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Background: Asymptomatic SARS-CoV-2 infections have raised concerns
for public health policies to manage epidemics. This systematic review and
meta-analysis aimed to estimate the age-specific proportion of asympto-
matic SARS-CoV-2 infected persons globally by year of age.

Methods: We searched PubMed, Embase, medRxiv and Google Scholar on
September 10, 2020, and March 1, 2021. We included studies conducted
during January to December 2020, before routine vaccination against
COVID-19. Because we expected the relationship between the asympto-
matic proportion and age to be nonlinear, multilevel mixed-effects logistic
regression (QR decomposition) with a restricted cubic spline was used to
model asymptomatic proportions as a function of age.

Results: A total of 38 studies were included in the meta-analysis. In total,
6556 of 14,850 cases were reported as asymptomatic. The overall estimate
of the proportion of people who became infected with SARS-CoV-2 and
remained asymptomatic throughout infection was 44.1% (6556/14,850,
95% CI: 43.3%—45.0%). The predicted asymptomatic proportion peaked in
children (36.2%, 95% CI: 26.0%-46.5%) at 13.5 years, gradually decreased
by age and was lowest at 90.5 years of age (8.1%, 95% CI: 3.4%—12.7%).
Conclusions: Given the high rates of asymptomatic carriage in adolescents
and young adults and their active role in virus transmission in the commu-
nity, heightened vigilance and public health strategies are needed among
these individuals to prevent disease transmission.
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he severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic causing coronavirus disease 2019 (COVID-
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19) has had a profound impact on public health, our daily life
and economies around the world. Asymptomatic infections have
raised concerns about public health policies for managing epi-
demics because they are a potential source of transmission of
the virus and a challenge for controlling the pandemic.'? A large
number of systematic reviews have been conducted to determine
the contribution of asymptomatic infection to SARS-CoV-2 trans-
mission.!*?! Previous researchers attempted to synthesize the
best available evidence in different age groups such as children,
adults and elderly.>”!'"131® None, however, have investigated the
proportion of asymptomatic SARS-CoV-2 infections throughout
the course of infection by age. This review, therefore, aims to (1)
identify, assess and synthesize the evidence on the proportion
of people infected with SARS-CoV-2 who were asymptomatic
throughout the course of infection, and (2) to estimate asympto-
matic proportion by age. Although our research was conducted up
to March 2021, studies included in this systematic review were
completed during January to December 2020, before routine vac-
cination against COVID-19 and the emergence of the alpha, delta
or omicron variants.

MATERIALS AND METHODS
Study Design

We conducted this systematic review and meta-analysis
based on the statement of the Preferred Reporting Items for Sys-
tematic Review and Meta-Analysis (PRISMA) guidelines® (Fig. 1).
The study protocol was registered in the International Prospective
Register for Systematic Reviews (PROSPERO, registration num-
ber: CRD42020209419).

The following study characteristics were considered when
estimating the proportion of asymptomatic infections: study period,
study population, country, SARS-CoV-2 infection definition,
asymptomatic case definition and follow-up period.

Search Strategy

We searched PubMed, Embase, medRxiv and Google
Scholar on September 10, 2020, and March 1, 2021, using key-
words COVID-19, SARS-CoV-2, 2019-nCoV, coronavirus disease
2019 and asymptomatic. We only included studies conducted dur-
ing January to December 2020, before routine vaccination against
COVID-19 and the emergence of the alpha, delta or omicron variants.
Additionally, this review did not identify or include any studies from
regions with the 3 variant, which was first detected in South Africa
in September 2020. Specific search terms suitable to the individual
databases were developed. These search terms included combina-
tions of Medical Subject Headings (MeSH)/Emtree and text words
contained in the title and abstract. Preprints were searched using
“covid asymptomatic” (match all words in the abstract or title) in
medRxiv. There were 48 of 752 manuscripts were found to be rel-
evant to asymptomatic SARS-CoV-2 infection. Google Scholar was
searched using key words (covid|coronavirus|SARS-CoV-2+asym
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Identification

Screening

Eligibility

Included

Records identified through database
searching —up to 1 Mar 2021 (n=3849):
PubMed=2482; EMBASE=1119;
medRxiv=48 out of 752; Google
Scholar=200

A 4

Duplicates removed (n=113)

A 4

Records screened (n=3736)

> Records excluded by title/abstract
(n=2959)

h 4

Full-text articles assessed for eligibility
(n=777) Full-text articles excluded, with

reasons (n=674):
. 412 No age information for
asymptomatic cases
. 74 Enrolled < 20 cases
. 53 Commentary/Editorial/
> News/Letter
. 41 Inconsistent
outcomes/study design
. 33 Ineligible patient
population
29 No asymptomatic infection
15 No follow-up
15 Review
1 Duplicates
1 Not published in English

h 4

Studies included in systematic review
(n=103)

Full-text articles excluded from
meta-analysis, with reasons
(n=65):

. No age bands or wide age bands

v

Studies reporting asymptomatic rates
by age included in quantitative
synthesis (meta-analysis) (n=38)

FIGURE 1. The Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) flow diagram for article

inclusion and exclusion.

ptomatic+proportion|prevalence|epidemiology) and the first 200 the electronic databases and from Internet searches were reviewed,

results saved and screened.

Selection Criteria

(2) full text review: the full text of articles selected at the title and
abstract screen were obtained and reviewed for eligibility. The
screening process was completed according to a predefined pro-

The article selection process occurred in 2 phases: (1) title tocol (Supplemental Digital Content 1, http:/links.Iww.com/INF/
and abstract screen: titles and abstracts of articles identified from E887). We included all studies reporting
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e Proportion of asymptomatic persons among all SARS-CoV-2
infected persons. The numerator includes all SARS-CoV-2
positive persons who were asymptomatic. The denominator
includes all SARS-CoV-2 positive persons who tested positive.

e Prevalence of asymptomatic SARS-CoV-2 positive persons
among the defined general population. The numerator includes
all SARS-CoV-2 positive persons who were asymptomatic. The
denominator is the defined study population who were tested
for SARS-CoV-2 (e.g., general population in the local commu-
nity, healthcare workers, patients on hospital admission, nurs-
ing home residents).

e Asymptomatic infection: a person with confirmed SARS-
CoV-2 infection, who has no symptoms at the time of screen-
ing (including the first clinical assessment or laboratory test)
and had no symptoms throughout the follow-up period. We
aimed to include all studies enrolling infected individuals
who were symptomatic and asymptomatic. At the beginning
of the COVID-19 pandemic, respiratory symptoms and fever
were considered consistent with symptomatic SARS-CoV-2
infection. As the pandemic evolved, a broader spectrum of
clinical manifestations associated with COVID-19 have been
recognized such as loss of the senses of smell (anosmia) and
taste (ageusia). In some countries, chest imaging has been
used to diagnose and monitor the disease for patients without
respiratory symptoms. Consequently, some studies defined
asymptomatic infection as no clinical symptoms and absence
of abnormal chest imaging findings. In this review, we did not
limit studies using different definitions of symptomatic disease
or asymptomatic infection as absence of these symptoms. We
only attempted to exclude patients who were previously asymp-
tomatic and later became symptomatic, and therefore excluded
studies without any follow-up.

This review aimed to fit a statistical model to the real-world
data and estimate the proportion of asymptomatic infections by age.
We acknowledged that isolation policies have constantly changed
over time and significantly varied between countries. For example,
in some countries, all SARS-CoV-2 infected persons were admit-
ted to hospital for treatment or isolation whether they presented
with symptoms. Universal COVID-19 testing programs have been
implemented in some countries. We included all studies aiming to
enroll infected individuals who were symptomatic and asympto-
matic. We excluded studies that purposely selected SARS-CoV-2
infected cases and did not enroll cases consecutively. We did not
exclude any studies enrolling cases in specific study populations,
and only excluded

e studies published in languages other than English.

e comments, letters, editorials, consensus reports and reviews.

e studies that did not report any age information (e.g., mean or
median age) for asymptomatic infections.

e studies that clearly stated that the SARS-CoV-2 infected
persons were included without any follow up and did not
distinguish between asymptomatic and presymptomatic
infections.

e studies that only tested and enrolled asymptomatic persons and
mild cases.

e case studies, case reports and case series with fewer than 20
SARS-CoV-2 infected persons.

e case studies, case reports and case series that identified SARS-
CoV-2 positive persons through contact tracing where only
symptomatic persons were tested.

e serology studies that did not check history of symptoms com-
patible with SARS-CoV-2 infection and enrolled cases con-
firmed with SARS-CoV-2 infection by use of IgM only.
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Data Extraction

We did not assess study quality because the critical appraisal
tools, which we planned to use are research design-specific, pre-
clude comparison of the quality of different study designs, and
cannot reflect heterogeneity of studies reporting proportions with
asymptomatic infections. We did, however, consider several meth-
odological factors in the inclusion/exclusion criteria such as the fol-
low-up period and case identification method. Eight authors (BW,
PA, SE, HM, ZL, AT, CB, SG) used an online form in Covidence or
a Microsoft Excel spreadsheet to extract the following information:
study design, setting, study period, study population (sample size,
mean or median age, case definition, etc.), country, follow-up dura-
tion, and outcomes (number of people sampled/tested, total number
of SARS-CoV-2 positive persons, number of asymptomatic SARS-
CoV-2 positive persons).

Statistical Analysis

Most studies reporting prevalence of asymptomatic per-
sons among the tested population were cross-sectional community
screening studies without regular follow-up of SARS-CoV-2 posi-
tive persons. We excluded screening studies which clearly stated
in the Methods or Discussion sections that they did not follow up
any cases or could not distinguish between asymptomatic and pre-
symptomatic cases. The number of screening studies, which were
eligible and included in our review, was small (n = 3). Therefore,
the percentage of asymptomatic cases among the tested population
was not assessed in the meta-analysis. We only assessed percentage
of asymptomatic infections among the confirmed population with
laboratory confirmed/clinically diagnosed SARS-CoV-2 infections
based on history of exposure to SARS-CoV-2 infection and sugges-
tive clinical symptoms of pneumonia (Fig. 1).

We used a published method to assess the effect of age on
proportion of asymptomatic SARS-CoV-2 positive persons.?'? We
anticipated the relationship between the asymptomatic proportion
and age in years to be nonlinear based on previous reviews.?*
A multilevel mixed-effects logistic regression (QR decomposi-
tion) model with a restricted cubic spline was performed to model
the asymptomatic proportion as a function of age in years. The
restricted cubic spline with 5 knots placed at the ages of 1.4, 13.5,
33.3, 54.5 and 80.4 years was applied, based on Harrell’s recom-
mended percentiles.”® Studies were nested within region/country as
nested random effects. The model allows for multilevels of nested
clusters of random effects on the assumption that observations
within the same cluster are correlated. The outcome measure was
the number of asymptomatic persons observed in the study popula-
tion recorded in binomial form, with the number of SARS-CoV-2
positive persons in the study population as the denominator. When
the mean age was not available, we estimated the mean age for
each age group using the midpoint of the age band. Any studies
reporting the proportion of asymptomatic infections using an age
band wider than 20 years were excluded from the meta-analysis.
Additional efforts were made to contact the first authors for more
information where needed. All analyses were performed using
Stata 16.1.%

RESULTS
There were 114 eligible studies. Because a few narrative
review and subgroup analyses by age group (e.g., children and
adults) have previously been published,>”!"1*1¢ only the results of
the meta-analysis are discussed here (Fig. 1).

Study Characteristics
A total of 38 studies involving 14,850 persons were included
in the meta-analysis (see Table, Supplemental Digital Content 2,
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http://links.lww.com/INF/E888) including 13 pediatric studies (n =
2729), 8 studies with adults only (n = 1156), and 17 studies with
children and adults (n = 10,965), with an age range of 0 to 100
years. Gender was reported in 37 studies including 8931 (61.2%)
males and 5574 (38.4%) females. Of 14,850 SARS-CoV-2 posi-
tive persons included in the meta-analysis, 5498 were from China,
3643 from India, 1519 from Saudi Arabia, 1255 from Bangladesh,
539 from the United States, 417 from Kuwait, 230 from Croatia,
220 from Nepal, 213 from Italy, 203 from Greece, 1113 from the
rest of the world. Study settings ranged from community screen-
ing to hospital treatment/isolation. In 27 studies, SARS-CoV-2
positive patients were enrolled and followed up in the hospital
setting.’”53 Only 3 community/international traveler/repatriation
screening studies® ¢ were included as those studies reported fol-
low-up outcomes. In addition, 7 disease surveillance studies were
included with follow-up outcomes presented in the publication® !
or correspondence with authors.*>¢! One online survey reporting
follow-up outcomes was also included.” In total, 14 studies includ-
ing the retrospective online survey,3!36:38:40:4145.52.53.57.60-64 which did
not clearly state the follow-up period but presented follow-up out-
comes, were included in the meta-analysis. The remaining studies
followed up patients during the defined follow-up period or during
hospital admission. Most SARS-CoV-2 infections were confirmed
by RT-PCR. Five patients tested negative by RT-PCR and were
diagnosed with SARS-CoV-2 infection, based on a known clinical
exposure to a positive household contact and suggestive clinical
symptoms.®®44° Only 1 patient had a negative SARS-CoV-2 test
result and was diagnosed according to the clinical diagnostic crite-
ria.* There were 17 patients diagnosed by serology testing.*>>* The
proportion with asymptomatic infection ranged from 0 to 91.0%
with an overall proportion of 44.1%.

Meta-Analysis

In total, 6556 of 14,850 persons (44.1%, 95% CI: 43.3%—
45.0%) were reported as asymptomatic throughout the course of
infection. The predicted asymptomatic proportion peaked (36.2%,
95% CI: 26.0%-46.5%) at 13.5 years of age, then gradually
decreased, leveling out in adults 4050 years old, before dropping
to 8.1% (95% CI: 3.4%—12.7%) by 90.5 years (Fig. 2).

In the sensitivity analysis, 3 studies with a very low or high
proportion of asymptomatic infection were excluded to investigate
the effect of outliers. In a family cluster study conducted in China,*
although the proportion of asymptomatic infection was 0, 20 of 22
cases had mild symptoms with only 2 having moderate to severe
clinical manifestations. In this study, a case without any symptoms
during the whole course of the disease had a CT chest scan sugges-
tive of pathological changes in both lungs. In a disease surveillance
study conducted in Korea,* of the total 18,303 COVID-19 tests
performed between 16 January 2020 and 24 March 2020 in Busan,
108 had positive PCR results (positive test rate, 0.6%). Contacts
with high exposure levels, such as family members, were instructed
to get tested regardless of the presence or absence of symptoms.
The authors were contacted and provided updated information on
clinical outcomes. Among the asymptomatic patients (n = 12) at
diagnosis, 4 patients were completely asymptomatic (proportion
of asymptomatic infections, 3.7%) and 8 patients developed symp-
toms during the follow up period. Cough and fever were the most
common symptoms in symptomatic patients. In another disease
surveillance study conducted in India,®* among the 3404 SARS-
CoV-2 positive cases, 3096 (91%) were asymptomatic. Asympto-
matic cases were defined as those with a positive PCR test in the
absence of symptoms. The study included all cases diagnosed with
SARS-CoV-2 infection in the Karnataka state, reported from March
8 to May 31, 2020. In this disease surveillance study, the authors

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

reported Karnataka state had better contact tracing in the country
during the early stage of the pandemic by detecting 47.4 contacts
per confirmed COVID-19 case. During the study period, the Kar-
nataka state was testing approximately 4377 per million people,
with a positivity rate of 1.1%. The authors also stated that all the
cases during the lockdown period were hospitalized and were under
medical observation for 14 days, and therefore the chance of mis-
classification is unlikely. After removing those 3 studies, the peak
predicted value was lower (33.5% [95% CI: 26.2%—40.8%] at 14.5
years old) than that of the primary analysis, but the overall trend
was still like the primary analysis (Fig. 3).

DISCUSSION

COVID-19 vaccines are highly effective at preventing severe
illness, hospitalizations, and death, and have been critical to con-
trolling the COVID-19 pandemic to restore normal social and eco-
nomic life.* The COVID-19 vaccine rollout has been extended to
children from 6 months old of age in many countries including the
United States, Australia and Europe. Newly authorized Bivalent
COVID-19 booster vaccines have become available in the United
States, United Kingdom and Canada.®® COVID-19 Vaccination
has been shown to contribute to reducing deaths and severe illness
from COVID-19, and to reduce the transmission of COVID-19.¢
Children and young people have been infected with the Delta or
Omicron variants resulting from high transmissibility and as they
remain an undervaccinated group. Previous reviews and meta-
analyses™”!1131¢ have demonstrated that children have the high-
est proportion of asymptomatic infections, which may jeopardize
efforts to prevent transmission within a community. However, these
reviews only investigated the proportion with asymptomatic infec-
tion across wide age ranges such as adults and children. Our review
and meta-analysis are the first to calculate more granular estimates
of asymptomatic SARS-CoV-2 infection across the age range.

There have been many systematic reviews conducted
including narrative reviews and meta-analyses."*! However, all
meta-analyses used random-effect models to estimate the pooled
percentages of asymptomatic infections and presented Forest plots.
Our analysis fits a statistical model to the real-world data and used
age to predict the proportion of asymptomatic infections. Age was
a continuous variable in our model to better demonstrate effect of
age (in years) on proportion of asymptomatic SARS-CoV-2 posi-
tive persons, but not an ordered factor tied to specific age ranges.
Since previous meta-analyses only estimated the pooled percent-
age of asymptomatic infection for specific age ranges of SARS-
CoV-2 positive persons (e.g., <20 years, 20-39 years, 40-59 year,
=60 years), we were not able to compare our results with previous
studies. We found a high proportion of asymptomatic infections in
children and young people consistent with previous reviews, which
reported the highest proportions in children, and lower in adults,
especially older adults.>"!"1316 A recent review estimated the pooled
percentage of asymptomatic infection to be 41%,'" which is like
our study result of 44%. Four other reviews reported that at least
one-third of SARS-CoV-2 infections were asymptomatic.*!2!1518
Systematic reviews which were conducted during the early stages
of the COVID-19 pandemic,>"*1%!"1Y however, found that the pro-
portion with asymptomatic infection was much lower than our
estimates (13-24%), except for 1 review'® reporting a pooled per-
centage of asymptomatic cases of 48%. This review' included 16
studies in total. Four of the 16 studies®®”" enrolled only patients
with asymptomatic SARS-CoV-2 infection. Another review also
found that the reported proportion of asymptomatic infections was
lower before February 2020 (10%) than after (34%).!® This may
be caused by changes in testing practices, mitigation measures and
dynamics of different circulating variants over time.
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FIGURE 2. Predicted proportion of asymptomatic SARS-CoV-2 infection by age*. *The size of each circle is proportional
to the total number of SARS-CoV-2 positive persons reported in each age group in individual studies, with larger circles

indicating a larger sample size.
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FIGURE 3. Predicted proportion of asymptomatic SARS-CoV-2 infection by age after removing 3 studies with a very low
or high proportion of asymptomatic infection*. *The size of each circle is proportional to the total number of SARS-CoV-2
positive persons reported in each age group in individual studies, with larger circles indicating a larger sample size.
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Our systematic review aimed to use the real-world data and than in a well-controlled environment with a single definition of
estimate the proportion of asymptomatic infection globally, rather symptomatic and asymptomatic infection, COVID-19 contract
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tracing and isolation policy, healthcare setting, COVID-19 testing
policy and surveillance system. The ideal study design would be a
longitudinal cohort study ensuring the study sample is representa-
tive, with asymptomatic infections followed over a well-defined
follow up period. Because we attempted to include all studies aim-
ing to enroll infected individuals with or without symptoms, high
heterogeneities were found in the studies included in our meta-anal-
ysis. Testing and isolation policies, study settings, follow-up period
and definition of SARS-CoV-2 infection and asymptomatic cases
varied between studies. The study settings ranged from hospital
admission to universal screening. COVID-19 disease control poli-
cies varied between countries. In some countries such as China and
Korea, most infected individuals were hospitalized for treatment
or isolation regardless of being symptomatic or asymptomatic. In
most other countries, asymptomatic cases have only been required
to isolate at home. In studies involving hospital admission, the case
notes of hospitalized patients were retrospectively reviewed and
proportions of asymptomatic cases reported. Almost two-thirds of
studies included in the review were studies involving hospitalized
patients. Consequently, the proportion of asymptomatic infections
may be underestimated if symptomatic patients were more likely to
be admitted to hospital. Only a small number of community screen-
ing studies were identified in our review, mainly because they were
cross-sectional and did not follow up asymptomatic individuals. In
the inpatient/outpatient screening studies, patients were admitted to
hospital for non-COVID-19 conditions such as obstetric admission,
dialysis and elective surgery, which may not represent the broader
population in terms of infection and transmission risk. Additionally,
asymptomatic infection rates may be overestimated in COVID-19
testing clinics and outbreak settings such as passengers of cruise
ships and airplanes.

The follow up period varied significantly between studies.
Each publication was meticulously scrutinized, and studies were
excluded where asymptomatic infections could not adequately
be distinguished from presymptomatic infections. In the hospital
admission studies, cases were frequently followed up. Duration of
follow-up varied from a predefined period of days after test posi-
tivity or until 2 negative PCR tests at least 24 hours apart. Some
studies, however, did not specify the duration of follow-up in the
publication.

One of the limitations of our review is that the definitions
of SARS-CoV-2 infection and asymptomatic infection were incon-
sistently used across studies. At the beginning of the pandemic,
mainly respiratory symptoms were considered. Over the past 3
years, a broad range of clinical symptoms have been recognized.
Diagnosis criteria have also been changed over time. We appreci-
ate that knowledge gaps existed at the early stage of the pandemic,
and therefore did not limit studies based on their definition of
symptomatic and asymptomatic infection. Some studies defined
SARS-CoV-2 infections using clinical diagnostic criteria including
radiology findings without a positive PCR/serology test. Although
most patients included in our meta-analysis were diagnosed on
PCR testing, 23 patients were diagnosed based on serology test-
ing, history of exposure to SARS-CoV-2 infection and suggestive
clinical symptoms of pneumonia but without a positive PCR test.
Because the number was small, those patients were included.

Because the onset of the SARS-CoV-2 pandemic, mul-
tiple new variants of concern have emerged, including the Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and
Omicron (B.1.1.529 and BA.2). In December 2020, the United
Kingdom was first country to start the COVID-19 vaccine rollout
followed by other countries around the world. The Delta variant
first detected in India in October 2020 and became the dominant
variant globally until the Omicron variant emerged and spread

© 2022 Wolters Kluwer Health, Inc. All rights reserved.

rapidly across the world in November 2021. The population immu-
nity gained through a combination of infection and vaccination
has increased over time. Both variants are more transmissible than
previously circulating strains and Delta has been shown to cause
more severe disease in adults compared with Alpha.” It is difficult
to determine whether Omicron intrinsically causes milder disease
than previous variants of concern. The proportion of asymptomatic
infections with Omicron is estimated to be much higher,” which
may facilitate more rapid transmission in addition to the variant’s
ability to invade both natural and vaccine-induced immunity.™ Our
review included studies published before March 1, 2021, and only
included from prevaccine studies era. The proportion of asymp-
tomatic infections reported in our review does not reflect current
epidemiological features of the Delta or Omicron variant. The epi-
demiology of early variants is different to Omicron.

Our findings are consistent with these previous reviews
and support the concept that proportions of asymptomatic infec-
tion in children and adolescents were higher than adults. However,
childhood SARS-CoV-2 infection in children is not without its
complications, including Multisystem Inflammatory Syndrome in
Children associated with COVID-19.” We need to continue to
monitor this group closely, especially given that vaccine recom-
mendations differ widely across the globe.
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