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Introduction

Epidemiology & Infection probably attracts more

papers on mathematical modelling of infectious dis-

eases than does any other epidemiology journal. The

most important modelling papers published in the

journal were probably those of Anderson and May

during the 1980s, which laid the foundations for much

of the subsequent modelling work carried out by

themselves and their colleagues. Since the start of

their partnership, they authored 17 articles between

them in the journal, including work quantifying the

effect of different vaccination strategies against

measles and rubella [1, 2], on the epidemiology of

rubella in the United Kingdom [3], and on the effect of

age-dependent contact between individuals on the

critical level of vaccination coverage required for

control [4]. The latter work, published in 1985, was

particularly important, since it described methods for

incorporating realistic assumptions about (hetero-

geneous) mixing between individuals into models, an

issue which was beginning to be addressed in the

mathematical literature but which had not yet reached

many epidemiological journals. Other important

modelling work published in Epidemiology and

Infection includes that of McLean et al. (reproduced

in this edition) on the control of measles in developing

countries [5, 6], and by Garnett and Grenfell on

the epidemiology of varicella zoster in developed

countries [7, 8].

A major theme of these earlier modelling papers

was that of ‘reproduction numbers ’, and most re-

searchers estimated this statistic for acute immunizing

infections such as measles, mumps and rubella. Of the

two modelling papers selected for publication in the

centenary edition of Epidemiology & Infection, one [9]

focuses directly on this theme and discusses the

application of reproduction number concepts to the

epidemiology of tuberculosis in England and Wales

during the last century.

Historical context of reproduction number measures

The basic and net reproduction numbers are among

the most useful theoretical concepts in infectious dis-

ease epidemiology. Adapted from demographic the-

ory, they were first applied to an infectious disease

(malaria) by Macdonald in 1952 [10, 11], who defined

a reproduction ‘rate ’ (now commonly known as the

‘net reproduction number’) as the average number of

secondary infectious cases resulting from each (infec-

tious) case in a given population. Increases or de-

creases in the incidence of infection or disease thus

reflect the magnitude of the ‘net reproduction

number’, i.e. whether or not it exceeds 1. The limiting

value of the net reproduction number, defined for-

mally as the number of secondary infectious cases to

result from an infectious case in a ‘totally susceptible

population’ [12–14] (the ‘basic reproduction number’)

provides a measure of the ‘transmission potential ’ of

an infection under ‘ ideal ’ conditions.

Estimates of the basic reproduction number (R0)

for acute immunizing infections are particularly use-

ful since they can be used to calculate the ‘herd

immunity’ threshold, or the critical proportion of the

population which needs to be immunized in order to

control transmission, using the expression 1x1/R0.

Estimation of these statistics was facilitated greatly

by the work during the 1970s of Dietz and others, who

demonstrated that the basic reproduction number for

acute immunizing infections can be derived simply
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from the (average) life expectancy (L) and the average

age at infection (A) using the expressions R0=L/A

(developed countries) and R0=1+L/A (developing

countries) [15]. These simple expressions assume that

individuals mix randomly in the population. The

literature and theory on reproduction number con-

cepts has since expanded, dealing with estimation in

heterogeneously mixing populations by Heesterbeek

and Diekmann [13, 14] and, more recently, by

Farrington [16, 17]. The incorporation of age in these

methods typically traces back to the significant work

by Anderson and May in the journal [4].

Application of reproduction number concepts

to tuberculosis

After the early application of reproduction number

concepts for malaria, the theory developed sub-

sequently was applied largely to the acute childhood

immunizing infections, such as measles, mumps and

rubella, much of which was published in this journal

[1, 2, 4–6, 18, 19]. This reflected the availability of

both good data and good vaccines for these infec-

tions, and meant that theoretically derived herd-

immunity thresholds might be tested empirically.

It was only later that the ideas were applied to

another important airborne infection, tuberculosis,

for which a vaccine is widely available [9, 20]. As

illustrated in the reproduced article, several properties

of the natural history of tuberculosis made this com-

plicated, in particular the potential for reinfection to

occur and the very long time period between success-

ive cases in a chain of transmission (the serial inter-

val). A further complication arises because the

number of individuals ‘effectively contacted’ by each

case (defined as contact sufficient to lead to infection

if the contacted individual has never been infected)

appears to have declined over time, e.g. from

approximately 22 individuals effectively contacted by

a case in 1900 to approximately 1 by 1990 [21].

The fact that immunity after infection with M. tu-

berculosis is not solid means that both uninfected and

infected individuals are susceptible to infection

(although perhaps to different degrees). Thus, the net

reproduction number at a given time depends on the

number of individuals infected or reinfected by each

case. The derivation of the net reproduction number

for tuberculosis is made yet more complicated by the

fact that the relative contribution of bacilli from a

particular infection event to a given disease episode is

unknown: a case can be defined as the secondary case

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

most recent) infection event contributes to each dis-

ease episode, but could be a secondary case of mul-

tiple prior cases if bacilli from several reinfections

contribute to each episode. This uncertainty will par-

ticularly affect the interpretability of reproduction

number estimates for tuberculosis for high infection

risk settings, where a large proportion of tuberculosis

morbidity may be attributable to reinfection [22].

Another complication results from the fact that the

basic reproduction number is interpreted conven-

tionally as the true transmission potential of an

infection, but is typically derived with an implicit

assumption that no changes in epidemiological or

environmental conditions occur over the time period

considered. The decline in the effective contact num-

ber, which appears to have occurred, for example

in England and Wales during the last century [21],

means that the proportion of individuals infected at a

particular time who were later reinfected and devel-

oped disease attributable to the initial or to a later

infection event must have also changed over time, and

must have differed between those infected in 1900

and, say, in 1950. As a result, the true transmission

potential of a tuberculosis case in a given year may be

best described by a variant of the traditional repro-

duction number concept, defined in the reproduced

article [9] (the ‘ultimate’ basic reproduction number),

which takes account of changes in epidemiological

conditions over time.

A further complexity is the potentially long time

interval between successive cases in a chain of trans-

mission, which means that the net reproduction num-

ber for tuberculosis for a given year may not reflect the

trend in disease incidence for that year. For example,

the net reproduction number was estimated to have

been close to 1 in England and Wales during the per-

iod 1900–1950, even though the mortality rate (which

reflected the disease incidence before treatment became

available in 1950) declined dramatically throughout

this time. This paradox follows from the fact that, of

the individuals infected, say, in 1900, some did not

develop disease until many years thereafter, for

example in 1980. Thus, these individuals would have

contributed to estimates of the net reproduction

number in 1900, but to estimates of the trend in disease

incidence only in 1980. Therefore, the net reproduction

number at a given time accurately reflects the current

trend in incidence only for diseases, such as the acute

immunizing infections, for which the time interval

between successive cases in a chain of transmission
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varies little between individuals and for which

epidemiological conditions do not change over this

time interval.

Because of these issues, the simple reproduction

number concepts developed with reference to acute

immunizing infections, such as measles and rubella,

are difficult to interpret when applied to tuberculosis.

The complications also mean that reproduction

number estimates for tuberculosis cannot be used to

calculate a simple herd-immunity threshold for the

disease. It is even debatable whether the concept of

herd immunity is relevant for tuberculosis at all, given

the variable protection imparted by BCG and the fact

that infection with M. tuberculosis does not provide

solid immunity against reinfection. Some of the

problems with reproduction number measures for

tuberculosis may well apply to other diseases for

which the time interval between successive cases in a

chain of transmission is very long (e.g. HIV, CJD)

and/or for which reinfection can occur (e.g. varicella

zoster). Given the current interest and concerns for

tuberculosis and for these infections, an understand-

ing of the complications of reproduction number

measures and the implications for identifying control

strategies is both important and timely.
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