&KDUDFWHUL]DWLRQ DQG ,GHQWLILFD\

6XEVWDQFHV 3)$6 LQ WKH (QYLURQPH

YLD +LJK 5HVROXWLRQ 0ODVV 6SHFWU
&RQYHUVLRQ

'LVVHUWDWLRQ
GHU ODWKHPDWLVFK 1DWXUZLVVHQVFKDIWOLFK
GHU (EHUKDUG .DUOV 8QLYHUVLWIW 7<ELQJF
]XU (UODQJXQJ GHV *UDGHV HLQHV
'RNWRUV GHU 1DWXUZLVVHQVFKDIWHQ
'U UHU QDW

YRUJHOHJW YRQ
0 6F -RODWKDQ =ZHLJOH
DXV )LOGHUVWDGW

7-ELQJHQ






*HGUXFNW PLW *HQHKPLJXQJ GHU 0DMXXHPNDXMOWFRK GEW XBHEL
.DUOV 8QLYHUVLWIW 7+ELQJHQ

7DJ GHU P-QGOLFKHQ 4XDOLILNDWLRQ

'"HNDQ 3URI 'U 7KLOR 6WHKOH
%YHULFKWHUVWDWWHU 3URI 'U &KULYV
%YHULFKWHUVWDWWHU 3URI 'U 3HWHL

%YHULFKWHUVWDWWHU 3URI 'U 7RUVW






&RQWHQWYV

&RQWHQWYV
/JLVW Rl $EEUHYLDWLRQV
$EVWUDFW :
=XVDPPHQIDVVXQJ
$FNQRZOHGJHPHQWYV
/ILVW Rl 3XEOLFDWLRQV
2UDO DQG 3RVWHU SUHVHQWDWLRQV
, QWURGXFWLRQ
3HU DQG SRO\IOXRURDON\O VXEVWDQFHV 3)$6
3)$6 LQ WKH HQYLURQPHQW
$QDO\VWLFDO FKHPLVWU\ RI 3)$6
$LP RI WKH WKHVLV

OHWKRGV
1RQ WDUJHW VFUHHQLQJ 176
3)$6 H{WUDFWLRQ DQG +506 PHDVXUHPHQWYV
176 GDWD HYDOXDWLRQ
7KHRUHWLFDO HYDOXDWLRQ RI WKH 0' & P & DSSURDFK
JUDJPHQW PDVV GLIITHUHQFHV
176 DSSOLFDWLRQ WR FRQWDPLQDWHG VRLO IURP 15:
2SHQ VRXUFH 3)$6 176 WRRO GHYHORSPHQW
3)$6 176 UHYLHZ
3)$6 FKDUDFWHUL]DWLRQ YLD R[LGDWLRQ DQG K\GURO\VLYV
3KRWR723 GHYHORSPHQW
6)3 FKDUDFWHUL]DWLRQ LQ IXQFWLRQDO WH[WLOHYV
S5SHVXOWY DQG 'LVFXVVLRQ
7KHRUHWLFDO HYDOXDWLRQ RI WKH 0' & P & DSSURDFK
YUDJPHQW PDVV GLIIHUHQFHRFMWR SULRULWL]H 06
3)$6 176 LQ VRLO IURP 15:
&RPELQDWLRQ RI ZRUNIORZV LQWR D 176 WRRO
3)$6 +506 UHYLHZ
BUHEXUVRU R[LGDWLRQ YLD 89 7L2
&KDUDFWHUL]DWLRQ RI 6)3V LQ WH[WLOHV

&RQFOXVLRQV DQG RXWORRN
SHIHUHQFHV

$SSHQGL[ 3XEOLFDWLRQ
$SSHQGL[ 3XEOLFDWLRQ
$SSHQGL[ 3XEOLFDWLRQ
$SSHQGL[ 3XEOLFDWLRQ
$SSHQGL[ 3XEOLFDWLRQ
$SSHQGL[ 3XEOLFDWLRQ
$SSHQGL[ 3XEOLFDWLRQ
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DWPRVSKHULF SUHVVXUH FKHPLFDO LRQ
FROOLVLRQ HQHUJ\
GDWD GHSHQGHQW DFTXLVLWLRQ
H[WUDFWDEOH RUJDQLF IOXRULQH
HOHFWURVSUD\ LRQL]DWLRQ
IOXRULQH WR FDUERQ UDWLR
JDV FKURPDWRJUDSK\
KLJK SHUIRUPDQFH OLTXLG FKURPDWRJU
KLJK UHVROXWLRQ PDVV VSHFWURPHWU\
.HQGULFN PDVV GHIHFW
PDVV SHU FDUERQ DWRP
PDVV WR FKDUJH UDWLR
PDVV GHIHFW
PDVV GHIHFW SHU FDUERQ DWRP
PXOWLSOH UHDFWLRQ PRQLWRULQJ
PDVV VSHFWURPHWU\
WDQGHP PDVV VSHFWURPHWU\
QDWXUDO RUJDQLF PDWWHU
QRQWDUJHW VFUHHQLQJ
SHUIOXRURDON\O DFLGV
SHUIOXRURFDUER[\OLF DFLGV
SHU DQG SRO\IOXRURDON\O VXEVWDQFH
WULSOH TXDGUXSROH
TXDGUXSROH WLPH RI IOLJKW
VLGH FKDLQ IOXRULQDWHG SRO\PHUV
WRWDO IOXRULQH
WRWDO K\GURO\VDEOH SUHFXUVRUYV
WLWDQLXP GLR[LGH
WRWDO R[LGL]DEOH SUHFXUVRUYV
WUDQVIRUPDWLRQ SURGXFW
XOWUDYLROHW
K\GUR[\O UDGLFDO
PDVV GLIIHUHQFH
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SEVWUDFW

3HU DQG SRO\IOXRURDON\O VXEVWDQFHW B $JD @LUFHFB HOFLWF
WKDW DUH FKDUDFWHUL]JHG E\ WKHHUUFPQERH | PKRWD B\N HE
LQFOXGH KLJK VWDELOLW\ RLO DQ®G WBRWWHD U SNE G H@NF
FRQVXPHU SURGXFWYV DQG LQGXVWUER® SRXRFHN VNW U\K& O F
LV VXEVWLWXWHG E\ D & ) ERQG SR O\NODORWRILQ MW WE & FORBR
DOVR RI D K\GURFDUERQ SDUW 7KH IX®DD 00 XSRHILQXWHRL
SHUIOXRURHWKHU FKDLQV DUH HE\WWHRBKNOD §HYVXOWNVR QW KL
FRPELQHG ZLWK WKH H[WHQVLYHWYHKHB)}$a DK BHH G M IMHEQ
DV LQ KXPDQV :KLOH VRPH SRO\IOXR U LRMHGNHBE W R R FRXQALENR |
WKH\ HYHQWXDOO\ IRUP SHUVLVWHQWLIBYG 3 RE XFKL\F K/ XN
WKH\ DUH DOVR UHIHUUHG WR DV SUHBEM6VRNVH V7 K\HK W K H HOUQ
GHWHFWLRQ YHU\ FKDOOHQJLQHPBERDGW 3K CDUYHD LLADEEEXLVON
VWDQGDUGV LV OLPLWHG 7KHUHIRUB W R URPIKWRIWDSXWE
VSHFWURPHWU\ +506 DUH QHFHVVDU\ URUDW IPRRQ HR IF R/KSIUBH)
WKH HQYLURQPHQW
,Q WKH ILUVW SDUW RI WKLV GLVV IBUWENHR @ H B MWLKR-EM
3)$6 LQ ERWK HQYLURQPHQWDO DQG FHROR/XHE D QG RGIXFIMG |
VHOHFWHG FDVH VWXGLHV 6LQFHHGXQIQJ7\6R RDIDLIHG GORV
DFTXLUHG DQ HIILFLHQW SULR DQWO\DWHM Q | LIVQ PUHUFH\D\D W
VLIQDOV DQG RWKHU GHWHFWHG ERWIRXQYGF S, QREBIVAV RH \L
VHSDUDWH WKHP IURP RWKHU RUJDQLF KAR RSRRHDG U' 18QP V&t
DSSURDFK WKDW XVHV WKH FKHPLFDO ®RVY R DEH.IHRRWW B' WIK®
QXPEHU & ZDV WKHRUHWLFDOO\ HYRDWPXOOWDHGIZRWIRA@OLQH
WR VKRZ WKDW D ZLGH UDQJH RI 3)$6RED®)$dILOLWRMW SGUBNMH
RWKHU VXEVWDQFHV 3)$6 ZLWK DW OHWDIWLR PDVVRIHD FH)QL
ZHUH VHSDUDEOH IURP RWKHU FRPSRX\WHDWODYVWR VY
XQZDQWHG FRPSRXQGV IURP +506 GDWD YV HWMADWLR @ ONSRI F3
LPSRUWDQW IUDJPHQW PDVV GLIIHUHQFH ZRUHQGHNWHDPLQ



HYDOXDWHG DQG XVHG WR GHW HEF WQO0E FOW K/ § HW WDDWD/QRS| LFQ
DQG VRLOV 7KLV DSSURDFK FRPEZDWX\ZH & KV R W.IGHD) W T.6\ \
TXDQWLI\ VHYHUDO QRYHO 3)$6 LDQODWRLIKOU KR @W D WLKQ D MM,
ZKHUH RYHU 3)$6 ZHUH GHWHFWHG RAK DWK LXH ¥ HWSHU HAYKLH
FRQFHQWUDWLRQ ZDV HVWLPDWHG WRS$EH )XUWRHWBRWIRV
FRQWDPLQDWLRQ ZDV DOPRVW HQWLUH®G'GRFRLRDVWH® JE 6
SHUIOXRURDON\O VXOIRQLF DFLGV IKDLEKQDWALRF®WHG D XQ

(YHQWXDOO\ VHYHUDO H[LVWLQJLDRBV KHHWH GAHRAELRSH
3Yy6FUHHQ DQ RSHQ VRXUFH 3\WKRQ EDVHG SIUWIERW RW O] DRWL |
SDUWLDO DQQRWDWLRQ RI 3)$6 LQ +566 UMHHQGIDNVDG HRR QXY
E\ LWV DSSOLFDWLRQ WR IRXU FRQWDPLQHDWHH B Y\WWRIL OV3)B®R
ZHUH LGHQWLILHG LQFOXGLQJ QRYHO WUDQVIRUPDWLRQ SU

,Q WKH VHFRQG SDUW D SKRWRFDWRDVWGKYR[Q R BMWGE ROK P
WKH TXDQWLWDWLYH FRQYHUVLRQ RH®Q NSURZGX BWN FXHIW IR0
FDUER[\OLF DFLGV 3)&$V 7KH 3KRWER2BOXVBIELWEE VS LRRFX
RI 7L89 7L2RU WKH FRQYHUVLRQ Rl SUHFXUVRIPH QY GEU\ W |
WKH WRWDO R[LGL]DEOH SUHFXUVRU TXD @VMWDDW QRIZQ\ KUY
3)&$V DQG WKH 3KRWR723 ZDV VKRZQ ARQEH WEHD M KHR SHAA B
FKDLQ OHQJWKV Rl WKH R[LGL]H G VBIURIF XRU VFRKWD\L Q7 @ H\) D/DIOWR
SUHFXUVRUV DQG ZDV GHPRQVWUDWHG E\ R$IDEHW L\RIP B D B \
$ VHFRQG SURPLVLQJ DGYDQWDJH RI WEBWWKRWRFE3IVLPS
VXEVHTXHQW VDPSOH SUHSDUDW LR QKDH@HFEWNHRW $XJUDW K R Q L
SRVVLEOH

7R WKLV HQG WKH 3KRWR723 ZDV FRPSDURGE @WWN K\ VPKHV K
VXFK DV WKH GLUHFW 723 DVVD\ KULGUWWRROUV LD QW8 RMIDX® UK.\
SDUDPHWHUV H[WUDFWDEOH RUJDQLF WXXR JH G HUD®G, GARW
ODWHULDOV 5HVHDUFK DQG 7HVW L Q@IF W0 HWR. GH FKDE W H
SRO\PHUV 6)3V LQ IXQFWLRQDO MWHWROHWH[WLEBY NK&
FRQFHQWUDWLRQV RI VKRUW DQG OR QIUFKRRW SH WIDXRW R
WKHUHIRUH QRW DPHQDEOH WR PDVV WSHUFW.RRP HW U\ ZLWK



=XVDPPHQIDVVXQJ

3HU XQG SROVIOXRULHUWH $ON\O REWWHE L QB XQH HYR B 36 WE U
RUJDQLVFKHQ &KHPLNDOLHQ XQG VLQGJHXUFHNHAQHHLRKQC
$XIJUXQG LKUHU HLQ]LJDUWLJH®QH( KRKPNF R B HRF HQFXIHU BRIV
JIKLINHLW gO XQG :DVVHU DE]XZH LRIV XZMHSAGRHEIX NWH QL ¢/ R
LQGXVWULHOOHQ 3URJHVVHQ Y HUAHUMGHIVI HIKELHIBX QQ BIQQF
GXUFK & ) %LQGXQJHQ HUVHW]W \VQ @& UVW & GOZRIQMB XRXRHU
QRFK HLQ .RKOHQZDVVHUVWRIIDQWHLO [$%| L QHGSHUBMIRI
3HUIOXRUDON\O RGHU 3HUIOXR U HWEHR NSHHUW HOW Q@ G , RQ
3HUVLVWHQ] LQ .RPELQDWLRQ PLWOQ@HQ 8P$D QEHHDFKH Q% G.
XQG DXFK LP OHQVFKHQ QDFKJHZLHMB®RHIHIMNH 9K U B IQWEG X
8PZHOW WHLOZHLVH WUDQVIRURQIBOWFEHSBH\QL VELHODBMID (@
3HUIOXRUDON\OVIXUHQ 3)$$ 'DKHU BRUOHQHWLRGH O BUEN
JHQDQQW 'LH VFKLHUH $Q]DKO DRWS)$6UHQ |BI@L 6 WELL\DRIHI
HLQHU JUR%HQ +HUDXVIRUGHUXQJW UL HPKNREKDBHH G )E& X
9HUI*JEDUNHLW YRQ DQDO\WLVFKHQ %HIHMWQDDE DIQGD U &l
XPIDVVHQGHUH &KDUDNWHULVLHUR®IOKRI Y)BO E® URPWD &R
7HFKQLNHQ PLW KRFKDXIO|VHQGHU GHWHEKSHNWURPHWUL
,P HUVWHQ 7HLO GLHVHU 'LVVHUVEDWRRIQVZNUBE D Y@ PR
,GHQWLIL]JLHUXQJ YRQ 3)$6 LQ 8PZHDWZLFQE Q RQXXE LR B XY
)DOOVWXGLHQ YDOLGLHUW XQG DQJHZIUMG\PLQDVZIKUE QEU
'DWHQVIW]H JHQHULHUW ZHU ®KQ J LYRWHIH@DHG HI XL B QM HX3X(Q
$QDO\WHQ YRQ +LQWHUJUXQGVLJQROHQUXQG ,PQ® D DHQY RXQE!
GHUHQ LQWULQVLVFKH (LJHQVFKDHWHIHUEQRQABAWIHP ML HS
'DWHQVIW]HQ ]X WUHQQHQ 'HU QHXDBMHRHVEKE @ &DI/YHIMW
0' XQG GLH ODVVH P DXI| GLH .RKQIQVRLRVIADKO &KGRUPE
JRUPHOQ DXV HLQHU 2QOLQH 'DWH QE B IQQHHE WMLV H LB O KRV ¥
LQ *HJHQZDUW DQGHUHU 6XEVWD & VHDHE QW] LG YR QNLLQP
PLQGHVWHQV ODVVHQSUR]JHQW )OXRW HHD®RP+))& B H K KO ®\
ZDUHQ YRQ DQGHUHQ 9HUELQG X Q J\BNRODHQ/]H D OWIXHIQ @E/DI
XQJHZROOWHU O9HUELQGXQJHQ DXV +506 'D@)KBOVIW]HQ



JUDJPHQWLHUXQJVVSHNWUHQ SULRULVLBUHD WP NYYR QG L 7
RGHU 1HXWUDOYHUOXVWH YRQ KIXXIQHQR3) 9066 EOHVEBLHNPWW K
GHU ILQDOHQ ,GHQWLIL]JLHUXQJ YRWHWH Q Q3HPAH D NQ HXC
YHUZHQGHW 'LHVHU $QVDW] ZXUGH lZBIFROENE QW KXR Q, GH @\
XQG 6HPL 4XDQWLIL]JLHUXQJ PHKUH K BHWDGH X INRVQM Bl PJL B)L$H UL
DXV 1RUGUKHLQ :HVWIDOHQ YHUZH®MGEHWYHQ THPGHIH UG L H3 )
GLHVHP VSH]LHOOHQ ODQGZLUWVEKQ I WICH FKMQPSMNRIFR QW
LGHQWLIL]JLHUWHQ 3)$6 ZXUGH DRQWDPRDNWURY FZDW]W VW H
SHUIOXRULHUWHQ 9HUELQG 36 UHQXRUQDRK O VK B IRLGAKI XYURHD €
HLQH VSHJLHOOH .RQWDPLQDWLRQVTXHOOH KLQGHXWHW
$EVFKOLH%HQG ZXUGHQ PHKUHUMH ER& WHKKH@LIONH B QG KHLHL
BRXUFH 3\WKRQ EDVLHBERUHHQA 7NRREOQLHUW XP HLQH KH!
3ULRULVLHUXQJ XQG WHQWDWLYH 5RDMH Q] LIKU K Q B | YRIOF K
)XQNWLRQDOSLPUIMHYRAX BEH PLWWHOV GHU $QZHQGDOQU DX
6+GZHVWGHXWVFKODQG GHPRQVWULHUWOLH% OG&HRHQ H XDH
7UDQVIRUPDWLRQVSURGXNWH LGHQWLILJLHUW ZXUGHQ

P ]ZZHLWHQ 7HLO ZXUGH HLQH SKR®WR NBKFVORW23/ FKE&VRILE
HLQH TXDQWLWDWLYH 8PZDQGOXQJ XQEHNDRKQWHQ 9
3HUIOXRUDON\OFDUERQVIXUHQ 3)&$ HUP(UPHREKNQJ 'R Q3
+\GUR[\OUDGLNDOHQ GXUF39 % HMW UDKO S®IDRED XDJ YRQ 9
YHUVFKLHGHQHQ 3UREHQ XQG LVW NRZP[$SGHFHEDWI B UNMFP X2
%HNDQQWH 9RUOIXIHU NRQQWHQ TXDX@WLWDWIDW [R|B9&EKI
3HUIOXRUDON\ONHWWHQOIQJHQ GHUY RILIGDOIWWE Q' DRV GIIXPH
9RUKHUVDJH GHU .HWWHQOIQJHQ XQEHNNVQ QW B D WILRUWO IKH
FKDUDNWHULVLHUWHU 3)$6 EHVFKLFEIQNHW HW HUWD SYLLHHDS/UHRIE/H
9RUWHLO GHV 3KRWR723 LVW GLHK 36NN HDXH LG HV HDIDWLF
BUREHQYRUEHUHLWXQJ YHUHLQIDFK\R QX®GWL QO ENWR@E B U H
HUP|JOLFKW

$EVFKOLH%HQG ZXUGH GHU 3KRWR723LPL®HRR®ISWHNW B @/
$VVD\ GHU +\GURO\VH 7RWDO +\G URRQVOEPHQ SSMUHF XKW
(IWUDKLHUEDUHV RUJDQLVFKHYV )OXRUHXQ% X QHWDFDVDINDW B
ODWHULDOIRUVFKXQJ XQG SU*IXQJ %®KLHYHDUGBLAOK® L
BHLWHQNHWWHQSRO\PHUH 6)3X FKD UDQMMAURYHOOMQ TM[W



ZHUGHQ GDVV PHKUHUH 7H[WLOXUHR X®&HO IRWJ M DWW DINHLR C
6HLWHQNHWWHQ HQWKLHOWHQ GLIHU (RRKEMW YR WKHBDWILHU B
8PZDQGOXQJ QLFKW GLUHNW EHU O®BVVHQVSHNWURPHWULFE



SFNQRZOHGJHPHQW

JLUVW , ZRXOG OLNH WR WKDQNYRQRIPHJ W&KUS R WLIDEL @ Z WH
UHVHDUFK LQ KLV ZRUNLQJ JURXS H,QY\HUL PP XIR DS B G B IF LVID K\D
RYHU WKH \HDUV LQ WKH JURXS RU\@YLGJR ¥ 8HPMID®D$QDO\W
HIWHQVLYH GLVFXVVLRQV DERXW F/Q ) QAMILG O O HXM R \LH/GV W\K
WKDW DOORZHG PH WR EH FUHDWLFRQFGQ®BUBWHGRG ©R YHL
FRXOG EH ZRUNHG RXW WRJHWKHU E\ IUHTXHQW IHHGEDEN
, IXUWKHU WKDQN 3URI 'U 3HWH UKRIDOGMK ZRIK OV R QIGU SWRO H' U
VXSHUYLVRU DQG WKLUG H[DPLQHU RI P\ WKHVLV

1H[W , WKDQN 'U %RULV %XJVHGH ZKR HYRHUW LDQISRDEWAD R V R §
SDUWLFXODU ZLWK KLV NQRZOHGJHSBERXW TKQRX\M RKMNO VDI
OHDUQHG PDQ\ LPSRUWDQW VNLOOV IURP RRW DUXLQIRE FR
WKDW FRXOG QRW EH DVNHG DQG VRDR® & MWR DHSVKHIV XY H
ZDQW WR WKDQN &DWKDULQD &DSIDPBILRI IRKWUKGV W/[HF BID/O W
FRQWULEXWHG WR WKLV GLVVHUWDWIORQ JWR X\SS HPFHLFCEGH UK
(QYLURQPHQWDO $QDO\VWLFDO &KHPLYVWUHODURMS 6\FXF Ko ML
OLULDP +DX%HFNHU IRU WKH SOHDVDQQGZRONLWEHD WIRA Y K
LQ WKH ODE

, DOVR DENQRZOHGJH WKH '"HXW V& KIHR U XVXKGHN\DWD QI LD \B)
P\ 3K' VFKRODUVKLS P\ '%8 VXSHUWD/@RY 'NQ G HIBED V6K K OH
VFKRODUVKLS VHPLQDUV WKDW EUREKERW DR LO)Q 5RKWRDIAVG
KLJK TXDOLW\ WDONV DQG GLVFX VW IERHQ\. RV HRQ YU K)\RHDIP B FKW

, IXUWKHU WKDQN DOO WKH FROODERUDWRUV ZKR ZHUH S

, DOVR ZRXOG OLNH WR WKDQN &RWPHBOWRIREROHR LE DB DNY;
DOZD\V D ZHOFRPH WLPHRXW DQG RUINHHWH® WVWDVNWYHZ LGH
ORUHRYHU , WKDQN P\ JLUOIULHQGOSDHBQ® IV %6FEROW IRQ KW
VLWXDWLRQ 6KH VXSSRUWHG PH W BDQRXDIORXW KM M QP W LIPWM
WRJHWKHU ZHUH RI JUHDW LPSRUWDQFH WR DOZD\V VWD\ P
IDVW EXW QRW OHDVW , GHHSO\ WKD QR>®W D IDHFQ\G ¥ FZLKR F\D}
7KHLU FRQVWDQW KHOS PDGH P\ HEXFDWLRQ DW WKH 8QLY



[LVW RI 3IXEOLFDWL

SXEOLEDWLRQ

=ZHLJOH - %XJVHO % =ZLHSPHOULBRULWL]DMWLRIHQY QR
GDWD V\VWHPDWLF HYDOXDWLRQ RIQW®HVQFRNMH D @G &IF. R
EKHPLVWUI

SXWKRU FRQW BODAQUMHGE WKH VWXG\ DQG FR Q®XGF&H G HWKH
SDUW RI WKH LOWHUSUHWDWLRQ RI WK HRMDHV IV KDHD GL BV WV KGH
WKH PDQXVFULSW ZKLFK ZDV UHYLHZHG DQG HGLWHG E\ DO

SXEOLFEDWLRQ

=ZHLJOH - %XJVHO % =ZUHQIRD BDUJHW FEQESBIQLQJI |
&RPSUHKHQVLYH 'DWD OLQLQJ IRU 08QPUODIRHAQON &BNRL VWH

EXWKRU FRQ@WU LEXWHRPW SODQQHG WKH VWXGN PRHRMRCRGEX F
GHYHORSPHQW DQG GDWD HYDOXDWILWRP -==DDGRWH WUKRIW I
RI WKH PDQXVFULSW DQG DOO DXVWHCRWW QU RY LMEKIKE AFJQ W\

SXEOLEDWLRQ

=ZHLJOWXJVHBK®HU . +DOXVND $ $ LRIHOHRIL RDWH G ¢
6LWH LQ *HUPDQ\ 1RQWDUJHW 6FUHNYDO.EEH RGH LLFQNGO D MV
DQG )G @RYLURQPHQWDO 6FLHQFH 7HFKQRORJI

SXWKRU FRQ# DRQEXWWREORQWULEXWHG HTXDOO\ WBWKKEV SX
([SHULPHQWDO ZRUN DQG GDWD HYDOXDMWHLIRSQY HW D W/ LSRHQ IR«
LGHQWLILFDWLRQ RI 3)$6 ZDV GRQHSHUIRURBKHGC VRE O& ¥ D F5S
FRQGXFWHG WKH GLUHFW 723 DVVRN WK H @ B Q@K% FAULRBWHDW &
UHYLHZHG WKH ILQDO YHUVLRQ RI WKH PDQXVFULSW

SXEOLEDWLRQ

=ZHLJOH - %XJVHO % )DEUHJDW 3IPPDKHQ ¥ $<¥ RSIQUV R
WRRO IRU DXWRPDWHG 3)$6 IHDWXUH $QDRUWVWEPDONLRQ %Q R
EKHPLVWUI

SXWKRU FRQAWEDOEXOMPHTOWKH VWXG\ DQG KDG AWK M IP@L QV KK
3\WKRQ EDBVFMG HBQ WRRO %% ZDV SDUW RI ZDEWHGJWKKHVRI
DQG UHYLHZHG WKH PDQXVFULSW $00 DXWKRUV UHYLHZHG



SXEOLEDWLRAQ

%XJVHO=22HLJOH =ZLHQHU & 1RQWDUJHW 6FUHHQLQJ 6WULIL
BULRULWL]DWLRQ DQG ,GHQWLILFDWRRON B\ +373KH ®BVROX W
(OYLURQPHQWDO $QDOIWLFDO &KHPLVWUI

SXWKRU FR QWL DEGW-ERORQWULEXWHG HTXD O O\ WKR UAKKLLS S X
7KLV UHYLHZ SDSHU ZDV SODQQHG RQ & B VIHMSBRE WLREIHW K
VHOHFWHG SDUDJUDSKV $00 DXWKRSWUHYLHZHG DQG HGL

SXEOLFEDWLRQ

=ZHLJOH - %XJVHO % &DSLWDLG@KRWR723ZL8)$HEU3U&F:
&KDUDFWHUL]DWLRQ E\ 8@7LYRBICRNYRIION BPAMION-H — 7HFK

SXWKRU FROWULEGX WRRAQ&= SODQQHG WKH VWPSEW L-PHIDWD @
SDUW -= SHUIRUPHG WKH GDWD HYDOXDWHRS UHW BoVL D &
= ZURWH WKH ILUVW GUDIW Rl WKH PDQXVFULSW $00 DXW

SXEOLEDWLRQ

=ZHLJOH - &DSLWDLQ & G6PEPRQ=ZLHERHYVF&E 3 % XRHE [V
3)$6 LQ IXQFWLRQDO WH[WLOHV¥FK®PKRGW HRI[LL]J®DIWL RRQE \KFK & |
IOXRULQH VXA GDUDPHAOPUNDO 6FLHQFH 3URFHVVHV ,PSD

SXWKRU FROWEHDBRIPHABOWKH VWXG\ VXSHUYLWH® RHK H. By SW
GUDIW Rl WKH PDQXVFULSW && FRYGXBWHGPWRW \R[LG G VZDF
ZULWLQJ WKH ILUVW GUDIW )6 SHUIRMGHEKER)PPARVRUHP
SHUIRUPHG 7) PHDVXUHPHQWY DQG UHWGLMWZXKHGPW RN VFLQ XV
VXSHUYLVHG WKH VWXG\ DQG UHYLHZHG WKH PDQXVFULSW

$SGGLWLRQDO SXEOLFDWLRQV SXEQNVMVWIKOG VG DWIHQ Q@ R H QUAHOVX

X =ZHLJOH - %XIJVHO % 6FKPLWWHFWUREZKHBUIAD O&2[LGDW
S3RO\IOXRURDON\O 3KRVSKDWH 'LHVIYWK ZEL\R' XD G/ 5RIQ RN L7TRXE
ZLWK +\GUR[Y@ BDIEREPRYVWDO 6FLHQFH 7HFKQRORJI

X %XJVHO % 6FKe%OHU 0 =ZHIZIUPEHU &FKPLWVBKRWRFD'
WUDQVIRUPDWLRQ RI IOXRURWHORPHU D QQ HSHW OXRURBRFN®
VRLOV LQ DTXHRKALNR¥WBHQVARQYRWDO (QYLURQPHQW



2UDO DQG 3RVWHU

X

%XJVHO % =ZHLJOH - 6FKPIKRWRO XOGLHQHNW&RFKHPLV
SRO\ XQG SHUIOXRULHUWHQ $ON\OVXEWODRQHQYRQ)$6
7UDQVIRUPDWLRQVSURGXNWHQ 3RVW®NW SUHVHQWDWLRQ D\
=ZHLJOH - %XJVHO % =ZLAQHHQERQJ IRUIRGEWDBHE BWFKLQ
PDVV GLIITHUHQFHV LQ IUDJPHQW DDV RAGK M S, I FWHWID DIARLVRADHDLD ¢
1RQ 7DUJHW 6FUHHQLQJ ,&176 LQ (UGLQJ

=ZHLJOH - %XJVHO % 6FKPLWOHFWURRZKHRIDO&R[LGD\
SROVIOXRURDON\O SKRVSKDWH GLHVWRHRVYV QA RMDIFWILRQ RIL
ZLWK 2+ 3RVWHU SUHVHQWDWLRMDW /DQJHQDXHU :DVVHU
=ZHLJOH - %XJVHO % =ZLYWPWHWHG@LQJ IRURQ$W XUSRMWSUH k
PLQLQJ IRWDOBPHQW PDVV GLVWDQFHV 3R VIWWH D V8 UWMK/HH @M W
(QYLURQPHQWDO &HQWHU LQ 7<ELQJHQ

=ZHLJOH - %XJVHO % =ZLHQHWQIEQJ IRU 1R ®6WD &K B WF K E ¢
GLVWDQFHV LQ GDWIHEWSBQ GRQPWHLE SUHVHQWDWLRQ DW :D
=ZHLJOH - %XJVHO % =ZLHRHLR@WDPLQDMWXIRY [KUQHV EH
LQ 15: ¥ 3ULRULVLHUXQJ UHOH YBIGI\WHQ J' [5W H ©KL B DIVR/ @ B U DIH
SUHVHQWDWLRQ DW :DVVHU LQ $XJVEXUJ

=ZHLJOH - %XJVHO % =ZLHRRHUWBPLQDWHIGIKONGESELGH L
WDUJHW VFUHHQLQJ YLD IUDJPH@WN PDVV G HIIHFW/W QIFGIYO DV
SUHVHQWDWLRQ DW WKH ,QWHUQDWKIR QDA &GRQPHQMQ F KB R Q L
=ZHLJOH - %XJVHO % =ZLHREGWD®LQDW H& NKRLO3MI6GH LQ
WDUJHW VFUHHQLQJ YLD IUDJPH@WN PDVV G HIIHFWW QIFGIYO DV
SUHVHQWDWLRQ DW )/82526 LQ ,GVWHLQ

=ZHLJOH - %XJVHO % =ZLAQHWQEQJ YL D1RUD NWHQW P D/VV
.HQGULFN PDVV GHIHFW $SSOLFBWRIMOWR KHIRPD\Q3) R BRQS
DW WKH ,QWHUQDWLRQDO &RQIBUHRQAH) RQUGIR@QI 7DUJHW 6FU|

;9)1)






OQWURGXFWLROQ

SHU DQG SROVMIOXRURDON\O VXE\

S3HU DQG SROV\IOXRURDON\O VXEVWDQFHYV FX)I$B L PLGIVDWXDW
FKDUDFWHUL]J]HG E\ WKHLU FDUERQ IOXRAR &B ERRXEVVH &VK H
WHUPLQRORJ\ VHYHUDO DSSURDFRHNDOAUH[ K QEHWLUIGRD BW20
IOXRULQDWHG FDUERQ HPWIRRUDDSHEHUOBERRBROWKHULFKDLQ

3)$6 % XFN HW DO +RZHYHUFRIGI\WB Q@LEN] BY&WS ARHP |
FRQVLGHUHG D 3)$6 ZKLFK LQFUHDVHEOWKWLOXPE IDYV R)F6RE ¢
‘DQJ HW DO 7KH WRWDO QXRERDQRDAE YWUQH\3)BKA S

WKH XQGHUO\LQJ DVVXPSWLRQV DQG GHWBEDW®HGL |6F K HDQ
HPHUJHG RYHU WLPH ZKLOH RQH RIOWYXW PRFRV VERIR RPIUIDQ
(FRQRPLF &R RSHUDWLRQ DQG 'HYHORSPBH@WO\2(&' 3NEOW

2(&' ‘KHQ FRQVLGHULQJ ODUM \PXAP DVDIX R QIO P HDG E
WR WKH QHZ 3)$6 GHILQLWLRQ WWH MFOMRA @ KR ER UFIDDRU F
HW DO 7KLV QXPEHU UHGXFHV WRKDYSURRWURDWHKD® D

RU &LWKLQ WKHLU FKHPLFDO IRUPXODE RX W R }H$ BRIOID RIKLYJ C
LW LV UHIHUUHG WR §FODVVLFDO" 3HY6FKDWR VS HAKIOX RV RD C
WKDW WKHLU PROHFXODU VWUXFWRQHMHELK\GRRIFPN\ERQ ER &t
JLIXUH
7KH & ) ERQG LV RQH Rl WKH VWURQ@XL\VFW ERQERV SIQURDN R
FDUERQ FKDLQV DUH H[WUHPHO\ VWD EQR ORIILIFQWWG FK K BIGF
KHDW %XFN HW DO .LVVD ELQRILYLKWLK KV KW DELLOTV
SURSHUWLHV RI 3)$6 LV GHVLUHG LQ QRPHVRKY DBOOLHFWV
3HUIOXRURDON\O FKDLQV DUHPRYVW & B WHEKIID\XKRR RSHKLL
ZLWK SRODU QRU ZLWK QRQ SRODIDWRHLY HRQ\®V DME \F\P QL QV
XQLTXH SURSHUWLHY WKDW GLVWLOQHXLWKB)S$BUK KK P& VAR F
VLQFH WKH V /LQGVWURP HW D®$6 ZHU R LIQE UMIH LGHIFD
HYHU\GD\ SURGXFWYV DV ZHOO DV KBUGILRHHHQM 6LRDBXN VEBL
LQWHJUDO SDUW RI PDQ\ SURGXFWV RWBGRFRRYHVWXDWK H
FDWHJRULHV IRU LQGLYLGXDO 3)$6QRRWX & & QEVH. GGHHMAIBU |



H[KDXVWLYH DOVR VLQFH PXFK LQIRVRRDWXR QFUH DI\ LIQH 3
XQGHU WKH WUDGH VHFUHW *0O+«JH IS\ HDVOR| S URPIL & WQMO 3)
DUH DV VXUIDFWDQWYV LQ WKH FKBIWLRD® M Q WWKH WL HY V VL

+ROPTXLVW HW DO IRRG FRQWOIHFWW MDWHULDOV
SHUVRQDO FDUH SURGXFWV :KLWHKHDG HW-D®D HW DO SDLQ
ILUH ILJKWLQJ IRDPV DTXHRXV ILOP IRUPLQLQI RN W RISt
-RHUVV HW DO SHVWLFLGH\OHMWEBRPH B VBRI HIVE HD\O *DL
SKRWRJUDSK\ *DLQHV LQ PHGLFDV SROLFEHWVYV * OR KIP DiQ
DO DQG PDQ\ PRUH
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JLIXUH ([DPSOH RI FKHPLFDO $EEDAFRQBHQ F RRRVWEBHUH &' IBVHB)Q LWL R (
WKH UHG ER[ DUH SHUIOXRULQDWHG\IOXNFROH QCKWHGUHRRRSBRRRGYFGKGH
SRO\PHUV 6)3V EOXH ER[ IDOOVZIBWRRLIDXWKH GDWHE RREBERPXRKEGY DUH
SUHFXUVRUV 7KH SKDUPDFHXWYRDDID JFXRIHWICHHLQUWLERQ[ KRZBOYHU \
QRW DGGUHVVHG ZKHQ WDONLQJ DERXW 3)$6 LQ WKLY GLVVHUWDWLRQ

:LWKLQ WKH 3)$6 FODVVLILFDWLBRBQVWHQIGAXRKHQDWRB YK(
VXEVWDQFHYV :KLOH D SHUIOXRULQD&/HERQIEGVWD GROGAKE
VXEVWDQFH LV SDUWLDOO\ IOXRULQDWHGEW QGIKHAFH P&RCF
DO 7KH FODVV Rl 3)$6 FRQVLVWYV T HE RIWRKX B RRQ RrPFRHQURP
LV KLJKO\ GLYHUVH DQG LQFOKXKGHYW PKHHPLXYMAH N UR W \SF
FODVVLILHG LQ IOXRURSRO\PHUV VXEFK DDW RS FOMWOHGU DK
SHUIOXRURSRO\HWKHUV DQG VLGH FKDUG FBISRWL® B W\H G RF
RI D QRQ IOXRULQDWHG K\GURFDUERQ E KXMBNWE RBQR YZILGWK XS
SURSHUWLHY :DVKLQJWRQ HW DO

7TKH WZR PDLQ FKHPLFDO VI\QWKHVHW XRW L) BEVIDRIH KHO)F
WHORPHUL]DWLRQ %XFN HW DO R FHD/WWIRQY HW VDD QFH V



D UDZ PDWHULDO >H J SHUIOXRURRFWERQBOXWHRORO WY XLRL
RI OLQHDU DQG EUDQFKHG SHUIOXRURDON\PKBKQLQNQ HNVK
+LVWRULFDOO® PQGERMHG (&) EDVHG 3)$6 ZHUH SURGXFHG
WHORPHUL]DWLRQ \LHOGV HYHQ QXPEHUSDGFHEHUIRXERRDG®
IXQFWLRQDO JURXS 7HORPHU EDVHGQB)368 REHYHOXRXYRDON
-RKDQVVRQ HW DO

3)$6 LQ WKH HOQYLURQPHQW

7KH DERYH GLVFXVVHG XQLTXH SURSHRXQW® HMV3 BSSW KB
DUH DOVR WKH PDLQ GULYHUV IRU WXPD Q G YOHUS/ MV K HI HHFOWY . L

(YLFK HW DO JLQGVWURP HWHD@WDELOLWN RMRWNKKHSF
FKDLQ PDQ\ 3)$6 DUH YHU\ SHUVLV® HQWWI WRXVHQY LW\K
.QHSSHU /DQJH 7KH PRVW ZHOO NQREDG3)$p2HUH S|

SHUIOXRURFDUER[\OLF DFLG 3)&$ DQG SHUIOXRURREMBRQH
3)6$ WKDW ERWK EHORQJ WR WKH JURX{S [RQ G HWN KRBRD®
& & ZHUH H[WHQVLYHO\ XVHG LQ WKH SRVWVKRHU VI\ Q WW B §
IOXRURSRO\PHUV ZKLFK OHG WR HVWLPDWHGWJQQ BMRO WKH
HQYLURQPHQW IURP WKH V WLOO 6 JOREDOGWMLY/VLRQ H
RI W LQ WKH SHULRG IURP ¥ Z H WH FPXDAEGH E BID »
QRWHG WKDW WKHVH QXPEHUV D)$I8 WMREWMWIERQ W R QW RKWKKQH |
RULJLQDWH IURP ERWK SRLQW VRXUFHXDWHWK DY HDWPGHQR
273 RU DLUSRUWYVY IURP ILUH ILJ&WILXQVHWIRX QIO V ONK Zbi
RU YRODWLOL]DWLRQ IURP SURGXFWV3FR® WPEK LDQJ 3YEK$WP D
FRQVLGHUHG YHU\ SHUVLVWHQ®WOEHIGL E KR UW ZHU \& K H P IDADHD B

'XH WR WKLV H[WUHPH SHUVLVWHRF 5 KW P DML ZL QWK \
LQVWDQFH 3)2$ DQG 3)26 DUH FODN \3IRIQB & \WD/Q W3H UW KDWH
JOREDOO\ XQGHU WKH 6WRFNKROP &RQ Y:DQWLHRW DONRFNKF
6LQFH WKH\ DUH QHLWKHU ELRWKFMHDIOQY LQURRUQ B B QRW 135 HEVO X
5DQJH 7UDQVSRUW /57 LQWR UHPR¥OMWDHEFMWRGED VIORKI DHVWW
=KDR HW DO )XUWKHUPRUH WKH E LSFRONFH & WX 0 DWRIRD!
3)$6 VXFK DV ORQJ FKDLQ BQE$R)6H)MIHEX@W LQ VWURQJI HQ
ELRWD DORQJ WKH IRRG ZHE %XFN HWDIQQ HW DOH 6LOYD5\
UHVXOW RI WKHVH FKHPLFDO SURSHGWLHY D3)®6 HOHLK RG



FRPSDUWPHQWY DQG ELRWD VXFK DV L§XWKDFRFHDWNU D IR
DO JURXQGZDWHU B6FKDHIHUDEBRD® HW DO GULQNYRIQ
=ZLHQHU DLU .LP HW DO <RHMWOBY OF'HY L WG |
'LQNHQV HW DO GXVW *XVWDOVVRQ HMRA® <DQJ

DO ZLOGOLIH 5XSS HW DO D@BXQ$HW BW DO DQC

ODEXU\ <HXQJ ODEXU\

%HVLGHV 3)$$V PDQ\ SRO\IOXRUXLDID WBIG B)$B Q\KIIRAKP DAUKIU
SURFHVVHV OLNH HJ PLFURELDO WBEBANLRWRDWICRQR RIH
WUDQVIRUPDWLRQ SURGXFWV 73V $KWHEVVRQ HWHRUNL
6FKHQNHU HW DO =KDQJ HW DOVR UHIHKHHBIRWHD W K
2IWHQ WKHVH 73V DUH 3)$$V GHSHQEWQUN RY WK XQIGHHC
3URPLQHQW H[DPSOHV RI SUHFXUVRUV DIDK RURPORWG GRRM
HVWHUV PDQ\ $))) FRPSRXQGV DQG 6)3VVFKXXIKUH $K
8QGHUVWDQGLQJ WKH IDWH RI SUHFXURNSRIWWD@® W HKRUHR |
XQGHUVWDQGLQJ RI WKH EHKDYLRU RI VORKMVB)®6 HWO DWW/ 0
OF'RQRXJK HW DO

7R SUHYHQW IXUWKHU GLVWULE XVOIDRVR B! FHDWXWHN\G BQE
SKDVH RXWV ZHUH XQGHUWDNHQ LQ WH®WIDVWR W6 UGIN\DWY D QF
GULQNLQJ ZDWHU WKUHVKROGYV D Q) ® RV ROV D E QHI NHIHZHOH |
IRRG Rl WKH (XURSHDQ )RRG 6DIHW\ $XWERULW\ (§6$ Z

6FKUHQN HW DO 5HV X O WWOIF WULERBDWRHGH. Z L (
3)$6 VXFK DV 3)2$ DQG 3)26 FRPEIGQIDPA 3 UWR & XFWWLVRQL FR/P KK
GHYHORSHG VHYHUDO UHSODFHPHQW FRPGRARCGRDMHI $'GRY
DQG KH[DIOXRURSURS\OHQH R[LGH GLPHMURDFH GV E)3RDBDF@P)
SRWHQWLDO D VKLIW WRZDUGV D SURB XF WRLR & RA XWUKURHGN +

%YUHQGHO HW DO 8QIRUWXQDWHO\HGRYMV KHBS O\DLFH
SURSHUWLHY DQG PRVW LPSRUWDQWOURBRNWH IRAVHHX BQ$E H%
HW DO /L HW DO $V D BOXEQULRI\ W QKL O RKAH W HAR

FKDLQ 3)$6 DUH DOVR PXFK PRUH PRBUOMH KILMKWIQVW KR UZ DWW
GULQNLQJ ZDWHU UHVRXUFHV /L HWQ@®WKH \HDW X ZD OZG \M KV
(XURSHDQ 8QLRQ 3)$6 DUH SODQQHG RMIRO EFHO DMV WIHMVOHAG
VFLHQWLILF FRQFHUQV (&+$ H EKEDX\HVXWUXBIQOKLR Q Ol
FKHPLFDO DW D WLPH LV UHVW WILFWH & Q 6XFEXO0m5 AFOPYSHU B KH.@
WKH FKHPLFDO LQGXVWU\ PDQ\ $GRERFI W \IQRBQERPISG QD H



3)$6 +RZHYHU LW LV D ORQJ OEHSMLLRIQSIRRIF HY WWZD Q/FKH VIR YE
RU SHVWLFLGHVY WKDW DUH FRQVLBHWHGG/ BREBEYVDFFRUGLQJ W
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JLIXUH 6FKHPDWLF H[DPSOHV WLRQRARQ WWHRXURRED WIRR Q) YD EQ WKI
7UDQVIRUPDWLRQ FDQ LQFOXGH BREARWEERWILFURELD @ WUD®LVARONDWQ
GRXEOH DUURZV LQGLFDWH PXXOWVEBHEQ WU K P HGN. DMOHWV RQK VW DIDWH RQ |
IRXQG LQ WKH IROORZLQJ OLWHRUDWXOUBEXWHQVNLQ(RI® DIDEXU\ /L X
$YHQGDQR 5KRDGV HW DO 5RVHQPDL HW DO

SQDO\WLFDO FKHPLVWU\ RI 3)%6

7KH VKHHU QXPEHU RI 3)$6 WKDW FDQ SQWHQW\LWOPD NR
FRPSUHKHQVLYH DQDO\WLFDO GHWHHW LIR® YHU\ FKD® O H QI

'HOO NQRZQ 3)$6 VXFK DV W KX VEHRQQIEF 3Y$iS ¥ U R Q FZHK IV
DYDLODEOH DUH URXWLQHO\ DQDOWHRGPH\WYLYT XHEWKRRPD W
'RGGV HW DO 7KLV WHFKREGQL RXHD UHOXH G RQ PSIOHH LZKN
ZDWHU RU D PL[WXUH RI ZDWHU ZLW K PROUN D QRHFVVROFHK QW \
FRQVXPHU SURGXFWYV 3)$6 QHHG W RHEW KH WRIDE \E H G HDR/X W
/& 06 ,Q WKH ILUVW VWHS /& P MWW UGL \RY RROWIHD® L F RAPRSEHHA
VHSDUDWHG RQ D FKURPDWRJUDSKLF RRWKXPE®W VD FRROUGLLRIQ D
HJ UHYHUVHG6IXEDMAXKQWO\ FRPSRXQGV HOXWLQJ IURF
HOHFWURVSUD\ LRQL]DWLRQ (6, DQWRDAWMWI B VBWDRBDW L}
PDVV VSHFWURPHWHU 06 WKH\\MFRUDRWOY DUH GRW HFEW QG EN



XVXDOO\ WULSOH TXDGUXSROH 4T4 PDWWR VI5\H FADUIRPHHRV 0
06 06 LV XVHG ZKLFK SURYLGHD QER WO LI/ILVK\ V HEDWW WA
06 SURYLGHV XQLW PDVV UHVROXWLHR\Q KK FKHB B D Q E OMK 7\
OLPLWV WKLV DSSURDFK WR NQRZQ FR MRXIQFEOWZ RW KR U HUIH
WLPH 57 DQG W\SLFDOO\ WZR PDVV WUDQVLWLRQV I[UDJP}
6LQFH WKH VKHHU QXPEHU RI 3)$6 PBNBW DFFR@DB0 HKIHDWL
VWDQGDUGV SUDFWLFDOO\ LPSRVVLEOH 5K JIS WRIWLRIHW V R
DGYDQWDJHY DQG DOVR DOORZV LGHIWMWLBDWLRQ R7K®RF
IUHTXHQWO\ XVHG +506 LQVWUXPHQELWDDIS WL\PAHHRN | OHRIE @,
.| WKH UHVROXWLRQ DQG PDVVFAIFF XRDFX QD \K EDKQ HEHR B
PHDVXUHG VLJQDOV E\ XVLQJ DFF X UDR\DHD RQ GWHWVHMQ BOLV R W
XVLQJ +506 GHWHFWLRQ XVXDOO\ ODLPH @P RMRQ &NWH FGD I
PROHFXOHV LQ D VDPSOH DV SRVVLEWHFKQ LD XHWVF DPYG XWHG
VR FDOOHG IHDWXUHV 06 VLJQDOV WHKWOW [RUHQ BKDXWIDFON R |
LVRWRSHY DQG FKURPDWRJUDSKLF SHDN VKD S KD OLQWHISH |
SULRULWL]DWLRQ RI SRWHQWLDO IHDWXQNWL IRIFD@WRQH VWS
+XOOHPDQ HW DO SHQQHU 5H®WFKH @EMAKUDW X UHR W
GLIIHUHQW WHUPLQRORJLHYV DQG DUH [RVVDIG DRODRK ULIVI DO
QRQ WDUJHW VFUHHQLQJ 176 DQG QVQRRASOHFEHQWDITY \0¢
+ROOHQGHU HW DO 'HSHQGLQJ GRIIWHHQS\R ¥BISDWD\
LRQL]DWLRQ WHFKQLTXHV VXFK DV A& HARPEWL QPG EKWRPOGW
*& ZLWK DWPRVSKHULF SUHVVXUHPRKHPKF®ORER Q ELLIFWERR
PLJKW EH UHTXLUHG 3RUWROHV HWDUFK TXHVWSRQGLQE F
WLPH FRQVXPLQJ SURFHVV VLQFH X@XHUG\UWRWHVR B Q XPIOP ¥
GDWD LV UHTXLUHG DQG FDQQRW RSRVIIDIQ@W BMRDXRMR IR DAVNKH
EDVHG RQ FKURPDWRJUDSK\ DQG PDVV SR E\W WRIFFW PR QRIF
3)$6 ZKLOH FKDUDFWHUL]DWLRQ RIDSR@M@BOLWLPB6 QHHFE Gl
HW DO
6LQFH GXULQJ 176 DSSURDFKHV D BRPEUBKMH YD PBIO H G N QX
QRW SRVVLEOH H[FHSW IRU VS HFALK®L FBN ¥ \K DDYGIGE MH.Q GHHY |
SDVW VHH )LIJXUH IRU D VFKHPDWLF RUHH YLMZOR WHKGIH ¥
R[LGL]DEOH SUHFXUVRU 723 DVVD\ DVPALWRLERRD WHUWP\E OH K
TXDQWLILDEOH 3)&$V +RXW] 6HGODN WUDFWW BU I RPIS®L
SHUR[RGLWWRO IDWHD .S+ YDOXH RI DQG D WHPSHUDWXUH



GHFRPSRVIBVILR@WR WZR VXOIHWHKUDGLEG IDOWH &D G MWD OV Ul
IRUP VXOIDWH DQG K\GUR[\O UDGLFDRQYVHOHFIKLYHK DUB LY E
WKDW UHDFW ZLWK WKH K\GURFDUERQRPRY HWIOHDW @1 WWKH
3)&%$V FDQ EH TXDQWLILHG E\ /& 06 WTDUN HRWQ DR DW KWL W \® D
FROQWHQW ZLWKLQ D VDPSOH -DQGD HWVD/O\ YDOXRHQHDDB
LQIRUPDWLRQ FDQ EH JHQHUDWHG KR2MUYKXKBEW XUKHH RIQ SRIWHAFL
ORVW 7KHUH H[LVW VHYHUDO PRG\L VDFAEXWDR YR QWK R | GALK H FRW L7]
ZKLFK WKH VDPSOH LV GLUHFWRX @®RM\G DIG\GR ZIRLUF Q RAK HRIWH IARL
SUHFXUVRUV LQ FRPSOH[ VDPSOHV *IFNHQHU HW DO
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YLIXUH 6FKHPDWLF RYHUYLHZ SRIHFHWYRGY EARRFKODWERGI BHH WRW
723 DVVD\ KHUH GLUHFW 723 DVWDE® H KS G HROUVIRW ¥ WRABD@ K OSXURRIQ. (
>SH[WUDFWDEOH RUJDQLF IOXRULFRRP SRYH® QR WR ¥ DIOQN XRQDRQ HH [W)U®@ F'
VFKHPDWLFDOO\ ZLWK D VLGH FWRD® IPXIKW. @ RYWO LSRDOPHRURWKBHU 3)§
VKRZQ LQ WKH 6)3 VWUXFWXUH LQ WKLV VEKHPH

%HVLGHV WKH 723 DVVD\ VXP SDURBPHNGU |DXRK DYHW K
WRWDO IOXRULQH 7) ZHUH GHYHORS®\WG ZKQFX. QSRR ME'R §
DO OLD] HW DO JRU GHWHPBAWILLR® RIRQY KHK Y R)P RW\
&,& LV XVHG )LUVW D VDPSOH RKW QAW D W IERH ERDW H G VI
+) DQG I®B®OORZHG E\ GHWHFWLIR QRRI FEXRPDMHR JUDSK\ *HKL

SHFHQWO\ PRGLILEFDWLRQV ZHUROGW YR Q ARGV MO\
JUDSKLWH IXUQDFH PROHFEXODU DEVRUSWLRQ |PSWHMURY G F
VHQVLWLYH 6LPRQ HW DO 7ZLWHKED B WRPBDHWE\UFHR
WKH ZKROH VDPSOH IR OO REZK)GORH3/HMMIHIRDER®@ RO YL QJ DQDC
LQIRUPDWLRQ JHQHUDWHG E\ VXFK |10 RRUR QW S\HER IS B LBD) $ & W
EDODQFH DSSURDFKHV FDQ EH DSSOLHBGQGHL LIG XDOH WIRPKSQ



FDSWXUH 3)$6 LQ HQYLURQPHQWDO HIM\R GRR FIQ NRVRFR Q.
HW DO &LRQL HW DO -LDR HW DO 6SDDQ HW
%HVLGHVY WKH KHUHLQ GLVFXVVH® UMHQ IV RMKLFIDTX HWR RIG\D
VSHFWURVFRS\ VXFKQXFOHDH[PPS@HWLF UHVRQDQFH VSHFV
ODEXU\ SDUWLFOH LQGXFHG JDPAW WM\ HPLVVREBQ W
SKRWRHOHFWURQ VSHFWURVFRS\ 7RNBPQRY WHMORDEOH IR
DQDO\VLV LQ SURGXFWV .RFK HW DOV 1RUGLF &RXQFL(
$OEHLW WKH UDSLG GHYHORSPHQW DIFKQURZH D JWRH WH
LGHQWLILFDWLRQ RI XQNQRZQ 3)$6 ERQ QW OHM\G N @NX GILLHHE
IOXRULQH VKRZLQJ WKH KLJK LPSRUVRDBW HD RO H QR Y BW QY
HYHQWXDOO\ TXDQWLI\ SRWHQWLDO KBDAHIRXV $V)B6 (IUQ NR,
JUUPDQ HW DO $UR (ULNVVRQ .DUU®DRRCHWW DO
<HXQJ ODEXU\ S5REXVW DQDO\W L DY MWH WY VIOENAH D)
WR[LFRORJLFDO ULVN DVVHVVPHQ®HRHFKBPLFRO\HD\YDEDUW
WKUHVKROGV LQ GULQNLQJ ZDWHU VRLO IRRG DQG FRQV)



$LP RI WKH WKHVL

'"HVSLWH WKH UDSLG LPSURYHPHQWDRIDIOQ W\WEX® HHWIHG W/IHRF
VXFK DV 3)$6 LQ WKH HQYLURQPH®@WORU IBRG WX RIQYW R RAGKXF
DUH URXWLQHO\ GHWHFWHG VLQFH R ID\SHS@ LW U WHWB W FRUQHG
SUHYLRXVO\ NQRZQ VXEVWDQFHV 7KHQRYRIOHL 5 FROAKIQQ X b
HIILFLHQWO\ KDQGOH WKH FRPSO H[06& IPM D VWX K Bl WHIQW ¥ HIQWH U
LPSRUWDQFH IRU D VLJQLILFDQW O\ 7BURDSUHRD B RIDD \RR\AD (R
GDWD HYDOXDWLRQ LV RQH P DM R UDERGNMEHQMLFIN FRW LIR@® HRI
7KHUHIRUH WKH ILUVW JRDO R WIKXQVGW WHRIQV DD GV BI$ SX
WHFKQLTXHV WR SULRULWL]H GHWMNNFWHRG3 WKV XQW VY LLGNV DB
3)$6 8QOLNH FRPPRQ RUJDQLF PRO KFXTKW K $i6 IH R DES WR
DV WKHLU W\SLFDO PDVV GHIHFWXHV MRAP RO FX\H QUFBI) P @
LVRWRSLF UDWLRY WKDW FDQ EH XR/UHID QIRF G-IR P RX QW ¥ DWK-
GRPLQDWHG E\ IOXRULQH )RU VXFK DLR®WLRQLWHKHEUBERQ ER
OHYHO ZLOO EH XVHG WR LQF @R DPHN W KWK B QOO WQ RB B GF R {
ZRUNIORZV DFFHVVLEOH WR D ZLGHW G B8RPXIQALGH S WEGH@FX
VRXUFH GDWD HYDOXDWLRQV 7R VKR)ZWSHLRYS WILAD WILR QN
WR KLJKO\ FRPSOH[ VDPSOHV VHYHUDDLWKQ®/D PH QD@ GR I
FRQWDPLQDWLRQ %ULORQ 6FKDUIHQEHVYWLIDWHBWM © QWL
DOORZV WKH GHGXFWLRQ RI XVHIXO PDXVZVGSHBWIDRPIHIWRILF
FKHPLVWULHV WKDW FDQ EH WUDQVB6UBGIZY VRIY WAKRH ROrHW
OLPLWDWLRQV Rl VLQJOH DSSURDFKHRJWWKHAR U R VDR ZV \MK
SURFHGXUH WR JDLQ PRUH LQIRUPDWLIRGHR@GILEBWHBQH H
7KH VHFRQG JRDO LV WKH LQYH\VHWQRDWGRQHEWI) S ® FIOQV
VSHFWURPHWULF GHWHFWLRQ DW WXGILHG WK 5 Q 3 $16 ZKKLFKK
EH GHWHFWHG 6LQFH WKH IOXRUIORY IRG VB B/IX®IDIQFHHQMDLY LR
ZLWK 176 DSSURDFKHV KHUH RIWHQ WKW LP®NHG EW VRI@ LR
FRQYHUVLRQ WR VXFK XQNQRZQ 3)$$ S WARWHR 8 V HADW VRW
KDYH VWURQJ VRUSWLRQ DIILQLW\ R\UR DWXHJ HKDYAHHY FRLY.IKO PR O
VXUIDFHV VXFK DV LQ WKH FDVH RI VLGW KK IOLSS OQ X R WILRD
R[LGDWLYH FRQYHUVLRQ WHFKQLRXWKH KPRSG H\H VDISIS WL IF (
WKDQ WR VDPSOH H[WUDFWV 7KLV BY®& BQQ HEHIVFWD B /W UHYG-



VXEVHTXHQW DQDO\VLYVY DIWHU FRQKRGVAIRQ GTK H FOMQE HPRES
VHYHUDO FRPSOHPHQWDU\ PHWKRGINQWGXRKY OBNUNKIH) 72 F DVMHN I
6)3 FRDWHG WH[WLOHV WR VKRZ LWV DSSOLFDELOLW\ DQG



OHWKRGYV

1RQ WDUJHW VFUHHQLQJ 176

,Q WKH IROORZLQJ VHFWLRQ DO YRHUSM RYM G IGLXAKL Q Q FADK
H[WUDFWLRQ PHDVXUHPHQW |HDW XL DSVILRQ LRV L3 P$/6 L B QH|
GHVFULEHG 7KH IRFXV LV VHW RQZBN\KHR QR6FE QWD DHY DV S B
GLVVHUWDWLRQ 'HWDLOV FDQ EH LRXWKHLRSBK® WIHV $HBWI
$

3)$6 HHTWUDFWLRQ DQG +506 PHDVXUHP

7KH WKUHH PDWULFHV LQYHVWLJDSDBGE UG XDQ Q@ JWW KW I OFR U8
RULJLQDWHG IURP DJULFXOWXUDO ILHQGWHLPURYX /G XW\KKH ZUHF
*HUPDQ\ ZKHUH 3)$6 FRQWDPLQDWHG SDSWU>VEXGHED Y VD W\
HJ LQ 1+UHQEHUJ HW DO RU %XJ\RHQH FRQ@ WDPPHQBW H
QHDU %ULORQ 6FKDUIHQEHUJ LQ 1RUWK 5XQ@ QH :H\6W X KIDMDLLE

ZKHUH FRQWDPLQDWHG ZDVWH PDXWHHURD 6 R @W D P L\DOWSLE
VDPSOHYV RULJLQDWHG IURP SUHY L RKLNVO S UR KIHH FANH W % GBIV HD
RQOLQH LQ WKH \HDU 6DPSOHV G QWW R GPHHGV KD R 06 @ H 4
VHYHUDO KRXUV ZLWK DGGLWLR Q D/MRXBHV D DAXR Q/IDFEDOML R RV 0
HVSHFLDOO\ IRU DQLRQLF 3)$6 IURP KBWIIDHQW HQW PODHW WLHFRIW

6HOHFWHG VDPSOHV ZHUH HQULE®E RZE\GHE\DS R VPWIHRG
WKH +506 PHDVXUHPHQWY RI VDPSOHLRDWV WBBEWAD\WEBHRRU
VLQFH 176 DLPV WR GHWHFW D ZL G HSKSHFWR UXFH RIL ADIED S UK
'XH WR WKHLU VHOHFWLYLW)\ 63( DBDBQRIKG D \F BDYOHK 8 QH
HQULFKPHQW RU FOHDQXS +ROOHQGHUGBMSOB H[W UDFLVPR
PHDVXUHG E\ XVLQJ DQ $JLOHQW FXURPWW RLUR SKH U R
VIVWHP HTXLSSHBYHUNVK ® K KDVH FROXPQ $JLOHQW 3RURVE
ZLWK “P SDUWLFOH VL]H FRXSOHG WRI DQL$BEMO HAY\®) P D’
VSHFWURPHWHU ZLWK D PDVV UHVROXWERQSBP YLDDRG (B,
LQWHUIDFH 7KH DQDO\WHV ZHUH WGISDQWVSHG H2\+) DIDVEK H Q W
PO DPPRQLXP DRBHFWD WK GIHOXHQW 2  POOHF+ PQG LRQL]HC



LQ VHSDUDWH PHDVXUHPHQWYV ERMM(DL® \Q RIDWKHHUBIY S HFR
FDQ EH IRXQG LQ WKH SXEOLFDWLRQV $ $ DQG $ $

7KH DFTXLVLWLRQ ZMDWQJH ¥ QPWERKLOH PQY 0 6¥ ZHUH

DFTXLUHG WR EH DEOH WR GHWHFW GUBXGR VRN LF) 4R YXFIK R
H[DPSOM BZXDOO\ DQ DFTXLVLWLRQ UDWH IRAK X3V MVBWIX \B\N
IRU *& $3&, 472) PHDVXUHPHQWYV VSHFWDBRW | URFPH *& R
VHSDUDWLRQ 7KH 472) 06 ZDV RSHUMPWRIEBE L'Q$ LW B U BW MYKIH
LQVWUXPHQW DOJRULWKP DXW R PRIWAN R B OTOADGH\X 8 RADKIH W. R RA
P ] RI DGHWHFWHG VLJQDO LI DQ LR®D DERKH D VS UGG HVOH
DQG D GHILQHG SPEMWRIIRE AVKLW SRITHAUHGR ULRWH WK DW
WKLV FRQWH[W UHIHUV WR DQ LTAWIFWOLRQRWKD\E)EE SWHIFF
WKLY WHFKQLTXH DEXQGDQW LRQV WWH F/WXWRPM® WQ FROWRD W
QHFHVVDU\ IRU FRQILUPDWLRQ DQG7RGHKYWIK HBDMWLRIH RV H
FRYHUDJH WKH LWHUDWLYH P RGOMHPWMXPEHG DAXKG S H HFKKH VIR
IRU ZKLFKDU6DFTXLUHG LQ SUHYLRXV UXQV DHMW BDREVHTXHQ
JRU WKHUDBIPHQWDWLRQ HLWKHU D VHW RI IL[P® GROPEVRR

D OLORGMWSHQGHQW &( ZDV XVHG VR WKDW EHD¥HRWY L&QV D

Pl H® %HVLGHV XVLQJ +3/& IRU FRP SR X QG WHKS/TBWHFW HR

YRODWLOH 3)%$6 HJ )72+V ZHUKD@GEQIWDLQ GDDON WD V X% +
$3&, LQWHUIDFH ZLWK WKH 472) 06 $*& PRODXPQPPLWX D6 8
WHPSHUDWXUH JUDGLHQW ZDV XVHG IR WHSDUDWLRQ IRU

176 GDWD HYDOXDWLRQ

7R PDNH WKH GHYHORSHG ZRUNIORZY¥ FRBRAXDERKPH YV \PIRAVOMH
HYDOXDWLRQV ZHUH SHUIRUPHG RQ RSHQNVKRWKHHRBHEHQVVRI
ODQJXDJH 3\WKRQ 7KHUHIRUH RRKH BUMDHE® WLEGDWIDHI DO &N Q
WKH 3URWHR:L]JDUG LQWR RSHQ IRUPDWWHWXBRK DV PVHXDWYW®G

OF'RQDOG HW DO 7R GHWHRWOSRDZDGDW B |HDWKKH
OROHFXODU)HDWXUH([WUDFWLRQ DO JRIWADKAH | ORI VLIRK) $J I
GLITHUHQW DOJRULWKPV IURP WKH 98QZ6 WOH EVOMHEG  BIFHPH |
DO 5|vwW HW DO 6WXUP HW DOFKURPDWRJIWBRSWXE
PDVV VSHFWURPHWU\ IHDWXUWYHFD\QU B HE H W\KUHDLFROWHRK@E ULDRFRV
RI FRQVIPFXWUDYHY RI ORZ YDULDQFH FRPEHYQNX B2 UWWKHNVXIDO
WKH QDWXUDO DEXQGDQFH RI LVRWRSHNVRVXREL BRQAMHOHPH



HWF )HDWXUH GHWHFWLRQ UHVXG WV/ LUHWHQWIWRRI WILBRD
LOQWHQVLW\ 'XH WR WKH KLJK VH GWYMMIFYW. MR OR | VAHDNAHW D S HEE X
DSSOLHG WR UHPRYH EDFNJURXQG RQOKRRZBE H JX UBRIXKMHYN S\
VWHSV WR UHGXFH WKH QXPEHU RI DHEDOWMXUILHW I WMX MV 8 &
EHDU YDOXDEOH FKHPLFDO LQIRUPDWLRQ EXW DUH QRW \H\

TKHRUHWLFDO HYDOXDWLRQ RI WKH 0

'XH WR WKH LQWULQVLF SURSHUWLI®OW RIH3 ) ®FWKRQ MIUF
VXEVWLWXWHG E\ IOXRULQH IHDWXUHVRUIWID B WIRRWIKW L]HG
RI EHLQJ D 3)$6 )URP WKH DFFXUDVEB ® PWDW \R GBI OHDF WA DON X Tk
ZLGHO\ XVHG LQ PDVV VSHFWUR P RW W\K Bl QHF DUFHV HRIDA W D QUK A
PDVV ZDV GHWHUPLQHG 60HQR FDUB®RQ HYLHWRL REH PR KN |
LV GHILQHG DV ZKLOH K\GURJHQ HDIQLE L &VX/RI) [SQRHY LDW\L (
QHJDWLYH RQH 6LQFH PROHFXOD U QPWH®D EV IRIXR)L
LQVWHDG RI K\GURJHQ WKH 0' FDQPEHJRVYHONKRUSBRMALPQ @
PROHFXOHV /LX HW DO + R Z DYHHLR QW KGIX 6"\ R RROYHH B O |
PROHFXOHV WKDW VWURQJO\ H[FHHG FRQWMHQW RHV® RAH @ .
HOHPHQWY VXFK DV &0 RU %U .DXIPDQDSISWRDFK E\ QRUR DR
WKH 0' DQG WKH PDVV WR WKH QXPEHWR| FIDDVMERQN DK F|
QXPEHU & FDQ EH UHWULHYHG |URKHWK HLYRW RRIR | \WKKIH L

PRQRLVRWRSLF LQWHQVLW\ GLYRBGHG E\ \URFHRQIBW & U VR O E X

& o 9
%\ SORWWLQJ 0' & YV P & .DXIPDQ@ MMSDO D ¥WHHU 8) HSEBVO HJ R
RI WKH HQGRJHQRXV PDWUL[ IHDWXUHRYXUBRZDNVVW KOH. Y IHUWV B/C
FRQFHSW RI WKLV DSSURDFK 'XH WRLWRBM HF B\ \WXORNW DQ3H) ¢

FDUERQ 3)$$V KDYH D<xPXPKKIOLQ KHWUKPP®O WUL[ FRPSRXQGV

7R VI\VWHPDWLFDOO\ HYDOXDWH WKW DSYWDRDNFKIHRUDD G3
SULRULWL]DWLRQ LQ +506 176 GDWD D WKORUWHW QKPE HAL
FRPSRXQGV ZDV SHUIRUPHG 7KHUHIRUH DSSURMWRBWHO\
3XE&KHP GDWDEDVH DQG IURP .RFK HW DODWHG ZBWHR G\RZ
JURXSV ZKLFK ZHUH 3)$6 W\SLFDO R UND®@LVFWKRRW NKIHQ R R
'DVKERDUG DQG WKH 1250$1 QHWZRUN *DXIODMHDEBW DO @ D



QDWXUDO RUJDQLF PDWWHU 120 JURIBE WKHNVK 336V BDIQWI
VHSDUDWHG IURP ZKLFK W\SH RI RUJDQLFHFRRRHIGNW GH
H[SUHVVHG DV ) & UDWLR RU PDVV SIOUFXQWDJW ZD VZIXW KM
ZKHWKHU PROHFXODU LQIRUPDWLRDRWHEGE KE DVHEGKRIQ) W KUD W/R
IHDWXUH ZLWKLQ WKH 0" & P & SORW

JUDJPHQW PDVV GLIITHUHQFHYV

'XH WR WKH IDFW WKDW 3)$6 XVXDOWVKBK H ¥ SRR Q XFRRIR-DK
RU SHUIOXRURHWKHU FKDLQV GLIIHUHHG G\LRD SMBHRAMU 6 D
WKDW DUH SRWHQWLDOO\ IURP D 3)$6 .RH®PBIOKHMYBIOWK LV
PDVVHV Rl GLDJQRVWLF IUDJPHQWYV DW H 6FEIDWHAK H'G DZIQRK/ W
IUDJPHQWY FDQ EH XQVSHFLILF EXW IKUW @ROW FE R | WGIRZ Q DIW
XQNQRZQ 3)$6 )UDJPHQWYV GLIIHUHGPHID R IR/ HD\O VIRU B HF
XVHG IRU LGHQWLILFDWLRQ SXUSRVHWHG PRW \3)\%$$6 HFAWHQR\PL
DV WKH\ DUH VXVSHFWHG WR KDYH @QWVDOMDIJHW PYOHU GLI
IXUWKHU LQYHVWLJDWH WKH FRPSUHKHQ¥a& YO6 \)OHF VRU DP D
SULRULWL]DWLRQ PHDVXUHG /& +506 GDRWPISRKQBVDIGRHFE V
FODVVHV H[WUDFWV RI LPSUHJQDWWGE G VYRHLOV IDRE W[KHIE
LQ VRXWK ZHVWHUQ *HUPDQ\ >GHWDLONH®RG\VEDBBGU DQ@ \L
DGGLWLRQDO VSHFWOU® IURP WKH RQOLQH OLEUDU\ GDWDE]|
ZHUH FROOHFWHG 7R FDOFXODWH BOPOWRIXPVFRPISHHKB BNV
GLIIHUHQFH PDWULFHV ZHUH FDPOEFXWDWHTXEQ® RPDVNGE WRI ILH
IRU 3)$6 :LWK WKH XVH RH DDWR WIRPHED VY %DQN WKH LQI
VXFK DV PDVV WROHUDQFH RU BEWIHQNMY M L &/HKQW V KEDG RROQ\
7KH GHYHORSHG DSSURDFK ZDV XVHG WRLIOGNQWSOHY)I6Q
LGHQWLILFDWLRQ SHUIRUPDQFH ZDV FRPSDMGPWR HS BHYKR
EDVHG WRRO ZDV GHYHORSHG ZKLFKUDJI®RQW \PDDAVF &L QH UF
YHQGRU LQGHSHER GHDAWD 06PV ILOHV

176 DSSOLFDWLRQ WR FRQWDPLQDWHUC

7R SULRULWL]H DQG LGHQWLI\ SRWHRRADD IXNRRQRED BREKBW
VLWH QHDU %ULORQ 6FKDUIHQEHUU HWHK 8 FGIHY 8 ®RSBIFEK | UTRIA
GLDJQRVWLF IUDJPHQWYV VXVSHFWHFR HHQLRQD D QA VHADGA
.0' DQDO\VLV RULJLQDOO\ HV WIREO &WKSHD B\L QHQCUILWN ZD



GHWHFW 3)$6 KRPRORJRXV VIEDWAY HBEDVEWKLQ WEKNMHUYR &)
WKH .HQGULFN PDVV .0 LV FDOFXODWHG DFFRUGLQJ WR (T

&
QRPLQDO
.0 P ﬁHDVX
H[DFW

"KHUHGwovxi HITHUV WR WKH DFFXUE)R\L\/LEQgFPIﬂ-IlRW DV RH WY W B LHR P&L)Q !
WKH &HSHDWLQJ XQLW WR WIXQIGH&D FW PDVV RWE& VXEWUDFW
WKH H[DFW .0 IURP WKH QRPLQDOH® EWKIHXDOW E®R@ EH GHWHI!

.0’ .OnipPv -8rPLQDO

7KH .0' IRU D SDUWLFXODW5+6VRW KM UBHPW&F DO ZLWKLQ W
RI WKH +506 LQVWUXPHQW VLQFH UMW GHWKQPWQRG EQ
DQDO\VLV ZDV SHUIRUPHG YLD D 3\#KRIQNKE QL B\K HWIRI DEM XuLH
ZRUNIORZ ZDV DSSOLHG WR PHDVXUHRNQW\ RG VWKW HAR RPL|
ZLWK WKH GLUHFW 723 DVVD\ SF\HW IRABP HGKEDYHIB BY V¢ PR N

$IWHU IHDWXUH SULRULWL]OFRQRIQU P3H $6 DL@BG WU LLE B @
PDVV VSHFWUD LQWHUSUHWDWLRQ )RU GHWDLOV VHH SXEC

2SHQ VRXUFH 3)%$6 176 WRRO GHYHORS

BHYHUDO LQGLYLGXDO 3\WKRQ IXQFWLRY®6 WKD WXDISRY HOH |
HYHQWXDOO\ FRPELQHG LQWR DQ HW K\ WKRH XXWHH RRS H/DK RW( N E
D EDVLF JUDSKLFDO XVHU LQWHUIDPRMK H8H QLD X VGHY W R RSMIC
ZLWKRXW SURJUDPPLQJ NQRZOHGJH]G/D ZR B DRXV WRHPF MADRPH
HJ IURP YHQGRU VRIWZDUH IURP [EHN NMDEHLDQE DV KD DA
IHDWXUH GHWOIEWIFRHQ W QG EODQN FRUUHFWLRQ $6UH SHU |
IHDWXUH SULRULWL]DWLRQ LQFORGSH L0 WBDIOWV LD QW@ MIONSH
LQ WKHSD®D DQG GLDJQRVWLF IUDJPHQW PBWHRUQO6DQG
$GGLWLRQDO 3\WKRQ IXQFWLRQV RZNUMXDWLWHY 8§ WKD @ DI
EXLOGLQJ H[WUDFWHG LRQ FKUR PDO\R MECHRW DEOVOR YZLLWAKKD ¢
DQQRWDWLRQV PDWFK WKHRUHWLBBO IRUWPKDDEDXLE K& IF\RF
WR GHWHFW SRWHQWLDO LQ VRXUFH IHNDURHR\EV DIQHEL D G/
FRHOXWLRQ

7R GHPRQVWUDWH WKH IXQFWLRQDAL®V RURWK W IGHH YHIO RS
5DVWDWW DQG ODQQKHLP ZHUH H[W U D B\ HBK Bl QUED B HDDAX D HZ@
WR SHUIRUP DQ LQ GHSWK 176 WR SULRULWL]H DQG LGHQW



3)$6 176 UHYLHZ

'LWKLQ WKLY GLVVHUWDWLR QLW Kk WURIPADNQ QJIHWIHHFAK @ IUTXIHRA
ZLWK FKURPDWRJUDSKLF WHFKQLTXE8VWRXB3W MG HNVRHYE.M6Z ZL
WKDW PDLQO\ LQFOXGHG DUWLFOHWVRYVRPSMIRIPAMDQJ DQRQZ
DSSURDFKHV ZHUH FRPSLOHG ZKLOHVBEYDIQG/DJIJHYV DQG OLP

3)$6 FKDUDFWHUL]DWLRQ YLD RJL

SKRWR723 GHYHORSPHQW

6LQFH D FRPSUHKHQVLYH LGHQWLILFBWYRQERH3DEBGSWKHK b
SRO\PHULF 3)$$ SUHFXUVRUV VXFK DV &)3&%H AKKDM) DOXRQ!
H[WUDFWDEOH IURP D VDPSOH RI LQWHUHVW QMRU PIDRAQL]C
VSHFWURPHWU\ DQ R[LGDWLRQ WHFKQHYNB RBEBHGH & R @ RS
SUHFXUVRUV WR WKHLU WHUPLQDODSSGLFDREGXFWR ERVHKPL
EXW DOVR GLUHFWO\ WR WKH VOP &8 B YLWUWH G) $535QSU BE R VU WR
,Q JHQHUDO WKLV PHWKRG LV VI6MG@®MINWR W KKRZ23Y BV B\X
FDWDO\WLF QDWXUH RI 89 LUWDKH BWR B ® FAL MRQ VIVEH Q B E G
E\ WKH DPRXQW RI UHDJHQW DGGHG \DIGBWWARD WHG\W WLR Q
GLIIHUHQFHV VKRXOG KDYH VHYHUDWKEH (RUPWGE RRUGERZLRQ
$IWHU GHYHORSLQJ D VXLWDEOH VHWXSVWEHQEDDG \R RIGDQ
SUHFXUVRUV VXFK DV GL3$3V )76%4% JH&H SBHRIGSUPBAG L QMW
VXVSHQVLRQV ZLWK DQDWD\WX GHW B@ LIXPUBGRPWVELHR Q7 L) D

HTXLSSHG ZLWK D © ODPS )RU FRH{UGDWLROWHWP ZRV K\2+
LUUDGLDWHG IRU K 3)$$ SUHFXUVRWVDDQG 3QBISYLWH UH +T3)
VIVWHP FRXSOHG WR D LYXQQHIVATSMG 39 $ 6 OMMWI H W FIKQ

TXDQWLILHG LQ WKH PXOWLSOH UHR FRADMMRVQ WPUREQQ WLRNULLRXQIV 0
SHUIOXRUREXWDQRLF DQG SHUIOXRURSHQOQWDIERRS PHQW [X(
YDOLGDWLRQ WKH R[LGDWLRQ PHWKRGHZ2DRYD VWIS CBLIHSH WAR
SRO\PHU PL[WXUH DQG D WH[WLOH)3WKDWHZPWYWKKG HFDNH Q
3KRWR723

6)3 FKDUDFWHUL]J]DWLRQ LQ IXQFWLRQI

JRU D GHWDLOHG LQYHVWLJDWLRQ RDESRWEBQWHPBWOG)EY
VSHFWURPHWU\ VHYHUDO ZDWHWHRSHOOIDQ WRIXWY AE LR QDK



WR FRPSDUH VHYHUDO GLIIHUHQW RBHWRQ®D MR IFGDAHD P\M B \
RI ERWK ZDWHU DQG RLO ZHUH XVIB©&RUR GW R GL&/X U B\CKHH Z
"5 |RUPXODWLRQV DUH XVXDOO\ DEOHJWR MWSHO ERWK
6FKHOOHQEHUJHU +LO0O HWWODFWHG 7RI GV WK\ & HW UZHWHV
IRU 3)$$V DQG SRWHQWLDO XQNQRZQ 3)$6 IRU+BIE 4LD) 0
FRRSHUDWLRQ ZLWK WKH ZRUNLQJ JURKSD QR Q¥ MFX WHD FR
SHVHDUFK DQG 7HVWLQJ %$0 @ UKFHWON[R[LGH W @& HEANH WK\
3KRWR723 R[LGL]JHG E\ WKH 723 DWRW\DO KXGGBROUDE®D K
7+3 DVVD\ 1LNLIRURY D Q GX R ULLQXD 070\ PRY\R HDKW ADR/
YLD &,& >IURP WKH ZRUNLQJ JURXS &R QW D/PHRXIRWY RILHYV |
JHGHUDO ,QVWLWXWH IRU 0DW H ULRDLD W KH \BKRWRT DR G 7N R
VWULSV ZHUH R[LGL]HG IRU DW OHDQVWK HKVD®S GBH&$ \J RAH WH |
DVVD\ D PRGLILHG PHWKRG IURP /LOHIBIR%ULEBLY\ HW ORI W
ZDV PL[HG ZLWK QJ RI LVRWRSLWDQGDOBGFEHOHGJ LRIWIRM
SHUVXOIDWH PPRO RI 1D2+ DQG  PVIZPSVOHY ZHMHUSWRF
D ZDWHU EDWK IRU K DW & $IWHUEZWHKGAL ON D) S VDPOR
FOHDQHG XS YLD 63( 7KH 7+3 DVVD\LZRWRYHUIRUBEG WKFHRIR
)72+V ZHUH TXDQWLIEILHGZBIQE YHPY TXDQWLILHG YLD
GHWDLOV DQG WKH PHWKRGRORJLHEHRIR}XQ ® QG 3 X PO DNVXW k






SHVXOWY DQG 'LVE

7KH UHVXOWYV IREXVLQJ RQ GHYHOR S P HRW LIH® W § BLFIDAD MRL
E\ +506 LQ HQYLURQPHQWDO DQG SEBRGXHA® VD R$ISHY DWH V¢
IRU HDFK SXEOLFDWLRQ ¥ 7KHHUHUM SHEQ/\WHIE R QLWIKI
$ ¥$ 6HFWLRQ DQG VXPPDULRFWK R Q RS DG B & IPHIVK
RI 3)$$ SUHFXUVRU LQ SURGXFW VD BXE®W DX\ K RIDW SSD DHIL/

[ KHRUHWLFDO HYDOXDWLRQ RI W

7KH QRYHO 0' & P & DSSURDFK ILUVW SUR®RVW® VEN P D Y IPFX
HYDOXDWHG ZLWK a FKHPLFDO IRUPXODVHSREDRHEL Q
3)$6 FRPPRQ RUJDQLF FRQWDPLQDQWW DQBRIR Q@ XKENW B Q¥
EH UHWULHYHG IURP WKH LQWHQVPWY) RDWRA\RRSILW D YV LOVR
GDWD YDOXDEOH LQIRUPDWLRQ LV XVHGVXWR/WBSBFHUWH ¢
DSSURDFK 7KH KLJK QXPEHU RI FKHPLFDOVADR®P EQULYHR
SRWHQWLDOO\ RFFXUULQJ FKHPLFDONHIWUMH I/RU R X \*i&G+ 50R B
DGYDQWDJHY DQG OLPLWDWLRQV RAWMKRD 0' ReY B Q GDFS &R G 8 PiH
) FRQWHQW ZLWK RUJDQLF FRQWD P HQDIQMK/ LIQFG HR ¥ LADIV ) RE

IOXRULQH PDVV SHUFHQWDJH ) D FOSORWVYHBRUDBM LLRKK L
J)LIXUH 3)$6 ZLWK DW OHDVW D ) & WDWLRHDVW D +PPpVWY

IOXRULQH ZHUH ZHOO VHSDUDWHG |UR®PVWRSFIO RWWKHD Q'UR
H[HPSOLILHG LQ )LIJXUH F ZKLOER@RRORXWYWEYW IKDK Y HRIV Qf
&) JURXS DUH QRW VHSDUDEOH ,W LVRIQFSRKRMIGNVEWMRFR QW
D ZRUVW FDVH VFHQDULR VLQFH LQ XW>)RD@ REOB)B 6 DN XWHKP
FRPSHWHV ZLWK SRWHQWLDO 3)$6QDHTRMXIURINV FIK\H P X IF B 00 FRAH
IRU WKLV GDWD HYDOXDWLRQ $ PDMRU @ GY® QW MIKH RIID K WL
WKH ORFDWLRQ RI IHDWXUHV LV ¥RRPBAUVLWLRQ HD® G R P §R
VLPLODU FKHPLFDO IRUPXODV DUH RVVEHQXNGXXO HRIW G GMHR
SXUSRVHV )RU LQVWDQFH DQ LBRUUBYEGJRP KHLDVW O KE NWHE
DV) &0 %U , 2 3 6 RU PHWD®VQDBLFDWHE BLGKHUHDR/QWY
ZLWK QHJDWLYH 0'V (YHQ KRPRORJRXV FPRERRX G KV LW KDMQ
VLPLODU ORFDWLRQV GXH WR WKH PRUBDPHDMWRRQLW R HU



VLQFH LW FDQ VHSDUDWH K\GURFDUERQ |HEWXWKHLWRDW
"KHQHYHU D FHUWDLQ QXPEHU RI K\GWURMHDFKH® WX HR WJDQ

H[FHHGV H J DQG LV WKHGBHDRUB G HURWEHRXVO\ LQ
LV W\SLFDO IRU 3)$6 6XFK FRPSRXQGWIKRIHSHL6 KIDYH D WPF
P&RI IRUDSXUH K\GURFDUERQ DQG P & QRW KIH BH LR O K

EH GLVFDUGHG

'LWK WKH EDVLV RI D VXEVHW R 3)$6FRPSRKR DO WD KE P'F
P & GRPDLQ ZDV ELQQHG DQG WKH PHDMQIORRBUY YD PGDWE U3
DV WKH ) & UDWLR DQG ) LQ HDFK @LWQKDHW W KB Q F&X 6D @ HEG!
WR HVWLPDWH WKH QXPEHU RI IOXRULQEHDWRR\RWKMK D P H
GLG QRW VXIILFLHQWO\ FRUUHCPD & 16 R IVIKQW & XIF® RFQ \W I/ RVQ F
EH XVHG LQ WKH IXWXUH WR QDUURZ BRERODKH DPKR P LFDRE
ZLWK OHVV IDOVH SRVLWLYHV 2YHUDSURPWKIHQO0' VERP @HB B E
QXPEHU RI GHWHFWHG IHDWXUHV GXULQ®XFEHWRWX PWQ®UE
GHFUHDVHV IDOVH SRVLWLYHV IRU GREZHNWDHD RUDQ P B QWY
GLIIHUHQFH RU GLDJQRVWLF 1UDJRQ@W WPHVXE W Q&L Q¥ HY |
HDV\ WR DSSO\ WR HYHU\ +506 GDWDVHW

'HWDLOHG LQIRUPDWLRQ DQG PHWKRGRID BBSHI®E E[H $RXQ
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JUDJPHQW PDVV GLIIHUHQEHRAWW R

7R HYDOXDWH WKH XVH RI I[UDJPHQW PDVWGE&XWHWDQB RV V
D 3)$6 OBWSHFWUD SULRULWL]DWLRQ +506 VSHFWRYQGRP
FODVVHV H[WUDFWV IURP 3)$6 FRDW WG G NVRH O W DIRIRPHW K
UHJLRQ DV ZHOO DV DSSUR[LPDWHO\ Z HOUHQ RRVADO\HHGV M S|
ODVV%DQN GDWDVHW LQFOXGHG DSSURNXRDRMM®DN\O FEBEWY
VSHFWUD Rl FRPSRIQREXSZLIMMKKRQEPOO VSHFWUD PDVV GL
FRPSUHKHQVLYHO\ 7KHUHIRUH GLWMKWN QPHMROMWGILF H ¥ HZR
IRQ0O6 SHDNV SHU VSHFWUXP :LWK WKLWXER RN, VH%HUDO PI
"&+)o &) B2 &) "&)2 DQG PRGLILFDWLRQV ZHUH LGHQWLIL
GLIIHUHQFHV LQ PDQ\ 3)$6 VSHFWUBQ FHS HERGWQ J HRIH WIKFH OF
VSHFELILF REFXUUHQFHV ZHUH REVHWYWGF KW EOVMWDQFH F
ZHUH VSHFLILF DQG IRUPHG GXULQJ W) |UBQRKNOQ® DWWLERX
5i&+i &) o) ZKL@®Ho,ZDV PRUH RIWHQ REVHUYHG DQG LV WKH
VSHFWUD RI D ZLGH UDQJH RI 3)$6 FHKMNMPHFMWLEGN E(\ DAPKSHO H
PDVV GLIIHUHQFHV DUH SURYLGHG LQ )LJXUH
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+RZHYHU WKRVH SDUDPHWHUV VK RXD\ DE A XD®ON XN DG GHKH
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GLITHUHQFHV WKDW OHG WR LWV GHWHFWLRQ

,Q VXPPDU\ D PDMRU DGYDQWDJH RI WKHV | WBHP HIDRW PDK
IUDJPHQWY FDQ EH GHWHFWHG ZVWRIRXDW WQRXOQU WRSRUW
FRPSUHKHQVLYH XVH RI GLDJQRVWLBQGOLIP FQWH RV 768WX DE
LQ VRXUFH IUDJPHQWY WKH IUDJPHRS'SHADVVRIY RKDI@HD QR
DQ\PRUH 7KRVH XQNQRZQ IUDJPHQMUMWVDUWKE RDWVWQGYW HO & GH
WKH SRWHQWLDO IRU WUXH 176 DSOPROFKI\GADR T K YW GIRSH
WKDW DOORZV WD ¥ HIDUNFK IRU OB DIPHQW PDVV GLIIHUHQFF
LQVWUXPHQW 7KLV DOORZV D SULRUR® LVOMAVRQDR] SRWHQ\

'HWDLOHG LQIRUPDWLRQ DQG PHWKRGR® BB\SHIG EH $RXQ

3)$6 176 LQ VRLO IURP 15:

JRU D FKDUDFWHUL]DWLRQ RI D FRPIOHUHGE HF PGWDRDOB W
ZLWK GLDJQRVWLF IUDJPHQWY DQG .SRYVIQDD\VRVOZN D PET
FRQWDPLQDWHG DJULFXOWXUDO VQWH QHOH Y®WHGR 6 REFKHD(
RI VHOHFWHG 3)$$V ZHUH GHW HPMHGU L ®HWUKFX B | K Q@ 98 DURWPSH
ZHOO DV LQ GULQNLQJ ZDWHU LQ WZXHV HUHB EORQW BN G R/FIDV



DJULFXOWXUDO ILHOG DV D PDLQ VRX3)BI R I $\OMLKR X 1 & HWISH
RWKHU VWXGLHV WKDW LQYHVWQRJI DWKHGOW R I WWHRILFO O HOLF K X
FRPSUHKHQVLYH 176 ZDV SHUIRUPHG WKBRBHEQDQE6 VSN E&a H
5|KOHU HW DO 7KH FRPSRVHWHSWRL 023D WD QWK R PLHC
E\ WKH G723 DVVD\ SRVW 723 DQG ER® K QV BRSOWKV 1Z716 UMRV |
SRWHQWLDO XQNQRZQ 3)$6 $IWHU GDHOIWHNMEFEO WD R QR QV B (
3)$6 VSHFLILF 176 DSSURDFKHV OHG WR)$6KH R6 H Q WXE VDG
FODVVHV WKDW ZHUH QRW NQRZQLWRURFF XU KH) LVGKILOAMNL RLLHDX
LQFOXGHG HQWLUHO\ QRYHO FRP SRIQ}IGEYRMKDWSRHWH @/ R G
EHIRUH IRU RQH H[DPSOH VHH )LIJXUH 3)6$SMMWKHBI R UDF VE HRR)Q
WKH PDLQ 3)$6 FODVVHV LQ W HKH XWRIDGD O3 UG WRIX WG W R
FRQFHQWUDWLRQV FRPSDUHG WR RWRKGIUGY)$® D Q] &) )+ IRUPK
O0XQR] HW DO
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3)$6 LQ WKH VRLO 7KH JUH\ VKD ®HKG BSUMYLAXVOKLNRRZOK$6 ZKLOH )
VKRZ WKH LGHQWLILHG 3)$6 ZKHPK3D®6V R B QNG B W HG HEEDIEONIWRARDL\O L R
RI VLQJOH 3)$6 VXEGLYLGHG LQWAR 1@ @/IHY WEKOMO VFP K EREG §WD LIGF DW QR O\
PL[WXUHV )RU GHWDLOV DQG DEEUHYLDWLRQV VHH SXEOLFDWLRQ $

Fnd

6LQFH DOPRVW DOO 3)$6 FRPSULVHG \VXOUR QKPR FLXGD QMIEN
XVLQJ 3)6$ UHIHUHQFH VWDQGDUGVN$ IDRWHNONAR Q@ MHHBN KDL
LQ PRUH WKDQ W RI 3)$6 RQ WKDW \WKHD BR\PLS/RE LAKH ¥ BIP &/ ¢
ZKROH DUHD $ XQLTXH FKDUDFW HQL %WWLP RO WKKDI)I$HQER Q
WKDW LW LV GRPLQDWHG E\ SHUIOXRULD®MMEGLB)HE 3)$SB U:
SHUIOXRULQDWHG QR &+ ERQGV DQGRQ MFA& DKX\D 6 USH K B QI
LV D UDWKHU XQLTXH FKDUDFWHUQDWIR @Y @A A DIQ\S & FHBON



EH GRPLQDWHG E\ SUHFXUVRUV VXFK BDOW FSBRWHGLQLWK N
FDVH 1LFNHUVRQ HW DO 5K QKU VB XM VGIA2 3 HDW \DID: :
IRUPHG 3)&$V FRXOG EH H[SODLQHG ELRKKH VHPD UKWDY WQOLE
7KH GLVFUHSDQF\ FRXOG EH H[S O DXUMIGH B\ SHLAFKKHILY RAUKH V|
FDSWXUHG E\ WKH 176 RU E\ VIVWHPDWLR M RURERWK RPKW K
SHUIOXRULQDWHG 3)$6 ZHUH QRW WUBQVLRUPRBOIQ EMKWK &
GXH WR WKH DTXHRXV VHWXS Rl WAKWMURTRB VEEOW ERQ LD &) §
SDUWLDOO\ ORVW GXULQJ WKH VDPBOWMHW UNHKDHV 8 AZ3NVD Y X DW
& & SHUIOXRURDON\O GLDFLGV ZLWK ERRXIS D3)RB$E R J\WOH.LFU
HVWLPDWHG FRQFHQWUDWLRQ DIWHUW \G RABOR [V G DIKIMRM\ DN
IRUPHG 3)6$V a QJJ 5/KOHU +DOBWWRQMWUDWHY WKEZ}
3)$$V DOVR RWKHU 3)$6 73V FDQ EH UHOHYDQW DIWHU 723 |

2YHUDOO VLQFH PRVW RI WKH L CCHXGNY W.BI)GF 3Y) % 8 ZOIQ \H UDH/
3)$$V DW UHVSHFWLYH FKDLQWXDW WHKWH\ D®&VARDGLERKV H[EXR
FRQWDPLQDWHG WKH HFRV\VWHM DGO BH WIRH RO DB L QD W
VKRZV WKH KLJK LPSRUWDQFH RI 176 DSS DRDFIHW LRDWRL R
FRPSOH[ 3)$6 FRQWDPLQDWLRQYV EV QO BHZH WHKQMWDKH H\& 3DI\D\C
FDSWXUH OHVV WKDQ a Rl WKLV SDUWWRXD® WD @ R Q W\DLFFLOQ
VSRW

'HWDLOHG LQIRUPDWLRQ DQG PHWKRGRI® RBB\SHI®E E[H $RXQ

lea m/z = 584.8931 | RT = 7.995
2
1 )&) L b
u )’ ) )&%)
c4 —6-)
3 . o )
@) © $ o MmN 57’0.”?
> l§ s ¢ &° S8 ”’I RS
oL 1¥ £ & & 5F | R
ODWEFK ! 3)$6 GLDJQRVWLF IUDJPHQWYV
0
—
c 41
3 <
= .8 -
& Wl 5 N u‘? O 5«’
I L8 & . §
p
JLIXUH ([DPSOH RI WKH GHWHFWALIR (HBRQEFBYRISQ WR PYSIDDJ MK RV R DRDMW F

VSHFWUXP ZLWK RYHU 3)$6 VSHRWWR B LODXHRNM VWIPFS OHDYRIR@WWKH 06
HOQOWLUHO\ QRYHO 3)%$6 DR®)&RVDWKBERWHGKHWKIRZGHGJIJH VN LVEH PRIVW |
I[IUDJPHQWY FDQ EH GHWHREWRHGWILODWIZRQJ D 06



&SRPELQDWLRQ RI ZRUNIORZV LQW

7R FRPELQH VHYHUDO H[LVWLQJ DQ @ AKHMN RS GV K)BO® EBM
3Yy6FUHHQ ZDV GHYHORSHG ,W LV IXORVHSHQWIRYDFH D X
PDNH LWV XVH DV HDV\ DV SRVVLEWKH ,M)\SXW VRIF YIHQ & W URL
06 UDZ GDWD P]0/ IURP D VDPSOH D% DHPO/XQN IGOWHEF
SHUIRUPHG E\ WKH )HDWXUH)LQGHUOHWY DERHDD 28 HDW & . QW
.HQDU HW DO 5/VW HW DO PHWDRBRORPLGY\GDHVDY G
SRZHUIXO IRU VPDOO PROHFXOHV LQ JH QHA DCH OPXV DHOW RD
$IWHU IHDWXUH GUDZHERWRQLVWIKHVRBQHG WR UHVSHFW
FHUWDDQG 57 WROHUDQFH DQG D VXEVHTXHQWKDMWD Q N PFRRYU
IHDWXUHV IURP WKH VDPSOH RI LQWHHUPHB\OM WSKD IV DIDWRO VS
FRUUHFWHG IHDWXUH OLVW LV JHQRNXBKPIHG5 W KIDO\G LIQFON G Y
EXW DOVBHMBWUD DQG LVRWRSH DEXQGD Q F H\D WEKRQN QDXUPHE HU
ZKLFK LV D UHTXLUHPHQW IRU WKHGOVS® RS& D IR VBK F LQLY
SULRULWL]DWLRQ FDQ EH SHUIRUKKG T2KH\F K L QOF GX B V| MCKA
0' ILOWHULQJ VFUHHQLQJ IRUKRPER @R NWRKX 8§ UHHGHLIHL\D HE ¢
XQLWYV H J MBHDUFKLQJ IRU VSHFLILF IUDSIPHQWPPIWK IGQJI}
RI 0O/ SHFWUD ZLWK 3)$6 W\SLFDO GLDJmRXWSHAWDJIPHOMOL
D FXVWRP VXVSHFW OLVW )LJXUH SDRYWGHV RQNRKM 3YL
ZRUNIORZ
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7KH UHVXOW RI WKH ZRUNIORZ LV DDQ/QEWD WH® KHDM RUHW
SORWV VXFK PV/DORWYWKH 0' & P & SHORMWUDQGLQFH LQ 176
YHULILFDWLRQ RI IHDWXUHV ZLMK D \WFHQXVEFRMENANY KIHYB/)H-U DI
DOORZV WKH XVHU WR YLVXDOL]H WRHNQ6 RED Z7 IGIDW DQB DX
JHQHUDWLRQ RRQG,8WIMFWUD ZLWK GHWHFWHG PDVV GLI|
IUDJPHQWY DV ZHOO DV PDWFKLQRSRH WBW R/UHHM VF DVO! H LDADK/
)XUWKHUPRUH WR PDQXDOO\ FOXVWIQWHSWWHQ \WRNY RQ V)R X
HJ >O0@ >0&&2@WRJHWKHU LW LV SRVVLEOH WRWARIHJHO
RI LQWHUHVW ZLWK DOO (,&V Rl KRHRAWERUUHDWWUAY Q&Y
SRWHQWLDOO\ RULIJILQDWH IURP WKH WD FRPSRXQG *XR

7R SUHVHQW WKH ZRUNIORZ WZR ¥RLOR/L DM PURPVODIMPW H |

0 ZHUH H[WUDFWHG DQG PHDVXUHG6 BEDZBRWD2Y MG BQRF
ZLWK6BUHHQ %\ UHPRYLQJ IHDWXUHV ZVWKQ ODRNP @\ WIRE LIR
IOXRULQDWHG 3)$6 RI WKH GHWHFW NG RE B VWRIZHSRER X OXC
P & GLPHQVLRQ LV ZLWK UHVSHFWOB BBWDR VHWLDIIDIWURQ SX
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LQ WKH VRLO HIWUDFWV VWURWQROBEGIIHU IURP W\SLFDO P & UDWL

$V H[HPSOLILHG RQ VRLO OEDWKB DS SIDQBFOWLRQWRI WKH VX
ZLWK P & ! OHG WR WKH GHWHFWLR®KH GOBRRIP RO MIRXV \
VSHFWUD H[KLELWHG 3)$6 VSHFLILGFLDUDFPHOW PDNYPE QI
W LV LPSRUWDQW WR QRWH W KIS\ FNYX U BV KZHHW K5 RAMHBAGHFE MDHC
PHDVXUHPHQWY ZKHUH RWKHU SUHF X W\XR/I\$ HFDN WH\U HHQ HQ\
WHQWDWLYH KLWV E\ DFFXUDWH PDMVFZHUIHR (RRQ &V KB § R W
KLWV SULRWBPMHMG EMBXOWHG LQ WKH LGH@W L2 LWBWLHRYG R
LVRPHUV LQ WKH IRXU VRLOV VHOIXAHBURHODVV,BYW YWEKLE'G 3
IOXRURWHORPHU DON\O SKRVSKDWH GLHVYWHWFLGELIFISV
IOXRURWHORPHU VXOIRQLF DFLGV )76%$KDWEXHRWRMUHO RF B¢
DQG VLQJOH 3%$6) EDVHG FRPSRXQGV VXFK3P2AB$SHUIOXRL
HWK\OSHUIOXRUR RFWDQHVXOIRQDP LG RDFHIWLAOBRRUR R FLV
VXOIRQDPLGH HWKDQROY¥EDVHG SKRVSKDMYHGDBV@RNH GG )7
UHODWHG VXEVWDQFHV RU 73VIFRK @G EQKHE A Q WKHLHGH IQQV |
SRVVLEOH ZLWK WKH BRUHHQDWIQF® WRROUBIO3DGGXFWV D
EXW QR W\SLRQ®Y YHY® GHWHFWHG EHF DX VRP &K XQLGH DRLH
GLROV WKDW DUH XVXDOO\ QRW LRQLY® EGH PLY/ \I UG H ¥ URNU
GHWHFWHG LQ WKH VRLOV IURPVBEQBK HRLUPF RQGLIFIDLVYIDQVL R @
WKH6PAUHHQ WRRO FDQ EH HIILFLHQWO\ XVINVG/ MVRV B R B HR G X
LGHQWLILFDWLRQ LQ +506 UDZ GIXWEDD Y& HF MR EA HD \DLYD LIOX
EDWFK ILOHV

'HWDLOHG LQIRUPDWLRQ DQG PHWKRGRI BB SHIE EH $RXQ
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YLIXUH 2YHUYLHZ RI WKH L GIHIGWUI VHRE CBY $16J R©® I\DVGHIK HQPWIKQ G 5DV W I

HDFK FRPSRXQG FODVYV ZHUH QRURADCRI] MK AV R LW K H VR XKKRPROD BHOHN DD D «
UHODWLYH FRPSDULVRQ

3)$6 +506 UHYLHZ

'XULQJ WKLV GLVVHUWDWLRQ ,HZDNUS\DLUF\® HR G ZVE YW\L\OLIQD B
OLPLWDWLRQV RI SURPLVLQJ WHFKQWIXHNDMURY) 5\ FKURPI
WHFEKQLTXHV /& DQG *& FRXSOHGVWRDASEE& HSHM X DM QUK H P
PHWKRGV UHOGDWWDRQX®O VFDQ ZHUH 0' ILOWHWLBPJI .0' DQ
DSSURDFK FKHPLFDO IRUPXOD DVVRZRQPBEQVE WW R WLHRQVR L
FRPSRXQGVY DQG VXVSHFW VFUHHBWYD ON&DEW DOV RDMVYFIOXQ
VSDFH GLDJQRVWLF IUDJPHQWYV DQG DCPDH/ \L PGSLR UNAUDHQ@W HW HFR
$QRWKHU SURPLVLQJ DSSURDFK LV WKHFXRXN B OHLGV KUHIJI R+
SURILOHV RI 3)$6 VSHFLILF LQ VRXUFHLQU®HPHQ®NQRW DIEDX
''$ WR ORFDWH 57 UDQJHV ZKHUWLSIRWKNQGHDLF ¥ HG HQ XMIb
UHFHQW LQVWUXPHQWDO DGYDQFH¥6WKDWD DVXG KD Q@ R WLKRHQU |
VSHFWURPHWU\ ,06 FDQ IXUWKHU DPEURYH DEBOWLR. KDH\S
LQVWDQFH LPSRUWDQW DQG RIWHQ LJQRUHG 3)$6 LVRPHUV



2YHUDOO PRUH WKDQ QRYHO 3)$6RQRHBW GHQWEKH. HI
KLIJKOLJKWLQJ WKH LPSRUWDQFH RIQIGRZDNRE FDUFW WIRG AR Q
WDUJHW VFUHHQLQJ /LX HW DO

'HWDLOHG LQIRUPDWLRQ DQG PHWKRGRI BB SHIE EH $RXQ

YLIXUH 2YHUYLHZ Rl WKH PRV WL GPRUWLLFOW LSRUQ FOBLSVIR D MKLHR\Q XOUHG
FKURPDWRJUDSKLF WHFKQLTXHV FRXSKOGGUWRN+BD& V$E B UHHPWIL D WE RIQR/P R
57 UHWHQWLRQ WLPH 0' PDVPIBWHMWV 'BOWRQER® DBDRPD BHSHQGHQW
GDWD LQGHSHQGHQW DFTXLVLWLRQ

SUHFXUVRU R[LGDWLRQ YLD 89 71

$V DQ DOWHUQDWLYH WR WKH H[L\2W LUDIGZEBD CDN VDR FZ KA
GHFRPSRVLWLRQ Rl SHUR[RGLVXOIDWHRDW)®$ KLUKFX+ VRWU \R
§3KRWR723" ZDV GHYHORSHG ZKLFKROQHRILREY RMGEKRW R FD\D
(VWLPDWLQJ FRQFHQWUDWLRQV RI SBERFROWRHQWDD\RDSGD
FRQYHQWLRQDO H[WUDFWLRQ DQG PPRYHWSHFWURPWWQEH
LRQL]DEOH RU QRQ H[WUDFWDEOH BHFPHRUY WMDRDB Vb
FRQYHUVLRQ ZLWK WKH 3KRWR723 VHWE&BW WRRQ2Q X)R$ R
ZDV SRVVLEOH UHVXOWLQJ LQ D FORWH)T 6BVV\3)RBHDROB |
(W)26$$ E\ WUDQVIRUPDWLRQ WR 3)&$VR)LWKHH KRPW RY PD M\
IDFW WKDW WKH SHUIOXRURDON\@® FRDR QG RUH )RRV W[D\P 5K



R[LGDWLRQ RI )76$ SHUIOXRULQIPRN® 6D BERQZRWRP P H
WKDW RRQGILW) ZDV R[LGL]HG DV 3)2$ KDV SHUIORBUDQDWI
FDUER[\OLF DFLG JURXS OLQRU IERFWWREWRLWIQHD OLBBGHD
OHQJWK SHUIOXRURQRQDQRLF DFLG RXQRWH MKRUWHQ@HG 7
DOORZV WR SDUWLDOO\ HOXFLGDW K PRKH F & XHQWRH @ XKW KD E
DQ\ VDOWY WKH VXEVHTXHQW VDPSROMVIPHSD EFRWS R QHGN W E
DVVD\ DQG DOORZ GLUHFW L Q MH.RWKLRRXQV Z& MWWKF B R BLYGIMWILLERX |
EHQHILFLDO HVSHFLDOO\ IRU FRPSOH[ VDPOOSHWHEKHURUQYF
WKHUHIRUH RQ H[SHFWHG R[LGDWLRRQD®OURIBXFW W LR1 BWKDHL G
LV WKH SKRWRFDWDO\WLF QDWXUH) RV KWK F23+DWVN G L FROQCD S D
DPRXQW RI R[LGL]LQJ DJHQW LV DYDRODE GN RWIKHULARPBQ X
3)$$ SUHFXUVRUV LQ FDVH RI KLJK GQVWREBYIHKRWRIRYLW KD
WLPH FDQ EH HWHQGHG DQG WKH,Q+WKHRLADW KS VY RFEDXF \E HI
DOO SUHFEXUVRUV DUH TXDQW LW DWKI\H® K RKIOGL JHHG LR FBY $\$
GHWDLO LQ WKH IXWXUH

7R SUHVHQW WKH FRQVHUYDWLRQ RFXWKHR B ¥ CALQV & HPQRIWWHK
UHDO VDPSOHV H[WUDFWV RI 3)$6 FRDWBEGZSD SHH Y LARXM
R[LGL]JHG DQG WKH IRUPHG 3)$$ FKWKQVBHQIWKVXZMRH FRE
JLIXUH E 'LUHFW R[LGDWLRQ RI VHOHFWHG SDSHUV ZDV

JLIXUH D ODVV EDODQFH RI WK® SRUBFXG VR EEYVDIWRHU DNQRAESOLFDW
R[LGDWLRQ IRU KRXUV E 1RQRPEH]H3E SHRSIVDNIMOHUI RIKHRYWHRY 23 R[LGEL
SHDN DUHDV RI GLITHUHQW SUHFXDYR® WL UHER VSDYSHID R[E6G B WU R} W TUKDHF \
WKH SHUIOXRURDON\O FKDLQ OHRYWWKINORD B UMHHX WRY RGN WLNYH AFRRE@WHHUUWH



7KLV VKRZV WKDW HYHQ LQ FDVHQRRUFPTPBIOR) RIQYVBXUWHY X R
OHQJWKYV RI XQNQRZQ SUHFXUVRUV YYD @D IGXIHE®R WK HVUIL
DQG ELRDFFXPXODWLRQ SRWHQWLDO RKHORTA HRUFWIKIHQ 33 $:
SUHFXUVRUV LQ WKH SDSHU VDPSOHGVER RENEWLHOBSVHV

)LQDOO\ D FRPPHUFLDO SRO\PHULF ®)\W6 VWU DG GH® WK D
FRDWLQJ IRU GLIIHUHQW SURGXFWVFINGIG DVRVEHVER B WH® I
ZHUH LQYHVWLJDWHG ZLWK WKH BERWRY 33 $6KFHRX 6 PNVEHD FOWE
WKH H[WUDFWV $IWHU GLUHFW3R$%GDRURIPG KIKIKF K RAKREZYW
QRQ H[WUDFWDEOH DQG SRWHQWLDOO\ GRQ3KRW@WR DED H6 S
FRPSRXQGV DUH YHU\ LPSRUWDQW EHFDK\V 7% KH\S DB B FKIN
DOWKRXJK WKH\ FDQ EH SUHVHQWDIL@MGKWKKI FRBEH @OV RVWLKR
ERWK YRODWLOH )72+V LQ LQGRRWDO®@BIIRQPEYWR WHKH HIQ'

'HWDLOHG LQIRUPDWLRQ DQG PHWKRGRI® RBBSHI®E E[H $RXQ

&SKDUDFWHUL]DWLRQ RI 6)3V LQ W

7R FRPSDUH WKH SHUIRUPDQFH RI WKHH@MNDHQ RSHIEK @K K WHR
FKDUDFWHUL]DWLRQ RI 6)3V LQ IXGPWLRODID WH/[SHOMNG W
IOXRULQDWHG GXUDEOH ZDWHU UHSHOOHQ3W D5 HPRDVDIOXN
DPHQDEOH WR PDVV VSHFWURPHWU\ BUGFFHRWEKE HSHUOO XERWXI
SRO\PHU EDFNERQH 7KHUHIRUH W KSD\UDMLHD @ OW K fWUQR @/ BIE
ZHLJKWV DUH WRR KLJK IRU (6, RYIERHSIHGY 2R U HGV KIRIZJHHD WX\
IDEULF XPEUHOOD IDEULF DZQLQJ IDEULF RXM®RRWY DAL
SULRULWL]HG E\ FRQWDFW DQJOH P HDHXG PHOM R GV VEZ K RH
(IWUDFWV ZHUH VFUHHQHG IRU 3)$$\ROLGE® W WK K \FCRIARRR @ L3,
ZHUH GLUHFWO\ R[LGL]HG DQG KGG RO 8 HIBQGL D B& RWIRR'Q B O
PHDVXUHPHQWY ZHUH SHUIRUPHG QWERROG HHWKRZAQLW & 0L
RI 3)$$V DV ZHOO DV (2) ZHUH QRW DEBHR WM GRPSOXRHDYH
LQ WKH WH[WLOHV $IWHU R[LGDWLRF ROXKIGIURDO \ Y QVW KH H
RU )72+V LQFUHDVHG E\ D IDFWRU Rl FRPODON G QR MDIM
SUHVHQFH Rl QRQ H[WUDFWDEOH 6R3V6)3XH GKDKB W H W WKt
GHVFULEHG EHVW E\ WKH 7+3 DVWWX MV FRH WHKBYRIGLAKE QCS |
K\GURO\]HG $OVR WKH 3KRWR72BKRHWHIDLBG WG P FKK B HG



W VKRXOG EH QRWHG WKDW AWVKH3UHWAXODWY PBVYR VG OGIHAF
K\GURO\VLVY FRPSDUHG WR 2+ UDGLFDOV LQ FDVH RI G723 D
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YLIXUH &RPSDULVRQ Rl FRQFHQVWRWEIPW GRIQR R IDEB)XGVFDPE B DP2RYV 3KRW R

EOXH DQG 7+3 UHG LQ WKH WIHWHOMKDW LQ WIRKHED/VH RI 3)&$V W
LQFOXGLQJ FDUER[\OLF DFLG ZKLOKRIRY H J+V3IWXH SHUIOXRURDON\O
H J )72+ & 7KH 3SKRWR7 Y3 ADR/HDEDLIHY WsR B RKVRHIR R OW\ G VAKIB U QVW
KLIKOLJKW VHPL TXDQWLILHG )72+V

$ FRUUHODWLRQ EHWZHHQ WKH IRUPHG BRRWK RWHQG3IKR)
PHDVXUHPHQWY ZDV REVHUYHG )LJKOHRZH U: KR DHUW KLHP D2 HX
WKH 7) FRXOG EH H[SODLQHG E\ |0OKR WLKQMD WHG DM G¥HH FKID\!
SUHYLRXV VWXGLHV WKH H[SODLQDRGH DY YIQDVBK&S$UIRQ PHD \

ILDJNRXULGLV HW DO 2 Y HYID/O DQ WWHKHH FARH)] FVH.Q@WM Y T
FRPSDUDEOH UDQJH FRPSDUHG WR RWKH\WUUDWX 8 LIWR P) R/Q 4R\
RYHU a PJDQW IRU 7) IURP /24 WR !ZKLORJ WKHH (2) DQG
3)$6 LQ H{WUDFWV ZHUH GHWHFWKGS B'WR & X K] ¢ RIBHOUP RX Q AH
Rl IOXRULQH LQ WKH LQYHVWLJIJDWHG/UBRWLIROHV Z@Y L
R[LGDWLRQ K\GURO\VLV 7) :LWK RYWKHRRH RBYW SRQFHQ
SHUIOXRURDON\O VLGH FKDLQV ZDV GHWHENWHG EQ WIQH R
6WDQGDUG 6XFK FHUWLILFDWHY DHHIXUAMXRBOO\KEDK® G |
LPSRUWDQFH RI PHWKRGV VXFK DV 3KRWWR723@ FRTZBORY LIRY
VWXG\ VKRZV WKDW HYHQ ZLW KHFKWW B UFMWDRKXV D 0 R Q3IVFKDH
KLJK DPRXQWV LQ FRQVXPHU S U RGMXF W)\ W XFHK 1D W KRZ @ MORH }



3)$$V DQG )72+V LQWR WKH HQ YH DRGPHQS\H 5 XIQ QY TV KWHHLLU Ve
LQVWDQFH LQ ZDVWH LQFLQHWWLRQVRR @ DIQ\EIDOOV 6 F KM
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YLIXUH &RUUHODWLRQ RI I10XBYLRIMWHQ WKRIWRIR R DR BHE33R[LGDWI

7) DQG (2) PHDVXUHPHQWY &RPSDUHGFROQWKIZYLRQ &) OV RWRV 37 R $'8 W
SRVVLEOH YLD R[LGDWLRQ ZKH® GIKUWHP WDV X0USHSD ()G ZWR MXKAK VOHR[ZAHLD
H[WUDFWLRQ RI 6)3V ZKLFK LWDOWR RQVCHFW&EYENQREA ERIIKHYH[WLO
3KRWR723 PHDVXUHPHQWYV FRUUHWS RQGRXR BWE G DADVOH YDRSWVLLIQ HUUL
IRU (2) DQG 7) WKH\ UHSUHVHQW WULSOLFDWH PHDVXUHPHQWYV






&RQFOXVLRQV DQC

,Q WKLV GLVVHUWDWLRQ ERWK 1R6 B)ISURDFRASAR[ WDKRIS C
GHYHORSHG DQG DSSOLHG DV ZHOO RV GIXW P R BDIQIGR IQWGHILR\C
XVHG WR XQUDYHO 3)$6 WKDW DUH RPKNI/QO\'GRBWQD PIH® DWE&F
P & DSSURDFK WKDW QRUPDOL]JHV WEWXRD\GY PONVNH FV\R 0/ K H
QXPEHU & ZKLFK FDQ EH HVWLPDWH G IDRWP MMIHO X\DRWHRES D B (
WR EH DEOH WR UHPRYH ODUJH IUDFWIRDRW RUEDFNDIWRX QR
YHU\ ORZ IOXRULQDWHG FRPSRXQGWHGXEW IURHY X Q WIREG S@HI
WKH GHWHFMWBG®$ DOORZLQJ GRZQVWUHDP D $ISSRWDIFW HYHZ
GHWHFWLRQV 7R SHWURULRVDI®WR.RE® IUDJPHQW PDVV GLIIF
GLDJQRVWLF IUDJPHQWYV WR GHWHRW K THRWJIKD SWREWER QL]
GHYHORSHG 176 DSSURDFKHV DQ HIILHIHGW6 SUD WD MWD Vi
SRVVLEOH DQG VRLO FRQWDPLQDWLRQVWMVW BKDURG WD
FRQWDPLQDWHG VLWH LQ % UL ORHQGFLK D EDMQRMURB | TIQL W R\ |
VLQJOH 3)$6 ZKLFK DOVR LQFOXNGHGKDMYBEHDI® QRW HOH S R66W
VRLO IURP %ULORQ 6FKDUIHQEHUJ LWIKD Q@ WoL A0F\D WR R B LD HSS
VKRZHG WKDW PRUH WKDQ a RI WKH 3)38JHMUBD GOXA\VE RR
FRXOG FOHDUO\ GHPRQVWUDWH WKH WKSRIUWDQ W RG DNE 06 +
WR FKDUDFWHUL]H FRPSOH[ 3)$6 FRQMED WRQ /U URBW D@ PR\
RIWHQ PLVVHG VLJQLILFDQW IUDRWLIR W FRIUDWE LIEQR QK \
LGHQWLILHG DQDO\VWHV FDQQRMNVEH G®LQHFWWOVY BHWHUP LO S|
EHFDXVH PHWKRGYV WKDW UHO\ RQ UHIRUMBG HX QWD QIE DWRG NF
IUDFWLRQV RI WKH 3)$6 IRXQG LQ WKH HQYLURQPHQW
(YHQWXDOO\ VHYHUDO 176 PHWKRG VL QIDWL G2HDUHD \X B
GLVVHUWDWLRQ ZHUH FRPELQHG L@®WRE& @HKH HQV WK ZWV HV GR
DFFHVVLEOH DQG FDQ HDVLO\ EH XVRG E)$RWREU ,WQDRU
LQGHSHQGHQWO\ RQ WKH XVHG P D&N S\HSHFMQVR DHFW XILF LYW @
UDZ GDWD /& DQG *& ZLWK (6, RU $B.ER Q DDIEs DIDHOQRVE B VE RYAHK
2SHQ VRXUFH VRIWZDUH LV DQ LPSRUWD®Q®WHSD®MQ RIL M R B
RUJDQLF FRQWDPLQDQWY LQ WKH HQY HURQIBHE@WS X B QEO HE |
DFFHOHUDWHY WKH GLVFRYHU\ Rl QHZ FRPSRXQGV



IHYHUWKHOHVYV WKHUH DUH VWW®O W IQFHME WRRBN D Q GIY
IXWXUH $OWKRXJK PDQ\ 3)$6 FRXOLAR @ HR L GHIQW LXIOHN®D RE R M
GLIILFXOW DQG WLPH FRQVXPLQJ \KIDQ@FGA\ LOD @ X\W B QL & B @ W\LF
VWUXFWXUH HOXFLGDWLRQ DUH YHW WO GIRXNUDSQ 8 WIHW XK
VSHFWUD 7KHUHIRUH LW LV YHUWRIQMS R QW DIOQAD RWRDWHHSR U
VSHFWUD LQWR SXEOLFO\ DYDLODEOHD GDLVODEDRBIW L\RG R @
NQRZQ FRPSRXQGV LV PLVVLQJ LQ FKBRIQADIOLEDWDE QR VIHW |
FRQVXPLQJ ZKLOH DFFHVV WR WKHEDWLMRDX ¥ WX VNV SHFOWR ¥ F

)XUWKHUPRUH IRU FRQIVGHGW UL B QW D ISACHUHRTX LYVE W H 7
XVXDOO\ FRYHU RQO\ D IUDFWLRQ R)$W KH SHRWHFW A B QLR
GHWHFWHG VLQFH WKH\ FDQ EHWPL VAKIQI RIDNWY HP DG X B DU HX
H[SHULPHQWY QHFHVVDU\ 7R RYHUBRSH QGHYW. QFR R B5DIHM
DSSURDFKHV FRXOG EH XVHG ZKLFK LQ/SU$ @HL\S DWH W RIGUX-
FRPSOH[ WKDQ '"'$ DQG WKH UHODWLRQ WISWEWHQ &V HFRW V.
KRZHYHU PRUH DGYDQFHG GDWD SUWRKHVIXMQXJUBIOW R U RWKH @
DQ HYHQ ZLGHU UDQJH RI 3)$6 3RMDH® W LADAO D OIVUM FHH Q B/SFK
GDWD WR H[WUDFW IUDJPHQWYV RIlUR W HWXR/W. Q/X\I WGDRRIPS E

$QRWKHU LPSRUWDQW DVSHFW RI FRR®UMKHGVEM WO F WL R
LV WKH XVDJH RI RWKHU FKURPDWRJUDSKXSHURSDWDAL®
FKURPDWRJUDSK\ 6)& RU *& WKDW DO ORIKWSKRO BRYWU DIHG
K\GURSKRELFLW\ UHVSHFWLYHO\ HKNVWXERXWOGVEAFHRQYL
GHWHFWHG E\ WKH XVHG LQVWUXMHGQWDP® HPHMXK RVEW EHY @RI
GDWD SURFHVVLQJ DSSURDFK ZLOO URIFRD WRHUM R UM VHISDQ
LRQ PRELOLW\ VSHFWURPHWU\ LV FUHDND BEH ARW NKRXO &
GHWHFWDEOH DQDO\WHV 7KHUH DUH R/I PR D SDWYRVERP
DOORZ D GLIIHUHQW SHUVSHFWLYH RQVBR MW RD O Q &/XRIL
LQFUHDVH WKH FKHPLFDO LQIRUPDWLRQ ZKHQ FRPELQHG Z|

,Q WKH VHFRQG SDUW Rl WKLV GLRQHAKMPWERQ FRIDWHIWNQ
WKH GHYHORSHG 3KRWR723 DQG WKH VIKX®D GDR BP$6N W K DAY Dt
H[WUDFWDEOH DQG DUH WKHUHIRUH R BMHF® WORPW \F R QN LGHM
XVHG 7KLV IXUWKHU ZLGHQV WKH DRWODWHFQRWZ L@R®R ZD E
3KRWR723 DVVD\ JHQHUDWHG UHOHY GWVMURERWUWRRYD RIX
ZKRVH VWUXFWXUH ZDV XQNQRZQ $DPNKRRIK B RNXADLEW HWLDQ
VDPSOHV WKH DSSOLFDWLRQ RI ORQJPHRYRIXWK RQLG DRILR R H



LQ VLGH FKDLQ IOXRULQDWHG SREWPHUY Y BIW L RKVFKWDWL
GLVFUHSDQF\ EHWZHHQ IOXRULQH VXWHSD FRPISWXQE VDG
VLIQLILFDQWO\ ODUJH LQ PDQ\ HQ YDLRISRIHH Q W\ ® UIHQ TR URIQY
LQYHVWHG LQ RSWLPL]DWLRQ DQG HONDQSG BQGEKDI\WLRRORFF
WRZDUGV IXO0O\ TXDQWLWDWLYH LQIRLWDRQ R 8 Q6IHDWAKGE &M
FRQYHUVLRQ LV KLJKO\ YDOXDEOH B DR LPRRW FROMKLHRWD V X R LY/
FDQ VHUYH DOVR DV D SULRULWL]DWIKRRW R UV WEW K DX ® W\
WKH LGHQWLW)\ RI 3)$6 WKDW | FBUWR O/\WH. \G B WRIG WGV R [1LKG-D M
VKRXOG KDYH UDWKHU PLOG FRQGLWDRQRWRWSRADIEOW E
DEOH WR DQVZHU TXDQWLWDWLYHD WXHPWRBQYD QW) WR QF\OH
FRPSOHPHQWDU\ WRROV WR JDLQ D GHRBRBY$SXKQRKQEWMQ @
HQYLURQPHQW DQG ELRWD

S5REXVW DQDO\WLFDO DSSURDFKHV DUH WHMLE D @ VVDIRRIX\Y K
DQG FDQ SURYLGH WKH UHTXLUHG LROQRUPDWR RSU R/GXB AW RO
PRELOH DQG SHUVLVWHQW FKHPLEBOW VX FW KIDW 3Y$6G X 18 Q
WKH VRXUFH LV DOZD\V PRUH HIILFLGR M 6 BGSHRNDWE HIPH ¥ WI
WKH HQYLURQPHQW ,Q IDFW WKWK D@ W WIHHD ¥ R QOVEXDHD OV [LAP
DQG FRVW 7KLV LV LPSUHVVDYOHOKRQW B P WQDW/IHREQ ER |WAKKIH O
6FKDUIHQEHUJ FDVHYV






SHIHUHQFHYV

$KPDGLUHVNHW\ $ ‘D 6LOYD W6 5 $7REZRORQBEULHOH<RY 0
(YDOXDWLRQ RI HHITWUDFWLRQ ZRUNMNIDRZUYJE USRRODIQWR
VXEVWDQFHV $ FDVH VWXG\ XVLEFRL VIRUDD O GNPD'EHR® WR D

KWWSV GRL RUJ M VFLWRWHQY
$SKUHQV / 3ROVIOXRURDON\O FRIPGRX QGIWHIYQ HZKRI DVKHDMIL R |
IDWHQYLURQ ORQLW KWWSV GRL RUJ F HP H
$SKUHQV / %XQGVFKXK 0 \  POMVGHSBIQ GO IR H RW T NRIOS\RCE VW D
HQYLURQPHQW DIQYUHRQHZ 7R[LFRO  &KHP
KWWSV GRL RUJ HWF
$UR 5 (ULNVVRQ 8 .IUUPDQ <$IX@KHQ:)< :DQJ JOXRULQH 0D
$QDO\VLV Rl (IIOXHQW DQG 60X&BAH6IURPWRUGLF &RXQWUL
KWWSV GRL RUJ DFVHVWZDWHU F

$UR 5 (ULNVVRQ 8 .DUUPDQ $: <DNREVVR@UDFWREREJIJRUJID
DQDO\VLYV $ ZD\ WR VFUHHQ IR U HWORHMWDMHG! FHRW WIRA. S B O\ K
(OYLURQ ,QW KWWSV GRL RUJ M HQYLQW

$UR 5 (ULNVVRQ 8 .DUUPDQ $2UJDHPRQOXRULQH 0ODVV %DOD
'KROH %ORRG 6DPSOHV LQ 5HDDWIRROQEWR ZMAGHRIOD QG $JH
KWWSV GRL RUJ DFV HVW F

%DU]JHQ +DQVRQ . $ S5REHUWWY 6 & FWKRINHS$6 5REWHOO 1
JHUIJXVRQ 3 / +LJJLQV & 3'LVPRMBG\ RI $ &ODVVHV RI
3RO\IOXRURDON\O 6 XEVWDQFHV LRDRYWR))VF DD G THHR XP\S PLF

*URXQGZDWHQYLURQ 6FL 7HFKQRO
KWWSV GRL RUJ DFV HVW E

0 - , : -

WHQVNLQ 3 NRQRPRX 0 * *REEORVIJUBYH RXGQHK 0 26VHUY

QRYHO 3)26 SUHFXUVRU WKH SHUIOXRURBRWWAH 6MPASRQD
GLHVWHU LQ PDULQ®YLOR@LPHIAWVHFKQRO
KWWSV GRL RUJ HV P

%UHQGHO 6 )JHWWHU ( LHWERGQJIJ@HWLSUNH / 6KRUW FKDLQ S
HQYLURQPHQWDO FRQFHUQV DQG D (WQHIXGOION REL XNAUDW H J
KWWSV GRL RUJ Vv

%UHQQDQ 1 0 (YDQV $ % )WRN] +ROVWHDN 6 7UHQGV LQ
RI 3HU DQG 3RO\VIOXRURDON\O 6XEV@IVQFHWLIREO 58 16 BREIX
KWWSV GRL RUJ LMHUSK

%UXQQ + $UQROG * . JUQHWU .5ESSH@DCGHQBWMLIKLQKIXV 3)$
FKHPLFDOV!SHUVLVWHQW ELRDFFXPXWDWX YV HDDGGWKRIEQE H C



SKDVH RXW DQG UHPHGLDWLRXY RARDREW BVPIOQ B WIHGD A/H. W H X

KWWSV GRL RUJ Vv
%XFN 5 & )JUDQNOLQ - &RDUMHQV 8, BRGGHHWRRIW 3 -HQVHQ
ODEXU\ 6 $ YDQ /HHXZHQ 6 3 | O X FBWIRIDOXR O RDXEN WD DI
HQYLURQPHQW WHUPLQRORJ\QIFODWYYOMNWFDADL BYVBRG (ROUJLI.
KWWSV GRL RUJ LHDP

%XJVHO % %DXHU 5 +HUYUPIHRMHU) &DLHU /& ¥506 VFUHHQLAQ.
SROVIOXRULQDWHG DON\O VXEVWDQFHV DBQ%6 FRQWPBUGD B

$0DO %LRDODO &KHP KWWSV GRL RUJ Vv

%XJVHO % =ZLHQHU & ROAN& MG G/ BHWHQXRURDI BN\O VXEVWE
VRLO E\ .HQGULFN PRIDVW DRODRDYDY &EKHP
KWWSV GRL RUJ Vv

&DKXDV / OXHQVWHUPDQ ' - 1LP7LWDOOH\ SHPUGRIHGBG - $
6RXUFH RI 9RODWLOH 3)$6 LQ $EDVWKRRQYREGW D Q KMEIFIHYFRN H O
6FL 7HFKQRO KWWSV GRL RUJ DFV HVW F

&KDPEHUV 0 & ODFOHDQ % HWRDRH'S5 HUMXE®PIQQ 65X6DWWR
3UDWW % (JHUWVRQ - +RIl 6KXORIVQHU "YUHDN@®D@® 1%l
%UXVQLDN 0 < 3DXOVH &D@UHDWRXOGQRVYKQHWBHAPRXU 6
/ 0 J/HIHEYUH % .XKOPDQQ 'MWGRDPUR -+HPBQ@BYU B +X
/IDQJULGJH - &RQQROO\ % O\WK-DG'HMWWFK+ROO\O0RU[MNH 5
$JXV ' % ODF&RVV 0 7DEE ' / FURDOGIOONWIRUP WRBON
VSHFWURPHWU\ DQG IDIWRWBRRIUFNFKQRO
KWWSV GRL RUJ QEW

&LRQL / 30DVVPDQQ 0 %H®VNLO 5\0DQ@EBRHOK& $HLNIRRURY ¢

+HUINH JOXRULQH 0DVV %MORDULFRIH L(QWOREWDE T

YJOXRULQH 2[LGL]DEOH 3UHFXUVROW\DO @& EADWD BWH3H U QDIRR
BHUXP IURP WKH 7URPVR 3RSXODWUYRLLRQ 6FL 7HBRGRO

KWWSV GRL RUJ DFV HVW F
&RXVLQV , 7 'H:LWW - & HOINH ' F(ROBHDPDRN 1J & $ 6FK
'DQJ = 7KH KLJK SHUVLVW HRUF AV RH 13)$B DLQYDV K A HBLWH QV
FODOWLURQ 6FL 3URFHVV ,PSDFKWWSV GRL RUJ G HP
'(RQ - & ODEXU\ 6 $ ([BORRIL @ X AME HJERWXURXWR St

FDUER[\ODWHV 3)&$V HYDOXDWLOQOWERWPDNWLRQ LRPILQR W\UF
SKRVSKDWH HVWHUV SRBYLURQ WHMBPIOWBW3IHUVSHFW
KWWSV GRL RUJ HKS

"(RQ - & ODEXU\ 6 $ SURGXEFBRR[RQLRIDFHGNO XRE&BYD V
ELRWUDQVIRUPDWLRQ RI SRO\IOXRURDOINQO GRRWSKDRIHKXR
FRQWDPEQPMUR@ 6FL 7THFKQRO KWWSV GRL RUJ HV

"(RQ - & ODEXU\ 6 $ , W LLI®DG L UFDFQW HE R RWWXULHE XOW R U
SHUIOXRULQDWHG DFLGV (RENMRY H GF LL Q7 HEKRIDRTV "
KWWSV GRL RUJ HV \



'H 6LOYD $ 2 S$UPLWDJIH - B &UXWRMU7%BUQDVWXQFBX : &
HOO\ % 1J & 5REXFN $ 66D ®OHUMEY® HU 07 ) 3)$6 (
3DWKZD\V IRU +XPDQV DQG :LOGOLRHOH GAWH VDIV LM\ RID & X
8QGHUVWOQLURQ 7R[LFRO &KHPKWWSV GRL RUJ HWF

'"HXWVFK ( : JLOH IRUPDWYV SHRRAPRRROH VW ¥R & UKRNFHIRPY RW H R /
KWWSV GRL RUJ PFS 5

' 5(&7,9( (8 "5(87,9( (8 2) 7+( (8523(%$1 385/,80/(.
$1' 2) 7+( &281&JILFLDO -RXUQDO RI WKH (XURSHDQ 8Q
OH[ HXURSD HX OHJDO FRQWHQW (1 7;7 3') "XUL &(/(; /

'RGGV - 1 $OH[DQGHU 1 / W O0.L5UNEZRKELQV, =)BVWBDSSH ' ¢
( 6 JURP 3HVWLFLGHV WR BENWDRG® A8 V3 RN | ONCRONXID/DINR
7DUJHWHG DQG 8QWDUJHWHG 0DVV 6 BW O RPKHIWPU\ OHWKRG

KWWSV GRL RUJ DFV DQDOFKHP F

(&+$ (&+% SXEOLVKHV 3)$6 UHVHIRMBUHRIPC SURSRVDAUF
KWWSV HFKD HXURSD HX GH HFKD SXEOLVKHV SIDV UHVW!I

(ULNVVRQ 8 +DJOXQG 3 DRUPBOSHPHFXUVRREWPSESEXWEGYV W
SHU DQG SRO\VOXRURDON\O VXEVWCOQ¥FRNQW)$EOW QWR P :ZD3\
(OYLURQ 6FL KWWSV GRL RUJ M MHV

(YLFK 0 * 'DYLV 0 - % OFSZRAHWPDG@ -$BUHQDBSH ' 5 8 /L
6SHWK 7 ) 7HEHV 6WHYHQV & :HEWU\QDU O0+H-QGHUWMIRQ
‘DVKLQJWRQ - : 3HU DQG SRW®WW B XRYRIBEDABHFEXE V V

HDEJ KWWSV GRL RUJ VFLHQFH DEJ

*DLQHYV [ * 7 +LVWRULFDO BQSR6XOXRQWDOWD OHVKXIE 8 WD (
OLWHUDWSUH, QYOG KWWSV GRL RUJ DMLP

*DXWKLHU - 5 ODEXU\ 6 $ O X RAH.QW L& R QW DA@N. QR Z&KR }
(QYLURQPHQWDO 6DPSOHV 8VLQJ  0)D WOBKQ @ MBUKRTH &MLU DHDF KX
KWWSV GRL RUJ DFV HVW F

*HKUHQNHPSHU / 6LPRQ ) YBRHVHAK $X DPLVBKHUHY - &RVVPH
9RJHO & B6LPRQ ) * OHHUP@IMMWLREQ RI RUIDWHEPQO\ ERX
SDUDPHWHUV LQ ULYHU ZDWHU VDP SJRP\D WRBEDB KV R, K | FR
UHVROXWLRQ FRQWLQXXP VRXUFH JUDSKLIWRI®P HWUQDFH &BR C

*)0$6 QDO BWLRDQDO &KHP KWWSV GRL RUJ \%
\

*OeJH - 6FKHULQJHU 0 &RXROGWQPDQ "H:LWMWHW]INH &' /RKPDQ(
7ULHU :DQJ = $Q RYHUYDLGIGZ BROWMKMXRUVRY GRN\OH
3)%$6 (QYLURQ 6FL SURFHVV ,PSDFWYV
KWWSV GRL RUJ G HP J

*IFNHQHU % (LFKKRUQ 0 /DPPHJ\N5 - RIMWEKWRDO © 6REDIIW
'LHGHUKROW 0 %XFNLQJ 0 3ROVIOBQVRODWRICBIBNEDWD
IURP JHHG LQWR WKH (JJV RI /D\EBYXCHQW , GBOXNG L Q¥QD M\RX



2[LGL]DEOH 3UHFXUVRUULSVVDRRG &KHP

KWWSV GRL RUJ DFV MDIF F

*UHPPHO & JURPHO 7 .QHSBBWLKF GHWHUPLE@DWIHHRQ RI SH
SRO\IOXRURDON\O VXEVWDQFHV &X)RBERVIKHURXWGRRU MD
KWWSV GRL RUJ M FKHPRVSKHUH

*URVV - + 0DVV 6SHFWURPHWKWWSV H[BEIRRNJ

*UXONH & O :LOOLDPV $ FKDUIKGLGBODMQDGDUDMDYX '667R5LGDWDE
RI GHYHORSPHQW RI D FXUDWHG FKHPLNO WRYHVRXRIIAHU WX &
&RPSXW 7R[/KWRMSY GRL RUJ M FRPWR]

*XHOIR - / .RUJHQLRZVNL 6 $@QGHOUWRQ $5 $QGHIERIQWHU -
&RXVLQV , 7 'DVX . +HQUA ®WF.HQIHM ( % /LXOOH\ -
(QYLURQPHQWDO 6RXUFHV &KHPHUWD®QG)BWRE\IORRURDDNS
6WDWH RI WKH 6FLHQFH .H\ .QRZOMGUH YBHIRW HD® G VB HFIRHP RSB
6(7$& )RFXV 7RSLF (QOHHWDQJI7R[LFRO &KHP

KWWSV GRL RUJ HWF

*XR - B6KHQ 6 :LQJ 6 <X +#DJ+M¥DODRYR 5HFRJ®LWLRQ RI ,Q 6]
IRU /LTXLG &KURPDWRJUDSK\ 6RYVO &KHANVURPHWU\ 'DWD
KWWSV GRL RUJ DFV DQDOFKHP F

*XVWDIVVRQ $ %HUJPDQ $ 'HLEDLO\ CQWDNH(RWESPDWB® G
VXEVWDQFHVY UHODWHG WR GLIIHUDQ®K SBBWSAMMYYVL]H 1UD

KWWSV GRL RUJ M FKHPRVSKHUH
+DUULV ' & JHKUEXFK GHAE UKD DAMLWDWLYHQ $QDO\VH

+HOPXV 5 7HU /DDN 7 [/ YDX HPpFE\BDQ@VNGH (9RRJIW SDW5F
VRXUFH VRIWZDUH SODWIRUP IRU HQ@HWIGURARBHWWUDIH W DWRU k
&KHPLQ/IRUP KWWSV GRL RUJ \% Z

+HQU\ % - &DUOLQ - 3 +DRPHUWXFWROGW :- BSLHGRFM] + 6HHC
2 $ FULWLFDO UHYLHZ RI WK IR QBSIS0Q ADOGE. R @& JRIODR\CR B
IOXRURSRQWHIUMD WHG (QYLURQPHQWDO $VVHVVPHQW DQG
KWWSV GRL RUJ LHDP

+ROOHQGHU - BFK\PDQVNLV (1/ %KHUHQV %LMOVIADDMNL %UXQQF
JLOGLHU $ )X 4 * *DJR )HWDUBURG3 3 *LDQRGQYROD .BVHU]
$ /DPRUHH 0 ODUJRXP & OBWMKU 5RVOHURZ/ NG FDX6H P
BFKXO]JH % 6FKXO]H 7 6LQHKQIQIHU ODRERQOHYN 7 GWR

7RIJROD $ O9RUNDPS . 9XOOLHW ( 12%081/JXLGDQBMN\RQ ¥X

DQG QRQ WDUJHW VFUHHQLQJ (DY LHEOAIFRIYPHQ \EBOHBPRG LW P
KWWSV GRL RUJ Vv

+ROOHQGHU - B6FK\PDQVNLIX(VRQ 63QUJHU + BRQWBWIHW 6FUHH

5HVROXWLRQ 0DVV 6SHFWURPHWUWR"LQ YWHR Q@ FL URFKQF\WD
KWWSV GRL RUJ DFV HVW E



+ROPTXLVW + B6FKHOOHQEHWHUW 6 ODOHEBRBDWEWQ3 ,( 3 &RXV

3URSHUWLHV SHUIRUPDQFH DQG DVWREDE®WH & X\U HIUU G N SRHIOM
FKHPLVWU\ IRU WH[WLOMYLURDQLVKQ®J
KWWSV GRL RUJ M HQYLQW

+RUDL + $ULWD O .DQD\DzZD6 . 1HIPDx <,NAGO@DND 6X 7DQDNEL

2GD < .DND]X < .XVDQR O 7TRRIK 7+LODWVXGD )IDEDDR

,NHGD . $NLPRWR 1 ODRND GDNXDBDRKDVKEX]XNLSUD BK
1HXPDQQ 6 ,LGD 7 7DQDND . RYPQDWVIDJIXFKIDWV X%DDW
1ILVKLRND 7 ODVV%DQN D SXEWVS WFE BB DWERIUW DRIR IV K
- 0DVV 6SHFWURP KWWSV GRL RUJ MPV

+RXW] () 6HGODN ' / LRQ[D&DW LPHHD @R QRIHGWWHFWL Q.
SHUIOXRURDON\O DFLGYQYXQURQUEDRE UKBRORO
KWWSV GRL RUJ HV J

+XDQJ . /L < %X ' )X -X:DQJX0< =RRRJ: =* +X % )X - =K
*

7URSKLF ODJQLILFDWLRQ RI 6KRWUDW 62ED/VOD @AH YV .
7HUUHVWULDO )RRG &KDLQ(QUR P/ RIQEH @ WEHON Y 13 Q PAN H V¥ F A
KWWSV GRL RUJ DFV HYWOHWW F

+XOOHPDQ 7 7XUNLQD 9 2 VKRMIV -. :9 &KKRMRIDFINTR XY 6

$VVHVVPHQW RI WKH &KHPLFDO 6SDBHHRNH $8OGOEWRIOYE 650 6
THFKQRO KWWSV GRL RUJ DFV HVW F

-DQGD - 1RGOHU . 6FKHXUHY 6GZLHDBBHO& 2 /DQUHHQBHUJ

-LD

-LD

WKH JDS LQFOXVLRQ RI XOWUD\WKRGW E® DVIKQHSW B WODX®R RRIDGL
723 DVVD\ SURWRFRQ@ 6FL SURFHVV ,PSDFWV
KWWSV GRL RUJ F HP J

6 ODUTXHV 'RV 6DQWRV 0 /L5SHRFHQWQODGHDQFEHY LQ PDVV
DQDO\WLFDO WHFKQLTXHV IRU SHU6 BQ®G G RQVRDRROROONIO
KWWSV GRL RUJ v \

;7 *XDQ + *XR = 4LDQ & 2FAKNUUKHQF&DRI KkHJDF\ DQG (PHU
SHUIOXRURDON\O 6XEVWDQFHV LQ )ORQVRRNUERY \BIDR@QWV LK
(QYLURQPHQWDO 6FLHQFH THFKQRORUJI /HWWH U
KWWSV GRL RUJ DFV HVWOHWW F

-LDR ( /DUVVRQ 3 :DQJ 4 $KXYDQ +«HKV '3 .DDUPMYRQ 3 4L

L < YXUWKHU ,QVLIJKW LQWR QDW V D%F WDEQFHH $QDIQRLI
'DWHU IURP 6KDQJKRYLUREL@FL 7HFKQRO
KWWSV GRL RUJ DFV HVW F

-RHUVV + 6FKUDPP 7 5 6XQ QUKBEXKN & 7DQJ3HU DOBRG SRO\]

VXEVWDQFHV LQ &KLQHVH DQG *HUPR®G FRX-UNDDW BH F L BLRFL

LQFOXGLQJ XQNQRZQ (OFUHRRUVRUBROOXW
KWWSV GRL RUJ M HQYSRO
-RKDQVVRQ - + B6KL < 6DOWHASDOWLDORKNURNWLRM LQ WKH D\

RI SHUIOXRURDON\O DFLGV VRXUFH $OWWIEH®BDW RRQE WK BRR B!
,PSDFWYV KWWSV GRL RUJ FHP E



.DERUp + $ O9R 'X\ 6 OXQR]JUWV OpLMK F '6RUNRVLH 6DXYp
'RUOGZLGH GULQNLQJ ZDWHU RFFXJQUHIQEHGDSQBU IMKRURL
SRO\IOXRURDON\O 6ALXEVRRIRFONV (QYLURQ
KWWSV GRL RUJ M VFLWRWHQY

.DXIPDQQ $ %XWFKHU 3 O0DBHQO. :DOBHRSGLI\LQGPRQWDUJ
RI 3)$6 LQ &RPSOH[ )RRG $2¥EW U IJWV
KWWSV GRL RUJ MDRDFLQW TVDF

.HQDU ( )JUDQNHQ + )RUFILVE B8 [(RKPDQQ 5 ®BBWPQWW .RSSC
.RKOEDFKHU 2 $XWRPDWHG ODEHIOWIKW HI URPD QW I M.
FKURPDWRJUDSK\ PDVV VERIGW &RPOW UAU RGIDHNRP L F V/

KWWSV GRL RUJ PFS 0

HQGULFN ( $ ODVV 6FDOH %DYIHIX BEVROXWLRQ DDWV 6SHI
2UJDQLF &RP SRXIIO/ WL FDO EKHPLVWUI
KWWSV GRL RUJ DF D

.LP 6 . B6KRHLE 0 .LP . 6 ,Q3®RRU DQG RXWGRRU SRO\ Dt
VXEVWDQFHV 3)$6V LQ .RUHD GHW HQPLIDMNTP EQ DOV BR B (XL
KWWSV GRL RUJ M HQYSRO

LVVD ( )JOXRULQDWHG VXUIDBRDQWYV @FEG IWHSINOOHQ WV

.QHSSHU 7 IDQJH ) 7 3R M\ Q@X RUD Q ¥V WRHGESM/HRQ FIOR G
KWWSV GRL RUJ

.RFK $ $UR 5 :DQJ 7 <HXQG®V/D:FRPSUHKH®YDYH DQDO\WL
WKH FKHPLFDO FKDUDFWHULVDWLR QVR | DRUG) BIQR ILAONRRIUPLHHWILY;
7UDF 7UHQGV LQ $0DOI| WL FDIOWSKSAP L VGRUIR U J M WUDF

.RFK % 3 'LWWPDU 7 :LWW)X®QGDPPHQWOWWY RI PROHFXODU IRL
XOWUDKLJK UHVROXWLRQ PDVV GO KA H@PDWXUDO RUJIDQ

KWWSV GRL RUJ DF Y%

.RHOPHO - 3 .URHJHU 1 =0 %RAOGHQ /- S8ORHDWVWHUVROWS5 ( <
7 - ([SDQGLQJ /LSLGRPH &RYWDD HS 8Y GOID V& HBT X6 VD!
$XWRPDWHG ([FOXVLRQ KA/ WRFH QDWW EBSFWURP
KWWSV GRL RUJ Y

.RHOPHO - 3 3DLJH 0 . $ULYWQL]DEHDMR®HOGDR 6WHOEREH\3 -
1 0 1DSROLWDQR 0 3 6DYYRZIGMLY 37 *DOMLEOAURX 79 - 5RN\
-REVW . 7RZQVHQG 7 * *RGBL 3ROOLRZDU.G-&RPBBHABHQV

DQG 3ROVOXRURDON\O 6XEVWDQFHV $§ QORYED WIL\R QOMLUIGID V)
5HVROXWLRQ 7DQGHP 0DV V $GH & WKIRTFDHONAA HAT X/ WILW LR Q
KWWSV GRL RUJ DFV DQDOFKHP F

XKO & 7DXWHQKDKQ 5 9%RWHWXPKOHLQ & /DUVR&SO0T5$ DQ LQW
VWUDWHJI\ IRU FRPSRXQG VSHFWUD H[AKIDRFRDLVRR)JI WDISXK \ DR
VSHFWURPHWUWOIDROHPHWY KWWSV GRL RUJ DF



/$189 /$189 )DFKEHULFKW GHUEBRZER®EY®J YRQ 3)7 LQ

/L ) 'XDQ - 7LDQ 6 7 HL = '6 =KXKXR0' < 6KRUW FK
SROVIOXRURDON\O VXEVWDQFHV LQ WDV XDQG FW 8 K/EVAMAFHOQVE F F
(QJLQHHULQJ -RXUQRWWSYV GRL RUJ M FHM

JLDIJNRXULGLY , $ZDG 5 6FKHODHRRMNVIAY H 730DBHRNQAQQ
&RPELQHG 8VH RI 7RWDO )OXRULUQIR W @& DI WE DAD MYLHY B L GIIMHK
6LGH &KDLQ )OXRULQDWHG BRROPHPWDQ BHRIMIOFHWY 7HFKQR

KWWSV GRL RUJ DFV HVYWOHWW F
ILQGVWURP $ % 6WU\QDU 0 3RO\IODERHORDWHG FRPSRXQGV S
IXWXQHLURQ 6FL 7THFKQRO KWWSV GRL RUJ HV
/ILX - OHMLD $YHQGDQR 6 S ROQA 0 R R UR® GN\J B KD RVMLFDD R 1L
D UHYQHZ URQ , QW KWWSV GRL RUJ M HQYLQW
JILX / IX 0 &KHQJ : <X * VSHKDWVFUHHQLQ@GXDQG QRQWDUJF

DQG SRO\VIOXRURDON\O VXEVWDQFHV LVQVUBIXHRNEYWDOF YR
IRDPV DQG LPSDFWHG ZDWQHUURIQPHQKLQIWHUQDWL
KWWSV GRL RUJ M HQYLQW

/JLX < ' $JRVWLQR / $ 4X * -LDQJ+LYJK UBHNRWK@LRQ PDVV \
+506 PHWKRGYV IRU QRQWDUJHW GRNBRCHU\DDQQGSHKDOXR
VXEVWDQFHV 3)$6V LQ HQYLURQP$LHWDDOBYGCL R XFPWDIO VB P

KWWSV GRL RUJ M WUDF

JRKPDQQ 5 &RXVLQV , 7 'GHOQPWQ- *& +HOJNH - FRQGVWURP
) 1J & $ 3DWWRQ 6 6FKBQUQ3HU 0 $UHHOXRURSRO\P
RI /RZ &RQFHUQ IRU +XPDQ DQG (QYLUWPRDW K IQWEISEHDD WARLD
7HFKQRO KWWSV GRL RUJ DFV HVW F

JRRV 5 *DZOLN % 0 /RFRURL* 65LP®BYGRUOWR { &RQWS8 ZLG
SRODU RUJDQLF SHUVLVWHQW RO ¥R RAMMIID (XRB SN V) RL
KWWSV GRL RUJ M HQYSRO

ODFRUSV 1 /DEDGLH 3 /HVWUHBOQXN)L #VVRXPBRU $H$QGC BRG)
VXEVWDQFHV 3)%$6 LQ VXUIDFH QW GLPBW IWD/O BAHRNWIHEXAML RX
RI XQDWWULEXWHG SUHFXUVRUV6IFQ YWHUIDRK (IPTYADWPRF HQY I
KWWSV GRL RUJ M VFLWRWHQY

ODUWLQ ' OXQR] * OHMLD $RHQGDRRFBHNX\ 6%BRZDP & ( /L)

=ZLWWHULRQLF FDWLRQLF DIQ& FORRQN FOS\HUEOWRQRB

LQWR WRWDO R[LGL]DEOH SUHFXUVRWDVN@WMRI FRQWDPLQ
KWWSV GRL RUJ M WDODQWD

ODUWLQ - : .DQQDQ . %H®GHYU §UDEGNORKJIW 3LHMWH - 3 +D
6FRWW % .DLVHU 0 -DUQEHUW BFKBRHEHU & GLRERUN O
YDQ %DYHO % .DUUPDQ $ /6QGVWUR®DO\W LYAD®D /HKIXZE B C
SHUIOXRURDON\O (QYHAMHDUFIKFL 7HFKQRO $ %
KWWSV GRL RUJ HV



OF'RQDOG : + 7DEE ' / 6DG\JRYIHQDEOMDF&RYWDXPDQQ - -
&RFLRUYD <DWHV - 5 UG KUHHO®QLOBHGD FRBSD AW
SDUVHG ILOH IRUPDWYV IRU WKH VW BULDGIHIQRN BIKIRNGN &K RLFNXROW
ODVV 6SHFWURP KWWSV GRL RUJ UFP

OF'RQRXJK & $ *XHOIR - / OHDMXQVMQXEWRWDO 3)$6V LQ ZDW
EHWZHHQ VHOHFW I8XLUNAHIPIG 2lSQ PR RPLY QW Q YL URQPHQWDO 6
KWWSV GRL RUJ KWWSV GRL RUJ M FRHVK

OF'RQRXJK & $ /L %LVFEHO "H:LWWH-6&OYD $ :LGHQLQJ W
3)$6V 'LUHFW +XPDQ ([SRVXUH WRRJGHB UNHXBSRU LR Q\OF$ FAHF K
KWWSV GRL RUJ DFV HVW F

OHUWHQV + 1ROO % 6FKERQGMHL 7+ $EUDKBIRV.LV PRUH D F
DVVHVVPHQW RI HWUDFWLRQ WHFRXEVHNQFHY SBi)$6DQ QDX
PDPPDOLDQ WEQVOHV %LRDQDO EKHP
KWWSV GRL RUJ Vv

OLD] / 7 30DVVPDQQ 0 0 UWOGHQIDPEPHWRP XLIQJWHOO 6 *
- 3 7HPSRUDO WUHQGV RI VXV S\HPWV XEY® NWIAHM W3 S
H[WUDFWDEOH RUJDQLF IOXRULQHH G2V HUX® WIRRPDIQ U'DW RW LK
LQ 8SSVDOD 6ZHGHQQYLURQ 6FL 3URFHVV ,PSDFWV
KWWSV GRL RUJ FHP D

ORKDPPHG 7DKD + $DOL]DGHK 5 3$03UIS|DNLY 4 %OQ®HJIGDF%D N
/  %LMOVPD / %ROWRQ ( HQ %UDFN&KHQ&HOP D&KL U¥EKU
' $JRVWLQR / $ 'MRXPERX )HXQD®IR<)HWXOHBR 93 ) I*DOHIL
% *ORZDFND 1 *O+JH - *URK +DNNRYN® 3 -+DJIDXH GG (
) -DQVVHQ ( 0 -RQNHUW 7.RVIFRKRIWUHFNLUFKQBXVV 0 .U
0 + /HW]JHO 0 /HW]HAX7 </L/IXQGHWAMOH - 0 O0ODUWLQ -
' OF/HDQ - $ OHLHU & OGHULMQHRU & OH@RINMK ) OXVFKNHW
0 1HYHX 9 1J . 2EHUDFROG 8 2VADM®RYD 20/Z 3LFDFKF
& 5DPLUH] 1 B5HHPWVPD 7 5HQ®XG + BHROWNRZVOL 6DP
BFKHULQJHU 0 6FKOLHEQHUBHQJBFKXOPKRHPODNGHOJH%7 $ 61
+ 6LQJK 5 5 B6XPDUDK 0 7KRBHVARUQUHYV $6 7KRADN ; YD
9HUPHXOHQ 5 & + 9ODDQG&UHMmMQJI} = YIRIOGBIRV2KH -3 :LC
/ :LVKDUW ' 6 =KDQJ - 7KRPDLEARERGG®@LN+ROOHEFENPL
7KH 1250$1 6XVSHFW /LVW ([FKDIQQIHW DIVEE QW1 (6¢ (U R SIIDE
ZRUOGZLGH FROODERUDWLRQ RQ VPDAS\H FAS HIVFIRHRIFHR@U GIEQ K
(XU KWWSV GRL RUJ Y

ORUDOHV OF'HYLWW 0 ( %HFD®@RYIRMW D BXP:RRGHBLXG/RQ 7 /I
7KH $LU WKDW ZH %UHDWKHQ 1B &\RE DIBD G AR OMAMKLIDRL
KWWSV GRL RUJ DFV HVWOHWW F

OXQR] * OLFKDXG $ 0 J/LX 0 9BH¥VHEXLOHRYWHQIAKWHDX )
9 )HGHU ) ORUYDQ 7 +RXRW -6 GDXYRNVLHUV 0 7/DUJI
1IRQWDUJHW 6FUHHQLQJ RI 3)$6 L@ %URNVRIOL GIVV \& R BIRG/NXF \
$SSOLFDWLRQ LY QY)URQFH 6FL 7HFKQRO
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IDVFLPHQWR 5 $ 1XQRR ' % XDW®%HV]ND UIXEMMHIWD( , 6BKHQV N
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&HQWRUWYURQ 6FL 7THFKQRO  KWWSV GRL RUJ DFV HV

1ILFNHUVRQ $ ODL]HO $ & ' .XKONPW®@XF 3- 5 $GDPYIRV & 3
(IWUDFWLRQ RI $))) $VVRFLDWHG Q%6 VWARQRAbRFKQYRBQH 6

KWWSV GRL RUJ DFV HVW F
ILNLIRURY 9 $ +\GURO\VLVSRH)PHWERBFWRBVRIUNR XID WLFR |
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KWWSV GRL RUJ M FKHPRVSKHUH
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BDYYLGRX ( . 6KD % 6DOWRKDOQVVR@RXWLQV , #RUL]JRQWD
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Abstract

Non-target screening (NTS) based on high-resolution mass spectrometry (HRMS) is necessary to comprehensively character
ize per- and poly uoroalkyl substances (PFAS) in environmental, biological, and technical samples due to the very limited
availability of authentic PFAS reference standards. Since in trace analysis, MS/MS information is not always achievable
and only selected PFAS are present in homologous series, further techniques to prioritize measured HRMS data (features
according to their likelihood of being PFAS are highly desired due to the importance of e cient data reduction during
NTS. Kaufmann et al.J(AOAC Int 2022) presented a very promising approach to separate selected PFAS from sample
matrix features by plotting the mass defect (MD) normalized to the number of carbons (MD/C) vs. mass normalized to the
number of C (m/C). We systematically evaluated the advantages and limitations of this approach by using ~490;000 chemi
cal formulas of organic chemicals (~210,000 PFAS, ~ 160,000 organic contaminants, and 125,000 natural organic matter
compounds) and calculating how e ciently, and especially which, PFAS can be prioritized. While PFAS with high uorine
content (approximately: F/C >0.8, H/F <0.8, mass percent of uorine >55%) can be separated well, partially uorinated
PFAS with a high hydrogen content are more di cult to prioritize, which we discuss for selected PFAS. In the MD/C-m/C
approach, even compounds with highly positive MDs above 0.5 Da and hence incorrectly assigned to negative MDs can still
be separated from true negative mass defect features by the normalized mass (m/C). Furthermore, based on the position |
the MD/C-m/C plot, we propose the estimation of the uorine fraction in molecules for selected PFAS classes. The promis
ing MD/C-m/C approach can be widely used in PFAS research and routine analysis. The concept is also applicable to other
compound classes like iodinated compounds.

KeywordsPFAS - High-resolution mass spectrometry - Non-target-screening - Feature prioritization - Data reduction -
Elemental composition

Abbreviations %m:  Mass percentage of uorine in a chemical
F/IC Fluorine to carbon ratio (number) formula
H/C Hydrogen to carbon ratio (number) %r: Molar percentage of uorine in a chemical
m/C Mass to carbon value formula

MD/C Mass defect to carbon value

NOM  Natural organic matter

OCs  Organic contaminants Introduction

PFAS Per- and poly uoroalkyl substances

Per- and poly uoroalkyl substances (PFAS) are aménse
class of anthropogenic chemicals with useful properties
for countless commercial applicatiork P]. PFAS char
acterized by (F,n+1— or GF,,.1—O—G, Fo—units exhibit
non-stick properties and extreme stabilidy 4]. This high
persistence, of either PFAS themselves or their per-uori
nated transformation products, led to a global distribution
Environmental Analytical Chemistry, Department of per uoroalkyl acids (PFAAs)g, 6]. As a reason of this

of Geosciences, University of Tubingen, property, combined with their bioaccumulation potential and
Schnarrenbergstrafl3e 94-96, 72076 Tubingen, Germany
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observed adverse health e ects, much e ort was put intantensities of the rst isotopic and monoisotopic peak, respec
regulations for selected long-chain PFAS (per uoroalkyltively [21]. Therefore, a compound mass normalized to the
carboxylic and sulfonic acidsy]. However, the develep number of C atoms (m/C) can be used as a separation criterion
ment of replacement compounds and the large market féor potential PFAS features (for GFn/C =50) from matrix
PFAS continuously increases the number of individuafeatures (for CEl m/C =14). A further criterion for PFAS
uorinated substances and their production volur@e [ selection is the MD normalized to the number of C atoms
Several studies showed considerable fractions of uniden{iMD/C), for which Kaufmann et al. (2022) observed a strong
ed organic uorine in numerous samples, including humanseparation of PFAAs from sh matrix in NTS data due to the
serum, showing that much more unknown PFAS must bigpically more negative MD/C of PFAS compared to other
present in the environmerg{12]. CHO compounds. The general concept of the MD/C-m/C plot
Since the sheer number of PFAS makes a comprehensigdllustrated in Figl. Compounds with an increased number
use of authentic analytical reference standards practicalbf heavier elements compared to H are shifted to higher m/C
impossible, non-target screening (NTS) approaches based walues, while compounds with a higher number of elements
high-resolution mass spectrometry (HRMS) are a necessanjth negative MD are shifted to a more negative MD/C. As an
tool for PFAS identi cation in all kinds of sample%3, 14].  example, a PFAS for which the chemical formula approaches
In NTS, data reduction and prioritization of features i(CF;),, would plot at m/C 50 and MD/C  0.003 while
always a crucial step for an e cient work ow. The chemi a compound mainly composed of (&3),, would plot at
cal mass defect (MD), which is typically slightly negativem/C =30 and MD/C = +0.0106, showing that such a separa
for PFAS with high uorine content, can be used as a rsttion generally works. Therefore, if we consider compounds
prioritization approachl5, 16]. For PFAS that occur as which are mainly characterized by the transition from a satu
homologous series in samples of interest, Kendrick masated hydrocarbon (Cjito a per uoroalkyl substance (GF
defect (KMD) analysis is a powerful tool for dataopitiza-  (CH,F,.,, Xx=0, 1, 2) all plot along the following line:
tion and compound identi cationl[7, 18]. In case of rela
tively high PFAS concentrations compared to the sample 1)

matrix, approaches relying on K8ata using diagnostic -
fragments and/or fragment mass di erences are e cient in The same principle holds for compounds that areatha

detecting potential PFAS candidates and further identifyterlzed by the transition between CF and:CF

ing them [L9, 20]. However, approaches that rely on MS

data for prioritization are often impractical in trace analysis

because achieving a broad MS/MS coverage can be ve 0.02 -
time consuming and exhaustive coverage is usually net pa

sible due to detection limits and hence noisy mass specti

Furthermore, unknown PFAS not occurring as homologue 0.01 -
cannot be captured by KMD analysis and if present in trac O CHF (32, +0.006)
concentrations further homologues might not be present B 0.00 - O CHO (29, +0.002)

su cient concentrations for the peak picking algorithm or
lost during certain data reduction steps. Depending on tt =
sample matrix, even the MD approach may fail for eom —0.01 1
pounds with a high positive MD that exceeds + 0.5 Da tha
can be erroneously interpreted as negative MD and therefc

incorrectly assigned to PFAS (see Fig. S1). Data lIterinc —0.02
with too strict MD ranges on the other hand may exclud T T T
true positives (mainly critical for PFAS with high H-content 20 40 60 80
or other halogens).
gens) m/C

In a recent publication, Kaufmann et al. (2022) presenteu

a highly promising approach for an e cient prioritization of Fia. 1 Schemat lanation of the MD/C-m/C blot. | ANt 50s

. . . ig. 1 Schematic explanation of the -m/C plot. Important posi
potential I?FA_S in complex matrices ( sh extrac@][Com tions of compounds composed on average of, GBH,O, CHO,
pounds with high uorine content (composed mainly @  cHF, CF, and CFare shown. The general trend of increasing m/C
F) have much lower carbon numbers compared to compoundsh increasing percentage of heavy elements (e.g., halogens, O, N, P,
dominated by C and H at a similar mass. The carbon nurf¥: and heavy metals) and the decreasing trend of MD/C with increas

. ing numbers of elements that have a negative mass defect are high

berlc;an. be retrieved from HRMS data from thg abunda_nce F%ﬂ“ed. Furthermore, the GR,.-line (*, with 0 x 2, see Eq. 1)
the “C isotope [M + 1] according to the following equation: ang the CFline (**, with 0 x 2, see Eq. 2) are given as orienta
C=141/1/0.011145, wherg,,, andl,, correspond to the tions (see Fig. S2 for discrete points that fall on those lines)
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()

matrix compounds in LC—MS (and GC) measurements,

chemical formulas of 124,782 NOM constituents derived
with 0 x 2. Both lines can be used as a very helpful ori from ESI FT-ICR-MS measurements of a Suwannee River
entation when using the MD/-m/C plot for PFAS featureFulvic Acid Standard (SRFA I1) were include2.

prioritization (discussed later, see also Rig.One further

important and useful intrinsic property of the MD/C-m/C Data cleanup

plot is that structurally related compounds are clustered
Data cleanup and calculations were performed with Python

together.

To investigate the e ciency of the MD/C-m/C approach 3.9.13. Each CSV le was imported, and several cleanup

and its robustness to prioritize features as p@eRFAS

steps and basic chemical calculations were performed which

in GC or LC-HRMS data, we used chemical formu are presented in the following bullet points:

las of ~490,000 organic chemicals from online sources

(PubChem Ifttps://pubchem.ncbi.nlm.nih.goand Koch
et al. 2007) 22, 23]. We systematically evaluated which
chemical composition of PFAS classes (~210,000-com

*Masses below 100 Da and above 2000 Da were removed
to obtain a reasonable GC- and LC-MS mass range.
*All inorganic compounds were removed (mainly present

pounds) can be separated from natural organic matter in the EPA DSSTox dataset).

(NOM) compounds (~125,000) representing a typical

matrix of environmental samples and from other organic

contaminants (~160,000) and how explicitly that is possi

*All salts were removed via periods in their SMILES
code.
All organometallic compounds were removed since

ble. The degree of uorination in a PFAS was expressed as they usually play a minor role in typical environmental

F/C ratio (number of uorine atoms divided by number of

carbon atoms), H/F ratio (humber of hydrogen atoms divided

by number of uorine atoms), mass percentage of uorine
(%m:), and by the molar percentage of F atoms per mole

matrices and in addition most of them can rather easily
be distinguished from other organic molecules by their
unigue isotopic pattern. Approximately 5% organahet

lic compounds were present in the three PubChem data

bases. Only compounds containing C, H, N, O, P, S, Si,
F, Cl, Br, and | were kept for further calculations.

*The exact mass was calculated for each compound from
its molecular formula. In case of charged compounds
(e.g., quaternary ammonium compounds), charges were
removed for the mass calculation.

*The number of C, F, and H atoms and the total number
of atoms per compound were calculated.

*Both exact MD (theoretical; sum of MDs of all elements
in the chemical formula) and the calculable MD (MD =
accurate mass integer mass) were determined.
*Finally, m/C and MD/C were calculated for all cem
pounds. Additionally, the MD/C was calculated with the

] ] _ calculable MD.
To perform a data evaluation with a robust amount of organic

chemicals, raw data was downloaded from the PubChem In the following step, the EPA DSSTox and NORMAN

Classi cation Browser and from the Supporting Informa yatahase were combined and most overlapping compounds
tion of Koch et al. 200722-24] and preprocessed in three (he EpA DSSTox already contains part of NORMAN) were
individual datasets which are PFAS, organic compounds,moved by keeping only unique SMILES and InChlIKeys.

(OCs), and NOM compounds. From PubChem, the EPApen al uorine-containing compounds were removed. This
DSSTox dataset (245,545 compoundsj [the NORMAN 5 gataset contained 182,503 organic contaminants-with
Suspect List Exchange (113,737 compoun@8)dnd from ot yorine which are denoted as OCs in the following. The
the “PFAS and Fluorinated Compounds in PubChem Treq\om gataset was kept in its original form with 124,782
PFAS with parts larger than §Br CF; that fall into the compounds containing C, H, O, N, S, and P.

OECD de nition (224,017 compounds) were downloaded o the PFAS dataset (210,091 PFAS), four parameters
as CSV and TXT les 27, 28]. The EPA DSSTox dataset \yere calculated that describe the amount of UoHNBFAS

includes any kind of toxic substances while the NORMANyqecyles in di erent ways: F/C ratio, H/F ratio, the mass
database includes emerging environmental contaminants. E%rcentage of uorine (%), and the fraction of uorine
also include natural substances (NOM) which are typicaliyms per molecule (%n

cule (%n) to determine the range of elemental compositions
(chemical formulas) for a clear separation from matrix-com
ponents. General advantages and limitations of the MD/C-
m/C approach are discussed in detail. Furthermore, we dis
cuss the possibility to estimate the degree of uorination of
a compound based on its position in the MD/C-m/C plot for
a statistically relevant number of PFAS.

Methods

Data collection
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Data evaluation standard deviation matrices to conclude on the precision
of such a prediction.
Separation of PFAS from OCs and NOM

To determine how well PFAS can be separated from-co Results and discussion
pounds without uorine (OCs and NOM) in the MD/C-m/C
plot a MD/C vs. m/C domain from 0.05 MD/C 0.025 Separation of PFAS from NOM and organic
and 10 m/C 100 and was chosen which included > 99.8% contaminants (OCs)
of all compounds of the three groups. Compounds that fall
out of this domain were not included in the data evaluatioihe position of organic compounds in the MD/C-m/C
(mainly compounds with less than two C atoms and heawylot depends on their average mass per C atom and their
elements such as | or Cl and P). average MD per C atom which are both strongly corre
To determine the position of each class in the MD/C-m/Cated with chemical composition. Molecules with multi
domain, this was subdivided in a rectangular grid of 2D bingle heavy elements (e.g., halogens, O, S, P, heavy metals)
A grid size of either 70 x 70 or 100 x 100 bins was chosenather than H are shifted to the lower right corner (lower
which corresponds to bin sizes of 0.0011 MD/C x 1.28 m/@MD/C and higher m/C). This can be used to separate
or 0.00075 MD/C x 0.9 m/C. For the binned data, a 2D hisfeatures that are highly fluorinated from other organic
togram was calculated for all three compound groTihs. contaminants (OCs) and NOM (Fig). The positions for
resulting matrix with the number of compounds in each bi80%, 90%, and 95% of OCs (182,503 compounds from
(counts) was normalized to the total number of compoundée EPA DSSTox and NORMAN database), typical NOM
present to obtain the fraction of compounds relative to attonstituents (124,782), and PFAS (209,760 with more
compounds in each bin (the sum of the normalized matrithan one Ckor CF; group according to the OECD) were
corresponds to 100%) (Fig. S3). To nd the position of a cercalculated and visualized in the MD/C-m/C plot. Their
tain percentage of compounds (e.g., 90%) around the regieract distribution in the MD/C-m/C domain is shown in
with highest density of compounds, the bins were summe2D histograms (Fig. S5).
up in decreasing order until the desired percentaggrionm Overall, many partly uorinated PFAS which are demi
was reached (a schematic explanation of this proceduretigted by CH from the PubChem dataset overlap with both
depicted in Fig. S3). Now the matrix of PFAS can be.comOCs and NOM while highly uorinated PFAS are well
pared to the matrix of the other compound classes (OCs separable if they are characterized by 9&m- 65% or
NOM) to nd the overlapping region of both classes andF/C ratios ~1.1 (Fig.2). High uorine content draws
determine the fraction of compounds that overlap for botthe compounds the lower right corner of the MD/C-m/C
classes (Fig. S4). Since OCs with high amounts of heawylot. In Fig. S6, another representation of the overlap is
elements (e.g., Br or 1) always overlap with some PFASprovided as additional information.
the calculations were performed for di erent percentages of To put the overlap into a quantitative context, the sepa
each class. With this general procedure, the overlap was sination of PFAS from both NOM and OCs was simulated
ulated for di erent uorine content by varying the param individually by varying F/C, H/F, %pyand %p (Fig. 3).
eters F/IC, H/F, %opand %p and considering PFAS that fall In general, NOM compounds show more overlap with

into the criterion (e.g., PFAS with %n50%). PFAS in the critical lower MD/C and higher m/C range.
From these calculations, approximate boundaries for an

Position of PFAS in the MD/C-m/C plot as a function e cient PFAS separation can be estimated. In the case

of uorine content of NOM, 90% of the PFAS are separated from 90% of

the NOM constituents (or in other words less than 10%
To determine the distribution of F/C, H/F, %rand %p  of PFAS are in overlapping regions with NOM features),
in the MD/C-m/C plot for PFAS, the mean and standardf the F/C ratio of PFAS is higher than ~1.03, or the H/F
deviation of PFAS with %p™50% in each bin of the 2D ratio smaller than~0.59, or the %imigher than ~ 58%
histogram were calculated (see Fig. S3b for a schematis the fraction of uorine atoms in the chemical formula
explanation). The 2D matrices with the mean of F/C, H/Fis at least~36% (for details, see F3). For the OCs,
%m, and %@ in each bin were used to investigate howthe boundaries (90%/90%) are F/C ~0.65, H/F ~1.17,
well single bins represent these parameters (F/C, H/C et@m:~47%, or %~ 25%. Histograms for PFAS are given
and therefore how well MD/C-m/C positions can be usedh Fig. 4, where non-separable PFAS that fall below the
to predict those (F/C, H/C etc.) for PFAS. Furthermorethresholds of F/C, %mand %p or above H/F are covered
the overall error distribution was determined from theby a grey area (90%/90% boundary). It is important to
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(a) All PFAS (b) PFAS %m; = 50% (c) PFAS %mg = 65%
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Fig. 2 Positions of organic contaminants (OCs, green) from thdion is possible. Details on the known PFAS shown in subgd)cdre

EPA DSSTox and NORMAN (182,503), NOM (blue) (124,782), given in Tablel. The CHF, -line (with 0 x 2) and the CF,-line

and PFAS (red) (all: 209,760) with di erent amounts of uorine (with 0 x 2) are given as orientations (see also Fifj. for discrete
(according to mass percent F (Ynfa—) and F/C ratio ¢—)) in data points of PFAS that fall on the (FH -line and CEk-line, see

the MD/C-m/C plot. The contour lines delimit the positions of 80%Fig. S2). Figure S6 provides another representation of the overlap as
(center), 90% (middle), and 95% (external) of each group. In caderther information

of PFAS with %m 65% or F/C 1.1, an almost complete separa

note that the determined boundaries should be considerddcult for compounds with | or high percentages of O, P,
as smooth transitions, as they are shown inFand the or S. The MD/C-m/C plot is therefore also highly useful to
PFAS in the grey area are not necessarily “non-separablefd other compound classes such as iodinated substances,

In principle, these calculations re ect a worst-casesince they are located at even higher m/C and lower MD/C
scenario because in typical HRMS measurements, onlyalues than PFAS. The MD/C-m/C approach for PFAS
a much smaller number of features is present (especiallgature prioritization has a further key advantage over the
because a su cient3C isotope signal is required which use of the MD alone. Compounds with a high positive MD
further reduces the feature number) that directly competbove + 0.5 Da (for the simplest case (5= 448.5008 Da,
with potential PFAS in the MD/C-m/C plot. However, the becomes more important with increasing mass) may efrrone
potential overlap in real-world measurements is alwaysusly interpreted as negative MD (rounding to the nearest
highly dependent on the sample matrix. In the case of simteger) and hence incorrectly assigned to highly halogen
extracts measured by Kaufmann et al. (2022), a completded compounds like PFAS (see Fig. S1). In particular, this
separation of PFAS from co-extracted matrix from liverbecomes more important for samples with high-molecular
and muscle tissue was achieved. We further included fouveight PFAS. In the MD/C-m/C plot, this unavoidable issue
MD/C-m/C plots of PFAS in extracts of agricultural soils becomes much less of a problem because such features (high
(raw data from Bugsel and Zwiener 2020]) to demonr  H content and MD > +0.5 Da) are still separated by the m/C
strate the applicability of the approach in the Sl (detailsimension. For example, m/C of (§k,=14 compared to
in Fig. S7). m/C of CHF (=32) or CF(=50) (see Fig. S8).

In the case of the presence of compounds with low MD/C To classify the positions of selected examples of known
and high m/C (e.g., halogenated substances, organometalEAS in the MD/C-m/C plot, they were included in Fid.
compounds, and others), a distinct separation from PFA@bbreviations are given in the caption of TahleFor high
might not always be possible. Nonetheless, such compoundsrine-containing PFAS, a separation is clearly pessi
can often be separated from PFAS by their distinct isotopisle with limitations in case of the telomer-based aqueous
patterns (e.g., Cl, Br, many heavy metals). This is morédm-forming foam (AFFF) compound Capstone B and the
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Table 1 m/C, MD/C, H/F, FIC, %m and %gp for well-known PFAS

which are shown in Figl. Abbreviations:SK-PFOS penta uorc

sulfanyl per uorooctane sulfonic acid®9]; F53-b 6:2 Cl-per uoro
ether sulfonic acidPFO6TeDA per uoro- (3,5,7,9,11,13-hexaoxa

tetradecanoic) acidp]; PFOS per uorooctane sulfonic acidz604

per uoro ([5-methoxy-1,3-dioxolan-4-ylloxy) acetic aci@enX or

HFPO-DA hexa uoropropylene oxide dimer acidsDONA dode

ca uoro-3H-4,8-dioxanonanoate;PFOA per uorooctanoic acid;

6:2 diPAR 6:2 poly uoroalkyl phosphate diestef:2 FTOH 6:2
uorotelomer alcohol; AmPr-FHxSA N-dimethyl ammonio propyl

per uorohexane sulfonamided]]; Capstone Balso 6:2 FTAB), 6:2
uorotelomer sulfonamide alkylbetaine3%]. For the predicted F/C,

the table provided as Electronic Supplementary Material was used.
Compounds without prediction fell either in bins outside the used
MD/C-m/C domain or were located in bins with less than 5 entries

which were excluded in data analysis.

Compound Formula m/C MD/C H/F FIC %m Y%ore Predicted F/C
SK-PFOS GF,105S, 76.0 0.012 0.05 2.63 66 60 -
F53-b GHCIF,0,S 66.5 0.012 0.06 2.00 57 52 2.0
CI-PFOS GHF,CIO;S 64.5 0.012 0.06 2.00 59 53 -
PFO6TeDA GHF,0, 63.4 0.007 0.08 1.86 56 46 2.2
PFOS GHF;,05S 62.5 0.008 0.06 2.13 65 57 2.2
C604 GHFyOg 56.7 0.006 0.11 1.50 50 41 1.9
GenX GHF,05 55.0 0.004 0.09 1.83 63 52 1.9
ADONA C,H,F;,0, 54.0 0.003 0.17 1.71 60 48 1.9
PFOA CgHF 50, 51.7 0.003 0.07 1.88 69 58 1.9
6:2 diPAP GeHoF260,P 49.4 0.001 0.35 1.63 63 46 1.8
6:2 FTOH GHsF 0 45.5 +0.002 0.38 1.63 68 48 15
AmPr-FHXSA G1H1aF1N,0,S 44.0 +0.004 1.00 1.18 51 32 1.4
Capstone B GH1oF13N,0,S 38.0 +0.006 1.46 0.87 43 24 1.2
Fipronil C,,H,Cl,FN,0S 36.3 0.005 0.67 0.50 26 20 -
Fluoxetine GH,FsNO 18.2 +0.008 6.00 0.18 18 8 -
NOM OCs
58%
F/C > 1.03 = 15% PRAS F/C > 0.65

= 23% PFAS

H/F < 0.59
= 21% PFAS

36%

= 21% PFAS

= 43% PFAS

H/F <1.17
= 39% PFAS

47%

= 32% PFAS

25%
= 38% PFAS

Fig. 3 Simulation of the separation of PFAS dependent on their uo fraction that is above (F/C, %n?on) or below (H/F) each uorine
quantity parameter. The text within each subplot gives the exact u
and organic contaminants (OCs) in the MD/C-m/C plot for 80%, 90%grine quantity and how much PFAS fall into that range (PFAS that
and 95% of both classes (NOM vs. PFAS and OCs vs. PFAS). Bldeve >F/C, % and %p and for H/F PFAS that have <H/F) for
dots mark the position where 90% of PFAS overlap less than 1098% of both classes. The underlying concept of the calculation of one

rine content (> F/C, <H/F, > % and > %#g) from NOM compounds

with 90% of the other class. The secondagxis shows the PFAS data point is exempli ed in Fig. S4
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Fig. 4 Histograms of the dis-
tributions of PFAS with larger
parts than Cfor CF; (210,091
compounds) from PubChem for
F/C, HIF, %rp, and %p Grey
areas indicate PFAS that can-
not be easily separated by the
MD/C-m/C approach based on
the 90%/90% boundaries from
Fig. 3 since they overlap with
other compounds. The grey
areas are given according to
the calculations based on OCs.
The data for each histogram
was separated in 200 bins. Note
which molecular compositions
of PFAS are frequent. Note that
the PFAS inside the grey area
are not necessarily “non-separa-
ble PFAS”

pharmaceutical uoxetine. The separation works also verH,F,_-line from right to left (increasing MD/C and decreas
well for ether-PFAS such as C604, ADONA, GenX, andng m/C). To facilitate the procedure, we propose to rotate the
PFO6TeDA due to an additional high O content. AmPrMD/C vs. m/C data by the angle of the EHl,-line and to
FHxSA (electrochemically uorinated AFFF), 6:2 FTOH, shift the CE position to the origin (0,0) (Eg3.and4):

and pronil are examples (low MD/C due to 2 Cl atoms and

high m/C resulting from a high fraction of heteroatoms) that

fall in regions closer to some OCs and NOM. Fluoxetine (3)
has only one Cf-group and is an example for a compound
that cannot be prioritized due to the dominance of CH in (4)

the chemical formula. This is generally the case for aII-coqu1ere m/G, and MD/C, are the new shifted and rotated
pounds with low CF compared to CH groups which argscations, and are the respective Gpost

therefore shifted to the upper left part of t_he MD/C—m/C—pIottiOns (49.9968, 0.00319), anahis the positive slope of the
and hence overlappmg W_'th NOM cons.tltuents (CHO) an(&HXFZ_X-Iine (+5.23x 10*). For prioritization of subsets of
many other organic chemicals. Information on th(_a FI/C, H/Fthe features, suitable ranges for MPy&hd MD/G, can now
%m, and %p of those PFAS examples are givenin Tdble 1o qot more easily (e.g., + 10 m/C and+0.001 MD/C) (see
In general, all e>_<amp|es_ with 'OT‘QGT per uoroalkyl (P“per Fig. S9). Furthermore, if a continuous feature prioritization
uoroether) chains are in the vicinity of the (F.-line ;¢ yegired (ranking), the elliptical radii of features from the

as indicated in Figd (see also Fidl and Eql). Thisline  gpigey cF position (0,0) can be calculated according to
can be used as a helpful tool to estimate the elemental cop, .

position of features that are located closely and helps as an
orientation in the MD/C-m/C plot. Compounds with more

H atoms are shifted upwards in MD/C (e.g., 6:2 FTOH, or — )
the AFFF compounds) while the presence of 2 Cl atoms in

pronil results in a lower MD/C which shifts downwards |\ qre corresponds to the radial distance from thg CF

(and a shift to the right at higher m/C). _ osition and is a factor that determines the aspect ratio
Generally, the prioritization of features as potential PFASs e ellipse. Since the m/C range of PFAS with high F

in the MD/C-m/C plot should either be performed elliptically .o \tent (e.g., %p» 60%) is approximately 3000 times the

outwards from the Cfposition (MD/C  0.003 and m/C MD/C range (see Figs. S9 and S10), a reasonaiteuld
50) along the slope of the (JH_-line (see Eql) or along the
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be ~3000; however, this parameter should be adjusted. Aftealues slightly above and below the diffe. %m: shows an ellip
calculating , features can be prioritized by sorting themtical decreasing trend (along the EBl,-line and other speci c
by increasing . It should be noted thatis an empid  positions) with increasing distance to the,Bint and max
cal parameter that should be interpreted as an approximaiea along the speci c lines (Fi§). A similar distribution was

value. observed for % however, in the region higher than m/C=50,
it still increases with increasing m/C. For all four uorine param
Estimation of the degree of uorination eters (F/C, H/F, etc.), there are exceptions which originate from

the underlying dataset.

To determine whether the degree of uorination can be esti To estimate how well the four uorine parameters can be
mated from the position of a PFAS feature in the/RID estimated from a position in the MD/C-m/C plot, they were
m/C plot, the mean and standard deviations of PFAS withredicted based on the respective calculated 2D mean matrices.
%m:>50% in each MD/C-m/C bin (70 x 70 grid) were-cal Those predicted values were then correlated with the true val
culated for F/C, H/F, %gmand %p (Fig.5). Only PFAS with  ues (see Fig for F/C, and Fig. S12 for H/C, %rand %p).
more than 50% pwere used in this data analysis becaus®©bviously, for F/C and H/F, the strongest correlati®ir(.88)
50% m was approximately determined to be su cient for a was observed while for %iand %rp, it was lower (0.72 and
separation of PFAS from other compounds (see3ri@ins  0.41, respectively). The distribution of the standard errors of the
in which less than 5 PFAS are located were excluded from timeean in all bins reveals that H/F has by far the largest standard
analysis since 5 compounds have been considered as mieiror (see Fig7; the detailed standard deviations in each bin
mum for statistical calculations like mean and standard-devian Fig. S12). While the standard error distribution of all bins
tion. It is important to mention that the standard deviation ifior F/C and %rawas the lowest (around ~ 7% + approx. 7%),
each bin is dependent on the grid size, since a very ne grithat for %p was medium (range of ~25%), and that for H/F
(only one compound per bin) would result in a variance oivas very large (up to 300%). This results from the fact that for
zero. We have chosen a grid size of 70 x 70 bins for this datéghly uorinated compounds, H/F becomes very small and
evaluation (for the dependency of the standard error on gridose to zero (H=1 or even 0 if F is very high) and in case
size, see Fig. S11; further details on calculations in Fig. S3pf the standard error, the standard deviation is divided by this

For F/C, HIF, %m and %p overall reproducible distribu  very small value of H/F (see also H/F plot in Fig. S13 close to
tions in the MD/C-m/C plot were observed (Eg.The F/C ratio  the origin). Therefore, a prediction of H/F is not possible with
increases with increasing m/C (from left to right). H/F shows aeasonable precision. However, the F/C ratio of a compound
decreasing trend with decreasing MD/C with particularly smaltan be estimated depending on its position in the MD/C-m/C

Fig. 5 Average F/C, H/F,

%, and %p for PFAS with
%m:>50% in the MD/C-m/C
plot (70 x 70 bins). The F/C

ratio can be roughly estimated
from a feature position in the
MD/C-m/C plot (for correlation,
see Fig6). Plot titles (,) pro-
vide the median overall standard
error (for standard error
distribution, see Figr). Exact
standard deviations in each bin
are provided in Fig. S12. Due

to the higher variability of H/F,
%m, and %p independent on
the position in the MD/C-m/C
plot, no accurate predictions can
be performed (see Fig. S13 for
correlation plots)
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sheet with the mean matrix (and standard deviation) of the F/C
ratio and corresponding MD/C and m/C-bins is provided as
Electronic Supplementary Material.

This general estimation approach, however, should be handled
with care, because compounds in the MD/C-m/C plot can devi
ate from a CHF composition strongly making predictions more
di cult. Also, measurement artifacts (e.g., errorsi€ isotope
intensity due to detector saturation) should be considered in this
approach. Overall, however, such a prediction provides useful
information and a rough estimate of uorine content of a meas
ured feature based only on accurate mass measurements.

Conclusions and implication for PFAS NTS

Overall, the MD/C-m/C approach is a highly promising tool for data
reduction in NTS measurements and, therefore, to improve and accel
erate non-targeted identi cation of highly uorinated PFAS in highly
complex samples. Since the prioritization does not require MS/MS

Fig. 6 Predicted F/C ratios based on the MD/C-m/C position in theflata or several homologues, it is especially valuable in trace analysis
mean matrix of F/C (F/C subplot in Fi§.and the Excel table of the approaches. It can e ciently be used to select potential PFAS-candi

ESI) vs. calculated real F/C ratios for chemical formulas of 52,76
PFAS with %rp>50%. Predictions for H/F, %mand %p are given
in Fig. S13

Fig. 7 Distribution of the standard error of F/C, %rfon, and H/F
in all bins from the MD/C-m/C plot for the calculations in Fig.

Yates with high uorine content for subsequent MS/MS experiments

at a high probability. This increases the identi cation throughput since
broad MS/MS coverage can be time consuming (multiple measure
ments per sample). Furthermore, during suspect screening approaches,
the number of features can be substantially redupetttatial PFAS
compounds so that the false positive rate (which is often very high,
when using large PFAS lists) can be kept in a manageable extent. Spe
cial care should be taken when considering features at very high or low
signal intensity, because of increased uncertainty of the determina
tion of the'*C isotope abundance (and therefore MD/C and m/C).
In the case of signals at or near MS detector saturation (e.g., in highly
contaminated samples), the number of C atoms will be likely everes
timated, shifting a feature to a lower m/C (stronger overlap with CH
compounds) and lower MD/C. Therefore, it must be noted that both
values are always subject to a certain error (e.g.,+10%). However, if
the MD/C of a feature is close to 0.003 and m/C close to 50, there is
a high probability that this indicates a highly imated compound.
Additionally, when the structure of a compound is known, the intrinsic

(for detailed standard deviations and calculations, see Figs. S3 apfoperty of the MD/C-m/C to cluster compounds of high elemental

S12). While F/C, %m and %p have reproducible errors, as H/F
approaches close to zero, the standard error becomes very high

imilarity can be used to get potential information on features that plot

to division by a very small mean H/F (see also Fig. S13). Therefor&l0sely to known compounds.

a reasonable prediction of H/F cannot be achieved from a position
the MD/C-m/C plot

plot with meaningful accuracy (see F&). Examples for F/C

predictions from the mean matrix for the above PFAS examples
are given in Tablé. With the estimated F/C ratio, the number

in In particular, we want to highlight the advantages of this
approach over the use of MD only. Additionally, the MD/C-m/C
position allows preliminary estimates on the elemental composi
tion of a feature of interest.

We recommend an inside-out sequence of feature prieritiza
tion of HRMS data in an elliptical shape (starting from the CF

of F atoms can further be calculated, since the number of l€cation) along the Ciff, -line (see e.g., EqS-5, the PFAS
atoms is known. Furthermore, with the mass and number off9ion shown in Fige, or Figs. S9 and S10). _
atoms, even %gan be estimated. For that purpose, an Excel !N addition, besides PFAS, the MD/C-m/C approach is

highly promising for other compound classes like iodinated
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compounds (e.g., iodine-containing disinfection byproducts?.
which are highly toxic33]) since they are even better sepa
rated from non-halogenated features in both dimensions dug
to their high m/C and low MD/C from to the contribution of I.
Overall, we hope that this approach will be adapted by a wide

range of PFAS researchers as well as analytical laboratories?-
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Abstract

Per- and poly uoroalkyl substances (PFAS) are a huge group of anthropogenic chemicals with unique properties that are
used in countless products and applications. Due to the high stability of their C-F bonds, PFAS or their transformation prod
ucts (TPs) are persistent in the environment, leading to ubiquitous detection in various samples worldwide. Since PFAS are
industrial chemicals, the availability of authentic PFAS reference standards is limited, making non-target screening (NTS)
approaches based on high-resolution mass spectrometry (HRMS) necessary for a more comprehensive characterizatior
NTS usually is a time-consuming process, since only a small fraction of the detected chemicals can be identi ed. Therefore,
e cient prioritization of relevant HRMS signals is one of the most crucial steps. We developescRiena Python-based
open-source tool with a simple graphical user interface (GUI) to perform e cient feature prioritization using several PFAS-
speci ¢ techniques such as the highly promising MD/C-m/C approach, Kendrick mass defect analysis, diagnostic fragments
(MS?), fragment mass di erences (MS and suspect screening. Feature detection from vendor-independent MS raw data
(mzML, data-dependent acquisition) is performedpyi®@penMS (or custom feature lists) with subsequaldulations for
prioritization and identi cation of PFAS in both HPLC- and GC-HRMS data. TheStfeenwork ow is presented on

four PFAS-contaminated agricultural soil samples from south-western Germany. Over 15 classes of PFAS (more than 80
single compounds with several isomers) could be identi ed, including four novel classes, potentially TPs of the precursors
uorotelomer mercapto alkyl phosphates (FTMAPS). Fereencan be used within the Python environment and is easily
automatically installable and executable on Windows. Its source code is freely available on Gitprbidithub.com/
JonZwe/PFAScregn

KeywordsPFAS - Non-target screening - Feature prioritization - HRMS - Open-source software - Mass defect - MD/C-
m/C - KMD

Introduction they are used in a wide array of daily products and di erent
industrial applications3]. Their high chemical resistance

Per- and polyfluoroalkyl substances (PFAS) are a largand water and oil repellency lead to the production of PFAS

group of anthropogenic chemicals characterized by contaiwith a variety of di erent chemistriesd]. Due to the high

ing multiple C-F bondsl], 2]. Due to their unique properties, stability of C-F bonds, the per uoroalkyl chains of PFAS

exhibit an intrinsic persistence that leads to a worldwide

distribution of PFAS and their terminal transformation prod

i .‘]oon“;thhaannzzw"‘éeii?'e@ - wuebingen.d ucts (TPs) such as per uoroalkyl acids (PFAAs) which were
: o gle@unt-tuebingen.de extensively produced and used in the pas8]| Nowadays,
¥ Ehhrri'sst}fn”Zﬂé‘i}l‘iéuni_tuebingen o the number of known PFAS ranges from thousands to mil
' ' lions, depending on the de nition and source of information.
1 Environmental Analytical Chemistry, Department According to the updated OECD de nition, all chemicals
of Geosciences, University of Ttibingen, containing a CEor isolated Ck-group are considered PFAS,
Schnarrenbergstrafse 94-96, 72076 Tubingen, Germany which has increased the number of PFAS considerably [

Hydrogeochemistry, Department of Geosciences, University  10]. Global regulatory e orts restricted the production of

get%b;?]ge”’ Schnarrenbergstrae 94-96, 72076 Ttbingen,  gelected longer-chain PFAAs such as perfluorooctanoic
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acid (PFOA) and per uorooctanesulfonic acid (PFOS) dudnydrocarbon features in HRMS data which was further sys
to their persistence, bioaccumulation potential, and adversematically evaluated for ~200,000 PFAS from chemical
e ects on humans and the environmebi][ This resulted databases2p, 30]. The carbon number can be easily-esti
in the production of replacement compounds of rather simimated for all HRMS features by using the relative abundance
lar persistence, increasing the number of di erent PFAS oof the M+1 isotope {¢C). PFAS have a much higher m/C
the global market that are also eventually emitted into thehen their mass is dominated by uorine (e.g., m/C ~50),
environment 12]. Therefore, PFAS are considered to bewhile hydrocarbons of similar mass are dominated by car
regulated as a chemical class in the European Union in then (m/C ~ 14), allowing a convenient separation. Details
future [13]. on the MD/C-m/C approach are summarized in Zweigle
Several studies have shown that considerable fractions ef al. 26]. Especially, the m/C dimension can be used to
organically bound uorine (e.g., extractable organic uorine) remove large fractions of non-PFAS features when applied
in environmental and human samples cannot be explainegpropriately. This is illustrated in Fig.with a 2D histe
su ciently by routinely analyzed PFAS (target screening),gram of the MD/C-m/C locations of over 50,000 features
which usually include less than 50 analyte$-{L7]. Since  from previous HRMS measurements of PFAS-contaminated
almost no uorinated organic compounds occur ndlyra soils and grease-repelling papers, where a clear separation
unknown fractions of organically bound uorine are clearof potentially highly uorinated compounds is observed
indications of anthropogenic chemicals]. (region around m/C 40, MD/C= 0.002). It is important
Due to the sheer number of di erent PFAS that tfamms  to note, however, that the MD/C-m/C separation works bet
into an even larger number of unknown TPs, a compreheter the higher the percentage of uorine in a molecule is,
sive use of authentic reference standards is usually not pasith an accordingly higher F/C and a lower H/F rafi6]]
sible and most likely will not be soodq, 20]. The fact Like the MD, the MD/C-m/C approach cannot separate, for
that PFAS are industrial chemicals that often underlie thmstance, hydrocarbons with one or two;@ffoups from
trade secrets even complicates the availability of standardsther hydrocarbons.
Therefore, non-target screening (NTS) based on high-reso
lution mass spectrometry (HRMS) is necessary for a more
comprehensive characterization of PFA&3,[22]. Several
studies have shown that target analysis is insu cient te cap
ture PFAS present in complex samples, which can easi
result in the overlooking of important compounds even whe
present in high concentratior23]. NTS approaches led to
the identi cation of more than 750 novel PFAS in various
samples in the past worldwide, showing their higlevance
in analytical approacheg2, 24]. Since NTS is typically a
time-consuming and often partially manual process, e cient
prioritization techniques are needed to separate detect
matrix components from the analytes of interest (often
data reduction from ~5000 detected compounds to 10-1(
identi ed analytes or even les9)4].
The intrinsic properties of PFAS (with a certain uorine
percentage) allow the use of several techniques for the..
prioritization [21, 26]: The chemical mass defect (MD) of
PFAS is typically lower (MR= 0.0016 Da) than the one Fig. 1 2D hi§tog_ram of the number of compounds (log scale) {com
of hydrocarbons (MR= +0.0078 Da) and has been used]'?o””d density) in the MD/C-m/C plot of 19 measured samples used
. rom several paper and soil extracts, standards, and blanks (19 sam
to remove detected features outside a prede ned MD rangfes with 51,589 features fron2d, 31, 32)). Hydrocarbon features
(e.g., 0.25to +0.1 Da) 27-29]. However, this range is are located usually below m/C of 25 with a clearly positive MD/C
not xed, and depending on the structure, it is important tdposition 1), while at a certain C number the MD exceeds+0.5 Da

know that hydrocarbons of higher mass that exceed a M ielding a position of a mathematical negative MD/C (position 2).
ighly uorinated compounds or compounds with other heavy het

of +0.75 Da can also fall into the same range. Similarlygroatoms are strongly shifted to higher m/C values (position 3). It
poly uorinated PFAS with a high H content may bear a{posibecomes obvious that even with these high numbers of features in
tive MD exceeding +0.1 Da. Recently, a promisipgmach  Several samples from several di erent matrices, potential PFAS fea
based on the MD normalized to the carbon number (MD/d(}JreS with a certain fraction of uorine within the molecule are-e

. iently separated from most matrix components. The gray lines mark
vs. the mass normalized to the carbon number (m/C) Wage CHF,_line (0 x 2) and the CE-line (0 x 2) (for details on

proposed to separate PFAS much more e ciently from othethe MD/C-m/C plot, see Zweigle et a2d])
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Besides the MD and MD/C-m/C approach, the KendrickMlaterials and methods
mass defect (KMD) analysis to detect homologous series
of PFAS (e.g., with Cfor CEO as repeating units) is of PF Screenvork ow
great relevance since it allows the grouping of structurally
related PFAS, simplifying their identi catior2f/, 33]. In PF Screernis a fully automated tool for detection and-pri
the M data, lists of PFAS-speci ¢ diagnostic fragmentsoritization of potential PFAS features (LC- or GC-HRMS
(DFs) as well as fragment mass di erences and neutralith ESI or APCI source) in raw mass spectrometric
losses can be used to prioritize fragmentation spe2®a [ data written in Python (3.9.13) (Fig). PF Screenis
31, 34]. These techniques are often combined with suspeetructured in several individual Python functions that are
screening by matching accurate mass (or further evidenceyecuted from one main le that allows data and param
with PFAS lists 2, 35]. eter input via a simple GUI programmed with the tkinter

KMD, DFs, fragment mass di erences, and especiallflibrary (Fig. S1). It can easily be automatically installed
suspect screening with large lists (e.g., PFASMASTERand executed on Windows using batch files. Detailed
gathering over 12,000 compounds]) in combination  instructions on installation and functionality are provided
with complex samples (thousands of features) are prone ig the SI. Input MS raw data can be converted vendor-
a high number of false-positive detections (depending oindependently from data-dependent acquisition (d§MS
mass tolerance) that often need to be excluded manuallyes into the mzML data format (.mzML) by using the
which is a time-consuming process. Even with extremelySConvert software from ProteoWizard( 41]. Only
high mass resolution, naturally occurring compounds camzML les with centroided spectra and one collision
still mimic certain PFAS-speci c repeating units such asenergy (CE) should be used. If pro le data was acquired
CF,, complicating KMD analysis and making retentionand M$ spectra from several di erent CEs per precur
time shifts a necessary criterio@7]. Therefore, if the sor m/z are present, the peak picking (for centroiding)
number of features can be preliminarily reduced by thand subset functions (to keep only one desired CE) from
MD/C-m/C approach before applying those techniques, RISConvert can be used to generate the correct mzML
faster and more accurate NTS work ow can be performednput les.
decreasing both computational and manual e ort regard |n the following, the three main functionalities of
ing the further inspection of the features. Although manyF Screerare explained in the same order as they can be
of the above discussed PFAS-speci c techniques for priokexecuted in the GUI (Fi@ and Fig. S1).
itization and identi cation are applied, they are often not
performed in a systematic way using open-source software
[38]. Therefore, it is important to combine the data-pro FeatureFinding
cessing in a more systematic step-wise procedure.

To facilitate the non-targeted screening of PFAS incomThe rst step usually performed in NTS is detection of
plex samples, we developed PEcreen an open-source features in the MS raw data characterized by chromato
Python-based software tool with a simple graphical usejraphic peak shapes of coeluting isotopes, resyltira
interface (GUI) that combines the discussed techniquégst of m/z, retention time (RT), and peak area. This task is
to e ciently prioritize PFAS in LC- or GC-HRMS data performed with pyOpenMS, a Python interface to the C++
acquired with electrospray (ESI) or atmospheric pressur@penMS library #2-46]. For feature detection, the Fea
chemical ionization (APCI). PFScreencan be applied tureFinderMetabo algorithm is used, which is designed for
vendor-independently either on mass spectrometric rametabolites and small molecules7}-49]. Three param
data (mzML, automated feature nding via pyOpenMS) oreters (mass error (ppm), intensity threshold, and an isotope
on custom feature lists (external feature nding by othemodel for more accurate detection of coeluting isotopo
software tools). The PFScreenwork ow presented here |ogues) can be speci ed. The most important parameter is
is then applied to four PFAS-contaminated agriculturathe intensity threshold, which is highly dependent on the
soil extracts from south-western Germany (Rastatt cagastrument used, sample, and the underlying NTS -ques
[27, 39]), where several PFAS classes, including novetion. After feature nding in the M&data, M$ spectra
PFAS, were identi ed. The advantages of the combinedan be aligned to their respective precursors by specify
work ow are discussed in detail. The source code is availing an m/z and RT tolerance. Only one unique?ldiSec
able via GitHub and can be easily automatically installe@rum with the highest precursor intensity is assigned to the
and executed via batch les on Windows within the Pythorrespective M&precursor.
environment. The Python source code can also be executedwith PF Screen a single sample with a correspend

on other operating systems within the Python environmeniag (optional) blank can be processed at a time. Blank
(without automatic installation).
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Fig. 2 Schematic overview of the PScreenwork ow in the strue ment mass di erences which generates a strongly reduced feature
ture of the GUI (Fig. S1). The FeatureFinding tab (1) allows detectiofist of potential PFAS. The data from this list can be visualized and
of feature via pyOpenMS in MS raw data followed by?\Signment  veri ed by the RawDataVisualization tool (3) together with other out
and blank correction resulting in a feature list for a sample of interput les such as interactive HTML plots which allow e cient NTS
est. PFAS feature prioritization (2) includes techniques such as th{€&ig. S3-S5)

MD/C-m/C approach, KMD analysis, fragment matching, and-frag

correction is performed by setting an m/z and RT tolerreasonable boundaries to remove most of the detected fea
ance as well as a fold change with the desired increasetofes (e.g., ~90%) that cannot be PFAS due to their MD/C-
abundance in the sample compared to the blank. FeatumnaéC locations (depending on the underlying questiafigr
appearing in both sample and blank within the speci edletermination of these cuto s, the PFAS feature prioritiza
criteria are removed from the dataset. After preprocession can be executed again focused on a subset of features,
ing, the raw data is ready for speci ¢ PFAS prioritization.which will strongly decrease false positives in KMD analy

If feature nding by an external software is desired (e.g.sis, fragment matching, and suspect screening where the
vendor software), the following steps can also be perespective parameters can be adjusted accordingly without
formed by loading a feature table (.csv, that requires m/a strong increase of wrong assignments. Since the execution
RT, and intensities of the [M] and [M+1] isotopes) into time of PF Screenis usually below 1 min (e.g., for ~4000
PF Screenwithout feature detection via OpenMS. How spectra per sample), input parameters can easily be varied to
ever, the raw mzML les are still needed to assign®MS test their in uence on the outcome. After execution, a folder
data to the features in the feature table (see Sl). Besidissgenerated named after the sample le where important
pyOpenMS, the mass spectrometric Python library Pytresults are saved, including a summary in an Excel sheet

eomics is used for selected calculatiob@, p1]. which is formatted as a table that can be easily inspected,
sorted, and subset for a faster overview of the results as
PFASPrioritization well as an additional CSV le that includes the same data

(Fig. S2). Important plots are saved in the interactive HTML
The PFAS prioritization work ow is intended in an iter format which can easily be opened in any browser, allow
ative manner: after feature detection, the MD/C-m/dng zooming and data inspection with interactive tooltips
plot should firstly be manually inspected to determingFig. S3).
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In the work ow to prioritize features according to their RawDataVisualization
likelihood of being PFAS, several pieces of evidence are
calculated individually for all detected features in the rstAfter feature nding or the complete work ow, the MS
place. For all M&features, the number of carbon atomsraw data can be directly visualized via the BereenGUI
MD, and both MD/C and m/C dimensions are determinedFig. 2 and S4).
To detect homologues series (HS), the KMD (with & pre
de ned repeating unit required; e.g., §Hs calculated EIC extractoExtracted ion chromatograms (EICs) can be
and corresponding features belonging to a certain HS agenerated by accurate m/z (e.g., from the Excel or CSV
aligned by providing a unique HS number (parametergesults le) and inspected in an external window. Several
mass tolerance, minimum number of homologues). masses can be extracted together (comma separated) to
For all MS spectra, fragment mass di erences areinvestigate coelution or RT shifts. To verify the systematic
calculated comprehensively. Therefore, all fragment difRT shifts of detected HS, a repeating unit can be speci ed
ferences within each MSspectrum are calculated and (e.g., Ck) andn EICs are extracted at once (Figand S4),
matched against a prede ned list of PFAS typical masallowing fast checking for reasonable peak shapes and elu
di erences (e.g., CF,, C,F,, HF, C ;4H;F,7 more tion order of suspected masses.
details can be found in3[]). This allows an e cient
detection of fragments indicative for PFAS without priorMS extractor To visualize single MSspectra, a certain RT
knowledge on their actual masa3[ 31]. Furthermore, a of interest can be speci ed. Theoretical isotope patterns of
list of typical PFAS diagnostic fragments (DFs, approxi chemical formulas from suspect hits can then be plotted on
mately 900 fragments) from literature are automaticallyop of the experimental MSsotope pattern (Fi@ and S4).
matched with all fragmentation spectra (which is easily
extendable)F2, 53]. Both negative and positive fragments MS extractor MS? spectra can also be directly accessed via
are considered depending on the measurement polaritiye GUI by inputting the accurate m/z value. If DFs and
which can be speci ed in the GUI. The most importantfragment mass di erences were detected, they are displayed
parameter is the MSoise threshold, used to specify thewithin the respective MSspectrum (Fig. S4).
lowest MS intensity to be considered for DF, and mass
di erence matching. It is important to select a suitableEIC correlatoiTo detect potential in-source fragments (e.g.,
instrument-speci ¢ threshold as a too low input value[M-HF] ) or adducts (e.g., [M+Br] or [M+Acetate] ) by
may result in a high number of false-positive annotationsoelution correlation, an m/z of interest can be speci ed and
Besides a mass tolerance for fragment matching, a minall detected features within a certain RT range are correlated
mal number of positive DFs or mass di erences can b€EICs) and only highly correlating ions can be visualized
speci ed to ag a MS spectrum as potential hit. (e.g., correlation oR?>0.95). This can greatly enhance
To enhance annotation in the K& agments that have understanding of ionization processes and helps to nd
a de ned mass di erence to another already annotatecelated ions that were not grouped during feature detection
fragment (accurate mass match and therefore also a-cherfiore detailed explanation in thRé&sults and discussion
cal formula) are also annotated by subtraction or-addsection, Fig6 and S9).
tion of the respective mass di erence (e.g.,,E;) to an
annotated chemical formula (e.g4,8sF,,0,S+ C ,F,).  Soil collection and extraction
This allows the calculation of unknown chemical formulas
for fragment masses that are not present in the list of DH® present the feature prioritization procedure via
(see Fig. S6). PF Screenfour di erent PFAS-contaminated composite
In the third step, suspect screening by accurate maagricultural topsoil samples from Rastatt (R1 and R2) and
match (with mass tolerance) can be performed. We usédannheim (M1, M2) regions (Germany) were extracted and
a custom PFAS suspect list format (.csv) which currentlyneasured by HPLC-QTOF-MS (see sampling details and
includes PFAS from the NIST suspect liSd]. This list  soil physicochemical properties in the Sl (S3)). The R1, R2,
which includes compound name, SMILES, chemical forS1, and S2 soil names correspond to soils B, A, D, and H
mula, and exact mass can easily be modi ed or extenddidom Rdéhler et al. $6], respectively. Agricultural elds in
with data from other suspect lists (e.g., from NORMANthese regions were subjected to contaminated paper sludge
or the CompTox Dashboard). For suspect screening, thréethe past and found to be highly contaminated with sev
adducts can be chosen which are [M—féf negative polar  eral PFAS classeg7, 32, 56]. Information on all chemicals
ity, and both [M+H] and [M]" for positive polarity (com used can be found in SI (S4). Soil extraction was adapted
pounds such as betaines present in various AFFF formuliom existing procedure2f]. Brie y, 5 g of dried soil (40
tions are often detected as tns) B5). °C) was weighed in 50-mL polypropylene (PP) tubes and
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combined with 10 mL of methanol (MeOH). The suspeninput parameters (e.g., tolerances, thresholds, mass di er
sion was sonicated for 1 h and overhead shaken for 16 énces), their e ect on the output can directly be observed.
After centrifugation (10 min @ 4000 rcf), the supernatantn this way, input parameters can be conveniently adjusted
was transferred into a 20-mL glass vessel, and extractiatepending on end-user needs and sample types. After feature
was repeated. The combined extracts (20 mL) were evapdetection, blank correction, and a short inspection of the
rated under a gentle stream of iNitil dryness at 40 °C and results, the data can be reduced by the MD/C-m/C approach
reconstituted in 1 mL of MeOH, sonicated for 10 min, andy setting an appropriate m/C cuto value. Subsequent
thoroughly vortexed for 1 min. In the last step, the enriche®MD analysis, fragment mass di erences, DF matching,
extract was ltered through a 0.2-um regenerated cellulosand suspect screening then result in a detailed table of a
syringe lter, transferred into PP HPLC vials, and stored irmanageable size.

the fridge (4°C) until analysis. As quality control, an extrac  To demonstrate the PIScreenwork ow, it was applied

tion blank following the identical extraction procedure buthere to four contaminated agricultural topsoilse Tthrative
without adding any soil was prepared to account for-backdenti cation process started with the soil extract of M1.

ground contamination. After data preprocessing and application of prioritization
techniques, the identi ed PFAS (including adducts and in-
LC-HRMS measurements and data acquisition source fragments) were manually added to the suspect list,

and the same work ow was applied to the next soil sample.
Soil extracts were analyzed with an Agilent 1260 In nity In the following, the whole work ow starting from data
HPLC system (Poroshell 120 EG#&olumn; 2.1 mmx 100 reduction to nal identi cation is discussed in detail.
mm; 2.7 um particles at 40 °C) at a ow rate of 0.3 mL/
min coupled to an Agilent 6550 QTOF-mass spectrometeData preprocessing
For compound separation, a 23-min gradient program was
used (A: 95/5 HO/MeOH +2 mM NHAc; B: 5/95 HO/  After data-dependent acquisition (DDA), the raw MS data
MeOH +2 mM NH,Ac) and both negative and positive (.d les, Agilent) were converted into mzML with MSCen
measurements were performed (details in Table S1-S2)ert [40]. For each soil, PFScreenwas executed individu
Data acquisition was performed in the data-dependede  ally together with the extraction blank to remove background
(ddMS) using 3 scans/s (MSange: m/z 100-1700 and signals originating from both the extraction procedure and
MS? range m/z 70—1700) with a static exclusion list (resultthe HPLC system. The mass error for feature detection was
ing from prior MeOH blank injections) to avoid fragmenta set to 10 ppm, the MSntensity threshold was set to 2000
tion of background signals. Furthermore, a rolling exclucounts and the metabolites (5% RMS) isotope model from
sion list was used to iteratively exclude previously triggere@penMS was used to exclude features with unusual peak
precursor masses from previous measurements (three injesbapes of isotopic traces. Peaks reported after feature detec
tions) of the same sample to maximize the’d8verage. tion have to have a full width at half maximum (FWHM)
The threshold for precursor selection was set to 1000 countshove 1 s and below 1 min, and at least two isotopic traces.
and each precursor was excluded for 0.5 min after collectiddS? spectra were aligned with a mass tolerance of &mD
of three M$ spectra. For collision-induced dissociation, aand an RT tolerance of 0.2 min (these tolerances can be veri
linear m/z-dependent collision energy (CE) according to theed by an interactive m/z vs. RT plot (Fig S3a)). Features
following equation was used: — . To detected in both sample and extraction blank that deviated
prevent sample cross contamination, a threefold needle walsh<2 mDa at a RT di erence of <0.1 min and were not at
in MeOH was performed in-between each injection. Eacleast vefold more abundant in the sample were removed.
measurement sequence included several blanks and quakemplified on soil M1, 4209 features were detected,
ity controls (PFAS reference standard mixture) mnitor ~ which were reduced to 3750 features after blank correction
instrument drift. in the ESI mode. A total of 1026 out of 2450 acquired

MS? spectra corresponded to detected features, from which

417 unique spectra remained (~ 11%?M6verage in rst
Results and discussion iteration).

PFAS prioritization and identi cation with PFScreenare  Data reduction by m/C and MD/C

aimed to be performed in an iterative process. This means

that the program is executed multiple times allowing paramAfter these feature preprocessing steps, the m/C and MD/C
eter adjustment to generate reasonable resultsSB¥een dimensions were used for data reduction. When looking at
runtimes are usually below 1 min (e.g., for ~4000 spectrthe MD/C-m/C plot of all soils together (containing more
per sample) for the whole work ow. When changing speci cthan 12,000 features), a clear separation of three groups of
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Fig. 3 Data reduction by the MD/C-m/C approach compared to thelimension when cutting at m/C>30 and to 7.4% when including a
MD. a MD/C-m/C plot for all detected features (12,692) in the fourthreshold of MD/C<0.003 (gray lines in subplot &) Histogram

soil extracts and m/C vs. MD. The colorbars correspond to the of m/C and of the MDd), showing that the m/C works more €
calculated carbon number. In the MD/C-m/C plot, potential PFASiently than the MD (17% of the features remain when cutting
(3) are clearly separated from hydrocarbons (1) and hydrocarbomé 0.25<MD>0.1 which includes 92% of the PFASOECDNA
with many carbon atoms that exceed a MD of +0.5 and are-therdist [27]). Many features strongly exceeding a MD of +0.5 would
fore ipped to a similar MD region as the PFAS but are easily-sepabe wrongly prioritized. Note how the m/C dimension allows a much
rated by m/C. The number of features is reduced to 8% by the m#dearer cuto from hydrocarbon-based features compared to the MD

compounds can be observed (RBg). Most features were to other PFAS, while other organic compounds containing
located below m/C 30, which are a wide variety of di erentless uorine (compared to hydrogen, high H/F ratio) such
hydrocarbon molecules. A theoretical molecule exclusivelas the pharmaceutical uoxetine with only three uorine
consisting of (CH),, groups would be located at m/C =14, atoms (G;H,sFNO, m/C  18) fall below the applied cut
while for the four soil extracts a clear peak distribution rango . Depending on the underlying NTS question, this cuto
ing from m/C 10-25 and reaching a maximum around m/Ccan be adjusted accordingly. Attempting to remove further
16 was observed (Fig3c). The determination of the ear features, an MD/C cuto of < +0.003 was set, although as
bon number strongly depends on the peak picking algorithnseen in Fig3a the m/C dimension was much more e ec
since it is based on robustly integrated EICs from the monaiive for data reduction. The MD/C-m/C approach was more
sotopic mass and its corresponding M+1 isotope (¢.,,/ e cient to reduce features compared to the MD, as shown
[1/0.011145). Therefore, a certain uncertainty should alwayis Fig. 3b and d. When applying a MD range from 0.25
be expected, which increases with decreasing ion-abuto +0.1 Da, which would include 92% of the PFAS in the
dance. Nonetheless, ~92% of all detected features are cled?FASOECDNA list (CompTox Dashboar8dq, 57]), 17%
located below m/C =30 (e.g., humic substances) @ijy. of the features remained, while the combined m/C and
Therefore, here a cuto at m/C =30 was chosen since PFABID/C cuto s led to only 7.4% of remaining features. It is
that are dominated by uorine usually have a higher m/Grery important to note here that the number of features that
(e.9., MG gpap 49; MICppoa 51; MICqp erag 38). strongly exceed a MD of +0.5 is not negligible, since a
6:2 FTAB is an AFFF constituent which already has a conconventional calculation of the MD would result in a nega
siderable fraction of hydrogen {§i,4F;sN,O,S) compared tive MD (e.g., 0.2 Da for a saturated hydrocarbon with
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60 carbon atoms (H(ClitH), whereas the true MD would
be +0.8 Da). As can be seen from the carbon number,
considerable number of features has more than 60 carb
atoms (up to 80 carbons) which are in a PFAS typical ML
range (Fig.3b). Therefore, setting an appropriate m/G cut
o is highly recommended, since these features are easi
removed by this additional criterion. Eventualiyhem com
bining both m/C and MD/C cuto s, only 949 features (7.4%)
remain in all four soils together. This is an appropriate-nun
ber of features for further PFAS-speci ¢ calculations such a
KMD analysis, DFs, fragment mass di erences, and suspe
screening. It should be noted in particular that due to th
removal of ~90% of the initial features, the false-positiv¢
rate decreases drastically (especially with large lists) ar
allows adjustment of selected tolerances with smaller e ec
on false positives.

KMD analysis, fragment di erences, DFs,
and suspect screening

For further prioritization and tentative identi cation, repeat
ing units representative for PFAS such as,jCé&nd CFO
were applied to detect HS (mass tolerance was set at 4
mDa, with at least 3 homologues). Without any m/G cut
0, in soil M1, 74 (CR,),-based HS were detected, likely
including numerous false positives (Fig) evidenced by a
random RT pattern (no RT shift in linked KMD m/z vs. RT
plot). The KMD analysis in PFScreeris performed without
checking the systematic RT shift, but the interactive KMC
plot (HTML) allows a fast veri cation of RT shifts. Each

HS can be highlighted individually by clicking on it, and Fig/-c 4 Tg)ue ggd fﬂse-fgsiﬂve (Gﬁgsego')*SAi” ag' ME= Wi;hog]
. T . . m/C>0) andb with m/C cuto (m/C>30). An noise thre
the respective m/z vs. RT correlation is visualized (Fig. 85)E)Id of 1000 counts was used for feature detection, and the KMD mass

Obviously, many hydrocarbon features were detected in thgierance was set to +1 mDa with a minimum of three homologues.
soil extract that are mimicking Glrepeating units, which is Even with the low mass tolerance of £1 mDa, many hydrocarbon
a common issue of complex matric84,[37]. These com  Matrix Compqne”tls. ?rec""‘imé‘?king the thpejﬂngKkﬂng t(slee also
pound.s ha\{e a higher Gbased KMD (e.g., 0.210 0.5, or zlri 2I55)6 gg;?ér:\gléltg ‘tah(e %splei:ﬁ/r:aceHsS\;N;hérr]efo?e, eachodzrg\rﬁl)co?nt has
lower if their MD strongly exceeds + 0.5 Da) compared toy least two HS partners
that of PFAS (Fig4a). If the combined MD/C-m/C cuto
is applied, the number of detected HS in soil M1 is reduced
to 26 (~65% data reduction, see Big) which conrms the  Manual identi cation process with the PFScreen
utility of this approach. results table

For detection of fragment mass di erences and DFs in
the MS data, preliminary CF, C ,F,, HF, and the The veri cation and (partially manual) identi cation pro
list of DFs were used (later speci ¢ mass di erences wereess of prioritized features from the PEcreernresults table
searched). This resulted in the detection of 3G Mfactra  (Excel or CSV) was performed by sorting the table accord
that contained the speci ed mass di erences, and 47-speing to decreasing intensity, after removing features based
tra with DF hits out of a total number of 373 uniqueMS on de ned MD/C-m/C cuto s. For soil M1, this resulted
spectra at a mass tolerance set to+2 mDa and &inié®  in a feature list with 305 potential compounds. Note that
sity threshold of 2000 counts in the M1 soil extract ( rstsome features appear multiple times in the list due to-struc
iteration). tural isomerism, resulting in multiple features at multiple

In the suspect screening process, the hits by accuradéstinct RTs depending on the degree of separation and the
mass (tolerance of 4 mDa) were reduced from 217 to 17feak nding algorithm. Each feature was veri ed manually
by the MD/C-m/C cuto in soil M1. for occurrence in the extraction blank and reasonable peak

13



PF Screer— an open-source tool for automated PFAS feature prioritization in non-target HRM...

shape (until<1% of the most abundant feature). Althougharboxylic acids (FTCAs, 5:3-13:3), uorotelomer sulfonic
a blank correction was performed, typical contaminationacids (FTSASs, 6:2-16:2), per uorosulfonic acids (PFSAs,
from the LC system with long tailing peaks can be-inte C,—C,y), per uorooctane sulfonamide (PFOSA), N-ethylp
grated multiple times at di erent RTs. Therefore, they areer uoro-1-octanesulfonamidoacetic acid (N-EtFOSAA), and
not always correctly removed depending on the speci ed\-ethyl per uorooctane sulfonamide ethanol-based phos
parameters. By using the RawDataVisualization tool ophate diester (diSAmMPAP) were identi ed in all four soils.
PF ScreenEICs of every m/z belonging to one HS (usingDi erent chain length distributions and abundances were
the integrated HS extrapolator) can be veri ed for RT shiftobserved (Fig5). diPAPs were detected as complex mix
and peak shape, eventually resulting in identi cation oftures of several structural isomers depending on their chain
homologues with very low abundances that were missed Iength (e.g., 6:2/10:2 and 8:2/8:2, shown by MS/MS). Addi
the feature nding process due to the M&ensity thresh  tionally, their EICs showed peaks at much later RTs eorre
old. The chemical formulas from suspect hits were used tgponding to in-source fragments of triPAPs (Fig. S7). While
check for reasonable isotope patterns with the RawDatall telomer-based PFAS were detected as linear chains, the
Visualization of PF ScreenSMILES codes were used to PASF-based PFAS (PFSAs, N-EtFOSAA, PFOSA, and diS
verify at least one candidate per HS by ar?ESctrum. AmMPAP) showed typical chromatographic peak shapes of
In total, nine PFAS classes could be identified viamixtures of branched and linear isomésg|] In these cases,
PF Screenin the four soils that exhibited at least one-susthe dominance of agbased chemistry can be observed (see
pect hit per HS or compound (F&). Per uoroalkyl carbox  PFSAs in Fig5h).
ylic acids (PFCAs, &-C,), uorotelomer alkyl phosphate All four soils had a similar contamination pattern. How
diesters (diPAPs, 4:2/6:2-12:2/12:2), n:3 fluorotelomeever, for soils M1 and M2 (Mannheim region), another very

Fig. 5 Qualitative summary of identi ed PFAS in the four soils (M1, diol O,, FTMA-diol-disulfone. Note that depending on chain length
M2, R1, and R2). Each class (e.g., PFCAs, diPAPSs) is normalized tnd sulfur oxidation degree, diPAPs, FTMAPs, and FTMA-diols
the peak area of the most abundant homologue within all four samvere detected as complex mixture of structural and positional isomers
ples. Further abbreviations: FTMAP O, FTMAP-sulfoxide; FTMA (e.g., 6:2/10:2 8:2/8:2, or disulfoxide sulfone). Very small abun
diol O, FTMA-diol-sulfoxide; FTMA diol Q, FTMA-diol-disulfox- dant identi cations and triPAPs are not shown in the gure

ide or -sulfone; FTMA diol @ FTMA-diol-sulfoxide-sulfone; FTMA
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abundant precursor class, namely FTMAPSs, was detectedl detected features that coelute within a given RT range
(including isomeric pro les ranging 6:2/6:2 to 10:2/12:2), asof +25 s. Strong correlation of EICs can be used to detect
well the previously identi ed TPs FTMAP-sulfoxide31]]. related ions and allows their isolation from other ions in
The 6:2 uorotelomer mercapto alkyl phosphate estersonsecutive M8spectra without knowing their mass-dif
(6:2/6:2 FTMAP) could be con rmed with an in-house syn ferences§2-65]. This is exempli ed on the unknown m/z
thesized reference standard, leading to identi cation level866.9944 which is a member of a suspected HS. When
of 1 for 6:2 FTMAP and 2a for the further homologues dueorrelating the EIC of m/z =966.9944 with the EICs of all
to clear MS/MS evidencesf]. In general, all identi ed coeluting features within a RT range of 50 s, 12 out of 368
PFAS are in good agreement with previous studies includICs correlated with aR?>0.96 at an extraction width
ing biotransformation that characterized other soil samplesf 5 mDa (see Fig S9 for more details). The result is an
from both Rastatt and Mannhei@7] 31, 32, 39, 56]. MS! spectrum that only contains coeluting ions (correla
The PF Screenresults table also revealed severaltion spectrum) of several in-source fragments and adducts
unknown HS that were detected but did not have an accurdteig. 6). Since well-known mass di erences such as,k;
mass match with the suspect list. Their identi cation withand HF were found in this M$ spectrum, a telomer-
the help of the EIC correlator of PBScreernis discussed in  based PFAS with potentially two telomer chains (e.g.,

the following. 6:2/8:2) was suspecte@]]. When looking at the mass
di erences of detected coeluting ions, [M+C|][M+Br] ,

EIC correlator: coelution correlation analysis and [M+Ac] adducts and several other in-source frag

for identi cation of unknowns ments could be observed. The detection of [M+Glhd

[M+Br] ions was of great importance since they allowed
After identi cation of the PF/Acreenresults, there were the determination of [M] rather easily which then also
several GF,-based HS left without any hit in the suspectallowed the identi cation of other adducts and the melec
list. When looking at several MSpectra of di erent ular formula. The m/z=966.9944 (in-source fragment)
homologues, many coeluting ions were observed, oftecorresponds to a FTMAP-related substance, which was
characterized by HF losses and other mass di erencaagged FTMA-diol-sulfone-sulfoxide or FTMA-diol-
(Fig. S8). This is an indication of in-source fragmentatiorO; (see Figs5 and6). With this correlation technique,
of these classe$(, 61]. To be able to e ciently group several tens of unknown HS could be grouped into four
corresponding in-source fragments and potential adduciovel FTMAP-related compound classes (Fj. They
ions together, the EIC correlator from the raw data visualiwere identi ed with one oxygen (sulfoxide) and up to 4
zation tools of PF Screenwas used to correlate the EICs oxygens (disulfone) and to the best of our knowledge not
of suspected features (from a given HS) with the EICs afeported in literature before. They could be microbial or

Fig. 6 Detection of coeluting in-source fragments and adducts via thésee Fig.5). A RT shift with increasing oxidation degree (1 O up to
EIC correlator of PFScreenfor the identi cation of 6:2/8:2 FTMA 4 O) was observed due to increasing polarity. Note that the EICs of
diol sulfoxide sulfone. The EIC of the unknown in-source fragmen{M+ %’CI] and [M+7°Cl] are also in the raw MSspectra; however,
m/z=966.9944 (which was detected as one member of a HS vihey were combined into one feature by feature nding algorithm of
KMD) was correlated with all EICs eluting at its RT £ 25 s resulting pyOpenMS (in case of Br, a wrong isotope grouping occurred) and
in non-targeted detection of related ions. In total, 4 HS correspondherefore not detectable by the correlation analysis

ing to 21 novel FTMAP TPs were identi ed via the use of this tool
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photochemical FTMAP TPs and close the unknown gapnd reviewed the manuscript. CZ supervised the study and reviewed
in a previous FTMAP-related transformation stuég][  he manuscript.
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of the FTMA'dIOIS were not detected at all which rnake%ode availability and licensehe Python source code of P&creeris
sense with ESI) barely formed useful fragments excepivailable on GitHubhtps://github.com/JonZwe/PFAScresgether
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WKH $QDFRQGD GLVWULEXWLRQ 7R PDNH QB¥BMHHIDWLRQ
EH DXWRPDWLFDOO\ L@VME PG, iZIOMK DWIGH HIHEXWHG Z|
—«0  .."t%\]JFOH 21 FRXUVH SHRSOH IDPLOLDRXDEWK 3\V
FRGH ZLWK WKHLU RZQ FXVWRP HQYLURQRR QMW BRG GHSH GH
IRU D VLPSOH LQVWDOODWLRQ DUH H[SODLQHG
'RZQORDG6FI)HH®ZQORDG WEKRUMHMBXUFH FRGH IUR

KWWSV JLWKXE FRP -RQEGHFNI$OFURHWKH JUHHQ 3&R

FOLFN 3'RZQORDG =,3" :KHQ GRZQORDGHG XOQPLS WKH
IROGHU RQ \RXU FRPSXWHU

$XWRPDWLF LQVWDOODWLRQ RI 3\WKR QWINGOW WH RIH EX
1IDYLJDWH LQWR WKH FREZEDVUFRISH UG 33066 FUHHQ PDLQ
FOLFN+WKHBAZf—<'e\,fLOH 1RWH WKDW GHSHQGLQJ RQ \F
VHWWLQJV D ZDUQLQJ QRWLILFDWLB® HGEJKWHR SLHEG R
FRPPDQG OLQH LQWHUIDFH ZLOO RSHQ DQG \RKH OLFU|
GR QRW KDYH 3\WKRQ LQVWDOOHG RQ \RXU LRKR RVEOHN H U
LQVWDOODWLRQ RI 3)\WKRQ LV ILQLVKH GVK®G: LFDRR/ZV W
FRPPDQG OLQH SUHVV DQ\ EXWWRQ W.RH DODNFORBIW LIFRDU
3\WKRQ DQG LQ WKH IROORZLQJ DOO UHFKMKLRHN\GY B\MAK R
3, QUWDOODWLRQ VXFFHVVIXOO\ ILQLVKHGO GRWY RS L8

FRPSOHWHG

1RWH WKDW WKH 3\WKRQ VRXUFH FR®RH) YILWKERXWF KWK
DOVR H[HFXWHG RQ RWKHU RSHUDWLQJHQWWHPAVYHLWKI

UHVSHFWLYH SDFNDJHV QHHG WR EH LOQVWDOOHG PDQXD
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6 3)6FUHNMQFWLRQDOLW\ DQG RXWSXW

7R VB DBPMHBAXEOH FOIOFN W.KHE\LIfOH 1RWH WKDW GHSHQC
:LQGRZV VDIHW\ VHWWLQJV D ZDUQLQJIJWERRBEH IDFEMI\RBGP L%F
*8, DQG D 3\WKRQ FRQVROH ZLQTGRRDRDGCD RSHPD JLGDWDILC
3% URZVH 6DPSOBXWWRQ VH6 1NQG IFKRRNH WKH P]O/ ILOH F

DQG DQ RSWLRQDO P]0/ Il%QWRENVB HODQN PRGQYWURO

)LJ 6&XUUHDRWKLFDO XVHU LQWHUKMKMQFK*8Y RHSPUDWHG LQWR WKUHH F
$ )HDWXUH)LQGLQJ WR GHW H® W] QH D8N XASHIF W Q D 6V & D HG\DHF B IHBS | H D W X |
EODQN FRUUHFWLRQ RSWLRQDO FYMDGUWRB [HBYWWWRPI LA B WXU E\ODLYRW
3)$63ULRULWL]DWLRQ WR SULRUVWY HU DVX MV HFX\Y X UXIINV VDX RK ®LQW KR 0
.0' DQDO\VLV IUDJPHQW PDVV GLIIHDBGFWHXV SN QR HR LQD JB HQX\ON
VHYHUDO SORWY DQG D VXPPDU\ WD &IOWX D(OALHDWLER® &\6R Y L& X DDA W5 |
06 DQG WBSHFWUD DQG FRUUHODWH UHOB@WGE DRQWGEEXEFMWHFW LQ VR

7KH VDPSOHV VKRXOG KDYH EHHQ PHDVXUHG X @&MK GDW
FHQWURLGHG VSHFWUD LGHDOO\ XWUWRUR QR ZF R\DIOH. \BIDRID MK
SHDN ILQGD@LJOPHQW DQG EODQN FRUUHFWLRQVWAMQ EH V¢

WKHXQ )HDWXUHBEQGBWR® 168 6LQPHHI2SHQO6 DDY0A RXRH Q6N

DQG EODQN FRUUHFWLRQ FRGH DUH WDKDIQHR QB VP QAKKALIY \M |
6



VSHFWUD SHU VDPSOH DQG UXQWLPH LW RIRIQ/®\ GH
WKUHVKROG ,Q FDVH DQRWKHU IHDWXUH ILQEL®HVEUREBHG
FXVWRP IHDWXUBHIOFVW VI fYHHTIOZRQSAW+XE WRJIHWKHU
UHVSHFWLYH P]0/ ILOHV FDQ LQ@¥WHEGWKHR X\Q FOKEN GL QG |
2SHQO06 7KLV LV GRWRZBAH WEOH SO H) H D W @ B4WR ZONAH
%ODQN)HDWXEXWWERRY ZKLFK DUH5SXQH$W R E\DVCH ERCEW XMKHH7 |
EXWWRQ 1U 6QGRWHK WIKIDW GDWD HYDOXDWLRQ RQO\ ZR
P]0/ ILOHV DUH DOVR JLYHZDWRWERXAZGVEHOPLVVLQJI :KI
JHDWXUH)LQWD@JLV FRPEIZHIWMAGO IWKIBDOL]I® WQBRQFDQ EH
XVHG HYHQ ZLWKRXW 3)$6 VSHE)96B8UGRWDW ZFD%W HRRUP WK
6 DSSURSULDWH LQSXW SDUDPHWHUV FDG@E YD YHML RDQ C
SHUIRUPHG E\ PX(EF I8)H6I3 WIKRHI t EWWOWRICR QL&)  7IKQ VLW DVN L\
XVXDOO\ FRPSXWHG LQ OHVV WKDQ RQH PLQRWHQSXWOR?Z
$IWHUZDUGYHBW UD GL\sDIDDM®D EI\NWKOK L WDR\R.MRHPW UDFWR U
KDYH KLJKOLJKWHG IUDJPHQW PDVV GLIIHUBRRBH\VGBQ/G LD
$IWHU H[HFXWa3UL WKHW L] DWDLER QKK BBHY XOWY WDEOH ([FH
DQG DGGLWLRQIO ROGIVEMHYIDO LQWHUDSFWILYH WD YHSOIRW
IROGHU QDPHG DIWHU WKH VDPSOH WKDW RDR) & I3 GHHIW L O\ L
YV 57 SORW ZLWK DQZ GDWIORXW .6 ZLWK OLQNHG P ] YV
VI\VWHPDWLF 57 VKLIWVY DQG D P & KNRLWDEDUDFDOWB KXW
YLVXDOL]H (,&V DQG H[WUDSRODWH +6 ZLWKFREEBR@ UHSH
VSHFWUD $GGLWLRQDOO\ D FRHOXWLRQ FRWKHODWL
5DZ'DWDI9LVXDOLWRR®RPBOVR WKH WKHRUHWLFDO HVRWRSH

GLVSOD\HG RYHU WKH H[SHULP HQWB)RJLVRWRSH SDWWHUQ\



)L 6 3)BFUHBIYYXOWV WDEOH KHUH DV IRUWPDW\DBGE R([BRIRY WEDESDHH D
VXPPDUL]JHV PRVW FDOFXODWLRWXUSH B LRRRH.G/ LI® WIKRIQ3Y$BHISMO DQG LV
WDEOH WR FRQYHQLHQWO\ VRUWHN QFD § CHIFHL GD WD FR $§ LIM@GGDIYGYIIRQ L G
VSHFWUD DQG FRHOXWLRQ FRUUHODWL\RD CFLO Q VBIHRBFLWRIMLRH G LQ WK |

)L 63)BFUHHOQNHUDFWLYHD+7R0/] YYRWY Rl DOO IHDWXUHV DQBZWKH SU!
VSHFWUD %OXH FRORU FRU U H \RZR QIGIYQWIRS B WEUHWHZEIWH B VIO XIGHD Q0D
DOO ¥G&HFWUD 7KLV SORW FDQ EH XVRIGHWRQEBBORUQPE DWHGH B DQGL§
WKH FKURPDWRJUDSK\ HJ SHDR DDGWHK BQB WKW 68 RYHUYLHZ ZLWF
F 0'& P & SORW WR GHGXFH U H B\XEQLRQHGHOMRIGY. QR LR G DVWKIH WHD P S O
KLVWRJUDP WR YLVXDOL]H W DN ¥YU& G MDPS DEX WH R @ 'R$ QAR PRIXSOHG W
HDVLO\ YHULI\ WKH VIVWHPDWLF 57XVKVHW LRH\6 VFHKH GHWHFWHG KRPROR



)L 63)BFUHHIWHUDFWLYH ILIXUH IURP WK 502\D WDQLEMNDIGIBDWDLWE
FRPPD VHSDUDWHG OLVWYVY RI P DKREPRABRIXIHIRU RGRFPREDWLOHIHDWLQJ
DUH DXWRPDWLFDOO\ JHQHVUYUDMFWAI X E DWWL CESFODWMG. FO6ODU 5/FROLQWHU
IRUPXOD RI D VXVSHFWHG FRPSRX®G& R JIRWD VX ¥@HREW HQL WWKHJ VBKHR U
LVRWRSH SDWWHUQ LV RYHUOD\HG/SHWIK LWKMH ]§ BEH PGB0 D] IRG Y VWR|XRM D &
FDQ DOVR EH YLVXDOL]HG ZLWK DQHUURHWWOWFWYRQVY DQG IUDJPHQW PDVV G



)LJ 6,QWHUDFWLYH .0' WRROWLSY WR ®L\WXDRUHBDF K IGIH W MW AL W& + & F DI
ILWV WR 3)&$V DQG E QRQ V\WWHRNWWE YSH X®&NIQ@R ZSR WHRXS LPIOF FORCE\R
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)L 6([DPSOH RI DQHFOWUXP ZKHUH XQNQRZQ FKHRPLFROIUDUPKXQDW BHL
FDOFXODWHG E\ SURSDJDWLRQ RI FKHPLFDOIUDPUPKXQDIW PDRVY GLIDHQRQW
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JLIXUH (6& RI GL3%$3 57 ZLWK LDWVRRUBHVIEZRQBHWYRVVYWRIRHULF
WUL3$3

)L 6 +) PDVV GLIIHUHQFHV IURP LQ VR XUFHHO DWWH B HERWPBWR KRG VR | H) 70
ZKLFK LV DQ >0RFHWDWMHEB GLRO GLVX®OIRPRLEGHEH+EZDIRQH &

)L 65HVXOWYV IURP WKH (,& FRUUHODWRWRR RV 6WIK BI)fd@ AVIX\M DLOQ. WXRIXWLF
I UDJPHQW P ] WKDW FRUUHVSRQGV WR ) W I GI7RDL 8 WA R[IL G W/ \DXQC
5 FRUUHODWLRQ WKUHVKROG RI !



)L 6 &XWRXW IURR®RDVHG .0' YV P ] SORW IURP WKH KR LGL HHVU QRN |
VXOIXU R[LGDWLRQ VWDWHY IURP RQH WR IRXU R[\JHQ DWRPV

6 6RLO VDPSOLQJ

6RLOV ZHUH VDPSOHG RQ IRXU DJULFXOWXWLY HLBIOIBY L6 L
5 DQG 5 ZHUH VDPSOHG QHDU 5DVWDWW L 8RW & 2\ \B K\LDDQ\VE |
ORDP VRLO ZLWK S+ DQG RUJDQLF FRQWGH YWLRI ZLWERI
DQG RUJDQLF FRQWHQW RI 6RLOV 0 D QGWK LDH WK H/L
DQG FP KRUL]JRQ UHVSHFWLYHO\ +6RL® Q@G ZDWJ DQQR
FRQWHQW RI 6RLO 0 ZDV D FOD\ ORDPHQRLAI ZLWI§ G

VDPSOHYV ZHUH KRPRJHQL]JHG DQG PL[HG WKRURXJKO\ > @

6 &KHPLFDOV

'DWHU DQG PHWKDQRO OH2+ ZHUH ERWK PR RIGLXPDISHFH V)IDWK
1+$F o ZDV SXUFKDVHG IURP )LVKHUEUDQGG6$WIHUHQFH
)7&$ DQG )76$ DQG DQG GL3$3 GLBGEP3IE3(W)26
ZHUH SXUFKDVHG IURP :HOOLQJWRQ ODERUDWIRHMIHWG G)HY

LQ > @



6 ,QVWUXPHQWDO SDUDPHWHUYV

7DEOH*6DGLHQW HOXWLRQ Rl WEH +3/& @A2y PHWRRG DQG %
OH2+ 2 PO 1$F

7LPH PLQ $ %

7TDEOH6&KXPPDU\ RI LQVWUXPHQW DQG VFDQ&VRR)ARHDBDUNDRRWEWY XVHG

_ QVWUXPHQW 3DUDPHWHUYV
*DV 7HPS f&
*DV )ORZ [/ PLQ
1HEXOL]HU SUHVVXUH SVLJ
6KHDWK JDV WHPSHUDWXUH f&
6KHDWK JDV IORZ |/ PLQ
JUDJPHQWRU YROWDJH 9

6FDQ 6RXUFH 3DUDPHWHU
&DSLOODU\ YROWDOJH 9

1R]]JOH YROWDJH 9

SHIHUHQFHYV

5|KOHU . 6XVVHW % *UDWKZRKO 3 \O BEBRGXFW)RY RIURF
SUHFXUVRUV LQ FRQWDPLQDWHG KIQLFKOSHXIWDE QWR\L O §F L% DRW¥F
GRL M VFLWRWHQY

%XJVHO % %DXHU 5 +HUUPDQQ ) ODWLHB ¥VFUFHHGIOQHIURL SHU
SRO\IOXRULQDWHG DON\O VXEVWDQFHWYV ®)E6 ARQWPLSRIHIMW WE &
%LRDQDO &KHP GRL \%
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() Cheok for updates Non-extractable PFAS in functional textiles —
e o s e CNNATACETIZAtION DY COMplementary methods:
Impacts, 2023, 25, 1298 oxidation, hydrolysis, and  uorine sum parameters t

Jonathan Zweigle, (22 Catharina Capitain, ¢ @ Fabian Simon? Philipp Roesch, ¢
Boris Bugsel® and Christian Zwiener (2 *2

Per- and poly uoroalkyl substances (PFAS) are widely used for durable water-repellent nishing of di erent
fabrics and textiles such as outdoor clothing, carpets, medical textiles and more. Existing PFA S extraction
techniques followed by target analysis are often insu cient for detecting widely used side-chain

uorinated polymers (SFPs) that are barely or non-extractable. SFPs are typically copolymers consisting of
a non- uorinated backbone with per uoroalkyl side-chains to obtain desired properties. We compared the
accessible analytical information and performance of complementary techniques based on oxidation
(dTOP and PhotoTOP assays), hydrolysis (THP assay), standard extraction, extractable organic uorine
(EOF), and total uorine (TF) with ve functional textiles and characterized 7 further textiles only by
PhotoTOP oxidation. The results show that when applied directly to textile samples, dTOP and PhotoT OP
oxidation and also hydrolysis (THP) are able to capture large fractions of TF in the form of per uoroalkyl
side-chains present in the textiles while methods relying on extracts (EOF, target and non-target anal ysis)
yield much lower fractions of TF ( e.g, factor 25-50 lower). The conversion of large fractions of the
measured TF into PFCAs or FTOHs from wuorinated side chains is in contrast to previous studies.
Concentrations ranged from <LOQ to over 1000 mg F kgél after oxidation/hydrolysis and <LOQ to over
2000 mg F kg S1 for TF, while EOF and target PFAS in extracts were detected at much lower
concentrations (upto 60 mg F kg‘é‘l) (amount of uorine is in the order: extraction EOF  oxidation/
hydrolysis # TF). Per uoroalkyl carboxylic acids (PFCAs) and uorotelomer alcohols (FTOHs) from THP
hydrolysis and PhotoTOP oxidation both represented chain-length distribution in the textiles show ing that
long-chain SFPs are still used in current textiles. Further advantages and disadvantages of the applied
rsc.lilespi methods are discussed.
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DOI: 10.1039/d3em00131h

Environmental signi cance

In comparison to other per- and poly uoroalkyl substances (PFAS), side-chain uorinated polymers (SFPs) are a group of less studied PFAS that are widely used
for textile coatings. While these polymers are potentially non-hazardous for humans during their use phase, they have been shown to emit per uoroalkyl acids
(PFAAs) through abrasion and sunlight exposure and eventually at the end of their life-cycle where they can act as a long-term source of persistent and mobile or
bioaccumulative chemicals. Methods besides extraction are therefore of high relevance to capture per uoroalkyl side-chains directly in products to be able to
assess their potential contribution to volatile (  uorotelomer alcohols) and ionic PFAS (PFAAs) both indoors and in the environment.

Introduction

Per- and poly uoroalkyl substances (PFAS) are a large and complex
class of anthropogenic chemicals with countless applications in
aEnvironmental Analytical Chemistry, Department of Geosciences, University Ofndustry and consumer products 13 Dye to their intrinsic proper-

Tubingen, SchnarrenbergstraBe 94-96, 72076 Tubingen, Germany. E-mail: christiar). . . . - .
: S ties that include for instance high stability and non-stick charac-
zwiener@uni-tuebingen.de

*Federal Institute for Materials Research and Testing (BAM), Division %.Ihorganic terIStIC.S, currently a huge number of products and pI’OCGSS(.E'S re_ly
Trace Analysis, Richard-Willgtter-StraRe 11, 12489 Berlin, Germany on their use.** Those properties, however, also cause negative side-
‘Federal Institute for Materials Research and Testing (BAM), Division 43 € ects such as environmental persistence, adverse eects on
Contaminant Transfer and Environmental Technologies, Unter den Eichen 87human health and either high mobi Iity in the case of short chain
12205, Berlin, Germany or bioaccumulation for long-chain PFAS.® Furthermore, degrad-

T Electronic  supplementary information (ESI) available. See DOI: . .
able PFAS eventually transform into persistent end-products such
https://doi.org/10.1039/d3em00131h Y P P
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as per uoroalkyl acids (PFAAs) which were used in the past but

certain long-chain PFAAs €.g, PFOS and PFOA) are largely regu-
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Since SFPs were shown to be PFAA precursors that lead to the
release of di erent PFAS (volatile, mobile, or bioaccumulative

lated globally.” Due to the extensive use, PFAS were detected in all depending on the chain length and functional group) either

environmental media, including water, ° biota,**** air,*?*® indoor
environments,* and globally in rainwater. **

directly or via microplastic bers, it is important to be able to
quantify or at least estimate the amount and length of the

While monomeric target PFAS such as PFAAs, selected PFAAper uoroalkyl side-chainsin nished products. Comprehensive

precursors and also volatile PFAS such as uorotelomer alco-
hols (FTOHSs) can be (partially) extracted from most matrices
and are therefore more or less routinely analyzed by liquid- or
gas chromatography coupled to mass spectrometry, polymeric
PFAS cannot be directly detected by this technique since they
are o en not extractable or ionizable.*” Besides polymers such
as Te on (polytetra uoroethylene, PTFE) which is considered to
be rather safe with respect to direct PFAS exposure during its
use (but not production), there are other PFAS copolymers that
are prone to release PFAAs or FTOHs due to degradation
processes which are therefore considered PFAS precursor&??
Those side-chain uorinated copolymers (SFPs) are character-
ized by a hydrocarbon polymer backbone which is equipped
with poly- or per uoroalkyl side-chains (schematic representa-
tion in Fig. 1). > Due to covalent bonding to the non- uorinated
polymer they are more durable than monomers during use.
Di erent materials such as textiles or textile bers can be

nished with di erent SFP formulations that are part of the
group of durable water-repellent (DWR) coatings. These are
based on a very wide range of di erent chemistries, both with or
without uorine.?*?*Fluorinated DWR coatings are usede.g, in
outdoor and medical textiles but also for carpets and many
more diverse applications.?*2*

methods that do not rely on extraction (of barely extractable
SFPs), are typically sum parameters such as total uorine which
can be determined via di erent techniques such as particle-
induced gamma-ray emission (PIGE) spectroscopy or by
combustion ion-chromatography (CIC).252¢ Other approaches
based on X-ray photoelectron spectroscopy (XPS) are able to
quantify the atomic percentage of uorine directly on product
surfaces’® While those methods are useful in a quantitative
manner, they are associated with the loss of information on the
identity of PFAS when used exclusively. Structural information
such as chain-length distribution of an SFP within a product
cannot be obtained. However, methods relying on oxidation
such as the direct total oxidizable precursor (dTOP) assay, the
recently developed PhotoTOP assay, and the total hydrolysable
precursor (THP) assay can be used directly on products such as
textiles.*”??° Target oxidation products (PFAAs or FTOHSs) can
be quanti ed with routine methods and information on chain-
length distribution can be combined with results from  uorine
sum parameters to characterize SFPs in a quantitative manner
regarding their total or extractable uorine content. Most
studies concentrated the characterization of PFAA precursors in
textiles only on extraction and further oxidation of extracts via
the TOP assay and there is only a very limited application of
those conversion methods directly to the coated textile

Fig. 1 Schematic illustration of a textile containing an acrylate C g-based side-chain uorinated polymer (SFP) and the respective end products of
dTOP, PhotoTOP, and total hydrolysable precursor (THP) assay and EOF and TF analyses.

This journal is © The Royal Society of Chemistry 2023
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itself. 17182829 Therefore, we used ve functional textiles to
investigate the advantages of direct chemical treatment via the
dTOP, PhotoTOP, and THP for the characterization of SFPs in
textiles and compared those results with those of methods
relying on extraction [target and non-target analysis and
extractable organic uorine (EOF) analysis] and TF measure-
ments. Our study aims to verify how techniques relying on
oxidation and hydrolysis (directly applied on the textiles)
perform in comparison to sum parameters such as EOF and TF
and whether a quantitative conversion of uorinated side
chains (into PFCAs or FTOHS) is possible by comparing uorine
in C,Fan+1-chains of target analytes with TF. Of special impor-
tance is the highlighting of techniques that can be directly
applied to the textiles (PhotoTOP, dTOP, THP, and TF) by
comparison with methods relying on extraction (analysis of
PFAS in extracts or EOF). To this end, we characterized seven
further functional textiles by only extraction and direct Photo-
TOP oxidation and discuss the occurrence and types of char-
acterized SFPs.

Materials and methods
Chemicals and reagents

The origin and speci cations of all used chemicals are given in
the ESI (Section S¥).

Textile collection and prioritization using the contact angle g

Di erent functional textile samples were ordered from two
German textile online shops (sto 4you.de and efabrics.de),
chosen based on their descriptions to be water repellent. When
possible, colorless textiles were purchased to avoid potential
interference with dyes. For contact angle measurements, photos
of 20 nL water and sun ower oil drops were taken on 1 cm
textile strips (both sides) using a Canon EOS 1200D digital
single-lens re ex camera with a background light source
(examples in Fig. S1f). Contact angles g were determined with
the contact angle plugin of ImageJ (https://imagej.nih.gov/ij/
index.html) with at least ve points using the manual point
procedure. Clearly oil wetting textiles were excluded from
analysis since they typically do not contain uorinated DWR

nishing. 12 nal textiles were chosen due to their low water
and/or oil contact angles including textiles with a higher
contact angle for reference.

Textile extraction

To extract potential PFAS from the textiles, samples were cut
into pieces of 4 cm? with pre-rinsed scissors (isopropanol),
weighed in 15 mL centrifuge tubes and covered with 5 mL
MeOH followed by sonication for 1 h. A erwards, samples were
placed on a horizontal shaker for 21 h and sonicated for an
additional hour. In the next step, 1 mL aliquots were taken
(triplicate), centrifuged for 10 min @ 20 817 relative centrifugal
forces (rcf) and 800 nL of supernatant was transferred into
HPLC vials and stored at 5 °C until analysis or further pro-
cessing. An extraction blank was processed identically to
consider background contamination during the extraction

1300 | Environ. Sci.: Processes Impacts , 2023, 25, 1298-1310
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process. For extraction recovery tests see section Quality
control.

PhotoTOP oxidation

For the application of the previously developed PhotoTOP? (12
samples, selected extracts, and blank), 20 mg of thin textile
strips (1 mm; pre-rinsed scissors) were weighed into 20 mL
EPA screw (Pyrex) glass vials and combined with 20 mg TiQ
23 mL of pre-heated water ( 50 °C) and a magnetic stir bar. In
the case of extract oxidation, 700 mL extract was spiked onto
TiO, and evaporated overnight. A er thorough mixing and
5 min sonication, the vials were placed in a UVA Cube 400
[Honle UV Technology; 1200 W lamp (SOL 1200 RF2); for setup
details see Zweigleet al. 2022F® and irradiated for 5 h (selected
textiles up to 10 h). For PFAS quanti cation and non-target
screening, 100 L samples were taken and diluted with 900 m_
MeOH followed by centrifugation (30 min @ 20817 rcf).
Subsequently, 600nL of supernatant was transferred into HPLC
vials for analysis.

Direct TOP (dTOP) oxidation assay

A modi ed direct TOP assay from Liagkouridis et al. 2021 was
applied to four textiles, one textile extract, and a blank. * Brie y,
20 mg of textile was placed in a 60 mL EPA glass screw vial (or 700
nL extract) and 10 ng of isotopically labeled PFCA standard was
spiked and the solvent was le to evaporate overnight. The next
day, 30 mL of water, 0.48 g potassium persulfate, and 4.56 mmol
NaOH were added, and the solution was vortexed and placed in
a water bath at 85 °C for 6 h. A erwards, the samples were
allowed to cool to room temperature and the pH was adjusted to
6-8 with HCI. For sample clean-up, SPE cartridges (Chromabond
HR-XAW, 3 mL, 200 mg, Macherey-Nagel) were conditioned with
6 mL MeOH with 0.1% NH 4,OH, 3 mL MeOH, and 6 mL water and
samples were passed through at a rate of approximately one drop
per second using vacuum. The cartridges were then washed with
6 mL water and dried. A er drying, PFCAs were eluted with 3 mL
MeOH, followed by 6 mL MeOH with 0.1% NH 4OH. The eluates
were evaporated until dryness under a gentle stream of N,
reconstituted in 1 mL MeOH, vortexed thoroughly, sonicated for
5 min, and vortexed again. Subsequently, the samples were
centrifuged for 10 min @ 20817 rcf and the supernatant was
transferred into HPLC vials for analysis. An additional SPE blank
was processed in the same manner.

Total hydrolysable precursor (THP) assay

For the application of the THP assay* ( ve textiles, one extract,
and a blank), 750 nL of a 1 M NaOH solution (22.5/2.5 MeOH/
water) and 30 mg small textile pieces (or 700 L extract) were
combined in 1.5 mL glass vials, vortexed, and placed in an oven
at 60 °C for 16 h. A er cooling to room temperature, 300 niL of
the solution was transferred into 10 mL glass vials, where 900
nL of a 1:1 mixture of methyl-tert-butylether (MTBE) and n-
hexane was added, followed by 3 mL of water. A er 30 min of
shaking, separation of the organic phase from the aqueous
phase was allowed. The lower water layer was removed and
anhydrous Na,SQ, was added to remove excess water until the

This journal is © The Royal Society of Chemistry 2023
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organic solution became clear. 450 L of the clear solution was
transferred to plastic Eppendorf tubes together with 75 mg

Na,SQ, and le to dry for 1 h with occasional shaking. Finally,

all samples were centrifuged for 10 min @ 20 817 rcf and 200nL
of supernatant was transferred to a HPLC vial with a glass inlet
for analysis with GC-QTOF-MS.

PFAS target and non-target screening (NTS)

PFAAs from PhotoTOP and dTOP oxidation experiments were
quanti ed by HPLC-QqQ-MS/MS (1290 Innity Il HPLC System
coupled to a 6490 Triple Quadrupole MS, Agilent Technologies).
Separation was achieved by gradient elution (A: 95/5 water/
MeOH + 2 mM NH4Ac, B: 5/95 water/MeOH + 2 mM NH,Ac)
on a Cyg column (Waters Acquity UPLC BEH Gg, 1.7 mm, 2.1 x
100 mm) at a ow rate of 0.4 mL min>! at constant 60 °C (for
details on gradient, ionization, and instrument parameters see
Tables S1 and S2). The ESI was operated in the negative mode
and all PFAAs were quanti ed using two MRM mass transitions
except for PFBA (Table S#). The injection volume was 5 nL. and
guanti cation was performed with seven calibration standards
(50 ng L5'-10 my L) measured before and a er each set of
samples. MeOH blanks and quality controls (1 ng L>* calibra-
tion standard) were measured a er every 10th sample to
monitor the instrument dri . PFAAs in samples from dTOP
experiments were corrected using isotopically labeled internal
standards.

FTOHs were quanti ed (<10:2 FTOH) and semi-quanti ed
($ 10: 2 FTOH) with an Agilent 7890B GC (Agilent HP-5MS Ul
column, 30 m x 0.25 mm, 0.25mm Im) coupled to an Agilent
6550 QTOF-MSvia an atmospheric pressure chemical ioniza-
tion (APCI) interface. A 9.7 min temperature program was
applied, starting at 50 °C for 1 min and increasing at a rate of
30 °C min®* to 250 °C which was held for 2 min. Helium was
used as carrier gas at 1 mL min®! and a constant water ow of
0.1 mL min $tinto the APCI source was achieved with the HPLC
pump which keeps the humidity at a constant high level to
increase ionization e ciency3** The corona current was
turned o before 2.5 min to prevent solvent ionization. The
injection volume was 1 nbL with pulsed splitless injection
(instrument parameters in Table S31). 6:2 and 8:2 FTOH were
quanti ed with standards (10 my L5'-10 mg LSY) while
concentrations of n:2 FTOHs (i $ 10) were semi-quanti ed
based on the response of 8:2 FTOH. Each sequence included
a solvent blank and MS data were acquired at 10 spectra/s in
a range from m/z 60-500.

GC- and HPLC-QTOF raw data from textile extracts, selected
PhotoTOP samples, and THP extracts were further screened for
unknown PFAS with a non-target screening approach as
described previously (small suspect list, FindPFDS and KMD
analysis)?® Measurement and data analysis details are given in
the ESI (Section S2).

Extractable organic uorine (EOF) analysis by HR-CS-GFMAS

0.25 g textile samples (cut into pieces of 2 cnf) were weighted in
15 mL polypropylene PP tubes in methodical triplicates. 5 mL of
MeOH was added for extraction. Samples were incubated in an

This journal is © The Royal Society of Chemistry 2023
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ultrasonic bath for 1 h, followed by overnight (20 h) shaking in

a vortex mixer at 500 rpm. A er this, samples were again
incubated in an ultrasonic bath for 1 h. Upon centrifugation

(10 min, 3900 rpm), the supernatant was collected and directly
analyzed by high resolution-continuum source-graphite furnace
molecular absorption spectrometry (HR-CS-GFMAS). A contrAA
800 HR-CS-GFMAS system (Analytik Jena AG, Jena, Germany)
and the so ware ASpect CS 2.2.2.0 (Analytik Jena AG, Jena,
Germany) were utilized for EOF analysis. The method is based
on the detection of GaF at 211.248 nm as described by Metzger
et al. 2019 and Gehrenkemper and Simon et al. 202132 For
external calibration, PFOA standards were used at the following
concentrations: 0, 25, 50, 75, 100, and 125nmg F 5. Both
samples and standards were measured in instrumental tripli-
cate. The limits of detection and quanti cation were 3.4 ng F
kg®! and 10.3 ng F kg2, respectively

Total uorine analysis by CIC

TF in textile samples was quanti ed via direct analysis using
combustion ion chromatography (CIC). CIC combines
a combustion and an absorption unit (AQF-2100H, GA-210,
Mitsubishi Chemical Analytech, Tokyo, Japan) connected to
ion chromatography (ICS Integrion, Thermo Fisher Scienti ¢
GmbH, Dreieich, Germany). Therefore, uniformly punched
textile discs ( 5-10 mg) were weighed directly into pre-cured
ceramic boats and subsequently analyzed by CIC in tripli-
cates. In between, a cleaning step was performed, combusting
a blank sample boat under the applied measurement condi-
tions. Quanti cation of the samples was enabled using ten
point calibration curves from 1 to 250 ng LS F°? for all TF
measurements. Therefore, 200 nL of a freshly prepared
aqueous NH4F calibration solution was injected into clean
ceramic boats and subsequently combusted. In order to
maintain calibration precision, all calibration samples were
combusted twice, yielding an average value for each calibra-
tion point. Details on the limits of quanti  cation (LOQ) and
detection (LOD), instrumentation, and measurement param-
eters are provided in the ESI (Section S2, Tables S%8;f for
further details see also Gehrenkemper et al. 2021 and Roesch
et al. 2021)333

Quality control

To ensure reliable generation of data regarding the occurrence
of SFPs in textiles, several quality control measures were
included in the study. An extraction test with PFAAs was per-
formed to ensure that these classes are quantitatively extracted
from the textile by the applied extraction procedure (see ESI,
Fig. S2f). Techniques such as the PhotoTOP and TOP assay were
shown in the past to quantitatively yield PFCAs from precursor
oxidation when applied without a matrix. 263" However, in the
presence of textile matrix, a quantitative conversion of SFPs to
PFAAs cannot be easily calculated. For each technique
(screening, PhotoTOP, dTOP, THP, EOF, and TF) always proce-
dural blank experiments (no textile) were performed to account
for general PFAS background as well as instrumental blanks
and regular QC measurements were carried out.

Environ. Sci.: Processes Impacts , 2023, 25, 1298-1310 | 1301
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The LOQ for HPLC-QqQ and HPLC-QTOF measurements was descriptions for TO7 which stated that it contained a coating on

de ned as a S/N ratio > 50 for signals at the second lowest
calibration point (100 ng L S* for PFCAs and 10ng LS for
FTOHSs). LOQ were 1.21g F kgSl for extraction (PFAAs), 0.82 mg
F kg®* for PhotoTOP, 0.36 mg F kg** for dTOP, and 1 mg F kg**
for THP.

Results and discussion
Textile prioritization

Textiles coated with DWR formulations typically exhibit low
contact angles with water, while in the case of uorinated DWR
coatings also oil and stain repellent properties are achieved
which is further dependent on the textile surface roughness. 3°
Therefore, contact angles can be useful for prioritization to
exclude textiles that are totally oil wetting. In total, 12 functional
textiles (e.g, an outdoor-, umbrella-, awning-, and sunbed fabric
and shower curtain) were selected for deep investigation due to
their low water and/or oil contact angles while two water
repellent but oil wetting textiles were included as references (see
Fig. 2, details on textiles in Table 1). Several textiles such as T0O7
and T12 showed highly di erent angles on both sides, which
can be indicative of one-sided coating of the nal textile with
a DWR formulation or a multi-layered textile, like that used for
re- ghting gear,** rather than directly coated textile bers.
This observation was consistent with the available textile

Fig. 2 Contact angles g of sun ower oil (yellow) and water (blue) for
the 12 functional textiles in order of increasing oil contact angle. For
every textile, two overlaid bars are shown (light and dark color for the
respective side) for the contact angles of both sides since for most
textiles, no optical di erence between both sides was observed. Note
that strongly di  ering contact angles on both sides are indicative of the
application of a DWR formulation to the  nal textile rather than bers
directly containing DRW formulations. For totally wetting textiles, q
was set to 180°. Contact angles vs. PFCAs formed after PhotoTOP
oxidation are shown in Fig. S3.T

1302 | Environ. Sci.: Processes Impacts , 2023, 25, 1298-1310

one side. While for several textiles oil repellency was low, all
textiles were water repellent at least on one side.

PFAS screening in textile extracts

Methanol extracts of the 12 textiles were screened for potential
PFAS by HPLC-QTOF-MS. Except for concentrations of PFOA in
TO5 ( 0.01mg F kg>*) and PFHXA ( 0.005 mg F kg**) in T15, no
further PFAS were detected (LOQ= 1.2 ng F kg°%). Neither
Kendrick mass defect (KMD) analysis, nor fragment mass
di erencesin acquired MS/MS spectra were detected, providing
the rst evidence that these textiles do not contain signi cant
concentrations of extractable PFAS, indicating (due to the
observed contact angles) the presence of coatings with either
non- uorinated formulations, partially extractable residues or
non-extractable polymeric PFAS such as SFPs.

Textile oxidation via PhotoTOP assay

To investigate potential non-extractable PFAS in textiles, rst,
the previously developed PhotoTOP was directly applied for 5 h
to the 12 textile samples and 3 textile extracts (T05, TO7, and
T15)2® Several textiles formed considerable concentrations of
di erent PFCAs when oxidized directly (Fig. 3a and Table 1)
ranging from C 4 (PFBA) up to G, (PFDoDA) and mainly either
PFOA or PFHXA were the dominant oxidation products with
di erent chain-length distributions and concentrations. No
per uoroalkyl sulfonic acids were detected. While T15 and T20
were dominated by PFHxA and low concentrations of PFHpA
and PFPeA indicating a G-based SFP coating (gF:3-R), T03,
TO5, TO7, T12, and T17 preferentially formed PFOA (G@-based).
Since the PhotoTOP was shown to conserve the chain lengths of
precursors in the form of (n S 1) per uorinated carbon atoms in
the molecule (e.g, PFOA from 8:2 FTOH)?® at this point, the
observed PFCA chain-length distribution is expected to roughly
re ect the actual per uoroalkyl side chains on the textiles. TO3
and T17 seem to contain almost only Cg-chains (similar to T15
and T20 for Cg) whereas for TO5 and TO7 distributions from C 5—
C,, peaking at Cg were observed. Only T25 di ered from these
two groups since only PFHpA was formed a er oxidation.

Concentrations of the sum of PFCAs SPFCAs) ranged from
<LOQ for T10, T11, T19, and T23 up to 149 mg n¥? for T15 or to
1601 mg kg®* (= 1067 mg F kg°) due to the fabric density,
which corresponds to approximately 1% uorine content in the
textile (for details see Table 1). Regarding contact angles,
textiles with oil wetting but water-repellent surfaces did not
show detectable concentrations of PFCAs a er direct oxidation
with the PhotoTOP (see also Fig. S3).

The typical chain length distributions of TO5 and TO7 can be
indicative of uorotelomer-based SFPs such ase.g, (meth)
acrylate polymers with attached FTOHs (chain length distribu-
tion from synthesis). “>** However, per uoroalkyl sulfonamido
ethanol-based SFPs can also be composed of combinations of
di erent per uoroalkyl chains (C3—C,,).?* A distinction between
these types, however, cannot be made on the basis of PFCAs
from PhotoTOP oxidation only since sulfonamide-based

This journal is © The Royal Society of Chemistry 2023
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Table 1 Summary of the results from di  erent methods for the investigation of  uorine content and chain length distribution of side-chain uorinated polymers (SFPs) as well as extractable
PFAS residues in functional textile samples®

PFAAs from p p
Density extraction PFCAS$hotoTOP PFCASgop FTOHsryp TF 3 EOF 3
Sample  Type Available information (kgm%3)  (mgFkg®Y)  (mgF kg®Y (mg F kg®Y) (mg F kg™ (mg Fkg®Y)  (mg F kg™
TO5 Awning fabric OR, WR, Te on coating, mildew 0.25 0.01 164 12 220.5 1446 579 36 14 1
resistant, 80% polyacrylic, 20%
polyester
TO7 Imitation linen WR, abrasion proof, weather 0.22 <LOQ 68 7 — 402 179 15 1 02

resistant, 100% polyester, colourless
polyurethane coating and WR coating
T15 Qutdoor fabric Weather resistant, Te on coating, 0.18 0.005 540 60 717.5 249 2061 126 25 4
60% polyacrylic, 40% polyester, Oeko-
Tex standard 100 certi ed

T20 Shower curtain WR, 100% polyester 0.08 <LOQ 1067 191 570.3 408 2064 34 64 2
T10 Unknown fabric WR 0.22 <LOQ <LOQ <LOQ <LOQ 1991 3 <LOQ
TO3 Sunbed fabric — 0.24 <LOQ 344 30 — — — —
T11 Unknown fabric WR 0.22 <LOQ <LOQ — — — —
T12 Unknown fabric WR 0.29 <LOQ 12 1 — — — —
T17 Umbrella fabric WR, stain resistant, UV resistant 0.20 <LOQ 87 12 — — — —
fabric, polyacrylic fabric, Te on
coating
T19 Jersey fabric Stain resistant, 81% cotton, 19% 0.19 <LOQ <LOQ — — — —
polyurethane, Oeko-Tex standard 100
certi ed
T23 Upholstery (Salt)water proof, ame-, stain-, UV-, 0.63 <LOQ <LOQ — — — —
leatherette disinfectant-, blood-, urine resistant,
65% polyester, 35% polyurethane
T25 Cordura fabric WR, abrasion resistant, 94% 0.41 <LOQ 13 3 — — — —

polyamide, 6% polyurethane

2 Note that for the rst ve samples all techniques were used (except for dTOP in the case of T07), while for the other textiles only PhotoTOP investigations and extractions were performed.
Oxidative (PhotoTOP (5 h) and dTOP (6 h)) and hydrolytic (THP (16 h)) methods were applied directly to the textiles. Data from extract oxidation are notshown in Table 1. Duplicates. Note
that oxidation of selected MeOH textile extracts yielded slightly lower but similar  uorine concentrations (in the form of PFCAs) than EOF. Fluorine from FTOHs that exceed the TF
measurements probably results from an overestimation of the semi-quanti ed FTOHs (>8:2). LOQ were 1.2g F kgl for extraction (PFAAS), 0.82 mg F k¢ for PhotoTOP, 0.36 mg F kg for
dTOP, 1 mg F kg for THP, 10.3 ng F kgl for EOF, and 18 mg F kg for TF, respectively. Abbreviations: OR: oil repellent, WR: water repellent, “—": not determined, and LOQ: limit of
quanti cation. ® FTOHs$ 10:2 were semi-quanti ed.
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Fig. 3 Concentrations of PFCAs after 5 h of PhotoTOP oxidation (a) and 6 h of dTOP oxidation (b), as well as of FTOHSs after 16 h of THP hydrolysis
(c) for selected textiles. Error bars for PhotoTOP measurements correspond to duplicate sampling, and asterisks mark estimated concentrations
of n:2 FTOHs with n $ 10. Note that in extracts of all textiles besides traces of PFCAs no other PFAS were detected by NTS.

precursors also form PFCAs but of one chain length (e.g, PFOA
from the Cg sulfonamide precursor).

To con rm the results from NTS that much lower concen-
trations of extractable PFAS were present in the textiles
compared to direct oxidation (non-extractables), three extracts
(TO5, TO7, and T15) were also oxidized. Oxidation of the extracts
of TO5 and T15 yielded 2550 times smaller concentrations
(mainly PFOA for TO5 and PFHXA for T15) than direct oxidation
and for TO7 no PFCAs were detected aer extract oxidation,
which strengthens the observation of non-extractable SFPs.

Textile oxidation via dTOP assay

The dTOP assay was applied to four textiles (T05, T10, T15, and
T20) and the extract of TO7 (Fig. 3b). Similar to the PhotoTOP
oxidation, for T15 the highest SPFCA concentrations (205 mg
m>2) were formed a er dTOP oxidation but were dominated by
PFBA, PFPeA, and PFHxA, showing that stronger chain short-
ening of the per uoroalkyl chain occurred compared to Pho-
toTOP oxidation which was also true for T20 (lower overall
concentration). We did not include per uoropropionic acid
(PFPrA) and tri uoroacetic acid (TFA) in our analyses, but due to
the dominance of PFBA, it is important to note that formation of
PFPrA and TFA is not unlikely, especially in the case of the G-
based formulations. Formation of ultra-short chain PFCAs from
TOP oxidation was observed in numerous studies and can be
a considerable fraction of the SPFCAs?"44% T05 showed both
similar concentrations and chain-length patterns as the results
of the PhotoTOP oxidation; however, PFCAs were shied by one
CF,-unit to shorter chains. A er oxidation of the TO7 extract
only trace amounts of C.—C;o PFCAs were formed SPFCAs=
0.13 mg msz), while in T10 no PFCAs were detected. Overall,
similar results for PFCAs were observed, but shi ed to short
chain PFCAs compared to the PhotoTOP.

1304 | Environ. Sci.: Processes Impacts , 2023, 25, 1298-1310

Textile hydrolysis via THP assay

Five textiles (T05, TO7, T10, T15, and T20) and the TO7 extract
were exposed to hydrolysisvia the THP assay, where FTOHs
<10:2 were quanti ed with analytical reference standards or
semi-quanti ed ($ 10: 2) based on the response of 8:2 FTOH
(Fig. 3c). The highest estimated concentrations were found a er
hydrolysis of T05 ( 520 mg m>2) composed of 6:2-16:2
FTOHs (8:2 FTOH was dominant) which exceeded concentra-
tions determined by both dTOP and PhotoTOP assay (for mg F
kgél comparison see Table 1). TO7 showed a similar FTOH
pattern but with a lower overall concentration (124 mg méz).
T15 and T20 formed almost exclusively 6 : 2 FTOH with 68 and
48 mg m>?, respectively. Only traces of 8:212:2 FTOH were
found in the TO7 extract ( 2.3 mg mé‘z), while in T10 no FTOH
could be detected.

Since hydrolysis is a much more selective cleaving process
for ester bonds and does not a ect saturated hydrocarbon
moieties in comparison to OH-radicals, the THP provides
unchanged per uoroalkyl chains (as FTOHs)?° Therefore, the
observation of mixed chain lengths for TO5 and TO7 and one
distinct chain length (C ¢-based) for T15 and T20 gives valuable
information on the true chain lengths of SFP precursors which
is not unambiguously available for the oxidative techniques.
Furthermore, it demonstrated that those textiles are all coated
with telomer-based SFPs which supports previous ndings from
PhotoTOP and dTOP assays. Pemuoroalkyl side-chains in
telomer-based SFPs are typically connectediia an ester linkage
to non- uorinated polymer backbones which are e.g, acrylates,
methacrylates, or polyurethane.?*#"“8 We hypothesize that the
strong di erences in the case of some textiles €.g, T15) between
the yields from oxidation techniques (PhotoTOP and dTOP) and
the THP potentially result from a selective hydrolysis which can
be kinetically highly variable depending on the hydrolysable

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Comparison of concentrations of PFCAs and FTOHs formed from application of PhotoTOP (green), dTOP (blue), and THP (red) to textiles
TO5, T15, and T20. Note that in the case of PFCAs, the total chain length (including carboxylic acid) is shown ( e.g., PFOA= Cg) while for FTOHs the
per uoroalkyl chain length was used (e.g., 8: 2 FTOH = Cg). In the case of hydrolysis by the THP assay no chain-shortening is expected. While the
PhotoTOP was able to conserve the main per uoroalkyl chain to (n S 1) PFCAs, the dTOP resulted in shorter chain PFCAs. Therefore, it is not
unlikely that PFCAs shorter than PFBA were formed (PFPrA and TFA). Asterisks mark semi-quanti ed concentrations of n:2 FTOHs withn $ 10.

linkage compared to non-selective OH-radical processes during
dTOP and PhotoTOP (see also Table 1).

Method comparison and correlation with TF and EOF

Concentrations of formed SPFCAs aer PhotoTOP oxidation
(<LOQ-149 mg méz) were in a similar range to those formed
a er dTOP oxidation (<LOQ-205 mg mSZ), while concentration
estimates from hydrolysis (THP) slightly exceeded the concen-
trations of PFCAs which were produced during PhotoTOP and
dTOP oxidation (<LOQ to 520 mg m°?). All three methods
were applied to the SFP containing textiles T05, T15, and T20
(Fig. 4). While for TO5 the THP yielded the highest quantities of
FTOHSs, and T15 and T20 showed the highest values of PFCAs
a erdTOP and PhotoTOP oxidation, respectively. For textile T5,
however, the concentrations of semi-quanti ed FTOHs a er
hydrolysis (THP) were almost 10-fold compared to the oxidative
techniques, whereas ranges of T15 and T20 were similar (note
that when comparing mass concentrations of for instance PFOA
with 8:2 FTOH a di erence of approximately 10% arises from
their di erent molar masses (414 and 464 g mo?él)). The
observed di erences could arise from the properties of the
textile type which may a ect the oxidation and hydrolysis
processes. Especially the water-repellent character of a textile
which is also dependent on the textile surface structure itself
typically hinders water, hydroxide ions and OH-radicals from
penetrating the material. Additionally, the fabric type presum-
ably plays an important role. While cotton (cellulose) will be
decomposed by both hydrolysis and oxidation, other synthetic
materials are much more inert resulting in much lower oxidant
consumption. The selectivity of hydrolysis (di erent chemical

This journal is © The Royal Society of Chemistry 2023

linkages between e.g, FTOHs and the polymer backbone)
compared to non-selective OH-radical processes could also
explain high discrepancies between oxidation and hydrolysis.

An e ect of fabric type on the release of PFAAs during textile
aging was shown previously?® Here, of course systematic errors
in the semi-quanti cation of $10:2 FTOHs could also play
a major role.

The THP assay has the clear advantage of peruoroalkyl
chain length conservation. This is also partially provided by the
PhotoTOP since telomer-based precursors mainly yield PFCAs
with chain lengths of (n S 1) per uorinated carbon atoms. For
example, PFOA is formed from 8:2 FTOH. Peruoroalkane
sulfonyl uoride (PASF)-based PFAS only yield PFCAs with one
de ned chain length from both the PhotoTOP and dTOP (e.qg,
PFOA from G sulfonamide).?® Therefore, the PhotoTOP o ers
more structural information than the dTOP (Fig. 4). Further-
more, with respect to sample preparation e ort, both the THP
and PhotoTOP do not need time consuming and partially
discriminating SPE which yields highly di  erent recoveries for
PFAAs of di erent chain lengths depending on the used sorbent
material. Potential losses from ultra-short chain PFCAs a er
dTOP oxidation should always be included in mass balance
considerations if appropriate methods are available. *”

To bring the three methods in a quantitative context with
complementary sum parameter approaches, the EOF and TF
results were correlated with SPFCAs (Fig. 5, see also Table 1)
and SFTOHs (Fig. S4). Both dTOP and PhotoTOP assays
correlated remarkably well with TF (R? of 0.96 and 0.82) and also
EOF measurements & of 0.97 and 0.47) and yielded approxi-
mately half the amount of uorine in the form of PFCAs

Environ. Sci.: Processes Impacts , 2023, 25, 1298-1310 | 1305
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Fig. 5 Correlation of uorine in SPFCAs after PhotoTOP and dTOP
oxidation (mg F kgS1) vs. uorine from TF and EOF measurements.
Compared with TF, an almost complete conversion ( 50%) of SFPs to
PFCAs was possible with the PhotoTOP and dTOP directly applied to
the textiles. However, the measured EOF was rather low due to
insu cient extraction of SFPs, which is also re ected by low
concentrations of PFCAs in oxidized textile extracts. Note that for the
PhotoTOP (5 h) and dTOP (6 h) the oxidation was not necessarily
complete (Fig. S5 and S6t). Furthermore, due to stronger chain-
shortening during dTOP oxidation the amount of  uorine is generally
underestimated. Error bars from PhotoTOP measurements corre-
spond to duplicate sampling (error calculated using Gaussian error
propagation), while for EOF and TF they represent triplicate
measurements.

compared to TF. Fluorine from PFCAs and FTOHs was con-
verted on a molar basis to the mass of uorine (see the ESH).
This is in contrast to the outcome by Liagkouridis et al. 2022
who applied the dTOP to di erent textiles and observed a strong
ine ciency of dTOP oxidation in converting SFPs to PFCAs
(dTOP yields were roughly 1% of the TF)*’ In our case, however,
up to 50% of the TF could be explained using conversion of
per uoroalkyl side-chains to PFCAs by oxidation. Since the
concentrations of PFCAs still increased a er 5 h for these
textiles (correlation plots in Fig. 5 include the measured
concentrations a er 5 h of oxidation), a complete conversion
(up to 100%) seems to be possible a er approximately 10 h. This
becomes more obvious in Fig. S5 where the concentration
approximately doubled a er 10 h which is then approximately
100% of TF. Reaching the nal reaction yield can also be
observed by decreasing PFCA formation rates for selected
textiles during longer PhotoTOP oxidation (Fig. S5t). Also, for
the dTOP assay, oxidation times of 3 h and 6 h (TO5 and T15)
suggested that potentially even higher PFCA concentrations
could have been formed if oxidation times had been extended
(Fig. Sér). It should be further noted that the amount of  uorine
from SPFCAs a er dTOP oxidation (and also PhotoTOP oxida-
tion) is generally underestimated because the chain shortening

1306 | Environ. Sci.: Processes Impacts , 2023, 25, 1298-1310
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(e.g, PFBA from a Gs-based SFP) leads to a loss of uorine in the
mass balance.

The EOF was lower by more than a factor of 30 compared to
TF measurements which is in good agreement with the results
a er the oxidation of textile extracts where PFCAs were also 25
50 times lower than those a er direct oxidation of the textiles.
The EOF results are approximately a factor of 2 higher when
compared to the textile extract a er PhotoTOP oxidation. Here,
the higher EOF fraction could originate from  uorinated non-
polymeric residues that are non-oxidizable or form not detec-
ted oxidation products.

Discussion of SFPs in investigated textile samples

PFCA release from SFPs was detected by PhotoTOP oxidation in
eight of the 12 textiles ranging from 12 to over 1000 mg F kgf1
textile or 3 to over 97 mg F m°? textile (up to 150 mg m>?
PFCAs or 1600 mg kg51 PFCAs; note: maximum concentra-
tions correspond to di  erent textiles due to di erent densities).
The results were clearly con rmed by similar and complemen-
tary techniques (dTOP, THP, EOF, and TF, see Table 1 for
details). Concentrations of PFAS in textiles from previous
studies were in similar ranges but rather variable: extracts of
school uniforms formed up to 308 mg kg 51 target PFAS aer
TOP assay and up to 3160 mg k§* 6:2 FTOH a er hydrolysis.*°
Nikiforov measured 300 mg m®>2 FTOHs a er hydrolysis of
polyester textiles?® Zhu and Kannan found 1296 mg mS2 of
PFCAs in water repellent textiles a er the TOP assay?* and
medical textiles investigated by Liagkouridis et al. ranged from
28 to 560 mg F m2.Y TF measurements by complementary
techniques such as particle-induced gamma ray emission
(PIGE) spectroscopy were also in similar ranges €.g, an
umbrella fabric with 68 mg m 32)52‘54 Although PFOA, PFOS, and
their precursors are (partially) regulated under the Stockholm
Convention on persistent organic pollutants and many
companies voluntarily phase out long-chain PFAS, several SFPs
in current textiles (all textiles except for the unknown textiles
which were bought in the years 2021 and 2022) still contain
long-chain PFAS up to Gg as for instance the awning fabric
(TO5).” Cg-based SFPs are also found in the sunbed fabric (T03),
imitation linen (T07), and umbrella fabric (T15), while others
exclusively contain CgFi3 moieties (Fig. 3). The observed
distributions originate from typical telomer-based synthesis
and are o en observed, but can potentially also be attributed to
impurities. 24424347 The water-repellent jersey (T19) and outdoor
fabric (T15) were both certi ed by the OekoTex Standard 100
which states that all components of the product have been
tested for harmful substances and the product is therefore
certi ed to be harmless to health. While T19 did not form
PFCAs a er oxidation, T15 yielded the highest PFCA concen-
trations a er oxidation compared to all textiles ( SPFCA$nototoP
540 mg F kg°t, 2061 mg F kg°* TF) although it was stated to be
coated with Te on (polytetra uoroethylene) which would not be
oxidized to the observed PFCA patterns. Besides an SFP-based
DWR impregnation, Te on can also be present in the textile,
but not exclusively, since the PFCAs a er PhotoTOP oxidation
explain roughly one quarter of the TF (note that a longer

This journal is © The Royal Society of Chemistry 2023
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oxidation time would have likely increased the explainable
fraction of the TF, Fig. S5f). Rodgers et al.>® observed that
among textiles described as water/stain resistant, PFAS
concentrations were similar regardless of “green’ labels
(including nontoxic terms or green certi cation such as
Greenguard Gold or Oeko-Tex 100) showing that labeling in
general should be handled with care.®® This is further high-
lighted by the fact that both awning (T5) and umbrella fabric
(T17) were also described with Te on coatings, but showed
totally di erent chain-length distributions than T15 which
shows that besides Te on, SFPs are likely present. Signi cant
amounts of PFCAs also formed for the imitation linen (T7),
which was declared to have a polyurethane coating on one side
and a colorless water-repellent coating on the other side, and
also for the shower curtain (T20), which was labelled as water
repellent without further information. The upholstery leather-
ette (T23) for the medical sector did not contain any PFAS a er
oxidation, despite its water/stain/UV/ ame resistant properties.

Conclusions
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to the emission of persistent, mobile and bioaccumulative
substances®6¢”
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SFPs are a class of rather barely investigated PFAA precursors References

due to the lack of reference standards and the general chal-
lenges of investigating PFAS in polymers. Nevertheless, poly-
mers have recently gained increasing attention since they are
o en high production chemicals that are insu  ciently charac-
terized and labeled due to their complex composition. %
Complementary methods to standard PFAS target analysis, such
as oxidation (PhotoTOP and dTOP), hydrolysis (THP), or sum
parameters (e.g, TF), are essential to detect SFPs in textiles
because their extraction is o en insu cient and may lead to
strong underestimation of the actual PFAS content. Even if
oxidation/hydrolysis are not always applicable in a fully quan-
titative manner, they can still provide valuable information
which is not accessible by target PFAS methods in extracts.
Although the extractable fraction is potentially an upper
limit to which humans are exposed during the lifecycle of
a textile and SFPs in textiles are probably non-hazardous during
use (covalent bonds), numerous studies showed important
concerns: volatile FTOHs can be emitted into indoor environ-
ments which can lead to direct exposure via air,*” and both
PFAAs and microplastic bers form during use (e.g, weathering,
sunlight etc) and washing which is of special concern for long-
chain SFPs still in use.*®!94°*8 Furthermore, at the end of their
lifecycle, SFPs can cause problems during disposal in land Ils,
incineration or in recycling streams. There, such polymers can
act as a long-term source for PFAAs in soil and groundwater
when they are slowly degraded?°2>°%%* Similarly, microplastic
bers are transported with waste water to treatment plants
where they also act as PFAA precursors which may emit
persistent and mobile chemicals into the environment via water
or sludge.**®® Therefore, new techniques such as oxidation and
hydrolysis are important to detect the real extent of complex
SFPs in products and uncover their use and fate. In the future,
polymers should be considered for stricter regulations or placed
under the essential use concept since they currently contribute

This journal is © The Royal Society of Chemistry 2023
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