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AEVWUDFW

SSaWLaO RPLcV daWa aUe adYaQcLQg WKe VWXd\ Rf WLVVXe RUgaQL]aWLRQ aQd ceOOXOaU
cRPPXQLcaWLRQ aW aQ XQSUecedeQWed VcaOe. HeUe, Ze SUeVeQW STXLdS\, a P\WKRQ fUaPeZRUN
WKaW bULQgV WRgeWKeU WRROV fURP RPLcV aQd LPage aQaO\VLV WR eQabOe VcaOabOe deVcULSWLRQ Rf
VSaWLaO PROecXOaU daWa, VXcK aV WUaQVcULSWRPe RU PXOWLYaULaWe SURWeLQV. STXLdS\ SURYLdeV bRWK
LQfUaVWUXcWXUe aQd QXPeURXV aQaO\VLV PeWKRdV WKaW aOORZ WR effLcLeQWO\ VWRUe, PaQLSXOaWe aQd
LQWeUacWLYeO\ YLVXaOL]e VSaWLaO RPLcV daWa.

MDLQ

DLVVRcLaWLRQ-baVed VLQgOe ceOO WecKQRORgLeV KaYe eQabOed WKe deeS cKaUacWeUL]aWLRQ Rf
ceOOXOaU VWaWeV aQd WKe cUeaWLRQ Rf ceOO aWOaVeV Rf PaQ\ RUgaQV aQd VSecLeV1. HRZeYeU, KRZ
ceOOXOaU dLYeUVLW\ cRQVWLWXWeV WLVVXe RUgaQL]aWLRQ aQd fXQcWLRQ LV VWLOO aQ RSeQ TXeVWLRQ.
SSaWLaOO\-UeVROYed PROecXOaU WecKQRORgLeV aLP aW bULdgLQg WKLV gaS b\ eQabOLQg WKe
LQYeVWLgaWLRQ Rf WLVVXeV LQ VLWX aW ceOOXOaU aQd VXbceOOXOaU UeVROXWLRQ2±4. IQ cRQWUaVW WR WKe
cXUUeQW VWaWe Rf WKe aUW dLVVRcLaWLRQ-baVed SURWRcROV, VSaWLaO PROecXOaU WecKQRORgLeV acTXLUe
daWa LQ gUeaWO\ dLYeUVe fRUPV, LQ WeUPV Rf UeVROXWLRQ (feZ ceOOV SeU RbVeUYaWLRQ WR VXbceOOXOaU
UeVROXWLRQ), PXOWLSOe[LQg (dR]eQV Rf feaWXUeV WR geQRPe-ZLde e[SUeVVLRQ SURfLOeV), PRdaOLW\
(WUaQVcULSWRPLcV, SURWeRPLcV aQd PeWabRORPLcV) aQd RfWeQ WLPeV ZLWK aQ aVVRcLaWed
KLgK-cRQWeQW LPage Rf WKe caSWXUed WLVVXe2±4. SXcK dLYeUVLW\ LQ UeVXOWLQg daWa aQd
cRUUeVSRQdLQg fRUPaWV cXUUeQWO\ UeSUeVeQWV aQ RUgaQLVaWLRQaO KXUdOe WKaW KaV KaPSeUed
XUgeQWO\ Qeeded deYeORSPeQW Rf LQWeURSeUabOe aQd bURad aQaO\VLV PeWKRdV. TKe XQdeUO\LQg
cRPSXWaWLRQaO cKaOOeQge UeTXLUeV VROXWLRQV bRWK LQ WeUPV Rf effLcLeQW daWa UeSUeVeQWaWLRQ aV
ZeOO aV cRPSUeKeQVLYe aQaO\VLV aQd YLVXaOL]aWLRQ PeWKRdV.

HeQce, e[LVWLQg aQaO\VLV fUaPeZRUNV fRU VSaWLaO daWa fRcXV eLWKeU RQ SUe-SURceVVLQg5±8 RU RQ
RQe SaUWLcXOaU aVSecW Rf VSaWLaO daWa aQaO\VLV9±13. DXe WR WKe OacN Rf a XQLfLed daWa
UeSUeVeQWaWLRQ aQd PRdXOaU API, XVeUV VR faU caQQRW SeUfRUP cRPSUeKeQVLYe aQaO\VeV
OeYeUagLQg WKe fXOO VSaWLaO PRdaOLW\, e.g. cRPbLQLQg VWOeaUQ¶V12 LQWegUaWLYe aQaO\VLV Rf WLVVXe
LPageV WRgeWKeU ZLWK GLRWWR¶V SRZeUfXO VSaWLaO VWaWLVWLcV11. A cRPSUeKeQVLYe fUaPeZRUN WKaW
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eQabOeV cRPPXQLW\-dULYeQ VcaOabOe aQaO\VLV Rf bRWK VSaWLaO QeLgKbRUKRRd gUaSK aQd LPage,
aORQg ZLWK aQ LQWeUacWLYe YLVXaOL]aWLRQ PRdXOe, LV PLVVLQg (SXSSOePeQWaU\ TabOe 1).

FRU WKLV SXUSRVe Ze deYeORSed ³SSaWLaO QXaQWLfLcaWLRQ Rf MROecXOaU DaWa LQ P\WKRQ´
(STXLdS\), a S\WKRQ-baVed fUaPeZRUN fRU WKe aQaO\VLV Rf VSaWLaOO\-UeVROYed RPLcV daWa (FLg.
1). STXLdS\ aLPV WR bULQg WKe dLYeUVLW\ Rf VSaWLaO daWa LQ a cRPPRQ daWa UeSUeVeQWaWLRQ aQd
SURYLde a cRPPRQ VeW Rf aQaO\VLV aQd LQWeUacWLYe YLVXaOL]aWLRQ WRROV. SXcK LQfUaVWUXcWXUe LV
XVefXO LQ a YaULeW\ Rf aQaO\VLV VeWWLQgV, fRU dLffeUeQW daWa W\SeV, aQd LW e[SOLcLWO\ OeYeUageV WKe
addLWLRQaO LQfRUPaWLRQ WKaW VSaWLaO daWa SURYLdeV: WKe VSaWLaO cRRUdLQaWeV aQd, ZKeQ aYaLOabOe,
WKe WLVVXe LPage. STXLdS\ LV bXLOW RQ WRS Rf ScaQS\ aQd AQQdaWa14, aQd LW UeOLeV RQ VeYeUaO
VcLeQWLfLc cRPSXWLQg OLbUaULeV LQ P\WKRQ, VXcK aV ScLNLW-LPage15 aQd NaSaUL16. IWV PRdXOaULW\
PaNeV LW VXLWabOe WR be LQWeUfaced ZLWK a YaULeW\ Rf addLWLRQaO WRROV LQ WKe S\WKRQ daWa VcLeQce
aQd PacKLQe OeaUQLQg ecRV\VWeP, aV ZeOO aV VeYeUaO VLQgOe-ceOO daWa aQaO\VLV SacNageV. IW
aOORZV WR TXLcNO\ e[SORUe VSaWLaO daWaVeWV aQd Oa\V WKe fRXQdaWLRQV fRU bRWK VSaWLaO RPLcV
daWa aQaO\VLV aV ZeOO aV QRYeO PeWKRdV deYeORSPeQW.

RHVXOWV

STXidS\ SURYideV WechQRORg\-agQRVWic daWa UeSUeVeQWaWiRQV fRU VSaWiaO gUaShV aQd iPageV

STXLdS\ LQWURdXceV WZR PaLQ daWa UeSUeVeQWaWLRQV WR PaQage aQd VWRUe VSaWLaO RPLcV daWa LQ
a WecKQRORg\-agQRVWLc Za\: a QeLgKbRUKRRd gUaSK fURP VSaWLaO cRRUdLQaWeV, aQd OaUge VRXUce
LPageV acTXLUed LQ VSaWLaO RPLcV daWa (FLg. 1b). SSaWLaO gUaSKV eQcRde VSaWLaO SUR[LPLW\, aQd
aUe, deSeQdLQg RQ daWa UeVROXWLRQ, fOe[LbOe LQ RUdeU WR VXSSRUW WKe YaULeW\ Rf QeLgKbRUKRRd
PeWULcV WKaW VSaWLaO daWa W\SeV aQd XVeUV Pa\ UeTXLUe. FRU LQVWaQce, LQ SSaWLaO
TUaQVcULSWRPLcV (ST17, VLVLXP18, DBLW-VeT19), a QRde LV a VSRW aQd a QeLgKbRUKRRd VeW caQ be
defLQed b\ a fL[ed QXPbeU Rf adMaceQW VSRWV ZKeUeaV LQ LPagLQg-baVed PROecXOaU daWa
(VeTFISH20, MERFISH21, IPagLQg MaVV C\WRPeWU\22,23, C\CLf24, 4L25, SSaWLaO MeWabRORPLcV26,
Vee FLg. 1a), a QRde caQ be defLQed aV a ceOO (RU SL[eO), aQd a QeLgKbRUKRRd VeW caQ aOVR be
cKRVeQ baVed RQ a fL[ed UadLXV (e[SUeVVed LQ VSaWLaO XQLWV) fURP WKe ceQWURLd Rf eacK
RbVeUYaWLRQ. AOWeUQaWLYeO\, RWKeU dLVVLPLOaULW\ PeaVXUeV, VXcK aV eXcOLdeaQ dLVWaQce, caQ be
XWLOL]ed WR bXLOd WKe QeLgKbRU gUaSK. SXcK daWa UeSUeVeQWaWLRQ LV VXLWabOe fRU PaQ\ aQaO\VLV
WRROV WKaW aLP aW TXaQWLf\LQg VSaWLaO RUgaQL]aWLRQ Rf WKe WLVVXe. IQ STXLdS\, Ze SURYLde VeYeUaO
WRROV WR cRPSXWe VWaWLVWLcV aW ceOO aQd geQe OeYeO, VXcK aV a QeLgKbRUKRRd eQULcKPeQW VcRUe
RQ WKe VSaWLaO gUaSK, a OLgaQd-UeceSWRU LQWeUacWLRQ aQaO\VLV WRRO, aQd WKe MRUaQ'V I VSaWLaO
aXWRcRUUeOaWLRQ VcRUe fRU VSaWLaOO\ YaULabOe geQeV LdeQWLfLcaWLRQ (FLg. 1c).
TKe KLgK UeVROXWLRQ PLcURVcRS\ LPage addLWLRQaOO\ caSWXUed b\ VSaWLaO RPLcV WecKQRORgLeV
UeSUeVeQWV a ULcK VRXUce Rf PRUSKRORgLcaO LQfRUPaWLRQ WKaW caQ SURYLde Ne\ bLRORgLcaO LQVLgKWV
LQWR WLVVXe VWUXcWXUe aQd ceOOXOaU YaULaWLRQ. STXLdS\ LQWURdXceV a QeZ daWa RbMecW, WKe IPage
CRQWaLQeU, WKaW effLcLeQWO\ VWRUeV WKe LPage ZLWK aQ RQ-dLVN/LQ-PePRU\ VZLWcK baVed RQ
[AUUa\ aQd DaVN27,28. TKe IPage CRQWaLQeU SURYLdeV LPage aQaO\VLV WRROV, VXcK aV
SeUfRUPLQg LPage SUeSURceVVLQg, VegPeQWaWLRQ, aQd feaWXUe e[WUacWLRQ, aV ZeOO aV LQWeUfacLQg
ZLWK PRdeUQ deeS OeaUQLQg fUaPeZRUNV fRU PRUe adYaQced aQaO\VLV15 (FLg. 1c ULgKW). IW
SURYLdeV VeaPOeVV LQWegUaWLRQ ZLWK NaSaUL16, WKXV eQabOLQg LQWeUacWLYe YLVXaOL]aWLRQ Rf
aQaO\VLV UeVXOWV VWRUed LQ aQ AQQdaWa RbMecW aORQgVLde WKe KLgK UeVROXWLRQ LPage dLUecWO\ fURP
a JXS\WeU QRWebRRN. IW aOVR eQabOeV LQWeUacWLYe PaQXaO cURSSLQg Rf WLVVXe aUeaV aQd
aXWRPaWLc aQQRWaWLRQ Rf RbVeUYaWLRQV LQ AQQdaWa. SLQce NaSaUL LV aQ LPage YLeZeU LQ P\WKRQ,
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aOO WKe abRYe-PeQWLRQed fXQcWLRQaOLWLeV caQ be aOVR LQWeUacWLYeO\ e[ecXWed ZLWKRXW addLWLRQaO
UeTXLUePeQWV.

STXidS\ eQabOeV caOcXOaWiRQ Rf VSaWiaO ceOOXOaU VWaWiVWicV XViQg VSaWiaO gUaShV

A Ne\ TXeVWLRQ LQ WKe aQaO\VLV Rf VSaWLaO PROecXOaU daWa LV WKe deVcULSWLRQ aQd TXaQWLfLcaWLRQ
Rf VSaWLaO SaWWeUQV aQd ceOOXOaU QeLgKbRUKRRdV acURVV WKe WLVVXe. STXLdS\ SURYLdeV VeYeUaO
WRROV WKaW OeYeUage WKe VSaWLaO gUaSK WR addUeVV VXcK TXeVWLRQV. FRU LQVWaQce, a
QeLgKbRUKRRd eQULcKPeQW aQaO\VLV VcRUe WKaW TXaQWLfLeV cOXVWeU SUR[LPLW\ ZLWK a SeUPXWaWLRQ
baVed WeVW (Vee RQOLQe PeWKRdV) LV aYaLOabOe. WKeQ aSSOLed WR a UeceQWO\ SXbOLVKed VeTFISH
daWa Rf PRXVe gaVWUXOaWLRQ29, Ze fRXQd VeYeUaO cOXVWeUV WR be cR-eQULcKed LQ WKeLU ceOOXOaU
QeLgKbRUV (FLg. 2a,b), UecaSLWXOaWLQg WKe PaLQ UeVXOWV Rf WKe RULgLQaO aXWKRUV. FXUWKeUPRUe,RXU
LPSOePeQWaWLRQ LV VcaOabOe aQd a10 fROd faVWeU WKaQ a VLPLOaU LPSOePeQWaWLRQ LQ GLRWWR11

(SXSSOePeQWaU\ FLg. 1a), eQabOLQg aQaO\VLV Rf OaUge-VcaOe VSaWLaO RPLcV daWaVeWV. STXLdS\
aOVR cRPSXWeV a cR-RccXUUeQce VcRUe fRU cOXVWeUV acURVV VSaWLaO cRRUdLQaWeV, ZKLcK Ze
aSSOLed WR a 4L daWaVeW Rf HeOa ceOOV25. We cRQVLdeUed a270,000 SL[eOV aV VXbceOOXOaU
UeVROXWLRQ RbVeUYaWLRQV, aQd eYaOXaWed WKeLU cOXVWeU cR-RccXUUeQce aW LQcUeaVLQg dLVWaQceV
(FLg. 2 c,d). AV e[SecWed, WKe VXbceOOXOaU PeaVXUePeQWV aQQRWaWed LQ WKe NXcOeXV
cRPSaUWPeQW cR-RccXU WRgeWKeU ZLWK WKe NXcOeXV aQd WKe NXcOeaU eQYeORSe, aW VKRUW
dLVWaQceV. STXLdS\ SURYLdeV addLWLRQaO WRROV WR LQYeVWLgaWe feaWXUeV Rf VSaWLaO-PROecXOaU daWa,
VXcK aV a faVW aQd bURadeU LPSOePeQWaWLRQ Rf CeOOPKRQeDB30 fRU VSaWLaO OLgaQd-UeceSWRU
LQWeUacWLRQ aQaO\VLV, OeYeUagLQg WKe OaUgeU OPQLSaWK daWabaVe31, aQd WKe MRUaQ'V I VSaWLaO
aXWRcRUUeOaWLRQ VWaWLVWLc fRU deWecWLRQ Rf VSaWLaOO\ YaULabOe geQeV32 (FLg 2 e,f). TKeVe VWaWLVWLcV
\LeOd LQWeUSUeWabOe UeVXOWV acURVV dLYeUVe e[SeULPeQWaO WecKQLTXeV, aV Ze dePRQVWUaWe RQ aQ
IPagLQg MaVV C\WRPeWU\ daWaVeW33, ZKeUe Ze VKRZcaVe addLWLRQaO PeWKRdV OLNe WKe RLSOe\'V
K fXQcWLRQ, aYeUage cOXVWeULQg, aQd degUee aQd cORVeQeVV ceQWUaOLW\ (Vee SXSSOePeQWaU\ FLg.
3).

STXidS\ aOORZV aQaO\ViV Rf iPageV iQ VSaWiaO RPicV aQaO\ViV ZRUkfORZV

STXLdS\'V IPage CRQWaLQeU RbMecW SURYLdeV a geQeUaO PaSSLQg beWZeeQ SL[eO cRRUdLQaWeV
aQd PROecXOaU SURfLOe, eQabOLQg aQaO\VWV WR UeOaWe LPage-OeYeO RbVeUYaWLRQV WR RPLcV
PeaVXUePeQWV.
FROORZLQg VWaQdaUd LPage-baVe SURfLOLQg WecKQLTXeV34, STXLdS\ LPSOePeQWV a SLSeOLQe baVed
RQ ScLNLW-LPage15 fRU SUeSURceVVLQg aQd VegPeQWLQg LPageV, e[WUacWLQg PRUSKRORgLcaO,
We[WXUe, aQd deeS OeaUQLQg-SRZeUed feaWXUeV (SXSSOePeQWaU\ FLg. 2a). TR eQabOe effLcLeQW
SURceVVLQg Rf YeU\ OaUge LPageV, WKLV SLSeOLQe XWLOLVeV Oa]\ ORadLQg, LPage WLOLQg aQd
PXOWL-SURceVVLQg (SXSSOePeQWaU\ FLg. 1b). FeaWXUeV caQ be e[WUacWed fURP a UaZ WLVVXe
LPage cURS, RU STXLdS\¶V QXcOeL-VegPeQWaWLRQ PRdXOe caQ be XVed WR e[WUacW QXcOeL cRXQWV
aQd QXcOeL VL]eV (SXSSOePeQWaU\ FLg. 2b). FRU LQVWaQce, Ze caQ OeYeUage VegPeQWed QXcOeL
WR LQfRUP ceOO-W\Se decRQYROXWLRQ PeWKRdV VXcK aV TaQgUaP35 RU CeOO2LRcaWLRQ36

(SXSSOePeQWaU\ FLg. 4).
AV aQ e[aPSOe Rf VegPeQWaWLRQ-baVed feaWXUeV, Ze caOcXOaWed a QXcOeL VegPeQWaWLRQ XVLQg
WKe DAPI VWaLQ Rf a fOXRUeVceQce PRXVe bUaLQ VecWLRQ aQd VKRZed WKe eVWLPaWed QXPbeU Rf
QXcOeL SeU VSRW RQ WKe KLSSRcaPSXV (FLg. 2g). TKe ceOO-deQVe S\UaPLdaO Oa\eU caQ be eaVLO\
dLVWLQgXLVKed ZLWK WKLV YLeZ Rf WKe daWa, VKRZcaVLQg WKe ULcKQeVV aQd LQWeUSUeWabLOLW\ Rf
LQfRUPaWLRQ WKaW caQ be e[WUacWed fURP WLVVXe LPageV ZKeQ bURXgKW LQ a VSRW-baVed fRUPaW.
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STXLdS\¶V feaWXUe e[WUacWLRQ SLSeOLQe eQabOeV dLUecW cRPSaULVRQ aQd MRLQW aQaO\VLV Rf LPage
daWa aQd RPLcV daWa. FRU LQVWaQce, XVLQg a VLVLXP PRXVe bUaLQ daWaVeW, Ze cRPSaUed geQe
cOXVWeUV ZLWK a cOXVWeULQg Rf VXPPaU\ feaWXUeV (PeaQ, VWaQdaUd deYLaWLRQ, 0.1, 0.5, aQd 0.9WK
TXaQWLOeV) Rf WKe accRPSaQ\LQg H&E VWaLQed WLVVXe LPage (FLg. 2e,K). SeYeUaO LPage feaWXUe
cOXVWeUV VKRZ VLPLOaULWLeV ZLWK WKe geQe-baVed cOXVWeUV, eVSecLaOO\ LQ WKe KLSSRcaPSXV (77%
RYeUOaS ZLWK LPage feaWXUe cOXVWeU 10), aQd WKe K\SRWKaOaPXV (54% RYeUOaS ZLWK LPage
feaWXUe cOXVWeU 10), bXW SURYLde a dLffeUeQW YLeZ Rf WKe daWa LQ WKe cRUWe[ (QR RYeUOaS >33%
ZLWK aQ\ LPage feaWXUe cOXVWeUV) (SXSSOePeQWaU\ FLg. 2e).

CRQFOXVLRQ

IQ VXPPaU\, STXLdS\ eQabOeV WKe aQaO\VLV Rf VSaWLaO PROecXOaU daWa b\ OeYeUagLQg WZR daWa
UeSUeVeQWaWLRQV: WKe VSaWLaO gUaSK aQd WKe WLVVXe LPage. IW LQWeUfaceV ZLWK ScaQS\ aQd WKe
P\WKRQ daWa VcLeQce ecRV\VWeP, SURYLdLQg a VcaOabOe aQd e[WeQdabOe fUaPeZRUN fRU QRYeO
PeWKRdV deYeORSPeQW LQ WKe fLeOd Rf bLRORgLcaO VSaWLaO PROecXOaU daWa. We aUe cRQYLQced WKaW
STXLdS\ cRXOd cRQWULbXWe WR bXLOdLQg a bULdge beWZeeQ WKe PROecXOaU RPLcV cRPPXQLW\ aQd
WKe LPage aQaO\VLV aQd cRPSXWeU YLVLRQ cRPPXQLW\ WR deYeORS WKe Qe[W geQeUaWLRQ Rf
cRPSXWaWLRQaO PeWKRdV fRU VSaWLaO RPLcV WecKQRORgLeV.

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 29, 2021. ; https://doi.org/10.1101/2021.02.19.431994doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.19.431994
http://creativecommons.org/licenses/by/4.0/


FLJXUHV

FLJXUH 1: STXLGS\ LV D VRIWZDUH IUDPHZRUN IRU WKH DQDO\VLV RI VSDWLDO RPLFV GDWD.
(a) STXLdS\ VXSSRUWV LQSXWV fURP dLYeUVe VSaWLaO PROecXOaU WecKQRORgLeV ZLWK VSRW-baVed,
VLQgOe-ceOO, RU VXbceOOXOaU VSaWLaO UeVROXWLRQ.
(b) BXLOdLQg XSRQ WKe VLQgOe-ceOO aQaO\VLV VRfWZaUe ScaQS\14 aQd WKe AQQdaWa fRUPaW,
STXLdS\ SURYLdeV effLcLeQW daWa UeSUeVeQWaWLRQV Rf WKeVe LQSXWV, VWRULQg VSaWLaO dLVWaQceV
beWZeeQ RbVeUYaWLRQV LQ a VSaWLaO gUaSK aQd SURYLdLQg aQ effLcLeQW LPage UeSUeVeQWaWLRQ fRU
KLgK UeVROXWLRQ WLVVXe LPageV WKaW PLgKW be RbWaLQed WRgeWKeU ZLWK WKe PROecXOaU daWa.
(c) UVLQg WKeVe UeSUeVeQWaWLRQV, VeYeUaO aQaO\VLV fXQcWLRQV aUe defLQed WR TXaQWLWaWLYeO\
deVcULbe WLVVXe RUgaQL]aWLRQ aW ceOOXOaU (VSaWLaO QeLgKbRUKRRd) aQd geQe OeYeO (VSaWLaO
VWaWLVWLcV, VSaWLaOO\-YaULabOe geQeV aQd OLgaQd-UeceSWRU LQWeUacWLRQV), WR cRPbLQe PLcURVcRS\
LPage LQfRUPaWLRQ (LPage feaWXUeV aQd QXcOeL VegPeQWaWLRQ) ZLWK RPLcV LQfRUPaWLRQ aQd WR
LQWeUacWLYeO\ YLVXaOL]e KLgK-UeVROXWLRQ LPageV.
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FLJXUH 2: AQDO\VLV RI VSDWLDO RPLFV GDWDVHWV DFURVV GLYHUVH H[SHULPHQWDO WHFKQLTXHV
XVLQJ STXLGS\.
(a) NeLgKbRUKRRd eQULcKPeQW aQaO\VLV beWZeeQ ceOO cOXVWeUV LQ VSaWLaO cRRUdLQaWeV. TKe
"LaWeUaO SOaWe PeVRdeUP" cOXVWeU LV cR-eQULcKed ZLWK WKe "AOOOaQWRLV" aQd "IQWeUPedLaWe
PeVRdeUP" cOXVWeU. AOVR, WKe "EQdRWKeOLXP" cOXVWeU LV eQULcKed ZLWK WKe "HaePaWReQdRWKeOLaO
SURgeQLWRUV". BRWK Rf WKeVe UeVXOWV ZeUe aOVR UeSRUWed b\ WKe RULgLQaO aXWKRUV29.
(b) VLVXaOL]aWLRQ Rf VeOecWed cOXVWeUV Rf WKe VeTFISH PRXVe gaVWUXOaWLRQ daWaVeW.
(c) VLVXaOL]aWLRQ Rf VXbceOOXOaU PROecXOaU SURfLOeV LQ HeOa CeOOV, SORWWed LQ VSaWLaO cRRUdLQaWeV

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 29, 2021. ; https://doi.org/10.1101/2021.02.19.431994doi: bioRxiv preprint 

https://paperpile.com/c/epVJR9/FOnm
https://doi.org/10.1101/2021.02.19.431994
http://creativecommons.org/licenses/by/4.0/


(aSSUR[ 270000 RbVeUYaWLRQV/SL[eOV).
(d) COXVWeU cR-RccXUUeQce VcRUe aW LQcUeaVLQg dLVWaQce WKUeVKROd acURVV WKe WLVVXe. TKe
cOXVWeU "NXcOeROXV" LV fRXQd WR be cR-eQULcKed aW VKRUW dLVWaQceV ZLWK WKe "NXcOeXV" aQd WKe
"NXcOeaU eQYeORSe" cOXVWeUV.
(e) E[SUeVVLRQ Rf NUgQ, MRbS, aQd cOXVWeULQg UeVXOW fURP geQe e[SUeVVLRQ VSace SORWWed RQ
VSaWLaO cRRUdLQaWeV. NUgQ aQd MRbS aUe VSaWLaOO\ YaULabOe geQeV defLQed ZLWK MRUaQ¶V I
gORbaO VSaWLaO aXWRcRUUeOaWLRQ VcRUe. TKe VeOecWed geQeV aUe VSaWLaOO\ dLVWULbXWed aQd WKe\
aUe VKaUed acURVV dLffeUeQW cOXVWeUV.
(f) LLgaQd-UeceSWRU LQWeUacWLRQV fURP WKe cOXVWeU ³HLSSRcaPSXV´ WR cOXVWeUV ³P\UaPLdaO La\eU´
aQd ³P\UaPLdaO Oa\eU deQWaWe g\UXV´. SKRZQ aUe a VXbVeW Rf VLgQLfLcaQW OLgaQd-UeceSWRU SaLUV
TXeULed XVLQg OPQLSaWK daWabaVe.
(g) SegPeQWaWLRQ feaWXUeV deULYed fURP fOXRUeVceQce LPage Rf VLVLXP PRXVe bUaLQ daWaVeW.
TRS OefW: DAPI VWaLQ. BRWWRP OefW: QXcOeL VegPeQWaWLRQ XVLQg DAPI VWaLQ. RLgKW: QXPbeU Rf
QXcOeL LQ eacK VLVLXP VSRW deULYed fURP WKe QXcOeL VegPeQWaWLRQ cRXQW. TKe \eOORZ VTXaUe
VKRZV WKe ORcaWLRQ Rf WKe LQVeW.
(K) H&E VWaLQ aQd cOXVWeULQg Rf VXPPaU\ LPage feaWXUeV (cKaQQeO LQWeQVLW\ PeaQ, VWaQdaUd
deYLaWLRQ, aQd 0.1, 0.5, 0.9WK TXaQWLOeV) deULYed fURP WKe H&E VWaLQ aW eacK VSRW ORcaWLRQ (fRU
TXaQWLWaWLYe cRPSaULVRQ Vee SXSSOePeQWaU\ FLg. 2e).
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CRGH DQG GDWD DYDLODELOLW\

STXLdS\ LV a SLS LQVWaOOabOe S\WKRQ SacNage aQd aYaLOabOe aW WKe fROORZLQg gLWKXb UeSRVLWRU\:
KWWSV://gLWKXb.cRP/WKeLVOab/VTXLdS\ , ZLWK dRcXPeQWaWLRQ aW:
KWWSV://VTXLdS\.UeadWKedRcV.LR/eQ/OaWeVW/ . AOO WKe UeVXOWV Rf WKLV aQaO\VLV caQ be fRXQd aW WKe
fROORZLQg gLWKXb UeSRVLWRU\: KWWSV://gLWKXb.cRP/WKeLVOab/VTXLdS\_UeSURdXcLbLOLW\ . TKe
SUe-SURceVVed daWaVeWV KaYe beeQ deSRVLWed aW
KWWSV://dRL.RUg/10.6084/P9.fLgVKaUe.c.5273297.Y1 aQd WKe\ aUe aOO cRQYeQLeQWO\ acceVVLbOe LQ
P\WKRQ YLa WKe VTXidS\.daWaVeW PRdXOe. TKe daWaVeWV XVed LQ WKLV aUWLcOe aUe WKe fROORZLQg:
IPagLQg MaVV C\WRPeWU\33, VeTFISH29, 4L25, aQd VeYeUaO VLVLXP18 daWaVeWV aYaLOabOe fURP WKe
ZebVLWe: KWWSV://VXSSRUW.10[geQRPLcV.cRP/VSaWLaO-geQe-e[SUeVVLRQ/daWaVeWV .

AFNQRZOHGJPHQWV

We ZRXOd OLNe WR acNQRZOedge LXNe ZaSSLa, MaOWe LXecNeQ aQd aOO WKe PePbeUV Rf TKeLV Oab
fRU KeOSfXO dLVcXVVLRQ. We ZRXOd OLNe WR acNQRZOedge GePPa FRUQRQV fRU WKe STXLdS\ ORgR,
ScaQS\ deYeORSeUV PKLOLSS AQgeUeU aQd FLdeO RaPLUe] fRU XVefXO dLVcXVVLRQ aQd cRde
UeYLVLRQ. We ZRXOd OLNe WR WKaQN aXWKRUV Rf RULgLQaO SXbOLcaWLRQV aQd 10[ GeQRPLcV fRU
PaNLQg VSaWLaO RPLcV daWaVeWV SXbOLcO\ aYaLOabOe.

Sa.R., G.P. aUe VXSSRUWed b\ WKe HeOPKROW] AVVRcLaWLRQ XQdeU WKe MRLQW UeVeaUcK VcKRRO
"MXQLcK ScKRRO fRU DaWa ScLeQce´ - MUDS.
A.C.S. KaV beeQ fXQded b\ WKe GeUPaQ FedeUaO MLQLVWU\ Rf EdXcaWLRQ aQd ReVeaUcK (BMBF)
XQdeU GUaQW NR. 01IS18036B.
F.J.T. acNQRZOedgeV VXSSRUW b\ WKe BMBF (gUaQW# 01IS18036B, gUaQW# 01IS18053A aQd
gUaQW# 031L0210A), WKe EXURSeaQ UQLRQ¶V HRUL]RQ 2020 UeVeaUcK aQd LQQRYaWLRQ
SURgUaPPe XQdeU gUaQW agUeePeQW NR 874656, WKe CKaQ ZXcNeUbeUg IQLWLaWLYe DAF (adYLVed
fXQd Rf SLOLcRQ VaOOe\ CRPPXQLW\ FRXQdaWLRQ, gUaQW # 2019-207271), WKe BaYaULaQ MLQLVWU\ Rf
ScLeQce aQd WKe AUWV LQ WKe fUaPeZRUN Rf WKe BaYaULaQ ReVeaUcK AVVRcLaWLRQ "FRUIQWeU"
(IQWeUacWLRQ Rf KXPaQ bUaLQ ceOOV)  aQd b\ WKe HeOPKROW] AVVRcLaWLRQ¶V IQLWLaWLYe aQd
NeWZRUNLQg FXQd WKURXgK HeOPKROW] AI [gUaQW QXPbeU: ZT-I-PF-5-01] aQd VSaUVe2bLg [gUaQW
QXPbeU ZT-I-007].
F.J.T. UeSRUWV UeceLYLQg cRQVXOWLQg feeV fURP RRcKe DLagQRVWLcV GPbH aQd CeOOaULW\ IQc., aQd
RZQeUVKLS LQWeUeVW LQ CeOOaULW\, IQc. aQd DeUPagQRVWL[

AXWKRU FRQWULEXWLRQV

G.P., H.S., M.K., D.F., F.J.T. deVLgQed WKe VWXd\. G.P., H.S., M.K., D.F., A.C.S, L.B.K., Se.R.,
I.L.I., O.H., I.V., M.L. , Sa.R. ZURWe WKe cRde. G.P., H.S., M.K. SeUfRUPed WKe aQaO\VLV. F.J.T.
VXSeUYLVed WKe ZRUN. AOO aXWKRUV Uead aQd cRUUecWed WKe fLQaO PaQXVcULSW.
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SXSSOHPHQWV

SXSSOHPHQWDU\ FLJXUH 1. BHQFKPDUNLQJ UHVRXUFHV IRU STXLGS\ DQDO\VLV PRGXOHV.
BeQcKPaUNV (a) aQd (b) ZeUe UXQ RQ a 2,4 GH] IQWeO CRUe L5 SURceVVRU ZLWK 4 cRUeV aQd 16
GB RAM. BeQcKPaUNV (c) aQd (d) ZeUe UXQ RQ a CeQWRV 8 VeUYeU cOXVWeU ZLWK 32 cRUeV aQd
128 GB Rf PePRU\. UQOeVV e[SOLcLWO\ PeQWLRQed, fXQcWLRQV ZeUe UXQ ZLWKRXW SaUaOOeOL]aWLRQ.

(a) E[ecXWLRQ WLPeV fRU VSaWLaO gUaSK bXLOdLQg aQd QeLgKbRUKRRd eQULcKPeQW aQaO\VLV,
cRPSaULQg fRXU VSaWLaO daWaVeWV aW LQcUeaVLQg QXPbeU Rf RbVeUYaWLRQV. STXLdS\ RXWSeUfRUPV
VLPLOaU fXQcWLRQV SURYLded b\ WKe GLRWWR WRRONLW11, fRU aQ\ daWaVeW aQd WaVN. ReSRUWed aUe
PeaQ YaOXeV fRU 10 UXQV, e[ceSW fRU WKe 4L QeLgKbRU eQULcKPeQW WeVW WKaW ZaV UXQ RQO\ RQce LQ
GLRWWR.

(b) E[ecXWLRQ WLPe fRU W\SLcaO feaWXUe e[WUacWLRQ ZRUNfORZ RQ dLffeUeQW daWaVeWV. TKe feaWXUe
e[WUacWLRQ ZRUNfORZ cRQVLVWed Rf VegPeQWLQg WKe LPage XVLQg ZaWeUVKed ZLWK a fL[ed
WKUeVKROd, aQd e[WUacWLQg VXPPaU\ aQd VegPeQWaWLRQ feaWXUeV ZLWK defaXOW SaUaPeWeUV. TKe
VegPeQWaWLRQ ZaV dRQe XVLQg LPage WLOeV Rf VL]e 2000. UVLQg PRUe cRUeV (WaVNV) OLQeaUO\
decUeaVeV cRPSXWaWLRQ WLPe fRU WKe feaWXUe e[WUacWLRQ ZRUNfORZ, eQabOLQg SURceVVLQg Rf YeU\
OaUge LPageV (>400M SL[eOV).

(c) E[ecXWLRQ WLPe fRU STXLdS\¶V LPSOePeQWaWLRQ Rf WKe CeOOSKRQeDB SeUPXWaWLRQ-baVed WeVW,
aW aQ LQcUeaVLQg QXPbeU Rf geQeV fRU WKe deYeORSPeQW Rf KXPaQ fRUebUaLQ daWaVeW37.

(d) STXLdS\ LPSOePeQWaWLRQ Rf WKe CeOOSKRQeDB SeUPXWaWLRQ-baVed WeVWV XVeV WKe fXOO
OPQLSaWK daWabaVe fRU OLgaQd UeceSWRU aQQRWaWLRQV. FRU WZR daWaVeWV (SaXO1538 PRXVe aQd
SbPc3N39 KXPaQ), OPQLSaWK LQ STXLdS\ caQ UecRYeU a KLgKeU QXPbeU Rf LQWeUacWLRQV.
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SXSSOHPHQWDU\ FLJXUH 2. IPDJH SURFHVVLQJ ZRUNIORZ DQG H[DPSOHV RI VHJPHQWDWLRQ
DQG GHHS OHDUQLQJ LQWHUIDFH
(a) E[ePSOaU\ LPage SURceVVLQg ZRUNfORZ XWLOLVLQg STXLdS\¶V IPage CRQWaLQeU RbMecW. FURP
OefW WR ULgKW aUe VKRZQ: WKe KLgK-UeVROXWLRQ VRXUce LPage, WKe SUeSURceVVLQg UeVXOWV (VPRRWK,
gUa\ PeWKRdV), WKe ceOO-VegPeQWaWLRQ UeVXOWV (WKaW caQ be dRQe ZLWK a ZaWeUVKed RU cXVWRP,
deeS OeaUQLQg-baVed aSSURacK) aQd fLQaOO\ WKe feaWXUe e[WUacWLRQ UeVXOWV. TKe feaWXUeV caQ be
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cRPSXWed bRWK aW VSRW OeYeO, RU aW VegPeQWaWLRQ PaVN OeYeO, eQabOLQg WKe aQaO\VLV WR UeOaWe
aQ\ SL[eO-OeYeO PeWULc WR WKe PROecXOaU SURfLOe.

(b) SegPeQWaWLRQ feaWXUeV e[WUacWed XVLQg a ZaWeUVKed VegPeQWaWLRQ. E[WeQVLRQ Rf FLgXUe 2
(a). FURP OefW WR ULgKW aUe VKRZQ: QXPbeU Rf QXcOeL XQdeUQeaWK eacK VLVLXP VSRW, PeaQ
LQWeQVLW\ Rf aQWL-NEUN cKaQQeO ZLWKLQ WKe QXcOeL PaVNV, PeaQ LQWeQVLW\ Rf aQWL-GFAP cKaQQeO
ZLWKLQ WKe QXcOeL PaVNV, aQd a OeLdeQ cOXVWeULQg Rf WKe geQe e[SUeVVLRQ YaOXeV. TKe
VegPeQWaWLRQ feaWXUeV SURYLde LQWeUSUeWabOe, addLWLRQaO LQfRUPaWLRQ WR WKe geQe-VSace
cOXVWeULQg. We caQ Vee WKaW WKe ceOO-ULcK S\UaPLdaO Oa\eU Rf WKe HLSSRcaPSXV KaV PRUe ceOOV
WKaQ WKe VXUURXQdLQg aUeaV. TKLV fLQe-gUaLQed dLffeUeQWLaWLRQ Rf WKe HLSSRcaPSXV LV QRW
YLVLbOe LQ WKe geQe cOXVWeUV, ZKeUe WKe HLSSRcaPSXV LV RQO\ RQe cOXVWeU. TKe SeU-cKaQQeO
LQWeQVLWLeV VKRZ WKaW WKe aUeaV OabeOOed ZLWK "CRUWe[_1" aQd
"CRUWe[_3" KaYe a KLgKeU LQWeQVLW\ Rf QeXURQV (KLgKeU LQWeQVLW\ Rf aQWL-NEUN cKaQQeO) aQd
WKaW cOXVWeUV "FLbeU_WUacWV" aQd "OaWeUaO YeQWULcOeV" aUe eQULcKed ZLWK gOLaO ceOOV (KLgKeU
LQWeQVLW\ Rf aQWL-GFAP cKaQQeO).

(c) QXaOLWaWLYe cRPSaULVRQ Rf geQe-VSace cOXVWeULQg (OefW) ZLWK cOXVWeULQg Rf ReVNeW feaWXUeV
(ceQWeU) aQd cOXVWeULQg Rf VXPPaU\ feaWXUeV (ULgKW, Vee FLg. 2b) XVLQg a PRXVe bUaLQ VLVLXP
daWaVeW ZLWK aQ H&E PLcURVcRS\ LPage. ReVNeW feaWXUeV ZeUe caOcXOaWed b\ WUaLQLQg a
SUe-WUaLQed ReVNeW PRdeO WR SUedLcW WKe geQe-e[SUeVVLRQ cOXVWeU aVVLgQPeQW (VKRZQ RQ WKe
OefW) aQd WaNLQg WKe feaWXUe YecWRU Rf WKe OaVW fXOO\ cRQQecWed Oa\eU aV daWa UeSUeVeQWaWLRQ.

(d) CRQfXVLRQ PaWUL[ VKRZLQg WKe SURSRUWLRQ Rf aVVLgQed OabeOV LQ geQe cOXVWeUV aQd UeVQeW
ePbeddLQg cOXVWeUV fURP (c). RRZV cRUUeVSRQd WR cOXVWeUV LQ geQe e[SUeVVLRQ VSace (c) OefW),
cROXPQV cRUUeVSRQd WR UeVQeW ePbeddLQg cOXVWeUV (c) ceQWeU). TKe KeaWPaS VKRZV WKe
SURSRUWLRQ Rf RYeUOaSSLQg RbVeUYaWLRQV LQ eacK cOXVWeU aQQRWaWLRQ. FRU LQVWaQce, fRU
"TKaOaPXV_2" cOXVWeU, 88% Rf RbVeUYaWLRQV aUe aQQRWaWed aV cOXVWeU 2 LQ WKe UeVQeW
ePbeddLQg YLVXaOL]aWLRQ. We caQ Vee WKaW fRU VRPe cOXVWeU OabeOV WKe SUedLcWLRQ ZaV VWURQg,
ZKeUeaV fRU RWKeUV WKe UeVQeW PRdeO ZaV XQabOe WR dLVcULPLQaWe WKe OabeOV. FRU LQVWaQce,
VRPe UegLRQV Rf WKe cRUWe[ aQd K\SRWKaOaPXV VeePed WR QRW KaYe beeQ accXUaWeO\
cOaVVLfLed. TKLV VKRZcaVeV KRZ WKe LPage cRQWaLQeU RbMecW caQ be XVed WR UeOaWe PRUSKRORg\
LQfRUPaWLRQ fURP WKe VRXUce LPage WR aQ\ aQQRWaWLRQ LQ WKe AQQdaWa RbMecW.

(e) CRQfXVLRQ PaWUL[ VKRZLQg WKe SURSRUWLRQ Rf aVVLgQed OabeOV LQ geQe cOXVWeUV aQd LPage
VXPPaU\ feaWXUe cOXVWeUV fURP (c). RRZV cRUUeVSRQd WR cOXVWeUV LQ geQe e[SUeVVLRQ VSace
(c) OefW), cROXPQV cRUUeVSRQd WR LPage VXPPaU\ feaWXUe cOXVWeUV (c) ceQWeU). TKe KeaWPaS
VKRZV WKe SURSRUWLRQ Rf RYeUOaSSLQg RbVeUYaWLRQV LQ eacK cOXVWeU aQQRWaWLRQ. SeYeUaO Rf WKe
geQe cOXVWeUV aUe UecRgQL]abOe XVLQg VLPSOe LPage feaWXUeV. E.g.,³H\SRWKaOaPXV_1´ LV
RYeUOaSSLQg WR 77% ZLWK cOXVWeU 8, ³HLSSRcaPSXV´ LV RYeUOaSSLQg WR 54% ZLWK cOXVWeU 10, aQd
³P\UaPLdLaO_Oa\eU´ aQd ³P\UaPLdLaO_Oa\eU_deQWaWe_g\UXV´ aUe cRYeUed WR 43%/44% b\ cOXVWeU
14. IQ RWKeU UegLRQV, eVSecLaOO\ WKe cRUWe[ (cOXVWeUV ³CRUWe[_1´, ³CRUWe[_3´, ³CRUWe[_4´), WKe
LPage cOXVWeUV dR QRW RYeUOaS ZeOO (QR cOXVWeU RYeUOaS > 33%), VKRZLQg WKaW LQ WKeVe UegLRQV
VLPSOe LPage feaWXUeV aQd geQe e[SUeVVLRQ YaOXeV VKRZ dLffeUeQW SaWWeUQV.
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SXSSOHPHQWDU\ FLJXUH 3. E[DPSOH DQDO\VLV RI IPDJLQJ MDVV C\WRPHWU\ GDWD IURP
EUHDVW FDQFHU ELRSVLHV.
(a) SSaWLaO YLVXaOL]aWLRQ Rf ceOO W\SeV aV defLQed b\ WKe RULgLQaO aXWKRUV33.
(b) RLSOe\'V K VWaWLVWLcV cRPSXWed aW LQcUeaVLQg dLVWaQceV WKUeVKROd acURVV WKe WLVVXe. TKeUe
LV QR cOeaU VSaWLaO SaWWeUQ LQ WKe daWa, e[ceSW fRU a VPaOO LQcUeaVed cOXVWeULQg SaWWeUQ Rf WKe
"baVaO CK WXPRU ceOO", ZKLcK caQ be YLVXaOL]ed LQ WKe ORZeU-ULgKW VecWLRQ Rf WKe VSaWLaO SORW.
(c) CR-RccXUUeQce aQaO\VLV Rf ceOO W\SeV aW LQcUeaVLQg dLVWaQce WKUeVKROdV acURVV WKe WLVVXe.
VLVXaOL]ed LV WKe SURbabLOLW\ cRQdLWLRQed RQ WKe SUeVeQce Rf WKe "baVaO CK WXPRU ceOO".
IQWeUeVWLQgO\, Ze caQ RbVeUYe a VOLgKW cR-eQULcKPeQW ZLWK WKe "VPaOO eORQgaWed VWURPaO ceOO"
cOXVWeU.
(d) NeLgKbRUKRRd eQULcKPeQW aQaO\VLV beWZeeQ ceOO W\Se cOXVWeUV LQ WKe VSaWLaO gUaSK. We
caQ RbVeUYe KRZ WKe LPPXQe ceOO VXbVeWV aQd VWURPaO ceOOV VeeP WR fRUP a cORVeU
QeLgKbRUKRRd aV RSSRVed WR WKe WXPRU ceOOV.
(e) NeWZRUN ceQWUaOLWLeV fRU ceOO W\SeV (QRdeV Rf WKe VSaWLaO gUaSK). TKe "aSRSWRWLc WXPRU ceOO"
cOXVWeU VKRZV KLgK cORVeQeVV aQd degUee ceQWUaOLW\, aQd LW LV LQdeed WKe PRVW abXQdaQW aQd
VSUead cOaVV OabeO LQ WKe gUaSK.
(f) VLVXaOL]aWLRQ Rf WZR PaUNeUV fRU LPPXQe ceOO SRSXOaWLRQV, YLVXaOL]ed LQ VSaWLaO cRRUdLQaWeV.
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SXSSOHPHQWDU\ FLJXUH 4. IQWHUIDFLQJ STXLGS\ WR TDQJUDP IRU VHJPHQWDWLRQ-DZDUH
FHOO-W\SH GHFRQYROXWLRQ.
TaQgUaP LV a UeceQWO\ SXbOLVKed ceOO-W\Se decRQYROXWLRQ PeWKRd WKaW PaSV VLQgOe ceOO WR
VSaWLaO YR[eOV Rf geQe e[SUeVVLRQ SURfLOeV. STXLdS\¶V IPage CRQWaLQeU caQ be XVed WR
acTXLUe QXcOeL VegPeQWaWLRQ PaVN aQd OeYeUage WKLV PaVN WR PaS ceOO W\SeV WR WLVVXe XVLQg
TaQgUaP.
(a) SXbVeW Rf VLVLXP VSaWLaO WUaQVcULSWRPLcV daWaVeW VKRZLQg a PRXVe bUaLQ cRURQaO VecWLRQ.
(b) VcRNA-VeT daWa fURP WKe PRXVe cRUWe[ fURP TaVLc eW aO40.
(c) TaQgUaP UeVXOWV aV aYeUaged b\ ceOO W\Se. TKe cRUWLcaO Oa\eUV KaYe beeQ decRQYROXWed
VXcceVVfXOO\.
(d) TaQgUaP PaSV Rf VLQgOe ceOOV. TKe ceOO W\Se Rf WKe VegPeQWaWLRQ RbMecWV ZeUe aVVLgQed
b\ TaQgUaP, ePSOR\LQg WKe VeaPOeVV LQWegUaWLRQ SURYLded b\ STXLdS\ beWZeeQ WKe
VegPeQWaWLRQ RbMecWV aQd WKe RULgLQaO VSRW RbVeUYaWLRQV LQ AQQdaWa. IQ WKe fLgXUe, eacK SRLQW
cRUUeVSRQdV WR a VegPeQWaWLRQ RbMecW cRORUed b\ WKe ceOO W\Se aVVLgQed b\ TaQgUaP.
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STXLGS\ VWLHDUQ GLRWWR SHXUDW (VSDWLDO) SSDWLDOE[SHULPHQW STUWLOLW\

PDFNDJH IRFXV EffLcLeQW XQLfLed daWa
UeSUeVeQWaWLRQV fRU
VSaWLaO daWa,
cRPSUeKeQVLYe VSaWLaO
gUaSK aQd LPage
aQaO\VLV WRROV,
(LQWeUacWLYe)
YLVXaOLVaWLRQ LQ S\WKRQ

MeWKRd WR cRPbLQe
LPage LQfRUPaWLRQ ZLWK
geQe e[SUeVVLRQ
PeaVXUePeQWV LQ a MRLQW
UeSUeVeQWaWLRQ.
PURYLdeV VeYeUaO
addLWLRQaO aQaO\VLV WRROV
fRU VSaWLaO daWa aQaO\VLV

SSaWLaO aQaO\VLV aQd
YLVXaOLVaWLRQ LQ R: a
cRPSUeKeQVLYe
SacNage WRRO WKaW
SURYLdeV aQaO\VLV aQd
YLVXaOL]aWLRQ WRRO fRU
VSaWLaO gUaSK aQd
LPage

SeXUaW e[WeQVLRQ WR
VXSSRUW VSaWLaO
YLVXaOL]aWLRQ aQd
VSaWLaOO\ YaULabOe geQeV
aQaO\VLV

BLRcRQdXcWRU RbMecW WR
VWRUe VSaWLaO geQRPLcV
daWa

TRRO WR aQaO\]e aQd
YLVXaOL]e VSaWLaO
WUaQVcULSWRPLcV daWa
aQd WKe PLcURVcRS\
LPage LQ R

IQIUDVWUXFWXUH

SWRUe OaUge WLVVXe LPage (>500Mb) YeV NR YeV NR NR YeV

SWRUe VPaOO WLVVXe LPage (<10Mb) YeV YeV YeV YeV YeV YeV

BXLOd VSaWLaO QeLgKbRUKRRd gUaSK YeV NR YeV NR NA YeV (RQO\ NQQ)

SSDWLDO DQDO\VLV

SSaWLaO VWaWLVWLcV fRU ceOO W\SeV YeV PaUWLaO (QR VSaWLaO
gUaSK) YeV NR NA NR

SSaWLaOO\ YaULabOe geQeV YeV YeV YeV YeV NA YeV

LLgaQd-UeceSWRU aQaO\VLV YeV PaUWLaO (QR daWabaVe) PaUWLaO (QR daWabaVe) NR NA NR

IPDJH DQDO\VLV

MRUSKRORg\ feaWXUeV (SWaQdaUd) YeV NR NR NR NA NR

MRUSKRORg\ feaWXUeV (DNN baVed) YeV YeV (RQO\ ORZ UeV
LPage) NR NR NA NR

SegPeQWaWLRQ YeV NR NR NR NA NR

RegLVWUaWLRQ NR NR NR NR NA YeV

IQWeUface ZLWK DL fUaPeZRUN YeV YeV NR NR NA NR

IQWHJUDWLRQ

IPage-geQe e[SUeVVLRQ LQWegUaWLRQ YeV (ZLWK e[WeUQaO WRRO) YeV NR NR NA NR

MaSSLQg/DecRQYROXWLRQ YeV (ZLWK e[WeUQaO WRRO) YeV (ZLWK e[WeUQaO WRRO) YeV (ZLWK e[WeUQaO WRRO) YeV NA NR

VLVXDOL]DWLRQ

2d VWaWLc YeV YeV YeV YeV NA YeV

3d VWaWLc NR NR YeV NR NA YeV

2d LQWeUacWLYe YeV NR YeV NR NA YeV

IQWeUacWLYe cURSSLQg YeV NR YeV NR NA NR

OWKHUV

UQLW WeVWV YeV NR NR YeV YeV NR

DRcXPeQWaWLRQ YeV YeV YeV YeV YeV YeV

FUaPeZRUN P\WKRQ P\WKRQ R/P\WKRQ/IPageMagLcN R R R

SXSSOHPHQWDU\ TDEOH 1. CRPSDULVRQ RI STXLGS\ IHDWXUHV WR H[LVWLQJ WRROV IRU VSDWLDO
PROHFXODU GDWD DQDO\VLV
RRZV cRUUeVSRQd WR a VeW Rf aQaO\VLV feaWXUeV WKaW aUe VSecLfLc fRU ZRUNLQg ZLWK VSaWLaO
PROecXOaU daWa. IW LV VXbdLYLded LQ IQfUaVWUXcWXUe, SSaWLaO AQaO\VLV, IPage AQaO\VLV,
IQWegUaWLRQ, VLVXaOL]aWLRQ aQd OWKeUV. TKe cROXPQV cRQWaLQ VRfWZaUe WRROV WKaW aUe WaLORUed fRU
VSaWLaO daWa aQaO\VLV. EQWULeV KaYe beeQ OabeOOed accRUdLQg WR ZKeWKeU WKe VRfWZaUe WRRO LV
abOe WR SURYLde a VSecLfLc fXQcWLRQaOLW\, ZKeWKeU LW'V SaUWLaOO\ aYaLOabOe RU ZKeWKeU LW'V PLVVLQg.
TKe URZ ³FUaPeZRUN´ VSecLfLeV ZKLcK SURgUaPPLQg OaQgXageV aUe QeceVVaU\ WR XVe aOO Rf
WKe fXQcWLRQaOLWLeV Rf WKe SacNage. FLQaOO\, fRU SSaWLaOE[SeULPeQW, VLQce LW LV aQ RbMecW WR VWRUe
VSaWLaO WUaQVcULSWRPLcV daWa, WKe aQaO\VLV feaWXUeV dR QRW aSSO\.
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Online methods

1 Infrastructure

Spatial graph The spatial graph is a graph of spatial neighbors with cells (or spots in case of
Visium) as nodes and neighborhood relations between spots as edges. We use spatial coordinates
of spots to identify neighbors among them. Different approach of defining a neighborhood relation
among spots are used for different types of spatial datasets.

Visium spatial datasets have a hexagonal outline for their spots, i.e each spot has up to eight spots
situated around it. For this type of spatial dataset the parameter n_rings should be used. It specifies
for each spot how many hexagonal rings of spots around it will be considered neighbors.

sq.gr.spatial_neighbors(adata , coord_type="visium", n_rings=<int>)

For the other types of spatial datasets neighbors can be defined as the closest spots in terms of
euclidean distance between their coordinates. For a fixed number of the closest spots for each spot,
it leverages the k-nearest neighbors search from Scikit-learn1 and n_neigh must be used.

sq.gr.spatial_neighbors(adata , coord_type="generic", n_neigh=<int>)

In order to get all spots within a specified radius (in units of the spatial coordinates) from each spot
as neighbors, the parameter radius should be used.

sq.gr.spatial_neighbors(adata , coord_type="generic", radius=<float>)

The function builds a spatial graph and saves its adjacency and weighted adjacency matrices to
adata.obsp['spatial_connectivities'] in either Numpy2 or Scipy sparse arrays3. The weights
of the weighted adjacency matrix are distances in the case of coord_type="generic" and ordinal
numbers of hexagonal rings in the case of coord_type="visium". Together with the connectivities,
we also provide a sparse adjacency matrix of distances, saved in adata.obsp['spatial_distances
'] We also provide spectral and cosine transformation of the adjacency matrix for uses in graph
convolutional networks4.

Image Container The Image Container is an object for microscopy tissue images associated
with spatial molecular datasets. The object is a thin wrapper of an xarray.Dataset5 and provides
efficient access to in-memory and on-disk images. On-disk files are loaded lazily using dask6 through
rasterio7, meaning content is only read in memory when requested. The object can be saved as a
zarr store zarr8. This allows handling very large files that do not fit in memory.

Image Container is initialised with an in-memory array or a path to an image file on disk. Im-
ages are saved with the key layer. If lazy loading is desired, the chunks parameter needs to be
specified.

sq.im.ImageContainer(PATH , layer=<str>, chunks=<int>)

More images layers with the same spatial dimensions x and y like segmentation masks can be added
to an existing Image Container.

img.add_img(PATH , layer_added=<str>)

The Image Container is able to interface with Anndata objects, in order to relate any pixel-level
information to the observations stored in Anndata (e.g. cells, spots etc.). For instance, it is possible
to create a generator that yields image’s crops on-the-fly corresponding to locations of the spots in
the image:
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spot_generator = img.generate_spot_crops(adata)

lambda x: (x for x in spot_generator) # yields crops at spots location

This of course works for both features computed at crop-level but also at segmentation-object level.
For instance, it is possible to get centroids coordinates as well as several features of the segmentation
object that overlap with the spot capture area.

Napari for interactive visualization Napari is a fast, interactive, multi-dimensional image
viewer in Python9. In squidpy, it is possible to visualize the source image together with any an-
ndata annotation with Napari. Such functionality is useful for fast and interactive exploration of
analysis results saved in anndata together with the high resolution image. Furthermore, leveraging
Napari functionalities, it is possible to manually annotate tissue areas and assign underlying spots
to annotations saved in the Anndata object. Such ability to relate manually defined tissue areas
to observations in anndata is particularly useful in settings where there is a pathologist annotation
available and it needs to be integrated with analysis at gene expression or image level. All the steps
described here are done in Python, therefore available in the same environment where the analysis
is performed (it does not require an additional tool).

img = sq.im.ImageContainer(PATH , layer=<str>)

img.interactive(adata)

2 Graph and spatial patterns analysis

Neighborhood enrichment test The association between label pairs in the connectivity graph
is estimated by counting the sum of nodes that belong to classes i and j (e.g. cluster annotation) and
are proximal to each other, noted xij . To estimate the deviation of this number versus a random
configuration of cluster labels in the same connectivity graph, we scramble the cluster labels while
maintaining the connectivities, and then recount the number of nodes recovered in each iteration
(1,000 times by default). Using these estimates, we calculate expected means (µij) and standard
deviations (�ij) for each pair, and a Z-score as,

Zij = (xij � µij)/�ij

The Z-score indicates if a cluster pair is over-represented or over-depleted for node-node interactions
in the connectivity graph. This approach was first described (to the best of our knowledge) by
Schapiro et al10. The analysis and visualization can be performed with the analysis code showed
below.

sq.gr.nhood_enrichment(adata , cluster_key="<cluster_key >")

sq.pl.nhood_enrichment(adata , cluster_key="<cluster_key >")

Our implementation leverages just-in-time compilation with Numba11 to achieve greater perfor-
mances in computation time (see Supplementary figure 1).

Ligand-receptor interaction analysis We provide a re-implementation of the popular Cell-
phonedb method for ligand-receptor interaction analysis12. In short, it’s a permutation-based test of
ligand-receptor expression across cell-types combinations. Given a list of annotated ligand-receptor
pairs, the test computes the mean expression of the two molecules (ligand, receptor) between cell
types, and builds a null-distribution based on n permutations (default 1000). A p-value is computed
based on the proportion of the permuted means against the true mean. In Cellphonedb, if a receptor
or ligand is composed of several subunits, the minimum expression is considered for the test. In our
implementation, we also include the option of taking the mean expression of all molecules in the

3

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 29, 2021. ; https://doi.org/10.1101/2021.02.19.431994doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.19.431994
http://creativecommons.org/licenses/by/4.0/


complex. Our implementation also employs Omnipath13 as ligand-receptor interaction annotatiojn.
A larger database that contains the original CellphoneDB database together with 5 other resources
(see Turei et al.13). Finally, our implementation leverages just-in-time compilation with Numba11

to achieve greater performances in computation time (see Supplementary figure 1).

Ripley’s K function is a spatial analysis method used to describe whether points with discrete
annotation in space follow random, dispersed or clustered patterns. Ripley’K function can be used
to describe the spatial patterning of cell clusters in the area of interest. Ripley’s K function is defined
as

K(t) = A
nX

i=1

nX

j=1

wi,jI(di,j < t) (1)

Where I(di,j < t) is the indicator function, that sets whether the operand is 1 or 0 based on the
(euclidean) distance di,j evaluated at search radius t, A is the average density of point in the area
of interest and wi,j is the edge effect correction (see Astropy implementation for details on this
term14).
sq.gr.ripley_k(adata , cluster_key="<cluster_key >")

sq.pl.ripley_k(adata , cluster_key="<cluster_key >")

Cluster co-occurrence ratio provides a score on the co-occurrence of clusters of interest across
spatial dimensions. It is defined as

p(exp|cluster)
p(exp)

(2)

where cluster is the annotation of interest to be used as conditioning for the co-occurrence of all
clusters. It is computed across n radius of size d across the tissue area. It was inspired by an
analysis performed by Tosti et al. to investigate tissue organization in the human pancreas with
spatial transcriptomics15.
sq.gr.co_occurrence(adata , cluster_key="<cluster_key >")

sq.pl.co_occurrence(adata , cluster_key="<cluster_key >")

Global Moran’s I is a spatial auto-correlation statistics, widely used in spatial data analysis.
Given a feature (gene) and spatial location of observations, it evaluates whether the pattern expressed
is clustered, dispersed, or random16. It is defined as:

I =
n

S0

Pn
i=1

Pn
j=1wi,jzizjPn
i=1 z

2
i

(3)

where zi is the deviation of the feature from the mean (xi �X), wi,j is the spatial weight between
observations, n is the number of spatial units. We provide an wrapper for the global Moran’s I
statistics implemented in libpysal17. Test statistics and p values (computed from a permutation
based test and further FDR corrected) are stored in adata.uns["moranI"].

sq.gr.moran(adata , cluster_key="<cluster_key >")

Centrality scores provide a numerical analysis on node patterns in the graph, which helps to
better understand complex dependencies in large graphs. A centrality is a function C which assigns
every vertex v in the graph a numeric value C(v) 2 R. It therefore gives a ranking of the single
components (i.e. cells) in the graph which simplifies to identify key individuals. Group centrality
measures have been introduced by Everett and Borgatti.18. They provide a framework to assess
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clusters of cells in the graph, i.e. is a specific cell type more central or more connected in the graph
than others. Let G = (V,E) be a graph with nodes V and edges E. Additionally, let S be a group
of nodes allocated to the same cluster cS . Then N(S) defines the neighbourhood of all nodes in
S. The following four (group) centrality measures are implemented. Group degree centrality is
defined by the fraction of non-cluster members that are connected to cluster members, so

Cdeg(S) =
|N(S)� S|
|V |� |S| 2 [0, 1].

Larger values indicate a more central cluster. Group degree centrality can help to identify essential
clusters or cell types in the graph. Group closeness centrality measures how close the cluster is
to other nodes in the graph and is calculated by the number of non-group members divided by the
sum of all distances from the cluster to all vertices outside the cluster, so

Cclos(S) =
|V � S|P
v2VS

dS,v
2 [0, 1]

where dS,v = minu2S du,v is the minimal distance of the group S from v. Hence, larger values indicate
a greater centrality. Group betweenness centrality measures the proportion of shortest paths
connecting pairs of non-group members that pass through the group. Let S be a subset of a graph
with vertex set VS . Let gu,v be the number of shortest paths connecting u to v and gu,v(S) be the
number of shortest paths connecting u to v passing through S. The group betweeenness centrality
is then given by

Cbetw(S) =
X

u<v

gu,v(S)

gu,v
for u, v /2 S.

The properties of this centrality score are fundamentally different from degree and closeness centrality
scores, hence results often differ. The last measure described is the average clustering coefficient.
It describes how well nodes in a graph tend to cluster together. Let n be the number of nodes in S.
Then the average clustering coefficient is given by

Ccluster(S) =
1

n

X

v2S

2T (v)

deg(v)(deg(v)� 1)

with T (v) being the number of triangles through node v and deg(v) the degree of node v. The
describes centrality scores have been implemented using the NetworkX library in python19.

sq.gr.centrality_scores(adata , cluster_key="<cluster_key >")

sq.pl.centrality_scores(adata , cluster_key="<cluster_key >", selected_score="<

selected_score >")

Interaction matrix represents the total number of edges that are shared between nodes with
specific attributes (e.g. clusters or cell types).

sq.gr.interaction_matrix(adata , cluster_key="<cluster_key >", normalized=True)

sq.pl.interaction_matrix(adata , cluster_key="<cluster_key >")

Python implementations relies ont the NetworkX library19.

3 Image analysis and segmentation

Image processing Before extracting features from microscopy images, the images can be pre-
processed. Squidpy implements functions for commonly used preprocessing functions like conversion
to gray-scale or smoothing using a gaussian kernel.

5
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sq.im.process(img , method="gray")

img.show()

Implementations are based on the Scikit-image package20 and allow processing of very large images
through tiling the image into smaller crops and processing these.

Image segmentation Nuclei segmentation is an important step when analysing microscopy
images. It allows the quantitative analysis of the number of nuclei, their areas, and morphological
features. There are a wide range of approaches for nuclei segmentation, from established techniques
like thresholding to modern deep learning-based approaches.

A difficulty for nuclei segmentation is to distinguish between partially overlapping nuclei. Watershed
is a classic algorithm used to separate overlapping objects by treating pixel values as local topology.
For this, starting from points of lowest intensity, the image is flooded until basins from different
starting points meet at the watershed ridge lines.
sq.im.segment(img , method="watershed")

img.show()

Implementations in Squidpy are based on the original Scikit-image python implementation20.

Custom approaches with deep learning Depending on the quality of the data, simple seg-
mentation approaches like watershed might not be appropriate. Nowadays, many complex segmen-
tation algorithms are provided as pre-trained deep learning models, such as Stardist21, Splinedist22

and Cellpose23. These models can be easily used within the segmentation function.
sq.im.segment(img , method=<pre-trained model>)

img.show()

Image features Tissue organisation in microscopic images can be analysed with different image
features. This filters relevant information from the (high dimensional) images, allowing for easy
interpretation and comparison with other features obtained at the same spatial location. Image
features are calculated from the tissue image at each location (x, y) where there is transcriptomics
information available, resulting in a obs x features features matrix similar to the obs x gene matrix.
This image feature matrix can then be used in any single-cell analysis workflow, just like the gene
matrix.

The scale and size of the image used to calculate features can be adjusted using the scale and
spot_scale parameters. Feature extraction can be parallelized by providing n_jobs (see Supple-
mentary Figure 1). The calculated feature matrix is stored in adata[key] .
sq.im.calculate_image_features(adata , img , features=<list>, spot_scale=<float>,

scale=<float>, key_added=<str>)

Summary features calculate the mean, the standard variation or specific quantiles for a color channel.
Similarly, histogram features scan the histogram of a color channel to calculate quantiles according
a defined number of bins.
sq.im.calculate_image_features(adata , img , features="summary")

sq.im.calculate_image_features(adata , img , features="histogram")

Textural features calculate statistics over a histogram that describes the signatures of textures. To
grasp the concept of texture intuitively the inextricable relationship between texture and tone is
considered24: if a small-area patch of an image has little variation in it’s gray tone the dominant
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property of that area is tone. If the patch has a wide variation of gray tone features, the dominant
property of the area is texture. An image has a simple texture if it consists of recurring textural
features. For a grey level image I or e.g. a fluorescence color channel, a co-occurrence matrix C is
computed. C is a histogram over pairs of pixels (i, j) with specific values (p, q) 2 [0, 1, ..., 255]2 and
a fixed pixel offset:

Cp,q =
X

i

�I(i),p�I(j),q (4)

with Kronecker-Delta �. The offset is a fixed pixel distance from i to j under a fixed direction
angle. Based on the co-occurence matrix different meaningful statistics (texture properties) can be
calculated which summarize textural pattern characteristics of the image:

X

p,q

Cp,q(p� q)2 contrast

X

p,q

Cp,q|p� q| dissimilarity

X

p,q

Cp,q

1 + (p� q)2
homogeneity

X

p,q

C2
p,q ASM

X

p,q

Cp,q
(p� µp)(q � µq)q

�2
p�

2
q

correlation.

(5)

sq.im.calculate_image_features(adata , img , features="texture")

All the above implementations rely on the Scikit-image python package20.

Segmentation features Similar to image features that are extracted from raw tissue images,
segmentation features can be extracted from a segmentation object (3). These features allow to get
statistics over the number, area, and morphology of the nuclei in one image. To compute these fea-
tures, the Image Container img needs to contain a segmented image at layer <segmented_img>
sq.im.calculate_image_features(adata , img , features="segmentation", features_kwargs

={"label_layer":<segmented_img>})

Custom features based on deep learning models Squidpy feature calculation function can
also be used with custom user-defined features extraction functions. This enables the use of e.g.,
pre-trained deep learning models as feature extractors.
sq.im.calculate_image_features(adata , img , features="custom", features_kwargs={"

func":<pre-trained keras model>})
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