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SUMMARY

Many countries plan to close schools during a future influenza pandemic, although the potential
impact is poorly understood. We apply a model of the transmission dynamics of pandemic
influenza to consultation, serological and clinical data from the United Kingdom from the 1957
(Asian) influenza pandemic, to estimate the basic reproduction number (Ry), the proportion of
infected individuals who experience clinical symptoms and the impact of school/nursery closures.
The R, for Asian influenza was about 1-8 and 60—65% of infected individuals were estimated to
have experienced clinical symptoms. During a future pandemic, closure of schools/nurseries could

reduce the epidemic size only by a very small amount (<10 %) if R, is high (e.g. 2-5 or 3-5), and
modest reductions, e.g. 22 % might be possible if it is low (1:8) and schools are closed early,
depending on assumptions about contact patterns. Further data on contact patterns and their

dependence on school closures are needed.

INTRODUCTION

The emergence of the highly pathogenic H5NI1 virus
among poultry and ducks has led to fears of an im-
minent influenza pandemic. Given the problems as-
sociated with the available control measures, for
example, the limited supplies of antivirals and the
delay between the emergence of a strain which is
transmissible to humans and a suitable vaccine, there
is much interest in applying social measures, such as
school closures, to reduce the size of the pandemic
[1]. The World Health Organization -currently
recommends that countries should consider closing
schools during an influenza pandemic [2], although
the potential impact of such closures is poorly
understood.
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The impact will probably depend on several factors.
First, it depends on contact patterns in the popu-
lation: in settings where children contact each other
frequently, for example, the impact is likely to be
bigger than that in populations in which children
rarely contact each other. Second, it depends on how
school closures affect contact patterns. One study of
measles data suggested that the amount of contact
(or the ‘transmission parameter’) between individuals
was 27 % lower during school holidays than during
the school terms [3]; the impact on contact between
individuals in specific age groups (e.g. schoolchildren
and adults) is unknown. Third, it depends on the stage
of the pandemic and the time period during which
schools are closed: school closures introduced for a
short time once the epidemic has peaked will probably
have a smaller effect than those introduced early in
the epidemic and for a long time period.

A recent study provides some insight into the im-
pact of school closures on an influenza pandemic [4],
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finding that schoolchildren were diagnosed with res-
piratory infections 42% and 20% less frequently
during the 3 weeks when schools were closed because
of strike action, than before and after the strike, re-
spectively; the impact on diagnoses in the overall
population was not estimated. Other studies, which
were based on detailed microsimulation models, esti-
mated that school closures might reduce the size of an
influenza pandemic by 12-14% if the basic repro-
duction number (R,) was 2-2-4 [5, 6], with the re-
duction decreasing as R, increased. The sensitivity of
these findings to assumptions about contact patterns
and how they are affected by school closures is un-
known.

We here apply an age-structured model of the
transmission dynamics of pandemic influenza to data
from the United Kingdom from the 1957 (Asian) in-
fluenza pandemic, and discuss how school closures
implemented at different stages of a pandemic, for
different assumptions about contact between in-
dividuals, would affect its size and duration in the
future.

METHODS
Overview

The model was designed to re-create the pandemic
wave caused by the Asian influenza pandemic in 1957
in the United Kingdom. We first describe the general
structure of the model, how it was applied to estimate
unknown parameters (e.g. the rate at which in-
dividuals in different age groups contact each other,
the proportion of infected individuals who experi-
enced clinical influenza) and then to infer the effect of
school closures.

General structure of the model

The model population was stratified into those who
were susceptible to infection, those infected but not
yet infectious, those who were infectious, and those
who were immune as a result of infection. For sim-
plicity, it was assumed that all infected individuals
were infectious for an average period of 2 days
(irrespective of whether they experienced clinical
symptoms) after an average latent period of 2 days.
These assumptions imply an average serial interval
(time interval between successive cases in a chain of
transmission [7, 8]) of 4 days, which is consistent with
data on the time period between the first case and the
first subsequent cases in households, and on viral
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shedding [9-11]. Given a recent study which found
that the serial interval could be 3 days or shorter [12],
we also explore the effect of assuming that the latent
and infectious periods are each 1-5 days. Given sero-
logical data pre-dating 1957 [13], we assume that 0%
and 20% of those aged under and over 70 years re-
spectively were immune to Asian influenza at the start
of the pandemic.

Since both the proportion of infected individuals
who were symptomatic during the Asian influenza
pandemic, and the proportion of the cases which were
reported were unknown, these were estimated by fit-
ting model predictions of the weekly number of cases
to the observed data. Further details of the model are
provided in Appendix A (available with the online
version of the paper).

Age-dependency in contact

Contact between individuals was assumed to be age-
dependent, differing between the age groups <1, 1-4,
5-14, 15-24, 2544, 45-64 and >65 years. The gen-
eral structures of the matrices of Who Acquired
Infection From Whom (WAIFW) are summarized
in Table 1. According to all the matrices, individuals
aged <1 year are as likely to contact individuals of
the same age as they are to contact individuals of any
other age. All four matrices assume that individuals
aged 1-4, 5-14 and 15-24 years mixed differently
among individuals of their own age from the way that
they mixed with individuals in other age bands, and
allowed for different degrees of interaction between
younger and older individuals. For example, accord-
ing to matrix W4, the probability of an effective con-
tact between individuals aged >65 years and those
aged 1-14 years was assumed to be 20 % of that be-
tween individuals aged at least 65 years.

The size of these contact parameters was estimated
by fitting, using maximum likelihood, predictions
from this model to the observed data (see below) to-
gether with the other unknown parameters.

The R, associated with each matrix was calculated
using standard techniques (i.e. as the dominant
eigenvalue of the Next Generation Matrix [14]).

Data sources
The following data sources were used in the analyses:

(1) The weekly age-specific number of influenza cases
reported to a general practice in Wales during the
1957 influenza pandemic, spanning the period
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Table 1. Summary of the general assumptions about contact patterns in the model

Matrix W1

Matrix W2

Age group (years)

Age group (years)

Age group <1 1-4 5-14 1524 2544 4564 =65 <1 14 5-14 1524 2544 4564 =65
<1 B B B P B 1 B P P P B B B B
14 B Bs P Bs Bs B B B B B Be Be Bs Bs

5-14 B Bs B Bs Bs Bs B
15-24 Bi Bs Bs Bs Bs Bs B
25-44 B B B Bs Bs B B
45-64 B Bs B Bs Bs Bs B
=65 B B B B B B B

Matrix W3

B B Bs Bs Be Bs Bs
By Ps Bs Ba Be Be Bs
B Bs Bs Bs Bs Bs Bs
B Bs Bs Bs Be Bs Bs
Br Ps Bs Bs Be Be Bs

Matrix W4

Age group (years)

Age group (years)

Agegroup <1 14 5-14 1524 2544 4564 =65 <1 14 5-14 1524 2544 45-64 =65
<1 B B B B B B B B B B B B B B

1-4 B Be Bs Be B B B P P Bs Bs Bs Be 0-2%f3;
5-14 B Bs Bs Bs Ba Ba B B Bs Bs Bs Bs Bs 0-2%f;

15-24 Br Ps  Bs P Ba Ba B
25-44 B Br Br P Bs Ba B
45-64 B B B P Ba Bs B
=65 B B B P Ba Ba Bs

B Bs Bs B Bs Be B
P Bs Bs Bs Bs Be B
B B Bs Be Bs Bs Ba
B 02xB;, 02%f; pB; B B B

25 August 1957 to 29 December 1957 [15]. The
population in the practice comprised 8000 in-
dividuals. Neither the definition of a ‘case’ (e.g.
whether it involved virological confirmation of
specimens) nor the proportion of cases in the
population who were reported to the practice
were provided in the report. The latter proportion
was therefore estimated at the same time as the
other unknown parameters were estimated, by
fitting model predictions to the observed data,
assuming that it was either the same for all age
groups or differed between children and adults
(see below).

(2) The age-specific proportion of individuals who were
found to have experienced clinical influenza during
the Asian influenza pandemic, as recorded in a gen-
eral practice in South East London [16]. These
data probably gave a reliable indication of the
true attack rate in the population, since the num-
bers of individuals who experienced influenza
were determined by detailed house-to-house sur-
veys.

(3) The age-specific proportion of individuals who were
found to be serologically positive to the Asian
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influenza subtype in Sheffield, UK between 1 and
30 November 1957 [17], i.e. towards the end of
the pandemic wave in Sheffield; the peak of the
influenza epidemic in Sheffield occurred during
the week ending 21 September 1957. Most of
the sera came from blood donors or from speci-
mens collected for Wassermann or other routine
tests.

Fitting the model to the data

The unknown parameters in the model, namely
the contact parameters used in the WAIFW matrices,
the proportion of infected individuals who experi-
enced clinical symptoms, the proportion of cases who
consulted a General Practitioner (GP) and the pro-
portion of the individuals in different age groups
who were infectious at the start, were estimated by
fitting (using maximum likelihood) model predic-
tions of:

(a) the weekly numbers of cases in the age groups
<1, 1-4, 5-14, 15-24, 25-44, 45-64 and =65
years in the GP practice;
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(b) the age-specific proportion of individuals who
experienced clinical disease during the pandemic
wave;

(c) the age-specific proportion of individuals who
would be expected to have antibodies to influenza
at the end of the pandemic

to the three datasets described above simultaneously.
In our sensitivity analyses, we explored the effect of
the following assumptions:

(1) the proportion of cases which were reported to
the GP practice in Wales was (i) the same for all
age groups, (ii) differed between those aged <16
and > 16 years, (iii) differed between those aged
<11 and >11 years;

(2) the infectious and latent periods were each 1-5
days.

Further details of the fitting process are provided in
Appendix B (available online). The likelihood ratio
test was used to compare the fit of the models based
the assumption that the proportion of cases who were
reported to the GP practice was the same for all age
groups, against that obtained assuming that this pro-
portion was age-dependent.

Modelling the effect of school closures

The contact patterns W1, W2, W3 and W4 which
were used in our analyses of the impact of school/
nursery closures on an influenza pandemic were taken
to be those which led to the best overall fit to the data,
and had a realistic structure.

We explored the effect of introducing closures of
schools and nurseries at different threshold values in
the overall influenza disease incidence (e.g. such as
those which might be reported to a sentinel site, and
for which reporting was likely to be reliable), namely
50, 100, 200 and 1000/100000 per week, for differ-
ent values for R,. Schools and nurseries were as-
sumed to reopen once the disease incidence
dropped below the corresponding threshold inci-
dence. The best-fitting WAIFW matrices were scaled
accordingly to recreate scenarios for different values
for R,.

The effect of several different assumptions of the
effect of pre-school and school closures on contact
among individuals were explored, namely that the
amount of contact between individuals in the same
age groups in the age bands 1-4 and 5-14 years de-
creased by 25 %, 50 % and 75%. A 25% reduction in
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the amount of contact between individuals of pre-
school and school-age is comparable to that estimated
for contact leading to measles transmission during
school holidays, compared with that estimated during
term time [3]. Although the contact parameter in
this study was not broken down by age, the majority
of cases considered in this study would have been
aged <10 years [18]. For each of these scenarios,
contact between children and individuals in other age
groups was assumed to remain unchanged. The dur-
ation of the epidemic was defined as the time period
during which the disease incidence was above 10/
100000 per week. Further details about how the
model was used to analyse the impact of school clos-
ures are provided in Appendix C (available online).

RESULTS
Estimates of the epidemiological parameters

The best-fitting estimates of the proportion of infected
individuals who experienced clinical disease, the pro-
portion of symptomatic cases who were reported to
the GP practice in Wales and the R,, for the differ-
ent matrix structures are summarized in Table 2
and Table B2 (available online). The corresponding
WAIFW matrices are summarized in Figure Bl
(online).

In general, the contact between individuals based
on matrices W2 and W3 was more assortative than
that based on matrices W1 and W4, i.e. there was
more contact between individuals in different age
groups according to matrices W1 and W4 than ac-
cording to matrices W2 and W3 (Fig. B1, online). In
addition, the matrices obtained assuming that the
latent and infectious periods were each 2 days were
more assortative than those based on the assumptions
that the latent and infectious periods were each 1-5
days. The structure of matrix W1 based on the latter
assumption was also unrealistic, i.e. implying that
there was very little contact between age groups 1-4
years and 5-14 years. For all the matrices 6—8 % and
37-43% of all infections during the pandemic wave
were estimated to have resulted from age groups 1-4
and 5-14 years, which made up about 5% and 13 %
of the population in 1957 [19] (Fig. B2, available
online). In contrast, 20-24 %, 16-25%, 8-18% and
<4% of the infections were attributed to age groups
15-24, 2544, 45-64 and =65 years, respectively;
these age groups made up about 13, 29, 24 and 16%
of the population in 1957, respectively.
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Table 2. Summary of the best-fitting estimates of the basic reproduction number, the percentage of infected
individuals who experience clinical symptoms and the proportion of clinical cases which were reported to the
GP practice, which were associated with the best-fitting matrices of Who Acquires Infection From Whom

% of infected
individuals who

% of symptomatic cases which were
reported to the Welsh GP practice (95 % CI)

experience clinical Likelihood
Matrix Model* R,f  symptoms (95% CI) All ages Children Adults Deviance] ratio test
Wi 1 1-73 663 80-8 — — 869 —
(63-9-68-8) (77-2-84-4)
2 1-72 639 — 89-7 70-1 856 13-66
(61-5-66-3) (84:3-95-2) (65-2-75-2) (P<0-005)
3 1-73 647 — 92:0 73-2 859 993
(62:4-67-2) (85:3-98-9) (68:6-77-9) (P<0-005)
4 1-49 667 — 93-1 72-1
(62:0-71-6) (87-5-98-9) (69-4-74-8) 923
w2 1 1-80 634 813 — — 804 —
(61:1-65-8) (77-7-85-0)
2 1-77 619 — 91-1 70-2 787 1699
(59:7-64-3) (85:6-96-8) (65:3-75-3) (P <0-:005)
3 1-77 626 — 95-7 72-3 788 15-87
(60-3-65-0) (88-8-100) (67-8-77-0) (P<0-005)
4 1-52 693 — 91-6 72:2
(64-4-74-3) (86:1-97-4) (69:6-75-0) 875
W3 1 1-83 630 80-9 — — 709 —
(60-7-65-3) (77-3-84-5)
2 1-81 601 — 919 681 692 16-47
(57-8-62-3) (86:4-97-7) (63-3-73-0) (P<0-005)
3 1-81  60-8 — 969 70-6 695 13-84
(58:6-63-1) (89-9-100) (66:2-75-2) (P<0-005)
4 1-59 656 — 95-2 67-0
(61-:0-70-4) (89-4-100) (64-5-69-6) 702
w4 1 1-75 660 80-8 — — 858 —
(63-6-68-5) (77-2-84-5)
2 1-74 638 — 89-3 70-4 845 13-:06
(61-4-66-2) (83-9-94-8) (65:5-75-5) (P<0-005)
3 1-74 645 — 91-7 73-4 849 9-24
(62:1-66-9) (85:0-98:7) (68-8-78-1) (P<0-005)
4 I-51 691 — 90-4 73-3 916
(64-3-74-1) (85-96-1) (70-6-76-1)

* Model 1: proportion of cases which are reported to the GP practice is assumed to be identical for all age groups; Model 2:
proportion of cases which are reported to the GP practice is assumed to differ between those aged <16 and > 16 years;
Model 3: proportion of cases which are reported to the GP practice is assumed to differ between those aged <11 and >11
years; Model 4: the assumptions are identical to those in Model 2, except that the latent and infectious periods each equal

1-5 days.

1 The basic reproduction number associated with each matrix was calculated using standard techniques (i.e. as the dominant

eigenvalue of the Next Generation Matrix [14]).

i The number of degrees of freedom for model 1 is 130 (matrices W2 and W3) and 129 (matrices W1 and W4); for models
2-4, the number is 129 (matrices W2 and W3) and 128 (matrices W1 and W4).

For the best-fitting models, 60—65% of infected
individuals were estimated to have experienced clini-
cal disease, with 89-97% and 68-73% of sympto-
matic children and adults being reported to the
GP practice (Models 2 and 3 in Table 2). The difference
in this percentage between children and adults was
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statistically significant. The best-fitting estimates based
on the assumption that the proportion of sympto-
matic individuals who were reported to the GP prac-
tice differed between those aged <16 and >16 years
or between those aged <11 and >11 years were
similar.
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Fig. 1. Comparison between the best-fitting model-predictions of the weekly numbers of cases per 100000 in different age
groups which were reported to the general practice in Wales [15] for matrices W1, W2, W3 and W4 and the observed data,
assuming that the average durations of the latent and infectious periods were each 2 days.

As shown in Figures 1, 2, B3 and B4 (available
online), the best-fitting model predictions compared
well against the observed data, with the best fitting
estimates being associated with matrix W3 (Table 2).
In addition, the fit obtained assuming that the latent
and infectious periods were 15 days was slightly
worse than that obtained assuming that they were
each 2 days. The basic reproduction numbers associ-
ated with the best-fitting estimates were 1:7—1-8 and
1-5-1-6, based on the assumptions that the latent and
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infectious periods were each 2 days and 1-5 days re-
spectively.

Estimates of the impact of school closure

As shown in Figures 3 and 4, the predicted impact of
school/nursery closures decreased as R, increased. For
example, the average epidemic size decreased by
6-22%, 2-8% and <3 %, assuming a R, of 1-8, 2-5
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Fig. 2. Comparison between (a) the best-fitting model predictions of the expected proportion of individuals who were positive
to antibodies of the Asian strain of influenza by the end of the pandemic against data collected in Sheffield in November 1957
[17] and (b) the best-fitting model predictions of the proportion of individuals who experienced clinical disease during the
Asian influenza pandemic wave, and the corresponding observed proportion of individuals who experienced disease during
the pandemic in a practice in South East London [16]. These predictions are based on the assumption that the latent and

infectious periods were each 2 days.

and 3-5 respectively (Fig. 4). There was a three- to
fourfold difference between the impact predicted
using the most extreme assumptions about how
school affected contact patterns. For
example, the average epidemic size decreased by 22 %
and 6% if school/nursery closures reduced the
amount of contact between pre-school and school-
children by 75% and 25% respectively, assuming a
low R, (1-8) and that schools/nurseries were closed
whilst the disease incidence rate exceeded 50/100 000
per week (Fig. 4). The size of the reduction was rela-
tively insensitive to assumptions about the duration
of the latent and infectious periods [see Fig. D1
(online)].

closures
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Contact patterns between individuals further de-
termined the size of the impact with the reduction in
the predicted epidemic size ranging between 17 % and
25% for the most and least assortative contact pat-
terns respectively, assuming that school closures
reduced the amount of contact between (pre)-
schoolchildren by 75%, a R, of 1-8 and that schools
were closed if the disease incidence exceeded 50/
100000 per week. As shown in Figures 5 and 6, for
this scenario, school closures had a relatively small
impact on the influenza incidence among adults, i.e. a
reduction in the proportion who experienced clinical
disease of <25%. The corresponding reduction in the
incidence among schoolchildren was 43-54%. These
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Fig. 3. Model predictions of the impact of school closures on the overall weekly influenza disease incidence rate, assuming
that individuals contact each other according to WAIFW matrix W3 and W4 (left- and right-hand panels respectively), for
different assumptions about the threshold weekly influenza disease incidence rate at which school/nursery closures are
introduced, the effect of school/nursery closures on contact between individuals of pre-school and school age and the basic
reproduction number. Predictions based on matrix W3 are similar to those based on matrix W2; those based on W1 are
similar to those based on matrix W4. The epidemic curves predicted using assumptions that schools/nurseries are closed at a
threshold incidence of 50 and 200 per 100 000 per week were identical. The latent and infectious periods are here assumed to
be 2 days.
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Fig. 4. Model predictions of the impact of school/nursery closures on the average reduction in the epidemic size, for different
assumptions about the threshold weekly influenza disease rate at which school/nursery closures are introduced, the effect of
school/nursery closures on contact between individuals of pre-school and school age, and the basic reproduction number.
The lower and upper limits of the vertical bars reflect the minimum and maximum reductions predicted under each WAIFW
matrix. The latent and infectious periods are here assumed to be 2 days.

decreases in specific age groups were similar to those
estimated assuming that the latent and infectious
periods were each 1-5 days [see Fig. D2 (online)].

The epidemic size was sensitive to the disease inci-
dence rate at which school/nursery closures were in-
troduced only if it was assumed that they reduced the
amount of contact between children by 75% and R,
was 1-8, e.g. decreasing by 17-25% and 13-19 % if
schools and nurseries were closed when the weekly
disease incidence rate was 50 and 1000/100000 re-
spectively.

Figure 7 summarizes the durations of the epidemic
and time periods during which schools/nurseries
would be closed for the above scenarios. In general,
the results indicate that for low values for R, (1-8), the
most effective strategies (i.e. those in which nursery/
school closures reduced contact between children by
75% and schools were closed when the disease inci-
dence was low) were associated with the longest
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periods of school closures and the longest durations
in the epidemic. On average, schools/nurseries were
predicted to be closed for 49—126 days and 28-49 days
assuming a R, of 1-8 and 35 respectively, whereas
the epidemic was predicted to last 115-274 days, and
53-58 days for these assumptions about the R,.
Similar values for the time periods during which
schools would be closed and the duration of the epi-
demic were predicted under the assumption that
the latent and infectious periods were each 1-5 days
[Fig. D3 (online)].

DISCUSSION

We have estimated the R, of the strain which caused
the Asian influenza pandemic in the United Kingdom,
taking account of the effect of age-dependent mixing,
the proportion of individuals who are infected who go
on to develop clinical symptoms, and the fraction of
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Fig. 5. Model predictions of the impact of school/nursery closures on the weekly influenza disease incidence rate in specific
age groups, assuming that individuals contact each other according to WAIFW matrices W3 and W4 (left- and right-hand
panels respectively). The basic reproduction number is here assumed to be 1-8 and school/nursery closures are assumed to
reduce contact between nursery/school-aged children by 75 %. Predictions based on matrix W3 are similar to those based on
matrix W2; those based on W1 are similar to those based on matrix W4. The latent and infectious periods are here assumed to

be 2 days.

cases who consulted a GP. Our findings illustrate
that school closures could have an impact on a
future influenza pandemic if R, is small (~1-8), de-
pending on contact patterns and how they are affected
by school closures, and when school closures are in-
troduced.

Our parameterization of the model is novel, in that
we fitted predictions from an age-structured model
to data from the United Kingdom on age-specific
consultations, serology and clinical attack rates
simultaneously. This allowed us to estimate the age-
dependent contact patterns in the population, the
proportion of infected individuals who experience
clinical symptoms and the proportion of influenza
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cases who consulted a GP. To our knowledge, no
other studies have used this approach to estimate age-
specific contact parameters for influenza, and many
modelling studies to date have assumed particular
values (e.g. 50 % [5] or 67 % [6, 20]) for the proportion
of infected individuals who experience clinical symp-
toms.

Our model of the influenza pandemic in 1957 in-
corporated several simplifying assumptions. For ex-
ample, we assumed that contact patterns did not
change during the pandemic; in practice, contact be-
tween individuals probably changed over time, as
people became aware of the pandemic, and we may
have, therefore, slightly underestimated the R, for the
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Fig. 6. Model predictions of the impact of school closures,
which are introduced once the disease incidence exceeds
50/100 000 per week, on the reduction in the proportion of
individuals experiencing influenza, assuming that the basic
reproduction number is 1-8 and that school closures reduce
contact between individuals of nursery/school-age by 75 %,
for different assumptions about contact between individuals
in the overall population (matrices W1, W2, W3 and W4).
The latent and infectious periods are here assumed to be
2 days.

early part of the pandemic using our model. In
addition, all cases were assumed to be equally likely to
consult a GP, irrespective of the time period, which
may be unrealistic. Furthermore, the infectious period
is here assumed to be identical for all age groups, al-
though children sometimes shed influenza virus for
longer periods than do adults [21, 22]. On the other
hand, the fact that it was possible to fit age-specific
model predictions of the weekly disease incidence, the
proportion of individuals experiencing clinical symp-
toms or who had experienced infection to consul-
tation, clinical and serological data simultaneously,
suggests that the assumptions in the model were
reasonable.

Despite these limitations, our estimates of R, for
Asian influenza (i.e.~1-8) seem plausible and
are consistent with other estimates (e.g. 1-5 [23], 1-65
[24] and 1-68 [20]). They are also compatible with es-
timates of R, obtained for other influenza pandemics,
i.e. ranging between 1-8 and <4 for the 1918
(Spanish) influenza pandemic [25, 26].

Our analyses of the impact of school closures are
based on contact patterns which were inferred from
the 1957 influenza pandemic, and it is likely that con-
tact patterns have changed considerably since then. It
is therefore reassuring that our estimates of the im-
pact are compatible with those from other modelling
studies, which predicted a 12-5% and 14 % reduction
in the epidemic size assuming a R, of 2 [5] and 2-4 [6]
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respectively. These models had differing assumptions
both about the introduction of school closures and
their effect on contact patterns. For example, one of
the studies [5] assumed that a given school would be
closed for 3 weeks whenever a case was found there,
and that consequently, contact between children and
adults in the household and the community increased
by 50% and 25% respectively. The other study [6]
assumed that schools/nurseries would be closed dur-
ing the entire pandemic, but that this only affected
contact between children.

Our analyses extend those studies, illustrating the
sensitivity of the impact to assumptions about the
effect of school closures on contact patterns. For
example, our analyses predicted a three- to fourfold
difference between the reduction in the epidemic size
using the two most extreme assumptions about how
school/nursery closures affected contact between in-
dividuals, ranging between 6% and 22 %, assuming
that Ry, was low (1-8) and that schools/nurseries were
closed whilst the disease incidence exceeded 50/
100000 per week. The size of this reduction also dif-
fered between the assumed contact patterns, for
example ranging between 17% and 25% for this
particular scenario, for the most optimistic assump-
tions about how school closures affected contact.

There are few data on how school closures affect
contact between individuals. Our most pessimistic
assumption was that school closures reduced the
amount of contact between schoolchildren by 25%.
This is based on findings from analyses of measles
data in the United Kingdom, which suggested that the
amount of contact between individuals decreased by
~27% because of school holidays [3] (e.g. the
‘transmission parameter’ estimated in this study de-
creased from about 2:2 x 10™° per week during the
school terms to about 1:6x107% per week during
school holidays). Since the cases in this study were not
stratified by age, the reduction in the amount of con-
tact between individuals in specific age groups is un-
known. Also, the study could not provide insight into
contact between adults and children during school
holidays since measles affected few adults in the study.
On the other hand, recent (unpublished) analyses,
which used methods similar to those presented here,
suggest that the amount of contact between school-
children may decrease by approximately two thirds as
a result of school holidays (N. Gay, personal com-
munication). This study found no evidence of an im-
pact of school holidays on contact between adults and
children.
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Fig. 7. Model predictions of the time period during which schools would be closed (left-hand panel) and the duration of the
epidemic (right-hand panel), defined as the time period during which the disease incidence rate was above 10/100 000 per
week, for different assumptions about the threshold weekly influenza disease rate at which school closures are introduced, the
effect of school closures on contact between individuals of pre-school and school age and the basic reproduction number. The
lower and upper limit of each vertical bar reflects the minimum and maximum durations predicted under each WAIFW
matrix. The latent and infectious periods are here assumed to be 2 days.
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We have assumed that school/nursery closures only
affected contact between individuals of nursery or
school age with others in their own age range. The
effect of this assumption on our predictions of the
impact of school closures is unclear. For example,
the amount of contact between adults and children
might increase during school/nursery closures, if
parents stay at home to look after their children. On
the other hand, the effect that this might have on the
risk to an adult is debatable, since parents are likely to
be heavily exposed to their children even without
school closures, particularly when they are unwell
(i.e. infectious). In addition, if the infectiousness of
individuals declines rapidly after onset, as assumed in
other modelling studies [5, 12] the effect of parents
being exposed to children for an increased duration as
a result of school closures is likely to be minimal. We
could have also underestimated the impact, since we
have not incorporated the assumption that school
closures may lead to reductions in the amount of
contact between those (working) adults who have
children and other adults.

Our estimates of the impact of school closures are
based on data from the 1957 influenza pandemic in
which schoolchildren experienced higher clinical at-
tack rates than any other age group (see e.g. Figs 1
and 2). According to the contact patterns estimated
here, children led to 30-40% of all the infections
during the pandemic, even though they constituted
~13% of the entire population. In contrast, children
appeared to be less important in introducing infection
into households during the 1968 influenza pandemic
[27], for reasons which are not understood. If a future
pandemic follows a similar pattern to that in 1968, the
impact of school closures may be smaller than that
predicted here.

The World Health Organization currently rec-
ommends that countries should consider closing
schools during an influenza pandemic [2]. Our analy-
ses indicate that during a future pandemic, closure of
schools/nurseries would probably reduce the size of
the epidemic only by a very small amount (<10 %) if
Ry is high (e.g. 2-5 or 3-5) and modest reductions
(e.g. 22%) might be possible if Ry is low (1-8) and
schools are closed early. The sensitivity of the pre-
dicted impact to both assumptions about contact
patterns and how they are affected by school closures
suggests that this impact will differ between different
countries. There is therefore an urgent need for fur-
ther data on contact patterns and how they are affec-
ted by school closures, before reliable predictions of
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the impact of school closures for a given setting can be
made.
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