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SUMMARY

The net and basic reproduction numbers are among the most widely-applied concepts in

infectious disease epidemiology. A net reproduction number (the average number of secondary

infectious cases resulting from each case in a given population) of above 1 is conventionally

associated with an increase in incidence; the basic reproduction number (defined analogously

for a ‘totally susceptible ’ population) provides a standard measure of the ‘transmission

potential ’ of an infection. Using a model of the epidemiology of tuberculosis in England and

Wales since 1900, we demonstrate that these measures are difficult to apply if disease can

follow reinfection, and that they lose their conventional interpretations if important

epidemiological parameters, such as the rate of contact between individuals, change over the

time interval between successive cases in a chain of transmission (the serial interval).

The net reproduction number for tuberculosis in England and Wales appears to have been

approximately 1 from 1900 until 1950, despite concurrent declines in morbidity and mortality

rates, and it declined rapidly in the second half of this century. The basic reproduction number

declined from about 3 in 1900, reached 2 by 1950, and first fell below 1 in about 1960.

Reductions in effective contact between individuals over this period, measured in terms of the

average number of individuals to whom each case could transmit the infection, meant that the

conventional basic reproduction number measure (which does not consider subsequent changes

in epidemiological parameters) for a given year failed to reflect the ‘actual transmission

potential ’ of the infection. This latter property is better described by a variant of the

conventional measure which takes secular trends in contact into account. These results are

relevant for the interpretation of trends in any infectious disease for which epidemiological

parameters change over time periods comparable to the infectious period, incubation period or

serial interval.

INTRODUCTION

Tuberculosis has declined steadily in Western Europe

and North America for at least a century, though this

trend was arrested temporarily in several countries

* Author for correspondence.

during the World Wars and during the late 1980s [1].

Although long-term trends in developing countries

have not been well documented, many populations

have experienced dramatic increases in tuberculosis

since the 1980s, attributable largely to HIV [2]. The

future implications of these recent increases, which led

WHO to declare tuberculosis a global emergency in

1993, are not known.
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Epidemiologists often reduce the problem of pre-

dicting disease trends to one of estimating repro-

duction numbers. The reproduction number concept

is derived from demography. It was first applied to

infectious diseases by Macdonald [3, 4] who defined a

reproduction ‘rate ’ as the average number of sec-

ondary infectious cases resulting from each (infec-

tious) case in a given population. Recent workers have

pointed out that the statistic is a simple number and

not a rate per se [5, 6]. Increases or decreases in

infection or morbidity incidence are assumed to reflect

the current magnitude of the ‘net reproduction

number’ (i.e. whether or not it exceeds one). For

infections which lead to any immunity, the number

of secondary cases to result from an infectious

case will be maximum if she}he is introduced into

a ‘totally susceptible ’ population. This limiting

value, often referred to as the ‘basic reproduction

number’ [6–8] thus provides a measure of the ‘trans-

mission potential ’ of an infection under ‘ ideal ’

conditions.

Although the reproduction number concepts are

simple to apply to acute infections, their application

to tuberculosis is complicated by three particular

features of the natural history of this disease : first,

immunity after an exposure is not solid, and indi-

viduals can be reinfected [9–11] ; second, the time

period between infection and disease (the incubation

period) and thus between successive cases in a chain of

transmission (the serial interval [12]) can be very long,

i.e. as long as a lifetime, and depends on age [13] ; and

third, the fact that important epidemiological factors,

such as the nature and probability of contact between

individuals have changed appreciably over periods

comparable to the serial interval of the disease [14].

Hitherto, the only analyses of the basic and net

reproduction numbers for tuberculosis have been

based on a substantial simplification of its basic

natural history, and have neglected to consider these

features [15, 16].

This paper considers the implications of the

complex natural history of tuberculosis for the

derivation and interpretation of its reproduction

numbers, and hence for the problem of assessing long-

term trends of the disease. In so doing, it illustrates

important and counter-intuitive properties of the

conventional reproduction number measures. These

are relevant for many other infections for which either

the incubation period is long or reinfection can occur.

We present the logic based on a dynamic transmission

model of tuberculosis.
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Fig. 1. Schematic diagram of the model. Primary disease is

defined as disease within 5 years of initial infection [21] ;

exogenous disease is defined as the first disease episode

within 5 years of the most recent reinfection event.

Endogenous disease includes disease occurring more than 5

years after the most recent (re)infection event, and second or

subsequent disease episodes occurring less than 5 years after

the most recent (re)infection event.

METHODS

Structure of the model

The model explored here (which extends the classic

work of Sutherland and colleagues [17] on adult

tuberculosis in the Netherlands) describes the trans-

mission dynamics of all forms of pulmonary tu-

berculosis in England and Wales since 1900 [11]. To

avoid the complications of gender differences [18], and

the contribution of immigrants and the HIV epidemic

to the recent epidemiology of tuberculoses [19, 20], the

analyses described here are restricted to the white

male population in the absence of HIV. The model’s

structure is shown in Figure 1.

Individuals are born into the uninfected category,

U(a, t). Infected individuals are divided into those

who have not yet developed primary disease (defined

by convention as disease within 5 years of initial

infection [21] (I(a, t)) and those at risk of endogenous

reactivation and}or of reinfection followed by ex-

ogenous disease (see definitions in Fig. 1). The risks of
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Fig. 2. Summary of main assumptions in the model relating to the risks of developing disease. (a) General relationship

between the risk of developing the first primary episode (during the first year after infection) and age at infection. An identical

relationship is assumed to hold between the risk of exogenous disease and the age at reinfection and between the risk of

endogenous disease and the current age of individuals. See Table 1 for the magnitude of the disease risks. (b) Risk of

developing the first primary episode (or exogenous disease) in each year following initial infection (or reinfection), relative

to that experienced in the first year after infection (or reinfection). The relationship was derived using data from the UK MRC

BCG trial during the 1950s [43]. (c) Proportion of respiratory disease incidence manifested as sputum-positive (i.e. infectious).

(Data source: Dr K. Styblo (TSRU) and Dr K. Bjartveit (Norwegian National Health Screening Service).)
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Fig. 3. Comparison between the observed average age-

standardized mortality rates of respiratory tuberculosis in

England and Wales in males since 1901, against those

predicted by the model, assuming that reinfection did or did

not occur, using the best-fitting disease risks for the

corresponding assumption [14]. (The risks of disease based

on the assumption that reinfection did not affect disease

reinfection and of first infection (i(t)) are assumed to

be identical, and to depend only on calendar year.

However, reinfection is less likely to lead to disease

than is initial infection, due to some immunity induced

by prior infection [11]. We also assume that indi-

viduals cannot be reinfected whilst at risk of de-

veloping either the first primary episode or exogenous

disease (i.e. within 5 years of an initial infection or

reinfection event).

The age of an individual is assumed to determine

the risks of developing disease (Fig. 2a) and the

probability that the episode is infectious (sputum

smear}culture-positive) (Fig. 2c) [11]. The risks of

risks were: 2±53% and 13±6% for individuals during the first

year after infection at age 0–10 years and over 20 years

respectively ; annual risk of developing endogenous disease:

4±72¬10−%% and 0±0416% for 0–10 year olds and those

aged over 20 years respectively [11]).
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Table 1. Summary of parameter values used in the model

Variable Definition Assumption

i(t) Infection and reinfection rates at time t. 20% until 1880, declining by 2% pa until 1901, by 4%

pa until 1950 and 13% pa thereafter [44].

v(a, t) Proportion of uninfected individuals of age a

immunized at time t.

Vaccination introduced in 1954 and restricted to 13

year olds. Vaccine efficacy assumed to be 77% and

vaccine coverage increasing to approximately 80%

since 1960 [11].

d
p
(a, s) Risk of developing the first primary episode at

time s after infection at age a.

Declines with time since initial infection (Fig. 2b).

Cumulative risks within 5 years of initial infection:

4±06%, 8±98% and 13±8% for 0–10 year olds, 15 year

olds and individuals aged over 20 years respectively

[11].

d
x
(a, s) Risk of developing exogenous disease at time s

after reinfection at age a.

Declines with time since reinfection (Fig. 2b). Risks

within 5 years of reinfection: 6±89%, 7±57% and

8±25% for 0–10 year olds, 15 year olds and individuals

aged over 20 years respectively [11].

d
n
(a) Annual risk of developing endogenous disease at

age a.

9±82¬10−)%, 0±0150%, and 0±0299% for 0–10 year

olds, 15 year olds and individuals aged over 20 years

respectively [11]

d
+
(a) Proportion of total disease incidence among cases

aged a assumed to be infectious.

10% for 0–10 year olds, increasing linearly to 65% for

20 year olds and increasing linearly to 85% for 90

year olds (Fig. 2c).

k
L
(s) Rate at which individuals who have been infected

or reinfected for time s without developing

disease move into the ‘ latent ’ class.

Transition occurs exactly 5 years after infection}
reinfection. i.e. k

L
(s)¯ 0 if 0! s! 5 and ¢ for

s¯ 5 years.

r(a, t, sW ) Recovery rate for cases of age a at time t at time sW
after disease onset.

Individuals are diseased for 2 years unless they die in

the meantime (see below).

m
+
(t, sW ) Case-fatality of infectious pulmonary cases at time

t and time sW since disease onset.

Case fatality in second year after disease onset is 65%

of that in first year. Overall case-fatality : 50% until

1950, declining to 30% and 25% by 1953 and 1956

respectively, and constant until 1976. Identical to

mortality in general population thereafter [11].

m
g
(a, t) Mortality rate of non-infectious and non-diseased

individuals in the general population of age a at

time t.

Identical to all-cause mortality (after subtracting deaths

among infectious cases, estimated in the model).

Annual age-specific all-cause mortality rates obtained

from Government’s Actuary’s Department since 1841.

Data until 1841 obtained by back-extrapolation.

developing the first primary episode and exogenous

disease depend also on the time since infection and

reinfection respectively (Fig. 2b). These risks have

been estimated by fitting model predictions to data on

disease incidence in England and Wales [11]. The case-

fatality rate in the prechemotherapy era, following

data from well-known studies [22], is assumed to be

35% and 23% during the first and second year after

disease onset, which corresponds to an overall case-

fatality rate of 50%.

For reference, Table 1 summarizes the parameters

and the assumptions used in the model. We have

shown elsewhere [11] that the model’s predictions

closely mimic the pattern of tuberculosis in England

and Wales during this century (see also Fig. 3).

Complications in the net and basic reproduction

numbers for tuberculosis

The net reproduction number is defined formally as

the average number of secondary infectious cases

resulting from each infectious case in a given population.

The formal definition of the basic reproduction

number is analogous: the average number of secondary

infectious cases resulting from the introduction of a

typical infectious case into a [totally] susceptible and

demographically stable population [6–8]. The natural

history of tuberculosis introduces complications into

the derivation and interpretation of these measures.

First, the fact that immunity after infection with the

tubercle bacillus is not solid means that both

uninfected and infected individuals are ‘susceptible ’
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to infection, though to different degrees. Thus the net

reproduction number depends on the number of

individuals infected or reinfected by each case. As the

risk of developing disease following reinfection

appears to be lower than that after initial infection [11,

17], a ‘ totally susceptible population’ in the definition

of the basic reproduction number is best defined for

tuberculosis as one containing no individuals who

have ever been infected with M. tuberculosis.

Second, the basic and net reproduction numbers

depend both on the age structure of the population

under study, since the risks of developing disease are

age-dependent (higher among adults than for chil-

dren) [11, 23–26], and, given the long time interval

between infection and disease onset [13], on age-

specific mortality rates of the population, which

determine the proportion of individuals infected by a

given case who will survive long enough to develop

disease.

The dramatic decline in the degree of contact

between individuals, which resulted from many social

changes and interventions over recent history [14],
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Fig. 4. Estimating the effective contact number in England and Wales since 1900. (a) The annual risk of infection (derived

using tuberculous meningitis statistics and tuberculin sensitivity data [44]). (b) Prevalence of infectious pulmonary cases,

derived using model predictions. (c) The estimated effective contact number, derived as the ratio between the annual risk of

infection and the prevalence of infectious cases [14].

further complicates the basic reproduction number

for tuberculosis. This decline is shown in Figure 4c,

which presents the ‘effective contact number’, or the

average number of individuals ‘effectively’ contacted

by each infectious case (in each year), where an

effective contact is defined following Frost [27], as one

sufficient to lead to infection of a ‘susceptible ’

individual. This decline implies that the basic repr-

oduction number itself must have declined over time.

A second complication arises because the basic

reproduction number is conventionally interpreted as

the true ‘transmission potential ’ of infection in an

ideal (‘ totally susceptible ’) population, but is derived

assuming that no changes in epidemiological conditions

occur over time [7]. For tuberculosis, the fact that the

effective contact number declined over a period

comparable to the serial interval means that the basic

reproduction number in England and Wales for a

given year, e.g. 1900, fails to reflect the transmission

potential of infection at that time. For example, the

decline in the effective contact number affected both

(a) the number of individuals infected by a given case,
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which would have changed even during the infectious

period of a given case, and (b) whether those initially

infected experienced further reinfections and hence,

if subsequently diseased, could be accepted as

‘secondary’ to that case. We now examine this

formally.

Definitions of the reproduction numbers

In these analyses, we define the net reproduction

number as the average number of secondary infectious

cases resulting from either infection or reinfection by a

typical infectious pulmonary case in a given population

under any given conditions.

Following the above discussion, we distinguish

between the conventional (‘ simple ’) basic repro-

duction number and a variant of this measure, which

we call the ‘ultimate basic reproduction number’.

Both are assumed to depend on the demography of

the population considered. The ‘simple basic re-

production number’ is here defined formally as : ‘The

average number of secondary infectious cases resulting

from a ‘‘ typical ’’ infectious pulmonary case following

his/her introduction into a given population, in which no

individual has hitherto been infected with the tubercle

bacillus, and assuming that no subsequent changes in

epidemiological conditions occur.’

The ultimate basic reproduction number is defined

analogously, except that it allows for changes in

epidemiological parameters over time, and, is thus

interpretable for any given year as the actual trans-

mission potential of the infection in that population.

Its formal definition is thus: ‘The average number of

secondary infectious cases resulting from a ‘‘ typical ’’

infectious pulmonary case following his/her intro-

duction at a particular time into a population in which

no individual has hitherto been infected with the

tubercle bacillus, and allowing for subsequent changes

in epidemiological conditions.’

The derivation of these measures is described below.

Derivation of the net reproduction number for

tuberculosis

Using the model described above, we first estimated

how the age distribution of individuals infected and

reinfected at a particular time, and the age-dependent

lifetime risks of developing infectious pulmonary

tuberculosis attributable to a given infection}
reinfection event, have changed during this century in

England and Wales. The net reproduction number in

England and Wales for each year t since 1900 was then

derived directly from the model, by taking the ratio

between (a) the total number of individuals who

developed disease attributable to infection or re-

infection by cases with disease onset in year t, and (b)

the total number of infectious pulmonary tuberculosis

cases with onset in year t (see Appendix).

The fact that reinfection can occur complicates the

definition of a secondary infectious case for tu-

berculosis, as it depends on whether bacilli causing a

current disease episode stem from just one or from

several (re)infection events (e.g. an individual would

be the secondary case of several source cases if the

latter holds). Although several studies have provided

direct evidence for simultaneous infection with mul-

tiple strains of bacilli [28–30], it is not known how

frequently this occurs. For simplicity, each disease

episode is here attributed to the most recent (re)in-

fection event, i.e. the bacilli causing the current

disease episode are assumed to be those from the most

recent (re)infection event. In order to assess how this

assumption affects our conclusions about the re-

lationship between the magnitude of the net re-

production number and trends in morbidity, we

compared trends in morbidity and in the net re-

production number predicted by the model in two

ways, including and excluding the assumption that

reinfection can occur. Inclusion of reinfection-attribu-

table disease greatly improves the fit between the

model’s predictions and the magnitude and trend in

observed mortality rates [14] (Fig. 3) and the noti-

fication rates after 1950 (shown in detail in reference

[11]).

Derivation of the basic reproduction numbers

Both the simple and ultimate basic reproduction

numbers for tuberculosis in England and Wales since

1900 were estimated by direct simulation. For a given

year t, we first simulated the introduction of a single

infectious pulmonary ‘founder’ case into an un-

infected population, which was identical to that of

England and Wales at time t with respect to its age-

structure, age and time-specific mortality rates, and

effective contact number. We then summed the

number of individuals infected by this case who

developed disease attributable to that infection during

their lifetime (truncated at 100 years), assuming either

that no further changes in contact occurred (for the

simple basic reproduction number) or that its decline

matched that estimated (Fig. 4) (for the ultimate basic

reproduction number).

https://doi.org/10.1017/S0950268898001113 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268898001113


315The long-term dynamics of tuberculosis

The founder case is assumed to be infectious for 2

years. This reflects an average infectiousness duration,

though it is recognized that some individuals may

experience several disease episodes, and thus have a

long and intermittent infectious period. Each disease

episode is attributed to the most recent (re)infection

event in these simulations (which allow reinfection-

attributable disease), and no individuals are assumed

to be vaccinated. For simplicity, when considering

events after 1990, we have assumed that the effective

contact number, the number of births and age and

time-specific mortality rates remain at their 1990

levels.

The system of differential equations describing the

disease dynamics following the introduction of a

founder case into an uninfected population is identical

to that presented elsewhere [11], except that the risk of

infection in a given year t (i(t)) is here the product of

the prevalence of infectious pulmonary cases and the

effective contact number in that year. These equations

were programmed in the ‘C’ programming language

using forward Euler differencing with time steps of 1

year in both age and time [31].

RESULTS

Analyses of the net reproduction number

Figures 5a,b demonstrate how the age distribution of

individuals initially infected or reinfected by each

infectious case, and the proportion of these individuals

who ultimately develop infectious pulmonary disease

attributable to a given infection}reinfection event,

have changed during this century in England and

Wales. In 1900, most primary (i.e. initial) infections

occurred in individuals aged under 15 years, most of

the reinfections occurred among adults (Fig. 5a) and

there were more reinfections than primary infections.

By 1960, approximately half of all transmissions

constituted new infections (mainly among 0–24 year

olds). The estimated lifetime risks of developing

infectious pulmonary tuberculosis following (re)in-

fection, in absence of further reinfection, are age-

dependent (lower for infants and young children than

among adults – see Fig. 5b). They increased slightly

with calendar year of (re)infection (Fig. 5b), as a

consequence of lengthening life expectancy and

reductions in (subsequent) reinfection risks.

Figure 6a compares the disease incidence predicted

assuming that disease either could or could not arise

following reinfection. Disease incidence derived using

the ‘full ’ model (assuming that disease could result

from reinfection) follows a similar downward trend to

the mortality rates (Fig. 3). In contrast, the incidence

derived assuming that disease could not arise from

reinfection would have increased at least until 1950.

This is explained in the Discussion.

Figure 6b shows the implications of these assump-

tions for the net reproduction number. The net

reproduction number derived using the full model is

estimated to have been slightly above one until the

1930s (despite the decline in morbidity), with little

change until 1950, after which it rapidly declined. In

contrast, if it is assumed that disease could not result

from reinfection, the net reproduction number would

have declined steadily between 1900 and 1950, and the

decline would have accelerated from 1950. Under

these circumstances the net reproduction number

would have been below one from the 1920s, even

though an increasing disease incidence would have

been observed until the 1950s.

Analyses of the basic reproduction numbers

Figure 7 portrays the trends estimated for the net

reproduction number and for the simple (R
!
) and

ultimate (R
u
) basic reproduction numbers. R

u
is

estimated to have exceeded the simple basic re-

production number slightly until about 1950. Both

declined more rapidly than the net reproduction

number until about 1950 (e.g. from about 3 in 1900 to

about 2 by 1950). The decline in all these parameters

is estimated to have accelerated appreciably from

1950.

Figures 8 and 9 illustrate the implications of the

simple and ultimate basic reproduction numbers for

the likelihood of continued transmission of infection

following the introduction of an infectious pulmonary

case into an uninfected population similar in structure

to that in England and Wales during this century. As

shown in Figure 8a, the incidence of infectious

pulmonary disease would have peaked (at 1200 per

100000) about 25 years after introduction of the

founder case in 1900, had there been no subsequent

decline in the effective contact number. In contrast,

the peak would have been lower (i.e. approximately

450 per 100000 individuals) and occurred later (about

30 years after his}her introduction) had the effective

contact number subsequently declined (Fig. 8b). The

disease incidence would have declined rapidly fol-

lowing the introduction of the founder case in 1960,
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experienced in 1900, 1920, 1940 and 1960.

irrespective of whether there was any further decline

in the effective contact number (Figs 8a, b).

The risk of infection would have been higher

following the introduction of an infectious case into

an uninfected population if the effective contact

number had remained constant (at the level of the

year of introduction) than if it subsequently declined

(Fig. 9). It would have peaked at an unrealistically

high value (i.e. 42%) about 30 years after the

introduction of the founder case in 1900 had there

been no decline in the effective contact number, and

would have stabilized at about 20%. In contrast, the

peak (at about 8%) would have occurred about 40

years after the introduction of the founder case under

the conditions of a declining contact number (as in

Fig. 4c).

DISCUSSION

Recent increases in tuberculosis in many countries

have led the World Health Organization to declare the

disease a ‘global health emergency’. Given the
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following reinfection.

immense morbidity and mortality associated with this

disease, it is useful to have suitable measures for

assessing whether these increases are likely to con-

tinue. These analyses provide the first detailed

evaluation of the utility of the net and basic

reproduction numbers, which are conventionally used

for predicting trends in disease incidence and des-

cribing the transmission potential of infections, in

describing trends in tuberculosis. It is important to

recognize that in analysing these measures, we have

made several simplifications of the transmission

dynamics of M. tuberculosis. Among the most im-

portant of these is the assumption that individuals

mixed randomly in the population. This is unlikely to

be realistic for recent years in developed countries,

where tuberculosis has increasingly been confined to

particular segments of society (e.g. immigrant popu-

lations). We have also assumed that individuals

develop disease as a consequence of the most recent

(re)infection – the implications of which is discussed

below. Despite these simplifications, the analyses raise

important issues concerning the interpretation of

trends in infectious diseases with long serial intervals.
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respectively) for tuberculosis in

England and Wales during the period 1900–90.

The net reproduction number for tuberculosis

The decline in tuberculosis during the past century in

developed countries has been interpreted by some as

evidence that each infectious tuberculosis case was

leading, on average, to less than one other such case

[32], which would imply that the net reproduction

number was below one. Our analyses suggest other-

wise – that even though the overall morbidity declined

during this century, the net reproduction number has

been below one only since the late 1920s. This counter-

intuitive finding illustrates that neither the definition

nor the interpretation of reproduction numbers is

straightforward for tuberculosis.

We began by noting that the fact that reinfection

can occur complicates the definitions of the repro-

duction numbers for tuberculosis. The implications of

reinfection for reproduction numbers have not been

discussed extensively in the literature (except in

relation to the evolution of virulence or diversity of

pathogens [33–35], though they are crucial for

definitions of secondary infectious cases and for

interpreting patterns in transmission. For example, an

individual would be a secondary case of just one

source case if bacilli from just one (e.g. the most

recent) infection contributes to each disease episode,

but could be attributable to multiple prior cases if

bacilli from several (re)infections contribute to each

disease episode. The definition of a secondary in-

fectious case is even more complicated for tubercu-

losis, given that, despite the evidence indicating the

importance of reinfection under conditions of high

infection risk, the extent to which bacilli from
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that, in some instances, cases would have first occurred more than 5 years following the introduction of the infectious case

in the population. In fact, cases would have occurred immediately after the introduction of the infectious case, though the
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successive reinfection events contribute to a particular

disease episode is unknown. Only three studies to date

have demonstrated simultaneous infection with mul-

tiple strains of tubercle bacilli [28–30], but very few

investigators have looked for such evidence. Until

more conclusive evidence is provided (e.g. through the

application of molecular fingerprinting techniques),

our assumption that each disease episode is attribu-

table to the most recent (re)infection appears to be the

most appropriate.

The amount of contact between infectious and

other individuals is important in determining the
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transmission dynamics and reproduction numbers of

any infectious disease. Given the dramatic decline in

the effective contact number during this century [14]

and the declining disease incidence, it is surprising

that the estimated net reproduction number scarcely

changed until 1950. This result follows from the fact

that the decline in the number of new infections

resulting from each infectious case was compensated

by increases in the overall lifetime risk of developing

infectious pulmonary tuberculosis attributable to each

(re)infection event. These increases occurred because of

the decline in the effective contact number, which, in

turn, increased the average age at which individuals

were either initially infected or were reinfected, coupled

with the fact that older individuals have higher risks of

developing infectious pulmonary tuberculosis than do

younger individuals (see e.g. Fig. 2c).

That the net reproduction number should have

been above unity between 1900 and 1930, despite the

decline in tuberculosis morbidity throughout this

time, is counter-intuitive, as it is conventionally

assumed that a net reproduction number of above one

translates directly into an increasing disease incidence.

The result is attributable to the fact that the effective

contact number declined appreciably during the long

and variable interval between infection and onset of
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infectiousness. Thus of those individuals initially

infected, e.g. during the early 1900s, some did not

develop disease until many years thereafter, at a time

when the effective contact number had fallen very low

and when only a small proportion of disease was

attributable to recent transmission. It is important to

note that this finding is not an artifact of the model’s

treatment of demography or reinfection, as we discuss

below.

First, it is not a consequence of the fact that the

population in England and Wales grew rapidly during

this century, since both the numbers and incidence

rates of tuberculosis cases are estimated to have

decreased over time. It is obvious that in populations

growing dramatically over a time period comparable

to the serial interval, the net reproduction number

need not reflect trends in disease incidence rates.

Secondly, it is not an artifact of the assumption that

each disease episode is attributable to the most recent

(re)infection event (i.e. the bacilli from the most recent

reinfection event are those causing the current disease

episode), as a similar paradox arises when we estimate

the disease incidence and net reproduction number

assuming that reinfection did not lead to disease in the

past (Fig. 6). During the period 1920–50, for example,

the net reproduction number under these circum-

stances would have been below one even though the

disease incidence increased concurrently.

Some of the complexities which may affect re-

production numbers of infections with long incu-

bation periods and}or serial intervals have been

discussed in the literature, largely in relation to

hepatitis [7]. The analyses presented here raise the

broad issue of how to interpret the net reproduction

number for any infectious disease at a given time. For

diseases for which the serial interval (e.g. of a given

duration s) varies little between individuals, and the

epidemiological conditions do not change over this

time interval, trends in morbidity at a given time

reflect the magnitude of the net reproduction number

at time s previously. Thus the net reproduction number

at a given time is an accurate predictor of future

incidence only for diseases for which the serial interval

varies little between individuals and for which epidemio-

logical conditions do not change over this time interval.

Analogous complications (and the fact that rein-

fection can occur) also arise for diseases involving

parasites with long life spans (for example, 8–10 years

for Onchocerca volvulus) [7]. For diseases for which

these conditions do not hold, variants of the re-

production number concept e.g. describing the num-

ber of secondary infectious cases arising from each

infectious case per unit time (a ‘net reproduction

number function ’), are perhaps required to predict

trends in morbidity.

The basic reproduction numbers for tuberculosis

These analyses demonstrate that the basic repro-

duction number concept is particularly complicated

for tuberculosis, and that the (simple) basic repro-

duction number must have declined over time, largely

as a result of the decline in the effective contact

number (the average number of infection trans-

missions per case). They also demonstrate that the

conventional basic reproduction number measure at a

particular time fails to reflect the actual transmission

potential of M. tuberculosis infection, and suggest that

this is best described by what we have called here the

‘ultimate basic reproduction number’.

The fact that the (simple) basic reproduction

number of an infection can change over time has been

recognized in other contexts. For example, it is

obvious that the basic reproduction number of an

infection can change as a result of an intervention (e.g.

one which alters the behaviour of individuals, or

which reduces the duration of infectiousness). In such

instances, the measure has sometimes been described

as an ‘effective reproduction number’ [5] to reflect the

fact that the intervention changed the ‘ intrinsic ’

properties of the infection. The basic reproduction

number for several parasitic infections (e.g. schisto-

somiasis, hookworm) [7, 36] varies seasonally,

through changes in social behaviour of human hosts

or in environmental conditions which affect the

infectious agent or its vector. There is also a literature

on secular changes in the basic reproduction number

as a result of genetic co-evolution of host-parasite

systems [33, 34]. Studies of myxoma virus infection in

rabbits provide an example of such changes [7]).

The analyses presented here provide another il-

lustration of how the (simple) basic reproduction

number of an infection may change over time. The

decline in the basic reproduction number for tu-

berculosis is related to the decline in the effective

contact number which, in turn, resulted from many

changes in England and Wales, e.g. improvements in

sanitation, water supply, housing and many aspects of

health-related behaviour. These factors have un-

doubtedly influenced the (simple) basic reproduction

numbers for many infections during this century in

developed countries. Basic reproduction numbers may
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also have changed through reductions in the risks of

developing disease given infection and in the duration

of infectiousness of diseased individuals, resulting

from improvements in nutritional or general health

status, as well as improved medical care. Actual trends

in basic reproduction numbers will be disease-specific,

and may even have increased in recent decades for

some childhood infections as a result of increasing

proportions of children attending cre# ches or pre-

school day-care nurseries. This increased mixing

among children is less important for the basic

reproduction number for tuberculosis than for acute

viral respiratory infections (e.g. measles or chicken-

pox), as the risk of infectious pulmonary tubercu-

losis subsequent to infection is low among infants (see

Figs 2c, 5a).

The conventional interpretation of the (simple)

basic reproduction number as a measure of the ‘actual

transmission potential ’ of an infection stems from

analyses of acute childhood infections for which the

time interval between successive cases in a chain of

transmission is short, typically only a few days. For

tuberculosis, at least in wealthy countries, we see that

this interpretation of the (simple) basic reproduction

number for a given year is inappropriate, since the

effective contact number has declined over each serial

interval, affecting both the number of individuals

infected by each infectious case and the number of

individuals who develop disease attributable to in-

fection by a given case. Instead, the actual trans-

mission potential is best reflected by what we have

called here the ‘ultimate basic reproduction number’.

The distinction between the simple and ultimate basic

reproduction numbers will be relevant for other

infectious diseases for which epidemiological con-

ditions affecting contact or the risk of developing

disease change over intervals comparable to or shorter

than the infectious or incubation period. Among the

obvious examples is HIV}AIDS, for which the

infectious period may be many years, during which

transmission-related behaviours may change greatly.

Herpes varicella-zoster provides another example, as

its incubation period may be many decades, and it is

possible that the actual lifetime risks of developing

disease may have changed over time, as a consequence

of increased lifespan.

Our finding that the estimated ultimate basic

reproduction number for tuberculosis exceeded the

simple basic reproduction number during the pre-

chemotherapy era may appear counter-intuitive, as a

founder case should have infected fewer individuals

following his}her introduction into an uninfected

population with a declining effective contact number

than if she}he was introduced into a population in

which the effective contact number remained un-

changed. The result follows from the fact that the

annual risk of infection would have been lower

following the introduction of an infectious case into a

population in which the effective contact number

declined over time (see Fig. 9), which means – if we

accept that reinfection does occur at all – that fewer

individuals would have been reinfected (and thus a

greater proportion would have developed disease

attributable to the initial infection), than in the

situation in which the effective contact number did

not decline. An analogous explanation contributes to

our finding that the lifetime risks of developing

disease attributable to a given infection}reinfection at

a given age increased slightly with calendar year of

infection in the past (Fig. 5b).

It is interesting that the magnitudes of the simple

and ultimate basic reproduction numbers for tu-

berculosis estimated here (i.e. below 3 throughout this

century) are far lower than those for many acute

infections. The basic reproduction numbers for

measles and rubella, for example, are generally

considered to be on the order of about 13 and 7

respectively [7]. This finding is consistent with the

view that tuberculosis is less ‘ transmissible ’ than these

infections [26, 32], despite its long infectious period.

For example, of those exposed to an infectious

tuberculosis case in a household, less than 65%

appear to become ‘ infected’ (on the basis of the

tuberculin test) [37] ; of these, only 5–15% develop

disease during their lifetime (depending on age and on

subsequent trends in the risk of (re)infection [13]), of

whom only an age-dependent proportion are in-

fectious (Fig. 2c). In contrast, for many acute

‘childhood’ infections, most uninfected individuals

exposed to a case become infected, develop disease

and become infectious.

The magnitude of the basic reproduction number is

often assumed to reflect the likelihood of continued

transmission of infection, and to have implications for

eradication (as reflected in the herd immunity

threshold) or control (see reviews in [5, 7, 38]) in a

given population. This interpretation implies that,

given the low values for the simple and ultimate basic

reproduction numbers, control should be easier to

attain for tuberculosis than for acute infections such

as measles and rubella. As demonstrated here, such

conclusions may be inappropriate, given the long
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serial interval, which means that long term trends in

morbidity are constrained by many factors such as

demography, behaviour and contact between indi-

viduals which change over time. This raises the issue

of whether the basic reproduction number concept

can be extended to define a measure which describes

the likelihood of continued transmission or eradi-

cation of an infection for which epidemiological

conditions change over time. Such measures (some-

times called basic reproduction quotients [39, 40])

have been derived recently for infections for which

transmission varies seasonally [39–41]. For tubercu-

losis, however, the derivation of any such measure is

complicated by the problem of predicting changes

before they occur, and hence before the measure itself

can be derived. It is interesting that there has been so

little discussion of this problem for other infectious

diseases, though analogous issues have been raised by

ecologists [42].

The basic and net reproduction numbers are two of

the more widely applied concepts in infectious disease

epidemiology, and have contributed greatly to our

understanding of the impact of different control

strategies on morbidity from acute infectious diseases.

For tuberculosis we see that, as a result of the long

and variable interval between infection and disease,

and changes in epidemiological conditions which

occurred during these intervals, and also the potential

for reinfection to occur, the traditional interpretation

of these concepts is inappropriate. The magnitude of

the net reproduction number fails to reflect con-

temporary trends in disease incidence, and in order to

describe the actual transmission potential of infection,

we require a variant of the conventional (or ‘simple ’)

basic reproduction number measure, which we have

defined here as the ‘ultimate basic reproduction

number’. Given the current interest and concern for

new ‘emerging’ infections, let alone increased efforts

to control ‘old pathogens’ in a rapidly-changing

world, it is important that epidemiological theory

incorporate the implications of changes in environ-

ment and society.
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APPENDIX

Expressions for the net reproduction number for

tuberculosis

The model assumes that cases are infectious for 2

years, unless they die in the meantime (see Table 1).

The net reproduction number for a given year was

derived by considering the number of secondary cases

which result from the first and second years of

infectiousness of cases who have onset in that year, as

follows.

Suppose that D
n
(t) infectious pulmonary cases have

onset in year t. Given a total prevalence of infectious

pulmonary cases in year t of D
+
(t), a proportion

D
n
(t)}D

+
(t) of the new infections and reinfections

occurring in that year will be attributable to indi-

viduals who developed infectious pulmonary tubercu-

losis in year t. Similarly if a total of D
u
(t) individuals

ultimately develop infectious pulmonary tuberculosis

attributable to their infection}reinfection event in year

t, then the total number of secondary cases which

result from the first year of infectiousness of cases with

onset of infectious pulmonary tuberculosis in year t is

given by:

D
n
(t)

D
+
(t)

D
u
(t) (1)

By an analogous argument, the total number of

secondary cases resulting from the second year of

infectiousness of cases who have onset of infectious

pulmonary tuberculosis in year t is given by:

D
s
(t­1)

D
+
(t­1)

D
u
(t­1) (2)

where D
s
(t­1) is the number of cases who had onset

of infectious pulmonary disease in year t who survive

until the subsequent year, t­1.

Summing equations 1 and 2, the total number of
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cases resulting from individuals who developed in-

fectious pulmonary tuberculosis in year t is given by:

D
n
(t)

D
+
(t)

D
u
(t)­

D
s
(t­1)

D
+
(t­1)

D
u
(t­1) (3)

Dividing through by D
n
(t), the average number of

secondary cases attributable to individuals who

developed infectious pulmonary tuberculosis in year

t (R
n
(t)) is given by

R
n
(t)¯

1

D
n
(t) (

D
n
(t)

D
+
(t)

D
u
(t)­

D
s
(t­1)

D
+
(t­1)

D
u
(t­1)* (4)

This expression simplifies to:

R
n
(t)¯

D
u
(t)

D
+
(t)

­
D

s
(t­1)

D
n
(t)

D
u
(t­1)

D
+
(t­1)

(5)
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