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Abstract

Background: Mathematical modeling studies have suggested that pre-emptive school closures alone have little
overall impact on SARS-CoV-2 transmission, but reopening schools in the background of community contact
reduction presents a unique scenario that has not been fully assessed.

Methods: We adapted a previously published model using contact information from Shanghai to model school
reopening under various conditions. We investigated different strategies by combining the contact patterns
observed between different age groups during both baseline and “lockdown” periods. We also tested the
robustness of our strategy to the assumption of lower susceptibility to infection in children under age 15 years.

Results: We find that reopening schools for all children would maintain a post-intervention R0 < 1 up to a baseline
R0 of approximately 3.3 provided that daily contacts among children 10–19 years are reduced to 33% of baseline.
This finding was robust to various estimates of susceptibility to infection in children relative to adults (up to 50%)
and to estimates of various levels of concomitant reopening in the rest of the community (up to 40%). However,
full school reopening without any degree of contact reduction in the school setting returned R0 virtually back to
baseline, highlighting the importance of mitigation measures.

Conclusions: These results, based on contact structure data from Shanghai, suggest that schools can reopen with
proper precautions during conditions of extreme contact reduction and during conditions of reasonable levels of
reopening in the rest of the community.
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Background
The COVID-19 pandemic presents an unprecedented
global public health challenge. A crucial issue that re-
mains unresolved is the role of children in SARS-CoV-2
transmission and the impact of schools on epidemic
spread. Available evidence suggest that children, particu-
larly children < 10 years, are less susceptible to SARS-

CoV-2 infection [1–4] and rarely transmit infection to
adults or schoolmates [5]. However, guided chiefly by
prior models of pandemic influenza, which appears to be
much more transmissible among children, school clo-
sures have been a nearly universal component of pan-
demic response [6]. Some mathematical modeling
studies suggest that school closures alone have limited
effects on SARS-CoV-2 transmission [1, 7], which has
been interpreted by some to suggest that little harm can
follow from school reopening. Reopening schools in the
setting of strict community-wide physical distancing,
however, reintroduces a mode of disease transmission

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: blee7@uvm.edu
1Department of Pediatrics, Larner College of Medicine, University of Vermont,
Burlington, VT, USA
2Translational Global Infectious Diseases Research Center, University of
Vermont, Burlington, VT, USA
Full list of author information is available at the end of the article

Lee et al. BMC Public Health         (2020) 20:1713 
https://doi.org/10.1186/s12889-020-09799-8

http://crossmark.crossref.org/dialog/?doi=10.1186/s12889-020-09799-8&domain=pdf
http://orcid.org/0000-0001-7213-5631
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:blee7@uvm.edu


that is far less redundant than typical community social
networks, and therefore possibly much more important.
Therefore, we utilized a previously published dataset of
contact structures from Shanghai pre- and post-
pandemic “lockdown” to model disease transmission
under various school reopening scenarios.

Methods
We consider an age-stratified model where individuals
are distinguished by their age, binned in groups of 5
years (e.g. 0–4 years, 5–9 years, and so on up to 65+
years). Distinguishing different age classes allows us to
model the age-specific contact structure due to schools,
households, and other social structures. These contact
structures will be informed by those collected in Shang-
hai before and after “lockdown,” as reported by Zhang
et al. [1]. Moreover, the age classes provide a simple way
to account for heterogeneous susceptibility. While we
relax this assumption, we initially follow Ref. [1] and set
the susceptibility of children 0–14 years to be 34% of
adult susceptibility and the susceptibility of individuals
65+ years to be 144% that of adults 20–65 years.
We then focus our study on the basic reproduction

number R0 of a disease model that incorporates this age
and contact structure with a given transmission rate (set
to the susceptibility of adults and modulated for other
age classes) β, and a uniform recovery rate for all age
classes γ. Using baseline contact patterns and a fixed set
of epidemiological parameters, we can calculate what we
call the baseline R0 of the epidemic. Then, using a modi-
fied set of contact patterns that reflect specific interven-
tions both within and outside of schools, we get a post-
intervention R0, not to be confused with the effective
reproduction number (often described as RE or Rt). Im-
portantly, post-intervention R0 will always be propor-
tional to the baseline R0, meaning that any set of
parameters that produce the same R0 will produce the
same post-intervention R0 under a given intervention.
There is therefore no need to sweep both recovery and
transmission rates but only one of them in order to ex-
plore a wide range of baseline R0 values. In our codes,
available online, we choose to fix γ = 1/5.1 days as used
in the original model [1, 8] and we vary β in order to
vary the baseline R0. Importantly, note that if we con-
sider short-term dynamics and therefore ignore demo-
graphics (e.g. birth and death rate of the population), the
reproduction number of our disease model will be pro-
portional to β/γ regardless of whether we implement
susceptible-infectious-recovered (SIR), or susceptible-
exposed-infectious-recovered (SEIR), or any other classic
model [9]. Hence, we do not need to pick a particular
disease model to calculate R0. We do, however, need to
take the contact structure across age-classes into ac-
count. Let us call K the matrix whose elements are Ki,j =

σiMij where i and j are age classes, σi is the susceptibility
of class i, and Mij is the frequency of contacts with class
j for an individual in class i. Following Ref. [10], R0 is
given by

R0 ¼ β
γ
λ Kð Þ

where λ(K) denotes the largest eigenvalue of K.
Even more important is the fact that this definition of

R0 is not only valid for SIR or SEIR models using the
same age-structure and heterogeneous susceptibility, it is
also valid for stochastic models based on branching pro-
cesses set by the contact matrix and transmission rate.
See, for example, Ref. [11] for a derivation of this equiva-
lence. The previous definition of R0 is therefore applic-
able to a large range of epidemic models parameterized
by the transmission rate β, the recovery rate γ, the het-
erogeneous susceptibility σ and the contact matrix M.
We can then keep all parameters fixed and modify only
elements of the contact matrix M that correspond to dif-
ferent school reopening scenarios. In so doing, and by
focusing on R0, we are studying the impact of school
reopening while relying on as few model-specific as-
sumptions and mechanisms as possible.
From this basic model, we look at the impact of two key

variables, the contact matrix M and the heterogeneous
susceptibility σ. First, we combined the observed “lock-
down” contact matrix with different weighted blocks of
the baseline contact matrix to mimic different scenarios
for school reopening and background interventions. For
example, since the model stratifies the population in bins
of 5 years, we can model school reopening for children <
10 years by using baseline values for the 2 × 2 block of the
contact matrix corresponding to interactions between
children 0–4 years with one another, between children 0–
4 years with those 5–9 years, between children 5–9 years
with those 0–4 years, and between children 5–9 years with
one another. Other values can also be weighted to a frac-
tion of the true baseline value to mimic partial reopening
or intervention conditions. Second, we relaxed assump-
tions of heterogeneous susceptibility across age groups.
Mainly, Zhang et al. estimated a relative susceptibility of
roughly 34% for children < 15 years compared to adults
[1]. We relaxed this assumption by increasing the relative
susceptibility of children to different values (34, 40, 45, 50,
60%) while leaving older populations unchanged.
This model is available at https://github.com/Laur-

entHebert/school-reopening.

Results
When no measures are taken to reduce R0, baseline R0

and post-intervention R0 are identical (Fig. 1, dashed
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black line). School closure alone has minimal effect (Fig.
1, orange line) because disease continues to spread via
alternate social contacts in the community. Full “lock-
down,” in contrast, has a major effect (Fig. 1, solid green
line) because it severs most social contacts. Therefore, to
simulate the effect of school reopening against this back-
ground, we reincorporated baseline contact patterns for
children (aged 0–19 years) into the full “lockdown”
model, using the same underlying assumptions for con-
tact patterns and reduced susceptibility to infection by
age as reported for Shanghai during outbreak conditions
[1]. This shows a dramatic effect (Fig. 1, solid blue line):
reopening schools without measures to reduce daily con-
tacts would return transmission levels virtually to base-
line despite strict physical distancing in the rest of the
community, and thus would be highly inadvisable. The
fact that school closures alone have little impact does
not imply that school reopening during a “lockdown”
will similarly have little impact.
We then assessed various conditions for school

reopening to estimate impacts on post-intervention R0,
including implementation of measures to reduce con-
tacts among children. We find that reopening schools
for children < 10 years, even without reduction in daily

contacts, is predicted to maintain post-intervention R0 <
1 (and suppress virus transmission) up to a baseline R0

of ~ 4.5 (Fig. 1, dashed blue line). The addition of school
reopening with reduction in daily contacts among chil-
dren aged 10–19 years to 33% of baseline is predicted to
keep post-intervention R0 < 1 up to a baseline R0 of ~ 3.3
(Fig. 1, interrupted blue line). These results suggest that
interventions to reduce the number of contacts at
school, with an emphasis on children aged 10–19 years,
is a potentially viable approach to school reopening even
during periods of significant baseline community trans-
mission of SARS-CoV-2 while strict contact suppression
is maintained in the rest of the community. We find that
reopening schools to children < 10 years would have the
least impact on disease transmission, even when we as-
sumed that these children would be unable to adhere to
interventions to reduce their effective number of daily
contacts.
The feasibility of these interventions rely in part on

the limited contacts between children and older popula-
tions, but also on estimates of their lower susceptibility
to SARS-CoV-2. Given that the model developed by
Zhang et al. estimated a relative susceptibility of roughly
34% for children under 15 years compared to adults [1],

Fig. 1 Effects of school reopening during community “lockdown.” Post-intervention R0 as a function of baseline R0 under various conditions are
shown. Dashed black line: Baseline, represents all contact patterns pre-pandemic. Solid orange line: School closure alone, represents community
pre-pandemic contact patterns but with contacts among children 0–19 years removed to simulate full school closure. Solid green line: Full
“lockdown,” represents full contact suppression during pandemic conditions. Solid blue line: Full school reopening, represents full “lockdown”
conditions but with re-incorporation of all contacts among children 0–19 years according to baseline contact patterns to simulate return to full
school attendance. Interrupted blue line: Mixed reopening model, simulates the effect of re-incorporating full contact patterns for children 0–9
years with reduction in contacts in children 10–19 years to 33% of baseline. Dashed blue line: Reopen < 10 years only, simulates the effect of re-
incorporating baseline contact patterns for children 0–9 years only
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we next looked at the robustness of our results to vary-
ing estimates of susceptibility (Fig. 2). We increased the
relative susceptibility of children up to 60%, and found
that our suggested reopening model remained quite ro-
bust to changes in virus susceptibility among children.
In particular, the idea of full reopening for children
under 10 years with contact reduction for children 10–
19 years remained feasible up to a baseline R0 of ~ 3,
even when relative susceptibility of children was esti-
mated at 50% that of adults, itself a 50% increase com-
pared to the original model estimates and consistent
with other recent estimates [12].
Recognizing, however, that school reopenings would

generally occur alongside other relaxations of commu-
nity restrictions, we then looked at the robustness of this
model in the context of gradual increases in the fre-
quency of contacts for the rest of the community (Fig. 3).
We find that return of contact frequency to 20% (Fig. 3,
dotted blue line) and 30% (Fig. 3, dashed blue line) of
pre-pandemic baseline among all other community
members has virtually no additional impact on transmis-
sion. At 40% of baseline, post-intervention R0 remains
suppressed < 1 up to a baseline R0 of ~ 2.5, and at 60%
of baseline, post-intervention R0 remains suppressed < 1
up to a baseline R0 of slightly less than 2. These results

suggest that even with relaxations in contact reduction
measures in the rest of the community, school reopening
remains feasible with reasonable measures to reduce
contact frequency in the school setting.

Discussion
In a model of SARS-CoV-2 transmission utilizing con-
tact patterns obtained from Shanghai [1], we find that
while school closure alone does not have a major impact
on transmission, full school reopening during a “lock-
down” without mitigation measures in the school setting
can return transmission to its baseline value. That being
said, we find that careful school reopening can proceed
while maintaining post-intervention R0 < 1 under a wide
range of both baseline R0 levels and estimates of suscep-
tibility to infection in children, provided that appropriate
measures are taken in the school and community set-
tings to reduce the number of daily contacts among both
children and school and community members. We find
that younger children < 10 years have the least impact
on disease transmission, and greatest priority for mitiga-
tion strategies in the school setting should therefore
focus on children 10–19 years of age.
This model suggests that having open schools can and

should be considered, along with mitigation strategies in

Fig. 2 Effects of school reopening based on differing rates of susceptibility to SARS-CoV-2 infection in children relative to adults. Post-intervention
R0 as a function of baseline R0 under various estimates of susceptibility to SARS-CoV-2 infection in children < 15 years are shown. Dashed black
line: Baseline, represents all contact patterns pre-pandemic. Solid black line: Mixed reopening model, simulates the effect of re-incorporating full
contact patterns for children 0–9 years with reduction in contacts in children 10–19 years to 33% of baseline. Starting from this condition, blue
lines represent a range of estimates of susceptibility to SARS-CoV-2 infection in children relative to adults: 40% (dotted blue line), 45% (dashed
blue line), 50% (interrupted blue line), and 60% (solid blue line)
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both schools and the community, even during periods of
SARS-CoV-2 community transmission. We recognize
that the R0 value alone should not be used as the sole
criterion for formulating a comprehensive public health
strategy. Even at R0 < 1, various other factors (such as
overall community prevalence) can profoundly impact
both the rate and extent of disease transmission in the
community, which also require careful consideration in
school reopening decisions. Nevertheless, depending on
local conditions, school closures need not be considered
a necessary component of community-level SARS-CoV-
2 public health response, particularly considering the
profound adverse consequences of prolonged school clo-
sures on the educational, emotional, and psychosocial
development of children [13, 14]. This is particularly ap-
plicable to school reopening for children < 10 years old
(approximately grade 5 and lower), as has now been
strongly endorsed in the United States by the American
Academy of Pediatrics and the National Academies of
Science, Engineering, and Medicine [15, 16]. In this age
group, our model suggests that full reopening would
have very minimal effect on R0, even without reduced
contact frequencies among children in this age bracket.
Any school reopening scenario may require a trade-off

of maintaining more severe restrictions in other commu-
nity arenas (e.g. limiting reopening of indoor spaces in
bars and restaurants) in order to keep community con-
tact frequency below the targets necessary to allow for
school reopening suggested by this model. It is import-
ant to remember that our results only apply to overall
community transmission and do not address individual
health outcomes or the possibility and effects of trans-
mission events within individual schools.
In this model, contact suppression was calculated as a

percentage of baseline, pre-pandemic contact patterns.
The definition of contact used was very broad, being ei-
ther 1) two-way conversation involving three or more
words in the physical presence of another person (conver-
sational contact), or 2) a direct physical contact (e.g., a
handshake, hug, kiss or performing contact sports) [1].
Sensitivity analysis indicated that for Shanghai, restricting
contacts to those of at least five-minute duration (thus
eliminating purely incidental, casual contact) resulted in
similar results as when all contacts were considered [1].
The current definition of close contact used by the Cen-
ters for Disease Control and Prevention is even more re-
strictive: at least 15min within 6 ft (approximately 2m) of
a person with confirmed infection [17].

Fig. 3 Effects of school reopening along with community reopening. Post-intervention R0 as a function of baseline R0 under various conditions
are shown. Dashed black line: Baseline, represents all contact patterns pre-pandemic. Solid black line: Mixed reopening model, simulates the
effect of re-incorporating full contact patterns for children 0–9 years with reduction in contacts in children 10–19 years to 33% of baseline.
Starting from this condition, blue lines represent the effects of restoration of contact frequency in the rest of the community (i.e. community
reopening) to 20% of baseline (dotted blue line), 30% of baseline (dashed blue line), 40% of baseline (interrupted blue line), or 60% of baseline
(solid blue line)

Lee et al. BMC Public Health         (2020) 20:1713 Page 5 of 9



Reducing the number of effective daily contacts could
occur via complete removal of a specific proportion of
typical contacts, which would be more likely during con-
ditions of full” lockdown” or during more restrictive lim-
itations on community movement. In Shanghai during”
lockdown”, for example, contacts among school-aged
children were reduced to almost zero [1]. This may not
be a reasonable expectation for other regions. A compre-
hensive model from the United Kingdom assessing full
community social distancing, for example, estimated this
to represent at best a 75% reduction in all contacts out-
side of school, workplaces, and the household, but would
likely be associated with increased household contact
frequencies [7].
However, it is also very likely that other non-

pharmaceutical interventions, particularly cloth facial
coverings and emphasis on physical distancing, would
also reduce risk of transmission during any individual
encounter and convert many “at-risk” contacts into
lower-risk contacts [18]. These interventions were not
included as discrete variables in this model, but it would
be reasonable to assume that contacts that occur with
both participants wearing a cloth facial covering, at in-
creased physical distance, or both would contribute to
the percent reduction in “at-risk” contacts that we mod-
eled due to their functional effects in terms of reduced
transmission risk rather than complete contact removal.
Additional strategies for reducing the frequency of close
contacts within school settings have been proposed by
the World Health Organization and the Centers for Dis-
ease Control and Prevention, such as eliminating large
group activities, reducing student movement, and allow-
ing for a mixture of in-class and remote learning to re-
duce classroom size and density [19, 20]. Scheduled
hand hygiene and frequent disinfection of common sur-
faces would also reduce potential transmission.
Another important consideration is that this model

did not consider the potential for reduced transmissibil-
ity from children to other contacts. Multiple studies now
suggest that children, particularly younger children, are
far less likely to transmit SARS-CoV-2 to other contacts,
even within households, where the intensity of contact is
arguably highest [5, 21–24]. Additional work also sug-
gests that transmission of infection from younger chil-
dren within the school setting is rare [25–29]. Therefore,
the potential impact of school reopening may in fact be
overestimated, as we assumed equal likelihood for trans-
mission of virus from infected children of any age as
from adults.
The range of baseline R0 values we identified as cap-

able of permitting various school reopening scenarios is
within the range of estimated values observed at many
locations. Because school reopening decisions should de-
pend on local, rather than regional or country-wide

trends, it is most useful to assess R0 in this context
whenever possible at as local of a scale as can be reason-
ably estimated. In Shanghai, R0 has been estimated at
3.31 up to February 16, 2020, spanning both pre- and
early post-“lockdown” conditions [30], and up to 3.63
during pre-“lockdown” conditions [31]. Recent estimates
from the United States suggest that R0 in six major
metropolitan cities (Boston, Chicago, Los Angeles,
Miami, New Orleans, New York City) in March 2020,
near the initial peak of the outbreak in these regions,
ranged from 2.43 (95% confidence interval (CI), 2.05–
2.82) in New Orleans to 3.18 (95% CI 2.57–3.79) in Bos-
ton, and fell significantly thereafter once mitigation
strategies were enacted [32]. If so, this suggests our
model would have been applicable to both Shanghai and
these selected US regions given these R0 estimates, par-
ticularly once community mitigation strategies had been
enacted. An important caveat is that this would only
hold true if the community contact structures in these
US cities were sufficiently similar to that of Shanghai,
which may not necessarily be the case, underscoring the
need for local data to provide the most informed model
predictions.
There are several limitations to these findings. Not-

ably, as discussed previously, the baseline and outbreak
contact patterns utilized in this model, which used data
from Shanghai, may not be generalizable to all settings
due to underlying differences in social contact networks
and the achievable magnitude of contact suppression
during mandated physical distancing. Therefore, similar
approaches using contact structure data from other loca-
tions require further investigation. This model would
not apply to college or university settings (based on an
upper age limit of 19), nor to boarding schools. Based
on a preponderance of current evidence, this model as-
sumes that children are less susceptible to infection;
since school closures were typically implemented along
with community physical distancing mandates [6], this
observation could be an artifact of limiting child con-
tacts to within households early in the pandemic rather
than a true biological difference. If children prove to be
equally susceptible to infection, this model may signifi-
cantly underestimate the impact of school reopening, al-
though this may be mitigated by the effect of universal
masking and increased physical distancing within the
school environment. Therefore, school reopening would
require flexibility to rapidly adapt to changing local con-
ditions, along with capacity for aggressive testing and
contact tracing of infected children and their families;
because infected children generally have mild symptoms
[33], school-associated outbreaks might present with
clusters of illness in parents or household contacts.
Another important caveat of our study is that we focus

solely on the spread of SARS-CoV-2 at the community
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level and not on outcomes for either infected children or
their contacts in whom secondary infections may result
(such as teachers), including the potential for mortality
or other severe outcomes that may be heavily associated
with specific risk factors, including age. The effects of in-
fection in some children may also be more severe than
previously appreciated, due to development in a small
minority of infected children of a novel and serious mul-
tisystem inflammatory syndrome associated with
COVID-19 (MIS-C), even though this condition appears
to be very rare, estimated at 2/100,000 children in New
York State [34, 35]. Nevertheless, prolonged school clo-
sures also come with serious risk of harm to children
and families. During the pandemic, which has been uni-
versally associated with prolonged school closures in
most settings, numerous reports indicate increasing rates
of mental health problems, food insecurity, loss of health
care coverage, and concern for increases in physical,
emotional, and sexual abuse as a result of home confine-
ment, in addition to loss of educational attainment [14,
36–40]. The individual risks to children, teachers, and
families as a result of potential COVID-19 illness associ-
ated with school exposure must be balanced against
these profound adverse effects which are certain to con-
tinue in the setting of prolonged school closures.
We also assume homogeneous transmission and con-

tact patterns within a given age-class, without attempt-
ing to account for pre-existing biological or behavioral
heterogeneity that can exist among individuals of the
same age. The model therefore averages over the risks of
super-spreading events and variable levels of adherence
to public health recommendations for individuals within
the same age class. While there exist network models to
account for individual differences [41] these are much
harder to parameterize with available data on contact
patterns. Despite these limitations, the use of a simple
model such as this that focuses on community-level
transmission rates can nevertheless be a powerful tool
for examining the larger-scale effects of significant alter-
ations to community structure (e.g. school reopening).
Similarly, we looked at the impact of school reopen-

ings without accounting for possible secondary changes
in behavior among parents and other contacts. It is pos-
sible that school reopenings could lead to behavioral
changes that would increase transmission risks in the
community outside the school setting (for example, by
relaxing attitudes or concerns regarding physical distan-
cing or maximum group sizes). This might have two
major unintended consequences, both detrimental. First,
it could lead to increased viral transmission overall and
loss of epidemic control. Second, this increase in trans-
mission might erroneously be attributed to school
reopenings themselves, prompting re-closures (and their
attendant educational, economic, and societal harms),

which would then be minimally effective at curtailing
further transmission. Therefore, school reopenings ne-
cessitate careful public health messaging to reinforce the
need for ongoing community-wide measures and to
place the potential impact of school reopenings into
proper context, to limit viral transmission.

Conclusions
Schools can be reopened in the setting of ongoing
SARS-CoV-2 community transmission provided appro-
priate and reasonable precautions are maintained to re-
duce the background rate of daily contacts in the
community along with reductions in daily social contacts
among children in the school setting. The impacts of
prolonged school closure on child health, development,
and education may be profound, and for most children
and families, particularly younger children with working
parents, remote learning has been an alarmingly poor
substitute for the classroom [14, 40, 42]. We argue for a
paradigm that prioritizes open schools, rather than view-
ing school closures as necessary adjuncts to other
community-level interventions [6, 43], and that ap-
proaches based on influenza suppression may be ill-
suited for the current pandemic given the clear differ-
ences between influenza and SARS-CoV-2, particularly
regarding their effects on children. Strategies for reopen-
ing schools can be guided by mathematical modeling ap-
proaches, particularly wherever contact data are
available to generate local estimates to inform public
health policy.

Abbreviations
SEIR: Susceptible-exposed-infectious-recovered; SIR: Susceptible-infectious-
recovered; R0: Basic reproduction number

Acknowledgments
None.

Authors’ contributions
BL: Conceptualization, Writing; JPH: Methodology; SN: Methodology; JHTB:
Methodology, Review & editing; LHB: Formal analysis, Review & editing. All
authors have read and approved the final manuscript.

Funding
None.

Availability of data and materials
All data for this model are publicly available at https://github.com/
LaurentHebert/school-reopening. The original data are publicly available
within the main body or supplementary files of the original work by Zhang
and colleagues [1], which was published under a Creative Commons
Attribution 4.0 (CC BY 4.0) license, and were also posted by the authors for
public availability at https://zenodo.org/record/3775672.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
Authors declare no competing interests.

Lee et al. BMC Public Health         (2020) 20:1713 Page 7 of 9

https://github.com/LaurentHebert/school-reopening
https://github.com/LaurentHebert/school-reopening
https://zenodo.org/record/3775672


Author details
1Department of Pediatrics, Larner College of Medicine, University of Vermont,
Burlington, VT, USA. 2Translational Global Infectious Diseases Research Center,
University of Vermont, Burlington, VT, USA. 3Department of Pathology and
Laboratory Medicine, Larner College of Medicine, University of Vermont,
Burlington, VT, USA. 4Department of Computer Science, College of
Engineering and Mathematical Sciences, University of Vermont, Burlington,
VT, USA. 5Vermont Complex Systems Center, University of Vermont,
Burlington, VT, USA.

Received: 23 June 2020 Accepted: 29 October 2020

References
1. Zhang J, Litvinova M, Liang Y, Wang Y, Wang W, Zhao S, Wu Q, Merler S,

Viboud C, Vespignani A, et al. Changes in contact patterns shape the
dynamics of the COVID-19 outbreak in China. Science. 2020;368(6498):1481–
6 https://doi.org/10.1126/science.abb8001.

2. Gudbjartsson DF, Helgason A, Jonsson H, Magnusson OT, Melsted P,
Norddahl GL, Saemundsdottir J, Sigurdsson A, Sulem P, Agustsdottir AB,
et al. Spread of SARS-CoV-2 in the Icelandic population. N Engl J Med. 2020;
382(24):2302–15 https://doi.org/10.1056/NEJMoa2006100.

3. CDC COVID-19 Response Team. Coronavirus Disease 2019 in Children -
United States, February 12–April 2, 2020. MMWR. 2020;69(14):422–6. https://
doi.org/10.15585/mmwr.mm6914e4.

4. Korean Society of Infectious Diseases, Korean Society of Pediatric Infectious
Diseases, Korean Society of Epidemiology, Korean Society for Antimicrobial
Therapy, Korean Society for Healthcare-associated Infection Control and
Prevention, Korea Centers for Disease Control and Prevention. Report on
the Epidemiological Features of Coronavirus Disease 2019 (COVID-19)
Outbreak in the Republic of Korea from January 19 to March 2, 2020. J
Korean Med Sci. 2020;35(10):e112 https://doi.org/10.3346/jkms.2020.35.e112.

5. Ludvigsson JF. Children are unlikely to be the main drivers of the COVID-19
pandemic - a systematic review. Acta Paediatr. 2020;109(8):1525–30 https://
doi.org/10.1111/apa.15371.

6. Viner RM, Russell SJ, Croker H, Packer J, Ward J, Stansfield C, Mytton O,
Bonell C, Booy R. School closure and management practices during
coronavirus outbreaks including COVID-19: a rapid systematic review. Lancet
Child Adolesc Health. 2020;4(5):397–404 https://doi.org/10.1016/S2352-
4642(20)30095-X.

7. Ferguson NM, Laydon D, Nedjati-Gilani G, Imai N, Ainslie K, Baguelin M,
Bhatia S, Boonyasiri A, Cucunuba Z, Cuomo-Dannenburg G, et al. Impact of
non-pharmaceutical interventions (NPIs) to reduce COVID-19 mortality and
healthcare demand. Imperial College London. 2020; https://doi.org/10.
25561/77482.

8. Zhang J, Litvinova M, Wang W, Wang Y, Deng X, Chen X, Li M, Zheng W, Yi
L, Chen X, et al. Evolving epidemiology and transmission dynamics of
coronavirus disease 2019 outside Hubei province, China: a descriptive and
modelling study. Lancet Infect Dis. 2020;20(7):793–802 https://doi.org/10.
1016/S1473-3099(20)30230-9.

9. van den Driessche P. Reproduction numbers of infectious disease
models. Infect Dis Model. 2017;2(3):288–303 https://doi.org/10.1016/j.
idm.2017.06.002.

10. Diekmann O, Heesterbeek JA, Metz JA. On the definition and the
computation of the basic reproduction ratio R0 in models for infectious
diseases in heterogeneous populations. J Mathematical Biol. 1990;28(4):365–
82 https://doi.org/10.1007/BF00178324.

11. Allard A, Moore C, Scarpino SV, Althouse BM, Hébert-Dufresne L. The role of
directionality, heterogeneity and correlations in epidemic risk and spread.
arXiv Preprint. 2020;arXiv:2005.11283 https://arxiv.org/abs/2005.11283v2.

12. Davies NG, Klepac P, Liu Y, Prem K, Jit M, Group CC-w, Eggo RM. Age-
dependent effects in the transmission and control of COVID-19 epidemics.
Nat Med. 2020;26(8):1205–11 https://doi.org/10.1038/s41591-020-0962-9.

13. Sharfstein JM, Morphew CC. The urgency and challenge of opening K-12
schools in the fall of 2020. JAMA. 2020;324(2):133–4 https://doi.org/10.1001/
jama.2020.10175.

14. Lee J. Mental health effects of school closures during COVID-19. Lancet
Child Adolesc Health. 2020;4(6):421 https://doi.org/10.1016/S2352-
4642(20)30109-7.

15. COVID-19 Planning Considerations: Guidance for School Re-entry. American
Academy of Pediatrics. Last updated 08/29/2020. Available at: https://

services.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/
clinical-guidance/covid-19-planning-considerations-return-to-in-person-
education-in-schools/. Accessed online 04 Sept 2020.

16. Reopening K-12 Schools During the COVID-19 Pandemic. Prioritizing Health,
Equity, and Communities. Washington, DC: The National Academies Press;
2020. https://doi.org/10.17226/25858.

17. Contact Tracing for COVID-19. Centers for Disease Control and Prevention.
Last updated 08/31/2020. Available at: https://www.cdc.gov/coronavirus/201
9-ncov/php/contact-tracing/contact-tracing-plan/contact-tracing.html.
Accessed online 04 Sept 2020.

18. Chu DK, Akl EA, Duda S, Solo K, Yaacoub S, Schunemann HJ, Authors C-
SURGEs. Physical distancing, face masks, and eye protection to prevent
person-to-person transmission of SARS-CoV-2 and COVID-19: a systematic
review and meta-analysis. Lancet. 2020;395(10242):1973–87 https://doi.org/
10.1016/S0140-6736(20)31142-9.

19. Considerations for school-related public health measures in the context of
COVID-19: Annex to Considerations in adjusting public health and social
measures in the context of COVID-19. World Health Organization; 2020.
Available at: https://www.who.int/publications/i/item/considerations-for-
school-related-public-health-measures-in-the-context-of-covid-19.

20. CDC Activities and Initiatives Supporting the COVID-19 Response and the
President's Plan for Opening America Up Again. Centers for Disease Control
and Prevention. 2020. Available at: https://www.cdc.gov/coronavirus/2019-
ncov/downloads/php/CDC-Activities-Initiatives-for-COVID-19-Response.pdf.

21. Kim J, Choe YJ, Lee J, Park YJ, Park O, Han MS, Kim JH, Choi EH. Role of
children in household transmission of COVID-19. Archives Dis Child. 2020;
https://doi.org/10.1136/archdischild-2020-319910.

22. Park YJ, Choe YJ, Park O, Park SY, Kim YM, Kim J, Kweon S, Woo Y, Gwack J,
Kim SS, et al. Contact Tracing during Coronavirus Disease Outbreak, South
Korea, 2020. Emerg Infect Dis. 2020;26(10) https://doi.org/10.3201/eid2610.
201315.

23. Posfay-Barbe KM, Wagner N, Gauthey M, Moussaoui D, Loevy N, Diana A,
L'Huillier AG. COVID-19 in Children and the Dynamics of Infection in
Families. Pediatrics. 2020;146(2) https://doi.org/10.1542/peds.2020-1576.

24. Viner RM, Mytton OT, Bonell C, Melendez-Torres GJ, Ward JL, Hudson L,
Waddington C, Thomas J, Russell S, van der Klis F, et al. Susceptibility to and
transmission of COVID-19 amongst children and adolescents compared
with adults: a systematic review and meta-analysis. medRxiv. 2020; https://
doi.org/10.1101/2020.05.20.20108126.

25. Danis K, Epaulard O, Benet T, Gaymard A, Campoy S, Botelho-Nevers E,
Bouscambert-Duchamp M, Spaccaferri G, Ader F, Mailles A, et al. Cluster
of coronavirus disease 2019 (COVID-19) in the French Alps, February
2020. Clin Infect Dis. 2020;71(15):825–32 https://doi.org/10.1093/cid/
ciaa424.

26. Fontanet A, Grant R, Tondeur L, Madec Y, Grzelak L, Cailleau I, Ungeheuer
M-N, Renaudat C, Fernandes Pellerin S, Kuhmel L, et al. SARS-CoV-2 infection
in primary schools in northern France: A retrospective cohort study in an
area of high transmission. medRxiv. 2020; https://doi.org/10.1101/2020.06.25.
20140178.

27. Heavey L, Casey G, Kelly C, Kelly D, McDarby G. No evidence of secondary
transmission of COVID-19 from children attending school in Ireland, 2020.
Euro Surveill. 2020;25(21) https://doi.org/10.2807/1560-7917.ES.2020.25.21.
2000903.

28. Macartney K, Quinn HE, Pillsbury AJ, Koirala A, Deng L, Winkler N,
Katelaris AL, O'Sullivan MVN, Dalton C, Wood N, et al. Transmission of
SARS-CoV-2 in Australian educational settings: a prospective cohort
study. Lancet Child Adolesc Health. 2020; https://doi.org/10.1016/S2352-
4642(20)30251-0.

29. Yung CF, Kam KQ, Nadua KD, Chong CY, Tan NWH, Li J, Lee KP, Chan YH,
Thoon KC, Chong NK. Novel coronavirus 2019 transmission risk in
educational settings. Clinical Infect Dis. 2020; https://doi.org/10.1093/cid/
ciaa794.

30. Shao N, Cheng J, Chen W. The reproductive number R0 of COVID-19 based
on estimate of a statistical time delay dynamical system. medRxiv. 2020;
https://doi.org/10.1101/2020.02.17.20023747.

31. Zhao S, Chen H. Modeling the epidemic dynamics and control of COVID-19
outbreak in China. Quant Biol. 2020:1–9 https://doi.org/10.1007/s40484-020-
0199-0.

32. Pei S, Kandula S, Shaman J. Differential Effects of Intervention Timing on
COVID-19 Spread in the United States. medRxiv. 2020; 2020.2005.2015.
20103655. https://doi.org/10.1101/2020.05.15.20103655.

Lee et al. BMC Public Health         (2020) 20:1713 Page 8 of 9

https://doi.org/10.1126/science.abb8001
https://doi.org/10.1056/NEJMoa2006100
https://doi.org/10.15585/mmwr.mm6914e4
https://doi.org/10.15585/mmwr.mm6914e4
https://doi.org/10.3346/jkms.2020.35.e112
https://doi.org/10.1111/apa.15371
https://doi.org/10.1111/apa.15371
https://doi.org/10.1016/S2352-4642(20)30095-X
https://doi.org/10.1016/S2352-4642(20)30095-X
https://doi.org/10.25561/77482
https://doi.org/10.25561/77482
https://doi.org/10.1016/S1473-3099(20)30230-9
https://doi.org/10.1016/S1473-3099(20)30230-9
https://doi.org/10.1016/j.idm.2017.06.002
https://doi.org/10.1016/j.idm.2017.06.002
https://doi.org/10.1007/BF00178324
https://arxiv.org/abs/2005.11283v2
https://doi.org/10.1038/s41591-020-0962-9
https://doi.org/10.1001/jama.2020.10175
https://doi.org/10.1001/jama.2020.10175
https://doi.org/10.1016/S2352-4642(20)30109-7
https://doi.org/10.1016/S2352-4642(20)30109-7
https://services.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/clinical-guidance/covid-19-planning-considerations-return-to-in-person-education-in-schools/
https://services.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/clinical-guidance/covid-19-planning-considerations-return-to-in-person-education-in-schools/
https://services.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/clinical-guidance/covid-19-planning-considerations-return-to-in-person-education-in-schools/
https://services.aap.org/en/pages/2019-novel-coronavirus-covid-19-infections/clinical-guidance/covid-19-planning-considerations-return-to-in-person-education-in-schools/
https://doi.org/10.17226/25858
https://www.cdc.gov/coronavirus/2019-ncov/php/contact-tracing/contact-tracing-plan/contact-tracing.html
https://www.cdc.gov/coronavirus/2019-ncov/php/contact-tracing/contact-tracing-plan/contact-tracing.html
https://doi.org/10.1016/S0140-6736(20)31142-9
https://doi.org/10.1016/S0140-6736(20)31142-9
https://www.who.int/publications/i/item/considerations-for-school-related-public-health-measures-in-the-context-of-covid-19
https://www.who.int/publications/i/item/considerations-for-school-related-public-health-measures-in-the-context-of-covid-19
https://www.cdc.gov/coronavirus/2019-ncov/downloads/php/CDC-Activities-Initiatives-for-COVID-19-Response.pdf
https://www.cdc.gov/coronavirus/2019-ncov/downloads/php/CDC-Activities-Initiatives-for-COVID-19-Response.pdf
https://doi.org/10.1136/archdischild-2020-319910
https://doi.org/10.3201/eid2610.201315
https://doi.org/10.3201/eid2610.201315
https://doi.org/10.1542/peds.2020-1576
https://doi.org/10.1101/2020.05.20.20108126
https://doi.org/10.1101/2020.05.20.20108126
https://doi.org/10.1093/cid/ciaa424
https://doi.org/10.1093/cid/ciaa424
https://doi.org/10.1101/2020.06.25.20140178
https://doi.org/10.1101/2020.06.25.20140178
https://doi.org/10.2807/1560-7917.ES.2020.25.21.2000903
https://doi.org/10.2807/1560-7917.ES.2020.25.21.2000903
https://doi.org/10.1016/S2352-4642(20)30251-0
https://doi.org/10.1016/S2352-4642(20)30251-0
https://doi.org/10.1093/cid/ciaa794
https://doi.org/10.1093/cid/ciaa794
https://doi.org/10.1101/2020.02.17.20023747
https://doi.org/10.1007/s40484-020-0199-0
https://doi.org/10.1007/s40484-020-0199-0
https://doi.org/10.1101/2020.05.15.20103655


33. Ludvigsson JF. Systematic review of COVID-19 in children shows milder
cases and a better prognosis than adults. Acta Paediatr. 2020;109(6):1088–95
https://doi.org/10.1111/apa.15270.

34. Multisystem inflammatory syndrome in children (MIS-C) associated with
coronavirus disease 2019 (COVID-19). Centers for Disease Control and
Prevention. 2020. Available at: https://emergency.cdc.gov/han/2020/
han00432.asp.

35. Dufort EM, Koumans EH, Chow EJ, Rosenthal EM, Muse A, Rowlands J,
Barranco MA, Maxted AM, Rosenberg ES, Easton D, et al. Multisystem
inflammatory syndrome in children in New York state. N Engl J Med. 2020;
383(4):347–58 https://doi.org/10.1056/NEJMoa2021756.

36. Patrick SW, Henkhaus LE, Zickafoose JS, Lovell K, Halvorson A, Loch S,
Letterie M, Davis MM. Well-being of parents and children during the COVID-
19 pandemic: a National Survey. Pediatrics. 2020; https://doi.org/10.1542/
peds.2020-016824.

37. Duan L, Shao X, Wang Y, Huang Y, Miao J, Yang X, Zhu G. An investigation
of mental health status of children and adolescents in China during the
outbreak of COVID-19. J Affect Disord. 2020;275:112–8 https://doi.org/10.
1016/j.jad.2020.06.029.

38. Intimate Partner Violence and Child Abuse Considerations During COVID-19.
Substance Abuse and Mental Health Services Administration, U.S.
Department of Health and Human Services. 2020. Available at: https://www.
samhsa.gov/sites/default/files/social-distancing-domestic-violence.pdf.

39. COVID Update: Hotline Continues to Hear from Children, Those Concerned
for Their Safety. RAINN (Rape, Abuse & Incest Network). 2020. Available at:
https://www.rainn.org/news/covid-update-hotline-continues-hear-children-
those-concerned-their-safety. Accessed online 04 Sept 2020.

40. Kuhfeld M, Tarasawa B. The COVID-19 slide: what summer learning loss can
tell us about the potential impact of school closurs on student academic
achievement. NWEA; 2020. Available at: https://www.nwea.org/content/
uploads/2020/05/Collaborative-Brief_Covid19-Slide-APR20.pdf.

41. Bansal S, Grenfell BT, Meyers LA. When individual behaviour matters:
homogeneous and network models in epidemiology. J R Soc Interface.
2007;4(16):879–91 https://doi.org/10.1098/rsif.2007.1100.

42. Van Lancker W, Parolin Z. COVID-19, school closures, and child poverty: a
social crisis in the making. Lancet Public Health. 2020;5(5):e243–4 https://
doi.org/10.1016/S2468-2667(20)30084-0.

43. Christakis DA. School reopening-the pandemic issue that is not getting its
due. JAMA Pediatr. 2020; https://doi.org/10.1001/jamapediatrics.2020.2068.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Lee et al. BMC Public Health         (2020) 20:1713 Page 9 of 9

https://doi.org/10.1111/apa.15270
https://emergency.cdc.gov/han/2020/han00432.asp
https://emergency.cdc.gov/han/2020/han00432.asp
https://doi.org/10.1056/NEJMoa2021756
https://doi.org/10.1542/peds.2020-016824
https://doi.org/10.1542/peds.2020-016824
https://doi.org/10.1016/j.jad.2020.06.029
https://doi.org/10.1016/j.jad.2020.06.029
https://www.samhsa.gov/sites/default/files/social-distancing-domestic-violence.pdf
https://www.samhsa.gov/sites/default/files/social-distancing-domestic-violence.pdf
https://www.rainn.org/news/covid-update-hotline-continues-hear-children-those-concerned-their-safety
https://www.rainn.org/news/covid-update-hotline-continues-hear-children-those-concerned-their-safety
https://www.nwea.org/content/uploads/2020/05/Collaborative-Brief_Covid19-Slide-APR20.pdf
https://www.nwea.org/content/uploads/2020/05/Collaborative-Brief_Covid19-Slide-APR20.pdf
https://doi.org/10.1098/rsif.2007.1100
https://doi.org/10.1016/S2468-2667(20)30084-0
https://doi.org/10.1016/S2468-2667(20)30084-0
https://doi.org/10.1001/jamapediatrics.2020.2068

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Results
	Discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

