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Abstract

Diagnostic test results are used for many purposes and are heavily
relied upon to prevent movement of pathogens from one country
or region to another; to clear plants as free from disease for
commerce; and to surveil against natural, accidental, or unin-
tentional pathogen introductions and new and reemerging dis-
eases. Diagnostic test results are also used by plant producers to
make critical management decisions. The level of confidence in
each assay is defined by a set of metrics that describe the per-
formance of the assay under defined conditions. Collectively,
these metrics are called “validation” of the assay. There are
hundreds of diagnostic plant disease assays used every day in the

United States that either are not validated or are validated in an
ad hoc way. An endemic pathogen in one region can be an exotic
pathogen in another. Therefore, this multitude of diagnostic
assays for which performance criteria are not standardized im-
pairs communication about confidence in the test outcome. We
propose to create a framework for standardizing assay validation
language and definitions within the United States across existing
plant diagnostic networks. The long-term goal is to have operable
standards, understanding the “trueness” of assay results, and
sustained communications between diagnostic laboratories that
use and those that develop plant disease diagnostic assays.

Validation is a scientific process that defines the requirements of an
assay for the intended purpose (fitness for purpose), which includes
optimization and standardization (Van der Vlught et al. 2007). The
results from assay validation can be used to express the expectations
about the quality, reliability, and consistency of analytical results. There
is research involved in assay validation, but the process itself is distinct
from the research that is understood and done by most pathologists.
The intent of this review is to elevate the principles and language of
diagnostic assay validation for the plant pathology community.
All diagnostic assays should be validated by taxon of host and

pathogen for which it is developed. Validation includes estimates of
the analytical and diagnostic performance characteristics of a test.
Validation is an ongoing process to be sure that the assay continues to
be effective andmaintains its performance characteristics (OIE 2017).
This review will describe generic concepts because of the evolving
repertoire of new and unique diagnostic assays. This article focuses
on the validation criteria for all types of assays, focusing on processes
that can relate to any assay type. Note: for further assistance,
a glossary of definitions can be found at https://www.apsnet.org/
edcenter/intropp/Pages/AssayValidationGlossary.aspx.

Capabilities for diagnosis (determination of the presence of
disease agents) in plant pathology are being strengthened with new
tools and techniques for pathogen detection, identification, and
discrimination at the genus, species, strain, and even individual
level. Use of plant disease diagnostic technologies is essential to the
work of diverse groups of professional practitioners, including
diagnosticians who provide plant disease answers to producer
clients, diagnosticians who support plant health regulators at the
federal, state, and local levels, customs officials, academic re-
searchers, industry personnel, and agricultural producers. Plant
disease diagnosticians such as those in the National Plant Di-
agnostic Network (Stack et al. 2014), the National Clean Plant
Network, and the National Seed Health System as well as state
departments of agriculture are adapting and applying a new array of
assays to meet the specific needs of the plants grown in their region.
Plant health regulators and bioforensic investigators depend on
accurate detection, identification, and discrimination among en-
demic and exotic strains of pathogens (Budowle et al. 2005;
Fletcher et al. 2006; Kingsolver et al. 1983). Customs officials,
facing an ever-increasing barrage of imported plant and food
materials, also require rapid, reliable, and accurate tools to de-
termine the presence or absence of destructive, highly pathogenic
organisms (Kingsolver et al. 1983). Researchers in law enforce-
ment, regulatory, academic, and private sector laboratories are using
next-generation sequencing, melting-point discriminators, rapid
primer development, and other new technologies to develop new
detection and diagnostic tools that address the needs of each of these
stakeholder groups, providing more precise evidence for criminal
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investigation, for making regulatory decisions, for improving the
quality and depth of research data, and for facilitating crop man-
agement decisions.
Thus, diagnostic assays are common to widely divergent pro-

fessional applications having a range of objectives and requirements
for stringency and confidence. When the work of these different
professional groups overlaps, such as when a diagnostic laboratory
receives a sample that is subject to regulatory policies, or when
the investigation of an agricultural crime brings together law en-
forcement, regulatory personnel, and plant diagnosticians, effective
interactions depend upon understanding a common language re-
lated to assay development, validation, application, and reporting.
Validation is the process that (i) assesses the ability of a procedure

to get reliable results under specific conditions, (ii) defines the
conditions needed for specific results, (iii) determines limitations, (iv)
identifies sources of variability that must be controlled, and (v) forms
the basis for interpretation (Budowle et al. 2008). Terms such as
specificity, inclusivity, exclusivity, sensitivity, accuracy, and precision
are metrics of robustness and confidence pertaining to a diagnostic
assay. These metrics are based upon well-defined calculations.
Confidence requirements may be different across a continuum of

need from law enforcement forensic tracing of an unusual outbreak
of foodborne illness to regulatory rejection of commodities in food
and ornamental plant trade to successful management of a local or
regional plant disease outbreak caused by an endemic species. The
ability to ascribe a level of confidence to characteristics of a di-
agnostic assay considered acceptable to a specific field is critical for
its development and use. The appropriate metrics can be based on
whether the determination is quantitative, qualitative, or taxon-
mediated and/or the exigencies of a specific outbreak event. Those
concerned about the consequences of misdiagnoses are seeking
concurrence on a framework within which to discuss, understand,
and ascribe appropriate confidence levels over different applica-
tions with agreed stringencies, a standardized but flexible scientific
base supporting the metrics utilized, and agreed-upon terminology
and research methods for validating diagnostic assays.

Fitness for Intended Purpose
Fitness for purpose refers to an ideal level of confidence in the

results of a diagnostic assay for which it is designed. The amount of
validation is subjective or situational and can be defined in terms of
the goals of the users and circumstances surrounding the testing
needs. Validation of a diagnostic assay, then, is the testing of the
assay in a variety of settings and circumstances relevant to the
intended application (e.g., forensic investigation, regulatory con-
firmation, general diagnostics, research, etc.) and analysis of the test
data to demonstrate that the assay is fit for its intended purpose. The
types of assay “fitness for purpose” are described in this way by the
World Organisation for Animal Health (OIE 2018):

1. To confirm diagnoses of exotic or high-consequence
pathogens for critical regulatory decisions

2. To demonstrate population “freedom” from infection or
reestablishment of freedom after an outbreak

3. To demonstrate freedom from infection for trade purposes
4. To demonstrate efficacy of eradication policies
5. To estimate prevalence of infection for risk analysis (survey,

trace forward, trace back)

Additional uses relevant to plant pathology may include the
following:

1. Research such as environmental and/or product sampling
2. Attribution in legal or forensic applications

Examples of fitness requirements of assay validation for different
applications are described below.
Forensic diagnostics for attribution. In the post-9/11 world,

the potential threats of use of biological agents for terroristic or
criminal purposes led to establishment in the United States of
dedicated national-level microbial forensic programs to address
the threats. The National Bioforensic Analysis and Counter-
measures Center (NBFAC), a branch of the National Biodefense
Analysis and Countermeasures Center, was established by pres-
idential directive (HSPD10: Biodefense for the 21st Century) to
serve as the lead federal facility for analysis of material recovered
from sites of suspected actual or planned use of biological agents.
The mission of NBFAC is to identify the biological agents in the
recovered materials, providing information that can be used as
evidence supporting the attribution of a crime. In this case, the
purpose of the diagnostic assay is to identify an organism asso-
ciated with an event, distinguishing it with confidence from or-
ganisms of the same or similar species. Real-time polymerase
chain reaction (PCR), a rapid and relatively inexpensive method
for identification of biological agents, is frequently requested as
part of the analysis for regulatory decision making and for evi-
dentiary materials (Bonants et al. 2003; Budowle et al. 2005;
Fletcher et al. 2006). To establish that they are fit for use, the real-
time PCR assays used by NBFAC are validated in-house, in
compliance with a quality assurance program requiring that all
assays have detailed tracking of the reagents, personnel, equip-
ment, and samples used. For plant pathogens, NBFAC turned to
the National Institute of Microbial Forensics in Food and Agri-
cultural Biosecurity (NIMFFAB) for validation of assays for plant
select agents (Fletcher et al. 2006). Validations are documented
through validation plans, reports, and periodic data review.
Laboratory personnel are tested on their ability to correctly per-
form the assays and complete all documentation before any assay
is performed on evidentiary material.
Validation for quarantine and regulatory diagnostics. When

the USDA Animal and Plant Health Inspection Service (APHIS)
uses diagnostic assays for regulatory purposes, it must comply
with the U.S. laws, regulations, and policies that authorize reg-
ulatory actions, especially the U.S. Plant Protection Act (Public
Law 106-224, 2000). These statutes inform the assay’s fitness by
requiring that regulatory decisions made from assay results use
sound science and are sufficiently documented to withstand legal
challenges, both in a U.S. court of law and by international bodies.
The validation components that establish the assay’s fitness are
adopted from well-established U.S. governmental regulatory
bodies such as the Food and Drug Administration (FDA) and the
Environmental Protection Agency. As the FDA states in its
Guidelines for the Validation of Analytical Methods for the
Detection of Microbial Pathogens in Foods and Feeds (FDA
2015), “As a regulatory agency tasked with ensuring the safety of
the nation’s food supply, it is imperative that the laboratory
methods needed to support regulatory compliance, investigations
and enforcement actions meet the highest analytical performance
standards appropriate for their intended purposes. Development
of standardized validation requirements for all regulatory
methods used to detect chemical and radiological contaminants,
as well as microbial pathogens, used in our laboratories is
a critical step in ensuring that we continue to meet the highest
standards possible.”
Some test requirements in the regulatory realm are similar to

those in the forensic realm, but there are differences as well. For
example, usually it is necessary to establish that an organism is
identified as the precise species or subspecies listed in the
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regulation, and that the organism was viable and pathogenic at the
time of sampling, in order for a response action to be initiated (i.e.,
treatment, confiscation, removal, or re-exportation of regulated
materials). Identification of the key test performance measurements
required for an assay’s intended use will define what test data will
be needed for validation and demonstrate that the assay is ready for
implementation.
Guidance for determining a range of validation “stages and tiers”

needed for regulatory use has been developed by multidisciplinary
teams in cross-network laboratory testing forums such as the In-
tegrated Consortium of Laboratory Networks (https://www.icln.
org/) and strategic coalitions of regulatory plant diagnostic agencies
such as the Quadrilateral Scientific Collaboration in Plant Bio-
security (“the Quads”). A framework for diagnostic assay devel-
opment and validation that identifies stages and tiers of calibration
of an assay for use by assay developers and diagnosticians is
developed/proposed in Figure 1. Each tier lists basic test perfor-
mance measurements that establish suitability for purpose. Tiers can
be adjusted for tests employed in circumstances ranging from
specific emergency use to use in a sustained multiyear national
regulatory program. Even after an assay is fully validated, continuous
monitoring identifies the assay’s strengths and areas for possible
improvement.
Confirmatory assays for regulatory applications are generally

more rigorously assessed for accuracy and detection specificity than

are those assays for screening and surveying. Nevertheless, in some
emergency situations assay validation may be incomplete, the
minimum requirement being known analytical specificity, sensi-
tivity, and repeatability as established in tier 1 validation (Fig. 1).
Over time, in such situations, validation research will continue to
enhance the available metadata about an assay, so that greater
certainty is generated (tier 2 validation). Accuracy, precision, and
robustness of an assay must be demonstrated in at least two to three
laboratories for tier 3, and an assay is fully validated for national use
by tier 4, when it has been used by multiple laboratories (Fig. 1).
Validation of commercial assays. The private sector has a vi-

brant plant pathogen diagnostic industry that serves a wide range of
markets—from voluntary, home-based testing employed by orchid
hobbyists to regulatory/quarantine programs distributed across the
United States. This industry’s diversity presents a myriad of unique
challenges for commercial assay development and validation. As
with other plant diagnostic testing, validation of commercial di-
agnostic assays uses “fitness of purpose” as the driving force to
determine the appropriate validation requirements. In addition,
developers of commercial assays cover traditional (prerelease)
validation as well as approaches to the often-overlooked process of
postrelease (ongoing) validation to ensure that each test stays fit for
use over time in an ever-changing market.
Steps to commercialize a diagnostic assay are an iterative pro-

cess, wherein the end user is continually engaged. Requirements of

FIGURE 1
Overview of the assay validation process moving from establishing characteristics desired for validation to postvalidation activities. Each step is reviewed
against predefined criteria before proceeding to the next. Validation planning (maroon), validation activities (blue), and validation and postvalidation work
(orange) are also considered when planning the validation study.
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the end user, sourcing of reference materials, and externally vali-
dating efficacy are critical to a successful validation. Assay vali-
dation metrics are established and results analyzed to ensure that the
assay meets fitness of purpose. Once the product is launched,
ongoing validation processes, listening to customer feedback,
monitoring industry changes, and compiling and analyzing data are
continued, and, if needed, revalidation is undertaken. Reasons to
continually validate are that pathogen populations change,
knowledge expands, and novel varieties are constantly being de-
veloped. For example, a new ornamental variety with a red pig-
mentation can cause a false positive on a lateral flow immunoassay
that otherwise produces reliable results for other varieties in the
same species that are not pigmented. To continually validate, there
is a real-time stability (shelf-life) program with established mon-
itoring processes. It is important to maintain two-way communi-
cations with customers, which requires that there are processes to
document feedback, take appropriate action, and communicate
actions taken to customers. Commercial test kit providers com-
monly maintain ongoing testing programs and industry relation-
ships (collaborators from extension offices, university researchers,
the American Phytopathological Society [APS], etc.)

Fitness for Pathogen Type
Fitness for intended purpose has been evaluated from the per-

spective of who will use the assay and the performance characteristics
required by different users. However, there may be significantly
different verification requirements when considering plant pathogens
across the spectrum of taxa (e.g., Janse 2005; van Schadewijk et al.
2011). Minimum assay performance characteristics would likely
differ when validating diagnostic assays for viral, phytoplasma,
bacterial, stramenopile, and fungal plant pathogens, for example.
Additionally, well-established versus emerging pathogens may have
differing degrees of resources available for validation. When dealing
with a recent discovery or taxonomic placement of an emerging
pathogen, assay development and validation are often conductedwith
less information, fewer isolates, and more unknown factors, com-
pared with established pathogens. New and emerging pathogens are
not often represented with type specimens in culture collections,
reference standards may not be developed or available, and bio-
chemical, genomic, and proteomic data, and so on, may be marginal
or lacking. Progressing from lower (viruses) to higher (fungi) taxa,
with associated increasing genomic and structural complexity, criteria
and requirements for validation become more challenging and
complex. Lower taxa such as viral and bacterial pathogens often have
significantly more genomic and biochemical information available, as
well as defined near neighbors, to exploit in development and vali-
dation of diagnostic assays. Pathogens at lower taxonomic levels and
associated lower genomic complexity thus may be more amenable to
new technologies such as next-generation sequencing, with lower
costs associated with validation. Conversely, pathogens with more
complex genomes and lifestyles may present other challenges in
development and validation.
Additionally, it can be a challenge to collect sufficient samples

for specificity testing, particularly when such samples are only
available from collaborators in foreign countries. This reinforces the
need for postdeployment monitoring of assay performance and the
potential need for revalidation as more information and specimens
become available.
Across all taxa, commonalities exist for development of vali-

dation protocols:

• The need for type cultures and reference standards such as
antigens, barcode sequences, and databank genomes

• Access to multiple isolates, strains, pathovars, or genotypes
and outgroup species for inclusivity and exclusivity testing

• The need for solid taxonomic status before identifying subjects
for inclusivity/exclusivity testing

• The need for known positive samples to establish metrics of
specificity and sensitivity

• The need for partner laboratories to use the assay and provide
feedback to the developer on efficacy and reliability

Validation research planning for diagnostic assay
development. Validation is a scientific study to determine the
performance characteristics of a test. Decisions about the metrics of
performance of a diagnostic assay can be subjective, depending on
perceived risks and consequences of an incorrect diagnosis. The
selection of the type of validation study is dependent on the targeted
level of confidence in the test results and on the stringency level of
the validation study. The required level of stringency of the vali-
dation study will vary based on the scope of study and the intended
use of the diagnostic test. Other factors such as the availability of
resources, urgency, and technological limitations will also affect the
selection of level of validation. The number of replicates required in
the validation process is determined by the scope of the study and
the desired level of confidence in the test results. The minimum
numbers of required replicates for each metric of confidence such as
specificity, sensitivity, specificity, exclusivity, and robustness
might be different (Fig. 1).

Assay Performance Characteristics
Once the purpose and initial preparations for the development of

an assay are complete, the next steps are to define the performance
characteristics for deployment.
Diagnostic sensitivity and specificity. Diagnostic sensitivity

and specificity, the main properties of any clinical assay, are
measurements of the test’s capability to effectively distinguish the
presence or absence of a specific pathogen. They are the basis for
calculation of other parameters and impact the kinds of inferences
that can be made about the test results. Evaluating specificity and
sensitivity metrics during diagnostic assay development is essential
because they suggest a potential concentration for the method’s
limit of detection and its strength to discriminate among similar
taxa, providing consistent measures of test performance. Therefore,
it is important that these two characteristics are as accurate as
possible. Ideally, they are derived by testing a series of reference
samples with known infection status.
Sensitivity predicts the test’s capability to yield a positive result

when the targeted characteristic (nucleotide, protein, organism, etc.)
is present. When assessed using the slope of a concentration curve,
its shift can be used to evaluate reduction in sensitivity. Specificity
is the ability to distinguish background, or nontargeted organisms,
from those containing the target organism.
Specificity. When designed and developed well, PCR methods

can be rapid, specific, and sensitive; PCR is frequently used for
plant pathogen detection and identification. In most cases, PCR
assays are performed with pathogen-specific primers because
nonspecific primers can crossreact with closely related species,
resulting in false positive test results. Comprehensive specificity
validation includes properly designed inclusivity and exclusivity
panels of microbes, defining the probabilities of false negative and
false positive results. In general, members of exclusivity panels
should include pathogens from the same niche, from closely related
species and subspecies, and from environmental samples.
To minimize the probability of false negative results during

testing, representative isolates of the targeted pathogen collected
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from different geographical regions, time periods, and hosts should
be used in the inclusivity panel. Selecting isolates for inclusivity
panels requires having background information on the biology,
ecology, and population genetics of the isolates, which helps to
evaluate the importance of each isolate for the validation.
Although the best practices for assay design are tailored for each

of several fundamentally different types of assays (e.g., detection of
nucleic acids, antigens, or analytes), it is important to first consider
the intended purpose for all diagnostics. A single assay may be
designed for one or more intended purposes by optimizing its
performance characteristics separately for each purpose: for ex-
ample, setting sensitivity high with associated lower diagnostic
specificity for a screening assay or, conversely, setting specificity
high with associated lower sensitivity for a confirmatory assay.
When optimizing the assay’s specificity, it is important to

consider several factors inherent in the sample matrix. Because
plant pathogens form intimate associations with their host or are
present in the environment, diagnostic samples can consist of
a variety of materials including plant tissues, soil samples, and aerial
spore trap adhesive. Elements of the sample matrix that can affect
testing may be grouped into (i) interferents, such as assay enzyme
inhibitors, (ii) degradants, which could result in the destruction of
target analytes, (iii) factors causing nonspecific binding, and (iv)
common plant treatments that could alter the assay performance
(pesticides, growth regulators, spray adjuvants). For these reasons,
testing the sample matrix alone (negative control samples) is
critical. In addition to matrix effects, it is important to know basic
information about the target organism to help define an exclusivity
panel. The target organism’s niche may also contain resident
nonpathogenic organisms that should be included in the panel to
minimize the possibility of false positive results due to their
presence. Furthermore, closely related but nontarget organisms
should be included in the panel to minimize false positives. The
level of specificity needed (i.e., genus versus species or pathovar)
will help determine which organisms to include in the panel. It is
also important to include organisms that may not be in the same
niche but that are commonly associated with the test sample; these
may include opportunistic organisms or contaminating organisms
from the environment. Finally, it is important to determine if
a specific stage in the life cycle is being queried or if distinguishing
the organism as live/dead when sampled is important.
Diagnostic specificity, a measure of how sure one can be that

a negative result is truly negative, is represented by the following
equation (Emory University School of Medicine 2018):

Specificity =
number of observed negatives

number of true negatives + false positives
× 100

Sensitivity. Sensitivity measures the effective accurate pathogen
detection level. It is important to know the difference between
diagnostic (rate of true positive detection) and analytical sensitivity
(dose-response curve of the method) metrics (OIE 2017).
Diagnostic sensitivity is represented by the following equation:

Sensitivity =
number of observed positives

number of true positives + false negatives
× 100

Analytical sensitivity (quantitative test) represents the smallest
amount of substance in a sample that can be accurately measured by

an assay (Saah and Hoover 1997) and is represented as limit of
detection (LOD).
A test that has high analytical sensitivity may not necessarily

yield the desirable diagnostic sensitivity. Such a test would be
capable of detecting very low levels of the target analyte or or-
ganism but may produce a high rate of false positive results.
Whereas diagnostic sensitivity is the percentage of diseased sam-
ples that are identified by the test as being positive for the disease,
analytical sensitivity is defined as the lowest level of target analyte
that can be measured accurately by the test. For qualitative assays,
the analytical sensitivity is the lowest concentration consistently
detected as positive under repeat testing. For quantitative assays, the
analytical sensitivity measurement includes a level of accuracy by
incorporating the standard deviation (or variation in the test result)
into the calculation and is also known as LOD (Emory University
School of Medicine 2018):

LOD=mean of replicate tests of the same positive sample

± 2 standard deviations of the replicate

It is common practice to check method accuracy during devel-
opment using a limited number of samples. This approach is the
most efficient pathway to the best designed method. Quantifying
test performance during method development and ways to predict
its performance require practice. Appreciating and using sensitivity
metrics will benefit diagnosticians, providing consistent measures
to evaluate test performance, as well as guide assay design to yield
the most beneficial diagnostic tools.
Diagnostic precision, reproducibility, repeatability, and

accuracy. One of the most fundamental measuring sticks for any
test is its range of error. The closeness of agreement (distribution of
variability) between a series of measurements provides a window
into the precision and accuracy of an assay. Through assessments of
the range of error at the beginning of assay development, the
method developer can estimate the amount of work required for
improvements, whether it has a chance to be more sensitive than
other assays, and to begin to define the expected range of error for
future testing. Following this range through the interim of devel-
opment work, the developer can observe if changes made to the
assay are decreasing or improving its effectiveness, and expanding
or decreasing the expected range of error as new sources or error are
introduced. Finally, once the method is ready to become validated
and prepared for routine use, all the characteristics and circum-
stances tested during development are defined to provide specific
expectations to those who will eventually use the assay. Validation
establishes the expectations for how the test will perform and how
conditions affect the integrity of results.
Sources of error contribute in different ways from different

points. The more critical control points (CCPs) that have defined
ranges of error, the faster an end user can determine the root cause of
unexpected results. CCPs can be loosely defined as points at which
there is a risk that the assay might suffer catastrophic failure. There
are three categorically distinct areas to be defined, collectively
referred to as precision. Precision is defined as a collective of
three categories: repeatability, intermediate precision, and re-
producibility (ICH 1994). Respectively, these define sources
contributing to error from replicates, different days or conditions in
the same laboratory, and/or different laboratories. These areas re-
quire some form of verification and definition from a validation
study.
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Assay precision has to do with the range of outcomes. A small
range in variance, standard deviation, or coefficient of variation
among a series of measurements means the assay is more precise
than an assay with more variability. The assay has high precision if
the outcomes are consistent within the same lab and operating
conditions (repeatability), between multiple operators with varying
levels of experience and different equipment (intermediate pre-
cision), and between laboratories (reproducibility).
Accuracy is the nearness of a test value to the expected value for

a reference standard reagent of known activity or type organism of
known titer. A reference standard, to which a type of specimen,
reagent, or assay can be calibrated, is not available for many plant
pathogens and may have to be simulated. Determining the accuracy
of a test defines another form of error, bias. Not only do the
measurements themselves have a range of error, but the nearness of
a test value to the expected value for a reference standard of known
activity or titer will produce a shared range between known and
unknown means. When no reference standard exists for a pathogen
of interest, it is incumbent upon the assay developer to establish the
reference and submit to a known reference laboratory or identify
source of sequence data to simulate the standard.
With so many different sources contributing to the error of

a measurement, the developer must decide what range is (i) rea-
sonable and (ii) predictable. The decision can be supported using
confidence intervals, which rely on the standard deviation of
a dataset, and defining confidence levels of those intervals, reliant
on the number of data points observed. In general, a 95% confi-
dence interval is a reasonable range to ascertain, and a confidence
level between 85 and 95% carries decent predictability. The con-
fidence interval measures a chosen percentage of measurements
about the mean. However, that interval by itself is only applicable to
that series of measurements. It may be reasonable for that dataset
but lack predictability. The confidence level is a probabilistic
prediction of consistency over time. Knowing the confidence level
adds a defined probability that the interval observed represents the
same range future measurements should fall into. In other words,
the confidence interval is the range most likely to include the true
mean.
Assay robustness defines how well an assay maintains precision

when subject to variable factors (temperature, humidity, stability)
likely to occur during use by many different diagnosticians in
different laboratories. A ring test is an evaluation of assay per-
formance and/or laboratory competence in the testing of defined
samples by two or more laboratories; one laboratory may act as the
reference in defining test sample attributes. Often, diagnostic
laboratories are recruited into a ring test so that the assay developer
can ascertain how robust the assay performance is.

Afterword
A one-day workshop titled “Principles of Validation for Plant

Pathogen Diagnostic Assays” was held at the APS meeting on 5
August 2017 in San Antonio, TX, organized by the authors of this
report, and attended by 65 participants across a spectrum of
academic, federal/state government, industry, researchers, and
students. The objectives of the workshop were to develop
a common understanding among plant pathologists of the lan-
guage and metrics of diagnostic assay validation and to explore
the modalities of validation research planning. There were three
sets of activities: presentations concerning fitness for purpose,
exercises to demonstrate how to calculate metrics of validation,
and finally group work on five classes of taxa to understand
commonalities and distinctions in assay validation research,
depending on whether the assay was for a bacterium, a virus,

a fungus, a stramenopile, or an unculturable organism such as
a phytoplasma. This review is a summary of the content of that
workshop and is presented to further discussion on the science and
practice of diagnostic assay validation, upon which are based the
assays so critical to protecting plant health and safeguarding trade.
An output of the workshop is a glossary of assay validation def-
initions, which can be found at https://www.apsnet.org/edcenter/
intropp/Pages/AssayValidationGlossary.aspx.

Recommendations
Recommendations from the workshop participants included the

following:

• For future workshops, include issues of sampling, sample size,
and statistics and experimental design for diagnostic assay
validation.

• Develop a standard glossary of diagnostic assay validation
terms; publish online.

• Create and formalize a validation guide for phytopathogen
diagnostic assays.

• Establish an editorial check list and standards for manuscripts
on diagnostic assay validation in APS journals.

• Engage international diagnosticians on commonality of
concepts and terminology.

• Engage seed health testing professionals with experience in
validation and employ seed health examples/case studies in
future activities.

• Develop didactic training materials/courses:

• Develop interactive exercise examples in, for example,
Excel worksheet format.

• Prepare in-depth workshops on each of the validation metrics.

• Identify funding gaps and communicate to the APS Public
Policy Board and stakeholders.
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