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A Survey on Quantum Machine Learning in Spatial Transcriptomics: 
Decoding the Molecular Architecture of Precision Medicine 
 
1. Introduction: The Spatial Revolution and the Data Wall 

We have entered the era of "spatial biology." Technologies like spatial transcriptomics (ST) 
have allowed researchers to move beyond bulk sequencing which blends cells into a smoothie 
to mapping gene expression at the single-cell level while preserving the physical tissue 
architecture (Gong et al., 2024). We can now see not just which genes are active, 
but where they are active, and who their neighbors are. 

However, this resolution comes at a steep computational cost. A single ST experiment 
generates hyper-dimensional datasets involving tens of thousands of genes across hundreds of 
thousands of spatial points, each effectively forming a complex graph of biological interactions. 
Classical machine learning (ML) methods, such as standard Graph Neural Networks (GNNs), 
are the current workhorses for analyzing this data. Yet, they face the "curse of dimensionality" 

https://quantum.asia.edu.tw/
https://quantum.asia.edu.tw/zh_tw/layout2/New2


and often struggle to capture long-range, non-linear correlations in sparse genomic data 
(Mondello et al., 2024). This is where Quantum Machine Learning (QML) offers a paradigm 
shift. 

2. The Quantum Advantage: Why QML for Spatial Data? 

Quantum computing is not merely faster; it processes information differently. While classical 
bits are binary (0 or 1), quantum bits (qubits) exist in superposition. This allows QML 
algorithms to access high-dimensional Hilbert spaces that are computationally inaccessible to 
classical computers. 

For spatial transcriptomics, the advantages are distinct: 

• Handling High Dimensionality: Quantum feature maps can embed genomic data into 
a quantum state space where complex, non-linear biological patterns become linearly 
separable. Recent studies have demonstrated that quantum annealing-based feature 
selection can identify critical gene markers in single-cell RNA sequencing (scRNA-seq) 
data that classical methods, such as LASSO or Random Forest, miss (Romero et al., 
2025). 

• Capturing Correlations via Entanglement: Biological systems are defined by 
correlations how a gene in Cell A influences a protein in Cell B. Quantum entanglement 
allows QML models to naturally represent these complex regulatory networks. Early 
models of "Quantum Gene Regulatory Networks" (qGRNs) suggest that quantum 
circuits can infer gene-gene interactions by simulating them as entangled qubit states, 
offering higher fidelity than correlation-based classical inference (Roman-Vicharra & 
Cai, 2022). 

• Quantum Graph Neural Networks (QGNNs): Spatial transcriptomics data is 
inherently graphical (cells are nodes; spatial proximity defines edges). Hybrid 
Quantum-Classical GNNs have recently shown the ability to classify tumor subtypes in 
digital pathology with performance on par with or exceeding state-of-the-art classical 
models, but with significantly fewer trainable parameters (Ray et al., 2023). 

3. Methodology: Hybrid Quantum-Classical Architectures 

Given that we are currently in the Noisy Intermediate-Scale Quantum (NISQ) era, a pure 
quantum approach is impractical. The immediate path forward lies in Hybrid Quantum-
Classical Models: 

1. Classical Pre-processing: Use classical autoencoders to reduce the raw transcriptomic 
noise and dimensions (e.g., from 20,000 genes to latent feature vectors). 

2. Quantum Embedding: Encode these latent features into the amplitudes or rotation 
angles of qubits in a Variational Quantum Circuit (VQC). 

3. Measurement & Optimization: The quantum circuit processes the data to minimize a 
cost function (e.g., classification error or clustering "energy"), and the results are 
measured and fed back into a classical optimizer. 

For example, quantum annealing has been successfully applied to the clustering of scRNA-seq 
data. By formulating the clustering problem as a minimization of energy in a quantum system, 
researchers can uncover cell subpopulations such as specific types of kidney cells that classical 
k-means clustering fails to distinguish (Kubacki & Niranjan, 2023). 



4. Application: Discovery of Novel Biomarkers in the Tumor 
Microenvironment 

The most promising application of this technology is in oncology. The Tumor 
Microenvironment (TME) is a battlefield containing tumor cells, immune cells, and fibroblasts. 
The spatial arrangement of these cells determines patient prognosis. 

Classical methods often fail to distinguish between "exhausted" T-cells (which cannot fight 
cancer) and "active" T-cells when their gene expression profiles are very similar. QML 
algorithms, capable of detecting minute variances in multi-dimensional data, can uncover: 

• Hidden Spatial Signatures: Identifying specific "neighborhoods" where tumor cells 
coax immune cells into dormancy. These spatial patterns serve as 
novel biomarkers for immunotherapy resistance. 

• Drug Response Prediction: By modeling the interference patterns of gene pathways 
as quantum states, we can simulate how a drug might propagate through a cellular 
network. This in silico modeling of biological systems is a key component of the long-
term vision for quantum precision medicine (Chakraborty et al., 2023). 

5. Accelerating Toward Precision Medicine 

The ultimate goal of AIQIC initiatives in this domain is Precision Medicine. Currently, many 
patients undergo chemotherapy or immunotherapy that is ineffective for their specific tumor 
biology. 

By integrating QML with spatial transcriptomics, we move toward a future where a patient's 
biopsy is not just "read" by a pathologist, but "computed" by a quantum algorithm. This system 
would output a probabilistic map of drug sensitivity, identifying molecular targets that were 
previously invisible in the noise of classical data. While challenges in qubit coherence and error 
rates remain, the theoretical advantage of QML in handling the complexity of biological data 
is undeniable. 

6. Conclusion 

The convergence of Quantum Computing and Spatial Transcriptomics represents a frontier 
where biology meets physics. By developing these quantum algorithms today, we are building 
the engine for the next generation of diagnostic tools tools capable of seeing the "quantum" 
nature of biological complexity and translating it into life-saving precision therapies. 
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