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In 1971, we discussed herd immunity and its relevance to
immunization practices (1), using applications of the Reed-
Frost epidemic model (2), and of a stochastic simulation model h
for a community of families (3) to illustrate the basic con- i
cepts. This presentation draws heavily on our previous dis- :
cussion* but also will consider how these concepts of herd
jmmunity relate to some important current immunization prob-
Tems.

Herd immunity is an integral part of epidemic theory, as
it applies to agents which spread by relatively direct means:
from host to host and induce significant post-infection im-
munity. Epidemics arise when such agents are introduced into
populations containing susceptible individuals, who make suv-
ficignt contact with_one_another to permit transfer of infec-
Tion from each newly infected host (new case).to, an the

average, more thai oné sUSCEptiblé host. _The epidemic curve

clines Whéh}“ﬁﬁ”fhé*hV@ragé;“éEETTﬁj@i:gggg_%gfgg}é_%ﬁéi_
than one sUsCeptibTe amd e OUTDrEdk terminates as the proba-

*Tahles 1 and 2, and related portions of the text, are abbre-
viated versions of material contained in (1) and are repro-
dyced here with permission of the American Journal of
Epidemtinlogy.
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bility of transmission from a new case approaches zero, typi-

<aTTy well before the supply of susceptibles has been exhaus-

ted. In real life, the reasons for decline of transmission

and termination of outbreaks are multipie and include seasonal
changas in envirormental factors (humidity and temperature)
affecting agent viability outside the host and in host behav-

jor (outdoor play versus indoor school) influencing the

oppartunity for affective contact between children, as well as
progressive replacement of susceptiblés with immunes which .
gengrates the “herd jmmunity" effect.

Popular understanding of herd immunity s essantially as
described in a medical dictionary (4): herd imnunity is "the
resistance of a group to attack by a disease to which a large
proportion of the members are immune, thus lessening the
1ikelihood of a patient with a disease coming into contact
with a susceptible individual". This definition implies that,
if a Targe enough proportion of the population is fmmune, the
agent can not be transmitted and the remaining susceptibles
will be protected. In this light. the 1091ca1 next question,

5 , ork

for_diseases preventabie by vaccines 15.. T 0

—fRe population must be immune to prevent an epidemic?’ Both
The question and the TTeTTonaTy detinition reflect incomplete
understanding of the factors influencing the operation of
herd immunity.

Most important is the failure to realize that the fore- -
going definition requires truly random mixing such as can be
assumed only in a few small closed populations and which
never occurs in open populations. Rather, as Bailey (5)
notes, in describing epidemics in large populations: "We
could hardly assume even a small town to be a singie homogé-
neous mixing unit. Each individual is normally in close con-
tact with only a small number of individuals, perhaps the
order of 10 to 50. The obzerved figures are therefore pooled
data for saveral epidemics occurring simultaneously in small
groups of associates. In reality. such groups overlap and
nteract." Also, ih a review of epidemic theory (6),Serfling
traces back to 1906 recognition that "the progress of epi-
demics is regulated by the number ot susceptibies and the
rate of contact between infectious cases and susceptibles.”

I1lustrative Models

Borraowing from our previous discussion (1), two relative-
1y simple modeis will identify and illustrate factors which
favor or restrict spread of infection in populations contain-
ing many imunes. These will recognize (with Bailey) that
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open populations consist of numerous definable but often
interlocking subgroups differing 1in proportion of immunes
and intimacy of contact, and show how variations in these pop-
ulation characteristics may affect {as put by Serfling) "the
rate of contact between infectious cases and susceptibles”
and so determine the occurrence of epidemic spread. In both
models, we will deal exclusively with agents restricted to
man and spread only by person-to-person contact. For simpli-
city, we also will assume that individuals are either suscep-
tible or fully immune, that immunity is durable, and that the
period of infectiousress is both short and relatively con-
tant., Also, we will ignore possible withdrawal of infective
cases from circutation because of iliness, since, for many
agents, infections are often silent or give rise to only mild
disease or, as in measles, maximum infectivity preceeds fil-
ness onset. Because study of herd immunity focusses on spread
of infection without regard to resulting illness, the word
"case" throughout will refer to a person infectious for others
(an infective). We will look first at a randomly mixing pop-
ulation in order to develop certain necessary tools and then
move on to consider a more typical and complex population,
made up of multiple and overlapping mixing groups.

The Reed-Frost Model: Truly random mixing requires that,
within any time interval, the probability of contact ijs the
same for every choice of two members of the population. A
useful, simple and Tong familiar epidemic model for such a
population is that of Reed and Frost (2). This employs dis-
crete equal time intervals (days or weeks) which, for our
purposes, will be taken as equal to the Tength of the period
of infectivity. Thus. a person acquiring infection in the
interval from t to t+1 (the first week) becomes a case and is
infectious from t+1 to t+2 (the second week} and becomes
immune at t+2 (beginning of the third week). The population
(size N} is made up at time t of S (susceptibles) plus c,

(cases where, by convention, Cq = 1} plus It (immunes). For

purposes of this model, “adequate contact" is defined as that
sufficient for transfer of infection from a case to & suscep-
tible person. The contact rate, p. is the probability that
any two persons in the popuTation will make adequate contact
during any interval. Thus, the contact rate summarizes both
the infectivity of the agent and the relevant behavior of the
population,

During any interval, the expected number of contacts for
any person in the population, m, is the product of the con-
tact rate, p, and the number of potential contacts, i.e., N
(the total population) minus one, Expressed mathematically.
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m = p{(N -1). These contacts will be distributed between
cases, susceptibles, and immunes in the proportions which
each represent in the population during a given interval suc
as time t to t+1. Also during this interval:

(1)} The probability that a given susceptible will escape con
tact with a particular case is q =1 - p;

(2) The prebab11ity that he will escape contact with all ¢,

cases is g t; and

(3) The probahility that he will become infected (fail to
c

escape contact with all Cy cases) is 1 - g L

At the end of this interval, time t+1, the expected number o
new cases, Cy.q» is simply the number of susceptibles at tim

ts Sys times the probability that a given susceptible wili
[
become infected (1 - q t), or, again mathematically, ¢, g =

c
St(] - t). By repeated application of this equation for

t=0,1,2,3, ..., the "expected gpidemic" can be com-
puted.

A simple first example involves a play group of 11 child
ren made up of one case and 10 susceptihles, and examines
what happens when the group is expanded by adding five im-
munes. The central point of interest is the probability tha
no spread will occur in the first interval. This requires
that the case will make no contact with a susceptibie, the

probability of which is (1 - p)S. If we hold the contact
rate at .2, the case should make two contacts (both with sus
ceptibles) when N = 11 and three contacts (two with suscepti
bles and one with an immune) when N is increased to 16. In
bath instances, the probability of no spread is small and un
changed at .107. However, if we hold constant the average
number of contacts, m, {(in this case to two), the contact
rate when N = 16 is Towered to .133, and, since the two con-
tacts, on the average, will include on 1.33 with susceptible
the probability of no spread increases to .239 and the gpi--
demic potential decreases.

In the second example, illustrated in Table 1, we applie
the Reed-Frost model to larger populations to jllustrate the
consequences of variation in important population character-
istics jdentified in the headings of columns 2 - 7 1in the
table. Each of the six possible pairs of these characteris-
tics were held constant (identified in the table by under-
Tining) while allowing others to vary. In four instances
(5ets 1, 2, 4, and 6) the two designated characteristics
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serve to determine a third characteristic which also remained
constant. For each pair or set, the epidemic potential {re-
flacted in probability of no spread) was determined under
differing situations reflecting changes in one or more of the
ather characteristics; for each situation, 100 epidemics were
simulated on the computer. Table 1 presents selected results
for two different situations for each set.

TABLE 1. Epidemic potential and median epidemic size under
various conditions in 2 randomly mixing population
when one case is introduced

Avarage No.
I:onga:t: per
——tersen Probability  pmoyuyper sip-
of ng apread B
Pop. £ No. Sus~  Contict Hith Bus= (P ulation of LDQ
Size Imune cepiibia _Rate Total eoptibles NS epidemics
N Set 3 No. with Median
;W\' Nao. y H-5/N f_g_ z i P__sp_ (1-p)7n gne eaze _5ize
- 1 0 apgh .00 1 2 .14 14 as
4 10,060 95 i B w2 4 % 75
2 2,000 % a0 .00 40 1.8 .29 18 40
10,000 98 490 .poa m 1.6 .20 17 244
a 2,000 6 =] 008 10 0.4 .67 &4 1
ST % 400 e s 2.0 4 13 I
4 5,000 35 200 005 25 1.0 37 41 2
5,000 % 200 .010 50 2.0 .14 12 157
5 1,040 80 400 .04 4 1.6 .20 17 244
. ) A 22000 8 1an 1502 i oa 5 45 1
10 2.0 14 13 115
10 0.4 .67 €4 1

 imulation using stochastic properties of ihe Reed-Frost model
b Underlining indicates pafr of characteriztics held constant

The important reTations demonstrated are:
(1) the probability of no spread (PNS) depends entiraly on

the expected number of contacts by the case with susceptibles
(pSD) during the first interval; when pSD is constant, so 1%

PNS (Sets 1 and 2); when pS0 increaées, P declines (Sets 3
and 4); and when pSD falls, PNS rises (Sets 5 and 6).
(2) Although PNS is constant when pSO also 1is unchanged, the

nglag)ePidemic size increases with the number of susceptibles
& .

(3) PNE and median epidemic size change with proportion im-
mune, contact rate and population size only when their changé
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causes change in average number of contacts with suscepti-
b}es (Sets 3-6) or in number of susceptibles (Sets 2, 3, and
0).

In summary, the foregoing examples demonstrate that the
number of susceptibles and the rate of contact hetwean them
completely determine epidemic potential in randomly mixing
populations. Unless these change, changes in population size
and, therefore, in proportion immune do not affect the proba-
hility of spread.

A community mixing model: A real 1ife, free-living population
1s that of a typical U.5. city. This is made up of neighbor-
hoods differing in population density and in respect to many
important characteristics including ethnic, cultural, econom-
ic, educational and occupational., Superimposed are school
districts, health care facilities, shopping and recreational
centers, public transport systems, employment groups, etc.
The complex mixing structure suggested in the foregeing af-
fords innumerablte potential paths for the spread of contact-
transmitted agents, the relative importance of which depends
on intimacy of contact and availability of susceptibles.

For commonly prevalent agents, the most important strati-
fieation hy immune status is that by age. The proportion im-
mune increases with age and, for highly infectious agents,
will approach unity at some point in Tife. Using measies as
an example, this may be in early adulthood in developed
countries or, in developing countries such as West Africa,
very early in childhood. However, within any community there
may be pockets of susceptibles either because thay have es-
caped prior epidemics or because they have not accepted
available immunization. The importance of such unvaccinated
groups n the U.5.A. is highlighted by the continuing occur-
rence within them of small outbreaks of measles and polio-
myelitis.

The relative importance of mixing groups varies not only
with their content of susceptiblies but also with the intimacy
of contact. The basic unit, social and epidemiologic, is the
family or household within which the contact rate is high with
Tittle regard to age. The potential importance of this unit
increases with its size and, in some countries or cultures,
the effective household may be quite large, being made up of
several related families 1iving in one compound.

The importance of neighborhood varies from one society to
another. Between-family contacts generally are higher for
households in the same neighborhood. They are determined by
the play habits of the children and the social habits of the
older members, e.g., the “coffee klatch", and neighborhood
parties and picnics. Common vocational, recreational or other
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interests (including possessing children of 1ike ages) lead
to development of clusters of families between which intimacy
of contact exceeds that with other neighborhood families.

schools provide 1inks between families and clusters of
families by bringing together specific age subgroups of
children from different families and immediate neighborhoods
within a broad area of residence. The school hus, increas-
ingly important in urban as well as in suburban and rural
dreas, serves as a particularly effective exposure chamber
for spread of respiratory agents, Because susceptibility to
many infectious agents jg common, especially among younger
schoal children, schools constitute potentially important
paths for community spread and, whether or not school is open,
may be of major importance to epidemic occurrence, e.q.,
influenza,

Preschool children manifest two highly relevant charac-
teristics which combine to maximize thejr potential and often
underestimated role in supporting agent spread within a
population. These are a high probability of susceptibility
and behavior resulting in unusually intimate contact. They
are vulnerable to infections brought home by other family
members and are important as introducers of infection into
the home by virtue of contacts largely,but not exclusively,
with their age peers in play groups, day care centers or, as
infants accompanying their mothers, even in the market place
(a mechanism particularly important to the epidemic occur-
rence of measles in West Africa).

To illustrate how some of the foregoing considerations
operate, we presented an example using a model for a community
of families in which opportunities for contact between suscep-
tibles depend on various types of social mixing groups. The
Reed-Frost model applies here only to within-subgroup mixing
(family, play group, nursery school, etc.) but provides the
basic framework of terms and definitions. As shown in Table
2, the example deals with 100 Susceptible children and one
child whose position among families, play groups and a nursery
school is summarized in a foothote to the table. The 101
children may be regarded as part of the Targer community of
families, the total size of which and proportion fmmune need
hot be specified here, since the probabiiities for contact
between the susceptibles are determined by their memberships
in the several Mmixing groups, each characterized by the con-
tact rate shown in the table.

Table 2 presents observations resuiting from four serjes
of 100 computer simulated epidemics. These represent pro-
gressively increasing opportunities for contact between Sus-
ceptibles beginning with only the low level of total
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Tahle 2. Oistribution by size of 100 simulated epidemics
among 100 susceptible children in a commumity of
fam{1lies, play groups, and a nursery school?
Wichin- No. of epidemics with Sndicaced
Group nybers of cases Mo, of cages

Mixing Contact

Graup Rate 1 2 3 48 10-338 40-79 Mgdan  Maximum
Community 002 ar 15 2 1 - - 1 1
Conmiun 1ty .aQz )

Fami1ies 005 LR - 3 16
Communi Ly 002

Famil1as 005 11 6 B 45 2 - 4 2
Play Groupe .foo

Enrnmglm'l Ly .an2

Famjiles -00&

Play Groups .1a0 a 4 - - - 73 45 n

Nursery School

190

& The 100 suseeptible children and the 1nitial eage were in 62 familtes with T to
3 children (mezn 1.8) and in 28 play grougs with up to 10 childran (mean 4.2].
The case was in a 3-child family and a 5-child play group and did net attend nur+
sery schogl although his 2 siklings were among the 40 suaceptibles whe did attend,

community mixing and increasing step wise as within-family,
within-play group, and within-nursery school contacts are
allowed. The corresponding decrease in proportion of epi-
demics which abort with less than four cases and the increase
in median and maximum numbers of cases demonstrate that,
given a fixed number of susceptibles, the epidemic potential
increases as increasing contact between susceptibles is per-
mitted, whether or not the proportion immune remains constant.
The final series, which included contacts made in the
nursery school, fllustrates g further point of interest,
namely the bi i i ing trom coptact rates
which permit Targe epidemics but are not high enough to 1n-
‘ure them. In this instance, Tniroduction ot a single case
was followed by negligible spread in 27 per cent of trials.
However, when three or more persons became infected, as in
the remaining 73 per cent of trials, the epidemic inevitably
caught fire and continued to more than 40 cases. _Stated more
generally, given a fixed number of susceptibles and in. a
Tange OF rates of contact between ihem, there i
number of cases (in this instance, three) which
jﬁ§y¥%§:51gﬁif3c At Continuation of epidemics.

e Tthree or more" phenomenon suggests another rather
celf-evident factor which may influence epidemic potential,
Our exampies so far have assumed the introduction of a single
infective case. In real 1ife, two Or more-cases may well be
introduced into a community at about the same time, e.g.,
siudents from one school following their basketball team when

N
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it plays on the home court of a rival school team. '£Eﬂi92§l!id
increasing the number of introductory cases correspondingTy
’THEFEEEEEQEHE*TTEETTﬁood that the epidemic threshold will be
exceeded,

Behaviar of Common Contagious Diseases

We suggested, at the outset, in a very general way how
herd immunity may contribute to the termination of naturally
oceurring outhbreaks. Let us look briefly at two larger as-
pects of the behavior of comman contagious agents in large
populations, namely seasonal and cyclic variations over time
and differences in risk of infection between specified sub-
groups of such populations.

Using data for disease reported over periods of 30 to 35
years in New York City and Baltimore, London and Yorke(7)
employed a mathematical model to explore the factors which
determine that mumps and chickenpox occur in regular annual
undamped outbreaks whereas measles, although similarly sea-
sonal, manifests biennial peaks. In this model, contact is
defined as an encounter or exposure in which infection is
transmitted and the contact rate is defined as the fraction
of susceptibles contacted per infective per day. Although
these differ from the corresponding definitions used in the
Reed-Frost model, contact rate continues to reflect both the
social behavior of members of the popuTation and the ease
with which the disease agent is transmitted, both of which
factors may vary during the year. The remaining Tmporfant
camponents of the model are Tncubation period (from exposure
to beginning of infectivity) and effective period of infec-
tivity-(terminated in this case by withdrawal by confinement
to home), hoth of which are disease-specific, plus number of
susceptibles available. The latter varies over time accord-
ing to the difference between input of new susceptibles
{(births and immigration) and withdrawals (by infection with
resulting immunity and emigration).

Using reported numbers of cases for each month over the
period of available data (prior to the advent of measies
vaccine) and different choices of periods of incubation and
infectivity, mean monthly contact rates were calculated
for use in stochastic simulation of the recurrent outbreaks,
These rates were up to 2 times higher during fall and winter
than during summer months. Use of the observed rates in the
simulation model resulted in requiar annual seazona] peaks
for mumps and chickenpox and biennfal epidemics of measies
when a 12-13 day incubation period was employed, Both the
incubation period and infectivity (contact rates) were
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critical for measies; if the former were shortened to 10 days
or the latter slightly increased, measles would die out local-
1y and there would be no regular pattern. The model also in-
dicated that persistence of the biennial patterns for measles,
despite extensive use of vaccine and the related reduction in
cases, reflects non-uniformity of use of the vaccine and the
continuing transmission in the unvaccinated subgroups of the
population. !

Yorke and London (8) also noted that, for measles and
mumps, early season contact rates during years of high inci-
dence exceeded those during low incidence years and that for
later season contact rates the relation was reversed. This
phenomenon could be reproduced only using a model for a non-
homogeneous population containing subgroups differing in
social and other characteristics within which, for stochastic
reasons, cases are non-uniformly distributed. 1n subgroups
in which cases cluster, infectives become isolated among im-
munes, while other similar subgroups continue with many sus-
ceptibles. They pointed out that the tendency for cases to
cluster relates inversely to agent infectivity, a factor
of greater import in spread to casual acquaintances (as from
another population subgroup) than in spread to close acquain-
tances (as within the same subgroup) between whom frequent
contact oceurs. Thus, highly infective measles is lass
1ikely to cluster than are less infective mumps and chicken-
pox.

Current Immunization Problems

Measles: The U.S. national experience with measies since the
advent of effective vaccine is illuminating (9). From 1965
through 1972, the U.5. Immunization Survey revealed that the
per cent vaccinated among 1-4 year children rose from 33 to
62% and among the 5-9 year age group from 19 to 71% but that
the total proportions immune (including that due to natural
infection) reached virtual plateaus of 66 and 81% respectiive-
1y, in 1967. Because of this, the annual national incidence
of measles has shown no consistent decrease since 1968. The
usual seasonal pattern has persisted but disease has tended
to occur among school age children (Mississippi, 1971, Mas-
sachusetts and New Hampshire, 1972) where immunity lavels
were below 70% and in islands of susceptibles, e.g., among a
Portuguese "ethnic island” in Rhode Island in 1968 (10). A
similar episode in Tampa, also in 1968, is of special inter-
est since it followed a “highly successful" mass vaccination
effort (26,200 children, representing 94% of the estimated
number of susceptibles, vaccinated on a single Sunday in
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danuary){11). In March, a Viral Immunity Survey of a strati-
fied random population sample revealed that, in reality, not
quite 80% of the target age group had receijved vaccine and
that the more than 20% remaining susceptibles were largely
clustered sociogeographically so that susceptibility exceeded
70% in some areas. In late April measles hit these clusters.
Measles in Ibadan, West Africa, illustrates a different
situatfon. Although some 90% of the population are immune,
annual epidemics occur associated with significant mortality.
Virtually all of the susceptibles and 94% of the cases (1968-
69} were under 4 years of age{90% were under age 3)(12). Mass
vaccination reaching 92% of the 0-3 year age group was fol-
Towed by a major drop in incidence but, despite Timited main-
tenance programs at 6-month intervals, a new epidemic
peccurrad after an 18-month interval. This situation was
simulated on a computer by MacDonald, who showed that mass
campaigns (85% coverage} at 3- or 2-year intervals afforded
only temporary suppression, whereas annual campaigns would
lead to complete cessation of endemicity within 4 years
and a continuing program of immunization of 75% of children
on becoming 6 months of age would achieve this result within
7 months. Although the latter program was judged not feasi-
ble., both the model and actual experience suggest that
properly timed annual vaccination programs with high coverage
"would keep the numbers of susceptibles below the threshold at
which epidemics become highly probable.
Smallpox: Smallpox in West Africa provides something of a
contrast to measies. TIts lower effective transmission rate
results in chains of transmission that can continue for long
periods without coming to attention and in outbreaks which,
if left unattended, do not "burn cut" by themselves. Also,
because of this lesser infectivity, 3-year cycles of mass
vaccination have proved sufficient to keep the number of sus-
ceptibles low enough to make uncontrollable epidemics un-
1ikely {13}. However, even in the best conducted campaigns
small groups are left unvaccinated in which slow transmission
can occyr, as in Abakalike in eastern Nigeria. Dispersed
through this well-vaccinated community but socially segre-
gated from the rest of the pepulation were members of a small
religious sect who refused vaccination and among whom trans-
mission persisted for an extended period (14). In the face
af such tenacity an additional strategy was adopted, using
probability of exposure rather than of susceptibility as a
guide to vaccination. Beginning in 1968, mass vaccination
was supplemented by outbreak control as a "specific attack on
transmission when the disease was at its low seasonal ebb"
(15). Intensive search was begun for new cases and outbreaks

283



JOMN P. FOX AND LILA R. ELVEBACK

and each such focus was contained by intensive vaccination.
Dubbed "eradication escalation", this new effort resulted in
eradication of smalipox from 20 West and Central African
countries as of May 1970.

Rubella: Turning to rubella, there is active controversy as
to the strategy for vaccine usage.’ In Britain and other
European countries, major reliance is on direct protection of
potential mothers hy immunization of post-pubertal females.
In the U.5., vaccine campaigns have been directed at child-
ren under age 12 and especially young school children in an
effort to provide indirect protection of vulnerable females
in the childbearing years via herd immunity. Obsarvations in
closed populations, e.g., military recruits {16), or a child
‘care center (17} demonstrated that, when autbreaks of rubella
occur in such populations, no susceptibles escape infection.
In the case of the military recruits the presence of 26 sus-
ceptibles was sufficient to permit an outbreak to occur, even
though dispersed among 164 jmmunes (86%). Perhaps more rele-
vant is the experience in open communities such as Casper,
Wyoming (18), where a major rubella epidemic occurred in 1971
shortly after a vaccine campaign which had reached 52% of
preschool and 83% of elementary school children (70% averall).
Herd immunity completely failed to operate in the closed
populations, and, at first glance, was not effective in Cas-
per. However, analysis of the data indicates that virus dijs-
semination 1in the target population (0-12-year-old ¢hildren)
was in fact greatly reduced since the clinical attack rate
was only 1%. Although rubella virus spreads with ease among
susceptible adolescents (causing a 15% clinical attack rate
despite 70% prevalence of immunity),.vaccination of the young
children clearly reduced the size of the outhbreak and, more
importantly, the number of susceptible women of childbearing
age who were exposed. In discussing the Casper experience,
the authors (78) conclude that "childhood rubella immuniza-
tion remains an important method of rubella prevention;
however, because of the potential for outbreaks in older
children, this procedure should be supplenented by other
methods", the most important of which "is the jdentification
and vaccination of susceptible non-pregnant women in the
childbearing age". It seems apparent, thus, that prevention
of rubella outbreaks would require a uniform and very high
Tevel of immunization {(perhaps 95%) to achieve, which would
require an expenditure of resources and effort dispropor-
tionate to the importance of the disease.

Influenza: Our final example relates to the pandemic of type
A influenza predicted when the next major antigenic varjant
appears. With early recognition and recovery of the new
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variant strain through the worldwide WHO surveillance progran,
appropriately specific vaccine should be available in many
areas in advance of the pandemic wave. How can this vaccine
be used most effactively? To explore this the previously
described community mixing model was adapted to simulation of
epidemics of influenza. Details of the model and of our re-
sults will appear elsewhere (19), but are briefly summarized
here. The model community contains 1,000 persons, divided

by age into preschool, school (including high school), young
adults and older adults, residing in 254 families and 1inked
via 50 family clusters, 30 play groups and one school. For
each subgroup contact rates (Reed-Frost definition} are spe-
ctfied and the parameters employed allow for variability in
relative susceptibility of individuals, in the lengths of the
latent and infectious periods, in relative infectiousness for
others as related to overt and silent infections, in the
occurrence of llness given infection, in confinement to

home (withdrawal from mixing groups) given illness as related
to age and 1in response to vaccination.

A first step was fitting the mode] to observational data
from previous pandemics, e.g., 1957 and 1968, It is impor-
tant to note that, although a "new" type virus was invading
highly susceptibie populations in each case, the resulting
initial epidemics were similar in overall attack rates but
differed greatly in other respects. Asian virus (1957)
caused rather explosive epidemics centering in schools and
school-age children experienced by far the highest attack
rates (20). Hong Kong virus (1968) caused less abrupt
but more prolanged epidemics with less prominent invoivement
of schools and attack rates varied Tittle with age (21).
Assuming that the initial epidemics due to the anticipated
new varient strain may follow either of the above patterns,
we fit the model to each, largely on the basis of age-specific
primary and secondary attack rates, the shape of the epidemic
curves, and the time relationship of the peak incidence in
the school and non-school population subgroups. Fitting
involved choosing sets of attack rates and various parameter
possibilities by trial and error coupled with value judg~
ments made within the Tramework of present knowledge. Con-
trol strategies were evaluated on the basis of epidemics be-
ginning as school reopens 1in January at which time 9 cases
are present, all in school age children in the Asian mode]
and 3 each 1in the school age, young adult and older adult
groups in the Hong Kong model.

Present immunization strategy emphasizes protection of the
opulation segment (OVer &ge 65 5T With CETLaIn chronic i1)-
“'EEEEEET‘Ef‘g‘
e

redtes TSk of Tnfluenza-related death. An
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alternate or supplemental strategy would assign priority for
“yaceination to popuiation subgralps in velation to Cheir role
_iﬂ_EQmmEﬂizzagg;EEngj_iﬂfgggjpn, relying on herd immunity to
minimize exp persans otherwise unprotected, In our
et e Y FEat Tite, the largest number of interfamily
paths lead through schools and many paths involve preschool
children in play groups and/or day-care centers. Hence, our
control trials (100-200 simulated epidemics per situation)
have centered on these two age groups. So far, more trials
have been made with the Asian than the Hong Keng model.

Nearly all were made with inactivated vaccine of the type
currently manufactured which, over a 28-day period, induces

increasingly effective pesistance in 80% of vaccineas (20%
failure_rate), A few trials employed a live attenuated virus

vaccine such as may be available bafore the next pandemic and
which, as the combined effect of interference and immune re-
sponse, induces increasingly effective resistance over only a
3-day period in 95% of vaccinees (5% failure rate). In all
cases vaccine was given only to the proportions of children
specified in each age group.

Table 3 illustrates the effect of 70% vaccination of
school children at least 28 days before epidemics of the Asian

TABLE 3. Effect of vaccinating {killed vaccine} 70% of schoal children 28
days before epidemic on age-specific clinical attack rates (AR}

AR afrar

Vaceing &%
Aga #asalina AR % of Baseling
Astan  peng Kona Asfan  Hong keng
Preachogl .35 .35 52 ES
School .62 .36 33 23
Young Adults .23 i ) 45 53
Dlder AduTts 3 a2 KE| 1]
A1 Ages .35 .34 kL 42

and Hong Kong types. Results are in terms of attack rates
(age-specific and total) expressed as per cent of the rates
generated in baseline epidemics (unmodified by vaccimation).
Reflecting the obviously great importance of school children
in community spread, school vaccination proved highly effac-
tive with the Asian model. The maximum benefit was in the
school-age group, hut the attack rates overall and, of special
interest, for older adults were reduced by more than 60%.

. Surprisingly, school vaccination was nearly as effective with
the Hong Kong model with reduction of attack rates in the npon-
school groups. ranging from 45% in younger children to 50% 1in
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plder adults. Trials using only the Asian model looked at
the proportion of school children vaccinated by 28 days pre-
outbreak (vaccination of 90% resulted in an 80% reduction in
rates overall and for older adults while 50% vaccination Ted
to only a 45% reduction in the same rates), at extending
vaccination to include preschool children (Figure 1}, and
finally, at 70% vaccination of schaal children with Tive
vaccine (Figure 2). Not too surprisingly, inclusion of pre-

Prascheol Vaccinalian
0% of School Vaccingted on Doy =28

a0 - 50% praschaol

%_.33% preschaal

ol
[=]
T

T0% school
= anly

-l
=

) k! X
0 100 00 00
Namber of casas

Figure 1. Asiap influenza. The distribution of epidemic size
for three schedules of vaccinations of 70% of scheol children
plus 33 and 50% of preschool children 28 days befere the
beginning of the epidemic.

Perceal of spidemics per 25 poses
]
T

Yaccinalion of TO% af Schoal Childrea
800

p———————Ng vacciralign

(L]
[ =]
(=]

]
[
1
I
s 1
- Agian i .
& 400 -5 Asian
E Inaclivated i
® a00- waccine 1
£ e
- Live wirus
t
S 200F L
3 ;
100 - I
Ly
a 1 L] ] L L] ! [
=10 =20 ~10 0 3 19

Oay af vdeeination
Figure 2. Medfan epidemic size for vaccination of /0% of
schoo] children as a function of time of vaccination and
type of vaccine.
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school children increases the proportion of epidemics with
fewer than 200 cases while use of Tive virus vaccine was
highly effective when delayed until 3 days before or even the
day of the beginning of the epidemic. Figure 2 also shows
resuits for both models using 70% school vaccination (killed
vaccine) at shorter intervals (18, 10, and 3 days) before the
epidemic begins. Delay to -10 and -3 days reduced vaccine
effectiveness with both models but appreciably less with the
Hong Kong model in which the epidemic builds up more slowly.

Discussion and Summary

This presentation has emphasized certain points. First,
spread of a given contact-transmitied agent in a population is
determined entirely by the number of susceptibles and the

~nature and frequency of thair contacts with each other. Sec-
ond, the concept that increasing the proportion of immunes
correspondingly decreases the probability of spread of infec-
tion among susceptibles (as herd immunity is usually concei-
ved) is valid only for populations in which completely random
mixing occurs, a sttuation which, in real 1ife, is approxi-
mated only in small closed populations. And third, popula-
tions of typical communities are non-homogeneous and are made
up of many interlocking subgroups of differing size, propor-
tion of susceptibles and intimacy of contact. These are
defined by such terms as family, place of residence (neigh-
borhood), play group, school attendance, and employment group
and may be further characterized by such attributes as
economic status, level of education and ethnic origin. This
non-homogeneity of populations underlies the usual non-uni-
formity with which infections occur, as indicated by clustering
of cases in varjous subgroups. It also s the reason why it
is not possible to specify a proportion of ijmmunes appreciably
less than 100%, which is sufficient to prevent the occurrence
of outbreaks. _In general, systematic immunization programs
.éhggl%_be accompanied by SUrVeys Lo _identity particularly sus-
ceptibTe popOlation subgroups and should provide for special

—

-efforts to reach groups so identified. The goal, thus,
becomes the maximum poseTibie reduction in the number of sus-
ceptibles. Currently, in the United States such a goal is
clearly appropridte for poliomyelitis and measles but, for
differing reasons, may not be appropriate for rubella, small-
pox and influenza.

Rubella is important only when 1t causes fetal infection.
Sufficient reduction in overall dissemination of rubella
virus to prevent fetal infection would require a uniform,
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very high level of immunization, the cost of which would be
disproportionate to the importance of the disease. Although
immunization of preschool and grade-school children reduces
the exposure of potentially pregnant women, community out-
breaks continue to occur in adolescents. This suggests the
advisability of an alternate or supplemental strategy empha-
sizing direct protection of females approaching childbearing
age.

A strategy based on probability of exposure rather than
on susceptibility to guide vaccination has become appropriate
for smallpox throughout the world. This depends on continuing
vigilance and intensive search to recognize cases (including
introductions into disease-free countries) and contajnment of
such foci by intensive vaccination. Such a strategy may be-
come appropriate for measles (and possibly for poliomyelitis)
when the frequency of disease reaches a very Tow level.
Pandemic influenza poses a special problem since the pop-
ulation will contain virtually no immunes to the new variant
virus and appropriately specific vaccine presumably will be
in short supply. Using a community mixing model adapted to
computer simulation of influenza epidemics, we explored the
effect of vaccination focussed on population subgroups
(school and preschool children) most involved in community
virus spread. The major reductions achieved in attack rates
among the unvaccinated portions of the population {(including
older adults) argue strongly for this strategy to obtain
maximum benefit from a Jimited supply of vaccine,
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