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Background: If the different transmission risks of respiratory infectious diseases according to the type of confined
space and associated factors could be discovered, this kind of information will be an important basis for devising
future quarantine policies. However, no comprehensive systematic review or meta-analysis for this topic exists.
Objective: The objective of this study is to analyze different transmission risks of respiratory infectious diseases
according to the type of confined space. This information will be an important basis for devising future quar-
antine policies.

Methods: A medical librarian searched MEDLINE, EMBASE, and the Cochrane Library (until December 01, 2020).
Results: A total of 147 articles were included. The risk of transmission in all types of confined spaces was
approximately 3 times higher than in open space (combined RR, 2.95 (95% CI 2.62-3.33)). Among them, school
or workplace showed the highest transmission risk (combined RR, 3.94 (95% CI 3.16-4.90)). Notably, in the sub-
analysis for SARS-CoV-2, residential space and airplane were the riskiest space (combined RR, 8.30 (95% CI
3.30-20.90) and 7.30 (95% CI 1.15-46.20), respectively).

Discussion: Based on the equation of the total number of contacts, the order of transmission according to the type
of confined space was calculated. The calculated order was similar to the observed order in this study. The
transmission risks in confined spaces can be lowered by reducing each component of the aforementioned
equation. However, as seen in the data for SARS-CoV-2, the closure of one type of confined space could increase
the population density in another confined space. The authority of infection control should consider this paradox.
Appropriate quarantine measures targeted for specific types of confined spaces with a higher risk of transmission,
school or workplace for general pathogens, and residential space/airplane for SARS-CoV-2 can reduce the
transmission of respiratory infectious diseases.

1. Introduction

From ancient times until the present day, many types of respiratory
infectious diseases have been a major threat to humanity. As a recent
representative example, the Spanish flu infected 500 million people and
caused over 1 million mortality during the 1918-1919 pandemic (Tau-
benberger and Morens, 2006). As another example, tuberculosis caused
about 10 million morbidities and about 1.4 million mortalities world-
wide in only 2019 (World Health Organization, 2020). Most impor-
tantly, we are currently struggling amid the upheaval of the COVID-19
pandemic. Despite fierce efforts to overcome this tragic pandemic, this
terrible pandemic is still ongoing.
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Most respiratory infectious diseases spread via droplets or aerosols,
with some cases in which close contact itself plays as a transmission
pathway (Musher, 2003). For these respiratory infectious diseases, a
pathogen-indoor environment interaction is important for infectivity
because the air in confined spaces is shared by all occupants of the space,
and the possibility of droplet transmission is increased in a small
confined closed space (Fujiyoshi et al., 2017).

Infectious disease outbreaks in various confined spaces were re-
ported many times (Chadwick and McCann, 1994; Distasio and Trump,
1990; Kenyon et al., 1996; Lessa et al., 2009; MacIntyre et al., 1995;
Marks et al., 2003). These confined spaces include the residential space
(home or dormitory), the workplace, a closed ward in a hospital, a cruise
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ship, the airplane, and other social gathering sites (bar or restaurant).
According to the type of confined space, the social activities conducted
are different, and accordingly, factors such as the intensity of mixing, the
density of occupants, the staying time, and the total number of occu-
pants are different (Mossong et al., 2008). From this perspective, the
transmission risk of respiratory infectious diseases would differ ac-
cording to the type of confined space.

If the different transmission risks of respiratory infectious diseases
according to the type of confined space and associated factors could be
discovered, this kind of information will be an important basis for
devising future quarantine policies. However, no comprehensive sys-
tematic review or meta-analysis for this topic exists.

Therefore, in this study, the author systematically collected and
analyzed articles that report transmission risks of respiratory infectious
diseases, according to the type of confined space. Considering the
remaining risk of COVID-19 and future pandemics, this quantitative
study will be of great help for securing the public health of future gen-
erations. In addition, this study can provide a concrete evidence base for
deciding quarantine policies and devising quarantine measures.

2. Methods
2.1. Literature search

A literature search was conducted by a medical librarian (informa-
tion specialist, N.K. commented in the Acknowledgement section) in the
library of an author’s affiliation (Medical library, The Catholic Univer-
sity of Korea, Seoul, Republic of Korea). The medical librarian searched
MEDLINE (PubMed), EMBASE, and the Cochrane Library (until
December 01, 2020). (Supplementary material A).

2.2. Inclusion criteria and selection of studies

The inclusion criteria were as follows: (i) The article should deal with
the spread of an infectious disease in a confined space. (ii) The route of
transmission should be airborne or droplet transmission. (respiratory
infection) (iii) Only original research articles were included. (iv) The risk
ratio (RR) or odds ratio (OR) for transmission of an infectious disease in
a confined space, compared with an open space, should be reported in
the article. (v) Only the articles published since 1990 were included. (vi)
Articles written in only English were included.

Primary screening using the title and abstract of each article and final
selection of included studies through full-text review was conducted by
two authors (J.M. and B.R.) independently. Disagreements between the
two authors were resolved by discussion.

2.3. Quality assessment of included studies

The quality assessment of each included study was conducted by two
authors (J.M. and B.R.) independently, using the National Institutes of
Health (NIH) Quality Assessment tool for observational cohort and
cross-sectional studies and case-control studies (https://www.nhlbi.nih.
gov/health-topics/study-quality-assessment-tools). The NIH quality
assessment tool for observational cohort and cross-sectional studies is
composed of 14 questions. Question number 1 deals with a clearly stated
research question. Question numbers 2, 3, 4, and 13 deal with the pos-
sibility of selection bias. Question numbers 6, 8, 9, and 10 deal with the
possibility of exposure misclassification. Question numbers 7, 11, and 12
deal with the possibility of outcome misclassification. Question 14 deals
with the possibility of confounding. Question number 5 deals with the
adequacy of sample size. The quality rating according to the total score
was set as the following: Good for 12-14, Fair for 9-11, and Poor for 0-8.
The NIH quality assessment tool for case-control studies is composed of
12 questions. Question number 1 deals with a clearly stated research
question. Question numbers 2, 4, 5, 6, 7, and 8 deal with the possibility
of selection bias. Question numbers 9, 10, and 11 deal with the
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possibility of exposure misclassification. Question number 12 deals with
the possibility of confounding. Question number 3 deals with the ade-
quacy of sample size. The quality rating according to the total score was
set as the following: Good for 11-12, Fair for 9-10, and Poor for 0-8.

2.4. Data extraction and conversion

Relevant data from each included article, including the study period,
the study country, the causative pathogen, the infectious disease
induced by the pathogen, the type of confined space (environmental
setting), route of transmission for the pathogen, the number of persons
infected versus total population, the type of risk estimate reported (RR
or OR), the risk estimate, the compared baseline status (open space), and
used statistical method, were extracted.

For articles that reported ORs as risk estimates, the ORs were con-
verted into RRs using the method in Zhang et al. (1998) (Zhang and Kai,
1998). The prevalence of infection in the non-exposed population (i.e.,
who had not been in the confined space) reported in each article was
used as the non-exposed prevalence for the corresponding OR. If an OR
was calculated based on a traditional case-control study context that
involves an intentional selection of cases and controls with/without
matching, the non-exposed prevalence could not be determined. It is
because according to the size of controls determined, the non-exposed
prevalence would change. However, if an OR was calculated from a
natural experiment/a cross-sectional study context, the non-exposed
prevalence for this OR can be acquired. Therefore, the OR in the
studies from only this latter group was converted into a RR.

2.5. The examination of publication bias

For the examination of publication bias, the funnel plot for studies
with OR risk estimate and the funnel plot for studies with RR risk esti-
mate were plotted separately. Egger’s regression test was conducted
separately for these two groups of studies. The p-value for publication
bias was set at 0.05.

2.6. The main meta-analysis

Between a fixed-effect model and a random-effect model, all meta-
analyses in this study applied a random-effect model based on the test
of heterogeneity result and conceptual heterogeneity among study
conditions (Borenstein et al., 2021; Nikolakopoulou et al., 2014).
Numerous study conditions were different among included studies, and
this issue will be discussed in the limitation subsection of the Discussion
section. A random-effect model was selected to consider the variability
of these associated conditions. Higgins I-square statistics above 25% and
Cochran’s Q test results with a significance level of less than 0.1 were
considered as ‘heterogeneous’ and used as a supplement measure.

A meta-analysis for all studies with OR risk estimate, all studies with
RR risk estimate, and all studies with RR risk estimate and converted RR
risk estimate were conducted to look over the overall effect of confined
spaces on the transmission risk of various pathogens.

2.7. Subgroup analyses and meta-ANOVA analyses

For the calculation of transmission risks according to each type of
confined space, subgroup analysis according to each type of confined
space was conducted: (i) airplane, (ii) school or workplace, (iii) hospital,
(iv) residential space, and (V) navy ship or cruise ship. This subgroup
analysis was conducted for the studies with RR risk estimate, for the
studies with OR risk estimate, and for the studies with RR risk estimate
and converted RR risk estimate.

For the calculation of transmission risks according to each type of
pathogen, subgroup analysis according to each type of pathogen was
conducted: Mycobacterium tuberculosis, Middle East Respiratory Syn-
drome Coronavirus (MERS-CoV), Severe Acute Respiratory Syndrome
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Coronavirus (SARS-CoV), SARS-CoV-2, Influenza, Measles morbillivirus,
Mumps Orthorubulavirus, Adenovirus, Human metapneumovirus, other
respiratory viruses, Neisseria meningitides, and Bordetella pertussis.

For a more accurate analysis of transmission risks according to each
type of confined space, subgroup analysis according to each type of
confined space was conducted for each group of pathogens in which
similar types of the pathogen were grouped: (i) Tuberculosis group:
Mycobacterium tuberculosis, (i) MERS and SARS group: MERS-CoV,
SARS-CoV, and SARS-CoV-2, (iii) Viruses group: Influenza, Measles
morbillivirus, Adenovirus, Human metapneumovirus, other respiratory
viruses, (iv) Bacteria group: Neisseria meningitides, Bordetella pertussis,
and (v) COVID-19 group: SARS-CoV-2.

For comparing the risk of transmission according to the statistical
method used, subgroup analysis according to the statistical method used
was conducted: (i) Fisher’s exact test, (ii) Chi-square test, (ii)Cochran-
Mantel Haenszel test, (iv) McNemar test, (v) Univariable logistic
regression, (vi) Univariable conditional logistic regression, (vii) Multi-
variable logistic regression, (viii) Multivariable conditional logistic
regression, (ix) Log-binomial regression, (x) Poisson regression.

For all subgroup analyses, a meta-ANOVA analysis was conducted.
The p-value for significance was set at 0.1.

2.8. Statistical software

Through all statistical analyses, R software version 4.0.3 was used.
The package ‘meta’, ‘dplyr’, and ‘data.table’ were used.

3. Results
3.1. Literature searching and screening

Fig. 1 provides the flowchart for literature searching and screening.
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In 3 databases (PubMed, EMBASE, and Cochrane Library), a total of
71,028 articles were searched. Among them, 11,008 duplicate articles
were excluded. After exclusion, using the title and abstract of searched
articles, the primary manual exclusion was conducted. After the exclu-
sion of 59,179 articles, for the remaining 841 articles, a full-text review
was conducted. Through the full-text review, 728 articles not satisfying
the inclusion criteria were excluded. Finally, the remaining 113 articles
and 34 articles searched from bibliographies of relevant articles were
selected as the final included articles.

3.2. The characteristics of included studies

Supplementary material B provides the characteristics of the final
included articles. The study period spread from 1987 to 2020. Study
countries were 17 countries for studies with RR risk estimate and were
33 countries for studies with OR risk estimate. For the route of trans-
mission, only Mumps Orthorubulavirus, Neisseria meningitides, and Bor-
detella pertussis pertain to droplet transmission. Other pathogens pertain
to airborne transmission. The point estimate of RR spread from 0.9 to
26.5, and the point estimate of OR spread from 0.18 to 124.

The quality assessment results of included studies are provided in
Supplementary material C. For RR studies and OR studies with a natural
experiment/a cross-sectional study context, the quality assessment tool
for observational cohort and cross-sectional studies was used. For OR
studies with a traditional case-control study context, the quality
assessment tool for case-control studies was used.

3.3. The examination of publication bias
Each funnel plot for studies with RR risk estimate and for studies

with OR risk estimate are provided in Supplementary material D.
Egger’s p-value for bias was 0.063 for studies with RR risk estimate and

The identified studies from the databases and the bibliographies of searched
articles (n=71,028):
PubMed (n=31,644), EMBASE (n=38,470), Cochrane Library (n=914)

Duplicate articles excluded (n=11,008)
Primary manual exclusion using title and abstract

(n=59,179)

Remaining articles (n=841)
Full-text review

Exclusion of studies not satisfying the inclusion

criteria (n=728)

Remaining articles (n=113)
Searched from bibliographies of relevant articles (n=34)
Total of 147 articles included

Fig. 1. The flowchart for literature searching and screening.
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Table 1
Risk of transmission according to the type of confined spaces and pathogen.
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Risk estimate

Classification of spaces

Number of studies

Pooled risk estimate (95% CI)

Meta-ANOVA analysis

4.31 (3.51-5.29)
3.08 (1.90-4.97)
5.84 (4.03-8.46)
3.86 (2.41-6.16)
4.27 (2.88-6.32)
3.71 (2.45-5.62)
3.93 (3.31-4.67)
5.31 (3.74-7.53)

Q =3.38,df = 4,p = 0.497

Q =9.04, df = 4, p = 0.060*

Risk ratio Overall 52
Airplane 8
School or Workplace 12
Hospital 12
Residential space 18
Cruise ship or Navy ship 2
Odds ratio Overall 107
School or Workplace 14
Hospital 33
Residential space 53
Other social gathering sites 2
Cruise ship or Navy ship 5
Combined risk ratio Overall 134
Airplane 8
School or Workplace 25
Hospital 32
Residential space 62
Cruise ship or Navy ship 7
Combined risk ratio Mycobacterium tuberculosis 86
MERS-CoV 3
SARS-CoV 6
SARS-CoV-2 10
Influenza 13
Measles morbillivirus 5
Mumps Orthorubulavirus 4
Adenovirus 2
Human metapneumovirus 1
Other respiratory viruses 1
Neisseria meningitides 1
Bordetella pertussis 2

5.01 (3.57-7.03)
3.39 (2.63-4.36)
6.16 (0.95-39.98)
2.04 (1.27-3.28)
2.95 (2.62-3.33)
3.08 (1.90-4.97)
3.94 (3.16-4.90)
3.23 (2.47-4.23)
2.63 (2.08-3.31)
2.17 (1.49-3.14)
2.71 (2.35-3.13)
12.58 (4.71-33.65)
2.86 (1.05-7.84)
4.08 (2.47-6.73)
2.20 (1.86-2.60)
3.01 (1.70-5.32)
4.84 (2.82-8.32)
1.72 (0.58-5.06)
3.17 (2.24-4.48)
4.00 (3.54-4.52)
3.40 (1.00-11.60)
7.08 (0.51-98.15)

Q=7.36,df = 4,p=0.118

Q = 23.34,df = 11, p = 0.016*

*Statistically significant.
was 0.051 for studies with OR risk estimate.

3.4. Non-exposed prevalence and converted RR

Supplementary material E provides the prevalence of the infectious
disease in the reference group (non-exposed prevalence) and the con-
verted RRs for the studies with OR risk estimates. For 24 studies, the
calculation of non-exposed prevalence was impossible because the
studies were conducted in the context of a traditional case-control study.
The intentional selection of control subjects could change the non-
exposed prevalence according to the number of included control sub-
jects. Therefore, for these studies, the calculation of non-exposed prev-
alence has no meaning. The point estimate for converted RRs ranged
from 0.197 to 34.559.

3.5. Main meta-analysis and subgroup analysis: the type of confined
space

All results for the test of heterogeneity were statistically significant
(Supplementary material F). Therefore, the selection of a random-effect
model was justified. In Table 1, the risk of transmission according to the
type of confined spaces is provided. For studies with RR risk estimate
(RR studies), the pooled RR for overall types of confined space was 4.31
(95% Confidence Interval, CI, 3.51-5.29). For studies with OR risk es-
timate (OR studies), the pooled OR for overall types of confined space
was 3.93 (95% CI 3.31-4.67). For studies with converted RR risk esti-
mate and RR risk estimate (combined RR studies), the pooled RR for
overall types of confined space was 2.95 (95% CI 2.62-3.33).

For each type of confined space, the meta-ANOVA analysis did not
show any significant difference for the subgroups in RR studies and for
the subgroups in combined RR studies. However, for OR studies, the
meta-ANOVA analysis showed a significant difference among subgroups
(p = 0.060).

Even though the meta-ANOVA analysis result for combined RR
studies was insignificant, the p-value showed a borderline value (p =

0.118). Given firstly, that various confounding factors which could
affect the transmission risk in a confined space, and secondly, that
additional study outcomes could narrow the confidence interval for each
subgroup risk estimate, if more studies are added in the future, this
meta-ANOVA analysis could show a significant result. Therefore, to look
over the pooled risk estimate for each subgroup would have a meaning.

For combined RR studies, the school or workplace showed the
highest pooled risk estimate (3.94 (95% CI 3.16-4.90), followed by
hospital (3.23 (95% CI 2.47-4.23)) and airplane (3.08 (95% CI
1.90-4.97)). The next was residential space (2.63 (95% CI 2.08-3.31)),
and cruise ship or navy ship showed the least pooled risk estimate (2.17
(95% CI 1.49-3.14)).

3.6. Main meta-analysis and subgroup analysis: the type of pathogen

For combined RR studies, the risk of transmission according to the
type of pathogen is also provided in Table 1. For 12 pathogens, the
lowest RR was for adenovirus (1.72 (95% CI 0.58-5.06)), and the
highest RR was for MERS-CoV (12.58 (95% CI 4.71-33.65)). The meta-
ANOVA analysis showed a significant difference among 12 pathogens,
with a p-value of 0.016.

3.7. Additional subgroup analysis: the type of confined space for each
pathogen group

Table 2 provides the risk of transmission for each type of pathogen
separately according to the type of confined spaces. For the Tuberculosis
group, the pooled RR for overall types of confined space was 2.79 (95%
CI 2.40-3.25). For MERS and SARS group, the pooled RR for overall
types of confined space was 4.44 (95% CI 2.92-6.73). For the viruses
group and the bacteria group, the pooled RR was 2.21 (95% CI 1.75;
2.80) and 5.63 (95% CI 0.75-42.25), respectively.

For each type of confined space, the meta-ANOVA analysis showed a
significant result only for Mycobacterium tuberculosis studies (p = 0.077).
However, the order of pooled risk ratios was different from the order of
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Table 2
Risk of transmission for each pathogen according to the type of confined spaces.
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Pooled risk ratio

Meta-ANOVA analysis

2.79 (2.40-3.25)
3.77 (1.52-9.34)
3.88 (3.04-4.97)
2.96 (2.20-3.99)
2.19 (1.60-2.98)
3.21 (2.40-4.30)
4.44 (2.92-6.73)
3.55 (1.70-7.40)
4.19 (2.09-8.42)
5.14 (2.45-10.8)
1.80 (1.51-2.14)
2.21 (1.75-2.80)
2.58 (0.89-7.50)
2.69 (2.13-3.40)
2.56 (1.40-4.71)
2.44 (1.86-3.21)

Q =8.42,df = 4,p = 0.077*

Q=1.14,df = 3,p = 0.767

Q=6.90, df = 4, p = 0.141

Pathogen Classification of spaces Number of studies
Mycobacterium tuberculosis Overall 83
Airplane 2
School or Workplace 21
Hospital 21
Residential space 35
Cruise ship or Navy ship 4
MERS-CoV Overall 19
SARS-CoV-1 Airplane 2
SARS-CoV-2 Hospital 7
Residential space 9
Cruise ship or Navy ship 1
Influenza Overall 18
Measles morbillivirus Airplane 4
Adenovirus School or Workplace 1
Human metapneumovirus Hospital 2
Other respiratory viruses Residential space 9
Cruise ship or Navy ship 2
Neisseria meningitides Overall 3
Bordetella pertussis School or Workplace 2
Residential space 1

1.07 (0.80-1.43)

5.63 (0.75-42.25)
7.08 (0.51-98.15)
3.40 (1.00-11.60)

Q=0.09,df =1,p =0.760

For this table, risk ratios and converted risk ratios from odds ratios were used (combined risk ratios).

*Statistically significant.

pooled risk estimates for combined RR studies in Table 1. School or
workplace showed the highest risk ratio (3.88 (95% CI 3.04-4.97)),
followed by airplane (3.77 (95% CI 1.52-9.34)) and cruise ship or navy
ship (3.21 (95% CI 2.40-4.30)), respectively. The next was hospital
(2.96 (95% CI 2.20-3.99)). Finally, residential space subgroup showed
the least risk ratio (2.19 (95% CI 1.60-2.98)).

3.8. Additional subgroup analysis: the COVID-19 group

Table 3 provides the risk of transmission for SARS-CoV-2 according
to the type of confined spaces. For combined RR studies, Residential
space showed the highest RR (8.30 (95% CI 3.30-20.90)). Airplane
showed the second-highest RR (7.30 (95% CI 1.15-46.20). Hospital and
navy ship showed a rather lower RR, 1.78 (95% CI 1.09-2.93) and 1.80
(95% CI 1.51-2.14), respectively.

For OR studies, other social gathering sites showed a rather high RR,
6.16 (95% CI 0.95-39.98), even though the confidence interval was
wide.

For a meta-ANOVA analysis, the RR studies group and the combined
RR studies group showed a significant difference among subgroups.

This order of transmission risk according to the type of confined
space for SARS-CoV-2 is different from the order of transmission risk
observed in combined RR studies in Table 1. This order pattern is also
considerably different from the order of transmission risks observed for
the Mycobacterium tuberculosis group in Table 2. This different order

Table 3
Risk of transmission for SARS-CoV-2 according to the type of confined spaces.

pattern will be dealt with in the Discussion section in detail.

3.9. Additional subgroup analysis: the statistical method used

Supplementary material G provides the risk of transmission accord-
ing to the statistical method used. For RR studies and OR studies, 7 and 8
types of statistical methods were applied, respectively. For RR studies,
the Chi-square test group showed the highest pooled risk estimate (5.40
(95% CI 3.79-7.69)) and the univariable logistic regression group
showed the lowest pooled risk estimate (2.50 (95% CI 1.75-3.57)). For
OR studies, the Fisher’s exact test group showed the highest pooled risk
estimate (10.66 (95% CI 2.29-49.50)), and the Univariable logistic
regression group showed the lowest pooled risk estimate (1.7 (95% CI
0.99-2.90)). The meta-ANOVA analysis showed a significant difference
among subgroups only for OR studies (p = 0.008).

4. Discussion

In this meta-analysis, the transmission risks of respiratory infectious
diseases in various confined spaces are summarized. The risk of trans-
mission in all types of confined spaces was approximately 3 times higher
than in open space (combined RR, 2.95 (95% CI 2.62-3.33)). Among
them, school or workplace showed the highest transmission risk (com-
bined RR, 3.94 (95% CI 3.16-4.90) (Table 1). Notably, in the sub-
analysis for SARS-CoV-2, residential space and airplane were the

SARS-CoV-2 Classification of spaces Number of studies Pooled risk ratio Meta-ANOVA analysis
Risk ratio Overall 3 1.52 (0.96-2.39)
Airplane 1 7.30 (1.15-46.20) Q=2.79,df =1,p =0.095*
Hospital 2 1.40 (0.96-2.05)
Odds ratio Overall 11 7.39 (4.41-12.36)
Hospital 1 5.19 (1.84-14.66) Q = 1.40, df = 3, p = 0.706
Residential space 7 9.39 (5.05-17.43)
Other social gathering site 2 6.16 (0.95-39.98)
Navy ship 1 3.30 (1.79-6.10)
Combined risk ratio Overall 10 4.08 (2.47-6.73)
Airplane 1 7.30 (1.15-46.20) Q =8.67,df = 3, p = 0.034*
Hospital 3 1.78 (1.09-2.93)
Residential space 5 8.30 (3.30-20.90)
Navy ship 1 1.80 (1.51-2.14)

*Statistically significant.
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riskiest space (combined RR, 8.30 (95% CI 3.30-20.90) and 7.30 (95%
CI 1.15-46.20), respectively) (Table 3).

4.1. The transmission risk for each type of confined space: the order of
risks

The spread of respiratory infection in a confined space is the com-
bination of a number of related factors: the number of persons in the
space, the time period of stay, the total number of persons in the space,
and the intensity of mixing. The following equations quoted from
Rocklov et al. provide how each of these components interact to increase
the transmission risk in confined spaces (Rocklov and Sjodin, 2020).

p=rc= ? [1]
Ro = mdri [2]
c=md (3]
T(t)=ctN (4]
T(t) = mdiN [5]

B, the daily reproductive number, 1, transmissibility, c, contact rate, R,
the basic reproduction number, i, the infectious period (the inverse of
the recovery rate, y), m, the intensity of mixing, d, the population
density, T(t), the total number of contacts, t, the time period of stay, N,
the total number of persons in the space.

For example, if the population density (d) increases by four times, the
contact rate (c), the total number of contacts (T(t)), and the basic
reproduction number (Rp) will increase by four times. These equations
could be applied to explain the overall and subgroup results of this
study.

Each included study in this meta-analysis compared the risk of
transmission in various confined spaces with the risk of transmission in
non-confined spaces. To simplify the discussion, if we assume that other
confounding factors are identical, the only determinant of transmission
risk is the frequency of exposure to the pathogen for a person. According
to equation T(t) = mdtN, the total number of contacts (i.e., the frequency
of exposure to the pathogen) is directly proportional to the intensity of
mixing (m), the population density (d), the time period of stay (t), and
the total number of persons in the space (N).

The order of the aforementioned 4 variables for the 5 types of
confined space included in our meta-analysis was estimated in Table 4.

First, for the intensity of mixing (m), school or workplace was
regarded as the riskiest space. School students usually participate in a
collective physical activity or in a group leisure activity. Office workers
are usually densely packed in a small confined office; therefore, the
mixing occurs through a form of joint works or meetings (Guclu et al.,
2016; Mossong et al., 2008). On the other hand, airplane and residential
space were considered as the space with low (m), because persons usu-
ally minimize an unnecessary movement in airplanes and do not actively
move in the bedroom.

Table 4
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Second, for the population density (d), airplane was regarded as the
densest space due to the densely packed seats within an airplane (Gra-
ham et al., 1983). Similar reasons with airplane, school or workplace
was classified as the second densest space. Usually, in metropolitan
cities, because of high rental costs, many workers usually work in a small
confined space (Zheng and Kahn, 2008). Following these 2 spaces, the
population density (d) was regarded as decreasing in the order of other
social gathering sites, hospital, and residential space. Usually, hospital
beds are located with a sufficient interval space to prevent possible
nosocomial transmission of infection. The bedroom was regarded as the
least dense space, because bedroom is occupied by an individual for
private purposes.

Third, for the time period of stay (t), residential space was regarded
as space with the longest period of stay, followed by the hospital. An
ordinary person sleeps 6-8 h per day on average and spends most of the
time resting at home on weekends (Lauderdale et al., 2008). In the case
of hospitals, standard 8-h shifts of healthcare workers (8 h per day),
length of stay in the emergency department (mean 3.3-15 h) (Cho et al.,
2016; McCaig and Nawar, 2006), wait time or length of stay in out-
patients (mean 98-168 min) (Cao et al., 2011; Mohebbifar et al., 2013;
Xie and Or, 2017) and length of stay for inpatients (all day) were
considered comprehensively and was regarded as space with the
second-longest period of stay. Other spaces were given an appropriate
order based on the following reasons: Usually, 6-8 h are spent at
school/workplace on weekdays only (3rd for school or workplace),
restaurants and bars are occasionally visited (4th for other social gath-
ering sites), and airplane travel rarely occurs in a year (5th for airplane)
(Hill et al., 2010).

Fourthly, for the total number of persons in a space (N), the airplane
was regarded as having the largest number of persons, based on the
average number of passenger seats of commercial airplanes (100-300
seats) (Milne and Kelly, 2014). Hospital was considered to have the
second-largest number of persons (N) following airplane. Due to the
multiple sub-compartments (ward, inpatient unit, outpatient depart-
ment, emergency room, etc.), various scales of hospitals (primary, sec-
ondary, and tertiary), and variability in the number of visiting patients,
we made this decision based on the information from a number of
included articles; 30 to 77 healthcare workers (Centers for Disease
Control and Prevention, 2004a,b; Medrano et al., 2014) and 11 to 99
patients (Beck-Sagué et al., 1992; Biribawa et al., 2020; Dooley et al.,
1992; Pan et al., 2016; Tasaka et al., 2020) in a single ward; 1 to 5 pa-
tients in a single patient room (Leckerman et al., 2010), and 100 to 200
patients in a single emergency room (Cho et al., 2016). School or
workplace was regarded to have the third-largest number of persons in
space: A typical school classroom is occupied by 16-35 students
(Muennig and Woolf, 2007; Skarlatos and Manatakis, 2003). For the
office, an average of 58 and 140 people worked in a federal office
building in the US and Canada, respectively (Charles and Veitch, 2002;
Lindberg et al., 2018). For factories, about 91% of the US factories
employed less than 100 workers in 2015 (Levinson, 2017). Other social
gathering sites were rated as the next, and residential space was regar-
ded as the space with the least number of persons.

The calculated and observed order of transmission risk for each type of confined space.

Type of confined space m d t N Calculated order (mean value®) Observed order” (combined RR with 95% CI)
School or workplace 1st 2nd 3rd 3rd 1st (2.06th) 1st (3.94 (3.16-4.90))

Airplane 4th 1st 5th Ist 2nd (2.11th) 3rd (3.08 (1.90-4.97))

Hospital 3rd 4th 2nd 2nd 3rd (2.63rd) 2nd (3.22 (2.47-4.19))

Other social gathering sites 2nd 3rd 4th 4th 4th (3.13th) N/AP

Residential space 5th 5th Ist 5th 5th (3.34th) 4th (2.63 (2.08-3.31))

m, the intensity of mixing; d, the population density; t, the time period of stay; N, the total number of persons in the space; RR, risk ratio.

@ Mean value indicates the geometric mean of the order for each variable. For example, for school or workplace, 2.06th = /(1st * 2nd  3rd * 3rd).
5 The combined RR for other social gathering sites was not calculated (non-exposed prevalence unavailable).

¢ The meta-ANOVA analysis showed a borderline significance (p = 0.116).
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After this estimation of the order of the aforementioned 4 variables
for 5 types of confined spaces, the geometric mean of these orders for
each type of confined space was calculated. In the order of this geo-
metric mean, the calculated order was rated in Table 4. This calculated
order was compared with the observed order (rated using combined RR
in Table 1) in this study. Similar orders were observed except for
airplane and hospital space: For these 2 spaces, the calculated order is
reversed in observed order.

However, simply quantifying and ranking the exposure variables
may not be enough to accurately predict the risk of spreading respiratory
infectious diseases in confined spaces. According to the traditional Wells-
Riley equation (Sze To and Chao, 2010), transmission risk in a confined
space is associated with the following factors: i) the number of
spreaders, ii) the contagious particles produced by them, iii) the
breathing rate of exposed people, and iv) the ventilation rate of the
confined space. However, these factors were not sufficiently considered
in each study and in this meta-analysis. The effect of these confounding
factors will be dealt with in the following limitation section in detail.

4.2. Various strategies for restricting the transmission risks

The transmission risks in confined spaces can be lowered by reducing
each component of the aforementioned equation, T(t) = mdtN. Even if
radical, the most certain way is to lock a certain region down: by this
lock-down, the four components can be definitely reduced. For example,
the lock-down of Wuhan city by travel restriction and home quarantine
successfully prevented a massive outbreak of COVID-19 in mainland
China (Lau et al., 2020). However, this policy is difficult to be enforced
except for an exceptional explosive pandemic situation because it would
cause fatal drawbacks, including social and economic losses (You et al.,
2020).

As another policy option, strict social distancing and a pin-pointed
shutdown of specific types of facilities could be adopted. School or
workplace was the riskiest space in this study (Table 4). For schools,
national school closure in the US led to decreased COVID-19 incidence
and mortality (Auger et al., 2020). For workplaces, a recent simulation
study suggested that teleworking could be a new standard for reducing
COVID-19 transmission (Karako et al., 2020).

For essential facilities that cannot be easily closed like hospitals, the
application of additional preventive measures can be an alternative. In
the separate analysis for SARS-CoV-2 (Table 3), the pooled combined RR
in hospital (1.78 (95% CI 1.09-2.93)) showed the lowest risk when
compared with other types of spaces. This demonstrates that by
complying with infection control rules and by wearing personal pro-
tective equipment, the transmission risk in hospitals can be effectively
reduced. Even when persons are directly exposed to COVID-19 patients
in hospitals, these preventive measures were effective (Iversen et al.,
2020; Lidstrom et al., 2020).

Singapore’s successful containment of COVID-19 without strong
social distancing measures, such as school closure, sets another good
precedent. They proved that even in confined spaces, simple measures
such as regular fever checking, mask-wearing, and physical distancing
could reduce the risk of infection significantly (Lee et al., 2020).

4.3. A paradox of social distancing for COVID-19: risky residential spaces

Another noteworthy finding of this study was a relatively high
transmission risk of SARS-CoV-2 in residential space. This finding is
consistent with previous studies reporting the importance of household
transmission in the COVID-19 epidemic (Lei et al., 2020; Madewell et al.,
2020). This finding can be attributed to the paradox of social distancing:
As social distancing is emphasized, distancing between family members
in the home becomes difficult (Curmei et al., 2020). The closure of one
type of confined space would inevitably increase the population density
in another confined space. The authority of infection control should
consider this paradox.
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4.4. Limitations of this study

This study has several limitations. The first is the possibility of se-
lective reporting. Not all infectious disease outbreaks are reported and
published in academic literature. In addition, some practical reasons can
introduce a bias in the reporting of an outbreak. For example, an in-
fectious disease outbreak that occurred in a workplace could not be
reported for the disadvantages anticipated by the employer. Outbreaks
in a hospital also could not be reported because of similar reasons.

Secondly, confounding is an important factor to be considered. There
are numerous factors that can affect the transmission risk of infectious
diseases in confined spaces. A recent article (Khan and Meyer, 2020)
summarized various factors affecting the transmission risk of
SARS-CoV-2 for healthcare workers: (i) mode of transmission including
fomite transmission, (ii) the dose of an infectious pathogen, (iii) duration
of exposure, (iv) aerosol-generating behavior, (v) administrative control
measures, (Vi) personal protective equipment, (vii) comorbidities of
exposed persons including immune status. These various confounding
factors should be adjusted for a more accurate analysis.

Thirdly, because the included studies were conducted at different
times in various regions of various countries, population heterogeneity
could have affected the results of included studies. Different genetic
traits of the different populations can affect the susceptibility to an in-
fectious disease (Chapman and Hill, 2012; Mozzi et al., 2018; Segal and
Hill, 2003). However, this meta-analysis included studies conducted
from 1987 to 2020 and included studies conducted in 39 countries.
Considering a rather widely distributed study times and many study
countries included, the authors concluded that the effect of population
genetic heterogeneity would be small. In future studies, this important
factor should be considered.

Fourthly, the statistical method applied in each study was not
adjusted in this study. However, for RR studies, the meta-ANOVA
analysis did not show a significant difference among subgroups. In
addition, for OR studies, the pooled OR from studies with a more
advanced statistical method (multivariable logistic regression) showed
similar results with the pooled OR for overall types of confined space.
This is because of the large fraction of studies that used the multivariable
logistic regression method among all OR studies. From these points, the
effect of different statistical methods might not change the risk estimate
significantly.

4.5. Conclusion

In conclusion, for overall types of confined space, the risk of trans-
mission was about 3 times higher than in open space. Among the types of
confined space, school or workplace showed the highest risk of trans-
mission (about 4 times). For SARS-CoV-2, residential space and airplane
were the risky space (about 8 and 7 times, respectively). Appropriate
quarantine measures targeted for specific types of confined spaces are
urgent to reduce the transmission of respiratory infectious diseases.
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