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 &B&A03%&7!"3+V3!D(Z4(\!G$2!$!01<%&(3)$ 3<!A$7D!:$  1!$B(<!<(2 (77$ 3+!-!D(K!&:!

2?):7&G3%!$)<!&7(F3!&(7!Y,-C;-6!FZF\!/3:&%3!$)<!$: 3%!()<?2 %($7!:%1()(!G$2!2373B 3<!$2!J7&G!

BI)k!Y4P$)(2(<()3!M!V+,36!#P &B&A03%&7!.V+V;!D(Z4(\!$)<!J0((0!BI)k!Y4P$)(2(<()3!M!

4,+3;6!#P &B&A03%&7!3"+V3!D(Z4(\6!%32A3B (F3716!:&%! 03!BI)! %($7+!803!0((0!73F372!&:!

8%-!$)<!BI)!G3%3!2373B 3<!/$23<!&)! 03!D$K(D?D2!F$7?32!:&?)<!()! 03!2$DA732!&:!

B&DD3%B($7!:33<!:$ 2!<?%()(! 03!:(%2 !G&%4!A%&(%$D!&:! 03!O.!A%&'3B !C";D6!$)<!<&!)& !

%3:73B !?2?$7!A%$B (B32! &!:33<!$)(D$72+!803!JD3<(?Dk!73F372!:&%!/& 0!8%-!$)<!BI)! %($7!

G3%3!A%3A$%3<!/1!D(K()(!J0((0k!$)<!J7&Gk!73F372!"C"+!80323! 0%33!73F372!&:! 03! G&!

3KA3%(D3) $7!:$ 2!G3%3!$<<3<! &! 03!/$2$7!<(3 2!$ !4]!!YGZG\! &!A%3A$%3!B0(B43)!:33<2+!

!

/)'(+,!0%%1.!+)1!"#$%&'(%)*+,!2&3*343,!

OKA3%(D3) $7! :33<2! :&%! B0(B43)! G3%3! :&%D?7$ 3<! $BB&%<()(!  &!  03(%! )? %( (&)$7!

%3E?(%3D3) 2!C"3D+!803!:33<!()(%3<(3) 2!$)<!)? %(3) !B&DA&2( (&)!()! 03!B0(B43)!:33<!$%3!

((F3)!()!90A)"!"+!8&!%3<?B3!<(3 $%1!F$%($ (&)2!& 03%! 0$)! 03!$<<3<!:$ 6! 03!:&77&G()(!G$2!

<&)3C!(\! 03!2$D3!/$ B032!&:!3$B0!&)3!&:! 03!23F3)!%$G!D$ 3%($72! 32 3<!G3%3!?23<!()!$77!

3KA3%(D3) $7!:33<26!((\!/$ B032!&:!/$2$7!D(K!G3%3!A%3A$%3<!$)<! 03)!2?/<(F(<3<! &!&/ $()!

(<3) (B$7! A$% (B(A$ (&)! &:! 3$B0! /$ B0! ()! 3$B0! 3KA3%(D3) $7! :33<+! #$DA732! &:! $77! %$G!

D$ 3%($72!G3%3!B03B43<!:&%!B&):(%D$ (&)!&:!7&G!<(&K()ZA&71B07&%()$ 3<!/(A03)172!Y=;J2\6!

A&71B1B7(B!$%&D$ (B!01<%&B$%/&)2!Y=-^2\!$)<!A&71/%&D()$ 3<!<(A03)17!3 03%2!Y=J>O2\!

B&) 3) +!

!

803!A%& &B&72!:&77&G3<!()!B0(B43)! %($72!G3%3!$AA%&F3<!/1! 03!-)(D$7!=%& &B&7!93F(3G!

;&DD(  33!&:! 03!.)(F3%2( 1!-? &)&D$!&:!J$%B37&)$+!803!A%& &B&726!0&?2()(6!0?2/$)<%1!

$)<!27$?(0 3%()(!B&)<( (&)2!B&):&%D3<!  &! B?%%3) !O?%&A3$)!.)(&)!(?(<37()32+!%&%! 3$B0!
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 %($7! Y8%-! $)<! BI)\6! W4! :3D$73! B0(B43)2! Y9&22! ;-U6! ,! <$12! &7<\! G3%3! %$)<&D71!

<(2 %(/? 3<! () &!  0%33! <(::3%3) ! <(3 $%1!  %3$ D3) 2! Y0((06! D3<(?D6! $)<! 7&G\! G( 0! U!

%3A7(B$ 32!A3%! %3$ D3) !$)<!3!B0(B43)2!B&)2 ( ? ()(!3$B0!%3A7(B$ 3+!# $)<$%<! 3DA3%$ ?%36!

0?D(<( 1! $)<! F3) (7$ (&)! B&)<( (&)2! G3%3! A%&F(<3<+! A)! $77! B$2326! :33<! $)<! G$ 3%! G3%3!

((F3)! !+( <#E#0;/+! - ! 3-! 3KA3%(D3) $7! <$126! B0(B43)2! G3%3! 2$B%(:(B3<! ()! $! B&DD3%B($7!

27$?(0 3%0&?23+!

!

!2&%$+&+*'3)!35!6%+*7!8'9%&!+)1!2,+.(+!:+($,%.!

;0(B43)! D3$ ! 2$DA732! B&%%32A&)<3<!  &! <3P/&)3<! <$%4! 73(! D3$ ! G( 0! 24()! $)<! 3$B0!

%3A7(B$ 3! G3%3! (%&?)<! ()! $! D(K3%! ?) (7! $! 2?( $/73! 0&D&(3)3&?2! 2$DA73! G$2! &/ $()3<+!

93A%323) $ (F3!2?/P2$DA732!:&%!3$B0!$)$712(2!Y".PV-!(\!G3%3!F$B??D!A$B43<6!$)<!2 &%3<!

$ ! PV-n;! ?) (7! :?% 03%! $)$712(2+! O$B0! %3A7(B$ 3! B&) $()3<! 7(F3%2! :%&D! :&?%! B0(B43)2! $)<!

D(K ?%3!&:! 7(F3%2! (%&?)<!?) (7! ( ! (3 ! 0&D&(3)(X3<6!  03)!F$B??D!A$B43<! ()!A7$2 (B!/$(2!

$)<!2 &%3<!$ !PV-O;!?) (7!:?% 03%!$)$712(2+!;0(B43)!A7$2D$!2$DA732!G3%3!B&773B 3<!:%&D!3!

$)(D$72! :%&D! 3$B0! %3A7(B$ 3! /1! D3$)2! &:! $! 21%()(36! A7$B3<! ()! 03A$%()(X3<!  ?/326! $)<!

B3) %(:?(3<!$ !3O;!$)<!"3--!(!:&%!"-!D()? 32+!803!A7$2D$!G$2!23A$%$ 3<6!D(K3<!G3776!$)<!

<(F(<3<!() &!$7(E?& 2! 0$ !G3%3! %$)2:3%%3<! &!A7$2 (B! ?/32!Y3+.!D)!B$A$B( 1\!$)<!2 &%3<!$ !

PV-O;+!

!!

;%*%&(')+*'3)!35!<=3,%.*%&3,!')!6%+*7!8'9%&!+)1!2,+.(+!

803!B&) 3) (B0&732 3%&7!G$2!<3 3%D()3<!/1! 03!<(%3B !2$A&)(:(B$ (&)!D3 0&<!$2!<32B%(/3<!

A%3F(&?271!G( 0!27((0 !D&<(:(B$ (&)!C".D+!A)!/%(3:6!$/&? !"--!D(!&:!B0(B43)!D3$ !&%!7(F3%!

$)<!.#PB0&732 $)3!Y"-PV-!"(\!G3%3!2$A&)(:(3<!G( 0!3!D)!VF!,B^!()!W.]!3 0$)&7!()!$!

(7$22! ?/3!$ !"--$;!:&%!".!D()? 32!()!$!G$ 3%!/$ 0+!%&%!B0(B43)!A7$2D$6! 03!2$D3!D3 0&<!

G$2!?23<!3KB3A !  0$ !3$B0!"--!")!2$DA73!G$2!2$A&)(:(3<!G( 0!"!D)!&:!VF!,B^+!803!
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3K %$B (&)! &:! 2 3%&76! A%3A$%$ (&)! &:!  %(D3 01732 3%! <3%(F$ (F32! &:! B0&732 3%&726! $)<!

E?$) (:(B$ (&)!/1!H;!G3%3!<&)3!$2!<32B%(/3<!3$%7(3%!C"4D+!

!

;%*%&(')+*'3)!35!-#>4=3,%.*%&3,.!?<-2.@!')!6%+*!+)1!8'9%&!

C>01!60#&'(&)(M#4#+%(

-!27((0 71!D&<(:(3<!D3 0&<!&:!7(A(<!3K %$B (&)!G$2!?23<!C",D+!A)!/%(3:6!$AA%&K(D$ 371!

"-! (! D3$ ! 2$DA732! &%! U! (! 7(F3%! 2$DA732! G3%3! 0&D&(3)(X3<! G( 0! V.! D)! &:! ^A=!

Y03K$)3Z(2&A%&A$)&7L! ;CV6! FZF\! ?2()(! $)! .7 %$P8?%%$K! 8V.! 0&D&(3)(X3%! Y#! V.PPUH\!

Y*$)437! q! ,?)437! HD/^6! # $?:3)6! H3%D$)1\+! P3K ! "-! D)! &:! $)! $E?3&?2! 4+4,]!

P$V#B3! G$2! $<<3<! $)<! D(K3<!  0&%&?(071+! 803! ?AA3%! &%($)(B! 2&7F3) ! A0$23! G$2!

B&773B 3<! $: 3%! B3) %(:?(3<! 2$DA732! $)<!  03! %3D$()()(! 2$DA73!G$2! %3P3K %$B 3<!  0%33!

 (D32! G( 0! "V+.! D)! 03K$)3+! 803! 2&7F3) ! G$2! 3F$A&%$ 3<! ?2()(! $! %& $%1! 3F$A&%$ &%!

?)<3%!F$B??D!$ !;-$;!$)<!<%1!7(A(<2!G3%3!2 &%3<!$ !PV-$;!?) (7!:?% 03%!$)$712(2+!!

!

,&<+(5!4&'#)#6!0#&'(!'+(C'1#6-/.'0(&)(,NK%((

803!;B=2!G3%3!3)%(B03<!/1!B&7<!2$A&)(:(B$ (&)!&:! 03!3K %$B 3<!7(A(<2!Y$AA%&K(D$ 371!

;--!D(\!:%&D!/& 0!D3$ !$)<!7(F3%!$)<! 03)!:?% 03%!3)%(B03<!/1!2&7(<!A0$23!3K %$B (&)!

Y#=O\! &!%3D&F3!?)&K(<(X3<!B0&732 3%&7!$)<!<3%(F$ (X3<! &! %(D3 0172(717!Y8F#\!3 03%!

A%(&%! &!$)$712(2!/1!H;!$)<!H;PF#!$2!<32B%(/3<!A%3F(&?271!C"UD+!!

!

".0.1/#'!0#&'(&)(,NK%(E2(O,((

-)$712(2!&:!;B=2!G$2!A3%:&%D3<!?2()(!$)!-((73) !H;!4UW-P!$)<!;03D# $ (&)!93F+!

J+-V+-"! 2&: G$%3! ! Y-((73) ! 83B0)&7&((326! R(7D()( &)6! >O6! .#-\! 3E?(AA3<! G( 0! $)!

$? &P2$DA73%! Y;8;!-)$71 (B2!-H6!SG()(3)6!#G( X3%7$)<\+!8G&!:?23<!2(7(B$!B$A(77$%1!

B&7?D)2! >J.PF#! Y".! D! K! -+"U! DD6! -+"U!DD\! $)<! >J;.PF#! Y"-! D! K! -+V! DD6!
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-+"U!DD\! Y*! q! R! #B(3) (:(B6! %&72&D6! ;-6! .#-\! B&))3B 3<! /1! $! ?)(F3%2$7! A%322:( !

B&))3B &%! ()!  03! &%<3%! &:! <3B%3$2()(! A&7$%( 1! G3%3! ?23<! :&%! 23A$%$ (&)! $)<!

E?$) (:(B$ (&)! &:! ;B=2+! 803! ()( ($7! &F3)!  3DA3%$ ?%3! G$2! 4-$;! :&%! "! D()? 36!  03)!

()B%3$23<! &!VW-$;!$ !$!%$ 3!&:!.-$;ZD()!$)<!D$() $()3<!:&%!"-!D()? 326! 03)!%$(23<! &!

;--$;!$ !$!%$ 3!&:!-+U$;ZD()!$)<!D$() $()3<!:&%!$)& 03%!,!D()? 32+!803!<3 3B &%!$)<!

()'3B &%!G3%3!23 !$ !;V-$;!$)<!V4-$;6!%32A3B (F371+!803!8F#!3 03%!<3%(F$ (F32!&:! 03!

;B=2!G3%3!()'3B 3<!$ !2A7( 7322!D&<3!&:!()'3B (&)+!^37(?D!G$2!?23<!$2!B$%%(3%!($2!$)<!

)( %&(3)! $2! D$43P?A! ($2! $ ! $! :7&G! %$ 3! &:! -+,! $)<! ;-! D)ZD()6! %32A3B (F371+!

T?$) (:(B$ (&)! &:! ;B=2! G$2! $BB&DA7(203<! ?2()(! .#PB0&732 $)3! $2!  03! () 3%)$7!

2 $)<$%<+! 803! %3 3) (&)!  (D32! G3%3! B&DA$%3<! $($()2 ! 2 $)<$%<! ;B=2! :&%! A3$4!

(<3) (:(B$ (&)+!!

!

A<3) (:(B$ (&)!&:!;B=2!/1!H;PF#!

%?% 03%!2 %?B ?%$7!B&):(%D$ (&)!&:!;B=2!G$2!<&)3!/1!u&1$(3%!D$22!2A3B %&D3 3%!G( 0!

IB$7(/?%!F3%2(&)!"+V!2&: G$%3!Y%())(($)6!803%&DT?32 6!F$)B032 3%6!.,\!B&?A73<! &!$!

U---! 8&A! #3%(32! ($2! B0%&D$ &(%$A0! $)<! $! -#U--! $? &2$DA73%! Y;O! A)2 %?D3) 26!

803%D&T?32 ! A $7($! #+A+-+6! FA6! A $71\! B&?A73<!  &! $! 803! ;B=2! G3%3! 23A$%$ 3<! &)! $!

2(D(7$%!B&7?D)6!3KB3A ! 0$ ! 03!73)( 0!&:! 03!>J.F#!B&7?D)!G$2!V-!D6!$2!?23<!()!H;!

$)$712(2+!^37(?D!G$2!?23<!$2!B$%%(3%!($2!$ !$)! ()73 !A%322?%3!&:!U-!4=$+!803! ()'3B &%!

 3DA3%$ ?%3!G$2!V.-n;!$)<! 03!2$DA732!G3%3!()'3B 3<!()!$!2A7( 7322!D&<3!&:!()'3B (&)+!

BF3)! 3DA3%$ ?%3!G$2!4-n;!:&%!"!D()? 36! 03)!%$(23<! &!VW-n;!$ !$!%$ 3!&:!.-n;ZD()!

:&%!"-!D()? 326!$)<!:()$771! 03! 3DA3%$ ?%3!G$2!%$(23<! &!;--n;!$ !$!%$ 3!&:!-+Un;ZD()!

:&%!$)& 03%!,!D()? 32+!803!D$22!2A3B %$!G3%3!%3B&%<3<!$ !373B %&)!3)3%(1!&:!,-!3u!$)<!

 03!(&)!2&?%B3! 3DA3%$ ?%3!G$2!V--n;+!803!2A3B %$!G3%3!2B$))3<!()! 03!%$)(3!.-P4--!

DZX+! A<3) (:(B$ (&)! &:!  03! ;B=2! G$2! <&)3! /1! B&DA$%()(! D$22! 2A3B %$! &:! 2 $)<$%<!
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2$DA732!&:!;B=2+!-!7(2 !&:! 03!;B=2!$)$71X3<!()! 0(2!2 ?<1!$7&)(!G( 0!%3 3) (&)! (D32!

Y98\6! %37$ (F3! %3 3) (&)!  (D32! Y998\! ()! %37$ (&)!  &! .#PB0&732 $)36! $! H;PF#!

B0%&D$ &(%$D!$)<! 03!:?77!2B$)!D$22!2A3B %$!&:! 03!2 $)<$%<!;B=26!$%3!20&G)!()!8$/73!

V!$)<!%((?%32!"PV6!%32A3B (F371+(

!

;%*%&(')+*'3)!35!<-2.!')!2,+.(+!!

,&<+(5!4&'#)#6!0#&'(!'+(C'1#6-/.'0(&)(,NK%!

;B=2!G3%3!3)%(B03<!/1!2$A&)(:(B$ (&)!&:!"!D)!&:!A7$2D$!G( 0!.!D)!&:!"-]!,B^!()!

W.]!O B^!$ !%&&D! 3DA3%$ ?%3!:&%!"U!0&?%2!()! 03!<$%46!:&77&G()(!$!D3 0&<!<32B%(/3<!

A%3F(&?271!G( 0! 2&D3!D&<(:(B$ (&)2! C"WD+!803! %3$B (&)!G$2!2 &AA3<!/1!$<<( (&)!&:!.!

D)!&:!2$ ?%$ 3<!P$;7!2&7? (&)+!803!?)2$A&)(:($/732!G3%3! 03)!3K %$B 3<! G(B3!G( 0!V!

D)!&:!03K$)3+!803!A&&73<!03K$)3!A0$23!G$2!G$203<!G( 0!.!D)!&:!.]!P$B^!2&7? (&)!

$)<! 03)! 03!?AA3%!A0$23!G$2!G$203<!G( 0!.!D)!2$ ?%$ 3<!P$;7!2&7? (&)+!803!03K$)3!

A0$23! G$2! <%(3<! ?)<3%! )( %&(3)! $)<! <(22&7F3<! ()! .--! ")! &:! 03K$)3C! <(3 017! 3 03%!

Y,.CV.\+! 803! :%$B (&)! B&) $()()(! ;B=2! G$2! 3)%(B03<! /1! #=O6! 3KB3A !  0$ ! 4! D)! &:!

03K$)3C!<(3 017!3 03%!Y4-C3-6!FZF\!G$2!?23<!:&%!23B&)<!G$20!&:! 03!#=O!B$% %(<(3!$)<!

E?$) (:(3<!/1!H;!$2!<32B%(/3<!$/&F3+''

'

E(0($%($-0)';:0)2%$%'

.)7322! 2 $ 3<! & 03%G(236! $77! %32?7 2! $%3! 3KA%3223<! $2!  03! D3$)! &:! :&?%! %3A7(B$ 32+!

=3$%2&)k2! B&%%37$ (&)! $)<! &)3PG$1! -PBu-! Y$)$712(2! &:! F$%($)B3\! G( 0! 8%-! $)<!

&K(<(X3<! 7(A(<!  %3$ D3) 2! $ !  0%33! 73F372! G3%3! A3%:&%D3<! ?2()(!  03! H)F! &A (&)! ()!

F()( $/+!4PF$7?32!`!-+-.!G3%3!B&)2(<3%3<!2 $ (2 (B$771!2(()(:(B$) +!'

'

'
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!"%6)(%'0:&'F$%-6%%$.:''

803!D3$ 6!7(F3%!$)<!A7$2D$!2$DA732!&:!B0(B43)2!:%&D!7&G6!D3<(?D6!$)<!0((0!73F372!&:!

/& 0! 03!8%-!Y/$2$7!2!01!'%!:$  1!$B(<\!$)<!BI)!Y/$2$7!2!&K(<(X3<!7(A(<\!3KA3%(D3) 2!

G3%3!$223223<!:&%! & $7!B0&732 3%&7!$)<!B0&732 3%&7!&K(<$ (&)!A%&<?B 2!Y;B=2\+!

>3 3%D()$ (&)!&:! & $7!B0&732 3%&7!G$2!B&)<?B 3<!/1!<(%3B !2$A&)(:(B$ (&)!&:! 03!D3$ 6!

7(F3%!$)<!A7$2D$!2$DA732+!803!;B=2!G3%3!$)$71X3<!&)! 03!3K %$B 3<!7(A(<2!:%&D!D3$ !

$)<!7(F3%!$)<!<(%3B !2$A&)(:(B$ (&)!&:! 03!A7$2D$!2$DA732!$ !%&&D! 3DA3%$ ?%3+!803!

D&2 !B&DD&)!;B=2!G3%3!(<3) (:(3<+!(+3+6!%P%()(!&K(<$ (&)!A%&<?B 2!2?B0!$2!,#P

01<%&K1B0&732 3%&7!Y,#P^;\6!,%P01<%&K1B0&732 3%&7!Y,%P^;\6!,P43 &B0&732 3%&7!Y,P

,;\6!B0&732 3%&7 %(&7!Y;8\6!!$)<!3A&K1!(2&D3%2!Y#P3A&K1B0&732 3%&7!Y#P;O\6!%P

3A&K1B0&732 3%&7!Y%P;O\\6!$)<!B&DD&)!2(<3PB0$()!;B=2!2?B0!$2!V-#P

01<%&K1B0&732 3%&7!YV-#P^;\!$)<!V.P01<%&K1B0&732 3%&7!YV.P^;\L!0&G3F3%6!)&)3!&:!

 03!2$DA732!B&) $()3<!E?$) (:($/73!$D&?) 2!&:!V-#P^;!Y_-+"!"(Z"--(!2$DA73\+!803!

A?%( 1!&:! 03!(<3) (:(3<!A3$42!&:! 03!;B=2!()! 03! (22?3!2$DA732!G3%3!B03B43<!/1!

B&DA$%()(! 03(%!F#P<$ $!G( 0!2 $)<$%<!;B=2!$2!20&G)!()!/$G65"%'"PV+!803!F$7?32!

%3A&% 3<!$%3!D3$)2!&:!$)$71232!&:!3!%3A7(B$ 32!:%&D!3$B0! %3$ D3) !Y)M3\+!

(

803!()B7?2(&)!&:!0((0!8%-!:$ !()!:33<!()B%3$23<!B0&732 3%&7!73F37!()!B0(B43)!D3$ !:%&D!

W3! &!"-,!D(Z"--!(!Y/$G65"!;$\6!$)<!0$<!$!2 %&)(!A&2( (F3!B&P%37$ (&)!$)<!2(()(:(B$) !

3::3B !Y-+W"VL!-+-"_4!`-+-.\+!-D&)(! 03!;B=26!,P^;!(2&D3%2!$)<!,P,;!G3%3!

A%&D()3) 6!G0(B0!()B%3$23<!VP:&7<!$)<!,P:&7<6!%32A3B (F3716!:%&D!7&G! &!0((0!73F372!&:!

8%-!:3<!B0(B43)+!8& $7!B&) 3) !&:!;B=2!()B%3$23<!:%&D!",! &!3U!"(Z"--!(!:%&D!7&G! &!

0((0!8%-!<(3 6!$)<!0$<!$!2 %&)(!A&2( (F3!B&P%37$ (&)!$)<!2(()(:(B$) !3::3B !Y-+W-.L!

-+-"_4`-+-.\!()!B0(B43)!D3$ !Y90A)"!;\+!803!B&) 3) !&:!B0&732 3%&7!()!B0(B43)!D3$ !

()B%3$23<!:%&D!U3! &!"-3!D(Z"--!(!Y/$G65"!;$\!:%&D!7&G! &!0((0!73F37!&:!BI)6!$)<!
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For Peer Review

! ""!

0$<!$!2 %&)(!A&2( (F3!B&P%37$ (&)!$)<!2(()(:(B$) !3::3B !Y-+WW,L!-+-"_!4!`-+-.\+!803!

 & $7!$D&?) !&:!;B=2!()B%3$23<!:%&D!";! &!,.!"(Z"--!(!()!B0(B43)!D3$ !:%&D!7&G! &!

0((0!73F372!&:!BI)!()!:33<6!$)<!0$<!$!2 %&)(!A&2( (F3!B&P%37$ (&)!$)<!2(()(:(B$) !3::3B !

Y-+U4,L!-+-"_!4!`-+-.\+!-D&)(! 03!E?$) (:(3<!;B=26!,P^;!(2&D3%2!$)<!,P,;!G3%3! 03!

D&2 !:%3E?3) !D$'&%!&)32!Y90A)"!;\+!A)!$<<( (&)6!B&)2(<3%$/73!$D&?) 2!&:!;8!$)<!V.P

^;!G3%3!&/23%F3<!&)71!()! 03!D3$ !&:!B0(B43)!:3<!G( 0!0((0!73F372!&:!BI)+!!

803!B0&732 3%&7!73F372!()!B0(B43)!D3$ !F$7?32!A%323) 3<!()! 0(2!A$A3%!$%3!(3)3%$771!

G( 0()! 03!%$)(32!&:! 03!A?/7(203<!<$ $!CV-PVVD!A)!$!2 ?<1!G( 0!<(3 $%1!/33:! $77&G6!

:%320!$)<!&K(<(X3<!2?):7&G3%!&(7!$)<!7()233<!&(76!)&!2(()(:(B$) !<(::3%3)B32!G3%3!

&/23%F3<!()! 03!B0&732 3%&7!73F37!YW4!P!WW!D(Z"--!(\!()!%$G!B0(B43)!D3$ !C""D+!B)! 03!

& 03%!0$)<6!J&)&7(!3 !$7+!YV--,\!&/23%F3<! 0$ !:%320!D3$ !:%&D!B0(B43)2!:3<!G( 0!

$)(D$7!:$ !0$<!2(()(:(B$) 71!0((03%!B0&732 3%&7!73F37! 0$)! 0$ !:%&D!B0(B43)2!:3<!G( 0!

F3(3 $/73!&(7!()! 03!:33<+!803!73F372!&:!B0&732 3%&7!G3%3!0&G3F3%!E?( 3!7&G6!.4!$)<!;4!

D(Z"--!(6!()! 03!D3$ !&:!B0(B43)!:3<!G( 0!$)(D$7!:$ !$)<!F3(3 $/73!&(76!%32A3B (F371+!

803!73F37!&:!B0&732 3%&7!&/ $()3<!G$2!D?B0!7&G3%! 0$)!&?%!%32?7 26!A&22(/71!/3B$?23!

D3$ !2$DA732!G3%3!$)$71X3<!G( 0&? !24()!()! 0$ !2 ?<1!C"VD+!!

!

803!B&) 3) !&:!;B=2!:&?)<!()!B0(B43)!D3$ !G$2!()B%3$23<!$2!$!%32?7 !&:!0((0!8%-!$)<!

BI)!:33<2+!B)3!&:! 03!%3$2&)2!G$2! 0323!&:! 0323!()B%3$23<!;B=2!D$1!/3!%32?7 3<!

:%&D!8%-!$)<!BI)!:33<2+!-D&)(! 03!;B=26!,P,;6!;86!$)<!V.P^;!G3%3!A%323) !()!

B&)2(<3%$/73!0((0!$D&?) 26!$)<!$77! 0323!;B=2!0$F3!/33)!<3 3B 3<!()!$)(D$7! (22?32!

CV;D+!A !0$2!/33)!2?((32 3<! 0$ !,P,;!(2!:&%D3<!/& 0!#'($#$&!$)<!#'($#01&! 0%&?(0!

<301<%$ (&)!&:! 03!3A(D3%2!&:!,P^;6!$)<!;8!(2! 03!01<%$ (&)!A%&<?B !&:!B0&732 3%&7!

3A&K(<32!CVVD+!F3B0$)(2D!&:! 03!(3)3%$ (&)!&:! 03!2(<3PB0$()!&K(<$ (&)!A%&<?B !&:!

B0&732 3%&7!YV.P^;\!#'($#$&!(2!)& !13 !B73$%71!?)<3%2 &&<!CV3D+!R03 03%! 03!0((0!
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For Peer Review

! "V!

$D&?) !&:!V.P^;!()! 03!A%323) !2 ?<1!()!0((0!BI)!:33<!G$2! 03!%32?7 !&:! 03!0((0!

73F37!&:!&K(<(X3<!7(A(<2!()! 03!<(3 6!G0(B0!:$B(7( $ 3<!&K(<$ (&)!&:!B0&732 3%&7!$ ! 03!

 3% ($%1!B$%/&)!$ &D!$ !A&2( (&)!V.6!%3D$()2! &!/3!3KA7&%3<+!8&!&?%!4)&G73<(36!)&!

2 ?<1!0$2!/33)!B&)<?B 3<!A%3F(&?271!&)! 03!3::3B 2!&:!:33<!B&) $()()(!8%-!&)!()!F(F&!

:&%D$ (&)!&:!;B=2!()!B0(B43)+!803!8%-!$%3!?)2$ ?%$ 3<!:$  1!$B(<2! 0$ !B&) $()!$ !73$2 !

&)3!<&?/73!/&)<!$)<!0((0!73F37!&:!8%-!(2!B&)2(<3%3<! &!/3!$22&B($ 3<!G( 0!&K(<$ (F3!

2 %322!#'($#$&(CV;D6!$)<!D$1!/3!$22&B($ 3<!G( 0! 03!:&%D$ (&)!&:!;B=2!CV.D+!B 03%!

:$B &%2!D$1!$::3B !B0&732 3%&7!&K(<$ (&)!()!D3$ !:%&D!$)(D$72!:3<!0((0!8%-!&%!0((0!

BI)!:33<2+!803!B&) 3) 2!&:! &B&A03%&72!()!:33<2!<3B%3$23<! &!2&D3!3K 3) !:%&D!7&G! &!

0((0!8%-!Y"4! &!"3!D(!#P &B&A03%&7Z4(!:33<\6!/3B$?23!&:!01<%&(3)$ (&)6!$)<!

<3B%3$23<!$72&!:%&D!7&G! &!0((0!BI)!Y.V! &!3"!D(!#P &B&A03%&7Z4(!:33<\!

Y?)A?/7(203<\+!A)!2A( 3!&:!0((03%!$D&?) 2!&:!#P &B&A03%&7!()! 03!BI)!:33<2!/? !

%32?7 3<!B&)2(2 3) 71!()!0((03%!B&) 3) 2!&:!;B=2!()! 03! (22?32!&:!B0(B43)!B&DA$%3<!

G( 0! 03!8%-!:33<2+!80(2!D$1!/3!<?3! &! 03!<32 %?B (&)!&:!#P &B&A03%&7!()! 03!

($2 %&() 32 ()$7! %$B !/1!:%33!%$<(B$72!A%323) !()!BI)!:33<!&%!()! 03! (22?32!/1!& 03%!

&K(<$ (&)!A%&<?B 26!G0(B0!G3%3!$/2&%/3<!:%&D!03$ 3<!&(72!()! 03!BI)!:33<!CV4D+!

^&G3F3%!G( 0()!8%-!$)<!BI)!:33<26! 03!<(::3%3)B32!()! 03!#P &B&A03%&7!73F372!G3%3!

D()(D$7+!A:!2?B0!7&G!<(::3%3)B32!()! &B&A03%&7!B&) 3) 2!$::3B !()!F(F&!B0&732 3%&7!

&K(<$ (&)!)33<! &!/3!2 ?<(3<+!!

!

A ! 0$2! /33)! &/23%F3<!  0$ ! :%320! B0(B43)! D3$ ! B&) $()2! F3%1! 7&G! $D&?) 2! &:! ;B=2!

B&DA$%3<!G( 0!A%&B3223<!B0(B43)!D3$ +!-)<!<(3 $%1!2?AA73D3) $ (&)!&:!#P &B&A03%&7!

B$)! %3<?B3!  03! :&%D$ (&)! &:! ;B=2! <?%()(! A%&B322()(! C"-6! V"6! VV6! V,D+! 8(22?3!

B&DA&)3) 2!()!$)(D$72!2?B0!$2!:$ !YD$()71! %($B17(71B3%&72\6!A0&2A0&7(A(<26!B0&732 3%&7!

$)<! & 03%! A&7$%! B&DA&?)<2! $%3! 2?2B3A (/73!  &! &K(<$ (&)! /1! D&73B?7$%! &K1(3)! C"-D+!
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For Peer Review

! ";!

^((0!BI)!<(3 ! ()!  0(2!2 ?<1!G$2!3)%(B03<!G( 0!0((0!$D&?) 2!&:!A3%&K17!$)<!$74&K17!

%$<(B$726! G0(B0! D$1! $72&! :$B(7( $ 3! ;B=2! :&%D$ (&)! #'( $#$&+! -! :3G! A%3F(&?2! %3A&% 2!

0$F3!20&G)!B&) %$<(B &%1!%32?7 2!&)!()!F(F&!:&%D$ (&)!&:!;B=2!()!B0(B43)!3+(+!( !G$2!

20&G)! 0$ !D3$ !2$DA732!:%&D!&K(<(X3<!$)<!?)&K(<(X3<!2?):7&G3%!&(72!$)<!/33:! $77&G!

:3<! B0(B43)! B&) $()3<! "+3V6! "+W-! $)<! "+V4! "(Z(!  & $7! ;B=26! %32A3B (F371! C""D+!

^&G3F3%6! ()!$)& 03%! 2 ?<1!$)(D$7! :$ 2!$)<!F3(3 $/73!&(7! :33<2!(3)3%$ 3<!"+"!$)<!-+,!

"(Z(!  & $7! ;B=26! %32A3B (F3716! ()! B0(B43)! %$G! D3$ ! C"VD+! 80323! <(::3%3)B32! ()!  03!

%32?7 2!D$1!/3!<?3! &! 03!A%323)B3!&:!& 03%!B&DA&?)<2!()! 03!:33<2!2?B0!$2!:$  1!$B(<!

B&DA&2( (&)6!)$ ?%$7!&K(<$) 26!$)<!A%&P&K(<$) !()! 03!<(3 +!80323!B&DA&?)<2!D$1!$7 3%!

 03!73F372!&:!B0&732 3%&7!$)<!;B=2!()! 03!/&<1+!

!

803!0((0!8%-!:$ !()!:33<!()B%3$23<! 03!$D&?) !&:!B0&732 3%&7!:%&D!;.-! &!3VU!D(Z"--!

(!()!B0(B43)!7(F3%!Y/$G65"!;/\!G( 0!%32A3B ! &!$!7&G!8%-!:33<6!$)<!20&G3<!$!2 %&)(!

A&2( (F3!B&P%37$ (&)!$)<!2(()(:(B$) !3::3B !Y-+W"WL!-+-"_!4!`-+-.\+!-D&)(! 03!;B=26!,P

^;!(2&D3%26!;O!(2&D3%26!$)<!,P,;!G3%3!A%&D()3) !()!B0(B43)!7(F3%!$ !$77!8%-!:33<!

73F372+!8& $7!B&) 3) !&:!;B=2!()B%3$23<!:%&D!"W! &!3V!"(Z"--!(!:%&D!7&G! &!0((0!8%-!

:33<6!$)<!0$<!$!2 %&)(!A&2( (F3!B&P%37$ (&)!$)<!2(()(:(B$) !3::3B 2!Y-+W-.L!-+-"_!4!

`-+-.\6!G( 0! 03!B&) 3) !&:! & $7!;B=2!()!B0(B43)!7(F3%!Y90A)"!3\+!

803!B&) 3) !&:! & $7!B0&732 3%&7!()B%3$23<!:%&D!;"3P;W3!D(Z"--!(!()!7(F3%!:%&D! 03!7&G!

 &!0((0!73F37!&:!BI)!:3<!B0(B43)!Y/$G65"!;/\!$)<!0$<!$!2 %&)(!A&2( (F3!B&P%37$ (&)!$)<!

2(()(:(B$) !3::3B !Y-+UVVL!-+-"_!4!`-+-.\+!803!B&) 3) !&:! & $7!;B=2!()B%3$23<!:%&D!;-P

.U!"(Z"--!(!:%&D!7&G! &!0((0!BI)!()!:33<!Y90A)"!3\+!,P^;!(2&D3%2!$)<!,P,;!G3%3!

 03!D&2 !B&DD&)71!E?$) (:(3<!;B=26!G03%3!,#P^;6!,%P^;6!$)<!,P,;!()B%3$23<!;P

:&7<6!VP:&7<6!$)<!V+.P:&7<!:%&D! 03!7&G! &! 03!0((0!73F37!&:!BI)!()!:33<6!%32A3B (F371+!

Page 13 of 32 Journal of the American Oil Chemists

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

! "3!

)3F372!&:!BI)!()!:33<2!0$<!2 %&)(!A&2( (F3!B&%%37$ (&)!$)<!2(()(:(B$) !3::3B 2!Y-+UV;L!

-+-"_!4!`-+-.\!&)! & $7!;B=2!()!B0(B43)!7(F3%+k!

!

A)! 03!A%323) !2 ?<16!7(F3%!B0&732 3%&7!73F372!()!B0(B43)!B$)!/3!$::3B 3<!/1!/& 0!8%-!

$)<!BI)!:33<2+!^((0!8%-!$)<!BI)!73F372!()! 03!<(3 !B$?23<!0((03%!B0&732 3%&7!$)<!

;B=2!73F372!()!B0(B43)!7(F3%!B&DA$%3<!G( 0!7&G!$)<!D3<(?D!<(3 2+!803!;B=2!()!7(F3%!

B$)!/3!:&%D3<!/& 0!:%&D!3)X1D(B!$)<!)&)P3)X1D$ (B!A$ 0G$12+!803!)&)P3)X1D$ (B!

A%&<?B (&)!;B=2!D((0 !/3!:$B(7( $ 3<!/1!0((0P3)3%(1!:%33!%$<(B$72!:%&D! 03!0((0!BI)!

<(3 +!A !0$2!/33)!2?((32 3<! 0$ ! 03!:&%D$ (&)!&:!;B=2!#'!$#$&!(2!$::3B 3<!/1!&K(<(X3<!

7(A(<2!()! 03!<(3 !CV3D+!

'

803!B&) 3) !&:! & $7!B0&732 3%&7!()!A7$2D$!()B%3$23<!:%&D!4"! &!U,!D(Z<)!Y-+-"_!4!

`-+-.\!$)<!:%&D!"--! &!"V4!D(Z<)!Y-+-"_!4!`-+-.\!()!B0(B43)6!:%&D!7&G! &!0((0!:33<!

73F372!&:!8%-!$)<!BI)6!%32A3B (F371!H/$G65"';B\+!803!%32?7 2!$72&!20&G3<!2 %&)(!

A&2( (F3!B&P%37$ (&)2!Y-+WWU!$)<!-+WWV6!%32A3B (F371\+!-77! 03!B&DD&)!;B=2!G3%3!

&/23%F3<!()!F$%(&?2!E?$) ( (32!$ !$77!73F372!&:!8%-!$)<!BI)!()!:33<+!803!B&) 3) !&:!

 & $7!;B=2!()B%3$23<!:%&D!"-.! &!"V4!"(Z<)!()!A7$2D$!&:!B0(B43)!:%&D!7&G! &!0((0!

73F372!&:!8%-!:33<!$)<! 0(2!()B%3$23!G$2!D?B0!D&%3!A%&D()3) !Y44! &!V-W!"(Z<)\!()!

BI)!:33<+!80323!%32?7 2!0$<!2 %&)(!A&2( (F3!B&P%37$ (&)2!$)<!2(()(:(B$) !3::3B 26!

Y-+W-4L!-+-"_!4!`-+-.\!$)<!Y-+W.UL!-+-"_!4!`-+-.\6!%32A3B (F371!Y90A)"!.\+!-D&)(! 03!

;B=26!%P;O!G$2!A%&D()3) !$)<!G$2!A%323) !()!0((0!$D&?) 26!G03%3$2!#P;O!()B%3$23<!

D&<3%$ 371!()!B0(B43)!A7$2D$!:%&D! 03!7&G! &!0((0!73F37!&:!8%-!$)<!$/&? ! 0%33! (D32!

D&%3!()!BI)! %($72+!A)!A7$2D$6!,%P^;!$)<!,P,;!()B%3$23<!VP:&7<!$)<!.P:&7<6!

%32A3B (F3716!$)<! 03!B&) 3) 2!&:!,#P^;!$)<!;8!G3%3!F(% ?$771!?)B0$)(3<!()!B0(B43)!

:%&D! 03!8%-!:33<()(!3KA3%(D3) 2+!!
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For Peer Review

! ".!

-77!D$'&%!;B=2!G3%3!&/23%F3<!B&DA$%$ (F371!()!0((0!E?$) ( (32!$ !0((0!BI)!:33<!

B&DA$%3<!G( 0!8%-!:33<!3KB3A !:&%!%P;O+!803!0((032 !()<(F(<?$7!&K1B0&732 3%&7!

()B%3$2()(!%$ 3!G3%3!&/23%F3<!:&%!,,;!$)<!V.P^;!B$+!4! (D32!:&%!3$B06!B&DA$%3<!G( 0!

7&G!BI)!:33<2!()!B0(B43)!A7$2D$!Y90A)"!.\+!A)!$<<( (&)6!,#P^;!$)<!;8!$)<!$72&!

()B%3$23<!()!0((0!$D&?) 2!:%&D!7&G! &!0((0!BI)!()!:33<+!

!

;&) 3) 2!&:! & $7!;B=2!()!A7$2D$!&:!B0(B43)!B&)2(2 3) 71!()B%3$23<!G( 0! 03!()B%3$23!

&:!BI)!()! 03!:33<2!()!B&) %$2 ! &!8%-!:33<26!$7 0&?(0! 03!73F372!&:! & $7!B0&732 3%&7!

G3%3!%$ 03%!2(D(7$%+!>(3 $%1!8%-!(2!4)&G)! &!()B%3$23! & $7!A7$2D$!B0&732 3%&7!$)<!

)>)PB0&732 3%&7!$)<!%3<?B3!^>)PB0&732 3%&7!()!0?D$)2!CVUD+!A !0$2!/33)!%3A&% 3<! 0$ !

8%-!$B (F$ 32!B0&732 3%17!32 3%! %$)2:3%!A%& 3()!Y;O8=\!()!%$//( !$)<! 03%3/1!()B%3$232!

A7$2D$!)>)PB0&732 3%&7!73F37!C4D+!B?%!%32?7 2!:%&D!B0(B43)2!:3<!8%-!$(%33!G( 0! 0$ !

&/23%F$ (&)6!2&!G3!B$)!B&)B7?<3! 0$ !B0(B43)2!$72&!$<&A ! 03!2$D3!D3B0$)(2D!$2!

%$//( 26!G( 0!;O8=!$B (F( 1!()B%3$2()(!A7$2D$!)>)PB0&732 3%&7!73F372!<?3! &!()B%3$23<!

73F372!&:!8%-!()! 03!:33<2+!!

!

A !0$2!/33)!%3A&% 3<! 0$ ! 03%D$771!&K(<(X3<!:$ 2!()!:33<2!%3<?B3!#P &B&A03%&7!()!

A7$2D$!$)<!B$?23!()B%3$23<!D3$ !7(A(<!&K(<$ (&)!C""D+!A)!$)(D$726! 03!A%323)B3!&:!

;B=2!()! 03!A7$2D$!<3A3)<2!&)!D$)1!:$B &%2!3+(+!%$ 3!&:!$/2&%A (&)!:%&D!(? 6! %$)2A&% !

 &! 03!2A3B(:(B! (22?326!37(D()$ (&)!:%&D! 03! (22?32!/1! %$)2A&% !&%!D3 $/&7(2D6!$)<! 03!

%$ 3!&:! 03(%!:&%D$ (&)!#'($#$&!CV3D+!-!<(3 !0((0!()!&K(<(X3<!7(A(<2!B&?7<!()B%3$23!

3)<&(3)&?2!&K(<$ (F3!2 %3226!G0(B0!D$1!:$B(7( $ 3!:&%D$ (&)!&:!;B=2!#'!$#$&+!B)3!&:!

 03!D$'&%!:$B &%2!():7?3)B()(!&K(<$ (F3!2 %322!()!A7$2D$!Y#'!$#$&\!(2!$) (&K(<$) !$B (F( 1+!

803!$D&?) !&:!<(3 $%1!$) (&K(<$) !(2!<3A73 3<!()! 03!&K(<(X3<!7(A(<6!%32?7 ()(!()!
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()B%3$23<!#'($#$&!7(A(<!$? &K(<$ (&)!$)<!2?/23E?3) 71!()B%3$23<!(3)3%$ (&)!&:!;B=2!

C""6!VV6!V46!VWD+!!

!

-!2?):7&G3%!&(7Z&7(F3!&(7!/73)<!Y03$ 3<!$)<!:%320\!G$2!?23<!:&%! 03!BI)! %($72!()! 0(2!

2 ?<1+!#?):7&G3%!&(7!(2!%(B0!()!"UCV)P4!$)<!"UC;)P;6!$)<!&7(F3!&(7!(2!%(B0!()!"UC")PW6!$)<!

/& 0!&(72!B&) $()!0((0!$D&?) 2!&:!3)<&(3)&?2! &B&A03%&72+!>?%()(!03$ ()(!&:! 0323!

&(726! 03!$D&?) !&:! &B&A03%&72!()! 03!&K(<(X3<!7(A(<!:33<!G$2!%3<?B3<6!%32?7 ()(!()!

:()$7!#P &B&A03%&7!73F372!()!7&G!$)<!0((0!BI)!:33<2!&:!.V!$)<!3"!D(Z4(!:33<6!

%32A3B (F371!Y?)A?/7(203<!%32?7 2\+!80(2!B$?23<!7&G3%! &B&A03%&7!() $43!/1! 03!B0(B43)!

$)<!2?/23E?3) !0((03%!&K(<$ (&)!&:!B0&732 3%&7!()!A7$2D$+!803!A%323)B3!&:!$!7$%(3!

)?D/3%!&:!&K(<(X3<!B&DA&?)<2!()! 03%D$771!$/?23<!&(72!B&?7<!$72&!A7$1!$)!(DA&% $) !

%&73!()!<3(%$<()(!#P &B&A03%&7!()!A7$2D$!$2!G377!$2!()! 03!($2 %&() 32 ()$7! %$B !$)<!

 03%3/1!()!()B%3$2()(!&K(<$ (&)!&:!B0&732 3%&7!C;-D+!A)!&?%!2 ?<16!F$7?32!&:!#P

 &B&A03%&7!()!A7$2D$!G3%3!".+.!$)<!U+,!D(Z)!A7$2D$6!()!$)(D$72!:%&D!7&G!$)<!0((0!

BI)!<(3 26!%32A3B (F371!Y?)A?/7(203<!%32?7 2\+!803!():7?3)B3!&:! 03!7&G3%!() $43!$)<!

7&G3%!<3A&2( !&:! &B&A03%&7!()! (22?32!B$)!/3!B73$%71!233)!B&DA$%()(! 03!F$7?32!:&?)<!

:&%!;B=2!()!8%-! %($72!$)<!()!BI)! %($72+!A)! 03!B0(B43)!A7$2D$6! 03!B&) 3) !&:!,P,;!

G$2!7&G3%! 0$)! 0$ !&:! 03!& 03%!;,!&K1B0&732 3%&72!()! 03!7&G!$)<!D3<(?D!8%-!$)<!

BI)!:33<()(! %($72+!80(2!D$1!/3!<?3! &! 03!%$ 3!&:!,P,;!/%3$4<&G)6!G0(B0!G$2!

A&22(/71!0((03%! 0$)!:&%D$ (&)!C;"D+!!

!

F&<3%$ 3!$D&?) 2!&:!8%-!$)<!BI)!()! 03!:33<2!?23<!()! 0(2!2 ?<1!G3%3!20&G)! &!

3)0$)B3! 03!73F372!&:!B0&732 3%&7!$)<!;B=2!()! 03!B0(B43)! (22?32+!80(2!(2!$!)3G!2 ?<1!

&)! 03!3::3B 2!&:!:33<!:$ 2!B&) $()()(!8%-!&)! 03!73F372!&:!B0&732 3%&7!;B=2!()!

B0(B43)+!-7 0&?(0!;B=2!()!:&&<2!$%3!B&)2(<3%3<!A& 3) ($7!03$7 0!%(24!/? ! 03%3!(2!)&!
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%3(?7$ (&)!7(D( ()(! 03(%!73F372!()!:&&<2+!803!73F372!20&G)!()! 0(2!A$A3%!$%3!:$%!/37&G!

 0$)! 03!7( 3%$ ?%3!F$7?3!YV-!"(Z"--(!()!:%320!D3$ !$)<!"34!"(Z"--!(!()!B&&43<!D3$ \!

$)<!B$)!/3!B&)2(<3%3<!$2!2$:3!C"-D+!F&%3!2 ?<(32!$%3!)3B322$%1!?2()(!G(<3%!%$)(32!&:!

8%-!$)<!BI)!()!:33<2!:&%! 03(%!7&)(P 3%D!3::3B 2!()!B0(B43)!/& 0!()! 3%D2!&:!$)(D$7!

G37:$%3!$)<!&)! 03!&K(<$ (F3!2 $/(7( 1!&:!( 2!3<(/73! (22?32!:&%!0((0!E?$7( 1!B0(B43)!:&%!

0?D$)!B&)2?DA (&)+!!

!

;- :.7)"&GI":(%!

80(2!G&%4!G$2!:()$)B($771!2?AA&% 3<!/1! 03!O.!%33<()(!%$ 2!#$:3 1!9323$%B0!=%&'3B !

Y%BB>P;8V--3P--,-V-\+!O+!J7$26!>3A$% D3) !&:!-)(D$7!#B(3)B36!=&71 3B0)(B!

.)(F3%2( 1!&:!u$73)B($6!J$%B37&)$6!$)<!F+!>+!J$?B37726!u3 3%()$%1!#B0&&76!.)(F3%2( 1!

-? &)&D$6!J$%B37&)$6!#A$()6!:&%!:33<!D$)?:$B ?%()(6!0&?2()(!&:!$)(D$72!$)<!

27$?(0 3%()(!$)<!2$DA7()(!:$B(7( (32+!>(3 %(B0!F&)!9&23)6!#G3<(20!.)(F3%2( 1!&:!

-(%(B?7 ?%$7!#B(3)B326!.AA2$7$6!#G3<3)!:&%!2 $ (2 (B$7!$)$712(2+!A)2 ( ? &!>$)&)3!:&%!$!

%323$%B0!(%$) ! &!-+!8%32+!!

!

'

'

'

'

'

'

'

'

'
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!","5":-"%!

"+! # $A%$)2!A6!=$)!IF6!9$AA!*^6!$)<!%3()(&7<!,9!YV--;\!BK(<(X3<!B0&732 3%&7!()! 03!
<(3 !(2!$!2&?%B3!&:!&K(<(X3<!7(A&A%& 3()2!()!0?D$)!23%?D+!*!)(A(<!932!33C,-.P,".!
!
V+! F&(0$<$2($)! F^! YV--V\! OKA3%(D3) $7! $ 03%&2B73%&2(2C! $! 0(2 &%(B$7! &F3%F(3G+! )(:3!
#B(!,-CU..PU4.!
!
;+! ^?%!#*6!>?!F6!P$D!,6!R(77($D2&)!F6!$)<!-0)!>.!YV--.\!O::3B !&:!<(3 $%1!:$ 2!&)!
/7&&<! B0&732 3%&7! $)<! 7(A(<! $)<!  03! <3F37&AD3) ! &:! $ 03%&2B73%&2(2! ()! %$//( 2+! P? %! 932!
V.CWV.PW;.!
!
3+! #B0%&3A:3%!H*! YV---\!BK12 3%&72C!F&<?7$ &%2! &:! B0&732 3%&7!D3 $/&7(2D! $)<! & 03%!
A%&B32232+!=012(&7!93F!U-C;4"P..3!
!
.+! %$?7B&))(3%!v6!9&1!-6!%3%7$1!-6!;0$%<(()1!*F6!>?%$)<!>6!)&%3)X!#6!H%?::$ !>6!$)<!
;0(77($%<! v! YV--4\! O::3B ! &:! <(3 $%1! 2?AA71! &:! /?  3%2! %(B0! 3( 03%! ()!  %$)2P"-P"U! C! "! &%! ()!
 %$)2P""P"U! C! "! A7?2! B(2PW6!  %$)2P""P"U! C! V! &)! %$//( ! $<(A&23!  (22?3! $)<! 7(F3%! 7(A&(3)(B!
$B (F( (32+!J%( !*!P? %!W4C34"P34U!
!
4+! H$  &! )F6! )1&)2! F-6! J%&G)! -*6! $)<! #$DD$)! #! YV--"\! 8%$)2! :$  1! $B(<2! $)<!
B0&732 3%&7! D3 $/&7(2DC! D3B0$)(2 (B! 2 ?<(32! ()! %$ 2! $)<! %$//( 2! :3<! 23D(A?%(:(3<! <(3 2+!
A) 3%)$ (&)$7!*&?%)$7!&:!%&&<!#B(3)B32!$)<!P? %( (&)!.VC3;.P33"!
!
,+! *$F$<(!F6!H3373)!F*^6!OF3% 2!^6!^&F3)(3%!96!*$F$<(!#6!,$AA3% !^6!$)<!J31)3)!-;!
YV--U\!J&<1!B&DA&2( (&)!$)<!03$ !3KA3)<( ?%3!()!/%&(73%!B0(B43)2!:3<!<(3 2!G( 0!&%!G( 0&? !
 %$)2!:$  1!$B(<2+!*!-)(D!=012(&7!$)!P!WVCWWP"-3!
!
U+! F$% ()3X!uF6!P3GD$)!9,6!$)<!P3GD$)!;R!Y"WWV\!J$%731!>(3 2!G( 0!>(::3%3) !
%$ !#&?%B32!^$F3!^1A&B0&732 3%&73D(B!O::3B 2!()!;0(B42+!*!P? %!"VVC"-,-P"-,4!
!
W+! #4%(F$)!F6!#4%(F$)&F$!u6!F$%&?)34!F6!8?D&F$!O6!$)<!R&7:!*!YV---\!A):7?3)B3!&:!
<(3 $%1!:$ !2&?%B3!$)<!B&AA3%!2?AA73D3) $ (&)!&)!/%&(73%!A3%:&%D$)B36!:$  1!$B(<!A%&:(73!&:!
D3$ !$)<!<3A& !:$ 6!$)<!&)!B0&732 3%&7!B&) 3) !()!D3$ +!J%!=&?7 !#B(!3"C4-UP4"3!
!
"-+! ,3%%1!*=6!H(7%&1!>-6!$)<!BwJ%(3)!PF!YV--V\!%&%D$ (&)!$)<!;&) 3) !&:!;0&732 3%&7!
BK(<$ (&)!=%&<?B 2! ()!F3$ !$)<!F3$ !=%&<?B 2+! A)C!H?$%<(&7$!%6!>?  $!=;6!;&<&)1!9!$)<!
#$F$(3! H=! ;0&732 3%&7! $)<! =01 &2 3%&7! BK(<$ (&)! =%&<?B 2C! -)$712(26! BBB?%%3)B36! $)<!
J(&7&((B$7!O::3B 2+!-B;#!=%3226!;0$DA$(()6!A)6!AA+!"4VP"U.+!
!
""+! H%$?! -6! ;&<&)1! 96! H%(DA$! #6! J$?B3772! F>6! $)<! H?$%<(&7$! %! YV--"\! ;0&732 3%&7!
&K(<$ (&)!()!:%&X3)!<$%4!B0(B43)!D3$ C!():7?3)B3!&:!<(3 $%1!:$ !2&?%B36!$)<!$7A0$P &B&A03%&7!
$)<!$2B&%/(B!$B(<!2?AA73D3) $ (&)+!F3$ !#B(!.,C"W,PV-U!
!
"V+! J&)&7(! F6! ;$/&)(! F%6! 9&<%((?3XPO2 %$<$! F86! $)<! )3%B43%! H! YV--,\! O::3B ! &:!
:33<()(!:$ !2&?%B32!&)! 03!E?$7( 1!$)<!B&DA&2( (&)!&:!7(A(<2!&:!A%3B&&43<!%3$<1P &P3$ !:%(3<!
B0(B43)!A$%%(32+!%&&<!;03D!"-"C";V,P";;,!
!

Page 18 of 32Journal of the American Oil Chemists

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
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";+! P?B0(! ;6! H?$%<(&7$! %6! J&?! 96! J&)<(&7(! =6! >377$! J377$! )6! $)<! ;&<&)1! 9! YV--W\!
-22322D3) !&:! 03!)3F372!&:!>3(%$<$ (&)!()!%$ !;&P$)<!J1A%&<?B 2!:&%!%33<!.232!$)<!803(%!
937$ (&)20(A2!G( 0!#&D3!)(A(<!;&DA&2( (&)!=$%$D3 3%2+!*!-(%!%&&<!;03D!.,C"W.VP"W.W!
!
"3+! P$ (&)$7! 9323$%B0! ;&?)B(7! P! Y"WW3\! P? %(3) ! 93E?(%3D3) 2! &:! =&?7 %16! P$ (&)$7!
-B$<3D1!=%3226!R$20()( &)6!>;!
!
".+! 9?73! >;6! J%&?(0 &)! ,#6! #0377( &! #F6! $)<! F$(&%$)&! H! YV--V\! ;&DA$%(2&)! &:!
D?2B73! :$  1! $B(<! A%&:(732! $)<! B0&732 3%&7! B&)B3) %$ (&)2! &:! /(2&)6! /33:! B$  736! 3746! $)<!
B0(B43)+!*!-)(D!#B(!U-C"V-VP"V""!
!
"4+! )$%432&)! J6! >?  $! =;6! $)<! ^$)22&)! A! YV---\! O::3B 2! &:! :%1()(! $)<! 2 &%$(3! &)!
B0&732 3%&7!&K(<$ (&)!()!D()B3<!D3$ !A%&<?B 2+!*!-D!B(7!;03D!#&B!,,C4,.P4U-!
!
",+! ^$%$! -6! $)<! 9$<()! P#! Y"W,U\! )(A(<! OK %$B (&)! &:! 8(22?32! G( 0! $! )&GP8&K(B( 1!
#&7F3) +!-)$7!J(&B03D!W-C3V-P3V4!
!
"U+! ./0$1$2343%$!#*,-6!u3%7313)!86!$)<!>?  $!=;!YV--3\!OF$7?$ (&)!&:!H;!$)<!H;P
F#!D3 0&<2!:&%! 03!$)$712(2!&:!B0&732 3%&7!&K(<$ (&)!A%&<?B 2+!%&&<!;03D!U3C"3WP".,!
!
"W+! -AA37EF(2 !)Px6!>?  $!=;6!)(</3B4!-6!$)<!*$D32&)!#6!93<?B (&)!&:!A&71?)2$ ?%$ 3<!
:$  1! $B(<P! $)<! B0&732 3%&7P&K(<$ (&)! ()! <($/3 (B2! 2?AA73D3) 3<! G( 0! $) (&K(<$) 26! ()!
N>2:.'DPAL( I-.( 9'';!<( Q..0#':( &)( I-.( N>2:.'( 5&6#.026! 803! BK1(3)! #&B(3 16! #$)!
%%$)B(2B&6!;-6!=$2$<3)$6;$7(:&%)($6!"WW.6!A+!.;+!
!
V-+! #(D234!.H6!>$74(7(B!J6!;(: B(!F6!;3%B(!A^6!$)<!J$02(!F!YV--W\!O::3B 2!&:!O)%(B03<!
^&?2()(!>32(()!&)!J%&(73%!=3%:&%D$)B36!R37:$%36!;0(B43)!F3$ !;&DA&2( (&)! $)<!#3%?D!
;0&732 3%&7+!-B $!u3 !J%)&!,UC4,P,3!
!
V"+! F$%$2B0(377&!;6!#$%%$($!;6!O2 3F3PH$%B($!O6!$)<!93(?3(%&!*-H!YV---\!>(3 $%1!(%&)!
$)<! B&AA3%! %3D&F$7! <&32! )& ! (DA%&F3! B0&732 3%&7! $)<! 7(A(<! &K(<$ (F3! 2 $/(7( 1! &:! %$G! $)<!
B&&43<!/%&(73%!D3$ +!*!%&&<!#B(!4.CV""PV"3!
!
VV+! F$%$2B0(377&!;6!O2 3F3!O6!$)<!93(?3(%&!*-H!Y"WWU\!;0&732 3%&7!&K(<$ (&)! ()!D3$ !
:%&D! B0(B43)2! :3<! $7A0$P &B&A03%&7P! $)<! /3 $PB$%& 3)3P2?AA73D3) 3<! <(3 2! G( 0! <(::3%3) !
?)2$ ?%$ (&)!(%$<32+!)(A(<2!;;C,-.P,";!
!
V;+! ,?0) !,6!R$()3%!-6!,%$: !*6!J$2?!#6!$)<!*$0%3(2!H!YV--4\!>(3 $%1!2?AA73D3) $ (&)!
G( 0! "" %$)2P! $)<! "V %$)2P"U! C! "! $)<! &K(<$ (F3! 2 %322! ()! 0?D$)2+! -D3%(B$)! *&?%)$7! &:!
;7()(B$7!P? %( (&)!U3CWU"PWUU!
!
V3+! >(BX:$7?21! .! YV--V\! B%((()! $)<! ;&) 3) ! &:! ;0&732 3%&7! BK(<$ (&)! =%&<?B 2! ()!
J(&7&((B$7!#$DA732+!A)C!H?$%<(&7$!%6!>?  $!=;6!;&<&)1!9!$)<!#$F$(3!H=!;0&732 3%&7!$)<!
=01 &2 3%&7!BK(<$ (&)!=%&<?B 2C!-)$712(26!BBB?%%3)B36!$)<!J(&7&((B$7!O::3B 2+!-B;#!=%3226!
;0$DA$(()6!A)6!AA+!V",PV3-!
!
V.+! J'&%403D! A6! $)<! >(BX:$7?21! .! YV--V\! BK12 3%&72! P! %%(3)<26! :&326! &%! '?2 ! :377&G!
A$223)(3%2y!-% 3%(&2B7!80%&D!u$2!VVC,;3P,3V!
!
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V4+! J&?!96!;&<&)1!96!J$?B3772!F>6!$)<!H?$%<(&7$!%!YV--.\!O::3B !&:!03$ 3<!2?):7&G3%!
&(7!$)<!<(3 $%1!2?AA73D3) 2!&)!  03!B&DA&2( (&)6!&K(<$ (F3!2 $/(7( 16!$)<!23)2&%1!E?$7( 1!&:!
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Figure 2 
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Table 1: Ingredients and nutrient composition of the basal chicken feed 

 

Ingredient (%) Nutrient composition (%) 

Corn                                           52.7 

Soybean meal (47% of CP)       30.0 

Added fat material                       6.0 

Full fat soyabean                         6.0 

HCl L-Lysine                              0.3 

DL-methionine (99%)                 0.2 

Dicalcium phosphate                   2.5 

Calcium carbonate                       1.3 

Salt                                               0.5 

Vitamin and mineral premix*      0.5 

Metabolizable energy (kcal/kg)   4,968 

Dry matter                                    90.8 

Crude protein                                21.1 

Ether extract                                  9.5 

Crude fiber                                    3.8 

Ash                                                6.5 

*Composition of vitamin and mineral premix (1kg of feed contained): Vitamin A: 6000 

 UI; vitamin D3: 1200UI; vitamin E: 10 mg; vitamin K3: 1.5 mg; vitamin B1: 1.1 mg; 

 vitamin B2: 4 mg; vitamin B6: 1.5 mg; vitamin B12: 9 !g; folic acid: 4 mg; biotin: 50 !g;  

pantothenic acid 6 mg: nicotinic acid: 21 mg; choline: 360 mg; Mn: 75 mg; Zn: 50 mg;  

I: 0.18 mg; Fe: 30 mg; Cu: 6 mg; Se: 0.2; Co: 0.2; ethoxiquin: 16 mg; addition of choline  

chloride 15 mg.  
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Table 2: Retention times (RT) and relative retention times (RRT) 
of oxycholesterols (COPs) separated on two dimensional capillary GCa  
 

COPs 
Peak 

number 
RT (min) RRT 

5"-cholestane (IS) 1 17.88  

7"-hydroxycholesterol 2 21.29 1.19 

7#-hydroxycholesterol 3 25.36 1.42 

7-ketocholesterol 9 36.70 2.05 

20"-hydroxycholesterol 4 28.06 1.57 

Cholesterol-5",6"-epoxide 5 29.67 1.66 

Cholesterol-5#,6#-epoxide 6 28.76 1.61 

Cholestanetriol 7 30.41 1.70 
25- hydroxycholesterol 8 32.41 1.81 
a, GC capillary columns were DB-35MS (10m $ 0.2mm $ 0.33!m) 

and DB-5MS (15m $ 0.18mm $ 0.18!m); RRT, relative to  

5"-cholestane (IS, internal standard).   
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Table 3: Content of cholesterol oxidation products (COPs) in chicken meat at three different levels of trans fatty  

acid (TFA) and oxidized lipid (OXL) feeds (mean of 4 replicates per treatment) 

 

Chicken meat (!g/100g %SD) 

TFA OXL 
COPs 

Low Medium High Low Medium High 

7"-HC 6.47(%0.65) 8.13(%0.53) 12.08(%1,04) 2.94(%0.37) 2.82(%0.21) 5.88(%0.75) 

7#-HC 6.01(%0.52) 8.56(%0.37) 11.32(%0.68) 2.48(%0.37) 5.57(%1.11) 4.22(%1.82) 
7-KC 3.03(%1.45) 7.48(%0.47) 20.77(%2.63) 7.46(%0.13) 13.44(%0.9) 29.13(%1.24) 

"-CE nd tr 1.14(%0.17) nd tr 6.37(%1.36) 

#-CE 1.94(%0.64) tr 2.70(%1.7) nd 1.07(%0.09) 2.92(%1.11) 
CT nd nd nd nd nd 5.13(%0.63) 
25-HC nd nd nd nd tr 21.59(%1.75) 
Total 17.45

a
 24.17

a
 48.01

a
 12.88

b
 22.90

b
 75.24

b
 

tr, below the quantification; (>0.1!g/100g); nd, not detected; 7"-HC, 7"-hydroxycholesterol; 7#-HC, 7#-hydroxycholesterol; 

#-CE, #-epoxycholesterol; "-CE, "-epoxycholesterol; CT, cholesteroltriol; 25-HC, 25-hydroxycholesterol; 7-KC,  
7-ketocholesterol; asignificant increment of total and individual COPs at 0.01< p !0.05 in chicken meat from low to high 
TFA feeding trials; bsignificant increment of total and individual COPs at 0.01< p !0.05 in chicken meat from low to high OXL  
feeding trials. 
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Table 4: Content of cholesterol oxidation products (COPs) in chicken liver at three different levels of trans 

fatty acid (TFA) and oxidized lipid (OXL) feeds (mean of 4 replicates per treatment) 

 

Chicken liver (!g/100g %SD) 

TFA OXL 
COPs 

Low Medium High Low Medium High 

7"-HC 4.50(%0.24) 4.52(%0.83) 6.18(%0.63) 5.25(%0.03) 12.36(%0.33) 15.68(%1.98) 

7#-HC 5.06(%0.48) 7.47(%1.48) 5.26(%1.18) 5.08(%0.77) 7.53(%1.49) 11.95(%0.95) 
7-KC 3.96(%0.52) 4.47(%1,18)  6.36(%0.61) 4.67(%0.56) 9.13(%1.26) 11.87(%0.5) 

"-CE 2.19(%0.14) 3.76(%0.93) 6.77(%0.57) 5.20(%1.25) 6.80(%1.27) 6.12(%0.86) 

#-CE 2.93(%0.15) 7.94(%1.43)  9.27(%1.25) 5.24(%0.95) 5.75(%0.71) 5.88(%1.17) 
CT nd nd  4.54(%1.49) 2.75(%0.51) 4.14(%0.93) 3.60(%1.14) 
25-HC nd nd  4.00(%0.72) 2.14(%0.51) 3.65(%1.56) 3.26(%0.58) 
Total 18.64

a
 28.16

a
 42.38

a
 30.33

b
 49.36

b
 58.36

b
 

tr, below the quantification; (>0.1!g/100g); nd, not detected; 7"-HC, 7"-hydroxycholesterol; 7#-HC,  

7#-hydroxycholesterol; #-CE, #-epoxycholesterol; "-CE, "-epoxycholesterol; CT, cholesteroltriol; 25-HC,  
25-hydroxycholesterol; 7-KC, 7-ketocholesterol; asignificant increment of total and individual COPs at 0.01< p !0.05  
in chicken liver from low to high TFA feeding trials; bsignificant increment of total COPs at 0.01< p !0.05 in chicken liver  
from low to high OXL feeding trials. 
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Table 5: Content of cholesterol oxidation products (COPs) in chicken plasma at three different levels of trans fatty 

acid (TFA) and oxidized lipid (OXL) feeds (mean of 4 replicates per treatment) 

 

Chicken plasma (!g/dL %SD) 

TFA OXL 
COPs 

Low Medium High Low Medium High 

7"-HC 15.32(%2.67) 14.39(%2.59) 14.63(%1.52) 6.20(%1.81) 16.89(%1.36) 33.48(%0.94) 

7#-HC 13.77(%0.42) 36.05(%1.73) 24.49(%2.43) 11.69(%1.17) 29.50(%3.56) 34.68(%2.8) 
7-KC 3.18(%1.86) 2.55(%0.61) 15.39(%0.18) 5.31(%0.69) 6.20(%1.33) 33.59(%2.09) 

"-CE 7.53(%1.40) 5.66(%1.53) 11.84(%2.34) 12.70(%1.27) 15.02(%3.59) 33.08(%8.18) 

#-CE 56.87(%3.72) 47.52(%1.36) 54.31(%3.08) 24.37(%1.94) 37.47(%6.47) 46.05(%8.42) 
CT 1.15(%0.15) 1.16(%0.14) 1.36(%0.25) 2.50(%0.66) 1.67(%0.41) 9.47(%2.57) 
25-HC 6.80(%3.77) 2.07(%1.74) 4.27(%1.86) 2.82(%0.84) 4.25(%1.43) 18.16(%7.12) 
Total 104.62

a
 109.40

a
 126.29

a
 65.59

b
 111.00

b
 208.51

b
 

tr, below the quantification; (>0.1 !g/100g); nd, not detected; 7"-HC, 7"-hydroxycholesterol; 7#-HC,  

7#-hydroxycholesterol; #-CE, #-epoxycholesterol; "-CE, "-epoxycholesterol, CT, cholesteroltriol; 25-HC, 25- 
hydroxycholesterol; 7-KC, 7-ketocholesterol; asignificant increment of total and individual COPs at 0.01< p !0.05  
in chicken plasma from low to high TFA feeding trials; bsignificant increment of total and individual COPs at 0.01< p !0.05 
in chicken plasma from low to high OXL feeding trials. 
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