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ARTICLE INFO ABSTRACT
Keywords: Public expectations and regulatory demands have driven a paradigm shift in cosmetic ingredient safety assess-
Next-generation risk assessment ment. Next-generation risk assessment (NGRA) and new approach methodologies (NAMs) provide an opportunity

New approach methodologies
Cosmetics risk assessment
Non-animal approaches
Cosmetic ingredient safety

to implement alternative procedures which are more ethical and biologically-relevant, have the potential to
become more cost-effective and time-efficient, and are at least as protective of human health as traditional,
animal-based approaches. However, the sheer number and diversity of the rapidly-evolving NAMs currently
available can be confusing and overwhelming to safety assessors. To successfully transition from principles to
routine application, NAMs must gain acceptance within safety assessment communities. Harmonizing NAMs and
establishing standardized risk assessment workflows are paramount to gaining regulatory acceptance. Conse-
quently, the International Cooperation on Cosmetics Regulation (ICCR) has tasked a team of scientists from
regulatory authorities and the cosmetic industry to define best practices which align with the ICCR principles of
NGRA for cosmetic ingredients, to help advance the acceptance and use of NAMs in cosmetic safety assessment
and, where applicable, regulatory decision-making.
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E. Vaillancourt et al.
1. Introduction

Risk assessors have a duty to ensure that the safety assessments they
conduct are fit-for-purpose and draw on the most appropriate science.
While extensive guidance is available concerning traditional animal-
based risk assessment, little guidance exists describing how non-
animal approaches should be developed and applied for the safety
assessment of cosmetic ingredients. The ICCR principles underpinning
the use of new methodologies in the risk assessment of cosmetic in-
gredients (the ‘ICCR Principles of next generation risk assessment
(NGRA)’) were published in 2018 (Dent et al., 2018), and the impact of
this paper indicates a high demand among scientists for guidance and
support in how to develop and apply new, non-animal approaches to the
risk assessment of cosmetic ingredients. The EU’s Scientific Committee
on Consumer Safety (SCCS) has risen to this challenge by incorporating
the use of NGRA in the 12™ revision to the Notes of Guidance (sccs,
2023) for the safety assessment of cosmetics. These Notes of Guidance
reference the ICCR Principles of NGRA and describe the general work-
flow for its application (Berggren et al., 2017). The overall conclusion of
both the SCCS and the ICCR is that progress is being made in the
development and application of NGRA, but that more examples are
needed to increase confidence that NGRA is protective, including for
new compounds (Dent et al., 2021; Rogiers et al., 2020).

Such examples of NGRA for cosmetic ingredients are now starting to
appear in the literature, ranging from application of next generation
read-across (Bury et al, 2021; Ouédraogo et al, 2022),
endpoint-specific examples such as skin sensitization (Gilmour et al.,
2020; Reynolds et al., 2021; Vandecasteele et al., 2021), liver steatosis
(Sepehri et al., 2025), and protective approaches for general systemic
toxicity (Baltazar et al., 2020; Ebmeyer et al., 2024). However, while
NGRA is developing and the level of confidence with different ap-
proaches is still advancing, there are few agreed-upon ways to approach
NGRA. OECD Guideline 497 on defined approaches for skin sensitization
(OECD, 2021a) is the first internationally harmonized guideline
describing the non-animal approaches that can be used to replace animal
tests to identify skin sensitizers. Such guidelines do not yet exist for more
complex health effects such as systemic or reproductive and develop-
mental toxicity, and there remains a lack of guidance on how to ensure
individual safety assessments that use these approaches are robust and
scientifically acceptable.

Alongside increasing consumer demand for cosmetic products and
ingredients that have not been tested on animals, regulatory bans on
animal testing necessitate the use of novel approaches. For example, the
EU Cosmetics Regulation (EC) No 1223/2009 led the way in prohibiting
the use of animals in cosmetic ingredient safety assessment as well as the
marketing of any cosmetic product that relies on animal-derived safety
data generated after specific deadlines. The stringent legal framework
renders development and application of animal-free approaches essen-
tial in the EU and in other geographies imposing such bans, and con-
trasts with the possibility of using animal testing as a last resort. To
reflect this, in this paper the term NAM refers exclusively to non-animal
new approach methodologies.

It is also important to note that cosmetics-related NGRA approaches
strongly rely on NAMs which may not always have undergone formal
regulatory validation. Whereas many of the NAMs used in NGRA are
scientifically sound and could be deemed scientifically valid, this sci-
entific validity does not directly translate into regulatory acceptance. As
such, case studies currently help advance the field of NGRA, but may not
yet represent acceptable methodologies for regulatory decision-making.
This difference is particularly important in the areas of systemic toxicity
and long-term toxicity, where it is clear that traditional validation which
is focussed on a one-to-one replacement concept is not fit-for-purpose,
and a new paradigm is needed to facilitate scientific and regulatory
acceptance (van der Zalm et al., 2022).

To begin to address the need for guidance for safety assessors, a
group of scientists working in cosmetic safety evaluation was convened
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by the International Cooperation on Cosmetics Regulation (ICCR) to
review some currently available examples of using NGRA, and to see
how these can inform best practice. The goal of a NGRA is to be human-
relevant, exposure-led, hypothesis-driven, and designed to prevent harm
to consumers. These first 4 over-riding ICCR principles set the context
for the remaining 5 principles, which describe how an NGRA should be
conducted (using a tiered and iterative approach, following an appro-
priate literature search and evaluation of the available data, and using
robust and relevant methods and strategies) and how the assessment
should be documented (transparent and explicit about the logic of the
approach and sources of uncertainty). These 9 ICCR principles work
together to ensure the quality and relevance of the safety assessment,
and in their practical application, many of them interact and overlap
with one another, and can be difficult to separate. For this reason, this
report focusses on the 4 principles that describe the goal of the NGRA,
and discusses the important aspects of how the assessment should be
conducted and documented as they relate to these 4 over-riding prin-
ciples. This discussion is illustrated with case studies found in the
literature, which demonstrate different elements of the ICCR principles
and their possible application to safety decision-making.

2. The overall goal is a human safety assessment

Toxicology and other safety sciences developed rapidly during the
mid-20" century, when the molecular interactions that can lead to
pathological changes were not well understood. This meant that the
most practical way to understand the safety of chemicals was to dose
laboratory animals at high levels of exposure and observe the outcome.
However, as we now understand, there are many examples of toxicities
seen in animals that cannot be directly related to effects in humans
(Bartsch et al., 2018; Chamanza and Wright, 2015; Cook et al., 1999;
Cunha et al., 2015; Leist and Hartung, 2013). Therefore, although ani-
mal test data (when used within an appropriate decision-making
framework) have generally provided a high level of protection for con-
sumers, the pace at which science has developed in recent years provides
a turning point for integrating more human-relevant data to inform
safety decisions (Krewski et al., 2010). Furthermore, not only do sci-
entists today have a vast array of non-animal-based methods available to
characterise the biological activity of chemicals, but there has also been
tremendous progress in understanding the importance of exposure in
safety decision-making, and in developing tools to better characterise
exposures to both single chemicals and mixtures in a more
human-relevant way (Desalegn et al., 2019; OECD, 2004). Safety as-
sessors today have an unprecedented opportunity to capitalise on the
recent scientific advances in molecular biology, computational and
exposure science to underpin robust safety decisions, rather than inap-
propriately using in vitro or in silico methods to seek to solely replicate
the results of apical animal studies (Dent et al., 2018).

Common themes or key factors identified that should be considered
when approaching this principle in practice, are summarized below.
Ensuring these key factors are explicitly covered will increase the
robustness of a safety assessment:

1. Consider and document the relevance of the hypothesis/hypotheses
that needs/need to be tested.

2. Identify exposures that are relevant to the use context.

. Identify human-relevant test systems.

4. Identify assays and/or biomarkers that are relevant to the hypothesis
being tested, and explain why they were selected.

W

2.1. Consider and document the relevance of the hypothesis/hypotheses
that needs/need to be tested

Practical application of the ICCR principles of NGRA are described
later. These reveal the potential intersection and overlap of some of the
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principles and best practices covering how to document the hypothesis-
driven nature of the NGRA and how to ensure the assessment is
exposure-led. However, even at the problem formulation stage when the
hypotheses to be tested are being defined and documented, care needs to
be taken to ensure these are human-relevant, thus they need to consider
the route and extent of exposure to the cosmetic ingredient. The key
factors listed above, therefore, need to be considered in parallel rather
than sequentially. It is critical to devote time and attention to the
problem formulation stage of the safety assessment to prevent this being
reduced to a list of standardized tests to perform, and to ensure the
scientific reasons for generating the data are not forgotten and replaced
by a ‘tick-box’ mentality. This means that where a data gap exists that
prevents a safety decision from being made, assessors need to resist the
urge to simply find a way to replicate the animal test without using
animals. For example, where the data gap relates to skin sensitization
potency, researchers and risk assessors have elucidated the biological
events that drive the induction of skin sensitization which must be un-
derstood and accounted for before determining which approaches
(including exposure-based waiving, (Q)SARs, in vitro assays) would be
appropriate to provide the necessary information. This is easier when
there is a defined adverse outcome pathway (AOP), which is the case for
skin sensitization, where several approaches are available in the litera-
ture which take an exposure-led and hypothesis-driven approach based
on a common safety assessment framework (Gilmour et al., 2020). This
framework was based on the SEURAT-1 ab initio framework for systemic
effects (Berggren et al., 2017), but tailored specifically to address the
skin allergy AOP. “Ab initio” (literally “from the beginning”) refers to
performing a safety assessment on a substance with no existing data
from first principles. Using this example, in the absence of
substance-specific data or the ability to perform a read-across, the
assessor would first determine the likelihood that the chemical would be
sufficiently potent to induce skin allergy at relevant levels of exposure
(Safford, 2008). If a consumer safety risk cannot be ruled out, enough is
known of this AOP and the molecular initiating events (MIEs) and key
events (KEs) necessary to cause skin sensitization to enable the devel-
opment of key hypotheses and a weight-of-evidence (WoE) approach to
test them. Critically, understanding the biological rationale and human
relevance of different data types and of the overall approach facilitates
interpretation where different NAMs provide discordant data
(Vandecasteele et al., 2021).

This is more challenging where there are data gaps for more complex
health effects such as systemic toxicity, which encompasses a multitude
of adverse effects and potential AOPs. In these cases, it is simply not
feasible to address every possible AOP, but instead to develop hypoth-
eses based on general biological activity (Thomas et al., 2019). One
common systemic toxicological data gap is developmental and repro-
ductive toxicity (DART) (Rovida and Hartung, 2009), which does not
represent a single AOP. However, even in these cases, the SEURAT-1 ab
initio framework provides a useful guide to complete an assessment. As
per the skin allergy example, the first step would be to determine the
likelihood that the chemical is a sufficiently potent developmental or
reproductive toxicant to pose a health risk at relevant exposure levels.
Various tools are available to help answer this question, including
interrogating existing data and the use of structural alerts and additional
uncertainty factors (Wu et al., 2013). Where a safety decision cannot be
made using such approaches, even without an AOP or AOPs,
human-relevant hypotheses still can be formed to guide the data needed
to complete the risk assessment by using available knowledge to assess
the ability of the chemical to perturb events known to be critical for
successful human reproduction and development (Rajagopal et al.,
2022).

2.2. Identify exposures that are relevant to the use context

One of the most important ways to ensure human relevance of any
toxicological risk assessment is to ensure that the exposure data are
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relevant to real-world exposure scenarios. Therefore, a best practice
NGRA will include exposure estimates from authoritative sources or
from high-quality and representative consumer habits and practices
surveys. Several examples of safety assessments that exemplify this
principle are available in the literature, including systemic safety as-
sessments on face cream or body lotion (Baltazar et al., 2020; OECD,
2021b), and skin allergy safety assessments on body lotion
(Vandecasteele et al., 2021). These assessments use published habits and
practices survey data (Hall et al., 2007) which are also referenced in the
SCCS Notes of Guidance (SCCS, 2023). Exposure assessments typically
follow a tiered approach, both in terms of the external (applied) expo-
sures derived from an understanding of consumer habits and practices,
and in terms of the internal exposures. This means the exposures
considered can range from simple, worst-case deterministic use data to
(in extremely rare cases) measured biomonitoring data in a relevant
human population. In practical terms, the tool most likely to be used in
NGRA to establish internal exposures is physiologically-based kinetic
(PBK) modelling as demonstrated in the phenoxyethanol OECD Inte-
grated Approach to Testing and Assessment (IATA) case study (OECD,
2021b). In this case study, population variability in kinetic parameters
was incorporated in the PBK modelling; this population-based approach
was used to refine the human-relevant internal exposure estimate. The
challenge for safety assessors is ensuring the output of the PBK model is
indeed human-relevant, because often there is a lack of human
measured data to parameterise models or to verify output. It is therefore
important for PBK models used in cosmetic safety assessment to be
protective (i.e., sufficiently conservative) to cover the exposed
populations.

2.3. Identify human-relevant test systems

At the core of the seminal 2007 report from the National Research
Council, “Toxicity Testing in the 21% Century — a Vision and a Strategy”
was the suggestion that the test systems (cells, cell lines, cellular com-
ponents) used to provide toxicity information should preferably be of
human origin (Krewski et al., 2010). For example, in a 2020 OECD IATA
case study that used a NAM-supplemented read-across approach to
evaluate the safety of dermal exposure to propylparaben from cosmetics
(OECD, 2020a), the assay selected to provide information on estrogenic
potency was the ER-Calux® assay. The ER-Calux® cells are a human
osteosarcoma cell line (U2-0OS) that stably expresses human estrogen
receptor alpha (ER1), thus meeting the criteria of providing a
human-relevant test system for evaluating effects mediated by ER1
binding. One possible limitation of this study relating to this principle
was the use of rat S9 to investigate the effects of metabolism on the ER
response, rather than human S9. Due to a mixture of practicality,
availability, and reproducibility issues, it is still more common for rat S9
to be used than its human equivalent. However, all other assays and
approaches used to characterise the absorption of propylparaben and its
biotransformation in both skin and liver were based on human tissues,
cells or S9 fractions.

Any test system is by nature a model, so it will never be able to mimic
human biology exactly. However, there is an opportunity for a NAM-
based approach to represent human biology more closely and, as expe-
rience with animal models has shown, it is not necessary to exactly
mimic human biology to arrive at a protective safety decision. Many
examples of NGRA currently in the literature make use of human cancer
cell lines (Baltazar et al., 2020; OECD, 2021b) and yet, for the most part,
these appear to provide points of departure that are at least as protective
as the animal tests (Middleton et al., 2022; Paul-Friedman et al., 2020).
Notwithstanding their advantages, cancer cell lines are clearly not
representative of healthy cells in an in vivo situation, and higher-tier
(primary cells, organotypic models, micro-physiological) systems may
need to be deployed on a case-by-case basis depending on the need of the
assessment. One limitation in the phenoxyethanol IATA case study
(OECD, 2021b) was that, despite the PBK model predicting that the
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kidney would be the compartment exposed to the greatest concentration
of the major stable metabolite of phenoxyethanol, bioactivity data
generated in a kidney-relevant cell model were not provided and,
therefore, it was difficult to ensure that perturbations within pathways
expressed in such cells were not missed. Therefore, an important part of
the documentation of an in vitro based assessment is the justification for
the choice of cells and culture system, which should consider the extent
of exposure of different body compartments to the parent compound and
major metabolites.

2.4. Identify assays and biomarkers that are relevant to the hypothesis
being tested, and explain why they were selected

Where the hypothesis concerns a defined mode of action, selection of
assays and biomarkers may be more straightforward. For example, in the
propylparaben IATA mentioned above (OECD, 2020a), the read-across
approach was based on comparing the estrogenic potency of the target
molecule with that of source molecules (other parabens). The avail-
ability of a commercial reporter gene assay that measures ER-mediated
estrogenic activity was therefore the obvious choice. However, in cases
where there is no defined mode of action, identifying biomarkers for
more complex health effects can be challenging. One approach that can
be used is to find signatures using methods such as metabolomics or
transcriptomics that are predictive of the effect being assessed. This was
the method used to identify the altered ratio of ornithine/cysteine (two
metabolites in human embryonic stem cell media) as a predictive
biomarker for identifying possible human teratogens (Palmer et al.,
2013). This metabolic biomarker was later tested in the ToxCast library,
where it demonstrated high specificity and modest sensitivity
(Zurlinden et al., 2020). Another approach is to use an understanding of
the pathways that, if perturbed, can lead to adverse health effects, and to
deploy biomarkers that can characterise alterations in those pathways.
This method was employed to define a cell stress panel (Hatherell et al.,
2020), which included biomarkers relevant to several stress response
pathways that, if perturbed, can lead to target organ toxicity. In the case
of this cell stress panel, the hypothesis was chemical agnostic, as it
focussed on a set of modes of action that could lead to toxicity. There are
also examples of substance-specific best practice in the literature, where
the hypothesis and, therefore, methods are much more tailored to the
mode of action of the chemical being assessed. One of these is an in vitro
safety assessment on per- and poly-fluorinated substances (PFAS)
(Fragki et al. 2023). PFAS have been associated with lipid disturbances
in epidemiological studies, and some have been shown to be hepato-
toxic, as evidenced by increased liver weight, steatosis or necrosis in
animal studies. Considering that triglyceride (TG) accumulation within
HepaRG cells has been suggested to be a biomarker for hepatosteatosis
and hepatotoxicity (Lichtenstein et al., 2020) as well as evidence from
gene expression data in PFAS-treated HepaRG cells, Fragki et al. (2023)
used TG accumulation as a biomarker for determining a benchmark dose
for PFAS in HepaRG cells. Note that whether the approach that is taken
is targeted or untargeted, it is crucial to ensure that changes in the
biomarkers can usefully distinguish between levels of risk associated
with chemical exposure (i.e., to ensure that the approach is relevant and
robust).

3. The assessment is exposure-led

During the mid-20™ century, hazard-based assessments gained
prominence as there were improvements in the understanding of toxi-
cological principles and chemical hazards. They were prevalent until the
late 20 century, when exposure-based risk assessments emerged as a
complementary, holistic approach which offered a more realistic and
practical representation of the actual risk faced by individuals/pop-
ulations. Exposure-based risk assessments have become increasingly
viewed as best practice in recent decades, and this shift can be attributed
to several factors including, but not limited to, i) the availability of
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improved data collection and analysis methods and technologies (e.g.,
biomonitoring techniques, computer modelling) which enable more
accurate assessment of exposure levels and pathways, ii) an increased
regulatory emphasis on risk management that requires the development
of targeted and effective strategies to protect human health, and iii)
public concerns and stakeholder engagement which require increased
transparency to provide a clearer understanding of the risks posed by
specific hazards. In addition, special consideration should be given to
external vs internal exposure as well as to various refinement ap-
proaches, and examples are summarized hereafter.

3.1. External and internal exposure

Exposure plays a crucial role in the risk assessment process. It in-
volves estimating or measuring the magnitude, frequency, and duration
of exposure to a substance, as well as considering the characteristics of
the exposed population. In the context of cosmetic ingredient safety
assessment, exposure includes both external and internal components,
and it determines the relevance of hazard data for risk characterization.
In cases of "low" exposure, exposure-based waiving approaches such as
the Threshold of Toxicological Concern (TTC) or Dermal Sensitization
Threshold (DST) can be considered within a WoE approach. The external
part of exposure focuses on the dose applied in a specific use scenario,
taking into consideration factors such as the amount of the substance
used, the frequency and duration of use, the type of usage (leave-on or
rinse-off), and the surface area covered. A deterministic approach can be
used to address external exposure, as outlined in the SCCS Notes of
Guidance (SCCS, 2023). It is also possible to refine exposure assessment
by considering consumer habits and practices, particularly for combined
and/or aggregate exposure scenarios (Tozer et al., 2019).

Depending on the type of safety assessment being conducted, the
margin of safety (MoS) can be calculated using external exposure values.
For NGRA, a margin of internal exposure (MoIE) or bioactivity:exposure
ratio (BER) can be derived using data from NAMs. Therefore, external
exposure values are translated into internal concentrations using PBK
modelling. The uncertainty associated with the PBK-modelled internal
concentration is usually estimated through sensitivity analysis and
compared to measured benchmark values, whenever available. The
input parameters required for PBK modelling can be derived from in
silico and/or in vitro assays (Moxon et al., 2020). Fragki et al. (2023)
applied a PBK model-facilitated reverse dosimetry approach for the
translation of in vitro PFAS concentrations to external doses, allowing
the translation of an in vitro point of departure (PoD) to an external dose
that was compared with the actual dietary exposure in the population. It
should be noted that this approach is deterministic and, therefore,
operates with fixed parameters and does not explicitly account for un-
certainty. Quantitative in vitro to in vivo extrapolation (QIVIVE) via
reverse dosimetry is usually based on the plasma peak concentration
(Cmax) or plasma concentration at steady state (Css), and relies less
frequently on the area under curve (AUC). However, because human
exposure to PFAS is chronic and their elimination half-lives are rather
long (i.e., years), Fragki et al. (2023) relied on the AUC for a single 24-h
in vitro exposure, extrapolated to a lifetime chronic (i.e., 50-year) human
oral exposure.

Working with realistic exposure estimates is essential for under-
standing the concentrations/exposures where bioactivity (or, where it
can be delineated, adversity) occur and comparing them with the
intended exposure in each use scenario. Considering the shift in para-
digm from traditional animal-based studies to the use of NAMs in NGRA,
the PoD used in the assessment can be based on bioactivity, such as
changes at the molecular, cellular, or tissue levels that may not directly
indicate adverse effects in humans, or on KEs and biomarkers that are
clearly associated with adverse outcomes in humans. The MolE or BER
represents the ratio of the internal exposure to the selected PoD, it
provides a measure of the potential risk associated with the exposure,
and it is used to assess the safety of the cosmetic ingredient.
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3.2. Exposure refinement

Refining exposure is another important aspect of ensuring human
relevance in toxicological risk assessments. One approach to achieve this
is through in vitro biokinetics, which can define effective concentrations
rather than relying on nominal concentrations for bioactivity assays.

Several published case studies adhere to this principle, which em-
phasizes the identification of exposures relevant to the specific use
context. In a case-study of coumarin (Baltazar et al., 2020), a risk-based
and exposure-led approach was taken, incorporating a robust PBK model
that considered population variability. The assessment included a con-
servative estimate of consumer exposure based on a worst-case scenario,
and a refined PBK model was developed using in vitro absorption, dis-
tribution, metabolism, and excretion (ADME) parameters. The systemic
exposure was expressed as the distribution of plasma peak concentration
(Cmax) across a population, accounting for inter-individual variability.
The PBK predictions were validated using clinical data.

Similarly, for methyldibromo glutaronitrile (MDBGN) and pro-
pylparaben assessed for skin sensitization (Gilmour et al., 2020; Van-
decasteele et al., 2021), the case studies defined a clear use scenario, and
an exposure-led assessment was conducted using a deterministic dose
estimate.

In a case study of caffeine (Bury et al., 2021; OECD, 2020b), exposure
from both dermal and oral routes was assessed using a deterministic
approach. The estimated dose was then translated into an internal
concentration using PBK modelling, which incorporated in vitro data and
accounted for population variability. The robustness of the predictions
was confirmed with clinical data.

Furthermore, in the assessment of the systemic effects of pro-
pylparaben (OECD, 2020a; Ouédraogo et al., 2022), both deterministic
and probabilistic aggregate exposures were considered for the external
dose. PBK modelling, validated with clinical data, was used to charac-
terise human exposure.

In a case study on phenoxyethanol (Hewitt et al., 2022; OECD,
2021b), the exposure characterization revealed the presence of the main
metabolite (i.e., phenoxyacetic acid) in the kidney. However, further
investigation of bioactivity in this organ was not conducted, represent-
ing a limitation in that study. PBK modelling with in vitro ADME pa-
rameters, accounting for population variability, was employed together
with comprehensive metabolism characterization. In vitro biokinetics
were utilized to identify the types and extent of species present in the
toxicodynamics assays.

Case studies on coumarin (Baltazar et al., 2020; Reynolds et al.,
2021) and phenoxyethanol (Hewitt et al., 2022) evaluating systemic
toxicity considered a worst-case scenario for the applied dose. A tiered
approach was employed for PBK modelling, starting with in silico input
parameters and refining the model with in vitro hepatic clearance mea-
surements, including specific enzyme inhibitors. This approach pro-
vided evidence regarding the main clearance mechanism of coumarin,
and population variability was accounted for in the estimation of in-
ternal concentrations. In the assessment of skin sensitization, two sce-
narios (i.e., face cream and deodorant) highlighted the significance of
exposure assessment, which could result in varying levels of risk.

Exposure refinement and justification of the metric relevant for the
risk assessment were also demonstrated in a case study on PFAS (Fragki
et al., 2023), where a quantitative in vitro to in vivo extrapolation
(QIVIVE) was performed. Three in vitro dose metrics (the concentration
in the medium, the medium concentration adjusted by the liver:blood
partition coefficient, and the intracellular concentration) were each
measured and applied as potential surrogates for a PBK- modelled he-
patic concentration used in the reverse dosimetry PBK modelling to
predict the corresponding oral human equivalent values. After
comparing the results using the three different in vitro dose metrics, the
authors provided a rationale of recommending the use of intracellular
concentration in QIVIVE. However, the nominal concentrations in the
medium corrected using the liver:blood partition coefficient were
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determined to be an acceptable alternative.

By considering external/internal exposures and population vari-
ability, as well as incorporating real-world data, utilizing NAMs in safety
assessments and validating with clinical data can contribute a more
accurate and representative understanding of human exposure, and
better inform safety decision-making.

4. The risk assessment is hypothesis-driven

The hypothesis that underpins a NGRA may be highly specific (e.g,
related to whether interaction with a specific cellular target or biological
pathway would result in an adverse health effect). Conversely, where
there is no defined cellular target or biological pathway, the hypothesis
may be more general. This concept was outlined in the US EPA’s Next
Generation Blueprint of Computational Toxicology (Thomas et al.,
2019), which describes a tiered approach for hazard characterization.
The first tier uses a broad-coverage screen across multiple cell types to
evaluate bioactivity and to group chemicals based on similarity in po-
tential hazards. Where no defined biological target/pathway is identi-
fied, a quantitative PoD for safety decision-making is estimated based on
the absence of biological activity in the assays used. However, where the
first tier does identify a specific biological target or pathway, this can be
followed up with targeted assays and using knowledge (where available)
from adverse outcome pathways. In this scenario, the points of depar-
ture may be based on the mode of action or responses in more advanced
cell/tissue models.

For safety assessment purposes, it is crucial that the hypothesis is
linked to an exposure level or use scenario of the chemical being
assessed, as in a traditional risk assessment, because the objective of an
NGRA is to make an exposure-led decision, not simply to identify
bioactivity.

There are examples of NGRA case studies in the literature that
illustrate both these scenarios. For example, systemic toxicity case
studies on the use of both coumarin and phenoxyethanol in cosmetics
(Baltazar et al., 2020; OECD, 2021b) have explored the concept of
making a safety decision in the absence of a specific mode of action
hypothesis. The hypothesis underpinning this type of NGRA is that if
there is no bioactivity observed at consumer-relevant concentrations,
there can be no adverse health effects (Baltazar et al., 2020). In the case
study on phenoxyethanol, the overarching hypothesis was that systemic
exposure to phenoxyethanol present at 1 % in body lotion will not cause
any adverse health effects in consumers. Following the evaluation of
available data, the authors concluded a lack of compelling evidence that
phenoxyethanol was active in humans by any specific modes of action
and, therefore, was considered to fit into the ‘no defined biological
target or pathway’ category as described in the US EPA’s blueprint for
computational toxicology (Thomas et al., 2019).

Other IATA case studies have been developed that target different
hypotheses. For example, the overarching hypothesis in a case study on
caffeine was that caffeine and its analogues have a similar mode of ac-
tion across species, but with different potencies, meaning that in vivo
data from the analogues may be used to fill data gaps for caffeine (OECD,
2020Db). This hypothesis was therefore centred on specific cellular events
(antagonism of adenosine receptors, phosphodiesterase inhibition,
modulation of GABA receptor action, and regulation of intracellular
calcium levels). A challenge with this kind of approach is ensuring that
the safety assessment is also protective of any biological effects of the
target chemical (in this case caffeine) that are not exhibited by the
source chemical(s). It is therefore important to ensure that the NAMs
selected to determine the similarity of the mode of action are not only
focussed on or biased by existing knowledge, but that they provide a
broad enough screen to account for alternative modes of action.

In published NAM-based skin allergy case studies (Gilmour et al.,
2020; Reynolds et al., 2021; Vandecasteele et al., 2021) scientific
knowledge of the KEs leading to the induction of skin sensitization has
been used to formulate specific mode of action hypotheses. In some
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cases, this included consideration of metabolism of the parent com-
pound to reduce uncertainty in the safety assessment. For example, in a
case study on propylparaben (Vandecasteele et al, 2021), the
biotransformation of the parent compound to 4-hydroxybenzoic acid
was explored. This metabolite was predicted by the NAM and defined
approach data to be non-sensitizing. There was a high concordance
between the results of NAM studies on 4-hydroxybenzoic acid, whereas
the NAM data for propylparaben itself was less concordant. Under a
conservative WoE approach, the overall conclusion was that pro-
pylparaben was, at worst, a weak sensitizer.

In summary, different safety assessments may have very different
hypotheses. It is therefore important for safety assessors to clearly
articulate the hypothesis, to enable a reader/reviewer to understand
whether the approaches used are appropriate to test it. One example of
best practice in this area is the IATA case study on the read-across for
dermal exposure to propylparaben in cosmetics (OECD, 2020a). This
case study clearly articulated a read-across hypothesis, which was: “The
starting hypothesis for this category is that, based on their highly similar
chemical structure, the target chemical propylparaben will have similar
bioavailability and bioactivity as the source chemicals methyl, ethyl and butyl
paraben.” For use in an exposure-led safety assessment, this would be
considered a sub-hypothesis within the overarching safety assessment
hypothesis relating to a use level and product type. For example:

Overarching safety assessment hypothesis

The use of x % of propylparaben in leave-on or rinse-off cosmetics
does not induce skin sensitization.

Sub-hypothesis

Based on their highly similar chemical structure, the target chemical
propylparaben has similar bioavailability and bioactivity as the source
chemicals methylparaben, ethylparaben and butylparaben.

In this IATA, the read-across hypothesis was followed by a step-by-
step breakdown of the considerations that underpin the hypothesis (or
further sub-hypotheses), including chemical structure, available in vivo
data, quantitative and qualitative metabolism, and potency trend:

Sub-hypothesis

The similar chemical structure and physicochemical characteristics
result in similar bioavailability, metabolism and reactivity, which then
result in similar biological and functional effects.

Sub-hypothesis

The available in vivo systemic toxicity data generally demonstrate the
similar biological activity across the category. The same or similar mode
of action across category members is responsible for the observed
effects.

Sub-hypothesis

The parent category members are metabolized by ester hydrolysis via
endogenous esterases in the skin or systemically after absorption, with
all four parabens producing a common primary metabolite, 4-hydroxy-
benzoic acid (pHBA), and similar corresponding short linear chain
alcohols.

Sub-hypothesis

The rate and extent of ester hydrolysis is similar across parabens,
resulting in similar exposures to the common metabolite pHBA, which
does not contribute significantly to the observed toxicity.

Sub-hypothesis

Chain length differences in the parent esters and in the other primary
metabolite (i.e., the linear aliphatic alcohol) across the parabens result
in a predictable potency trend in observed effects across category
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members with increasing alkyl chain length.

Although this may appear complicated at first glance, this sub-
delineation provides clarity of the overall structure of the safety
assessment and the lines of evidence needed to make a conclusion,
supporting the entire case study and demonstrating the suitability of the
NAMs selected to test the hypothesis. Structuring the hypothesis in this
way will greatly increase people’s understanding of, and therefore the
acceptance of, NGRA approaches.

5. The assessment is designed to prevent harm

When cosmetic ingredient safety assessments are called to move
away from the traditional animal testing-based paradigms, questions
have arisen around how reliable NAMs-based predictions are, and if the
results from non-animal methods would provide adequate health pro-
tection. In fact, the premise of “protection, not prediction” sets the goal
of many NGRAs, which is to provide the basis for decision-making to
prevent harm to consumers at relevant exposures, instead of predicting
toxicity through animal testing, which may not be necessary. NGRA
takes the advantage of the development of various AOPs which indicate
that some early cellular-level or sub-organoid biological activities (i.e.,
KEs) precede the occurrence of adverse outcomes. Based on the concept
that where no biological activity is predicted to occur at human-relevant
exposures there can be no adversity (Dent et al., 2018; 2021), NGRA
starts from the mechanism(s) associated with specific toxicological
endpoints and relies on hypothesis-based in vitro, in silico and in chemico
information to determine whether any cellular- or organ-level responses
are likely to be induced at a human exposure-relevant concentration of a
chemical. Recent NGRA case studies have offered some practical di-
rections for implementing this principle.

5.1. Bioactivity characterization

Risk assessors should apply other relevant principles outlined in Dent
etal. (2018) to evaluate bioactivity detected. For instance, a NAM-based
PoD should be derived from robust studies that detect human-relevant
bioactivities or signals.

Because mechanism-based testing can provide great sensitivity in
detecting biological activities, NGRA supported by relevant, robust
testing and (where available and appropriate) well-defined AOPs should
provide for adequate confidence to prevent harm when there is no
biological activity at concentrations relevant for the final consumer.
Special consideration may be needed when biological activities relevant
to adverse effects of concern (e.g., cancer or developmental effects) are
detected and may require further evaluation. In whole-animal studies,
an adverse effect is defined as a “test-item related change in the
morphology, physiology, growth, development, reproduction or life span of
the animal model that likely results in an impairment of functional capacity to
maintain homeostasis and/or an impairment of the capacity to respond to an
additional challenge” (Palazzi et al., 2016). In contrast, there is no clear
definition of adversity for in vitro or ex vivo tests leading to systemic
toxicity. As demonstrated by the case study on coumarin (Baltazar et al.,
2020), in which the PoD was based on biological activities rather than
adverse effects, a safety determination was straightforward when the
PoDyawm provides adequate margin towards even a worst-case estimate
of internal concentration (plasma Cp,ax). However, when biological ac-
tivities are detected at human-relevant exposure levels, methods to
differentiate between an adaptive and an adverse response are needed to
avoid over-conservative decision-making (Dent et al., 2021). Due to the
complexity of biological responses to chemical stimulation, the evalu-
ation would require the consideration of information from different
types of mechanistic studies covering multiple signaling pathways and
various stages of adverse effect development. As an example, a recently
proposed framework of NAM-based developmental and reproductive
toxicity (DART) outcome was applied to a case study of NGRA for
caffeine (Rajagopal et al., 2022). In this study, in vitro biological activity
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characterization was performed by collecting and integrating data from
studies using a cell stress panel, high-throughput transcriptomics, and in
vitro pharmacological profiling of broad receptor binding activities.
These NAMs indicated that caffeine can antagonize the adenosine 2A
receptor at internal concentrations that could be experienced through
the consumption of caffeinated beverages (a known pharmacological
action of caffeine). To prevent harm, it is important to assess whether
this bioactivity could lead to an adverse health effect in consumers.
Because antagonism of adenosine receptors could potentially link to
concerns for cardiac and neuronal embryonic tissue development, the
authors performed follow-up studies using induced pluripotent stems
cells to examine the effect of caffeine on cell differentiation to car-
diomyocytes and neuronal rosettes. As these studies were negative at
consumer-relevant concentrations, they provided reassurance that the
bioactivity observed at the level of the receptor would not be sufficient
to cause an adverse effect in the windows of development covered by the
assays.

5.2. Integration of information

Integration of information is essential to NGRA because the adverse
effects (local or systemic) often involve multiple distinct biological
events and pathways. It is unlikely that any single NAM testing could be
adequate to support a reliable safety evaluation. The framework brought
out by Gilmour et al. (2020) includes an initial tier involving a thorough
review of the existing information and a WoE approach in the next steps
to appraise the totality of information towards the potential of causing
skin sensitization. Under this framework, all existing information,
including in silico, in chemico, in vitro, in vivo and historical human
clinical data should all be collected to make a WoE-based safety deter-
mination. If it is determined that the integrated information is still
inadequate to conduct a risk assessment, further non-animal systems
such as organ chips or organoid-based in vitro models may be conducted
to fill the necessary data gaps. Using a case study of methyldibromo
glutaronitrile (MDBGN), the authors demonstrated the practice of inte-
grating a broad range of NAM evidence with a good coverage of different
sequential KEs in the skin sensitization AOP, as well as using defined
approaches (DAs) to derive a PoD. A similar tiered framework was also
applied in an IATA case study of NGRA of phenoxyethanol in systemic
toxicity assessment (OECD, 2021b). Vandecasteele et al. (2021) pre-
sented a case study of propylparaben in a situation where the negative
skin sensitization prediction by sequential stacking tier testing DA” was
accompanied with some positive NAM input data. Although a conser-
vative, ab initio NGRA (As an exercise that intentionally did not use any
pre-existing data, but was performed on a data-rich compound with a
well-established safety outcome which allowed the pre-existing data to
be used as a reference to determine the relevance and the reliability of
the prediction) predicted that propylparaben was at worst a weak
sensitizer, the authors demonstrated the use of additional NAM, DA,
animal, and human data for structurally related parabens to address the
uncertainty introduced by the discordant in vitro NAM results. The
read-across data supported the non-sensitizer DA prediction, thus
providing further confidence in the WoE that 0.2 % propylparaben in
face cream is a low risk for inducing skin sensitization.

Additionally, whether a response or biological signal will ultimately
lead to adverse events also depends on concentration-response rela-
tionship and the quantitative relationship between KEs. While still a

2 «“Sequential stacking tier testing defined approach” refers to a systematic,
multi-tiered and data-driven method used for assessing the potential of a sub-
stance to cause skin sensitization, with a focus on high confidence in the pre-
dictive outcomes. This approach integrates various types of data and testing
methods in a sequential manner. Each tier of assessment adds a layer of in-
formation, and the results from one tier can determine if further testing in the
next tier is necessary.
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challenging area under development, efforts have been made to estab-
lish quantitative AOP models (qQAOPs) relevant for decision-making
(Perkins et al., 2019). Aiming to link exposure to the amount of chem-
ical needed to cause a PoD in an AOP, qAOPs provide quantitative de-
scriptors for key event relationships (KERs) by analyzing
concentration-response data using statistical, Bayesian, regressional or
other methods. Combined with PBPK modelling, JQAOP models have the
potential to estimate an in vivo PoD that can be used to evaluate the
safety of certain external exposures. Exercises on gAOPs, with steps of
data integration and modelling have been conducted for skin sensiti-
zation, neurotoxicity and carcinogenicity (Paini et al., 2022). However,
gqAOPs rely on much more information on the quantitative relationships
between KEs than is typically available (Sinitsyn et al., 2022). At the
same time, the validation and harmonization of gQAOP models need
further research (Spinu et al., 2020). Thus, in the spirit of NGRA as a
tiered and iterative approach, it is likely that this kind of
resource-intensive approach would be reserved for the higher tiers of
assessment, if there is a need to distinguish between biological activity
and adversity on a quantitative basis. The context of the assessment (set
out clearly during problem formulation) therefore dictates how the
output can be used. For example, where the safety assessment relies on
demonstrating a lack of any significant bioactivity at human-relevant
exposure concentrations (e.g. Baltazar et al., 2020; OECD 2021b), this
does not inform hazard identification/characterization, and should
therefore not be used to take hazard-based regulatory action.

5.3. Being protective

With the goal of preventing harm, NGRA generally applies conser-
vative parameters in exposure estimates to being protective, such as for
high users and vulnerable subpopulations. This is commonly seen in
almost all published NGRA case studies. For example, in the case study
on phenoxyethanol conducted by OECD (2021b), the exposure consid-
ered was dermal application to consumers when 1 % phenoxyethanol is
included in a body lotion. For the applied dose, exposure assessment
worst-case (conservative) assumptions were made regarding product
use. Consumer use and physiological data for females were used to
ensure the safety assessment was conservative, because they have lower
mean body weights and greater mean use levels than males. The expo-
sure scenario assumes all the applied body lotion was left in contact with
skin until the next application. In the absence of any skin penetration
data identified, the dermal absorption was assumed to be 100 %. The
approach was intended to be protective of human health rather than
predictive of apical endpoints.

5.4. Iterative approach

The principle of using a tiered and iterative approach for NGRA, as
outlined in Dent et al. (2018) also fits into its overall goal of preventing
harm. A tiered approach starts with information that is the least
resource-intensive (typically the most conservative) parameters. Based
on the bioactivity:exposure ratio (BER) or margin of safety (MoS), the
risk assessment can either stop because an adequate level of human
health protection is achieved, or a more refined, second-tier assessment
needs to be conducted. The criteria (e.g., BER cut-offs) that would trigger
refinement of the assessment have not been established for all use cases,
and therefore need to be determined based on the specific context of the
assessment, including the NAMs used. For example, for one possible
prototype NAM toolbox and decision model for systemic toxicity,
threshold BERs ranging between 110 and 2.5 have been proposed, with
the choice of threshold dependent on the level of confidence in the
exposure estimate (Middleton et al., 2022). Evaluation of this approach
has found it is able to correctly identify the majority (>90 %) of
high-risk exposure scenarios when tested with an additional set of 38
chemicals, providing a similar level of protection to in vivo animal
studies (Cable et al., 2025). Such analyses are critical to ensure the
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selected NAM toolbox can correctly identify where a low-risk conclusion
cannot be reached and either further refinement or lowering of use
levels is needed. In practice, where a risk assessment needs to be refined,
an important area to focus on is the exposure estimate. SCCS (SCCS,
2023) provides guidance and examples of conducting a refined (such as
probabilistic) exposure assessment, and tiered approaches have already
been defined for improving confidence in internal exposure (PBK) esti-
mates to dermally-applied cosmetic ingredients (Moxon et al., 2020).
With further precision derived from the refined assessment, more con-
fidence is gained in making a safety decision.

Overall, instead of finding the dose level (e.g., NOAEL) administered
to the animals that does not result in adverse effects (i.e., apical end-
points), NGRA relies on the mechanistic knowledge of toxicity and in-
tegrates NAM data from different sources to achieve the goal of
preventing harm. This requires many different robust and relevant
NAMs, some to be developed or refined, to provide sufficient biological
coverage to ensure that the NGRA is at least as protective as the tradi-
tional (animal-based) approach.

6. Discussion and conclusion

As multiple organizations and regulatory agencies published strate-
gies or roadmaps to help advance the acceptance and use of NAMs in
making regulatory decisions (van der Zalm et al., 2022), an increasing
number of NGRA case studies are appearing in the literature. The NGRA
case studies described here do not represent an exhaustive list. However,
it is clear that those claiming to follow the ICCR Principles of NGRA were
transparent and well conducted.

This document highlights some of the best practices, providing a
useful resource to cosmetic safety assessors striving to ensure their risk
assessments are human-relevant, exposure-led, hypothesis-driven, and
designed to prevent harm. Even in some of the best-conducted assess-
ments, how these four goals of NGRA were achieved was not always
explicitly described. The ICCR therefore encourages all those performing
NGRA to ensure the assessment explicitly meets the ICCR Principles of
NGRA. How this has been achieved needs to be explained transparently
and communicated clearly in the risk assessment documentation.

One important observation from the literature is that many NGRA
case studies do not aim to predict specific hazards associated with
substance exposure, but rather are designed to ensure that at relevant
exposures there will be no meaningful bioactivity (e.g., Baltazar et al.,
2020; OECD 2021b). However, other case studies tended to be more
predictive of specific adverse effects such as skin sensitization (Gilmour
et al., 2020) or hepatotoxicity (Fragki et al., 2023). The type of safety
assessment that has been performed (‘protective’ or ‘predictive’) as well
as its robustness and level of uncertainty set the context of its regulatory
use, including screening, prioritization and so on. For example, while a
‘protective’ approach may be useful for assuring the safety of specific
exposures based on the lack of significant bioactivity, it would be
inappropriate to use it as a basis for regulatory restriction such as an
ingredient ban, simply because in a ‘protective’ NGRA no specific haz-
ards are identified. On the other hand, while predictive data on some
fragrance allergens resulted in the 2023 amendment of the EU cosmetic
regulation on the labelling of these ingredients, not all potential hazards
‘predicted” by NAMs would warrant regulatory restriction or ban.
Nevertheless, the goal of both types of assessment is to facilitate risk
managers and regulators to make informed decisions. It is clear that, in
addition to the general best practice described in this document which
aims to encourage safety assessments to explicitly reflect the ICCR
principles, there is a need for more specific NGRA guidance. For
example, of the two good quality case studies on propylparaben, one
covered skin sensitization (Vandecasteele et al., 2021) and one covered
systemic toxicity/endocrine activity (OECD 2020a). However, to date no
guidance exists on how a safety assessor would be confident that their
safety assessment ensures that all relevant biological activities and un-
certainties are covered. This could leave safety assessors and reviewers
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uncertain as to the overall validity of the safety assessment conclusion,
and undermine confidence in NGRA. It is therefore important to develop
this next level of guidance, moving even further from principles into
application. This could begin with the development of more specific
guidance and workflows covering the health effects of concern for
cosmetic ingredients, starting with local effects (such as skin and eye
irritation, skin sensitization and local effects in the lung) where many
different NAMs and in some cases DAs exist, and moving on to the more
complex health effects such as systemic, developmental and reproduc-
tive toxicity as more consensus develops in these areas. Such specific
guidance could provide the basis for constructive dialogue between data
submitters and regulatory authorities to reach consensus on how con-
fidence can be built in the use of NAMs for regulatory decision-making.
This work needs to be considered a priority to ensure that the benefits of
NAMs are fully realized, and the move to new safety assessment para-
digms is made in a transparent and responsible manner.
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