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Reviewer 1 

"
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Supplementary Table 2. Threshold used for discriminate cell types 

Clustering 
Method 

Identifiability 
Threshold

Number of 
unidentifiable initial 

clusters

Number of unidentifiable 
STARLING clusters

Phenograph 0.1 4 0

Phenograph 0.15 4 1

Phenograph 0.2 5 1

FlowSom 0.1 4 2 



Q"
"

FlowSom 0.15 6 4 

FlowSom 0.2 6 5 

K-means 0.1 2 1 

K-means 0.15 3 1 

K-means 0.2 5 2 
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To-date, no methods have been proposed to learn denoised cellular phenotypes while 
accounting for cell segmentation errors in highly multiplexed imaging. 
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The consequence is that when the error involves cells from different cell types — 
previously described as heterotypic doublets24 — clusters are formed due to the 
composition of different cells within a segment that are not “real” cell types in the source 
biological material. 
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To help address this, we developed STARLING (SegmenTation AwaRe cLusterING), a 
novel probabilistic clustering method to identify true cell phenotypes in the presence of 
segmentation errors involving cells from multiple different phenotypes. 
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8$6.5'.-,*0.59"3$%505)"E=CAF>BG"1%2"8$20)5$8",58$&"*/$"%22,37*0.5"5."a priori"
45.1-$8)$"%:.,*"*/$"7,&$"6$--"*(7$2"05"*/$"*022,$"1%2"%'%0-%:-$;">5"6.5*&%2*9"05"27%*0%-"
*&%526&07*.3062"3$*/.82"*%64-05)"2030-%&"7&.:-$32"6%5"$?7-.0*"*/$"108$27&$%8"
%'%0-%:0-0*(".+"26ABC@2$D".+"%--"*022,$2"%58"6$--"*(7$2"%2"%"&$+$&$56$"+.&"8$6.5'.-,*0.5".&"
2$)3$5*%*0.536–39;"
"
m"S,*,&$"1.&4"
C8%7*05)"E=CAF>BG"+.&".*/$&"3,-*07-$?"03%)05)"*$6/5.-.)0$2"2,6/"%2"03%)$@:%2$8"E="
I$;);"MKAS>EOJ"1.,-8")&$%*-("056&$%2$"*/$"037%6*".+"*/02"1.&4;"C,*/.&2"2/.,-8":&0$+-("
8026,22"*/$"-030*%*0.52".+"*/$0&"1.&4"&$)%&805)"*/$"%77-06%*0.5"*.".*/$&"*$6/5.-.)0$2"%58"
7.*$5*0%-"2*$72"5$$8$8"*."$?*$58"E=KAF>BG"*."2,6/"7-%*+.&32;"
"
>5"&$27.52$"*."*/02"%-.5)"10*/"&$'0$1$&"!"7.05*"Y9"1$"5.1"056-,8$"%5"$?%37-$".5"C4.(%"
[/$5.N(6-$&"I7&$'0.,2-("N<HKeJ"*/%*"1$"/.7$"8$3.52*&%*$2"*/$"%77-06%:0-0*(".+"
E=CAF>BG"*.".*/$&"/0)/-("3,-*07-$?$8"03%)05)"*$6/5.-.)0$2;"#$"6.'$&"*/02"05"&$27.52$"
*."*/$"7.05*"Define the scope more clearly %:.'$;""
"
mmm"M05.&"6.33$5*2"
m"F05$"!XXP"C,*/.&2"6-%03"*/%*"`;;;"7-%,20:0-0*("26.&$"02"20)50+06%5*-("/0)/$&"+.&"6$--2"10*/"5."
5$0)/:.,&2"*/%5"*/.2$"10*/"5$0)/:.,&2qa"@"C,*/.&2"7&$2$5*"2*%*02*06%-"7&..+".+"*/02"6-%03"
I*$2*"+.&"2*%*02*06%-"20)50+06%56$J".&"%8k,2*"*/$"1.&805)"I$;);",2$"`6.5208$&%:-("/0)/$&aJ;"
"
#$"/%'$"5.1"%88$8"20)50+06%56$"*$2*05)"*."*/$"&$'02$8"S0),&$"QC;"
"
S0),&$"QP"C,*/.&2"2/.,-8"6.5208$&"6/%5)05)"2,:+0),&$"N"*."7&.'08$"%":$**$&"6.37%&02.5"



QU"
"

.+"*/$"0580'08,%-"7-%,20:0-0*("26.&$2;"N.5208$&",205)")&08"-05$2;"E030-%&-(9"+.&"2,:@+0),&$"h9"
0*"02"/%&8"*."6.37%&$"*/$"&$2,-*2"+&.3"*/$"80++$&$5*"6-,2*$&05)"%-).&0*/32;"N.5208$&"
7-.**05)"*/$3"208$":("208$;"
"
#$"/%'$"%88$8")&08-05$2"*."S0)"QN;"
"
m"F05$"!^QP"=/$"/(7$&7%&%3$*$&"]"1%2"5.*"7&$'0.,2-("05*&.8,6$8"%58"02".5-("$?7-%05$8"
05"*/$"3$*/.8"2$6*0.5;"N.5208$&"05*&.8,605)"*/02"037.&*%5*"/(7$&7%&%3$*$&"$%&-0$&"1/$5"
*/$"E=KAF>BG"%-).&0*/3"02"+0&2*"$?7-%05$8"I+0&2*"7%&%)&%7/"05"A$2,-*"2$6*0.59"F05$2"ff@
!!QJ;"
"
#$"/%'$"3.'$8"*/$"8$26&07*0.5".+"]"*."1/$5"*/$"3$*/.8"02"05*&.8,6$8"%2"1$--"%2"
),08%56$".5"1/%*"'%-,$"0*"2/.,-8"*%4$"05"&$27.52$"*."&$'0$1$&"m!P"
"
E=CAF>BG"056-,8$2"%"/(7$&7%&%3$*$&"8$5.*$8"]"*/%*"6.5*&.-2"*/$"*&%8$@.++":$*1$$5"
.7*030L05)"*/$"3.8$-"-04$-0/..8"%58"%:0-0*("*."8$*$6*"2(5*/$*06"2$)3$5*%*0.5"$&&.&2"%2"
1$--"%2"80++$&$5*"8%*%"7&$@7&.6$2205)"2*&%*$)0$2;"#/0-$"1$"2/.1"*/$"&.:,2*5$22".+"*/$"
&$2,-*2"*."6/.06$".+"]9"1$"&$6.33$58"]_U;!"%2"0*"&$*,&52"*/$"2*&.5)$2*"3$*&062"05"
:$56/3%&405)"I:$-.1J"%58",2$"*/02"6.5202*$5*-("*/$&$%+*$&;"
"
m"F05$"!^QP"`B.*$"*/%*")0'$5"*/$"3,-*07-$"1%(2"%"2$)3$5*%*0.5"$&&.&"6%5".66,&":$(.58"
8.,:-$*2"1$"8."5.*"$?7$6*"*/$"2$)3$5*%*0.5"$&&.&"7&.:%:0-0*("*.":$"L$&."05"6$--2"1/$&$"
*/$"5,6-$%&"2$)3$5*%*0.5"3%*6/$2"*/$"1/.-$@6$--"2$)3$5*%*0.5;a"@">*"02"5.*"$5*0&$-("6-$%&"
1/%*"02"3$%5*":("*/02"2*%*$3$5*;"[-$%2$"8$+05$"`8.,:-$*2a;"
"
#$"*/%54"*/$"&$'0$1$&"+.&"6%*6/05)"*/02;"#$"/%'$",78%*$8"*/02"$?%37-$"*."&$%8P"
"
Note that given the multiple ways a segmentation error can occur beyond this example 
where we find whole segmented cells that likely have more than one nucleus, we do not 
expect the segmentation error probability to be zero in cells where the nuclear 
segmentation matches the whole-cell segmentation. 
"
"
m"S0),&$"XCP"F05$"!Yf"2*%*$2P"`=/$"&$2,-*2"05"S0);"XC"2/.12"%"6-$%&"056&$%2$"05"
2$)3$5*%*0.5"
$&&.&"7&.:%:0-0*("+.&"6$--2"1/.2$"5,6-$%&"2$)3$5*%*0.5"6.5+-06*2"10*/"*/$"1/.-$@6$--"
E$)3$5*%*0.5;a"@"E,:+0),&$"XC"02"*.."23%--"%58"*.."6&.18$8"*."'02,%--(".:2$&'$"*/02"
056&$%2$;"[-$%2$"6.5208$&"3%405)"*/02"7-.*":0))$&".&"3.&$"$%2("*."&$%8;"S.&"$?%37-$9"
6.5208$&"%8805)")&08"-05$2".&"&$3.'05)"2.3$"7&$7&.6$2205)"7-.*2"I$;);"NS_Y"%58"
NS_!UJ"*.")0'$"*/$"+0),&$"3.&$"27%6$;"C-*$&5%*0'$-(9"2056$"h"%58"N"%&$"1$--"'020:-$9"
6.5208$&"3%405)"C"+,--"108*/"%58"7-%6$"h"%58"N":$-.1;"
"
#$"%7.-.)0L$"*/$"050*0%-"+0),&$"1%2",56-$%&;"#$"/%'$"3%8$"3,-*07-$"%$2*/$*06"6/%5)$2"
056-,805)"I0J"&$7-%605)"'0.-05"7-.*2"10*/":.?7-.*"05"XC9"I00J"*$?*"20L$"-%&)$&"*/&.,)/.,*9"I000J"
+0),&$"02"5.1"6-.2$"*."+,--"7%)$"I10*/"%880*0.5%-"7-.*2J;"



Q!"
"

"
m"F05$"QXU@QXXP"C77-(05)"E=CAF>BG"&$2,-*$8"05"QY"6-,2*$&2".+"1/06/".5-("f"6.,-8":$"
%22.60%*$8"10*/"%6*,%-"6$--"*(7$2;"N.37%&$8"*."*/$"7&$'0.,2"$?7$&03$5*"*/$"+&%6*0.5".+"
%22.60%*$8"6$--"6-,2*$&2"02"-.1;"[-$%2$"$-%:.&%*$".5"1/(".5-("f"6-,2*$&2"6.,-8":$"
%22.60%*$8;"
"
#$"%7.-.)0L$"+.&"*/$"6.5+,20.5;">*"1%2"5.*"*/%*".5-("fiQY"6-,2*$&2"6.,-8":$"%220)5$89"0*"
1%2"*/%*"*/$"QY"6-,2*$&2"1$&$"05*$&7&$*$8"%2"&$7&$2$5*05)"2,:@6-,2*$&2".+"f"3%k.&"6$--"
-05$%)$2;">5"+%6*9".5-("!"6-,2*$&"6.,-85R*":$"05*$&7&$*$89"2."*/$"2$5*$56$"6.,-8"/%'$"&$%8"
`<+"*/$"QY"6-,2*$&2"05+$&&$89"Q^"1$&$"6.5+08$5*-("3%77$8"%2"&$7&$2$5*05)"2,:@6-,2*$&2".+"
f"3%k.&"6$--"*(7$2;"B.*$"*/%*"*/$2$"5,3:$&2"%&$"5."-.5)$&"$?%6*"%2"1$"/%'$"&$&,5"*/02"
$5*0&$"%5%-(202"05"%5"%**$37*"*."2*%58%&80L$"*/$"/(7$&7%&%3$*$&"2$**05)2".+"E=CAF>BG;"
"
F05$"QXciQXWP"`B.*%:-(9"05*$&7&$*%*0.5".+"6$--"6-,2*$&2"1%2"037&.'$8"6.37%&$8"*."
:%2$-05$"3$*/.82"IE;"S0);"^Ja"@"[-$%2$"$-%:.&%*$".5"/.1"*/$"6$--"6-,2*$&05)"1%2"
037&.'$8"%58"1/%*"*/$":%2$-05$"02;"E/.,-8"*/02"5.*"%-2."&$+$&"*."S0),&$"Y"I%2"*/$"&$2*".+"
*/$"7%&%)&%7/Jg"
"
#$"%7.-.)0L$"+.&"*/$"8$*%0-"-%6405)"/$&$;"#$"/%'$"$?7%58$8".5"*/02"*."/0)/-0)/*"27$60+06"
8$*%0-2".+"/.1"*/$"6$--"*(7$"7$&+.&3%56$"1%2"037&.'$8P"
"
B.*%:-(9"*/$"05*$&7&$*%*0.5".+"3,-*07-$"6$--"6-,2*$&2"1%2"037&.'$8"6.37%&$8"*."*/$"
050*0%-0L%*0.5"6-,2*$&05)"IS. Fig.J;"S.&"$?%37-$9"%*"050*0%-0L%*0.5"%"6-,2*$&"1%2"7&$2$5*"10*/"
/0)/"6.@$?7&$220.5".+"NH!!6"I$?7&$22$8".5"'%&0.,2"-$,4.6(*$2J"%58"N(*.4$&%*05"
I$?7&$22$8".5"$70*/$-0%-"6$--2J9"1/06/"1%2"5."-.5)$&"7&$2$5*"%+*$&"%77-(05)"E=CAF>BG"
IS. Fig. AJ;"E030-%&-(9"E=CAF>BG"08$5*0+0$8"*1."6-$%&"7.7,-%*0.52".+"$70*/$-0%-"6$--2"
8$5.*$8":("/0)/"6.@$?7&$220.5".+"K@N%8/$&05"%58"N(*.4$&%*059"1/0-$"%*"050*0%-0L%*0.5"
3,-*07-$".*/$&"6-,2*$&2"1$&$".:2$&'$8"10*/"/0)/"K@N%8/$&05"$?7&$220.59":,*"3.8$&%*$"
-$'$-".+"N(*.4$&%*05"$?7&$220.5"2030-%&"*."*/%*".:2$&'$8".5"K@N%8/$&05@-.1"6-,2*$&2"IS. 
Fig. BJ;">5"%880*0.59"%*"050*0%-0L%*0.5"%"6-,2*$&"$?7&$2205)"3.8$&%*$"NHQU"I%"h"6$--"
3%&4$&J"%58"E3..*/"M,26-$"C6*05"IEMC9"$?7&$22$8".5"6$&*%05"$58.*/$-0%-"6$--2J"1%2"
7&$2$5*9"1/0-$"%+*$&"%77-(05)"E=CAF>BG"*/$".5-("6-,2*$&"&$3%0505)"10*/"/0)/"EMC"
$?7&$220.5"/%8"-.1"NHQU"$?7&$220.5"IS. Fig. CJ;"S05%--(9"%*"050*0%-0L%*0.59"*/$"
NHcc:jNH!Yj"7.7,-%*0.5"8$3%&6%*05)"7.*$5*0%-")&%5,-.6(*$2"6.5*%05$8".5-("3.8$&%*$"
$?7&$220.5".+"$%6/9"1/0-$"E=CAF>BG"%8k,2*$8"*/02"6-,2*$&"*."6.5*%05"%-3.2*"8.,:-$"*/$"
$?7&$220.5"IS. Fig. DJ;"=.)$*/$&9"*/$2$"&$2,-*2"8$3.52*&%*$"2$'$&%-"1%(2"05"1/06/"
6$--,-%&"05*$&7&$*%*0.5"1%2"037&.'$8"6.37%&$8"*."*/$"8$+%,-*"050*0%-0L%*0.5;"
"
10*/"*/$"&$-$'%5*"2,77-$3$5*%&("+0),&$P"
"
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"

"
"
"
A$)%&805)"+0),&$"&$+$&$5605)9"S0)"Y6"1%2"*/$"7.2*@E=CAF>BG"+0*9"1/0-$"7&$'0.,2"E;"S0)"^"
I5.1"E;"S0);"!cJ"1%2"*/$"050*0%-0L%*0.5"/$%*3%7;"#$"/.7$"*/02"/%2"5.1":$$5"6-%&0+0$8":("
&$7-%605)"`:%2$-05$a"10*/"`050*0%-0L%*0.5a;""
"
m"F05$"XUU@XU^P"N.5208$&"&$3.'05)"*/02"2*%*$3$5*"%:.,*"7&$'0.,2"1.&4;">*"/%2"-030*$8"
&$-$'%56$"+.&"*/$"8026,220.5;">+"%5"%"7&0.&0"-02*".+"6$--"*(7$2"02"45.15"%58"*/$"%22%("
6.5*%052"3%&4$&")$5$2i7&.*$052"+.&"$%6/".+"*/$39"08$5*0+(05)"2$)3$5*%*0.5"$&&.&2"
:$6.3$2"2.3$1/%*"*&0'0%-;"S,&*/$&3.&$9"*/$&$"02"5."5$$8"+.&"6-,2*$&05)"%5(3.&$"%2"*/$"
6$--"*(7$2"6%5":$"6%--$8":%2$8".5"*/$"3%&4$&"7&.*$05"%-.5$;"O.1$'$&9"*/02"02"*(706%--("5.*"
*/$"6%2$"05"3.2*"$?7$&03$5*2;""
"
#$"/%'$"&$3.'$8"*/02"%2"&$D,$2*$8;"
"
m"F05$"^YW@"^YfP"[-$%2$"$?7-%05"*/$"037.&*%56$"%58"037%6*".+"*/$2$"/(7$&7%&%3$*$&2;"
O.1"1$&$"*/$"7%&%3$*$&2"6/.2$5"%58"/.1"%&$"*/$("037%6*05)"*/$"&$2,-*2g"
"
#$"/%'$"%88$8"6-%&0+(05)"2$5*$56$2".5"*/029"27$60+06%--(P"
"
=/$2$"6.5*&.-"*/$",2$&R2"a priori"$?7$6*%*0.5".+"1/%*"*/$"2$)3$5*%*0.5"$&&.&"&%*$"05"%"
)0'$5"8%*%2$*"02"$?7$6*$8"*.":$9"%58"3%(":$",2$&"8$+05$8"05"%"6,2*.3"%5%-(202"2/.,-8"
*/$"&$2$%&6/$&"%5*0607%*$"%"/0)/$&".&"-.1$&"$&&.&"&%*$;"""
"
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QX"
"

"
05"-05$"10*/"*/$"$?7$6*%*0.5"*/%*"a priori"5."6-,2*$&"2/.,-8":$"3.&$"7&$'%-$5*"*/%5"*/$"
.*/$&2")0'$5"*/$"6-,2*$&"05*$&7&$*%*0.52"%&$"5.*"45.15"05"%8'%56$"
"
"
"
mmm"A$+$&$56$2"
o!p"[$*,4/.'9"r;9"e,9"A;s;9"E.-8%*.'9"A;C;"$*"%-;"N$--"2$)3$5*%*0.5"05"03%)05)@:%2$8"
27%*0%-"*&%526&07*.3062;"B%*"h0.*$6/5.-"^U9"X^YtXY^"
IQUQQJ;"/**72Pii8.0;.&)i!U;!UXTi2^!YTW@UQ!@U!U^^@1"
oQp"u0%59"e;9"O%&&029"\;H;9"O%,-05)9"=;"$*"%-;"[&.:%:0-02*06"6$--"*(705)"$5%:-$2"+05$"3%7705)"
.+"6-.2$-("&$-%*$8"6$--"*(7$2"05"20*,;"B%*"M$*/.82"!W9"!U!t!Uc"
IQUQUJ;"/**72Pii8.0;.&)i!U;!UXTi2^!YfQ@U!f@UcX!@^"
"
"
"
A$'0$1$&"mX"IA$3%&42".5"6.8$"%'%0-%:0-0*(JP"
"
=/$"%,*/.&2"7&.'08$"%"1$--@2*&,6*,&$8"6.8$"&$7.20*.&("056-,805)"%"AKCHMK9"052*%--%*0.5"
052*&,6*0.52"%58"*,*.&0%-2;"=/$"6.8$"2$$32"*.":$"1$--@1&0**$5"%58"6-$%5;"=/$"%,*/.&2"
6&$%*$8"'%&0.,2"*$2*2"%58"%"N>"707$-05$"*."3%05*%05"*/$"6.8$;""
>52*%--%*0.5"052*&,6*0.52"6-$%&-("8$+05$"*/$"5$6$22%&("2*$72"%58"%5"%880*0.5%-"H.64$&"+0-$"
02"7&.'08$8;"
"
=/%54"(.,;"
"
"

"
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Reviewer 4 

"
=/$"%,*/.&2"7&.7.2$"E=CAF>BG9"%"7&.:%:0-02*06"3%6/05$"-$%&505)"3.8$-"*."%88&$22"
$&&.&2"+&.3"6$--"2$)3$5*%*0.5"05"/0)/-("3,-*07-$?$8"03%)05)"8%*%9"+.6,205)".5"$&&.&2"*/%*"
-$%8"*."*/$"$?7&$220.5".+"037-%,20:-$"7&.*$05"6.3:05%*0.52"05"6$--"6-,2*$&2;"=/$"%,*/.&2"
+,&*/$&"7&.7.2$"%"7-%,20:0-0*("26.&$"*."D,%5*0+("/.1":0.-.)06%--("&$%-02*06"6-,2*$&2"%&$9"%58"
3$*&062"*."D,%5*0+("*/$"%:0-0*("*."8$*$6*"6$--"2$)3$5*%*0.5"$&&.&2;"=/$"%77-06%:0-0*(".+"
E=CAF>BG"02"+,&*/$&"8$3.52*&%*$8".5">MN"8%*%".+"6.5*&.--$8"6$--"-05$2"%58"/,3%5"
*.520-"A<>2;"
"
<'$&%--9"05"3(".7050.59"*/02"7%7$&"%88&$22$2"%5"037.&*%5*"7&.:-$3"%58"7&$2$5*2"
05*$&$2*05)"%77&.%6/$2"*."D,%5*0+("*/02"022,$;"O.1$'$&9">"/%8"80++06,-*("%77&$60%*05)"*/$"
:$5$+0*2".+"E=CAF>BG".'$&"$?02*05)"3$*/.829"%58"0*2"2*%:0-0*("%6&.22"8%*%2$*29"2$**05)29"
6$--"*(7$2"%58"3.&7/.-.)0$2;">"/%'$"*/$"+.--.105)"6.33$5*2P"
"
!;"=/$"3%5,26&07*"6%5":$"2*&$5)*/$5$8":("056-,805)"6.37%&02.52".+".,*7,*2"+&.3"
E=CAF>BG"%58"$?02*05)i2*%*$@.+@*/$@%&*"8.,:-$*"8$*$6*0.5"3$*/.82;"<*/$&102$9"*/$"
27$60+06"%8'%5*%)$2".+"E=CAF>BG".'$&"%77&.%6/$2"*/%*"2$$4"*."%88&$22"2030-%&"022,$2"
02",56-$%&;"
"
#$"%7.-.)0L$"+.&"*/$"6.5+,20.5"/$&$;"#$"1.,-8"-04$"*."$37/%20L$"*/%*"*/$"7&03%&("
7,&7.2$".+"E=CAF>BG"02"5.*"*."08$5*0+("8.,:-$*29":,*"*."05+$&"6$--"*(7$2"05"*/$"7&$2$56$"
.+"2$)3$5*%*0.5"$&&.&2"05"*/$"%:2$56$".+"7&0.&"45.1-$8)$".+"1/06/"6$--"*(7$2"1$"$?7$6*"
05"*/$"8%*%;"=.".,&"45.1-$8)$9"5."3$*/.8"$?02*2"*."8."*/029"1/06/"1%2".,&"7&03%&("
3.*0'%*0.5"*."8$'$-.7"E=CAF>BG;"#$"%7.-.)0L$"0+"*/02"1%2"5.*"6-$%&"05"*/$".&0)05%-"
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To-date, no methods have been proposed to learn denoised cellular phenotypes while 
accounting for cell segmentation errors in highly multiplexed imaging. 
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The input anndata object should contain a cell-by-protein matrix of 

segmented single-cell expression profiles in the `.X` position. 

Optionally, cell size information can also be provided as a column of 

the `.obs` DataFrame. In this case `model_cell_size` should be set to 

TRUE and the column specified in the `cell_size_col_name`argument. 


