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Diagnostics for COVID-19: moving from pandemic response 
to control 
Rosanna W Peeling, David L Heymann, Yik-Ying Teo, Patricia J Garcia

Diagnostics have proven to be crucial to the COVID-19 pandemic response. There are three major methods for the 
detection of SARS-CoV-2 infection and their role has evolved during the course of the pandemic. Molecular tests such 
as PCR are highly sensitive and specific at detecting viral RNA, and are recommended by WHO for confirming 
diagnosis in individuals who are symptomatic and for activating public health measures. Antigen rapid detection 
tests detect viral proteins and, although they are less sensitive than molecular tests, have the advantages of being 
easier to do, giving a faster time to result, of being lower cost, and able to detect infection in those who are most likely 
to be at risk of transmitting the virus to others. Antigen rapid detection tests can be used as a public health tool for 
screening individuals at enhanced risk of infection, to protect people who are clinically vulnerable, to ensure safe 
travel and the resumption of schooling and social activities, and to enable economic recovery. With vaccine roll-out, 
antibody tests (which detect the host’s response to infection or vaccination) can be useful surveillance tools to inform 
public policy, but should not be used to provide proof of immunity, as the correlates of protection remain unclear. All 
three types of COVID-19 test continue to have a crucial role in the transition from pandemic response to pandemic 
control.

Introduction 
At the start of the COVID-19 pandemic, Tedros Adhanom 
Ghebreyesus, Director-General of WHO, urged countries 
to “test, test, test”.1 He said that testing, isolation, and 
contact tracing should be the backbone of the global 
pandemic response.1 The response from the diagnostic 
industry was overwhelming. Currently, more than 
1000 brands of diagnostic test are available commercially, 
with more in the pipeline.2 However, these numbers 
mask the common challenges faced by numerous 
countries, such as building capacity for testing, the global 
competition for access to diagnostic kits and supplies 
(including swabs for specimen collection), choosing the 
right test for the right situation, and assuring that tests 
have external validation.3–5 There is also an absence of 
global consensus on cost-effective testing strategies that, 
combined with sound public health measures such as 
quarantine and contact tracing, would enable the control 
of community infections in a way that minimises 
disruptions to society and the economy. The emergence 
of variants of concern (VOCs) that are increasingly easy 
to transmit has also highlighted the need to speed up 
vaccine roll-out while scaling up community-based 
testing with public health measures to slow the spread of 
such variants.6–8 

The COVID-19 pandemic response has led to the 
use of testing outside of health-care settings on an 
unprecedented scale, as a public health tool to ensure a 
safe environment for schools, workplaces, and mass 
gatherings for sports, music, religious, and social events. 
Governments and airlines have mandated testing to 
allow the resumption of travel in a safe manner. Policy 
makers are attempting to determine the best tests to 
deploy in different settings for patient management, case 
finding, and outbreak control, often with the limitations 
of an uncertain supply chain, an insufficient workforce, 
and insufficient research evidence to inform policy.9

These challenges are compounded by the fact that the 
COVID-19 pandemic has exposed fault lines and 
inequities in health-care systems, not only in low-
income and middle-income countries, but also in high-
income countries. In many cases, fragmentation 
between public health on the one hand, and political 
and economic priorities on the other, has led to 
confusion in reaching policy decisions about how to 
control the pandemic, preserve lives, avoid social 
disruption, and protect the economy, which has led to 
insufficiently clear or coherent messages being given to 
the public. In this Review, we discuss how the role of 
diagnostics in both clinical medicine and control of the 
pandemic has evolved over time with increased 
knowledge about the SARS-CoV-2 virus and its mode of 
transmission, and the understanding that it is destined 
to become endemic.

Search strategy and selection criteria

We searched MEDLINE on Dec 20, 2020, Current Contents on 
March 31, 2021, and PubMed on June 30, 2021, and references 
from relevant articles on Sept 22, 2021 for clinical diagnostic 
tests for COVID-19 using the search terms “SARS-CoV-2”, 
“COVID”, “tests”, and “diagnostics” for articles published in 
English between Jan 1, 2019 and Sept 30, 2021. We included 
abstracts and reports from meetings only if they related 
directly to previously published work. We found 1828 articles 
related to clinical diagnostic tests for COVID-19. We included 
articles if they provided evidence to support the use of 
COVID-19 tests in the pandemic response to confirm clinical 
diagnosis in patients who were symptomatic or for screening 
asymptomatic individuals for SARS-CoV-2 to interrupt the 
chain of transmission in communities. We also included 
articles on how test performance can be affected by variants of 
concern or vaccinations. 
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Key diagnostic tests for patient management 
and pandemic control 
An unprecedented number of novel diagnostic tests have 
been developed for COVID-19 using state-of-the-art 
technologies. Three types of diagnostic tests are relevant 
to patient management and pandemic control: molecular 
or nucleic acid amplification tests (eg, PCR tests) that 
detect viral RNA; antigen tests that detect viral proteins 
(eg, nucleocapsid or spike proteins); and serology tests 
that detect host antibodies in response to infection, or 
vaccination, or both (table 1). The first two types of tests 
can be used to diagnose acute infection. By contrast, 
serology tests provide only indirect evidence of infection 
1–2 weeks after the onset of symptoms and are best used 
for surveillance. Until there is better understanding of 
the correlates of protection, clinical indications for 
serologic testing in health-care settings are inadequate. 

All three types of test are available as laboratory-based 
assays and point-of-care or point-of-need tests that can be 
done by lay health-care providers outside of laboratory 
settings and with minimal training. No test is perfect. 
Although sensitivity and specificity are important 
attributes of a test, achieving a correct diagnosis in a 
patient also depends on the time of sampling relative to 
the stage of infection (such as days after symptom onset), 
the quality of the specimen collection, the proficiency 
with which the test is done, and correct interpretation of 
the results. For molecular or antigen tests, the highest 
sensitivity occurs when viral loads are high, which occurs 
early on in infection.

Special characteristics of SARS-CoV-2 infection 
that affect testing strategies 
SARS-CoV-2 has several characteristics that make it 
different to seasonal coronaviruses and SARS-CoV, 
which has profound implications for testing strategies. 

Asymptomatic and presymptomatic populations 
driving transmission 
High concentrations of virus can be detected in the nasal 
passages of infected individuals regardless of their 
clinical manifestations.10–13 SARS-CoV-2 infections are 
classified as asymptomatic, presymptomatic, or symp-
tomatic. This characteristic means that symptom-based 
testing alone is not adequate to control the spread of the 
virus, making community-based testing a priority.14–16 Of 
particular concern are health-care workers and people 
working in residential care homes for people aged 
65 years or older, who are at high risk of inadvertently 
transmitting SARS-CoV-2 infection to their own family 
members and to those in their care.

Duration of infectiousness 
Evidence from 113 studies done in 17 countries shows that 
SARS-CoV-2 viral RNA can be detected as early as 6 days 
before symptom onset, concentrations peak around the 
time of symptom onset or a few days later, and it usually 
becomes undetectable from upper respiratory tract 
samples about 2 weeks after symptom onset, and with no 
substantial differences between adults and children.17 The 
viral load from lower respiratory tract samples might be 

Aim Advantages Disadvantages

Within 2 weeks after symptom onset 

Molecular test (ideally nasopharyngeal or 
nasal swabs) 

To detect viral RNA 
(preferred test)

Provides the most sensitive and 
specific means of confirming a clinical 
diagnosis

Expensive; requires specialised skills and 
instruments; testing is not at point of need; results 
can take longer than 24–48 h

Antigen rapid detection test (ideally 
nasopharyngeal or nasal swabs)

To detect viral 
protein if molecular 
testing is not 
available or the 
results are delayed

Can provide results within 15–20 min; 
can be done outside of a laboratory 
setting with minimal training; cheaper 
and faster to manufacture than 
molecular tests 

Not as sensitive as molecular tests; more difficult 
to assure quality, especially with self-tests, 
compared with laboratory-based tests; if a 
patient tests negative, it is necessary to collect 
another sample for molecular testing

More than 2 weeks after symptom onset

Molecular test, antigen rapid 
detection test, and antibody test 

To establish a late or 
retrospective 
diagnosis by using 
antibody tests if 
molecular and 
antigen rapid tests 
are both negative 

Can provide results in 15–20 min if a 
rapid antibody test or within 24 h if a 
laboratory-based assay   

Antibody tests can be non-specific and cause 
false-positive results; can be difficult to 
determine if seropositivity is vaccine-induced or 
natural

Patient has persistently negative test results but there is a high index of suspicion based on clinical presentation or other criteria (eg, chest CT scan 
findings) 

Repeat molecular or antigen rapid 
detection test using a lower respiratory 
tract specimen (eg, sputum or 
bronchioalveolar lavage sample, or tracheal 
aspirate and blood for an antibody test) 
and antibody test 

To confirm a clinical 
diagnosis

Confirms clinical diagnosis if the lower 
respiratory tract specimen is positive; 
enables retrospective diagnosis of past 
or recent infection if the antibody test 
is positive

Antibody tests can be non-specific and cause 
false-positive results

 Table 1:  Advantages and disadvantages of diagnostic tests for SARS-CoV-2 infection in patients with COVID-19-like symptoms, according to clinical 
scenario
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higher, peak later, and persist for longer than the load 
from upper respiratory tract samples.

Studies using viral cultures show that, although 
patients can remain RNA-positive for weeks after 
symptom onset, live virus cannot be cultured from 
specimens collected later than 9 days after symptom 
onset, suggesting that the mean period of infectiousness 
and risk of transmission could be restricted to the period 
between 2 and 3 days before and 8 days after symptom 
onset.16–23 RNA-positive culture-negative samples could 
represent the detection of genomic fragments rather 
than an actively replicating virus.24

Figure 1 shows a schematic of the viral dynamics of, 
and antibody response to, SARS-CoV-2 infection in a 
patient who is symptomatic, and the optimal timeframe 
for deployment of different types of tests.

VOCs and their effect on testing 
SARS-CoV-2 is an RNA virus, and RNA viruses are 
unstable. Mutations arise from errors as viruses replicate 
in human cells. These mutated viruses are called variants. 
Although it is believed that most mutations are harmless, 
occasionally mutation confers a survival advantage to a 
variant, such as greater transmissibility from host to host. 
WHO has defined a variant of concern as one that has 
been shown to be associated with one or more of the 
following changes at a degree of global public health 
significance:  increase in transmissibility or detrimental 
change in COVID-19 epidemiology; increase in virulence 
or change in clinical disease presentation; or decrease in 
the effectiveness of public health and social measures or 
available diagnostics, vaccines, and therapeutics.6 The US 
Centers for Disease Control and Prevention and the 
European Centre for Disease Prevention and Control have 
developed similar working definitions for monitoring the 
emergence of harmful mutations that may be a cause for 
global or regional concern.7,8 In vitro studies show that 
some VOCs are able to escape neutralising antibodies 
developed from natural infections or vaccination.25–27

The US Food and Drug Administration (FDA) is 
monitoring the effectiveness of molecular assays on its 
Emergency Use Authorization (EUA) list for reduced 
sensitivity or a negative result owing to VOCs.28 Almost 
all antigen tests use the SARS-CoV-2 nucleocapsid 
protein as a target and are therefore less likely to be 
affected by VOCs. The Program for Technology in Health 
has a dashboard for tracking whether companies have 
validated their tests against the VOCs.29

Immune response to SARS-CoV-2 infection 
After more than 1 year into the pandemic, our 
understanding of the immune response to SARS-CoV-2 
infection remains incomplete. Current data suggest that 
both humoral and cellular immune responses occur 
within 1–2 weeks after onset of symptoms. Humoral  
immune responses are mediated by antibodies directed 
to viral surface proteins (mainly the spike and 

nucleocapsid proteins), whereas the cellular immune 
responses target a wider repertoire of both structural and 
non-structural viral proteins.30–31

Development of both IgM and IgG antibodies after 
SARS-CoV-2 infection appears to occur earlier than in 
other viral infections, and peaks at day 11–14 after onset 
of symptoms.32–35 IgM and IgG antibodies tend to appear 
almost simultaneously, unlike many other viral 
infections, in which IgM antibodies typically appear 
several weeks earlier than IgG antibodies. The early 
appearance of antibodies allows the use of IgM antibody 
tests in combination with molecular testing to increase 
case detection in people who present late for care and in 
contact tracing.33,36

Duration of immunity and the potential for reinfection 
Reinfection by a respiratory virus is common, mainly 
because of waning immunity. COVID-19 reinfection can 
be defined as the clinical recurrence of symptoms 
compatible with COVID-19, accompanied by positive 
PCR test more than 90 days after the onset of the primary 
infection, supported by close-contact exposure or virus 
sequencing data to exclude relapse.37 A large population-
based study38 in Denmark showed an estimated 
80·5% protection against repeat infection over 7 months, 
with no difference by sex. Among people aged 65 years or 
older, observed protection against repeat infection 
decreased to an estimated 47·1% during that period. Until 
now, there is little evidence that SARS-CoV-2 antibodies 
confer durable immunity to reinfection. As variants of 
SARS-CoV-2 emerge, monitoring reinfections is essential. 

Neutralising antibodies, vaccines, variants, and 
correlates of protection 
IgG antibodies against the SARS-CoV-2 spike and 
nucleocapsid proteins are correlated with neutralising 

Figure 1:  Timelines for optimal use of different diagnostic tests for COVID-19 detection and host response
The optimal timeframe during which molecular and antigen tests can be used for confirming the clinical diagnosis 
in a patient infected with SARS-CoV-2, based on the lower limits of virus detection for these tests, the dynamics of 
viral shedding, and the period of infectiousness over the course of infection as reported in the peer-reviewed 
literature.16–24 Serology tests to detect host response to infection are usually used 7 days or more after symptom 
onset to determine exposure or past or recent infection and are primarily used for surveillance. Ag-RDT=antigen 
rapid detection test.
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activities in vitro.39–42 However, high amounts of IgG 
antibodies have been shown in patients who have severe 
COVID-19 disease, suggesting that a robust IgG response 
might not be an indicator of protective immunity.39–42 A 
neutralising antibody assay is an in vitro measurement 
of the ability of antibodies to inactivate a pathogen. This 
assay requires a laboratory in which the pathogen can be 
safely cultured, and the living organism exposed in vitro 
to the antibodies detected by the assay. SARS-CoV-2 
neutralisation assays can now be done in increasingly 
safe conditions using pseudo-viruses.43 The development 
and validation of neutralisation assays to monitor variant 
strains of SARS-CoV-2, using sera from people who have 
had natural infection or vaccination, should be a high 
priority.

A threshold for protective neutralising antibody 
responses has yet to be defined, and candidate thresholds 
are likely to be affected by viral variants and viral loads 
encountered during exposures, among other factors. 
Furthermore, antibodies are only one component of an 
effective host response to infection. Cellular immune 
responses usually have a substantial role in an effective 
immune response. The correlates of protection against 
SARS-CoV-2 infection in vivo remain unclear. Hence, 
antibody testing should not be used to guide decisions 
about personal or occupational exposures and personal 
protection.

Vaccine-induced immunity is mainly targeted at the 
SARS-CoV-2 spike protein. Analyses of sera from 
individuals with antibodies (either from vaccination with 
one or two doses of mRNA vaccines or from natural 
infection) show low neutralisation against the beta 
(B.1.351) and gamma (P.1) VOCs. This low neutralisation 
was found to be mediated largely by mutations in the 
receptor-binding domain of SARS-CoV-2 spike.27 Thus, a 
positive antibody test result should not be used as proof 
of immunity, because in addition to the absence of 
consensus on how to quantify protection from natural or 
vaccine-induced immunity, there could be reduced 
protection against some VOCs that have become the 
dominant circulating strain in many countries. This fact 
places in doubt the value of commercially available 
immunity passports.44,45

The evolving role of diagnostic testing in the 
COVID-19 pandemic response 
At the start of the pandemic, testing of symptomatic 
patients was crucial in refining the clinical case definition, 
confirming clinical diagnosis for patient management, and 
doing epidemiological studies to understand the speed and 
extent of the transmission to inform public health control 
measures. Identification of COVID-19 cases permits 
contact tracing and research into SARS-CoV-2 modes of 
transmission. Because molecular tests are based on 
genome sequences of SARS-CoV-2, they are highly 
sensitive and specific and are used as the reference standard 
for the diagnosis of active SARS-CoV-2 infection.46–48

The second phase in the evolution of the SARS-CoV-2 
testing strategy came several months into the pandemic, 
when it was recognised that more than 20% of 
virus transmission could be attributed to individuals 
who were asymptomatic or presymptomatic.12–16 Control 
programmes began to develop strategies to interrupt the 
chains of transmission within communities by scaling 
up testing, contact tracing, and isolation.49–54 However, 
most countries found it more difficult than anticipated 
to scale up laboratory molecular testing, owing to 
shortages of trained staff, global competition for reagents, 
and high costs. It was hoped that point-of-care molecular 
technology platforms developed for HIV and tuberculosis 
and widely deployed outside of laboratory settings could 
be rapidly adapted to test for SARS-CoV-2. Although such 
point-of-care molecular tests were rapidly developed and 
validated, their swift deployment never became a reality 
because the rate-limiting step was the speed of 
manufacturing of both test instruments and test 
cartridges.

Antigen tests are available as high-throughput 
laboratory-based assays or as rapid detection tests 
(Ag-RDTs) that can be visually read or instrument-read.2,4,5 
Ag-RDTs are more affordable and easier to use than 
molecular tests and can provide results within 15–20 min. 
Unlike molecular tests, Ag-RDTs can be manufactured as 
single-use lateral-flow tests in the millions per month, 
making it easier for companies to meet global demand.

Although Ag-RDTs have a lower limit of detection of 
only 105–106 genome copies per mL compared with 
102–103 copies per mL for molecular tests, studies have 
shown that individuals with a viral load less than 
106 genome copies per mL are unlikely to transmit the 
virus, making Ag-RDTs a useful rapid triage tool to 
identify those most likely to transmit infection.55–58

To qualify for WHO Emergency Use Authorization 
listing, WHO recommends, as a minimum, test 
sensitivity of 80% and specificity of 97% for Ag-RDTs 
when compared with a molecular test.46 For patients 
presenting with COVID-19-like symptoms in settings in 
which molecular testing is unavailable or results are 
delayed by more than 48–72 h owing to a high volume of 
testing, WHO and US Centres for Disease Control and 
Prevention agencies recommend the use of Ag-RDTs as 
an alternative means of case detection, enabling public 
health measures such as isolation and contact tracing to 
be implemented without delay and the interruption of 
further disease transmission.52,59–61 

The third phase in the role of diagnostics in the 
pandemic response came as the waves of SARS-CoV-2 
infection came under increased control and countries 
began to try to find ways to reopen schools, businesses, 
and workplaces, and to reintroduce religious gatherings 
and social, cultural, and sports events. Tedros Adhanom 
Ghebreyesus, Director-General of WHO, said, “High-
quality rapid tests…are key to quickly tracing 
and isolating contacts and breaking the chains of 
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transmission. The tests are a critical tool for governments 
as they look to reopen economies and ultimately save 
both lives and livelihoods.”62 This statement calls for 
testing to be used as both a public health and a clinical 
diagnostic tool. 

The FDA has approved several home-based or self-tests 
for use along with molecular tests and Ag-RDTs.5 Self-
testing can be used to help to ensure a safe environment 
in settings where patrons or clients are likely to be 
unmasked, such as gyms and fitness studios, food and 
beverage establishments, and beauty and wellness 
salons. Such tests could help to protect patients and 
residents from infection when there are visitors to public 
hospital wards or residential care homes.

Countries that are able to roll out COVID-19 vaccinations 
are now entering a fourth phase, transitioning from a 
pandemic response mode to living with the virus, 
whereby the main role of testing will shift from diagnosis 
and case detection to surveillance.

Use of diagnostics in clinical practice and public 
health 
Diagnostic tests are useful to confirm the clinical 
diagnosis in patients presenting with symptoms 
consistent with COVID-19, regardless of their vaccination 
status.46 Infected individuals can present with mild to 
severe symptoms of the infection, such as fever or chills, 
a persistent cough, shortness of breath, and headaches, 
and these symptoms typically occur 2–14 days after initial 
exposure.

For individuals presenting within the first 2 weeks of 
onset of symptoms that are consistent with COVID-19, a 
specimen should be collected for molecular testing to 
confirm the clinical diagnosis.46 Although the primary 
site of infection is in the lungs, different specimen types 
have been used with molecular and antigen tests, 
depending on viral load at the site of collection, the ease 
and feasibility of specimen collection with regard to the 
setting, and the age of the patient. A systematic review63 

showed that the best specimens are nasopharyngeal or 
nasal swabs; oral fluid or oropharyngeal swabs have been 
validated for some tests, but they can be less sensitive. 
Some studies report prolonged shedding from stool 
samples, but SARS-Cov-2 is rarely found in blood or 
urine.64

Given the high sensitivity and high specificity of 
molecular tests, false-positive or false-negative test 
results are rare. A positive result confirms the diagnosis 
and should trigger patient management procedures and 
public health measures such as self-isolation and contact 
tracing. Although studies have shown that a positive 
molecular test cannot be interpreted to mean that the 
patient is infectious, public health measures should be 
carried out nevertheless.46 However, for patients in whom 
the clinical suspicion of COVID-19 is high but the test 
results are negative, there is a possibility that the 
specimen was inadequate or an error was made in the 

testing, in which case the test should be repeated either 
with another nasopharyngeal swab or a sample from the 
lower respiratory tract (eg, sputum, bronchoalveolar 
lavage, or tracheal aspirate), if possible.46–48 While waiting 
for test results, the patient should be kept in isolation as 
a precaution. A positive result on repeat testing confirms 
COVID-19 and should be managed accordingly.

If there is sustained clinical suspicion owing to an 
epidemiological link and other clinical or radiological 
findings, but the repeat molecular testing is negative, the 
patient could be further evaluated using an antibody test, 
but only for the purpose of documenting retrospectively 
a recent infection with SARS-CoV-2. Figure 2A shows a 
diagnostic algorithm for the use of tests in a patient 
presenting with COVID-19-like symptoms.

If individuals with symptoms of COVID-19 present late 
(ie, 7–14 days after symptom onset), combining the use of 
molecular, antigen-detection, and antibody tests should 
be considered. Studies in China33 suggest that combining 
molecular and antibody testing in the second week after 
symptom onset can increase the rate of COVID-19 case 
detection by as much as 40%.

If molecular testing is not feasible, or if there are delays 
in reporting the results, rapid antigen testing is 
recommended by WHO,46 Africa Centres for Disease 
Control and Prevention,60 and the European Centre for 
Disease Prevention and Control guidelines.59 Because an 
individual with symptoms consistent with COVID-19 has 
a high pretest probability of testing positive, a confirmatory 
test would not be required for an Ag-RDT-positive result 
(figure 2B). In countries in which there are adequate 
resources, and time to result is not an issue, positive 
antigen test results are confirmed using a molecular test. 
Table 2 summarises possible interpretations of test 
results.65

However, it is possible that an individual could have 
COVID-19, but has an antigen-negative test result 
because of low viral load, inadequate sample collection, 
or errors during the testing process. If there is high 
clinical suspicion of COVID-19 or known exposure, and 
the antigen test is negative, a second sample should 
carefully be collected and either sent for molecular 
testing or tested with an antigen test of higher sensitivity. 
The patient should be kept in isolation until the test 
results are available. The European Centre for Disease 
Prevention and Control has issued guidance for 
discharge and the ending of isolation of patients with 
COVID-19.66

This algorithm has been implemented in Cameroon to 
mitigate the risk of missing cases in patients who have 
low viral loads, because symptomatic patients are first 
tested with Ag-RDTs.67 Of 80 000 COVID-19 cases 
reported up to now in Cameroon, 60% were diagnosed 
using Ag-RDTs. Such a national algorithm has made 
widespread testing possible, with substantial savings 
compared with a programme that relies solely on 
molecular tests.
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Use of diagnostics in containment of pandemics 
and outbreaks 
Case finding in symptomatic or asymptomatic 
individuals 
Identification of people in the community who are 
infected is an integral element of outbreak management. 
Case finding can be passive or active. Passive case finding 
relies on individuals with signs and symptoms recognising 
these as being associated with infection, and self-reporting 
to health workers. Active case finding is a systematic 
search for individuals with infection and, of those found, 
all those who have signs and symptoms are proactively 
tested. Other forms of active case finding include mass 
population screening and targeted screening of people 
living or working in an area in which there is known 
transmission and, if linked with geographical information, 
increase understanding of the extent of virus spread and 
of the locations with a high risk of transmission.

Households and other contacts of confirmed cases 
A meta-analysis of 54 studies (77 758 people infected 
with SARS-CoV-2)68 estimated an overall secondary-
attack rate of 16·6% in households, which is higher 
than for household transmission rates observed for 
SARS-CoV and MERS-CoV. Secondary-attack rates were 
higher in households with symptomatic index cases 
than asymptomatic ones, higher in adult contacts than 
in children, and higher in spouses than in non-spouses. 
A comprehensive contact-tracing programme with 
testing and effective isolation or quarantine is crucial 
for successful outbreak control.68,69 

Screening of populations at increased risk of acquisition 
and transmission 
Health-care workers, and workers in residential care 
homes for people aged 65 years or older, essential front-
line workers (including first responders), and public 
transport and aviation transport operators are at 
increased risk of COVID-19 acquisition and transmission. 
Routine asymptomatic testing for COVID-19 in these 
populations is a crucial component of effective targeted 
control strategies. Frequent testing and rapid turnaround 
times of test results could yield a high probability of the 
early detection of infections, and hence the prevention of 
outbreaks, in at-risk settings.70–74

Epidemiological modelling75–77 suggested that the 
effectiveness of outbreak control depends largely on the 
frequency of testing and the speed of reporting, and is 
only marginally improved by high test sensitivity. Results 

Figure 2: Algorithms for testing to detect SARS-CoV-2 in symptomatic and 
asymptomatic individuals
(A) Preferred testing algorithm for individuals with COVID-19-like symptoms. 
(B) Testing algorithm for individuals with COVID-19-like symptoms when 
molecular testing is not available or results are delayed. (C) Testing algorithm for 
COVID-19 case finding among asymptomatic individuals.
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Positive Negative 

Antigen test

Asymptomatic individuals

Positive Negative 

No evidence of 
COVID-19 

Positive 

SARS-CoV-2 confirmed 

Molecular or second antigen test 

Negative 

A

B

C



Review

www.thelancet.com   Vol 399   February 19, 2022 763

from a modelling study78 to assess the effects of test 
sensitivity, testing frequency, and speed of reporting on 
SARS-Cov-2 case detection suggested that testing 
frequency might need to be twice a week to ensure a safe 
workplace in high-risk health environments. In the 
authors’ sensitivity analysis, only small changes in results 
were observed with variations in test sensitivity, but 
large changes were seen with variations in the delay 
in reporting test results. With a reproductive rate of 1·5, 
reducing test sensitivity by 20% reduced the effectiveness 
of daily testing from 85·3% to 80·7%. Test result delays 
of 3 days reduced daily testing effectiveness from 
85·3% to 56·5%, and delays of 5 days reduced it 
to 25·9%. Rapid antigen tests should therefore be 
considered if time to reporting the results of molecular 
tests is suboptimal.

Testing as a public health tool to ensure safe 
environments and enable economic recovery 
Lockdowns and border closures impose mental, social, 
and financial hardships in many societies, especially in 
informal urban settlements.79 Testing could enable 
resumption of social activities and economic recovery, 
and many strategies are being piloted and evaluated at 
present.80–82 One strategy is to target people attending 
schools or workplaces in which prolonged daily indoor 
contact occurs. Another is to target people attending 
large gatherings in indoor spaces (eg, nightclubs, bars, 
and karaoke lounges) and indoor or outdoor mass 
gatherings for religious, sports, music, or other 
purposes. The objective of screening in these settings is 
to ensure a safe environment, so it is desirable to use a 
test that can give almost immediate results, with a high 
negative predictive value.82–86 Decisions about easing 
mass gathering restrictions should be based on the 
extent of infection in the community and the degree of 
vaccination coverage in the population. Pre-event testing 
is usually done in combination with other public health 
measures as layered interventions to reduce risk of 
transmission (eg, the wearing of face masks, physical 
distancing, and adequate air ventilation in the venue; 
table 3).

With the low pre-test probability of COVID-19 in the 
general population, a screening test with 80% sensitivity 
and 97% specificity will probably generate more false-
positive than true-positive results compared with a 
molecular test. It is important to confirm any positive 
results (table 3, figure 2B, C).59–61,65,82 The confirmatory test 
can be a molecular test, if available, or an antigen test of 
higher specificity.

Some countries have issued guidelines for the 
prevention of SARS-CoV-2 transmission in school 
children; testing is generally not recommended unless 
COVID-19 incidence in the community is high.89,90 For 
college campuses, an analytical model91 comparing the 
effectiveness and cost of using different types of testing 
for screening on a college campus suggested that 

screening every 2 days using a rapid, inexpensive, and 
even low-sensitivity test (>70%), coupled with strict 
behavioural interventions to keep the reproductive rate 
less than 2·5, could maintain a controllable number of 
COVID-19 infections and permit the safe return of 
students to campus.

Testing travellers to reduce the risk of importing 
COVID-19 
The WHO International Health Regulations urge 
countries to ensure that measures affecting international 
traffic (including targeted use of diagnostics and 
quarantine) are risk-based, evidence-based, coherent, 
proportionate, and time-limited.87

Many countries require travellers to present proof of a 
negative antigenic or molecular test result 72 h ahead of a 
flight, to quarantine after arrival, and to test negative 
with either a molecular test or Ag-RDT for release.92 

Although models of strategies to mitigate the importation 
risk have been published,93–95  there is no global or regional 
consensus on any one risk-reduction strategy.

The latest guidelines from the European Centre for 
Disease Prevention and Control recommend that fully 

Actions required

Molecular test (eg, PCR) result is positive 

True-positive test result Manage patient and initiate contact tracing and 
isolation of patient

Indeterminate test result, because not all gene 
targets are positive 

Repeat the test or use a different assay to confirm 
whether a variant of concern is involved 

False-positive test result, caused by laboratory 
contamination, or incorrect interpretation

If infection is considered to be unlikely, check the 
proficiency of the testing personnel and the quality 
management of the laboratory

Molecular test (eg, PCR) result is negative

True-negative test result No action needed

False-negative test result, caused by a past viremic 
period 

If clinical suspicion is high, use an antibody test to 
check for previous exposure to SARS-CoV-2

False-negative test result, caused by low viral load, 
specimen not being collected properly, or test not 
being done correctly

If clinical suspicion is high, check collection technique, 
quality of test, and retest

False-negative test result, caused by the test not 
detecting a virus variant owing to gene target 
mutations in the target region

If clinical suspicion is high and the virus variant is 
widespread, use a test that targets multiple genes

Antigen rapid diagnostic test result is positive

True-positive test result Manage patient and initiate contact tracing and 
isolation of patient

False-positive result, caused by test result being 
read incorrectly or low pretest probability (disease 
prevalence) 

If infection is considered to be unlikely, confirm test 
results with a molecular test or a repeat antigen rapid 
diagnostic test 

Antigen rapid diagnostic test result is negative 

True-negative test result No action needed

False-negative test result, caused by low sensitivity, 
specimen not being collected properly, or test not 
being done correctly

Check for quality of specimen collection and rectify; 
check the sensitivity, or quality, or both, of the test; if 
there is a high suspicion of infection, retest using 
another antigenic rapid diagnostic test of higher 
specificity or a molecular test

Table 2: Possible interpretations of SARS-CoV-2 diagnostic test results in patients with COVID-19-like 
symptoms
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vaccinated individuals, or those who have recovered from 
the disease in the past 180 days, should not need to test or 
quarantine, unless they are coming from an area of very 
high risk or in which a VOC is circulating.88

As VOCs continue to emerge, it is anticipated that 
testing strategies for travel will continue to change on the 
basis of the transmissbility and virulence of VOCs, 
vaccine coverage, and risk tolerance in different 
countries.

Transition from pandemic response to living 
with the virus 
As countries move from pandemic response to the control 
of COVID-19, vaccines will have a big role in protecting 
individuals and populations at risk of infection. Vaccines 
were studied in clinical trials for their efficacy in protecting 
against severe disease and death, and information in post-
vaccination surveillance activities suggests that 
breakthrough infections are occurring as a result of 
waning immunity or inadequate protective response.96–98 
Although some countries have adopted strategies to live 
with the virus, testing will continue to be a crucial tool in 
identifying the breakthrough infections and informing 
patient care and public policy through surveillance.99,100

Vaccine passports (or immunity passports) to help 
ensure safer travel, workplaces, schools, and mass 

gatherings are being considered by some countries, US 
states, and businesses, but inadequate understanding 
about the ability of vaccines to decrease transmission, and 
about the duration and correlates of immunity, make it 
difficult to understand the effectiveness of such passports. 
The development and validation of neutralisation assays 
to monitor variant strains of SARS-CoV-2, using sera 
from people who have had natural infection or 
vaccination, should be a high priority.

Enabling factors to maximise the impact of 
testing 
Clear and coherent messaging to the public about testing 
Communication to the public about evolving testing 
strategies needs to be clear, science-based, systematic, 
and easily understandable enough to be able to penetrate 
equitably to all people, including migrant workers, 
displaced people and refugees, people with minority 
ethnic backgrounds, and Indigenous people (providing 
translations as necessary). Likewise, clear communication 
is needed about symptoms associated with COVID-19, 
the importance of being tested if those symptoms 
develop, where to call or to go if testing is required, what 
to do if the test result is positive or if the person is still 
waiting for the results, what to expect from activities 
such as contact tracing, and what it means to have a 

Public health measure Who to screen Frequency of screening Test to use Action to take in response to 
test results

Community testing of fixed cohorts of people in regular or daily contact with each other

Health-care 
facility48,51,59,66,87,88

Face masks, ventilation, and (if 
possible) physical distancing; 
implement flexible, non-punitive, 
paid sick leave and supportive 
employment policies and practices 

Health-care workers and 
workers in residential care 
homes for people aged 
65 years or older

Twice a week Molecular test if possible, 
otherwise an Ag-RDT

If the test is positive, isolate 
and initiate contact tracing

School6,46,70, Face masks, physical distancing, 
ventilation, and, if possible, moving 
activities outdoors 

Teachers, students, other 
school staff, and ancillary 
workers

Frequency depends on 
COVID-19 prevalence 
within the community 

Ag-RDT; confirm positive test 
results using a molecular test

If the test is positive, initiate 
contact tracing and send close 
contacts home for self-
isolation

Workplace59,60,80 .. All staff Once or twice a week, 
depending on community 
prevalence

Ag-RDT; confirm positive test 
results using a molecular test

Allow entry if the test result is 
negative; stay at or work from 
home if possible

Mass gatherings of random cohorts who gather at sporadic events

Music event84 Face masks and ventilation All at entry Once, at entry Ag-RDT Allow entry into event if the 
test result is negative; confirm 
positive results using a 
molecular test

Religious gathering85 Face masks, physical distancing, and 
limit event size to small groups of 
20 accompanied by a health worker

All at entry and on departure Twice a week for multiday 
events

Molecular test pre-entry and 
Ag-RDT at event

Allow entry into event if the 
test result is negative; confirm 
positive results using a 
molecular test

Sports event86 Face masks and physical distancing Players, staff, and (at entry) 
spectators

Once at entry; no screening 
during event

Molecular test (if possible, 
otherwise an Ag-RDT) for 
players; Ag-RDT for staff and 
spectators; confirm positive 
test results using a molecular 
test

Stop event if players test 
positive and initiate contact 
tracing; if staff or spectators 
test positive, do not allow 
them to enter the venue and 
initiate contact tracing 

Ag-RDT=antigen rapid diagnostic test. 

Table 3: Examples of testing for SARS-CoV-2 infection as a public health tool, by setting
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negative test result, depending on the current epidemio-
logical situation.

Information systems for recording and accessing 
diagnostic test results
Use of diagnostic tests to facilitate the return to social 
and economic activity requires an information system 
that allows capture of test results and access to them. 
Some Ag-RDT and home tests come with apps that allow 
automated reading and digitisation of test results as QR 
codes for display if proof of a negative test is required. 
Such systems should verify their legitimacy by accepting 
results only from accredited testing facilities, and must 
ensure trust, security, and confidentiality. 

On a population level, investment in information 
technology has enabled electronic contact tracing, which  
ideally produces data that are directly interoperable with 
electronic dashboards designed to display real-time data 
and rapid geographical summaries of infection 
caseloads.101,102 Visual images of the geographical 
distribution of cases and VOCs, the speed and extent of 
transmission, and the location of hotspots have been 
crucial in allowing clinicians to interpret test results on 
the basis of local epidemiology, policy makers to track the 
effectiveness of control strategies over time, and the 
public to participate in the public health response.

Post pandemic investments to increase capacity for 
diagnostic testing, coupled with information systems, 
should be used to build sustainable diagnostic and 
surveillance systems. Such systems will serve as the 
backbone of a health system, with data connectivity and 
appropriate technologies at every level, from ultra-
sophisticated detection and sequencing technology at 
the top, to point-of-care diagnostics in the community. 
Diagnostic tests serve as the eyes and ears of the 
health-care system, by sounding alarms about unusual 
disease patterns or sending early outbreak alerts, and 
provide the capacity to respond rapidly. No one is safe 
until we are all safe needs to be a nationally and 
internationally accepted slogan that leads to the 
development and sustainability of actions necessary to 
detect and respond to outbreaks.

Global surveillance and genotyping 
VOCs will continue to develop as SARS-CoV-2 continues 
to reproduce in human populations. Hence, scaling up 
testing and public health measures to slow viral replication 
and the rapid spread of VOCs should be a major public 
health goal. Strengthening global collaboration in both 
surveillance and building laboratory genomic-sequencing 
capacity is urgently needed to track the spread of variants 
and understand the resulting risks.103–105

A global surveillance network for SARS-CoV-2 and other 
coronaviruses, similar to the one established for influenza, 
would provide the information necessary to assess escape 
from protection and also provide early alerts should other 
coronaviruses enter human populations.

Conclusion 
The COVID-19 pandemic has spurred the development of 
a wide selection of diagnostic tests. The choice of which 
test to use in what setting requires careful consideration 
of the purpose of testing and the resources available, while 
also balancing test characteristics of accuracy, accessibility, 
affordability, and the rapidity with which results are 
needed. For COVID-19 case detection, molecular tests 
with their high sensitivity and high specificity are the test 
of choice. For screening of asymptomatic infections in 
communities to interrupt the chain of transmission, test 
sensitivity might be a secondary consideration to 
frequency of testing and time to result. Testing strategies 
have evolved with different phases of the pandemic. 
Although a mainstay for patient diagnosis and manage-
ment, testing has also been used at an unprecedented 
scale in settings outside health care, for screening to 
protect the clinically vulnerable, at border crossings 
to release people from quarantine, and in communities to 
enable safe environ ments for the resumption of economic 
recovery and social and cultural activities. The pandemic 
should be a wake-up call for countries to invest in a 
diagnostic and surveillance system that is the backbone of 
a health-care system with appropriate technologies at 
every level, and also invest in data connectivity, so that 
clinicians and policy makers have increased tools at their 
disposal to practise precision medicine and so that early 
alerts of possible outbreaks are rapidly investigated. 
Strategies for testing should also be developed to 
contribute to global surveillance of SARS-CoV-2 genetic 
sequences, and to assure linkages that will rapidly identify 
changes in transmissibility, or virulence, or both, on a 
global scale.
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