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Summary
BackgroundWe examined school reopening policies amidst ongoing transmission of the highly transmissible Delta
variant, accounting for vaccination among individuals ≥12 years.

Methods We collected data on social contacts among school-aged children in the California Bay Area and developed
an individual-based transmission model to simulate transmission of the Delta variant of SARS-CoV-2 in schools.
We evaluated the additional infections in students and teachers/staff resulting over a 128-day semester from in-
school instruction compared to remote instruction when various NPIs (mask use, cohorts, and weekly testing of stu-
dents/teachers) were implemented, across various community-wide vaccination coverages (50%, 60%, 70%), and
student (≥12 years) and teacher/staff vaccination coverages (50% - 95%).

Findings At 70% vaccination coverage, universal masking reduced infections by >57% among students. Masking
plus 70% vaccination coverage enabled achievement of <50 excess cases per 1,000 students/teachers, but stricter
risk tolerances, such as <25 excess infections per 1,000 students/teachers, required a cohort approach in elementary
and middle school populations. In the absence of NPIs, increasing the vaccination coverage of community members
from 50% to 70% or elementary teachers from 70% to 95% reduced the excess rate of infection among elementary
school students attributable to school transmission by 24% and 37%, respectively.

Interpretations Amidst Delta variant circulation, we found that schools are not inherently low risk, yet can be made
so with high community vaccination coverages and masking. Vaccination of adults protects unvaccinated children.
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Introduction
Assessments of the impacts of school closures and risks
of reopening continue to be of high priority as more
transmissible variants dominate the ongoing COVID-19
pandemic.1 While school closures are intended to curb
the spread of COVID-19, major risks for children’s men-
tal health and educational and social development have
been documented2-6 and studies report low in-school
transmission with basic precautions.7-10 Introduction of
vaccines with high effectiveness against infection11-14

with SARS-CoV-2 reduce the risk of transmission
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within school environments in two ways. First, commu-
nity transmission rates—which strongly impact the
probability of within-school transmission15—are sup-
pressed in areas with high vaccination coverage,
although vaccination coverage remains heterogeneous
across school districts.16 Second, teachers and certain
students are eligible for vaccination, conferring direct
protection against within-school transmission. Prior
epidemiological study and model-based risk assess-
ments found that middle and high school populations
have higher risk of school-based transmission as com-
pared to elementary students.15,17-19

Nevertheless, rising rates of the more transmissible
Delta variant across the U.S. in early fall 2021,20 particu-
larly in settings with low vaccination rates, raised
1
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Research in context

Evidence before this study

A major epidemiological question occupying research-
ers throughout the first year of the COVID-19 pandemic
was whether reopening K-12 schools would seed com-
munity outbreaks or result in high burden of disease for
teachers, students, and family members. Since then,
studies have suggested that in-school transmission was
generally low when schools took basic precautions, and
that remote instruction poses severe consequences for
child mental, social, and educational health. The expan-
sion of the use of mRNA vaccines in individuals aged
12 years and older led to national prioritization for a
return to full-time in-person schooling, even as the rise
of the highly transmissible Delta variant across the
United States, including among schoolchildren,
renewed concerns that a return to school could seed
outbreaks among students and teachers, particularly in
areas with no mask requirements and low vaccination cov-
erages. In the absence of epidemiological evidence of the
spread of the Delta variant of SARS-CoV-2 in schools, trans-
mission models can provide information on various within-
school intervention policies and vaccination coverage
goals. We searched for studies published in English up to
August 21, 2021, with the terms ''coronavirus AND model
AND school AND vaccination AND Delta AND (mask OR
test OR non-pharmaceutical intervention)'' in PubMed and
medRxiv and identified 0 and 91 results, respectively. How-
ever, there remains a need to examine the effect of a spec-
trum of non-pharmaceutical interventions on within-school
transmission, differentiating results across elementary, mid-
dle, and high schools and between students and teachers,
and accounting for location-specific contexts, such as vari-
ous vaccination coverages and community contact
patterns.

Added value of this study

Using primary data collected on children’s social con-
tacts in the California Bay Area, we developed an agent-
based SEIR model to simulate SARS-CoV-2 transmission
within Bay Area schools and communities. We esti-
mated the additional infections in students and teach-
ers/staff resulting from in-person instruction when
various non-pharmaceutical interventions (NPIs) are in
place, and under various vaccination coverages and
SARS-CoV-2 variants, including the Delta variant. We
examined the minimum set of interventions required to
maintain total excess infections among students and
teachers attributable to school transmission below risk
tolerances that may be relevant to decision-makers. We
estimated that, under the Bay Area reopening plan (uni-
versal mask use, community and school vaccination
coverage of 70%), there would be excess infection
attributable to school reopening among 3¢4-9¢5% of
elementary students, depending on susceptibility of
young children, 4¢3% of middle school students, and
1¢8% of high school students. At 70% vaccination cover-
age, universal masking reduced infections by 63% in
elementary students, 57% in middle school students,

and 78% in high school students, supporting use of uni-
versal masking in schools. We found that universal
masking in all school levels is necessary to maintain in-
school transmission below a risk tolerance of <50 addi-
tional cases per 1,000 population, except in high schools
where vaccination coverage exceeds 80% or middle
schools where vaccination coverage of teachers and
students 12 and older exceeds 95%. Achieving lower
risk tolerances (e.g., <10 cases per 1,000 population) in
schools also required weekly testing or cohorting of stu-
dents. We found that increasing vaccination coverage
of elementary teachers from 70% to 95% can reduce
infection among elementary students by 37%.

Implications of all available evidence

Under circulation of the highly transmissible Delta vari-
ant, our findings suggest that schools are not inherently
low risk, yet can be made so with implementation of
basic precautions, including universal masking. Our
findings support recommendations made by CDC and
CDPH to fully reopen K-12 schools for the fall 2021
semester; encourage high levels of vaccine uptake
among eligible students and staff; and maintain mask
usage. Schools may consider layering testing or cohort-
ing as additional safety measures, particularly if younger
children are equally as susceptible as adults to the Delta
variant of SARS-CoV-2.
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concerns that a return to schooling would be accompa-
nied by increased risks of transmission,21 particularly
among elementary school populations who were not yet
eligible for vaccination. While our understanding of the
natural history parameters for children is limited to the
parent strain and thus evolving with continued Delta
circulation, elementary-aged students (aged 5-10) may
be less susceptible to infection than older children and
adults.22-25 Further, children under 18 have milder out-
comes than adults,26 and exhibit extremely low fatality
rates from SARS-CoV-2 (2 deaths per million by one
estimate27) even among children with comorbidities.27

However, there is evidence that Delta’s enhanced infec-
tivity is increasing rates of infection among U.S. chil-
dren, concurrent with the launch of the fall 2021
semester, especially in areas with low vaccination cover-
age and no mask mandates,28 and outbreaks among
school and child care populations have been docu-
mented.19,29-31 While most cases in children are mild,
there are rare but serious cases of long-term sequelae
that persist after COVID-19 infection in children,
including Multisystem Inflammatory Syndrome
(MIS),32 which often requires intensive care and may
result in heart failure, respiratory disease, or other neu-
rological or renal abnormalities.33 Large studies report
that as many as 14-36% of children who test positive for
COVID have symptoms—commonly headaches,
fatigue, and insomnia—nine to 15 weeks after testing
positive.32,34
www.thelancet.com Vol 5 Month January, 2022
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Guidance issued late summer 2021 from the Centers
for Disease Prevention and Control (CDC) as well as the
California Department of Public Health (CDPH) urged
K-12 schools to fully reopen for instruction during the
fall 2021 semester with masks required indoors for all
students and staff.35,36 Spacing of at least three feet
between students is also recommended, but if this can-
not be achieved, it is recommended to apply layers of
additional prevention measures, such as additional
asymptomatic testing, symptom screening, or hand
washing.

In March of 2020, the California Bay Area was
among the first in the nation to close schools, moving
the 2020 spring semester to remote instruction.37 As of
June 2021, California remained the state with the lowest
percentage of students engaged in in-person instruc-
tion,38 and large Bay Area school districts, including
San Francisco and Oakland, launched very limited in-
person activities from April to June of 2021. Previous
work has estimated the effect of initial closure for the
2020 spring semester on COVID-19 cases, hospitaliza-
tions and deaths in students, teachers, family members,
and community members, and has examined the effect
of reopening under various strategies on COVID-19 out-
comes across a new four-month semester.15 Here, we
examine questions surrounding school reopening in
the context of an increasingly vaccinated population of
individuals 12 years and older. We expand a previously
published model15 to include vaccination of adults in
the community, teachers/staff, and students aged
12 years and older in order (the population eligible at
the start of the fall 2021 semester) to examine which
additional prevention measures beyond vaccination are
required to limit excess cases to fewer than two student
cases per school (<50% probability of a case per
month).39 We also estimate whether achieving high
levels of within-school vaccination coverages for
teachers and students over 12 years would allow
schools to safely drop additional prevention meas-
ures while maintaining low transmission. Finally, we
quantify the additional benefit of universal masking
compared to masking only among the unvaccinated,
as a function of varied vaccine effectiveness. We
examine scenarios assuming circulation of the highly
transmissible Delta variant, and compare to out-
comes estimated for the Alpha variant.
Methods
We adapted a previously described agent-based model15

to estimate the effect of fall 2021 reopening strategies
under various vaccination coverages and SARS-CoV-2
variants, including the highly transmissible Delta vari-
ant. The model was informed by longitudinal data col-
lected on children's social contacts, including data on
post-vaccination contact rates of children and their adult
family members during spring 2021 school closures.
www.thelancet.com Vol 5 Month January, 2022
Survey methodology and analysis
To parameterize community contact rates among the
school-aged population and their adult family members
within the model, we implemented a social contact sur-
vey of school-aged children in nine Bay Area counties
(Alameda, Contra Costa, Marin, Napa, San Francisco,
San Mateo, Santa Clara, Solano, Sonoma), as described
elsewhere.15 Survey respondents (one adult per house-
hold) reported the number and location of non-house-
hold contacts they and all of their children made within
six age categories (0−4, 5−12, 13−17, 18−39, 40−64
and 65+ years) throughout the day prior. A contact was
defined as an interaction within six feet lasting over five
seconds.40 Eligible households contained at least one
school-aged child (pre-kindergarten to grade 12). We
recruited participants using an online panel provider
(Qualtrics) to be representative of Bay Area on the basis
of race/ethnicity and income. The survey was imple-
mented between February, 8 − April 1, 2021, when
most (92%) of children were in remote schooling, and
during a period where Bay Area healthcare workers,
educators, and emergency personnel were eligible for
COVID-19 vaccination.
Transmission model
We generated 1,000 synthetic populations representa-
tive of the demographic composition of major Bay Area
cities,41 in which we assigned each individual an age,
household, and occupation status (student, teacher,
school staff, other employment, not employed), as well
as membership in a school or workplace. We separated
schools into elementary (grades K−5; ages 5-10 years),
middle (grades 6-8; ages 11-13) and high (grades 9-12;
ages 14-17) schools, and assigned individuals grades and
classrooms within each school, based on age. All indi-
viduals interacted with all other individuals in one of six
ways, according to a hierarchy of highest shared mem-
bership: household > classroom or workplace > grade >
school > community.42 Age-specific community contact
rates used in the simulation were obtained from surveys
of households where at least one adult was vaccinated,
as these individuals from these households had higher
contact rates than individuals from unvaccinated house-
holds.

A discrete-time, age-structured, individual-based sto-
chastic model was used to simulate SARS-CoV-2 trans-
mission dynamics in the synthetic population (Fig. 1A).
At each time increment (one day), each individual was
associated with an epidemiological state: fully vacci-
nated (V), susceptible/unvaccinated (S), exposed (E),
asymptomatic (A), symptomatic with non-severe illness
(C), symptomatic with severe illness (H1, D1) resulting
in eventual hospitalization before recovery (H2) or hos-
pitalization before death (D2), recovery (R) or death (M).
Transmission was implemented probabilistically for
contacts between susceptible (S) or vaccinated (V) and
3



Figure 1. Model schematic (a) Schematic of the agent-based susceptible−exposed−infected−recovered (SEIR) model. Individuals, i,
move through states S, susceptible; E, exposed; A, asymptomatic; C, symptomatic, will recover; H1, symptomatic and will recover,
not yet hospitalized; H2, hospitalized and will recover; D1, symptomatic, not yet hospitalized; D2, hospitalized and will die; R,
recovered; M, dead; and V, vaccinated. The force of infection, λ, defines movement from S to E; h represents vaccine effectiveness;
and u, vaccination coverage among subgroup to which individual i belongs. After an agent enters the exposed class, they enter
along their predetermined disease progression track, with waiting times between stage progression drawn from a Weibull distribu-
tion. V. (b) Schematic of the conditional probabilities by which agents are assigned a predetermined track. Figure is adapted, with
permission, from [15].
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infectious individuals in the asymptomatic (A) or symp-
tomatic and non-hospitalized states (C, H1, D1). Move-
ment of a susceptible, unvaccinated individual i on day t
to the exposed class was determined by a Bernoulli ran-
dom draw with probability of success given by the force
of infection, λi;t :

λi;t ¼ abi
XN

j¼1
Kij;tAj;t

þ bi

XN

j¼1
Kij;t Cj;t þ H1j;t þ D1j;t

� � ð1Þ

where N is the number of individuals in the synthetic
population (N=16,000) and a is the ratio of the trans-
missibility of asymptomatic individuals to symptomatic
individuals. Once in the exposed state, the durations of
time spent in each disease stage were sampled from
Weibull distributions (Table S1). Vaccines were mod-
elled by adjusting agents’ susceptibility to infection,
probability of developing symptoms after being
infected, and probability of developing severe disease
after being infected (Supporting Information). The dis-
ease progression track followed by each individual after
infection (e.g., asymptomatic, symptomatic, hospital-
ized-survived, hospitalized-died) was determined by
Bernoulli random draws at the start of each simulation
based on probabilities conditional on age and vaccina-
tion status (Fig. 1B; Table S1). Using estimates from
studies evaluating risk of symptoms by age,24 we
assumed 21% of infected individuals <20 years and
69% of infected individuals 20 years and older experi-
enced symptoms.24 Following previous meta-analysis,43

we assumed a to 0.5, as asymptomatic individuals may
be less likely to transmit infectious droplets by sneezing
or coughing.44
Based on an average of R0 for the Alpha (R0 = 2¢5)
and Delta (R0 = 5) variant weighted by the proportion of
circulating variants in summer 2021,45,46 we calculated
R0 as 4¢6 and solved for the mean transmission rate of
the pathogen, b, as the ratio between R0 and the product
of the infection duration and the weighted mean num-
ber of daily contacts per individual during the pre-inter-
vention period (Supporting Information, equation 3).47

To understand the influence of the Delta variant, we
also ran simulations assuming full coverage of the
Alpha variant. To represent age-varying susceptibility,24

we then calculated an age-stratified bi, that incorporated
varying relative susceptibility by age while permitting
the population mean to be b (Supporting Information,
equations 4-5). We assumed that children under 10 years
of age are half as susceptible to infection as older chil-
dren and adults, in accordance with prior meta-analysis
and modelling work reporting lower household second-
ary attack rates in children as compared to adults,22-25

with the lowest secondary attack rates in children less
than 10 years of age.22,25 Nevertheless, given that some
studies report equal susceptibility across all ages,48-50

and our current understanding of susceptibility is based
largely on the Alpha variant, we also modeled scenarios
without age-dependent susceptibility.

The daily contact rate between individuals i and j on
day t, Kij;t , was estimated for pairs of individuals follow-
ing previous study42 based on their type of interaction
(e.g., household, class, community). Contact rates were
scaled by a time-dependent factor between 0 (complete
closure) and 1 (no intervention) representing a social
distancing intervention to reduce contact between indi-
vidual pairs. Pairs with a school or workplace interaction
www.thelancet.com Vol 5 Month January, 2022
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were reassigned as community interactions under clo-
sures. Because symptomatic individuals mix less with
the community,51 we incorporated isolation of symp-
tomatic individuals and quarantine of their household
members. Following prior work, we simulated a 100%
reduction in daily school or work contacts and a 75%
reduction in community contacts for a proportion of
symptomatic individuals, and an additional proportion
of their household members.52,53 This means that a pro-
portion of students and staff would stay home from
school if they themselves were symptomatic, while a
smaller percentage would stay home from school if one
of their household members was symptomatic. We
assumed that individuals were in the infectious class for
up to three days prior to observing symptoms,54-56 dur-
ing which time they did not reduce their daily contacts.

To establish the initial conditions for a new school
semester, we simulated transmission continuously
throughout three phases: 1) initiation of pandemic
(schools open); 2) start of NPI enactment (schools
closed for in-person instruction); 3) continuation of pan-
demic and NPIs across a long-term school closure
period. This yielded a distribution of initial conditions,
one for each instance of the synthetic population. The
simulated infection rates at the start of the semester
ranged from 6-120 cases per 100,000, in accordance
with infection rates among Bay Area counties in early
August, 2021.57 The simulated infection seroprevalence
at the start of the semester ranged from 1¢5 to 10%, in
line with seroprevalence data from San Francisco in late
summer, 2020.58 Prior to simulating transmission over
the school semester, a proportion of susceptible individuals
aged 12 and older (the population eligible for vaccination at
the start of the fall 2021 semeter) were moved to the vacci-
nated compartment, according to a Bernoulli random
draw with probability of success equal to the proportion
vaccination coverage among the eligible population, and
the disease progression tracks that the vaccinated individu-
als would follow post infection were updated (Supplemen-
tal information, equations 6-7). For most simulations,
vaccine effectiveness was 77% against any infection,59 85%
against symptomatic infection,60 and 93% against severe
infection.61 To account for lower effectiveness due to wan-
ing immunity or new variants, we also explored scenarios
with lower effectiveness.
Interventions

Effect of within-school non-pharmaceutical interven-
tions under various community vaccination coverages. Tag-

gedPWe examined the effect of three non-pharmaceutical
interventions across three levels of community vaccina-
tion coverage (50%, 60%, 70%), assuming that vaccina-
tion coverage within school children 12 years and older
and teachers matches that in the community. First, we
examined universal masking, assuming that the
www.thelancet.com Vol 5 Month January, 2022
effectiveness of masks for reducing both inward and out-
ward transmission62 is 15% for elementary school stu-
dents, 25% for middle school students, 35% for high
school students, and 50% for teachers and staff.63-65 Sec-
ond, we examined a scenario of masking plus weekly
testing of all students and teachers, in which we assumed
a test with 85% sensitivity was administered every 7 days
with 1 day to get results back.66 We then assumed that
the classroom and the household members of a positive
test stayed home from school/work for 14 days and
reduced community contacts by 75%. Third, we exam-
ined a masking plus cohort scenario in which classroom
groups of 20 students were assumed to contact each other
freely, with individuals within the cohort reducing their
contacts with individuals outside their cohorts by 75%.
While all of the nine Bay Area counties have achieved vacci-
nation coverages of at least 60% as of summer, 2021, and
some over 80%,67 we include the lower 50% to make the
findings more generalizable to areas outside the Bay Area
who may otherwise have similar demographics. Results
with vaccination coverages above 70% are included in the
supplement.

Effect of increasing vaccination among the school pop-
ulation in the absence of other interventions. Next, we
considered within-school vaccination coverage in the
absence of within-school NPIs (masking, testing,
cohorting). We assumed a community vaccination cov-
erage among the eligible population of 70%, which rep-
resented a conservative level of vaccination coverage
among a Bay Area county.67 We then examined
COVID-19 outcomes if students 12 and older and teach-
ers/staff had higher vaccination coverages (ranging
from 70% to 95% coverage).

Effect of masking all individuals in a school compared
to masking only unvaccinated individuals. Finally, we
estimated the additional cases averted in each population
by masking the entire student and teacher population,
compared to masking only the unvaccinated student and
teacher population, in the absence of additional interven-
tions. We held community and within-school vaccination
coverage of the 12+ population at 70%, and varied vaccine
effectiveness from low (41% any infection, 45% symptom-
atic infection, 49% severe infection) to medium (59% any
infection, 65% symptomatic infection, 71% severe infec-
tion) to high.
Outcomes
We evaluated two primary outcomes. Our first primary
outcome was the increase in the total number of symp-
tomatic infections among students and teachers/staff
between in-school and remote instruction over a 128-
day semester. We refer to this outcome as the excess
symptomatic infections attributable to school transmis-
sion. We also examined the increase in the total number
5



Excess student cases attributable to within-school transmission within:

380-person elementary schools 380-person elementary schools 420-person middle schools 620-person high schools

(half susceptibility) (equal susceptibility)

No precautions 35 cases per school 51 cases per school 41 cases per school 56 cases per school

Universal masking 13 cases per school 36 cases per school 18 cases per school 12 cases per school

Masks + testing 7 cases per school 28 cases per school 10 cases per school 6 cases per school

Masks + cohorts 2 cases per school 9 cases per school 3 cases per school 2 cases per school

Table 1: The number of excess student cases attributable to school transmission expected across a four-month (128-day) semester, for
70% community vaccination coverage, which is seen in most Bay Area counties.

67

The mask row is highlighted to demonstrate the current
minimum required scenario for schools within the Bay Area.
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of all infections and hospitalization among students and
teachers over the 128-day period between in-school and
remote instruction.

Our second primary outcome was the minimum set of
interventions required to maintain total excess infections
among students and teachers attributable to school trans-
mission below risk tolerances that may be relevant to deci-
sion-makers. We considered three school population-based
risk tolerances, that varied in leniency from <10 to <50
additional cases per 1,000 school population. Following
prior study, we examined a school-based risk tolerance of a
monthly probability of an in-school transmission below
50% (<2 excess cases per school).39

We examined outcomes among population sub-
groups, focusing on students and teachers/staff, strati-
fied by schooling level. We summarized all outcomes
using the mean, median, and the 89th percentile high-
est probability density interval (HPDI) across the 1,000
model realizations. 89% intervals are deemed to be
more stable than the 95% intervals.68,69

Ethics statement
Ethical approval was obtained from the Office for Protec-
tion ofHuman Subjects at theUniversity of California, Ber-
keley (Protocol Number: 2020-04-13180). Prior to taking
the anonymous survey, parents were provided details of the
study and asked to provide written informed consent.

Role of the funding source
The funding source played no role in the writing of the
manuscript or the decision to submit for publication.
Results

Effect of within-school precautions under various
community vaccination coverages (children under
10 years half as susceptible to infection)
We estimated higher rates of excess illness among ele-
mentary and middle school students as compared to
high school students across all combinations of NPIs
tested (Table 1; Table S6; Fig. 2). Excess illness was also
higher among elementary and middle school teachers,
as compared to high school teachers, but differences
between schooling levels were smaller among teachers
as compared to students (Table S6; Fig. 2). Increasing
community and school vaccination coverage reduced
excess illness attributable to school transmission among
all populations, but particularly among the fall 2021 vac-
cine-eligible population (i.e., teachers and high school
students) (Fig. 2), both in the absence and presence of
additional NPIs.

Upon achieving a 70% community vaccination cov-
erage or higher (the coverage observed in May 2021 in
most Bay Area counties)67 and without additional NPIs,
we estimated the average excess incidence rate as
between 8-10 symptomatic cases per 100 students
across all age groups (Fig. 2). Expressed as excess cases
per school attributable to school transmission, this
amounts to an estimated 55 excess cases per high
school, 41 excess cases per middle school, and 37 excess
symptomatic cases per elementary school across a 128-
day semester (Table 1). Tables S2-3 display results for
50% and 60% vaccine coverage. Full results for symp-
tomatic and asymptomatic infection are included in
Tables S6-7, and Fig. S1 displays results for vaccine cov-
erages of 80% and 100%.

Under the most likely reopening scenario for Bay
Area schools − dominant circulation of the Delta vari-
ant, vaccination coverages of at least 70% and universal
masks (Table 1) − we estimated an excess of 13 symp-
tomatic cases per elementary school, 18 cases per mid-
dle school, and 12 cases per high school attributable to
school transmission over a 128-day semester. This equa-
tes to school-attributable illness in an additional 3¢4% of
elementary school students, 4¢3% of middle school stu-
dents, and 1¢8% of high school students owing to school
transmission. We estimated that an additional 2¢8% of
elementary school teachers, 4¢5% of middle school
teachers, and 2¢1% of high school teachers would experi-
ence symptomatic infection attributable to school trans-
mission across a semester. Of these symptomatic
infections among teachers, 71% were estimated to occur
among unvaccinated teachers (Fig. 3A), while 84% of
severe infections among teachers were estimated to
occur among unvaccinated teachers. Nearly 90% of all
infections among children were estimated to occur
www.thelancet.com Vol 5 Month January, 2022



Figure 2. Effect of non-pharmaceutical interventions. We examined the effect of three non-pharmaceutical interventions across
three levels of community vaccination coverage (50%, 60%, 70%), assuming that vaccination coverage within school children 12+
and teachers matches that in the community and the vaccine effectiveness is 77% against infection, 85% against symptomatic infec-
tion, and 93% against severe infection. Masks indicate universal masks regardless of vaccination status. We calculated the mean
(stars) and median (diamonds) of excess cases per 100 persons attributable to school transmission among population subgroups
across 1,000 model realizations. Vertical lines reflect the 89thpercentile high probability density interval (HPDI).

Figure 3. Share of the excess risk by vaccination status and disease outcome, across various vaccine coverages and effectiveness
and populations. Red colors reflect the share of excess infections among unvaccinated persons, while green represents excess infec-
tion among vaccinated persons. Dark hues represent severe disease (i.e., needing hospitalization), medium hues represent symp-
tomatic but not severe infection, and light hues represent asymptomatic infection. Hashes on the student and the household
members represent infections among unvaccinated individuals who are ineligible for vaccination at the start of the fall 2021 semes-
ter (<12 years). The high vaccine effectiveness scenario (panels A, B) models vaccines that are 77% effective against any infection,
85% effective against symptomatic infection, and 93% effective against severe infection. The low vaccine effectiveness scenario
(panels C, D) models vaccines that are 41% effective against any infection, 45% effective against symptomatic infection, and 49%
effective against severe infection.

www.thelancet.com Vol 5 Month January, 2022 7
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NPIs 50% coverage 60% coverage 70% coverage

Hospitalization rate (per 100,000)

None 75¢5 per 100,000 61¢5 per 100,000 42¢2 per 100,000

Universal masking 25¢4 per 100,000 16¢9 per 100,000 9¢0 per 100,000
Masks + testing 19¢7 per 100,000 11¢9 per 100,000 5¢2 per 100,000
Masks + cohorts 5¢0 per 100,000 2¢8 per 100,000 2¢3 per 100,000

Table 2: The excess risk of hospitalization among all teachers (regardless of grade level) across a four-month school semester attributable
to school transmission, depending on community vaccine coverage and modelling assumptions. Yellow row indicates the most likely
scenario for the Bay Area fall 2021 reopening.
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among unvaccinated children (Fig. 3A). The fraction of
cases occurring among the unvaccinated population
increased with lower vaccination coverages (Fig. 3B) and
decreased with lower vaccine effectiveness (Fig. 3C-D).

While children <12 years were ineligible for vaccina-
tion at the start of the fall 2021 semester, increasing vac-
cination among the community and teachers lowered
risk of asymptomatic and symptomatic illness among
young children. As simulated community vaccination
coverage of the eligible population increased from 50%
to 60% to 70%, we estimated that the expected percent
of elementary school children with a school-attributable
symptomatic illness fell from 11¢9% to 10¢6% to 9¢1%,
representing a 23¢5% decline in school-attributable
transmission. This suggests that adult-to-child trans-
mission represents an important source of school-attrib-
utable illnesses (Fig. 2). Under the current reopening
plan, the excess rate of symptomatic infection and
severe infection among household members of students
was estimated to be 1¢76 and 1¢14 times that of other
community members, respectively, suggesting that hav-
ing a school child in the home would increase the risk
of symptomatic infection to household members by
76% and the risk of severe infection by 14% (Fig. 3A;
Table S9).

Within-school NPIs were most effective at reducing
excess symptomatic cases within elementary and mid-
dle schools regardless of levels of community vaccina-
tion coverage, and within high schools with lower
community vaccination coverages (Fig. 2). For instance,
where community vaccine coverage was 50% and no
additional NPIs were taken, we estimated an excess inci-
dence of 11¢9 cases (89% HPDI: 9¢0, 15¢6) per 100 stu-
dents in elementary schools, 13¢1 (89% HPDI: 8¢8, 17¢9)
per 100 students in middle schools and 12¢0 per 100
students in high schools (89% HPDI: 8¢6, 15¢7). Adding
masks but holding vaccine coverage constant, we esti-
mated an excess incidence of 5¢7 cases (89% HPDI: 1¢8,
5¢9) per 100 elementary students, 7¢5 cases (89% HPDI:
1¢8, 13¢3) per 100 middle school students, and 5¢1 (89%
HPDI: 1¢3, 8¢4) cases per 100 high school students.

While estimated hospitalizations and deaths were
rare among students across all model interventions sce-
narios and school levels (median of zero for all but two
scenarios, Table S8), we estimated a non-zero mean
hospitalization rate for all scenarios. We simulated the
highest estimated hospitalization rates among students
of all grade levels when no NPIs were modelled. The
maximum hospitalization rate simulated was 12¢6 hos-
pitalizations per 100,000 middle school students over
the 128-day semester, under 50% vaccination coverage
and no additional precautions. and 12¢9 hospitalizations
per 100,000 elementary school students, under the
same conditions, assuming elementary children are
equally susceptible to infection as older children and
adults. Simulated interventions combining masks and
cohorts yielded hospitalization rates for the four-month
semester under 1 per million students, regardless of
assumptions about susceptibility.

We estimated higher hospitalization rates among
teachers and other school staff as compared to students.
Under a 70% vaccine coverage scenario, excess hospital-
izations among teachers was 42¢2 per 100,000 teachers
over the 128-day semester (daily rate: 0¢33 per 100,000)
without NPIs (Table 2). With the current universal
mask recommendation, the excess hospitalization rate
was 9¢0 per 100,000 teachers per semester, or 0¢07 per
100,000 per day. Adding a cohort approach to masking
reduced the estimated excess hospitalization rate to 2¢3
per 100,000 teachers per semester.
Effect of increasing vaccination among the school
population in the absence of other interventions
We examined under what vaccination coverages, if any,
it might be possible to have a return to schooling with-
out any additional NPIs (Fig. 4). Increasing vaccination
coverage of the eligible school population from 70% to
95% reduced mean estimates of excess cases among ele-
mentary students, suggesting that increasing vaccina-
tion coverage among elementary school teachers can
reduce the force of infection among their students. For
instance, increasing the vaccination coverage of the eli-
gible school population (here, teachers) from 70% to
95% reduced the estimated excess rate of infection from
9¢1 (89% HPDI: 4¢3, 15¢0) to 5¢7 (89% HPDI: 0¢2, 12¢5)
symptomatic cases per 100 elementary students across
the four-month semester, representing a reduction of
www.thelancet.com Vol 5 Month January, 2022



Figure 4. Effect of increasing within-school vaccination coverage. We examined the effect of increasing vaccination coverage
among school populations, in the absence of additional non-pharmaceutical interventions, and holding community and within-
school vaccination coverage of the 12+ population at 70%. We calculated the mean (stars) and median (diamonds) of excess risk
per 100 persons attributable to school transmission among population subgroups across 1,000 model realizations. Vertical lines
reflect the 89thpercentile high probability density interval (HPDI).
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37%. At the same time, increasing vaccination of teach-
ers/staff from 70% to 95% reduced the estimated excess
rate of infection among elementary teachers from 10¢8
(89% HPDI: 0, 21¢8) to 2¢9 (89% HPDI: 0, 7¢0) symp-
tomatic cases per 100 teachers across the four-month
semester, representing a reduction of 73%.

While increasing within-school vaccine coverage
indirectly reduced infections among elementary and
middle school students, the effect of increasing within-
school vaccination coverage was most pronounced
among high school students and teachers of all grade
levels. Compared to other schooling levels, high school
teachers and students achieved the lowest rates of infec-
tion attributable to school transmission using vaccina-
tion only without NPIs (Table 3). At 70% coverage of
the eligible school population, we estimated an excess
of 8¢2 (89% HPDI: 3¢9, 12¢8) symptomatic cases per
100 high school students and 15¢2 (89% HPDI: 0, 35¢3)
per 100 teachers across the 128-day semester, and at
95% coverage an excess of 2¢7 (89% HPDI: 0, 5¢4) cases
per 100 students and 2¢4 (89% HPDI: 0, 7¢7) per 100
teachers across the 128-day semester (Fig. 4).
Interventions required to reduce incidence attributable
within schools below certain risk tolerances
We examined whether layering NPIs or increasing
within-school vaccination could reduce incidence attrib-
utable to school transmission below specific risk toler-
ances (Table 3). We estimated that universal masking
and 70% community and within-school vaccination
www.thelancet.com Vol 5 Month January, 2022
coverage or higher could reduce the number of excess
cases attributable to school transmission to <50 per
1,000 students and teachers across all grade levels. In
high school students, increasing the vaccine coverage
among the vaccine-eligible school population above
80% could also reduce excess transmission to <50 per
1,000 students and teachers in the absence of NPIs.
However, achieving lower risk levels among elementary
school students—e.g., <10 cases per 1,000 students or
teachers—required additional NPIs, such as testing or
cohorts, and was not achievable through the NPIs inves-
tigated here if children under 10 years are equally as
susceptible as adults. On a per school basis, reducing
the excess cases attributable to school transmission to
fewer than two cases per school across the full semester
(i.e., <50% probability of a case per school per month)
required both masks and cohorts. Tables S4-5 display
the minimum NPIs required to achieve the various risk
tolerances assuming 50% and 60% vaccine coverage in
the eligible community, respectively.
Effect of masking all individuals in a school compared
to masking only unvaccinated individuals
We compared the differences in school-attributable
transmission under scenarios where only unvaccinated
individuals wore masks compared to if all individuals
masked, across different levels of vaccine effectiveness
(VE), assuming 70% of the eligible population is fully
vaccinated (Fig. 5). Since all elementary students are
unvaccinated, such a rule would change behaviors only
9



Population-wide risk tolerance—
symptomatic cases per 1,000 population

School-based risk tolerance—
< 2 cases per school*

<50 <25 <10

Students Elementary school − half susceptibility Masks Masks + testing Masks + cohorts Masks + cohorts

Elementary school − equal susceptibility Masks + cohorts Masks + cohorts Not observed** Not observed**

Middle school Masks or 95% coverage Masks + testing Masks + cohorts Not observed**

High school Masks or 80% coverage Masks Masks + testing Masks + cohorts

Teachers/staff Elementary school − half susceptibility Masks or 80% coverage Masks + testing Masks + cohorts

Elementary school − equal susceptibility Masks + testing Masks + cohorts Not observed**

Middle school Masks or 90% coverage Masks + testing Masks + cohorts

High school Masks or 80% coverage Masks or 95% coverage Masks + testing

Table 3: The minimum non-pharmaceutical intervention(s), or minimum within-school vaccination coverage of the eligible population,
needed to reduce the risk of symptomatic infection to beneath a given risk level (e.g., 50 cases per 1,000 population), assuming that 70%
of the fall 2021 vaccine-eligible (12+) community has received a vaccine at 85% effectiveness. ‘Not observed’ indicates that no
combination of interventions examined in this study reduced excess risk beneath the indicated threshold. Masks refers to universal
masking regardless of vaccination status.
* Assuming a 380-person elementary school, 420-person middle school, and 680-person high school.

** Not observed under the interventions examined here.
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among the vaccinated teachers, about 5% of the overall
school population. In contrast, such a rule would affect
the entirety of the vaccinated high school population,
both students and teachers, about 70% of the overall
school population. The difference between masking the
entire student and teacher population as compared to
only the unvaccinated school population is thus most
apparent in middle and high school populations, and at
lower VEs. For instance, given 45% VE, masking all
Figure 5. Effect of universal masking compared to masking only o
averted in each population by masking the entire student and tea
student and teacher population, in the absence of additional inte
coverage of the 12+ population at 70%, and varied vaccine efficacy
excess risk per 100 persons attributable to school transmission amon
cal lines reflect the 89thpercentile high probability density interval (H
of the school population, for whom a universal masking rule as comp
middle and high school students and teachers would
avert symptomatic infection for 4¢0% of middle school
students, 5¢4% of high school students, 1¢2% of middle
school teachers, and 14¢6% of high school teachers com-
pared to masking only unvaccinated students and teach-
ers. At 85% VE, masking all students and teachers
would avert symptomatic infection for 1¢4% of middle
school students, 1¢7% of high school students, 3¢0% of
middle school teachers, and 3¢4% of high school teach-
f unvaccinated individuals. We estimated the additional cases
cher population, compared to masking only the unvaccinated
rventions. We held community and within-school vaccination
(VE). We calculated the mean (stars) and median (diamonds) o
g population subgroups across 1,000 model realizations. Verti
PDI). Shaded bars and right axis reflect the vaccinated percent
ared to a masking rule among the unvaccinated would apply.
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ers compared to masking only unvaccinated students
and teachers.
Key uncertainties

Relative susceptibility of children to infection and
infectiousness of asymptomatic individuals. We found
that the excess risk in elementary schools is substan-
tially altered if children under 10 years of age are consid-
ered equally as susceptible to SARS-CoV-2 as older
children and adults when compared with half as suscep-
tible (Fig. 2; Tables 1 and 3). Under the current Bay Area
reopening scenario (70% coverage + masks), the esti-
mated number of within-school infections due to school
transmission jumps from 13 to 36 cases per 380-person
elementary school over the four-month semester under
equal susceptibility assumptions. This corresponds to
excess illness attributable to schools among 9¢5% (89%
HPDI: 3¢0, 17¢8%) of elementary students and among
6¢9% (89% HPDI: 0, 15¢7%) of elementary teachers.
The strictest combination of interventions tested
(masks + cohorts, 70% vaccine coverage), would result
in excess infection among 2¢4% (89% HPDI: -0¢4, 5¢7)
of elementary students, and 1¢2% (89% HPDI: -0¢9,
4¢4) of elementary teachers.

Estimated excess risk was also sensitive to the rela-
tive infectivity of asymptomatic individuals to symptom-
atic individuals (denoted as a in Equation 1), although
to a lesser degree than to assumptions about susceptibil-
ity. We examined the effect of various interventions
when a was equal to 30% rather than 50% (Tables S10-
13, Fig. S2). Under this assumption and the current Bay
Area reopening scenario, the estimated number of
symptomatic cases attributable to school transmission
fell from 13 to five cases per elementary school, 18 to
eight cases per middle school, and 12 to four cases per
high school, representing an excess rate of symptomatic
infection of 0¢7-2¢0 per 100 students.

The relative susceptibility of younger children to
infection as well as the relative infectiousness of asymp-
tomatic individuals remains under debate, and the natu-
ral history parameters for emerging variants is evolving.
Should younger children be as susceptible to SARS-
CoV-2 as older children and adults, masking alone may
not be sufficient to achieve low rates of transmission
among elementary school populations. At the same
time, should asymptomatic individuals be less efficient
at transmitting infection, achievement of low risk toler-
ances may be more easily achievable.

Circulating variants of concern. Our results were
highly sensitive to the proportion of variants of concern
circulating. We examined outcomes if the Alpha variant
had remained the dominant variant (R0 = 2¢5), finding
school attributable excess transmission to be nearly ten
times lower than under circulation of the Delta variant
www.thelancet.com Vol 5 Month January, 2022
when examining the most likely reopening scenario for
this fall (70% vaccine coverage and universal masks)
(Fig. S3; Table S14). Under this scenario, we estimated
fewer than one additional infection per school (<25%
probability of an in-school transmission per month). At
the level of community vaccination coverage observed
in the Bay Area (70% coverage or higher), the most
lenient risk tolerance of <50 additional cases per 1,000
students, was achievable without additional NPIs (Table
S14; Fig. S3). Under this no-NPI scenario, risk to the
student population was estimated at 1 excess case per
high school, 4 excess cases per middle school, and 1-5
excess cases (depending on susceptibility to SARS-CoV-
2) per elementary school. We estimated that high
schools could achieve very strict risk tolerances (<1
excess cases in 1,000 students) without any additional
NPIs as long as vaccination coverage among the eligible
school population exceeded 75% (Table S15).

We also projected fewer hospitalizations and deaths
if the Alpha variant had remained the dominant variant.
Under full circulation of the Alpha variant, we did not
observe hospitalizations among students and observed
very few hospitalizations among teachers within our
model realizations. Under a 70% vaccine coverage sce-
nario, excess hospitalizations among teachers was 23
per 100,000 (daily rate: 0¢19 per 100,000) without any
NPIs. When any school interventions were present
(e.g., masking) under a 70% vaccine coverage scenario,
our model realizations observed fewer than 1 excess
teacher hospitalization per 100,000 teachers attribut-
able to school transmission over the semester.
Discussion
We simulated transmission of the Delta variant of
SARS-CoV-2 in schools with variable vaccine coverages
within the school and community populations to
approximate conditions that may be observed in the fall
of 2021. Aligning with CDPH and CDC reopening
guidelines,35 which urged a full return to in-person
schools with vaccination and universal mask usage, we
estimated that an additional 1¢8 to 4¢3% of students,
depending on schooling level, would experience symp-
tomatic illness attributable to schools across a four
month semester, with similar rates estimated for teach-
ers. Under these scenarios, we estimated a daily school-
attributable hospitalization rate as 0¢07 per 100,000
teachers per day (Table 2). Vaccination is recognized by
the CDC and CDPH as the leading public health strat-
egy for reducing within-school transmission,35,36 and
our results highlight that increased vaccination cover-
age—both among the general community and among
the eligible school population—plays an essential role
in limiting symptomatic illness attributable to school
transmission.

Our findings support the use of universal masks as
precaution within schools, particularly elementary and
11
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middle schools, but also high schools that have within-
school vaccine coverage <90%. Masks are supported as
one of the simplest, yet effective, mitigation
strategies.35,36,70 Masking was of particular importance
for elementary and many middle school students who
were ineligible for vaccination; we estimated that a typi-
cal 380-person elementary school and 420-person mid-
dle school could see 35 and 41 symptomatic cases,
respectively, of COVID-19 over the four-month semester
under a reopening plan that did not involve masking (or
other NPIs) and where community vaccination coverage
is 70%. Using masks, even those that are only 15-25%
effective, reduced excess risk in our simulations to 13
cases per elementary school and 18 per middle school
per semester. Inadequate mask use has been implicated
in school-based transmission in the United States and
elsewhere.29,30,70,71

Nevertheless, achieving lower risk tolerances, such
as fewer than ten additional school-attributable infec-
tions per 1,000 school population, required adding
additional layers of protection, e.g., reduced contact
between students via cohorting. This suggests that
schools may want to consider additional precautions
above and beyond the minimum requirement of masks.
For instance, schools that can implement a cohort
approach, or provide regular testing, should consider
doing so. We estimated that high school students were
at lower risk of infection, assuming vaccination rates
among students matched those of the surrounding
community, but nevertheless may require both masking
and weekly testing to achieve a transmission probability
of <50% per school per month.

Uncertainty, represented here as the 89% HPDI
across the 1,000 simulations, highlights that the poten-
tial for rare outbreaks may remain, even where average
risk is low. In this respect, our findings are consistent
with early reports from the fall 2021 semester in the
Bay Area, where one school district experienced an out-
break affecting 50% of students in one classroom,29

even as neighboring San Francisco Unified school dis-
trict reported zero outbreaks.72 Uncertainty was greatest
among middle school and high school teachers and stu-
dents, in part because pockets of low vaccine coverage
within these environments can be sufficient to support
occasional outbreaks. In our model, vaccine coverage
was distributed randomly throughout the full popula-
tion, such that some school realizations had vaccination
coverage of teachers or students well below 50%, where
transmission was possible. This represents reality,
where certain school populations may have lower vacci-
nation coverages than others.

Increased vaccine coverage of community members
and teachers helped reduce illness among children who
were not yet age-eligible for vaccination. We estimated
that increasing vaccination coverage of the general pop-
ulation reduced the excess risk of transmission by 24%
among elementary students. Similarly, we estimated
that increasing vaccination coverage among teachers
from 70% to 95% reduced the excess risk of school
transmission by 37% among elementary students This
suggests that teacher-to-student transmission is an
important route of transmission that can be eliminated
by increased vaccination. This finding agrees with con-
clusions from recent epidemiological investigations of
school-associated outbreaks. In Georgia, investigation
of 31 cases across six elementary school populations
found that two outbreaks were initiated by teacher-to-
teacher transmission, followed by teacher-to-student
transmission, accounting for nearly 50% of the cases.30

Similarly, outbreaks at three child care facilities in Utah
were linked to adult index cases,31 and a large, prospec-
tive study in England found that staff-to-staff transmis-
sion and staff-to-student transmission were responsible
for initiating 50% and 23%, respectively, of 30 con-
firmed school outbreaks.19 At the same time, child-to-
adult transmission is documented as well.30,31,73 While
reduced frequency and severity of symptoms in children
may correspond to lower infectivity, viral load in chil-
dren has been found to be equal to that in adults after
controlling for symptoms.74

This study has limitations. First, community contact
rates measured in the survey may reflect underesti-
mates of actual community contact rates, as vaccination
prevalence has increased since February − April of
2021 and community contacts increased with vaccina-
tion prevalence (survey data). Thus, our estimates of
excess cases attributable to school transmission may be
slight underestimates. Nevertheless, our previous work
has shown that the effect of community transmission is
minimized when within-school precautions are imple-
mented.15 Second, our transmission model does not
capture all the precautions outlined in CDC guidance,
including the effect of spacing desks three feet apart, or
handwashing. We additionally do not consider the bene-
ficial effects conferred via ventilation improvements,
which is particularly salient in California, where, in a
sample of classrooms with HVACs, 85% of were under-
ventilated (<7.1 liters per person per second).75 Such
precautions are difficult to model using a contact-based
transmission model, and thus our estimates may over-
estimate risk if schools continue to emphasize such
measures. Moreover, testing is an important component
of the CDPH plan for return to in-person schooling.
While we including testing as a potential NPI, we do
not thoroughly investigate various testing routines that
yield the optimal benefit, as does other work.76 We
focus on modifiable conditions within the school envi-
ronment, and thus do not consider interventions to
reduce contact between schoolchildren outside the class-
room, even as study suggests that the majority of trans-
mission between children occurs outside the
classroom.7 Our use of primary data collected from con-
tact surveys improves upon other estimates of outside
classroom contacts. Third, most of our model
www.thelancet.com Vol 5 Month January, 2022
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simulations assume a high vaccine effectiveness against
symptomatic COVID-19. Vaccine effectiveness may
change as novel variants emerge and circulate; however,
early studies indicate that vaccine effectiveness against
variants of concern—including Delta—generally
remain high.77 Our model accounts for variation in dif-
ferential vaccine effectiveness by disease endpoint,
while not imposing assumptions on waning effective-
ness over time or increases in effectiveness via booster
shots. While this effect may be small over a single
semester, it remains an important consideration for lon-
ger-term transmission dynamics. Fourth, our initial
conditions for seroprevalence in the synthetic popula-
tion encompassed published 2020 seroprevelance esti-
mates for the Bay Area, so may represent an
underestimate of the true seroprevalence in the commu-
nity as of 2021. If so, our modelled estimates of excess
cases may represent a slight overestimate. Finally, our
modelling results are sensitive to assumptions about
the values for certain parameters, such as relative sus-
ceptibility of children to SARS-CoV-2, for which there
remains high uncertainty. As the Delta variant poses
unseen challenges to school communities, we have lim-
ited empirical data to support our model results. How-
ever, our estimates of the school-attributable risk are
consistent with that reported by other modelling
studies,39,78 and qualitatively align with reports of
increasing rates of infection and occasional outbreaks
among children − particularly in parts of the country
with low vaccination coverage, no mask mandates in
schools, or lapses in mask use28,29,70—and reports of
low transmission in districts with high levels of precau-
tionary measures.72
Conclusion
Our findings support recommendations made by CDC
and CDPH to fully reopen K-12 schools; encourage high
levels of vaccine uptake among eligible students and
staff; and maintain mask usage, particularly among
unvaccinated (here, elementary) school populations or
school populations with vaccine coverage <80%. Vacci-
nation remains the most effective and sustainable
means of risk reduction and efforts should focus on
increasing vaccination coverage among the eligible com-
munity members and school population. Among popu-
lations not yet eligible for vaccination and communities
with lower vaccination coverage, prevention measures,
such as masking, may be needed to reduce the risk of
school outbreaks. Schools may consider layering testing
or cohorting as additional safety measures, particularly
as the Delta variant takes hold.
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