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A B S T R A C T

The need to develop new tools and increase capacity to test pharmaceuticals and other chemicals for potential
adverse impacts on human health and the environment is an active area of development. Much of this activity
was sparked by two reports from the US National Research Council (NRC) of the National Academies of Sciences,
Toxicity Testing in the Twenty-first Century: A Vision and a Strategy (2007) and Science and Decisions:
Advancing Risk Assessment (2009), both of which advocated for “science-informed decision-making” in the field
of human health risk assessment. The response to these challenges for a “paradigm shift” toward using new
approach methodologies (NAMS) for safety assessment has resulted in an explosion of initiatives by numerous
organizations, but, for the most part, these have been carried out independently and are not coordinated in any
meaningful way. To help remedy this situation, a framework that presents a consistent set of criteria, universal
across initiatives, to evaluate a NAM's fit-for-purpose was developed by a multi-stakeholder group of industry,
academic, and regulatory experts. The goal of this framework is to support greater consistency across existing
and future initiatives by providing a structure to collect relevant information to build confidence that will
accelerate, facilitate and encourage development of new NAMs that can ultimately be used within the appro-
priate regulatory contexts. In addition, this framework provides a systematic approach to evaluate the currently-
available NAMs and determine their suitability for potential regulatory application. This 3-step evaluation
framework along with the demonstrated application with case studies, will help build confidence in the scientific
understanding of these methods and their value for chemical assessment and regulatory decision-making.

1. Introduction

For well over a decade, efforts have been underway in academic,
industry and government institutions to develop in silico, in chemico and
in vitro methods to assess the mammalian and ecological toxicity po-
tential of pharmaceuticals and other chemicals. More recently, such
efforts have accelerated, sparked in the United States of America by the

National Academy of Sciences (NAS) publications: Toxicity Testing in
the Twenty-first Century: A Vision and a Strategy (2007) and Science
and Decisions: Advancing Risk Assessment (2009), both of which ad-
vocated for improvement in “science-informed decision-making” for
safety evaluation and risk assessment (National Research Council,
2007, 2009). In Europe, the Registration, Evaluation, Authorization and
restriction of Chemicals (REACH) Regulation (EC No, 1907/2006)
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called for the use of NAMs where suitable, in assessing the toxicity of
industrial chemicals (European Parliament and Council of the European
Union, 2006). In the United States, the recently updated Toxic Sub-
stances Control Act specifies that in fulfillment of the law there must be
effort made to reduce testing in vertebrate animals and implement
NAMs (Lautenberg Chemical Safety Act), and the 2018 Strategic
Roadmap for Establishing New Approaches to Evaluate the Safety of
Chemicals and Medical Products in the United States represents the
consensus of sixteen federal agencies on the development and appli-
cation of new human-relevant testing strategies (EPA, 2016a;
Interagency Coordinating Committee on the Validation of Alternative
Methods, 2018). Therefore, creating and implementing NAMs that are
effective and reliable for evaluating chemical safety is not only im-
portant for reducing vertebrate animal use but scientifically defensible
in vitro assays are also legally mandated.

Building on the International Program on Chemical Safety (IPCS)/
International Life Sciences Institute (ILSI) mode of action/human re-
levancy (MOA/HR) framework (Boobis et al., 2006, 2008 Sonich-Mullin
et al., 2001; Meek et al., 2003; Seed et al., 2005), Ankley et al. ex-
panded the concept to incorporate the needs for ecologically relevant
assessment endpoints in a publication describing Adverse Outcome
Pathways (AOPs) (Ankley et al., 2010). This has provided a framework
on which NAMs and technologies could be based and integrated into
the previous MOA/HR framework for assessing both ecotoxicological
and human health effects (Meek et al., 2014). The AOP concept now
forms the foundation of many of the Organization for Economic Co-
operation and Development (OECD) activities in the development of
NAMs.

In the pharmaceutical sector, animal studies are not expected to
identify every possible human adverse event but to provide guidance
for deriving the maximum recommended starting dose (MRSD) for first-
in-human (FIH) clinical trials as well as assessing the likelihood of
organ toxicities and carcinogenicity. There have been very few, but
notable, severe adverse outcomes in Phase I clinical trials, showing that
animal studies contribute positively to identifying a safe starting dose
(Suntharalingam et al., 2006; Bonini and Rasi, 2016). Nonetheless,
there are examples of effects that were not predicted from the animal
studies, highlighting that whole animal studies also have limitations on
their predictivity in selected situations. Since there continues to be
adverse events surfacing only in Phase III trials or post-market, even
limited human in vivo data do not always allow accurate prediction of
potential toxicity in the larger population. Hence, improvement is
needed in predicting adverse events, and new approach methodologies
(NAMs) have great potential. For many years, the pharmaceutical in-
dustry has used a discovery toxicology approach that incorporates ad-
dressing safety early in the pipeline to decrease attrition due to un-
anticipated toxicity identified only later in development. In 2000, Olson
et al. assessed the predictive power of animal studies in relation to
human toxicities observed in FIH or later clinical trials (Olson et al.,
2000). In their report of the results of a multinational pharmaceutical
company survey and the outcome of a multi-stakeholder workshop, the
authors concluded that the true positive human toxicities concordance
was 71% for rodent and nonrodent species, combined, and with non-
rodents alone being predictive for 63% of human toxicities and rodents
alone for 43% (Olson et al., 2000), thus leaving room for improvement.

In multiple regulated industry sectors at the global level, assessment
frameworks for active ingredients and their associated final products,
along with societal and regulatory initiatives to minimize or curtail
animal use for toxicity testing, have been driving changes in safety
characterization. Indeed, regulations such as those promulgated in the
7th Amendment to the European Union Cosmetics Directive (European
Parliament and Council of the European Union, 2003) have placed an
outright ban on animal testing for cosmetic products and their in-
gredients. Furthermore, some mechanisms that lead to adverse effects
in animals have been shown to be irrelevant for humans, as for ex-
ample, renal tumors in male rats induced by d-limonene as a

consequence of binding to α2U-globulin (Flamm and Lehman-
McKeeman, 1991; Swenberg and Lehman-McKeeman, 1999). The re-
sponse to these challenges is a call for a “paradigm shift” toward new,
human relevant methods for risk assessment, which has resulted in a
flurry of initiatives by numerous organizations. NAMs are envisioned to
facilitate the replacement of animal testing with combinations of pre-
dictive in silico models (e.g., of human exposure structure-related
toxicities, in vitro assays (e.g., human cell-based systems), and compu-
tational models of external and internal exposure (e.g., in vitro to in vivo
extrapolation (IVIVE) and US EPA's ExpoCast) (European Chemicals
Agency, 2016, 2017). These methods show promise for improving the
speed and accuracy of chemical data needed for risk assessment. As
with any method, whether traditional testing or new, it is necessary to
determine its suitability for risk assessment and the associated decision
contexts by ensuring that it meets the criteria associated with the in-
tended use.

In light of the ongoing development of NAMs, initially occurring in
response to animal welfare issues and represented by the 3Rs (reduc-
tion, refinement and replacement of animal methods), formal me-
chanisms for evaluation of proposed methods were established in the
United States and Europe to provide scientific confidence and accep-
tance that a NAM was fit-for-purpose for its intended use, a key example
of which is OECD Guidance Document (GD) 34 (OECD, 2005). A
number of these new testing methods, for example assays for skin
corrosion and serious eye damage or eye irritation (OECD, 2004; OECD,
2017a), have been successfully validated using the principles in GD34,
and are accepted by regulatory authorities in predicting these toxicity
endpoints. While the rate of development of new test methods has in-
creased dramatically, the traditional time-consuming validation process
does not enable decisions on the fitness of the new methods to match
the pace at which they are being developed. Furthermore, NAMs,
mainly in vitro, are being developed by many independent research
groups, contract research organizations, and companies, in many
countries, and with different funding streams. In addition, several large
international research programs are attempting to facilitate cooperation
among the various entities. In general, however, there is no overarching
coordination of these different efforts in spite of their similar overall
goals, resulting in unintended consequences, which include duplication
of effort and limited input by the scientific community. These pitfalls
and issues can result in lack of confidence in the methods and in sig-
nificant delays in the implementation of new, possibly better, methods
for assessing the potential for adverse effects. In addition, as the AOP
concept has been implemented in method development, current eva-
luation procedures against apical effects in experimental animals are
becoming increasingly less relevant (Interagency Coordinating
Committee on the Validation of Alternative Methods, 2018; Piersma
et al., 2018). Thus, a fit-for-purpose evaluation process must be able to
match the nature and speed of scientific advancement while building
confidence in the acceptability of NAMs. Hence, new approaches to
establish confidence in NAMs are being developed, based on human
biology and mechanistic relevance (i.e., AOP understanding), rather
than an empirical approach based on apical effects in animal studies,
for evaluating performance.

Therefore, the solution is to gain agreement on the objectives and
approaches for evaluating and establishing credibility of NAMs, which
would provide confidence to regulators, decision-makers, and the
public, and lead to more rapid implementation. To that end, the Health
and Environmental Sciences Institute (HESI) launched a project to es-
tablish a framework to guide in the evaluation of NAMs for human
safety risk assessment based in the foundation of their context-of-use.
The recommendations presented in this study do not constitute reg-
ulatory guidance and are not meant to supersede or supplant any ex-
isting regulatory policy, or address how NAMs could be implemented.
Key aspects from OECD GD34 and other established validation princi-
ples (OECD, 2005; OECD, 2014), such as performance standards, ac-
ceptance criteria, peer review, statistical evaluation, etc. are used as a
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foundation for the evaluation framework tool proposed here. This fra-
mework provides value in contextualizing the importance of those de-
rived criteria, which were initially developed to provide guidance for
regulatory or decision-making purposes, in a manner that orients NAM
evaluations around higher vs. lower importance as driven by the con-
text-of-use. The emphasis is on ensuring that a NAM is fit for its in-
tended purpose, as determined by problem formulation. It is anticipated
that the recommendations developed here may catalyze greater con-
sistency of approach and implementation across a broad base of sta-
keholders. This public-private partnership, comprised of a global group
of stakeholders from the industry, academic, and regulatory sectors, set
out to develop a problem formulation strategy on the appropriate
evaluation of NAMs based on the criteria needed to establish confidence
in their performance.

2. The Framework

2.1. Rationale

As the development of NAMs continues at an increasing rate, there
is a need for a framework that enables NAM assessment to keep up with
the pace of development while ensuring they are fit-for-purpose, com-
plementary to previous and existing efforts, and build upon those
concepts and criteria where consensus has already been established.
Within the present proposed framework, the information highlighted in
OECD GD 34 and 211 (OECD, 2005; OECD, 2014) provide the criteria
and accompanying definitions that facilitated the establishment of the
core principles and criteria presented here. OECD GD 211 acknowl-
edges that the information presented with the establishment of a NAM
could vary in the level of detail, as based on the context-of-use and
stage of development of a method. However, OECD GD 211 does not
provide practical specifics on how these differences could be captured
and portrayed as the context-of-uses change. The present framework
extends well beyond the OECD guidance and does not duplicate or

replace these previous efforts but rather complements and builds upon
them. Its value resides in that it takes the information derived from
those previous efforts and orients the evaluation of a NAM around the
context-of-use through the organization of information based on a
hierarchy of importance so that it is transparently articulated how a
specific NAM can be used for a specific purpose. In this way, the de-
velopment and application of NAMs becomes a dynamic process, en-
suring always confidence in the data obtained for decision-making.

2.2. Establishing a problem formulation

In order to establish a foundation, the initial step is crafting the
problem formulation for the question to be addressed or regulatory
determination to be made (Interagency Coordinating Committee on the
Validation of Alternative Methods, 2018). Problem formulation is a
systematic and iterative method that sets out to define and characterize
the issue at hand by understanding its key components, and then car-
rying out those relevant activities critical to addressing the issue
(Sauve-Ciencewicki et al., 2019). In general, as defined more precisely
below, problem formulation entails the narrowing of levels of abstrac-
tion and generality with the progressive sharpening of concepts and
refinement of scope.

Within the different chemical sectors and regulatory agencies, pro-
blem formulation has been recognized as the first and most important
step in risk analysis (National Research Council, 2009; Embry et al.,
2014; Solomon et al., 2016). Identifying the problem that needs to be
addressed (i.e., regulatory requirements, data needs, and context of
use), and the best course of action to move forward in that assessment,
is vital towards providing a foundation to problem resolution. As the
process moves forward, the fitness of a method is dependent on the
purpose for which it is intended. In some cases, the same method may
be used for multiple purposes, and thus it may need multiple levels of
evaluation relative to each use. For example, methods have been de-
veloped to be applied at one or more stages in the product development

Fig. 1. The schematic represents the 3 steps of the framework. The first step (step 1) is to determine which of the 3 main contexts-of-use a NAM will be utilized
(prioritization, hazard screening, or risk assessment). Step 2 is a set of core principles, irrespective of the context-of-use, that must to be addressed. Step 3 lays out
criteria that will vary in their level of importance based on the context-of-use. While this schematic shows a default level of importance for each criterion, the
importance of each should be considered on a sliding scale that will be dictated by various other factors (i.e. regulatory landscape, internal and external decisions)
within a specific context-of-use.
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process to screen for indicators of toxicity, identify hazards, compare
relative potencies, and to predict similar adversity through read-across
(Strickland et al., 2018, 2019; Choksi et al., 2018; Daniel et al., 2018).
NAMs are also being considered to inform safety decisions in the reg-
ulatory process for new and existing compounds. A formal problem
formulation process is useful to clearly articulate the purpose for which
the method is to be used and to address acceptable levels of uncertainty,
depending on the use, to build confidence in that method and ensure
uptake and application across regulatory and industry stakeholders.
Problem formulation for evaluation of a NAM includes three discreet
steps: 1) determining the context of use; 2) addressing core principles
and 3) defining fit-for-purpose criteria.

2.3. Step 1: Determining the context-of-use

First, one must determine where the method will be used (Fig. 1,
step 1): Is the method to be used for i) prioritization, ii) hazard
screening or iii) in a risk assessment? These are broad categories, and
the definitions provided are to serve a general understanding of each
use as finer divisions may be appropriate. The assignment into one of
the three categories will determine which set of criteria needs to be
addressed and possibly met (Fig. 1, step 3). Furthermore, determining
the suitability of a NAM for a specific context-of-use should not only be
questioned at the beginning, but as results are gathered, whether that
NAM was suitable to provide the necessary information to address the
goals and objectives set out, or whether additional information or al-
ternative NAMs also need to be incorporated.

i) Prioritization: An evaluation that yields a rank order on a list of
potential chemicals of interest. This ordering could be based on
multiple factors, but the ultimate outcome is to have a list where
those at the top will move forward into screening before those
further down.

ii) Hazard Screening: This stage could use in silico or in vitro ap-
proaches to evaluate chemicals for their potential hazards, as de-
termined by their intended use.

iii) Risk Assessment: This is usually a quantitative evaluation that, in
addition to identifying the potential hazards during screening, in-
corporates exposure and dose into the final determination on a
chemical's safety to a particular population.

It also needs to be noted that this process does not necessarily re-
quire assignment of a method to all three stages to be considered suc-
cessful. Depending on business needs or the needs of a risk manager,
NAMs may be necessary for only one of the stages described above. For
example, in determining which contaminants most urgently need re-
mediation, it may be sufficient to use methods for prioritization without
moving on to hazard screening or risk assessment.

2.4. Step 2: Addressing core principles

Once the determination is made of how a method will be used, the
core set of principles, in no particular order, of i) accuracy (e.g., true/
false positive and negative detection), ii) transparency, iii) under-
standing limitations, and iv) domain of applicability, will need to be
addressed (see Fig. 1: Step 2).

i) Accuracy: Often prediction models are required to consistently
convert results from the NAM into in vivo toxicity predictions, and
this may involve applying standardized data interpretation proce-
dures to multiple tests in an integrated battery. Such prediction
models permit objective comparison between the performance of a
NAM and the in vivo study results. The prediction model should be

presented, including data on the number of chemicals/substances
used for the training of the model and those used for its develop-
ment, and any overlap of these two sets should be made clear. It is
therefore essential that method developers also develop the pre-
diction model associated with each NAM prior to evaluation of the
assay or integrated testing strategy.

ii) Transparency: The biological and technological basis of the NAM
should be clearly described. This can lead to difficulties if there are
implications for the protection of intellectual property. However, it
is unlikely that widespread regulatory acceptance will be possible
unless the basic principles of the method are known. Similarly, the
algorithms and models used for data processing and extrapolation
should be described, together with information on the chemicals/
substances used for training the model and its performance in the
assessment of those chemicals. Recently, OECD has provided
guiding principles and best practices on accessing intellectual
property in an effort to increase transparency, specifically when
used in the development of a testing guideline program (OECD,
2019).

iii) Understanding limitations: An understanding of the key limitations
of a NAM will facilitate appropriate use and interpretation in ad-
dressing the regulatory question. Knowing not only what a method
can assess, but what the limitations are, will help ensure that the
data generated are weighed appropriately. For example, metabolic
competence is a major limitation for the majority of existing cell
line-based NAMs (with the exception of certain whole cell cultures
such as hepatocytes). Therefore, interpretation of negative results in
these tests should be done with caution. Occasionally, additional
tests may be required to confirm negatives from an assay conducted
with a test system due to intrinsic limitations. The additional testing
or battery testing may be a deterrent to move away from traditional
tests, hindering the uptake of the newer methods. Clarity in testing
strategies based on test limitations may instead favor acceptance
and application, while limiting risks at the regulatory process level.

iv) Domain of applicability: This principle addresses the range a
method will have, from which chemicals could be assessed (che-
mical applicability domain) to the biological species and pathway
that could be evaluated. For example, test methods that are relevant
to only water-soluble test materials (e.g., Cytosensor micro-
physiometer assay for determining ocular irritation) will not be
applicable to highly lipophilic chemicals. It is just as important to
characterize not only what falls within the range, but also what will
fall outside the parameters of a method.

Addressing these first two steps of the process, i.e., determining the
expected use(s) of a method coupled with addressing the core princi-
ples, lays the foundation for the problem formulation. One must also
recognize that as more information is gained during the development of
a method, this process is likely to require revision, through iterative
reconsideration of the problem formulation. It will be necessary to re-
visit it often, ensuring that all those involved have a mutual under-
standing of the scopes and objectives (Sauve-Ciencewicki et al., 2019).
Specifically, if a method is originally developed for one stage in the
product life cycle (e.g., discovery vs. regulatory studies), and the
question arises of a possible alternate utility, then the context of use
changes and a new set of fit-for-purpose criteria might need to be ad-
dressed to establish confidence in its utility with those new require-
ments. These criteria under consideration, their definitions, and the
level of importance constitute the third step in this framework.

2.5. Step 3 – Fit-for-purpose criteria

Once a context-of-use (Step 1) and the core principles are
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determined and addressed (Step 2), the third step is to evaluate a list of
criteria pertinent to assess the fit-for-purpose of a NAM (Fig. 1, step 3).
The importance of each criterion considered within its context-of-use
should be approached on a sliding-scale of importance. While Fig. 1,
step 3 represents a default setting for each criterion within the three
main context-of-uses, the level of importance should be adjusted to
capture all the nuances within. These include, but are not limited to,
any regulatory aspect and guidance and any internal decision-making
processes. Ultimately, the goal is to orient the evaluation of a NAM to
address the criteria in an order of importance for its specific context-of-
use, as dictated under the problem formulation. Furthermore, these
criteria could be applied either for a stand-alone test (e.g., a direct 1:1
replacement) or within a testing strategy, such as part of an IATA (in-
tegrated approach to testing and asessment) (OECD, 2005; OECD,
2016a).

2.6. Criteria definitions

Chemical applicability domain: It is important to understand per-
formance of NAMs across diverse chemical classes. For example, a NAM
may provide good predictions for only a small set of chemical classes
relative to the universe of materials that need to be tested. If the NAM is
limited in its application, it may only be relevant for specific situations
for use in safety testing. In addition, assay systems that have limited
metabolic capability may also have limited applicability and lead to
false negative interpretations if metabolic activation is necessary.
Furthermore, limitations might arise during assay development if only a
limited number and classes of chemicals are used for the initial eva-
luation. Such a limitation in chemical space could pose a challenge for
determining fit-for-purpose for applications or for providing the ne-
cessary certainty for a particular decision context. Therefore, every
NAMmust provide clarity on the domain of applicability of the assay, as
well as clear interpretation criteria for positive and negative results. If a
user wishes to apply a NAM to chemical classes outside the established
applicability domain, the user should demonstrate that the assay ap-
plies to the new chemical class. Sometimes the proof will be categorical,
e.g., a threshold for a result to be considered positive, but sometimes it
will be quantitative, requiring weight of evidence considerations.

Standard operating procedure: An appropriate and clearly under-
standable and reproducible protocol is crucial for proper evaluation of a
method and for gaining credibility and acceptance by regulatory
agencies. The protocol should clearly indicate all study procedures,
sources of cells including tissue and species, appropriate vehicle(s),
positive and negative controls, assay acceptance criteria and data in-
terpretation criteria. In addition, clear guidance documents and
training materials that cover various critical technical aspects such as
verification of cell type, number of cells, media, serum and additional
components, incubation lengths and conditions, readout description,
required equipment, and equipment calibration, should be described as
completely as possible to facilitate replication of results (OECD, 2018a).

With regard to metabolic competence, most cell lines are severely
deficient in, or even lack, enzymes for xenobiotic metabolism and other
cellular processes (e.g., transport) and thus would not be considered
fully metabolically competent. In many, but not necessarily all, cases,
metabolic competence is necessary for relevant evaluation, thus in-
formation on the metabolic competence of the test system should be
provided (i.e., OECD STA No. 280) (OECD, 2018b). If steps have been
taken to address this, for example, by using an exogenous source of
metabolizing enzymes or by genetically engineering cells to express
enzymes for xenobiotic metabolism, then both qualitative and

quantitative information on the performance of the metabolic system
should be provided.

Method description: This criterion is met through written doc-
umentation of what an assay does and how it does it. This is separate
from an SOP (previously described), which has the goal in providing a
reproducible protocol on the execution of a method. The OECD
Guidance Document 211 outlines the fields and definitions that would
go into a method description, but the extent for that information will
also be further dictated by the context of use for a NAM (OECD, 2014).

Quality of verification datasets: Positive and negative controls, in
replicates, should always be included and well-characterized during
method development, but a sufficient number of reference chemicals is
key to establishing scientific confidence. In general, the selected re-
ference chemical set should represent an adequate number of chemical
classes to address the prediction targets (e.g., medical products, cos-
metics, food additives and packaging, industrial chemicals, pesticides),
and should be clearly related to the context of use for the assay. In
addition, performance and limitations for application to specific che-
mical classes will need to be determined. Ideally, the reference data set
should consist of chemicals clearly shown to be negative or positive in
the assay or for the endpoint under consideration, with positive ex-
amples having sufficiently distributed potencies so that dose response
can be adequately characterized.

Fit-for-purpose (FFP) test validity (acceptance criteria): Another key
performance benchmark to judge the relevance of a method is to
compare its prediction performance with in vivo results that are human-
relevant. Although human in vivo data are extremely rare, critical
evaluation of available rodent in vivo data to determine human re-
levance based on mode of action is possible and should be done before
these comparisons are made (Boobis et al., 2006; Meek et al., 2003;
Seed et al., 2005). The traditional approach has been to show re-
producible results that are demonstrated across more than one la-
boratory, and where feasible, verification testing should be blind as to
whether the chemical is positive or negative. Testing in multiple la-
boratories should ideally be performed but whenever this is not feasible
or practical, performance-based criteria should be undertaken (see
below). Such studies provide clarity on the performance of the selected
NAM across diverse classification classes. If the sensitivity, specificity,
and accuracy of the NAM are similar to or better than the in vivo values,
it would support its relevance. Given that the ultimate objective is to
predict human toxicity, ideally NAMs should be compared to human
data, when available, that describe a key event(s) in an adverse out-
come pathway. The relevant biological response, whether from human
data or rodent assays, should be a component of a relevant pathway of
toxicological concern that would result in a relevant response for a
regulatory determination (Keller et al., 2012). It should not be neces-
sary to recapitulate the apical endpoint but rather use an assay that
represents one or more key events in a mode of action or adverse
outcome pathway. Therefore, one could then see that this approach
could enable more rapid, efficient, and relevant assessment of fit-for-
purpose of NAMs. However, it requires a robust framework for judging
the appropriateness of intermediate effects, which necessarily should
include not only qualitative considerations but also potency and dose-
response relationships. OECD is developing specific guidance on this
that may be applicable, however the IPCS Human Relevance Frame-
work can also inform the evaluation of these relationships (Boobis
et al., 2006; Seed et al., 2005). Additionally, assay developers and
regulators should work together to determine adequate criteria for ac-
ceptance for certain contexts of use.

Independent peer review: Depending on the purpose of the method,
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it may require independent scientific peer review. This review could
take on different forms, from publication in the scientific literature to a
formal review under, for example, a Federal Advisory Committee, and
will depend on the purpose of the method. Publications on the NAM's
performance in high-quality peer-reviewed journals provide additional
credibility for its validity. That credibility is also dictated by the extent
either raw data or other details are described and shared within the
publication process. In most cases, to gain acceptance for regulatory
decision-making, the test method and supporting data would be re-
viewed by independent experts to determine the appropriateness of the
NAM for the proposed purpose. NAMs that are considered reliable and
relevant, for example, may be adopted to inform industry-based busi-
ness decisions even before or during consideration for acceptance for
use in official regulatory decisions.

Endpoint or pathway for prediction: This criterion addresses what is
being measured, or what biological process is being assessed. This may
be a molecular, cellular, tissue, or apical effect. A clear description of
what is being assessed by the method should be provided, as well as,
how well there is a plausible linkage between the effect measured and
how close that key event is to the apical effect of concern.

Explanation of mechanistic basis: Recently, there has been heigh-
tened interest in developing an understanding of underlying biological
pathways (AOPs), perturbation of which may lead to toxicological and
pathological responses. The knowledge about these pathways has led to
development of test methods that are designed to address specific key
molecular and cellular events. Data from such NAMs would increase
scientific confidence in the results and facilitate widespread acceptance
of the method [e.g., skin sensitization tests focused on specific key
events of the AOP] (OECD, 2016b). Current efforts are supporting the
integration of toxicokinetics into in vitro evaluations of toxicodynamics.
In addition, extrapolation from actual human exposure levels to in vitro
concentrations and then back to the in vivo situation is critical for ac-
curate interpretation for risk evaluation. Methods that enable in vitro to
in vivo extrapolation (IVIVE) are necessary in order to accurately esti-
mate relevant human exposures that correspond to observed in vitro
bioactivity. IVIVE approaches should also be coupled with physiologi-
cally-based pharmacokinetic (PBPK) modelling to quantitatively bridge
in vitro and in vivo data and to explore the key mechanisms dictating the
pharmacokinetics. Combining in vitro methods with appropriate ex-
posure data will improve applicability in a risk assessment framework.
This would allow specific consideration with regard to route of ex-
posure, target-specificity, and the potential for human extrapolation.

Assay robustness: The conventional idea describing this criterion is
to assess both intra and inter-laboratory variability, which is typically
addressed through multiple rounds of testing both within the same and
across multiple laboratories. Typically, this requires a significant
amount of time and resources. Increasingly, with rapidly changing
science, there arise circumstances where inter-laboratory studies are
not feasible due to a requirement for specialized equipment or expertise
or the proprietary nature of the assay (e.g., evaluation of ocular irritants
in PorCORA assay (Piehl et al., 2010), or skin sensitizers in the GARD
assay (Johansson et al., 2013)). In such cases, or in the case of high-
throughput screening (HTS) data generated by, for example, the Tox21
federal consortium, a performance-based evaluation could be con-
sidered (Judson et al., 2013). In this approach, the performance of a
new test is validated against the results for previously validated tests for
the same endpoint (e.g., estrogen receptor agonist and antagonist as-
says). Rather than employing multiple laboratories, the robustness of
the assay is characterized using large sets of reference chemicals with
well-defined activities in the existing methods. An example of an

existing process is the FDA's qualification process, which decouples the
analytical performance of an assay from the relevance, along with using
laboratories that are well-trained in the type of assay being conducted.

Data Accessibility: In line with transparency, access to relevant,
high quality (thoroughly curated), reference data is one of the most
important factors for evaluation of NAMs. This access is instrumental in
the ability to harmonize methods and to carry out any potential cross-
comparative analysis. Initiatives such as the US EPA CompTox
Chemicals Dashboard (https://comptox.epa.gov/dashboard) and the
NICEATM Integrated Chemical Environment (https://ice.ntp.niehs.nih.
gov/) are designed to facilitate access to curated datasets in a way that
adheres to the FAIR principles, with data that should be findable, ac-
cessible (by both human and machine), interoperable, and reusable
(Wilkinson et al., 2016).

Biological comparison with in vivo data (animal or human): In order
for a method to provide information for use in a risk assessment, it will
need to have relevance to the biology it is assessing. Comparison to in
vivo data, either animal or human, is needed to gain acceptance, par-
ticularly in a regulatory setting. This does not mean one-to-one com-
parisons, where the results of a NAM are compared directly with the
outcome of a cancer bioassay, or a reproductive toxicity study. Rather,
information should be provided on the reliability of the method when
used as envisaged to provide assurance on the potential of a chemical to
produce such effects in the population. This could take a number of
forms, such as comparison with known impacts of biological processes
on human disease, e.g. inborn errors. Often, method assessment will be
as part of an integrated testing and assessment strategy, rather than as a
stand-alone method.

Statistical evaluation of model: Dealing with the collection, orga-
nization, analysis, and interpretation of the data set reflects how that
sample is representative of a population. Determining the appropriate
statistical approach and evaluation contributes to the scientific con-
fidence that the results are predictive for a population.

Level of certainty in prediction: The data generated from a NAM has
an associated level of confidence in its ability to be predictive for an
endpoint or specific population. This criterion provides an under-
standing of what level of confidence a method operates within towards
that predictive utility. In practice, this means that some methods will be
more conservative (i.e., yielding greater uncertainty and higher po-
tential for false positives) by design for some applications than for
others, for example for prioritization compared to risk assessment.

Biological variability and sub-populations of concern: As more data
are generated that shed light on variability within populations, this
criterion on how well a method captures differences within and be-
tween sub-populations will become increasingly applicable. Together
with criteria for assessing the biological relevance of a method, this
criterion on understanding how well the method can be utilized for
assessing human variability will be instrumental in determining its
applicability to specific sub-populations.

Coupling together the level of importance along with the under-
standing of each criterion, under a specific context-of-use, either a de-
veloper or an end-user can determine which criteria should be more
important over others in the evaluation of a NAM. As the context of use
changes (changes in step 1), or even within a context as additional
factors needs to be incorporated (e.g. differences across regulatory
considerations) so will the importance of each criterion (Fig. 1, Step 3).
The three steps presented constitute the framework that either a de-
veloper or end-user could use as a tool to assess the fit-for-purpose of a
method. The next section will illustrate the application of this frame-
work through case studies.
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3. Case studies

The four case studies presented below are meant to highlight the
process by which one could follow the steps outlined in the framework,
providing information on the various core principles and criteria. They
were selected as they provide a broad range of NAMs at various stages
in their respective development. Ultimately, an end-product would be a
high-level summary of the specific NAM, illustrating side-by-side those
crtieria of higher importance versus lower, and whether or not in-
formation is known for a specific criterion as it relates to that case
example. For those criteria where information is not known, it is in-
dicated as ‘not provided” to demonstrate that there was no information
captured to address that specific criterion within that example.
Ultimately, a decision regarding the implementation and use of a NAM
within a safety assessment will depend on various factors (e.g., weight
of evidence) and will be determined by the evaluator or end-user. This
process is intended to be a transparent and flexible tool that captures
information on key criteria, while identifying any potential gaps that
remain in a NAM's development and evaluation.

3.1. Case study #1: Ocular irritation tests

The evaluation of NAMs for ocular irritation testing is used to il-
lustrate key concepts of applying the framework. Three tests, used in a
weight-of-evidence approach, were considered: Bovine Corneal Opacity
and Permeability test (BCOP), EpiOcular™ assay (EO), and Cytosensor
Microphysiometer assay (CM). Assessment of acute eye irritation po-
tential is required for chemicals prior to transportation and commer-
cialization. Until recently, the in vivo Draize rabbit ocular irritation test
was the only accepted test for the determination of the full range of
irritation potential (severe irritants, irritants and non-irritants) by
regulatory agencies worldwide. However, recently several in vitro test
methods have gained regulatory acceptance for the identification of
severe ocular irritants and ocular non-irritants (OECD, 2017b;
McConnell et al., 1992; OECD, 2018c). All three methods are now
considered appropriate for use at various stages of product develop-
ment such as early in screening at active ingredient discovery stage,
screening during product formulation development, and to inform de-
terminations for classification and labelling. It should also be noted that
to measure potency categories required for classification and labelling
then one would need to address criteria further down the list (i.e. in-
cluding those that are indicated in the yellow range for hazard
screening), positive/negative hazard identification, then the bar would
be much lower.

Step 1: Determining use: hazard screening and/or labeling of po-
tential ocular irritants and non-irritants
Step 2: Defining core principles
i) Accuracy: The balanced accuracy for BCOP, EO and CM for
identifying chemicals range from 69 to 85% compared to in vivo
rabbit Draize eye irritation test results.

ii) Transparency: The prediction models and algorithms for de-
termining performance of the negative and positive controls as
well as test materials have been clearly defined for BCOP, CM
and EO assays (OECD Test Guidelines 437 and 492) (OECD,
2017b; McConnell et al., 1992; OECD, 2018c). Isolated bovine
corneas are obtained as a by-product from freshly slaughtered
animals, while EO tissue and L929 cells (used for the CM assay)
are commercially available. The procedures for these methods
are transparent and published. Currently, only a very few con-
tract research laboratories have the instrumentation used for

CM, which poses a significant challenge to testing chemicals
using the CM approach. Likewise, there is only a single producer
of the opacimeter required for the BCOP assay; therefore,
availability of specialized instrumentation should be considered
in determining testing requirements.

iii) Understanding key limitations: The in vivo Draize eye test quanti-
fies ocular irritation by measuring injury to ocular tissue and re-
versibility of effects within 21 days after initial exposure. The
BCOP, EO and CM only measure injury to the tissue, not recovery.
As a result, these assays provide poor predictions for differentiating
between moderate and mild irritants. Furthermore, the cells and
tissues used for each of these methods possess only a portion of the
anatomical complexity present in human or rabbit eye, which, in
general, over-predict chemical-mediated ocular irritation responses
(reviewed in respective Test Guidelines).

iv) Domain of applicability: The chemical applicability has been
established and provided in each Test Guideline. Additionally,
these Test Guidelines are applicable to single substances and
mixtures, and to solids, liquids, semi-solids and waxes. The li-
quids may be aqueous or non-aqueous, and solids may be so-
luble or insoluble in water. Whenever possible, solids should be
ground to a fine powder before application, and no other pre-
treatment of the sample is required. Gases and aerosols have not
been assessed in a validation study. While it is conceivable that
these can be tested using Reconstructed human Cornea-like
Epithelium (RhCE) technology, the current Test Guidelines do
not apply to the testing of gases and aerosols.

Step 3: Fitness-for-purpose criteria for hazard screening and/or la-
beling

The Table 1 below indicates the degree to which a specific criterion
has been addressed within this case study, using the default setting of a
hazard screen (Fig. 1) as to the importance of each criterion.

In this case study, the objective is a “Yes/No” answer as to whether
a chemical is likely to be irritating to the eyes, so some of the criteria
were considered less important than others. Hence, detailed mechan-
istic information on all of the steps between exposure and irritation was
not considered essential, as the processes that are assessed, have been
established as causal in the outcome. Assay robustness, as opposed to
test validity (i.e. sensitivity and specificity) is not as important when
the method is used in one laboratory for the intended purpose. Data
accessibility is considered less important, as some assays use proprie-
tary technology. However, information on assay performance should be
accessible, and would be covered under other criteria. Biological
comparison with in vivo data, animal or human is of less importance, as
this information would already be available for the verification che-
micals. In some circumstances, such as for testing cosmetics in Europe,
a direct comparison would not be possible (at least with animal data).
Formal statistical evaluation of model/assay is not of high importance,
for the reasons explained above (no direct comparison with in vivo ef-
fects). The level of certainty in prediction is not as important, as long a
minimum predictivity is achieved, as determined by verification against
a reference set of chemicals.

Based on the fit-for-purpose criteria determined to be more im-
portant for a hazard screen, the methods address those standards. In
this case, as additional criteria are addressed, although of lesser im-
portance to the intended use of a hazard screen, may indicate its po-
tential application in other contexts with further development. If the
determination is made to use in a different context, then the importance
of each criteria will change and need to be addressed as it pertains to
that specific context-of-use.
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Table 1
Hazard screening criteria details for ocular irritation.
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3.2. Case study #2: Dermal sensitization

To expand on the evaluation of NAMs and continue to illustrate
important concepts in the application of the framework, this case study
describes an approach for a hazard screening of dermal sensitization
using in vitro tests. Skin sensitization is one of the few toxicological
endpoints for which an adverse outcome pathway (AOP) has been es-
tablished and formally described (OECD, 2012a; OECD, 2012b). The
AOP consists of four key events (KEs) starting with covalent binding of
sensitizers to dermal proteins (KE1, haptenation; postulated to be the
molecular initiating event (MIE)), followed by KE2, the activation of
epidermal keratinocytes, KE3, the maturation and mobilization of
Langerhans cells and dermal dendritic cells (DC), and KE4, the DC-
mediated antigen presentation to naïve T-cells and activation and
proliferation of allergen specific T-cells (OECD, 2016b). Mechanistic
knowledge of the KEs has informed the development of a number of
NAMs. As none of the NAMs alone covers the complexity of dermal
sensitization, an IATA is necessary to adequately identify the potential
hazard and related potency assessment for dermal sensitization (OECD,
2016b; OECD, 2012a; OECD, 2012b; Sauer et al., 2016). The IATA
makes use of three methods as formally described by OECD, direct
peptide reactivity assay (DPRA), ARE-Nrf2 Luciferase test method
(KeratinoSens™ assay), and the Human Cell Line Activation test (h-
CLAT) (OECD, 2012a; OECD, 2012b; Bauch et al., 2012; Urbisch et al.,
2015). All three methods have been developed mainly for hazard
identification purposes, however, information from these methods can
be used for potency prediction when used together with other available
information in an IATA format (Kleinstreuer et al., 2018a).

Step 1: Determining use: Hazard screening of dermal sensitization
Step 2: Defining core principles
i) Accuracy: The accuracy in predicting responses in the LLNA is
80% for a set of 157 chemicals (Kleinstreuer et al., 2018a)

ii) Transparency: The test methods for the DPRA, KeratinoSens™
and h-CLAT are described in OECD TG 442C, 442D and 442E
respectively (OECD, 2015a; OECD, 2015b; OECD, 2018d). The
three SOPs are available as DB-ALM protocol numbers 154, 155
and 158 (OECD, 2015a; OECD, 2018d; EURL ECVAM, 2019a;
EURL ECVAM, 2019b; EURL ECVAM, 2019c).

iii) Understanding key limitations: The test methods described in
this case study cannot be used on their own for potency pre-
dictions. As these methods possess limited metabolic capability,
pro-haptens and pre-haptens with slower oxidation rates may
provide false negative results. In the DPRA, substances that
promote oxidation of peptides (without covalent interaction)
may lead to false positive predictions. Substances that are highly
cytotoxic or those that interfere with luciferase tend to result in
false predictions in the KeratinoSens™ assay whereas pre or pro-
haptens as well as strongly fluorescing substances may lead to
false prediction in the h-CLAT assay.

iv) Domain of applicability: The test method is applicable to the
testing of mono-constituent organic substances soluble in one of
the solvents prescribed in the SOP. Only limited information is
available on the applicability of the method for multi-con-
stituent substances and mixtures of known composition.

Step 3: Fit-for-purpose criteria for hazard screening

Table 2 below indicates the degree to which a specific criterion has
been addressed within this case study.

The reasons that some of the criteria are considered less important
versus others is explained above for the case study on eye irritation.
Again, as other nuances within a hazard screen might be considered
(e.g. internal decisions, addressing specific regulatory needs), some
criteria may increase in their importance. In this specific case, based on
those that are deemed be on the higher end of importance, this case
study addresses those criteria. Additionally, it should also be noted that

a specific criterion addressed for one context-of-use might not be ade-
quately addressed for another (i.e. meeting the standard for a hazard
screen might not be enough in a risk assessment).

3.3. Case study #3: Ion-channel mediated cardiac toxicity

Cardiotoxicity includes direct drug or chemical effects on the heart,
or indirect effects due to thrombotic events or alterations in hemody-
namic flow (Albini et al., 2010). Cardiotoxicity is one of the leading
causes for drug failure, either during drug development or after a
compound has been approved for therapy (Li et al., 2016).

Inhibition of hERG (human ether-a-go-go channel; now named
KCNH2) encodes the inward rectifying voltage gated potassium channel
in the heart (IKr), which is involved in cardiac repolarization. Inhibition
of the hERG current causes prolongation of the QT interval, which
could lead to the Torsades de Pointes (TdP) arrhythmia (Priest et al.,
2008). Numerous structurally- and functionally-unrelated drugs block
the hERG potassium channel resulting in lengthened ventricular action
potentials and prolonged QT interval, making it imperative to in-
vestigate any new chemical for this potential adverse effect before
human exposure (Haverkamp et al., 2000). A list of drugs associated
with prolonged QT interval is available from www.crediblemeds.org. In
the late 1980's and early 1990's, several drugs were withdrawn from the
market due to their association with prolonged QT interval and asso-
ciated risk of TdP (Gintant et al., 2016). In response, emphasis on de-
tecting drug-induced prolonged QT interval resulted in the ICH guide-
line S7B [The non-clinical evaluation of the potential for delayed
ventricular repolarization (QT interval prolongation)] (ICH, 2005). This
case study describes the development of a method to carry out a hazard
screen for potential cardiotoxicities.

Step 1: Determining Use: Hazard screening of cardiotoxicity induced
by inhibition of the hERG channel
Step 2: Defining core principles
i) Accuracy: This model's accuracy is assessed across 28 drugs with
known clinical outcomes with a range of 75–80% accuracy (Li
et al., 2019).

ii) Transparency: The hERG assay has been an ICH guideline since
2005, and since then has been widely utilized for screening drug
candidates. The cell line typically used in the assay is a CHO-
hERG line that stably expresses human ERG potassium channels.
The procedures for conducting the hERG assay are transparent
and freely available (Li et al., 2019).

iii) Understanding key limitations: Although the hERG assay is
highly sensitive to compounds that might cause TdP, there are
concerns that the screen is too conservative resulting in false
positives and has low accuracy in predicting actual clinical risk
(Colatsky et al., 2016). The assay will detect only those com-
pounds that cause arrhythmia by inhibiting the hERG channel.

iv) Domain of applicability: Since 2005, practically every com-
pound in drug discovery has been subject to the hERG assay. The
assay can be performed using high-throughput automated patch
clamp methods allowing large numbers of compounds to be
screened (Houtmann et al., 2017). According to the ICH–S7B
Guideline, consideration of compounds within a similar che-
mical class should be used as reference compounds and be in-
cluded in the integrated risk assessment.

Step 3: Fitness-for-purpose criteria for hazard screening

Table 3 below indicates he degree to which a specific criterion has
been addressed within this case study.

Based on the fit-for-purpose criteria outlined in this framework, this
method addresses the more important criteria for a hazard screening.
This assay predicts QT prolongation but not TdP which is the cardiac
concern. There are many promising compounds that have been aban-
doned that may, in fact, not cause TdP. The Comprehensive In Vitro
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Table 2
Hazard screening criteria details for dermal sensitization (Alves et al., 2016; Hoffmann et al., 2018; Wang et al., 2017).
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Proarrhythmia Assay (CiPA) is an initiative to combine more ion
channel assays, in silico models, and in vitro myocytes to formulate a
more complete picture of a compound's likelihood to cause TdP (CiPA,
2019).

3.4. Case study #4: Developmental vascularization

This case study describes the predictive signature using in vitro high-
throughput screening (HTS) assays for identifying compounds that may
interfere with developmental vascularization, i.e., putative vascular
disruptor compounds (pVDCs). The model is based on the adverse

outcome pathway (AOP) network for disruption of embryonic vascular
development leading to adverse prenatal outcomes (Knudsen and
Kleinstreuer, 2011), and herein this case study will apply the proposed
criteria and describe how this predictive model could be used for
screening environmental chemicals for developmental toxicity hazard
via vascular disruption.

Step 1: Determining the Use: Prioritization and hazard screening of
chemicals for impairment of developmental vascularization
Step 2: Defining core principles
i) Accuracy: Large sets of curated data for vascular disruption are

Table 3
Hazard screening criteria details for ion-channel mediated cardiac toxicity.
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Table 4
Hazard screening criteria details for developmental vascularization.
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not available, necessitating a reliance on individual reference
chemicals and cross-validation using functional vascular devel-
opment assays, e.g., in small model organisms such as zebrafish
or human cell-based tubulogenesis assays. Reference VDCs, such
as the thalidomide analogue 5HPP-33, were accurately pre-
dicted from both a hazard and a potency perspective
(Kleinstreuer et al., 2013; Ellis-Hutchings et al., 2017). The
pVDC predictions were further assessed across ten in vitro plat-
forms from laboratories addressing different aspects of the vas-
culogenic/angiogenic cycle by testing 38 chemicals representing
a range of VDC scores and various toxicity outcomes, including
roughly equal numbers of predicted pVDCs and non-pVDCs that
did or did not cause developmental toxicity. Overall, the pVDC
signature prediction sensitivity and specificity were 89% and
80%, respectively; prediction accuracy was 87%, with greater
predictivity of true positives (PPV 93%) compared to pre-
dictivity of true negatives (NPV 73%) (Saili et al., 2019;
manuscript in preparation).

ii) Transparency: The principle of transparency and associated
criteria of data and algorithm accessibility are highly applicable
to the developmental vascularization AOP model, since this
signature was developed based on publicly available data gen-
erated in the Tox21/ToxCast U.S. federal research program, and
as such falls under a U.S. government mandate to be as open and
transparent as possible. Those wishing to evaluate particular
chemicals have access to all the source data (EPA, 2019) and the
biological framework in which they are combined, resulting in
an ability to prioritize chemicals for their potential vascular
developmental hazard with respect to a large chemical library
that includes known reference VDCs.

iii) Understanding key limitations: The pVDC AOP signature is
currently based on a range of cellular and molecular targets
from the Tox21/ToxCast screening program, largely in in vitro
HTS assays that are commercially available. To apply this
method to a particular chemical, the chemical must already be
in the ToxCast library or be run in a suite of commercial assays.
Further, this method could not be considered a stand-alone tool
for developmental toxicity prioritization since it only addresses
one key mechanism; however, it has high positive predictive
value and could be used effectively in combination with other
data as a screening tool. It could also be used in product de-
velopment, to eliminate potential VDC liability.

iv) Domain of applicability: The predictive signature is applicable
to chemicals amenable to HTS, and has been applied already to
the ToxCast Phase I & Phase II chemical library.

Step 3: Fitness-for-purpose criteria for hazard screening

Table 4 below indicates the degree to which a specific criterion has
been addressed within this case study.

Based on the fitness-for-purpose criteria determined more important
for a hazard screen, this case study addresses those criteria in addition
to some deemed less important. Work is underway to address the re-
maining criteria where information is currently not provided.

3.5. Application of these case studies to the context-of-use

Although these four case-studies present various applications within
the context of a hazard screen, one can also see the potential oppor-
tunities to apply these NAMs in other contexts. Specifically, they all
meet the criteria of high importance for a prioritization (i.e. Fig. 1, step
3 under prioritization), and identify gaps in criteria that are of high
importance for application in a risk assessment, context (i.e. Fig. 1, step
3 under risk assessment). Furthermore, these case-studies are presented
at various stages of their development, demonstrating that this frame-
work could be utilized as a tool to continually ensure that those criteria
of higher importance are met over others as dictated by the context-of-

use of the NAM. Specifically, one would not need to wait until the end
to evaluate a NAM but could use this framework to continually “check-
in” during this iterative process and ensure focus is maintained to ad-
dress criteria of higher importance. Finally, it must be stressed that
even if all the pertinent criteria for a particular context are addressed,
the decision regarding use or implementation of a NAM will be de-
pendent on additional factors (i.e. fit-for-purpose, incorporated into a
larger weight-of-evidence approach, exposure data, regulatory context),
but that implementation aspect is beyond the scope of this framework.
This framework is intended to identify and document foundational in-
formation that is necessary to increase confidence in the performance of
a NAM under its intended use.

4. Discussion

As the need to develop NAMs will only continue to grow, building
consensus around a framework to provide guidance on key considera-
tions and components of a fit-for-purpose evaluation of those methods
will only increase in importance. This framework, while oriented
around human health, has principles and criteria outlined that could be
envisioned to be applied to other taxa and their risk assessment. While
the question on how to implement NAMs was beyond the scope as many
additional components are needed to make a determination on when a
NAM should be utilized, this framework is designed to systematically
incorporate relevant information to aid in a NAM's evaluation as fit-for-
purpose. This framework's value is that it takes criteria that have been
synthesized and agreed upon by previous initiatives (OECD, 2005;
OECD, 2014), and presents those criteria in a way that allows them to
be prioritized on the level of importance as dictated within a specific
context-of-use. This approach enables an evaluator to assure that the
NAM is appropriate for its intended use and a researcher to construct a
NAM with sufficient confidence that it can be used for its intended
purpose. Furthermore, this framework does not replace or alter the
conclusions derived by those previous efforts, but rather shows the
broad applicability of those criteria for a variety of contexts-of-use.
With the conscientious effort to design this framework by incorporating
many of those established key aspects, this will go a long way towards
international harmonization and ultimate acceptance. The adoption of
consistent criteria and a transparent framework by NAM developers
will mitigate the variability of different approaches and facilitate the
regulatory acceptance of new NAMs at a global level. Through this 3-
step process, one focuses the development and evaluation of a NAM
towards those areas of greater importance, optimizing resource use and
increasing confidence in the use and application of these methods
within safety assessment. Scientific confidence in the applicability of a
NAM is strengthened when consistent criteria are used to assess its
reliability. A standard set of criteria for new method evaluation would
speed the determination of whether a method is suitable for its intended
application in making regulatory (or other) decisions.

In order to aid in the understanding of how this framework would
be utilized, a series of case studies was presented. While the case studies
were specific to hazard screening, they demonstrated that irrespective
of the type of methodology (e.g. in vitro, in silico, computational), the
same process could be employed to provide confidence in their eva-
luation for a hazard screen. In general, the criteria appeared appro-
priate to facilitate that evaluation. Furthermore, the same evaluation
framework could be applied within the context of prioritization or risk
assessment to visualize where criteria may have been met or are still
missing. This framework is a tool to orient the evaluation towards
criteria of higher importance, giving an additional piece of information
to aid the end-user in making the final determination on a NAM's uti-
lization. Case studies of NAMs that have been successfully implemented
for their specific context-of-use have demonstrated that not all the
criteria need to be addressed, but did sufficiently do so for criteria of
higher importance. When the case study did not address a specific
criterion, as indicated by “not provided”, a determination would need
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to be made as to whether that is deemed important for that specific
context-of-use. Moving forward, further case studies for other contexts
of use would help demonstrate the utility of the framework and pro-
mote its incorporation.

External to the case studies presented, opportunities for immediate
application of this framework have been reflected across government
agencies. US EPA's Office of Pesticide Programs'(EPA/OPP) efforts to
modernize the acute toxicity “six-pack” studies and reduce animal
testing is meant to reduce barriers for the incorporation of NAMs to
animal testing and facilitate the use of OECD in vitro assays, including
consideration of the globally harmonized system of classification and
labeling (GHS) (Environmental Protection Agency, 2016). In colla-
boration with the National Toxicology Program's Interagency Center for
the Evaluation of Alternative Toxicological Methods (NICEATM) and
the Interagency Coordinating Committee on the Validation of Alter-
native Methods (ICCVAM), industry, and non-governmental organiza-
tions, the US EPA is making significant progress towards the adoption of
IATA and the reduction of the use of animals in acute toxicity testing
and repeat dose studies where possible. The US EPA and NICEATM are
working to develop a database of curated acute toxicity data from
agrochemical products, including acute inhalation toxicity data that
will be part of NTP's Integrated Chemical Environment (ICE) (National
Toxicology Program, 2019). The resulting database will be used to as-
sess the variability within and across studies, to develop read-across
approaches, and to compare it with results from alternative approaches,
such as the GHS additivity formula or in vitro studies. A large database
of rodent acute oral toxicity data was curated by US EPA and NICEATM
and used as the basis for a global collaboration to build predictive in
silico models for acute oral systemic toxicity, targeted towards reg-
ulatory needs identified across federal agencies (Kleinstreuer et al.,
2018b). Furthermore, as part of the US EPA's commitment to reduce
animal use, a series of guidance documents have been released over the
years. Specifically in 2013, the US EPA's Office of Pesticide Program
released the guidance document “Guiding Principles for Data Require-
ments” (EPA, 2013) followed by “Process for Establishing and Im-
plementing Alternative Approaches to Traditional In Vivo Acute Toxi-
city Studies” in 2016 (EPA, 2016b). Subsequent to an US EPA OPP 2012
guidance issuance document (EPA, 2012), the OECD released a “Gui-
dance Document for Waiving or Bridging Acute Toxicity Tests” (OECD,
2017c). US EPA is currently conducting a pilot utilizing the GHS dose
additive mixtures equation to reduce animal testing for pesticide pro-
duct formulations. The goal of the pilot is to evaluate the utility and
acceptability of the GHS dose additive mixtures equation as an alter-
native to animal oral and inhalation toxicity studies for pesticide pro-
duct formulations. A recent document (EPA, 2018), highlighted US EPA
efforts towards the use of OECD's test guidelines for in vitro studies for
eye irritation, skin irritation and skin sensitization. Finally, the US FDA
recently published its Predictive Toxicology Roadmap that described a
path forward for the agency to incorporate NAMs in its regulatory
framework (Food and Drug Administration, 2019). The US FDA is
currently working on its implementation plan for working with its
stakeholders to accomplish these goals. The US FDA, DARPA, and
NCATS Partnership for developing In Vitro Microphysiological Systems
was an example of how government regulatory and other scientists
working with academic and industry partnerships can move the de-
velopment of an important innovative technology forward more rapidly
than any one group alone. All of these efforts combined will enable a
more rapid acceptance of NAMs to inform health protective decisions
for the approval and use of new products.

Although this framework contributes towards a harmonization of
processes and fit-for-purpose criteria for the evaluation of NAMs, there
are still areas that need to be addressed. Challenges continue to remain
in the evaluation and interpretation of results across different reg-
ulatory agencies, who are also constrained by differing legislative
mandates. There are, however, ongoing efforts to understand simila-
rities and difference across regulatory geographies. The International

Cooperation of Alternative Test Methods (ICATM) recently looked at
testing requirements, specifically to skin sensitization testing, across
seven countries or regions to inform their strategies for the acceptance
and implementation of NAMs (Daniel et al., 2018). Convening work-
shops of international stakeholders, as was carried out in 2016 to ad-
dress alternative approaches to inhalation toxicity testing (Clippinger
et al., 2018), will only aid in the effort to harmonize the evaluation and
interpretation of NAMs across global regulatory agencies. The criteria
outlined in this framework provide a sound foundation and additional
piece to these ongoing efforts, but they are still somewhat preliminary.
There is a need for greater scientific consensus on the appropriate cri-
teria and the level of detail required in the evaluation and interpreta-
tion of NAMs for specific purposes. Until this is achieved, it will remain
difficult to implement them for direct application in regulatory or other
systematic decision-making contexts. Additionally, in order to gain
acceptance, there will be a continued need to demonstrate biological
relevance. The reality, however, is that in some areas of toxicity, human
data are limited, do not exist, or are unethical to obtain. This current
gap is a further reason to move to a more biologically/AOP-based ap-
proach to determining relevance. This means that the appropriate
comparison would not be with the apical endpoints observed in animal
studies, but with the relevant biology responsible for adverse outcomes
in humans. This is not a binary question, but one of dose-response re-
lationships, when homeostasis is overwhelmed, and adaptation over-
come.

The application of the framework presented herein should facilitate
and encourage development and accelerate the appropriate application
of NAMs and build confidence in the scientific understanding of these
assays and their value for chemical and pharmaceutical assessment and
regulatory decision-making. The methods outlined in this framework
are demonstrated through case studies representing NAMs differing in
their methodology (i.e. in vitro, in silico, computational approaches) and
at different stages in their development, which provide several per-
spectives in evaluating the proposed framework in supporting accept-
ability of a NAM. General application of this framework could support
harmonization and provide a foundation to facilitate and encourage
development and accelerate application of NAMs while building con-
fidence in their value for chemical and pharmaceutical assessment and
regulatory decision-making.
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