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Abstract

By the peak of COVID-19 restrictions on April 8, 2020, up to 1.5 billion students across
188 countries were by the suspension of physical attendance in schools. Schools were
among the first services to reopen as vaccination campaigns advanced. With the
emergence of new variants and infection waves, the question now is to find safe
protocols for the continuation of school activities. We need to understand how reliable
these protocols are under different levels of vaccination coverage, as many countries
have a meager fraction of their population vaccinated, including Uganda where the
coverage is about 8%. We investigate the impact of face-to-face classes under different
protocols and quantify the surplus number of infected individuals in a city. Using the
infection transmission when schools were closed as a baseline, we assess the impact of
physical school attendance in classrooms with poor air circulation. We find that (i)
resuming school activities with people only wearing low-quality masks leads to a near
fivefold city-wide increase in the number of cases even if all staff is vaccinated, (ii)
resuming activities with students wearing good-quality masks and staff wearing N95s
leads to about a threefold increase, (iii) combining high-quality masks and active
monitoring, activities may be carried out safely even with low vaccination coverage.
These results highlight the effectiveness of good mask-wearing. Compared to ICU costs,
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high-quality masks are inexpensive and can help curb the spreading. Classes can be
carried out safely, provided the correct set of measures are implemented.

Author summary

The World Bank-UNESCO-UNICEF report [1] estimates that learning losses from the
COVID-19 pandemic could cost this generation $17 trillion dollars in lifetime earnings.
Despite the surging pressure to keep schools open, many countries lack guidelines for
safe school activities. Using the empirical transmission level for closed schools as a
baseline, we quantify the impact of distinct non-pharmaceutical interventions (NPIs) on
infection rates and different values of vaccine coverage. Strikingly, we show that classes
can be kept safe, provided the correct wearing of good quality masks together with to
the proper combination of other NPIs. In such scenarios, the increase in infections can
be kept below 20% compared to suspending classes.

Introduction 1

The educational system plays a fundamental role in the socio-intellectual development 2

and mental health of children and adolescents. During the COVID-19 pandemic, the 3

impact of school closures on society has been massive. UNESCO reported that, as of 4

April 8, 2020, up to 188 countries closed schools nationwide. In developing countries, 5

such as Brazil, nutritional wellbeing of children was put in jeopardy as families rely on 6

the provision of school meals. And yet, in Brazil alone, schools remained closed full-time 7

for 191 days in 2020 affecting 44.3 million children. However, given the frequent contact 8

during a school day, the prevalence of mild symptoms in children and the role of school 9

as a source of contacts bridging family nuclei, there is understandable concern that 10

face-to-face classes could be driving uncontrolled spreading of the virus. 11

In view of the negative physical and mental consequences for students, together with 12

the educational deficit imposed by school closings, the ECDC agency points out that 13

measures of transmission mitigation are necessary for students to have a safe 14

socialization and learning environment [2]. Thus a major concern is the assessment of 15

mitigation protocols [3] to understand the impact of each measure within the school 16

community. 17

Living in a household with a child who goes to school physically increases the risk of 18

becoming infected by up to 38%. Similarly, teachers working in school are 1.8 times 19

more likely to be infected than those working from home [4] and resuming face-to-face 20

classes has been directly related to outbreaks [2]. Mitigation measures such as 21

separating student groups, quarantining exposed students and professionals, wearing 22

masks, maintaining adequate air ventilation, vaccinating risk groups, and monitoring 23

case emergence, can all decrease the number of new cases [4–6]. 24

Often, mitigation measures are put in place simultaneously, which makes it difficult 25

to disentangle their individual impact on transmission from temporal case report 26

datasets. The lack of infrastructure, personnel and lab equipment may also limit the use 27

of these measures in developing countries, especially when they are based on resource 28

intensive practices such as testing and subsequent contact tracing of cases. Thus, it 29

becomes crucial to identify effective mitigation practices a priori. 30

Our aim is to assess quantitatively the effects of vaccination [7] and NPIs protocols 31

and find effective protocols for school activities. This is done via the COMORBUSS 32

computer model, an agent-based model developed by our group, focusing on the social 33

dynamics and individualized agent biology. To achieve this end, we collected data from 34

a Brazilian city with 33 thousand people and income profile close to the median for the 35
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country. The dataset contains information on COVID-19 hospitalizations, detailed city 36

infrastructure and anonymous social data representing household clusters. We used 37

these data to calibrate COMORBUSS and run hundreds of simulations with individual 38

and combined mitigation measures. We take the 77 days during which the schools were 39

closed citywide (and whose prevalence of COVID-19 was about 11.50 ± 1.02%) as a 40

baseline rate for comparison. 41

Our results suggest that keeping schools open with students wearing poor quality 42

masks and no further mitigation measures can increase the number of infections fivefold 43

across the whole community. When staff and student wear good quality masks the 44

number of infections decrease by 300%. Similarly, vaccination of professionals accounts 45

for a sizable decrease in cases but is not enough by itself. The relative increase in cases 46

reduces with the successive adoption of other non-pharmaceutical interventions (NPIs), 47

the most important of which being the adoption of case monitoring protocols. The 48

relative effectiveness rank between intervention remains preserved under scenarios of 49

larger cities and more infectious variants, which evidence the robustness of our findings. 50

Our study shows that classes can be kept open safely, provided that the correct 51

combination of measures be adopted. Relying on a single measure is mostly not effective 52

nor stable, but simple measures can go a long way when properly combined and 53

implemented. 54

Materials and methods 55

Data collection 56

The city of Maragogi in Northeastern Brazil has 33,000 inhabitants [8] and is a 57

representative of at least 40% of Brazilian cities in terms of income and demographics. 58

Moreover, its demography is also typical worldwide, being located above the 50% 59

quantile in a sample of 28,372 North American cities and 41,000 global cities, using the 60

simplemaps database [9, 10], see S1 File section 1 for further details. 61

Through a partnership with the city of Marogogi, established since March 2020, we 62

developed a Clinical Monitoring System to track and trial all severe acute respiratory 63

syndrome patients, see description in S1 File section 2. We also geo-localized 64

patients and integrated this information with public data to obtain the household 65

socio-economical data and family clusters S1 File section 3. The data integration is 66

illustrated in the upper left panel of Fig 1. For our study, we used the data from May 67

9th, 2020 to July 25th, 2020, consisting of 18 confirmed deaths and 119 hospitalizations. 68

In this period 1722 tests were performed, namely 52 RT-PRC tests and 1670 antibody 69

tests (in majority COVID-19 IgG/IgM, see S1 File section 4 for further details). 70

Services 71

We mapped the services that were allowed to be open during the period under 72

government regulations and interviewed a sample of businesses for an estimate of daily 73

occupation. The bulk of such services are food stores, building supply stores, 74

restaurants and other minor retailer services as described in S1 File section 5. 75

Street markets 76

We estimated the usage of important open air services such as street markets by images 77

collected via drones. We processed the images using the marking tool of the Drone 78

Deploy mapping software [11] in order to evaluate the mean size and duration of cluster 79

of people less than 2 meters apart during opening hours, as well as the average time 80

March 29, 2022 3/16



SIMULATION AND EVALUATION OF NPIs MEASURES

Institutional data
From health and educational 
municipal secretaries, also 
from nationwide databases

Literature
Covid-19 related time 
distributions and probabilities

Aerosol model
Risk of infection in 
classrooms based on Wells-
Riley model

Healthcare data
Patient records related to 
Covid-19 (e.g. symptons onset 
data, test results...)

Mobility data
Used to define social
isolation

INPUT DATA INFERRED DATA

MODEL CALIBRATION

HOSPITAL
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Fig 1. Pipeline overview description. Data is collected as patients attend health
institutions. Health professionals register patients’ personal, epidemiological and
geo-location data to the Clinical Monitoring System (CMS) that is blended with
socio-economical and household data. Using these data we estimate the number of
Exposed (blue), Infectious (red) and Recovered (green) individuals. All the
pre-processed data is used to calibrate our Stochastic Agent Based model,
COMORBUSS. From bottom left to right: a schematic representation of the social
dynamics of COMORBUSS, producing contacts between individuals in different social
contexts. The colored circles represent the state of individuals, and lines represent
relevant physical contacts capable of producing contagions. Once calibrated the model
is used to estimate the effectiveness of NPIs.

spent by individuals in the street market. In S1 File section 1, we also show that 81

cities with demographics similar to Marogogi have analogous street market behavior. 82

Health services 83

During the period considered, the triage of all COVID-19 related cases was performed in 84

a field hospital. We interviewed the staff of the health secretary to obtain data on the 85

appointment mean time, and the mean number of contacts a patient has with doctors 86

and other patients. This also provided data on the mean number of contacts among 87

staff, see S1 File section 5. 88

Inference of states from data 89

We estimate the epidemiological SEIR curve from the attendance data of our Clinical 90

Monitoring System. The SEIR curve corresponds to the trajectory of the population 91
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over the period of observation in the states: susceptible, exposed, infectious and 92

recovered. The challenge is to transform the information of an individual reported in 93

the attendance data into these states of the entire city population over time, correcting 94

for sub-notification. 95

Under the hypothesis that all severe cases (hospitalization and death) are reported in 96

our Clinical Monitoring System, for each reported individual we estimated the number 97

of unreported infected individuals using a negative binomial (NB) distribution, and 98

consequently, the total number of cases in the city over the period of observation. We 99

modelled the total number of cases by T = NB(ph, 119) + 119, where ph ≈ 3.304% is 100

the estimated hospitalization probability for the city. We assume that these unreported 101

individuals present their first symptoms at the same time as reported individuals. 102

Having all the individuals carrying the virus, we estimated how they progress across 103

the SEIR compartments based on the severity of the case and the distribution of 104

permanence of each state [12]. We rerun the statistical model 400 times to obtain SEIR 105

curve samples for the city, see S1 File section 4 for further details. We denote by ν̂ 106

the (empirical) distribution induced by these samples, e.g., the measure given by the 107

uniform distribution over the 400 obtained samples. 108

Agent based modeling 109

We developed an agent based model, called COMORBUSS (COmmunitary Malady 110

Observer of Reproduction and Behavior via Universal Stochastic Simulations), 111

gathering all biological and social aspects of the disease spreading as a contact process. 112

This allows us to pinpoint the impact of a specific service on spreading as well as track 113

the resultant infection tree. To avoid overspecialized simulations of a single city, 114

COMORBUSS stochastically produces for every simulation a realization of the 115

transmission trajectory for the city in the class defined by the desired demographic and 116

infrastructure data. For instance, each simulation has its own household network while 117

satisfying the same distribution. 118

Modeling disease 119

Each agent is characterized by its age, which determines the agent’s susceptibility, 120

probability of developing symptoms and probability of dying from the disease. When a 121

susceptible agent encounters an infectious one (pre-symptomatic, asymptomatic, mildly 122

or severely symptomatic), it has a probability of becoming exposed. After an incubation 123

period, this agent becomes pre-symptomatic, and after an activation period, its state is 124

converted to either asymptomatic, mildly or severely symptomatic. The distribution of 125

these states is estimated empirically from actual statistics [13,14]. After a random 126

period, agents are converted to recovered (or dead), see S1 File section 5. 127

Vaccine modeling and effect 128

As our aim is to evaluate transmission patterns under different mitigation strategies, we 129

are naturally interested in vaccines that can also affect disease dynamics either by 130

blocking virus infection or transmission. Unfortunately, studies of vaccine efficacy so far 131

did not address these outcomes directly and we lack data for modeling these 132

mechanisms. We argue, based on the results shown in Fig 2, that vaccines are important 133

mechanisms for individual protection, and, in turn, they might also have an impact at 134

the population level by decreasing transmission of the virus to susceptible individuals. 135

However, this is a secondary effect: what really defines the trend for relative reduction 136

of cases is the chosen combination of NPIs. This is seen by comparing the worst and 137

best-case scenarios regarding vaccination (left and right in Fig 2, respectively). We 138
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simulate a best-case scenario by initializing all school workers as perfectly vaccinated, 139

such that their vaccination blocks all infection. We observe that the general picture 140

remains unchanged within error bars, preserving almost the same ordering among 141

scenarios. It is still unknown whether current vaccines can block infections. With all 142

these and other unknowns in mind, we find it very reassuring that the two limiting 143

cases we have studied are structurally similar and lead to sound conclusions regarding 144

the effectiveness of school activity protocols. 145
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Fig 2. Combination of NPIs measures in comparison to the baseline model
settings. Left panel: Case increase under different scenarios with unvaccinated
teachers and staff. Right panel: Case increase under different scenarios with vaccinated
teachers and staff. The effective teaching hours in hours/week h

w and case increase in
school population with respect to baseline are displayed for each NPIs combination. In
case the active monitoring is also applied, the mean and standard deviation over 60
realizations for the effective teaching hours are shown. The proportional increase in the
number of cases is displayed as violin plots (median, lower and upper quartiles), with
kernel density estimates for distributions.

Secondly, we investigate the effects of NPI adoption under different scenarios of 146

partial vaccination for the general population (see Fig 3). Our main interest in this 147

analysis is to evaluate the viability of the proposed measures for countries with different 148

vaccination coverage, both in the well covered European continent and in the 149

under-vaccinated African continent. We observe that the correct choice in NPIs can 150

effectively protect the community even for low vaccination coverage, while poor 151

adoption of NPIs can lead to high infection rates even for high vaccination coverage. 152

Since we are dealing with larger segments of the population instead of just the school 153

sub population, these simulations were performed with a more realistic vaccination 154

model which only partially protects each agent with a biological efficacy of 98% for 155

infection, resulting in an effective vaccine efficacy of 90% for the scenario where no NPIs 156

are adopted. Although it tends to be more realistic, this model is highly complex to 157
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adjust and interpret because the measured vaccine efficacy is closely related to the 158

running epidemiological scenario which responds to the adopted NPIs [15–17]. 159

0 20 40 60

0

10

20

30

40

50

60

Population vaccinated (%)

C
as

es
 in

 c
ity

 p
op

ul
at

io
n 

(%
)

No NPI

Schools closed

Fig 3. Population fraction infected at the end of the simulation period (77
days) under varying vaccination coverage.

Modeling Services 160

The city infrastructure is modeled by creating individual instances for each service 161

(schools, hospitals, markets, restaurants, shops etc.) and by assigning agents to 162

work/visit that location if they belong to an appropriate age group (a child may not 163

work at a shop, and an adult may not attend class). Worker agents are relocated to that 164

service location during their shifts, while the visits of client agents are simulated 165

stochastically. An hourly visitation rate of a service by an agent is empirically 166

estimated, taking into account the service’s opening hours and average visitation 167

frequency of real clients; for details see S1 File section 5. Additionally, agents may 168

be allocated as guests to special services, which implies that their standard location is 169

changed from their homes to that service instance. In this way we distinguish between 170

hospitalizations, hotel quarantines and nursing home patients. 171

A novel point of our model is the creation of contact networks contextualized by 172

social activity. The ratio of encounters between workers and clients as well as the 173

clustering properties of a contact network is naturally dependent on the observed social 174

context. For example, in restaurants there is a clustering of clients belonging to the 175

same table, and contact between different tables is mediated by the contact of a shared 176

waiter. Contact networks in schools, hospitals, stores etc., are all considerably different 177

from each other. COMORBUSS updates random contact networks every hour for all 178

the agents in the service instances, while respecting the characteristic architecture of the 179

contact network of that type of service and distinguishing between the social roles of 180

agents. Details and examples may be found in S1 File section 5. 181
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Model calibration and closed schools as baseline 182

We aggregate socio-geographical data, as well as epidemiological data to COMORBUSS 183

from May 9th 2020 to July 25th 2020, and leave the infection probability p and the 184

mean number of contacts c in the City Hall to be calibrated using the empirical measure 185

ν̂ obtained from the inference of states from data (see Section C). For a given 186

y = (q, d) ∈ [0, 1]× R+ we denote by µ̂y the empirical measure given by 400 187

independent realizations of COMORBUSS with p and c chosen as (p, c) = y. We 188

construct an estimate x̂ for x = (p, c) by minimizing over all y the L1-Wasserstein 189

distance between ν̂ and µ̂y, see S1 File section 6. 190

We initialize the community according to its demographics and household 191

distribution, see S1 File section 6. The disease state of agents is proportional to the 192

average inferred epidemiological data for day May 9th 2020. The calibrated model is in 193

excellent agreement with the estimated data and we use it as a baseline. This scenario 194

resulted in an average of 3007± 249 new infections in the population, in which 25% of 195

those infections occurred in the school population, a measure that will serve as a 196

baseline for keeping schools open in study cases. 197

Poorly ventilated classrooms 198

In poorly ventilated classrooms, the main transmission mechanism is by aerosols 199

emitted by an infected agent. The aerosols can remain suspended in the air, thereby 200

reaching agents far from the original emitters [18,19]. To model this exhaled air without 201

reference to the microscopic pathogen concentration, we follow the exposition in [20, 21], 202

describing the evolution of concentration of quanta in a closed space. Quanta, 203

introduced by Wells, measure the expected rate of disease transmission, interpreted as 204

infection quanta transference between pairs of infected and susceptible agent [22]. 205

In our model, we denote by C (quanta/m3) the total concentration of quanta inside 206

a classroom of volume V . Classrooms contain a total of N agents, with S susceptible 207

individuals, Is infected students and It infected teachers. All breathe uniformly at a 208

rate B = 0.5 m3/h. Since mask wearing can decrease the amount of aerosols emitted to 209

the air, we denote for each agent the penetration mask factor pim ∈ (0, 1), with i = s, t: 210

see Fig 4. 211

quanta
concentration

breathing
rate

outdoor air
flow rate

CLASSROOM

Fig 4. Airborne transmission model inside school environment. The
classroom is an enclosed space in which airborne transmission has a high chance of
occurrence. Contaminated particles are spread over the classroom, allowing long range
infections. The fresh air rate flow Λ quantifies the classroom ventilation. The quanta
concentration C varies in the environment depending on the breathing activity.

Each person exchanges quanta with the air depending on breathing activity. We
introduce the concentration of quanta expelled by students Cs = 40 (quanta/m3) and
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teachers Ct = 72 (quanta/m3) [21](corresponding to voiced counting [23]). Under a
well-mixed room assumption, the total concentration of quanta C (quanta/m3) inside
the classroom satisfies the mass equation:

V
dC

dt
= −(ΛV +NB)C +B(CsIsp

s
m + CtItp

t
m). (1)

Note that our setting relies on the fact that the airborne particles remain airborne 212

before being extracted by the outdoor air flow Λ (typically reported as air changes per 213

hour or ACH) or inhaled by an agent. We investigate the poor ventilation limit Λ = 0 214

and fresh air flow (Λ > 0), see S1 File section 7. 215

The amount of quanta inhaled by the ith agent inside the class over a time t is the
inhaled dose Di(t) = Bpim

∫ t

0
C(t)dt. We evaluate this integral over the solution to

Equation (1). Using the inhaled dose of each agent, we plug it into the Wells-Riley
model to calculate the probability of a susceptible individual being infected [19,20],
which consists in estimating the risk of infection in indoor environments via

piindoor(t) = 1− e−riDi(t),

where ri is the relative susceptibility (an age-based measure [24]) for the agent i. We set 216

the relative susceptibility of children (aged 0 years to 14 yr), adults (aged 15 yr to 64 yr) 217

and the elderly (over 65 yr) to ri = 0.23, 0.68, 1, respectively. To determine the source 218

of infection of a particular exposed individual, we pick a random individual uniformly 219

from all of the infectious individuals in the enclosed space, see S1 File section 7. 220

Results and Discussion 221

NPIs and vaccination 222

Across 27 schools, the total school population is 8,528, with 7,557 students. We 223

quantified the effects of five NPIs on the school population, which consists of teachers, 224

school staff and students. Each NPI is described in Fig 5. Although there is still 225

controversy in the literature about the efficiency of surgical masks for filtering 226

particles [25] and side-effects [26], we assign mask quality via their permeability factors 227

pm, as indicated in Fig 5. 228

We simulate school activities with different NPI and compute the percentage 229

increase of cases with respect to the baseline. The results are presented in Fig 2 along 230

with the effective teaching hours. Conducting classes in full shift and wearing only poor 231

quality masks leads to a 559% increase in infections. We note that the wearing of N95 232

masks by teachers and staff is particularly effective at reducing the number of cases 233

compared to other scenarios, and we highlight this NPI in Fig 2 (darker color). Active 234

monitoring curbs spreading, at the expense of the effective number of teaching hours. 235

We assume in the simulation that vaccinated teachers and staff are initialized with 236

protective neutralizing antibodies against COVID-19. This blocks any possible infection 237

chain starting from these individuals. The right panel in Fig 2 displays the effectiveness 238

of NPI combinations with vaccinated employees. If employees are not vaccinated, case 239

rates increase in all scenarios. The case increases in the highlighted (darker color) 240

scenarios are reduced for both unvaccinated and vaccinated employees, indicating that 241

they are a potential source of infection for the school population. 242

We also analyze the robustness of our results when considering a larger city, using as 243

example the regional capital of Curitiba with almost 2 million inhabitants. We observe 244

how bad protocols lead to sharp increase in infections while good ones successfully avoid 245

this phenomena. Most remarkably, the relative effectiveness rank between intervention 246

is preserved, even if the case increase relative to the baseline is less pronounced, see 247

March 29, 2022 9/16



NPI Description

Active 
Monitoring

Schools function under the following measures:

Symptomatic people are tested;

Teachers which had contact with a 
classroom in which there were confirmed 
cases are tested and suspended for 14 days 
in the case of positive result;

If a case is found in a classroom, their 
activies are suspended for 14 days;

School is closed for one week if there are 
two cases in distinct classes within a week.

Students are tested and isolated (14 days) 
when they are symptomatic or a family 
member is confirmed positive;

Reduced 
Workload

    Schools function with shifts of two hours 
instead of four hours.

Alternating 
Groups

Schools function with reduced class sizes, and
in particular classes are separated into 2 groups 
having in-person activities on alternate days.

Use of 
Mask Teachers and staff 

with N95.

Low quality:

Good quality:

N95 or PFF2: 

Fig 5. NPIs description. The icons distinguish the non-pharmaceutical interventions
evaluated in this study. In scenarios involving masks, the mask penetration factor pm is
uniform for all individuals, except for teachers wearing PFF2 masks.

further details in S1 File section 8. This not only shows the stability of the protocols 248

but also indicates that smaller cities are more vulnerable and in need of appropriate 249

protocols. 250

We also consider the effectiveness of NPI scenarios under different levels of 251

vaccination coverage, see Fig 3. Our motivation is to asses the viability and safety of 252

public health decisions even in countries with low coverage, such as African countries. 253

In fact, even with low vaccination coverage, we find that a good choice of NPIs in 254

schools also protects the wider community better. At the same time, poorly chosen or 255

non-existent NPIs may leave the communities highly exposed, regardless of vaccination 256

coverage. We therefore stress the importance of appropriate NPIs and protocols, 257

whether or not the underlying country enjoys good vaccine coverage. We recall that the 258

cities are modelled with only essential services operating, including schools. Lessons 259

drawn here extend to other services and social contexts to avoid the worsening of 260

outbreaks. 261

Sensitivity analysis: mask penetration and ventilation 262

We quantify the relevance of the mask penetration factor pm and ventilation air flow 263

rate Λ for the increase of COVID-19 cases in the cities. Assuming that all pupils wear 264

masks with the same pm, Fig 6 shows the impact of the penetration factor on the 265
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number of cases if schools are kept open. Results are sensitive to the penetration factor 266

of the masks, as seen by comparing the first (poor quality or practices, pm = 0.5) and 267

second (high quality masks, pm = 0.3) simulation scenarios, showing a decrease of 268

almost 200% in cases regardless of the vaccination status of employees. We also observe 269

that the use of N95 masks by employees increases the effective teaching hours in the 270

scenarios with active monitoring. 271

Mask penetration factor (pm)

C
as

e 
in

cr
ea

se
 in

 c
ity

 p
op

ul
at

io
n 

(%
) No NPIs

0 0.2 0.4 0.6 0.8 1

0

100

200

300

400

500

600

700

Fig 6. Sensitivity analysis across mask penetration factor pm. Cases increase
in school population (solid lines) versus the mask penetration (mean values over 60
realizations for each pm value).

Fig 7 shows the sensitivity analysis when the ventilation rate is varied inside 272

classrooms. Based on recomendations by the American Society of Heating, Refrigerating 273

and Air Conditioning Engineers (ASHRAE)1, we calculated the minimal ventilation 274

rate of Λ1 = 0.8 h−1 for unoccupied classrooms using their average dimensions in 275

Maragogi. Ventilation rates for half full and full classrooms are Λ2 = 3.8 h−1 and 276

Λ3 = 6.6 h−1, respectively; for further details see S1 File section 7. 277

Scenarios with more infectious variants 278

In investigating the effectiveness of school safety protocols during infection waves caused 279

by new, more infectious variants, we are drawn to the limiting worst case scenarios. As 280

such, we assume that the new variant completely avoids the acquired immunity from 281

vaccination or previous infections. New variants are modeled by an increase in the 282

population susceptibility, therefore encompassing both our contact and aerosol 283

transmission models. Susceptibility is increased by the multiplying factor over all age 284

groups as a limiting case. 285

The results are depicted in Fig 8. As expected, the total population infected 286

increases monotonously with the increase in susceptibility, with poor protocols for 287

school activities leading to extreme infection rates across the community. Most 288

importantly, not only good protocols still lead to remarkable decrease in infection rates 289

but the relative rank of effectiveness between protocols is preserved regardless of how 290

1ASHRAE 62.1-2019 (ASHRAE 62.1) - Ventilation for Acceptable Indoor Air Quality.
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Fig 7. Sensitivity analysis across ventilation Λ. Cases increase in school
population (mean and standard deviation) as a function of classroom ventilation rate.
Dashed lines indicate the recommended ventilation rates: Λ1 = 0.8 h−1 (unoccupied
room), Λ2 = 3.8 h−1 (half occupied room) and Λ3 = 6.6 h−1 (fully occupied room),
following ASHRAE standard for an average classroom in Maragogi.

much susceptibility is increased. This shows the stability of good protocols and makes 291

the point that their adoption should always be a top priority even when facing new 292

potentially variants. 293

Conclusion 294

The airborne transmission mechanism of COVID-19 is the main cause of infections in 295

school environments in classrooms with poor air circulation. Since many classrooms are 296

equipped with air conditioning or heating, most have poor air circulation. Therefore, 297

reducing the class size does not necessarily curb spreading because an infected person 298

can emit aerosols that stay in the air and infect students far away in the same classroom. 299

Vaccination of employees is an essential measure. Still, in the absence of other 300

measures such as monitoring and quarantines, the number of cases in the cities is likely 301

to increase by 177% if only the use of low quality masks and alternated classes are 302

implemented. 303

The penetration factors provided by manufactures and used in our simulations are 304

idealized. In practice, the fit of a mask and the practices of users result in lower 305

filtration efficacy. Indeed, after testing a model of contagion based on a study of 306

Canadian classrooms [27], we compared the ensuing results with our own aerosol model 307

under the same class conditions but varying penetration factors, in order to estimate its 308

value in these classrooms. We were alarmed to find that the effective penetration factor 309

for the Canadian classrooms in that study was only 0.5, despite the assumption of high 310

quality masks. It would therefore be of great benefit to instruct the general population 311

in proper mask use. Otherwise, the potential effectiveness of sanitary protocols will be 312

compromised as the achieve penetration factor increases (Fig 6). 313

All these findings can be explained by three facts: teachers are more susceptible 314
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Fig 8. Population infected in case of increase in susceptibility. For each
intervention scenario, we show the distribution in the percentile of the population
infected provided the susceptibility of the population is increased uniformly by a
multiplying factor.

than children, they expel more virulent particles since they are constantly speaking 315

loudly and they are the most effective bridges of transmission between isolated classes. 316

Therefore, high quality masks not only protect the individual teacher, but also suppress 317

community infection. 318

Our most striking result is that one must adopt the appropriate NPIs and behavioral 319

protocols in order to safely continue school activities during a pandemic, regardless of 320

vaccination coverage. Good protocols can protect countries even with poor vaccine 321

coverage. Conversely, bad protocols may seriously aggravate the underlying public 322

health crises even in countries with very high vaccination coverage. This is in great part 323

due to the long duration of social contacts in schools, easily leading to breakthrough 324

infections without proper protocols. This is particularly relevant given that in many 325

countries children are not routinely vaccinated for COVID-19, or when preparing for the 326

emergence of new variants with potentially low cross immunity. 327

There is no single solution to a pandemic, but we draw hope in showing that the 328

proper combination of NPIs, vaccination and behaviors permit the safe continuation of 329

activities as fundamental and important as teaching. 330

Supporting information 331

S1 File. Supplementary Information. Detailed description of data collection, 332
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