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ABSTRACT  Two stochastic, discrete-time simulation models for the spread
of an epidemic through a population are presented. The models explore the
effects of nonrandom mixing within the population and are based on an SIR
epidemic model without vital statistics. They consider a population of preschaool
children, some of whom attend child care facilities. Disease transmission oc-
curs both within the home neighborhood and at the child care facility used, if
any. The two models differ in population size used, population density, the
proportions of children using different kinds of care, and the functions used for
calculating the probability of disease transmission. Results are presented for
seven different variables—length of the epidemic in weeks, number of cases,
number of cases in each kind of care (two day care centers, private homes, and
children staying at home), and the number of private home providers affected
by the epidemic. In addition, the distribution of total epidemic size and the
progress of an epidemic are estimated from 25 epidemic trials. The effects of
the location of homes of initial cases, the type of care used by initial cases, and
the density of the population are discussed. Results from the simulation con-
firmed the importance of type of care on the risk for disease transmission.
Results from all runs of the simulation showed that children who attended a
day care center were most likely to become infected, children who went to a
private home were intermediate, and children who did not use any day care
facility were at the lowest risk. The size and length of the epidemics were
related to the presence of the disease in day care centers, regardless of the
location of the initial case, and the time at which the disease entered the
center(s). The simulations alsoc showed that the geographical distribution of
the homes of children attending a particular center was a critical feature
involved in the production of epidemics. The center with more widely distrib-
uted homes of students was less likely to experience a major epidemic than the
center with clustering of student’s homes within a neighborhood. This indi-
cates that it is not simply attendance at a day care center that is critical for
disease spread, but that the nature of the population of children attending a
center is also of critical importance in the actual risk for disease spread within
the center. These results are discussed with reference to the spread of hepatitis
A among day care centers in Albuquerque, New Mexico.

In recent years there has been a growing infective individual’s coming into contact
interest in mathematical models for the with one who is susceptible to the disease.
spread of a disease through a population. In the simplest model (called the SI model),
Most of the models are variations upon a the population is divided into only two
single basic theme. The population is divided classes, susceptibles and infectives. The pop-
into a few classes of individuals accordingto ——
disease status. MlXiIlg of individuals occurs Received September 12, 1986; revision accepted January 9,
at random with transmission of the disease
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ulation size is assumed to be constant, and it
is also assumed that there is no migration
and that there are no births or deaths in the
population. The probability that a suscepti-
ble individual will become infected in a given
period of time is proportional to the amount
of contact between susceptibles and infec-
tives. Once an individual is infected, there is
no change in status, i.e., there is no recovery.

A complete solution to this model is given
in Bailey (1975). Because an individual re-
mains infective for all time once he becomes
infected, the ultimate result of this model is
that all individuals in the population become
infected. This is not a realistic result. Conse-
quently several modifications have been
made to this model. These modifications in-
clude allowing recovery with permanent im-
munity (SIR model), incorporating vital
statistics (births, deaths, and migration), as-
suming a discrete-time process with a bino-
mial distribution for new infections rather
than a continuous-time process (chain binom-
ial model), considering the effects of the age
structure of the population, considering the
effects of spatial clustering, and several other
topics.

A major assumption of almost all of the
models, including most of the modified ver-
sions of the simple model, is that the individ-
uals within the population mix randomly.
This is not a general characteristic of most
human populations. Usually a large popula-
tion is divided into several smaller groups,
within which mixing is random, but between
which there is a limited amount of interac-
tion. This subdivision of the population can
be the result of geographic separation of the
groups or it can result from structuring of
the population along social networks. The
patterns of movement of individuals among
these groups can profoundly affect the course
of the disease through the large population.

Sattenspiel (1984, 1987) developed a math-
ematical model to describe the spread of a
disease through a subdivided population.
This model shares a characteristic with all
but the simplest of mathematical models for
disease spread—that analytical solutions are
not feasible. Qualitative methods such as sta-
bility analysis may be used, but these usu-
ally provide information only about the
ultimate effects of an epidemic given long
periods of time and near the equilibrium
points of the model. The behavior of the dis-
ease during the early and middle stages of
an epidemic is not easily determined unless
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an analytic solution of the model is found.
Simulation is one method that can be used to
study the progress of a disease! throughout
the course of an epidemic.

Simulation models which involve the spa-
tial structure of populations can be divided
into two types. The first type considers a
single population within which there is dif-
fusion of infectives. Typically these models
consider the population to be distributed at
the points of a lattice. All points contain in-
dividuals and no points contain more than
one individual. Transmission occurs between
neighbors; usually the eight nearest neigh-
bors are chosen so that the difference be-
tween the probability of transmission to an
individual on the boundary of the lattice and
the probability of transmission to an individ-
ual in the interior of the lattice is minimized.
The initial infective is assumed to be at the
center of the lattice, and diffusion proceeds
outward toward the boundaries.

Bailey (1967) used a chain binomial model
to simulate the spread of an epidemic with
and without recovery over a lattice. He stud-
ied the effects on the epidemic patterns of
varying the probability that the disease is
transmitted from an infective to a suscepti-
ble. Bartlett (1961) used an epidemic model
with recovery and births (SIR model with
vital statistics) to simulate the spread of
measles over a lattice. He studied the time
to extinction of the disease and whether there
were recurrent outbreaks, as well as the ef-
fects of seasonal differences in the probabil-
ity of infection.

The second type of simulation model for the
spread of disease in a spatially structured
population considers populations which are
divided into several different groups. These
groups can be separated on the basis of geo-
graphic distance or they can be separated
because of social structure. In either case the
probability of transmission is influenced by
whether two individuals are in the same
group or in different groups.

Baroyan et al. (1969, 1971) sirnulated the
spread of influenza among cities in the
U.S.S.R. They used an SIR model with move-
ment between cities. Because of the difficul-
ties of obtaining actual movement data they
estimated the probability of movement by
using a function that was proportional to the
product of the sizes of the populations be-
tween which movement occurred. The risk of
infection of a susceptible was determined by
adding the probability of infection by an in-
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fective within the same city to the probabil-
ity of infection by an infective from another
city who visited the city of the susceptible
individual. The results from the simulation
were compared to actual values for influenza
epidemics in the U.S.S.R. and appeared to
provide good estimates of the spread of the
disease through the country.

Cliff et al. (1981) studied the spread of mea-
sles over the island of Iceland. In addition to
statistical analysis of the actual data from
Iceland, they explored a variety of models for
the spread of disease, including four models
based on time-series analysis and two models
based on diffusion. The diffusion models were
analyzed for single populations as well as for
multiple groups. Results from the various
models were then compared to the real data
and the usefulness of specific models and of
models in general was evaluated.

Ewy et al. (1972) developed a simulation
model which included the effects of the social
structure on the spread of disease. Factors
which were incorporated into the model in-
clude family structure, preschool play groups,
attendance at schools for older children, age
of individuals, and various other social fac-
tors. The probabilities of disease transmis-
sion were a function of the amount of contact
between a susceptible and infectives and
were increased if the individuals were mem-
bers of the same social group. This model was
not applied to any specific disease, but it did
consider the effects of two interacting infec-
tious agents in addition to a situation with
one infectious agent. A similar model was
used by Elveback et al. (1971) to study the
spread of enteric diseases (which includes
hepatitis A) among a heterogeneous commu-
nity. This model was also primarily con-
cerned with the effects of two interacting
agents (specifically live-type polio vaccine
and Coxsackie virus). These two models and
several other simulation models for the
spread of disease among human populations
are discussed more fully in Ackerman et al.
(1984).

The simulation model described in this pa-
per is similar to the models developed by
Elveback et al. (1971) and Ewy et al. (1972}
and considers the spread of a disease in a
population where the probability of disease
transmission between individuals is a func-
tion both of the distance between individuals
and of whether two individuals attend the
same social facility. Specifically, the model
considers the spread of a disease among pre-
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school children, some of whom attend day
care centers. The model is of the second type
described above, where the population is di-
vided into several discrete groups. A signifi-
cant difference between this model and the
model of Elveback et al. (1971) is that this
model attempts to look at the specific effects
on the disease spread of the structuring of
the population. The Elveback model incorpo-
rates the population structure because of a
recognized need to have a greater degree of
complexity in order to answer questions
about the interaction between two or more
infectious agents, but is less concerned with
the actual effects of the structuring itself.

The model presented here is applied to a
specific disease, hepatitis A, that occurs with
relatively high frequency in day care centers.
Hepatitis A is a viral disease which produces
mild diarrhea and which may produce jaun-
dice and more severe symptoms. Like polio it
is an enteric disease with a fecal-oral mode
of transmission. In recent years day care cen-
ters have become major foci for the transmis-
sion of several such diseases. Around 30% of
all cases of hepatitis A in some parts of the
country are associated with day care centers
(Hadler et al., 1980). This increased risk as-
sociated with day care centers is thought to
arise from two main causes, an increase in
the use of centers, especially by diapered
children, and the fact that hepatitis A is usu-
ally asymptomatic among such children. The
former factor provides a necessary degree of
contact between susceptible and infective in-
dividuals, while the latter factor guarantees
that control of the disease within day care
centers will be very difficult. Because a large
proportion of the infected young children do
not show symptoms. they tend not to be iso-
lated from other individuals. The disease is
not detected within a center until a staff
member, parent, or older sibling becomes in-
fected. By that time, a large number of indi-
viduals are likely to have been exposed to
the disease. Knowledge of the mechanisms
for disease spread within and between day
care centers is necessary for the development
of effective control measures.

MATERIALS AND METHODS

The model used for the simulation in this
study was based on an epidemic model with
three classes of individuals; susceptibles, in-
fectives, and removed, and with no vital sta-
tistics and no movement of individuals into
or out of the population (SIR model). In addi-
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TABLE 1. A comparison of the two simulation models

Model 1

Model 2

200 children

100 x 100 grid

population density of 1 child/50 sq.
units

2 day care centers

20 private homes

38% no care, 38% private home, 24%
day care center

Maximum probability of transmission
due to geographic proximity of 0.5

Maximum probability of transmission
in day care center of 1

Maximum probability of transmission
in private home of 1

500 children

500 x 500 grid

population density of 1 child/500 sq.
units

2 day care centers

40 private homes

53% no care, 36% private home, 11%
day care center

Maximum probability of transmission
due to geographic proximity of 0.5

Maximum probability of transmission
in day care center of 0.6

Maximum probability of transmission
in private home of 0.4

tion to these restrictions, several other as-
sumptions were incorporated into the model.
These include the following: (1) the disease
has no latent period, (2) recovery confers per-
manent immunity, (3) the disease begins in
one individual only, (4) individuals do not
change home location or day care facility at
any time during the simulation, and (5) no
two individuals live at the same location.
This model only considers children of pre-
school age, no age structure is included, and
no other family members or non-preschool
contacts are included. The probability that
the disease is transmitted is a function only
of the distance between individuals and of
the attendance at a day care facility. Both
care in a day care center and care in a pri-
vate home were included in the model.

Two slightly different models were used in
the study. These models will be designated
as Model 1 and Model 2. The major difference
between the models is in the size of the pop-
ulation considered. Model 1 used a popula-
tion of 200 children; Model 2 increased the
population size to 500 children. This change
and other differences between the models will
be discussed in greater detail below and are
summarized in Table 1.

Children in both models were assigned
home geographic coordinates randomly with
reference to a square grid. These homes are
not evenly spaced and so do not constitute a
lattice as described by Bailey (1967) and Bart-
lett (1961). The children were also assigned
to a day care center, to a private home, or to
no care. For both models, private homes
ranged in size from 1 to 7 children and day
care centers ranged in size from 23 to 29
children.

The proportions of children in the different
kinds of day care facilities were not the same
in the two models. Licensing laws in New

Mexico prescribe a maximum of six children
per home for private home care. Day care
centers range in size from about 15-20 chil-
dren to over 200 children. Since a major focus
of the simulation was on the spread of dis-
ease within and between centers it was nec-
essary to include two centers. However, with
a population size of only 200 or 500 children
for the simulation it was necessary to con-
sider an expected center size of no greater
than 20 children. This means an expected
value of 40 children attending day care cen-
ters. In Model 1, as a result of the random
assignment of children to child care facility,
24% of the population of 200 were assigned
to a day care center, and the remaining chil-
dren were divided about equally into two
groups; those attending private homes and
those who stayed at home. These proportions
are quite different from those actually seen
in the United States, but with a sample size
of 200, a minimum center size of 15, and at
least two centers required, it is not possible
to approximate the actual proportions. A ma-
jor reason for increasing the sample size to
500 children was to allow the necessary min-
imum of children in day care centers while
still being able to approximate the observed
proportions.

The proportions of children using particu-
lar types of care in Model 2 were derived
from published values of the percentages of
children in different situations. The data on
use of child care facilities have been pub-
lished only for working women [Lueck et al.,
19821. However, many women who do not
work still choose to send their children to
some form of child care. It was therefore nec-
essary to estimate the percentage of all
women who are in the labor force and to
estimate the probability that the children of
a nonworking parent would attend day care.
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These values were determined from infor-
mation in Lueck et al. (1982). From these
data it was possible to derive the relative
proportions of children in various kinds of
care. These were determined to be 10% in
day care centers, 30% in private homes, and
60% with no outside care. A sample size of
500 children was sufficient to guarantee that
there would be two day care centers with
approximately 20 children each, but that the
total number of children attending day care
centers would be only about 10% of the total
number of children.

Assignment to a particular type of care for
any one child was made randomly with the
constraints on proportions of children in each
type of care described above. The assignment
of day care center children to a particular
center was also made randomly. Private-
home children were usually assigned to the
available home closest to their place of resi-
dence. However, although private homes are
usually chosen from within the same neigh-
borhood as the child’s home, a percentage of
children attend a more distant home, usually
because the home is nearer to the parent’s
workplace, because it is the home of a rela-
tive or friend, or because the provider has
special qualities the parents want for the
child. To take this into account 20% of the
possible numbers assigning a child to a pri-
vate home designated that a distant home
should be used.

Most states allow a maximum of six chil-
dren to be taken care of in one private home
in order for the home to be licensed. Al-
though many homes are not licensed and
therefore do not have to comply with the
laws, it is relatively rare for a provider to
take care of more than six full-time children.
On the other hand, it is relatively common
for a provider to take care of fewer than six
children. To guarantee that there would be a
range of home sizes in the study, a maximum
of six children per home and an average of
four children per home were assumed.

The probability of transmission of the dis-
ease from an infective child to a susceptible
child depended on two factors, the geographic
distance between the homes of the children
and whether they attended the same day care
facility. These two factors are independent of
each other, so that the probability of trans-
mission is the sum of the contributions from
each factor.

The probability of transmission as a result
of geographic proximity was determined by
a function that was inversely proportional to
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the square of the distance between children.
The probability of transmission due to day
care attendance was automatically set to zero
for a child who attended no day care facility
and was a function of the proportion of infec-
tive children in the facility attended for all
other children.

The simulation of disease spread begins
with one case of the disease. Six (Model 1) or
seven (Model 2) different starting points were
used. The starting points were chosen from
throughout the entire geographic area and
included all three day care situations (day
care center care, private home care, and stay-
ing at home). At the beginning of each cycle
(1 cycle = 1 week), the probabilities of frans-
mission for all susceptibles were computed.
This was done by looking at all pairs of indi-
viduals in the population. Each time there
was a susceptible-infective pair, an incre-
ment to the transmission probability for the
susceptible was calculated, taking into ac-
count the distance between the homes of the
two individuals and whether they attended
the same child care facility. The total proba-
bility of transmission for a given susceptible
was the sum of each of these increments.
This probability was then compared to a uni-
formly distributed random number between
0 and 1 generated by the program URAND
(Forsythe et al., 1977). If the random number
was less than or equal to the calculated prob-
ability of transmission and if the random
number was not equal to zero, then transmis-
sion occurred and the susceptible became in-
fective. Infective individuals remained
infective for 3 weeks. At the end of this time,
the infective individuals recovered and could
neither transmit the disease nor become
reinfected. The simulation continued for 52
cycles or until there were no more infectives,
whichever came first.

RESULTS
Model 1

The simulation was repeated twenty-five
times for each of the six starting points in
Model 1. Eight items were sufficient to char-
acterize each run. These included the length
of the outbreak in weeks, the total number
of cases, the number of cases in day care
center 1, the number of cases in day care
center 2, the number of cases among children
who did not attend day care, the number of
cases among children who attended a private
home, the number of private homes in which
there were cases, and the actual homes which
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TABLE 2. Means and ranges of simulation results, Model 1 *

Child number
Variable 132 33 19 122 103 90
Means
Type of care used ph nc dc2 nc del ph
Weeks per epidemic 9.24 3.24 12.24 5.60 19.32 9.92
Number of cases 10.80 1.12 17.64 3.96 51.56 17.04
Cases in dcl 1.84 0 4.60 0.92 23.00 6.44
Cases in dc2 1.16 0 4.44 0.08 5.36 1.72
Cases in ph 492 0 6.04 0.52 15.28 5.76
Number of ph 1.76 0 2.00 0.32 5.52 2.20
providers
Cases in no care 2.88 1.12 2.56 2.44 7.92 3.12
Ranges
Weeks per epidemic 3-38 3-6 3-31 3-21 8-37 3-27
Number of cases 1-70 1-2 1-66 1-44 29-86 1-64
Cases in dcl 0,23 0 0,23 0,23 23 0,23
Cases in de2 0-17 0 1-13 0,2 0-15 0-12
Cases in ph 1-21 0 0-22 0-8 1-36 1-18
Number of ph 1-8 0 0-7 0-4 1-11 1-7
providers
Cases in no care 0-9 1-2 0-14 1-11 4-12 0-14

e = day care center; nc = no care; ph = private home.

Total Number of Cases

132

103

(a)

10 20

Time (weeks)
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were affected. The means and ranges for the
first seven items were calculated using the
data from all of the twenty-five runs. These
values are presented in Table 2.

The mean length of an epidemic appears to
be related to the type of care experienced by
the initial case. The shortest epidemics oc-
curred when the initial infective was a child
who did not use day care. The longest epi-
demics resuited when the initial infective at-
tended a day care center. When the initial
case attended a private home the epidemic
was of intermediate length. This result oc-
curs because of the existence of larger num-
bers of contacts for children in day care
centers, which would allow the disease to
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maintain itself for longer periods of time.
The children who did not use day care would
have contact with neighbors only, and the
number of neighbors was ordinarily quite
small.

The total number of cases is not as closely
related to the type of care used. When the
initial case was one of the two children who
did not use day care, there were significantly
smaller outbreaks than when the initial case
was one of the other four children, but the
children in private homes and the child in
day care center 2 all caused outbreaks of
about the same size (Table 2). When the ini-
tial case attended day care center 1, the out-
breaks affected, on average, 25% of the entire

(c)
122

\ e Child 33
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Total Number of Cases

Child 90—

T
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2o

Time (weeks)

(b}

Child 19

e
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LI T T LR A T

T
Ie 20

Time (weeks)

Fig. 1. Total number of cases of the disease per week, averaged over all 25 runs of the
simulation, Model 1. a: Starts of epidemic at child 103 (day care center 1) and child 132 (private
home). b: Starts of epidemic at child 19 (day care center 2) and child 90 (private home). ¢: Starts
of epidemic at child 33 (no care) and child 122 ( no care).
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population and the mean number of cases
was 3-4 times as high as outbreaks caused
by the other children using day care facilities.

The reasons for this are not clear but they
appear to be related to the geographic distri-
bution of children attending day care center
1. Every time the disease was introduced into
day care center 1, no matter what the start-
ing point, all the children in the center be-
came ill. On the other hand, an outbreak in
day care center 2 never reached every child.

The distribution of homes of children at-
tending center 2 is much more uniform than
that for center 1. There are several clusters
of children attending center 1 where the
probability of transmission will be influ-
enced by both day care transmission and
transmission between neighbors. This means
that the disease will spread much more rap-
idly within the center, and therefore it is
much more likely that the critical value will
be reached, above which the probability of
transmission approaches one. Each of the
children attending the center has contacts
within his neighborhood, so that the disease
is likely to spread to other children, some of
whom attend other facilities. When the ini-
tial case was in center 1 (child 103 in Table
2), every run resulted in a major epidemic, so
the average number of cases was very large.

In addition to the means and ranges of the
above variables, the progress of an “aver-
age” epidemic for a particular starting point
was studied. This was done in two ways; by
looking at the total number of cases at each
week during an outbreak, and by looking at
the total number of new cases at each week.
The values for a specific week were averaged
over all twenty-five runs. A value of zero was
assumed for every week after the extinction
of an outbreak. The resulting graphs repre-
sent the average effects of an epidemic from
a given starting point, expressed in terms of
the total number of cases each week, calcu-
lated from the beginning of the epidemic (Fig.
la—c), and also expressed in terms of the av-
erage number of new cases per week
throughout the outbreak (Fig. 2a—c). These
graphs provide a means of comparing the
dependence of the form of the epidemic on
the particular starting point used.

The number of runs of the simulation
which involved day care center 1 and the
time at which a case of the disease entered
the center were the most important factors
influencing the patterns of disease spread.
Transmission within center 1 was always
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rapid, which resulted in a sharp rise in the
total number of cases shortly after introduc-
tion of the disease into the center. Early in-
troduction of the disease into day care center
1 resulted in an average epidemic which in-
creased in number of cases rapidly, but de-
clined slowly (Fig. 1a). The curve of the
average number of new cases per week shows
a rapid early growth rate for the epidemic,
which then decreases throughout the length
of the epidemic (Fig. 2a).

Later introduction of the disease into day
care center 1 has the opposite effect on the
total number of cases. In this situation there
is a gradual increase in the number of cases
followed by a more rapid decline (Fig. 1b).
The growth rate of the epidemic, as indicated
by the average number of new cases, is rela-
tively constant initially, then increases rap-
idly, and is followed by a more gradual
decline (Fig. 2b).

When the disease did not enter day care
center 1, the average total number of cases
was very small and relatively constant
throughout the course of an epidemic (Fig.
lc). The average growth rate for epidemics
beginning with child 122 increased midway
through the “average” epidemic because of
one run of the simulation in which the dis-
ease entered day care center 1 (Fig. 2¢). If
this one run is excluded from the calculations
of the average number of new cases, the av-
erage number of new cases for both epidem-
ics beginning with children who do not attend
day care decreases gradually throughout the
course of the epidemic.

Model 2

In Model 2, a total of 25 runs were made
for each of seven starting points. An addi-
tional child who did not use day care was
included because the first two chosen had no
neighbors to whom the disease could spread.
This third child was chosen from the same
general geographic area as one of the other
two. There was one neighbor within the crit-
ical distance to this child, but the distance
was so far that even in this case transmission
never occurred. Results will be discussed,
therefore, for only the remaining four start-
ing points.

The means and ranges of each item char-
acterizing these epidemics are given in Table
3. For every one of the seven variables the
two children attending private homes were
very similar and the two children attending
day care centers were very similar. The type
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Fig. 2. Number of new cases of the disease each week, averaged over all 25 runs of the
simulation, Model 1. a: Starts of epidemic at child 103 (day care center 1) and child 132 (private
home. b: Starts of epidemic at child 19 (day care center 2) and child 90 (private home). ¢: Starts
of epidemic at child 33 (no care) and child 122 (no care).
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TABLE 3. Means and ranges of simulation results, Model 2*

Child number
Variable 111 149 241 315 100 132 198
Means
Type of care used del ph ph de2 nc nc ne
Weeks per epidemic 10.52 4.96 5.56 12.96 3.00 3.00 3.00
Number of cases 34.96 2.48 2.48 30.68 1.00 1.00 1.00
Cases in dcl 28.68 0 0 4.64 0 0 0
Cases in dc2 4.69 0 [¢] 2340 0 0 0
Cases in ph 1.08 2.48 2.28 1.96 0 0 0
Number of ph 0.52 1.00 1.00 0.76 0 0 0
providers
Cases in no care 0.52 0 0.20 0.72 1.00 1.00 1.00
Ranges
Weeks per epidemic 7-16 3-10 3-16 9-19 3 3 3
Number of cases 28-62 1-6 1-8 23-62 1 1 1
Cases in dcl 28-29 0 0 0,29 0 0 0
" Cases in dc2 0-24 0 0 22-24 0 0 0
Cases in ph 0-8 1-6 1-6 0-9 0 0 0
Number of ph 0-2 1 1 0-3 0 0 0
providers
Cases in no care 0-3 0 0-2 0-3 1 1 1

ldc = day care center; nc = no care; ph = private home.

of care attended was overwhelmingly the
most important factor influencing the type of
outbreak seen.

The curves for the average total number of
cases and for the average number of new
cases also give evidence of the importance of
type of care in determining the risk of dis-
ease spread. When the initial infective at-
tended a private home, the total number of
cases gradually increased a small amount
and then decreased rapidly until the disease
died out. The growth rate decreased rapidly
at first and then increased temporarily when
there was a small outbreak within the pri-
vate home attended (Fig. 3a, 4a).

When the initial infective attended a day
care center, the total number of cases in-
creased rapidly and was followed by a rapid
decrease. The curves for the average number
of new cases indicate rapid initial growth
followed by a gradual decrease in the growth
rate until the epidemic dies out (Fig. 3b, 4b).

This dependence of the epidemic spread on
the type of care used by the initial case is
due to the lower population density in Model
2 than in Model 1. The effect of the lower
density was to make neighborhood transmis-
sion much more difficult. The three children
who did not attend any form of care were
never able to transmit the disease. Of the 50
runs involving an initial case who attended
a private home, there was no transmission to
a day care center, and only 5 runs involved

transmission to a neighbor who did not use
day care facilities. The cases that did occur,
with the exception of the few cases among
children who stayed at home, were all in
children who attended the same private home
as the initial case.

When the initial case was in a day care
center, because there were 4-5 times as many
contacts, the probability that at least one
child in the center had a close neighbor was
quite high. Also, because each infected child
was infective for 3 weeks, the probability
that the disease would reach all or almost all
of the children in the center was nearly one;
and therefore, the probability that the dis-
ease spread to children outside the center by
neighborhood transmission was high. How-
ever, because of the lack of geographic spread,
the number of children outside the initial
center who contracted the disease was usu-
ally small. The largest outbreaks occurred
when the disease spread from one day care
center to the other, and these outbreaks did
not include very many children from outside
the day care center population.

With the low population density of this
model, it is only in day care centers that
there are a sufficient number of susceptibles
clustered together so that the disease can
reach epidemic proportions. Private homes
did not provide the critical number of suscep-
tibles, and in no case were there sufficient
numbers of neighbors to allow for the devel-
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Fig. 3. Total number of cases of the disease per week,
averaged over all 25 runs of the simulation, Model 2. a:
Starts of epidemic at child 149 (private home) and child
241 (private home). b: Starts of epidemic at child 111
(day care center 1) and child 315 (day care center 2).

opment of an epidemic if the initial case did
not attend a day care center. This threshold
behavior for the existence of epidemic out-
breaks is a well-known result both for theo-
retical models (originally described by
Kermack and McKendrick, 1927) and for the
behavior of epidemics in actual populations
(for example, Black [1966] describes the ef-
fects of population size on the presence of
measles in island populations in the Pacific
Ocean).
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Fig. 4. Number of new cases of the disease each week,
averaged over all 25 runs of the simulation, Model 2. a:
Starts of epidemic at child 149 (private home) and child
241 (private home). b: Starts of epidemic at child 111
(day care center 1) and child 315 (day care center 2).

The distinction between the two day care
centers that was observed in Model 1 was not
observed in Model 2. In every run in which
the disease entered a day care center (either
one) there were at most three unaffected chil-
dren attending the center by the end of the
epidemic. However, there is no chance of a
contribution from the neighborhood for chil-
dren in either day care center, since there
are no children attending the centers who
live close enough to another child from the
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same center for neighborhood transmission
to occur. Because of this, the epidemic pat-
terns to be expected from initial cases in each
center would be similar. In a real population,
however, some of the centers are likely to
have a number of children living in the same
neighborhoods, so that the behaviors seen in
model 1 are not unexpected even with the
lower population densities present in actual
communities.

DISCUSSION

The results of these simulations confirm
the observation that children who attend day
care centers are at much higher risk for many
diseases than children who attend either pri-
vate homes or who do not attend any form of
day care. However, the simulations also in-
dicate several other aspects of disease behav-
ior that may not be so obvious. They clearly
showed that day care centers not only in-
crease the risk to individual children, but
they increase the severity and duration of
community-wide epidemics. By providing a
much larger population of susceptible indi-
viduals who have come together from many
different regions within a community and
who interact over long periods of time, day
care centers both help to sustain epidemics
for a longer period of time and help in the
spread of the disease throughout a
community.

The Model 1 simulations also showed dra-
matically that slight variations in the degree
of geographic clustering of children attend-
ing a particular center cause a large increase
in the size and severity of epidemics, both
within that particular center and throughout
the community. This indicates a need to look
at contact among children outside the cen-
ters themselves in determining relative risks
of various centers within a community. Those
centers in which there are a number of chil-
dren from the same neighborhoods or with
other outside social contacts are likely to be
foci for more severe epidemics than centers
without such clustering, and therefore rela-
tively more attention should be paid to pre-
ventive and control measures in these
centers.

The major differences in the structure of
Model 1 and Model 2 are different sample
sizes, different population densities, and
changes in day care transmission probabili-
ties. In Model 1, the function for day care
transmission was such that the maximum
probability of transmission in any one week
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was one whenever a critical number of chil-
dren were infective. Because of this, together
with the geographic clustering of children
attending center 1, whenever the disease en-
tered center 1, all children rapidly became
infected. This is not a realistic result. With
any disease there are always some individu-
als who do not become infected, either be-
cause they are already immune or because
they are more resistant or because they do
not come into enough contact with an in-
fected person.

For a disease such as hepatitis A, which is
a disease with fecal-oral transmission, and
which can be a problem in day care centers
accepting diapered children, it has been esti-
mated that about 50% of the children in a
center may actually become infected. Hadler
et al. (1980) performed serologic testing of
children in two day care centers in Phoenix,
Arizona, which had been involved in an out-
break of hepatitis A. They found that 53% of
the children at one center and 44% of the
children at another center possessed antibod-
ies to the disease. Only 1.5% in the first cen-
ter and 82% in the second center had
symptomatic cases of the disease. Although
serologic testing was not done in New Mex-
ico, the percentages of clinical cases result-
ing from outbreaks in ten cenfers in
Albuquerque in 1979 are similar to those
found by Hadler et al. The range was about
1%-8% and the mean was about 4%. It is
therefore likely that about half of the chil-
dren in the Albuquerque centers were also
infected during the course of an epidemic.

In order to retard the spread of the disease
within a center, in Model 2 the function for
day care transmission was changed so that
the maximum probability of transmission in
any 1 week was only 0.6 for day care centers
and 0.4 for private homes. However, because
an infected child could transmit the disease
for 3 weeks the effect of lowering this proba-
bility was minimal. In all cases where the
disease was introduced into a day care center
in Model 2, most or all of the children in the
center contracted the disease. In future
models this probability would need to be low-
ered even further to guarantee that only
about half of the children would become in-
fected during the course of an outbreak.

The use of a sample size of 500 in Model 2
guaranteed that the proportions of children
in different types of care would approach the
actual values. This resulted in a much higher
proportion of children attending private
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homes and of children who used no form of
care than in Model 1. The probability of
transmission among these children was much
smaller than for those in day care centers,
primarily because the risk of exposure was
much less. The effect of this would be to
decrease the size and the length of epidemics.
Comparisons of Tables 2 and 3 show that this
is the case.

However, even with a sample size of 500,
there could only be two very small day care
centers included in the simulations. Com-
munities which tend to have problems with
day-care-related diseases have a number of
centers ranging up to several hundred chil-
dren in size. Hadler et al. (1982) found that
in Maricopa County, Arizona, from August
1977 to August 1979, only 3% of the day care
hepatitis outbreaks occurred in centers that
enrolled <20 children, while 53% occurred
in centers that enrolled >50 children. This
provides further evidence that the maximum
probabilities of transmission used in the sim-
ulations are much higher than those actually
present.

The effects of the difference in population
density between Model 1 and Model 2 have
already been discussed. The patterns of epi-
demic spread seen in Model 2, while less
interesting, are more realistic than the pat-
terns seen in Model 1. The number of neigh-
borhood contacts of most preschoolers (and
especially infants and toddlers) is usually
fairly low. The population density of a real
city, in terms of preschool children, is proba-
bly nearer to the density used for Model 2
than for Model 1. When a population is lim-
ited to preschool children only, as was the
case for both models, the likelihood of neigh-
borhood transmission is small, so that epi-
demics involving transmission directly
between children are likely to involve only
day care centers, with a sprinkling of chil-
dren who attend private homes and children
who use no form of care.

Neither simulation included household
contacts of children in day care, nor did they
consider other sources for cases of the dis-
ease. However, data from Bernalillo County,
New Mexico, show that from January 1980
through October 1982 only 21% of all cases
of hepatitis A were documented as day care
related. Thirtyfour pereent of the cases were
in children, but only 30% of the cases in
children were day care related (Bernalillo
County Health Department, unpublished). It
is clear that although day care facilities are

263

at high risk for hepatitis A, there are many
other ways in which the disease is transmit-
ted. The source of infection for children who
come down with hepatitis A appears to be, in
many cases, household contacts rather than
other children of the same age. Therefore,
the simulations only consider one of the ma-
jor risk factors for hepatitis spread in a real
population and should not be generalized to
describe the entire range of behavior of the
disease.

The exclusion of household contacts from
the simulation is a major drawback. Two-
thirds of all day-care-related cases do not oc-
cur in children attending the centers. Par-
ents and other relatives and friends usually
have a much larger number of contacts than
preschool children. It is possible that if chains
of infection were traced a much higher pro-
portion of all cases of hepatitis A would be
linked to transmission within a day care cen-
ter, by an indirect route from household con-
tact to friend to friend, etc. The influence of
household contacts on the spread of hepatitis
A would be an important factor to include in
future models.

Another assumption of the simulation
models was that there was no latent period
for the disease. However, hepatitis A has a
total incubation period averaging 28-30
days, with maximum infectivity during the
latter half of the incubation period and the
first week following onset of symptoms. This
means that the disease has a latent period of
about 1-2 weeks (Benenson, 1981). This could
be incorporated into the simulation by add-
ing an additional state after infection with
the disease but before an individual becomes
infectious. The length of the actual infectious
period would remain at three weeks, but the
onset of this period would be delayed. It is
likely that this would change the shape of
the epidemic curve, making epidemics longer
and less severe at any one time, but it is not
likely that the relative risks to individuals
and the sizes of the epidemics would change
significantly. Longini (1986) and Longini and
Koopman (1982) have shown that for a dis-
crete time epidemic model with permanent
immunity, such as the models for these sim-
ulations, the final attack rates for a model
with a latent period are identical with the
final attack rates for a model without a la-
tent period.

It would also be important to incorporate
age of the children into the simulation. It has
been shown (Hadler et al., 1982) that the risk
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of outbreaks of hepatitis A is highly corre-
lated with the number of diapered children
in a center. If only symptomatic cases are
taken into account, the number of cases does
not vary much among preschool children.
However, if asymptomatic cases are in-
cluded, the risk is much greater for children
from 1 to 2 years of age than for other ages
(Hadler et al., 1980). This differential risk is
an important factor to take into account.

Even though the simulations described
above are simplified models, some important
results can be derived from them. The results
from both models, and especially from Model
2, show the importance of day care centers as
a focus for disease spread. The most critical
factor involved is size of the centers, as evi-
denced by the difference between private
home care and care in a day care center. This
factor affects the number of available con-
tacts, so that children who attend day care
centers are at much higher risk for contract-
ing a case of the disease than children who
attend private homes and children who do
not attend any sort of child care facility. This
is a well-known fact and serves primarily to
indicate that the models are reasonably re-
alistic, in spite of the simplifying assump-
tions made.

A more important, and less obvious, result
is the effect of the number of children from
the same neighborhood attending the same
day care center. The results from Model 1
indicate that the probability of a major epi-
demic within such a center and throughout a
community is much greater, all other things
being equal. However, most day care centers
in Albuquerque do not have a very localized
distribution of children, and data from 1979
seem to indicate that other factors are more
important.

One factor may be social links between cen-
ters. One family in Albuquerque, New Mex-
ico, owns and runs five different centers in
the city. There is evidence that some children
attend two or more of these centers on a
regular basis. It is quite likely that there is
also exchange of staff among the centers.
These social links provide a means for trans-
mission of a disease among the centers. Dur-
ing the hepatitis A epidemic of 1979, all five
centers had at least one case of hepatitis A
among the students, staff, or household con-
tacts, and there was at least one documented
case where the disease spread from one of
these centers to another because of an in-
fected child who attended both centers
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(Bernalillo County Health Department, un-
published). In addition, four of the six largest
outbreaks of hepatitis A (> 10 clinical cases)
during the city-wide epidemic occurred in
these centers.

The simulations described above have
shown that patterns of disease spread which
are reasonable approximations of actual pat-
terns can result. Simulation has the added
advantage that incorporation of greater com-
plexity into a model is relatively easy. One
of the most critical areas for future study is
the effects of population structure on the dy-
namics of disease spread. All human popula-
tions are structured in many different ways,
and this structuring determines the interac-
tions of different individuals and therefore
has a critical influence on the relative risks
of different individuals. Models such as these
hepatitis A models can be used to study a
variety of diseases in human populations. For
example, models could be developed to study
the spread of AIDS within the United States,
by looking at the patterns of interaction of
individuals within and between well-defined
groups, such as homosexual males, intrave-
nous drug users, or heterosexuals with no
known risk factors.

The simulations presented in this paper
are applied to the spread of a particular dis-
ease in a particular population. However, the
incorporation of population structure into
models of disease spread is a very general
problem. In addition to this study, there have
been several models developed for other spe-
cific diseases, as well as a few more general
models (for an exhaustive review see Acker-
man et al., 1984). Much more work needs to
be done with such models so that a better
understanding of the factors that influence
the risk of different individuals within a het-
erogeneous population is possible.
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