Extended Data

[image: The image displays a graph illustrating the relationship between packing density (cells/mmￂﾲ) and oracle accuracy for different levels of transaction density (tx/cell) across a range of displacements (sigma, ￂﾵm).

AI-generated content may be incorrect.]


Extended Data Fig. 1 | Full answerability frontier. Oracle accuracy across the complete generative grid of transcript density, cell packing, and displacement, with one-dimensional slices along each axis. Across all 125 grid points oracle accuracy ranges from 0.234 to 0.957, falling with tighter packing and larger displacement and rising with transcript abundance.
[image: The image shows a comparison of gene expression levels (transcripts/cell) and packing density (cells/mmￂﾲ) between two cell types, Xenium breast and MERFISH hypothalamus, with a calibration curve for data normalization.

AI-generated content may be incorrect.]

Extended Data Fig. 2 | Generator calibration to real tissue. Per-statistic comparison of the synthetic generator with public Xenium and MERFISH fields: median transcripts per cell match within 1.52% and cell packing matches exactly (difference 1.4e-16). The oracle equals or exceeds the naive nearest-center baseline at all 125 grid points, with a minimum margin of +0.006.

[image: The diagram illustrates a comparison of gene expression levels between an oracle (true) and a naive (false) prediction, with a focus on the robustness of an extended data set to overlapping gene expressions.

AI-generated content may be incorrect.]
Extended Data Fig. 3 | Robustness to realistic overlapping expression. Answerability frontier under idealized versus realistic overlapping per-type expression. The frontier is essentially unchanged, with an assignment-frontier mean absolute difference of 0.006, and the oracle-minus-naive gap is preserved at 0.071 against 0.066.
[image: The diagram illustrates a comparison of model robustness to various configurations, showing a consistent performance of the oracle model across different cell densities and signaling a slight improvement over the naive model.

AI-generated content may be incorrect.]

Extended Data Fig. 4 | Robustness to model shape. The dense-tissue bound under negative-binomial within-type expression variance (dispersion near 4.19; dense-accuracy shift -0.016), non-Voronoi cell geometry, and non-Gaussian displacement. The bound holds under each departure from the idealized model.
[image: The image displays a table with gene names, their associated signal values, p-values, and a binary indicator of their admissibility (rejected or admissible) in a marker-validity test for adjacent-minus-distant signal permutations.

AI-generated content may be incorrect.]

Extended Data Fig. 5 | Marker-validity test, per-marker detail (table). For each candidate marker, the adjacent-minus-distant expression signal and its position-permutation P value over 1,000 permutations, for breast (28 of 38 markers admissible) and lung (31 of 32 admissible). Markers that fail the test are listed explicitly; admissibility is determined without reference to the displacement a marker implies, which is what makes the estimate non-circular.

[image: The image displays a table comparing the accuracy of cell-typing across different cell counts (K=10, 14, 20) and seed types, showing the range of displacement (um) and the 95% confidence interval for the dense oracle accuracy.

AI-generated content may be incorrect.]

Extended Data Fig. 6 | Cell-typing stability. Pinned displacement and dense-tissue oracle accuracy across alternative cell-typing choices. Pinned displacement ranges over 1.99 to 2.65 micrometres and dense accuracy never exceeds 0.803, so the bound is stable to how cell types are defined.

[image: The diagram illustrates a graph showing the relationship between data point displacement and selection accuracy, indicating a threshold where the accuracy significantly drops as the displacement increases, particularly for dense data points.

AI-generated content may be incorrect.]

Extended Data Fig. 7 | Selection-on-significance sensitivity. Dense-tissue oracle accuracy as a function of assumed displacement, showing that displacement would have to fall roughly fivefold below the pinned value to lift dense accuracy out of the constrained regime. The lung dataset, in which only 1 of 32 markers was rejected, serves as a near-zero-selection control and yields a consistent displacement.
[image: The image displays a table comparing various segmentation methods (Baysor, Proseg, ComSeg) against the oracle and nearest-nucleus, with metrics such as one-to-one, many-to-one homogeneity, and co-assignment (ARI) for different densities.

AI-generated content may be incorrect.]
Extended Data Fig. 8 | Method-headroom metrics (table). One-to-one matched accuracy, many-to-one homogeneity, and co-assignment metrics for Baysor (0.7.1), Proseg (3.1.1), and ComSeg (1.8.5), against the oracle and the nearest-nucleus baseline in dense tissue, given true nuclei. The best fairly configured method remains 0.066 to 0.110 below the oracle. Against nearest-nucleus the comparison is metric-dependent and within run-to-run noise (about 0.012): one-to-one -0.009 to -0.004, many-to-one up to +0.009, co-assignment up to +0.019. Without a nuclei prior, only Baysor runs de novo, at 0.521 against nearest-nucleus 0.639.
[image: The image displays a table summarizing data statistics for various datasets, including cell counts, median nanoparticle packing, and median nanoparticle transmission per cell, for different tissues like Xenium breast, lung, and colorectal, with some values being unavailable or not committed to CSV files.

AI-generated content may be incorrect.]

Extended Data Fig. 9 | Per-dataset summary statistics (table). Cell counts, cell packing, and nearest-neighbor distances for the four datasets: Xenium breast (167,780 cells; section median packing 6,534 cells/mm2), Xenium lung (150,365 cells), Xenium colorectal (388,175 cells; median packing 17,424 cells/mm2), and MERFISH hypothalamus. The colorectal and hypothalamus cell counts are the published dataset sizes, cited via their accessions.
[image: The image displays a graph comparing the oracle accuracy of ROI localization in different tissue sections, showing the number of true triples and synthetic triples, and indicating the percentage of adjacent triples.

AI-generated content may be incorrect.]

Extended Data Fig. 10 | Worked-example detail. Region-of-interest localization (local packing 7,985 against a section median of 6,534 cells/mm2; densest tumor nest 9,329 cells/mm2) and the full Leg 2 mechanism table: apparent triple-positive rate under a displacement sweep, with field-average, adjacency-conditioned, and local rates, and the zero-displacement control. Pure displacement produces 0% spurious apparent triple-positives at zero displacement and 1.26%, rising to 1.96% at the upper displacement interval, among cells adjacent to a progesterone-receptor source, against 24.2% observed in the same adjacency condition, a roughly nineteenfold under-production. Oracle accuracy in the region is 0.799 (optimistic interval end 0.86) and 0.783 at the densest nest; PGR is detected in 2.9% of cells; the 165 apparent triple-positives represent 0.098% of the section.
image6.png
Extended Data 6 | Cell-typing stability: pinned displacement 1.99 to 2.65 um,
dense optimistic oracle accuracy at most 0.803 across four cell-typing choices

typing admissible s(lgm)a sigma 95% CI :re:;: (op‘:?r:issetic)
K=10 58/63 2.65 [2.27, 3.28] 0.654 0.694
K=14 27/35 2.24 [1.76, 2.63] 0.705 0.762
K=14 (alt seed) 43/48 1.99 [1.60, 2.29] 0.740 0.785
K=20 21726 2.13 [1.53, 2.76] 0.728 0.803
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Extended Data 7 | Selection-on-significance margin: displacement must fall ~5x to lift dense
accuracy out of the constrained regime; lung (near-zero selection, 31/32) gives the same pin
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image8.png
Extended Data 8 | Method-headroom metrics: Baysor, Proseg, ComSeg vs oracle and nearest-nucleus
(one-to-one, many-to-one homogeneity, co-assignment ARI); free-segmentation rows shaded

regime method one-to-one many-to-one co-assign (ARI) frac assigned
dense 1.43 oracle 0.803 0.814 0.669 1.00
dense 1.43 naive 0.731 0.746 0.564 1.00
dense 1.43 Baysor 0.719 0.748 0.573 1.00
dense 1.43 ComSeg 0.722 0.737 0.557 1.00
dense 1.43 Proseg 0.617 0.628 0.116 0.83
dense 1.99 oracle 0.730 0.746 0.568 1.00
dense 1.99 naive 0.639 0.659 0.452 1.00
dense 1.99 Baysor 0.634 0.666 0.469 1.00
dense 1.99 ComSeg 0.635 0.655 0.448 1.00
dense 1.99 Proseg 0.564 0.578 0.093 0.81
dense 2.63 oracle 0.651 0.672 0.467 1.00
dense 2.63 naive 0.546 0.572 0.354 1.00
dense 2.63 Baysor 0.540 0.581 0.373 1.00
dense 2.63 ComSeg 0.540 0.568 0.352 1.00
dense 2.63 Proseg 0.480 0.500 0.068 0.80
sparse 1.99 oracle 0.882 0.888 0.791 1.00
sparse 1.99 naive 0.833 0.843 0.711 1.00
sparse 1.99 Baysor 0.724 0.749 0.633 1.00
sparse 1.99 ComSeg 0.768 0.781 0.630 0.98
sparse 1.99 Proseg 0.635 0.638 0.062 0.74
repr 1.99 oracle 0.808 0.819 0.677 1.00
repr 1.99 naive 0.741 0.756 0.578 1.00
repr 1.99 Baysor 0.707 0.735 0.570 1.00
repr 1.99 ComSeg 0.724 0.741 0.565 1.00
repr 1.99 Proseg 0.659 0.671 0.155 0.85
dense 1.43 Baysor (free) 0.625 0.660 0.508 1.00
dense 1.99 Baysor (free) 0.521 0.543 0.407 1.00
dense 2.63 Baysor (free) 0.453 0.483 0.344 1.00
sparse 1.99 Baysor (free) 0.712 0.736 0.619 1.00
repr 1.99 Baysor (free) 0.603 0.616 0.492 0.99





image9.png
Extended Data 9 | Per-dataset summary statistics

dataset cells pa(cckeilr:ghr:;c:;an packing p90 me((ilil?:)NN median tx/cell
Xenium breast 167,780* 6,534 11,956 9.43 164
Xenium lung 150,365* 7,285 n/a n/a 132
Xenium colorectal 388,1751 17,424 33,607 5.58 78
MERFISH hypothal. 100-108/FOV# 2,525 n/a 11.96 280

* cell count from committed report (GATE2/GATE3_REPORT). t colorectal count: 10x portal (dataset provenance, not a committed CSV). £+ MERFISH: committed per-FOV/
counts (realism.csv); section total not in a committed file. Lung median NN was computed but not committed to CSV (shown n/a). Packing/NN/tx are committed-CSV
values (lever_ceiling.csv, gate3_pin_lung.csv, realism.csv).
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Extended Data 10 | Worked-example detail: ROI localization and the full Leg 2 mechanism table

a ROl localization and ceiling (pin 1.99 um; section median packing 7103 -> ROI 194 tx/cell; PGR+ in 2.9% of cells)
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b Leg 2 mechanism (thr>=2): synthetic null (zero true triples) vs observed; observed adjacency 24.2% vs synthetic 1.26-1.96% (19x): displacement is contributory, not sufficient
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Extended Data 1 | Full answerability frontier: oracle accuracy over packing x displacement,
per density slice (full-grid range 0.234 to 0.957)
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image2.png
generator median transcripts/cell

Extended Data 2 | Generator calibration to real Xenium and MERFISH fields

a Transcripts/cell (max rel. err 1.52%) b Packing (max rel. err 1.4e-16)
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Gate 1 oracle (overlapping)

Extended Data 3 | Robustness to realistic overlapping expression
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oracle accuracy

Extended Data 4 | Robustness to model shape: non-Voronoi (aniso), non-Gaussian (mixture),
and negative-binomial variance (dispersion 4.19, dense shift -0.016); oracle >= naive throughout
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image5.png
Extended Data 5 | Marker-validity test: adjacent-minus-distant signal and permutation p
(admissible if p < 0.05 over 1,000 permutations)

breast: 28/38 admissible (rejected shaded) lung: 31/32 admissible
gene signal P adm
AQP1 +0.059 0.001 Y
AVPR1A +0.213 0.001 Y
BTNLO +0.009 0.001 Y gene signal P
CAVIN2 +0.049 0.001 Y ACKR1 +0.068 0.001
CD79A +0.087 0.001 Y BANK1 +0.098 0.001
CD93 +0.060 0.001 Y BMX +0.107 0.001
CLEC14A +0.045 0.001 Y BTNL9 +0.060 0.001
DERL3 +0.030 0.001 Y CcD19 +0.066 0.001
ESM1 +0.070 0.001 Y CD79A +0.141 0.001
HOXD9 +0.032 0.001 Y CD8A +0.069 0.001
IT™M2C +0.074 0.001 Y CNN1 +0.117 0.001
KDR +0.060 0.001 Y CTLA4 +0.055 0.001
KRT14 +0.217 0.001 Y DERL3 +0.023 0.001
KRT15 +0.261 0.001 Y DES +0.037 0.001
KRT23 +0.195 0.001 Y FBLN1 +0.132 0.001
KRTS +0.197 0.001 Y FOXP3 +0.067 0.001
MMRN2 +0.040 0.001 Y GZMK +0.138 0.001
MYH11 +0.176 0.001 Y IL7R +0.120 0.001
NOSTRIN +0.027 0.001 Y LG4 +0.096 0.001
OPRPN +0.295 0.001 Y LILRA4 +0.061 0.001
PIGR +0.109 0.001 Y MFAPS +0.091 0.001
RAMP2 +0.059 0.001 Y MMRN1 +0.068 0.001
SLAMF7 +0.070 0.001 Y MS4A1 +0.096 0.001
SOX17 +0.035 0.001 Y MYH11 +0.080 0.001
SOX18 +0.025 0.001 Y MZB1 +0.085 0.001
TNFRSF17 +0.071 0.001 Y PCSK2 +0.065 0.001
VWF +0.050 0.001 Y SFRP2 +0.097 0.001
CLDN5 +0.014 0.008 Y SLAMF7 +0.077 0.001
MZB1 +0.002 0.104 n SPIB +0.262 0.001
ucP1 +0.314 0.152 n TENTSC +0.023 0.001
CRHBP +0.264 0.242 n TNFRSF13B +0.077 0.001
SLC4AL +0.012 0.454 n TNFRSF17 +0.067 0.001
MPO -0.058 0.531 n CYP4B1 +0.033 0.002
AHSP -0.091 0.599 n DPEP1 +0.084 0.002
EGFL7 -0.001 0.642 n TAC1 -0.025 0.906
CYP1A1 -0.373 0.996 n
Muce -0.570 0.996 n
TENT5C -0.046 1.000 n





