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1 Supplementary figures
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Figure S1: Neuronal cell type hierarchy and classification accuracy pro-
duced different methods. Cell identities are organized hierarchically from
broad neuronal classes to increasingly fine-grained subtypes. Internal nodes rep-
resent intermediate cell type categories, whereas leaf nodes represent terminal
cell types. Values shown beside each node indicate the classification accuracy by
each method at that level of the hierarchy. This tree-based visualization assesses
whether each method captures only coarse lineage structure or also preserves
fine-grained subtype specificity.
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SCGPT (partial fine tuning) ~ sCANVI Spatial-ID scCello (partial fine tuning) ~ TACCO scCello (head tuning)
Acc = 0.672, ECS = 0.490 Acc = 0.655, ECS = 0.470 Acc = 0.644, ECS = 0.476 Acc =0.632, ECS=0.444  Acc=0.625 ECS =0.455 Acc =0.585, ECS =0.403

e

DestVI scGPT (reference mapping) ~ Seurat Nicheformer (partial fine tuning) CARD SingleR
Acc =0.573, ECS =0.413 Acc =0.570, ECS = 0.411 Acc =0.566, ECS = 0.421 Acc = 0.566, ECS = 0.386 Acc = 0.540, ECS = 0.421 Acc = 0.537, ECS = 0.400
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Cell2location Nicheformer (head tuning) SpatialDWLS SPOTIlight RCTD scGPT (head tuning)
Acc =0.535, ECS = 0.367  Acc = 0.524, ECS = 0.358 Acc=0.493, ECS=0.343 Acc=0491,ECS=0.359 Acc=0.476, ECS =0.323 Acc =0.467, ECS = 0.310
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Tangram GraphST SToFM (partial fine tuning)
Acc =0.425,ECS=0.255 Acc=0.253, ECS=0.215 Acc=0.229, ECS =0.159
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Figure S2: Spatial label consistency and marker-program separability
across annotation methods (a) Spatial maps of predicted cell type labels
for each annotation method. Accuracy and element-centric similarity (ECS)
are shown above each map. ECS was computed by comparing per-cell affin-
ity profiles between ground-truth and predicted labelings, providing a cell-level
measure of label membership consistency. (b) Cohen’s d analysis of marker-
score separability for Tumor cells, CAF, Fibroblasts, and Plasma IgG cells. For
each method, enrichment scores of the target marker program were compared
between cells predicted as the target cell type and predicted non-target cells.
Larger positive values indicate stronger marker enrichment among predicted-
positive cells, whereas values near zero or below zero indicate weak or inconsis-
tent biological separation.
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Figure S3: Comparison of cell type annotation methods using LLM-
based annotation. (a—h) Row-normalized confusion matrices for LLM-based
cell type annotation across four spatial transcriptomics datasets. For each
dataset, de novo clustering was first performed using BANKSY, followed by
cluster-level annotation with GPT-40 or Claude Sonnet 4-5. Both ground-truth
and predicted cell type labels were ordered by biological lineage.
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