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3,4,5, Juan José Garcı́a-Garcı́a4,5,6, Victoria Fumadó7, Carmen Muñoz-
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Abstract

Background

Despite their clear lesser vulnerability to COVID-19, the extent by which children are sus-

ceptible to getting infected by SARS-CoV-2 and their capacity to transmit the infection to

other people remains inadequately characterized. We aimed to evaluate the role of school

reopening and the preventive strategies in place at schools in terms of overall risk for chil-

dren and community transmission, by comparing transmission rates in children as detected

by a COVID-19 surveillance platform in place in Catalonian Schools to the incidence at the

community level.

Methods and findings

Infections detected in Catalan schools during the entire first trimester of classes (Septem-

ber-December 2020) were analysed and compared with the ongoing community
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transmission and with the modelled predicted number of infections. There were 30.486

infections (2.12%) documented among the circa 1.5M pupils, with cases detected in 54.0%

and 97.5% of the primary and secondary centres, respectively. During the entire first term,

the proportion of “bubble groups” (stable groups of children doing activities together) that

were forced to undergo confinement ranged between 1 and 5%, with scarce evidence of

substantial intraschool transmission in the form of chains of infections, and with ~75% of all

detected infections not leading to secondary cases. Mathematical models were also used to

evaluate the effect of different parameters related to the defined preventive strategies (size

of the bubble group, number of days of confinement required by contacts of an index case).

The effective reproduction number inside the bubble groups in schools (R*), defined as the

average number of schoolmates infected by each primary case within the bubble, was cal-

culated, yielding a value of 0.35 for primary schools and 0.55 for secondary schools, and

compared with the outcomes of the mathematical model, implying decreased transmissibil-

ity for children in the context of the applied measures. Relative homogenized monthly cumu-

lative incidence (rCIhom;j
) was assessed to compare the epidemiological dynamics among

different age groups and this analysis suggested the limited impact of infections in school-

aged children in the context of the overall community incidence.

Conclusions

During the fall of 2020, SARS-CoV-2 infections and COVID-19 cases detected in Catalan

schools closely mirrored the underlying community transmission from the neighbourhoods

where they were set and maintaining schools open appeared to be safe irrespective of

underlying community transmission. Preventive measures in place in those schools

appeared to be working for the early detection and rapid containment of transmission and

should be maintained for the adequate and safe functioning of normal academic and face-

to-face school activities.

Introduction

Much has been discussed in the past months on the role of children in the current COVID-19

pandemic, and their contribution to the overall transmission at the community level [1].

While it appears now clear that children are amongst the least vulnerable population group in

society, given the limited clinical expression of their infections [2,3], many uncertainties still

exist in terms of their susceptibility to infection [4], and their capacity to infect and spread

SARS-CoV-2 [5–7]. Indeed, while some outbreaks (defined as chains of infections affecting at

least three individuals) in nurseries, schools, and summer camps have been reported [8–10], it

is still debatable the extent to which children of varying ages can be effective drivers of super

shedding events [6]. Understanding transmission potential from children is of paramount

importance to better design prevention and containment measures in settings where large

gatherings of children occur, such as nurseries, primary or secondary schools, or extra-aca-

demic activities.

During the initial phases of the pandemic, and possibly influenced by the hitherto existing

general understanding of respiratory viral infections in children, schools were considered

high-risk settings and thus rapidly closed, with the belief that this would contribute
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substantially to the containment of the epidemic. Although some authors defended, based on

modelling approaches, the uncertain effectiveness of such measures [11], advocating for an

agile reopening of schools [12–14], others warned of the potentially deleterious effects of chil-

dren returning to classes, recommending prudence [15–17]. The reality is that schools

remained closed in most countries, and children often underwent considerably harsh lock-

downs. In Spain, this meant that children remained confined at home for over 3 months, with

the inherent physical and mental health risks of such situation [18].

Although scant, available evidence during the first year of the pandemic suggested that sec-

ondary transmission in schools was low [19–21] and occurred comparatively less frequently

than among other group activities involving adults [6,22,23], and that therefore, schools con-

tributed very modestly to the overall transmission and burden of COVID-19. Successive waves

of the pandemic and the emergence of variants with higher transmissibility potential [24,25]

did re-ignite this debate [17,26,27], triggering the closing down of schools in many European

countries during the academic year 2020–21.

We hereby present a variety of analyses exploring two important subjects regarding child-

hood SARS-CoV-2 infections in Catalonia, one of the most affected regions of Spain,

whereby data were gathered during the fall of the year 2020, one of the highest incidence

periods of the pandemic. On one hand, we tried to model and critically assess some of the

measures implemented to prevent secondary transmission in school settings. On the other

hand, we compared the anticipated modelled consequences of reopening schools in terms of

their impact on overall transmission, vs. what really was documented to occur during the

first trimester after pupils returned to fully face-to-face education [19]. The intention is to

demonstrate the limited role of childhood intra-school transmission in relation to overall

community transmission when proper epidemiological surveillance and recommendations

at schools are in place.

Methods

Study setting and design

This study was conducted in Catalonia, one of the 17 autonomous communities of Spain.

According to the Catalan Institute of Statistics (IDESCAT; https://www.idescat.cat), the region

had a population of 7,727,029 inhabitants in fall of the year 2020, with 1,177,433 (15.2%) being

younger than 15 years of age. In Spain, children younger than 6 years old attend pre-primary

schools, those between 6 and 11 attend primary schools and 12-age and older children and

youth go to the secondary centres. Within the Catalan region, and for the year 2019, there

were an estimated 3,967 pre-primary and primary schools (2,662 public, 1,305 private) and

1,105 secondary schools (587 public, 518 private). There were 58 additional special schools,

where music or other activities are conducted. Thus, we estimated a total of 5130 schools in

Catalonia. The department of education of the local Government of Catalonia estimates that

those schools included up to 1,436,680 pupils and 115,413 teachers and other staff members.

COVID-19 cases in schools affecting both children and adults are updated daily through the

project Traçacovid (http://educacio.gencat.cat/ca/actualitat/escolasegura/tracacovid/).

Prevention and containment measures in catalan schools

On account of the moderate-to-high underlying community transmission in most of the Cata-

lan territory as of the end of August 2020, Catalan authorities proposed a series of prevention

and containment measures for schools with the objective to 1) minimize individual risk of

pupils and adult staff members (teachers and other staff); 2) ensure rapid detection and subse-

quent isolation of any positive cases, and 3) isolate and screen close contacts of those positive
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cases. These measures were devised to limit the entry of SARS-CoV-2 carriers in schools or to

rapidly contain any potential source of outbreaks. By doing this, the idea was to demonstrate

that an agile prevention, detection, and containment strategy would curtail intra-school trans-

mission, and therefore not further impact wider community transmission. Individual preven-

tion measures included frequent hand hygiene, the compulsory use of face masks at all times

(except during lunch breaks) for anyone aged 6 years and older (or from primary school

onwards), physical distancing, and promoting ventilation and outdoor activities when possi-

ble. The containment strategy included the stringent recommendation that children (and

adults) with COVID-19 compatible symptoms were not to attend school and the establishment

within the schools of stable social contact groups (termed “bubbles”). Bubbles should include a

“manageable” group of children (ideally smaller than the normal class size which is typically

~30) and their teacher(s), and individuals within a bubble should not establish contact inside

the school with members of other bubbles. Bubbles would also facilitate rapid reaction to any

SARS-CoV-2 positive case, including a mandatory 14-day (subsequently reduced to 10-day)

quarantine for all bubble members, and the recommendation for viral molecular screening to

all of them. Demonstration of transmission occurring in different bubbles within the same

school could entail school closure, should the health authorities deem it adequate. Although

originally planned, no mass screening and testing of teachers or pupils was conducted during

the first trimester.

Infection and disease surveillance in Catalonia

Real data from incident new SARS-CoV-2 infections in Catalonia, disaggregated by age

groups, were gathered from the SISAP information systems (Sistema d’Informació dels Serveis
d’Atenció Primària). These data which can be freely downloaded from DadesCovid portal

(https://dadescovid.cat/descarregues?lang=eng) were used to contrast our simulations and

predictions, once the whole first term (September 1st 2020-December 31st, i.e., ~4 months)

of school activities had elapsed, and specifically putting them in context of the incidence

trends witnessed throughout the pandemic (including also the subsequent 3-week holiday

break).

Given that the reported incidence is affected by the diagnostic effort, the higher number of

tests performed in the scholar context can bias the comparison between children and other age

groups, or with that at the community level (see S1 Fig). For this specific purpose, we defined

the relative homogenized cumulative incidence (rCIhom;j
), a measure that combines the monthly

cumulative incidence and the positivity in each age group with regards to the monthly cumula-

tive incidence and the positivity in the general population. We assumed that positivity (i.e per-

centage of PCR ad rapid antigenic tests that gives rise to a positive result) is an indicator of the

diagnostic capacity. Then we obtain an indicator that allows for a better comparison between

groups, beyond the simple ratio between incidences:

rCIhom;j
;¼

CIj � Posj
CIpop � Pospop

where CIj is the monthly cumulative incidence in the age group j (i.e., monthly reported cases

per 105 persons in this group), and Posj is the corresponding positivity rate during this month

in this age group. The same variables are calculated for the general population (pop). Although

this indicator does not aim to evaluate the real incidence, it provides a way to describe the epi-

demic dynamics and the relative incidence in each age group taking the diagnosis effort into

account.
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Hypothesis

We worked under the overarching hypothesis that schools would accurately translate the con-

current transmission in their neighbourhoods/areas, that is, that if a school was located in a

high incidence area, cases would be detected in the school with a similar incidence. Con-

versely, if the school included individuals from low-incidence settings, few cases (or none)

would be detected. We also hypothesized that provided schools would adequately implement

and follow the pre-established recommendations, incident cases would be adequately detected

(particularly if symptomatic), their close contacts screened, and the episode with outbreak

potential rapidly contained by isolating the entire bubble. By doing this, intra-school transmis-

sion would be limited, and schools could remain open without fuelling overall community

transmission.

Mathematical model

We employed a stochastic computational model to be used as a platform for numerical simula-

tions. In the model, we considered N students per bubble in a school of Nc bubble groups. We

performed a temporal evolution of the virtual bubble group for 50 days. We considered two

infection pathways: first, a student may be infected outside of the school with a probability pro-

portional to the local incidence (which for our numerical simulations are kept constant), and

second, a student could also be infected inside the school by an infectious pupil of the same

bubble. In such case, the probability of contagion depends on the cycle of the infection mim-

icking the probability density function suggested by McAloon et al [28]. At the 5th day of the

infection, we evaluated a certain probability that the child would be detected by contact tracing

or on account of the presence of symptoms, leading in such case to the whole group going into

quarantine. Globally, both methods of detection lead to a 70% detection rate of the infected

students. Asymptomatic population is estimated to be around 35% of the cases [29], therefore

if the infection of the children is inside the house 65% of the cases are symptomatic and likely

to be detected. Other cases are symptomatic children (50%) coming from an asymptomatic

infection or directly from the school [30]. For more information about the numerical simula-

tions, see the Supplemental Material in S1 File.

We systematically studied the system, performing 100 runs for each set of 5,130 schools,

whereby each simulation corresponded to a scholar year (250 days). We kept constant the

community active cases during the simulations, assuming therefore R = 1. Once a child is

detected because he/she presents symptoms (30% of the cases) or because of contact tracing

from outside the school (40% of the cases), the whole class goes to quarantine during 5, 10 or

14 days, depending on the simulation.

Following the Danish school’s example, the concept of bubbles was to be a central compo-

nent of the containment strategy. We were particularly interested in assessing whether the size

(in terms of the total number of persons included) of the bubbles had implications in terms of

the risk of intra-school transmission. To evaluate the relevance of the size of the bubble and of

the duration of a quarantine imposed on contacts of index cases, we performed a set of virtual

experiments using the stochastic computational model. We simulated different propagation

scenarios, with the probability of infection derived from successive interactions within the

bubble of infected (irrespective of whether symptomatic or not) individuals.

Additionally, we used our models to predict the expected number of confined groups in

schools in Catalonia, and we compared them with the real number of classes confined accord-

ing to the department of education. Finally, we critically evaluated the role of schools and chil-

dren attending them in the incidence trends and overall transmission of SARS-CoV-2 in

Catalonia, by assessing the relative homogenized incidence in the 0–9 and 10–19 age groups
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(age breakdown as proposed by Catalan authorities) with regards to the general population in

Catalonia.

School’s effective reproduction number

The effective reproduction number (R) is generally used to estimate transmission rates of

infectious diseases in the general population [31]. Previous studies [32] evaluated transmission

inside households using a household effective reproduction number (R�) that was defined as

the average number of persons infected by each primary case inside households. This index

was adapted to evaluate the transmission inside summer schools by Alonso et al [19] and Jor-

dan et al [33] defining the effective reproduction number in summer schools as the average

number of summer school mates infected by each primary case (i.e., the number of secondary

infections per index case, Si). In the same way, we defined R� as the effective reproduction

number, or average number of children infected by the index case, inside the bubble groups,

where Nindex corresponds to the total number of index cases found:

R� ¼
P

iSi

Nindex

Given that contagious students can also infect close contacts outside the school, it is

expected that R�<R. The relationship between R� and R is not straightforward and any com-

parison must be carried out with caution, because of the different ways to calculate them. Nev-

ertheless, both of them are indexes that aim to assess the average number of contagions that

are generated by each single case. Besides, both indexes must be placed in the appropriate time

framework, since R is measuring the general transmission without time constraints but R�

measures a transmission that is restricted to the time when students go to the school. As a first

approximation, we can therefore assume that the relationship between R� and R depends on

the weekly time ratio spent inside schools. If children spend 30% of the time inside schools,

R��0.3�R. This is, of course, a rough approximation that should be considered as an order of

magnitude. The real ratio between both effective reproduction numbers will depend not only

on the time ratio but also on the kind of social interactions in each context and the characteris-

tics of the surrounding environment (mainly indoors vs outdoors, level of ventilation, and

type of social-contact network).

Ethical issues

All methods were carried out in accordance with relevant guidelines and regulations. All activ-

ities requiring human interaction, follow-up or human sampling and testing, at the basis of the

calculations of some of the parameters necessary for our numerical simulations, were con-

ducted following protocols approved by the Clinical Research Ethics Committee of the Hospi-

tal Sant Joan de Déu de Barcelona (Spain). School and “bubble group” data were analysed, but

no individual-level student/pupil/staff data were used, and no informed consent was sought

for these analyses.

Results

Effect of the size of the bubble group

We considered a total of 5130 schools, with an average of 300 students each. We evaluated five

scenarios changing the ratio of students per bubble group: 10, 15, 20, 25, and 30 students per

bubble-group, and employed a constant 14-day cumulative incidence of 250 cases/100,000

inhabitants in the community to account for active cases, considering that the initial incidence
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inside the schools is independent on the size of the bubble groups. Assuming that the inci-

dence outside of the school is constant during the time of the simulation, we obtain a continu-

ous flow of infected individuals: about 8,750, corresponding to 1.7 individuals per school

during the 50 days of the simulation. This value is independent of the dynamics inside of the

school. For each scenario, we simulated five different levels of propagation inside the bubble

groups, with an R� ranging from 0.3 to 1.5, and we assessed the secondary cases inside bubble

groups.

Fig 1 illustrates that the number of secondary cases inside the bubble groups increases with

the effective reproduction number, as expected. Nevertheless, the role of the size of the bubble

group seems relevant only in scenarios of high transmission rate. While for small infection

probabilities inside the school the differences are minimal, the ratio becomes more important

for large values of R�.

Effect of the duration and type of quarantine recommended to contacts of

index cases

Fig 2 shows the results for different propagation probability inside the school, with an R� rang-

ing from 0.3 to 1.5. There is a clear inverse correlation between the number of secondary cases

with longer quarantine periods up to 10 days, for all values of R�. However, the additional

decrease in secondary infections remains modest between 10 and 14 days, even in the context

of increasing values of R�.

Predicted vs. actual confined groups after school reopening

As of December 22nd, 2020 (end of first school term), 14 weeks after the opening of the first

schools in Catalonia, the number of infected children attending schools reported was 30,486

(2.12% of all pupils), and the number of adult staff infected was 3,143 (1.96%). These infections

were detected in 3,226 (63%) schools and led to the confinement of ~1–5% of the bubble

groups, and the temporary closing of few schools (typically less than 5 at any given time,

Fig 1. Variation of the number of secondary infections per 10,000 students according to the size of bubble groups.

Number of secondary cases obtained from the numerical simulations by varying values of R� and numbers of scholars

forming the bubble groups after the detection of the first infected student. Simulations done keeping A14 = 250 cases

per 100,000 inhabitants, and the total number of students fixed to 1,436,680 (A14 = Cumulative incidence over 14

days).

https://doi.org/10.1371/journal.pone.0263741.g001
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<0.1%). At any stage during those 14 weeks, the proportion of bubble groups affected out of

the total number of groups in Catalonia ranged between 1–5%. The distribution of secondary

cases per bubble group in school outbreaks inside primary and secondary schools is described

in S1 Table. We observe differences between incidence in primary and secondary schools.

This agrees with observations at the community level during the same period in Catalonia,

where differences in terms of the distribution of cases among the different paediatric age

groups was found, with older children (aged 12 and above) being more affected than the youn-

ger ones (p<0.001) [27].

We can estimate the number of confined groups (EsN) given the incidence of COVID-19

in the whole of the population because the influx of infected students usually comes from the

exterior of the school and depends on the fraction of detected students and is proportional to

the percentage of time outside the school (if students do not leave the school there are no infec-

tions):

EsN10 ¼ 1 � Zð Þx
NG � NS � A10

100:000

For this estimate, we used the incidence accumulated over 10 days (A10) because the con-

fined groups are accumulated for this time according to the duration of quarantine. The rest of

parameters are the average number of students per class (Ns = 20) the total number of bubble-

groups (NG = 72000), the probability of detection (ξ) and the fraction of time spent with the

members of the bubble-group (η). We gave the combination of parameters (1-η)ξ = 0.35,

which may imply that the effective time spent at school is larger than 30% and closer to 50%

(children in parks, social activities of teenagers, and others accounting as in class) or that the

probability of detection is lower than the 70%, for example 50%. Such parameters may depend

on the stress of the sanitary system and the confinement situation of the region.

Fig 2. Variation of the number of secondary infections per 10,000 students according to the days of quarantine.

Number of secondary cases obtained from the numerical simulations tuning the values of R� and varying the number

of quarantine days after the detection of the first infected individual. Simulations done keeping A14 = 250 cases per 105

inhabitants, and the total number of groups of 20 students fixed to 72,000 and therefore the total number of students

fixed to 1,440,000.

https://doi.org/10.1371/journal.pone.0263741.g002

PLOS ONE Reopening of schools and overall SARS-CoV-2 community transmission

PLOS ONE | https://doi.org/10.1371/journal.pone.0263741 February 16, 2022 8 / 18

https://doi.org/10.1371/journal.pone.0263741.g002
https://doi.org/10.1371/journal.pone.0263741


Fig 3 describes the evolution of the number of confined groups in Catalan schools and

compares it to the estimations based on the incidence derived from the previous equation.

Although during the first days the numbers of groups predicted were lower than actual num-

bers confined, predictions and reality converged in a very accurate way from day 5 onwards,

giving a clear idea of the correlation between cases detected at schools and community trans-

mission in the area where that school was. There is a two-day shift of between the value of the

A10 in comparison with the confinement of the bubble groups which may be related to the ear-

lier detection inside the house than in the schools, on account of the little and unspecific

nature of COVID-19 symptoms in children.

Estimation of the effective reproductive number inside schools in

Catalonia, R�

The increase in secondary cases due to a larger value of R� increases the probability of detec-

tion. If there is a larger number of infected individuals within a bubble, the chances of any of

them being detected -and thus the group confined- increase either due to the appearance of

clinical symptomatology or because of contact tracing from outside.

The number of students infected outside is independent of the probability of infection

inside the school, and therefore is constant apart from the fluctuations due to the proper sto-

chasticity of the method. The number of children infected inside of the school depends on R�,

which informs about the average number of infected people based on the number of infected

students arriving in the school from the outside. As a first approach, we can estimate how

Fig 3. Evolution of the number of confined groups in schools in Catalonia compared with the estimations based

on the incidence. Temporal evolution of the confined groups in Catalonia from 1st October to 31st December 2020

and the corresponding 7-days moving average (red solid line). Comparison with the estimations proportional to the

7-days moving average of the 10-day cumulative incidence in Catalonia using (1-η) = 0.35 (A10, green solid line), and

with the same curve with a 2-day shift (green dashed line) to highlight the delay between the A10 and the actual

dynamics of the number of confined groups.

https://doi.org/10.1371/journal.pone.0263741.g003
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many people can be infected from the index cases and compare it to the value of infected peo-

ple (which may be actually originated from secondary cases). At least a 40%-50% of the possi-

ble infections are avoided due to the use of quarantines, assuming that quarantine conditions

are met, i.e., the children are perfectly isolated. When comparing non-quarantine condition

cases (0 days quarantine values in Fig 2) with quarantine of 10 days in the same figure, there is

an overall reduction for all the values of R�.

Next, we examined with stochastic simulations the number of infected students inside the

group before the group goes into quarantine. Once a positive case is found, the whole bubble

group is screened and possible transmission chains inside the school can be identified if

additional positive cases are found. These diagnoses occur during the application of the pro-

tocol for quarantining a group. This information was available from quarantined groups in

Catalonia during fall 2020, extracted from the local government documents. From the data

summarized in S1 Table we show the fraction of the number of secondary cases per each

index case of this period. From these data, we calculated the R� = 0.35 for primary schools

and R� = 0.55 for secondary schools and compared these values with our numerical

simulations.

We explored different values of R� and compared the simulation outcome with the data for

primary and secondary schools provided by the Catalan government. In Fig 4 this comparison

is shown for different values of the probability of infection inside of the bubble group (from R�

= 0.15 to R� = 0.90), for the primary and the secondary schools in Fig 4A and 4B. The proba-

bility of infection outside the school remains R = 1 (i.e., constant incidence). The values are

representative of different situations. The scenario with R� = 0 was not explored because it

would provide just one single case per quarantined group. We observe that our model could

approximately fit the results from the collected data from schools (Fig 4). The model predicted

different values of R� for primary and secondary schools. The differences between the results

from the simulations shown in Fig 4A and 4B and the data reported by the schools are mini-

mal for values of R� in the simulations similar to the values of R� obtained from the schools,

see the mean square displacement shown in Fig 4C and 4D. Such values of R� correctly repro-

duced the fraction of outbreaks with low number of secondary infections, however large num-

bers of secondary infections may need larger values of R�.

For lower values of R�, the fraction of single infected students is too large in comparison

with the reported data and, moreover, the fraction of secondary cases underestimated. On the

other hand, for higher values of R� the fraction of single and secondary cases is substantially

different than the one observed by the government institutions (see Fig 4E and 4F). Depend-

ing on the value of R� there is a different distribution and number of groups where there is no

propagation, and the index case remaining the unique case decreases for large values of R (Fig

4E). Furthermore, the probability of a single person infected by the index case increases with

R� (Fig 4F). Both probabilities are compared in Fig 4E and 4F with the values of the distribu-

tion of cases in primary and secondary schools, being closely related to the values of R� = 0.35

and R� = 0.55 observed in the data shown in S1 Table.

An important proportion of school outbreaks in primary (79%) and secondary-High

schools (71%) do not seem to lead to any secondary infections. Groups with more than six

infected cases, which diverge from the expected decay for the outbreaks with low cases are

shown in Fig 4A and 4B. Such cases are not reproduced from the model where interactions

are randomly assumed, meaning larger outbreaks are probably associated to superspreading

situations. This type of high clustering where a disproportionally large number of cases are

generated by a few cases is a rather well established property of the secondary attack rate struc-

ture in other environments like households [34].
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Fig 4. Estimation of the probability of contagion from epidemiological data. Fraction of groups going into

quarantine with a number N of secondary infected (SI) students by COVID-19 for primary (A) and secondary (B)

schools. Bars of the data are shown in comparison with the fraction of groups with a number N of cases of COVID-19

obtained from the numerical simulations (coloured lines) (A and B). Note that y-axis is plotted in a logarithmic scale.

Mean square displacement (MSD) of the fractions obtained from the simulations with different values of R� with the

data obtained from Primary (C) and Secondary (D) schools. Vertical dashed lines correspond to the reproductive

number calculated from the data obtained from Primary and Secondary schools. Dependence of the fraction of a single

case (E) and two cases (F) on the probability of contagion R� (solid line with circles) in comparison with the fraction

obtained in the schools. Red and green dashed lines correspond, respectively, to the fraction in primary and secondary

schools of single infected child (E) and two infected students (F). Simulations are done keeping A14 = 250 cases per 105

inhabitants, and the total number of groups of 20 students fixed to 72000. Data from primary and secondary schools

are shown in S1 Table, obtained from the Government of Catalonia.

https://doi.org/10.1371/journal.pone.0263741.g004
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Effect of reopening schools on the epidemiological dynamics

The incidence in the 0–9 years old age group has remained below the Catalan population aver-

age systematically despite reopening the schools, during fall 2020 (S1 Fig). Nevertheless, the

incidence in the 10–19 age range was higher than the average during the September-November

2020 period. This can be partially explained by a higher diagnostic effort in this age group dur-

ing the last period as part of proactive screening programs. S2 Fig shows how the relative num-

ber of tests in the 10–19 age range was above double that in the global population during

October 2020, and substantially greater than the mean in September (1.3 factor) and Novem-

ber (1.5 factor). This increasing testing was mainly channelled through the secondary school-

ing centres, where all the classmates of a positive case were systematically screened. Besides,

mass testing campaigns in a few institutes within high incidence neighbourhoods were also

performed, although this remained uncommon. The relative testing effort in the age range 0–9

was also above the Catalan average during the scholar period. Contrarily, during the Christmas

holidays the diagnostic effort in scholar ages was below the Catalan average.

We used the relative homogenized monthly cumulative incidence (rCIhom;j
) to account for

this diagnostic bias and provide a way to compare the epidemiological dynamics among differ-

ent age groups. Fig 5 summarizes this ratio (rCIhom;j
) in each age group with regards to the gen-

eral population. These ratios are revealing, as they illustrate the most problematic age intervals

in each period in a comparable manner. During the first wave, the driving force of the epi-

demic was established among the elderly (�70 years of age) although these numbers were

heavily biased due to the fact that mild cases were generally not detected, whereas during the

months leading to the second wave (mainly summer and early autumn), when testing was

already widely available in primary care, contribution to the incidence rested primarily among

younger adults (20–59 years old), with the 20–29 age group leading the changes in incidence.

Although children played a proportionally greater role during September-December 2020

compared to the beginning of the epidemic, when schools were closed and they were strictly

confined at home, new cases occurring in this age group were at a lower or similar incidence

than the general incidence in Catalonia.

Discussion

This set of analyses were designed to document intra-school transmission after school’s

reopening, to put results in perspective of the general underlying community transmission

and to model and evaluate the effect on transmission of different parameters constituting the

Fig 5. Heatmap of the ratio between homogenised monthly cumulative incidence by age group and that of

Catalunya, excluding data from nursing homes. Colour scale indicates homogenised incidence below the mean

(green) and above the mean (red), as shown by the legend. December has been split between working period (Dec-

work) and Christmas holidays (Dec-hol).

https://doi.org/10.1371/journal.pone.0263741.g005
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prevention measures set up in Catalan schools. It is important however to highlight that the

results and conclusions of this study are based on fall 2020 data, and that things may have

changed subsequently. During the study period, positive cases detected at schools very closely

tracked the underlying incidence rates on the neighbourhoods where those schools were

located, and transmission appeared to be adequately contained thanks to the protocols in place

in schools, with no evidence of outbreaks, and with individual cases often leading to no further

-or very limited-secondary transmission. Indeed ~75% of all index cases detected in schools

did not appear to cause any secondary cases, thus limiting the spread of outbreaks, although it

is important to highlight that the arrival of asymptomatic infections in children may easily be

missed and could trigger undetected secondary transmission. However, transmission chains

involving larger numbers of individuals infected will likely trigger the appearance of some

symptomatology and thus possibly their detection.

Our study considered propagation inside bubble groups between 15 and 30 individuals.

The extension to larger groups like whole schools with more than 500 individuals, may give

rise to fictitious higher propagation because the high probability of simultaneous appearance

of independent index cases, especially during high incidences outside the schools [35]. In gen-

eral, the values of R�, smaller than 1, obtained here, were related with low propagation [19]

and confirmed that in Catalonia, return to face-to-face activities did not appear to trigger

transmission or outbreaks, with schools facilitating epidemiological surveillance [27]. Indeed,

during the study period, children did not act as major drivers of the pandemic and in general

interventions at schools could be expected to have a small impact on reducing SARS-CoV-2

transmission [30].

Importantly, the relative homogenized monthly cumulative incidence in the paediatric age

groups (0–9 and 10–19), although increased during the school months (September-December

2020), appeared to be comparatively much lower than in other age groups. Adults 20–29

played a much more significant role in overall transmission than children. Moreover, inci-

dence rates during the 2020 Christmas break showed a tendency to increase among school-

aged children, although these data are confounded by the much lower number of testing dur-

ing the break. The tracing procedure was not active during this period since the usual school-

based protocols were not available. Altogether these data suggested, as other authors had ini-

tially modelled [11] or subsequently shown in other countries [17,22,26,36,37], that schools

appeared to contribute only slightly to overall community transmission, even in the context of

increasing incidence trends characterizing second or third waves, and that their normal func-

tioning, rather than fuelling overall transmission, seemed to have a containment effect, pro-

vided that preventive measures were in place and adequately followed. The relatively small

number of classes confined, usually proportional to the underlying community incidence at

any given moment, together with the virtual absence of any remarkable child-driven outbreak

reported, were reassuring evidence that children and schools were not to blame [38], and that

the dynamics of the pandemic responded more likely to other driving factors. Older children

(10–19 years) seemed to contribute more importantly to transmission that their younger

peers, and this suggests that different measures may be necessary to guarantee transmission

containing according to age, including for instance the widespread use of COVID-19 vaccines

among those aged 12 and older, which were not available during the study period, but which

have now been recommended and implemented. However, it is important to highlight that

given our results, children of all ages contributed only modestly to community transmission,

and as such, they should be allowed to attend physically school, irrespective of age.

We obtained the effective reproduction number inside bubble groups, R�, which it was 0.35

for primary schools (aged from 6 to 11 years) and 0.55 for secondary school (aged from 12 to

17 years) during the study period, which are in agreement with the higher contribution of
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older children (10–19) addressed previously. This value is slightly higher than the one obtained

by Jordan et al [33] in a field study in summer schools, in Catalonia, which was around 0.3.

Both results are perfectly compatible, since children attending summer schools were organized

in smaller bubble groups of 10 children, and most of the activities were carried outdoors.

Our models also allowed us to test the relative importance of determined parameters which

define key characteristics of the preventive strategies in place at schools. For instance, limiting

the size of the bubbles appeared only useful when the bubbles were 15 children or less, but

transmission seemed not to be substantially increased with larger bubble groups. Similarly, the

ideal confinement duration of contacts was 10 days, with transmissibility enhanced with

shorter timings, and no additional effect when expanding the duration to two weeks. We did

not assess the impact of mask wearing, which in our setting is only compulsory among pupils

aged 6 or more, but our data suggest that transmission among the youngest at school remains

minor, even in the age group where the use of facemasks is not compulsory according to Span-

ish recommendations.

One of the big uncertainties regarding this analysis is whether the optimistic scenario

observed in Catalonia during school reopening in the school season 2020–21 may change in

relation to the introduction of more contagious variants, such as SARS-CoV-2 B1.1.7 (Alpha)

or B1.617.2 (Delta), and how these could differentially impact transmission from children at

the school level. Although limited, the data that have emerged on the transmission potential of

this and other new variants among school children are potentially concerning [24,39], and as a

precautionary measure, it would be advisable to closely monitor transmission dynamics in the

paediatric age groups and school derived outbreaks in the upcoming months, given the pre-

dominance that variant Delta has taken in our setting. Importantly, other countries have used

the argument of potential increased transmissibility to close schools but have failed to provide

conclusive data on this aspect. Schools in Catalonia have remained fully open throughout the

entire 2020–21 academic year and reopened with 100% of the students receiving face-to-face

teaching in September 2021, for the new academic year. Transmission trends and school data

generated in the next months will again be extremely informative for this purpose. Similarly,

this study was conducted prior to the vaccination of teenagers or school children, and further

research will be needed to understand the positive additional impact that vaccination may

have in intra-school transmission.

Our analyses do suffer from some important limitations worth mentioning. Some of our

assumptions have been driven by the little available data in this particular age group, and there

is still much to learn about SARS-CoV-2 transmissibility to and from children [40], including

the role that the presence of symptoms and the magnitude of the detectable viral loads may

play [41]. We also did not differentiate children from adults (which probably have an

enhanced transmission potential [42–44]) in our models and did not consider the transmis-

sion among bubble groups inside the school. This limits our conclusions in relation to the

impact of measures specifically designed for the adult component of school inhabitants,

although other authors who have specifically addressed intraschool transmission to adult staff

failed to find an associated increased risk [45]. Finally, we were only able to assess transmission

in primary and secondary schools, so our conclusions cannot be extrapolated to nursery

schools (<3 years of age).

Conclusions

SARS-CoV-2 infections and COVID-19 cases detected in Catalan schools appear to closely

mirror the underlying community transmission but maintaining schools open does not seem

to negatively impact community transmission, particularly given that children of all ages
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appear to contribute only modestly to onward transmission. Preventive measures in place in

those schools appear to be working for the early detection and rapid containment of transmis-

sion and should be maintained for adequate and safe functioning of school activities, unless

the emergence of new more infectious variants is shown to worsen the observed intra-school

transmission patterns. Keeping schools open is allowing children to benefit from face-to-face

schooling, a fundamental right that should not be questioned unless stronger evidence emerges

proving the contrary. Closing schools should only be considered in the worst-case scenario,

where all other possible transmission containment measures have been adequately

implemented.
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