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Figure 1: Cytosplore Gradient Surfer comparing data from two different modalities (MERFISH and smFISH [LMC23]) using linked
views: gene correlation tables indicating correlation between a user-defined spatial direction and gene expression (a), line chart showing the
gene expression along the selected axis (b), and spatial maps colored by gene expression to visualize spatial gradients across modalities (c).

Abstract

Spatial transcriptomics makes gene expression visible within tissue. This helps reveal tissue structure, cell development, or how
genes are regulated. While methods exist to identify spatially patterned genes or align tissue structures, comparative analysis
of such patterns across datasets or between different modalities remains a challenging task.
We present Cytosplore Gradient Surfer, an interactive system for identifying and analyzing spatial gene expression gradients
across spatial transcriptomics datasets. The system allows users to interactively probe spatial directions of interest and identify
genes exhibiting aligned expression patterns across dataset pairs, even when only a subset of genes is shared between them.
CCS Concepts

• Human-centered computing → Visualization systems and tools; • Applied computing → Bioinformatics;

1. Introduction

Spatial transcriptomics technologies measure gene expression vari-
ation across tissues while preserving spatial organization, comple-
menting single-cell RNA sequencing. They capture molecular gra-
dients key to understanding tissue architecture, cellular differen-
tiation, and gene regulation patterns. Comparing these gradients
across datasets is valuable, e.g., between modalities like MERFISH
and smFISH [LMC23] to find consistent or complementary spatial
gene expression patterns, or across datasets to study gene expres-
sion in similar structures. However, such comparisons are challeng-
ing due to variations in tissue morphology, cell arrangements, gene
expression levels, and differing gene sets, some unique or varying
even among homologous genes, complicating alignment of tissue
structures and identification of conserved gradients.

While tools for cross-dataset comparison of single-cell data ex-
ist [BWE→25, BEK→23], they lack support for spatial data. On the
other hand, a considerable amount of work has been put into tools
for spatial data exploration with a focus on single-cell neighbor-
hood analysis [SVUK→21,KGM→21,KBJ→20] and larger scale spa-
tial patterns and gradients [LTK→25, LTK→23]. General single-cell
analysis methods address temporal dynamics [MMDP10] or utilize
dimensionality reduction techniques [FWS→19, Pat18]. However,
none of these tools enable integrated analysis of spatial pattern in
cross-dataset comparison.

We present Cytosplore Gradient Surfer, an interactive system for
identifying, comparing, and visualizing spatial expression gradi-
ents across datasets. While still a work in progress, the system aims
to lay the groundwork for more comprehensive comparative spatial
transcriptomics analysis across datasets.
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Figure 2: Cytosplore Gradient Surfer workflow for exploring spatial gene expression gradients. Line brush to select cells (a). Genes with
spatial gradients identified by correlation with the selection (b). A line chart to visualize gene expression along the line (c). PCA loadings
reveal dominant spatial patterns (d). Key principal components showing major gradients (e). Ranked gene correlations with PCs in tables and
bar charts (f). Cross-dataset comparison of top spatial genes (g). Comparison of conserved or altered spatial patterns across datasets (h).

2. Workflow and Tasks

We developed a workflow (Figure 2) to analyze and compare spa-
tial gene expression gradients across two datasets. Starting with a
reference dataset, we select cells along a line and identify genes
whose expression correlates with position. The top N genes, shared
between datasets, are then used as input for Principal Component
Analysis (PCA) space, into which all datasets are projected using
the same gene set and loadings. This enables comparison of spa-
tial gradients without requiring identical cell and gene distributions
across datasets, assuming a shared underlying signal.

To support this workflow, we defined the following Single and
Multi-dataset tasks:

S1 Select cells along a spatial line
S2 Identify genes with expression gradients along the line
S3 Summarize expression gradient of selected genes and cells

M1 Derive data from all datasets into a shared gradient space
M2 Discover dataset-specific expression components
M3 Identify gradient-correlated genes within each dataset
M4 Compare conserved gene expression gradients

3. Cytosplore Gradient Surfer

Cytosplore Gradient Surfer enables users to interactively probe for,
extract, and align gradient-based gene expression features to iden-
tify spatial patterns in tissues. It identifies conserved or divergent
molecular patterns associated with tissue structure or biological
function. The system takes as input a cell-by-gene expression ma-
trix and corresponding spatial coordinates to support the analysis.

Biologists often have hypotheses or prior knowledge about spa-
tial gradients in tissues and aim to identify genes that reflect these
patterns. To support exploration of spatial gradients, we provide
a line brush (Figure 2a) for selecting cells around a user-defined
line (S1). The cells are projected onto the drawn line and, for each
gene, the Pearson correlation is computed between expression lev-
els and the projected cell position. This reveals genes (Figure 2b)
whose expression consistently varies with spatial position, reflect-
ing a gradient (S2).

To examine these patterns, the system displays the spatial layout
of cells in scatterplots, colored by expression level, and a line chart
(Figure 2c) summarizing expression along the selected line. Users
can identify genes whose expression aligns with the gradient of
interest. These genes can then be selected for broader analysis.

To explore broader spatial trends and summarize major patterns
of variation between datasets, we apply PCA with the identified
spatially varying genes as input. Typically, one of the high-ranked
PCs (S3) highly correlates with the dominant spatial pattern. PC
loadings can be visualized as color overlays on spatial scatterplots
similar to the gene expression (Figure 2d) to verify which PC rep-
resent the probed gradient best (Figure 2e). Using the results of the
PCA, we project the second dataset (M1). Correlating the genes of
the second dataset with the identified highly-ranked PC now allows
to identify genes of interest in the second dataset, too (M2).

Next, we compute the correlation of each gene’s expression with
the selected PC for each dataset (M3), linking genes to dominant
spatial patterns within and across datasets. The results are presented
as tables for each dataset (Figure 2f), with rows representing genes
ranked by their alignment with these spatial trends. The user can
then browse through the gene lists and select individual genes for
comparison. The rank of the genes can then be compared (M4)
across datasets in the tables(Figure 2g). By overlaying gene ex-
pression as color in the side-by-side scatterplots (Figure 2h), the
user can evaluate if new genes follow similar patterns and if these
patterns are conserved or altered.

4. Conclusion

We defined a work-in-progress workflow to analyze spatial gene
expression gradients across datasets and developed Cytosplore Gra-
dient Surfer, built with ManiVault Studio [VKT→23], to support
interactive selection, gene correlation, and comparative analysis.
By enabling the comparison of spatial gradients across different
modalities or datasets, the system supports a diverse range of appli-
cations, from cross-modality integration to identifying conserved
spatial patterns of gene expression. We are collaborating with ex-
perts to incorporate various use cases, including extension to more
than two concurrent datasets.
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