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Epidemiological models of poliomyelitis and measles
and their application in the planning of immunization
programmes*
B. CVJETANOVIC,l B. GRAB,2 & H. DIXON3

This report describes the construction and application of epidemiological models of
measles andpoliomyelitis. In these models, epidemiological classes and their age structure
have been based on the natural history of these diseases in the population aged 0-19
years. The flow of the population through the classes has been expressed as an equation
system suitable for computer interpretation. The models have been used to simulate both
the natural course of the diseases and the effect of various immunization schemes. The
models were also used to explore prospects for control and eradication of these diseases
with specific immunization programmes, and their relative effectiveness and cost-effect-
iveness are discussed.

The models for poliomyelitis and measles presented
here have been developed in order to assist public
health administrators in the planning of immuniz-
ation programmes. These two models complement
our models of bacterial diseases presented elsewhere
(1), and the same principles were applied in their con-
struction. The application of these models will enable
health administrators to optimize immunization
programmes and make better use of the available
resources.

Poliomyelitis and measles are infectious diseases af-
fecting young age groups, mainly preschool children.
In terms of age-related morbidity, they resemble
whooping cough and diphtheria, and the techniques
developed to construct the models of the latter dis-
eases were therefore applied (1). We have concen-
trated attention on the young segment of the popu-
lation (O - 19 years of age) and epidemiological classes
have been subdivided accordingly by age group. As in
the models of diphtheria and whooping cough, the
size of the basic age class was fixed at three months, in
order to allow reasonable flexibility in the choice of
age at vaccination, thus permitting characterization
of various immunization schemes.
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Health Statistical Methodology, World Health Organization, 1211
Geneva 27, Switzerland.

' Institute of Immunology, Rockefellerova 2, Zagreb, Yugo-
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2 Formerly: Health Statistical Methodology, World Health
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NATURAL HISTORY OF THE DISEASES

The natural history of the diseases forms the basis
for construction of the epidemiological models.
Reporting of poliomyelitis and measles incidence is
inadequate, with only a fraction of clinical cases being
notified. Furthermore, in some countries, the
presence of other paralytic diseases of unspecified
etiology may distort the real picture of poliomyelitis
epidemiology. In spite of the many surveys and studies
of poliomyelitis and measles, the data available do not
offer precise epidemiological parameters for con-
struction of the models. A careful and critical review
of the natural history of poliomyelitis and measles was
therefore required in order to determine average
values for the essential epidemiological parameters.

Poliomyelitis

Poliomyelitis is a disease of childhood, which is
found in most parts of the world (2, 3). Because of
poor sanitary conditions in most developing coun-
tries, poliovirus circulates freely among infants, and
over 900/ of cases occur before the age of 5 years.
Despite the fact that most cases of poliomyelitis now
occur in the developing world, the epidemiology ofthe
disease has been most thoroughly studied in developed
countries, and it is largely the data from these coun-
tries which have permitted the estimation of the para-
meters of the model and the testing of its validity.

Poliomyelitis has a typical seasonal appearance in
temperate climatic zones. About 80% of all cases and
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95% of associated deaths are in children under 10
years of age.a By the age of 5 years, over 50% of chil-
dren have already been infected, while at the age of 25,
practically all have experienced an infection (4- 6).

Susceptibility to poliomyelitis infection is general.
Infectiousness is high during the incubation period,
which lasts 7- 12 days (mean 10 days (2)), and the
initial stage of illness.
The clinical disease varies from atypical, very mild

cases to severe illness associated with paralysis. The
virus persists for more than 3 weeks in 50q% of infected
persons and for two months or so in about 10%Vo of
infected subjects, who become carriers. Through the
attack, individuals gain fairly solid immunity,
although secondary cases do occur since infection
with one type does not protect completely against the
other two types.

Maternal immunity is common in newborns and
only a few cases occur in very early life. Later, almost
everybody becomes immune through infection (2, 7).
Vaccination with potent vaccine (8) gives about
80- 90%o protection, as assessed from the serological
response (9- 12). The effectiveness of vaccination
and duration of immunity have been assessed in
studies and observations in many countries
(13- 19).
From the numerous reports on the natural history

of the disease, a few specific examples have been used
to set the parameters for the model. These are dis-
cussed below in some detail.

In a schematic diagram, Paul (20) distinguishes be-
tween frank (clinical) cases (1 - 2qo of all infections),
mild cases (4- 8% of all infections), and inapparent
infections (90 - 95% of all infections). This distribu-
tion is based on the findings of various investigators
who attempted to measure the ratio of mild and inap-
parent poliomyelitis infections to paralytic cases (21,
22), and of frank (paralytic and non-paralytic cases)
to minor illnesses (23). Estimates of the ratio of clini-
cal to silent infections (obtained by relating clinical
cases to the presence of virus in sewage (24) or from
historical data on poliomyelitis (25)) vary from 1:100
to 1:1000. The ratio has also been determined by
measuring the levels of poliomyelitis antibodies in
sera. Comparing the paralytic attack rate with the
level of antibodies, Melnick & Ledinko (26) found a
ratio of inapparent infection rates to clinical attack
rates varying with age between 1: 62 and 1:175.

Freyche& Nielsen (27) estimated the proportions of
paralytic cases to all cases in various countries in
Europe and North America for the years 1948 - 53
and found that the proportion varied from less than
40%0 to more than 80%. To some extent, data on
mortality, where deaths are registered by cause (medi-
cally certified deaths), are more reliable than data on
morbidity.

' Yearly virus report, WHO unpublished document, 1973 - 74.

The fatality rates, based on registered poliomyelitis
deaths and notified cases, are, ofcourse, greatly affec-
ted by the coverage of case reporting and definition of
case. Paralytic case fatality rates calculated from
national data as reported by Freyche & Nielsen (27)
show a clear age-specific pattern among children and
adolescents characterized by a peak in the group of
infants, a minimum among young children (1-4
years of age), and a progressive increase among older
children.

Measles

Measles is a highly contagious droplet-borne dis-
ease of childhood which is influenced by crowding,
and is particularly severe in tropical countries. Suscep-
tibility to measles is general. About 50% of children
have already developed the disease before entering
school, 80 - 900/ of people under 20 years of age have
suffered from measles (2), and practically everyone
experiences this infection at some time. Measles is
essentially a disease of preschool children and the epi-
demiological processes take place mainly in the young
section of the population; adolescents and adults are
seldom involved in the transmission and spread of in-
fection. The incubation period, during which indi-
viduals are not infectious, lasts about 8- 13 days (2).
The clinical symptoms of the disease vary from severe
illness to mild cases. Infectiousness is very high during
the prodromal stage and for about 4 days after the
appearance of the rash-a total of about 10 days.
There is no known carrier state. Clinical illness also
lasts 1Odays. Individuals gain solid immunity through
the attack, although there have been occasional un-
confirmed reports of secondary cases. In endemic
areas, the whole population becomes immune through
infection.

Maternal immunity is common in newborns and
protects children from infection for about 6 months.
Immunity after vaccination with potent vaccine is
quite solid and long lasting (29-31).
The death rate among untreated cases varies with

age. In children under 10 years of age in tropical areas
the fatality rate is 5- 10% (32).

CONSTRUCTION OF THE MODELS

The general principles applied elsewhere to acute
bacterial infections (1) were followed in the construc-
tion of the epidemiological models of poliomyelitis
and measles. The age of the children exposed to risk is
included as an explicit variable, giving an additional
dimension to the system, with particular implications
for the determination of the initial age composition of
the epidemiological classes.



EPIDEMIOLOGICAL MODELS OF POLIOMYELITIS AND MEASLES

Theoretical modelformulation R Passive immunity
The mathematical and computer formulation of the ( mornths

model followed the patterns used for models of acute
bacterial diseases (1). At any time, the children in- RRl
cluded in the model should be identifiable by age and R1 2.3 R
length of stay in the various epidemiological classes.
In principle, the mathematical expression of the epi- R3 Vcnt
demiological classes takes the form of a 2-dimen- Susceptible R (10 years)
sional matrix xk(i, j) where i is the age and j the x3 7.3 x
duration of stay in the class; the subscript k refers to 7
the individual classes identified in the flowchart (Fig.
1 and 2). In order to satisfy the constraints imposed R3 4 R7.6
(i) on age, by the variety of possible vaccination
schemes, and (ii) on the total number of memories, by Incubating
the size of the computer central processor, the time (non-infectious) Life resistant
unit for age was fixed at three months, and the unit for (10 days)6
length of stay in epidemiological class at one month 4

for poliomyelitis and ten days for measles. To simplify R
the processing, the time intervals used for calculation 4.5 5.6
of changes in the system were also fixed at one month
and ten days, respectively. S ,
The relationships between the epidemiological (Sic(ianfecyts) Deathfrommeasles|

classes xk(i,j), defined in Fig. 1 and 2, were expressed 0 .da8
5

by mathematical equations giving the numerical
content of these classes for time t + 1 on the basis of O 81832

(a) their contents at time t, and (b) the numerical
values of all parameters involved. An appropriate
computer program was written in FORTRAN IV lan- Deaths

from other causes

|Newborn 2R Passive immunity Fig. 2. Flowchart of dynamics of measles.

LX1 1 X2

R R2.3 R guage to repeat the iterative process as many times as1.3 . 2.8 necessary to simulate the dynamics of the infection for
s , , R3.8 s , Rea predetermined number of years. The subscript j of
Susceptible Vacciated the matrices xk(i, j) was increased by one unit after
l X3 xX8 | each iteration (one month for poliomyelitis and 10

l l8.3 | days for measles), while the subscript i was increased
3.4 R8.6e after every three iterations for poliomyelitis and every

9 iterations for measles, corresponding to an age in-
Infected (Infectious) R Death crease of one-quarter of a year.

(1 month) | from pollomyelitis | The equation system is considered to be solved for a
| I4 9 | given set of parameters when the contents of all the

|R4.5 | R4.6 , .. |matrices xk(i, j) cease to be modified by further
iterations. The model then represents an epidemio-

Carrier (Infectious)R5 Temporary resistant logical situation of stable endemicity in the popu-
| (2 months) 1 5. (5 yars) lation. The number of computer runs required to
l l x5 1 X6e reach this situation depends on the appropriateness of

l R6.3 1 | R the initial values entered in the model. An adhoccom-
tH081831 | Z 6.7 puter program was written to generate these values,

4+ \ + and a trial-and-error method was used to speed up
DOeth from other Life reistant convergence towards the solution of the system. The
V / X7 results obtained at the end of each run were tentatively

written on a tape, and used as the new initial values for
Fig. 1. Flowchart of dynamics of poliomyelitis. the next run, if they were judged satisfactory; this
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tape-to-tape reading/writing procedure was con-
tinued until the stable situation was reached.

Details ofthe computer program system are given in
Annex 1.

Population

For the purpose of the model, we have generated by
computer a population that is representative ofthe age
distribution found in developing countries, and is
similar to that used for the age-dependent models of
bacterial diseases (1).
The age profile of the population concerned is con-

trolled by the birth rate and by the specific death rates
applied to the children in the successive age classes.
Many complex demographic situations can be en-
visaged; however, to avoid difficulties in the interpre-
tation of the findings, the simulations presented here
were programmed for a steady population generated
by 10 000 live births each quarter, with a quarterly sur-
vival rate of 0.9840 during the first year, 0.9980 in the
age group 1 -4 years, and 0.9996 in the age group
5- 19 years.
With the above parametric values the simulated

population was very close to the life table survivals cal-
culated for England and Wales in 1930 - 32 and for
Mexico in 1971 (Table 1). This similarity obviously
strengthens: (a) the validation of the model in a pre-
vaccination situation, and (b) the application of the
model in situations common to many developing
countries.

Structure of the poliomyelitis model
The population below 20 years of age was divided

into epidemiological classes identifiable in the natural
course of the disease. The dynamics of the disease are
reflected in the time-related flow of members of each
age group through these classes. The structure of the
model and the symbols used are shown in the flow-
chart of Fig. 1.

Table 1. Life table survivals

Age Mexico' England & Walesb Computer
(years) 1971 1930- 32 simulation

0 100 000 100 000 100 000

1 93 618 93 680 95 276

5 90 718 91 047 90 978

10 89917 90053 90109

15 89 429 89 390 89 391

20 88 684 88 314 88 678

aCalculated from data published in World health statistics
annual, Vol. 1, 1971.

b UN Demographic Yearbook, 1951.

The entry into the system is via class xi (live new-
born). The exit is represented by class x9 (death from
poliomyelitis) and a small fraction of the other classes
(corresponding to deaths from causes other than
poliomyelitis); individuals reaching 20 years of age
also leave the system.

Fig. 1 shows that the newborn (class xi) are either
susceptible (class X3) or passively protected for six
months (class X2) if their mothers had natural or in-
duced immunity. When vaccinated, susceptible chil-
dren or infants with passive immunity go into the vac-
cinated class (class x8) for five years. For the purposes
of this study, it was assumed that a fraction of the vac-
cinated population would subsequently return to sus-
ceptible status and the rest would enter resistant status
through class X6.
The susceptibles who become infected are infec-

tious for one month (class X4). Some of them develop
clinical disease ofthe mild or frank forms; the rest (the
majority) pass through inapparent infection only.

Cases with a fatal outcome go to class xg and leave
the system. All other infected children in class X4 be-
come carriers for two months (class X5), or directly
temporarily resistant for five years (class X6). The
majority continue to be resistant for life (class X7),
while only a small number again become susceptible
(class X3).

All individuals in classes X4 and X5 are infectious
and therefore contribute to the transmission of the
disease to the susceptible population in class X3.

Choice of the parameters characterizing the epi-
demiological patterns was based on knowledge of the
natural course of the disease (2- 7)b the vaccine
effectiveness (8- 13), and the degree of protection
conferred by vaccination (14-19).
The dynamics of the disease depend on the length of

time that individuals stay in the various epidemio-
logical classes, and on the distribution ofthose leaving
one epidemiological class to move to the other classes.
The corresponding coefficients Ru, v, where u is the
class of origin and v the class of destination, are deter-
mined by the natural evolution and dynamics of the
disease. However, the natural course may be modified
by various interventions, such as immunization
programmes.
The proportion of newborn children with passive

immunity should be close to the proportion of
pregnant women who are resistant. As the model
covers only the population under 20 years of age, the
value of the coefficient R1,2 was made equal to the
proportion of resistant subjects in the group leaving
the system at age 20 years. The initial value was fixed
at 0.90 for the simulation of stable endemicity.
The coefficient R1,3 is equal to the difference

1 - R 1, 2. The coefficient R3, 4 reflects the risk of trans-

b Yearly virus report, WHO unpublished document, 1973 - 74.
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mission of infection to a susceptible individual. This
risk is proportional to the percentage of infectious
persons in the population, and to a factor called force
of infection, which is a consolidated expression of all
the variables that affect the transmission of infection,
such as frequency of contact, effective challenge dose,
health practices and habits, etc. (1). The force of
infection controls the rate and amount of infection
circulating in the population. For the purposes of this
study, the risk of infection was considered to be
independent of age and therefore the force of infec-
tion was kept constant over age at 0.06 per day. The
same numerical value for the force of infection was
used for the validation of the model, as discussed
below (0.06 per day or 1.80 per month).

Information on morbidity and mortality was taken
from published reports. Serological surveys suggest
that frank cases account for about 1 % of all newly in-
fected subjects, and the proportion of paralytic cases
was fixed at 70% of all frank cases. For the present
report, these two parameters were kept independent
of age.

Morbidity and mortality have also been considered
to be independent of sex, although slightly higher
attack rates are usually observed in males.
The age dependency of the fatality rate is well estab-

lished. The following age-specific fatality rates were
calculated from paralytic cases notified and polio-
myelitis deaths registered in England and Wales
during the period 1947 - 50 and used in the present
model.

Age group
(years)

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

Fatality rate
(%)

14.0
5.5
7.5
8.5
15.0

These rates control the flow of infected subjects (X4)
who are actually affected by paralysis to the class xg
(death from poliomyelitis).
Of the infected individuals, 90% move to the status

oftemporary resistance for 5 years (classX6), while the
remaining 10% continue in the carrier state (class x5)
for a period of 2 months before joining the temporary
resistants in class X6. In the present model, it was
assumed that 9007o of the latter group would remain
resistant for life by moving into classX7 (life resistant),
while the remaining 10% would once more become
susceptible (class X3).

In the model, vaccination is represented by the
transfer of immunized individuals into the class of
vaccinated (x8) where they stay for 5 years. The flow in
and out of class x8 depends on the immunization
scheme applied, the vaccine effectiveness, and the

Table 2. Estimated duration of protection against polio-
myelitis per 100 vaccinated children at different levels
of population coverage and vaccine effectiveness

90% coverage 75% coverage

Duration 90% 70% 90% 70%
of effective- effective- effective- effective-
protection ness ness ness ness

5 years 81 63 68 53
10 years 77 60 65 50
Lifelong 69 54 58 45

population coverage. The proportion of susceptible
children becoming immune is measured by the effi-
cacy of the immunization, which itself is the product
of the effectiveness of the vaccine used and the im-
munization coverage. Since exact data were not avail-
able, the proportion of vaccinated children who lose
their protection after five years was fixed at 5% (R8, 3
= 0.05). The remainder go to the class of temporary
resistance for another five years (RS8,6 = 0.95). Table
2 shows the estimated variation in duration of pro-
tection in 100 vaccinated children, according to the
levels of vaccination coverage and vaccine effective-
ness, taking into account natural immunization
through infection (disease and carrier state).

In this model the simulated immunization mechan-
ism corresponds to the mode of action of Sabin
vaccine (attenuated live virus), which protects against
infection and against disease (Fig. 1).
The control of the coefficients R2,8 and R3,8 allows

the transfer of age-selected infants or children to the
vaccinated class at any time, according to the immu-
nization scheme envisaged.

Structure of the measles model
The dynamics of measles infection is presented on a

flowchart (Fig. 2) constructed in accordance with the
natural history of the disease (2, 28). The flowchart
indicates the transition and direction of flow between
various epidemiological classes.
The flowchart in Fig. 2 obviously represents simpli-

fied natural dynamics of measles, as only those
variables that are essential to simulate the dynamics of
the disease in the population have been included in the
model.
The majority of newborns (xi) are not considered to

be susceptible to measles, as they possess maternal
antibodies and are protected for about 6 months (X2)
before becoming susceptible (X3). Only a very small
fraction of the newborn, determined in the same way
as in the poliomyelitis model, goes directly to the class
of susceptibles (X3). The susceptibles, unless protected
by immunization (X7), can be infected and, after going

409



410 B. CVJETANOVIC ET AL.

through an incubation period (X4) during which they
are not infectious and do not play a role in disease
transmission, develop either a mild (15%) or severe
(85%) illness (X5). Severe illness is considered as one
that is notified in countries with a good reporting
system. In both cases, the sick are infectious for 10
days and ultimately either develop resistance lasting
virtually for life (X6) or die from measles (X8). Some
children die from sequelae or other causes.
A proportion ofthose vaccinated, depending on the

age at vaccination (32), becomes immune and enters
class X7 for 10 years. It was assumed that after that
period 30% of them lose their immunity and the
remaining 70/o are transferred to the life-resistant
class (X6).
The flowchart of the dynamics of measles is very

simple, in comparison with that for poliomyelitis and
with those developed for the models of bacterial
diseases (1). However, if necessary, additional classes
or subclasses could be introduced, e.g., to allow for
prodromal period, various sequelae of the disease,
etc.

In the model, the duration of illness is taken as 10
days, the duration of immunity after infection is con-
sidered to be lifelong, and the fatality rate of un-
treated cases is age-dependent (see Table 3).
The effectiveness of vaccination varies with the

quality of vaccine, coverage, and age of the child at
immunization. From information on seroconversion
and incidence of measles after immunization in some
developing countries (31 -34), it was possible to
establish values for vaccine effectiveness at different
ages (32). It is admitted that, in some developing (33)
and developed (35) countries, seroconversion rates
may differ from the above estimates, and therefore it
may be necessary to adjust vaccine effectiveness rates
according to specific local conditions.

In these simulations, the following vaccine effect-
iveness coefficients were used: at 6 months of age,
0.35; at 9 months, 0.85; at 12 months, 0.99; at 15
months, 1.00.
The force of infection was derived from reliable

age-specific case incidence reported by health authori-
ties (36). The force of infection is age-dependent
(Table 3) and, since contagiousness in measles is uni-
versal, is usually at high levels. In this model, there-
fore, both the fatality rates and the force of infection
are age-dependent and influenced by health status and
socioeconomic conditions.

APPLICATION OF THE MODELS IN SIMULATIONS

The models described were used to simulate the
natural course of infection and the effect of immuniz-
ation. The models were also further validated in these
simulations, as will be shown below.

Table 3. Numerical values for the age-dependent para-
meters in the measles model

Age group Fatality rate Force of infection
(years) (%) (daily)

< 1 6.0 0.135
1 -2

1.5
0.260

3-4 0.425
5-6 0.5 0.600

0.5 ~ ~ 0.07-9 0.500
10- 14 1.0 0.070
15- 19 2.0 0.020

Poliomyelitis

The natural course of poliomyelitis, in spite of its
epidemic exacerbations, can be considered as an
endemic process. Slight fluctuations in incidence from
year to year were neglected since these were assumed
to be short-term perturbations in comparison with the
longer periods of several years that are of interest in
this study.

Validation of the model is based on its ability to
simulate the dynamics of the disease at a given level of
endemicity as observed under natural conditions
before preventive measures are introduced.C For
poliomyelitis it is now practically impossible to find
areas where intervention (immunization) has not yet
taken place, and where good statistical and epidemio-
logical information is available on the age-incidence
profile of the disease.

It therefore seemed preferable to validate the model
with historical but more reliable data. For this
purpose, data were taken from the detailed national
statistics on poliomyelitis morbidity and mortality for
England and Wales, published by the Registrar
General. For several years after the Second World
War there was a high incidence of paralytic cases of
acute poliomyelitis, until the immunization pro-
gramme was started. Average age-specific incidence
and death rates were calculated for the period
1947 - 50 on the basis of the number of paralytic cases
notified during these years and the associated death
rate. The information is presented in Table 4.
Using the trial-and-error method, the age-

incidence curve could be simulated on the computer
under fully stable conditions with a constant daily
force of infection equal to 0.06. The age-specific death
rates were simulated by applying to the generated
paralytic cases, the fatality rates estimated from the

' For the prediction of age-specific clinical rates in unvaccinated
populations, Hillis (37) developed a strictly mathematical model,
which combined a constant instantaneous rate of infection and an
age-increasing ratio of clinical disease to infection. This model was
shown to fit perfectly well a wide variety of poliomyelitis data.
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Table 4. Average annual reported and simulated age-
specific incidence of poliomyelitis and associated deaths
per 100 000 children, England and Wales, 1947- 50

Incidence of
Age paralytic cases Death rate
group (Annual average) (Annual average)
(years)

Reported' Simulated Reported" a Simulated

< 1 28.0 38.4 3.9 5.4

1 -4 52.1 52.6 2.9 2.9
5- 9 35.1 35.3 2.6 2.6

10-14 22.2 23.5 1.9 2.0

15-19 14.1b 15.7 2.6 2.4

0-14 36.0 36.3 2.6 2.7

0- 19 28.0' 31.2 2.6 2.6

a From data published in the Registrar General's Statistical
Review of England and Wales for the years 1947 to 1950
(Tables. Part I. Medical).

b For the age group 15 - 24 years.
' For the age group 0- 24 years.

cases and deaths reported for England and Wales
during the period 1947 - 50. The resulting simulations
are also shown in Table 4.

In general, there was excellent agreement between
the recorded and simulated data, although the actual

Table 5. Population distribution
poliomyelitis'

infant case and death rates were about 25% lower than
the simulated rates. It is possible that poliomyelitis
cases in infants below 1 year of age are under-
reported, because of the difficulty in determining the
exact etiology of clinical paralysis in this segment of
the child population. Alternatively, maternal
antibodies may persist for a longer period than
anticipated, or the risk of exposure may be lower for
this age group. In order to improve the model, more
information is required on the epidemiology of the
disease in very young children.
The age distribution of the children by epidemio-

logical class at an endemic level corresponding to a
daily force of infection of 0.06 is presented in Table 5
for an arbitrary population of 725 224 individuals.
This population is generated from 10 000 newborn
submitted to age-specific mortality rates, leading to
the survival table given in Table 1.

Table 5 shows that the proportion of susceptibles
decreases with age. The proportion of infectious sub-
jects (newly infected and carriers) is at a maximum
between 1 and 4 years of age, as are the morbidity and
mortality rates, while the peak for the temporary
resistants occurs in the next age group (5 - 9 years).
The proportion of life resistants increases with age.

In a given situation the structure of the model is
validated if, with an appropriate level of force of
infection, the simulated age distribution of resistant
individuals corresponds with the actual age distri-

according to epidemiological class and age group for a stable endemic level of

Age group (years)
Total

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

No. % No. % No. % No. % No. % No. %

Passive immunity 15 954 40.9 - - - - - - - - 15 954 2.2
(x2)

Susceptible (x3) 22 652 58.0 117 516 79.5 96 352 53.3 63 762 35.5 42 171 23.7 342 453 47.2

Newly infected 103 0.3 940 0.6 770 0.4 509 0.3 337 0.2 2659 0.4
(x4)

Carrier (x5) 21 0.1 190 0.1 156 0.1 103 0.1 68 0.0 538 0.1

Temporarily
resistant (x6) 320 0.8 29 128 19.7 57 616 31.8 37 844 21.1 25 039 14.1 149 947 20.7

Life resistant(X7) - - - - 26 011 14.4 77 245 43.0 110 417 62.0 213 673 29.5

Immunized (x8) - - - - - _ - - - _ _ -

Total 39 050 100 147 774 100 180 905 100 179 463 100 178 032 100 725 224 100

Annual incidenceb 38.4 52.6 35.3 23.5 15.7 31.2

Annual death rateb 5.4 2.9 2.6 2.0 2.4 2.6

' With a daily force of infection of 0.06.
b Per 100 000 population of the corresponding age group.
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bution of individuals found positive by the neutral-
izing antibody test in a population serological
survey.

Unfortunately, it is difficult to validate fully the
simulated epidemiological information presented in
Table 5, as the required observations on actual popu-
lations under similar endemic conditions are scarce
and unreliable. It is of interest, however, to compare
the simulated proportions of resistants with infor-
mation published in the medical literature on
serological response before the generalized intro-
duction of vaccination.
On the basis of a survey carried out in Miami in

1950, numerical data were provided by Paul et al. (38)
on the development of natural immunity, as reflected
by the presence of antibodies. Fig. 3 shows similar
trends for actual antibody acquisition and simulated
proportion of resistants. The present model, however,
clearly indicates a faster loss of passive immunity,
since it predicts a minimum during the second year of
life while the actual minimum was observed at 3 years
of age. This age shift is consistent with the difference
observed between the simulated age - incidence curve
and the paralytic case rate pattern reported by Paul et
al. (39) for Dade county of Florida in 1946. As can be
seen from Fig. 3, the simulated earlier development of
acquired resistance corresponds to a peak of incidence

i

.Y

60

50

40

30

20

10

100

0 1 5 10 15 20 25
Age (years)

WHO 81834

Fig. 3. Age-specific incidence of poliomyelitis and pro-
portion of population resistant, with corresponding com-
puter simulations. Data supplied by Paul et al. (38, 39).

in the age group 1 - 4 years, while the actual maximum
incidence occurred only after 5 years of age.

Simulation of immunization programmes was
based on the projected effect of the programme on the
stable endemic situation. It was difficult to find
reliable and consistent data that could be used for the
simulation of the immunization programme. The
available information is rather fragmentary and does
not allow a clear distinction between the results
obtained with different vaccines and schedules. The
simulations, however, showed that the disease is
virtually eradicated by intensive immunization.
The model was used to simulate the effect of certain

schedules and levels of coverage corresponding to
those applied in many European countries (40). The
following seven immunization schemes were con-
sidered representative for various countries and epi-
demiological situations:

Age at

Immunization primary immunization

schedule 6months 9months

(a)
(b)
(c)
(d)
(e)
(f)
(g)

*

*

Age at
booster immunization

Syears 7years 14 years

*

* *

*

*

*

We assumed an immunization coverage of 70% or
907o, as the latter has often been achieved in Europe.
Killed vaccine was used in the early immunization
campaigns against poliomyelitis, but was later
replaced by oral live vaccine. However, in some
European countries, killed vaccine is still used alone
or in combination with live vaccine. There are
numerous possible immunization schemes that will
not be discussed here.

It is intended only to demonstrate the differences
among various immunization schemes with live vac-
cine, taking a baseline endemicity corresponding to an
annual incidence of 31.2 per 100 000 children below
20 years of age (shown in Tables 4 and 5, based on
actual incidence in England and Wales in 1947- 50).
The impact of immunization on the incidence and

mortality rate of paralytic cases was simulated for
each of the above seven schedules of immunization
separately, assuming a coverage of 7007 or 90% of the
children eligible for vaccination.

It has been demonstrated beyond any doubt that
immunization against poliomyelitis is very effective
and that when properly carried out, it leads to virtual
disappearance of the disease. Therefore, rather than
show numerous outputs of a variety of immunization
programmes and schedules, it was considered more
interesting to identify the disease extinction point with

PROPORTION RESISTANT:

With Lansing neutralizing I Simulted
antibodies, Miami, 1950/

^t^ & ~~~CASE RATE IPARALYTIC):

un> > D" - County,
Simulated _
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Table 6. Time taken (in years) to reduce the incidence of poliomyelitis with various immunization schemesa

Age at vaccination Poliomyelitis incidence per 100 000

1 0.1 0.01
Scheme 6 9 5 7 14

months months years years years 90% 70% 90% 70% 90% 70%

coverage coverage coverage coverage coverage coverage

(a) * * * 4 5 5 6 6 7
(b) * * 4 5 5 6 6 8

(c) * * 5 6 6 7 7 9

(d) 4 5 6 7 7 9
(e) 5 6 6 8 7 10

(f) 7 10 9 20 12 25

(g) 7 10 10 20 12 26

a From an initial annual endemicity of 31.2 paralytic cases per 100 000 population below 20 years of age.

the various schedules and coverages. Table 6 shows
the time taken (in years) to reach very low levels of
incidence.d

As expected, the model predicts that, with 900o
coverage, the disease can be virtually eradicated
within 12 years, even when immunization is
restricted to infants of 6 or 9 months of age. An inci-
dence rate of 1 per 100 000 population in the age
group 0- 19 years is attained after only 7 years. If
the programme also includes immunization of chil-
dren at either 5 or 7 years of age the same results are
obtained after 4-7 years. No further substantial
gain is obtained by additional immunization of 14-
year-old children.
When the programme covers only 700o of the elig-

ible child population, the model shows that good
results are still obtained with immunization of
infants at 6 or 9 months of age, provided that the
programme continues for more than 10 years, and
preferably for more than 20 years. Table 6, however,
shows that the same reduction in incidence level can
be obtained in less than 10 years when children of 5
or 7 years of age are also immunized. Again, further
immunization of 14-year-old children has little
additional impact on incidence in the age class 0- 19
years.

For reasons already stated, the simulations of
these immunization programmes could not be fully
validated in absolute terms. In particular, they could
not be tested in the epidemiological situations
prevailing in the less developed areas of the world,
because of the lack of sufficiently reliable data.
However, if the mechanism of protection incor-

d Since the model is deterministic, the incidence never reaches
zero, but for practical purposes in limited populations an incidence of
less than I per 10 million children is equivalent to the virtual
eradication of the disease.

porated in the model is accepted as realistic, the
model simulations can be used to compare the rela-
tive merits of various immunization schemes, as
demonstrated in the examples given above.

It is obvious that during immunization programmes
the age distribution of the poliomyelitis cases changes.
Since our model has age structure, the simulations
made it possible to see changes of age incidence in
conformity with field observations, thus providing
additional proof of the validity of the model.

Measles

Details on the natural course of measles were
obtained from the records of this disease before vac-
cination began, and-used to validate the model.

There are still areas where virtually no immuni-
zation against measles has been carried out, but reli-
able statistical data are usually not available in such
areas. We have, therefore, used historical data on the
natural course of infection to validate the model.
Information collected and published by the World
Health Organization, before mass immunization
against measles was introduced, provided such data
for a number of countries (41, 42). Also, the well
documented historical evolution of the disease in the
USA (43 - 46) and the United Kingdom (29, 30, 47)
provided data on trends of incidence before and after
immunization.
Although measles is an endemic disease, its inci-

dence fluctuates to a certain extent from year to year
and periodic and seasonal changes are rather pro-
nounced in temperate climatic zones. These fluctu-
ations, however, can be neglected from a practical
public health point ofview and we therefore simulated
a stable endemic situation.

Reliable detailed national statistics on morbidity
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Table 7. Age-specific incidence of measles per 100 000
children in England and Wales, 1951 - 53, and results
of computer simulation

Annual incidence per 100 000 children
Age group

(years) Reporteda Simulated

< 1 2540.5 2583.1

1 -4 9122.5 9099.3
5- 9 6257.0 6309.5
10-14 428.3 414.8
16-19 85.8 105.1

0-14 5167.1 4863.6

0-19 3320.6c 3695.5

a Rates calculated from published data (47).
b For the age group 15 - 24 years.
' For the age group 0- 24 years.

and mortality of measles in England and Wales are

published by the Registrar General. The model was

therefore adjusted to simulate the incidence of
measles as observed in the United Kingdom during
some preimmunization years of high incidence (47).
The actual age-specific incidence recorded in the

years 1951- 53 is shown in Table 7, together with the
corresponding simulated rates obtained by use of the
parametric values described earlier.
The excellent agreement between the reported and

the simulated rates clearly indicates that the values

selected for the force of infection were satisfactory in
simulating the natural course of the disease.

Table 8 presents the age distribution of children in
the main epidemiological classes, for a population
generated from successive quarterly cohorts of 10 000
newborns submitted to the age-specific death rates
corresponding to the life-table shown in Table 1.
The complementary age-specific pattern of suscep-

tibility and resistance for the same simulation can be
seen from Fig. 4. After the loss of maternal immunity,
the proportion susceptible reaches a maximum during
the second year of life. The shift from susceptibility to
resistance after this age is well demonstrated in this
figure. As the diagnosed cases of measles represent
only 85% of the infected children, the cumulative per-
centage of individuals with a history of the disease
remains lower than the percentage resistant. This
model predicts that 500o of the children reaching 6
years of age will have already had an attack of
measles, the corresponding proportion at 10 years of
age being over 70%.
The predicted mortality due to measles is given in

Table 8 in terms ofage-specific death rates per 100 000
population. In Table 9 the same rates are compared
with the corresponding rates in England and Wales in
1920 - 22, and more recently in selected central
American countries. There are evident similarities in
the age pattern and mortality rates between the model
simulation and actual observations in areas where
immunization programmes have not been carried
out.
The results obtained with the model as described

Table 8. Population distribution according to epidemiological class and age group for a stable endemic level of
measlesa

Age group (years)
Total

Epidemiological < 1 1 - 4 5 - 9 10- 14 15- 19
class

No. % No. % No. % No. % No. % No. %

Passive immunity 17 065 43.7 - - - - - - - - 17 065 2.4
(x2)

Susceptible (x3) 21 753 55.7 114231 77.3 57919 32.0 28293 15.8 25401 14.3 247597 34.1

Incubating (x4) 19 0.1 422 0.3 378 0.2 31 0.0 7 0.0 857 0.1
Sick (x5) 19 0.1 424 0.3 379 0.2 32 0.0 7 0.0 861 0.1
Life resistant (x6) 194 0.5 32 697 22.1 122 229 67.6 151 107 84.2 152 617 85.7 458 844 63.3
Immunized(X7) - - - - - - - - - - - -

Total 39 050 100 147 774 100 180 905 100 179 463 100 178 032 100 725 224 100

Annual incidenceb 2583.1 9099.3 6309.5 414.8 105.1 3695.5

Annual death rateb 155.0 136.5 31.5 4.1 2.1 45.6

' Obtained using age-specific values of force of infection, as shown in Table 3.
b Per 100 000 population of the corresponding age group.
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Fig. 4. Computer simulation of epidemiological classes
of measles in a non-vaccinated community under stable
endemic conditions, using the force of infection values
given in Table 3.

Table 9. Mortality due to measles (per 100 000 popu-
lation) in areas with no immunization programme, and
as predicted by the computer model

Country Age group (years)
and period

< 1 1-4 5-9 10-14 15-24

England & Wales,
1920-22 126.7 136.5 12.5 0.7 0.2

El Salvador, 1965 124.4 110.1 9.8 0.2

Guatemala, 1970 201.3 191.1 34.0 3.5

Guatemala, 1971 464.3 488.1 83.7 10.5

Mexico, 1970 111.3 114.4 13.1 1.3

Nicaragua, 1965 165.6 108.7 11.6 2.0

Model simulation 155.0 136.5 31.5 4.1 2.1b
a Data taken from WHO epidemiological and vital statistics

report, 4 (2-3) (1951) for England and Wales, and WHO World
health statistics annual, Vol. 1, 1965, 1970, and 1972, for the
other countries.

b For the age group 15- 19 years.

above demonstrate its ability to simulate the natural
course of the disease.

Simulation of immunization programmes con-
firmed that their impact on the age-specific incidence
of measles depends on age-related vaccine effec-
tiveness, population coverage, and the type of im-
munization scheme implemented (periodic mass
vaccination or vaccination at fixed ages) (48).

There is much discussion about the most appro-
priate immunization strategy. Fatality rates (see Table
3) decrease as the age of the child increases, while the
effectiveness of immunization increases. It is obvious
that it is important to strike the right balance between
(a) the tendency to advance the age ofimmunization in
order to save more lives, and (b) the tendency to post-
pone immunization in order to achieve higher sero-
conversion rates. Since fatality rates and sero-
conversion rates differ from place to place, it is
obvious that an effective immunization strategy
should be based on actual local data on age-specific
fatality and age-related immune response.

In developing countries with high fatality rates, the
World Health Organization recommends immuniz-
ation at 9 months of age, while for most developed
countries, it is preferable to postpone immunization
until after the first birthday. It is generally considered
that 90%7o coverage should be the goal, although it has
been suggested that somewhat lower coverage would
be equally effective.

In order to examine these ideas, several represen-
tative immunization programmes were simulated
using the computer model.

Starting with the level of measles endemicity
displayed in Table 8, a series of computerized simu-
lations was generated with various combinations of
age at vaccination and coverage ofchildren eligible for
immunization. Table 10 shows the number of years
needed to bring down the annual incidence for the age

Table 10. Time needed (in years) to bring the annual
incidence of measles to less than 0.1 per 100 000
children under 20 years of age according to age at
vaccinationa

Immunization coverage (%)
Age at __________________
vaccination 90 80 70 60

6 months NAb NAb NAb NAb

9 months 11 14 NAb NAb
12 months 9 10 13 NAb
15 months 9 10 13 NAb

a The annual endemicity before the immunization programme
was fixed at 3695.5 cases per 100 000 children below 20 years
of age.

b NA = not attainable.
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group 0-19 years from 3695.5 to less than 0.1 per

100 000 children for several immunization schemes. It
is seen that the target cannot be reached by vaccinating
6-month-old infants, even with 907o coverage. When
vaccination takes place at 9 months of age, the desired
result is obtained in 11 years when the coverage is
90%0, and in 14 years if the coverage is 80%. Further
consistent improvement in efficiency is obtained by
delaying vaccination until the infants are 12 months
old; in this case, the objective is still accessible when
the immunization coverage is as low as 70/o. The
model also predicts that no additional perceptible gain
can be obtained by vaccinating children at 15 months
instead of 12 months. These findings clearly
demonstrate that the age at vaccination and the
coverage attained are critical in determining the
effectiveness of the control programme.

Because there is no human reservoir, persistence of
measles transmission requires a sufficiently large com-
munity. A critical level of about 250 000 total popu-
lation has been suggested (49). In this case, an inci-
dence of 0.1 per 100 000 children below 20 years can

safely be considered as equivalent to eradication of the
disease in a closed community.

Studying the effect of vaccination on the incidence
of measles in the community, Sutherland (29)
suggested that if 40- 50% of the children born each
year in Britain were vaccinated, the biennial measles
epidemics would be replaced by a continuous endemic
incidence. Although the situation simulated here is
not strictly comparable, a similar conclusion can be
derived from Fig. 5, where the change in measles
incidence in the age group 0-19 years is shown for
vaccination at (a) 9 months and (b) 12 months, the
coverage rate ranging from 30% to 70%. With
vaccination at 9 months the endemicity stabilizes at
around 420/o of the initial level when the coverage is
between 40/o and 50%. For the same coverage, vac-

cination at 12 months will bring the level down to
about 30% ofthat prevailing before the immunization
programme. It should be noted that 70% vaccination
coverage at 9 months and 607o vaccination coverage
at 12 months reduce the incidence to less than % of its
initial value, but in both cases the actual rate is higher
than the critical value of 0.1 per 100 000 used for the
construction of Table 10.
The simulations also show that the age structure of

measles cases changes as a result of immunization pro-
grammes. In the natural course of the disease the
incidence is highest in children under 4 years of age,
and decreases gradually with increasing age (Tables 7
and 8). The average age at infection is known to be
inversely related to the incidence level; therefore, after
the immunization programme, the highest morbidity
rates will occur in higher age groups, with the highest
rates among children over 5 years of age. This has been
confirmed by observations in the field (50), and health

Table 11. Comparison of observed and simulated shift
in measles age-specific incidence produced by immuniz-
ation programme

Measles age-specific incidence
per 100 000 children

Age group Computerized simulation
(years) German

Democratic
Republica Without With
1976 vaccination vaccination

programme programmeb

< 1 39.0 2583.1 37.4

1-4 72.1 9099.3 70.2

5-9 103.9 6309.5 97.0
10-14 414.8 14.3

15- 19 13.4c 105.1 1.9

0-19 59.2 3695.5 44.5

a Data obtained from WHO world health statistics annual,
Vol. II, 1978.

b After 10 years of a programme of vaccination of 1 2-month-
old infants with 60% coverage.

c For the age group 15 - 24 years.
d For the age group 0- 24 years.

statistical reports from numerous countries. An
example of this shift is shown in Table 11 where the
age-specific incidence of measles observed in the
German Democratic Republic ten years after the start
of the immunization programme (51) is compared
with computerized simulations obtained with and
without a vaccination programme.
However realistic our simulations may appear, it

should be remembered that, in practice, it is not
possible to achieve a homogeneous coverage, so that
even if 907o of the population is immunized there will
still be groups of unimmunized children in some
communities, in which and from which the disease
may spread.

It was considered useful to explore the relative
merits of various proposed programmes by simulating
and comparing the resultant dynamic changes in the
transmission of the infection. However, conclusions
drawn from the use of epidemiological data and im-
munization schedules and coverages from actual
situations will be more relevant to public health
practice than general notions on the relative merits of
various immunization schemes derived from the
examples of simulations presented above.

Considerations on cost-benefit and
cost-effectiveness analyses
The models described can also be used for cost-

benefit analysis of immunization programmes. How-
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ever, the cost of immunization against poliomyelitis
and measles differs greatly from country to country.
The cost of treatment, disability, invalidity, etc., also
varies greatly according to the standards of health
services, medical care, and socioeconomic conditions.
Nevertheless, attempts have been made to assess the
cost of the diseases (52).

Poliomyelitis probably causes more invalidity and
long-term sequelae than any other infectious disease
and it is therefore difficult to estimate the total social
cost of the disease and the benefits to be derived from
its control (53). Measles also causes considerable
secondary complications (2, 29). The collection of
accurate information on measles is therefore of
paramount importance for a meaningful cost-benefit
analysis.

While the trends and long-term evaluation of the
cost-benefit of measles control can be most accurately
assessed by the model, there are also other ways to
examine the benefits of vaccination programmes
(54- 57), and simple methods (58, 59) may be
accurate enough for practical purposes. The method-
ology and other aspects of cost-effectiveness and cost-
benefit analyses have already been presented for other
epidemiological models (1).

CONCLUSIONS

The epidemiological models of poliomyelitis and
measles enable simulation of the natural course of the
disease and of the effect of immunization. The
examples used in this report to illustrate the con-
struction and application of the models do not
necessarily represent existing conditions. However,
the models can be adapted to reflect real epi-
demiological situations, vaccine characteristics, or
immunization programmes by modification of the
appropriate parameters. This flexibility in application
constitutes an essential feature and advantage of these
models. They can therefore be used for guidance in the
selection of effective and economically sound control
strategies. The epidemiological models of these two
virus diseases, in combination with the models for
bacterial diseases presented elsewhere (1), provide a
tool for use in the planning and evaluation of
immunization programmes against the five most
common acute infectious diseases of children:
poliomyelitis, measles, tetanus, diphtheria, and
whooping cough. The practical aim of all these models
is to achieve more effective control ofthe diseases with
the available tools and resources.

ACKNOWLEDGEMENTS

The authors would like to express their thanks to colleagues from the Virus Diseases Unit and the Expanded Programme on
Immunization of the World Health Organization for their advice and assistance.

RtSUMPE

MODtLES tPIDtMIOLOGIQUES DE LA POLIOMYtLITE ET DE LA ROUGEOLE
ET LEUR APPLICATION DANS LA PLANIFICATION DES PROGRAMMES DE VACCINATION

Des modeles epidemiologiques de la poliomyelite et de la
rougeole ont ete construits en vue d'etudier les modalites de
la transmission de ces infections a differents niveaux d'end&
micite, et d'aider les administrateurs de la sante publique
dans la planification et l'optimisation des programmes de
vaccination.
La construction des modeles repose sur l'expression des

relations qui existent entre les diverses categories epidemio-
logiques dans la population concernee, c'est-a-dire, dans le
cas present, les enfants et les jeunes gens jusqu'a l'age de 20
ans. Pour chaque modele, les valeurs des parametres, tels
que la dur&e des divers stades de l'infection et le volume des
transferts possibles d'une classe epidemiologique aux
autres, sont derivees des connaissances acquises sur l'his-
toire naturelle de la maladie, 1'efficacite des vaccins et le
degre de protection que confere l'immunisation.
Un ordinogramme permet de visualiser l'ensemble du

systeme, qui est ensuite traduit en programme pour
ordinateur capable de simuler la dynamique de l'infection,

d'abord en l'absence de toute interference, puis en tenant
compte des modifications provoquees par les plans de vacci-
nation envisages.

L'intensite de la circulation de l'infection dans la
population est contr6l6e par un facteur appele force
d'infection et qui est l'expression de l'ensemble des variables
impliquees dans le processus d'infection. Dans le cas de la
poliomyelite, l'exposition au risque peut etre consid6ere
comme independante de l'age et, en consequence, la force
d'infection a et maintenue constante dans toutes les
simulations. Au contraire, dans le cas de la rougeole, il a et
admis que la force d'infection augmente rapidement jusque
vers l'age de 5 ou 6 ans, pour ensuite diminuer consi-
derablement apres l'age de 10 ans. Dans les deux modeles,
les taux de letalite des cas cliniques varient avec l'age: ils
sont particuli&ement eleves chez les nouveau-nes et en-
dessous d'un an, beaucoup plus bas chez les jeunes enfants,
mais remontent sensiblement chez les enfants plus ages.
La validite du modele repose sur sa capacite de simuler la
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dynamique de la maladie au niveau d'endemicite observe
avant l'introduction de toute mesure preventive. Pour les
deux modeles, on a attribue aux parametres des valeurs
numeriques bas&es sur les donn6es epid6miologiques effec-
tivement connues afin de simuler avec le maximum de
r6alisme des situations endemiques stables.
Par modification appropri6e des valeurs de certains para-

metres, il a ensuite et proc6de a la simulation de l'impact de
divers programmes de vaccination sur l'incidence de la
maladie. Pour la poliomyelite, des resultats satisfaisants
sont obtenus par vaccination a 6 ou 9 mois, pour autant que
la couverture du programme atteigne au moins 70% des
enfants a vacciner. Des resultats analogues sont naturelle-

ment obtenus plus rapidement si l'on vaccine egalement les
enfants de 5 ou 7 ans. En ce qui concerne la rougeole, les
simulations montrent que les taux d'incidence peuvent etre
reduits a un niveau negligeable avec une couverture de 80%,
si la vaccination a lieu A 9 mois, ou meme avec 70% de
couverture seulement si les enfants sont vaccines A 12 ou 15
mois.

Par leur aptitude A sirmuler les situations les plus vari&es,
les modeles epidemiologiques apportent a l'administrateur
de sante publique une aide appreciable dans la planification
et l'ealuation des programmes de lutte contre les maladies
contagieuses.
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EPIDEMIOLOGICAL MODELS OF POLIOMYELITIS AND MEASLES

Annex 1

THE COMPUTER PROGRAM SYSTEM

The computer program system is made up of SATtl
distinct blocks performing specific processing func- valu

tions as described below and shown in the program
flowchart (Fig. 6). Appropriate blocks are combined
and decision functions activated as required to per- a
form a particular computer job.

Block A N

From an input of 10 000 newborns each quarter,
blockA generates a stationary population by applying
age-specific survival rates to the successive cohorts up
to 20 years of age (80 age groups). The population is
then distributed into the epidemiological classes B
Xk(i, j).

Although arbitrary, the initial distribution into
-

epidemiological classes is based on available infor-
mation on the natural history of the disease and the X
probable parametric values for the level of endemicity
concerned. Tentative age curves worked out for the
susceptible, infected, and resistant populations are
used to make a quantitative breakdown of each age C
group into these categories.

Block B Prn

Block B calculates the number of individuals from
each age group who must move from one epidemio-
logical class to another in each unit oftime (one month /;
for poliomyelitis and 10 days for measles), and ?

executes all the transfers accordingly, using the No
appropriate coefficients R.,,. It also calculates and
cumulates the number of cases and deaths from the
contents of the classes x4(i, j) for poliomyelitis and

Ye

xs(i, j) for measles. The suffixj of all classes is then
updated by one unit.

This function can be considered as the core of the
program system, since it is the simulation operator of
the model. Ca

prin

Block C
No

At the end of each quarter, block C updates the age NN
(suffix i) of all epidemiological classes Xk(i, j) by one
unit. This is done by applying the same survival rates
already used to generate the basic population. This Yes NNP
block also calculates the sum over age of the various ?

epidemiological classes.

BlockD
Fig. 6. Flowchart for

Block D prints out crude data on the size of the terminate block B, M
population and its distribution into the main epi- for measles.

\ / *WH 78439

computer simulation program. To
= 4 for poliomyelitis and M = 10
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demiological 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

Block E implements the immunization programme,
by transferring the children eligible for vaccination
into class xs(i, j) for poliomyelitis and x7(i, j) for
measles. The vaccine effectiveness and the population
coverage are duly taken into account in this process.

Block F

Block F calculates and prints out on an annual basis
all information (absolute numbers and rates) of
interest for studying the transmission of infection and
evaluating the impact of the simulated immunization
programme on the dynamics of the disease.

Block G

After each iteration, block G writes the contents of
all the computer memories used to store the matrices
xk(i, j) onto magnetic tape. This permits interruption
of the system-solving computation, and assessment of
the converging power of the initial values generated by
block A, without loss of information.

BlockH

Block H reads the contents of all cells of the epi-
demiological classes xk(i, j) from the magnetic tape. It
is therefore possible to restart the iterative process
with data from the tape or to read off the solution for a
given level of endemicity, when the model is used for
simulation purposes.
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