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Abstract
Robust and efficient processes are needed to establish scientific confidence in new approach methodologies (NAMs) if they 
are to be considered for regulatory applications. NAMs need to be fit for purpose, reliable and, for the assessment of human 
health effects, provide information relevant to human biology. They must also be independently reviewed and transparently 
communicated. Ideally, NAM developers should communicate with stakeholders such as regulators and industry to identify 
the question(s), and specified purpose that the NAM is intended to address, and the context in which it will be used. Assess-
ment of the biological relevance of the NAM should focus on its alignment with human biology, mechanistic understand-
ing, and ability to provide information that leads to health protective decisions, rather than solely comparing NAM-based 
chemical testing results with those from traditional animal test methods. However, when NAM results are compared to his-
torical animal test results, the variability observed within animal test method results should be used to inform performance 
benchmarks. Building on previous efforts, this paper proposes a framework comprising five essential elements to establish 
scientific confidence in NAMs for regulatory use: fitness for purpose, human biological relevance, technical characteriza-
tion, data integrity and transparency, and independent review. Universal uptake of this framework would facilitate the timely 
development and use of NAMs by the international community. While this paper focuses on NAMs for assessing human 
health effects of pesticides and industrial chemicals, many of the suggested elements are expected to apply to other types of 
chemicals and to ecotoxicological effect assessments.
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Introduction

Data from traditional animal toxicity test methods have 
been used for many years to inform human health hazard 
identification and risk assessment. However, studies relying 

on animals to characterize effects of chemicals can be of 
questionable or limited biological relevance to human effects 
(Bracken 2009; Krewski et al. 2010; Leist and Hartung 2013; 
Hoffmann 2015; Akhtar 2015; Cohen 2017; Paparella et al. 
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2017; Stewart 2017; Hoffmann et al. 2018; Van Norman 
2019; Leenaars et al. 2019).

New approach methodologies (NAMs) are defined as any 
technology, methodology, approach, or combination that can 
provide information on chemical hazard and risk assessment, 
and avoid the use of animals, and may include in silico, in 
chemico, in vitro, and ex vivo approaches (European Chemi-
cals Agency 2016; U.S. Environmental Protection Agency 
2018). NAMs are not necessarily newly developed meth-
ods; rather, it is their application to each agency’s regula-
tory decision-making process or replacement of a traditional 
testing requirement that is new. This paper focuses on NAMs 
intended for use in human health hazard identification and 
risk assessment, but it is expected that what is proposed 
here also applies to NAMs used for ecotoxicological hazard 
identification and risk assessment. NAMs can be designed 
to be relevant to humans, for example, by relying on human 
cells or dosimetry modeling. They also have the potential to 
assess key mechanistic events in the development of toxic-
ity, and are intended to be more efficient, relevant, and reli-
able approaches to risk assessment and regulatory decision 
making than traditional animal test methods. While NAM 
development has accelerated rapidly over the last several 
decades, validation, acceptance, and implementation of 

these approaches within the context of regulatory decision-
making has not kept pace.

A transparent description of the strengths and limita-
tion of both NAMs and traditional animal test methods is 
needed to address the acceptance and implementation of 
NAMs (Browne et al. 2019). A number of resources that 
define the concepts and processes involved in test method 
validation already exist, notably including the Organisation 
of Economic Co-operation and Development (OECD) Guid-
ance Document on the Validation and International Accept-
ance of New or Updated Test Methods for Hazard Assess-
ment (OECD GD 34), which was published in 2005 (OECD 
2005). In this paper, we rely on the terminology definitions 
in the OECD GD 34 (Table 1).

The underlying principles of validation outlined in OECD 
GD 34 were developed at an OECD workshop in 1996, 
“Harmonisation of Validation and Acceptance Criteria for 
Alternative Toxicological Test Methods”, which aimed to 
establish scientific confidence in new or updated test meth-
ods to support sound science-based regulatory decisions 
(OECD 2005). While the fundamental principles hold true, 
there is widespread recognition that the processes used in the 
past decades for validation need to be updated to encourage 
timely uptake of fit for purpose and biologically relevant 

Table 1   Definitions of key terms used in this paper as defined by the OECD Guidance Document on the Validation and International Acceptance 
of New or Updated Test Methods for Hazard Assessment (OECD 2005)

Key term Definition

Inter-laboratory reproducibility A measure of the extent to which different qualified laboratories, using the same protocol and testing the same 
substances, can produce qualitatively and quantitatively similar results. Inter-laboratory reproducibility is 
determined during the prevalidation and validation processes, and indicates the extent to which a test can be 
successfully transferred between laboratories, also referred to as between-laboratory reproducibility

Intra-laboratory reproducibility A determination of the extent that qualified people within the same laboratory can successfully replicate results 
using a specific protocol at different times. Also referred to as within-laboratory reproducibility

Reference chemicals Chemicals selected for use in the validation process, for which responses in the in vitro or in vivo reference 
test system or the species of interest are already known. These chemicals should be representative of the 
classes of chemicals for which the test method is expected to be used, and should represent the full range of 
responses that may be expected from the chemicals for which it may be used, from strong, to weak, to nega-
tive. Different sets of reference chemicals may be required for the different stages of the validation process, 
and for different test methods and test uses

Relevance Description of relationship of the test to the effect of interest and whether it is meaningful and useful for a par-
ticular purpose. It is the extent to which the test correctly measures or predicts the biological effect of interest. 
Relevance incorporates consideration of the accuracy (concordance) of a test method

Reliability Measures of the extent that a test method can be performed reproducibly within and between laboratories over 
time, when performed using the same protocol. It is assessed by calculating intra- and inter-laboratory repro-
ducibility and intra-laboratory repeatability

Reproducibility The agreement among results obtained from testing the same substance using the same test protocol
Test method A process or procedure used to obtain information on the characteristics of a substance or agent. Toxicological 

test methods generate information regarding the ability of a substance or agent to produce a specified biologi-
cal effect under specified conditions. Used interchangeably with “test” and “assay”

Valid test method A test method considered to have sufficient relevance and reliability for a specific purpose and which is based 
on scientifically sound principles. A test method is never valid in an absolute sense, but only in relation to a 
defined purpose

Validation The process by which the reliability and relevance of a particular approach, method, process or assessment is 
established for a defined purpose
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NAMs. The delay between development and regulatory 
uptake of NAMs is due to many factors, including the fail-
ure to clearly define the NAM’s purpose early in the method 
development process. Additionally, inter-laboratory ring trial 
studies traditionally used to demonstrate repeatability and 
reproducibility of animal methods and NAMs are lengthy, 
expensive, and require coordination of numerous organiza-
tions and laboratories. Although the European Union Refer-
ence Laboratory for alternatives to animal testing (EURL 
ECVAM) approach to validation (Hartung et al. 2004) and 
OECD GD 34 allow for a flexible, modular approach with 
not all modules being required for all methods, much of the 
intended flexibility has been lost over time and the validation 
process has become more rigid and cumbersome than the 
approach originally envisioned and described in the guid-
ance document. Furthermore, while international regulatory 
authorities (e.g., at OECD level) have used predictive capac-
ity as a key indication of whether a NAM is relevant and 
acceptable over the past 20 years, the predictive capacity 
has usually been determined through comparison to results 
from traditional animal test methods, for which reproduc-
ibility and human biological relevance were often assumed 
rather than empirically demonstrated. Additionally, many 
regulatory data requirements were written to be fulfilled by 
test methods available at the time (i.e., traditional animal test 
methods). These statutes have complicated gaining regula-
tory acceptance of NAMs that may not provide identical 
information to the traditional animal test methods, even 
if the information provided by the NAMs may in fact be 
more human relevant and health protective. Such practical 
limitations must be addressed to establish scientific confi-
dence in, and maximize the use of, NAMs in human health 
assessments.

An updated framework, designed specifically for estab-
lishing scientific confidence in NAMs, should ensure that 
NAMs are fit for purpose (i.e., fulfil the intended purpose) 
and provide technically reliable information that is relevant 
to the understanding of human biology and health protective 
for the endpoint of concern. Where appropriate and possible, 
the updated framework may include a demonstration that the 
NAM provides information of equivalent or better quality 
and relevance for regulatory decision making as compared, 
either quantitatively or qualitatively, to the information 
provided by the traditional animal test method. The pro-
cess should recognize that the results of the NAM need not 
directly align with the results of the traditional animal test 
(Hoffmann et al. 2008, 2018; Kolle et al. 2017; Sewell et al. 
2017; Interagency Coordinating Committee on the Valida-
tion of Alternative Methods 2018; Piersma et al. 2018; Prior 
et al. 2019; Clippinger et al. 2021). Additionally, the NAM 
need not produce the same information generated by the 
traditional animal test method; in fact, the NAM may be able 
to provide biologically relevant information and mechanistic 

insights that are more useful in the regulatory decision mak-
ing process than the animal test method.

Presented in this paper is a framework to establish scien-
tific confidence in NAMs used to support product registra-
tion to inform the regulatory decision making process for 
human health effects. This framework builds upon criteria 
developed for evaluating NAMs for skin sensitization that 
were agreed upon by the International Cooperation on Alter-
native Test Methods (ICATM) and applied to the valida-
tion of the OECD Guideline for the Defined Approaches 
for Skin Sensitisation (OECD Guideline 497) (Casati et al. 
2018; OECD 2021a). While this paper illustrates application 
of the framework for the assessment of NAMs to predict 
human health effects for pesticides and industrial chemicals, 
the framework is expected to be applicable to NAMs devel-
oped to measure endpoints of relevance to all chemicals. 
The use of this framework for evaluating NAMs is expected 
to increase scientific confidence in, and thus the adoption 
and uptake of, NAMs across regulatory jurisdictions and 
chemical sectors.

A modern, flexible framework 
to establish scientific confidence in NAMs 
for the regulatory assessment of chemicals 
for human health effects

The standard for establishing scientific confidence in a NAM 
and gaining regulatory acceptance has generally included 
consideration of whether that NAM can provide informa-
tion of equivalent or better usefulness, scientific quality, and/
or relevance than the existing test method used for regula-
tory decision making (as appropriate within each agency’s 
regulatory framework). For example, a criterion in OECD 
GD 34 for validating any new test method is “the method 
generates data for risk assessment purposes that are at least 
as useful as, and preferably better than, those obtained using 
existing methods. This will give a comparable or better level 
of protection for human health or the environment” (OECD 
2005). More recently, the U.S. Toxic Substances Control Act 
(amended TSCA; Sect. 4(h)(1)(B)) includes specific consid-
erations for NAMs and mandates that the U.S. Environmen-
tal Protection Agency (U.S. EPA) encourage and facilitate 
the “use of scientifically valid test methods and strategies 
that reduce or replace the use of vertebrate animals while 
providing information of equivalent or better scientific qual-
ity and relevance that will support regulatory decisions” (15 
U.S.C. 2601. 2016). Historically, the concept of “equivalent 
or better” has relied upon a direct comparison with the tradi-
tional animal test data. However, a modern, flexible frame-
work should allow for circumstances in which a comparison 
to data from traditional animal test methods is not possible 
or appropriate. For example, for endpoints where no animal 
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test method exists, it is not possible to conduct a compari-
son. In other cases, the traditional animal test method may 
be poorly reproducible and, therefore, unreliable as a basis 
for comparison. In addition, for instances where the tradi-
tional animal test method does not provide data relevant to 
human biology or mechanisms of toxicity, or an analysis of 
the reproducibility of the animal method is not available to 
establish performance benchmarks, it may not be appropri-
ate or scientifically justified to compare data from NAMs 
to animal test method data. Furthermore, NAMs often pro-
vide mechanistic information rather than data on apical 
endpoints measured in animal test methods (e.g., while an 
observed reduction in body weight in an animal may not 
provide insights as to the underlying mechanism of toxicity, 
NAMs may be able to provide these insights). Thus, many 
new considerations apply to effectively develop a framework 
to establish scientific confidence in NAMs.

Multiple organizations have published roadmaps to help 
advance the acceptance and use of NAMs, and there is broad 
scientific support for developing processes to gain confi-
dence in NAMs. In 2016, the European Chemicals Agency 
(ECHA) published the proceedings from a scientific work-
shop, New Approach Methodologies in Regulatory Sci-
ence, which brought together 300 stakeholders to address 
the use of information from NAMs to support regulatory 
decisions for the use of chemicals (European Chemicals 
Agency 2016). In 2017, the U.S. Food and Drug Admin-
istration published a roadmap on advancing NAMs to be 
used by the FDA’s six product centers (U.S. Food and Drug 
Administration 2017). Also in 2017, the OECD published 
guidance for describing non-guideline in vitro test methods 
(OECD 2017a). In 2018, the 16 U.S. federal agencies that 
comprised the Interagency Coordinating Committee on the 
Validation of Alternative Methods (ICCVAM) published a 
roadmap for establishing NAMs to evaluate the safety of 
chemicals and medical products (Interagency Coordinating 
Committee on the Validation of Alternative Methods 2018). 
Notably, the roadmap identifies the importance of early 
engagement between regulators and test method developers 
to ensure NAMs will meet regulatory needs, and encourages 
agencies to evaluate the relevance of NAMs without rely-
ing solely upon data from traditional animal test methods 
to define performance. In 2021, the U.S. EPA updated its 
work plan for the development, testing, and application of 
NAMs that recognized the need for a framework to evalu-
ate the quality, reliability, and relevance of test methods 
(U.S. Environmental Protection Agency 2021). In 2021, the 
European Union Reference Laboratory for alternatives to 
animal testing (EURL ECVAM) surveyed more than 200 
stakeholders from academia, industry, government/public 
sector, and non-governmental organizations, asking how to 
assess and validate complex in vitro methods, such as 3D 
cell cultures and organs-on-chips (Joint Research Centre 

2021). Participants indicated that these methods should be 
evaluated for the following four essential qualities for regu-
latory use: “(a) (human) physiological and biological rel-
evance, (b) reliability (reproducibility, repeatability), (c) pre-
dictive capacity, and (d) relevant endpoint” (Joint Research 
Centre 2021). In 2022, the U.S. Consumer Product Safety 
Commission published guidance on informational needs for 
the regulatory evaluation of NAMs (US Consumer Product 
Safety Commission 2022) and the European Food Safety 
Authority published a roadmap for action on NAMs in risk 
assessment (EFSA 2022). These roadmaps contain several 
common themes, including the importance of defining the 
regulatory purposes that NAMs are intended to address 
within the framework of each regulatory agency, commu-
nicating with stakeholders, collaborating among public and 
private groups, providing training on NAMs, establishing 
confidence in NAMs, and developing metrics for assessing 
progress on implementation of NAMs.

There has also been substantial work recently to propose 
evaluation frameworks that support NAMs assessment for 
specific endpoints. In 2018, ICATM published a list of 12 
criteria (adapted from the principles in OECD GD 34) for 
the evaluation of defined approaches1 for assessing skin sen-
sitization (Casati et al 2018). In 2021, the OECD published 
Guideline 497 on Defined Approaches for Skin Sensitisa-
tion (OECD 2021a), in which the defined approaches were 
reviewed according to an evaluation framework that was 
adapted from the ICATM paper and was described in an 
accompanying annex (OECD 2021b). Also in 2018, using 
the ICATM criteria as a foundation, the U.S. EPA Office of 
Pollution Prevention and Toxics (OPPT) published a strate-
gic plan to promote the development and implementation of 
NAMs within the TSCA program (U.S. Environmental Pro-
tection Agency 2018). This plan included a list of eight cri-
teria to be used as a starting point for considering scientific 
reliability and relevance of NAMs used within the TSCA 
program. The OECD, ICATM, and TSCA frameworks all 
contain many of the same criteria, including reliability, 
mechanistic and biological relevance, a defined purpose, 
and a transparent, independent evaluation of the approach.

Building upon the criteria included in the references 
above, we propose five essential elements that form the basis 
of a framework that can be applied by regulators or other end 
users to establish scientific confidence in NAMs used inter-
nationally to assess potential chemical effects on humans 
and provide information needed for regulatory decision 

1  A defined approach consists of a fixed data interpretation procedure 
(e.g., a mathematical model or a rule-based approach) applied to data 
(e.g., in silico, in chemico, or in vitro data) generated with a defined 
set of information sources to derive a prediction without the need for 
expert judgment (OECD 2021a).
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making. Below, we propose the framework, followed by a 
discussion of each of the essential elements.

The essential elements of the framework

The proposed framework consists of five essential ele-
ments (fitness for purpose, human biological relevance, 
technical characterization, data integrity and transparency, 

and independent review) (Fig.  1). The framework is 
intended to be flexible, including the order of assessment 
of the elements, which may be addressed separately or 
in parallel. To establish scientific confidence in a NAM, 
the process for determining the adequacy of the NAM’s 
overall performance should be described, including a 
summary of the fitness for purpose, human biological rel-
evance, and technical characterization of the NAM. The 
summary, along with supporting information covering data 
integrity and transparency and independent review, should 
demonstrate how the various aspects of evidence integrate 
to support (or oppose) use of the NAM for the intended 
purpose.

•	 Fitness for purpose (Fig. 2)

•	 Define which regulatory statute the data from 
the NAM are intended to comply with (e.g. U.S. 
TSCA, EU REACH, etc.)

•	 Ensure the NAM provides the information that is 
needed by end-users to come to a conclusion for 
the chemical under consideration (e.g., qualitative 

Framework for Establishing  

Fitness for Purpose Independent Review

Data Integrity  
and Transparency

Technical 
Characterization

Human 
Biological 
Relevance

Fig. 1   Schematic illustrating the interconnectedness of the five 
essential elements for establishing scientific confidence in NAMs for 
assessing human health effects

Fig. 2   Schematic showing 
some of the questions relevant 
to determining the fitness for 
purpose of a NAM
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classification, a point of departure, or additional 
mechanistic information).

•	 Define how the information measured by the NAM 
relates to the regulatory endpoint of interest.

•	 Define, qualitatively or quantitatively, the accept-
able level of uncertainty for the specified purpose.

•	 Define the manner in which the NAM will be incor-
porated into the assessment (e.g., as a stand-alone 
assay, as part of a defined approach or integrated 
approach to testing and assessment/a weight of evi-
dence assessment).

•	 Define the context(s) in which the NAM is intended 
to be used (e.g., for screening/prioritization, chemi-
cal grouping, hazard identification, hazard charac-
terization, quantitative risk assessment, etc.)

•	 Provide information about the various adverse 
human health endpoint(s), exposure pathway(s), life 
stage(s) and population(s) that will be addressed by 
the NAM.

•	 Human biological relevance

•	 Demonstrate the similarities between the physiology 
of the test system or the biology measured by the test 
system, and human biology. Confidence in a NAM is 
bolstered when it adequately reflects human biologi-
cal understanding (or, for example, key events in a 
relevant adverse outcome pathway, AOP).

•	 For endpoints where human data or reference chemi-
cals are available, demonstrate concordance of the 
NAM with human responses to build confidence in 
its human biological relevance.

•	 When applicable, evaluate the traditional animal 
test method(s) in either a quantitative or qualitative 
capacity, taking into account the human biologi-
cal relevance. When comparisons are appropriate, 
demonstrate that the NAM reflects human biological 
understanding as well as or better than the traditional 
animal test method.

•	 Technical characterization

•	 Evaluate the protocol, the equipment used, and any 
computational models being used for endpoint pre-
diction and/or in vitro to in vivo extrapolation.

•	 As outlined in OECD GD 34, assess and describe 
the intra-laboratory reproducibility, transferability 
(where applicable), applicability domain, associated 
reference chemicals and controls, and limits of detec-
tion and quantification.

•	 Where relevant, assess and describe the accuracy of 
the NAM. Evaluation of accuracy through compari-
sons to data from the traditional animal test method 
should not be the default; however, where data from 
the traditional animal test method are available, it 
may be useful to determine performance benchmarks 
for the NAM on the basis of the reproducibility of 
the animal test method data.

•	 Data integrity and transparency

•	 Demonstrate the integrity and credibility of the data 
submitted for assessment and peer review (from the 
raw data to the final report).

•	 Communicate transparently and, as far as possible, 
make publicly available information about a NAM’s 
relevance to human biology, fitness for purpose, and 
technical characterization, as well as the principles 
of the NAM, the protocol, and reporting standards.

•	 Assess and describe the uncertainties and limitations 
associated with the NAM.

•	 Independent review
•	 Determine the appropriate level of external review 

necessary for a NAM. Peer review and publication 
of a NAM’s human biological relevance, fitness for 
purpose, and technical characterization is encouraged. 
In certain cases (e.g., for novel applications), NAMs 
may be reviewed by independent third parties.

Discussion of the essential elements

The following discussion expands on the essential elements 
of the proposed framework.

Fitness for purpose

A NAM that is fit for purpose is suitable and useful for its 
intended purpose, particularly for informing risk assessment 
and management decisions (U.S. Environmental Protection 
Agency 2014). A fit for purpose NAM provides informa-
tion that assists end-users in drawing a conclusion for the 
chemical and endpoint under consideration (alone or in 
combination with other data). The type of information pro-
vided by the NAM should align with the type of informa-
tion required or needed, and with the level of acceptable 
uncertainty defined by the regulators or other end-users for 
a specific purpose (U.S. Environmental Protection Agency 
2021). To determine whether a NAM is fit for purpose, one 
would therefore evaluate whether the information provided 
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by the NAM addresses the points listed under the “Fitness 
for purpose” section of the framework.

Preferably, before a NAM is developed, its purpose 
should be clearly defined and discussed among the method 
developer, regulators, and the regulated industry. It is not 
necessary for the NAM to be a one-to-one replacement 
for the traditional animal test method, provide identical 
information to the traditional animal test method, nor to 
predict the exact results of the animal test method; rather, 
it must provide key information needed to help make a 
health protective regulatory decision. The NAM does not 
necessarily have to be an OECD or regulatory agency test 
guideline to fulfil its intended purpose.

Under TSCA, the U.S. EPA OPPT encourages appli-
cants with new industrial chemicals to attend “pre-notice 
consultations” before conducting any testing to ensure that 
the testing strategy proposed by the applicant is likely to 
provide sufficient information for the regulators to perform 
risk assessments and make regulatory decisions. Similarly, 
the U.S. EPA OPP encourages pesticide registrants to meet 
with the agency to discuss the use of NAMs. In the EU, 
plant protection product and active ingredient applicants 
are encouraged to meet with EU member state regulatory 
authorities and/or the European Food Safety Authority. 
These meetings provide applicants and regulators oppor-
tunities to maximally integrate NAMs for defined purposes 
within the assessment of industrial chemicals and pesti-
cides. Additionally, formal regulatory programs exist to 
facilitate collaboration and early discussions between reg-
ulators, including the Accelerating the Pace of Chemical 
Risk Assessment (APCRA) Initiative, and between regula-
tors and stakeholders for other chemical classes, including 
the U.S. Food and Drug Administration’s Medical Device 
Development Tools program (for medical devices) and the 
Innovative Science and Technology Approaches for New 
Drugs (ISTAND) program (for pharmaceutical drugs).

Human biological relevance

In the case of human health, biological relevance is deter-
mined by demonstrating similarities between the physi-
ology of the test system used or the biology measured 
by the test system and human biology. Scientific confi-
dence is increased when the NAM captures key aspects 
of human biological information as well as or better than 
the traditional animal test method, and provides informa-
tion that allows regulators to make decisions that protect 
human health. Establishing biological relevance of NAMs 
offers an alternative to benchmarking the performance 
of the NAM using results from traditional animal test 
methods. Given the limitations inherent to interspecies 

extrapolation, emphasis should be placed on human biol-
ogy as the basis for NAM development and assessment.

Human biological information

Human biological information incorporates an understand-
ing of human biology as well as mechanisms of toxicity that 
are relevant to human biology. Relevance to human biology 
can be demonstrated by, for example, incorporating infor-
mation from human dosimetry modeling, or by evaluating 
the cell type(s)/tissues used in the NAM, the structure of 
the target organ/tissue, or the presence of human-relevant 
metabolites associated with the parent chemical tested (not-
ing that metabolites found in humans might be different from 
those found in animals or produced in a NAM) (Browne 
et al. 2019).

In addition to biology, one should consider the ability of 
a NAM to assess mechanism(s) of toxicity (Hartung 2010; 
2013; Parish et al. 2020; Madia et al. 2021). For example, 
one might consider an AOP, which is an organizational con-
struct that relates chemical interactions with molecular initi-
ating events, leading to downstream cellular and tissue-level 
effects, which prompt adverse outcomes in organisms and 
across populations (OECD 2021c). AOPs can be useful for 
organizing data collected in independent experiments and 
measuring effects at different levels of biological organiza-
tion to evaluate relationships between key events in a toxic-
ity pathway. NAMs may measure mechanistic and cellular 
effects early in the pathway and, thus, predict downstream 
effects. In cases where an AOP is available, the NAM does 
not have to cover all key events within the AOP to be useful. 
For skin sensitization, data requirements within the Euro-
pean Union regulations of chemicals (REACH) and biocides 
(BPR) request the use of NAMs that supply information on 
key events within the well-defined skin sensitization AOP 
(European Commission 2019, 2021). In the absence of an 
existing AOP, mechanistic information can be collected from 
the scientific literature (e.g., using systematic reviews) or 
generated in vitro.

There are multiple cases where the test species was deter-
mined not to be an appropriate model for human biology. 
The ability of in vitro, ex vivo, and traditional in vivo rabbit 
test methods to assess human-relevant biology and mecha-
nisms of eye irritation/corrosion have been evaluated (Clip-
pinger et al. 2021). To provide historical context, the in vivo 
rabbit test method for assessing eye irritation and corrosion 
of chemicals was developed in 1944 and adopted as an 
OECD test guideline in 1981 without undergoing a formal 
validation process (Draize et al. 1944; OECD 2017b). The 
review paper examined the structure of the eye in humans 
and other species used in in vitro, ex vivo, or in vivo eye 
testing, and the mechanisms that lead to eye irritation in 
humans. A range of NAMs, and the traditional animal test 
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method, were analyzed based on the coverage of human 
biology and mechanistic relevance assessing the depth and 
degree of injury in the human eye. The reliability (inter- 
and intra-laboratory reproducibility) and cell types/tissues 
(species and types of cells) used in each method were also 
discussed. Based on the information presented, the authors 
concluded that the rabbit test method is not a valid method 
to which NAMs should be compared and NAMs should be 
evaluated by determining the biological relevance of the test 
system to human biology. While the paper focused on eye 
irritation, the approach used in Clippinger et al. (2021) could 
be used to evaluate many different endpoints.

A similar approach has been considered for respiratory 
toxicity testing (Clippinger et al. 2018). Upon review of the 
anatomy and physiology of the human and rodent respiratory 
tracts, clearly there are numerous differences that affect dep-
osition and clearance of substances and, therefore, the results 
of toxicity test methods. For example, between rodents and 
humans, there are differences in the branching pattern of 
the respiratory tract, in the expression of key genes, and in 
mucous secretion (Kolanjiyil et al. 2019). These key differ-
ences underscore the importance of understanding human 
biology to determine the biological relevance of a toxicity 
test method.

As another example, it is well recognized that traditional 
developmental neurotoxicity (DNT) animal test methods do 
not provide reproducible and easily interpretable information 
on the developing brain that is suitable for regulators (Tsuji 
and Crofton 2012; Smirnova et al. 2014). The windows of 
susceptibility and processes of fetal brain development dif-
fer between humans and other animals, and interpretation 
of “adversity” as an endpoint is particularly challenging in 
the traditional DNT animal test methods. Thus, NAMs that 
use human relevant test systems may better account for the 
biological processes and be more easily interpreted than the 
lengthy and expensive animal test methods. Consequently, 
in 2018, a new process for assessing DNT NAMs was pro-
posed. An international collaboration of scientists, regu-
lators, and stakeholders, including OECD, the U.S. EPA, 
and the European Food Safety Authority, have worked on a 
strategy to develop a battery of in vitro assays that evaluate 
critical processes of neurodevelopment that can overcome 
the limitations of the in vivo DNT studies (Bal-Price et al. 
2018a, b). The OECD is developing a guidance document 
to aid in the evaluation of the battery of in vitro assays and, 
most recently, the U.S EPA Office of Research and Develop-
ment used the battery in a weight of evidence assessment to 
support a DNT waiver for a specific chemical (Dobreniecki 
et al. 2022).

Human in vivo data

For endpoints used to protect human health, the ultimate 
reference data are high quality human data. However, for 
most endpoints and chemicals, human data are sparse, una-
vailable, or of poor quality. Where high quality human data 
are available, the ability of NAM(s) to accurately predict the 
human response should be as good as or better than the accu-
racy of the traditional animal test method to predict the same 
human data, where comparison is appropriate and possible.

High-quality human epidemiological data can be diffi-
cult to obtain and align with toxicological data. When high 
quality epidemiology data are available, they may be useful 
in identifying environmental chemicals with associations to 
adverse human health effects. When the human data avail-
able are not of sufficient quality to be used alone, they may 
be used in combination with other existing data to establish 
scientific confidence in NAMs (Krishna et al. 2021).

Data from studies of human volunteers are available 
for some endpoints, such as skin sensitization. Hazard 
and potency results for reference chemicals obtained from 
defined approaches for skin sensitization were compared to 
curated human and local lymph node assay (LLNA) data 
(Hoffmann et al. 2018; Kleinstreuer et al. 2018). It was dem-
onstrated that the defined approaches, comprised of in silico, 
in chemico, and/or in vitro models, were more predictive 
(76–85%) of the human hazard data than the mouse-based 
LLNA (74%) when predicting whether or not a chemical 
will cause skin sensitization. The results also showed that, 
for predicting three human potency classes, the non-animal 
defined approaches performed at 55 percent to 69 percent 
whereas the mouse-based LLNA was predictive 59 percent 
of the time. OECD Guideline 497 was the first guideline to 
include a comprehensive curation of human reference data 
set to support the demonstration that defined approaches 
were superior to the animal method when compared to the 
human data (OECD 2021a).

Technical characterization

Technical characterization of NAMs is conducted to ensure 
a NAM is high quality and robust. Below, we examine rel-
evant considerations of technical characterization, namely 
the evaluation of accuracy, reproducibility, transferability 
(where applicable), applicability domain, associated refer-
ence chemicals and controls, and limits of detection and 
quantification. Some of these points have been recently 
discussed for the assessment of inhalation toxicity NAMs 
in Petersen et al (2021a, b) and, more recently and with a 
broader applicability, in Petersen et al. (2022). The authors 
published a framework to add measurement quality features 
to in vitro and in chemico NAMs (including conceptual 
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evaluation of the assay, intra-laboratory evaluation, statisti-
cal data analysis and reporting, and, on a case-by-case basis, 
inter-laboratory evaluation), to ensure that sources of vari-
ability are identified and mitigated (Petersen et al. 2022).

Specific aspects of technical characterization will depend 
on the NAM being evaluated and its intended use. For exam-
ple, increased uncertainty or performance variability, or 
qualitative results, may be acceptable for NAMs intended 
for screening purposes compared to those intended for use 
in quantitative risk assessment. The OECD Guidance Docu-
ment on Good In Vitro Method Practices (OECD GD on 
GIVIMP) provides a comprehensive introduction to the ele-
ments of technical characterization that should be described 
(OECD 2018). It should be demonstrated that the data have 
been generated using appropriate assays for the question at 
hand, and the data reporting should allow for agencies or 
organizations to evaluate the NAM, the protocol, and the 
equipment used, and should properly describe any compu-
tational models being used for endpoint prediction and/or 
in vitro to in vivo extrapolation.

Accuracy

Accuracy is the measurement of how closely the test method 
results agree with accepted reference values. While accuracy 
has historically been determined by comparing NAMs to 
the traditional animal test methods, this should not be the 
default. Test methods using animals are often decades old 
and were accepted as OECD test guidelines without under-
going a rigorous validation for relevance or reproducibility.

Recent publications have assessed the results of tradi-
tional animal test methods and have demonstrated a low 
level of reproducibility for a range of endpoints, including 
the LD50 test in rats for acute oral toxicity (Karmaus et al. 
2022), Draize rabbit tests for eye irritation (Weil and Scala 
1971; Adriaens et al. 2014; Luechtefeld et al. 2016; Bar-
roso et al. 2017), and skin irritation (Rooney et al. 2021), 
the LLNA using mice for skin sensitization (Dumont et al. 
2016), the Uterotropic assay using rodents for estrogen 
receptor testing (Kleinstreuer et al. 2016), the Hershberger 
assays using rodents for androgen receptor testing (Browne 
et al. 2018), rodent cancer bioassays (Paparella et al. 2017), 
and repeat-dose toxicity studies (Pham et al. 2020).

Where traditional animal test methods do not provide 
data relevant to human biology or mechanisms of toxicity, 
a comparison of that data with data from NAMs may not be 
appropriate. Additionally, for endpoints that have not tradi-
tionally been assessed using animals, and for which animal 
test methods do not exist, clearly, the comparison is not pos-
sible. However, when evaluating the accuracy of the NAM 
through comparisons to data from traditional animal test 
methods, several factors should be considered:

•	 The reproducibility of the traditional animal test method 
represents the level of reproducibility that regulators 
currently accept when using such data to conduct safety 
assessments and a similar bar should be acceptable for 
NAMs.

•	 Where results from the animal test method and the NAM 
conflict, the reproducibility of the animal test method, 
when known, as well as its relevance to human biological 
information could explain the differences observed.

•	 Understanding the reproducibility of, and reasons for 
observed variance in, the traditional animal test method 
allow for setting realistic expectations about the capa-
bilities of the animal method, and therefore, the maxi-
mum performance capacity of NAMs that are compared 
against them (Browne et al. 2019). The ability of the 
NAM to predict the result of the traditional animal test 
method should not be expected to exceed the ability of 
the animal test to predict itself (i.e., the accuracy/predic-
tive capacity of NAMs should not be expected to exceed 
the reproducibility of the animal test method).

•	 Traditional animal test method reproducibility can be 
used to derive confidence intervals that provide perfor-
mance benchmarks for NAMs. If a NAM is compared 
to a traditional animal test method result, the NAM pre-
diction falling within the data-driven confidence inter-
val around the animal result would be considered to be 
concordant with the animal result. When the reference 
test method is demonstrated to have a low degree of 
reproducibility, the category assignments based on those 
results may be close to arbitrary for some chemicals.

•	 When the accuracy of a NAM is determined by a com-
parison to existing data, it should be clarified whether 
it was compared to human (the gold standard) data or 
animal data.

Use of publicly accessible curated databases allows for 
further assessments of reproducibility of traditional animal 
test methods, including the evaluation of statistical variabil-
ity and the limits of detection (Browne et al. 2015; Mansouri 
et al. 2016, 2020; Barroso et al. 2017; Judson et al. 2018a; 
Karmaus et al. 2022). Manual curation of data can be time-
consuming but allows curators to identify errors common in 
reporting (e.g., misplaced decimal points or incorrect units), 
and quantitative confidence intervals can be incorporated 
into in silico tools (Karmaus et al. 2022). While curation 
of data may improve reproducibility, it will not increase the 
biological relevance to human health effects.

To provide additional confidence, accuracy can be 
evaluated by determining the NAM’s ability to correctly 
identify positive and negative reference chemicals for the 
human health endpoint of concern identified based on a 
weight of evidence of multiple data (where applicable). 
Alternatively, accuracy can be evaluated by making use 
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of internal/external consistency (Patterson et al. 2021) 
also known as “orthogonal validation”. In other words, it 
can be useful to compare and combine data obtained with 
different NAMs that are relevant to the same endpoint, 
key event, and/or pathway. Efforts related to the estrogen 
receptor and androgen receptor pathways demonstrated 
such an approach in support of the U.S. EPA Endocrine 
Disruptor Screening Program (Browne et al. 2015; Jud-
son et al. 2015; Kleinstreuer et al. 2017). When multiple 
NAMs relevant for the same mechanistic events/pathways 
confirm each other’s results, this increases confidence 
that the results obtained are relevant.

Reproducibility and transferability

Reproducibility is the measurement of how closely results 
of a particular method agree when repeated using the 
same protocol and same substance (OECD 2005). To 
assess the reproducibility of a method, it may not always 
be necessary to perform an exhaustive assessment of 
inter-laboratory reproducibility, i.e., a ring trial. It may be 
preferable, depending on the NAM and whether the NAM 
will be performed in more than one location, to assess 
reproducibility solely through the conduct of intra-labo-
ratory reproducibility testing. The intra-laboratory repro-
ducibility of a NAM should not be expected to exceed 
the reproducibility of the traditional animal test method, 
when the reproducibility of the animal method is known. 
While the reproducibility of the animal test method may 
be useful in identifying performance benchmarks for the 
NAM when the data exist, the advancement of NAMs 
should not be delayed if the reproducibility of the animal 
test method is unknown.

For NAMs that will be performed in more than one 
location, properly designed training and transfer studies 
in a second independent and competent laboratory using 
a small number of coded chemicals, should be conducted 
to show that the NAM can be repeated in a naïve labora-
tory (Hartung et al. 2004). In combination with a robust 
assessment of intra-laboratory reproducibility, training 
and transferability of the method to a second laboratory 
aids reliability by providing an opportunity to improve 
clarity and verify the independent implementation of the 
protocol. Moreover, post-validation proficiency testing 
adds confidence on the capacity of a laboratory to use the 
test method. Performance-based validation relies upon a 
set of robust reference chemicals with biologically rel-
evant activities against the target/pathway of interest. This 
may be a more effective and efficient option, depending 
on the NAM’s purpose, than a costly and lengthy ring 
trial to demonstrate inter-laboratory reproducibility. Fur-
thermore, an exhaustive assessment of inter-laboratory 

reproducibility, such as is performed during ring trials, 
may reflect laboratory quality or expertise rather than a 
NAM’s reliability.

Applicability domain

The applicability domain describes the physicochemical 
or other properties of the substances for which a particular 
method is applicable for use (OECD 2005), although it is 
often more practical to describe the properties of substances 
for which the method is not applicable (i.e., classes of chem-
icals that would interfere with the method or which the 
method cannot accurately measure—technical, mechanis-
tic and predictive limitations). NAMs should be considered 
generally acceptable for a wide range of chemical classes, 
functional groups, single ingredients, and mixtures unless 
there is evidence that a particular chemistry would inter-
fere with the integrity of the assay or not be mechanistically 
covered considering the test system used and endpoint meas-
ured. The OECD GD on GIVIMP provides a non-exhaustive 
list of physical, chemical, and other properties that should 
be reported in the description of the applicability domain 
(OECD 2018). The list includes the state of the substance, its 
appearance and size, its color, pH and other physicochemical 
properties, composition, conditions of stability, expiry date, 
and solubility.

Reference chemicals and controls

Positive control reference chemicals are chemicals that 
have been demonstrated to be causally linked to an adverse 
effect(s) in humans, whereas negative control reference 
chemicals have been demonstrated to not adversely affect 
humans, for a particular endpoint (OECD 2005). Positive 
assay controls, on the other hand, are chemicals that reliably 
induce an adequate response in the test method, and negative 
assay controls reliably do not. Characteristics to consider 
when choosing reference chemicals (Kolle et al. 2019) as 
well as assay positive controls (Petersen et al. 2021a) have 
been published.

Selection of reference chemicals should take into 
account the purpose of the NAM, and one definitive list 
may not cover all purposes. The formal validation pro-
cess outlined by the OECD encourages testing a range of 
reference chemicals; however, the compilation of reliable 
reference chemicals is time consuming, resource inten-
sive, and some substances can present storage and stability 
challenges. Furthermore, it can be difficult to compile a 
robust reference chemical list that covers a broad chemical 
space. Additionally, an emphasis within reference sets on 
positive reference chemicals can lead to high false positive 
rates; therefore, reference sets should have a balance of 
positive and negative control reference chemicals, when 
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possible (Browne et al. 2019). In circumstances where a 
comprehensive list of reference chemicals is not available 
for a particular endpoint, for example, for novel endpoints, 
the emphasis should instead be on the identification of 
appropriate positive and negative controls for use during 
the evaluation of the individual assays with consideration 
of the NAM’s applicability domain and purpose.

The hazard properties of reference chemicals for a cer-
tain toxicological endpoint should be established based 
on a weight of evidence evaluation of all available data 
for each chemical, including (human and animal) in vivo, 
in vitro, in silico endpoint and mechanistic data, rather 
than establishing such properties on the basis of individ-
ual traditional animal test methods because of the known 
variability and uncertainty associated with such studies. 
The EURL ECVAM library of reference chemicals is a 
catalogue of chemical lists that can be used to standard-
ize, qualify, characterize or compare in vitro, in chemico 
and in silico methods and models (Sund and Deceuninck 
2021). It contains chemical lists used in research and vali-
dation projects (including EU-funded, international and 
JRC projects), proficiency chemicals from OECD test 
guidelines, and chemicals that have been classified within 
various regulatory contexts (e.g. pesticides, carcinogenic 
chemicals, and endocrine disrupters). Curated reference 
chemicals lists, compiled via rigorous systematic reviews 
and automation processes where feasible, have allowed 
more robust evaluation of NAM sensitivity and specificity 
(Judson et al. 2018b).

Limits of detection and quantification

The limit of detection defines the lowest concentration 
or signal of a substance that can be distinguished, with 
acceptable precision, from the absence of that substance 
(OECD 2018). Integral to the assessment of technical char-
acterization is the description of the equipment used in the 
NAM and the limits of the instrument readouts available. 
The dynamic range (the ratio of maximum and minimum 
concentrations over which the parameter being measured 
can be detected by the instrument used in the NAM), or 
more specifically, the linear dynamic range (the range of 
concentrations over which the instrument read-out for the 
measured property is linear) should be described, where 
appropriate. The lower limit of the linear dynamic range is 
often refered to as the lower limit of quantification and the 
higher limit of the linear dynamic range is often refered to 
as the higher limit of quantification (OECD 2018).

Limits of detection cannot be calculated for qualita-
tive methods. For qualitative methods, the minimum con-
centration of substance that can be detected within a spe-
cific probability of error, i.e., a cut-off value, should be 

calculated instead (OECD 2018). The cut-off values are 
often established by assessing the rate of false positive 
and negative values above and below the expected cut-off 
concentration.

Data integrity and transparency

Transparency facilitates trust in the use of NAMs and 
thereby hastens the pace of each agency’s regulatory deci-
sion-making process and potential regulatory acceptance. A 
NAM’s relevance to humans, fitness for purpose, and techni-
cal characterization should be transparently communicated 
to peer reviewers, the scientific community, and to the public 
in a manner digestible by non-scientists. Where appropri-
ate, peer reviewed articles and information describing the 
fitness for purpose, biological relevance, and technical char-
acterization of the NAM should be published in open-access 
journals and/or summarized in public-facing regulatory 
documents. In addition, where possible, the principles of 
the NAM, the protocol, and the reporting standards should 
be communicated publicly. For NAMs that contain intel-
lectual property, the OECD provide tools to maintain trans-
parency, including reasonable and non-discriminatory terms 
(“RAND”) for licensing commitments (OECD 2021d). 
ICATM partners publish information on NAM assessment 
and peer review via the Tracking System for Alternative 
methods towards Regulatory acceptance (TSAR) (Euro-
pean Union Laboratory for Alternatives to Animal Testing 
2021). TSAR indicates the stages NAMs have reached in 
terms of acceptance as a recognized standard for use in a 
regulatory context together with a summary description and 
accepted protocol(s)/SOP(s). Where available, TSAR also 
includes relevant records and documents associated with 
a NAM linked to the different steps of the entire process: 
submission, validation, peer-review, recommendations and 
regulatory acceptance. How to interpret the data that a NAM 
generates should be clearly communicated so that end-users 
understand the process and can apply it in a practical setting. 
Additionally, if NAMs undergo an independent scientific 
review by third parties, this review should be made publicly 
available.

It is advisable that method developers organize an inde-
pendent evaluation of the processes used for the acquisition, 
transferring, and processing of raw data before those data are 
submitted to external, independent parties for assessment 
and peer review to ensure data integrity and credibility of 
results. Studies should be conducted to the extent possible in 
the spirit of the principles of good laboratory practice. Fur-
thermore, evaluating bodies, such as the U.S. NTP Intera-
gency Center for the Evaluation of Alternative Toxicological 
Methods can fund assessments of the quality and integrity 
of the development process of the NAM. For in vitro meth-
ods, developers can also consult the OECD GD on GIVIMP 
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(OECD 2018) to reduce uncertainties in predictions. For 
digital tools, and management of digital data, developers 
can follow the ‘FAIR Guiding Principles for scientific data 
management and stewardship,’ published in 2016 (Go Fair 
2016).

Uncertainties

Uncertainty refers to all types of limitations on the avail-
able knowledge that may affect the range and probability of 
possible answers to an assessment question (Benford et al. 
2018). Uncertainties related to the data and methodological 
quality include limitations associated with the method’s bio-
logical relevance, reproducibility, and completeness or com-
prehensiveness of the data (OECD 2020). To minimize these 
uncertainties, guidance on GIVIMP has been developed by 
the OECD (OECD 2018) to demonstrate best practices for 
execution and reporting. Other uncertainties are associated 
with the interpretation, extrapolation, and integration of data 
from the test method, and includes inter- or intra-species 
uncertainty factors, in vitro to human extrapolation, and gaps 
in knowledge of the endpoint of concern.

During the evaluation of the NAM, the uncertainties of 
the NAM and the traditional animal test method, where 
appropriate and possible, should be clearly and concisely 
described. More important than a comparison to the animal 
test method is evaluating the NAM’s fitness for purpose, 
relevance to human biology, and technical characterization. 
Furthermore, depending on the purpose of the NAM, for 
example whether the data from the NAM will be used alone, 
in combination with other information sources in a defined 
approach, or as part of an integrated approach to testing and 
assessment or a weight of evidence assessment, the accept-
able level of uncertainty associated with the NAM may vary.

Independent review

Information and data supporting the NAM’s fitness for pur-
pose, human biological relevance, and technical characteri-
zation may be scientifically reviewed by independent third 
parties (whose members do not have a conflict(s) of inter-
est); however, the necessary level of review will be identified 
by each agency’s decision makers.

Raw data from, and information describing, the NAM 
should be accessible for review by independent third par-
ties and regulatory agency decision makers. The assessment 
and independent peer review of NAMs may be organized by 
validation bodies, such as EURL ECVAM and its Scientific 
Advisory Committee (ESAC) or the Japanese Center for the 
Validation of Alternative Methods (JaCVAM). Other bodies 
or international organizations that can independently review 
NAMs include the U.S. Federal Insecticide, Fungicide, and 

Rodenticide Act Scientific Advisory Panel, the European 
Food Safety Authority Scientific Committee and the OECD. 
Alternatively, the developer can fund (but not directly man-
age) an independent review of the method. Peer-reviewed 
publications are useful for sharing assay information with 
the scientific community and can supplement a more formal 
review by independent third parties to gain acceptance and 
use of the method in a regulatory context.

Conclusion

The proposed framework is comprised of the following five 
elements: fitness for purpose, human biological relevance, 
technical characterization, data integrity and transparency, 
and independent review. Use of the framework will enable a 
streamlined confidence building process that allows for the 
timely uptake of fit for purpose and biologically relevant 
NAMs that can be used in the regulatory decision mak-
ing process as appropriate within each agency’s regulatory 
framework. Instead of relying on a direct comparison to the 
currently used animal test method, the framework encour-
ages a holistic assessment of a chemical’s ability to cause 
toxicity in humans by relying on NAMs that reflect human 
biological understanding. Use of the framework should 
provide better coverage of human biology and mechanisms 
of toxicity, increase confidence in the appropriate use of 
NAMs, and accelerate industry uptake and regulatory 
acceptance of relevant and reliable NAMs, thereby provid-
ing better protection of human health.

Declarations 

Conflict of interest  The views expressed in this article are those of the 
authors and do not necessarily represent the views or policies of their 
respective employers. Mention of trade names or commercial products 
does not constitute endorsement for use. The authors declare no finan-
cial conflicts of interest. The manuscript was conceived and developed 
solely by the authors. This paper is intended to bolster scientific confi-
dence in NAMs and not set policy for any regulatory agency. This pro-
ject was funded in part by federal funds from NIEHS, NIH under IRP 
project: ES103318-06 (2021) Biomolecular Screening and Alternative 
Approaches for the Division of the National Toxicology Program.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

http://creativecommons.org/licenses/by/4.0/


2877Archives of Toxicology (2022) 96:2865–2879	

1 3

References

Adriaens E, Barroso J, Eskes C et al (2014) Retrospective analysis of 
the Draize test for serious eye damage/eye irritation: importance 
of understanding the in vivo endpoints under UN GHS/EU CLP 
for the development and evaluation of in vitro test methods. Arch 
Toxicol 88:701–723. https://​doi.​org/​10.​1007/​s00204-​013-​1156-8

Akhtar A (2015) The flaws and human harms of animal experimenta-
tion. Camb Q Healthc Ethics 24:407–419. https://​doi.​org/​10.​1017/​
S0963​18011​50000​79

Bal-Price A, Hogberg H, Crofton KM et al (2018a) Recommendation 
on test readiness criteria for new approach methods in toxicology: 
exemplified for developmental neurotoxicity. Altex. https://​doi.​
org/​10.​14573/​altex.​17120​81

Bal-Price A, Pistollato F, Sachana M et  al (2018b) Strategies to 
improve the regulatory assessment of developmental neurotoxicity 
(DNT) using in vitro methods. Toxicol Appl Pharmacol 354:7–18. 
https://​doi.​org/​10.​1016/J.​TAAP.​2018.​02.​008

Barroso J, Pfannenbecker U, Adriaens E et al (2017) Cosmetics Europe 
compilation of historical serious eye damage/eye irritation in vivo 
data analysed by drivers of classification to support the selection 
of chemicals for development and evaluation of alternative meth-
ods/strategies. Arch Toxicol 91:521–547. https://​doi.​org/​10.​1007/​
s00204-​016-​1679-x

Benford D, Halldorsson T, Jeger MJ et al (2018) Guidance on uncer-
tainty analysis in scientific assessments. EFSA J. https://​doi.​org/​
10.​2903/j.​efsa.​2018.​5123

Bracken MB (2009) Why animal studies are often poor predictors of 
human reactions to exposure. J R Soc Med 102:120–122. https://​
doi.​org/​10.​1258/​jrsm.​2008.​08k033

Browne P, Judson RS, Casey WM et al (2015) Screening chemicals 
for estrogen receptor bioactivity using a computational model. 
Environ Sci Technol 49:8804–8814. https://​doi.​org/​10.​1021/​acs.​
est.​5b026​41

Browne P, Kleinstreuer NC, Ceger P et al (2018) Development of a 
curated Hershberger database. Reprod Toxicol 81:259–271. 
https://​doi.​org/​10.​1016/j.​repro​tox.​2018.​08.​016

Browne P, Delrue N, Gourmelon A (2019) Regulatory use and accept-
ance of alternative methods for chemical hazard identification. 
Curr Opin Toxicol 15:18–25. https://​doi.​org/​10.​1016/j.​cotox.​
2019.​02.​003

Casati S, Aschberger K, Barroso J et al (2018) Standardisation of 
defined approaches for skin sensitisation testing to support regu-
latory use and international adoption: position of the International 
Cooperation on Alternative Test Methods. Arch Toxicol 92:611–
617. https://​doi.​org/​10.​1007/​s00204-​017-​2097-4

Clippinger AJ, Jarabek AM, Corvaro M et  al (2018) Alternative 
approaches for acute inhalation toxicity testing to address global 
regulatory and non-regulatory data requirements: an international 
workshop report. Toxicol Vitr 48:53–70. https://​doi.​org/​10.​1016/j.​
tiv.​2017.​12.​011

Clippinger AJ, Raabe HA, Allen DG et al (2021) Human-relevant 
approaches to assess eye corrosion/irritation potential of agro-
chemical formulations. Cutan Ocul Toxicol 40:145–167. https://​
doi.​org/​10.​1080/​15569​527.​2021.​19102​91

Cohen SM (2017) The relevance of experimental carcinogenicity stud-
ies to human safety. Curr Opin Toxicol 3:6–11. https://​doi.​org/​10.​
1016/j.​cotox.​2017.​04.​002

Dobreniecki S, Mendez E, Lowit A et al (2022) Integration of toxico-
dynamic and toxicokinetic new approach methods into a weight-
of-evidence analysis for pesticide developmental neurotoxicity 
assessment: a case-study with DL- and L-glufosinate. Regul 
Toxicol Pharmacol 131:105167. https://​doi.​org/​10.​1016/j.​yrtph.​
2022.​105167

Draize JH, Woodard G, Calvery HO (1944) Methods for the study of 
irritation and toxicity of substances applied topically to the skin 
and mucous membranes. J Pharmacol Exp Ther 82:377–390

Dumont C, Barroso J, Matys I et al (2016) Analysis of the Local Lymph 
Node Assay (LLNA) variability for assessing the prediction of 
skin sensitisation potential and potency of chemicals with non-
animal approaches. Toxicol Vitr 34:220–228. https://​doi.​org/​10.​
1016/j.​tiv.​2016.​04.​008

EFSA (2022) Development of a roadmap for action on new approach 
methodologies in risk assessment. EFSA Support Publ. https://​
doi.​org/​10.​2903/​sp.​efsa.​2022.​EN-​7341

European Chemicals Agency (2016) New approach methodologies 
in regulatory science. https://​echa.​europa.​eu/​docum​ents/​10162/​
21838​212/​scien​tific_​ws_​proce​edings_​en.​pdf/​a2087​434-​0407-​
4705-​9057-​95d9c​2c2cc​57.Accessed 11 May 2022

European Commission (2019) Commission Regulation (EU) 
2019/1390 of 31 July 2019 amending, for the purpose of its adap-
tation to technical progress, the Annex to Regulation (EC) No 
440/2008 laying down test methods pursuant to Regulation (EC) 
No 1907/2006 of the European Parliament a. European Union

European Commission (2021) Commission Delegated Regulation 
(EU) 2021/525 of 19 October 2020 amending Annexes II and 
III to Regulation (EU) No 528/2012 of the European Parliament 
and of the Council concerning the making available on the mar-
ket and use of biocidal products. European Union

European Union Laboratory for Alternatives to Animal Testing 
(2021) TSAR—Tracking System for Alternative methods 
towards Regulatory Acceptance. In: Eur. Comm. Jt. Res. Cent. 
https://​tsar.​jrc.​ec.​europa.​eu/

Go Fair (2016) FAIR Principles. https://​www.​go-​fair.​org/​fair-​princ​
iples/

Hartung T (2010) First alternative method validated by a retrospec-
tive weight-of-evidence approach to replace the Draize eye test 
for the identification of non-irritant substances for a defined 
applicability domain. Altex. https://​doi.​org/​10.​14573/​altex.​
2010.1.​43

Hartung T (2013) Food for thought … mechanistic validation. Altex 
30:119–130. https://​doi.​org/​10.​14573/​altex.​2013.2.​119

Hartung T, Bremer S, Casati S et al (2004) A modular approach to the 
ECVAM principles on test validity. Altern Lab Anim 32:467–472. 
https://​doi.​org/​10.​1177/​02611​92904​03200​503

Hoffmann S (2015) LLNA variability: an essential ingredient for a 
comprehensive assessment of non-animal skin sensitization test 
methods and strategies. Altex. https://​doi.​org/​10.​14573/​altex.​
15050​51

Hoffmann S, Edler L, Gardner I et al (2008) Points of reference in the 
validation process. Altern Lab Anim 36:343–352. https://​doi.​org/​
10.​1177/​02611​92908​03600​311

Hoffmann S, Kleinstreuer N, Alépée N et al (2018) Non-animal meth-
ods to predict skin sensitization (I): the Cosmetics Europe data-
base. Crit Rev Toxicol 48:344–358. https://​doi.​org/​10.​1080/​10408​
444.​2018.​14293​85

Interagency Coordinating Committee on the Validation of Alterna-
tive Methods (2018) A strategic roadmap for establishing new 
approaches to evaluate the safety of chemicals and medical prod-
ucts in the United States. https://​doi.​org/​10.​22427/​NTP-​ICCVAM-​
ROADM​AP2018

Joint Research Centre (2021) Establishing the scientific validity of 
complex in vitro models: results of a EURL ECVAM survey. 
https://​publi​catio​ns.​jrc.​ec.​europa.​eu/​repos​itory/​handle/​JRC12​
2394

Judson RS, Magpantay FM, Chickarmane V et al (2015) Integrated 
model of chemical perturbations of a biological pathway using 
18 in vitro high-throughput screening assays for the estrogen 
receptor. Toxicol Sci 148:137–154. https://​doi.​org/​10.​1093/​tox-
sci/​kfv168

https://doi.org/10.1007/s00204-013-1156-8
https://doi.org/10.1017/S0963180115000079
https://doi.org/10.1017/S0963180115000079
https://doi.org/10.14573/altex.1712081
https://doi.org/10.14573/altex.1712081
https://doi.org/10.1016/J.TAAP.2018.02.008
https://doi.org/10.1007/s00204-016-1679-x
https://doi.org/10.1007/s00204-016-1679-x
https://doi.org/10.2903/j.efsa.2018.5123
https://doi.org/10.2903/j.efsa.2018.5123
https://doi.org/10.1258/jrsm.2008.08k033
https://doi.org/10.1258/jrsm.2008.08k033
https://doi.org/10.1021/acs.est.5b02641
https://doi.org/10.1021/acs.est.5b02641
https://doi.org/10.1016/j.reprotox.2018.08.016
https://doi.org/10.1016/j.cotox.2019.02.003
https://doi.org/10.1016/j.cotox.2019.02.003
https://doi.org/10.1007/s00204-017-2097-4
https://doi.org/10.1016/j.tiv.2017.12.011
https://doi.org/10.1016/j.tiv.2017.12.011
https://doi.org/10.1080/15569527.2021.1910291
https://doi.org/10.1080/15569527.2021.1910291
https://doi.org/10.1016/j.cotox.2017.04.002
https://doi.org/10.1016/j.cotox.2017.04.002
https://doi.org/10.1016/j.yrtph.2022.105167
https://doi.org/10.1016/j.yrtph.2022.105167
https://doi.org/10.1016/j.tiv.2016.04.008
https://doi.org/10.1016/j.tiv.2016.04.008
https://doi.org/10.2903/sp.efsa.2022.EN-7341
https://doi.org/10.2903/sp.efsa.2022.EN-7341
https://echa.europa.eu/documents/10162/21838212/scientific_ws_proceedings_en.pdf/a2087434-0407-4705-9057-95d9c2c2cc57
https://echa.europa.eu/documents/10162/21838212/scientific_ws_proceedings_en.pdf/a2087434-0407-4705-9057-95d9c2c2cc57
https://echa.europa.eu/documents/10162/21838212/scientific_ws_proceedings_en.pdf/a2087434-0407-4705-9057-95d9c2c2cc57
https://tsar.jrc.ec.europa.eu/
https://www.go-fair.org/fair-principles/
https://www.go-fair.org/fair-principles/
https://doi.org/10.14573/altex.2010.1.43
https://doi.org/10.14573/altex.2010.1.43
https://doi.org/10.14573/altex.2013.2.119
https://doi.org/10.1177/026119290403200503
https://doi.org/10.14573/altex.1505051
https://doi.org/10.14573/altex.1505051
https://doi.org/10.1177/026119290803600311
https://doi.org/10.1177/026119290803600311
https://doi.org/10.1080/10408444.2018.1429385
https://doi.org/10.1080/10408444.2018.1429385
https://doi.org/10.22427/NTP-ICCVAM-ROADMAP2018
https://doi.org/10.22427/NTP-ICCVAM-ROADMAP2018
https://publications.jrc.ec.europa.eu/repository/handle/JRC122394
https://publications.jrc.ec.europa.eu/repository/handle/JRC122394
https://doi.org/10.1093/toxsci/kfv168
https://doi.org/10.1093/toxsci/kfv168


2878	 Archives of Toxicology (2022) 96:2865–2879

1 3

Judson RS, Paul Friedman K, Houck K et al (2018a) New approach 
methods for testing chemicals for endocrine disruption potential. 
Curr Opin Toxicol 9:40–47. https://​doi.​org/​10.​1016/j.​cotox.​2018.​
10.​002

Judson RS, Thomas RS, Baker NC et al (2018b) Workflow for defining 
reference chemicals for assessing performance of in vitro assays. 
Altex. https://​doi.​org/​10.​14573/​altex.​18092​81

Karmaus AL, Mansouri K, To KT et al (2022) Evaluation of variability 
across rat acute oral systemic toxicity studies. Toxicol Sci. https://​
doi.​org/​10.​1093/​toxsci/​kfac0​42

Kleinstreuer NC, Ceger PC, Allen DG et al (2016) A curated data-
base of rodent uterotrophic bioactivity. Environ Health Perspect 
124:556–562. https://​doi.​org/​10.​1289/​ehp.​15101​83

Kleinstreuer NC, Ceger P, Watt ED et al (2017) Development and vali-
dation of a computational model for androgen receptor activity. 
Chem Res Toxicol 30:946–964. https://​doi.​org/​10.​1021/​acs.​chemr​
estox.​6b003​47

Kleinstreuer NC, Hoffmann S, Alépée N et al (2018) Non-animal meth-
ods to predict skin sensitization (II): an assessment of defined 
approaches. Crit Rev Toxicol 48:359–374. https://​doi.​org/​10.​
1080/​10408​444.​2018.​14293​86

Kolanjiyil AV, Kleinstreuer C, Kleinstreuer NC et al (2019) Mice-to-
men comparison of inhaled drug-aerosol deposition and clearance. 
Respir Physiol Neurobiol 260:82–94. https://​doi.​org/​10.​1016/j.​
resp.​2018.​11.​003

Kolle SN, Van Cott A, van Ravenzwaay B, Landsiedel R (2017) Lack-
ing applicability of in vitro eye irritation methods to identify seri-
ously eye irritating agrochemical formulations. Regul Toxicol 
Pharmacol 85:33–47. https://​doi.​org/​10.​1016/j.​yrtph.​2017.​01.​013

Kolle SN, Hill E, Raabe H et al (2019) Regarding the references for ref-
erence chemicals of alternative methods. Toxicol Vitr 57:48–53. 
https://​doi.​org/​10.​1016/j.​tiv.​2019.​02.​007

Krewski D, Acosta D, Andersen M et al (2010) Toxicity testing in the 
21st century: a vision and a strategy. J Toxicol Environ Health B 
Crit Rev 13:51. https://​doi.​org/​10.​1080/​10937​404.​2010.​483176

Krishna S, Berridge B, Kleinstreuer N (2021) High-throughput screen-
ing to identify chemical cardiotoxic potential. Chem Res Toxicol 
34:566–583. https://​doi.​org/​10.​1021/​acs.​chemr​estox.​0c003​82

Leenaars CHC, Kouwenaar C, Stafleu FR et al (2019) Animal to 
human translation: a systematic scoping review of reported con-
cordance rates. J Transl Med 17:223. https://​doi.​org/​10.​1186/​
s12967-​019-​1976-2

Leist M, Hartung T (2013) Inflammatory findings on species extrapola-
tions: humans are definitely no 70-kg mice. Arch Toxicol 87:563–
567. https://​doi.​org/​10.​1007/​s00204-​013-​1038-0

Luechtefeld T, Maertens A, Russo DP et al (2016) Analysis of Draize 
eye irritation testing and its prediction by mining publicly avail-
able 2008–2014 REACH data. Altex 33:123–134. https://​doi.​org/​
10.​14573/​altex.​15100​53

Madia F, Pillo G, Worth A et al (2021) Integration of data across tox-
icity endpoints for improved safety assessment of chemicals: the 
example of carcinogenicity assessment. Arch Toxicol 95:1971–
1993. https://​doi.​org/​10.​1007/​s00204-​021-​03035-x

Mansouri K, Abdelaziz A, Rybacka A et al (2016) CERAPP: collabora-
tive estrogen receptor activity prediction project. Environ Health 
Perspect 124:1023–1033. https://​doi.​org/​10.​1289/​ehp.​15102​67

Mansouri K, Kleinstreuer N, Abdelaziz AM et al (2020) CoMPARA: 
collaborative modeling project for androgen receptor activity. 
Environ Health Perspect 128:027002. https://​doi.​org/​10.​1289/​
EHP55​80

OECD (2005) Guidance document on the validation and international 
acceptance of new or updated test methods for hazard assessment, 
Series on testing and assessment no. 34. Paris: OECD Publishing

OECD (2017a) Guidance document for describing non-guideline 
in vitro test methods, Series on testing and assessment no. 211. 
OECD Publishing, Paris

OECD (2017b) Test no. 405: acute eye irritation/corrosion. OECD 
Publishing, Paris

OECD (2018) Guidance document on good in vitro method practices 
(GIVIMP), Series on testing and assessment no. 286. OECD Pub-
lishing, Paris

OECD (2020) Integrated Approaches to Testing and Assessment 
(IATA). https://​www.​oecd.​org/​chemi​calsa​fety/​risk-​asses​sment/​
conce​pts-​and-​avail​able-​guida​nce-​relat​ed-​to-​integ​rated-​appro​
aches-​to-​testi​ng-​and-​asses​sment.​pdf

OECD (2021a) Guideline no. 497: defined approaches for skin sensi-
tisation. OECD Publishing, Paris

OECD (2021b) Annex 1 evaluation framework. The OECD supporting 
document on defined approaches for skin sensitisation. OECD 
Publishing, Paris

OECD (2021c) Guidance document for the scientific review of adverse 
outcome pathways, Series on testing and assessment no. 344. 
OECD Publishing, Paris

OECD (2021d) Guiding principles on good practices for the availabil-
ity/distribution of protected elements in OECD test guidelines, 
Series on testing and assessment no. 298. OECD Publishing, Paris

Paparella M, Colacci A, Jacobs MN (2017) Uncertainties of testing 
methods: what do we (want to) know about carcinogenicity? Altex 
34:235–252. https://​doi.​org/​10.​14573/​altex.​16082​81

Parish ST, Aschner M, Casey W et al (2020) An evaluation frame-
work for new approach methodologies (NAMs) for human 
health safety assessment. Regul Toxicol Pharmacol 112:104592. 
https://​doi.​org/​10.​1016/j.​yrtph.​2020.​104592

Patterson EA, Whelan MP, Worth AP (2021) The role of validation 
in establishing the scientific credibility of predictive toxicology 
approaches intended for regulatory application. Comput Toxicol 
17:100144. https://​doi.​org/​10.​1016/j.​comtox.​2020.​100144

Petersen EJ, Nguyen AD, Brown J et al (2021a) Characteristics 
to consider when selecting a positive control material for an 
in vitro assay. Altex 38:365–376. https://​doi.​org/​10.​14573/​altex.​
21021​11

Petersen EJ, Sharma M, Clippinger AJ et al (2021b) Use of cause-and-
effect analysis to optimize the reliability of in vitro inhalation 
toxicity measurements using an air–liquid interface. Chem Res 
Toxicol 34:1370–1385. https://​doi.​org/​10.​1021/​acs.​chemr​estox.​
1c000​80

Petersen EJ, Elliott JT, Gordon J et al (2022) Technical framework for 
enabling high-quality measurements in new approach methodolo-
gies (NAMs). ALTEX. https://​doi.​org/​10.​14573/​altex.​22050​81

Pham LL, Watford SM, Pradeep P et al (2020) Variability in in vivo 
studies: Defining the upper limit of performance for predictions 
of systemic effect levels. Comput Toxicol 15:100126. https://​doi.​
org/​10.​1016/j.​comtox.​2020.​100126

Piersma AH, Burgdorf T, Louekari K et al (2018) Workshop on accel-
eration of the validation and regulatory acceptance of alternative 
methods and implementation of testing strategies. Toxicol Vitr 
50:62–74. https://​doi.​org/​10.​1016/j.​tiv.​2018.​02.​018

Prior H, Casey W, Kimber I et al (2019) Reflections on the progress 
towards non-animal methods for acute toxicity testing of chemi-
cals. Regul Toxicol Pharmacol 102:30–33. https://​doi.​org/​10.​
1016/j.​yrtph.​2018.​12.​008

Rooney JP, Choksi NY, Ceger P et al (2021) Analysis of variabil-
ity in the rabbit skin irritation assay. Regul Toxicol Pharmacol 
122:104920. https://​doi.​org/​10.​1016/j.​yrtph.​2021.​104920

Sewell F, Doe J, Gellatly N et al (2017) Steps towards the interna-
tional regulatory acceptance of non-animal methodology in safety 
assessment. Regul Toxicol Pharmacol 89:50–56. https://​doi.​org/​
10.​1016/j.​yrtph.​2017.​07.​001

Smirnova L, Hogberg H, Leist M, Hartung T (2014) Developmental 
neurotoxicity—challenges in the 21st century and in vitro oppor-
tunities. Altex. https://​doi.​org/​10.​14573/​altex.​14032​71

https://doi.org/10.1016/j.cotox.2018.10.002
https://doi.org/10.1016/j.cotox.2018.10.002
https://doi.org/10.14573/altex.1809281
https://doi.org/10.1093/toxsci/kfac042
https://doi.org/10.1093/toxsci/kfac042
https://doi.org/10.1289/ehp.1510183
https://doi.org/10.1021/acs.chemrestox.6b00347
https://doi.org/10.1021/acs.chemrestox.6b00347
https://doi.org/10.1080/10408444.2018.1429386
https://doi.org/10.1080/10408444.2018.1429386
https://doi.org/10.1016/j.resp.2018.11.003
https://doi.org/10.1016/j.resp.2018.11.003
https://doi.org/10.1016/j.yrtph.2017.01.013
https://doi.org/10.1016/j.tiv.2019.02.007
https://doi.org/10.1080/10937404.2010.483176
https://doi.org/10.1021/acs.chemrestox.0c00382
https://doi.org/10.1186/s12967-019-1976-2
https://doi.org/10.1186/s12967-019-1976-2
https://doi.org/10.1007/s00204-013-1038-0
https://doi.org/10.14573/altex.1510053
https://doi.org/10.14573/altex.1510053
https://doi.org/10.1007/s00204-021-03035-x
https://doi.org/10.1289/ehp.1510267
https://doi.org/10.1289/EHP5580
https://doi.org/10.1289/EHP5580
https://www.oecd.org/chemicalsafety/risk-assessment/concepts-and-available-guidance-related-to-integrated-approaches-to-testing-and-assessment.pdf
https://www.oecd.org/chemicalsafety/risk-assessment/concepts-and-available-guidance-related-to-integrated-approaches-to-testing-and-assessment.pdf
https://www.oecd.org/chemicalsafety/risk-assessment/concepts-and-available-guidance-related-to-integrated-approaches-to-testing-and-assessment.pdf
https://doi.org/10.14573/altex.1608281
https://doi.org/10.1016/j.yrtph.2020.104592
https://doi.org/10.1016/j.comtox.2020.100144
https://doi.org/10.14573/altex.2102111
https://doi.org/10.14573/altex.2102111
https://doi.org/10.1021/acs.chemrestox.1c00080
https://doi.org/10.1021/acs.chemrestox.1c00080
https://doi.org/10.14573/altex.2205081
https://doi.org/10.1016/j.comtox.2020.100126
https://doi.org/10.1016/j.comtox.2020.100126
https://doi.org/10.1016/j.tiv.2018.02.018
https://doi.org/10.1016/j.yrtph.2018.12.008
https://doi.org/10.1016/j.yrtph.2018.12.008
https://doi.org/10.1016/j.yrtph.2021.104920
https://doi.org/10.1016/j.yrtph.2017.07.001
https://doi.org/10.1016/j.yrtph.2017.07.001
https://doi.org/10.14573/altex.1403271


2879Archives of Toxicology (2022) 96:2865–2879	

1 3

Stewart J (2017) The relevance of experimental reproductive studies 
in safety assessment. Curr Opin Toxicol 3:30–39. https://​doi.​org/​
10.​1016/j.​cotox.​2017.​05.​002

Sund J, Deceuninck P (2021) EURL ECVAM library of reference 
chemicals. In: Eur. Comm. Jt. Res. Cent. https://​data.​jrc.​ec.​europa.​
eu/​datas​et/​92614​229-​d020-​4d96-​941c-​c9604​e525c​9e

Tsuji R, Crofton KM (2012) Developmental neurotoxicity guideline 
study: issues with methodology, evaluation and regulation*. Con-
genit Anom (kyoto) 52:122–128. https://​doi.​org/​10.​1111/j.​1741-​
4520.​2012.​00374.x

U.S. Environmental Protection Agency (2014) Framework for human 
health risk assessment to inform decision making

U.S. Environmental Protection Agency (2018) Strategic plan to pro-
mote the development and implementation of alternative test 
methods within the TSCA program. https://​www.​epa.​gov/​sites/​
produ​ction/​files/​2018-​06/​docum​ents/​epa_​alt_​strat_​plan_6-​20-​18_​
clean_​final.​pdf

U.S. Environmental Protection Agency (2021) New approach methods 
work plan (v2). Washington, DC

U.S. Food and Drug Administration (2017) FDA’s Predictive Toxicol-
ogy Roadmap. https://​www.​fda.​gov/​scien​ce-​resea​rch/​about-​scien​
ce-​resea​rch-​fda/​fdas-​predi​ctive-​toxic​ology-​roadm​ap

15 U.S.C. 2601. (2016) 15 U.S.C. 2601. Frank R. Lautenberg Chemical 
Safety for the 21st Century Act

US Consumer Product Safety Commission (2022) Guidance for indus-
try and test method developers: CPSC staff evaluation of alter-
native test methods and integrated testing approaches and data 
generated from such methods to support FHSA labeling require-
ments. Bethesda, MD

Van Norman GA (2019) Limitations of animal studies for predicting 
toxicity in clinical trials: is it time to rethink our current approach? 
JACC Basic Transl Sci 4:845–854. https://​doi.​org/​10.​1016/j.​
jacbts.​2019.​10.​008

Weil C, Scala R (1971) Study of intra- and interlaboratory variability 
in the results of rabbit eye and skin irritation tests. Toxicol Appl 
Pharmacol 19:276–360

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.cotox.2017.05.002
https://doi.org/10.1016/j.cotox.2017.05.002
https://data.jrc.ec.europa.eu/dataset/92614229-d020-4d96-941c-c9604e525c9e
https://data.jrc.ec.europa.eu/dataset/92614229-d020-4d96-941c-c9604e525c9e
https://doi.org/10.1111/j.1741-4520.2012.00374.x
https://doi.org/10.1111/j.1741-4520.2012.00374.x
https://www.epa.gov/sites/production/files/2018-06/documents/epa_alt_strat_plan_6-20-18_clean_final.pdf
https://www.epa.gov/sites/production/files/2018-06/documents/epa_alt_strat_plan_6-20-18_clean_final.pdf
https://www.epa.gov/sites/production/files/2018-06/documents/epa_alt_strat_plan_6-20-18_clean_final.pdf
https://www.fda.gov/science-research/about-science-research-fda/fdas-predictive-toxicology-roadmap
https://www.fda.gov/science-research/about-science-research-fda/fdas-predictive-toxicology-roadmap
https://doi.org/10.1016/j.jacbts.2019.10.008
https://doi.org/10.1016/j.jacbts.2019.10.008

	A framework for establishing scientific confidence in new approach methodologies
	Abstract
	Introduction
	A modern, flexible framework to establish scientific confidence in NAMs for the regulatory assessment of chemicals for human health effects
	The essential elements of the framework

	Discussion of the essential elements
	Fitness for purpose
	Human biological relevance
	Human biological information
	Human in vivo data

	Technical characterization
	Accuracy
	Reproducibility and transferability
	Applicability domain
	Reference chemicals and controls
	Limits of detection and quantification

	Data integrity and transparency
	Uncertainties

	Independent review

	Conclusion
	References




