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1. Background 

The International Cooperation on Cosmetics Regulation (ICCR) held its ninth annual meeting (ICCR-9) 
November 5, 2015 in Brussels, Belgium. At this meeting, discussions related to the evolution of the 
working group on in silico methods/quantitative structure activity relationships (QSARs) and updates 
on alternatives to animal testing approaches took place. These led to the formation of a new joint 
working group, covering a holistic approach to identify modern methods and Integrated Approaches 
to Testing and Assessment (IATA), relevant to the safety assessments of ingredients used in cosmetics. 

At the ICCR annual meeting (ICCR-11) July 2017 in Brasilia, Brazil, the Joint Regulators-Industry 
Working Group (JWG) issued its report “Integrated Strategies for Safety Assessments of Cosmetic 
Ingredients - Part I” (ICCR, 2017). 

In brief, JWG Integrated Strategies for Safety Assessments of Cosmetic Ingredients – Part I summarizes 
major overarching principles for incorporating new approach methodologies (NAMs) into an 
integrated strategy for risk assessment of cosmetic ingredients (or ‘Next Generation’ risk assessment 
(NGRA)), along with examples showing their usefulness to safety evaluation.  

In the context of cosmetics safety evaluation, a NGRA is defined as an exposure led, hypothesis-driven 
risk assessment approach that incorporates one or more NAMs to ensure that the use of a cosmetic 
product does not cause harm to consumers.  

The 4 main overriding principles are articulated in this definition:  

- The overall goal is a human safety risk assessment  
- The assessment is exposure led  
- The assessment is hypothesis driven 
- The assessment is designed to prevent harm (i.e. distinguish between adaptation and 

adversity)  

The following 3 principles describe how a NGRA should be conducted:  

- Following an appropriate appraisal of existing information 
- Using a tiered and iterative approach 
- Using robust and relevant methods and strategies  

Finally, 2 principles for documenting NGRA are described:  

- Sources of uncertainty should be characterized and documented 
- The logic of the approach should be transparently and explicitly documented 

2. Purpose 

Part 2 of the ICCR Integrated Strategies for Safety Assessment of Cosmetic Ingredients JWG report is 
intended to provide some additional guidance to safety assessors on the types of NAMs that may be 
used in a NGRA.  

3. Abbreviations 

ADME. . . Absorption, distribution, metabolism, and excretion  
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AOP. . . Adverse outcome pathway  

CRISPR. . . Clustered regularly interspaced short palindromic repeats 

ECHA. . . European Chemicals Agency 

ES. . . Embryonic stem 

GFP. . . Green fluorescence protein  

GRAP. . . Good read across practice 

HRIPT. . . Human repeat insult patch test 

HTS. . . High throughput screening 

IATA. . . Integrated approaches to testing and assessment 

ICCR. . . International Cooperation on Cosmetics Regulation 

iPS. . . induced pluripotent stem 

JWG. . . Ad hoc joint regulators-industry working group 

LC-HRMS. . Liquid chromatography coupled with high resolution mass spectrometry 

MIE. . . Molecular initiating event 

MoA. . . Mode of action 

MoS. . . Margin of safety 

NAM. . . New approach methodology 

NGRA. . . Next generation risk assessment 

NMR. . . Nuclear magnetic resonance 

NOEL. . . No observed effect level 

NOTEL. . . No observed transcriptional effect level 

OC. . . Organs-on-chips 

OECD TG. . Organisation for Economic Co-operation and Development test guideline 

PBK. . . Physiologically based kinetic 

(Q)IVIVE. . (Quantitative) in vitro to in vivo extrapolation 

QMRF. . . QSAR model reporting format 

QSAR. . . Quantitative structure-activity relationship 

RAAF. . . Read-across assessment framework  

REACH. . . Registration, Evaluation, Authorisation and Restriction of Chemicals, a  

regulation of the European Union (Regulation (EC) No 1907/2006). 

 



5 
 

SAR. . . Structure-activity relationship 

SEURAT . . Safety Evaluation Ultimately Replacing Animal Testing 

TEF. . . Toxicity-equivalency factor 

TTC. . . Threshold of toxicological concern  

4. Introduction 

The NAMs/technologies described in this report do not represent an exhaustive list.  However, the 
NAMs, techniques and approaches that are likely to be particularly useful in the development of a 
NGRA have been highlighted, along with a brief description of the value they could add, where they 
could be used, and what their strengths and limitations are. 

In deploying any NAM, the overarching principles described in the Part 1 report should be considered 
to ensure that the risk assessment remains useful in the decision making process. The SEURAT-1 ab 
initio safety assessment workflow (Berggren et al., 2017) was developed to illustrate how NAMs may 
be used to arrive at a safety decision for repeated systemic exposure to a cosmetic ingredient. 
Importantly, as descibed here, the workflow can be used in a way which exemplifies the principles 
described in the Part 1 report.  This workflow represents a tiered and iterative approach, comprising 
the following: 

Tier 0: Identification of use scenario and collection of existing information on chemical to be risk 
assessed 

Tier 1: Hypothesis formation for ab initio approach  

Tier 2: Application of ab initio approach 

It should be noted that this workflow (illustrated in Figure 1) constitutes neither regulatory guidance 
nor a prescriptive risk asssessment approach, but is rather intended to provide a useful framework in 
which to consider how some NAMs may be used alongside more conventional approaches and/or data 
to arrive at a risk assessment for a cosmetic ingredient, with particular emphasis on exposure 
considerations.  The workflow is therefore similar to an integrated approach to testing and assessment 
(IATA) (Worth and Patlewicz, 2016) and how different NAMs may be incorporated into this workflow 
as part of a decision making progress is discussed below.  Where approaches are mentioned in bold 
further information on the definition, strengths and limitations of these approaches are provided in 
Section 5. 

As described in Figure 1, the first priority (Tier 0) is to identify not only the composition of the 
ingredient in question but also the use scenario.  This enables the routes of exposure to be 
determined, the extent of exposure (which is very different between e.g. leave-on and rinse-off 
cosmetics), and the identification of consumer groups that may experience high levels of exposure.  
The reason these considerations are important is due to the exposure-driven nature of the risk 
assessment, whereby exposure information not only is central to the final risk assessment but also 
helps to determine the relevant types of data that may be required.  Without a full understanding of 
the use conditions of the ingredient, problem formulation is therefore not possible.  Once the 
ingredient to be risk assessed and its use scenarios are identified, all existing information on that 
ingredient is collected to ensure that all available relevant knowledge and information is used.  Indeed, 
following a comprehensive literature search, sufficient data may be identified to complete a risk 
assessment using more traditional data and approaches.  Where existing information is not sufficient 

sqpeng
高亮

sqpeng
高亮
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to complete a risk assessment, established approaches such as read-across (Section 5.1) based on 
available data for similar compounds or exposure-based waiving (Section 5.2) based on structural 
information should be considered.  As stated in Section 5, it is imperative that the rationale for the 
read-across and the similarity of the analogues be justified and clearly documented.  This may require 
substantiation with in silico tools (Section 5.3) (e.g. to predict physico-chemical properties or the 
common metabolites between the ingredient being evaluated and its analogue candidates).  
Depending on the level of confidence in these predictions, biological data (such as in vitro 
substantiation of these metabolite predictions or ‘omics approaches to assess biological similarity) 
may also be used.   

Where it is not possible to complete a risk assessment using either existing data, exposure-based 
waiving or read-across alone, a Tier 1 evaluation is triggered. The purpose of Tier 1 is to formulate 
hypotheses regarding the biologically relevant modes of action (MoA) that may be associated with the 
specific chemical exposure, recognizing that different effects or MoA of concern will require different 
hypotheses and assessments.  It should be stressed that information that is appropriate to one 
evaluation may not be appropriate to others, so the NAMs that will be useful in establishing these 
hypotheses should be considered on a case-by-case basis.  However, tools that are likely to be 
common across many risk assessments involve generating data to further understand the extent of 
exposure to the parent molecule and any relevant metabolites, and which tissues or organs are likely 
to experience the highest levels of exposure.  Both metabolite identification (Section 5.4) and 
physiologically-based kinetic (PBK) modelling (Section 5.5) play a fundamental role in determining the 
exposure to possible toxicants (parent or metabolite), and may also enable the values used in 
exposure-based waiving (e.g. thresholds of toxicological concern (TTC) values) to be refined using 
approaches such as the internal TTC.  If application of the internal TTC is not possible, the methods 
used to develop MoA hypotheses include in silico tools (Section 5.3) (e.g. to predict likely molecular 
initiating events (MIEs)) and in chemico assays (Section 5.6).  The findings of these lower-tier 
assessments can be confirmed, refined, or refuted and broadened to provide more biological 
coverage, as necessary, using relevant high throughput screening (HTS) assays.  Furthermore, ‘omics 
data (Section 5.7) will also be critical at this level, and especially transcriptomics data coupled with 
informatic approaches to identify critical biological pathways of concern, especially those that were 
not predicted from the available data or in silico alerts.  Reporter gene assays (Section 5.8) and in 
vitro pharmacological profiling (Section 5.9) may also provide valuable information on specific 
interactions that should be further assessed.   

If existing data and/or HTS allow for critical pathways associated with the substance or its metabolites 
to be identified, appropriate dose-response assays relevant to those pathways can be used in Tier 2.  
The approaches used in Tier 2 will therefore be highly dependent on whether a specific MoA is 
identified at Tier 1, and whether the Tier 1 data are considered sufficient to provide the point of 
departure for the risk assessment.  For many cosmetic ingredients, critical effects are likely to be due 
to generalized cellular stress pathways rather than a specific (e.g. receptor-mediated) MoA.  
Therefore, if very little biological activity is predicted at relevant concentrations, it may be sufficient 
to base the risk assessment on a weight of evidence (WoE) evaluation culminating in the use of a no-
observed-transcriptional-effect level (NOTEL) derived from the transcriptomics dataset (Lobenhofer 
et al., 2004).  Conversely, if specific pathways are identified for further evaluation, Tier 2 may include 
any number of tailored cell-based assays using 2D or 3D culture systems (Section 5.10) or Organ-on-
Chip (Section 5.11) technologies using approaches able to detect perturbations in components of 
those pathways.  Where these cell culture systems are not appropriate to address the pathway/system 
of concern, whole organism models such as zebrafish larva assays (Section 5.12) may be required, 
although it should be recognized that many of these higher-tier approaches are not routinely used for 
characterizing systemic effects of cosmetic ingredients. Depending on the complexity of the pathway 
being evaluated, further interpretation using computational systems biology pathway modelling 
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(Section 5.13) may be needed.  The final step of the risk assessment is integrating the different lines 
of evidence to arrive at a conclusion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Aligning NAMs to different tiers of the SEURAT-1 ab initio workflow for systemic (repeat-dose) toxicity 
(Berggren et al., 2017, Figure from OECD 2017a permission pending).  When using this tiered approach not every 
NAM will be needed for every risk assessment, and some NAMs may only very rarely be used (see corresponding 
sections).  NAMs may be used at more than one Tier; for example, NAMs such as in vitro pharmacological 
profiling or transcriptomics may be used to help identify critical modes of action for the risk assessment in Tier 
1, but may also provide the critical point(s) of departure at Tier 2. 
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Whether from an in vitro experiment or a computational model, the ultimate goal of these integrated 
approaches is to identify a quantitative point of departure for pathway perturbation that can be 
compared with the predicted human internal dose derived from PBK modelling to be used in risk 
assessment.  Some examples showing how this can be done for dermally-applied substances have 
been documented (Adeleye et al., 2015; Dancik et al., 2015).  Box and whisker plots are proving a 
useful tool to document the overlap of predicted exposures with relevant effect levels, as illustrated 
in the example shown in Figure 2 (Wetmore et al., 2015), which compares the human oral dose that 
would be required to reach the AC50s from approximately 700 in vitro assays for 163 chemicals (in 
green) with exposure predictions (in blue) for those chemicals.  The chemicals that showed 
overlapping exposure and activity concentrations are indicated. 

 

 

Figure 2: Box and whisker plot illustrating (Q)IVIVE (taken from Wetmore et al., 2015 permission pending). 

 

Consideration of the relevant dose metric is important in these plots, to assess whether the free 
concentration of the substance in vitro is similar to the free concentration in vivo and, if not, some 
correction should be included (Groothius et al., 2015).  Once a risk assessment has been completed, 
human studies (Section 5.14) may be needed to confirm tolerability of the formulation.  Data from 
these studies can also be used to refine the models built and improve the overall integrated risk 
assessment. 

Lastly, it is important that the safety assessment process, argumentation and collected data are 
transparently documented, and that sources of uncertainty, including data and methodological 
quality, and their possible impact on the assessment are adequately characterised and transparently 
documented. 
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5. New Approach Methodologies that may be used in the risk assessment of cosmetic ingredients 

5.1 Read-across  

Description 

Although read-across is a well-established technique in toxicological risk assessment, it is included in 
this section because it is likely to prove to be a critical tool for performing NGRA and forming a weight 
of evidence to drive the formation of Mode of Action hypotheses.  Read-across is one of the major 
data gap-filling approaches typically based on the “chemical similarity principle” to predict the toxicity 
of untested or poorly characterized chemicals. Chemical similarity, in read-across, is mainly 
established by “structural similarity”, in a first instance, because chemical structure determines 
physico-chemical properties and therefore potential reactivity, both of which are key determinants of 
chemical interactions with biological systems. Thus, chemical similarity includes considerations about 
the structure and reactivity similarity, the formation of common metabolites, as well as similarity of 
physico-chemical property(ies). Overall, toxicological similarity has to be considered. Using jointly 
both “chemical similarity” and “biological similarity” improves read-across predictions. The current 
state of the art of the read-across therefore contains a variety of well-defined and available scenarios 
to establish the chemical similarity and biological similarity between the source and target chemicals 
for a toxicological endpoint or health effect of interest (Ball et al., 2016; Zhu et al., 2016; Schultz et al., 
2015; OECD, 2014; Patlewicz et al., 2013; Low et al., 2013; ECETOC, 2012; ECHA, 2008). Biological 
similarity comprises considerations of the degree of congruence or convergence of mode/mechanism 
of action (MoA) or adverse outcome pathway (AOP), or similar toxicokinetics. 

In practice, the read-across technique is used within either analogue (one-to-one) or category (many-
to-one) approaches. 

The European Chemicals Agency (ECHA) has published a Read-Across Assessment Framework (RAAF) 
to facilitate the effective use of read-across for regulatory submissions (ECHA, 2017). The RAAF was 
developed to be used by ECHA in evaluating the acceptability of read-across proposals included in 
REACH1 registrations. Therefore, REACH registrants can make use of the RAAF as a tool to help them 
assess the quality of their read-across assessments prior to dossier submission. In addition, an article 
“Toward Good Read-Across Practice (GRAP) Guidance” was published to assist the read-across 
practitioners, it presents the state of the art of “read-across”, summarizes existing tools/approaches, 
possible prediction uncertainties, the use of biological data, and the impact of the ECHA RAAF (Ball et 
al., 2016). Similar approaches have also long been applied and recognized in new and existing 
chemicals assessment frameworks in both Canada (e.g. Chemicals Management Plan) and the US (e.g. 
US TSCA Program).  Recently, these topics have been exhaustively reviewed (Patlewicz et al., 2017, 
2018).   

Strengths 

If performed correctly and documented transparently, read-across can be a powerful non-testing tool. 
It allows the assessment of groups of chemicals together, if appropriate similarity is determined, 
instead of all compounds individually, saving time and resources. Category approaches can maximize 
the experimental data (chemical space) to similar untested chemicals, thus resulting in the 
enhancement of prediction reliability.   Therefore, there has been intensive effort in recent years to 
exploit the use of High Throughput/High Content screening to substantiate read across (Zhu, et al., 

                                                           
1 REACH stands for Registration, Evaluation, Authorisation and Restriction of Chemicals, a regulation of the 
European Union (Regulation (EC) No 1907/2006). 
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2016; Schultz and Cronin, 2017).  Many practical tools are also available to facilitate the application of 
read across (Patlewicz et al., 2017), and a number of case studies exist illustrating its use (Blackburn 
et al., 2011; Ball et al., 2014; Schultz et al., 2015).   
 

Limitations 

Chemical toxicity normally arises from complex biological mechanisms, so depending on chemical 
similarity alone may not be sufficient to fully justify the applicability or reliability of the read-across.  
This is especially the case when chemically similar compounds exhibit dissimilar toxicity profiles (Zhu 
et al., 2016).  Structural similarity can be subjective, and even minimal structural differences may 
sometimes lead to a very different biological activity. Failure to consider the implications of structural 
changes to the overall reactivity or more specific molecular interactions may lead to a flawed read-
across justification. The careful consideration of overall toxicological similarity as discussed above, as 
well as transparent identification and documentation of possible uncertainties, should mitigate this 
risk.  

Read-across is limited by the quality of toxicity data for the source chemicals, and can be difficult to 
be justified in the absence of relevant mechanisms (source compounds with non/low toxicity) (Schultz 
et al., 2015). Uncertainty can be reduced by providing additional supporting information, by selecting 
appropriate in chemico methods, in vitro tests and/or in silico tools, (i.e. targeted testing) (Blackburn 
and Stuard, 2014). 

Integration in the risk assessment 

In Tier 0, read-across may serve two purposes. First, if it is possible to place an untested chemical 
within a category of tested chemicals, it may be possible to make a safety decision at Tier 0.  Because 
the risk assessment is exposure led, under circumstances whereby the resulting margin of safety (MoS) 
is large enough to address the uncertainties described above, it may be possible to complete the risk 
assessment with sufficient confidence without generating further data. Overall toxicological similarity 
and thus also biological and biokinetic similarity should always be considered together with structural 
similarity (Blackburn et al., 2011). On the other hand, even if there is no structural similarity, 
consideration can be given (depending on the regulatory context) as to whether purely mechanistic 
or biological similarity can be established. Techniques that could be useful include ‘omics approaches 
(Zhu et al., 2016), to allow chemically dissimilar molecules to be grouped together if they are biological 
similar (i.e., if they display the same MoA or activate a particular adverse outcome pathway (AOP)). 

Second, where the risk assessment cannot be completed (e.g. no adequate analogues with sufficient 
data are identified, or the MoS between consumer exposure and the points of departure for the read-
across candidates is too small), the considerations undertaken for the read-across may still be useful 
in helping to identify potential modes of action and therefore develop a hypothesis on how the 
chemical may interact with biological systems. Read-across can also be reconsidered for reaching a 
decision at a later tier, when more evidence becomes available. 
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5.2 Exposure-Based Waiving 

Description 

The Threshold of Toxicological Concern (TTC) is a pragmatic approach that can be used in the absence 
of chemical-specific toxicity data to establish a level of exposure below which there is expected to be 
no appreciable risk to human health.  It should be noted that use of TTC is not an alternative to 
searching for existing substance-specific data, but should be considered when scientific literature 
searches fail to identify adequate data upon which to base a decision.  TTC is based on structure-
activity relationships, and allows the comparison of a substance of known chemical structure and 
exposure to a group of compounds that are structurally similar.  The approach does not involve 
quantitative structure–activity relationships (QSAR) for specific endpoints but rather is based on the 
distribution of potencies for chemicals that share similar broad structural characteristics with the 
chemical under evaluation (Dewhurst and Renwick, 2013). 

Originally proposed as a pragmatic way to assess food packaging materials, Frawley (1967) began with 
the starting premise that there must be some uses of food packaging materials that do not present 
and appreciable risk to the health of the consumers of food. He then set about defining a baseline 
dose that could be considered to be “without harm” via the analysis of 2-year, chronic toxicity studies 
on 220 different chemicals given via the diet. The concept was further developed (Munro et al., 1996), 
based on an extensive analysis of available chronic oral toxicity data of substances, which were divided 
into three chemical classes of toxic potential on the basis of their structure using the decision tree of 
Cramer et al. (1978).  This decision tree categorizes chemicals, mainly on the basis of chemical 
structure and reactivity, into three classes indicating a high (Class III), medium (Class II) or low (Class 
I) level of concern. 

TTC values were defined for the three classes using toxicity data for 613 compounds based on the 
following procedure:  The cumulative distribution of the chronic oral no-observed-effect levels 
(NOELs) for the compounds for the most sensitive systemic toxicological endpoint in animal models 
were plotted and fitted with a log-normal distribution (Munro et al., 1996), and the 5th percentile value 
for each NOEL distribution was selected.  This provides a 95% confidence that the NOEL of any 
compound of unknown toxicity within a given structural class would be greater or equal to the 5th 
percentile value and, consequently, of an inferior toxicity potency.  For each structural class (Cramer 
class), a TTC value was determined by dividing the 5th percentile value by an uncertainty factor (UF) of 
100 (UFs of 10 each for interspecies and intraspecies variabilities), and by adjusting to a 60-kg body 
weight.  A TTC value is therefore defined as the maximal oral dose for which there is no appreciable 
risk to human health following lifetime daily exposure, and the TTC values for each Cramer class are: 
30 µg/kg bw/day (Cramer class I), 9 µg/kg bw/day (Cramer class II), 1.5 µg/kg bw/day (Cramer class III). 

For a given substance, the TTC concept applies equally whether it is intentionally added or is present 
in the form of inadvertent impurities/contaminants in a formulation, because they are toxicologically 
equivalent. 
 
It should be noted that the aforementioned TTC values were derived from oral exposure data.  
However, for substances with low dermal absorption, it may be more relevant to make comparisons 
using values derived from internal exposure (SCCS, 2016).  Therefore, “internal TTC” values have  also 
been defined for the same three Cramer classes (see details in Partosch et al., 2015) and the internal 
TTC values based on the 5th percentile values are: 6.9 µg/kg bw/day (Cramer class I) and 0.1 µg/kg 
bw/day (Cramer class II/III).  Similarly, because exposure to cosmetic ingredients can also occur from 
aerosol products, “inhalation TTC” values have been defined for two Cramer classes for both local and 
systemic effects (due to the paucity of chemicals falling under class 2 (n=4), no TTC values could be 
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derived for that class) (Carthew et al., 2009).  The inhalation TTC values for systemic effects based on 
the 5th percentile values are: 16.4 µg/kg bw/day (Cramer class I) and 2.8 µg/kg bw/day (Cramer class 
III). 

Useful in silico tools (e.g. Toxtree; OECD QSAR Toolbox) are publicly available to automate the task of 
determining the Cramer class of compounds of interest, based on the input of the chemical structure. 
However, their intent is to guide (not replace) expert judgment.  Software may have difficulty 
interpreting some Cramer Rules, and this may lead to the misclassification of some compounds that 
may be out of the domain of applicability of specific models.  It should also be noted that there may 
also be discrepancies in classification outcomes between different software packages.  In cases where 
a Cramer classification (and its associated TTC value) is pivotal to a risk assessment, expert judgment 
should always be used to confirm the software-assigned classification (Bhatia et al., 2015), and 
justification for the expert determinations documented. 

Strengths 

Even though the TTC approach was initially developed to assess the safety of dietary chemical 
contaminants, this method may similarly be appropriate to evaluate or prioritize the necessity for 
toxicity testing and assessment for compounds found in cosmetic ingredients or final formulations 
(including impurities or degradation products) (Kroes et al., 2007).   

A preliminary analysis of the applicability of the TTC approach to cosmetics concluded that the existing 
approach is generally applicable to cosmetics and personal care products (Worth et al., 2012).  Also, 
as demonstrated through the analysis of a dataset expanded from 477 to 709 rodent carcinogens 
(Cheeseman et al., 1999), the TTC approach is robust.  Similarly, a thorough analysis of the original 
database compiled by Munro et al. (1996) regarding the robustness of TTC values for non-cancer 
endpoints has been performed by the European Food Safety Authority (EFSA, 2012).  Therefore, in 
theory, the TTC approach can be applied to evaluate the safety of any known chemical structure for 
which human exposure can be accurately and robustly estimated.  The TTC approach has been 
improved through peer-reviewed scientific publications (e.g. Cheeseman et al., 1999; Cramer et al., 
1978; Kroes et al., 2004, 2007; Munro et al., 1996), and the original Munro dataset has now been 
expanded to include 552 cosmetics-relevant substances, and the TTC approach and values have been 
re-evaluated accordingly (Yang et al., 2017).  Further, the applicability of the TTC concept has been 
demonstrated to be an effective approach for risk assessment of skin sensitization with the Dermal 
Sensitization Threshold (DST) (Safford et al., 2015). In summary, TTC is now a globally recognized 
approach, and uses a transparent decision tree with explicitly documented datasets.  

Overall, the strength of the TTC approach lies in its applicability at an early stage of the safety 
assessment, allowing a decision based only on known chemical structure and exposure. 

Limitations 

The three Cramer structural classes specifically exclude heavy metals (e.g. cadmium, lead; due to 
bioaccumulation), proteins (due to their potential for allergenicity, and due to the potent biological 
activities of some peptides), and the following compounds due to bioaccumulation, high-potency, 
genotoxic carcinogenicity, and an already established toxicity-equivalency factor (TEF)-based risk 
assessment methodology: aflatoxin-like compounds, azoxy compounds, N-nitroso compounds, and 
polyhalogenated-dibenzo-p-dioxins, -dibenzofurans and -biphenyls (EFSA, 2012; Kroes et al., 2004; 
Renwick, 2005).  Consequently, excluded compounds require substance-specific toxicity data. 
Therefore, as a first step, the target substance has to be evaluated for applicability of the TTC 
approach, and checked for potential genotoxicty or high-potency carcinogenicity, for example by 
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identification of structural alerts. Apart from the exclusion criteria, specific, more conservative 
thresholds apply for potentially genotoxic substances or organophosphates (Kroes et al., 2004). 

Despite the conclusion that the TTC approach could be broadly applied to cosmetics and personal care 
products, as with all approaches continuous improvements are still possible, particularly regarding 
quality control of the original TTC datasets (in the interest of toxicological consistency and 
transparency), moderate revisions/extensions of the Cramer classification scheme (e.g. retinoids; 
aliphatic halides; aromatic amines; aromatic azo compounds; sulphonates; silicon-containing 
compounds; organometallics; non-ionic and cationic surfactants), and development of unambiguous 
guidance on how to apply the TTC approach (e.g. explicit inclusion/exclusion criteria; including 
respective adaption of specific software to be used; the use of pre-Cramer filters such as structural 
alerts or QSARs) (Barlow, 2005; Worth et al., 2012). As outlined above, the interpretation of the 
Cramer rules can be ambiguous and can lead to deviating decisions by different software tools which 
may need to be resolved through expert judgement. 

In addition, TTC values are derived from toxicological endpoints in animal models and, therefore, may 
not necessarily be representative of human biology or have been derived from specific, human-
relevant, mode of action hypotheses. In particular, the original Munro dataset is based on oral toxicity 
data, and as the dermal exposure route plays an important role for cosmetics-related chemicals, 
differences of bioavailability may apply (see Yang et al., 2017 and Williams et al., 2016, respectively)  

Furthermore, the described TTC approach is based on external exposure. For further refinement, the 
internal exposure at the specific relevant site in the body should also be considered. 

Integration in the risk assessment 

The TTC approach can be applied at an early stage of the risk assessment, based on exposure 
considerations. By modelling the chronic systemic dose for a given cosmetic ingredient (or 
impurity/degradation product), the outcome of an exposure scenario could be compared to the TTC 
value for that compound.  In cases where the chronic systemic dose is lower than the TTC value, 
toxicological concerns could be excluded through this simple comparison.  However, when the chronic 
systemic dose is greater than the TTC value, concerns for toxicity would not be excluded, and would 
thus require model refinement through higher tier approaches, prior to integration in a risk 
assessment designed to differentiate between adaptation and adversity. 

 

5.3 In silico tools  

Description 

In silico approaches can be used in many different parts of the risk assessment for different reasons, 
and comprise a wide array of common computational models, methods and tools.  In addition to the 
specific approaches mentioned elsewhere in this document (e.g. tools for metabolite prediction, 
Section 5.4 or PBK modelling, Section 5.5) in silico tools include:  

i) Structure-activity relationships (SARs) describe qualitative relationships between a chemical 
structure and biological activity. A SAR can simply take the form of a structural alert which identifies 
a unique feature in a compound that is associated with its biological activity. Structural alerts can be 
combined in profilers used for screening list of chemicals for potential activities;  
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ii) Decision trees are a specific form of SARs, describing for example discrete responses such as 
active/inactive, weak/moderate/strong. They can also be used in the random forest method, or to 
classify compounds in “Cramer classes” for application of the TTC (Section 5.2); 

iii) Quantitative structure-activity relationships (QSARs) describe quantitative relationships between 
a chemical structure and biological activity. These relationships can be expressed by either linear or 
non-linear algorithms, such as multiple linear regressions, partial least squares, artificial neural 
networks, support vector machine, clustering algorithms, etc. The acronym (Q)SAR is being used 
frequently in the literature and represents collectively both the SAR and QSAR models; 

iv) Molecular modelling/docking approaches are used to model how small molecule ligands interact 
with target protein active sites and are based on the 3D-structure and conformation of molecules; 

v) Grouping and read-across allows to fill data gaps for a specific toxicological endpoint when data are 
available for one or multiple structurally similar compounds for that same endpoint (see Section 5.1);  

vi) Expert systems are formalised systems integrating diverse combinations of read-across, decision 
trees, structural alerts, QSAR, expert knowledge, and molecular fragment and descriptors; 

vii) Databases (for physico-chemical properties and biological effects) as well as data mining tools can 
support safety assessment. 

The relevance and use of computational approaches in cosmetic ingredient safety assessments have 
previously been reviewed by the ICCR (ICCR, 2014). 

Many in silico approaches are collected in model databases or available as software tools and 
platforms, both freely available and commercial. Efforts have been undertaken to make models 
available in a harmonised format, in order to increase their transparency, reproducibility and 
improving their uptake. QSAR formats and databases include the QSAR Model Reporting Format 
(QMRF)2 and EC JRC QSAR database, and the QsarDB Repository3 (see Tetko et al., 2017). Quality 
considerations are included, e.g. the QMRF is structured according to the Organisation for Economic 
Co-operation and Development (OECD) validation principles (OECD 2004). To facilitate the 
consideration of QSAR models for regulatory purposes, OECD (2004) proposed that QSAR models 
should provide i) a defined endpoint; ii) an unambiguous algorithm; iii) a defined domain of 
applicability; iv) appropriate measures of goodness-of-fit, robustness and predictivity; and v) if 
possible, a mechanistic interpretation. Various examples of (Q)SAR software tools are described in the 
ICCR report (2014).  

Strengths 

In silico approaches cover a wide range of chemical space and toxicological endpoints considered for 
cosmetics safety assessment (ICCR 2014). They are reasonably easy to apply, especially if implemented 
in software tools. However, it must be noted that not only their development but also their use 
requires some degree of expert knowledge and consequently should not be used indiscriminately as 
a black box.  

Approaches such as SARs can be automated and allow for the screening of large datasets and alert on 
specific structural features, properties or potential biological activities which could pose concern 

                                                           
2 https://qsardb.jrc.ec.europa.eu/qmrf/ 
3 http://qsardb.org 

https://qsardb.jrc.ec.europa.eu/qmrf/
http://qsardb.org/
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during a human health risk assessment. They can thus be used as high-throughput tools. Furthermore, 
the use of techniques to mine large datasets may also enable the identification of relevant candidate 
analogues associated with the biological activity of interest and existing data. 

Several approaches can also easily be combined, e.g. as a consensus model, or applied as a battery of 
models. This extends the applicability domain, and potentially serves to overcome possible limitations 
of individual models, or increase confidence in the prediction.  Furthermore, combining models may 
allow screening for several structural features or biological activities at the same time. 

Overall, computational models, ideally based on mechanistic understanding of the biological activity, 
can help to inform on the MoA of a target chemical and to formulate relevant hypotheses, and may 
allow quantitative predictions of toxic potency. 

Limitations 

The reliability and robustness of computational models inherently depend on the quality of the 
underlying data used to build and validate the models and which may be subject to biological 
variability or differences in experimental settings, species differences, etc. Similarly, if the dataset to 
build the model is too small, the model might not be representative. 

The applicability domain always needs to be taken into account. The model should not be used for a 
prediction if it does not cover the chemical and toxicological space of the substance in question. There 
are often several models and/or software tools available for any given endpoint, and different tools 
may give conflicting results. Therefore, careful consideration is needed to decide which model or 
models may be most appropriate for the assessment in question, based on the adequate applicability 
domain and expert judgement. Generally, some level of chemical and toxicological expertise is needed 
for application of in silico models. 

Another limitation of models derived from 2D structures is that the 3D structure could be relevant for 
the MoA.   Models based on 2D structures cannot distinguish enantiomeric forms, and dealing with 
tautomeric forms is also an issue. However, there are specialist in silico systems, such as Comparative 
Molecular Field Analysis (CoMFA) (Cramer et al., 1988), that can consider chirality and therefore deal 
with stereochemistry issues. 

To make the models usable and reproducible in practice, the models, descriptors, the clearly defined 
applicability domain, algorithm, all limitations and uncertainties as well as the predictions obtained 
need to be completely and transparently documented. 

Integration in the risk assessment 

In silico models are ideally based on mechanistic understanding and, therefore, can help to inform on 
the MoA, for example if they are related to a MIE. 

As a first step, data mining and structural alert profilers can be used to pre-screen libraries of target 
substances and give first indications of biological activity as well as find existing data for possible 
similar chemicals. Targeted predictions support the formulation of the MoA hypothesis and can also 
be used to support the further verification of putative adverse-outcome pathways. 

In silico approaches also contribute to the assessment of other toxicity modulating factors, such as 
absorption, distribution, metabolism and excretion (ADME), or setting parameters for PBK models.  
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5.4 Metabolism and metabolite identification 

Description 

Following absorption, any xenobiotic is likely to undergo some form of metabolism, which may result 
in more or less toxic metabolites.  Metabolism may occur in different sites; therefore although most 
focus is usually placed on the liver as the major organ of metabolism for xenobiotics, for dermally-
applied cosmetics the effect of skin metabolism may need to be considered.  Various approaches can 
be used to identify the rate of metabolism of a test item (clearance of the parent molecule) and 
formation of metabolites.  The rate of metabolism is an important parameter to be used in PBK 
modelling, and can be determined experimentally by analysing the disappearance of the test item 
over time in hepatocyte or microsomal systems. 

Guidance is available for metabolite identification and safety assessment in drug development (US 
FDA, 2016) but, to date, no such guidance is available for cosmetic ingredients.   

In a tiered approach, metabolite identification may begin with in silico predictions using commercially 
available packages (see Section 5.3). The in silico approaches predict which metabolites may be 
formed and to some extent how likely they are to be formed. There may be the need for follow up in 
in vitro test systems using appropriate analytical techniques to confirm which metabolites are most 
likely to be formed in a biological system, which might depend on several parameters. The metabolism 
rate is also of particular interest, especially if a metabolite is the toxicant to be considered for safety 
assessment.   

In vitro approaches to study metabolism range in complexity from subcellular fractions of liver cells 
(microsomes and S9) to a suspension of hepatocytes and on to 2D and 3D cultures of hepatocytes 
(sometimes combined with other cells) right up to slices of human liver.  It is also possible to consider 
pre-systemic metabolism of dermally applied cosmetics using skin S9 preparations, although low 
metabolic activity means it can be difficult to characterize metabolic products.  The most common 
approaches are therefore the use of microsomes and hepatocyte suspensions for which established 
scaling factors exist to estimate in vivo clearance rates.   

To measure clearance, a physiologically relevant dose (typically 1 M) is used and the concentration 
of parent chemicals is monitored over time using a suitable analytical method.  The rate of depletion 
of the parent or the calculated half-life is used in clearance calculations.  The formation of metabolites 
can also be monitored and metabolites quantified, if suitable analytical standards are available. 

For metabolite identification (Met I.D.), it is not unusual to use a higher dose than in clearance work, 
to maximise the likelihood of detecting metabolites.  Metabolite analysis is typically performed using 
liquid chromatography coupled with high resolution mass spectrometry (LC-HRMS) which enables 
very accurate masses to be determined, thereby providing important information on the molecular 
formula of metabolites.  The combination of this formula along with knowledge of the structure of the 
parent chemical helps to determine the identity of the metabolites, although the exact site of 
metabolism is not always discernible.  Further HRMS analysis to study the fragmentation pattern of 
the metabolite compared to the parent chemical can help further refine identification, as can the 
relative LC retention time.  In some cases, isolation and enrichment of individual metabolites may be 
required with analysis by NMR for unequivocal structural I.D. 
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Strengths 

Well established in vitro test methods are available to characterize both the clearance of parent 
material and the formation of metabolic products from Phase I metabolism.  Identification of relevant 
metabolites would make a risk assessment based only on in vitro data much more robust, by ensuring 
that relevant metabolites are present in the in vitro systems used to assess safety. 

The use of subcellular fractions such as microsomes and S9 provides a relatively cheap, simple 
approach to obtaining metabolic information on a given test chemical.  The use of microsomes, in 
particular, is established in terms of scaling from a protein concentration to a whole liver.  Because 
this is an acellular system, the toxicity of the test chemical and metabolites is not a concern and this 
means higher doses can be applied which may be particularly useful for Met I.D. work. 

The use of human hepatocytes is generally favoured for in vitro metabolism work because the system 
is considered more representative of the liver in vivo, with applicability for medium and fast metabolic 
rates.  For slow clearance chemicals, hepatocytes in culture can extend the duration of metabolism.  
Some of the more sophisticated cultures can introduce other cell types to better represent the 
environment in the liver and even the formation of bile canaliculi, adding complexity and cost but with 
the added benefit of being more representative of in vivo-like conditions.   

Limitations 

In silico models to predict metabolism provide a large number of possible metabolites, and it can be 
difficult to determine which are likely to be formed in significant quantities and therefore be relevant 
to the risk assessment. 

For microsomes and S9, it is important to bear in mind that essentially these are just solutions of 
enzymes at a physiologically relevant ratio.  The structural aspects of the cell which may influence the 
accessibility of these enzymes to the test chemical are not present, and this may have a significant 
influence on the metabolism observed.  Additionally, neither microsomes nor S9 contain all the 
relevant enzymes.  Microsomes contain Phase I enzymes and also those for glucuronidation, but little 
else.  S9 contains most of the Phase I (albeit at a lower level than in microsomes) and Phase II enzymes, 
but is still missing certain pathways such as glycine conjugation.  In both cases, the relevant co-factors 
are added at a level designed to maximize metabolism (i.e. in excess) and may therefore not truly 
represent the in vivo situation. 

The limitation with hepatocytes in suspension is that metabolic activity is only maintained for up to 4 
hours and there may be chemicals for which metabolism is too slow for a clearance rate to be 
determined, despite the formation of metabolites being observed.  For longer duration metabolism in 
culture, more sophisticated co-cultures and 3D cultures are available (Godoy et al., 2013). Toxicity to 
substrate and major metabolites should be considered and the dose adjusted accordingly with a 
means to monitor cell health added to the assay.  For more complicated systems, the scaling of the 
measured in vitro clearance rate to the in vivo value is less well established.  

With all the in vitro systems described above, interindividual variability is an important consideration.  
Although there is a good correlation between in vitro and in vivo clearance based on primary 
hepatocytes taken from the same donor (Ponsoda et al., 2001), there is a significant variation between 
donors (Gómez-Lechón et al., 2007).  This should be considered when applying measured clearance 
rates to safety assessments. 
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Integration in the risk assessment 

Depending on the risk assessment, metabolism and metabolite identification may be integrated at 
different points in the workflow.  For example, if the hypothesis being tested is that the cosmetic 
ingredient will be converted in vivo to a well-studied chemical structure, some characterization of 
metabolic products could be used in Tier 0 to complete a read-across risk assessment.  If an ab initio 
risk assessment is being performed, it is important to ensure the role of metabolic products are 
considered in the hypothesis setting (Tier 1) and testing (Tier 2), to ensure that any metabolites that 
could be responsible for toxic effects are not missed.  It is critical to consider the rate and extent of 
metabolism of the parent chemical to use in PBK modelling in Tier 2. 

 

5.5 Physiologically based kinetic (PBK) modelling  

Description 

PBK, also called physiologically based pharmacokinetic modelling (PBPK) or physiologically based 
biokinetic modelling (PBBK), is the use of mathematical models to predict the absorption, distribution, 
metabolism and excretion (ADME) profile of a specific systemic chemical exposure. Different organs 
are described in different compartments of the model, and the physiological parameters associated 
with the compartments (e.g. the rate of blood flowing in and out of the organs) are described by a set 
of equations (Campbell et al., 2012).  PBK models are one of the most critical tools in NGRA as their 
output is ultimately used in the quantitative in vitro to in vivo extrapolation (QIVIVE), comparing in 
vitro effect concentrations with human internal doses as well as at other points in the workflow. 

Strengths 

PBK models can be developed in a tiered manner.  For example, a preliminary model can be developed 
using very little input data (in silico predictions, clearance of the test item in hepatocytes or 
microsomes).  In an exposure-led risk assessment, PBK models allow different exposure conditions 
(e.g. inclusion levels, product types, consumer habits) and the impact on internal exposure to be 
modelled.  Because PBK modelling is a fairly mature science, guidance is available (e.g. World Health 
Organization, 2010) to ensure the quality and transparency of the used methods, model 
documentation, and the output. 

Limitations 

In common with most approaches described in this document, specialist knowledge and equipment is 
needed.  In the case of PBK modelling, the specialist equipment means access to suitable PBK software 
and sufficient computing power to resolve the equations.  Each software platform carries its own 
strengths and limitations and these need to be thoroughly understood by the operator to ensure 
sources of uncertainty can be characterized and documented.  Many PBK models lack a skin 
compartment, which presents a significant limitation for dermally applied cosmetics and therefore 
requires a modular approach to be adopted.  In addition, physiological processes such as renal 
clearance are often more complex than the descriptions used to represent them in the model.  
Therefore, although models can be built with very little input data, to provide confidence that the 
model is robust a certain amount of experimental data is likely to be needed to support these 
approaches.  This could include human exposure (kinetic) studies which are needed to verify the 
model output, which are costly and time consuming.   
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Integration in the risk assessment 

PBK modelling may be used at various points in the risk assessment workflow, depending on the 
structure of the risk assessment and the hypothesis being tested.  For example, in a read-across risk 
assessment, PBK models may be used to confirm the validity of a read-across, i.e. by demonstrating 
similar kinetics between the test item and comparators (Tier 0 Step 4).  Where the internal TTC is used 
clearly, a prediction of internal exposure is needed at Tier 1 Step 5, and it is likely that this information 
will be provided by a PBK model.  Finally, where neither read-across nor TTC is an appropriate method 
of completing the risk assessment, PBK modelling can give indications of the target organs concerned, 
while establishing the MoA hypothesis in Tier 1. Ideally preliminary PBK models should be used early 
in the risk assessment to guide dose selection in some in vitro tests (where this is scientifically 
appropriate).  Finally, PBK predictions are critical in the final QIVIVE (Tier 2 Step 8). 

 

5.6 In chemico tools 

Description 

Any toxic effect is the result of the interaction of a chemical substance or metabolite with a 
biochemical process, and the concept of the molecular initiating event (MIE) is well established in 
safety science (Allen et al., 2014).  In chemico analysis (experimental work not involving the use of 
cells or tissues) can aid in the understanding of the MIEs that may be associated with a specific 
chemical exposure and, therefore, provide insights into the possibility that adverse effects will occur.  
Examples of in chemico analyses that are relevant to human health risk assessment are the DPRA 
(Direct Peptide Reactivity Assay) for skin sensitization (OECD Test No. 442C), receptor binding assays 
(i.e. analysis of whether a chemical will bind to isolated receptors) and characterization of the 
phototoxicity hazard (UV absorbance or production of Reactive Oxygen Species following excitation) 
of chemicals.  In addition, other approaches described in this document (e.g. metabolite identification 
using isolated cellular components rather than whole cells) could be described as in chemico. 

The DPRA is proposed to address the MIE of the skin sensitisation AOP, namely protein reactivity, by 
quantifying the reactivity of test chemicals towards model synthetic peptides containing either lysine 
or cysteine (Gerberick, et al., 2004; OECD Test No. 442C). Cysteine and lysine percent peptide 
depletion values are then used to categorise a substance in one of four classes of reactivity for 
supporting the discrimination between skin sensitisers and non-sensitisers.  The DPRA test method 
proved to be transferable to laboratories experienced in high-performance liquid chromatography 
(HPLC) analysis. 

The correlation of protein reactivity with skin sensitisation potential is well established. Nevertheless, 
because protein binding represents only one key event (albeit the molecular initiating event of the 
skin sensitisation AOP), protein reactivity information generated with testing and non-testing 
methods may not be sufficient on its own to conclude on the absence of skin sensitisation potential 
of chemicals.  

Furthermore, when evaluating non-animal methods, it should be kept in mind that existing animal 
tests may not fully reflect the situation in the species of interest, i.e. humans. It is therefore important 
to understand the mechanistic basis of the health effect being evaluated.  In the skin sensitisation 
AOP, the MIE is represented by the DPRA, which has been shown to be applicable to test chemicals 
covering a variety of organic functional groups, reaction mechanisms, skin sensitisation potency (as 
determined in both human and animal studies) and physico-chemical properties. Taken together, this 
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information indicates the usefulness of the DPRA to contribute to the identification of skin 
sensitisation hazard.  Therefore, DPRA data should be considered in the context of integrated 
approaches such as IATA, combining them with other complementary information e.g., derived from 
in vitro assays addressing other key events of the skin sensitisation AOP as well as non-testing methods 
including read-across from chemical analogues (OECD, 2015; Hoffmann et al., 2018). 

Other in chemico analyses may be similarly relevant to help characterize the MIEs or key events (KEs) 
related to other AOPs. 

Strengths 

In chemico approaches can provide relevant data to help inform the likely behaviour of a test item or 
its metabolites.  Results of in chemico assays tend to be more reproducible and demonstrate less 
variability than the results of biological (e.g. cell-based) assays. 

Limitations 

Depending on the method used, in chemico methods do not generally provide information which can 
be extrapolated directly to the in vivo human situation for risk assessment.  It is therefore likely that 
in chemico methods will form part of the tiered approach and require in vitro follow up using 
appropriate models. For example, receptor binding assays, DPRA, or UV absorbance assays all require 
follow up in other experimental systems to determine the likelihood that an adverse health effect will 
manifest at relevant exposures. 

Integration in the risk assessment 

In chemico analysis is likely to be most useful at the hypothesis setting stage of the risk assessment 
(Tier 1), informed by in silico predictions and, where appropriate, followed-up with in vitro assays. 

 

5.7 ‘Omics 

Description 

‘Omics represent the collective array of molecular technologies that have been developed to 
characterize and explore the interactions and relationships of various types of molecules that make 
up the cells of a given organism (such as genes, proteins, metabolites, etc.).  Given that molecular 
profiles may vary after exposures to chemical stressors, these technologies represent an important 
tool in helping to elucidate functional and/or structural alternations within a cell that may signal a 
molecular response that denotes specific perturbations in cellular function (Aardema and MacGregor, 
2002). Techniques such as transcriptomics (a description of all the genes expressed within a cell or 
tissue), proteomics (a description of all the proteins expressed by a cell or tissue) or metabolomics (a 
description of the all metabolites produced by a cell or tissue) are the most common ‘omics 
technologies that are likely to have an integral role in supporting NGRA. 

Strengths 

The strengths of transcriptomics, proteomics and metabolomics approaches is that they give a broad 
coverage of the genes, proteins or metabolites that are differentially expressed following exposure to 
a test chemical at different concentrations.  Approaches are high density (collecting a lot of data) and 
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can be high throughput.  Bioinformatics tools can be used to interpret these changes and to propose 
which pathways (and therefore disease states) may potentially be affected by chemical exposures. 

Limitations 

Each technique carries its own limitations, but all require a significant level of expertise to interpret 
the data obtained.  For example, when interpreting transcriptomics data it is important to recognize 
that changes in gene expression do not necessarily result in changes in protein expression, and post-
translation modification of proteins will clearly not be detected using transcriptomics.  Because 
changes in protein expression do not always correlate with changes in gene expression, lack of a 
coherent mechanistic link between protein and mRNA expression can hamper efforts to develop MoA 
hypotheses. Proteomic analyses tend to be less sensitive than transcriptomic analyses, because it is 
possible to measure very low levels of mRNA.  Furthermore, although high throughput metabolomics 
approaches are available, they do require highly specialized equipment and expertise.  In general, it 
needs to be considered whether changes are adaptive or adverse. Overall, because transcriptomics 
analyses are more standardized and cost-effective than are proteomics and metabolomics analyses, 
transcriptomics approaches tend to be more accepted and used. 

Integration in the risk assessment 

‘Omics approaches may be integrated in a number of areas in the risk assessment of cosmetic 
ingredients.  The concept of using gene, protein or metabolite expression to inform biological grouping 
and to cluster chemicals that appear to have the same MoA (Tier 0 Step 4 of the SEURAT-1 workflow) 
has already been discussed.  However, these types of approaches may also be useful later in the 
workflow, for example in Tier 1 Step 6 where it is necessary to develop MoA hypotheses.  As 
mentioned above, standardized approaches, ease of detecting small changes and cost effectiveness 
mean that transcriptomics in particular is likely to be critical in providing an early indication of the 
pathways that may be affected by chemical exposure and guide hypothesis generation and testing at 
Tiers 1 and 2 of the framework.  Additionally, the concept of using transcriptomic data to identify a no 
observed transcriptional effect level (NOTEL) (Lobenhofer et al., 2004) could be particularly useful at 
this level for cosmetic ingredients.  A NOTEL is the concentration of the test chemical that does not 
cause any differential gene expression compared with control, or does not cause any meaningful 
differential gene expression from a systems biology point of view.  In other words, isolated changes in 
individual genes may not represent a meaningful difference, whereas perturbation of several genes in 
the functional unit (the biological pathway) would be a meaningful change.  The reason this is of 
particular interest to cosmetic ingredients is because there is a greater likelihood that, for ingredients 
which are not intended to be biologically active and have low systemic bioavailability, the NOTEL and 
systemic exposure levels will not overlap.  This information in itself is critically important to the risk 
assessment. 

 

5.8 Reporter gene assays 

Description 

Reporter genes are widely used to monitor cellular events, such as gene expression, protein-protein 
interactions, and receptor activation. The reporter gene is connected to marker promoter/enhancer 
element, and up- or down-regulation of the reporter gene expression is used to assess the effect of 
the tested compound on the expression/activation of the target element. Signals sent by the reporter 
genes can be bioluminescent (luciferase, Luc), fluorescent (green fluorescence protein (GFP), etc.), 
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and colorimetric (β-galactosidase, etc.). The bioluminescent reporter luciferase emits light by oxidizing 
its substrate, luciferin, in a specific manner. Reporter gene assays using a bioluminescent reporter 
gene are considered the most suitable for quantitative monitoring of cellular events because their 
sensitivity and range of linear response are superior to those of other reporter gene assays. 
Fluorescent reporter genes emit a fluorescent signal when excited by an external source. Because 
their relative fluorescence intensity is overwhelmingly superior to other reporter genes, imaging 
analysis at single cell or subcellular levels are frequently performed. Colorimetric reporter genes, 
including β-galactosidase and chloramphenicol acetyltransferase, are the most traditional reporter 
genes. Recently, poor sensitivity and narrow linear dynamic range due to simple colorimetric 
measurement has been largely improved by replacing with chemiluminescence measurement 
methods. Similarly, reporter gene assays have become one of the conventional methods for assessing 
chemical hazards, including skin sensitization or endocrine activity (e.g. OECD Test Nos. 442D, 455). 

In addition to traditional reporter gene assay techniques, similar detection methods can be used 
alongside automated microscopy to enable the collection of high content image-based data.  Cellular 
assays with multiple readouts permit the evaluation of several biological outcomes at the single cell 
level. In recent years, this technology has evolved to the extent that it is now well established and 
widely used in basic research, drug discovery and toxicology (Zock, 2009).  

Strengths 

The most important strength of the reporter gene assay is simplicity of measurement of the reporter 
activity. Commercialized kits are readily used without a great deal of specific training. Depending on 
the assay, reporter gene assays can also provide a very specific readout for the molecular target being 
investigated, and it is possible to increase human relevance by ensuring recombinant protein targets 
are used. Reporter gene assays are therefore critical tools in defining or confirming the MIE associated 
with a particular chemical exposure. In addition, with these assays the number of samples can be high, 
and automated microscopy can provide the opportunity for high content or high throughput analysis 
(Jiang et al., 2016). Furthermore, because bioluminescent and fluorescent signals from cells can be 
detected without disrupting cells, continuous or real-time measurement of the signals can be 
performed, thereby allowing kinetic analysis of the target, including marker gene expression or 
receptor activation. 

Limitations 

Although reporter gene assays are useful to help identify mechanisms of action, in most of cases, when 
used alone, they are insufficient to predict a biological and physiological effect. As is the case with 
other in vitro assays, a chemical that precipitates in culture medium during cell treatment cannot 
appropriately be assessed with reporter gene assays. Furthermore, in the case of reporter gene assays 
using bioluminescent and colorimetric reporter genes, chemicals that strongly inhibit the enzymatic 
reaction of the reporter protein can be problematic. Some chemicals interfere with the light signals 
produced by reporter proteins owing to absorbance, or can stabilize the reporter protein in cells by 
binding to the protein, which can lead to misinterpretation of assay results. 

Integration in the risk assessment 

Reporter gene assays, including high throughput screening and high content imaging analysis, have 
emerged as a high reliable method mechanism-based chemical risk assessment. Reporter gene assays 
are typically used in the first steps of the adverse outcome pathway (AOP). For example, in the 
KeratinoSensTM skin sensitization assay (OECD Test No. 442D) and the IL-8 Luc assay OECD Test No. 
442E), activation of the oxidative stress pathway and expression of interleukin-8 gene, respectively, 
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are monitored using bioluminescent reporter genes. Furthermore, to more precisely analyze changes 
in cellular events associated with toxicity, development of multiplex assay platforms (in which multiple 
cellular events including MIEs and key events can be simultaneously monitored using multiple reporter 
genes) may be highly advantageous. 

 

5.9 In vitro pharmacological profiling  

Description 

In vitro pharmacological profiling involves screening compounds against a broad range of targets 
(receptors, ion channels, enzymes and transporters) using a variety of assay technologies (Bowes et 
al., 2012). This is used in the early drug discovery process to screen pharmaceutical candidates for 
safety liabilities.  The diverse range of targets is selected to be predictive of adverse drug reactions in 
humans which have a well characterized MoA.  Although these targets and assays were originally 
selected for detecting off-target interactions of drugs, this concept may have utility in identifying 
potential undesirable modes of action for other types of chemical and, therefore, help develop mode 
of action hypotheses for a given chemical exposure. 

Strengths 

A well-established, human-relevant panel of targets and assays has been developed and 
commercialized for use within the pharmaceutical industry.  Using in vitro pharmacological screening 
can help to predict clinical side effects which may not be detected in in vivo animal testing or clinical 
trials.  These studies are low cost and rapid, and provide mechanistic information. Used in combination 
with the other techniques described in this document, such a panel could provide a screen for 
activities that could result in non-pharmaceutical chemicals causing adverse effects in humans. 

Limitations 

Because these techniques were developed for early screening of pharmaceuticals, they are of 
uncertain relevance to less specific chemistries (i.e. those with a much lower biological activity).  
Application of these tools to the risk assessment of cosmetic ingredients is therefore needed to 
provide information on how often they contribute to the risk assessment. 

Integration in the risk assessment 

Pharmacological profiling could be useful at Step 6 (Tier 1) of the SEURAT-1 framework (hypothesis 
setting) in combination with the other techniques such as transcriptomics. 

 

5.10 3D culture systems 

Description 
 
3D models have been developed to overcome some of the limitations of 2D cell cultures, and their 
use is well-established for local effects.  Therefore, most 3D models already being applied to safety 
assessment are surrogates for external organs, including human dermis, epidermis, full-thickness and 
pigmented epidermis models.  A number of these are now commercially-available worldwide and are 
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useful both for dermal research and for the safety assessment of cosmetics. Moreover, the use of 
some of these models has been validated within OECD Test Guidelines (OECD 2017b) for assessment 
of skin corrosion (TG No. 431), skin irritation (TG No. 439), dermal absorption (TG No. 428) and 
recently, for eye irritation (TG No. 492). 
 
3D models of internal organs are also being investigated, but they are not yet widely used in the safety 
evaluation of cosmetic ingredients.  There is a significant amount of research on 3D models of 
hepatocytes either grown on or within a matrix or in suspension (Edmonson et al., 2014). 3D cultures 
of primary hepatocytes or cell lines derived from the liver are useful for studying long-term culture 
effects, the maintenance of functional structure, the functional expression of the human liver, and to 
test the effects of repeated exposure to chemicals. Similar liver models from a variety of animal 
species are being considered for use in pharmaceutical screening. Other models have been developed 
(Heinonen, 2015; Jamin 2015), several of which are also commercially available and are used 
worldwide in research and for toxicological safety assessments. 
 
Strengths 
 
3D cultures provide a test system that is potentially more representative of tissue biology than are 2D 
cell cultures. Because normal tissue functioning is dependent on interactions between multiple cell 
types, 3D co-cultures provide possibilities for the development of biomarkers that could be useful in 
risk assessment. Some 3D culture systems are already mentioned in OECD TGs addressing skin 
corrosion, skin irritation, and eye irritation. These TGs describe in vitro procedures for identifying 
chemicals (substances and mixtures) not requiring classification and labelling for local toxicological 
damage, in accordance with the UN Globally Harmonised System of Classification and Labelling of 
Chemicals (GHS). The test methods using skin and eye 3D models are applicable to substances and 
mixtures, and to solids, liquids, semi-solids and waxes. The liquids may be aqueous or non-aqueous; 
solids may be soluble or insoluble in water. Whenever possible, solids should be ground to a fine 
powder before application; no other pre-treatment of the sample is required. This wide range of 
applicability regarding the physico-chemical properties of the tested compound is a great advantage 
of the 3D models compared to the in vitro cells culture extensively used in research and basic toxicity 
assessment, like cytotoxicity.  Skin 3D models are also used for follow-up genotoxicity testing 
(Reisinger et al., 2018). 

Limitations 

Although the use of 3D models of skin and eye is well established, standardized models for internal 
organs are not yet in common use in the risk assessment of cosmetics.  Many current models need 
significant further developments, and most are constructed with only one cell type. Therefore, their 
construction and functions are not comparable to ex vivo models. Further advances in these areas are 
expected, particularly because 3D epithelium models have advanced over the past decade. The 
development of 3D models of a wide variety of cell types can be expected, and a model constructed 
with differentiated cells (including different types of stem cells) will be produced in the near future 
(for example, a full-thickness skin model that includes melanocytes, Langerhans cells and hair follicle 
cells derived from stem cells as well as models of key internal organs). The toxicological biomarker 
used with all of the current 3D models in OECD TGs for local toxicity, is cytotoxicity. Cytotoxicity is not 
specific and does not give any information on the mode of action of the toxicological process. For 
more mechanistic or organ-specific applications, specific toxicological biomarkers need to be 
developed for each 3D model. The long lead-time required to prepare 3D models is a limiting factor 
that drives up costs. In addition, the economic viability of developing a wide variety of small-scale 3D 
models remains challenging and a production platform that enhances efficiency is needed. Further 
study of 3D models using cells differentiated from ES (Embryonic Stem) or iPS (induced Pluripotent 
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Stem) cells is impossible without the development of quality control criteria for the system used to 
differentiate the cells. It is difficult to coordinate the long-term maintenance of 3D models with 
combinations of cells, and it will be necessary to co-culture with organ-derived substances and 
reconstructed blood vessels, in order to promote the development of humans-on-chips or organs-on-
chips. 
 
Integration in the risk assessment 

A range of TGs describing test methods that use epidermal and/or ocular models are already available 
worldwide for regulatory use. The quality of the procedures that use these models is maintained by 
the suppliers. The 3D-models used to evaluate primary irritancy and tolerance of ingredients, as well 
as formulated products, on reconstructed skin and ocular epithelium are widely used and recognized 
for their predictivity, particularly in the cosmetic industry. Moreover, these methods are usually 
considered as a first step of tolerance validation of cosmetic formula before testing on humans. In 
addition, 3D models can be used for absorption assessment and, thus, be a key tool for the PBK 
assessment. OECD TG No. 428 includes the use of an ex vivo skin model for assessing the effects of 
exposure to chemicals. In the future, in vitro full-thickness skin, intestine and alveolar models are 
expected to be used for assessing the effects of exposure to chemicals. Due to the limitations 
mentioned above, routine use of 3D model systems outside of these areas of local toxicity and 
bioavailability assessment is extremely challenging.  They are only likely to be used to assess systemic 
toxicity at the highest tier (Tier 2) of the risk assessment where other methods cannot provide the 
information required. 

 

5.11 Organ-on-chip 

Description 

Organs-on-chips (OCs) are microengineered biomimetic systems that represent key functional units 
of living human organs. They often consist of transparent 3D polymeric microchannels lined by living 
human cells and replicate three important aspects of intact organs: the 3D microarchitecture defined 
by the spatial distribution of multiple tissue types; functional tissue-tissue interfaces; and complex 
organ-specific mechanical and biochemical microenvironments (Esch et al., 2015). With the 
integration of many other technologies, OCs have the potential to more accurately simulate the in vivo 
microenvironment and replace animal models (Aziz et al., 2017). 

Strengths 

The capacity to reproduce the function and structure of the organ, and the ability to evaluate 
simultaneously efficacy, toxicity, and pharmacokinetics with multi-organs-on-a-chip are some 
advantages of OCs over traditional in vitro cytology experiment tools (such as 96-well plate and 
transwell chamber) and general cell culture systems based on microchip (An et al., 2015).  OCs 
therefore provide the potential for more human-relevant safety evaluations and the ability to 
reproduce in vivo exposure conditions.  They are likely to become important tools for finding 
functional properties, pathological states, and developmental studies of organs (Aziz et al., 2017), and 
thus allow the development of biomarkers predictive of adverse changes.  Optical transparency of OC 
microdevices enables direct real-time visualization and quantitative high-resolution analysis of diverse 
biological processes in ways that have not been possible in animal models (Esch et al., 2015). 

Limitations 
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In general, the ultimate goal of OC systems is to build human-on-a-chip systems using human cells and 
tissues that are capable of predicting effects in humans. To achieve this goal, the feasibility, reliability, 
controllability, and observability of organ-on-a-chip systems must be improved, to make them 
comprehensive platforms for toxicological and metabolic tests (Wang et al., 2015). The physico-
chemical properties of synthetic materials, heavily used on cell culture substrates of existing organ-
on-chip models, are not appropriate for mimicking extracellular matrices in vivo and new cell culture 
substrates are needed. Fabrication requires specialized micro-engineering capabilities. Another 
limitation is that OCs testing will be more costly than biochemical and cellular testing in high-
throughput contexts, such as for screening a large compound library for target activity (Esch et al., 
2015; Bhatia and Ingber, 2014). 

Integration in the risk assessment 

Due to their complexity, these models would only be used for the most refined risk assessments at 
Tier 2 of the framework.  

 

5.12 Zebrafish larva assays 

Description 

In most jurisdictions non-mammalian vertebrate larvae are not regulated as laboratory animals (e.g. 
Council Directive 2010/63/EU on the protection of animals used for scientific purposes (2010)), which 
has led to interest in their use as an ‘alternative’ test system.  Although not commonly used in cosmetic 
risk assessment, zebrafish larvae are used in screening and drug discovery applications such as central 
nervous system development, cardiovascular diseases, hematopoietic development and disease, and 
they have emerged as a powerful biological system for drug development against hearing loss (Philip 
et al., 2018). Recent studies have begun to establish the capabilities and limitations of zebrafish for 
disease modelling, drug screening, target identification, pharmacology, and toxicology. As 
understanding increases and as the technologies for manipulating zebrafish improve, it is hoped that 
the zebrafish larvae will have a key role in accelerating the emergence of precision medicine. The most 
important strategies in pharmacogenomics are gene expression profiling and the network analysis of 
human disease models. 

With the high cost and the long-term assessment of developmental or systemic toxicity testing in 
mammals, the vertebrate zebrafish larva has become a useful model organism for high-throughput 
toxicity testing. Some of the advantages of using zebrafish in developmental and repeat dose toxicity 
testing are that they allow to focus on central nervous system development and neurobehavior.  
Zebrafish larva assays have not widely been used in the human safety assessment of cosmetic 
ingredients but do show potential as a non-mammalian test system. 

Strengths 

These models allow easy optical imaging, large sample size, and organ-specific studies and, hence, an 
increasing number of preclinical studies are employing zebrafish models. Zebrafish have a short 
reproductive cycle and produce a large number of offspring, meaning that they can be bred very 
efficiently and in a cost-effective manner, and have a long history of use in pharmaceutical screening 
and in (eco)toxicological safety evaluation.  The original transgenic dyschromia zebrafish are 
transparent allowing internal organs and neurons to be visualized.  Their genome can be modified 
using techniques such as CRISPR (Hwang et al., 2013) to assist in the study of human pathogenesis (Liu 
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et al., 2017).  Their rapid embryonic development allows the study of diseases at early stages of 
embryonic development. 

Limitations 

Although zebrafish embryos up to certain developmental stages are not regulated as laboratory 
animals in many regulations, zebrafish cannot be considered as a non-animal model, and do not fulfil 
the criteria of being ‘human derived’.  To date, their use in risk assessment of cosmetics is extremely 
limited.  The methodologies used by research groups vary greatly, and there are no harmonized 
protocols for their use in human safety assessment.  Finally, a more comprehensive understanding of 
the similarities and differences between human and zebrafish biology would be needed to use them 
in a mechanism-based risk assessment. 

Integration in the risk assessment 

As an immature animal model, zebrafish are unlikely to be considered as a test system of first-choice 
for cosmetic risk assessment.  However, where human-derived cell lines or primary cells do not 
express the processes required to test the mode of action hypothesis, they may be considered as a 
necessary tool to fill the gap between cell cultures and whole organisms for the targeted testing 
required at Tier 2 of the SEURAT-1 framework. 

 

5.13 Pathways modelling 

 
Description 
 
Identifying which pathway(s) may be perturbed by a chemical exposure does not provide any 
information about how different chemical exposures will affect the dynamics of the pathway(s).  
Computational systems biology modelling can be used to not only describe the ADME characteristics 
of a substance exposure (PBK modelling, Section 5.5), it can also be used to describe the dynamics of 
a cellular signaling pathway.  In computational systems biology pathways models, the components of 
the pathway and the network motifs (e.g. negative feedback loops, feed forward loops, etc.) which 
maintain pathway balance for normal cellular function are described.  In this way, a pathway model 
may be built which describes how the overall pathway would be affected under different exposure 
conditions.  For example, a mathematical model describing the basic interactions between follicle-
stimulating hormone, luteinizing hormone, testosterone, 5-α-reductase and dihydrotestosterone has 
been published which simulated the levels of these hormones in testes and blood of adult rats and 
allowed accurate recapitulation of experimental data showing the extent to which the mass of the 
prostate decreased following the daily administration of finasteride to rats for 21 days (Zager and 
Barton, 2012).    These types of models, parameterized for human biology, can therefore provide 
valuable insights into the outcome of different interventions and be used to underpin safety decisions 
(Adeleye et al., 2015). 
 
Strengths 
 
Pathways modelling can provide the mechanistic insight that may be needed to increase confidence 
in risk assessment decisions, and to help to determine the exposure conditions necessary to have an 
adverse effect on the pathway (i.e. to move it from a position of adaptation to adversity).  
Computational models can be informed by the experimental data and, in turn, inform the design of 
subsequent experiments, leading to a more refined outcome. 
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Limitations 

Computational systems biology modelling requires a specialized skillset, and is a multidisciplinary 
effort, requiring close interactions between modellers, experimentalists, biologists and chemists.  
Each biological pathway requires a bespoke model to be built, and the amount of resources needed 
to develop a new model is significant.  This type of modelling is therefore only likely to be employed 
where biological activity and exposure levels are close or overlapping and the benefit of performing 
the modelling justifies the cost. 

Integration in the risk assessment 

Pathway models represent a high level of refinement in the risk assessment and, where needed, would 
be used at Tier 2 of the SEURAT-1 workflow.  
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5.14 Human studies 

Description 

As discussed in the section on PBK modelling (Section 5.5), human kinetic studies play a valuable role 
in verifying exposure predictions and refining the model output.  Human studies can also be useful in 
confirming that the risk assessment is indeed protective of consumers (i.e. to confirm a lack of effect). 
This clearly requires the completion of a risk assessment that supports the specific conditions of use 
in that study and ethical approval.  For many ingredients, it may be possible to confirm a lack of 
adverse effects without creating a model product provided the ingredient is compatible with an 
innocuous diluent.  For ingredients that are more difficult to assess (e.g. that show marked vehicle-
dependent differences in skin penetration), it may be advantageous to create a model formulation at 
the maximum use concentration to confirm a lack of adverse effect. Historically, this type of human 
study has been restricted to assessing tolerability of formulations (e.g. human primary dermal 
irritancy) or dermal sensitization.  These types of volunteer studies often involve exaggerated 
exposure (where the risk assessment allows) to demonstrate a lack of effect or compatibility and 
tolerability.  In a NGRA context, the range of effects that needs to be investigated is likely to increase 
and may need to involve investigation of systemic biomarkers as well as local skin effects. 

Strengths 

The use of human studies in cosmetic risk assessment is well established, and generation of human 
data significantly decreases the uncertainty in the risk assessment.  Furthermore, the results of human 
studies can be invaluable in contributing to the refinement of predictive models (Maxwell et al., 2014). 

Limitations 

There are a number of limitations and barriers associated with performing human studies for cosmetic 
ingredients.  These include ethical, logistical and scientific considerations.  It is clearly important to 
ensure all studies are conducted in line with the appropriate ethical standards, for example, adherence 
to the principles of the Declaration of Helsinki (World Medical Association 2013), and the welfare of 
volunteers is paramount.  For example, the possibility that panellists in a Human Repeat Insult Patch 
Test (HRIPT) may become sensitized dictates that these studies should only be performed rarely and 
where the benefit overwhelmingly outweighs the risk (Basketter, 2009).  Another key limitation is that 
perturbation of some biological pathways may not be amenable to examination in a human volunteer 
study.  For example, if the risk assessment hypothesis relates to disrupted embryo-fetal development, 
a confirmatory human study would not be possible, and other methods of reducing uncertainty in the 
risk assessment need to be explored. Logistical challenges include the size and cost of human studies 
and the fact that, if systemic biomarkers are involved, techniques that are currently not routine in 
volunteer studies of cosmetic products will need to be used.  Some of the scientific limitations of these 
studies are related to their cost, because the number of volunteers needed for robust analysis with 
relevance to the population may result in a study that is prohibitively expensive.  For example, 
although the HRIPT is considered the most reliable test method by which confirmatory human data 
can be made available for skin sensitization (McNamee et al., 2008), small group sizes may hamper 
data interpretation.  Typically, these studies are conducted in groups of 50 to 100 subjects, and have 
been conducted with as few as 25.  Unless a large proportion of the population is sensitized, the 
probability of detecting a response in an HRIPT study on 25-50 volunteers is low (McNamee et al., 
2008).  Thus, the number of participants is critical in designing a successful study. 
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Integration in the risk assessment 

Human studies are most likely to fit into the workflow in Tier 2, i.e. once a mode of action hypothesis 
has been developed and tested using targeted in vitro studies and points of departure for the pathway 
perturbation have been set.  This will enable verification that the points of departure are indeed 
protective of human health. 

 

6. Discussion and Conclusion 

Many non-animal approaches are available to conduct a NGRA, and different proof-of-concept 

examples showing how a NGRA may be done in practice are emerging.  These range from high 

throughput evaluation using multiple toxicodynamic assays for the purpose of priority setting 

(Wetmore et al., 2015; Wambaugh et al., 2018) to in vitro to in vivo extrapolation for specific activities 

(Dancik et al., 2015), and even the use of dietary comparators to put in vitro mode of action data into 

context (Becker et al., 2015).  Although all different, these approaches have several points in common 

in that their goal is a risk assessment or prioritization approach which is human relevant, exposure-

led, hypothesis driven, and designed to prevent harm.  It is clear that some of the higher-tier 

approaches that may be necessary to complete risk assessments where exposure and activity 

concentrations overlap do not yet exist or require further evaluation.  For instance, 3D culture 

systems, organ-on-chip, and zebrafish models are not yet in routine use in the evaluation of systemic 

effects of cosmetics.  Other techniques, such as pathways modelling have been applied to proof of 

concept risk assessments but are highly tailored to individual assessments and as such require 

significant investment on a case-by-case basis (Adeleye et al., 2015).  A summary of the 

techniques/NAMs described in this report and the JWG’s opinion of their readiness for use in the risk 

assessment of cosmetic ingredients is shown in Table 1. 

Table 1: Summary of the new approach methodologies described herein and their proposed state of 

readiness for use in the risk assessment of cosmetic ingredients 

Already in use in cosmetic risk 
assessment 

Mature technology with likely utility 
in cosmetic risk assessment 

May have utility but 
insufficiently developed for 

current use 
Read across ‘Omics (especially transcriptomics) Organ-on-chip 

Exposure-based-waiving In vitro pharmacological profiling Zebrafish larva assays 
In silico tools Pathways modelling  

Metabolism and metabolite 
identification 

3D culture systems (for systemic 
effects) 

 

PBK modelling   
In chemico assays   

Reporter gene assays   
3D culture systems (local 

effects and genetic toxicity) 
  

Human studies   

 

The SEURAT-1 ab initio workflow for systemic (repeat-dose) toxicity provides a flexible framework 

upon which to build an NGRA (Berggren et al., 2017).  Importantly, this framework can be used in a 

way that exemplifies the 9 principles outlined in Part 1 of this report (ICCR, 2017).  It is therefore the 

opinion of the JWG that the novel approaches described in this document should be applied to risk 
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assessments, using the workflow and the 9 principles as guidelines, to evaluate their utility.  Using this 

exposure-led framework, it is possible that for cosmetic ingredients some of the higher-tier 

approaches may only rarely be needed. 
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