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            Abstract
Current methods for spatial transcriptomics are limited by low spatial resolution. Here we introduce a method that integrates spatial gene expression data with histological image data from the same tissue section to infer higher-resolution expression maps. Using a deep generative model, our method characterizes the transcriptome of micrometer-scale anatomical features and can predict spatial gene expression from histology images alone.
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                    Fig. 1: Overview and performance evaluation.[image: ]


Fig. 2: Characterization of the transcriptome in micrometer-scale anatomical features.[image: ]
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                Data availability

              
              The mouse olfactory bulb dataset was obtained from the Spatial Research group’s website: https://www.spatialresearch.org/resources-published-datasets/doi-10-1126science-aaf2403. The breast cancer spatial transcriptomics dataset was obtained from the 10x Genomics data repository: https://support.10xgenomics.com/spatial-gene-expression/datasets/. The breast cancer single-cell dataset was obtained from the authors of the original publication24. The squamous cell carcinoma dataset is available on Mendeley Data: https://doi.org/10.17632/2bh5fchcv6.1. The small intestine dataset is available on Mendeley Data: https://doi.org/10.17632/v8s9nz948s.1 (folder V19T26-028_B1).

            

Code availability

              
              We have implemented the proposed method in PyTorch39 and the Pyro probabilistic programming language40. The code is available under the MIT license at https://github.com/ludvb/xfuse.
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Extended data

Extended Data Fig. 1 Deconvolution experiments.
a–c, Synthetic data. Receiver operating characteristic (ROC) curves for pixel-level classification of the three transcriptional subtypes: blue circle (a), red square (b), and yellow triangle (c). Dashed lines show baselines constructed by predicting the observed pixel-average in each measurement location. Ribbons indicate minima and maxima over predictions in 10 random synthetic image patches. d–f, Biological data. d, The ground truth expression data is downsampled by merging neighboring measurement locations and summing their count values XA + XB = X. The model is trained on the downsampled data X and used to predict the component counts XA and XB for each gene. e, Predicted direction against ground truth for observations with a 95% credibility of one component having a strictly higher expression than the other. Points show the medians of the predictive distributions, and error bars indicate 90% credibility intervals. Colors indicate if the predicted direction is the same as the ground truth direction. The dashed line indicates identity. For readability, points are only shown for the 10 highest-expressed genes. Hexagonal bins show observations for all genes (n = 12 776). Statistics are based on all genes. f, Directional misprediction against prediction uncertainty. In red, points indicate the 50th and error bars the 5th and 95th percentiles in evenly distributed bins.


Extended Data Fig. 2 Comparison of inferred super-resolved expression maps to in situ hybridization reference data.
Random samples from the 1000 highest-expressed genes. Raw: Raw expression data (Voronoi tesselation). Inferred: Inferred super-resolved expression maps. ISH: In situ hybridization reference data from the Allen Mouse Brain Atlas11. Images show a representative sample of the 12 mouse olfactory bulb sections in the dataset.


Extended Data Fig. 3 Prediction of spatial gene expression from histology images, mouse olfactory bulb experiments.
a, Histology image of holdout section (hematoxylin and eosin stain). b, Summarized expression map of the predicted metagene expression in the holdout section. c, Comparison of summarized expression maps constructed from normalized log ground truth gene expression in the held-out section (top) and normalized log predicted gene expression at the ground truth measurement locations using data from b (bottom). Results are based on an analysis that uses the 12th sample as holdout section (shown in a–c) and the remaining 11 samples as reference experiments.


Extended Data Fig. 4 Prediction of spatial gene expression from histology images, squamous cell carcinoma experiments.
The dataset consists of four serial tissue sections spaced 150 μm apart. The outer sections A and D are used as reference experiments to predict expression in the intermediate holdout sections B and C. a, Top: Histological image data (hematoxylin and eosin stains). Middle: Predicted summarized expression maps. Bottom: Predicted expression against ground truth for all genes (n = 11 025) in 100 randomly sampled test locations. b,c, Baseline experiments. b, Constant prediction against ground truth for all genes in the same test locations as in (a). For each gene, the prediction is the mean expression in sections A and D. c, Image intensity-based linear regression prediction against ground truth for all genes in the same test locations as in (a). The expression Xlg of gene g in location l is modeled as \({X}_{lg}={\beta }_{g}^{0}+{\beta }_{g}{I}_{l}+{\epsilon }_{lg}\), where Il is a vector of the channel-wise 5-binned image intensities of location l and ϵlg a standard normal noise term. The parameters \({\beta }_{g}^{0}\) and βg are selected by maximum likelihood estimation with data from sections A and D. Predictions are given by \({X}_{lg}^{* }=\max (0,\beta^0_g+{\beta }_{g}{I}_{l})\). d, Stability to variation in staining intensities. Left: Evaluated hematoxylin (H) and eosin (E) concentrations. Mixes are produced synthetically by rescaling the H and E channels (Methods). Images show representative close-ups from one of the four sections in the dataset. Right: Gene-wise Pearson correlation over all test locations in each holdout section evaluated on the n = 100 highest-expressed genes. Boxes show 25th, 50th, and 75th percentiles. Outliers are represented by points and defined as observations further than 1.5 interquartile ranges from the hinges. Whiskers indicate the extent of all non-outlier observations.


Extended Data Fig. 5 Run-to-run variability.
Results are based on four restarts of an analysis of the ileum of the human small intestine. a, Correlation plots. Each plot shows the predicted mean count for every gene in 100 test regions in two different runs. The test regions are sampled uniformly over the tissue surface and have the same size as the measurement locations in the original dataset. Correlation coefficients are computed over all genes and test locations (n = 6869 × 100 = 686 900). b, Differences in predicted means E[νi] − E[νj] against prediction uncertainty \(\sqrt{V({\nu }_{i})+V({\nu }_{j})}\) for runs i and j. In red, points indicate the 50th and error bars the 5th and 95th percentiles in evenly distributed bins.


Extended Data Fig. 6 Robustness to measurement location misalignment.
a, Hematoxylin and eosin stain of a section from the ileum of the human small intestine. Representative close-up of a small area of the brush border. The brush border in the section measures approximately 7 mm in length. b, Conceptual illustration of the measurement locations on the Visium array. Dark circles indicate test locations withheld during training. Light circles indicate training locations over three misalignment levels: 0.0 (light green), 1.0 (green), and 2.0 (blue) radii of the measurement locations (r = 55 μm). The direction of the misalignment is uniformly random. c,d, Gene-wise Pearson correlation between predicted and ground truth expression (c) and coefficient of determination (d) over the test locations of the n = 100 highest-expressed genes for increasing offsets. Boxes show 25th, 50th, and 75th percentiles. Outliers are represented by points and defined as observations further than 1.5 interquartile ranges from the hinges. Whiskers indicate the extent of all non-outlier observations. Pairwise p-values are based two-sided Wilcoxon signed-rank tests. Exact p-values (top to bottom): c, 2.98 × 10−7 and 8.30 × 10−1; d, 3.45 × 10−9 and 8.14 × 10−1. e–g, Predicted expression of CDHR5 when the training set has 0.0 (e), 1.0 (f), or 2.0 (g) radii misalignment. Close-ups of the same area as in a. h, Reference antibody staining for CDHR5 in the small intestine from the Human Protein Atlas12.


Extended Data Fig. 7 Robustness to image disruptions.
a, Hematoxylin and eosin stains of a section from the ileum of the human small intestine with increasing levels of occlusion noise (ε). Representative close-ups of the smooth muscle layers. The smooth muscle layers in the section measure approximately 3 × 5 mm2. Noise is added by randomly sampling a proportion ε of tiles from a 100 × 100 grid covering the histology image and replacing them with the mean color intensity of the slide. b, Conceptual illustration of the measurement locations on the Visium array. The locations are divided into a training (light green) and test set. The test set is further divided into regions that are fully visible in all experiments (green) and regions that are at least partially occluded in some experiments (blue). c–h, Performance under different occlusion levels evaluated using the gene-wise Pearson correlation between predicted and ground truth expression (c–e) and coefficient of determination (f–h) over the test locations of the n = 100 highest-expressed genes. Boxes show 25th, 50th, and 75th percentiles. Outliers are represented by points and defined as observations further than 1.5 interquartile ranges from the hinges. Whiskers indicate the extent of all nonoutlier observations. Pairwise p-values are based two-sided Wilcoxon signed-rank tests. Exact p-values (top to bottom): c, 1.48 × 10−17 and 9.18 × 10−18; d, 1.71 × 10−13 and 3.77 × 10−13; e, 9.75 × 10−18 and 8.39 × 10−18; f, 8.65 × 10−18 and 5.85 × 10−18; g, 1.15 × 10−16 and 2.24 × 10−15; h, 7.44 × 10−18 and 6.03 × 10−18. i, Prediction of ACTG2, a gene coding for gamma-enteric smooth muscle actin, over different occlusion levels.


Extended Data Fig. 8 Differential gene expression and cell-type composition.
a,b, Differential gene expression, mouse olfactory bulb dataset. a, Annotation of the mitral cell layer (MCL). Percentages indicate area overlap with pixel annotation. b, Agreement with MCL marker reference list13 over different set sizes of genes predicted to be differentially expressed. Genes are ranked by the inverted coefficient of variation of their posterior log fold change (Super-resolved ST) or p-value (Seurat). Only genes with a predicted positive log fold change are shown. c–e, Cell-type composition, ductal carcinoma in situ (DCIS) dataset. c, Predicted cell types in each measurement location. Colors correspond to the score-weighted sums of the cell-type labels’ RGB coordinates. d, Measurement-level classification as a function of proximity to the tumor edge. Bar heights show classification scores across all measurement locations weighted by their overlap with each distance isoline. e, Pixel-level classification as a function of proximity to the tumor edge. Bar heights show classification scores based on the predicted expression for the pixel band at each distance. Red dashed line: Tumor edge. Black dotted line: 200 μm isoline.


Extended Data Fig. 9 Architecture.
a, Fusion network. b, Image data decoder. c, Expression data decoder. Volume dimensions and number of down- and upsampling steps are exemplative.


Extended Data Fig. 10 Runtime.
Normalized ELBO over time for three runs with varying dataset sizes. Vertical lines indicate time points when the runs reached 95% of the maximum attained normalized ELBO for the first time.
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