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Executive Summary

Context

In early January 2020, a new coronavirus, SARS-CoV-2 causing COVID-19, was identified and had already
begun its rapid global spread. The UK began its first lockdown on 23rd March 2020. Since then, science and
scientists have moved at a great pace to combat this pandemic infection. Statistics has been playing many
key roles: in infectious disease modelling, randomised controlled trials, infection control, licensing,
surveillance and test-evaluation.

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

Because the pandemic developed so quickly, there was enormous pressure for rapidly available solutions, but
at the risk of inadequate evaluation. The RSS has been particularly concerned that many new diagnostic tests
for SARS-CoV-2 antigen or antibodies were coming to market for use both in clinical practice and for
surveillance without adequate provision for statistical evaluation of their analytical and clinical performance.
Against a wider background of concern about standards applied to the evaluation of in vitro diagnostic tests,
there was a need for clear statistical thinking on the principles of diagnostic testing in general, and their
application in a pandemic in particular.

This review has been undertaken by the RSS at this time as the SARS-CoV-2 pandemic has provided a
microcosmic insight of the inadequate state of current processes for evaluating and regulating medical tests.
Whilst directly motivated by the pandemic, the findings apply more broadly to in vitro diagnostics, and in part
to all diagnostics.

Terms of reference

The key aim is to review the statistical evidence needed to assure the performance of new tests, for patients,
decision-makers and regulators, with particular reference to in vitro diagnostics (IVDs) for infectious
diseases.

Considerations include:

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 infectious
disease.

e design aspects of studies that are necessary to provide estimates of these key characteristics.

e 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.

e information that needs to be in the public domain to provide confidence in the performance of tests.



Section 1 provides a background to infectious diseases and key terminology, and Section 2 outlines key
concepts in diagnostic testing, with a more detailed exposition of statistical estimands in Section 3. Section 4
addresses considerations of good study design for evaluation of diagnostic tests. Section 5 addresses the
SARS-CoV-2 pandemic specifically, and the lessons to be drawn. Section 6 deals with the implications for
regulation of diagnostic test, and Section 7 the information that should be in the public domain.

Recommendations: Study-design matters

1) Robust studies of analytical performance provide necessary but insufficient evidence to implement in
vitro diagnostics.

2) Field or clinical evaluation studies are needed to evaluate the performance of an in vitro diagnostic for
each intended use.

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

4) 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 accrual of cases.

5) Consideration of sensitivity (% of infected persons who are correctly detected by the test) and specificity
(% of uninfected persons correctly labelled by the test as uninfected) for each intended use should be de
rigueur, not exceptional.

6) Itisimportant 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).

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

8) Direct comparison of alternative in vitro diagnostics and test-strategies should be given high
consideration to provide evidence that directly informs clinical and public health decision making.

9) 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.
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Planning for future pandemics should include:

a) Identification of multisite 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 reporting studies of the
clinical performance of tests in laboratory, clinical and community settings.

e) Expedited centralised processes for ethical and study-protocol approvals.



Recommendations: Regulation matters

1)

2)

3)

4)

5)

6)

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.

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

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

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 liberalised behaviour to deprivation of liberty, should be
considered.

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

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.



Recommendations: Transparency matters

1) Protocols for field or clinical evaluation studies should be publicly available to provide evidence of prior
planning and to support transparency; and ideally should be prospectively registered.

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

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

4) Post hoc analyses should be limited; and clearly identified as exploratory.
5) Study reports and results should be made available publicly in a timely manner.

6) Field and clinical evaluation studies require ethical approval and fully informed consent as outlined in
the Good Clinical Practice Guidelines.

10



Section 1: Understanding infectious diseases

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

Infectious organisms (pathogens) include viruses (eg, Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2)), bacteria (eg, Mycobacterium tuberculosis), parasites (eg, Plasmodium species), and fungi (eg,
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

( ). Notable recent outbreaks include SARS (2002-
2003), swine flu (2009-2011), Ebola (2014-2016), Zika (2015-2016), dengue (2016), plague (2017), and
COVID-19 (2019-present). COVID-19, the disease caused by SARS-CoV-2, emerged in China in December 2019
and is a contemporary example of the widespread and devastating impact of an infectious disease. The
outbreak was declared a pandemic on 11th March 2020 by the World Health Organization (WHO). Given the
potential for significant mortality or morbidity, safe and effective vaccines to provide immunity against life-
threatening infectious diseases are a critical preventive intervention.

Some infectious diseases are zoonotic, ie, 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 AD), the Black Death (Europe, 1347), yellow fever (South America,
sixteenth century), and the Spanish flu (1918) (Machalaba et al, 2015). The SARS-CoV-2 pandemic appears to
have zoonotic origins.

Transmissibility of infectious diseases combined with age-related susceptibility or progression requires those
infected to take precautions to prevent onward transmission to others; and that all of us modify our
behaviours to reduce our 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 this section outlines some
necessary key biological concepts in 1.1 and 1.2.

1.1 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 immunisation is known as adaptive or acquired immunity. The two
types of adaptive responses are: (1) cell-mediated immune response 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 neutralize it (neutralizing antibodies).
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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 infection while IgG, the most common antibody, can take
time to develop after infection or immunization. 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 response 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 memory is less
effective: the influenza virus evades neutralizing antibodies by regular mutation so that it is not recognised by
antibodies that may have been produced in response to infection with a previous strain of the virus.

1.2 Stages of infectious diseases

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, 2020). Figure 1.1 illustrates 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 (eg, SARS-Cov-2), fomite or indirectly (eg, 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 pathogen (latent and infectious) (van Seventer et al,
2017). The interval between the time of exposure and onset of disease symptoms (if symptoms appear) is
known as the incubation phase. This subclinical or asymptomatic phase can range from a few days (eg, SARS-
CoV-2 up to 14 days) to several years (eg, 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 (eg, latent
tuberculosis), or act as carriers able to transmit infection to others (eg, hepatitis B virus). 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 et
al, 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, for
defining the intended use of a test, and for ensuring appropriate test evaluation.

Tests that can detect the pathogen or pathologic changes during the incubation phase when individuals 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.

Pathologic changes Usual time of diagnosis
Exposure Symptom onse/
>
Susceptibility phase Subclinical disease Clinical disease phase | End phase (recovery,
(incubation) phase disability or death)

Figure 1.1 Natural history of disease timeline
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Adapted from Figure 1.18 in Centers for Disease Control and Prevention (2006) Principles of Epidemiology in
Public Health Practice, Third Edition. Available at:
(last accessed: May 2021).

Influenza and hepatitis remind us that, even within the same family of viruses, infections 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 (vCID) exemplifies a dietary-exposure potential-epidemic that did not
manifest in clinical cases to the extent feared. However, vCID is also blood-borne and the United Kingdom’s
(UK) blood supply had to be protected despite there being no test in blood for the abnormal prion protein
which causes vCID, see Appendix 1.

For all these reasons, clinicians and researchers have devoted considerable attention to developing effective
diagnostic tests for infectious diseases. The SARS-CoV-2 (the virus) and Covid-19 (the symptomatic disease)
pandemic have raised global challenges for clinical medicine, public health, our economies and everyday life.
Development of new diagnostic tests is part of the necessary response. In this report we describe key issues
in test evaluation of in vitro diagnostics for infectious disease and investigate how they have been addressed
in the evaluation of new tests for SARS-CoV-2.
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Section 2: Diagnostic tests

Diagnostic tests can indicate the presence or absence of infection or a surrogate marker of infection; or
detect evidence of previous infection (eg, antibody tests). An infected individual may show signs and
symptoms or may be asymptomatic. For some infections like SARS-CoV-2, asymptomatic individuals may
transmit infection to others. Therefore, for both symptomatic and asymptomatic infections, 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 vaccines 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 diagnostic test is not an inherent property and can be
influenced by factors such as the characteristics of the population and infectious organism, test format,
technical expertise and study methods. Therefore, tests should be rigorously assessed in appropriate
laboratory, clinical and/or field settings to ensure their validity and applicability in practice.

We focus here on in vitro diagnostic tests as these are the most common type of test for diagnosis of
infectious diseases. However, many of the issues we raise are generic and will apply to other test types, such
as imaging.

This section gives biological detail on types of in vitro diagnostic tests in 2.1, and possible settings for their use
in 2.2. After outlining the challenges in 2.3, a framework is set in 2.4 for the key characteristics when
evaluating a test.

2.1 Types of in vitro diagnostic tests for infectious diseases

In vitro diagnostics (IVDs) 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 (

). See Box 1 for descriptions of different types of IVDs.
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Box 1: Types of in vitro diagnostic tests for infectious disease

Microscopy

Microscopy enables visualisation of a pathogen by using a microscope to examine a specimen (eg, 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, eg, Giemsa stained thick or thin blood smear for
detecting malaria parasites. Wet mounts (ie, drop of liquid on a slide) of unstained specimens can be used to detect
pathogens such as fungi. Microscopy is useful for species identification and quantification.

Culture

Pathogens can be cultured under controlled laboratory conditions in an artificial nutrient medium such as nutrient
broths and agar plates. Unlike most bacteria that can grow in artificial media, viruses require a living host cell for
replication. Virus culture can be achieved either through a living host, an embryonated egg or in 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 deoxyribonucleic acid (DNA) or
ribonucleic acid (RNA) or the proteins they express. An essential process 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 time to
diagnosis and access to testing, eg, 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 identify 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 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 or absence 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, eg, 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 resistance has become a major clinical problem.
Culture-based phenotypic susceptibility testing and molecular diagnostics are frequently used to detect drug
resistance.
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2.2 Setting of testing

Laboratory testing can be performed in different settings, from centralised laboratories to self-testing in
homes. Laboratory tests that are performed at the point of care, for example, at the bedside or in a clinic,
rather than in a laboratory are often referred to as point-of-care tests (POCTs). Ehrmeyer (Ehrmeyer et al,
2007) defined POC 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 care-givers 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 be revolutionise
patient management and disease control through increased diagnostic capacity, quicker turnaround times
and improved 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. RDTs may be POCTs or laboratory-based tests.

2.3 Challenges in testing for infectious diseases

Most infectious diseases are caused by viruses, bacteria, or parasites. In Appendix 1, pandemic and seasonal
influenza (viral), hepatitis (viral), HIV (virus), v€ID (abnormal prion protein), tuberculosis (bacterial), malaria
(parasitic) and COVID-19 (viral), are used to highlight some of the key challenges of infectious diseases which
impact on the development and evaluation 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.

2.4 General principles

Principles applicable to the examples in Appendix 1 and other infectious diseases more generally are
specification of:

e Target population (eg, adults, children, key risk groups)

e Setting (eg, low, moderate or high transmission setting, local conditions)

e Target condition (eg, stage of disease, pathogen identification, drug resistance)

o Reference standard (eg, single test or composed of multiple pieces of information, technical
expertise required)

e Index test characteristics (eg, test format, specimen type, technical expertise)

These issues are important considerations when designing test evaluation studies and are addressed in
Section 4.
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Section 3: Statistical parameters required for reporting

Test evaluation from bench to bedside is multifarious. Horvath (Horvath et al, 2014) identified five key
components of test evaluation: 1) analytical performance, 2) clinical performance, 3) clinical effectiveness,
4) cost effectiveness, and 5) broader impact. Analytical performance ‘refers to the ability of a laboratory
assay to conform to predefined technical specifications’, while clinical performance ‘refers to the ability of a
laboratory assay to detect patients with a particular clinical condition or in a physiological state’. Clinical
effectiveness ‘refers to the ability of a test to improve health outcomes that are relevant to the individuals
being tested, while cost effectiveness refers to the impact that the introduction of the test would have on an
increase or reduction of use of resources’. Cost-effectiveness and clinical effectiveness are frequently
addressed jointly. This joint approach to effectiveness is known as societal efficacy when costs are considered
from societal perspective (Takwoingi, 2016). Finally, broader impact ‘refers to all other 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 3 is mainly about the first two components: analytical and clinical performance. Evaluation of tests to
detect infection focuses initially on analytical performance (3.1), which provides 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 (3.2) before the test can be recommended in a
target population. In Section 3, the critical statistical parameters for characterising diagnostic tests are set
out. Studies to estimate these, which must be appropriately designed taking into account the framework set
out in 2.4, will be considered further in Section 4. 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.

3.1 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 (eg, molecule, antibody, antigen, or other; see
Box 1 Section 2.1). 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 subsequently must be
repeated in independent laboratories with the objective of verifying analytical performance claims reported
by test developers. Several measurement properties are typically considered such as: imprecision, bias,
reproducibility, clarity of test operation, and clarity of results 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
summarised by the Clinical and Laboratory Standards Institute (CLSI) ( ) and the International
Organization for Standardization (1SO) ( ). In this sub-section we briefly summarise key aspects of
the assessment process to give context but refer readers to a wealth of detailed documentation at CLSI and
ISO for full explanations. The CLSI Harmonized Terminology Database ( ) may be of
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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).

3.1.1 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 summarised as a coefficient of variation, defined as CV =
(Standard deviation/Mean) x 100. Other metrics, such as reference 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 diagnostic accuracy.

3.1.2 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 Clinical and Laboratory Standards Institute (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 (difference against known value), as
suggested by Bland and Altman (Bland and Altman, 1995), is preferred (see Figure 3.1). 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.
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Footnote: Differences were calculated between CT values of SA and NS samples. The red line represents the average
difference between sample types, and the blue lines represent estimated limits of agreement.

Figure 2 Bland-Altman plot of SARS-CoV-2-N1 CT values for SA and NS samples,
Excerpt from Grijalva C et al, 2020, distributed under CC license

3.1.3 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 limits, described in the CLSI
guideline EP17 (Tholen et al, 2004), are based around a specific analyte (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 expected to be found when
replicates of a blank sample containing no analyte are tested’ (Armbruster et al, 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.

3.1.4 Analytical specificity

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

19


https://creativecommons.org/licenses/by-nc-nd/4.0/

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

3.1.5 Sample size requirements for analytical performance studies

Suggested sample sizes are included in documentation from CLSI and ISO, but their statistical basis is often
unexplained. The LoB is estimated by measuring replicates of a blank sample and calculating the mean value
and standard deviation—sample size of 60 is suggested for establishing the LoB, with sample sizes of only 20
for local laboratory verification. The LoB is estimated as the 95t percentile value of a normal distribution with
the calculated mean and standard deviation.

Many assays are not able to measure the smallest of 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 value from the assumed normal
distribution, at 2, 3, 4 or even 10 standard deviations above the mean, although this approach is now
regarded as invalid. Alternatively, a more widely recommended empirical approach makes use of analyses of
samples with known low concentrations of the analyte of interest.

3.2 Clinical performance

3.2.1 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 pre-selected groups of people already known to have the target
condition and known 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 are field studies that evaluate the performance of the test in a real-world setting,
applied in 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 individuals for whom the test would be used in practice and are
recruited prior to their disease status being ascertained.

Differences have been observed between results of studies which adopted these two designs: those using
pre-selected 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 false positive or false
negative results) are often excluded from two-group studies, as only those with known disease state 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 4.2.2.
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3.2.2 Diagnostic or clinical sensitivity and specificity

Diagnostic or clinical sensitivity and specificity describe the performance of the test in terms of the
proportion 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 intended use.

Studies which evaluate the accuracy of two or more tests will also report estimates that compare sensitivity
and specificity, or false positive rate (computed as 1-specificity) and false negative rate (computed as 1-
sensitivity), either as ratios or absolute differences.

3.2.3. Predictive values

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 3.2.1). Presenting the
impact of varying prevalence helps to determine potential utility of estimates of predictive values (PPV and
NPV).

3.2.4 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 suitability of the test
(Shinkins et al, 2013). Therefore, reporting the number of inconclusive and missing results 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 and Drug Administration, 2007).

3.2.5 Other aspects of test performance

Aspects of the tests other than their performance impact on their utility in a given setting. For example:
timing (eg, how long it takes from obtaining biological sample to test result) and human factors that impact
on usability and user errors need to be investigated (eg, 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.
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Section 4: Study design for clinical performance studies

Section 4 delves into aspects of study design for clinical performance studies, the first of which is specifying
the intended use or purpose of the new (index) test (4.1), which informs study design (4.2). Section 4.3
considers the implications of variations from the ideal study, and 4.4 addresses sample size. Study designs for
wider purposes are briefly addressed in 4.5, and surveillance studies in 4.6.

4.1 Specifying the intended use or purpose

Specification of the intended use or use case is key to the appropriate evaluation to inform testing policy
(Horvath et al, 2014; Doust et al, 2021). An intended use case describes the application of atestin 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 different clinical settings and pathways.

Clinical performance studies involve assessing the sensitivity and specificity of a test for its intended 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 results 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 recognised 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 sensitivity) and the competing
conditions from which it must be distinguished (for specificity) (Ransohoff et al, 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 specificity, 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 representative 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 2. The setting (eg, laboratory, hospital, general
practice, surveillance-location) can be used as a simple proxy for understanding 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.

4.2 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
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practice for its intended use (Doust et al, 2021). The index test and reference 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 expand on each of these below.

4.2.1 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 participant
characteristics such as age, gender and ability to provide informed consent are commonly required, 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 false positive compared to true positive. However, they may also impact on
the stage and severity of the disease which will directly affect sensitivity.

4.2.2 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 an intervention (eg,
hospitalisation) because they exceeded a decision threshold (eg, based on severity 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; patients attending general practice may differ
from those seen in hospital. The prevalence of an 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).

4.2.3 Timing of the tests

Whatever the test is actually measuring (eg, pathogens, molecules, antibodies, antigens, etc.) may be unlikely
to remain stable over long periods of time (there are exceptions such as HIV antibodies). This could be due to
the natural history of the disease, which includes the body’s immune response or in some cases to
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
that 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, too late and the levels might again
have reduced to undetectable levels. This is the main reason that a diagnostic accuracy study for an 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.
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4.2.4 Delivery of tests

Clear protocols should not only describe the target assay but also specify test delivery: who will obtain the
specimens (eg, nurse, self-sample); what will be sampled (eg, blood, saliva); how will the specimen-be
obtained (eg, finger prick, spitting into tube), stored and transported; and when (eg, within 7 days of first
symptom). These elements should clearly relate to the proposed instructions of use for the test so that they
reflect the way the tests will be used in practice. Within this protocol, information about how blinding of the
results of the tests and the reference standard is carried out is also necessary to guarantee unbiased results
(see Section 4.3.2).

4.2.5 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. The basic study design is still based around 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 randomised design can be used whereby
participants are randomly allocated to one of the tests, but all participants receive the reference standard. In
either design, particular 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,
randomising the order these specimens/tests are taken would likely prevent systematic bias (see Section
4.2.4).

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

Some reasons that the ideal study design cannot be achieved include: critical urgency in determining 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 relevant 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 QUADAS-2 tool 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 its considerations in the following four domains: 1) patient selection, 2) index test(s),
3) reference standard, and 4) flow and timing (covering completeness of data and standardization of
verification and timing). See: https://www.bristol.ac.uk/media-
library/sites/quadas/migrated/documents/quadas2.pdf (accessed 7 April, 2021).

4.3.1 Could the selection of patients have introduced bias?

The key consideration is whether the sample of patients in the study is representative of those in 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.
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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 3.2.1).
Bias occurs because these two groups, which have already been adequately 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 accuracy 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.

4.3.2 Could the conduct or interpretation of the index test have introduced bias?

Interpretation/measurement of index and reference tests must be independent, ie, 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 re-interpretation of results and the retrospective evaluation of why there is
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 pre-determined during development of the test. Using
the information from the study to define the threshold will lead to overestimation of the index test’s
performance.

4.3.3 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 participants
possible, but often the reference standard is not a perfect classifier. This means that the reference standard
itself makes errors leading to the incorrect classification of some correct index test results as false positives
or negatives. The use of multiple measures and composite reference standards may improve 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 4.5).

As described in 4.3.2, 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 reference
standard, or if the reference standard is changed when it disagrees with the index test (discrepant analysis
(Hagdu 1999)), substantial bias is likely, typically artificially increasing the estimated accuracy of the index
test.

4.3.4 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 scenario assumes
that the new and the reference tests are performed at the same time, but this may not be possible for
logistical reasons: for example, if different specimen-types are required which necessitate repeat visits. Even
when both tests require the same specimen-type (eg, both require nasopharyngeal swabs), the specimen
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could be reduced substantially by the time the second swab is taken, which biases against the second test. In
such situations, randomising the order of within-person tests will be necessary. When the specimens
required are substantially different, eg, nasopharyngeal swab versus saliva, then it is feasible to take these
different samples at roughly similar times without the order in which they are taken affecting the results.

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 possible for all patients to
receive the same reference standard (eg, if this requires a certain duration of follow-up). In these scenarios it
is important to highlight which reference standards were used, on which participants and mention potential
advantages/disadvantages of using each reference standard.

As discussed in Section 4.2.1, patient selection is critical as 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.

4.4 Sample size issues and incorporating or evaluating uncertainty

The choice of methods and approach to sample size estimation for studies assessing clinical performance will
vary depending on the objective/s (Obuchowski, 1998). For example, if the regulatory focus specifies a
required performance (eg, expected sensitivity of 90% with a minimum performance requirement of 80%)
then, based on expected performance and estimates of prevalence, study size can be determined so that,
with high probability, the lower limit of the 95% confidence interval for sensitivity exceeds the minimum
performance required.

A similar approach could 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 similar to that for
randomised trials is normally carried out based on expected difference in parameters (eg, sensitivity or
specificity), probability of type one error and power (alpha and 1-beta respectively). Korevaar (Korevaar et al,
2019) describe a clear framework for such studies and 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 et al, 2016). Reporting of sample size in diagnostic studies was only included 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.

4.5 Study designs for other relevant clinical studies of diagnostic tests

So far we have focused on relevant study designs required to determine clinical accuracy. There are several
other clinical questions critical for our understanding of test performance which fall outside the clinical
accuracy setup.
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4.5.1 Studies of the natural history of disease

One important example is studies that aim to determine the appearance (seroconversion) and persistence
(decay) of antibodies post infection. Information from these studies is particularly relevant to understand the
natural history of the disease post-infection and to determine the timing of potential tests that are based on
antibody level detection. The ideal design for these studies will be based on individuals whose initial infection
date can be ascertained and from whom repeated measurements (typically blood samples) are taken over an
extended follow-up period (eg, a longitudinal study) (lyer et al, 2020). Variations from this design, such as
uncertainty in the timing 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.

4.5.2 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 the
benefits (often counted as cases detected) and harms (for example, unnecessary isolation, disinhibition from
false negative test-results leading to potential for increased transmission, lost income). New tests,
particularly point of care tests, may change radically access to testing, leading to differences in who gets
tested which needs to be accounted for in evaluating their impact.

Frameworks such as the Ferrante BMJ Framework have detailed the routes by which tests impact on patient
outcomes (Ferrante di Ruffano et al, 2012) via intended and unintended effects—and can help in planning
evaluations which need to be undertaken. Effects can be categorised under four main headings: (a) direct
test effects on the patient (eg, 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 (eg, reducing time to diagnosis and treatment); (d) influencing patient
and clinician perceptions and behaviours (eg, willingness to undergo procedures, the impact of test results on
patient behaviour, defensive medicine).

Large cluster randomised trials comparing different testing options can be difficult logistically or in policy-
terms. Randomised 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 testing can have.

4.6 Surveillance studies

Surveillance studies have attempted to quantify: exposures (consumption of bovine spongiform
encephalopathy (BSE) contaminated foods; sexual attitudes and lifestyles; injection drug use; contacts - who
meets whom; mobility); prevalence (or incidence) in risk groups (antenatal women; new-born babies;
patients at genitourinary medicine clinics; injection drug users; prisoners; healthcare workers); prevalence (or
incidence) in potentially nationally-representative groups (blood donors; persons undergoing appendectomy;
individuals on NHS register; community-living members of households).

4.6.1 Confidentiality in surveillance studies

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 the following:

(1) Unlinked anonymous testing (UAT) makes use of a residue or aliquot from a testable biological specimen
given for other reasons. UAT requires ethical approval but is unconsented by individuals. Individuals may opt-
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out as information about UAT is posted in clinics or blood donation centres, as appropriate. UAT is designed
so that there can be no deductive disclosure about individuals: hence, only minimal information about the
person whose specimen is tested (such as gender, broad age-group, and region) is retained with the
surveillance-specimen.

(2) Consented attributable linkage of 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 (eg, nasopharyngeal swab in
SARS-CoV-2).

(3) Consent for non-attributable 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
guestionnaire is done in such a manner that the linked-pair is not attributable to the individual to whom they
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, 1999; Gore et al, 1995; Yirrell et al, 1997; Hutchinson et al, 2000; White et al,
2015). High volunteer rate matters, which non-attribution encourages so long as results are reported-back to
the community and the research-team has ensured the community’s easy access to confidential testing on a
personal basis. Self-completion questionnaire about risk-behaviours affords privacy and engenders frankness.

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, are being obliged to disclose to NHS Test & 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, phone number and email address are also reported to NHS Test and Trace.

Hence, unlike in the HIV and HCV epidemics, DHSC-funded surveillance during the SARS-CoV-2 pandemic
which involves testing for SARS-CoV-2 antigen is not allowed to be anonymized as disclosure of personal and
private information is mandated. Anonymity delivered high volunteer rates and frankness in HIV and HCV
testing.
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Section 5: Lessons learned from evaluating tests for
COVID-19

Sections 1 to 4 are intended to apply to a wide range of diagnostic tests in a variety of diseases and situations,
but the main motivation for this report has been the challenges posed by COVID-19 pandemic. After an
introduction to testing for SARS-CoV-2 antigen or antibodies, Section 5 follows the order of Section 4, with
specific detail on intended use cases, study designs, participants, tests, target conditions and reference
standards, concluding with general recommendations on test evaluation methods.

5.1 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 2.1). 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 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 (Cevik et al, 2021). Initial immune
responses (see Section 1.2) are of IgA and IgM antibodies, with IgG appearing later and lasting longer (Post et
al, 2020). Key, however, 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 pandemic, 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.

SARS-CoV-2 viral load and period of infectiousness

Cevik M et al. https://doi.org/10.1101/2020.07.25.20162107
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Figure 5.1A. Schematic of viral levels during a COVID-19 infection (source Cevik et al., 2021 —Copyright
Oxford University Press, reproduced with permission)
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Fig 3. Schematic showing the scale of IgG/IgM/IgA/Neutralising Ab response over time from disease onset. Note
that the y-axis is illustrative only and therefore no scale is given: this figure gives an indicative overview of findings
from all included studies with relative peaks and decline indicated.

https://doi.org/10.1371/journal.pone.0244126.9g003

Figure 5.1B. Schematic of antibody levels during a COVID-19 infection (excerpt from Post et al, 2020,
distributed under CC BY license)

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, 2020), opportunistic epidemiological studies of
communities (such as outbreaks on cruise ships (Hung et al, 2020; Mizumoto et al, 2020)) and through
insights gathered via cross-sectional studies using diagnostic tests (Deeks, Dinnes et al, 2020). One initial
challenge has been to foresee and undertake the research required to acquire this understanding, when no
single party has central oversight and control, and to update understanding as new information emerges.

5.2 Intended use cases

Key to the appropriate evaluation of tests to inform testing policy has been the specification of “intended use
cases” (see Section 4.1). In COVID-19 testing, it is important to differentiate testing:

o of symptomatic from apparently healthy people.

e by where tests are used - in community, primary care or secondary care settings.
e when tests are used in relation to onset of symptoms.

e by whether strategies include repeat or confirmatory tests.

e by the nature of the biological sample.

o by the process for collecting specimens.

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

e by the target condition being diagnosed.
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e by the scale and timescale of testing.
e and by whether results be used to determine patient management, control disease, and/or for
surveillance purposes.

Several organisations (eg, Foundation for Innovative New Diagnostics, 2021) have 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 appropriately 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 5.1) emphasising the importance of undertaking
evaluations of tests for each intended use; and monitoring their performance during implementation.

During the pandemic, new potential intended use cases have emerged as new considerations have been
made about how best to tackle disease spread, whereas others—originally thought to be important—have
been found to be unnecessary, impractical or impossible (Example 5.2).

Example 5.1 — Extrapolation of performance of antigen tests from symptomatic to
mass testing

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 RT-PCR
reference standard was between 58% (95%Cl: 52 to 63) when tests were run by test-and-trace
centre staff and 79% (95% Cl: 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
percentage 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% Cl: 64 to 91) when used in 227 people with symptoms, and only 41% (95% Cl: 18 to 67)
when used in 871 people without symptoms (Pray et al, 2020).

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 were
consented and which also reported a lower sensitivity of 40% (95% Cl: 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 5.8.
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Example 5.2 - 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 S, 2020; Royal Society of Medicine,
2020).

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

\\\\\ Lit+la mnAaint in indididnale haina fAackAd

5.2.1 Intended use cases for molecular and antigen tests

Molecular (eg, PCR) and antigen tests aim to identify who is infected with SARS-CoV-2. The clinical use case
for these tests is in

a) symptomatic people to diagnose COVID-19.
However, they also have 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.

The target condition is thus either SARS-CoV-2 infection (if asymptomatic) or COVID-19 (if symptomatic). In
addition, mass testing has been proposed to identify individuals who are infectious rather than just infected.
Problems in considering infectiousness as a target condition are discussed in Section 5.6.2. 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 are several different types of test which vary in their performance, the laboratory facilities and staff
required to deliver the test, potential testing capacity, the cost and accessibility of the test, and the time
taken between obtaining specimen and result. Most tests require a throat and/or nasal swab, some are being
trialled on saliva samples. Decisions about use of different tests thus depends on performance, but also on
cost, speed, capacity and accessibility.

5.2.2 Intended use cases for antibody tests

Antibody tests identify whether an individual has developed antibodies to SARS-CoV-2. These tests have been
considered for clinical and public health purposes. Clinical purposes include:
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a) ldentifying SARS-CoV-2 in people with prolonged symptoms of COVID-19 who have presented 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 levels of antibodies to be considered as a plasma 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.

5.3 Study designs

Section 3.1 outlines the limitations of analytical studies which assess the properties of a test on samples in
laboratory settings, and Section 3.2.1 describes 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 provide evidence of its performance in a real-
world setting.

5.3.1 Regulatory requirements for evidence have varied

New tests have been developed at pace to address the emergency need for diagnostics during the SARS-CoV-
2 pandemic. The standard process described in Section 3.1 of undertaking laboratory studies of the key
analytical properties of new tests prior to assessing their accuracy in real world field settings has been
followed. However, evidence from analytical studies has been the main evidence considered for many
applications for Emergency Use Authorization (EUA) marketing approval. Evaluations of clinical performance
in real world studies of tests as they begin to be used for their intended uses have often followed later,
sometimes alongside their implementation, but sometimes not at all.

Evidence requirements are not consistent across regulators; and have changed during the pandemic (Shuren
et al, 2020). The CE-IVD marking used across the UK and 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 (EC) mentions both analytical and diagnostic sensitivity and specificity, it does not define these, nor
require a “use case” to be stated. Establishing analytical 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 FDA has a more rigorous process but has frequently allowed tests to
market based on Emergency Use Approvals reliant on similar analytical performance evidence (see Example
5.3). For a period during 2020, all antibody tests were allowed to be marketed in the USA without restriction,
a decision which allowed poor performing tests onto the market (Shuren et al, 2021).
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Example 5.3 — Test implementation based on analytical performance

Initial approval of the Abbott ID-NOW test for current infection by the FDA was based on
analysis using spiked samples without any evaluation in humans. Data in the IFU 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
sensitivity 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).

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

Manufacturers usually report estimates of test sensitivity and specificity in their Instructions for Use (IFU)
documents and separate out 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 which directly fit with an intended use for the test. This reporting failure is despite the 2019
International Organization for Standardization (ISO) statement on studies of clinical performance (SO, 2019)
which emphasised the importance of stating the intended use of an in vitro medical device and proving, in
that context, how the test relates to a particular clinical condition or physiological/pathological process/state.
Manufacturers’ websites and IFUs also rarely provide adequate details to ascertain the source and
characteristics of the participants in evaluation studies (see Example 5.4), or to clarify whether individual
participants provided single or multiple 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 studies using pre-selected specimen banks of known disease status or collected
prospectively for particular use cases (see Example 5.4).
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Example 5.4 — 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 (A), 2020). A subsequent preprint showed that the
samples were sourced from a mixture of biobanks and cohorts, and that the sensitivity was
based on ‘known positive’ samples pre-selected as positive on two of three other antibody
tests; specificity was evaluated on ‘known negatives’ pre-selected as negative on all three other
antibody tests; all other samples were inadmissible (Robertson et al, 2020). 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 3.2.1). See also
Example 5.9.

Later non-selective evaluation by Public Health England found lower sensitivity 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 standard but including all participants (Mulchandani et al,
2020).

5.4 Participants

Studies of COVID-19 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 of individuals with the
condition; the specificity in those without the condition. Given the pattern 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 false negatives in antigen tests which cannot detect lower levels of
the virus; testing before antibodies rise will increase false negatives for antibody tests; and testing when the
prevalence of infection is low will increase the proportion of test-positives that are false-positives.

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 versus asymptomatic groups
(see Example 5.1) (Dinnes et al, 2021) are potentially explained by evidence that peak viral loads are of
shorter duration in those who are asymptomatic (Cevik et al, 2021).

Similarly, antibody tests miss cases which have no or low antibody responses; and will have lower accuracy
when used soon after symptom onset compared to later (Example 5.5). If antibody response relates to
disease severity, the performance of the test will differ between those with 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 false positive results, if the test fails to distinguish between similar viruses. In
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the first Cochrane review of antibody tests, the false positive rate for IgG tests in six studies (n=396) that
recruited individuals suspected of having COVID-19 was 2.0% (95% Cl: 0.4 to 9.0) compared to 0.8% (0.2 to
2.4) in 10 studies (n=2614) that included currently healthy participants, and 0.8% (0.3 to 2.2) in 10 studies
(n=2633) on pre-pandemic cohorts (Deeks, Dinnes et al, 2020). Notice, however, that the confidence intervals
here are too wide for inferences to be drawn.

5.5 Index test

5.5.1 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 5.2). When tests
were used at a later time point, higher levels of sensitivity were obtained (see Example 5.5). Some antibody
tests may have been inappropriately abandoned due to their lack of accuracy in the early time period.

As the pandemic progresses, waning of antibody responses will affect the ability of surveillance studies based
on antibody tests alone to identify previously infected cases, as they will only identify those in whom
antibodies are still detectable. Evidence is beginning to accumulate on the likely duration and variability in
antibody response between tests and between individuals (Ward et al, 2020). Equally, it may become difficult
to identify those with responses to infection from those with responses to vaccination (Ward et al, 2021).

5.5.2 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 RT-LAMP test which has been compared on real
and spiked samples (Example 5.6), and on swab and saliva samples, with and without RNA extraction stages,
was found to vary between 70% and 95% (Example 5.7) (Department of Health and Social Care (A), 2020).

There are also many studies which have used specimen types outwith the manufacturer’s approval (such as
saliva or viral transport media when dry swabs are required), or blood samples taken in different ways
(venous versus skin prick for antibody tests — see Example 5.8). 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.

Variation in Innova test’s reported sensitivity illustrates the potential for combinations of population, the
tested material, and testing operative to impact on sensitivity of an antigen test (Example 5.9).
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Example 5.5 — 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
Emergency 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 respiratory symptoms
indicative of COVID-19 at an Italian hospital’s A&E. Only 18% (95% Cl: 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% Cl:
65 to 94) were positive when tested a median [IQR] of 7 [4, 11] days after their first test.

The Cochrane review (Deeks, Dinnes et al, 2020) of antibody tests for SARS-CoV-2 included an
analysis which showed a strong time-trend of increasing sensitivity with time since symptom:s:
up to 90% from 14 days post symptom onset (see Table below). Thus, antibody tests may have
a diagnostic 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% Cl)

Days since onset of symptoms

Days 1-7 Days 8-14 Days 15-21 Days 22-35 Days > 35
1gG 30% (22 to 39) 67% (58to 74) 88% (84 t0 92) 80% (72 to 86) 87% (80 to 92)
23 studies 22 studies 22 studies 12 studies 4 studies
568 samples 1200 samples 1110 samples 502 samples 252 samples

1gG/lgM  30% (21to 41) 72% (64 to 80) 91% (87 to 94) 96% (91to 98) 78% (66 to 86)

9 studies 9 studies 9 studies 5 studies 2 studies
259 samples 608 samples 692 studies 52 samples 53 samples
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Example 5.6 — Differences between real and spiked samples

The DHSC evaluated the RT-LAMP test (see also Example 5.7) on saliva and swab samples
(Department of Health and Social Care (A), 2020). Due to difficulties in obtaining adequate
saliva samples from COVID-19 positive individuals (n=167), the number of samples was
increased by addition of samples spiked with SARS-CoV-2 (n=59) in the laboratory. The overall
estimate of sensitivity combined both real and spiked samples (n=226).

Sensitivity in real versus spiked samples, when stratified by viral level (as defined by the Ct
value from the accompanying PCR-RT test), showed disparities. At the lowest viral loads
(highest Ct values), the RT-LAMP saliva test detected 13% (95% ClI: 16 to 38) in real samples
compared to 91% (78 to 97) in spiked samples. Estimates based on spiked samples cannot be
considered as estimating how the test will perform in real world settings.

Viral load Sensitivity (95% Cl) real Sensitivity (95% Cl) spiked
cases samples

Ct<25 Cases (74/79): 94% (86% to Spiked (9/ 9): 100% (66% to
98%) 100%)

25<Ct<33 Cases (51/72): 71% (59% to Spiked (3/ 6): 50% (12% to
81%) 88%)

33<Ct<45 Cases (2/16): 13% (16% to | Spiked (40/44): 91% (78% to
38%) 97%)

(Sensitivity estimates calculated from data in the report and supplementary tables)
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Example 5.7 — 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 and Social
Care (A), 2020). (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 TP/COVID-19 cases Sensitivity (95% confidence interval)
RNA on swabs 179/188 sensitivity of 95%: 95% Cl (91% to 98%)
RNA on saliva 89/111 sensitivity of 80%: 95% Cl (72% to 87%)
Direct swabs 140/199 sensitivity of 70%: 95% Cl (63% to 77%)
Direct saliva 127/167 sensitivity of 76%: 95% Cl (69% to 82%)*

* this is calculated excluding the 59 spiked samples mentioned in Example 5.6.
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 percentage points (95% Cl: 18% to 32%). False
negatives also increased by 15 percentage points (95% Cl: 7% to 23%) when using RNA from
saliva samples instead of RNA extracted from swabs.

5.5.3 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 running multiple tests at the
same time. Laboratory based tests have been developed to utilise venous blood samples. Point-of-care
lateral flow antibody tests have been developed to run on capillary 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 5.8).
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Example 5.8 — 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 are 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 capillary blood was not an approved specimen-type
for the laboratory machines — at least until further evaluation studies were undertaken to
establish the performance of the test on finger-prick blood (Medicines and Healthcare products
Regulatory Agency, 2020).

The performance of point-of-care tests 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% Cl 81 to 98) serum samples in
the laboratory, but in only 32 of 51 (63%; 95% Cl 48 to 76) self-read finger-prick samples in the
clinic (Moshe et al, 2020).

5.5.4 Repeated testing — importance of correlation of test errors

Rapid antigen test strategies for use in asymptomatic persons may involve repeatedly testing individuals at
varying frequencies, including daily use. The accuracy of the strategy of repeated tests requires evaluation:
but currently, there are few empirical evaluations of the performance of serial antigen testing strategies.
Many estimates of predicted performances are based on naive extrapolation from a single test use, under an
independence assumption.

Naive Bayes estimation of serial test performance assumes independence between successive tests.
Assuming independence allows multiplication of the probabilities of false negatives (or false positives) as a
means for estimating serial performance. For example, if independence held and infection-status does not
alter, applying test X with a false negative rate of 30% twice would yield an overall 9% false negative rate (0.3
x 0.3) 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, Raffle et al, 2021). However, as the false
negative-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 5.6.3 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
compromising the message) could only detect the virus when viral loads were such that Ct values were <25,
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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 challenging. For
example, some agent-based models have addressed this by simulating underlying viral load trajectories
(Larremore et al, 2020, Quilty et al, 2021). It is important that robust randomised empirical evaluations of
serial-testing strategies are undertaken as any modelling of the underlying biology will necessarily rely on
simplifying assumptions.
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Example 5.9 — Differences in estimates of sensitivity: Innova test

There have been assessments of the sensitivity of the Innova Lateral Flow Rapid Antigen test in different
patient groups, using samples stored and processed in different ways, and delivered by differently-
trained testers/readers. Studies have shown variation in sensitivity from 96% (when used in patients
admitted to hospital with pneumonia within 5 days of symptom onset) to 3% (when used to screen
asymptomatic university students).

Results in asymptomatic groups (Liverpool, University of Birmingham) have lower sensitivity than those
in symptomatic groups. There have also been differences between whether fresh swab samples are
tested versus testing done on frozen samples or by use of the viral transport media; and whether the
tests have been run/read by laboratory professionals, healthcare workers or trained non health care

workers.
Study Participants Setting Sample Tester TP/COVID- | Sensitivity
19 cases (95% Cl)
IFU [1] Pneumonia (<5 Inpatients Dry swab* | Not 72/ 75 96%
days symptoms) stated (89 t0 99)
PHE [2] SARS-CoV-2 Hospitalised Frozen Lab 95/178 53%
positive patients | patients VTM fluid (46 to 61)
in saliva
PHE Falcon | Symptomatic Test-and- VTM fluid Lab 156/198 79%
[2] trace centre (72 to 84)
PHE Falcon | Symptomatic Test-and- Dry swab* | HCW 156/223 70%
[2] trace centre (63to 76)
PHE Phase | Symptomatic Test-and- Dry swab* | non- 214/372 58%
412] trace centre HCW (52 to 63)
PHE Phase | Not stated Navy barrack | VTM fluid Lab 13/46 28%
412,3] outbreak (16 to 43)
Liverpool Asymptomatic Mass testing | Dry swab* | non- 28/70 40%
[4] HCW (28 to 52)
Uni B'ham | Asymptomatic Student Dry swab* | non- 2/62t 3%t
[5] testing HCW (1to 16)

* Tested according to manufacturer’s instructions

1This study sampled 10% of non-cases. Total COVID-19 numbers, sensitivity and its confidence interval
are computed reweighting for the study design (see Example 5.11)
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; VTM-=viral transport medium.

References: [1] Innova Medical Group (A) 2020; [2] Peto et al 2021; [3] Dinnes et al 2021; [4] University of
Liverpool 2020; [5] Ferguson et al 2021.
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5.6 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 verification is required. In
many instances, laboratory studies may be adequate to confirm sensitivity, but 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.

5.6.1 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 test-
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 5.2.1) there are three different target conditions:
(a) considers whether individuals are currently infected; (d) whether they have previously been infected,;
whereas for (b), (c) and (e) the target condition is the presence of antibodies. See Example 5.10.

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 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 pre-pandemic sera banks). When tests are used for surveillance, statistical methods to
correct for misclassification rates should be applied to obtain accurate population estimates (Diggle, 2011).
Antigen tests which themselves have high performance may be used to assess the performance of tests for
the target condition of presence of current antibodies.
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Example 5.10 — 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 and Social Care (B), 2020). The
implied target condition to be assessed is previous infection. However, the manufacturer 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 B, 2020). The manufacturer assessed the test in a
study of known antibody positive and known antibody negative samples (see Example 5.4).
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 2020).
Thus, the manufacturers’ estimates of sensitivity and specificity relate to the ability to detect
antibodies; and not for a surveillance role to detect previous infection.

5.6.2 Infectiousness — a different target condition without a reference standard

Management of transmission requires isolation of people who are or will become infectious to prevent their
transmitting the virus to others. Infected individuals may be infectious for a number of days, and some have
been identified as more infectious than others (ie, “super spreaders”). Identifying how accurately a test
identifies those who are infectious requires undertaking studies where infectiousness 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 are 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. Direct evidence of transmission to secondary
cases clearly indicates infectiousness, but absence of transmission does not indicate non-infectiousness,
particularly when people have been isolating (and thus preventing transmission which otherwise would have
occurred).

It has also been argued that infectious people must have viable virus (in that it can replicate). Viral viability
has thus been assessed in patient samples by attempting isolation in cell culture, but viral culture is difficult
to run on account of biohazards and necessarily high levels of laboratory precautions. 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, eg, Bullard et al 2020 found 26/90
(29%; 95% Cl 20 to 39) whereas Singanayagam et al 2020, found 134/324 (41%; 95% Cl 36 to 47))

Cycle-threshold 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. There are, however, very few
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studies which have attempted viral culture in individuals receiving rapid antigen tests, (eg, Schuit et al 2021).
Put simply, maximum Ct values (ie, minimum viral loads) identified in studies above which secondary cases or
viral culture do not occur have been 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 challenges in estimating extreme values (Haan et al 2007; the second is that “infectiousness
threshold” needs external validation before being adopted more widely; and third that the empirical data
display a continuity of decreasing risk with increasing cycle thresholds without any clear lower bound
(Singanayagam et al 2020 — also see Example 5.12). However, policy appears to have been constructed from
stating binary thresholds. For example, 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 states “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 (B), 2021).

The regulator has 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 and Healthcare products
Regulatory Agency (B), 2021). This is more inclusive than infectiousness, but equally there is no clear
reference standard at present that can clearly differentiate between current and recent or previous infection.

5.6.3 Establishing the performance of RT-PCR

The RT-PCR test has been the primary diagnostic test for SARS-CoV-2 infection used globally from the start of
the pandemic and has become established as the reference standard against which other tests are compared.
However, questions have been raised concerning the performance of the RT-PCR test, particularly its false
positive rate. We note that the test evaluation paradigm does not allow easily for estimation of the accuracy
of a test considered as the reference standard. Alternative analytical approaches are required: for example,
an upper bound can be placed on the potential false positive rate with RT-PCR by considering the total
positive rate when disease prevalence is low (see Example 5.11).
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Example 5.11 - 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 Community Infection Survey in England of 0.44% (95% credible interval:
0.22 t0 0.76) in August 2020 ( ), and 0.077% (95% confidence
interval: 0.065, 0.092) from the REACT-1 study in June to July 2020 ( ). Lower
rates have been observed in other countries such as Australia (Our World in Data, 2021) and
China (Cao et al, 2020). These figures place an upper bound on the specificity of the test.

The negative predictive value of RT-PCR has been 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 of false negatives. A review of
such studies showed variation between 2% and 54% of negative PCR tests being false
negatives, with a pooled estimate of 13% (95% Cl 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 (the cycle threshold or Ct value). As
discussed above, this Ct-value relates to the viral load for that biological sample, low numbers indicating
higher viral loads. Comparing test performance stratified by Ct value has become a key issue for antigen tests
but is hampered by an absence of standardization of Ct values between machines. Studies to understand the
relationship between Ct values and viral load are 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 samples with known Ct values (Case et al, 2020) (see Example
5.12). The relationships have then been estimated using linear regression, some regressing logio viral load on
Ct value (eg, Mitja et al, 2021) others Ct value on logioviral load. Rarely is 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 has been paid to use of standard measurement comparison methods
(such as Bland-Altman methods, see Section 3.1.2) to estimate systematic differences in Ct values between
different machines. Nor are there many studies of measurement error in Ct values.
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Example 5.12 — Relationship between viral load and viral culture

Public Health England scientists attempted virus culture on 324 upper respiratory track samples
from 253 people who were suspected of having COVID-19 and in whom the virus was detected
on RT-PCR (Singanayagam A 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 epidemic response and samples acquired in outbreak investigations.
Vero E6 cells 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 values from PCR showed the
expected decline in culture rates with increasing Ct value (indicating decreasing viral load), but
culture was achieved down to Ct levels of 37, well below the detection level of rapid antigen
tests (typically between 10° and 107 viral particles per ml, equivalent to Ct values of 20-27). 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, have
shown similar relationships. By fitting a model, rather than estimating minimal values or
percentiles, the authors provide data that allows probabilistic assessment that the virus can be
cultured from samples at each Ct value.
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(Bars represent 95% confidence intervals)

Excerpt from Singanayagam A et al., 2020 distributed under CC-BY 4.0 license

5.7 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 understand 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). Public health discussion often
naturally focuses on the sensitivity as it describes the proportion of cases that will be detected, and the

47



specificity as it describes the risk of false positives, 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 (false negatives
and false positives) are explained clearly to avoid confusion. Good practice is to ensure that the probabilities
related to false positives and false negatives are explicitly explained, rather than relying on the public’s
understanding of sometimes arcane statistical terminology (see Example 5.13). For example, the phrase
“false positive rate” is sometimes used for both for 1-specificity and 1-PPV, which can cause confusion. When
infection events are rare (ie, when prevalence is low), these two probabilities differ considerably and, if
confused, give seriously wrong impression. When the prior probability of infection is very low, even tests
which have exceptionally high specificity can give more false positives than true positives (see Example 5.14).

Example 5.13 — Poor communication about test performance sent to schools

The Department for Education guide to schools (NHS Test and Trace, December 15t 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, Gill et al, 2021) and was later removed. 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 infection (positive
predictive value). Neither was described by test specificity, which was the only probability
guoted.

It is also important that the diagnostic value of negative test results is properly explained. When the disease
is rare, negative predictive values 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 disease is 1 in 1000, those testing negative on Innova have a post-test
probability of 99.94%, which to many appears to indicate very low risk of disease. However, this must be
compared with the chances of disease 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 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)/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
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does not even halve the prior probability that you have the infection” (as events are rare, it is not necessary
to use odds in this expression as they approximate closely to probabilities).
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Example 5.14 — Impact of prevalence on the need for confirmatory testing

Monitored asymptomatic screening (thrice in 2 weeks) of pupils on their return to secondary 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 false-positives may
be high, as the RSS COVID-19 Taskforce had forewarned (Royal Statistical Society COVID-19 Taskforce, 2021).

The proportion of LFT-positives that are RT-PCR negative depends on the prevalence. Using the figures from
Liverpool (Example 5.8) for the performance of Innova test shows that the positive predictive value ranges
from 80% if 1 in 100 are infected, to 29% if 1 in 1000 are infected and 4% if only 1 in 10,000 are infected
(Deeks, 2021). The exact prevalence of asymptomatic infection 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 residual inactive virus so that RSS COVID-19
Taskforce anticipated that half would be asymptomatic infections.

Scenario A - 1 in 100 pupils have Covid-19 infection

Covid No Covid Total Percentage with 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

Covid No Covid Total Percentage with infection
LFT+ 400 999 1,399 LFT+ 28.6%
LFT- 600 998,001 998,601 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

Covid No Covid Total Percentage with infection
LFT+ 40 1,000 1040 LFT+ 3.8%
LFT- 60 998,900 998,960 LFT- 0.006%
Total 100 999,900 1,000,000 Overall 0.010%
prevalence 0.01%

Data for the first two weeks of testing were made available at the end of April and showed that 1,050 of the
2,304 positive lateral flow test results had been verified by RT-PCR (in contravention of Government
recommendations) (Department of Health and Social Care (C), 2021). As predicted, the proportion of
positive LFTs that were false was high, with 605 negative and 428 positive (17 tests were void): a positive
predictive value 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 three weeks after the mass testing in schools commenced.
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5.8 Advanced study design issues

5.8.1 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 randomised groups (Takwoingi et al, 2013).

For antibody tests, beyond the work involved in using multiple tests on each sample, these studies are
logistically straightforward as it is relatively easy and uncontroversial to obtain from participants 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 participants 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 has 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 performed 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 between
samples in different studies. Robust comparative studies of antigen and molecular tests are needed: there
have been far fewer than for antibody tests. The Cochrane review of rapid tests identified only three out of
48 studies directly comparing antigen tests: most were done in laboratory rather than clinical settings
(Dinnes et al, 2021). Many have been done using alternative samples to swabs, such as viral transport media
(eg, Pickering et al, 2021) which may be outside the specimen-types for the test’s approved use.

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

5.8.2 Using efficient designs

The prevalence of SARS-CoV-2 infection has generally been less than 0.5% but with 4-fold increase or
decrease also observed during pandemic waves. Hence, prospective studies have needed to screen
significant 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 random sample of those who test
negative (see Example 5.15). Whilst positive and negative predictive values can be estimated directly, as they
are estimated within groups sampled with the same probability, estimation of sensitivity, specificity and
prevalence requires weighting according to the inverse of the sampling probability.
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Example 5.15 — Use of sampling for efficient designs

One study has used sampling to provide efficient estimates of the performance of the Innova
lateral flow assays in the UK (see Example 5.8). The University of Birmingham study of testing in
students from December 2020 verified 720 Innova tests (90 tests per day for 8 days) with RT-
PCR: all Innova test positives (2/2) and 718 test negatives which was a 10% sample from the
total 7187 tested. Estimation of sensitivity, specificity and prevalence was undertaken by
weighting according to the inverse of the sampling probabilities yielding estimates of 3% (95%
Cl: 1to 16), 100% (95% Cl: 99.5 to 100) and 0.9% (95% Cl: 0.4 to 1.9) respectively (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
(TTP) Service). 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
performance is included in the report. Sampling which ensures the selected groups are
representative, such as random sampling, is required.

5.9 RECOMMENDATIONS on study-design matters

1)

2)

3)

4)

5)

6)
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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 vitro diagnostic for
each intended use.

Definition of each intended use requires specification of: (a) the people, place and purpose 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 accrual 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 uninfected) for each intended use should be de
rigueur, not exceptional.

It is 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).




7)

8)

9)

10

~
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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 given 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 multisite 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 reporting studies of the
clinical performance of tests in laboratory, clinical and community settings.

e) Expedited centralised processes for ethical and study-protocol approvals.



Section 6: Regulation

Sections 1-4 outlined the scientific basis for evaluation of diagnostic tests, with Section 5 having illustrated
these in the context of SARS-CoV-2. Section 6 looks at the regulatory implications, with a particular focus on
the UK: 6.1 sets out the current and evolving regulatory position; 6.2 sketches new regulatory approaches
that are emerging.

6.1 Regulatory context

The Medicines and Healthcare products Regulatory Agency (MHRA), an agency of the UK

Government, regulates medicines, medical devices and blood components for transfusion in the UK. There
are differences in the law that applies for oversight of medicines versus oversight of devices, including how
regulation is funded. Medicines regulation is funded by licence fees, paid by the manufacturers, whilst the

regulation of devices is funded by the Department of Health and Social Care.

In advance of the COVID-19 pandemic, revisions were underway to the regulatory framework that applies to
IVDs. European Union law was revised from a Directive (European Parliament and Council, 1998) to a
Regulation (European Parliament and Council, 2017), and UK law is also in the process of revision post-Brexit.

Under current procedures, the commonly applied approach to certification is to affix a CE mark, with the
manufacturer (not regulator) primarily responsible for this. The responsibility of the manufacturer, and
responsibilities of the bodies they notify, are outlined in the 1998 Directive.

The 1998 Directive statement about responsibilities

"(22) whereas, since the large majority of such devices do not constitute a direct risk to
patients 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 implications of the current approval process are that IVDs are not being independently scrutinised, as the
process is one of notification — not assessment. Notification allows for inconsistency in the evidence available
to support the use of different tests and means that the CE-IVD mark cannot be taken as evidence of
independent review that a test is fit for use in a clinical setting.

Currently tests which are to be administered by members of the public and not healthcare professionals do
require evaluation by a notified body to obtain a CE marking that allows self-use. During the COVID-19
pandemic, regulators have provided time limited “exceptional use authorisations” for IVDs—this is a route to
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approval separate from the CE mark. Devices authorised by this route have been publicly listed (Medicines
and Healthcare products Regulatory Agency, 2021), whereas those approved by usual routes have not been.

Several authorities including the MHRA provided for exceptional use authorisation of IVD devices in the
COVID-19 pandemic. In the UK, exceptional use has authorised particular IVD devices on a time-limited basis
for use by the public for self-testing, bypassing the more strenuous approval process usually

required. Devices granted an exceptional use authorisation can be sold to the NHS and for use in social care.

Lists of devices authorised and no longer authorised by this route in the UK and of companies manufacturing
them are provided here:
(accessed 13t May 2021).

Further guidance on exceptional use authorisation is provided here:

(accessed 13" May 2021).

Except for such exceptional use authorisations, a confidentiality clause has ruled out a more comprehensive
public register of devices and has also been cited against responding to Freedom of Information Requests in
the UK.

The confidentiality clause is revised by the new EU regulatory framework. In April 2017, the EU had brought
into force a new Regulation on In Vitro Diagnostic Medical Devices, which stated: “a fundamental revision [to
the law] is needed to establish a robust, transparent, predictable and sustainable regulatory framework for in
vitro diagnostic medical devices which ensures a high level of safety and health whilst supporting
innovation.”

Post-Brexit, the UK also plans to enact new UK laws. Under the MHRA’s corporate plan (2018-2023) and as
allowed for in the Medicines and Medical Devices Bill, the UK will implement In Vitro

Diagnostic Medical Regulations by May 2022, and refer to the preceding EU Directive, 98/79/EC, in the
interim. The EU similarly has an extended transitional period in its own Regulation, meaning

that manufacturers in member states have until the 26th of May 2022 to update their technical
documentation and processes, and may (as is the case in the UK) still refer to the preceding EU Directive,
98/79/EC (1998) at the present time.

6.2 New approaches

6.2.1 Target Product Profiles (TPP) for COVID-19 tests.

The purpose of a TPP is to “outline the desired ‘profile’ or characteristics of a target product that is aimed at
a particular disease or diseases.” TPPs “state intended use, target populations and other desired attributes of
products, including safety and performance-related characteristics.”

A TPP “provides a common foundation for the development of tests and contains sufficient detail to allow
device developers and key stakeholders to understand the characteristics a test must have to be successful
for the particular intended use. Included is a description of (1) the preferred and (2) the minimally acceptable
profiles based on the intended use, setting of use, and intended user, with respect to the performance and
operational characteristics expected of the target products.”

It can be challenging to ascertain the performance for a test that will make it fit for intended use, and
research methods to support this task are required.
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A number of authorities, including the UK’s MHRA, have published Target Product Profiles (TPPs) for COVID-
19 tests, and these are an important tool.

The role of the MHRA in defining suitable reference standards is an issue for consideration. Current TPPs
define the properties required for a reference standard to be used to establish test performance, but they do
not state reference standards are deemed to meet these criteria. Greater standardisation of research could
be achieved by consensus on suitable reference standards which could be written into future TPPs.

6.2.2 Changes in the law applying to IVDs

Regulation (EU) 2017/746 on in vitro diagnostic medical devices will be fully implemented in EU countries by
23 May 2022. The Regulation includes new compulsory arrangements for transparency and limits on self-
certification.

Implications vary according to class of device, ranging from self-certification by the manufacturer for the
lowest risk. But for many different IVDs for infectious diseases, manufacturers will be required to summarise
the main safety and performance aspects of the device and the outcome of the performance evaluation in a
document that should be publicly available; and an appropriate level of involvement of a notified body (that
is: the regulator) will be compulsory.

Further, the above EU Regulation notes that harm to the patient, their offspring, or disease management,
may be caused by misdiagnosis in the use of IVDs. The Regulation assigns duties to the ‘notified body’ for
independent verification and testing, for audit of the quality management system, and assessment of the
manufacturer’s technical documentation on the basis of further representative samples.

Conformity with European law will be essential for sales of IVD devices into the EU market in future. The
MHRA therefore plans to harmonise the UK’s domestic law with EU regulation.

These changes offer a real opportunity for major strengthening of the regulation of diagnostic medical
devices to bring them on the level of the evidential requirements applied to medicines. Additionally, there
are areas where the law may be strengthened: for example, so that the public have access under law to the
manufacturer’s data that underlie IVD registration.
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6.3 RECOMMENDATIONS on regulation matters
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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.

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

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

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 liberalised behaviour to deprivation of liberty, should be
considered.

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

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.



Section 7: Information to be in the public domain

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 interpreting test results
appropriately; to enable policy makers to decide on testing strategies and the procurement and deployment
of tests; and for researchers to be fully informed about existing research and to plan appropriately the next
studies.

The importance of well-organised, transparent reporting of all stages of research has been established for
randomised trials of interventions, encompassing:

e prospective registration of studies on public registers to ensure all research studies can be identified
regardless of their findings (to prevent publication bias) (Simes, 1986).

e prospective publication of study protocols and statistical analysis plans to provide evidence of the
original design of the study and specification of the outcomes, patient groups and analyses (to
distinguish pre-specified analyses from potential data-driven analyses) (Chan et al, 2018).

e peer review of protocols and study reports (to validate the science and enhance the quality of
reports) (Yordanov et al, 2015).

e timely publication of full study methods and study findings, encouraging open access publication (to
provide full information to the public and clinicians on effectiveness) (Dwan et al 2013).

e provision of access to data sets (to enable study findings to be confirmed and data presentation to
be harmonized) (Taichman et al, 2017).

The same emphasis has not yet been applied to test evaluation studies but, given that similar concerns arise
(particularly selective publication and data driven analyses), these principles equally apply in IVD research
and should be endorsed.

Different stakeholders have different information needs: 7.1 outlines what the public, patients and clinicians
need to know, 7.2 considers the perspective of policy makers and 7.3 addresses researchers and study
participants.

7.1 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 make an informed choice, and that they appreciate potential downsides as well as benefits of testing.
In the past, 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
jeopardised” (Science and Technology Committee Inquiry into National Health Screening, 2014). The same
perspective can affect testing for infectious diseases, particularly where a key benefit may be as much to the
community as simply to the individual being tested. With few exceptions, mandatory testing is contrary to 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.
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The public and patients need trustworthy information about the chances that they might obtain false positive
and false negative 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 understand is thus essential (see
Examples 5.13 and 5.14).

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 (eg, predictive values) ensures both that disease prevalence is accounted for and that individuals
properly comprehend the implications of positive and negative test results.

For example, for COVID-19 lateral flow antigen tests initially used in the UK, there have been 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 5.7, negative test results do not rule out infection or infectiousness. It is essential that
the public are 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.

7.2 What policy makers need to know

In pandemics, decisions may have to be hedged about which tests to purchase because the available tests
have been evaluated in more limited contexts-of-use than eventually apply. As with vaccines, it may be
prudent for governments diversify their portfolio of test purchases and for changes to be made in the light of
new evidence.

The approach which has been adopted and endorsed by the UK Government for review of screening
programmes contains processes and information of relevance to more general use of tests, particular for
consideration of 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, 2014) 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 false negative result) thereby missing the correct diagnosis; or giving a
positive result when the result should have been negative (a false positive result) This may result in stress for
the individual and possible 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 false positives and false negatives will change with
the prevalence of disease, altering the profile of benefits and harms. At higher disease prevalence, more
cases will be detected although some positive tests will be false positive. As infection levels drop, fewer cases
will be detected, whereas the likely harms through false positives 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
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to mitigate the risks from wrong initial test results (see Example 5.14). 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 on policy decisions.

Tests alone do not improve patient and population outcomes: it is the interventions which follow that create
benefit. Implementation of testing therefore needs to be linked to 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 example, ensuring individuals positive
with SARS-CoV-2 infection can and do isolate is essential for preventing onward transmission of infection.

Policy makers thus require access to all study findings, which can usefully be summarised in systematic
reviews that identify, appraise and synthesise all relevant evidence; and assess the strength of the evidence.
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 information becomes available. Availability of pre-prints from on-line archiving
services has revolutionised the ability to achieve this.

Separate evidence reviews are required for each intended use — each with assessment of the strength of
evidence, taking note of the findings and the inherent uncertainty in the estimates (results must be
presented with confidence intervals or equivalent) and 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 of 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 PMM et al, 2015) and systematic reviews (PRISMA-DTA) (Mclnnes et al, 2018;
Salameh J-P et al, 2020) should be followed to ensure that all relevant details are included.

7.3 What researchers and study participants need to know

Research studies may not all be made public, or key details omitted, either for commercial reasons or
academic interests. For example, due to the commercial confidentiality clauses in the contracts with the
manufacturers, HMG-sponsored evaluations of point of care antibody tests did not name all the test kits
evaluated: indeed, none of the nine in the antibody study (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 and publication of protocols, and timely publication 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
maximise the accuracy of the reference standard or assess sequelae.

7.4 RECOMMENDATIONS on transparency matter

1) Protocols for field or clinical evaluation studies should be publicly available to provide evidence of prior
planning and to support transparency; and ideally should be prospectively registered.
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2)

3)

4)
5)
6)

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

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

Post hoc analyses should be limited; and clearly identified as exploratory.
Study reports and results should be made available publicly in a timely manner.

Field and clinical evaluation studies require ethical approval and fully informed consent as outlined in
the Good Clinical Practice Guidelines.
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Appendix 1: Examples of major infectious diseases

Al.1 Pandemic and seasonal influenzas

Prior to swine-flu in 2009 (influenza A/HIN1), which was a mild disease, three pandemic influenzas occurred
in the 20™ century: Spanish flu in 1918 (A/H1N1), in three waves, first and worst because it arose before
penicillin or modern virology; Asian influenza in 1957 (A/H2N2); and Hong Kong influenza in 1968 (A/H3N2),
see Greenwood, 1918; Kilbourne, 2006; Birrell et al, 2016.

After swine-flu, pregnant women were again recognised as a vulnerable group and advised to be immunized
against seasonal influenza in the UK. Antibodies to previous years’ seasonal influenza (A or B), by either
exposure or immunization, can afford partial protection to older individuals. Such protection is less likely to
apply in pandemic influenza because the virus is new, having arisen from genetic re-assortment with animal
influenza A viruses, so that even cross-reactivity may be minimal. However, cross-reactivity did help senior
citizens during swine-flu (Miller et al, 2010, Bird, 2010).

A1.2 Hepatitis viruses

There is an alphabet of hepatitis viruses (A, B, C, ...) which differ in how they are transmitted, the risk they
pose for developing chronic hepatitis, and in their potential for protection by immunization.

Hepatitis A virus: The main route of transmission for Hepatitis A virus (HAV) is faecal-oral through
contaminated food or water. There is no carrier state so that the UK’s blood supply is not screened for HAV.
However, as viraemia develops before HAV’s symptom onset, transfusion transmission of HAV has been
reported sporadically, see da Silva et al (2016) and

. Immunization protects us
against HAV.

Hepatitis B virus: Identified in 1967, Hepatitis B virus (HBV) is highly infectious. About 10% of those infected
remain infectious HBV carriers and are at risk from late liver sequelae. Besides being blood-borne, HBV is
transmitted sexually, from mother-to-child, in saliva and even sweat. Immunization (including in infancy) now
protects against HBV and is recommended for those at increased HBV-risk such as healthcare workers
(mandatory in UK) or injection drug users; and in the developing world (Viviani et al, 2008; Van Damme,
2016). From the early 1970s, the UK’s blood was protected against HBV.

Hepatitis C virus: Transfusion-transmitted infections persisted after HBV was identified: so-called non-A, non-
B hepatitis. The Nobel Prize in Physiology or Medicine was awarded in 2020 to Alter, Houghton and Rice for
seminal experiments in 1987 and 1988 which led to the discovery of the Hepatitis C Virus (HCV) as the
causative agent of non-A, non-B hepatitis. From 1991, the UK’s blood supply has been protected against HCV
by progressively improved screening (Spearman et al, 2019).

Sexual transmission of HCV does occur, but infrequently. Unmitigated, the risk of vertical transmission from
HCV-carrier mother-to-child is around 7%. Unlike HBV, only a quarter of those who are HCV-infected clear the
virus spontaneously (Hutchinson et al, 2005). In Europe and USA, injection drug use is the major risk-factor
for HCV infection. The USA’s Centers for Disease Control and Prevention recommend HCV screening at least
once in their lifetime for all adults, unless HCV-prevalence is below 0.1%, see

. Vaccine against HCV is an unlikely prospect.
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The 215 century has seen remarkable pharmaceutical development of directly acting antiviral (DAA)
treatments which clear HBV and HCV in a high proportion of infectious carriers (Spearman et al, 2019;
Hutchinson et al, 2020). Until the advent of DAAs, HCV-genotype (eg, 1 versus 4) determined the duration of
earlier, less successful interferon-based therapies (Struble et al, 2019).

A1.3 Human immunodeficiency virus (HIV):

Until the virus which caused Acquired Immunodeficiency Syndrome (AIDS) was isolated in 1983, protection of
the blood supply against HIV/AIDS was initially by deferral of at-risk donors (eg, men who have sex with men,
injection drug users, persons from high-AlDS-prevalence countries). Transmission-routes for HIV are blood-

borne, sexual and mother-to-child (including via breast milk). Spontaneous HIV-clearance is almost unknown.

By 1984, first and second-generation HIV antibody tests had been developed; with antigen testing soon to
follow (Alexander, 2016). The UK’s blood supply was protected from October 1985.

Antigen testing gives better protection of the blood supply than antibody testing because there is inevitably a
delay between being infected (antigen presence) and immunological response (antibody formation). In the
window-period between HIV-infection and antibody formation, individuals will test negative for HIV
antibodies despite being HIV-infected (antigen positive). For this reason, protection of the UK’s blood supply
relies upon antigen testing for both HIV and HCV. Moreover, in the light of HIV, stronger directives apply to
the UK’s regulation of tests for blood-borne infectious diseases because the blood supply needs to be
protected. Not until 2014 were home HIV-test kits approved for use in the UK (Public Health England, 2014),
earlier attempts having been barred (Gore, 1992).

Currently, there is no authorised vaccine against HIV. However, since 1996, highly active antiretroviral
therapies (HAART) have transformed HIV survivorship (Collaborative Group on AIDS incubation and HIV
survival including the CASCADE EU Concerted Action 2000; Babiker et al, 2002); minimized mother-to-child
HIV-transmission; and can be used for pre-exposure prophylaxis. Affordable Polymerase Chain Reaction
(PCR)-testing allows treatment decisions to be informed by prior knowledge about the patient’s resistance to
specific HAARTs (Detels et al, 1998; Babiker et al, 2002).

A1.4 Variant Creutzfeldt-Jakob Disease (vCID):

Animal experiments demonstrated that the abnormal prion protein (PrP5¢) responsible for vCID (Will et al,
1996) was transmissible in blood. Human cases of vCID and sub-clinical vCJD following earlier blood
transfusion were later identified (Llewelyn et al, 2004; Peden et al, 2004).

As there is no test in blood for the abnormal prior protein (Collinge et al, 1996) that designates human
exposure to Bovine Spongiform Encephalopathy (BSE) (Hill AF et al, 1997), the UK’s blood supply was
protected first by leucodepletion (that is: removal of leucocytes from blood donations); secondly, by barring
those who have received blood or tissue from donating to others (Wroe et al, 2006; Clarke et al, 2007;
Editorial, 2019).

Dietary exposure to BSE was extensive, albeit different by gender and birth-cohort, but has remained largely
sub-clinical (Cooper et al, 2003). The presence of PrP>¢in lymphoid tissue such as spleen or appendix (Hilton
et al, 1998; Hilton et al, 2004; Bishop et al, 2013, Gill et al, 2013) indicates exposure and subclinical carriage
and aligns with BSE dietary exposure patterns; but does not imply progression to vCJD.
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A1.5 Tuberculosis

Tuberculosis, a contagious bacterial disease, is one of the top 10 causes of death worldwide and is the
leading infectious killer (WHO 2019 (A)). Co-infection with TB and HIV is a lethal combination that has been
described as a synergy from hell (Bartlett, 2007). An estimated 1.5 million people died from TB in 2018,
including 251,000 deaths amongst HIV-positive people (

).

TB is widely regarded as a disease of poverty, although the disease affects individuals of all ages and
socioeconomic status. Active TB commonly affects the lungs (pulmonary TB) but can affect other parts of the
body (extrapulmonary TB).

About a quarter of the world’s population has latent TB infection (LTBI), ie, they do not have symptoms of
active TB and are not infectious. Nonetheless, people who have LTBI should be identified and treated
because LTBI can develop into active TB; immunocompromised people, such as people living with HIV,
malnutrition or diabetes, have a higher risk of developing active TB (

). There are currently two methods to test for LTBI: the Mantoux tuberculin skin
test (TST) and interferon gamma release assays (IGRAs). Neither of these tests can accurately differentiate
between TB infection and active TB disease.

Early diagnosis of TB including universal drug-susceptibility testing, and systematic screening of contacts and
high-risk groups is a component of the first of three pillars of the WHO’s End TB Strategy. Sputum smear
microscopy, developed more than 100 years ago, has been a diagnostic test for pulmonary TB particularly in
low and middle income countries but has suboptimal performance and does not detect drug resistance.
Culture-based methods are the reference standard. Culture yield varies with the severity of illness, specimen
type and culture method (Nicol et al, 2011). Culture is generally regarded as an imperfect reference standard
for TB detection and is frequently negative in extrapulmonary TB because of the paucibacillary (low bacterial
load of Mycobacterium tuberculosis) nature of extrapulmonary specimens.

In the past 10 years, new rapid molecular tests that facilitate access to testing and produce results quicker
than culture have been endorsed by the WHO for detection of active TB and drug resistance. In addition to
assessing the overall performance of these tests in adults or children, assessments in key subpopulations, eg,
according to HIV status and smear status, are necessary.

Diagnosis of child TB disease is frequently more challenging than in adults for two main reasons. First, active
TB in children is typically paucibacillary. Therefore, even under ideal clinical and laboratory conditions, only
30% to 40% of child TB cases are microbiologically confirmed (Dunn et al, 2016). This is a major problem in
assessing the performance of a new diagnostic test. Second, it is difficult to obtain sputum specimen from
most children younger than six years old due to inability to expectorate. This is an important challenge since
the quality of a specimen can affect the performance of a microbiological diagnostic test. For children who
have difficulty producing sputum for detection of pulmonary TB, alternative specimens with different
degrees of invasiveness, feasibility and acceptability, include induced sputum, gastric aspirate,
nasopharyngeal aspirate and stool samples (because young children swallow their sputum). Due to the
challenges of microbiological confirmation of TB in children, diagnosis of child tuberculosis relies on a mix of
clinical, epidemiological, radiological, and laboratory information (Kay et al, 2020).

Al.6: Malaria
Malaria, like TB, is an ancient human disease and a major global public health challenge. Five species of

Plasmodium parasites—P. falciparum, P. vivax, P. malariae and P. ovale (two species)—cause human malaria
with the most severe form caused by P. falciparum. The parasites are transmitted to humans via mosquitoes
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and the incubation period is 7 days or more. Individuals can be infected by multiple strains of the same
species or by more than one Plasmodium species.

Malaria is an acute febrile illness with various disease manifestations in different patient populations and
different epidemiologic settings, thus complicating diagnosis (Murphy et al, 2013). Immunity to P. falciparum
malaria is acquired after years of repeated infections and wanes rapidly without ongoing parasite exposure
(Weiss et al, 2010). Thus, in malaria-endemic settings, most adult malaria infections are subclinical and serve
as reservoirs of infection for mosquitoes. Pregnant women and children are the two most-at-risk groups for
malaria. The symptoms and complications of malaria in pregnancy depend on transmission setting and an
individual’s level of acquired immunity; in high-transmission settings, where levels of acquired immunity
tend to be high, P. falciparum infection is usually asymptomatic in pregnancy (WHO 2017; WHO 2019b).

Presumptive treatment for malaria in febrile people in endemic settings facilitates overuse of antimalarials
and development of drug resistance. Therefore, the WHO recommends that all cases of malaria should have
a parasitological test (microscopy or RDT) to confirm the diagnosis (WHO 2015). Malaria RDTs detect
parasite-specific antigens in the blood of infected individuals. Some RDTs detect only one species (P.
falciparum), while other RDTs detect one or more of the other Plasmodium species. Pan-specific RDTs can
distinguish P. falciparum (or mixed) infections from infections with only non-falciparum species. In people
with malaria caused by P. vivax, relapses can occur because liver stages of the parasite can remain dormant
and later cause symptomatic disease again. Thus, vivax-specific RDTs that can detect P. vivax from other
Plasmodium species are important in P. vivax endemic regions. Similar to other biological tests, malaria RDTs
can deteriorate when exposed to heat and humidity, and so need to be stable for them to be useful in
malaria-endemic settings. The study design for the clinical/field evaluation of an RDT and the interpretation
of results must take into account the likely conditions of intended use (Banoo et al, 2006).

High quality microscopic examination of thick and thin blood films is considered the ‘gold standard’ for
diagnosing malaria. In addition to parasite detection, microscopy allows differentiation of malaria species and
parasite stages; determination of parasite density; assessment of drug effects; and can be used to diagnose
other diseases (WHO 2016). However, the accuracy and usefulness of microscopy depends on the quality of
the microscopes, reagents, experience of the microscopist, effective quality control and the quality assurance
system (Ngasala et al, 2019). Pre-qualification of microscopists, blinded reading of blood films by more than
one microscopist and a planned system to resolve discordant microscopy results are essential if microscopy is
used as a gold standard (WHO 2009). Polymerase chain reaction (PCR) can be used to assess discordant
results.

A1.7 Coronavirus disease (COVID-19)

Unlike SARS-CoV-1, which caused the SARS outbreak in 2002-2004, persons infected by SARS-CoV-2 are
infectious for about two days before symptoms develop; and about one third of those infected may remain
asymptomatic (Birrell, 2020). Although infected, infants and young children are less likely than secondary
pupils, adults and senior citizens to progress to clinical disease. Progression is strongly age-related: During
the UK’s first wave, Birrell et al (2020) reporting on 29 October 2020, estimated the median infection fatality
rate as 0.025% at 25-44 years (95% credible interval 0.018 to 0.033), 2.3% at 65-74 years (95% credible
interval: 1.6% to 3.0%) but 16% at 75+ years (95% credible interval: 11% to 21%). Very sadly, during the first
wave of the SARS-CoV-2 pandemic, half of those admitted to intensive care for COVID-19 disease died.

Unmitigated, the basic reproduction number for SARS-Cov-2 was extremely high, initially around 2.5 to 3,
with a short doubling time of 3.3 days. The virus spreads efficiently between people through close contact
indoors and via respiratory droplets from coughs and sneezes.
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Since viral antigens are foreign proteins, people infected by SARS-CoV-2 generate an immune response and
make antibodies that bind the nucleocapsid protein (N) and trimeric spike protein (S), and other viral
proteins. The presence of antibodies specific for SARS-CoV-2 viral proteins therefore indicates that a person
has been infected by the virus. Hence, tests that measure antibodies to N or S could be used in
seroprevalence studies. Antibodies, such as 1gG, that bind the receptor binding domain (RBD) of S—and
thereby block the ability of the virus to attach to target cells—are most likely to neutralize virus infectivity.
New variants of concern may escape detection by antibodies from previous SARS-CoV-2 infection or COVID-
immunization.

Serum antibody levels peak at about one month after symptom-onset and then settle lower. Rate of decay of
IgG antibody beyond 20 weeks is emerging science still (Gudbjartsson et al, 2020). High levels of neutralizing
antibody may confer resistance to infection (To et al, 2020) or protect against severe disease (see also Young
et al, 2020).

T cell responses are seen after infection with SARS-CoV-2 and T cell memory is important for sustained
immunity against re-infection. The Karolinska COVID-19 Study Group has shown robust T cell immunity in
convalescent individuals with asymptomatic or mild COVID-19 (Sekine et al, 2020). T cells help eliminate the
virus from infected cells in the later stages of infection, but there is a downside: some T cells could be
pathogenic (Sewell et al, 2020).
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Appendix 3: Glossary

Accuracy: The term accuracy is used in multiple ways in test research. In analytical validity studies it describes
the closeness of agreement of a measured quantity with the true quantity. In clinical and field evaluations it
describes the ability of a test to correctly identify those with and without the condition, with sensitivity and
specificity being described as measures of test accuracy. To minimise confusion this report uses the
alternative phrase “test performance” for this second use.

Add-on test: A test used after an initial diagnostic test with the aim of improving the accuracy of the overall
testing strategy by combining the results of a series of tests. Used to complement the initial test as it might
have better accuracy (sensitivity or specificity) but might be deemed more costly or invasive than the initial
one.

Analytical performance: Evaluation of a test in ideal laboratory conditions. Evidence to answer the question:
Can the test reliably identify the analyte/measure of interest?

Analytical sensitivity: A measure of the change in a measurement in response to a change in the stimulus,
typically evidence of the ability of tests to detect different concentrations of the pathogen.

Analytical specificity: Quantifies how likely the assay is to give false positive results due to cross reaction or
interference with other medical conditions or substances.

Bayes or Bayesian updating: The computation of post-test probabilities from pre-test probabilities and
likelihood ratios using Bayes’ Theorem, and used to calculate predictive values of tests across different
prevalence of infection.

Bias: Systematic observed difference between the measurements obtained from the new test and the ‘true
value’, which is usually obtained from the reference standard. As with imprecision, bias could be related to
the measurement level itself.

Blinding: In studies of tests, blinding refers to the practice of obtaining results of the index test without
knowledge of the results of the reference standard, and vice versa, to ensure that the test and verification
are independent.

Case-control study: See two-group study

Clinical agreement study: A study in which the reference standard is suspected to provide imperfect
information regarding the presence/absence of the target condition in the study participants. The summary
statistics (positive and negative percent agreement) reported reflect this uncertainty.

Clinical evaluation: See field study

Clinical impact: Evaluation of the test and the benefits and harms to patients. Evidence to answer the
guestion: Does the test improve patient outcomes?

Clinical performance: Evaluation of the test in the setting and population for its intended use. Evidence to
answer the question: How does the test perform during clinical evaluations in a real-life setting in a relevant
population?
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Clinical sensitivity: The proportion of true positives identified by the index test out of those identified as
positive by the reference standard.

Clinical specificity: The proportion of true negatives identified by the index test out of those identified as
negative by the reference standard.

Cochrane systematic reviews of diagnostic test accuracy: Evidence syntheses of diagnostic accuracy studies
that are part of Cochrane and follow Cochrane methodological standards. In particular these syntheses:
search for all available studies that evaluate the accuracy of a test for an intended use, review their quality
(see QUADAS-2) in terms of risk of bias and concerns about applicability, and if appropriate combine their
results using meta-analysis.

Coefficient of variation: A measure of relative precision, comparing the unexplained variability to the
average value, typically based on a ratio.

Correlation of test errors: In the context of multiple tests, it is a measure of the chances of a second or later
test being falsely positive or negative relative to previous test results being falsely positive or negative. These
multiple tests could represent different tests or the same test taken over different time periods. Naive
Bayesian updating to work out the combined probability of these tests assumes this correlation to be zero
(no correlation).

Diagnostic sensitivity: See Clinical sensitivity
Diagnostic specificity: See Clinical specificity

Discrepant analysis: Use of an additional reference test only in those where index tests and original
reference standards disagree. As testing is selectively based on observed results this approach will generate a
biased result.

Disease spectrum: A term used to describe the heterogeneity in those with the target condition, which may
relate to the ability of tests to identify them.

Empirical evaluation: An evaluation method based on verifiable facts from evidence obtained by observation
or experiment as opposed to just theory.

False negative: Observing a negative index test result in an individual or sample that has the target condition
—atest error.

False positive: Observing a positive index test result in an individual or sample that does not have the target
condition — a test error.

Field study: An evaluation of the performance of a test undertaken in a real-world setting aiming to produce
an applicable estimate. The participants included are those in whom the test would be used if implemented
in practice, and the test is undertaken and interpreted in the same way that would occur in practice. These
studies are typically undertaken in clinical or community settings.

Head-to-head comparison: A study in which the performance of two or more tests are directly compared,
either by undertaking multiple tests in the same individuals, or by comparing groups (preferably created
through randomisation) that receive one or more of the tests being compared; all participants also receiving
a reference standard diagnosis.
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Imprecision: The level of variability observed for the test, usually in relation to repeated measurements
carried out at the same time; here related to the concept of random error. In some cases, the imprecision is
related to the measurement level — as when imprecision increases at increased levels of the analyte.

In vitro diagnostic (IVD): IVDs are tests done on samples such as fluids or tissue that have been taken from
the human body.

Index test: the new test or existing test of interest to be evaluated to estimate its performance.

Intended use: The use for which a test is intended, normally according to the manufacturer of the test but re-
purposing is also possible. A defined target population, stage in the natural history of the disease, and
expected outcomes from the test results should be identified. EU regulation on diagnostic medical devices
requires, as part of the device description and specifications, a statement of its intended use and intended
users. The intended use should provide “sufficient information to enable the user to understand the medical
context and to allow the intended user to make a correct interpretation of the results”. The list of items
suggested for inclusion about a diagnostic medical device are:

(i) what is to be detected and/or measured;

(ii) its function such as screening, monitoring, diagnosis or aid to diagnosis, prognosis, prediction, companion
diagnostic;

(iii) the specific disorder, condition or risk factor of interest that it is intended to detect, define or
differentiate;

(iv) whether it is automated or not;

(v) whether it is qualitative, semi-quantitative or quantitative;

(vi) the type of specimen(s) required,;

(vii) where applicable, the testing population;

(viii) the intended user;

(ix) in addition, for companion diagnostics, the relevant target population and the associated medicinal
product(s).

Intended role: Generally based on where, in the diagnostic pathway the test is meant to be used and to
resolve what clinical question. Examples of this are: for triage, add-on, replacement, or as a new test.

Likelihood ratio: The ratio of the odds that a positive (for positive likelihood ratio) or negative (for negative
likelihood ratio) result would be observed in individuals with the target disorder compared to individuals
without the target disorder. Likelihood ratios are used in Bayesian updating.

Limit of blank (LoB): The highest apparent analyte concentration expected to be found when replicates of a
sample containing no analyte are tested.

Limit of detection (LoD): The smallest concentration of a measurand that can reliably be detected,
sometimes referred to as ‘analytical sensitivity’.

Limit of quantification (LoQ): At low concentrations, the measurement error at the LoD may still be too high
for reliable quantification (eg, if it has been agreed that a measurement must have a coefficient of variation =
(Standard deviation/Mean)x100 less than a fixed value). LoQ is the value at or above the LoD and at which
requirements for precision of a measurement are met; also called-“functional sensitivity”.

Linkage: Use of multiple data sources combined to gather more complete information about individuals, such
as test results with personal characteristics.
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Mathematical model: A description of a system using assumptions and mathematical equations with the aim
of making predictions. Mathematical models of testing predict how test use impacts on patient and
population outcomes.

Natural history of disease: Expected progression of a disease process in an individual over time, usually
assumed in the absence of treatment. There will be substantial variation between individuals and so natural
history should be considered as general guidance.

Negative percent agreement: The proportion of negatives identified by the index test out of those identified
as negative by the reference standard. Used instead of specificity when the reference standard is suspected
to provide imperfect information regarding the disease status of the study participants.

Negative predictive value (NPV): The proportion of those with a negative index test result who have a
negative result on the reference standard. Estimated from a prospective field (in context) study that
consecutively or randomly recruited participants or using estimates of diagnostic sensitivity, diagnostic
specificity, and potential prevalence in a target population.

New test: A test used to create/open a new testing pathway. No previous test in this particular
setting/context is available.

Non-accuracy impacts: refers to all other factors that might impact on the performance of a test, such as
human preferences or biases that could impact on the collection of the samples in the first place.

Patient outcome study: A study in which the impact of testing on patients is assessed, ideally comparing
outcomes between groups randomised to receive different tests or test strategies. Outcomes may include
the diagnoses made (diagnostic yield), the treatments used (therapeutic yield), and differences in patient
relevant outcomes.

Performance: Characteristics that summarise the quality of a test. This report uses the term specifically to
describe the agreement of test results with the reference standard, based on terms such as sensitivity and
specificity.

Positive percent agreement: The proportion of positives identified by the index test out of those identified as
positive by the reference standard. Used instead of sensitivity when the reference standard is suspected to
provide imperfect information regarding the disease status of the study participants.

Positive predictive value (PPV): The proportion of those with a positive index test result who have a positive
result on the reference standard. Estimated from a prospective field (in context) study that consecutively or
randomly recruited participants or using estimates of diagnostic sensitivity, diagnostic specificity, and
potential prevalence in a target population.

Precision: The closeness of agreement of repeated measures of the same sample under the same conditions.

Prevalence: The proportion of a group who have the target condition at a given time. In test studies it is
important to distinguish population prevalence (the proportion in the whole proportion) from the prevalence
in those being tested which is likely to be higher as testing is usually selected based on risk of the target
condition.

Reference change value: The difference between repeated test results large enough to exclude the variation
inherent to both measurements with a known degree of probability.
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Reference standard: The test or tests used to classify individuals according to whether they do or do not
have the target condition. The reference standard may be a single test, or a combination of tests and
information, including information available subsequently. Reference standards need to make accurate
classifications as they provide the assumed truth of health status against which index tests are compared.

Repeatability: The precision of measurements when repeated in the same conditions, such as by the same
observer on the same assay at the same time. A measure of precision.

Replacement test: A test used instead of an existing test. A replacement test is expected to have similar or
higher accuracy than the one to be replaced while improving/maintaining the level of cost or ease of use.

Reporting standard: A document that lists the essential details of the objectives, methods and results of a
study to ensure that essential facts are communicated in a full and transparent manner.

Reproducibility: Measures how likely it is to obtain the same result when repeated tests are carried out on
the same sample/individual under different conditions.

Screening: Testing of apparently healthy individuals for a target condition, or for risk factors for a target
condition.

Selection bias: A bias created by choosing a non-representative group of samples or individuals for inclusion
in a study.

Sensitivity: See clinical sensitivity.
Specificity: See clinical specificity.

Surveillance: Studies that assess the prevalence and incidence of the disease or health state of interest in a
population, often over time.

Spiked sample: A sample prepared by adding a known quantity of a pathogen to a matrix (eg, saliva, serum,
viral transport media) which is close or identical to that of the sample of interest.

Target condition: The target condition is the disease or health state that the test aims to detect. The
reference standard is used to classify individuals according to whether they do or do not have the target
condition.

Target product profile (TPP): The purpose of a TPP is to outline the desired ‘profile’ or characteristics of a
target product that is aimed at a particular disease or diseases. TPPs state intended use, target populations
and other desired attributes of products, including safety and performance-related characteristics.

Threshold: Results of numerical tests are classified as test positive or test negative according to whether they
are above or below a numerical threshold. Altering the threshold affects the sensitivity and specificity of the
test.

Test accuracy study: See test performance study. This report uses test performance in place of test accuracy
to distinguish between analytical and clinical or field studies.

Test performance study: A clinical or field study in which individuals are tested by one or more index tests
and a reference standard; the findings categorised as true positive, true negative, false positive and false
negative; and estimates of test accuracy (sensitivity, specificity, positive and negative predictive values)
calculated.
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Timing: Refers to both when (eg, at the same time as reference, immediately after/before, hours/days later)
and how long the test/result takes to be obtained. There can be significant variability in timing between types
of tests with point-of-care tests (POCT) usually taking shorter time than laboratory tests, eg, elimination of
the need to transport the sample to a laboratory, but typically at the expense of accuracy.

Triage test: A test used at the start or early on in the clinical pathway to determine if further testing should
take place. A triage test is easier to carry out, less invasive, cheaper and/or has shorter time to obtain results
than subsequent tests but is expected to be less accurate (either low sensitivity or specificity).

True negative: Observing a negative index test result in an individual or sample that does not have the target
condition — a correct test result.

True positive: Observing a positive index test result in an individual or sample that does have the target
condition — a correct test result.

Two-gate study: See two-group study.

Two-group study: A study that recruits two sets of individuals, those that are already known to have the
target condition and those that are known not to have the target condition. Two-group studies exclude
individuals where this is unclear, who are often most likely to give false negative or false positive, leading to
overestimation of test performance.

Validity: The degree to which conclusions from a study are warranted taking account of the study methods
and the representativeness of the study sample. Issues to do with study design, such as blinding and
randomisation affect interval validity, issues to do with the representativeness of the individuals recruited
and the delivery of the test affect external validity.
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From past to present.

The image of the wheatsheaf first
appeared in our original seal. Being
the end product of the harvesting
and bundling of wheat, it was a
pictorial way of expressing the
gathering and analysis of data: the
foundations of statistical work.

It also implied that statistical
practice comprises more than the
collection of data: it consists of
active interpretation and application
as well (threshed for others, if the
rural analogy is sustained). Rigorous
data gathering is still at the heart of
modern statistics, but as statisticians
we also interpret, explain and
present the data we collect.




