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CHAOS: A MECHANISM FOR HUMAN DISEASE*

W. M. Bisset, Department of Child Health, University of Aberdeen

INTRODUCTION

‘In the beginning God created the heaven and earth and the earth was without Jorm or void ang
darkness was on the face of the deep’.

Genesis, Chapter 1; Verse 1

The Bible tells us that at the time of the creation there was great disorder and
darkness over the earth. As the earth developed it became more ordered and life
as we know it today evolved.

In 1681, Sir Thomas Burnett, depicted the history of the earth in his
publication Telluris Theotia Sacra. He saw the earth initially as a chaotic liquid
which evolved through the phases of the pristine earth and flood into the earth as
we know it today. He predicted that in the future, following the conflagration
and the millennium, the ultimate fate of the earth was as a star. Again there is the
clear vision of a world where order has arisen from the chaos of creation.

During the 17th, 18th and 19th centuries scientists tried to understand how
the order of the natural world which they saw around them had arisen and
promulgated scientific laws to describe and predict the behaviour of the universe.
Prominent among these was Isaac Newton who in 1687 published his Mathemati-
cal Principles of Natural Philosophy which outlined the laws of movement and of
gravity. The work of Newton and other scientists led to a view of the world
which described how order had arisen out of the disorder of creation,! and in
which natural events were governed and predicted by mechanistic laws. This
view soon extended into medical science where order became equated with
concepts of health and disorder with disease.

The Newtonian view of the world has been overtaken during the 20th
century by the emergence of quantum physics and the theory of relativity and by
a greater realisation of the uncertainties and difficulties of predicting the behav-
iour of the physical world. More recently, efforts to understand and predict the
behaviour of a whole range of turbulent and apparently random natural events,
ranging from tornados to population explosions, has led to the development of
so-called ‘chaos theory’.2:3 Chaos theory has provided new models to explain
why and how complex and chaotic activity may arise from apparent order, why

natural events and systems may fail to behave in a regular, predictable manner
and why the consequent irregularities which arise in natural systems make the
prediction of future events very difficult. Chaos theory has also led to an
appreciation that apparently disordered and unpredictable natural events do in
fact contain an internal and predictable complex order which is clearly dis-
tinguishable from either regular cyclical activity or random noise. This complex,
but ordered activity is referred to as ‘chaos—an unfortunate term since it
erroneously suggests a vision of complete disorder. Although chaos is a universal

phenomenon, its role and importance in health and disease is only now becoming
appreciated.

*The Twentieth Croom Lecture delivered at the Symposium on Medicine Through the Age
Groups: Paediatrics to Old Age held in the College on 15 October 1993.
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POPULATION AFTER 100 GENERATIONS
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FIGURE 2

The final population, using the formula in Table 1, after 100 generations, with a reproductive rate

between 0 and 4. (a) When the reproductive rate is <1 there is eventual extinction of the species,

between 1 and 2-7 there is an increase in the final population and above 2-7 there is instability from

year to year with initial bifurcation followed by chaos. (b) Magnification of the same data as in (a)

from 3-5 to 4 clearly shows the complex patterns of activity which can develop in an apparently
simple model of a biological system.

TABLE 1
The characteristics of a chaotic system

(1) non-linear system

(2) show period bifurcation as prelude to chaos
(3) have irregular periodicity

(4) are exquisitely sensitive to initial conditions

obtained. If necessary, this process can be repeated in multiple dimensions. Using
this method of analysis, the internal order of apparently disordered one dimen-
sional data can be identified and represented. An example of this is shown in Fig.
3 where a trace of a chaotic region of the equation shown in Fig. 1 is plotted in
both one and two dimensions. The first, one-dimensional plot, shows apparently
disordered fluctuations in population size, while the second ‘altered phase’ graph,
plotted in two dimensions, shows clearly how the same data is confined within an
ordered pattern. This geometric pattern in which the chaotic signal is confined is
referred to as a strange attractor. This is an example of a system with a fairly low
level of chaos whose order can be demonstrated by embedding the data in a
small number of dimensions. In more complex systems, the data can be embed-
ded in higher dimensions and analyses by computerised techniques to reveal any
underlying order. Through this technique?® which is referred to as correlation
dimensional analysis, it is possible to define the number of state variables needed
to describe the steady state behaviour of a time series. Regular signals, such as a
sine wave, have a dimension of 1, while chaotic systems are characterised by a
non-integer dimension >1 with more chaotic systems having increasing dimen-
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(a) A time series plot, calculated from the formula in Table 1, f01: a rep}'oductlw,ie .ratefof n31-7(; ns:xo:;l:

over the first 100 generations. Their is an apparentlyf randpm variation in polzllil ation rol one ylOt

to the next. (b) If the same data (over 500 generations) is presented as a 2 dimensional p p
(x against x+1) the order within the data can be clearly seen.

TABLE 2 ) ) .
The techniques used to detect and measure chaos in physiologi-
cal time series

Technique Result
1. Examination of time series Plfurcat19n
irregularity
2. Phase plotting strange attractor
. regular integer
3. Dimensional analysis chaos non integer
noise infinity

!
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| that the white blood count in patients with chronic myeloid leukaemia Varieg
I with an apparent period of 70-80 days.! Closer examination however reveals
[ that this variation is not regular and they have suggested that the irregularity in
I the blood count arises through chaotic mechanisms. Although the exact defect

I}r generate very complex responses in simple system. Glass and Mackay have showp
|

———— 1 second

responsible for this activity is not known, it has been postulated that disruption tq
’ normal feedback controls may be responsible. As already shown in the example
of population growth,* very small changes in feedback parameters can have
/ f major effects on the dynamics of control processes. In the leukaemic patient such

changes have a very dramatic disruptive effect on the mechanisms which nor-

mally maintain steady white cell numbers.!> The same authors have also sug-

V’ gested that the efficacy of medical treatment may also be effected by the
unpredictable variability in white cell number and that the timing of treatment, ,
relative to the blood count may be of importance. The possible role of chaos in 1 !

‘ voluntary human control was investigated by Beuter who developed a system for ' --"

" f modifying the time delay in the feedback loop between the subject’s eye and 3 ' ,,——"—\ a« .

finger.!3 The position and movement of a subject’s finger was sensed by trans- V(1+27)

0 ducers and displayed, after a defined time lag, on the screen of an oscilloscope. '

The subject was then asked to maintain the finger in a steady position while |

| observing the movement of their finger indirectly on the oscilloscope. The ¢

\ 1 V(ttT)

| oscilloscope was used to introduce a lag time between the actual movement of 120) o 4?\\\
i the finger and its display on the screen. When the time lag in the visual feedback \,\"‘q'!g:’ﬁ.\\\ PN
! pathway was increased, increasing tremor and eventually chaotic movement was ".";':!l,’!"‘&' |
‘ induced in the subject’s finger. The author postulated that this model was X '\.E\\.‘ 7 ‘{
analogous to the situation in Parkinson’s disease where disease of the nigra striatal ‘ |
| system leads to a similar delay in feedback of normal physiological cues and o
| development of the typical tremor. Traces made of movement of patients with a =315
[\ Parkinson’s disease were very similar to those observed in the experimental FIGURE 4
|

model.

Excitable cells are characterised by having an intrinsic rhythm which can be g
perturbed either by electrical stimuli from an external source or from an adjacent
excitable cell. Such cells are seen in the myocardium of the heart, in neurones k]
within the central and autonomic nervous system and also within smooth muscle &
cells in vascular and intestinal tissues. Experiments have shown that in embryonic
myocardial cells this normal spontaneous rthythmic activity can be perturbed by
the injection of electrical current and depending on the magnitude and the phase

om an adult during a petit mal attack. (b) A 3 dimensional phase plot of the

O A s data is viewed from different angles

same data as (a) clearly shows order within the attractor. The d‘ e a1 Raproduced with
and represented in 2 dimensions. This attractor has a correlation dimens .

the permission of A Babloyantz.!” |

. . e it mal
in other excitable systems including electroengcphalographu; actlv;t7y 1nd p(lezlcttrical ‘
seizures, which has the features of low dimensional chaos (Fig. 4),'” and e

activity of the human stomach.'8

e e

of the stimulus (timing relative to the spontaneous activity) it is possible to induce
chaos in this normally regular system.'* Similarly it was also shown that the
injection of a very large current could revert a chaotic system to a regular
thythm. This behaviour in a model of excitable cellular activity is not dissimilar
from the circumstances of ventricular fibrillation (VF) that may be induced in a
patient who is cardioverted during the incorrect phase of the cardiac cycle or to
the use of defibrillation as a tool to convert a patient from VF back to sinus
thythm 1516 The transition of the system from one steady state to two steady
states (bifurcation) and then to chaos is seen in the electrical activity of the heart
where there may be a transition from a steady heart rate to steady variation in
the heart rate (bigemini), then with increasing irregularity leading to fibrillation
or chaos.>'6

Similar evidence had been found for the involvement of chaotic mechanisms

Ch d health . ‘ ‘ .
Th:osas‘;:llmption that instability or chaos in physiological systems equates with

disease is probably incorrect. In health, the ECG the EEG and t:he1 5],51(3G cssetlle;l::t::d
gastrogram) all show some degree of chaos. In 1987, Goldbergc.er1 icall) sace
that the presence of chaos may facilitate change. in some physio (;lgt theyde ree.
This hypothesis is supported by experiments which have shovarll.t fa the ds r;gd c
of chaos in heart rate variability decreases after severe myocardlah in zrc on and i
a predictor of poor prognosis. It has similarly been shox‘vn'lt' at :;rthf > gree
rejection following cardiac transplantatign,zodheagt rg:len ﬁiii;blt;:z E‘,r];; e hega e
in cardiac electrical activity is reduced. Su 1 he:
ig)f;ngrl;ll?; shows high-dimensional chaos which'steadlly redlllccsl asfx:lfacs)lsnlfcali?:c;
sleep. In epilepsy the EEG becomes more organised and the level o
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FIGURE 5

Titian’s “The Three Ages of Man’. Duke of Sutherland Collection, on loan to the National Galler
of Scotland. Reproduced with the kind permission of His Grace. ’
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A schenptic representation of life, devised by F. E. Yates.2! During development, i i

cox:nplfemty ;%nd chaos in physiological control leads to increased health and reI;istanc’e ?oc f?aSITIIg

With increasing ag.c‘this chaos is lost and resistance to disease falls. Reproduced from?26 witl;:s‘tlht.
permission of Springer Publishing Company, Inc., New York 100012. © :
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neurones start to discharge in synchrony. It seems clear therefore that in some
physiological systems such as the brain and heart, chaos is a normal physiological
feature and that loss of this inherent variability may compromise normal func-
tion.!”7 The previous use of linear techniques such as frequency analysis by
Fourier transformation, which is based on the expectation of finding sinusoidal
activity, has led to flawed ‘mechanical’ models of physiological control systems
which underestimated their complexity. The application of chaos theory to
biology provides the opportunity for realising the true complexity of physiologi-
cal control systems.

The role of chaos within individual cells and in individual organs such as the
heart or the brain has been described above. The concept can however be
extended to examine the function and behaviour of the individual as a whole
and, as has already been described, to the growth of a whole population.
Although the scale is different, the interaction and feedback from many indivi-
dual components within the system determines the behaviour of the whole. In
Titian’s “The Three Ages of Man’ (Fig. 5), the major differences in both form
and behaviour which occur in all humans as they develop and age, can be clearly
seen. Between the time of conception, our birth and eventual death there are a
great many changes, not only in our outward physical appearance but also in the
nature and complexity of the many controlling systems whose combined action
maintains health. It has been postulated®! that as we develop and mature, healthy
development is associated with an increasing level of chaos in each of our
chaos in this normally regular system.'# Similarly it was also shown that the
component physiological systems. A certain level of chaos, or as Yates?! de-
scribed it, ‘vitality and health’, is needed before the individual can function
independently (Fig. 6). Indeed, there is preliminary evidence that in the very
young infant, normal healthy development is synonymous with increasing com-
plexity and flexibility of control.222# With increasing age however, there is loss
of complexity of control leading to a steady downhill course that ultimately ends
in death. This hypothesis is supported by the fact that the complexity, of both
anatomical structure and physiological control, gradually reduces with increasing
age.25 The loss of heart beat variability, variability in the spectral range of the
EEG and the branching structure of neuronal dendrites are just a few examp'les of

this phenomenon.

CONCLUSIONS

When we measure physiological variables our eye is generally drawn to the
regular patterns of activity and tends to ignore irregular activity which may be
difficult to describe or to quantify. With the applications of chaos theory it is
clear that there is irregularity in most physiological controls which has been
previously disregarded but may in fact contain much valuable information about
the system under study. It is now possible to analyse this in a meaningful manner
and much data which was previously destroyed or disregarded can now be
interpreted. Much of our present understanding of medicine and physiological
control has now to be redefined. The relatively simplistic version current up till
now no longer adequately represents how the human body responds in health
and disease. Chaos appears to be an intrinsic part of normal physiological control
and with the increasing application of chaos theory to research our previous
conceptions have to be re-examined. Chaos theory offers the potential to enhance
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further our understanding of the factors which control and influence the develop-
| ment of both health and disease in the human.

MANAGEMENT OF HYPERGLYCAEMIC EMER GENCIES*
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gluconeogenesis and inhibition of peripheral glucose uptake by c01l'tlsolg, thg
catecholamines and glucagon acting as counter—r.egu‘lato.ry hgrmones‘. G ucagon is
of particular importance; circulating levels rise in 11?suhn deficiency I(_:llesplte
hyperglycaemia,” the rises in cortisol and catechplarpnzei occur lz}ter. Typer-
i i 9 and residual insulin
glycaemia per se decreases peripheral g@ucose .utlhsatlon .
secretion, 10 creating a vicious cycle of increasing plasma gluc.ose concerllltratllon.
Hyperglycaemia leads to dehydratign, apd eventually hypotensmﬁ, as well as tohs;
of electrolytes through osmotic diuresis. The dehyd}'atlon further wli)rsfc_nsther
hyperglycaemia through poor tissue Rerfuswn, reducing glt}cose uptake further,
and delaying absorption of any remaining .subcut.aneous insulin. |
Insulin deficiency coupled to high circulating leve}s of counter-regu ator};
hormones results in unrestrained lipolysis, with a large. increase in the supply o
non-esterified fatty acids (NEFA) to the liver. Lack of 1nsul.1n at}d high gl.ucagon
levels combine to switch NEFA metabolism from re-esterification to oxidation,

*Based upon a lecture deliveredby K. G. M. M. Alberti at the Symposium on Medicine through
the Ages: Paediatrics to Old Age held in the College on 15 October 1993.
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