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Action potential of a neuron (taken from teachmephysiology.com)
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S susceptible/resting
E excited/active
R refractory

(deterministic, zero parameter) 
SER model

typical mathematical model 

• two coupled differential equations
• continuous time, continuous states
• 5 to 7 parameters

radically simplified model 

• discrete time, discrete states
• 0 to 2 parameters



Garcia, Lesne, Hütt, Hilgetag (2012) 
Frontiers in Computational Neuroscience 6, 50. 

Which functional connectivies 
are possible on a given 
structural connectivity?

collective excitation patterns

network architecture

triangle, simplest SER model arbitrary network

more complicated excitation patterns



'Complex networks'

'Simple models'

Example 1: Self-organized excitation waves in networks

Example 2: Networks as structural models 
to interpret high-throughput data in 
Biology and Medicine

Example 3: The digital-analog duality in biology: how network and non-network 
mechanisms jointly shape biological data and hence systemic function

Structure of the talk

Brief remark 1: 'The bigger picture'

Brief remark 2: Some next steps

joint work with Claus Hilgetag (Hamburg), Paolo Moretti (Nürnberg), joint work with Annick Lesne

joint work with Annick Lesne

joint work with Annick Lesne



Intro 1: Complex networks



> 55.000 google scholar citations >47.000 google scholar citations

Complex networks



Intro 2: Simple models or 'Toy models'



The BTW sandpile model

Taken from: Bak (1996)

Simple models



The BTW sandpile model
Self-organized criticality

Simple models



The BTW sandpile model
Self-organized criticality

Simple models



A first example
The BTW sandpile model

Self-organized criticality
Forest fire model



excited/active

refractoryE: excited/active
R: refractory
S: susceptible

Digression: Spiral waves

susceptible
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E: excited/active
R: refractory
S: susceptible

Digression: Spiral waves

self-sustained spiral core
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A first example
The BTW sandpile model

Self-organized criticality

SER model
Forest fire model



Example 1: Self-organized excitation waves 
in networks



How can we use minimal models to contribute to neuroscience?



How can we use minimal models to contribute to neuroscience?

"The emergence of network neuroscience allows researchers to quantify the link between 
the organizational features of neuronal networks and the spectrum of cortical functions."

"Current models indicate that structure and function are significantly correlated, but the 
correspondence is not perfect because function reflects complex multisynaptic 
interactions in structural networks." 

Which functional connectivies are possible on a given structural connectivity?
collective excitation patterns network architecture
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deterministic SER model

(standard [stochastic]) SER model

How can we use minimal models to contribute to neuroscience?
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recovery probability p

rate of spontaneous activity f



ER graph BA graph

How can we use minimal models to contribute to neuroscience?



steady-state 
prediction from 
the mean-field 
model

N= 500
p = 0.3
f = 0.01

ER graph

How can we use minimal models to contribute to neuroscience?

Mean-field model from: 
Hütt and Lesne (2009). 
Frontiers in Neuroinformatics, 
3, 578.
Hütt and Lesne (2020). In: Atay 
et al. (eds) Discrete and 
Continuous Models in the 
Theory of Networks. Operator 
Theory: Advances and 
Applications, vol 281. 
Birkhäuser



N= 500
p = 0.3
f = 0.01

steady-state 
prediction from 
the mean-field 
model

evidence for self-organized waves around hubs

How can we use minimal models to contribute to neuroscience?

BA graph



Example 2: Networks as structural models to 
interpret high-throughput data in Biology and 
Medicine



Some features of the data set 

treatment-naive pediatric patients
Crohn's disease (CD) 

ulcerative colitis (UC) 
no inflammatory bowel disease (notIBD)

321 samples (with an age range from 2 to 17 years)
gene expression measured via RNA-Seq

Agreement of transcriptome data with a given biological network
An example of a network-based interpretation of medical high-throughput data 



gene-centric 
metabolic network
(derived from the 
Recon3D model)

Taken from: Brunk ... Palsson 
(2018). Nat. Biotech., 36(3), 
272-281. 

Agreement of transcriptome data with a given biological network
An example of a network-based interpretation of medical high-throughput data 



G0 = (V 0, E0),

V 0 ✓ V di↵erentially expressed genes

E0 ✓ E all edges in G among vertices in V 0
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'network coherence'

z-score (with respect to random vertex sets)

R =
|vi 2 V 0|k(vi) > 0|

|V 0| , k(vi) degree of node vi
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gene-centric 
metabolic network
(derived from the 
Recon3D model)

Taken from: Brunk ... Palsson 
(2018). Nat. Biotech., 36(3), 
272-281. 

+ gene set derived from an 
IBD patient

Agreement of transcriptome data with a given biological network
An example of a network-based interpretation of medical high-throughput data 

Method from: 
Sonnenschein, Geertz, Muskhelishvili and Hütt (2011). BMC Systems Biology, 5, 
1-13.
Sonnenschein, Golib Dzib, Lesne, Eilebrecht, Boulkroun, Zennaro, Benecke and 
Hütt (2012). BMC Systems Biology, 6, 1-13.

Diverse other methods: 
Nyczka, Hütt and Lesne (2021). Physica A, 566, 125631.



Knecht, Fretter, Rosenstiel, Krawczak and Hütt (2016) Scientific Reports 6, 32584.

High metabolic coherence: 
Part of the gene expression pattern is 
explained by the metabolic network

Low metabolic coherence: 
Other functional explanation 
(beyond the metabolic state) 
are required

Agreement of transcriptome data with a given biological network
An example of a network-based interpretation of medical high-throughput data 



Example 3: The digital-analog duality in biology: 
how network and non-network mechanisms 
jointly shape biological data and hence systemic 
function



Biological and medical data are complicated

One complication: 

Biology operates via the interplay of analog (rather gradual) and digital (discrete, symbolic) information. 

von Neumann, J. (1958) The Computer and the Brain. Yale University Press.

"The observation I wish to make is this: processes 
which go through the nervous system may, as I 
pointed out before, change their character from 
digital to analog, and back to digital, etc., 
repeatedly."

Mathematical and computational approaches (modeling, data analysis, machine learning) 
are challenged by this interplay of digital and analog information. 



Taken from: Krijger and de Laat (2016) Nat. Rev. Mol. Cell. Biol. 17, 771.

Data resourcesConcept of analog 
information

TAD data
Rao et al. (2014) A 3D map of the 
human genome at kilobase 
resolution reveals principles of 
chromatin looping. Cell 159, 
1665–1680.

Disease-associated SNPs 
from GWAS catalog 

Topologically 
associating 
domains 
(TADs)

Statistical question

Are there diseases, for 
which the disease-
associated SNPs are 
significantly often 
located in TAD 
boundaries? 

Interpretation of disease-associated SNPs via analog information
Biological and medical data are complicated



Jablonski, Carron, Mozziconacci, Forné, Hütt, Lesne (2022). Human Genomics, 16(1), 2.

Interpretation of disease-associated SNPs via analog information

enrichment of SNPs in TAD borders

associated with 
specific genes

SNPs with often 
unclear gene 
association

Biological and medical data are complicated



Brief remark 1: The 'bigger picture'



What is scientific understanding (in times of AI)?
Definition (attempt)
A minimal model (also: 'toy model', 'cartoon model', 'stylized model') 
is the simplest mathematical representation of a universal behavior.
It points to deep order in some of the most complex (fluctuating, 
nonlinear) systems.

general principles behind a 
large set of phenomena

AI-driven scientific discovery ('digital discovery')

Debate about the theoretical foundations of 
Biology

"Physicists come from a tradition of
looking for all-encompassing laws,
but is this the best approach to use
when probing complex biological
systems?"
E. Fox Keller (2007) A clash of two 
cultures. Nature 445, 603



Brief remark 2: Some next goals



'Complex networks'

'Simple models'

Example 1: Self-organized excitation waves in networks

Example 2: Networks as structural models 
to interpret high-throughput data in 
Biology and Medicine

Example 3: The digital-analog duality in biology: how network and non-network 
mechanisms jointly shape biological data and hence systemic function

Brief remark 1: 'The bigger picture'

Brief remark 2: Some next steps

joint work with Claus Hilgetag (Hamburg), Paolo Moretti (Nürnberg), joint work with Annick Lesne

joint work with Annick Lesne

joint work with Annick Lesne

Some next goal

Extending the data analysis to more disease

Using simple models to obtain a mechanistic 
understanding of disease genes in networks

Understanding how this digital-analog duality 
affects modeling and data analysis (including 
machine learning)

Using simple models to obtain a mechanistic 
understanding of the interplay of digital and 
analog mechanisms in biology

Spiral waves in networks

Analysis of SER model variants


