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Reviewer #1 (Remarks to the Author):

1. One of the key advantage claimed by the authors is scalability. However, their evaluation 

stopped at 50,000 cells. In comparison, the authors of scGCO evaluated performance up to 1 

million cells. Thus additional evaluation is necessary. I would suggest the authors to evaluate both 

simulated data up to 1 million cells and real biological sample with millions of cells. Furthermore, 

in addition to running time, it is essential to profile the memory footprint of different methods to 

gain a holistic picture of these methods’ scalability.

2. I am strong concerned about how the authors calculated performance metrics (such as AUC, F1 

etc) on real biological samples. Unlike fields such as image classification in computer vision, where 

the class label of each image in the data set is authentic and known, our current understanding of 

SV genes is rather limited and for each biological sample, the true set of SV genes are unknown. 

The authors selected the top 500 overlaps between HEARTSVG and SPARK-X to form a set of true 

SVGs. This is a very biased approach and will strongly favor HEARTSVG and SPARK-X. Using genes 

selected by HEARTSVG to evaluate the performance of HEARTSVG is the same as evaluate a 

method’s performance using the training data, it is fundamentally flawed.

3. Given that the true set of SV genes are generally unknown in real biological samples, the 

evaluation based on simulated data is critical. Unfortunately the authors only simulate three simple 

patterns. Additional patterns are necessary to gain an unbiased picture. The authors should 

demonstrate that the patterns are comprehensive enough to capture major SV trends. 

Furthermore, because all methods will perform extremely well on noise-free simulated data, 

varying level of noises should be added to evaluate the robustness of different methods.

Reviewer #2 (Remarks to the Author):

The manuscript entitled, “HEARTSVG: a fast and accurate method for spatially variable gene 

identification in large-scale spatial transcriptomic data” by Yuan et al. presents an interesting new 

methodology to identify spatial variable genes (SVGs). This work aims to identify SVGs without 

using pre-determined assumptions about gene expression spatial distribution. The authors focus 

on identifying non-SVGs genes to define a background spatial expression and then infer SVGs 

using both semi-pooling and autocorrelation. The authors have analyzed a significant number of 

datasets (n=12) across different sequencing technologies and investigated data sparsity, distinct 

spatial patterns, number of spots, SVGs abundance and ZINB parameters on simulated data. 

Additionally, in the revised version the authors include a comparison with other SVGs detection 

methods such as scGCO, spatialDE, SPARK and SPARK-X. The authors show that HEARTSVG 

provides a considerable improvement of their methodology in their capability to accurately identify 

SVGs and provide scalability of the tool. To be accepted the authors will need to thoroughly revise 

the manuscript and edit figures to increase their quality.

Major Comments.

Which parameters (steps) were used for the different semi-pooling schema? This information is not 

clearly available in the manuscript. What is the reasoning behind choosing a Stouffer’s method to 

derive a combined p-value? Showing the distribution of p-values across a set of samples would be 

beneficial. Also, the authors should describe which spatial autocorrelation measure is used in the 

HEARTSVG and explain how distinct is for example from Moran’I autocorrelation measure or other. 

What autocorrelation threshold was used for genes to be considered an SVG (high autocorrelation) 

versus a non-SVG (low autocorrelation)?

Also, how is the proposed method distinct from Squidpy by Palla et al. Nature Methods, 19, 171-

178 (2022)?

Major Comments.

Please, consider revising Figure 1 and clearly illustrate inputs (used resources) and the outputs, 

metrics as it fails to show all the analysis steps to accurately quantify the final ST profiles.

The description of the auto-clustering method used in the manuscript is rather limited. I 

recommend adding additional details in the Supplementary Method section.



On Figure 2, the x-axis label should be labeled Percentage of SVGs. Additionally, the authors 

mentioned sample size, but it seems more like they are refereeing to the number of spots.

On Figure 3 panel C, revise the scale in which p-values are shown (-log10(p-value)).

Consider revising manuscript and figures to consistently use FPR (false positive rate) and TPR (true 

positive rate).

On line 136: “Spot coordinates of each spot were generated using a Poisson random point process 

and gene expression counts were generated from the zero-inflated negative binomial distribution 

(ZINB)”. In the revised version of the manuscript the authors used negative binomial (NB), zero-

inflated negative binomial (ZINB), Poisson, and zero-inflated Poisson (ZIP) and this information is 

not clearly included in the result section.

On lines 322-325 and Figure 4. It seems quite odd the identification of “Rectum specific pathways” 

in cerebellum data. Please, confirm this is correct and share the GO ID and associated p-value. 

Additionally have the authors selected an expression threshold above which genes are considered 

to be expressed? And what is the minimum number of genes to be considered for a pathway to be 

enriched?

On Figure S10, 1236 genes were identified as common SVGs between different methods 

HEARTSVG, scGCO and SPARK-X, etc. It would be of interest to show the expression patterns of 

other genes that overlap across the different methods.

Minor Comments.

I recommend improving the quality of panels shown in Figure S10 and increase the font size. The 

same applies to Figure 4B labels.

On Figure S7 legend is not clear to what: “large pattern size” refers too. “Figure S7 Simulation 

results of hotspot pattern with low sparsity and large pattern size, (a) F1 score, (b) recall, (c) 

precision.”

On Figure S19 legend what are: “MT” genes? “Figure S19 ‘MT’ genes in primary colorectal cancer 

tissue and liver metastasis cancer tissue.”

On Figures S23-S24 add which scale is being used to display the expression values.

Comments on the Quality of English Language

The paper is easy to follow and understand, but I would recommend editing by an English-

speaking editor, in particular the Result section, to remove sentence duplications, and select the 

appropriate plural form, prepositions and articles and any other orthographic typos.

Consider uniformly using GO (vs Go) for Gene Ontology terms and uppercase gene symbols 

throughout the manuscript.

Line 140: Consider correcting this sentence: The "1 score was used to assess the performances of 

identification SVGs of HEARTSVG and three other SVG detection methods in identifying SVGs.”

Line 144: Consider reframing this sentence: “SpatialDE, SPARK struggled to identify SVGs in 

sparse data possibly due to their adoption of the Gaussian data-generative model, which is not 

well-suited for gene spatial expression distribution.” Why is it not well suited?

Line 147: Consider reframing this sentence: “scGCO exhibited many false negatives in due to its 

difficulty in accurately identifying candidate regions for SVGs in highly sparse datasets.”

Lines 147-8: Remove the repetition from sentence: “On the low sparsity simulated data, scGCO 

showed improved "1 scores on simulated data with lower sparsity ("1 score=0.333).



Line 149: Consider re-writing this sentence to clarify what it means: “Identification performance 

was influenced by the pattern sizes of SVGs and sample sizes (Fig.2b, S1-3). What sample sizes 

were used? and what are pattern size? Described in Methods?

Figure 1 legend: Edit inflaation to inflation
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Major Comments. 
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2. What is the reasoning behind choosing a Stouffer’s method to derive a combined 

p-value? Showing the distribution of p-values across a set of samples would be 

beneficial.  
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13%$#$"%124:("$*
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Table 1 Rectum and endometrium specific pathways 

j;>?<C" NUX'"Rg" >IFFL;" QlDBHL;"
R:>;MF;G>I<:"

FIc;"
>;MJlFIc;" +U%"

@[?&\% =[?+ZXZZKXK% $"6427% NQKK>DNZ% K`% NMK% ZQNX_%

@[?&\% =[?+ZXZZKXN% $"6427% `QZN>DZM% LZ% K_Z% ZQNNO%

@[?&\% =[?+ZXZZKXL% $"6427% `QX_>DZM% KZ% NNL% ZQNaa%

@[?&\D]% =[?+ZXZZKXK% $"6427% NQKO>DZ_% KO% NMK% ZQNL%

@[?&\D]% =[?+ZXZZKXN% $"6427% KQ_N>DZ_% KM% K_Z% ZQNNK%

@[?&\D]% =[?+ZXZZKXL% $"6427% `QOZ>DZ_% N`% NNL% ZQNOM%

@9#4(#:!>% =[?+ZXZZKXN% $"6427% ZQZZNMZNLL_% LX% K_Z% ZQNLN%

@U2(;90% =[?+Z_XNOLN% ".;17"4$(27% ZQZZ_MKaKZK% NX% XM% ZQK`_%
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)-"$"% @[?&\D]% #.;% @U2(;90% -#;% -(8-% ^N% *61$"*% 1.% *(72:#4(1.% ;#4#% )(4-% 8$#;(".4% 9#44"$.*%
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Minor Comments. 
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Comments on the Quality of English Language
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1. Results of simulations with mixture noise 
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ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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Figure S9 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%4$(#.8:"*%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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Figure S10 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%6($6:"*%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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Figure S11 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%*U2#$"*%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%

%
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Figure S12 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%@7#::%4$(#.8:"*%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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Figure S13 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%@7#::%6($6:"*%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%

%
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Figure S14 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%@7#::%*U2#$"*%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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Figure S15 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%6($6:"*%FF%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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Figure S16 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%@7#::%4$(#.8:"*%FF%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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Figure S17 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%[#44"$.%F%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%;(33"$".4%

7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%8"."$#4";%C0%312$%

;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%ENPP%*-1)*%^N%*61$"*R%

,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%6179#$(*1.%13%,[&%'#:2"*%

#71.8%*(T%8"."*"4*Q%

%
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Figure S18 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%[#44"$.%FF%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%;(33"$".4%

7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%8"."$#4";%C0%312$%

;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%ENPP%*-1)*%^N%*61$"*R%

,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%6179#$(*1.%13%,[&%'#:2"*%

#71.8%*(T%8"."*"4*Q%
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Figure S19 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%[#44"$.%FFF%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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Figure S20 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%F$$"8%9#4%F%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%

%
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Figure S21 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%F$$"8%9#4%FF%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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Figure S22 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%F$$"8%9#4%FFF%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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Figure S23 @(72:#4(1.%$"*2:4*%13%@AB*%(;".4(3(6#4(1.%2*(.8%*(72:#4";%;#4#%)(4-%7(T42$"%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%F$$"8%9#4%FA%)(4-%7(T42$"%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%*(T%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\R%@[?&\D]R%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%,-"%C#$%;(#8$#7%E*2CD9#.":%

ENPP%*-1)*%^N%*61$"*R%,[&*R%9$"6(*(1.*R%#.;%^[&*Q%,-"%-"#47#9%E*2CD9#.":%EKPP%;"9(64*%4-"%

6179#$(*1.%13%,[&%'#:2"*%#71.8%*(T%8"."*"4*Q%
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2. Results of noise-free simulations 
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Figure S23 BP%A(*2#:(V#4(1.%13%KL%$"9$"*".4#4('"%*9#4(#:%"T9$"**(1.%9#44"$.*+%=14*914R%@4$"#/R%

B$#;(".4R%&(.8R%G"*4";%$(.8*R%@4$"#/*R%H2$'"R%&"64#.8:"*R%b(8%4$(#.8:"*R%b(8%6($6:"*R%b(8%*U2#$"*R%

@7#::%4$(#.8:"*R%@7#::%6($6:"*R%@7#::%*U2#$"*R%b(8%6($6:"*%FFR%@7#::%4$(#.8:"*%FFR%[#44"$.%FR%[#44"$.%FFR%

[#44"$.%FFFR%F$$"8%9#4%FR%F$$"8%9#4%FFR%F$$"8%9#4%FFFQ%CD"R%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%

^[&% 9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P% 13% =>?&,@AB% E$";PR% *6BHI% E1$#.8"PR% @9#4(#:!>%

E0"::1)PR% @[?&\% EC:2"PR% @[?&\D]% E8$"".PR% #.;% @U2(;90% E92$9:"P% (.% *(72:#4(1.% ;#4#Q% ,-"%
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3. Results of simulations with Gaussian noise 

S"%*(72:#4";%LZZZ%6"::*%)(4-%NZRZZZ%8"."*%ENZZZ%@AB*%#.;%MZZZ%.1.D@AB*P%(.%"#6-%*6".#$(1Q%

S"%#;;";%'#$0(.8%:"'":*%E$#.8(.8%3$17%Z%41%ZQ_P%13%.1(*"*%41%.1(*"D3$""%;#4#%41%6$"#4"%*(72:#4";%

;#4#*"4*%)(4-%;(33"$".4%;"8$""*%13%.1(*"Q%,-"%9#$#7"4"$*%13%4-"%312$%;(*4$(C24(1.*%)"%2*";%)"$"%

*-1).%(.%,#C:"*%@N%#.;%@KQ%

*IELM;"6(2"@(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%E#P%

A(*2#:(V#4(1.%13%[#44"$.+%=14*914%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%13%

312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%8"."$#4";%

C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%

#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%E1$#.8"PR%@[?&\D]%

E8$"".PR%#.;%@U2(;90% E92$9:"P%#6$1**%'#$0(.8% :"'":*%13%B#2**(#.%.1(*"% *4$".84-% ETD#T(*PQ% F.;"T%

'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S25 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%@4$"#/%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%

13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S26 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%B$#;(".4%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%

;#4#%8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S27 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%&(.8%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%

13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S28 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%G"*4";%$(.8*%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%

;#4#%8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S29 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%@4$"#/*%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%

;#4#%8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S30 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%H2$'"%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%

13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S31 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%&"64#.8:"*%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%

;#4#%8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S32 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%4$(#.8:"*%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%

;#4#%8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S33 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%6($6:"*%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%

;#4#%8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S34 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%*U2#$"*%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%

;#4#%8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S35 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%@7#::%4$(#.8:"*%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%

@(72:#4(1.%$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%

*(72:#4";%;#4#%8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%

,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%

*6BHI%E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%

.1(*"%*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S36 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%@7#::%6($6:"*%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%

;#4#%8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%

*4$".84-%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S37 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%@7#::%*U2#$"*%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";% C0% 312$% ;(*4(.64% ;(*4$(C24(1.*% EeFGbR% eF[R% GbR% [1(**1.PQ% ^N% *61$"% 9:14*R% ,[&% 9:14*R%

[$"6(*(1.%9:14*R% #.;%^[&%9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P%13%=>?&,@AB% E$";PR% *6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%*4$".84-%

ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%

%
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Figure S38 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%6($6:"*%FF%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";% C0% 312$% ;(*4(.64% ;(*4$(C24(1.*% EeFGbR% eF[R% GbR% [1(**1.PQ% ^N% *61$"% 9:14*R% ,[&% 9:14*R%

[$"6(*(1.%9:14*R% #.;%^[&%9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P%13%=>?&,@AB% E$";PR% *6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%*4$".84-%

ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%

%
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Figure S39 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%@7#::%4$(#.8:"*%FF%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";% C0% 312$% ;(*4(.64% ;(*4$(C24(1.*% EeFGbR% eF[R% GbR% [1(**1.PQ% ^N% *61$"% 9:14*R% ,[&% 9:14*R%

[$"6(*(1.%9:14*R% #.;%^[&%9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P%13%=>?&,@AB% E$";PR% *6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%*4$".84-%

ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S40 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%[#44"$.%F%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%

13% 312$% ;(33"$".4% 7"4-1;*% E=>?&,@ABR% *6BHIR% @[?&\D]% #.;% @U2(;90P% 1.% *(72:#4";% ;#4#%

8"."$#4";% C0% 312$% ;(*4(.64% ;(*4$(C24(1.*% EeFGbR% eF[R% GbR% [1(**1.PQ% ^N% *61$"% 9:14*R% ,[&% 9:14*R%

[$"6(*(1.%9:14*R% #.;%^[&%9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P%13%=>?&,@AB% E$";PR% *6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%*4$".84-%

ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S41 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+%[#44"$.%FF%)(4-%'#$0(.8%:"'":%13%B#2**(#.%.1(*"Q%ECD"P%@(72:#4(1.%$"*2:4*%

13% 312$% ;(33"$".4% 7"4-1;*% E=>?&,@ABR% *6BHIR% @[?&\D]% #.;% @U2(;90P% 1.% *(72:#4";% ;#4#%

8"."$#4";% C0% 312$% ;(*4(.64% ;(*4$(C24(1.*% EeFGbR% eF[R% GbR% [1(**1.PQ% ^N% *61$"% 9:14*R% ,[&% 9:14*R%

[$"6(*(1.%9:14*R% #.;%^[&%9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P%13%=>?&,@AB% E$";PR% *6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%*4$".84-%

ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S42 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P% A(*2#:(V#4(1.% 13% [#44"$.+% [#44"$.% FFF% )(4-% '#$0(.8% :"'":% 13% B#2**(#.% .1(*"Q% ECD"P% @(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";% C0% 312$% ;(*4(.64% ;(*4$(C24(1.*% EeFGbR% eF[R% GbR% [1(**1.PQ% ^N% *61$"% 9:14*R% ,[&% 9:14*R%

[$"6(*(1.%9:14*R% #.;%^[&%9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P%13%=>?&,@AB% E$";PR% *6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%*4$".84-%

ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S43 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P% A(*2#:(V#4(1.%13%[#44"$.+% F$$"8%9#4% F%)(4-% '#$0(.8% :"'":% 13% B#2**(#.% .1(*"Q% ECD"P% @(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";% C0% 312$% ;(*4(.64% ;(*4$(C24(1.*% EeFGbR% eF[R% GbR% [1(**1.PQ% ^N% *61$"% 9:14*R% ,[&% 9:14*R%

[$"6(*(1.%9:14*R% #.;%^[&%9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P%13%=>?&,@AB% E$";PR% *6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%*4$".84-%

ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S44 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+% F$$"8%9#4% FF%)(4-%'#$0(.8% :"'":%13%B#2**(#.%.1(*"Q% ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";% C0% 312$% ;(*4(.64% ;(*4$(C24(1.*% EeFGbR% eF[R% GbR% [1(**1.PQ% ^N% *61$"% 9:14*R% ,[&% 9:14*R%

[$"6(*(1.%9:14*R% #.;%^[&%9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P%13%=>?&,@AB% E$";PR% *6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%*4$".84-%

ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S45 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%B#2**(#.%.1(*"Q%

E#P%A(*2#:(V#4(1.%13%[#44"$.+% F$$"8%9#4% FFF%)(4-%'#$0(.8% :"'":%13%B#2**(#.%.1(*"Q% ECD"P%@(72:#4(1.%

$"*2:4*%13%312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";% C0% 312$% ;(*4(.64% ;(*4$(C24(1.*% EeFGbR% eF[R% GbR% [1(**1.PQ% ^N% *61$"% 9:14*R% ,[&% 9:14*R%

[$"6(*(1.%9:14*R% #.;%^[&%9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P%13%=>?&,@AB% E$";PR% *6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%'#$0(.8%:"'":*%13%B#2**(#.%.1(*"%*4$".84-%

ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%

%
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4. Results of simulations with noise of 'Randomly Exchanging 

Expression Values of Selected Nodes' 

!2"%41%4-"%;(33"$".4%)#0*%13%8"."$#4(.8%.1(*"R)"%6$"#4";%.")%*(72:#4(1.%;#4#%EC14-%"T9$"**(1.%

#.;%611$;(.#4"*P%)(4-%.1(*"R% (.*4"#;%13% 4$#.*31$7(.8%4-"%.1(*"D3$""%;#4#Q%S"%2*";%4-"%*#7"%

9#$#7"4"$%*"44(.8*%#*%(.%@"64(1.%NDL%41%8"."$#4"%4-"%*9#4(#:%9#44"$.*%#.;%*(72:#4";%LZZZ%6"::*%

)(4-%NZRZZZ%8"."*%ENZZZ%@AB*%#.;%MZZZ%.1.D@AB*P%(.%"#6-%*6".#$(1Q%,-"%9#$#7"4"$*%13%4-"%312$%

;(*4$(C24(1.*%)"%2*";%#$"%*-1).%(.%,#C:"*%@N%#.;%@KQ%

%

Figure S46 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0% >T6-#.8(.8% >T9$"**(1.% A#:2"*% 13% @":"64";% G1;"*QY% E#P% A(*2#:(V#4(1.% 13% [#44"$.+%

=14*914%)(4-%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%EfPQ%ECD"P%@(72:#4(1.%$"*2:4*%13%312$%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%8"."$#4";%C0%
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312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%

^[&% 9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P% 13% =>?&,@AB% E$";PR% *6BHI% E1$#.8"PR% @[?&\D]%

E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%ETD#T(*PQ%

F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%

%

Figure S47 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0%>T6-#.8(.8%>T9$"**(1.%A#:2"*%13%@":"64";%G1;"*QY%E#P%A(*2#:(V#4(1.%13%[#44"$.+%@4$"#/%

)(4-%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%EfPQ%ECD"P%@(72:#4(1.%$"*2:4*%13%312$%;(33"$".4%

7"4-1;*% E=>?&,@ABR% *6BHIR% @[?&\D]% #.;% @U2(;90P% 1.% *(72:#4";% ;#4#% 8"."$#4";% C0% 312$%

;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%^[&%

9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%E1$#.8"PR%@[?&\D]%E8$"".PR%

#.;% @U2(;90% E92$9:"P% #6$1**% ;(33"$".4% 9"$6".4#8"% 13% 6"::*% $#.;17% "T6-#.8"*% ETD#T(*PQ% F.;"T%

'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S48 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0%>T6-#.8(.8%>T9$"**(1.%A#:2"*%13%@":"64";%G1;"*QY%E#P%A(*2#:(V#4(1.%13%[#44"$.+%&(.8%

)(4-%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%EfPQ%ECD"P%@(72:#4(1.%$"*2:4*%13%312$%;(33"$".4%

7"4-1;*% E=>?&,@ABR% *6BHIR% @[?&\D]% #.;% @U2(;90P% 1.% *(72:#4";% ;#4#% 8"."$#4";% C0% 312$%

;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%^[&%

9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%E1$#.8"PR%@[?&\D]%E8$"".PR%

#.;% @U2(;90% E92$9:"P% #6$1**% ;(33"$".4% 9"$6".4#8"% 13% 6"::*% $#.;17% "T6-#.8"*% ETD#T(*PQ% F.;"T%

'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S49 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0%>T6-#.8(.8%>T9$"**(1.%A#:2"*%13%@":"64";%G1;"*QY%E#P%A(*2#:(V#4(1.%13%[#44"$.+%G"*4";%

$(.8*%)(4-%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%EfPQ%ECD"P%@(72:#4(1.%$"*2:4*%13%312$%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%8"."$#4";%C0%

312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%

^[&% 9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P% 13% =>?&,@AB% E$";PR% *6BHI% E1$#.8"PR% @[?&\D]%

E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%ETD#T(*PQ%

F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S50 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0%>T6-#.8(.8%>T9$"**(1.%A#:2"*%13%@":"64";%G1;"*QY%E#P%A(*2#:(V#4(1.%13%[#44"$.+%@4$"#/*%

)(4-%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%EfPQ%ECD"P%@(72:#4(1.%$"*2:4*%13%312$%;(33"$".4%

7"4-1;*% E=>?&,@ABR% *6BHIR% @[?&\D]% #.;% @U2(;90P% 1.% *(72:#4";% ;#4#% 8"."$#4";% C0% 312$%

;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%^[&%

9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%E1$#.8"PR%@[?&\D]%E8$"".PR%

#.;% @U2(;90% E92$9:"P% #6$1**% ;(33"$".4% 9"$6".4#8"% 13% 6"::*% $#.;17% "T6-#.8"*% ETD#T(*PQ% F.;"T%

'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S51 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0%>T6-#.8(.8%>T9$"**(1.%A#:2"*%13%@":"64";%G1;"*QY%E#P%A(*2#:(V#4(1.%13%[#44"$.+%H2$'"%

)(4-%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%EfPQ%ECD"P%@(72:#4(1.%$"*2:4*%13%312$%;(33"$".4%

7"4-1;*% E=>?&,@ABR% *6BHIR% @[?&\D]% #.;% @U2(;90P% 1.% *(72:#4";% ;#4#% 8"."$#4";% C0% 312$%

;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%^[&%

9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%E1$#.8"PR%@[?&\D]%E8$"".PR%

#.;% @U2(;90% E92$9:"P% #6$1**% ;(33"$".4% 9"$6".4#8"% 13% 6"::*% $#.;17% "T6-#.8"*% ETD#T(*PQ% F.;"T%

'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%

%
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Figure S52 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0% >T6-#.8(.8% >T9$"**(1.% A#:2"*% 13% @":"64";% G1;"*QY% E#P% A(*2#:(V#4(1.% 13% [#44"$.+%

&"64#.8:"*%)(4-%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%EfPQ%ECD"P%@(72:#4(1.%$"*2:4*%13%

312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%8"."$#4";%

C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%

#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%E1$#.8"PR%@[?&\D]%

E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%ETD#T(*PQ%

F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%

%
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Figure S53 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0%>T6-#.8(.8%>T9$"**(1.%A#:2"*%13%@":"64";%G1;"*QY% E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%

4$(#.8:"*%)(4-%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%EfPQ%ECD"P%@(72:#4(1.%$"*2:4*%13%312$%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%8"."$#4";%C0%

312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%

^[&% 9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P% 13% =>?&,@AB% E$";PR% *6BHI% E1$#.8"PR% @[?&\D]%

E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%ETD#T(*PQ%

F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%
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Figure S54 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0%>T6-#.8(.8%>T9$"**(1.%A#:2"*%13%@":"64";%G1;"*QY% E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%

6($6:"*%)(4-%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%EfPQ%ECD"P%@(72:#4(1.%$"*2:4*%13%312$%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%8"."$#4";%C0%

312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%

^[&% 9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P% 13% =>?&,@AB% E$";PR% *6BHI% E1$#.8"PR% @[?&\D]%

E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%ETD#T(*PQ%

F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%

%
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Figure S55 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0%>T6-#.8(.8%>T9$"**(1.%A#:2"*%13%@":"64";%G1;"*QY% E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%
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Figure S59 @(72:#4(1.%$"*2:4*%31$%(;".4(30(.8%@AB*%2*(.8%*(72:#4";%;#4#%)(4-%.1(*"%13%

Y&#.;17:0%>T6-#.8(.8%>T9$"**(1.%A#:2"*%13%@":"64";%G1;"*QY%E#P%A(*2#:(V#4(1.%13%[#44"$.+%b(8%

6($6:"*%FF%)(4-%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%EfPQ%ECD"P%@(72:#4(1.%$"*2:4*%13%

312$%;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%

8"."$#4";%C0%312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%

[$"6(*(1.%9:14*R%#.;%^[&%9:14*%6179#$"%4-"%(.;"T%'#:2"*%E0D#T(*P%13%=>?&,@AB%E$";PR%*6BHI%

E1$#.8"PR%@[?&\D]%E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%

"T6-#.8"*%ETD#T(*PQ%F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%

%



119

%
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Figure S62 @(72:#4(1.% $"*2:4*% 31$% (;".4(30(.8% @AB*% 2*(.8% *(72:#4";% ;#4#% )(4-% .1(*"% 13%

Y&#.;17:0%>T6-#.8(.8%>T9$"**(1.%A#:2"*%13%@":"64";%G1;"*QY%E#P%A(*2#:(V#4(1.%13%[#44"$.+%[#44"$.%

FF% )(4-% ;(33"$".4% 9"$6".4#8"% 13% 6"::*% $#.;17% "T6-#.8"*% EfPQ% ECD"P% @(72:#4(1.% $"*2:4*% 13% 312$%

;(33"$".4%7"4-1;*%E=>?&,@ABR%*6BHIR%@[?&\D]%#.;%@U2(;90P%1.%*(72:#4";%;#4#%8"."$#4";%C0%

312$%;(*4(.64%;(*4$(C24(1.*%EeFGbR%eF[R%GbR%[1(**1.PQ%^N%*61$"%9:14*R%,[&%9:14*R%[$"6(*(1.%9:14*R%#.;%

^[&% 9:14*% 6179#$"% 4-"% (.;"T% '#:2"*% E0D#T(*P% 13% =>?&,@AB% E$";PR% *6BHI% E1$#.8"PR% @[?&\D]%

E8$"".PR%#.;%@U2(;90%E92$9:"P%#6$1**%;(33"$".4%9"$6".4#8"%13%6"::*%$#.;17%"T6-#.8"*%ETD#T(*PQ%

F.;"T%'#:2"*%)"$"%6#:62:#4";%#4%4-"%#;h2*4";%9D'#:2"%624133%13%ZQZOQ%



122

%
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Reviewer #1 (Remarks to the Author):

1. I am concerned with the validity of the simulation results. There are multiple discrepancies.

For example, in figure S11, after exchanged 100% of spots, which should destroy the pattern and 

result in complete noise, squidpy, surprisingly, get FPR of 1 in 3 out of 4 tests. More surprisingly, 

the TPR of squidpy is 0 for all cases even when 0% of spots were exchanged. This data indicates 

that squidpy will identify all negative noise as SVGs while failed to identify any true SVGs. I think 

these results contradicts with the reported performance of squidpy.

Furthermore, the result in S11 is a direct conflict with data in figure S9, where the same double 

strip pattern is analysed with Gaussian noise. In S9, squidpy has a TPR of 1 for this pattern at 

Gaussian noise 0, but squidpy has a TPR of 0 for the same pattern in figure S11 with 0% exchange 

rate. How could squidpy identified the same pattern perfectly in one test, while completely failed in 

another?

In Figure S4-S6, multiple methods have 0 TPR, which is of major concern. These simulated 

patterns are presumedly with strong and clear spatial patterns. But multiple published methods 

failed to identify such simulated SVGs, indicating that these methods lack the ability to identify 

SVGs, which directly contradict with multiple published results.

Same concern goes with the simulation with Gaussian noises (Figure S8-S10). With a large 

amount of Gaussian noises, which also should destroy the underlying spatial patterns. Some 

method maintained 100% TPR up to Gaussian noise level 0.6. And some methods demonstrated 

similar patters with these in S11, showing increased FPR as noises increase, suggesting that they 

identified more SVGs from higher level of noises.

These discrepancies indicate that the data produced are of poor quality. The authors should clarify 

the mechanisms behind these irregular observations.

I understand that the authors try to demonstrate that their method is superior to ALL available 

ones in all scenarios. In my opinion this is not necessary as far as they demonstrate substantial 

improvements, provided that the evaluation of existing methods is reliable and, at least, should 

reproduce majority of published results.

2. The author should stop calculating metric such as FPR etc for real biological samples. They 

updated the true positive set to intersection of all methods tested. But the same logic applies, we 

simply don’t know the set of true SVGs genes. Using the intersection of all methods is flawed just 

as using intersection of two methods.

3. The memory requirement of scGCO is very different from what was reported in the scGCO 

paper, which should be further investigated.

Reviewer #2 (Remarks to the Author):

The authors have addressed all the previous questions by including new SVG tool comparisons, 

new significant results and importantly including more detailed information on HEARTSVG method 

procedures and its rationale. This information was shared in the rebuttal letter but also nicely 

included in the revised manuscript. Thus, the authors show that HEARTSVG provides a 

considerable improvement of their methodology in their capability to accurately identify SVGs and 

provide scalability of the tool. Moreover, the manuscript was extensively revised, and it reads well. 

This paper is suitable for publication.

Before publication the authors need to address a set of minor comments which will not require 



reviewers’ re-evaluation.

Minor Comments

In Figure 2, substitute the top title from “Gaussion noise strength” by “Gaussian noise strength”. 

The same applies to Supplemental Figures S63-S84. Additionally, fix the x-axis for Supplemental 

Figure S64.

In Figure 3E, include the relative expression units in the slide bar.

In Figure 4 panels A include a tittle for the slide bar and substitute “low/high” expression by a 

numeric scale.

Include the Yamamoto test reference in the manuscript.

In Supplemental Figures S1-S3, the x-axis is labelled with “Sample size”. Would it be best to 

replace by “Number of cells” as shown in Figure 1 and Supplemental Figures S62-S84?
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Dear Reviewers: 

Thank you for the reviewers’ comments concerning our manuscript entitled "HEARTSVG: a 

fast and accurate method for spatially variable gene identification in large-scale spatial 

transcriptomic data" (ID: NCOMMS-23-29155C). Your insights and comments have been 

invaluable in refining the quality and clarity of our work. We have carefully considered each 

of your comments and have made the necessary revisions to address them. We provide a 

detailed point-to-point response for each comment in the following document and make 

corresponding changes in the manuscript. 

We hope these revisions satisfy your comments and improve the quality of our manuscript. 
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Response to Reviewer #1  

!" #$%&$'()'*+)*,$-./0$/0*$1%2.,./3$(4$/0*$5.&62%/.()$+*562/5"$70*+*$%+*$&62/.82*$,.5'+*8%)'.*5"$

!9 :(+$*;%&82*<$.)$4.=6+*$>!!<$%4/*+$*;'0%)=*,$!??@$(4$58(/5<$-0.'0$50(62,$,*5/+(3$/0*$8%//*+)$

%),$+*562/$.)$'(&82*/*$)(.5*<$5A6.,83<$56+8+.5.)=23<$=*/$:BC$(4$!$.)$D$(6/$(4$E$/*5/5"$F(+*$

56+8+.5.)=23<$/0*$7BC$(4$5A6.,83$.5$?$4(+$%22$'%5*5$*1*)$-0*)$?@$(4$58(/5$-*+*$*;'0%)=*,"$

70.5$ ,%/%$ .),.'%/*5$ /0%/$ 5A6.,83$ -.22$ .,*)/.43$ %22$ )*=%/.1*$ )(.5*$ %5$ >GH5$ -0.2*$ 4%.2*,$ /($

.,*)/.43$%)3$/+6*$>GH5"$#$/0.)I$/0*5*$+*562/5$'()/+%,.'/5$-./0$/0*$+*8(+/*,$8*+4(+&%)'*$(4$

5A6.,83"$

J9 :6+/0*+&(+*<$/0*$+*562/$ .)$>!!$ .5$%$,.+*'/$'()42.'/$-./0$,%/%$.)$4.=6+*$>K<$-0*+*$/0*$5%&*$

,(6L2*$5/+.8$8%//*+)$.5$%)%235*,$-./0$H%655.%)$)(.5*"$#)$>K<$5A6.,83$0%5$%$7BC$(4$!$4(+$/0.5$

8%//*+)$%/$H%655.%)$)(.5*$?<$L6/$5A6.,83$0%5$%$7BC$(4$?$4(+$/0*$5%&*$8%//*+)$.)$4.=6+*$>!!$

-./0$?@$*;'0%)=*$+%/*"$M(-$'(62,$5A6.,83$.,*)/.4.*,$/0*$5%&*$8%//*+)$8*+4*'/23$.)$()*$/*5/<$

-0.2*$'(&82*/*23$4%.2*,$.)$%)(/0*+N$

D9 #)$:.=6+*$>EO>P<$&62/.82*$&*/0(,5$0%1*$?$7BC<$-0.'0$.5$(4$&%Q(+$'()'*+)"$70*5*$5.&62%/*,$

8%//*+)5$ %+*$ 8+*56&*,23$ -./0$ 5/+()=$ %),$ '2*%+$ 58%/.%2$ 8%//*+)5"$ R6/$ &62/.82*$ 86L2.50*,$

&*/0(,5$ 4%.2*,$ /($ .,*)/.43$ 56'0$ 5.&62%/*,$ >GH5<$ .),.'%/.)=$ /0%/$ /0*5*$ &*/0(,5$ 2%'I$ /0*$

%L.2./3$/($.,*)/.43$>GH5<$-0.'0$,.+*'/23$'()/+%,.'/$-./0$&62/.82*$86L2.50*,$+*562/5"$

E9 >%&*$'()'*+)$=(*5$-./0$/0*$5.&62%/.()$-./0$H%655.%)$)(.5*5$S:.=6+*$>TO>!?9"$U./0$%$2%+=*$

%&(6)/$(4$H%655.%)$)(.5*5<$-0.'0$%25($50(62,$,*5/+(3$/0*$6),*+23.)=$58%/.%2$8%//*+)5"$>(&*$

&*/0(,$ &%.)/%.)*,$ !??@$ 7BC$ 68$ /($ H%655.%)$ )(.5*$ 2*1*2$ ?"P"$ V),$ 5(&*$ &*/0(,5$

,*&()5/+%/*,$5.&.2%+$8%//*+5$-./0$/0*5*$.)$>!!<$50(-.)=$.)'+*%5*,$:BC$%5$)(.5*5$.)'+*%5*<$

56==*5/.)=$/0%/$/0*3$.,*)/.4.*,$&(+*$>GH5$4+(&$0.=0*+$2*1*2$(4$)(.5*5"$

70*5*$,.5'+*8%)'.*5$ .),.'%/*$ /0%/$ /0*$,%/%$8+(,6'*,$%+*$(4$8((+$A6%2./3"$70*$%6/0(+5$50(62,$

'2%+.43$/0*$&*'0%).5&5$L*0.),$/0*5*$.++*=62%+$(L5*+1%/.()5"$

#$6),*+5/%),$/0%/$/0*$%6/0(+5$/+3$/($,*&()5/+%/*$/0%/$/0*.+$&*/0(,$.5$568*+.(+$/($VWW$%1%.2%L2*$

()*5$.)$%22$5'*)%+.(5"$#)$&3$(8.).()$/0.5$.5$)(/$)*'*55%+3$%5$4%+$%5$/0*3$,*&()5/+%/*$56L5/%)/.%2$

.&8+(1*&*)/5<$8+(1.,*,$/0%/$/0*$*1%26%/.()$(4$*;.5/.)=$&*/0(,5$.5$+*2.%L2*$%),<$%/$2*%5/<$50(62,$

+*8+(,6'*$&%Q(+./3$(4$86L2.50*,$+*562/5"$

$
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!"#$%&'()&*+,'&-)."&/(,&'(),&.(--+$012&3(,&0"+&411)+1&,#41+5&4$&6(--+$0&78&9+&94::&#55,+11&0"+-&

;(4$0&<'&;(4$02&

:(+$8(.)/5$!9<$J9<$%),$E9<&9+&#;;,+.4#0+&'(),&/++5<#.%&($&0"+&.($/:4.0&<+09++$&!=>&#$5&3=>&(/&:.=6+*$

>TO>!!$.)$/0*$8+*1.(65$+*58()5*8&9"4."&"+:;+5&)1&541.(*+,&#$&+,,(,&4$&(),&5#0#&;,(.+114$?&(/&0"+&

$+9:'&#55+5&14-):#04($&,+1):01&4$&0"+&,+*414($2&@4$.+&0"+1+&0",++&411)+1&#,+&.#)1+5&<'&0"+&1#-+&,+#1($8&

9+&94::&#$19+,&0"+-&0(?+0"+,2& &

A+&$(04.+5&0"#0&0"+&.($/:4.0&<+09++$&!=>&#$5&3=>&(..),,+5&4$&0"+&@B)45;'&-+0"(5&)$5+,&,+:#04*+:'&

"4?"&:+*+:1&(/&C#)114#$&$(41+&#$5&+D."#$?4$?&$(5+1&$(41+&14-):#04($&1.+$#,4(18&<)0&$(0&4$&-4D0),+&

$(41+&#$5&$(41+E/,++&5#0#2&!"+$&9+&.#,+/)::'&."+.%+5&0"+&.(5+&#$5&0"+&(,4?4$#:&,+1):01&#$5&/()$5&0"#0&

0"41& 9#1& .#)1+5& <'& #$& +,,(,& 4$& 0"+& 5#0#& ;,(.+114$?& (/& 0"+& 14-):#04($& ,+1):012& @;+.4/4.#::'8& ?+$+&

+D;,+114($&*#:)+1&.():5&<+.(-+&$+?#04*+&9"+$&#554$?&C#)114#$&$(41+&0(&0"+&14-):#0+5&5#0#& FA+&

/(::(9+5&0"+&1.C6G&-+0"(58&#$5&#55+5&C#)114#$&$(41+&0(&0"+&+D."#$?4$?&$(5+1&$(41+&14-):#0+5&

5#0#H2&@B)45;'&.(-;)0+1&I(,#$J1& K&)14$?$ 2(=S!X'(6)/598&$(0& ,#9&.()$012&A"+$&C#)114#$&$(41+& 41&

#55+5&0(&14-):#0+5&5#0#8&0"+,+&#,+&.#1+1&9"+,+&+D;,+114($& !" #$8&9"4."&,+1):01&4$&EK$/&(,&L#L&/(,&

:(?F7&M&.()$01H2&70.5$-.22$+*562/$.)$YVZ)(/$%1%.2%L2*[1%26*5$.)$/0*$F(+%)\5$#$%),$/0*$8O1%26*$.)$

/0*$'%2'62%/.()$L3$/0*$>A6.,83$&*/0(,"$])'*$%$8O1%26*$.5$YV<$%22$/0*$%,Q65/*,$8O1%26*5$L*'(&*$

YV$%5$-*22$S:.=6+*$>!9"$70.5$2*,$/($(6+$.)'(++*'/$'%2'62%/.()$(4$7B^:B^7Y^?<$%),$B+*'.5.()^?<$

7BC^?<$ %),$ >8*'.4.'./3^?"$ U*$ '%2'62%/*,$ :BC$ %),$ :!$ 5'(+*$ L%5*,$ ()$ B+*'.5.()<$ 7BC<$ %),$

>8*'.4.'./3<$2*%,.)=$/($/0*$*++(+$-0*+*$7BC^?<$L6/$:BC^!O>8*'.4.'./3^!"$ $

A+&"#*+&$(9&#55,+11+5&0"41&411)+N&4/&0"+&?+$+&+D;,+114($&*#:)+&41&:+11&0"#$&O&#/0+,&#554$?&$(41+8&40&41&

.($145+,+5& #1& OP& (0"+,941+8& 40& 41& 0"+& (,4?4$#:& *#:)+2& !"+$8& 9+& ,+,#$& @B)45;'& ($& 14-):#04($1& )$5+,&

C#)114#$&$(41+&#$5&+D."#$?4$?&$(5+1&$(41+2&!"+&:.=6+*$>TO>!J$ .)$ /0*$8+*1.(65$C*58()5*&"#*+&

<++$&);5#0+5&#$5&:410+5&<+:(9&F:.=6+*$>JO>P$.)$/0.5$+*58()5*H8&#$5&(0"+,&,+1):01&"#*+&<++$&);5#0+5&

4$&0"+&@);;:+-+$0#,'2&

&

&

&

&

&

&
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:(+$!9$ _:(+$*;%&82*<$ .)$ 4.=6+*$>!!<$%4/*+$*;'0%)=*,$!??@$(4$58(/5<$-0.'0$50(62,$,*5/+(3$ /0*$

8%//*+)$%),$+*562/$.)$'(&82*/*$)(.5*<$5A6.,83<$56+8+.5.)=23<$=*/$:BC$(4$!$.)$D$(6/$(4$E$/*5/5"$

F(+*$ 56+8+.5.)=23<$ /0*$ 7BC$ (4$ 5A6.,83$ .5$ ?$ 4(+$ %22$ '%5*5$ *1*)$ -0*)$ ?@$ (4$ 58(/5$ -*+*$

*;'0%)=*,"$70.5$,%/%$.),.'%/*5$/0%/$5A6.,83$-.22$.,*)/.43$%22$)*=%/.1*$)(.5*$%5$>GH5$-0.2*$

4%.2*,$ /($ .,*)/.43$ %)3$ /+6*$ >GH5"$ #$ /0.)I$ /0*5*$ +*562/5$ '()/+%,.'/5$ -./0$ /0*$ +*8(+/*,$

8*+4(+&%)'*$(4$5A6.,83"`$

K$$8+*1.(65$:.=6+*$>!!&F+D."#$?4$?&$(41+&14-):#04($1&4$&0"+&;,+*4()1&,+1;($1+H8&9+&#55+5&C#)114#$&

$(41+& 0(& 0"+& +D."#$?4$?& $(41+E14-):#0+5& 5#0#& /(::(94$?& 0"+& ;,(.+5),+1& 5+1.,4<+5& <'& 1.C6G2&

!"+,+/(,+8& ?+$+& +D;,+114($1& 9():5& <+.(-+& $+?#04*+& #$5& 0"+& I(,#$JK& <+.#-+& LQ2$ 70.5$ '%65*,$

7BC^>8*'.4.'./3^?<$ +*562/.)=$ .)$ %$ '()42.'/$ L*/-**)$ 7BC$ %),$ :BC$ S7BC^?<$ L6/$ :BC^!O

>8*'.4.'./3^!9"& & Q/0+,&9+&.(,,+.0+5& 0"+&14-):#04($& ,+1):018&#0&7OO&R&+D."#$?4$?& ,#0+8& 1B)45;'S1&37&

1.(,+8&!=>8&#$5&3=>&9+,+&.:(1+&0(&T+,(& 4$&0"+&/(),&5410,4<)04($1&F:.=6+*$>aO>P<$'(++*58(),.)=$/($

:.=6+*$>!!O>!J$.)$/0*$8+*1.(65$+*58()5*H2&!"+&1#-+&;,(<:+-&#:1(&(..),,+5& 4$&(0"+,&14-):#04($1&

940"&+D."#$?4$?&$(5+1&$(41+8&#$5&9+&.(,,+.0+5&0"+-&#::2&!"+&$+9&/4?),+1&#,+&:410+5&<+:(98&#$5&(0"+,&

);5#0+5&,+1):01&#,+&4$&0"+$)*-$>6882*&*)/%+3&F:.=6+*$>TaO>!?aH2& &

:(+$J9$_:6+/0*+&(+*<$/0*$+*562/$.)$>!!$.5$%$,.+*'/$'()42.'/$-./0$,%/%$.)$4.=6+*$>K<$-0*+*$/0*$5%&*$

,(6L2*$5/+.8$8%//*+)$.5$%)%235*,$-./0$H%655.%)$)(.5*"$#)$>K<$5A6.,83$0%5$%$7BC$(4$!$4(+$

/0.5$8%//*+)$%/$H%655.%)$)(.5*$?<$L6/$5A6.,83$0%5$%$7BC$(4$?$4(+$/0*$5%&*$8%//*+)$.)$4.=6+*$

>!!$-./0$?@$*;'0%)=*$+%/*"$M(-$'(62,$5A6.,83$.,*)/.4.*,$/0*$5%&*$8%//*+)$8*+4*'/23$.)$

()*$/*5/<$-0.2*$'(&82*/*23$4%.2*,$.)$%)(/0*+N`$

U)+&0(&0"+&1#-+&,+#1($&#1&0"+&;,+*4()1&B)+104($8&0"+&,+1):0&4$&8+*1.(65$:.=6+*$>!!$F940"&OR&+D."#$?+&

,#0+H$.($/:4.0+5&940"&0"+&8+*1.(65$:.=6+*$>K$F#0&C#)114#$&$(41+&OH2&Q/0+,&,+.04/'4$?&0"41&+,,(,8&4$&:.=6+*$

>a& F.(,,+1;($54$?&0(&:.=6+*$>!!$ .)$/0*$8+*1.(65$+*58()5*H& 14-):#04($1& /(,& 0"+& /(),&5410,4<)04($1&

FVKLW8&VK=8&LW8&=(41H&940"&#&OR&+D."#$?+&,#0+8&1B)45;'J1&7BC$-%5$?"bK<$!<$?"KK<$%),$?"KT<$+*58*'/.1*23<$

#$5&1B)45;'J1&3=>1&9+,+&.:(1+&0(&O2&

:(+$E9$>%&*$'()'*+)$=(*5$-./0$/0*$5.&62%/.()$-./0$H%655.%)$)(.5*5$S:.=6+*$>TO>!?9"$U./0$%$2%+=*$

%&(6)/$(4$H%655.%)$)(.5*5<$-0.'0$%25($50(62,$,*5/+(3$/0*$6),*+23.)=$58%/.%2$8%//*+)5"$

>(&*$&*/0(,$&%.)/%.)*,$!??@$7BC$68$/($H%655.%)$)(.5*$2*1*2$?"P"$V),$5(&*$&*/0(,5$

,*&()5/+%/*,$5.&.2%+$8%//*+5$-./0$/0*5*$.)$>!!<$50(-.)=$.)'+*%5*,$:BC$%5$)(.5*5$.)'+*%5*<$



5

56==*5/.)=$/0%/$/0*3$.,*)/.4.*,$&(+*$>GH5$4+(&$0.=0*+$2*1*2$(4$)(.5*5"$

C#)114#$&$(41+&.#)1+5&$+?#04*+&+D;,+114($&*#:)+1&4$&0"+&14-):#0+5&5#0#8&,+1):04$?&4$&%22$/0*$5A6.,83c5$

%,Q65/*,$8O1%26*5$L*.)=$YV&#$5$7BC^>8*'.4.'./3^?2&!"41&,+1):0+5&4$&0"+&1B)45;'J1&+,,(,&F!=>XO8&

<)0& 3=>X7-@;+.4/4.40'X7H& 4$& :.=6+*>TO>!?$ .)$ /0*$ 8+*1.(65$ +*58()5*"$ W+.#)1+& 9+& #:1(& #55+5&

C#)114#$&$(41+&0(&0"+&+D."#$?4$?&$(5+1&$(41+&14-):#0+5&5#0#8&#$5&0"+&1#-+&;,(<:+-&#:1(&(..),,+5&

4$& (0"+,& 14-):#04($1& 940"& +D."#$?+& $(5+& $(41+& F:.=6+*>!!O>!J$ .)$ /0*$ 8+*1.(65$ +*58()5*H2& A+&

.(,,+.0+5&0"+-&#::2$ $

K$&(),&:#0+10&14-):#04($&,+1):01&F#1&1"(9$&4$&:.=6+*$>JO>E<$'(++*58(),.)=$/($:.=6+*$>TO>!?$.)$/0*$

8+*1.(65$+*58()5*H<&/(,&0"+&14-):#0+5&5#0#&?+$+,#0+5&<'&VK=&#$5&=(41&5410,4<)04($18&@YC&"#5&"4?"+,&

+D;,+114($&:+*+:1&#$5&10,($?+,&14?$#:18&1(&0"+&$(41+&(/&ZC#)114#$&$(41+&:+*+:&O2[Z&"#5&:400:+&4-;#.0&($&

0"+& 5#0#8& #$5& #::& -+0"(51& -#4$0#4$+5& "4?"& !=>1& #$5& 37& 1.(,+18& 9"4."& 9#1& .($1410+$0& 940"& 0"+&

14-):#04($&,+1):01&(/&1.C6G
1

2&W)0&/(,&0"+&14-):#0+5&5#0#&?+$+,#0+5&<'&VKLW&#$5&LW&5410,4<)04($18&@YC&

"#5&:(9+,&+D;,+114($&:+*+:1&#$5&9+#%+,&14?$#:18&1(&0"+&$(41+&(/&ZC#)114#$&$(41+&:+*+:&O2[Z&"#5&#&:#,?+&

4-;#.0&($&0"+&5#0#2&\]Q>!@YC8&@=Q>^E_8&1B)45;'S1&!=>1&#$5&37&1.(,+1&5,(;;+5&14?$4/4.#$0:'2& &

!"+&+,,(,&F!=>XO8&<)0&3=>X7-@;+.4/4.40'X7H&4$&8+*1.(65$:.=6+*$>!!$9#1&.#)1+5&<'&0"+&1#-+&,+#1($2&

Q/0+,&9+&.(,,+.0+5&0"41&+,,(,8&1B)45;'S1&3=>&9#1&.:(1+&0(&O8&#$5&!=>&4$.,+#1+5&940"&$(41+&F#1&1"(9$&4$&

:.=6+*$>aO>P<$'(++*58(),.)=$/($:.=6+*$>!!O>!J$.)$/0*$8+*1.(65$+*58()5*H<2$

:(+$ $ D9$ #)$ :.=6+*$ >EO>P<$ &62/.82*$ &*/0(,5$ 0%1*$ ?$ 7BC<$ -0.'0$ .5$ (4$ &%Q(+$ '()'*+)"$ 70*5*$

5.&62%/*,$8%//*+)5$%+*$8+*56&*,23$-./0$5/+()=$%),$'2*%+$58%/.%2$8%//*+)5"$R6/$&62/.82*$

86L2.50*,$ &*/0(,5$ 4%.2*,$ /($ .,*)/.43$ 56'0$ 5.&62%/*,$ >GH5<$ .),.'%/.)=$ /0%/$ /0*5*$

&*/0(,5$ 2%'I$ /0*$ %L.2./3$ /($ .,*)/.43$ >GH5<$ -0.'0$ ,.+*'/23$ '()/+%,.'/$ -./0$ &62/.82*$

86L2.50*,$+*562/5"$

!"#$%&'()& /(,&'(),& /++5<#.%2&A+&#;;,+.4#0+&'(),&.($.+,$&,+?#,54$?&0"+&;+,/(,-#$.+& F!=>XOH&(/&

-):04;:+&-+0"(51&($&14-):#0+5&5#0#&4$&:.=6+*$>EO>P$.)$/0*$8+*1.(65$C*58()5*2& &

A+&9():5&:4%+&0(&.:#,4/'&0"#0&0"+&14-):#0+5&5#0#1+01&4$&:.=6+*$>EO>P$.)$/0*$8+*1.(65$C*58()5*&9+,+&

?+$+,#0+5$-./0$&.;/6+*$)(.5*<&9"4."&.#)1+5&0"+&;+,/(,-#$.+&(/&*#,4()1&-+0"(51&0(&5+.,+#1+2&!"+&

:(9&!!=>1& /(,& 1.C6G8&@B)45;'8&@=Q>^8& #$5&@;#04#:U]& 4$&8+*1.(65$:.=6+*$>EO>P&9+,+&5)+& 0(& 0"+&

/(::(94$?&09(&,+#1($1`&
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!9 0"+& :(9& !=>1& /(,& 1.C6G& #$5& @B)45;'& 9+,+& #& ,+1):0& (/& 0"+& -4D0),+& $(41+& 4$0,(5).+5& 4$& 0"+&

14-):#04($12&

J9 0"+&)1+&(/&#;;,(D4-#0+&-(5+:4$?&(/&1;#,1+&.()$0&5#0#&<'&#&C#)114#$&5410,4<)04($&4$&@;#04#:U]&

#$5&0"+&C#)114#$&*+,14($&(/&@=Q>^&41&$(0&45+#:&#$5&:+#51&0(&;(9+,&:(11
2

&FV")8&a28&@)$8&@2&b&V"()8&

_H2&

!(&5+-($10,#0+&0"+1+8&9+&#55+5&0"+& /(::(94$?&09(&;#,01&(/&14-):#04($1&0(& 4::)10,#0+&0"+& 4-;#.0&(/&

-4D0),+&$(41+&($& 0"+&;+,/(,-#$.+&(/&1.C6G&#$5&@B)45;'8&#$5&0"+& :4-40#04($&(/& 0"+& 4$#;;,(;,4#0+&

)$5+,:'4$?& 5#0#& -(5+:& #$5& $(,-#:4T#04($& -+."#$41-& ($& 0"+& 45+$04/4.#04($& #<4:40'& (/& @=Q>^& #$5&

@;#04#:U]8&,+1;+.04*+:'2& &

Part I: How does the mixture noise impact the performance of scGCO and Squidpy? 

A+&)$5+,10#$5&'(),&.($.+,$&#<()0&0"+&$(04.+#<:+&5+.:4$+&4$&0"+&;+,/(,-#$.+&F37&1.(,+8&!=>8&+0.2&H&(/&

1.C6G& #$5& @B)45;'& 4$& 0"41& ;#,04.):#,& 14-):#04($& F-4D0),+& $(41+H8& 9"4."& .($0,#101& 940"& 0"+4,&

;+,/(,-#$.+& 4$& (0"+,& 14-):#0+5& 5#0#N& $(41+E/,++8& C#)114#$& $(41+8& #$5& +D."#$?4$?& $(5+1& $(41+&

14-):#0+5&5#0#2&!(&/),0"+,&4$*+104?#0+&0"+&4-;#.0&(/&-4D0),+&$(41+&($&0"+&;+,/(,-#$.+&(/&1.C6G&#$5&

@B)45;'8&9+&?+$+,#0+5&09(&#55404($#:&14-):#04($&5#0#1+01&)14$?&0"+&1#-+&14-):#0+5&5#0#&940"&-4D0),+&

$(41+&F;,+1+$0+5&4$&:.=6+*$>P$.)$/0*$8+*1.(65$+*58()5*H2&!"+&14-):#0+5&5#0#&(/&:.=6+*$>P$.)$/0*$

8+*1.(65$+*58()5*<&.($0#4$+5&14D&.:#11+1&(/&?+$+1+0&F+#."&1+0&"#1&7OOO&?+$+1HN&

@+0&7N&@YC1P&

@+0&cN&@YC1&940"&:(9&$(41+P&

@+0&dN&@YC1&940"&-+54)-&$(41+P&

@+0&eN&$($E@YC1P&

@+0&fN&$($E@YC1&940"&:(9&$(41+P&

@+0&[N&$($E@YC1&940"&-+54)-&$(41+2&

g14$?&0"41&5#0#8&9+&?+$+,#0+5&09(&#55404($#:&14-):#04($&5#0#1+01N&

d%/%5*/$!$SJ???$=*)*59N&Q&$(41+E/,++&14-):#0+5&5#0#1+0&.($14104$?&(/&@+0&7N&@YC1&#$5&@+0&eN&$($E

@YC1P&

d%/%5*/$J$SE???$=*)*59N&Q&14-):#0+5&5#0#1+0&940"&9+#%&$(41+8&.(-;(1+5&(/&@+0&7N&@YC18&@+0&cN&@YC1&

940"&:(9&$(41+8&@+0&eN&$($E@YC18&#$5&@+0&fN&$($E@YC1&940"&:(9&$(41+2&

A+&/()$5&0"#0&@B)45;'S1&37&1.(,+&14?$4/4.#$0:'&5+.,+#1+5&940"&0"+&4$.,+#1+&4$&$(41+&F/,(-&O2fh&0(&O2de&
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4$&=(411($&5410,4<)04($8&:.=6+*$>bH2&Q55404($#::'8&9+&(<1+,*+5&0"#0&0"+&37&1.(,+1&(/&1.C6G&#$5&@B)45;'&

4$$ d%/%5*/<$ #& $(41'E/,++& 5#0#1+08& 9+,+& 104::& :(9+,& 0"#$& 0"+& ;,+*4()1& $(41+E/,++& 14-):#04($& 5#0#8&

+1;+.4#::'& 1.C6G2& !"+,+/(,+8&9+&)1+5& d%/%5*/$ !S1& 5#0#& 0(& ?+$+,#0+& %$ )*-$ )(.5*O4+**$ 5.&62%/*,$

,%/%5*/$ -./0$ !?<???$ 5.&62%/*,$ =*)*5& F.($14104$?& (/& 7OOO& @YC1& (/& @+0& 7& #$5& iOOO& $($E@YC1&

,+1#-;:+5&/,(-&@+0&eH8&#1&1#-+&#1&0"+&;,+*4()1&14-):#0+5&5#0#2&K$&0"+&$+9&14-):#04($&5#0#1+08&1.C6G&

#$5&@B)45;'&"#5&"4?"+,&37&1.(,+1&F:.=6+*$>bH&0"#$&U#0#1+0&7S1&5#0#&#$5&;+,/(,-+5&14-4:#,:'&0(&0"+&

$(41+E/,++&5#0#&4$&0"+&;,+*4()1&14-):#04($12$]1*+%22<$/0*$&.;/6+*$)(.5*$0%,$%$=+*%/*+$.&8%'/$()$/0*$

8*+4(+&%)'*$(4$5'He]$%),$>A6.,83$/0%)$*;8*'/*,<$%),$/0*$)6&L*+5$(4$>GH5$/($)()O>GH5$%25($

.)426*)'*,$/0*.+$+*562/5"$

Part II: The unsuitable underlying data model and normalization mechanism limit the 

identification ability of SPARK and SpatialDE. 

K$&(),&14-):#04($18&@=Q>^&#$5&@;#04#:U]&;+,/(,-&$(04.+#<:'&9+#%+,&.(-;#,+5&0(&(0"+,&-+0"(512&W(0"&

@=Q>^&#$5&@;#04#:U]&)1+&0"+&H%655.%)$8+('*55$+*=+*55.()$%5$/0*$6),*+23.)=$,%/%$&(,*28&#$5&0"+'&

)1+& $(,-#:4T#04($& -+."#$41-1& 0(& -#%+& 1;#04#:& 0,#$1.,4;0(-4.1& 5#0#& #;;,(D4-#0+& #& $(,-#:&

5410,4<)04($2&!"+&"+0+,(?+$+40'&4$&#.0)#:&1;#04#:&0,#$1.,4;0(-4.1&5#0#&41&10,($?+,&0"#$&14-):#0+5&5#0#&

#$5&0"+&$(,-#:4T#04($&#;;:4+5&<'&@=Q>^&#$5&@;#04#:U]&41&+//+.04*+&4$&1(-+&,+#:&@!&5#0#1+012&\(9+*+,8&

0"+&$(,-#:4T#04($&;,(.+11&(/&@=Q>^&#$5&@;#04#:U]&,+-(*+1&+D.+114*+&"+0+,(?+$+40'8& 4$.:)54$?&0"+&

14?$#:1& /,(-& @YC18& :4-404$?& 0"+4,& #<4:40'& 0(& 45+$04/'& @YC1
1

2& !"41& :4-40#04($& 41& +*45+$0& 4$& 0"+& @YC&

45+$04/4.#04($&;+,/(,-#$.+&4$&(),&14-):#04($12&!"+&$(,-#:4T#04($&-+."#$41-1&(/&@=Q>^&#$5&@;#04#:U]&

(*+,.(,,+.0+5& 0"+& 14?$#:1& (/& @YC12& \(9+*+,8& 9+& #:1(& .,+#0+5& %$ )*-$ 5.&62%/.()$ -./0$ 0.=0*+$

0*/*+(=*)*./3& 0(& .(-;#,+& *#,4()1& -+0"(512& @;+.4/4.#::'8&9+&%+;0& 0"+& +D;,+114($&5410,4<)04($& #$5&

;#,#-+0+,1&(/&0"+&14-):#0+5&5#0#&)$."#$?+58&<)0&9+&.($145+,+5&0"#0&1(-+&@YC&?+$+1&"#5&"4?"+,&

+D;,+114($&4$&0"+&-455:+&.4,.:+8&9"4:+&1(-+&@YC&?+$+1&"#5&14-4:#,&+D;,+114($&4$&0"+&0",++&.4,.:+18&#1&

1"(9$&4$&:.=6+*$>T2&V4/*+$.)'+*%5.)=$/0*$0*/*+(=*)*./3$(4$/0*$5.&62%/*,$,%/%<$/0*$8*+4(+&%)'*$

(4$>BVCf$%),$>8%/.%2dg$.&8+(1*,<$L6/$5/.22$2%==*,$L*0.),$(/0*+$&*/0(,5<$*58*'.%223$.)$,%/%5*/5$

-./0$ 0.=0*+$ 58%+5./3$ %),$ ,.58*+5.()$ SYR$ %),$ h#YR<$ -0.'0$ -%5$ '()5.5/*)/$ -./0$ /0*$ 2./*+%/6+*$

'()'265.()$(4$>BVCfOi
2

"$e(&8%+*,$-./0$5.&62%/.()$+*562/5$.)$/0*$8+*1.(65$+*1.5.()<$.)'+*%5.)=$

/0*$0*/*+(=*)*./3$(4$/0*$5.&62%/*,$,%/%$,.,$)(/$5.=).4.'%)/23$'0%)=*$/0*$8*+4(+&%)'*$(4$(/0*+$

&*/0(,5"$
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:.=6+*$>!& & A"+$&+D;,+114($&*#:)+1&9+,+&$+?#04*+8&@B)45;'&+$.()$0+,1&YV$.)$/0*$F(+%)c5$#$%),$8O

1%26*&.#:.):#04($&;,(.+11+18&#$5&.#:.):#0+5&#::&0"+&#5j)10+5&;E*#:)+1&#1&LQ&2&
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+D;+.0+5&4$.,+#1+&?4*+$&0"+&:#,?+,&$)-<+,&(/&?+$+12&!"+&0+10&($&,+#:&5#0#&#:1(&1);;(,01&0"+&,+:4#<4:40'&

(/&1.C6GJ1&;+,/(,-#$.+&4$&;,#.04.#:&1.+$#,4(12&

References 

72& V"#$?8&^28&3+$?8&A2&b&A#$?8&=2&K5+$04/4.#04($&(/&1;#04#::'&*#,4#<:+&?+$+1&940"&?,#;"&.)012&

&!D8&fekk&FcOccH2&

c2& V")8&a28&@)$8&@2&b&V"()8&_2&@=Q>^E_N&$($E;#,#-+0,4.&-(5+:4$?&+$#<:+1&1.#:#<:+&#$5&,(<)10&

5+0+.04($&(/&1;#04#:&+D;,+114($&;#00+,$1&/(,&:#,?+&1;#04#:&0,#$1.,4;0(-4.&10)54+12& &JJ8&

7ke&FcOc7H2&

d2& 34$#%8&C2& &IQ@!N&#&/:+D4<:+&10#04104.#:&/,#-+9(,%&/(,&#11+114$?&0,#$1.,4;04($#:&."#$?+1&#$5&

."#,#.0+,4T4$?&"+0+,(?+$+40'&4$&14$?:+E.+::&>LQ&1+B)+$.4$?&5#0#2& &!P8&chk&FcO7fH2&

e2& A)8&V28&V"#$?8&l28&@040T+:8&I2&m2&b&A)8&\2&!9(E;"#1+&54//+,+$04#:&+D;,+114($&#$#:'141&/(,&14$?:+&

.+::&>LQE1+B2& &DE8&ddeOnddek&FcO7kH2&

f2& _)+8&>2& &m4*+,&0)-(),&4--)$+&-4.,(+$*4,($-+$0&1)<0';+1&#$5&$+)0,(;"4:&"+0+,(?+$+40'2&

&P!J8&7e7n7eh&FcOccH2&



18

Response to Reviewer #2: 

!"+&#)0"(,1&"#*+&#55,+11+5&#::&0"+&;,+*4()1&B)+104($1&<'&4$.:)54$?&$+9&@YC&0((:&.(-;#,41($18&$+9&
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ZL)-<+,&(/&.+::18Z&.($1410+$0&940"&34?),+&7&#$5&@);;:+-+$0#:&34?),+1&@[cE@ke2&



Reviewer #1 (Remarks to the Author):

I appreciate the author’s efforts. But the simulation results still have obvious conflicts.

1. There is a dramatic discrepancy between performance of methods when different simulation 

models are used. It appears that ZINB and NB are similar, and ZIP and Pois are similar. It is 

intriguing that the same method can arrive at very different results when tested on different 

models. For example, in S4, TPR at Gaussian noise 0.6 is zero for ZINB while TPRs are 1 under 

ZIP. This observation suggested that model to generate simulation samples can dramatically 

change performances for tested algorithms. The authors should address roots for this discrepancy, 

and whether resulting performance measures are valid and fair, when models to simulate data 

have a huge impact.

2. Gaussian noise level at 0.6 is quite strong as shown by the pictures provided by the authors, 

then how can all methods maintain a TPR of 1 at Gaussian noise level 0.6 for the ZIP model (And 

POIS) as shown in S3? This suggests that ZIP and POIS are not good models to evaluate SVG 

identification because they are intrinsically biased.

3. ScGCO’s performance is weird for ZINB and NB models. For example, in S2A, it seems scGCO 

was unable to identify any genes as SVG, even when noise is zero. This is related to point 1. I 

pointed out issues with squidpy previously, the author should carefully examine their code and 

evaluate whether additional errors impacted scGCO.

4. In S2D, TPR becomes zero for all method except scGCO at Gaussian noise 0.6, but 

corresponding precisions are not zero. The nominators for TPR and precision are the same, both 

are TP. Then how could precisions be not zero while TPRs are zero? The same error was observed 

in multiple other graphs as well.
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Dear Reviewers: 

Thank you for the reviewers’ comments concerning our manuscript entitled "HEARTSVG: a fast 

and accurate method for spatially variable gene identification in large-scale spatial transcriptomic 

data" (ID: NCOMMS-23-29155C). We sincerely appreciate your time and effort in reviewing our 

manuscript. However, we respectfully disagree with the assessment provided by you. Detailed 

responses addressing each of your comments can be found in the attached document. 

Thank you for your comment. However, we disagree with the comment regarding the validity of 

our simulation mechanism based on the difference in the performance of the method when using 

different simulation models. We think that this doubt is not justified. 

The same group of authors used the Poisson 

distribution in the SPARK  paper (Sun S, Zhu J & Zhou X), but the NB distribution in the SPARK-

X  paper(Zhu J, Sun S & Zhou X). SPARK had a high TPR (>0.75) on simulated data generated by 

the Poisson distribution, but a low TPR (<0.25) on the NB distribution. SOMDE  (Hao M, Hua K 

& Zhang X), scGCO  (Zhang K, Feng W & Wang P), and SPARK 

: scGCO was much higher in its own paper than 

in SOMDE; SPARK performed better in the scGCO paper than in its own; and SpatialDE's TPR 



2

was higher in the SOMDE and scGCO papers than in the SPARK paper. Interestingly, we noticed 

that scGCO’s paper did not compare with SOMDE in their own simulation, but they added a 

comparison with SOMDE’s results in applications, which made us suspicious. 

The 

gene expression distribution in real spatial transcriptomics data is complex and variable, and there 

is no single distribution that can perfectly fit all genes. A recently published article on spatial 

transcriptomics simulator SRTsim  (Zhu, J., Shang, L. & Zhou, X.) also confirmed this, "SRTsim 

relies on four popular count models that include Poisson, ZIP, NB, and ZINB for generating the 

synthetic data" . These distributions, ZINB, NB, ZIP, and Pois, have been widely used and validated 

in studies of spatial transcriptomics . For example, SPARK  uses the Poisson distribution, 

while SPARK-X  uses the NB distribution, even though they are proposed by the same group of 

authors. SOMDE  uses Poisson distribution to simulate gene expression data,  scGCO  uses 

Poisson distribution and Normal distribution, Daniel et al. use the NB distribution to generate 

simulated data, while SpatialDE  and Squidpy  do not perform simulation.  

Thank you for your comment. We would like to emphasize the following points: 

the TPR is not exactly 1, but very close to 1.  

"high TPRs at Gaussian level 0.6 and Gaussian level 0 in the ZIP and Pois distributions", 

indicates that the addition of Gaussian noise has minimal impact, suggesting that its inclusion is 

ineffective rather than indicating any invalidation of the data generation mechanism associated with 

ZIP and Pois distributions.  



3

The comment challenges our simulation mechanism, arguing that it is unreasonable that the TPR is 

close to 1 in the ZIP and Pois distributions when the Gaussian noise level is 0.6. However, we add 

Gaussian noise following the procedures described by scGCO and our simulation results are in 

agreement with those in the scGCO paper too. The scGCO study used Poisson and Normal 

distributions to simulate gene expression. When the Gaussian noise level was 0.6, the accuracy 

(>0.995), TPR (>0.96), and F1 score (>0.975) of scGCO were also very close to 1. The downward 

trend presented in the scGCO paper was due to the different scaling of the y-axis (0.97~1, 0.7 1, 

0.825~1, instead of a uniform 0~1). Therefore, our simulation mechanism is valid and reliable.  

 we need to point out that different assumed distributions (ZINB, NB, ZIP, and Pois) to 

simulate gene expression data result in distinct gene-wise properties (such as mean, variance, 

coefficient of variation, and zero proportion). Therefore, adding the same level of Gaussian noise 

to ZINB, NB, ZIP, and Pois had different effects on the signal of SVG. For a simple example, the 

changes caused by subtracting 0.5 from 100 and 1 are completely different. We believe that it is 

normal for the same method to perform differently in different distributions of simulated data, rather 

than a problem with our simulation mechanism. Moreover, the exchanging noise simulation results 

also confirmed this conclusion. Exchanging noise simulation is a more stable noise addition method, 

and the impact of adding the same level of exchanging noise on all distributions is consistent and 

independent of the expression property. Compared with the exchanging noise level of 0, the TPR 

always showed lower values when the exchanging noise level was 0.6. Given these findings, we are 

considering removing the Gaussian noise simulation part from the revised manuscript. 
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Thank you for your comment. However, after careful consideration, we have a different perspective 

on this matter. 

 In the ZINB and NB distributions, besides 

our HEARTSVG method, two other methods, Squidpy and SPARK, also showed an effective 

ability to identify SVGs. Moreover, the NB performance of SPARK-X, SPARK, and SpatialDE 

was consistent with the performance reported in the SPARK-X paper . In addition, we would like 

to point out that the simulated data of scGCO used Poisson distribution and Normal distribution in 

its own paper. It is very unreasonable to use Normal distribution when simulating spatial gene 

expression data, as spatial transcriptomics data are known to be sparse, over-dispersed, and non-

negative .   

SOMDE  used Poisson distribution to simulate gene expression data, and the parameter lambda 

was estimated from the "Slide-seq (nHipp) data  near the hippocampus". SOMDE was 

compared with SpatialDE and scGCO. In all simulations, SOMDE’s performance (TPR and 

FPR) was close to SpatialDE and much better than scGCO. 

Liang Y, Shi G, Cai R, et al.  compared PROST, SPARK-X, SINFONIA, scGCO, SpatialDE, 

and Seurat in identifying SVGs in the DLPFC dataset . scGCO was clearly weaker than 

PROST and SPARK-X. SVGs identified by scGCO had lower average Moran'I values. 
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Charitakis N, Salim A, Piers A T, et al.  benchmarked six methods for identifying SVGs, and 

the results showed that scGCO identified significantly fewer SVGs than other methods, but it 

controlled FP well. 

Li Z, Patel Z M, Pinello et al.  compared 14 methods in massive datasets and conducted a 

systematic evaluation, including 60 simulated datasets generated by four different simulation 

strategies, 12 real-world transcriptomics, and three spatial ATAC-seq datasets. They found that 

scGCO performed worse than Moran’s I, and "scGCO produced a small number of SVGs 

(<1000) in most datasets" . 

Maxspin (Jones D C, Danaher P, Kim Y, et al.)  used NB distribution to generate simulated 

data and compared the performance of various SV identification methods. The results showed 

that scGCO had low PR-AUC (around 0.3). They also pointed out in the paper that “scGCO 

appears to assign a p value of roughly 0.5 to most genes”, which was consistent with our 

findings. 

We also pointed out in our previous reply that scGCO’s identification ability depends on its 

initial smooth factor. As shown in , RPS20 and GAS5 have very similar patterns, 

but using the default initial smooth factor = 50, only RPS20 can be identified, and GAS5 cannot 

be identified (adjusted p_value = 0.5). To identify GAS5, a smaller initial smooth factor needs 

to be set. This is the limitation of scGCO's performance. In , scGCO missed 

Calm1and Calm2, which have clear spatial expression patterns, and assigned a p value of 0.5

In , scGCO missed Calm1and Calm2, which have clear spatial expression patterns, 

and assigned p value=0.5 to Calm1and Calm2. 

Thank you for your comment. We would like to highlight a point regarding Figure S2d. When high-

intensity noise was introduced, the results of HEARTSVG, SPARK-X, and Squidpy 

 It's important to note that it is not uncommon for the TPR to be 

close to zero while the precision approaches 1. This discrepancy arises from the different 
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benchmarks considered by TPR and Precision. While both TPR and Precision utilize true positives 

(TP) in their numerator, they assess the model's ability to identify positives based on different 

criteria. Precision is determined by the proportion of correctly identified positives among all 

samples predicted as positives, whereas TPR considers the proportion of correctly identified 

positives among all actual positives. In Figure S2d, the total number of actual positives (the number 

of SVGs) is 1000. With the addition of high-intensity noise, the signal of SVGs weakened, resulting 

in HEARTSVG, SPARK-X, and Squidpy identifying only a few SVGs (resulting in low true 

positives) but with minimal false positives (FP). Consequently, their TPR approached zero, yet they 

exhibited high precision.  

( ) Visualizations of spatial expressions of gene RPS20, RPS29, 

ARPC3, and GAS5. ( Venn diagrams of SVGs in the colorectal cancer data identified by 

HEARTSVG, SpatialDE, SPARK, SPARK-X, scGCO, and Squidpy. ( ) Marginal expression plots 
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We used four distributions, Poisson, ZIP, NB, and ZINB, in our simulation. ZINB distribution is 

suitable for simulating highly sparse data. Poisson, ZIP, NB are suitable for simulating moderately 

sparse data, where the mean and variance of Poisson distribution are equal, while ZIP, NB can 

simulate higher dispersion than Poisson distribution. Over-dispersion is a characteristic of spatial 

transcriptomics data and single-cell data.  

. Firstly, we introduce the parameters used in the SPARK manuscript. For the gene 

expression in the -th spot/cell of non-SVG and non-marked area of SVG, the parameter of the 

Poisson distribution is: 

For the gene expression in the marked area of SVG, the parameter of the Poisson distribution is: 

Where  is the total read counts obtained from the real data seqFISH data ,  is drawn from a 

normal distribution with mean zero and variance being 0.35. According to the above method, the 

range of is about , the range of  is about . To simplify our 

simulation, we set  ,  , which is three times of the former. 

 we followed the simulation parameter 

settings of SPARK-X . For the gene expression in the -th spot/cell of non-SVG and non-marked 

area of SVG, the parameters of the NB distribution are: . For the gene 

expression in the marked area of SVG, the parameter size  remains unchanged, and

 is three times the value o .  

 which are zero-inflated models, we need to set a zero-

proportion parameter to control the proportion of zeros. To determine this parameter, we refer to 

the criteria for SVG in SPA-GCN "(1) the percentage of spots expressing the gene in the target 

domain, that is, in-fraction, is >80%; (2) for each neighboring domain, the ratio of the percentages 

of spots expressing the gene in the target domain and the neighboring domain(s), that is, in/out 

fraction ratio, is >1; and (3) the expression fold change between the target and neighboring domain(s) 
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is >1.5. If a user is interested in finding SVGs for a particular combination of spatial domains, 

SpaGCN offers the option to do so."

for the gene expression of non-SVG and non-marked area of 

SVG, the probability of the zero part is 0.6, and the non-zero part follows a Poisson distribution 

with parameter . For the gene expression of marked area of SVG, the probability of the 

zero part is 0.6/3=0.2, and the non-zero part follows a Poisson distribution with parameter 

. In this case, in the ZIP distribution, the zero proportion of the gene of non-SVG and non-marked 

area of SVG is 0.654, and the mean is 0.8. The zero proportion of the gene of the marked area of 

SVG is 0.202, and the mean is 4.8. Compared with the Poisson distribution, the zero proportions of 

both are close, but the dispersion and expression level of the gene of the marked area of SVG are 

higher. 

we followed the parameter settings for highly sparse data in the 

SPARK-X  and the criteria for SVG in the SPA-GCN . We assumed that the gene expression of 

non-SVG and non-marked area of SVG had more than 94% zeros, while the gene of marked area 

of SVG had a significantly lower zero proportion. Specifically, for non-SVG and non-marked area 

of SVG, the probability of the zero part was 0.8, and the non-zero part followed an NB distribution 

with parameters . For marked area of SVG, the probability of the zero 

part was 0.8/3=0.267, and the non-zero part followed an NB distribution with parameters 

. In this case, in the ZINB distribution, the zero proportion of the gene of non-SVG 

and non-marked area of SVG was 0.941, and the mean was 0.05. The zero proportion of the gene 

of marked area of SVG was 0.633, and the mean was 0.733. 

Here, we note that the SPARK-X  used the NB distribution to generate highly sparse simulated data. 

For the gene expression of non-SVG and non-marked area of SVG, the parameters of the NB 

distribution were: , resulting in 99.5% zeros. For the gene 

expression of marked area of SVG, the parameters of the NB distribution were: 

resulting in 98.5% zeros. This means that the genes of non-marked area of 

SVG and marked area of SVG had very high zero proportions (>98.5%), and very small non-zero 

expression values (see Figure A3). We argue that, when the expression of the marked area of SVG 

is almost zero, it is hard to determine whether a gene is a biologically meaningful SVG, so we also 

referred to the criteria in the SPA-GCN paper . 
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. The relationship between gene expression and density in the highly sparse simulated 

data generated by SPARK-X. The red line represents the genes of non-SVG and non-marked area 

of SVG, and the blue line represents the genes of marked area of SVG. 
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Dear Reviewers:

Thank you for your valuable feedback on our manuscript titled "HEARTSVG: a fast 

and accurate method for spatially variable gene identification in large-scale spatial 

transcriptomic data" (ID: NCOMMS-23-29155E). We have thoroughly reviewed your 

comments and have incorporated the necessary revisions to enhance the quality of our 

submission. Below, we present a comprehensive response to each of your suggestions, 

accompanied by corresponding modifications made to the manuscript.

We hope these revisions adequately address your concerns and significantly strengthen 

our manuscript.



Resonse to Reviewer #2: 

The revised version of HEART-SVG manuscript presented by Yuan et al. meets my 

prior requirements. The authors have successfully addressed my last set of comments. 

Although the supplementary materials already include 103 pages of additional results, 

I would suggest including the analysis shared by the authors in their last rebuttal letter.  

Thank you for acknowledging the revisions to our manuscript. We appreciate your 

suggestions. We have incorporated the analysis mentioned in our last rebuttal letter into 

the manuscript (Page 8, lines 185-187) and included all relevant content in the 

Supplementary (Pages 114-116) to ensure the completeness and comprehensibility of 

the paper.

Resonse to Reviewer #3: 

The sensitivity analysis added in this revision is informative, but it would only be useful 

if it is incorporated in the manuscript, which does not seem to be the case now.

Thank you for your comment. We have revised the paper to include the sensitivity 

analysis within the manuscript (Page 8, lines 180-185) and included the full sensitivity 

analysis in the Supplementary (Pages 110-113) to ensure its relevance and usefulness.


