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Spatially Resolved Transcriptomics (SRT/ST)
Gene expression matrix & 
spatial coordinatesTissue sample Barcoded Grid of Spots RNA sequencing

Berglund et al. 
Nat Com. 2018

Technologies: Slide-Seq, 10x 
Visium, MERFISH, STARMap, …
High-throughput: measure 1,000-20,000 genes 
at 1,000-10,000 spatial locations (each spot 
contains 1-20 cells)

+
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https://www.nature.com/articles/s41467-018-04724-5
https://www.nature.com/articles/s41467-018-04724-5


SRT enables study of tissue organization
Marker genes 

(genes differentially expressed in domains)

Spatial domains

10X Genomics Visium data of mouse 
brain (Palla et al, Nature Methods 2022) 3



Spatial gradients are important for many biological processes 

4

Campillo et al, Frontiers in Oncology 2019

Tumor microenvironmentContinuous cell types/states Morphogen gradients



Existing algorithms do not identify spatial gradients unsupervised

Many methods identify a list of spatially 
varying genes
• ❌ Cannot distinguish between gradients vs discontinuous 

expression

• ❌ Cannot quantify gradients (e.g. diffusion coefficient)

A few methods quantify gradients but 
require prior knowledge

C-SIDE (Cable et al, Nat 
Methods 2022): 
• manually specified 

coordinate system

Belayer (Ma*, Chitra* et al, RECOMB + 
Cell Systems 2022): either 
(1) manually annotated layer 

boundaries or 
(2) simple tissue geometry (layers 

bounded by lines)

Output of Seurat
• uses Trendsceek (Edsgard et al, Nat Methods 2018)



GASTON: an interpretable and unsupervised neural network 
for learning spatial gradients

GASTON
Gradient Analysis of Spatial Transcriptomics 

Organization with Neural networks

1. Mathematical framework for 
modeling spatial gradients
• Gene expression topography

2. Neural network for learning 
spatial gradients

3. Improved accuracy for detecting 
spatial domains + marker genes 
• GASTON identifies novel spatial 

expression gradients in brain + 
tumor

Spatially resolved transcriptomics data



Spatial gradients and multivariable calculus

x

y

Gradient ✅
No gradient ❌
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Gene expression function 𝑓! 𝑥, 𝑦 :ℝ! → ℝ
Spatial gradients ∇𝑓! 𝑥, 𝑦 ∶ ℝ! → ℝ!
• Gradient ∇𝑓! 𝑥, 𝑦 	 = direction (vector) of maximum increase
• Spatial gradients ∇𝑓! form vector field

i.e. ∇𝑓! 𝑥, 𝑦 = 0

High 
expression

Low 
expression
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Spatial transcriptomics data contains >70% zeros
Hard to estimate gene expression function 𝑓! 𝑥, 𝑦 	and gradient ∇𝑓! 𝑥, 𝑦 	

Gradient?? No gradient??

Challenge: modeling spatial gradients in sparse data

High 
expression

Low 
expression



Challenge: modeling spatial gradients in sparse data

x

y
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…
x 1,000-
20,000 
genes!

Our approach: model a single gradient 
vector field v shared by all genes

Spatial transcriptomics data contains >70% zeros
Hard to estimate gene expression function 𝑓! 𝑥, 𝑦 	and gradient ∇𝑓! 𝑥, 𝑦 	

High 
expression

Low 
expression



Mathematical assumptions
Assumption 2: Shared spatial 

gradients

∇𝑓! 𝑥, 𝑦 = 𝑐! ⋅ 𝒗(𝑥, 𝑦)
 for all variable genes/components g

Assumption 3: Conservative 
gradient vector field 
𝒗 = ∇𝑑 (no “curl”)

𝑑:	ℝ" → 	ℝ is (scalar) potential 
function

(𝑥, 𝑦)
∇𝑓"(𝑥, 𝑦)

∇𝑓#(𝑥, 𝑦)
∇𝑓$(𝑥, 𝑦)

Assumption 1: 
Piecewise continuous 
expression function

Insert 
picture

f(x, y) =
PX

p=1

fp(x, y) · 1{(x,y)2Rp}
<latexit sha1_base64="mcf7gWcRNpd8ChyLUiopUaBDijY="></latexit>

𝑅!

𝑅"

Pieces = different spatial domains 
of tissue

𝒗

Gene expression function 𝑓! 𝑥, 𝑦 :ℝ" → ℝ
Spatial gradients ∇𝑓! 𝑥, 𝑦 ∶ ℝ" → ℝ"

• Gradient ∇𝑓! 𝑥, 𝑦 	 = direction (vector) of maximum increase

Large d

Small d



Isodepth: a 1-D coordinate describing shared spatial gradients

Isodepth accounts for sparsity by 
aggregating expression across spots

IsodepthGe
ne
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Spatial gradient 
(non-zero slope)
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We prove: under our assumptions, gene 
expression 𝑓)(𝑥, 𝑦) is piecewise continuous 
function of isodepth d 𝑥, 𝑦 : 

𝑓) 𝑥, 𝑦 = ℎ)(𝑑 𝑥, 𝑦 )
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No spatial gradient
(zero slope)

IsodepthHigh isodepth

Low isodepth

d(x, y) = c1
<latexit sha1_base64="k2ZIcPvSQk5fJzhOHXdUdaowKDc=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0WoICFpQx8LoejGZQX7wDaUyWTaDp1MwsxEDKF/4caFIm79G3f+jdOHoKIHLhzOuZd77/EiRqWyrA8js7K6tr6R3cxtbe/s7uX3D9oyjAUmLRyyUHQ9JAmjnLQUVYx0I0FQ4DHS8SaXM79zR4SkIb9RSUTcAI04HVKMlJZu/eL9WXJ6jgf2IF+wTKtu1aoOtMyKU647FU1KTrVcq0DbtOYogCWag/x73w9xHBCuMENS9mwrUm6KhKKYkWmuH0sSITxBI9LTlKOASDedXzyFJ1rx4TAUuriCc/X7RIoCKZPA050BUmP525uJf3m9WA1rbkp5FCvC8WLRMGZQhXD2PvSpIFixRBOEBdW3QjxGAmGlQ8rpEL4+hf+Tdsm0y2bp2ik0LpZxZMEROAZFYIMqaIAr0AQtgAEHD+AJPBvSeDRejNdFa8ZYzhyCHzDePgGdWZA+</latexit>

d(x, y) = c2
<latexit sha1_base64="U15kNrOjBkV5SvXwrPCp+VLzCZ0=">AAAB8XicdVDLSgMxFM3UV62vqks3wSJUkCHTl+NCKLpxWcE+sC0lk2ba0ExmSDLiUPoXblwo4ta/ceffmD4EFT1w4XDOvdx7jxdxpjRCH1ZqaXlldS29ntnY3Nreye7uNVQYS0LrJOShbHlYUc4ErWumOW1FkuLA47TpjS6nfvOOSsVCcaOTiHYDPBDMZwRrI9328/cnyfE56RV62Ryyi2W3XClBZDvIcV3XkHK5coYc6NhohhxYoNbLvnf6IYkDKjThWKm2gyLdHWOpGeF0kunEikaYjPCAtg0VOKCqO55dPIFHRulDP5SmhIYz9fvEGAdKJYFnOgOsh+q3NxX/8tqx9t3umIko1lSQ+SI/5lCHcPo+7DNJieaJIZhIZm6FZIglJtqElDEhfH0K/yeNgu0U7cJ1KVe9WMSRBgfgEOSBA05BFVyBGqgDAgR4AE/g2VLWo/Vivc5bU9ZiZh/8gPX2CZUDkDg=</latexit>



Isodepth describes “topography” of a tissue slice

Isodepth: contours of equal depth d(x, y) = 𝑐
• Generalizes depth in a layered tissues (e.g. skin)
• Contours surround spatial domains (like 

mountains in topographic map)
Spatial gradients ∇d (gradient of isodepth)
• Directions of maximum change in gene expression d(x, y) = c1

<latexit sha1_base64="k2ZIcPvSQk5fJzhOHXdUdaowKDc=">AAAB8XicdVDLSsNAFJ3UV62vqks3g0WoICFpQx8LoejGZQX7wDaUyWTaDp1MwsxEDKF/4caFIm79G3f+jdOHoKIHLhzOuZd77/EiRqWyrA8js7K6tr6R3cxtbe/s7uX3D9oyjAUmLRyyUHQ9JAmjnLQUVYx0I0FQ4DHS8SaXM79zR4SkIb9RSUTcAI04HVKMlJZu/eL9WXJ6jgf2IF+wTKtu1aoOtMyKU647FU1KTrVcq0DbtOYogCWag/x73w9xHBCuMENS9mwrUm6KhKKYkWmuH0sSITxBI9LTlKOASDedXzyFJ1rx4TAUuriCc/X7RIoCKZPA050BUmP525uJf3m9WA1rbkp5FCvC8WLRMGZQhXD2PvSpIFixRBOEBdW3QjxGAmGlQ8rpEL4+hf+Tdsm0y2bp2ik0LpZxZMEROAZFYIMqaIAr0AQtgAEHD+AJPBvSeDRejNdFa8ZYzhyCHzDePgGdWZA+</latexit>

d(x, y) = c2
<latexit sha1_base64="U15kNrOjBkV5SvXwrPCp+VLzCZ0=">AAAB8XicdVDLSgMxFM3UV62vqks3wSJUkCHTl+NCKLpxWcE+sC0lk2ba0ExmSDLiUPoXblwo4ta/ceffmD4EFT1w4XDOvdx7jxdxpjRCH1ZqaXlldS29ntnY3Nreye7uNVQYS0LrJOShbHlYUc4ErWumOW1FkuLA47TpjS6nfvOOSsVCcaOTiHYDPBDMZwRrI9328/cnyfE56RV62Ryyi2W3XClBZDvIcV3XkHK5coYc6NhohhxYoNbLvnf6IYkDKjThWKm2gyLdHWOpGeF0kunEikaYjPCAtg0VOKCqO55dPIFHRulDP5SmhIYz9fvEGAdKJYFnOgOsh+q3NxX/8tqx9t3umIko1lSQ+SI/5lCHcPo+7DNJieaJIZhIZm6FZIglJtqElDEhfH0K/yeNgu0U7cJ1KVe9WMSRBgfgEOSBA05BFVyBGqgDAgR4AE/g2VLWo/Vivc5bU9ZiZh/8gPX2CZUDkDg=</latexit>

Isodepth and spatial gradients Spatial domains

High isodepth

Low isodepth

Domain 1

Domain 2

Domain 3



Spatial neural network learns isodepth and spatial gradients

…
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Input: spatial coordinates

Output: gene expression

Hidden 
layer: 

isodepth

Isodepth
Contours of 
equal isodepth

Spatial 
gradientsrd
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Isodepth function 𝑑(𝑥, 𝑦)

Gene expression 𝑓!(𝑥, 𝑦) is piecewise continuous function of isodepth d 𝑥, 𝑦 : 𝑓! 𝑥, 𝑦 = ℎ!(𝑑 𝑥, 𝑦 )
Our approach: parametrize functions h", 𝑑 with neural networks

Training is unsupervised! 
(like an auto-encoder)

SRT data
Gene 1 Gene 2



GASTON
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Spatially resolved transcriptomics data
Gene expression 

vector

GASTON
Gradient Analysis of Spatial 

Transcriptomics Organization with Neural 
networks

Topographic map of tissue slice
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<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

a1
<latexit sha1_base64="gL1urYwrwJdcnj6f9AChK1CNg4M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDp5Y2N</latexit>

a2
<latexit sha1_base64="2nPIRu2wwWHuYejNUZ/Tbo71Yq8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDraY2O</latexit>

a3
<latexit sha1_base64="kmvxvTNRVDVYHFr6AmXa2AB5VHo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOle9qv98sVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnXql69Wru7qDSu8ziKcAKncA4eXEIDbqEJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPs7Y2P</latexit>

a4
<latexit sha1_base64="1KY4A6kLTcjwnx/Zmld+1+1WyaA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHoxWNF+wFtKJPtpl262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8NJOE+REOJQ85RWOlB+zX+qWyW3HnIKvEy0kZcjT6pa/eIKZpxKShArXuem5i/AyV4VSwabGXapYgHeOQdS2VGDHtZ/NTp+TcKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPYzLpPUMEkXi8JUEBOT2d9kwBWjRkwsQaq4vZXQESqkxqZTtCF4yy+vkla14l1Wqve1cv0mj6MAp3AGF+DBFdThDhrQBApDeIZXeHOE8+K8Ox+L1jUnnzmBP3A+fwDucY2Q</latexit>

. . .
<latexit sha1_base64="D8NZwhGRc3SadH+lq9NyH2X2S6M=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIq6LHoxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3QS5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate8y5r9YerauO2qKMEp3AGF+DBNTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB/K2jsY=</latexit> aG

<latexit sha1_base64="pZV5PrflX1Hw7/V+2o4fbZb9TPI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0oMeK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0QHu3vVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindeqd5flGvXeRwFOIYTOAMPLqEGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QMLTI2j</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>

Input: Spatial coordinates

Output: Gene expression 
or top GLM-PCs

Hidden 
layer: 

isodepth

Spatial 
coordinate

a1
<latexit sha1_base64="gL1urYwrwJdcnj6f9AChK1CNg4M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDp5Y2N</latexit>

a2
<latexit sha1_base64="2nPIRu2wwWHuYejNUZ/Tbo71Yq8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDraY2O</latexit>

a3
<latexit sha1_base64="kmvxvTNRVDVYHFr6AmXa2AB5VHo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOle9qv98sVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnXql69Wru7qDSu8ziKcAKncA4eXEIDbqEJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPs7Y2P</latexit>

.
.
.

<latexit sha1_base64="D8NZwhGRc3SadH+lq9NyH2X2S6M=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIq6LHoxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3QS5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate8y5r9YerauO2qKMEp3AGF+DBNTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB/K2jsY=</latexit>

aG
<latexit sha1_base64="pZV5PrflX1Hw7/V+2o4fbZb9TPI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0oMeK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0QHu3vVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindeqd5flGvXeRwFOIYTOAMPLqEGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QMLTI2j</latexit>

Isodepth d

Contours of 
equal isodepth
Spatial 
gradientsrd

<latexit sha1_base64="ZpGNyA4UBd5/QcbvQt81yB8PObs=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFfKopt0V3bisYG2hDWUymbRDJ5M4MxFK6E+4caGIW3/HnX/jpK2gogcuHM65l3vvCVJGpbKsD6O0srq2vlHerGxt7+zuVfcPbmWSCUw6OGGJ6AVIEkY56SiqGOmlgqA4YKQbTC4Lv3tPhKQJv1HTlPgxGnEaUYyUlnoDjgKGYDis1izTOmt6DQ9q4jmu6xTErZ87TWib1hw1sER7WH0fhAnOYsIVZkjKvm2lys+RUBQzMqsMMklShCdoRPqachQT6efze2fwRCshjBKhiys4V79P5CiWchoHujNGaix/e4X4l9fPVNTwc8rTTBGOF4uijEGVwOJ5GFJBsGJTTRAWVN8K8RgJhJWOqKJD+PoU/k9uHdN2Tee6XmtdLOMogyNwDE6BDTzQAlegDToAAwYewBN4Nu6MR+PFeF20lozlzCH4AePtEwc8j/k=</latexit>

(x, y)
<latexit sha1_base64="xN4//UrgbvyoYvcwKl6lqn8pmgM=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBahgoQ0qba9Fb14rGDaQlvKZrtpl242YXcjhtDf4MWDIl79Qd78N27aCir6YODx3gwz87yIUaks68PIrayurW/kNwtb2zu7e8X9g7YMY4GJi0MWiq6HJGGUE1dRxUg3EgQFHiMdb3qV+Z07IiQN+a1KIjII0JhTn2KktOSW78+S02GxZJnWeaNWr0FNarbj2Blxqhd2A1ZMa44SWKI1LL73RyGOA8IVZkjKXsWK1CBFQlHMyKzQjyWJEJ6iMelpylFA5CCdHzuDJ1oZQT8UuriCc/X7RIoCKZPA050BUhP528vEv7xerPz6IKU8ihXheLHIjxlUIcw+hyMqCFYs0QRhQfWtEE+QQFjpfAo6hK9P4f+kbZsVx7RvqqXm5TKOPDgCx6AMKqAGmuAatIALMKDgATyBZ4Mbj8aL8bpozRnLmUPwA8bbJ2Kzjms=</latexit>

Spatial domains

C
el

l t
yp

e 
pr

op
or

tio
n

Spatial variation in cell type organization

Isodepth

Continuous gradients and discontinuous 
variation in gene expression

Ex
pr
es
si
on

Isodepth



GASTON: Mouse Cerebellum (Slide-seqV2)

23,096 genes ⨉ 9,985 spots

Neuronal layers/cell types

Purkinje-
Bergmann layer

Other cell types

Spatial domainsTopographic map

Baizer, Front. Hum. 
Neurosci. 2014

SBK1 
expression

Ex
pr

es
sio

n
Oligodendrocyte 

layer
Granule 

layer
P-B 

layer
Molecular 

layer

Isodepth

GASTON SBK1 
expression 
function

GASTON

Cable et al., Nature Methods 2022
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AU
PR

C

Marker gene 
identification



Olfactory bulb (Stereo-seq)
SpaGCNGASTONDAPI Stain

SpaceFlow 
(diffusion pseudotime)

Isodepth and (negative) 
spatial gradients

Isodepth

Ce
ll 

ty
pe

 p
ro

po
rt

io
n

9,825 spots ⨉ 27,106 genes
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Ex
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Isodepth (µm)

ONL RMSGL GCLIPLMCLEPL

DCX

DCX expression
GASTON DCX expression 

function
Expression

Expression



GASTON identifies gradients in tumor microenvironment

Domain 3

Domain 1 (tumor)
Domain 2 (tumor-adjacent stroma) Domain 4

Domain 5

Intrastromal
variation

Discontinuity

Intratumoral
variation Tumor

Stroma

COX7B

Ex
pr
es
si
on

Isodepth

Intratumoral variation 
aerobic metabolism

Discontinuity/Intrastromal variation- 
epithelial-mesenchymal transition (EMT)

18

Colorectal tumor slice (stage IV)
(Wu et al, Cancer Discovery 2022)

GASTON: spatial domains + isodepth

Low isodepth

High isodepth

ACTA2

Ex
pr
es
si
on

Isodepth

TAGLN

Domain 3



Summary: GASTON
• Isodepth describes topographic map and 

spatial gradients of gene expression within 
tissue slice

• GASTON: unsupervised deep learning 
algorithm to learn isodepth 
• Uncovers spatial domains and gradients 

of gene expression/cell type

19
Paper Code

Gene expression
Coordinates

GASTON
Gradient Analysis of Spatial 

Transcriptomics Organization with Neural 
networks

Topographic map of tissue slice

…

Isodepth

      

         

. . .

. . .

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

a1
<latexit sha1_base64="gL1urYwrwJdcnj6f9AChK1CNg4M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDp5Y2N</latexit>

a2
<latexit sha1_base64="2nPIRu2wwWHuYejNUZ/Tbo71Yq8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDraY2O</latexit>

a3
<latexit sha1_base64="kmvxvTNRVDVYHFr6AmXa2AB5VHo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4r2lpoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgbjm5n/+IRK81g+mEmCfkSHkoecUWOle9qv98sVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmnXql69Wru7qDSu8ziKcAKncA4eXEIDbqEJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPs7Y2P</latexit>

a4
<latexit sha1_base64="1KY4A6kLTcjwnx/Zmld+1+1WyaA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHoxWNF+wFtKJPtpl262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8NJOE+REOJQ85RWOlB+zX+qWyW3HnIKvEy0kZcjT6pa/eIKZpxKShArXuem5i/AyV4VSwabGXapYgHeOQdS2VGDHtZ/NTp+TcKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPYzLpPUMEkXi8JUEBOT2d9kwBWjRkwsQaq4vZXQESqkxqZTtCF4yy+vkla14l1Wqve1cv0mj6MAp3AGF+DBFdThDhrQBApDeIZXeHOE8+K8Ox+L1jUnnzmBP3A+fwDucY2Q</latexit>

. . .
<latexit sha1_base64="D8NZwhGRc3SadH+lq9NyH2X2S6M=">AAAB7HicbVBNS8NAFHzxs9avqkcvi0XwVJIq6LHoxWMF0xbaUDbbTbt0swm7L0IJ/Q1ePCji1R/kzX/jts1BWwcWhpk37HsTplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3k9wYJmn6l6tbcOcgq8QpShQLNfuXL5lgWc4VMUmO6nptikFONgkk+Lfcyw1PKxnTIu5YqGnMT5PNlp+TcKgMSJdo+hWSu/k7kNDZmEod2MqY4MsveTPzP62YY3QS5UGmGXLHFR1EmCSZkdjkZCM0ZyokllGlhdyVsRDVlaPsp2xK85ZNXSate8y5r9YerauO2qKMEp3AGF+DBNTTgHprgAwMBz/AKb45yXpx352MxuuYUmRP4A+fzB/K2jsY=</latexit> aG

<latexit sha1_base64="pZV5PrflX1Hw7/V+2o4fbZb9TPI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0oMeK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0QHu3vVLZrbgzkGXi5aQMOeq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mpE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeOVnXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtO0YbgLb68TJrVindeqd5flGvXeRwFOIYTOAMPLqEGd1CHBjAYwDO8wpsjnBfn3fmYt644+cwR/IHz+QMLTI2j</latexit>

d
<latexit sha1_base64="i4T7bfCHibYNJNngwp/p1+TXADk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Tem3GKfkwHkkecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9cKEZTFKwwTVuuu5qfEnVBnOBE5LvUxjStmIDrBrqaQxan8yP3RKzqwSkihRtqQhc/X3xITGWo/jwHbG1Az1sjcT//O6mYmu/QmXaWZQssWiKBPEJGT2NQm5QmbE2BLKFLe3EjakijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fyTeM7A==</latexit>



Other Raphael lab members: 
Hongyu Zheng
Palash Sashittal
Uyen Mai
Metin Balaban
Julian Gold
Richard Zhang
Ahmed Shuaibi

Acknowledgments

Cong MaBen Raphael Brian Arnold

Hirak Sarkar Sereno 
Lopez-Darwin

Kohei Sanno

Alexander Strzalkowski
Henri Schmidt
Xinhao Liu
Akhil Jakatdar
Gary Hu
Peter Halmos
Gillian Chu
Clover Zheng



GASTON
��������

	��
����

������

A

Increasing 
isodepth

GASTON
B

SpaGCNDNSFC

G RCTD cell 
types

Isodepth

Ce
ll 

ty
pe

 p
ro

po
rt

io
n

I JOligodendrocyte 
layer Granule layer

P-B 
layer Molecular layer

Increasing isodepth

SpiceMixE

Spatial domain Cell type

Other

HF

P-B layerGranule layer

AU
PR

C

Marker gene identification

CALB1

Oligodendrocyte 
layer

Granule 
layer

P-B 
layer

Molecular 
layer

Granule 
layer

Cell type-attributable gradient

Isodepth

Ex
pr

es
sio

n

Ex
pr

es
sio

n

Oligodendrocyte 
layer

Granule 
layer

P-B 
layer

Molecular layer
P-B layer

CAMK2B

Isodepth

Spatial domains Cell types

Other-attributable gradient

Cell type and gene expression gradients

22



Human DLPFC: GASTON outperforms other neural networks 
and unsupervised Belayer
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GASTON – cerebellum 
(spatial domains)



GASTON – cerebellum 
(spatial expression 
patterns)



GASTON – colorectal 
tumor
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Comparison of domains on colorectal tumor
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Olfactory bulb (Stereo-seq)
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Comparison b/w GASTON and Belayer
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GASTON – mouse primary motor cortex (MERFISH)



GASTON – breast cancer (10X Genomics Xenium)
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GASTON – mouse 
embryo day 9.5 
(Stereo-seq)
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Application of GASTON to metabolomics (Clover Zheng)
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Testing GASTON w/ simulated 
hexagonal geometries:

True isodepth d(x,y)

GASTON-estimated isodepth



GASTON – model selection (elbow)
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