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1. Title : Epidemiological Modelling of PPRV and Rinderpest Outbreaks
2. Summary

The deterministic mathematical model developed for modelling the
propagation of PPRV epizootic in a nonreproducing herd of smallruminants of arbitrary size was extended to include three importanteffects : (A) using an open, instead of a closed population byreplacing the dead animals by live, susceptible ones, (B) using afinite (instead of infinite) immunological memory and (C) combiningthese two effects.

Compared to the closed population model, the open populationmodel (as expected) led to higher equilibrium proportions of
Susceptible and immune animals. A long term immunological memory ledto an equilibrium population entirely of susceptible animals, while ashort term memory led to the herd going extinct, exhibitingoscillatory dynamics. A combination of open population and long term
memory led to sustained oscillations. Interestingly, open populationwith only a short term immunological memory led to a steady state
involving non-zero values of susceptible, immune and infected animals,thus demonstrating endemic persistence.
3. Objectives

The long-term objective of the project is to understand the
dynamics of outbreaks of Peste Des Petit Ruminants virus (PPRV) and
Rinderpest virus (RV) in the geographically structured, intermixingsystem of cattle-sheep-goat in Southern India. As a beginning,mathematical models of epidemics are being developed, usingappropriate ranges of parameter values, to explore the range ofbehaviours (population extinction, episodic outbreaks, endemicpersistence etc.) exhibited by this dynamical system.In the present report, the objective was to investigate theeffect of relaxing the assumption of a closed population (by allowingimport of susceptible animals to replaceydead ones) and the assumptionof permanent immunity (by allowing the''animal to become susceptibleagain after a prescribed) also wished to exa ine the consequenceof simu aneously relaxing these assumptions

Afb vet

4. Methodology :

The animals are divided into four categories - susceptible,infected but non-infective, infected and infective, and immune. Eachinfective animal is assumed to distribute 'c' number of contacts at
random; any susceptible animal which receives a contact is assumed tobecome infected. The non-infective period is assumed to last for fivedays, followed by five days of infective period. The animal theneither recovers (with a probability r), or else dies.A deterministic model to simulate the day to day changes in theproportion of animals in each category had been developed earlier, asdescribed in the report of 1994-95. In the modified model of openpopulation, all the dead individuals were replaced by new, live,Susceptible ones. To simulate loss of immunological memory, theanimals who had recovered from the viral attack 'T' days ago wereremoved from the 'immune' category and replaced into the 'susceptible'category. The values of T were varied from 45 days (short term memory)to as long as 3 years (long term memory) .

The comput/well as pre
were carried out using both single precision as

artifacts influe n the rithme cyto gua against numerical
eS ig
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influenceSthe fate of the epidemic, initiated with a small proportionof infected animals. For low 'oa', for example, the infection petersoff, whereas for high 'c', an epidemic gradually builds up to a peak,
and then declines as the recovered, immune animals dominate the
population. If the population is not wiped out, the infection
disappears, and a stable equilibrium between the susceptible and the
immune is obtained.

In an open population, where dead animals are instantly replaced
by susceptible ones, the outcomes are qualitatively similar. The
equilibrium proportions of both susceptible and immune animals are (as
expected) greater than the corresponding ones in the closed
population. Higher values of 'c' lead to lower equilibrium proportionsof susceptibles, but lead to bigger epidemics (higher peak heights of
infected animals) which peak earlier. A higher mortality rate (lower
recovery rate) also leads to bigger epidemics, which peak later.
Interestingly, higher mortality rates produce higher equilibrium

In a closed population model, if the immunity is only of a short
duration, the population is gradually wiped out in a series of
epidemics of decreasing magnitudes. A long-term immunity, on the other
hand, leads to a population almost exclusively of susceptibles. Thisis because first the infection disappears, unable to spread in a
largely immune population, which subsequently reverts to a susceptiblestate.

A combination of open population and long term memory leads to a
periodic occurrence of epidemics, interspersed with long stretches of
time when there is no detectable level of infection. A short term
immunological memory, on the other hand, leads to a steady state where
the proportions of susceptible, infected and immune animals remain
unchanged. In other words, for such a combination of parameters, the
disease can be more appropriately described as an endemic, persistentdisease.

proportions of susceptibles.

6. Discussion
Earlier models of population dynamics of rinderpest had, somewhatarbitrarily, assumed that persistence of infection in a population

beyond 12 months as indicative of it being in a enzootic state. The
present investigation has provided a combination of realistic
assumptions and parameters such that a small but constant level ofinfection persists almost indefinitely. This seems to be a more
Satisfactory criterion for distinguishing between enzootics and
epizootics.

A rather contrived feature of the present investigation is theinstant (daily) replacement of dead animals. Secondly, it is assumedthat all the replacements are susceptibles. A more realistic approachwould involve a set of interacting populations, which exchange a few
animals at weekly, fortnightly or monthly intervals. These and other
refinements are in the process of being implemented.
7. Tables and Charts

Four figures, with self explanatory titles, are enclosed.
8. Recommendations : Nil
9. Publications : Nil
10. Degrees awarded : Nil



EPIDEMIOLOGICAL MODELLING OF PPRV
AND RINDERPEST OUTBREAKS

This project is being carried out in collaboration with Prof. M.S. Shaila of the Department

of Microbiology and Cell Biology, Indian Institute of Science, Bangalore.

PART-I

I. Preface

Infection of domestic as well as wild animals by the Rinderpest Virus (RV) has been

known in India since the last century. Reports of the outbreaks of Peste des Petits Ruminants

Virus (PPRV) are, however, of a recent origin (Shaila et al 1989, Shaila et al 1990). As

implied by the name, PPRV affects small ruminants like goats and sheep. Rinderpest virus

primarily affects cattle, but has a broader host-range, which includes goats and sheep as well.

Nevertheless, PPRV is highly infectious and leads to high levels of morbidity and mortality

(Losos, 1981; Scott, 1990). Over the last few years, PPRV seems to be taking an increasingly

heavy toll in Karnataka, Tamil Nadu, Andhra Pradesh and Maharashtra (Shaila et al,

manuscript in preparation; see also Ramachandran and Nayak, 1992).

There have been several attempts to model the epidemiology of RV (James and

Rossiter 1989, Tille et al 1991). However, there has been little or no work to model the

outbreaks of PPRV, especially in India, where both the viruses cause separate cycles of

infection in small ruminants. The regular migration of nomadic communities, which in turn

leads to the movement of sheep and goats over large distances, makes the problem of

modelling PPRV more challenging. The structure of the metapopulation of small ruminants
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- population of a say district being subdivided into demes at the village level, with some

amount of mixing brought about by the weekly markets where livestock of many adjoining

villages are bought and sold; or the metapopulation of a village divided into demes

corresponding to individual households, where mixing takes place at the common grazing

grounds - is likely to lead to complex patterns of the spread of PPRV epidemics.

It is known that animals immunized against RV are able to resist challenge by PPRV

and vice versa (Losos, 1981; Scott, 1990). Against this backdrop, it would be interesting to

investigate the competition between RV and PPRV in the arena of a rural livestock ecosystem

- cattle, sheep, goats etc. - both from an epidemiological as well as an evolutionary point of

view. It may be possible to extend these studies to include the interaction between domestic

and wild animals (e.g. gaur) which occurs at the periphery of wildlife sanctuaries.

The mathematical models developed to describe PPRV epidemics may also be

generalized to include the effects of vaccination. These would be helpful in devising optimal

vaccination strategies so as to minimize the risks of the outbreaks of RV or PPRV epidemics

in a cost-effective manner.

2. Abstract of the project

A deterministic mathematical model has been developed to investigate the propagation

of a PPRV epizootic in an isolated, non-reproducing herd of arbitrary size. The parameters

corresponding to incubation period and virus excretion period were obtained from published

literature. Since different strains of PPRV, different geographical areas and different breeds

of hosts show considerable variations in the proportion of animals succumbing to the disease,

the model was run for three different levels (high, medium and low, i-e., 0.9, 0.5 and 0.1) of

2
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mortality rates. Since little or no information is available for the contact rate/transmission

efficiency, this parameter was also varied over a wide range of values. For every combination

of parameter values and for varying levels of the initial infection rate, the model simulated

daily changes in the proportion of susceptible, infected, infectious, recovered/immune and

dead animals, till they reached nearly constant values.

It is seen that more or less independently of the initial infection level, but with a

sensitive dependence on the contact rate, the infection either peters off, or builds up into an

epizootic with a large proportion of animals contacting the disease. A set of simulations was

carried out to determine the dependence of onset, magnitude and duration of the epizootic on

the virulence level and the contact rate/transmission efficiency of the PPR Virus.

3. Highlights of the findings achieved in the project

(i) A modified approach was developed for evaluating the probability of disease transmission,

based on statistically more appropriate Poisson distribution, in contrast to the binomial

distribution based investigations of the dynamics of rinderpest epizootics reported in

veterinary literature.

(ii) In conformity with other epidemiological models, a threshold effect is observed for the

contact rate / transmission efficiency such that for values even slightly lower' than the

threshold, the initial infection dwindles away, and for even slightly higher values, an epizootic

sweeps through the herd. This emphasizes the need for developing more detailed, explicit and

reliable theoretical as well as experimental techniques for determining the values of this

crucial parameter for real-life situations.

(iii) Interestingly, the magnitude of the epizootic is higher for more virulent strains (higher

3



mortality rates).

4. Detailed report of the work done on the project

a) Summary of the objectives

(i) To set up detailed deterministic models for the spread of PPRV in an isolated herd, and

explore the range of parameters (permitted by the available data) such as duration of infection,

contact rate, extent of production of infective particles, mortality rates etc. which would lead

to outbreaks.

(ii) Modify the models to include stochastic variations, to obtain estimates of the reliability

of the predictions made from the deterministic models.

(iii)Generalize the models to include spatial movements (and mixing) of the herds.

(iv) Investigate the effects of subjecting the populations to various degrees of vaccination.

(v) Explore the competition between PPRV and RV from epidemiological as well as

evolutionary perspectives.

b) Methodology

An isolated, nonreproducing herd of arbitrary size is assumed to contain freely and

randomly mixing individual animals. Four main categories into which the animals can be

divided are :

* Susceptible, who have not yet contacted the disease,
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* Infected animals, who have not yet become infective,

* Diseased animals, who excrete virus and are thus infective

* Recovered animals, who are immune against further infection, and

* Animals which have died due to the disease.

Initially (time T=0), the herd is assumed to contain only susceptible animals, except

for a small proportion of introduced infected animals. The PPRV infection follows an

approximately five day incubation period where the animals are not infective. In the next

three to five days, the animals excrete virus (Losos, 1981; Taylor, 1984) and are therefore

able to produce infections in other animals which come in contact with them. At the end of

this period, a proportion 'd' of these infected animals die, and the remaining proportion

'(1-d)'recover into an immune state. A single contact with an infected animal is assumed

to be adequate for contacting the disease. Each infected animal is assumed to make an

average of 'c' contacts with other animals (a value of c less than 1.0 can thus model a low

transmission efficiency). If Ps, Pinf, Ptr and Pim denote the proportions of susceptible,

infected (but not infective), infective (transmitting) and immune animals respectively at time

'T', the average number of contacts, 'Cav', received by an animal is given by

Cav = Ptr/ (Ps + Pinf + Ptr + Pim)

>
The number of contacts received by the animals is assumed to follow a Poisson

distribution. Hence, the probability of an animals receiving ZERO contacts is Exp (- Cav).
The probability of contacting the disease, 'inf', is therefore the probability of receiving AT
LEAST one contact, which is given by

inf = 1.0 - Exp (- Cav)

5



A proportion ( Ps X inf ) of the susceptible animals is thus seen to enter the infected

state at time "T+1'.

A FORTRAN program was developed to simulate the above situation for a given set

of parameter values. The run was continued till the day to day changes in the proportion of

animals in each of the above state were smaller than a prespecified value. In situations when

an epizootic developed in the population, the program also recorded the magnitude (highest

proportion of infected+infective animals reached) of the epizootic and the day on which the

peak was attained.

In a modified version of the model, infective animals were assumed to have a constant

daily mortality rate over the period 3-5 days from their becoming infective (8-10 days from

the infection date). For a comparison of the results of the two models, the parameters were

so chosen that the net mortality rate was identical in both the cases.

c) Results

The overall behaviour of the dynamics of the spread of PPR epizootic in a herd is

similar to standard epidemiological models (Bailey, 1975; Anderson and May, 1982). The

quantity which decides whether an epizootic will take off or not is the net 'reproductive rate'

of the virus, which is equal to the average number of new infections produced by a single

infected individual. This, in turn, is a function of the contact/transmission rate, and in many

instances, of the mortality rate as well. When the net 'teproductive rate' is smaller than 1.0,

a small initial infection gradually dwindles away (as seen in Fig.1, for contact rate of 0.10).

On the other hand, for values of the reproductive rate greater than 1.0, an epizootic builds up

(Fig.2 for contact rate 0.40). The proportion of infected individuals increases to a peak value,

6



and then decreases since the infected individuals either recover into an immune state or die,

and the number of susceptibles keeps on decreasing, so there are fewer individuals who can

be infected.

One of the ways in which the epizootic can be quantified is the proportion of

susceptible individuals remaining in the population after the epizootic has run its course. This

value is depicted as a function of contact rate in Fig.3 for two different values of initial

infection. The threshold-like property of the contact rate is clearly seen, with a sharper

transition when the initial infection is low. Since in the first version of the model death can

take place only on the 10th day, the proportion of susceptibles is independent of the mortality

rate.

Three other descriptors of an epizootic are (a) magnitude of the peak ,
e.

> the

maximum proportion of infected individuals reached during the course of the epizootic, (b)

the time to reach the peak and (c) the duration of the epizootic i.e., the time at which there

is little or no net change in proportions of the different categories of animals. The peak

magnitude increases with increasing contact rate, once the threshold value is crossed (Fig.4).
The initial level of infection seems to have little or no effect; the pairs of curves in Fig.4 are.

close together. The figure also shows that increasing rates of mortality lead to higher peak

values. On the other hand, as seen from Fig. 5, a smaller initial infection implies longer time

to attain the peak, as expected (top three curves vs bottom three curves). The mortality rate

has an opposite effect, such that higher the mortality, slower is the peak reached (Fig.5). The
variation in the duration of the epizootic with contact rate, with initial infection levels and

with different mortality rates is given in Table I. For super-threshold contact rate, the duration

increases with increasing contact rates, with increasing level of initial infection and decreases

1.€.

with increasing mortality rates.
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A second version of the model permits death to take place on day 8, 9 or 10 from

infection, while maintaining the net mortality at a prespecified value. As a result of this

modification, animals are infective, on an average, for a relatively shorter duration. The net

reproductive rate thus becomes a function of the mortality rate as well, and decreases with

increasing mortality. This effect is clearly evident from Fig.6, where threshold values of the

contact rate have shifted to the right for higher values of mortality rates.

d) Discussion and Analysis

An important detail in which this model differs from the previous models of rinderpest

epizootics is the use of Poisson distribution for computing the range of contacts experienced

by the animals, in contrast to the binomial distribution used earlier. Especially for large herd

sizes, the Poisson model is statistically somewhat more appropriate. It is also more reasonable

from a biological point of view, since a range of values of contacts 0,1,.... is permitted in this

formulation, in contrast to the fixed number of contacts experienced by each animal in the

earlier formulations. However, as far as the present simulation is concerned, the assumption

of 'c' contacts from an infected animal is equivalent to the earlier assumption of fixed number

of contacts, since in the present deterministic version (corresponding to an infinite

population), it is only the mean number of contacts that governs the dynamics. The stochastic

model, to be explored in future, would be sensitive to the variation in the number of contacts

as well, and is therefore likely to differ from the earlier stochastic models in a significant

manner. It is also relatively straightforward to extend this formalism to simulate the more

realistic clumped distributions, and this would be taken up in the next phase where the spatial

dimension may be explicitly introduced.
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One of the interesting patterns seen from the present model is the effect of mortality

rate on the peak value of the epizootic, and on the time needed to reach it. Higher levels of

mortality lead to higher peak values, but at a relatively later time. This may possibly be due

to the assumption of a fixed, nonreproducing herd. Higher mortality rates reduce the

population faster, and a lower number of immune animals leads to an effectively higher

number of contacts per animal and hence a faster transmission. A lower mortality rate on the

other hand converts animals from susceptible to immune state with a higher efficiency, and

there being no new susceptible animals, a higher proportion of infected animals cannot be

obtained. A more realistic model to be developed in the next phase would include

reproduction as well as influx of new animals by immigration. It would be desirable to see

if the present pattern of mortality dependence is still retained.

If c is the contact rate, then in the first model, since an infected individual is infective

for 5 days, it will on an average infect 5c individuals before it dies or recovers. Thus, the

threshold will be reached when Sc is greater than 1.0, or when c is greater than 0.2. This is

clearly borne out by Fig. 3. On the other hand, in the second model, if m is the mortality rate

per day, an individual will be infective for 3 days with probability m, for 4 days with

probability m(1-m), and for 5 days with probability (1-2m+m*m). The net reproductive rate

will then be given by

c(5-3m + m*m)

This is less than 5c for all the values of m, and in fact monotonically decreases from

Sc to 3c as m increases from 0 to 1. The threshold thus increases from 0.2 for m=0 to 0.33

for m=1. This difference in thresholds is clearly seen in Fig.6 especially for the two mortality

rates of 0.10 and 0.90.
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One of the objectives of this project is to evaluate the effect of different vaccination

strategies. Preliminary simulations indicate that vaccinating a certain proportion of individuals

brings down the peak infection by a corresponding amount. This in turn implies that

vaccination on a large scale may be needed to ward off epizootics, and this does not seem

prima facie a very cost-effective approach.

A question of considerable biological as well as practical interest would be to

determine the factors/parameters which lead to persistence (enzootic) of PPRV in the

population, without either dying out or leading to epizootics. The current 'closed population'

model is clearly unsuitable for this purpose. Earlier workers had somewhat arbitrarily equated

persistence beyond 12 months as indicative of enzootic state. A geographically structured

population with some episodes of mixing, to be investigated in the next phase, may lead to

a better criterion for defining the enzootic state.

e) Tables; Charts

Table I. Duration of the epizootic

The table gives the duration (in days) for which the epizootic lasted, having begun on

day 0 with a small proportion of infected animals. Two different values of initial infection

level, and three different values of mortality rates were used in the simulation. The epizootic

was considered to have completed its course by the somewhat arbitrary criterion of the net

day-to-day change (added over all the categories) was less than 0.00001.

10



4 InitialInfection InitialInfection
0.001 0.01

Mortality Mortality

Contact 0.1 0.5 0.9 0.1 0.5 0.9
Rate

0.05 30 30 30 43 43 44

0.10 47 47 47 73 73 74

0.15 99 100 100 150 150 161

0.20 862 1114 2452 405 528 1070

0.25 422 432 410 311 330 323

0.30 268 264 238 216 214 192

0.35 205 198 177 169 164 144

0.40 169 162 145 142 135 119

0.45 147 140 126 123 117 103

0.50 131 125 112 110 104 92

f) Figures
5

The six figures (Fig.1 to Fig.6) referred to in the 'Results' section as well as in the

'Discussion and analysis' section have been appended at the end of the report. Each figure is

suitably titled, labeled and provided with legend to make it self-explanatory.
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g) Likely impact of the work on the scientific potential of our country

The modelling work described above is at a preliminary stage. Moreover, detailed data

on the population structure, mortality rates, movement patterns etc. from the locations where

PPRV outbreaks have occurred is not yet available. It would therefore be premature to

evaluate the impact of the work carried out so far on the scientific potential of our country.
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PART - Ill

Recommendations including remedial measures relevant to the environmental

problems studied under the scheme :

The investigations envisioned in this project are yet to reach a stage when

recommendations can be made.

List of research papers published/accepted in the research work done under the2.

scheme :

Nil

Whether any research fellow associated with the scheme has been awarded Ph.D.3.

etc. :

Not applicable.
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Fig.3: Effect of Contact Rate
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PART III
i. Recommendations including remedial measures relevant to the

environmental problems studied under the scheme :
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stage when recommendations can be made.

2. List of research papers published/accepted in the research work
done under the scheme :
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3. Whether any research fellow associated with the scheme has been
awarded PH.D. etc :
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EPIDEMIOLOGICAL MODELLING OF PPRV
AND RINDERPEST OUTBREAKS

This project is being carried out in collaboration with Prof. M.S. Shaila of the Department

of Microbiology and Cell Biology, Indian Institute of Science, Bangalore.

PART-Il

1. Preface

Infection of domestic as well as wild animals by the Rinderpest Virus (RV) has been

known in India since the last century. Reports of the outbreaks of Peste des Petits Ruminants

Virus (PPRV) are, however, of a recent origin (Shaila et al 1989, Shaila et al 1990). As

implied by the name, PPRV affects small ruminants like goats and sheep. Rinderpest virus

primarily affects cattle, but has a broader host-range, which includes goats and sheep as well.

Nevertheless, PPRV is highly infectious and leads to high levels of morbidity and mortality

(Losos, 1981; Scott, 1990). Over the last few years, PPRV seems to be taking an increasingly

heavy toll in Karnataka, Tamil Nadu, Andhra Pradesh and Maharashtra (Shaila et al,

manuscript in preparation; see also Ramachandran and Nayak, 1992).

There have been several attempts to model the epidemiology of RV (James and

Rossiter 1989, Tille et al 1991). However, there has been little or no work to model the

outbreaks of PPRV, especially in India, where both the viruses cause separate cycles of

infection in small ruminants. The regular migration of nomadic communities, which in turn

leads to the movernent of sheep and goats over large distances, makes the problem of

modelling PPRV more challenging. The structure of the metapopulation of small ruminants

1



- population of a say district being subdivided into demes at the village level, with some

amount of mixing brought about by the weekly markets where livestock of many adjoining

villages are bought and sold: or the metapopulation of a village divided into demes

corresponding to individual households, where mixing takes place at the common grazing

grounds - is likely to lead to complex patterns of the spread of PPRV epidemics.

It is known that animals immunized against RV are able to resist challenge by PPRV

and vice versa (Losos, 1981; Scott, 1990). Against this backdrop, it would be interesting to

investigate the competition between RV and PPRV in the arena of a rural livestock ecosystem

- cattle, sheep, goats etc. - both from an epidemiological as well as an evolutionary point of

view. It may be possible to extend these studies to include the interaction between domestic

and wild animals (e.g. gaur) which occurs at the periphery of wildlife sanctuaries.

The mathematical models developed to describe PPRV epidemics may also be

generalized to include the effects of vaccination. These would be helpful in devising optimal

vaccination strategies so as to minimize the risks of the outbreaks of RV or PPRV epidemics

in a cost-effective manner.

2. Abstract of the project

A deterministic mathematical model has been developed to investigate the propagation

of a PPRV epizootic in an isolated, non-reproducing herd of arbitrary size. The parameters

corresponding to incubation period and virus excretion period were obtained from published

literature. Since different strains of PPRV, different geographical areas and different breeds

of hosts show considerable variations in the proportion of animals succumbing to the disease,

the model was mun for three different levels (high, medium and low, i.e., 0.9, 0.5 and 0.1) of
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mortality rates. Since little or no information is available for the contact rate/transmission

efficiency, this parameter was also varied over a wide range of values. For every combination

of parameter values and for varying levels of the initial infection rate, the model simulated

daily changes in the proportion of susceptible, infected, infectious, recovered/immune and

dead animals, till they reached nearly constant values.

It is seen that more or less independently of the initial infection level, but with a

sensitive dependence on the contact rate, the infection either peters off, or builds up into an

epizootic with a large proportion of animals contacting the disease. A set of simulations was

carried out to determine the dependence of onset, magnitude and duration of the epizootic on

the virulence level and the contact rate/transmission efficiency of the PPR Virus.

3. Highlights of the findings achieved in the project

(i) A modified approach was developed for evaluating the probability of disease transmission,

based on statistically more appropriate Poisson distribution, in contrast to the binomial

distribution based investigations of the dynamics of rinderpest epizootics reported in

veterinary literature.

(ii) In conformity with other epidemiological models, a threshold effect is observed for the

contact rate / transmission efficiency such that for values even slightly lower than the

threshold, the initial infection dwindles away, and for even slightly higher values, an epizootic

sweeps through the herd. This emphasizes the need for developing more detailed, explicit and

reliable theoretical as well as experimental techniques for determining the values of this

crucial parameter for real-life situations.

(iii) Interestingly, the magnitude of the epizootic is higher for more virulent strains Micher
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mortality rates).

4. Detailed report of the work done on the project

a) Summary of the oojectives

(i) To set up detailed deterministic models for the spread of PPRV in an isolated herd, and

explore the range of parameters (permitted by the available data) such as duration of infection,

contact rate, extent of production of infective particles, mortality rates etc. which would lead

to outbreaks.

(ii) Modify the models to include stochastic variatioris, to obtain estimates of the reliability

of the predictions made from the deterministic models.

(iii)Generalize the models to include spatial movements (and mixing) of the herds.

(iv) Investigate the effects of subjecting the populations to various degrees of vaccination.

(v) Explore the competition between PPRV and RV from epidemiological as well as

evolutionary perspectives.

b) Methodology

An isolated, nonreproducing herd of arbitrary size is assumed to contain freely and

randomly mixing individual animals. Four main categories into which the animals can be

divided are :

* Susceptible, who have not yet contacted the disease,
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* Infected animals, who have not yet become infective,

* Diseased animals, who excrete virus and are thus infective

* Recovered animals, who are immune against further infection, and

* Animals which have died due to the disease.

Initially (time T=0), the herd is assumed to contain only susceptible animals, except

for a small proportion of introduced infected animals. The PPRV infection follows an

approximately five day incubation period where the animals are not infective. In the next

three to five days, the animals excrete virus (Losos, 1981; Taylor, 1984) and are therefore

able to produce infections in other animals which come in contact with them. At the end of

this period, a proportion 'd' of these infected animals die, and the remaining proportion

'(1-d)'recover into an immune state. A single contact with an infected animal is assumed

to be adequate for contacting the disease. Each infected animal is assumed to make an .

average of 'c' contacts with other animals (a value of c less than 1.0 can thus model a low

transmission efficiency). If Ps, Pinf, Ptr and Pim denote the proportions of susceptible,

infected (but not infective), infective (transmitting) and immune animals respectively at time

'T, the average number of contacts, 'Cav', received by an animal is given by

Cav = Ptr/ (Ps + Pinf + Ptr + Pim)

The number of contacts received by the animals is assumed to follow a Poisson

distribution. Hence, the probability of an animals receiving ZERO contacts is Exp ( - Cav).

The probability of contacting the disease, 'inf, is therefore the probability of receiving AT
LEAST one contact, which is given by

inf = 1.0- Exp (- Cav)
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A proportion ( Ps X inf ) of the susceptible animals is thus seen to enter the infected

state at time 'T+1'.

A FORTRAN program was developed to simulate the above situation for a given set

of parameter values. The run was continued till the day to day changes in the proportion of

animals in each of the above state were smaller than a prespecified value. In situations when

an epizootic developed in the population, the program also recorded the magnitude (highest

proportion of infected+infective animals reached) of the epizootic and the day on which the

peak was attained.

In a modified version of the model, infective animals were assumed to have a constant

daily mortality rate over the period 3-5 days from their becoming infective (8-10 days from

the infection date). For a comparison of the results of the two models, the parameters were

so chosen that the net mortality rate was identical in both the cases.

Cc) Results

The overall behaviour of the dynamics of the spread of PPR epizootic in a herd is

similar to standard epidemiological models (Bailey, 1975; Anderson and May, 1982). The

quantity which decides whether an epizootic will take off or not is the net 'reproductive rate'

of the virus, which is equal to the average number of new infections produced by a single

infected individual. This, in turn, is a function of the contact/transmission rate, and in many

instances, of the mortality rate as well. When the net 'reproductive rate' is smaller than 1.0,

a small initial infection gradually dwindles away (as seen in Fig.1, for contact rate of 0.10).

On the other hand, for values of the reproductive rate greater than 1.0, an epizootic builds up

(Fig.2 for contact rate 0.40). The proportion of infected individuals increases to a peak value,
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and then decreases since the infected individuals either recover into an immune state or die,

and the number of susceptibles keeps on decreasing, so there are fewer individuals who can

be infected.

One of the ways in which the epizootic can be quantified is the proportion of

susceptible individuals remaining in the population after the epizootic has run its course. This

value is depicted as a function of contact rate in Fig.3 for two different values of initial

infection. The threshold-like property of the contact rate is clearly seen, with a sharper

transition when the initial infection is low. Since in the first version of the model death can

take place only on the 10th day, the proportion of susceptibles is independent of the mortality

rate.

Three other descriptors of an epizootic are (a) magnitude of the peak , i.e., the

maximum proportion of infected individuals reached during the course of the epizootic, (b)

the time to reach the peak and (c) the duration of the epizootic i.e., the time at which there

is little or no net change in proportions of the different categories of animals. The peak

magnitude increases with increasing contact rate, once the threshold value is crossed (Fig.4).

The initial level of infection seems to have little or no effect; the pairs of curves in Fig.4 are

close together. The figure also shows that increasing rates of mortality lead to higher peak

values. On the other hand, as seen from Fig. 5, a smaller initial infection implies longer time
>

to attain the peak, as expected (top three curves vs bottom three curves). The mortality rate

has an opposite effect, such that higher the mortality, slower is the peak reached (Fig.5). The

variation in the duration of the epizootic with contact rate, with initial infection levels and

with different mortality rates is given in Table I. For super-threshold contact rate, the duration

increases with increasing contact rates, with increasing level of initial infection and decreases

with increasing mortality rates.
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A second version of the model permits death to take place on day 8, 9 or 10 from

infection, while maintaining the net mortality at a prespecified value. As a result of this

modification, animals are infective, on an average, for a relatively shorter duration. The net

teproductive rate thus becomes a function of the mortality rate as well, and decreases with

increasing mortality. This effect is clearly evident from Fig.6, where threshold values of the

contact rate have shifted to the right for higher values of mortality rates.

d) Discussion and Analysis

An important detail in which this model differs from the previous models of rinderpest

epizootics is the use of Poisson distribution for computing the range of contacts experienced

by the animals, in contrast to the binomial distribution used earlier. Especially for large herd

sizes, the Poisson model is statistically somewhat more appropriate. It is also more reasonable

from a biological point of view, since a range of values of contacts 0,],,.... is permitted in this

formulation, in contrast to the fixed number of contacts experienced by each animal in the

earlier formulations. However, as far as the present simulation is concerned, the assumption

of 'c' contacts from an infected animal is equivalent to the earlier assumption of fixed number

of contacts, since in the present deterministic version (corresponding to an infinite

population), it is only the mean number of contacts that governs the dynamics. The stochastic

model, to be explored in future, would be sensitive to the variation in the number of contacts

as well, and is therefore likely to differ from the earlier stochastic models in a significant

manner. It is also relatively straightforward to extend this formalism to simulate the more

realistic clumped distributions, and this would be taken up in the next phase where the spatial

dimension may be explicitly introduced.
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One of the interesting patterns seen from the present model is the effect of mortality

rate on the peak value of the epizootic, and on the time needed to reach it. Higher levels of

mortality lead to higher peak values, but at a relatively later time. This may possibly be due

to the assumption of a fixed, nonreproducing herd. Higher mortality rates reduce the

population faster, and a lower number of immune animals leads to an effectively higher

number of contacts per animal and hence a faster transmission. A lower mortality rate on the

other hand converts animals from susceptible to immune state with a higher efficiency, and

there being no new susceptible animals, a higher proportion of infected animals cannot be

obtained. A more realistic model to be developed in the next phase would include

reproduction as well as influx of new animals by immigration. It would be desirable to see

if the present pattern of mortality dependence is still retained.

If c is the contact rate, then in the first model, since an infected individual is infective

for 5 days, it will on an average infect 5c individuals before it dies or recovers. Thus, the

threshold will be reached when 5c is greater than 1.0, or when c is greater than 0.2. This is

clearly borne out by Fig. 3. On the other hand, in the second model, if m is the mortality rate

per day, an individual will be infective for 3 days with probability m, for 4 days with

probability m(1-m), and for 5 days with probability (1-2m+m*m). The net reproductive rate

will then be given by

c(5-3m + m*m)

This is less than Sc for all the values of m, and in fact monotonically decreases from

Sc to 3c as m increases from 0 to 1. The threshold thus increases from 0.2 for m=0 to 0.33

for m=1. This difference in thresholds is clearly seen in Fig.6 especially for the two mortality

rates of 0.10 and 0.90.
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One of the objectives of this project is to evaluate the effect of different vaccination

strategies. Preliminary simulations indicate that vaccinating a certain proportion of individuals

brings down the peak infection by a corresponding amount. This in turn implies that

vaccination on a large scale may be needed to ward off epizootics, and this does not seem

prima facie a very cost-effective approach.

A question of considerable biological as well as practical interest would be to

determine the factors/parameters which lead to persistence (enzootic) of PPRV in the

population, without either dying out or leading to epizootics. The current 'closed population'

model is clearly unsuitable for this purpose. Earlier workers had somewhat arbitrarily equated

persistence beyond 12 months as indicative of enzootic state. A geographically structured

population with some episodes of mixing, to be investigated in the next phase, may lead to

a better criterion for defining the enzootic state.

e) Tables; Charts

Table I. Duration of the epizootic

The table gives the duration (in days) for which the epizootic lasted, having begun on

day 0 with a small proportion of infected animals. TTwo different values of initial infection

level, and three different values of mortality rates were used in the simulation. The epizootic

was considered to have completed its course by the somewhat arbitrary criterion of the net

day-to-day change (added over all the categories) was less than 0.00001.
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4 My

InitialInfection InitialInfection

0.001 0.01

Mortality Mortality

Contact 0.1 0.5 0.9 0.1 0.5 0.9
Rate

0.05 30 30 30 43 43 44

0.10 47 47 47 73 73 74

0.15 99 100 100 150 150 161

0.20 862 1114 2452 405 528 1070 a

0.25 422 432 410 311 330 323

0.30 268 264 238 216 214 192

0.35 205 198 177 169 164 144

0.40 169 162 145 142 135 119

0.45 147 140 126 123 117 103

0.50 131 125 112 110 104 92

f) Figures

The six figures (Fig.1 to Fig.6) referred to in the 'Results' section as well as in the

'Discussion and analysis' section have been appended at the end of the report. Each figure is

suitably titled, labeled and provided with legend to make it self-explanatory.
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g) Likely impact of the work on the scientific potential of our country

The modelling work described above is at a preliminary stage. Moreover, detailed data

on the population structure, mortality rates, movement patterns etc. from the locations where

PPRV outbreaks have occurred is not yet available. It would therefore be premature to

evaluate the impact of the work carried out so far on the scientific potential of our country.
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TEN Le NRE TE Se ay

PART-III

I. Recommendations including remedial measures relevant to the environmental

problems studied under the scheme :

The investigations envisioned in this project are yet to reach a stage when

recommendations can be made.

2. List of research papers published/accepted in the research work done under the

scheme :

Nil

3. Whether any research fellow associated with the scheme has been awarded Ph.D.

etc. :

Not applicable.
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Fig. 1: Sub-threshold contact rate 0.10
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Fig.3: Effect of Contact Rate
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Fig. 5: Time to reach peak of epizootic
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