PathwayBench Supplementary Tables
Supplementary Table 1
Characteristics of the eight pseudobulked single-cell RNA-seq case-control datasets included in PathwayBench. Cells = total single cells in the raw dataset. Donors = number of unique donor individuals. Pseudobulk samples = donor × cell-type combinations after aggregation (sum, log2CPM). Pathways = number of ground-truth Reactome pathway gene sets with literature-supported direction labels after curation. Comparisons/method = ground-truth pathways × cell types, scored under the default pseudobulk aggregation and normalization (sum, log2CPM). All datasets were obtained from CZ CELLxGENE Discover and the Kidney Precision Medicine Project (KPMP).
	Dataset
	Disease
	Tissue
	Cells
	Donors
	PB samples
	Pathways
	Cell types
	Comp./method

	AD brain
	Alzheimer’s disease
	Brain (cortex)
	119,326
	16
	32
	3
	2
	24

	CKD kidney
	Chronic kidney disease
	Kidney
	250,440
	64
	651
	4
	17
	272

	COVID blood
	COVID-19
	Blood (peripheral)
	90,957
	39
	360
	4
	14
	224

	COVID lung
	COVID-19
	Lung
	595,657
	101
	1,014
	5
	29
	580

	DCM heart
	Dilated cardiomyopathy
	Heart
	764,953
	70
	569
	1
	10
	40

	IPF lung
	Idiopathic pulmonary fibrosis
	Lung
	591,248
	106
	1,141
	4
	28
	448

	PD brain
	Parkinson’s disease
	Brain (midbrain)
	580,123
	25
	254
	3
	11
	132

	SLE blood
	Systemic lupus erythematosus
	Blood (peripheral)
	1,263,676
	261
	1,902
	4
	9
	144

	Total
	
	5 tissues
	4,256,380
	682
	5,923
	10†
	
	1,864


† 10 unique Reactome pathways across all datasets (some pathways appear in multiple datasets). Pathway names: interferon signaling, JAK-STAT, insulin signaling, glucose metabolism, NF-κB signaling, Toll-like receptor, TGF-β signaling, oxidative stress, ECM remodeling, RAAS. Gene-set sizes range from 16 (RAAS) to 473 (JAK-STAT). DCM heart retains only 1 pathway (TGF-β signaling) after ground-truth curation.


Supplementary Table 2
Per-dataset biological relevance metrics for five pathway scoring methods across eight pseudobulked single-cell case-control datasets. Values are computed from the corrected ground-truth pathway sets. Direction accuracy = fraction of comparisons with the expected case-vs-control direction. AUROC = area under the receiver operating characteristic curve for case-vs-control discrimination. |Cohen’s d| = absolute standardized mean difference. Mean column = mean of per-dataset values (the aggregation method used throughout the manuscript).
Direction Accuracy
	Method
	AD brain
	CKD kidney
	COVID blood
	COVID lung
	DCM heart
	IPF lung
	PD brain
	SLE blood
	Mean

	ssGSEA
	0.917
	0.676
	0.710
	0.614
	0.875
	0.529
	0.636
	0.910
	0.733

	GSVA
	0.875
	0.647
	0.563
	0.616
	0.875
	0.462
	0.644
	0.958
	0.705

	zscore
	0.917
	0.665
	0.911
	0.605
	0.875
	0.625
	0.674
	0.910
	0.773

	AUCell
	0.708
	0.346
	0.670
	0.509
	0.600
	0.462
	0.614
	0.931
	0.605

	UCell
	0.917
	0.364
	0.804
	0.491
	0.750
	0.467
	0.606
	0.896
	0.662


AUROC
	Method
	AD brain
	CKD kidney
	COVID blood
	COVID lung
	DCM heart
	IPF lung
	PD brain
	SLE blood
	Mean

	ssGSEA
	0.682
	0.563
	0.609
	0.550
	0.591
	0.494
	0.529
	0.663
	0.585

	GSVA
	0.607
	0.539
	0.547
	0.577
	0.670
	0.500
	0.510
	0.725
	0.584

	zscore
	0.632
	0.566
	0.720
	0.554
	0.619
	0.517
	0.553
	0.638
	0.600

	AUCell
	0.704
	0.529
	0.607
	0.507
	0.521
	0.472
	0.635
	0.717
	0.587

	UCell
	0.748
	0.486
	0.607
	0.517
	0.584
	0.500
	0.651
	0.696
	0.598


Mean |Cohen’s d|
	Method
	AD brain
	CKD kidney
	COVID blood
	COVID lung
	DCM heart
	IPF lung
	PD brain
	SLE blood
	Mean

	ssGSEA
	0.762
	0.513
	0.861
	0.748
	0.773
	0.410
	0.512
	0.722
	0.663

	GSVA
	0.495
	0.517
	0.802
	0.812
	1.097
	0.436
	0.468
	0.937
	0.695

	zscore
	0.542
	0.513
	1.109
	0.660
	0.940
	0.427
	0.461
	0.684
	0.667

	AUCell
	0.596
	0.518
	1.125
	0.727
	0.619
	0.447
	0.553
	0.890
	0.684

	UCell
	0.662
	0.525
	0.866
	0.732
	0.475
	0.482
	0.576
	0.815
	0.642




Supplementary Table 3
Per-dataset robustness criteria for five pathway scoring methods across eight datasets. Aggregation stability = Spearman correlation across pseudobulk aggregation strategies (higher is better). Outlier sensitivity = mean absolute score change after single-donor outlier injection (lower is better). Normalization stability = Spearman correlation across normalization schemes (higher is better). Sample-size stability = Spearman correlation under random donor subsampling (higher is better). Mean column = mean of per-dataset values.
Aggregation stability
	Method
	AD brain
	CKD kidney
	COVID blood
	COVID lung
	DCM heart
	IPF lung
	PD brain
	SLE blood
	Mean

	ssGSEA
	0.806
	0.904
	0.794
	0.902
	0.907
	0.893
	0.883
	0.866
	0.869

	GSVA
	0.769
	0.714
	0.737
	0.710
	0.694
	0.725
	0.632
	0.831
	0.726

	zscore
	0.812
	0.860
	0.793
	0.856
	0.806
	0.862
	0.787
	0.824
	0.825

	AUCell
	0.825
	0.853
	0.821
	0.909
	0.878
	0.900
	0.763
	0.782
	0.841

	UCell
	0.941
	0.978
	0.946
	0.991
	0.971
	0.991
	0.904
	0.960
	0.960


Outlier sensitivity (lower is better)
	Method
	AD brain
	CKD kidney
	COVID blood
	COVID lung
	DCM heart
	IPF lung
	PD brain
	SLE blood
	Mean

	ssGSEA
	0.323
	0.250
	0.207
	0.119
	0.217
	0.114
	0.236
	0.277
	0.218

	GSVA
	0.195
	0.222
	0.132
	0.103
	0.189
	0.098
	0.230
	0.292
	0.183

	zscore
	0.191
	0.178
	0.278
	0.252
	0.163
	0.269
	0.215
	0.173
	0.215

	AUCell
	0.308
	0.143
	0.144
	0.055
	0.192
	0.070
	0.239
	0.215
	0.171

	UCell
	0.236
	0.153
	0.164
	0.049
	0.201
	0.074
	0.237
	0.189
	0.163


Normalization stability
	Method
	AD brain
	CKD kidney
	COVID blood
	COVID lung
	DCM heart
	IPF lung
	PD brain
	SLE blood
	Mean

	ssGSEA
	0.652
	0.779
	0.617
	0.719
	0.776
	0.712
	0.833
	0.751
	0.730

	GSVA
	0.854
	0.840
	0.834
	0.816
	0.880
	0.809
	0.884
	0.866
	0.848

	zscore
	0.773
	0.808
	0.699
	0.731
	0.807
	0.738
	0.801
	0.807
	0.770

	AUCell
	0.642
	0.656
	0.634
	0.761
	0.704
	0.745
	0.647
	0.560
	0.669

	UCell
	0.777
	0.788
	0.787
	0.829
	0.781
	0.823
	0.805
	0.787
	0.797


Sample-size stability
	Method
	AD brain
	CKD kidney
	COVID blood
	COVID lung
	DCM heart
	IPF lung
	PD brain
	SLE blood
	Mean

	ssGSEA
	0.748
	0.957
	0.944
	0.960
	0.960
	0.894
	0.527
	0.956
	0.868

	GSVA
	0.794
	0.938
	0.968
	0.959
	0.975
	0.916
	0.613
	0.981
	0.893

	zscore
	0.759
	0.911
	0.945
	0.948
	0.971
	0.896
	0.519
	0.983
	0.866

	AUCell
	0.823
	0.910
	0.976
	0.934
	0.928
	0.929
	0.470
	0.942
	0.864

	UCell
	0.840
	0.920
	0.966
	0.930
	0.915
	0.908
	0.473
	0.961
	0.864


All values derived from results_v3/verified_numbers.json. GIP thresholds applied to the Mean column: Biology >0.45 (Good), >0.30 (Intermediate), ≤0.30 (Poor); Aggregation ≥0.90 (Good), ≥0.75 (Intermediate), <0.75 (Poor); Outlier <0.20 (Good), <0.27 (Intermediate), ≥0.27 (Poor); Normalization ≥0.75 (Good), ≥0.65 (Intermediate), <0.65 (Poor); Sample ≥0.88 (Good), ≥0.84 (Intermediate), <0.84 (Poor).


Supplementary Table 4
Ground-truth Reactome pathway gene sets and expected direction of change (disease vs. control) for each dataset, with supporting literature references. All pathways are Reactome gene sets (retrieved via the MSigDB C2:CP:REACTOME collection, with a Reactome-API fallback) annotated with literature-supported direction labels. ↑ = expected upregulation in disease; superscript numbers refer to the reference list below the table. — = pathway not evaluated for that dataset. Six pathway–dataset annotations were removed after empirical validation found all five scoring methods disagreed with the annotated direction (see footnote). 28 pathway–dataset pairs remain after correction, yielding 1,864 total comparisons per method.
	Pathway
	Reactome ID
	Genes
	AD brain
	CKD kidney
	COVID blood
	COVID lung
	DCM heart
	IPF lung
	PD brain
	SLE blood

	ECM remodeling
	R-HSA-1474244
	300
	—
	↑ 1,2
	—
	—
	—
	↑ 3,4
	—
	—

	Glucose metabolism
	R-HSA-1430728
	85
	—
	—
	—
	—
	—
	—
	—
	—

	Insulin signaling
	R-HSA-74751
	82
	—
	—
	—
	—
	—
	—
	—
	—

	Interferon signaling
	R-HSA-913531
	273
	—
	—
	↑ 5,6
	↑ 6
	—
	—
	—
	↑ 7,8

	JAK-STAT
	R-HSA-9626314
	473
	—
	—
	↑ 5
	↑ 6
	—
	—
	—
	↑ 8

	NF-κB signaling
	R-HSA-1169091
	123
	↑ 9
	—
	↑ 10
	↑ 10
	—
	↑ 3
	↑ 9
	↑ 8

	Oxidative stress
	R-HSA-3299685
	37
	↑ 9
	↑ 1
	—
	↑ 6
	—
	↑ 11
	↑ 12
	—

	RAAS
	R-HSA-2022377
	16
	—
	↑ 13
	—
	—
	—
	—
	—
	—

	TGF-β signaling
	R-HSA-170834
	200
	—
	↑ 14
	—
	—
	↑ 15,16
	↑ 4
	—
	—

	Toll-like receptor
	R-HSA-168898
	170
	↑ 9
	—
	↑ 5
	↑ 6
	—
	—
	↑ 17
	↑ 18

	Total: 10 pathways
	
	
	3
	4
	4
	5
	1
	4
	3
	4
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Removed annotations (6 total, all empirically inverted — all 5 methods disagreed with expected direction): dcm_heart: ECM remodeling, NF-κB signaling, oxidative stress, RAAS (refs 16; end-stage explant biology and RAAS blocker pharmacotherapy); ckd_kidney: JAK-STAT, NF-κB signaling (ref 19; proximal tubule dedifferentiation in KPMP snRNA-seq). Glucose metabolism and insulin signaling are included in the gene-set library but not assigned to any dataset in the current ground truth.
Supplementary Table 5
Signed Cohen's d for the ECM remodeling pathway in chronic kidney disease (CKD) case-versus-control comparison, evaluated under three pseudobulk normalization schemes (log2CPM, scran, sctransform) as a robustness check, for each of the five pathway activity scoring methods. Positive values indicate the score moved in the expected (upregulated in CKD) direction. The Mean column is the mean across the three normalizations and matches the values cited in the main text (Fig. 4a). Magnitude-aware methods (ssGSEA, GSVA, z-score) consistently detect upregulation across all three normalizations; rank-based methods (AUCell, UCell) produce near-zero or wrong-direction effects across all three, consistent with rank-window competition.
	Method
	log2CPM
	scran
	sctransform
	Mean

	ssGSEA
	0.3860
	0.1672
	0.4887
	0.3473

	GSVA
	0.4007
	0.3433
	0.2565
	0.3335

	z-score
	0.4375
	0.2661
	0.4940
	0.3992

	AUCell
	0.0350
	-0.1031
	0.0161
	-0.0173

	UCell
	-0.0464
	-0.0406
	-0.0213
	-0.0361


All values derived from results_v3/verified_numbers.json (ckd_ecm_fig4 entry). Computed by phase_a_audit.py: for each method, the ECM remodeling pathway in the ckd_kidney pseudobulk score matrix was scored under sum-aggregation followed by each of three normalization schemes (log2CPM, scran, sctransform); signed Cohen's d was then computed as (mean_disease − mean_control) / pooled_sd. The Mean column equals the manuscript-cited values (ssGSEA 0.347, GSVA 0.334, z-score 0.399, AUCell −0.017, UCell −0.036) to four decimal places.
