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AEVWUDFW

The UeWiQRgeQicXOaWe YiVXaO SaWhZa\ (RGVP) cRQYe\V YiVXaO iQfRUPaWiRQ fURP Whe UeWiQa WR Whe OaWeUaO geQicXOaWe
QXcOeXV. The RGVP haV fRXU VXbdiYiViRQV, iQcOXdiQg WZR decXVVaWiQg aQd WZR QRQ-decXVVaWiQg SaWhZa\V WhaW
caQQRW be ideQWified RQ cRQYeQWiRQaO VWUXcWXUaO PagQeWic UeVRQaQce iPagiQg (MRI). DiffXViRQ MRI WUacWRgUaSh\
haV Whe SRWeQWiaO WR WUace WheVe VXbdiYiViRQV aQd iV iQcUeaViQgO\ XVed WR VWXd\ Whe RGVP. HRZeYeU, iW iV QRW \eW
kQRZQ Zhich fibeU WUackiQg VWUaWeg\ iV PRVW VXiWabOe fRU RGVP UecRQVWUXcWiRQ. IQ WhiV VWXd\, fRXU WUacWRgUaSh\
PeWhRdV aUe cRPSaUed, iQcOXdiQg cRQVWUaiQed VSheUicaO decRQYROXWiRQ (CSD) baVed SURbabiOiVWic (iFOD1) aQd
deWeUPiQiVWic (SD-SWUeaP) PeWhRdV, aQd PXOWi-fibeU (UKF-2T) aQd ViQgOe-fibeU (UKF-1T) XQVceQWed KaOPaQ
fiOWeU (UKF) PeWhRdV. E[SeUiPeQWV XVe diffXViRQ MRI daWa fURP 57 VXbjecWV iQ Whe HXPaQ CRQQecWRPe PURjecW.
The RGVP iV ideQWified XViQg UegiRQV Rf iQWeUeVW cUeaWed b\ WZR cOiQicaO e[SeUWV. QXaQWiWaWiYe aQaWRPicaO
PeaVXUePeQWV aQd e[SeUW aQaWRPicaO jXdgPeQW aUe XVed WR aVVeVV Whe adYaQWageV aQd OiPiWaWiRQV Rf Whe fRXU
WUacWRgUaSh\ PeWhRdV. OYeUaOO, Ze cRQcOXde WhaW UKF-2T aQd iFOD1 SURdXce Whe beVW RGVP UecRQVWUXcWiRQ
UeVXOWV. The iFOD1 PeWhRd caQ beWWeU TXaQWiWaWiYeO\ eVWiPaWe Whe SeUceQWage Rf decXVVaWiQg fibeUV, ZhiOe Whe
UKF-2T PeWhRd SURdXceV UecRQVWUXcWed RGVPV WhaW aUe jXdged WR beWWeU cRUUeVSRQd WR Whe kQRZQ aQaWRP\
aQd haYe Whe higheVW VSaWiaO RYeUOaS acURVV VXbjecWV. OYeUaOO, Ze fiQd WhaW iW iV chaOOeQgiQg fRU cXUUeQW
WUacWRgUaSh\ PeWhRdV WR bRWh accXUaWeO\ WUack RGVP fibeUV WhaW cRUUeVSRQd WR kQRZQ aQaWRP\ aQd SURdXce aQ
aSSUR[iPaWeO\ cRUUecW SeUceQWage Rf decXVVaWiQg fibeUV. We VXggeVW WhaW fXWXUe aOgRUiWhP deYeORSPeQW fRU
RGVP WUacWRgUaSh\ VhRXOd Wake cRQVideUaWiRQ Rf bRWh Rf WheVe WZR SRiQWV.

KH\ZRUGV: WUacWRgUaSh\, diffXViRQ PagQeWic UeVRQaQce iPagiQg, HXPaQ CRQQecWRPe PURjecW,
UeWiQRgeQicXOaWe YiVXaO SaWhZa\, cUaQiaO QeUYe

1. IQWURGXFWLRQ

The UeWiQRgeQicXOaWe SaWhZa\ (RGVP) begiQV aW Whe UeWiQa, SaVVeV WhURXgh Whe RSWic QeUYe, Whe RSWic
chiaVP, aQd Whe RSWic WUacW, aQd fiQaOO\ cRQQecWV WR Whe OaWeUaO geQicXOaWe QXcOeXV (LGN) (J. SaOa]aU eW aO., 2019;
PXUYeV eW aO., 2001). See FigXUe 1 fRU aQ aQaWRPicaO RYeUYieZ. ASSUR[iPaWeO\ 53-58 SeUceQW Rf RGVP fibeUV
decXVVaWe (cURVV) aW Whe RSWic chiaVP (ChackR, 1948; KXSfeU eW aO., 1967; Y. SiQWha, 1932). TheUefRUe, Whe
RGVP caQ be diYided iQWR fRXU aQaWRPicaO VXbdiYiViRQV: WZR decXVVaWiQg (PediaO) aQd WZR QRQ-decXVVaWiQg
(OaWeUaO) fibeU SaWhZa\V, aQd each VXbdiYiViRQ XQdeUWakeV Whe iPSRUWaQW WaVk Rf cRQYe\iQg YiVXaO iQfRUPaWiRQ Rf
YiVXaO hePi-fieOdV (PXUYeV eW aO., 2014; QXigOe\ eW aO., 1982; QXigOe\ & GUeeQ, 1979).

The VWXd\ Rf Whe RGVP iV iPSRUWaQW iQ PXOWiSOe UeVeaUch aQd cOiQicaO aSSOicaWiRQV. The RGVP caQ be
affecWed iQ PaQ\ diVeaVeV, iQcOXdiQg SiWXiWaU\ WXPRUV (LaZV eW aO., 1977; RXckeU & KeUQRhaQ, 1954), gOiRPa
(HaOeV eW aO., 2018), RSWic QeXUiWiV (Beck eW aO., 2003; BUe[ eW aO., 2002; OSWic NeXUiWiV SWXd\ GURXS, 1997),
iVchePic RSWic QeXURSaWh\ (AWW\p eW aO., 2018; ChR eW aO., 2016), aQd RSWic QeUYe VheaWh PeQiQgiRPa (Schick eW
aO., 2004; TXUbiQ eW aO., 2002). IQ SaUWicXOaU, YiVXaOi]aWiRQ Rf Whe RGVP caQ be heOSfXO iQ SOaQQiQg VXUgicaO
aSSURacheV WR OeViRQV iQWUiQVic RU e[WUiQVic WR Whe SaWhZa\. NeRSOaVPV Rf Whe VeOOaU UegiRQ, VXch aV SiWXiWaU\
adeQRPaV, WXbeUcXOXP VeOOae PeQiQgiRPa, RaWhke'V cOefW c\VWV, aQd cUaQiRShaU\QgiRPaV caQ caXVe e[WUiQVic
cRPSUeVViRQ Rf Whe RGVP fibeUV ZheQ e[WeQdiQg VXSeUiRUO\ (Ma eW aO., 2016). OSWic SaWhZa\ gOiRPa (OPG), a
chiOdhRRd WXPRU PRVW cRPPRQ iQ SaWieQWV ZiWh QeXURfibURPaWRViV W\Se 1 (NF-1), iV a diffXVeO\ iQfiOWUaWiYe WXPRU
ZiWh iOO-defiQed bRXQdaUieV, caXViQg iQWUiQVic cRPSUeVViRQ aQd iQfiOWUaWiRQ Rf Whe RGVP (ATXiOiQa eW aO., 2015).
SXUgicaO UeVecWiRQ Rf WheVe WXPRUV iV chaOOeQgiQg dXe WR Whe high SRWeQWiaO fRU daPage WR Whe YiVXaO aSSaUaWXV.
TheUe iV a SRRU cRUUeOaWiRQ beWZeeQ WXPRU e[WeQW RQ cRQYeQWiRQaO iPagiQg PRdaOiWieV aQd YiVXaO iPSaiUPeQW;
WheUefRUe, deWaiOed iQfRUPaWiRQ abRXW RGVP fibeU SaWhZa\ PicURVWUXcWXUe cRXOd SRWeQWiaOO\ heOS cOiQiciaQV iQ
WUeaWPeQW deciViRQ PakiQg aQd VXUgicaO SOaQQiQg WR SRWeQWiaOO\ iPSURYe cOiQicaO RXWcRPeV (ATXiOiQa eW aO., 2015;
FiVheU eW aO., 2012). The VWXd\ Rf Whe cRPSOeWe RGVP iV aOVR UeOeYaQW iQ Whe VeWWiQg Rf high WeQViRQ gOaXcRPa,
Zhich caQ affecW Whe ZhROe RSWic SaWhZa\ (LeVWak eW aO., 2012).
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MagQeWic UeVRQaQce iPagiQg (MRI) WechQiTXeV haYe beeQ XVed WR ideQWif\ Whe RGVP fRU cOiQicaO aQd
UeVeaUch SXUSRVeV (GaOa, 2015). TUadiWiRQaO T1-ZeighWed (T1Z) aQd T2-ZeighWed (T2Z) MRI aUe Whe PRVW
ZideO\ XVed, e.g, WR cRPSXWe Whe cURVV-VecWiRQaO aUea Rf Whe iQWUaRUbiWaO RSWic QeUYe (GaVV eW aO., 1996; SiPRQ J.
HickPaQ, 2007; SiPRQ J. HickPaQ eW aO., 2004; S. J. HickPaQ eW aO., 2001; WaWaQabe eW aO., 2008). HRZeYeU,
WheVe MRI VeTXeQceV RQO\ iQdicaWe ZheWheU Whe RGVP iV SUeVeQW aW a SaUWicXOaU ORcaWiRQ, ZhiOe Whe 3D fibeU
SaWhZa\ Rf Whe RGVP aQd Whe cRQWiQXiW\ Rf iWV VXbdiYiViRQV caQQRW be aVVeVVed. DiffXViRQ MRI (dMRI), Yia a
SURceVV caOOed WUacWRgUaSh\, caQ WUack bUaiQ ZhiWe PaWWeU aQd QeUYe fibeUV iQ YiYR QRQ-iQYaViYeO\ baVed RQ Whe
SUiQciSOe Rf deWecWiQg Whe UaQdRP PRWiRQ Rf ZaWeU PROecXOeV iQ QeXUaO WiVVXe (BaVVeU eW aO., 1994, 2000). OQe
adYaQWage Rf dMRI iV WhaW iW caQ eQabOe WUackiQg Rf Whe 3D WUajecWRU\ Rf Whe RGVP fRU YiVXaOi]aWiRQ Rf VWUXcWXUeV
QRW YiVXaOi]ed b\ WUadiWiRQaO MRI VeTXeQceV, e.g., cURVViQg fibeUV aW Whe RSWic chiaVP (PX]Qiak eW aO., 2019).
MXOWiSOe VWXdieV haYe iQYeVWigaWed UecRQVWUXcWiRQ Rf Whe RGVP XViQg dMRI WUacWRgUaSh\ (Vee TabOe 1) (AOWÕQWaú
eW aO., 2017; AWheU eW aO., 2019; HRfeU eW aO., 2010; PaQeVaU eW aO., 2019; YRVhiQR eW aO., 2016).

DeVSiWe Whe Zide XVe Rf dMRI fRU RGVP UecRQVWUXcWiRQ, SUacWicaO TXeVWiRQV UePaiQ abRXW Zhich
WUacWRgUaSh\ PeWhRdV caQ SURYide a cRPSUeheQViYe deOiQeaWiRQ Rf Whe RGVP fibeU SaWhZa\. The RGVP iV
ORcaWed ZiWhiQ Whe cRPSOe[ VkXOO baVe eQYiURQPeQW, Zhich cRQWaiQV QeUYe, bRQe, aiU, VRfW WiVVXe, aQd
ceUebURVSiQaO fOXid. TheVe aQaWRPicaO VWUXcWXUeV caQ UeVXOW iQ SaUWiaO YROXPiQg, ZheUe YR[eOV cRQWaiQ Pi[ed
iQfRUPaWiRQ fURP PXOWiSOe cRPSRQeQWV, aQd VXVceSWibiOiW\ aUWifacWV, Zhich affecW QeUYe fibeU WUackiQg
SeUfRUPaQce. IQ addiWiRQ, a XQiTXe chaUacWeUiVWic Rf Whe RGVP iV WhaW WheUe aUe cURVViQg QeUYe fibeUV aW Whe
RSWic chiaVP, Zhich UeTXiUeV a WUacWRgUaSh\ PeWhRd WR be highO\ VeQViWiYe deVSiWe Whe SUeVeQce Rf cURVViQg
fibeUV. ReceQW UeYieZV caPe WR Whe RYeUaOO cRQcOXViRQ WhaW Whe chRice Rf WUacWRgUaSh\ PeWhRdV aQd/RU
SaUaPeWeU VeWWiQgV VWURQgO\ affecWV cUaQiaO QeUYe fibeU UecRQVWUXcWiRQ, iQcOXdiQg Whe RGVP (JacTXeVVRQ,
FUiQdeO, eW aO., 2019; ShaSe\ eW aO., 2019). TabOe 1 giYeV a VXPPaU\ Rf e[iVWiQg WUacWRgUaSh\-baVed RGVP
VWXdieV WR deVcUibe Whe cXUUeQW VWaWe Rf Whe aUW iQ WeUPV Rf Whe fibeU WUackiQg PeWhRdV beiQg XVed, aPRQg Zhich
Whe VWaQdaUd diffXViRQ WeQVRU iPagiQg (DTI) WUacWRgUaSh\ aQd PRUe adYaQced PeWhRdV VXch aV WhRVe XViQg
cRQVWUaiQed VSheUicaO decRQYROXWiRQ (CSD) aQd geQeUaOi]ed T-VaPSOiQg iPagiQg (GQI) aUe PRVW ZideO\ XVed.
WhiOe WheVe VWXdieV haYe VhRZQ highO\ SURPiViQg RGVP WUackiQg SeUfRUPaQce, PRVW haYe fRcXVed RQ ceUWaiQ
RGVP VXbUegiRQV Rf iQWeUeVW, e.g., Whe RSWic QeUYe, Whe RSWic WUacW, aQd/RU Whe RGVP fibeUV ZiWhiQ Whe RSWic
chiaVP (aV VXPPaUi]ed iQ TabOe 1), bXW QRW Whe cRPSOeWe RGVP SaWhZa\.

The PaiQ cRQWUibXWiRQ Rf WhiV ZRUk iV WR iQYeVWigaWe, fRU Whe fiUVW WiPe, Whe SeUfRUPaQce Rf PXOWiSOe
WUacWRgUaSh\ PeWhRdV fRU UecRQVWUXcWiRQ Rf Whe cRPSOeWe RGVP iQcOXdiQg Whe fRXU aQaWRPicaO VXbdiYiViRQV.
FRXU diffeUeQW WUacWRgUaSh\ PeWhRdV aUe cRPSaUed, iQcOXdiQg WZR PeWhRdV baVed RQ Whe CSD PRdeO aQd WZR
PeWhRdV WhaW XVe Whe XQVceQWed KaOPaQ fiOWeU (UKF) WUacWRgUaSh\ fUaPeZRUk. We chRRVe Whe CSD-baVed
WUacWRgUaSh\ PeWhRdV becaXVe Whe CSD PRdeO iV cXUUeQWO\ Whe PRVW ZideO\ aSSOied PeWhRd fRU cUaQiaO QeUYe
fibeU WUackiQg (TabOe 1), aQd Ze chRRVe Whe UKF PeWhRdV becaXVe UKF haV UeceQWO\ VhRZQ high SeUfRUPaQce
iQ UecRQVWUXcWiQg Whe cUaQiaO QeUYeV (Xie eW aO., 2020a; ZhaQg, Xie, eW aO., 2020). A cRPSUeheQViYe TXaQWiWaWiYe
aQd YiVXaO cRPSaUiVRQ iV SeUfRUPed XViQg dMRI daWa fURP Whe HXPaQ CRQQecWRPe PURjecW (HCP) (GOaVVeU eW
aO., 2013; VaQ EVVeQ eW aO., 2013). QXaQWiWaWiYe eYaOXaWiRQ iQcOXdeV Whe UecRQVWUXcWiRQ UaWe Rf Whe fRXU
aQaWRPicaO VXbdiYiViRQV, Whe SeUceQWage Rf decXVVaWiQg fibeUV, aQd a cRPSaUiVRQ WR aQaWRPicaO-T1Z-baVed
RGVP VegPeQWaWiRQ. FXUWheUPRUe, WR aVVeVV Whe UeOiabiOiW\ Rf Whe RGVP WUackiQg UeVXOWV, aQ iQWeU-e[SeUW
YaOidaWiRQ iV SeUfRUPed WR cRPSaUe Whe VSaWiaO RYeUOaS Rf RGVPV UecRQVWUXcWed fURP WZR e[SeUWV. Ne[W,
fROORZiQg Whe SRSXOaU VWUaWeg\ Rf aVVeVViQg WUacWRgUaSh\ XViQg aQaWRPicaO e[SeUW jXdgPeQW (D. Q. CheQ,
ZhRQg, eW aO., 2016; PXjRO eW aO., 2015; Xie eW aO., 2020b), Ze SeUfRUPed aQ e[SeUW jXdgPeQW e[SeUiPeQW WR UaQk
Whe aQaWRPicaO aSSeaUaQce Rf Whe UecRQVWUXcWed RGVPV. FiQaOO\, Ze TXaQWified Whe SeUfRUPaQce Rf each
WUacWRgUaSh\ PeWhRd acURVV VXbjecWV XViQg Whe QRUPaOi]ed RYeUOaS VcRUe (NOS) PeWhRd (D. Q. CheQ, ZhRQg,
eW aO., 2016).
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FigXUe 1. A VchePaWic aQaWRPicaO RYeUYieZ Rf Whe RGVP. TheUe aUe fRXU PajRU VXbdiYiViRQV, iQcOXdiQg WZR
QRQ-decXVVaWiQg fibeU SaWhZa\V (RUaQge aQd Ued) cRQQecWiQg Whe RSWic QeUYe aQd Whe RSWic WUacW iQ Whe VaPe
hePiVSheUe aQd WZR decXVVaWiQg fibeU SaWhZa\V (gUeeQ aQd bOXe) cRQQecWiQg Whe RSWic QeUYe aQd Whe RSWic
WUacW acURVV Whe hePiVSheUeV.

TabOe 1. SXPPaU\ Rf SXbOiVhed WUacWRgUaSh\ VWXdieV Rf Whe RGVP aQd iWV VXbUegiRQV, RUgaQi]ed accRUdiQg WR
Whe fibeU UecRQVWUXcWiRQ PeWhRdV ePSOR\ed aQd Whe aQaWRPicaO UegiRQ VWXdied.

MRGHO & TUDFWRJUDSK\ AQDWRPLFDO RHJLRQ SWXGLHG RHVHDUFK

DTI (deWeUPiQiVWic)

OT (DaVeQbURck eW aO., 2011; JiQ eW aO., 2019; SchPidW
eW aO., 2018; M. Y. TakePXUa eW aO., 2017)

ON aQd OT (de BOaQk eW aO., 2013)

RGVP (AOWÕQWaú eW aO., 2017; HRfeU eW aO., 2010)

DTI (SURbabiOiVWic)

ON (ZROaO eW aO., 2017)

OT (BackQeU eW aO., 2018; FUe]]RWWi eW aO., 2016;
GOick-ShaPeV eW aO., 2019; HRffPaQQ eW aO., 2012;
LeYiQ eW aO., 2010; MaOaQia eW aO., 2017; MaOeki eW
aO., 2012; OgaZa eW aO., 2014; N. Ra] eW aO., 2015;
NRa Ra] eW aO., 2015; NRa Ra] & LeYiQ, 2014; H.

TakePXUa eW aO., 2019)

ON aQd OT (WX eW aO., 2019)

RGVP (AWheU eW aO., 2019)

CSD (deWeUPiQiVWic) OT (HRfVWeWWeU eW aO., 2019)

ON (AWW\p eW aO., 2018; MiOOeU eW aO., 2019)

OC (PX]Qiak eW aO., 2019)
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CSD (SURbabiOiVWic) OT (Ha\kaO eW aO., 2019; KaPPeQ eW aO., 2016; RXWOaQd
eW aO., 2019)

ON aQd OT (AOOeQ eW aO., 2018; HaOeV eW aO., 2018)

ON aQd OC (JacTXeVVRQ, FUiQdeO, eW aO., 2019)

GQI (deWeUPiQiVWic)

ON (HR eW aO., 2019)

OT (BXUWRQ eW aO., 2018; JiQ eW aO., 2019; MaWVXR eW aO.,
2018)

RGVP (PaQeVaU eW aO., 2019; YRVhiQR eW aO., 2016)

AbbUeYiaWiRQV: ON - RSWic QeUYe, OC - RSWic chiaVP, OT - RSWic WUacW.

2. MDWHULDOV DQG MHWKRGV

2.1 EYDOXDWLRQ GDWDVHWV

We XVed a WRWaO Rf 100 dMRI daWaVeWV (Whe ''100 UQUeOaWed SXbjecWV'' UeOeaVe) (54 fePaOeV aQd 46
PaOeV, age: 22 WR 35 \eaUV ROd) fURP Whe HCP daWabaVe (hWWSV://ZZZ.hXPaQcRQQecWRPe.RUg) (VaQ EVVeQ eW aO.,
2013) fRU e[SeUiPeQWaO eYaOXaWiRQ. The HCP daWa VcaQQiQg SURWRcRO ZaV aSSURYed b\ Whe ORcaO IQVWiWXWiRQaO
ReYieZ BRaUd (IRB) aW WaVhiQgWRQ UQiYeUViW\. The HCP daWabaVe SURYideV dMRI daWa WhaW ZaV acTXiUed ZiWh a
high-TXaOiW\ iPage acTXiViWiRQ SURWRcRO XViQg a cXVWRPi]ed CRQQecWRPe SiePeQV Sk\Ua VcaQQeU aQd
SURceVVed XViQg a ZeOO-deVigQed SURceVViQg SiSeOiQe (GOaVVeU eW aO., 2013) iQcOXdiQg PRWiRQ cRUUecWiRQ, edd\
cXUUeQW cRUUecWiRQ, EPI diVWRUWiRQ cRUUecWiRQ, aQd cR-UegiVWUaWiRQ beWZeeQ dMRI aQd T1Z daWa. The dMRI
acTXiViWiRQ SaUaPeWeUV iQ HCP ZeUe: TR=5520 PV, TE=89.5 PV, FA=78�, YR[eO Vi]e=1.25î1.25î1.25 PP3,
aQd FOV=210î180 PP2. A WRWaO Rf 288 iPageV ZeUe acTXiUed iQ each dMRI daWaVeW, iQcOXdiQg 18 baVeOiQe
iPageV ZiWh a ORZ diffXViRQ ZeighWiQg b = 5 V/PP2 aQd 270 diffXViRQ ZeighWed (DW) iPageV eYeQO\ diVWUibXWed
aW WhUee VheOOV Rf b = 1000/2000/3000 V/PP2. IQ RXU VWXd\, Ze XVed Whe ViQgOe-VheOO b=1000 V/PP2 daWa,
cRQViVWiQg Rf 90 DW iPageV aQd 18 baVeOiQe iPageV, WR SeUfRUP fibeU WUackiQg XViQg each cRPSaUed
WUacWRgUaSh\ PeWhRd (Vee SecWiRQ 2.2 fRU deWaiOV). We chRVe ViQgOe-VheOO b=1000 V/PP2 daWa becaXVe iW iV
ViPiOaU WR cOiQicaO acTXiViWiRQ SURWRcROV aV aSSOied iQ PaQ\ SUeYiRXV RGVP-UeOaWed VWXdieV (AOWÕQWaú eW aO., 2017;
AWW\p eW aO., 2018; BackQeU eW aO., 2018; BXUWRQ eW aO., 2018; de BOaQk eW aO., 2013; FUe]]RWWi eW aO., 2016;
GOick-ShaPeV eW aO., 2019; HRfeU eW aO., 2010; HRfVWeWWeU eW aO., 2019; JacTXeVVRQ, FUiQdeO, eW aO., 2019; JiQ eW
aO., 2019; LRbeU eW aO., 2012; MaOaQia eW aO., 2017; MaOeki eW aO., 2012; OgaZa eW aO., 2014; NRa Ra] eW aO., 2015;
NRa Ra] & LeYiQ, 2014; SchPidW eW aO., 2018; WX eW aO., 2019). FXUWheUPRUe, ViQgOe-VheOO b=1000 V/PP2 daWa
haV beeQ VhRZQ iQ RXU SUeYiRXV VWXd\ WR be PRUe effecWiYe fRU ideQWificaWiRQ Rf cUaQiaO QeUYeV WhaQ higheU b
YaOXeV (Xie eW aO., 2020a). IQ addiWiRQ, Ze aOVR XVed Whe aQaWRPicaO T1Z daWa (cR-UegiVWeUed ZiWh Whe dMRI), RQ
Zhich Whe RGVP ZaV PRUe YiVXaOO\ aSSaUeQW WhaQ RQ dMRI, fRU faciOiWaWiQg cUeaWiRQ Rf WUacWRgUaSh\ VeediQg
PaVkV (SecWiRQ 2.2.1) aQd RGVP WUackiQg SeUfRUPaQce eYaOXaWiRQ (SecWiRQ 2.3.4). The T1Z iPage acTXiViWiRQ
SaUaPeWeUV ZeUe: TR=2400 PV, TE=2.14 PV, aQd YR[eO Vi]e=0.7î0.7î0.7 PP3. MRUe deWaiOed iQfRUPaWiRQ
abRXW Whe HCP daWa acTXiViWiRQ aQd SUeSURceVViQg caQ be fRXQd iQ (GOaVVeU eW aO., 2013).

TR aYRid SRWeQWiaO effecWV RQ fibeU WUackiQg aQd e[SeUiPeQWaO cRPSaUiVRQ, Ze SeUfRUPed a YiVXaO check
Rf Whe dMRI daWa fRU each Rf Whe 100 VXbjecWV aQd Ze e[cOXded aQ\ VXbjecWV ZhRVe dMRI daWa had iQcRPSOeWe
RGVP cRYeUage (aV iOOXVWUaWed iQ FigXUe 2(a)) aQd/RU abQRUPaO VigQaO WhaW UeVXOWed iQ QegaWiYe diffXViRQ WeQVRU
eigeQYaOXeV (aV iOOXVWUaWed iQ FigXUe 2(b)). FRU aQRQ\Pi]aWiRQ, face UePRYaO had beeQ SeUfRUPed iQ Whe HCP
iPagiQg daWa XViQg Whe aOgRUiWhP aV deVcUibed iQ (MiOcheQkR & MaUcXV, 2013). ThiV SURceVV caQ caXVe a
UePRYaO Rf dMRI daWa QeaU Whe UeWiQa, VXch WhaW RQO\ SaUW Rf Whe RGVP iV SUeVeQW iQ Whe daWa (Vee FigXUe 2(a)
fRU aQ iOOXVWUaWiRQ iQ RQe e[aPSOe VXbjecW). We ideQWified 38 VXbjecWV ZiWh iQcRPSOeWe RGVP cRYeUage, Zhich
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ZeUe e[cOXded fURP RXU VWXd\. IQ addiWiRQ, Ze e[cOXded aQRWheU 5 VXbjecWV ZiWh aSSaUeQWO\ abQRUPaO VigQaOV iQ
Whe VkXOO baVe UegiRQ ZheUe Whe RGVP SaVVeV WhURXgh. IQ WheVe VXbjecWV, Ze fRXQd PaQ\ YR[eOV ZiWh b=0
VigQaOV ORZeU WhaQ Whe b=1000 VigQaOV, SRWeQWiaOO\ dXe WR GibbV UiQgiQg effecWV aQd SaUWiaO YROXPiQg iVVXeV
(VeUaaUW eW aO., 2016; ZhaQg, NiQg, eW aO., 2019) UeVXOWiQg iQ QegaWiYe diffXViRQ WeQVRU eigeQYaOXeV (Vee FigXUe
2(b) fRU aQ iOOXVWUaWiRQ iQ RQe e[aPSOe VXbjecW), Zhich cRXOd SUeYeQW fibeU WUackiQg Rf Whe RGVP. OYeUaOO, daWa
fURP 57 VXbjecWV (PaOe/fePaOe: 16/41; Age: 22-36) ZaV iQcOXded iQ RXU VWXd\.

FigXUe 2. IOOXVWUaWiRQ Rf WZR ViWXaWiRQV fRU e[cOXded VXbjecWV. (a) VhRZV aQ e[aPSOe Rf aQ iQcRPSOeWe RGVP iQ
DWI daWa, ZheUe SaUW Rf Whe RSWic QeUYe UegiRQ iV QRW SUeVeQW iQ Whe b0 iPage. (b) VhRZV aQ e[aPSOe Rf
abQRUPaO VigQaOV, ZheUe Whe bOack hROeV RQ Whe PeaQ diffXViYiW\ iPage VhRZ Whe YR[eOV ZiWh QegaWiYe diffXViRQ
WeQVRU eigeQYaOXeV.

2.2 CRPSDULVRQ RI IRXU WUDFWRJUDSK\ PHWKRGV

We cRPSaUed fRXU diffeUeQW WUacWRgUaSh\ PeWhRdV fRU UecRQVWUXcWiRQ Rf Whe RGVP. The fiUVW WZR
PeWhRdV aUe SD-Stream aQd iFOD1, ZiWhiQ Whe CSD WUacWRgUaSh\ fUaPeZRUk (J.-D. TRXUQieU eW aO., 2004, 2007,
2012). We chRVe Whe CSD fUaPeZRUk becaXVe iW haV beeQ ZideO\ XVed iQ cUaQiaO QeUYe VWXdieV (AOOeQ eW aO.,
2018; AWW\p eW aO., 2018; HaOeV eW aO., 2018; Ha\kaO eW aO., 2019; MiOOeU eW aO., 2019; PX]Qiak eW aO., 2019;
SchPidW eW aO., 2018; Xie eW aO., 2020a). IQ bUief, iQ Whe CSD-baVed WUacWRgUaSh\ fUaPeZRUk, fibeU WUackiQg ZRUkV
b\ VWeSSiQg aORQg a SaUWicXOaU diUecWiRQ aW each WUackiQg VWeS, ZiWh a cRQVWUaiQW RQ Whe aQgOe beWZeeQ
VXcceVViYe VWeSV. The diUecWiRQ fRU each VWeS iV RbWaiQed b\ VaPSOiQg Whe fibeU RUieQWaWiRQ diVWUibXWiRQ (FOD) aW
Whe cXUUeQW SRiQW. The SD-SWUeaP PeWhRd SeUfRUPV deWeUPiQiVWic WUackiQg ZheUe fibeU WUackiQg fROORZV RQO\ Whe
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ORcaO diUecWiRQ Rf Whe FOD aPSOiWXde Seak, ZheUeaV Whe iFOD SeUfRUPV SURbabiOiVWic WUackiQg b\ chRRViQg a
UaQdRP diUecWiRQ Rf FOD, VXch WhaW Whe SURbabiOiW\ Rf a SaUWicXOaU diUecWiRQ beiQg SURdXced iV SURSRUWiRQaO WR Whe
aPSOiWXde Rf Whe FOD aORQg WhaW diUecWiRQ. TR achieYe Whe beVW SURbabiOiVWic WUackiQg UeVXOWV, aQ iQiWiaO
e[SeUiPeQW ZaV SeUfRUPed WR cRPSaUe WZR CSD-baVed SURbabiOiVWic PeWhRdV, iFOD1 aQd iFOD2 (J. D.
TRXUQieU eW aO., 2010), RYeU a OaUge UaQge Rf WUackiQg SaUaPeWeU YaOXeV (Vee SXSSOePeQWaU\ MaWeUiaO 1). ReVXOWV
iQdicaWed VigQificaQWO\ beWWeU SeUfRUPaQce Rf iFOD1 RQ cRPSOeWe RGVP UecRQVWUXcWiRQ, aQd WheUefRUe iFOD1 iV
XVed iQ Whe UeVW Rf Whe e[SeUiPeQWV iQ WhiV SaSeU. The RWheU WZR cRPSaUed PeWhRdV aUe UKF-1T aQd UKF-2T,
ZiWhiQ Whe UKF WUacWRgUaSh\ fUaPeZRUk (Z. CheQ eW aO., 2016; GRQg eW aO., 2018; LiaR eW aO., 2017; MaOcROP eW
aO., 2010; Redd\ & RaWhi, 2016; ZhaQg eW aO., 2018; ZhaQg, Xie, eW aO., 2020) haV beeQ VhRZQ WR be highO\
effecWiYe iQ UecRQVWUXcWiQg cUaQiaO QeUYeV (Xie eW aO., 2020a; ZhaQg, Xie, eW aO., 2020). IW fiWV a WeQVRU PRdeO WR
Whe diffXViRQ daWa ZhiOe WUackiQg fibeUV, iQ a UecXUViYe eVWiPaWiRQ faVhiRQ (Whe cXUUeQW WUackiQg eVWiPaWe iV gXided
b\ Whe SUeYiRXV RQe) XViQg a KaOPaQ fiOWeU. OQe beQefiW Rf Whe UecXUViYe eVWiPaWiRQ iV WR heOS VWabiOi]e PRdeO
fiWWiQg; WhXV fibeU WUackiQg caQ be URbXVW WR a ceUWaiQ aPRXQW Rf iPagiQg aUWifacW/QRiVe. IQ RXU VWXd\, Ze chRVe
WZR W\SeV Rf UKF WUacWRgUaSh\. The UKF-1T PeWhRd iV a DTI WUacWRgUaSh\ PeWhRd, Zhich fiWV a ViQgOe WeQVRU aW
each fibeU WUackiQg VWeS, ZiWh Whe aVVXPSWiRQ WhaW RQO\ RQe fibeU SaVVVeV WhURXgh Whe cXUUeQW SRiQW. OQ Whe
RWheU haQd, Whe UKF-2T PeWhRd fiWV a Pi[WXUe PRdeO Rf WZR WeQVRUV iQ Zhich Whe fiUVW RQe UeSUeVeQWV Whe
SUiQciSaO diUecWiRQ aQd Whe VecRQd RQe caQ UeSUeVeQW cURVViQg fibeUV.

2.2.1 TUDFWRJUDSK\ VHHGLQJ

RGVP WUacWRgUaSh\ ZaV Veeded (iQiWiaWed) fURP aOO YR[eOV ZiWhiQ a PaVk, Zhich ZaV OaUgeU WhaQ Whe
SRVVibOe UegiRQ WhURXgh Zhich Whe RGVP SaVVeV. ThiV SURcedXUe eQabOed cRPSUeheQViYe RGVP
UecRQVWUXcWiRQ aQd ZaV UeVWUicWed WR Whe SRWeQWiaO RGVP UegiRQ fRU efficieQc\, aV aSSOied iQ RXU SUeYiRXV cUaQiaO
QeUYe WUacWRgUaSh\ VWXdieV (Xie eW aO., 2020a; ZhaQg, Xie, eW aO., 2020). TR bRRVW Whe cUeaWiRQ Rf Whe
WUacWRgUaSh\ VeediQg PaVk fRU aOO 57 VXbjecWV XQdeU VWXd\, Ze SeUfRUPed VePi-aXWRPaWed PaVk SURceVViQg, aV
iOOXVWUaWed iQ FigXUe 3(a). FiUVW, Ze PaQXaOO\ dUeZ a PaVk WhaW cRYeUed Whe RGVP UegiRQ RQ a T1Z WePSOaWe
(dRZQORaded aW : hWWS://QiVW.PQi.PcgiOO.ca/?S=858) iQ MNI VSace (GUabQeU eW aO., 2006). TheQ, Ze WUaQVfeUUed
WhiV PaVk WR each VXbjecW XQdeU VWXd\ XViQg a QRQ-OiQeaU UegiVWUaWiRQ beWZeeQ Whe VXbjecW¶V T1Z daWa aQd Whe
T1Z WePSOaWe (FSL ZaV XVed fRU cRPSXWiQg Whe UegiVWUaWiRQ (JeQkiQVRQ eW aO., 2012)). IQ WhiV Za\, Whe PaVk ZaV
WUaQVfeUUed WR each VXbjecW¶V dMRI VSace WhaW ZaV cR-UegiVWeUed ZiWh Whe T1Z daWa. We YiVXaOO\ checked Whe
cRPSXWed PaVk fRU each VXbjecW.

FROORZiQg Whe cUeaWiRQ Rf Whe VeediQg PaVk, RGVP fibeU WUackiQg ZaV SeUfRUPed XViQg each cRPSaUed
WUacWRgUaSh\ PeWhRd. TR cRPSaUe acURVV Whe diffeUeQW PeWhRdV, Ze fiUVW SeUfRUPed aQ e[SeUiPeQW WR deWeUPiQe
Whe beVW-SeUfRUPiQg SaUaPeWeUV fRU each WUacWRgUaSh\ PeWhRd. The gRaO Rf WhiV e[SeUiPeQW ZaV WR SURYide aQ
XQbiaVed cRPSaUiVRQ acURVV PeWhRdV b\ ideQWif\iQg PeWhRd-VSecific SaUaPeWeUV WhaW SURYide gRRd WUackiQg
UeVXOWV RQ ViQgOe-VheOO b=1000 V/PP2 daWa, aV iQ RXU SUeYiRXV ZRUk (Xie eW aO., 2020a). ThiV VWeS iV cUiWicaO
becaXVe SaUaPeWeU VeWWiQgV ZiOO VigQificaQWO\ iQfOXeQce Whe UeVXOWV Rf WUacWRgUaSh\ (PaUi]eO eW aO., 2007; H.
TakePXUa eW aO., 2016; WaQdeOO, 2016). CRPSOeWe deWaiOV fRU WhiV e[SeUiPeQW aUe SURYided iQ SXSSOePeQWaU\
MaWeUiaO 2. TR bUiefO\ VXPPaUi]e, SaUaPeWeUV affecWiQg WUacWRgUaSh\ VWaUWiQg aQd VWRSSiQg ZeUe WeVWed RYeU a
Zide UaQge Rf YaOXeV. High-SeUfRUPiQg SaUaPeWeU cRPbiQaWiRQV ZeUe ideQWified accRUdiQg WR WheiU abiOiW\ WR WUack
Whe fRXU RGVP VXbdiYiViRQV. TheVe fiQaO SaUaPeWeUV fRU each WUacWRgUaSh\ PeWhRd aUe SURYided iQ TabOe 2. AV
e[SecWed, Whe ideQWified VeediQg aQd VWRSSiQg SaUaPeWeUV aUe ORZ WR eQabOe WUackiQg WhURXgh UegiRQV Rf ORZ
diffXViRQ aQiVRWURS\ aW Whe VkXOO baVe. FRU SaUaPeWeUV UeOaWed WR VWeSZiVe WUackiQg, Whe VeWWiQgV aUe ViPiOaU WR
VRfWZaUe defaXOWV. FRU e[aPSOe, Whe Pa[iPXP aQgOe SaUaPeWeUV Rf 10 degUeeV fRU iFOD1 aQd 80 degUeeV fRU
SD-SWUeaP aUe cORVe WR Whe defaXOWV iQ MRWUi[3 (15 degUeeV fRU iFOD1 aQd 60 degUeeV fRU SD-SWUeaP). AOO
RWheU SaUaPeWeUV Rf Whe WUackiQg VRfWZaUe SackageV ZeUe OefW aV defaXOW. OYeUaOO, Ze geQeUaWed Whe VaPe
QXPbeU Rf fibeUV (Q=40,000) XViQg each WUacWRgUaSh\ PeWhRd, ZiWh a fibeU OeQgWh WhUeVhROd Rf 45PP WR
eOiPiQaWe aQ\ effecW fURP fibeUV WRR VhRUW WR fRUP SaUW Rf Whe RGVP aQaWRP\. ThiV OeQgWh WhUeVhROd iV PXch
ORZeU WhaQ Whe acWXaO OeQgWh Rf Whe RGVP, ZheUe Whe a[RQV Rf UeWiQaO gaQgOiRQ ceOOV aUe abRXW 75PP ORQg fURP
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e\ebaOO WR LGN (U. SchiefeU & HaUW, 2007). IQ RXU daWaVeW, Ze YeUified WhiV iQ VeYeUaO HCP VXbjecWV b\
PeaVXUiQg Whe diVWaQce fURP Whe e\ebaOO WR Whe LGN, fROORZiQg bRWh iSViOaWeUaO aQd cRQWUaOaWeUaO SaWhZa\V.

TabOe 2. BeVW-SeUfRUPiQg SaUaPeWeUV fRU each WUacWRgUaSh\ PeWhRd

TUDFWRJUDSK\ MHWKRGV TUDFNLQJ PDUDPHWHUV

SD-SWUeaP seedCutoff=0.006, stopCutoff=0.005, maximumAngle=80

iFOD1 seedCutoff=0.006, stopCutoff=0.005, maximumAngle=10

UKF-1T SeedingFA=0.02, stoppingFA=0.01, Qm=0.001, Ql=50

UKF-2T SeedingFA=0.02, stoppingFA=0.01, Qm=0.001, Ql=50

FigXUe 3. TUacWRgUaSh\ VeediQg PaVk aQd ROIV fRU VeOecWiQg Whe RGVP fibeUV. (a) The WUacWRgUaSh\ PaVk
SURYideV fXOO cRYeUage Rf Whe SRWeQWiaO RGVP. (b) FiYe ROIV ZeUe dUaZQ RQ Whe DTI iPage fRU eYeU\ VXbjecW. (c)
A SaiU Rf ROIV QeaU Whe e\ebaOO ZaV dUaZQ fURP Whe cRURQaO YieZ. (d) The VecRQd ROI ZaV dUaZQ aW Whe RSWic
chiaVP. (e) The WhiUd ROIV ZeUe ORcaWed iQ Whe RSWic WUacW QeaU Whe LGN.

2.2.2 ROI-EDVHG RG9P ILEHU VHOHFWLRQ

Ne[W, Ze SeUfRUPed aQ ROI-baVed VeOecWiRQ Rf Whe RGVP fibeUV fURP Whe Veeded WUacWRgUaSh\ daWa fRU
each cRPSaUed fibeU WUackiQg PeWhRd. FiYe ROIV ZeUe XVed, iQcOXdiQg WZR fURP Whe aQWeUiRU SaUW Rf Whe biOaWeUaO
RSWic QeUYeV (QeaU Whe e\ebaOOV), RQe fURP Whe RSWic chiaVP, aQd WZR fURP Whe SRVWeUiRU SaUW Rf Whe biOaWeUaO RSWic
WUacWV (QeaU Whe LGN), aV iOOXVWUaWed iQ FigXUe 3 (b-e). OXU chRice Rf Whe biOaWeUaO RSWic QeUYe ROIV aQd Whe RSWic
chiaVP ROI ZaV becaXVe Whe\ haYe beeQ ZideO\ XVed fRU VeOecWiRQ Rf RSWic QeUYe fibeUV (MaOeki eW aO., 2012;
MiOOeU eW aO., 2019; H. TakePXUa eW aO., 2019). FRU ideQWif\iQg Whe RSWic WUacW fibeUV, Ze chRVe WR XVe ROIV iQ Whe
RSWic WUacW QeaU Whe LGN. AccXUaWeO\ deOiQeaWiQg Whe LGN ZiWh Whe cXUUeQW MRI iPagiQg UeVROXWiRQ iV a
chaOOeQgiQg WaVk. MRVW Rf Whe e[iVWiQg VWXdieV WhaW SeUfRUP RSWic WUacW fibeU VeOecWiRQ XVe ROIV WhaW cRYeU (PXch
OaUgeU WhaQ) Whe LGN, fROORZed b\ fXUWheU PaQXaO fibeU fiOWeUiQg Rf faOVe SRViWiYe fibeUV (AOOeQ eW aO., 2018; Ha\kaO
eW aO., 2019; MaOeki eW aO., 2012). IQ RXU VWXd\, iQ RUdeU WR aYRid SRWeQWiaO biaV fURP fXUWheU PaQXaO fibeU
VeOecWiRQ, Ze chRVe ROIV iQ Whe RSWic WUacW WhaW ZeUe eaViO\ ideQWified iQ HCP iPagiQg daWa. FRU each Rf Whe 57
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VXbjecWV XQdeU VWXd\, Whe fiYe ROIV ZeUe dUaZQ b\ aQ cOiQicaO e[SeUW (G.X., ZhR iV a SUacWiciQg QeXURVXUgeRQ)
RQ Whe diUecWiRQaOO\ eQcRded cRORU (DEC) PaS cRPSXWed fURP Whe dMRI daWa (aV VhRZQ iQ FigXUe 3 (b-e)).
(NRWe WhaW a VecRQd VeW Rf ROIV SeU VXbjecW ZeUe dUaZQ b\ aQRWheU cOiQicaO e[SeUW (S.Y., ZhR iV a
QeXURVXUgeRQ), Zhich ZeUe XVed fRU iQWeU-e[SeUW UeOiabiOiW\ YaOidaWiRQ, aV iQ SecWiRQ 2.3.4.) DUaZiQg ROIV
diUecWO\ RQ Whe dMRI daWa haV beeQ VhRZQ WR be effecWiYe fRU RGVP fibeU VeOecWiRQ (AWheU eW aO., 2019).

SeOecWiRQ Rf Whe RGVP fibeUV ZaV SeUfRUPed XViQg Whe RbWaiQed ROIV. SSecificaOO\, fRU each RGVP
VXbdiYiViRQ, WhUee ROIV ZeUe XVed, iQcOXdiQg RQe Rf Whe RSWic QeUYe ROIV (OefW RU UighW), RQe Rf Whe RSWic WUacW
ROIV (OefW RU UighW), aQd Whe RSWic chiaVP ROI. IQ WRWaO, fRXU fibeU VeOecWiRQV ZeUe SeUfRUPed WR RbWaiQ Whe fRXU
aQaWRPicaO RGVP VXbdiYiViRQV, aV VhRZQ iQ FigXUe 4. FRU Whe UeVW Rf Whe SaSeU, Ze UefeU WR WheVe VXbdiYiViRQV
aV LL (QRQ-decXVVaWiQg fibeUV cRQQecWiQg OefW RSWic QeUYe aQd OefW RSWic WUacW), RR (QRQ-decXVVaWiQg fibeUV
cRQQecWiQg UighW RSWic QeUYe aQd UighW RSWic WUacW), LR (decXVVaWiQg fibeUV cRQQecWiQg OefW RSWic QeUYe aQd UighW
RSWic WUacW), aQd RL (decXVVaWiQg fibeUV cRQQecWiQg UighW RSWic QeUYe aQd OefW RSWic WUacW).

FigXUe 4. IOOXVWUaWiRQ Rf Whe UecRQVWUXcWed VXbdiYiViRQV Rf Whe RGVP. (a) A[iaO YieZ Rf aQ e[aPSOe RGVP
RYeUOaid RQ T1Z iPage. BXQdOeV Rf each cRORU UeSUeVeQW RQe VXbdiYiViRQ. (b) A SaiU Rf decXVVaWiQg fibeU
bXQdOeV (gUeeQ aQd bOXe), aQd (c) a SaiU Rf QRQ-decXVVaWiQg fibeU bXQdOeV (Ued aQd RUaQge).

2.3 E[SHULPHQWDO FRPSDULVRQV

We SeUfRUPed WhUee e[SeUiPeQWV WR aVVeVV Whe RGVP UecRQVWUXcWiRQ SeUfRUPaQce Rf Whe diffeUeQW
WUacWRgUaSh\ PeWhRdV. FiUVW, Ze cRPSaUed Whe UecRQVWUXcWiRQ UaWe Rf each RGVP VXbdiYiViRQ acURVV Whe
PeWhRdV (SecWiRQ 2.3.1). SecRQd, Ze cRPSXWed Whe SeUceQWage Rf decXVVaWiQg fibeUV iQ Whe RSWic chiaVP
(SecWiRQ 2.3.2), ThiUd, Ze PeaVXUed Whe cRUUeOaWiRQ Rf Whe YROXPeV Rf Whe RGVPV UecRQVWUXcWed ZiWh
T1Z-baVed RGVP VegPeQWaWiRQ (SecWiRQ 2.3.3). IQ addiWiRQ, WR aVVeVV Whe UeOiabiOiW\ Rf Whe ROI VeOecWiRQ, Ze
SeUfRUPed aQ iQWeU-e[SeUW UeOiabiOiW\ YaOidaWiRQ (SecWiRQ 2.3.4).

2.3.1 RHFRQVWUXFWLRQ UDWH RI RG9P VXEGLYLVLRQV

IQ WhiV e[SeUiPeQW, Ze aVVeVVed Whe abiOiW\ Rf each WUacWRgUaSh\ PeWhRd WR VXcceVVfXOO\ UecRQVWUXcW Whe
fRXU VXbdiYiViRQV Rf Whe RGVP. SSecificaOO\, fRU each RGVP VXbdiYiViRQ (LL, RR, LR aQd RL), Ze cRQVideUed
WhaW Whe fibeU SaWhZa\ ZaV VXcceVVfXOO\ WUaced if WheUe ZaV aW OeaVW RQe fibeU UeWaiQed afWeU ROI VeOecWiRQ. TheQ,
acURVV aOO 57 VXbjecWV XQdeU VWXd\, Whe SeUceQWage Rf VXcceVVfXOO\ WUaced SaWhZa\V fRU each VXbdiYiViRQ ZaV
cRPSXWed aV Whe UecRQVWUXcWiRQ UaWe. IQ addiWiRQ WR Whe UecRQVWUXcWiRQ UaWe SeU VXbdiYiViRQ, Ze aOVR cRPSXWed
Whe RYeUaOO UecRQVWUXcWiRQ UaWe fRU Whe fXOO RGVP SaWhZa\ (i.e., Whe SeUceQWage Rf VXbjecWV ZheUe aOO fRXU RGVP
VXbdiYiViRQV ZeUe VXcceVVfXOO\ UecRQVWUXcWed). A VWaWiVWicaO cRPSaUiVRQ ZaV SeUfRUPed acURVV Whe fRXU
WUacWRgUaSh\ PeWhRdV iQ WeUPV Rf Whe RYeUaOO UecRQVWUXcWiRQ UaWe, aV fROORZV. FiUVW, Whe RYeUaOO QXPbeU Rf
deWecWed VXbdiYiViRQV ZaV PeaVXUed fRU each VXbjecW aQd WUacWRgUaSh\ PeWhRd. (AQ RYeUaOO QXPbeU Rf 0
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iQdicaWed QR VXbdiYiViRQV ZeUe deWecWed, aQd 4 iQdicaWed WhaW aOO VXbdiYiViRQV ZeUe fRXQd.). AfWeU WhaW, a
RQe-Za\ UeSeaWed PeaVXUeV aQaO\ViV Rf YaUiaQce (ANOVA) ZaV SeUfRUPed acURVV Whe fRXU PeWhRdV. FROORZiQg
WhaW, WZR-gURXS CRchUaQ'V Q WeVWV (CRchUaQ, 1950) ZeUe SeUfRUPed beWZeeQ each SaiU Rf Whe fRXU WUacWRgUaSh\
PeWhRdV (a WRWaO Rf 6 cRPSaUiVRQV), ZiWh a faOVe diVcRYeU\ UaWe (FDR) cRUUecWiRQ acURVV Whe 6 cRPSaUiVRQV.
(CRchUaQ'V Q WeVW iV a QRQ-SaUaPeWUic VWaWiVWicaO cRPSaUiVRQ PeWhRd fRU diffeUeQceV beWZeeQ WZR RU PRUe
gURXSV Rf PaWched VaPSOeV, ZheUe each VaPSOe haV a biQaU\ RXWcRPe, e.g. 0 aQd 1.).

2.3.2. PHUFHQWDJH RI GHFXVVDWLQJ ILEHUV

IQ WhiV e[SeUiPeQW, Ze cRPSXWed Whe SeUceQWage Rf Whe decXVVaWiQg aQd QRQ-decXVVaWiQg fibeUV WR
cRPSaUe Whe SeUfRUPaQce Rf Whe fRXU WUacWRgUaSh\ PeWhRdV iQ Whe RSWic chiaVP. IW haV beeQ VXggeVWed WhaW iQ
QeXURW\SicaO caVeV WheUe aUe PRUe decXVVaWiQg fibeUV WhaQ QRQ-decXVVaWiQg fibeUV (aSSUR[iPaWeO\ 53% WR 58%
Rf Whe RGVP fibeUV decXVVaWe aW Whe RSWic chiaVP (ChackR, 1948; KXSfeU eW aO., 1967; Y. SiQWha, 1932)). AV a
UeVXOW, PXOWiSOe VWXdieV haYe iQYeVWigaWed TXaQWificaWiRQ Rf fibeU decXVVaWiRQ iQ Whe RSWic chiaVP XViQg
WUacWRgUaSh\ (AWheU eW aO., 2019; PX]Qiak eW aO., 2019; RRebUReck eW aO., 2008; SWaePSfOi eW aO., 2007). IQ RXU
VWXd\, fRU each WUacWRgUaSh\ PeWhRd, Ze cRPSXWed Whe SeUceQWage Rf decXVVaWiQg fibeUV SeU VXbjecW. A
VWaWiVWicaO cRPSaUiVRQ ZaV SeUfRUPed acURVV Whe fRXU WUacWRgUaSh\ PeWhRdV, aV fROORZV. A RQe-Za\ UeSeaWed
PeaVXUeV aQaO\ViV Rf YaUiaQce (ANOVA) ZaV cRPSXWed acURVV Whe fRXU PeWhRdV WR deWeUPiQe ZheWheU Whe\
ZeUe VWaWiVWicaOO\ diffeUeQW fURP each RWheU. FROORZiQg WhaW, Ze SeUfRUPed a SRVW-hRc SaiUed W-WeVW beWZeeQ each
SaiU Rf Whe fRXU WUacWRgUaSh\ PeWhRdV (a WRWaO Rf 6 cRPSaUiVRQV), ZiWh FDR cRUUecWiRQ acURVV Whe 6
cRPSaUiVRQV.

2.3.3 CRUUHODWLRQ EHWZHHQ T1Z-EDVHG DQG WUDFWRJUDSK\-EDVHG RG9P YROXPHV

AQaWRPicaO T1Z iPageV haYe beeQ ZideO\ XVed WR eVWiPaWe Whe YROXPe Rf Whe RGVP (SiPRQ J.
HickPaQ eW aO., 2004; KRObe eW aO., 2009; RaPOi eW aO., 2014). IQ WhiV e[SeUiPeQW, Ze aVVeVVed Whe cRUUeOaWiRQ Rf
Whe YROXPe Rf Whe RGVP UecRQVWUXcWed XViQg WUacWRgUaSh\ ZiWh T1Z-baVed RGVP VegPeQWaWiRQ. FRU
cRPSXWiQg Whe YROXPe Rf Whe T1Z-baVed VegPeQWaWiRQ, fiUVW aQ RGVP VegPeQWaWiRQ ZaV cUeaWed RQ a T1Z
WePSOaWe iPage (MNI152) b\ a cOiQicaO e[SeUW (S.Y.), aV VhRZQ iQ FigXUe 5. ThiV RGVP VegPeQWaWiRQ ZaV WheQ
aSSOied WR each iQdiYidXaO VXbjecW XViQg a UegiVWUaWiRQ beWZeeQ Whe T1Z WePSOaWe aQd Whe VXbjecW-VSecific T1Z
daWa XViQg ANTV (AYaQWV eW aO., 2009). FURP Whe UegiVWeUed T1Z-baVed VegPeQWaWiRQ, Ze cRPSXWed Whe
T1Z-baVed RGVP YROXPe. FRU cRPSXWiQg Whe YROXPe Rf Whe RGVP UecRQVWUXcWed XViQg WUacWRgUaSh\, Ze
cUeaWed a QRUPaOi]ed YR[eO-ZiVe WUacW deQViW\ PaS, ZheUe Whe YaOXe UeSUeVeQWV Whe QXPbeU Rf fibeUV SaVViQg
WhURXgh each YR[eO diYided b\ Whe Pa[iPXP QXPbeU Rf fibeUV acURVV aOO YR[eOV. ThiV WUacW deQViW\ PaS ZaV
cRQYeUWed iQWR a biQaU\ PaS XViQg a UaQge Rf WhUeVhROdV (fURP 0.05 WR 0.25, XViQg aQ iQcUePeQW Rf 0.05) WR
eOiPiQaWe iQfOXeQce Rf YR[eOV SaVVed b\ RQO\ a feZ fibeUV (WheVe aUe XVXaOO\ faOVe SRViWiYe fibeUV, aQd WhiV
SURcedXUe iV ZideO\ XVed iQ RWheU VWXdieV (Reid eW aO., 2020; TiaQ eW aO., 2018)). FURP WhiV biQaU\ PaS, Ze
cRPSXWed Whe WUacWRgUaSh\-baVed RGVP YROXPe. TheQ, fRU each WUacWRgUaSh\ PeWhRd, Ze cRPSXWed
PeaUVRQ'V cRUUeOaWiRQ beWZeeQ T1Z-baVed aQd WUacWRgUaSh\-baVed RGVP YROXPeV acURVV aOO VXbjecWV. We
aOVR cRPSXWed Whe PeaQ abVROXWe eUURU (MAE) beWZeeQ Whe T1Z-baVed aQd WUacWRgUaSh\-baVed YROXPeV WR
eYaOXaWe WheiU abVROXWe diffeUeQceV. The cRUUeOaWiRQ cRefficieQW aQd Whe S-YaOXe aUe UeSRUWed fRU each PeWhRd.
(TR eYaOXaWe Whe effecW Rf Whe UegiVWUaWiRQ, Ze aOVR UeSeaWed Whe e[SeUiPeQW XViQg aQ addiWiRQaO ZideO\ XVed
UegiVWUaWiRQ aOgRUiWhP SURYided iQ FSL (JeQkiQVRQ eW aO., 2012) (Vee SXSSOePeQWaU\ MaWeUiaOV 4 aQd 5). OXU
UeVXOWV VhRZed XViQg ANTV geQeUaWed a beWWeU UeVXOW ZheUe PRUe VigQificaQW cRUUeOaWiRQV ZeUe RbWaiQed; WhXV,
iQ Whe SaSeU, Ze UeSRUW Whe UeVXOWV RbWaiQed XViQg ANTV. HRZeYeU, Ze QRWe WhaW RXU RYeUaOO UeVXOWV UegaUdiQg Whe
RGVP YROXPe cRUUeOaWiRQV aV ZeOO aV Whe NRUPaOi]ed OYeUOaS ScRUe (NOS) e[SeUiPeQW iQWURdXced beORZ
(SecWiRQ 2.3.6) aUe QRW SaUWicXOaUO\ VeQViWiYe WR Whe chRice Rf UegiVWUaWiRQ aOgRUiWhP ePSOR\ed. See
SXSSOePeQWaU\ MaWeUiaOV 4 aQd 5 fRU deWaiOed UeVXOWV aQd diVcXVViRQ.)
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FigXUe 5. ViVXaOi]aWiRQ Rf RGVP VegPeQWaWiRQV. (a) VhRZV Whe e[SeUW RGVP VegPeQWaWiRQ iQ MNI VSace; (b)
VhRZV a VXbjecW¶V RGVP VegPeQWaWiRQ, Zhich ZaV ZaUSed fURP Whe RGVP VegPeQWaWiRQ iQ MNI VSace. (c)
VhRZV a RGVP VegPeQWaWiRQ cRPSXWed fURP WUacWRgUaSh\ UeVXOWV.

2.3.4 IQWHU-H[SHUW YDOLGDWLRQ

TR aVVeVV Whe UeOiabiOiW\ Rf Whe RGVPV UecRQVWUXcWed fRU each WUacWRgUaSh\ PeWhRd, Ze cRQdXcWed aQ
iQWeU-e[SeUW UeOiabiOiW\ YaOidaWiRQ. ThiV e[SeUiPeQW eYaOXaWed Whe VSaWiaO RYeUOaS Rf Whe RGVPV VeOecWed b\ WZR
diffeUeQW e[SeUWV, Zhich iV a cRPPRQ VWUaWeg\ iQ SUeYiRXV VWXdieV Rf WUacWRgUaSh\ (BeQjaPiQ eW aO., 2014; DaYiV
eW aO., 2009; Da\aQ eW aO., 2015; LiOja eW aO., 2014; VRiQeVkRV eW aO., 2009; Xie eW aO., 2020b). FRU each VXbjecW
XQdeU VWXd\, a QeZ VeW Rf ROIV ZaV dUaZQ b\ aQ addiWiRQaO e[SeUW (S.Y.) aQd XVed fRU VeOecWiQg Whe VecRQd
RGVP (aV deVcUibed iQ SecWiRQ 2.2.2). TheQ, fRU Whe WZR RGVPV fURP Whe WZR e[SeUWV, Ze cRPSXWed Whe
ZeighWed Dice (ZDice) VcRUe (CRXViQeaX eW aO., 2017a) WR PeaVXUe WheiU VSaWiaO RYeUOaS. ZDice iV a PeWUic
deVigQed VSecificaOO\ fRU PeaVXUiQg WUacW VSaWiaO RYeUOaS (CRXViQeaX eW aO., 2017a; ZhaQg, CeWiQ KaUa\XPak, eW
aO., 2020; ZhaQg, WX, eW aO., 2019). ZDice VcRUe e[WeQdV Whe VWaQdaUd Dice VcRUe (Dice, 1945) WakiQg accRXQW
Rf Whe QXPbeU Rf fibeUV SeU YR[eO VR WhaW iW giYeV higheU ZeighWiQg WR YR[eOV ZiWh deQVe fibeUV, aV fROORZV:
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VcRUe UeSUeVeQWV a high UeSURdXcibiOiW\ beWZeeQ Whe WZR RGVPV ideQWified. A VWaWiVWicaO cRPSaUiVRQ ZaV
SeUfRUPed acURVV Whe fRXU WUacWRgUaSh\ PeWhRdV, aV fROORZV. A RQe-Za\ UeSeaWed PeaVXUeV aQaO\ViV Rf
YaUiaQce (ANOVA) ZaV cRPSXWed acURVV Whe fRXU PeWhRdV WR deWeUPiQe ZheWheU Whe\ ZeUe VWaWiVWicaOO\
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diffeUeQW fURP each RWheU. FROORZiQg WhaW, Ze SeUfRUPed a SRVW-hRc SaiUed W-WeVW beWZeeQ each SaiU Rf Whe fRXU
WUacWRgUaSh\ PeWhRdV (a WRWaO Rf 6 cRPSaUiVRQV), ZiWh FDR cRUUecWiRQ acURVV Whe 6 cRPSaUiVRQV.

2.3.5 E[SHUW MXGJPHQW

We SeUfRUPed aQ e[SeUW jXdgPeQW e[SeUiPeQW WR eYaOXaWe Whe TXaOiW\ Rf Whe RGVP UecRQVWUXcWiRQV
RbWaiQed b\ Whe fRXU WUacWRgUaSh\ PeWhRdV, fROORZiQg Whe e[SeUW WUacW UaQkiQg PeWhRd iQ RXU SUeYiRXV ZRUk
(GRQg eW aO., 2018). OQe e[SeUW (S.Y.) YiVXaOO\ UaQked Whe fRXU RGVPV fURP each VXbjecW, aV fROORZV. The fRXU
WUacWRgUaSh\ fiOeV ZeUe ORaded iQWR Whe 3D SOiceU VRfWZaUe (KikiQiV eW aO., 2014; NRUWRQ eW aO., 2017; ZhaQg, NRh,
eW aO., 2020), RYeUOaid RQ Whe aQaWRPicaO T1Z aQd b0 iPageV. The e[SeUW ZaV bOiQded WR Whe RUigiQ Rf each
RGVP: WUacWRgUaSh\ fiOeV ZeUe aQRQ\Pi]ed VR WhaW WheUe ZaV QR iQfRUPaWiRQ abRXW Zhich RGVP ZaV fURP
Zhich WUacWRgUaSh\ PeWhRd. The RYeUaOO RGVP UecRQVWUXcWiRQ TXaOiW\ UaQkiQg ZaV SeUfRUPed accRUdiQg WR: 1)
ZheWheU Whe UecRQVWUXcWed RGVP ZaV aQaWRPicaOO\ UeaVRQabOe aV aSSeaUiQg RQ Whe T1Z iPage, 2) ZheWheU
WheUe ZeUe aSSaUeQW RXWOieU fibeUV, aQd 3) ZheWheU Whe fibeU deQViW\ ZaV VXfficieQW WR cRYeU Whe RGVP SaWhZa\.
The e[SeUW ZaV aVked WR UaQk Whe fRXU UecRQVWUXcWiRQV baVed RQ hiV jXdgPeQW, ZheUe a UaQk Rf 1 ZaV Whe beVW
aQd 4 ZaV Whe ZRUVW. If WZR UecRQVWUXcWiRQV ZeUe eTXaOO\ gRRd RU bad WR Whe e[SeUW, WheVe WZR RGVP
UecRQVWUXcWiRQV ZeUe giYeQ Whe VaPe UaQk VcRUe. TR VXPPaUi]e Whe e[SeUW jXdgPeQW UeVXOWV, fRU each PeWhRd,
Ze WheQ cRPSXWed Whe PeaQ aQd Whe VWaQdaUd deYiaWiRQ Rf Whe UaQkiQg VcRUeV.

2.3.6 NRUPDOL]HG OYHUODS SFRUH WR QXDQWLI\ TUDFWRJUDSK\ SSDWLDO AJUHHPHQW

TR TXaQWif\ Whe RGVP UecRQVWUXcWiRQ SeUfRUPaQce aW Whe gURXS OeYeO, Ze cRQdXcW aQ e[SeUiPeQW XViQg
Whe QRUPaOi]ed RYeUOaS VcRUe (NOS) (D. Q. CheQ, ZhRQg, eW aO., 2016). NOS iV a TXaQWiWaWiYe PeWUic WhaW
PeaVXUeV Whe VSaWiaO agUeePeQW Rf WUacWRgUaSh\ acURVV PXOWiSOe VXbjecWV, aQd iW haV beeQ dePRQVWUaWed WR be
a VWabOe UaWiQg PeWUic WR aVVeVV Whe RYeUOaS Rf cUaQiaO QeUYe WUacWRgUaSh\ acURVV VXbjecWV. IQ RXU e[SeUiPeQW,
fRU each WUacWRgUaSh\ PeWhRd, Whe UecRQVWUXcWed RGVP Rf each iQdiYidXaO VXbjecW ZaV cRQYeUWed WR a biQaU\
YROXPeWUic iPage, ZheUe Whe YaOXe 1 UeSUeVeQWV WheUe iV aW OeaVW RQe fibeU VWUeaPOiQe SaVViQg WhURXgh Whe YR[eO.
The cRQYeUWed biQaU\ iPageV Rf aOO VXbjecWV XQdeU VWXd\ ZeUe cR-UegiVWeUed WR Whe MNI WePSOaWe VSace b\
UegiVWeUiQg each VXbjecW¶V baVeOiQe iPage WR Whe MNI152 WePSOaWe XViQg ANTV (AYaQWV eW aO., 2009). TheVe
biQaU\ iPageV ZeUe VWacked WRgeWheU WR fRUP a cRQjXQcWiRQ iPage. Each YR[eO YaOXe s iQ Whe cRQjXQcWiRQ iPage
deQRWeV Whe SeUceQWage Rf VXbjecWV WhaW haYe RGVP fibeUV SaVViQg WhURXgh Whe YR[eO, UeSUeVeQWiQg Whe RGVP
UecRQVWUXcWiRQ RYeUOaS YaOXe acURVV VXbjecWV (UaQge fURP 0 WR 100% Rf VXbjecWV). The NOS ZaV WheQ caOcXOaWed
b\ WhUeVhROdiQg Whe cRQjXQcWiRQ iPage aW PXOWiSOe WhUeVhROdV, aV fROORZV:
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3. E[SHULPHQWDO UHVXOWV

3.1 RHFRQVWUXFWLRQ UDWH RI RG9P VXEGLYLVLRQV

FigXUe 6 VhRZV Whe UecRQVWUXcWiRQ UaWe fRU each Rf Whe fRXU RGVP VXbdiYiViRQV, aV ZeOO aV Whe RYeUaOO
UecRQVWUXcWiRQ UaWe acURVV aOO fRXU VXbdiYiViRQV aQd aOO VXbjecWV. iFOD1 geQeUaWed Whe higheVW RYeUaOO
UecRQVWUXcWiRQ UaWe (94.74%), fROORZed b\ UKF-2T (92.98%). ThiV ZaV fROORZed b\ SD-SWUeaP (70.18%), aQd
UKF-1T (50.88%). The ANOVA cRPSaUiVRQ VhRZed WhaW Whe RYeUaOO UecRQVWUXcWiRQ UaWeV ZeUe VigQificaQWO\
diffeUeQW acURVV Whe fRXU PeWhRdV. PRVW-hRc SaiUed W-WeVWV (ZiWh FDR cRUUecWiRQ) VhRZed WhaW Whe UecRQVWUXcWiRQ
UaWeV Rf bRWh UKF-2T aQd iFOD1 ZeUe VigQificaQWO\ higheU WhaQ UKF-1T aQd SD-SWUeaP, ZhiOe WheUe ZeUe QR
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VigQificaQW diffeUeQceV beWZeeQ UKF-2T aQd iFOD1. The UecRQVWUXcWiRQ UaWeV Rf each RGVP VXbdiYiViRQ
VhRZed Whe VaPe SaWWeUQ aV Whe RYeUaOO UecRQVWUXcWiRQ UaWeV (i.e., iFOD1 ZaV Whe higheVW, fROORZed b\ UKF-2T,
SD-SWUeaP, aQd WheQ UKF-1T). IQ Whe UKF-2T aQd iFOD1 PeWhRdV, Whe UecRQVWUXcWiRQ UaWeV acURVV Whe fRXU
VXbdiYiViRQV aUe ViPiOaU, ZhiOe iQ Whe UKF-1T aQd Whe SD-SWUeaP PeWhRdV, Whe UecRQVWUXcWiRQ UaWeV Rf Whe RL
aQd LR VXbdiYiViRQV (decXVVaWiQg fibeUV) aUe RQ aYeUage ORZeU WhaQ WhRVe Rf Whe LL aQd RR VXbdiYiViRQV
(QRQ-decXVVaWiQg fibeUV).

FigXUe 6. RecRQVWUXcWiRQ UaWe Rf RGVP VXbdiYiViRQV XViQg diffeUeQW WUacWRgUaSh\ PeWhRdV. The RYeUaOO RGVP
UecRQVWUXcWiRQ UaWeV ZeUe VWaWiVWicaOO\ VigQificaQWO\ diffeUeQW acURVV Whe fRXU cRPSaUed WUacWRgUaSh\ PeWhRdV
(ANOVA, S<0.0001). PRVW-hRc WZR-gURXS CRchUaQ¶V Q WeVWV (ZiWh FDR cRUUecWiRQ) ZiWh VigQificaQW UeVXOWV aUe
iQdicaWed b\ aVWeUiVkV. *: S<0.05; **: S<0.01; ****: S<0.0001.

3.2 PHUFHQWDJH RI GHFXVVDWLQJ ILEHUV

FigXUe 7 giYeV Whe UeVXOWV fRU Whe SeUceQWage Rf decXVVaWiQg fibeUV RbWaiQed b\ each WUacWRgUaSh\
PeWhRd. The decXVVaWiQg SeUceQWageV Rf UKF-2T aQd iFOD1 aUe higheU WhaQ 50%, VhRZiQg PRUe decXVVaWiQg
fibeUV WhaQ QRQ-decXVVaWiQg fibeUV (cRUUeVSRQdiQg WR Whe RGVP aQaWRP\ aV UeSRUWed iQ SUeYiRXV VWXdieV (CajaO,
1899; ChackR, 1948; KXSfeU eW aO., 1967)), ZhiOe Whe decXVVaWiQg SeUceQWageV Rf SD-SWUeaP aQd UKF-1T aUe
ORZeU WhaQ 50%.
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FigXUe 7. BR[SORW iQdicaWeV Whe SeUceQWage Rf decXVVaWiQg fibeUV Rf aOO VXbjecWV XViQg each WUacWRgUaSh\
PeWhRd. OQ each bR[, Whe ceQWUaO OiQe iQdicaWeV Whe PediaQ, Whe SOXV V\PbRO iQdicaWeV Whe PeaQ, aQd Whe
bRWWRP aQd WRS edgeV Rf Whe bR[ iQdicaWe Whe 25Wh aQd 75Wh SeUceQWiOeV, UeVSecWiYeO\. The SeUceQWage Rf
decXVVaWiQg fibeUV ZaV VWaWiVWicaOO\ VigQificaQWO\ diffeUeQW beWZeeQ Whe diffeUeQW WUacWRgUaSh\ PeWhRdV (ANOVA,
S<0.0001). The PRVW-hRc SaiUed W-WeVWV (ZiWh FDR cRUUecWiRQ) ZiWh VigQificaQW UeVXOWV aUe iQdicaWed b\ aVWeUiVkV.
**: S<0.01; ****: S<0.0001.

3.3 CRUUHODWLRQ EHWZHHQ T1Z-EDVHG YROXPH DQG WUDFWRJUDSK\-EDVHG YROXPH

FigXUe 8 giYeV Whe UeVXOWV Rf Whe cRUUeOaWiRQ aQaO\ViV aQd Whe MAE UeVXOWV beWZeeQ Whe T1Z-baVed
YROXPe aQd Whe WUacWRgUaSh\-baVed YROXPe Rf Whe RGVP. NR VigQificaQW cRUUeOaWiRQV ZeUe RbWaiQed b\ Whe
UKF-1T RU iFOD1 PeWhRdV aW aQ\ Rf Whe WhUeVhROd YaOXeV. The SD-SWUeaP aQd UKF-2T PeWhRdV RbWaiQed
VigQificaQW cRUUeOaWiRQV. The UKF-2T PeWhRd RbWaiQed VigQificaQW cRUUeOaWiRQV aW aOO fiYe WhUeVhROd YaOXeV,
ZheUeaV Whe SD-SWUeaP PeWhRd RbWaiQed VigQificaQW cRUUeOaWiRQV aW fRXU Rf Whe WhUeVhROd YaOXeV. IQ addiWiRQ,
Whe UKF-2T PeWhRd RbWaiQed a ORZeU MAE aW each Rf Whe WhUeVhROd YaOXeV cRPSaUed WR Whe SD-SWUeaP
PeWhRd. OYeUaOO, WheVe UeVXOWV VhRZ WhaW, acURVV Whe fRXU cRPSaUed PeWhRdV, Whe UKF-2T PeWhRd geQeUaWed
Whe WUacWRgUaSh\-baVed YROXPe WhaW ZaV PRVW ViPiOaU WR Whe T1Z-baVed YROXPe.
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FigXUe 8. ScaWWeU SORWV Rf cRUUeOaWiRQ beWZeeQ T1Z-baVed YROXPe aQd WUacWRgUaSh\-baVed YROXPe. IQ each
SORW, Whe \-a[iV VhRZV Whe WUacWRgUaSh\-baVed YROXPe (PP3) aQd Whe [-a[iV VhRZV Whe T1Z-baVed YROXPe
(PP3). Each URZ UeSUeVeQWV Whe cRUUeOaWiRQ UeVXOWV Rf RQe WUacWRgUaSh\ PeWhRd XQdeU diffeUeQW WhUeVhROd
YaOXeV. The cRUUeOaWiRQ cRefficieQW U aQd Whe S-YaOXe aUe UeSRUWed fRU each SORW. PORWV VhRZiQg VigQificaQW
cRUUeOaWiRQV aUe RXWOiQed iQ bROd. MAE (PeaQ abVROXWe eUURU) beWZeeQ Whe WUacWRgUaSh\-baVed aQd Whe
T1Z-baVed YROXPeV acURVV aOO VXbjecWV iV aOVR UeSRUWed.

3.4 RG9P YLVXDOL]DWLRQ

FigXUe 9 giYeV a YiVXaO cRPSaUiVRQ Rf Whe RGVP UeVXOWV XViQg diffeUeQW WUacWRgUaSh\ PeWhRdV. IQ
geQeUaO, Whe CSD-baVed WUacWRgUaSh\ PeWhRdV (SD-SWUeaP aQd iFOD1) geQeUaWed a OaUge QXPbeU Rf YiVXaOO\
aSSaUeQW faOVe SRViWiYe fibeUV, ZhiOe Whe UKF WUacWRgUaSh\ PeWhRdV (UKF-1T aQd UKF-2T) geQeUaWed PRUe
aQaWRPicaOO\ SOaXVibOe RGVP fibeUV, cRUUeVSRQdiQg WR Whe RGVP aV aSSeaUiQg RQ Whe T1Z iPage.
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FigXUe 9. ViVXaO cRPSaUiVRQ Rf Whe RGVP UecRQVWUXcWed XViQg Whe fRXU WUacWRgUaSh\ PeWhRdV. The RGVPV
(\eOORZ bXQdOeV) RbWaiQed fURP RQe HCP VXbjecW aUe diVSOa\ed, RYeUOaid RQ Whe T1Z iPage. Each URZ VhRZV
Whe RGVP aQd iWV VXbdiYiViRQV XViQg RQe Rf Whe WUackiQg VWUaWegieV. The fiUVW cROXPQ VhRZV Whe RYeUaOO RGVP
fibeU SaWhZa\, aQd Whe fROORZiQg cROXPQV VhRZ Whe fRXU VXbdiYiViRQV.

3.5 IQWHU-H[SHUW YDOLGDWLRQ

FigXUe 10 giYeV Whe iQWeU-e[SeUW YaOidaWiRQ UeVXOWV. The ZDice VcRUeV Rf Whe WZR UKF WUacWRgUaSh\
PeWhRdV ZeUe Whe higheVW (RYeU 0.81), fROORZed b\ Whe SD-SWUeaP PeWhRd (0.75), ZhiOe Whe iFOD1 PeWhRd
RbWaiQed Whe ORZeVW ZDice VcRUe (0.74) (ZDice = 0.72 haV beeQ VXggeVWed WR be a WhUeVhROd fRU a gRRd WUacW
VSaWiaO RYeUOaS (CRXViQeaX eW aO., 2017a)). We QRWe WhaW aQ ANOVA aQaO\ViV VhRZV WhaW WheUe aUe QR VigQificaQW
diffeUeQceV acURVV Whe fRXU PeWhRdV, iQdicaWiQg WhaW aOO WUacWRgUaSh\ PeWhRdV VhRZ gRRd WUacW VSaWiaO RYeUOaS iQ
iQWeU-e[SeUW YaOidaWiRQ.
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FigXUe 10. ViROiQ SORW iQdicaWeV iQWeU-e[SeUW YaOidaWiRQ UeVXOWV. The ZDice VcRUe ZaV VWaWiVWicaOO\ VigQificaQWO\
diffeUeQW beWZeeQ Whe diffeUeQW WUacWRgUaSh\ PeWhRdV (ANOVA, S=0.06).

3.6 E[SHUW MXGJPHQW

E[SeUW jXdgPeQW ZaV SeUfRUPed WR UaQk Whe RGVP UecRQVWUXcWiRQV Rf Whe 57 VXbjecWV XQdeU VWXd\. The
UaQk cRXOd UaQge fURP 1 WR 4, ZheUe 1 ZaV Whe beVW-jXdged UecRQVWUXcWiRQ aQd 4 ZaV Whe ZRUVW-jXdged
UecRQVWUXcWiRQ. The aYeUaged UaQkiQg VcRUeV Rf Whe SD-SWUeaP, iFOD1, UKF-1T aQd UKF-2T PeWhRdV ZeUe
3.26 0.72, 2.93 0.70, 2.32 1.38, aQd 1.47 0.50, UeVSecWiYeO\ (VhRZQ iQ FigXUe 11). AQ ANOVA cRPSaUiVRQࡢ ࡢ ࡢ ࡢ
iQdicaWeV WhaW Whe RYeUaOO UecRQVWUXcWiRQ UaWeV aUe VigQificaQWO\ diffeUeQW acURVV Whe fRXU WUacWRgUaSh\ PeWhRdV.
PRVW-hRc SaiUed WiOcR[RQ VigQed-UaQk WeVWV (ZiWh FDR cRUUecWiRQ) VhRZ WhaW UKF-2T haV a VigQificaQWO\ higheU
e[SeUW jXdgPeQW VcRUe WhaQ Whe RWheU WhUee PeWhRdV. TheVe UeVXOWV iQdicaWe WhaW Whe UKF-2T PeWhRd RbWaiQed
Whe beVW e[SeUW eYaOXaWiRQ SeUfRUPaQce iQ WhiV e[SeUiPeQW.

FigXUe 11. ViROiQ SORW iQdicaWeV Whe UaQkiQg VcRUe Rf aOO VXbjecWV XViQg each WUacWRgUaSh\ PeWhRd. OQ each
YiROiQ bR[, Whe ceQWUaO ciUcOe iQdicaWeV Whe PediaQ, Whe SOXV V\PbRO iQdicaWeV Whe PeaQ, aQd Whe bRWWRP aQd WRS
Rf Whe gUa\ ceQWUaO YeUWicaO OiQe iQdicaWe Whe 25Wh aQd 75Wh SeUceQWiOeV, UeVSecWiYeO\. The UaQkiQg VcRUe ZaV
VWaWiVWicaOO\ VigQificaQWO\ diffeUeQW beWZeeQ Whe diffeUeQW WUacWRgUaSh\ PeWhRdV XViQg Whe FUiedPaQ WeVW
(S<0.0001). PRVW-hRc SaiUed WiOcR[RQ VigQed-UaQk WeVWV (ZiWh FDR cRUUecWiRQ) ZiWh VigQificaQW UeVXOWV aUe
iQdicaWed b\ aVWeUiVkV. *: S<0.05; **: S<0.01; ****: S<0.0001.

3.7 NRUPDOL]HG RYHUODS VFRUH RI HDFK WUDFWRJUDSK\ PHWKRG

FigXUe 12 giYeV Whe UeVXOWV Rf Whe NOS cRPSaUiVRQ acURVV diffeUeQW WUacWRgUaSh\ PeWhRdV. IQ each
VXbfigXUe, Whe ORg UaWiR cXUYe iV SURYided, fURP Zhich Whe aUea XQdeU Whe cXUYe iV cRPSXWed, i.e. Whe NOS. The
UKF-2T PeWhRd RbWaiQed Whe higheVW VcRUe (NOS=0.718), iQdicaWiQg Whe higheVW RYeUOaS Rf WUacWRgUaSh\ acURVV
VXbjecWV. The Qe[W higheVW VcRUeV ZeUe RbWaiQed b\ iFOD1 (NOS=0.605) aQd UKF-1T (NOS=0.508).
SD-SWUeaP RbWaiQed Whe ORZeVW VcRUe (NOS=0.398).
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FigXUe 12. NOS Rf cRQjXQcWiRQ iPageV geQeUaWed b\ diffeUeQW WUacWRgUaSh\ PeWhRdV. The \-a[iV VhRZV Whe
ORg UaWiR (Whe UaWiR WhaW iV VXPPed iQ eTXaWiRQ (2)), ZhiOe Whe [-a[iV VhRZV diffeUeQW WhUeVhROd YaOXeV Rf
cRQjXQcWiRQ iPageV. The NOS iV Whe aUea XQdeU Whe cXUYe.

4. DLVFXVVLRQ

IQ WhiV VWXd\, Ze SURSRVed, fRU Whe fiUVW WiPe, WR iQYeVWigaWe Whe SeUfRUPaQce Rf PXOWiSOe WUacWRgUaSh\
PeWhRdV fRU UecRQVWUXcWiRQ Rf Whe cRPSOeWe RGVP iQcOXdiQg Whe fRXU aQaWRPicaO VXbdiYiViRQV. We cRPSaUed
Whe RGVP UecRQVWUXcWiRQV Rf fRXU WUacWRgUaSh\ PeWhRdV, iQcOXdiQg deWeUPiQiVWic (SD-SWUeaP) aQd SURbabiOiVWic
(iFOD1) WUacWRgUaSh\ baVed RQ Whe CSD PRdeO, aQd UKF WUacWRgUaSh\ ZiWh RQe-WeQVRU (UKF-1T) aQd
WZR-WeQVRU (UKF-2T) PRdeOV. AQaWRPicaO PeaVXUePeQWV ZeUe cRQdXcWed WR aVVeVV Whe adYaQWageV aQd
OiPiWaWiRQV Rf Whe fRXU WUacWRgUaSh\ PeWhRdV fRU UecRQVWUXcWiQg RGVP. TR WhiV eQd, Ze cRPSXWed Whe
UecRQVWUXcWiRQ UaWe Rf Whe fRXU PajRU RGVP VXbdiYiViRQV, Whe SeUceQWage Rf decXVVaWiQg fibeUV aW Whe RSWic
chiaVP, aQd Whe cRUUeOaWiRQ beWZeeQ Whe YROXPeV Rf WUaced RGVPV aQd T1Z-baVed RGVP VegPeQWaWiRQV.
FiQaOO\, Ze SeUfRUPed aQ e[SeUW jXdgPeQW e[SeUiPeQW WR UaQk Whe aQaWRPicaO aSSeaUaQce Rf Whe UecRQVWUXcWed
RGVPV, aQd Ze TXaQWified Whe SeUfRUPaQce Rf each WUacWRgUaSh\ PeWhRd acURVV VXbjecWV XViQg Whe
QRUPaOi]ed RYeUOaS VcRUe PeWhRd. OYeUaOO, Ze haYe WhUee PaiQ RbVeUYaWiRQV. FiUVW, acURVV Whe fRXU cRPSaUed
PeWhRdV, Ze fRXQd WhaW UKF-2T aQd iFOD1 RbWaiQed beWWeU SeUfRUPaQce WhaQ UKF-1T aQd SD-SWUeaP. The
RGVP UecRQVWUXcWiRQ UaWeV Rf UKF-2T aQd iFOD1 (RYeU 92% iQ bRWh PeWhRdV) ZeUe VigQificaQWO\ higheU WhaQ
UKF-1T aQd SD-SWUeaP (50.88% aQd 70.18%, UeVSecWiYeO\). UKF-2T aQd iFOD1 aOVR WUaced PRUe decXVVaWiQg
WhaQ QRQ-decXVVaWiQg fibeUV iQ Whe RSWic chiaVP, Zhich iV cRQViVWeQW ZiWh Whe fiQdiQgV Rf SUeYiRXV VWXdieV
(aSSUR[iPaWeO\ 53% WR 58% aV UeSRUWed iQ (ChackR, 1948; KXSfeU eW aO., 1967; Y. SiQWha, 1932)), ZheUeaV
UKF-1T aQd SD-SWUeaP WUace PRUe QRQ-decXVVaWiQg fibeUV WhaQ decXVVaWiQg fibeUV. SecRQd, cRPSaUiQg
beWZeeQ UKF-2T aQd iFOD1, Whe SeUceQWage Rf decXVVaWiQg fibeUV iQ Whe iFOD1 PeWhRd ZaV PRUe ViPiOaU WR
Whe UeSRUWed UaQge iQ Whe SUeYiRXV VWXdieV, ZhiOe Whe UKF-2T PeWhRd RbWaiQed beWWeU YROXPe cRUUeOaWiRQ ZiWh
Whe T1Z-baVed RGVP VegPeQWaWiRQ. ThiUd, Whe UKF-2T PeWhRd RbWaiQed YiVXaOO\ beWWeU RGVP SaWhZa\V aV
aSSeaUiQg RQ Whe T1Z iPage aQd ZaV Whe WRS-SeUfRUPiQg PeWhRd accRUdiQg WR Whe QRUPaOi]ed RYeUOaS VcRUe.
BeORZ, Ze diVcXVV VeYeUaO deWaiOed RbVeUYaWiRQV UegaUdiQg Whe cRPSaUiVRQ UeVXOWV fRU Whe fRXU WUacWRgUaSh\
PeWhRdV.

We dePRQVWUaWed WhaW PXOWi-fibeU WUacWRgUaSh\ (UKF-2T) had adYaQWageV fRU UecRQVWUXcWiQg Whe
cRPSOeWe RGVP cRPSaUed WR Whe ViQgOe-fibeU PRdeO (UKF-1T) ZiWhiQ Whe UKF WUacWRgUaSh\ fUaPeZRUk. ThiV iV
OikeO\ becaXVe a ViQgOe-fibeU PRdeO caQQRW eVWiPaWe PXOWiSOe fibeU RUieQWaWiRQV (a ZeOO-kQRZQ iVVXe iQ Whe
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WUacWRgUaSh\ OiWeUaWXUe (A. L. AOe[aQdeU eW aO., 2001; D. C. AOe[aQdeU, 2005; BehUeQV eW aO., 2007; JeXUiVVeQ eW
aO., 2019; J.-D. TRXUQieU eW aO., 2004; TXch eW aO., 2002)) iQ Whe UegiRQ Rf Whe RSWic chiaVP, ZheUe Whe
decXVVaWiQg fibeUV cURVV. MXOWiSOe VWXdieV haYe VXggeVWed WhaW PXOWi-fibeU PRdeOV aUe beQeficiaO fRU cUaQiaO
QeUYe UecRQVWUXcWiRQ (BehaQ eW aO., 2017; D. Q. CheQ, DeSRX]a, eW aO., 2016; Z. CheQ eW aO., 2016; Xie eW aO.,
2020a). HRZeYeU, PXOWi-fibeU WUacWRgUaSh\ iV e[SecWed WR SURdXce PRUe RXWOieUV WhaQ ViQgOe-fibeU WUacWRgUaSh\
(MaieU-HeiQ eW aO., 2017). ThiV caQ be VeeQ ZheQ cRPSaUiQg UKF-2T YV UKF-1T iQ FigXUe 9. DXe WR Whe
SUeVeQce Rf RXWOieU fibeUV, UKF-2T aOVR haV a ORZeU ZDice VcRUe WhaQ UKF-1T (FigXUe 10).

We VhRZed WhaW SURbabiOiVWic WUacWRgUaSh\ (iFOD1) ZaV PRUe effecWiYe fRU UecRQVWUXcWiQg Whe RGVP
WhaQ deWeUPiQiVWic WUacWRgUaSh\ (SD-SWUeaP) ZiWhiQ Whe CSD WUacWRgUaSh\ fUaPeZRUk. ThiV iV SRWeQWiaOO\
becaXVe Whe deWeUPiQiVWic WUacWRgUaSh\ cRXOd RQO\ fROORZ Whe SUiQciSaO RUieQWaWiRQ aORQg Whe FOD aPSOiWXde
Seak, WhXV iW cRXOd QRW effecWiYeO\ WUack WhURXgh Whe VkXOO baVe UegiRQ ZheUe Whe VigQaO-WR-QRiVe UaWiR (SNR) iV
ORZ. OQ Whe RWheU haQd, Whe SURbabiOiVWic WUacWRgUaSh\ aOORZed fibeU WUackiQg aORQg PXOWiSOe RUieQWaWiRQV fRU each
FOD. PUeYiRXV WUacWRgUaSh\-baVed cUaQiaO QeUYe VWXdieV haYe aOVR VhRZQ Whe adYaQWageV Rf SURbabiOiVWic
WUacWRgUaSh\ RYeU WUadiWiRQaO deWeUPiQiVWic WUacWRgUaSh\, iQ SaUWicXOaU, dXe WR iWV gRRd SeUfRUPaQce WR haQdOe Whe
ORZ SNR iQ Whe VkXOO baVe (JacTXeVVRQ, CRWWRQ, eW aO., 2019; RXeckUiegeO eW aO., 2016; ZROaO eW aO., 2017).

CRPSaUiQg beWZeeQ Whe UKF-2T aQd iFOD1 PeWhRdV (Whe WZR PeWhRdV WhaW iQ geQeUaO RbWaiQed Whe
beVW RGVP UecRQVWUXcWiRQ SeUfRUPaQce), Whe UKF-2T PeWhRd SURdXceV UecRQVWUXcWed RGVPV WhaW ZeUe
jXdged WR beWWeU cRUUeVSRQd WR kQRZQ aQaWRP\. IQ UKF-2T, each WUackiQg VWeS ePSOR\V SUiRU iQfRUPaWiRQ fURP
Whe SUeYiRXV VWeS WR heOS VWabiOi]e PRdeO fiWWiQg aQd iQcOXdeV a SURbabiOiVWic SUiRU abRXW Whe UaWe Rf chaQge Rf
fibeU RUieQWaWiRQ (defiQed aV Whe SaUaPeWeU Qm iQWURdXced abRYe). CRQVeTXeQWO\, VhaUS fibeU cXUYaWXUeV aUe
aYRided aV Whe\ aUe YeU\ XQOikeO\, ZheUeaV fibeU cXUYaWXUeV (e.g., cXUYaWXUe aW Whe RSWic chiaVP) VXSSRUWed b\
Whe dMRI aUe VWiOO aOORZed. ThiV WUackiQg VWUaWeg\ caQ UedXce Whe effecW Rf QRiVe, VXVceSWibiOiW\ aUWifacWV, aQd
SaUWiaO YROXPe aYeUagiQg aORQg Whe RGVP beWZeeQ Whe RSWic chiaVP aQd Whe RSWic QeUYe (BeQdeU eW aO., 2014;
YRVhiQR eW aO., 2016), ZheUe iW iV VXUURXQded b\ bRQe aQd aiU (Vee SXSSOePeQWaU\ MaWeUiaO 3). ThXV, UKF-2T
geQeUaWed highO\ VPRRWh fibeU VWUeaPOiQeV WhaW aUe Whe aQaWRPicaOO\ e[SecWed VhaSe Rf Whe RGVP fibeUV aV
aSSeaUiQg RQ Whe T1Z iPageV. HRZeYeU, XViQg SUiRU iQfRUPaWiRQ fURP Whe SUeYiRXV VWeS caQ eQcRXUage VWUaighW
fibeUV aQd WheUefRUe WeQd WR SURdXce PRUe decXVVaWiQg RGVP fibeUV. OXU VWXd\ VhRZed WhaW XViQg UKF-2T
UecRQVWUXcWiRQ, Whe SeUceQWage Rf decXVVaWiQg fibeUV ZaV higheU WhaQ WhaW kQRZQ fURP aQaWRPicaO diVVecWiRQ
VWXdieV. (A ViPiOaU WUackiQg VWUaWeg\ iV XVed iQ Whe iFOD2 PeWhRd; iQ RXU iQiWiaO e[SeUiPeQW, Whe QRQ-decXVVaWiQg
fibeUV ZeUe RfWeQ QRW WUaced, UeVXOWiQg iQ iQcRPSOeWe deWecWiRQ Rf RGVP VXbjecWV iQ RYeU haOf Rf Whe VXbjecWV
(SXSSOePeQWaU\ MaWeUiaO 1).). The iFOD1 PeWhRd SeUfRUPV WUacWRgUaSh\ fROORZiQg UaQdRPO\ VaPSOed
diUecWiRQV. AV a UeVXOW, Whe SeUceQWage Rf decXVVaWiQg fibeUV ZaV XQbiaVed, aQd Whe UeVXOW ZaV cORVe WR WhaW
kQRZQ fURP VWXdieV Rf aQaWRP\ (ChackR, 1948; KXSfeU eW aO., 1967; Y. SiQWha, 1932). HRZeYeU, Whe WUaced fibeU
VWUeaPOiQeV ZeUe highO\ cXUYed, ZheUe ceUWaiQ fibeU VegPeQWV ZeUe RXWVide Whe RGVP SaWhZa\ (Vee FigXUe 9).
OYeUaOO, WheVe UeVXOWV iQdicaWe WhaW iW iV chaOOeQgiQg WR accXUaWeO\ WUack RGVP fibeUV WhaW cRUUeVSRQd WR kQRZQ
aQaWRP\ aQd haYe aQ aSSUR[iPaWeO\ cRUUecW SeUceQWage Rf decXVVaWiQg fibeUV. ReVeaUcheUV aQd cOiQiciaQV Pa\
beQefiW fURP WaiORUiQg WUacWRgUaSh\ aOgRUiWhP VeOecWiRQ deSeQdiQg RQ Whe WaUgeW aSSOicaWiRQV. The UKF-2T
PeWhRd cRXOd be PRUe XVefXO iQ TXaOiWaWiYe aSSOicaWiRQV, e.g., SUe-VXUgicaO SOaQQiQg iQ Whe VeWWiQg Rf VkXOO baVe
WXPRUV affecWiQg Whe RGVP (LRbeU eW aO., 2012; PRWgieVeU eW aO., 2014), aV iW caQ beWWeU UecRQVWUXcW Whe kQRZQ
aQaWRP\ Rf Whe RGVP. The iFOD1 PeWhRd cRXOd be PRUe XVefXO iQ TXaQWiWaWiYe VWXdieV WhaW aVVeVV RGVP
decXVVaWiRQ abQRUPaOiWieV iQ bUaiQ diVeaVeV (e.g., aObiQiVP (PX]Qiak eW aO. 2019)), aV iW caQ beWWeU eVWiPaWe Whe
SeUceQWage Rf decXVVaWiQg fibeUV.

IQ WhiV ZRUk Ze XVed Whe SRSXOaU e[SeUW VeOecWiRQ VWUaWeg\ WR ideQWif\ Whe RGVP baVed RQ PXOWiSOe
e[SeUW-ideQWified ROIV. TheVe ZeUe VeSaUaWeO\ ORcaWed iQ Whe RSWic QeUYe, RSWic chiaVP, aQd RSWic WUacW. NRWe WhaW
Whe ROIV iQ Whe RSWic WUacW aUe diffeUeQW fURP PaQ\ SUeYiRXV VWXdieV, Zhich defiQed Whe LGN b\ SeUfRUPiQg QRQOiQeaU
UegiVWUaWiRQ Rf Whe JXeOich hiVWRORgicaO aWOaV (Ha\kaO eW aO., 2019; MaOeki eW aO., 2012; MiOOiQgWRQ eW aO., 2014; SWaePSfOi
eW aO., 2007). We VXggeVW WhaW XViQg Whe LGN aV aQ ROI Pa\ QRW be a gRRd chRice fRU RGVP VeOecWiRQ, ZheWheU
iW iV geQeUaWed aXWRPaWicaOO\ RU PaQXaOO\. OQ Whe RQe haQd, UegiVWUaWiRQ biaV aQd fX]]iQeVV Rf a SURbabiOiVWic
aWOaV Pa\ iQcUeaVe Whe iQaccXUac\ Rf Whe LGN bRXQdaU\. OQ Whe RWheU haQd, iW iV chaOOeQgiQg WR accXUaWeO\
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UecRgQi]e Whe LGN RQ cXUUeQW PedicaO iPage daWa. UViQg Whe LGN aV aQ ROI fRU RGVP VeOecWiRQ Pa\
WheUefRUe geQeUaWe PRUe faOVe SRViWiYe fibeUV, eVSeciaOO\ ZheQ VeOecWiQg fibeUV geQeUaWed b\ WUacWRgUaSh\ XViQg
PXOWi-fibeU PRdeOV. SeYeUaO VWXdieV haYe WUaced Whe RGVP iQ cOiQicaO daWa ZiWh ORZeU UeVROXWiRQ WhaQ Whe HCP
daWa ePSOR\ed heUe; iQ WheVe VWXdieV, YaUiRXV aSSURacheV fRU fibeU cOeaQiQg ZeUe QeceVVaU\ afWeU fibeU
VeOecWiRQ (AOOeQ eW aO., 2018; MaOaQia eW aO., 2017; H. TakePXUa eW aO., 2019).

OXU iQWeU-e[SeUW YaOidaWiRQ VhRZed RYeUaOO a high UeOiabiOiW\ Rf Whe RGVP UecRQVWUXcWiRQ UeVXOWV. IQ
SaUWicXOaU, Whe ZDice VcRUeV Rf aOO WUacWRgUaSh\ PeWhRdV ZeUe RYeU 0.72, Zhich iV a WhUeVhROd fRU gRRd WUacW
VSaWiaO RYeUOaS (CRXViQeaX eW aO., 2017b).

IQ WhiV ZRUk, Ze SeUfRUPed ZhaW Ze beOieYe iV Whe fiUVW VWXd\ WR iQYeVWigaWe Whe SeUfRUPaQce Rf PXOWiSOe
WUacWRgUaSh\ PeWhRdV fRU UecRQVWUXcWiRQ Rf Whe cRPSOeWe RGVP iQcOXdiQg Whe fRXU aQaWRPicaO VXbdiYiViRQV. IQ
Whe OiWeUaWXUe Rf WUacWRgUaSh\-baVed RGVP VWXdieV, PRVW VWXdieV haYe fRcXVed RQ ceUWaiQ RGVP VXbUegiRQV Rf
iQWeUeVW, e.g., Whe RSWic QeUYe, Whe RSWic WUacW, aQd/RU Whe RGVP fibeUV ZiWhiQ Whe RSWic chiaVP (aV VXPPaUi]ed iQ
TabOe 1). SeYeUaO VWXdieV haYe VhRZQ VXcceVVfXO WUackiQg Rf Whe cRPSOeWe RGVP fibeU SaWhZa\ iQcOXdiQg Whe
fRXU PajRU aQaWRPicaO VXbdiYiViRQV (i.e., Whe WZR decXVVaWiQg aQd Whe WZR QRQ-decXVVaWiQg fibeU SaWhZa\V)
(AOWÕQWaú eW aO., 2017; HRfeU eW aO., 2010; LRbeU eW aO., 2012; PaQeVaU eW aO., 2019; YRVhiQR eW aO., 2016). SRPe Rf
WheVe VWXdieV dePRQVWUaWed WhaW RGVP UecRQVWUXcWiRQ cRXOd SURYide YaOXabOe iQfRUPaWiRQ fRU SUe-VXUgicaO
SOaQQiQg. NeYeUWheOeVV, WheVe VWXdieV PRVWO\ SUeVeQW a YiVXaO dePRQVWUaWiRQ, e.g., a YiVXaOi]aWiRQ Rf RGVP
fibeU diVSOacePeQW dXe WR WXPRUV (LRbeU eW aO., 2012; PRWgieVeU eW aO., 2014), ZiWhRXW a cRPSUeheQViYe
eYaOXaWiRQ Rf diffeUeQW WUacWRgUaSh\ PeWhRdV. IQ WhiV VWXd\, Whe higheU UecRQVWUXcWiRQ UaWe aQd high SeUfRUPaQce
accRUdiQg WR e[SeUW jXdgPeQW iQdicaWed WhaW UKF-2T iV SRWeQWiaOO\ a beWWeU WUacWRgUaSh\ PeWhRd fRU SUe-VXUgicaO
SOaQQiQg. OWheU SUeYiRXV VWXdieV (AWheU eW aO., 2019; PX]Qiak eW aO., 2019) haYe UeSRUWed Whe UeOaWiRQVhiS
beWZeeQ aObiQiVP aQd RGVP UecRQVWUXcWiRQ UeVXOWV. HRZeYeU, Whe SeUceQWage Rf decXVVaWiQg fibeUV Rf WheVe
VWXdieV iV XQdeUeVWiPaWed cRPSaUed WR WhaW kQRZQ fURP hiVWRORgicaO VWXdieV (ChackR, 1948; KXSfeU eW aO., 1967;
Y. SiQWha, 1932). OXU VWXd\ VhRZed WhaW XViQg iFOD1 UecRQVWUXcWiRQ, Whe SeUceQWage Rf decXVVaWiQg fibeUV ZaV
cORVe WR Whe kQRZQ aQaWRP\ (ChackR, 1948; KXSfeU eW aO., 1967; Y. SiQWha, 1932).

PRWeQWiaO OiPiWaWiRQV Rf Whe SUeVeQW VWXd\, iQcOXdiQg VXggeVWed fXWXUe ZRUk WR addUeVV OiPiWaWiRQV, aUe aV
fROORZV. FiUVW, iQ RXU cXUUeQW VWXd\, Ze fRcXVed RQ Whe aVVeVVPeQW Rf Whe fRXU PajRU RGVP VXbdiYiViRQV, ZhiOe iW
ZRXOd be iQWeUeVWiQg WR iQcOXde PRUe VSecific RGVP VXbUegiRQV. FRU e[aPSOe, iW ZRXOd be SRVVibOe WR
iQYeVWigaWe Whe RGVP fibeUV eQWeUiQg Whe VXSeUiRU cROOicXOXV (PXUYeV eW aO., 2014). SecRQd, Ze fRcXVed RQ
RGVP WUackiQg XViQg dMRI daWa fURP heaOWh\ adXOWV iQ Whe cXUUeQW VWXd\. MaQ\ UeVeaUch VWXdieV haYe
VXggeVWed WhaW Whe RGVP iV iPSRUWaQW fRU XQdeUVWaQdiQg aQd/RU SRWeQWiaO WUeaWPeQW Rf YaUiRXV diVeaVeV,
iQcOXdiQg gOiRPa (HaOeV eW aO., 2018), RSWic QeXUiWiV (Beck eW aO., 2003; BUe[ eW aO., 2002; OSWic NeXUiWiV SWXd\
GURXS, 1997), iVchePic RSWic QeXURSaWh\ (AWW\p eW aO., 2018; ChR eW aO., 2016), aQd VheaWh PeQiQgiRPa (Schick
eW aO., 2004; TXUbiQ eW aO., 2002). FXUWheU ZRUk cRXOd iQcOXde a cRPSaUiVRQ Rf diffeUeQW WUacWRgUaSh\ PeWhRdV RQ
dMRI daWa fURP SRSXOaWiRQV ZiWh QeXURORgicaO diVRUdeUV RU bUaiQ WXPRUV. ThiUd, faOVe SRViWiYe fibeU WUackiQg haV
beeQ kQRZQ WR be SUeYaOeQW iQ WUacWRgUaSh\ (MaieU-HeiQ eW aO., 2017; ThRPaV eW aO., 2014; Xie eW aO., 2020b). IQ
RXU VWXd\, Ze haYe aOVR RbVeUYed VeYeUaO SOaceV ZheUe faOVe SRViWiYe RGVP WUackiQg ZaV OikeO\ WR haSSeQ, iQ
SaUWicXOaU, aW Whe RGVP eQdSRiQW UegiRQV (e.g., fibeU WUackiQg iQWR Whe e\ebaOOV aQd fibeU WUackiQg faQQiQg befRUe
eQWeUiQg Whe LGN). A fXWXUe iQYeVWigaWiRQ cRXOd iQcOXde aSSO\iQg adYaQced fibeU fiOWeUiQg WechQiTXeV (DadXcci eW
aO., 2015; MiOOeU eW aO., 2019; PeVWiOOi eW aO., 2014; SPiWh eW aO., 2015) WR fXUWheU UePRYe faOVe SRViWiYe fibeUV.

5. CRQFOXVLRQ

ThiV iV Whe fiUVW VWXd\ WR cRPSaUe PXOWiSOe WUacWRgUaSh\ PeWhRdV fRU UecRQVWUXcWiRQ Rf Whe cRPSOeWe
RGVP. OYeUaOO, Ze fRXQd WhaW Whe PXOWi-fibeU UKF WUacWRgUaSh\ (UKF-2T) aQd Whe SURbabiOiVWic CSD
WUacWRgUaSh\ (iFOD1) RbWaiQed Whe beVW UeVXOWV, VhRZiQg highO\ VXcceVVfXO SeUfRUPaQce WR ideQWif\ Whe fRXU
PajRU VXbdiYiViRQV Rf Whe RGVP. The iFOD1 PeWhRd caQ beWWeU TXaQWiWaWiYeO\ eVWiPaWe Whe SeUceQWage Rf
decXVVaWiQg fibeUV, ZhiOe Whe UKF-2T PeWhRd SURdXceV UecRQVWUXcWed RGVPV WhaW aUe jXdged WR beWWeU
cRUUeVSRQd WR kQRZQ aQaWRP\. HRZeYeU, iW iV chaOOeQgiQg fRU cXUUeQW WUacWRgUaSh\ PeWhRdV WR bRWh accXUaWeO\
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WUack RGVP fibeUV WhaW cRUUeVSRQd WR kQRZQ aQaWRP\ aQd SURdXce aQ aSSUR[iPaWeO\ cRUUecW SeUceQWage Rf
decXVVaWiQg fibeUV. We VXggeVW WhaW fXWXUe WUacWRgUaSh\ aOgRUiWhP deYeORSPeQW fRU RGVP WUackiQg VhRXOd Wake
cRQVideUaWiRQ Rf bRWh Rf WheVe WZR SRiQWV.

AFNQRZOHGJHPHQWV:

We gUaWefXOO\ ackQRZOedge fXQdiQg SURYided b\ Whe fROORZiQg NaWiRQaO IQVWiWXWeV Rf HeaOWh (NIH) gUaQWV:
P41 EB015902, P41 EB015898, R01 MH074794, R01 MH111917, R01 MH119222, R01 CA235589,
HHSN261200800001E, HHSN26100071, aQd U01 CA199459; Whe NaWiRQaO NaWXUaO ScieQce FRXQdaWiRQ Rf
ChiQa: 61976190, 61903336; Ke\ ReVeaUch & DeYeORSPeQW PURjecW Rf ZhejiaQg PURYiQce gUaQW: 2020C03070;
MajRU ScieQce aQd TechQRORg\ PURjecWV Rf WeQ]hRX: ZS2017007; ChiQeVe PRVWdRcWRUaO ScieQce FRXQdaWiRQ
(2019M663271). JiaQ]hRQg He ZaV VXSSRUWed b\ a VchROaUVhiS fURP Whe ChiQa SchROaUVhiS CRXQciO (CSC).
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