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INTRODUCTION

The relationship between morbidity and mortality is at once simple and complex. It is
simple in that death is usually attributed to disease, and the attribution rests on the direct
effect of disease on survival prospects. This aspect of the relationship leads to certain
assumptions about how the incidence of ill health will change as the mortality rate
changes. The most common assumptions are that high or low mortality rates are
grounds for inferring high or low morbidity rates, and that the two measures change in
a way that is parallel.^ That is, declining mortality rates are a sign of a 'transformation
of health', which consists of declining morbidity rates.
We wish to challenge these assumptions by examining an historical episode of
declining mortality where evidence is also available about morbidity, and by presenting
models designed to explain ways in which mortality changes influence population
composition. Evidence on morbidity and mortality trends is available from British
Friendly Societies in the nineteenth century. The records of those societies show a strong
increase in age-specific morbidity from the 1860s to the 1890s, when mortality rates
among their members and in the population as a whole were declining. The financial
practices of the Friendly Societies minimize the likelihood that trends resulted from
changes in reporting or in response to economic incentives.
Our challenge to the assumption of parallel movements in mortality and morbidity
rates is based on a specific historical period, during which mortality in Britain declined
after a half century of approximate stability. But the issues involved, and the methods
suggested here for analysing interdependent effects of mortality and morbidity, apply
also to other episodes. Health surveys conducted in several countries since the 1950s
indicate an increase in morbidity during a period of declining mortality.^
Helpful comments on earlier versions of this paper were made by John Caldwell, Robert Lampman,
Mitchell P. LaPlante, Irvine Loudon, Clayne Pope, Samuel Preston, Richard Steckel, James Trussell, Heman
Van der Wee, Richard Wall, Eugene Weinberg, David Weir, and participants at meetings ofthe International
Economic History Association, the Social Science History Association, Population Research Center Seminar
at the University of Texas, and the Indiana University Economic History Workshop.
t Department of History, Indiana University.
' Thomas McKeown, The Modern Rise of Population (London, 1976). Victor R. Fuchs, 'The contribution
of health services to the American economy', in Victor R. Fuchs (ed.). Essays in the Economics of Health and
Medical Care (New York, 1972), pp. 12-15. Simon Kuznets, Modern Economic Growth (New Haven, 1966).
H(ector] Correa, The Economics of Human Re.iources (Amsterdam, 1963), pp. 42-45. Arthur E. Imhof (ed.)
Biologie des Menschen in der Geschichte (Stuttgart, 1978), p. 70. Odin W. Anderson,' Age-sp)ecific mortality in
selected westem European countries with particular emphasis on the nineteenth century: observations and
implications'. Bulletin ofthe History of Medicine, 29, 3 (1955), p. 239.
* A. Colvez and M. Blanchet, 'Disability trends in the United States population 1966-1976: analysis of
reported causes, American Journal of Public Health, 71 (1981), pp. 464-71. Thomas N. Chirikos, 'Accounting
for the historical rise in work-disability prevalence', Milbank Quarterly 64 (1986), pp. 271-301. P. J. Taylor,
'Some international trends in sickness absence, 1950-68', British Medical Journal 1969 (4) No. 5684,
pp. 705-707. T. Lecomte 'La morbidite declaree, description et evolution: France 1970-1980', Sotidarite
Sante: Etudes statistiques, 2 (1984), pp. 271-301.
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To explain the inverse association between mortality and morbidity among Friendly
Society members we turn to models that emphasize two aspects of individual differences
in responses to disease. Several authors have examined the effects of demographic
selection on a population in which responses to disease vary among individuals. In
general, a decline in mortality rates tends to increase the number of high-risk, 'frail',
individuals who survive to each age. This effect tends to reduce the rate of decline of
mortality at older ages, and it has been used to explain the "crossover' of death rates
among U.S. blacks and whites at older ages.^ This view would also predict that a
reduction in mortality could increase subsequent morbidity.
In previous models of population heterogeneity it has been assumed that susceptibility
to disease at the individual level is constant from birth, or responsive to specific risk
factors such as smoking. We present a model in which all individual experiences of
sickness increase the risks of both morbidity and mortality later in life. The effects of
' insult accumulation in this model amplify the effects of demographic selection in a
heterogeneous population. The incidence of morbidity increases not only because highrisk individuals survive longer, but because the same individuals become more
susceptible to illness as they experience non-fatal diseases and other insults.
Computer simulations are used to show the implications of these models for
explaining the experiences of nineteenth-century British Friendly Society members. The
simulations show the effects of different assumptions regarding the distribution of frailty
and insult accumulation on cohorts with the mortality histories of British men in the
nineteenth century. The simulations suggest that demographic selection alone would not
have been sufficient to produce the large increases in morbidity observed in the Friendly
Societies.
MEASURING MORBIDITY IN THE PAST: THE BRITISH FRIENDLY SOCIETY

Health and its counterpart, ill-health, are notoriously ambiguous concepts. Most
investigators have focused on the attribution of ill-health, with the result that they
grouped mortality data into lists of leading causes of death and discussed the
epidemiology and aetiology of those diseases. Ambiguity has been avoided by adopting
a scale in which death was regarded of a proxy measure of ill-health. We have adopted
a different approach, designed to shed light on ill-health episodes not resulting in death,
as well as on those which did result in death. This approach identifies ill-health as periods
when the individual could no longer perform basic functions, particularly those
identified with work. Thus, for our measure of morbidity we use neither a medical
description of a disease state nor the subjective report of ill-health, but the behaviour of
missing work with its attendant loss of income.
By adopting distinctions based on functional incapacity rather than on classification
into disease states, we are able to use insurance records in which work loss is reported.
These consist chiefly of financial accounts which record payments into and out of funds
created to compensate workers for wages lost because of illness and injury, and their
heirs for death. Such funds were common in urban Europe from the sixteenth century
into the eighteenth, and in urban and rural areas from the eighteenth century into the
twentieth. They followed standard rules and during the nineteenth century relied on the
judgement of third parties (usually physicians) to distinguish legitimate cases warranting
compensation from malingerers.^ In using these records we adopt a behavioural
" Kenneth G. Manton and Eric Stallard, Recent Trends in Mortality Analysis (Orlando, 1984).
James C. Riley,' Disease without death: New sources for a history of sickness'. Journal of Interdisciplinary
History, 17 (1986), pp. 537-556; '111 health during the English mortality decline: the Friendly Societies'
experience'. Bulletin of the History of Medicine, 61 (1987), pp. 563 88.
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Figure 1. Frequency of absences by duration in two companies, Boston area, 1922-24.

Table 1. Rate of absence due to disability by duration in workdays, among employees of
a company which pays wages during disability compared with employees of a company
which does not
(Both companies in metropolitan area of Boston, 1922 24:
number of absences per 1,000 person-years.)
Females

Males
Duration of absence
in workdays

Company
which pays

All durations
1 day
2 days
3 days
4 days
5 days
6 days
7 days
8 days
9 days
10 days
11 days
12 days or more
No. of person-years
observed

1,198
418
239
142
91
56
54
30
17
13
14
12
112
6,129

Company
'ivhich does
not pay
383
57
55
40
35
33
18
12
12
8
10
103
12,148

Company
which pays
2,408
1,235
443
198
99
90
82
28
27
25
15
12
154
1,508

Company
which does
not pay
710
115
104
72
59
69
29
22
23
14
17
186
5,374

Source: Dean K. Brundage, 'The incidence of illness among wage earning adults' Journal of Industrial
Hygiene 12 (1930), pp. 340-350.

consequence of ill health - an insurance claim - as a proxy for the incidence and
duration of morbidity.
Insurance records are excellent sources of historical data, because the financial
incentives to both parties assure their accuracy. Claims on sickness funds represent only
episodes of ill-health that incapacitated the individual from working, so that many
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milder episodes are not recorded. Furthermore, the rules of the Friendly Societies
provided compensation only after a waiting period usually set at between three and
seven days. This means that short episodes, those resolved quickly by recovery or death,
were not counted as work loss. (Deaths within the waiting period are insured and
reported, however.) These features of the Friendly Societies help to eliminate changes in
behaviour caused by financial incentives or willingness to forego income.
The beneficial effects of a waiting period can be observed in data collected by
Brundage,* shown in Figure 1 and Table 1. These data compare rates of work loss by
duration in two firms, one of which compensated its workers for sickness absence, while
the other provided no compensation at all. As we would expect, workers were much
more likely to miss work when they did not lose wages by doing so. The difference
between these firms was greatest at short durations, however, and rates of work loss at
durations exceeding seven days were almost equal. This suggests that the waiting period
imposed by Friendly Societies limited claims to serious episodes of illness and injury
little affected by variations in incomes, compensation, or changes in subjective
evaluation of illness.
Ill-health in the sickness funds is not measured by case fatality rates or aggregate
deaths, but by the frequency and duration of work loss. Changes in morbidity patterns
can affect the number of episodes of sickness per person or the duration of each episode.
The total amount (prevalence) of morbidity, the risk of being sick, is a product of the
risk of falling sick (incidence) and the average duration of episodes of sickness. Friendly
Society records usually provide information on the average amount of work loss per
member per year, rather than the frequency or average duration of work loss. This
measure is closely related to the Society's liability for compensation, but it may conceal
changes in the structure of morbidity.
A large body of experience is available about members of nineteenth-century British
Friendly Societies." Overall membership in these organizations rose from some 648,000
at the beginning of the century to more than 6.8 million in 1913. The largest, the
Independent Order of Odd Fellows, enrolled about seven per cent of the adult male
population in 1897, near the peak of the Friendly Society movement. The Odd Fellows,
and Friendly Societies in general, were not representative of the general population,
because their members were chiefiy manual workers. But they enrolled large numbers
from the central ranks of the working population, and the mortality patterns of
members are similar to those of the male population as a whole. The experience of
Friendly Society members is most probably typical of trends (but not levels) of
morbidity in the remainder of the population.
The reports of the Odd Fellows provide strong evidence that mortality and morbidity
were moving in opposite directions during the second half of the nineteenth century, and
the experience of the Odd Fellows paralleled that of other British Societies whose claims
experiences were studied.' Table 2 and Figures 2 and 3 show the age-specific trends of
mortality and morbidity among the Odd Fellows in four surveys (1846-8, 1856-60,
1866-70, and 1893-7), by portraying annual death rates and weeks of sickness per 1000
weeks at risk.** In each age group, morbidity rates rose from about 1870 to the end of
the century, and from 1870 mortality rates declined among Friendly Society members
Dean K. Brundage, 'The incidence of illness among wage earning adults', Journat of Industrial Hygiene,
12(1930), pp. 339-350.
" Riley (1986), loc. cit. in fn. 4.
Alfred W[illiams] Watson, An Account of the Sickness and Mortality Experience of the I.O.O.F.
Manchester Unity... 1893-1897 {Mmchester, 1903).
" The 'years at risk' in the Odd Fellows experience increased from 621,561 in 1846-8 to 2,995,724 in
1893-7.
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Table 2, Mortality and morbidity by age, independent order oj Odd Fellows,
1846 48 to 1893 97
Age
< 20
20-24
25 29
30-34
35-39
40-44
45 49
5a 54
55 59
60-64
65 69
70-74
75-79
80-S4
85-89
90-94
95 +
<20
2a 24
25-29
30-34
35-39
40-44
45^9
50-54
55-59
60-64
65-69
70-74
75-79
80-84
85-89
90-94
95-1-

1846-48

1856 60

1866 70

(A) Deaths per 1000 per year
54
7.5
4.6
7.4
6.4
7.6
7.9
7.5
7.6
8.7
8.3
8.2
9.V
9.2
9.8
126
11.6
11.8
14.2
14.0
14.3
18.6
18.0
19.0
2H7
26.1
24.9
35.4
41.1
35.7
52.1
57.2
55.0
70.4
78.1
68.3
115 4
99.5
58.8
II8.8
128.6
114 3
196.1
120.0
250.0
100.0
230.8
(B) Weeks of sickness per lOOC1 weeks at risk
7.4
14.6
10.3
15.9
14.5
13.0
15.8
15 5
14.6
17.8
16.5
16.1
20 4
18.1
19.3
24 3
22 7
23 8
29.1
29.7
31.5
4:7
38.7
39.0
58.2
58.6
61.7
90.7
89.2
97.3
137.8
139.2
124.9
233.7
231.8
232 0
324.5
319.9
321.5
395.9
392.3
374.2
569.8
278.8
251.5
292 9
367.3

1893 97
2.5
3.7
4.6

5.5
7.0
y.5
11.8
16.9
24,2
35.6
54.1
80.9
1204
176.6
232.6
2847
440.0
17.7
17.2
184
20.5
:4.3
30.4
38.2
52.8
77.4
121.3
203.5
.VM.6
4S3.5
620.6
694 5
747.7
761.1

Source: Alfred W[illiams] Watson, An Account of an Investigation of the Sickness and Mortality Experience
of the I.O.O.F. Manche.ster Unity... 1893-1897 (Manchester, 1903), pp. 18-19.

and within the male population as a whole for each age group below age 70, In Figure 4
we examine the rates of change in morbidity more closely by comparing the rates of
each age group to their values in 1846-8, This figure shows that after 1870 morbidity
rose sharply in all age groups, but that the most dramatic increase occurred at the older
ages. Work loss at ages 70-74 increased by 43 per cent, and increases at 75-79 and 80-84
which are not shown in Figure 4 were 50 and 65 per cent respectively.
The actuary Watson, who supervised the preparation of the report on Odd Fellows
experience during 1893-7, remained puzzled why the average duration of sicknesses had
increased. He and his assistants considered factors known to influence morbidity rates,
especially occupations and residence, but found little change in the characteristics of
members. Age-specific morbidity rates had increased chiefly because episodes had
become more protracted.* That is, Watson provided information from which we infer
* Watson, op. cit. in fn. 7.

30

GEORGE ALTER AND JAMES C. RILEY

1840

1850

1860

1870
1880
1890
1900
Year
Figure 2. Death rates by year, I.O.O.F.. 1846^8, 1856-60, 1866-70, 1893-97.
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Figure 3. Morbidity rates by year, I.O.O.F., 1846-^8, 1856-60, 1866-70, 1893-97.

that most of the increase in work loss was due to an increase in the average duration of
each episode of sickness. The risk of falling sick (episodes per person) apparently
remained stable or increased slightly during the same period.'"
'" Watson was closely associated with the Odd Fellows, and he remarked no change in benefit policies. Riley
(1987, loc. cit. in fn. 4) has reviewed Odd Fellows practice and considered other possibilities than an actual
increase in duration of ill-health. Protracted claims earned reduced benefits, which diminished the inducement
to submit lengthy claims. It is possible that physicians urged longer convalescences for some diseases in
1893-97 than in 1866-70, but the evidence about therapeutic practice is mixed. In general, the age pattern and
the scale ofthe increase in morbidity diminish the likelihood of, or rule out, other speculations about changes
unrelated to prolonged survival in sickness. Protracted claims increased in every age group but most sharply
among young adults and at longer durations. Claims lasting between 27 and 260 weeks increased by 15 to 42
per cent, depending on age group.
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Figure 4. Percentage of 1846 morbidity, l.O O.F., 1846-48, 1856-60, 1866-70, 1893-97.

HETEROGENEITY AND SELECTION

One explanation for the divergent movements of morbidity and mortality during the
nineteenth century is that mortality itself leads to changes in the population at risk of
being sick. We assume that in every population there are some individuals whose genetic
endowment varies their susceptibility to disease. When exposed to the same risk, more
susceptible individuals will succumb at earlier ages. The result is that the composition of
a population changes with age. At each age, the population includes a smaller
proportion of highly susceptible or 'frail' individuals. Thus, in any heterogeneous
population we expect mortality to change the composition of the population as it ages
by selectively eUminating the more frail individuals and leaving a less frail surviving
population.
When the level of mortality changes over time, the impact of selection varies in
successive cohorts. Rising life expectancy means not only that a higher proportion of the
original cohort survives to each older age, but also that a higher proportion of survivors
will be relatively frail. Lower mortality spares some relatively frail individuals, who were
the most likely to die under previous conditions. As mortality declines, these 'new or
'marginal' survivors raise the average level of frailty at every age,"
Morbidity is likely to increase as a consequence of changes in the surviving population
that result from declining mortality. We assume that the factors which make an
individual more susceptible to fatal diseases increase susceptibility to non-fatal
conditions too. Since a cohort in which mortality is low includes more susceptible
individuals at every age, low mortality should be associated with higher morbidity. Even
if risks of morbidity were decreasing as fast as risks of mortality, observed morbidity
rates would increase. Thus, for both mortality and morbidity to decline in parallel would
require that the risk of sickness be reduced more rapidly than that of death, simply to
" Lois Verbrugge, 'Longer life but worsenmg health? Trends in health and mortality of middle-aged and
older persons', Milbank Memorial Fund Quarterly/Health and Society 62 (1984), pp. 475-519. James M.
Poterba and Lawrence H. Summers, 'Public policy implications of declining old-age mortality', in Gary
Burtless (ed.). Work, Health, and Income among the Elderly (Washington, 1987).
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offset adverse changes in the composition of the population. There are reasons for
believing, however, that morbidity has in the past been less responsive to public health
interventions than mortality. The major causes of death during the nineteenth century
were acute infectious conditions, the incidence of which was reduced by limiting
exposure to infection and perhaps also improving nutrition. Chronic conditions, which
contribute more to morbidity than mortality, have been more resistant to treatment.
A mathematical version of this model was developed by Vaupel, Manton and
Stallard'^ in an essay in which they considered how heterogeneity may influence the
measurement of life expectancy. With reasonable assumptions about heterogeneity in
susceptibility to death, they show mathematically that a decline in mortality will tend to
increase susceptibility (i.e. 'frailty'). We use their mathematical model as the basis of the
computer simulations presented below, but define frailty more broadly and in terms
influenced by a biological model of sickness, repair, and recovery called 'insult
accumulation
In the model developed by Vaupel, Manton and Stallard attention is focused on the
measurement of mortality. In the simulations presented here, we direct attention to
morbidity, and the degree to which morbidity may increase as mortality alters the
composition of a population. Greater differences among individuals in responses to
disease mean greater selection effects on the distribution of frailty over the life of a
cohort. Thus, the relationship between morbidity and mortality trends depends on the
variance of frailty at birth within the cohort. The main sources of variance are genetic
endowment and health during fetal development and at subsequent ages. Each year of
life involves some reduction in a cohort's susceptibility to disease (i.e. some members of
the cohort die, and some diseases confer partial or complete immunity). We argue below
that variance in susceptibility to disease may also increase as individuals experience fresh
insults and health-related propensities latent at birth become manifest.
It is important to notice that the heterogeneity argument does not imply that the same
individual would experience more sickness in a cohort in which mortality was low than
in one in which it was high. An individual with a given genetic endowment will
experience the same amount or less sickness when mortality has been reduced. Average
morbidity rises because individuals who would not have survived in an earlier cohort live
longer with more ill-health. Increasing morbidity does not indicate a decrease in the
welfare of the population, because sickness is replacing early death.
INSULT ACCUMULATION

Death is usually attributed to disease, but disease does not usually cause death. Except
for virgin soil epidemics and the high infant mortality often observed in historical
populations, most disease experiences end in recovery rather than in death. The sufferer
resumes ordinary activity and is said to be well. Each life can be seen as a sequence of
ill-health episodes, some serious and some mild. Although attention focuses on the
current episode, and especially on the pathological cause or causes of death, each
individual carries forward a unique history of non-fatal illnesses, injuries, and other
health experiences. Past health status is a good predictor of future health status.^'
'^ J. W. Vaupel, K. G. Manton and E. Stallard, 'The impact of heterogeneity in individual frailty on the
dynamics of mortality' Demography, 16 (1979), pp. 439-454.
'•'' Lawrence E. Hinkle, Norman Plummer and L. Holland Whitney, 'The continuity of patterns of illness
and the prediction of future health' Journal of Occupational Medicine 3 (1961), pp. 417^33. W. Dab, J.
Rochon and L. Bernard, 'L'absence au travail comme predicteur de morbidite grave: Une double etude castemoin (infarctus du myocarde et accident de travail) dans une grande entreprise quebecoise' Revue
d'e'pidemiologie et de sante publique, 34 (1986), pp 252 260.
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The medical physicist Jones when examining historical populations with high,
intermediate, and low age-specific mortality rates, noticed distinctive patterns in
improved life expectancy at the cohort level. He suggested that this might be explained
by observing a process he called 'wear and tear' and by making a distinction between
physiological and chronological age.'^ Favoured populations - those whose members
live longer - appear to age more slowly than other populations. Jones inferred that each
generation experienced fewer deaths both because more people survived the diseases of
early life, and because each subsequent generation experienced fewer diseases at each
stage in life. Individuals attaining (for example) age 70 in favoured populations had the
same chronological age as their counterparts in less favoured populations, but they
appeared to have a lower physiological age - i.e, a higher life expectancy.
To explain the greater endowment Jones has suggested that physiological age is a
function of previous disease experience. ' Every disease episode does some damage to
physiologic function ; 'diseases tend to facilitate the growth of disease states' at all
ages, including adult ages.'* Each 'insult' from illness or injury leaves the individual
more susceptible to disease in the future. Cohorts enjoying better health in early life
enjoy a lasting reduction in physiological age, and a lifespan both longer and marked by
greater vigour at every subsequent age.
Jones's formulation drew on studies of radiation effects on laboratory animals and on
an argument from analogy: radiation effects resemble those attributable to infectious
disease. A modified and elaborated version of the idea has emerged in more recent
biological theory.'* In this version, attention is given to damages incompletely repaired,
such as those widely recognized in medical literature for their association with rheumatic
fever and many acute infections. It is also extended to a wide range of behavioural and
environmental insults, including diet, cigarette smoking, and environmental toxins,
which are often referred to as "risk factors' Unrepaired damage may be manifest at a
clinical level, but is often undetected for many years. Pathological investigations show
that the number of lesions unassociated with cause of death increases with age." The
capacity to repair damage diminishes with age, and insult accumulation is an issue of
leading concern for assessing health in ageing populations. While the process of insult
accumulation is widely acknowledged among medical and biological scientists, no
satisfactory means have been found to assess its level of significance within a general
population. Insults accumulate, but how large a role does accumulation play?'*
" Hardin B. Jones, A Special Consideration ofthe Aging Process, Disease, and Life Expectancy (Berkeley,
1955); 'The relation of human health to age, place, and time, in James E. Birren (ed.). Handbook of Aging
and the Individual (Chicago, 1959).
'* Hardin B. Jones 'A special consideration of the aging process, disease and life expectancy', in John
H. Lawrence and Cornelius A. Tobias (eds.). Advances in Biological and Medical Phvsics, vol. 4 (New York,
1956), pp. 298 and 304 respectively.
^' George A. Sacher, ' Life table modification and life prolongation', in Caleb E. Finch and Leonard
Hayflick (eds.). Handbook ofthe Biology of Aging (New York, 1977). Arthur C. Upton, ' Pathobiology', in
Finch and Hayflick (eds.), ibid. Bernard L. Strehler, Time, Celts, and Aging, 2nd ed. (New York, 1977). T. B.
Kirkwood and R. Holliday, 'The evolution of ageing and longevity'. Proceedings of the Royal Society of
London B 205, no. 1161 (1979), pp. 531-46; 'Ageing as a consequence of natural selection', in A. H. Bittles
and K. J. Collins (eds.). The Biology of Human Ageing (Cambridge, 1986). James C. Riley, Sickness, Recovery
and Death (London, in the Press).
" Trevor H. Howell, 'Multiple pathology in nonagenarians'. Geriatrics, 18 (1983), pp. 899-902.
" The insult accumulation model is not meant to deny that resistance to disease can also be acquired. As
suggested above, survivors of infectious diseases acquire some degree of immunity from future infections from
that disease agent and related micro-organisms. However, our experiments with computer simulations in
which morbidity conferred 'negative' insult accumulation (reduced relative frailty) produced implausible
trends in mortality hazards. Acquired immunity would play a much larger role in a model that focused on
specific diseases rather than on general processes. Our evidence does not lead us to suspect that acquired
immunity has played a large role in historical trends in morbidity.
LPS 43
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MODELLING MORTALITY IN A HETEROGENEOUS POPULATION

While most demographic applications involve the assumption that every individual faces
the same force of mortality, there are likely to be important variations among
individuals in susceptibility to disease and other risks of death. Vaupel, Manton, and
Stallard'* suggested a convenient model for examining these individual variations.'''*
Following their model, we describe the observed mortality (and morbidity) experiences
of a cohort as the product of two characteristics: the standard force of mortality (or
morbidity) for the cohort and individual differences in 'frailty
The standard force of mortality is the response of an arbitrarily chosen standard
individual to the environmental stimuli that cause disease and death. The likelihood of
death depends upon both the disease environment and biological changes in the human
organisms related to ageing. Further research may seek to distinguish between
environmental and age-related factors. For present purposes we assume that the
likelihood of death varies with age, and we do not attempt to distinguish between
changes in the organism and changes in the environment as causes of this development.
The force of mortality that affects a standard individual is used to represent patterns in
the likelihood of death common to all individuals in the cohort.
Individual differences in susceptibility to disease are represented by a variable called
frailty. By definition more frail individuals are more likely to die given the same
environmental risk and age. Each member of a cohort is assumed to have a level of
frailty at birth. The force of mortality for an individual is the product of the standard
force of mortality and his or her frailty. In the aggregate, average mortality in a cohort
depends on the distribution of frailty at birth and the cohort's experience since birth.
This model lends itself to a simple mathematical representation. Following Vaupel,
Manton, and Stallard, the frailty of individual / is denoted by z^ and /i^ (r,) is the force
of mortality for individual / at age x. The definition of frailty implies that relative
differences in the force of mortality correspond to relative differences in frailty. For two
individuals, / and f, we have

tM = ^

(1)

This can be achieved by letting
//,(;,) = r , ^ , ( l ) ,

(2)

in which //_, (1) is the force of mortahty for an individual with frailty equal to one.
Hereafter, we will use n^ to represent ^^^(1). It is the ratios between the r, terms that
matter, so the values assigned to z involve an arbitrary scaling constant.^^
" Loc. cit. in fn. 12.
''° James W. Vaupel and Anatoli I. Yashin, 'Heterogeneity's ruses; some surprising effects of selection on
population dynamics', American Statistician, 39, 3 (1985), pp. 176-185. Kenneth G. Manton, 'Cause-specific
mortality patterns among the oldest old: Multiple cause of death trends 1968 to 1980', Journal of Gerontology
41, 2 (1986), pp. 282-289. Antonio Golini and Viviana Egidi, 'Effects of morbidity changes on mortahty and
population size and structure', in Jacques Vallin and John H. Pollard (eds.). Methodologies for Collection and
Analysis of Mortatity Data (Liege, 1984). Poterba and Summers, op. cit. in fn. 11.
^' Our application of the model translates the force of mortality to standard life-table functions. Since
relative frailty is defined in terms of the instantaneous force of mortality, however, the ratios between
individuals do not remain the same when we refer to intervals of age. The life-table function ^q^, the probability
of death between birthday .v and birthday .v+n. is related to the force of mortality as
-\
The integral which sums the force of mortality between ages x and .v + n is referred to as the mortality
hazard.
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This model contains an important distinction between individual and aggregate
mortality experiences. The probability of death for the cohort („qJ is the average of the
probabilities of death of the individuals who survive to age x („q^(Zf)). The cohort rates
depend, therefore, on the distribution of frailty in the population. Vaupel, Manton, and
Stallard" have provided a formula that allowed us to relate cohort and individual level
mortality processes when frailty can be described by a gamma distribution.
Since the model is of a simple general form, it can also easily be used to represent
morbidity. We assume that the relative frailty among individuals in a population applies
equally to the hazards of both mortality and morbidity. Vaupel, Manton, and Stallard
have pointed out that one of the implications of the model is a tendency for frailty to
rise as mortality is declining. We shall examine the implications of this aspect of the
model for morbidity. Our approach differs from theirs, however, by considering the
insult accumulation model in which relative frailty is endogenously determined. In
previous discussions of the model it has been assumed that frailty is determined at birth
or affected only by specific risk factors. In contrast, we present a model in which all
morbidity experiences tend to increase relative frailty and, therefore, the average frailty
of a cohort both increases and decreases over time.
The shape of the gamma distribution assumed in our model determines the rate at
which average frailty changes with age. Under the same assumption about aggregate
mortality („^^), the higher the variance of frailty (r,) at birth, the greater the increase of
the mean frailty of survivors as the cohort ages. Following Vaupel, Manton, and
Stallard we arbitrarily assume that the mean of the frailty distribution at birth is 1. Since
the gamma distribution can be described by two parameters, alternative distributions
are chosen by selecting a shape parameter which determines the variance. There is little
information about the distribution of frailty in actual populations, but Vaupel, Manton,
and Stallard have argued that their empirical research implies relatively high variances.
In the simulation presented below we use a lower variance for the frailty distribution
than they would recommend, to emphasize the effect of the insult accumulation
mechanism. In the Appendix we compare results obtained by using different gamma
distributions.
SIMULATION

Computer simulations have been used to examine our extended version of the frailty
model. The simulations provide a way of combining what we know about the histories
of morbidity and mortality with a variety of assumptions about the unobserved variables
in the model. The simulations also produce cohort and period trends in each of the
components of the model which illustrate its operation.
The simulation begins by randomly assigning frailty values (Zf) to a population of
20,000 persons at birth. At each age random numbers are generated for each individual
to determine whether that individual survives to the next age or experiences an illness.
The simulations have been constructed to reproduce the given aggregate pattems of
mortality from varying underlying distributions of frailty. The program adjusts the
probabilities of death for the standard individual («<?j(l)), so that average cohort
mortality (^qj follows a predefined age-specific pattern. These adjustments use the
formulae given by Vaupel, Manton, and Stallard'^' relating aggregate mortality to the
distribution of frailty.^*
" Loc. cit. in fn. 12.
" Loc. cit. in fn. 12.
" The assigned values of 2, follow a gamma distribution with a mean of 1 and a variance at birth of 0.5.
2.2
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The morbidity section of the simulation was designed to hold the standard force
of morbidity constant across successive cohorts. We define aggregate age-specific
morbidity rates for the first cohort, as well as average mortality and the distribution of
frailty. The program derives a set of age-specific standard morbidity hazards from the
experience of this cohort. In successive cohorts this standard morbidity pattern is held
constant, resulting in a changing pattern of aggregate morbidity. Mortality and
morbidity rates are specified in five-year intervals, except for ages 0 and 1-4. The
morbidity component of the simulation operates on single years of age, however. Each
simulated individual is at risk of sickness once for each year of age. The assumption of
one morbidity episode per year is an important restriction in the model, and its
implications are discussed below.
The simulation handles mortality and morbidity in opposite ways. In the case of
mortality, we calculate the implicit standard mortality hazard needed to produce the
observed aggregate patterns. For morbidity we hold the standard hazard constant and
allow the aggregate pattern to vary.^^
The simulation program can treat the frailty distribution as either constant from birth
or endogenously dependent upon morbidity. When frailty is dependent on morbidity,
the values of z, are multiplied by a constant each time an individual suffers an illness. If
the dependency constant exceeds unity, each illness makes the individual become more
susceptible to later death and illness. If the dependency constant is less than unity, each
illness confers partial 'immunity by making the individual less likely to be ill or die.
For comparison with the experience of British Friendly Societies we constructed
simulations based upon the mortality experience of British male cohorts born from 1776
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Figure 5. Simulation mortality rates by year.
*' In each age-interval the program calculates the mortality hazard for the standard individual needed to
reproduce the specified aggregate mortality pattern for the frailty distribution of survivors at that age. This
standard hazard and the individuals' frailty values are then used to calculate probabilities of death for each
individual, and deaths are randomly assigned on the basis of these probabilities. Morbidity probabilities are
calculated for each individual from the standard morbidity hazard determined from the 1776 cohort.
Sicknesses are assigned on the assumption that deaths occur at the mid-point of each age interval. When insult
accumulation is specified, each sickness changes the individual's frailty in the next age interval. The
distribution of frailty is re-evaluated for survivors at the beginning of the each interval.
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to 1886 (see Figure 5.)^* Mortality for earlier cohorts was derived from period estimates
of expectation oflife given by Wrigley and Schofield,''' These estimates were expanded
to complete life tables by interpolation of their British model life tables, and period rates
were re-arranged into cohorts. Since the basic estimates by Wrigley and Schofield relate
to periods rather than to cohorts and exclude Wales and Scotland, many differences
between cohorts are undoubtedly lost. However, our purpose here is primarily
illustrative, and these tables capture the major features of British experience.
MODELS OF SUSCEPTIBILITY TO ILLNESS: FRAILTY AND INSULT
ACCUMULATION

1. Constant frailty
In Figures 6-10 we illustrate the implications of the frailty model for understanding
trends in mortality and morbidity. Figure 6 shows changes in the distribution of frailty
within a cohort which is subject to mortality. The mortality experience of the British
cohort of 1776 is illustrated in this figure. As members ofthe cohort age, mortality tends
to remove the frailest members first. In Figure 6 this appears as a change in the shape
of the frequency distribution of frailty at different ages. The highest curve is the
distribution of the population at birth." Lower curves show the distributions of the
cohort at ages 20, 40, and 60. The curves move downward, because the population is
reduced in size through mortality. But the shape of the distribution also changes with
age. More deaths occur among the individuals with high frailty on the right side of the
curve. Consequently, the distribution shifts steadily to the left, representing a decrease
in the average frailty in the surviving population.
AgeO

0.00
0.74

1.49
3.00

6.05

Frailty
Figure 6. Number of survivors by frailty, cohort of 1776, constant-frailty model.

" Cohort mortality rates beginning with the cohort of 1846 are taken from R. A. M. Case, Christine
Coghill, Joyce L. Harley and Joan T. Pearson, The Chester Beatty Research Institute Serial Abridged Life
Tables (London, 1962).
" E. A. Wrigley and R. S. Schofield, The Population History of England 1541-1871: a Reconstruction
(London, 1981).
" In the simulations presented here the distribution of frailty at birth is the same for each cohort, except
for minor random fluctuations.
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Figure 7. Mean frailty by age, cohorts of 1776 and 1866, constant-frailty model.
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Figure 8. Mean frailty by cohort, constant-frailty, model.

A comparison of later cohorts with that of 1776 would show less movement in the
distribution of frailty at each older age. The tendency of the distribution shown in Figure
6 to move to the left with age is reduced in later cohorts, whose members die out more
slowly. Since frail individuals are more likely to die, the surviving population is less frail
when mortality is high, and more frail when mortality is low. Differences between
cohorts tend to be greater at older ages because the frailty distribution shows the
cumulative effects of mortality at all earlier ages.
In Figures 7 and 8 we shift from the distribution of frailty to patterns of average frailty
in the aggregate. Figure 7 shows the average frailty of survivors at each age in the
cohorts of 1776 and 1866. We see the average level of frailty declining faster at the higher
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Figure 9. Percentage of 1846 frailty by year, constant-frailty model.
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Figure 10. Percentage of 1846 morbidity by year, constant-frailty model.

mortality rates of the 1776 cohort and the gap widening at older ages. These patterns
also appear in trends of average frailty at ages 30-34, 50-54, and 70-74 which are shown
for all birth cohorts in Figure 8.
In Figure 9 cohort patterns are grouped to show period trends in frailty for ages
30-34, 50-54, and 70-74. To increase the comparability of different age groups each
trend is indexed to 100 in 1846. The period-measures show the upward trend in average
frailty, but the rates of change for different age groups are not as easy to identify as they
are in the cohort comparisons in Figure 8. These period patterns are more complicated
than the cohort comparisons because two effects are at work. In period comparisons of
average frailty, the secular trend in mortality tends to offset differences between age
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groups noted in the cohort comparisons. Individuals at older ages continue to benefit
from the cumulative effects of lower mortality on average frailty noted above. But
younger persons have experienced their mortality more recently when all rates were
lower.
Morbidity patterns are shown in Figure 10. As explained above, the simulation holds
the force of morbidity constant at the rate calculated for the birth cohort of 1776. The
trends in morbidity shown in Figure 10, therefore, are due entirely to the trends in frailty
shown in Figure 9.
Simulated trends in frailty and morbidity shown in Figures 9 and 10 increase as we
expect, but they do not show the rates of increase needed to explain the observed
morbidity trends in the Friendly Societies shown in Figure 4. Between 1846 and 1896
frailty increased by less than ten per cent in the simulation model, and morbidity by
five per cent or less. Watson reported increases ranging between 25 and 65 per cent.
Furthermore, rates of increase in the Odd Fellows data are directly related to age, while
the simulated period-trends show little differentiation by age.
2. Insult accumulation
Our computer simulation has been constructed to incorporate the insult accumulation
theory by making individual frailty values dependent upon episodes of morbidity. Each
individual in the simulation faces a risk of illness in each year of life. When an illness
occurs, that individual's frailty is increased for subsequent ages. In the simulations
presented here each episode of illness increases frailty by five per cent.
Figure 11 shows the number of survivors by frailty at ages 0, 20, 40, and 60 for the
simulated birth cohort of 1776. In comparison with Figure 6 above, we can see a greater
change in the shape of the frailty distribution when frailty is endogenously dependent on
morbidity. Figure 11 no longer shows a straightforward decrease in the numbers of very
frail individuals. On the contrary, the upper tail of the frailty distribution becomes larger
as a segment of the population tends to become more frail with age. This change in the
shape of the frailty distribution indicates that the variance of frailty is higher at older
ages. Average frailty also increases with age, as we shall see below, but much of the
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Figure 11. Number of survivors by frailty, cohort of 1776, 5% insult accumulation model.
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Figure 12. Mean frailty by age, cohorts of 1776 and 1866, 5% insult accumulation model.
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Figure 13. Mean frailty by cohort, 5% insult accumulation model.

population is unaffected by the insult accumulation process. The modal value of frailty
remains near the value established at birth, even though the shape of the distribution is
transformed.
In the insult accumulation model the average frailty level in a cohort depends on the
cumulative effect of mortality, which tends to reduce the frailty of survivors, and on the
frailty-enhancing effect of morbidity. Figure 12 shows the new relationship between
average frailty and age in two cohorts. Declines in average frailty continue to be
apparent at the high-mortality ages (less than five years, and 60 years and over), but the
low levels of mortality in later childhood and among young adults are marked by a
steady rise in frailty. Average frailty rises more rapidly and peaks at a later age than for

42

GEORGE ALTER AND JAMES C. RILEY

Age 30-34
50-54
70-74

1836

1846

1856

1866 1876 1886 1896 1906
Year
Figure 14. Percentage of 1846 frailty by year, 5% insult-accumulation model.
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Figure 15. Percentage of 1846 morbidity by year, 5% insult accumulation model.

the earlier cohort under the improved conditions experienced by the cohort of 1866, We
also notice that the gap between the two cohorts widens with age. This feature is
apparent in Figure 13, which follows average frailty at three ages across all twelve
cohorts. The very large increase in average frailty at ages 70-74 dwarfs the movements
at earlier ages, but the increases at all ages are greater than those in the simulations with
constant frailty shown in Figure 8.
Figures 14 and 15 again turn from cohort to period trends with period rates indexed
on the values of 1846. In Figure 14 average frailty is clearly rising at each age, but the
rate of increase is much larger at ages 70-74. This model clearly differs from the periodestimates generated by the constant-frailty model (Figure 9), which did not show strong
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differences in the trends by age. The pattern in Figure 14 is much more similar to the
observed pattern of morbidity increase among the Odd Fellows shown in Figure 4.
The morbidity patterns in Figure 15 are disappointing, at first glance. While average
frailty at ages 70-74 rises by more than 15 per cent between 1846 and 1896, the morbidity
rate increases by less than five per cent. Thus, the model does not yield a proportional
relationship between changes in average frailty and in morbidity. We believe, however,
that this points to another feature of the morbidity process: the distinction between the
probability of falling sick and the probability of being sick. Our current model allows
each individual in the simulation only one episode of sickness during each year of life,
and episodes are not distinguished by severity. Since each episode is only counted once,
the morbidity component of the model does not reproduce all features of the frailty
distribution. We pointed out above that insult accumulation tends to increase the
skewness of the frailty distribution (see Figure 11). Insult accumulation does not shift
the entire frailty distribution to the right. Instead, a sub-population with very high frailty
tends to develop. Since each individual can only be sick once a year, the morbidity rate
increases less than average frailty.
While this aspect of the simulation is obviously unrealistic, it does point to an
important aspect of the morbidity history of nineteenth-century Friendly Societies. The
pattems shown in Figure 4 refer to probabilities of being sick (weeks of sickness per
thousand weeks at risk). We have much less information to distinguish the number of
episodes and the average number of sick days per episode, but, as we noted above, the
available data suggest that the probability of falling sick increased very little, while the
average duration of each sickness increased. This would be completely consistent with
the model presented here. Our results are consistent with a more sophisticated model in
which increasing average frailty has a greater effect upon the average duration of each
episode of sickness than on the number of episodes. In other words, the frail segment of
the population became distinguished more by the length of their illnesses than by the
number of illnesses experienced.
CONCLUSIONS

The experience of nineteenth-century British Friendly Societies poses a serious challenge
to our usual way of thinking about health and disease. We are accustomed to thinking
about progress in the reduction of mortality as an overall gain for society, and a secular
increase in sickness rates seems to challenge this conception. The models presented here
attempt to resolve this paradox. A rise in the average sickness of a population does not
necessarily indicate a decline in medical well-being, because only the health of the
surviving population is measured. If more people survive, then individuals who would
have died live longer although their health remains poor. If we could compare
individuals with equal endowments at birth, however, we would find an unambiguous
improvement. The prospects of every individual may have improved over an earlier
generation, even through average health has worsened. Our approach is necessarily
illustrative rather than analytical, but we believe that we have described models capable
of resolving Watson's puzzlement and explaining divergent trends in morbidity and
mortality.
The application of these models to historically relevant levels of mortality and
morbidity also reveals something about the operation of these models themselves. In
particular, it highlights the importance of the insult accumulation hypothesis. Although
demographic selection in a heterogeneous population is the key to both models that we
have examined, the selection effect is not very powerful when only a moderate degree of
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heterogeneity is assumed. (See Appendix.) While demographic selection becomes
apparent in the comparison of cohorts, it loses its impact in period data. The
progressively lower mortality experienced by more recent cohorts can outweigh longer
exposure to selection of older cohorts. When this happens age patterns of increasing
morbidity do not reflect the higher rates of increase at older ages found in both the
cohort data and the period rates observed in nineteenth-century Britain. The insultaccumulation effect, however, magnifies the selection effect of heterogeneity. Since more
frail individuals not only survive longer but become even more frail, a sub-population
with dramatically increased susceptibility to disease emerges.
The example used here to illustrate these points may exaggerate the effect of insult
accumulation and underestimate the degree of heterogeneity in real populations.
Nevertheless, we believe that there is a strong case for examining the interaction between
these two mechanisms. Both models can be manipulated to produce the same trends in
average frailty, but they have different implications for trends in the shape of the frailty
distribution. Insult accumulation tends to increase both the dispersion and the skewness
of this distribution with age, producing a sub-population with greatly increased
susceptibility to disease. In the model with constant frailty, however, the variance of the
frailty distribution decreases with age. We find the former more intuitively appealing,
and it offers an explanation for the increasing duration of illnesses observed in the
British Friendly Societies.
The distinction between the constant-frailty model and the insult accumulation model
is important not only for helping us understand the past, but also for its implications
about the future. The morbidity consequences of demographic selection in heterogeneous populations are unequivocally pessimistic. Every improvement in the
prolongation of life leaves a larger but more frail population. Medical interventions
designed to reduce morbidity will need to improve even more rapidly than those
affecting mortality simply to maintain the same level of average health.
The insult accumulation model, however, lends itself to a more optimistic forecast.
When public health and medical measures improve recovery from illness without
reducing in proportion the number of episodes of ill-health or the severity of each
episode, the insults accumulated by the surviving population increase as mortality
dechnes. We believe that this is what occurred in the nineteenth-century population,
which lived in an environment replete with non-fatal diseases. On the other hand,
modern medical technology reduces not only the likelihood that diseases will be
contracted but also the duration and severity of diseases. Measures that eliminate either
exposure or damage from non-fatal illnesses can improve future morbidity prospects
with relatively little impact on mortality rates. Present-day generations that have
benefited from these developments could be the first to live longer lives with less
illness.
APPENDIX: ALTERNATIVE FRAILTY DISTRIBUTIONS

We have noted briefly in the text that morbidity trends depend upon the variance of the
frailty distribution at birth. The following table shows results from 16 simulations in
which different assumptions regarding the initial distribution of frailty and the effect of
insult accumulation were compared. The gamma-distribution used in the model is
arbitrarily assigned a mean of 1 at birth, but different values for the variance of the
distribution may be considered. Four different variance assumptions are shown in the
table. We can also vary the effect of insult accumulation by changing the amount that
each illness contributes to frailty at later ages. The computer simulation incorporates
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Appendix Table 1. Percentage increase in mean frailty at ages 20 and 70 between
1846 and 1896 for various models of frailty and insult accumulation
Endogenous
increase
in frailty
(%)

Variance of the frailty distribution at birtl
0.5

0.25

1.0

2.0

104.39
106.39
104.23
110.55

111.08
106.53
108.80
117.14

119.22
125.78
132.03
175.47

136.09
155.43
185.80
186.64

Age 20
0.0
2.5
5.0
IO.O

101.91
102.89
101.72
102.36

103.41
102.14
102.31
102.72

Age 70
0.0
2.5
5.0
10.0

104.18
105.16
109.50
123.14

103.94
117.38
122.35
145 13

insult accumulation by adding a percentage increase to frailty for each episode of
morbidity. The table shows the results of four different endogeneous percentage
increases ranging from zero (frailty constant from birth) to ten per cent. In the model
discussed in the text a value of 0.5 is used for the starting variance of the frailty
distribution and five per cent for the endogenous percentage increase in frailty due to
illness.
Examination of the table shows that different models can achieve the same trends in
mean frailty. When frailty is constant from birth, the increases in mean frailty at age 70
range from four to 36 per cent depending upon the variance of the frailty distribution
at birth. A higher variance results in a greater increase in mean frailty. Similarly, a higher
endogenous percentage increase in frailty results in a greater increase in mean frailty for
the same initial distribution. When both effects are combined, very large increases in
mean frailty are achieved. Insult accumulation can more than double the increase in
mean frailty at age 70 for a given variance in the initial distribution. For example, when
the variance at birth was 2.0, the simulation showed an increase of 36 per cent in the
constant-frailty model and of 86 per cent when insult accumulation at five per cent was
added.

