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A B S T R A C T   

Diagnostic tests were heralded as crucial during the Coronavirus disease (COVID-19) pandemic with most of the 
key methods using bioanalytical approaches that detected larger molecules (RNA, protein antigens or antibodies) 
rather than conventional clinical biochemical techniques. Nucleic Acid Amplification Tests (NAATs), like the 
Polymerase Chain Reaction (PCR), and other molecular methods, like sequencing (that often work in combi
nation with NAATs), were essential to the diagnosis and management during COVID-19. This was exemplified 
both early in the pandemic but also later on, following the emergence of new genetic SARS-CoV-2 variants. 

The 100 day mission to respond to future pandemic threats highlights the need for effective diagnostics, 
therapeutics and vaccines. Of the three, diagnostics represents the first opportunity to manage infectious diseases 
while also being the most poorly supported in terms of the infrastructure needed to demonstrate effectiveness. 
Where performance targets exist, they are not well served by consensus on how to demonstrate they are being 
met; this includes analytical factors such as limit of detection (LOD) false positive results as well as how to 
approach clinical evaluation. The selection of gold standards or use of epidemiological factors such as predictive 
value, reference ranges or clinical thresholds are seldom correctly considered. 

The attention placed on molecular diagnostic tests during COVID-19 illustrates important considerations and 
assumptions on the use of these methods for infectious disease diagnosis and beyond. In this manuscript, we 
discuss state-of-the-art approaches to diagnostic evaluation and explore how they may be better tailored to 
diagnostic techniques like NAATs to maximise the impact of these highly versatile bioanalytical tools, both 
generally and during future outbreaks.   

1. Introduction 

Nucleic acid amplification tests (NAATs) and advanced sequencing 
have been increasingly applied to support clinical diagnosis and 

management of communicable and non-communicable diseases over the 
last decade. Despite this, the Coronavirus disease (COVID-19) pandemic- 
associated discussions around bioanalytical diagnostic techniques were 
unprecedented, with widespread reporting of these methods becoming 
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everyday topics discussed by the public and professionals alike, on a 
global scale. Such molecular testing is also under increased scrutiny 
from guidance infrastructure and regulators as it becomes more estab
lished in clinical diagnostics fields ranging from precision medicine to 
foetal testing to infectious disease. 

NAATs and other molecular techniques differ from other in vitro di
agnostics (IVDs) because the polymer analytes in question (whether 
RNA, DNA or their modifications) are variations on the same theme. 
Consequently, many of the challenges faced when developing a NAAT to 
detect a genetic predictor to a cancer treatment are shared with those 
associated with a diagnostic test targeting a pathogen’s genomic mate
rial to diagnose an infectious disease like tuberculosis. Yet there are also 
unique considerations for nucleic acid analytes when compared to other 
IVDs; COVID-19 arguably illustrated a wide regional discrepancy in 

understanding of the diagnostic capabilities afforded by NAATs. 
While PCR is by far the most common NAAT used in research or 

diagnostic testing, other formats also exist, most of which are isothermal 
(i.e. unlike PCR, do not require thermocycling). Alternative methodol
ogies may provide advantages such as speed, simplicity, near-patient 
application, cost reduction and affordability, especially in the face of 
PCR reagent scarcity. Alternative NAATs cannot easily outcompete a 
well-designed PCR protocol when considering limit of detection (LOD) 
(Huggett et al., 2021); this may prove a limitation depending on the 
target analyte’s concentration (Fig. 1) and the resulting impact on dis
ease diagnosis. Essentially, it is how an individual method has been 
designed and validated from the outset (rather than the NAAT format 
itself) in the context of the disease in question that will dictate its use as 
an IVD and whether alternative NAAT chemistries can provide unique 

Fig. 1. Theoretical distribution of analytes and how different LODs will impact on sensitivity. (i) Shows a uniform distribution with even representation across the 
range (ii) left skewed distribution result with fewer low concentration specimens and (iii) normal distribution with results that are all at higher concentrations. When 
using a method with low LOD (A) the quantitative distribution has no effect on sensitivity as all samples are scored as detected. However, when using a method with 
higher LOD (B), the distribution of the analyte impacts on the proportion of samples scored detected (blue bars) or undetected (red bars). N.B. To aid in this dis
cussion quantiles below the LOD are assigned as undetected, however in reality detection is possible below the LOD at a reduced frequency to that set for the LOD. 
How detected and undetected are treated may vary with specific clinical context, but this figure illustrates how knowledge of the quantitative distribution could 
guide the use of diagnostic tests with different LOD. SARS-CoV-2 RNA distribution varied between i and ii during the COVID-19 pandemic (Hay et al., 2021). Created 
with BioRender.com. 
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solutions in a world dominated by PCR. 
As a diagnostic analyte, nucleic acid target sequences can vary in 

concentration in a biological specimen over a considerable dynamic 
range. For example, viral nucleic acids quantities can span over eight 
orders of magnitude from specimen to specimen (Hijano et al., 2019). 
PCR as a diagnostic method is also unique in that it can detect across 
most of this vast dynamic range, with correctly optimised PCR reactions 
able to detect in excess of 100 million DNA copies per reaction down to 
trace levels of target. This can be both a benefit and a hindrance 
depending on the diagnostic context. 

Current evaluation of diagnostic performance using conventional 
methods for determination of test accuracy typically employs specificity, 
sensitivity and predictive values which are often poorly approached and 
misunderstood. Such approaches are dependent on a clinical reference 
standard definition of the target condition or disease state and an 
appropriately designed validation plan (Royal Statistical Society, 2021). 
However, the clinical reference standard often merges multiple analyt
ical and clinical measures to aid classification which are often imperfect. 
This is especially the case in the early stages of understanding a disease, 
such as when a novel pathogen emerges. Arguably a more dynamic 
approach to setting and evaluating performance targets is needed, 
especially during an emergency context, to maximise the impact of 
NAATs and other molecular methods. 

Evaluation of the analytical performance which influences sensi
tivity (dynamic range, LOD, inclusivity) and specificity (exclusivity, 
cross-reactivity) of the molecular test along with clinical reference 
ranges can aid understanding and optimisation of potential clinical 
performance prior to clinical evaluation of a given IVD. However, while 
requirements for these analytical criteria are generally stipulated in 
target product profile (TPPs) (e.g. for SARS-CoV-2 (WHO, 2020), mpox 
(WHO, 2023), etc.) recommendations on how to set and evaluate tests 
against such criteria remain unclear (Sandberg et al., 2015). The clinical 
reference ranges of pathogen nucleic acids are also seldom investigated 
or defined to aid in understanding the quantities of analyte available for 
detection by a given analytical solution. This means the required dy
namic range or LOD for a given clinical sensitivity is unknown, requiring 
guesswork when setting targets. This is further complicated when an 
assay is designed for the purpose of quantification, rather than mere 
detection of the said target. 

Discussions around molecular diagnostic performance are exacer
bated by the fact that, unlike more established areas of clinical chem
istry, nucleic acid analysis is less well supported in terms of material and 
methodological standards, to deliver traceability to underpin routine 
detection and quantification. Diagnostic detection of DNA and RNA 
sequences is increasingly common and relative quantification to an in
ternal genetic reference to define a clinical threshold is also expanding. 
However, the widespread applied quantification, where a clinical deci
sion is made based on the absolute abundance of that nucleic acid (per 
unit volume) is quite rare, limited to a handful of viral targets including 
human immunodeficiency virus (HIV), hepatitis C virus (HCV), hepatitis 
B virus (HBV) and human cytomegalovirus (hCMV). This may, in part, 
be due to challenges associated with the standardisation that is required 
to underpin such measurements. There is also a common misconception 
that if a method is not ‘quantitative,’ and just detects the presence of a 
specific sequence, it is simple to standardise; this may or may not be the 
case depending on the clinical situation being investigated and abun
dance of the nucleic acid of interest (Fig. 1). 

This manuscript explores the preceding points and uses the experi
ence from COVID-19 to discuss how PCR and other molecular methods 
could be improved. We discuss how analytical considerations could be 
better applied to aid decisions in the deployment of bioanalytical 
diagnostic methods in the future, as part of an emergency outbreak 
response, but also in the wider use to molecular methods to meet the 
increased requirement for regulation. We provide a series of recom
mendations which we present in Table 1. 

Table 1 
Summary recommendations for NAAT diagnostic performance assessment when 
used to detect the presence/absence of pathogen nucleic acids.  

Topic Challenge Recommendation 

Link between LOD 
and clinical 
sensitivity 

LOD can be directly linked 
to clinical sensitivity ( 
Fig. 1). Methods with 
different LODs will 
categorise patients as 
positive or negative if 
analyte quantities fall 
between the difference in 
LOD. 

Knowledge of the analyte 
clinical reference range will 
aid in determining the 
required LOD for a given test. 
The analyte quantitative 
distribution can be evaluated 
using reference methods such 
as calibrated quantitative real 
time PCR (qPCR) or digital 
PCR (dPCR). In the absence of 
more accurate methods data 
from uncalibrated NAAT 
outputs (e.g. quantification 
cycle (Cq) or cycle threshold 
(Ct)) may be used to provide a 
crude estimation of 
distribution using populations 
of positive results. 

Gold standards for 
clinical 
evaluation 

Clinical evaluation studies 
often select specimens as 
positive and negative using 
gold standards methods. 
This may also be done 
without knowledge of 
analyte quantities within 
the respective specimens. 

Gold standards methods 
(usually alternative diagnostic 
tests) can provide a useful 
comparator, but the analyte 
concentration within 
specimens used for evaluation 
of sensitivity should be 
considered as this may impact 
on the reproducibility of the 
findings. Gold standards 
methods are also of limited 
value if the new method 
outperforms the comparator 
approach. Accurate reference 
methods that may not be 
intended for routine diagnosis 
can also be considered to 
characterise the specimens 
(pathogen nucleic acid 
sequence and quantity) prior 
to clinical evaluation. 

Impact of 
prevalence on 
diagnostic 
performance 

Predictive values are often 
calculated using the results 
from clinical evaluation 
studies (sensitivity and 
specificity) 

Predictive value should be 
calculated based on the 
prevalence of the condition in 
those being tested and not 
from the clinical evaluation 
study which will have an 
artificial prevalence 
deliberately powered to allow 
performance assessment. 
Positive predictive value is 
usually the metric that is of 
concern as prevalence is 
usually low meaning false 
positive results will have a 
higher impact at the 
population level. 

Impact of 
incidence on 
diagnostic 
performance 

Changes in incidence can 
influence the abundance of 
nucleic acids within a given 
population of clinical 
specimens resulting in a 
sensitivity shift. 

The sensitivity shift could be 
used to guide the selection of 
different test formats (with 
differing analytical 
performance criteria, such as 
LOD) to different stages of an 
outbreak. 

False positive 
results 

NAATs are especially 
susceptible to false positive 
results. 

Consider the fact that NAAT 
false positive results are 
usually caused by 
contamination from NAAT 
amplicon, other specimens or 
synthetic template as the first 
port of call when trouble 
shooting. 

Setting of 
quantitative 
thresholds 

Pathogen nucleic acid 
quantities may correlate 
with disease severity, 

If quantitative nucleic acid 
sequence thresholding can be 
demonstrated to be clinically 

(continued on next page) 
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2. Diagnostic, therapeutics, and vaccines (DTVs) 

The “100 days mission to respond to future pandemic threats” 
introduced by Sir Patrick Vallance and Melinda Gates was a report to the 
G7 (first published on 12th June 2021 (G7, 2021)) and is an example of a 
number of international and national initiatives for better pandemic 
preparedness. It is an ambitious call to respond to a potential epidemic 
or pandemic threat at pace to prevent wider spread by deploying a range 
of medical and non-medical interventions. On the topic of medical in
terventions, the mission calls for “safe, effective and affordable” diag
nostic tests, therapeutics and vaccines (together termed DTVs) in the 
first 100 days of a pandemic threat being identified: defined by when 
World Health Organization (WHO) declares a public health emergency 
of international concern (PHEIC). Of the three, therapeutics and vac
cines get the most attention and funding, as they comprise the in
terventions that can mitigate the effects of the disease in question, or 
potentially stop the pandemic in its tracks. The implementation of 
therapeutics and vaccines is also comprehensively regulated to maxi
mise their potential while reducing potential harm from unintended side 
effects and potential for serious acute adverse events in patients. 

Diagnostics have an interesting place within the DTVs as being both 
seen as “crucial” (Peeling et al., 2022) while also far less well supported 
in terms of funding, regulation, or analytical consensus. It is important 
to note that while the speed of development and efficacy of therapeutics 
and vaccines for SARS-CoV-2 was extraordinary, it would be unwise to 
assume this could be repeated for every potential pandemic pathogen. 
Indeed, we have been unable to develop a vaccine for HIV since it’s 
discovery in 1983, and many other pathogen vaccines are similarly 
without success. It is easy to imagine a situation where correctly iden
tifying disease cases using IVDs and implementing non-pharmaceutical 
interventions (NPIs) is the only DTV solution to a future outbreak, at 
least in its initial stages. The very early deployment of diagnostics during 
COVID-19, supported a similar role during the first year of the 
pandemic. 

Many of the pandemic response documents, including the 100-day 
mission, use terms like ‘standardised’ or ‘approved’ when describing 
diagnostic assays. However, what is not clear is what these terms refer 
to; such as how they need to be ‘approved,’ or how ‘standarised’ should 
be demonstrated and whether this is considering material, methodo
logical or documentary standards. This is not helped by the fact that, 
unlike for therapeutics and vaccines, there is limited consensus in how 
diagnostic performance evaluations should be conducted in an emer
gency context and what is the sufficient level of evidence that supports 
the roll out of diagnostics. 

The above point is arguably exacerbated by the fact that bio
analytical techniques like NAATs (as well as antigen and serological 
tests) are often more difficult to standardise. Routes to improve this are 

discussed below, but first we will explore the current approaches to 
setting diagnostic targets when using molecular methods like NAATs. 

3. Diagnostic specification documents. The example of the 
target product profile (TPP) 

Early in an outbreak many nations rely upon emergency use autho
rization (EUA) powers to facilitate market access for urgently needed 
medical devices, including IVDs. Whilst the specific legal frameworks 
and processes for EUA’s differ by jurisdiction, they generally share 
similarities in providing for regulatory flexibility to supply non- 
compliant medical devices on humanitarian grounds. EUAs are usually 
granted on the basis of a risk: benefit analysis by the regulator and 
typically impose conditions upon the manufacturer to achieve compli
ance within a defined period of time. Early in the COVID-19 pandemic, 
regulatory requirements for EUAs were more fluid and based upon the 
best available information available at the time, as a result the minimum 
and optimal requirements for safety and performance were not always 
clear to manufacturers. Over time and in response to the evolving evi
dence and policy landscape, regulators in partnership with wider 
stakeholders, strived to clarify and better articulate the necessary re
quirements for safe and effective medical products. TPPs (e.g. (MHRA, 
2023; WHO)) represent examples of such diagnostic specification doc
uments that are used to articulate the requirements of an IVD. Other 
examples include European Union Common Specifications (European 
Union, 2022), Harmonised Standards (e.g. ISO 15197:2013; CLSI 
POCT05), FDA Templates for Developers (FDA, 2021), WHO Technical 
Specification Series (WHOb) and Preferred Product Characteristics 
(PPC). 

TPPs are described by the WHO as documents that “outline the 
desired ‘profile’ or characteristics of a target product that is aimed at a 
particular disease or diseases.” These documents, used to guide the 
development of medical technologies, stipulate the minimal and 
preferred requirements for key test characteristics, based upon expert 
consensus of the available evidence at a given moment in time. A TPP for 
a diagnostic test will typically define criteria (along with targets) such as 
intended use, population, specimen type, time to result, etc. The key 
criteria specified that are linked to the desired diagnostic accuracy of a 
test are the analytical and clinical performance which are often 
described with ‘preferred’ or ‘minimal’ targets (Table 2). 

Analytical performance can be defined broadly as the criteria that 
describe how well the method detects the analyte (further narrowed 
down to measurand) in question. This is completely independent of how 
appropriate or accurate that result may be for the intended clinical use. 
For molecular tests like NAATs analytical performance includes con
siderations of:  

• the dynamic range over which the range of quantities of analyte that 
can be detected and/or quantified. Crucially this is influenced by 
more than just the final analytical step; with heavy influence from 
the pre-examination steps including sampling, storage and transport 
and extraction (Mercer et al., 2022).  

• LOD and in some cases limit of quantification (LOQ) essentially 
describe the lower concentration of the dynamic range and define 
when the concentration becomes too low to be accurately detected 
(or quantified). As LOD (and LOQ) are linked to dynamic range it is 
also impacted by the pre-examination and final analytical step. 
However, for many NAATs LOD can also be impacted by an addi
tional factor: physics. Given that NAATs like PCR can detect single 
molecules their presence can be the factor that determines LOD. This 
is exemplified by dPCR (dMIQE and Huggett, 2020). LOD is arguably 
one of the most important analytical parameters when considering 
sensitivity as, depending on the quantitative distribution of the an
alyte within the clinical specimen and clinical meaning of the result 
at a given analyte concentration, it can be intrinsically linked to and 
govern clinical sensitivity (see Fig. 1 and Section 5.3). 

Table 1 (continued ) 

Topic Challenge Recommendation 

infectiousness or predict 
outcome. This is not a given 
however and cannot be 
assumed. Furthermore, 
thresholds should not 
simply be applied to any 
NAAT result. Nucleic acid 
thresholding is a 
quantitative measurement 
and the methods used for 
this purpose must be 
optimised for that purpose 
with an appropriate 
calibration setup. Multiplex 
NAAT tests that have not 
been optimised for 
quantification may not 
show good linearity. 

significant for patient 
stratification, then wider 
application will required a 
calibration strategy. The 
setting of an un-calibrated 
NAAT result as a threshold, 
such as above or below Cq (Ct) 
25, across different 
laboratories should be 
avoided.  
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In addition to criteria associated with detection of intended analyte 
the analytical performance may also consider different strains, clades, 
genetic variants etc to be detected and to ensure the method in question 
is analytically specific with regards to cross-reactivity (the level to 
which it may detect other related or unrelated microorganisms that may 
be present) as well as the potential impact of potential sources of 
interference (influence of other substances found in the sample matrix 
on the test result). 

Clinical performance criteria consider what the results of a method 
(based on its given analytical performance) mean from an operational 
perspective (clinical or epidemiological). Clinical performance of a 

given diagnostic test is typically articulated using sensitivity (percentage 
of patients with the condition correctly identified by the test as having 
the condition) and specificity (percentage of patients without the con
dition correctly identified by the test as not having the condition). A 
method that is analytically accurate may be clinically inaccurate 
because of an uncertain clinical correlation or in the case of SARS-CoV-2 
the positive signal can still detect RNA when the patient has clinically 
recovered from the infection (Wu et al., 2021). While this point is logical 
when discussing diagnostic performance in theory, understanding its 
impact in practice is severely hampered by the lack of guidance on how 
to meet analytical performance criteria, combined with the challenges 
associated with defining positive and negative patients to support the 
definition of clinical targets (a fact that is exacerbated during a newly 
introduced infectious disease) or in empirically ascertaining the clinical 
significance of test results. 

The above also serves as a reminder that a diagnostic test is typically 
used by a physician or other healthcare practitioner in combination with 
other supporting information (e.g. time from first symptoms or case- 
contact) to manage the patient i.e. it is the physician, not the test, that 
diagnoses the patient. This arguably allows for more variability in test 
performance as the physician is often armed with other sources of in
formation on which to guide their decisions; so in the example of a 
positive SARS-CoV-2 result following recovery, the physician could use 
the patient’s history and examination or timeline of infection to guide 
decision. However, the diagnostic envelope that is being pushed by 
NAATs challenges this paradigm, as molecular methods can detect 
pathogens, drug resistance or genotype cancers where there may be little 
or no validated actionable information on which to guide a clinical 
decision. Furthermore, when a test is utilised for epidemiological pur
poses, rather than clinical management (e.g. guiding NPIs or public 
health policy), supporting information may not be available or relevant, 
rendering test results as a key decision-support measure. Under these 
circumstances the need for robust tests performing within clear analyt
ical criteria, along with the infrastructure that ensure they are per
forming within those defined parameters, will be of increasing 
importance. 

4. NAAT analytical evaluation 

4.1. Specificity (cross-reactivity) 

Cross-reactivity is an important consideration because if the NAAT 
assay detects the wrong target it will incorrectly identify a patient as 
positive for a different pathogen or non-pathogenic microbe. This is a 
rather obvious consideration when developing a diagnostic test, with the 
ISO technical specification ISO/TS 5798:2022 on ‘Requirements and 
recommendations for detection of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) by nucleic acid amplification methods’ 
suggesting possible pathogens for testing cross-reactivity ranging from 
influenza to Mycobacterium tuberculosis to Cryptococcus. The WHO TPP 
for mpox stipulates the assay should not cross-react with other common 
human pathogens, including varicella zoster virus (VZV), herpes simplex 
virus (HSV) (WHO, 2023). These documents, and others, imply manu
facturers need to source a range of alternative pathogen nucleic acid to 
experimentally check for cross-reactivity. 

There are situations where closely related species/strains may be 
equally detected by an individual assay resulting in non, or less, clini
cally relevant positive results. In these situations more than one assay 
may be required to exclude non-relevant results such as with pertussis 
molecular testing or when using NAAT methods to predict resistance for 
Methicillin-resistant Staphylococcus aureus (MRSA). However, in many 
cases it is impossible to design an ‘all inclusive’ NAAT assay to detect 
across distant pathogens that may create similar symptoms as clinically 
implicated pathogens may not have common ancestors. For example, 
while there are examples of assays to SARS-CoV-2 that will also detect 
SARS-CoV-1, influenza has no such homology so a common assay cannot 

Table 2 
Example of Performance and Regulatory criteria targets for tests used for mpox 
diagnosis within health care settings and laboratories https://www.who.int/p 
ublications/i/item/9789240076464.  

Characteristic Minimal Preferred Comment(s) 

Analytical 
performance 

1. Inclusivity: Able to detect clades I, 
IIa and IIb. 
2. Limit of detection (LOD): 
determined using control material of 
defined quantity, equivalent to at 
least 1000 genomic copies per ml of 
specimen. 
3. Analytical specificity: 

-assay performance should not be 
impacted by common interfering 
substances - assay should not 
cross-react with other common 
human pathogens, especially those 
causing similar signs and symp
toms as MPXV (e.g., VZV, HSV). 
-MPXV specific target(s), at least 
one per assay, should not cross- 
react with other closely-related 
human pathogens, especially those 
causing similar signs and symp
toms as MPXV (e.g., VZV, HSV).  

- MPXV specific target(s), at least 
one per assay, should not cross- 
react with other closely-related 
human OPXV, e.g., Vaccinia virus 
(VACV), Cowpox virus (CPXV). 

LOD is a quantitative 
measurement 
determined using 
control material of 
defined quantity. 
Example control 
materials for NAAT 
include synthetically 
derived nucleic acids 
in buffered solution, 
MPXV DNA and 
inactivated whole 
virus. Consequently, 
the type of material 
used for LOD 
assessment and the 
method for value 
assignment of that 
material’s quantity 
should be included in 
any report on method 
LOD. 

Clinical 
Sensitivity 

≥95% when 
using lesion 
material 
compared to a 
reference 
molecular 
method. 

≥97% when 
using lesion 
material 
compared to a 
reference 
molecular 
method. 

Performance targets 
should be met for 
lesion material and 
ideally should be 
demonstrated using 
prospective or 
retrospective 
(remnant) natural 
clinical samples. 
Samples should cover 
a range of clinically 
relevant viral loads, e. 
g., Ct equivalent 15–38 
as per the reference 
method. 

Clinical 
Specificity 

≥97% when 
using lesion 
material 
compared to a 
reference 
molecular 
method. 

≥99% when 
using lesion 
material 
compared to a 
reference 
molecular 
method. 

Invalid/error rate ≤5%a  

Manufacturing/ 
Regulatory 
approvals 

ISO 13485:2016 compliant ISO 13485:2016 
compliant AND 1) 
WHO prequalification 
or WHO emergency 
use listing (as 
available) AND/OR 2) 
Authorization by a 
founding member of 
the Global 
Harmonization Task 
Force (Australia, 
Canada, European 
Union, Japan, United 
States of America)  

a This invalid/error rate target is set to ensure a comprehensive set of controls 
are incorporated. 
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be designed between SARS and influenza (or for that matter mpox and 
VZV): so it is highly unlikely that one will be accidently developed. This 
is not to state that bioinformatics alone would be sufficient for evalu
ating assay specificity or that in vitro wet lab evaluation of specificity is 
not important (primarily to ensure the assay does not cross-react with 
human nucleic acids). Instead new assays could arguably depend more 
on in silico bioinformatics to consider the pathogen in question where 
cross-reactivity is more likely rather than blindly following a large-scale 
costly evaluation of multiple microbial extracts that we already know 
through genomic information cannot be detected by a specific NAAT. 

4.2. False positive results 

For the majority of infectious disease molecular diagnostic tests, the 
major source of false positives when conducting NAATs is contamina
tion. This is because NAATs are capable of very sensitive detection, in 
some cases to the level of a single molecule (Yoo et al., 2016), and most 
of them achieve this by generating billions of copies of the very sequence 
of interest (termed the amplicon). Consequently, the products of previ
ous tests constitute the major contamination threat to subsequent ana
lyses. Sources of false positives can also occur when the oligonucleotide 
producers of the primers and probes also makes synthetic template 
molecules (Huggett et al., 2020). In addition to amplicon contamination, 
cross contamination from high titre specimens (especially viruses) to 
negative specimens, is also a risk during specimen handling. Routes to 
manage NAAT application to reduce contamination are outlined in 
ISO/DIS 17822:2020 (ISO, 2020). These include separate zones and 
creating uni-directional workflow within the laboratory for handling the 
different stages of the test, especially to prevent post experiment ma
terials (amplicons) from contaminating subsequent experiments. Addi
tional mitigation such as incorporating uracil bases and uracil DNA 
glycosylase have been used to reduce the impact of amplicon contami
nation. Negative controls are a fundamental consideration for moni
toring the potential existence of contamination. Contamination is an 
important source of false positive results but represents a variable 

technical artefact that will differ between laboratories rather than a 
factor influencing specificity in the classical sense. 

4.3. Dynamic range and limit of detection 

The dynamic range of most NAATs when detecting presence/absence 
of a sequence is vast, capable of detecting nucleic acids across several 
orders of magnitude. Quantification across this range is possible with 
most real time PCR instruments (Bustin et al., 2009), although other 
formats (such as dPCR (dMIQE Group, 2020)) may require dilution due 
to the possibility of saturation. When developing a NAAT IVD, one of the 
major considerations for analytical requirements will arguably be the 
‘desirable’ or ‘minimal’ required LOD. Improvements to LOD can be 
delivered through a variety of routes including assay design and opti
misation, as well as choice of instrument, reagents and NAAT method. 
Finally, the type and volume/mass of specimen used, the sampling 
method as well as choice of extraction procedure can also have a major 
influence on the amount of nucleic acid available to the final experi
mental step (Fig. 2) and thus also influence LOD. 

For the WHO TPPs for NAAT diagnosis of COVID-19 (WHO, 2020) 
and mpox ((WHO, 2023) and Table 2) the desired LOD in copies is 
currently 1000 copies/mL of specimen (typically a swab in appropriate 
buffer). When considering the detection of nucleic acids, the LOD de
scribes the smallest quantity of DNA or RNA a method can reliably 
detect (within a given statistical criterion, usually 95%) and, impor
tantly, this can be directly linked to the clinical sensitivity (depending 
on the quantitative distribution of the analyte in question within the 
population being tested for the target condition/disease). While LOD is a 
statistical term there are different ways to approach defining it and 
guidance on this when considering TPPs or wider methodological dis
cussion can be explored further. 

NAATs like PCR may be capable of (near-) single molecule detection, 
meaning the limit of detection may actually be determined by the 
probability of physical presence (or not) of the nucleic acid sequence 
within the test reaction. This is reflected in the criteria mentioned above 

Fig. 2. Outline of how nucleic acid analyte quantity varies during typical NAAT workflow from original specimen to final experiment. Example is based on common 
LOD target of 1000 copies/mL of original specimen. This example assumes no loss (due to degradation or procedural inefficiencies) of analyte during the various steps 
from specimen taking to NAAT analysis and thus reflects highest possible amount available for analysis (red dotted box). Created with BioRender.com. 
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(and in Table 2) which stipulate 1000 copies/mL as minimal LOD. It is 
widely understood that this number is seen as a stringent bar for IVD 
manufacturers to meet in the absence of high-quality clinical evidence. 
However, when considering a typical protocol that may take 200 μL of 
specimen as starting material eluted into 50 μL of nucleic acid extract of 
which 5 μL will be analyzed, a 1000 copies/mL will correspond to, on 
average, 20 nucleic acid molecules in the experiment (Fig. 2). 

When we consider the example in Fig. 2, assuming all preanalytical 
steps (specimen handling during analytical phase as well as its acqui
sition, transport and storage) and extraction are working perfectly, then 
1000 copies/mL is a challenging target. This is because preanalytical 
steps will unlikely perform with 100% efficiency, further reducing the 
number of molecules available to the final NAAT reaction. Such a 
stringent LOD requirement could pose a barrier to developments that 
seek to improve throughput or point of care formats by reducing vol
umes, removing extraction (and thus specimen concentration) or 
switching to alternative technologies that may be less sensitive than PCR 
(Nixon et al., 2014). 

Common examples where tests with reduced LODs were sought 
during COVID-19 included lateral flow antigen tests that had higher 
LODs than PCRs for inherent methodological reasons (antigen detection 
cannot detect as low a concentration of protein molecules as PCR can 
detect amplifiable DNA molecules) or due to procedural adaptations 
such as ‘direct’ PCR (Mercier et al., 1990) which sought to speed up the 
protocol by removing the extraction step. As the extraction also con
centrates the nucleic acid (Fig. 2), ‘direct’ methods cannot benefit from 
the resultant improvement in LOD (Huggett et al., 2021); depending on 
analyte distribution this may or may not impact on test sensitivity 
(Fig. 1). Ultimately it is the biological dynamics of the analyte(s) in 
question, and how they relate to the disease in question, that dictates 
what method format (and minimal LOD) is needed for the most accurate 
diagnostic test; as outlined in section 5.3 below, characterising this 
relationship should be a priority when selecting targets for TPPs. 

Furthermore, while TPPs (and similar documents) may request 
minimal or desirable targets to demonstrate that a test has met a given 
target (such as LOD) there are at least three additional challenges which 
need to be addressed to better aid the community in responding to such 
targets. 

Firstly, paucity of guidance. While methods for calculating LOD are 
available (Armbruster and Pry, 2008) guidance within the TPP on what 
must be done to demonstrate a test has met a given target LOD is limited. 
At the extreme this could be split into: 

A) statistical evidence that the test in question has an LOD signifi
cantly below a defined target copy number. Given many molec
ular tests are non-quantitative such an approach will require 
dilutions of accurately defined materials, considerable replica
tion and, depending on confidence required, and distribution of 
the experimental results, an LOD that is several-fold below the 
target LOD such that the upper 95% boundary does not cross 
1000 copies/mL, to assure it is met. This could make the target of 
1000 copies/mL, or 20 per reaction, considerably more 
challenging.  

B) statistical evidence (within defined experimental replicate 
criteria) that the test in question cannot be demonstrated to not 
have an LOD above the defined target copy number. This 
approach, which is used in analogous situation in the food testing 
sector (Burns et al., 2016), is simpler to meet both in terms of 
experimental design, resources and interpretation which in turn 
makes it easier to standardise and regulate. 

Secondly, an absence of systems to support traceable measurement. 
Under LOD the WHO’s mpox TPP states that “LOD is a quantitative 
measurement determined using control material of defined quantity” 
and that type of material used to determine LOD should “be included in 
any report on method LOD” (Table 2). This is an important inclusion as it 

places the onus on the IVD manufacturer to explain what materials were 
used to evaluate the LOD. This increases the importance of accurately 
defining this parameter beyond just a formality that is required to meet a 
specification, but still requires the manufacturer to determine how to 
meet this requirement which will likely lead to discrepancies. 

Finally, infections reflect dynamic biological processes within tissue 
(s) and outside the infected cells. The nucleic acid quantities present 
may vary across the genome depending on a variety of factors leading to 
copy number variations. This is possibly most striking when measuring 
RNA for a virus like SARS-CoV-2 which uses RNA both for its genome 
and also for expression of additional protein coding RNAs termed sub 
genomic (sg)RNAs (Kim et al., 2020). This results in a 3-prime bias 
across the genome such that some specimens can have up to an order of 
magnitude higher RNA when comparing the 5-prime with the 3-prime 
sequences. As the NAAT cannot easily distinguish genomic RNA from 
sgRNA this raises the questions which sequence might the 1000 
copies/mL guidance actually refer to and how the control materials that 
may be used to determine this LOD compare with real clinical 
specimens. 

What is required to support the development of IVDs, both to meet 
regulatory analytical specifications but also for a more accurate defini
tion of analytical performance, is accessibility to traceable reference 
materials (Page et al., 2020) which should be considered equally as part 
of a comprehensive diagnostic response to public health emergencies, 
alongside the development of new assays. Ideally these materials will 
have been characterised in terms of analyte quantity (and homogeneity), 
stability, identity and commutability. Wider attention is needed across 
the community spanning academic research, to IVD manufacturers, to 
regulators, on the systems to deliver traceability and underpin analytical 
accuracy in bioanalytical diagnostic development, implementation, and 
post-marketing surveillance. This is arguably needed if bioanalytical 
diagnostics are to take place alongside therapeutics and vaccines in 
pandemic response, or in other areas of medical diagnostic advancement 
such as in precision medicine or syndromic testing. 

5. Clinical evaluation 

5.1. Performance, sensitivity and specificity 

Clinical performance defines how a test of given analytical perfor
mance categorises those being tested as having (or developing) the 
condition or not. For diagnostic tests using NAATs, and other bio
analytical approaches, this is usually reported using sensitivity, speci
ficity and predictive values. Studies to determine the diagnostic 
performance of an infectious disease test in terms of sensitivity and 
specificity are comparatively simple assessments of the proportions of 
infected and non-infected patients that are correctly and incorrectly 
identified by the test being evaluated (Baratloo et al., 2015) in com
parison to a clinical reference standard (Cohen et al., 2016). The use of 
sensitivity and specificity in this way reportedly originates from the 
1940s as a method to evaluate serological tests for syphilis (Binney et al., 
2021). Statistical estimation of confidence (typically 95% confidence 
intervals) of a particular study are also often included and this may be 
further simplified to report diagnostic accuracy (Baratloo et al., 2015) as 
the ability to differentiate those with and without the condition using 
the test in question. In wider diagnostic practice, a quantitative 
threshold may be placed on the data to weight the results in favour of 
being more or less sensitive depending on clinical need. Such 
receiver-operator characteristics are less common for applied NAAT 
tests for infectious diseases where such thresholds are less common. This 
is partly due to the lack of robust quantitative methodology described in 
the introduction and discussed further below. 

A critical problem for routine application of this type of sensitivity/ 
specificity evaluation can be described as the ‘gold standard paradox.’ 
The gold standard test is the clinical reference method used to set the bar 
for any new method to be compared to; for research and development of 
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NAATs this is invariably another diagnostic test and offers a very simple 
method for conducting sensitivity and specificity estimation. However, 
if the new method offers a diagnostic improvement, then this will be 
penalised as having poor specificity/sensitivity due to the limitations of 
the gold standard’s ‘truth’. Furthermore, during a scenario where there 
is no gold standard clinical reference method, such as when developing a 
novel method to a new molecular biomarker or an emerging pathogen, 
this approach causes a problem. 

The challenge of the ‘gold standard paradox’ can be mitigated to 
some degree by using clinical agreement study comparing percentage 
agreement between methods and a “state-of-the-art” reference standard 
(Royal Statistical Society, 2021). In percentage agreement studies the 
quality of the reference standard is essential and the analytical consid
erations as outlined above remain important. Furthermore, while 
sensitivity and specificity assessment using a gold standard has its place, 
NAATs could arguably also benefit from a more dynamic approach to 
determine sensitivity, using clinical reference ranges to predict sensi
tivity as outlined below (and in Fig. 1), than the simple gold standard 
comparison. 

The challenges associated with selecting a gold standard are also an 
increasing problem for the development of advanced molecular testing 
that allows for broad range detection of analytes, such as using multiplex 
syndromic testing or advanced sequencing for metagenomic diagnostics. 
In many cases it is impractical to demonstrate performance on all po
tential pathogen sequences (and associated variants) and analytical 
performance of these approaches will require evaluation of representa
tive sets of reference samples. Ideally these will have been demonstrated 
to be suitable for assessing the broader pathogen nucleic acids that may 
be in need for detection; this means the innovation in the routes to 
support performance evaluation is needed alongside the innovation 
being applied to develop these advances in molecular IVDs. 

5.2. Clinical evaluation, predictive value 

Predictive values consider the prevalence (proportion) of the con
dition in those being tested to estimate the actual impact, in terms of 
numbers of individuals, effected by false negative and positive results for 
a given sensitivity and specificity. Studies designed to assess diagnostic 
performance can, and usually do, use the sensitivity and specificity data 
to also estimate prevalence to define predictive value (using equation 1 
and 2).  

1) Positive Predictive Value (PPV) 

PPV =
true positive

(true positive + false positive)
× 100    

2) Negative Predictive Value (NPV) 

NPV =
true negative

(true negative + false negative)
× 100 

However, given the fact that these experiments are often deliberately 
designed and powered to expedite assessment of the clinical perfor
mance (requiring specific numbers of positive and negatives to be 
selected to estimate performance, that do not necessarily reflect the true 
prevalence) and the prevalence in question may differ with region or 
over time, this practice is fundamentally flawed (Rutjes et al., 2005). As 
such approaches may not provide an accurate estimation of prevalence 
we should stop using equations 1 and 2 to estimate predictive values and 
instead consider assessing the impact of a given diagnostic test using 
known, or estimated prevalence (for the population intended to be 
tested). One way to do this is by using equations 3 and 4 taken from 
(Tenny and Hoffman).  

3) Positive Predictive Value (PPV) 

PPV =
(sensitivity × prevalence)

[(sensitivity × prevalence) + ((1 − specificity) × (1 − prevalence))

4) Negative Predictive Value (NPV) 

NPV =
(specificity (1 − prevalence)

[(specificity × (1 − prevalence) + ((1 − sensitivity ) × prevalence)]

While equations 3 and 4 may be more useful for estimating predic
tive value (than equations 1 and 2) they remain limited. This is because, 
while they allow users to consider prevalence independently of the data 
used for estimating accuracy, these equations do not consider changes in 
prevalence that will occur during different stages of an infectious disease 
outbreak or within different populations (as a result of geography or 
choice of testing criteria). This also assumes the sensitivity and speci
ficity are fixed properties which we also know may not be the case 
(Evans et al., 2021). As the prevalence of an infectious disease is usually 
relatively low, further challenging performance assessment (Holtman 
et al., 2019), it is the positive predictive value that is often important. 

The PPV considers the impact of specificity, in the form of false 
positives, to rule-in individuals in the population as having the condition 
being tested. This can be best understood if we imagine using a test on a 
population that does not have the condition. Therefore, another factor 
which might influence the prevalence is the indication for testing; for 
example, the pre-test probability of a test used to ‘rule in’ COVID-19 in a 
symptomatic patient may differ greatly from that of a test used to ‘rule 
out’ COVID-19 as part of a screening asymptomatic individuals to 
reduce transmission. In this case, all positive results would be false 
positives and ruled-in; an analogous situation occurs where prevalence 
is low; in a situation where a test with a specificity of 99% (1% false 
positive cases) is used to test a condition with prevalence of 10% in those 
being tested then around 1 in 10 tested individuals will be incorrectly 
told they have the condition. This will be more of an issue if prevalence 
is reduced to 1% in those tested, as using a test of 99% specificity will 
now result in slightly more false positives than correctly identified in
dividuals. Change in prevalence can occur due to disease dynamics (such 
as seasonal waves of infection) or equally if testing changes to a different 
population where prevalence may be lower. 

As PPV is affected by the fact that there are usually more people 
without the condition, it does not take much in terms of a prevalence 
decrease, for even specific methods to result in more false-positive than- 
true positive results. Consequently, it is important to consider PPV when 
deciding how to deploy a diagnostic test. In many situations this was 
especially relevant during the deployment of COVID-19 diagnostic 
policy as widespread community testing was encouraged, and in cases 
mandated, regardless of symptoms, as elaborated above. 

5.3. Clinical reference ranges 

The discussions in Sections 5 and 6 above questioning the approach 
or rigour applied when evaluating analytical performance and the 
importance of accurately defined reference materials may be seen by 
many as overzealous. Early in the COVID-19 pandemic, some thought 
that standards would not be necessary for PCR tests because PCR tests 
are sensitive, the virus level was abundant (and thus easy to detect) and 
quantification was not required. Similar assumptions are often made in 
the diagnostic community when using NAATs, especially when non 
quantitative presence-analysis is being discussed. 

The notion that presence/absence testing (i.e. detection without 
quantification) is simple is not without justification, and the assumption 
that SARS-CoV-2 RNA detection by PCR could be easy to standardise, as 
outlined in the preceding paragraph, could well have been valid, 
depending on the distribution of the analyte (see Fig. 1). The point being 
made here is that whether a given nucleic acid is clinically abundant 
(and thus its detection simple to standardise) or not, can be defined 
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analytically. When designing molecular diagnostic methods for pres
ence/absence testing there is a case to be made that a quantitative 
analysis be conducted to evaluate the clinical reference ranges to 
determine the performance criteria (reference ranges and LOD) that are 
required of the test in question (Fig. 1). 

If different tests are used with different LODs and the distribution of 
the quantities of the analyte being measured spans that region (Fig. 1 A.i 
and B.i), the different test LODs will score specimens with lower 
amounts of analyte differently and sensitivity will vary (Evans et al., 
2021). If, however, the analyte quantity is always above the LOD of the 
different tests used (Fig. 1 A.iii and B.iii) then sensitivity will be similar 
when using different tests. While this may seem glaringly obvious, 
diagnostic tests are not currently selected to consider this fact. 

What this means in terms of clinical sensitivity depends on the 
condition in question. However, these reference ranges can be used to 
predict the LOD required for a given clinical sensitivity prior to diag
nostic test development and selection. Where analyte quantities are al
ways abundant, then LOD requirement may not need to be as strict 
(Fig. 1iii), but if clinically low amounts of analyte need to be detected 
then a more stringent LOD may be needed. TPPs currently report 
analytical targets (like LOD) independently of clinical targets, yet they 
can be intrinsically linked with reference ranges and potentially be used 
to guide the selection of targets. This is especially the case for methods 
with higher LOD, such as for lateral flow devices, many of which target 
pathogen protein and have higher LODs. 

Reference ranges could also be used to more directly link the 
analytical sensitivity to the clinical performance. Currently the LOD and 
the clinical sensitivity (e.g. as outlined in Table 2) are independent of 
each other and what is proposed above could provide more foresight 
with an alternative route to just selecting a blanket LOD of 1000 copies/ 
mL as a cautious choice due to lack of information. What we are pro
posing is that the pathogen nucleic acid reference ranges present within 
the clinical samples are considered when defining the acceptable LOD, 
noting that this target may be different during different stages of an 
outbreak allowing more appropriate deployment of less sensitive tests 
(Evans et al., 2021). 

Reference methods, like dPCR or accurately calibrated qPCR offer a 
route to quantify the analyte in question and, in combination with 
methods like massively parallel sequencing, provide wider information 
on the characteristics of the nucleic acids present within the specimen 
and could aid in understanding how control materials can be used more 
accurately in support of routine testing. This could also be used to es
timate the reference ranges, explore if and how different genetic targets 
may differ in abundance, depending on genomic position or size within 
clinical specimens being tested or control materials used to validate 
those tests. Importantly, the reference methods used to characterise the 
specimens may not be practical as a diagnostic solution for reasons 
including expense, throughput, complexity etc, but they may never
theless be ideal for accurately characterising the quantities and identity 
of analytes present within a clinical specimen. 

5.4. Nucleic acid diagnostic threshold 

Quantitative clinical thresholds (or cut-offs) are applied in many 
examples of clinical chemistry, with measurements of the analyte used 
to stratify patients into two or more groupings. Examples include 
prostate-specific antigen (PSA) for prostate cancer, ferritin for iron 
deficient anaemia (IDA), hemoglobin A1c (HbA1C) for diabetes, cardiac 
troponin for acute myocardial infarction, and D-Dimer for venous 
thrombo-embolism. Arguably the most accurate and robust examples of 
applying thresholds using molecular measurements are not in clinical 
analysis but in food testing. Food labelling is vital for consumer confi
dence and food adulteration is a problem which can be detected using 
molecular methods (Burns et al., 2016). Often these methods are applied 
to determine defined legislative or agreed quantitative thresholds to 
label a product as (for example) not containing genetically modified 

organisms (GMOs). As such, the labelling of a product can draw 
considerable legal scrutiny and so the methods are conducted with very 
high degree of accuracy, with clear definitions on route of traceability. 

While the above demonstrates quantitative thresholding is possible, 
with the exception of some bloodborne viruses and examples of minimal 
residual disease monitoring, it is seldom conducted robustly in applied 
clinical molecular analysis. This is partly due to the dynamic nature of a 
disease, challenges over traceability and complexity of multistep pro
cedure (including the taking of the specimen), but also to the challenges 
associated with making such a measurement reproducible and a wide 
misunderstanding of the importance of reproducibility for routine clin
ical use. Establishing a nucleic acid diagnostic threshold may be desir
able and, at first, appear to be fairly straightforward once a numerical 
threshold is agreed; in reality however, this quantitative metric requires 
considerable support in terms of reference standards to work repro
ducibly. This was exemplified during COVID-19 as outlined in the 
following section. 

6. Experience from COVID-19 

The distribution of SARS-CoV-2 RNA within a population of positive 
individuals not only varied by over eight orders of magnitude from 
sample to sample, but the underlying distribution also varied with 
incidence (Hay et al., 2021). Consequently, when the reproduction 
number and incidence was high, the amount of SARS-CoV-2 RNA within 
specimens was much higher. When incidence was lower a larger number 
of clinically relevant specimens with much lower quantities of viral RNA 
was observed (Hay et al., 2021). This was because at higher incidence 
more people in a given population will have been recently infected and 
have higher RNA quantities (as associated with earlier infection) within 
the resultant specimens. 

Following the discussion in Section 5.3, this meant that methods with 
higher LODs, of which there were many examples of COVID-19 diag
nostic NAATs reported to the FDA (MacKay et al., 2020), would have 
varied in clinical sensitivity as a result of change in distribution of the 
RNA quantities ranges with incidence (Evans et al., 2021). This ‘sensi
tivity shift’ has implications when diagnostic test results are used at the 
population level to monitor disease progression or evaluate novel test 
performance. Under these circumstances, understanding the likely 
pathogen quantitative distributions (and distributions of the associated 
RNA and protein analytes) within the population of specimen being 
examined could aid the deployment of methods during different stages 
of the COVID-19 pandemic. As similar dynamic ranges of quantity have 
been reported for influenza A (Van Wesenbeeck et al., 2015) and mpox 
(Lim et al., 2023), which also vary in incidence, it may be prudent to 
consider how quantities vary during the different stages of an outbreak. 

It may be tempting to conclude that those positive results, missed 
with a test of higher LOD, that have lower viral burden and are from 
patients with less severe disease or of lower risk of spreading infection; i. 
e. the test that is less able to pick up small amounts of virus is actually 
better at picking up the clinically relevant positive patients with the 
more sensitive tests actually being less clinically specific. While there 
may be many situations where this assumption is valid, the clinical 
relevance of a given nucleic acid amount is highly dependent on the 
specimen type, as well as sampling procedure. Consequently, pathogen 
abundance equaling clinical relevance must not be assumed, especially 
when considering pathogens like SARS-CoV-2 that vary in anatomical 
location during infection. 

While it may be prudent to assume a patient with a highly positive 
nasal swab may pose a transmission risk, the reverse assumption simply 
does always not stand as a given. Just because the result from a nasal 
swab is low (and potentially the LOD of a test format) does not mean 
there is no transmissible virus elsewhere anatomically; there is evidence 
that amount of viral nucleic acid does not necessarily correspond with 
clinical relevance in COVID-19 (Williams et al., 2021) or mpox (Pan 
et al., 2023a). This further highlights why assuming methods with 
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higher LODs, which need greater abundance of analyte to work, are 
more clinically relevant, may be erroneous. Furthermore, a low viral 
titre from a nasal specimen leading to low or negative result does not 
provide information on the titre within the lungs, which may actually be 
high and a major source of transmissibility (Pan et al., 2023b). 

The assumptions in the preceding paragraph are also aligned to those 
outlined in Section 5.4, on the setting of thresholds and the idea that 
RNA quantities from oral specimens were clinically relevant. During the 
height of the COVID-19 pandemic the use of the qPCR output unit, the 
quantification cycle (Cq) or cycle threshold (Ct), was proposed for setting 
quantitative thresholds to stratify risk (Jefferson et al., 2020; Tom and 
Mina, 2020), evaluate method performance or even set LOD targets 
(WHO, 2020). The Cq is determined by setting a fluorescence threshold 
at a position on the qPCR amplification plot to determine the corre
sponding cycle (at that position). Cq can vary (by > 3 cycles) even when 
it is set for the same qPCR profile and because the cycles being reported 
are logarithmic this can amount to orders of magnitude differences in 
corresponding quantities. Cq represents a crude estimate of nucleic acid 
quantity that can be used to explore and inform epidemiological ob
servations where large data sets are available; as elegantly demonstrated 
by Hay et al. (2021). However, as tempting as it is to use as a unit of 
measure, without calibration it is simply too variable for estimating 
nucleic acid quantitative thresholds on an individual specimen. 

The use of Cq to set thresholds during COVID-19 also reflects a great 
example of collective amnesia associated within a scientific community. 
Eminent scientists across the world advocated Cq thresholding for 
COVID-19 apparently unaware that over 20 years ago a global system 
was set to support NAAT quantitative analysis (Baylis et al., 2019) due to 
what was recognised as orders of magnitude quantitative error between 
laboratories (Fryer et al., 2008). A tangible analogy for the attempted 
use of Cq to threshold during COVID-19 would be attempting to age 
children based on their height: for example, if school entry could be 
based on a child passing the threshold of being over a meter. It is well 
recognised that children’s height is too variable for this to be a useful 
measure, even though the actual length measurement is accurate. Unlike 
length measurement, the Cq estimation of viral RNA is in itself not ac
curate, with >100 fold variation between laboratories being the norm 
before any actual biological variation is considered (Evans et al., 2021). 

The use of thresholding of nucleic acid quantities is applied to stratify 
and manage patients, such as for chronic myelogenous leukaemia, HIV 
and HBV but, for this to happen, calibration is required. This removes Cq 
variation associated with instrument or assay by converting it to a more 
accurate copy-based unit traceable to a system such as the WHO inter
national standard (using international units [IU] or copies). Using 
reference measurement systems (such as WHO standards) also allows 
the copy-based unit to consider differences in the volume of specimen 
(often standardised to per mL) to be considered which is not possible 
when using Cq alone. This process also enables the method’s linearity to 
be characterised, adding further accuracy to the measurement. Nucleic 
acid thresholding, that accounts for that these sources of error, can be 
used to guide the management of patients with conditions like COVID- 
19 (Vierbaum et al., 2022), but, for this to be this the method must be 
validated for this purpose. 

An additional factor that COVID-19 placed into the spotlight was 
how information linked to molecular diagnostic development, research, 
translation and wider application was reported. NAATs are unique 
amongst IVD formats as the genetic sequence they target can be ‘read’ 
and test developed very quickly using design expertise and synthetic 
production of oligonucleotides. This should in theory make independent 
evaluation of procedures more accessible. However, to do this peer 
reviewed research can be aided in this respect by following specific 
guidelines (Bustin et al., 2009; Bossuyt et al., 2015), to assist wider 
application, and manufacturers can provide clear, and appropriate, in
formation on how methods have been validated, verified and accredited. 

Possibly the most contentious example of this when considering 
NAATs is the release of oligonucleotide sequences used to prime the 

different NAATs. The disclosure of primer sequences has represented a 
topic of heated debate for some time with strong views on both sides 
and, in cases, compromises being met (Bustin et al., 2011). Primer se
quences are also provided by manufacturers to some, but not all, regu
latory authorities. There are certain situations where the need for primer 
disclosure can be far more strongly argued. The development and 
application of NAAT-based diagnostic solutions for prevention or 
response to outbreaks represent such an example. Where outbreak, or 
potential outbreak, pathogens alter their genetics, such as with 
SARS-CoV-2 variants of concern or influenza genomic shift and drift, 
knowledge of the primer sequences could quickly provide regulators and 
key decision makers with confidence about which IVD solutions are or 
are not potentially affected by the associated sequence change. If, as we 
state above, IVDs represent the first response to stopping potential 
outbreaks, disclosure of primers sequences by IVD manufacturers to 
immediately remove of the associated ambiguity associated with a new 
pathogen variant would seem an obvious progressive step forward. 

7. Future 

There is little doubt that we will see an increased clinical use of 
molecular bioanalytical techniques including NAATs and sequencing 
(along with advances in antigen and serological methodologies) in the 
future. Together these bioanalytical approaches will both increase the 
analytical information via multiplexed and -omic methodologies, and 
offer simpler near-patient formats. We are quite simply at the beginning 
of a potential healthcare revolution that is driven by testing. This is 
already driving improved cancer treatment, safer prenatal screening and 
fast pathogen diagnosis. While arguments abound about the diagnostic 
decisions during COVID-19, one undeniable result is that the public 
accept testing as a direct route to impact decisions around their own 
healthcare and behaviour to benefit society. It is now incumbent on the 
scientific community comprising diagnostic researchers, manufacturers 
and those tasked with ensuring test quality, to deliver tests that perform 
with an accuracy that meets this globally developed public trust. 

To meet this responsibility the molecular diagnostic sector arguably 
needs to rethink the approach to molecular diagnostic evaluation 
commensurate with maximising the potential impact of these highly 
diverse and dynamic methodologies. Improvements to analytical con
siderations and how they influence clinical findings will serve to better 
understand how tests can be used. The process of detection of a patho
gen’s nucleic acid sequence within a population of specimens may or 
may not be straightforward, and its increasing abundance may or may 
not be relevant to clinical severity or transmission. When conducting the 
research to determine the clinical relevance of the presence, or abun
dance, of a given pathogen’s nucleic acids within a clinical specimen it 
would be prudent to accurately define the analytical performance of the 
methods in question. This in turn requires improved support in terms of 
the availability and application of material and methodological stan
dards, and how they should be best used to aid in the setting and meeting 
of performance targets. 

COVID-19 demonstrated the important role for bioanalytical tech
niques in identifying and diagnosing the offending pathogen. Without 
advanced sequencing and PCR, our response to COVID-19 would have 
been very different. If diagnostics are elevated in importance to be more 
commensurate with therapeutics and vaccines, then we will have a 
greater chance to impact in the next pandemic threat as well as in 
delivering the wider medical life science advancements many predict. 
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