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Historical human mortality curves display 5 phases, differing in dimensions with population, time and circumstance. Existing explanatory models describe some but not all of these, and modelling of entire curves has hitherto necessitated an assumption of multiple distributions.

A new distribution, shown previously to describe survival in experimental animals, postulates empirically that net mortality risk comprises two components described as 'redundancy decay' and 'interactive risk'. The former is proposed effectively to set a 'program' for the increase of mortality risk with age, and may be a better measure of the 'rate of ageing' which has previously been assumed to determine the slope of semi-logarithmic mortality curves.

Entire human mortality curves are shown here to be compatible with this single distribution given the assumption that individuals vary only with respect to the interactive risk parameter (k).

Historical Swedish cohort data are modelled here exclusively through changes in k values, clustered increasingly toward the higher end of their range, while redundancy values are held constant. This pattern is compatible with the hypothesis that historical changes in human mortality may be explained purely in terms of interactive risks and without changes in the underlying pattern or rate of ageing.

Introduction:

Human mortality in developed nations has fallen dramatically over the past two centuries. This has resulted largely from sanitation and other public health measures, but the latter decades of the twentieth century saw a significant contribution from increasingly effective health care interventions. [START_REF] Mackenbach | The contribution of medical care to mortality decline: McKeown revisited[END_REF][START_REF] Mckeown | Medicine in Modern Society: Medical planning based on evaluation of medical achievement[END_REF][START_REF] Wilmoth | Demography of longevity: past, present, and future trends[END_REF] The shape and dynamics of human mortality curves over this period have long been of interest not only for their demographic and actuarial implications, but also because they may provide insights into the process of ageing.

One perspective is that human ageing has slowed over this period -based upon the presumption that ageing is merely a description of many cumulative disease processes, such that if disease is reduced then, ergo, ageing is reduced also. An alternative view is that there are fundamental ageing processes -'intrinsic ageing' that proceed even in health, and that these may or may not have been changed during the great increase in human life expectancy.

In ageing research, many interpretations of mortality curves have relied upon the slope and intercept of their log projections, with the slope being interpreted as a key measure of senescence and the intercept as a measure of 'age-independent mortality'. [START_REF] Finch | Longevity, senescence and the genome[END_REF] Use of the slope of log mortality as a measure of the 'rate of ageing' in ageing studies has been challenged. [START_REF] Driver | The Gompertz function does not measure ageing[END_REF][START_REF] Masoro | Caloric restriction and aging: controversial issues[END_REF] And historical human mortality has, paradoxically, tended to show a steeper slope (i.e. apparently faster ageing) as mortality has fallen. Apparent regularities in mortality appear to have changed during the 20 th century and suggest that traditional concepts require revision. [START_REF] Yashin | The new trends in survival improvement require a revision of traditional gerontological concepts[END_REF] A recently described mathematical model of survival and mortality patterns in many species, postulates that net risk to the individual may be partitioned into two major components. [START_REF] Milne | The natural distribution of survival[END_REF] The first component is described as 'interactive risk', representing a combination of intrinsic vulnerability and extrinsic hazard which may vary widely between individuals or for the same individual in different times and environments. In traditional actuarial terms, it is loosely related to the Makeham constant. [START_REF] Makeham | On the Law of Mortality[END_REF] However, instead of representing purely external hazard, it combines external, genetic, behavioural, and other intrinsic elements. Unlike Makeham, it is not additive in nature, but is described by a parameter (k) which acts as a coefficient to the half-life of the basic units that comprise an organism's vital functions, such that the nearer parameter k is to zero, the higher is the risk to the organism. Also in distinction to the Makeham factor, changes in parameter k produce true changes in mortality gradient. [START_REF] Golubev | Does Makeham make sense?[END_REF] Overall, this component acts as a summary measure of almost all the variable risks that we recognise as threats to life, health and well-being.

The second component is defined as the 'redundancy' of functions within the organism. This is an empirical postulate, which is regarded as largely sequestered and influenced little by external factors. Redundancy, according to the model, declines linearly throughout life. This component is closely related to the aforementioned concept of 'intrinsic ageing' -causing progressive and inexorable vulnerability with increasing age even in the absence of disease. [START_REF] Hayflick | The not-so-close relationship between biological aging and age-associated pathologies in humans[END_REF][START_REF] Holliday | Debates: The Close Relationship Between Biological Aging and Age-Associated Pathologies in Humans[END_REF][START_REF] Peto | There is no such thing as ageing[END_REF] It should be noted, however, that the general physical expressions of ageing are not assumed to be confined to this component -instead, they may be manifest in either component of the model.

An important aspect of the model is that the two components are essentially independent of one another. That is, a linear progression of redundancy decay is sustained, irrespective of the level of interactive risk, or the degree to which interactive risk reflects cumulative damage or disease. This separation of components distinguishes the model from previous reliability-based approaches to animal mortality, which have posited redundancy depletion as a consequence of disease and random damage, and have characterised it as, for example, a depletion of cell numbers. [START_REF] Gavrilov | Mathematical model of aging in animals[END_REF][START_REF] Gavrilov | The reliability theory of aging and longevity[END_REF] The assumption of sequestered, relatively invariable, linear redundancy decay seems counterintuitive. It is useful, however, while recognising that it may simply be an mathematical convenience, to assume its existence as an unspecified biological process into which we have some limited insight, since real data can then be tested to see whether their behaviour is compatible with such a construction of net risk.

On this basis we can, for example, identify certain conditions which appear to exert an influence upon redundancy decay -such as altered living temperature -considered to influence 'intrinsic ageing'. The altered survival curves arising from laboratory evolution of Drosophila longevity may be modelled simply by alteration of redundancy parameters within the model . [START_REF] Milne | The natural distribution of survival[END_REF][START_REF] Rose | Laboratory Evolution of Postponed Senescence in Drosophila-Melanogaster[END_REF] Mortality and survival trajectories of Medflies, mice and C.elegans can be modelled using this approach, while mortality plateaux and decelerations are generated by an assumption of interindividual variation in rates of redundancy decay. [START_REF] Milne | The natural distribution of survival[END_REF] These findings are consistent with the model's assumption that the 'redundancy' is related closely to 'intrinsic ageing' in laboratory animals, whatever that might be, and suggest that inter-individual variation in redundancy decay rates may be significant for those species.

In contrast, the long exponential rises in mortality that are characteristic of human populations suggest, within the model, relatively invariable individual redundancy decay characteristics. In this context, 'relatively invariable' may be taken to imply that the mean state of redundancy decay of, for example, an 80 year old will be reached by 99% of the population within only a small range of years about 80 chronological years of age, since, within the model, greater variation tends to produce greater variability in mortality patterns than is observed in human populations. This is consistent with the known genetic homogeneity of humans relative to, for example, wild fruit flies, and invites the hypothesis that the dramatic changes in human mortality seen in recent centuries may be modellable exclusively by variation in interactive risk, with little or no change in redundancy decay.

This paper explores that hypothesis through modelling of historical human mortality data.

The shape of human mortality curves

The general shape of human mortality curves in those countries for which robust data are available may be considered as having five key phases. Not all of these phases are mutually exclusive and, in some cases, they overlap or may be superimposed one upon another. As a consequence, not all are readily visible in all mortality curves, so these have been illustrated in figure 1 using two example curves, the upper curve being data drawn from the Human Morality Database for British women from the cohort of 1850, and the lower curve Swiss men from the cohort of 1916. [START_REF] Hmd | Human Mortality Database[END_REF] Phase 1: Birth and childhood -For humans, birth is a uniquely traumatic event. As a consequence, the extreme left hand end of all mortality curves is a peak. The mortality rate descends rapidly in the first year and gradually slower thereafter, falling to a low point or trough that historically was seen around the time of puberty, but which now appears to emerge as early as seven or eight years of age. [START_REF] Milne | When does human ageing begin?[END_REF] Modern causes of death in this period reflect both the vulnerabilities of normal infants, and the specific deficits of those with congenital conditions. For most of history far higher mortalities have applied during this period, arising from first exposures to the great infectious diseases.

Phase 2: Sexual maturity and early adult life -From puberty onwards, mortality begins to rise, and demonstrates in both sexes, though particularly in men, an upward convexity of the mortality curve. As the earliest point at which the lifelong rise in mortality becomes apparent, the nadir has been regarded as the 'Initial Mortality Rate', [START_REF] Finch | Longevity, senescence and the genome[END_REF] or even as an indication of the onset of ageing. [START_REF] Hayflick | When does aging begin?[END_REF] The upward convexity, on the other hand, appears to be a feature that reflects a combination of external hazards and increased opportunity to encounter those hazards, exacerbated by risk-taking behaviours and psychology that may be evolutionarily programmed. Exclusion of causes of death attributable to trauma removes this feature from mortality curves almost completely. [START_REF] Dolejs | The extension of Gompertz law's validity[END_REF] Phase 3: The 'Makeham' phase -This is the first of the overlapping phases of mortality and might properly be regarded as one that applies to the entire lifespan. It is named here for William Makeham whose work on mortality contributed the eponymous constant to the well-known Gompertz-Makeham law. [START_REF] Olshansky | Ever since Gompertz[END_REF] In truth his constant stands for what might more properly be considered to be a variable factor which did not vary sufficiently to diminish its value as a descriptor of 19 th century mortality curves. The Makeham factor adds a constant level of external mortality to the life course. In the absence of exponentially increasing risk it would result in first-order (exponential) decay in population size. In the presence of exponentially increasing risk it tends to produce a shallow upward incline or even a plateau of the log-mortality curve in early to mid-life that gives way to a Gompertzian log-linear increase thereafter.

The period that is referred to in this paper as the Makeham phase is not lifelong. Instead, it represents that plateau / shallow incline seen particularly in older mortality data, as illustrated for the England & Wales female cohort of 1850 in figure 1.

Phase 4: The 'Gompertz' phase -The most famous element of the human mortality curve is that part which conforms to the Gompertz law and is log linear from middle-age to late life. [START_REF] Gompertz | On the nature of the function expressive of the law of human mortality and on a new mode of determining life contingencies[END_REF] An absolute age-range for this phenomenon has never been described, though it has been suggested to start from as early as adolescence (having allowed for phases 2 & 3 above) and to extend to around the age of 90. Unsurprisingly, its pervasiveness through the lifespan has suggested to many that it represents a fundamental law of mortality, although it was described as an actuarial rather than biological law and has been called a "law without explanation". [START_REF] Bonneux | Benjamin Gompertz revisited[END_REF] The historical pursuit of an explanation has been described elsewhere. [START_REF] Olshansky | Ever since Gompertz[END_REF] Phase 5: Late life deceleration and extreme old age -The final phase is one which has commanded great interest and attention in recent years, since it became apparent that decelerations and even plateaux or falls in mortality may be observed in a variety of species. [START_REF] Carey | Slowing of mortality rates at older ages in large medfly cohorts[END_REF][START_REF] Kannisto | Reductions in Mortality at Advanced Ages -Several Decades of Evidence from 27 Countries[END_REF][START_REF] Vaupel | Biodemographic trajectories of longevity[END_REF][START_REF] Wilmoth | Do the oldest old grow old more slowly?[END_REF] As far back as Gompertz himself it was recognised that human mortality falls away from an exponential rise in the late years of life.

Method

Although various approaches have been used in modelling human mortality in the past, most have described only one or two of the phases outlined in the previous section. The Gompertz law, for example describes only phase 4, while the addition of the Makeham factor extends this to allow description of phases 3 and 4. [START_REF] Gompertz | On the nature of the function expressive of the law of human mortality and on a new mode of determining life contingencies[END_REF][START_REF] Makeham | On the Law of Mortality[END_REF]) Dolejs considered factors underlying phases 2 and 3. [START_REF] Dolejs | The extension of Gompertz law's validity[END_REF] Reliability based approaches attempt to describe phases 4 and 5, and assume a Makeham factor to permit incorporation of phase 3. [START_REF] Gavrilov | The reliability theory of aging and longevity[END_REF] Evolutionary approaches aim to describe the overall shape of the curve in terms of agespecific selective pressures and have a general explanatory value rather than providing precise modelling. [START_REF] Kirkwood | Why do we age?[END_REF][START_REF] Lee | Rethinking the evolutionary theory of aging: transfers, not births, shape senescence in social species[END_REF][START_REF] Rose | The Long Tomorrow[END_REF] Witten concluded that the whole human life course could be modelled given an assumption of three distinct distributions. [START_REF] Witten | A return to time, cells, systems, and aging: V. Further thoughts on Gompertzian survival dynamics--the geriatric years[END_REF] These he named 'neonatal failure', 'Gompertzian failure' and 'old failure', corresponding to phases 1, 4 and 5 respectively. Combined with a Makeham assumption to account for phases 2 and 3, this approach can produce a survival profile similar to the whole of the human pattern. However, the use of three different distributions was forced by his conclusion that it was not possible to model the whole life course otherwise -neonatal failures appeared to show exponential kinetics, but exponential distributions could not be combined to produce Gompertzian or Weibull patterns of later life. In consequence, a three-group survival model was proposed wherein individual risks underwent transition between groups and hence between survival distributions.

The model used here, based upon a single survival distribution, has been described elsewhere but is summarized below. [START_REF] Milne | The natural distribution of survival[END_REF] In its simplest form, this defines instantaneous per-period probability of survival (P c ) at any age (c) according to the formula:

[EQUATION 1 GOES HERE]

(1)

Where: s = theoretical redundancy level (r) at age 0; a = time taken for decay of 1 unit of redundancy in the same units as age; k = interactive risk parameter (the unit-specific half-life when r = 1); n = number of functions that comprise the organism; c = current age; and where redundancy (r) at the current age (c) is described by:

[EQUATION 2 GOES HERE] (2) 
Using these formulae, age-specific mortality rates may be conveniently estimated as 1-P c. .

More complex treatments of this model introduce inter-and intra-individual variation to the parameters -that is, they are assumed to have typical biological distributions (normal or log-normal)

from which values are sampled randomly, with the exception of n which is assumed to be a speciesspecific constant.

For humans an arbitrarily assigned value of n = 300 was used in the examples for this paper. The In this progression, there are several notable features. Firstly, both the sub-population size and the spread of the phase 1 cluster progressively diminished between the cohorts. Secondly, the phase 3 sub-population fell dramatically over the same period. Thirdly, the phase 4/5 sub-population became substantially more dominant, with a steadily increasing mean value of parameter k. It is a picture of progressive polarisation of the k distribution which also poses an interesting question, namely: how is it possible for a virtually constant mean value of k to emerge in the majority of a population across more than half of the lifespan?

This question becomes even more pertinent when considering models with fewer sub-groups than in the illustrated examples. The pattern generated is sufficiently robust that even small numbers of sub-groups in each sub-population produce extremely realistic mortality curves, and close correlation with phases 4/5 may be generated by a single subgroup.

The answer appears to lie in the dynamics of the model. As noted above, it is reasonable to assume that individual values of k will fall with increasing age and its associated diseases, though it should be borne in mind that even with a constant or rising value of k, an individual would continue to become more vulnerable (in terms of equation 1) as a consequence of redundancy decay. There is, however, an additional factor that must be taken into account here, namely the influence of 'mortality selection', whereby those with the lowest k values are also those most likely to be lost from the population -a process described by Wachter as 'culling'. [START_REF] Wachter | Hazard curves and life span prospects[END_REF] If all individuals had a constant level of k, within even a modest distribution, the effect would be that the population mean value should rise with increasing age. The fact that it does not do so suggests an equilibrium to exist between the downward drift in net risk of (non-redundant) ageing and the upward pressure of mortality selection. The point at which the population becomes characterisable as an aggregate of individuals with constant k is, I suggest, the point of onset of that equilibrium state.

This would be a situation broadly analogous to the recent observation that in the over-90s

dependency becomes approximately stable as a proportion of the population, despite markedly increasing frailty at an individual level. [START_REF] Christensen | Exceptional longevity does not result in excessive levels of disability[END_REF] Phases 3-5 of human mortality curves are well-recognised to display a pattern known as Strehler-Mildvan (S-M) correlation -a linear inverse relationship between G and the negative log of A when analysed using the Gompertz equation: [START_REF] Strehler | General theory of mortality and aging[END_REF])

[EQUATION 3 GOES HERE] (3) 
It has been argued that, in part, this correlation arises artefactually through neglect of those influences addressed by addition of the Makeham constant, though it persists when this is accounted for. [START_REF] Finch | Longevity, senescence and the genome[END_REF][START_REF] Gavrilov | The reliability theory of aging and longevity[END_REF][START_REF] Golubev | Does Makeham make sense?[END_REF] Figure 4 illustrates S-M correlation for the Swedish cohort models in figure 3. Gompertz analysis of the modelled curves produces a very similar correlation. However, given the three sub-population approach used here, we can also separate out that part of the effect which is attributable to the phase 4/5 cluster. In principle, this has the same logic as allowing for Makeham and produces the crisper S-M correlation at the right of figure 4.

In the latter part of the 20 th century, a new pattern appeared in human mortality curves. Visible in cohort, but markedly in period data and more prominent for women than men, this takes the form of a concavity of mortality in the later decades of life. It is illustrated in figure 5 using period data for French women from 2006 -one of the clearest examples of this pattern. It is labelled as 'phase 6' because its ubiquity across the data of many countries suggests it is a general phenomenon.

This pattern is associated with the apparent increase in age at acceleration of mortality in postmenopausal women. [START_REF] Milne | Postponement of postmenopausal mortality acceleration in low-mortality populations[END_REF] Under this analysis, the shift of that point might be better interpreted as a consequence of diminishing influence of phase 3 and increasing influence of phase 6 upon the mortality curve, such that the juncture of acceleration shifts from the proposed k equilibrium point to the trough of phase 6.

It is also a pattern that is at least partly responsible for the deviations from Strehler-Mildvan correlation reported by Yashin. [START_REF] Yashin | The new trends in survival improvement require a revision of traditional gerontological concepts[END_REF][START_REF] Yashin | New age patterns of survival improvement in Sweden: do they characterize changes in individual aging?[END_REF] These occur because traditional Gompertzian analyses of mortality curves with a prominent phase 6 produce downward, parallel deviations of lines of best fit, or even apparent reversals of rotation.

The most likely explanation for phase 6 is that it reflects the impact of health care. Its timing coincides with the era of effective interventions, and the age range within which it is manifest, from around 50 to 90 years, is that group for whom treatments are likely to be used. The age of maximum deviation from the modelled line in figure 5 is about 70 years, and we might consider the shape of this phase to reflect increasing likelihood of medical intervention, balanced against decreasing likelihood of benefit.

By virtue of its broad age-specificity, and the strong suggestion in real data that the remainder of the mortality pattern has not altered (visible clearly in figure 5), this appears to be a phase that, like phase 2, represents an exception to the assumption of constant k.

The much stronger appearance of this phase in women than men requires explanation. It seems implausible that health care has so much greater an effect in one sex. However, the populations whose data are available are also populations in which the 20 th century epidemics of smoking and heart disease occurred. These impacted far more heavily on men than women, and it may be that a pattern which would be visible in both sexes appeared first in women because it was not being obscured by those factors. Alternatively, since these were also generations with fertility patterns markedly different to any other prior period in history, it is possible that the modern prominence of this phase is a consequence.

Discussion:

The approach to modelling described here can accurately mimic phases 1, 3, 4 and 5 of human mortality. Phases 2 and 6 may be adequately explained in terms of synchronous, age-specific changes in parameter k generated by behaviour and external risk. If individual risk varies with age according to equation 1, and humans are similar in terms of initial redundancy and its rate of decay, then all that is needed to generate typical human population mortality curves is variation in interactive risk.

Curve fitting for the examples illustrated in this paper was by visual fit only. The values used were necessarily, given the nature of the model , semi-arbitrary, and in its current form, the model cannot be fitted by, for example, a least squares method. Further work would be needed to develop a more objective method of deriving best fit. However, experience of fitting curves to a wide variety of mortality curves suggests that, given certain conventions (e.g. a chosen value for n) the resolution of even a visual fit is good. For example, a variation in the mean value of parameter a of as little as 1-2 years appeared to be quite recognisable. As a consequence, had there been an increase in the mean value of parameter a in the data shown in figure 3 between 1751 and 1900 of as little as 1-2 years it would have been apparent. The absence of such a change is striking, and suggests that a key aspect of human ageing and mortality has remained unaltered through that period. We should, therefore, consider what might be the biological significance of an unchanging parameter a?

Previous mortality models have aimed primarily to describe population patterns. Where they have worked well their parameters have then been interpreted as measures of biological characteristics of individual organisms. Some of these concepts, such as 'Initial Mortality Rate' and 'Mortality Rate Doubling Time' or slope of mortality, have already been challenged as measures of ageing. [START_REF] Hawkes | Mortality and fertility rates in humans and chimpanzees: How within-species variation complicates cross-species comparisons[END_REF][START_REF] Masoro | Caloric restriction and aging: controversial issues[END_REF] And a general failing of such analyses is that they risk generating 'ecological fallacies'. [START_REF] Last | A dictionary of epidemiology[END_REF] These are instances of population characteristics being attributed to the individual members of that population. [START_REF] Vaupel | Compositional interpretations of medfly mortality[END_REF] An important example in ageing research may be the proposition that slowing of population mortality rates in old age reflects slowed ageing in individuals, or that population mortality plateaux imply that ageing for individuals has ceased.

The approach described here aims, in contrast, to describe the lifetime risks of individuals, which are then aggregated to form population patterns. This imposes the constraint upon any proposed model of individual lifetime risk that it must, in aggregate, deliver the known population dynamics of ageing and mortality. Thus, if a model does not deliver observed population patterns it is certainly wrong -though if it does, it is not necessarily right.

In describing the risk dynamics of individuals, there are three fundamental 'shifts' of log mortality risk that must be present. These are caricatured in figure 6. Shifts of type A and type C are common to many mortality models. The Gompertz model, for example, yields these shifts through changes in its two (slope and intercept) parameters. However, in Gompertz and all other similar models, shifts of type B are only achieved by alterations of more than one parameter -often in a counter-intuitive fashion, hence the paradox in traditional analyses, that falls in human mortality have appeared to be accompanied by an increase in what has often been assumed to be the rate of ageing.

Type B shifts arising through change in a single parameter (k) appear to be unique to the Nested Binomial Model, and they can only arise because it provides a structure of increasing risk with age through a relatively constant rate of declining redundancy, determined by parameter a.

The lifetime schedule of mortality risk might, thus, be seen as being loosely programmed -not as a sequence of genetic instructions, but in a manner more comparable to sand running through the neck of an hourglass, at a rate determined by parameter a.

Such an 'hourglass program' for ageing is an attractive concept in ageing theory. It sidesteps the inherent contradiction of an evolved genetic program for ageing since selection to 'slow the flow' could be effected during reproductive life, with the consequence that it would flow similarly in the post-reproductive period. [START_REF] Vaupel | Post-Darwinian Longevity[END_REF] Such a phenomenon might be argued to exhibit 'agonistic pleiotropy' since selection for additional survival in early life would have the consequence of enhancing survival in later life, but it could also accommodate antagonistic pleiotropy and mutation accumulation if those phenomena manifest as interactive risks rather than as influences upon redundancy decline. [START_REF] Medawar | An Unsolved Problem of Biology, An Unsolved Problem of Biology[END_REF][START_REF] Willams | Pleiotropy, natural selection, and the evolution of senescence[END_REF] An hourglass program of ageing would be highly compatible with the concept of longevity genes (since 'flow' may be controlled by relatively few) and with the evolution of longevity when selection favours individuals that reproduce later in life. [START_REF] Rose | Laboratory Evolution of Postponed Senescence in Drosophila-Melanogaster[END_REF] It would sit easily with disposable soma theory, since metabolic costs may be traded between the 'rate of flow' and reproductive effort. [START_REF] Kirkwood | Evolution of ageing[END_REF][START_REF] Kirkwood | Why do we age?[END_REF] More problematic would be the contentions that the 'flow' is largely sequestered, linear in decline, and relatively invariable between humans. Of these, sequestration may be the least difficult, since this characteristic is, to some degree, fundamental to all arguments that advocate 'intrinsic ageing' as a driver of mortality risk. Dietary restriction is of interest because it is widely believed to alter a process that is implicitly sequestered and largely unaltered by other experimental treatments.

Linearity of decline is counter-intuitive. Many key findings in current ageing research relate to processes that appear variable in progression, and the most widely held paradigm of ageing is that of a process which runs more quickly in some individuals than others as a consequence of environments and behaviours. Smoking and obesity, for example, are held to accelerate ageing.

Variation in telomere length is increasingly regarded as an indicator of variable 'biological age'. If the model has biological significance, then a critical step in exploring it further will be to identify candidate processes that might fulfil the linear decline criterion.

The relative invariability of this supposed process in humans is also intriguing. In the illustrated examples the 95% confidence intervals for the distribution of parameter a embraced a range of about 3 years. The consistency of the model with real data is progressively lost as this range widens, but the similarity appears to remain reasonably good up to a 95% C.I. range of about 8 years, at which point the range encompassed by the mean 3 standard deviations is about 12 years. At this level, it is less difficult to reconcile our expectations of variability in human ageing from that which the model allows. But this addresses only the inherent distribution within populations, not the apparent absence of a shift in the mean with time. As noted above, a change in the mean value of parameter a of as little as 1-2 years in the illustrated data for Sweden would probably have been visible as deviation of the model from observed values, yet it did not happen. Further studies should examine whether this is also the case for (e.g.) affluent and deprived modern populations.

We may also predict that if there are chronologically age-specific elements to lifetime mortality risk, these are also likely to exist in relation to expressions of disease -that is, where we see large variations in disease over time or place, we should expect to find some evidence of preserved agespecificities in disease expression.

A notable feature of modelling human mortality through parameter k variation is its compatibility with 'phase 1'. In a previous paper I considered the possibility that the leftmost part of human mortality curves might arise because of an early life expansion of redundancy, resulting in diminishing mortality in the early years of life. [START_REF] Milne | The natural distribution of survival[END_REF] Although this remains a possible explanation, it seems unsatisfactory. Whatever 'intrinsic ageing' might be, it appears to be a process continuous from (and probably before) conception. [START_REF] Milne | When does human ageing begin?[END_REF] If it is closely associated with redundancy decline, then there is no good reason to suppose that redundancy does not also decline from or before conception. Moreover, a close linkage of redundancy to growth and maturation would implicitly link its nature to some physical quantity such as cell numbers or organ capacity.

Logically, one would then expect its decay to be similarly linked to their decline. Since their decline appears variable and subject to a wide range of environmental and disease factors, this would be at odds with the empirical independence of redundancy from interactive risk. Furthermore, such variability of cell volume or organ decay would be more likely to generate differences than similarity of redundancy decay, thereby preventing the long exponential rises in mortality commonly seen in human data. So, while it is possible to shape the leftmost part of modelled mortality curves with variation in redundancy decay, to do so requires new assumptions. In contrast, more accurate and robust modelling arises from simple variations in interactive risk without the need for additional assumptions.

A definitive test of the biological the basis of the model requires that we have a hypothesis for the physical nature of the quantity described as 'redundancy', such that it can be properly measured and its interactions assessed. As yet we do not have one, but closer consideration of whether , for example, cumulative damage from free radicals, progressive genetic entropy, deteriorating mitochondrial competence, or energetic capacity might fit the criteria of the model is merited.

Many researchers believe that dietary restriction alters the rate of ageing. However, evidence from Drosophila studies suggests that the effects of dietary restriction are reversible, and the displacements of slope and elevation may differ between males and females. [START_REF] Mair | Demography of dietary restriction and death in Drosophila[END_REF][START_REF] Partridge | Dietary restriction in Drosophila[END_REF] A key challenge in further exploring this model will be to determine whether and how the model mimics the observed effects of dietary restriction.

Empirical tests of the approach would include exploration of its capacity to predict future changes in mortality and life expectancy. This seems practicable, since we can calculate sequential parameter k values and extrapolate their trends to test against existing methods of forecasting.

Longitudinal analyses of data from cohorts such as that of Framingham have also used risk models (e.g. in the case of Framingham, non-proportional hazards Weibull accelerated failure time) to generate practical risk formulae for coronary heart disease and stroke risk. Yet when those formulae are used in different populations, they prove inaccurate and require adjustment. It may be that calculations of this kind can be improved by incorporating the concepts of the NBM into the risk models used.

The deviation from the pattern described here as phase 6 is also of interest, since, if it does represent the impact of good health and social care -manufactured survival -then it may provide a more objective societal measure of the effectiveness of healthcare and social systems than is currently available.

In summary, this model offers a complete and parsimonious theoretical structure for human mortality, and an explanation for those behaviours of adult mortality curves that appear to obey a schedule or program. Its analysis of historical data appears consistent with the hypothesis that historical changes in human mortality may be explained without changes in the underlying pattern of ageing, and it may have applications in ageing theory, demography, epidemiology and public health. 
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Table 1 .

 1 Sub-population sizes and k parameters used in modelling Swedish male cohort mortality from four completed cohorts at 50 year intervals since 1751. In each case, 60 sub-groups were generated in each sub-population. Values for parameters held constant were s = 2.1, s.d. 1.01; a = 82, s.d. 1.01; n = 300. All s.d. values are exponentials of figures used in defining lognormal distributions.

	Phase 1		Phase 3		Phase 4/5	
	Population proportion	Mean k	S.D.	Population proportion	Mean k	S.D.	Population proportion	Mean k	S.D.
	25%	6	1.35	25%	50	1.7	50%	300	1.01
	24%	6	1.35	28.5%	65	1.5	47.5%	400	1.01
	22.5%	6	1.35	19.5%	55	2	58%	520	1.01
	17%	5	1.35	8%	40	1.35	75%	620	1.01