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Abstract

Osteoarthritis (OA) is a pervasive, multifactorial joint disorder with an escalating global prevalence, yet it remains without effective
disease-modifying therapies. Current research and clinical management are hindered by a reliance on traditional bulk-omics and imaging
modalities that fail to capture the profound molecular and cellular heterogeneity of the disease. While bulk-omics provides a compre-
hensive but averaged view, it homogenizes complex tissue microenvironments, losing critical information about cell-cell interactions
and niche-specific pathogenic pathways. This review posits that the emerging field of spatial multi-omics represents a paradigm shift,
transcending the limitations of previous approaches by integrating molecular profiling with native tissue context. By simultaneously
mapping the transcriptome, proteome, metabolome, and other molecular layers in a spatially resolved manner, this framework can de-
construct the intricate cellular architecture of the osteoarthritic joint. This capability offers unprecedented opportunities for precision
diagnostics, enabling the discovery of novel biomarkers and the molecularly precise definition of disease endotypes. The capacity to
pinpoint microenvironment-specific pathways also provides a powerful foundation for the development of personalized, next-generation
therapeutics that target the root cause of disease, not just its symptoms. The analysis presented here delineates the technologies, applica-
tions, and challenges of this transformative field, underscoring its potential to revolutionize OA research and pave the way for a new era
of precision care.
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Introduction

Osteoarthritis (OA) is a chronic, degenerative joint
disorder that represents a major and growing public health
crisis [1]. The disease is characterized by the progressive
degeneration of articular cartilage, inflammation of the syn-
ovial membrane, changes in subchondral bone, and the for-
mation of osteophytes [2—4]. The World Health Organiza-
tion estimates that by 2024, OA will be the fourth leading
cause of knee disability globally [5]. In 2020 alone, an esti-
mated 595 million individuals were afflicted with OA, rep-
resenting 7.6% of the global population and a staggering
132.2% increase in the total number of cases since 1990
[6].

Despite its immense prevalence and significant impact
on quality of life, there is a fundamental lack of effective,
Food and Drug Administration (FDA)-approved therapies
that can modify the trajectory of OA progression [7,8]. Cur-
rent treatments primarily focus on symptomatic relief rather
than addressing the underlying disease mechanisms. A key
challenge in clinical management is the late diagnosis of
OA. Articular cartilage is aneural, meaning it lacks nerve
innervation, so initial damage is non-symptomatic, and pa-
tients are often diagnosed at a more advanced stage when
joint pain and stiffness become prevalent [9—11]. This late
diagnosis makes clinical management more difficult and
highlights an urgent need for new research paradigms and
diagnostic tools that can enable earlier, more precise inter-
vention.

In the past decade, omics technologies have become
instrumental in investigating the complex, multifactorial
pathogenesis of OA [12,13]. Initially, research focused on
single-omics, such as genomics, transcriptomics, or pro-
teomics, to provide an understanding of molecular path-
ways and pathophysiological changes [14]. For instance,
a recent review highlighted significant advancements in
the molecular mapping of joint tissues through studies that
characterized non-coding RNAs (ncRNAs) and identified
key OA-associated pathways [13]. While these single-
omics studies have provided unique insights, their findings
do not always align, hindering the definition of generally
accepted disease subtypes [14].

The field has since progressed to multi-omics, which
integrates data from different molecular layers—such as the
transcriptome and metabolome—to gain a more compre-
hensive view of the disease [14]. This approach has been
used to explore the regulatory correlations between plasma
metabolomics and single-cell transcriptomics, for instance,
revealing a shared lipid metabolic dysregulation signature
in OA [14]. However, a fundamental limitation persists:
these multi-omics approaches are often based on the anal-
ysis of homogenized, or “bulk” tissue samples [15]. The
process of averaging molecular signals across all cell types
in a sample, a common practice in bulk RNA-seq, effec-
tively masks the true heterogeneity of the disease [13]. The
signal is averaged across a diverse range of cell populations,
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from chondrocytes to synovial cells, resulting in a blurred
molecular picture. This loss of spatial context and cellu-
lar resolution means that critical information about cell-cell
interactions and the microenvironment-specific pathways
that drive disease progression is lost [13]. This explains
why translating bulk-omics findings into effective, disease-
modifying therapies has been a significant challenge [14].

The etiology of OA is fundamentally a spatially regu-
lated process, yet traditional methods have failed to account
for this critical dimension.To address this, a new genera-
tion of technologies, known as spatial omics, has emerged
to enable the measurement of molecular characteristics of
cells while preserving their native spatial context [ 14]. This
approach allows for the high-resolution mapping of tran-
scripts, proteins, and metabolites within affected tissues,
shedding light on how specific cell populations and their
molecular pathways contribute to inflammation and tissue
damage [16].

By integrating spatial context, researchers can move
from a correlative understanding of OA to a more causal
one. For example, a traditional bulk RNA-sequencing study
might identify an upregulation of a particular gene in OA
cartilage. However, a spatial multi-omics analysis can pin-
point that this gene is only upregulated in a specific subpop-
ulation of chondrocytes located within the superficial zone
of the cartilage, as shown in Fig. 1 [17-19]. By layering
data from other omics modalities, such as proteomics and
metabolomics, onto this same spatial map, a more compre-
hensive picture can be constructed [20,21]. This could re-
veal that this specific chondrocyte subpopulation is also se-
creting pro-inflammatory cytokines that are driving matrix
degradation in its immediate vicinity [22]. This spatially-
anchored, multi-modal data provides a clear causal link be-
tween a specific cell type, a molecular signature, and a
pathogenic mechanism, a level of insight that is impossi-
ble to achieve with bulk analysis alone [14]. This powerful
framework is now positioned to redefine OA research and
pave the way for truly personalized care.

Current Landscape of Omics in OA
Genomics and Epigenomics

Genomics and epigenomics have provided founda-
tional insights into the genetic and non-coding risk factors
for OA [23]. Recent reviews have highlighted significant
advancements in the comprehensive molecular mapping of
OA joint tissues [15,24-26]. The largest OA genetics study
to date was published by the Genetics of Osteoarthritis Con-
sortium, reinforcing the strong hereditary component of the
disease [15]. A particularly compelling study demonstrated
a direct link between human evolution and OA susceptibil-
ity [27]. Their research revealed that evolutionary mecha-
nisms like antagonistic pleiotropy, where a beneficial allele
is positively selected for along with linked deleterious al-
leles, led to the conservation of genetic factors that, while
beneficial for knee morphology, also increased the risk for
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Fig. 1. Spatial multi-omics analysis to pinpoint the gene that is upregulated in a specific subpopulation of chondrocytes located
within the superficial zone of the cartilage as the initial driver of osteoarthritis. Created in BioRender. Gangadaran, P. (2026)

https://BioRender.com/f47m406.

OA [27].

The study functionally evaluated the gene GDF5,
which is essential for knee development and also implicated
in OA risk, identifying a causative variant (rs6060369)
within a constrained regulatory element [28-31]. Mice
lacking this element formed normal joints but developed
morphological defects and OA later in life, with effects
likely mediated through PITX1 [27,28]. This finding es-
tablishes that OA’s pathogenesis is not merely a degener-
ative process but is, in part, a side-effect of a successful
evolutionary adaptation, underscoring the need for a com-
prehensive, systems-level understanding that integrates ge-
netics, epigenetics, and tissue biology. Higher-impact ge-
nomics studies are already embracing this approach by inte-
grating multiple methodologies, including chromatin acces-
sibility mapping, single-cell RNA-sequencing, and spatial
transcriptomics (ST) analyses [15].

Transcriptomics and ncRNAs

Transcriptomics, the study of the complete set of RNA
molecules, provides a snapshot of a cell’s function and
can be used for deep phenotyping and patient stratifica-
tion [32]. While gene expression data from transcriptomics
is powerful, it is an incomplete picture. The analysis of
RNA levels does not always correlate with the final abun-
dance of functional proteins due to post-transcriptional reg-
ulation [13]. A major area of focus has been the role of
ncRNAs, particularly microRNAs (miRNAs), in regulating
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gene expression and cellular function. Over 80 miRNAs
have been reported to be involved in OA pathology [33].
For example, studies have shown that miR—140 is down-
regulated in osteoarthritic cartilage and targets genes such
as ADAMTSS and MMP— 13, which are crucial for cartilage
matrix degradation [33]. However, technical challenges in-
herent to musculoskeletal tissues introduce significant lim-
itations [32]. These tissues are often quiescent, with fewer
cells and a dense matrix, making it difficult to obtain a suf-
ficient amount of high-quality RNA [32]. The integrity of
the RNA is a critical factor, and low-quality samples can
introduce substantial noise into the data [32]. Additionally,
standardizing sample collection and preparation, such as
avoiding biases from enzymatic digestion during cell iso-
lation, remains a challenge [32]. Relying solely on tran-
scriptomics can therefore lead to an incomplete or mislead-
ing understanding of disease mechanisms, reinforcing the
need for the integration of orthogonal data layers, such as
proteomics and epigenomics, to provide a more robust and
validated picture [14].

Proteomics and Metabolomics

Proteomics and metabolomics provide a more direct
readout of the “functional” state of a cell or tissue by mea-
suring proteins and metabolites, which are the direct ex-
ecutors of biological processes [13]. A study that analyzed
synovial fluid and serum identified differentially expressed
proteins like serine protease inhibitors, complement com-
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ponents, and apolipoproteins in OA patients [34,35]. These
proteins are believed to be involved in inflammation and
cartilage breakdown. Simultaneously, serum metabolite
profiles showed significant alterations in amino acid, lipid,
glucose, and energy metabolism, with increased levels of
creatinine and glutamine and reduced levels of leucine and
histidine [35].

The research establishes a crucial connection between
systemic metabolic state and local joint pathology. Ev-
idence suggests that OA is not just a local disease but
has contributions from systemic tissues and biofluids, such
as adipose tissue and blood components [36]. Systemic
changes, particularly those related to obesity and diet,
can influence the local joint microenvironment through
paracrine tissue interactions and the sharing of metabo-
lites and transcripts between the systemic circulation and
the joint space [36]. The identification of a shared lipid
metabolic dysregulation signature in OA further supports
this concept. At the molecular level, fatty acid binding pro-
tein 4 (FABP4) has emerged as a specific mediator bridging
systemic metabolic dysregulation and local joint pathology.
FABP4 has been shown to drive osteogenesis and angiogen-
esis within the joint as part of metabolic OA pathogenesis,
and separately to induce chondrocyte degeneration through
activation of the NF-«xB signaling pathway. These find-
ings provide a concrete molecular example of how systemic
lipid metabolism, dysregulated in conditions such as obe-
sity, translates into spatially localized destructive processes
within the cartilage and subchondral bone compartments.
The conclusion drawn is that a comprehensive understand-
ing of OA requires a multi-omics approach that spans both
local and systemic levels to capture this intricate molecular
dialogue [14]. The prevailing consensus is that a group of
molecules, rather than a single biomarker, will be needed
for effective diagnosis and prognosis due to the high vari-
ability and complexity of the disease [37].

Extracellular Vesicle Omics

Small extracellular vesicles (SEVs) have emerged as
crucial mediators of intercellular communication in joint
tissues [38]. These nanoscale, membrane-bound parti-
cles, including exosomes and microvesicles, carry a diverse
cargo of proteins, lipids, and nucleic acids that reflect the
state of their cell of origin during joint health and disease
[39,40]. This makes them an ideal source for non-invasive
biomarkers, bridging the gap between difficult-to-access
joint pathology and easily-sampled biofluids [41].

The application of multi-omics to sEVs presents a
unique opportunity to identify novel diagnostic and ther-
apeutic targets [42]. For instance, a transcriptomic analysis
of SEVs from plasma showed a significant downregulation
of miR—193b—3p in OA patients, mirroring changes in car-
tilage tissue [43]. This suggests that circulating sEVs can
serve as a non-invasive, surrogate marker for joint-specific
molecular changes [41]. Similarly, proteomic studies of
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sEVs have identified proteins like cathepsin F that are dif-
ferentially expressed in OA patients, highlighting their po-
tential for enhancing diagnostic accuracy [41]. The ther-
apeutic potential of sEVs is also significant, with studies
demonstrating that SEVs derived from mesenchymal stem
cells (MSCs) can promote chondrogenesis and enhance car-
tilage repair by delivering chondroprotective factors like
SOX9 mRNA and miR—140 [44]. The dual function of
sEVs as both a source for non-invasive liquid biopsies and
as a therapeutic delivery system positions them as a key
complement to spatially resolved tissue analysis in a pre-
cision medicine framework. The mechanistic link between
circulating sEVs cargo and spatially defined tissue pathol-
ogy operates through a traceable release hierarchy: spatial
transcriptomic and proteomic profiling of OA joint tissue
first identifies cell-type-specific molecular signatures an-
chored to defined anatomical compartments, such as super-
ficial zone chondrocytes or the synovial lining layer. Cells
within these niches release sEVs carrying a subset of that
molecular cargo into the synovial fluid, from which they
enter the systemic circulation. Cross-validating spatially
derived tissue signatures against SEVs cargo isolated from
matched patient biofluids therefore provides the method-
ological bridge that traces a circulating marker back to its
tissue of origin and its precise anatomical niche, transform-
ing a non-invasive liquid biopsy finding into a spatially in-
terpretable signal [38]. The advances and limitations of
omics technologies in OA research are summarized in Table
1.

Spatial Omics Technologies: From Maps to
Mechanisms

ST

ST encompasses a variety of methods designed to
quantify RNA expression while preserving the native spa-
tial context of the tissue [45]. These technologies are
broadly categorized into two main groups: imaging-based
and sequencing-based approaches. Imaging-based meth-
ods, such as In Situ Hybridization (ISH) and In Sifu Se-
quencing (ISS), allow for the direct visualization of RNA
molecules in their native environment [46]. These ap-
proaches offer high RNA capture efficiency and single-cell
resolution but are typically limited to profiling a few hun-
dred unique genes at once due to the high cost and labor-
intensive nature of adding more probes [45,46].

Conversely, sequencing-based methods like In Situ
Capturing (ISC), exemplified by platforms such as 10x Vi-
sium, capture thousands of genes for transcriptome-wide
profiling but at the cost of lower RNA capture efficiency
and spatial resolution [46]. This creates a core tech-
nical trilemma between resolution, plex (the number of
molecules detected), and throughput. For instance, the
10x Visium platform profiles gene expression on 55-pm-
diameter spots, with each spot often containing 10-20 cells,
thereby averaging the signal and limiting the ability to re-
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Table 1. Key advances and limitations of omics technologies in OA research.

Omics technology

Key contribution to OA research

Key limitation/Challenge

Genomics

Epigenomics

Transcriptomics

Proteomics

Metabolomics

Extracellular vesicle omics

Identification of genetic risk loci; GWAS studies pin-

point variants associated with traits/diseases.

Characterization of non-coding RNAs (e.g., miR-

NAs); provides insight into gene silencing/activation.

Provides a snapshot of gene expression; useful for
deep phenotyping of heterogeneous patient popula-

tions.

Direct measurement of functional proteins; reveals
changes in inflammatory pathways and cartilage

breakdown.

Identifies metabolic pathways altered in disease; re-
veals a shared lipid metabolic dysregulation signature.
Non-invasive source of biomarkers (liquid biopsy);

reflects joint-specific molecular changes in biofluids.

Variants often in non-coding regions; do not directly

identify causal genes.

Data is correlative; does not establish causality.

RNA levels do not always correlate with protein abun-
dance; post-translational modifications (PTMs) fur-
ther complicate this correlation, as protein function is
not captured at the transcript level; challenges with

low RNA yield and integrity from tissue samples.

Limited by dynamic range; post-translational modifi-

cations require specialized analysis.

High variability due to diet and environment; metabo-
lite identification is challenging.
Challenges in standardizing isolation techniques; lim-

ited understanding of underlying mechanisms.

OA, osteoarthritis; GWAS, genome-wide association study; miRNA, microRNA; RNA, ribonucleic acid; EV, extracellular vesicle; DNA, deoxyribonucleic

acid; mRNA, messenger ribonucleic acid; PTM, post-translational modification; SNP, single nucleotide polymorphism; QC, quality control; MS, mass

spectrometry.

solve single-cell heterogeneity [23]. While newer technolo-
gies like 10x Visium High Definition (HD) achieve single-
cell resolution with 2-pm capture tiles, this comes with a
higher cost per sample [23]. The choice of platform is there-
fore a strategic decision based on the specific research ques-
tion. A study aiming to identify a rare cell-type-specific
biomarker would require a high-resolution, targeted ap-
proach, whereas an experiment designed to profile the over-
all gene expression landscape of a tissue would favor a high-
throughput, sequencing-based method [46]. This under-
standing of the trade-offs is crucial for a clinical researcher
when designing an experiment.

Spatial Proteomics and Metabolomics

To address the limitations of transcriptomics, which
do not directly measure the functional molecules of a cell,
spatial proteomics and metabolomics have advanced sig-
nificantly, with spatially resolved mass spectrometry (MS)
approaches, including mass spectrometry imaging (MSI),
at the forefront [47]. MSI allows for the in situ, label-
free analysis of proteins and metabolites, providing a direct
readout of the functional state of the tissue.

Spatial proteomics and metabolomics offer a vital, or-
thogonal data layer that can validate and complement tran-
scriptional data. For example, while transcriptomics might
indicate an upregulation in the RNA of a particular gene,
spatial proteomics can directly measure the abundance and
localization of the protein product, revealing discrepan-
cies due to post-transcriptional regulation [13]. Techniques
like MALDI MSI and Secondary Ton Mass Spectrometry
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(SIMS) can produce spatial distribution maps of metabo-
lites with submicron to single-cell resolution, showing how
different cell populations, even with similar gene expres-
sion, have unique metabolic profiles [48]. The high chem-
ical specificity and sensitivity of these methods make them
ideal for mapping critical metabolic changes in the OA joint
[47]. However, challenges remain, such as the difficulty in
confidently identifying all metabolites and the “Big Data”
handling required due to the added spatial dimension [47].

3D and Temporal Spatial Omics

The pathogenesis of OA is a chronic, progressive pro-
cess. A single 2D spatial map provides a powerful but static
view of one disease stage. To overcome this, the field is pro-
gressing towards the construction of 3D and spatiotempo-
ral maps of musculoskeletal tissues [49]. This advancement
represents the ultimate goal of capturing disease dynamics.

Recent studies have successfully reconstructed the dy-
namic trajectories of cell populations in musculoskeletal
systems [50]. For example, spatiotemporal transcriptomic
mapping of acutely injured skeletal muscle revealed the
dynamic organization of macrophage subtypes into func-
tional zones during tissue regeneration [51]. In bone biol-
ogy, a comprehensive cellular atlas of human bone archi-
tecture was created, which delineated the intricate molec-
ular processes and cell-cell dependencies that coordinate
bone metabolism [52]. It should be noted that, to date, pub-
lished 3D spatiotemporal omics studies conducted directly
in OA joint tissues remain limited. The studies cited here
are drawn from adjacent musculoskeletal systems, skeletal
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Fig. 2. Comparative analysis of spatial omics platforms. Gangadaran, P. (2026) https://BioRender.com/zgxyfi0.

muscle and bone, and represent the closest methodological
precedents currently available. Dedicated OA spatiotem-
poral atlases therefore constitute a critical unmet need in
the field, and their development should be a priority for
forthcoming collaborative initiatives. By integrating multi-
omics data over time, researchers can reconstruct the dy-
namic trajectories of cell populations and molecular path-
ways during disease progression, rather than relying on a
single, static snapshot. This would enable the identifica-
tion of “tipping points” or key transitions where molecular
changes occur, providing a crucial window for therapeu-
tic intervention. This progression from a static “map” to a
dynamic “movie” of the disease is essential for developing
timely and effective treatments for OA. The comparative
analysis of spatial omics platforms is mentioned in Table 2
and Fig. 2.

The Concept of Spatial Multi-Omics
Definition and Value Proposition

Spatial multi-omics is defined as the comprehensive,
joint analysis of multiple molecular layers—including the
transcriptome, epigenome, proteome, and metabolome—in
a spatially resolved manner within the same tissue section
[16]. This approach represents a new framework for un-
derstanding the complex, multifactorial nature of OA. The
disease is not a single entity but a heterogeneous collec-
tion of molecularly distinct endotypes, each with its own
pathophysiological mechanisms. Traditional methods have
struggled to define these endotypes because they miss the
spatial context and the intricate interplay between different
molecular layers [14].

The value proposition of spatial multi-omics lies in
its ability to move from mere association to causality
and from a blurred, bulk signal to the precise cellular
niches that drive disease progression [14]. For example,
a multi-omics study on end-stage hip OA patients identi-
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fied two distinct endotypes that differed primarily in pro-
inflammatory factors and energy metabolism [14]. By in-
tegrating metabolomic and genetic data, researchers were
able to link specific metabolic markers to single-nucleotide
polymorphisms (SNPs) and differential gene expression,
thereby defining the endotypes with molecular precision
[14]. This ability to define molecularly distinct endotypes is
the key to identifying “theratypes”—subgroups of patients
for whom a specific treatment would be most suitable, as
shown in Figs. 3 and 4 [14]. This is the ultimate objective
of personalized medicine in OA and provides a powerful
alternative to the current one-size-fits-all approach to treat-
ment. Critically, the theratype framework is not static; non-
invasive biomarkers derived from circulating sEVs, cross-
validated against the spatially resolved tissue signatures that
define each endotype, can serve as longitudinal readouts
of therapy response, enabling real-time refinement of treat-
ment allocation.

Applications in OA
Pathogenesis Mapping and Endotype Definition

Spatial multi-omics enables the deconvolution of OA
heterogeneity, revealing the intricate cellular and molecu-
lar architecture of the disease. A spatial analysis of the syn-
ovial membrane in OA patients revealed a significant alter-
ation in cellular composition, most notably a marked infil-
tration and enrichment of myeloid cells, which are now un-
derstood to be a key component of the inflammatory milieu
[22]. The identification of these distinct cell populations
and their spatial organization transforms our understanding
of OA pathogenesis, highlighting that it is not a homoge-
nous disease of cartilage degeneration but a complex pro-
cess involving diverse, spatially-organized cell populations
in multiple tissues [14].
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Table 2. Comparative analysis of spatial omics platforms.

Platform/Technology Analyte type Resolution (um/cells)  Plex/Throughput Key advantage Key limitation Applicability in OA research
10x Visium RNA 55-um spots, 10-20  Whole transcriptome  Unbiased, high  Lower spatial resolu-  Suitable for whole-tissue landscape mapping of OA
cells per spot (>18,000 genes) throughput; good for  tion, signal is aver-  cartilage, synovium, and subchondral bone; useful for
landscape mapping aged across multiple identifying broad regional gene expression changes
cells
10x Visium HD RNA 2-pym capture tiles, Whole transcriptome  High resolution, Higher cost per Preferred for resolving single chondrocyte hetero-
approaching single-  (>18,000 genes) single-cell level de- biopsy; requires spe-  geneity within cartilage zones; valuable for rare cell
cell tail; maintains spatial  cialized equipment subpopulation identification
context
NanoString GeoMx  RNA, Protein Variable, dependent  Upto whole transcrip- ~ User-defined region-  Variable resolution; Ideal for hypothesis-driven ROI analysis of pre-
DSP on ROI size (50-100 tome or 100s of pro-  of-interest (ROI)  lower throughput for  defined OA-relevant structures (e.g., osteophyte front,
cells) teins profiling; can analyze  whole tissue analysis synovial lining layer)
both RNA and protein
MSI (MALDI/SIMS) Protein, Metabolite Submicron to single- Hundreds of metabo-  Label-free, direct  Metabolite identifi-  Best suited for metabolite and lipid mapping in sub-
cell resolution lites/proteins measurement of func-  cation is challenging;  chondral bone and cartilage matrix; directly relevant
tional molecules data is “Big Data” to lipid dysregulation in metabolic OA

due to added spatial

dimension

RNA, ribonucleic acid; ROI, region of interest; DSP, digital spatial profiling; MSI, mass spectrometry imaging; MALDI, matrix-assisted laser desorption/ionization; SIMS, secondary ion mass spectrometry;

fm, micrometer.
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This new level of understanding is critical for defin-
ing disease endotypes. A study found that pre-hypertrophic
chondrocytes are a critical cell population in OA and show
a transcriptional association with the disease [18,53]. By
linking these cell-type-specific transcriptional profiles to
genetic risk variants and local environmental cues, spa-
tial multi-omics provides the framework to define OA en-
dotypes with unprecedented precision [54]. The ability
to identify these unique molecular signatures and cellular
neighborhoods means that the heterogeneity of OA is no
longer a confounding variable but a fundamental key to a
new understanding of the disease, allowing for the target-
ing of a specific root cause in a specific patient subgroup.

Biomarker Discovery and Validation

Spatial multi-omics is a powerful tool for discover-
ing novel biomarkers and validating them for clinical use.
Multi-omics approaches have already identified a combi-
nation of molecules that can accurately discriminate OA
from healthy controls [55,56]. A study using metabolomics
and genomics on hip OA patients identified a combination
of arginine, ornithine, and lysophosphatidylcholines that
showed a remarkable area under the curve (AUC) of 0.97
for distinguishing OA patients from controls [56].

A key application of this technology is its use in de-
veloping non-invasive diagnostics. The challenge in OA re-
search is that affected tissues are difficult to access for rou-
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tine sampling. This is where the integration of spatially re-
solved tissue signatures with circulating markers from sEVs
becomes crucial [57]. The cargo of sEVs, which are re-
leased from joint tissues into the synovial fluid and sys-
temic circulation, provides a “liquid biopsy” that reflects
the local pathological state [38]. The translational pipeline
would involve using spatial omics on a cohort of patients to
discover highly specific, tissue-based biomarkers and then
cross-validating these findings with the sEVs cargo from
the same patients [38]. The resulting sEVs signature could
then be developed as a non-invasive tool for stratification
and disease monitoring of OA patients, making the insights
from spatial omics clinically viable.

Therapeutic Targeting

Spatial multi-omics provides a powerful framework
for identifying microenvironment-specific pathways for the
development of new therapeutics. Instead of targeting a
single gene or protein, this approach enables the identifica-
tion of specific cellular neighborhoods and the pathological
signaling crosstalk that drives disease [58—60]. For exam-
ple, a study using spatial analysis of the synovium identi-
fied OLR1 and CD69 as key spatial homeostasis drivers and
proposed the potential use of the drug ZILEUTON to target
OA-specific myeloid cells [22,36,61].

This approach aligns with a growing body of evidence
that the most effective future therapies may target the en-
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tire pathological network rather than a single node [12,62].
For example, a study using a multi-omics approach on a rat
model of OA demonstrated that a multi-component herbal
formulation called Yograj Guggulu (YG) was effective be-
cause its various components altered protein expression in
multiple key pathways related to inflammation and carti-
lage degradation [63]. This polypharmacological approach,
guided by spatial multi-omics data, may be more effec-
tive for a complex, multifactorial disease like OA than tra-
ditional single-target drug development [63]. Analogous
research in cancer biology shows that spatial multi-omics
analysis of the tumor microenvironment can identify novel
cellular features and predictive markers for therapeutic re-
sponses, a strategy that can be directly applied to the OA
joint [64].

Precision Stratification for Clinical Trials

The lack of consensus in OA patient subtyping has
been a major barrier to the successful development of effec-
tive treatments. Clinical trials for OA therapies have a high
failure rate because they often treat a heterogeneous patient
population as a single, homogenous group [65]. Spatial
multi-omics provides a solution to this problem by enabling
the molecularly precise definition of disease endotypes and
the stratification of patients for clinical trials [66,67].

Multi-omics analysis can feed relevant information
into computational models and machine learning for en-
hanced endo-phenotyping and patient stratification [14].
The ultimate goal is to identify “theratypes,” or patient sub-
groups for whom a specific treatment would be most suit-
able [14,68—71]. By designing clinical trials that recruit pa-
tients based on their specific molecular endotype rather than
broad clinical symptoms, researchers can significantly re-
duce the noise in clinical data. This would make it easier to
demonstrate the efficacy of a targeted therapy, thereby in-
creasing the likelihood of successful drug development and
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paving the way for truly personalized interventions [14].
The biomarkers and molecular alterations in OA are tab-
ulated in Table 3.

Computational and Analytical Challenges
Data Integration

The rise of spatial multi-omics has led to an “ex-
plosive growth of data” that presents significant compu-
tational challenges for data storage and analysis [61,76,
77]. The fundamental challenge lies in integrating different
data modalities, such as transcriptomics, proteomics, and
metabolomics, in a way that preserves and leverages spa-
tial information [78]. Traditional data integration methods
often handle this in an ad-hoc manner, with data arriving in
a tabular format that discards the critical spatial connectiv-
ity and leads to the loss of true positive associations [79].
This is a major roadblock, as the most profound biological
insights come from revealing causal chains across differ-
ent molecular layers. If the spatial connectivity between
a gene, its protein, and a downstream metabolite is lost, it
becomes impossible to understand the localized pathogenic
mechanism. A promising solution is the development of
new computational models that transform multi-omics data
into multi-channel “images,” which can then be analyzed
using convolutional layers to preserve the spatial informa-
tion [79].

Al and Machine Learning for Multi-Modal Spatial Data
Interpretation

Al and machine learning are essential for interpret-
ing the sheer complexity and volume of multi-modal spatial
data [14]. Sophisticated algorithms, such as deep-learning-
based segmentation tools like Cellpose 2.0 and Mesmer,
have shown superior performance in assigning signals to
individual cells, a critical step in spatial analysis [80]. Al
models using convolutional layers have also been shown to
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Table 3. Biomarkers and molecular alterations in osteoarthritis.

Biomarker/Molecular alteration Omics layer Tissue/Fluid Biological implication Reference

Upregulated CNTNAP2 and STMN2 Transcriptomics Subchondral Bone  Linked to OA lesions [13]

Downregulation of miR—140 Transcriptomics Cartilage Targets genes for cartilage matrix  [72]
degradation

Elevated miR—16, miR—20b, miR—29c,  Transcriptomics (miRNA)  Plasma Potential for diagnostic biomarker  [73]

miR—-30b

Elevated Cathepsin F and reduced Ig a2  Proteomics
chain

Elevated C3, C4b, C9 Proteomics
Increased Creatinine, Glutamine Metabolomics
Reduced Leucine and Histidine Metabolomics
Elevated OLR1 and CD69 Spatial Omics

Pro-inflammatory factors & energy  Multi-omics

metabolism markers

discovery

SsEVs (serum) Potential to enhance diagnostic ac-  [41]

curacy

Synovial Fluid Implicated in inflammation and car- ~ [34]
tilage breakdown

Serum Indicates altered metabolism and  [74]
adaptation to stress

Serum Reflects altered amino acid [75]
metabolism

Synovium Drivers of spatial homeostasis;  [22]

novel therapeutic target

Cartilage, Blood Defines molecular OA endotypes [17]

improve performance by decreasing the impact of noise in
the data [79].

However, the use of complex deep learning models in-
troduces a significant challenge: the “black box” dilemma
[81]. While these models can accurately classify patients
or predict outcomes, the logical reasoning behind the clas-
sification is often unclear [82]. This lack of interpretabil-
ity poses a major regulatory hurdle in the medical field, as
physicians and regulatory bodies need to understand why a
particular decision was made before a tool can be deployed
clinically [83-85]. The future of Al in this field will re-
quire a shift from purely predictive models to models that
are both accurate and interpretable, perhaps through the use
of methods like integrated gradients.

Standardization and Reproducibility Concerns

The lack of standardized frameworks, experimental
protocols, and data formats is a significant challenge that
hinders rapid progress and reproducibility in the field [86,
87]. The significant differences in throughput, coverage,
and spatial resolution of different technologies make it dif-
ficult to develop generalizable algorithms [88]. A single
experiment can generate heterogeneous data from different
platforms in various formats, including images, tables, and
polygons. Without a common data “language,” it is diffi-
cult for different research groups to share data or for a single
lab to integrate data from different platforms. The emer-
gence of standardized data containers and infrastructure,
such as SpatialData and SpatialExperiment, is a critical step
towards unifying this heterogeneous data [89]. This infras-
tructure will facilitate the development of “plug-and-play”
analysis algorithms and is a necessary step towards build-
ing the open-access OA spatial multi-omics atlases that are
needed to accelerate research [27]. The computational chal-
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lenges and solutions in spatial multi-omics are tabulated in
Table 4.

Translational Outlook

The translational potential of spatial multi-omics for
OA is immense, offering a pathway to bridge the gap be-
tween fundamental research and clinical application [90].
The initial applications of this technology will likely be in
preclinical research, where it can be used in animal models
to identify and validate therapeutic targets and mechanisms
of action, as demonstrated by a study on a multi-component
herbal therapy [63]. The next crucial step will be to use
these technologies in human clinical research to define dis-
ease endotypes with molecular precision and to stratify pa-
tients for clinical trials, thereby increasing the likelihood of
therapeutic success [14]. The ultimate goal is to integrate
these spatially resolved biomarkers into routine patient care
for diagnostics, prognostics, and to guide treatment selec-
tion [91,92]. For example, spatial omics could help clin-
icians differentiate between OA and other arthritides like
psoriatic arthritis, which may present with similar symp-
toms but have distinct molecular underpinnings [ 14].

However, the path to clinical deployment is not
without its challenges. The rollout of AI (Artificial
intelligence)-based diagnostic and prognostic tools in the
medical field has been slow due to significant regulatory
hurdles [93]. The “black box” nature of many complex ma-
chine learning models, where the reasoning for a prediction
is unclear, poses a major barrier to regulatory approval and
clinical adoption [94,95]. Ensuring the standardization and
reproducibility of spatial multi-omics experiments across
different labs and clinical sites will be essential to establish
their reliability as diagnostic tools [14]. Sevseral additional
workflow and infrastructure barriers stand between current
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Table 4. Computational challenges and solutions in spatial multi-omics.

Challenge

Description

Proposed solution/Tool

Data volume

Multi-modal integra-

tion

Batch effects/Noise

Data interpretability

Standardization

The sheer size of high-resolution, high-plex datasets,
which require substantial computing power and storage.
Combining disparate data types (e.g., transcriptomics, pro-
teomics) while preserving spatial relationships.

Biases introduced by different platforms and sample
preparation methods, which can obscure true biological
signals.

The “black box” nature of complex deep learning models,

where the reasoning behind a prediction is unclear.

The lack of common data formats and protocols, which

Cloud-based platforms, e.g., AtoMx™ Spatial Informat-
ics Platform (SIP).

Data transformation into multi-channel images for analysis

with convolutional layers.

Al models with convolutional layers; normalization meth-

ods that use spatial neighborhood information.

Development of interpretable AI models, e.g., using inte-

grated gradients (IG).

Standardized data containers (e.g., SpatialData, SpatialEx-

makes data sharing and reproducibility difficult.

periment) and open-access atlases.

research applications and routine clinical use. No spatial
multi-omics assay has yet received Conformité Européenne
(European Confor- mity) (CE) marking or FDA clearance
for clinical diagnostics, meaning all current applications re-
main research-grade. Standard clinical pathology pipelines
rely on formalin-fixed paraffin-embedded (FFPE) archival
tissue; most ST platforms were optimized for fresh-frozen
material, and although newer platform iterations have im-
proved FFPE compatibility, signal quality and gene de-
tection rates remain inferior to fresh-frozen preparations.
Beyond tissue handling, the computational infrastructure
required—including the storage, processing, and bioinfor-
matic interpretation of high-plex spatial datasets—is not
available in routine clinical or even most academic hospital
settings, necessitating specialist support that is currently a
significant bottleneck to scaling these technologies toward
patient care. Overcoming these computational and regula-
tory challenges is a prerequisite for fully realizing the trans-
formative potential of spatial multi-omics in clinical prac-
tice. Two additional practical barriers deserve explicit dis-
cussion. First, the per-sample cost of high-resolution plat-
forms such as 10x Visium HD and NanoString GeoMx DSP
remains substantial, limiting the feasibility of large-cohort
studies and routine clinical deployment without significant
reductions in reagent costs or the development of cost-
sharing biobank infrastructures. Second, and perhaps more
fundamentally, the biology of OA creates a sampling prob-
lem that cannot be resolved by technology alone. Articular
cartilage is aneural, and patients remain asymptomatic dur-
ing early disease; by the time a diagnosis is made and tissue
becomes accessible, it is almost invariably end-stage sur-
gical material obtained at arthroplasty. Most existing tis-
sue banks therefore hold specimens that reflect late-stage
pathology, systematically biasing the molecular landscapes
that spatial multi-omics can capture. Addressing this re-
quires the development of arthroscopic biopsy protocols de-
signed for research purposes, prospective biobanking initia-
tives that collect tissue at multiple disease stages, and inter-
national coordination to build repositories sufficiently pow-
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ered for spatially resolved discovery studies.

Future Directions
Single-Cell Spatial Multi-Omics

The future of spatial multi-omics in OA research lies
in achieving true single-cell resolution [96,97]. Current
high-throughput methods often profile a signal averaged
across multiple cells within a single spot, obscuring the het-
erogeneity that exists even within a seemingly homogenous
cell type [98]. A 55-pm spot on a 10x Visium slide, for ex-
ample, can contain multiple cells, blurring the molecular
profiles of individual chondrocytes [98]. The widespread
adoption of single-cell analytical techniques is already rev-
olutionizing our understanding of cellular heterogeneity,
but the spatial context is often lost [99]. The ultimate goal is
to combine these two fields, enabling the characterization of
the unique molecular profile of every single cell in the joint,
revealing subtle intercellular differences that could be key
to disease initiation or progression [100]. This would pro-
vide an unprecedented level of detail, allowing researchers
to pinpoint the exact cells that are driving pathology.

Live-Imaging Coupled With Omics Readouts

A powerful future direction is the integration of live-
imaging with omics readouts, moving from a static “map”
of the disease to a dynamic “movie” [27]. This would in-
volve combining real-time imaging of cellular processes
with a rapid, high-resolution omics readout to capture how
molecular changes unfold over time and space. This would
allow for the direct observation of key pathological events
as they happen in the joint, such as the initial activation of a
chondrocyte in response to a mechanical stimulus or the in-
filtration of an immune cell into the synovium [19,101,102].
This approach would be invaluable for understanding the
kinetic aspects of OA pathogenesis and identifying the op-
timal time window for therapeutic intervention.
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Collaborative Efforts: Building Open-Access OA Spatial
Multi-Omics Atlases

The high cost and complexity of spatial multi-omics
experiments mean that no single research group can gen-
erate a comprehensive dataset of the OA joint. To accel-
erate research, collaborative efforts are essential to build
shared, open-access OA spatial multi-omics atlases [32].
Initiatives to create comprehensive atlases of bone cellu-
lar architecture and the human spatial transcriptome are al-
ready underway [52]. The creation of a dedicated OA at-
las would allow the entire scientific community to leverage
these datasets, facilitating rapid biomarker discovery, ther-
apeutic target identification, and the development of new
computational tools to analyze the data [103,104]. This
community-driven approach will be critical for realizing the
full potential of spatial multi-omics for OA.

Conclusions

The shift from traditional omics to spatial multi-omics
marks a paradigm change in OA research, moving beyond
bulk analyses that obscure cellular heterogeneity and mi-
croenvironmental interactions. Spatial multi-omics enables
high-resolution mapping of the osteoarthritic joint, allow-
ing precise identification of causal mechanisms within spe-
cific cellular niches. This transformative approach facil-
itates the definition of OA endotypes and the develop-
ment of “theratypes”—patient subgroups matched to tar-
geted therapies. It also supports the discovery of spatially
resolved biomarkers, validated through non-invasive lig-
uid biopsies, advancing personalized care. Crucially, it
lays the foundation for next-generation therapeutics that ad-
dress entire pathological networks. However, realizing this
potential demands overcoming challenges in data volume,
multi-modal integration, and Al interpretability. Progress
hinges on interdisciplinary collaboration among bioinfor-
maticians, orthopaedic clinicians, and systems biologists to
create open-access atlases and standardized tools. Spatial
multi-omics is poised to become central to precision OA
management, redefining both research and clinical strate-
gies.
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