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The Challenge
s NTERPRETATION
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It's even worse than that...

Getting from... To...

Part # Description

100-306 Master Cylinder Body Left
100-223 Master Cylinder Body Right
225-777 Cartridge Assembly

100-876 Lever

101-888 Adjustable Bushing

332-863 Master Cylinder Bleeder O-
444-754 ring

100-328 Master Cylinder Bleeder Screw
100-111 Cartridge Gasket

274-000 Clamp Nut

273-875 Clamp Screw

273-876 Lever Pivot Pin

700-201 Lever Pivot Retaining Ring
700-202 Wave Washer

202-343 Jam Nut

209-876 Compression Bushing
209-875 Hose Nut

209-874 Nose Cone

300-888 Hose

503-987 Push Rod Seal

503-972 Bladder Retainer
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But, a static picture is not
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Outline

« Steps towards a biological “Theory of Everything”
— What would it take to get there?
» Challenges to modelling: getting the data, doing the computations
— How would we know we'd got there?
« Completeness, accuracy
* lllustrative examples
— Biological pathways as graphs

* Inferring pathway graphs from data
» Global properties of graphs: robustness and evolution
— Integrative whole-organ modelling
* The “Human Physiome Project”
* Inferring whole-organ behaviour from molecular and other data

— Super-organism modelling
« Some Implications

— Drug discovery

— “Wellness”

— Environmental
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Q: What's the difference between a
live cat and a dead one”?

A1: an alpha particle

. Systems Biology!
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A long time coming...

1. Prolegomena. An IUBS Symposium edited by C. H. Waddington
TMAMAIADMNC
- TOWARDS
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An|UBS Symposium edited by C. H. Waddington
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Elements of Systems Biology

« Understanding of
— Structure (components and structural relationships)
— Behaviours and their phase spaces
— Factors controlling states and behaviours
— Methods for controlling systems and influencing/synthesizing
desired behaviours
* Main subjects
— Genetic regulatory networks
— Signal Transduction Networks Pathway Models
— Metabolic networks
— Organ/organism/super-organism physiology
* biochemistry in structural context
* inter-cell, inter-organism communication

From Kitano (2000)
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Biology as an “Information Science’

“Genes can only specify the properties of the
proteins they code for, and any integrative
properties of the system must be

‘computed’ by their interactions.”

S. Brenner (emphasis added)

“We need to design a theoretical framework
that can take account of the flow of
iInformation through biological systems.”

S. Brenner (emphasis added)




"So few genes, so many
functions?”

Gene function not directly specified in the code

Genes may play multiple roles, and code for multiple proteins
— splice variants, post-translational modifications, RNA silencing, ...
» Extreme: 1 gene = 38,000 proteins in Drosophila

Highly non-linear relationship between genome size and
functional complexity: many functions result from cooperation
between multiple genes;

— for n genes and r genes/function there are
nPr = n(n-1)(n-2) (n-r+1) = n !/(n-r) ! possible functions

» 2 genes/function = 0.5 x 40000 x 39999 = 799,980,000 possible
functions

« 100 genes/function ~ 1039 possible functions()

Re-use of functional “modules”: nature has only explored a
small sub-space

Functions depend on extra-genetic factors (water, etc.)
Feytmans, E., Noble, D. & Peitsch, M. “Genome Size and Numbers of Biological Functions,” Trans. Comp. Systems Biology 1:44-49 (2004)
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Basic Challenges

* Experimental:

— Developing non-invasive techniques for measuring
In vivo parameters down to the sub-cellular level,
with appropriate accuracy

« Computational:
— Multi-scale, multi-source, multi-physics modelling
— Unifying frameworks (models, ontologies)

— Interactive visualization of complex temporal data
sets: “modelling at the speed of thought”
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Experimental Challenges

Need for tight (two-way) coupling with experimental
work

Accuracy of measurements: PCR is noisy, low copy
number, thermodynamic effects, stability, statistical
criteria

|dentifiability/Controllability: what could we possibly
observe/control?

Importance of structure (cytoskeleton,
compartments): need for high-spatial resolution intra-
cellular measurements (e.g. FISH, reporter genes)

Need kinetic data under uniform conditions
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How Much Data Do We Need?

No framework for deciding when a model is complete or consistent
with data

How much accuracy is “enough”?

Atomic
Maolecular
Biomolecular
|discrata)
Biomolecular

| statistical )

Biomolecular
|steady-stata)

Boolean

Call ¢ at timea ¢
Call ¢ at timea ¢
Cell ¢ at tima

Biochemically
aquivalent cells

Ganatically equivalent cells,

similar growth conditions,
steady state
Ganatically equivalent cells

Organism
Applicable Rules

Physics

Chemistry M. pneumoniae
E. coli

T r . T il el " &
Maolecular mechanic H. sapiens

by differential equati
Flux balance, physic ™
and chemical constr: &<

g (=31 The
Genetic and metabao ! . The upper bo
‘circuits’

o Pty reerrlia lly swith K, making it the

Selinger et al. Trends in Biotech. (2003)
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Multi-scale Modelling

Atom Protein Z Tissue Organ Organism &
10-12m 10%m 107m 100m organ system

R T

G

5

ene networks  Pathway models  Stochastic models ODEs Continuum models  Systems models
(PDEs)
Physiome Project

1
m

HGP/Transcriptome/Metabolome/Proteome

19,000+ - 100,000+ _ 200+ cell _ 4 tissue - 12 organ - 1
genes proteins types types systems body

1065 )35 1005 103s 1055 10%

Molecular events Diffusion Motility Mitosis Protein Human
{1on channel gating) Cell signalling nnover Lifetime
Adapted from P. Hunter, P. Robbins, D. Noble “The IUPS human physiome project” Eur J Physiol 445:1-9

(2002) and P. Hunter “An Update on the Human Physiome Project,” in Proc. [UPS Satellite Workshop on
Computational Physiology, San Diego, CA (2005)
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Multi-source Modelling

anism (7) Circulatory system

Respiratory system

Musculo-skeletal system

SKkin (integument)

Digestive system

Central nervous sysiem
Organ system (6) Endocrine system

Lymphoid system
Male reproductive system

Female reproductive system

Special sense organs

Organ (5)

Muscle tissue
Tissue (4) Nerve tissue
Connective tissue
Epithelial tissue
Blood

Structure

7. W Genome 2
Protein j =r Molecule (2)
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P. Hunter, P. Robbins, D. Noble “The IUPS human physiome project” Eur J Physiol 445:1-9 (2002)
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Multi-physics Modelling

Genome Transcriptome Proteome/ Metabolome Cellome Physiome
*Genes «Gene expression sCompartments <Whole
ePromoters <Genetic networks eTransport organ

=Signal trans- models
duction

=
S
S
S
O

-Sequence <*Clustering «ODEs «ODEs
homology *SVD/PCA <PDES «PDEs

Pattern =Random Boolean -Graph- =Reaction-
recognition ~Nets theoretic Diffusion

~Markoff =Petri nets -Ontologies =Finite

models Graph theoretic element/
eBayesian nets boundary

eMutual eOntologies
information
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Modelling Methods

Continuous

Deterministic Stochastic

DlSC rete Copyright © 2006 Proteus Associates




Networks

“The emergent theory that describes how non-biological networks

constitute themselves, how they react dynamically to perturbations
and how their behaviour translates into predictable and measurable
properties of the system... should provide a general theoretical
framework for systems biology.” Rudi Aebersold (2005)
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Hierarchies of Networks

Biological Systems

|

Interaction Networks

|

Bl General Theory of Networks

(Condensed-matter physics!)
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Properties of Biological Networks

Degree distribution

— frequency distribution P(k) of nodes of
degree k

Random: P(k) follows a Poisson law
Scale-free: P(k) follows a power law

“Small world”: average separation
between nodes is small compared to
the overall size of the network
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Properties of Biological Networks

“Rich get richer”: likelihood of attachment to a
node is proportional to the node’s degree

Evolution of “hubs”
— Trade-off between diversity and robustness

Scale free networks are
— Robust against random failure but not loss of hubs
— Low congestion/efficient transport/energetics

Move away from looking at single protein
functions to studying networks of interactions
(protein complexes)
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Robustness & Evolution

* Uneven degree connectivity makes networks resilient to

mutations
* Importance of feed-back/-forward loops in network

stability

— But, sometimes rare perturbations lead to catastrophic failure

Not robust to turbulence Robust to turbulence, but
fragile to power failure!

» Modularity: maintain function by localizing damage

Copyright © 2006 Proteus Associates




Importance of Notation

 Visual

www.sbgn.org

« Computational

SU(3) x SU(2) x U(1)/Z

Copyright © 2006 Proteus Associates WWW.Ce||m|.Org




Epidermal Growth Factor Receptor Pathway Map s

» Pathway fiiférence:
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\BML Systems Biology
Markup Language

 Machine-readable, application-neutral
format for representing computational
models in systems biology

— Expressed in XML

— Intended for software tools
» Supported by >90 modelling packages

* API, Conversion tools (KEGG, CellML),
Mathematica/Matlab plugins

www.sbml.org




\BML Systems Biology
Markup Language

* Focus: systems of biochemical reactions
QA + BB _JIABLAT)

ﬂc +vD f(CLIDLIELY) ) pE + n 12

 Also include:

« Compartments
* Rules/constraints
* Discrete events

Compartment  Molecular species Reaction
Source: M. Hucka, CalTech
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\BML Systems Biology
Markup Language
» Level 3 Model (forthcoming) adds:

— Graphical layout of models
— Model composition (submodels)

— Multistate complex species
— Arrays of elements
— 2-D & 3-D geometry




Computational Pathway Inference

ANOVA, hierarchical and k-means clustering,
discriminant analysis, SOMs, SVMs

Different methods give divergent results
Data quality a major issue

Mutual Information Methods
— Systematic analysis of mutual information in

— Boolean network state transition tables to extract minimal
network architectures (“reverse engineering”)

— Performs well for “low-k” networks (small number of inputs per
gene); being extended to higher-k

— Impact of measurement errors?
Correlation Metric Methods

— Use a time-lagged correlation metric as a measure of distance
between reacting species
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Pathway Analysis: BioCyc

206 pathway databases, derived from Qualitative simulation by symbolic

literature and by computation www.biocyc.org computation on the network:
— represent network as a set of

“‘production rules” A"B —»X

— answer questions such as “can
this network produce X?”
384T 2% B

23038500 @ % PathoLogic: pathway inference from
AL 8 whole genome data
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P. Karp, Science 293 (2001)
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Pathway Analysis: PathBlast

* Function prediction by cross-species
protein sequence matching

Bacterial pathogen

(Helicobacter pylori)

T. ldeker www.pathblast.org

RN il T

Bacteria
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< protein sequence —
HP0303 Nogl

(oby) similarity

DNA repheation /protemn folding
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BioPAX: ontology and data
exchange format for pathways

@ Preparatory phase @ Payoff phase

5 Triose f

Kinase
6 Glyceraldehyde 8 Phosphoglyceromutase
i Fruetose diphosphate Dehyd Enolase
aldolase ydrogenase 10 Pyruvate Kinase

Metabolic
Pathways

Molecular
Interaction
Networks
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BIoPAX: so many databases

138 Biological Pathway Databases

Protein-Protein intsractions
ABGdb - Archeea and Bacteria ABC transporter database
TS - Aliance for Callular Signalling Molecule Pages

of Protains In
ASEdb - Alanine Scanning Energetics Database

and Expression
DDIB - Database of Domain Interactions and Bindings
DIP - Database of intsracting Protsins
DRC - Database of Ribosomal Crosslinks

DSM - Dynamic Signaling Maps
FIMM - Functional Melecular Immunclogy
FlyNets - FlyNets

FuslonDB - Prokaryote Gene Fusion Events
GPCR-PD-G recsptors protein database
GRID - General Reposiiory for Interaction Datassts
GroEL PP - Proteins thet interact with GroEL and factors

PIMdb - Drosophlla Protsin intsraction Map Databass
PIMRider - Protein Intsraction Map - Hybrigenics

PINdb - Proteins Interacting in the Nucleus database
PombePD - Schizosaccharomyces pombe Protsome

Databass

PPID - Protsin-Protsin Interaction Databass

PPIV (FANTOM) - RIKEN FANTOM Protein Protsin
Intsraction Viewsr

PQS - Protein Quatemary Structure database
Predictome - Predictome

ProChart - ProChart database of signal transduction
pathway Information

Prolinks - Prollnis

ProMesh - ProMesh Protein-Protsin Interaction Database|
ProNet- P!MIMD!HIH

MU)B - The 8/MAR transaction DataBase
Scansits - Scansite

SPID - Subtllis Protsin interaction Database

SPIN-PP - Surfaca Properties of Interfaces - Protein-

Protsin Interfaces

STRING - Search Tool for the Retrieval of Intsracting

Genes/Proteins
SYFPEITHI - Database of MHC Ligands and Peptide
Motifs

Indigo - Gene Nelghborhoods and Codon Usage

lmEru - Integrated relational Enzyme database
GG - Kyoto of Genes and

LIGAND Database of Chemical Compounds and

Reactions In Blological

Malaria - Malaria Parasite Metabolic Pathways

MetaCore - MetaCore pathway database

MetaCyc - Metabolic Pathway Database

MIPS CYGD - MIPS Comprehensive Yeast Genome

Database
MPB - Metabollc Pathways of Blochemistry
NetBlochem - Medical Blochemistry Resource

Signaling Pathways
AICS - Alliance for Cellular Signalling Molecule Pages
aMAZE - Protein Function and Blochemical Pathways

CSNDB - Cell Signaling Networks Databass

DOQCS - Database of Quantitative Celiular Signaling
DSM - Dynamic Signaling Maps

eMIM - Electronic Molscular Intsraction Map
GOLD.db - Genomics of

MetaCore - MetaCore pathway detabase

Application ..

e M ¥

Database

Motivation: Easy Pathway Data Integration

ser
WormPD - Caenarhabdis elegans Protsome Database Without BioPAX With BioPAX
YPD - Yeast Protsome Database
PATIKA - Pathway Analysis Tool for Integration and PathArt - Pathway Articulator
Metabolic Pathways Knowledge Acquisition PathDB - Pathways Database
llMZE Protein Function and Blochemical Pathways PDS - Pathways System Pathways Knowledge Bass - Ingenulty Pathways
PharmGKB - The Pharmacogenetics and Knowiedge Base
énl@crmahf:yu anhdqo Lllwy Pharmacogenomics Knowledge Base PATIKA - Pathway Analysis Tool for Integration and
CellML Reposlt -chMLMndel‘ it SBML Model Reposttory - SBML Model Repository FPDS - Pathways Database System
EcoCyc - Encyclopedia of E. coll Genes and Metabollsm  SoyBass - USDA-ARS Soybean Genetics and Genome | | PhosphoSits - Call Signaling Technology's PhosphoSits
EMP - Enzymes and Pathways Databass
ENZYME - Enzyme nomenciature database UM-BBD - B is/Blodegradat]
GOLD.db of Lipld d Disorders WIT - What |s There?

E
|
i
i
:
i

o

it

"
i
i
|
i

¢
§
i

SCPD - The Promoter Databass of Saccharomyces

|carevisiae
ITRANSFAC - Transcription Factor Database
ITRRD - Transcription Regulatory Reglons Database

|Protein-Compound Interactions
Het-PDB_Navi - Het-PDB Navi
MDE - Metalloprotein Database
NRR - Nuclear Recaptor Rescurce

Reguiatory Reglons ORDB - Olfactory Receptor Database
PDSP - Psychoactive Drug Screening Program K1
Database
BBID - Blologlcal Blochemical Image Database Rellbass - Protein-igand database query tool
- BloCarta Pathway Diagrams TTD - Therapeutic Target Database
BMPH - Bl 8y
Genetic Intsraction

MIPS GYGD MIPS Comprehensive Yeast
Database

MPB - MMcPuﬁwm Bbdwmlwy
NetBlochem - Medical Biochemistry Resout
PharmGKB - The Pharmacogenetics and
Pharmacogenomics Knowledge Base
SPAD - Signaling Pathway Database

Networks
BIND - Blomolecular Intsraction Network Database
GenaNet - Genetic Networks
GenePath

Database
MEROPS MEROPS Peptidass Database
NRR - Nuclear Recaptor Resource
ORDB - Olfactory Rmptar Database

sltes
REB.‘SE- Enzyme

m!m:mm«m
COMPEL - on

and

ne Database
Sentra - Sentra Signal Transduction Database
TGDB - Tumor Gene Database

DBTBS - Databass of Bacius subtlls
Factors

‘Transcription

DPintsract - DNA-Protsin [nteractions Database
GaNet - Gane Networks Database

HoxPro - HOX Pro

Interolog - Interolog/Reguiog Database

JASPAR - JASPAR Transcription Factor Binding Profile
Database

00TFD - Object Oriented Transcription Factors Database
PRODORIC - database of gene

Other
SEI.EX_DB leomlud DNA/RNA saquence database
\AARSDB

ntsraction Database
ProNIT - Thermodynamic Databasa for Protein-Nucleic
|Acid Interactions
TCDB - Transport Classification Database

B

nommns Database on Transcriptional Reguiaton and
Genome Organization

DPIDB - DNA-Protein Interaction Database

Pathway Resource List
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Database Exchange Simulation Model
Formats Exchange Formats

PS|-M| 2 Interactions CeIIML

Pro:Pro «— All:All _
Reactions

Rate
Molecular Interactions . ) Formulas
Biochemical

Metabolic Pathways

Small Molecules Low Detail <« »High Detail
Low Detail «— High Detail

J. Luciano, Semantic Web

Copyright © 2006 Proteus Associates . .
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Aggregation, Integration, Inference

1. Multiple kinds of pathway databases
metabolic
molecular interactions
signal transduction
gene regulatory

Constructs designed for integration
DB References
XRefs (Publication, Unification, Relationship)
Synonyms
Provenance (not yet implemented)

3. OWL DL — to enable reasoning

J. Luciano, Semantic Web

For Life Sciences Workshop (2004)
Copyright © 2006 Proteus Associates




BioPAX: use of other ontologies

Conceptual framework based upon existing DB schemas:
« aMAZE, BIND, EcoCyc, WIT, KEGG, Reactome, etc.
 Allows wide range of detail, multiple levels of abstraction

Uses pointers to existing ontologies to provide supplemental
annotation where appropriate

— Cellular location > GO Component

— Cell type - Cell.obo

— Organism - NCBI taxon DB

Incorporate other standards where appropriate
— Chemical structure > SMILES, CML, INCHI

Interoperate with existing standards (RDF/OWL, LSID, SBML, PSI,
CellML Metadata Standard)

J. Luciano, Semantic Web

For Life Sciences Workshop (2004)
Copyright © 2006 Proteus Associates




BioPAX Ontology

Summary of BioPAX Class Structure
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(ICSEETRTES

Store, search and retrieve

Release 1 Release 2 Release 3 Release 4

published mathematical (April ~ (June2005)  (July 2005)  (January
2005) 2006)

models of biological =

interests -----
Annotated and linked to | I I N
R | © | | - |
such as publications

’ Annotations 1084 1609 2373 3126
databases of compounds -----

and pathways, controlled
vocabularies, etc. Topic # models

MIRIAM: Minimumn
D etabolism

the annotation of —

biochemical models
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Whole-organ Models:

“‘Physiomics”




Organ Systems

LECT o [

tLﬂ‘q‘li' %'_' |

; | =
= i 1
: »

P. Hunter “An Update on the Human Physiome Project,” in Proc. IUPS Satellite Workshop on Computational Physiology, San Diego, CA (2005)
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Cardiac Modelling Domains

« Cardiac Myocyte Models
— Membrane currents
— Intracellular Ca** transport
— Excitation-contraction coupling
— Interval/force relationships

* Micro/Meso-scale Anatomical Structure
— Histological models
— DTMR imaging
— Electrical bundle/node geometry
— Vascular system dynamics

Copyright © 2006 Proteus Associates




Cardiac Myocyte

Hormaone receplors
.ﬁngimenﬁin I Adrenaline Haw materials
Glucose

Fatty acids

Amino acids

lon pumps and exchangers
Source: New Scientist
e Model of voltage-gated membrane
currents, membrane transporters, Ca®*
sequestration, intracellular Na*, Ca?* and
K+

= Voltage- and time-dependent behaviour
described by systems of non-linear ODEs
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Cardiac Myocyte Model

3Na 2K

200 ms

Bers Nature 415: 198-205 (2002)
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Modelling Ventricular Myocytes

I ion + I stim

Single Cell dV /dt = — :
' Cmn

I ion T+ I_Tﬂ}ﬂ

IV /ot = ——
| (- i

2-D continuous where Iy, 1s the externally applied stimulus current, G, is the cell capacitance

sheet of cells _
per unit surface area, p, and p, are the cellular resistivity in the x and y direction,Sy
and S, are the surface to volume ratio in the x and y direction, and ;,, is the sum
of all transmembrane ionic currents given by the following equation:

Lion = INa + Ik + Lo + Ikr + Iks +1caL + INaCa + INak +1 pCa 1 1 pK T Ipca + IbNa

Ten Tusscher K. HW. J., Noble D., Noble P. J. and Panfilov A. V. “A model for human ventricular tissue,”
Am J Physiol Heart Circ Physiol (December, 2003)
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Membrane Current

Model

Fast Na™t current: Iy,

Ing = (_;:‘.-‘i..,-’,_r;”".’.’r':I f?j(V — Ena J

)
L-type Ca*% current: I,y

VF?Ca;e?VE/RT _0.341Ca,
RT e2VF/RT _ |

Icar = Geard f foa

Transient outward current: I,

I GT{')f"g'[:V - EK)

Slow delayed rectifier current: Ik

Ixs = Ggox2(V — Es)

Rapid delayed rectifier current: Ik,

."—

Ixr = Ggy V ]Lf|'1f (V_EK:J

Inward rectifier K Y current: Ix

—

| K,
Iy = _—’LKIM[V Ex)

Y.
Na™/Ca*" exchanger current, Na™/K" pump current, plateau and background

currents

WE o LWV o
e’ Na;Ca, —e  ® Na,Ca;o

3 . “1)VF,
(K Nai ~|>Na ) (Kinca +Cay) (1 ‘|‘kmr< (y )

INaCa = kNaCa

K, Na; 1

Inak = Pnak

Ko+ Kng Na;+ Kipng 1 +0.1245¢ 0-IVF/RT 0.0353¢ VF/RT

I pCa I pK

Ca;

V —Eg
Ic, =Gy [ =G
pCa pCa Ca;+ K o pK IpK

[+ e(25-V)/5.98

background sodium and calcium leakage currents

Iva = GpnalV — Eng)

IbCa = GbCa[:V_ECaJ




Intracellular lon Dynamics

lieak = Vieak(Casp —Ca;)

V maxup
lf up

Lt

Caipy fe

. B Ca Ca Ca — 21 NaCa
dCa itotal / dr ——— -+t I leak — I up +1 rel

Ca srbufsr

dCagyoral .‘-""I di

dNa;/dt

. IK'I +lio+Ix — 2Unak + Ipﬁ' + Lstim — lax

dK;/dt V.F

Ten Tusscher K. HW. J., Noble D., Noble P. J. and Panfilov A. V. “A model for human ventricular tissue,”
Am J Physiol Heart Circ Physiol (December, 2003)
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Myocyte Model Parameters

3x107 myocytes/heart, each unique in
geometry, orientation

34 coupled non-linear ODEs/myocyte

Integrated using modified Runge-Kutta 4th-
order adaptive step algorithm

— Maximum step size = 100 psec
— Maximum error tolerance = 10°

Some processes have very rapid kinetics, so
use a stiff integrator (DVODE) to improve
performance




Myocyte Model: the calculated
Action Potential

——BCL=1000,
-+« «BCL=2000
— — BCL=5000

Endo

| | I | L I
200 300 400 100 200 300 400
time (ms) time (ms)

|
100

Ten Tusscher K. HW. J., Noble D., Noble P. J. and Panfilov A. V. “A model for human ventricular tissue,”
Am J Physiol Heart Circ Physiol (December, 2003) [BCL = “basic cycle length”]
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Myocyte Model: complex non-linear
phenomena

Ten Tusscher K. HW. J., Noble D., Noble P. J. and Panfilov A. V. “A model for human ventricular tissue,”
Am J Physiol Heart Circ Physiol (December, 2003) [BCL = “basic cycle length”]
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Whole-heart Modelling

& " 3D Heart
_ Reconstruction

i

Fiber
Visualization

. Electrical
£ Simulation

R. Winslow JHU
Copyright © 2006 Proteus Associates




Image-based Models

Tissue & Organ
Image-Based MModels

R. Winslow JHU
Copyright © 2006 Proteus Associates




Integrated Excitation Model

* Treat each myocardial domain as a
continuum: use average conductivity,
trans-membrane voltages

* Coupled parabolic and elliptic
equations which must be satisfied by
the myocardium and the surrounding
medium (can be reduced to a
parabolic reaction-diffusion equation)




Integrated Excitation Model
» Parallelized and solved on a 4-node x 8-
processor IBM SP Power3 using OpenMP
~250 um mesh = 3x10° |attice points =
3x107 coupled non-linear ODEs;

2.5 us time step; 30 ms cycle

Solved using:
— Forward Euler method

— 4t-order non-adaptive Runge-Kutta method

Parallelized by creating one sub-grid for
each processor
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Endocardial Fibers — FEM Model

Copyright © 2006 Proteus Associates

FEM Model
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R. Winslow, Johns Hopkins Univ.

Epicardial Fibers —
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Electrical Model

Geometry and fiber structure from DTMRI converted to a
computational domain over which PDEs governing the

spread of current in the myocardium were solved
R. Winslow (Johns Hopkins)
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From lonic Models From DTMRI
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Physiome Sciences, Inc.

3-D Heart

Normal Activation

Courtesy of R. Winslow/Physiome Sciences
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Heart in torso model




Modelling Arrhythmias

Physiome Sciences, Inc. Physiome Sciences, Inc.

3-D Heart 3-D Heart

Congestive Heart Failure Congestive Heart Failure
Higher Drug Dose

R. Winslow, JHU/Physiome Sciences
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But reality is more complex...
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Cell to Cell Coupling
e Cell Size
= Action potential Heterogeneity
e Fibrosis

C.S. Henriquez, S.F. Roberts “3D Microstructural Modeling of Cardiac Tissue,” in Proc. IUPS Satellite
Workshop on Computational Physiology, San Diego, CA (2005)
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Coronary Vasculature

* 1mm spatial
resolution for larger
vessels

e fractal model for
smaller vessels

Source: N. Smith and P. Hunter 1998
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Coronary Vasculature:
Simulating Ischaemia

Fig. 4. Left, the coronary :|r—

culation medel shown in

has been subjected to a
Fig, 3. Flow calculs- striction of one of the main
tions coupled to the branche ,“'d”'E- to blocked
deforming myocardi- bl]- »d flow in the regions col-
um. The color coding o 1e. Right, ,lmulatljn of
represents transmural [
re acting on the
s from ium overload of the kind that
occurs in ischemic tissue. Os-

cillatory calcium changes (bo

the myocardial stress
(dark blue, zero pr

5 red, peak pres-
sure). The deformation ]

states are (from left to calcium  exchange current
nghﬂ Zero  pressure, [r'r'li[jdl.'i:_":l leadin initiation
end-diastole, early systole, and late systole (26).

Noble, D. “Modeling the Heart: from Genes to Cells to the Whole Organ,”
Science 295: 1678 (2002)
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biology. math, data. knowledye.

Physiology

Organ systems
Organs

Tissues

Cells
Organelles
Proteins

Protein domains
Genes

Repository now contains >300 models
for:

« Signal Transduction Pathways

* Metabolic Pathways

» Cardiac Electrophysiology
 Calcium Dynamics

* Immunology

* Cell Cycle

» Simplified Electrophysiology

» Other Cell Type Electrophysiology

« Smooth and Skeletal Muscle

* Mechanical Models and Constitutive

HCtrac

Publications

" Simulation

interfaces or
packages

ey

Visualisations

from simulations

Experimental
data sets

AN

-

Peer review

www.cellml.org
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Some Implications

. Drug Discover and
“Wellness” ilks

— Metagenomlcs ‘super-
organisms”
* Intestinal microbiome
— 1000+ species, 1Kg = 10" cells
— Milk a “molecular cocktail”?
— Drug interactions with multiple
proteins e.g. arrhythmia

* Look for small molecules which can
alter behaviour of entire networks,
not single proteins Nicholson et al Nature Biotech 22:2268 (2004)
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Some Implications

* Understanding the planet

f’f__-“\‘v
— Meta-g¢ — ants
£ SEouene W GEsame”? Ty bes?
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s, 1.2 million
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Not quite there yet...

IS UMEIED AND TS A TEORY ST 1T'S NOT T
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Thank You!
Merci!
Danke schon!
Grazie!
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