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During the first few months of the COVID-19 pandemic, pri-
mary and secondary schools in the United States were closed 
to in-person education as part of the national response to 

control the spread of SARS-CoV-2 (ref. 1). This decision was guided 
by data extrapolated from influenza transmission models, which 
suggested school closures as an effective measure for reducing the 
basic reproductive number of respiratory viral infections1,2, and 
early evidence suggesting that non-pharmaceutical public health 
interventions, including school closures, were associated with 
improved SARS-CoV-2 outbreak control3,4.

Modeling studies and time series analyses from across the world 
differ in their assessment of the impact of reopening schools on 
community SARS-CoV-2 transmission5–7. Elementary school chil-
dren are at lower risk of severe illness than other age groups and 
their role in driving transmission in the community is cloudy8,9. 
However, there are multiple close interactions between individuals 
from separate households in a school setting; thus, interactions that 
occur in schools, even if each contact is lower risk, may contribute 
to SARS-CoV-2 spread. If children and school staff become infected 
at school, these transmissions may lead to subsequent transmis-
sions to family members and other contacts, potentially resulting 
in increases in community transmission of SARS-CoV-2. Recently 
published studies about the impact of school mode on community 
transmission from Indiana, Texas and other states found conflict-
ing results10–12, with some analyses suggesting substantial increases 

in case rates associated with school openings, others suggesting a 
small impact13,14 and still others suggesting that opening schools to 
in-person learning has no impact on community case rates after 
adjusting for community incidence15 and minimal impact on hos-
pitalization rates when COVID-19 hospitalizations within a county 
are kept under 36–44 per 100,000 (ref. 16).

Thus, the association between type of school reopening mode 
(for example, virtual, hybrid or in-person) and community spread 
of SARS-CoV-2 continues to be a critical policy question. Although 
school closure early in the pandemic was associated with lower 
SARS-CoV-2 incidence3, the impact of school closures in addition 
to other public infection prevention measures, such as business 
restrictions, social distancing, masking, scaling up of testing and 
contact tracing is unknown. The aim of this national, retrospective 
cohort study was to evaluate the impact of school mode and open-
ing to in-person education on subsequent changes in community 
incidence of SARS-CoV-2.

Results
A summary of the study’s main findings, major limitations and pol-
icy implications, intended for nonspecialist readers is presented in 
Table 1. In total, 519 counties representing 1,050 school districts had 
a school opening mode available. After excluding the Pacific region 
of the West due to limited variation (59 out of 64 fully remote, 3 
hybrid, 2 traditional), 459 counties consisting of 895 school districts 

The impact of school opening model on 
SARS-CoV-2 community incidence and mortality
Zeynep Ertem1, Elissa M. Schechter-Perkins   2, Emily Oster3, Polly van den Berg4, Isabella Epshtein5, 
Nathorn Chaiyakunapruk6, Fernando A. Wilson7, Eli Perencevich8,9, Warren B. P. Pettey   6,10,11, 
Westyn Branch-Elliman5,12,13,14 ✉ and Richard E. Nelson7,10,11,14

The role that traditional and hybrid in-person schooling modes contribute to the community incidence of SARS-CoV-2 infec-
tions relative to fully remote schooling is unknown. We conducted an event study using a retrospective nationwide cohort 
evaluating the effect of school mode on SARS-CoV-2 cases during the 12 weeks after school opening (July–September 2020, 
before the Delta variant was predominant), stratified by US Census region. After controlling for case rate trends before school 
start, state-level mitigation measures and community activity level, SARS-CoV-2 incidence rates were not statistically different 
in counties with in-person learning versus remote school modes in most regions of the United States. In the South, there was a 
significant and sustained increase in cases per week among counties that opened in a hybrid or traditional mode versus remote, 
with weekly effects ranging from 9.8 (95% confidence interval (CI) = 2.7–16.1) to 21.3 (95% CI = 9.9–32.7) additional cases 
per 100,000 persons, driven by increasing cases among 0–9 year olds and adults. Schools can reopen for in-person learning 
without substantially increasing community case rates of SARS-CoV-2; however, the impacts are variable. Additional studies 
are needed to elucidate the underlying reasons for the observed regional differences more fully.

NATuRE MEdICINE | VOL 27 | DECEMBER 2021 | 2120–2126 | www.nature.com/naturemedicine2120

mailto:westyn.branch-elliman@va.gov
http://orcid.org/0000-0003-1798-9663
http://orcid.org/0000-0002-4436-3319
http://crossmark.crossref.org/dialog/?doi=10.1038/s41591-021-01563-8&domain=pdf
http://www.nature.com/naturemedicine


ArticlesNature MediciNe

were included (Fig. 1). In all counties, one school mode predomi-
nated (that is, there were no counties split evenly between remote 
and in-person learning).

Among the included counties, 103 were in the Northeast, 41 in 
the Mountain division, 124 in the Midwest and 191 in the South 
(Extended Data Table 1). Traditional, full in-person schooling was 
the most common mode in the Midwest (48 out of 124); in the 
Northeast, hybrid learning models predominated (53 out of 103); 
and in the South and Mountain division, virtual learning was the 
most common (South, 96 out of 191, Mountain, 22 out of 41).

Initial school opening dates varied but ranged from an earli-
est start date of 22 July 2020 to a latest start date of 28 September 

2020 (Extended Data Fig. 1). Significant demographic differences 
by region were identified (Extended Data Table 1). Notable differ-
ences in community activity and infection control policies iden-
tified between regions included higher rates of business closure 
and activity restrictions in the Northeast and Western regions, 
increased contact tracing in the Northeast, stricter masking poli-
cies and regulations in the Northeast and West and more access to 
testing in the Northeast and Midwest (Table 2). Manual review of 
community-level mitigation policies found that masking mandates 
were generally implemented earlier in the Northeast versus other 
regions; masking mandates were least common and tended to be 
implemented latest in the South (5 out of 20 Southern counties had 

Table 1 | Policy summary

Topic Summary

Background Little is known about the impact of in-person learning (hybrid or traditional) versus fully remote schooling on the spread of 
SARS-CoV-2 in the community.

Main findings and 
limitations

In most regions of the United States, we found no association between SARS-CoV-2 community infection rates and school 
opening mode during the initial weeks of the 2020–2021 school year. In the South, however, there was a significant and sustained 
increase in community infection rates among counties that opened for in-person learning compared to those that were fully 
remote, driven by cases in 0–9 year olds and adults.
Major limitations include that the underlying reason for regional differences could not be delineated. Additionally, the study was 
conducted on data from the 2020–2021 school year, when the Delta variant was not in circulation and before vaccines were 
widely available for adults and adolescents in the United States; thus, results may not be generalizable to the current school year.

Policy implications Schools can reopen for in-person learning during the pandemic without substantially increasing community case rates of 
SARS-CoV-2; however, the impacts on community transmission are variable. Additional studies are needed to elucidate the 
reasons for the regional differences identified in our analysis more fully.
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Fig. 1 | Map of counties included in the analysis. Counties with green markers opened in a fully virtual learning model, counties with blue markers opened 
in hybrid mode and counties with red markers opened in a fully traditional (in-person) learning mode. The size of county markers is related to county 
population size, with larger markers indicating larger populations. The table inset depicts the number of counties by region and school opening mode.
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Table 2 | descriptive statistics of covariates included in the regression models

Northeast Mountain West Midwest South

Characteristic n Mean % s.d. n Mean % s.d. n Mean % s.d. n Mean % s.d. Pa

Total 103 41 124 191

Google movement data (mean percentage change from baseline)

 Retail and recreation −9.81 10.38 −9.13 11.31 −5.74 8.14 −12.90 9.34 0.032

 Grocery and pharmacy −2.16 7.61 0.46 10.16 1.30 7.31 −5.55 8.24 0.092

 Workplaces −31.82 8.20 −29.79 5.74 −28.42 6.96 −30.84 6.73 0.033

 Residential 6.95 2.56 6.23 3.06 5.59 2.26 7.83 2.73 0.056

Oxford policy variables

 Workplace closing

 No measures 0 0 0 0 0 0 0 0 <0.001

 Recommend closing 6 5.8 5 12.2 77 62.1 82 42.9

 Require closing for some sectors 97 94.2 36 87.8 47 37.9 110 57.6

 Require closing for all sectors but 
essential workplaces

0 0 0 0 0 0 0 0

 Cancellation of public events

 No measures 70 68.0 23 56.1 72 58.1 78 40.8 0.926

 Recommend cancelling 0 0 0 0 0 0 0 0

 Require cancelling 33 32.0 18 43.9 52 41.9 114 59.7

 Restrictions on gatherings

 No restrictions on gatherings 3 2.9 0 0 13 10.5 7 3.7 <0.001

 Restrictions on gatherings of >1,000 
people

0 0 0 0 29 23.4 0 0

 Restrictions on gatherings of 101–1,000 
people

0 0 2 4.9 9 7.3 6 3.1

 Restrictions on gatherings of 11–100 
people

100 97.1 18 43.9 2 1.6 87 45.5

 Restrictions on gatherings of <11 people 0 0 21 51.2 33 26.6 92 48.2

 Closing public transportation

 No measures 27 26.2 13 31.7 72 58.1 87 45.5 0.027

 Recommend closing 74 71.8 22 53.7 52 41.9 99 51.8

 Require closing 2 1.9 6 14.6 0 0 6 3.1

 Testing policies

 No testing policy 0 0 0 0 0 0 0 0 <0.001

 Only those with symptoms and meet 
specific criteria

0 0 0 0 0 0 8 4.2

 Testing of anyone showing COVID-19 
symptoms

0 0 28 68.3 26 21.0 96 50.3

 Open public testing 103 100 13 31.7 98 79.0 88 46.1

 Contact tracing

 No contact tracing 25 24.3 8 19.5 68 54.8 108 56.5 0.150

 Limited contact tracing 0 0 0 0 0 0 0 0

 Comprehensive contact tracing 78 75.7 33 80.5 56 45.2 84 44.0

 Facial coverings

 No policy 0 0 0 0 0 0 0 0 0.598

 Recommended 0 0 0 0 0 0 0 0

 Required in some shared/public spaces 6 5.8 19 46.3 39 31.5 26 13.6

 Required in all shared/public spaces 72 69.9 22 53.7 82 66.1 133 69.6

 Required outside the home at all times 25 24.3 0 0 0 0 24 12.6
aP values were obtained from one-way analysis of variance models.
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no mask mandate or a masking mandate started after school open-
ing versus 2 out of 20 in the Midwest, 1 out of 20 in the Northeast 
and 0 out of 20 in the West).

Unadjusted mean SARS-CoV-2 cases per 100,000 residents 
per week stratified by region are shown in Fig. 2. Increasing 
SARS-CoV-2 case counts across all regions during the weeks after 
the start of school were identified, regardless of school mode. The 
adjusted absolute differences in SARS-CoV-2 cases, which include 
an accounting for baseline community prevalence before school 
opening, between counties with hybrid and traditional school open-
ing modes relative to counties with virtual learning models are pre-
sented in Fig. 3. In the Northeast and Midwest regions, differences 
in SARS-CoV-2 case rates were not detectably different across any 
of the 3 learning modes, although there was a small increase in cases 
6–9 weeks after school opening in the Midwest in counties with tra-
ditional learning; no increase was found in counties with hybrid 
learning modes. In the South, there was a statistically significant 
increase in cases in counties that opened for hybrid or traditional 
modes compared to virtual. In the West, there was an increase in 
cases in counties with a hybrid learning mode.

After adjustment, a traditional school mode was associated with 
increases in the number of SARS-CoV-2 cases compared to a fully 
remote mode from week 4 (effect = 13.8 cases per 100,000 residents, 
95% CI = 1.1–26.4) to week 6 (effect = 11.2, 95% CI = 0.1–22.3) in 
the Midwest. In the South, a traditional in-person mode was asso-
ciated with increases in the number of SARS-CoV-2 cases during 
the period from week 2 after school opening (effect = 10.7 cases 
per 100,000 residents, 95% CI = 3.6–17.8) to week 12 after opening, 
(effect = 10.0, 95% CI = 3.1–16.8).

In the South, a hybrid school mode was associated with increases 
in the number of SARS-CoV-2 cases from week 3 (effect = 9.7, 95% 
CI = 1.5–17.9) to week 12 (effect = 6.4, 95% CI = 0–12.7). In the West, 

a hybrid mode was associated with increases in cases from week 5 
(effect = 19.9, 95% CI = 0.2–39.7) to week 12 (effect = 30.7, 95% 
CI = 3.4–58.1). There was no impact of school opening mode on sub-
sequent COVID-19-related deaths during the entire 12-week period 
after school opening in any region (Fig. 4 and Extended Data Fig. 2).

Sensitivity analyses using P < 0.01 or P < 0.000347 as a threshold 
for statistical significance yielded similar results in the South but the 
impact of a hybrid learning mode in the West was nonsignificant 
after adjustment for multiple testing (Extended Data Figs. 3 and 4).

In the adjusted models, the impact of school opening mode 
on SARS-CoV-2 cases stratified by age group varied between and 
within regions (Extended Data Figs. 5–7). Across all regions, there 
were no differences in 10–19 year olds. Case increases associated 
with in-person learning in the South and Midwest were driven by 
increases in cases diagnosed in ≥20 year olds. In the South, there 
was a statistically significant and sustained increase in cases among 
0–9 year olds during the 2–10 week period after school opening.

discussion
This national cohort study, which included nearly half of all public 
school student enrollment across the United States, found regional 
variation on the impact of school reopening policy on the com-
munity incidence of SARS-CoV-2. In the South, which tended to 
have more limited community-level mitigation measures and which 
opened during a period with relatively high community preva-
lence of SARS-CoV-2 cases, reopening schools for in-person learn-
ing (using either a hybrid or traditional approach) was associated 
with a subsequent sustained increase in community case rates of 
SARS-CoV-2, driven by case increases among adults and children 
under the age of ten. The effect of school mode in the South was 
robust to both sensitivity analyses with stringent cutoffs for statisti-
cal significance. In the West, opening in a hybrid school mode was 
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Fig. 2 | unadjusted mean SARS-CoV-2 cases per 100,000 residents stratified by region; week 0 denotes initial school opening. a–d, The solid black lines 
indicate traditional school mode, the solid gray lines indicate hybrid school mode and the dashed gray lines indicate virtual school mode for the Northeast 
(a), West (b), Midwest (c) and South (d).
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associated with sustained increased community case rates; however, 
these findings were not statistically significant in the sensitivity 
analyses. In other regions, where adoption of community public 
health measures were more substantial and where schools opened 
during times of relatively low prevalence, we found no impact of 
school opening mode on subsequent community incidence of 
SARS-CoV-2. These data add to a growing body of literature about 
the impact of school opening policy on SARS-CoV-2 transmission 
and public health measures for pandemic control13,14,16,17.

Although evidence demonstrates that children, particularly 
elementary school children, are at low risk of severe COVID-19 
(ref. 18), data are mixed about the role children may play in house-
hold and community transmission of SARS-CoV-2 (refs. 16,19,20). 
Our nationwide study adds to a growing body of data about the 
role that in-person learning plays in SARS-CoV-2 transmis-
sion in the surrounding community and is consistent with previ-
ous studies supporting broad infection prevention strategies for 
SARS-CoV-2 control. Additionally, our study demonstrates that, 
while school opening can be associated with increases in case rates 
in some regions, notably those that opened during times of peak 
SARS-CoV-2 in the community, those case increases may not trans-
late to detectable increases in COVID-19 mortality. Policy deci-
sions about closing schools for in-person learning must be weighed 
against the harms of ongoing school closures.

In our dataset, the most extreme and sustained increase in 
SARS-CoV-2 cases associated with school opening was in the South, 
where school opening was associated with a weekly increase in cases 
ranging from 7.8 to 18.9 per 100,000 people. Our observational  

study cannot fully explain the reason for the different effects identi-
fied in the South; however, in this region, infection control mea-
sures both inside and outside of school were limited. In regions with 
more substantive infection control efforts both inside of school set-
tings and in the broader communities, such as the Northeast, there 
was no increase in community case incidence associated with open-
ing schools and a trend toward a decrease in SARS-CoV-2 cases 
among children after schools opened for in-person instruction. 
Additional potentially contributing factors include that schools in 
the South opened when cases of SARS-CoV-2 in the community 
were relatively high, raising the question of whether the impact of 
school opening on community transmission rates is dependent on 
community prevalence, which would be consistent with the find-
ing by Harris et al.16 that the impact of school mode on COVID-19 
is dependent on SARS-CoV-2 hospitalization rates in the commu-
nity. Additionally, it is possible that different climactic conditions 
may play a role in the trajectory of cases, independent of school 
mode policy. Thus, it is possible that there is a differential effect of 
in-person schooling on community transmission that is dependent 
on a variety of factors, such as mitigation strategies in schools and 
in surrounding communities, different weather and humidity pat-
terns in the South compared to other regions or higher cases in the 
community leading to more case introductions in schools and ulti-
mately more community transmission originating inside schools16. 
Additional studies are needed to delineate the impacts of these dif-
ferent factors more fully.

Our study adds to a growing body of literature about the impact 
of school closures as a policy measure for reducing the basic  
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Fig. 3 | Adjusted absolute difference between SARS-CoV-2 cases in counties with hybrid and traditional school modes relative to virtual for each week, 
with week 0 being the week when school started for each county, stratified by region. a–d, Results were generated from multivariate Poisson regressions 
with robust s.e. for the Northeast (a), West (b), Midwest (c) and South (d). The black markers indicate traditional school mode and the gray markers 
indicate hybrid school mode. The whiskers for each marker depict the upper and lower bounds of the 95% CI (n = 1,512 for the Northeast, 648 for the 
West, 1,887 for the Midwest and 3,110 for the South). Google mobility data were not available for week 12 following school opening in the Northeast, thus 
results are presented for the 11 weeks following school opening in that region (a).
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reproductive number of SARS-CoV-2. Early reports suggested 
that school closures were associated with reductions in COVID-19  
deaths, although study authors acknowledged that, due to the 
simultaneous implementation of a variety of public health mea-
sures, the impact of school closure specifically could not be delin-
eated fully3,5,7,11,12. Other investigations found conflicting results, 
with some suggesting that opening schools is associated with an 
increase in SARS-CoV-2 cases in the community and others sug-
gesting minimal or no impact13–16. A meta-analysis found that stud-
ies with the lowest risk of statistical bias did not find a substantial 
impact of school mode on community incidence5,17. A recent study 
evaluating the impact of school mode on community SARS-CoV-2 
cases in Texas found substantial increases associated with reopen-
ing schools for in-person learning11. However, the Texas study, 
unlike ours, did not control for temporal trends occurring before 
the start of school. Across all regions, school opening occurred in a 
background of increasing case counts; thus, controlling for tempo-
ral trends and other county-level factors is critical for isolating the 
impact of school mode from other simultaneous events that may 
occur at the same time as changes in school learning modes.

Multiple previous studies conducted in the setting of multifac-
eted infection control plans demonstrated low rates of transmission 
in urban, suburban and rural public school settings21–25. Conversely, 
SARS-CoV-2 school clusters reported in the United States and 
around the world highlight that substantial in-school transmis-
sion can occur under some circumstances. A recent national survey 
found that, among students attending schools that adopted few or 
no mitigation measures, living with a student attending in-person 
school was associated with a higher risk of COVID-19 among family  

members26. However, the same study also found that the elevated 
risk was eliminated with the addition of more in-school mitigation 
measures, findings similar to those of other studies7,27,28.

Our study has several limitations. It was observational in nature 
and thus we are not able to determine causality, only association. 
The study was conducted using data collected from the 2020–2021 
school year, when the more transmissible Delta variant was not the 
predominant strain and when vaccines were not available to adults 
or adolescents. Thus, it is not clear how the results of this study 
should be contextualized, given current transmission dynamics and 
vaccine availability for some public school students. Data regard-
ing SARS-CoV-2 cases are available from the Centers for Disease 
Control and Prevention (CDC) stratified by decade of life but not by 
year of life. This has two major impacts on our study. First, cases in 
infants and toddlers were included in case counts for children under 
ten; thus, it is possible that the impact found in this age group asso-
ciated with school opening was not driven by children attending 
elementary schools but by younger children. Second, we were not 
able to break down cases for middle and high school children sepa-
rately. Third, given the high rates of mild and asymptomatic cases 
in children, it is possible that cases in these populations potentially 
attributed to attendance of in-person learning were not detected.

Detailed district infection control plans were not available; thus, 
we were not able to measure the effectiveness of specific infection 
prevention measures within schools on community incidence of 
cases. However, the aim of this study was to evaluate the impact of 
school opening policy on community transmission, not to address 
the related but distinct question of SARS-CoV-2 transmission and 
prevention in schools. Elementary school children appear to spread 
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Fig. 4 | Adjusted absolute difference between SARS-CoV-2 deaths in counties with hybrid and traditional school modes relative to virtual for each 
week, with week 0 being the week when school started for each county, stratified by region. a–d, Results for the Northeast (a), West (b), Midwest (c) 
and South (d) were generated from multivariate Poisson regressions with robust s.e. The black markers indicate a traditional school mode and the gray 
markers indicate a hybrid school mode. The whiskers for each marker depict the upper and lower bounds of the 95% CI (n = 1,512 for the Northeast, 
648 for the West, 1,887 for the Midwest and 3,110 for the South). Google mobility data were not available for week 12 following school opening in the 
Northeast, thus results are presented for the 11 weeks following school opening in that region (a).
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less than children in older grades and may be less able to participate 
in remote learning29. Thus, one proposed policy option was offering 
traditional instruction to younger children while offering hybrid or 
remote options to middle and high school students. Due to the very 
high correlation between learning modes at each of the three grade 
levels, we were not able to address the potential impact of this strat-
egy on community spread of SARS-CoV-2 since only eight coun-
ties in our dataset opted for this policy model. We may not have 
been able to fully control for community infection prevention mea-
sures that may have impacted estimates. However, we attempted to 
mitigate the effect of this confounding by stratifying our analysis 
by region, which was highly correlated with school opening date, 
school opening policy and state-level infection control interven-
tions, and by using a variety of data sources to address community 
response in a variety of different ways, including the Oxford data-
set, which included detailed information about SARS-CoV-2 miti-
gation strategies, and the Google COVID-19 Community Mobility 
Reports, which reflected county-level activity, and by manually 
reviewing a subset of the counties to ensure data quality and accu-
racy. The use of multiple robust datasets with manual validation to 
ensure accuracy is a major strength of the study. Data about school 
mode were available at the district level and other measures were 
available at a county or state level; it is possible that the conversion 
from district to county data may have introduced bias into our find-
ings. However, Burbio’s validation data found that school opening 
mode is highly clustered and estimated a margin of error of 2.7% in 
their dataset30; this small margin of error would not have changed 
our study’s principal findings. Finally, we could not account for pri-
vate schools; however, approximately 90% of elementary and sec-
ondary school children attend public schools; thus, the impact of 
these missing data is likely to be small.

The association between school opening mode and county inci-
dence of SARS-CoV-2 varies by region and may be correlated with 
community infection prevention measures or community inci-
dence of SARS-CoV-2 cases at the time of school opening, both of 
which may also be correlated with the implementation of in-school 
mitigation and community mitigation measures. Although results 
varied by region, these findings suggest that schools can open for 
in-person learning during the pandemic with minimal contribution 
to sustained community incidence of infections, provided other 
public safety measures are adopted.
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Methods
To measure the impact of school mode on the community transmission of 
SARS-CoV-2, we created a retrospective cohort of school districts including the 
period immediately preceding and following school reopening in the United 
States (July–September 2020; Extended Data Fig. 1). Using multiple data sources, 
a longitudinal dataset at the county-week level was created and SARS-CoV-2 cases 
were examined. Variation in school opening date and mode were exploited to 
estimate the effect of initial school mode on SARS-CoV-2 cases and COVID-19 
deaths. Data spanning the time from 5 weeks before official school opening in any 
of three modes (for example, traditional, hybrid, virtual) to 12 weeks after the start 
of school were included. County fixed effects were included to control for trends 
in case counts before school opening. In each of our statistical analyses, week 0 
corresponds to the week when school began in that county.

Data sources. School model. School reopening mode data were obtained from 
Burbio, which includes manually validated information from 1,200 school districts 
across the United States, representing approximately 35,000 schools in 50 states, 
and 47% of student enrollment in public K-12 schools30. Districts are classified into 
type of school mode, including traditional, defined as students participating in 
in-person learning ≥4 d per week; hybrid, defined as students divided into cohorts 
and attending school in-person 2–3 d per week; and virtual, defined as students 
attending school in a fully remote mode with no live, in-person instruction. Data 
available in the Burbio dataset include the date the school district opened and the 
proportion of schools that opened in each of the three different learning modes, 
stratified by school type (for example, elementary, defined as kindergarten to 5th 
grade, middle school, defined as 6th to 8th grade and high school, defined as 9th to 
12th grade). To convert these school district-level data to the county level, we first 
took the average school mode proportion among sampled districts within a county 
across the three grade levels. We then assigned the school mode for the county 
based on the maximum value of these averaged grade level school modes; for 
example, if 75% of the districts within a county were hybrid, then the entire county 
was considered hybrid.

Community incidence and COVID-19-related deaths. Incident cases of SARS-CoV-2 
per day at a county level were obtained from the CDC dataset31. Data available 
through these sources included daily cases, decade of age and deaths by county, 
starting from January 2020 (refs. 6,32). Per CDC guidelines, both confirmed 
and probable cases and COVID-19 deaths were included. Daily incidence was 
converted into a weekly incidence for cases and deaths. The denominator for the 
outcome measures was the estimated number of residents in the year 2020 for each 
county by the US Census Bureau.

Community-level COVID mitigation measures. Data about community-level 
mitigation measures were obtained through the Oxford University dataset, which 
contains data about federal, state and substate policies33. To validate these data, 
a sample of districts (n = 20 in each of the 4 census regions) underwent manual 
review for the presence and type of community-level masking policy to ensure 
accuracy of the variables and provide insight into how state and substate mitigation 
measures may have differed from county-level interventions.

Community mobility data. Community mobility data were accessed from the 
Google COVID-19 Community Mobility Reports dataset34. These reports contain 
aggregated and anonymized user data through Google’s location history. User data 
were organized into trends over time by geography and separated into various 
locations. The Community Mobility data provide insight into the mobility response 
to COVID-19 mitigation policies34. These variables are measured as the percentage 
change in the time individuals spent in different locations relative to a baseline 
time period (3 January 2020–6 February 2020).

Independent variables. The key independent variables were the county school 
mode, dummy variables for each week and the interaction between school mode 
and week variables. Our analyses controlled for important covariates to minimize 
confounding bias in the relationship between school mode opening and outcomes. 
These covariates included variables from the Google Community Mobility data 
(retail and recreation, grocery and pharmacy, workplaces and residential) and from 
the Oxford policy data (workplace closings, cancelling of public events, restrictions 
on gatherings, closing of public transportation, COVID testing policies, COVID 
contact tracing and requirements to wear masks outside the home). In addition, 
due to the hierarchical and longitudinal nature of our data, we included county, 
state, week and state–week fixed effects to control for temporal trends among 
other county-level factors. We chose to use a fixed effects approach as opposed 
to a random effects or multilevel approach because of the strict assumption that 
random effects be uncorrelated with other independent variables included in 
the model. Given regional variation and correlation within regions regarding the 
timing of school opening, SARS-CoV-2 case counts, county infection control 
strategies and school mode, the cohort was stratified by US Census region (for 
example, Northeast, West, Midwest, South). The Pacific division was excluded due 
to near uniform school mode (virtual; Fig. 1); therefore, the West region includes 
only the Mountain division.

Outcome variables. The primary outcome variable was change in county-level 
incidence of SARS-CoV-2 cases per 100,000 residents during the 12-week period 
after school opening to estimate any sustained impact on community spread of 
SARS-CoV-2 associated with in-person learning modes. Secondary outcome 
variables included change in COVID-19 mortality per 100,000 residents and 
change in incident diagnoses stratified by decade of life (0–9 years, 10–19 years and 
20+ years), which was examined to determine if the school model was associated 
with increases in children and adolescents attending primary and secondary school 
or if the primary impact was on infections diagnosed in adults.

Data analysis. We used an event study framework35 with data from before and 
after K-12 schools opened for the 2020–2021 school year, before the Delta variant 
was predominant and before vaccine availability. Event studies are a commonly 
used36–41 extension to the standard difference in differences approach. They can 
be exploited to estimate the effect of the occurrence of an event on an outcome 
over time while taking advantage of variation in the timing of exposure to this 
event across groups42. In our case, the week of school opening varied from early 
August to late September 2020 (Extended Data Fig. 1). We estimated the effect 
of school opening mode on SARS-CoV-2 diagnoses and COVID-19 mortality 
outcomes using a multivariate Poisson regression with robust standard errors. 
Given the strong association between region and mitigation measures in the 
community and timing of school opening, models were estimated separately 
for each of the four regions. We report the results from these models from the 
school mode–week interaction terms as marginal effects that are interpreted as 
the adjusted absolute effect of school mode per week on the outcome. Running 
analyses for multiple regions raised concerns about multiple hypothesis testing; 
to address this, we completed a sensitivity analysis using P < 0.01 as the cutoff 
for statistical significance. Additionally, to account for the analysis calculated on 
a weekly basis, rather than in aggregate, a second sensitivity analysis, applying a 
Bonferroni-adjusted P = 0.000373 for significance, was conducted. All analyses 
were completed using STATA v.16.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

data availability
Data supporting this manuscript were collected from several sources. COVID-19 
Community Mobility Report data from Google and the COVID-19 Government 
Response Tracker data from Oxford University are publicly available for 
download. Data from Burbio are available via purchase and data use agreements 
with the company. Data from the CDC restricted access dataset are available via 
a data use agreement with the CDC. To comply with the data use agreements 
with the CDC and Burbio, a datafile with random county identifiers has been 
posted in the Harvard Dataverse (https://dataverse.harvard.edu/dataverse/
school-opening-covid).

Code availability
The code and meta-data supporting this analysis have been posted in the  
Harvard Dataverse.
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Extended Data Fig. 1 | Frequency of school start dates by region.
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Extended Data Fig. 2 | unadjusted mean SARS-CoV-2 deaths per 100,000 residents, stratified by region. Week zero denotes initial school opening. Solid 
black lines indicate traditional school mode, solid gray lines indicate hybrid school mode, and dashed gray lines indicate virtual school mode.
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Extended Data Fig. 3 | Adjusted absolute difference between SARS-CoV-2 cases in counties with hybrid and traditional school modes relative to 
virtual for each week. Week 0 is the week in which school started for each county, stratified by region. Results were generated from multivariable Poisson 
regressions with robust standard errors. Black markers indicate traditional school mode and gray markers indicate hybrid school mode. We adjusted for 
multiple comparisons by using a p-value of 0.01 for statistical significance. Whiskers for each marker depict the upper and lower bounds of the 99% 
confidence interval (N = 1,512 for NE, 648 for W, 1,887 for MW, and 3,110 for S). Google mobility data were not available for Week 12 following school 
opening in the Northeast, thus results are presented for the 11 weeks following school opening in that region (panel A).
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Extended Data Fig. 4 | Adjusted absolute difference between SARS-CoV-2 cases in counties with hybrid and traditional school modes relative to 
virtual for each week. Week 0 is the week in which school started for each county, stratified by region. Results were generated from multivariable Poisson 
regressions with robust standard errors. Black markers indicate traditional school mode and gray markers indicate hybrid school mode. We adjusted for 
multiple comparisons by using a p-value of 0.000373 for statistical significance. Whiskers for each marker depict the upper and lower bounds of the 
99.97% confidence interval (N = 1,512 for NE, 648 for W, 1,887 for MW, and 3,110 for S). Google mobility data were not available for Week 12 following 
school opening in the Northeast, thus results are presented for the 11 weeks following school opening in that region (panel A).
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Extended Data Fig. 5 | Adjusted absolute difference between SARS-CoV-2 cases among 0–9 year olds in counties with hybrid and traditional school 
modes relative to virtual for each week. Week 0 is the week in which school started for each county, stratified by region, restricted to individuals age 
0–9. Results were generated from multivariable Poisson regressions with robust standard errors. Black markers indicate traditional school mode and gray 
markers indicate hybrid school mode. Whiskers for each marker depict the upper and lower bounds of the 95% confidence interval (N = 1,273 for NE, 567 
for W, 1,622 for MW, and 2,380 for S). Google mobility data were not available for Week 12 following school opening in the Northeast, thus results are 
presented for the 11 weeks following school opening in that region (panel A).
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Extended Data Fig. 6 | Adjusted absolute difference between SARS-CoV-2 cases among 10–19 year olds in counties with hybrid and traditional school 
modes relative to virtual for each week. Week 0 is the week in which school started for each county, stratified by region restricted to individuals age 
10–19. Results were generated from multivariable Poisson regressions with robust standard errors. Black markers indicate traditional school mode and gray 
markers indicate hybrid school mode. Whiskers for each marker depict the upper and lower bounds of the 95% confidence interval (N = 1,438 for NE, 608 
for W, 1,791 for MW, and 2,504 for S). Google mobility data were not available for Week 12 following school opening in the Northeast, thus results are 
presented for the 11 weeks following school opening in that region (panel A).
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Extended Data Fig. 7 | Adjusted absolute difference between SARS-CoV-2 cases among adults in counties with hybrid and traditional school modes 
relative to virtual for each week. Week 0 is the week in which school started for each county, stratified by region restricted to individuals age 20 + . 
Results were generated from multivariable Poisson regressions with robust standard errors. Black markers indicate traditional school mode and gray 
markers indicate hybrid school mode. Whiskers for each marker depict the upper and lower bounds of the 95% confidence interval (N = 1,467 for NE, 623 
for W, 1,852 for MW, and 2,709 for S).
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Extended Data Table 1 | descriptive statistics of independent variables at county level on the week of school opening

* P-values were obtained from one-way analysis of variance models.

Northeast Mountain Division Midwest South
Characteristics N/Mean %/SD N/Mean %/SD N/Mean %/SD N/Mean %/SD P-value*

Total 103 41 124 191
Race/Ethnicity

% White 82.5% 11.8% 83.4% 10.8% 84.0% 9.0% 73.2% 15.1% <0.001

% Black 7.6% 7.2% 2.2% 2.7% 8.0% 7.2% 17.5% 14.0% <0.001

% Other 9.9% 6.3% 14.4% 9.9% 8.0% 3.9% 9.3% 5.7% <0.001

% Hispanic 9.6% 8.4% 21.2% 14.3% 7.2% 7.0% 13.9% 15.5% <0.001

Median income (mean) $74,066 17,572 $68,781 14,827 $64,344 13,466 $66,398 18,596 <0.001

Urban 46 44.7% 8 19.5% 40 32.3% 82 42.9% 0.008
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