PART H. EPIDEMIOLOGICAL MODELS OF ACUTE BACTERIAL DISEASES

INTRODUCTION
The epidemiological features of the major bacterial diseases for which we have developed
models differ in spite of many common characteristics, and they required different approaches in modelling.
Some of them were typical endemic diseases with or without occasional outbreaks, some
had important seasonal variations, and in all of them except one there was interhuman
transmission. Some of them had a carrier state, and age played an important role in some
but not in others. We had to deal with the various characteristics of each disease in a way
that satisfied the requirements and aims of the model.
The diseases selected were those with which we had been dealing in our daily work
and we were naturally interested to know better their dynamics in order to be able to
control them more efficiently. For practical reasons, models were aimed at simulating
various endemic or epidemic situations and the effects of commonly used control measures,
such as immunization, sanitation, chemoprophylaxis, therapy, or combinations of these
measures. The advantages of having epidemiological models on hand when planning and
evaluating control measures are obvious and justify the efforts that are being invested
in the construction of the models.
Each disease model had its own characteristics as regards construction and uses and
each requires separate consideration. We tried to group the models according to the
complexity of their main features and present them in a logical order so as to allow a
description of specific modelling procedures.
Tetanus (chapter 3) is one of the rare, endemic, infectious diseases that is not communicable in the strict sense, since it is not transmitted from man to man. The absence
of interhuman transmission, which is typical of tetanus, simplifies the model since the
risk of being infected can be considered in principle as constant. It depends on the ecological
patterns of the community and man's physical surroundings-the soil, agriculture and
husbandry-as reflected in the force of infection, and not on the presence or absence of
infection in the population. Tetanus is actually more an environmental hazard than a
communicable disease. The natural history of the disease is rather simple, except for the
existence of two distinct epidemiological entities: tetanus neonatorum in the newborn
and tetanus in all other age groups.
Typhoidfever (chapter 4), which is another endemic disease, also occurs in outbreaks.
There is interhuman transmission and a carrier state in this infection. We have studied
the endemic situation, which is a particularly grave problem in developing countries,
and the effect of two different control measures-sanitation and immunization; we have
also made cost-effectiveness analyses of various long-term control strategies. This was the
first model that we developed and applied, because the natural history of typhoid fever is
relatively simple and straightforward, and the model has proved to have many useful
applications.
Cholera (chapter 5) which, even in endemic areas, appears in the form of seasonal
-
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epidemic outbreaks, required a different approach from typhoid, and we had to simulate
both endemic situations with seonal variations and epidemics, using deterministic and
stochastic approaches. Endemic and epidemic patterns of cholera were studied and simulations made of the effects of vaccination, sanitation, and chemoprophylaxis. Since the
effectiveness of these measures has been evaluated in controlled field trials, realistic simulations were possible. Some of these provided a basis for re-evaluation of common practices
used in the control of cholera.
Cerebrospinal meningitis (chapter 6) represents a disease with typical and extreme
seasonal variations, particularly in endemic areas of Africa, and it required a special
modelling technique. The lack of precise information on the natural history of this disease
and different epidemiological features of infections due to various serogroups of Neisseria
meningitidis made the construction of the model difficult and also complicated its uses.
Diphtheria and whooping cough (chapter 7), which are typical diseases of early childhood,
required the introduction of age structure in the model. Only one of them has a carrier
state but otherwise, in terms of model construction and uses, they behave very much
alike and are therefore presented together.
Other acute bacterial diseases (chapter 8), such as enteric infections and respiratory
diseases-namely droplet-borne infections of childhood-as well as cross infections in
hospital and sexually transmitted diseases require still other approaches in the construction
of their models, but essentially the principles that we applied in modelling the bacterial
diseases referred to above, would apply to these and other acute bacterial diseases for
which models have yet to be made.
Further exploration of the simultaneous use of several models is required in view of the
combined preventive measures used for several diseases. Simple summation of the outputs
of several models on the effects of control measures cannot be done without due attention
to many interactions of an immunobiological nature as well as in health and economic
areas.
As will be shown in the examples, epidemiological models for acute bacterial diseases
allow better understanding of disease dynamics and the formulation of control strategies
and predictions as to their effects, costs and benefits, thus facilitating the selection of
optimal control programmes.

CHAPTER 3

Tetanus
An endemic disease without interhuman transmissiona b
The model is presented graphically in a flow
One of the essential characteristics of tetanus,
which distinguishes it from other common bacterial chart (Fig. 1). This chart indicates the various
diseases, is that there is no interhuman transmission epidemiological classes and the directions of flow
of infection; the disease results from the introduction of the population. The nine epidemiological classes
of the pathogen into the body from the environment of the population are identified by the symbols xl
and it may therefore be considered as an environ- to x9. The rates of transition indicate which fraction
mental hazard. These considerations affected the of a given class goes into any other class connected
modelling of the disease and made the model of to it, per unit of time. It is difficult to estimate
these rates directly from available information.
tetanus distinct from the others.
They can, however, be considered as the product
of two components, namely the rate of exit per
NATURAL HISTORY OF THE DISEASE
unit of time from an epidemiological class, and the
The parameters of the natural course of infection coefficient of transfer, which represent the fraction
used in the construction of the model are based on of those leaving their former class and going into
generaUy accepted facts and views on the epidemio- another at any time.
The entry into the system presented in Fig. 1 is
logy of this disease (1). In an effort to reflect natural
processes as closely as possible, we have reviewed from class xl (live newborn), while the exit is
numerous publications on tetanus and taken into represented by class x, (tetanus deaths) and a
account its epidemiology and incidence in various fraction of the classes x2 to x8 corresponding to the
parts of the world (2). The data needed for construc- deaths from all causes other than tetanus. Therefore,
tion of the model can be considered accurate enough the rate of renewal of the population in the model
to permit its use in the planning of immunization is ruled by the birth rate and the crude death rate.
programmes and the development of control Structure of the model
strategies.
Fig. 1 shows that the newborn (class xl), if not
infected, can go either to class x2 (susceptible
CONSTRUCTION OF THE MODEL
population) or to class x8 (short-lasting immunity)
the event that the mother received a preventive
in
Although a single model has been developed,
vaccination.
The susceptible general population
an in-built fundamental distinction has been made
between tetanus of the newborn and tetanus in the (class x_) can go to class x7 (long-lasting immunity)
rest of the population, the situation, from the as the result of vaccination. When infected, both the
epidemiological point of view, being completely susceptible newborn and susceptible general population will pass successively through their corresponding
different in these two population groups.
incubation and sickness classes, namely to classes
x3 and x5 for the newborn and to classes x4 and x6
a This chapter is a slightly expanded version of a paper
published in the Internadonal epidemiological journal, 1 (2): for the general population. A certain fraction of the
125-137 (1972). It is reproduced here by permission of the sick adults and infants will go to class x9 (deaths
publishers.
from tetanus) and the rest will return to class x,
b This chapter was written with the cooperation of Dr B.
Bytchenko, Bacterial and Venereal Infections, World Health (susceptible population) with the exception of the
sick persons who might have been vaccinated after
Organization, Geneva.
29 -
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Deaths from
other causes

'Fig. 1. Flow chart of the dynamics of tetanus.
treatment and who would go to class X7 (longlasting immunity). Owing to the poor immune
response, the newborn are unable to go to the longlasting immune class inmediately but only after
some delay, passing through the passive immunity
state or susceptibility before going to class x7.
Vaccinated persons who have lost their immunity
will leave either class x7 or class x8 and go to class x2
(susceptible population).
For the sake of simplicity we have omitted from
our flow chart passive immunization with antitoxin.

However, it can be included by adding one more
class of short-lasting immunity of 2-4 weeks.

Epidemiological and other parameters and their
numerical values
Quantification of the parameters characterizing
the various epidemiological classes of tetanus
infection was based on present knowledge of the
natural course of the disease (1, 2, 3, 4), while
the numerical values of the parameters controlling
the movements of the population and the force of
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infection were deliberately fixed at levels that would
be adequate for simulating situations actually
observed in areas where tetanus is a problem.
Parameters of both categories arelisted and discussed
below. The day was taken as the unit of time in the
calculation of the rates, as the daily changes in the
epidemiological classes are extremely small and
can be calculated with sufficient precision at very
high speed on the electronic computer.
(1) Period of incubation (PI). The mean duration
of the period of incubation was fixed at 6 days for
the newborn and at 8 days for the general population.
The corresponding daily rate of exit (see Fig. 1)
is therefore PIB 0.1667 per incubating newborn
and PIA = 0.1250 per incubating person in the
general population.
(2) Period of clinical sickness (PS). The mean
duration of the period of sickness was fixed at
3 days for the newborn and at 14 days for the
general population. Therefore, the daily rate of exit
is PSB = 0.3333 per sick newborn and PSA =
0.0714 per sick person in the general population.
(3) Mortality from tetanus. For untreated tetanus
cases, the fatality rate was fixed at 90% for the
newborn and at 40% for the general population.
These percentages were slightly reduced when the
tetanus cases were treated: 80% fatality rate for the
newborn and 30% for the general population.
(4) Immunity. In the natural course of the disease,
tetanus cases do not become immune to reinfection.
However, as a general rule, recovered persons
should also be vaccinated. The convalescents (as
well as the general population) effectively immunized
by a complete course of vaccination will go to
class x7 for a mean duration of 10 years in view of
the long-lasting immunity conferred by immunization. We admit that this period may be shorter or,
if a booster dose is given, longer. The daily rate of
exit is therefore PR] = 0.000274 per person in this
epidemiological category.
The newborn delivered by women vaccinated
during their pregnancy are temporarily protected
by maternal antibodies and will pass through
class x8 for a short period before joining the susceptible population (class x,). The mean duration of
this period of protection was fixed at 6 months
although it is probably often shorter. Consequently,
the daily rate of exit is PR2 = 0.005479 per immunized newborn.
(5) Natality and general mortality. The annual
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live birth-rate was fixed at 35 per thousand population and the annual crude death rate at 15 per
thousand population, the annual rate of growth
of the population being therefore 2%; levels of this
order are current in developing countries. The
corresponding daily birth and death rates are
PB = 0.00009589 and PD = 0.00004110 per person.
These rates are thought to reflect broadly the level
of the natural movement of population in areas
where tetanus prevails.
(6) Force of infection. The force of infection is
defined in tetanus as the risk of a susceptible individual contracting the disease. Since there is no
interhuman transmission, the incidence of new
cases is directly proportional to the number of
susceptible individuals and to the force of infection,
which quantifies the combined effect of all the
variables involved in the infection process. The
following factors have been identified and quantified:
the degree of soil contamination with Clostridium
tetani, the climate, the frequency of lesions, the
proportion of the population that is rural, the
socioeconomic conditions, and the level of medical
care for the wounded and during deliveries. There
is a distinct difference between the newbom and
other age groups in regard to the role of individual.
factors that contribute to the force of infection.
An analysis has been made of these various factors.
and a method developed for estimating them and
calculating the force of infection, but this is beyond
the scope of the present publication. Those interested
will find details in the paper by Bytchenko et al. (5).
In order to cover a range of common epidemiological situations in developing areas, the forces of
infection acting on the susceptible newborn (RIB)
and on the susceptible population (RIA) were fixed
successively at 3 different levels adequate for
reproducing the following stable annual incidence
rates of tetanus cases in the community:
(a) for the newborn: 200 cases, 400 cases and
600 cases per 100 000 newborn;
(b) for the general population (excluding the
newborn): 9 cases, 18 cases and 27 cases per
100 000 population.
National death rates from tetanus officially reported by selected Latin American countries in 1967
are shown in Table 1. The simulation results reported
below show that the selected levels of endemicity
characterize fairly well the actual conditions prevailing in some of these countries.
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Table 1. Death rates from tetanus in selected countries
of Latin America for 1967 a

Country

Mexico
Venezuela
Colombia
El Salvador
Panama
Dominican Republic

Tetanus of the

Tetanus of a11

Death rate per

Death
rate
Death

newbomrge

1 00b00live

r0ouate

aSource: World health statistics
World Health Organization, 1970.

annual,

Volume

I,

er
o

Geneva,

(7) Coefficients of transfer. On the flow chart
(Fig. 1) the fractions of those leaving one epidemiological class by transfer to the other classes are
represented by the coefficients Ri,1 where i is the
class of origin and i the class of destination. They
are determined by the force of infection, the natural
evolution of the disease, or the imm tion
programme and its efficacy. It is noted that for any
class i the sum of the coefficients Rgj is equal to 1.
Available epidemiological evidence and knowledge
of vaccine effectiveness and probable coverage of the
population by the immunization programme were
used to determine the numerical values of the
coefficients of transfer.

Mathematicalformulation of the model
The dynamics of the disease in the population,
as illustrated in Fig. 1, can be expressed mathematically by the following system of equations,a which
allows easy computation on the electronic computer
of the daily changes Axt of the different epidemiological classes:

Ax1 = XTPB
Ax, - (1xT-X7) (1-R1B)PB+x,PR1+x&PR2
+x,R,sugPSB+xe,R6,PSA -x,(RJA +PD

AdX3 = (XT -x7)RLB PB-x3(PIB + PD -ax xxT)
Ax4*,xRIA-x4(PIA+PD-Axx,xT)
Ax ==xaPIB-x5(PSB+PD-A XX T)
the equations, the class symbols xl, x,, etc. represent
the number of persons in those classes at a given moment.
a In

x4PIA-xe(PSA+PD-AxT91X)
xsR..7PSB+xeRe,7PSA-x7(PRI+PDAX,/XT)

4.5
4.9
8.5
11.3
16.6
21.4

62.5
83.2
174.2
185.1
380.8
490.2

Ax, =
Ax7 =

AxX = x7PB-xe(PR2+PD-Ax,/xT)
Ax, = xaR5,9PSB+xeR,,PSA
where XT = xs+x,+......+Xs
The annual number of tetanus cases is given by
the formulae:
Xx3PIB and ExXPIB
for the newborn and the general population respectively, the summation Z being done over 365 days.
The total annual number of deaths from tetanus
is similarly obtained by s
g Ax over 365 days.
The value of the coefficients of transfer Rsj
and R6,1 depends on the kind of treatment given
and on the policy adopted with regard to the active
and passive immunizations.
When a mass immunization is carried out in the
general population a fraction of x, equal to x2E1
is transferred from x, to X7. The symbol El stands
for the efficacy of the mass immunization; it was
defined as the product of the effectiveness of the
vaccine by the population coverage of the immunization.
When the preventive activity consists in continuous
immunization of pregnant women, the equations
for Ax,,Axs,Ax7, and Axs of the above system are
replaced by the following ones:
Ax2 = (1 -E)(xT-x7)(1 -RIB)PB+x7PRI+

x8PR2+x5R5,2PSB+x6,R,PSA Ax3

X2(RIA+PD -A XW/XT) -E,(xT-x7)PB

(1-E2)(xT-x7)PIBPB-xs(PIB+
PD-AxjxT)
Ax7 =xA&,7PSB+x%.P,7PSA-x7(PRI+PD=

Ax,/xr)+E2(xT-x,)PB

Ax8 = x7PB-x8(PR2+PD-jX9/XT)+
E2(xT -x7)PB

where E, is the efficacy of the immunization of
pregnant women.
Appropriate computer programmes were developed on the basis of this mathematical approach.
Situations resulting from different immunization
programmes were then actually simulated on the
computer.
APPLICATION OF THE MODEL IN SIMULATIONS

The model was applied to simulate the effect of
various preventive measures on the incidence of and
death rates from tetanus. Particular attention was
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paid to the prevention of tetanus through immunization in view of the fact that immunization is a preventive measure that can be applied immediately on
a large scale and that is practised by health services.
Specific immunization programmes were simulated,
and a few examples of their effect on the incidence
of tetanus in a population with a birth rate of
35 live births per thousand and a crude death rate
of 15 per thousand are given in Tables 2, 3, 4 and 5.
The effects of 4 types of programme are presented,
namely:
1. One mass immunization campaign (Table 2)
2. Three successive mass immunization campaigns
at 10-year intervals (Table 3)
3. Continuous immunization of pregnant women
only (Table 4)
4. Continuous immunization of pregnant women
and three successive mass immunizations at
10-year intervals (Table 5).
These programmes were applied to three typical
levels of endemicity expresed in the following
annual morbidity rates for tetanus per 100 000 newborn and 100 000 general population respectively:
(a) Newborn: 200; general population: 9
(Tables 2a, 3a, 4a, 5a)
(b) Newborn: 400; general population: 18
(Tables 2b, 3b, 4b, Sb)
(c) Newborn: 600; general population: 27
(Tables 2c, 3c, 4c, Sc)
It was assumed that good quality vaccine with an
effectiveness of 95%/ is used and that the primary
vaccination of two doses is followed by a booster
a year later. Vaccination coverage for these simulations was taken as 50%. and 90% respectively for the
general population and for pregnant women. 90%
coverage for the vaccination of pregnant women may
seem rather high for countries where maternal and
child health services have not been developed.
50%. coverage of the total population may also
prove difficult, although it may be possible to reach
schoolchildren easily and to imm a greater
proportion of them. Nevertheless, these coverages
are feasible with a little effort.
Tables 2, 3, and 4 show the effects of 3 distinctly
,different immunization prograes, and Table 5
presents the effect of 2 of these programmes combined.
Separate columns in the tables show what effect
the programme will have on (1) the incidence

rate in the newborn and in the general population a
and (2) the crude death rate from tetanus in the
total population.b It is also shown how the incidence
will change slightly in each group if treatment is
given to all those who develop the disease. In fact,
treatment would have practically no effect on incidence were it not for the fact that convalescents
have to be immunized, so that each treated case
is protected temporarily from further infection.
At the selected levels of endemicity, vaccination
will not reduce the proportion of susceptible persons
to the extent of producing a clear-cut decrease in
tetanus morbidity (see Tables 2-5). However, as
these tables show, the treatment of cases has a
distinct effect on tetanus lethality and mortality.
A comparison of two mass
ti on programmes, namely one mass immunization (Table 2)
and repeated mass immunizations at 10-year
intervals (Table 3), shows, as expected, that the
latter programme gives better results than the
former with the same 50%. coverage. However,
each additional unization tends to result in a
less spectacular decline in the incidence of tetanus.
It is worth noticing that 15 years after single mass
imunization the incidence of tetanus is re-established at more than 90%. of its original level. This
is true for all 3 levels of endemicity (a, b, c).
When the results of one or multiple mass immunizations of the general population (Tables 2
and 3) with 50x0 coverage are compared with the
results of continuous immunization of pregnant
women with 90%. coverage (Table 4) it is seen that
the latter programme has a much better effect at
all 3 levels of endemicity (a, b, c). The decline of
tetanus incidence in the newborn is rapid and
spectacular; the incidence rate also decreases substantially in the general population through protection of the quasi-totality of the childbearing female
population. The mortality from tetanus is itself
reduced to about one third of its original value
after 15 years. As seen in Table 4 the continuous
vaccination of pregnant women modifies the
incidence of the disease and the new lower level of
endemicity is reached after about 15 years provided
that the immunization prograe continues.
The results of repeated mass immunization applied
together with continuous immunization of pregnant
women are given in Table 5. This combined programme is evidently more effective than any single
a Excluding tetanus of the newborn
b Including tetanus of the newborn.
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Table 2. Effect of a single mass vaccination on tetanus morbidity and mortality in the newborn and the general
population: vaccine effectiveness: 95 %; vaccination coverage: 50 %
Annual incience of tetanus
In newbom
In geeal populaton b
Number
(per 100 000 population)
of yeas after
(per 100 000 newborn)
vaccination___________
With
Without
With
Without
tatmentI
treatment
reantmen
treatment

Crude death rate from ttanus c
(pwa 100 000 population)

_____

Without
treatment

With

treatmta

(a) Initial level of endemicity: For the newbom: 200 ces per year per 100 000 newborn
For the general population: 9 cases per year per 100 000 populaton

0
1
5
10
15
20
30
40

200.0
112.4
148.0
173.5
186.4
193.0
198.1
199.4

200.0

112.4
147.9
173.4
186.3
192.9

198.0
199.3

9.0
5.1
6.6
7.8
8.4
8.7
9.0
9.0

9.0

5.1
6.6
7.8
8.4
8.7

89
9.0

9.8
5.6
7.3
8.5
9.2
9.5
9.8
9.8

8.2
4.7

8.1
7.1
7.7
8.0

8.2
8.2

(b) Initial level of endemicity: For the newbom: 400 cases pr year per 100 000 newborn
For the general population: 18 cases per yea per 1O0 000 population
0

400.0

1

224.8
296.0

5
10
15
20

372.8

295.7
346.6
372.5

386.0
396.2
398.8

385.7
395.8
398.4

346.9

30
40

400.0
224.6

18.0
10.1

13.3
15.6
16.8
17.4
17.9
18.0

18.0
10.1
13.3

15.6
16.8

177A

19.7
11.2
14.5
17.1
18.3
19.0

17.9

19.5

18.0

19.6

16.5
9.4
12.2
14.3
15.4
15.9
16.3
16.4

(c) Initial levl of endemicity: For the newborn: 600 case per yea per 100 000 newborn
For the general population: 27 cases per yea per 100 000 population
O
1
5

600.0

600.0
337.3
443.9
620.3

336.7
443.4

559.2

568.4

20

679.0

578.2

30
40

594.3
598.3

593.4
697.3

10
15

519.6

includes subsquent immunization.
b Excluding tetanus of the newbom.
C Including tetnus of the nowbom

a Treatmnt also

27.0

27.0

15.2

15.2

19.9
23.4
25.2
26.1
26.8
27.0

19.9
23.4
26.2
26.1

26.8
27.0

29.5
16.8
21.8
25.6
27.6
28.5
29.3
29.5

24.7
14.1
18.2
21.4
23.0
23.8
24.5
24.6
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Tablo 3. Effect of three successive mass vaccinations at 10-year intervals on tetanus morbidity and mortality in the
newborn and the general population: vaccine effectiveness: 95 %; vaccination coverage: 50 %
Annual incidence of tetanus

schedule

~~In newborn

In

general

Crude death

Without
treatment

With
treatment a

fromrtoanus

population b

(a0p

0000newbor)

in years

rate

Without
treatnwnt

With
reatmena

Without
treatment

c

on)

With
treatment a

(a) Initial level of endemicity: For the newborn: 200 cases per year per 100 000 newborn
For the genral populadon: 9 case per year per 100 000 population

0
>

1st vaccination

200.0

200.0

9.0

9.0

9.8

8.2

1
5
10

148.0
173.5

112.4

112.4
147.9
173.4

5.1
6.6
7.8

5.1
6.6
7.8

5.6
7.3
8.5

4.7
6.1
7.1

11
15
20

100.3
141.1
169.9

100.3
141.0
169.9

4.6
6.3
7.7

4.5
6.3
7.7

5.0
6.9
8.4

4.2
5.8
7.0

21
25
30
40

98.7
140.1
169.5
192.0

98.7
140.1
169.4
191.9

4.4
6.3
7.6
8.7

4.4
6.3
7.6
8.7

4.9
6.9
8.3
9.5

4.1
5.8
7.0
7.9

2nd vaccinationo

3rd vaccination

-

(b) Initial level of endemicity: For the newborn: 400 cases per year per 100 000 newborn
For the general population: 18 cases per year per 100 000 population
0

400.0

400.0

18.0

18.0

19.7

16.5

1
5
10

224.8
296.0
348.9

224.6
295.7
346.6

10.1
13.3
15.6

10.1
13.3
16.6

11.2
14.5
17.1

9.4
12.2
14.3

11
15
20

200.6
296.9
339.8

200.4
281.9
339.5

9.0
13.3
15.3

9.0
12.6
16.3

10.0
14.6
16.7

8.4
11.6
14.0

21
25
30
40

197.4
280.2
338.9
384.0

197.2
280.0
338.6
383.6

8.8
12.6
15.3
17.3

U8
12.5
15.2
17.3

9.8
13.7
16.7
18.9

8.2
1 1.5
14.0

et vaccination

2nd vaccination

3rd vaccination

15.8

(c) Initial level of endemicity: For the newborn: 600 cas per year per 100 000 newborn
For the general population: 27 cases per year per 1 00 000 population
1 st vaccination

0
p
1
5
10

2nd vaccination

600.0

600.0

27.0

27.0

29.5

24.7

337.3
443.9
520.3

336.7
443.4
519.6

15.2
19.9
23.4

15.2
19.9
23.4

16.8
21.8
25.6

14.1
18.2
21.4

300.9
423.1
509.6

300.5
422.6
509.1

13.6
19.0
22.9

13.5
18.9
22.9

20.7
25.1

15.0

12.5
17.4
21.0

296.0
508.2

295.7
419.9

13.3
18.8
22.9

13.2
18.8
22.9
26.0

14.7
20.6
25.0
28.3

12.3
17.3
20.9
23.7

0

11
15
20

3rd vaccination

>

21

25
30
40

420.3

575.9

0Treatment also Includes subsequent immunization.
b Excluding tetanus of the newborn.
c Including ttanus of the

newbom.

507.6
575.1

26.0
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Table 4. Effect of continuous vaccination of pregnant women on tetanus morbidity and mortality in the newbom
and the general population: vaccine effectiveness: 95 %; vaccination coverage: 90 %
Time
In years

Annual incidence of tetanus
In general populaton b
In newborn
(per 100 000 population)
(per 100 000 newborn)
With
Without
With
Without
treatment
treatment
treatmenta
treatmenta

Crude death rate from tetanus c

populaton)

(per 100 000
____I________population)
Without

treatment

With

treaenrta

(a) Initial level of endemicity: For the newbom: 200 cases per year per 100 000 newborn
For the general population: 9 cases per year per 100 000 population
0
1
5
10
15
20
30
40

200.0
31.4
26.2
24.8
24.2
23.9

23.8
23.7

200.0
31.4

26.2
24.8
24.2
23.9
23.8
23.7

9.0
8.8
8.0
7.6
7.4
7.3
7.3
7.3

9.0
8.8
8.0
7.6
7.4
7.3
7.3
7.3

9.8
4.6
4.0
3.8
3.7
3.7

3.8
3.6

8.2
3.6

3.1
3.0

2.9
2.9
2.8
2.8

(b) Initial level of endemicity: For the newborn: 400 cases per year per 100 000 newborn
For the goneral population: 18 ca per year por 1000 population
0

400.0

1
5
10

62.7
52.5
49.7

15
20
30
40

48.4
47.9
47.5
47.5

400.0
62.7
52.4
49.6
48.4
47.8

18.0
17.7
16.1
15.2

47.5

14.8
14.6
14.5

47.4

14.5

18.0
17.6
16.1
15.2

14.8
14.6
145
14.5

19.7
9.1
8.1
7.6
7.4
7.3
7.3
7.3

16.5
7.1
6.3
5.9

5.8
5.7

5.7
5.7

(c) Initial level of endemicity: For the newbom: 600 cases per year per 100 000 newbom
For the general population: 27 cases per year per 100 000 population
0
1
5

600.0
94.1

600.0
93.9

78.7

10

74.5

15
20
30
40

72.6
71.8
71.3
71.2

78.6
74.4
72.5
71.7
71.2
71.1

a Treatment also includes subsequent
b Excluding tetanus of the newborn.
c Including tetanus of the newborn.

immunization.

27.0
26.5
24.1
22.8
22.2
22.0
21.8
21.8

27.0
26.5
24.1
22.8
22.2
21.9
21.8
21.7

29.5
13.7
12.1

11.4
11.1
11.0
10.9
10.9

24.7

10.7
9.4
8.9
8.7
8.6
8.5
8.5
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Table 5. Effect of three successive mass vaccinations at 1 0-year intervals and continuous programme of immunization
of pregnant women on tetanus morbidity and mortality: vaccine effectiveness 95 %; vaccination coverage: 50 %
for the general population, 90 % for pregnant women
Annual incidence of tetanus

Vaccination
schedule

~

rimne

in years

In

newborn

(per 100000 newbom)
Without
With

treatment

treatmenta

In general population b
(per 100 000 populatiofno)
Without
With

treatment

trment

Crude death rate
(pernI0 0tetausatoC
populaton)
Without

treatment

With
treatmenta

(a) Initial level of endemicity: For the newborn: 200 cases per year per 100 000 newborn
For the general population: 9 cases per year per 1 00 000 population

1stvaccination

0

200.0

200.0

9.0

9.0

9.8

8.2

1
5
10

18.9
19.7
21.9

18.9
19.7
21.9

5.0
6.0
6.7

5.0
6.0
6.7

2.7
3.0
3.4

2.1
2.3
2.6

I1
15
20

12.9
18.0
21.2

12.9
18.0
21.2

3.9
5.5
6.5

3.9
5.5
6.5

2.0
2.7
3.3

1.6
2.1
2.5

12.6
17.9
21.2

12.6
17.9
21.2
23.2

3.8
5.4
6.5
7.1

3.8
5.4
6.5
7.1

1.9
2.7
3.2
3.6

1.5
2.1
2.5
2.8

-

2nd vaccination

3rd vaccination

d

21
25
30
40

23.2

(b) Initial level of endemicity: For the newbom: 400 cases per year per 100 000 newborn
For the general populadon: 18 cases per year per 100 000 populaton

400.0

400.0

18.0

18.0

19.7

16.5

1
5
10

37.7
39.3
43.9

37.7
39.3
43.9

9.9
12.0
13.4

9.9
12.0
13.4

5.4
6.0
6.7

4.2
4.7

11
15
20
>
21
25

25.8
36.1
42.5

25.7
36.0
42.4

7.8
10.9
12.9

7.8
10.9
12.9

4.0
5.5
6.6

3.1
4.3
5.1

25.1
35.7
42.3
46.5

25.1
36.7
42.3
46.4

10.8
12.9
14.2

7.6

3.9
5.4
6.5
7.1

3.0
4.2
5.0
5.5

0
o

1st vaccination

5.2

2nd vaccination

3rd vaccination

30
40

7.6

10.8
12.9
14.2

(c) Initial level of endemicity: For the newborn: 600 cases r year per 100 000 newborn
For the general population: 27 cases per year per 100000 populaton
0

600.0

600.0

27.0

27.0

29.5

24.7

1
5
10

56.6
59.0
65.8

58.9
65.8

56.5

14.9
17.9
20.1

14.8
17.9
20.1

8.0
9.0
10.1

6.3
7.0
7.8

11
15
20
>
21
25
30
40

38.6
54.1
63.7

54.0
63.6

38.6

11.7
16.4
19.4

11.6
16BA
19.4

6.0
8.2
9.7

4.7
6.4
7.6

37.7
53.6
63.5
69.7

37.6
53.6
63.4
69.6

11.3
16.3
19.3
21.3

11.3
16.3
19.3
21.3

5.8
8.2
9.7
10.7

4.5
6.3
7.6
8.3

1 st vaccination

2nd vaccination

3rd vaccination

a Treatment

also includes subsequent immunization.

b Excluding tetanus of the newbom.
c Including

tetanus of the newbom.
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Fig. 2. Effect of various immunization programmes on the incidence of tetanus cases in the newborn for the
situation defined in Tables 2, 3, 4, and 5 when cases are treated and then immunized. (A)-one mass vaccination
of the population; (B)-three mass vaccinations at intervals of 10 years; (C)-continuous vaccination of pregnant
women; (D)-combination of programmes (B) and (C).

programme. A comparson of Tables 4 and 5 shows
that the mass vaccinations add little to the results
obtained by the imuntion of pregnant women.
Fig. 2 was drawn to illustrate the different effects
the various programmes have on the incidence of
tetanus m the newborn. This figure simulates the
effect of the 4 different programmes on an intermediate level of incidence (400 cases per year per
100 000 newborn). Mass vaccination of the general
population has a short-term effect on the incidence
of tetanus in the newborn (see lines A and B),
while continuous imm tion of mothers has an
immediate and lasting effect (line C). The additional

effect of periodical mass vaccination of the general
population on the incidence of tetanus in the
newborn is very small and of short duration, as
shown by line D.
Since, in public health practice, tetanus toxoid is
given combined with diphtheria toxoid and whooping
cough vaccine, further details of the effect of
immunization against tetanus are given in Chapter 7,
where the uses of the combined vaccine are discussed.
The effects of control measures other than immuization were studied and simulated through
appropriate changes in the force of infection.
The factors determining mortality and morbidity
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For orientation in the cost-effectiveness and costbenefit aspects of mnization we have developed
simple methods using nomograms, which are
adequate for short-term planning (6). However, for
long-term planning it is necessary to use the model.
The cost of inmmazation is the aggregate of the
costs of vaccine, manpower, transportation, syringes,
needles, etc. The relative costs decrease when triple
rates.
or quadruple antigens are used instead of monoThe effect of these factors on the disease incidence valent tetanus toxoid.
The cost of treatment can be estimated from the
and on the force of infection in both tetanus of the
newborn and tetanus in adults were defined in cost of daily board and lodging in hospital plus any
quantitative terms. The interrelation and contribu- other costs, such as doctor's and nurse's time, drugs,
tion of each of the factors to the force of infection and all diagnostic and therapeutic procedures
were formulated and a full description may be found required in the treatment of tetanus. In view of the
variation in levels of medical care and its costs,
in the original publication (5).
In this way, we have been able to simulate the treatment costs may vary from US S50 in certain
effect of interferences relevant to the above factors, countries to US $8000 in the USA (7) or more, and
therefore any uniformity or precision is excluded.
e.g., the effect of improved health services or an
increase in the national income.
Some data on costs in developing countries
collected from published papers or by means of
special questionnaires and personal contacts are
APPLICATION OF THE MODEL IN COST-EFFECTIVENESS
presented in Table 6. It is seen that the costs of
AND COST-BENEFIT ANALYSES
vaccination vary from USS 0.1 to USS 3.3, and that
The same model can also be used to study the the reported costs of treatment range from USS 50
cost-effectiveness and cost-benefit aspects of various to USS 900.
For cost-effectiveness and cost-benefit analyses,.
anti-tetanus immunization programmes.

of tetanus have been listed and analysed by us (5).
These factors were:
(a) socioeconomic: degree of urbanization and
availability of health care;
(b) environmental: contamination of soil and
clinate; and
(c) biological: risks of tetanus and case-fatality

Table 6. Costs of tetanus treatment and immunization in some countries

Argentinaa (Ministry of Health,

1970)
India, Delhi, Safdarjang
Hospital (9)
Iran (R. Gharagozloo, 1970) a

Senegalf Dakar (M. Rey,

l1970) a

service

average

Developing countries (3)
a

Peronal communications.

*

50

average
govenmental hospital
priva hospital
fatal case

surviving case
average

Yugoslavia (S. Utvinjenko,

Cost of treatmont
per capita (US$)
Low
High

Treatment

Place
(source of information)

simple case
case requiring artificial
respiration
average

800

Cost of
vaccination
Pat capita
(US#)

0.25

100
253
640
160
744
144
200-240
90
900

100
300
80

100

300

0.3
2.0-3.3

0.28-0.56

0.1-0.5
0.3-0.5
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we used an arbitrarily estimated average of USS 0.4 with a high incidence, because many more people
for the cost of vaccination and USS 200 for the cost will have to be immunized to prevent one case.
of treatment; these figures correspond well with an
The cost-benefit analysis is based on a comparison
estimate for developing countries (2) and the of the cost of immunization on the one hand, and
actual costs in Dakar, Senegal (Rey, M. 1970, the costs of treatment on the other. Benefit is
personal communication) where tetanus is prevalent presented as a saving in case treatment.
and the costs of tetanus immunization and treatment
In our cost-benefit analysis, we did not attempt
to take into account lost wages and the cost of human
have been studied thoroughly.
The cost-effectiveness analysis is based on the lives, which are difficult to ascertain in view of the
actual costs of immution and the estimated varying degree of unemployment in developing
number of prevented cases and deaths. From these countries and the humanitarian and ethical consideradata it is possible to calculate the average cost of the tions that are involved in evaluating the monetary
prevention of one case of tetanus. The more effective value of saved human lives.
A cost-benefit analysis of 4 different immunization
and the less costly the immunization programme is,
the lower this average cost will be. However, in programmes is presented in Fig. 3. The demographic,
countries with a low incidence, the relative cost per epidemiological, and operational parameters used
prevented case will tend to be higher than in countries were as follows:
Population size
Birth-rate
Crude death rate
Incidence of tetanus in the newborn
Incidence of tetanus in the general
population
Effectiveness of vaccine
Coverage of immunization:
Mass campaign
Pregnant women

1 000 000
35 live births per year per 1000 population
15 deaths per year per 1000 population
400 cases per year per 100 000 newborn
18 cases per year per 100 000 population

95%
50%

90%

For each of the 4 programmes analysed here, cases is dramatically reduced; consequently, the
Fig. 3 shows, over a 30-year period, (1) the effect savings on case treatment are large and, as the
of the preventive measures on the global incidence highly selective programme of vaccination is
rate a of tetanus cases (line A), (2) the cumulative relatively cheap, the balance between costs and
costs of the immunization programme (line C), benefits is very favourable.
Fig. 3d shows the effect on the incidence of the
and (3) the cumulative benefits resulting from the
disease of periodic mass vaccinations combined with
savings on treatment costs (line B).
unization of pregnant women.
One mass vaccination has a very limited effect continuous
effect of mass unizaof
the
short-lastimg
Because
after
on the incidence of the disease; nevertheless,
12 years, the balance between the benefits and costs tion programmes, the additional gain in terms of
of the preventive measure is positive (see Fig. 3a). the incidence of the disease is not large (compare
Fig. 3b indicates that additional gains in case Fig. 3c and 3d); on the other hand, repeated mass
prevention are obtained by repeating the mass vaccination is a relatively expensive programme.
vaccination periodically, but from the financial Therefore, the costs of the preventive measure
point of view the programme will ultimately result accumulate more quickly than the benefits in saved
in a slightly negative balance between costs and treatment costs, and the balance is not as favourable
as it is when pregnant women only are vaccinated.
benefits.
Table 7 summarizes the cumulative results of the
3c
The third programme, as presented in Fig.
(continuous vaccination of pregnant women), above analyses over a 30-year period. Comparing
is much more beneficial. The incidence of tetanus the first and last columns, it is clear that the most
spectacular results and the highest benefits are
obtained by the continuous vaccination of pregnant
women. This is further confirmed by the following
a0I both the newborn and the general population.
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(b) Three mass immunizations at 10-year intervals

(a) One mass immunization
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Fig. 3. Cumulative costs and benefits of various tetanus immunization programmes. The demographic and epidemiological characteristics of the population are defined in the footnotes to Table 7. (A) incidence of tetanus cases (all
cases per 100000 population); (B) cumulative benefits in terms of case treatment; (C) cumulative costs of
immunization.
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Table 7. Summary over a 30-year period of the costs and benefits of various immunization programmes in a population of 1 million a, b
Cumulative number
of tetanus cam d
over 30 year

Activity

no activity

12984

one mass vaccination
rpeated mass vaccination e
continuous vaccination of pregnant

11 706

Cumulaie cost over 30 yeas

(US$)

of cm

Bno
cost ofon
Vecstmof

Balance between
benefit and cost
of prevntive

of preventive
measure

treatment

-

2 596 800

--

265 600
737 200
1 236 800

+55 600
-3 788
+725 643

1 584400

+332255

9 298

200 000
740 988

6 800

511 167

2 341 200
1 858 600
1 360 000

5062

1 252145

1 012400

temntre
(U)(US$)

women

epated massvaccinabon*andcontinuous

vaccination of pregnant women

a At the beginning of the period. Thereafter an annual growth rate of 2 % was assumed (birth rate: 35 % and crude death rate: 15%).
b Level of endemicity for the nowbon: 400 cas per yer per 100 000 newborn, and for the general population: 18 cases per year
per 100 000 population.
c Vaccine offectiveness: 95 %; covee of mass vaccination: 60 %; covrage of pregnant women by vaccination: 90%.
d Both in the newborn and the geneal population.
e Three successive mass vaccinations at 1 0-year intervals.

simplified cost-effectiveness calculation over the same
period:
Nwmber of Activity cost per
saved cases savedcase (USS)

Activity

One mass vaccination
Repeated mass vaccination
Continuous vaccination of
pregnant women

Repeated mass vaccination
and continuous vaccination
of pregnant women

1278
3686

156.5
201.0

6184

82.7

7922

158.1

Selection of a proper strategy for tetanus control
through immunization in countries where resources
for health services are limited should be based on
cost-effectiveness and cost-benefit analyses. This
is best done by comparing the results of simulations
of typical imm tion progammes. Graphical
presentation and numerical consolidation of the
results facilitate comparison.
A similar cost-benefit analysis can be made for
various more complex programmes used in public
health practice. For realistic plg as well as
for cost-benefit analysis, constraints in manpower,
cooperation of the population, and numerous other
factors must be taken into consideration.
DISCUSSION

In the construction of the model, special attention
paid to its ultimate use in simulation of the

was

effect of various immunization programmes. The
role of immunity, which represents an internal host
factor in the dynamics of tetanus, was elaborated
in some detail and was actually built into the model.
Other external socil and environmental factors
are contained in the " force of infection " which
comprises: contamination of the soil with C. tetani,
frequency of lesions, proportion of rural population,
agricultural practices, midwifery practices, and
availability of health services. These and other
factors influence the pattems of tetanus in the
general population and the newborn and determine
the high-risk groups (8). The effect of improvement
of health services and midwifery services on tetanus
of the newborn is obvious. The effect of mechanization and development of agricultural and/or husbandry practices on tetanus in the agricultural
population is also evident. Their effect can be
simulated by appropriate changes in the force of
infection. For detailed studies, it is necessary to
identify in specific population groups the part that
each factor plays and to break down the force of
infection into its various components. For the public
health administrator, it may be of interest to know
how control programmes such as those based on
health education and improvement of delivery
practices would contribute to the control of tetanus.
In the model presented we have not elaborated the
external factors individually, but have put them
together and expressed them numerically as the
force of infection. These external factors were
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examined in a separate study (5) and could be
included in the model. This would, however, introduce some complexities that might not be desired.
We have centered our attention on the practical
use ofthe model in the evaluation of control strategies
based on immunization practices because data on the
effectiveness of these procedures are fairly reliable.
We have taken into account the differences between
two distinct population groups at risk, the newborn
and the rest of the population. Consequently, our
model having been developed mainly to study the
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possible effect of active immunization, it is not an
all-purpose model. Nevertheless, as it stands, with or
without additional elements and details related to
computation and simulations of force of infection,
the model can serve as a basis for the study of the
epidemiology of tetanus and its control.
In spite of its shortcomings, it is considered that
the model can serve a useful purpose in the planning,
execution, and evaluation of immunization programmes, the primary goal for which it was constructed.

CHAPTER 4

Typhoid fever
An endemic disease with interhuman transmissiona
Unlike tetanus, typhoid fever is transmitted from
man to man by direct contact with sick persons
or carriers or through inanimate vehicles, such as
food or water. These and other epidemiological
characteristics of typhoid are reflected in the model,
which was constructed with a view to its possible
use for forecasting trends in the natural course of
infection and the effect of preventive measuresvaccination and sanitation-on such trends.
NATURAL HISTORY OF THE DISEASE

Basic epidemiological factors
The natural history and basic epidemiological
factors in typhoid are sufficiently well-known from
numerous studies to permit the construction of a
mathematical model. Indeed, because of the availability of such information and the simplicity of its
natural history, typhoid fever was the first acute
bacterial disease for which we constructed a model.
Data on the natural history of typhoid fever used
in the construction of the model, i.e., incubation
period, duration of illness, relapse, morbidity,
fatality, carrier rate and other rates, were compiled
from numerous studies on typhoid in various
countries.
The effectiveness of antityphoid vaccines has been
evaluated (11) in controlled field trials in endemic
areas. The degree of protection conferred by various
vaccines, and the methods of production and testing
have been established (12) as well as immunization
schemes and dosages (13, 14, 15, 16).
The results of the application of preventive
measures, such as vaccination, have been evaluated
and the effect of sanitation demonstrated (17), so
that it was possible to express the effectiveness of
a This chapter is a slightly modified version of an article
published in the Bulletin of the World Health Organization,
45: 53-75 (1971).

these health interventions in quantitative terms for
the purpose of modelling.
In deciding on numerical values to be given to
each parameter, attention was paid to prevailing
opinions (1, 18, 19), as well as to their critical
appraisal. There were considerable variations in
many of the parameters and it was therefore necessary to come to some arbitrary compromises n
order to arrive at definite numerical values to be
used in the construction of the model.
Some basic values that were used are presented in
schematic form below:
Incubation period: range, 7-21 days; mean, 14 days
Duration of sickness: range, 14-35 days; mean,
28 days
Duration of relapse: range, 7-28 days; mean, 18 days
Frequency of relapses: 5% of cases
Proportion of cases: symptomatic (typical, febrile):
20%; asymptomatic (and mild): 80%
Case fatality rate: 1-10%; average 3%
Carrier rate: chronic-range, 2-5 %; average, 3 %;
temporary (mean duration, 90 days)-range, 7-20%;
average, 10%
Incidence in endemic areas per 10 000 population:

10-150
It is realized that some of the above ranges and
averages differ in different countries and under
different circumstances.
Infection was considered in the light of the complex
host-parasite-enviromnent interrelationship, and,
as far as possible, from the quantitative point of view.
The host factor-number, immune status, resistance and susceptibility-was taken into account
in constructing the model, as these aspects largely
determine actual morbidity rates and levels of

endemicity.
In some studies, a relationship has been demonstrated between the typhoid morbidity rate and age,
sex, and socioeconomic status; young age-groups,
females, and poor people were the most affected,

-45 -

46

DYNAMICS OF ACUTE BACITRIAL DISEASES. PART n1

while women tended to be carriers for a longer
period and were more difficult to cure. These and
possibly other factors might be important in specific
population groups but for simplicity's sake we have
omitted them in the construction of this model.
7he parasite factor was also considered from the
quantitative point of view and therefore the simple
presence or absence of Salmonella typhi was not
the only criterion for detemining the risk of
infection. When proper techniques were used,
some studies showed that carriers excrete regularly,
rather than intermittently, large and fairly constant
numbers of organisms (20). It seems that persons
living under poor hygienic conditions in the vicinity
of carriers are constantly and relatively heavily
exposed to infection, and that infection and disease
are the result of this exposure to considerable
quantities of S. typhi.
Studies carried out on healthy volunteers (21)
have shown that the IDMO a is about 10'-10' microorganisms, and that the ID" a is about 10'. However,
people in natural conditions are usually infected with
a lower dose (22). In most of the communities with
endemic typhoid, the microorganisms are spread
widely by carriers, convalescents, and sick persons.
Accordingly, infection may be transmitted through
contaminated food, water and hands. Infected
persons and carriers are often found accidentally and
Salmonella may be detected in the blood stream of
apparently healthy persons (23). We therefore
considered that the parasite is more widely present
than might be assumed from the incidence of clinical
illness.
The nmrbidity rates in communities with different
levels of endemicity of typhoid were determined
from the available national statistical returns on
morbidity, but these data were critically appraised
in the light of the many studies on typhoid, which
have always revealed much more infection than
was indicated in health statistics reports on cases
and carriers.
For example, among 40 students in an army
school stricken by a typhoid epidemic, 15 had
S. typhi in their faeces and/or blood, but only 2 had
a febrile illness while 2 more who had been subfebrile
would never have been diagnosed as typhoid cases
in routine clinical and public health practice (24).
The typical clinical illness, we believe, occurs in

only a small proportion of those infected, perhaps
in 20%.
AID,., ID*,=dose infecting 50% and 25%, respectively,

of those exposed to it.

While many studies on carriers have revealed
that the rate of temporary and chronic carriers after
an illness varies, most often it is about 10°/ for the
former and about 3%/s for the latter (25,26). However,
in old age-groups, the chronic carrier rate has been
as high as 10%, or even higher among those having
typhoid simultaneously with other conditions, such
as schistosomiasis (27) or gallbladder stones (28).
There are other factors that must also be taken
into account when constructingmathematical models.
Specific conditions im population groups, such as
superimposed infections, may change greatly the
susceptibility and resistance of the host and thus
alter the natural history of the disease. For example,
studies done in Egypt (27) show that the carrier rates
of urinary excretors of S. typhi among people
infected with schistosomiasis are much higher and
the carrier state lasts longer than among otherwise
healthy people. Moreover, the presence of urinary
carriers in rural areas with much stagnant water and
poor sanitation leads to extensive environmental
contamination and to high risk of infection. These
facts have to be taken into account when adapting
our model for use in areas where schistomiasis is
a common disease.
Environment represents an important factor that,
beyond any doubt, plays a role in the natural history
of typhoid and should not be neglected, since the
risk of transmission of infection depends greatly on
environmental conditions. The rapid decline of
typhoid in the USA during the last few decades is
primarily the result of rapid changes in environmental conditions and standards of personal hygiene
(29). We have taken these environmental factors
into account in the construction of our model and
have considered them to be the important and
decisive factors determining the actual level of
endemicity in a community.

Effectiveness of vaccines and mass immunization
The effectiveness of vaccines was calculated from
the data obtained in various controlled field trials
of typhoid vaccines, which were summarized by us
earlier (11). The degree of effective protection
conferred by the vaccine was taken as being equal
to that conferred by the most effective typhoid
vaccines in the controlled trials. These were the
acetone-dried and heat-phenol vaccines given in
2 doses; however, in endemic areas, similar results
could be expected with only one dose (13, 14).
In view of the field experience, it is considered
that boosting with an effective vaccine should take
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place about every 5 years, and this was assumed in
the model.
For reasons of simplicity, these factors were
applied to a homogeneous population.
In constructing the model, we did not make
adjustments for differences in the risk of infection
and consequently in the expected morbidity rates
between various population groups, including
differences between those who did and those who
did not volunteer to be immunized. It has been
observed that, for various reasons, volunteers
contract disease less readily and less often than
those who do not accept vaccination. In one controlled field trial, the typhoid morbidity rate among
volunteers belonging to the control group and
receiving a placebo was 13 per 1000, while in nonvolunteers in the same community it was 26 per
1000 (16). The ratio was thus 1:2. In the same study,
the difference in morbidity rates between volunteers
and non-volunteers was especially great among
populations exposed to a heavy challenge dose
in a water-borne outbreak, the morbidity rates being
in the ratio of 1:11. Immunization of volunteering
individuals tends to lower incidence rates far less
than would be expected from simple arithmetical
considerations.
In the immunization of volunteers we have taken
this into account and have made adjustments on
the grounds offield experience (16,22) to compensate
for the differences in vaccine effectiveness in the
volunteers and the non-volpnteers.

Effectiveness of sanitation
When introduced and practised continuously,
environmental sanitation-primarily excreta disposal,
but also water chlorination, food control, etc.considerably lowers the level of rnismission of
infection. The force of infection could easily be
reduced to half its former level by the construction
of privies and the provision of sufficient safe water
(30, 31).
For the purpose of the model, the introduction
of a specific sanitation programme could be considered simply as changg the force of infection.
The construction of latrines would result in a
diminished rate of transmission of infection from
carriers, for example, to 50%. of its original value.
The data obtained from field observations support
this assertion.
Sanitation campaigns that are not followed by
sustained efforts to maintain adequate sanitary
practices and hygiene may produce only temporary

results. However, when sanitation is introduced
together with health education and improvement
of living standards, the effects tend to be cumulative,
resulting in a steady reduction of typhoid morbidity
rates owing to the decline in the force of transmission
of infection.
CONSTRUCTION OF THE MODEL

Structure of the model
Our model was conceived to reflect endemic
situations common in developing countries. The
general population was divided into subgroups
identifiable in the natural course of typhoid fever.
The natural history and epidemiological evolution
of the infection in the population depends essentially
on chronological changes in the various classes of
individuals. The structure and the class symbols
adopted to simulate the dynamics of typhoid fever
in the population are illustrated in the flow chart

(Fig. 4).

It is not easy to estimate the numerous rates of
transition directly from available quantitative
evidence. It was found more convenient to consider
the rate of transition as the product of the rate of
change from one stage of the disease to the other
stages (or rate of exit) multiplied by a coefficient of
trnsfer, which would represent the relative size of
the class going to any other subgroup.
Epidemiological parameters and daily rates of change
The epidemiological parameters involved in the
present model and presented in the flow chart
(Fig. 4) are specified below. The numerical values
of the corresponding daily rates of change are also
indicated. They should, however, be considered as
possible values only. Other simulations of typhoid
fever dynamics could easily be worked out giving
different values to these quantities.
An infected person may or may not become sick.
In the present model it was assumed that the same
dynamics of disease apply equally well to both types
of infection with respect to the ability to transmit the
infection to other persons and to maintain or lose
resistance status. In the mathematical development,
therefore, these two types of infection were treated,
as far as possible, as one group, and, for convenience,
the term "sickness" is used below also for
asymptomatic infections.
Period of incubation (PI). The mean duration was
fixed at 14 days. The daily rate of exit is therefore:
P1 = 0.07143 per person under incubation.
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Fig. 4. Flow chart of the dynamics of typhoid fever.

Period of sickness (PS). The mean duration was
:fixed at 28 days for both symptomatic and asymptomatic cases. In addition, it was assumed that 5x0
{of affected persons would relapse for a mean period
of 18 days. Hence the mean duration of the sickness
period is:
0.95 x 28 + 0.05 (28 + 18) = 28.9 days per case.
The daily rate of exit is therefore: PS = 0.03460

yer case.
Temporary carriers (PC). The mean duration was

fixed at 90 days. The daily rate of exit is therefore:
PC = 0.01111 per temporary carrier. The permanent
carrier can exit only by death.
Resistants (PR). The mean duration of short
resistance was fixed at one year (365 days). The
daily rate of exit is therefore: PR1 = 0.002740 per
short resistant. The mean duration of long resistance
was fixed at 10 years. The daily rate of exit is therefore: PR, = 0.0002740 per long resistant.
Clinical or symptomatic cases. It was assumed that
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Table 8. Typhoid fever: Matrix of coefficients of transfer Rt.
Class of
origin
i
I
2
3
4

6
6

1

0.990 0.010
0.040 0.950 0.010 0.010 0.900 0.090
0.694
0.100 0.100 0.100 0.694
0.100 0.200 0.300
0.600
0.100
-

7

-

8
9

0.100
1.000

10

2

Cooffient of transfer to class of detnation :
4
7
8
3
5
8

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

a The fatality rate is 0.03 of clinical

-

-

-

-

-

-

-

-

-

-

9
-

-

-

-

0.900
-

1

Tobl

1.000
1.000
1.000
O.008I 1.000
o.OOea 1.000
1.000
-

-

-

-

-

0.000

1.000
1.000
0.000

cases Assuming that 0.20 of clase x4 and xs develop clinical

symptoms, 0.006 of thOes classes ae transferd to class xio.

season to another of the same year, as its various
components change.
In the present study, the factor RI will be considered as the main vanable determining the patter
of the epidemiological characteristics of the population. Four different values of RI were successvel
entered in the model: 0.0018, 0.0020, 0.0025 and
0.0040 per suscptible and per infectious person per
day.
Infectiousness. The infectious persons are: a small
fraction of those in the incubation phase, the
majority of the sick, and all Xt carrie . The intensity
of infectiousness was supposed to be constant for
all pemons in these classes.
Coefficents of transfer. All the tansers from one
epidemiological subgroup to the other classes are
represented in the flow chart (Fig. 4) by a set of
coefficients Rt4, which express at each stage of the
disease the fraction of individuals transferred from
class I to class i out of all individuals leaving class I.
The numerical values of the coefficients of transfer
Rij were derived from available epidemiological
evidence (see Table 8).
It is recognized that many of these coefficients
can vary over a wide range and that for some of
them the range of variation is not even known.
It
would not, however, be difficult to simulate
a An actual example of a growin population is treated
fever dynamics with other values for the
typhoid
under the heading Use of the model for the planning of
coefficients of transfer.
preventive measures (p. 56).

20% of the persons passing through the sidkness
period are detected as typical acute clinical cases
(symptomatic) (12). In this study, incidence rate
refers to clinical cases only.
Mortality from typhoid. It was assumed that 3%/
of the clinical cases would die from typhoid fever.
Therefore 0.6% of the daily exit of persons in the
sickness period was allocated to typhoid deaths.
Natality and general mortality. For simplicity,
a stable population was used in the model a. The
annual birth rate and crude death rate (all causes)
were both fixed at the same level of 20 per thousand.
The daily rates are therefore: PB = PD = 0.0000548
per person in the community.
Force of infection. The risk of transfer of infdection
to a susceptible individual is a function of the
proportion of infecdous persons in the population
and a factor (RI), which is an expression of the
force of infection. This factor is the resultant of the
mean values of several parameters: frequency of
contact, effective challenge dose, degree of susceptibility, survival of S. typhi in the environment,
population density and crowding, level of sanitation
in the community, etc. It varies from one communitY
to another, from year to year, and even from one
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Table 9. Typhoid fever: Stable percentage distribution in population classes for
different levels of force of infection (RI) a
Percentage in population clas for daily force
Population class
0.0018

suwsceptible
incubating non-infectious
Incubating infectious
sick Infectious
sick non-infectious
temporary carriers
permanent carrers
short resistant
long resistant

94.5
0.0244
0.00122
0.0511
0.00583
0.0158

0.966
0.527
3.96

total

100

annual typhoid incidence rate b
annual typhoid deth rate c
a

12.8
4.3

of infection (RI) of:
0.0020
0.0025
84.9

0.0661
0.00331
0.139
0.0158
0.0430
2.62
1.43
10.7

100
34.8
11.7

67.3
0.143
0.00716
0.300
0.0342
0.0930

5.73
3.09

23.3
100

75.2

25.3

0.0040

41.7
0.254
0.0127
0.534
0.0609
0.166
10.3
5.51
41.5

100
133.9
45.1

Birth rate and crude death rate are both equal to 20 per thousand population.
100 000 population.

b Per 10 000 population.
c Per

Mathematical formulation of the model
The mathematical relationship between the
10 classes of individuals defined in Fig. 4 is expressed
in the following system of 10 equations where
Axl, Ax,, Axs... are finite daily increments, as
all the rates were calculated on a daily basis: a
Axd1 - (XS + X4 + X6 + X7) (XI/XT)RP +
(x#R1,? + x,R,,1)PS + xSR6,1PC +
x8R8,1PR1 + x9R9,1PR2 + XTPBx1 (PD - dxLolxT)
+ X7) (XiIXT)RI +
A,x2 R1,, (x3, + X4 + X,r
x3R3,2PI - x2 (PI + PD - dX0I/XT)
Ax5 = Rl,,(x, + X4 + Xe + X7) (Xi/XT)RI +
x2R2,,PI - x3 (PI + PD - dxldxr)
Ax4 = (x2R2,4 + x,R3,4)PI + x5R5APS x, (PS + PD - dx1loXT)
Ax,- (x2R2, + xsRs,v) P1 + x&,s PS x,

(PS + PD

-

dxdoxT)

Ax, = x&R&4PS - x(PC + PD - dxloxT)
Ax7 - xdRZ,7PC - x7(PD - dxLoXT)
Ax, = (x4&,, + x6R6,8)PS + x6RB,&PC -

xs(PR1 + PD - dxlo/xT)
Ax,o = xR8,,PR1 - x,(PR, + PD
Ax10 = (x4R&,Lo + xrR$,8o)PS
whereXT=
x

The annual number of cases is given by the
formula:
r (x,(R2A + R2,5) + x3(R3A + R3,5))0.2 PI
where the summation E is done over 365 days.
The annual number of typhoid fever deaths is
simply given by the sum of 1x1o over 365 days.
The above set of equations would constitute a
system of differential equations if the daily rates
were replaced by instantaneous rates of change.
However, it was suspected that such a system could
not be solved analytically with all mathematical
rigour. On the other hand, the daily changes of the
classes xi are extremely small and can be calculated
at high speed on the electronic computer. It was
therefore decided to apply this technique in the
simulation of typhoid fever dynamics.
In order to facilitate their interpretation, the
numerical results of the computer simulations
actually produced will be presented here mainly in
graphical form.
APPLICATION OF TH MODEL IN SIMULATIONS

-

dxLo/xp)

x

a In the equations, the class symbols xi, x,, etc., represent
the number of persons in those classes at a given moment.

Stable endemicity
The first objective was to find out the set of xi
values that would correspond to a stable endemic
situation for a given value of the force of infection
RI; it was then possible to study clearly the effect

TYPHOID FEVER

Table 10. Efficacy of vaccination against typhoid fever
for various combinations of population coverage and
vaccine effectiveness
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vaccine used. Ranges covering the more common
values for these factors, as used for the computation
of the resulting efficacy of the mass vaccination,
are shown in Table 10.
Efficacy of vaccination for vaccine
effectiveness of:
Population
The effects of different typical levels of mass
coverage
vaccination efficacy are analysed in the present study.
0.75
0.60
0.90
Single mass immunization. The effects of a single
0.54
0.36
0.45
0.60
mass iunization on the annual incidence rate of
0.60
0.72
0.80
-0.48
typhoid fever as well as on the various epidemiological categories are shown in Fig. 5 for the two extreme
0.75
0.90
0.60
1.00
levels of vaccination efficacy (36% and 90%.).
Separate graphs were drawn for each of the 4 levels
of stable endemicity (see Table 9).
It is clearly seen that the sudden transfer of a
of specific preventive measures imposed upon the certain proportion from the susceptible to the
stable endemicity.
resistant class has an immediate effect on the inThe mathematical problem consists in finding the cidence rate, the importance of the decrease being,
set of values for xi which renders simultaneously of course, directly related to the efficacy of the mass
null all the Axj values. Asymptotic solutions were immunization. It is, however, observed that after
obtained with the computer by successive trials over this spectacular drop the incidence rises rapidly and,
long periods.
depending on the initial level of endemicity, between
Several preliminary trials showed that situations 50%/ and 90°/ of the gain is lost 10 years later. The
corresponding to existing levels of endemicity were speed of the loss is then considerably reduced and
obtained with the following 4 values of the parameter the curve tends slowly to the initial stability level.
RI: 0.0018, 0.0020,0.0025 and 0.0040. The percentage This fact is believed to be a consequence of the
distributions of the population in the various epide- delayed repercussion of the mass vaccination on the
miological classes, when the stable situation is carriers (see Fig. 5).
reached, are shown in Table 9 for the selected values
Periodic mass immunization. The results of seven
of the force of infection.
It was found that the size of the epidemiological successive mass iunizations carried out at a
classes is almost linearly related to the reciprocal periodicity of 5 years are illustrated in Fig. 6 for the
of the force of infection RI. This fact facilitated the situation characterized by a low endemicity level
derivation of a stable situation from another already (RI = 0.0018) and a medium level of vaccination
known stable situation. It is thought that a stable efficacy (60%).
Repeated vaccinations largely compensate the
level of endemicity can establish itself only if the
rate RI remains above a certain critical value and rapid loss in the benefit observed on the incidence
that this value is a function of the birth and death curve after each immunization, but it is noted that
the additional gain decreases at each subsequent
rates.
inoculation. Nevertheless, the long-term level, which
establishes itself when the vaccination programme
Immunization
is interrupted, is considerably affected by the number
The model was then used to simulate the dynamic of successive vaccinations carried out. In the example
changes that occur in the various epidemiological illustrated in Fig. 6, the long-term drop in the annual
categories of the population under conditions of incidence rate after 7 inoculations is at least 4 times
stable endemicity when mass immunization is as large as after one immunization only.
It is also interesting to observe the effect of
carried out.
It was assumed that, by vaccination, a certain periodical vaccinations on the carriers. Slight
proportion of the susceptible population was decreases occur after successive vaccinations, but
transferred directly to the short-resistant class. the movement becomes less and less accentuated
This proportion is measured by the efficacy of the and, sometimes, after the last immunization, the
immunization, which is itself the product of the curve shows a definite tendency towards re-estabimmunization coverage and the effectiveness of the lishment of the original level.
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on the dynamics of typhoid fever at different levels of endemicity and
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efficacy of vaccination. Horizontal broken

curve--efficacy of vaccination 90 %.

Improvements

in sanitation

The shift in

Any improvement in sanitation-primarily excreta
disposal but possibly also the provision of safe
water, the adoption of hygienic habits, etc.-would
result in a decrease in the risk of infection, as measured in this model by the force of infection RI.
The effect of

a

change in the force of infection is

represented in Fig. 7 by the thick line.

timne

of the size of epidemiological
stability level to another was
simnulated with the model and, as shown in Fig. 7,
classe

it

was

from

one

found that these

classes will

from the initial stability level to

a

ultimately

pass

lower level of

endemicity.
The thick lines in Fig. 7 show the pattern of
change of the annual incidence rate (per 10 000

population) and of the percentages of carriers,
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(concluded).

susceptibles and resistants on the assumption that
high force of infection (RI = 0.0040) is suddenly
reduced, at the fifth year, to a lower level (RI =
0.0020) as a consequence of the reduction in the
risk of transmission.
The 50/ reduction in the force of infection
causes an immediate decrease in the annual incidence
rate to about 50%/ of its orginal level, followed by a
temporary incrase, due most probably to the
slower decrease in the reservoir of infection (see
a

the trend of the percente of carriers in Fig. 7).
A long-term derease is then obsved, bringing
the incidence rate asymptotically to its new stability

level.
Combined effect of Immwnzation and swdtatdon
Fig. 7 also shows the additional decrease in the
incidence of the diseas that can be expected from
combined mass immunization and sanitation programmes with either single immunization (thin line)
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Fig. 6. Comparison of the effects of single and periodic mass vaccinations on the dynamics of typhoid fever
(efficacy of vaccination 60%). Horizontal broken line-stability level for RI - 0.0018; heavier solid curve1 vaccination; lighter solid curve-7 periodic vaccinations.

or periodical vaccinations at 5-year intervals (dotted
line). For the present illustration, the degree of
immunizaton efficacy was fixed at the medium
value of 60% and the degree of efficacy of sanitation
at a value of force of infection 50% lower than
before the application of sanitary measures. Broadly
speaking, the results of combined measures are quite
comparable in the long run with those obtained with
sanitation alone. The main feature of interest is
perhaps that the long-term benefit of immunization
is largely determined by the permanent gain resulting

from the favourable change in the force of infection
as a result of the improvement in sanitation. This
concept is of great importance for the long-term
planning of control (and, possibly, eradication) of

typhoid fever.
APPLICATION OF THE MODEL IN COST-EFFECTIVENESS
AND COST-BENEFIT ANALYSES

While the relative effectiveness of various preventive measures is of great practical interest to public
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Fig. 7. Effect of a change in the force of infection on the dynamics of typhoid fever, with and without mas
vaccination. Heavier solid curve-no vaccination; lighter solid curve-i vaccination; broken curve-7 periodic
vaccinations.

health workers for both the planning and application
of such measures, the costs, effects, and benefits must
be taken into consideration in order to make the
best use of available resources. We have therefore
tried to apply our model with this in mind in
evaluating the relative merits of immunization and
sanitation in the control of typhoid fever.

Determination of costs, effectiveness, and benefits
Determination of the costs of vaccination and
sanitation is not difficult. Effectiveness can be

expressed by decrease of incidence or in the number
of prevented cases and deaths. The benefits were
calculated from saved funds that would otherwise
have been spent on the treatment of typhoid cases,
hospital and other expenses, as well as lost wages.
We did not attempt to cost human lives in terms
of money as some authors have done (32). In view
of this, the actual benefits are always higher than
can be represented by simple financial gains.
There were two main difficulties in the evaluation
of costs and benefits, namely:
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(1) The costs of immzation and treatment of
cases, like other costs, differed geatly from country
to country because of the different stages of development of the medical services and the economy and
the different socioeconomic systems. In some
countries, most of the costs of treatment were borne
by individuals, in others, by the state (social or
health insurance, for example). Costs and benefits
were therefore distributed in various ways to
individuals and to state services. It was thus impossible to find a common international denominator
and to express, in terms of one currency-for
example, US dollars-the costs and benefits that
would be applicable geneally.
(2) So far as sanitation is concerned, the benefits
cannot be limited to its effect on typhoid alone.
Sanitation affects other illnesses-enteric, parasitic,
or skin infections-and leads to arise in the standards
of hygiene in general, bringing also (as in the case of
water supplies) economic benefits.
We were therefore obliged to study each country
or area separately, applying the same principles
but taking into account specific conditions. The
differences between the countries were so great that
generalization was impossible. Each individual
country has to be studied for itself.
We collected data on costs from several countries
at various levels of development and with various
socioeconomic systems and found that one can
roughly divide them into several categories; for

example:
(a) countries with a subsistence economy, the
state being responsible for the provision of modest
health services;
(b) countries with intmediate economic development in the sense of free enterprise, with
limited financial responsibility of the state for
health matters and services;
(c) countries similar to those of (b) but with a
greater financial responsibility of the state for
social and health matters and services;
(d) countries with a high degree of economic
development, but limited responsibility of the
state for financing unization and treatment
of typhoid;
(e) countries with a high degree of economic
development where the state is largely (if not
totally) responsible for providing free uniza
tion, treatment, and wage compensations in case
of illness.

. PART H

Since typhoid is endemic in and represents a
problem for those countries with a lower level of
economic development (a, b, c), we have limited
our study to those categories.

Use of the modelfor long-term cost-effectiveness and
cost-benefit evaluation Li
Immunization and sanitation, even if envisaged
as short-term programmes, have a long-lasting effect.
The costs of initial investment are compensated
over a long period of time. For practical reasons,
cost-effectiveness and cost-benefit analyses should
be considered on a long-term basis if one wishes to
obtain meaningful information.
In view of the fact that conditions change with
the lapse of time, these analyses must be repeated
from time to time in the light of those changes and
should become a continuous process in the planning
and evaluation of public health programmes.
Use of the model for the planning of preventive
measures
The model can be used for the planning of
preventive measures in various countries and areas
only if the necessary parameters, as described above,
are known and relevant information collected.
Some of the data may be available from existing
statistical returns and others may have to be collected
in special surveys or studies designed for this purpose.
Once the data are available, they are fed into the
model and into the computer to predict the trend
of typhoid for years to come, assuming that no
special preventive measures will be taken. The
model is then used to simulate the effect of the
application of various immunization and/or sanitation programmes. On the grounds of costs, effects,
and benefits one can compare the merits of relevant
preventive measures and select those most suited to
the goals envisaged and the resources available.
Example of the evaluation of effectiveness of
preventive measures. In order to illustrate these uses
of the model, we shall take actual data on the
epidemiological situation in a small, typical Pacific
island with an initial population of about 150000.
The annual birth rate was taken as 35 per 1000 inhabitants, and the annual death rate as 8 per 1000
population. The annual natural incidence of typhoid
fever cases was taken at the level of 7.2 per 10 000
inhabitants. These data correspond closely to the
actual situation in Western Samoa, which resembles
that in some other islands.
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Fig. 8. Annual incidence of typhoid cases with 8 successive mass vaccinations at 5-year intervals. (A) vaccination coverage: 75 %; vaccine effectiveness: 80 %; (B) vaccination coverage: 50 %; vaccine effectiveness: 80 %.

The effect on the population of this island of one
type of vaccine in two different immunization
campaigns, with vaccination repeated at 5-year
intervals (A 75S% coverage, B = 50% coverage),
is presented in Fig. 8. This shows how the incidence
of typhoid would decline after immuntion and
indicates that higher coverage of the population
with the same type of vaccine would give better

results. The data thus obtained could be used for
cost-effectiveness analysis.
The effect of privy construction is anticipated to
produce a 50°. drop in incidence owing to prevention
of the spread of disease by means of the excreta of
carers. Even if the effect of privy construction were
less, e.g., 30x0, it would still be considerable, as shown
in Fig. 9, which presents the effect of a sanitation

50
Years

ti-3 13421|

Fig. 9. Effectiveness of a 1 0-year programme of privy construction in reducing the incidence of typhoid. (A) 50 %
reduction in transmission by carriers; (1) 30 % reduction in transmission by carriers.
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Fig. 10. Comparison of the effectiveness of a 5-year programme and a 10-year programme of privy constuction
in reducing the incidence of typhoid. Effectiveness of privy construction: 50% reduction in transmission by
carriers.

programme comprising construction of privies for effect than iunization, although vaccination,
the whole population over a 10-year period. The alone or combined with sanitation, might, in the
effect is long lasting and produces a continuous short run, be more effective for the control of tydecline in the trend of typhoid owing to the gradual phoid.
elinon of carrier-transmitted infection.
Example of the evaluation of the cost ofpreventive
Fig. 10 shows the effect of sanitation, namely measures. The cost factors have been determined
privy construction, on the incidence of typhoid from actual records available for the above comwhen construction is accomplished over a period munity in 1968. The estimated average cost of
of 5 years and covers the whole population (case A). immunizing one person was taken as USS 0.20, while
This is compared with privy construction spaced the treatment of a typhoid case, including the cost
over a 10-year period (case B). It is obvious that of medical and paramedical personnel (but not lost
only a small additional long-term gin is achieved wages), was estimated at USS 100.
by early construction of all privies. This simulation
The average cost to the government of construct(Fig. 10) shows, as does Fig. 9, that the endemicity ing a new, satisfactory privy or making sanitary an
level of typhoid in this community would, as a existing privy serving an average of 6 persons was
result of sanitation, begin to decline steadily and estimated to be USS 3.15. This represents the cost
continuously. The same data can also be used for of the services of a sanitary inspector to aid and
cost-benefit analysis.
supervise construction or reconstruction of the
Fig. 11 and 12 compare the effect of privyconstruc- privy. The expenses of construction (material, etc.)
tion alone with the cumulative effect of vaccination are readily borne by the population. The total cost
and privy construction combined, taking into of construction of a new, sanitary privy, excluding
account possible different levels of effectiveness of unskilled manpower and superstructure, was estivaccination and sanitation. The effect of sanitation mated to be USS 5.00. Thus the government's
and vaccination combined is, as might be expected, contribution represents over one half of the total
greater, but a tendency to return to an earlier level cost of a new privy. The per capita cost of privy
of endemicity is obvious after immuniztion, construction for the government is about USS 0.50
whereas sanitation produced a definite and constant as compared with USS 0.20 for a single vaccination.
downward trend in the endemicity level. It is thereThe costs are presented from the government's
fore clear that santation would give a more lasting point of view, the government being fully responsible
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Fig. 12. Effectiveness of privy construction and vaccination combined on the annual incidence of typhoid (11).
(C) privy construction only-effectiveness: 30 % reduction in transmission by carriers; (D) privy construction +
vaccination-vaccination coverage 50 %, effectiveness 80 %.

for the cost of imm zation and treatment of cases,
while contributing only partly to the cost of privies;
the population would provide, free of charge, the
necessary material and manpower for construction
of the privies.
The actual computer runs showing the effectiveness, costs and benefits of various control programmes are presented graphically (Fig. 13).

Example of the evaluation of costs, effectiveness,
and benefits of vaccination programmes. The cost of
vaccination and the saving on case treatment are
cumulated over time in Fig. 13 for an immunization
programme corresponding to the situation illustrated
in Fig. 8 (line A). It was assumed that vaccination
will be carried out at 5-year intervals with 80/,6
effective vaccine on 75% of a population affected
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Fig. 13. Impact of various typhoid control programmes on the incidence of the disease and the cumulative costs
and benefits. (A)-incidence of typhoid cases (per 10 000 population); (B)-cumulative benefits; (C)-cumulative
costs.

by a typhoid endemicity level of 7.2 per 10 000, the
initial size of the population being about 150 000
and the natural growth 2-7%The cost of the first mass immunizations of 757/
of the population would already be offset by savings
on treatment in a 5-year period. After the third
vaccination, owing to the decrease in case incidence,
the difference between the cost of vaccination and
the benefit of treatment is definitely positive and the
balance is progressively augmented by the subzations. One should not
sequent mass i
forget, however, that the incidence will slowly
return to its initial level if vaccination activities are

stopped.

Exampk of evaluation of the costs, effectiveness,
and benefits of privy construction. This example
shows the cost of a programme for sanitation
through the construction or improvement of privies
The parametric values and epidemiological effects
of this programme were taken as described in Fig. 9
(line A). Furthermore, it was assumed that there
was a necessity to rebuild one half and make
sanitary the other half of the privies required by the
population, the cost of material and manpower
being borne by the population and the services of a

sanitary inspector being provided by the government.
The programme would be covered in 10 years and
would continue at a reduced rate to satisfy the
needs of the annual population increase.
Fig. 13 (centre) shows that the savings due to the
reduction in the number of typhoid cases grow
slowly during the early years of the programme,
and that the balance between the cost of privy
construction and the benefit on case treatment
starts to be positive only after 20 years. It should be
observed that such a programme would ultimately
lead to the eradication of the disease and thus
provide an important and definite benefit (see
Fig. 9). One should also take into account the beneficial effect of privies on other intestinal infections
and the saving in lives and wages.

Example

of

costs,

effectiveness, and benefits

of

immunization and sanitation combined. The last
example illustrates the impact of the combined
strategy decibed in Fig. 11 (situation B). The
cumulated cost of the 5 successive mass immunizations and the construction and improvement of
privies (govermnent contributions only) is presented
in Fig. 13 (right), which also shows the corresponding
benefits on case treatment expected from this
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programme of activities. With the numerical values
given to the parameters in this example, it is only
after 25 years that the balance between cost and
benefit begins to be positive, but in the meantime
the disease would have been reduced to a considerably lower level than by any of the other control
programmes.
As expected, the most substantial health benefit
results from combined unization and sanitation,
but because this policy requires an expensive initial
investment in privy construction in addition to
immunization expenses, it may not be very satisfactory from the cost-effectiveness point of view.
It must be emphasized that these exampleslimited by neesity to a single community in a
developing country-considerably oversimplify the
economic and financial treatment of the actual
health problem and the strategy of control envisaged;
for example, no allowance was made for interest on
investments or for changes in the absolute and
relative costs of immunization, pnvy construction,
and treatment, which would occur with the lapse
of time.
There are a number of economic and other
factors not applied im the above examples that
could be taken into account; for example, the
secondary effects of control measures against
typhoid fever, such as the effect of sanitation on the
control of other enteric infections and intestinal
parasites, or the effect of this control on the development of tourism.
The above examples show that immunization
and sanitation would give essentially the same
results for about the same cost. In selecting the
most suitable control programme, both should
therefore be considered in the light of local condi-

for a certain period of time until a water supply
became available so that sanitary privies could be
built for a lower pnrce.
It could be argued that such planning was possible
earlier even without the help of a model. While
there is probably some truth in this, there is no doubt
that the model made it easier to prepare a sound
national programme.
OTHR USES OF THE MODEL

So far, the exanples have shown how the model
can be used to simulate the effects of preventive
measures and to analyse their costs and benefits,
and also how it can assist in the planning of typhoid
control programmes.
The model has various other uses, such as the
forecasting of future trends in the incidence of typhoid.

Study of trends in the incidence of typhoid in various
countries

The incidence of typhoid changes year by year,
but over a longer period of time it shows definite
trends. In developed countries, like for instance
England and Wales and the USA, typhoid has shown
a definite declining trend as a result of two factors:
first, the improvement of sanitation and standards
of living and, secondly, an internal mechanism of
typhoid dynamics which brings the dence of
typhoid gradually down once it has been reduced to a
certain level corresponding to a critical value of the
force of infection.
The effect of sanitation and rising standards of
living is obvious and does not need any further
explanation or comment.
tions.
A close inspection of local conditions in Western
Self-control of typhoid stems from its dynamics
Samoa revealed that the various districts of that as defined in our model. The size of the epidemiocountry differ greatly in respect of the incidence logical classes is almost linearly related to the
of typhoid fever. It was also found that the cost of reciprocal of the force of infection RI. The reason
vaccination against typhoid fever could be signifi- for this inverse proportionality is a logical concantly reduced if this antigen is administered with sequence of the model and is due to the fact that
other vaccines to children, who are the memb
the typhoid mortality rate is small compared with
of the population at highest risk of typhoid fever. the overall death rate PD. Were the typhoid mortality
Moreover, the availability of water for water- exactly equal to zero (R4110=R5,1*=O) (see Fig. 4)
sealed latrines influences their cost and effectiveness. then-supposing a constant population size (PB =
In some districts with a water system, sanitation PD) and a stable stationary endemic situation,
alone was shown to be the best long-term proposition where the number of individuals in each class
for controlling typhoid fever, while in other areas, remains constant-the proportion of susceptible
where incidence was very high and running water individuals (X1/XT) would be strictly inversely
not available, vaccination was the obvious choice proportional to Rl.
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Fig. 14. Incidence of typhoid cases in the USA, 1921-1970.

It can be denonstrated that stable endemicity
will establish itself only if the rate RI remains above
a certain critical value. Again assuming constant
class sizes and a negligible typhoid death rate in
our model, this critical value of RI is 0.0017.
Where RI falls below 0.0017, typhoid fever is
extinguished slowly by itself. What happens in this
case is that the permanent carriers slowly die out
from natural causes (PD) while their replenishment
from new typhoid cases decreases because of the
low value of Rl.
We used the model for simulating present typhoid
trends by applying past and recent typhoid morbidity
data from certain countries where reliable information is available. It was possible to simulate the
decline of typhoid by reducing the force of infection
by a certain annual rate. Comparing data obtained
by simulations with actual incidence in the countries
studied, we observed regularity and parallelism in
the declining trend of typhoid in developed countries
like England and Wales and the USA (see Fig. 14
and 15 which are self-explanatory). For these two
countries a good fit was obtained to the observed
secular trend of case incidence when an annual
decrease of 7.67% in the force of infection was
introduced in the model.

The improvement in sanitation and living standards on the one hand and self-control on the other
have acted in exactly the same way in both the USA
and Great Britain. Over a 10-year period, despite
annual variations, typhoid fever has been declining
by about SO./o or, expressed in terms of force of
infection, by 7.67% per year. The trends in the
incidence of typhoid are interesting as they show that
Great Britain is far ahead of the USA at present,
although in the past the level of incidence has been
similar to that in the USA. Our model has simulated
these actual trends in typhoid incidence in these
two countries and we have used this exercise both
to check the validity of the model and to study
long-term trends in incidence. Fig. 14 and 15
confirm the above remarks on the trends in the
incidence of typhoid in the USA and in England and
Wales.
The control of typhoid and the decling trend
in Great Britain were bringing typhoid close to
eradication. However, in recent years, as shown on
Fig. 15, the declining trend has ceased. When this
discrepancy from model prediction was checked
it was found that most of the cases were either
acquired abroad, usually on vacation, by the
indigenous population or were infections in im-
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migrants. This indicated that the trend towards
self-eradication of typhoid in one country has
limitations set by the existence of infections in other
surrounding countries. This fact is of increasing
importance as international travel and trade
continue to expand. Were Great Britain able to
live in " splendid isolation ", it would have a real
hope of seeing typhoid disappear from the population
in the not too distant future. At present, it has to
share the fate of the rest of the world, at least to
some extent. The trends in typhoid incidence in
the USA, England and Wales and other developed
countries confirm the prediction of our model
that typhoid control through sanitation and the
rising levels of hygiene produces a lasting effect,
which is leading in the direction of eradication of
this infection.
These patterns in the dynamics of typhoid infection
point to the possibility of global eradication of this
disease, although in the distant future. At present,
even if a country has come to the verge of extinction
of typhoid, the prospects of eradicating it are

unfortunately small owing to possible reintroductions
from endemic areas.
DISCUSSION

The typhoid fever model that has been developed
reflects a simplified natural epidemiological process.
Whenever this model is applied to an actual population, it is necessary to keep in mind also the role
of certain factors that have been mentioned but
have not been included in the model. These factors
differ from population to population. They should
be studied and then, if necessary, introduced into
the model, according to their relative importance.
Other external factors that may also play a role
in certain circumstances include natural calamities,
superimposed infections, such as schistosomiasis,
change of food and hygienic habits, etc. It is the
task of epidemiologists and public health workers
to evaluate these factors critically prior to using
the typhoid model in order to apply it effectively
and creatively in practice.

CHAPyrER 5

Cholera
An endemic and epidemic disease,,
In some parts of the world, cholera is an endemic
disease like typhoid but in others it occurs only
occasionally in explosive outbreaks. Even in endemic
areas its incidence undergoes much more pronounced
seasonal variations than does that of typhoid.
Accordingly, while the typhoid model was designed
to reproduce stable endemicity without seasonal
variations, that of cholera had to reproduce endemic
states with seasonal variations as well as epidemic
outbreaks.
The health and economic consequences of cholera
are considerable. The economic losses to the community arise not merely from reduced productivity
of the labour force due to illness, but also from the
indirect influence on trade, commerce and the
tourist industry. Although undoubtedly these indirect losses are largely due to popular misconception,
they are often the more important ones; perhaps
they are avoidable, but at present cholera still has
a serious impact on the national economy.
In view of these considerations, our aim was to
construct a model of cholera that could be used for
the development of more effective and less expensive
control programmes and of better strategies for
combating this disease and its economic consequences.
NATURAL HISTORY OF THE DISEASE

Cholera, like typhoid, is transmitted by the
oral-faecal route. Carriers and mild cases play a
great role in its spread directly or through contaminated food and/or water. In recent years, many
studies have been carded out on cholera and its
natural history is at present relatively well known.
We based the contruction of the model on prevailing
opinions expressed by expert groups and individuals
This model was developed with the cooperation of
Mr T. K. Sundaresan, Health Statistical Methodology, and
Dr D. Barua and Dr Y. Watanabe, Bacterial and Venereal
Infections, World Health Organization, Geneva.

(33-35). The choice of the numerical value to be
assigned to each parameter proved to be a formidable
task and, in some instances, we were compelled to
use arbitrary averages. The model was adapted,
on a trial-and-error basis, to fit the actual epidemiological patterns observed in the field.
Basic parameters and their respective values used
for construction of the model are as follows:
Incubation period: 1-3 days
Duration of sickness: 3-6 days
Duration of carrier state:
Contact carrier: 5-7 days
Convalescent carrier: 14-21 days
Chronic carrier: lifelong
Ratio of symptomatic to asymptomatic cases: 1:24
Degree of infectivity of a carrier: I/2o of the degree of
infectivity of a symptomatic case
Incidence in epidemic areas: 10-200 cases per 10 000
population per year
Rate of loss of naturally acquired immunity: 50% per
year

pattern: a single epidemic season per year.
The selected values for the parameters listed
above could be criticized, since there are observations indicating the existence of wider variations
in these parameters than those allowed by us.
We thought, however, that the model should represent
the common features of the disease and, hence,
we have intentionally neglected the exceptional
Seasonal

cases.

In the epidemiological studies of cholera, strict
classification and division are often made between
contact carriers, asymptomatic cases, and mild
cases:' We have simplified this division by including
among " asymptomatic " cases not only contact
carriers but also those mild cases that do not develop
clinical symptoms requiring treatment, in view of the
fact that their role is similar in the transmission of
cholera. For the same reason, we did not distinguish
between the degrees of clinical severity of casqs or
the degrees of infectivity of mild cases and carriers.
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Fig. 16. Flow chart of the dynamics of cholera.

Field observations differ considerably from one
community to another in regard to the ratio of
symptomatic to asymptomatic cases, which varies
from 1: 2 to 1: 100. In the model described in this
chapter we have chosen, as a typical example, a
ratio of 1: 24, as stated above (35). The choice of
this value affects the results of simulations.
Another parameter that has not been measured
with precision in the field is the rate of loss of
naturally acquired immunity. An arbitrary value of
50%. per year was chosen in our computer simulation
(36).

CONSTRUCTION OF THE MODEL

Structure of the model
The population classes representing several
epidemiological stages in relation to the disease
are shown in the flow-chart depicting the dynamics
of transmission (Fig. 16). It can be seen that the
model assumes the existence of 11 mutually exclusive
epidemiological classes, namely 9 in the population
and 2 for death from cholera and other causes;
the transfers between the 11 boxes in the chart
are shown by arrows. The 11 classes are as follows:
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Table 11. Cholera: matrix of coefficients of transfer Rt, ,
Cl of
trlin
I
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-

1

-

2
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5
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_
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aThe transfer to the class of vwaccinated prsons (x) is dtmined on an adhoc basis by the immunization scheme adopted; the transfer
from the cla xs is determined by the duration of the immunity confwred.

1.
2.
3.
4.

Susceptible
Healthy resistant
Chronic carriers
Incubating infectious

5.
6.
7.
8.
9.
10.

Incubating non-infectious
Contact carriers (one-fifth infectious)
Sick infectious
Convalescent carriers (one-fifth infectious)
Vaccinated (immune)
Death from cholera

11. Death from other causes

A part of the population is susceptible, a part
immune, and a part infectious. The infectious part
of the population is made up of severe and mild
cases of cholera and carriers of the vibrio. All
possible transfers from one epidemiological class
to the others are identified in Fig. 16 by the coefficients R4j, which express the fraction of individuals
going from class i to class 3 out of all individuals
leaving class i. The numerical values adopted for
these coefficients are given in Table 11. The unit
of time used in the actual calculation of transition
between epidemiological classes was the day.
Force of infection. The number infected in the
community during unit time, i.e., per day, is estimated
as the product of (a) number of infectious in the
community, (b) force of infection, and (c) the
proportion of susceptible persons in the population.
The force of infection in cholera depends on several
factors, such as the level of sanitation in the community, the number of vibrios excreted, survival
of vibrios in the environment, population density
and crowding. It varies from one community to

another, from year to year, and even from season to
season of the year, as its various components change.
It is difficult to define accurately the role and
importance of each component of the force of
infection, but controlled trials and experiments
have cast some light on them. For example, improved
environmental sanitation, namely the provision of
privies and water, is known to reduce the force of
infection by as much as 50°, or even more (37).
On the other hand, while the role of the infective
dose of Vibrio cholerae is recognized in the genesis
of cholera, its relative importance and the part it
plays in determining the force of infection are not
clear and cannot be easily defined. Although at this
stage we have not made any attempt to analyse and
define the components of the force of infection,
there is no reason why various components should
not be introduced into the model as was done for
tetanus (5).
Many past observations in the field were accurate
enough to permit an estimate of the probable force
of infection. In cholera-endemic areas, such as
Bengal, the force of infection depends on the season
of the year. Cholera is known to break out there
more or less regulaily in epidemic proportions under
the particular climatic conditions prevailing at one
season of the year. Two different levels of force of
infection have therefore been assumed, one for the
cholera season and the other for the rest of the year.
Epidemic patterns, as in the case of explosive
water-bome outbreaks lasting for short periods of
time, are characterized by a temporary rise of
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model to study the effect of various control programmes on the natural course of epideics. We
had to assign numerical values to the parameters
indicating the effectiveness of the control measures,
and also to determine their cost in order to be able
to make cost-effectiveness and cost-benefit analyses.
Treatment. Hospital treatment is applied in
every country where cholera occurs, irrespective
of whether or not preventive measures are taken.
In our computer simulation, hospital treatment
was assumed to be provided for 90% of the patients.
As experience has shown, with good standards of
treatment case-fatality rates have fallen to 1%
and even less. The cost of hospital treatment was
estimated to be USS 20-70 per case, with an average
of about USS 25 for endemic areas in developing
countries where treatment of cholera is a routine
practice (34). The cost of treatment in non-endemic
areas is often more than double this amount.
Vaccination. The effectiveness of vaccines was
estimated from the results of field trials, which
show it to be between 30%. and 80% for a period
of up to 6 months (36). In our simulations we
have taken the average of data from all controlled
trials. The protection was assumed to start at as
high a level as 70% a week after vaccination, to
decline to 50%. after 3 months and to 30%/ after
6 months, and to vanish after 10½2 months.
The cost of munization, based on an international enquiry undertaken by us in 1970, was
usually of the order of USS 0.10-0.20 per capita,
including the cost of vaccines, manpower, etc.
In our simulation we took USS 0.10 for the per
capita cost of vaccination. The cost of immunization
services has since increased.
Sanitary measures. The effectiveness of sanitation,
namely the provision or improvement of privies and
water supplies, was derived from the results of a
controlled study in the Philippines (37). It was
observed there that simple and inexpensive privies
alone, water supply alone, or a combination of
both reduced the incidence of cholera in the community by 60-70% in the first year and still further
in the years that followed. For the purpose of the
simulations, we estimated that any single preventive
measure would result in an annual rate of decrease
of 50%. in the tnsmission of infection.
The cost of constructing simple privies is estimated
Effectiveness ofpreventive measures
to amount to USS 0.14-0.17 per capita, based on
The effectiveness of preventive measures was an experience gained in the Philippines (37). The cost
important parameter since we planned to use the of simple dug wells and piped water is estimated

the force of infection to a very high level. By varying
the level of canges in the force of infection, different
patterns and types of outbreak can be simulated.
Period of infection. It was assumed that 4%0 of
the infected people would develop clinical symptoms
while 96% would become contact carriers. For those
falling sick, the incubation period was assumed
to range from 1 to 3 days, the distribution being
20% for 1 day, 60% for 2 days, and 20% for 3 days.
Among those becoming contact carers, it was
assumed that 50%O of them would continue to be
infectious during 5 days, 30% during 6 days, and
20%. during 7 days.
Period of sickness. The duration of sickness
ranges from 3 to 6 days. It was assumed that 50%/
of the patients would be sick and infectious for
3 days, 25% for 4 days, 20% for 5 days, and 5%/
for 6 days. It was further assumed that 1% of the
patients would die (x,0), 1% would become convalescent carriers during 14-21 days after the disappearance of clinical symptoms (x8), 1% would
recover and immediately become susceptible (xi),
but 97%o of the patients would recover and become
resistant to further infection (xg).
Convalescent carriers. As stated above, it was
assumed that 1% of the patients would remain
infectious for 14-21 days after their recovery from
clinical symptoms. It was further these assumed that
90% of carriers would then become resistant to
further infection (x,) but the rest would again
become susceptible (xi). It was, however, assumed
that 0.001 % of the convalescent carriers would
remain infectious, i.e., become chronic carriers (x.).
The same flow pattern, with identical values for
the coefficients of transfer, applies to the contact
carriers.
Resistance to infection. It was assumed that those
persons who had naturally acquired resistance
would lose it and become susceptible (xl), at a rate
of 50%/ per annum.
Natality and general mortality. Assuming there
is no important migration, the natural change of
the population is regulated by natality and general
mortality. In the simulation actually carried out,
a birth rate of 40 per 1000 population and a crude
death rate of 20 per 1000 population were used.

CHOLERA

to be about equal to that of the privy on aper capita
basis. However, for convenience in our calculations,
we have taken the cost of this simple sanitation
measure including privies and simple water supply
to be USS 0.15 per capita. It goes without saying
that other values prevail in other places and at
other times.
Drug prophylaxis given to the contacts of symptomatic cases prevents thiem from contracting
cholera, and, if they are already infected, makes them
non-infectious. The cost of drug prophylaxis was
assumed in our simulation to be USS 0.50 per
person treated.
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indicates the number of exits out of class 7 on day
t-3, that is 3 days earlier.
By using these symbols, the number of entries
into class 1 (susceptible) on day t is expressed as:
AXl,t = (0.5AXlx,t-, + 0.3Ax*,t - + 0.2AX1.,-7)
Re, + (0.1254x8,t-j1 + 0.125Ax8,xs- +
... + 0.125Jx8,j-2)R.,1 + (0.5ZIx7,t-. +
0.25Z1x7,t-4 + 0-2Zx79t-. + 0-O5ziX7.tt-)R7.1+
(0.0317ax,q,t-l + 0.0317ax9,t- + ... +
0.00317Ax9,t-31)R,,1 + x2,t-iPS + XT,t-iPB
where Rjj denotes the proportion of exits from
class i that move to class j. For example, in the
computer simulation carried out, both R6,1 and R8,1
are assigned the value 0.09999, as 9.999°% of class 6
(contact carriers) and class 8 (convalescent carriers)
will move into class 1 (susceptible). Symbol PS
denotes the conversion rate from the immune to
the susceptible state and was assigned the value
of 50%1 per year, i.e., the daily rate of 0.5/365
(= 0.00137), as explained under "Resistance to
infection" on p. 68. Symbol PB denotes the birth
rate and was assigned the value of 40 per 1000
population per year, i.e., the daily rate of 0.04/365
(= 0.0001096) per population, as described under
"Natality and general mortality " on p. 68. The
numerical values of the coefficients in the above
formula were determined as described under
" Structure of the model " on pp. 66-67. For example,
the coefficients appearing in the first term in brackets,
namely, 0.5, 0.3 and 0.2, correspond to the distribution of the duration of stay in class 6. Symbol XT
denotes the total population, that is

Computational procedures
The basic mathematical relationships between
the epidemiological classes identifiable in the flow
chart of Fig. 16 are expressed by a series of equations
for the increments that occur to the sizes of the
epidemiological classes, as in the case of other
models. However, in the cholera model, the history
of each epidemiological class was also taken into
account. For example, entries into the class " sick
infectious" (x7) come from two classes, namely
"incubating infectious" and " incubating noninfectious ". As described under " Period of infection" on p. 68, the number of persons who enter
the class " sick infectious " on a particular day are
composed of 20%. of the people who entered the
classes " incubating infectious " or " incubating noninfectious " 3 days before, 60% of those who entered
these classes 2 days before, and 20% of those
who entered these classes 1 day before. Likewise,
XT = X1 + X2 + ... + X*.
as described under " Period of sickness " on p. 68,
The number of exits out of class 1 is expressed as
the number of exits from the class " sick infectious "
Zl'X1,t = (Xd,t-1 + X7,t-1 + 0.05(xs,t-1 +
on a particular day is the sum total of 50 % of those
Xe,t-i + Xa,t-1)) (Xi,t-jXT,t-L)RI + xL,9-1PD,
who entered into the class 3 days before, 25% of
where
RI denotes the force of infection of classes 4
the entrants 4 days before, 20% of the entrants
5 days before and 5%/ of the entrants 6 days before. and 7 (incubating infectious and sick infectious).
Because of this refinement in the model, it is It was assumed that the infectiousness of classes 3
more convenient to decompose the increment that (chronic carriers), 6 (contact carriers), and 8
occurs on a particular day to the size of an epidemio- (convalescent temporary carriers) would be onelogical class, x, into two elements, namely, entries twentieth of that of classes 4 and 7. Symbol PD
into the class (expressed as ax) and exits from the denotes death rate and was assigned, as stated
class (expressed as 4'x). The net increment will there- under " Natality and general mortality " on, p. 68,
fore be equal to lx-I'x. Also, in order to refer to the value of 20 per 1000 population per year,
the date of entry or exit, a second suffix is used. i.e., a daily rate of 0.02/365 (=0.0000548) per 1000
For example, 1x7,g indicates the number of entries population.
In endemic areas, the incidence of cholera usually
into class 7 (sick infectious) on day t and L'X7,t-S
shows a seasonal variation. In order to reproduce
a seasonal variation in incidence, a seasonal variation
a In the equations, the class symbols xi, x,, etc. represent
the numbers of persons in those classes at a given moment. was introduced in the force of infection, RI. The
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value was assumed to be 3.5 on day 1 of each
calendar year, declining linearly to 1.6 on day 70
and remaining at this level during the rest of the
year (see Fig. 17).
Likewise, the number of entries into class 2
(healthy resistant) is computed by
4X2,t = (O.5z5x.,t-. + 0.3lx*,t- + 0.2Adxs,t7)
R6,2 + (0.l25L1x8,g-1 + 0.125Zlxs,t-1 +
+ 0.125zJx8,a-O)R8,2 + (0.SZlx7,t.a +
0.25Ax7,t 4 + 0.2x7,.t-5 + 0.05Lx7,tt.)R7,2

...

and the number of exits from class 2 by

ZI'X2,t X2,t-IPS + x2,t-,PD
Equations for the computation of the entries
and exits for the other classes are not shown here
owing to lack of space, but they are all based upon
the same principle of translating the flow-chart
(Fig. 16) into a practical computational procedure.
The mathematical system was translated into an
appropriate computer program.
The simulation was carried out by starting from
a set of specified initial values of (xl, x,, ..., x9)
and proceeding with calculations of increments day
after day by means of the formulae explained above.
The generated curve showing the number of cases,
namely X7, was often unstable, producing a secular
trend over the first few years simulated, but a more
stable curve was obtained as simulation was continued. The value of the force of infection, RI, was
adjusted so as to generate a stable curve corresponding to the endemic pattern actually observed in
Bengal.
The proportions of susceptible persons, resistant
persons, and carriers obtained in the stable curve
as at day 0 of the calendar year were as follows:
XIXT = 95.771%
Susceptible:
Healthy resistant: X]XT = 4.225 %
0.001 %
Chronic carriers: X,XT
Contact carriers:

xa/xT=

0.003%

Three different health measures were introduced
in the simulation, namely, vaccination, sanitation,
and drug prophylaxis.
Vaccination was reflected in the transfer rate
from class 1 (susceptible) to class 9 (vaccinated,
immune). The average daily rate of transfer can be
determined if the duration of the vaccination
campaign and the coverage rate to be achieved
by the campaign are fixed. This rate can then be
applied during the assumed period of the campaign,
while it should be zero outside the period. In this

simulation, a 10-day campaign achieving a 75%.
coverage was assumed.
Improved sanitation was treated in the model by
reducing the force of infection. In the simulations
presented here, a 10-year programme was considered,
by which the force of infection would decline linearly
to one half in 10 years.
Drug prophylaxis was assumed to be given to the
contacts of half the new clinical cases. It was further
assumed that there were 10 contacts per index
case and that 5 of them would be carriers, so that
on the average 2.5 carriers would become noninfectious by this measure. Since there would be
24 new contact carriers per new case (see Fig. 16),
this means that 10.4%. (=2.5/24) of carriers would be
treated. In the model this was taken care of by
introducing additional transfers of 10.4% out of
class 6 (contact carriers).
For the epidemic model the same flow-chart
(Fig. 16) was used as for the endemic model.
However, in the simulation of an epidemic, the
force of infection, RI, was raised to 7.5-fold the
" normal " level (i.e., from 1.6 to 12); it was later
lowered to the normal level to simulate the supposed
introduction of water chlorination. No seasonal
variation was considered in this simulation.
The proportion of susceptible persons in the
population on day 0, i.e., the first day when water
became contamined, was assumed to be 95.8%.
With the introduction of water chlorination the
assumed value of RI was dropped from 12 to 1.6
as described above. Two different vaccination
policies were simulated, namely a 10-day campaign
carried out during days 8-17 and a 5-day campaign
carried out during days 8-12. The same efficacy and
coverage were assumed as in the endemic model.
APPLICATION OF THE MODEL IN SIMULATIONS OF
ENDEMICITY

Natural course of endemicity
Endemic situations are characterized by a more
or less constant annual incidence and by traditional
hospital treatment usually applied to a high proportion of severely ill patients. Application of the model
in the study of the effect of any preventive measure
consists in the simulation of the natural course of
infection, which is interfered with by a specific
preventive measure or a combination of two or
more such measures.
Such interventions affect the transmission in
different ways, though they all lead to a decrease
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Fig. 17. Schematic diagram of the simulated seasonal pattern of cholera incidence in an endemic area when no
preventive measures are applied (population 1 000 000).

in the number of new cases. The provision of privies
or water supply generally reduces the force of
infection, while immunization reduces the number
of susceptible persons for a short period, and
drug prophylaxis reduces the number of infective
persons. The interplay of these measures used in
combination can also be studied by the model.
The purpose of the simulations was to try
to understand the effect of various preventive
measures on the dynamics of infection. The effectiveness of the measures applied is reflected in the
number of cases that would have occurred had no
preventive action been taken. Various endemic
situations were simulated but only a few typical
ones are presented here.
A typical endemic situation with seasonal exacerbations of high incidence similar to the situation
encountered in Bengal is presented in Fig. 17. In
reality the pattern does not repeat itself exactly
every year, as the variation in climatic conditions,
population movements, etc. bring about some
changes in the incidence of cholera, but the basic
pattern is still unaltered and the actual incidence
would oscillate around the regular pattern shown
in the figure.
The simulation of the seasonal increases was
made by feeding into the model a regular rise in
the force of infection during certain seasons, as
described under " Computational procedures " on
pp. 69-70. The low incidence period is characterized
by a low level of the force of infection.

When the high force of infection is put into
operation, cholera starts spreading widely in the
conunity through infected persons. The incidence
rises gradually, reaching a peak after about 8 weeks
and subsides again gradually as the force of infection
declines.
The computer simulation was done on a synthetic
population resembling a typical community of
South-East Asia with the following characteristics:
Population: 1 000 000
Proportion susceptible: 95% at the beginning of the
high-incidence season
Proportion immune: 5 % at the beginning of the high-

incidence season
Number of carriers: 15 at the beginning of the highincidence season
Force of infection: 1.6 except during days 1-70 each
year when the force of infection is raised to 3.5 and
then gradually reduced to 1.6
Table 12 and Fig. 18 (line A) show the results of
simulation of a natural course of stable endemicity
over a 10-year period. Since a number of factors

incorporated in the model influence the dynamics
of cholera transmission, it was difficult to simulate
a perfectly stable endemicity. By using the parameters
shown above, an approximate stability with a
slightly decreasing tendency in incidence was
obtained. Table 12 gives the number of cases and the
cost of hospital treatment based on the assumption
that 905/s of patients are treated and that the cost
of treatment is USS 25 per patient, as stated before.
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Table 12. Results of computer simulation of cholera
incidence during 10 years for a population of 1 million a

Year

No.of
case

Cost of
hospital treatment

1
2
3
4
5
6
7
8
9
10

1 331
1 274
1 250
1 233
1 219
1 207
1 194
1182
1 169
1 156

29948

Total

12 215

274840

(US$)

28865
28125
27743
27428

27158
26865
26 595
26303
26010

Is Per capite cost of hospital treatment: USS 25 (90 % of
patients receive this treatment).

The total number of cases and the total cost over a
10-year period are also given as a basis for comparison in the cost-benefit analysis of various control
programmes. Although the period of 10 years was
chosen arbitrarily for this study, it constitutes a

convenient period for evaluating the cost and
benefit.

Effect ofpreventive measures
Vaccination is one of the most commonly used
control measures in spite of the well known fact
that the protective effect is relatively low and the
duration of vaccine-induced immunity short. However, against a background of high endemicity with
a seasonal rise in incidence for a period of 10-15
weeks each year, considerable effect can be expected
from the application of a vaccine with a relatively
short period of protection, if immunization is
carried out at the nrght time. The results ofsimulation
are presented in Table 13 and Fig. 18 (line B)
assuming that the vaccination is carried out 21 days
after the seasonal rise in the force of infection and
that 75% of the population is immunized.
In Table 13 the data on the effects and costs of
the immunization programme for a period of
10 years are given. The simulated vaccination
resulted in a 76°/ reduction in incidence as 9255
cases were prevented in the 10-year period for a
vaccination cost of USS 750 000; thus, each prevented case cost USS 81.
Under the above conditions, the vaccines at
present available are effective in the prevention

_..
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5
Years
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10

"42!

-Fig. 18. Simulated incidence of cholera during a 10-year period. (A)-no control measures undertaken; (B)vaccination programme, 75% coverage; (C)-sanitation programme (10 years): (D)-drug prophylaxis; (E)vaccination and sanitation (B + C); (F)-vaccination and drug prophylaxis (B + D); (G)-sanitation and drug
prophylaxis (C + D); (H)-vaccination + sanitation + drug prophylaxis (B + C + D).
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Table 13. Cholera: effects and cost of a 10-year vaccination programme for a population of 1 million a
Cost of tratment and vaccination (US$)

No. of cases
No Intrvention

Vaccination

Diffnce

(1)

(2)

(I)-(2)

1
2
3
4
5
6
7
8
9
10

1 331
1 274
1 250
1 233
1219
1 207
1 194
1 182
1 169
1 156

270
297
311
315
312
307
299
291
283
276

1 061
977
939
918

total

12215

2960

9265

Year

807
900
895
891
886
881

Tatment only
(3)

Diffeence

Treatment and
vaccination

3-4

(4)(3-4

26010

81 075
81 683
81 998
82088
82020
81 908
81 728
81 548
81 368
81 188

-51 127
-53018
-53873
-54345
-64692
-54750
-54863
-54953
-55066
-55178

274840

816604

--641 764

29948
28665
28125
27743
27428
27158
26865
26595
26303

0 Hospital treatment (90 % of patients treated) cost US 25 per case. Vaccination costs US 0.10 per capita; vaccine efficacy: 70 9%
at the beginning; vaccine coverage: 75 %

of cases. However, in economic terms, vaccination measure would gradually reduce the force of
is rather expensive.
infection by 50%. in 10 years. among the population
Sanitation has a long-lasting effect but because provided with privies; the portion of the cost bome
of financial constraints cannot be immediatel
by the health authorities was assumed to be USS 0.15
applied on a large scale. It was therefore assumed per capita or about USS 1 per family of 7 members.
The results of the simulation as regards effectthat a 10-year sanitation progamme for the construction of privies would be applied and that this iveness and costs are shown in Table 14 and Fig. 18
Table 14. Cholera: effects and cost of a 10-year sanitation programme for a population of 1 million a
No. of cas
No intervetion
(1)

Sanitation

1
2
3
4
5
6
7
8
9

1331
1 274

1262
561

1 250
1 233

10

1158

301
169
100
62
41
29
21
16

total

12215

2562

Year

1 219
1 207
1 194
1 182
1 169

(2)

Cost of treament and sanitaton (USS)
Treatment and
Difference
sanitation
(3)-(4)
(3)

Difference
(1)2)

Treatment only

79

29948

713

28665

949
1 064
1 119
1145
1 153
1 153
1 148
1140

28125
27743
27428
27158

26303
26010

15653
15473
15 360

10942
10830

9663

274840

207423

67417

a par capita cost of hospital treatment (90 % of patients treated):
of infection per annum: 5 %.

(4)

26865
26595

USS 25. Per capit

43170
27623
21 773
18803
17250
16395

15923

-13222
1042

6352
8940

10178
10763
10942

10 650

cost of sanitation: US$ 0.15. Reduction in

force
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(line C). They indicate clearly that a great reduction
in the number of cases will result year after year as
the programme is implemented. In comparison with
vaccination, sanitation is much less effective in the
prevention of cases in the first few years, but the
programme soon becomes more effective than
vaccination in reducing the incidence-so much so
that from the eighth year onwards the expected
ncidence becomes less than one-tenth of the incidence expected under the vaccination programme.
The total number of cases arising over a period of
10 years is slightly smaller under the sanitation
programme than when vaccination is used. Prevention of one case through sanitation appears to
cost USS 16, or about one-fifth as much as the
prevention of one case through vaccination. The
total investment over a period of 10 years is much
less than with the vaccination programme.
Drug prophylaxis is another preventive measure
used in practice. In a highly endemic situation in
Calcutta, drug prophylaxis did not give any lasting
protection (33). Its application was reported to be
more beneficial in epidemic situations in Africa.
It should be strssed that safe drugs must be used
and their adstration properly organized and
controlled. Using the model, simulations were
made by assuming that 10 close contacts per index
case are treated, of whom 5 are carriers. Relatively
minor improvements were obtained as seen in Fig. 18
(line D). The cost per prophylactic dose per person
was estimated to be USS 0.50, and therefore drug
prophylaxis would cost in 10 years USS 21 235 for
3722 prevented cases, giving a cost per prevented
case of USS 6. Thus, while not very effective, drug
prophylaxis would also be inexpensive. The results
of simulating the effects and costs of the above
individual control measures and their combinations
over a 10-year period are given in Table 15.
Sanitation combined with a vaccination programme
gives an excellent result, as seen in Fig 18 (line E)
and Table 15. The cost of preventing one case
amounts to USS 79, a relatively large amount,
and the total expenditure required is very high
(USS 917 644).
Drug prophylaxis combined with vaccination
gives slightly better results than vaccination alone
(see Table 15 and Fig. 18 (line F)). The relative cost
of such combined action is high (USS 75 per prevented case).
Sanitation combined with drug prophylaxis gives
a fairly satisfactory result, as shown in Fig. 18

CHOLERA

(line G). The cost of preventing one case amounts
to USS 15 (see Table 15).
Sanitation combined with vaccination and drug
prophylaxis naturally gives the best results, reducing
the 10-year incidence by 95%/, see Fig. 18 (line H).
The cost of this combined action is also high (US$ 78
per prevented case) as shown in Table 15. Various
other levels of effectiveness and population coverage
of the 3 preventive measures and their combinations
have also been tested on the model, but only the
most typical ones are presented here (see Fig. 18
and Tables 12-15).

Cost-effectiveness and cost-benefit analyses
The results of control measures cannot be judged
solely by the effect on incidence. The relative costs
and benefits have also to be taken into consideration
as public health administrators can only apply
measures that are economically sound and feasible.
In order to respect economic and logistic constraints,
the effect of each measure and its cost should be
examined to determine its relative merits and
advantages.
The cost of preventive measures discussed above,
applied singly or in combination (Tables 13 & 14)
for a total period of 10 years (summarized in Table
15), gives the basic information for cost-effectiveness
and cost-benefit analysis.
The cost-effectiveness has been calculated by
comparing the number of prevented cases and the
cost of the measure (or measures) applied. The
number of prevented cases was estimated by comparing the number of cases that would occur if no
measure was taken (see the first row of Table 15)
with the number of cases that occur when specific
measures are applied. The relative cost-effectiveness
was expressed in terms of the cost of the prevention
of one case.
The data shown in Table 15 provide the public
health administrator with a useful basis for the
selection of a suitable programme. The number of
prevented cases shown in column (2) of Table 15
indicates the effectiveness of the measures. It is
seen that, in 10 years, the measure that brings
incidence to the lowest point is the combination of
sanitation and vaccination with or without drug
prophylaxis, but this requires considerable expenditure (see column (9)). Next in effeetiveness is the
combined policy of sanitation and drug prophylaxis,
which is much cheaper than policies involving
vaccination. The cheapest measure is drug prophyla-
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xis, but its effect is relatively small (see columns (1),
(2) and (3)).
The financial and other constraints determine
which measures shall be adopted. If the means were
unlimited, the most effective measure could be taken
irrespective of costs. However, this is never the
case and only such measures as can be accommodated
within the available funds can be adopted. In the
decision-making process, cost-effectiveness has also
to be considered (see column (11)). Furthermore,
relatively expensive measures may sometimes bring
additional benefits-for example, in the case of
sanitation, the prevention of other diarrhoeal
diseases and the promotion of tourism. Costbenefit analysis should therefore be considered
from a wider point of view than the prevention of
cholera only.
The cost-benefit analysis is presented in Table 15,
which is self-explanatory. Column (12) shows the
economic benefit in US dollars. Benefit is expressed
as the balance between (a) the cost of the preventive
measures and the treatment of residual cases and
(b) saving on treatment of prevented cases. From
the cost-benefit point of view, the choice of measure
would be sanitation or drug prophylaxis or their
combination, since these measures are economically
the most beneficial and require the least investment.
As already noted, drug prophylaxis is the cheapest
measure requiring the least investment but it does
not produce much effect if applied alone (columns
(2) and (3)). It would therefore seem from the
series of simulations shown on Table 15 that sanitation is the strategy of choice. The highest effectiveness
is obtained with sanitation, vaccination, and drug
prophylaxis combined, but the cost and investments
involved are very great.
The calculations presented are obviously inadequate for assessment of long-term effects over
periods of more than 10 years. Projections for
longer than 10 years can be made only with certain
reservations as, during such a long period, many
factors affecting the numerical values of the parameters of the model are sure to change and the
possible changes can only be estimated with a wide
margin of uncertainty. Certain measures may prove
to be more effective and less expensive when applied
for longer periods. It should also be stressed that,
from a cost-benefit point of view, sanitation is more
beneficial than emerges from our calculations,
because it hinders the spread of other enteric and
diarrhoeal diseases, an advantage that has not been
included in our presentation. Likewise, no attempt
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has been made to place a value on the lives saved;
these should also be taken into account in order to
arrive at the real benefits from sanitation and other
measures against cholera.
All the above considerations and estimates are
only approximations. Epidemiological models should
always be applied critically and necessary corrections
and appropriate interpretations should be made
in order to reach sound conclusions and make
realistic predictions. If this is done, decisions can
be made as to the strategy to be applied in cholera
control in a given country and in specific conditions
and circumstances.
In our simulations we have limited ourselves to
measures capable of practical application, such as safe
excreta disposal. We have based our analysis on
privy construction as a means of sanitation for the
reason that in the study in the Philippines (37) it
was as effective as water supplies but less expensive,
and when combined with water supplies it did not
give significantly better results than privy construction alone.
However, for various reasons sanitation programmes aimed at controlling cholera or enteric
infections often comprise both water supplies and
privy construction or sewage disposal. In that case,
the costs will be greater but also the benefits will
be reflected in many other fields besides cholera and
enteric infection, and this must be taken into account
in cost-benefit analysis.
In our simulations we have used specific data on
costs for sanitation, treatment, and immunization.
However, these data differ a great deal in time and
place and therefore our simulations do not give
a unique and universal solution of the problem as
to which measures and their combinations are the
best from the cost-effectiveness and cost-benefit
points of view.
We have shown rather low but real costs, which
are based on the only controlled study of the
effectiveness of sanitary measures in cholera carried
out, that in the rural Philippines (37). In other places,
and at other times, the costs of sanitation and/or
vaccination might be different.

PART I

sion of cholera to take place in an explosive way.
It may also occur when cholera cases or carriers
migrate into a community where the force of
infection is high enough to trigger a chain reaction of
cholera transmission. Both of these conditions may
arise simultaneously. Actual epidemics and situations
in the community that have been well studied give
useful information for simuIlations.
As in the application of the model to endemic
situations, an attempt was made first to obtain, by
simulations, an epidemic pattern resembling the
natural evolution of explosive water-borne cholera
outbreaks. The model was then studied through
further simulations to see what effects preventive
measures would have on such an epidemic pattern.
In the model, the force of infection was raised to
7.5 times the usual level to reflect a deterioration in
environmental conditions through water contamination; moreover, carriers were introduced simultaneously. The basic structure of the model used was
identical to that for endemicity. The following
parameter values were assigned:
Population: 1 000 000, comprising 95.8% susceptible
and 4.2% immune on day 0
Force of infection: the usual level of 1.6 is raised to 12
on day 0
Contact carriers: 15 carriers are assumed to migrate
into the community on day 0.
The force of infection is composed of two components, namely, the force of infection through water
and the force of infection through contacts, as
shown in the lower part of Fig. 19. It is well known
that the eliminafion of contamination of water does
not immediately bring an outbreak to an end but
a so-called " tail of the epidemic" is produced,
owing to the continuation of transmission through
contacts. By changing the intensity of these components of the force of infection a variety of epidemic
curves of different patterns can be generated. We
have selected a few situations that appear to us to
be typical of the situations that preoccupy public
health administrators the most. When an occasional
outbreak occurs, it represents an emergency that
must be dealt with as quickly as possible using all
available means. In addition to water chlorination,
APPLICATION OF THE MODEL IN SIMULATIONS OF immunization is often undertaken to control such
outbreaks. Particular attention was paid, therefore,
EPIDEMIC OUTBREAKS
to simulation of the effect of these preventive
Water-borne epidemics and the effect of preventive measures and to studying their costs and benefits.
measures
The results of computer simulations obtained with
An epidemic occurs when environmental condi- the above-mentioned parameter values are shown in
tions deteriorate to an extent that permits transmis- Fig. 19 and consolidated in Table 16. It can be seen
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Fig. 19. Simulation of an explosive, water-borne epidemic pattern of cholera in an endemic situation among a
population of 1 million. Force of infection: 12 without water chlorination, 1.6 with water chlorination. Immigration of 15 contact carriers on day 0; proportion susceptible: 95.8 % on day 0. Vaccine efficacy: 70 % at the beginning,
declining to 30 % within 6 months; vaccination coverage: 75 %.

that if no health measures are applied, cases multiply
at a very rapid pace and the peak incidence is
reached after 19 days, producing more than 8000 new
cases on that day. The number of susceptible persons
eligible for infection is reduced to a level so low by
then that new infections decrease and, hence, the
epidemic declines gradually and disappears finally on
the 47th day. Column (1) of Table 16 shows that if no
preventive action is undertaken, the total number
of cases is 41 120.
The introduction of water chlorination one week
after the rise in the force of infection produces a
dramatic effect by reducing the total number of
cases to 177 only. Nevertheless, new cases continue
to appear up to the 37th day, as most people remain
susceptible to infection through contacts.

The effect of vaccination carried out over 10 days
starting one week after the rise in the force of
infection is relatively slight. When water chlorination
is not introduced, the epidemic spreads so quickly
under the conditions assumed in the model that
by the time the vaccine confers immunity most
inhabitants have already been infected. The number
of cases produced in this simulation was 34 905,
that is 15%/ fewer than the total obtained without
vaccination.
Vaccination in addition to the introduction of
water chlorination reduces the number of cases to
121, a reduction of 32% in comparison with the
situation when water chlorination only is introduced.
Further simulations of vaccination were made by
assuming that vaccination can be completed in
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Table 16. Cost-effectiveness and cost-benefit of an immunization campaign during an explosive outbreak of
cholera in a population of 1 million a

Vaccination

Cost per million population (USS)
__________________________________

(1)
No. of

(2)
No. of

(3)

(4)

caes

prevented

Hospital

Hospital

41 120
34905
29161

-

925200
785363
656123

-

-

139837
269077

75000
75000

3 983
2723
2543

1 260
1 440

(7)

(8) (
Cost of Benefit
vaccination or los (perrenflmvng

Vacc(tioni Total cost

case

cination

-

-

With no water chlorination
no vaccination

vaccinationondays8-17
vaccination on days8-12

Water chlorination Introduced from day 8 onwards
177
vaccination on days 8-17
121
vaccination on days 8-12
113
no vaccination

a

6215
11969

-

56
64

-

925200
860363
731 123

3 983
77723
77643

-

75000
76000

12
6

+64837
+194077

-

-

1 339
1 172

-73740
-73 560

Force of infection: 12 in the absence of water chlorination; 1.6 after start of water chlorination.
Hospital treatment costs US8 25 per case: 90 % of patients are treated.
Vaccination costs US$ 0.10 par capita.
Vaccine efficacy: 70 % at the beginning; vaccine coverage: 75 %.

5 days instead of 10 days. This would reduce the
number of cases from 41 120 to 29161 (protection
of 29%.) if no water chlorination were done. If
chlorination were introduced, the number of cases
would decrease from 177 without vaccination
to 113 with vaccination (protection of 36%/).

Cost-effectiveness and cost-benefit analyses
Cost-effectiveness and cost-benefit of preventive
measures in epidemic outbreaks can be studied in
a similar way to that adopted for the endemic
situation. Table 16 shows the cost-effects and costbenefits separately for the situations with and
without water chlorination. When no water chlorination is done, the number of cases prevented through
vaccination is 6215 (= 41 120 - 34 905) for the
vaccination campaign over 10 days and 11 959
(= 41 120-29161) for the campaign over 5 days.
Since the cost of a vaccination campaign is USS
75 000 based upon the unit cost of USS 0.10 and
75%/ coverage of the I million population, the cost
per prevented case is USS 75 000/6215 = USS 12
for the 10-day campaign and USS 75 000/11 959 =
USS 6 for the 5-day campaign (see column (7) in
Table 16). The corresponding figures when water
chlorination is undertaken are USS 1339 and USS
1172 for the 10-day and 5-day campaigns, respec-

tively. These costs are very high, because only a
small additional number of cases will be prevented
by immunization when the disease is already
controlled by chlorination. Obviously, immunization
in such circumstances is of low effectiveness and also
very costly.
DISCUSSION

In this presentation of the epidemiological model
of cholera we have given typical examples of endemic
and epidemic situations. One can take different values
of parameters and simulate a variety of other situations. We have done some simulations with other
parameter values and we believe that they deserve
brief discussion, in as much as they point to some
practical aspect of the control of the disease.
As in the above presentation, we have taken,
for a typical endemic situation, a rather short annual
period of high incidence, namely, 10-15 weeks.
Under these conditions and on the assumption that
vacciation would be carried out 3 weeks after the
seasonal rise began, the simulated vaccination
proved effective, since even the short-lived iunity
conferred by the vaccine could cover the entire
epidemic period. However, when the period of
increased seasonal incidence was much longer, and
particularly when vaccine was given (as often
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advised) well in advance of the seasonal occurrence,
the vaccination gave poor results. In fact, the only
effect was a slight modification of the incidence
curve, namely, the incidence was lowered in the
first part of the high Micidence period, resulting in
fact in an increase during the later part of the
cholera season, as immunity vanished. In some
simulations under the latter conditions, the vaccination programme turned out to be a complete failure
as there was little preventive effect in spite of the
high cost.
In some endemic countries taken as a whole, the
seasonal increase in incidence occurred over a much
longer period than the 10-15 weeks considered in our
simulation, but on closer study it is seen that this
long seasonal wave is composed of numerous
localized outbreaks of shorter duration. In the
model described here, we simulated the effect of
immunization when applied in a confined locality
upon strict epidemiological indications, i.e., we
envisaged immunization only after the rise in
incidence was observed and not before its seasonal
appearance. The effectiveness of the immunization
programme as shown in our simulations indicates
that immunization should not be envisaged at the
same time for the whole country, but for each
district at the appropriate moment. This points in
turn to the need for epidemiological surveillance and
for sound planning. If the above is not taken into
account the results of immunization will be much
poorer than our simulations showed.
One of the parameters whose value varies considerably from community to community is the
ratio of symptomatic to asymptomatic cases. In the
simulation presented here we used a ratio of 1: 24,
but field observations indicate ratios ranging from
1: 2 to 1: 100. In view of this variability, we have
studied the results of simulation using a ratio other
than 1: 24. Changing the numerical value of this
parameter affects mainly the results of simulating
the effect of drug prophylaxis but not that of
vaccination or sanitation. In our model, it was
assumed that 10 contacts of a patient were given
the drug, among whom 5 were carriers. If the ratio
of symptomatic to asymptomatic cases were small,
e.g., 1: 100, then there would be many more carriers
of the vibrio in the community and drug prophylaxis
given to 10 contacts around a patient would cover
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a much smaller proportion of the carriers existing
in the community. The effect of drug prophylaxis
would therefore be reduced considerably. If, on the
contrary, the ratio of symptomatic to asymptomatic
cases were larger, e.g., 1: 2, then drug prophylaxis
would be more effective. This ratio would also
affect the total number of symptomatic cases that
would occur in uncontrolled water-borne epidemics.
In the simulation described in this chapter, about
40000 cases, comprising 4%/ of the population,
were produced after exhausting almost all the
susceptible persons available in the community.
If the ratio of symptomatic to asymptomatic cases
were 1:100, then about 1% of the population
would become sick under similar circumstances.
If the ratio were 1: 2, many more cases would arise.
The magnitude of the ratio, however, does not
affect the results of simulation as regards the
effectiveness of mass vaccination and sanitation.
It goes without saying that results given by the
model will depend on the quality of the information
provided. This must be as accurate as possible. As
far as simulation of the effect of vaccination,
sanitation and drug prophylaxis are concerned, it
should be stressed that if new vaccines, better
sanitary measures, and more potent and longer
acting drugs are developed the results will change,
and so will the cost-effectiveness and cost-benefit
of these measures. Accordingly, the simulations
presented serve as examples of the utilization of the
model in the planning of control programmes rather
than as proof of the value or futility of certain
preventive measures. However, in general terms
it can be concluded that drug prophylaxis alone
appears to be of relatively low effectiveness and
there is little benefit from an economic point of view.
When combined with vaccination or sanitation,
however, drug prophylaxis further lowers the
incidence.
In epidemic situations immunization seems to be
effective when it is applied as soon as the beginning
of the outbreak is detected. It will not give much
protection if the spread of water-borne infection is
rapid.
This epidemiological model and the simulations
made with it confirm the views expressed earlier
that in endemic situations, in the long run, sanitation
is more effective and cheaper than immunization.

CHAPTER 6

Cerebrospinal menigitis
A disease with seasonal variations
Cerebrospinal meningitis is a serious public
health problem in many countries of the world.
In Africa, in the well-determined semi-arid Sahelian
zone south of the Sahara and north of the equator
(the so-called "cerebrospinal meningitis belt of
Africa ") inhabited by over 30 million people (38),
large outbreaks caused by Neisseria meningitidis
serogroup A (and recently serogroup C) occur during
the dry season. Large outbreaks due to meningococci of serogroups A and C have occurred in
recent years in Brazil, Mongolia, and some Scandinavian and other countries.
In the past, the control of epidemics has consisted
in providing treatment (with sulfa drugs, chloramphenicol, and other antibiotics) in order to save
lives, while the spread of the infection has continued
unchecked. Sometimes mass chemoprophylaxis has
been carried out in closed communities when conditions have been favourable for total coverage of the
population and for proper control of untoward
effects. Recently, vaccines against the group A and
group C meningococci have become available for
practical use (39-43).
We considered that the construction of an epidemiological model could be useful for studying the
dynamics of the disease as well as for evaluating
the possible effects and the costs and benefits of
various control strategies, such as immunization,
chemoprophylaxis, and sanitation. Such a model
could provide guidance in the planning of health
activities.
Outbreaks of cerebrospinal meningitis are often
characterized by sharp seasonal variations related to
climatic conditions, especially in the "meningitis
belt of Africa ". We were therefore bound to reflect
these seasonal variations in the model besides
other features of cerebrospinal meningitis.
In attempting to construct a model for cerebrospinal meningitis, we followed the patterns used
in the construction of our models of other bacterial
-

infections, giving due consideration to the modifications required by the specific nature of the disease.
As a matter of fact, this model was developed
gradually durimg the period 1971 to 1975 as additional epidemiological information on cerebrospinal
meningitis and on the effect of polysaccharide vaccines became available.
The epidemic pattems of cerebrospinal meningitis
are typical, with a rise in incidence every year in the
cold, dry winter months. In Africa and other areas
where N. meningitidis serogroup A prevails, the
increase usually takes the form of large explosive
outbreaks. In areas where N. meningitidis serogroup C is prevalent, similar explosive outbreaks also
occur. Serogroup B meningococci also give rise to
large outbreaks, but usually of a less explosive
character. Many outbreaks are due to a mixture of
serogroups and there is a tendency for the prevalent
serogroups to change. These changes of serogroups
do not necessarily bring a change in epidemiological
patterns. Outbreaks due to serogroups of N. meningitidis other than A and C, or B occur more sporadically.
In Africa the increase in incidence coincides with
the drop in relative humidity at the beginning of
the dry season, while the rainy season puts an end to
the outbreaks (38). In tropical Africa during the
dry season, when it is relatively cold at night, the
population tends to crowd together in small, poorly
ventilated huts and transmission of the infection
is thus facilitated. Likewise, in cold climates, such
as that of Mongolia, the population crowds in tents
during the winter months. In other areas of the
world, cerebrospinal meningitis outbreaks also
coincide with the cold season because then people
invariably live in closer contact indoors.
There is a correlation between crowdingmeasured by the volume of air per inhabitant in
houses-and the incidence of the disease (44).
A similar correlation was observed (44) between
81-
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the number of oral bacteria (Streptococcus salivarius) in the air and the incidence of cerebrospinal
meningitis during an epidemic in Bamako, Mali,
while studies done in the interepidemic phase in
Upper Volta showed a strong correlation between
the total number of bacteria and the number of
S. salivarius per unit of air volume and crowding
expressed as number of occupants per 100 ma.
As mentioned above, there are some differences
in the epidemic patterns of cerebrospinal meningitis
due to the different serogroups. However, these
differences are slight and are nuances of one and the
same basic epidemiological pattern, as often outbreaks due to several serogroups occur concurrently.
We therefore decided to work out a single synthetic
model for cerebrospinal meningitis caused by the
common serogroups of N. meningitidis rather than
to try and develop separate models for each serogroup, although in the light of the group specificity
of polysaccharide vaccines, this would be an advantage. One of the reasons for developing a single
synthetic model was that antimicrobial drugs are
equally active against the common serogroups that
cause large outbreaks, and so are the polyvalent
and combined vaccines that are being developed.

they determine whether there is colonization of the
nasopharynx only or whether, in addition, penetration of N. meningitidis into the blood and the
meningae occurs. It is believed that there are a
variety of N. meningilidis types some of which are
more pathogenic than others, as observed in studies
of serogroup C (51) and serogroup B (52).
Cerebrospinal meningitis in its typical form,
namely with clinical signs of bacteraemia, fever, and
meningeal symptoms, occurs rarely in infection with
N. meningitidis. Much more often the infection
causes mild or even unnoticeable symptoms of
nasopharyngitis. When the symptoms are more
pronounced, with clinical signs of pharyngitis, this
is classified as a mild case. Only when meningococci
penetrate into and can be isolated from the blood
and petechial rash and fever appear is the patient
considered to have bacteraemia and to be ill, but
often such cases are still classified as carriers because
of the lack of typical meningeal symptoms. In rare
cases, probably because of the absence of an effective
immune meningeal barrier, meningococci penetrate
into the cerebrospinal fluid (CSF) and cause symptoms of acute purulent meningitis; cerebrospinal
meningitis can be then diagnosed clinically and
confirmed by isolation of the microorganism from
the CSF.
NATURAL HNIORY OF CERBROSPINAL MENGIS
The infection and the carrier states are common.
There is no general agreement on every aspect When a group of healthy individuals are examined,
of the epidemiology of cerebrospinal meningitis, usually some 5-10%. are found to be carriers (53).
but the essentials of the epidemic mechanisms are The prevalence of carriers is usually at a low level
well recognized. Transmission is considered to be in interepidemic periods, but vares according to the
by droplets (45, 46). Carriers seem to spread infec- degree of crowding and environmental conditions
tion rapidly under favourable conditions, but direct (44). Usually, in each community there is a kind
contacts seem to be more important than indirect of balance as far as carrier rates are concerned,
ones. The frequency of pharyngeal infection and the but unfavourable changes in environmental condirare appearance of meningeal symptoms led to the tions tend to disturb it and to produce a rather
hypothesis that cerebrospinal meningitis might be an rapid rise in the number of carriers, and at that
immune-deficiency disease, but this has been ruled time cases of meningitis may appear. For instance,
out (47). The fact that the carrier rates are often very when soldiers are recruited and lodged at rather
high and that many individuals are long-term close quarters in barracks, the proportion of carriers
carriers was believed to indicate that there is no of N. meningitidis, which is initially below 10%.,
immunity to infection with N. meningitidis, but tends in a few weeks or months to rise to about 60%
serological studies have shown that immunity to the (54) or even to 80% or more (55).
carrier state and to meningeal symptoms can be
In a population in which the carrier rate varied
elicited through active immunization (48-SO). It from 4.9%. to 10.6%, it was observed that the
should therefore be admitted that immunity plays a median duration of the carrier state was 9.6 months
part in the epidemiology of cerebrospinal meningitis. and that 50%1 of carriers harboured N. meningitidis
Young age groups are more sensitive than older for 10 months (53). In the same population, the
ones. as their antibody titres are lower (49). Some rate of new acquisition of the carrier state was
consider that there are different types and levels of 5.7%. a year. There is therefore a long-lasting
imunity in cerebrospinil meningitis, and that carrier state and a slow but constant turnover of
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Table 17. Seasonal incidence a of cerebrospinal
meningitis in Upper Volta for a typical endemic period
and a typical epidemic period
Month
January
February
Marh
April
May
June

July
August

September
October
November
December

Endemic period
(1950-1955)

Epidemic period

6.9
14.3
29.9
25.2
7.1

20.8
112.3
138.8
66.5
12.3
1.7
0.6
0.3

0.9

0.6
0.4
0.3
0.2
0.6
2.0

(1966-1967)

0.6
0.8
2.1
41

during high incidence was between 1500: 1 and
2000:1.
Although it is recognized that the coverage of the
reporting systems in West Africa may not always be
complete, in recent years there has been a wide range
of variation in the incidence of the disease in that
area: annual rates lower than 1 per 10 000 population
and higher than 20 per 10 000 population have been
recorded.
The seasonal variation of the disease is well
established. Table 17 iliustrates the typical pattern
separately for an endemic period and an epidemic
period. The rates refer to Upper Volta and were
calculated from dWta given by Lapeyssonnie (38).
CONSTRUCTION OF THE MODEL

Epidemiological model
The general population was divided into epidemiological classes identifiable in the natural course of
the disease. The epidemiological evolution of the
Total
7.4
29.2
infection in the population depends essentially on
changes in these various classes of individuals over
a In terms of rates per 10 000 population expressed on an annual
a period of time. In Fig. 20 the structure and the
basis.
class symbols adopted to simulate the dynamics of
cerebrospinal meningitis in the population are
carriage in the population, which depends on the presented in the form of a flow chart. The rates of
rate of infection and results in a certain carrier/case transition, which indicate the fraction of any given
ratio. Clinical disease occurs more often in the class going into any other class connected to it
young as immunity is achieved with aging.
per unit of time, cannot easily be estimated directly
Serological studies indicate that two weeks after from the available information. However, they can
colonization of the nasopharynx by N. meningitidis be considered as the product of two components:
the bactericidal titre rises and there is also an the rate of exit per unit of time from an epidemiolo.
increase of specific immunoglobulins (56), but the gical class (see right-hand side of Fig. 20, and the
microorganisms may still persist on the mucous coefficient of transfer (called Rjj in Fig. 20) which
membranes.
represents the fraction of those leaving their former
It has been observed in another study (57), that class and going into another at any tiie.
The coefficients of transfer are determined by the
among carriers one-sixth are short-term carriers,
one third are chronic, and nearly one-half are force of infection, the natural evolution of the disease,
intermittent. Strict division of carriers into chronic, and the treatment schedule or chemoprophylaxis
intermittent, short- and long-term, is difficult. It is and immunization programmes and their efficacy.
The numekical values of the rates of exit and of the
equally difficult to ascertain the ratio between (a)
nasopharyngitis, (b) bacteraemia, and (c) cerebro- coefficients of transfer were based on available
spinal meningitis fever that result from infection. epidemiological evidence and knowledge of treatment
It appears that this ratio changes according to the and/or vaccine effectiveness, and probable coverage
state and level of immunity and its development of the-population..
The flow chart in Fig. 20 shows that the susceptible
during outbreaks. Owing to the commonness of
infection, namely nasopharyngitis, and the long population (class xl), when infected are transferred
duration of such infection in carriers, the number of to incubating class (class x2). If vaccinated, the
carriers may accumulate over time and become high. susceptible population (xi) go to the vaccinated
It was estimated from one crwss-s0ctidnal study (39) class (class x8). People in the latter class return to
that the carrier/case ratio for group A at one time class xi when they lose their immunity, but a
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Fig. 20. Flow chart of the dynamics of cerebrospinal meningitis.

proportion of them will be infected and will go to
the incubating class (class x,). The proportion
of infected persons among the vaccinated class
depends on the degree of protection given by
vaccination. Three classes distinguished by clinical
symptoms-pharyngitis, bacteraemia and meningitis
(classes x3, x4 and x5 respectively)-are identified
in the sickness period. A fraction of the infected
and sick people will go to carrier status (x6), while
other fractions will go direct to resistance status
(x7) or return direct to susceptible status (xl). Only
people of class x5 who develop meningitis will be
considered as suffering from the typical illness,

namely cerebrospinal meningitis, and the deaths
among them due to this disease will contribute to
class x10.
The coefficients of transfer between classes were
based on the available epidemiological evidence
and prevailing knowledge. However, some coefficients of transfer should be considered as still
somewhat hypothetical because there is not yet any
definite evidence to support every value given.
The rate of renewal of the population involved
in the model is determined by the natality and
general mortality levels. However, for the present
study the system will need only keeping a record
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of the mortality due to cerebrospinal meningitis
(class x1O).

Epidemiological and other parameters
The numerical values of the epidemiological
parameters as well as the other parameters controlling the movement of the population and the force
of infection were fixed at levels adequate to simulate
situations actually observed in the chosen areathe cerebrospinal meningitis belt of Africa. In
assigning numerical values to crtain parameters
we had to use approximations, sometinmes on a
trial-and-error basis, and therefore, as mentioned
above, some of these values should still be considered
as hypothetical. The parametric values can always
be corrected as new information becomes available.
The unit of time used in calculating the rates was
the day, as daily changes in the epidemiological
classes are extremely small and can be calculated
with sufficient precision at very high speed on the
electronic computer.
Period of incubation (PI). The incubation period
ranges from 2 to 10 days. Its mean duration was
fixed at 3.5 days. The corresponding daily rate of
exit (see Fig. 20) is therefore P1 = 0.2857 per
incubating person. The proportional allocation
of incubating cases to the sickness classes has been
fixed as follows: 90%. to the pharyngitis forn, 9°/
to the bacteraemia form, and 1V. to the typical
clinical form of meningitis.
Period of sickness (PS). The duration of sickness
ranges from 7 to 14 days. The mean duration was
fixed at 10 days for all 3 forms: pharyngitis, bacteraemia (both subclinical atypical forms), and cerebrospinal meningitis with typical meningeal symptoms.
Therefore, the daily rate of exit is PS 0.1 per
sick person. It was assumed that 85% of the subclinical atypical cases and 35%/ of the typical
meningitis cases become temporary carriers, while
5%0 of all cases (atypical and typical) return direct
to susceptible status (x,) at the end of the sickness
period. The rest of the surviving cases (10%) go to
the resistance class (x7).
Mortality from cerebrospinal meningitis. The
fatality rate of typical untreated cases of cerebrospinal meningitis was fixed at 50%. Treatment of
the cases can reduce the fatality rate to a value as
low as 5%/.
Temporary carriers. The mean duration of carrier
status (x6) was fixed at 10 months (53). The corresponding daily rate of exit is therefore PC =
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0.00333 per carrier. All the surviving carriers go to
the resistance class (x7), as serological studies seem
to indicate.
Resistance to infection. The mean duration of
naturally acquired resistance to infection was fixed
at 18 months, based on the results of serological
studies (48, 56). The daily rate of exit is therefore
PR =0.00183 per resistant.
Natality and general mortality. Assuming there
is no important migration, the natural movement
of the population is regulated by natality and
general mortality. From available information a
birth rate of 50 per 1000 population and a crude
death rate of 30 per 1000 population were thought
to be representative of the West African regions
where cerebrospinal meningitis prevails.
Infectiousness. In addition to carriers (x6), all the
persons in the sickness period-typical and subclinical cases (x8, x., x,)-are considered to be
infectious. The relative importance of these classes
is ruled by the rates of transition. The intensity of
infectiousness was supposed to be constant for all
persons concemed. Potential infectiousness in the
incubation period was ignored. In principle, the
treated cases lose their infectiousness about one
day after treatment. However, as only the typical
cases of meningitis are identified and treated (i.e.,
only about 1% of the infectious persons in the
sickness period), the loss of infectiousness of the
treated cases hardly affects the dynamics of the
disease in the population. This was evaluated with
the model and confirmed to be the case.
Force of infection. This factor (RI) is, as stated
earlier, the resultant of the mean values of several
parameters: frequency of contact, effective challenge
dose, degree of exposure, degree of susceptibility,
etc., which are difficult to quantify. The force of
infection can be considered as the main variable
determining the epidemiological pattern of the
disease in the population. Appropriate numerical
values were given to this factor (RI) in order to
cover a range of epidemiological situations common
in the selected area; in other words, the model was
adjusted to simulate incidence rates of clinical cases
of cerebrospinal meningitis ranging from 1 to 30
per 10000 population, with seasonal variations in
the range of less than one case per 10000, to more
than 100 cases per 10 000 population, the rates being
expressed on an annual basis.
Treatment. Treatment with sulfa drugs and
antibiotics can save the lives of 95%/ of patients
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provided that it is started during the first 2 days
of the illness. Treatment also protects against
infection for about one week. However, the resulting
temporary decrease in susceptibility has a measurable
*impact on the dynamics of the disease only when the
population -is submitted to mass chemoprophylaxis.
As for curative treatment, it was assumed that
rapid treatment transfers cases of cerebrospinal
meningitis direct to the susceptible class. The efficacy
of curative treatment is defined as the product of the
treatment coverage among typical cases of meningitis
and the effectiveness of the treatment in terms of
prevention of deaths. Three levels of treatment
efficacy (20%, 60%/, and 90%) have been entered
in the model and evaluated in terms of their effects
on the dynamics of the infection in the population.
Vaccination. The effectiveness of polysaccharide
vaccine against infection with group C meningococci
has been shown in field trials to be about 85% for
clinical illness for one year or longer, but is considerably lower-about 50%-for carriers, as
estimated from the carrier acquisition rate among
the immunized (50, 58). As far as the effectiveness
of polysaccharide group A vaccine is concerned,
field trials have shown that it gives a more or less
equal degree of protection against meningitis for
3 years, but apparently it provides little protection
against the carrier state (39, 40, 41, 58). Study of
the carrier rate after immunization has indicated
that immunity against infection is lower than immunity against disease. Some serological studies
showed high antibody levels for 18 months (56, 59)
and evidence of an even longer persistence of
antibodies has been reported (60).
Immunity induced by vaccination acts on the
model by decreasing the number of susceptible
-persons-by protecting them temporarily (3 years
on average) against infection and the carrier state
and by eliminating them from the flow of the
epidemic process. However, as the protection is
incomplete, it has been assumed that the vaccinated
class is exposed to a reduced force of infection in
comparison to the one operating on the susceptible
class. Furthermore, as it is assumed that immuzation confers 90%. protection for 3 years (the daily
rate of exit being PR' = 0.000913) against the
clinicail form of meningitis; the vaccinated persons
who are infected do not pass through the same
infection-carrier state and disease pattern as the
infected susceptible ones. Consequently, there
would be different pharyngitis/bacteraemia/meningitis ratios in the vaccinated and unvaccinated.

The computer simulations have been based on
different levels of efficacy of vaccination, which is
defined as the product of vaccination coverage of the
population and the effectiveness of immunization
against infection (carrier state) and against clinical
illness (see chapter 4, Table 10).
Chemoprophylaxis and preventive treatment. The
effect of mass chemoprophylaxis (which should in
fact be considered as mass medication as many
people are actually infected) with sulfa drugs and
certain antibiotics is evident and rapid (59). Within
24 hours of their application between 90%. and
100% of infected individuals will become noninfectious, depending on the effectiveness of the
drug and the degree of drug resistance. Persons
treated are protected for about one week.
Air hygiene and improved housing. The effect of air
hygiene and a better standard of housing in reducing
infection is well known. An increase in the number
of occupants per unit of space, which is paralleled
by an increase in the bacterial density of the air
produces higher rates of incidence, as shown by a
study in Africa (44). Accordingly, air hygiene and
improved housing decrease the force of infection
by direct action.
Mathematical formulation of the model
The basic mathematical relationships between the
epidemiological classes identifiable in the flow chart
of Fig. 20 are expressed by the following system of
equations of finite diferences per unit of time
(At = 1 day):'
Ax1 - (x,3+xj+x5+x) (xjxT)PJ + (x3R,,1+

x.R-,2+x,R3.1)PS + x7R7,1PR + x6PR' +

xTPB - xL(PD-Axlx/)
AX2 = (X,+x4+x5+x6)(xJxT)PJ X2(PI+
PD-,AxLoxT)
-

(x,2R,,+x9R,,3)PI - X3(PS+PD-AxioIxT)
(x,R2.+x,R,A)PI - x,(PS+PD-AxiJOxT)
Axr, = (x,R2,,+x9R,,5)PI - x&(PS+PD-AdxLo1xT)
Ax, = (x3RS,A+x,R4,,+x5R5..)PS - x,(PC+
PD-,AxloxT)
xd7 = (x3Rs,7+x4R,7+x&R,.,7)PS + X,PCx7(PR+PD-Ax,oIxT)
Ax' = - 0.3(x,+x,+xi,+x.,) (xJxT)RP xs(PR'+PD-AxjoIxT)
axe = 0.3(x,+x4+xr,+xs) (xg/xT)RIx9(PI+PD-Axa1xT)
Axlo = xGR,joPS

Ax,

=

x4x =

where XT

=

X1+X2+. +X9

aIn the equations, the dass symbols xl, x., etc. represent
the numbers of persons in those classes at a given moment.
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At the time of vaccination, an adequate fraction
of the susceptible class (xl) is transferred into the
vaccinated class (x8). PB and PD are, respectively,
the daily birth rate and death rate per person.
The annual number of cases of cerebrospinal
meningitis is obtained by summing up over the
year the daily quantity (x2R2,5+x,R9,,)PI. Similarly,
the annual number of deaths due to cerebrospinal
meningitis is equal to the accumulation of the daily
Ax1o quantities over the year.
Seasonal changes in the disease incidence were
simulated by introducing a time function of the force
of infection into the equation system. This function
is of the following mathematical form:
R1P e-RIo+A sin t
where RID is the force of infection producing the
initial stable level of incidence and t the angular
expression of the time in days. The factor A controls
the amplitude of the seasonal changes.
The transfer of vaccinated persons from the
susceptible class (xl) to the vaccinated class (x8)
is not explicitly shown in the above system of basic
equations, but at the time of vaccination the content
of these epidemiological classes will be modified as
required. The values of the coefficients of transfer
R9,8, R9,4, and R,.5 for vaccinated persons who
become infected (x9) will be fixed in accordance
with the assumptions made on the type of protection
conferred by vaccination against infection (carrier
state and subclinical forms) and clinical meningitis.
It should be noted also that the values of the
coefficients of transfer R5,L, Rr,,6, R517, and R5,1o
depend on the treatment efficacy. Because of the
loss of infectiousness of the treated cases, the
contribution of the class x5 to the transmission of
infection is also reduced in the study of the treatment

effect.
All the daily increments Axi can be calculated
by an iterative procedure at very high speed on the
electronic computer. This technique was used to
simulate the dynamics of cerebrospinal meningitis
and to study the effects of curative and preventive
measures on the epidemiology of the disease, and
to express these quantitatively.
APPLICATION OF THE MODEL IN SIMULATIONS OF THE
NATURAL COURSE Of THE DISEASE

The model was used to study quantitatively the
epidemiology of cerebrospinal meningitis in the

87

population by simulating various levels of incidence
rates and death rates due to the disease. The effects
of introducing curative and preventive measures
in the model were then evaluated.

Stable endemicity
Preliminary simulation trials showed that values
of the force of infection in the range of 0.004 to
0.010 would reproduce situations corresponding
to commonly observed levels of endemicity, namely,
an annual incidence rate of cerebrospinal meningitis
varying from about one per 10000 population to
more than 20 per 10 000 population. The mathematical problem in simulating endemic situations
consists in finding the set of values of xi that simultaneously renders null all the Axi values. Asymptomatic solutions were obtained with the computer
by successive trials covering long periods. The
percentage distribution of the population in the
various epidemiological classes when the stable
situation is reached is shown in Table 18 for selected
values of the force of infection RI. As expected,
as the force of infection is progressively augmented,
the proportion of carriers and the proportion of
resistants increase at the same rate as the incidence
of the disease. On the other hand, the population
of susceptible persons is reduced to about one-half
while the incidence rises approximately 10 times.
Seasonal variations
To study the seasonal variation of the disease,
values adequate to simulate the typical epidemic
pattern of incidence of cerebrospinal meningitis
observed in Upper Vota in the course of the years
1956 and 1957 were given to the parameters controlling the force of infection function. The original
monthly data shown in Table 17 (last column) were
used to draw the histogram shown in Fig. 21, while
the continuous line was drawn by plotting from the
computer output the incidence rates simulated with
the model for periods of 10 days. The agreement is
sufficiently good to consider the simulation as
representative of situations that are possible in
reality. At the same time, the computer run produced,
also on a 10-day basis, the corresponding values for
the proportions of susceptible persons, carriers, and
resistants; they were plotted in Fig. 22 to show the
seasonal changes in these epidemiological classes.
Interesting shifts in phase can be visualized by
comparing Fig. 21 and 22. While the highest incidence
is recorded in early March, the proportion of
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Table 18. Cerebrospinal meningitis: percentage distribution of the population a in epidemiological classes for
different levels of force of infection (RI) in stable situations
Epidemniological class
susceptible
incubating
with pharyngitis
with bacterasmia
with cerebrospinal meningitis
carriers
resistant
total

-

0.0041
96.4
0.018
0.045
0.0045
0.00060
1.22
2.32

100

annual Incidence rate b of CSM
annual death rate b from CSM
a With

b

1.8
0.9

Percentage in epidemiological class for daily force of infection (RI) of:
0.0042
0.0046
0.0050
0.0060
94.1
0.029
0.074

0.0074
0.00082
1.99
3.80
100
2.9
1.5

85.9
0.068
0.18

0.018
0.0020
4.76
9.08
100
7.0
3.5

79.0
0.10
0.26
0.026
0.0029
7.08
13.5
100
10.4
5.2

65.8
0.17
0.43
0.043
0.0047
11.5
22.0

100
16.9
8.4

0.0100

39.5
0.29
0.75
0.075
0.0084
20.4
39.0
100

29.9
14.9

the birth rate equal to 60 per 1000 population and the crude death rate equal to 30 per 1 000 population.

Perw 0 000 population.

susceptible person is at its minimum level towards
the end of April, and the maximum for the proportion of carriers is observed only in early May.
Because of the relatively longer duration of the
resistance conferred by the disease, the proportion
of immunes is not very sensitive to the seasonal
variation of the incidence; it reaches its m um
value in the course of July.
As already mentioned, epidemiologists have
observed a good inverse relationship between the
seasonal incidence rate of cerebrospinal meningitis
and the relative atmospheric humidity. Mean
values of data collected over several years on relative
humidity in Bobo-Dioulasso, Upper Volta,a have
been plotted in Fig. 23. Comparison of Fig. 21 and
23 seems to confirm this relationship: the maximum
and minimum incidences are rather close in time to,
respectively, the minimum and maum relative
humidities. Furthermore, Fig. 23 shows that the
curves for the relative humidity and for the logarithm
of the reciprocal of the force of infection are in
phase. This finding may be of some interest, as the
simulated seasonal variation in the disease incidence
illustrated by Fig. 21 is fully governed by the
function of the force of infection graphically displayed in Fig. 23.

APPLICATION OF TBE MODEL IN SIMULATIONS OF
TREAhIENT AND CONTROL MEASURES

It would be difficult to evaluate the effects of
treatment or vaccination and/or other preventive
measures, such as chemoprophylaxis and sanitation,
in a changing situation; therefore the epidemiological
model was used to simulate the dynamic changes
that would occur in the various epidemiological
categories of the population under two specific
conditions: stable endemicity and epidemic situations.

Effect of case treatment
In principle, the treated cases or carriers would
lose their infectiousness about one day after treatment. As the time lapse from onset of the disease to
treatment adminitration may vary from case to
case, it is not easy to estimate which fraction of the
category x6 (clinical cases) should be considered as
non-infectious.
Stable endemicity. In order to gain information
on the size of the impact of case treatment on the
transmision of the disease in the population under
conditions of stable endemicity, two extreme
situations were simulated on the computer: (a)
when all individuals in the sickness status (class x5)
keep their ability to transmit the disease, and (b)
a Source: Annuatre statistique de l'Afrique Occidentale
when some people lose their infectiousness. FurtherFrancaise, Ann6es 1950-1954, vol. 5, tome 1.
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the contrast, the efficacy of the
treatment was fixed at 90%. The force of infection
was fixed at 0.0046, simulating an annual incidence
rate of 7.0 per 10 000 population before treatment
(see Table 18). The results of the two simulations
are shown in Table 19. It can be seen that the two
assumptions produce a virtually identical epidemiological pattern, as characterized by the distribution
of the population classes and the annual rates of
morbidity and mortality due to cerebrospinal
meningitis. The main effect of case treatment is the
reduction of mortality due to cerebrospinal meningitis. Table 20 shows that the fatality rate of the
disease-which is 50%/ when cases are not treateddescends to 35%/ when treatment with only 30%.
efficacy is applied. The fatality rate becomes as low
as 5%/ when the treatment efficacy reaches 90%.
more, to
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Fig. 23. Seasonal variation in relative humidity at
Bobo-Dioulasso, Upper Volta, and logarithmic function
of the force of infection of cerebrospinal meningitis.

Epidemic situation. As shown above, treatment of
of cerebrospinal megitis has practically no
effect on the epidemiological pattern of the disease; it
only reduces the fatality rate of the disease according
to the treatment efficacy, as shown in Table 20.
It was therefore not considered necessary to simulate
the treatment effect in an epidemic situation.
Treatment is relatively cheap nowadays and is

cases
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Table 19. Cerebrospinal meningitis: Comparison of
case treatment effect a on the percentage distribution
in population classes when treated cases keep or lose
their infectiousness
Population ditribution (%)
assuming that the CSM cases
are:
Infectious
Non-infectious

Population class

susceptible
incubating
with pharyngitis
with bacteraemia
with cerebrospinal meningitis

carriem
resistant
total
annual incidence rat b of CSM
annual death rate b from CSM

8B.228
0.06719
0.1726
0.01725
0.00192
4.6507
8.8622

86.262
0.06703
0.1721
0.01721
0.00191
4.6391
8.8402

100

100

8.84
0.342

6.82
0.341

a The treatment efficacy was fixed at 90 % and the daily force of
infection (RI) at 0.0046.
b Per 10 000 populaton.

invariably applied to save lives, but it does not
represent an alternative to the prevention of cerebro-

spinal meningitis, e.g., by inization.
Effect of preventive measures
Only preventive measures with a practical impact
on the dynamics of the disease will be taken into
consideration. In conditions of stable endemicity
control measures will be of a long-term nature,
and in epidemic situations they will be limited to
emergency short-term activities. These measures are:
vaccination, chemoprophylaxis, and improved air
hygiene and housing.
Stabk endenicity. In the situation of stable
endemicity all 3 preventive measures-vaccination,
chemoprophylaxis, and improvement of indoor air
hygiene-can be applied.
(a) Vaccination. Available evidence indicates that
polysaccharide A and C vaccines confer only a
moderate degree of protection against infection,
but are highly effective against the typical clinical
form of cerebrospinal meningitis. In the vaccinated
population the natural pharyngitis/bacteraemia and
bacteraemia/meningitis ratios are modified, as a

Table 20. Simulation of the effect of treatment of cerebrospinal meningitis a on the
percentage distribution in population classes for different levels of treatment efficacy
Population class

susceptible
incubating
with pharyngitis
with bacterasmia
with cerebrospinal meningitis

carriers
ristant
total

annual incidence rate b of CSM
annual death rate b from CSM
fatality rate

Without

With CSM treatnent with efficacy of:
30%
60%
90%

85.897
0.06849
0.1759
0.01759
0.00195
4.7597
9.0789

86.008

treatment of
CSM

0.06806
0.1748
0.01748
0.00194
4.7234
9.0068

86.118
0.06763
0.1737

0.01737
0.00193
4.6871
8.9345

86.228
0.06719
0.1726
0.01725
0.00192
4.6507
8.8622

100

100

100

100

6.97
3.48
50%

6.93
2.42
35%

6.89
1.38
20%

6.84
0.34
5%

a The daily force of infection (RI) was fixed at 0.0046 and the cases were asssumed not to lose their
infectiousness by treatment
b Per 10 000 population.
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Table 21. Simulation of the time effect of mass vaccination against cerebrospinal
meningitis on the percentage distribution in population classes and disease incidence a
Population class

Before
vaccination

(a) Population coverage of vaccination: 50 %
85.9
susceptibles
camers
4.8
resistants: natural
9.1
resistants: vaccinated
annual incidence rate b of CSM
annual death rate b from CSM

7.0
3.5

(b) Population coverage of vaccination: 90 %
susceptibles
85.9
carriers
4.8
resistants: natural
9.1
resistants: vaccinated
annual Incidence rate b of CSM
annual death rate b from CSM

7.0
3.5

1

No. 2of years after
4 vaccination:
8

80.9
3.7
7.3
7.8

86.8

2.3

59.1
4.1
8.7
27.9

69.7
3.8
8.1

4.1
2.

4.5

37.4
3.7

8.4
50.4
2.1

1.1

16

4.1

86.3
4.6

7.5
1.4

8.7
0.0

5.0
2.5

5.9
3.0

6.8

56.1
3.2
7.4
33.1

76.3
3.0
6.2
14.4

87.3
3.5
6.3
2.7

86.9

3.0
1.5

3.8
1.9

5.0
2.5

6.6

18.2

3.4

4.5
8.3
0.1

3.3

a The daily force of infection (RI) was fixed at 0.0046. The assumptions regarding vaccine effectiveness
are descrbed in the text.
b Per 10 000 population.

much higher proportion of infected individuals
pass through pharyngitis and the subclinical (carrier)
form of the illness.
Protection against contracting the infection was
fixed at 30%. for vaccinated individuals; it was
further assumed that the protective effect of the
vaccine against the typical form of cerebrospinal
meningitis was 90°, which meant that out of 7
expected cases among the vaccinated actually
infected, 6 (about 85%/) would pass through the
carrier form of the disease only. This set of assumptions was tested for two levels of vaccination
coverage in the population: 50% and 90%. The
force of infection was fixed at 0.0046. The simulation
results produced by the computer are summarized

in Table 21.
Computer output has shown that, while the
natural pharyngitis/bacteraemia/meningitis ratio
was 90: 9: 1, in the immunized population it
became 130: 9: 1 one year after mass vaccination.
From Table 21 it can be seen that the first consequence of the vaccination is a dramatic reduction

in the proportion of susceptible persons and a
corresponding increase in the immunes. After a
period of fluctuating values, the proportion of
susceptible persons eventually stabilizes at the
prevaccination level. This interesting phenomenon
has already been noticed in a study of the effect of
typhoid vaccine on the dynamics of the infection.
The proportion of carriers and that of naturaly
resistant individuals are affected only slightly by the
mass vaccination. Even with 90% population
coverage the incidence and death rates due to
cerebrospinal meningitis return to two-thirds of
their initial values as early as 4 years after im ization.
(b) Chemoprophylaxis. Mass chemoprophylaxis
is in fact mass medication of all the population,
some of whom are infected (carriers or cases).
It carries a risk of untoward reactions due to sulfa
drugs and antibiotics (61), and it is therefore
recommended that its use be restricted to closed
and medically supervised communities. The aim of
chemoprophylaxis is to eliminate the infection and
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Fig. 24. Simulation of the effect of a single mass chemoprophylaxis on the dynamics of cerebrospinal meningitis
at different levels of population coverage. Treatment effectiveness, 95 %; PCo 50 % population coverage;
PCioo

100 % population coverage.

it should therefore be applied with total coverage
of the population. It is relatively simple and cheap
to apply. Furthermore, the treated individuals are
temporarily protected against reinfection (for one
week on average) before returnig to the susceptible
class. The carriers, of course, who have acquired

a certain immunity, will merely lose their infectiousness as a result of the treatment and become resistant,

non-infectious individuals.
For the purpose of the present computer simulations, the treatment effectiveness was fixed at 95°/0
and the force of infection in the population was
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again fixed at 0.0046. Two levels of coverage of the
population were tested (50%/ and 100%). The
results are presented in Fig. 24 on which the mai
computer output has been plotted.
As

15

10

5

an

im-

mediate drop in the incidence rate of meningitis
and in the proportion of carriers.

for improving living conditions

on

The efficacy of this preventive

the dynamics of

measure

depends

to a large extent on the population coverage. In the
year following the mass treatment the initial annual

incidence of 7.0
to 3.7 per 10000

per

10000 population is reduced

population when the

coverage is

50%/, and to 0.36 per 10 000 population (10 times
less) when the coverage is 100%, With the lower
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A. Effect on seasonal incidence
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Fig. 26. Cerebrospinal meningitis: simulation of the effect of mass vaccination with 50 % population coverage.

population coverage, the incidence rises again rather is yet available on the relationship between programmes for improvement of living conditions and
rapidly.
transmission levels of cerebrospinal meningitis.
(c) Air hygiene and improved housing. Improved New information might suggest the use of other
housing and air hygiene can be considered only as types of function in the future.
part of a long-term programme that will show its
It was assumed that rises in the standard of
effect as the-standard of iving rises. In the epidemio- living would progressively reduce the force of
logical model, the improved indoor environment will infection to 0.0046, which corresponds to an annual
be reflected by a decrease in the force of infection. incidence rate of 7.0 per 10 000 population (Table
As an example, the following situation was 18). The simulation results are summarized in
simulated with the model on the computer. It was Fig. 25, which shows the impact of this improvement
assumed that the initial endemicity level was charac- on the morbidity trend and the relative size of the
terized by an annual incidence rate of cerebrospinal main epidemiological classes. At the end of. the.
meningitis of 29.9 per 10 000 population. It can be 10-year programme the incidence rate is reduced
seen from Table 18 that this situation is governed from 29.9 to 10.1 per 10 000 population. The
by a force of infection RI equal to 0.01.
movement of decrease continues at a lower speed
A simple linear function of the force of infection in the following years and finally the incidence rate
producing the required change over the determined reaches its new endemicity level (7.0 cases per
period was introduced in the model, as no evidence 10 000 population).
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Fig. 26 (concluded)

The upper part of Fig. 25 shows the corresponding
time changes in the proportions of susceptibles,
carriers, and resistants. The initial and final values
are also given in Table 18 for forces of infection
equal to 0.01 and 0.0046, respectively.
In contrast with the effects of other preventive
measures, the improvement of living conditions
results in a permanent reduction in the endemicity
level of the disease.
Epidemic situations. In the study of control
procedures in epidemic situations characterized by an
epidemic seasonal pattern of cerebrospinal meningitis
as depicted in Fig. 21 and 22 (see also " Seasonal
variations " p. 87 and Table 17) the effect of vaccination and mass chemoprophylaxis will be simulated,
as it would not be realistic to consider in an emergency the application of long-term preventive measures, such as an improvement in environmental
conditions (housing and air hygiene).

(a) Vaccination. The same assumptions regarding
the effect of vaccination as described for stable
endemic situations were tested in an epidemic
situation, again for two levels, of vaccination coverage in the population: 50x0 and 90%. the simulation assumed that mass vaccination was -carried
out during the second 10-day period of November,
at about the time when the seasonal incidence is
expected to start rising (see Fig. 21). The simulation
results produced by the computer. are presented in
Fig. 26 and 27. These figures were automatically
printed by a plotter connected directly to the
computer.
The conclusions arrived at in the discussion of the
vaccinatiqn effects under conditions of stable
endemicity (see above) still hold in an epidemic
situation; Comparison of Fig. 26A with Fig. 27A
shows that the decrease in the incidence rate of
cerebrospinal meningitis is more pronounced and of
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Fig. 27. Cerebrospinal meningitis: simulation of the effect of mass vaccination with 90 % population coverage.

applied in an epidemic situation will be
briefly discussed. The mass chemoprophylaxis was
assumed to have been carried out during the last
10-day period of January, when the trend of the
incidence rate was clearly indicating the beginning
of an epidemic (see Fig. 21). The results of the
computer simulation are shown in Fig. 28 and 29
for 50%/ and 100% population coverage, respectively; as with the simulation of the vaccination effect,
these figures were obtained with the automatic
plotter connected to the computer.
Fig. 28A and 29A show how the seasonal
variation in case incidence is affected by the mass
treatment. Naturally, much better results are
(b) Chemoprophylaxis. The effect of mass medica- obtained with a high coverage of the population.
tion of the population on the dynamics of cerebro- This indicates that only when high coverage is
spinal meningitis when the incidence level is stable achieved can an effect on the epidemic be obtained.
has been analysed above (pp. 91-94). The results of However, even then, the original situation is practhe simulations of the effect of this same preventive tically re-established after 3 years and the epidemic
longer duration when a higher proportion of the
population is covered by the vaccination.
The impact of mass vaccination on the natural
trend of the main epidemiological categories in the
population can be visualized from Fig. 26B and
27B. At the time of vaccination the susceptibles
successfully protected by active immunization are
transferred to the immunized category. The proportion of resistants and the proportion of carriers are
much less affected by active immunization than the
proportion of cases. Some time after inization
the carrier rates and levels of susceptible and
resistant persons return to their original values.

measure
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peak is for some time even higher than before the
introduction of the mass treatment programme.
This is due to the increase in the proportion of
susceptible persons resulting from the elimination
of infection by treatment of the population, as
confirmed by Fig. 28B and 29B, which show the
changes in the main epidemiological categories of the
population. These figures also show that at the
moment of treatment the proportion of susceptible
persons decreases for a short time, because of the
one-week protection against infection conferred by
chemoprophylaxis. Furthermore, the elimination
of infection resulting from mass treatment is illustrated by the sudden decrease observed in the
proportion of carriers and the corresponding
increase in the proportion of resistants. Compared
with vaccination, mass treatment does not confer
long-lasting protection against the disease in the
population.

APPLICA1ION

OF

THE

MODEL

IN

COST-EFFECTIVENESS

AND COST-BENEFIT ANALYSES

Cerebrospinal meningitis and its control in the
developing countries is also an economic problem.
In order to make cost-effectiveness and cost-benefit
analyses more realistic we sent out in 1975 a questionnaire to collect data on the costs of treatment and
prevention and obtained the following average
values:

The cost of treatment of a patient without hospitalization on a rudimentary domiciliary basis in
Africa is about USS 1.00, but it varies very much
from place to place.
The cost of treatment of a hospitalized patient
in Africa varies from USS 25 to 10 times as much
for a complicated case. The cost of disability in
rare cases of complication resulting in deafness and
other serious damage was difficult to evaluate. The
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Fig. 28. Cerebrospinal meningitis: simulation of the effect of mass treatment with 50 % population coverage.

cost of treatment in Brazil (1975) was USS 373 per
patient-but is likely to be even higher in some

other countries.
The cost of mass chemoprophylaxis with sulfonamides is about USS 0.50 per individual (including
the cost of drugs, manpower, and transport), but
if more expensive drugs are used, in some circumstances it could be as much as USS 1.50. With
existing information on the cost of chemoprophylaxis
and vaccination, it is relatively easy to determine
the cost-effectiveness of mass medication from our
simulations and to compare it with that of vaccination.
The cost of vaccination, including manpower,
transport, and supplies, in 1977 was about USS 0.50
for single serogroup A or serogroup C antigen, and
about USS 1.00 for combined immunization with
the 2 antigens.
It should be noted that chemoprophylaxis (except

in the case of resistant meningococci) covers all
serogroups, while at present vaccination with
polysccharide vaccines is group-specific and covers
only groups A and C. This affects cost-effectiveness
and cost-benefit considerations in various epidemiological situations with different prevalence of
megococcal serogroups.
It is difficult to envisage in advance any strictly
planned long-term iunization programmes because of the irregularity of epidemics. Since recent
field trials have indicated that immunity lasts for
about 3 years (39, 40), imm ztion every 3 years
would be reasonable, but as no systematically
organised immunization programmes have yet been
carried out it is impossible to make any realistic
cost estimates. However, as vaccination offers
longer protection for approximately the same per
capita cost as chemoprophylaxis, it should be
preferred from both the economic and the health
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points of view (compare Fig. 26 and 27 with Fig. 28
and 29.
The cost of improved housing, with better sanitation, is very difficult to estimate. Indigenous houses
can be improved relatively cheaply in some places,
but not in others. While improved housing may be
expensive, it brings numerous benefits other than
those of vaccination and chemoprophylaxis, which
are limited specifically to the prevention of cerebro-

spinal meningitis.
It should be noted that, as with other preventable
communicable diseases, the total cost of prevention
of cerebrospinal meningitis, through mass protection
depends on the size of the population and not on the
disease incidence. The benefit, on the contrary,
depends on the incidence; with higher endemicity
or epidemicity levels more cases will be prevented
through the same control measure, and there will
thus be a greater saving of funds that would other-

wise be spent on treatment. Therefore, the relative
cost per prevented case decreases as the incidence
rses.

The economic losses due to cerebrospinal meningitis and benefits from its control are rather difficult
to determine. It is believed, however, that costbenefit and cost-effectiveness analyses of various
situations would be facilitated by the present model.
DISCUSSION

The difficulties involved in the construction of the
model were mainly related to the lack of exact
epidemiological information. In view of this, some
of the elements of the model are still hypothetical.
In our simulations we concentrated mainly on the
endemic and the epidemic patterns of cerebrospinal
meningitis due to meningoccoci of serogroups A
and C. The epidemic processes associated with

DYNAMICS OF ACUTE BACrERIAL DISEASES. PART n

100
5.0

A. Effect on seasonal incidence

j

4.0

80
a-

0.
0

3.0

(a0
a,

.00(a 2.0

1.0

0.0
Months
Fig. 29. Cerebrospinal meningitis: simulation of the effect of mass treatment with 1 00 % population coverage:

various serogroups probably differ in certain aspects,
but they do run parallel in time. When dual or triple
meningococcal serogroup outbreaks occur, two or
three parallel runs of the model with different
parameters may be attempted to simulate the
situation.
Modelling in cerebrospinal meningitis represents
a complex problem that cannot be solved unless
more epidemiological information becomes available.
Nevertheless, we believe that our model in its
present state, and despite its limitations, represents
a step forward towards quantitation in the epidemiology and control of this disease.

Problems concerning the planning of control
programmes cannot be properly solved at present
owing to the lack of exact knowledge concerning
the preventive effect of these measures on the
carrier state, on the one hand, and clinical meningitis
on the other. One may, however, anticipate several
degrees of protection conferred by such preventive
measures and explore a variety of solutions in an
attempt to formulate a control programme that
would bring cerebrospinal meningitis under control
with the least effort and expense, thus ensuring the
best use of available resources.
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CHAPTER 7

Diphtheria and whooping cough
Diseases affecting a particular age group
Diphtheria and whooping cough, unlike most
other bacterial diseaes, are infections of early
childhood and vitually do not affect older age
groups. Moreover, their fatality rates are considerably higher in very young age groups and the
disease problem is limited to preschool children.
These age-associated epidemiological patters of
diphtheria and whooping cough necessitated introducing age structure into the modelling of these
diseases. Age structure is a particular characteristic
of these two models, which are therefore presented
together.
Under natural conditions, diphtheria and whooping cough are extremely contagious disases in the
pre-adult section of the population, but they confer
solid immunity. These diseases have much in common, but they also differ in many ways in their
epidemiological features, e.g., the carrier state is
a very important factor in diphtheria but does not
occur in whooping cough. The only preventive
measure applicable is vaccination, and children are
vaccinated at specified ages according to predetermined unization schedules. For these

reasons, the models were constructed for the
particular purpose of identifying by age the children
eligible for vaccination and of exploring the effectiveness of various immunization schedules and
programmes.
The need to introduce age structure into the model
obviously had a direct impact on the number of
computer memories involved in its constrcon. To
keep this number at a reasonable level, the unit of
time in the iteration process was fixed at the largest
permissible period, i. e., half a month for diphtheria
and 1½/2 months for whooping cough, which is the
shortest length of stay in any epidemiological class.
Furthumore, only the population below 20 years
of age was included in the system; this restriction is
justified as the incidence of the disease in people
over 20 years of age is of negligible importance
from the public health point of view. The size of the
age-groups had also to be kept as large as possible;
however, in order to allow the evaluation of
flexible vaccination schedules of infants and young
children, the size of the basic age-class was fixed at
3 months.
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NATURAL HISTORY OF THE DiSEASE

Infection with Corynebacterium diphtheriae produces the carrier state more often than the disease,
which is the result of the action of the toxin produced
by toxigenic strains (62-64).
Studies carried out in many countries before
immunization was widely used have shown that
from 6-40% of children are infected each year (62)
and that 2-7% of schoolchildren are usually carriers
during the winter months. In 5 years about 75%/
become infected; in 10 years 95°/; and after 15 years

(64). It is estimated that in the first 10 years
of life there are on average about 2.5 infections per
child (63).
Contact with various strain of C. d4phtheriaeelicits the production of antitoxin and thus many
individuals become immune through natural infection without having contracted clinical illness.
The development of natural iunity has been
extensively studied, and the complementarity of ageincidence rates and age percentages of negative
response to the Schick test has been clearly demonstrated (63). An evident analogy exists between
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CONSTRUCTION OF THE MODEL
unity acquisition and the
the age pattern of
past history of disease incidence.
The incubation period is usually estimated to Structure of the model
last 2-5 days; communicability lasts 2 weeks or less
The population below 20 years of age was divided
but can on occasion last 4 weeks or more (62). into epidemiological classes identifiable in the
The clinical patterns vary. In temperate zones natural course of the disease. The dynamics of the
diphtheria is an infection of the upper respiratory disease are reflected in the time-related flow of
tat, but skin infections also occur, though less individuals of various age-groups through these
frequently than in hot climates (65). Faucial diph- classes. The structure of the model and the symbols
theria is the most common, but nasopharyngeal, adopted are presented in the flow chart in Fig. 30.
pharyngeal, and nasal infections occur in about oneThe entry into the system is from class x, (live
third of cases (66).
newborn). The exit is represented by class x10
The fatality rate, on the average, is 10° in (deaths from diphtheria) and a small fraction of the
untreated cases and about 5%, in treated cases (62). other classes corresponding to deaths from all
Preschool children and schoolchildren imvarably causes other than diphtheria; as the model includes
represent the group at highest risk, before they only the population up to 20 years of age, individuals
become resistant through infection. The epidemio- reaching that age also leave the system.
logical patterns differ according to the climatic and
Fig. 30 shows that the newborn (class xj) are
environmental conditions and the socioeconomic either susceptible (class x3) or passively protected
status of the population, which are reflected in the
incidence of pharyngolaryngeal and skin infections

respectively (65).
The carrier state is common and lasts from
2 weeks to several months in a small proportion
of those infected (67).
Estimations of the ratio between infections
resulting in a carrier state and in a clinical attack
vary. Frost (68), using older, less sensitive bacteriological methods than those in use at present, considers the ratio to be close to 98: 2, while in more
recent studies the estimated ratio is close to 95: 5

(69).

With the advent of immunization against diphtheria, the incidence of the disease and its epidemiological patterns have changed wherever regular
immunization of children with toxoid has been
introduced (69, 70). Long-term immunity in individuals who have received toxoid has been demonstrated in the field (69-72). Serological
tests give further evidence of solid immunity, as
demonstrated by mathematical models (73). A
high degree of immunity seems to be retbined for
5 years after completed immunization; by that time
about 30% of those fully immunized lose their
immunity (73). Studies on newborn infants (74)
whose mothers have been immunized have shown
that passive immunity, although decreasing, remains
for about 9 months (73) at a level sufficient to
prevent the disease.
The dynamics of diphtheria at present reflect the
interaction of the natural infection and active

immunization.

Dhsfrom

othe

causes

Populationover
20 years of age.

Fig. 30. Flow chart of the dynamics of diphtheria.
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for 9 months (class x2) if their mothers had natural
or artificial immunity. When vaccinated, susceptible
children or infants with passive immunity go for
5 years into the vaccinated class (class x,,); subsequently a fraction of the vaccinated will return to
susceptible status and the rest will enter the resistance
system through class x7.
Infected children move into class x4 for half a
month, which covers the duration of both incubation
and sickness. Class x4 comprises the clinically sick
and the carriers who do not develop clinical signs
of the disease. Cases with a fatal issue go to class
x10 (and leave the system). All other infected children
in class xj (except for a small fraction returning
to susceptible status) become temporary carriers for
half a month (class x5), while some of them remain
chronic carriers for a further period of 6 months
(class x,).
All carriers eventually become temporarily resistant for5 years (class x7) and the majority of them
continue to be resistant for life (class x8), while only
a small number again become susceptible (class x,,).
All individuals in classes x4, x5 and xg are infectious
and therefore contribute to the transmission of the
disease to the susceptible children in class xs.
Parametric values
Quantification of the parameters characterizing
the epidemiological system was based on knowledge
of the natural course of the disease (62-68), the

vaccine effectiveness, and the degree of protection
conferred by vaccination (69-74). The parameters
controlling the structure of the population and the
force of infection a were fixed at levels that would
permit the simulation of situations actually observed
in areas where diphtheria is prevalent
The dynamics of the disease depend on the
length of stay of individuals in the various epidemiological classes and on the distribution of those

leaving one epidemiological class by trnsfer to the
other classes. The corresponding coefficients Rij,
where i is the class of origin and ; the class of
destination, are determined by the force of infection
and the natural evolution of the disease. However,
the natural course may be modified by various
interventions, such as immunization programmes.
Passive immunity. The coefficient of transfer R1,2
controlling the flow of newborn to passive immunity
should be close to the proportion of pregnant
women who are resistant. As the model covers only
a

See page 1S.
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the population under 20 yes of age, the value of

R1,2 at any time was made equal to the proportion

of resistant persons in the cohort leaving the system
at 20 years of age.
The coefficient R1,3 is simply equal to the difference
1 -R112.

Force of infection. The coefficient Rs,,, reflects the
risk of transmission of infection to a susceptible
individual. This risk is proportional to the proportion
of infectious persons in the population, and to the
force of infection.
Diphtheria morbidity and mortality. In the present
model a ratio of 5 clinical cases for 95 carriers (69)
gave satisfactory simulation results, but other ratios
could be used in different epidemiological contexts.
Various factors, such as age, treatment, and social
class, affect the fatality rate of diphtheria; on the
basis of data published by Russell (70) this rate was
fixed at 10% of cases. The coefficient R&,10 is therefore
equal to 0.005.
Carriers. Except for a small fraction (RD =
0.05), which. returns to the susceptible class, the
infected and the surviving cases become temporary
carriers; 80% of them (R5,7 = 0.80) go directly to
the resistance state, while the rest (R5,. = 0.20)
stay in the carrier state for a further 6 months.
With the values at present adopted for the corresponding coefficients of tranfer, the mean duration
of the carrier state is equal to 8.5 weeks.
A mean duration of infectiousness of 6 weeks
was estimated from thereported rate of disappearance
of diphtheria bacilli in convalescents and carriers
observed by Thomson et al. (75) and by Hartley &
Martin (67). However, taking into account the fact
that proved cases have, on the average, already been
infected for 1 week and that, because of the limited
efficiency of the laboratory test, a certain proportion
of positive cases may produce negative cultures, the
actual mean duration of the carrier state per infected
case should not differ greatly from the model value
(8.5 weeks).
Resistants. After 5 years 10% of the temporary
resistants return to susceptibility (R7,3 = 0.10),
while the majority remain resistant for life (R7,8 =
0.90). These two coefficients of transfer control the
acquisition of natural immunity with age, and their
numerical values were determined by trial and error
to allow the model to simulate the age profile of
immune response as indicated by the Schick test
in a given endemic situation (76).
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Table 22. Diphtheria: estimated duration of protection of a hundred vaccinated
children at different levels of population coverage and vaccine effectiveness
90 % covere
Duraton

_

f

ptecdon

5 years

lOyoam
forlife

evenes

70%
ffectvenes

effectvenes

81
57
51

63
44
40

68
47
43

Immunization. It was assumed that, by immunization, a certain proportion of susceptible children (as
well as infants still protected by passive immunity)
become immune for 5 years. This proportion is
measured by the efficacy of the

75 % coverage
__of_ __ _ __
75%
90%

90%

imm

tion,

e

_

ivene
53
37
33

With the above parametric values the simulated
population was very close to the life table survivals
calculated for Eland and Wales before the
generalization of immunization (1930-1932) and
for Mexico today (1971), as may be seen from
Table 23. This similarity obviously strengthens:
(a) the validation of the model in a prevaccination
situation, and (b) the application of the model in
situations common to many developing countries.
Mathematical and computer formulation of the model
The children passing through the model should
be identifiable by age and length of stay in the
various epidemiological classes. In order to satisfy
the constraints (already discussed in the introduction)
imposed (a) on age by the variety of possible
vaccination schemes and (b) on the total number of
memories by the size of the computer central
processor, the time unit was fixed at 3 months
for age and at a half-month for stay in epidemiological classes. In principle, the mathematical expression
of the epidemiological classes takes the form of a

which is itself the product of the immunization
coverage and the effectiveness of the vaccine used.
The proportion of vaccinated children who lose
their protection after 5 years was fixed at 305/s
(R,,3 = 0.30). The rest of them (R9,7 =0.70) go
to the class of temporary resistance for another
5 years. Table 22 shows the estimated variations
in duration of protection in 100 vaccinated children
with different combinations of vaccination coverage
and vaccine effectiveness, taking into account
natural immunization through infection (disease
and carrier state).
Diphtheria toxoid is an effective antigen (69-74)
and is used in combination with tetanus toxoid and
pertussis vaccine (DPT) in a number of different
immunization schemes, of which we have considered
only those that are typical of developing countries
(77).
The coefficient R2,,9 and R,,9 control the transfer
of infants or children at the appropriate age to the Table 23. Life table survivals
vaccinated class, in line with the imm tion
scheme applied.
Mexico
Computer
Exact age
EandW b simulation
1971
(in years)
1930-32
Population. The model was constructed for individuals up to the age of 20 years. The age profile
of the population concerned is controlled by the
100000
100 000
100000
0
birth rate and by the specific death rates applied
95276
93 680
93618
1
to the children in the successive classes of age.
90978
91 047
90718
5
Many complex demographic situations could be
90109
90
053
917
89
10
the
in
difficulties
envisaged; however, to avoid
89 391
89390
89429
15
interpretation of the findings, the actual simulations
presented here were programmed for a stationary
88678
88314
88684
20
population generated by 10 000 live births each
quarter submitted to quarterly survival rates of
a Calculated from data published in World Health StatIstIcs
0.9840 during the first year, 0.9980 in the age-group Annual,
1971, Vol. 1.
5-19
years.
b UN Demographic Yearbook, 1 961.
age-group
the
1-4 years, and 0.9996 in
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two-dimensional matrix Xk (i, j), where I is the age
in 3-month units and j the duratio of stay in the
class in half-month units; the subscript k refers to
the individua clases identified in the flow chart
(Fig. 30). With these valuesthe maximum size of
i is 80 (20 years) and of j 120 (5 years). To simplify
the mechanism of computerized processing, the
time intrval used for calculation of the modifications undergone by the system was also fixed at a
half-month.
The relationships between the epidemiological
classes xk(ij) defined in Fig. 30 were expressed by
mathematical equations giving the numerical contents
of these classes for time t + 1 on the basis of (a)
their contents at time t, and (b) the numerical values
of all parameters involved. An appropriate computer
program was written to repeat the iterative process
as many times as necessary to simulate the rynamics
of the infection for a predetermined number of years.
The subscript J of the matrices xk(4j) was increased
by one unit after each iteration (half a month),
while the same increment was applied to the subscript i after 6 iterations, each of which corresponds
to an age increase of one-quarter of a year.
The equation system is solved for a given set of
parametric values when the contents of all the
matrices xk(iJ) cease to be modified by further
iterations. The model is then reflecting an epidemiological situation of stable endemicity in the population. The number of computer runs required to
reach this situation depends on the appropriateness
of the initial values entered in the model. Considering
the very large number of values involved, an ad hoc
computer program was written to generate them,
and the trial-and-error method was used to speed
up the convergence towards the solution of the
system. The results obtained at the end of the first
run were tentatively written on a tape, so that the
next run could make use of them as new initial
values if they were judged satisfactory; smilarly,
the results of the second run were written on another
tape, and this tape-to-tape reading/writing procedure
was continued until the stable situation was reached.
Details of computations and the computer program system are given in the next section.
Computer program system
The program system is made up of distinct blocks
performing specific processing functions as described
below. Appropriate blocks are combined and decision functions activated as required to perform a
particular computer job. The program flow chart
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Fig. 31. Program flow chart for diphtheria and
whooping cough model. In Block B, M = 7 for
diphtheria and 3 for whooping cough.

shown in Fig. 31 is identical for diphtheria and
whooping cough, except for the value of M in
block B, which is 7 for diphtheria and 3 for whooping

cough.
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Block A. From an input of 10 000 newborn each
quarter this block generates a stationary population
by applying age-specific survival rates to the successive cohorts up to 20 years (80 age-groups). The

population is then distributed into the epidemiological classes xk(i,j) (see above). Although arbitrary,
the initial distribution into epidemiological classes
is based on available information on the natural
history of the disease and the probable parametric
values for the level of endemicity concerned. Tentative age curves worked out for the susceptible
individuals, the infected ones, the carriers, and the
resistants are used to make a quantitative breakdown
of each age-group into these categories.
Block B. This block calculates for each age the
number of individuals in the epidemiological
classes xk(i,j) that must go in the unit of time
(half-month) to another or several other classes,
and executes all the transfers accordingly, using
the appropriate coefficients R.,. where u is the
k value of the class of origin and v is the corresponding value of the class of destination. It also calculates
and cumulates the number of diphtheria cases and
deaths from the contents of the classes x(i,J).
The suffix j of all classes is then updated by one unit.
Being the simulation operator of the model, this
function can be considered as the core of the
program system.
Block C. At the end of each quarter, this block
updates by one unit the age of all epidemiological
classes xk(i,j). This is done by applying to them
the same survival rates already used to generate
the basic population. This block also calculates the
sum over age of the various epidemiological classes.
Block D. This function prints out on a quarterly
basis crude data on the size of the population and
its distribution into the main epidemiological
classes. Through this information it is possible to
monitor the rate at which the simulation process
is converging towards the final stable level.
Block E. This block implements the immunization
programme envisaged by transferring into the class
x(i,j) the children eligible for vaccination, that is,
reaching the specified age or ages at the time of age
updating. The vaccine effectiveness and the population coverage are duly taken into account in this
process.

Block F. This block calculates and prints out on
annual basis all information (absolute numbers
and rates) of interest for studying the transmission
of infection and evaluating the impact on the dyna-

an

mics of the disease of the immunization programme
envisaged.
Block G. This function writes on magnetic tape
the contents of all the computer memories used to
store the matrices xk(i,j) after each iteration performed by Blocks B and C. It permits interruption
of the system-solving computation and appreciation
of the converging power ofthe initial values generated
by Block A, without losing the stage so far reached
in the process towards stability.
Block H. This function reads the contents of all
cells of the epidemiological classes xt(4j) as stored
on tape. It makes it possible to restart the iterative
computation needed to solve the system or to read
from tape the solved matricial values for a given level
of endemicity when the model is used for simulation

purposel.
VALIDATION OF THE MODEL

To be valid the model should be able to simulate
the dynamics of the disease at a given level of
endemicity as observed under natural conditions
before preventive measures are introduced. For
diphtheria it is practically impossible today to find
t ion) has
areas where no intervention (
yet taken place and where at the same time good
statistical and epidemiological information is available on the age-incidence profile of the disease.
Simulation of the natural course of the disease
As an alternative it seemed preferable to validate
the model with historical but more reliable data.
Table 24. Average reported and simulated age-specific
death rates from diphtheria per 100 000 children,
England and Wales, 1926-1930 a

Agegroup

Annual average death rate
per 100 000
Simulaed
Reporteda

<1
1-4

20.5

5-9
10-14
15-19

19.0
50.5
37.0
9.0
7

48.7
29.3
17.8

0-14
0-19

30.2
7

30.2
25.4

a Source:

Russell. W. T. (70).
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Fig. 32. Average reported and simulated age-specific death rates for diphtheria per 100 000 children in England
and Wales, 1926-1930.

Detailed statistics on the morbidity and mortality
of diphtheria in Great Britain before the protective
inoculation of children started have been reported
and analysed by Russell (70). The period covered
is from 1901 to 1938. Even after 1925, the annual
death rate from diphtheria amongst children under
15 years of age was still about 30 per 100000;
with an estimated fatality rate of 10% the corresponding incidence rate would reach 300 per
100 000 children. The age-specific death rates
reported for the 5-year period 1926-1930 are
shown in Table 24. The overall death rate for the
children in the group 0-14 years was 30.2 per
100 000. Using the trial-and-error method, this rate
could be simulated on the computer under fully
stable conditions with a daily force of infection
equal to 0.04. The resulting rates for each age-group
are also given in Table 24.
The degree of agreement between the age profiles
of the recorded and simulated curves can be appreciated from their graphical display in Fig. 32.
The observed line shows more children infected
in the age-group 5-9 years and fewer in the group
10-14 years as compared with the corresponding
expectation. This may be due to the heavy exposure
of children (at age 5-9 years) when entering school,
resulting in a higher incidence and greater increase
of natural immunity through infection, which is
reflected in lower death rates later
(at age 10-14
years). To take this fact into consideration it would
be necessary to make the force of infection a function
on

of age. However, such a refinement was not considered essential for the general study of diphtheria
dynamics in children; in addition, information is
lacking on how school promiscuity affects the
transmission of the disease in different situations.
The age distribution of the children by epidemiological classes (in numbers and percentages) when
a certain endemic level (corresponding to a force of
infection of 0.04) is reached is presented in Table 25
for an arbitrary population of 725 223 individuals,
as generated by successive quarterly cohorts of
10 000 newborn subitted to the age-specific
mortality leading to the survival table already
described (Table 23). A satisfactory agreement is
observed between the percentage distribution by
age-group of the population under 20 years reported
by the 1931 Census for England and Wales on the
one hand, and the corresponding percentage
distribution simulated by the computer on the other
(see Table 26).
Table 25 shows how the proportion of susceptible
children decreases with age. The proportion of
infectious children (newly infected and carriers)
is at its maximum between 1 and 4 years of age,
while, as expected, the peak for the temporary
resistants occurs in the next age-group (5-9 years).
The proportion of life resistants naturally imcreases
with age. As the cases and deaths from diphtheria
come from the newly infected, the highest corresponding morbidity and mortality rates are also
observed in the age-group 1-4 years.
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Table 25. Population distribution according to epidemiological classes and age-groups for stable endemicity
level a in diphtheria
AWgroup (years):
Epidemiolokical
dJ

panive immunity (x2)
auscaptible (xa)
newly infected (x4)
tamporay coarr (xa)
chronic cwre (xe)

tamporaryresistant(x7)
Iferaistnt (xs)
immunized (xa)
total

1-4

<1

-

No.

5-9

No.

No.

26670 68.0
12311 31.6 114689
15 0.0
608
14 0.0
580
24 0.1
1 353
116 0.3 30644
-

-

-

-

39050 100

annual incidence rate b
annual death rate b

197.2
20.5

84474
448
427
1 055
67312
27188

46.7
0.2
0.2
0.6
37.2
15.0

-

-

-

77.5
0.4
0.4
0.9
20.7

147774 100

10-14
15-19
-_
Rate
Rate
No.
No.

_

180904 100

485.2
48.7

292.4

29.3

50771
269
257
633
40460
87073

28.3 30506
0.1
162
0.1
154
0.4
380
22.5 24329
48.5 122501

17.1

0.1
0.1
02

13.7
68.8

Total

No.

Rate

26570

3.7
40.4
0.2
0.2
0.5
22.5
32.6

292651
1 502
1 432
3445
162861
236762

-

179483 100
177.2
17.8

178032. 100
107.3
10.7

725223 100
252.6
25.4

a With a daily force of infection equal to 0.04.

b Per 100 000 population

of the coesponding aggoup.

For this simulation of stable endemicity the
proportion of newbom temporarily protected by
passive unity was fixed at 90Y/, that is, approximately the proportion of 20-year-old individuals
who are resistant either for 5 years or for life under
present circumstances. It can reasonably be assumed
that this proportion applies also to the majority of
pregnant women. The development of resistance
with age will be affected by the vaccination of
Table 26. Percentage distribution of population by
age-groups in England and Wales
Age-group
(years)
<1

1-4
5-9
10-14
15-19

Total
a See Table 25.

Census
1931

Simulated a

4.6
18.4
25.6
24.8
26.5

5.4
20.4
24.9
24.7
24.5

100

100

children, and consequently, for subsequent uses
of the model in the evaluation of vaccination effects,
the proportion of newbom protected by passive

immunity was made a direct function of the proportion of resistant individuals in the cohort leaving
the model at the age of 20 years.
It is unfortunately difficult to validate fully the
simulated epidemiological information presented
in Table 25 as the required observations on actual
populations under similar endemic conditions are
scarce, unreliable, or missing. It may, however,
be of intert to compare the simulated proportions
of carriers and resistants with information published
in the medical literature before the generalized
introduction of vaccination.
Data on the incidence of diphtheria and the
prevalence of carriers in the city of Baltimore have
been published by Frost et al. (63). Unselected
schoolchildren in the age-group 5-14 years were
surveyed during the period 1921-24; the mean
annual attack rate per 100 000 was 683 and the
frequency of demonstrable infection with C. diphtheriae was 2.44Y/. Assuming that the prevalence of
arriers is proportionately related to the incidence
of cases, the data simulated by the model (Table 25)
for children in the 5-14 years age-group are consistent
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Fig. 33. Age-specific incidence of diphtheria and percentage of persons resistant (actual situations and simulation).

with the observations made in Baltimore,
below:
Baltimore
A

Incidence (per 100 000)
Carrier rate (per 100)

Smnuation

B

as

shown
Rtio

AIB
2.91
2.84

683
235
2.44
0.86
Several investigators have studied the age development of natural inity as reflected by the
Schick test status before the general introduction
of vaccination. Hope & Stallybrass (78) have
reported the results of Schick tests by age in the
population of New York; although the date is not
specified it can reasonably be assumed that the
survey

was

carried out around the period 1920-1924.

In Fig. 33 the percentages of resistant individuals
(Schick negatives) in New York are plotted for ages
from 1 year to 30 years, and the corresponding
computer simulation is presented for comparison.
The histogram showing the New York data (78)
is somewhat higher than the corresponding computersimulated curve of the percentage of resistants.
It should, however, be noted that the rate of acquisition of immunity is related to the prevailing

level of endemicity (79). From data reproduced by
Russell (70), it can be estimated that the incidence.
rate in the age-group 0-14 years in New York was
somewhat higher than the rate simulated by the
model.
Young et al. (80) considered that it was justified
to apply the New York data on the age distribution
of positive Schick tests to the epidemiological
situation prevailing in Michigan State around
1924-1930. The age-specific incidence rates that
they have calculated on this basis from over 20 00(X
diphtheria cases are shown in Fig. 33 for ages
5-30 years. The general pattern of the histogram
indicates reasonable similarities with the simulated
age-incidence curve.
Simulation of immwuization programmes
The previous section described the use of the
model to simulate epidemiological situations that
were known to exist before the introduction of
immunization programmes, and showed that the
model is able to reproduce satisfactorily the dynamics
of diphtheria under stable conditions of endemicity
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Fig. 34. Actual and simulated incidence of diphtheria and level of immunization.

when no intervention is made. However, the model show the slow progress of diphtheria immunization
should also be able to simulate known effects of before the last war and the rapid increase in coverage
during the war and the immediate post-war years.
immunization.
Detailed information is lacking on the vaccination
While the effects of vaccination are well known
(69-74) the duration of mmunity in vaccinated schemes that were applied in England and Wales
individuals could only be estimated (72-74, 81,82) during this period; there is some evidence, however,
because of the difficulty of studying experinmentally to indicate that usually children were vaccinated
the dynamics of induced immunity in the population. at 1 year and revaccinated at 6 years. The trend
shown by the percentage of immunized children
Such an estimate is presented in Table 22.
If valid, the model should be able to simulate under 15 years as simulated by the computer is
a known change i incidence rate with a given displayed in Fig. 34. This simulation was obtained
immunization schedule. Reliable although in- by introducing into the model the following annual
complete data for these parameters exist for England vaccination coverage of the child population
and Wales from the time that vaccination aginst reaching the ages of 1 year and 6 years:
diphtheria first began to find general application
Period
vacciartion
coyerage
around 1934. Taylor (69) gave the percentages of
1934-1936
15%
Londoners inized in the age-group 5-14 years
1937-1940
20%
as estimated by 5-year periods between 1935 and
1941-1945
75%
1960. Hartley et al. (66) have published similar
1946+
80%
information for children in Newcastle up to 15 years
Fig. 34 shows that the chronological development
of age on an annual basis from 1934 to 1943. Both
series of percentages are plotted in Fig. 34; they of the simulated proportion of vaccinated children
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Table 27. Observed and simulated incidence rate of
diphtheria cases, England and Wales, 1934-1963
Year

1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1961
1952
1953
1954
1955
1956
1957

1968
1959
1960
1961
1962

1963

Incidence oif diphtheria
Obsevd rat per
Simulated rate per
100 000 populaIon 100 000 in age-group
England and Walesa
0-1 9 years
169.9
160.1
141.5
149.5
157.7
114.2
110.6
121.7
98.8
82.0
54.7
43.6
28.1
13.0
8.2
4.3
2.2
1.5
0.85
0.60
0.39
0.35
0.12

0.08
0.18
0.22
0.11
0.11
0.03
0.07

252.7
247.8
230.9
207.6
184.3
164.2
151.5
148.4
140.0
110.3
74.6
45.3
25.6
14.3
8.5
5.4
3.6
2.4
1.7
1.2
0.86
0.61
0.43
0.30
0.22
0.16
0.11
0.08
0.06
0.04

a Calculated from data published In the Registrar General's
Statistical Review of England and Wales (Part 1: Cases, Part II:
Population).
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is comparable to the trends reported for London
(69) and Newcastle (66). The slightly slower increase
observed in the simulation should broadly ref1ect
the probably lower mean vaccination coverage for
the whole population of England and Wales, as
better performances are usually reached in urban
areas in the initial phase of prevention campaigns
launched on a large scale. Annual incidence rates
of diphtheria were calculated per 100 000 population
on the basis of the cases notified for Egland and
Wales and published in the Registrar General's
Annual Statistical Review. The rates are given in
Table 27 for the period 1934-1963.
The model was used to simulate the impact of the
above-described vaccination scheme on the annual
incidence of diphtheria. For this purpose, the
initial vaccine effectiveness was fixed at 90%. (6974). It has, however, been reported that vaccine
indirectly loses part of its effectiveness when the
reservoir of infection is considerably reduced,
that is, when the process of natural immunization
becomes negligible (86). In the model, the decrease
of vaccine effectiveness was made proportional to
the relative decrease in the proportion of infectious
individuals in the population, and for the present
simulation the lower limit of effectiveness was fixed
at 75%o. The annual incidence rates generated by the
computer for the age-group 0-19 years are given in
Table 27 for the period 1934-1963.
As the great majority of diphtheria cases occur
before the age of .20, the specific incidence rate
simulated for the age-group 0-19 years is almost
50°/ higher than the crude rate actually observed
in the general population. Bearing this ratio im
mind, the similarity in the profile of the two curves
in Fig. 34 becomes evident. The model can therefore
reasonably be considered suitable for reproducing
actual changes in the dynamics of diphtheria in a
population submitted to specified schemes of
immunization.

WHOOPING COUGH

clinical entity. Consequently, certain epidemiological
parameters concerning its natural history, instead of
In spite of the many epidemiological studies that being expressed as exact numerical values, had to be
have been carried out, exact numerical data on the given average values based on prevailing opinions
natural history of whooping cough are rarely given. (84).
One reason for this is that, wifth the exception of
Whooping cough, like diphtheria, is essentially
typical cases, whooping cough is a rather evasive a disease of preschool children and the epidemioNATURAL HISTORY OF THE DISEASE
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logical processes take place mainly in the young
section of the population, while adolescents and
adults have little part to play in the transmission
of the infection.
About 10% of all whooping cough cases and
about half of the deaths occur in children under
1 year of age (84-86). By the age of 5 years, some
50%. of children have already been infected, while
at the age of 15 practically all of them have experienced an infection (84, 87, 88) and about half
have developed some clinical symptoms.
Being a droplet-borne disease, whooping cough
is transmitted by close contact and therefore influenced by crowding. Socioeconomic conditions
and the way of life (89) play a role in the epidemiology of this disease, which is more frequent among
the poorer section of the population, living in
crowded quarters, tha in the more prosperous
population groups (84). It has a seasonal appearance
in temperate climatic zones because overcrowding
is more common during winter months.
Incubation lasts from 7 to 10 days, during which
time individuals are not infectious. Clinical disease
varies from sever illness with frequent paroxysms
in young children to atypical and very mild cases
in older children, who are considered by some as
healthy carriers (88); a real carrier state does not
exist (84). In babies the disease is atypical and
paroxysms may be absent, with cough appeanng
only at a later stage (88, 90). Infectiousness is very
high during the catarrhal stage, which occurs about
a week or two before paroxysmal cough; the latter,
in tum, lasts 4-6 weeks (84, 90). The excretion of
Bordetella pertussis lasts for 2 months or more, but
by one-and-a-half months microorganisms cannot
be isolated from half of those who contracted the
disease (91). Through the attack, individuals gain
rather solid unity, although secondary cases do
occur. Death rates among the untreated vary with
age (84).
Susceptibility to whooping cough is general.
Passive maternal immunity is very low and has
practically no effect on the natural course of infection,
many cases occurrig very early in life (84). Later
in life, 95%/ become immune through infection (84).
The reporting of whooping cough iS inadequate.
About 80%. of cases are not reported (84). In some
countries pertussis-like disease caused by B. parapertussis is relatively common, but this infection is
generally of much less importance and it will not be
dealt with here.

There is a lack of reliable information on the
incidence of whooping cough. This is due partly to
incomplete notification, but it is also possible that
estimates of incidence based on interview surveys
to eicit a past history of pertussis are too high,
since nonspecific coughing might well be reported
in error as whooping cough. Published data on the
incdence of whooping cough therefore require
careful scrutiny and review. From the available
literature on epidemiological situations we selected
those data that were considered to reflect best the
dynamics of whooping cough.
Collins (87, 92) has given the results of an interview survey of schoolchildren carried out in 14
localities in the USA between 1916 and 1919.
They showed that 75%/ of children aged 12 years
reported attacks of whooping cough at some time
during their lives. The percentage reached 78% at
the age of 19 years.
In England and Wales, whooping cough cases
have been notified since 1940 (93). More than
150 000 cases were reported annually in the years
-1941, 1950, 1951, and 1953. From the age distribution of cases and the population for those years, it can
be calculated that in a situation stabilized at that
incidence level, 30°% of chldren reaching the age
of 15 years will have experienced an attack of
whooping cough.
Ra4ka (94) has reproduced data on whooping
cough morbidity in 15 African countries as notified
to WHO between 1965 and 1967 (95). Rates close
to or even higher than 1000 cases per 100 000 popula-

tion have been not infrequently recorded. Considering
that in those countries the estimated proportion of
the population below 15 years of age is around
40%. (96) and that more than 98% of whooping
cough cases occur before that age (97) it can easily
be calculated that, under those circumstances, about
SO% of the children will have suffered from whooping
cough before reaching the age of 15 years.
The latter percentage is almost midway between
the level reported by Collins (87) for the USA
around 1920 and that calculated for England and
Wales around 1950.
Collins (92) has also calculated the age-specific
incidence of whooping cough for individual years
of age. His rates were derived from a mathematical
function adjusted to the cumulative proportions
of positive history reported in interview surveys.
The resulting snoothed curve is shown in Fig. 35.
The incidence rates calculated on cases reported in
England and Wales in 1951 (93) are also plotted
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Fig. 35. Age-specific incidence rates of whooping cough.
Table 28. Incidence of whooping-cough at specific ages among the population
of Hagerstown, Maryland, USA, 1922-1923 (98)
Aggroups

Cases

Annual rate
per 1000

Population

Whole city
Cass
rported

102.8
97.2
70.0
29.8
6.9
1.0

1 257
1 208
1 175
1 169
1 165
2491
19872

34
47
39
30
18
14
4

19.5
16.6
12.8
7.7
2.8
0.1

19.6

28337

186

3.3

Survey group

(years)

Populton

0-1
2-3

326
288
373
400
352

found

6-7
8-9
10-14
15+

4887

67
56
69
56
21
11
10

total

7424

291 a

4-5

798

92.5

Annual rate

per 1000

13.5

a Include one of unknown age.

Fig. 35 for infants under 1 year, and for children
in the age-groups 1-4 years, 5-9 years, and 10-14

in

years.

The intermediate line d drawn

on

the same

figure, which reflects a similar age-incidence profile
of the disease, is based on rates adjusted to simulate
a level of transmission appropriate to arrive at
approximately 50% of whooping cough history in

the first 15 years of life, as observed in several
African countries.
A survey carried out in the city of Hagerstown,
Maryland, USA to study the reporting of notifiable
diseases has been described by Sydenstricker
(97, 98). Records of illness were made by trained
workers visiting about 1800 families at intervals
of less than two months, during 28 months from
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December 1921 to March 1924. The number of
cases of whooping cough reported to the local
health department was 186 for the period 1922-1923,
while the corresponding number of cases found in
about one-fourth of the population by periodic
canvassing was 291. The age distribution of both
numbers and rates is shown in Table 28; the rates
have also been plotted in Fig. 35. It is interesting
to see that the age-specific rates calculated for the
population under surveillance are in excellent
agreement with those derived from the findings
of the interview surveys reported by Collins (92),
except for the children below 2 years of age. It is
difficult to interpret the extremely high rate recorded
for these children in the canvassed population of
Hagerstown, as usually the risk of exposure increases with age during the first 2 or 3 years of life.
There are, however, observations showing that
the incidence and median age of whooping cough
differ in various communities from year to year (98).
This is evidenced, for instance, by the data concerning 12 cities in the USA (99). A similar phenomenon
has been recorded in other countries where the rate
was much higher for infants than for the next
age-group in certain calendar years but not in others.
Several factors could be responsible for the
apparent change in the relative level of the incidence
rate in infants and young children, such as the
completeness of reporting. The fatality rate being
particularly high for infants, it is possible that in the
case of severe epidemics the disease is overdiagnosed
for them, while in the case of milder attacks the
clinical symptoms are missed and under-reported.
The discrepancies in the age pattern of the
incidence rate between various areas or periods of
time could also be explained by differences in risk
of exposure. For instance, infants may well be less
exposed than preschool children or schoolchildren
(90). Also, there is a greater risk of contact with the
disease in the lower social classes living in overcrowded dwellings (89).
In addition to the possible age variation in the
risk of exposure, the proportion of infected individuals who develop specific clinical symptoms with
typical paroxysm itself varies with age; it is known
to be lower in young children and adults.

cougb, taking into account the pecularities of the
natural history of the latter dies.
Structure of the model
The population below 20 years of age was divided
into epidemiological classes according to the
natural course of the disease, as described above.
The scture of the model and the symbols adopted
are presented on the flow chart in Fig. 36.
The entry into the system is from live newborn.
Since the model includes only the population up to
20 years of age, individuals reaching this age leave
the system. The exit includes also deaths from
whooping cough (x7) and deaths from other causes.
Newborns are all considered susceptible (xl) in
respect of whooping cough. Susceptible individuals
(xl), unless protected by iunization (x6), could
be infected and after going through an incubation
period, during which they are not infectious and
do not play a role in disease transmission (therefore,
this period can be neglected), develop either mild
subclinical illness (x,) or clinical symptoms of the
disease (xs). In both cases they stay infectious for
1½/2 months and contribute to the transmission of
infection; ultimately, they all develop temporary
resistance lasting 4 years (xg) and the majority of
them continue to be resistant for life (xg), probably as
a result ofcontact with B. pertussis. Severely ill young
children could die of whooping cough (x7), while
some others die from other causes. After 4 years a
fraction of the vaccinated (x,) return to susceptible
status and the remainder enter the state of resistance
through class xt.

Parametric values
The parameters were set at levels that would
permit the simulation of situations actually observed.
Ilbtess. A considerable number of cases are
subclinical and the proportion varies in different
age-groups, being in gneral higher in infants and
older children tha in young children. Accordingly,
the transfer from susceptible (x1) to subclinical
(x3) and clinical (xs) classes was adjusted by the
appropriate coefficients of transfer R1,2 and Rl,.
Their numerical values as used in the model are
presented in Table 29. The duration of both clinical
and subclinical illness was fixed at 11/2 months as in
diphtheria.
CONSTRUCTION OF TE MODEL
Infectivity. Individuals belonging to the above
The same principles as were applied in the 2 classes of sick persons (xi and x3) are considered
modelling of diphtheria were followed for whooping infective. The duration of infectivity of individuals
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Death from
other causes

Population over
20 years of age

Fig. 36. Flow chart of the dynamics of whooping cough.

Table 29. Distribution of clinical and subclinical illness
in whooping cough, by age-groups: numerical values
of the corresponding coefficients of transfer
Age-group

(years)

0-1
2-3
4-5
6-9
10-14
15-19

Types of illness
Subclinical
Clinical
R1,2
RIA

0.64
0.40
0.60
0.55
0.90
0.95

0.36
0.60
0.50
0.45
0.10
0.05

in those classes was derived from the laboratory
evaluation by Vysoka (91) of the duration of
excretion of B. pertussis both by typical clinical
cases with paroxysms and by atypical ones, as
presented in Table 30. The mean duration of excretion calculated from these data was 5.6 weeks for
all cases (5.4 for the typical and 5.8 for the atypical
cases). As a certain risk of losing false negatives
cannot be ignored, it can be considered that the
actual duration of excretion did not depart too much
from 11/2 months, which is the value adopted in the
model for the length of stay in the infectious classes.
Fatality rate. Fatality rates depend on age,
nutritional and socioeconomic status, and the
standard of treatment.
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Table 30. Duration of excretion of B. pertussis by
infected persons a
Duration
of excretion

(weeks)

Number of cases
Toa
Atypical,
withTypical,
paroxysms without
paroxysms Total

1

-

-

2
3
4
5
6
7
8
9
10

4
8
9
18
9
11
9
1
1

3
3
3
2
5
6

-

20
14
17
14
2
1

11

-

1

1

total

70

29

99

a Calculated

-

7
11

12

5
1

from data published by Vysoka

(91).

In the present model the following age-specific
fatality rates derived from the above data and
considerations were used and proved satisfactory
for simulation:
Age-group

Fatality rate

5-19

13.5
3.5
1.0

(Years)
<1
14

(/)

The corresponding values for the coefficient R,,7
are therefore 0.135, 0.035 and 0.010, respectively.

Immunity and resistance. There is no passive
(matal) immunity in prtussis and therefore no
provision has been made for this in the mode.
Resistance to infection is observed in those who
have been infected. After 4 years of temporary
resistance 5% of individuals return to susceptibility
(R4.1 = 0.05) while the others remain resistant for
life (R- = 0.95).
Immunization has been demonstrated to be
effective in numerous studies on disease prevention
and nowadays it plays an important role in the
dynamics of the disease in most countries of the

Emerson (99) reported a mean case-fatality rate world in view of its wide use. Vaccinated persons
of 3.13% for the period 1924-1928 in 32 cities in the are eliminated from the infectious processes for the
USA. More recently, Gordon & Hood (84) have duration of immunity by transfer to the class x8 at
shown that the mortality due to whooping cough the age controlled by the coefficient R1u.
The protective effect of different vaccie varies
decreased considerably in the USA between 1920
and 1950 (in Massachusetts, for example, the considerably. In the final report on the field trials
mortality rate per 100 000 passed from more than of 7 different whooping cough vaccines carried out
12 to less than 0.3 during this period), while the by the British Medical Research Council (100), it
level of morbidity showed little change during the was shown that while the most effective vaccine
same period; this indicates a favourable trend in the gave a protection of 96% in home contacts, the
fatality rate of the disease. Another example is worst one protected only 13% of the home contacts.
Vaccine quality and various unological factors
and
provided by the national statistics
deaths reported by the Registrar General for that will not be discussed here are responsible for
England and Wales (93), which show a tenfold this wide range in the protective effect.
Field studies carried out in the USA (102) among
decrease in the fatality rate between 1941 and 1953
preschool children followed up for 1½/2 years
(1.4% to 0.15%).
It difsicult to evaluate the age-specific fatality revealed an attack rate per 100 person-years of
rates in developing countries, mainly because of 10.4 in the control group, 1.9 in the group immunized
incomplete reporting of cases and lack ofinformation with plain pertussis vaccine (protective effect of
on their age distribution. Information provided by 82%) and 0.9 in the immunized with combined
observations made in field surveys by Morley et al. DPT vaccine (protective effect of 91%).
In a field trial carried out by the British Medical
(89), in a Nigerian community, shows that during
the survey period 206 children developed whooping Research Council (102) in chiidren between 6 and
cough before their fifth birthday and there were 18 months of age observed for 27 months, the
13 deaths, for which whooping cough was considered attack rates per 1000 child-months of observation
to be at least partly responsible; this corresponds were 6.72 and 1.45 in the control and the vaccine
to an estimated fatality rate of 6.3% for children groups, respectively, indicating a vaccine protective
effect of 78.5%/. There was no evidence of a waning
in the age-group 0-4 years.
on

cases
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in the degree of protection afforded by the pertussis
vaccine during the period of observation.
Epidemiological observations on the duration of
immunity in vaccinated children 1-5 years old in
the USSR (103) showed that immunity was retained
for about 2 years at a high level, followed by a
rapid reduction. The epidemiological efficacy coefficient was 5.2 during the first year of observation,
4.9 during the second year, and during the third
year it was halved (2.3).
This gives an estimated protective effect of:
80.8%
First year:
Second year:
79.6%
Third year:
56.5%
Average for 3 years: 72.3%

In serological studies, Miller et al. (104) observed
gradual drop in immunity from about 75% one
year after vaccination to 33%/ 4 years later.
On the basis of the above observations on the
time-related decrease in protection by the vaccine,
a mean vaccine effectiveness of 75% was adopted
in the model, and the proportion of immunized
children who lose their protection after 4 years was
fixed at 30%. (R6,1 = 0.30), the remainder going
to the class of temporary resistants for another
period of 4 years (R,,4 0.70).
Socioeconomic conditions, particularly the way
of life and the quality of housing-as shown for
example in the United Kingdom (105)-play a role
in bringing down the incidence of whooping cough;
this effect should not be confused with that of
vaccine.
Force of infection. The force of infection in these
as in our other models is a comprehensive expression
of all the various factors, including socioeconomic
conditions, that determine the intensity of the
transmission of infection. The risk of contact being
age-related, a varying force of infection was applied
to susceptible children of different ages. The following initial values of the force of infection were
used in the model for specific age-groups to generate
endemic situations commonly met in developing
countries:
a

=
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a disease of the younger age-groups. Instead of
envisaging a variety of complex demographic situations, and in order to avoid difficulties in the interpretation of our simulation, we used a stationary
population as described in the diphtheria model.
With these parametric values the simulated population was close to the life table survivals of England
and Wales half a century ago (1930-32), and of a
developing country like Mexico today (1971), as
shown in Table 23. This similarity would facilitate
the validation of the model and its application
to a situation common to developing countries.

Mathematical and computer formulation of the model
In the model of whooping cough, as in that of diphtheria (see p. 106-107), the mathematical expression
of each epidemiological class takes the form of a
two-dimensional matrix xt(i4j), where i is the age
in 3-month units and i is the duration of stay in the
class, which, in the case of whooping cough, is
reckoned in units of I1/2 months; the subscript k
refers to the individual classes, as defined by the
flow chart (Fig. 36).
The relationships between the epidemiological
classes xk(i,j) were expressed by mathematical
equations and an appropriate computer program
was written to repeat the iterative process as many
times as necessary to simulate the dynamics of the
infection for a predetermined number of years.

<1

0.049

Computer program system
As for diphtheria, the program system is made up
of distinct blocks performing specific processing
functions. Appropriate blocks are combined and
decision functions activated as required to perform
a specific computer task. The program flow chart
(Fig. 31) is identical with that for diphtheria except
that in block B the value of M is 3. The description
of the different blocks is also identical with that for
diphtheria (see p. 108), except in the following
respects: (a) in block B the number of whooping
cough cases and deaths is calculated from the
contents of the classes xs(i,j), (b) in block E the
children eligible for vaccination are transferred to
the class x,(i,J), (c) the value of j in the two-dinensional matrix xt(i,j) is reckoned in units of 1½/2
months.

1-9

0.071
0.062

VALIDATION OF THE MODEL

Age-group
(years)

10-19

Daily force
of Infection

The model comprises only the population under
the age of 20 years as whooping cough is essentially

Some historical data on the natural course of
infection were selected from available publications
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Table 31. Whooping cough: population distribution according to epidemiological classes and age-groups for
stable endemicity level a
<1

Epidemiological
class

No.
suceptible (xi)
subclinical (X2)
infected cinical (xs)
infet

tempora resistant (x4)
life resistant (x)
lmmunzed (xa)

totalpopulation
annual incidence rate b
annual death rate b

Rat

37505 96.0
245 0.6
138 0.4
1163 3.0
-

Age-group (years):
5-9

1-4

-

39051 100

3786.5
608.3

No.

Rate

No.

Rate

99743

62049

34.3

1 047

67.6
0.7
0.7
30.6
0.7

-

-

-

994
981

45010

147775 100
5382.9
188.4

673
587

55.739
61 857

Rate

No.

30892
483
0.4
0.3
70
30.8 25246
34.2 122771
-

180905 100

2610.8
25.1

Rat

No.

17.2 16165
271
0.3
0.04
15
14.1 12082
68.4 149499

-

-

179462 100
238.4
2.4

Total

15-19

10-14

No.

9.1 246354
0.2
2 666
0.01
1 791
6.8 139240
84.0 335174

Rate
34.0
0.4
0.2
19.2
46.2

-

-

178032 100
62.9
0.6

725226 100
2 000.3

72.8

Infection

With a daily force of
equal to 0.049 for Infants, 0.071 for children In ag-group 1-9 years, and 0.062 for children over 9 years.
b Per 100 000 population of the coresponding aggroup.

i

and used for validation of the model. Data collected historical evolution of the disease in some countries
and published by WHO by the middle of this century, such as Czechoslovakia (91), the United Kingdom
before mass unization aginst whooping cough (93), and the USA (108), both before and after the
was introduced, provided such information for a introduction of immunization programmes, gave a
number ofcountries (106,107). The well-documented further opportunity to validate the model.
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Fig. 38. Simulated epidemiological structure of a non-vaccinated community under stable endemic conditions.

Simulation of the natural course of the disease
With the values selected for the force of infection
it was possible to produce a very satisfactory
simulation of the natural course of the disease
under fully stable conditions. The excellent degree
of agreement between the age profile estimated for
developing countries (as displayed in Fig. 35) and
the simulation curve can be appreciated from Fig. 37.
Numerical information on the distribution of the
children by broad age-groups and epidemiological
classes for this simulated situation is presented in
Table 31. The data in this table refer arbitrarly to

clearly visible in Fig. 38, where the computer output
plotted per year of age. The proportion of
children who had had an attack of whooping cough
at a certain age, as derived from the simulated ageincidence rates, is also displayed in Fig. 38. It was
calculated that 10°% of the cases occur in infants
of less than 1 year, 65% in children below 5 years,
and 96% of all cases in the first 10 years of life;
these percentages are in line with the epidemiological
information reported in the literature (84, 86).
From Table 31 it can be calculated that for the
population considered here, with its proper age
distribution, the proportion of typical cases was
population of 725 225 individuals,
generated by
40.2% in the age-group 0-19 years, while the
successive quarterly cohorts of 10 000 newbom corresponding proportion was 70.7%. for the cases
submitted to the age-specific death rates leading to examined by Vysoka (91). It should, however, be
the survival table already described (see Table 23). noted that the age distribution (not known for the
The shift from susceptibility to resistance in aging latter cases) may considerably affect that parameter
children can be appreciated from Table 31 and is
its level is highly age-dependent. As already

a

was

as

as
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Table 32. Actual and simulated mortality due to whooping cough (age-specific rates
per 100 000 population) a
Country and
pe3on ad

Ceout

Age-groups (years):
<1

1-4

5-9

10-14

15-19

USA. 1917-23
England and Wales,
1929
Ecuador, 1971
Guatemala, 1971
Honduras, 1972
Peu, 1971

241.4
424.5

40.7
147.3

3.2
7.0

0.4
0.1

0.2
0.1

302.3
515.1
270.7
187.0

88.4
207.9
63.7
31.2

model simulation

508.3

188.4

2.3
0.6
0.5

2.4

0.6

Proportion
doathm underof
1 year (%)

56.5
40.3

0.3

5.1
19.8
5.9
2.8

25.1

20-24

44.1
38.6
52.5
52.6
37.6

a BSSd on data published by Collins (92), in The Registra Genrs Sttistlal Review of Englnd and
Wfles for the year 1929 (London, H.M. Stationery Office, 1930), and by WHO in the World Health Statfstcs
Annual, 1972, volume 1.

stated, the " typical/atypical " case ratio varies in not possible to proceed with a fully rigorous validathe model from 600/ for children 2-3 years old to Sy. tion of the model. In such a context, however, it is
for the last age-group (15-19 years). Furthermore, reasonable to consider that the simulation output
the search for contact cases can hardly be 100%I presented in Table 31 and in Fig. 37 and 38 reflects
efficient and the atypical cases were probably not all satisfactorily the " standard " epidemiological pattraced in the above-mentioned investigation; this tern of whooping-cough at that particular level of
would explain the relatively low proportion of endemicity, and that the numerical values assigned
to the age-specific parameters controlling the force
atypical cases observed.
The simulated age-specific annual death rates are of infection, the ratio of clinical to subclinical cases,
compared in Table 32 with corresponding rates and case fatality were adequately estimated.
recorded in selected countries at different time
periods. Evident similarities in age structure and
level of mortality from whooping-cough are observed
between the historical situation prevalent half a
century ago in countries like the USA or the United
Kingdom and the situation today in countries of
Central or South America. The model is seen to be
in good agreement with the 1971 data relating to
Guatemala. The last column of the table shows also
that the proportion of deaths from whooping cough
among infants was 38.6% for that country, and
37.6% as calculated from the computer simulation.
As already mentioned, the model was requested

Simulation of immunization programmes
To validate the model further, simulations were
also made of the effect of immunization; these were
compared with the actual changes in incidence rate
that were observed after certain immunization
schedules and coverages had been applied in some
countries.

unization and
Reliable information on
incidence exists for Czechoslovakia from the
beginning of the vaccination programme against
whooping cough around 1950. Under the inmunizato simulate an average stable situation commonly tion scheme used in that country, infants were
met in developing areas. Owing to the lack of vaccinated at 6 months, and re-vaccination took
complete, detailed, and reliable information simul- place when children reached the age of 3 years and
taneously on all epidemiological features of the 61/2 years. The actual annual change in the coverage
disease in the same community and at the same time, of immunization can be seen in Fig. 39, which also
it was necessary to " construct " this situation, up shows the corresponding dramatic decrease in the
to a certain point, by bringing together partial
information from various sources relating to different
a Personal communication from J. Radkovsky & B
places and periods. Therefore, in principle it was Vysoka-Burianova.
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Fig. 39. Reported and simulated incidence of whooping cough and level of vaccination in the age-group 019 years in Czechoslovakia, 1951-1974.

incidence rate of whooping-cough cases for the
age-group 0-19 years.
To simplify the simulation process, the immunization coverage of the child population eligible for
vaccination was fixed at 0%. in 1951, then increased
linearly up to 95%/ in 1964, and kept constant at
this level in subsequent years (Fig. 39). The effectiveness of the vaccine was fixed at 75%. The impact
of this vaccination scheme on the annual incidence
of whooping cough was then simulated on the
computer and the result can also be appreciated in
Fig. 39. The characteristic modification in the age
profile of incidence resulting from the decrease
in the level of endemicity was also simulated satisfactorily by the model, as shown by Fig. 37, where
the expected typical age shift and relative decrease
of the peak of the curve are clearly visible.
The similarity that is noted in the trend of both
the reported and the simulated morbidity levels

confirms the validity of the assumptions made on the
epidemiological interference of munization in the
transmission of the infection, and the model can
therefore reasonably be considered suitable for
reproducing actual changes in the dynamics of
whooping cough in a population submitted to
specified vaccination programmes.
An interesting situation has presented itself in the
epidemiological evolution of whooping cough
dynamics in England and Wales. From published
information it appears that children there are vaccinated against whooping cough during the first
year of life and do not usually receive subsequent
boosters. The vaccine used is strictly controlled and
of high quality. The improvement over time in the
proportion of infants covered by the immunization
programme has been presented graphically by
Griffith (86). In an attempt to simulate the effect
of such a vaccination scheme on the incidence of
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Fig. 40. Reported and simulated incidence of whooping cough in the
Wales, 1947-1980.

whooping cough, the numerical values of the
parameters concerned were fixed as follows:
Vaccine effectiveness: 85 % (instead of 75 %)
Age at vaccination:

6 months
Vaccination coverage: 25 % in 1948, linear increase up
to 65 % in 1954, same coverage up to 1959, and 75 %
from 1960 onwards
Fig. 40 clearly shows that, after a rapid reduction
to about half its initial value, the simulated trend of

whooping cough incidence among children below
20 years of age has a tendency to stabilize around
a lower limit approximately equal to one-quarter
of the original level of endemicity. Further improvement would be obtained only by revaccination of the
child population if the other parameters are kept
constant. However, in actual fact considerably
lower incidence rates than those simulated were
observed in England and Wales during the same
period: the incidence rate of whooping cough in
the age-group 0-19 years, as calculated from
notified cases, was higher than 1300 per 100000
children in 1951, but descended to about 100 per

7653

age-group

0-1 9

years

in England and

100 000 in 1974 (over 90%O decrease between these
two dates). It seems that the downward trend has

continued beyond the point that should have been
reached by primary imm tion of infants without
subsequent boosters. Other factors, such as further
improvements in the quality and potency of vaccine
or in the socioeconomic and housing conditions
have probably intervened. The notion that improved
housing reduces the risk of exposure to the infection
is supported by some recent studies in the United
Kingdom (105).
The observed decline in the incidence of the
disease was rather well simulated when the original
force of infection of the model was reduced by 20%
in 1959, by 30%. in 1968, and by 40%. in 1976
(see Fig. 39).
The rates of decrease applied to the force of
infection and the time periods selected for their
introduction were adopted on empirical grounds.
A better approach would be to introduce a time
function of the force of infection into the model,
as we did in the study of the trends of typhoid

DIPHTHERIA AND WHOOPING COUGH

incidence in the United Kingdom. However,
quantifiable information on the relationship between
environmental and socioeconomic factors and the
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transmission of whooping-cough is scarce (105), and
it is consequently difficult to choose an appropriate
function and determine its parameters.

APPLICATION OF THE DIPHTHERIA AND VHOOPING COUGH MODELS
The models can be applied in simulating the doses, but with relatively low coverage, and the
natural course of infection at various stable or third group (C) includes countries having an
zion with numerous
changing levels of the force of infection and popula- elaborate schedule of i
tion dynamics and also in simulating the effect of doses and also a high coverage. It is admitted that
various control programmes and in evaluating their this division is rather arbitrary as sharp dividing
lines do not exist, but we found it useful in our
cost-effectiveness and cost-benefit.
attempt to study the differences in effectiveness of
various immunization schedules.
EFECTVENE OF VARIOUS
A comparative study of the effectiveness of various
lMMUNIZATION PROGRAM
immunization programmes offers an opportunity
We applied the models to simulate the effects of to ascertain their relative advantages and disvarious immunization programmes, which are the advantages and thus could be useful for optimizing
only widely used public health measures against immunization programmes in order to obtin the
diphtheria and whooping cough. In view of the fact best results with the minimum dosage and inoculathat in public health practice immunization against tions. The difficulty in determining the most effective
diphtheria and whooping cough is carried out with and suitable schemes of administration of the
DPT antigens, we used the diphtheria and whooping combined DPT antigen stems from the differences
cough models in conjunction with the tetanus model. in the nature of the three diseases and in the protecThe effects of various schemes of immunization tive effect of their respective antigens. Since tetanus
with DPT on the incidence rate of the 3 diseases cannot be transmitted from man to man, there is
were simulated for different ages and with various no herd immunity and the impact of vaccination
population coverages. The simulations were made on the incidence ofthe disease is directly proportional
using as baseline the population, initial endemic to the vaccine effectiveness, the population coverage,
level, and epidemiological pattern already described, and the duration of protection conferred. Because
as they broadly correspond to the situation before of the very nature of the pertussis antigens, it is
immunization programmes have been launched, a more often necessary to boost the immunity in
situation that is still prevalent in many developing whooping cough than in diphtheria.
So many recommendations on immunization
countries today.
We computed the trends in incidence rates over schedules have been made by national bodies and
a period of 30 years during which various continuous international conferences that it is impossible to
immunization programmes were applied, with quote them all or to give a m gful synthesis
typical coverage rates for the population 0-19 years. of the variety of schedules proposed. We have
The results of model simulations were compared selected typical schedules proposed by WHO
with actual trends in incidence in several European conferences and added these to the schedules in use
in European countries (Table 33). These intercountries.
We selected countries for which reliable data were nationally recommended schedules of imm tion
available both on incidence (109) and on immuniza- (77, 118) correspond closely to those used in the
tion coverages (95) and schedules (95, 110-117) simulations with our epidemiological models.
and arranged them according to their imunization Since it would be impossible to present the results
schemes in 3 typical groups-A, B, and C (see of the assessment of the effectiveness of each of these
Table 33). The first group (A) represents countries numerous immunization schemes in detail, we have
having a relatively simple immunization schedule selected, for the purpose of comparison, only a few
with few doses of vaccine, but with relatively high typical schemes actually used in several countries.
The data on actual incidence of pertussis (P)
coverage. The second group (B) is made up of
countries with a more elaborate programme, and diphtheria (D) in European countries presented
comprising the administration of a larger number of in Table 34 reflect the impact of immunization
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Table 36. Simulated effect on tetanusa incidence and death rates of different typical
immunization schemes with 90 % coverage (rates per 100 000 in age-group 0-19 years)
o

No. of
vaccine

trations

Age at vaccination (years):

!

IV

'
1

DPT c

DPT c

3

4
5
6
7
8

11

DPTC

2

Two

rate b
Age-specificchildren

I1oC000
0-1 9

years

3
1 h 1'
5'S 6
(Stable initial endemicity level)

ffi

One

p

DPT e
DPTC
DPT c

DT
DPT

DPT
DPT c

DPT

DPT c

Three

9
11

DPT c
DPTC

Four

12

DPT c

a Excluding tetanus of the newbom.
b Simulated rates are those expected

reached its new stable level.
Primary immunization (3 dose).

DPT

DPT

DT

DPT

DPT

DPT

DPT

DT

Caeerate Death rate
18.0

5.4

1123

3.37

11.31
11.38

3.39
3.42

8.66
9.74
8.42
8.89
9.12

2.60
2.93

7.70
7.43

2.31
2.23

5.59

1.68

2.53
2.67

2.74

after 20 yearms of programme application when the incidence has

programmes on these diseases. It can be seen that
the incidence of these infections has declined rapidly
in varying degrees since the beginning of DPT use
on a large scale around 1956.
It is difficult to make a precise assessment of the
actual impact of specffic unization programmes
and that of other factors (105) on the decline of the
diseases because of lack of reliable information.
The available descriptions of immunization schemes
and of the various characteristics of immunization
programmes sometimes lack detailed quantitative
data (95, 109, 110, 117) and therefore permit only
approximations rather than straightforward measurement and analysis. Nevertheless, there is a consistent
relationship between the immunization coverage,
schedules, and number of doses of DPT administered
(Table 33) and the incidence rates of whooping cough
and diphtheria in the countries (Table 34).
The efficiency of immuniztion programmes in the
control of whooping cough in countries like Czechoslovakia and Hungary, where coverage is very high
and the number of booster doses also high, is
greater than, for example, in England and Wales

where the number of doses is lower or in Yugoslavia
where coverage is lower.
The simulations of the effects of 12 different
immunization schemes with 90°0 coverage (which
is typical of some European countries) on the
incidence of diphtheria and whooping cough are
summarized in Table 35. These simulations are
comparable with actual data on incidence shown
in Table 34. The data in Table 35 also confirm the
advantage of schemes such as those used in Hungary
and Czechoslovakia (schedule 12) over those used
in other countries.
The simulations with our tetanus model (see
chapter 3) of the effects of various unization
schedules with DPT on tetanus are presented in
Table 36; they confirm that DPT immunization
schedules for children are not very suitable for the
prevention of tetanus, as this disease affects not
only preschool children and schoolchildren but also
the general population of all ages and particularly
the newborn.
The role of immunization schedules on diphtheria
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and whooping cough can be appreciated by comparing the simulated impacts ofthe 12 different schedules
presented in Table 35. With a constant coverage of
90%/, according to the number of doses of diphtheria
toxoid and pertussis vaccine and the timing and
spacing of administration, the results obtained vary
from a moderate decline to rapid eradication.
Simulations show that the same immunization
schedules give better results in the control of diphtheria than in the control of pertussis, one reason
certainly being the higher level and longer duration
of immunity after diphtheria toxoid.
In the control of dphtheria a primary immunization
alone gives poor results (Table 35). Only some
immunization programmes with 2 vaccine administration schedules (primary and booster, e.g., Nos. 5, 6
and 8) lead to eradication, while others (Nos. 4
and 7) do not. The difference is that in the first
schedules vaccine is administered earlier in life than
in the second. All schemes with 3 vaccine administrations (primary and 2 boosters), irrespective of their
timing, lead to eradication of the disease. The
4-vaccine administrations scheme (No. 12) is the
most effective, for obvious reasons, but in reality
it represents an over-immunization.
The simulations show (Table 37) that with 70%/
coverage, eradication of diphtheria could still be
achieved, but only with 3 vaccine administrations
(primary and 2 boosters);
In the control of whooping cough, again primary
immunization alone does not bring the incidence
rate down very much, even with 90% coverage
(Table 35). Two-vaccine administration schedules
(primary and booster) give much better results
(Nos. 5, 7, 8 and 9) than primary immunization
alone, but only one schedule (No. 6) brings eradication. Here again, the primary vaccination is administered early-at the age of 1½/2 years, with a
booster at 51/2 years of age. When the vaccine is
given later in life (No. 7), or the booster dose is
too close to the primary (Nos. 5, 8 and 9), eradication
is not achieved. This indicates the importance of
correct spacing of vaccine administration and,
in a way, explains the very encouraging results
obtained with the unization schedules applied
in Hungary and Czechoslovakia, where prmary
immunization is carried out at the age of 3 months
and the revaccination is spaced at 3 year intervals
thereafter. Three-vaccine administration schedules
(primary and 2 boosters-Nos. 10 and 11) invariably
bring eradication, and so does a 4-vaccine administration schedule (No. 12).
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The simulations show that whooping cough could Table 38. Simulation of discontinuation of immunization
also be eradicated with 70%. coverage if 3-vaccine against whooping-cough a
administrations (primary and 2 boosters) are
Vaccination
Incidence rate
properly spaced and delivered (Table 37).
Year
in age group 0-19 years
coverage
(%)
(per 100 000 children)
The simulations indicate that the eradication of
both whooping cough and diphtheria is possible;
eradication of diphtheria has, in fact, already been
0
75
114.9
achieved in some countries by means of a high
2
45
60.5
imunization coverage and proper immunization
4
15
43.7
schedules.
8
15
200.9
Whooping cough, which has neither a carrier
16
15
692.6
state nor a known reservoir, should, theoretically,
lend itself readily to eradication (119). However,
32
15
641.6
many factors play a role in whooping cough such as,
for example, infections due to B. parapertussis.
a Initial situation simulated for England and Wales in 1 9T5.
It is also possible that other toxigenic Corynebacterium species play a part in diphtheria, so that
the problem of eradication of both these diseases
needs further study.
incurred for immunization are considered as cost
Occasionally, vaccination against whooping cough and the savings in treatment, derived from prevented
causes severe adverse reactions and for this reason cases, as benefit. Cost-benefit analysis is therefore
it has recently been proposed from some quarters based on the comparison of the money values of the
that immunization against whooping cough be two components, and the difference between them
discontinued. As a contribution to the evaluation represents the net benefit or, if the cost is higher
of the possible impact of vaccination withdrawal than the savings, the net loss.
on the disease level, the model was further used to
The cost of prnmary immunization with DPT
simulate the projected trend of whooping cough vaccine varies with time and place. It is obvious
incidence for children below 20 years of age in a that all costs are changing and this consideration
situation resembling England and Wales, under the should be taken into account. The cost of primary
assumption that the coverage of immunization at immunization with diphtheria toxoid is reported
6 months would decline from the assumed proportion to be about USS 0.20 per capita in developing
of 75% for 1975 to 15% by annual stepwise decreases countries. The cost of booster immunization
of 15%.
against diphtheria is accordingly about USS 0.10
The results of the computer simulation are per capita. The cost of the vaccine is fairly constant
summarized in Table 38. They show that a large in different countries, but the cost of its application
part of the vaccination benefits will be lost and that varies from country to country depending on the
the endemicity of the disease will ultimately return cost of manpower, the type of syringes used, etc.
to a very high level.
The cost of treatment also varies. It has been
From the above simulations, it is clearly seen that estimated that the cost of treatment of diphtheria
programmes with high coverage are more effective
per patient on the average is about USS 50, or more,
than those with low coverage. However, for deciding in developing countries (9), while in the developed
which programme should be applied in public health countries it is well above USS 250. In calculating
practice a rather detailed estimation of the cost- the cost of disease the lost wages are not applicable
effectiveness and cost-benefit of alternative vaccina- in the case of children, though mothers taking care
tion schemes is needed.
of sick children, if employed, may suffer some wage
loss.
The cost of immunization against whooping cough
APPLICATION OF THE MODEL IN COST-BENEFIT AND
also differs greatly from country to country. HowCOST-EFFECTIVENESS ANALYSES
ever, an average cost (which includes the costs of
In order to carry out cost-benefit and cost- vaccine and manpower) is about USS 0.20 per
effectiveness analyses, the costs of immunization capita for primary immunization, and US$ 0.10
and treatment must be known. The expenses for revaccination when combined antigen (DPT)
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Fig. 41. Impact of diphtheria immunization programmes on the incidence of diphtheria (Ai, A2) and on the
cumulative costs (Ci, C2) and benefits (Bi, B2). The subscripts 1 and 2 refer, respectively, to vaccination at
6 months only and to vaccination at both 6 months and 5 ' years. The coverage of the programme was 90 %.

is used (77). The cost of treatment varies greatly
according to the standards of health serces and
medical care and socioeconomic factors; however,
a value of about USS 70 for hospital treatment
seems to be a realistic estimate of an average for
certain developing countries (120).
It should be noted that in principle the total
social cost of disease, and not the cost of treatment
only, should be taken into account in cost-benefit
analysis (121). Not only do these diseases have
important sequelae (122) but whooping cough,
for example, causes more absences from school than
any other infectious disease, and it is thus detrimental
to the educational progress of children. Consequently, this has to be considered when estimatig
the benefits of its prevention.
Various indices of benefits of control measures,
like the number of saved lives or the amount of

relieved suffering, should also be taken into account,
but their expression in monetary terms is questionable and this approach has not been pursued.
In each country or area an estimate should be
made of the actual costs of the vaccination programme(s), on the one hand, and the benefits
derived from savings on treatment of -prevented
cases on the other.
For diphtheria, the above points are illustrated
in Fig. 41, which presents the incidence (A1, A,),
the cumulative costs of vaccination (C1, C,), and the
cumulative benefits (B1, B,) of two different immunization programmes. The net benefits of the
two different programmes (with 90°/. coverage in
both cases) are clearly visible. The figure shows
that a minimal investment in immunization pro.
grammes using combined antigen (DPT) is highly
beneficial and profitable.
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Table 39. Costs and benefits of a thirty-year immunization programme against diphtheria and against whooping
cough

Dis*m
Disease

Diphtheria

Whooping
cough

Prevented
cases

Cost of
vaccination
(cost)

Savings on
treatment
(benefit)
us

Difference between
and cost
benefit
(net benefit)

Cost
te cas
c
preenus

Vaccination
at 6 months

42904

209190

2145200

1 936010

4.88

Vaccination
at 6 months and at
5 % years

51622

307140

2581100

2 273 960

5.95

Vaccination
at 6 months

305729

209160

21 401 030

21191 870

0.68

Vaccination

412 563

307140

28879410

28572270

0.74

Vaccination
scheme

use

use

at 6 months and at
5 % years
Exposed population: 725 226 in age-group 0-19 years
for diphtheria 252.7 per 00 000 children (0-19 years)
for whooping cough 2 000.3 per 100 000 children (0-19 years)
Vaccination schema: Primary immunization at 6 months with DPT
cost of D component US$ 0.20
cost of P component USe 0.20
Revaccination at 5 years with DPT
cost of D component
US 0.1 0
cost of P component
0.10
Coverage: 90 % of children eligible for vaccination
diphtheria: US$ 50
Cost of treatment:
whooping cough: usM 70

Initial incidence rate:

-

-

-

-

The costs and benefits of a 30-year programme
mnization schemes
based on the above two
with DPT are presented in summary form in
Table 39. The cost-effectiveness of the immunization
programmes considered is very high as shown in the
last column of the table by the- low level of immunization cost per saved case (about 10 times less
than the treatment cost of one case).
In Table 39 similar examples are also given of the
estimated costs and benefits of a 30-year vaccination
programme in the control of whooping cough.

immunization
(last column
of Table 39) is lower than that for diphtheria.
In gneral, the benefits of DPT immunization
against diphtheria, pertussis, and tetanus are high.
Since the costs and monetary values are constantly
changing, the above calculations should be taken
only as an eacmple, and not as representing an
absolute relationship in all circumstances and at all
times, between the costs and benefits of vaccinations
against diphtheria and whooping cough.
cost per prevented case for the
programme against whooping-cough

The

DISCUSSION
Bacterial infections and other infectious diseases
in the same community simultaneously. The
simultaneous use of several models is obviously
required to simulate the incidence and seasonal
'patterns of several infections. We have been simulating in parallel diphtheria, whooping cough, and
tetanus because of the common use of DPT vaccine
for the control of all 3 diseases. We have demonoccur

strated that the effectiveness of alternative immunization schedules and programmes in the
control of these bacterial infections can be studied
with our models. The technique we used in the
study of the costs and the effectiveness of various
immunization programmes with multiple antigens
could be expanded to other control measures and to
other diseases for which models are available.

CHAPTER 8

Considerations on the modelling of other acute
bacterial diseases
The epidemiological models that we constructed
for acute bacterial diseases, such as typhoid, cholera,
tetanus, cerebrospinal meningitis, diphtheria and
whooping cough, have proved useful in the pl g
of control measures and, in particular, of the immunization programmes. In public health practice,
there are many other acute and chronic bacterial
and viral diseases that are of great importance.
Models have been constructed for some of them,
but there are still no models available for others.
The construction of epidemiological models of a
variety of infectious diseases and of multiple infections using combined control measures presents
a broad field, to explore which much work is needed.
We thought it worth while to review briefly and
comment on some of the exploratory work already
undertaken in the modelling of other bacterial
diseases, in the hope that this may stimulate interest
in further studies.
In this review of epidemiological models of other
bacterial diseases we shall not consider chronic
infections. Models of chronic bacterial diseases,
such as tuberculosis (123) and leprosy (124),
require a somewhat different approach to acute
infections because the long duration of the illnesses
and the period of infectivity raises health and
economic problems of a special nature. The diseases
that are transmitted from animals to man, directly
or through insect vectors, also require special
consideration in view of the fact that the natural
history of infection involves populations of animal
reservoirs (and possibly also populations of insect
vectors), thus necessitating a different and more
complex approach.
We shall therefore consider only common acute
bacterial diseases of public health importance for
which models similar to those already presented
might possibly be developed. Since the starting
point for each model is the natural history of the
disease, the construction of the model will depend
-

on the complexity of the natural history and the
accuracy of the data available. When the natural
history is simple and well known, construction of
the model will be relatively easy. For example,
diseases that, like tetanus, are not transmitted from
man to man but arise from contact with the soil
(e.g., gas gangrene and coccidioidomycosis) can be
modelled similarly to tetanus.
The justification of the efforts put into the construction of the model of any one specific disease
will ultimately depend on its public health usefulness.
The model will be useful in public health practice
when control measures against the disease are
available so that one or more control strategies
could be applied. The effects of these strategies could
be simulated by the models and their respective
costs, benefits, and effectiveness analysed. If treatment is the only available means of interfering with
the natural course of the disease, a model is not of
much use, unless there are several types of treatment
and some of them interfere more with transmission
of the disease than do the others. Further, if several
different treatment methods are available with
different impact on transmission, comparison of
their relative cost-effectiveness and cost-benefit
would be useful.
At present 4 groups of bacterial infections are of
particularly great public health importance. These
are: (1) enteric infections and diarrhoeal diseases;
(2) acute respiratory infections;- (3) hospital crossinfections; and (4) sexually transmitted diseases.
We will therefore deal briefly with these 4
groups, taking as examples one or more diseases
from each group.
EtTERIC INFECrIONS

We have constructed models for 2 of the most
severe and important enteric infections: typhoid
and cholera (see chapters 4 and 5). In the typhoid
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model, endemic situations, which are characteristic
of this infection, have been studied, while in the
model of cholera seasonal and explosive outbreaks
have also been considered. Thus, in fact, 2 different
situations that are typical of all other enteric infections have been covered. However, for the study
of other enteric infections these 2 models could not
apply without more or less considerable changes,
not only in the parameters but also in the structure
of the model.
Paratyphoid A and paratyphoid B are perhaps the
only infections to which the typhoid model can be
applied simply by chang the parameters, but
using the same flow chart and mechanism. The use
of such a model could be considered in areas where
paratyphoid A and/or B are common.
The cost-effectiveness and cost-benefit analyses of
control programmes against these infections would
nevertheless differ considerably from those for
typhoid. One of the possible uses of complex
typhoid-paratyphoid models would be to analyse
the benefit resulting from disease control with various
combined vaccines, such as TAB or other combinations, in different epidemiological situations.
Other salnwnelloses are transmitted mainly from
animals to man and the basic structure of the model
would have to include the dynamics of infection in
animal hosts. Moreover, it would be necessary to
consider also that there might be several hosts with
various degrees of importance and that some of
them possibly maintain the infection in circulation
outside man. Man could become regularly or
accidentally infected, depending on the circumstances. Therefore, there would be a need for several
types of model to cover only the major salmonelloses,
depending on the frequency of transmission from
various animals to man and vice versa, with or
without independent maintenance of the disease
in man alone or in certain animals or both. Insects
such as flies that transmit infection as passive
carriers need not be included in the model other
than by taking them into account when defining the
force of infection. The dynamics of the force of
infection in some salmonelloses may be the subject
of modelling, in the same way as for tetanus (5).
Bacillary dysentery is one of the common infections
of man. One of the difficulties in constructing a
model, and more so in its use, is the fact that the
disease is not a homogeneous etiological entity,
but rather a group of infections. These infections
are due to various serotypes of shigellae for which
there is no imune cross protection and common

vaccine. In fact it would be necessary to construct
a number of parallel models and to run them at the
same time in order to simulate the natural happenings. While simulation of the effect of sanitation,
which affects all shigelloses, would be rather simple,
simulation of the effect of immunization, which is
type-specific and does not protect against the
carrier state (125), would differ greatly from the
rather simple simulation of the effect of immunization against typhoid.
Acute gastroenteritis, which is due to pathogenic
Escherichia coli, though similar to dysentery as far
as epidemiological patterns are concerned, differs
from it because it causes illness only in the very
young, while infection occus in adults as well.
This can easily be dealt with in the model by simply
assigning different proportions of clinical versus
subclinical infections to different age groups.
However, a further difficulty is presented by the
great number of different pathogenic types of
E. coli and other organisms, including viruses, that
make this disease etiologically heterogeneous.
If new enteric vaccines (126) and new control
methods should become available, the need for
models of bacillary dysentery and E. coli infections,
as well as the potential benefits of such models in
public health practice, would become increasingly
evident.
Food poisoning, which often represents both an
infection and an intoxication, could be studied by
epidemiological models. The model should take
into account both animal-to-man transmission and
transmission of toxin from food, since most often
contamination of food results in mass (or individual)
intoxication, possibly combined with an infection.
Different types of food poisoning would require
different approaches in modelling.
ACUTE BACTERIAL RESPIRATORY INFECrIONS

The epidemiology of this group of infections of the
respiratory tract, caused by droplet-borne bacteria,
resembles in some ways that of diphtheria, pertussis,
and cerebrospinal meningitis. The flow charts of
these 3 diseases could serve as examples to be
followed in the construction of models of acute
bacterial respiratory infections. However, bacterial
infections, such as those due to streptococci,
cause a variety of clinical symptoms that vary
widely from mild laryngitis to middle ear sepsis,
meningitis, rheumatic heart disease, and acute
glomerulonephritis. It would be necessary to include

OTHER ACUTE BACTERIAL DISEASES

a variety of clinical illne in the model and of
course this would complicate it. This, however,
would not be the only difficulty in the construction
of these models
Streptococcal infections represent a variety of
clinical entities: streptococcal sore throat, streptococcal skin lesions and their sequelae, rheumatic fever,
rheumatic heart disease, and acute glomerulonephritis. In the construction of the flow chart and of
the model, these classes can be easily included.
However, a major difficulty is that the etiologic
agents-namely, various types of streptococcidiffer greatly as far as their pathogenicity and
specific action on the heart and/or kidneys (127) are
concerned.
Accordingly, a distinction must be made from
the outset between each specific type of streptococcus; in fact, for each one a different model will be
needed as the parameters, such as transfers from
one class to another, will be different. An extreme
situation would result if a multiplicity of different
models were put together under one title: streptococcal infections. In daily medical practice it is usually
impossible to make a clear distinction between
vanous types of streptococcal infection; therefore,
statistical data are lacking for precise differentiations
and thus for modelling. Finally, if models were
constructed their practical value in public health
would be very limited since variations in the prevalence of various types and strains are rather
unpredictable. However, what is not possible at
present can become feasible in the future with
advances in diagnostic procedures and medical
science.
Pneumonias, although resembling each other
clinically, may be etiologically different and because
of this it is difficult to construct a model since it
would have to represet a combination of several
models. This, however, does not exclude the possibility of constructing a model of well-defined infections,
such as those caused by pneumococci. Nevertheless,
since there are numerous distinct serotypes requirng
type-specific polysaccharide vaccines for prevention,
one would encounter difficulties in modelling similar
to those we had with the cerebrospinal meningitis
model (see chapter 6).
The advantages presented by clinically and
etiologically clearly defined diseases, such as typhoid
and cholera, for the construction of a model are
obvious. There are at present great limitations on the
construction and use of epidemiological models for
infections of complex etiology.
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HOSPITAL CROSS-INFECTIONS

There are numerous hospital cross-infections of
great public health importance. Many of these are
staphylococcal infections. Patterns of tnsmission,
the spread of these infections, and the effect of
treatment have been simulated by Garg et al. (128).
From a practical public health point of view, the
most important hospital cross-infections are certainly
those caused by drug-resistant staphylococci. For
these infections it would be feasible to establish
models, were it not for the complex genetic and
resistance transfer mechanisms that play an important
role. Staphylococci differ as regards the phage type
to which they belong, and epidemiologically they
also behave differently. While a model of staphylococcal infections would be useful, its construction
at present seems impracticable. Similar difficulties
are encountered with other hospital infections.
SEUALLY TRANSMITTED DISEASES

Epidemiological models of venereal infections
would be useful both for a better understanding of the
epidemiological processes and for control purposes.
Gonorrhoea is clinicaly and etiologically a welldefined entity. Its natural history is known and a
flow chart can be constructed. Theoretically, the
force of infection could also be analysed and the
relative role of various factors and conditions
determined. The association of the disease with some
high-risk groups in the population and the age and
behaviour patterns of these groups would also need
to be taken into account in the construction of the
model, so that it could reflect the natural course and
trends of this infection. A model once constructed
would allow the study of the effect of treatment,
chemoprophylaxis, and other measures, including
hypothetical vaccination. However, there are many
obstacles in modelling of gonorrhoea.
Efforts have been made to construct models
(129, 130) and it seems that they can serve as a
starting point for the model of gonorrhoea, but there
is still much to be done, especially in incorporating
properly into the models the sexual behaviour of
various population groups in order to arrive at a
more realistic simulation of sexual contacts. Once
this has been successfully done, other factors can be
introduced and the models further developed.
Syphilis, like gonorrhoea, can be transcribed in an
epidemiological model taking into account latent
infection and its sequelae. Such a model could be
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used for the analysis of trends of this infection, as
well as the role of various epidemiological factors
and the effect of the curative and preventive measures
available at present (and those that will possibly
be developed in the future). Modelling in syphilis
would to some extent involve similar problems to
those encountered in the modelling of chronic
bacterial diseases.
Epidemiological models for gonorrhoea and
syphilis need particular attention as they could serve
a useful purpose in the study of various strategies
for the control of these diseases, which are of great
public health importance.
OYHER BACTERIAL DISEASES

Possibilities exist for the construction of epidemiological models of some acute bacterial diseases other
than those dealt with above, but there are considerable difficulties in the case of those diseases that are
not

homogeneous and well-defined

as

far

as

their

etiology, pathogenesis, and clinical patterns are
concerned. For some other diseases, epidemiological
models can be constructed rather easily, following
the patterns that we have established but taking
note of various aspects specific to the individual
diseases. The efforts and resources necessary for the
construction of models of some of these diseases
could be justified by their potential utility in enlarging present knowledge of the epidemic processes
involved and also in facilitating the search for
practical solutions in public health practicenamely, the planning and evaluation of communicable disease control programmes.
MULTIPLE INFECTIONS AND COMBINED PREVENTIVE
MEASURES

Epidemiological models for tetanus, typhoid,
cholera, cerebrospinal meningitis, diphtheria, and
whooping cough have been constructed for simulating various epidemic and endemic situations and the
effect of different immunization programmes against
each individual disease. In practice, however,
monovalent vaccines are not used for mass vaccination; instead, triple antigen (DPT) or quadruple
antigen vaccines such as DPT1Ty (131) or DPT+
polio and other combinations are used (77). Immunization programmes with these combined
vaccines are of practical interest, as we have shown
for diphtheria and whooping cough (chapter 7).

The problem of optimal uses of combined vaccines
cannot be considered without analysing the complex
situation that may arise owing to the simultaneous
occurrence of several infectious diseases in a variety
of endemic and epidemic forms, possibly interfering
one with another. A model describing the simultaneous occurrence of a set of infectious diseases,
both when they occur independently and without
interference and when they inhibit or enhance each
other, was developed by Goffman (132).
The models that we have developed allow simulation of complex situations. Individual models of
particular diseases against which combined antigens
are aimed can be superimposed and the results
presented as a sum of individual disease model
outputs. Simulation of immuniation programmes
with combined vaccines can be obtained and presented as the sums of the effect of individual
vaccination against individual diseases.
Against the diseases for which we have constructed
models there are some other control measures,
such as sanitation, that are even more effective than
vaccination. We have taken this into consideration
and have simulated the effect of sanitary measures
on the control of typhoid and cholera. As far as
tetanus is concerned, we have shown that the effects
of various measures, such as the improvement of
agricultural practices, delivery techniques, and
wound dressings (S) are reflected in the force of
infection and that they influence incidence to a
certain degree. In cerebrospinal meningitis, we have
shown that the transmission of the disease depends
on the degree ofcrowding and the content of airborne
bacteria in the air, as well as on the climate. Similar
considerations apply to whooping cough. Accordingly, the effect of improved housing will be reflected
in the force of infection, both in cerobrospinal
meningitis and in whooping cough. Similarly, the
effect of other measures, such as sanitation, improved
health services, and agriculture can be simulated
and studied by the models. The effect of combined
measures in a single diseas and in several diseases,
at different times and with different coverages and
effectiveness of control measures, can all be simulated,
but as the simulation becomes more complex the
interpretation of results and selection of the most
suitable control programme becomes more difficult.
The problem of finding the optimum solution
for the control of one or more diseases is further
complicated by unavoidable subjective choices of
preferences and relative benefits (e.g., the choice
between saving a young child from death from

OTHER ACUTE BACTERIAL DISEASES

zertussis or an agricultural worker from tetanus,
)r between preventing a case of diphtheria or a case
)f pertussis).
From a purely technical point of view, the search
'or an optimum solution, namely an optimum control
3rogramme, is not so difficult, since the various
;imulations that may be required can usually be
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made. What is perhaps more difficult is the interpretation of the results, the exact determination of
preferences, and the assigning of values to the
specific health effects of these preventive measures
with multiple effects on several diseases. This
problem requires further study with existing models
and possibly new approaches.
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