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Abstract

Background

Debate about the level of asymptomatic Severe Acute Respiratory Syndrome Coronavirus 2

(SARS-CoV-2) infection continues. The amount of evidence is increasing and study designs

have changed over time. We updated a living systematic review to address 3 questions: (1)

Among people who become infected with SARS-CoV-2, what proportion does not experi-

ence symptoms at all during their infection? (2) What is the infectiousness of asymptomatic

and presymptomatic, compared with symptomatic, SARS-CoV-2 infection? (3) What pro-

portion of SARS-CoV-2 transmission in a population is accounted for by people who are

asymptomatic or presymptomatic?

Methods and findings

The protocol was first published on 1 April 2020 and last updated on 18 June 2021. We

searched PubMed, Embase, bioRxiv, and medRxiv, aggregated in a database of SARS-

CoV-2 literature, most recently on 6 July 2021. Studies of people with PCR-diagnosed
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SARS-CoV-2, which documented symptom status at the beginning and end of follow-up, or

mathematical modelling studies were included. Studies restricted to people already diag-

nosed, of single individuals or families, or without sufficient follow-up were excluded. One

reviewer extracted data and a second verified the extraction, with disagreement resolved by

discussion or a third reviewer. Risk of bias in empirical studies was assessed with a bespoke

checklist and modelling studies with a published checklist. All data syntheses were done

using random effects models. Review question (1): We included 130 studies. Heterogeneity

was high so we did not estimate a mean proportion of asymptomatic infections overall (inter-

quartile range (IQR) 14% to 50%, prediction interval 2% to 90%), or in 84 studies based on

screening of defined populations (IQR 20% to 65%, prediction interval 4% to 94%). In 46

studies based on contact or outbreak investigations, the summary proportion asymptomatic

was 19% (95% confidence interval (CI) 15% to 25%, prediction interval 2% to 70%). (2) The

secondary attack rate in contacts of people with asymptomatic infection compared with

symptomatic infection was 0.32 (95% CI 0.16 to 0.64, prediction interval 0.11 to 0.95, 8 stud-

ies). (3) In 13 modelling studies fit to data, the proportion of all SARS-CoV-2 transmission

from presymptomatic individuals was higher than from asymptomatic individuals. Limita-

tions of the evidence include high heterogeneity and high risks of selection and information

bias in studies that were not designed to measure persistently asymptomatic infection, and

limited information about variants of concern or in people who have been vaccinated.

Conclusions

Based on studies published up to July 2021, most SARS-CoV-2 infections were not persis-

tently asymptomatic, and asymptomatic infections were less infectious than symptomatic

infections. Summary estimates from meta-analysis may be misleading when variability

between studies is extreme and prediction intervals should be presented. Future studies

should determine the asymptomatic proportion of SARS-CoV-2 infections caused by vari-

ants of concern and in people with immunity following vaccination or previous infection.

Without prospective longitudinal studies with methods that minimise selection and measure-

ment biases, further updates with the study types included in this living systematic review

are unlikely to be able to provide a reliable summary estimate of the proportion of asymp-

tomatic infections caused by SARS-CoV-2.

Review protocol

Open Science Framework (https://osf.io/9ewys/)

Author summary

Why was this study done?

• The proportion of people who will remain asymptomatic throughout the course of

infection with Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the

cause of Coronavirus Disease 2019 (COVID-19), is debated.
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• Studies that assess people at just 1 time point overestimate the proportion of true asymp-

tomatic infection because those who go on to develop COVID-19 symptoms will be

wrongly classified as asymptomatic, but other types of study might underestimate the

proportion if, for example, people with symptoms are more likely to be included in a

study population.

• The number of published studies about SARS-CoV-2 is increasing continuously, types

of studies are changing and, since 2021, vaccines have become available, and variants of

concern have emerged.

What did the researchers do and find?

• We updated a living systematic review through 6 July 2021, using automated workflows

that speed up the review processes, and allow the review to be updated when relevant

new evidence becomes available.

• In 130 studies, we found an interquartile range of 14% to 50% (prediction interval 2% to

90%) of people with SARS-CoV-2 infection that was persistently asymptomatic; owing

to heterogeneity, we did not estimate a summary proportion.

• Contacts of people with asymptomatic SARS-CoV-2 infection are less likely to become

infected than contacts of people with symptomatic infection (risk ratio 0.32, 95% CI

0.16 to 0.64, prediction interval 0.11 to 0.95, 8 studies).

What do these findings mean?

• In studies published up to mid-2021, most people with SARS-CoV-2 were not persis-

tently asymptomatic, and asymptomatic infection was less infectious than symptomatic

infection.

• In the presence of high between-study variability, summary estimates from meta-analy-

sis may be misleading and prediction intervals should be presented.

• Future studies about asymptomatic SARS-CoV-2 infections caused by variants of con-

cern and in people with immunity following vaccination or previous infection should

be specifically designed, using methods to minimise biases in the selection of study par-

ticipants and in ascertainment, classification, and follow-up of symptom status.

Introduction

There is ongoing debate about the true proportion of Severe Acute Respiratory Syndrome

Coronavirus 2 (SARS-CoV-2) infection that remains asymptomatic [1]. A well-recognised

source of overestimation arises when people without symptoms at the time of testing are

reported as having asymptomatic infection, with such cross-sectional studies often reporting

percentages of 80% or more [2,3]. These studies overestimate the proportion of persistently

asymptomatic infection because they misclassify people with so-called presymptomatic infec-

tion, who will develop symptoms of Coronavirus Disease 2019 (COVID-19) if reassessed after
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an adequate follow-up period [1]. Other sources of bias can result in over- or underestimation

of the proportion with persistent asymptomatic infections, even when participants are ade-

quately followed up [1]. For example, studies that assess a limited range of symptoms could

overestimate the proportion asymptomatic through misclassification if they do not ask partici-

pants about all possible symptoms. Since COVID-19 was first identified as a viral pneumonia,

the spectrum of symptoms has grown to include gastrointestinal symptoms and disturbances

of smell and taste [1]. On the other hand, selection bias would be expected to underestimate

the proportion with asymptomatic SARS-CoV-2 if people with symptoms are more likely to be

tested for SARS-CoV-2 infection than those without symptoms [4].

Accurate estimates of the proportions of true asymptomatic and presymptomatic infections

are needed to determine the balance and range of control measures [5]. Recognition of asymp-

tomatic and presymptomatic infections showed the importance of control measures such as

physical distancing, active case-finding through testing of asymptomatic people [6], and the

need for rapid quarantine [7] in the first waves. Since late 2020, vaccines have become available

[8] and several SARS-CoV-2 variants of concern have spread internationally, with varying

viral characteristics [9]. The number of published studies about SARS-CoV-2 is increasing

continuously, and the types of published studies are also changing [10], including the designs

of studies about asymptomatic infection. In systematic reviews of studies published to April

2021, reported point estimates from random effects meta-analysis models range from 17% to

41% [11–16]. Authors of these reviews typically report values of the I2 statistic >90% [17,18],

but heterogeneity is often not explored in detail and prediction intervals, which give informa-

tion about sampling error and variability between studies, are recommended but rarely

reported [17,19,20]. In this fifth version of our living systematic review [21], we aimed to

improve and understand the changing evidence over time for 3 review questions: (1) Among

people who become infected with SARS-CoV-2, what proportion does not experience symp-

toms at all during their infection? (2) What is the infectiousness of people with asymptomatic

and presymptomatic, compared with symptomatic SARS-CoV-2 infection? (3) What propor-

tion of SARS-CoV-2 transmission is accounted for by people who are either asymptomatic

throughout infection or presymptomatic?

Methods

We conducted an update of a living systematic review, a systematic review that provides an

online summary of findings and is updated when relevant new evidence becomes available

[22]. The protocol, which describes modifications for each version, was first published on 1

April 2020 and amended for this fifth version on 18 June 2021 (https://osf.io/9ewys/). Previous

versions have been posted as preprints [21,23] and published as a peer-reviewed article [12].

We report our findings according to statements on preferred reporting items for systematic

reviews and meta-analyses 2020 (S1 PRISMA Checklist) [24] and on synthesis without meta-

analysis in systematic reviews (SWiM) [25]. Ethics committee review was not required for this

review. Box 1 shows our definitions of symptoms, asymptomatic infection, and presymptom-

atic status.

Box 1. Definitions of symptoms and symptom status in a person with
SARS-CoV-2 infections

Symptoms: symptoms that a person experiences and reports. We used the authors’ defi-

nitions. We searched included manuscripts for an explicit statement that the study par-

ticipant did not report symptoms that they experienced. Some authors defined
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Information sources and search

We conducted the first search on 25 March 2020 and updated it on 20 April 2020, 10 June

2020, 2 February 2021, and, for this update, 6 July 2021. We searched the COVID-19 living evi-

dence database [26], which uses automated workflow processes to: (1) aggregate simultaneous

daily searches of 4 electronic databases (Medline, PubMed, Ovid Embase, bioRxiv, and medR-

xiv), using medical subject headings and free-text keywords for SARS-CoV-2 infection and

COVID-19; (2) deduplicate the records; (3) tag records that are preprints; and (4) allow

searches of titles and abstracts using Boolean operators. We used the search function to iden-

tify studies of asymptomatic or presymptomatic SARS-CoV-2 infection using a search string

of medical subject headings and free-text keywords (S1 Text). We also examined articles sug-

gested by experts and the reference lists of retrieved studies. Reports were planned to be

updated at 3 monthly intervals, with continuously updated searches.

Eligibility criteria

We included studies, in any language, of people with SARS-CoV-2 diagnosed by RT-PCR that

documented follow-up and symptom status at the beginning and end of follow-up or investi-

gated the contribution to SARS-CoV-2 transmission of asymptomatic or presymptomatic

infection. We included contact tracing and outbreak investigations, cohort studies, case-con-

trol studies, and mathematical modelling studies. We amended eligibility criteria after the

third version of the review [12] in 2 ways. First, we excluded studies that only reported the pro-

portion of presymptomatic SARS-CoV-2 because the settings and methods of these studies

were very different and their results were too heterogeneous to summarise [12]. Second, we

aimed to reduce the risk of bias from studies with inclusion criteria based mainly on people

with symptoms, which would systematically underestimate the proportion of people with

asymptomatic infection. We therefore excluded the following study types: case series restricted

to people already diagnosed and studies that did not report the number of people tested for

SARS-CoV-2, from whom the study population was derived. We also excluded case reports

and contact investigations of single individuals or families, and any study without sufficient

follow-up (Box 1). Where data from the same study population were reported in multiple rec-

ords, we extracted data from the most comprehensive report.

“asymptomatic” as an absence of self-reported symptoms. We did not include clinical

signs observed or elicited on examination.

Asymptomatic infection: a person with laboratory-confirmed SARS-CoV-2 infection,

who has no symptoms, according to the authors’ report, at the time of first clinical

assessment and had no symptoms at the end of follow-up. The end of follow-up was

defined as any of the following: virological cure, with 1 or more negative reverse tran-

scription PCR (RT-PCR) test results; follow-up for 14 days or more after the last possible

exposure to an index case; follow-up for 7 days or more after the first RT-PCR positive

result.

Presymptomatic: a person with laboratory-confirmed SARS-CoV-2 infection, who has

no symptoms, according to the authors’ report, at the time of first clinical assessment,

but who developed symptoms by the end of follow-up. The end of follow-up was defined

as any of the following: virological cure, with 1 or more negative RT-PCR test results; fol-

low-up for 14 days or more after the last possible exposure to an index case; follow-up

for 7 days or more after the first RT-PCR positive result.
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Study selection and data extraction

Reviewers, including crowdsourced-trained volunteers, worked in pairs to screen records

using an application programming interface in the electronic data capture system (REDCap,

Vanderbilt University, Nashville, Tennessee, United States of America). One reviewer applied

eligibility criteria to select studies and a second reviewer verified all included and excluded

studies. We reported the process in a flow diagram, adapted for living systematic reviews [27]

(S1 Fig). The reviewers determined which of the 3 review questions each study addressed. One

reviewer extracted data using a prepiloted extraction form in REDCap and a second reviewer

verified the extracted data. For both study selection and data extraction, a third reviewer adju-

dicated on disagreements that could not be resolved by discussion. We contacted study

authors for clarifications. The extracted variables included study design, country and/or

region, study setting, population, age, sex, primary outcomes, and length of follow-up (full list

of variables in S1 Appendix). We extracted raw numbers of individuals with an outcome of

interest and relevant denominators from empirical studies. From statistical and mathematical

modelling studies, we extracted proportions and 95% credibility intervals.

The primary outcomes for each review question were (1) the proportion of people with

asymptomatic SARS-CoV-2 infection who did not experience symptoms at all during follow-

up; (2) secondary attack rate from asymptomatic or presymptomatic index cases, compared

with symptomatic cases; (3) model-estimated proportion of SARS-CoV-2 transmission

accounted for by people who are asymptomatic or presymptomatic.

Risk of bias in included studies

After the third version of the review [12], we developed a new tool to assess the risk of bias

because the study designs of included studies have changed. In previous versions, we used

items from tools to assess case series [28] and the prevalence of mental health disorders [29].

The new tool assessed possible biases in studies of prevalence in general and COVID-19 in par-

ticular [4,30]. We developed signalling questions in the domains of selection (2 items), infor-

mation (3 items), and selective reporting (1 item) biases (S2 Text). For mathematical

modelling studies, we used a checklist for assessing relevance and credibility [31]. Two authors

independently assessed the risk of bias, using a customised online tool. A third reviewer

resolved disagreements.

Synthesis of the evidence

The data extracted and the code used to display and synthesise the results are publicly avail-

able: https://github.com/leonieheron/LSR_Asymp_v5. We used the metaprop, metabin, and

metafor functions from the meta package (version 4.11–0) [32] and the ggplot2 package (ver-

sion 3.3.5) in R (version 3.5.1). The 95% confidence intervals (CIs) for each study were esti-

mated using the Clopper–Pearson method [33]. For review question 1, in contact or outbreak

investigations, we subtracted the index cases from the total with SARS-CoV-2 infection,

because these people were likely to have been identified because of their symptoms and their

inclusion might lead to underestimation of the asymptomatic proportion [16]. For all meta-

analyses, we used stratified random effects models. Where a meta-analysis was not done, we

present the interquartile range (IQR) and describe heterogeneity visually in forest plots,

ordered by study sample size [25]. We calculated the I2 statistic, which is the approximate pro-

portion of between-study variability that is due to heterogeneity other than chance, and τ2, the

between-study variance. We calculated 95% prediction intervals for all summary estimates, to

give a likely range of proportions that would have been obtained in hypothetical studies con-

ducted in similar settings [17,19,20]. We did subgroup analyses for prespecified characteristics
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of study design, setting and risk of bias, and post hoc analyses according to age group and geo-

graphic region, comparing groups using a χ2 test. We used meta-regression for post hoc analy-

ses examining associations with study size and publication date. To compare our findings with

other studies, we extracted the raw data from 5 systematic reviews [11,13–16] and calculated

prediction intervals [17]. For review question 2, as a measure of infectiousness, we calculated

the secondary attack rate as the number of SARS-CoV-2-infected contacts as a proportion of

all close contacts ascertained. For each included study, we compared the secondary attack rate

from asymptomatic or presymptomatic index cases with that from symptomatic cases in the

same study. If there were no events in a group, we added 0.5 to each cell in the 2 × 2 table. We

did not account for potential clustering of contacts because the included studies did not report

the number and size of infection clusters consistently. We used the Hartung–Knapp method

for random effects meta-analysis to estimate a summary risk ratio (with 95% CI) [34]. For

review question 3, we reported the findings descriptively because of large differences between

study settings, methods, and results. We did not construct funnel plots to examine bias across

studies because their utility in studies reporting on proportions is not clear.

Results

The searches for studies about asymptomatic or presymptomatic SARS-CoV-2, on 25 March,

20 April, and 10 June 2020 and 2 February and 6 July 2021 resulted in 89, 230, 688, 4,213, and

3,018 records for screening, respectively (S1 Fig). Owing to changes in eligible study designs,

this update excludes 67 articles from earlier versions (S1 Table). We included a total of 146

studies addressing 1 or more review questions; 130 empirical studies that estimate the propor-

tion of people with asymptomatic SARS-CoV-2 (summarised in Table 1 and S2 Table) [35–

164], 8 studies reporting on secondary attack rates [35,81,131,142,165–168], and 13 mathemat-

ical modelling studies [7,165,169–179]. At the time of the search on 6 July 2021, 5 records were

preprints. We checked the publication status on 14 March and all remained as preprints

[61,62,88,169,171]. The review period from 1 January 2021 onwards includes 52 publications,

3 of which collected data during the period when the alpha variant of concern [85,125,133]

had been described and vaccines were being introduced.

Proportion of people with asymptomatic SARS-CoV-2 infection

The 130 studies reported on 28,426 people with SARS-CoV-2 infection (11,923 defined as hav-

ing asymptomatic infection) in 42 countries [35–164] (Table 1 and S3 Table). Among all 130

included studies, 88 studies used more than 1 method of follow-up to ascertain asymptomatic

status (Table 1 and S2 Table). Only 22 of 130 studies reported the median or mean age

[38,47,70,76,77,83,85,95,99,119–121,124,126,128,133,134,139,143,146,152,164] and only 5 stud-

ies included children only [65,67,110,115,118]. Only 31 studies reported the sex of people with

asymptomatic SARS-CoV-2 (Table 1 and S2 Table) [38,47,51,53,70,71,75,76,83,85,95,99,107,

119–122,124,126,128,133,134,139,143,146,147,150,153,158,162,164]. The types of included stud-

ies changed across the 5 versions of the review. In the first version [23], 6 of 9 studies were con-

tact tracing investigations of single-family clusters. In this version, 2 main types of study design

generated the study populations of people with SARS-CoV-2: contact tracing or outbreak inves-

tigation methods were used to identify and test potentially infected contacts (46 studies, referred

to as contact and outbreak investigations); and studies that involved screening of a defined

group of people in settings in the community, institutions, such as long-term care facilities, or

occupational groups (84 studies, referred to as screening studies).

Between-study heterogeneity was considerable, so we did not estimate a mean proportion

of asymptomatic infections overall, or for screening studies (Fig 1). The IQR of estimates for

PLOS MEDICINE Asymptomatic SARS-CoV-2 infection: Living systematic review update

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003987 May 26, 2022 7 / 30

https://doi.org/10.1371/journal.pmed.1003987


all 130 included studies (141 clusters) was 14% to 50% (prediction interval 2% to 90%). In 46

studies enrolling people found through contact or outbreak investigations, for example, in long-

term care facilities, in aeroplanes, or on cruise ships, we estimated a summary estimate for the

proportion asymptomatic (19%, 95% CI 15% to 25%, prediction interval 2% to 70%, IQR 8% to

37%). The estimated proportions of asymptomatic SARS-CoV-2 infections were similar in stud-

ies of contact investigations (16%, 95% CI 9% to 27%, IQR 8% to 38%, 13 studies) and outbreak

investigations (20%, 95% CI 15% to 28%, IQR 8% to 38%, 33 studies) (S2 Fig).

In 84 screening studies, the IQR for estimates from individual studies was 20% to 65% and

the prediction interval was 4% to 94% [41–48,50–54,56,58–63,67,69–71,73,74,79,83,86,88–

97,99–101,103–105,107,109,110,114–117,119,120,122,124–126,128,130,133–138,143–

145,147,150–156,158–164]. The ranges of estimates were similar in 3 settings in which

Table 1. Summary of characteristics of studies reporting on proportion of asymptomatic SARS-CoV-2 infections (review question 1).

Study design and setting All studies

Contact investigation Outbreak investigation Screening of defined population

Community Institutional Occupational

Total studiesa, n 13 33 23 43 18 130

Publication date

January 2020–June 2020 5 9 3 3 4 24

July 2020–December 2020 5 17 11 17 6 56

January 2021 onwards 3 7 9 23 8 50

Regionb

Africa 0 2 2 1 1 6

Americas 5 10 4 19 7 45

Southeast Asia 0 3 2 2 1 7

Europe 2 13 7 18 5 45

Eastern Mediterranean 0 0 3 2 2 8

Western Pacific 6 6 5 1 2 19

Follow-up methodc

14 days after last possible exposure 7 11 2 3 4 27

�7 days after diagnosis 11 27 19 35 16 108

Until negative RT-PCR result 2 4 9 12 6 33

Two or more follow-up methods 8 21 17 28 14 88

Age range of study participants

Children (<18 years) 1 1 0 3 0 5

Adults (18–65 years) 3 10 9 16 14 52

Older adults (>65 years) 0 7 0 6 0 13

All ages 7 14 10 15 2 48

No information about age 2 1 4 3 2 12

Total with SARS-CoV-2 infection, n 1,076 4,910 10,652 8,921 2,867 28,426

Asymptomatic SARS-CoV-2 infections 264 1,409 6,007 3,658 585 11,923

Sex of asymptomatic casesd

Male 1 33 1,419 30 16 1,499

Female 0 32 589 313 26 960

RT-PCR, reverse transcription PCR; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2.
aS2 Table reports the characteristics of each study included.
bWorld Health Organization regions.
cStudies could have more than 1 method of follow-up (S2 Table).
dNinety-nine studies did not report the gender of asymptomatic cases.

https://doi.org/10.1371/journal.pmed.1003987.t001
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screening studies were conducted; people in a community setting (23 studies, IQR 20% to

53%, prediction interval 2% to 96%), institutional settings such as nursing homes (43 studies,

IQR 26% to 67%, prediction interval 5% to 93%), and occupational settings such as among

groups of healthcare workers (18 studies, IQR 17% to 64%, prediction interval 3% to 95%)

(S2 Fig).

Three studies had data collection periods from 1 January 2021. In 2 nursing home out-

breaks, 3/4 SARS-CoV-2 infections in partially vaccinated residents [133] and 13/14 infections

(with the alpha variant) [85] in full vaccinated residents were asymptomatic. One study among

healthcare workers did not report on symptom status according to vaccination or variant of

concern but found that 76/155 (49%) with reinfection compared with 273/1,704 (17%) with

primary infection were asymptomatic [125].

Risk of bias in individual studies. There were risks of bias in all types of empirical studies

(S3 Fig). In prespecified subgroup analyses according to risk of bias domains (S4 Table), statis-

tical heterogeneity remained very high (I2� 84%) and the prediction intervals remained wide.

In screening studies, the summary proportion in was lower in studies judged to be at low risk

of information bias in the assessment of symptoms (29%, 95% CI 20% to 42%) than in studies

at unclear or high risk of bias (47%, 95% CI 37% to 57%) (p = 0.03, test for subgroup differ-

ences). For all other domains, estimates of the proportion asymptomatic were not associated

with the assessment of the risk of bias.

Factors associated with proportion of asymptomatic SARS-CoV-2. Table 2 shows anal-

yses for factors prespecified in the protocol and post hoc (Table 2). Study design and setting

was prespecified and explained 16% of the variance in heterogeneity; estimates ranged from

16% (8% to 29%) for contact investigations to 45% (35% to 56%) for screening studies in insti-

tutional settings (S2 Fig). The date of publication was associated with the estimate of the pro-

portion asymptomatic (S4 Fig), increasing in more recent publications (p 0.03), although this

only explained 4% of the variance in heterogeneity. There was some evidence of variability in

different world regions (p = 0.06), explaining 9% of the heterogeneity. Sample size and age

range of the study participants did not appear to influence the estimated asymptomatic pro-

portion. In 3 systematic reviews that we reanalysed, prediction intervals were: 1% to 83% (241

studies [14]); 4% to 97% (95 studies [15]); and 3% to 89% (170 studies [16]). I2 values were

between 94% and 99% (S2 Appendix).

Infectiousness of people with asymptomatic or presymptomatic

SARS-CoV-2

Eight studies provided data to calculate and to compare secondary attack rates by symptom

status of the index case (Fig 2) [35,81,131,142,165–168]. Seven studies compared the secondary

attack rate from asymptomatic with symptomatic index cases (summary risk ratio 0.32 (95%

CI 0.16 to 0.64, prediction interval 0.11 to 0.95) [81,131,142,165–167]. One study compared

asymptomatic with presymptomatic index cases (summary risk ratio 0.19, 95% CI 0.02 to 1.46)

[35] and 4 studies compared presymptomatic with symptomatic index cases (summary risk

ratio 1.00 (95% CI 0.37 to 2.71, prediction interval 0.11 to 9.12) [81,142,166,167]. The risk of

Fig 1. Forest plot of proportion of people with asymptomatic SARS-CoV-2 infection, stratified by study design. In

contact and outbreak investigations, the summary estimate for meta-analysis was 19% (15%–25%) and the IQR was

8%–37%. In screening studies, the IQR was 20%–65%. Across all studies, the IQR was 14%–50%. The x-axis displays

proportions. Where more than 1 cluster was reported, clusters are annotated with [cluster identity]. The IQR is given

below the individual study estimates. The red bar shows the prediction interval. CI, confidence interval; IQR,

interquartile range; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2.

https://doi.org/10.1371/journal.pmed.1003987.g001
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Table 2. Summary of findings of subgroup and meta-regression analyses of factors associated with the proportion of asymptomatic SARS-CoV-2 infections.

Variable Clustersa Proportion at the reference value (95%

CI)

τ2b p-Value (subgroup difference/

intercept)

Heterogeneity variance

explainedc

Reference 141 0.32 (0.27–0.38) 2.19 - -

Study design and settingd

Contact investigation 13 0.16 (0.08; 0.29) 1.87 <0.001 16%

Outbreak investigation 40 0.20 (0.14; 0.28)

Screening: community 24 0.39 (0.26; 0.53)

Screening: institutional 46 0.45 (0.35; 0.56)

Screening: occupational 18 0.41 (0.26; 0.59)

Age groupe

All ages 57 0.28 (0.21–0.37) 2.11 0.38 4%

Adults (18–65 years) 52 0.36 (0.27–0.47)

Older adults (>65 years) only 14 0.25 (0.13–0.44)

Children (<18 years) only 5 0.27 (0.09–0.58)

Not reported 13 0.45 (0.27–0.66)

Geographic regione,f

Americas 47 0.37 (0.27–0.47) 2.00 0.06 9%

Europe 52 0.24 (0.17–0.33)

Western Pacific 20 0.35 (0.21–0.51)

Southeast Asia 8 0.22 (0.09–0.43)

East Mediterranean 8 0.59 (0.33–0.81)

Africa 6 0.47 (0.22–0.74)

Selection biasa,d

Low risk 54 0.34 (0.25–0.44) 2.19 0.67 0%

Unclear/high risk 87 0.31 (0.25–0.39)

Information bias, assessment of symptoms defining statusa,d

Low risk 33 0.25 (0.16–0.36) 2.15 0.14 2%

Unclear/high risk 108 0.35 (0.28–0.42)

Information bias, misclassification based on follow-upa,d

Low risk 107 0.32 (0.25–0.38) 2.19 0.65 0%

Unclear/high risk 34 0.35 (0.24–0.47)

Selective reporting biasa,d

Low risk 126 0.33 (0.27–0.40) 2.17 0.37 1%

Unclear/high risk 15 0.25 (0.13–0.43)

Sample sizeg

Proportion at 50 - 0.29 (0.14–0.51) 1.91 0.06 13%

Proportion at 120 - 0.31 (0.24–0.39)

Proportion at 200 - 0.32 (0.24–0.40)

Publication date

Reference (first date, 19 Feb

2020)

- 0.21 (0.13–0.32) 2.09 <0.001 4%

Coefficient - 0.50 (0.50–0.50)

CI, confidence interval; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2.
aTotal number of studies, 130; independent within-study clusters counted individually;.

bCommon heterogeneity parameter estimated within each subgroup.

cFormula for proportion of heterogeneity variance explained,
t2unadjusted � t

2
adjusted

t2unadjusted
.

dPrespecified analysis in review protocol.
eSubgroup analysis not specified in review protocol.
fWorld Health Organization regions.
gPrevalence estimated using the meta-regression model for the approximate values of the median (n = 46), the mean (n = 202), and the third quartile (n = 126) of study

sample sizes.

https://doi.org/10.1371/journal.pmed.1003987.t002
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information bias, specifically in symptom assessment, was judged to be high or unclear in 5 of

the 8 studies included (S3 Fig).

Contribution of asymptomatic and presymptomatic infection to

SARS-CoV-2 transmission

We included 13 mathematical modelling studies (Fig 3 and S5 Table) [7,165,169–179]. The

models in 9 studies were informed by analyses of data from contact investigations in China,

South Korea, Singapore, and from an outbreak on the Diamond Princess cruise ship, using

data to estimate the serial interval or generation time [7,165,170,172,173,176–179]. In 3 stud-

ies, the authors did not analyse any original data sources [169,174,175].

Estimates of the contributions of both asymptomatic and presymptomatic infections

SARS-CoV-2 transmission were very heterogeneous. For asymptomatic SARS-CoV-2 infec-

tion, 4 studies contributed 5 estimates [7,171,175,177]. In 3 studies, the estimates suggested a

Fig 2. Forest plot of the secondary attack rate of SARS-CoV-2 infections, comparing infections in contacts of asymptomatic and presymptomatic index

cases with infections in contacts of symptomatic cases. The RR is on a logarithmic scale. The diamonds show the summary estimate and its 95% CI. The red

bar shows the prediction interval. CI, confidence interval; E, number of secondary transmission events; N, number of close contacts; RR, risk ratio; SARS-CoV-

2, Severe Acute Respiratory Syndrome Coronavirus 2; Symp., symptomatic individuals.

https://doi.org/10.1371/journal.pmed.1003987.g002
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contribution to SARS-CoV-2 transmission of asymptomatic infection of less than 15%. One

study estimated a higher proportion (69%, 95% CI 20% to 85%) with a wide credibility interval

[177] (Fig 3). The estimates have large uncertainty intervals, and the disparate predictions

result from differences in the proportion of asymptomatic infections and relative infectious-

ness of asymptomatic infection.

We included 12 studies providing 16 estimates of the contribution of presymptomatic

transmission [7,165,169,170,172–179]. The models examined a range of epidemic settings and

used different assumptions about the durations and distributions of infection parameters such

as incubation period, generation time, and serial interval (S5 Table). In 7 studies, point esti-

mates for the estimated contribution of presymptomatic infection to all SARS-CoV-2 trans-

mission in at least 1 reported scenario were 40% or greater [7,169,170,172,173,175,176] (Fig 3).

In 1 study that estimated a contribution of<1% [174], the model-fitted serial interval was lon-

ger than observed in empirical studies. The credibility of most modelling studies was limited

Fig 3. Forest plot of proportion of SARS-CoV-2 infection resulting from asymptomatic or presymptomatic transmission. For studies that report

outcomes in multiple settings, these are annotated in brackets. CI, confidence interval; SI, serial interval; SARS-CoV-2, Severe Acute Respiratory Syndrome

Coronavirus 2.

https://doi.org/10.1371/journal.pmed.1003987.g003
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by the absence of external validation and of uncertainty intervals for the estimates cited (S5

Fig). The estimates from studies that relied on data from different published sources that

might not have been compatible were assessed as providing low quality evidence (S5 Table).

Discussion

Summary of main findings

(1) For all 130 included studies, the IQR for the proportion of asymptomatic SARS-CoV-2 was

14% to 50%, prediction interval 2% to 90%) and for 84 studies based on screening of defined

populations, IQR 20% to 65% (prediction interval 4% to 94%). In 46 studies that identified par-

ticipants through contact tracing of index cases and outbreak investigations, the summary pro-

portion from meta-analysis was 19% (95% CI 15% to 25%, prediction interval 2% to 70%). (2)

The risk ratio for the secondary attack rate from asymptomatic compared with symptomatic

infections was 0.32 (95% CI 0.16 to 0.64, prediction interval 0.11 to 0.95) and for presymptom-

atic infections compared with symptomatic infection was 1.00 (95% CI 0.37 to 2.71, prediction

interval 0.11 to 9.12). (3) In mathematical modelling studies, estimated proportions of all

SARS-CoV-2 infections that result from transmission from asymptomatic individuals were

mostly below 15%, and from presymptomatic individuals mostly higher than 40%. Evidence

about asymptomatic infections caused by variants of concern, or with immunity following

infection or vaccination, is limited.

Strengths and weaknesses of the living systematic review methods

A strength of the methodology of this review is the transparent reporting, with openly available

data and changes over different versions reported in the protocol. Our inclusion criteria

attempted to reduce risks of bias and we developed a new tool to address potential biases in the

studies included in this review. In contact investigations, we subtracted index cases from the

total number of people with SARS-CoV-2 to avoid underestimation of the proportion asymp-

tomatic [16]. We examined heterogeneity in detail and, as a result of the wide prediction inter-

val, we chose not to report an overall summary estimate [18,25]. A limitation of the methods

for this living systematic review is that this update only includes published studies up to 6 July

2021. This covers the period when vaccines started to be rolled out and the alpha variant of

concern became dominant in high-income countries. Although we made extensive efforts to

comply with the planned 3 monthly updates, with weekly searches and a continuous process of

screening, data extraction and risk of bias assessment, the pace of publications about SARS--

CoV-2 exceeds the capacity of our crowd of reviewers [10,26]. Our decision to include pre-

prints compensates for some of the delay because these articles appear sooner than peer-

reviewed publications. In reviews of observational epidemiological studies, search terms are

broad so the number of studies that needs to be screened is high, but the yield of included stud-

ies is low. The 4 databases that we searched are not comprehensive, but they cover the majority

of publications and we do not believe that we have missed studies that would change our con-

clusions. We have also not considered the possible impact of false negative RT-PCR results,

which might be more likely to occur in asymptomatic infections [180] and would underesti-

mate the proportion of asymptomatic infections [181].

Comparison with other reviews and interpretation

The type of studies that provide estimates of the proportion of asymptomatic SARS-CoV-2

infections and heterogeneity between them has changed over the course of the pandemic. In

our living systematic review, the prediction interval has widened from 23% to 37% in studies
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published up to 25 March 2020 [23], to 3% to 67% up to June 2020 [12], 2% to 89% up to 2

February 2021 [21] and remains at 2% to 90% up to 6 July. We found 3 systematic reviews, in

which authors reported restriction to studies with adequate follow-up (S2 Appendix)

[11,13,16]. In 2 of the reviews, authors also applied criteria to reduce the risks of selection bias,

with summary estimates of 18% (95% CI 9% to 26%, I2 84%, 9 studies) [13] and 23% (95% CI

16% to 30%, I2 92%, 21 studies) [11]. In both reviews, with studies published up to mid-2020,

many included studies used designs that we defined as contact or outbreak investigations (Fig

1, S2 Table, and S2 Fig). Sah and colleagues reviewed studies published up to April 2021 and

their subgroup estimate from studies in long-term care facilities, which include many outbreak

investigations, was 17.8%, 95% CI 9.7% to 30.3%, 15 studies [16]. The summary estimates

from all these reviews are compatible with our estimate from 46 studies in similar settings

(19%, 95% CI 15% to 25%, prediction interval 2% to 70%, I2 90%) (Fig 1).

It may not be possible to obtain a single summary estimate from published literature of the

proportion of persistently asymptomatic SARS-CoV-2 infection. Estimates from meta-analysis

might be precise, but are likely to be unreliable owing to unacceptably high levels of heteroge-

neity. In 3 large systematic reviews, overall estimates had narrow confidence intervals [14–16],

but I2 values were 94% to 99% and prediction intervals, which show the extent of all between-

study variability were not reported [17]. The prediction intervals that we calculated extended

more or less from zero to 100% (S2 Appendix), making differences in estimates between these

studies hard to interpret. We expected this update to our living systematic review to provide a

more precise and less heterogeneous estimate of the proportion of people with asymptomatic

SARS-CoV-2 than in the previous version [12]. In particular, we expected that studies that

detect SARS-CoV-2 through screening of defined populations and follow up of those infected

would be less affected by biases in study methodology [30] and would provide a more accurate

estimate of persistently asymptomatic SARS-CoV-2, which should be influenced mainly by

properties of the virus and the host response to infection [182]. Study design was the factor

that explained the largest proportion of variability in this review (S2 Appendix). Information

bias, resulting from the way in which asymptomatic status is determined, was the factor most

strongly associated with the estimated proportion of asymptomatic infection in screening

studies (Table 2). Studies based on contact and outbreak investigations might obtain more

detailed data about symptoms, resulting in lower estimates of the proportion that is classified

as asymptomatic. Symptom report also differs between different groups of study participants,

even within the same study, and could also contribute to heterogeneity [183]. Age might play a

role as children appear more likely than adults to have an asymptomatic course of infection,

but age was poorly reported and could not be examined in detail (Tables 1 and 2).

The analysis of secondary attack rates in this update now provides strong evidence of lower

infectiousness of people with asymptomatic than symptomatic infection (Fig 2). The difference

in secondary attack rates between asymptomatic and symptomatic index cases in our meta-

analysis is smaller and less biased than in systematic reviews that analyse groups of studies

reporting asymptomatic index cases and of symptomatic cases separately [182,184]. In meta-

analyses of 2 proportions, the direct comparison within studies reduces heterogeneity and is

less biased [34]. Since SARS-CoV-2 can be transmitted a few days before the onset of symp-

toms [185], presymptomatic transmission likely contributes substantially to overall SARS-

CoV-2 epidemics. If both the proportion and transmissibility of asymptomatic infection are

relatively low, people with asymptomatic SARS-CoV-2 infection should account for a smaller

proportion of overall transmission than presymptomatic individuals. This is consistent with

the findings of modelling studies in our review, although the absence of descriptions of the epi-

demic context in many studies made it difficult to compare findings across studies.
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Implications and unanswered questions

This living systematic review shows the challenges of synthesising evidence from observational

epidemiological studies. Heterogeneity in systematic reviews of prevalence is a recognised

challenge [34,186]. Methodological guidance to refrain from meta-analysis, and to report pre-

diction intervals, when the variability between studies is extreme is often ignored in favour of

summary estimates, which are easy to cite [18,20]. Part of the heterogeneity in our review

arises from the fact that many studies were not designed to estimate the proportion of asymp-

tomatic SARS-CoV-2 infection. The incomplete descriptions of inclusion criteria, response

rates, follow-up, and of definitions of symptom status [1] made it difficult to assess the risks of

bias and to investigate their contribution to between-study heterogeneity.

The finding that, in studies of contact and outbreak investigations, a substantial minority of

people with SARS-CoV-2 infection remains asymptomatic throughout the course of infection,

and that almost half of all transmission might occur before symptoms develop has already had

implications for prevention. When SARS-CoV-2 community transmission levels are high,

physical distancing measures and mask-wearing need to be sustained to prevent transmission

from close contact with people with asymptomatic and presymptomatic infection. Integration

of evidence from epidemiological, clinical, and laboratory studies will help to clarify the rela-

tive infectiousness of asymptomatic SARS-CoV-2. Studies using viral culture as well as RNA

detection are needed since RT-PCR defined viral loads appear to be broadly similar in asymp-

tomatic and symptomatic people [180,187].

Determining the viral dynamics and full clinical spectrum of infection with variants of con-

cern is important. Variants classed as omicron differ substantially from all earlier SARS-CoV-

2 variants, with high infectiousness and immune evasion [188], and viral characteristics and

immunity could influence the occurrence of asymptomatic infection. Studies published in

early 2022 are already reporting a wide range of estimates of asymptomatic omicron infection.

In India, from the date of emergence of the omicron variant, 24 November 2021 to 4 January

2022, authors reported a high proportion of asymptomatic omicron variant infections (56.7%

of 291) but did not report any follow-up and>80% of participants had been vaccinated [189].

In contrast, authors of a cohort study of an outbreak of omicron SARS-CoV-2 in Norway,

found only 1 of 81 infections in a highly vaccinated group was asymptomatic after 10 days of

follow-up [190]. There are increasing challenges for studies relying on routine health service

or surveillance data; in many jurisdictions, indications for routine testing are being reduced,

which will make selection biases more likely, and mandated quarantine and isolation periods

for people with diagnosed SARS-CoV-2 infection are being reduced, which will increase infor-

mation biases in the ascertainment of persistent asymptomatic status. Researchers need to

design studies to address this specific research question for each variant of concern, taking

into account vaccination status and prior infection. There are ongoing prospective studies that

collect appropriate data [125], for which improved reporting could address the requirements

for assessing asymptomatic infection status fully, but ongoing funding for these studies is not

secure [191]. Without prospective longitudinal studies with methods that minimise selection

and measurement biases, further updates to this living systematic review are unlikely to pro-

vide a reliable summary estimate of the proportion of asymptomatic infections caused by

SARS-CoV-2.
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