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The Cardiac Physiome

It began in 1628 !

William Harvey de Motu Cordis



He … proceeds with a numerical calculation, based on a 

quantitative estimation of the parameters and of their 

variation: the volume of blood in the heart, the volume of 

blood ejected from the left ventricle into the aorta at each 

contraction, the number of contractions in half an hour or a 

day.



Without the mathematics, the conclusion would not have been reached. But Harvey 

went even further. From the prediction of his calculation he proceeds to the key 

experiment. The calculation predicts that the body should empty itself of blood in 

half an hour if the blood is prevented from circulating:

“This is also clearly to be seen by any who watch the dissection of living 

creatures, for not only if the great artery be cut, but, as Galen proves, even 

in man himself, if any artery even the smallest be cut, in the space of about 

half an hour, the whole mass of blood will be drained out of the whole body”

This is the iteration between theory and experiment that is essential to success of a 

Systems approach today as it was already in Harvey‟s time.



1865
Publication of Claude Bernard‟s classic

Introduction à l’étude de la médecine 

expérimentale



On mathematics

“The most useful path for physiology and

medicine to follow now is to seek to

discover new facts instead of trying to

reduce to equations the facts which science

already possesses”

now



BUT
“the application of mathematics to 

natural phenomena is the aim of 

all science, because the expression of the laws

of phenomena should always be mathematical.”

Cette application des mathématiques aux phénomènes naturels est le but 

de toute science, parce que l‟expression de la loi des 

phénomènes doit toujours être mathématique. 

Il faudrait pour cela, que les données soumises au calcul 

fussent des résultats de faits suffisamment analysés, 

de manière à être sûr qu‟on connaît complètement 

les conditions des phénomènes entre lesquels on 

veut établir une équation.
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First heart cell model 1960



1960 : analysis of K+ channels in the heart
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Replotted from Hall, Hutter & Noble, 1963

Journal of Physiology, 166, 225-240



Model Construction 1960

INa

IK1
IK

ICl

Purkinje fibre Channels

NOBLE, D. (1962). A modification of the Hodgkin-Huxley equations applicable to 

Purkinje fibre action and pacemaker potentials. Journal of Physiology 160, 317-352.
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Brunsviga Model 20

5 msec in 8 hours 

Hodgkin AL, Huxley AF. A quantitative description of membrane current and its application to 

conduction and excitation in nerve. Journal of Physiology 117:500-544. 1952

→ 500 msec in 800 hours = 3 months !



Ferranti Mercury Computer, UCL 1960



Ferranti Mercury Computer, UCL 1960





Speed of Operation 

OF THE FERRANTI MERCURY COMPUTER 

The time required to add (or subtract) two floating-point numbers is 

only 180 micro- seconds, while two such numbers may be multiplied 

in 300 microseconds. A group of operations chiefly used for the 

organization of a calculation take only 60 microseconds. 

An important factor contributing to the high speed of operation is that 

there is no delay associated with obtaining any number held in the computing store.

In 1956 Approximately 104 

in 2009 we are aiming at 1016  

(10 petaflop machine being built by Fujitsu for RIKEN)



Early valve computers

EDSAC, Mercury, Atlas



Noble, 1960
Nature 188, 495-497



Nature‟s pact with the devil:

1. The good news

The inward rectifier potassium current

iK1   (Kir2.x)

guarantees energy conservation



Nature‟s pact with the devil:

2. The bad news

The delayed potassium current

iKr   (HERG + )

is highly promiscuous



Model Construction 2000
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Example of protein interaction in a cell model 

Reconstructing the heart’s pacemaker

Sinus rhythm generated by ion channel interaction

ICaL

IKr

Em

If is example of fail-safe „redundancy‟ 

Rhythm abolished when 

interaction prevented

Acceleration of sinus rhythm by adrenaline

All 3 protein levels up-regulated



Cell 

potential 

Protein

channels

Downward causation

Hodgkin cycle



NOBLE, D (2002) Nature Reviews Molecular Cell Biology 3, 460-463.

Unravelling complexity

Need to work in an integrative way at all levels: 

organism

organ

tissue

cellular 

sub-cellular

pathways

protein 

gene

There are feed-downs as well as upward between all these levels

Systems level

triggers of

cell signalling 
Systems level

controls of

gene expression 

Protein machinery

reads genes 

Epigenetic 

marking by 

all levels 



1997 

Launch of The

Physiome Project

of IUPS

http://www.physiome.org.nz 

At 1997 IUPS Congress in St Petersburg

Meetings at IUPS 2001, IUPS 2005, IUPS 2009
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Noble (2008) Genes and Causation 

Phil Trans Roy Soc A, 366, 3001-1015

The „genetic differential effect‟ problem

Most DNA knockouts & mutations are buffered



Noble (2008) Genes and Causation 

Phil Trans Roy Soc A, 366, 3001-1015

Assignment of functions to genes depends on observing differences in phenotype 

consequent upon changes (mutations, knockouts, etc.) in genotype. 

„It is a fundamental truth, though it is not always realized, that whenever a 

geneticist studies a gene „for‟ any phenotypic character, he is always

referring to a difference between two alleles‟ (Dawkins 1982).

The ‘selfish’ nucleotide!!



Hillenmeyer, M.E. et al (2008) 

The chemical genomic portrait of yeast: 

uncovering a phenotype for all genes, 

Science, 320, pp. 362-365.

Complete deletions of genes have no obvious phenotypic effect in 80% of cases

Yet 97% show an effect on growth under stress



Good example in heart: targeted knockout of 

ncx in mice (Phillipson)

Good example in heart: targeted knockout of 

ncx in mice (Phillipson)

Noble, D., Sarai, N., Noble, P.J., Kobayashi, T., 

Matsuoka, S. & Noma, A. 

(2007)  Resistance of Cardiac Cells to NCX 

Knockout: A Model Study., 

Annals of the New York Academy of Sciences, 

1099, pp. 306-309.



Noble (2008) Genes and Causation 

Phil Trans Roy Soc A, 366, 3001-1015

Solution to the „genetic differential effect‟ problem:

Reverse engineering from quantitative physiological  analysis



SA node model – ibNa & if

Example of „gene knock-out‟

Em

If

IbNa

20% 40% 60% 80% 100%

Noble, D., J. C. Denyer, H.F. Brown. & D DiFrancesco (1992). Proc Royal Society B 250: 199-207.



Pharmaceutical applications

PreDiCT project

Computational Models of the Heart 

and their use in assessing the actions of drugs (2008), 

Journal of Pharmacological Sciences, 107, 107-117



This example shows 

 effect of 90% block of IK alone (pure class III)

 effect of additional 20% block of Ica,L

Multiple site drugs:
QT prolongation without arrhythmia?



• Normal action potential

• Block of IK alone

• Partial block of ICaL



First specific persistent Na current blocker 

developed by CV Therapeutics (USA)

Ranolazine (Ranoxa)

January 2006 

Received FDA approval for treatment of chronic angina

May also be good anti-arrhythmic agent



Persistent iNa in guinea pig

Sakmann BFAS, Spindler AJ, Bryant SM, Linz KW, Noble D. 

Distribution of a Persistent Sodium Current Across the Ventricular Wall 

in Guinea Pigs. Circulation Research 2000;87:910-914

subendocardium (●)

midmyocardium (○)

subepicardium (▼) 



Simulation of new drug: Ranolazine

Noble, D & Noble, PJ, Heart, 2006, 92, iv 1-5

90% block of iKr

90% block of iKr + 50% block of ipNa

2006: Ranolazine given FDA approval for treatment of angina 



Sodium loading during activity

Block of ipNa

reduces loading

by 48.58%

Boyett et al

1987

Model



Arrhythmia mechanism 

Sodium overload 

Calcium overload

Calcium oscillations

Ectopic beats



Bassingthwaighte, J.B., Hunter, P.J. & Noble, D. (2009) 

The Cardiac Physiome: perspectives for the future, 

Experimental Physiology, 94, pp. 597-605.

We are optimistic that within the next 10 years multiscale

analysis based on automated model reduction will be

a well-honed tool in the hands of physiologists and

bioengineers. Over that time scale, we can expect a

significant number of important applications of the

Cardiac Physiome Project in the healthcare field.



Bassingthwaighte, J.B., Hunter, P.J. & Noble, D. (2009) 

The Cardiac Physiome: perspectives for the future, 

Experimental Physiology, 94, pp. 597-605.

What of the prospects of more fundamental

contributions to the conceptual foundations of biology,

i.e. the questions with which we began this article? It

is inherently hazardous to predict the development of

concepts. If we could, they wouldn‟t be predictions.

But we hope that by drawing attention to these issues

and indicating how the Physiome Project may also

contribute to the conceptual foundations of biology,

we will have encouraged adventurous physiologists,

mathematicians, engineers and computer scientists to

tackle those problems.



Some principles of Systems Biology

There is no privileged level of causality in biological systems

(multi-level analysis therefore necessary)

Natural selection is multi-level (Gould not Dawkins)

The levels are not equivalent because of non-linearity

Fourth principle

Theory of (biological) Relativity



Theory of biological Relativity

From Hunter et al. 2002 Pflugers Arch 445:1-9 



Based on the application of the principles of Scale Relativity to 

Systems Biology:

Auffray, C. & Nottale, L. (2008) Scale relativity theory and 

integrative systems biology 1. Founding principles and scale laws, 

Progress in Biophysics and Molecular Biology, 97, pp. 79-114.

Nottale, L. & Auffray, C. (2008) Scale relativity and 

integrative systems biology 2. Macroscopic quantum-type mechanics, 

Progress in Biophysics and Molecular Biology, 97, pp. 115-157.

Theory of biological Relativity

EXTEND Project



Further Reading

The Music of Life, OUP, 2006, Paperback 2008

www.musicoflife.co.uk

Genes and Causation (2008), Phil Trans Roy Soc A, 366, 3001-1015

Computational Models of the Heart 

and their use in assessing the actions of drugs (2008), 

Journal of Pharmacological Sciences, 107, 107-117

Bassingthwaighte, J.B., Hunter, P.J. & Noble, D. (2009) 

The Cardiac Physiome: perspectives for the future, 

Experimental Physiology, 94, pp. 597-605.

http://www.musicoflife.co.uk/




Some principles of Systems Biology

Genes do nothing on their own. They are simply databases.

(There is no „genetic program‟)

Physiological functions use many genes in collaboration 

Determining the level at which a function is integrated is 

one of the aims of Systems Biology 

First principle

Biological functionality is multi-level



Consider the number of combinations of r objects taken out 
of n objects. Then

nPr = n(n-1)(n-2) …… (n-r+1) = n !/(n-r) !

(Feytmans, Noble & Peitsch, 2005, Transactions on Computational Systems Biology, 1, 44-49). 



Illustrative calculation

Assume each function depends on 2 genes

(absurd, but still instructive)

Total number of possible „functions‟ would be

0.5 x 25,000 x 24,999

= 312,487,500

With more realistic assumptions about # of genes in each 

function, the figures are huge : at 100/function (~ 1.5 e302);

for all combinations  (~ 2 e166713)

10289

1072403 !



There wouldn’t be enough material 

in the whole universe for nature to 

have tried out all the possible interactions 

even over the long period of billions of years 

of the evolutionary process. 

(The MUSIC of LIFE chapter 2). 


