBUJPO JO QBUJFOUT XJUI UFSNJOBM 234 EJTUPSUJPO JT QSPCMFNBUJD UP FWBMVBUF
BOE JT OPU XIBU UIJT NFUIPE JT BJNFE BU�

4JOHMF�-FBE .FUIPE 	QBQFS * � ***


#FGPSF PDDMVTJPO
 NFBTVSFNFOU PG B CBTFMJOF 234 EVSBUJPO
 EFmOFE BT UIF UJNF CFUXFFO
234 POTFU BOE UIF +�QPJOU
 XFSF VOEFSUBLFO JO BMM BOJNBMT BOE QBUJFOUT� %VSJOH JTDIFNJB
XIFO OP +�QPJOU DPVME CF DMFBSMZ EJTUJOHVJTIFE
 EVF UP UIF NFSHJOH PG UIF 3 BOE 5 XBWF

B MJOF XBT ESBXO UISPVHI UIF QFBL PG UIF 3 	PS 3� JG JU XBT QSFTFOU
 XBWF BOE BMPOH ���
PG UIF EPXOTMPQF CFUXFFO UIF 3 QFBL BOE UIF OBEJS PG UIF 45 TFHNFOU 	'JHVSF ���
� ɨF
UJNF CFUXFFO POTFU PG UIF 234 DPNQMFY BOE UIF JOUFSTFDUJPO PG UIJT MJOF XJUI UIF 13
CBTFMJOF XBT UIFO EFUFSNJOFE� *O EPHT XIFSF UIF +�QPJOU DPVME CF DMFBSMZ EJTUJOHVJTIFE

FWFO EVSJOH JTDIFNJB
 UIF UJNF CFUXFFO 234 POTFU BOE UIF +�QPJOU XBT EFUFSNJOFE� ɨF
EJĊFSFODF CFUXFFO 234 EVSBUJPO EVSJOH JTDIFNJB
 FJUIFS CZ EJTUJODU PS JOEJTUJODU +�QPJOU

BOE UIF CBTFMJOF 234 EVSBUJPO XBT SFGFSSFE UP BT *21
 FYQSFTTFE JO NT 	BCTPMVUF JTDIFNJD
234 QSPMPOHBUJPO <B*21>
 NFBTVSFE UP OFBSFTU � NT
 BOE OPSNBMJ[FE UP CBTFMJOF 	SFMBUJWF
JTDIFNJD 234 QSPMPOHBUJPO <S*21>
� *G UIFSF XBT BO 4 XBWF BTTPDJBUFE XJUI B 45�TFHNFOU
EFQSFTTJPO 	CBTBM MBUFSBM JTDIFNJB JO -$9 PDDMVTJPOT
 B TVQFSJNQPTFE MJOF GSPN UIF 4 XBWF
OBEJS BMPOH UIF mSTU ��� PG UIF 4 XBWF VQTMPQF XBT VTFE BOE UIF JOUFSTFDUJPO XJUI UIF 13
CBTFMJOF NBSLFE UIF PĊTFU�

&BDI WBMVF XBT NFBTVSFE BT UIF BWFSBHF PG NFBTVSFNFOUT JO � DPOUJHVPVT CFBUT� *21
XBT NFBTVSFE BU POF�NJOVUF JOUFSWBMT EVSJOH mSTU � NJOVUFT PG PDDMVTJPO
 UIF NBYJNVN
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'JHVSF ���� %FQJDUJPO PG JTDIFNJD 234 QSPMPOHBUJPO NFBTVSFNFOU NFUIPE� %VSJOH JTDIFNJB XIFO OP +�QPJOU
DPVME CF DMFBSMZ EJTUJOHVJTIFE EVF UP 45�FMFWBUJPO B MJOF XBT ESBXO UISPVHI UIF QFBL PG UIF 3 	PS 3� JG JU XBT
QSFTFOU
 XBWF BOE BMPOH ��� PG UIF EPXOTMPQF CFUXFFO UIF 3 QFBL BOE UIF OBEJS PG UIF 45 TFHNFOU�

WBMVF EVSJOH UIJT QFSJPE XBT VTFE JO EBUB BOBMZTJT� 'VSUIFSNPSF
 UIF UJNJOH PG UIF NBYJ�
NVN *21 XBT SFDPSEFE UP UIF OFBSFTU NJOVUF QPTU PDDMVTJPO�

*O QBQFS *** 	DBOJOFT
 UJNJOH BOE PDDVSSFODF PG 7' XBT SFDPSEFE UP UIF OFBSFTU TFDPOE
BGUFS SFQFSGVTJPO� 7' XBT EFmOFE BT PDDVSSFODF PG CJ[BSSF
 JSSFHVMBS
 SBOEPN XBWFGPSNT

OP DMFBSMZ JEFOUJmBCMF 234 DPNQMFYFT PS 1 XBWFT BOE�PS XBOEFSJOH CBTFMJOF DPOUJOVJOH
GPS NPSF UIBO �� TFDPOET XJUIPVU SFWFSUJOH UP TJOVT SIZUIN�

���-FBE .FUIPE 	1BQFS *7 � 7


ɨF TJOHMF�MFBE NFUIPE EFTDSJCFE BCPWF IBWF
 IPXFWFS
 MJNJUBUJPOT UP DPOTJEFS� *U POMZ
DPOTJEFST B TJOHMF &$(�MFBE
 BOE UIF RVBOUJmDBUJPO PG *21 SFRVJSFT B CBTFMJOF &$( GPS
RVBOUJUBUJWF DPNQBSJTPO� 5P BEESFTT UIFTF JTTVFT UIF NFUIPE XBT JNQSPWFE JO QBQFS **�

4FWFSF JTDIFNJB DBVTFT EFMBZFE BDUJWBUJPO JO UIF JTDIFNJD SFHJPO
 XIJDI UIVT EFQPMBS�
J[FT TMPXFS UIBO UIF SFTU PG UIF NZPDBSEJVN� ɨJT MFBWFT UIF FMFDUSJDBM mFME NPWJOH UPXBSE
UIF JTDIFNJD SFHJPO UIF POMZ SFNBJOJOH WFDUPS EVSJOH MBUF EFQPMBSJ[BUJPO� ɨVT
 234 EV�
SBUJPO XJMM CF QSPMPOHFE HMPCBMMZ CVU UIJT QSPMPOHBUJPO JT POMZ WJTJCMF JO MFBET GBDJOH UIF
JTDIFNJD SFHJPO� -FBET UIBU BSF QFSQFOEJDVMBS UP UIF JTDIFNJD SFHJPO XJMM TIPX B TIPSUFS

JODPSSFDU
 234 EVSBUJPO UIBU
 IPXFWFS
 JT UIFPSFUJDBMMZ DMPTF UP UIF CBTFMJOF EVSBUJPO 	JO B
OPO�JTDIFNJD TJUVBUJPO
 BT UIFTF MFBET XJMM CF VOBCMF UP EFUFDU UIF EFMBZFE BDUJWJUZ JO UIF
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'JHVSF ���� %FNPOTUSBUJPO PG UIF DPODFQU PG QBSBMMFM BOE QFSQFOEJDVMBS MFBET� -FBET GBDJOH UIF JTDIFNJD
SFHJPO 	72o74
 TIPX TJHOJmDBOU 45 EFWJBUJPO BOE UFSNJOBM 234 EJTUPSUJPO� -FBET UIBU BSF QFSQFOEJDVMBS UP
UIJT SFHJPO TIPX NJOJNBM 45 EFWJBUJPO BOE UFSNJOBM 234 EJTUPSUJPO�

JTDIFNJD SFHJPO� ɨJT JT EFNPOTUSBUFE JO 'JHVSF ��� XIJDI TIPXT UIF FMFDUSJDBM BYJT PG UIF
IFBSU JO UIF USBOTWFSTF QMBOF� -FBET UIBU BSF SFMBUJWFMZ QBSBMMFM UP UIF JTDIFNJD SFHJPO 	72�
74
 TIPX TJHOJmDBOU 45�TFHNFOU EFWJBUJPO 	45%
 XIJMF MFBET UIBU BSF SFMBUJWFMZ QFSQFOEJD�
VMBS UP UIF JTDIFNJD SFHJPO 	75 BOE 76
 TIPXT BMNPTU OP 45%� "OBMPHPVTMZ
 UFSNJOBM 234
EJTUPSUJPO JT QSFTFOU JO UIF MFBET UIBU BSF QBSBMMFM UP UIF JTDIFNJD SFHJPO BT B DPOTFRVFODF PG
UIF TMPXFE DPOEVDUJPO� ɨJT SFHJPOBM TMPXJOH PG DPOEVDUJPO SFTVMUT JO EFMBZFE BDUJWBUJPO
PG UIF TFWFSFMZ JTDIFNJD BSFB BGUFS UIF OPO�JTDIFNJD NZPDBSEJVN JT BMSFBEZ DPNQMFUFMZ EF�
QPMBSJ[FE� $POTFRVFOUMZ
 UIF POMZ WFDUPS EVSJOH UIJT EFMBZFE EFQPMBSJ[BUJPO
 BT EJTQMBZFE
JO 'JHVSF ���
 XJMM CF NPWJOH JO UIF BQQSPYJNBUF EJSFDUJPO UPXBSET 73 UIBU BMTP TIPXT UIF
NBYJNVN 45%� -FBET UIBU BSF QFSQFOEJDVMBS UP UIJT WFDUPS XJMM CF VOBCMF UP SFHJTUFS UIJT
MBUF BDUJWJUZ XIFO iWJFXFE GSPN UIF TJEFw� " UIFPSFUJDBM OFHBUJWF 73 MFBE
 EJSFDUMZ PQQPTJUF
PG 73
 XPVME TIPX DIBOHFT NJSSPSJOH 73
 XIJMF MFBET QFSQFOEJDVMBS UP UIF JOKVSZ WFDUPS
XJMM TIPX CPUI NJOJNBM 45% BOE NJOJNBM UFSNJOBM 234 EJTUPSUJPO� ɨVT
 MFBET UIBU BSF
QFSQFOEJDVMBS UP BO BDVUFMZ JTDIFNJD SFHJPO DPVME CF VTFE UP FTUJNBUF B TVSSPHBUF CBTFMJOF
234 EVSBUJPO� "T 45% JT UIF FTUBCMJTIFE NFUIPE GPS JEFOUJGZJOH UIF JTDIFNJD BSFB UIF MFBE
XJUI NBYJNBM 45% XBT VTFE GPS NFBTVSFNFOU JO DPOUSBTU UP UIF MFBE XJUI NBYJNBM *21
XIJDI XBT VTFE JO QBQFS * BOE ***�
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ɨF &$( NFBTVSFNFOU PG *21 XBT QFSGPSNFE BDDPSEJOH UP UIF NFUIPE BCPWF� *O
TIPSU
 QBUJFOUT NFFUJOH 45&.* PS 45&.* FRVJWBMFOU DSJUFSJB XFSF BOBMZ[FE XJUI SFHBSET
UP *21� ɨF MFBE XJUI UIF NBYJNVN 45% XBT EFUFSNJOFE BOE UIF BNQMJUVEF PG UIF 45
TFHNFOU XBT SFDPSEFE� ɨF TBNF NFUIPE GPS DVUPĊ EFUFSNJOBUJPO BT JO UIF TJOHMF�MFBE
NFUIPE XBT VTFE JO UIJT MFBE 	'JHVSF ���
� *G UIF DIBOHFT JO UIF MFBE XJUI NBYJNVN 45%
XFSF TP MBSHF BT UP QSFWFOU NFBTVSFNFOU
 UIF DMPTFTU BEKBDFOU MFBE JT VTFE JOTUFBE 	J�F� UIF
MFBE XJUI UIF �OE MBSHFTU 45%
� ɨJT NFBTVSFNFOU XJMM CF SFGFSSFE UP BT 234EmSTD 	234
EVSBUJPO BU NBY 45%
 GSPN UIJT QPJOU JO UIF UIFTJT� "MM NFBTVSFNFOUT XFSF NBEF UP UIF
OFBSFTU � NT�

"MM �� MFBET BSF FWBMVBUFE GPS 45% BOE UIF MFBE UIBU TIPXFE UIF MFBTU EFWJBUJPO XBT
EFmOFE BT UIF MFBE NPTU AQFSQFOEJDVMBS� UP UIF JTDIFNJD SFHJPO� *G NPSF UIBO POF MFBE
TIPXFE NJOJNBM 45% 	��
�� N7
 B MFBE JO UIF TBNF QMBOF
 BT UIF MFBE XJUI NBYJNVN
45%
 XBT QSFGFSSFE� *G NPSF UIBO POF MFBE JO UIF TBNF QMBOF TIPXFE NJOJNBM 45% UIF
NFEJBO XBT VTFE� ɨF NFBTVSFE 234 EVSBUJPO JO UIJT MFBE XBT UIFO VTFE BT UIF SFGFSFODF
234 EVSBUJPO 	234Er
� ɨF EJĊFSFODF CFUXFFO UIF 234EmSTD
 JO UIF MFBE QBSBMMFM UP
UIF JOKVSZ
 BOE UIF 234Er XBT SFGFSSFE UP BT BCTPMVUF *21 	B*21
 JO NT
� 3FMBUJWF *21
	S*21
 XBT UIF B*21 EJWJEFE CZ 234Er�

����� 4DMBSPWTLZ�#JSOCBVN *TDIFNJB (SBEF 	QBQFS *7


ɨF 4DMBSPWTLZ�#JSOCBVN *TDIFNJB (SBEF XBT EFUFSNJOFE GSPN UIF BDVUF &$( VTJOH UIF
BMHPSJUIN PG UIF SFmOFE HSBEJOH TZTUFN EFTDSJCFE CZ #JMMHSFO FU BM�<���> *O TIPSU
 FBDI &$(
XBT BOBMZ[FE BOE BTTJHOFE BO JTDIFNJB HSBEF GSPN ��� XIFSF HSBEF � PG JTDIFNJB 	(�*
 JT
BTTPDJBUFE XJUI UFSNJOBM 234 EJTUPSUJPO� ɨF BMHPSJUIN IBT QSFWJPVTMZ CFFO EFTDSJCFE JO
EFUBJM�<���>

����� "OEFSTPO�8JMLJOT "DVUFOFTT 4DPSF 	QBQFS *7


'PS FTUJNBUJPO PG UIF BDVUFOFTT PG UIF JTDIFNJD &$( DIBOHFT
 UIF &$(T XFSF BMTP BOBMZ[FE
VTJOH UIF "OEFSTPO�8JMLJOT 	"8
 BDVUFOFTT TDPSF
 XIJDI IBT QSFWJPVTMZ CFFO EFTDSJCFE JO
EFUBJM�<���> *O TIPSU
 FBDI TUBOEBSE MFBE 	FYDFQU �B73
 XJUI ǚ ��� N7 45& JO UIF QSFDPSEJBM
MFBET
 ǚ ���� N7 JO UIF MJNC MFBET
 PS BCOPSNBMMZ UBMM 5 XBWFT
 XFSF DPOTJEFSFE� "O
BDVUFOFTT TDPSF 	���
 XBT BTTJHOFE UP FBDI MFBE CBTFE PO UIF QSFTFODF PS BCTFODF PG B UBMM
5 XBWF PS BO BCOPSNBM 2 XBWF
 XIFSF � JT MFBTU BDVUF BOE � NPTU BDVUF� ɨF mOBM "8
BDVUFOFTT TDPSF XBT UIFO DBMDVMBUFE BT UIF BWFSBHF TDPSF PG UIF JODMVEFE MFBET�

��� .BHOFUJD 3FTPOBODF *NBHJOH

����� $.3 *NBHF "DRVJTJUJPO 	QBQFS *7


ɨF NBHOFUJD SFTPOBODF JNBHF BDRVJTJUJPO JT EFTDSJCFE FBSMJFS JO EFUBJM CZ ,IPTIOPPE FU
BM��<���> *O TIPSU
 BDRVJTJUJPO PG JNBHJOH EBUB XBT EPOF XJUI B 1IJMJQT ���5 "DIJFWB PS B
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4JFNFOT ���5 "WBOUP TDBOOFS�
'JSTU
 TDPVU JNBHFT XFSF BDRVJSFE UP MPDBUF UIF IFBSU� 'PS WJTVBMJ[BUJPO PG .B3
 TIPSU�

BYJT 5��XFJHIUFE USJQMF JOWFSTJPO SFDPWFSZ 	45*3
 JNBHFT
 5��QSFQBSFE TUFBEZ TUBUF GSFF
QSFDFTTJPO 	44'1
 JNBHFT BT XFMM BT NVMUJ�TMJDF
 NVMUJ�QIBTF DPOUSBTU�FOIBODFE 	$&
�44'1
JNBHFT XFSF BDRVJSFE DPWFSJOH UIF FOUJSF -7� ɨF $&�44'1 JNBHFT XFSF BDRVJSFE BQQSPYJ�
NBUFMZ � NJOVUFT BGUFS JOUSBWFOPVT BENJOJTUSBUJPO PG ��� NNPM�LH PG B HBEPMJOJVN�CBTFE
FYUSBDFMMVMBS DPOUSBTU BHFOU 	%05"3&.
 (PUIJB .FEJDBM
 #JMMEBM
 4XFEFO
� ɨF TMJDF
UIJDLOFTT XBT � NN XJUI OP TMJDF HBQ� *O�QMBOF SFTPMVUJPO XBT UZQJDBMMZ ��� Y ��� NN
BOE UIF UFNQPSBM SFTPMVUJPO GPS UIF $&�44'1 JNBHFT XBT ����� GSBNFT QFS DBSEJBD DZDMF�
'PS JOGBSDU WJTVBMJ[BUJPO
 MBUF HBEPMJOJVN FOIBODFNFOU 	-(&
 JNBHFT DPSSFTQPOEJOH UP UIF
$&�44'1 JNBHFT XFSF BDRVJSFE BQQSPYJNBUFMZ �� NJOVUFT BGUFS JOKFDUJPO PG HBEPMJOJVN�
ɨF -(&�JNBHFT XFSF BDRVJSFE VTJOH BO JOWFSTJPO�SFDPWFSZ HSBEJFOU�SFDBMMFE FDIP TFRVFODF
XJUI B TMJDF UIJDLOFTT PG � NN XJUI OP TMJDF HBQ� *O�QMBOF SFTPMVUJPO XBT UZQJDBMMZ ��� Y ���
NN� *OWFSTJPO UJNF XBT NBOVBMMZ BEKVTUFE UP OVMM UIF TJHOBM GSPN WJBCMF NZPDBSEJVN�

����� $.3 *NBHF "OBMZTJT 	QBQFS *7


"MM RVBOUJUBUJWF $.3 BOBMZTJT XFSF QFSGPSNFE PO TIPSU�BYJT JNBHFT VTJOH UIF TPGUXBSF
4FHNFOU W���� 3���� 	IUUQ���TFHNFOU�IFJCFSH�TF
�<���> .B3 XBT DBMDVMBUFE VTJOH 5��
XFJHIUFE USJQMF JOWFSTJPO SFDPWFSZ JNBHJOH
 45*3
 	1IJMJQT "DIJFWB
 PS 5��QSFQBSFE TUFBEZ�
TUBUF GSFF QSFDFTTJPO 	44'1
 	4JFNFOT "WBOUP
 BT XFMM BT DPOUSBTU�FOIBODFE 	$&
�44'1
TIPSU�BYJT JNBHFT� 5��45*3 BOE $&�44'1 IBWF QSFWJPVTMZ CFFO WBMJEBUFE CPUI FYQFSJNFO�
UBMMZ BOE JO UIF DMJOJDBM TFUUJOHT�<���o���> *OGBSDU TJ[F XBT RVBOUJmFE GSPN UIF -(& JNBHFT
VTJOH BO BVUPNBUFE DPNQVUFS BMHPSJUIN UBLJOH QBSUJBM WPMVNF FĊFDUT JOUP DPOTJEFSBUJPO�<���>
.B3 BOE *4 XFSF FYQSFTTFE BT B QFSDFOUBHF PG UIF MFGU WFOUSJDVMBS NZPDBSEJVN BOE UIF .4*
XBT RVBOUJmFE BT (1− IS

MaR) ∗ 100%� 'JHVSF ��� TIPXT BO FYBNQMF PG .B3
 *4 BOE .4*
JO B QBUJFOU XJUI BO JOGBSDUJPO JO UIF SJHIU DPSPOBSZ BSUFSZ 	3$"
 WFTTFM UFSSJUPSZ�

'PS BTTFTTNFOU PG MFGU WFOUSJDVMBS FKFDUJPO GSBDUJPO 	-7&'

 FOEP� BOE FQJDBSEJBM CPSEFST
XFSF NBOVBMMZ EFMJOFBUFE JO FOE�EJBTUPMF 	&%
 BOE FOE�TZTUPMF 	&4
 JO BMM UIF $&�44'1
TIPSU�BYJT JNBHFT BOE JO QFSDFOU (100 ∗ ED volume−ES volume

ED volume )�

��� 4UBUJTUJDBM .FUIPET

7JTVBM FWBMVBUJPO PG EJTUSJCVUJPO
 DPNQBSJTPOT PG NFBO UP NFEJBO BT XFMM BT UIF SFMBUJPO
PG UIF 4% UP UIF NFBO XBT VTFE UP FWBMVBUF JG EBUB XFSF OPSNBMMZ EJTUSJCVUFE� 'PS QBSBN�
FUFST UIBU XBT OPU OPSNBMMZ EJTUSJCVUFE
 OPO�QBSBNFUSJD UFTUT XFSF BQQMJFE GPS TUBUJTUJDBM
TJHOJmDBODF� $POUJOVPVT WBSJBCMFT BSF QSFTFOUFE BT NFBO ��4% 	OPSNBMMZ EJTUSJCVUFE

PS NFEJBO 	SBOHF
	OPU OPSNBMMZ EJTUSJCVUFE
� $BUFHPSJDBM EBUB BSF QSFTFOUFE BT GSFRVFODZ
	�
� 'PS DPOUJOVPVT WBSJBCMFT UIF 4UVEFOU U�UFTU BOE UIF .BOO�8IJUOFZ 6 UFTU XFSF VTFE
GPS DPNQBSJTPO CFUXFFO HSPVQT� $IJ�TRVBSF UFTU XBT VTFE GPS DPNQBSJTPO PG QSPQPSUJPOT�
"MM TUBUJTUJDBM UFTUT XFSF ��TJEFE BOE B Q WBMVF PG ����� XBT DPOTJEFSFE UP JOEJDBUF TUBUJTUJ�
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'JHVSF ���� $P�MPDBMJ[FE NJE�WFOUSJDVMBS MFGU WFOUSJDVMBS TMJDFT TIPXJOH NZPDBSEJVN BU SJTL
 JOGBSDUJPO BOE
NZPDBSEJBM TBMWBHF JO B QBUJFOU BGUFS NZPDBSEJBM JOKVSZ DBVTFE CZ PDDMVTJPO�SFQFSGVTJPO PG UIF SJHIU DPSPOBSZ
BSUFSZ� (SFFO MJOFT EFMJOFBUF FQJDBSEJVN
 SFE MJOFT FOEPDBSEJVN
 XIJUF MJOF NZPDBSEJVN BU SJTL
 BOE PSBOHF
MJOF JOGBSDUJPO� *O UIF JNBHF UP UIF SJHIU UIF JOGBSDU EFMJOFBUJPO IBT CFFO TVQFSJNQPTFE VQPO UIF NZPDBSEJVN
BU SJTL EFMJOFBUJPO XIFSF TBMWBHFE NZPDBSEJVN JT JOEJDBUFE JO XIJUF�

DBM TJHOJmDBODF� 4144 WFSTJPO ���� BOE ���� 	*#. DPSQPSBUJPO
 "SNPOL
 /:
 64"
 BOE
."5-"# WFSTJPO 3����B XFSF VTFE GPS UIF TUBUJTUJDBM BOBMZTFT�

1BQFS *

ɨF SFMBUJPOTIJQ CFUXFFO *21 BOE DPMMBUFSBM nPX XBT NPEFMFE VTJOH B SFDJQSPDBM GVODUJPO
XJUI OPO�MJOFBS MFBTU TRVBSFT SFHSFTTJPO� ɨF FRVBUJPO PG UIF NPEFM XBT HJWFO CZ y(x) = a

x �
XIFSF a XBT DPOTUBOU XIJMF y BOE x XFSF UIF *21 BOE DPMMBUFSBM nPX
 SFTQFDUJWFMZ� 6TJOH
B OPO�MJOFBS MFBTU TRVBSFT SFHSFTTJPO B XBT DBMDVMBUFE GSPN UIF EPH SFTVMUT UP UIF WBMVF PG
�������

1BQFS *** � 7

30$ BOBMZTFT XFSF QFSGPSNFE UP FWBMVBUF PQUJNVN DVU�PĊ WBMVF PG *21
 VTJOH UIF :PVEFO
NFUIPE� 4FOTJUJWJUZ
 TQFDJmDJUZ BOE BSFB VOEFS UIF DVSWF 	"6$
 XBT BOBMZ[FE�

1BQFS *7

'PS DPSSFMBUJPOT PG *21 UP EBUB GSPN $.3 4QFBSNBO�T SBOL DPSSFMBUJPO DPFċDJFOU XBT DBM�
DVMBUFE� 8IFO BEKVTUJOH GPS DP�NPSCJEJUJFT UJNJOH WBSJBCMFT BOE "8�TDPSF
 NVMUJWBSJBCMF
MPHJTUJD SFHSFTTJPO BOBMZTJT XBT VTFE�
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1BQFS 7

0EET SBUJPT 	03
 XBT DBMDVMBUFE VTJOH NVMUJWBSJBCMF MPHJTUJD SFHSFTTJPO JO PSEFS UP BEKVTU
GPS DP�NPSCJEJUJFT� "MM TUBUJTUJDBM UFTUT XFSF ��UBJMFE BOE B Q WBMVF PG ����� XBT DPOTJEFSFE
TUBUJTUJDBMMZ TJHOJmDBOU�



$IBQUFS �

3FTVMUT BOE %JTDVTTJPO

ɨF GPMMPXJOH JT B TZOPQTJT PG UIF NBJO QPJOUT PG UIF SFTVMUT BOE EJTDVTTJPO TFDUJPOT JO UIF
SFTQFDUJWF QBQFST� 1PQVMBUJPO TFMFDUJPO BOE DIBSBDUFSJTUJDT BT XFMM BT EFUBJMFE MJNJUBUJPOT
TFDUJPOT DBO CF GPVOE JO UIF GVMM QBQFST JO UIF FOE�

��� *21 BOE *TDIFNJB 4FWFSJUZ

����� $PMMBUFSBM 'MPX 	DBOJOFT� QBQFS *


ɨF NFBO nPX JO �� DBOJOFT XBT ����������� NM�NJO�H XFU� ɨFSF XBT B TUBUJTUJDBMMZ TJH�
OJmDBOU SFMBUJPOTIJQ CFUXFFO DPMMBUFSBM CMPPE nPX BOE B*21 	S�����
 Q������� 'JHVSF ���
�
'VSUIFSNPSF
 UIFSF XBT B TJHOJmDBOU EJĊFSFODF JO DPMMBUFSBM nPX JO UIF EPHT BCPWF 	O���

WT CFMPX 	O���
 � NT 	NFEJBO
 PG B*21� ɨF EPHT XJUI �� NT PG B*21 FYIJCJUFE TJHOJm�
DBOUMZ MPXFS DPMMBUFSBM nPX DPNQBSFE UP EPHT XJUI Ǚ� NT B*21 	��������� WT ���������
NM�NJO�H XFU
 Q������� 'JHVSF ���
�

����� 5SBOTMBUJPO 	QBQFS *


*O UIF 45"'' *** DPIPSU NFBO PWFSBMM B*21 	O���
 XBT ����� NT 	�����
 ����� BOE
����� NT GPS 3$"
 -"% BOE -$9 PDDMVTJPOT
 SFTQFDUJWFMZ
 XJUIPVU TJHOJmDBOU EJĊFSFODFT
CFUXFFO UIF HSPVQT� .BYJNVN B*21 XBT SFBDIFE BGUFS ������� NJOVUFT PG PDDMVTJPO�
.PSFPWFS
 JU XBT GSFRVFOUMZ OPUFE UIBU *21 SFBDIFE B QMBUFBV BGUFS UIF NBYJNVN XBT
SFBDIFE
 TUBZJOH BU B TJNJMBS NBHOJUVEF UISPVHIPVU UIF SFTU PG UIF ��NJOVUF PDDMVTJPO�
*O BMM QBUJFOUT XJUI TJHOJmDBOU B*21
 UIF 234 EVSBUJPO SFUVSOFE UP CBTFMJOF WBMVFT XJUIJO
�� TFDPOET PG SFQFSGVTJPO�

"T TIPXO JO 5BCMF ��� BOE 'JHVSF ��� UIFSF XBT OP TUBUJTUJDBMMZ TJHOJmDBOU EJĊFSFODF
CFUXFFO DBOJOFT BOE IVNBOT SFHBSEJOH S*21 EVSJOH PDDMVTJPO� 4JEF CZ TJEF FYBNQMFT PG
&$(T GSPN IVNBOT BOE EPHT BSF TIPXO JO 'JHVSF ����

��
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'JHVSF ���� 4DBUUFS QMPU PG EPH EBUB� $PMMBUFSBM CMPPE nPX 	NM�NJO�H XFU
 XBT QMPUUFE BHBJOTU B*21� ɨF
SFMBUJPOTIJQ CFUXFFO B*21 BOE DPMMBUFSBM nPX XBT NPEFMFE VTJOH B SFDJQSPDBM GVODUJPO DBMDVMBUFE XJUI B OPO�
MJOFBS MFBTU TRVBSFT SFHSFTTJPO y(x) = 0.8725

x � S����� BOE Q�������

'JHVSF ���� 3FMBUJPO CFUXFFO HSPVQT XJUI B*21 PG Ǚ� NT PS �� NT� 8IJTLFS QMPU XJUI NFBO �TUBOEBSE FSSPS
PG UIF NFBO 	4&.
�



���� *21 "/% *4$)&.*" 4&7&3*5: ��

3FMBUJWF JTDIFNJD 234
QSPMPOHBUJPO

)VNBOT

.FBO ��4% 	SBOHF


%PHT

.FBO ��4% 	SBOHF


Q�WBMVF

3$" JO IVNBO 	O���
 ��� ���� 	������
 ������
-"% JO IVNBO 	O���
 ��� ���� 	������
 ������
-$9 JO IVNBO 	O���
 ��� ���� 	������
 ������
"MM BSUFSJFT JO IVNBOT 	O���
 ��� ���� 	������
 ������
-$9 JO EPHT 	O���
 ��� ���� 	������

5JNF UP NBY JTDIFNJD 234
QSPMPOHBUJPO 	NJO
 ��� ���� 	�������
 ��� ���� 	�������
 �������

5BCMF ���� 3$" � 3JHIU DPSPOBSZ BSUFSZ
 -"% � -FGU BOUFSJPS EFTDFOEJOH BSUFSZ
 -$9 � -FGU DJSDVNnFY BSUFSZ�
� 5XP�UBJMFE Q WBMVF DBMDVMBUFE XJUI BO VOQBJSFE U�UFTU XIFSF UIF Q�WBMVF JOEJDBUFT UIF TUBUJTUJDBM EJĊFSFODF
CFUXFFO UIF NFBO S*21 JO EPHT 	-$9
 BOE UIF IVNBO EBUB� �� 5XP�UBJMFE Q WBMVF DBMDVMBUFE XJUI BO VOQBJSFE
U�UFTU�

'JHVSF ���� 3FMBUJPO CFUXFFO IVNBOT 	EJWJEFE JOUP UPUBM
 3$"
 -"% BOE -$9
 BOE EPHT BT SFHBSET SFMBUJWF
JTDIFNJD 234 QSPMPOHBUJPO� 8IJTLFS QMPU XJUI NFBO �TUBOEBSE FSSPS PG UIF NFBO 	4&.
� /P TUBUJTUJDBM
TJHOJmDBOU EJĊFSFODF CFUXFFO UIF EPHT BOE BOZ PG UIF IVNBO TVCHSPVQT XFSF GPVOE�
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'JHVSF ���� &YBNQMF PG &$( MFBE ** BU �
 �
 �
 � BOE � NJOVUFT PG PDDMVTJPO JO UXP EPHT 	-$9
 BOE UXP
IVNBOT 	3$"

 XJUI POF FYBNQMF PG TJHOJmDBOU JTDIFNJD 234 QSPMPOHBUJPO BOE POF XJUI OP JTDIFNJD 234
QSPMPOHBUJPO XJUIJO FBDI TQFDJFT� ɨF HSJE TZTUFNT IBWF CFFO USBOTGPSNFE UP CF DPNQBSBCMF�



���� *21 "/% *4$)&.*" 4&7&3*5: ��

����� .ZPDBSEJBM *OKVSZ 	$.3� QBQFS *7


*O �� JODMVEFE QBUJFOUT NFEJBO B*21 XBT �� 	� � ���
 NT� /P TJHOJmDBOU MJOFBS DPSSFMB�
UJPOT CFUXFFO 234Ecg
 234EmSTD BOE B*21 UP BOZ PG UIF $.3 NBSLFST GPS NZPDBSEJBM
JOKVSZ XFSF GPVOE 	5BCMF ���
� "OEFSTPO�8JMLJOT TDPSF EJE OPU DPSSFMBUF UP BOZ *21 NFB�
TVSF PS $.3 NFBTVSF PG NZPDBSEJBM JOKVSZ PS -7&'� "EKVTUJOH GPS UIF BDVUFOFTT PG UIF
JTDIFNJB BDDPSEJOH UP UIF "8 TDPSF EJE OPU BĊFDU UIF SFTVMUT� "EKVTUJOH GPS UJNF GSPN QBJO
POTFU UP &$( PS UJNF GSPN &$( UP 1$* EJE OPU BĊFDU UIF SFTVMUT FJUIFS� 'JHVSF ��� TIPXT
FYBNQMF &$(T PG QBUJFOU XJUIPVU 	"
 BOE XJUI 	#
 TJHOJmDBOU *21�

4JYUZ�TFWFO QBUJFOUT 	���
 IBE B 4DMBSPWTLZ�#JSOCBVN JTDIFNJB HSBEF � 	(�*
 BOE
OJOF QBUJFOUT 	���
 IBE (�*� 0OF QBUJFOU IBE POMZ 45�EFQSFTTJPOT DPVME UIFSFGPSF OPU
CF BTTJHOFE BOZ JTDIFNJB HSBEF�<���> ɨFSF XBT OP TJHOJmDBOU EJĊFSFODF CFUXFFO UIF (�*
BOE (�* HSPVQT SFHBSEJOH BOZ NFBTVSF PG *21 PS BOZ PG UIF $.3 WBSJBCMFT GPS NZPDBSEJBM
JOKVSZ�

����� %JTDVTTJPO

"SUFSJBM $PMMBUFSBM #MPPE 'MPX

ɨF mOEJOHT JO QBQFS *
 XJUI MPXFS DPMMBUFSBM CMPPE nPX JO EPHT XJUI NPSF QSPOPVODFE
*21
 JT JO BDDPSEBODF XJUI FBSMJFS TUVEJFT�<��
 ��
 ���> %PHT XJUI BO B*21 PG �� NT BMM IBE
MPX DPMMBUFSBM nPX XIFSFBT UIPTF XJUI Ǚ� NT TIPXFE B WBSJBCMF BNPVOU PG DPMMBUFSBM nPX
	'JHVSF ���
� ɨJT JOEJDBUFT UIBU QSFTFODF PG B TJHOJmDBOU *21 EVSJOH DPSPOBSZ PDDMVTJPO
NJHIU IBWF IJHI QPTJUJWF QSFEJDUJWF WBMVF GPS MPX DPMMBUFSBM nPX�

5SBOTMBUJPO

ɨF mOEJOHT JO QBQFS * JOEJDBUF TJNJMBSJUJFT CFUXFFO DPSPOBSZ PDDMVTJPO JO EPHT BOE JO
IVNBOT 	'JHVSF ���
� ɨF NBHOJUVEF BOE SBOHF PG *21 EVSJOH DPSPOBSZ PDDMVTJPO XFSF
TJNJMBS CFUXFFO UIF TQFDJFT
 FTQFDJBMMZ BT SFHBSET UP QBUJFOUT XJUI -$9 PDDMVTJPOT� 'VSUIFS�
NPSF
 UIF UJNJOH PG NBYJNVN *21 XBT TJNJMBS CFUXFFO UIF UXP TQFDJFT�

"MUIPVHI
 HJWFO UIF SFTVMUT JO QBQFS *
 OP DPSSFMBUJPOT XFSF GPVOE CFUXFFO *21 BOE
$.3 WBSJBCMFT PG NZPDBSEJBM JOKVSZ JO QBUJFOUT FYQFSJFODJOH mSTU UJNF 45&.*� 'VSUIFS�
NPSF
 QBUJFOUT XJUI (�* EJE OPU EJĊFS GSPN (�* XJUI SFHBSE UP $.3 NBSLFST PG NZPDBSEJBM
JOKVSZ PS *21�

4FWFSBM NFBTVSFT PG UIF TFWFSJUZ PG JTDIFNJB JO "$0 IBWF QSFWJPVTMZ CFFO TVHHFTUFE

TVDI BT UIF 4DMBSPWTLZ�#JSOCBVN *TDIFNJB 4FWFSJUZ (SBEJOH 4ZTUFN
<���> BOE UIF NPS�
QIPMPHZ DSJUFSJB PG AUPNCTUPOJOH�
 QSFTFOUFE CZ (VP FU BM��<���> 234 AUPNCTUPOJOH� NPS�
QIPMPHZ IBWF CFFO SFQPSUFE UP DPSSFMBUF UP NPSUBMJUZ
 JO�IPTQJUBM DBSEJPHFOJD TIPDL
 WFO�
USJDVMBS UBDIZDBSEJB BOE WFOUSJDVMBS mCSJMMBUJPO
 JO QBUJFOUT XJUI BOUFSJPS ".*�<���> 'VS�
UIFSNPSF
 4DMBSPWTLZ�#JSOCBVN (�* IBT CFFO DPSSFMBUFE UP *4 	BDVUF BOE BU � NPOUIT QPTU
45&.*

 JNQBJSFE NZPDBSEJBM TBMWBHF BOE SFQFSGVTJPO JOKVSZ�<���
 ���
 ���> ɨVT
 BM�
UIPVHI NBSLFST PG UFSNJOBM 234 EJTUPSUJPO IBWF CFFO TIPXO UP CF SFMBUFE UP NZPDBSEJBM
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$PSSFMBUJPO DPFċDJFOU Q�WBMVF

.B3�-7 NBTT 	�
 ��
�� �
��
*4 	�
 �
�� �
��
.4* 	�
 ��
�� �
��
-7&' 	�
 ��
�� �
��

5BCMF ���� B*21 � BCTPMVUF JTDIFNJD 234 QSPMPOHBUJPO
 *4 � JOGBSDU TJ[F
 -7 � MFGU WFOUSJDVMBS
 -7&' � MFGU
WFOUSJDVMBS FKFDUJPO GSBDUJPO
 .B3 � NZPDBSEJVN BU SJTL
 .4* � NZPDBSEJBM TBMWBHF JOEFY

'JHVSF ���� &$( FYBNQMFT GSPN B QBUJFOU XJUI B -"% PDDMVTJPO 	"
 BOE B QBUJFOU XJUI BO 3$" PDDMVTJPO
	#
� "
 ���MFBE &$( XJUI NBYJNVN 45�EFWJBUJPO JO MFBE 72 	�
 PG ����� N7� 4JODF UIFSF JT B EJTUJOHVJTIFE
+�QPJOU
 JU JT VTFE BT PĊTFU
 SFTVMUJOH JO B 234 EVSBUJPO BU NBYJNVN 45 EFWJBUJPO PG �� NT� -FBE 76 	�
 XBT
VTFE BT B SFGFSFODF
 TIPXJOH B 234 EVSBUJPO PG �� NT
 SFTVMUJOH JO BO BCTPMVUF JTDIFNJD 234 QSPMPOHBUJPO
PG � NT� #
 ���MFBE &$( XJUI NBYJNVN 45�EFWJBUJPO JO MFBE *** 	�
 PG ����� N7� 4JODF OP DMFBS K QPJOU DBO
CF EFUFSNJOFE
 UIF JOUFSTFDU NFUIPE GPS 234 EVSBUJPO XBT BQQMJFE
 SFTVMUJOH JO B 234 EVSBUJPO BU NBYJNVN
45 EFWJBUJPO PG ��� NT� -FBE * 	�
 XBT VTFE BT B SFGFSFODF
 TIPXJOH B 234 EVSBUJPO PG �� NT
 SFTVMUJOH JO BO
BCTPMVUF JTDIFNJD 234 QSPMPOHBUJPO PG �� NT�
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JOKVSZ
 *21 PS (�* TIPX OP TVDI DPSSFMBUJPO QBQFS *7� 1BQFS * TIPX B NFBO B*21 PG ��
� �� NT 	NFBO � 4%

 JO QBUJFOUT XJUI B DPOUSPMMFE FYQFSJNFOUBM UPUBM DPSPOBSZ PDDMVTJPO

DPNQBSFE UP UIF NFEJBO PG �� NT JO QBQFS *7� ɨJT DPVME QPUFOUJBMMZ CF FYQMBJOFE CZ MFTT
TFWFSF JTDIFNJB JO UIF MBUUFS TUVEZ QPQVMBUJPO�

ɨF mOEJOHT TP GBS TVHHFTU UIBU *21 JT PG MJNJUFE VTF JO UIF DMJOJDBM DPOUFYU PG "$0
	1BQFS *7
� *U XPVME
 IPXFWFS
 CF PG DMJOJDBM JNQPSUBODF UP JOWFTUJHBUF JG *21 DPVME CF VTFE
BT BO JOEJDBUPS PG TFWFSF JTDIFNJB JO UIF QSF�IPTQJUBM TFUUJOH
 XIFO UIF QBUJFOU JT FBSMJFS JO
UIF JTDIFNJD JOKVSZ QSPDFTT
 XIJDI NPSF SFTFNCMFT UIF FYQFSJNFOUBM TJUVBUJPO XIFSF *21
IBT CFFO TIPXO UP CF VTFGVM 	1BQFS *
�

��� *21 BOE .BMJHOBOU "SSIZUINJBT

����� 3FQFSGVTJPO 7' 	DBOJOFT� QBQFS ***


5XFMWF EPHT 	���
 EFWFMPQFE 7' BU ����� T QPTU�SFQFSGVTJPO� .FBO B*21 XBT �� ��� NT
BOE EJĊFSFE TJHOJmDBOUMZ 	Q������
 GSPN UIF � EPHT UIBU EJE OPU EFWFMPQ 7'
 ����� NT
	'JHVSF ���
�

"O 30$ BOBMZTJT QSPEVDFE BO PQUJNVN DVU�PĊ WBMVF PG �� NT XJUI TFOTJUJWJUZ PG ���
BOE TQFDJmDJUZ PG ���� ɨF "6$ XBT ���� 	��� $* �
�� o �
��
	'JHVSF ���
�

����� 0VU�PG�)PTQJUBM $BSEJBD "SSFTU 	QBQFS 7


"MM PG UIF *21 NFBTVSFT BOE B45% XFSF TJHOJmDBOUMZ IJHIFS JO UIF 0)$" HSPVQ 	O���

DPNQBSFE UP UIF OPO�0)$" HSPVQ 	O���
 5BCMF ���
 'JHVSF ��������

 XJUI UIF MBSHFTU
EJĊFSFODF GPS 234EmSTD 	������ NT WT ����� NT� Q������
�

" 30$ BOBMZTJT XBT QFSGPSNFE PG UIF NBJO WBSJBCMFT� "6$T BSF QSFTFOUFE JO 5BCMF ����
234EmSTD IBE UIF MBSHFTU "6$
 ���� 	$*� ���������
� ɨF PQUJNVN DVUPĊ XBT �� NT
BOE BU UIJT DVUPĊ TFOTJUJWJUZ XBT ��� BOE TQFDJmDJUZ ���� 03 GPS 0)$" BU 234EmSTD

� �� NT XBT ��� BOE XIFO BEKVTUFE GPS DP�NPSCJEJUJFT JU EFDSFBTFE UP ��� 	��� $*� ��� o
����
� 03 GPS ���EBZ NPSUBMJUZ
 BEKVTUFE GPS 0)$" BOE DP�NPSCJEJUJFT XBT ���� 	���
$*� ��� o �����
� 'JHVSF ���� TIPX FYBNQMF &$(T PG MBSHF *21 	0)$"
 BOE TNBMM *21
	OPO�0)$"

 SFTQFDUJWFMZ�

'PS 0)$" QBUJFOUT JO UIF 55. TUVEZ TVCQPQVMBUJPO OPU NFFUJOH 45&.* PS ###
DSJUFSJB QPTU�304$ 	O���

 UIF NFBO 234Ecg 	������ NT
 XBT OPU EJĊFSFOU GSPN UIF
OPO�0)$" 45&.* QBUJFOUT 	����� NT� Q����

 CVU TJHOJmDBOUMZ TIPSUFS UIBO UIF 0)$"
45&.* QBUJFOUT 	������ NT� Q������
�

����� %JTDVTTJPO

"DDPSEJOH UP UIF SFTVMUT PG QBQFS *** BO FBSMZ 234 QSPMPOHBUJPO EVF UP BDVUF NZPDBSEJBM
JTDIFNJB NBZ IBWF UIF QPUFOUJBM UP QSFEJDU JNQFOEJOH SFQFSGVTJPO 7'
 XIJDI JT JO BDDPS�
EBODF XJUI UIF mOEJOHT PG %FNJEPWB FU BM� JO BO FYQFSJNFOUBM QJH NPEFM PG NZPDBSEJBM
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'JHVSF ���� #PY QMPU PG SFQFSGVTJPO 7' BOE OP 7' HSPVQT�

45&.* /PO�45&.*

/PO�0)$" 	O���

.FBO � 4% 	SBOHF


0)$" 	O���

.FBO � 4% 	SBOHF


0)$" 	O���

.FBO � 4% 	SBOHF


234EDH 	NT
 �� ��� 	������
��� ��� ��� 	������
 ��� ��� 	������
��
234EN45% 	NT
 �� ��� 	������
��� ��� ��� 	������

"CTPMVUF *21 	NT
 �� ��� 	�������
��� �� ��� 	�����

3FMBUJWF *21 ���� ����� 	����������
� ���� ����� 	������

"CTPMVUF 45�TFHNFOU
EFWJBUJPO 	N7
 ���� ����� 	���������
� ���� ����� 	���������

1BUIPMPHJDBM 2�XBWF ����� 	���
�� ����� 	���


5BCMF ���� 0)$" � 0VU�PG�)PTQJUBM $BSEJBD "SSFTU� 1$* � 1FSDVUBOFPVT $PSPOBSZ *OUFSWFOUJPO� -"% � -FGU
BOUFSJPS EFTDFOEJOH BSUFSZ� 3$" � 3JHIU DPSPOBSZ BSUFSZ� -$9 � -FGU DJSDVNnFY BSUFSZ�
4UBUJTUJDBM TJHOJmDBODF JOEJDBUJPO JT WT UIF 45&.* 0)$" HSPVQ� � � 1 Ǚ ����� �� � 1 Ǚ ����� ��� � 1 Ǚ �����
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'JHVSF ���� #MVF MJOF� 30$ DVSWF PG B*21 JOEJDBUJOH 7' PS OPU� (SFFO MJOF� SFGFSFODF MJOF JOEJDBUJOH BO "6$
PG ���

"6$ 	��� $*


$PNQVUFS HFOFSBUFE 234 EVSBUJPO ���� 	���� o ����

234 EVSBUJPO BU NBY 45�EFWJBUJPO ���� 	���� o ����

"CTPMVUF *21 ���� 	���� o ����

3FMBUJWF *21 ���� 	���� o ����

"CTPMVUF 45�TFHNFOU EFWJBUJPO ���� 	���� o ����


5BCMF ���� *21 � *TDIFNJD 234 QSPMPOHBUJPO
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'JHVSF ���� #PY QMPUT DPNQBSJOH 0)$" PS OPO�0)$" HSPVQT XJUI SFHBSET UP UIF DPNQVUFS HFOFSBUFE 234
EVSBUJPO PO UIF Z�BYJT�

'JHVSF ���� #PY QMPUT DPNQBSJOH 0)$" PS OPO�0)$" HSPVQT XJUI SFHBSET UP UIF 234 EVSBUJPO BU NBY
45�EFWJBUJPO PO UIF Z�BYJT�
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'JHVSF ����� #PY QMPUT DPNQBSJOH 0)$" PS OPO�0)$" HSPVQT XJUI SFHBSET UP UIF BCTPMVUF *21 PO UIF
Z�BYJT�

'JHVSF ����� #PY QMPUT DPNQBSJOH 0)$" PS OPO�0)$" HSPVQT XJUI SFHBSET UP UIF SFMBUJWF *21 PO UIF Z�BYJT�
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'JHVSF ����� /PO�0)$"� ���MFBE &$( VTJOH UIF $BCSFSB GPSNBU� .BYJNVN 45�EFWJBUJPO JO MFBE *** XBT
���� N7� )FSF UIF A"MNFS NFUIPE� JT CFJOH VTFE
 QSPEVDJOH B 234EmSTD PG �� NT� -FBE 75 XBT VTFE BT B
SFGFSFODF� 234Er XBT �� NT� ɨVT
 B*21 XBT � NT� 0)$"� ���MFBE &$( VTJOH UIF $BCSFSB GPSNBU� .BYJ�
NVN 45�EFWJBUJPO JO MFBE 72 XBT ��� N7� )FSF UIF A"MNFS NFUIPE� JT CFJOH VTFE
 QSPEVDJOH B 234EmSTD

PG ��� NT� ɨF MFBTU BNPVOU PG 45�EFWJBUJPO XBT GPVOE JO MFBE * XIJDI XBT VTFE BT B SFGFSFODF� 234Er XBT
��� NT� ɨVT
 B*21 XBT �� NT�

JOGBSDUJPO�<���
 ���
 ���> &BSMJFS TUVEJFT IBWF BMTP GPVOE UIBU TJNJMBS QBUUFSOT UP UIF POFT
GPVOE JO PVS QPQVMBUJPO QPTJUJWFMZ QSFEJDU 7' JO IVNBOT
 BMUIPVHI OPU BQQSFDJBUFE BT
234 QSPMPOHBUJPO�<���> 'VSUIFSNPSF
 JO QBQFS * EPHT XJUI �� NT PG B*21 FYIJCJUFE TJH�
OJmDBOUMZ MPXFS DPMMBUFSBM nPX DPNQBSFE UP EPHT XJUI Ǚ� NT B*21� )FODF
 UIF JODSFBTFE
SJTL PG EFWFMPQJOH 7' JO BDVUF JTDIFNJD IFBSU EJTFBTF NJHIU CF SFMBUFE UP NPSF TFWFSF NZ�
PDBSEJBM JTDIFNJB EVF UP MPXFS DPSPOBSZ DPMMBUFSBM nPX�

5SBOTMBUJOH UIF SFTVMUT UP B IVNBO QPQVMBUJPO JT
 IPXFWFS
 OPU OFDFTTBSJMZ TUSBJHIU�
GPSXBSE� 8JUIJO UIF TUVEZ UIFSF XFSF DPOUSPMMFE FYQFSJNFOUT XJUI UPUBM PDDMVTJPO PG UIF
-$9 JO UIF EPH� *O B DMJOJDBM TFUUJOH UIJT NBZ EJĊFS XJEFMZ XIFSF UIF JOJUJBM UISPNCVT
NBZ PDDMVEF UIF FOUJSF MVNFO PG B WFTTFM CVU BMTP EJTTPMWF BOE�PS BEE UISPNCVT NBUFSJBM
DPOUJOVPVTMZ DBVTJOH TQPOUBOFPVT SFQFSGVTJPO BOE�PS SFPDDMVTJPO� 8IJMF B TQPOUBOFPVT
SFQFSGVTJPO JO UIF BDVUF QIBTF PG BO ".* DPVME CF TJNJMBS UP UIF FYQFSJNFOUBM TFUVQ
 NBOZ
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NPSF GBDUPST BĊFDU B DMJOJDBM TJUVBUJPO TVDI BT WFTTFM TQBTNT
 QSFWJPVT IFBSU EJTFBTF FUD��
'VSUIFSNPSF
 )FETUSÚN FU BM� EFTDSJCFT UIF EJĊFSFODF JO JOGBSDU FWPMVUJPO
 VTJOH .3*
 CF�
UXFFO EPH BOE IVNBO
 XIFSF UIF UJNF UP SFBDI ��� PG NZPDBSEJVN BU SJTL JT BCPVU ���
MPOHFS JO IVNBOT UIBO EPHT�<��> ɨFSFGPSF
 �� NJOVUFT PG PDDMVTJPO QSPCBCMZ DPSSFTQPOET
UP B MPOHFS UJNF QFSJPE JO B IVNBO DMJOJDBM TFUUJOH� "MUIPVHI UIF SFTVMUT GSPN QBQFS ***
IBWF MJUUMF JNQMJDBUJPO JO B DMJOJDBM TJUVBUJPO UIF SFTVMUT PG QBQFS 7 JT JO MJOF XJUI QBQFS ***
XIFSF *21 JT BTTPDJBUFE XJUI B NBMJHOBOU BSSIZUINJB 	0)$"
�

ɨF SFTVMUT PG QBQFS 7 DPSSFMBUFT UP QSFWJPVT TUVEJFT XJUI SFHBSET UP QPPS DMJOJDBM PVU�
DPNF BOE UIF BTTPDJBUJPO PG UFSNJOBM 234 EJTUPSUJPO UP NPSUBMJUZ� 8JUIJO UIF QBQFS
 B
DVUPĊ PG �� NT VTJOH 234EmSTD ZJFMEFE B TFOTJUJWJUZ PG ��� XJUI B TQFDJmDJUZ PG ���
GPS 0)$"� "EKVTUFE 03 XBT ��� GPS 0)$" BOE ���� GPS ���EBZ NPSUBMJUZ� 1SFWJPVT BO�
JNBM TUVEJFT IBWF TIPXO TJNJMBS SFTVMUT
 XIFSF JO B QPSDJOF NPEFM
 *21 PS A234 XJEFOJOH�
XBT QSFEJDUJWF PG SFQFSGVTJPO 7'�<���
 ���> .BSU FU BM� TIPXFE JO QJHT
 VTJOH B UISFTIPME
PG �� NT
 UIBU � PVU PG �� 7' FQJTPEFT DPVME CF QSFEJDUFE 	TFOTJUJWJUZ ���
 TQFDJmDJUZ
���
�<���> *O B TUVEZ CZ %FNJEPWB FU BM� B 234 XJEFOJOH PG �� NT EVSJOH B ��NJOVUF
UJNF XJOEPX XBT PCTFSWFE JO �� QJHT BOE BMTP QSFEJDUFE JNQFOEJOH 7' 	TFOTJUJWJUZ ���

TQFDJmDJUZ ���
�<���> ɨVT
 UPHFUIFS QBQFS *** BOE 7 TIPXDBTF *21 BT B QPUFOUJBM &$(
NBSLFS PG NBMJHOBOU BSSIZUINJBT�

30$ BOBMZTJT PG QBQFS 7 TIPXFE UIBU UIF WBSJBCMF XJUI HSFBUFTU "6$ XBT 234EmSTD

BOE OPU B*21
 XIJDI IBT CFFO UIF GPDVT PG QSFWJPVT QBQFST� ɨVT
 UIFSF NJHIU CF MFTT OFFE
UP NFBTVSF UIF 234Er BU UIF MFBE XJUI NJOJNVN 45% JO PSEFS UP DBMDVMBUF B*21� ɨJT
TJNQMJmFT UIF NFUIPE BOE NBLFT JU NPSF DMJOJDBMMZ BQQMJDBCMF� " QMBVTJCMF FYQMBOBUJPO GPS
UIF TJHOJmDBODF PG 234EmSTD BOE OPU B*21 DPVME CF TBNF BT UP XIZ 25 EJTQFSTJPO XBT
TIPXO UP IBWF MJNJUFE EJBHOPTUJD WBMVF JO UIF FBSMZ ���T�<���> &WFO UIPVHI TPNF MFBET XJMM
CF BMNPTU QFSQFOEJDVMBS UP UIF NBJO WFDUPS BOE TIPX OPOF PS MJUUMF *21
 UIF EFQPMBSJ[BUJPO
JT B HMPCBM FWFOU� 4JODF UIFSF JT B TFU OVNCFS PG MFBET JO B TFU OVNCFS PG EJSFDUJPOT JO TQBDF

UIFSF XJMM PGUFO CF DBTFT XIFO OP MFBE JT QFSGFDUMZ QFSQFOEJDVMBS UP UIF NBJO EFQPMBSJ[BUJPO
WFDUPS
 SFTVMUJOH JO B TPNFXIBU QSPMPOHFE 234 EVSBUJPO JO UIF TP�DBMMFE CBTFMJOF MFBE

XIJDI BĊFDUT UIF BTTFTTNFOU PG B*21 BT BO JOEFQFOEFOU WBSJBCMF�

45% XBT DPOTJEFSFE JO QBQFS 7 BOE TIPXFE TJHOJmDBOU EJĊFSFODF JO UIF 0)$" WT
OPO�0)$" HSPVQT� *O BMJHONFOU XJUI UIFTF SFTVMUT 8FTUPO FU BM� SFQPSUFE JO B EPH NPEFM
UIBU GPS B HJWFO NBHOJUVEF PG 45&
 UIF QSFTFODF PG DPODVSSFOU 234 QSPMPOHBUJPO XBT BTTP�
DJBUFE XJUI MFTT NZPDBSEJBM TBMWBHF�<���> 8F QFSGPSNFE B 30$ BOBMZTJT PO 45% TIPXJOH

IPXFWFS
 B TJHOJmDBOUMZ MPXFS "6$ DPNQBSFE UP 234EmSTD�

1PTU�304$ &$(T XFSF VTFE GPS UIF 0)$" HSPVQ� 1SF�BSSFTU &$( SFDPSEJOHT XPVME
IBWF CFFO QSFGFSBCMF
 IPXFWFS
 UIJT JT EJċDVMU UP BDIJFWF� ɨF QPTU�304$ &$( XBWFGPSNT
NJHIU CF BĊFDUFE JO NBOZ XBZT PUIFS UIBO CZ SFHJPOBM JTDIFNJB DBVTFE CZ UIF DPSPOBSZ
PDDMVTJPO� ɨF HMPCBM NZPDBSEJBM JTDIFNJB EVSJOH DBSEJBD BSSFTU DPVME QPUFOUJBMMZ DBVTF
*21� )PXFWFS
 234 EVSBUJPO PO UIF QPTU�304$ &$( XBT TJHOJmDBOUMZ TIPSUFS JO UIF
QBUJFOUT XJUI 0)$" XJUI OP TJHO PG 45&.* DPNQBSFE UP UIPTF XJUI 45&.*
 JOEJDBUJOH
UIBU UIF HMPCBM JTDIFNJB EVSJOH DBSEJBD BSSFTU DBOOPU FYQMBJO UIF *21 TFFO JO UIF 0)$"
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45&.* QBUJFOUT�

��� $MJOJDBM 4JHOJmDBODF

$VSSFOU HVJEFMJOFT GPS USFBUNFOU PG 45&.* SFDPNNFOE QSJNBSZ 1$* JG B 1$* DFOUFS JT
BWBJMBCMF XJUIJO ��� NJO GSPN mSTU NFEJDBM DPOUBDU�<��o��> 4UBCMF QBUJFOUT XJUI 45&.*
IBWF CFUUFS PVUDPNFT DPNQBSFE UP UIPTF JO XIPN UIF JTDIFNJB EFWFMPQT JOUP B NBMJHOBOU
BSSIZUINJB BOE 0)$"�<�> *G QBUJFOUT BU SJTL PG 0)$" DPVME CF JEFOUJmFE
 B QPUFOUJBM
USFBUNFOU TUSBUFHZ XPVME CF UP PĊFS QSF�IPTQJUBM BENJOJTUSBUJPO PG mCSJOPMZUJD UIFSBQZ CF�
GPSF 1$* JO PSEFS UP NJOJNJ[F UIF SJTL PG EFWFMPQJOH NBMJHOBOU BSSIZUINJB BOE 0)$"

FTQFDJBMMZ JG UIFSF JT B OFFE GPS MPOH USBOTQPSU� 3FOBSE FU BM� IBWF TIPXO UIBU 0)$"
QBUJFOUT USFBUFE XJUI mCSJOPMZTJT JO BNCVMBODF IBWF B IJHIFS DIBODF PG BSSJWJOH BU IPTQJUBM
BMJWF�<��> *O MJHIU PG UIF SFTVMUT JO UIF DVSSFOU UIFTJT
 *21 NJHIU TFSWF BT B OPWFM QSF�IPTQJUBM
CJPNBSLFS GPS JEFOUJmDBUJPO PG UIFTF QBUJFOUT BU SJTL PG DBSEJBD BSSFTU�

5P CSJOH UIJT DPODFQU GVSUIFS
 UP CF VTFE JO B DMJOJDBM TJUVBUJPO XJUI POHPJOH JTDIFNJB
BOE UISFBUFOJOH JOGBSDUJPO
 UIF NFUIPE OFFET UP CF SPCVTU
 SFQSPEVDJCMF BOE TIPXO UP
BEE DMJOJDBM WBMVF JO UFSNT PG PVUDPNF� -BSHFS TUVEJFT QFSGPSNFE PO 234 QSPMPOHB�
UJPO BT XFMM BT FWBMVBUJPO PG UIF 4DMBSPWTLZ�#JSOCBVN 	4#
 JTDIFNJB HSBEJOH TZTUFN IBWF
TIPXO UIBU 234 DIBOHFT JO 45&.* QBUJFOUT DPVME QPUFOUJBMMZ CF VTFE BT B NFBOT PG SJTL
TUSBUJmDBUJPO�<���
 ���
 ���> 'VSUIFSNPSF
 UIF 4# HSBEJOH TZTUFN IBT TIPXO B SFMBUJPOTIJQ
CFUXFFO UFSNJOBM 234 EJTUPSUJPO BOE JOGBSDU TJ[F BT XFMM BT PVUDPNFT�<���
 ���> )PXFWFS

UIF QSFTFOU NFUIPE BEET UIF WBMVF PG CFJOH JOEFQFOEFOU PG B EJTUJODU + QPJOU
 BOE JU BMTP
QSPWJEFT B DPOUJOVPVT TDBMF PG 234 EJTUPSUJPO
 JO DPOUSBTU UP UIF EJDIPUPNJ[FE 4# HSBEJOH
TDBMF� *U
 UIFSFGPSF
 FOBCMFT EFmOJUJPO PG DVUPĊT CBTFE PO UIF EFTJSFE TFOTJUJWJUZ BOE TQFDJ�
mDJUZ PG UIF EFNBOEFE BQQMJDBUJPO
 J�F� SJTL TUSBUJmDBUJPO JO 45&.* QBUJFOUT� 'VSUIFSNPSF

UIF DSJUFSJB EP OPU DPWFS B SFDJQSPDBM 45�TFHNFOU EFQSFTTJPO PG B QPTUFSJPS -$9 PDDMVTJPO

XIJDI *21 EPFT�



$IBQUFS �

$PODMVTJPOT

1BQFS *
*21 DPSSFMBUFT UP DPMMBUFSBM BSUFSJBM nPX EVSJOH BDVUF JTDIFNJB JO BO FYQFSJNFOUBM DBOJOF
NPEFM BOE UIF TBNF QBUUFSO PG JTDIFNJD 234 QSPMPOHBUJPO PDDVST JO QBUJFOUT XJUI $"%
VOEFSHPJOH QSPMPOHFE
 FMFDUJWF BOHJPQMBTUZ CBMMPPO JOnBUJPO�

1BQFS **
ɨJT QBQFS QSFTFOUT B ���MFBE &$( NFUIPE GPS FTUJNBUJOH *21� 6TJOH UIF QSPQPTFE NFUIPE

XF BSF BCMF UP JEFOUJGZ BOE RVBOUJGZ *21 JOEFQFOEFOU PG B EJTUJODU + QPJOU BOE XJUIPVU B
QSJPS CBTFMJOF &$(�

1BQFS ***
ɨFSF XBT B TJHOJmDBOU EJĊFSFODF JO *21 CFUXFFO EPHT EFWFMPQJOH 7' BGUFS SFQFSGVTJPO PG
BO "$0 BOE UIPTF XIP EJE OPU� ɨVT
 BO FBSMZ 234 QSPMPOHBUJPO EVF UP BDVUF NZPDBSEJBM
JTDIFNJB NBZ IBWF UIF QPUFOUJBM UP QSFEJDU JNQFOEJOH SFQFSGVTJPO 7'�

1BQFS *7
6OMJLF QBQFS *
 *21 XBT MJNJUFE JO QBUJFOUT QSFTFOUJOH BU UIF FNFSHFODZ SPPN XJUI mSTU�
UJNF 45&.* BOE OP DPSSFMBUJPO XBT GPVOE CFUXFFO *21 BOE $.3 WBSJBCMFT PG NZPDBSEJBM
JOKVSZ� ɨFSFGPSF
 *21 EPFT OPU TFFN UP CF B TVJUBCMF CJPNBSLFS GPS USJBHJOH QBUJFOUT JO UIJT
DMJOJDBM DPOUFYU�

1BQFS 7
*21 JO UIF TJUVBUJPO PG BO BDVUF DPSPOBSZ PDDMVTJPO NBZ CF BTTPDJBUFE XJUI B SJTL PG 0)$"
BOE NJHIU UIFSFGPSF IBWF B QPUFOUJBM SPMF BT B CJPNBSLFS GPS SJTL BTTFTTNFOU JO QBUJFOUT XJUI
BDVUF 45&.*�

��
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��� $PNQJMFE $PODMVTJPO BOE 'VUVSF %JSFDUJPOT

*O TVNNBSZ
 UIF DVSSFOU UIFTJT UBLFT B OFX MPPL BU UIF DPODFQU PG UFSNJOBM 234 EJTUPS�
UJPO EVSJOH BDVUF NZPDBSEJBM JTDIFNJB� *21 RVBOUJmFT UFSNJOBM 234 EJTUPSUJPO
 DPMMBUFSBM
nPX BOE QSPCBCMZ UIF TFWFSJUZ PG UIF JTDIFNJB� #SJOHJOH UIJT DPODFQU GSPN DBOJOF TUVE�
JFT UP IVNBO EBUB GVSUIFS FMVDJEBUFT UIF BQQMJDBCJMJUZ� 4UBCMF 45&.* QBUJFOUT EPFT OPU
TFFN UP IBWF TJHOJmDBOU *21
 FTQFDJBMMZ DPNQBSFE UP 0)$" QBUJFOUT
 BOE JO UIJT QBUJFOU
HSPVQ UIF OPWFM NFUIPE EPFT OPU TFFN UP BEE NVDI WBMVF� )PXFWFS
 B TJHOJmDBOU *21
TFFNT UP CF BTTPDJBUFE XJUI NBMJHOBOU BSSIZUINJBT
 CPUI SFQFSGVTJPO 7' JO DBOJOFT BOE
0)$" JO QBUJFOUT� ɨF VOEFSMZJOH QBUIPQIZTJPMPHJD NFDIBOJTNT BSF
 IPXFWFS
 EJĊFSFOU
GPS UIFTF UXP DPOEJUJPOT
 POF CFJOH SFQFSGVTJPO�JOEVDFE BOE UIF PUIFS JTDIFNJB�JOEVDFE�
ɨF QSFTFODF PG TJHOJmDBOU *21 TFFNT
 IPXFWFS
 UP CF BCMF UP JEFOUJGZ UIFTF QBUJFOUT� *U
JT
 UIFSFGPSF
 PG PVUNPTU JNQPSUBODF UP QSPNPUF GVSUIFS SFTFBSDI PG *21 BT B CJPNBSLFS PG
TFWFSF JTDIFNJB TJODF JU IBT QPUFOUJBM UP TFSWF BT BO JEFOUJmFS PG 45&.* QBUJFOUT JO SJTL PG
NBMJHOBOU BSSIZUINJBT BOE WFSZ QPPS QSPHOPTJT�

ɨFSF BSF TFWFSBM GVUVSF EJSFDUJPOT UP DPOTJEFS� 'JSTU
 BO JOWFTUJHBUJPO JOUP QSFTFODF PG
*21 JO QBUJFOUT XJUI DIFTU QBJO
 XIP IBWF SFDPSEFE BO &$(
 CZ BNCVMBODF QFSTPOOFM

CFGPSF UIFZ TVĊFS GSPN B $"� 8F CFMJFWF UIBU *21 JT TUSPOHMZ BTTPDJBUFE XJUI 0)$" CVU
EP OPU LOPX JG JU JT BCMF UP QSFEJDU JU� 4FDPOE
 UIF BQQMJDBCJMJUZ PG *21 JO UIF DMJOJD NVTU CF
JOWFTUJHBUFE� "SF DBSEJPMPHJTUT BCMF UP MFBSO IPX UP NFBTVSF *21 *T JU DVNCFSTPNF BOE XJMM
JU EJTUSBDU UIFN GSPN HJWJOH UIF QBUJFOU UIF CFTU DBSF BWBJMBCMF ɨJSE
 B QSPTQFDUJWF TUVEZ
PG 45&.* QBUJFOUT BENJUUFE UP UIF 1$* MBC BOE DBSEJBD *$6 XJUI BOE XJUIPVU TJHOJm�
DBOU *21
 JOWFTUJHBUJOH TFWFSBM PVUDPNFT CVU FTQFDJBMMZ QSFTFODF PG NBMJHOBOU BSSIZUINJBT

XPVME CF QSFGFSBCMF� 'PVSUI
 UIF FOE HPBM GPS *21 BT BO JEFOUJmDBUJPO NFUIPE PG BU SJTL
45&.* QBUJFOUT JT
 HJWFO GVSUIFS QPTJUJWF TUVEJFT
 B DMJOJDBM USJBM DPNQBSJOH USBEJUJPOBM 1$*
USFBUNFOU UP JO�BNCVMBODF mCSJOPMZUJDT BOE SFTDVF 1$* JO 45&.* QBUJFOUT XJUI TJHOJmDBOU
*21� ɨFPSFUJDBMMZ
 FBSMZ mCSJOPMZUJD UIFSBQZ XJUI MBUFS SFTDVF 1$* NJHIU NJOJNJ[F SJTL BOE
QSFWFOU UIF EFWFMPQNFOU PG NBMJHOBOU BSSIZUINJBT BOE 0)$"�
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Ischemic QRS prolongation as a biomarker of severe
myocardial ischemia☆,☆☆
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Abstract Background: Previous studies have shown that QRS prolongation is a sign of depressed collateral
flow and increased rate of myocardial cell death during coronary occlusion. The aims of this study
were to evaluate ischemic QRS prolongation as a biomarker of severe ischemia by establishing the
relationship between prolongation and collateral flow experimentally in a dog model, and test if the
same pattern of ischemic QRS prolongation occurs in man.
Methods: Degree of ischemic QRS prolongation was measured using a novel method in dogs (n = 23) and
patients (n = 52) during coronary occlusion for 5 min. Collateral arterial flow was assessed in the dogs.
Results: There was a significant correlation between QRS prolongation and collateral flow in dogs
(r = 0.61, p = 0.008). Magnitude and temporal evolution of prolongation during ischemia were
similar for dogs and humans (p = 0.202 and p = 0.911).
Conclusion: Quantification of ischemic QRS prolongation could potentially be used as a biomarker
for severe myocardial ischemia.
© 2016 Elsevier Inc. All rights reserved.

Keywords: Electrocardiography; Electrophysiology; Ischemia; Collateral circulation

Introduction

Acute myocardial infarction (AMI), due to acute coronary
occlusion (ACO), is one of the leading causes of death in the
western world [1]. The rate at which the ischemic
myocardium develops into infarction varies among individ-
uals, and depends on the severity of ischemia which is
related to the amount of coronary arterial collateral flow
[2,3]. The aim of acute ACO treatment is to accomplish
reperfusion as soon as possible, either by percutaneous

coronary intervention (PCI) or by intravenous thrombolytic
therapy, in order to maximize myocardial salvage.

Patients with ACO are usually diagnosed based on the
presence of ischemia-induced ST-segment elevation (STE)
or its equivalent ST depression, on the presenting ECG [4,5].
The ischemia-induced changes in the myocardium are,
however, manifested not only as acute ST changes, but
also as changes to the QRS complex [4,6,7]. Previous
experimental studies have shown that increased QRS
duration during ischemia is a sign of depressed arterial
collateral flow and a rapid rate of myocardial cell death
[2,8,9]. Furthermore, Weston et al. reported that for a given
magnitude of STE, the presence of concurrent QRS
prolongation was associated with less myocardial salvage
[8]. Thus, QRS prolongation in the situation of ACO might
serve as a biomarker for severe ischemia caused by poor
cardiac protection. Human studies of ischemia-induced QRS
prolongation are, however, scarce. The short-term prognostic
significance of a prolonged QRS duration on the admission
ECG has been shown in patients with ST elevation
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myocardial infarction (STEMI) [5,10,11]. Studies considering
QRS prolongation in the setting of percutaneous coronary
intervention (PCI) have been performed [4,6,7,10,12,13], but
have not related the findings to severity of ischemia. Since
ischemic QRS prolongation and ST elevation commonly
distorts the end of the QRS complex during acute ischemia it is
difficult to determine the prolongation of the QRS duration
correctly. Thus, development of a robust assessment of
ischemic QRS prolongation as a potential biomarker of severe
ischemia caused by poor cardiac protection in humans is of
great importance.

The aim of this study was to evaluate ischemic QRS
prolongation as a potential biomarker of severe ischemia,
pursued by 1) testing a novel method for quantifying
ischemic QRS prolongation, 2) establishing the relationship
between ischemic QRS prolongation and collateral
arterial flow during acute ischemia in an experimental dog
model and 3) testing if the same pattern of ischemic QRS
prolongation occurs in patients with ACO undergoing
prolonged, elective angioplasty balloon inflation.

Methods

Study population

The study population consisted of one dog cohort and one
human cohort.

Dog cohort

All experiments involving the use of laboratory
animals conformed to the guidelines of the American
Physiological Society and the standards in the Guide for
the Care and Use of Laboratory Animals, DHEW Publ. No.
NIH 85-23, revised 1985, and was approved by the
institutional review board.

Data from 23 healthy mongrel dogs originally studied in
the early 1980’s and later by Floyd et al, [9] were included
[14]. All dogs underwent proximal occlusion of the left
circumflex coronary artery (LCX) for 5 min. Collateral flow
was evaluated using microspheres as described below [9,14].

Surgical setup and ECG acquisition
All dogs were anesthetized with 30–40 mg/kg of sodium

pentobarbital intravenously, intubated and ventilated as
previously described in detail [9,14,15]. In short, a left
thoracotomy was performed through the fourth intercostal
space and the heart was suspended in a pericardial cradle.
The LCX artery was identified and occluded for 5 min with a
silk snare. Using a Gould model 2400 recorder, ECG lead II
was recorded continuously before, during the occlusion and
during reperfusion until the heart was excised.

ECG measurements
QRS waveform measurements were obtained from

ECG lead II at a paper speed of 25 mm/s and magnified
200% in a standard photocopier i.e. achieving 50 mm/s and
20 mm/mV. Before occlusion a baseline measurement of
QRS duration, defined as the time between QRS onset to the
J-point, was performed in all animals. During ischemia when
no J-point could be clearly distinguished due to ST elevation,

a line was drawn through the peak of the R (or R' if it was
present) wave and along 40% of the downslope between the
R peak and the nadir of the ST segment (Fig. 1A). The time
between onset of the QRS complex and the intersection of
this line with the PR baseline was then determined. The
rationale for using the first 40% of the R-wave downslope
was empirical. It was derived from observation and
measurement of a pilot-subset of dogs and patients, where
most often the R-wave downslope began to deviate from a
straight line after 40%. In dogs where the J point could be
clearly distinguished even during ischemia, the time between
QRS onset and the J point was determined. The difference
between either of these measurements and the baseline QRS
duration was referred to as ischemic QRS prolongation,
expressed in ms (absolute ischemic QRS prolongation,
measured to nearest 5 ms) and normalized to baseline
(relative ischemic QRS prolongation) (Fig. 1A–B). If there
was an S wave associated with an ST-segment depression
(basal lateral ischemia in LCX occlusions) a superimposed
line from the S wave nadir along the first 40% of the S wave

Fig. 1. Depiction of ischemic QRS prolongation measurement method. A.
A line was drawn through the peak of the R (or R’ if it was present) wave
and along 40% of the downslope between the R peak and the nadir of the ST
segment. The intersection of this prolonged line with the PR baseline
marked the offset of the measurement. B. Example of measurement method
in a dog at 3 min of occlusion.
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upslope was used and the intersection with the PR baseline
marked the offset. Each value was measured as the average
of measurements in 2 contiguous beats. Furthermore, the
timing of the maximum QRS prolongation during the 5-min
occlusion was defined to the nearest minute.

All waveform measurements were manually performed
by one observer (JA). Results were adjudicated with an
experienced ECG observer (GW) if uncertainties arose.

Collateral blood flow measurement
As previously described, myocardial collateral blood flow

was expressed in ml/min/g wet [9,14]. In short, the ischemic
and non-ischemic myocardium was measured by injecting
radioactive microspheres labeled with 46Sc, 85Sr, 113Sn,
141Ce, or 153Gd at 2.5 min into the ischemic episode.
Beginning just before and continuing 2.5 min after micro-
sphere injection, reference blood samples were withdrawn
from the aorta via a femoral artery catheter. Microsphere
radioactivity was measured with a gamma counter (Model
A5912, Packard Instruments, Downer's Grove, IL, USA).
Myocardial blood flow was calculated according to the
formula: tissue flow = (tissue counts) x (reference blood
flow)/(reference blood counts). Collateral blood flow was
compared to ischemic QRS prolongation.

Human cohort

ECGs for the human cohort were obtained from the
STAFF-III dataset, originally acquired at the Charleston
Area Medical Center, WV, USA and approved by the
institutional review board in 1995 and 1996 [16,17]. Patients
included were referred for prolonged elective balloon PCI
due to stable angina pectoris and informed consent was
obtained from each patient before enrolment [16,17]. The
exclusion criteria were: evidence of an acute or recent
myocardial infarction, intraventricular conduction delay with
a QRS duration of 120 ms or longer (including right
bundle-branch block and left bundle-branch block), any
ventricular rhythm at inclusion or during the PCI procedure,
absence of ST changes meeting STEMI or STEMI-
equivalent criteria following balloon occlusion [18,19], less
than 170 s of occlusion and poor signal quality. Baseline
variables recorded were gender, age, pre-occlusion heart rate
and occlusion time. The previous medical history of the
patients was not known. In the situation when more than one
of the main coronary arteries was subject to balloon inflation,
both inflations were considered for inclusion.

A detailed description of the STAFF-III study was
recently published [17]. In short, all patients included
received approximately 5 min of balloon occlusion of the
right coronary artery (RCA), the left anterior descending
artery (LAD) or the LCX. Digital 12-lead ECGs were
recorded continuously (Siemens-Elema AB, Solna, Sweden)
pre-occlusion and during the procedure until approximately
4 min after balloon deflation. During the recording all
patients were resting in a supine position. The signals were
digitized at a sampling rate of 1 kHz, with an amplitude
resolution of 0.6 μV.

ECG measurements
Waveform measurements were obtained from the digital

continuous 12-lead ECG recordings. Measurements were
made from print-outs of the ECGs at a paper speed of
50 mm/s and gain of 10 mm/mV. Values were measured
from a single lead in order to duplicate the method used in
the experimental dog cohort. The extremity leads were
considered for assessments of RCA occlusions and precor-
dial leads for LAD and LCX occlusions. Since the dog and
human cardiac anatomies differ, the lead with the most
pronounced ischemic QRS prolongation among the consid-
ered leads and within 5 min of occlusion was used (Fig. 2).
The same method for assessing the amount of ischemic QRS
prolongation described above for the dog cohort was used for
assessment in the patients.

In addition, we investigated the influence of R-wave
amplitudes on ischemic QRS prolongation in a subset of the
population by measuring R-wave amplitudes in patients with

Fig. 2. Example ECG of a patient (subject 108) with occlusion in RCA,
taken about 4 min into occlusion at maximum ischemic QRS prolongation.
The figure illustrates the novel measuring technique and how leads were
compared to find the one with the largest distortion. The dotted line
represents the latest QRS offset observed (lead I) with our measure.
Furthermore, within certain leads (−aVR, V1, V5 and V6) the distortion
forces are perpendicular to the leads showing the greatest ischemic QRS
prolongation and therefore do not show the same amount or any ischemic
QRS prolongation. The Cabrera lead system is used in the Figure.
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maximum (n = 5) and minimum (n = 5) ischemic QRS
prolongation, and compared the two groups.

Statistical analysis

Continuous variables are presented as mean ± 1 SD.
Categorical data are presented as numbers. For continuous
variables the Student t-test was used for comparison between
groups. The relationship between ischemic QRS prolonga-
tion and collateral flow was modeled using a reciprocal
function with non-linear least squares regression. The
equation of the model was given by yðxÞ ¼ a

x; where a was
constant y and x were the ischemic QRS prolongation and
collateral flow, respectively. Using a non-linear least squares
regression, a was calculated from the dog results to the value
of 0.8725. All statistical tests were 2-sided and a p value of
b0.05 was considered to indicate statistical significance.
SPSS version 19.0 and MATLAB version R2013a were used
for the statistical analyses.

Results

Relationship between ischemicQRS prolongation and coronary
collateral flow

The characteristics of the 23 dogs included in the study
are shown in Table 1. Baseline QRS duration, time from
QRS onset to J-point/intercept and absolute ischemic QRS
prolongation were 43 ± 5, 60 ± 23 and 17 ± 23 ms, respec-
tively. The maximum ischemic QRS prolongation was
reached after 3.4 ± 0.7 min of occlusion.

The mean flow was 0.099 ± 0.086 ml/min/g wet. There
was a statistically significant relationship between collateral
blood flow and ischemic QRS prolongation (r = 0.61, p =
0.008; Fig. 3A). Furthermore, there was a significant
difference in collateral flow in the dogs above (n = 11) vs
below (n = 12) 5 ms (median) of ischemic QRS prolonga-
tion. The dogs with N5 ms of ischemic QRS prolongation
exhibited significantly lower collateral flow compared to
dogs with ≤5 ms ischemic QRS prolongation (0.04 ± 0.03
vs 0.15 ± 0.09 ml/min/g wet, p = 0.001; Table 2, Fig. 3B).

Ischemic QRS prolongation in humans

The human cohort included 52 patients (18 [35%]
females, mean age 61 ± 10.6 years) with a total of 54

coronary stenoses subjected to prolonged occlusions, RCA
(n = 21), LAD (n = 22) or LCX (n = 11), for a mean of
270 ± 56 s. Thus, two patients had two balloon occlusions in
two different coronary arteries. Baseline characteristics are
reported in Table 3A.

Mean pre-occlusion QRS duration and maximum time
from QRS onset to J-point/intercept were 81 ± 12 ms and

Table 1
Baseline characteristics of dog population.

All dogs (n = 23),
Mean ± 1SD (range)

Pre-occlusion heart rate (bpm) 161 ± 20.8 (128–197)
Pre-occlusion blood pressure

(systolic mmHg/diastolic mmHg)
163 ± 26.0 (135–230)/118 ± 19.5
(95–155)

Pre-occlusion QRS duration (ms) 43 ± 5 (35–55)
Max time from QRS onset to J-point/

intersect during occlusion (ms)
60 ± 23 (35–130)

Absolute ischemic QRS prolongation (ms) 17 ± 23 (0–90)
Relative ischemic QRS prolongation (%) 42% ±59% (0–225%)
Time to max ischemic QRS

prolongation (min)
3.4 ± 0.7 (2.0–4.0)

Collateral flow (ml/min/g wet) 0.099 ± 0.086 (0.02–0.31)

Fig. 3. Relation between ischemic QRS prolongation and collateral blood
flow in the dog. A. Collateral blood flow (ml/min/g wet) was plotted against
ischemicQRSprolongation in a scatter plot. The relationship between ischemic
QRS prolongation and collateral flowwas modeled using a reciprocal function
calculated with a non-linear least squares regression ðyðxÞ ¼ 0:8725

x Þ; r = 0.61
and p = 0.008. B.Relation between groupswith ischemicQRSprolongation of
≤5 ms or N5 ms. Whisker plot with mean ± standard error of the mean
(SEM).

Table 2
Comparison between dogs with long or short ischemic QRS prolongation.

iQRSpb ≤5 ms
(n = 12),
Mean ±1SD (range)

iQRSpb N5 ms
(n = 11),
Mean ±1SD (range)

p-value

Absolute ischemic
QRS prolongation
(ms)

2.5 ± 3 (0–5) 33.2 ± 26 (15–90) 0.0004a

Collateral flow
(ml/min/g wet)

0.15 ± 0.09 (0.04–0.31) 0.04 ± 0.03 (0.02–0.1) 0.001a

Pre-occlusion QRS
duration (ms)

43 ± 6 (35–50) 44 ± 6 (35–55) N.S.

a Two-tailed p-value calculated with an unpaired t-test.
b Ischemic QRS prolongation.
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129 ± 55 ms, respectively (Table 3B). Mean overall ischemic
QRS prolongation was 49 ± 57 ms (44 ± 49, 62 ± 71 and
29 ± 28 ms for RCA, LAD and LCX occlusions, respective-
ly), without significant differences between the groups.
Maximum ischemic QRS prolongation was reached after
3.4 ± 0.8 min of occlusion. Moreover, it was frequently noted
that ischemic QRS prolongation reached a plateau after the
maximum was reached, staying at a similar magnitude
throughout the rest of the 5-min occlusion. In all patients
with significant ischemicQRS prolongation, the QRS duration
returned to baseline values within 30 s of reperfusion.

As shown in Fig. 4 and Table 4 there was no statistically
significant difference between dogs and humans regarding
the characteristics of ischemic QRS prolongation during
occlusion. Side by side examples of ECGs from humans and
dogs are shown in Fig. 5. In Fig. 6 examples of significant
ischemic QRS prolongation in all three of the major vessels
in patients are shown.

There was no significant difference in R-wave amplitude
between patients with minimum (0.73 ± 0.48 mV) and
maximum (1.06 ± 0.77 mV) ischemic QRS prolongation
(p = 0.437).

Discussion

The main findings of this study were that there was a
significant correlation between ischemic QRS prolongation
and the amount of collateral flow in dogs with ACO, and
that the magnitude and temporal evolution of ischemic QRS
prolongation in dogs were similar to those in humans with
stable coronary artery disease subjected to prolonged,
elective coronary artery balloon occlusion.

Ischemic QRS prolongation as a marker of decreased
collateral flow

The findings in the present study, with lower collateral
blood flow in dogs with more pronounced ischemic QRS
prolongation, are in accordance with results by Floyd et al.
[9] and Weston et al. [8] showing a relationship between
QRS prolongation and the amount of collateral flow. Dogs
with an ischemic QRS prolongation of N5 ms all had
low collateral flow, whereas those with ≤5 ms ischemic
QRS prolongation showed a variable amount of collateral
flow (Fig. 4). This indicates that presence of a significant
ischemic QRS prolongation during coronary occlusion might
have high positive predictive value for low collateral flow.
There are, however, other mechanisms that protect the
myocardium from developing severe ischemia including
ischemic preconditioning and partial or complete spontane-
ous dissolution of the obstructing thrombus via fragmenta-
tion secondary to the action of endothelial fibrinolysis [2,4].

The present findings indicate similarities between coronary
occlusion in dogs and in humans (Fig. 5). The magnitude and
range of ischemicQRS prolongation during coronary occlusion
were similar between the species, especially as regards to
patients with LCX occlusions. Furthermore, the timing of
maximum ischemic QRS prolongationwas similar between the
two species. To what extent ischemic QRS prolongation in
humans with coronary occlusion relates to poor cardioprotec-
tion and poor collateral blood remains to be determined. There
are, however, findings indicating that ischemic QRS

Table 3A
Baseline characteristics of human population.

All patients (n = 52)

Patients 52
Gender (females) 18 (35%)a

Age (years) 61 ± 10.6 (39–79)b

Number of occlusions 54
Mean time of occlusion (n = 54; s) 270 ± 56.0 (170–420)b

Occluded artery (RCAc/LADd/LCXe) 21(39%)/22(41%)/11(20%)
Mean pre-occlusion heart rate (n = 54; bpm) 76 ± 13.9 (50–102)b

a Difference in ischemic QRS prolongation was N.S. between genders.
b Mean ± 1SD (range).
c Right coronary artery.
d Left anterior descending artery.
e Left circumflex artery.

Table 3B
Human ischemic QRS prolongation measurements.

All occlusions (n = 54),
Mean ±1SD (range)

Pre-occlusion QRS duration (ms) 81 ± 12 (56–113)
Max time from QRS onset to J-point/intersect
during occlusion (ms)

129 ± 55 (60–355)

Absolute ischemic QRS prolongation (ms) 49 ± 57 (0–265)
RCAa ischemic QRS prolongation (n = 21; ms) 44 ± 49 (0–170)
LADb ischemic QRS prolongation (n = 22; ms) 62 ± 71 (0–265)
LCXc ischemic QRS prolongation (n = 11; ms) 29 ± 28 (0–100)
Relative ischemic QRS prolongation (%) 64% ± 74% (0–294%)
Time to max ischemic QRS prolongation (minutes) 3.4 ± 0.9 (2.0–5.0)

a Right coronary artery.
b Left anterior descending artery.
c Left circumflex artery.

Fig. 4. Relation between humans (divided into total, RCA, LAD and LCX)
and dogs as regards relative ischemic QRS prolongation. Whisker plot with
mean ± standard error of the mean (SEM). No statistically significant
difference between the dogs and any of the human subgroups was found.
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prolongationmaybe of prognostic importance.Wong et al. [11]
have previously shown that increased QRS duration is an
independent predictor of 30-day mortality in patients with

anterior AMI. Thus, ischemic QRS prolongation could
potentially serve as a biomarker for poor myocardial protection
in patients presenting with acute coronary occlusion.

Table 4
Comparison between dog and human cohort.

Relative ischemic QRS prolongation Humans, Mean ± 1SD (range) Dogs, Mean ± 1SD (range) p-value

RCAc in human (n = 21) 60% ± 69% (0–243%) 0.345a

LADd in human (n = 22) 79% ± 85% (0–294%) 0.092a

LCXe in human (n = 11) 40% ± 43% (0–154%) 0.993a

All arteries in humans (n = 54) 64% ± 74% (0–294%) 0.202a

LCXe in dogs (n = 23) 42% ± 59% (0–225%)
Time to max ischemic QRS prolongation (min) 3.4 ± 0.9 (2.0–5.0) 3.4 ± 0.7 (2.0–4.0) 0.911b

a Two-tailed p value calculated with an unpaired t-test. The p-value indicates the statistical difference between the mean ischemic QRS prolongation in dogs
(LCX) and the human data.

b Two-tailed p value calculated with an unpaired t-test.
c Right coronary artery.
d Left anterior descending artery.
e Left circumflex artery.

Fig. 5. Example of ECG lead II at 0, 1, 2, 3 and 4 min of occlusion in two dogs (LCX) and two humans (RCA), with one example of significant ischemic QRS
prolongation and one with no ischemic QRS prolongation within each species. The grid systems have been transformed to be comparable.
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Within the present study, the magnitude of ST-segment
elevation was not considered. However,Weston et al. reported
in a dog model, that for a given magnitude of STE, the
presence of concurrent QRS prolongation was associated with
less myocardial salvage [8]. Thus, evaluating ST-segment
elevation together with ischemic QRS prolongation in patients
with ACO might provide additional diagnostic value.

Novel method to quantify ischemic QRS prolongation

In previous experimental studies that have investigated
ischemia-induced QRS changes, QRS duration was measured
from QRS onset to an estimated J point [8,9,12]. However,
within 30–60 s of the onset of ACO, the electrical conduction
begin to down in the ischemic myocardium [4,7,20–22]. The
slow, and thus delayed, depolarization of the ischemic
myocardium results in QRS prolongation by which the QRS
complex and T wave are merged and the J-point disappears in
leads parallel to the ischemic myocardium. In the present study
we introduce a new method for assessing ischemic QRS
prolongation even in the absence of a defined J-point. The
concept of defining a line between the R/S wave and the
intersect of the PR baseline as described for the proposed
method is similar to the previously described way of
determining the offset of the T wave [23]. The term for this
change in the QRS complex has, however, been difficult to

determine. Since the current method does not use the J-point as
offset, the measurement from QRS onset to PR intercept cannot
be termed QRS duration. Within this paper we have, therefore,
decided to refer to the difference between baselineQRSduration
and the distance from QRS onset to PR intercept as “ischemic
QRS prolongation".

Clinical significance of ischemic QRS prolongation

The preferred treatment for patients with ACO is PCI, to
reperfuse the ischemic region. However, this requires the time of
transport to a continuously available interventional catheterization
laboratory. Intravenous thrombolytic therapy is an alternative
means of acute reperfusion therapy, which could be administered
immediately by emergencymedical staff when transportation to a
PCI facility is considerably prolonged [24]. Since severely
ischemic myocytes infarct early during the ischemic process, the
patients with the most severe ischemia are those likely to benefit
the most from early reperfusion. The findings in the present study
indicate that the presence of ischemic QRS prolongation is a
potential biomarker for severe ischemia, and would thereby
possibly aid in risk stratification and clinical decision-making
regarding the method of acute reperfusion to be employed in a
patient with evolving AMI. Thus, the basis of the decision would
be the estimated degree of cardioprotection in individual patients.
This, however, remains to be studied.

Fig. 6. Example of ECGs in humans. Pre-occlusion and 3–4 min into occlusion for one patient with RCA occlusion (extremity leads), one with LAD occlusion
(precordial leads) and one with LCX occlusion (precordial leads). All patients had significant ischemic QRS prolongation.
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Limitations

The current study should be viewed in the light of some
limitations. First, only a single lead ECG was available in the
dog model, whereas in the human model a single coronary
specific lead was used to duplicate the experimental situation.
In future studies in patients where the culprit vessel is
unknown, evaluation of ischemic QRS prolongation in all 12
leads is needed. Second, QRS measurements were made
manually. In order to make the proposed method clinically
feasible, it needs to be automated and implemented into
computerized ECG analysis algorithms. Third, in the human
cohort no measure of the severity of ischemia, direct or
indirect, was compared to the ischemic QRS prolongation.
Fourth, ischemic QRS prolongation in this study was
calculated based on the knowledge of pre-occlusion QRS
duration in each individual. Although a baseline ECG
commonly exists for many ACO patients it is not always
easily accessible in the emergency situation. It would,
therefore, be optimal not to be dependent on access to prior
ECGs, but rather use the patient as his/her own control, which
could possibly be accomplished by considering the ischemic
QRS prolongation in all 12 leads. Fifth, the patients all had a
history of stable angina pectoris and therefore probably have
higher collateral arterial flow compared to a general STEMI
population for which the proposed method is intended. Sixth,
only the first 5 min of coronary occlusion was evaluated.
Studies concerning the temporal evolution of ischemic QRS
prolongation during the first hours after onset of ACO are
therefore warranted. Last, the number of patients included was
limited. However, the clinical data on prolonged balloon
inflation constitute a unique database, because this procedure
is no longer used clinically.

Conclusion

Ischemic QRS prolongation could potentially be used as
a biomarker for severe myocardial ischemia. Although arterial
collateral flow cannot bemeasuredwith precision in the human
heart, it seems probable that severe ischemia and its correlate,
scant or absent arterial collateral flow, are present when there is
a substantial ischemia-induced QRS prolongation.
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Abstract Introduction: Studies have shown terminal QRS distortion and resultant QRS prolongation during
ischemia to be a sign of low cardiac protection and thus a faster rate of myocardial cell death. A
recent study introduced a single lead method to quantify the severity of ischemia by estimating QRS
prolongation. This paper introduces a 12-lead method that, in contrast to the previous method, does
not require access to a prior ECG.
Methods: QRS duration was estimated in the lead that showed the maximal ST deviation according
to a novel method. The degree of prolongation was determined by subtracting the measured QRS
duration in the lead that showed the least ST deviation.
Results: Themethod is demonstrated in examples of acute occlusion in two of the major coronary arteries.
Conclusion: This paper presents a 12-lead method to quantify the severity of ischemia, by
measuring QRS prolongation, without requiring comparison with a previous ECG.
© 2016 Elsevier Inc. All rights reserved.

Keywords: Electrocardiography; Ischemia; ECG; Acute myocardial infarction; Severity of ischemia

Introduction

In acute coronary occlusion (ACO), rapid reperfusion is
essential to salvage the ischemic myocardium at risk of
infarction. This may be accomplished by primary percuta-
neous coronary intervention (pPCI) or by intravenous
thrombolysis [1]. The rate of myocardial cell death during
ACO depends to a large extent on the severity of ischemia
within the myocardium at risk [2]. Ischemia severity has
been shown to depend on the level of “protection” provided
by both metabolic preconditioning and collateral blood flow
[3]. Thus, it would be clinically important to enable accurate
identification of patients with severe ischemia, so that they
can receive the most rapidly available reperfusion strategy.

The most widely used diagnostic method in patients with
suspectedACO is the standard 12-lead ECG. The conventional
clinical criterion for acute myocardial ischemia is the presence
of ischemia-related ST deviation (elevation or depression) [1].
However, acute myocardial ischemiamay also cause alteration

of the myocardial depolarization resulting in “terminal QRS
distortion” [4–7]. Prior studies have indicated that the amount
of distortion is related to the severity of ischemia, and that it is
an independent negative long-term prognostic factor in these
patients [3,8–13]. Many attempts have been made to quantify
this distortion by measuring QRS prolongation during
ischemia [3,11,13–15]. In many patients this is, however
challenging, since the end of the QRS is often indistinguish-
able because the distorted terminal QRS waveforms obscure
the normally appearing “J point” that indicates the junction
between QRS complex and ST segment.

Twenty-five years ago, Sclarovsky et al introduced an
ECG method for grading the severity of ischemia following
acute coronary occlusion: grade I – tall peaked T waves,
grade I – ST segment elevation, and grade III – terminal
QRS distortion [16]. However, this potentially important
method failed to achieve clinical acceptance; because of the
challenge of its accurate manual application [17], and
because it is still only proven chronic prognostic value (i.e.
correlation with larger infarct size and higher mortality). The
acute diagnostic value of this method regarding reperfusion
triage has yet to be documented [9,10]. Therefore, currently,
there are no ECG methods for determination of the severity
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of ischemia in patients with suspected ACO, and triage of the
reperfusion therapy strategy is not considered.

Recently, a single-lead method for quantification of
ischemic QRS prolongation has been proposed by Almer et
al, in a study that included both experimental canine and
clinical human populations [14]. There was a high
correlation between the lack of collateral blood flow
documented by radiolabeled microsphere counts and ische-
mic QRS prolongation in the canine population; and there
were temporally and quantitatively similar ischemic QRS
changes in patients receiving prolonged coronary angioplas-
ty balloon inflation. There are, however, two key limitations
to consider regarding the method used to quantify this
ischemic QRS prolongation. It only considers a single
ECG-lead, and it requires comparison with a baseline
ECG recording.

It is the aim of this study to introduce an ECG method for
quantification of ischemic QRS prolongation that considers
all 12 standard leads, and does not require comparison with a
baseline recording.

Methods

The rationale for the present study is that delayed
activation within a severely ischemic region of myocardium,
due to slowing of conduction, causes distortion in primarily
the terminal aspect of the QRS waveform, and thus prolongs
the QRS duration. This “ischemic QRS prolongation” is
typically present in leads oriented parallel to the ischemic
region, but is virtually absent in leads perpendicular to this
region. This is demonstrated in Fig. 1, which shows the
electrical axis of the heart in the transverse plane. The ECG
complexes are the same as in Fig. 2, showing typical changes

associated with an occlusion of the left anterior descending
artery (LAD). Leads that are relatively parallel to the
ischemic region (V2–V4) show maximal ST deviation while
leads that are relatively perpendicular to the ischemic region
(V5 and V6) show minimal ST deviation. Analogously,
terminal QRS distortion is present in the leads that are
parallel to the ischemic region as a consequence of the
slowed conduction. This regional slowing of conduction
results in delayed activation of the severely ischemic area
after the non-ischemic myocardium is already completely
depolarized. Consequently, the only vector during this
delayed depolarization, as displayed in Fig. 1, is oriented
in the approximate direction toward V3 that therefore shows
the maximum ST deviation. Leads that are perpendicular to
this vector will be unable to show this late activity because
their view is “from the side”.

A theoretical negative V3 lead, directly opposite of V3,
would show changes mirroring V3, while both positive and
negative leads perpendicular to the injury vector would show
both minimal ST deviation and minimal terminal QRS
distortion. Thus, leads that are perpendicular to an acutely
ischemic region could serve as reference for both the
millivolts of ST segment deviation and the milliseconds of
terminal QRS complex distortion.

ECG measurements and method algorithm

The single lead method for estimating the QRS duration
in the absence of a distinct J point is described in detail by
Almer et al [14]. During ischemia, the lead with the largest
ST segment deviation is determined. When no J point can be
clearly distinguished, the QRS offset is defined as the point
where a superimposed line descending from the peak of the
R wave along 40% of its amplitude, between the R peak and

Fig. 1. Demonstration of the concept of parallel and perpendicular leads. Leads facing the ischemic region (V2–V4) show significant ST deviation and terminal
QRS distortion. Leads that are perpendicular to this region show minimal ST deviation and terminal QRS distortion (reprinted and adapted from Pahlm-Webb
with permission).
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the nadir of the ST-segment, intersects with the PR segment
baseline (Fig. 3). Alternatively, when the final QRS waveform
is an S wave, its offset is defined as the point where a
superimposed line from its peak along 40% of its upslope
intersects the PR segment baseline. If the changes in the lead
with maximum ST elevation are so large as to prevent
measurement, the closest adjacent lead is used instead (i.e. the
lead with the 2nd largest ST deviation). Each value is measured
as the average of measurements in 2 contiguous cardiac cycles.

The 12 lead method is presented in Fig. 2, as applied to
the ECG of a patient with acute LAD occlusion caused by
prolonged balloon PCI. The patient and the following
example is part of the STAFF-III dataset of which a closer
description can be seen elsewhere [18]. It consists of 102
patients referred for elective balloon PCI with prolonged
occlusion, under continuous ECG recording, in Charleston,
WV, USA in 1995 and 1996. All 12 leads are evaluated for
ST deviation. The lead that shows the least ST deviation is
considered to be perpendicular to the ischemic region. The

measured QRS duration in this lead from onset to J point is
therefore considered to be the “non-ischemic QRS duration”.
The lead that shows the most ST deviation is considered to
be parallel to the ischemic region. Since there is no visible J
point, the method of Almer [14] is applied to provide an
estimated “ischemic QRS duration”. The difference between
these measurements is considered the “ischemic QRS
prolongation”. It is expressed in either ms; to the nearest
5 ms, or as a ratio which is defined as the “ischemic QRS
duration” divided by the “non-ischemic QRS duration”.

Results

The example of application of the method in patients with
LAD occlusion has been presented in Fig. 2, and an example
of a patient with right coronary artery (RCA) occlusion is
presented in Fig. 4. During the acute PCI balloon occlusions
in each of the major coronary arteries, there are ischemic
changes that obscure the J point, preventing precise
measurement of QRS duration. However, these changes
are viewed by different groups of leads when caused by acute
occlusions of the different arteries.

In the example with LAD occlusion (Fig. 2), lead V3 with
the maximal ST deviation was considered to be most parallel
to the ischemic region, and the QRS duration was estimated
to be 180 ms. In contrast, lead V6 with the minimal ST
deviation, was considered to be most perpendicular to the
ischemic region. Subtraction of its measured QRS duration
of 90 ms yielded an ischemic QRS prolongation of 90 ms.
Division of the “ischemic QRS duration” and the “non-
ischemic QRS duration” yielded a ratio of 2.0

In the example with the RCA occlusion (Fig. 4), lead III
with the maximal ST deviation was considered to be most

Fig. 2. Illustrates the application of the proposed method in a LAD
occlusion. The bold line is drawn through the J point (blue dot) in the
perpendicular lead (V6) and the dotted line is drawn through the estimated
QRS offset (red dot) according to the Almer method in the lead with the
maximal ST deviation (V3). The difference, in ms, between the QRS
duration calculated in V3 and V6 is the ischemic QRS prolongation. The
ischemic QRS prolongation is calculated to 90 ms or a ratio of 2.0.

Fig. 3. Illustration of how the QRS offset is defined in the absence of a clear J
point. The offset is defined as the point where a superimposed line along the
peak of the R (or R′ if present) wave and the first 40% of the R (or R′ if
present) wave downslope intersects the PR baseline. If there is an S wave, a
superimposed line from the S wave nadir along the first 40% of the S wave
upslope is used, and the intersection with the PR baseline defines the offset
(adapted from Almer et al. [14]).
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parallel to the ischemic region and the QRS duration was
estimated to be 130 ms. In contrast, lead V5 with the
minimal ST deviation, was considered to be most perpen-
dicular to the ischemic region. Subtraction of its measured
QRS duration of 90 ms yielded an ischemic QRS prolon-
gation of 40 ms. Division of the “ischemic QRS duration”
and the “non-ischemic QRS duration” yielded a ratio of 1.4.

Fig. 5 illustrates the algorithm described above with a
flow chart to evaluate the degree of QRS distortion. The lead
with maximum and minimum ST deviation is identified and
the difference in QRS duration is calculated. When no J point
can be clearly distinguished the Almer method is applied.

Discussion

Several previous studies using different methods have
shown ischemia-induced QRS changes in experimentally
induced ischemia/infarction in animals, as well as in human

models of balloon-induced reversible ischemia [3–12].
These changes have furthermore been correlated to the
severity of ischemia estimated by collateral flow and SPECT
measurements. The previous and similar QRS prolongation
method, using a single ECG lead, described by Almer et al
has earlier been applied on an experimental animal
population as well as in prolonged coronary balloon
occlusion in man showing promising preliminary results
[14]. There are however some differences in the exact
application of our proposed method compared to the one
proposed by Almer [14]. As ST deviation is the established
method for identifying the ischemic area we have decided to
use the lead with maximal ST deviation for measurement in
contrast to the lead with maximal QRS prolongation which
was used in the Almer study [1,14]. In contrast to the Almer
method all 12 leads are considered and there is no need for a
previous ECG for comparison.

The basis for using only the acute ECG to estimate QRS
prolongation is that severe ischemia causes delayed
activation in the ischemic region, which thus depolarizes
after the rest of the myocardium has depolarized. This leaves
the force moving toward the ischemic region the only
remaining vector during late depolarization. Thus, QRS
duration will be prolonged globally but this prolongation is

Fig. 4. Example of application of the method in a RCA occlusion. A bold
line is drawn through the J point in the perpendicular lead (V5) and a dotted
line is drawn through the estimated QRS offset according to the Almer
method in the lead with the maximal ST deviation (III). Another bold line is
drawn in the extremity leads at the estimated QRS offset calculated from
lead V5 to illustrate the ischemic QRS prolongation as the time between the
bold and dotted lines. The ischemic QRS prolongation is calculated to 40 ms
or a ratio of 1.4.

Ischemic ECG

Determine lead 
with maximal ST 

deviation

Well defined J 
point?

Measure 
QRS 

duration

Measure 
according to 

Almer 

Determine lead 
with minimal ST 

deviation

Yes

Calculate 
ischemic QRS 
prolongation

No

Measure QRS 
duration

Fig. 5. Flow chart for application of the proposed method for quantification
of the degree of severity of ischemia.
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only visible in leads facing the ischemic region. Leads that
are perpendicular to the ischemic region will show a shorter,
incorrect, QRS duration that however is theoretically close to
the baseline duration (in a non-ischemic situation) as these
leads will be unable to detect the delayed activity in the
ischemic region. The notion that a lead should be unable
to detect a force moving perpendicular to it is consistent
with vectorcardiography and should not be confused with
QRS dispersion.

To bring this concept further and to be used in a clinical
situation with ongoing ischemia and threatening infarction,
the method needs to be robust, reproducible and shown to
add clinical value in terms of outcome. Larger studies
performed on QRS prolongation as well as evaluation of the
Sclarovsky–Birnbaum (SB) ischemia grading system have
shown that QRS changes in ST elevation myocardial
infarction (STEMI) patients could potentially be used as a
means of risk stratification [9,10,12,15]. Furthermore, the
SB grading system has shown a relationship between
terminal QRS distortion and larger infarcts as well as
worse outcomes [9,10]. The present method adds the value
of being independent of a distinct J point, and it also provides
a gradual scale of QRS distortion, in contrast to the
dichotomized SB grading scale. It therefore allows for a
gradual estimation of severity in that a higher degree of
ischemic QRS prolongation should imply more severe
ischemia. As with the SB method, there is no need for
previous ECGs as the ischemic QRS prolongation method
only needs a snapshot ECG.

Possible clinical significance

Severely ischemic myocardium implies more rapid infarct
development and thus likely worse clinical outcome after
pPCI in patients with prolonged time to treatment [2]. Time
is thus a more important factor in these individuals compared
to those with less severe ischemic myocardium. It may be
that patients with the most severe ischemia, and thus a higher
degree of ischemic QRS prolongation, could benefit from
alternative treatment, which could be administered already at
the prehospital stage. The present method could offer a
potential aid in deciding treatment strategy.

Limitations

There are a number of limitations to the presented
method. Patients with very severe ischemia might have so
pronounced terminal QRS distortion that they completely,
or almost completely, lose the downslope of the R
wave (commonly called tombstoning) making it impossible
to apply the proposed method because of the lack of a
QRS offset. However, most patients in this group would
likely be classified as grade III ischemia according to the
SB criteria and thus most of them would probably be
classified as having “severe ischemia” even if the method
presented is not applicable. Second, measurement on patients
with a very small R wave could be difficult to achieve
manually. However, this might still be possible if the method
is automated.

Future directions

The method presented in this paper may offer the ability
to estimate the severity of ischemia. However, this is still to
be determined. Studies are currently underway with this in
mind. One study assesses a group of patients undergoing
elective balloon PCI for stable coronary artery disease where
the relationship between severity by SPECT and the amount
of ischemic QRS prolongation is being examined. Retro-
spective studies on the relationship between ischemic QRS
prolongation and salvage by SPECT and cardiac magnetic
resonance imaging (CMR) in STEMI patients are also
planned. Further prospective studies would probably be
needed to determine if the method could have merit as a tool
for clinical decision-making. Manual measurement is time
consuming and unpractical. For the method to be of clinical
value it would have to be automated with a result given as a
printout on the ECG.

Conclusion

This paper presents a 12-lead ECG method for estimating
ischemic QRS prolongation as a means of identifying
patients with severe ischemia who are liable to experience
rapid infarction development. Using the proposed method,
we are able to identify and quantify ischemic QRS
prolongation independent of a distinct J point and without
a prior baseline ECG. Further studies are needed, and are
currently in progress, to validate the method.
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ABSTRACT
Objectives. An acute coronary occlusion and its possible subsequent complications is one of the most
common causes of death. One such complication is ventricular fibrillation (VF) due to myocardial
ischemia. The severity of ischemia is related to the amount of coronary arterial collateral flow. In dog
studies collateral flow has also been shown to be associated with QRS prolongation. The aim of this
study was to investigate whether ischemic QRS prolongation (IQP) is associated with impending VF in
an experimental acute ischemia dog model. Methods. Degree of IQP and occurrence of VF were meas-
ured in dogs (n¼ 21) during coronary occlusion for 15min and also during subsequent reperfusion
(experiments conducted in 1984). Results. There was a significant difference in absolute IQP between
dogs which developed VF during reperfusion (47±29ms, mean± SD) and those which did not
(12±10ms; p¼ .001). Conclusions. IQP during acute coronary occlusion is associated with reperfusion
VF in an experimental dog model and might therefore be a potential predictor of malignant arrhyth-
mias in patients with acute coronary syndrome.

ARTICLE HISTORY
Received 22 March 2018
Revised 8 June 2018
Accepted 15 June 2018

KEYWORDS
Ventricular fibrillation;
ischemia; electrocardiog-
raphy; acute
coronary syndrome

Introduction

Acute myocardial infarction (AMI) is one of the most fre-
quent causes of death in the western world [1]. Early diag-
nosis of an acute AMI is based on the presence of acute
ischemia-induced ST-segment elevation (STEMI) or its
equivalent ST depression on the presenting ECG [2], due to
an acute coronary occlusion (ACO). The severity of the
ischemia is related to both metabolic preconditioning and
the amount of coronary arterial collateral flow [3,4].
Treatment of STEMI is aimed at accomplishing coronary
reperfusion as soon as possible, either by percutaneous cor-
onary intervention (PCI) or by intravenous thrombolytic
therapy, in order to maximize myocardial salvage [5]. One
serious complication of acute ischemia is ventricular fibrilla-
tion (VF). VF can occur during ischemia and in conjunction
with reperfusion therapy, although due to different patho-
physiological mechanisms [6–11]. In both settings, however,
these malignant arrhythmias can lead to sudden cardiac
death [8]. Identifying patients susceptible for VF would
therefore be of great importance.

Severe ischemia-induced changes in the myocardium
may not only be manifested by ST-segment deviation, but
also by changes of the QRS complex [12–14]. Previous stud-
ies have documented the association among increased QRS
duration during ischemia, decreased coronary collateral flow
and rapid rate of myocardial cell death [3,15,16]. In a recent
study we found ischemic QRS prolongation (IQP) to be a

potential biomarker of severe myocardial ischemia [15], the
method being recently tested by computer simulations [17].
Furthermore, transient ischemic QRS widening has been
shown to predict impending VF and size of the myocardial
injury in an experimental acute ischemia setting in pigs
[18–20]. It has also been shown in humans that the magni-
tude of ST-segment elevation before PCI in STEMI inde-
pendently predicts reperfusion VF [21].

The aim of this study was to test the hypothesis that IQP
during the initial 15min of ACO can serve as predictor for
occurrence of VF within minutes following reperfusion in
an experimental canine model.

Methods

Study population

All experiments involving the use of laboratory animals con-
form to the guidelines of the American Physiological Society
and the standards in the Guide for the Care and Use of
Laboratory Animals, DHEW Publ. No. NIH 85–23, revised
1985, and was approved by the institutional review board.

Data from 21 healthy mongrel dogs, previously included
in studies of reperfusion effects in late ischemic injury ori-
ginally published in 1985, were included in the present
study [22]. All dogs underwent proximal occlusion of the
left circumflex coronary artery (LCX) for 15min.
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Surgical setup and ECG acquisition

All dogs were anesthetized with 30–40mg/kg of sodium
pentobarbital intravenously, intubated and ventilated as pre-
viously described in detail [22,23]. In short, a left thoracot-
omy was performed through the fourth intercostal space
and the heart was suspended in a pericardial cradle. The
LCX artery was identified and occluded for 15min with a
silk snare. Within the original experiment, investigating
metabolic biomarkers in late ischemic injury, the dogs were
divided into two groups, where the heart was excised at 3 or
20min post-reperfusion. If the dog developed VF earlier
than the planned time for excision it was excised immedi-
ately following total cardiac arrest. Using a Gould model
2400 recorder, ECG lead II was recorded continuously
before, during the occlusion and also during reperfusion
until the heart was excised.

The ischemic bed size was estimated in nine dogs (no
more data were available) from either visual inspection of
the heart directly after occlusion or by injecting a fluores-
cent dye, that was inspected postmortem by one observer
(RBJ) [22]. Occurrence of ischemia-induced cyanosis on the
heart surface was recorded and graded as small or large in
extent, providing an estimate of the extent of ischemic epi-
cardium. Bed size grades were defined as either covering the
apex of the heart (large) or not (small). The fluorescent dye
thioflavine S (TS; 1.0ml/kg of a freshly centrifuged 4% solu-
tion in normal saline) was injected intravenously 10–15 s
before excision of the heart. After excision, the heart was
cooled, dissected and put under ultraviolet light to distin-
guish between non-ischemic or mildly ischemic (TS fluores-
cent) and severely or totally ischemic (non-fluorescent)
areas. Ischemia bed size grades were defined as above. TS
could not be used in dogs which developed VF.

ECG measurements

In acute STEMI, the terminal part of QRS complex is often
distorted, without a clear demarcation between QRS and ST

segment. Thus, in this setting it is often very difficult to
determine the location of QRS offset. Therefore, Almer
et al. [15] developed a method to determine an estimate of
the QRS offset, recently tested in computer simulations by
Bacharova et al. [17]. ECG measurements within this study
were performed using this method.

In short, QRS waveform measurements were obtained
from ECG lead II at a paper speed of 25mm/s and magni-
fied "2 in a standard photocopier, that is, achieving 50mm/
s and 20mm/mV. Before occlusion, measurement of base-
line QRS duration, defined as the time between QRS onset
and the J-point, was undertaken in all animals. During
occlusion IQP was measured at 1min intervals during first
5min, the maximum value during this period was used in
the data analysis.

IQP was measured by first recording the QRS duration
using the J-point as offset if it could be clearly distinguished.
When no J-point could be clearly distinguished due to ST
elevation and terminal QRS distortion a line was drawn
through the peak of the R (or R0 if it was present) wave and
along 40% of the downslope between the R peak and the
nadir of the ST segment (Figure 1). The intersection of this
line with the PR baseline was then used as offset. If there
was an S wave associated with an ST-segment depression
(basal lateral ischemia in LCX occlusions), a superimposed
line from the S wave nadir along the first 40% of the S wave
upslope was used and the intersection with the PR baseline
marked the offset. Each value was measured as the average
of measurements in two contiguous beats. The difference
between the baseline QRS duration and the QRS duration
during occlusion was calculated and referred to as absolute
IQP (aIQP, measured to nearest 5ms) and relative IQP
(rIQP, normalized to baseline; Figure 1). Out of the five
measurements (at 1min intervals from occlusion), the meas-
urement with the largest QRS duration, and thus aIQP, was
used in the subsequent analysis. This QRS duration will be
referred to as the max QRS duration from here on.
Furthermore, the timing of the max QRS duration was
recorded to the nearest minute post occlusion.

Timing and occurrence of VF was recorded to the near-
est second after reperfusion. VF was defined as occurrence
of bizarre, irregular, random waveforms, no clearly identifi-
able QRS complexes or P waves and/or wandering baseline
continuing for more than 10 s without reverting to
sinus rhythm.

All waveform measurements were manually performed
by one observer (JA). Results were adjudicated with an
experienced observer (GW) if uncertainties arose.

Statistical analysis

Graphical procedures and comparisons of mean to median
as well as the relation of the SD to the mean were used to
evaluate if data were normally distributed. IQP was not nor-
mally distributed and part of most analyses. For parameters
that were not normally distributed, non-parametric tests
were applied for statistical significance. Continuous variables
are presented as mean ± SD. Categorical data are presented

Figure 1. Depiction of ischemic QRS prolongation measurement method.
During ischemia when no J-point could be clearly distinguished due to ST ele-
vation, a line was drawn through the peak of the R (or R0 if it was present)
wave and along 40% of the downslope between the R peak and the nadir of
the ST segment. Reprinted from Journal of Electrocardiology, 49/2, Almer et al.,
Ischemic QRS prolongation as a biomarker of severe myocardial ischemia,
139–147, Copyright (2016), with permission from Elsevier.
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as numbers. All statistical tests were two-sided and a p-value
of <.05 was considered to indicate statistical significance.
An receiver operating characteristic (ROC) analysis was per-
formed to evaluate optimum cut-off value of IQP, using the
Youden method. Sensitivity, specificity and area under the
curve (AUC) were analyzed. SPSS version 19.0, SPSS version
23.0 and MATLAB version R2013a were used for the statis-
tical analyses.

Results

The characteristics of the 21 dogs included in the study are
shown in Table 1. Baseline QRS duration, max QRS dur-
ation and aIQP were 45 ± 4, 77 ± 28 and 32 ± 28ms, respect-
ively. The maximum IQP was reached after 3.4 ± 1.0min of
occlusion. The IQP did not decrease from the maximum
level, having reached a plateau, until reperfusion was accom-
plished at 15min.

Twelve dogs (57%) developed VF at 20 ± 11 s post-reper-
fusion. Mean aIQP was 47 ± 29ms and differed significantly
(p¼ .001) from the nine dogs that did not develop VF,
12 ± 10ms (Table 1 and Figure 2).

Of the eight dogs in which ischemic bed size was
recorded, two had a large bed size and six had a small bed
size. None of the dogs with a small bed size developed VF.
Out of the dogs with a large bed size one developed VF.
There was no significant difference in mean aIQP between
these groups.

The ROC analysis produced an optimum cut-off value of
21ms with sensitivity of 92% and specificity of 89%. The
AUC was 0.94 (95% CI 0.83–1.00; Figure 4).

Time of excision, 3 or 20min post-reperfusion, had no
effect on the recorded results since all dogs which experienced
VF developed their arrhythmia within 36 s after reperfusion.

Figure 3 shows example of ECGs of two dogs, one which
subsequently developed reperfusion VF and one which did
not. The one which developed VF (top) also showed signifi-
cant IQP.

Discussion

The present study shows a significant difference between
dogs developing VF during reperfusion and those that did
not, as regards acute IQP. Furthermore, in the included
ROC analysis an AUC value of 0.94 was obtained with an
optimum cut-off value of 21ms with sensitivity of 92% and
specificity of 89%. Thus, within the current study, predicting
reperfusion VF already at 3.4 ± 1.0min into occlusion is
potentially possible.

Thus, an early QRS prolongation due to acute myocardial
ischemia may have the potential to predict impending reper-
fusion VF, which is in accordance with the findings of
Demidova et al. in an experimental pig model of myocardial
infarction [18,19,21]. Earlier studies have also found that
similar patterns to the ones found in our population posi-
tively predict VF in humans, although not appreciated as
QRS prolongation [24]. Furthermore, IQP has been shown
to correlate with collateral flow in a canine model
[15,23,25]. Dogs with >5ms of IQP exhibited significantly
lower collateral flow compared to dogs with #5ms of IQP
[15]. Hence, the increased risk of developing VF in acute
ischemic heart disease might be related to more severe myo-
cardial ischemia due to lower coronary collateral flow.

Translating the current results to a human population is,
however, not necessarily straightforward. Within the study
there were controlled experiments with total occlusion of
the LCX in the dog. In a clinical setting this may differ
widely where the initial thrombus may occlude the entire
lumen of a vessel but dissolve and/or add thrombus material
continuously causing spontaneous reperfusion and/or reoc-
clusion. Although a spontaneous reperfusion in the acute
phase of an AMI could be similar to the experimental setup,
many more factors affect a clinical situation such as vessel
spasms, previous heart disease and so on. Furthermore,
Hedstr€om et al. describes the difference in infarct evolution,

Table 1. Baseline characteristics.

Mean ± SD (range) Total (n¼ 21) VF (n¼ 12) No VF (n¼ 9) P-value$

Pre-occlusion heart rate (bpm) 166 ± 31 (124–260) 170 ± 33 (130–260) 160 ± 29 (124–222) .434
Pre-occlusion blood pressure

systolic/diastolic (mmHg)
166 ± 29 (120–230)/
111 ± 2 (85–190)

159 ± 22 (120–190)/
114 ± 29 (85–190)

174 ± 35 (140–230)/
108 ± 17 (90–130)

.336/.775

Pre-occlusion QRS duration (ms) 45 ± 4 (35–53) 44 ± 3 (35–48) 47 ± 4 (42–53) .137
Max QRS duration (ms) 77 ± 28 (42–155) 91 ± 28 (50–155) 59 ± 10 (42–73) .004
Absolute IQP (ms) 32 ± 28 (0–115) 47 ± 29 (5–115) 12 ± 10 (0–23) .001
Relative IQP (%) 73 ± 68 (0–288) 108 ± 70 (11–288) 26 ± 19 (0–45) .001
Time to max IQP (min) 3.4 ± 1.0 (2.0–5.0) 3.7 ± 0.8 (3.0–5.0) 3.0 ± 1.0 (2.0–4.0) .181

IQP: ischemic QRS prolongation; VF: ventricular fibrillation.
$
Mann–Whitney test.

Figure 2. Box plot of reperfusion VF and no VF groups.
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using MRI, between dog and human, where the time to
reach 50% of myocardium at risk is about 59% longer in
humans than dogs [26]. Therefore, 15min of occlusion
probably corresponds to a longer time period in a human
clinical setting. Although the current results have little
implication in a clinical situation, it does, however, show-
case IQP as a potential ECG marker.

Ischemic bed size was estimated in a subset within the
current study. The results indicate that dogs with larger
ischemic beds had longer QRS prolongation (albeit non-sig-
nificant due to the coarse data recording). Also, none of the
dogs with small bed size developed VF while one out of two
in the large bed size group did.

In the experiment by Demidova et al. [18,20] myocardial
infarction was induced through coronary artery occlusion
lasting 40min in an experimental pig model. Within this
timeframe, two separate peaks of QRS widening was
observed. These peaks occurred at 3.7 ± 1.6 and
19.1 ± 4.0min into occlusion, the first similar in timing to
the findings in the current study (3.7 ± 0.8min). However,
within the present study, the observers noted that the IQP
developed into a plateau, after the maximum value had been
reached, until reperfusion. This is dissimilar to the findings
by Demidova et al. where the QRS widening peaked in
order to reduce before the next peak. There are distinct dif-
ferences between the experimental models; however, fore-
most is that of different animals used (dog vs. pig) that can
explain the discrepancies but obstruct the translation of
results. Furthermore, the current study was designed to
study ischemia only, and therefore duration of ischemia was
set to 15min in order to avoid infarct development. In the
study by Demidova et al. the duration of ischemia was
40min in order for the animals to develop infarction [18].
It might be that biphasic QRS prolongation reflects both the
initial ischemia and the start of infarct development at
approximately 20min.

Figure 3. Example ECG of lead II in two dogs before and at 1, 2, 3 and 4min into occlusion. The dog at the top later develops VF whereas the one at the bottom
does not. The one at the top develops ischemic QRS prolongation during the first minutes of occlusion.

Figure 4. ROC curve (blue line) of IQP indicating VF or not. Green line indicates
a reference AUC of 0.5.
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Within the present study, ST-segment elevation was not
considered since only one lead was available and no global
ST-segment elevation could be appreciated. However,
Weston et al. reported in a dog model that for a given mag-
nitude of STE, the presence of concurrent QRS prolongation
was associated with less myocardial salvage [25].
Furthermore, Demidova et al. found that the magnitude of
ST-segment elevation before PCI for STEMI independently
predicts reperfusion VF [21]. Thus, evaluating ST-segment
elevation together with IQP in patients with STEMI might
provide additional diagnostic information.

Limitations

The current study should be viewed in the light of some
limitations. First, an animal model with small sample size
was used. To what extent QRS prolongation can be used to
predict AMI patients at risk of malignant arrhythmias is not
known. Second, occlusion of only the LCX was investigated.
Furthermore, only one ECG lead (lead II) was recorded and
assessed. Different results may have been obtained if add-
itional arteries and/or leads were assessed. However, within
this study there are no means of optimizing the experiment
setup more than 30 years later. Third, IQP measurements
were made manually. Development of automated or semi-
automated methods for IQP measurements would be desir-
able and necessary for clinical feasibility. Also a 12-lead
ECG-method for quantifying ischemia-induced QRS pro-
longation would be paramount and has actually been pre-
sented in a recent study by Elmberg et al. based on the
current method [27]. Fourth, in the current study only the
first 15min of coronary occlusion and a various degree of
ischemia were evaluated. Studies in STEMI patients regard-
ing development and temporal evolution of QRS prolonga-
tion during the first hours of ACO as well as its correlation
with myocardial salvage are needed in order to elucidate
whether the findings in the present study are similar to
findings in a clinical setting in humans. Fifth, ischemic bed
size was estimated within the current study based on visual
inspection of cyanosis on the heart surface. The coarseness
of the grading is a major limitation and the data should be
viewed in the light of this.

Conclusion

There was a significant difference in IQP between dogs
developing VF after reperfusion of an ACO as compared to
those who did not. Thus, an early QRS prolongation due to
acute myocardial ischemia may have the potential to predict
impending reperfusion VF.
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1  | INTRODUC TION

Ischemic heart disease is one of the leading causes of death in the 
western world (Lopez, Mathers, Ezzati, Jamison, & Murray, 2006). 
Acute myocardial infarction (AMI) usually results from an acute 

coronary occlusion (ACO), requiring immediate revascularization 
in order to minimize infarct size (Reed, Rossi, & Cannon, 2017). 
Electrocardiography (ECG) is the most widely used method for triag-
ing patients with suspected AMI in the emergency room as well as in 
pre-hospital settings. Ischemia-related ST-segment deviation on the 
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Abstract
Background: Patients with acute coronary occlusion (ACO) may not only have is-
chemia-related ST-segment changes but also changes in the QRS complex. It has re-
cently been shown in dogs that a greater ischemic QRS prolongation (IQP) during 
ACO is related to lower collateral flow. This suggests that greater IQP could indicate 
more severe ischemia and thereby more rapid infarct development. Therefore, the 
purpose was to evaluate the relationship between IQP and measures of myocardial 
injury in patients presenting with acute ST-elevation myocardial infarction (STEMI).
Methods: Seventy-seven patients with first-time STEMI were retrospectively in-
cluded from the recently published SOCCER trial. All patients underwent a cardiac 
magnetic resonance (CMR) examination 2–6 days after the acute event. Infarct size 
(IS), myocardium at risk (MaR), and myocardial salvage index (MSI) were assessed and 
related to IQP. IQP measures assessed were; computer-generated QRS duration, 
QRS duration at maximum ST deviation, absolute IQP and relative IQP, all derived 
from a pre-PCI, 12-lead ECG.
Results: Median absolute IQP was 10 ms (range 0–115 ms). There were no statisti-
cally significant correlations between measures of IQP and any of the CMR measures 
of myocardial injury (absolute IQP vs IS, r	=	0.03,	p = 0.80; MaR, r	=	−0.01,	p = 0.89; 
MSI, r	=	−0.05,	p = 0.68).
Conclusions: Unlike previous experimental studies, the IQP was limited in patients 
presenting at the emergency room with first-time STEMI and no correlation was 
found between IQP and CMR variables of myocardial injury in these patients. 
Therefore, IQP does not seem to be a suitable biomarker for triaging patients in this 
clinical context.

K E Y W O R D S

acute coronary occlusion, electrocardiography, ischemia, QRS
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presenting 12-lead ECG accompanied by symptoms and release of 
biochemical markers of myocardial injury, such as cardiac Troponin 
T (cTnT), constitute the diagnostic foundation for AMI (Kumar & 
Cannon, 2009).

Several studies have shown that acute myocardial ischemia is 
not only manifested as ST-segment deviation on the ECG, but can 
also affect the QRS complex in situations with severe ischemia, 
usually seen as terminal QRS distortion (Balci, 2009; Surawicz, 
Orr, Hermiller, Bell, & Pinto, 1997). Garcia-Rubira et al. have 
shown a relationship between terminal QRS distortion and poor 
collateral flow, using the Sclarovksy-Birnbaum ischemia severity 
grading	system	where	grade	3	of	ischemia	(G3I)	is	associated	with	
terminal	QRS	distortion	(Birnbaum,	Birnbaum,	&	Birnbaum,	2014;	
Garcia-Rubira et al., 2008). Recently, terminal QRS distortion, as-
sessed as ischemic QRS prolongation (IQP) was shown to be re-
lated to lower collateral flow in a dog model of acute myocardial 
ischemia (Almer et al., 2016). This suggests a relationship between 
ischemia-related IQP and severity of ischemia and, potentially, the 
speed at which the infarction develops in the ischemic myocar-
dium. To what extent these findings translate to patients in a clin-
ical setting is yet to be determined.

Cardiovascular magnetic resonance imaging (CMR) is currently 
considered the reference standard for assessment of myocardium 
at risk (MaR), final infarct size (IS), and myocardial salvage index 
(MSI) in the setting of ACO. Previous studies in STEMI patients have 
shown	that	G3I	is	associated	with	larger	IS	(acute	and	4	months	post	
STEMI), larger MaR, lower MSI and more severe microvascular ob-
struction. (Hassell et al., 2016; Rommel et al., 2016; Valle-Caballero 
et al., 2016; Weaver et al., 2011) Furthermore, low collateral flow, 
and thereby more severe ischemia, has been correlated to lower 
MSI and more rapid infarct development on CMR (Hedström et al., 

2009). Thus, IQP might enable identification of STEMI patients with 
severe ischemia and at risk of rapid infarct development.

Therefore, the purpose of the current study was to evaluate how 
IQP and Sclarovsky Birnbaum ischemia grade is related to measures 
of myocardial injury, such as IS, MaR, MSI and left ventricular func-
tion as assessed by CMR in patients presenting with first-time acute 
STEMI.

2  | METHODS

2.1 | Study population

Patients included in this retrospective study were originally a part of 
the randomized controlled SOCCER (The Supplemental Oxygen in 
Catheterized Coronary Emergency Reperfusion) trial. This trial was 
conducted at Skåne University Hospital, Sweden and was approved 
by the regional ethics committee. Oral informed consent was initially 
obtained from each patient in the ambulance and later completed in 
writing after PCI (Khoshnood et al., 2018).

The SOCCER population consisted of 160 normoxic (O2-satura-
tion	≥94%)	STEMI	patients	who	underwent	primary	PCI	and	random-
ized to either standard oxygen therapy or no supplemental oxygen 
in the ambulance. A total of 95 patients underwent CMR 2–6 days 
after the PCI. Patients with a previous AMI or inability to make the 
decision to participate were excluded (Khoshnood et al., 2018).

Inclusion criteria in the current study were diagnostic CMR 
images and STEMI or STEMI equivalent criteria met (Martin et al., 
2007; Wagner et al., 2009).

2.2 | ECG acquisition

Details regarding the ECG recordings have previously been de-
scribed (Khoshnood et al., 2018). Briefly, while resting in a supine 
position, a 10 s, 12-lead ECG was acquired for each patient in the 
ambulance, at admission to the hospital prior to PCI and at discharge. 
For the dataset in the present study, digital ECGs were collected for 
all patients from the computerized patient records of Region Skåne 
(Melior; Siemens, Germany) and from the SWEDEHEART quality 
registries RIKS-HIA or SCAAR. If no ECG from the ambulance was 
available, the first ECG (prior to PCI) recorded at arrival to hospital 
was used for analysis. The signals were digitized at a sampling rate of 
1 kHz, with an amplitude resolution of 0.6 μV.

2.3 | ECG analysis

The acute ECG in the ambulance or first ECG after hospital admis-
sion before PCI was analyzed for IQP. The computer-generated 
QRS duration was noted for each ECG. All IQP measurements were 
made according to a single 12 lead ECG method (Elmberg et al., 
2016).

In short, manual measurements were made from print outs of 
median beats of the ECG at a paper speed of 50 mm/s and gain of 
10 mm/mV. The lead with the maximum ST-deviation as well as the 

F I G U R E  1   Depiction of ischemic QRS prolongation 
measurement method. During ischemia, when no J-point could 
be clearly distinguished due to ST-elevation a line was drawn 
through the peak of the R (or R’ if it was present) wave and along 
40%	of	the	downslope	between	the	R	peak	and	the	nadir	of	the	ST	
segment. Reprinted from Almer et al. (2016), copyright (2016), with 
permission from Elsevier
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lead with the least ST deviation was determined. The latter was 
used as the reference lead. QRS duration (QRSd) was calculated for 
both leads. The difference between the QRSd measurements was 
calculated with a resulting QRS prolongation, referred to as aIQP 
(absolute IQP, in ms) and rIQP (relative IQP), normalized to QRSd at 
the reference lead. In addition, the QRSd in the reference lead was 
also measured on the discharge ECG and compared with the acute 
ECG.

If no distinct J point was present due to terminal distortion of the 
QRS complex, the QRS duration was estimated by superimposing a 
line	descending	from	the	peak	of	the	R	wave	and	following	40%	of	
its amplitude (Almer et al., 2016). The estimated J point was defined 
as the intersection point of the superimposed line and the isoelectric 
line (Figure 1). If the final QRS waveform was an S wave, the same 
method was used but the line was superimposed from the peak of 
the S wave.

Measurements were made by two observers (JA, VE) blinded to 
the CMR data. In case of disagreement in the analysis, the differ-
ences were adjudicated in consensus together with a third observer 
(HE).

The Sclarovsky-Birnbaum Ischemia Grade was also determined 
from the acute ECG using the algorithm of the refined grading sys-
tem	described	by	Billgren	et	al.	(Billgren	et	al.,	2004).	In	short,	each	
ECG	was	analyzed	and	assigned	an	ischemia	grade	from	1–3	where	
grade	3	of	ischemia	(G3I)	is	associated	with	terminal	QRS	distortion.	
The algorithm has previously been described in detail (Billgren et al., 
2004).

For estimation of the acuteness of the ischemic ECG changes, the 
ECGs were also analyzed using the Anderson-Wilkins (AW) acute-
ness score, which has previously been described in detail (Heden 
et	al.,	2003).	In	short,	each	standard	lead	(except	‐aVR)	with	≥0.1	mV	
ST	elevation	in	the	precordial	 leads,	≥0.05	mV	in	the	limb	leads,	or	
abnormally	tall	T	waves,	were	considered.	An	acuteness	score	(1–4)	
was assigned to each lead based on the presence or absence of a tall 
T	wave	or	an	abnormal	Q	wave,	where	1	is	least	acute	and	4	most	
acute. The final AW acuteness score was then calculated as the av-
erage score of the included leads.

2.4 | CMR image acquisition

The magnetic resonance image acquisition has been described ear-
lier in detail (Khoshnood et al., 2018). In short, acquisition of imaging 
data was done with a Philips 1.5T Achieva or a Siemens 1.5T Avanto 
scanner.

First, scout images were acquired to locate the heart. For vi-
sualization of MaR, multi-slice and multi-phase contrast-enhanced 
(CE)-SSFP images were acquired covering the entire left ventricle. 
The CE-SSFP images were acquired approximately 5 min after intra-
venous administration of 0.2 mmol/kg of a gadolinium-based extra-
cellular contrast agent (Dotarem, Gothia Medical, Billdal, Sweden). 
The slice thickness was 8 mm with no slice gap. In-plane resolution 
was typically 1.5 × 1.5 mm and the temporal resolution for the CE-
SSFP	images	was	20–30	frames	per	cardiac	cycle.	For	infarct	visu-
alization, late gadolinium enhancement (LGE) images corresponding 
to the CE-SSFP images were acquired approximately 15 min after 
injection of gadolinium. The LGE-images were acquired using an in-
version-recovery gradient-recalled echo sequence with a slice thick-
ness of 8 mm with no slice gap. In-plane resolution was typically 
1.5 × 1.5 mm. Inversion time was manually adjusted to null the signal 
from viable myocardium.

2.5 | CMR image analysis

All quantitative CMR analysis was performed on short-axis images 
using the software Segment v.1.9 (http://segment.heiberg.se). MaR 
was calculated using contrast-enhanced (CE)-SSFP short-axis images 
for both scanners. This technique has previously been validated both 
experimentally and in the clinical settings (Nordlund et al., 2017; 
Sörensson et al., 2010). Endo- and epicardial borders were manually 
delineated in end-diastole (ED) and end-systole (ES) in all the CE-
SSFP short-axis images. Areas with increased signal intensity were 
manually delineated as previously described (Sörensson et al., 2010). 
Infarct size was quantified from the LGE images using an automated 
computer algorithm taking partial volume effects into consideration 
(Heiberg et al., 2008). MaR and IS were expressed as a percentage of 

F I G U R E  2   Co-localized mid-ventricular left ventricular slices showing myocardium at risk, infarction and myocardial salvage in a 
patient after myocardial injury caused by occlusion-reperfusion of the right coronary artery. Green lines delineate epicardium, red 
lines endocardium, white line myocardium at risk, and orange line infarction. In the image to the right, the infarct delineation has been 
superimposed upon the myocardium at risk delineation where salvaged myocardium is indicated in white



4 of 7  |     ALMER Et AL.

the	left	ventricular	myocardium	and	the	MSI	was	quantified	as	(1−IS/
MaR)	×	100%.	Figure	2	shows	an	example	of	MaR,	 IS	and	MSI	 in	a	
patient with an infarction in the right coronary artery (RCA) vessel 
territory.

For assessment of left ventricle ejection fraction (LVEF), endo- 
and epicardial borders were manually delineated in ED and ES in all 
the	CE‐SSFP	short‐axis	images.	LVEF	(%)	was	calculated	as	(100	×	[ED	
volume−ES	volume]/ED	volume).

2.6 | Statistical analysis

Visual evaluation of distribution as well as comparisons of mean to 
median was used to evaluate if data were normally distributed. For 
parameters not normally distributed, non-parametric tests were ap-
plied. Continuous data are expressed as median (range) and categor-
ical variables as proportions. For correlations of IQP to data from 
CMR, Spearman’s rank correlation coefficient was calculated. When 
adjusting for timing variables and AW-score, multivariate analysis 
was used. When comparing groups, the Mann-Whitney U test was 
used. All statistical tests were 2-tailed and a p-value of <0.05 was 
considered	to	indicate	statistical	significance.	SPSS	version	23.0	for	
Macintosh was used for the statistical analyses.

3  | RESULTS

Ninety-five patients from the SOCCER study population, with 
CMR examinations of diagnostic quality were subject for inclusion 
and out of those, 77 patients met STEMI criteria and were ulti-
mately included in the study. Patient characteristics are described 
in Table 1.

Figure	3	shows	example	ECGs	of	patient	without	(a)	and	with	(b)	
significant IQP. Median aIQP was 10 (0–115) ms (Table 2). No signif-
icant correlations were found between any CMR variable of myo-
cardial injury and computer-generated QRSd, QRSd at max STD or 
aIQP	(Table	3).	QRS	duration	in	the	reference	lead	was	similar	on	the	
acute	ECG	as	on	the	discharge	ECG	recorded	at	3.3	(1.6–15.2)	days	
from	 PCI	 (80	ms	 [60–120	ms]	 vs	 80	ms	 [50–100	ms],	 p = 0.526). 
Anderson-Wilkins score did not correlate to any IQP measure or 
CMR variable of myocardial injury. Adjusting for the acuteness of 
the ischemia according to the AW score did not change the results. 
Adjusting for time from pain onset to ECG or time from ECG to PCI 
did not affect the results either.

Sixty‐seven	patients	(87%)	had	a	Sclarovsky‐Birnbaum	ischemia	
grade	of	2	 (G2I)	and	nine	patients	 (12%)	had	G3I.	One	patient	had	
only ST-depressions could therefore not be assigned any ischemia 
grade	(Billgren	et	al.,	2004).	There	was	no	significant	difference	be-
tween	the	G2I	and	G3I	groups	regarding	any	measure	of	IQP	or	any	
of	the	CMR	variables	for	myocardial	injury	(Table	4).

The	J	point	was	distinct	in	48	patients	and	QRSd	at	max	ST‐de-
viation did not differ when using the J point as offset compared to 
the	Almer	method	 offset	 in	 these	 patients	 (94	 [75–190	ms]	 vs	 95	
[77–200	ms];	p	=	0.305).

4  | DISCUSSION

No correlations were found between IQP and CMR variables of myo-
cardial injury in patients experiencing first-time STEMI. Furthermore, 
patients	with	G3I	did	not	differ	from	G2I	with	regard	to	CMR	mark-
ers of myocardial injury or IQP.

Several measures of the severity of ischemia in ACO have pre-
viously been suggested, such as the Sclarovsky-Birnbaum Ischemia 
Severity	Grading	System,	(Birnbaum	et	al.,	2014)	and	the	morphol-
ogy criteria of “tombstoning”, presented by Guo et al. (Guo, Yap, 
Chen, Huang, & Camm, 2000). QRS “tombstoning” morphology 
has been reported to correlate to mortality, in-hospital cardiogenic 
shock, ventricular tachycardia and ventricular fibrillation, in patients 
with anterior AMI (Balci, 2009). Furthermore, Sclarovsky-Birnbaum 
G3I	has	been	correlated	to	IS	(acute	and	at	4	months	post	STEMI),	
impaired myocardial salvage, and reperfusion injury (Birnbaum et al., 
2014;	 Hassell	 et	al.,	 2016;	 Rommel	 et	al.,	 2016).	 Thus,	 although	
markers of terminal QRS distortion have been shown to be related 
to	myocardial	injury,	IQP	or	G3I	show	no	such	correlation	in	the	cur-
rent study. Almer et al. (Almer et al., 2016) have previously shown a 
mean	aIQP	of	49	±	57	ms	(mean	±	SD), in patients with a controlled 
experimental total coronary occlusion, compared to the median of 
10 ms within the current study. This could potentially be explained 

TA B L E  1   Baseline characteristics

n
Median (Range) 
or n (%)

Age (years) 77 66	(33–86)

Gender (female) 77 27	(35)

Smoking 77

Smoker 28	(37)

Ex-smoker 27	(36)

Never smoked 21 (28)

Co-morbidities 77

Heart failure 0 (0)

Hypertension 29	(38)

Diabetes 10	(13)

CVI 3	(4)

Ischemic heart disease 1 (1)

Atrial fibrillation 1 (1)

CABG 0 (0)

Culprit artery (angiography) 75

LAD 38	(51)

LCX 5 (7)

RCA 32	(43)

Time from pain onset to ECG 
(min)

68 70	(6–305)

Time from ECG to PCI (min) 77 94	(63–205)

Note. CABG: coronary artery bypass grafting; CVI: cerebrovascular in-
jury; LAD: left anterior descending artery; LCX: left circumflex artery; 
RCA: right coronary artery.
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by less severe ischemia in the current study population. In compari-
son, a 2016 study by Rommel et al. (Rommel et al., 2016) found that 
G3I	was	correlated	to	IS,	 impaired	MSI,	and	reperfusion	injury	in	a	
STEMI population. The Rommel cohort consisted of 572 patients of 
which	186	(32%)	had	G3I,	compared	to	9	patients	(12%)	in	the	cur-
rent study. Thus, the study population in the present study seems 
to differ with regards to the frequency of ischemia-related terminal 
QRS changes.

The findings in present study suggest that IQP is of limited use 
in the clinical context of ACO. It would, however, be of clinical im-
portance to investigate if IQP could be used as an indicator of severe 
ischemia in the pre-hospital setting, when the patient is earlier in 
the ischemic injury process, which more resembles the experimental 
situation where IQP has been shown to be useful (Almer et al., 2016).

F I G U R E  3   Electrocardiography examples from a patient with a LAD occlusion (a) and a patient with an RCA occlusion (b). (a) Twelve-lead 
ECG with maximum ST-deviation in lead V2 (1) of 0.525 mV. Since there is a distinguished J-point, it is used as offset, resulting in a QRS 
duration at maximum ST deviation of 90 ms. Lead V6 (2) was used as a reference, showing a QRS duration of 85 ms, resulting in an absolute 
ischemic	QRS	prolongation	of	5	ms.	(b)	Twelve‐lead	ECG	with	maximum	ST‐deviation	in	lead	III	(3)	of	0.425	mV.	Since	no	clear	j	point	can	be	
determined,	the	intersect	method	for	QRS	duration	was	applied,	resulting	in	a	QRS	duration	at	maximum	ST	deviation	of	150	ms.	Lead	I	(4)	
was used as a reference, showing a QRS duration of 82 ms, resulting in an absolute ischemic QRS prolongation of 65 ms

TA B L E  2   Main variables

n Median (range)

MaR/LV	mass	(%) 77 31	(8–57)

IS	(%) 77 15	(0–43)

MSI	(%) 77 47	(3–100)

LVEF	(%) 76 48	(29–73)

Computer-generated QRS 
duration (ms)

74 95 (76–152)

Reference QRS duration (ms) 77 80 (60–120)

QRS duration at max ST-devia-
tion (ms)

77 95 (75–200)

Absolute IQP (ms) 77 10 (0–115)

Anderson-Wilkins acuteness 
score	(1–4)

77 3.0	(1.0–4.0)

Note. IQP: ischemic QRS prolongation; IS: infarct size; LV: left ventricular; 
LVEF: left ventricular ejection fraction; MaR: myocardium at risk; MSI: 
myocardial salvage index.

TA B L E  3   Spearman correlations for aIQP

Correlation coefficient p‐value

MaR/LV	mass	(%) −0.02 0.89

IS	(%) 0.03 0.80

MSI	(%) −0.05 0.68

LVEF	(%) −0.16 0.34

Note. aIQP: absolute ischemic QRS prolongation; IS: infarct size; LV: left 
ventricular; LVEF: left ventricular ejection fraction; MaR: myocardium at 
risk; MSI: myocardial salvage index.

TA B L E  4   Mann-Whitney test for Sclarovsky-Birnbaum ischemia 
grade	2	vs	3

p‐value

Computer-generated QRS duration 0.32

QRS duration at max ST-deviation 0.17

Absolute IQP 0.14

MaR 0.79

IS 0.46

MSI 0.24

LVEF 0.42

Note. IQP: ischemic QRS prolongation; MaR: myocardium at risk; IS: in-
farct size; MSI: myocardial salvage index; LVEF: left ventricular ejection 
fraction.
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4.1 | Limitations

The results must be viewed in the light of several limitations. First, 
the small sample size could mean that the study was too under-
powered to detect any correlation between IQP and CMR markers. 
Second, the ECG waveforms change as the infarct evolve which 
complicates the interpretation of the analysis. There are several fac-
tors that can have an effect on the infarct evolution; opening and 
closing of the culprit artery because of vasospasm, (Lanza, Careri, & 
Crea, 2011) lysing of the thrombus at the obstruction point, down-
stream embolic obstruction and hypotension impacting flow in the 
culprit artery but also in other diseased but non-obstructed arter-
ies which may be suppliers of collaterals. Thus, an ECG obtained 
at a certain time point pre-PCI in this dynamic pathophysiological 
evolutionary process might not reflect the overall disease state and 
lead to misinterpretation of the severity of ischemia. Third, although 
there was a maximum time of 6 hr between pain onset and the ana-
lyzed ECG, this period varied among the patients. Thus, if the ECG 
was recorded late in the infarct evolution process, it is possible that 
severe ischemia, initially causing significant IQP, has resulted in in-
farction and less IQP at the time of the recording. In order to try 
to compensate for this, the AW acuteness score was assessed but 
did not change the results. Fourth, time from ECG to PCI varied. 
Adjusting the correlation between IQP and MSI with this time did, 
however, not change the results. Fifth, two methods were used for 
estimating the QRS complex offset, either with a distinct J point or 
using the “Almer method”. As shown in simulation studies, the end 
of depolarization can be shifted to the ST segment even when the J 
point	is	distinct	(Bacharova,	Szathmary,	&	Mateasik,	2013).	However,	
QRS duration at max ST-deviation did not differ between the two 
methods in the present study.

5  | CONCLUSION

Unlike previous experimental studies, there was only a small IQP in 
patients presenting at the emergency room with first-time STEMI 
and no correlation was found between IQP and CMR variables of 
myocardial injury in these patients. Therefore, IQP does not seem to 
be a suitable biomarker for triaging patients in this clinical context.
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