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Editorial Note: This manuscript has been previously reviewed at another journal that is not 

operating a transparent peer review scheme. This document only contains reviewer comments 

and rebuttal letters for versions considered at Nature Communications.



Reviewer #3 (Remarks to the Author):

The authors have addressed all my concerns in the last round. I do not have any further issues 

regarding the manuscript.

Comments on Reviewer #1's review:

After carefully reviewing the revision of HiDDEN and their response to Reviewer 1, in my point of 
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The authors have implemented new benchmarking analyses in the revision to meet the 

suggestions from Reviewer 1, including parameter tunings, the addition of comparisons to 
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robust and has better results than other related tools.
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worried about the double-dipping issue. However, I do wonder whether HiDDEN can do it 
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Although the ECCITE-seq data does not have ground truth perturbation labels, I do agree that 

the paired CITE-seq data can be a good resource for validation. The authors should at least try 
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between HiDDEN-predicted perturbed and non-perturbed cell groups.

“However, as a future direction, our method can be applied to additional contexts in which the 

aim is to focus the latent space on a particular distinction, for example, to explore subtle 
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made in the discussion section is still strong and subjective. It is not trivial to directly apply 
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complicated than simple phenotypic batches/perturbations. Also, the claim of applying 

HiDDEN to spatial and multi-omics data either needs proof or is completely removed, as the 
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There are too many ambitious statements using words like “outperform”, “novel”, etc. I suggest 

the authors can lower the tone by changing to soft words. This is also the requirement of Nature 

Communications if I remember correctly.



Reviewer #4 (Remarks to the Author):
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reduction and logistic regression. The authors validate their methods using synthetic data, a 

multiple myeloma dataset, and a mouse model of demyelinating disease. Overall, the 

manuscript is well-written and easy to follow.

The authors have undergone a round of revisions to their original manuscript, and have 

incorporated substantial improvements to code accessibility and usability. The authors have 

also added comparisons to Mixscape in addition to the other methods incorporated in the 

manuscript. Finally, the authors have benchmarked nonlinear dimensionality reduction 

techniques in addition to PCA for their intermediary step prior to training a logistic regression.

Unfortunately, it remains unclear how the authors contend with the issue of double dipping 
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without concern for increased false positive calls? This is an issue that should be clearly 

delineated in the text of the manuscript (and ideally also within tutorials and other 

supplementary user-facing materials) prior to publication, with or without additional 

experiments.

Major Points:

• The design of the framework is simple and easy to comprehend.

• The authors provide a publicly available GitHub as well as tutorials for use of the tool.

• The authors have provided benchmarks for their tool in several scenarios including simulated 

and real-world data.
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• One major issue with the method remains the concept of “double dipping” into the data, as 
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reviewer #1 raised in the original review, this was not discussed during the manuscript, and 

require proper mathematical analysis to identify which analyses can be correctly performed in a 

“HiDDEN-informed” manner, and which cannot. In addition, I would have liked to see some 

experiments which assess false-positive calls, or treatment-associated signal when in fact 

there is none.
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B-cell experiment and the mouse endothelial cell experiment use a single cell type as the 

substrate of analysis. How does HiDDEN perform in such scenarios?

• The authors do not provide a comparison to other published single-cell resolution 

perturbation analysis methods such as CINEMA-OT (for disclosure, I am an author of this 

method) and CellOT. These methods could also identify “control-like” cells in the perturbation 

condition and assign a minimal response value.

Minor Points:
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continuous scores”

• Figure 5B – validation of gene expression with RNA scope for Lgals1 and S100a6. Was any 

quantitation of the coexpression done? And if so is this shown anywhere? Were these genes 
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Best,

Rahul Dhodapkar, MD

Reviewer #4 (Remarks on code availability):

While the code seems to be usable and readable, I would have preferred if it were importable as 

a PyPI package (hiddensc seems to already be written as such).
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 Reviewer #3 (Remarks to the Author): 

d AKH DXWKRUV KDYH DGGUHVVHG DOO P\ FRQFHUQV LQ WKH ODVW URXQG' 8 GR QRW KDYH DQ\ IXUWKHU LVVXHV UHJDUGLQJ WKH

PDQXVFULSW'

 Comments on Reviewer #1's review: 

0IWHU FDUHIXOO\ UHYLHZLQJ WKH UHYLVLRQ RI 7L334; DQG WKHLU UHVSRQVH WR ?HYLHZHU *% LQ P\ SRLQW RI YLHZ% PRVW RI WKH

FRQFHUQV IURP ?HYLHZHU * KDYH EHHQ ZHOO&DGGUHVVHG RU MXVWLILHG'

@SHFLILFDOO\ LQ UHVSRQVH WR WKH WKUHH PDMRU FRQFHUQV.

d AKH QRYHOW\ DQG RULJLQDOLW\ RI WKH ZRUN DUH RN' AKH LGHQWLILFDWLRQ RI SHUWXUEHG FHOOV RU SKHQRW\SH&DVVRFLDWHG FHOOV

LV RI JUHDW VLJQLILFDQFH IRU ERWK JHQRPLF DQG WUDQVODWLRQ VWXGLHV DQG VWLOO QHHGV HIIRUWV WR EH PRUH HIILFLHQW DQG

DFFXUDWH' ;HZ PRGHOV% UDWKHU WKDQ RSWLPL]DWLRQ RI H[LVWLQJ RQHV% GR PDWWHU' 7RZHYHU% LQGHHG% WKH DXWKRUV GLG QRW

HODERUDWH RQ WKH FKDOOHQJHV DQG H[LVWLQJ HIIRUWV LQ WKH ILHOG LQ WKH 8QWURGXFWLRQ VHFWLRQ' 0GGLQJ D SDUDJUDSK RU +

IRU FODULILFDWLRQ ZRXOG EH JRRG'

JS OU`SS eWbV bVS `SdWSeS` bVOb O RSaQ`W^bW]\ ]T SfWabW\U [SbV]Ra O\R QVOZZS\USa Wa
PSbbS`(^]aWbW]\SR SO`ZWS` W\ bVS [O\caQ`W^b) GVS`ST]`S' eS VOdS []dSR bVS T]ZZ]eW\U ^O`OU`O^V
T`][ bVS 9WaQcaaW]\ aSQbW]\ b] bVS >\b`]RcQbW]\5

 “Detecting  cell-level  transcriptional  changes  across  experimental  conditions  is  one  of  the  big  promises  of 
 high-resolution   single-cell   expression   data.   In   recent   years,   several   methods   have   been   proposed   to 
 characterize   perturbation   effects   in   single-cell   data.   The   standard   analysis   workflow   performs 
 label-agnostic   dimensionality   reduction   and  clustering,  followed  by  comparisons  of  cell  attributes  across 
 condition   labels   within   clusters.   CNA   provides   a   cluster-free   approach   identifying   regions   in   the   latent 
 space   of   uneven   mixing   of   condition   labels.   MELD   produces   a  continuous  measure  of  the  perturbation 
 effect   by   distributing   the   condition   labels   among   neighbors   in   the   cell   state   manifold.   Milo   performs 
 differential  abundance  testing  among  experimental  conditions  in  the  presence  of  continuous  trajectories. 
 Mixscape  removes  known  confounding  sources  of  variation  and  dissects  successfully  from  unsuccessfully 
 perturbed  cells  in  gene  knockout  screens  where  it  is  expected  that  a  high  proportion  of  cells  in  the  case 
 sample   will   be   perturbed.   These   approaches   rely   on   at   least   one   of   the   following   assumptions:   1)   the 
 condition   labels   correctly   represent   the   presence   or   absence   of   an   effect   in   individual   cells;   2)   the 
 perturbation  effect  is  a  dominant  signal  in  the  latent  space;  or  3)  that  any  confounding  sources  of  variation 
 are   known   and   can   be   removed.   However,   these   assumptions   might   not   always   be   met   –   often, 



 perturbation  effects  are  small  relative  to  the  biological  heterogeneity  and  technical  noise,  or  the  proportion 
 of affected cells is small and therefore the condition labels are mostly incorrect.” 

d AKH DXWKRUV KDYH LPSOHPHQWHG QHZ EHQFKPDUNLQJ DQDO\VHV LQ WKH UHYLVLRQ WR PHHW WKH VXJJHVWLRQV IURP

?HYLHZHU *% LQFOXGLQJ SDUDPHWHU WXQLQJV% WKH DGGLWLRQ RI FRPSDULVRQV WR PL[VFDSH% HWF' AKHVH QHZO\ DGGHG

H[SHULPHQWV RU MXVWLILFDWLRQV FRQYLQFHG PH WKDW 7L334; LV UREXVW DQG KDV EHWWHU UHVXOWV WKDQ RWKHU UHODWHG WRROV'

d BVLQJ D SURYLGHG VDPSOH ODEHO LQ WKH ILUVW SODFH DQG WKHQ UHILQLQJ LW LV D FRPPRQ VWUDWHJ\% WKDW QRW RQO\ SURYLGHV

DQ LQLWLDOL]HG VWDUWLQJ SRLQW EXW DOVR LQFUHDVHV WKH WRRO HIILFLHQF\' 8 DP QRW ZRUULHG DERXW WKH GRXEOH&GLSSLQJ LVVXH'

7RZHYHU% 8 GR ZRQGHU ZKHWKHU 7L334; FDQ GR LW FRPSOHWHO\ ZLWKRXW D SUHGHILQHG VDPSOH ODEHO RU LI WKHUH H[LVW

PXOWLSOH NLQGV RI SHUWXUEDWLRQV'

>\ bVS OPaS\QS ]T O ^`SRSTW\SR aO[^ZS(ZSdSZ ZOPSZ' eS e]cZR \]b PS OPZS b] ZSdS`OUS bVS
=W99:B T`O[Se]`Y' aW\QS eWbV]cb O\g ZOPSZ bVS`S e]cZR PS \] RObO b] b`OW\ bVS ^`SRWQbW]\
[]RSZ ]\) G] RS^Z]g =W99:B' bVS caS` Q]cZR ^`]dWRS O UZ]POZ(ZSdSZ ZOPSZ' T]` SfO[^ZS Pg
QZcabS`W\U bVS RObO W\b] be] U`]c^a) C\S O^^`]OQV W\ bVOb dSW\ Wa bVS abO\RO`R O\OZgaWa ^W^SZW\S
]T ^cZZW\U OZZ QSZZa b]USbVS` O\R QZcabS`W\U bVS[ b] WRS\bWTg ^S`bc`PSR acP^]^cZObW]\a OU\]abWQ b]
bVS ]`WUW\ ]T bVS aO[^ZSa) =]eSdS '̀ Oa RS[]\ab`ObSR W\ ]c` BOWdS 7*AS[]`g 7 U`]c\R b`cbV
[Wfbc`Sa' bVWa O^^`]OQV Wa c\RS`^]eS`SR W\ RWabW\UcWaVW\U bVS ^S`bc`PSR acPaSb Sa^SQWOZZg eVS\
bVS aWhS ]` bVS ab`S\UbV ]T bVS ^S`bc`PObW]\ Wa a[OZZ %;WUc`S -<' Fc^^ZS[S\bO`g TWUc`S .&)

ESUO`RW\U bVS _cSabW]\ ]T eVSbVS` =W99:B QO\ PS O^^ZWSR WT bVS`S SfWab [cZbW^ZS YW\Ra ]T
^S`bc`PObW]\a i Oa [S\bW]\SR W\ bVS RWaQcaaW]\' eS T]`SaSS =W99:Bla ^]bS\bWOZ SfbS\aW]\ b] bVS
aSbbW\U ]T [cZbW^ZS YW\Ra ]T ^S`bc`PObW]\a Pg `S^ZOQW\U Z]UWabWQ `SU`SaaW]\ eWbV O [cZbW(QZOaa
QZOaaWTWQObW]\ [SbV]R
Vbb^a5**aQWYWb(ZSO`\)]`U*abOPZS*[]RcZSa*QZOaaSa)Vb[Z"[]RcZS(aYZSO`\)[cZbWQZOaa'

7RZHYHU% 8 VWLOO IHHO OLNH VRPH PLQRU LVVXHV QHHG PRUH FODULILFDWLRQ RU DGMXVWPHQWV'

d 0OWKRXJK WKH 4228A4&VHT GDWD GRHV QRW KDYH JURXQG WUXWK SHUWXUEDWLRQ ODEHOV% 8 GR DJUHH WKDW WKH SDLUHG

28A4&VHT GDWD FDQ EH D JRRG UHVRXUFH IRU YDOLGDWLRQ' AKH DXWKRUV VKRXOG DW OHDVW WU\ WR VHH ZKHWKHU WKHUH DUH

LQFOXGHG SURWHLQV LQ WKH SDLUHG 28A4&VHT WKDW FDQ VKRZ GLIIHUHQFHV EHWZHHQ 7L334;&SUHGLFWHG SHUWXUEHG DQG

QRQ&SHUWXUEHG FHOO JURXSV'

JS O^^`SQWObS bVS `SdWSeS`la acUUSabW]\ bVOb eS cbWZWhS bVS ^cPZWaVSR :88>G:(aS_ RObOaSb
US\S`ObSR T`][ abW[cZObSR G=D(, QSZZa Pg DO^OZSfW Sb OZ) -+-, Oa O a]c`QS ]T ORRWbW]\OZ
dOZWRObW]\ T]` =W99:B) JS TWb ]c` []RSZ b] bVS EB6(aS_ Sf^`SaaW]\ ^`]TWZSa ]T .044 QSZZa %,-,.
QSZZa bO`USbSR eWbV >;B<E- O\R ,.31 QSZZa Sf^`SaaW\U \]\(bO`USbW\U %BG& UEB6a&) =W99:B
]cb^cba bV`SS U`]c^a ]T QSZZa i BG QSZZa `SbOW\ bVSW` abObca O\R bO`USbSR QSZZa O`S RWdWRSR W\b]
Y\]QY]cb %?C& O\R \]\(^S`bc`PSR %BD& QSZZa) GVS OcbV]`a ]T bVS ]`WUW\OZ abcRg dOZWRObS bVS
`STW\S[S\b ]T DS`bc`PSR QSZZa W\b] ?C O\R BD T]` bVS QSZZa bO`USbSR eWbV >;B<E- Pg ^Z]bbW\U bVS
Sf^`SaaW]\ ]T bVS D9(@, ^`]bSW\ W\ bVSaS QSZZa %;WUc`S -< `S^`]RcQSR PSZ]e&)



FW[WZO` b] bVS ]`WUW\OZ abcRg' eS OZa] Q]\TW`[ bVOb bVS QSZZa WRS\bWTWSR Pg =W99:B Oa ?C VOdS
Z]eS` D9(@, Sf^`SaaW]\ Q][^O`SR b] bVS \]\(^S`bc`PSR bO`USbSR QSZZa)

d a7RZHYHU% DV D IXWXUH GLUHFWLRQ% RXU PHWKRG FDQ EH DSSOLHG WR DGGLWLRQDO FRQWH[WV LQ ZKLFK WKH DLP LV WR IRFXV WKH

ODWHQW VSDFH RQ D SDUWLFXODU GLVWLQFWLRQ% IRU H[DPSOH% WR H[SORUH VXEWOH JHQRW\SH HIIHFWV #L'H' H>A9V$ DQG VH[XDO

GLPRUSKLVP'b AKH H[SDQVLRQ VWDWHPHQW WKH DXWKRUV PDGH LQ WKH GLVFXVVLRQ VHFWLRQ LV VWLOO VWURQJ DQG VXEMHFWLYH'

8W LV QRW WULYLDO WR GLUHFWO\ DSSO\ 7L334; WR JHQRW\SH HIIHFWV #VH[XDO GLPRUSKLVP LV ILQH$ DV H>A9 HIIHFWV FDQ EH

PXFK PRUH FRPSOLFDWHG WKDQ VLPSOH SKHQRW\SLF EDWFKHV(SHUWXUEDWLRQV' 0OVR% WKH FODLP RI DSSO\LQJ 7L334; WR

VSDWLDO DQG PXOWL&RPLFV GDWD HLWKHU QHHGV SURRI RU LV FRPSOHWHO\ UHPRYHG% DV WKH GDWD GLVWULEXWLRQ DQG VWUXFWXUH

DUH GLIIHUHQW WKDQ VF?;0&VHT'

;]ZZ]eW\U bVS `SdWSeS`la acUUSabW]\ eS VOdS ORXcabSR bVS ZO\UcOUS eS caS b] RSaQ`WPS
^]bS\bWOZ Tcbc`S RW`SQbW]\a T]` Sf^O\aW]\ ]T =W99:B W\ bVS 9WaQcaaW]\ aSQbW]\)

 “However,  as  a  future  direction,  the  general  idea  of  the  HiDDEN  framework  has  the  potential  to  serve  as  a 
 blueprint   that   can   be   modified   and   build   upon   to  accommodate  the  challenges  in  additional  contexts  in 
 which   the   aim   is   to   focus   the   latent   space   on   a   particular   distinction,   for   example   to   explore   subtle 
 genotype  effects  (i.e.  eQTLs)  and  sexual  dimorphism.  The  HiDDEN  framework  is  amenable  to  extensions 
 to   spatial   and   multi-omics   data,   as   well   as   applications   beyond   a   binary   output,   such   as   multi-stage 
 disease   progressions   or   time-course   experiments,   with   appropriate   modification   to   the   dimensionality 
 reduction and prediction modules of the framework.” 

d AKHUH DUH WRR PDQ\ DPELWLRXV VWDWHPHQWV XVLQJ ZRUGV OLNH aRXWSHUIRUPb% aQRYHOb% HWF' 8 VXJJHVW WKH DXWKRUV FDQ

ORZHU WKH WRQH E\ FKDQJLQJ WR VRIW ZRUGV' AKLV LV DOVR WKH UHTXLUHPHQW RI ;DWXUH 2RPPXQLFDWLRQV LI 8 UHPHPEHU

FRUUHFWO\'

JS VOdS U]\S bV`]cUV bVS [O\caQ`W^b O\R `S[]dSR QZOW[a ]T \]dSZbg' O\R Tc`bVS` T]QcaSR ]\

aW[^Zg O\R TOQbcOZZg `S^]`bW\U ]c` TW\RW\Ua)

 Reviewer #4 (Remarks to the Author): 

AKH DXWKRUV SURSRVHG 7L334; ` D PHWKRG WR GHILQH FHOO&OHYHO UHVROXWLRQ SHUWXUEDWLRQ ODEHOV% DQG LGHQWLI\ SRWHQWLDOO\

UDUH DIIHFWHG VXESRSXODWLRQV' AKH PHWKRG LV EDVHG RQ GLPHQVLRQDOLW\ UHGXFWLRQ DQG ORJLVWLF UHJUHVVLRQ' AKH DXWKRUV

YDOLGDWH WKHLU PHWKRGV XVLQJ V\QWKHWLF GDWD% D PXOWLSOH P\HORPD GDWDVHW% DQG D PRXVH PRGHO RI GHP\HOLQDWLQJ

GLVHDVH' <YHUDOO% WKH PDQXVFULSW LV ZHOO&ZULWWHQ DQG HDV\ WR IROORZ'

AKH DXWKRUV KDYH XQGHUJRQH D URXQG RI UHYLVLRQV WR WKHLU RULJLQDO PDQXVFULSW% DQG KDYH LQFRUSRUDWHG VXEVWDQWLDO

LPSURYHPHQWV WR FRGH DFFHVVLELOLW\ DQG XVDELOLW\' AKH DXWKRUV KDYH DOVR DGGHG FRPSDULVRQV WR :L[VFDSH LQ DGGLWLRQ

WR WKH RWKHU PHWKRGV LQFRUSRUDWHG LQ WKH PDQXVFULSW' 5LQDOO\% WKH DXWKRUV KDYH EHQFKPDUNHG QRQOLQHDU GLPHQVLRQDOLW\

UHGXFWLRQ WHFKQLTXHV LQ DGGLWLRQ WR =20 IRU WKHLU LQWHUPHGLDU\ VWHS SULRU WR WUDLQLQJ D ORJLVWLF UHJUHVVLRQ'



d BQIRUWXQDWHO\% LW UHPDLQV XQFOHDU KRZ WKH DXWKRUV FRQWHQG ZLWK WKH LVVXH RI GRXEOH GLSSLQJ GXULQJ VXEVHTXHQW

DQDO\VLV DIWHU WKH 7L334; WUHDWPHQW ODEHO UHILQHPHQW SURFHVV' CKLFK DQDO\VHV FDQ EH VDIHO\ DQG FRUUHFWO\

SHUIRUPHG DIWHU 7L334; LV XVHG WR UHILQH WUHDWPHQW ODEHOV ZLWKRXW FRQFHUQ IRU LQFUHDVHG IDOVH SRVLWLYH FDOOV/

AKLV LV DQ LVVXH WKDW VKRXOG EH FOHDUO\ GHOLQHDWHG LQ WKH WH[W RI WKH PDQXVFULSW #DQG LGHDOO\ DOVR ZLWKLQ WXWRULDOV

DQG RWKHU VXSSOHPHQWDU\ XVHU&IDFLQJ PDWHULDOV$ SULRU WR SXEOLFDWLRQ% ZLWK RU ZLWKRXW DGGLWLRQDO H[SHULPHQWV'

JS c\RS`abO\R bVS `SdWSeS`la Q]\QS`\ bVOb =W99:B caSa Sf^`SaaW]\ ^`]TWZSa O\R aO[^ZS(ZSdSZ

ZOPSZa ]T OZZ QSZZa W\ O RObOaSb b] RSTW\S `STW\SR ZOPSZa eVWQV O`S ZObS` caSR OZ]\U eWbV bVS

Sf^`SaaW]\ ^`]TWZSa W\ R]e\ab`SO[ bOaYa' acQV Oa 9: bSabW\U) JVWZS eS OU`SS eWbV ESdWSeS` ,'

bVOb  “Using  a  provided  sample  label  in  the  first  place  and  then  refining  it  is  a  common  strategy, 

 that  not  only  provides  an  initialized  starting  point  but  also  increases  the  tool  efficiency.  I  am  not 

 worried   about   the   double-dipping   issue.”,  eS RWR W\QZcRS ORRWbW]\OZ Sf^S`W[S\ba b] W\dSabWUObS

bVS ^]bS\bWOZ STTSQb ]T R]cPZS(RW^^W\U bV`]cUV O ZSOdS(]\S(]cb Q`]aa(dOZWRObW]\ ab`ObSUg' RSbOWZSR

PSZ]e)

JS e]cZR ZWYS b] Tc`bVS` \]bS bVOb bVS abO\RO`R ^`OQbWQS `]cbW\SZg ^S`T]`[SR W\ \SO`Zg OZZ

aW\UZS(QSZZ O\OZgaSa W\d]ZdSa US\S`ObW\U QZcabS` ZOPSZa caW\U OZZ QSZZa O\R bVS\ ^S`T]`[W\U

RWTTS`S\bWOZ Sf^`SaaW]\ O\OZgaWa ]\ bV]aS QSZZa ab`ObWTWSR Pg bVSaS QZcabS` ZOPSZa) 6QQ]`RW\U b] bVWa

`SdWSeS`la Q]\QS`\' bVWa ^`OQbWQS e]cZR OZa] _cOZWTg Oa kR]cPZS RW^^W\Ul) BSdS`bVSZSaa' bVWa

ab`ObSUg VOa `SdSOZSR [O\g W\bS`SabW\U TOQSba ]T PW]Z]Ug' O\R eS PSZWSdS bVOb =W99:B eWZZ b]])

:DMRU =RLQWV.

d AKH GHVLJQ RI WKH IUDPHZRUN LV VLPSOH DQG HDV\ WR FRPSUHKHQG'

d AKH DXWKRUV SURYLGH D SXEOLFO\ DYDLODEOH 6LW7XE DV ZHOO DV WXWRULDOV IRU XVH RI WKH WRRO'

d AKH DXWKRUV KDYH SURYLGHG EHQFKPDUNV IRU WKHLU WRRO LQ VHYHUDO VFHQDULRV LQFOXGLQJ VLPXODWHG DQG UHDO&ZRUOG

GDWD'

d AKH DXWKRUV KDYH SXUVXHG ELRORJLFDO YDOLGDWLRQ IRU VRPH ILQGLQJV SUHGLFWHG E\ WKHLU PHWKRG'

d <QH PDMRU LVVXH ZLWK WKH PHWKRG UHPDLQV WKH FRQFHSW RI aGRXEOH GLSSLQJb LQWR WKH GDWD% DV WKH 7L334;

IUDPHZRUN LV GHVLJQHG IRU VXEVHTXHQW DQDO\VLV #LQFOXGLQJ GLIIHUHQWLDO JHQH H[SUHVVLRQ DQDO\VLV$ WR EH SHUIRUPHG

ZLWKRXW PRGLILFDWLRQ RQ WKH UHILQHG ODEHOV' CKLOH WKLV PD\ UHVXOW LQ VLJQDO DPSOLILFDWLRQ% LW PD\ DOVR UHVXOW LQ

LPSURSHU GRZQVWUHDP K\SRWKHVLV WHVWLQJ' 0V UHYLHZHU "* UDLVHG LQ WKH RULJLQDO UHYLHZ% WKLV ZDV QRW GLVFXVVHG

GXULQJ WKH PDQXVFULSW% DQG UHTXLUH SURSHU PDWKHPDWLFDO DQDO\VLV WR LGHQWLI\ ZKLFK DQDO\VHV FDQ EH FRUUHFWO\

SHUIRUPHG LQ D a7L334;&LQIRUPHGb PDQQHU% DQG ZKLFK FDQQRW'

JS bVO\Y bVS `SdWSeS` T]` W\dWbW\U O\ ORRWbW]\OZ O\OZgaWa `SUO`RW\U bVS kR]cPZS RW^^W\Ul Q]\QS`\'

W)S) bVOb eS O`S caW\U O QSZZla Sf^`SaaW]\ ^`]TWZS O\R Q]\RWbW]\ ZOPSZ %8OaS*8]\b`]Z& T]` `STW\S[S\b

]T bVS QSZZla ^S`bc`PObW]\ ZOPSZ) G] Wa]ZObS bVS STTSQb ]T O QSZZla Sf^`SaaW]\ dSQb]` O\R [SbORObO ]\

bVS PW\O`g ZOPSZ =W99:B OaaWU\a b] bVOb QSZZ' eS OR]^b O @SOdS(C\S(Ccb %@CC& Q`]aa(dOZWRObW]\

ab`ObSUg) @CC Wa O Q][[]\Zg caSR O^^`]OQV b] Q`]aa(dOZWRObW]\ W\ [OQVW\S ZSO`\W\U eVS\ bVS

OW[ Wa b] SdOZcObS V]e eSZZ bVS []RSZ e]cZR R] eVS\ OaYSR b] [OYS ^`SRWQbW]\a ]\ O RObO ^]W\b

Wb VOa \]b OZ`SORg aSS\)

>\ ^O`bWQcZO '̀ eS b]]Y ]c` U`]c\R b`cbV BOWdS 7*AS[]`g 7 QSZZ [Wfbc`S RObOaSb eWbV 0+# AS[]`g

7 QSZZa W\ bVS 8OaS Q]\RWbW]\) JS `O\R][Zg R`Se bVS W\RWQSa ]T O bc^ZS ]T QSZZa T`][ bVS 8OaS

Q]\RWbW]\ RS\]bSR %AS[]`g7N8OaS' BOWdS7N8OaS& i ]\S eWbV U`]c\R b`cbV WRS\bWbg AS[]`g 7

O\R bVS ]bVS '̀ BOWdS 7) JS bVS\ b`OW\SR be] =W99:B []RSZa i ]\S bVOb cbWZWhSa OZZ bVS RObO' O\R

O aSQ]\R ]\S bVOb R]Sa \]b caS bVS Sf^`SaaW]\ O\R [SbORObO ]T bVS @CC bc^ZS) GVS TW`ab []RSZ



Wa bVS cacOZ eOg ]T O^^ZgW\U bVS =W99:B T`O[Se]`Y b] ]cb^cb PW\O`WhSR `STW\SR ZOPSZa) ;]` bVS

aSQ]\R []RSZ' OZZ ^O`O[SbS`a ]T bVS RW[S\aW]\OZWbg `SRcQbW]\' ^`SRWQbW]\ []RSZ' O\R QZcabS`W\U

^`]QSRc`S O`S b`OW\SR eWbV]cb bVS @CC bc^ZS) GVS\' bVS b`OW\SR []RSZ Wa O^^ZWSR b] bVS

Sf^`SaaW]\ ^`]TWZSa ]T bVS @CC bc^ZS ]T QSZZa b] RS`WdS bVSW` @CC(`STW\SR(ZOPSZa)

JS `S^SObSR bVWa `O\R][ Sf^S`W[S\b -++ bW[Sa O\R SdOZcObSR bVS OU`SS[S\b PSbeSS\ bVS be]

b`OW\W\U `SUW[Sa Pg RW`SQbZg Q][^O`W\U bVS dOZcSa ]T bVS PW\O`g `STW\SR ZOPSZa) JS T]c\R bVOb

bVSg OU`SSR 40)0# ]T bVS bW[S T]` bVS AS[]`g7N8OaS Q]\RWbW]\' O\R 4-)0# T]` bVS

BOWdS7N8OaS Q]\RWbW]\) ;c`bVS[]`S' W\ bVS W\abO\QSa eVS`S bVS ZOPSZa RWR \]b [ObQV' bVS @CC

ZOPSZ eOa Q]``SQb 00)0# ]T bVS bW[S T]` bVS AS[]`g7N8OaS Q]\RWbW]\' O\R -1)2# T]` bVS

BOWdS7N8OaS Q]\RWbW]\' acUUSabW\U bVOb bVS RWTTS`S\QSa O`S RcS b] ab]QVOabWQ STTSQba)

>\ Q]\QZcaW]\' eS TW\R bVOb b`OW\W\U bVS Q][^]\S\ba ]T bVS =W99:B T`O[Se]`Y eWbV OZZ QSZZa R]Sa

\]b W\b`]RcQS acPabO\bWOZ RWTTS`S\QSa ]\ bVS ]cb^cb ]T bVS [SbV]R' Q][^O`SR b] O ZSOdS(]\S(]cb

O^^`]OQV) ;c`bVS`[]`S' b`OW\W\U bVS []RSZ ]\QS eWbV OZZ bVS RObO Wa [cQV []`S Q][^cbObW]\OZZg

STTWQWS\b bVO\ b`OW\W\U bVS []RSZ B bW[Sa' eVS`S B Wa bVS \c[PS` ]T QSZZa W\ bVS RObOaSb)

d 8Q DGGLWLRQ% 8 ZRXOG KDYH OLNHG WR VHH VRPH H[SHULPHQWV ZKLFK DVVHVV IDOVH&SRVLWLYH FDOOV% RU

WUHDWPHQW&DVVRFLDWHG VLJQDO ZKHQ LQ IDFW WKHUH LV QRQH'

JS O^^`SQWObS bVS `SdWSeS`la `S_cSab T]` ORRWbW]\OZ QVO`OQbS`WhObW]\ ]T =W99:Bla TOZaS(^]aWbWdS

`ObS eVS\ \] b`SOb[S\b(Oaa]QWObSR aWU\OZ Wa ^`SaS\b) G]eO`Ra bVWa S\R' eS Q`SObSR O U`]c\R

b`cbV RObOaSb eVS`S P]bV bVS 8OaS O\R 8]\b`]Z Q]\RWbW]\a O`S Q][^]aSR ]T BOWdS 7 QSZZa ]\Zg)

JS b]]Y bVS ,4++ BOWdS 7 QSZZa eS caSR W\ ]c` U`]c\R b`cbV Sf^S`W[S\ba O\R OaaWU\SR SOQV QSZZ

O `O\R][ 8OaS ]` 8]\b`]Z ZOPSZ) JS `S^SObSR bVWa `O\R][ Sf^S`W[S\b ,++ bW[Sa) :OQV bW[S' eS

O^^ZWSR bVS =W99:B T`O[Se]`Y b] RS`WdS PW\O`g `STW\SR ZOPSZa) HaW\U bVSaS ZOPSZa' eS

^S`T]`[SR 9: bSabW\U PSbeSS\ bVS QSZZa ZOPSZSR c\^S`bc`PSR da bVS QSZZa ZOPSZSR ^S`bc`PSR OTbS`

bVS O^^ZWQObW]\ ]T =W99:B) B]bS bVOb bVS`S O`S ,/ 9: US\Sa PSbeSS\ BOWdS 7 O\R AS[]`g 7

QSZZa W\ ]c` U`]c\R b`cbV RObOaSb eWbV bVS a[OZZSab ^S`QS\b AS[]`g 7 QSZZa W\ bVS 8OaS Q]\RWbW]\

%0#&) GVS RWab`WPcbW]\ ]T bVS \c[PS` ]T 9: US\Sa OQ`]aa bVS ,++ `O\R][ Sf^S`W[S\ba Wa ^Z]bbSR

PSZ]e) >\ Q]\QZcaW]\' W\ OZZ ]T bVS `O\R][ Sf^S`W[S\ba eVS`S \] ^S`bc`PObW]\ STTSQb Wa ^`SaS\b'

bVS \c[PS` ]T TOZaS ^]aWbWdS 9: US\Sa eOa a[OZZS` bVOb bVS \c[PS` ]T 9: US\Sa W\ ]c` U`]c\R

b`cbV RObOaSb eWbV bVS a[OZZSab ^S`bc`PObW]\ STTSQb aWhS)



d 8W LV QRW FOHDU KRZ 7L334; ZRXOG SHUIRUP LQ VHWWLQJV ZKHUH WKHUH DUH PXOWLSOH GLIIHUHQW XQGHUO\LQJ FHOO W\SHV HDFK

ZLWK D GLIIHUHQW UHVSRQVH WR D SHUWXUEDWLRQ' 1RWK WKH PHPRU\(QD^YH 1&FHOO H[SHULPHQW DQG WKH PRXVH HQGRWKHOLDO

FHOO H[SHULPHQW XVH D VLQJOH FHOO W\SH DV WKH VXEVWUDWH RI DQDO\VLV' 7RZ GRHV 7L334; SHUIRUP LQ VXFK

VFHQDULRV/

6a eS RSaQ`WPS W\ bVS 9WaQcaaW]\ aSQbW]\ j(4%%&) 3,= =0@0<,7 7484>,>4:9=$ '4<=>" 24@09 >3,> >30
;0<>?<-,>4:9 0E0.> A:?7/ 74607B /4E0< ,.<:== .077 >B;0=" >30 80>3:/ 900/= >: -0 ,;;740/ :90
.077 >B;0 ,> , >480$D +30 G07/ 3,= =0>>70/ :9 , @0<B A077#0=>,-74=30/ A:<6I:A >: .7?=>0<492
=49270#.077 /,>, 49>: .077 >B;0=$ '?<>30<8:<0" :90 .,9 ><,9=10< .077 >B;0 7,-07= 1<:8
A077#,99:>,>0/ ,>7,=0=$ +30<01:<0" .7?=>0<492 =49270#.077 ><,9=.<4;>4:9,7 ;<:G70= 49>: .077 >B;0=
4= , <07,>4@07B =>,-7B =:7@0/ ;<:-708$ *@0<,77" A0 /: 9:> =00 >34= ,= , 8,5:< 7484>,>4:9" -?>
90@0<>3070==" A0 ,7<0,/B ,//<0== 4> 49 >30 %4=.?==4:9 =0.>4:9$

d AKH DXWKRUV GR QRW SURYLGH D FRPSDULVRQ WR RWKHU SXEOLVKHG VLQJOH&FHOO UHVROXWLRQ SHUWXUEDWLRQ DQDO\VLV PHWKRGV

VXFK DV 28;4:0&<A #IRU GLVFORVXUH% 8 DP DQ DXWKRU RI WKLV PHWKRG$ DQG 2HOO<A' AKHVH PHWKRGV FRXOG DOVR

LGHQWLI\ aFRQWURO&OLNHb FHOOV LQ WKH SHUWXUEDWLRQ FRQGLWLRQ DQG DVVLJQ D PLQLPDO UHVSRQVH YDOXH'

JS ObbS[^bSR b] PS\QV[O`Y =W99:B OUOW\ab 8>B:A6(CG ]\ ]c` BOWdS 7*AS[]`g 7 U`]c\R
b`cbV [Wfbc`Sa) JS caSR bVS 8>B:A6(CG W[^ZS[S\bObW]\ ^`]dWRSR W\ bVS ^S`b^g ZWP`O`g T]c\R Ob
Vbb^a5**UWbVcP)Q][*bVSWaZOP*^S`b^g*PZ]P*[OW\*^S`b^g*b]]Za*NQW\S[O]b)^g) JS T]c\R bVOb
8>B:A6(CG R]Sa \]b `Sbc`\ O aW\UZS(QSZZ ZSdSZ b`SOb[S\b STTSQb T]` OZZ QSZZa W\ bVS RObOaSb) 7g
RSTOcZb' Wb `Sbc`\a O [Ob`Wf' RS)K W\ ]`WUW\OZ RW[ ]` RS)]Pa[L$KNS[PSRRW\U$M W\ `SRcQSR RW[ %Pg
RSTOcZb -+&' ]\Zg T]` bVS QSZZa W\ bVS 8OaS Q]\RWbW]\) >b Wa ^]aaWPZS b] T]`QS bVS RW[S\aW]\ ]T
RS)]Pa[L$KNS[PSRRW\U$M b] PS S_cOZ b] , %Pg aSbbW\U bVS RW[ ^O`O[SbS` W\ bVS
8W\S[O]b)QOcaOZSTTSQb Tc\QbW]\ b] ,& b] USb O aQOZO` aW\UZS(QSZZ b`SOb[S\b STTSQb aQ]`S) =]eSdS '̀
bVWa aQ]`S Wa ]\Zg Q][^cbSR T]` bVS QSZZa W\ bVS 8OaS Q]\RWbW]\) FW\QS bVS`S O`S \] Q][^O`OPZS
aQ]`Sa ^`]RcQSR T]` bVS QSZZa W\ bVS 8]\b`]Z Q]\RWbW]\' bVS 8>B:A6(CG b`SOb[S\b STTSQb aQ]`Sa
QO\\]b PS cbWZWhSR b] RWabW\UcWaV PSbeSS\ ^S`bc`PSR O\R c\^S`bc`PSR QSZZa W\ bVS 8OaS Q]\RWbW]\'
O\R QO\\]b PS RW`SQbZg Q][^O`SR eWbV =W99:B)

@WYSeWaS' eS Q]\aWRS`SR bVS acUUSabW]\ b] PS\QV[O`Y =W99:B OUOW\ab 8SZZCG) =]eSdS '̀
8SZZCG OZa] R]Sa \]b ^`]dWRS O ^S`bc`PObW]\ aQ]`S bVOb `STZSQba bVS SfbS\b b] eVWQV SOQV QSZZ Wa
^S`bc`PSR) GVS [SbV]R ]cb^cba O ZSO`\b [O^^W\U bVOb bSZZa ca V]e b] [O^ Q]\b`]Z QSZZa b] bVSW`
^`SRWQbSR ^S`bc`PObW]\ abObS) G] OQVWSdS bVWa' 8SZZCG TW`ab Oaac[Sa OQQc`ObS 8OaS*8]\b`]Z
ZOPSZa' bVS\ ZSO`\a O\ ]^bW[OZ b`O\a^]`b [O^ []RSZSR Pg O Tc\QbW]\ bVOb [O^a c\b`SObSR
%Q]\b`]Z& QSZZa b] bVSW` b`SObSR %QOaS& Q]c\bS`^O`ba) 6a O `SacZb' OZZ QOaS QSZZa O`S [O^^SR W\b] bVS
^S`bc`PObW]\ a^OQS eWbV]cb bVS ^]aaWPWZWbg b] OcU[S\b bVSW` abObca Oa c\^S`bc`PSR O\R VS\QS O
RW`SQb Q][^O`Wa]\ eWbV =W99:B Wa \]b TSOaWPZS)

JS eWaV b] S[^VOaWhS bVOb eS VOdS [ORS SfbS\aWdS Q][^O`Wa]\a eWbV AWfaQO^S' 8B6' A:@9'
O\R AWZ]) JS e]cZR VOdS PSS\ VO^^g b] W\QZcRS O Q][^O`Wa]\ eWbV 8>B:A6(CG O\R 8SZZCG Pcb
eS eS`S c\OPZS b] WRS\bWTg O ab`ObSUg T]` RW`SQb Q][^O`Wa]\ eWbV =W99:B)

:LQRU =RLQWV.

d @XSSOHPHQWDU\ ILJXUH -D ` W\SR LQ ILJXUH WLWOH VKRXOG UHDG. aFRPSDULQJ JURXQG WUXWK ODEHOV WR FRQWLQXRXV VFRUHVb

GVO\Y g]c) GVS TWUc`S VOa PSS\ ORXcabSR OQQ]`RW\UZg)

d 5LJXUH ,1 ` YDOLGDWLRQ RI JHQH H[SUHVVLRQ ZLWK ?;0 VFRSH IRU 9JDOV* DQG @*))D-' CDV DQ\ TXDQWLWDWLRQ RI WKH

FRH[SUHVVLRQ GRQH/ 0QG LI VR LV WKLV VKRZQ DQ\ZKHUH/ CHUH WKHVH JHQHV RQHV WKDW ZHUH VSHFLILFDOO\ LGHQWLILHG

XVLQJ WKH 7L334; DSSURDFK/ <U ZHUH WKHVH JHQHV DOVR LGHQWLILHG E\ D VWDQGDUG VDPSOH&OHYHO WUHDWPHQW ODEHO

GLIIHUHQWLDO JHQH DQDO\VLV/



GVS ^c`^]aS ]T bVWa EB6 aQ]^S dOZWRObW]\ eOa b] Q]\TW`[ bVS SfWabS\QS ]T b`W^Zg ^]aWbWdS

QSZZaibV]aS bVOb Sf^`Saa  Flt1,   Lgals1 ' O\R  S100a6  Oa ^`SRWQbSR Pg bVS =W99:B O\OZgaWa %O\R

eS`S \]b WRS\bWTWSR caW\U ]`RW\O`g RWTTS`S\bWOZ US\S Sf^`SaaW]\&((`ObVS` bVO\ b] _cO\bWbObWdSZg

OaaSaa bVS ^`]^]`bW]\a ]T RWTTS`S\b S\R]bVSZWOZ ^]^cZObW]\a) 6a QO\ PS O^^`SQWObSR W\ bVS

W[OUSa' bVSaS QSZZa O`S _cWbS a^O`aS' ]eW\U W\ ZO`US ^O`b b] P]bV bVS a^O`aWbg ]T S\R]bVSZWOZ

QSZZaiOa XcRUSR Pg bVS a^O`aS Sf^`SaaW]\ ]T  Flt1 ) >\RSSR' Oa aV]e\ W\ bVS TWUc`S' bVSaS b`W^Zg

^]aWbWdS QSZZa eS`S RSbSQbSR eWbVW\ bVS RS[gSZW\ObW\U ZSaW]\ %O\R Q]cZR \]b PS T]c\R W\ bVS

dSVWQZS(W\XSQbSR [WQS&)

 Reviewer #4 (Remarks on code availability): 

d CKLOH WKH FRGH VHHPV WR EH XVDEOH DQG UHDGDEOH% 8 ZRXOG KDYH SUHIHUUHG LI LW ZHUH LPSRUWDEOH DV D =\=8 SDFNDJH

#KLGGHQVF VHHPV WR DOUHDG\ EH ZULWWHQ DV VXFK$'

JS VOdS RSZWPS`ObSZg QV]aS\ b] ^cPZWaV =W99:Bla Q]RS W\ bVWa T]`[Ob) JS TW\R bVOb Wb W\abOZZa

dS`g SOaWZg O\R STTWQWS\bZg eWbV]cb PSW\U O DgD> ^OQYOUS) ;c`bVS`[]`S' Wb YSS^a bVS c\RS`ZgW\U

Q]RSPOaS []`S TZSfWPZS) JS T]c\R bVOb caS`a ]T =W99:B ^O`bWQcZO`Zg dOZcS PSW\U OPZS b]

Q][PW\S ]c` T`O[Se]`Y eWbV SfWabW\U RW[S\aW]\OZWbg `SRcQbW]\ bSQV\W_cSa eVWQV Sd]ZdS O\R

Q]\bW\cS PSW\U c^RObSR' O\R eS R] \]b aSS Wb TSOaWPZS b] YSS^ b`OQY ]T c^RObSa ]\ OZZ ]T bVS

^]aaWPZS RW[S\aW]\OZWbg `SRcQbW]\ []RcZSa' SU' aQdW)



Reviewer #3 (Remarks to the Author):

The authors have addressed all my concerns.

Reviewer #4 (Remarks to the Author):

The authors have substantially improved the manuscript and responded thoughtfully to all 

reviewer comments. I have no further concerns.


