UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Lessons to be learned from test evaluations during
the Covid-19 pandemic

Deeks, Jonathan J; Ashby, Deborah; Takwoingi, Yemisi; Perera, Rafael; Evans, Stephen JW;
Bird, Sheila M

DOI:
10.1093/jrsssa/gnae053

License:
Creative Commons: Attribution-NonCommercial (CC BY-NC)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):

Deeks, JJ, Ashby, D, Takwoingi, Y, Perera, R, Evans, SJW & Bird, SM 2024, 'Lessons to be learned from test
evaluations during the Covid-19 pandemic: RSS Working Group’s Report on Diagnostic Tests', Journal of the
Royal Statistical Society Series A (Statistics in Society), pp. 1-51. https://doi.org/10.1093/jrsssa/qnae053

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@Ilists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 08. Jul. 2024


https://doi.org/10.1093/jrsssa/qnae053
https://doi.org/10.1093/jrsssa/qnae053
https://birmingham.elsevierpure.com/en/publications/7bf60d34-bcca-42eb-9674-fbea82be915a

Statistics in Society, 2024, 00, 1-51 STATISTICAL

) : SOCIETY Series A .
https://doi.org/10.1093/jrsssa/qnae053 oama | evoence [oecisons Statistics in Society

Journal of the Royal Statistical Society Series A: ' ROYAL Journal of the Statistics Society Q

Working Party Report

Lessons to be learned from test evaluations
during the COVID-19 pandemic: RSS Working
Group’s Report on Diagnostic Tests

Jonathan J. Deeks' ®, Deborah Ashby?, Yemisi Takwoingi' ®,
Rafael Perera®, Stephen J.W. Evans* and Sheila M. Bird>®

'Institute of Applied Health Research, University of Birmingham, Birmingham, UK

23chool of Public Health, Imperial College London, London, UK

3Nuffield Department of Primary Care Health Sciences, University of Oxford, Oxford, UK
*Department of Medical Statistics, London School of Hygiene and Tropical Medicine, London, UK
SMRC Biostatistics Unit, University of Cambridge, Cambridge, UK

®University of Edinburgh College of Medicine and Veterinary Medicine, Edinburgh, UK

Address for correspondence: Jonathan J. Deeks, Institute of Applied Health Research, Public Health Building, University
of Birmingham, Edgbaston, Birmingham B15 2TT, UK. Email: j.deeks@bham.ac.uk

Abstract

The coronavirus disease (Covid-19) pandemic raised challenges for everyday life. Development of new
diagnostic tests was necessary, but under such enormous pressure risking inadequate evaluation. Against
a background of concern about standards applied to the evaluation of in vitro diagnostic tests (IVDs), clear
statistical thinking was needed on the principles of diagnostic testing in general, and their application in a
pandemic. Therefore, in July 2020, the Royal Statistical Society convened a Working Group of six
biostatisticians to review the statistical evidence needed to ensure the performance of new tests,
especially IVDs for infectious diseases—for regulators, decision-makers, and the public. The Working
Group’s review was undertaken when the Covid-19 pandemic shone an unforgiving light on current
processes for evaluating and regulating IVDs for infectious diseases. The report’s findings apply more
broadly than to the pandemic and IVDs, to diagnostic test evaluations in general. A section of the report
focussed on lessons learned during the pandemic and aimed to contribute to the UK Covid-19 Inquiry’s
examination of the response to, and impact of, the Covid-19 pandemic to learn lessons for the future. The
review made 22 recommendations on what matters for study design, transparency, and regulation.

Keywords: covid-19, in vitro diagnostic test, scientific integrity, statistics, test evaluation

1. Introduction

In January 2020, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified
causing coronavirus disease (Covid-19), and began its rapid global spread, with the first UK lock-
down commencing on 23rd March 2020. Science and scientists moved at great pace to combat the
pandemic infection. Statistics played a key role in scientific and medical developments.

Key areas of statistical input included modelling to predict the spread under various assump-
tions, surveillance studies regularly to monitor changes in the prevalence of current or previous
infection (nationally and regionally), development of strategies for testing, tracing and isolation,
trials of treatments in a variety of settings, and of vaccines. As each of these has multiple statistical
issues, the Royal Statistical Society’s (RSS) Council set up a Covid-19 Task Force (Royal Statistical
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Society, 2020) with a key aim of ensuring that the RSS could contribute its collective expertise on
statistical issues during the Covid-19 pandemic to the UK’s national and devolved governments
and public bodies.

Because the pandemic developed so quickly, there was enormous pressure for rapidly available
solutions, but at the risk of inadequate evaluation. The RSS was particularly concerned that many
new diagnostic tests for SARS-CoV-2 were coming to market for use both in clinical practice and
for surveillance without adequate provision for statistical evaluation of their analytical and clin-
ical performance. Against a background of concern about standards applied to the evaluation of in
vitro diagnostics (IVDs), there was a need for clear statistical thinking on the principles of diagnos-
tic testing in general, and their application in a pandemic. Therefore, in July 2020, the RSS con-
vened a Working Group of six biostatisticians experienced in regulation and test evaluation
(members are listed in the Supplementary Material). The Terms of Reference of the Working
Group were to review the statistical evidence needed to assure the performance of new tests, for
patients, decision-makers and regulators, with particular reference to IVDs for infectious diseases.
Considerations included:

e Statistical issues specific to the diagnosis and surveillance of infectious diseases, including new
emerging infectious diseases;

e Key characteristics to be evaluated when assuring the performance of an IVD test for an in-
fectious disease;
Design aspects of studies that are necessary to provide estimates of these key characteristics;
Statistical principles to be followed by decision makers (including regulators) when assessing
the adequacy of performance of a test for its intended role in the protection of public health;

¢ Information that needs to be in the public domain to provide confidence in the performance of
tests.

The Covid-19 pandemic provided a microcosmic insight into the inadequate state of current proc-
esses for evaluating and regulating medical tests. Whilst directly motivated by the pandemic, the
findings apply more broadly to IVDs and, in part, to all diagnostics.

The report contains seven numbered sections. Section 2 provides a background to infectious dis-
eases and key terminology, and Section 3 outlines key concepts in diagnostic testing, with a more
detailed exposition of statistical estimands in Section 4. Section 5 addressed considerations of
good study design for the evaluation of diagnostic tests. Section 6 addressed the Covid-19 pandem-
ic specifically, and the lessons to be drawn through use of 15 examples. Section 7 deals with the
implications for the regulation of diagnostic tests, and Section 8 discusses the information that
should be in the public domain. Supplementary Material includes a Glossary of technical terms
and an Appendix of examples of major infectious diseases.

The Working Group identified 22 recommendations, organized under headings of Study Design
(Box 1), Regulation (Box 2), and Transparency (Box 3). The original version of the Working
Group’s report was published on the RSS website and disseminated to the public in June 2021.
This updated version of the report includes additional information on Assessing Test Strategies
and their Impact (Section 6.10). The RSS Working Group report has been submitted for the UK
Covid-19 Inquiry’s examination of the UK’s response to the Covid-19 pandemic, to learn lessons
for the future.

2. Understanding infectious diseases

Emerging and existing infectious diseases are a threat to global health. Increased virulence, inci-
dence, geographic distribution or the development of drug resistance intensifies the challenge of
existing infectious diseases in public health systems around the world.

Infectious organisms (pathogens) include viruses (e.g. SARS-CoV-2), bacteria (e.g.
Mycobacterium tuberculosis), parasites (e.g. Plasmodium species), and fungi (e.g. Candida
species).

Pathogens have different consequences in terms of their morbidity and mortality, social and
economic impacts. Each year, several outbreaks of infectious diseases are reported in different
parts of the world (World Health Organization, 2024). Notable recent outbreaks include SARS
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Box

10.

1: Recommendations—Study-design matters.

. Robust studies of analytical performance provide necessary but insufficient evidence

to implement in vitro diagnostics.

. Field or clinical evaluation studies are needed to evaluate the performance of an in vi-

tro diagnostic for each intended use.

. Definition of each intended use requires specification of: (a) the people, place and pur-

pose of testing; (b) the target condition that testing aims to detect; (c) the test’s
specimen-type and how the specimen is taken, stored and transported and by
whom; and (d) details of the individuals, training and facilities where testing is done.
Undertaking well designed, adequately powered, and correctly analysed studies of the
clinical performance of an in vitro diagnostic is important for each intended use of the
test. Study completion may be easier and faster in pandemics because of the rapid ac-
crual of cases.

. Consideration of sensitivity (% of infected persons who are correctly detected by the

test) and specificity (% of uninfected persons correctly labelled by the test as uninfect-
ed) for each intended use should be de rigueur, not exceptional.

. Itis important to know the likely prevalence of the condition in the target population

to be able to ascertain the probability that a positive test result is correct (the positive
predictive value) and that a negative test result is correct (the negative predictive
value).

To quantify sampling uncertainty, estimates of prevalence and test performance must
be presented with confidence intervals (or other appropriate measures).

. Direct comparison of alternative in vitro diagnostics and test strategies should be giv-

en high consideration to provide evidence that directly informs clinical and public
health decision-making.

. Mathematical models of testing should make explicit their assumptions and sources of

data; and investigate the impact of uncertainty. Estimation of the performance of test
strategies of in vitro diagnostics requires empirical evaluation due to unknown sources
of errors and likely oversimplification of modelling assumptions.

Planning for future pandemics should include:

(a) Identification of multi-site networks to facilitate recruitment of patients or citizens
willing to provide relevant biological specimens;

(b) Creation, identification and maintenance of specimen banks;

(c) Promoting active dialogue between public health, clinical medicine, laboratory
medicine, statistical and methodological experts in test evaluation and regulators
to agree on evaluation strategies;

(d) Developing capacity and expertise in designing, delivering, analysing, and report-
ing studies of the clinical performance of tests in laboratory, clinical and commu-
nity settings;

(e) Expedited centralized processes for ethical and study-protocol approvals.
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Box 2: Recommendations—Regulation matters.

(11) The Medicines and Healthcare products Regulatory Agency (MHRA) should review
and revise the national licensing process for in vitro diagnostics to ensure public safety is
protected, particularly in a pandemic. This review needs independent expert input from
the relevant disciplines including appropriate statistical input.

(12) Scientific methods should be reviewed and developed to help regulators create Target
Product Profiles that describe the characteristics and required performance of an in vi-
tro diagnostic for a particular intended use.

(13) Regulators, in consensus with the scientific community, should specify reference
standards judged to have acceptable accuracy against which the sensitivity and specifi-
city of a new test can be established.

(14) Regulators’ assessment of test safety needs to extend beyond the physical safety of a
test device to the consequences of false positives and false negatives for those tested and
all those affected by test outcomes. The full range of consequences, from liberalized be-
haviour to deprivation of liberty, should be considered.

(15) Evaluation of the impact of tests should ensure that both intended and unintended
consequences are considered. Some consequences will not be evaluated before test im-
plementation, so post-marketing surveillance for a new intended use requires ongoing
assessment.

(16) During outbreaks, particularly when tests are being used outside their intended use, it
is prudent to monitor test performance with regard to public safety, by requiring data
collection and public reporting on: (a) test results, to assess whether a test is performing
as expected in the target population; and (b) disease prevalence, to ensure tests are only
used when they will do more good than harm.

Box 3: Recommendations -Transparency matters.

(17) Protocols for field or clinical evaluation studies should be publicly available to pro-
vide evidence of prior planning and to support transparency; and ideally should be pro-
spectively registered.

(18) Expert peer review of study protocols and final reports by subject-matter (e.g. clinical,
public health, laboratory) and methodology experts is recommended.

(19) Study reports should adhere to reporting guidance such as the Standards for
Reporting Diagnostic Accuracy (STARD) to enable scrutiny of findings and incorpor-
ation in systematic reviews.

(20) Post hoc analyses should be limited; and clearly identified as exploratory.

(21) Study reports and results should be made available publicly in a timely manner.

(22) Field and clinical evaluation studies require ethical approval and fully informed con-
sent as outlined in the Good Clinical Practice Guidelines.
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(2002-2003), swine flu (2009-2011), Ebola (2014-2016), Zika (2015-2016), dengue (2016),
plague (2017), and Covid-19 (2019-2023). Covid-19, the disease caused by SARS-CoV-2,
emerged in China in December 2019 and is a contemporary example of the widespread and dev-
astating impact of an infectious disease. The outbreak was declared a pandemic on 11th March
2020 by the World Health Organization (WHO).

Some infectious diseases are zoonotic, i.e. they can be transmitted from animals to humans.
Zoonoses account for about two-thirds of human infectious diseases. Approximately three-
quarters of emerging diseases in humans have originated in wildlife, including many of the most
devastating pandemics in history such as the Justinian Plague (541-542 cg), the Black Death
(Europe, 1347), yellow fever (South America, 16th century), and the Spanish flu (1918)
(Machalaba et al., 2015). The Covid-19 pandemic appears to have zoonotic origins (World
Health Organization, 2021).

The transmissibility of infectious diseases combined with age-related susceptibility or progres-
sion requires those infected to take precautions to prevent onward transmission to others and
modify behaviours to reduce the risk of becoming infected. Personal protective equipment for
healthcare workers may be needed to reduce their vulnerability to infection while they care for
those affected.

Detection of infectious diseases is an essential part of combatting their spread, and the following
sections outline some necessary key biological concepts.

2.1 Immune response

Pathogens have molecular components, known as antigens, which can trigger an immune response
by the host’s immune system to protect the body. A pathogen can have multiple different antigens
which are unique to the pathogen. Lymphocytes, a type of white blood cell, are fundamental to the
human immune system. The two primary types of lymphocytes are T cells and B cells. Immunity
that occurs after exposure to an antigen from a pathogen or after immunization is known as adap-
tive or acquired immunity. The two types of adaptive responses are (1) cell-mediated immune re-
sponse controlled by activated T cells and (2) humoral immune response controlled by activated B
cells and antibodies in plasma cells.

Antibodies [immunoglobulins (Ig)] are protein molecules that can be found in blood and other
body fluids such as mucus secretions and saliva. Antibodies are specific to a particular antigen: and
bind to an antigen either to tag it for attack (binding antibodies) by white blood cells or to neutral-
ize it (neutralizing antibodies). There are five types of antibodies—IgA, IgD, IgE, IgG, and IgM—
with a range of functions. IgM is the first antibody the body produces in response to a new infec-
tion while IgG, the most common antibody, can take time to develop after infection or immuniza-
tion. Once antigen-specific T and B cells have been activated following an infection, some cells
persist, resulting in immunological memory for the specific antigens. During subsequent exposures
to the same pathogen, the immune system is then able to mount a rapid and strong immune re-
sponse to the antigens previously encountered. Some infections, such as chickenpox, induce a life-
long memory of infection. For other infections, such as seasonal influenza, immunological mem-
ory is less effective: the influenza virus evades neutralizing antibodies by regular mutation so that it
is not recognized by antibodies that may have been produced in response to infection with a pre-
vious strain of the virus.

2.2 Stages of infectious diseases

The natural history of disease refers to the progression of a disease process in an individual over
time in the absence of treatment (Centers for Disease Control and Prevention, 2023). Figure 1 il-
lustrates a timeline from susceptibility to an infection to the end phase, culminating in recovery,
disability, or death.

Transmission of infection can occur directly from person to person by physical contact, airborne
routes via droplet or aerosol (e.g. SARS-CoV-2), fomite or indirectly (e.g. malaria parasites via
mosquitoes). The stages of an infectious disease can be identified in terms of signs and symptoms
of disease in the host (incubation and clinical disease) and the host’s ability to transmit the patho-
gen (latent and infectious) (van Seventer & Hochberg, 2017). The interval between the time of ex-
posure and the onset of disease symptoms (if symptoms appear) is known as the incubation phase.
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Recovery/
Susceptibilty Incubation Subclinical Clinical disability/
death

Figure 1. Natural history of disease.

This subclinical or asymptomatic phase can range from a few days (e.g. SARS-CoV-2 up to 14
days) to several years (e.g. HIV up to over 15 years). The next stage is the clinical disease phase
during which signs and symptoms occur. Some individuals incubating an infection will not
progress to clinical disease but may recover, have latent infection and be unable to transmit
infection (e.g. latent TB) or act as carriers able to transmit infection to others (e.g. hepatitis B vi-
rus). For those who progress to clinical disease, the disease may be mild, severe or fatal (disease
spectrum).

The infectious period, the period when an infected person can transmit the pathogen, depends
on the disease, the pathogen, and the mechanisms by which the disease develops and progresses
(van Seventer & Hochberg, 2017). For example, the infectious period for chicken pox is during
the incubation phase while that of Ebola is during the clinical disease phase. Knowledge about
the duration of disease stages is important for various reasons, including the appropriate use of
testing in infection control and prevention strategies, defining the intended use of a test, and en-
suring appropriate test evaluation.

Tests that can detect the pathogen or pathologic changes during the incubation phase when in-
dividuals are asymptomatic are useful for preventing the spread of infection, and also enable early
intervention or preventive treatment. A key aim of testing during the clinical disease phase is for
diagnosis to guide clinical management.

Influenza and hepatitis are examples that show that, even within the same family of viruses, in-
fections can be transmitted differently; have different sequelae for those infected; different rates of
ongoing infectiousness; different potential for control by immunization or treatment; and different
consequences for the safety of donated blood or tissue. Protecting the blood supply from human
immunodeficiency disease (HIV) galvanized innovation in the licensing of antibody and antigen
tests for blood-borne infections.

Variant Creutzfeldt—Jakob disease (vCJD) exemplifies a dietary exposure potential epidemic
that did not manifest in clinical cases to the extent feared. However, vCJD is also blood-borne,
and the UK blood supply had to be protected despite there being no test for the abnormal prion
protein that causes vC]JD (see Supplementary Appendix).

For all these reasons, clinicians and researchers have devoted considerable attention to devel-
oping effective diagnostic tests for infectious diseases. The SARS-CoV-2 (the virus) and
Covid-19 (the symptomatic disease) pandemic raised global challenges for clinical medicine,
public health, economies, and everyday life. The development of new diagnostic tests is part
of the necessary response. This report describes key issues in test evaluation of IVDs for infec-
tious disease and investigates how they have been addressed in the evaluation of new tests for
SARS-CoV-2.

3. Diagnostic tests

Diagnostic tests can indicate the presence or absence of infection or a surrogate marker, or detect
evidence of previous infection (e.g. antibody tests). An infected individual may show signs and
symptoms or may be asymptomatic. For some infections like SARS-CoV-2, asymptomatic individ-
uals may transmit infection to others. Therefore, for both symptomatic and asymptomatic infec-
tions, early identification is often essential for effective clinical and outbreak management,
including the implementation of control measures such as contact tracing to interrupt
transmission.

Diagnostic tests for infectious diseases have multiple uses: patient management, screening for
asymptomatic infection, surveillance; evaluating the effectiveness of interventions (including vac-
cines and verification of elimination), and detecting infections with markers of drug resistance
(Banoo et al., 2006). Ongoing scientific advances lead to the development of new diagnostic tests
for improved management and control of infectious diseases. The reported performance of a
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diagnostic test is not an inherent property and can be influenced by factors such as the character-
istics of the population and infectious organism, test format, technical expertise, and study meth-
ods. Therefore, tests should be rigorously assessed in appropriate laboratory, clinical, and/or field
settings to ensure their validity and applicability in practice.

The focus of the RSS Working Group was on IVDs, which are the most common type of test for
diagnosing infectious diseases. However, many of the issues raised are generic and apply to other
test types, such as imaging.

3.1 Types of in vitro diagnostic tests for infectious diseases

In vitro diagnostics are tests done on samples such as fluids or tissue that have been taken from the
human body. IVDs can detect diseases or other conditions and can be used to monitor a person’s
overall health to help cure, treat, or prevent diseases (Food and Drug Administration, 2023). See
Box 4 for descriptions of different types of IVDs.

Box 4: Types of in vitro diagnostic tests for infectious disease.

Microscopy

Microscopy enables the visualization of a pathogen by using a microscope to examine a spe-
cimen (e.g. blood or tissue). To enhance contrast, specimens may be treated with stains to
colour certain features of the pathogens or the background. The choice of stain will depend
on the pathogen, e.g. Giemsa stained thick or thin blood smear for detecting malaria para-
sites. Wet mounts (i.e. a drop of liquid on a slide) of unstained specimens can be used to de-
tect pathogens such as fungi. Microscopy is useful for species identification and
quantification.

Culture

Pathogens can be cultured under controlled laboratory conditions in artificial nutrient me-
diums such as nutrient broths and agar plates. Unlike most bacteria that can grow in arti-
ficial media, viruses require a living host cell for replication. Virus culture can be
achieved either through a living host, an embryonated egg, or tissue/cell culture.
Microbial cultures can be used to identify the type of pathogen, the quantity in the sample,
or both.

Molecular tests

Molecular tests detect a pathogen by measuring specific genetic sequences in deoxyribo-
nucleic acid (DNA) or ribonucleic acid (RNA) or the proteins they express. An essential pro-
cess underpinning many molecular diagnostics is amplification. This process makes copies
of a specific DNA or RNA sequence found in a sample until there are so many copies that
they can be detected and measured. There are several amplification techniques but the most
commonly used is gene amplification by polymerase chain reaction (PCR). Rapid molecular
tests can improve the time to diagnosis and access to testing, e.g. the Xpert MTB/RIF assay
recommended by the WHO as an initial test for diagnosis of tuberculosis (TB) or rifampicin-
resistant TB.

Serology

Serology or antibody tests are blood-based tests that check for an immune response to iden-
tify individuals who have had a particular infection or developed immunity. Blood samples
are tested for antibodies to the pathogen by combining the samples with specific antigens of
the pathogen. If the antibodies are present, they will stick to the antigens. The body does not
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produce antibodies against a new pathogen immediately and so antibody tests cannot detect
such infections at an early stage.

Antigen detection

Antigen tests detect the presence of an antigen, and so can detect current infection with a
pathogen. Antigen tests can take longer to develop than molecular and antibody tests due
to the need to first identify suitable antibodies for the assays. Antigen tests are amenable
to point-of-care use, thus making them more suitable for testing in the community and in
remote settings, e.g. rapid antigen tests for diagnosis of malaria.

Drug resistance tests

Drug resistance leads to increased morbidity and mortality; and presents a great challenge to
disease control. With the increasing use of antimicrobial drugs, antimicrobial drug resist-
ance has become a major clinical problem. Culture-based phenotypic susceptibility testing
and molecular diagnostics are frequently used to detect drug resistance.

3.2 Setting of testing

Laboratory testing can be performed in different settings, from centralized laboratories to self-
testing in homes. Laboratory tests that are performed at the point of care, e.g. at the bedside or
in a clinic rather than in a laboratory are often referred to as point-of-care tests (POCTs).
Ehrmeyer (Ehrmeyer & Laessig, 2007) defined POCT testing as ‘patient specimens being assayed
at or near the patient, with the assumption that test results will be available instantly or in a very
short time frame, to assist caregivers with immediate diagnosis and/or clinical intervention’.
Technological advances have led to innovation in portable devices that are easy to use and can
give results within a shorter timeframe compared to tests performed in conventional laboratories.
Accurate rapid diagnostic tests (RDTs) for infectious diseases can revolutionize patient manage-
ment and disease control through increased diagnostic capacity, quicker turnaround times and im-
proved accessibility, particularly in resource-limited settings. Such RDTs have been endorsed by
the WHO for diagnosis of TB and malaria, two life-threatening infectious diseases with significant
global disease burden. These RDTs may be POCTs or laboratory-based tests.

3.3 Challenges in testing for infectious diseases

Most infectious diseases are caused by viruses, bacteria, or parasites. In the Appendix
(Supplementary Material), pandemic and seasonal influenza (viral), hepatitis (viral), HIV (virus),
vCJD (abnormal prion), TB (bacterial), malaria (parasitic), and Covid-19 (viral) are used to high-
light some of the key challenges of infectious diseases which impact on the development and evalu-
ation of diagnostic tests. These include having a clear definition of the target condition to be
detected and the population in whom the test will be used, the nature and intended use of the
test, and the availability of an acceptable reference standard for verifying the presence or absence
of the target condition.

4. Statistical parameters required for reporting

Test evaluation from bench to bedside is multifarious. Throughout this report we refer to the test
under evaluation as the index test—it may be a new test or an existing test being considered for a
new purpose. Horvath et al. (2014) identified five key components of test evaluation which assess
the different steps required to evaluate an index test: (1) analytical performance, (2) clinical per-
formance, (3) clinical effectiveness, (4) cost-effectiveness, and (5) broader impact. Analytical per-
formance refers to the ability of an index test to conform to predefined technical specifications
whereas clinical performance assesses whether a test detects patients with a particular clinical con-
dition or in a physiological state. Clinical effectiveness refers to the ability of a test to change health
outcomes that are relevant to the individuals being tested (also referred to as assessments of clinical
utility or impact, and can include both benefit and harm). Cost-effectiveness compares the impact
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of tests with the resources that they use. Cost-effectiveness and clinical effectiveness are frequently
addressed jointly. This joint approach to effectiveness is known as societal efficacy when costs are
considered from a societal perspective (Takwoingi, 2016). Finally, broader impact refers to all oth-
er consequences of testing beyond clinical and cost-effectiveness (Horvath et al., 2014). Several
frameworks have been proposed to map the different steps in this process (Lijmer et al., 2009),
which tends to be cyclic and repetitive rather than linear.

Section 4 focuses on the first two components: analytical and clinical performance. Studies of
analytical performance (Section 4.1) provide only the most basic demonstration that the test
can work in optimal laboratory conditions. Less well understood and sometimes ignored is the
need to demonstrate clinical performance (Section 4.2) before the test can be recommended in a
target population. A brief summary of issues in clinical effectiveness studies (Section 4.3) introdu-
ces the concepts of evaluating the impact of an index test on consequent health outcomes and other
mechanisms by which they affect patients.

4.1 Analytical performance

Studies of the analytical performance of a new test are performed in controlled laboratory settings
to establish the measurement properties of the assay under ideal conditions. Studies of analytical
capabilities and performance provide evidence of the measurement properties of a test, indicating
how well it can detect and/or correctly measure the pathogen or relevant biomarker (e.g. molecule,
antibody, antigen, or other; see Box 4 Section 3.1). Analytical performance assesses whether the
assay can deliver basic quality specifications that are required for the test to have the potential
to be a usable detection mechanism for the infection (present or past).

Studies to evaluate analytical performance are first carried out by manufacturers and subse-
quently must be repeated in independent laboratories with the objective of verifying analytical per-
formance claims reported by test developers. Several measurement properties are typically
considered, such as imprecision, bias, reproducibility, clarity of test operation, and clarity of re-
sults interpretation. Of these, imprecision and bias are central to the initial determination of a
test’s potential value and essential to establish for regulatory purposes. Detailed documentation
on these quantities and processes by which they are estimated are summarized by the Clinical
and Laboratory Standards Institute (CLSI) (https:/clsi.org) and the International Organization
for Standardization (ISO) (www.iso.org). This sub-section briefly summarizes key aspects of the
assessment process to give context but refers readers to a wealth of detailed documentation at
CLSI and ISO for full explanations. The CLSI Harmonized Terminology Database (https:/htd.
clsi.org) may be of particular help as terms are used in peculiarly precise ways in analytical studies
which are often different to the way the same terms are used in clinical studies (for example, the
word accuracy).

4.1.1 Imprecision

Imprecision, sometimes referred to as repeatability or precision, quantifies the impact of random
variation on how likely repeated observations from the same sample are to provide (theoretically)
similar results. Imprecision for numerical biomarkers is most often summarized as a coefficient of
variation (CV), defined as CV = (Standard deviation/Mean) x 100. Other metrics, such as refer-
ence change values (RCV), use the CVs for laboratory variation and within-individual variation
as a guide to the significance of observed changes over time. Biomarkers with high CV or RCV
values are only appropriate for determining large differences and are unlikely to deliver high diag-
nostic accuracy.

4.1.2 Bias

Bias, which directly relates to test accuracy or ‘degree of trueness’ (Johnson, 2008), measures how
closely the average of a set of measurements agrees with the ‘true value’. Studies are often designed
to compare results per laboratory when testing external specimens from a quality assurance
scheme or from a national standard laboratory. The CLSI suggests 20 specimens that span the
range of interest (Carey et al., 2005). Correlation, which measures scatter (imprecision) and has
nothing to do with agreement, has frequently been misused to assess bias. A difference plot (dif-
ference against known value), as suggested by Bland & Altman (19935), is preferred (see
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difference between sample types, and the blue lines represent estimated limits of agreement.

Figure 2. Bland-Altman plot of SARS-CoV-2 CT values for saliva (SA) and nasal swab (NS) samples (excerpt from
Grijalva et al., 2020; distributed under creative commons attribution license).

Figure 2). When the differences are between known values and measured values, the distribution
of differences provides an estimate of bias; and plotting against a known value allows assessment
of whether the bias is constant or associated with the measurement levels. When a pair of devices is
being compared, the distribution of differences is better plotted against the mean.

4.1.3 Analytical sensitivity

The term analytical sensitivity refers, on the one hand, to the ability of a test correctly to classify
biological samples as positive and, on the other, to the detection capability of a test, based on three
limits: limit of blank (LoB), limit of detection (LoD), and limit of quantification (LoQ). These lim-
its, described in the CLSI guideline EP17 (Tholen et al., 2004), are based on a specific analyte (a
substance used for identification and measurement).

The definition of these quantities in the standard text is based on an assumption of normally
distributed measurements. The LoB measures the ‘highest apparent analyte concentration ex-
pected to be found when replicates of a blank sample containing no analyte are tested’
(Armbruster & Pry, 2008). By contrast, LoD measures the ‘lowest analyte concentration likely
to be reliably distinguished from the LoB and at which detection is feasible’. The assumption
that observations are normally distributed on the chosen measurement scale may be particularly
challenged by large numbers of observed zeros when estimating the LoB. The LoQ is the ‘lowest
concentration at which the analyte is reliably detected and at which predefined goals for bias and
imprecision are met’. Most of the discussion in product leaflets for IVDs for infectious diseases
concerns LoD, but all three are related and relevant. In particular, LoQ could be the same as
LoD but, in some instances, may be significantly higher.

4.1.4 Analytical specificity

Some tests may pick up a range of pathogens, which are false positive (FP) findings if they are not
the condition of interest. Analytical specificity assesses whether the assay is likely to give these FP
results and is assessed by using the assay on stored samples from persons known to have other con-
ditions, or spiked samples. The list of conditions against which the assay is assessed needs to
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include those which are most likely to give FP findings, and most likely to present in a similar way.
There does not appear to be a standard process for defining this list.

It is also important to assess whether certain conditions interfere with assays (e.g. rheumatoid
factor, bilirubin, lipids) and to assess whether the ability to detect disease is compromised, yielding
false negative (FN) results.

4.1.5 Sample size requirements for analytical performance studies

Suggested sample sizes are included in documentation from CLSI and ISO, but their statistical ba-
sis is often unexplained. The LoB is estimated by measuring replicates of a blank sample and cal-
culating the mean value and standard deviation (SD). A sample size of 60 is suggested for
establishing the LoB, with sample sizes of only 20 for local laboratory verification. The LoB is es-
timated as the 95th percentile value of a normal distribution with the calculated mean and SD.
Many assays are not able to measure the smallest concentrations or LoD. Two approaches are
discussed in the literature to obtain this measure. The first is based on the distribution of apparent
analyte concentrations in replicates of blank samples, as for LoB, but using a higher percentile val-
ue from the assumed normal distribution, at 2, 3, 4, or even 10 SDs above the mean, although this
approach is now regarded as invalid. Alternatively, a more widely recommended empirical ap-
proach makes use of analyses of samples with known low concentrations of the analyte of interest.

4.2 Clinical performance

4.2.1 Clinical studies

There are two distinct designs of studies which produce estimates of clinical sensitivity and clinical
specificity (sometimes known as diagnostic sensitivity and diagnostic specificity). The first type of
study applies the index test in samples from two pre-selected groups of people already known to
have the target condition and not to have the target condition which can be accessed and tested
quickly and efficiently. Such studies (referred to as two-group or two-gate designs, or diagnostic
case—control studies (Rutjes et al., 2005)) often use existing samples tested in laboratory settings.
Some studies may either look at performance in those known to have the target condition (and
only estimate sensitivity), or in those known not to have the target condition (and only estimate
specificity). The selection of the groups will influence the estimates and needs to be fully described
and justified. Unsuitable selection may lead to bias.

The second type of study is field studies that evaluate the performance of the test in a real-world
setting, applied to people/patients for the test’s intended use in clinical practice and assessed
against a reference standard. Participants are recruited as a single group before it is known
whether they do or do not have the target condition. Thus, all patients considered suitable for
the test are included. The distinguishing feature is that participants are representative of individ-
uals for whom the test would be used in practice and are recruited prior to their disease status being
ascertained.

Differences have been observed between the results of studies which adopted these two designs:
those using preselected patient groups having estimates of clinical performance that are higher
than those observed when tests are undertaken for their intended use in real-world settings
(Lijmer et al., 1999). This bias may occur as individuals who are the most difficult to diagnose
(and most likely to give FP or FN results) are often excluded from two-group studies, as only those
with known disease states can be recruited.

As both designs estimate sensitivity and specificity, it is essential to be aware of how participants
were selected in each study when interpreting its results. These issues are discussed further in
Section 5.2.2.

4.2.2 Diagnostic or clinical sensitivity and specificity

Diagnostic or clinical sensitivity and specificity describe the test’s performance in terms of the pro-
portion of individuals with the target condition who are correctly detected by the index test and
the proportion without the target condition whom the index test correctly identifies as negative.
Values of clinical sensitivity and specificity are not fixed constants but vary with context and in-
tended use.
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Studies which evaluate the accuracy of two or more tests will also report estimates that compare
sensitivity and specificity, or FP rate (computed as 1-specificity) and FN rate (computed as 1-sen-
sitivity), either as ratios or absolute differences.

4.2.3 Predictive values

Sensitivity and specificity depend on context of use, but predictive values depend additionally on
the prevalence of the target condition. Predictive values are statistics that explain the probabilistic
meaning of positive and negative test results. The positive predictive value (PPV) is the proportion
of individuals receiving positive test results who have the target condition. The negative predictive
value (NPV) is the proportion receiving negative test results who do not have the condition. As
positive and negative predictive values mathematically depend on prevalence, their estimates
should be based on clinical sensitivity and specificity and on a range of infection prevalence, as
the latter is rarely adequately estimated or modelled. Studies should be carried out in settings as
close to the test’s intended use as possible; and not from bias-prone two-group studies (see
Section 4.2.1). Presenting the impact of varying prevalence helps to determine the potential utility
of estimates of predictive values (PPV and NPV).

4.2.4 Indeterminate results and test failures

Besides clinical sensitivity and specificity, a field evaluation should report how often test results are
inconclusive or could not be obtained: the void or invalid rate gives an indication of the suitability
of the test (Shinkins et al., 2013). Therefore, reporting the number of inconclusive and missing re-
sults for all tests (including the reference standard) is critical: such as in a table giving all results as
part of a clinical agreement study (Food & Drug Administration, 2007).

4.2.5 Clinical effectiveness and other aspects of test performance

The clinical impact of tests on health depends on the consequences of the interventions that follow,
which are best assessed through randomized controlled trials (RCTs) comparing different inter-
vention strategies and the consequential patient outcomes (Bossuyt et al., 2000; Fryback &
Thornbury, 1991). When tests give false results (FNs and FPs), the actions which follow may cause
harm. For example, in a pandemic, the use of tests which falsely state that individuals are not in-
fectious can increase disease spread.

Aspects of the tests, other than their performance, impact their utility in a given setting. For ex-
ample, timing (e.g. how long it takes from obtaining a biological sample to test result) and human
factors that impact usability and user errors need to be investigated (e.g. handling of machinery,
collection devices, specimens, etc.) either as part of the evaluation of clinical performance or before
evaluating clinical effectiveness. Results for some of these issues will be captured as invalid and
missing results, but full disclosure of the reasons for missing results can be important.

5. Study designs for clinical studies

Key aspects of clinical performance studies involve specifying the intended use or purpose of the
new (index) test (Section 5.1) and the ideal study design (Section 5.2). Section 5.3 considers the
implications of variations from the ideal study, and Section 5.4 addresses sample size. Brief sum-
maries of other clinical study designs are described for clinical effectiveness studies (Section 5.5),
studies of natural history (Section 5.6), and surveillance (Section 5.7).

5.1 Specifying the intended use or purpose

Specification of the intended use or use case is key to the appropriate evaluation to inform testing
policy (Doust et al., 2021; Horvath et al., 2014). An intended use case describes the application of
a test in a particular patient group to diagnose a stated condition: namely, the who, where, when,
what, how and why a test is applied. Part of the test’s intended use is the role the test is likely to play
within the clinical pathway. The most common roles for a test are for triage use of a confirmatory
test, as an add-on or a replacement for existing tests, or as a new test which opens up a completely
new treatment pathway (Korevaar et al., 2019). The same test can perform different roles in dif-
ferent clinical settings and pathways.
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Clinical performance studies involve assessing the sensitivity and specificity of a test for its in-
tended use and in participants similar to the target population who will be tested in practice.
This means recruiting representative participants in the right setting, testing at the intended
time point, obtaining the required specimens and testing them as would be done in practice.
Alongside this, a reference standard for diagnosis, which is the closest possible to the truth,
must be obtained. The reference standard may be one or more tests (undertaken independently
of the index test) with or without additional clinical information obtained subsequently. The re-
sults of the index test and reference standard are then cross-classified to compute sensitivity and
specificity.

Too often, the intended use of a test is not recognized as a critical aspect of its evaluation. For
example, it is essential to recruit a group representative of those in whom the test will be used, as
test performance will change with the spectrum of the severity and stage of the disease (for sensi-
tivity) and the competing conditions from which it must be distinguished (for specificity)
(Ransohoff & Feinstein, 1978). In addition, aspects of how a test is undertaken in real life may
reduce its performance. In extremis, even for a test with perfect analytical sensitivity and specifi-
city, the practicalities of delivering a test in a real clinical setting may make its use infeasible. Once
the intended use for the test is clear, laboratory evaluations using appropriate samples from a rep-
resentative population may be necessary to determine feasibility before embarking on large-scale
field studies, highlighting the cyclic nature of the evaluation process.

There can be multiple intended uses for a test, see Section 3. The setting (e.g. laboratory, hos-
pital, general practice, surveillance-location, home use) can be used as a simple proxy for under-
standing how far removed from the laboratory environment the setting is in which the tests are
being used. Stating where the test is meant to be used and evaluating the test in that setting would
be the minimum expected to determine evidence of clinical performance.

5.2 Study design considerations

The basic study design for a clinical study involves prospective recruitment of a representative
sample of patients/participants from the target population, identified as those on whom the test
will be used in clinical practice for its intended use (Doust et al., 2021). The index test and refer-
ence standard are carried out on all participants, with all tests done at the same time or within a
time interval deemed acceptable given the nature of the target condition. The execution of the
study must be undertaken to minimize the risk of bias, for example by ensuring that the index
test and the reference standard are undertaken and read independently of each other, and that
complete data are obtained. Key elements depend entirely on the intended use of the test; we ex-
pand on each of these below.

5.2.1 Target population

The performance of an index test depends on the population on which it is tested. The intended use
will define the key characteristics of the study population that determine test use. Whilst partici-
pant characteristics such as age, sex and ability to provide informed consent are commonly re-
quired, the most critical criteria are those that determine the clinical reasons that trigger testing,
or the population characteristics that make someone eligible for screening.

Inclusion and exclusion criteria should list the signs and symptoms that ensure those recruited
will be representative of the population that eventually will be targeted for the use of this test.
These symptoms by themselves already increase the likelihood of infection compared to those
that are asymptomatic, which impacts on the proportion of overall positives (for both the index
and reference tests) and therefore on the proportion of positives that are FP compared to true posi-
tive (TPs). However, they may also impact on the stage and severity of the disease which will dir-
ectly affect sensitivity.

5.2.2 Prospective recruitment of a representative sample of participants

A representative sample can be obtained by prospectively recruiting consecutive participants in the
clinical setting and pathway in which the test will be used. (Whilst random samples theoretically
will also yield representative samples, they are rarely possible in clinical settings). Retrospectively
collected data are likely to introduce selection bias, for example by focusing on those that received
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an intervention (e.g. hospitalization) because they exceeded a decision threshold (e.g. based on se-
verity of disease) and so do not represent the target population for whom the test was designed. At
the same time, location will play a significant role in the identification of the study population; pa-
tients attending general practice may differ from those seen in hospital. The prevalence of infection
will be different, as well as the characteristics of the individuals, with potential differences in the
symptoms observed in each setting (disease spectrum) (Holtman et al., 2019).

5.2.3 Timing of the tests

Whatever the test is actually measuring (e.g. pathogens, molecules, antibodies, antigens, etc.) may
be unlikely to remain stable over long periods of time (there are exceptions such as HIV anti-
bodies). This could be due to the natural history of the disease, which includes the body’s immune
response or, in some cases, interventions such as drug treatments. Given this, the timing of the test
in relation to, for example, the first symptom can have a substantial impact on the ability of the test
correctly to discriminate between those who have and those who do not have the infection. Too
early in the infection, the level of antibodies or antigens might be too low for the test to be able
to identify this. Similarly, if it is too late the levels might again have reduced to undetectable levels.
This is the main reason that a diagnostic accuracy study for acute infection is generally expected to
be designed so that the index test and the reference standard are performed on specimens collected
at the same time, thereby providing a fair comparison.

5.2.4 Delivery of tests

Clear protocols should not only describe the target assay but also specify test delivery: who will
obtain the specimens (e.g. nurse, self-sample); what will be sampled (e.g. blood, saliva); how
will the specimen be obtained (e.g. finger prick, spitting into a tube), stored and transported;
and when (e.g. within 7 days of first symptom). These elements should clearly relate to the pro-
posed instructions for use (IFU) of the test so that they reflect the way the tests will be used in prac-
tice. Within this protocol, information about how blinding the results of the tests and the reference
standard is carried out is also necessary to guarantee unbiased results (see Section 5.3.2).

5.2.5 Comparisons of tests

It is common that multiple tests are developed to identify the same target condition. Studies that
carry out head-to-head comparisons, for example, using specimens from the same individuals, are
particularly useful to identify potential differences in clinical sensitivity and specificity, as well as
other aspects of test performance (Takwoingi et al., 2013). The basic study design is still based on
the principles described in this section but with two or more diagnostic tests included instead of
only one (in addition to the reference standard). This is sometimes referred to as a paired or within-
person design. Alternatively, when it is not possible to collect specimens from the same individual
to evaluate multiple tests, a randomized design can be used whereby participants are randomly al-
located to one of the tests, but all participants receive the reference standard. In either design, par-
ticular care is required to ensure that the timing of tests is arranged to minimize potential bias. For
example, if multiple specimens are required for the different tests and can only be taken separately,
randomizing the order these specimens/tests are taken would likely prevent systematic bias (see
Section 5.2.4).

5.3 Variations in study design—impact on validity (internal and external)

Some reasons that the ideal study design cannot be achieved include: critical urgency in determin-
ing basic levels of accuracy, extremely low prevalence of the infection which makes recruitment of
consecutive participants potentially wasteful (not enough cases), carrying out the study in the rele-
vant setting is extremely difficult, and specimen required for the reference standard is not feasible
in all participants (because invasive).

Empirical evidence has shown which variations are most likely to affect a study’s validity
(Whiting et al., 2011). This evidence was taken into account in creating the Quality of
Assessment of Diagnostic Accuracy included in Systematic reviews tool (QUADAS-2)
(University of Bristol, 2011) used in systematic reviews to assess the risk that a study’s findings
may be biased and may not be directly applicable to the intended use case. The tool organizes

$20Z 8unp /0 Uo Jasn spue|piAl 18\ 8ANNoaxT SHN Aq /t/$89//cS500eub/esssil/c60 1 01 /10p/a[0nie-aoueape/esss.l/wod dno-oiwspeoe)/:sdyy Wwolj papeojumo(



J R Stat Soc Series A: Statistics in Society 15

its considerations in the following four domains: (1) patient selection, (2) index test(s), (3) refer-
ence standard, and (4) flow and timing (covering completeness of data and standardization of veri-
fication and timing).

5.3.1 Could the selection of patients have introduced bias?

The key consideration is whether the study’s sample of patients is representative of those for whom
the test will be used in practice.

Complete recruitment of a consecutive series of participants is often not feasible, as participants
can only be recruited if they consent and when study staff are available. Whether such restrictions
introduce bias will depend on the degree to which those recruited differ systematically from those
who are not.

Two-group/diagnostic case—control designs, wherein individuals are recruited from different
groups already known to have and not have the infection, routinely fail to recruit representative
samples (see Section 4.2.1). Bias occurs because these two groups, which have already been ad-
equately differentiated, typically over-represent those with severe disease and those completely
free of all disease, while those with uncertain status are usually excluded. Hence, individuals in
each group are likely to be in the extremes of their distribution and could, therefore, artificially
aid the performance of the test. This bias will be reflected in an over-optimistic estimation of
the performance of the index test.

Similarly, over-sampling and under-sampling particular groups leads to bias in overall estimates
of sensitivity and specificity unless done with properly structured probabilistic sampling which has
to be accounted for in the analysis.

5.3.2 Could the conduct or interpretation of the index test have introduced bias?
Interpretation/measurement of index and reference tests must be independent, i.e. results for each
should be obtained blinded to the other. If the reference standard result is known in advance, this
can potentially affect the interpretation of the index test, particularly where the index test provides
an inconclusive or borderline result. It could also lead to a re-interpretation of results and the
retrospective evaluation of why there is a disagreement between the index test and the reference
standard.

In a diagnostic accuracy study, it is expected that the characteristics of the index test, including
the threshold used to define test positivity (positive case), should be predetermined during the de-
velopment of the test. Using the information from the study to define the threshold will lead to an
overestimation of the index test’s performance.

5.3.3 Could the conduct or interpretation of the reference standard have introduced bias?

It is important to use reference standards which provide the most accurate classification of partic-
ipants possible, but often the reference standard is not a perfect classifier. This means that the ref-
erence standard itself makes errors leading to the incorrect classification of some correct index test
results as FPs or FNs. The use of multiple measures and composite reference standards may im-
prove classification (Glasziou et al., 2008; Naaktgeboren et al., 2013). Where no suitable reference
standard exists at all, accuracy studies may not be possible, and it will be important to assess the
impact of the test on diagnostic and treatment decisions and, ultimately, patient outcomes (see
Section 5.5).

As described in 5.3.2, adequate evaluation of the index test against the reference standard relies
on their independence.

If, in the extreme, knowledge of the index test’s result determines whether to carry out the ref-
erence standard or if the reference standard is changed when it disagrees with the index test (dis-
crepant analysis (Hadgu, 1999)), substantial bias is likely, typically artificially increasing the
estimated accuracy of the index test.

5.3.4 Flow and timing—could the patient flow have introduced bias?

It is important that the new and reference tests are undertaken close enough in time for there to be
little chance of there being any change in patients’ disease status between the tests. The ideal scen-
ario assumes that the new and the reference tests are performed at the same time, but this may not
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be possible for logistical reasons: for example, if different specimen types are required, which ne-
cessitate repeat visits. Even when both tests require the same specimen type (e.g. both require naso-
pharyngeal swabs), the specimen could be reduced substantially by the time the second swab is
taken, which biases against the second test. In such situations, randomizing the order of within-
person tests will be necessary.

There are some situations where there are multiple accepted reference standards and the design
allows for more than one to be used to evaluate an index test. This could be because it is not pos-
sible for all patients to receive the same reference standard (e.g. if this requires a certain duration of
follow-up). In these scenarios, it is important to highlight which reference standards were used and
on which participants and mention potential advantages/disadvantages of using each reference
standard.

As discussed in Section 5.2.1, patient selection is critical as the exclusion of certain participants
is likely to generate bias. For the same reason, analysis of all available participants is necessary
with clear explanations, justifications, and discussion as a potential limitation, whenever this is
not feasible.

5.4 Sample size issues and incorporating or evaluating uncertainty

The choice of methods and approaches to sample size estimation for studies assessing clinical per-
formance will vary depending on the objectives (Obuchowski, 1998). For example, if the regula-
tory focus specifies a required performance (e.g. expected sensitivity of 90% with a minimum
performance requirement of 80%) then, based on expected performance and estimates of preva-
lence, study size can be determined so that, with high probability, the lower limit of the 95% con-
fidence interval for sensitivity exceeds the minimum performance required.

A similar approach can be used focusing on required precision around an estimate while varying
the expected performance of the test as well as the prevalence. This approach helps inform the
maximum number of participants required, which is usually viewed as conservative.

When the focus is on hypothesis testing and/or direct comparisons, sample size estimation simi-
lar to that for randomized trials is normally carried out based on expected differences in param-
eters (e.g. sensitivity or specificity), probability of type one error and power (alpha and 1-beta
respectively). Korevaar et al. (2019) describe a clear framework for such studies and they provide
a file for the calculation of sample sizes based on this approach. Sample size methods for paired
samples are required in studies where each individual receives multiple index tests (Alonzo
et al., 2002).

Of note, reviews that have explored the reporting of sample size estimation in diagnostic studies
have identified that most do not report any formal calculation (Bachmann et al., 2006; Bochmann
et al., 2007; Thombs & Rice, 2016). Reporting of sample size in diagnostic studies was only in-
cluded in the 2015 version of STARD (Bossuyt et al., 2015) and so it is possible that the proportion
of studies adequately reporting formal sample size calculations has improved since then.

5.5 Clinical effectiveness studies of the impact of tests and testing strategies

Given that the impact of testing for infectious diseases to reduce transmission depends entirely on
the consequent behaviour of individuals, evaluation of the broader impact of testing encapsulates
both accuracy and nonaccuracy impacts, which can affect both the benefits (often counted as cases
detected) and harms (for example, unnecessary isolation, disinhibition from FN test-results lead-
ing to the potential for increased transmission, lost income). New tests, particularly POCTs, may
radically change access to testing, leading to differences in those who gets tested, which needs to be
accounted for in evaluating their impact.

Frameworks such as the Ferrante BM] Framework have detailed the routes by which tests im-
pact on patient outcomes (Ferrante di Ruffano, Davenport et al., 2012; Ferrante di Ruffano, Hyde
et al., 2012) via intended and unintended effects—and can help in planning evaluations which
need to be undertaken. Effects can be categorized under four main headings: (a) direct test effects
on the patient (e.g. risk of harm, procedural discomfort and anxiety, and reassurance); (b) altering
clinical decisions and actions (related to correct use of test and interpretation of the test result); (c)
changing time-frames of decisions and actions (e.g. reducing time to diagnosis and treatment); (d)
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influencing patient and clinician perceptions and behaviours (e.g. willingness to undergo proce-
dures, the impact of test results on patient behaviour, defensive medicine).

Large cluster RCTs comparing different testing options can be difficult logistically or in policy
terms, but they may be necessary to ensure clinical effectiveness and value for money. Randomized
step-wedge designs may be the only option if a decision has already been made to roll out a test
policy. Accumulating portfolios of evidence using studies of different designs may be a faster
way to capture the breadth of positive and negative impact that testing can have.

5.6 Studies of the natural history of disease

One important example is studies that aim to determine the appearance (seroconversion) and per-
sistence (decay) of antibodies post-infection. Information from these studies is particularly rele-
vant to understanding the natural history of the disease post-infection and determining the
timing of potential tests that are based on antibody-level detection. The ideal design for these stud-
ies will be based on individuals whose initial infection date can be ascertained and from whom re-
peated measurements (typically blood samples) are taken over an extended follow-up period (e.g.
a longitudinal study) (Iyer et al., 2020). Variations from this design, such as uncertainty in the tim-
ing of infection or the use of multiple cross-sectional samples of participants instead of acquiring
longitudinal data, can be considered to minimize the potential for bias.

5.7 Surveillance studies
Surveillance studies of infectious diseases have attempted to quantify:

(a) exposures (consumption of bovine spongiform encephalopathy (BSE) contaminated
foods; sexual attitudes and lifestyles; injection drug use; contacts—who meets whom; mobility);

(b) prevalence (or incidence) in risk groups (antenatal women; new-born babies; patients at
genitourinary medicine clinics; injection drug users; prisoners; healthcare workers);

(c) prevalence (or incidence) in potentially nationally representative groups (blood donors; per-
sons undergoing appendectomy; individuals on NHS register; community-living members of

households).

Surveillance studies usually require linkage of different data sources. Three types of surveillance
study which link a biological specimen (to be tested) with brief demographical and/or exposure
information about the person who gave the specimen are described below.

5.7.1 Unlinked anonymous testing

Unlinked anonymous testing (UAT) uses a residue or aliquot from a testable biological specimen
given for other reasons. It requires ethical approval but is unconsented by individuals. Individuals
may opt out, as information about UAT is posted in clinics or blood donation centres, as appro-
priate. These UAT studies are designed so that there can be no deductive disclosure about individ-
uals; hence, only minimal information about the person whose specimen is tested (such as sex,
broad age group, and region) is retained with the surveillance specimen.

5.7.2 Consent with attributable linkage of the biological specimen (to be tested) and brief risk
factor questionnaire or interview

High volunteer rate matters, as does representative sampling. Volunteers expect to be notified
about their individual test result and they take part having been assured about the confidentiality
of their linked test result and risk factors. Consented attributable linkage, or the third surveillance
option, is necessary when the biological specimen (to be tested) is not routinely stored (e.g. naso-
pharyngeal swab in SARS-CoV-2).

5.7.3 Consent for nonattributable linkage of biological specimen (to be tested) and brief
self-completion risk-factor questionnaire

Volunteers understand that the linking of their biological specimen and risk-factor questionnaire
is done in such a manner that the linked-pair is not attributable to the individual to whom they
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SARS-CoV-2 viral load and period of infectiousness
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Figure 3. Schematic of viral levels during a COVID-19 infection (excerpt from Cevik et al., 2021; subject to copyright
permission from Oxford University Press).

belong; and hence that individual test results cannot be reported back. However, the results for
their community (prison, school, accident & emergency department or antenatal clinic) shall be
reported-back (Bird et al., 1992; Gore et al., 1995, 1999; Hutchinson et al., 2000; White et al.,
2015; Yirrell et al., 1997). High volunteer rate matters, which nonattribution encourages so
long as results are reported back to the community and the research team has ensured the com-
munity’s easy access to confidential testing on a personal basis. Self-completion questionnaires
about risk behaviours afford privacy and engender frankness.

6. Lessons learned from evaluating tests during COVID-19 pandemic

6.1 Introduction

Tests used during the Covid-19 pandemic are of two main types: tests which detect the virus or
parts of the virus (molecular and antigen tests) and tests which detect immunological response
to infection with the virus (antibody tests) (see Section 3.1). Both test types are used for multiple
purposes, in different groups of patients and citizens, and at different time points.

The deployment and performance of tests require a basic understanding of the kinetics of both
the viral infection and the antibody response and the heterogeneity which may be observed in these
patterns between individuals. As with all infectious diseases, after infection, viral levels rise to a
peak as the virus proliferates and then subsequently fall as the immune system responds (see
Figure 3 (Cevik et al., 2021)). Initial immune responses (see Section 2.2) are of IgA and IgM anti-
bodies, with IgG appearing later and lasting longer (see Figure 4 (Post et al., 2020)). The key, how-
ever, is understanding how the timing and magnitude of these rises, peaks, and falls relate to
patient characteristics, exposure, onward transmission, and symptoms, as this determines the
roles that tests can have for early detection, diagnosis and surveillance. At an early stage of the pan-
demic, knowledge of these details may be limited, but it is important that the consequences of such
limitations are made clear when introducing and evaluating the tests.

Our knowledge of these trajectories has been acquired through longitudinal observation of both
small and large patient groups (Gudbjartsson et al., 2020; Hall et al., 2021), opportunistic epi-
demiological studies of communities (such as outbreaks on cruise ships (Hung et al., 2020;
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Figure 4. Schematic of antibody levels during a COVID-19 infection (excerpt from Post et al., 2020; distributed
under creative commons attribution license). The y-axis is illustrative so no scale shown.

Mizumoto et al., 2020)) and through insights gathered via cross-sectional studies using diagnostic
tests (Deeks et al., 2020). One initial challenge was to foresee and undertake the research required
to acquire this understanding, when no single party had central oversight and control, and to up-
date understanding as new information emerged.

6.2 Intended use cases

Key to the appropriate evaluation of tests to inform testing policy was the specification of intended
use cases (see Section 5.1). In the Covid-19 pandemic, it was important to differentiate testing:

Of symptomatic from apparently healthy people.

By where tests are used—in community, primary care or secondary care settings.
When tests are used in relation to onset of symptoms.

By whether strategies include repeat or confirmatory tests.

By the nature of the biological sample.

By the process for collecting specimens.

By whomsoever processes the tests, particularly if tests are for self-use.

By the target condition being diagnosed.

By the scale and timescale of testing.

And by whether results are to be used to determine patient management, control disease, and/
or for surveillance purposes.

Several organizations (e.g. FIND, 2021) created descriptions of intended use cases for Covid-19
tests. Ideally, each intended use case for a test requires its own evaluation, undertaken in the ap-
propriately matched real-world setting.

Whereas extrapolation of results from one use case to another might sometimes be considered,
the performance of tests can vary between use cases (Example 1, Section 5.2.1) emphasizing the
importance of undertaking evaluations of tests for each intended use; and monitoring their per-
formance during implementation. Any such extrapolation should be explicit about the assump-
tions made.

During the pandemic, new potential intended use cases emerged as new considerations were
made about how best to tackle disease spread, whereas others—originally thought to be import-
ant—were found to be unnecessary, impractical or impossible (Example 2, Section 5.2.3).
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Example1 (Extrapolation of performance of antigen tests from symptomatic to mass test-
ing). The initial Innova lateral flow test evaluations reported by the University
of Oxford and Public Health England were undertaken in regional
test-and-trace centres where recruited participants were expected to have
symptoms. Estimated sensitivity compared to the reverse transcription PCR
(RT-PCR) reference standard was between 58% (95% CI: 52 to 63) when
tests were run by test-and-trace centre staff and 79% (95% CI: 72 to 84)
when tests were run by laboratory scientists (Peto et al., 2021). A decision
was then made to pilot use of the Innova test for mass screening of people
without symptoms (University of Liverpool, 2020).

A subsequent Cochrane review showed that the sensitivity of other lateral
flow tests (LFT) to detect SARS-CoV-2 in people without symptoms had, on
average, sensitivity between 15% and 20% points lower than in people with
symptoms (Dinnes et al., 2021). For example, based on testing at Wisconsin
University Campus, the Sofia antigen test had a sensitivity of 80% (95% CI:
64 to 91) when used in 227 people with symptoms, and only 41% (95% CI:
18 to 67) when used in 871 people without symptoms (Pray et al., 2021).

In the UK, the mass screening of citizens without symptoms in Liverpool
with the Innova test included a dual swabbing evaluation (LFT and PCR),
for which around 6,000 citizens gave consent and which also reported a low-
er sensitivity of 40% (95% CI: 29 to 52) (University of Liverpool, 2020). The
higher accuracy in people with symptoms likely relates to testing occurring
whilst viral levels are close to their peak soon after the onset of symptoms.
See further detail in Example 8.

Example 2 (Initial roles for antibody tests were abandoned). Early in the pandemic, the
UK focused on procuring point-of-care antibody tests, and commissioned
evaluations of tests imported from China as it could be important to identify
individuals with antibodies who might be immune (Boseley, 2020; Royal
Society of Medicine, 2020).

Initial point-of-care antibody test performance was deemed inadequate
(Adams et al., 2020) and so, instead, the Government purchased substantial
quantities of laboratory-based antibody tests which have formed the NHS
Pillar III testing programme. However, concerns emerged that antibody levels
might not endure so that, except in surveillance studies, there was little point
in individuals being tested.

6.2.1 Intended use cases for molecular and antigen tests

Molecular (e.g. PCR) and antigen tests aim to identify who is infected with SARS-CoV-2. The clin-
ical use case for these tests was in

(a) Symptomatic people to diagnose Covid-19.
However, they also had public health use cases for:

(b) Testing contacts of cases.

(c) Identifying outbreaks.

(d) Screening apparently healthy individuals to find asymptomatic cases who might nevertheless
transmit infection.

(e) Ruling out current infection.

(f) In surveillance studies that estimate the prevalence of infection.

Thus, the target condition was either SARS-CoV-2 infection (if asymptomatic) or Covid-19 (if
symptomatic). In addition, mass testing was proposed to identify individuals who were infectious
rather than just infected. Problems in considering infectiousness as a target condition are discussed
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in Sections 6.6.2 and 5.3.3. The above list of use cases again relates to different participant groups:
either symptomatic or asymptomatic, with or without known exposure, and to the timing of tests.

There were several different types of tests which varied in their performance, the laboratory fa-
cilities and staff required to deliver the test, potential testing capacity, the cost and accessibility of
the test, and the time taken between obtaining the specimen and the result. Most tests required a
throat and/or nasal swab; some were trialled on saliva samples. Decisions about the use of differ-
ent tests thus depended on performance but also on cost, speed, capacity and accessibility.

6.2.2 Intended use cases for antibody tests

Antibody tests identify whether an individual has developed antibodies to SARS-CoV-2. These
tests were considered for clinical and public health purposes. Clinical purposes include:

(a) Identifying SARS-CoV-2 in people with prolonged symptoms of Covid-19 who have pre-
sented too late for an antigen test to be able to detect the virus.

(b) Assessing whether individuals are mounting an antibody response, either to the disease or a
vaccine.

(c) Assessing whether individuals have sufficient levels of antibodies to be considered as a plas-
ma donor.

Each of these cases relates to a different group: (a) people with symptoms but it is not known if
they have Covid-19; (b) people known to have Covid-19, or recently vaccinated; (c) people who
have recovered from Covid-19. For public health and research purposes, antibody tests can be
used to estimate:

(d) Within surveillance studies, how many have previously had disease.
(e) The persistence of antibodies.

These again require different participant groups: (d) unselected population samples; and (e)
those known to have been infected.

6.3 Study designs

Section 4.1 outlined the limitations of analytical studies which assess the properties of a test on
samples in laboratory settings, and Section 4.2.1 described studies which pre-select participants
who are already known to have or not to have the target condition. Although studies of analytical
validity allow speedy assessment of the potential diagnostic performance of a test, they do not pro-
vide evidence of its performance in a real-world setting.

6.3.1 Regulatory requirements for evidence have varied

New tests were developed at pace to address the emergency need for diagnostics during the
Covid-19 pandemic. The standard process described in Section 4.1 of undertaking laboratory
studies of the key analytical properties of new tests prior to assessing their accuracy in real-world
field settings was followed. However, evidence from analytical studies was the main evidence con-
sidered for many applications for Emergency Use Authorization (EUA) marketing approval.
Evaluations of clinical performance in real world studies of tests as used for their intended uses
often followed later, sometimes alongside their implementation, but sometimes not at all.
Evidence requirements are not consistent across regulators, and changed during the pandemic
(Shuren & Stenzel, 2020). The Conformité Européenne (CE) IVD marking used across the UK
and European Union (EU) is primarily a ‘declaration of conformity’ with EU requirements, and
not an application which undergoes scrutiny (Allan et al., 2018). Although the IVD Directive
98-79 (European Parliament & Council, 1998) mentions both analytical and diagnostic sensitiv-
ity and specificity, it does not define these, nor require a ‘use case’ to be stated. Establishing ana-
lytical performance has appeared adequate to obtain the CE-IVD mark necessary to enter the
market, without the need for field studies evaluating performance for established intended use
cases. The Food and Drugs Administration (FDA) has a more rigorous process but has frequently
allowed tests to market based on EUAs reliant on similar analytical performance evidence (see
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Example 3, Section 4.1). For a period during 2020, all antibody tests were allowed to be marketed
in the United States of America (USA) without restriction, a decision which allowed poor-
performing tests onto the market (Shuren & Stenzel, 2021).

Example 3  (Test implementation based on analytical performance). Initial approval of
the Abbott ID-NOW test for current infection by the FDA was based on ana-
lysis using spiked samples without any evaluation in humans. Data in the [FU
showed that the test had 100% (83.9 to 100) sensitivity in 20 samples at viral
concentrations twice the limit of detection, and 100% (88.7 to 100) specificity
in 30 samples with no virus (Abbott Diagnostics, 2020). The subsequent
Cochrane review (Dinnes et al., 2021) reported the Abbott ID-NOW test sen-
sitivity in real-world use to be 73% (69 to 78) with specificity of 99.7% (98.7
to 99.9) based on results from four studies with 812 samples including 222
SARS-CoV-2 cases.

Reportedly, the Abbott ID-NOW was used in Washington to test attendees
at the White House Rose Garden on the 26th September 2020 (Mandavilli,
2020), after which at least 31 people were infected including President
Trump (who was hospitalized for 3 days) and the First Lady (Buchanan
et al., 2020).

6.3.2 Analytical and two-group study estimates of sensitivity and specificity

Manufacturers usually report estimates of test sensitivity and specificity in their [IFU documents
and separate claims of analytical performance from those of clinical performance. However,
this distinction is often not made clear to the public on websites and in advertising, and rarely
are studies reported that directly fit with an intended use for the test. This reporting failure is des-
pite the 2019 International Organization for Standardization (ISO) statement on studies of clinical
performance (ISO, 2019) which emphasizes the importance of stating the intended use of an in vi-
tro medical device and proving, in that context, how the test relates to a particular clinical condi-
tion or physiological/pathological process/state. Manufacturers’ websites and IFUs also rarely
provide adequate details to ascertain the source and characteristics of the participants in evalu-
ation studies (see Example 4), or to clarify whether individual participants provided single or mul-
tiple specimens. Rarely is it clear whether estimates of analytical sensitivity and specificity are
based on laboratory samples, whether estimates of diagnostic sensitivity are from two-group stud-
ies using preselected specimen banks of known disease status or collected prospectively for par-
ticular use cases (Bigio et al., 2023) (see Example 4, Section 4.2.1).

Example 4 (Marketing claims based on selected samples). The UK Rapid Test
Consortium AbC-19 rapid antibody test was initially marketed with claims
of sensitivity of 98.03% (95.03 to 99.46) and specificity of 99.56% (98.40
to 99.95) on the manufacturer’s website (Abingdon Health, 2021a). A sub-
sequent preprint showed that the samples were sourced from a mixture of bi-
obanks and cohorts, and that the sensitivity was based on ‘known positive’
samples pre-selected as positive on two of three other antibody tests; specifi-
city was evaluated on ‘known negatives’ pre-selected as negative on all three
other antibody tests; all other samples were inadmissible (Robertson et al.,
2021). Selective sampling, wherein samples most likely to show positivity
or negativity are purposely chosen (and the more difficult to detect or rule-
out cases are omitted), leads to bias (see 4.2.1). See also Example 9.

Later nonselective evaluation by Public Health England found lower sen-
sitivity of 81.5% (77 to 85) and specificity of 99% (98.5 to 99.4) in a cohort
study using the same laboratory-based immunoassays as the reference stand-
ard but including all participants (Mulchandani et al., 2020).

6.4 Participants

Studies of SARS-CoV-2 tests have shown how the performance of tests depends on the population
subgroups to whom they are applied. The sensitivity of the test is determined by the characteristics
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of individuals with the condition and the specificity of those without the condition. Given the pat-
tern of viral and antibody kinetics, it can be foreseen how testing at different time points will affect
test performance: testing before or after the peak in viral load will increase the risks of FNs in anti-
gen tests which cannot detect lower levels of the virus; testing before antibodies rise will increase
FNs for antibody tests; and testing when the prevalence of infection is low will increase the pro-
portion of test positives that are FPs.

For example, antigen tests are known to miss cases when viral loads are low; thus, their sensitivity
will be lower if used in groups and at time points when viral loads are lower or high for only short
periods of time. Differences noted between the performance of antigen tests in symptomatic vs. asymp-
tomatic groups (see Example 1, Section 5.2.1) (Dinnes et al., 2021) are potentially explained by evi-
dence that peak viral loads are of shorter duration in those who are asymptomatic (Cevik et al., 2021).

Similarly, antibody tests miss cases with no or low antibody responses and were less accurate
when used soon after symptom onset than later (Example 5). If antibody response relates to disease
severity, the test’s performance will differ between those with a disease severe enough to warrant
hospitalization and those who stay at home or are asymptomatic (Post et al., 2020).

Compared to evaluation in groups with no known condition, evaluating the specificity of the
test in symptomatic groups, which include individuals with diseases caused by similar respiratory-
based viruses, may increase the risk of producing FP results if the test fails to distinguish between
similar viruses. In the first Cochrane review of antibody tests, the FP rate for IgG tests in six studies
(n=396) that recruited individuals suspected of having Covid-19 was 2.0% (95% confidence
interval (CI): 0.4 to 9.0) compared to 0.8% (0.2 to 2.4) in 10 studies (7 = 2,614) that included cur-
rently healthy participants, and 0.8% (0.3 to 2.2) in 10 studies (z =2,633) on pre-pandemic co-
horts (Deeks et al., 2020). Notice, however, that the confidence intervals here are too wide for
inferences to be drawn.

6.5 Index test

6.5.1 Timing of testing

The performance of antibody tests relies on their use after antibodies initially rise, and before they
wane. In the early period of the pandemic, the use of antibody tests was considered as a diagnostic
test in those presenting with symptoms; but had very poor sensitivity for that context of use
(Example 2, Section 5.2.3). When tests were used at a later time point, higher levels of sensitivity
were obtained (see Example 5). Some antibody tests may have been inappropriately abandoned
due to their lack of accuracy in the early time period.

As the pandemic progressed, the waning of antibody responses will have affected the ability of
surveillance studies based on antibody tests alone to identify previously infected cases, as they
would only have identified those in whom antibodies were still detectable. Evidence has accumu-
lated on the likely duration and variability in antibody response between tests and between indi-
viduals (Ward et al., 2021a). Equally, it has become difficult to identify those with responses to
infection from those with responses to vaccination (Ward et al., 2021b).

6.5.2 Test samples, methods and operators

Variations in the samples used, the process by which they are obtained, and the execution of tests
can affect performance. For example, the sensitivity of the Oncogene reverse transcription loop-
mediated isothermal amplification (RT-LAMP) test which has been compared on real and spiked
samples (Example 6, Section 4.1), and on swab and saliva samples, with and without ribonucleic
acid (RNA) extraction stages, was found to vary between 70% and 95% (Example 7, Section
5.2.4) (Department of Health & Social Care, 2020a).

There are also many studies which have used specimen types without the manufacturer’s ap-
proval (such as saliva or viral transport media (VTM) when dry swabs are required), or blood sam-
ples taken in different ways (venous vs. skin prick for antibody tests—see Example 8). Variations
have also been noted in the performance of tests according to the level of expertise of the tester, for
example where tests involve multiple steps and/or a degree of subjective interpretation.

The variation in the Innova test’s reported sensitivity illustrates the potential for combinations
of population, tested material, and testing operative to impact the sensitivity of an antigen test
(Example 9, Sections 4.2.1, 5.2.1, 5.2.4).
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Example 5

Deeks et al.

(Impact of time since symptom onset on positivity of antibody tests).
Antibody tests have proven easier to manufacture than antigen tests and
were initially evaluated to see whether they could be used on presentation
of symptomatic cases at Accident and Emergency (A&E) Departments and
other health facilities for initial diagnosis of Covid-19. Cassaniti et al.
(2020) used an IgG test in 50 individuals presenting with fever and respira-
tory symptoms indicative of Covid-19 at an Italian hospital’s A&E. Only
18% (95% CI: 8 to 34) of those found to be positive on PCR for
SARS-CoV-2 were antibody positive on the test, most likely because the
test was being used before antibody levels were detectable. In a second part
of the study, the same test was used in 30 different individuals admitted to
Intensive Care where 83% (95% CI: 65 to 94) were positive when tested a
median (interquartile range) of 7 (4 to 11) days after their first test.

The Cochrane review (Deeks et al., 2020) of antibody tests for
SARS-CoV-2 included an analysis which showed a strong time-trend of in-
creasing sensitivity with time since symptoms: up to 90% from 14 days
post symptom onset (see Table below). Thus, antibody tests may have a diag-
nostic role in recognizing Covid-19 in people presenting very late after onset
of symptoms to be detected by an antigen test, but not earlier than 10-14
days.

Sensitivity (95% CI)

Days since onset of symptoms

Days 15-21 Days > 35

Days 1-7

Days 8-14

Days 22-35

IgG

IgG/IgM

30% (20 to 39)
23 studies

568 samples
30% (21 to 41)
9 studies

259 samples

67% (58 to 74)
22 studies
1,200 samples
72% (64 to 80)
9 studies

608 samples

88% (84 t0 92)
22 studies
1,110 samples
91% (87 to 94)
9 studies

692 samples

80% (72 to 86)
12 studies

502 samples
96% (91 to 98)
5 studies

52 samples

87% (80 to 92)
4 studies

252 samples
78% (66 to 86)
2 studies

53 samples

Example 6

(Differences between real and spiked samples). The Department of Health
and Social Care (DHSC) evaluated the RT-LAMP test (see also Example 7)
on saliva and swab samples (Department of Health & Social Care, 2020a).
Due to difficulties in obtaining adequate saliva samples from Covid-19 posi-
tive individuals (#z = 167), the number of samples was increased by addition of
samples spiked with SARS-CoV-2 (z=359) in the laboratory. The overall es-
timate of sensitivity combined both real and spiked samples (n =226).

Sensitivity in real vs. spiked samples, when stratified by viral level (as de-
fined by the cycle threshold (Ct) value from the accompanying RT-PCR
test), showed disparities. At the lowest viral loads (highest Ct values), the
RT-LAMP saliva test detected 13% (95% CI: 16 to 38) in real samples com-
pared to 91% (78 to 97) in spiked samples. Estimates based on spiked sam-
ples cannot be considered as estimating how the test will perform in real
world settings.
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Viral load

Sensitivity (95% CI) real cases Sensitivity (95% CI) spiked samples

Ct<25
25<Ct<33
33<Ct<45

Cases (74/79): 94% (86% to 98%)
Cases (51/72): 71% (59% to 81%)
Cases (2/16): 13% (16% to 38%)

Spiked (9/9): 100% (66 % to 100%)
Spiked (3/6): 50% (12% to 88%)
Spiked (40/44): 91% (78% to 97%)

Example 7

(Sensitivity estimates calculated from data in the report and Supplementary
Tables).

(Impact of sample type and processing on test sensitivity). RT-LAMP tests are
potential alternatives to RT-PCR tests for detecting SARS-CoV-2 and utilize a
faster isothermal process. Two adaptations which could further increase the
usability of RT-LAMP are testing of saliva rather than a nasopharyngeal
swab, and direct testing of the sample rather than testing RNA extracted
from the sample.

The DHSC reported a study of the Oncogene RT-LAMP tests comparing
performance on swab samples (nasopharyngeal swabs/oropharyngeal swabs)
with saliva samples, and comparing testing extracted RNA samples and
crude clinical samples (Department of Health & Social Care, 2020a). (It is
unclear how the samples were allocated to different testing methods, or
whether they were different or the same samples). The four combinations
produced the following results:

Sample type

True Positive (TP)/Covid-19 cases Sensitivity (95% confidence interval)

RNA on swabs
RNA on saliva
Direct swabs

Direct saliva

179/188 Sensitivity of 95%: 95% CI (91% to 98%)
89/111 Sensitivity of 80%: 95% CI (72% to 87%)
140/199 Sensitivity of 70%: 95% CI (63% to 77%)
127/167 Sensitivity of 76%: 95% CI (69% to 82%)*

?Calculated excluding the 59 spiked samples mentioned in Example 6.

The risk that a test will miss an infection that is present is computed as
1-sensitivity.

For testing of swab samples, the risk increased from 5% for RNA from
swabs to 30% by omitting the RNA extraction step, an increase of 25%
points (95% CI: 18% to 32%). FNs also increased by 15% points (95%
CIL: 7% to 23%) when using RNA from saliva samples instead of RNA ex-
tracted from swabs.

6.5.3 Appropriate samples and settings

Both laboratory based and point-of-care lateral flow antibody tests have been developed during
the pandemic. Laboratory based tests have used enzyme-linked immunosorbent assay (ELISA)
or chemiluminescence enzyme immunoassay (CLIA) based techniques, often designed to run on
large analytical platforms that are already installed in clinical laboratories and are capable of run-
ning multiple tests at the same time. Laboratory based tests have been developed to utilize venous
blood samples. Point-of-care lateral flow antibody tests have been developed to run on capillary
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finger-prick blood samples but have not received regulatory approval for home use. There have
been issues in ensuring that tests are sold and used on the samples for which their use has been
evaluated (Example 8, Section 5.2.4).

Example 8 (Importance of approved and evaluated use for sample types). Commercial
suppliers in the UK were keen to sell antibody test services direct to the public
but, as there were no lateral flow assays licensed for home use, they decided to
collect capillary finger prick blood (which individuals can obtain themselves)
to run on laboratory machines. Sales were suspended by the regulator as ca-
pillary blood was not an approved specimen-type for the laboratory ma-
chines—at least until further evaluation studies were undertaken to
establish the performance of the test on finger-prick blood (Medicines &
Healthcare products Regulatory Agency, 2020a).

The performance of POCTs differed when evaluated in laboratory settings
on serum from venous blood samples compared to real world settings using
the intended self-read finger prick samples. For example, using serum and
finger-prick samples from the same people, the AbC-19 antibody test was
positive in 46 out of 50 (92%; 95% CI 81 to 98) serum samples in the labora-
tory, but in only 32 of 51 (63%; 95% CI 48 to 76) self-read finger-prick sam-
ples in the clinic (Moshe et al., 2021).

6.5.4 Repeated testing—importance of correlation of test errors

Rapid antigen test strategies for use in asymptomatic persons may involve repeatedly testing indi-
viduals at varying frequencies, including daily use. The accuracy of the strategy of repeated tests
required specific evaluation: only one field study of daily antigen testing had been reported by
March 2021 (by which time they were being used in schools) (Dinnes et al., 2021). Many estimates
of predicted performances are based on naive extrapolation from a single test used under an inde-
pendence assumption, with policy being based upon mathematical models rather than empirical
evaluations.

Naive Bayes estimation of serial test performance assumes independence between successive
tests. Assuming independence allows the multiplication of the probabilities of FNs (or FPs) as a
means for estimating serial performance. For example, if independence held and infection-status
does not alter, applying test X with a FN rate of 30% twice would yield an overall 9% FN rate
(0.3x0.3) from two applications of test X, or 2.7% if the test was used three times (Ramdas
et al., 2020).

Independence assumes that the performance of test X at each time point in each individual is
unrelated to its performance at previous time-points in the same individual (Deeks et al.,
2021b). However, as the FN rate for SARS-CoV-2 antigen test X is likely to relate to a person’s
viral trajectory, correlation of test results between close time-points is expected within-individuals
and independence unlikely. Consider two individuals who have become infected and were tested
everyday with RT-PCR. Observed Ct values (higher values = lower viral load, see Section 6.6.3 for
a fuller description) for days 1-7 for individual A were 35,28,23,12,12,15, 20 and for individual
B were 38, 35, 35, 37, 28, 26, 28. Individual A reported a higher viral load quickly which was
maintained, whereas individual B had a longer latent period, and a lower peak viral load. If these
individuals were tested using an antigen test which (for the sake of simplicity but without com-
promising the message) could only detect the virus when viral loads were such that Ct values
were <25, the test results over seven days would be FN, FN, TP, TP, TP, TP, TP for A and FN,
FN, FN, FN, FN, FN, FN for B. It is quite clear that we should expect to see ‘runs’ of either
FNs or TPs and not random sequences, so that the probability of obtaining a TP or FN at any time-
point relates to results at previous time-points, particularly those that are close.

Simulating realistic data which match the evolving correlations between time-points is challen-
ging. For example, some agent-based models have addressed this by simulating underlying viral
load trajectories (Larremore et al., 2021; Quilty et al., 2021). It is important that robust random-
ized empirical evaluations of serial-testing strategies are undertaken as any modelling of the under-
lying biology will necessarily rely on simplifying assumptions.
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Example 9  (Differences in estimates of sensitivity: Innova test). There were assessments
of the sensitivity of the Innova Lateral Flow Rapid Antigen test in different pa-
tient groups, using samples stored and processed in different ways, and deliv-
ered by differently trained testers/readers. Studies showed variation in
sensitivity from 96% (when used in patients admitted to hospital with pneu-
monia within 5§ days of symptom onset) to 3% (when used to screen asymp-
tomatic university students).

Results in asymptomatic groups (Liverpool, University of Birmingham)
had lower sensitivity than those in symptomatic groups. There were also dif-
ferences between testing done on fresh swab samples vs. testing on frozen
samples or by use of the viral transport media (VIM); and whether the tests
were run/read by laboratory professionals, healthcare workers (HCWs) or
trained non health care workers.

Study Participants Setting Sample Tester TP/ Sensitivity
Covid-19  (95% CI)
cases

IFU [1] Pneumonia (<5 Inpatients Dry swab?® Not stated  72/75 96%
days symptoms) (89 to 99)

PHE [2] SARS-CoV-2 Hospitalized Frozen Lab 95/178 53%
positive patients patients VM (46 to 61)

fluid in
saliva

PHE Falcon  Symptomatic Test-and-Trace VIM fluid  Lab 156/198 79%
2] centre (72 to 84)

PHE Falcon Symptomatic Test-and-Trace Dry swab?® HCW 156/223 70%
[2] centre (63 to 76)

PHE Phase = Symptomatic Test-and-Trace Dry swab?® non-HCW  214/372 58%
412] centre (52 to 63)

PHE Phase  Not stated Navy barrack VIM fluid  Lab 13/46 28%
412,3] outbreak (16 to 43)

Liverpool Asymptomatic Mass testing Dry swab?® non-HCW  28/70 40%
[4] (28 to 52)

Uni Bham  Asymptomatic Student testing Dry swab? non-HCW  2/62% 3%"

5] (110 16)

*Tested according to manufacturer’s instructions.
PThis study sampled 10% of noncases. Total Covid-19 numbers, sensitivity and its confidence interval are computed by
reweighting for the study design (see Example 11).

IFU = Instructions for Use; PHE = Public Health England; Uni B’ham =
University of Birmingham; Lab=tested by scientists in laboratory at
Porton Down; HCW = tested by trained health care workers; non-HCW =
tested by trained staff working at testing centre; VIM =viral transport
medium.

References: [1] Innova Medical Group (2020); [2] Peto et al. (2021); [3]
Dinnes et al. (2021); [4] University of Liverpool (2020); [5] Ferguson et al.
(2021).

6.6 Target conditions and reference standards

As viruses mutate and produce new variants, the sensitivity of existing tests may change. Whilst
molecular understanding of mutations may inform the impact on performance, empirical verifica-
tion is required. In many instances, laboratory studies may be adequate to confirm sensitivity, but
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if a new variant does have an impact in the laboratory context, then field evaluations of the tests or
modified tests are likely to be required to provide confident estimates of test performance.

6.6.1 Different target conditions for different use cases

Although rarely made explicit, statements about the performance of a test are all pertinent to a
particular target condition (assessed using a particular reference standard), and it is to be expected
that the performance of a test will not be the same for different target conditions (Lord et al.,
2011).

For the use cases (a) to (e) for antibody tests (see Section 6.2.1), there are three different target
conditions: (a) considers whether individuals are currently infected; (d) whether they were infected
previously; whereas for (b), (c), and (e) the target condition is the presence antibodies (see Example
10, Section 5.1).

Reference standards are the best method for identifying whether individuals do or do not have
the target condition. For current or previous infection, the reference standard should relate to
whether an individual has currently, or has a history of, proven SARS-CoV-2 infection, typically
evidenced by one or more RT-PCR tests or fulfilling the case definition for SARS-CoV-2 (World
Health Organization, 2020).

Equal attention needs to be paid to ensure the reference standard classification of those never
infected is accurate, either by multiple negative RT-PCR tests, or clear history that no infection
could have been possible (often achieved using prepandemic sera banks). When tests are used
for surveillance, statistical methods to correct for misclassification rates should be applied to ob-
tain accurate population estimates (Diggle, 2011). Antigen tests which themselves have high per-
formance may be used to assess the performance of tests for the target condition of presence of
current antibodies.

Example 10  (Mismatch in target condition between evaluation and intended use). There
are examples of mismatches between reference standards, target conditions
and intended use. For example, the UK Government purchased the
AbC-19 antibody test from the UK Rapid Test Consortium to be used for
‘surveillance studies to help build a picture of how the virus has spread across
the country’ (Department of Health & Social Care, 2020b). The implied tar-
get condition to be assessed is previous infection. However, the manufactur-
er states that the test ‘is not designed to detect previous infection but rather to
detect the presence of a particular type of antibody’ (Abingdon Health,
2021b). The manufacturer assessed the test in a study of known antibody
positive and known antibody negative samples (see Example 4).
Individuals who had previous RT-PCR confirmed infection but developed
no or very low antibody levels were excluded from the disease positive group
[14 of 265 (5%)] (Robertson et al., 2021). Thus, the manufacturers’ esti-
mates of sensitivity and specificity relate to the ability to detect antibodies;
and not for a surveillance role to detect previous infection.

6.6.2 Infectiousness—a different target condition without a reference standard

Management of transmission requires isolation of people who are or will become infectious to pre-
vent their transmitting the virus to others. Infected individuals may be infectious for a number of
days, and some were identified as more infectious than others (i.e. ‘super spreaders’). Identifying
how accurately a test identifies those who are infectious requires undertaking studies where infec-
tiousness is the target condition, assessed using a reference standard which accurately classifies
people according to whether they could or could not transmit the virus to others. Claims were
made that rapid antigen tests identify individuals who are infectious or are most likely to be
infectious.

However, there is no reference standard for infectiousness (see Section 5.3.1). Direct evidence of
transmission to secondary cases clearly indicates infectiousness, but absence of transmission does
not indicate noninfectiousness, particularly when people have been isolating (and thus preventing
transmission which otherwise would have occurred).
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It was also argued that infectious people must have viable virus (in that it can replicate). Viral
viability was thus assessed in patient samples by attempting isolation in cell culture, but viral cul-
ture is difficult to run on account of biohazards and necessarily high levels of laboratory precau-
tions. Viral culture is also known not to be sensitive; and is dependent on operator and laboratory
expertise [studies of SARS-Cov-2 culture in different laboratories have shown variation in success
rate, e.g. Bullard et al (2021) found 26/90 (29%; 95% CI 20 to 39) whereas Singanayagam et al
(2020) found 134/324 (41%; 95% CI 36 to 47)].

Ct values from RT-PCR relate to viral load. As rapid antigen tests only detect those with higher
viral load, studies have attempted to establish the relationship between Ct value and markers of
infectiousness (both secondary case rates and viral culture), and to link the performance of rapid
antigen tests to Ct level to see whether they could accurately detect infectious people (Deeks et al.,
2022). There are, however, very few studies which have attempted viral culture in individuals re-
ceiving rapid antigen tests, (e.g. Schuit et al., 2021). Put simply, maximum Ct values (i.e. minimum
viral loads) identified in the studies above in which secondary cases or viral culture do not occur
were denoted as ‘infectiousness thresholds’ to classify individuals as having positive or negative
‘infectiousness status’. Three statistical issues arise: the first is disregard for the statistical chal-
lenges in estimating extreme values (Haan & Ferreira, 2007); the second is that ‘infectiousness
threshold’ needs external validation before being adopted more widely; and third is that the em-
pirical data display a continuity of decreasing risk with increasing Cts without any clear lower
bound (Singanayagam et al., 2020—also see Example 12). However, policy appears to have
been constructed from stating binary thresholds. For example, Scientific Advisory Group for
Emergencies (SAGE) minutes report ‘expert opinion ... suggests that a Ct value of below 25 seems
to be associated with viable transmission’(Scientific Advisory Group for Emergencies, 2020), and
the website of Innova stated ‘According to published results from University of Oxford and Public
Health England (PHE) clinical study, Innova’s rapid antigen tests have roughly a 97% efficacy in
detecting infectious patients’ based on interpreting data below a Ct of 25 as infectious (Innova
Medical Group, 2021).

The regulator stated that tests in asymptomatic individuals need to be assessed for the target
condition of current infection defined as an infection in which the causative organism is live
and has the potential, either now or in the future, to cause disease or onward transmission
(Medicines & Healthcare products Regulatory Agency, 2020b). This is more inclusive than infec-
tiousness, but equally there was no clear reference standard at the time that could clearly differen-
tiate between current and recent or previous infection.

6.6.3 Establishing the performance of RT-PCR

The RT-PCR test was the primary diagnostic test for SARS-CoV-2 infection used globally from the
start of the pandemic and became established as the reference standard against which other tests
were compared. However, questions were raised concerning the performance of the RT-PCR test,
particularly its FP rate. We note that the test evaluation paradigm does not allow easily for esti-
mation of the accuracy of a test considered as the reference standard. Alternative analytical ap-
proaches are required: for example, an upper bound can be placed on the potential FP rate with
RT-PCR by considering the total positive rate when disease prevalence is low (see Example 11).

Example 11  (Estimating the performance of RT-PCR without a reference standard). UK
population prevalence surveys using RT-PCR have shown test positivity
rates from the Office of National Statistics (ONS) Community Infection
Survey in England of 0.44% (95% credible interval: 0.22 to 0.76) in
August 2020 (Office for National Statistics, 2020), and 0.077% (95% con-
fidence interval: 0.065 to 0.092) from the Real-time Assessment of
Community Transmission (REACT-1) study in June to July 2020 (REACT
et al., 2020). Lower rates have been observed in other countries such as
Australia (Our World in Data, 2021) and China (Cao et al., 2020). These fig-
ures place an upper bound on the specificity of the test.

The NPV of RT-PCR was estimated in studies which retest symptomatic
people with a second RT-PCR who initially tested negative on their first
RT-PCR. This does not directly assess sensitivity; but explores the impact
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of FNs. A review of such studies showed variation between 2% and 54 % of
negative PCR tests being FNs, with a pooled estimate of 13% (95% CI 9%
to 19%) (Arevalo-Rodriguez et al., 2020).

The RT-PCR test is quantitative, in that it produces a count of the number of amplification
cycles that the process has moved through before a sample showed a response (Ct value). As dis-
cussed above, this Ct value relates to the viral load for that biological sample, low numbers indi-
cating higher viral loads. Comparing test performance stratified by Ct value became a key issue for
antigen tests but was hampered by an absence of standardization of Ct values between machines.
Studies to understand the relationship between Ct values and viral load were based either on using
samples with varying known serial dilutions of a SARS-CoV-2 plasmid viral load, measuring the
Ct value and constructing a fitted curve; or using quantitative viral load methods on patient sam-
ples with known Ct values (Case et al., 2020) (see Example 12). The relationships were then esti-
mated using linear regression, some regressing log; viral load on Ct value (e.g. Mitja et al., 2021),
others Ct value on log viral load. Rarely was detail given about the uncertainty in estimates, the
suitability of a linear relationship, or the statistical fit of models—all of which are remediable
problems. Little attention was paid to use of standard measurement comparison methods (such
as Bland-Altman methods, see Section 4.1.2) to estimate systematic differences in Ct values be-
tween different machines. Nor were there many studies of measurement error in Ct values.

Example 12 (Relationship between viral load and viral culture). PHE scientists at-
tempted virus culture on 324 upper respiratory track samples from 253 peo-
ple who were suspected of having Covid-19 and in whom the virus was
detected on RT-PCR (Singanayagam et al., 2020). Samples were obtained
from a range of clinical scenarios including community and healthcare
worker surveillance, symptomatic persons tested as part of the early epidem-
ic response and samples acquired in outbreak investigations. Vero E6 cells (a
standard cell line used for growing viruses in cell culture) were inoculated
with clinical specimens and incubated and inspected for cytopathic effect
daily up to 14 days. Viable virus was isolated from 134 (41%) samples
(from 111 cases). Considering the culture positivity rates against the Ct val-
ues from PCR showed the expected decline in culture rates with increasing
Ctvalue (indicating decreasing viral load), but culture was achieved down to
Ctlevels of 37, well below the detection level of rapid antigen tests (typically
between 10° and 10 viral particles per ml, equivalent to Ct values of 20-27)
(see Figure 5). At low viral loads, corresponding to Ct values above the oft
quoted Ct =25 threshold, virus could still be cultured from one-third (93 of
276) of samples. Other studies, in larger samples, showed similar relation-
ships. By fitting a model, rather than estimating minimal values or percen-
tiles, the authors provide data that allows probabilistic assessment that
the virus can be cultured from samples at each Ct value.

6.7 Explaining summary statistics for each use case

Whilst the performance of each test is typically summarized as sensitivity and specificity (which are
probabilities conditional on infection status), the individuals who are tested also need to under-
stand the meaning and implications of the positive and negative test results that they receive, which
are described by probabilities computed conditional on test result (the predictive values, Section
4.2.3). Public health discussion often naturally focused on the sensitivity as it describes the propor-
tion of cases that will be detected, and the specificity as it describes the risk of FPs, but it is equally
important to ensure that the public, press and policymakers understand, at an individual level, the
implications of positive and negative results. Population benefit of testing can only be fully realised
when the responses of individuals receiving test results are appropriate.

When explaining probabilities to the public it is essential that the two different types of error
(FNs and FPs) are explained clearly to avoid confusion. Good practice is to ensure that the prob-
abilities related to FPs and FNs are explicitly explained, rather than relying on the public’s under-
standing of sometimes arcane statistical terminology (see Example 13). For example, the phrase
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Figure 5. SARS-CoV-2 virus culture positivity rates from upper respiratory tract samples from 324 people suspected
of having COVID-19, grouped by Ct values from RT-PCR (excerpt from Singanayagam et al., 2020; distributed under
creative commons attribution license). Bars represent 95% confidence intervals.

‘false positive rate’ is sometimes used for both for 1-specificity and 1-PPV, which can cause con-
fusion. When infection events are rare (i.e. when prevalence is low), these two probabilities differ
considerably and, if confused, give a seriously wrong impression. When the prior probability of
infection is very low, even tests which have exceptionally high specificity can give more FPs
than TPs (see Example 14, Section 4.2.3).

Example 13 (Poor communication about test performance sent to schools). The
Department for Education guide to schools (NHS Test & Trace,
December, 15% 2020) summarized the performance of the Innova lateral
flow test by stating “These tests work ... they were shown to be as accurate
in identifying a case as a PCR test (99.8% specificity). The tests have lower
sensitivity but they are better at picking up cases when a person has higher
viral load’.

This statement by Test-and-Trace and the Department for Education did
not withstand statistical scrutiny (Deeks et al., 2021a) and was later re-
moved. In particular, the word ‘accurate’ was likely to be interpreted by
the public as meaning ‘few errors of any type’. It is not clear whether the
ability to ‘identify a case’ refers to the ability to detect infections which
are present (test sensitivity) or to positive results implying you have an infec-
tion (PPV). Neither was described by test specificity, which was the only
probability quoted.

It is also important that the diagnostic value of negative test results is properly explained. When
the disease is rare, NPVs can give a misleading impression as the probabilities are all close to one.
For example, using the estimates of the accuracy of Innova from Liverpool (sensitivity of 40% and
specificity of 99.9%), if the prevalence of the disease is 1 in 1,000, those testing negative on Innova
have a post-test probability of 99.94% of not having an infection, suggesting that a negative test if
very helpful. However, this must be compared with the chances of infection in those untested of
99.9% to reveal how little the chance of infection has been reduced by getting a negative test result.

Simple computation of likelihood ratios (LRs) shows that whilst a positive test result indicates
that the relative chance of disease has greatly increased (LR+ = sensitivity/(1 — specificity) = 0.4/
0.001 =400), a negative test-result makes little relative difference (LR—=(1 — sensitivity)/
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specificity = 0.6/0.999 = 0.6). This is one occasion where a likelihood ratio may be a good way of
explaining the value of a test result: ‘getting a negative result does not even halve the prior prob-
ability that you have the infection’ (as events are rare, it is not necessary to use odds in this expres-
sion as they approximate closely to probabilities).

Example 14

(Impact of prevalence on the need for confirmatory testing). Monitored
asymptomatic screening (thrice in 2 weeks) of pupils on their return to sec-
ondary schools in England in early March 2021 used antigen lateral flow
tests—but was introduced without confirmatory testing of positives by
RT-PCR. Individuals who tested positive, together with their family and
contacts in their school cluster, were required to isolate. When individuals
who tested positive obtained PCR tests which were negative, concern hit
the headlines that the proportion of LFT-positives who were FPs may be
high, as the RSS Covid-19 Taskforce had forewarned (Bird, 2021; RSS
Covid-19 Taskforce, 2021).

The proportion of LFT-positives that are RT-PCR negative depends on
the prevalence. Using the figures from Liverpool (Example 8) for the per-
formance of the Innova test shows that the PPV ranges from 80% if 1 in
100 is infected, to 29% if 1 in 1,000 is infected and 4% if only 1 in
10,000 is infected (Deeks, 2021). The exact prevalence of asymptomatic in-
fection in secondary school children was unknown but estimates from ONS
Community Infection Survey suggested an overall prevalence of 0.4%,
which would include symptomatic cases and those post-infection with re-
sidual inactive virus so that the RSS Covid-19 Taskforce anticipated that
half would be asymptomatic infections.

Covid No Covid Total Percentage with
infection

Scenario A—1 in 100 pupils have Covid-19 infection
LFT+ 4,000 990 4,990 LFT+ 80.2%
LFT- 6,000 989,010 995,010 LFT- 0.6%
Total 10,000 990,000 1,000,000 Overall 1.0%
Prevalence 1.00%
Sensitivity of LFT 40.00%
Specificity of LFT 99.90%
Scenario B—1 in 1,000 pupils have Covid-19 infection
LFT+ 400 999 4,990 LFT+ 28.6%
LFT- 600 989,010 995,010 LFT- 0.06%
Total 1,000 999,000 1,000,000 Overall  0.10%
Prevalence 0.10%
Scenario C—1 in 10,000 pupils have Covid-19 infection
LFT+ 40 1,000 1,040 LFT+ 3.8%
LFT- 60 998,900 998,960 LFT- 0.006%
Total 100 999,900 1,000,000 Overall 0.01%
Prevalence 0.01%

Data for the first 2 weeks of testing were made available at the end of
April 2021 and showed that 1,050 of the 2,304 positive lateral flow test re-
sults had been verified by RT-PCR (in contravention of Government
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recommendations) (Department of Health & Social Care, 2021). As pre-
dicted, the proportion of positive LFTs that were false was high, with 605
negative and 428 positive (17 tests were void): a PPV of only 41%.
Regardless of the RT-PCR result, students, their families and their class-
contacts had to isolate for 10 days. Routine confirmatory PCR testing for
all LFT-positives was reintroduced in England 3 weeks after the mass testing
in schools commenced.

6.8 Advanced study design issues

6.8.1 Comparisons of tests

Identification of the better performing tests is best obtained from direct head-to-head comparisons
of tests undertaken in the same individuals or between randomized groups (Takwoingi et al.,
2013) (Section 5.2.5).

For antibody tests, beyond the work involved in using multiple tests on each sample, these stud-
ies are logistically straightforward as it is relatively easy and uncontroversial to obtain from par-
ticipants a large enough venous blood sample to run multiple tests (Public Health England, 2020).
Head-to-head comparison of point-of-care antibody tests in the appropriate setting requires par-
ticipants to produce enough finger prick blood for multiple lateral flow devices, which is a greater
patient burden and limits the number of devices which can be tested simultaneously. This led to
many head-to-head comparisons of point-of-care antibody tests being done with samples taken
from the same patients at multiple time points (Flower et al., 2020; Moshe et al., 2021); or per-
formed in laboratory settings on venous blood rather than in the use case setting.

Given the dependence of rapid antigen tests on viral load, there are high risks that between study
comparisons of test performance could be confounded if there are differences in viral levels be-
tween samples in different studies. Robust comparative studies of antigen and molecular tests
were needed: there were far fewer than for antibody tests. The Cochrane review of rapid tests iden-
tified only three out of 48 studies directly comparing antigen tests: most were done in laboratory
rather than clinical settings (Dinnes et al., 2021). Many were done using alternative samples to
swabs, such as viral transport media (e.g. Pickering et al., 2021) which may be outside the ap-
proved specimen types.

Where it is not possible to compare all tests in all participants, experimental designs can be con-
sidered. Suppose that patients can supply enough finger-prick blood for comparison of three out of
four index tests (A, B, C, and D). Then each patient-volunteer can be randomized to which trio of
comparisons their donation will be used for: ABC or ABD or ACD or BCD together with the ref-
erence standard. Sufficient blood for comparison of a pair out of four tests would entail random-
ization to one of six possible pair-wise comparisons: AB or AC or AD or BC or BD or CD. Good
practice would also involve randomizing swab-order as it may matter.

6.8.2 Using efficient designs

The prevalence of SARS-CoV-2 infection was generally less than 0.5% but with a fourfold increase
or decrease also observed during pandemic waves. Hence, prospective studies needed to screen sig-
nificant numbers of individuals to be able to identify adequate numbers with infection to be able to
estimate sensitivity with adequate precision. As the most expensive component of a test evaluation
study is ascertaining disease status using PCR tests, designs which reduce the numbers of PCR tests
done in those most likely not to have the infection will be more efficient (Holtman et al., 2019). A
straightforward way of doing this is to test all who are positive on the rapid antigen test and a ran-
dom sample of those who test negative (see Example 15). Whilst predictive values can be estimated
directly, as they are estimated within groups sampled with the same probability, estimation of sen-
sitivity, specificity and prevalence requires weighting according to the inverse of the sampling
probability.

Example 15 (Use of sampling for efficient designs). One study used sampling to provide
efficient estimates of the performance of the Innova lateral flow assays in the
UK (see Example 8). The University of Birmingham study of testing in stu-
dents from December 2020 verified 720 Innova tests (90 tests per day for
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8 days) with RT-PCR: all Innova test positives (2/2) and 718 test negatives
which was a 10% sample from the total 7,187 tested. Estimation of sensitiv-
ity, specificity, and prevalence was undertaken by weighting according to the
inverse of the sampling probabilities yielding estimates of 3% (95% CI: 1 to
16), 100% (95% CI: 99.5 to 100), and 0.9% (95% CI: 0.4 to 1.9), respect-
ively (Ferguson et al., 2021).

The same analytical issue arises when individuals are allowed to choose
whether or not to get a confirmatory RT-PCR test. For example, a study
of an (unnamed) lateral flow antigen test in Wales observed a difference
in the rate of confirmatory PCR testing of 48 % in those with LFT positives
compared to 2% in those with LFT negatives (Cwm Taf Morgannwg Test
Trace Protect Service, 2021). As those self-selecting for confirmatory PCR
testing, particularly amongst those who were testing negative, are unlikely
to be a representative sample, valid estimates of sensitivity and specificity
cannot be obtained from the data collected, and no analysis of test perform-
ance is included in the report. Sampling which ensures the selected groups
are representative, such as random sampling, is required.

6.9 SARS-CoV-2 surveillance studies

DHSC-funded surveillance studies of SARS-CoV-2, even when designed in a manner that obviates
knowledge by the diagnostic laboratory about the personal identifying information of those who
participated in surveillance, were obliged to disclose to NHS Test and Trace personal identifying
information about all participants who provide a swab for PCR-testing. In addition, for those
whose PCR test is positive or indeterminate, their phone number and email address were reported
to NHS Test and Trace.

Hence, unlike in the HIV and HCV epidemics, DHSC-funded surveillance during the Covid-19
pandemic, which involved testing for SARS-CoV-2 antigen, was not allowed to be anonymized as
disclosure of personal and private information was mandated. Anonymity delivered high volun-
teer rates and frankness in HIV and HCV testing.

6.10 Assessing test strategies and their impact

In the Covid-19 pandemic, there were uncertainties about adherence to self-isolation and how well
LFTs performed—singly, in combination, and when used serially. For highly infectious diseases,
individuals’ test-related behavioural choices impact others—at home, at work, or in wider soci-
ety—for whom different outcomes (whether infection or isolation) have individualized trade-offs.
Tests that give FP results can lead to unnecessary self-isolation, and risk harming quality of life and
the economy. Tests that give FN results can lead to false impressions of safety and inappropriately
put others at risk of infection. Modelling test strategies helps to gauge potential outcomes but can-
not account fully for the complexity of interactions between testing, test errors, intervention, and
human behaviours.

As with drugs and vaccines, the best evidence on the impact of testing strategies for patients and
public health can be obtained from randomized controlled trials (RCTs). As such, RCTs compare
strategies that combine the use of a test with intended subsequent management according to test
result(s) and measure outcomes according to randomized assignment (Ferrante di Ruffano, Hyde
et al., 2012). Several governments promoted the use of RCTs to assess whether testing strategies
could be useful in managing the Covid-19 pandemic.

Five examples of studies of test strategies are summarized in Table 1. Two city-based RCTs
(Barcelona (Revollo et al., 2021) and Paris (Delaugerre et al., 2022)) and an observational study
(Liverpool (Burnside et al., 2024)) assessed freedom to attend mass cultural events during the
Covid-19 pandemic; two ambitious large RCTs evaluated the use of serial LFTs to enable release
from self-isolation by the primary contacts of an index case. The schools-based cluster RCT re-
cruited 201 schools with over 200,000 students and 25,000 staff. The second, a pseudo-RCT, con-
sented to over 50,000 primary contacts of index cases notified from NHS Test and Trace
(Department of Health & Social Care, 2020c); identified those that became secondary cases;
and monitored whether their contacts then became tertiary cases.
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6.10.1 Freedom to attend mass cultural events

Three studies reported the use of a negative LFT to identify individuals who can safely take part in
mass cultural events: two RCTs undertaken for indoor concerts, and an observational study of at-
tendance at one of four venues (two nightclubs, an outdoor music festival and a business
conference).In the Barcelona and Paris RCTs, and the observational study in Liverpool, healthcare
staff assessed all participants using an LFT on the same day as the concert (Barcelona) or 2
(Liverpool) or 3 days (Paris) before. Only one participant in Paris, none in Barcelona, and one
in Liverpool were found to be LFT-positive at screening and hence not allowed to attend the event.
Those who were LFT-negative were randomized—in the ratio 2:1 in Paris and 1:1 in Barcelona—
to either attend the event (event group) or follow standard lockdown rules (comparison group).
Participants were also assessed with a PCR test on the day of the event; and post-event (on Day
7 or 8). The Paris study provided participants with prepaid envelopes to return saliva swabs,
whereas the Barcelona study had study staff visit participants for throat swabbing. Follow-up
was 99% (event group) and 94 % (control group) in Barcelona, 87% (event group) and 88 % (con-
trol group) in Paris, and 37% in Liverpool (event group).

Infection rates were very low in both studies. In Paris, only 11 positive PCR tests were detected
(8/3917, 0.20% positive in the event group vs. 3/1947, 0.15% positive in the control group). See
Table 1 for further details for Barcelona and Liverpool. The Liverpool study was nonrandomized.
Poor compliance with post-event testing magnified uncertainty about the risk of infection and
safety of events. Safety considerations might change if the pre-event prevalence of infection
were high.

6.10.2 Contacts’ release from self-isolation

Table 1 summarizes the design and findings of the two RCTs in England that evaluated whether
contacts of people who had tested PCR-positive could safely avoid isolation by using repeated
LFTs. In the first, 201 secondary schools or colleges were the unit of randomization in a
cluster-RCT (Young et al., 2021). The second is essentially randomized by household of those
who gave consent among the close contacts whom an index case had notified to NHS Test and
Trace (Love et al., 2022). Randomization in both studies occurred prior to both testing and iso-
lation of participants.

The Daily Contact Testing (DCT) schools’ cluster-RCT evaluated school absence and the trans-
mission of SARS-CoV-2 in the randomized schools. Students and staff who were PCR positive
were isolated at home for 10 days; their close contacts were identified according to the national
policy. Cluster randomization allocated schools to be either intervention or control schools:
80% of 201 randomized schools participated actively. Schools allocated to the DCT strategy al-
lowed contacts to attend school provided they received daily negative LFTs (for 7 days); in the con-
trol schools, contacts were directed to isolate at home for 10 days. Schools reported absences of all
students and staff for Covid-19-related reasons. Symptomatic PCR-positive cases in each school
were identified from NHS Test and Trace.

In the DCT schools, Covid-19-related absence was slightly lower than in the control group of
self-isolation schools: a rate ratio of 0.83 (95% CI: 0.54 to 1.26). Infection rates were generally
low and similar in the self-isolation schools compared to the control group: a rate ratio of 1.05
(95%CI: 0.71 to 1.55). Confidence intervals for both outcomes were wide such that the impact
of the policy was unclear. The sensitivity of the chosen LFT (Orient Gene) was 53% (32/60;
95% CI: 40% to 66%) as a single screening test.

The NHS Test and Trace DCT trial pseudo-randomized consented primary contacts (7=
54,923) of index cases identified by NHS Test and Trace with a view to measuring the number
of primary contacts who became secondary cases (7 =4,694) and the number of their contacts
(i.e. nonrandomized secondary contacts, #=10,410) who became tertiary cases (7 =718). Only
primary contacts were consented and randomized: so that the usual self-isolation rules pertained
to secondary contacts.

Participants in both groups were asked to take a self-sample for PCR on the day of kit arrival
and return it by post. The DCT primary contacts were provided with seven Innova LFTs and asked
to perform their first LFT on the day of kit arrival (Day 1) and daily thereafter; and to complete a
second self-swab PCR test on the last day (Day 7) or earlier if an LFT was positive. The DCT
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primary contacts were only required to isolate if they had a positive LFT or symptoms. The self-
isolation primary contacts completed a single PCR test on Day 1 and were isolated for 10 days. All
participants were legally required to self-isolate for 10 days if PCR-positive.

The initial randomization was adapted so that all consented close contacts within a given house-
hold were assigned to the same intervention as the earliest consented and randomized household-
member: the reassigned counts of 28,757 (52.4%) to DCT vs. 26,166 (47.6%) to self-isolation
were very significantly deviant from 50:50. The random assignments of the first-consented pri-
mary contacts are not clear; of the 10,410 secondary contacts, 74% had been identified by second-
ary cases who were randomized as the first participant in a household.

The DCT kit, which provided for two PCR swabs, led to more PCR tests being reported in the
DCT group (1.53 PCR tests per person) than in the isolation group (1.13 PCR tests per person).
Intrinsic to ‘intention to manage,” differential provision of PCR swabs may have enhanced PCR
detections in DCT-assigned primary contacts. The report does not tabulate or investigate PCR re-
sults by random assignment and PCR timing.

The analysis focused on the un-consented and nonrandomized 10,410 secondary contacts (only
1,214 of them external secondary contacts), whom the 4,694 secondary cases had identified to
NHS Test and Trace. As to transmission risk, 718/10,410 secondary contacts became
PCR-positive (7%), i.e. 718 tertiary cases. The percentage of tertiary cases derived from the
DCT group’s secondary contacts was lower than from the isolation group: absolute risk difference
of —=1.3% (95% CI -2.3 to —0.2), showing noninferiority at the pre-stated margin of 1.9%. The
magnitude and precision of the difference reduced when the analysis was restricted to the first-
consented primary contact in each household: —0.8% (95% CI —2.0 to 0.4). The rationale for
the pre-stated margin of 1.9% was not given clearly.

Pragmatic RCTs have an important scientific role in assessing the impact of testing and manage-
ment strategies on patient outcomes. Randomized controlled trials of test-intervention strategies
need to be carefully planned to minimize the risk of bias in their design and execution, and to com-
pute appropriately the sample sizes required to detect the important differences in outcomes that
testing strategies can create.

6.10.3 Methodological and logistical challenges

Randomized controlled test-intervention strategy trials are recommended (Horvath et al., 2014) to
compare test strategies in alignment with subsequent management and measure outcomes to as-
sess whether a test strategy leads to more good than harm. However, test-intervention RCTs
are rarely used (Ferrante di Ruffano, Davenport et al., 2012) outside of those evaluating screening
strategies (Department of Health, 2015; Welch & Black, 1997), and face methodological and lo-
gistical challenges (Bossuyt et al., 2000; Ferrante di Ruffano, Dinnes et al., 2017) particularly with
diseases which naturally have low prevalence (Holtman et al., 2019).

Randomized controlled trials can provide the strongest evidence of impact, provided that they
are not at risk of bias, whether selection, performance, detection, or attrition (Higgins et al.,
2023). Test-intervention RCTs face particular methodological and logistical challenges: (a) requir-
ing exceptionally large sample sizes as the impact can only occur in the small subset of participants
who receive different interventions based on test results; (b) identifying and measuring the multiple
outcomes that affect participants from test to intervention; (c) accounting for individuals making
their own choices as to whether to be tested and to follow intervention pathways (Ferrante di
Ruffano, Hyde et al., 2012); and, for infectious diseases, (d) clustering of outcomes (in this
case, transmission) due to nonindependence of participants who share the same household/or
workplace and infect each other therein (Weijer et al., 2021).

The UK’s two cluster RCTs during Covid-19 demonstrate methodological innovation to bal-
ance release from quarantine against the rate of infectious disease transmissions. Future research
must be considered a priority to investigate the occurrence of transmission events that may be un-
identified (because infector and infectee are not known to each other) within households, schools,
or workplaces.

For all five studies in Table 1, the sample sizes required to obtain an adequately precise estimate
of the difference in strategies were challenging, both in terms of identifying the number of partic-
ipants required and completing their follow-up.
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The sample size requirements for a randomized controlled test-intervention strategy are challen-
ging for all diseases. Future research should investigate the use of alternative study designs, includ-
ing the early use of comparative randomized accuracy studies (Takwoingi et al., 2013),
particularly for more complex strategies such as repeated testing.

There is a place for innovative adaptive study-designs which combining accuracy with effective-
ness objectives within the same RCT cohort. Similarly, there are opportunities to investigate com-
peting durations of quarantine of contacts in the household of an index case; and, separately, for
external close contacts—at the same time as commencing studies of effectiveness and impact.

7. Regulation

Diagnostic tests are considered devices from a regulatory standpoint. In the UK, MHRA is respon-
sible for regulating medicines, medical devices, and blood components (Medicines & Healthcare
products Regulatory Agency, 2018). However, there are significant differences in the oversight of
medicines and devices. Medicines regulation is financed through manufacturers’ licence fees, while
the DHSC finances the regulation of devices, including IVDs.

Before 2022, the typical method of certification of IVDs involved placing a Conformité
Européene (CE) mark on the product, with the manufacturer being primarily accountable for
this, rather than the regulator. The 1998 Directive (Box 5) outlines the responsibilities of the
manufacturer and the bodies they inform (European Parliament & Council, 1998).

Box 5: The 1998 Directive statement about responsibilities.

‘(22) whereas, since the large majority of such devices do not constitute a direct risk to pa-
tients and are used by competently trained professionals, and the results obtained can often
be confirmed by other means, the conformity assessment procedures can be carried out, as a
general rule, under the sole responsibility of the manufacturer; whereas, taking account of
existing national regulations and of notifications received following the procedure laid
down in Directive 98/34/EC, the intervention of notified bodies is needed only for defined
devices, the correct performance of which is essential to medical practice and the failure
of which can cause a serious risk to health.’

The new European Union Regulation (EU) 2017/746 on IVD medical devices was implemented
in EU countries on 23rd May 2022 (European Parliament & Council, 2017). This Regulation in-
cludes new compulsory arrangements for transparency; and limits self-certification. Current IVD
device regulations vary by risk class. Low-risk devices can self-certify, but IVDs for infectious dis-
eases require public documents summarizing the safety and performance of the device as well as
(regulatory) Notified Body involvement.

The EU Regulation emphasizes the risk of misdiagnosis in the use of IVDs and assigns respon-
sibilities to the Notified Body for independent verification, audit of quality management, and as-
sessment of technical documentation. The sale of IVD device in the EU market requires compliance
with European laws. The MHRA is defining new regulations for Great Britain (Medicines &
Healthcare products Regulatory Agency, 2023), which are expected to harmonize domestic
laws with EU regulations. However, important areas still require improvement, such as granting
public access to the manufacturer’s data underlying IVD registration.

One approach adopted by MHRA and other regulators during the Covid-19 pandemic was the
use of Target Product Profiles (TPPs) (Medicines & Healthcare products Regulatory Agency,
2020b). A TPP outlines the characteristics of a product intended to treat specific diseases with
specifications on intended use, target populations, and safety and performance-related attributes
that manufacturers and regulators need to address. While the current TPPs outline the necessary
properties for a reference standard to establish test performance, they do not specify whether the
reference standards meet these criteria. Achieving greater standardization of research could be
possible by achieving consensus on suitable reference standards and incorporating them into fu-
ture TPPs.
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Currently, tests which are to be administered by members of the public rather than healthcare
professionals do require evaluation by a Notified Body to obtain a CE marking that allows self-
use. During the Covid-19 pandemic, regulators provided time-limited EUAs for [IVDs—a route
to approval separate from the CE mark. In the UK, the exceptional use authorized for some
IVD devices on a time-limited basis was for use by the public for self-testing, bypassing the
more strenuous approval process usually required. Devices granted EUA were sold to the NHS
and for use in social care.

Devices authorized by this route were publicly listed (Medicines & Healthcare products
Regulatory Agency, 2020c), whereas those approved by usual routes have not been. Outside of
EUAs, a confidentiality clause ruled out a more comprehensive public register of devices, and it
has been cited as a reason for not responding to Freedom of Information Requests in the UK.
The confidentiality clause was revised by the new EU regulatory framework. In April 2017, the
EU brought into force a new Regulation on IVD Medical Devices, which stated: ‘a fundamental
revision [to the law] is needed to establish a robust, transparent, predictable and sustainable regu-
latory framework for IVD medical devices which ensures a high level of safety and health whilst
supporting innovation.’

8. Information to be in the public domain

8.1 Ensuring scientific integrity

Accurate, comprehensive information about the evaluation and performance of diagnostic tests is
essential: to allow the public and clinicians to make informed decisions on being tested and on in-
terpreting test results appropriately; to enable policymakers to decide on testing strategies and the
procurement and deployment of tests; and for researchers to be fully informed about existing re-
search and to plan appropriately the next studies.

The importance of well-organized, transparent reporting of all stages of research has been estab-
lished for RCTs of interventions, with many aspects now enforced by the leading medical journals
(De Angelis et al., 2005). Transparent reporting of diagnostic test evaluations is equally critical to
ensure scientific integrity as for RCTs. Aspects to consider encompasses:

¢ Prospective public registration to ensure all research studies can be identified: to prevent pub-
lication bias (Simes, 1986).

¢ Prospective publication of study protocols and statistical analysis plans to document the ori-
ginal study-design and pre-specified outcome measures: to distinguish pre-specified analyses
from potential data-driven analyses (Chan & Hrobjartsson, 2018).

e Peer review of protocols and study reports: to validate the science and enhance the quality of
reports (Yordanov et al., 2018).

¢ Timely open-access publication (Dwan et al., 2013).

o Access to data sets: to enable study findings to be confirmed and data presentation to be
harmonized (Taichman et al., 2017).

Test evaluation studies face similar concerns about selective publication and data-driven analyses
as clinical trials did. Therefore, the same principles should be endorsed. Setting standards for pro-
spective public registration of diagnostic test evaluations will require international efforts, as pre-
viously for trials (Gilmezoglu et al., 2005). However, there already exist proposals for
pre-registration of all prospective studies (Naudet et al., 2024), including test evaluations.

8.2 What the public, patients, and clinicians need to know?

Those providing testing to the public and patients have a responsibility to ensure that individuals
offered testing can make an informed choice, and that they appreciate potential downsides as well
as benefits of testing. In the past, the promotion of screening may have played down potential
harms, as clinicians were concerned that ‘if you tell people the whole truth, getting them into
the screening programme will somehow be jeopardized” (Science & Technology Committee
Inquiry into National Health Screening, 2014). The same perspective can affect testing for infec-
tious diseases, particularly where a key benefit may be as much to the community as simply to the
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individual being tested. With few exceptions, mandatory testing is contrary to the UK public
interest.

Informed choice entails providing clear, unbiased information to enable participants to assess
the offer of testing and decide whether to accept or decline it. Choices are influenced by personal
circumstances and values, and individuals differ in how they balance benefits and risks.

The public and patients need trustworthy information about the chances that they might obtain
FP and FN results, the consequences which these could create, and be able to think through the
actions and decisions that they would take and make given positive or negative results.
Presentation of accessible information and data relevant to the intended use of the test, tailored
to account for differences in disease prevalence, with results presented in formats that the public
understands is thus essential (see Examples 13 and 14) (Spiegelhalter & Masters, 2021).

Particularly important is the understanding that a second, often different, test may be required
to determine the presence of disease after a screening test has signalled a need for further checking.
Equally important is to warn that a screening test may fail to alert. Hence, explaining data in terms
of probabilities conditional on test results (e.g. predictive values) ensures both that disease preva-
lence is accounted for and that individuals properly comprehend the implications of positive and
negative test results.

For example, for lateral flow antigen tests initially used during Covid-19 in the UK, there were
particular issues in the explanation of the poor predictive value of negative test results due to the
low sensitivity of the tests. As explained in Section 6.7, negative test results did not rule out infec-
tion or infectiousness. It was essential that the public was aware of this, as misinterpretation of a
negative test result as indicating an individual is safe and does not have the infection could lead to
disinhibition, greater risk-taking, and hence increased transmission.

8.3 What policymakers need to know

During the pandemic, decisions had to be hedged about which tests to purchase because the avail-
able tests had to be evaluated in more limited contexts of use than when they were eventually ap-
plied. As with vaccines, it may be prudent for governments to diversify their portfolio of test
purchases and make changes in the light of new evidence.

The approach which was adopted and endorsed by the UK Government for review of screening
programmes contains processes and information of relevance to the more general use of tests, par-
ticularly for consideration in the commissioning of mass testing which can occur with infectious
diseases. The Government Response to the Science and Technology Select Committee review of
National Health Screening (Department of Health, 2015) stated that ‘screening programmes
are only introduced when there is sufficient evidence that the benefits outweigh any potential
harms, and that people are given all the facts before making an informed decision to take up an
offer of screening’. Potential harms include ‘giving a negative result when the results should be
positive (a FN result) thereby missing the correct diagnosis; or giving a positive result when the
result should have been negative (a FP result). This may result in stress for the individual and pos-
sible follow-up treatment that is unnecessary’. For most screening, it is sufficient to consider the
individual perspective. For infectious diseases, there is a public health dimension as well.

Policy decisions about the introduction of tests, particularly for mass testing, need to consider
evidence of the likely benefits and potential harms and assess whether the balance is favourable
and provides appropriate value for money. The absolute numbers of FP and FN will change
with the prevalence of disease, altering the profile of benefits and harms. At higher disease preva-
lence, more cases will be detected although some positive tests will be FP. As infection levels drop,
fewer cases will be detected, whereas the likely harms through FP will remain the same. Hence, the
benefit-to-harm ratio will become less favourable, as will the costs and resources required to detect
each case.

Real-time monitoring of test performance and disease incidence is therefore essential to ensure
that testing stops before the harms outweigh the benefits, and that processes (such as confirmatory
testing) are in place to mitigate the risks from wrong initial test results (see Example 14). Other
aspects of testing, such as the failure rate of tests, the time taken to obtain a test and receive results,
the acceptability of the sampling approach, and the ease of access to testing, will all impact policy
decisions.
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Tests alone do not improve patient and population outcomes; it is the interventions that follow
that create benefit. Therefore, testing implementation needs to be linked to the implementation of
the interventions required for patient and population benefits to be realised and to ensure that the
information provided to those being tested leads them to undertake the correct actions. For ex-
ample, ensuring individuals positive for SARS-CoV-2 infection can be isolated was essential for
preventing onward transmission of infection.

Policymakers thus require access to all study findings, which can usefully be summarized in sys-
tematic reviews that identify, appraise, and synthesize all relevant evidence and assess the strength
of the evidence (Deeks et al., 2023). Creation of this evidence resource requires all studies to be
published with full information given about their methods and findings. During a pandemic, it
is essential that systematic reviews are undertaken in a timely manner and updated as new infor-
mation becomes available. The availability of preprints from online archiving services revolution-
ised the ability to achieve this.

Separate evidence reviews are required for each intended use, each assessing the strength of the
evidence, noting the findings and the inherent uncertainty in the estimates (using confidence inter-
vals or equivalent), consistency of findings, applicability of the evidence to the intended use, and
confidence that the findings are based on complete data and not at risk of bias.

To be of maximal use, study reports, both primary test evaluations and systematic reviews, need
to be fully reported to enable critical appraisal of their methodology and findings. Reporting
guidelines for primary studies (STARD) (Bossuyt et al., 2015) and systematic reviews
(PRISMA-DTA) (Mclnnes et al., 2018; Salameh et al., 2020) should be followed to ensure that
all relevant details are included.

8.4 What researchers and study participants need to know

Scientific integrity can be compromised when research studies are not made public or key details
are omitted, either for commercial reasons or academic interests. For example, due to the commer-
cial confidentiality clauses in the contracts with the manufacturers, DHSC-sponsored evaluations
of point-of-care antibody tests did not name the nine test kits evaluated (Adams et al., 2020). This
leads to research waste (Glasziou et al., 2014) as others may study the same tests unaware of the
already completed work. Pre-registration of studies, publication of protocols, and timely publica-
tion of results are essential to ensure that the research efforts are directed appropriately.
Preparation for a pandemic should involve designing and producing protocols for generic studies
ahead of time, as has happened for influenza (Goodacre et al., 2015).

Many test evaluations are undertaken as service evaluations rather than as research, which risks
that aspects of a research study, such as open protocol and Good Clinical Practice Guidelines that
protect patients, could be bypassed. This is particularly inappropriate where studies require extra
information or procedures (such as reference standard tests) to be undertaken or benefit from
follow-up of patients to maximize the accuracy of the reference standard or assess sequelae.
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