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Abstract 

A Markov chain model on the microcomputer is presented, in which a variety of control 
strategies with respect to foot-and-mouth disease (FMD) in cattle and pig herds can be exam­
ined economically. From an epidemiological point of view, the most favourable results for 
the Netherlands were obtained under the strategy currently being applied, i.e. annual vacci­
nation of the cattle population in combination with stamping out affected herds and ring vac­
cination when the disease does occur. From an economic point of view, however, it was 
found that the annual costs are considerably reduced when ceasing the prophylactic routine 
vaccination, provided that adequate measures are carried out in case of an outbreak. This 
conclusion in favour of a non-vaccinated population was hardly influenced by more pessimis­
tic values for the major - uncertain - input factors, and not likely to be outranged by indirect 
costs due to an increased risk for export bans. More research is underway to model these in­
direct losses more precisely. 
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Introduction 

Foot-and-mouth disease (FMD) is one of the most contagious of animal diseases. It 
is either endemic (continually present) or sporadic (occasional epidemics), and can 
affect any cloven-hoofed animal, but cattle and pigs most frequently (Power & Har­
ris, 1973; Carpenter & Thieme, 1979). 

In the Netherlands the disease is sporadic. For more than 20 years the national 
cattle herd has been vaccinated annually. During this period the number of out­
breaks was reduced significantly: 2300 herds infected in 1966/'67, 28 in 1971/'72, 5 
in 1974T75,1 in 1977 and 6 in 1983/'84 (FAO, 1986). 

The economic feasibility of continued prophylactic vaccination is being dis­
cussed. Western European countries like Great Britain, Ireland, Denmark, Nor­
way and Sweden do successfully apply a strategy without routine vaccination. Their 
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control is mainly based on 'stamping out', i.e. immediate slaughtering of all suscep­
tible animals in infected herds. 

The FAO European Commission for the control of FMD recently discussed pro­
phylactic schemes in Europe and recommended that countries undertake a cost-
benefit study of alternative control policies before changing strategy. A working-
group was set up to prepare common criteria for economic analyses which could 
serve as a guide for the various countries (FAO, 1985). 

When applying the proposed approach to Dutch cattle and pig farming a serious 
lack of empirical data hindered a direct quantification and evaluation of alternative 
control strategies. Therefore, a user-friendly computer model was created within 
an electronic spreadsheet program on the microcomputer, making it possible to de­
termine the impact of uncertain input values easily1. The model runs with (Dutch) 
default values, but these can be modified to suit different conditions and countries. 

In this paper the structure of the model, the input data and the main results ob­
tained will be discussed. 

Model structure and contents 

Epidemiological routine 

To determine the spread of the disease after a primary outbreak, the state-transi­
tion approach is used, developed from a Markov chain model. This allows the ex­
amination of a variety of control strategies (Miller, 1979). Herds are considered to 
be in one of four mutually exclusive 'states': susceptible, infectious, immune or re­
moved. Each week, the probability of every transition is calculated and the propor­
tion of herds in each state during the next week is thus derived. Obviously impossi­
ble or unimportant pathways are excluded from the analysis, as shown in Table 1. 

According to Miller (1979), the probability of a susceptible herd becoming in­
fected (pi) in a particular week (J) is assumed to be a function of the fraction of in­
fectious herds (fi) in the previous week and the dissemination rate (dr): 

p i j =  l-g-^-i^y-i 

The dissemination rate (dr) represents the average number of herds to which agent 
is delivered by each infected herd. Its value depends upon factors such as herd den­
sity, animal movements and type of farming. It decreases in time when outbreaks 
occur because of increased awareness among farmers, easy targets having been 
used up, and movement stand-stills, for instance. 

The fraction of herds being susceptible, immune or removed depends on the con­
trol strategy. The model automatically considers the strategies as given in Table 2. 
According to reality, the prophylactic routine vaccination is carried out once a 
year, and includes all cattle older than 4 months. Pig herds are not included, as their 

1 The model has been designed in a SuperCalc Spreadsheet, running on an IBM(-compatible) micro­
computer with a minimum memory of 256K, and using the MS-DOS operating system. 

2 Netherlands Journal of Agricultural Science 37 (1989) 



FOOT-AND-MOUTH DISEASE CONTROL STRATEGIES IN THE NETHERLANDS 

Table 1. Pathways ('transitions') considered in the model. 

From To 

susceptible infectious immune removed 

Susceptible remaining infection effective 'contact' 
susceptible vaccination slaughter 

Infectious - - 'outbreak' 
slaughter 

Immune - - remaining 
immune 

-

Removed restocking - - remaining 
removed 

1 - indicates an impossible or unimportant pathway. 

Table 2. FMD control strategies considered in the model. 

I Vaccinated cattle population 

a Stamping out affected herds 
b Stamping out affected herds plus ring vaccination1 

II Non-vaccinated population 

a Stamping out affected herds 
b Stamping out affected and contact herds 
c Stamping out affected herds plus ring vaccination 

1 Representing the current strategy in the Netherlands. 

animal flow is too high for reaching a reasonable level of immunity. In case of 
stamping out, herds with primary outbreaks are assumed to be removed in the mod­
el after 10 days. Usually, herds with secondary outbreaks are easier to diagnose be­
cause of increased awareness and, therefore, are removed within one week. Re­
stocking takes place after 8 weeks. Ring vaccination, if applied, starts 3 weeks after 
the primary outbreak(s) and includes all cattle and pigs within a radius of 25 km 
around the affected herd(s). 

All strategies mentioned in Table 2 are evaluated in the model during a fixed pe­
riod of 30 weeks. The input factors to be modified are discussed separately (see Sec­
tion 'Input data'). 

Economic routine 

FMD control strategies reach beyond the scope of the individual farmer. Decisions 
on these strategies are taken by the central government, making it obvious to analy­
se the economic effects at a national level (Renkema & Dijkhuizen, 1984; Mclner-
ney, 1987). Resource prices at this level, however, are usually unknown or difficult 
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Table 3. Cost elements to include in an economic evaluation of FMD control strategies (FAO, 1985). 

Routine vaccination Stamping out 

Vaccination program Maintaining a vaccine bank 

Vaccine (including emergency Vaccine and storage 
vaccine bank) and storage 

Vaccination 
Side effects 

FMD outbreak FMD outbreak 

Controlling outbreaks Controlling outbreaks 
including ring vaccination including ring vaccination 
(if carried out) (if carried out) 

Slaughtered animals Slaughtered animals 
Loss of production Loss of production 
Interruption of domestic trade Interruption of domestic trade 

Loss of export trade Loss of export trade 

Effect of national Effect of change in national 
vaccination status vaccination status if ring 

vaccination used 

to establish. For this reason, normal market prices are used in the analyses, though 
adjusted for any internal transfer payments (i.e. subsidies and sales taxes). 

The economic guidelines provided by the FAO (FAO, 1985) have served as a ba­
sis for the cost elements to be included in the model. These elements are summa­
rized in Table 3. No algorithm is available yet to model the - indirect - losses of ex­
port bans. Size and duration of such bans are usually dependent on political deci­
sions as well, making it very arbitrary to quantitatively predict the losses within 
each of the control strategies. In the model, therefore, only the direct losses of out­
breaks are considered. Hence, expected differences in risk for export bans have to 
be included - subjectively - in the final stage of the decision-making process. 

Input data 

As a logical result of the sporadic form of FMD in most European countries, there 
are very few empirical data available to serve as a base for the economic analysis. 
The most recent and comprehensive information even dates back to about 20 years 
ago, and concerns Great Britain (Miller, 1979). Then, the Netherlands also suf­
fered from a large FMD outbreak, but no appropriate data were obtained for fur­
ther analysis. 

Because of this serious lack of published information, a working-group was in­
stalled to provide the necessary set of input data. The current default values thus 
represent the common opinion of Dutch FMD-experts (Dijkhuizen et al., 1986). In 
addition, the computer model has been made flexible regarding input modification, 
making it easier to determine the impact of uncertain values. 
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Table 4. Default values of the epidemiological input data. 

Demographic data 

Total area of the country/region (x1000 km2) 37.3 
Number of cattle farms ( x 1000) 70 

pig farms ( x 1000) 35 
dairy cows ( x 1000 000) 2.2 
other cattle ( x 1000 000) 2.8 
sows (x 1000 000) 1.5 
piglets ( x 1000 000) 4.5 
fattening pigs ( x 1000 000) 7.0 

Expected number of primary outbreaks per 10 years 

Vaccinated cattle population 
- most favourable situation 0 
- most likely situation 2 
- most unfavourable situation 4 

Non-vaccinated population 
- most favourable situation 0 
- most likely situation 1 
- most unfavourable situation 4 

Number of herds involved in a primary outbreak (week 1) 

Cattle farms 1 
Pig farms 1 

Dissemination rate for herds being infected in: 

week 1 4.5 
week 2 2.7 
week 3 2.2 
week 4 1.7 
week 5 1.2 
week 6 and further 0.8 

Additional data control strategies 

Routine vaccination 
% of cattle involved 85 
% of pigs involved 0 

Ring vaccination (in week 3) 
% of herds outside the ring protected 
- from up week 5 50 
- from up week 6 (in case of an effective vaccination) 100 
- from up week 6 (in case of a non-effective vaccination) 90 

Stamping out contact herds 
Risky contacts per affected herd 
- in week 1 3 
- in week 2 3 
- from up week 3 1 
% of potential outbreaks prevented 50 
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With respect to the epidemiological routine, about 30 input variables can be 
modified. Their default values are summarized in Table 4. The most difficult factor 
to predict is the probability of primary outbreaks. Hence, the model considers a 
most favourable, a most likely, and a most unfavourable prediction for both a vacci­
nated and a non-vaccinated population. The relatively higher number of primary 
outbreaks to be expected for the most likely situation in case of routine vaccination 
is due to the risk generated by the presence of vaccine or vaccine plants (Strohmaier 
& Böhm, 1984). 

Table 5. Default values of the economic input data. 

Cost elements of vaccination 

Vaccine costs cattle per dose (Dfl.) 2.50 

Vaccination costs per animal, including vaccine (Dfl.) 
- first 50 cattle on the farm 5.80 
- other cattle on the farm 5.35 
- first 50 pigs on the farm 3.80 
- other pigs on the farm 2.95 

Cost elements of stamping out 

Costs per average cattle farm (Dfl. x 1000) 
- removed animals 130 
- others (taxation, transport, desinfection, etc.) 15 

Costs per average pig farm (Dfl. x 1000) 
- removed animals 100 
- others (taxation, transport, disinfection, etc.) 17 

Costs idle production factors 
- cattle farms (Dfl./cow/day) 8.10 
- swine breeding farms (Dfl./sow/day) 2.70 
- pig fattening farms (Dfl./hog/day) 0.33 

Incidentals on cattle and pig farms 
% of losses removed animals 10 

Missed net cash flow industry and trade 
- per average removed cow (Dfl.) 1500 
- per average removed pig (Dfl.) 350 

Annual discount factor (%) 5 

Miscellaneous 

EC-subsidy for ring vaccination 
- % of vaccine costs 100 
- % of vaccination costs 50 

EC-subsidy for stamping out 
- non-vaccinated population: % of costs repayed 50 
-vaccinated population: all costs repaid up to the minimum of 

either: number of outbreaks 20 
or: number of weeks 4 
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The default values in the economic routine are presented in Table 5. Most of 
them could be based on existing financial arrangements, except for the costs caused 
by a delay in restocking of removed herds. For that, the cost of idle production fac­
tors on farms was calculated as the average margin between gross returns and vari­
able costs per day of delay (Dijkhuizen, 1989). For industrial firms, an estimate was 
made for the missed net cash flow per average removed cow or pig, respectively. 

Results 

Basic situation 

The highest number of secundary outbreaks occur, as could be expected, in a non-
vaccinated population with stamping out of the affected herds as the only control 
strategy (Table 6). Then, as shown in Figure 1, weekly outbreaks increase in num­
ber during the first 6 weeks, despite a declining dissemination rate. In total, the out­
breaks even persist for over 6 months. 

Routine prophylactic vaccination is not necessarily the only remedy against such 
a dramatic spread of the disease, as shown in Table 6. The total number of out­
breaks and the length of time in which they occur can also considerably been re­
duced by stamping out the risky contact herds as well. It is doubtful, however, if 
public opinion does allow slaughtering animals of so many herds without clinical 
signs of the disease. On the other hand, the total number of removed herds hardly 

Table 6. Summary of the epidemiological results in case of an outbreak. 

Control strategy Number of Number of Number of herds 
weeks with outbreaks1 removed1 

outbreaks 

I Vaccinated cattle population 

a Stamping out affected herds 7 21 21 
bl Stamping out affected herds, plus 

effective ring vaccination 5 16 16 
b2 Stamping out affected herds, plus 

non-effective ring vaccination 5 17 17 

II Non-vaccinated population 

a Stamping out affected herds 29 712 712 
b Stamping out affected herds and 

contact herds 8 59 140 
cl Stamping out affected herds, plus 

effective ring vaccination 5 134 134 
c2 Stamping out affected herds, plus 

non-effective ring vaccination 8 170 170 
1 Cattle and pig farms assumed to be included according to their ratio in the initial susceptible popula­
tion. 
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weeks 
Fig. 1. Number of secondary outbreaks in a non-vaccinated population, with stamping out affected 
herds as the only control strategy. 

exceeds that in case of the strategy in which stamping out of the affected herds is 
combined with a ring vaccination, even when a break-through occurs (non-effective 
ring vaccination). 

The number of secundary outbreaks is by far the most reduced when the cattle 
population is vaccinated routinely. The most favourable-epidemiological-results 
are obtained then under the strategy currently being applied in the Netherlands 
(i.e. stamping out affected herds in combination with ring vaccination if outbreaks 
do occur). But even with a strategy of stamping out affected herds only, or when a 
break-through occurs in case of ring vaccination, the total number of outbreaks re­
mains limited. 

Given these predicted numbers of secundary outbreaks, the calculated direct 
losses under each of the strategies are summarized in Table 7. The major loss item 
turns out to be the cost of slaughtered animals. Hence, the extent of the total losses 
is closely related to the number of removed herds. Taking into account the current 
EC-subsidies (Table 5), total calculated losses are the lowest under the strategy of 
stamping out affected herds plus an effective ring vaccination, both in a vaccinated 
and in a non-vaccinated population. The cost of a routine vaccination of the cattle 
population is calculated as slightly more than 24 million Dutch guilders (Dfl.), 
shown in Table 7. No extra costs were charged for maintaining a strategic store of 
vaccine, assuming no significant differences between the strategies considered. 
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Table 7. Total direct economic losses in case of an outbreak (Dfl. x 1000). 

Vaccinated cattle population Non-vaccinated population 

la1 Ibl Ib2 Ha IIb IIcl IIc2 

Routine vaccination 24076 24076 24076 0 0 0 0 

FMD-outbreaks 

Controlling outbreaks 
- desinf. + incidentals 
- ring vaccination 
-admin. + diagn. support 

560 
0 
_2 

448 
3587 

461 
7172 

19389 
0 

3820 
0 

3657 
3587 

4619 
7172 

Slaughtered animals 
- farms 
- industry and trade 

2198 
2564 

1756 
2047 

1809 
2108 

76135 
89780 

14997 
17682 

14357 
16931 

18136 
21384 

Lost production 
- farms 
- industry and trade 

229 
382 

183 
304 

188 
316 

7916 
12278 

1559 
2422 

1493 
2312 

1886 
2928 

Interrupt, domestic trade - - - - - - -

Total direct losses 
Total minus EC-subsidy 

5933 
4104 

8325 
3690 

12054 
4614 

205498 
161543 

40480 
31821 

42337 
31242 

56125 
40042 

1 See Table 6. 
2 As yet unquantified. 

Table 8. Summary of the direct costs on a yearly base (Dfl. x 1000). 

Control strategy Most Most Most 
favourable likely unfavourable 
situation situation situation 

I Vaccinated cattle population 

a Stamping out affected herds 24076 24897 25718 
bl Stamping out affected herds, plus 

effective ring vaccination 24076 24814 25552 
b2 Stamping out affected herds, plus 

non-effective ring vaccination 24076 24999 25922 

II Non-vaccinated population 

a Stamping out affected herds 0 16154 64617 
b Stamping out affected herds and 

contact herds 0 3182 12729 
cl Stamping out affected herds, plus 

effective ring vaccination 0 3124 12497 
c2 Stamping out affected herds, plus 

non-effective ring vaccination 0 4004 16017 
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The final comparison of the total direct costs should be done on a yearly base, 
taking into account the expected frequency of primary outbreaks. In case of the 
most favourable situation regarding the number of primary outbreaks (0 within 10 
years), routine vaccination of the cattle population, of course, is far from profitable 
as shown in Table 8. But also in the most likely situation, the annual costs are the 
lowest in a non-vaccinated population, even with stamping out of the affected herds 
as the only strategy. It is under the latter strategy that the costs are rising by far the 
highest in case of the most unfavourable situation considering the expected number 
of primary outbreaks. The other strategies, however, still provide the best econom­
ic results in case of a non-vaccinated population. Even when comparing the direct 
costs in the most favourable situation for a vaccinated cattle population on the one 
hand and in the most unfavourable situation for a non-vaccinated population on the 
other, routine vaccination is still the less profitable choice. 

Sensitivity analysis 

Taking into account the most likely situation with respect to the number of primary 
outbreaks, more pessimistic values for the major uncertain input factors hardly in­
fluence the previous favouring conclusions for a non-vaccinated population, as 
shown in Table 9. Reduced effectiveness from stamping out risky contact herds and 
ring vaccination, as well as a ceasing of the EC-subsidies do increase the annual 
costs, but not tremendously. Even in case of a significantly increased dissemination 
rate it is possible to keep the direct costs far below the level as calculated before in a 
vaccinated cattle population (Table 8), at least if adequate control measures are 
carried out. Should stamping out affected herds then be the only strategy (Ha), the 
costs do get out of control, as shown in Table 9. 

Table 9. Results sensitivity analysis for 'the most likely situation' in a non-vaccinated cattle population 
(annual losses in Dfl. x 1000). 

Control strategies (see Table 4) 

Ha IIb IIcl IIc2 

Basic situation (see Table 8) 16154 3182 3124 4004 

Changed factors1 : 

Increased dissemination rate2 2035493 9404 5876 11040 

% of potential outbreaks prevented 
with stamping out contact herds: 25 16154 8797 3124 4004 

% of herds protected from up week 
6 in a non-effective ring vaccination: 50 16154 3182 3124 7234 

No EC-subsidies at all 20550 4048 4234 5612 

1 Only one factor is changed at a time. 
2 For week 1 through 6 and further: 4.5,3.5, 3.0,2.5,2.0,1.5, respectively. 
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Discussion 

To document the profitability of alternative control strategies for highly contagious 
diseases such as foot-and-mouth disease (FMD), it is not feasible to provide experi­
ments under field conditions. Simulation modelling has long been recognized as a 
comprehensive technique for this kind of evaluation (Hesselbach & Eisgruber, 
1967). Although it does not solve the existing problem of a lack of empirical data, 
the significance of gaps in veterinary knowledge can be quantified in this way. Once 
available, such models can also play a continuing role in supporting real-life deci­
sions, especially when extended with flexible input features and applied to micro­
computers, as demonstrated in this paper. That also creates the possibility for simu­
lating other countries with one and the same model, providing optimal conditions 
for the comparability of the results. 

Calculations showed that the current routine vaccination of the cattle population 
does not seem to be the most profitable strategy for the Netherlands. Annual direct 
costs are expected to decrease considerably when ceasing the prophylactic vaccina­
tion, although adequate measures have to be taken when the disease does occur. 
This favouring conclusion for a non-vaccinated population was hardly influenced by 
more pessimistic values for the major uncertain input factors. 

Not yet included in the analysis, however, are the indirect losses of potential ex­
port bans. Taking into consideration the most adequate strategies only (Table 7), it 
is in fact a matter of weighing the risk in this respect of the higher number of secun-
dary outbreaks to be expected in a non-vaccinated population (Table 6) against the 
higher frequency of primary outbreaks as supposed to occur in a vaccinated cattle 
population (Table 4). Although extremely important in itself, especially for Dutch 
agriculture (LEI, 1987), such a difference in risk of export bans is unlikely to out­
range entirely the highly favouring position of adequate strategies in a non-vacci­
nated population (Table 7). The more so, when taking into account the consumers' 
benefits of a fall in prices due to a temporary oversupply in the domestic market, 
which can compensate to a large extent the producers' loss in income. But, national 
governments do have the competence, of course, to give special priority to certain 
interests within their society, e.g. the producers' income. More research, there­
fore, is underway to model the extent of these indirect losses more precisely. 
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