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Abstract 

A stochastic distributed delay simulation model was applied in studying the epidemiology of clinical 

respirato.ry disease in a dairy cattle population. The predictive ability of the model was tested against 
data from the National Animal Health Monitoring System (NAHMS) in Michigan. Using the annual 

incidence density (aID) as outcome, model predicted aIDs were compared with those observed from 
the actual data. The model results did not significantly differ from the observed 66% of the time. 
Observations of model behavior and applications of this modeling approach are discussed. 

Keywords: Epidemiology: Modeling; Bovine respiratory disease 

1. Introduction 

The various types of epidemiological simulation models have been described in an earlier 
report (Hurd and Keneene, 1993). The data collection process, descriptive epidemiological 
and economic statistics, and critique of data quality used in this study have been discussed 
(Kaneene and Hurd, 1990a,b). A generic model for disease processes in dynamic popula- 
tions was described and tested (Hurd et al., 1993). The objective of this study was to 
describe the application of the model described by Hurd et al. ( 1922a) to the epidemiology 
of clinical respiratory disease in a typical Michigan dairy cattle herd. The predictive ability 
of the model was tested against the database described earlier (Kaneene and Hurd, 1990a,b). 
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2. Materials and methods 

2.1. Study population 

Data for this study were obtained from the National Animal Health Monitoring System 
(NAHMS) in Michigan. The methods of data collection, herd selection, study design, and 

calculating incidence rates were described elsewhere (Kaneene and Hurd, 1990a). Briefly, 
the state of Michigan joined NAHMS in the fall of 1986. The objective of NAHMS is to 
provide statistically valid data about animal and poultry health-related events. These data 
are used for estimating the incidence, prevalence and cost of these events. This study was 

conducted in two 12-month phases: 1986-1987 and 1988-1989. The procedures and meth- 

ods that were used for the study design, herd selection, data collection, and calculation of 
the incidence rate of various diseases involved were the same in both phases. 

2.2. Model description 

According to the proposed epidemiologic model classification scheme reported (Hurd 
and Kaneene, 1993), this model can be classified as a stochastic structural process model 

with continuous time and entity computation by simulation. The distributed delay model 
reported earlier (Hurd et al., 1993a) is applied in this model to represent the three age 

groups of cattle defined in the NAHMS database ( ‘calves’, ‘young stock’, ‘cows’). Most 

of the disease states are implemented with the time varying distributed delay as described 
by Hurd et al. ( 1993)) however, the additional feature of proportional losses from the delay 

are included to allow for ageing and losses from the populations (Manetsch, 1976). A 
detailed block diagram of the dairy herd, is shown in Figs. 1,2 and 3. Each figure represents 
one age group, but the groups are interconnected so that animals can grow into the next age 
group. The assumptions and definitions for each age group will be discussed below. 

Calves were defined as animals from birth until weaning. Calves can fall into four disease 

states, ‘clinical’ and ‘non-clinical’, ‘immune’ due to infection, and ‘colostrum-immune’ 

due to intake of colostral antibodies. Non-clinical calves were assumed to be susceptible to 

disease, and non-infectious. Clinical calves were defined as those presenting overt signs of 
respiratory disease, such as coughing, runny noses, respiratory distress, or any other signs 
consistent with a diagnosis of upper or lower tract respiratory disease. Clinical calves were 
assumed to be spreading the disease to other animals in the herd, therefore were considered 
infective. Immune calves were those that had passed through the clinical state and were 
resistant to reinfection. Some of these animals may have a decrease growth rate and will be 
weaned at a later age. These are classified as ‘poor doers’. Since it is assumed that the 
duration of immunity (270 days) is longer than the time to weaning (90-140 days) these 
calves will be weaned into the immune young stock state and do not have to chance to 
return to the susceptible state. 

The impartation of passive immunity from antibodies in colostrum is considered to play 
an important role in the epidemiology of respiratory disease (Miller et al., 1980). For this 
reason, the state of colostrum-immune was included to represent those animals born of 
immune or ‘vaccinated’ cows. The duration of this passive immunity is estimated from the 
literature to be 60 days (Radostits and Blood, 1985). Colostrum-immune calves are moved 



H.S. Hurd, J.B. Kaneene/Prevenlive Veterinary Medicine 24 (1995) 105-116 107 

Fig. 1. Epidemiologic simulation model of the animal population and production system ( APPS) for calves. Z is 
summation; T is multiplication; ldt is integration with respect to dg; dt is computational time step; f(x) is the 
function of various independent variables, X; Del is time-varying delay factor, Del = l/ [ 1 - ( 1 -p)‘“‘], where I 
is the number in infected state, and p is the transmission coefficient (a random variable); a is a state variable 
which is tB: number of designated individuals in a state or delay at any given time. 

into the non-clinical state after an average 60 days, and become susceptible to infection. 
Calves are born into the non-clinical or colostrum-immune states at a daily rate determined 

by the number of cows present in the herd. Calves born of cows in the immune state go into 
the colostrum-immune state for calves, and calves born from clinical and non-clinical cows 
go into the non-clinical state. 

By application of the proportional loss feature of the distributed delay, animals are 

removed from each of the above states (Manetsch, 1976). Some of the calves are weaned 
into the various young stock states, others die, poor doers are culled, and calves are sold at 
the observed sell rate, which includes bull calves sold. Calves in the clinical state die 
according to the case fatality rate observed in the NAHMS data. The case fatality rate for 
all age groups can be altered for economic analysis of the effect of veterinary intervention. 
Default values used for parameters in the model and their source are shown in Table 1. 
Some of these parameters were reset when herd specific simulations were run (Table 2). 

For young stock (animals from weaning to first calving) the three states, non-clinical, 

clinical, and immune are defined the same as for calves. Young stock can also be vaccinated 
at any user-defined age level, at which time they will move into the vaccinated state. Since 
animals can be young stock for 19-25 months, it is possible that immunity from infection 
or vaccination may decrease to the point that they may be again susceptible to disease and 
return to the non-clinical state. ‘Recovered’ young stock are those that have had clinical 
disease, developed, and lost their immunity. A certain proportion of the immune and 
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Fig. 2. Epidemiologic simulation model of the animal population and production system (APPS) for young stock. 
C is summation; T is multiplication; jdr is integration with respect to dt, dt is the computational time step;f(x) is 
the function of various independent variables, X; Del is the time-varying delay factor, Del = l/ [ 1 - ( I- p)‘(‘)], 
where I is the number in infected state and, p is the transmission coefficient (a random variable); 13 is a state 

variable which is the number of designated individuals in a state or delay at any given time. 

recovered (‘poor doers’) will have a reduced growth rate and later freshening age than the 
non-clinical and clinical. This proportion is reflected by increasing the freshening age for 

those two states according to the poor doer rate and the percentage decrease in growth 

(Table 1) . 
Young stock states receive newly weaned calves from the same respective disease states 

in which the calves were located at weaning. Young stock that freshen go into the same 
respective state for cows, except for recovered young stock which freshen into non-clinical 
cows. Losses due to non-respiratory culling and non-respiratory mortality occur from all 
states. Respiratory mortality (case fatality) occurs in the clinical state only,, and respiratory- 
related culling relates to poor doers in the recovered and immune states (Table 1) . 

In cows (animals after first calving), the disease states are the same as in young stock 
with the exclusion of the recovered state. It is assumed, based on the authors’ clinical 
experience, that most respiratory disease in adult dairy cattle does not impair long term 
performance, so the recovered state was not needed. Animals in the non-clinical and immune 

states will produce milk at a user-defined daily rate, and those in the clinical state will 
produce milk at a decreased rate (Hurd et al., 1993b). 

For all three age groups, the length of the delay in non-clinical is set at some starting 
level. This initial value can be set as a function of the objected annual incidence density or 
as a prediction from the regression equation (Kaneene and Hurd, 1990a). This delay then 
is altered as a function of the number of individuals in the clinical state as described in Eq. 
( 1) . This in effect represents a feedback loop (as shown in Figs. 1,2 and 3). 

Use of this equation allows the simulation of an epidemic. In traditional epidemiologic 
modeling the number of new cases is a function of 0 and the number of infected Z(t) . In 



H.S. Hurd, J. B. Kaneene /Preventive Veterinary Medicine 24 (1995) 105-116 109 

Fig. 3. Epidemiologic simulation model of the animal population and production system (APPS) for cows. C is 
summation; T is multiplication; Jdt is integration with respect to dt, dr is the computational time step;f(x) is the 
function of various independent variables, X, Del is the time-varying delay factor, Del = l/ [ 1 - ( 1 - j3)‘Ct,], I is 
the number in infected state, and p is the transmission coefficient (a random variable); a = a state variable, which 
is the number of designated individuals in a state or delay at any given time. 

this case these same parameters are used to effect how long an animal stays in the non- 
clinical state. The more infecteds and/or higher the p, the shorter the delay (DEL), increas- 
ing the number of infecteds generated. 

del( t) q = 
1 

1 - ( 1 - p)l(*) 
(1) 

where I(t) is the number of infectious individuals at time (t) , and fi is the effective contact 
rate. 

2.3. Computational methods 

The early versions of the model were designed and tested on the Apple Macintosh SE 

with a graphic simulation software program (STELLA, 1987), Using STELLA, it was not 
possible to develop the complex algorithms of a kth order differential equation. Therefore, 
the algorithms for the computation were implemented with Quick Basic (Microsoft, 1988). 
A 36day run on a Compaq 386,25 MHz clock speed with a math coprocessor, took about 
8 min. ‘The delta time (dt) for numerical integration was set at 0.1, so each day of simulation 
required ten loops through the model. 
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Epidemiologic model parameters. Average daily rates from Michigan National Animal Health Monitoring System 

Round 1 and literature. 

Variable Default Units Comment Source 

Calves 

Non-resp mortality 

Non-resp cull rate 

Resp cull rate 

Case fatality rate 

Weaning age 

Late weaning age 

0.001 

0.0 

6E-6 

0.02 

120 

140 

CLOSDUR 60 

herds day- ’ 
herds day- ’ 
herds day-’ 

herds day- ’ 
Days 

Days 

Days 

Mean SAR 0.106 

Prob new 0.15 % 

Young stock 

Non-resp mortality 

Non-resp cull rate 

Resp cull rate 

2.4E-5 

0.05 

8.3E-5 

Case fatality rate 

Freshening age 

0.013 

27 

herds day- ’ 
herds day - ’ 
herds day- * 

herds day - ’ 
Months 

Late freshening age 29 Months 

Mean SAR 

Prob New 

0.019 

0.07 

cows 

Purchase rate 

Non-resp mortality 

Non-resp cull rate 

Variable herds day - ’ 

l.06E-4 herds day- ’ 
0.0008 herds day - ’ 

Resp cull rate 0 herds day- ’ 
Case fatality rate 2.8E-’ herds day - ’ 

Mean SAR 0.005 
Prob new 0.06 % 

All ages 

Infection duration 7 Days 

Immunity duration 360 Days 

Vaccination duration 270 Days 

3 per 100 calf-months 

assume not sold for dairy 

0.02 per 100 calf-months 

15% over 7-day infection 

Due to a 2.7% decrease in 

daily gain 

Duration of natural 

immunity from colostrum 

Secondary attack rate 

Probability of new infective 

7 per 10000 animal-months 

6 per 10000 animal-months 

From immune and 

recovered 

9% over 7-day infection 

Fresh age for those not 

infected 

Based on a 5% decrease in 

weight gain 

Secondary attack rate 

Probability of new ineffec- 

tive 

Data 

Data 

Data 

Miller et al., 1980 

Radostits, 1985 

Data 

Data 

Data 

Data 

Data 

Data 

DHIA 

Miller et al., 1980 

Data 

Data 

Function of number in 

animal inventory 

Data 
Increase if number in 

animal inventory above 

starting level 

2% over 7-day infection 

duration 

Secondary attack rate 

Probability of new infective 

Average time in 

clinical 

After natural infection 

Data 

Data 

Data 

(Resp, respiratory; SAR, second attack rate). 
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Table 2 
Observed :md simulated annual incidence densities (aID) for the Michigan National Animal Health Monitoring 
System dairy herds. Herd-specific sizes and loss rates were used for each model run 

Age Mean Daily Yoss rates Sold aID Susceptible/immune 
ave. obser- 
herd Cull Mortality ved 1:3 1:l 
size 

Non- Respira- Non- Respira- f SD R SD 
respira- tory respira- tory 

tory tory 

Herd I 
Calves 33 0 0 

Young stock 164 3.3E-’ 0 
cows 143 0 0 

Herd 2 
Calves 4 0 0 
Young stock 18 0 0 

cows 26 0 0 

Herd 3 
Calves 80 0 0 
Young stock 73 3.7E-5 0 
cows 49 4.5E-4 0 

83E-5 83E-’ 0.0043 0.0044 0.0089 0.045* 0.023 0.076’ 
0 0 6.7E-E 0.0010 0.0085 0.015* 0.012 0.02* 
1.5E-4 0 f 0.0011 0.0023 0.002* 0.0036 0.0026* 

0.0048 0.0008 0.008 0.02 0.034 0.035* 0.054 0.032 
1.4E-4 0 0.0007 0.0 0.0159 0.009 0.0211 0.016 

6 
0.0022 0 f 0.0 0.0043 0.0018 0.0048 0.002 

4.3E-4 0 0 0.044 0.021 0.016 0.056 0.04* 
0 0 6E-4 0.0057 0.022 0.018* 0.05 0.015* 
l.lE-4 0 f 0.0 0.0008 0.0023* 0.0019 0.003* 

* Observed aID fell within the 95% CI of simulated aID. 

The mathematics and behavior of the distributed delay has been described earlier (Hurd 
et al., 1993). However, for young stock, a unique modification was made to the distributed- 
delay routine. This modification is called the ‘double delay’. The double delay manipulates 
an array of animals; each cell of the array designates a different stage of disease progression 
and level of maturation. The number of animals in any cell is computed with Euler integration 
similar to the distributed delay. The subroutine allows for bilateral simultaneous movement 
of animals along both the disease progression and maturation processes. It also allows for 
selective age-level vaccination: the user can choose the age range at which young stock 

should be vaccinated and only those animals stored in the appropriate stage of the delay 
will be removed to the vaccinated state. Since the transit time for an animal from a newly 
weaned calf to freshening heifer is fairly long ( 19-24 months) and variable, it seemed 

reasonable to allow this process to have the same distributed features as described for disease 
processes. The maturation process is the most common application of the distributed delay 
(Plant and Wilson, 1986). 

2.4. Parameter estimation 

A majority of the important model parameters were estimated from the Michigan NAHMS 
data, using average values from all 48 herds with useable data. Those that were not available 
were derived from the literature (Table 1). For those parameters (such as infection and 
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immunity duration) which were estimated from the literature, averages were taken from 
various authors who were describing separate specific etiologies. For example, the infection 
duration of parainfluenza 3 infection is reported to be 7-8 days (Gillespie and Timoney, 
198 1) , and 3-5 days for bovine respiratory syncytial virus (BRSV) (Mathes and Axthelm, 

1985). Duration of immunity was more variable; it was reported as being short for BRSV 
(Gillespie and Timoney, 198 1), and solid but indefinite for bovine virus diarrhea (Blood 
et al., 1985). 

2.5. Secondary attack rate 

In other mass action models it is stated that the meaning of the p term (infectivity 
parameter) is not clear (Fine, 1982). For this model, p was defined as the classic secondary 
attack rate (SAR) (Kemper, 1980) : the propensity of disease to spread within a population 
after the introduction of a single infective individual. This parameter can be estimated from 

any herd within the NAHMS database, for any month, as shown in Eq. (2). If one case of 
disease occurred within 1 month the SAR is 0, since this original case generated no new 
cases. If no cases of disease occurred the SAR was not estimable, as the lack of an initial 
case made it impossible to determine the propensity for disease to spread. 

SAR=Z- l/(S- 1) 

where Z is the number of new cases during the month and S is the number of animals at risk. 

When estimating the SAR from these data, it was possible that an initial case, at the end 

of the month, could produce secondary cases in the next month. In this situation, the true 
initial case would result in calculation of an inestimable SAR for the first month. The first 

secondary case in the subsequent month would be considered the index case, and the SAR 
calculated missing one secondary case. This method would result in a slight underestimate 

of the SAR. 
The frequency distribution of the SARs was simulated with an exponential distribution, 

so values for p were generated randomly from a subroutine (EXPON) with the mean SAR 

set at the beginning of the run. A new value for p was generated every 30 days from the 
exponential distribution. Since the SAR assumes that one infective is present in every 

population experiencing disease, the model was altered from that reported earlier (Hurd 
and Kaneene, 1993a) to allow alteration (by feedback) of the delay only if the number in 

the clinical state was greater than or equal to 1 .O. 
The model usually was initialized with one or two animals in the clinical state; however, 

once these infectives recovered it was necessary to allow the introduction of new infective 
from outside the herd. This was accomplished, for each age group, by calculating the 
proportion of herd-months that had at least one infection in the herd, and comparing that 
with a uniform random distribution generated every 30 simulation days. If the uniform 
random number was greater than the probability of infection, one individual was added to 
the clinical state. This technique allowed for simulation of the purchase of infected animals. 
In calves, young stock, and cows the observed probabilities of a new infection were 0.15, 
0.07, and 0.06, respectively. 
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2.6. Teshng of the model 

In order to test the ability of the model to predict annual incidence densities (aID) of 
clinical respiratory disease, data from one herd in each herd size stratum (Kaneene and 

Hurd, 1!>93a) was compared with 365 runs of the model. Herds selected from comparison 
needed to have a moderate level of disease, reliable culling and freshening data, and represent 
each of the herd size strata in the original sample. The number of animals in each age group 
was set 1.0 the average number observed in the herd. Random variation occurred in the SAR 

and the probability of adding a new infective. It was necessary to use specific parameters 
of cull, mortality, and sell rates for each herd simulated (Table 2). This was done in order 
to model the population sizes observed in these herds. 

It was stressed in a previous report (Hurd and Kaneene, 1993a) that the proportion of 
individuals in the susceptible and immune states of disease plays a very important role in 

determining the observed or simulated frequencies of disease. Unfortunately, it was not 
possible to estimate this proportion in the herds observed in this project. Therefore, when 
testing the model it was necessary to evaluate different starting ratios of susceptibles (non- 

clinical11 and immune. Ratios of 1:3 and 1 : 1 were evaluated for each herd. Unlike the 
model reported previously (Hurd and Kaneene, 1993a), no initial infectives were added to 
the herd at the beginning of the run. 

The model was run Monte Carlo style for 50 runs of 365 days, for each of the two starting 
ratios. A 95% confidence interval was estimated on the predicted aIDs, and this was 
compared with the observed annual incidence density (aIDobs) using the confidence inter- 

val (CD test (Law and Kelton, 1982). If the observed aID fell within predicted range then 
they were considered to be in agreement. 

3. Results 

The mean observed monthly SAR for calves, young stock and cows was 0.106, 0.019, 
and 0.0115, respectively. Most herds had an SAR of 0, with a maximum in calves of 2.0, 
young stock of 0.64, and cows of 0.43. These maxima were much higher than most of the 
other observations in the age group, were considered outliers, and were deleted to compute 
the above means. The distributions of the observed SARs (minus the outliers) in calves are 
shown in Fig. 4. Observation of this SAR distribution was the reason for using the expo- 

nential distribution for the secondary attack rates. 

3.1. Predicted versus simulated disease frequencies 

The observed annual incidence density (aIDobs) for the three herds tested fell within the 
95% confidence interval six of nine times, for both ratios ( 1: 1,1: 3). Herd 2 had the fewest 
accurate predictions. The 1: 1 susceptible to immune ratio had generally higher predicted 
aIDs, with wider confidence intervaIs then the 3 : 1 ratio. 
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1.1-2 2.1-3 3.1-4 4.1-5 5.1-6 6.1-7 7.1-8 8.1-9 

SAR 10-l 

Fig. 4. Observed distribution of secondary attack rate in calves. 

It seems reasonable to expect that this model could accurately predict the rates of disease 
in a given herd, on a monthly basis. However, for these three herds it was only accurate 
66% of the time. Most of the ‘misses’ occurred in herd 2. This herd was the smallest, with 
an average herd size of only 26 cows, and 18 heifers. A continuous entity model, such as 

the one used in this paper, is expected to have some trouble modeling small population 
sizes. A continuous entity model assumes a homogeneously mixing population, which each 
individual having roughly the same experiences or exposures (Elveback et al., 197 1, 1976; 
Fine et al., 1982; Fine and Clarkson, 1982). This assumption is much harder to maintain 
for a small herd. 

Also, use of a continuous model calculated fractions of animals moving from state to 
state. This method is valuable for low level aIDs as observed in these data. However, the 
number of animals getting sick is an integer value. The impact of continuous versus discrete 
calculations is greater in small versus large populations. It is noteworthy that simulations 
of herd 1, the largest herd, predicted the correct aID 100% of the time. Herd 2 was probably 
too small to simulate with a continuous entity model. 

Another reason that the model might not predict perfectly is lack of information on the 
susceptible to immune ratio in the observed herds. The more susceptibles available in the 
population, the more likely an epidemic. For this reason, two different ratios ( 1: 1, 1: 3) 
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were assumed. For the comparison herds, it was not possible to determine their true ratio. 
There are many advantages to a modeling approach such as that used in this paper. Unlike 

the Reed-Frost model (Abbey, 1952), which models epidemics, this model also models 

low level endemic disease along with epidemics. 
A continuous entity model is not computationally slowed or complioated by the size of 

the modeled population. Discrete entity models, although allowing identification of indi- 
vidual animal characteristics, can get cumbersome with large populations (Elveback et al., 
1984). 

As the model structure is not disease dependent, it can be applied to a variety of infectious 
and noninfectious diseases. The delay (DEL) in the distributed delay can be approximated 
from an incidence density in a population. Herd or population specific cull, mortality, and 
growth rates can be input, increasing realism. 

Distributed delays have been used to model the flow of entities, with random transit 

times, through a particular process (Manetsch, 1976). This paper has applied that same 
technique to the movement of individuals through the infection process, allowing randomly 
varying durations of infection. Application of the distributed delay to the clinical, or infected 
state, adds an element of realism not found with the Reed-Frost and other state transition 

models. Reed-Frost (Abbey, 1952) and other state transition models assume a constant 
duration of infection. The distribution of infecteds leaving that state is exponential. The 
distributed delay can produce distributions approximating the normal (Hurd and Kaneene, 

1993a). 
To simulate the impact of disease risk factors and their amelioration, it is necessary to 

determine where in the model to input these changes. Future work in this area could include 
fusing the information from the standard ‘associative’ statistical risk factors model to the 

parameters (/I, SAR) used in this model. 
Since the DEL can be simply set as the inverse of the ID, it is posited that the dynamics 

of non-infectious disease in populations could also be modeled. 
Owing to the advantages of a continuous model this technique could be used to more 

realistically model the disease dynamics of a large national population. These models could 

be used to evaluate the cost/benefit effects of various policy alternatives. 
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