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Table 1 Performance characteristics demonstration of a comprehensive spatial omics

technology platforms.
Technology Resolution Core principle Sample Distinctive
compatibility features
Sequencing-based spatial transcriptomics
Visium 55 um Slide-based spatial Human, Mature
transcriptomics for in situ mouse, rat; commercial
mRNA capture and fresh, frozen, workflow, high
whole-transcriptome and FFPE data
quantification tissues reproducibility
Array-seq 30 pm Modified oligonucleotide Human, Higher resolution,
microarray  for spatial mouse; fresh, larger area, lower
transcriptomics with = frozen, and cost, comparable
barcoded mRNA capture FFPE tissues sensitivity \&
Visium
DBiT-seq 10 pm Orthogonal  microfluidic Human, Multi-omics
barcoding for  spatial mouse; fresh, integration
co-mapping of frozen, and (transcriptome
transcriptome and FFPE tissues and proteome)
proteome
HDST 2 pm 2 um barcoded beads for Human and Ultra-high-
high-definition spatial mouse resolution
transcriptome sequencing = fresh-frozen
tissues
Nova-ST 10 pm NovaSeq Mouse Enables large
nanopattern-based HDMI fresh-frozen tissue section
barcoding for high-res tissue samples = analysis &

spatial transcriptomics

multi-chip spatial

mapping

Spatial metabolomics

LAESI-MSI

Spatial epigenomics

Spatial-
ATAC-seq

Spatial-
CUT&Tag

20 um

20 um

Atmospheric-pressure IR
laser ablation ionization
enables metabolite
qualitative-quantitative

and spatial imaging

Spatial chromatin
accessibility sequencing at

cellular level via in situ

Tn5 and microfluidic
barcoding

Spatial histone
modification profiling via
in situ CUT&Tag,
microfluidic barcoding

and sequencing

Fresh plant
samples
Fresh, frozen

tissue sections,
human and

mouse samples

Mainly human,
mouse fresh
and frozen

tissue sections

Mass
Spectrometry-
based Spatial

Metabolomics

Similar principle
to Spatial-CITE-
seq; spatial
information  via

microfluidics

Similar to Spatial-
CITE-seq; spatial
information  via

microfluidics
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Table 2 Horizontal comparison of commercial spatial omics platforms.

Commer Resoluti Number of Chip  Speci Advantages Disadvanta Cell
cial on genes Size es ges Segmentat
Technolo profiled ion
gy
Slide-seq 10 pm Whole 3mm  Any High Diffusion Normal
V2 transcripto  diamet  speci  sensitivity effect,
me er es small
capture
area
Stereo-se  0.22 pm Whole 10 Any Large chip, Diffusion Normal
q transcripto  mm X speci high- effect,
me 10 es resolution, requires
mm capable of  fresh-froze
simultaneo n tissue
us
microbial
detection
Visium 2 pm Whole 11mm Hum High Diffusion Normal
HD transcripto  x 11 an&  detection effect,
me mm  mous sensitivity  relatively
e and low
only  specificity sequencing
saturation
Visium 55 pm Whole 6.5 Any Mature Diffusion NA
V1 transcripto  mm x  speci  protocol,  effect, low
me 6.5 es widely resolution
mm applied
Xenium  Subcellu 5001 10.45 Hum  Extremely  Relatively Best
lar mm *x an& low FDR, high
22.45 mous stable operational
mm e performanc barrier,
only eon relatively
archived high cost
FFPE

tissues,
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Table 3 Software recommendations for key computational tasks.

Task Software Language Advantages

Simultaneous clustering & spatial
domain detection, adapts to
BASS R high-sparsity data, reveals
microenvironment-dependent states,
strong versatility

Adaptive neighborhood similarity,

1%

=
m

§ﬂﬁ%wﬁM$wﬁﬁﬁ%ﬁ#ﬁ%o
K ER HOREE @M@, HEEdEE
TN BB

Clustering balances denoising & spatial patterns,
STAGATE Python
efficient computation, compatible with
10x Visium and large-scale data
Superior boundary detection in

brain/embryo tissues (top-ranked on 10x
GraphST Python

X OB

3
2
Z

Visium). Unique batch effect correction. o)

No predefined genes needed
Integrates multi-batch/cross-platform
cell2location Python data, accurately resolves cell

composition in mixed spots
Cell

Multi-modes for high/low-resolution
Annotation/Decon RCTD R

. data, strong versatility
volution : : :
Single-cell resolution reconstruction,

Tangram Python compatible with multiple technologies,
low memory, high speed
Strong versatility, assists

Harmony R
STAGATE/SEDR for batch calibration
Same/cross-platform data integration,
Batch correction STAligner Python . .
high alignment accuracy

Efficient multi-slice integration & batch
SpaCross Python .
correction

Fast speed, low memory, supports
Cellchat R quantitative signal/pathway analysis,

stable results
Cell
o Morphology-standardized expression
communication
data, identifies ligand-receptor
stLearn Python
interaction hotspots, excellent

performance in brain/tumor data
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(A) The promise of temporal modeling (B) Optimal transport
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Table 4 Horizontal comparison of the core algorithms for multi-time-point spatial data

3 5] 2H

LR IZOE A E XL

alignment.
Method Key assumptions Where the method breaks down
Balanced OT Mass conservation; total cell Fails when cell death,
abundance/transcript count is proliferation, or regional cell
unchanged over time loss/gain occurs; cannot handle
unbalanced tissues
Unbalanced OT Allows mass creation/destruction; May over-interpret noise as true

Registration-based

alignment

Trajectory-aware

alignment

weak cost consistency; no strict mass

balance

Spatial structure continuity; smooth
deformation field; no drastic tissue

reshaping

Temporal smoothness; cells follow
continuous differentiation/transition

paths

cell movement; unstable under
extremely sparse/low-quality
data

Breaks under large
morphological changes, tissue
folding, cutting artifacts, or rapid
structural remodeling

Fails for discontinuous cell state
transitions, non-sequential time
points, or non-directional spatial

remodeling

Fi&4.

Z A ;2 B B FEUE L X O E

A ERIXTLE



- : : - N - : . . o
(A) Cancer (TIME heterogeneity, metastasis, resistance) (B) Cardiovascular diseases (Ml repair, plague instability)
e e : Organ-specific metastasis (Pancreatic cancer) Piaa
microenvironment (TIME) . . ‘;"‘&—-’V ,l§ [ _.I‘ CCR2* macrophages
SPP1* macrophages i WA gl o . . oR e
. e . - ¥ Basal-like Classical \ o
; | . ’A_; (. (liver metastasis) (lung metastasis) vy
) Y d e ’ ‘e h Infarcted 7 ®
: S 1 I‘. :"‘\;—v‘ area | Endocardium
-~ Pro-tumor axis = Pl o g
= ot A R A3
Tumor  (SPP1-CD44) -t . \"' B - < Atherosclerotic plaque
cells e Therapy e U
resistance (TNBC) ' 1
‘ Ir’“jﬂ__:__ \ = _-;\_*‘-' —— Local
|/ Bl S Te U N ® = — inflammation/
’ Sl X’ — thrombosis
SELENOP* . A )
\BZM-KLRD1 e N\ Myofibroblast-mediated immune exclusion Regional transcriptional changes Plague instability
-
i . . . N\
(C) Infectious diseases (Lung spatiotemporal dynamics)

SARS-
CoV-2

Slamf9*
macrophages

Neutrophils
(Isg12*Cst7*)
viral clearance

Inflammation resolution

Spatial omics

(Preserving structure,
multi-omics data)

(D)

Autoimmune diseases (Region-specific pathology)

technology

Rheumatoid
arthritis synovium

((E) Opportunities & challenges )
Infection/damage —» Repair/resolution High cost
cD4* T cells !.’ Co-infection :'g;‘;rl‘jgz:e; ted I;;(;lkdgfrdization
Dendritic insight _?_E;::g:gfilgﬁns
B cells cells barriers
\_

Lining layer
7 0 o,
« o o
(o) oaéo ooo
o c? o9
\ ==' 00

Sublining layer

Protein
profiles

ER stress &
mitochondrial
dysfunction

e

Impaired
secretion
(IslgA)

Sjogren's syndrome lacrimal gland

R

6. FEHAFEEFHRPHINH




(B) Spatiotemporal developmental trajectory
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(A) Spatial omics foundation data sources N\

.

Spatial omics data Tissue images Knowledge bases
(Transcrlptommsu’proteomlcs) & ontologies

(7 e
/(B) Spatial omics foundation models (C) Vision omics/VLM-style models (D) LLMs/Agents for workflows

@,
W N g~ ®-0-®
@@ => @ LLM agent Qc & Domaip Cell-type
—> ”‘ SRS - & interface Preprocessing analysis  annotation
H&E image Vision-language Prediction I—) —_ _,_

Training with Fine-tuning with patch model (VLM) & mapping :
massive amounts of data private data & alignment Knowledge Traceable Interaction Reportin
bases & grounded analysis P 9
9 Limitations: species bias, tech-specific, black box QChallenges: alignment error, technical variation, validation 9 Caveats: unsupported claims, hallucination risk
3 AN A /
~

Core guideline: balance

/(E) Future directions & key challenges

. Biological Computational
From data-driven to
knowledge-driven = relevance A ‘ performance
paradigms

Multi-modal Spatiotemporal Clinical translation Key challenges: allgnment, batch
integration dynamics & drug discovery effects, standards, training diversity
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Table 5 Software recommendations for cutting-edge research directions.

Task

Software

Language

Advantages

3D

reconstruction

Temoral

alignment

Dynamics

reconstruction

Foundation

models

Vision-omics

model

Expert agent

Spateo

SpatialZ

moscot

DeST-OT

OSDR

StVCR

Novae

ScGPT-spatial

OmiCLIP

SpatialAgent

CellAgent

Python

Python

Python

Python

Python

Python

Python

Python

Python

Python

Python

Embryo 3D molecular hologram, reveals multi-scale
spatial biology, links morphogenesis & molecular
dynamics, supports spatiotemporal quantification

Supports virtual slicing/3D rendering/spatial query,
cross-platform compatible, extensible to multi-omics
Aligns multi-time-point spatial omics, supports > 500k
cell datasets, incorporates growth/apoptosis gene prior
knowledge

Validated on axolotl data, models growth/apoptosis
with triplet loss (no growth/apoptosis gene prior

knowledge)

Estimates division/clearance rates, maps neighborhood
to state space, constructs phase portraits to identify
stable/unstable points
Addresses cross-time-point alignment difficulty/cell
population imbalance, end-to-end reconstructs
differentiation/migration/proliferation/apoptosis
dynamics
Removes batch effects, identifies spatial domains,
supports multi-downstream analyses & multi-modal
integration
Adapts to multi-downstream tasks: cell annotation,
multi-batch/multi-omics integration, perturbation
prediction, gene network inference, etc.

Tissue registration/region annotation/cell
deconvolution, retrieves transcriptomic data &
predicts spatial expression profiles using only H&E

sections
An autonomous Al agent for spatial biology

LLM-driven multi-agent framework for automated

scRNA-seq data analysis
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