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Abstract

Background

School closure is considered as an effective measure to prevent pandemic influenza.

Although Japan has implemented many class, grade, and whole school closures during the

early stage of the pandemic 2009, the effectiveness of such a school closure has not been

analysed appropriately. In addition, analysis based on evidence or data from a large popula-

tion has yet to be performed. We evaluated the preventive effect of school closure against

the pandemic (H1N1) 2009 and examined efficient strategies of reactive school closure.

Materials and Methods

Data included daily reports of reactive school closures and the number of infected students

in the pandemic in Oita City, Japan. We used a regression model that incorporated a time

delay to analyse the daily data of school closure based on a time continuous susceptible-

exposed-infected-removed model of infectious disease spread. The delay was due to the

time-lag from transmission to case reporting. We simulated the number of students infected

daily with and without school closure and evaluated the effectiveness.

Results

The model with a 3-day delay from transmission to reporting yielded the best fit using R2

(the coefficient of determination). This result suggests that the recommended period of

school closure is more than 4 days. Moreover, the effect of school closure in the simulation

of school closure showed the following: the number of infected students decreased by

about 24% at its peak, and the number of cumulative infected students decreased by about

8.0%.

Conclusions

School closure was an effective intervention for mitigating the spread of influenza and

should be implemented for more than 4 days. School closure has a remarkable impact on
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decreasing the number of infected students at the peak, but it does not substantially

decrease the total number of infected students.

Introduction
School closure is one of the important non-pharmaceutical interventions (NPIs) used to miti-
gate the spread of influenza. An ideal intervention should result in a delay in the peak incidence
or a reduction in the number of infected students at the peak and decrease the total number of
cases [1, 2]. For pandemic influenza, NPIs such as school closure are important strategies [3].
NPIs can potentially provide time to prepare for the production and distribution of a vaccine
and antiviral medication as the preventive methods. The appropriate implementation of NPIs
may decrease the maximum capacity of health care services required [4, 5]. In addition, because
the spread of influenza in a community is strongly influenced by the outbreak among school-
children, school closure is an important strategy [6].

There are two types of school closures. First, a proactive closure is implemented to slow
down the spread of influenza for the wider community on early onset. Second, a reactive school
closure is implemented when many children and staff are infected. Simulation and empirical
studies of pandemic influenza have reported that school closure mainly reduced the peak inci-
dence, while only slightly reducing the cumulative infection attack rate [7–9]. Detailed strate-
gies such as timing and duration should be considered depending on the severity of the
influenza strain and the degree of the basic reproductive number [10–12]. In Japan, many reac-
tive school closures (i.e., class, grade, and school closures) are implemented against seasonal
influenza outbreak annually under the School Health Law. However, because the optimal tim-
ing and duration should be based on the specific influenza and local situation, the law does not
specify the timing and duration of such closures. Therefore, each principal is responsible for
the timing, duration, and level (i.e., class or grade) of the closure, while considering the esti-
mated effect on lessons and school events. Principals usually decide the school closure strate-
gies following discussions with the board of education, school nurses, and doctors [13].

In Japan, different guidelines were used for the school closures in the early and late phases
against the pandemic (H1N1) 2009. Initially, in the early phase when the first case was con-
firmed, the basic strategy was proactive school closure [14]. The first proactive school closure
occurred simultaneously in Hyogo and Osaka prefectures in May 2009. The school closure was
considered effective for preventing the spread of influenza [15, 16]. Although the spread of
influenza was temporally mitigated after the school closure, it resurged, with confirmation of
many cases throughout Japan from mid-June [17, 18]. Consequently, many prefectures
imposed detailed, but downgraded, rules for school closure against the pandemic that specified
the timing and duration of the closure; while these rules were consistent within a prefecture,
they differed between prefectures [19]. Subsequently, the Ministry of Health, Labour, and Wel-
fare issued a new guideline for reactive school closure [20], although the recommendations
remained almost the same as those in the previous guideline. Accordingly, the number of
school closures in the 2009/2010 season approximately doubled compared with that in the
2008/2009 season [21].

Several studies have reported the effect of reactive school closure during the pandemic
(H1N1) 2009 [22–25], concluding that at least 5 days are required [22, 23]. Although reactive
closures are considered effective for reducing absenteeism within a class, the influence of school
closure on the number of infected students in the entire population was still unclear [22–25].
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The purpose of this study was to estimate the impact of school closure, considering the
effect of the time delay as the latent period, by analysing the data of the pandemic (H1N1)
2009 in Oita City, Japan. The data were ideal to accomplish this purpose. First, the data were
collected daily so that we could analyse the effect of the latent period in shorter intervals. Sec-
ond, the proportion of schools surveyed among the total in our data was very high, resulting in
data for more than 98% of elementary and junior high school students. Third, because it was a
novel influenza and no vaccine was available, vaccine coverage did not influence the data.
Therefore, all of the students could be considered susceptible. During the season, 96% of the
influenza viruses isolated in Japan were the AH1pdm virus [26]. We also considered the influ-
ence of absolute humidity (AH), which is known to be causally associated with the onset of an
epidemic [27–33].

Materials and Methods

Data collection
Our data included the number of infected students and school closures from August 2009 to
March 2010 in Oita City of western Japan. We obtained the data directly from the Oita Prefec-
tural Board of Education and Oita City Board of Education. Every public school was obligated
to report the numbers of infected students, including the suspected cases, and the implementa-
tion of school closure by class. Every newly infected student and closure was reported daily to
the respective board of education. Almost all of the reported students were diagnosed as
infected with influenza by physicians using rapid diagnosis tests, and the false negative cases
were closely monitored. In our study, the number of students at any level of closure, i.e., class,
grade, or whole school, was calculated to precisely estimate the impact of school closure.

Oita City is located west of Kyushu Island and has a population of approximately 450,000
people. It is 400 kilometres from Hyogo and Osaka, where the first case in Japan was con-
firmed. As Oita City is surrounded by mountains and the sea and separated from other regions
geographically, the effect of entry and exit populations was considered minimal. Approxi-
mately 96% of students were attending school and living within Oita City [34]. There were 134
public schools and 51,872 students (kindergarteners: 2.6%, elementary school students: 52.8%,
junior high school students: 25.7%, and high school students: 18.7%). The trend of infection in
the entire city was analysed using reports from the public schools because there were only 40
private schools (3 junior high schools, 27 kindergartens, and 9 high schools, with no elemen-
tary school). The age distribution of Japanese school children is 4–6 years for kindergarten,
7–12 years for elementary school, 13–15 years for junior high school, and 16–18 years for high
school. Specifically, school closures included class, grade, and whole school closures. During
this year, the rule for the timing of closures in Oita City was as follows: the class would be
closed when infected students reached about 10% of the class, grade would be closed when
multiple class closures occurred in the same grade, and whole school would be closed when
multiple grade closures occurred in the same school. According to this rule, principals had to
maintain closure for 4 days, starting the day after the infected threshold was exceeded. If newly
infected individuals were identified during and after the school closure, the closure was
extended by 1 more day. A class was still opened when only one or two cases were confirmed
in the class. However, children were suspended from school until 2 days after their fever was
alleviated under the School Health Law. This rule was established on August 20, 2009 by the
Oita Prefectural Board of Education and adopted from the start of the second semester (Sep-
tember through December).

In addition to simple mechanistic transmission dynamics, we considered AH as one param-
eter of the epidemic. AH is related to the survival rate of the influenza virus and the significant
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effect of the epidemic [27–33, 35]. We collected meteorological data for Oita City from
the Japan Meteorological Agency website [36]. We calculated AH (g/m3) from the average
temperature (°C) and average relative humidity (%) for each day. AH was calculated by
AH ¼ 217� E � RH

100
� 1

T
and E = 6.11 × 107.5(r−273.3), where E indicates the mean saturation

vapour pressure, RH indicates the relative humidity and T indicates an absolute temperature (K).
We obtained sentinel data to compare the number of cases of infected schoolchildren with

other ages of people in Oita City. We were able to determine the weekly number of cases per
clinic by age group. In Oita City, 16 outpatient clinics were registered in the influenza sentinel
surveillance system. Data were provided by the Oita City Health Care Centre from September
2009 to March 2010. We illustrated the trend of cases of influenza-like illness by age group.

The data that were provided directly from the Oita Prefectural Board of Education and Oita
City Board of Education were collected as secondary data sources, and we followed the ethical
guidelines for epidemiological research performed in Japan. The data were anonymized and
de-identified prior to analysis.

Transformation for data analysis
The dataset of the number of infected students used in the analyses was the one transformed by
the moving averages method. The raw data showed a weekly pattern. The reported numbers
were large on Mondays and very small on school holidays (Saturdays and Sundays). To address
weekend bias in the reported data, we calculated a moving average for 7 days; as a result, we
obtained smoother data and eliminated the weekly periodicity. However, on Tuesday Novem-
ber 24, 2009, an extraordinarily large number of infected students were reported because of a
successive three-day holiday. We could not obtain smooth data for the week by the moving
average method only. Therefore, we adjusted the values of the week using the proportions of
the previous week. Additionally, a time lag in reporting did not occur because our data were
collected only on the days when students were absent.

We analysed data from September 1, 2009 and treated infected students as recovered stu-
dents before that time because August was summer vacation. The rule of school closure was
adopted from September 1, 2009.

Basic structure of the model
We used a regression model based on the time continuous susceptible-exposed-infected-
removed (SEIR) model. For simplicity, we ignored death and a change in school by students,
because the interval of analysis was so short that such effects might not significantly influence
the results. In addition, although children contact their friends during school closure [37, 38],
the model did not involve such possible transmission during the school closure. This might
have prevented an overestimated effect of school closure. Furthermore, some infected students
are infectious without showing any symptoms. Our model was based on the hypothesis that
the infected students were all symptomatic. Therefore, the actual number of infected students
is unknown. In our model, the infectiousness of the symptomatic students was overestimated
to account for infection transmitted by asymptomatic students. We calculated the total num-

bers of infected (Î ), recovered (R̂), and susceptible (Ŝ) cases in the whole city according to a

daily report from each school. The variable ÎðtÞ was the sum of the reported infected students

on a particular day t, R̂ðtÞ ¼
Xt�1

t¼1
ÎðtÞ and ŜðtÞ ¼ N � ÎðtÞ � R̂ðtÞ. The number of exposed

(E) was not explicitly counted and therefore was included in the number of Ŝ.
We denoted the delay due to the latency period of infection by d. We considered that we

only knew the reported numbers of cases and that infectious disease epidemics have an
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incubation and latent period. The beginning of the infectious period starts 1 day earlier than
the onset of symptoms [39]. We carefully considered the duration between infection, the infec-
tious period, and the day of the report. In Fig 1, we show the transmission model in the case of

d = 3. The reported numbers of susceptible students (ŜðtÞ) and infected students (ÎðtÞ) are not
the same as the theoretical values (S(t) and I(t)). In Fig 1, I4(t) is the number of students

reported as infected, ÎðtÞ. The transition from Ii(t) to Ii+1(t+1) instantly occurs in one time step
(i.e., 1 day) for i< 4. The variables I1(t), I2(t), and I3(t) represent pre-symptomatic students.
Although I3 is infectious, neither I1 nor I2 is infectious and can be written as E1 and E2. I4(t) is
not infectious because it is absent from school. Infected students are counted as susceptible stu-
dents before they are reported, i.e., S(t) represents the theoretical number of susceptible stu-

dents. Thus, ŜðtÞ ¼ SðtÞ þ I1ðtÞ þ I2ðtÞ þ I3ðtÞ ¼ Sðt � 3Þ: Therefore, Îðt þ 1Þ, i.e., I3(t)
infects S(t) at t. In the SEIR model, Ŝ, Î , and R̂ are given by the following:

Ŝðt þ 1Þ ¼ ŜðtÞexpð�bðt � dÞÎðt � d þ 1ÞÞ;

Îðt þ 1Þ ¼ ŜðtÞf1� expð�bðt � dÞÎðt � d þ 1ÞÞg;

and

R̂ðt þ 1Þ ¼ R̂ðtÞ þ ÎðtÞ:

Then,

Îðt þ 1Þ ¼ ŜðtÞf1� expð�bðt � dÞÎðt � d þ 1ÞÞg ffi bðt � dÞŜðtÞÎðt � d þ 1Þ:

Fig 1. Structure of the transmission model that incorporates a time delay.Diagram of the relationship between the day of infection, the day of becoming
infectious, and the day a case is reported, in the case of d = 3. The symbol of a virus indicates transmission. Ŝ and Î are observed values of daily reports. S
and I are theoretical values. I4(t + 1) is derived from S(t − 3), infected by I3(t − 3), becomes infectious at t, and is reported as a case at (t + 1). I1 and I2 indicate
exposed students (i.e., I1 = E1 and I2 = E2). I4 is not infectious because it is absent from school.

doi:10.1371/journal.pone.0144839.g001
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In data analyses, we used a generalized discrete SEIR model to estimate the number of
infected students and added AH as a parameter related to the spread of infection. In our gener-
alized model, newly infected students are given by the following.

log10 Îðt þ 1Þ ¼ b0 þ log10ŜðtÞ þ log10 Îðt � d þ 1Þ þ b1AHðt � dÞ ð1Þ

Using common logarithms of the values, if the observed value was 0, we replaced it with 0.5.
We were able to determine β values by regression analysis. In regression analysis, we used

values observed before winter vacation. Different values of the parameters should be suitable
for winter vacation.

Students isolated by school closure should not be exposed to the risk of infection. Therefore,
susceptible students were divided into subjects in opened schools, SOd(t), and subjects in closed

schools, SCd(t), at day t. SOd(t) and SCd(t) are given by: SOdðtÞ ¼
X

i;j
ð1� Cijðt � dÞÞŜijðtÞ

and SCdðtÞ ¼
X

i;j
Cijðt � dÞŜijðtÞ. Here, Cij is the information on school closure: if the school

is open, C = 0 and if the school is closed, C = 1; i is the school number, i = 1,2. . ., imax, and j is
the class number, j = 1,2. . ., jmax (i). SOd(t) and SCd(t) are dependent on d because they are cal-

culated from ŜðtÞ using C(t − d). Therefore, newly infected students during school closure are

given in Eq (1) by replacing ŜðtÞ by SOd(t):

log10 Îðt þ 1Þ ¼ b0 þ log10SOdðtÞ þ log10 Îðt � d þ 1Þ þ b1AHðt � dÞ ð2Þ

Simulation under the implementation of school closure. Simulation for the number of
infected students under school closure is given by Eq (2). We estimated SOd(t) for the simula-

tion. We used the statistical relationship between SCd(t) and ÎðtÞ to calculate SOd(t) as follows.

log10SCdðtÞ ¼ b2 þ b3log10 ÎðtÞ ð3Þ

and

SOdðtÞ ¼ ŜðtÞ � SCdðtÞ ð4Þ

We were able to determine the β0–β3 values by regression analysis from the observed values.
For another simulation without school closure, the numbers of infected students are given by

Eq (1) by replacing SOd(t) with ŜðtÞ.
We used R2 (the coefficient of determination) to evaluate the goodness-of-fit of the regres-

sion model, i.e., Eq (2). Pearson’s correlation coefficient between observed and simulated val-
ues of students infected daily or the cumulative number of infected students was used to
evaluate the most appropriate delay, d.

Results

Summary of pandemic (H1N1) 2009
The graph of the numbers of infected students shows two notable peaks using a moving aver-
age (Fig 2A). The number of infected students began to increase gradually from the end of Sep-
tember 2009. The first peak was at the end of October 2009, and the second peak was at the
end of November 2009. The number of infected students on the first peak was almost the same
as that of the second peak. The curve of absent students also had two notable peaks (Fig 2B).
The two peaks were located at nearly the same time as the peaks of infected students. A highly
significant positive correlation was observed between the numbers of reported cases and absent
students under school closure (r = 0.964, p< 0.001).
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During the first peak, the number of absent students corresponded to the number of
infected students, and during the second peak, the number of absent students were not as large
as the number of infected students. AH and the number of infected students by time are shown
in Fig 2C. Shoji reported AH below 11 g/m3 at the onset of influenza epidemics in Japan [40].
Horizontal dashed line in Fig 2C indicates the AH of 11 g/m3. AH decreased below 11 g/m3 at
the end of September 2009. This timing is the same as the beginning of the increase in the num-
ber of infected students. AH was almost maintained at< 11 g/m3 after the beginning of Octo-
ber 2009.

In Fig 3, we show an overview of the weekly number of cases from sentinel reports of influ-
enza by age group in Oita City in pandemic (H1N1) 2009. Obviously, the number of cases
among children aged 4–6 years, 7–9 years, and 10–14 years is larger than the number of cases
in individuals of other ages; moreover, cases in these age groups occurred earlier than those in
other age groups. Moreover, the number of children aged 7–9 years and 10–14 years had two
remarkable peaks. The highest number of cases occurred in week 44 for those aged 10–14
years, which was the first peak. Children aged 10–14 years were senior students and elementary
and junior high school students. The highest number of cases occurred in week 48 for those
aged 7–9 years, which was the second peak. Children aged 7–9 years were early elementary
school students. The highest number of cases occurred in week 49 for adults. The curves of
other age groups, except for schoolchildren, had less clear peaks than that of the school aged
children group.

Fig 2. Time course of pandemic (H1N1) 2009 in Oita City, Japan. From September 2009 to March 2010, (A) a comparison of infected raw values of
students and the moving average for 7-day values, (B) comparison of the number of absent students under school closure and students reported as a case,
and (C) comparison of absolute humidity (AH) and the number of students reported as a case. The grey dashed line indicates AH of 11 g/m3. The number of
absent students under school closure, number of students reported as a case, and AH are shown as a moving average for 7 days.

doi:10.1371/journal.pone.0144839.g002
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Estimation of the partial regression coefficients
The results of regression analysis with different time delay based on the Eq (2) that predicts the
number of infected students are shown in the left hand columns in Table 1. The results of
regression analysis based on the Eq (3) that predicts the number of susceptible students under
school closure are shown in the right hand columns. The goodness-of-fit of all cases was close
to 1 (P< 0.001). In partial regression coefficients of predicting infected students, as the delay

Fig 3. Sentinel reports by age group in Oita City, Japan from September 2009 to March 2010.Data
were collected from 16 randomly chosen hospitals in Oita City and provided by Oita City Health Care Centre.
The general age distribution in Japanese schools is 4–6 years for kindergarten, 7–12 years for elementary
school, 13–15 years for junior high school, and 16–18 years for high school students.

doi:10.1371/journal.pone.0144839.g003

Table 1. Goodness-of-fit of the model and partial regression coefficients in different time delay.

Delay Predicting infected students Susceptible students under school closure

Partial regression
coefficients

Partial regression
coefficients

β0 β1 R2†(P Value) β2 β3 R2 (P Value)

d = 1 -4.461 -0.016 0.994 (P < 0.001) 0.855 0.979 0.738 (P < 0.001)

d = 2 -4.477 -0.013 0.989 (P < 0.001) 0.763 1.015 0.774 (P < 0.001)

d = 3 -4.490 -0.011 0.985 (P < 0.001) 0.677 1.049 0.764 (P < 0.001)

d = 4 -4.502 -0.009 0.979 (P < 0.001) 0.497 1.124 0.698 (P < 0.001)

d = 5 -4.518 -0.007 0.971 (P < 0.001) 0.319 1.198 0.659 (P < 0.001)

The meaning of partial regression coefficients in predicting infected students are shown in Eq (2). β0 is the intercept, and β1 represents the coefficient of

absolute humidity (AH). The meaning of partial regression coefficients in susceptible students under school closure is shown in Eq (3). β2 is the intercept,

and β3 represents the coefficient of the number of infected students.
†R2 includes the results of not only Eq (2) but also Eqs (3) and (4).

doi:10.1371/journal.pone.0144839.t001
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was longer, the value of β1 became closer to 1: i.e., the influence of absolute humidity became
smaller.

Simulation under the implementation of school closure
Simulation curves of the number of infected students and the cumulative number of infected
students for d = 1–5 are shown in Fig 4. The epidemic came later and slower as d increased.
The cumulative number of infected students became larger and the time to reach saturation
came later as d increased. None of the simulation curves in infected students replicated the two
remarkable peaks.

We calculated the correlation coefficient to determine d between the observed and simu-
lated values of the number of infected students and the cumulative number of infected students
(Table 2). Every correlation coefficient was high, but correlation coefficients of both infected
students and the cumulative number of infected students in the case of d = 3 were the highest.
Therefore, we adopted partial regression coefficients in the case of d = 3 in the simulation. We
compared the simulations of infected students in a school closure using Eq (2) with the simula-
tion without a school closure using Eq (1) in d = 3 (Fig 5). The number of infected students in a
school closure decreased by 24% at its peak, and the cumulative number of infected students
decreased by only 8.0%. The peak in the curve both with school closure and without school clo-
sure occurred at the same time in early November 2009. The time when the number reached
99% of the total number of infected students was observed later with school closure.

Discussion
In this study, we discuss the evaluation of our model, the meaning of the time delay, and the
impact of school closure as demonstrated by simulation.

Evaluation of our model
Our model can provide a useful basis for simulating the observed outbreak and evaluating pos-
sible preventive measures for mitigating the spread of influenza. We evaluated the effect of
school closure by analysing daily reports of school closure and the number of cases in every
public school in Oita City during pandemic (H1N1) 2009 using a regression model involving
time delay, the influence of school closure, and AH. The delay was between infection and
becoming infectious (Fig 1). We estimated this length of delay as three days using the R2 of
observed and simulated values (Table 2). This result was consistent with a common latent
period of 2–3 days [39]. We showed our simulation of the number of students infected daily
and the cumulative number of infected students in different time delays in Fig 4. At the onset
until mid-October 2009, the best fitting curve seemed to be the curve of simulation in d = 3. It
seems that the most reasonable time delay is 3 days. In contrast, the cumulative number of
infected students in d = 3 was larger than that observed. Because our model was based only on
the data before winter vacation, the influence of winter vacation was not properly reflected in
the model. In addition, the reported number of cases during a long vacation might be underre-
ported; therefore, the true extent of infection is unknown.

In the observed curve, the number of infected students had two notable peaks, whereas in
our simulation, the two peaks were faint (Figs 2 and 4). The same pattern was also observed in
the curves of children aged 4–6 years, 7–9 years, and 10–14 years (Fig 3). The number of
infected students increased rapidly at the end of October 2009 and decreased quickly to mid-
November 2009 (Fig 2B). The cause of this reduction may be due to many school closures
implemented at the end of October 2009. The pattern in our simulation was attributable to the
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Fig 4. Simulated time course with various degrees of delay d = 1–5 in Oita City, Japan. From September 2009 to March 2010, (A) the number of newly
infected students and (B) cumulative number of infected students. The parameters we used for each d are shown in Table 1.

doi:10.1371/journal.pone.0144839.g004
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fact that our simulation curve in the case of d = 3 was not able to replicate the rapid increase in
October.

Other studies have reported multiple peaks in one season. In Iki City, Nagasaki, Japan, an
epidemiological study reported two outbreaks among schoolchildren in pandemic (H1N1)
2009 [24]. This study concluded that the two outbreaks were caused by school closure, and
school closure was considered very effective in controlling the spread of the pandemic.
Although the duration of suspension established by Iki City (7 days for an infected student and
5 days for students in close contact with the infected student) was different from that in Oita
City, their findings are useful to assess the effect of school closure. In the 1918 pandemic in the
United Kingdom, there were three waves of mortality patterns [41]. One study concluded that
the factor of three waves was caused by schools opening and closing, temperature changes, and
changes in human behaviour. However, the behavioural responses had the largest effect. Our
model included the influence of weather as AH. It was reported that AH is related to the onset
of the epidemic, and AH decreased below 11 g/m3 at the onset of influenza epidemics in Japan
[40]. AH decreased below 11 g/m3 at the end of September 2009. This timing is the same as the
beginning of the increase in the number of infected students (Fig 2C). AH was almost main-
tained at<11 g/m3 after the beginning of October 2009. In Table 1, the partial regression coef-
ficient, β1, indicated that the degree of AH was lower and the number of infected students was
larger. These findings suggested that AH is related to the beginning of the increase in the num-
ber of infected students.

Meaning of the time delay
We designed the regression model from the SEIR model by incorporating a time delay (Fig 1).
The best fitting case was d = 3 (Table 2). Transmissions reported as a case at t+1 occurred as
infected at t−3 (Fig 1). Therefore, because we used fixed intervals for the latent and infectious
periods in our model to fit the moving average, the influence of infection continued for an aver-
age of approximately 4 days. This finding suggests that school closures lasting more than 4
days effectively decreases the number of infected students at school. Our finding may help
principals determine the duration of school closure and the timing for re-opening the school.

In Japan, the optimal duration of reactive class closure has been investigated in several stud-
ies. Sugiura et al. reported that the minimum effective number of days for a class to be closed
was 5 days. They did not refer to the timing [23]. Yamamoto et al. recommended class closure
for�6 days when the number of infected students reached>20% of the class [25]. The statisti-
cal approach compared different durations of school closure based on absentee data, which
might introduce bias for shorter durations because the number of absent students decreases

Table 2. Relationship between observed and simulation values by Pearson’s correlation coefficient
test.

Newly infected students Cumulative number of
infected students

Delay r P value r P value

d = 1 0.741 <0.001 0.983 <0.001

d = 2 0.922 <0.001 0.994 <0.001

d = 3 0.964 <0.001 0.999 <0.001

d = 4 0.913 <0.001 0.992 <0.001

d = 5 0.817 <0.001 0.980 <0.001

doi:10.1371/journal.pone.0144839.t002
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after the duration for recovery is reached. There are several approaches to determine the dura-
tion of school closure. Thus, we should establish methods of evaluation before reaching a uni-
fied conclusion.

Fig 5. Simulated time course with and without school closure in d = 3 in Oita City, Japan. From September 2009 to March 2010, (A) the number of
newly infected students and (B) cumulative number of infected students.

doi:10.1371/journal.pone.0144839.g005
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Effect of school closure illustrated by simulation
We simulated the daily number of infected students and counted the cumulative number of
infected students with and without school closure. School closure decreased the number of
infected students at the peak by as much as 24% and the number of cumulative infected stu-
dents by only 8.0% (Fig 5). These results were based on the reactive school closure strategy
under the established rule during the 2009/2010 season. Generally, there are three measures
to mitigate damage of influenza: 1) delay the peak, 2) reduce the number of cases at the peak,
and 3) reduce the number of cumulative patients. Our results were based on the second mea-
sure. In other studies of proactive school closure for a pandemic that used mathematical
models, school closure was remarkably effective for decreasing the number of infected stu-
dents at the peak, but it was less effective in decreasing the total number of infected students
[8–10]. In contrast, the reduction in the number of infected students at the peak in our study
was minimal. Several studies have shown that reactive school closure reduces the number of
infected cases within the class [22, 23, 25, 42, 43]. Therefore, reactive school closure was
probably more effective for prevention within the class but less effective for prevention
within the whole region.

We have to note that the epidemic became prolonged in our simulation. If a delay in the
peak and a reduction in the cumulative number of infected students must be achieved, a differ-
ent type of school closure strategy should be adopted. The Hyogo and Osaka prefectures imple-
mented significant school closures proactively during pandemic (H1N1) 2009. The prefecture-
wide school closure strategy may have an effect from the viewpoint of a delay in the peak [16].
Therefore, we should decide the most suitable strategy of school closure that is in agreement
with the goal of the closure.

Our study has several limitations. First, we only analysed the spread of influenza within
schools disregarding interaction between students and people within the community. Students
under school closure may have contact within families and community [37, 38]. Second, our
analysis also did not examine the age of students and various behaviours based on different
ages. A detailed analysis is desirable to provide a reliable prediction model, but involving such
factors may complicate the analysis. Third, we disregarded classes and treated the population
of school children as a whole. For more detailed analyses, a class level model of transmission
dynamics is required. We believe the results presented here are useful and will contribute to the
next step of conducting a more detailed analysis.

Conclusions
We evaluated the impact of school closure by analysing daily reports of school closure and the
number of cases in every public school in Oita City in pandemic (H1N1) 2009 using a regres-
sion model involving a time delay. School closure was an effective intervention for mitigating
the spread of influenza. Our model included the delay between infection and becoming infec-
tious. The best fitting delay was 3 days. This result suggests that school closure should be imple-
mented for more than 4 days. School closure has a remarkable effect in decreasing the number
of infected students at the peak, but it is less effective in decreasing the total number of infected
students.
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