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Introduction: While increasing the ventilation rate is an important measure
to remove inhalable virus-laden respiratory particles and lower the risk of
infection, direct validation in schools with population-based studies is far from
definitive.

Methods: We investigated the strength of association between ventilation
and SARS-CoV-2 transmission reported among the students of Italy’s Marche
region in more than 10,000 classrooms, of which 316 were equipped with
mechanical ventilation. We used ordinary and logistic regression models to
explore the relative risk associated with the exposure of students in classrooms.

Results and discussion: For classrooms equipped with mechanical ventilation
systems, the relative risk of infection of students decreased at least by 74%
compared with a classroom with only natural ventilation, reaching values of
at least 80% for ventilation rates >10 L s—1 student™. From the regression
analysis we obtained a relative risk reduction in the range 12%15% for each
additional unit of ventilation rate per person. The results also allowed to
validate a recently developed predictive theoretical approach able to estimate
the SARS-CoV-2 risk of infection of susceptible individuals via the airborne
transmission route. We need mechanical ventilation systems to protect
students in classrooms from airborne transmission; the protection is greater if
ventilation rates higher than the rate needed to ensure indoor air quality (>10 L
s~1student=1)are adopted. The excellent agreement between the results from
the retrospective cohort study and the outcome of the predictive theoretical
approach makes it possible to assess the risk of airborne transmission for any
indoor environment.

ventilation, airborne transmission, school cohort study, Coronavirus disease, disease
control strategies
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Introduction

The acceleration of the research activity inspired by the
COVID-19 pandemic revealed that airborne transmission is
the main route of transmission for many respiratory infectious
diseases with respect to other routes which were erroneously
considered dominant in the twenteeth century (i.e., those not
occurring via airborne route, such as contact) (1). Indeed, the
prevalence of the airborne transmission amongst the different
transmission routes was recognized by public health authorities
much later even if a number of studies warned about the
transmission routes of respiratory diseases at early stage of
the pandemic (2). Only in December 2021, WHO updated
one page in its website to clearly introduce the term “airborne
transmission” [WHO Coronavirus disease (COVID-19): How
is it transmitted? December 23, 2021. https://www.who.int/
news-room/questions-and-answers/item/coronavirus- disease-
covid-19-how-is-it-transmitted]. However, the description
of the virus as “airborne” continues to be almost completely
absent from public WHO communications and consequently
from protective efficacy actions resulting, in fact, in the inability
to control the pandemic. To date, few studies have examined
the direct impact of ventilation on indoor transmission (3)
but the SARS-CoV-1 outbreaks (4) in 2004, the MERS-CoV
outbreaks (5) and the current SARS-CoV-2 pandemic (6, 7)
have given a new impetus to research in this field, leading
to new evidence and raising awareness of the importance
of ventilation and indoor air quality for public health as
well as clearly demonstrating the key role of an engineering
approach to fighting airborne diseases (8). To this end, both
mechanical ventilation systems, able to dilute the concentration
of contaminants in the air with pathogen-free outdoor air, and
air cleaners/purifiers, able to remove virus-laden respiratory
particles from indoors thanks to different air filtration
techniques, can be considered valuable solutions (9).

Schools represent a critical indoor environment due to the
high crowding indexes (number of people relative to the size of
the confined space), the long exposure times, and the possible
inadequate clean (pathogen-free) air supply. In particular,
some studies reported that schools do not amplify SARS-CoV-
2 transmission, but rather reflect the level of transmission
in the community (10-12). Nonetheless, several SARS-CoV-2
outbreaks in classrooms have been recognized worldwide (6, 13),
and the situation has worsened with the Omicron variant, which
is documented to spread amongst adolescents and children even
faster than previous variants of concern (14, 15).

The objective of this retrospective cohort study was
to investigate, through standardized methods for exposure
assessment and statistical analysis, the strength of association
between ventilation and SARS-CoV-2 airborne transmission
in classrooms. To this end we exploited the data obtained
from the government of Italy’s Marche region which supported
the installation of mechanical ventilation systems (MVSs) in
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approximately 3% of the schools in the region. The results
obtained represent the very first proof of the effect of the
ventilation against COVID-19 airborne transmission on a large-
scale experiment.

Methods
Study design and participants

In March 2021, the government of central Italy’s Marche
region launched a 9 M€ call to fund the installation of MVSs
in classrooms to prevent the airborne transmission of SARS-
CoV-2 and limit the adoption of distance learning solutions.
The funds enabled the installation of mechanical ventilation
systems in 316 classrooms (in 56 schools applying for the
funding). The population involved in this study consisted of 205
347 students at different educational stages (pre-school 14.6%,
primary schools 33.1%, middle schools 18.9%, and high schools
33.4%) attending classes between 13 September 2021 and 31
January 2022. There were 1 419 schools in total included in the
study, of which 56 were equipped with an MVS, for a total of
10 441 classrooms with an average occupancy of 20 students
per classroom. A total of 10 125 classrooms relied on natural
ventilation (i.e., ventilation due to leakage of the building and
manual opening of the windows), while 316 were equipped
with MVSs.

Infections were investigated in terms of clusters of cases
that occurred rather than individual cases of infection; also in
accordance with the Italian regulation that defined a cluster
as the simultaneous presence in classrooms of 2 positive cases
until December 2021 and 3 cases starting from January 2022
(16, 17). Temporal exposure was extrapolated from the regional
weekly COVID-19 incidence and the relative risk reduction was
correlated with the presence of the MVSs in the classrooms.
The data was collected by the epidemiological observatory and
by the school and infrastructure departments of the Marche
region. The David Hume Foundation, a research institution
specialized in data analysis, received from the Marche Region
the data on the number of positive students in each class for
12 separate sub-periods from September 2021 to January 2022
to identify the clusters as defined above. The entire cohort is
represented by the students in the classrooms equipped with
MVSs: during the observation period, protective measures were
adopted in Italian schools for students such as distancing, use of
personal protective equipment (masks), and frequent opening of
windows and doors to improve ventilation.

The MVSs installed in the classrooms are single room
ventilation units, most of them equipped with heat recovery
units and filters [F7 or G4 (18)] aimed at reducing the
penetration of airborne particles from outdoor. The MVSs were
switched on manually before classes start and they were run
at a constant maximum flow rate all the school time long. No
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maintenance activities were performed in the limited period
under investigation. The maximum air flow rates of the MVSs
installed in the classrooms ranged from 100 to 1 000 m> h~!
(with 25th, 50th, and 75th percentiles equal to 360 m3 h—1, 600
m3h~! and 800 m3 h—1, respectively) resulting in a ventilation
rate per person (Qp) between 1.4 and 14L s~ ! student™! for
a classroom with an occupation density of 20 students and
with a representative volume of 150 m?, as per the European
survey (19). In case of natural ventilation AERs are typically
<05h7 !, ie, <1L s~ ! student™!, with reduced increases in
mean ventilation in the case of occasional window openings (20).
For the purposes of indoor air quality, an air change per hour
(ACH) up to 5 h~! is required in Italy (21), corresponding to a
Qp of 10L s~1 student™! for the above-mentioned occupation
density and volume. The representative Qp in European schools
ranges from 1.5 to 9L s~! student™!, with lower rates being
more representative for natural ventilation (22). Consequently,
to stratify the analysis, we also introduced two sub-cohorts: (i)
sub-cohort 1 represents classrooms with MVSs characterized by
a Qp between 1.4and 10L s~ ! student™! that meet the standard
requirements of indoor air quality, also in relation to students’
performance (23), and (ii) sub-cohort 2 includes classrooms
witha Qp > 10L s~1 student™! and up to 14L s~! student™!
and could represent health-based ventilation to protect from
airborne transmission.

Statistical analysis

We used simple descriptive statistics to characterize
the study population, exposure, and risk reduction factors,
summarizing quantitative data as means and categorical data
as proportions.

Data on the number of positive students are provided as:
(i) incidence cases (IC), i.e., the number of positive students
counted only within clusters (provided separately for classrooms
with and without MVSs and for different sub-periods); (ii)
incidence proportions (IP), i.e., the number of positive students
per 1 000 students (counted only within clusters and provided
separately for classrooms with and without MVSs and for
different sub-periods); and (iii) incidence proportion ratio
(IPR), ie., the ratio between the incidence proportion in
classrooms with and without MVS.

The risk reduction factors considered in the statistical
analysis are: i) the relative risk (RR), i.e., the outcome rate in
the classrooms equipped with MVSs divided by outcome rate in
the control group (i.e., classrooms without MVSs); ii) the relative
risk reduction (RRR), defined as 1-RR, i.e., the proportional
reduction of the events in the control group with respect to the
investigated one (classrooms with MVS).

To assess the effect of the mechanical ventilation systems
on risk reduction we adopted four indicators: i) the cardinal
indicator y; counts the total number of cases in each classroom,
subtracts 1 (presumed primary case), and divides the result by
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the number of students; (ii) the cardinal indicator y, which is
similar to yj, except that for classrooms with 5 or more cases,
only 4 secondary cases are always counted; (iii) the cardinal
indicator y3 which is the arithmetic mean between y; and yz;
and (iv) the dummy indicator d; which assumes a value of 1 if a
cluster was identified in a classroom.

We developed several ordinary least squares and logistic
regression models, including the confounding variables
(educational stage and number of students per class) to
estimate the net effect of the MVS. Details are reported in
the Supplementary material. The data analysis was performed
using IBM SPSS Statistics 28.0 and the results are presented as
relative risks and 95% confidence intervals (CIs). We used the
x? test and Fisher’s exact test to compare proportions and the
F-test and t-test for the statistical significance of the impact of
the MVS.

Role of the funding source

The government of the Marche Region as funder of the study
had no role in the study design, data organization, data analysis,
data interpretation, or writing of the report. LR and GB had
full access to the data transmitted by the Marche Region and all
the authors had final responsibility for the decision to submit
for publication.

Results

During the entire observation period we recorded 3 121
SARS-CoV-2 infected students within clusters (i.e., cases) in
1 004 classrooms, 31 in classrooms equipped with MVSs and
3 090 in classrooms without MVSs (Table 1). The monthly
IP, expressed per 1 000 students, was not constant: from 13
September to 23 December 2021 it was lower than 7-31 January,
as was the population of the Marche region (Figure 1). Indeed,
the IPR for the entire period was equal to 0.32, but it was lower
in the period of 7-31 January 2022 (IPR = 0.23) characterized by
higher regional incidence cases (IC > 10 000 daily cases) than in
the period of 13 September to 23 December 2021 (IPR = 0.45).
The higher daily IC during the period 7-31 January 2022 is likely
due to the Omicron variants spreading in Italy in that period
which resulted more contagious than previous variants (24).

This result represents a key finding as it shows, for the very
first time, the potentiality of a suitable mitigation strategy (i.e.,
ventilation) against airborne transmission based on a large and
valuable data set.

The stratified analysis of the effect of the different ventilation
rates (analysis by sub-cohorts) also demonstrated that higher
ventilation rates provide greater RRRs (Table 2). Once again,
when referring to the most conservative indicator (y3), the
results showed that students in classrooms without mechanical
ventilation had a 5-fold higher risk of infection compared with
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TABLE 1 Incidence cases (ICs), incidence proportions (IPs), and incidence proportion ratios (IPRs) observed in classrooms with and without
mechanical ventilation systems (MVSs) during the periods of investigation.

Parameter Period of investigation Classrooms without MVS Classrooms with MVS
Incidence cases, IC 13 September - 23 December 2021 1,272 18
7-31 January 2022 1,818 13
Entire period 3,090 31
Incidence proportion, IP (per 1000 students) 13 September - 23 December 2021 6.3 2.8
7-31 January 2022 9.0 2.1
Entire period 153 4.9
Incidence proportion ratio, IPR 13 September - 23 December 2021 0.45
7-31 January 2022 0.23
Entire period 0.32

For IC, IP and IPR the cases are counted only within clusters.
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sub-cohort 2 (RR = 0.20), and a roughly 3-fold higher risk
of infection compared with sub-cohort 1 (RR = 0. For each
indicator, the classrooms equipped with MVSs were associated
with reduced risk, indeed, even adopting the most conservative
indicator (y2) a relative risk reduction of 74% was recognized29).

The association between ventilation and infection risk
is significant regardless of the location, educational stages,
and occupancy as clearly demonstrated in Table 3 where the
classrooms were classified in 11 subsamples distinguished by
provinces (four modalities), educational stages (four modalities),
and number of students in the class (three modalities). The
RRRs for the most conservative indicator (yz) are always
positive (except in the case of Pesaro, dummy indicator, where
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—0.33 indicates an increase of the RR in respect to classrooms
without MVSs): higher RRRs (even larger than 0.80) were
detected in two provinces (Ancona and Macerata), in pre-
schools (where no cases were detected, then resulting in null
relative risk values), high schools, and in classrooms with

more students.

Discussion
The impact of SARS-CoV-2 on global public health,

societies, and economies has been overwhelming. Various
containment and mitigation strategies have been implemented
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by public health institutions to adequately contain the pandemic
(25), but at the same time they did not convincingly support
and propose to increase indoor ventilation to contain infections
(26-29).

To the best of our knowledge, this is the first and largest
retrospective cohort study in schools aimed at assessing the
impact of mechanical ventilation in mitigating the risk of
COVID-19 infection. The results demonstrate the effectiveness
of the mechanical ventilation and the possibility of applying
these techniques in a similar way in all indoor environments
that represent the natural habitat of humans and which require
complex, targeted management, not only of the control of
thermal comfort, odors, perceived air quality, and energy use,
but also of respiratory infections (30).

The outcomes of this retrospective cohort study demonstrate
a lower incidence of COVID-19 cases in classrooms equipped
with MVSs compared with classrooms with natural ventilation,
with an IPR of 0.32 over the entire observation period and
the entire cohort. The protection from contagion was even
greater during the month of January 2022 (0.23), in the presence

TABLE 2 Relative risks (RRs) and relative risk reductions (RRRs) for the
four indicators for the different cohorts.
Sub-cohort 2

Entire cohort Sub-cohort 1

RR(y;) 0.19 0.21 0.15
RRR(y;) 0.81 0.79 0.85
RR(y,) 0.26 0.29 0.20
RRR(y,) 0.74 0.71 0.80
RR(y3) 0.23 0.25 0.17
RRR(y3) 0.78 0.75 0.83
RR(d;) 0.09 0.13 0.00
RRR(d;) 0.91 0.87 1.00

10.3389/fpubh.2022.1087087

of high incidence at regional level (> 10,000 cases per day).
This outcome suggests that the adoption of MVSs is even
more noticeable and effective in periods (or with variants of
concern) characterized by high virus circulation. This result was
expected because of the key role ventilation plays in reducing
occupational hazards according to the engineering level controls
described in the traditional infection control hierarchy (31).

The incidence data allowed to estimate the positive impact
of the mechanical ventilation on risk reduction: classrooms
equipped with MVSs, in the most conservative case (indicator
y2), reduces the likelihood of infection by 74%. A further
interesting outcome of the paper is the evaluation of mechanical
ventilation level on the RRR: in classrooms equipped with
MVSs complying with Italian law in terms of indoor air quality
(sub-cohort 1, Qp up to 10L s71 student™!) the likelihood
of infection for students is reduced, in the most conservative
case, by 71% compared with a classroom relying only upon
natural ventilation; whereas this reduction increases up to 80%
in classrooms with MVSs providing a Qp > 10L s~! student™!
(sub-cohort 2). It is therefore evident that pushing ventilation
beyond 10 L s~ student™! (i.e., ACH > 5 h~! for a classroom of
150 m® with a density of 20 students) ensure a higher protection
from respiratory infectious agents such as SARS-CoV-2. Thus,
such ventilation rates >10L s~ ! student™! could represent the
future conditions of health-based protection to control not only
thermal comfort, odors, perceived air quality, and energy use,
but also respiratory infections.

We did find that the impact of the MVSs is greater than that
estimated by the raw data (for all the indicators). As an example,
if the regression models (details in the Supplementary material)
obtained in the case of mechanical ventilation of 10L s~!
student™! are applied, and if we use the more conservative
estimates, the average empirical RRR is 0.75, while the corrected
value is 0.82 (corresponding to a RR of 0.18). This means
that, once the confounding factors (educational stage and

TABLE 3 Relative risk reduction (RRR) ratios for four indicators and 11 subsamples.

Province Ancona
Ascoli Piceno
Macerata
Pesaro
Educational stage Pre-schools
Primary schools
Middle schools
High schools
Number of students in the classroom Small classrooms
Medium classrooms

Large classrooms

RRRs are not provided in cases of null relative risk values.

Frontiersin Public Health

RRR(y1) RRR(y2) RRR(y3) RRR(d;)
0.91 0.88 0.89 -
0.67 0.52 0.60 -
0.88 0.84 0.86 -
0.41 0.29 0.33 —0.33
0.80 0.71 0.76 -
0.77 0.71 0.74 0.74
0.84 0.80 0.82 -
0.63 0.50 0.57 -
0.83 0.77 0.80 0.83
0.85 0.78 0.81 -
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number of students per classroom) have been eliminated, the
mechanical ventilation is even more incisive than it appeared
from an empirical comparison between classes with and without
mechanical ventilation.

The relative risk reduction for the entire cohort, evaluated as
reported in the Supplementary material adopting the indicator
y2 (chosen conservatively among the cardinal indicators),
resulted in the range 15% (eq. S3) - 12% (eq. S5) for each
additional unit of ventilation rate per person.

The findings provided by the present retrospective cohort
study are extremely important as they confirm the in-
field effectiveness of ventilation in terms of risk reduction.
Nonetheless, it would be desirable to provide prospective
estimates of infection risk in different indoor environments.
Recently, we developed a predictive theoretical approach that
can estimate the SARS-CoV-2 risk of infection of susceptible
individuals via the airborne transmission route when exposed
to virus-laden particles emitted by an infected subject in an
indoor environment (32-34). The risk of infection is estimated
starting from the viral emission rate of the infected subject, the
consequent viral concentration in the environment, the resulting
viral dose of the exposed susceptible subject and, finally, the
adoption of a proper dose-response model to allow the risk
to be calculated. The novel aspect of the approach is the a
priori evaluation of the viral emission of the infected subject on
the basis of the viral load, the expiratory flow rate (influenced
by the activity level), and the particle volume concentration
expelled by the infectious person (affected by the expiratory
activity, i.e., speaking, breathing, etc.). Major details of this
predictive approach are reported in our previous papers and
are not repeated here for the sake of brevity (32, 33, 35-37).
Figure 2 shows the comparison between the RRs observed in
the investigated classrooms and those estimated through the
theoretical predictive approach for a specific scenario as a
function of the ventilation rate per person. The scenario reported
here considers: viral load and infectious dose typical of the

No mechanical ventilation,#

S
=N
T

Theoretical predictive
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o
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o
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(1.4-10 L s°! student™)
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(10 - 14 L s! student™)

o
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Ventilation rate per person (L s student™)

FIGURE 2

Comparison between the relative risk (RR) observed in the
investigated classrooms and the RR estimated through the
theoretical predictive approach for a specific scenario as a
function of the ventilation rate per person, Qp.
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Delta variant of concern [this variant was prevalent during the
study period (35, 38, 39)], an average classroom volume of 150

m3

, an infected student breathing only for the entire school
time (5h), exposed subjects performing only sitting/standing
activities, and the effectiveness of masks on the reduction of
the risk ranging from 0% (no mask) to 80% (actual reduction
for respirators) (40). As expected, the simulated RR values
decrease as a function of the ventilation rate per person with
quite similar results to the observed RR: the RR obtained
from the simulation at 14L s~! student™! was equal to 0.24
+ 0.04.

The agreement between the results obtained from the
retrospective cohort study and the values calculated through the
predictive approach (32) is the second important finding
of this paper. Indeed, this result represents a further
validation of the approach through a retrospective cohort
study that follows the experimental validation that we
recently performed through an experimental study conducted
under controlled conditions in a hospital room (41). Such
validations confirm the possibility of extending the use of the
approach, once the scenario has been defined, to any indoor
environment of interest in addition to school classrooms
and providing predictive estimates of the effectiveness of
ventilation for different exposure scenarios and variants
of concern.

To summarize, the findings of the present study could
be extremely interesting for public authorities responsible
for the safety of indoor environments, as well as for
organizations and agencies working in the field of ventilation
standards. In particular, public authorities should guarantee
that highly crowded environments, like schools, are equipped
with mechanical ventilation systems meeting the ventilation
rate standards. This seems an obvious statement, but actually,
most of the schools worldwide do not present a proper
ventilation and mostly rely upon natural ventilation (19).
Moreover, organizations such as the American Society of
Heating, Refrigerating and Air-Conditioning Engineers and
the Federation of European Heating, Ventilation and Air
Conditioning Associations should improve their ventilation
standards and explicitly consider infection control in addition
to thermal comfort, odor control, perceived air quality, initial
investment cost, energy use, and other performance issues
in the management of indoor environments. Indeed, despite
national regulations, the technical standards do not consider
infection control when suggesting design air change per hour
in indoor environments. As an example, the European standard
EN-16798 (42, 43) suggests an Qp in classrooms of > 10L
s~ ! student™! only for occupants with special needs (children,
elderly, persons with disabilities, etc.; referred to as Category
I) and for “non-low-polluted buildings” (i.e., buildings where
no effort has been made to select low-emitting materials and
where activities with emission of pollutants are not limited
or prohibited).
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Some limitations of this study should be noted. Firstly,
further studies would provide deeper knowledge about the
reduction of contagion risk in schools as a function of
ventilation; for example, classrooms equipped with high
ventilation should be investigated to identify a possible limit
threshold beyond which the benefits in terms of risk reduction
become negligible. Secondly, we considered a generalized
operation of controlled mechanical ventilation systems at
maximum flow rate. However, this was a reasonable hypothesis
during the emergency period, which coincided with the
observational period. Thirdly, our study was limited to SARS-
CoV-2: other respiratory pathogens would require different
ventilation rates per person.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

LR and GB conceived the study. LR, GB, LS, and LM
contributed to the study design. LR contributed to the planning
of statistical methods, data analysis, was involved in data
collection, training of the study team, and data analysis. GB
was the primary author of the manuscript. LM, LR, and LS
contributed as senior authors on the manuscript draft and
commented on the manuscript draft. All authors have seen and
approved the submitted manuscript.

References

1. Jimenez J, Marr L, Randall K, Ewing TE, Tufekci Z, Greenhalgh T, et al. What
were the historical reasons for the resistance to recognizing airborne transmission
during the COVID-19 pandemic? SSRN. (2021) 32:e13070. doi: 10.1111/ina.13070

2. Morawska L, Tang JW, Bahnfleth W, Bluyssen PM, Boerstra A, Buonanno G,
et al. How can airborne transmission of COVID-19 indoors be minimised? Environ
Int. (2020) 142:105832. doi: 10.1016/j.envint.2020.105832

3. Duval D, Palmer JC, Tudge I, Pearce-Smith N, O’Connell E, Bennett A, et al.
Long distance airborne transmission of SARS-CoV-2: rapid systematic review.
BM]J. (2022) 377:¢068743. doi: 10.1136/bmj-2021-068743

4. Yu ITS Li Y, Wong TW, Tam W, Chan AT, Lee JHW, Leung DYC, et al.
Evidence of airborne transmission of the severe acute respiratory syndrome virus.
N Engl ] Med. (2004) 350:1731-9. doi: 10.1056/NEJM0a032867

5. Xiao S, Li Y, Sung M, Wei ], Yang Z, A. study of the probable transmission
routes of MERS-CoV during the first hospital outbreak in the Republic of Korea.
Indoor Air. (2018) 28:51-63. doi: 10.1111/ina.12430

6. Baumgarte S, Hartkopf F, Holzer M, von Kleist M, Neitz S, Kriegel M,
et al. Investigation of a limited but explosive COVID-19 outbreak in a German
secondary school. Viruses. (2022) 14:87. doi: 10.3390/v14010087

7. Cheng VC-C, Lung DC, Wong S-C, Au AK-W, Wang Q, Chen H, et al.
Outbreak investigation of airborne transmission of Omicron (B11529) - SARS-
CoV-2 variant of concern in a restaurant: implication for enhancement of indoor
air dilution. J Hazard Mat. (2022) 430:128504. doi: 10.1016/j.jhazmat.2022.12
8504

Frontiersin Public Health

07

10.3389/fpubh.2022.1087087

Acknowledgments

The authors thank Marco Pompili and Nardo Gofhi (Marche
Region) for the management and transmission of incidence
data and mechanical ventilation system data from the Marche
regional departments to the David Hume Foundation.

Conflict of interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be
of interest.

construed as a potential conflict

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2022.1087087/full#supplementary-material

8. Forsberg CW. Public health is a job for engineers. Mech Eng. (2022) 144:36-
41. doi: 10.1115/1.2022-MAR2

9. Lindsley WG, Derk RC, Coyle JP, Martin SBJ, Mead KR, Blachere FM, et al.
Efficacy of portable air cleaners and masking for reducing indoor exposure to
simulated exhaled SARS-CoV-2 aerosols - United States, 2021. MMWR Morb
Mortal Wkly Rep. (2021) 70:972-6. doi: 10.15585/mmwr.mm7027el

10. Barcellini L, Forlanini E  Sangiorgio A, Gambacorta G,
Alberti L, Meta A, et al. Does school reopening affect SARS-CoV-2
seroprevalence among school-age children in Milan? PLoS One. (2021)
16:0257046. doi: 10.1371/journal.pone.0257046

11. Gandini S, Rainisio M, Iannuzzo ML, Bellerba F, Cecconi E, Scorrano
L, et al. Cross-sectional and prospective cohort study of the role of schools
in the SARS-CoV-2 second wave in Italy. Lancet Reg Health Europe. (2021)
5:100092. doi: 10.1016/j.lanepe.2021.100092

12. Vlachos ], Hertegard E. B Svaleryd H. The effects of school closures on
SARS-CoV-2 among parents and teachers. Proc Natl Acad Sci U S A. (2021)
118:2020834118. doi: 10.1073/pnas.2020834118

13. Alfano V, Ercolano S, Cicatiello L. School openings and the COVID-19
outbreak in Italy. A provincial-level analysis using the synthetic control method.
Health Policy. (2021) 125:1200-7. doi: 10.1016/j.healthpol.2021.06.010

14. Belay ED, Godfred-Cato S. SARS-CoV-2 spread and hospitalisations in
paediatric patients during the omicron surge. Lancet Child Adol Health. (2022)
5:280-1. doi: 10.1016/52352-4642(22)00060-8

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1087087
https://www.frontiersin.org/articles/10.3389/fpubh.2022.1087087/full#supplementary-material
https://doi.org/10.1111/ina.13070
https://doi.org/10.1016/j.envint.2020.105832
https://doi.org/10.1136/bmj-2021-068743
https://doi.org/10.1056/NEJMoa032867
https://doi.org/10.1111/ina.12430
https://doi.org/10.3390/v14010087
https://doi.org/10.1016/j.jhazmat.2022.128504
https://doi.org/10.1115/1.2022-MAR2
https://doi.org/10.15585/mmwr.mm7027e1
https://doi.org/10.1371/journal.pone.0257046
https://doi.org/10.1016/j.lanepe.2021.100092
https://doi.org/10.1073/pnas.2020834118
https://doi.org/10.1016/j.healthpol.2021.06.010
https://doi.org/10.1016/S2352-4642(22)00060-8
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Buonanno et al.

15. Marks KJ, Whitaker M, Agathis NT, Anglin O, Milucky J, Patel K, et al.
Hospitalization of infants and children aged 0-4 years with laboratory-confirmed
COVID-19 - COVID-NET, 14 States, March 2020-February 2022. Morb Mort
Weekly Rep. (2022) 71:429. doi: 10.15585/mmwr.mm7111e2

16. Ministero Dell’istruzione e Della Salute. Circolare congiunta del Ministero
dell’Istruzione e della Salute, 08/01/2022: nuove modalitd di gestione dei casi di
positivitd all'infezione da SARS-CoV-2 in ambito scolastico - art. 4, del decreto legge
7 gennaio. (2022). Available online at: https://www.miur.gov.it/-/scuola- gestione-
dei- casi- di- positivita- inviata-la- nota- operativa- per-1-applicazione- del- decreto-
legge-approvato-il-5-gennaio (accessed November 30, 2022).

17. Ministero Dell’istruzione e Della Salute. Circolare congiunta del Ministero
dell’Istruzione e della Salute, 28/10/21, Indicazioni per lindividuazione e la
gestione dei contatti di casi di infezione da SARS-CoV-2 in ambito scolastico.
(2021). Available online at: https://www.miur.gov.it/documents/20182/0/Nota+
tecnica+- +Indicazioni+per+l1%E2%80%99individuazione+e+la+gestione+dei+
contatti+di+casi+di+infezione+da+SARS- CoV-2+in+ambito+scolastico.pdf/
838ef71f-225¢-2cbe-f3b8-a90448e10fc9?version=1.0&t=1636204411355 (accessed
November 20, 2022).

18. European Committee for Standardisation. EN 779 - Particulate Air Filters for
General Ventilation - Determination of the Filtration Performance. Brussels (2012).

19. Csobod E. Annesi-Maesano, I, Carrer, P, Kephalopoulos, S, Madureira, J,
Rudnai, P, et al. SINPHONIE - Schools Indoor Pollution and Health Observatory
Network in Europe - Final Report. Luxembourg: Publications Office of the
European Union (2014).

20. Stabile L. Dell'Tsola M, Frattolillo A, Massimo A, Russi A. Effect of natural
ventilation and manual airing on indoor air quality in naturally ventilated Italian
classrooms. Building Environ. (2016) 98:180-9. doi: 10.1016/j.buildenv.2016.01.009

21. DDecreto Ministeriale. Norme tecniche aggiornate relative all’edilizia
scolastica, ivi compresi gli indici di funzionalitd didattica, edilizia ed urbanistica,
da osservarsi nella esecuzione di opere di edilizia scolastica. Pubblicato in Gazzetta
Ufficiale il 2 febbraio 1976 n. 29. (1975).

22. Commissione Europea, Centro Comune Di Ricerca. European Collaborative
Action "Urban Air, Indoor Environment and Human Exposure’ : Risk Assessment in
Relation to Indoor Air Quality. Brussels: Publications Office (2000).

23. Wargocki P, Porras-Salazar JA, Contreras-Espinoza S, Bahnfleth W. The
relationships between classroom air quality and children’s performance in school.
Build Environ. (2020) 173:106749. doi: 10.1016/j.buildenv.2020.106749

24. La Rosa G, Iaconelli M, Veneri C, Mancini P, Bonanno Ferraro G,
Brandtner D, et al. The rapid spread of SARS-CoV-2 Omicron variant in
Italy reflected early through wastewater surveillance. Sci Total Environ. (2022)
837:155767. doi: 10.1016/j.scitotenv.2022.155767

25. Talic S, Shah S, Wild H, Gasevic D, Maharaj A, Ademi Z, et al. Effectiveness
of public health measures in reducing the incidence of COVID-19, SARS-CoV-2
transmission, and COVID-19 mortality: systematic review and meta-analysis. BMJ.
(2021) 375:€068302. doi: 10.1136/bm;j-2021-068302

26. Wang CC, Prather KA, Sznitman J, Jimenez JL, Lakdawala SS, Tufekci
Z, Marr LC. Airborne transmission of respiratory viruses. Science. (2021)
373:eabd9149. doi: 10.1126/science.abd9149

27. Santarpia JL, Rivera DN, Herrera VL, Morwitzer M], Creager
HM, Santarpia GW, et al. Aerosol and surface contamination of SARS-
CoV-2 observed in quarantine and isolation care. Sci Rep. (2020)
10:12732. doi: 10.1038/s41598-020-69286-3

28. Lv ], Gao J, Wu B, Yao M, Yang Y, Chai T, et al. Aerosol transmission
of coronavirus and influenza virus of animal origin. Front Vet Sci. (2021)
8:572012. doi: 10.3389/fvets.2021.572012

Frontiersin Public Health

08

10.3389/fpubh.2022.1087087

29. Comber L, O’'Murchu E, Drummond L, Carty PG, Walsh KA, De Gascun CF,
et al. Airborne transmission of SARS-CoV-2 via aerosols. Rev Med Virol. (2021)
31:e2184-€2184. doi: 10.1002/rmv.2184

30. Morawska L, Allen J, Bahnfleth W, Bluyssen PM, Boerstra A, Buonanno
G, et al. A paradigm shift to combat indoor respiratory infection. Science. (2021)
372:689-91. doi: 10.1126/science.abg2025

31. Centers for Disease Control and Prevention. Hierarchy of Controls. (2015).
Available online at: www.cdc.gov/niosh/topics/hierarchy/defaulthtml (accessed
November 30, 2022).

32. Buonanno G, Stabile L, Morawska L. Estimation of airborne viral emission:
Quanta emission rate of SARS-CoV-2 for infection risk assessment. Environ Int.
(2020) 141:105794. doi: 10.1016/j.envint.2020.105794

33. Buonanno G, Morawska L, Stabile L. Quantitative assessment of the risk
of airborne transmission of SARS-CoV-2 infection: prospective and retrospective
applications. Environ Int. (2020) 145:106112. doi: 10.1016/j.envint.2020.106
112

34. Mikszewski A, Buonanno G, Stabile L, Pacitto A, Morawska L. Airborne
Infection Risk Calculator. (2020). Available online at: https://www.unicas.it/siti/
laboratori/lami-laboratorio- di- misure-industriali- sezione-meccanica/airborne-
infection-risk-calculator.aspx (accessed November 30, 2022).

35. Mikszewski A, Stabile L, Buonanno G, Morawska L. Increased close
proximity airborne transmission of the SARS-CoV-2 Delta variant. Science
Total ~Environment. (2021) 816:151499. doi: 10.1016/j.scitotenv.2021.15
1499

36. Arpino E, Grossi G, Cortellessa G, Mikszewski A, Morawska L, Buonanno G,
et al. Risk of SARS-CoV-2 in a car cabin assessed through 3D CFD simulations.
Indoor Air. (2022) 32:¢13012. doi: 10.1111/ina.13012

37. Stabile L, Pacitto A, Mikszewski A, Morawska L, Buonanno G. Ventilation
procedures to minimize the airborne transmission of viruses in classrooms. Build
Environ. (2021) 202:108042. doi: 10.1016/j.buildenv.2021.108042

38. Gale P. Thermodynamic equilibrium dose-response models for
MERS-CoV infection reveal a potential protective role of human
lung mucus but not for SARS-CoV-2. Microb Risk Anal. (2020)

16:100140-100140. doi: 10.1016/j.mran.2020.100140

39. Henriques A, Mounet N, Aleixo L, Elson P, Devine J, Azzopardi G, et al.
Modelling airborne transmission of SARS-CoV-2 using CARA: Risk assessment for
enclosed spaces. medRxiv. (2021) 2:21264988. doi: 10.1101/2021.10.14.21264988

40. Poydenot F, Abdourahamane I, Caplain E, Der S, Haiech J, Jallon A, et al.
Risk assessment for long and short range airborne transmission of SARS-CoV-
2, indoors and outdoors, using carbon dioxide measurements. medRxiv. (2021)
1:21256352. doi: 10.1101/2021.05.04.21256352

41. Buonanno G, Robotto A, Brizio E, Morawska L, Civra A,
Corino F et al. Link between SARS-CoV-2 emissions and airborne
concentrations: Closing the gap in understanding. ] Hazard Mater. (2022)
428:128279. doi: 10.1016/j.jhazmat.2022.128279

42. European Committee for Standardisation. UNI EN 16798-1 - Energy
Performance of Buildings - Ventilation for Buildings. Indoor Environmental
Input Parameters for Design and Assessment of Energy Performance of Buildings
Addressing Indoor Air Quality, Thermal Environment, Lighting and Acoustics.
Module M1-6. Brussels (2019).

43. European Committee for Standardisation. CEN/TR 16798-2:2019 - Energy
Performance of Buildings - Ventilation for Buildings - Part 2: Interpretation of the
Requirements in EN 16798-1 - Indoor Environmental Input Parameters for Design
and Assessment of Energy Performance of Buildings Addressing Indoor Air Quality,
Thermal Environment, Lighting and Acoustics (Module M1-6). Brussels (2019).

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1087087
https://doi.org/10.15585/mmwr.mm7111e2
https://www.miur.gov.it/-/scuola-gestione-dei-casi-di-positivita-inviata-la-nota-operativa-per-l-applicazione-del-decreto-legge-approvato-il-5-gennaio
https://www.miur.gov.it/-/scuola-gestione-dei-casi-di-positivita-inviata-la-nota-operativa-per-l-applicazione-del-decreto-legge-approvato-il-5-gennaio
https://www.miur.gov.it/-/scuola-gestione-dei-casi-di-positivita-inviata-la-nota-operativa-per-l-applicazione-del-decreto-legge-approvato-il-5-gennaio
https://www.miur.gov.it/documents/20182/0/Nota+tecnica+-+Indicazioni+per+l%E2%80%99individuazione+e+la+gestione+dei+contatti+di+casi+di+infezione+da+SARS-CoV-2+in+ambito+scolastico.pdf/838ef7ff-225c-2cbe-f3b8-a90448e10fc9?version=1.0&t=1636204411355
https://www.miur.gov.it/documents/20182/0/Nota+tecnica+-+Indicazioni+per+l%E2%80%99individuazione+e+la+gestione+dei+contatti+di+casi+di+infezione+da+SARS-CoV-2+in+ambito+scolastico.pdf/838ef7ff-225c-2cbe-f3b8-a90448e10fc9?version=1.0&t=1636204411355
https://www.miur.gov.it/documents/20182/0/Nota+tecnica+-+Indicazioni+per+l%E2%80%99individuazione+e+la+gestione+dei+contatti+di+casi+di+infezione+da+SARS-CoV-2+in+ambito+scolastico.pdf/838ef7ff-225c-2cbe-f3b8-a90448e10fc9?version=1.0&t=1636204411355
https://www.miur.gov.it/documents/20182/0/Nota+tecnica+-+Indicazioni+per+l%E2%80%99individuazione+e+la+gestione+dei+contatti+di+casi+di+infezione+da+SARS-CoV-2+in+ambito+scolastico.pdf/838ef7ff-225c-2cbe-f3b8-a90448e10fc9?version=1.0&t=1636204411355
https://doi.org/10.1016/j.buildenv.2016.01.009
https://doi.org/10.1016/j.buildenv.2020.106749
https://doi.org/10.1016/j.scitotenv.2022.155767
https://doi.org/10.1136/bmj-2021-068302
https://doi.org/10.1126/science.abd9149
https://doi.org/10.1038/s41598-020-69286-3
https://doi.org/10.3389/fvets.2021.572012
https://doi.org/10.1002/rmv.2184
https://doi.org/10.1126/science.abg2025
http://www.cdc.gov/niosh/topics/hierarchy/default.html
https://doi.org/10.1016/j.envint.2020.105794
https://doi.org/10.1016/j.envint.2020.106112
https://www.unicas.it/siti/laboratori/lami-laboratorio-di-misure-industriali-sezione-meccanica/airborne-infection-risk-calculator.aspx
https://www.unicas.it/siti/laboratori/lami-laboratorio-di-misure-industriali-sezione-meccanica/airborne-infection-risk-calculator.aspx
https://www.unicas.it/siti/laboratori/lami-laboratorio-di-misure-industriali-sezione-meccanica/airborne-infection-risk-calculator.aspx
https://doi.org/10.1016/j.scitotenv.2021.151499
https://doi.org/10.1111/ina.13012
https://doi.org/10.1016/j.buildenv.2021.108042
https://doi.org/10.1016/j.mran.2020.100140
https://doi.org/10.1101/2021.10.14.21264988
https://doi.org/10.1101/2021.05.04.21256352
https://doi.org/10.1016/j.jhazmat.2022.128279
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	Increasing ventilation reduces SARS-CoV-2 airborne transmission in schools: A retrospective cohort study in Italy's Marche region
	Introduction
	Methods
	Study design and participants
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Data availability statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


