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a b s t r a c t   

Background: Understanding the transmissibility and pathogenicity of the severe acute respiratory syn
drome coronavirus 2 (SARS-CoV-2) is crucial for control policies, but evidence remains limited. 
Methods: We presented a systematic and meta-analytic summary concerning the transmissibility and pa
thogenicity of COVID-19. 
Results: A total of 105 studies were identified, with 35042 infected cases and 897912 close contacts. 48.6% 
(51/105) of studies on secondary transmissions were from China. We estimated a total SIR of 7.8% (95% 
confidence interval [CI], 6.8%−8.8%), SAR of 6.6% (95% CI, 5.7%−7.5%), and symptomatic infection ratio of 
86.9% (95%CI, 83.9%−89.9%) with a disease series interval of 5.84 (95%CI, 4.92–6.94) days. Household con
tacts had a higher risk of both symptomatic and asymptomatic infection, and transmission was driven 
between index cases and second-generation cases, with little transmission occurring in second-to-later- 
generation cases (SIR, 12.4% vs. 3.6%). The symptomatic infection ratio was not significantly different in 
terms of infection time, generation, type of contact, and index cases. 
Conclusions: Our results suggest a higher risk of infection among household contacts. Transmissibility 
decreased with generations during the intervention. Pathogenicity of SARS-CoV-2 varied among territories, 
but didn’t change over time. Strict isolation and medical observation measures should be implemented. 
© 2022 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health 
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Introduction 

An outbreak of novel pneumonia, called coronavirus disease 2019 
(COVID-19), caused by the severe acute respiratory syndrome cor
onavirus 2 (SARS-CoV-2) emerged in December 2019 and spread 
rapidly worldwide [1]. As of 27 April 2021, the confirmed cases of 
COVID-19 have surpassed 100 million in over 120 countries and 
territories, which resulted in more severe conditions than the severe 
acute respiratory syndrome (SARS) and Middle East respiratory 
syndrome outbreaks [2]. The transmissibility of the virus and the 
disease series interval (SI, also known as generation time) are the 
key elements that affect the ability to contain an outbreak [3]. A 
series of existing publications estimated the SI, basic reproductive 
number (R0), and other parameters associated with transmission 
dynamics based on investigation data or parameters of similar dis
eases such as SARS, but most have used mathematical models or 
statistical models combined with agent-based models [4–10]. 

Cluster studies are especially useful for transmissibility assess
ment because the data obtained from contact tracing can be used to 
calculate transmissibility by analysing exposure history at the in
dividual level. Although a large number of publications have reported 
COVID-19 clusters, most publications reported only cluster infections 
and confirmed the existence of human-to-human transmission 
through close contacts. There is a lack of analysis related to the 
general transmissibility of COVID-19 and its influencing factors. In 
addition, the existing literature had conflicting definitions and report 
criteria, which increased the difficulty of the estimation. To the best of 
our knowledge, there is no systematic summary or final conclusion on 
whether variations in the SARS-CoV-2 affect its pathogenicity. 

Thus, we conducted a systematic and meta-analytic summary con
cerning the transmissibility and pathogenicity of COVID-19 reflected by 
the secondary infection rate (SIR), secondary attack rate (SAR), and 
symptomatic infection ratio, with the aim of providing constructive 
suggestions for the prevention and management of COVID-19. 

Material and methods 

Literature search 

We reviewed both English and Chinese publications extracted from 
English databases including Web of Science and PubMed, and Chinese 
databases, including China National Knowledge Infrastructure, 
WANFANG Database, and the VIP Database for Chinese Technical 
Periodicals. Both English and Chinese databases were searched for 
relevant articles with the following terms: (COVID-19 OR 2019-nCoV 
OR SARS-CoV-2 OR novel coronavirus) AND (attack rate OR secondary 
attack rate OR super spread OR cluster). The included papers were 
published on or before 17 August 2020. All eligible studies and their 
references were retrieved and reviewed. 

Inclusion and exclusion criteria 

Inclusion criteria 
We included all relevant scientific studies aimed at studying the 

SIR of COVID-19. The publication must have reported both three in
dexes among close contacts, or at least two of the number of close 
contacts, the number of infected cases among close contacts, and SIR. 

Exclusion criteria  

(1) Studies not relevant to COVID-19 or COVID-19 studies not as
sociated with SIR  

(2) Data not collected first hand (e.g. data collected from media)  
(3) Missing original data  
(4) Duplicate studies  
(5) Theoretical models, reviews, and publications in languages other 

than English or Chinese 

Processing of overlapping data 

Overlapping data refers to different studies that share partial or 
whole samples. The judgement of overlapping data was conducted 
as follows: 
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a. Determination of whether the samples were from the same re
gion. If yes,  

b. Determination of whether the samples were from the same 
clusters. If yes,  

c. Determination of whether the report period was the same. 

The details are presented in Supplementary Fig. 1. Studies 
without overlapping data were included, while studies with com
pletely overlapping data were excluded from the analysis. When 
data partially overlapped, studies with the largest sample size were 
included. Taking integrity into consideration, we first included all 
relevant studies and executed the above steps during specific ana
lysis. 

Definitions 

Infected case 
Cases were defined as patients with positive laboratory test re

sults, including symptomatic and asymptomatic cases. 

Index cases 
Cases that met the infected case definition and were the first to 

be detected and reported in cases of cluster infection. 

Secondary infected cases 
Cases infected by index cases and met the definition of infected 

cases. In this review, we refer to all cases ≥ 2 generations away from 
the index case as secondary cases. According to the generation of 
cases, we categorised secondary cases as second-generation cases 
and ≥third-generation cases in the subgroup analysis. 

SIR 
This is the probability of a close contact becoming infected over 

the duration of latent infection in a patient. The denominator of the 
SIR is the total number of close contacts, and the numerator is the 
number of close contacts who became infected. 

SAR: This is the probability of a close contact becoming infected 
and symptomatic over the duration of latent infection in the case 
patient. The denominator of the SAR is the total number of close 
contacts, and the numerator is the number of close contacts who 
became infected and symptomatic. 

Asymptomatic secondary rate 
This is the probability of a close contact becoming infected but 

having no symptoms over the duration of latent infection in the case 
patient. The denominator is the total number of close contacts, and 
the numerator is the number of close contacts who became infected 
but asymptomatic. 

Symptomatic infection ratio 
This is the number of symptomatic infections per secondary in

fection. The denominator is the total number of secondary cases, and 
the numerator is the number of secondary cases with symptoms. 

Close contacts 
Varied according to the study. 

Super spreading event (SSE) 
This refers to large clusters of infection in which index cases 

infected >  10 cases. 

SI 
This refers to the time interval between onset time in the index 

case versus the secondary cases. 

Quality evaluation and data abstraction 

All selected studies were independently assessed by two re
searchers. If they were uncertain about the quality of the study, the 
study was reviewed by a third researcher. We assessed the quality of 
each study based on a modified version of the Newcastle-Ottawa 
scale [11,12] (Supplementary Material). We assessed each study’s 
selection process, comparability, and outcome for a maximum of 
11 points. Studies were ranked high if they had a score greater than 
66.6%, moderate if they had a score greater than 33.3% and less than 
or equal to 66.6%, and low if they had a score of less than or equal 
to 33.3%. 

The following data were extracted: first author, location, cluster 
period, definition of infected cases and close contacts, generation, 
sex, age, occupation of index and secondary cases, type of contact, 
number of infected cases, total sample size of close contacts, and SI. 

Statistical analyses 

Meta-analyses were performed to yield a point estimate and 95% 
confidence interval (CI) for SIR and SI. I2 was used to describe the 
heterogeneity between studies. An I2 > 50% indicated significant 
heterogeneity, in which case a random-effects model was used. 
Otherwise, a fixed-effects model was used. A subgroup analysis was 
also conducted to explore heterogeneity. Subgroups were selected 
based on the characteristics of the index cases and secondary cases. 
The false discovery rate method was used to adjust the p value when 
multiple comparisons were conducted within the characteristics of 
the cases. All tests of significance were at α = 0.05. All analyses were 
performed in R 3.6.2, using the metafor package [13]. 

Results 

Search results and study characteristics 

Our search strategy yielded a total of 2657 citations, and one 
record was identified from the reference list in the included studies. 
After removal of duplicates and application of the inclusion and 
exclusion criteria, 105 studies were included in the systematic re
view and meta-analysis (Fig. 1, Supplementary Table 1). Of these, 50 
were in English and 55 were in Chinese. Among these, 28 studies 
were of high quality, 66 studies were of moderate quality, and 11 
were of low quality (Supplementary Table 1). The average score was 
6.13  ±  1.97. 

The majority of studies on secondary transmissions were from 
China (n = 51), 11 studies were from other countries in Asia except 
China, seven were from Europe, and three were from North America. 
A total of 35042 infected cases were identified among 897912 close 
contacts. An I2 of 97.15% indicated high heterogeneity among the 
included studies. 

COVID-19 SIR and influencing factors 

The estimated overall SIR of COVID-19 was 7.8% (95% CI, 6.8–8.8%) 
with significant heterogeneity (I2 = 97.15%). Fig. 2 and Supplementary 
Tables 2–5 summarises the estimated SIRs from the included studies. 

The SIR did not significantly differ according to sex, age, and 
region. However, SIR differed in terms of symptoms and generation 
of secondary cases, as well as infection time and type of contact. SIR 
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Fig. 1. Flow diagram of included studies and the selection process.  

Fig. 2. COVID-19 SIR and the influencing factors Abbreviations: SIR, secondary infected rate; CI, confidence interval Note: a: Number of infected cases / total number of close 
contacts. * : Having removed studies with overlap data. 
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in March (50.0%, 95% CI [8.7%−91.2%]) was higher than that in 
January (4.4%, 95% CI [3.7%−5.2%]; p = 0.026) and February (8.1%, 95% 
CI [5.9%−10.3%]; p = 0.037). Second-generation cases had an SIR of 
12.4% (95% CI, 9.1–16.2%), which was higher than that of ≥third- 
generation cases (SIR, 3.6%, 95% CI [2.5–4.8%]; p  <  0.001). 

Based on the included studies, we defined three types of contact. 
Household contact refers to contact with families or family mem
bers. Community contact refers to contact in work, study, travel, 
daily communication, or other social activities. Medical contact re
fers to contact in a medical setting. Household contact was more 
frequent (n = 46) and had a higher SIR (22.1, 95% CI [17.9–26.6%]) 
than community contact (SIR, 8.8%, 95% CI [6.2%−11.9%]; p = 0.006) 
and medical contact (SIR, 5.3%, 95% CI [2.0–10.0%]; p  <  0.001). 

To better explore the factors influencing COVID-19 SIR, we car
ried out a stratified analysis. In China, symptomatic index cases re
sulted in more secondary cases than asymptomatic index cases (SIR, 
6.1% [95% CI, 4.0%−8.3%] vs. 3.0% [95% CI, 1.3%−4.8%], p = 0.036). The 
SIR was highest in the household, followed by the community, and 
least in medical contact. As of the search date, China has had no 
cluster cases since March. However, regions except China showed no 
significant difference among the three types of contact and had the 
largest SIR of 50.0% (95% CI, 8.7–91.2%) in March. As for second- 
generation cases, household contact (SIR, 24.2%, 95% CI [17.1–32.0%]) 
resulted in more second-generation cases than community (SIR, 
5.6%, 95% CI [3.6–8.0%]; p  <  0.001) or medical contact (SIR, 3.5%, 95% 
CI [1.3–6.7%]; p = 0.010). The details are shown in Fig. 3 and  
Supplementary Table 6–11. 

COVID-19 SAR and influencing factors 

The estimated overall SAR of COVID-19 was 6.6% (95% CI, 
5.7%−7.5%). Fig. 4 and Supplementary Table 12–14 illustrates the 
result of the subgroup analysis that the generation of secondary 
cases and type of contact might affect secondary infection. Second- 
generation cases had an SAR of 13.1% (95% CI, 8.4–18.7%), which was 
higher than that of ≥third-generation cases (SAR, 5.9%, 95% CI 
[3.6–8.7%]; p = 0.034). Household contact had a higher SAR (19.6%, 
95% CI [15.4–24.2%]) than community contact (SAR, 8.1%, 95% CI 
[5.2–11.5%]; p = 0.013) and medical contact (SAR, 3.8%, 95% CI 
[0.9–8.4%]; p  <  0.001). 

Stratified analysis was also performed (Fig. 5 and Supplementary 
Table 15–16). A significant difference between second-generation 
and ≥third-generation cases was also found in China (SAR, 13.6% 
[95% CI, 9.3–18.9%] vs. 4.3% [95% CI, 2.8%–−5.9%], p = 0.001). House
hold contact (SAR, 26.8%, 95% CI [17.3–41.4%]) resulted in more 
second-generation cases than community (SAR, 6.7%, 95% CI 
[2.8–15.9%]; p = 0.016) or medical contact (SAR, 2.9%, 95% CI 
[1.2–6.9%]; p = 0.001). 

Symptomatic infection ratio of COVID-19 

The pooled symptomatic infection ratio of COVID-19 from 56 
studies was 86.9% (95% CI, 83.9%−89.9%). The symptomatic infection 
ratio did not significantly differ according to infection time, gen
eration, type of contact, and index cases (Fig. 6 and Supplementary 
Table 17–18). However, a subgroup comparison indicated that the 
symptomatic infection ratio of COVID-19 in North America (SIR, 
98.6%, 95% CI [94.4–100.0%]) was higher than that in China (89.3%, 
95% CI [84.2–93.5%]; p = 0.017). The stratified analysis showed that 
the SIR did not change over time in China (January vs. February, 
90.6% vs. 91.3%, p = 0.614). 

Characteristics of asymptomatic infection 

Thirty-three studies reported secondary asymptomatic cases and 
had an estimated overall asymptomatic secondary rate of 1.2% 
(95%CI, 0.7–1.6%). Asymptomatic secondary cases occurred more 
frequently in the second generation and in regions other than China 
(Fig. 7 and Supplementary Table 19–20). 

Characteristics of SSEs 

Five studies reported SSEs and had an estimated overall SIR of 
40.8% (95% CI, 28.4–53.2%). All SSEs developed from symptomatic 
index cases. Most secondary cases were symptomatic (SAR, 36.4%; 
95% CI, 21.9–51.0%). 

COVID-19 SI 

We analysed the SI of COVID-19 from 14 reported studies with a 
total sample size of 973 pairs. The pooled SI was 5.84  ±  1.09 (95% CI, 
4.92–6.94) days. 

Discussion 

With the increasing availability of COVID-19 reports, we re
viewed and extracted 105 studies of COVID-19 SIR worldwide. This 
meta-analysis estimated the COVID-19 SIR, SAR, and symptomatic 
infection ratio based on existing English and Chinese literature. We 
estimated a total SIR of 7.8%, SAR of 6.6%, and symptomatic infection 
ratio of 86.9% with an SI of 5.84 days. The pooled SI was similar to 
other estimates [14,15]. Although there are publications summar
ising the total SIR/SAR [16,17] or SIR/SAR in specific types [18–21], 
our study has the following strengths and innovations. First, we 
subdivided the definitions of SIR and SAR to better understand the 
characteristics of COVID-19 transmissibility. Second, a stratified 
analysis was conducted on the basis of parameter estimation so that 
we could further explore the source of heterogeneity. Furthermore, 
we introduced the symptomatic infection ratio to reflect the pa
thogenicity intensity. 

The pooled SIR of COVID-19 was higher in March than in January 
and February. The stratified analysis indicated that no Chinese 
clusters were reported since March up until the date we conducted 
the search, which was probably due to the effective intervention 
conducted by the Chinese government [22]. This result suggests that 
public health intervention practices in China can be learned and 
applied. 

The World Health Organisation officially declared COVID-19 a 
global pandemic on 11 March 2020 and suggested that the focus of 
the epidemic had shifted to Europe [23]. The stratified analysis 
confirmed that COVID-19 secondary infection in regions other than 
China increased from January to March, which was consistent with 
the COVID-19 condition. We also collected data from John Hopkins 
University [24,25] and drew the epidemiological curve 
(Supplementary Fig. 2), demonstrating that China had a very low 
incidence since March 2020, while regions besides China were still 
in the COVID-19 rapid diffusion period, corroborating our viewpoint 
above. Unfortunately, due to limitations in the dynamic processing 
of COVID-19 and publication bias, we had no access to reports on 
cluster infections after March in the search, which may reduce the 
credibility of the conclusions. 

Our study provided further evidence that household contacts had 
a higher risk of both symptomatic and asymptomatic infections, 
especially in China, which is consistent with previous studies [17,21]. 
Considering the period of peak incidence during the Chinese Spring 
Festival, the prominence might be due to the tradition of family 
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gatherings and dinners. This suggests that strict isolation and 
medical observation measures should be implemented for close 
contacts as soon as possible, and centralised isolation medical ob
servation should be carried out as much as possible to avoid trans
mission within the family [26]. 

A previous study proved that the family SAR of the spouses of the 
family index cases is higher than that of their children, parents, and 
other family members [27]. However, due to the lack of data, we 

were unable to explore the associations between family relation
ships and SAR. Notably, the influence of different contact types was 
not observed in regions other than China, which might be explained 
by different lifestyles. For example, religious activities are more 
popular in regions other than China. An SSE in Buddhist gatherings 
was also reported in China [28]. There was a total SAR of only 3.8% 
reported among medical contacts, and 0% in asymptomatic infection. 
However many regions have reported nosocomial infection [29–34], 

Fig. 3. Stratified analysis of COVID-19 SIR Abbreviations: SIR, secondary infected rate; CI, confidence interval Note: a: Number of infected cases / total number of close contacts.  
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and discussions on how to avoid nosocomial infection have been 
raised and should be paid attention to [35]. 

It is also worth noting that severe acute respiratory syndrome 
coronavirus 1 could be transmitted by faecal shedding and air 
movement of contaminated bio-aerosols, which may have con
tributed to a 187-person outbreak [36]. Publications have also 
pointed out that the COVID-19 outbreak may be associated with air 

conditioning [37,38]. Given the situation that there is an apparent 
increase in the infectiousness of SARS-CoV-2 compared to earlier 
coronaviruses, it would be prudent for hospitals to exercise pre
cautions as part of infection control initiatives, such as covering 
toilets or using non-flushing commodes, and ensuring robust en
vironmental decontamination protocols [39]. However, the defini
tions of the different modes were vague and subjective. There was 

Fig. 4. COVID-19 SAR and the influencing factors Abbreviations: SAR, secondary attack rate; CI, confidence interval Note: a: Number of infected cases / total number of close 
contacts. * : Having removed studies with overlap data. 

Fig. 5. Stratified analysis of COVID-19 SIR Abbreviations: SAR, secondary attack rate; CI, confidence interval Note: a: Number of infected cases / total number of close contacts.  
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non-negligible information bias during the investigation and data 
collection. Thus, this conclusion requires further consideration. 

The SAR in the second generation was significantly higher than 
that in the ≥third generation. A possible reason is the early isolation 
and strict management of close contacts. Contrary to most existing 
agreements, there was no significant difference in COVID-19 SAR 
between age groups [16,40–42]. A possible reason for this is that due 
to limitations in the available data, we roughly divided the patients 
into only three groups. However, previous studies have revealed 
differences between age groups divided by smaller intervals [43]. On 
the other hand, a study reported no significant differences in the 
transmissibility or susceptibility based on the ages of the index cases 
or contacts [21]. We did not observe a difference in SAR between 
sexes either, but there have been studies showing that the pre
valence of symptomatic COVID-19 was higher in male than in female 
patients [44]. 

The symptomatic infection ratio can provide insights into the 
pathogenicity of SARS-CoV-2. Using meta-analysis, we illustrated 
that the number of symptomatic cases per secondary case varied 
among territories, although estimates in Asia, except in China and 
Europe, were similar on average. North America had a larger 
symptomatic infection ratio than China, which might be associated 

with the different virus lineages [45] and types [46], but this still 
needs further confirmation [47]. 

The analysis of the asymptomatic infection rate also corroborated 
that China had fewer asymptomatic secondary cases, but reports 
from the Chinese Centre for Disease Control and Prevention sug
gested that the majority of cases in China were asymptomatic since 
the second half of 2020 [48,49]. Nevertheless, our study showed that 
both symptomatic infection ratio and asymptomatic infection rate 
did not change over time, but it should be noted that our samples 
were not sufficient. 

A systematic review estimated that at least one-third of SARS- 
CoV-2 infections are asymptomatic, based on available data from 17 
November 2020 [50]. Asymptomatic infections have two outcomes: 
the first is referred to as a true asymptomatic infected case, or 
someone who received positive results on the nucleic acid test or 
specific IgM antibody detection but did not show symptoms from 
the beginning to the end of follow-up. The other outcome, however, 
is the transitional asymptomatic infection in the disease process, 
which is also referred to as “presymptomatic” [51]. Thus, the in
crease in asymptomatic infection rate may be due to improvements 
in detection technology. 

Fig. 6. COVID-19 symptomatic infection ratio and the influencing factors Note: a: Number of symptomatic secondary cases / total number of secondary cases. * : Having removed 
studies with overlap data. 

Fig. 7. COVID-19 asymptomatic infection and the influencing factors Abbreviations: SIR, secondary infected rate; CI, confidence interval Note: a: Number of infected cases / total 
number of close contacts. * : Having removed studies with overlap data. 
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There was no significant difference in the symptomatic infection 
ratio among the generations. A series of reports of SARS-CoV-2 
variants have been published, but evidence of pathogenicity char
acteristics is still lacking [52,53]. Based on available data, we failed to 
establish a relationship between sex and symptomatic infection 
ratio, but a meta-analysis conducted by Mount Sinai Hospital con
cluded that male patients were more likely to develop severe 
symptoms than female patients [54]. 

There are some limitations to this review. First, publication bias 
might have omitted some meaningful reports. Although this review 
focused on studies worldwide, the majority of the data were ob
tained from China. The epidemic occurred in China first, which 
contributed to the large scale of relevant publications reported from 
China as the date of search. Also, we failed to extract virus types for 
the same reason. Retrospectively, to make full use of the information 
from existing literature, we designed a process for overlapping data, 
but this did not eliminate the possibility that data could still be 
partly duplicated among different studies since we could not com
pletely define the exact data source of each study. Additionally, due 
to the lack of unified normalisation, the variance in the definitions of 
variables could lead to information bias during investigation and 
analysis. For example, we could extract only the date of index cases 
reported by specific studies as the time of infection; thus, the ex
posure date, onset date, or diagnosis date all could have been re
corded. Although these dates were almost similar for the same case, 
the possibility that the result was affected cannot be eliminated. 
Moreover, limited by the available studies, we know for certain the 
number of patients who were asymptomatic only in retrospect, and 
this may affect the estimates of SAR and symptomatic infection ratio. 

Conclusions 

Pooled estimates of SIR and SAR of COVID-19 based on currently 
available data show a higher infection risk among household con
tacts. Transmissibility decreased with generations during interven
tion. Pathogenicity of SARS-CoV-2 varied among territories, but 
didn’t change over time. Strict isolation and medical observation 
measures should be implemented, and centralised isolation medical 
observation should be carried out for close contacts as much as 
possible to avoid transmission within clusters. 
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