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Abstract

From time to time, novel ways of interpreting and modifying ageing mechanisms are proposed. Occasionally,
these lead to a conceptual dead end, whereas at other times new and vital insights into basic ageing mechanisms
are gained. This review concentrates on one such way of interpreting and manipulating ageing processes, based
on chaos (dynamical systems) theory. One prediction of this theory is that a wide-ranging loss of physiological
complexity from molecular to cellular, and from tissue to organismic levels accompanies ageing and age-related
diseases. Although this view has been criticised, and arguments have been put forward to claim that there is also
an increase of complexity during ageing and dysfunction, this review holds that the interpretation of ageing as a
simplification of physiological dynamical complexity offers clear advantages. Ageing changes can be quantified
and the results of treatment monitored. Clinical benefits can be predicted and intervention strategies improved. Two
main practical suggestions for achieving successful ageing at the clinical level are examined. First, chaos theory
challenges the traditional pharmacological regimes and implies that, for maximum benefit, medication aimed at
modifying some of the signs of ageing should be given at irregular, pulsed or multiple intervals, and at constantly
changing dosage strengths. Second, for preventing age-related disability, it is necessary to introduce and maintain
a multiplicity of external and internal physiological stimuli, such as variable physical and mental exercise regimes.

Abbreviations: AGEs – advanced glycation end products; Apaf – apoptotic protease activating factor; ApEn –
approximate entropy; CT – chaos theory; DHEA – dehydroepiandrostenone; EEG – electroencephalogram; MDA
– malondialdehyde; MSE – multiscale entropy; PD – Parkinson’s disease

Introduction

No other recent development in mathematics has made
such an impact on scientific thinking as the theory
of chaos (Crutchfield et al. 1986; Glass and Mackey
1988; Kaplan and Glass 1995). This theory which,
according to some scientists, is at least as important
as Newtonian physics and quantum mechanics, is
gaining support from all walks of science (Skinner
1994; Rothe 1997). Chaos is defined as ‘stochastic
behaviour occurring in a deterministic system’ (Tsonis
1992). This apparently random behaviour has a sens-
itive dependence on the initial conditions and it is

sometimes called ‘constrained randomness’ (Smith
1998). In this respect, the word ‘chaos’ is not used
in the colloquial sense (meaning ‘a purely random
process’), but it is used in the mathematical sense
and means ‘apparent randomness generated by a
dynamical, deterministic process’. Chaos theory (CT)
bridges the gap between Newton’s classical determ-
inism (‘the future is determined by its past’), and
the theories of probability (‘the future depends on
some random way on the past but it cannot be deter-
mined’). Basically, CT studies complexity in nature. A
system may appear random (stochastic) but on closer
study orderly, purposeful and long-ranging patterns
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become evident. The sensitivity on the initial condi-
tions is crucial in CT and this concept has also been
incorporated in similar theories trying to explain the
dynamics of ageing (Gavrilov and Gavrilova 2001). A
key element of chaotic, random-like systems is non-
linearity (and therefore non-proportionality). Gold-
berger et al. (2002a) suggest that non-linear regulatory
systems are operating away from equilibrium, and that
maintaining constancy is not the goal of physiolo-
gical control. The overall behaviour of a non-linear
system is not the sum of the behaviour of its individual
components but it is a complex and seemingly unpre-
dictable behaviour, which is, in fact, quite predictable.
A dynamical, non-linear system is a deterministic
mathematical sequence whose state is defined at time
t by N values of variables (i = 1, 2, 3, . . ., N):

dxi

dt
= fi[x1, x2, x3, . . . , xN]

Based on the knowledge of the initial conditions it is
possible to predict the evolution of the system over
time. Also, by manipulating these initial conditions
and other parameters in mathematical equations, it is
possible to alter the evolution of the system and entice
it to operate in a certain direction. The altered system
may then result in pathology, or in normalisation (i.e.,
cure), depending on the direction of the intervention.
The idea that alterations of the dynamical proper-
ties of physiological systems can result in pathology,
gave rise to the term ‘dynamical disease’ (Mackey
and Milton 1987; Belair et al. 1995). Examples of
dynamical diseases include:
• Parkinson’s disease (Freeman and Tallarida 1994),
• heart rhythm irregularities (Wagner and Persson

1994; Makikallio et al. 2001),
• oestrogen release abnormalities leading to the

menopause (Krajnak and Kashon 1996), and
• epilepsy (Lehnertz 2000).

CT predicts that it is possible to manipulate and
control these diseases by applying the laws of non-
linearity. For example it was shown that a precise input
electrical stimulus can control an epileptic seizure
(Milton and Black 1995).

Ageing and CT

Almost two decades ago when CT was proposed, its
relationship with the ageing process was not imme-
diately obvious. It was known, however, that CT
has universal applications (Lewis and Rees 1985;
Yates 1987) and this prompted scientists to rethink

and re-evaluate their views regarding time-dependent
processes such as ageing. CT, being a mathematical
theory, has the ability to generalise concepts from
one situation to another, seemingly unrelated situ-
ation (Walleczek 1999; Edestein-Keshet et al. 2001).
Many phenomena connected with apparent random-
ness, particularly those related to ageing, can be re-
interpreted in the light of CT (Kyriazis 1990, 1992;
Straub et al. 2001). These phenomena are amen-
able to mathematical intervention in an attempt to
force the entire system (i.e., an ageing mechanism)
to operate more effectively, or to reduce its ability
to cause damage (Kaplan and Glass 1995; Soloviev
2001).

Fractals

Closely related to CT are fractals. These are objects
with fractional (i.e. non-integer) dimensions, irregular
objects which display self-similarities (Goldberger et
al. 1990). The estimation of a fractal dimension of
an object is usually described as D(f) and it gives an
ideal approximation of its real-time dimensions. A
fractal structure demonstrates power-law scaling (the
smaller the measuring device, the larger the length
of a fractal object), and this is an important tool in
studying biological ageing processes. It is possible to
assign exact numerical values to proteins, DNA and
to other molecules found in senescent organs such
as lipofuscin, cross-linked collagen and AGEs (Lewis
and Rees 1985). The fractal dimension D(f) of any
macromolecule can be calculated from:

2 − D(f) = dlog(As)

dlog(R)

Here, As is the molecular surface area and R is the
probe radius (the mechanical probe used to determine
the surface area) (Lewis and Rees 1985). In addi-
tion, cells can be given fractal numerical values, thus
better quantifying age-related or pathologic changes
(Velanovich 1996). The possibility exists to calcu-
late fractal values for membrane receptors and this
opens new ways for studying the pharmacology of the
ageing process (Sarbadhikari and Chakrabarty 2001;
Ramakrishnan and Sadana 2002).

Loss of complexity and ageing

Several predictions of CT have been used to elu-
cidate ageing mechanisms (Kyriazis 1991). One of
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these predictions is that a degradation of physiolo-
gical complexity accompanies ageing and age-related
diseases (Lipsitz and Goldberger 1992; Guarini 1994;
Toussaint and Schneider 1998). It has been suggested
(Goldberger et al. 2002a) that the breakdown of fractal
and non-linear physiological properties leads to an
increase in regularity and uncorrelated randomness
(i.e., an increase in stochasticity or true randomness),
a situation encountered during ageing and disease.
It follows that, in order to successfully modulate
ageing, it is necessary to reverse this loss and rein-
state physiological complexity by applying multiple
external physiological stimuli (Lipsitz 2002). Another
prediction of the theory is that the current practice of
prescribing medication on a regular, same-strength,
daily (and therefore linear) basis could be wrong.
Instead, it could be more effective and natural to
administer medication at more complex, irregular
intervals. These two concepts will be examined in
detail later.

Health is a complex physiological and biological
state. A healthy organism has the ability to return to
this original physiological state following injury or
disease. Sacher (1978) refers to a physiological law of
mortality, whereby insults cause oscillations around a
mean physiological state. The weakest systems might
oscillate beyond a critical boundary leading to the
death of the organism. These failures are described by
the extreme value distribution law. An inability of the
organism to restore the original complex physiological
status underlies disease and degeneration. Examples
are obvious in any living system or organism. In
nature, if a branch of a tree is cut off and there-
fore the complexity of geometrical shape (the fractal
dimension) of the tree is altered, the tree attempts to
return to its original state by growing new branches
and so re-establishing the degree of its physiolo-
gical complexity. This is generally regarded as a
‘healthy’ status. The same natural principle governs
repairs in the human body. For example, if there
is a sudden blockage of a vascular branch, then
there is a propensity to re-establish the complexity
of vascularisation around that area (Lipsitz 1995). If
the original complexity of shape (i.e., the geometry of
the vascular tree) is restored, the organism is healthy
again. An inability to resume the original geomet-
rical shape indicates disease (e.g., stroke, myocardial
infarction (Huikuri et al. 1998)). These adaptive reac-
tions enable the organism to respond quickly to any
type of physiological demand. The more complex the
system, the greater its functionality (Lipsitz and Gold-

Figure 1. Simplified representation of loss of complexity in a
system. A. This five-component system is fully operational. The
coupling between its individual components is maximal, indicating
a healthy status. These interacting components mutually affect each
other giving rise to novel emergent behaviours. B. There is a loss
of the structural component E. In addition, the functional coupling
between the remaining components has been compromised. The
system is now less complex, less functional and less healthy. For
example, the status in Figure A could represent a set of receptors
on a healthy and fully functional cell. The status in Figure B is the
result of not only the loss of some of these receptors but also of a
reduction in the responsiveness of the remaining receptors. The loss
of functional coupling between the remaining receptors is reflected
in their inability to recognise target ligand molecules, a delay in
responding to a particular ligand, or an initiation of an inappropriate
response after ligand-receptor interaction.

berger 1992), but also the greater its susceptibility to
malfunction.

Physiological complexity is important because it
carries a vast amount of beneficial information and
therefore offers a range of answers to a sudden
problem or challenge. An age-depended loss of
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this useful property imposes new restrains on the
organism, forcing it to operate in a less than optimum
state (i.e., senescence). The highly complex and appar-
ently irregular dynamics of physiological systems
enable the organism to react more efficiently in time
of stress and give the organism more choices for
an effective response. Many processes of ageing
which are associated with a reduction of the complex
dynamics of physiological systems, create a situation
whereby the organism has been devoided of suitable
choices and is therefore less able to function optim-
ally. One way that complexity is altered during ageing
is by the loss of coupling functions between different
elements of a physiological system (Figure 1). There
could be a loss of a particular structural element
(such as loss of dendrites, neurones, receptors or
neurotransmitters), and/or a loss of functional coup-
ling between the remaining structural elements (e.g.,
compromised dynamics of communication between
neurones, or a reduction of response capabilities).
There is a multitude of evidence supporting this view,
ranging from a decreased rate of formation of dend-
rites in the brain (Schierwagen 1987), a simplification
of the complexity of EEG activity (Skinner et al.
1992), and a decline of heart rate and blood pres-
sure variability with age (Kaplan et al. 1991; Kresh
and Izrailtyan 1998). A degradation of complexity is
exemplified by the reduced complexity of the range
of movements with some age-related diseases, such
as arthritis, stroke and Parkinson’s disease (Edwards
et al. 1999), and the reduced complexity of gait
dynamics (Hausdorff et al. 1997). Using detrended
fluctuation analysis (a tool measuring complexity)
Peng et al. (2002) have shown that there is an erosion
of fractal properties (and therefore a reduction of
complexity) of respiration dynamics, associated with
human ageing. Furthermore, the pattern of secretion of
several hormones becomes less complex with ageing,
effecting an inability of the individual to face everyday
challenges successfully and narrowing its functional
responsiveness.

During ageing, this simplification of physiolo-
gical complexity is extensive and affects all levels:
molecular, cellular, organismic and behavioural. There
is a widespread loss of the complexity of inte-
grated inputs resulting in a chain of dysfunctional
events. For example, free radical scavengers become
less effective in their actions causing an inability of
the organism to resist free radical damage (subject
discussed by Kowald and Kirkwood 2000). Although
free radical scavenging is not the only factor involved

in preventing oxidative tissue damage, other factors
such as an inability to detect and repair injury are
also restricted with ageing. Oxidative damage may
then affect the somatic DNA fractal architecture
which becomes less complex following shortening of
telomeres. This alteration of the telomere length is
receiving increased attention as playing a crucial role
during ageing (Banks and Fossel 1997; Frenck et al.
1998; Hodes 1999). Interestingly, the germinal DNA
retains its original fractal complexity and physiolo-
gical functionality in accordance with the predictions
of the disposable soma theory (Kirkwood 1999). In
turn, the age-dependant reduction of somatic telomere
length has a negative impact upon the number of active
and functional stem cells (Goyns 2002). The end-
result is a limited availability of cells which fail to
replace aged or dysfunctional mitotic cells in the gut
epithelium, skin, bone marrow and blood. The popula-
tion dynamics of stem cells have been studied using
non-linear laws (i.e., chaos theory) and a better insight
into the growth and death of these cells has been
gained (Edelstein-Keshet et al. 2001; Lansdorp 1997).
Many cellular biological rhythms lose their normal
complex, information-rich variability of function and
become more regular, rigid and monotonous, with
only a small range of beneficial responses to biolog-
ical demands. As a result, the immune system fails
to properly recognise antigens due to the reduction
in the complexity of its individual sub-components
which offer only low-use, information-poor, inflex-
ible responses, with resulting autoimmune diseases,
chronic inflammation, cancer and frequent infec-
tions (Skinner et al. 1992). In addition, experiments
studying chaos in heart rate show that predictab-
ility increases and complexity decreases after introdu-
cing periodic components, i.e., monotonicity reduces
complexity (Radhakrishna et al. 2000). In Parkinson’s
disease, the range of motor responses upon encoun-
tering a sudden obstacle is reduced, making it difficult
for the patient to initiate and maintain useful move-
ments (Beuter et al. 1989). These and other processes
ultimately lead to an increase in human mortality,
the dynamics of which can be studied using CT
(Manton 1999; Clark and Mangel 2000; Crevecoeur
2001). More examples of age-related conditions asso-
ciated with loss of dynamical complexity are listed in
Table 1.
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Table 1. An age-related reduction of underlying physiological complexity

Condition Change Reference

Osteoarthritis Stiffness and joint pain cause loss of movement (Fazzalari and Parkinson 1997;

variability such as a reduction of useful range, Kuster et al. 1998)

amplitude and frequency of movement. There

is also a loss of fractal bone architecture

PD Loss of complexity of dopamine release (Beuter and Vasilakos 1995;

Edwards et al. 1999)

Depression An abnormal reduction of mood variability (Sarbadhikari and Chakrabarty 2001;

(the normal mood variations are replaced by Pezard and Nandrino 2001)

a long continuous, monotonic mood)

Osteoporosis A reduction of the bone fractal architecture (Feltrin et al. 2001;

Dougherty and Henebry 2002)

Postural stability Age-related loss of postural stability through (Blaszczyk and Klonowski 2001)

a reduction of complexity of balance dynamics

which leads to an increased risk of falls

Lung structure There is a significant age-related change in (Witten et al. 1997;

the alveolar fractal dimension and an overall Goldberger et al. 2002a)

loss of lung fractal architecture

Critique

The proposition that ageing and pathology are invari-
ably accompanied by loss of dynamical complexity
has been criticised by a several researchers. Vail-
lancourt and Newel (2002a, b) argue that a simple
decrease in system complexity is too narrow to
account for all changes seen in ageing and disease,
and that complexity may either increase or decrease
depending on the dynamics of the particular system.
Kirkwood (2002) comments that either a decrease or
an increase in complexity during ageing may be asso-
ciated with impairment, and that it is misleading to
think of ageing as being associated with a universal
loss of complexity. Thaler (2002) also argues that
ageing and death may follow from a system that is
either too complex or too simple, and proposes a
model which gives insights into the complexity of
a system. A disturbance D applied on a dynamical
system, causes a response R, and the complexity
of the system is proportional to the ratio D/R. D
consists of two separate components Dp (disturbances
which are based on the system’s perception) and Du
(unavoidable disturbances). So a system may increase
or decrease in complexity depending on the function
of

Dp + Du

R

Both Dp and R values decrease with age, whereas Du
may also increase. A well-known way of measuring
complexity, particularly in serial data sets, is approx-
imate entropy (ApEn). This can be employed to study
both deterministic and stochastic processes, and it has
been used extensively during the study of age-related
complexity changes (Pincus 1991, 2001). Values
of ApEn increase or decrease during a variety of
age-related processes, a fact apparently confirming
the position that ageing is associated either with an
increase or with a decrease of complexity.

This contradiction may be explained, in part, by
a variety of arguments: One argument is that any
increases of complexity seen with age are dependant
on the value of individual parameters, and that these
values may be abnormally high, not reflecting reality
in clinical situations. Another argument is that the
increase may indeed be real but it affects only some
systems and not others. Particularly, it is encountered
only in local dynamics whereas by considering the
physiological field as a whole it becomes evident that,
overall, there are only decreases of complexity with
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Table 2. Tools for assessing dynamical complexity

A. Mentioned in this review B. Other, not mentioned in this review

Detrended fluctuation analysis Lyapunov exponent

Fractal analysis False nearest neighbours

Correlation dimension Recurrence plot analysis

Approximate entropy Pointwise correlation dimension

Multiscale entropy

Dimensionless scaling numbers

Permutation entropy

age and disease (Hausdorff et al. 1996; Yates 2002).
Humans live in an open ecosystem, where the prin-
ciples of thermodynamics apply, and where ageing
systems are seen as parts of broader energy exchanges
and entropy increase (Schroots and Yates 1999).

A third argument is that the conventional methods
used to calculate complexity are not robust (Table 2).
The use of ApEn has been criticised for being unre-
liable and therefore unable to unequivocally distin-
guish physiological complexity or quantify fractal
scaling (Goldberger at al. 2002b). For this reason,
new algorithms for studying the dynamical complexity
of a system have been developed. A method intro-
duced by Costa et al. (2002) calculates multiscale
entropy (MSE) for complex time series. MSE is used
for tracking the presence of meaningful signals in a
noisy data set. This method clearly separates healthy
systems (characterised by long-range correlated noise)
from pathologic systems (currying uncorrelated noise,
i.e., true randomness), and it appears to confirm
the position that there is only a general decrease of
complexity with ageing. This is also supported by
Yates (2002) who uses dimensionless scaling numbers
(e.g., the Reynolds Number) borrowed from physics,
to show, for example, that the presence of lipo-
fuscin, amyloid and AGEs is associated with an
overall decrease in physiological complexity. Finally,
Bandt and Pompe (2002) describe yet another tool
for measuring complexity, called permutation entropy,
which is finer, faster and more robust than traditional
tools, and which confirms an overall loss of determ-
inistic chaotic values with pathology. In any case, the
argument in this paper is concerned only with those
aspects of ageing and dysfunction where a decrease
of complexity signals demonstrable dysfunction. The
primary aim here is to examine how this decrease can
be reversed, and suggest ways to counteract overall
age-related disability. To prove beyond doubt whether

the assertion that ageing is accompanied by a universal
decrease of complexity is correct or not, is beyond the
scope of this paper.

Interventions and applications

There are several advantages in using CT and changes
in complexity to study ageing. Many age-related
processes can now be quantified and the effects of
the treatment can easily be anticipated. For example,
in stroke with arm paralysis, it would be function-
ally advantageous to re-establish an increase of the
range of movement of the arm joints (i.e., to increase
the fractal, space-filling dimension of the movement),
rather than merely increase the strength of the muscles.
Several lines of progress are opened by these novel
concepts, which lead to new ideas for attempting to
intervene and modify the rate of ageing both at a
microscopic and at a macroscopic level. Although
the scientific consensus is that the ageing process
is irreversible, there is a small but growing number
of anti-ageing researchers who believe otherwise (de
Grey et al. 2002a, b). Attempts at altering or reversing
the processes of ageing by using CT concepts are
concerned with a wide range of age-related issues.

Exploration of basic biological ageing mechanisms

By applying chaos theory’s mathematical predictions
to events such as proteolysis or lipid peroxidation, and
by using concepts based on fractals to explore the
structural changes which happen with ageing, a better
insight can be gained into the details of these mechan-
isms (Kyriazis 1991; Pritchard 1992). The principles
of lipid peroxidation and proteolysis have been studied
mathematically based on the equation described by
Heiden and Mackey (1987):
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dx(t)

dt
= f[x(t − d)] − ax(t)

where d = time delay, t = time, a = a constant factor.
By interfering with either d or t during this process
it would be possible to alter the rate of proteolysis
and thus increase elimination of abnormal proteins,
which are a major problem in ageing (Hipkiss et al.
2002). Moreover, it is possible to study the fractal
dimension of senile plaques (Nakayama et al. 2001)
and monitor potential treatments aimed at dissolving
these plaques. The dynamics of damaged mitochon-
dria which contribute significantly to ageing (see
de Gray 1997) can be analysed, the mitochondrial
degradation can be theoretically modified and, as
a consequence, the deterioration of senescent cells
may be reduced (Kowald and Kirkwood 2000). For
example, intrinsic apoptotic events involve activation
of death signals which increase expression of Apaf-1
and alter mitochondrial permeability transition (MPT),
allowing cytochrome c to escape from the mitochon-
dria. Apaf-1 and cytochrome c then activate the
caspases (cysteine proteases) which cause the death
of the cell through catastrophic proteolytic activity
(Zhang and Herman 2002). The steps of this sequence
of events are amenable to analysis and intervention by
using pluripotent apoptotic modulators (Deigner et al.
2000).

Stochastic events

Random events which damage DNA, proteins and
other macromolecules are implicated as a cause of
ageing (Kirkwood and Kowald 1997). If there are
any underlying regularities in this apparently random
process, then these will be better studied and explored
with the help of CT. The study of age-related DNA
damage makes it clear that there are many complex
and redundant mechanisms which are altered as a
result of time-depended injury. CT helps explain both
the origin and the complexity of these mechanisms
(Yarosh 2001) and highlights the fact that there exist
both stochastic and deterministic models of ageing
(Schmidt 1999). Truly stochastic (i.e., totally random)
events contributing to ageing cannot currently be
controlled (Rubelj and Vondracek 1999) (although,
in theory, would one day be controlled) so ageing
and death are inevitable. But those non-stochastic
(apparently random but in reality self-regular, i.e.,
obeying CT laws) elements which contribute to ageing

are amenable to intervention through mathematical
analysis (Firth 1991; Olfosson and Kimmel 1999) and
could, therefore, be controlled. As a result, ageing
could be postponed or its consequences slowed down.
For example, studies of chaos in the brain confirm that
although stochastic randomness cannot be controlled,
deterministic randomness can be controlled and modi-
fied (Faure and Korn 2001). For a detailed discussion
see Mangel (2001) where he describes a mathema-
tical model of ageing based on rates of damage repair
and damage accumulation. He proposes that cellular
senescence cannot be accounted by linear damage, and
he assumes a non-linear relationship between damage
and survival. His model predicts how much external
interventions, such as caloric restriction, will slow
ageing.

Brain ageing and Alzheimer’s disease

Neural networks are non-linear dynamical systems
characterised by the emergence of new proper-
ties at higher levels, properties that can not be
simply explained upon the total sum of the indi-
vidual constituents (Goldberger 1996a). Loss of these
complex properties seen in brain ageing are due to
an underlying dysfunction of several individual sub-
systems, such as synaptic and receptor alterations
and other molecular changes, which reduce the total
complexity of the system (Narayanan et al. 2001;
Yates 2002, also Figure 1). In the case of Alzheimer’s
disease there is a loss of physiological complexity at
the molecular level causing wide-ranging cognitive
changes. This results, for example, in a reduction
of healthy thought variability which is replaced by
a monotonous, sterile thought process, confirmed by
EEG studies (Jeong et al. 1998; Jelles et al. 1999).
Therefore, according to the predictions of CT, treat-
ment aimed at the molecular level to prevent or reverse
damage, ought to be more effective than behavi-
oural or symptomatic approaches (Dokoumetzidis et
al. 2001) currently in use in clinical settings.

Hormonal dynamical complexity

Diurnal variation of hormonal secretion (for example
that of melatonin, insulin, growth hormone and
cortisol) obeys fractal and CT laws, and is reduced
with age. Sturis et al. (1995) have studied the com-
plexity of ultradian insulin variations, whereas Topp
et al. (2000) have used differential mathematical equa-
tions to study diabetes and analyse the pathways
leading to hyperglycaemia. The dynamical details
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of hormonal diurnal variation (pulsatility) have also
been described mathematically by other authors (Bre-
zinski 1997). The pulsatility and variability of growth
hormone and cortisol release have been descussed in
detail (Hartman et al. 1994; Ilias et al. 1999), and the
same laws are obeyed during the secretion of DHEA,
thyroxin and testosterone. The study of the period-
icity and dynamics of hormonal release confirms that
there is an overall loss of complexity with time which
results in age-related pathology. For example, the
natural rhythm and pulsatility of pituitary hormone
secretion deteriorates and desynchronises with age
(Wise et al. 1996) resulting in a variety of age-related
problems such as the menopause, thyroid dysfunction
and melatonin imbalance. It is important to mention
that, depending on the method used, the complexity
of hormonal release has also been reported to actu-
ally increase with age (Pincus et al. 1996). However,
later studies which use more specific algorithms to
measure complexity (such as MSE described above)
have questioned this (Goldberger 2002b). The secre-
tion of these hormones oscillates but the frequency and
amplitude of this oscillation changes with age (Green-
span et al. 1991; Goldberger 2001). There is both a
quantitative loss and a frequency loss. These oscilla-
tions of rhythmic processes demonstrate a fractal-like,
power-law relationship (Lipsitz 2002), expressed as:

A = 1/fb

A is the amplitude, f is the frequency, b is the fractal
scaling exponent. The values of b may change from
0 to 2. A value of 0.5 indicates true randomness
and complete unpredictability of the system (white
noise). A value of more than 1, for example b = 1.5,
underlies local and short-range correlations, such as
Brownian motion. Finally, a value of b = 1 is true
chaos in the mathematical sense, indicating long-range
correlations and maximum complexity (normality).
Therefore, depending on the fractal dimension, the
complexity of the system increases or decreases.
This process is open to mathematical manipulation
(Lenbury and Pacheenburawana 1991; Das et al.
1994). For example, CT predicts that the quantitative
loss of hormonal secretion is not as important as the
loss of the frequency, i.e., the loss of variability is
not as relevant as loss of complexity (Lipsitz 2002).
Any increase in amplitude (i.e., increased in dosage
during hormonal replacement treatment), results in
a decreased scaling exponent (b < 1) which indi-
cates uncorrelated randomness. On the other hand, an
increase in frequency of a lower dosage (assuming

that amplitude remains constant) pushes the value
of b nearer to 1 and this maintains the dynamical
complexity of the system. This implies that linearly
increasing the amount of a replacement hormone and
giving it at regular, monotonic intervals would not
have such an impact as maintaining a lower dose
given at irregular intervals. Conventional treatment
with extraneous hormones aims at re-establishing the
deficiency of the hormone (a linear approach), but
contributes little to the synchronicity of the secretion.
If the frequency of the stimulus is incorrect, then a
response will not take place, or it will occur subop-
timally. Therefore, it is necessary to use non-linear
approaches during hormonal replacement therapies.
Simple linear processes can also be influenced but
the result may not always be remarkable or clinically
relevant.

Practical extrapolations from the theory

In order to reverse any age-related loss of complexity
the aim should be to increase the amount of integrated
physiological inputs, which will result in a widening
of functional usefulness. Although the changes in the
age-related conditions mentioned above are subjects
of intense research, there is little that can be offered
in a way of practical help to patients in most clinical
situations today. Nevertheless, there are some practical
suggestions that can be considered in everyday clinical
settings. Two examples are discussed here.

A. The use of drugs and nutrients to modify ageing

CT predicts that these should not be administered
according to rigid, monotonic and periodic dosage
regimes (Weng et al. 1999). Maintaining periodic
elements results in an increase of predictability
and loss of complexity (Radhakrishna et al. 2000)
(Figure 2). From the evolutionary point of view, prim-
ates and humans have not been designed to consume
all their dietary supply of nutrients at regular and
rigid intervals, in the same amounts, two or three
times a day, but they are scavengers, foraging for
food and eating irregular quantities of nutrients at
irregular, opportunistic, intervals. Their natural intake
is therefore non-linear and it obeys the rules of CT.
Thus, the predictions of CT about the need to time
and adjust the dose of any nutrients (and, by exten-
sion, any medication) has an evolutionary founda-
tion, in addition to its mathematical basis. Therefore,
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Figure 2. Schematic illustration of the plasma concentration of a
drug or nutrient over time. A. The simplified traditional model. After
a daily dose D, the concentration of the drug increases, reaches
a peak and then falls. The process is then repeated unchanged,
at the same time, every day. The spectrum is cyclic, monotonic
and information-poor. B. A model based on CT. Administering
a drug at various strengths d, at constantly changing intervals
during the day, results in a more complicated spectrum of drug
concentration, resembling chaotic spectra. The system is now more
dynamically complex. The initial conditions have been changed and
the control parameters (strength, timing and frequency of dose)
have been altered, resulting in a quantitatively different, finer and
energy-efficient behaviour.

an effective way of achieving positive results dur-
ing therapies aimed at reducing the effects of age,
could be to introduce elements of irregularity into
the dosage frequency regime and force the system
to operate aperiodically (i.e., non-linearly) (Dokou-
metzidis et al. 2001; Zamuner et al. 2002). This
action aims to invert the progress of dysfunction and
restore physiological integrity by interfering with the
initial conditions and control parameters of the system.
This approach is in contrast to conventional practices
using linear rationale which relates therapeutic stim-
ulus with proportionality (Macheras and Argyrakis
1997; Levy 1998). Pharmaceutical models exhibiting
chaotic behaviour have been described (Valsami et al.
1999; Chakraborty et al. 1999). Dynamical behaviour
has also been described in systems where drugs have

been administered orally at variable doses (Midha
et al. 1999). Depending on the value of the para-
meters, a system of drug administration can be stable
or unstable, i.e., ultimately effective or ineffective
(Tallarida 1990; Karagueuzian et al. 1992). A logistic
map equation describing stable or unstable systems is:

Xn + 1 =f [Xn] = αXn[1 − Xn]
Knowing the value of Xn it becomes possible to calcu-
late the value of Xn + 1. When the control parameter
α has values between 1 and 3 the system exhibits two
steady states:

Xs, 1α = (α − 1)/α and Xs, 1β = 0

the first is stable whereas the second is unstable.
If the value of the control parameter α becomes
higher than 3 then Xs,1α becomes unstable and the
system, depending on the initial conditions, will form
an infinite succession of the values of Xs (Tsonis
1992). This sensitiviy on the initial conditions of
the system is reflected upon the different variables
involved in drug absorption (Midha et al. 1999).
Studies show that administration, absorption and
interaction of a formulation with cell receptors, are
dynamical processes obeying non-linearity laws and
therefore liable to manipulation (Dokoumetzidis and
Macheras 1998; Sarbadhikari and Chakrabarty 2001;
Zamuner and Gomeni 2002). For example, attempts
at studying the dynamics of cancer treatment have
proposed that precisely-timed vaccination to increase
immunity against cancer can lead to changes in the
dynamical complexity of the immune system and
thereby increase the system’s capability of recognising
cancer cells (Dalgleish 1999). In addition, in vivo
absorption studies using the drug avitriptan show that
centrally driven feedback mechanisms interfere with
gastic emprying, and this reflects upon the absorp-
tion of the drug, depending on whether the subject
was in a fed state or in a fasting state (Marathe et
al. 1998). Therefore, administration of substances at
irregular intervals (i.e., when the subject is sometimes
fed and sometimes is not) may have an effect upon
the absorption, concentration and receptor interaction
systems forcing these to operate in a more complex
state which maximizes the clinical effect of the drug.
Further research elaborating on a robust mathema-
tical model should be able to confirm these theoretical
predictions. An example of pharmacodynamic chaos
at work is given by the Concentration and Effect loop
plot (for details see Dokoumetzidis et al. 2001). The
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concentration, distribution and effects of drugs obey
dynamical systems laws and are based on integrated
mathematical equations, such as:

C = D

V
· e−k10t

E = D.Emax(e−k10t − e−kEt)

CE50.V(k10 − kE) + D(e−k10t − e−kEt)

Where C = concentration, D = dose, V = volume of
distribution, k10 = elimination rate constant, kE =
effect side dissipation constant, E = effect, Emax =
maximum effect, t = time, and CE50 = the concen-
tration at which the 50% of the maximum effect is
observed. This explains the exact relationship between
any increases of the drug concentration (by increasing
dosage), and its expected effect, and it highlights the
distinctly non-linear (non-proportional) relationship
between the two.

Based on the ‘complexity’ premise, it is also
logical to argue that using single pluripotent agents
has a more pronounced impact on an ageing system
(Hipkiss 2001; Lipsitz 2002), compared to using
several unipotent formulations (vitamins, drugs or
nutritional supplements). In a preliminary experi-
ment I treated three healthy adults with the anti-
oxidant, metal chelator and anti-glycator dipeptide
carnosine for two weeks. Monitoring the response
was performed by measuring urinary malondialde-
hyde (MDA). It was previously shown that carnosine
interacts with MDA and reduces its concentration in
plasma (Hipkiss et al. 1997) and in urine (Kyriazis
2001a). During the first week, carnosine at a constant
daily dose of 150 mg a day was given. This did not
affect the high pre-treatment urinary level of MDA.
However, during the second week, when the regime
was changed to a complex and aperiodic routine
(carnosine taken at irregular intervals and at irregular
strengths) the MDA level was improved (reduced from
‘high’ to ‘medium’). The total dose of carnosine was
the same for both weeks. In addition, nine matched
control subjects taking a constant daily dose of 150 mg
carnosine for over four weeks did not exhibit any
changes in their ‘high’ urinary MDA readings (data
on file). Of course, the number of subjects involed
does not allow for statistical analysis, however further
trials are now in progress to clarify and expand on this
effect.

Pluripotent agents such as aurintricarboxylic acid
(Tsi et al. 2002), co-enzyme Q10 (Linnane et al.

2002), aminoguanidine (Hipkiss 2001), dimethyl-
biguanide (Bonnefont-Rousselot 2001; Kirpichnikov
et al. 2002), DHEA (Homsby 2002) and carnosine
(Boldyrev et al. 1999), all of which are potent apop-
totic modulators, force the system to operate in a
more complex state by introducing elements of multi-
plicity of interacting stimuli. These agents affect
multiple targets at any one time, integrating the coup-
ling between physiological functional elements. In
Figure 1b, that would be the equivalent of increasing
the coupling between the remaining elements A, B, C
and D as a whole, even if element E is still missing.
By contrast, unipotent agents are unable to do this
effectively, acting only on one part of the system, for
example affecting only A or only B. Perhaps this is one
reason why unipotent agents do not, in general, have
any significant effects on apoptosis. Apoptosis, which
depends on various initiating pathways and cascades
(Zhang and Herman 2002), is best modulated by pluri-
potent agents (such as those mentioned above) acting
on numerous interdependent levels.

B. Multiplicity of external stimulation

This notion is based on maintaining complexity in
everyday physiology by following an heterogeneous
lifestyle: multiple and interacting experiences, varied
physical and mental exercise regimens, complex
social, spiritual and artistic activities, non-monotonic
nutrition, and drugs or supplements given at multiple
intervals as discussed above. Perhaps the simplest
example of maintaining multiplicity is a nutritional
one. The conventional nutritional recommendation is
to consume a wide variety of foods and a mixed diet,
rather than restricting the choice to a few foods eaten
regularly. In this way, the organism is exposed to
many interacting nutritional inputs. If these multiple
correlated inputs are sustained, the physiological state
of the organism is maintained at a complex and
chaotic (i.e., more functional) level (Semsei 2000).
Any loss of stimulation reduces the complexity of the
response and therefore health is reduced (Goldberger
2001; Lipsitz 2002) (Figure 3). For example, brain
ageing is associated with many deleterious changes
in physiology, and it has been argued that multiple
interrelated interventions such as activating hormesis,
dietary measures, nutritional supplementation, and
intellectual and behavioural activities may bolster the
neuroprotective mechanisms and result in increased
brain health (Mattson et al. 2002). The effectiveness
of applying multiple interacting interventions in an
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Figure 3. The effects of multiple stimulation on disability and
health. A. During the early years of life an individual is exposed
to a multitude of interacting stimuli which result in dynamically
rich outputs, reflected in low levels of disability. From middle age
and beyond, the amount of stimulation is reduced, the output signal
gradually becomes less complex and more regular, and the level
of disability increases. B. Introducing and maintaining additional
multiple interacting stimuli throughout life preserves the dynamical
complexity of the output signal and, as a consequence, the level of
disability is reduced. The individual lives a longer period with only
minimal levels of disability, compared to the situation in Figure A.
Eventually, disability does increase, but later on in life and not as
significally.

attempt to improve age-related dysfunction has been
highlighted by other researchers who reported that
multiple interventions are better than single ones in
reducing the risk of falls in older people (Day et
al. 2002), preventing delirium (Inouye et al. 1999)
and ameliorating depression (Ninan et al. 2002). In
this context, the notion that physiological stimulation
helps reduce the effects of ageing is in accordance
with theories about hormesis, which hold that mild

and repeated stress up-regulates various repair path-
ways and may assist in delaying ageing (Rattan 2001).
It was shown that pre-treatment with heat and with
hyperbaric oxygen increases maximum lifespan in
C. elegans (Cypser and Johnson 2002), and that certain
stochastic hormetic stimulations may have observable
effects even in small groups of subjects (Michalski and
Yasmin 2002). This topic has also been discussed by
Toussaint et al. (2002) and by Johnson et al. (2002).
Practical suggestions to increase the complexity of
external stimulation (i.e., to apply mild stress) could
be:
• Physical exercise. Perform a mix of different

types of moderate exercise and follow a constantly
changing daily routine to include tai chi, yoga,
gym exercises, walking, swimming, games,
aerobics etc. The sessions should have various
lengths (from 10 to 40 minutes), performed at
irregular intervals and days. However, strenuous
exercise lasting for over 45–60 minutes at a time
should be avoided, in order to reduce the like-
lihood of free radical damage (Ji et al. 1998;
Polidori et al. 2000). The increase in physiolo-
gical complexity after exercise has been examined
by several authors such as Levy et al. (1998),
Schuit et al; (1999), Stain et al. (1999), Tulppo et
al. (2001). Iversen and Nicolaysen (1995) showed
that the blood perfusion distributions after exer-
cise can be described with fractals. Furthermore,
studies by Sinclair et al. (2000) and Carolan-
Rees et al. (2002) show that exercise alters the
fractal dimensions (Df) of blood flow from 1.21
to 1.1 and from 1.23 to 1 respectively, a situation
approaching maximum complexity of the system.

• Mental stimulation. Pursue varied mental exer-
cises (Kyriazis 2001b). Exercises such as using
the non-dominant hand for 20 minutes a day,
or using a blindfold for 10 minutes a day (and
rely on the senses of hearing and touch instead),
or reading magazines not usually read, listening
to unusual music, or choosing a controversial
subject and arguing the side opposite to your own
opinion. These brain and senses exercises ulti-
mately widen the range of integrated inputs to
the brain, they increase complexity of information
processing, decrease linearity and monotonicity,
thus reducing the rate of age-related cognitive
decline (Kyriazis 1997; Heath 2000; Pezard and
Nandrino 2001). Assimilating new information
and learning new tasks is associated with power-
law growth and increased measures of complexity
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(Bialek et al. 2001). It was shown that a cognitive
effort increases the correlation dimension of EEG,
i.e., the complexity of brain activity (Rapp et al.
1989). In addition, it is known that the complexity
of brain function is increased by external stimuli
(Skinner et al. 1990; Gonzalez-Lima et al. 1994)
and that cognitive training (music) increases the
dynamical parameters of the brain (Bhattacharya
et al. 2001). Higher levels of mental stimulation
arouse an increasing number of independent neural
processes which contribute to the complexity of
brain dynamics (Dhamala et al. 2002).

• Social and spiritual stimulation. Having strong
social bonds, maintaining solid and multiple
friendships and fostering relationships, are essen-
tial to improve social role and this reduces the
risk of chronic disease (Fratiglioni et al. 2000).
Also, the avoidance of monotonous and dull
social activities and the choice of variable and
changeable ones, has a positive impact on health
by improving the dynamics of social interaction
(Cattell 2001; Turcotte and Rundle 2002). Even
spiritual stimulation has been studied in relation to
CT (Dombeck 1996). It was found that active reli-
gious involvement and increased spiritual aware-
ness are associated with an improved health and
longevity, and an enhanced recovery from illness
(Mueller et al. 2001). The fractal structure of
neural architectures in the brain as well as the
dynamical complexity of the nervous system have
been reported to externalise themselves in archi-
tectural ideas, spiritual images and artistic expres-
sion (Goldberger 1996b). As a consequence, it is
logical to assume that maintaining an active social
and spiritual awareness will result in increased
dynamical complexity in the brain, which will help
offset the loss of physiological complexity seen in
ageing (McFadden 1999).

Concluding remarks

Several predictions of CT can be applied to ageing
in an attempt to study, clarify and modify its mech-
anisms. Although there is an enormous amount of
research interest in the subject, there is only a small
number of practical suggestions based on CT which
can be applied to everyday life in an attempt to retard
ageing and optimise health. However, further research
may confirm that by following these suggestions and
recommendations it may be possible to stimulate the

body and mind to work optimally and thus postpone
age-related disease and disability.
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