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Abstract

As the corona virus disease 2019 (COVID-19) pandemic continues around the world, under-
standing the transmission characteristics of COVID-19 is vital for prevention and control. We
conducted the first study aiming to estimate and compare the relative risk of secondary attack
rates (SARs) of COVID-19 in different contact environments. Until 26 July 2021, epidemio-
logical studies and cluster epidemic reports of COVID-19 were retrieved from SCI, Embase,
PubMed, CNKI, Wanfang and CBM in English and Chinese, respectively. Relative risks
(RRs) were estimated in pairwise comparisons of SARs between different contact environ-
ments using the frequentist NMA framework, and the ranking of risks in these environments
was calculated using the surface under the cumulative ranking curve (SUCRA). Subgroup ana-
lysis was performed by regions. Thirty-two studies with 68 260 participants were identified.
Compared with meal or gathering, transportation (RR 10.55, 95% confidence interval (CI)
1.43–77.85), medical care (RR 11.68, 95% CI 1.58–86.61) and work or study places (RR
10.15, 95% CI 1.40–73.38) had lower risk ratios for SARs. Overall, the SUCRA rankings
from the highest to the lowest were household (95.3%), meal or gathering (81.4%), public
places (58.9%), daily conversation (50.1%), transportation (30.8%), medical care (18.2%)
and work or study places (15.3%). Household SARs were significantly higher than other envir-
onments in the subgroup of mainland China and sensitive analysis without small sample stud-
ies (<100). In light of the risks, stratified personal protection and public health measures need
to be in place accordingly, so as close contacts categorising and management.

Introduction

The world is still in the pandemic of corona virus disease 2019 (COVID-19) since its outbreak
in December 2019 [1]. Although vaccination is available and implemented in many countries,
public health measures are still essential for disease control and prevention. The transmission
of COVID-19 is primarily through air and saliva during close contact [2]. Long-term contact
with infected persons and short-term contact with symptomatic patients are associated with
high risks of transmission [3].

Understanding the secondary attack rates (SARs) among diverse contact environments is
meaningful for making corresponding close contacts’ management plans. Epidemiological
studies have been conducted on the SARs in different contact environments during the
COVID-19 epidemic. However, the reported SARs varied largely across original studies. For
example, the reported household SAR ranged from 1.87% to 55.56% [4, 5]. Several systematic
reviews and traditional meta-analyses have also been conducted. Some reviews reported the
estimate of pooled SARs of COVID-19 in households, which varied from 16.6% to 21.1%
[6–8]. Besides, Tian and Huo [9] and Thompson et al. [10] also estimated SARs in other con-
tact environments, such as social gathering settings, schools, workplaces, healthcare facilities
and so on, with pooled SARs varying from 1% to 6%. These systematic reviews estimated
the pooled SARs in different contact environments by subgroup analysis. However, pairwise
comparisons and relative risks (RRs) of SARs among multiple contact environments have
not been systematically estimated yet. Therefore, the understanding and evidence are lacking
on whether there is a statistical difference between the SARs of two or more contact
environments.
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Network meta-analysis (NMA) can be an effective method to
solve this problem. Compared with traditional meta-analysis, it
can directly and indirectly compare multiple treatments and inter-
ventions, and more accurately evaluate the relative effects of differ-
ent comparison groups to draw conclusions [11]. NMA can not
only compare the effects of treatments and interventions in pairs,
but also get the relative ranking of these effects [12]. For example,
Hutton et al. [13] conducted an NMA on the risk of lymphoid tis-
sue disorders and other cancers in kidney transplant patients by
using the results of randomised controlled trials and observational
studies. Most epidemiological studies of infectious diseases are
observational studies. When a certain research problem in observa-
tional studies has multiple groups, the comparison of multi-arm
groups can also be analysed using the principle of NMA.

Therefore, this study aimed to comprehensively compare the
risk of SARs between different contact environments during the
period of COVID-19 epidemic using the NMA.

Materials and methods

Data sources and searches

We searched English databases including PubMed, Embase and
Web of Science, and Chinese databases including China National
Knowledge Infrastructure (CNKI), Wanfang and China Biology
Medicine disc (CBM) until 26 July 2021. Search terms included
‘novel corona*’ OR ‘new corona*’ OR ‘CoV’ OR ‘nCoV’ OR
‘COVID*’ OR ‘SARS-cov-2’ OR ‘SARS2’ combined with ‘Close
contact*’ OR ‘family cluster’ OR ‘secondary attack rate’ OR ‘SAR’
OR ‘Transmission’ OR ‘contact trac*’. Subject words and free
words (in title and abstract) were used in the search. The search
strategy was first formulated in PubMed and then modified for
other databases. The search strategies were presented in
Supplementary Table S1. A hand search of the reference lists of
included studies was made for more potentially eligible studies.

Study selection

To be included, the primary studies must be retrospective analyses
of epidemiological characteristics and clustered epidemic reports.
The contact follow-up data of COVID-19 patients and their close
contacts must exceed 7–14 days, including the total number of
COVID-19 patients, the number of follow-up cases and contact
environments (at least two contact environments). The SARs of
the close contacts must be reported in the articles or could be cal-
culated by manual statistics (the number of positive cases of the
close contacts/the total number of the close contacts). The follow-
ing types of studies were excluded, including duplicate reports (in
which case the study with the largest sample size was included),
meeting abstract, expert consensus and suggestions.

The inclusion or exclusion of each study was conducted by
three reviewers (X.-Y. Zhao, Z.-Q. Shen or L.-T. Sun). First,
abstracts and titles were read to exclude the obvious irrelevant
studies. Then, full texts for potentially eligible studies were
obtained and read against the inclusion and exclusion criteria.
Finally, cross-checking was made among the three reviewers.
Disagreements were determined by group discussions.

Data extraction and quality assessment

A pre-designed data extraction table was used to extract data from
studies including the first author, time of publication, study site,

contact environments, the number of close contact management,
the number of follow-up cases and the number of cases infected.
The contact environments in each study were classified into seven
well-defined categories.

The Joanna Briggs Institute (JBI) Critical Appraisal Tool for
Case Series Study was used to evaluate the quality of studies
[14]. Due to potential attrition bias introduced by the loss of
follow-up, studies that did not conduct further tracking and poly-
merase chain reaction (PCR) testing of all identified close contacts
were considered as low quality.

Data extraction and quality assessment were completed inde-
pendently and cross-checked by two reviewers (X.-Y. Zhao,
Z.-Q. Shen or L.-T. Sun). The classification of contact environ-
ments was defined according to the Guideline of COVID-19
Control and Prevention-Close Contact Management Procedure
(7th ed.) and was adjusted by included studies [15, 16]. Finally,
seven categories of contact environments were included in our
study: household settings (Hou), public places (Pub), meal or
gathering settings (Mea), transportation (Tra), daily conversation
(Dai), work or study places (Wor) and medical care (Med)
(Supplementary Table S3). The contact environments were classi-
fied by two researchers (X.-Y. Zhao and Z.-Q. Shen) independ-
ently. If contact environments reported in the study cannot be
classified into one of the above seven types, the data were dis-
carded. Any disagreement was resolved by discussion to reach a
consensus.

Definitions of measures

SAR is defined as the probability that close contacts of index cases
become confirmed cases of a disease [17]. Relative risk (RR) is
defined as the estimated relative risk between SARs of two differ-
ent contact environments in pairs, calculated by the ratio of SARs
between the two groups in the NMA [18] (the formula was as
follows):

RR = SAR of contact setting A
SAR of contact setting B

Data synthesis and analysis

Pair-wise RRs of the SARs between two contact environments
were estimated using frequentist NMA [12]. First, the consistency
test was used to test the global inconsistency across the network
[19, 20]. If P < 0.05, the inconsistency model was selected, other-
wise the consistency model was applied to calculate the RRs. The
side-splitting (node-splitting) method was further used to com-
pare whether there was a significant difference between the direct
comparison and the indirect comparison of each RR in two con-
tact environments [21]. The surface under the cumulative ranking
curve (SUCRA) was calculated and the probability of being the
highest SAR among SARs of all contact environments was sorted
in the descending order [11]. The Q test and I-squared (I2)
metrics were used to evaluate the heterogeneity of the studies of
each pairwise comparison. And publication bias was examined
by funnel plots and Egger’s test [12]. Subgroup analysis had
been planned to assess whether there were differences in the
RRs and ranking of the SARs among different regions. For sensi-
tivity analysis, small sample studies (<100) and studies with low
quality were excluded.
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Traditional meta-analysis was also conducted as an additional
analysis to estimate the pooled SARs for each contact environ-
ment. Q test was used to test the heterogeneity among studies,
and I2 was applied to quantify the heterogeneity. If I2≤ 50% or
P > 0.1, the fixed-effect model was used, otherwise the
random-effect model was selected [22]. Publication bias was
examined by funnel plots and Egger’s test [23].

All analyses were performed using Stata 15.1 SE, employing
network package [12] and metan package [24]. The significance
level α was 0.05. The PROSPERO number of this study is
CRD42020206576.

Results

Characteristics of included studies

A total of 2606 citations were retrieved from the literature search,
including 857 citations from Chinese databases and 1749 from
English databases. Among them, 1738 citations remained after
removing duplicates. After screening the titles and abstracts,

1261 studies were excluded. The full texts of the remaining 328
studies were obtained and read. Finally, 296 studies were excluded
by reading full text, and 32 studies were included (Fig. 1).

The characteristics of the included studies are presented in
Supplementary Table S2. After removing types of contact envir-
onments that could not be classified, 32 studies involved 68 260
close contacts were included in the analysis, in which 2406 were
infected. The research period of included studies was between
January 2020 and March 2021. Among them, 21 studies were
from mainland China, 2 were from the United States, 2 were
from South Korea and the remaining 9 studies were from
Australia, Singapore, Japan, Yemen, Rwanda, India and Taiwan,
China, respectively.

Risk of bias in included studies

Among them, three studies reported the SARs of seven types of
contact environments, 13 studies reported the SARs of three
types of contact environments. Four studies have not conducted
further tracking and PCR testing of all identified close contacts

Fig. 1. Study selection process.
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and were considered as low quality. The results of the study qual-
ity evaluation are presented in Supplementary File S4.

In 21 pairs of pairwise comparisons, 13 pairs of I2 values
exceed 50%. Heterogeneity of the pairwise comparisons between
households and other contact environments was the highest
(the values of I2 were around 85%). The details of heterogeneity
are presented in Supplementary Table S5. For all analyses, the
Egger’s test showed that there was no publication bias (P > 0.1).
The results of the Egger’s test and the funnel plots are presented
in Supplementary File S9.

Outcomes of NMA for all included studies

Figure 2 shows the network geometry of eligible comparisons for
SARs of the seven contact environments, with each contact envir-
onment represented by a node. The line between the nodes indi-
cated evidence of a direct comparison between the two contact

environments. All contact environments were included in the dir-
ect network comparison. Due to the result of the consistency test
(P = 0.0022), the inconsistency model was applied for fitting the
data. The results of side-splitting showed that the results of direct
and indirect comparisons were consistent in each pairwise com-
parison (Supplementary File S6).

Table 2 shows the RRs of the NMA between the seven contact
environments. The SAR of meal or gathering settings was nearly
10 times higher than that of transportation (RR 10.55, 95% con-
fidence interval (CI) 1.43–77.85), work or study places (RR 11.68,
95% CI 1.58–86.61) and medical care (RR 10.15, 95% CI 1.40–
73.38). As shown in Table 1, the SARs of the SUCRA ranked
from the highest to lowest were: household settings (95.3%),
meal or gathering settings (81.4%), public places (58.9%), daily
conversation (50.1%), transportation (30.8%), medical care
(18.2%) and work or study places (15.3%). Household SAR of
SUCRA ranked the highest, which means household SAR had

Fig. 2. NMA of SAR in seven contact environments.
Note: (A) All studies; (B) subgroup in mainland China, (C) studies without small sample sizes and (D) studies without low quality. Width of the line is directly pro-
portional to the number of included studies. Size of the node is proportional to the sample size.
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the greatest probability of having the highest SAR among all con-
tact environments. But, due to the wide ranges of CIs, there were
no statistically significant differences between the SAR of the
household and other contact environments.

For the results of the traditional meta-analysis, the pooled SAR
of each contact environment is listed in Table 1. The pooled SARs
was the highest for household SAR as 11.7% (95% CI 9.7%–
13.8%), and the lowest one was medical care SAR as 0.7% (95%
CI 0.4%–1.1%).

Outcomes of NMA for studies from mainland China

The network comparisons for SARs in the subgroup of mainland
China are also shown in Figure 2. After excluding the 11 studies

from regions other than mainland China, the data met the con-
sistency assumption (P = 0.1401), and the consistency model
was used for fitting.

For the 21 studies conducted in mainland China, the number of
RRs of pairwise comparisons with statistical significance increased
from three to eight. The SAR of households compared with other
environments were all significantly higher (Table 2), in which RRs
varied from 2.48 (95% CI 1.35–4.57) for meal or gathering to 9.71
(95% CI 4.70–20.05) for transportation. Besides, the SAR of meal
or gathering settings was nearly three times higher than that of
transportation and medical care (RR 3.91, 95% CI 1.85–8.27; RR
3.13, 95% CI 1.34–7.29). Compared with the SUCRA for all 32
studies, the relative rankings of SUCRA only exchanged between
work or study places and transportation (Table 1).

Table 1. Meta-analysis of SARs in different contact environments

Group
Number of
studies

Sample
size

NMA Traditional meta-analysis

SUCRA Rank SAR (95% CI)
I2

(%) Q test Pa

All studies Household settings 29 15 034 95.3 1 11.7% (9.7–13.8) 96.80 875.69 <0.001

Meal or gathering 19 8633 81.4 2 6.2% (4.6–7.9) 93.40 273.85 <0.001

Public places 15 17 094 58.9 3 1.8% (1.2–2.4) 81.50 75.71 <0.001

Daily conversation 8 2919 50.1 4 5.0% (1.9–8.0) 94.10 119.35 <0.001

Transportation 18 9115 30.8 5 0.8% (0.4–1.2) 72.00 60.77 <0.001

Medical care 15 4866 18.2 6 0.7% (0.4–1.1) 34.50 21.36 0.093

Work or study places 16 5888 15.3 7 3.0% (1.9–4.1) 88.90 135.71 <0.001

Studies from
mainland China

Household settings 19 9065 99.9 1 13.9% (11.1–16.8) 95.40 391.92 <0.001

Meal or gathering 17 8371 79.8 2 6.6% (4.8–8.4) 94.10 271.62 <0.001

Public places 10 5293 48.3 3 1.9% (1.0–2.7) 80.5 46.16 <0.001

Daily conversation 5 590 47.9 4 2.9% (−0.3 to 6.1) 61.4 10.35 0.035

Work or study places 9 2208 40.3 5 1.5% (0.6–2.5) 69.2 26.01 0.001

Medical care 11 3998 22.8 6 0.8% (0.4–1.1) 23.40 13.06 0.221

Transportation 13 8480 10.9 7 0.7% (0.3–1.2) 77.60 53.50 <0.001

Studies without
small sample
sizes

Household settings 25 14 979 99.8 1 11.6% (9.5–13.7) 97.2 859.08 <0.001

Meal or gathering 16 8565 79.7 2 5.9% (4.3–7.6) 94.3 265.38 <0.001

Daily conversation 7 2900 59.4 3 4.6 (1.5–7.6) 94.8 115.17 <0.001

Work or study places 15 5886 52.0 4 3.0% (1.9–4.0) 89.5 132.83 <0.001

Public places 15 17 094 35.1 5 1.8% (1.2–2.4) 81.5 75.71 <0.001

Medical care 14 4849 21.1 6 0.7% (0.4–1.0) 30.5 18.70 0.133

Transportation 13 9020 2.9 7 0.6% (0.3–0.9) 63.7 33.06 0.001

Studies without
low-quality

Household settings 26 14 304 92.6 1 12.0% (9.8–14.2) 97.0 830.77 <0.001

Meal or gathering 19 8633 77.7 2 6.2% (4.6–7.9) 93.4 273.85 <0.001

Public places 12 7623 54.7 3 1.9% (1.1–2.6) 81.4 59.07 <0.001

Work or study places 13 4646 46.6 4 1.5% (0.8–2.3) 70.7 40.92 <0.001

Daily conversation 6 1624 45.5 5 5.6% (0.0–11.3) 95.7 114.98 <0.001

Transportation 15 8504 18.3 6 0.7% (0.3–1.2) 75.6 57.48 0.221

Medical care 15 4866 14.7 7 0.7% (0.4–1.1) 34.5 21.36 0.093

SUCRA, the surface under the cumulative ranking curve; SAR, secondary attack rates.
aP for Q test.
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Table 2. Pairwise comparisons of SARs for seven contact environments

A

Hou 5.01 (2.30–10.91)* 2.48 (1.35–4.57)* 9.71 (4.70–20.05)* 4.93 (1.59–15.25)* 5.73 (2.49–13.20)* 7.78 (3.49–17.31)*

7.83 (0.98–62.26) Pub 0.50 (0.22–1.14) 1.94 (0.76–4.92) 0.98 (0.28–3.47) 1.14 (0.42–3.09) 1.55 (0.61–3.94)

0.29 (0.03–2.43) 0.46 (0.11–1.86) Mea 3.91 (1.85–8.27)* 1.98 (0.64–6.15) 2.31 (0.97–5.49) 3.13 (1.34–7.29)*

0.51 (0.05–5.54) 4.88 (0.64–37.07) 10.55 (1.43–77.85)* Tra 0.51 (0.16–1.64) 0.59 (0.23–1.52) 0.80 (0.32–2.01)

2.29 (0.21–25.49) 1.56 (0.21–11.43) 3.37 (0.47–23.99) 0.32 (0.06–1.70) Dai 1.16 (0.33–4.09) 1.58 (0.45–5.56)

1.44 (0.14–15.04) 5.40 (0.71–41.17) 11.68 (1.58–86.61)* 1.11 (0.19–6.39) 3.47 (0.63–19.23) Wor 1.36 (0.50–3.68)

8.60 (0.64–116.04) 4.69 (0.63–34.92) 10.15 (1.40–73.38)* 0.96 (0.18–5.24) 3.01 (0.58–15.70) 0.87 (0.15–4.90) Med

B

Hou 5.13 (2.74–9.60)* 2.01 (1.12–3.60)* 11.04 (5.53–22.04)* 3.21 (1.34–7.67)* 3.77 (2.00–7.07)* 6.77 (3.35–13.67)*

7.86 (0.97–64.06) Pub 0.39 (0.19–0.81)* 2.15 (0.96–4.81) 0.62 (0.25–1.57) 0.73 (0.35–1.54) 1.32 (0.59–2.94)

0.29 (0.03–2.52) 0.46 (0.11–1.90) Mea 5.50 (2.58–11.72)* 1.60 (0.62–4.10) 1.88 (0.91–3.87) 3.37 (1.55–7.33)*

2.29 (0.20–26.40) 4.90 (0.63–38.12) 10.59 (1.40–79.97)* Tra 0.29 (0.11–0.77)* 0.34 (0.15–0.76)* 0.61 (0.26–1.44)

1.44 (0.13–15.59) 1.56 (0.21–11.75) 3.38 (0.46–24.65) 0.32 (0.06–1.73) Dai 1.17 (0.46–3.00) 2.11 (0.76–5.86)

0.18 (0.02–2.01) 5.40 (0.69–42.11) 11.67 (1.54–88.52)* 1.10 (0.19–6.43) 3.45 (0.62–19.39) Wor 1.80 (0.80–4.06)

3.70 (0.40–34.63) 4.70 (0.62–35.82) 10.16 (1.37–75.22)* 0.96 (0.17–5.30) 3.01 (0.57–15.88) 0.87 (0.15–4.96) Med

Hou, household settings; Pub, public places; Mea, meal or gathering settings; Tra, transportation; Dai, daily conversation; Wor, work or study places; Med, medical care.
(A) The lower left corner shows the pairwise comparison results of all 32 studies, and the upper right corner shows the results of 21 mainland China. (B) The lower left corner shows the pairwise comparison results of studies without small sample sizes,
and the upper right corner shows the results of studies without low quality.
The effect size represents the relative risk (RR, 95% CI) of the SAR of the contact environments on the left relative to the right. Bold and * indicate that the result is statistically significant.
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Sensitivity analysis

Sensitivity analysis was conducted by excluding small sample
studies (<100) and studies with low quality, respectively.

After removing the small sample studies, the P-value of the
consistency test changed to 0.0759 and the consistency model
was used for fitting. The results were quite different compared
with the results of 32 studies, and there were 11 RRs of pairwise
comparison showing significant differences. The RRs of house-
hold SAR compared with others were all significantly beyond 1,
which was similar to the results of subgroup (Table 2). Among
them, household SAR was 2.01 times that of meal or gathering
(95% CI 1.12–3.60) and 11.04 times that of transportation (RR
11.04, 95% CI 5.53–22.04). Moreover, meal or gathering SAR
was 2.56 times that of public places (RR 2.56, 95% CI 1.24–
5.29), 3.37 times that of medical care (RR 3.37, 95% CI 1.55–
7.33) and 5.50 times that of transportation (RR 5.50, 95% CI
2.58–11.72). When taking transportation as the reference group,
the SAR of daily conversation and work or study places were
close to three times that of transportation. In addition, the
SUCRA rankings also have changed (Table 1). The daily conver-
sation and the work or study places rose to the 3rd (59.4%) and
the 4th (52%), and the public places and the transportation
dropped to the 5th (35.1%) and the 7th (2.9%).

After excluding a low-quality study, the 4th to 7th SUCRA
rankings changed, and the ranking of the work or study places
rose to the 4th. However, the point estimations of the RRs were
similar with the results of overall studies (Table 2).

Discussion

Main findings

This systematic review included currently the largest number of eli-
gible observational studies involving 68 260 participants of SAR of
COVID-19 in varied contact environments. The SARs of seven
types of contact environments were compared and the pairwise
RRs of them were estimated using the NMA approach for the
first time. For all studies, the SAR of meal or gathering was signifi-
cantly higher than the other three contact environments: Mea vs.
Tra (RR 10.55, 95% CI 1.43–77.85), Mea vs. Wor (RR 11.68, 95%
CI 1.58–86.61) and Mea vs. Med (RR 10.15, 95% CI 1.40–73.38).
The SUCRA rankings of SARs from the highest to the lowest
were household, meal or gathering, public places, daily conversa-
tion, transportation, medical care and work or study places.
Although the SAR of the household settings was higher than
other environments, their RRs were not statistically significant.

Our study suggested that the estimates of RRs from mainland
China and studies without small sample sizes were more stable,
supported by the significant RRs with narrower 95% CIs in
NMA and larger P-value (>0.05) in consistency test. After exclud-
ing 11 non-mainland China studies and five studies with small
sample sizes, the statistically significant RRs increased to 8 and
11, respectively. And the RRs between the household SARs and
all other environments SARs became statistically significant in
both analyses. Besides the household and meal or gathering set-
tings, the SUCRA ranking of other contact environments also
changed. These changes were possibly caused by the changes in
SARs in diverse contact environments and the removing of small-
study effect. The results of the subgroup analysis and sensitivity
analysis showed that the SARs are significantly higher among
multiple contact environments, especially for household and
meal or gathering settings. Therefore, stratified personal

protection and public health measures need to be in place accord-
ingly, so as close contacts categorising and management.

Findings in our study could be explained by the characteristics
of transmission, and were in line with previous studies.
SARS-CoV-2 is mainly spread through respiratory droplets in
face-to-face contact [2]. Wearing a mask and keeping social dis-
tance can effectively reduce the possibility of transmission [2].
People living together spend more time together and have a closer
social distance, which may lead to higher SAR [9, 25]. In healthcare
environments, people use more protective measures, such as masks
and disinfection, which reduces the probability of infection [3].

There were some potential confounders in our study, which
may lead to inaccurate results, especially for the analysis of the
overall studies. Multiple factors might influence the results, such
as the population of the country, criteria for determining close
contacts and lockdown status [7]. These regional factors could
increase the heterogeneity of our study. Also, there were some fac-
tors considered as the confounder factors of SARs, such as asymp-
tomatic detection rates and the status of herd immunity [6, 10,
25]. Some reviews suggested that the SAR of symptomatic cases
was higher than asymptomatic cases because symptomatic cases
release more viruses during the onset of symptoms, making
close contacts more susceptible to infection [6, 10, 25]. Since
the asymptomatic detection rates were almost equal in diverse
contact environments in each study, the effects of the factor
were partly offset and attenuated when calculating the RRs of
SARs. For herd immunity, although whether the antibodies
were good to prevent re-infection still needed to be confirmed,
the status of herd immunity could be a potential confounder
for SARs [26]. But, when the status of herd immunity was simi-
larly in the compared contact environments, the confounder
effects may also be offset and attenuated.

The differences in regions

In our study, the results in mainland China were different from
the overall studies. There may be several reasons. Most of the
studies included in this study were from mainland China,
which was possibly because mainland China has more detailed
and unified management and classification of close contacts
than many other countries. After excluding 11 studies from non-
mainland China, results became consistent, estimates became sig-
nificant and more accurate as the 95% CIs narrowed, indicating
higher stability and reliability, and SUCRA ranking and the RRs
of pairwise comparisons changed. These differences may be
caused by different standards for determining close contacts
and management programmes in China and other regions.

There were some studies in other countries that reported close
contacts, but their management classification of exposure to the
environments varied and often simplified, which mainly focused
on household SAR [27–29]. China has conducted strict and
detailed epidemiological information surveys of each close con-
tact, and classified the contact environments into seven types
according to national guidelines [15]. The World Health
Organization’s guidance for contact tracing classification was
similar to the Chinese guideline, which has six categories includ-
ing household contacts, closed settings, healthcare settings, pro-
fessional contacts, public or shared transport and other
well-defined settings [30]. The US Centre for Disease Control
and Prevention provides risk assessment information and guide-
lines for close contacts, including school work environment, tra-
vel, community and medical care environment [31]. In Taiwan
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China, the Ministry of Health and Welfare suggested that contact
environments be classified into four types, including hospital con-
tacts, airplane contacts, school contacts and others [32]. The
health departments of Singapore, South Korea and Australia did
not have a clear classification of the settings of close contacts
[33–35]. Besides, the detection rate by contact environments
between different regions may also influence the results. In
China, almost all the close contacts were conducted further track-
ing and PCR testing, but the situation in other countries was dif-
ferent, such as Australia, India, Rwanda, Japan and United States,
which might cause potential attrition bias introduced by the loss
of follow-up [36–40].

Meanwhile, in the early stage of the epidemic, the Chinese gov-
ernment conducted strict social isolation measures, which might
lead to more contact frequency and opportunities in households
than in other environments [41]. This might also be a potential
cause of significant results when calculating the RRs between
household SAR and other environments in mainland China.

Sensibility analysis of the study

In our study, the results excluding small sample studies were more
stable and credible. More RRs showed significance, and their 95%
CIs became much narrower. The risk of household SAR was sig-
nificantly higher than that of other contact environments. The
order of 3rd to 7th in the SUCRA ranking has also changed.
Small sample studies may lead to bias because of potential publi-
cation bias [42] and instability of effect value of SARs [43].
Compared with large sample studies, the method of correcting
zero events in the STATA software network package might
cause a larger biased estimate for small sample studies, which
may also cause NMA results including small sample studies to
be more unstable [12]. Also, the inconsistency model might
lead to a wider 95% CI than the consistency model, which may
also contribute to the insignificant results [20].

Besides the small-study effect, other biases of studies included in
our studies were acceptable. Except for the higher risk of bias in clin-
ical features (no clinical features of follow-up cases reported), which
was not the focus of this study, the included studies have a lower risk
of bias. Most studies might have a bias in one respect. After exclud-
ing low-quality studies, the 4th–7th SUCRA rankings changed, and
the ranking of the work or study places group rose to 4th. But, the
RRs were similar. Due to the decrease in the number of studies and
participants included, the uncertainty of the results has increased
and the SUCRA ranking has changed [44, 45]. It indicated the
instability of the SUCRA ranking once again, and suggested that a
conclusion should not be made on the results of SUCRA only,
but with the effect size of the pairwise comparison [44].

Limitations of the study

This study has some limitations. First, due to the lack of specific
quality evaluation tools for retrospective epidemiological studies
on infectious diseases, after examining several risks of bias assess-
ment tools, the JBI tool was selected to evaluate the biases, and an
adaptive explanation was made for each question according to
general principles of epidemiological studies [14]. But, this may
still lead to certain errors or inaccuracies of quality evaluation.
Therefore, to obtain more rigorous evidence through the NMA,
methodological improvement is still needed.

Second, we planned to do subgroup analysis by region, age and
other confounder factors. However, there were few studies

reporting available demographic characteristics. Some only
reported the demographic characteristics of the follow-up cases
instead of all the close contacts. Some reported the demographic
characteristics of overall close contact rather than that of each
contact environment group. Due to the lack of information, we
only carried out subgroup analysis by region eventually.

Finally, due to the lack of information on the classification of
contact environments, we excluded some studies that could not be
included in the seven classifications. Meanwhile, due to the
method limitations of the NMA, we only included studies that
reported at least two groups of exposure routes; in other words,
studies that reported only one exposure route and total SAR
were not included in our study, which might miss some informa-
tion. And, NMA could not estimate the pooled SAR in each con-
tact environment, so traditional meta-analysis was conducted to
calculate the pooled SARs as Supplementary results.

Conclusion

Overall, household SAR has the probability of being the highest
SAR among SARs of all contact environments, followed by SARs
of meal or gathering, public places, daily conversation, transporta-
tion, medical care and work or study places. Household SARs were
significantly higher than other environments supported by more
accurate results using studies from China and sensitive analysis
without small sample studies (<100). This supported the necessity
of classifying and managing close contacts using stratified strategies
in the COVID-19 epidemic.
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