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Historical perspective on Physiome Project (1997 .. )
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http://www.opencor.ws/

The Physiome Model Repository (~1500 models)
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PHYSIOME Latest Research About Submit

Reproducible,
reusable models for
physiological
research

A theoretical model of slow wave regulation using voltage-
dependent synthesis of inositol 1, 4, 5-trisphasphate

The system of equations and figures
repr 1 in the current curatio

presented in Imtia: 2) are verified and

Reproducibility Study of Computational Modelling of Glucose Uptake
by SGLT1 and GLUT2 in the Enterocyte

Afshar et generated a computational model of nan-isotonic glucose uptake by

small intestinal epithelial cells. The model inc rates apical uptake via SGLT1 and
GLUT2, basolateral efflux into the b i

response to non-isotonic condit

T2 and cellular volume changes in

Reproducibility Study for a Computational Model of the
Neurovascular Coupling Unit
The mecha nd studied by Sten et

tic medel of neurovascular coupling was deve
. ion dats of mice under

Computational modeling of anoctamin 1 calcium-activated chloride
channels as pacemaker channels in interstitial cells of Cajal
a biophysical computaticnal model of anoctamin 1
system of equations and simulation results are

Spindle Model Responsive to Mixed Fusimotor Inputs: an updated
version of the Maltenfort and Burke (2003) model

The muscle spindle model presented in Maltenfort & Burke calculates muscle
spindle primary afferent feedback depending on the muscle fibre stretch and fusimotor

drive.

Editorial Board

Contact

Physiome journal

Physiome publishes mathematical models of physiological processes where the

experimental details have been published or accepted for publication in a

recognised ‘primary’ peer-reviewed journal in the field of physiclogical modelling.

A Physiome article provides a citable link between the published model and its

implementation.

Mathematical model of excitation-contraction in a uterine smooth
muscle cell

ght chain (

A kinetic model of B-adrenergic control in cardiac myocytes

The system of equations and figures presented in Saucerman et ol, 2003 are verified and
reproduced in this paper's curation effort.

A Quantitative Model of Human Jejunal Smooth Muscle Cell
Electrophysiology
< the first bi

The Poh et =
muscle cell (hISMC) e

paper desci cally based computational model
hysiclogy. The ionic currents are

nal Hodgkin-Huxley (

Reproducibility study of the Fabbri et al. 2017 model of the human
sinus node action potential

The sinoatrial node (SAN) is the natural pacemaker of the mammalian heart. It has been

the subject of several mathematical studies, aimed at reproducing its electrical response

under normal sinus rhythms, as well as under various conditio

Computational Modelling of Glucose Uptake in the Enterocyte

An implemented madel of glucose abserption in the enteracyte, as previously published

by Afshar et a.

) formalism or a deterministic multi-
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Computational Modeling of Coupled Energetics and Mechanics in the

Rat Ventricular Myocardium

A multi-scale al model of myocardial
ate metabolite king:

used data from a rat model of cardiac dec

synthesis, ATP h
sation and failure.

= muscle cramp, 3 prevention and reversal, by investigating
nand cramp, in calcium regulatory networ

risan with the original modsl.

Incorporation of sarcolemmal calcium transporters into the Shorten
et al. (2007) model of skeletal muscle: equations, coding and stability
e describe a major development of the Sharten et ol (2007) model of skelstal muscle

hemistry and mechanics.

The cardiac Na*/K* ATPase: An updated, thermodynamically
consistent model

The Na+/K+ATPase is an essential
once er
 the ventricular myocyt

extracellular potassium accumulation during ischaemia, demor

recapitulate 2 wide range of experimeantsl data, but unfortu

inal manuscript.

regulation
g ceks
to make that model, and tf
avallatle in a reproducisle a
implementation that makes the model easy




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

. Energy based modeling: Port-Hamiltonians ... 0D version is Bond Graphs
. Use BG/CellML/SBML for all proteins to create a generic cell (.".. Reactome)

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

. Reduced models via physics-constrained Al (... surrogate models)

1

2

3

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

5

6. Systems physiology (control for homeostasis, etc) ... bond graphs etc
7

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

... and we need new instrumentation & new software engineering



Bond graphs: Energy & Power transmission
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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. 7E7 Systems Biology, 2015.
Gawthrop PJ, Cursons J and Crampin EJ. Hierarchical bond graph modelling of biochemical networks. Proc. R. Soc A, 471(2184), 2015.




Examples
A coupled electromechanical system

Electrical Mechanical Electrical Mechanical
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For 3D continuum problems: BG — Port-Hamiltonians

constitutive constants or relationships

" Solid mechanics ot FTF — 0: TU JooLij _
Meter - (Finite elasticity) ¢ | =fh f(e‘])

Fluid mechanics Vou=0: Du Jdu 1

_ (Navier-Stokes eqns) Dt — ot +uVu=—-——Vp—-V.(—vWu)
Entropy | Heat flow pC _ Ve — U (kDC
Mole Reaction-diffusion pt — + fs=V.(= )

_ P

Coulomb Electromagnetics V.E= el V.B=0 .
Candela ' _ _9Z2.

(Maxwell’s egns) VXE = 1 VXB= ‘u(] + EE)

Energy-based equivalent to bond graphs is port-Hamiltonians
For skew symmetric matrix /,| a’Ja = 0| and hence b =Ja = a’b =0

J is connectivity matrix for OD system, or J = GrOa d _l())w 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

Bond graph physiological models
Gated ion channel

q pH buffering with weak acids & bases
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Project with CWRU on SLC transporters (458 genes in 65 gene families)

SLC1:
SLC2:
SLC3:
SLC4:
SLC5:
SLC6:
SLC7:
SLCS8:
SLC9:

SLC18:
SLC19:
SLC20:
SLC21.:
SLC22:
SLC23:
SLC24:
SLC25:
SLC26:
SLC27:
SLC28:
SLC29:
SLC30:
SLC31:
SLC32:

High-affinity glutamate and neutral amino acid transporters
Facilitative GLUT transporters
Heavy subunits heterodimeric amino acid transporters
Bicarbonate cotransporters
Na*/glucose cotransporters
Na*- and Cl--dependent neurotransmitter symporters
Cationic AA transporter/glycoprotein - assoc AA transporters
Na+/Ca2+ exchangers
Na*/H* exchangers
SLC10:
SLC11:
SLC12:
SLC13:
SLC14:
SLC15:
SLC16:
SLC17:

Na*/bile salt co-transporters
Proton-coupled metal ion transporters
Electroneutral cation/Cl- co-transporters
Na*/S0% [carboxylate co-transporters
Urea transporters
Proton-driven oligopeptide cotransporters
Monocarboxylate transporters
Type I Na*/phosphate cotransporters

& vesicular glutamate transporters
Vesicular amine transporters
Folate/thiamine transporters
Type-III Na+/phosphate co-transporters
Organic anion and cation transporters
Organic cation/anion/zwitterion transporters
Na+-dependent ascorbic acid transporters
Na+/(Ca%+*—K*) exchangers
Mitochondrial carriers
Multifunctional anion exchangers
Fatty acid transporters
Na+*-coupled nucleoside transporters
Facilitative nucleoside transporters
Zinc efflux transporters
Copper transporters
Vesicular inhibitory amino acid transporters

SLC33:
SLC34:
SLC35:
SLC36:
SLC37:
SLC38:
SLC39:
SLC40:
SLC41.:
SLC42:
SLC43:
SLC44:
SLCA45:
SLC46:
SLC47:
SLC48:
SLC49:
SLC50:
SLC51:
SLC52:
SLC53:
SLC54:
SLC55:
SLC56:
SLC57:
SLC58:
SLC59:
SLC60:
SLC61.:
SLC62:
SLC63:
SLC64:
SLC65:

Acetyl-CoA transporters

Type II Na*-phosphate cotransporters
Nucleoside-sugar transporters

Proton-coupled amino acid transporters
Sugar-phosphate/phosphate exchangers

System A and System N Na*-coupled neutral AA transporters
Metal ion transporters

Basolateral Fe2*+ transporters

MgtE-like magnesium transporters

NH3/NH},C0, channels

Na*-independent, system-L-like amino acid transporters
Choline-like transporters

H*/sugar cotransporters

Folate transporters

Multidrug and toxin extrusion (MATE) transporters
Heme transporters

FLVCR-related transporters

Sugar efflux transporters

Steroid-derived molecules transporters

Riboflavin transporters

Phosphate carriers

Mitochondrial pyruvate carriers

Mitochondrial cation/proton exchangers
Sideroflexins

NiPA-like magnesium transporters

MagT-like magnesium transporters
Sodium-dependent lysophosphatidylcholine symporters
Glucose transporters

Molybdate transporters

Pyrophosphate transporters
Sphingosine-phosphate transporters

Golgi Ca2*/H* exchangers

NPC-type cholesterol transporters



Solution of BG/CellML model in OpenCOR and model reduction

SLC2A1
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Steady state flux
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Molecular modeling: SLC2A1 (GLUT1)

SLC2A1 structure from AlphaFold o

. 9%
., Ay
Filter by: Solute carrier family 2, facilitated glucose transporter member 1 j /\ % ‘:Q:‘ “:3},%}:& 7 Q
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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).



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

Genetic Protein Bond graph Component Physiome
sequence structure model of cell model journal
(Umbrella sampling) @ —APHYSIOME
7 PRsome
Phosphorylatlon
HUGO AlphaFold PMR PMR Physiome

Molecular modelling FAIR DO (NIDDK) project with CWRU & UCSD



A generic whole-cell BG modelling tool?

fon channels, exchangers & pumps
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Membrane receptors
Signalling pathways
Metabolic networks

Myofilament contra
Gene transcription
Cell division
DNA repair
Cell death
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CellML model for each reaction One system equation for all solutes =) & = ¢(r,K;,q))
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The tissue/organ/whole-body scales



Functional Tissue Units (FTUs) Wh
ole body
FTUs Organs Organ systems physiology

4 ) 4 )

Heart

-,

Lung acinus

Salivary glands

Machine learning ' 1
= surrogate models ‘%

Pla
OQF Sublinguai ™

. S—
I§ € Submandlbulp
Bone osteon Lungs X |
L :
e

Lymph node

Stomach

Colon
oeliacjganglion

Absorption
Ca2+ M92+ F€Z+
Monosaccharides
Disaccharides

Duodenum

Amino acids

Most water-soluble vitamins

Sup. mesenteric g.

—@
,_.Inf. mesenteric g.

Fat & fat-soluble vitamins

Jejunum

Vitamin B,,
Bile salts

lleum

)

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



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

https://sparc.science

Neural connectivity: The NIH SPARC project

Welcome to the SPARC Portal — Advancing bioelectronic
medicine through open science!

Our vision: Integration of Data, Knowledge, Computational Modeling, and Spatial Mapping for the peripheral nervous system
will greatly advance scientific understanding and will deliver significant impacts for clinical medicine.

What can | do with Maps?

Anatomical Connectivity

The Anatomical Connectivity (AC) flatmaps show
physical connectivity derived from SCKAN in an
anatomical schematic context

Functional Connectivity

The Functional Connectivity (FC) flatmap
provides a visualisation of semantic connectivity
and a future interface to ANS models.

3D Whole Body

sl

i

The 3D whole-body shows physical connectivity
derived from SCKAN in an anatomically realistic
context.

Find Data by Category

Stomach Urinary System

¢ . |
p | Pulmonary Pulmonay
r . Veins
¢ Veins D)
P 9

Nerves & Ganglia

What Can | Do with SPARC?

Browse, View, and Get
Data and Models
Freely use curated experimental

data, protocols, and models of the
autonomic nervous system.

Find Data and Models

Q

View 2D and 3D
Anatomical Maps
Discover relationships and datasets

with interactive connectivity maps
featuring different species.

[ = |

Create Computational
Pipelines

Connect to the 0?S?PARC platform

to build and explore modeling and
data analysis pipelines.

Discover 0°5*PARC

A
=

Include SPARC in your
proposals

2023 NIH Data Sharing Policy is in
effect now. Requirements are met
when your grant includes SPARC.

Request SPARC Services




Functional Connectivity (FC) map

Species

Functional

Neuron in inferior mesenteric
ganglion neuron (kblad)
(ilxtr:neuron-type-keast-3) CN:
Inf. mes. g.
(UBERON:0005453)/BRAIN &
NERVOUS SYSTEM CN:
Bladder dome/fundus
(UBERON:0006082)/Bladder
(UBERON:0001255)

ORIGIN

nferior mesenteric ganglion

COMPONENTS

NN N B N<N<]

ent) neuror

Sympathetic ganglionic

NN NN N<]

Sympathetic
B — arterial

B — Venous blood vessel




Scaffolds

(Human) (Mouse)

Mapping TH-IR innervation of the whole = Mapping of CGRP-IR axon innervation
left atrium on the 3D heart scaffold on mouse stomach

Data Embedding

Data on scaffold

Data with fitted scaffold material coordinates

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.

ing Tools — ABI Mapping Tools 0.1.0 documentation (abi-ma


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

3D body scaffold




 ABAN
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. il
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Safaei S, et al (2016). Roadmap for cardiovascular circulation model. The Journal of Physiology. doi:10.1113/JP27266(



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

Clinical workflow |

t Personalisation with data from clinical imaging, physiological

From Physiome to _ 2 rom _
. i function tests, blood/saliva/urine tests, genetic tests.
VI rtu a I H u m a n TWI n Whole-body systems physiology BG/CellML model

Physiological function tests

a

f Model reduction with ML/AI to produce surrogate models

Organ models

Organ scaffolds
with embedded
anatomy

Clinical images

f Model reduction with constitutive laws
Functional Tissue Units (FTUs)

Liver lobule Bone osteon Lymph node Lung acinus Tissue bioma I‘keI‘S

t t t FTUs incorporate small number of cell types

Generic whole-cell BG/CellML model

a

Tissue-specific
parameters E>

Cell biomarkers

Cell-specific Genetics

parameters e - |||

A
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