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The Physiome Model Repository (~1500 models)
Endocrine systemCell migration
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1. Energy based modeling: Port-Hamiltonians … 0D version is Bond Graphs

2. Use BG/CellML/SBML for all proteins to create a generic cell (.`.. Reactome)

3. FTUs and Functional Connectivity (FC) maps (... all of physiology)

4. Organ scaffolds and whole-body 3D models (… SPARC)

5. Reduced models via physics-constrained AI (… surrogate models) 

6. Systems physiology (control for homeostasis, etc) ... bond graphs etc  

7. A single knowledgebase (probably federated … e.g. Proto-OKN)

Now need a maths/physics framework that links 
models across all spatial & temporal scales …

… and we need new instrumentation & new software engineering 
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Bond graphs: Energy & Power transmission
If  𝒖𝒖𝟏𝟏 = 𝒖𝒖𝟐𝟐 = 𝒖𝒖𝟑𝟑 = 𝒖𝒖𝟒𝟒 = 𝒖𝒖𝟓𝟓   ⇒ ∑𝝊𝝊𝒊𝒊 = 𝟎𝟎 Conservation of Mass, Charge, etc
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If 𝝊𝝊𝟏𝟏 = 𝝊𝝊𝟐𝟐  = 𝝊𝝊𝟑𝟑 = 𝝊𝝊𝟒𝟒  = 𝝊𝝊𝟓𝟓   ⇒ ∑𝒖𝒖𝒊𝒊 = 𝟎𝟎 Conservation of Energy
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Gawthrop PJ and Crampin EJ. Energy based analysis of biochemical cycles using bond graphs. Proc. R. Soc. A  470:20140459, 2014. 
Gawthrop PJ and Crampin EJ. Modular bond-graph modelling and analysis of biomolecular systems. IET Systems Biology, 2015. 
Gawthrop PJ, Cursons J and Crampin EJ. Hierarchical bond graph modelling of biochemical networks. Proc. R. Soc A, 471(2184), 2015. 

where 𝒗𝒗 = 𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅

  

and 𝑞𝑞 is measured in 
meters (m; or m3) 
Coulombs (C), Candela (Cd),
moles (mol) or entropy (S)

Mechanical ChemicalElectrical
𝒖𝒖.𝒗𝒗  has units:      J.m-1.m.s-1           J.C-1.C.s-1        J.mol-1.mol.s-1       J.S-1.S.s-1           (= J.s-1)
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Examples

An enzyme-catalyzed reaction

A coupled electromechanical system
Faraday’s law of induction 
Lorentz force



Coulomb
Candela (Maxwell’s eqns)

Electromagnetics

Entropy
Mole Reaction-diffusion

Heat flow 𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

= 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝒖𝒖.𝛻𝛻𝛻𝛻 = 𝑓𝑓𝑠𝑠 − 𝛻𝛻. −𝑘𝑘𝛻𝛻𝛻𝛻 

Meter (Finite elasticity)
Solid mechanics

(Navier-Stokes eqns)
Fluid mechanics 𝛻𝛻.𝒖𝒖 = 0; 𝐷𝐷𝐷𝐷

𝐷𝐷𝐷𝐷
=
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝒖𝒖.𝛻𝛻𝛻𝛻 = −
1
𝜌𝜌
𝛻𝛻𝛻𝛻 − 𝛻𝛻. −𝜈𝜈𝛻𝛻𝛻𝛻

𝑑𝑑𝑑𝑑𝑑𝑑𝑭𝑭𝑇𝑇𝑭𝑭 = 0; �𝜏𝜏𝑖𝑖𝑖𝑖 𝑖𝑖 = 𝑓𝑓𝑗𝑗; 𝝉𝝉𝒊𝒊𝒊𝒊 = 𝑓𝑓 𝒆𝒆𝒊𝒊𝒊𝒊

𝛁𝛁.𝑬𝑬 = 𝜌𝜌
𝜖𝜖
 ;

𝛁𝛁 × 𝑬𝑬 = −𝜕𝜕𝑩𝑩
𝜕𝜕𝜕𝜕

 ;
𝛁𝛁.𝑩𝑩 = 𝟎𝟎

𝛁𝛁 × 𝑩𝑩 = 𝜇𝜇 𝑱𝑱 + 𝝐𝝐
𝜕𝜕𝑬𝑬
𝜕𝜕𝜕𝜕

For 3D continuum problems: BG → Port-Hamiltonians 
constitutive constants or relationships

Energy-based equivalent to bond graphs is port-Hamiltonians 
For skew symmetric matrix 𝐽𝐽,  𝒂𝒂𝑻𝑻𝑱𝑱𝑱𝑱 = 0   and hence 𝒃𝒃 = 𝑱𝑱𝑱𝑱  ⇒ 𝒂𝒂𝑇𝑇𝒃𝒃 = 0

𝐽𝐽 is connectivity matrix for 0D system, or 𝐽𝐽 = 𝟎𝟎 −𝑫𝑫𝑫𝑫𝑫𝑫
𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮 𝟎𝟎   for continuum field

Argus, Bradley, Hunter (2021) Theory and implementation of coupled port-Hamiltonian continuum and lumped parameter models. 
J. Elasticity ISSN: 0374-3535, 1573-2681; 1-44. 10.1007/s10659-021-09846-4  

https://link.springer.com/article/10.1007/s10659-021-09846-4


Gated ion channel
Bond graph physiological models

GLUT glucose transporter

Na+/glucose co-transporter

pH buffering with weak acids & bases

Na/K ATPase exchanger

GPCR

H+ extrusion in the renal tubule



SLC1: High-affinity glutamate and neutral amino acid transporters
SLC2: Facilitative GLUT transporters
SLC3: Heavy subunits heterodimeric amino acid transporters
SLC4: Bicarbonate cotransporters
SLC5: Na+/glucose cotransporters 
SLC6: Na+- and Cl--dependent neurotransmitter symporters
SLC7: Cationic AA transporter/glycoprotein - assoc AA transporters
SLC8: Na+/Ca2+ exchangers
SLC9: Na+/H+ exchangers
SLC10: Na+/bile salt co-transporters
SLC11: Proton-coupled metal ion transporters
SLC12: Electroneutral cation/Cl- co-transporters
SLC13: Na+/𝑺𝑺𝑺𝑺𝟒𝟒

𝟐𝟐−/carboxylate co-transporters
SLC14: Urea transporters
SLC15: Proton-driven oligopeptide cotransporters
SLC16: Monocarboxylate transporters
SLC17: Type I Na+/phosphate cotransporters 
 & vesicular glutamate transporters
SLC18: Vesicular amine transporters
SLC19: Folate/thiamine transporters
SLC20: Type-III Na+/phosphate co-transporters
SLC21: Organic anion and cation transporters
SLC22: Organic cation/anion/zwitterion transporters
SLC23: Na+-dependent ascorbic acid transporters
SLC24: Na+/(Ca2+–K+) exchangers
SLC25: Mitochondrial carriers
SLC26: Multifunctional anion exchangers
SLC27: Fatty acid transporters
SLC28: Na+-coupled nucleoside transporters
SLC29: Facilitative nucleoside transporters
SLC30: Zinc efflux transporters
SLC31: Copper transporters
SLC32: Vesicular inhibitory amino acid transporters

SLC33: Acetyl-CoA transporters
SLC34: Type II Na+-phosphate cotransporters
SLC35: Nucleoside-sugar transporters
SLC36: Proton-coupled amino acid transporters
SLC37: Sugar-phosphate/phosphate exchangers
SLC38: System A and System N Na+-coupled neutral AA transporters
SLC39: Metal ion transporters
SLC40: Basolateral Fe2+ transporters
SLC41: MgtE-like magnesium transporters
SLC42: 𝑵𝑵𝑯𝑯𝟑𝟑/𝑵𝑵𝑯𝑯𝟒𝟒

+,𝑪𝑪𝑶𝑶𝟐𝟐 channels
SLC43: Na+-independent, system-L-like amino acid transporters
SLC44: Choline-like transporters
SLC45: H+/sugar cotransporters
SLC46: Folate transporters
SLC47: Multidrug and toxin extrusion (MATE) transporters
SLC48: Heme transporters
SLC49: FLVCR-related transporters
SLC50: Sugar efflux transporters
SLC51: Steroid-derived molecules transporters
SLC52: Riboflavin transporters
SLC53: Phosphate carriers
SLC54: Mitochondrial pyruvate carriers
SLC55: Mitochondrial cation/proton exchangers
SLC56: Sideroflexins
SLC57: NiPA-like magnesium transporters
SLC58: MagT-like magnesium transporters
SLC59: Sodium-dependent lysophosphatidylcholine symporters
SLC60: Glucose transporters
SLC61: Molybdate transporters
SLC62: Pyrophosphate transporters
SLC63: Sphingosine-phosphate transporters
SLC64: Golgi Ca2+/H+ exchangers
SLC65: NPC-type cholesterol transporters

Project with CWRU on SLC transporters (458 genes in 65 gene families) 



Solution of BG/CellML model in OpenCOR and model reduction

𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝒖𝒖𝑨𝑨𝒐𝒐

𝒒𝒒𝑨𝑨𝒐𝒐

𝒖𝒖𝑨𝑨𝒊𝒊

𝒒𝒒𝑨𝑨𝒊𝒊SLC2A1

Steady state flux
 𝒗𝒗𝟏𝟏 = 𝒗𝒗𝟐𝟐 = 𝒗𝒗𝟑𝟑 = 𝒗𝒗𝟒𝟒 = 𝒗𝒗

𝒒̇𝒒𝟑𝟑  = 𝒒̇𝒒𝟒𝟒  = 𝒒̇𝒒𝟓𝟓  = 𝒒̇𝒒𝟔𝟔  = 𝟎𝟎    and    𝒒̇𝒒𝟏𝟏  = −𝒒̇𝒒𝟐𝟐 = 𝒗𝒗

𝑣𝑣 = 𝑘𝑘1
𝑓𝑓𝑘𝑘2

𝑓𝑓𝑘𝑘3
𝑓𝑓𝑘𝑘4

𝑓𝑓𝒒𝒒𝑨𝑨𝒐𝒐 − 𝑘𝑘1𝑟𝑟𝑘𝑘2𝑟𝑟𝑘𝑘3𝑟𝑟𝑘𝑘4𝑟𝑟𝒒𝒒𝑨𝑨𝒊𝒊 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡  /{  𝑘𝑘1
𝑓𝑓𝑘𝑘3

𝑓𝑓𝑘𝑘4
𝑓𝑓 + 𝑘𝑘1

𝑓𝑓𝑘𝑘3
𝑓𝑓𝑘𝑘2𝑟𝑟 + 𝑘𝑘1

𝑓𝑓𝑘𝑘4
𝑓𝑓𝑘𝑘3𝑟𝑟 + 𝑘𝑘1

𝑓𝑓𝑘𝑘2𝑟𝑟𝑘𝑘3𝑟𝑟 + 𝑘𝑘3
𝑓𝑓𝑘𝑘2𝑟𝑟𝑘𝑘4𝑟𝑟 + 𝑘𝑘2𝑟𝑟𝑘𝑘3𝑟𝑟𝑘𝑘4𝑟𝑟

 + (𝑘𝑘1
𝑓𝑓𝑘𝑘2

𝑓𝑓𝑘𝑘3
𝑓𝑓 + 𝑘𝑘1

𝑓𝑓𝑘𝑘2
𝑓𝑓𝑘𝑘4

𝑓𝑓 + 𝑘𝑘2
𝑓𝑓𝑘𝑘3

𝑓𝑓𝑘𝑘4
𝑓𝑓 + 𝑘𝑘2

𝑓𝑓𝑘𝑘3
𝑓𝑓𝑘𝑘4𝑟𝑟)𝒒𝒒𝑨𝑨𝒐𝒐

 + (𝑘𝑘4
𝑓𝑓𝑘𝑘1𝑟𝑟𝑘𝑘3𝑟𝑟  +  𝑘𝑘1𝑟𝑟𝑘𝑘2𝑟𝑟𝑘𝑘3𝑟𝑟 + 𝑘𝑘1𝑟𝑟𝑘𝑘2𝑟𝑟𝑘𝑘4𝑟𝑟 + 𝑘𝑘1𝑟𝑟𝑘𝑘3𝑟𝑟𝑘𝑘4𝑟𝑟)𝒒𝒒𝑨𝑨𝒊𝒊

 + (𝑘𝑘2
𝑓𝑓𝑘𝑘4

𝑓𝑓𝑘𝑘1𝑟𝑟 + 𝑘𝑘2
𝑓𝑓𝑘𝑘1𝑟𝑟𝑘𝑘4𝑟𝑟) 𝒒𝒒𝑨𝑨𝒐𝒐𝒒𝒒𝑨𝑨𝒊𝒊}

or  𝑣𝑣 = 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 𝑨𝑨𝒇𝒇𝒒𝒒𝑨𝑨𝒐𝒐 − 𝑨𝑨𝒓𝒓𝒒𝒒𝑨𝑨𝒊𝒊 / 𝐵𝐵1 + 𝐵𝐵2𝒒𝒒𝑨𝑨𝒐𝒐 + 𝐵𝐵3𝒒𝒒𝑨𝑨𝒊𝒊 + 𝐵𝐵4𝒒𝒒𝑨𝑨𝒐𝒐𝒒𝒒𝑨𝑨𝒊𝒊



Molecular modeling: SLC2A1 (GLUT1)

Molecular computations by Sina Safaei.
Kastner J, Thiel W. Bridging the gap between thermodynamic integration and umbrella sampling provides a novel analysis method: “Umbrella 
integration”. J Chem Phys 2005, 123:144104(1–5).

SLC2A1 structure from AlphaFold



Bond graph 
model

Component
of cell model

Physiome
journal

𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝒖𝒖𝑨𝑨𝒐𝒐

𝒒𝒒𝑨𝑨𝒐𝒐

𝒖𝒖𝑨𝑨𝒊𝒊

𝒒𝒒𝑨𝑨𝒊𝒊

Phosphorylation

PMR PhysiomePMR

FAIR DO (NIDDK) project with CWRU & UCSD 

SLC transporters: 458 genes in 65 gene families, 20 BG templates  

Protein
structure

Genetic
sequence

AlphaFoldHUGO

Molecular modelling 

(Umbrella sampling)



A generic whole-cell BG modelling tool? 

Membrane receptors
Signalling pathways
Metabolic networks
Ion channel electrophysiology
Myofilament contraction
Gene transcription & translation
Cell division
DNA repair
Cell death
Etc



CellML model for each reaction

𝒗𝒗𝒊𝒊 = 𝒇𝒇 𝑟𝑟𝑖𝑖 ,𝐾𝐾𝑗𝑗 , 𝑞𝑞𝑗𝑗 [
𝑑𝑑𝑞𝑞𝑗𝑗
𝑑𝑑𝑑𝑑

] = 𝑵𝑵 × 𝒗𝒗𝒊𝒊

One system equation for all solutes 𝑑𝑑𝑞𝑞𝑗𝑗
𝑑𝑑𝑑𝑑

= 𝜙𝜙(𝑟𝑟𝑖𝑖 ,𝐾𝐾𝑗𝑗 , 𝑞𝑞𝑗𝑗)

Link with Reactome



The tissue/organ/whole-body scales



Cell

Bone osteon

Lung acinus

Kidney nephron

Liver lobule

Lymph node

FTUs
Whole body
physiology

Machine learning 
⇒ 𝐬𝐬urrogate models

Organ systems

Absorption
𝐶𝐶𝐶𝐶2+,𝑀𝑀𝑀𝑀2+,𝐹𝐹𝐹𝐹2+ 
Monosaccharides
Disaccharides
Amino acids

Most water-soluble vitamins
Fat & fat-soluble vitamins

Vitamin B12
Bile saltsIle

um
Je

ju
nu

m
Du

od
en

um

Oesophagus

Stomach

Salivary glands

Liver

Pancreas

Gall bladder

Sublingual
Submandibular

Parotid

Antrum

Corpus

Fundus

Small 
intestine

Large intestine

Secretions
Mucus

α-Amylase
Electrolytes

𝐻𝐻𝐻𝐻𝐻𝐻
Pepsinogens
Electrolytes

Mucus

Hydrolytic enzymes
𝐻𝐻𝐻𝐻𝑂𝑂3−

Bile salts & pigments

Hydrolytic enzymes
Mucus

T6

T7

T8

T5

T9

T10
a

T12
a

T11

L1

L2
Sp

in
al

 co
rd

M
ed

ul
la

Po
ns

IX
XI
X

XII

C1

V
VII
VIII

BC
NANTS

RTG

NPM NPL

NR

KFN

S4

Sup. mesenteric g.

Coeliac ganglion

Inf. mesenteric g.

Vagus

Organs

Lungs

Stomach

MSK

Colon

Heart

de Bono, Grenon, Baldock, Hunter (2013). Functional tissue units and their primary tissue motifs in multiscale physiology. J Biomed Semantics, 4(1), 22 doi:10.1186/2041-1480-4-22

Functional Tissue Units (FTUs)

http://dx.doi.org/10.1186/2041-1480-4-22


Neural connectivity: The NIH SPARC project

https://sparc.science



Functional Connectivity (FC) map 



Scaffolds

Mapping TH-IR innervation of the whole 
left atrium on the 3D heart scaffold

The 3D reference coordinate system for each organ is consistent across multiple species, 
to facilitate cross-species comparisons and the analysis of variation within a population.
ABI Mapping Tools — ABI Mapping Tools 0.1.0 documentation (abi-mapping-tools.readthedocs.io)

Mapping of CGRP-IR axon innervation 
on mouse stomach

https://abi-mapping-tools.readthedocs.io/en/latest/#overview


3D body scaffold



FC maps → BG network models → physiological function 

Safaei S, et al (2016). Roadmap for cardiovascular circulation model. The Journal of Physiology. doi:10.1113/JP272660

http://dx.doi.org/10.1113/JP272660


Organ models

Model reduction with ML/AI to produce surrogate models

Whole-body systems physiology BG/CellML model

Generic whole-cell BG/CellML model

FTUs incorporate small number of cell types

Model reduction with constitutive laws
Functional Tissue Units (FTUs)

Bone osteon Lung acinusKidney 
nephron

Liver lobule Lymph node

Organ scaffolds 
with embedded 
anatomy 

Tissue-specific
parameters

Cell-specific 
parameters

Clinical workflow
Personalisation with data from clinical imaging, physiological 
function tests, blood/saliva/urine tests, genetic tests.

Clinical images

Physiological function tests

Tissue biomarkers

Cell biomarkers
Genetics

From Physiome to
Virtual Human Twin 
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Thank you!
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