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commerce to proceed? What is the value of an animal life? What 
is the value of advanced methods versus historical use experi-
ence? How do we factor uncertainty into these decisions? 

This calls, beside a societal/political dialogue, also for an ethi-
cal/philosophical discourse. Bhuller et al. (2024, submitted) dis-
cuss the complexity of regulatory risk decision-making and the 
growing importance of incorporating new scientific advancements 

1  Introduction

Regulatory authorities need to consider various factors such as 
hazard assessment, exposure pathways, and public health context 
when evaluating health and environmental risks and establishing 
policies. This implies many value decisions: How much risk of 
possible adverse effects of a substance shall we accept to allow 
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“Science is the great antidote to the poison  
of enthusiasm and superstition.”

Adam Smith (1723-1790), Scottish economist and philosopher
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into this process; particularly, they address ethical aspects of the 
regulatory process. As new approach methods (NAMs)1 and next 
generation risk assessment (NGRA) frameworks are major tools 
of change in regulatory frameworks, their responsible introduction 
and necessary validation need to be discussed. These new methods 
face various challenges, including the establishment of standard-
ized protocols, the need for rigorous validation studies, and their 
acceptance by regulatory authorities and stakeholders (Patterson 
et al., 2021). Bhuller et al. underscore the importance of consid-
ering principles for risk decision-making within (the Canadian) 
regulatory context. This perspective is relevant to the discussion 
of the ethical and philosophical principles that should guide the 
validation and implementation of new toxicological test methods, 
as the article provides a pragmatic analysis of the relevance, im-
portance, and feasibility of such principles in the broader context 
of health and environmental risk decision-making.

Validation processes are human constructs shaped by cultural, 
political and subjective factors, not purely objective undertakings. 
The American anthropologist Clifford Geertz (1926-2006) said 
“Man is an animal suspended in webs of significance he himself 
has spun.” The validation process for new toxicological methods 
embodies a fundamental tension: It is simultaneously a catalyst 
for change and a potential obstacle to rapid adoption of new ap-
proaches. This dichotomy arises from the dual role of validation as 
both a necessary quality control measure and a time and resource-
intensive hurdle (Box 1).

Box 1: Validation as an accelerator and an obstacle  
to change of regulatory practices
Validation as an accelerator of change:
a)	Rigorous validation lends credibility and legitimacy to 

new methods. By demonstrating that a new approach is re-
liable, relevant, and fit-for-purpose, validation helps over-
come skepticism and resistance to change. It provides the 
necessary scientific and regulatory confidence to adopt 
new methods (Leist et al., 2012; Hoffmann et al., 2017).

b)	Formal validation is often a prerequisite for regulatory 
bodies to accept new methods as replacements for tradi-
tional animal tests. Without validation, new approaches 
may remain confined to research settings. Validation 
opens the door to regulatory use, which is a major driver 
of wider adoption and impact (Hoffmann et al., 2017).

c)	The validation process involves optimizing and stand-
ardizing new methods. This helps ensure reproducibility 
and consistency across laboratories and applications. By 
establishing best practices, validation facilitates the trans-
fer and uptake of new methods by the wider scientific 
community (Stokes and Schechtman, 2007; Judson et al., 
2013).

d)	The demand for validated alternative methods has spurred 
intense research and development activity. The validation 

1 https://nc3rs.org.uk/3rs-resources/toxicology-and-regulatory-sciences-bibliography-and-resources 
2 Available at: https://bit.ly/3Y6RfIH

imperative has focused efforts and resources on creating 
and refining new techniques to replace animal testing. In 
this way, validation serves as a key innovation driver in 
toxicology (Hoffmann et al., 2017).

Validation as an obstacle to change:
a)	Validation studies are often lengthy and expensive, requir-

ing multi-lab testing, large datasets, and extensive docu-
mentation. This can significantly delay the availability 
and implementation of new methods. The time and re-
sources required for validation can be a major bottleneck 
(Hoffmann et al., 2017).

b)	Traditional validation frameworks were designed around 
animal tests as the “gold standard”. Strict adherence to 
these frameworks can disadvantage new approaches that 
are based on fundamentally different scientific principles. 
Validation criteria may not adequately capture the unique 
strengths and limitations of novel techniques, making it 
harder for them to “prove” themselves against entrenched 
methods (Hoffmann et al., 2017).

c)	Validation processes are often rigid and slow to adapt 
to scientific advances. Once a method is validated for a 
specific purpose, it can be difficult to modify or expand 
its use without re-validation. This can limit the flexibility 
and iterative improvement of new methods in response to 
evolving knowledge and needs (Hoffmann et al., 2017).

d)	The substantial investment required for validation can 
discourage ongoing refinement and optimization of new 
methods. Once a method is validated, there may be reluc-
tance to make changes that would require re-validation, 
even if they could improve performance or applicability. 
This can slow the pace of incremental progress (Hoffmann 
et al., 2017).

Potential ways forward include (1) tiered and flexible validation 
frameworks (i.e., matching the level of validation to the intended 
use and risk of the method); (2) proactive validation (i.e., validat-
ing promising new approaches in parallel with their development, 
rather than as a separate, post-hoc process); (3) leveraging compu-
tational modeling (i.e., using in silico tools and other efficient vali-
dation strategies alongside wet-lab testing (Hartung et al., 2024a); 
(4) collaborative validation efforts (i.e., pooling resources and 
data across stakeholders to accelerate the process); and (5) adap-
tive validation frameworks (allowing for iterative refinement and 
expansion of validated methods as new data emerges). Ultimately, 
the goal should be to optimize validation as a tool for enabling 
and accelerating the responsible adoption of new methods, while 
minimizing unnecessary barriers and delays. This requires ongo-
ing dialogue and innovation in validation practice to keep pace 
with the rapidly advancing science of toxicology as discussed in 
this series (Hartung, 2007).

Validation is a tool for systematically establishing credibility. 
Grinnell’s (2009) book Everyday Practice of Science2 provides 
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ods (NAMs) for toxicology testing. E-validation aims to address 
key challenges in the current validation process by leveraging AI 
and machine learning techniques. The approach comprises several 
integrated modules: smart selection of reference chemicals using 
clustering algorithms, simulation of validation studies to optimize 
designs, mechanistic validation to assess biological relevance, 
and AI-enhanced training to support implementation. A central 
dashboard coordinates these components. By harnessing AI ca-
pabilities, e-validation could dramatically compress traditional 
decade-long validation timelines while using fewer resources. 
This AI-driven framework has the potential to finally unlock the 
promise of human-relevant NAMs and integrated testing strate-
gies by making their validation more efficient, comprehensive, 
and scientifically robust. Ultimately, e-validation represents a 
transformative opportunity to overcome the longstanding “valida-
tion bottleneck” and accelerate the adoption of innovative toxico-
logical methods.

2  Challenges to the validation process

The principles of validation were shaped by CAAT under the 
leadership of Alan Goldberg and John Frazier. In 1986, the fourth 
CAAT Symposium was titled “In Vitro Toxicology: Approaches 
to Validation” (Goldberg, 1986). Three CAAT/ECVAM/ERGATT 
(European Research Group for Alternatives in Toxicity Testing) 
workshops starting in 1990, aka the Amden workshops, devel-
oped this further (Balls et al., 1990,1995; Spielmann et al., 1998). 
Goldberg et al. (1993) summarized the state of the art at the time 
and later shaped the ECVAM validation process (Worth and Balls, 
2004). The author first summarized (in German) the principles of 
the validation process in an article three decades ago (Hartung and 
Spielmann, 1995), which might illustrate the struggle of the field 
with this issue. The validation principles and procedures for alter-
native methods have not changed since and thus have both chal-
lenges and opportunities for improvement: 
a)	 Validation of alternative methods to animal testing aims to de-

termine reproducibility and relevance of the new method com-
pared to animal experiments.

b)	 There are different validation needs for toxicological tests 
(consumer safety) versus pharmacological methods (identify-
ing active compounds).

c)	 The validation process involves several key stages:
i.	 Test development 
ii.	 Evaluation
iii.	Pre-validation
iv.	Validation
v.	 Analysis and reporting

d)	 Pre-validation is an important step to optimize the protocol and 
check transferability before full validation.

e)	 Full validation typically involves:
i.	 Establishing a management team
ii.	 Designing the validation study

important perspectives to the discussion of scientific credibil-
ity and practice. It emphasizes the non-linear, ambiguous nature 
of actual scientific practice in contrast to the linear “scientific 
method” often taught. Grinnell argues real science involves intu-
ition and passion as much as objectivity and logic. He discusses 
how scientists make value judgments throughout the research 
process about what to study, how to do it, who should fund it, 
and how to interpret results. Relevant to our discussions here is 
the process of establishing credibility at the interface of science 
and society, including research integrity, conflicts of interest, in-
formed consent in human subject research, and the relationship 
between science and religion. Vigni et al.3 discuss the fundamen-
tals of scientific credibility in light of the “erosion of scientists’ 
credibility”. Credibility is established at the interfaces between 
different social worlds, rather than just within academic science. 
The paper looks at how scientists establish credibility when 
engaging in activities that span academia, industry, policy, and 
public spheres. It focuses on four key dimensions where cred-
ibility vectors are being reconfigured: (a) open data practices, 
(b) science-industry relations, (c) interdisciplinary research, and 
(d) public engagement and advocacy by scientists. The authors 
argue that academic publications and disciplinary affiliations re-
main central and ask for more research on how quantitative met-
rics (especially the commercialization of academic publishing 
and the role of private actors) are reshaping scientific credibility. 
Validation is the answer to this credibility problem. In fact, the 
information flooding with scientific papers combined with a de-
cline of the quality of the peer-review process makes validation 
more important than ever.

This article is the first of three parallel articles addressing vali-
dation of NAMs. The second article on what can be learned from 
translational medicine and biomarkers emphasizes how validation 
can become focused on human relevance (Hartung et al., 2024b): 
By incorporating clinically validated biomarkers and translational 
approaches, the validation process can better predict human safety 
outcomes rather than simply reproducing animal test results. This 
approach emphasizes the importance of mechanistic understand-
ing and biological pathways that are directly relevant to human 
physiology. The use of human-derived cells, tissues, and biomark-
ers in NAMs allows for a more accurate representation of human 
biology, potentially improving the predictive power of these meth-
ods for human toxicity. Additionally, the article highlights how 
biomarkers can serve as bridges between preclinical and clinical 
studies, facilitating the translation of findings to human health out-
comes. By adopting this biomarker-centric, translational approach 
to validation, the toxicology field can move towards more human-
relevant safety assessment methods, ultimately leading to more 
effective protection of human health while reducing reliance on 
traditional animal testing.

The third article emphasizes how artificial intelligence (AI) 
can make validation more effective (Hartung et al., 2024a). The 
manuscript proposes “e-validation” as an AI-powered approach to 
revolutionize and accelerate the validation of new approach meth-

3 https://journals.openedition.org/rac/30500 
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These changes represent a more flexible, efficient, and adapt-
able approach to validation compared to the traditional approach, 
which is a more rigid, step-wise process. Hoffmann and Hartung 
(2006a) demonstrated how validation studies could be designed 
more efficiently, modeling on the validation of the EPISKIN test 
for skin corrosion. 

Test method performance standards are powerful tools for 
streamlining the validation process of NAMs by providing pre-
defined benchmarks that novel assays must meet or exceed. 
These standards include criteria such as sensitivity, specific-
ity, reproducibility, and applicability, which serve as reference 
points for evaluating the performance of new tests. By estab-
lishing clear and objective performance standards, the need for 
extensive comparative testing against traditional animal models 
can be reduced, accelerating the validation timeline. Perfor-
mance standards facilitate a more efficient assessment by focus-
ing on whether a new method performs within the acceptable 
range of a validated “gold-standard” assay, thus avoiding re-
petitive validation studies for methods that demonstrate similar 
or superior performance. This approach not only enhances the 
reproducibility and reliability of the validation process but also 
provides a pathway for validating groups or variations of related 
methods – often referred to as “me-too” tests – under a common 
set of criteria. Consequently, performance standards support the 
faster adoption of NAMs in regulatory frameworks, reduce re-
source expenditure, and encourage innovation by allowing re-
searchers to focus on the unique capabilities of their methods 
rather than exhaustive validation procedures. They help us to not 
validate ourselves to death!

Already in 2007, a paper in this Food-for-Thought … series 
(Hartung, 2007) addressed validation: This paper described sev-
eral challenges with the validation process for alternative methods 
in toxicology, including:
a)	 Lack of human data as a reference point, forcing comparison to 

animal tests which may not be accurate.
b)	 The precautionary principle, leading to many false positives in 

animal tests.
c)	 Lack of standardized protocols for animal tests used as refer-

ence points.
d)	 Difficulty standardizing alternative methods while allowing 

flexibility.
Challenges in validating integrated testing strategies rather than 

single replacement tests:
a)	 Lack of post-validation monitoring of methods. 
b)	 Insufficient focus on mechanistic relevance of alternative 

methods.
The paper proposes several novel concepts to address these chal-

lenges:
a)	 Using meta-analysis and weight-of-evidence (WoE) approach-

es to combine data from multiple sources. Hartung (2010) ex-
panded this to suggest evidence-based toxicology as a toolbox 
for validation (see below).

iii.	Conducting a preliminary validation
iv.	Conducting the definitive validation (multi-lab, blinded 

study)
f)	 Statistical analysis should evaluate validity, reproducibility, 

precision, sensitivity, specificity, and predictive value of the 
new method.

g)	 Final assessment should be done by independent reviewers.
h)	 Challenges include limited animal data for comparison, species 

differences, and capturing all aspects of in vivo biology in vitro.
i)	 Validation is resource-intensive but necessary for regulatory 

acceptance. New approaches may be needed for complex in 
vitro methods.

j)	 Validation should be a shared responsibility between method 
developers, industry, regulators, and other stakeholders.

Similar processes were developed in the US in 1995 by the In-
teragency Coordinating Committee on the Validation of Alter-
native Methods (ICCVAM)4,5. These concepts are the core of 
OECD Guidance Document 34 (OECD, 2005). In 2004, the 
modular approach by ECVAM (Hartung et al., 2004) suggested 
some new concepts and was referenced in OECD GD 34 only 
one year later. 
a)	 Modular approach: The 2004 paper proposes breaking down 

the validation process into seven independent modules, allow-
ing for more flexibility in the validation process.

b)	 Emphasis on information rather than process: The focus is 
now on gathering the necessary information to assess test va-
lidity, rather than adhering strictly to a predefined process.

c)	 Combination of retrospective and prospective validation: The 
new approach allows for using existing data (retrospective vali-
dation) in combination with new studies (prospective valida-
tion) to complete the modules.

d)	 Separation of between-laboratory variability and predictive 
capacity: These can now be assessed independently, potentially 
reducing costs and time.

e)	 Applicability domain: Translation of applicability domain, 
well-established for in silico methods, to in vitro methods.

f)	 Performance standards: The concept of establishing perfor-
mance standards for validated tests is introduced, allowing for 
faster validation of similar “me-too” tests.

g)	 Catch-up validation: This allows for expedited validation of 
similar tests or improved versions of already validated tests.

h)	 Applicability to new technologies: The modular approach is 
designed to be more adaptable to new technologies like genom-
ics, proteomics, and in silico models.

i)	 Periodic reassessment: The paper suggests creating an index 
for validity statements, allowing for updates as technologies 
evolve.

j)	 Flexibility in number of laboratories: Instead of always requir-
ing 3-4 laboratories, the number can be determined on a case-
by-case basis.

k)	 Emphasis on mechanistic relevance: There is increased focus 
on understanding and describing the mechanistic basis of tests.

4 https://ntp.niehs.nih.gov/sites/default/files/iccvam/docs/about_docs/validate.pdf 
5 https://ntp.niehs.nih.gov/sites/default/files/2024-03/VWG_Report_27Feb2024_FD_508.pdf 
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John Frazier first suggested using mechanistic toxicology for 
validation (Frazier, 1994) but there was no follow-up. However, 
the need to modernize the validation guidance was perceived, 
which led to a respective ongoing OECD project. The article 
“Mechanistic Validation” by Hartung et al. (2013a) argues for a re-
definition of the validation process to include mechanistic valida-
tion as a core component, shifting from traditional phenomenolog-
ical methods to those grounded in mechanistic and systems-based 
approaches. Traditional validation, which focuses on reproduc-
ibility and predictive capacity, often neglects the scientific basis 
or mechanistic understanding of test systems (Fig. 1). In the new 
paradigm, mechanistic validation involves demonstrating the cau-
sality and relevance of biological mechanisms that a test intends to 
measure, using tools like the Bradford Hill criteria and bioinfor-
matics for complex systems analysis. This approach aligns with 
initiatives such as Tox21 and the Human Toxome Project (Bouhifd 
et al., 2015), which advocate for pathway-based methodologies. 
The article suggests that validation can move beyond simple 
comparisons with traditional animal models, focusing instead on 
understanding how and why a test works, and thereby increasing 
its predictive value and relevance. This redefined framework pro-
poses a pathway to overcome limitations in current validation pro-
cesses and aligns with the broader goals of evidence-based toxi-
cology and the evolving landscape of regulatory science.

The validation of new approach methods (NAMs) as alterna-
tives to animal testing faces several significant challenges that 
hinder their development, acceptance, and implementation. These 
challenges arise from a combination of scientific, regulatory, and 
practical factors that need to be addressed to facilitate the success-
ful adoption of NAMs (Hartung, 2007; Leist et al., 2012).
a)	 Insufficient engagement with end users during NAM develop-

ment: One major issue is that NAMs have often been developed 
without adequate consultation and input from key end users, 
such as regulatory agencies and industry stakeholders (Leist et 
al., 2012). This lack of communication has led to the creation 
of NAMs that do not fully meet the specific testing require-
ments and needs of these end users. Consequently, even if a 
NAM is technically validated, it may not be accepted or widely 
used by regulators and industry because it does not provide the 
necessary information or fit into their existing testing frame-
works. To overcome this challenge, NAM developers need to 
engage with end users early in the development process to en-
sure that the NAMs are designed to meet their specific needs 
and can be seamlessly integrated into regulatory and industry 
practices (ICCVAM, 2018).

b)	 Limitations of the traditional validation process: The current 
validation process for NAMs, which is largely based on OECD 
GD 34 (OECD, 2005), has several limitations that hinder the 
efficient and effective validation of new methods. Firstly, the 
process is often lengthy and resource-intensive, requiring 
significant time and financial investment. This can delay the 
availability of promising NAMs and discourage their develop-
ment. Secondly, although OECD GD 34 allows for a modular 
approach to validation, which could provide flexibility and ef-
ficiency, this approach has not been fully utilized in practice 
(Hartung et al., 2004). Instead, a more rigid and comprehensive 

b)	 Defining performance standards to assess equivalence of simi-
lar methods.

c)	 Focusing more on human relevance and mechanistic basis rath-
er than just concordance with animal data.

d)	 Allowing for both prospective and retrospective validation ap-
proaches.

e)	 Developing tools to compose and validate integrated testing 
strategies.

f)	 Implementing post-validation surveillance and user feedback 
mechanisms.

g)	 Formalizing the assessment of the scientific/mechanistic basis 
of methods.

h)	 Taking a more flexible, modular approach to validation rather 
than following a rigid process.

i)	 Moving towards an evidence-based toxicology paradigm with 
validation as a key component.

Our 2010 article “Evidence-Based Toxicology – the Toolbox of 
Validation for the 21st Century?”, written in the context of a sym-
posium organized by CAAT on 21st Century Validation for 21st 

Century Toxicology, developed some key novel concepts pro-
posed for the validation process in toxicology which include:
a)	 Moving away from traditional validation against animal tests, 

towards more flexible approaches that can accommodate new 
complex methods and paradigm shifts.

b)	 Incorporating concepts from evidence-based medicine (EBM), 
particularly EBM approaches for evaluating diagnostic tests. 
This includes:
i.	 Using systematic reviews and meta-analysis 
ii.	 Weighing evidence by quality scores
iii.	Using statistical tools like likelihood ratios and ROC curves
iv.	Considering pre- and post-test probabilities

c)	 Focusing more on scientific relevance and mechanistic under-
standing rather than just reproducibility and predictivity of ani-
mal test results.

d)	 Validating pathways of toxicity (PoT) rather than just individu-
al tests or assays (Kleensang et al., 2014).

e)	 Developing approaches to validate integrated testing strategies 
(ITS) rather than just single methods.

f)	 Incorporating prevalence and moving to predictive values rath-
er than just sensitivity/specificity.

g)	 Defining adversity based on PoT signatures rather than just 
apical endpoints.

h)	 Moving towards probabilistic risk assessment with confidence 
intervals rather than binary classifications (Maertens et al., 
2022, 2024).

i)	 Using retrospective validation approaches that evaluate exist-
ing data rather than just prospective studies.

j)	 Developing quality assurance approaches for new technologies 
like omics and in silico methods.

k)	 Considering factors like selection bias and spectrum bias that 
affect test performance in practice.

The overall goal is to develop more flexible, scientifically based 
validation approaches that can evaluate complex new methodolo-
gies while still ensuring their reliability and relevance for human 
toxicology. This represents a shift from traditional validation par-
adigms towards evidence-based toxicology (Hartung, 2010).
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they are intended to replace (Hoffmann et al., 2008). Thirdly, 
for complex endpoints such as developmental neurotoxicity 
or systemic toxicity, a battery of NAMs may be needed to re-
place a single animal test (Hartung et al., 2013b; Rovida et al., 
2015; Caloni et al., 2022). In these cases, it is challenging to 
determine how to validate the individual NAMs and the overall 
testing strategy. Should each NAM be validated independently 
against the animal test, or should the performance of the entire 
battery be evaluated? These questions highlight the need for 
new validation approaches that focus on the scientific validity 
and human relevance of NAMs, rather than their ability to re-
produce animal data (Clippinger et al., 2021).

d)	 Insufficient post-validation evaluation and refinement: Anoth-
er challenge in the validation of NAMs is the lack of system-
atic post-validation evaluation and refinement. Once a NAM 
has been validated and accepted for use, there is often limited 
follow-up to gather feedback on its performance in real-world 
applications and to identify areas for improvement (Leist et 
al., 2012). This is problematic because the validation process 
provides only a snapshot of a method’s performance at a spe-
cific point in time, under specific conditions. As new scientific 
knowledge emerges and experience with the method accumu-
lates, it may become clear that the NAM needs to be refined 

validation process has often been applied, which may not be 
necessary or appropriate for all types of NAMs. Lastly, OECD 
GD 34 was developed before the advent of many modern tech-
nologies and approaches, such as high-throughput screening 
and computational modeling. As a result, it does not fully ad-
dress the specific considerations and requirements for evaluat-
ing these novel methods. To address these limitations, a more 
flexible, efficient, and technology-agnostic validation frame-
work is needed (Parish et al., 2020).

c)	 Challenges in comparing NAMs to animal tests: Validating 
NAMs by comparing them to traditional animal tests can be 
problematic for several reasons. Firstly, many animal tests have 
not been thoroughly validated themselves for human relevance 
and reproducibility (Leist and Hartung, 2013). This means that 
the animal data may not be a reliable or appropriate standard 
against which to evaluate the performance of NAMs. Secondly, 
animal tests often exhibit low reproducibility, both within and 
between laboratories (Browne et al., 2019). This variability 
makes it difficult to establish clear performance standards for 
NAMs and may lead to the rejection of promising methods that 
do not meet an arbitrarily high threshold of concordance with 
animal data. In some cases, NAMs are being held to a higher 
standard of reproducibility and reliability than the animal tests 

Fig. 1: The current validation framework
The current framework almost exclusively aims to replace a given animal test one-to-one. The animal test’s validity is taken at face value. 
Key to the process is a strong test definition, which freezes the test in time. The validation process has a strong focus on reproducibility 
and prediction of the results of the animal test (little of the scientific basis, see Hartung et al., 2013a). The post-validation process (Bottini et 
al., 2008) is still not well-defined. 
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control groups (Steger-Hartmann et al., 2020; Golden et al., 
2024) in the IMI-2 VICT3R project8 will be an interesting chal-
lenge in this respect.

Furthermore, the framework should include provisions for staged 
validation, where NAMs can be evaluated and accepted for spe-
cific uses or contexts, rather than requiring a one-size-fits-all ap-
proach. This would allow for the gradual building of confidence in 
a NAM and its progressive implementation in regulatory and in-
dustry practices. By adopting a more flexible and efficient valida-
tion framework, the development and acceptance of NAMs can be 
accelerated, leading to a faster transition away from animal testing 
and towards more human-relevant and mechanistically based ap-
proaches to chemical safety assessment (ICCVAM, 2018).

In 2022, van der Zalm et al. saw the following challenges for 
validation:
–	 Traditional validation processes are lengthy, expensive, and 

cumbersome.
–	 There has been an overreliance on comparing NAM results to 

animal test data, which may have limited human relevance.
–	 Many regulatory requirements were written for animal tests 

and are not easily adapted for NAMs.
–	 There is often a long delay between NAM development and 

regulatory acceptance.
–	 Inter-laboratory reproducibility studies (ring trials) are re-

source-intensive.
With the overall goal to establish a more efficient, flexible process 
focused on human relevance to accelerate regulatory acceptance 
of NAMs and to address these challenges, the paper proposes sev-
eral concepts for NAM validation:
–	 Focus on human biological relevance rather than concordance 

with animal data.
–	 Evaluate fitness-for-purpose based on regulatory needs rather 

than one-to-one replacement of animal tests.
–	 Use reproducibility of animal tests to set realistic performance 

benchmarks for NAMs.
–	 Emphasize transparent description of NAM strengths and limi-

tations.
–	 Allow for flexible, fit-for-purpose validation approaches rather 

than rigid processes.
–	 Incorporate early engagement between regulators and NAM 

developers.
–	 Use a framework with 5 key elements: fitness-for-purpose, hu-

man biological relevance, technical characterization, data in-
tegrity/transparency, and independent review.

–	 Focus on mechanistic understanding and ability to support 
health-protective decisions.

–	 Allow for qualitative comparisons to animal data when quanti-
tative comparisons are not feasible.

Mondou et al. (2021) adds several key insights to the discussion 
on validating and adopting NAMs for chemical risk assessment:

or updated to maintain its relevance and reliability. Without 
a mechanism for ongoing evaluation and refinement, NAMs 
may become outdated or fail to meet evolving regulatory and 
industry needs. To address this challenge, a more iterative and 
adaptive validation process is needed, one that includes provi-
sions for post-validation monitoring, feedback, and continuous 
improvement (Bottini et al., 2008).

e)	 Over-reliance on concordance with animal data: A funda-
mental challenge in the validation of NAMs is the heavy reli-
ance on comparing their performance to animal data, rather 
than focusing on their scientific mechanistic basis and human 
relevance. This raises the fundamental question, what to com-
pare to, i.e., the point of reference (Hoffmann et al., 2008). 
This goes far beyond the reference material question of the 
validation of analytical methods (Bower et al., 2014) as also 
the relevance of a method is being assessed. If we choose the 
traditional animal method as point of reference, we will get 
an estimate of how well the animal reaction is predicted, not 
whether humans are protected. This approach assumes that 
animal tests are the “gold standard” for assessing chemical 
safety and that NAMs must replicate their results to be con-
sidered valid. However, this assumption is increasingly being 
questioned, as animal tests have many limitations and may 
not accurately predict human responses (Hartung, 2010). By 
focusing solely on concordance with animal data, the valida-
tion process may overlook the potential of NAMs to provide 
more human-relevant and mechanistically informative data. 
Moreover, this approach perpetuates the use of animal tests 
and hinders the development of truly innovative and trans-
formative NAMs. To overcome this challenge, a paradigm 
shift is needed in the validation process, one that prioritizes 
the assessment of a NAM’s scientific validity, mechanistic 
basis, and human relevance, rather than its ability to match 
animal data (Clippinger et al., 2021).

f)	 Need for a more flexible and efficient validation framework: 
To address the aforementioned challenges and facilitate the 
successful development and implementation of NAMs, a more 
flexible and efficient validation framework is needed. This 
framework should be adaptable to different types of NAMs, 
including high-throughput screening, computational modeling, 
and multi-parametric assays. It should also be able to accom-
modate the validation of individual NAMs and integrated test-
ing strategies, depending on the specific context and require-
ments (Parish et al., 2020). The framework should emphasize 
the assessment of a NAM’s fitness-for-purpose6,7, mechanistic 
relevance, and human predictivity, rather than focusing solely 
on concordance with animal data (Hartung, 2007). Noteworthy, 
most validation activity was done in the context of replacement 
alternatives while reduction and refinement were less in the 
focus of formal validation. The upcoming validation of virtual 

6 ICCVAM defined fit-for-purpose as “a process based on scientifically sound principles by which the relevance and reliability of a particular method or process are establis-
hed for a specific purpose (OECD GD34)”; “Focus on purpose, as opposed to demonstrating equivalence to animal based results”; “Acknowledge that no assay is perfect, 
recognize that most will be used in weight of evidence approach.”

7 https://www.toxicology.org/groups/rc/ncac/docs/091815-7CASEY.pdf (accessed 02.09.2024)
8 https://www.vict3r.eu 
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of use of the NAMs, rather than following a rigid validation 
protocol. This is particularly relevant to our call for aligning 
validation processes with the specific goals and applications 
of NAMs, such as hazard identification, screening, or dose-
response assessment.

b)	 Framework for addressing internal and external validity: The 
report differentiates between internal and external validity for 
NAMs, defining specific evaluation domains like biological 
relevance, predictive capacity, and concordance. These crite-
ria can serve as robust benchmarks for determining how well 
NAMs can replace or complement traditional animal models. 
This could help in establishing a comprehensive framework for 
evaluating the scientific credibility of NAMs.

c)	 PECO (population, exposure, comparator, outcome) state-
ments: The report advocates for the use of PECO statements 
to define the scope and context of use for each NAM. This sys-
tematic approach could help clarify the utility of NAMs in spe-
cific research or regulatory contexts and assist in harmonizing 
validation criteria across different methodologies and applica-
tions.

d)	 Integration of mechanistic and traditional evidence: It dis-
cusses how mechanistic evidence, derived from NAMs, can be 
integrated with traditional data to support human health risk as-
sessment. This integration is crucial when discussing the tran-
sition from animal-based models to NAMs and can provide a 
pathway for achieving regulatory acceptance.

e)	 Structured evaluation of confidence: The report provides a 
structured approach for evaluating confidence in NAMs us-
ing criteria such as transparency, documentation, and system-
atic assessment of internal and external validity. This method 
can help standardize how new methods are validated and ac-
cepted.

Interestingly, stakeholders in the OECD process recently pub-
lished a brainstorming paper (Gourmelon et al., 2024) mentioning 
the following challenges to the validation process:
–	 Significant resources are needed, which are often underesti-

mated.
–	 Validation is unappealing to the scientific community, as it 

does not usually result in publications.
–	 Lack of funding makes it challenging for academic laboratories 

to participate.
–	 There is a disconnect between academic method developers 

and deployment of new technologies.
–	 The process requires scientific and technical rigor, where short-

cuts can be counterproductive.
–	 Lack of knowledge in Validation Management Teams on how 

to design and conduct studies.
–	 Reluctance to invest in validation of innovative methods with-

out clear indications of regulatory use.
–	 Difficulty in identifying suitable reference chemicals for some 

endpoints (e.g., endocrine disruptors).
–	 Challenges in transferring methods to laboratories with limited 

proficiency in specific techniques.

a)	 It identifies two key priorities for facilitating NAM validation 
internationally: 
i.	 Developing common data collection, reporting, and sharing 

procedures
ii.	 Improving knowledge about new test methods among regu-

lators
b)	 It suggests the need for a common regulatory science infra-

structure, including:
i.	 International regulatory dialogues
ii.	 Large-scale research collaborations 
iii.	Coordinated innovation in technological tools, validation 

discourse, and regulatory procedures
c)	 It highlights the importance of building trust across multiple 

stakeholder groups (labs, regulators, industry, public) by:
i.	 Agreeing on validation requirements for specific uses
ii.	 Standardizing how results are communicated and measured

d)	 It proposes the need for a global “orchestrator” to inspire vol-
untary cooperation among diverse organizations to address 
shared validation goals.

e)	 It identifies challenges in NAM validation, including:
i.	 Lack of consensus on validation approaches
ii.	 Complexity of interpretation
iii.	Need for standardization

f)	 It suggests potential frameworks to facilitate NAM adoption, 
like integrated approaches to testing and assessment (IATA) 
and adverse outcome pathways (AOPs).

g)	 It emphasizes the need for a flexible, fit-for-purpose approach 
to validation that considers the context of use.

h)	 It highlights the tension between the need for global standards 
and the challenges of international harmonization in a complex 
governance landscape.

Overall, the paper provides a forward-looking perspective on the 
policy challenges and potential solutions for accelerating the in-
ternational validation and adoption of NAMs in chemical risk as-
sessment.

The US National Academy of Sciences report titled “Buil-
ding Confidence in New Evidence Streams for Human Health 
Risk Assessment: Lessons Learned from Laboratory Mammal-
ian Toxicity Tests” (NASEM, 2023)9 introduces a structured 
framework for evaluating the scientific confidence of NAMs, 
offering both a theoretical basis and practical recommendati-
ons for evaluating NAMs: The report argues that the traditional 
concept of validation is no longer sufficient for NAMs due to 
their complexity and diverse applications. Instead, it introduces 
the term “scientific confidence framework,” which broadens the 
scope of validation to include aspects like reliability, relevance, 
fitness-for-purpose, and transparency. This aligns with our argu-
ment here for more flexible and adaptive validation paradigms 
for NAMs. This report highlights the need for a shift from tradi-
tional validation processes to broader frameworks that consider 
scientific confidence in NAMs:
a)	 Fit-for-purpose validation: The report emphasizes a “fit-for-

purpose” validation approach, considering the intended context 

9 https://nap.nationalacademies.org/read/26906/chapter/7 
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and used in social contexts. These philosophical underpinnings 
provide a framework for understanding the strengths and limita-
tions of evidence-based approaches. They also inform ongoing de-
bates about the nature of evidence, how it should be gathered and 
interpreted, and how it should be applied in various fields such as 
medicine, policy-making, and scientific research.

It is worth noting that while evidence-based approaches are 
generally viewed positively, they are not without critique. Some 
philosophers and scholars have raised concerns about the poten-
tial limitations of these approaches, such as the risk of overlook-
ing important but difficult-to-measure factors or the challenges in 
applying population-level evidence to individual cases.

The ethical and philosophical underpinnings of evidence-based 
approaches, including evidence-based toxicology (EBT), are 
rooted in several key principles:
a)	 Empiricism: Evidence-based approaches are fundamentally 

grounded in empiricism, the idea that knowledge should be 
based on observable, measurable evidence rather than intui-
tion, authority or dogma. This aligns with the scientific meth-
od and the idea that claims should be testable and falsifiable.

b)	 Objectivity: EBT strives for objectivity in evaluating evidence, 
minimizing bias and subjective judgment. This is reflected 
in the use of explicit, systematic methods for identifying, ap-
praising, and synthesizing evidence. Philosophically, this em-
bodies the ideal of science as a dispassionate, unbiased pursuit 
of truth.

c)	 Transparency: Evidence-based approaches prioritize transpar-
ency in methods, data, and reasoning. Systematic reviews, for 
example, have extensive reporting guidelines to ensure repro-
ducibility. This commitment to transparency reflects values of 
openness, honesty, and accountability in science.

d)	 Epistemic humility: EBT recognizes the limitations and uncer-
tainties in scientific knowledge. It acknowledges that individ-
ual studies may be flawed or context-dependent, and that even 
rigorous evidence synthesis may not yield definitive answers. 
This epistemic humility aligns with the fallibilist view that sci-
entific knowledge is always provisional and subject to revision 
based on new evidence.

e)	 Pragmatism: Evidence-based approaches aim to provide prac-
tical guidance for real-world decision-making, even in the face 
of imperfect evidence. The use of systematic reviews and me-
ta-analyses to synthesize the best available evidence reflects a 
pragmatic philosophy of science in service of action.

f)	 Utilitarianism: The ultimate goal of EBT is to make toxico-
logical risk assessment and decision-making more evidence-
based in order to better protect human health and the environ-
ment. This reflects a utilitarian ethical framework, aiming to 
maximize overall societal benefit and minimize harm.

g)	 Duty of care: Applying the best available scientific evidence 
in toxicological assessments and regulations can be seen as an 
ethical duty of care towards the public and the environment. 
EBT provides a framework to uphold this duty rigorously and 
transparently.

EBT can help to reform the validation process for regulatory test 
methods in several key ways:

In conclusion, the validation of NAMs faces several significant 
challenges that need to be addressed to enable their successful 
development, acceptance, and implementation. These challeng-
es include insufficient engagement with end users, limitations 
of the traditional validation process, difficulties in comparing 
NAMs to animal tests, insufficient post-validation evaluation 
and refinement, over-reliance on concordance with animal data, 
and the need for a more flexible and efficient validation frame-
work. By acknowledging and addressing these challenges, the 
scientific community can work towards creating a more effective 
and streamlined validation process that facilitates the adoption 
of NAMs and advances the field of toxicology towards a more 
human-relevant and mechanistically based approach to chemical 
safety assessment.

3  Philosophical underpinning of evidence-based  
approaches

The author has been a strong proponent of evidence-based ap-
proaches to toxicology (Hoffmann and Hartung, 2006b; Hartung, 
2009, 2023c; Stephens et al., 2013; Krewski et al., 2022; Hartung 
and Krewski, 2022; Hartung and Tsaioun, 2024) and validation 
(Hartung, 2010). Noteworthy, there are philosophical aspects 
and foundations associated with evidence-based approaches. The 
core philosophy behind evidence-based approaches is empiri-
cism, which emphasizes the importance of observable evidence 
in forming knowledge and making decisions. While not entirely 
aligned, evidence-based approaches share some similarities with 
logical positivism, particularly in their emphasis on verifiable ob-
servations and scientific methods. They also relate to Karl Pop-
per’s falsificationism – the idea that scientific theories should be 
testable and potentially falsifiable is central to evidence-based 
approaches. His philosophy of critical rationalism, which empha-
sizes critical thinking and the importance of attempting to dis-
prove hypotheses, has also influenced evidence-based approaches. 
Thomas Kuhn’s paradigm shifts concept provides an understand-
ing of how evidence is interpreted and how consensus is formed 
in evidence-based fields; the resonance with toxicology has been 
discussed twice (Hartung, 2008; Hartung and Tsatsakis, 2021). 
The use of Bayesian reasoning in updating beliefs based on new 
evidence is increasingly important in evidence-based approaches. 
The philosophical tradition of pragmatism, particularly its empha-
sis on practical consequences, aligns well with evidence-based ap-
proaches. The philosophical view that theories and models should 
be judged primarily by their predictive power and practical use-
fulness (instrumentalism) aligns with many evidence-based prac-
tices. Broader questions in the philosophy of science, such as the 
nature of scientific evidence, causality, and inference, are relevant 
to evidence-based approaches. Similarly, epistemology addresses 
questions about the nature of knowledge, justification, and belief, 
which are central to understanding how evidence informs knowl-
edge and decision-making. The social epistemology branch of phi-
losophy, which examines social dimensions of knowledge, is rel-
evant to understanding how evidence is produced, disseminated, 
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argues WoE is currently at a crossroads – while some efforts 
aim to formalize WoE methodologies, others criticize it as too 
vague and subjective.

b)	 EBT advocates for more systematic, objective, and quantitative 
approaches to evaluating toxicological evidence, drawing in-
spiration from evidence-based medicine. This aligns with calls 
to make WoE more rigorous and less reliant on subjective ex-
pert judgment.

c)	 The article proposes that Bayesian statistics, which were part 
of the original conception of WoE in the 1960s, could enhance 
the information base and rigor of WoE applications in the con-
text of EBT. Some existing WoE approaches utilizing Bayesian 
methods are highlighted as examples.

d)	 Multi-criteria decision analysis (MCDA) is suggested as a suit-
able proxy for Bayesian analysis in WoE when data limitations 
preclude formal statistical modeling. MCDA can facilitate the 
systematic and transparent synthesis of multiple sources of evi-
dence.

e)	 Integrating EBT principles and tools like systematic review, 
meta-analysis, Bayesian statistics, and MCDA into WoE 
could improve the validation process for new test methods by 
making it more comprehensive, objective, quantitative, and 
transparent. 

In summary, Linkov et al. (2015) positions rigorous, quantitative 
WoE approaches, aligned with EBT principles, as a potential path 
forward for enhancing the validation of new toxicological meth-
ods in a way that is systematic and scientifically robust. Reform-
ing WoE using EBT tools could increase regulatory and public 
acceptance of the method validation process. In general, integrat-
ing EBT principles and methodologies into the validation process 
could make it more efficient, comprehensive, objective, informa-
tive, and transparent (Hartung, 2010). This could ultimately lead 
to the more timely adoption of innovative and scientifically sound 
test methods for regulatory use, while ensuring their reliability 
and relevance for decision-making.

4  Borrowing from some philosophers

Already Aristotelian virtue ethics could be seen as a guiding prin-
ciple. They focus on the moral character of individuals and insti-
tutions rather than rules or consequences. In the context of valida-
tion, a virtue ethics lens would emphasize the importance of sci-
entific integrity, transparency, objectivity, and public-spiritedness 
as key virtues that should guide the conduct of validation studies 
and decision-making. Several modern philosophical frameworks 
and concepts can be applied to illuminate challenges and opportu-
nities in the validation of new toxicological test methods:
a)	 Thomas Kuhn’s paradigm shifts: Kuhn’s theory of scientific 

revolutions suggests that science progresses through paradigm 
shifts, in which the dominant set of theories, methods, and as-
sumptions is replaced by a new paradigm. The ongoing tran-
sition from animal-based to alternative methods in toxicology 
can be seen as a paradigm shift. Validation plays a key role in 
this transition but may also be met with resistance from the ex-
isting paradigm.

a)	 Expanding the evidence base: Traditional validation heavily 
relies on prospective ring trials, which can be resource-inten-
sive and time-consuming. EBT encourages the incorporation 
of a broader evidence base, including retrospective analyses 
of existing data, mechanistic studies, and human/clinical data 
when available. This could make the validation process more 
efficient and informative.

b)	 Systematic review of validation studies: Applying system-
atic review methodology to the validation process itself could 
improve the quality and reliability of validation conclusions. 
Systematically identifying, appraising, and synthesizing all rel-
evant validation studies for a test method could provide a more 
comprehensive and objective assessment of its performance 
and fitness-for-purpose.

c)	 Meta-analysis of validation data: When multiple validation 
studies are available, EBT advocates for the use of meta-analy-
sis to quantitatively synthesize their results similar to the modu-
lar approach (Hartung et al., 2004) discussed earlier. This could 
provide more precise and reliable estimates of a test method’s 
performance metrics (e.g., sensitivity, specificity) compared to 
relying on individual studies alone.

d)	 Weight-of-evidence evaluations: EBT frameworks could be 
used to transparently weigh and integrate different lines of evi-
dence in the validation process. This could include considering 
factors such as the quality and relevance of individual valida-
tion studies, the consistency of results across studies, and the 
strength of mechanistic evidence supporting the test method 
(see discussion of our earlier paper in this series (Linkov et al., 
2015) below).

e)	 Probabilistic performance measures: EBT encourages the use 
of probabilistic measures such as predictive values, likelihood 
ratios, and Bayesian posterior probabilities, which account for 
the prevalence of the toxicity endpoint in the population of sub-
stances tested. Incorporating these measures into the validation 
process could provide a more realistic and informative assess-
ment of a test method’s performance in practical use.

f)	 Continuous evidence updating: EBT recognizes that scientific 
knowledge is always evolving. Establishing processes for the 
continuous updating of validation conclusions as new evidence 
emerges could help ensure that regulatory test methods remain 
current and fit-for-purpose over time.

g)	 Transparency and stakeholder engagement: EBT principles 
of transparency and stakeholder engagement could be applied 
to make the validation process more open and inclusive. This 
could involve the publication of detailed validation protocols, 
results, and decision-making processes, as well as opportuni-
ties for input from a wide range of stakeholders.

WoE is unfortunately a somewhat muddy term. It is often used 
to describe situations where different incomplete pieces of evi-
dence are pragmatically lumped together. In contrast, Linkov et al. 
(2015) discuss very rigorous WoE approaches embracing decision 
theory, which actually relate to EBT and the validation process in 
several key ways: 
a)	 WoE is an approach that integrates individual lines of evidence 

to form a conclusion and has been used in the process of vali-
dating new and alternative test methods. However, the article 
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Our article argues that toxicology is currently moving from a 
period of crisis, where the old animal testing paradigm is in-
creasingly challenged by anomalies and limitations, towards a 
revolutionary phase where NAMs are gaining traction.

b)	 According to Kuhn, anomalies that cannot be explained by the 
current paradigm accumulate during normal science, eventually 
leading to a sense of crisis. The article lists several such anoma-
lies for toxicology, including the huge animal testing needs of 
REACH, new types of products needing assessment like bio-
logics and nanomaterials, the drying pharmaceutical pipeline, 
legislations pushing for alternatives, etc. These anomalies chal-
lenge the adequacy of the traditional animal testing paradigm.

c)	 Kuhn argued that a new paradigm emerges in response to crisis, 
which initially has few supporters but eventually gains ground 
as it is explored and advocated. This matches the trajectory of 
NAMs in toxicology over recent years – from isolated efforts to 
an increasingly supported vision for transforming the field. 

d)	 Ultimately for Kuhn, scientific revolutions lead to scientists 
“working in a different world” – a transformed perspective on 
their field. The article suggests toxicology is at the cusp of such 
a revolutionary reorientation around 21st century paradigms and 
methods.

In summary, Kuhn’s model provides a useful perspective to under-
stand the current state and dynamics of toxicology – the accumulat-
ing challenges to the old paradigm, emergence of a new paradigm, 
and the complex evidentiary and social processes involved in the 
field’s transformation. This highlights that validation of new meth-
ods is taking place within a broader revolution in toxicology.

New approaches are at the center of the paradigm change in toxi-
cology, and their validation is the entry port to change to regulatory 
practice. Kuhn’s framework applied to the area of NAM validation 
suggests that validation efforts could serve as an important catalyst 
and mechanism for the paradigm shift in toxicology:
a)	 Validation as a response to anomalies: The intensive focus on 

validating new toxicological methods over the last few decades 
can be seen as a response to the accumulating anomalies and 
limitations of animal-based methods. Validation projects are of-
ten motivated by the recognition that traditional approaches are 
inadequate for evolving scientific and regulatory needs. In this 
sense, validation is driven by the “crisis” in the old paradigm.

b)	 Validation as a way to improve new methods: Kuhn noted that 
supporters of a new paradigm work to improve and explore its 
possibilities. Validation serves exactly this purpose for new tox-
icological methods – it involves optimizing protocols, demon-
strating reproducibility, and characterizing performance to es-
tablish the credibility and applicability of the new approaches. 
Validation helps advance new methods from initial concepts to 
mature, reliable tools.

c)	 Validation to change perceptions: Kuhn emphasized that para-
digm choice is not based just on scientific evidence but involves 
subjective and social factors in the scientific community. Simi-
larly, the adoption of new toxicological methods is shaped by 
more than just strict validation data, but also changing stake-
holder perceptions, values, and comfort levels.

d)	 Validation to redefine the field: For Kuhn, the new and old 
paradigms are often incommensurable – they define the field 

b)	 Karl Popper’s falsificationism: Popper argues that the key cri-
terion for a scientific theory or method is its falsifiability – the 
possibility of it being proven wrong by empirical evidence. 
From this perspective, validation studies should be designed to 
rigorously challenge and attempt to falsify new test methods 
rather than confirm their performance. Methods that withstand 
such scrutiny are more scientifically robust.

c)	 Jürgen Habermas’ discourse ethics: Habermas’ theory em-
phasizes the importance of open, inclusive, and rational dia-
logue in resolving ethical and political disputes. Applied to 
validation, this suggests the need for transparent, participatory 
processes that engage all relevant stakeholders and consider 
multiple perspectives. The goal is to reach consensus on the 
validity and acceptability of new methods through reasoned 
argumentation.

d)	 The precautionary principle: It is important to note that the 
precautionary principle has roots in environmental policy and 
public health as much as in philosophy. This principle holds 
that when an activity raises threats of harm to human health 
or the environment, precautionary measures should be taken 
even if some cause-and-effect relationships are not fully es-
tablished scientifically. The German philosopher Hans Jonas 
is credited with laying the philosophical groundwork for the 
precautionary principle in his book The Imperative of Respon-
sibility (1984). Jonas emphasizes the need for a new ethic of 
long-term responsibility in the face of modern technology’s 
potential for catastrophic harm. In the context of validation, 
this would suggest erring on the side of caution and requiring 
a high burden of proof for new methods to be accepted as re-
placements for established safety tests.

e)	 Utilitarianism: This ethical framework, associated with phi-
losophers like Jeremy Bentham and John Stuart Mill, or in the 
context of animal rights with Peter Singer, holds that the moral-
ly right action is the one that produces the greatest good for the 
greatest number. From this perspective, the validation process 
should prioritize test methods that maximize overall social ben-
efits (e.g., improved public health protection, reduced animal 
use) while minimizing social costs (e.g., economic impacts on 
industry).

These philosophical perspectives offer different, sometimes con-
flicting, insights into the validation process. Some will be dis-
cussed in the following. Engaging with a range of philosophical 
frameworks can help to elucidate the ethical, epistemological, and 
political dimensions of test method validation and inform more 
robust, inclusive, and socially responsive approaches. Ultimately, 
validation should aim to strike a balance between scientific rigor, 
practical feasibility, ethical obligations, and societal values. 

In the following, some perspectives that have influenced the au-
thor’s thinking are discussed in more detail.

4.1  Kuhn’s scientific paradigm change (revolution)  
as the goal
We discussed earlier (Hartung, 2008; Hartung and Tsatsakis, 
2021) that this resonates with toxicology: 
a)	 Kuhn proposed that science progresses through cycles of nor-

mal science, crisis, and revolution, leading to a paradigm shift. 
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man welfare by enabling faster, cheaper and more predictive 
safety assessments. This can mean safer products, more effi-
cient development of new therapies, and better protection of 
public health and the environment. From a utilitarian perspec-
tive, these potential welfare gains for humans must be weighed 
against any costs or risks of the new methods.

c)	 Expanding the moral circle: Singer’s utilitarianism extends 
moral consideration to all sentient beings capable of suffering, 
including animals. This challenges us to weigh animal welfare 
alongside human welfare in our ethical deliberations. In the 
context of validation, this means the welfare of test animals 
cannot be discounted or ignored but must be factored into the 
assessment of the costs and benefits of new methods. It pushes 
us to actively seek validated alternatives that can reduce or re-
place animal use.

d)	 Evidence-based assessment: Utilitarianism is fundamentally 
consequentialist – it judges actions by their outcomes. This 
aligns with the emphasis in validation on rigorous, empirical 
assessment of the performance and impacts of new methods. 
A utilitarian approach would demand robust evidence that a 
new method actually reduces animal use and suffering while 
maintaining or enhancing human welfare via improved safety 
assessments. Mere intentions or assumptions are not enough 
– validation provides the consequentialist evidence base for 
adopting new methods.

e)	 Challenging the status quo: Singer’s utilitarianism often leads 
him to question accepted practices and advocate for change 
when the balance of welfare considerations demands it. Simi-
larly, the validation of new toxicological methods challenges 
entrenched animal testing practices and pushes for a shift to 
more humane and human-predictive approaches. Utilitarianism 
provides an ethical framework to critique the current paradigm 
and make the case for change.

f)	 Balancing competing priorities: Utilitarianism recognizes that 
there can be competing welfare considerations to weigh. In val-
idation, there may be tensions between swift adoption of non-
animal methods to reduce animal suffering versus ensuring the 
methods are thoroughly evaluated to protect human safety. A 
utilitarian approach would seek to carefully balance these short 
and long-term welfare implications.

While Singer’s utilitarianism provides a strong ethical impetus for 
validation of alternative methods, it is important to note that it is 
not the only ethical framework relevant to the issue. Deontologi-
cal principles, such as respect for animal life and the duty not to 
cause unnecessary harm as well as virtue-based considerations 
around the character of science, also come into play. Validation 
touches on and must navigate a range of ethical considerations be-
yond utilitarian calculus alone. Nonetheless, utilitarianism offers 
a powerful lens to highlight the moral urgency of reducing animal 
suffering and maximizing welfare in toxicology through robust 
validation of new approaches.

4.3  Hans Jonas’ ethics of responsibility
Jonas’ ethics of responsibility (Jonas, 1984) are based on the no-
tion that responsibility is a more fundamental ethical principle 
than reciprocity. For Jonas, the archetype of responsibility is the 

differently. This is reflected in the tension between traditional 
animal tests as the “gold standard” and the fundamentally dif-
ferent assumptions and approaches of next generation, human 
biology-based methods. Validation has to evolve to accommo-
date this shift.

e)	 Validation as a means of persuasion: For Kuhn, the supporters 
of a new paradigm seek to persuade the scientific community 
of its merits. Validation studies, by providing rigorous evidence 
of the relevance and reliability of new methods, serve as a key 
tool for persuading toxicologists, regulators, and industry to 
adopt them. Successful validation lends credibility and legiti-
macy to the new paradigm.

f)	 Validation as a driver of methodological development: Kuhn 
emphasized that as a new paradigm gains support, work pro-
liferates to develop its methods and applications. The demand 
for validated new approach methodologies has spurred intense 
scientific activity in developing and refining in vitro, in silico 
and other alternative techniques. The validation imperative has 
been a key driver of innovation in 21st century toxicology.

g)	 Validation as a facilitator of regulatory acceptance: Formal 
validation is often a prerequisite for regulatory acceptance of 
new toxicological methods. By enabling the replacement of 
traditional animal tests with innovative techniques in regula-
tory contexts, validation helps shift the field as a whole towards 
the new paradigm. It provides an institutionalized mechanism 
for the new paradigm to infiltrate regulatory practice.

h)	 Validation as a battleground for paradigms: The standards and 
criteria used in validation are themselves shaped by the prevail-
ing paradigm. Debates around validation often reflect deeper 
tensions between traditional and new paradigms in toxicology. 
How validation is conceptualized and practiced can either re-
inforce the status quo or enable more transformative change. 
Validation is a key arena where the paradigm shift is negoti-
ated.

In these ways, validation is not just a technical process, but a cru-
cial social and scientific dynamic through which the revolution in 
toxicology is unfolding. It provides a set of practices and institu-
tions by which the new paradigm can establish itself and displace 
the old. At the same time, the nature of validation is itself con-
tested and evolving as part of the broader paradigm shift.

4.2  Peter Singer’s utilitarian approach
Peter Singer’s utilitarian philosophy (Singer 1975, 2023), which 
emphasizes maximizing overall welfare and minimizing suffering, 
resonates with the validation challenge in toxicology in several 
ways:
a)	 Reducing animal suffering: A key tenet of utilitarianism is 

minimizing suffering. The use of animals in toxicity testing 
often involves significant suffering. By validating alternative, 
animal-free methods, we can reduce this suffering, which is 
a strong utilitarian argument for pursuing and accepting these 
new approaches. Validation is a necessary step to replace ani-
mal use and thereby minimize animal welfare costs.

b)	 Maximizing human welfare: For utilitarians like Singer, the ul-
timate goal is maximizing overall human and animal welfare. 
Validation of new toxicological methods can contribute to hu-
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ern cynicism is a form of “enlightened false consciousness” – a 
situation where individuals are aware of the flaws, biases, and 
ideologies that shape their beliefs and actions, yet they persist 
in those beliefs and actions regardless. Critics might argue that 
some stakeholders in the validation process (e.g., industry, reg-
ulators) are aware of the limitations and value judgments inher-
ent in animal tests yet persist in treating their results as objec-
tive truth.

b)	 Institutional cynicism: Sloterdijk discusses how cynicism can 
become embedded in the practices and discourses of institu-
tions. One could argue that a degree of cynicism underlies 
the slow pace of adoption of new test methods – stakeholders 
engage in validation processes with a cynical expectation that 
novel methods will ultimately fail to replace entrenched animal 
tests, regardless of their actual performance.

c)	 Contradiction between knowledge and action: Sloterdijk high-
lights the disjunction between what people know and what they 
do. In the context of validation, there may be a contradiction 
between the scientific knowledge generated about the reliabili-
ty and relevance of a new test (e.g., evidence that it outperforms 
an animal test) and the regulatory action taken (e.g., retaining 
the animal test as the “gold standard”).

d)	 Ideology masking power relations: For Sloterdijk, cynical rea-
son often functions to mask and perpetuate power imbalances. 
Critiques of validation have suggested that the process serves 
to entrench the position of powerful incumbent methods and 
stakeholders while creating barriers for novel methods under 
the guise of scientific rigor and objectivity.

e)	 Erosion of grand narratives: Sloterdijk posits that cynicism 
arises from the collapse of grand narratives and ideologies. 
In the context of toxicology, the historical grand narrative of 
animal experimentation as the bedrock of safety assessment is 
increasingly challenged by new scientific understandings and 
social values. Yet, validation processes may still be shaped by 
a residual cynicism that alternatives cannot fully replace tradi-
tional methods.

At the same time, it is important to recognize that Sloterdijk’s 
critique is a broad philosophical and cultural analysis, not a spe-
cific commentary on scientific validation. The above resonances 
are thought-provoking parallels but should not be overextended. 
Ultimately, the validation process aims to serve important scien-
tific and public health protection goals, even if it may be shaped by 
some of the cynical dynamics Sloterdijk discusses.

4.5  Post-modern capitalism and meta-modern  
philosophy
Several key philosophers and thinkers are associated with post-
modern capitalism and metamodern philosophy10. These thinkers 
have contributed to understanding the complexities of late capi-

responsibility of parents for their children, which is non-recipro-
cal, as the child cannot be held responsible in the same way as the 
parent. Key aspects of Jonas’ responsibility ethics include:
a)	 The imperative of responsibility arises from the vulnerability 

and dependence of the object of responsibility (e.g., a child) on 
the subject of responsibility (e.g., a parent). 

b)	 Genuine responsibility is non-reciprocal and oriented towards 
the future. It is concerned with long-term consequences and the 
welfare of future generations.

c)	 In the technological age, the scope of human responsibility has 
expanded due to the far-reaching, cumulative, and irreversible 
effects of our collective actions. We have a responsibility to 
protect the future of humanity and the planet.

d)	 The “heuristics of fear” – we should give more weight to the 
threat of catastrophic consequences (e.g., environmental dev-
astation) than to optimistic projections when making decisions 
about technology and progress.

In relation to validation of new toxicological methods:
–	 Jonas’ ethics would emphasize our responsibility to ensure the 

safety and wellbeing of people and the environment, not just in 
the short term but for future generations. Validation must rig-
orously assess long-term consequences and err on the side of 
caution.

–	 The vulnerability of the public and ecosystems to potential 
harms from chemicals places a strong responsibility on regu-
lators and scientists to ensure tests are reliable and protective. 
The non-reciprocal nature of this responsibility should moti-
vate proactive and precautionary validation approaches.

–	 Jonas’ “heuristics of fear” suggest giving more weight to evi-
dence of potential hazards than to projections of safety when 
validating tests. Methods should be strongly challenged to 
prove they do not produce false negatives that could enable 
catastrophic consequences.

–	 The irreversible effects of some chemical exposures heighten 
responsibilities around validation. Once harm occurs, it may 
not be reversible, so robust pre-market validation is crucial.

In summary, Jonas’ philosophy provides an ethical foundation for 
rigorous, public health-protective test method validation that gives 
more weight to long-term welfare and catastrophic threats than to 
short-term benefits. It places the onus on test developers to allevi-
ate legitimate scientific doubts.

4.4  Peter Sloterdijk’s critique of cynical reason
Peter Sloterdijk is a contemporary German philosopher who is dif-
ficult to categorize into a single philosophical school. Sloterdijk’s 
Critique of cynical reason (1983) offers some interesting perspec-
tives that resonate with certain critiques of the validation process 
for toxicological test methods:
a)	 Enlightened false consciousness: Sloterdijk argues that mod-

10 Postmodern capitalism: Post-modern capitalism: Jean-François Lyotard – criticized grand narratives and emphasized the role of language games in society; Fredric 
Jameson – analyzed late capitalism and its cultural logic. Jean Baudrillard – explored concepts of hyperreality and simulation in consumer society. Gilles Deleuze and 
Félix Guattari – developed ideas about deterritorialization and rhizomatic structures in capitalism. Zygmunt Bauman – wrote about liquid modernity and the shifting nature 
of social structures. David Harvey – analyzed the condition of postmodernity and flexible accumulation.

	 Metamodern philosophy: Timotheus Vermeulen and Robin van den Akker – coined the term “metamodernism” and outlined its key principles. Luke Turner – developed 
the Metamodernist Manifesto. Hanzi Freinacht (pseudonym for Daniel Görtz and Emil Ejner Friis) – wrote about metamodern political theory and cultural development. 
Seth Abramson – explored metamodernism in literature and culture. Alexandra Dumitrescu – analyzed metamodernism in relation to spirituality and consciousness. Brent 
Cooper – developed ideas about metamodern systems theory and social change.
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5  Ethical principles relevant to the validation  
of testing methods

The author is involved in an ongoing discussion on the ethics of 
regulation of chemicals, expanding on Bhuller et al. (2024, sub-
mitted). From these discussions the ethical principles listed in 
Box 2 emerged. 

Box 2: Key ethical principles relevant to 
the regulation of drugs and chemicals
1.	 Beneficence: The obligation to promote the well-being 

of individuals and society. Regulatory decisions should 
prioritize maximizing benefits and minimizing harms as-
sociated with drugs and chemicals.

2.	 Nonmaleficence: Linked closely to beneficence, non-
maleficence underscores the imperative to avoid causing 
harm.

3.	 Autonomy: Respect for autonomy entails recognizing 
individuals’ right to make informed decisions about their 
health and well-being. Regulatory frameworks should up-
hold the autonomy of consumers by providing accurate 
information and ensuring transparency in decision-mak-
ing processes.

4.	 Justice: The principle of justice calls for fair and equita-
ble distribution of benefits and burdens. Regulatory agen-
cies must strive to ensure that access to safe and effective 
drugs and chemicals is not disproportionately skewed 
based on factors such as socioeconomic status, geogra-
phy, or ethnicity.

5.	 Informed consent: Informed consent is essential in clini-
cal research and medical practice. Regulatory require-
ments often mandate that individuals are adequately in-
formed about the risks and benefits of drugs and chemi-
cals before consenting to their use, particularly in the 
context of clinical trials.

6.	 Privacy and confidentiality: Protecting individuals’ pri-
vacy and confidentiality is crucial in regulatory activities 
involving sensitive health information. 

7.	 Transparency and accountability: Transparency in regula-
tory processes fosters trust and accountability. Regulatory 
agencies should operate in an open and transparent man-
ner, disclosing relevant information to the public and stake-
holders and soliciting input from diverse perspectives.

8.	 Integrity and honesty: Upholding integrity and honesty 
is fundamental to maintaining public trust in regulatory 
systems.

Tailoring these and the evidence-based paradigm to validation in 
the context here is summarized in Figure 2.

The ethical validation of NAMs is underpinned by several key 
principles derived from the 3Rs framework of replacing, reducing, 
and refining animal use (Balls et al., 2024) and broader bioethical 
guidelines:

talism and the emerging cultural and philosophical responses to 
postmodernism, shaping our understanding of contemporary so-
ciety and thought.
a)	 Globalization: The global spread of capitalism has led to 

the integration of economies, cultures, and political systems 
around the world. This has facilitated the movement of capital, 
goods, services, and labor across borders, creating a more inter-
connected global economy. Globalization has also resulted in 
the rise of multinational corporations and the global division of 
labor. We discussed the impact of globalization on alternative 
methods in Bottini et al. (2007).

b)	 Technological advancements: The digital economy – the rapid 
pace of technological innovation, especially in information and 
communication technologies, has transformed the economic 
landscape. In particular, AI has emerged as a powerful new 
tool. We have discussed this in the context of NAMs in Hartung 
(2023a,b) and Kleinstreuer and Hartung (2024).

c)	 Consumer culture and media saturation: The rise of consumer 
culture, where identity and social status are significantly influ-
enced by consumer choices. Media play a crucial role in shap-
ing desires and norms, leading to a saturation of cultural life 
with (commercial) messages. We touched on this in von Au-
lock et al. (2022).

d)	 Financialization: The increasing importance of financial mar-
kets, financial motives, financial institutions, and financial 
elites in the operation of the economy and its governing institu-
tions. This was discussed in Bottini and Hartung (2009) and 
Meigs et al. (2018).

The resonance of other themes with our field still needs to be 
explored: Flexibilization and precarity (the increasing flexibility 
of the labor market with implications for job security and social 
stability), de-industrialization and the service economy (the shift 
towards services and knowledge-based industries), and cultural 
and ideological shifts (the skepticism towards grand narratives 
and ideologies). Some of these concepts have been transformed 
to what is now called meta-modern philosophy. Key features of 
meta-modern philosophy include oscillation between modern-
ist and postmodernist attitudes, acknowledging the value and 
limitations of both. This oscillation is not a balance but a dy-
namic movement that allows for embracing sincerity and irony, 
optimism and skepticism, engagement and detachment. Meta-
modernism reintroduces sincerity, hope, and earnestness into 
cultural and philosophical discourse. Constructive engagement 
seeks to move beyond critique and deconstruction towards con-
structive engagement. It encourages the pursuit of new mean-
ings, values, and narratives that can address contemporary chal-
lenges, even while recognizing the fluid and constructed nature 
of these narratives. Informed naivety adopts a stance of a deliber-
ate choice to engage with the world in a hopeful and optimistic 
manner, fully aware of the potential for disillusionment and fail-
ure. Embracing complexity recognizes the interconnected and 
interdependent nature of global challenges in a way that is both 
critical and hopeful. Hybridization blends genres, styles, and dis-
ciplines, reflecting the interconnected and multifaceted nature of 
contemporary life.
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choices are considered. Animal welfare advocates in particular 
should have a role in NAM validation decisions. Overall, trans-
parency and participation build trust that validation is an objec-
tive process reflecting both scientific and ethical priorities.

f)	 Commitment to continuous improvement: Ethical principles de-
mand a continuing commitment to improve NAMs even after 
initial validation, as new knowledge and technology emerges. 
Post-validation monitoring of real-world performance, coupled 
with an openness to refining NAMs based on user feedback and 
evolving scientific understanding, ensures optimal benefits over 
time. An important focus should be expanding the applicability 
domain of NAMs to enable more animal testing to be replaced, 
where initial validation focused on narrow uses. Dedicating re-
sources to NAM improvement over the lifecycle underscores 
that validation is not an endpoint but rather a key milestone on a 
longer journey.

Mancini and Nannoni (2022) reinforce the argument that tra-
ditional frameworks like the 3Rs are no longer sufficient in ad-
dressing contemporary ethical concerns in animal research. They 
suggest that new ethical principles and frameworks, such as an-
imal-centered ethics frameworks, should be integrated into the 
discussion of animal research. This argues for a more holistic ap-
proach to ethical testing that respects the autonomy and welfare of 
animal participants while ensuring scientific integrity. The paper, 
while not addressing validation, provides a valuable perspective 
by emphasizing the importance of considering animal consent and 
welfare as central components of ethical validation frameworks.

The 12Rs Framework proposed by Brink and Lewis (2023) of-
fers a comprehensive expansion of the traditional 3Rs, integrating 
principles of animal welfare, scientific integrity, and social val-
ues into a unifying ethical construct. The 12Rs are grouped into 
three main categories: Animal welfare Rs (AWRs), social value 
Rs (SVRs), and scientific integrity Rs (SIRs), which intersect to 
form additional principles such as righteousness, reliability, and 
reckoning. This structured approach parallels the need for ethi-
cal frameworks in the context of the validation and adoption of 
NAMs as alternatives to animal testing. This aligns with the cur-
rent discussion on the philosophical underpinnings of validation, 
as it highlights the necessity for a holistic approach to evaluating 
and implementing NAMs. The framework can serve as a model 
for ensuring that validation processes are not only scientifically 
robust but also ethically and socially responsible, thus addressing 
broader ethical considerations that are crucial for regulatory ac-
ceptance and public trust in NAMs. The framework acts as a mind 
map to help navigate the complexities of animal research ethics. 
This aligns with our focus on providing a systematic approach to 
validation processes that is both scientifically robust and ethically 
sound. 

In summary, validation of NAMs as alternatives to animal test-
ing must balance several ethical principles and competing pri-
orities. A progressive, flexible, context-specific yet scientifically 
robust approach to establishing fit-for-purpose validity is needed. 
The ultimate guidepost should be reducing animal suffering while 
protecting human safety through scientifically credible and hu-
man-relevant methods. Engaging diverse stakeholders in an open 

a)	 Respect for animal welfare: The principle of respect for ani-
mal welfare asserts that animals have intrinsic value and the 
capacity to suffer, giving rise to a moral imperative to replace, 
reduce, and refine animal use in testing. In the context of NAM 
validation, this translates into prioritizing methods that can 
fully replace animal tests where scientifically feasible. Where 
full replacement is not yet possible, NAMs that can reduce the 
number of animals needed or refine procedures to minimize 
pain and distress should be pursued. The ultimate goal is to 
shift testing approaches away from animal use in favor of more 
human-relevant and humane methods.

b)	 Scientific validity and fitness-for-purpose: The ethical impera-
tive to replace animal testing with NAMs can only be fulfilled 
if the alternative methods are scientifically valid for their in-
tended purpose. Rigorous validation is required to establish that 
a NAM is a reliable and relevant replacement for the animal 
test, providing equivalent or better information to inform safety 
decisions. Rather than taking a check-box approach, validation 
should flexibly consider the specific context of use and adopt 
a “fit-for-purpose” mentality. This involves qualifying NAMs 
for specific applications and incorporating them into integrated 
testing strategies, rather than demanding 1:1 replacement of an 
animal test. 

c)	 Proportionality of validation requirements: The principle of 
proportionality asserts that the level of validation required for a 
NAM should be commensurate with its expected benefits and 
limitations. Less burdensome validation may be appropriate 
for NAMs intended for screening or prioritization compared 
to methods used for regulatory safety assessments. Validation 
bodies and resulting test guidance should avoid imposing re-
quirements so rigorous that developing NAMs becomes pro-
hibitive; some space should be left for exploration and iterative 
learning with new technologies in constrained domains. At the 
same time, scientific rigor cannot be unduly relaxed without 
endangering human safety. Maintaining the right balance de-
mands judgement but is critical to the ethical-scientific purpose 
of NAM validation.

d)	 Precaution regarding uncertainties: The precautionary princi-
ple advocates erring on the side of caution when there is uncer-
tainty about potential risks. In NAM validation, this supports a 
stepwise progression with independent review at each stage to 
identify unanswered questions. Where a NAM relies on a novel 
technology or biological mechanism, more evidence may ini-
tially be required to confirm relevance for humans compared to 
a method that closely mimics a well-characterized animal test. 
Until the NAM is definitively proven valid for a given purpose, 
it may be appropriate to retain some traditional testing as a back-
stop to avoid overlooking potential hazards.

e)	 Transparency and public participation: Ethical validation of 
NAMs requires an open, accountable process with input from 
all relevant stakeholders. Transparency about validation study 
design, criteria, results and conclusions enables independent 
verification and supports scientific credibility. Allowing public 
comment periods and engaging with affected communities en-
sures that societal perspectives on the acceptability of technical 
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animal wellbeing as the ultimate priorities12. Overall, these shared 
ethical principles aim to guide the complex process of establish-
ing scientific confidence in NAMs as alternatives to animal testing 
(NASEM, 2023).

6  Conclusions and the way forward

The ongoing revision of the OECD validation process has stimu-
lated discussion. Gourmelon et al. (2024) give a positive outlook:
–	 Increased awareness of the need for test method validation 

among stakeholders.
–	 Various stakeholders are organizing themselves to coordinate 

validation activities, including private entities, public-private 
partnerships, and publicly funded research programs.

–	 Growing acceptance that all stakeholders should play a role and 
participate in funding.

–	 Recognition of the high level of expertise required in managing 
validation activities.

–	 Discussions on optimizing the ring-trial process to balance 
costs and benefits.

–	 Acknowledgment that the benefits of having validated methods 
allowing mutual acceptance of data outweigh the costs.

–	 Estimated annual savings from the Mutual Acceptance of Data 
system are around 309 million EUR, demonstrating that valida-
tion is a profitable investment.

–	 Proposals for more efficient validation processes, such as giv-
ing more weight to well-conducted and documented transfer-
ability studies.

–	 Suggestions for cost reduction, including centralized reposito-
ries for reference chemicals and streamlined data management.

validation process with shared commitment to continuous im-
provement offers the best path to achieve this vision.

The core ethical principles guiding the validation of NAMs as 
alternatives to animal testing include beneficence, non-malefi-
cence, justice, and respect for animal welfare. Beneficence refers 
to maximizing the benefits of NAMs while minimizing potential 
harms through rigorous testing, comprehensive evaluation, and 
responsible oversight even after validation11. Non-maleficence 
or “do no harm” entails protecting against foreseeable risks to 
human health and the environment by ensuring NAMs provide 
reliable and relevant information for safety assessments (Har-
tung and Tsatsakis, 2021). Justice involves ensuring the fair and 
equitable development and application of NAMs, preventing 
disproportionate impacts on vulnerable populations, and con-
sidering the broader societal implications of transitioning away 
from animal testing12. Respect for animal welfare means recog-
nizing the intrinsic value of animals and their capacity to suffer, 
and therefore prioritizing the development and use of NAMs that 
replace, reduce, or refine animal use in testing (Bayne and Mor-
ris, 2012). Additional relevant principles are proportionality of 
validation requirements to the expected benefits and limitations 
of the NAM, accountability of validation bodies and method de-
velopers, transparency about the validation process and results, 
integrity and honesty in reporting, and precaution when there is 
uncertainty about the reliability or relevance of a NAM for a spe-
cific context of use (NASEM, 2023).

Navigating tensions around scientific rigor versus speed of im-
plementation, individual NAM validity versus applicability to test-
ing strategies, and traditional approaches versus new technologies 
is an inherent challenge. Addressing these tensions requires open 
dialogue, adaptability, and a focus on upholding both human and 

11 https://nap.nationalacademies.org/catalog/26496/new-approach-methods-nams-for-human-health-risk-assessment-proceedings 
12 https://issues.org/ethics-in-animal-research-perspective-johnson-forum/ 

Fig. 2: Aspects of an evidence-based ethical framework for next generation validation
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e)	 Revising the validation paradigm: A revised validation para-
digm should incorporate elements from evidence-based toxi-
cology, systematic reviews, and meta-analyses, as well as 
structured WoE approaches to integrate diverse data sources. 
This would create a more comprehensive and robust validation 
framework that better supports regulatory acceptance and pub-
lic trust. Additionally, the paradigm should allow for post-val-
idation monitoring and continuous improvement to keep pace 
with scientific and technological progress.

If we take these aspects together with the two accompanying pa-
pers (Hartung et al., 2024a,b), which address how to make valida-
tion more human-relevant by biomarkers and more efficient using 
AI, Figure 3 emerges.

Validation emerges as a somewhat fluid concept that can adapt 
the needs of a given study to a core of unchangeable values and 
principles. This flexible response will require new levels of trans-
parency and versioning of tests and their validity status. We might 
need to discuss a concept of “probability of validity”. And we will 
need to define what “context of use” really means if we adapt the 
concept from the realm of drug development. This could include:
–	 Severeness of the hazard/disease outcome
–	 Type of application of substances and resulting exposures in-

cluding likely co-exposures
–	 Applicability to mixtures
–	 Relevance of high dose (e.g., work safety)
–	 Consideration of vulnerable sub-populations
All these and probably many more aspects could factor into the 
expectations to be set for qualifying as a test for a given purpose.

Our paper focuses on ethical and philosophical aspects, with less 
attention given to technical or regulatory challenges in validation, 
which we have discussed before. By connecting validation practic-
es to broader philosophical traditions like utilitarianism, ethics of 
responsibility, and post-modern thought, the paper aims to elevate 
the discussion beyond technical considerations to examine funda-
mental assumptions and values. Using Kuhn’s model of scientific 
revolutions, the paper (again) frames the move towards NAMs as 
a paradigm shift, helping to explain resistance to change and the 
transformative potential of new methods. There are a number of 
limitations to this discussion by a non-philosopher: The paper is 
largely theoretical and could benefit from more concrete examples 
or case studies illustrating how philosophical principles translate 
into practical validation decisions. While it covers a wide range of 
philosophical perspectives, the connections to validation are some-
times tenuous or speculative. 

In conclusion, the convergence of new ethical frameworks and 
scientific advancements necessitates a reformation of the tradition-
al validation process. By integrating principles such as the 12Rs 
Framework, animal-centered ethics, and scientific confidence 
frameworks, the validation process can evolve into a more flex-
ible, context-specific, and ethically sound practice. This evolution 
will better support the acceptance and implementation of NAMs, 
ultimately leading to a more humane and scientifically credible 
approach to toxicological testing that prioritizes both human and 
animal welfare. We point towards potential evolutions in validation 
practices, such as greater incorporation of evidence-based toxicol-
ogy principles and more adaptive, iterative processes. Such a reim-

–	 Increased focus on the readiness of methods before entering 
validation, potentially reducing time and resources needed.

The paper concludes that while challenges remain, there is a posi-
tive trend towards shared responsibility and recognition of the 
value of validation in the development and acceptance of new ap-
proach methods for toxicity testing.

The discussions in our article show that the current validation 
paradigm, based on the 3R principle (replacement, reduction, and 
refinement), which has been the cornerstone of animal research 
ethics for decades, is now facing substantial limitations in the con-
text of evolving scientific, ethical, and societal expectations. The 
integration of concepts such as the 12Rs Framework by Brink and 
Lewis (2023), the animal-centered research ethics proposed by 
Mancini and Nannoni (2022), and the introduction of a scientific 
confidence framework reveals a pressing need to fundamentally 
rethink and revise the validation process. Key points include:
a)	 Expanding beyond the traditional 3Rs: The 12Rs Framework 

and the principles of animal-centered ethics illustrate the ne-
cessity to extend ethical considerations beyond mere welfare, 
emphasizing animal autonomy, societal values, and scientific 
integrity. These frameworks call for a broader, more holistic ap-
proach to animal research ethics that better aligns with contem-
porary views on animal welfare and societal expectations. This 
expansion necessitates a corresponding shift in the validation 
process to accommodate these broader ethical and social con-
siderations.

b)	 Embracing flexibility and context-specific validation: The vali-
dation process, as traditionally conceived, has been criticized 
for its rigidity and reliance on animal-based models as the gold 
standard. The shift towards a fit-for-purpose validation ap-
proach emphasizes the need for context-specific evaluation, 
recognizing that different NAMs may require tailored valida-
tion criteria depending on their intended application. This ap-
proach supports a more adaptive and iterative process, making 
validation a more dynamic tool that evolves in tandem with sci-
entific and technological advancements.

c)	 Integration of scientific confidence and transparency: The con-
cept of a scientific confidence framework extends validation by 
incorporating aspects such as reliability, relevance, and trans-
parency. It emphasizes the need for rigorous yet flexible vali-
dation criteria that support the scientific credibility of NAMs 
while accommodating emerging methodologies. Transparency, 
including open communication of validation processes and out-
comes, fosters greater trust among stakeholders and encourages 
more widespread acceptance of NAMs.

d)	 Harmonizing ethical and scientific goals: The discussion high-
lights a key tension between ethical imperatives – such as re-
ducing animal suffering – and the scientific goals of ensuring 
human safety and environmental protection. Harmonizing these 
goals requires a redefined validation process that not only es-
tablishes scientific robustness but also upholds ethical stand-
ards. This alignment could be achieved through frameworks 
that incorporate principles from both traditional ethics (e.g., 
utilitarianism and Kantian ethics) and contemporary frame-
works like the animal-centered ethics proposed by Mancini and 
Nannoni (2022).
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as more mechanistic understanding of the exposure side of disease. By embracing the biomarker concept, more clinically relevant endpoints 
are favored. The validation process itself can borrow the clear context of use definition from the biomarker concept; this might change  
over time and require performance standards and version-tracking once accepted. Corresponding to the more pathway- and clinical 
outcome-based biomarker approach, a mechanistic validation focusing on demonstrating that the right AOPs are reflected is suggested. The 
use of existing data, ideally retrieved by systematic review, is encouraged. AI-facilitated validation study design and execution (e-validation) 
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