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The purpose of this review was to identify the
effectiveness of environmental control (EC) non-
pharmaceutical interventions (NPIs) in reducing
transmission of SARS-CoV-2 through conducting
a systematic review. EC NPIs considered in this
review are room ventilation, air filtration/cleaning,
room occupancy, surface disinfection, barrier
devices, CO2 monitoring and one-way-systems.
Systematic searches of databases from Web of
Science, Medline, EMBASE, preprint servers MedRxiv
and BioRxiv were conducted in order to identify
studies reported between 1 January 2020 and
1 December 2022. All articles reporting on the
effectiveness of ventilation, air filtration/cleaning,
room occupancy, surface disinfection, barrier devices,
CO2 monitoring and one-way systems in reducing
transmission of SARS-CoV-2 were retrieved and
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screened. In total, 13 971 articles were identified for screening. The initial title and abstract
screening identified 1328 articles for full text review. Overall, 19 references provided evidence
for the effectiveness of NPIs: 12 reported on ventilation, 4 on air cleaning devices, 5 on surface
disinfection, 6 on room occupancy and 1 on screens/barriers. No studies were found that
considered the effectiveness of CO2 monitoring or the implementation of one-way systems.
Many of these studies were assessed to have critical risk of bias in at least one domain, largely
due to confounding factors that could have affected the measured outcomes. As a result,
there is low confidence in the findings. Evidence suggests that EC NPIs of ventilation, air
cleaning devices and reduction in room-occupancy may have a role in reducing transmission in
certain settings. However, the evidence was usually of low or very low quality and certainty,
and hence the level of confidence ascribed to this conclusion is low. Based on the evidence
found, it was not possible to draw any specific conclusions regarding the effectiveness of
surface disinfection and the use of barrier devices. From these results, we further conclude
that community agreed standards for well-designed epidemiological studies with low risk of
bias are needed. Implementation of such standards would enable more confident assessment
in the future of the effectiveness of EC NPIs in reducing transmission of SARS-CoV-2 and other
pathogens in real-world settings.

This article is part of the theme issue ‘The effectiveness of non-pharmaceutical interventions
on the COVID-19 pandemic: the evidence’.

1. Background
Understanding of SARS-CoV-2 transmission has evolved significantly since the beginning of the
pandemic. The rapid spread of SARS-CoV-2 worldwide presented a unique challenge [1,2]. For
instance, in the UK the official number of cases in March 2020 was doubling roughly every 4
days [3]. As public health officials and governments recognized the threat that COVID-19 posed,
slowing the spread of infection became a priority to save lives [4] (table 1).

Many countries implemented isolation of imported cases of COVID-19 and their contacts, but
by late February 2020 cases of community transmission with no links to travel were identified
in the UK and many other countries [5]. The rapidity of the spread and the consequences of
exponential growth in case numbers meant the potential consequences were escalating rapidly.
Like many countries, the UK Government took the unprecedented step of implementing a so-
called lockdown on 23 March 2020, legally a stay at home order to slow the spread of infection
and reduce the impact on health services [4]. However, transmission is complex and depends
on many factors including environmental ones [6–8]. Environmental interventions were therefore
also put in place to try and control the spread of SARS-CoV-2.

Although highly effective in reducing transmission, the adverse social and economic
consequences associated with lockdown [9] meant that this measure could not be sustained
for prolonged periods. Consequently, there was a desire to implement other control measures
that could contribute to preventing a resurgence in the number of infected people. Control
measures implemented during the pandemic were aimed at combating either touch (fomite),
direct person-to-person, short- and long-range aerosol, or a combination of these modes of
transmission.

This review of the impact of environmental controls (ECs) covers ventilation, occupancy,
disinfection and air filtration. ECs are defined as measures which were intended to alter the
potential contamination level of surfaces, imposed barriers to person-to-person contact, and
modified the air within buildings. By focusing on transmission rather than surrogate markers
such as virus detection in the environment, the review seeks to identify the effectiveness of
measures in terms of reduction of transmission in real-life situations. While modelling and
experimental studies help inform our understanding about the role of various ECs, direct
extrapolation of their findings for humans in real-life situations is limited.
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Table 1. Nomenclature.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ACH air changes per hour
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

AOR adjusted odds ratio
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CI confidence interval
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

COVID-19 coronavirus disease 2019
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

EC environmental control
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

EMG environmental and modelling group
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

GRADE grading of recommendations, assessment, development and evaluations
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

HCW healthcare workers
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

HEPA high-efficiency particulate arrestence
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

NPI non-pharmaceutical intervention
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

OR odds ratio
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ppm parts per million
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

qRT-PCR quantitative reverse transcription polymerase chain reaction
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

RNA ribonucleic acid
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ROBINS-I risk of bias in non-randomized studies—of interventions
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

SAGE scientific advisory group for emergencies—UK
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

SARS-CoV-2 severe acute respiratory syndrome-related coronavirus 2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

UVGI ultraviolet germicidal irradiation
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2. Methodology

(a) Search strategy
Systematic searches of databases from Web of Science, Medline, EMBASE, preprint servers
MedRxiv and BioRxiv were conducted in order to identify studies reported between 1 January
2020 and 1 December 2022. All articles reporting on the effectiveness of ventilation, air
filtration/cleaning, room occupancy, surface disinfection, barrier devices, CO2 monitoring and
one-way systems in reducing transmission of SARS-CoV-2 were retrieved and screened. The
search was conducted using medical subject headings (MeSH) terms (electronic supplementary
material).

(b) Study selection
Studies were included in the review if they (i) reported on the transmission of SARS-CoV-2 in
humans or animals and (ii) reported how transmission is impacted by the implementation of
the following EC NPIs: ventilation, air cleaning devices, surface disinfection, room occupancy
modification, barrier devices, CO2 monitoring and one-way systems. Papers were excluded if
they

1. did not consider the transmission of SARS-CoV-2 between humans or animals
2. did not include a comparison between groups that implemented the NPI and groups that

did not
3. were modelling studies with no original data
4. were experimental studies that used model aerosols with no SARS-CoV-2 virus
5. were studies on environmental sampling alone
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6. did not include original research such as review papers etc.
7. were not published in English.

(c) Data extraction
Three authors (A.M., C.I. and M.C.) screened the retrieved articles based on the title and abstract
of the references. The obtained references were screened a second time by one reviewer (A.M.)
to further exclude references based on criteria 3–6 listed above in §2b. A second reviewer (C.I.)
reviewed 5% of the exclusions. Four reviewers (A.M., C.I., M.C. and S.F.) then performed a
full text review in order to select the final papers based on the inclusion/exclusion criteria
in §2b. Each paper selected for full text review was reviewed first by one reviewer (A.M.)
and inclusion/exclusion decisions that were not straightforward were reviewed by a second
reviewer (C.I., M.C. or S.F.). Disagreements were then subsequently resolved by a third reviewer.
The following variables were noted in the final papers: country, setting, environmental NPI
implemented, sample size, SARS-CoV-2 transmission results and other factors associated with
transmission. Where available the following data were also summarized: measurements related
to the environmental NPI considered (air changes per hour (ACH) or l s−1 for ventilation,
area/volume available per person for occupancy); the number of infected subjects in the cases
with and without the NPI implemented.

(d) Risk of bias in included studies
Three authors (M.C., A.M. and C.I.) made an assessment of methodological study quality using
a Cochrane ‘risk of bias’ tool for non-randomized studies. Risk of bias assessment for each study
using ROBINS-I is included in table 2. GRADE was then used to assess evidence quality for
each review, table 3. Evidence quality was downgraded from ‘high quality’ by one level for each
serious issue identified in the domains of risk of bias (imprecision, indirectness, inconsistency
and publication bias), and upgraded by one level for each factor which increased the quality
of evidence including the domains of large magnitude of effect, residual confounding and
dose–response gradient.

3. Results
In total, 13 971 unique articles were identified in the systematic search. A total of 3217 of these
were retrieved based on initial title and abstract screening. Further screening of the titles and
abstracts based on the inclusion/exclusion criteria in §2b reduced the number of articles for full-
text review to 1328. Only 19 of these studies met the inclusion criteria for the review; those which
had been initially identified through pre-print servers were subsequently published following
peer review, and it was the peer reviewed version which was included. For a detailed description
of the number of references at each stage, see the Prisma flowchart in figure 1. Overall, the 19
studies included here provide evidence for the effectiveness (or ineffectiveness) of the following
NPIs: ventilation (n = 12) [10–21]; air filtration/air cleaning devices (n = 4) [17,26–28]; surface
disinfection (n = 5) [20–24]; room occupancy (n = 6) [11,12,16,24–26]; and screens/barriers (n = 1)
[17]. No evidence was found on the use of CO2 monitoring or one-way systems in reducing
transmission. These 19 studies covered a range of settings: healthcare facilities (n = 6) [18, 20,22–
24]; residential (n=3) [10,11,21]; meat-processing plants (n = 2) [12,14]; school classrooms (n = 2)
[16,17]; an overnight camp (n = 1) [25]; a bus (n = 1) [13]; a restaurant (n = 1) [26]; and an oilfield
(n = 1) [15]. Two studies were laboratory studies using animal models (n = 2) [27,28]. Table 4 in
appendix provides a summary of the information extracted from these 19 references.

All of the included studies were found to have critical or serious risk of bias in at least one
domain, see §4.
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Table 2. ROBINS-I assessment of the included references—domain 1 pre-intervention confounding; domain 2 selection bias;
domain 3 classification of intervention; domain 4 post-intervention confounding; domain 5 missing data; domain 6 bias in
measurement; domain 7 reporting bias. Overall risk of bias assessment 0, No information; 1, low; 2, moderate; 3, serious;
4, critical; EC NPI; V, ventilation, O, occupancy; ACD, air cleaning device; D, disinfection; S, screens.

study domain 1 domain 2 domain 3 domain 4 domain 5 domain 6 domain 7 EC NPI

Li et al. [10] 3 3 3 3 2 2 2 V
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Oginawati et al. [11] 4 1 1 2 2 3 2 V,O
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Walshe et al. [12] 3 2 3 3 2 1 2 V,O
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ou et al. [13] 3 2 2 3 2 2 2 V
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pakora et al. [14] 4 3 3 4 3 4 2 V
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Nabirova et al. [15] 4 3 3 3 3 4 2 V
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Baumgarte et al. [16] 4 3 2 4 2 3 2 V,O
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Gettings et al. [17] 4 3 3 4 3 4 2 V,ACD,S
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Feathers et al. [18] 3 2 4 3 2 4 2 V
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Dancer et al. [19] 2 4 3 2 4 2 V
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Guedes et al. [20] 4 3 3 4 3 4 2 V,D
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Wang et al. [21] 4 3 3 4 3 4 2 V,D
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Atnae et al. [22] 4 3 2 4 3 4 2 D
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Kerai et al. [23] 4 3 3 4 3 4 2 D
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Telford et al. [24] 4 3 3 4 3 3 2 O,D
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Szablewski et al. [25] 4 3 3 4 2 2 2 O
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cheng et al. [26] 4 4 4 4 2 3 2 ACD,O
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fischer et al. [27] 1 1 1 2 2 1 2 ACD
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Zhang et al. [28] 1 1 1 2 2 1 2 ACD
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3. GRADE assessment of the included references—factors that can reduce quality: domain 1 limitations in study design
or execution; domain 2 inconsistency of results; domain 3 indirectness of evidence; domain 4 imprecision; domain 5 publication
bias; factors that can increase the quality: domain 6 largemagnitude of effect; domain 7 residual confounding; domain 8 dose–
response gradient. Assessment↓–assessed down 1 or 2 levels;↑–assessed up 1 or 2 levels; - –no effect.

factors that can reduce quality factors increase the quality

study domain 1 domain 2 domain 3 domain 4 domain 5 domain 6 domain 7 domain 8

ventilation ↓2 ↓2 ↓1 ↓2 — — — —
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

air cleaning

devices ↓2 ↓2 ↓1 ↓2 — — — —
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

occupancy ↓2 ↓2 ↓1 ↓2 — — — —
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

disinfection ↓2 ↓1 ↓2 ↓2 — — — —
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(a) Ventilation
Among the 12 studies that considered the effectiveness of ventilation on the transmission of
SARS-CoV-2: (i) six studies provided evidence suggesting improved ventilation decreases SARS-
CoV-2 transmission, (ii) three studies found no association between improved ventilation and
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database searching
(n = 21 047)

screened after
de-duplication (n = 13 971)

excluded records (n = 10 754)

after 1st round abstract/title
search (n = 3217)

excluded records (n = 1889)
no EC NPI (n = 193)

not COVID-19 (n = 57)
modelling (experimental
and numerical) (n = 715)

virus survival, load,
removal etc. (n = 288)

novel method (n = 122)
review (n = 393)

opinion, knowledge
practice etc. (n = 75)

negatives of NPI (n = 46)

full-text articles screened
(n = 1328)

excluded records (n = 1309)
no EC NPI (n = 170)

no transmission measured (n = 451)
no association (n = 146)
modelling (experimental
and numerical) (n = 152)

environmental sampling (n = 119)
review/background (n = 232)

not primary research/review (n = 29)
not english (n = 4)

not accessible (n = 6)

included
(n =19)

ventilation
(n = 12)

air filtration/
purification (n = 4)

occupancy
(n = 6)

disinfection
(n = 5)

barrier devices
(n = 1)

CO2 monitoring
(n = 0)

one-way
systems (n = 0)

Figure 1. Flowchart representing the procedure followed for selecting the studies included in this review.

transmission and (iii) three studies considered the impact of a combination of NPIs that included
ventilation, therefore making it difficult to determine the effect on transmission of ventilation
alone.

Positive association: Six (of 12) studies provided evidence suggesting improved ventilation
decreases SARS-CoV-2 transmission. Only two of these studies directly measured ventilation
rates, either experimentally (Walshe et al. [12]) or using a combination of experiments and
computational fluid dynamics (CFD) (Ou et al. [13]). These studies present the strongest evidence
on the effectiveness of increased ventilation [12,13]. Walshe et al. [12] measured the ventilation
rates in two areas of a meat-processing plant that experienced different rates of transmission
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during a SARS-CoV-2 outbreak. These areas were: (i) the ‘boning hall’ which experienced higher
transmission and had a measured ACH ≈ 0.4–0.5; and (ii) the ‘abattoir’ which experienced lower
levels of transmission and had a measured ACH ≈ 8. Ou et al. [13] measured the ventilation rates
in two buses with slightly different secondary infection rates after an infected index case travelled
in them: (i) 7/46 (15%) passengers tested positive after travelling in bus B1 which had a ventilation
rate of 1.72 l s−1 per person and (ii) 2/17 (12%) passengers were infected after travelling in bus B2
which had a ventilation rate of 3.22 l s−1 per person. In both of these studies, the measurements
showed that the setting with increased ventilation had lower transmission. However, there were
confounding factors that reduce confidence in this conclusion. Most importantly, Walshe et al.
[12] noted that in addition to the different ventilation rates in the boning hall and abattoir, the
occupancy rates were also different, with higher transmission also being associated with the
higher occupancy area (see §3b). Therefore, the study in fact showed that the combination of
improved ventilation and lower occupancy was associated with lower transmission. This limits
the quantification of the effect of ventilation alone.

Additionally, the viral load present in the boning hall (where the outbreak originated) may
have been different from that in the abattoir, which could have impacted the differences in
secondary infection rates. In the study of the two buses (Ou et al. [13]), the exposure times to
the index case were reported to be different, an important factor that could also have affected the
secondary infection rates.

In two of the other studies which showed decreased transmission with increased ventilation
(Oginawati et al. [11] and Baumgarte et al. [16]), ventilation rate was not directly measured;
instead, the ventilation rate was simply inferred from the dimensions of the setting (such as the
area of the available windows, doors etc.) and expected flow rate. Oginawati et al. [11] considered
secondary infection rates in 38 houses and showed a statistically significant correlation between
inferred improved ventilation and lower secondary infection rates. Baumgarte et al. [16] reported
on an outbreak where the index case, a teacher, taught in four different classrooms. The classroom
that had the highest secondary infection rates was found to have an inferred lower rate of
ventilation than the other three classrooms. However, the classes were taught on two different
days, the personal protective behaviour of the teacher was different on these two days (with
the least impacted classrooms having been taught on the day when the teacher had improved
personal protective behaviour), and the viral load present in the respiratory tract of the teacher
might also have been different on the two days.

The presence/absence of a ventilation system was assessed through questionnaires in the
studies by Gettings et al. [17] and Pokora et al. [14]. Gettings et al. [17] studied 169 schools
and found that SARS-CoV-2 transmission was 35% lower in classrooms which implemented
air dilution methods of ventilation (opening doors, opening windows or using fans) alone.
They also further showed that in classrooms which incorporated air dilution methods along
with air cleaning devices (high-efficiency particulate arrestance (HEPA) filter and/or ultra–
violet germicidal irradiation (UVGI)) transmission was reduced by as much as 48% (see
also §i). Pokora et al. [14] analysed 22 meat and poultry plants and concluded that the
presence of a ventilation system statistically reduced the chances of workers testing positive for
SARS-CoV-2.

No association: Three (of 12) studies showed no significant association between the presence
of a ventilation system and SARS-CoV-2 transmission. In all three studies, data were collected
through questionnaires or interviews. Wang et al. [21] studied secondary infection rates among
124 families. Guedes et al. [20] considered healthcare settings of Hemodialysis units and studied
the association between different NPIs and the presence of COVID-19 clusters. Nabirova et al. [15]
considered oilfield workers who lived in camps, and compared different variables associated with
workers from the same camp who tested positive and negative for SARS-CoV-2. In the study by
Wang et al. [21], there was a SARS-CoV-2 patient present in each family but there was no record of
the amount of virus being emitted by the index case. Similarly, in the study by Guedes et al. [20],
there was no record of the infectiousness of the index cases nor whether clusters were all derived
from a single infector (there was no sequencing) or just a number of non-associated infections
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from the community; there were also multiple NPIs applied in these settings. In all three studies,
ventilation was one of several different factors considered and although no significant association
was found between the presence of a ventilation system and COVID-19 outcomes confidence
in all these studies is weak, which is borne out in the GRADE ROBINS-I analysis, tables 2
and 3.

Unclear association: Three (of 12) studies considered ventilation in combination with a range
of other NPIs (Li et al. [10] Dancer et al. [19] and Feathers et al. [18]) and do not enable
one to determine the effect of ventilation alone, although they provide an understanding of
how different NPIs can work together to affect transmission. Li et al. [10] found that in a
residential setting increased ventilation (measured using CO2 tracer decay) in combination with
lower adherence to masking (adherence qualitatively assessed) was associated with increased
transmission.

Feathers et al. [18] and Dancer et al. [19] studied outbreaks in healthcare settings, where
after detecting the outbreak, multiple NPIs which included ventilation were implemented. Case
numbers decreased after implementation of the NPIs. However, this decrease occurred against
declining background infection rates and the vaccination status of the population studied in
Dancer et al. [19] changed over the study period. These reasons, along with the fact that multiple
NPIs (including screening, masking etc.) were simultaneously applied, preclude confident
conclusions regarding ventilation alone from these studies.

(i) Air cleaning devices

All of the four studies that considered the effectiveness of air cleaning devices reported evidence
for reduced viral transmission [17,26–28]. However, in one of the reports by Cheng et al. [26], the
differences between the populations studied made it hard to establish a clear association.

Positive association: The only controlled laboratory experiments identified in this review were
undertaken by Fischer et al. [27] and Zhang et al. [28], and they showed a positive association
between air cleaning and reduced SARS-CoV-2 transmission. Both studies involved animal
models. Fischer et al. [27] separated two infected donor hamsters from two naive hamsters. The
boxes housing each group were connected by a tube that either (i) had a UV-C light treatment
fitted inside it for one experiment or (ii) no UV-C light fitted inside for the other one. SARS-
CoV-2 genomic material was found in the naive hamsters occupying the box without UV-C light
treatment fitted to the connecting tube, demonstrating that they had become infected. By contrast,
SARS-CoV-2 genomic material was not found in the group with UV-C light treatment. Zhang et al.
[28] showed that, in the presence of three infected hamsters, a negative ionizer protected three
naive hamsters in separate cages from aerosol transmission. They also showed that the ionizer
provided no protection for direct-contact transmission [28]. However, it is important to note that
the concentration of SARS-CoV-2 in the air was not measured in either of these studies, and the
dose–response of animal models is likely to be different to that of humans.

Gettings et al. [17] (already mentioned in §3a) studied 169 schools using questionnaires and
showed that while the presence of air dilution methods of ventilation reduced SARS-CoV-2
transmission by 35%, when air dilution was combined with air cleaning devices (HEPA
filter and/or UVGI) the transmission was reduced by as much as 48% [17]. However, the
ventilation rates were not measured in this study and it was also conducted over a short time
period.

Unclear association: Cheng et al. [26] studied two outbreaks in restaurants R1 and R2 and found
that lower transmission occurred in the restaurant with air cleaning devices (2.6% secondary
infection rate in R2 from one index case) than in the restaurant with no air cleaning devices (33.7%
secondary infection rate in R1 from an unknown number of index cases). However, the diners in
restaurant R2 were vaccinated whereas the diners in R1 were not [26], the number of index cases
present in R1 was not reported in the study, and the reported occupancy rates in R1 and R2 were
different. Consequently, it is not possible to establish the effect of air cleaning devices alone from
this study.
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(b) Occupancy
Among the six studies that considered the impact of room occupancy on SARS-CoV-2
transmission, (i) four studies provided evidence suggesting that decreasing room occupancy
leads to a reduction in SARS-CoV-2 transmission, (ii) one study concluded that there is no
association between room occupancy and transmission and (iii) one study showed unclear
association.

Positive association: Walshe et al. [12] (see also §3a) considered two regions of a meat factory
and found that the area with higher occupancy (5.1 m2 floor area per person in the ‘boning
hall’) experienced higher transmission than the area with lower occupancy (15.2 m2 floor area per
person in the ‘abattoir’). However, the abattoir had a higher ventilation rate than the boning hall.
The study therefore shows that settings with higher ventilation rates and lower occupancy have
lower transmission risk, but isolating the effect of occupancy is impossible in this case. The second
of these studies, Telford et al. [24], used questionnaires to study long-term care facilities (LTCFs)
and found that only 10% of LTCFs with a high prevalence of COVID-19 enforced maximum
occupancy limits in enclosed spaces, while 64% of LTCFs with lower prevalence of COVID-19
enforced such restrictions. However, the different LTCFs also employed PPE, disinfection, and
symptom screening in differing ways or at different rates and hence it was not possible to establish
the effect of occupancy alone. Szablewski et al. [25] considered a sleep-away youth camp and
found that the median SARS-CoV-2 attack rate was 50% (IQR 35–59%) when the median cabin
occupancy was 11 and that the attack rate increased to 67% (IQR 54–72%) when the median cabin
occupancy increased to 24. However, the different occupancy rates were observed at two different
times of camp when the total numbers of infected people present were unknown. Close contact
mixing also occurred outside the sleeping cabins, thus limiting the strength of the association. The
final study by Baumgarte et al. [16] showed that in an outbreak caused by an infectious teacher
who taught in four different classrooms, the classroom which had the highest transmission
also had slightly higher occupancy rates (5.33 m3 room volume per person compared with
5.63 m3, 6.33 m3 and 6.33 m3, respectively, in the other three classrooms). However, similar to
the study by Walshe et al. [12], the setting with higher transmission and higher occupancy
also had lower ventilation rates, preventing definitive quantitation of the effect of occupancy
alone.

No association: One study (Wang et al. [21]) reported no association between occupancy rates
and transmission. They used questionnaires and interviews to consider secondary transmission
in 124 families. Crowding of the household (measured as the residential area per capita) was one
of a number of different factors considered and using statistical analysis they concluded that this
factor did not have a significant impact on transmission.

Unclear association: Oginawati et al. [11] concluded that decreasing occupancy rates (measured
as the residential area per capita) was associated with increased transmission in a residential
setting. However, the authors attributed this result to the likelihood (based on trends in the area
studied) that larger houses generally contained more family members (i.e. more people in the
same house), and therefore a larger susceptible population for each index case. The significance
for the association between lower occupancy rates with higher transmission in this study was
therefore confounded by the measure of occupancy used.

(c) Surface disinfection
Five studies were identified that considered the effectiveness of surface disinfection on
transmission of SARS-CoV-2: (i) three showed a positive association, i.e. enhanced disinfection
was associated with reduced transmission and (ii) two studies showed no association between
disinfection and transmission. These studies relied on data collected through questionnaires,
interviews or site visits.

Positive association: Atnafie et al. [22] and Kerai et al. [23] considered healthcare settings.
Atnafie et al. [22] used data collected through questionnaires to show that hospital workers
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in an institution which did not decontaminate high touch surfaces had 2.5 (AOR = 2.52,
95% CI = 1.12–5.65) times the risk of getting infected compared with workers from institutes
that decontaminated high touch surfaces. Similarly Kerai et al. [23] compared healthcare workers
(HCWs) via questionnaire from a healthcare centre who tested positive to SARS-CoV-2 after
exposure to a COVID-19 positive person, to HCWs from the same healthcare centre who tested
negative (control cases), and concluded that the risk of infection among HCWs in a hospital
increased by 41% if the decontamination practices of high touch surfaces were perceived to be
inadequate by the HCWs. However, no sampling of environmental surfaces was undertaken,
which weakens confidence in the conclusions. Wang et al. [21] considered secondary infection
rates in 124 families (with at least 1 COVID-19 positive patient) and found that daily disinfection
using chlorine or ethanol-based products was 77% effective (OR = 0.23, 95% CI 0.07–0.84) in
reducing secondary transmission.

Both of the studies on healthcare settings (Atnafie et al. [22], Kerai et al. [23]) were based on the
perceptions of HCWs of their own implementation of surface disinfection, rather than an objective
assessment of the implementation of decontamination policies. Furthermore, in the study by
Kerai et al. [23], it was unclear whether the control cases were actually in contact with a COVID-19
positive patient during the study duration. These issues mean that the level of confidence which
can be ascribed to their conclusions is low.

No association: Guedes et al. [20] studied haemodialysis units through questionnaires and
Telford et al. [24] studied long-term care facilities through virtual and in-person site visits. In both
cases, they found no difference in transmission among the settings that implemented enhanced
disinfection measures and settings that did not. These studies would have benefited from some
actual environmental measurements such as surface samples for genomic SARS-CoV-2 or air flow
measurements to complement the findings from the questionnaires.

(d) Barrier devices
Only one of the identified studies considered the impact of barrier devices on transmission.
Gettings et al. [17] (also considered above in §3a and i) found no association between the use
of screens and transmission of SARS-CoV-2. They studied 169 school classrooms through surveys
and found that the incidence of SARS-CoV-2 in schools that implemented barriers in some/no
classrooms was similar to those which implemented barriers in all classrooms.

(e) CO2 monitoring and one-way systems
No evidence was found for the effectiveness (or ineffectiveness) of the EC NPIs of CO2 monitoring
and one-way systems in reducing transmission of SARS-CoV-2.

4. Risk of bias assessment
The risk of bias assessment for each domain across all included studies is given in table 3.
Seventeen of the 19 studies were observational and two were laboratory controlled animal
studies. Only studies that made a comparative analysis, either by means of before and after
assessment or comparing similar settings, were included. However, in most studies, there was
a critical or serious risk of bias in at least one domain. Many studies were assessed to have a
critical risk of bias due to an inability to control for other NPIs, other environmental factors,
non-adjustment of host factors including demographics, socio-economic status or susceptibility
status. In the majority of studies, there was also a high risk of selection bias, where the selection
of a certain group or environment was not clear or specified. There was also a high risk of
information bias and bias in participant-reported outcomes. As a result, the quality of evidence
was downgraded using the GRADE methodology for most comparisons.
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5. Discussion
For all but one of the NPIs considered there were studies that reported a positive association (i.e.
that the NPI reduced transmission), no association (i.e. that the NPI was ineffective for reducing
transmission) and unclear association. Most of the studies were based on retrospective analyses of
real-world settings with many factors either left uncontrolled or not measured including; the viral
load of the infectors, the number of infectors, the size of the susceptible population, infection risk
of the host outside the investigated setting, and the influence of other NPIs etc. [29]. These factors
can influence the risk of transmission; for example, the viral emission in aerosols emitted from
infected subjects during different respiratory activities such as breathing, talking and singing have
been reported to vary between 0 and 107 RNA copies per hour and the total volume of aerosols
emitted is dependent on respiratory activity [30–36].

Due to such confounding factors, many of the studies reported in §3 have a high risk of bias.
Additionally, in most real-world settings, a combination of NPIs was generally employed

together to reduce transmission, thereby making it difficult to determine the effect of a single
NPI from observations of these settings. Many of the studies reported in §3 used questionnaires,
interviews or surveys to collect data, thereby introducing potential bias in the data. For the few
studies that measured the impact of the different NPIs in settings where there were recorded
transmission events, the exact conditions (environmental, occupancy etc.) that were present
during the transmission event were not fully documented, thereby weakening the confidence
in the conclusions. Two laboratory animal studies were identified in this review. However,
transmission between segregated infected and naive hamsters in controlled environments is not
directly comparable to socially mixing humans. Furthermore, the sample size of these animal
studies (of infectors and infectees) was very small, and there was a lack of measurement of
factors such as the amount of virus present in the environment. The combination of these factors
reduces the confidence of findings from these studies in terms of how they may relate to human
transmission of SARS-CoV-2.

(a) Additional evidence from studies that did not meet the strict criteria for the review
Studies that were published outside of the date range for the review or did not directly provide
evidence for the effectiveness of the NPIs, but instead just suggested an association between the
NPI and transmission, were excluded from the results section of this review. However, some of
these studies do provide insights into the NPIs and are therefore briefly discussed here. The choice
of which ‘excluded’ studies to discuss is not exhaustive, but chosen to represent the breadth of
the material discovered in the literature.

Ventilation and air filtration: There are studies that report on outbreaks where, in the absence
of adequate ventilation, the authors attributed long-range airborne transmission as the dominant
transmission route [37–50]. They suggested that increased ventilation could reduce transmission.
However, these studies did not make clear comparative assessments, making it challenging
to confidently determine the effectiveness of this NPI. Indeed, two modelling studies of
superspreading events (Miller et al. [37] and Vernez et al. [48]) showed that improving ventilation
would not have significantly reduced transmission rates unless the length of exposure was also
reduced. There are a number of reports of SARS-CoV-2 outbreaks in spite of adequate ventilation
rates or the installation of air filtration units to improve air quality [51–57]. From these studies,
one can infer that the viral load of the index case was particularly high or that other routes
of transmission were important. One study reported increased ventilation as the likely cause
for the transmission of the virus between two people residing in adjacent buildings that are
placed unusually close to each other [58]. The authors attribute the transmission to the increased
ventilation in the room of the infector which created a flow of contaminated air to the room of the
infectee.

Some studies found a correlation between the probability of getting infected and the location
of people relative to the air handling units in the setting [43,59]. These studies suggest that
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exposure to air flows from air handling units can enhance transmission or function as a direct
route of transmission. However, these types of investigations did not take into account several
confounders including but not limited to the risk of infection in another setting, the impact of
other measures and human behaviour. Another study conducted in the setting of a cruise ship
found no association between the location of cabins with respect to air handling units and the
infection rates in cabins [60]. Finally, a study comparing an outbreak of influenza in a warship to
an outbreak of COVID-19 in a cruise ship found that the warship with air filtration units and a
relative negative pressure sick room contained the outbreak better than the cruise ship which had
neither system. However, since the viruses are different and the combinations of other NPIs were
different, definitive conclusions are not possible.

The analysis of air samples for SARS-CoV-2 genomic material (SARS-CoV-2 RNA by RT-
PCR) is a method widely used for assessing the impact of ventilation and air cleaning devices.
A number of studies have shown some reduction in SARS-CoV-2 genomic material in the air
samples collected from hospitals with COVID-19 patients and enhanced ventilation [61,62]. HEPA
filtration has also been shown to reduce the likelihood of detecting SARS-CoV-2 in air samples in
bedrooms of SARS-CoV-2 positive isolating individuals [63]. However, in the study by Myers
et al. [63], it was found that in some cases greater quantities of SARS-CoV-2 genomic material
were detected in rooms with HEPA filters than those without. This may have been due to
reasons such as different viral emission rates of the infectious occupants or the differences in
the lengths of time individuals spent in the rooms. Parhizkar et al. [64] showed that enhanced
ventilation and filtration significantly reduced aerosol and surface genomic viral loads of SARS-
CoV-2 subjects housed in a controlled environment. Laboratory studies have also been able to
demonstrate a reduction of SARS-CoV-2 genomic material when air cleaning technologies are
employed and also demonstrate the removal of viable SARS-CoV-2 virus using a combination of
HEPA filtration and UV (although amounts not quantified) [65,66]. However, demonstration
of the presence or reduction of SARS-CoV-2 RNA may not directly inform our understanding
of transmission because RNA is not a measure of viable virion. Quantification of viable virus
in these types of studies could provide much better information about the effectiveness of a
given NPI.

Buonanno et al. [67] considered the impact of EC NPIs on the transmission of SARS-CoV-2 but
this was not included as it was published after the time window for the systematic review search.
In this study, SARS-CoV-2 transmission in mechanically ventilated classrooms was significantly
lower than in naturally ventilated classrooms. This difference was attributed to the hypothesized
higher mechanical ventilation rate of >1.4 l s−1 per person, with naturally ventilated classes all
assumed to be ventilated lower than this threshold. However, they did not directly measure
the ventilation rate in any of the classrooms and this assumption is not consistent with other
studies that monitored naturally ventilated classrooms during the COVID-19 pandemic which
observed acceptable ventilation rates [68,69]. Furthermore, several areas of confounders and
bias were identified; for example, transmission outside of classrooms, localized geographical
community infection rates in urban and rural areas were not accounted for, and a single infector
was assumed to account for all other COVID-19 cases in the same classroom over a five-month
period.

Surface disinfection: Contamination of surfaces in houses or hospital wards housing individuals
with COVID-19 suggests that fomite transmission may be possible [70–72]. Lin et al. studied
secondary transmission to HCWs that performed gastrointestinal endoscopy in 11 COVID-19
patients at a hospital in China, where enhanced disinfection strategies were in place both during
and after the procedures. No SARS-CoV-2 transmission to HCWs was reported in the study [73].
However, multiple NPIs were employed in this setting (PPE, increased hand washing etc.) and it
is therefore difficult to determine the effect of disinfection strategies alone. Nevertheless, it can be
stated that the combination of NPIs identified in this study, which includes disinfection, appeared
to reduce transmission to HCWs during endoscopies.

A number of studies involved the swabbing of surfaces in hospitals housing COVID-19
patients and were able to demonstrate reduction in the detection of SARS-CoV-2 genomic material
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after disinfection [74–79]. However, only one of these studies included the testing for viable virus
and no evidence of viable SARS-CoV-2 was detected either before or after cleaning [75]. In some
locations, there was evidence of increased genomic material after disinfection [79]. One drawback
of using surface swabs is that this method may miss areas of contamination. In contrast to such in-
room studies, in vitro disinfection of non-porous surfaces inoculated with inactivated SARS-CoV-2
demonstrated a reduction in detectable genomic material after disinfection [80].

Barrier devices: A type of barrier device (known by different names such as aerosol boxes,
shields etc.) was used during aerosol generating procedures on COVID-19 positive patients in
healthcare settings. There are studies that report zero or reduced transmission to HCWs during
procedures where such barrier devices were employed [e.g. 81, 82]. However, the simultaneous
presence of many other NPIs during such procedures (full PPE etc.) makes it difficult to determine
the effectiveness of barrier devices on their own. In another study set in an office with poor
ventilation, an outbreak from an index case was reported in spite of the presence of plexiglass
screens between the workers [83]. This suggested that barrier devices did not provide adequate
protection against transmission in an environment with poor ventilation and long occupancy
periods. Interestingly, another study, again in an office setting, showed that certain kinds of barrier
devices might in fact lead to increased transmission of SARS-CoV-2 [84]. They used a CO2 tracer
decay method in an office which had a reported outbreak to show that the presence of screens in
the office impeded ventilation, leading to stagnation of air in certain zones.

6. Conclusion
Evidence from the literature suggests that EC NPIs of ventilation, air cleaning devices and limiting
room-occupancy may have a role in reducing transmission in specified settings. However, it is
important to recognize that this conclusion is based on evidence which was usually of low or
very low quality and hence the level of confidence ascribed to it is low. There were two significant
challenges that limited the confidence in evidence for the effectiveness of many NPIs examined:
(a) the low number of studies and (b) the low-quality assessment of the identified studies. What
does this mean for the future? It is recommended that future studies on NPIs should be prioritized
where there is a current lack of evidence on the effectiveness on transmission and where they have
significant implementation cost including: (i) enhanced surface disinfection, (ii) use of barrier-
devices, (iii) CO2 monitoring and (iv) one-way systems.

Many of the studies identified herein had a critical risk of bias mainly due to confounding
factors. It is suggested that international level checklists/guidelines/protocols for both field
and laboratory studies on pathogen transmission are established in order to ensure optimum
utilization of available research resources. A more standardized approach focused on reducing
confounding factors would equip future researchers with the tools that would enable a higher
degree of confidence to be associated with their conclusions.

Only 19 studies from the initial dataset of 13 971 references addressed the issue of the
effectiveness of EC NPIs on the transmission of SARS-CoV-2 in humans or animals (with two
studies considering transmission in animals). The paucity and low quality of evidence makes it
challenging to draw firm conclusions regarding the effectiveness of implementing these NPIs in
the future to control the spread of SARS-CoV-2. This is exacerbated by apparently contradictory
findings for almost all NPIs investigated (in that at least one study reported the opposite
conclusion to the others). The review did not involve simply counting the number of studies
for and against; the robustness of each study and findings were assessed and the extent to which
confounding factors played a role was also considered. A majority of the studies were found to
provide only low-quality evidence mainly due to the presence of many confounding factors in
the study design.

The evidence identified for surface disinfection and barrier devices (screens) does not permit
conclusions to be drawn regarding their effectiveness against SARS-CoV-2 transmission. While
this does not mean that they are ineffective, their effect on SARS-CoV-2 transmission is not yet
known. No studies were found that discussed the effect of CO2 monitoring or the implementation
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of one-way systems on the transmission of SARS-CoV-2. Further studies are required to judge the
effectiveness of these NPIs.

Evidence, although of low quality, was found which showed increased ventilation and use
of air cleaning devices reduced the transmission of SARS-CoV-2 in some situations. There was
evidence, also of low quality, that decreasing the occupancy levels within some settings was
found to be effective in reducing the transmission of SARS-CoV-2. An important caveat is that the
evidence for these measures is limited to the settings that were studied and cannot necessarily be
extrapolated beyond these. There is no evidence on the implementation of EC NPIs that provides
any information on their effectiveness in altering transmission of SARS-CoV-2 at a community or
population level.

In summary, this review has highlighted that there are significant knowledge gaps regarding
the effectiveness of ECs in limiting transmission of SARS-CoV-2. It is extremely challenging to
conduct controlled studies in the midst of a pandemic. However, it is important that lessons can
be learned in these circumstances and protocols should be established to study the effectiveness
of ECs using observational approaches during a pandemic. It is equally important that rigorous
controlled studies are undertaken to study the effectiveness of ECs in experimental studies before
another pandemic strikes.
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Appendix A

Table 4. Summary of the 19 papers which met the inclusion criteria for this review.

reference, year,

country, setting, NPI measurements and data conclusions

Li et al. [10] infection rate (percentage): increased ventilation, but with
lower adherence to masks,
caused increased transmission

Dorm 1: 74%
location: China Dorm 2, Zone N: 16–18%
setting: residential Dorm 2, Zone M: 8%
NPI of interest: ventilation:

EC: ventilation Dorm 1: 12.9–32.4 m3 h−1

oth:masks Dorm 2, Zone N: 28 m3 h−1

Dorm 2, Zone M: 7.7 m3 h−1

masks (qualitative measurement):

Dorm 1: personnel wore no masks
Dorm 2, Zone N: personnel wore cloth masks,
members wore no masks at night

Dorm 2, Zone M: personnel wore cloth masks,
members wore masks

plot of ventilation rates VS infection rates: no clear trend
observable.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Oginawati et al. [11] thirty-eight houses of COVID-19 survivors divided into
three clusters basedon transmission (measuredasno. of
COVID-19 positive familymembers VS total no. of family
members):

(i) increased ventilation shows
reduced transmission

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

location: Indonesia low transmission: 0–50% (ii) Increased personal space
shows increased transmission.
The authors attribute this
trend to presence of larger
total household members, and
therefore larger susceptible
population, in larger houses.

setting: residential intermediate transmission: 50–90%

NPI of interest:
ventilation and occupancy

high transmission: 100%

ventilation and personal space (occupancy) measured
using measuring tape; Pearson correlation coefficient
calculated:

for ventilation r = −0.522

for personal space r = 0.459
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 4. (Continued.)

reference, year,

country, setting, NPI measurements and data conclusions
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Walshe et al. [12] Outbreak in amean processing plant with 111 confirmed
positive asymptomatic cases (estimated attach rate of
38%) in five weeks. Four weeks after first case, 32
workers test positive, among which 16 (50%) were
working in the boning hall. First three symptomatic
workers were from the boning hall.

(i) increased transmission
observed in the Boning hall
with decreased ventilation and
increased occupancy levels, in
comparison to the abattoir

location: Ireland
setting: meat-processing
plant (MPP)

NPI of interest:
Ventilation and occupancy

air quality measurements (CO2 concentrations,
temperature, relative humidity, aerosol particle
numbers) were compared between two regions:

Boning hall with a relatively high proportion:
CO2 concentration and average aerosol particle
concentration increased throughout the day (except
during breaks). Average temperature was 100◦C and
relative humidity 66%. Air re-circulation mechanism in
place. CO2 decay suggests approximately 0.4–0.5 ACH

Abattoir with a relatively low proportion: CO2
concentration decreased throughout the day. Number
of aerosol particles showed no significant change
through the day. Average temperature was 180◦C and
relative humidity 71%. Air extraction mechanisms that
provides approximately 8 ACH (based on volume of air
extracted) in place.

occupancy and screens differed between the two areas:

boninghall: occupancy−5.1 m3 floor area per person;
screens in place

abattoir: occupancy −15.2 m3 floor area per person.
Not clear if screens in place

performance of an air filter also measured based on the
changes to air quality; however transmission difference
before and after installation of the filter not considered

many other NPIs were also in place before the outbreak,
but differences in transmission due to them not
measured

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 4. (Continued.)

reference, year,

country, setting, NPI measurements and data conclusions
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Atnafie et al. [22] Four hundred and eighteen people were studied, with
78 (18.7%) people with reported confirmed COVID-19
exposure and 78 (18.7%) people with confirmed
COVID-19 infection. Data on perceived exposure of the
worker, training need, as well as adherence to different
NPIs including PPE usage, hand-washing habits,
decontamination of high touch surfaces, changing
of masks were collected through questionnaires and
statistically correlated to infection rates.

surface disinfection was found
to reduce transmission in
healthcare settings

location: Ethiopia
setting: government
hospitals and health
centres

EC NPI—surface
disinfection

from statistical analysis they conclude that
hospital workers in an institution that does
not decontaminate high touch surfaces had 2.5
(AOR= 2.52, 95% CI= 1.12–5.65) times the risk of
getting infected when compared to workers from
institutes that decontaminate high touch surfaces

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Kerai et al. [23] eighty-one HCWs with known COVID-19 exposure
were considered as cases and 266 HCWs who were
asymptomatic and tested negative for COVID-19
controls (no data on whether the control HCWs came in
contact with COVID-19 positive patients); data collected
by telephonic interviews

the practice of
decontamination of high
touch surfaces was found to
be statistically correlated to
reduced transmission

location: India
setting: tertiary
care-dedicated COVID-19
hospital

NPI: disinfection the risk of infection was found to increase by a factor of
0.41 if high touch surfaces were not decontaminated

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Telford et al. [24] twenty-four LTCFs totalling 2580 residents with 1004
(39%) residents infected with COVID-19 were included
in the study

(i) maximum occupancy
limits in enclosed places were
observed in facilities with a
lower prevelance of COVID-19
infections

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 4. (Continued.)

reference, year,

country, setting, NPI measurements and data conclusions
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

location: USA — higher-prevelance group (greater than 39%
infection proportion)— 11 LTCFs

(ii) no significant differences in
the adherance to disinfection
strategies were observed in
the groups with higher and
lower prevalence of COVID-19
infections

— lower-prevelance group (lower than 39% infection
proportion)— 13 LTCFs

setting: long-term care
facilities (LTCFs)

adherence to NPIs of Hand Hygiene, Disinfection,
Social Distancing, PPE and Symptom Screening were
considered based on site visits (virtual or in-person)

NPI: room occupancy,
disinfection

maximum occupancy in small enclosed places
(elevators, donning/doffing rooms etc.) was enforced
in 10% of LTCFs in Higher prevalence group versus 64%
in Lower-prevalence group, p= 0.01

differences in adherence to disinfection between the
higher and lower prevalencegroupswasnot statistically
significant

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ou et al. [13] an infected person travelled on two buses B1 and B2.
Ventilation rates on the buses measured using tracer-
decay and CFD

there was increased COVID-
19 transmission on a bus
with lower ventilation rates,
compared to a bus with higher
ventilation rates

location: China —B1: infected people– 7/46 (and 1 more on a return
trip without the index case)

setting: buses
NPI: ventilation ventilation rate—1.72 L/s per person.

area occupied per passenger: 0.6 m2

—B2: infected people—2/17.

ventilation rate—3.22 L s−1 per person

area occupied per passenger: 0.72 m2
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Pokora et al. [14] twenty-two meat and poultry plants with 19 072
employees studied (among which 880 were infected)
6552 employees from plants with many (greater
than 10) infected were included for the statistical
analysis. ventilation information was collected through
questionnaires sent to the MPPs

the presence of a ventilation
system was found to reduce
the infection rates in meat
processing plants

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 4. (Continued.)

reference, year,

country, setting, NPI measurements and data conclusions
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

location: Germany
setting: meat processing
plants (MPPs)

NPI: ventilation they show that having a ventilation system reduced the
chances of testing positive for COVID-19 (OR 0.388; 95%
CI 0.299–0.503)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Gettings et al. [17] one hundred sixty-nine schoolswith 91 893 studies (556
infected) studied; data collected through surveys

(i) ventilation by air dilution
reduced COVID-19 transmission

location: USA
setting: classrooms COVID-19 incidence (adjusted for Coutty level

incidence) was impacted by different ventilation
strategies. Incidence rates were:

(ii) ventilation by air dilution
and purification/filteration
reduced transmission more
than when using dilution alone

NPI: ventilation and
screens

— 39% lower in schools that reportedly improved
ventilation

— 35% lower using air dilution (opening doors,
opening windows or using fans) alone

— 48% lower using air dilution along with
filtration/purification (HEPA filter and/or UVGI)

(iii) the use of screens does not
impact transmission

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

the COVID-19 incidence did not change significantly
between schools that implemented barriers only
in some/no classrooms compared to schools that
implemented barriers in all classrooms

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Feathers et al. [18] (2022) reported 10–20 in-patients during the time of the
outbreak and 10–20 ward sta.. during any time

improved ventilation through
opening windows and using
extractor fans may have
reduced the incidence of
COVID-19

location: UK
setting: hospices for
palliative care patients

During the outbreak 26 patients and 30 sta.. were
infected (measured by laboratory based RT-PCR
testing). After the outbreak, implementation of
following NPIs were advised:

NPI: ventilation — EC NPI: improved ventilation through opening
windows and leaving extractor fans in treatment rooms
on

— other NPI: universal staff masking and
asymptomatic staff screening

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 4. (Continued.)

reference, year,

country, setting, NPI measurements and data conclusions
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

After the measures implemented (adherence to the
NPIs not measured), the number of COVID-19 cases
decreased to zero in threeweeks. However, the decrease
was noticed when the national COVID-19 incidence was
decreasing.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Wang et al. [21] Secondary transmission studied in 335 people from 124
families with at least 1 laboratory confirmed COVID-
19 case. From 41 primary cases, the secondary attack
rate was 23% (77/335). The effectiveness of many NPIs
in reducing secondary transmission was studied. Data
collected through questionnaires and interviews.

disinfection using chlorine or
ethanol-based products was
found to reduce secondary
transmission in households

location: China
setting: residential
NPI: disinfection,
ventilation, occupancy

for reducing secondary transmission:

— daily disinfection using chlorine or ethanol-based
products was 77% effective in reducing secondary
transmission (OR= 0.23, 95% CI 0.07–0.84)

— crowding of the household was not found to be
significant

— duration of ventilation was found to be significant
in univariable analysis, but not in their multivariable
logistic regression analysis

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Guedes et al. [20] One hundred twenty-one Dialysis facilities studied.
The facilities managed 20 984 patients among which
1093 were confirmed of having COVID-19. Four hundred
fifty-nine HCWs tested positive as well. Data collected
through questionnaires.

improvements in ventilation
and disinfection not found to
be associated with decreased
detection of COVID-19 clusters
in haemodyalysis units

location: Brazil
setting: hemodialysis
facilities

NPI: ventilation,
disinfection

presence of COVID-19 clusters (defined as occurrence of
more than 1 COVID-19 case within 7 days during the
same dialysis shift) was found not to be associated with
a range of NPIs; this included cleaning and disinfection
and ventilation

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Szablewski et al. [25] six hundred twenty-seven people attended the camp
and there were 351 COVID-19 positive cases (56% attack
rate)

cabin occupancy ratesmayhave
been one of the factors that
affected COVID-19 attack rates
among campers

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(Continued.)

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

14
 S

ep
te

m
be

r 
20

23
 



25

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A381:20230130

...............................................................

Table 4. (Continued.)

reference, year,

country, setting, NPI measurements and data conclusions
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

location: USA
setting: sleep-away youth
camp

— During orientation: occupancy—cabins with
median occupancy of 11 (range 1–23 occupants).
Attack rate—median cabin attack rate of 50%
(interquartile range (IQR) = 35–59%).

NPI: occupancy — During camp session: occupancy—cabins with
median occupancy of 24 (range 1–26 occupants).
Attack rate—median cabin attack rate of 67% (IQR=
54–72%).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Zhang et al. [28] Tested a negative ionizer for reducing transmission
in hamsters through direct contact and aerosol
transmission. After housing three infected animals
in the same cage with three naive animals for direct
transmission study and with three naive animals
separated by wire frames for aerosol transmission
studies:

they found that the use of
negative ionizer disinfection
reduced aerosol transmission in
hamsters

location, setting: Animal
study

—without the ionizer 3/3 hamsters were infected

NPI: air purification
(negative ionizer)

— with the ionizer 3/3 hamsters were protected from
aerosol transmission

— ionizer did not block direct contact transmission
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Nabirova et al. [15] The study considered 296 PCR-positive cases and
controls were 536 PCR-negative cases who lived in
the same camp. Data collected through telephonic
interviews. The statistical analysis showed that
among environmental factors, only working in air-
conditioned spaces showed a correlationwith increased
transmission, with other factors considered showing
no significant association.

they found no significant
correlation between COVID-19
transmission and working in
ventilated workstations

location: Kazakhstan — working in ventilated spaces was found to be not
correlated with transmission (AOR 0.68 95% CI
0.36–1.24)

setting: oilfield
NPI: ventilation

occupancy was considered but not included in the
analysis because of identified confounding factors

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 4. (Continued.)

reference, year,

country, setting, NPI measurements and data conclusions
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Baumgarte et al. [16] Three hundred sixty-eight students and 117 staff
were tested, out of which 33 students (two students
acquired infection from outside) and three staff tested
positive. Data collected from the health department
and school management and through telephonic
interviews. Spatial conditions of classrooms obtained
from building plans and local data. From one index case
(staff A), the affected classroom from the most affected
to the least affected were:

a school classroom with poorer
ventilation and slightly higher
occupancy rates saw higher
transmission of COVID-19 from
an index patient

location: Germany — C.1 with 3h exposure time (ET)—16 cases, attack
rate (AR) 57.14%

setting: schools — C.2 with 1:3hr ET—8 cases, AR 33.33%

NPI: ventilation and room
occupancy

— C.3 with 1:3hr ET—3 cases, AR 12.5% and

—C.4 with 0.45hr ET—1 case, AR 3.7%

all of the classrooms had lessons taught by the staff A
with C.1 and C.2 having the class on day 3 and C.3 and C.4
on day 4 of the outbreak (staff A had improved personal
protection measures on day 4)

in comparison to C.2, C.3 and C.4, themost affected class
C.1 had

— poorer ventilation configuration (not measured
but analysed through the structure of the available
windows)

—and slightly higher occupancy (5.3 m3 room volume
per person in C.1 compared to 6.3 m3 is C.2 and C.3 and
5.6 m3 in C.4)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cheng et al. [26] compared two restaurant outbreaks R1 (in February
2021) and R2 (in December 2021)

(1) lower transmission observed
in a restaurant with air purifiers
installed and all diners
vaccinated, when compared
to a restraunt where no air
purifiers were installed and all
diners were unvaccinated

location: Hong Kong (2) the restraunt with higher
transmission also had lower
occupancy rates

setting: restaurant outbreak R2: 2.6% secondary attach rate from 1 index
case:

NPI: air purification —ACH: 2.0

— air purifier: 14 UV-C air purifiers

— occupancy: 1.19 m2 area per customer
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 4. (Continued.)

reference, year,

country, setting, NPI measurements and data conclusions
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

— vaccination status: all present had two doses of
COVID-19 vaccines

outbreak R1: 33.7% secondary attach rate (no. of index
cases unknown):

—ACH: 1.2

— air purifier: none installed

—occupancy: 1.82 m2 per customer

— vaccination status: all present not vaccinated
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fischer et al. [27] Two donor hamsters inoculated with SARS-Cov-2 (two
variants nCoV-WA1-2020 or hCoV-19/USA/KY-CDC-2-
4242084/2021 (Delta))were placed in a box separatedby
a tube from two naive hamsters. Two groups of set-ups
were considered

the study found that UV-C
light treatment reduced
transmission in hamsters

location/setting: animal
study

(1) with UV-C light treatment fitted inside the tube
connecting the boxes that housed the donor and naive
hamsters (representative of air treatment in a ducted
system) and

NPI: air purification (2) noUV-C light treatment. Transmissionwasmeasured
using qRT-PCR and enzyme-linked immunosorbent
assay. After 4 h of exposure, all animals in the the no
UV-C treatment group had detectable viable virus. And
no virus was detected in the group with UV-C light
treatment.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Dancer et al. [19] A window opening policy was enforced in three
hospitals on 25th January 2021, along with multiple
other NPIs that included daily surveillance, ward
closures, universal masking, screening, restricting staff
and patient movement and enhanced cleaning. Forty
COVID-19 clusters were observed in three hospitals
between 1st October and 25th January 2021, and only
three clusters occurred between 25th January 2021,
when window opening policy was implemented, and
31st March

window opening may have
caused a decrease in outbreaks
in hospital wards

location: Scotland
setting: hospital wards
NPI: ventilation however, the decrease in outbreaks was observedwhen

(1) the national COVID-19 incidence was decreasing, (2)
when multiple NPIs were implemented together and
(3) when the vaccination status of the population had
changed

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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