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Abstract 13 

 14 

The transparency and explainability of uncertainties related to read-across predictions are critical for 15 

filling toxicological data gaps. As frameworks for evaluating read-across have become standardised, 16 

so has the identification and characterisation of the various types of uncertainty, particularly those 17 

related to chemical similarity. However, it has proven more challenging to assess overall uncertainty, 18 

particularly in defining what constitutes “tolerable” uncertainty. In this study, seven areas of 19 

uncertainty related to read-across were identified and their impact on read-across for two endpoints 20 

assessed; six related to aspects of chemical structure and properties, and a further one to uncertainty 21 

within the biological data used for read-across. The impact of uncertainty associated with these seven 22 

factors was related to ordinal categories. Examples of uncertainty assessment in read-across data gap 23 

filling, where different source analogues and the same target substances were evaluated, are provided 24 

for skin sensitisation and sub-chronic systemic toxicity. The resulting scheme, a generic tabular matrix, 25 

offers a flexible and adaptable approach for assessing uncertainties related to read-across predictions, 26 

particularly those from a single-source analogue and includes an overall uncertainty level for the read-27 

across. Analysis of existing read-across predictions provides a means to define the level of tolerable 28 

uncertainty.  29 

 30 

 31 

Keywords: read-across; characterisation of uncertainty; tolerable uncertainty; assessment scheme 32 
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Highlights 34 

• Uncertainty in read-across assessments is categorised into seven criteria 35 

• Read-across uncertainty has been characterised and the relative impact identified 36 

• Assessment of (overall) uncertainty based on chemical structure and properties 37 

• Simple and transparent template for uncertainty in read-across  38 

• Tolerable uncertainty of the accepted read-across identified 39 

  40 
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1. Introduction 41 

Computational approaches in toxicology cover a wide range of techniques to predict the adverse 42 

effects of chemicals. At the simplest level, structure-activity relationships (SARs) are applied through 43 

structural alerts; these methods become more complex with the integration and application of 44 

artificial intelligence, which relies on machine learning of large, chemically diverse datasets (Madden 45 

et al., 2020). This spectrum of methods is referred to as in silico new approach methodologies (NAMs) 46 

and, as such, are crucial for animal-free safety assessments (Westmoreland et al., 2022; Schmeisser 47 

et al., 2023). One of the most commonly used in silico NAMs, especially for regulatory submissions, is 48 

read-across (Rovida et al., 2020; ECHA, 2023).  49 

As previously noted (Wohlleben et al., 2023), read-across to fill toxicological data gaps involves 50 

inferring similar biological effects—such as the presence or absence of harmful effects and possibly 51 

potency—from similar chemical substances. This fundamental principle makes it one of the most 52 

essential tools in computational, or in silico, toxicology (Kovarich et al., 2019). According to the 53 

European Chemical Agency (ECHA), read-across has been widely used in regulatory submissions 54 

related to chemical safety (ECHA, 2023). However, challenges remain in understanding its limitations 55 

and determining its acceptability as a replacement for animal tests (Ball et al., 2014). A key challenge 56 

is that the effectiveness of read-across depends on the proper definition and measurement of 57 

similarity, which vary depending on the toxicological context (Mansouri et al., 2024). Therefore, the 58 

main difficulty often lies in proving and justifying the similarity between substances to infer that the 59 

target molecule (the data-poor one) will exhibit similar, or predictably different, activity compared to 60 

the source molecule (the data-rich one). Compounding this issue is a known shortage of reliable and 61 

acceptable data-rich “source” molecules (Patlewicz et al., 2025). As a result, challenges have arisen in 62 

relaxing the boundaries of the similarity criteria needed to define chemical groupings, including both 63 

target and source analogues with appropriate experimental data. Specifically, Schultz and Cronin 64 

(2017) identified   difficulties in identifying and evaluating the uncertainties associated with a 65 

particular read-across extrapolation as one of the key hindrances in the acceptance of predictions. 66 

In most cases, chemical structure similarity is key to identifying one or more analogues (source 67 

molecules) for a target molecule that lacks data (Hagan et al., 2025). Exceptions to primarily relying 68 

on structural similarity can occur with complex mixtures (such as those with Unknown or Variable 69 

composition, Complex reaction products, or Biological materials (UVCBs)) (Zhou et al., 2025) or when 70 

biological similarity is considered (Vrijenhoek et al., 2022). Chemical structure similarity can be broken 71 

down into several measurable aspects, including metrics for similarity, shared functional groups, 72 

molecular scaffolds when applicable, and various physico-chemical properties (Schultz et al., 2015). 73 

While all aspects of structural similarity are valuable, those related to relevant toxicokinetic and 74 
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toxicodynamic considerations of the specific toxicological endpoint being assessed are most crucial. 75 

For example, in the case of read-across for skin sensitisation, similarity in protein reactivity is expected, 76 

whereas for repeated-dose toxicity, similarity in metabolic clearance might be the critical factor 77 

(Wohlleben et al., 2023).  78 

There is copious guidance on how to perform read-across for toxicological data gap filling (see, for 79 

example: ECHA, 2008; OECD, 2025; EFSA Scientific Committee, 2025). However, despite several 80 

decades of assessing read-across predictions, there are few clear guidelines on how to determine if 81 

two molecules, or substances, are “sufficiently” similar, in a quantitative manner, to be acceptable for 82 

a particular purpose. ECHA’s Read-Across Assessment Framework (RAAF) provides some insight 83 

through its Assessment Elements (AEs) (ECHA, 2017). Still, it offers no specific definition of how 84 

structural similarity may be assessed. Whilst definitive descriptions of acceptable similarity are 85 

challenging to provide, there is an opportunity to characterise uncertainties in the read-across as a 86 

means to help identify acceptable similarity (Schultz and Cronin, 2017).  87 

Most guidance on conducting toxicological read-across recommends or requires considering 88 

uncertainties (ECHA, 2008; OECD, 2025; EFSA Scientific Committee, 2025). In this context, and for this 89 

paper's purposes, the European Food Safety Authority (EFSA) definition of uncertainty as “a general 90 

term referring to all types of limitations in available knowledge that affect the range and probability 91 

of possible answers to an assessment question” is relevant (EFSA Scientific Committee, 2018a). It is 92 

accepted that uncertainties in risk assessment can be identified, characterised, and, where possible, 93 

quantified (EFSA Scientific Committee, 2025). This process can also be applied to read-across, where 94 

various frameworks identifying uncertainties have been published (see, for example: Wu et al., 2010; 95 

Blackburn and Stuard, 2014; Schultz et al., 2015) and later unified by Schultz et al. (2019). Specifically, 96 

regarding structural similarity in read-across, the elements of uncertainty that support it may be 97 

identified, characterised, and potentially quantified. 98 

To apply the concept of uncertainty in supporting and evaluating read-across, most current guidance 99 

refers to achieving "tolerable” (or “acceptable”) levels of uncertainty (EFSA Scientific Committee, 100 

2025). However, there is often confusion because there are limited or no clear ways to define such a 101 

level. The situation becomes more complex when considering that tolerable uncertainty should be 102 

defined within the problem formulation of a read-across, and levels of tolerable uncertainty will vary 103 

depending on the context. It is also accepted that if uncertainty is too high for a specific purpose, 104 

additional information and evidence must be provided (Schultz and Cronin, 2017; Pestana et al., 2021, 105 

2025; Patlewicz et al., 2025) or the read-across may ultimately be deemed unfit for purpose and not 106 

accepted. Although tolerable uncertainty may not be explicitly defined for a read-across to be 107 

accepted, the uncertainty must be tolerable to the decision maker. It is the responsibility of the 108 
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decision maker to act upon that information. In this context, EFSA (2018a) describe this as “practical 109 

certainty”. EFSA (2018a) state that practical uncertainty should “sufficient for the practical purpose at 110 

hand” – with regard to this investigation this would be the acceptability of a read-across for a 111 

particular purpose. Recent evaluations of ECHA’s accepted read-across assessments (Patlewicz et al., 112 

2024; Roe et al., 2025a, b; Schmitt et al., 2025) have clearly illustrated the types of read-across that 113 

have been accepted — those with tolerable uncertainty.  114 

The goals of this investigation were fourfold. Firstly, to identify, characterise, and qualitatively 115 

determine the uncertainties related to the structural basis of read-across, including relevant aspects 116 

of chemical similarity metrics, essential functional groups, and molecular scaffolds, as well as related 117 

physico-chemical and other data, including the toxicological data read across. Secondly, to propose a 118 

scheme that includes a generic tabular matrix offering a flexible and adaptable approach for assessing 119 

uncertainties associated with read-across predictions, especially those from a single-source analogue. 120 

Thirdly, to demonstrate the usefulness of the method by applying the matrix and analysing two series 121 

of read-across examples to measure the various uncertainties related to a particular read-across 122 

prediction. Fourthly, to use the scheme to assess uncertainties to identify tolerable uncertainties in 123 

published read-across examples.  124 

 125 

2. Methods 126 

 127 

2.1 Identification of uncertainties in the definition of molecular similarity 128 

Molecular similarity assessments can use either endpoint-independent or endpoint-specific chemical 129 

and/or biological information; these approaches align with unsupervised and supervised methods, 130 

respectively (Mansouri et al., 2024). Unsupervised chemical grouping relies on general similarity 131 

measures to find patterns and relationships without prior knowledge of the toxic endpoint of interest, 132 

and such techniques help generate hypotheses about toxicity. However, they may not be ideal for 133 

grouping compounds to allow read-across of an OECD test guideline study, i.e., based on 134 

toxicodynamic considerations. In contrast, supervised methods require endpoint-specific similarity 135 

measures, such as those relating chemical features to a particular biological activity. These methods 136 

are suitable for developing endpoint-specific hypotheses and building predictive models to assess new 137 

chemicals, such as the profilers in the OECD QSAR Toolbox (Schultz et al., 2022), and form the basis of 138 

the investigation in this study. 139 

It is acknowledged that many uncertainties may be identified regarding toxicological read-across. Such 140 

uncertainties include those due to similarity measurements, experimental studies, and within- and 141 
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between-species effects, and non-standard uncertainties, as well as those related to the applicability 142 

of the experimental data to be read across (Schultz et al., 2019; EFSA Scientific Committee, 2025; 143 

OECD, 2025). This study focuses primarily on uncertainty related to chemical structure and molecular 144 

properties, as these are fundamental to the initial identification of read-across analogues. 145 

Additionally, well-defined and justified chemical similarity should encompass the molecular aspects of 146 

toxicodynamics (e.g., interaction at the molecular site of action) and toxicokinetics (e.g., systemic 147 

bioavailability and metabolite production). Besides chemical similarities, the availability and quality of 148 

toxicological data are also crucial for the acceptance of read-across. Understanding the uncertainties 149 

related to toxicological data is essential.  150 

The application of read-across is often facilitated by a workflow. Patlewicz et al. (2018) proposed a 151 

unified generic workflow incorporating several familiar steps, namely decision context and data gap 152 

analysis, definition of an overarching similarity rationale, analogue identification and evaluation, data 153 

gap filling, ending with uncertainty assessment. The generic read-across workflow has served as the 154 

basis for regulatory guidance (EFSA Scientific Committee, 2025; OECD, 2025). The experience of the 155 

authors of the current investigation is that the most crucial uncertainties in the workflow are those 156 

from the identification and evaluation of analogues and data gap filling. The identification and 157 

evaluation of analogues is a process that involves comparison of the target and source molecule in 158 

terms of 2D structural parameters, which may dictate toxicodynamic effects, relevant phyisco-159 

chemical properties, factors related to toxicokinetics and pertinent in vivo or NAM data. Filling the 160 

data gap relates to utilising appropriate data for a suitable analogue and its justification. Thus, for the 161 

purposes of identifying the most critical uncertainties related to read-across, those related to specific 162 

aspects of chemical similarity and data quality were evaluated. Based on the authors’ knowledge of 163 

the read-across process and the identification of acceptable analogues, as noted, a total of seven 164 

relevant uncertainty factors related to the following were determined: 165 

2.1.1 Metrics of chemical similarity  166 

The metrics of similarity can be calculated using various approaches and methodologies. Usually, they 167 

consist of two components: first, a description of the molecules, which could be based on physico-168 

chemical properties or structural descriptors, but more commonly on one of the sets of “fingerprints” 169 

that indicate the presence or absence of structural features in the molecule (Cereto-Massagué et al., 170 

2015; Mellor et al., 2019). The second component is the algorithm used to calculate the similarity. The 171 

most commonly used method is the Tanimoto index, along with the Dice, Cosine, and Manhattan 172 

indices. Alternative approaches (for continuous descriptors) include using k-nearest neighbours, 173 

Euclidean distances, and others (Bajusz et al., 2015; Maggiora et al., 2014; Willet et al., 1998). Another 174 
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commonly reported metric is the molecular formula, which is expressed as a count of the elements in 175 

a compound. 176 

It is acknowledged that similarity metrics are not comparable across different descriptor 177 

sets/fingerprints or calculation methods. Additionally, they are influenced by the methodology used 178 

and may not accurately reflect similarity, mainly when activity cliffs are not accounted for (Lester et 179 

al., 2023; Mellor et al., 2019). They are often used as a preliminary step when searching databases and 180 

require additional information to make a well-informed decision and provide a justification for a read-181 

across analogue. 182 

2.1.2  Definition of chemical class  183 

Chemical classes may be defined, this is typically a manual process that can include classes based on 184 

functional groups, molecular scaffolds, whether molecules are linear or branched, the number and 185 

type of rings, and other factors (Muldoon et al., 2025). Chemical classes can also be categorised into 186 

established groups, such as those defined by the United States Environmental Protection Agency (US 187 

EPA) (US EPA, 2024) or through the OECD QSAR Toolbox (Dimitrov et al., 2016). 188 

2.1.3 Molecular similarity relating to toxicodynamics 189 

The role of toxicodynamics can be evaluated by comparing molecules based on their functional groups 190 

or, should the information be available, molecular (sub-)structure(s) that define the molecular 191 

initiating event (MIE). Similarities in toxicodynamics are often grounded in the appropriateness of the 192 

premise or hypothesis, which may include mechanistic probability or plausibility, understanding the 193 

chemical mechanism of action, biological mode of action, or adverse outcome pathway. For local 194 

adverse effects, these include functional groups or extended molecular fragments that align with the 195 

molecular initiating event of appropriate Adverse Outcome Pathways (AOPs) (Cronin et al., 2017). 196 

These are often reactive functionalities, such as those involved in protein binding (Enoch et al., 2011), 197 

which are related to skin sensitisation and clastogenesis, or in DNA binding (Enoch and Cronin, 2010), 198 

which are associated with mutagenicity. When the MIE is known, typically, to ensure a conservative 199 

read-across, the source molecule should have similar or greater activity. Thus, for an endpoint 200 

associated with binding to DNA or proteins, the read-across analogue should be as reactive as, or more 201 

reactive than, the target.  202 

For longer-term, multiple-dose effects (i.e., 90-day oral repeated-dose toxicity or developmental 203 

toxicity), coverage of AOPs is less comprehensive. Toxicodynamic uncertainties often require 204 

maximising the number of identical structural components between the target compound and the 205 

source chemical, supported by appropriate test data. Similarity in toxicodynamics may also be 206 

supported by receptor-binding similarity (Wu et al., 2023a), as well as in vitro and other NAM data, 207 
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including those from the -omics technologies (Barnett et al., 2025; de Abrew et al., 2022; Escher et al., 208 

2019; 2022; Pestana et al., 2021; Ross et al., 2025).  209 

2.1.4 Molecular similarity relating to toxicokinetics: bioavailability 210 

For subchronic toxicity or repeat dose effects, which may be non-lethal, similarity in systemic 211 

bioavailability of the molecule is often required for consideration. As bioavailability is linked to 212 

clearance, functional groups that control this process should be assessed (e.g., Boyer et al., 2007; Wu 213 

et al., 2023b). Generally speaking, to ensure a conservative read-across, the source molecule should 214 

be at least as bioavailable as, or more bioavailable than, the target. Similarity in toxicokinetics may 215 

also be supported by in vitro and other data (Laroche et al., 2018). 216 

2.1.5 Molecular similarity relating to toxicokinetics: the formation of common metabolites 217 

or degradants  218 

The formation of a common metabolite, or degradation product, is a common justification for read-219 

across arguments (Ball et al., 2014; ECHA, 2017; Patlewicz et al., 2025; Schultz et al., 2015). In addition, 220 

common reactive metabolites may also be necessary (see Kalgutkar et al., 2005). It should be noted 221 

that the rate of formation of the metabolite/degradant in the source molecule should be equivalent 222 

to, or faster than, the target molecule. In addition, such a read-across hypothesis can be applied to 223 

dissimilar molecules, so the other elements of similarity may be expected to be more uncertain. 224 

Similarity in metabolite or degradant formation and the rate of formation may also be supported by 225 

in vitro and other data (Yordanova et al., 2021). 226 

2.1.6 Physico-chemical properties relating to toxicokinetics 227 

Similarity can be assessed based on relevant physico-chemical and molecular properties, such as 228 

molecular weight, the logarithm of the octanol-water partition coefficient (log P), aqueous solubility, 229 

vapour pressure, Henry’s law constant, and melting and boiling points. Other ADME properties, such 230 

as uptake from the gut and skin absorption, may also be considered. While experimental data and 231 

values should be preferred over calculated ones, the difference between the target and source values 232 

is meaningful (Pestana et al., 2025).  Data should be taken from the same methodology or estimation 233 

method to avoid further propagation of errors. Thus, in this scheme, uncertainty is minimally affected 234 

by whether physicochemical properties are measured or calculated. The properties selected should 235 

be relevant to the toxicological endpoint, such as dermal absorption for skin sensitisation, oral 236 

absorption for repeated dose toxicity via gavage, and volatility for respiratory effects, etc.  237 

2.1.7 Toxicological data quality 238 
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The quality and reliability of read-across toxicology data are crucial in determining their acceptance 239 

(Schultz and Cronin, 2017). At a minimum, data for the source chemical should meet the quality and 240 

reliability requirements necessary to fill the data gap. For example, to fill a data gap for regulatory 241 

assessment, such as hazard identification, the data should typically be generated in accordance with 242 

OECD Test Guidelines and under Good Laboratory Practice (GLP) conditions.  243 

It should be recognised that data quality assessment is itself subjective and prone to uncertainty and 244 

bias (Przybylak et al., 2012). Several schemes exist to evaluate the quality of toxicity data, with the 245 

most widely used described by Klimisch et al. (1997) and formalised, in part, within the ToxRTool 246 

(Schneider et al., 2009). Other viable evaluation schemes include Criteria for Reporting and Evaluating 247 

Ecotoxicity Data (CRED) (Moermond et al., 2016) and the Science in Risk Assessment and Policy 248 

(SciRAP) approach (Molander et al., 2015). To reduce variability in the assessment of data quality, 249 

consistent criteria should be applied which are relevant to the context of the read-across and 250 

endpoint, as defined by Przybylak et al. (2012) 251 

 252 

2.2 Defining uncertainty in read-across on an ordinal scale 253 

The aspects of uncertainty outlined in Section 2.1 were defined and described in terms of their 254 

importance. Uncertainty was measured with respect to: 255 

i) For each aspect of uncertainty, relevant quantifiable criteria were defined.  256 

ii) The levels of uncertainty were established using the criteria described by EFSA relating to 257 

the definition, description and quantification of uncertainty (EFSA Scientific Committee, 258 

2018b). These were placed on an ordinal scale (very low, low, moderate and high). 259 

iii) Relevant classifications of uncertainty were identified for the read-across process.  260 

iv) For each aspect of uncertainty related to read-across, criteria are proposed concerning 261 

the information, data, or chemical property considered, i.e. those that are associated with 262 

a particular level of uncertainty. 263 

v) The impact of uncertainties on the assessment conclusion (as termed by EFSA Scientific 264 

Committee, 2018b), i.e., the read-across assessment to fill a data gap, was evaluated. The 265 

goal here is to identify key uncertainties. The impact varied for the toxicological endpoints 266 

considered. 267 

 268 

With regard to evaluating the impact of uncertainties, areas of uncertainty with high impact are those 269 

that were considered to be critical in determining the similarity between target and source molecules 270 
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for endpoint-specific read-across. Low impact uncertainties are those that, although they need to be 271 

considered in the overall assessment, are not regarded as primary drivers of toxicity. High impact 272 

uncertainties are essential in determining the overall level of uncertainty. A final impact level of “no 273 

impact" indicates that the uncertainty is not relevant for the read-across. The impacts were assessed 274 

according to the authors’ knowledge and state-of-the-art of read-across. Impacts are implicitly context 275 

and endpoint dependent.  276 

 277 

2.3 Analysis of accepted read-across and definition of overall uncertainty  278 

Read-across for data gap filling was assessed for the following two toxicological endpoints: 279 

i) Skin sensitisation, for example, as indicated by the results of the local lymph node assay. 280 

Here, an essential aspect of chemical similarity relates to the molecule's ability to bind to 281 

immunoprotein covalently (or not) and to have a similar dermal absorption profile 282 

(Wareing et al., 2017). 283 

ii) Sub-chronic systemic toxicity, as represented by an outcome, such as a no observed 284 

adverse effect level (NOAEL), of a repeated dose rodent assay (Schultz and Cronin, 2017). 285 

The similarities between the target and source molecules were assessed, and uncertainty was 286 

determined based on the results from the factors identified in Sections 2.1 and 2.2. This was done for 287 

read-across scenarios deemed “acceptable.” Additionally, other read-across cases where molecular 288 

similarity was not sufficient to support read-across were noted.  289 

The overall level of uncertainty for the read-across was assessed qualitatively (i.e., ordinal 290 

classification), relating in part to the recommendations in EFSA’s guidance (EFSA Scientific Committee, 291 

2025) and others (Pestana et al., 2021, 2025). This was done by interpreting the uncertainty levels in 292 

relation to their impact on the endpoint. Except in rare cases, overall uncertainty was not considered 293 

greater than the highest individual uncertainty. Overall uncertainty could be lower than the highest 294 

individual uncertainty if that uncertainty's impact was low or minimal.  295 

 296 

2.4 Determining uncertainty in published read-across predictions to identify tolerable uncertainty 297 

One of the largest published collections of read-across predictions is that used in the safety 298 

assessments of fragrance materials compiled by the Research Institute of Fragrance Materials (RIFM) 299 

(Api et al., 2015). Although RIFM’s read-across assessments are not intended for regulatory use, they 300 

are carefully curated by staff, including toxic endpoint specialists, who complete a standard read-301 
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across justification template. During the internal review process, each proposed read-across 302 

undergoes a tiered review by multiple groups of chemistry and toxicology experts. 303 

To evaluate the usefulness of the proposed scheme to determine uncertainty, the “read-across 304 

justification” section of molecular pairings (a target and a source substance) and relevant endpoint 305 

sections where key data are reported in the Fragrance Materials Safety Assessments were analysed. 306 

All assessments were published within the last five years and are accessible through the Fragrance 307 

Material Safety Assessment Center (https://fragrancematerialsafetyresource.elsevier.com/). 308 

After evaluating both individual and overall uncertainties for the published fragrance material read-309 

across assessments, the uncertainties were deemed "tolerable." This established the benchmark for 310 

defining tolerable uncertainty, meaning the maximum level of uncertainty was the highest acceptable 311 

level for approving the read-across assessments. 312 

  313 

3 Results 314 

In this investigation, the authors identified the main areas of uncertainty in read-across, focusing on 315 

the structural basis of these factors and the toxicological data used to fill data gaps. The work is based 316 

on the premise that as the proportion of identical structural features between target and source 317 

molecules decreases, the need to evaluate various forms of chemical similarity increases to 318 

understand these differences. We propose a scheme to categorise these uncertainties qualitatively, 319 

which references the terminology used by EFSA (EFSA Scientific Committee, 2018b) and the ECHA 320 

RAAF assessment outcomes (AOs) (ECHA, 2017). Subsequently, read-across scenarios are evaluated 321 

for uncertainty, and a method for providing a qualitative overall uncertainty value is proposed. The 322 

intent is that all information and uncertainties outlined in Section 3 be addressed flexibly and adapted 323 

to the specific endpoint being read across and the context in which it is applied. Our goal is to develop 324 

such a scheme, provided that the adaptations are documented, to be appropriate for the toxicological 325 

context being scrutinised.  326 

 327 

3.1 Chemical identification 328 

As is consistent with numerous read-across frameworks, evaluating uncertainties in a proposed read-329 

across requires accurate identification of both the target and source substances (Patlewicz et al., 330 

2018). We have observed that structures that, where necessary, include details of isomerism are the 331 

most reliable form of chemical identification for analysing the structural factors that influence 332 

uncertainty. It is crucial to ensure that the names, which often have multiple options, and the CAS 333 
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registry number, which is usually one or none, match the structure. In our scheme, SMILES notation, 334 

which is frequently critical for in silico modelling, is the least essential chemical identifier, as multiple 335 

SMILES can represent the same substance.. 336 

 337 

3.2  Identification of uncertainties in the definition of structural similarity 338 

A total of seven areas of uncertainty related to read-across were identified and are described in full in 339 

Section 2.1. Six of these concerned aspects of chemical structure and properties. The seventh involved 340 

uncertainty within the biological data that are to be read across. The authors contend that these seven 341 

criteria are sufficient to cover the main aspects of uncertainty in the read-across approaches as 342 

currently described by regulatory agencies such as EFSA (EFSA Scientific Committee) as well as the 343 

OECD (OECD, 2025).  344 

 345 

3.3  Defining uncertainty in read-across  346 

3.3.1 Determination of uncertainty 347 

The uncertainty associated with the seven criteria described in Section 2.1 was assessed. In this case, 348 

an ordinal classification with four levels of uncertainty is used. These classifications (very low, low, 349 

moderate, and high) are explained and mapped onto EFSA’s “Approximate probability scale” (Table 2; 350 

EFSA Scientific Committee (2018b) and the AOs from the ECHA RAAF (Table 2, ECHA (2017)), as shown 351 

in Table 1.  352 

 353 

Table 1. The four ordinal terms proposed in this study to evaluate uncertainty in read-across are 354 

mapped onto the terms suggested by EFSA and utilised within the ECHA RAAF. 355 

Uncertainty term 

proposed in this study 

Relevant subjective probability range taken from 

Table 2, EFSA Scientific Committee (2018b) 

Equivalent ECHA RAAF AO 

(Table 2, ECHA (2017)) 

Very low • Greater than 95% Score = 5 

Low • 90 - 95% Score = 4-5 

Moderate • 66 - 90% Score = 2-3 

High • Less than 66% Score = 1-2 

 356 

 357 

3.3.2  Defining the levels of uncertainty 358 

The seven uncertainty criteria described in Section 2.1 were defined in terms of varying uncertainty 359 

levels, ranging from very low to high, using the definitions of uncertainty outlined in Table 1. These 360 
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criteria for measuring uncertainty are listed in Supplementary Information Table S1. The criteria are 361 

proposed based on the authors’ knowledge, with an attempt to align with the state of the art and 362 

understanding in similarity and data quality assessment to support read-across, for instance as 363 

proposed by the EFSA Scientific Committee (2025). It is intended that the criteria should be flexible 364 

and adapted to allow incorporation of new knowledge as it becomes available. Each criterion is 365 

designed to enable meaningful assessment of uncertainty using simple aspects of chemical structure, 366 

such as similarity measures, chemical class, the presence of functional groups that affect toxicity or 367 

metabolic clearance, property similarities, and the quality of the data. Of the four uncertainty levels, 368 

very low and low are the most significant – very low indicates very high similarity, such as a salt or a 369 

one-carbon difference between the target and sources. Low uncertainty indicates reasonable 370 

similarity, while moderate uncertainty reflects a more relaxed consideration of uncertainty. Defining 371 

high uncertainty (which combines various EFSA probability terms, as listed in Table 1) is unlikely to be 372 

acceptable in any situation. 373 

For metrics of chemical similarity, definitive values to categorise uncertainty for similarity levels are 374 

not provided. This is because different calculation methods and descriptors or fingerprints can yield 375 

different results (Mellor et al., 2019), so it is up to the assessor's interpretation.  376 

 377 

3.3.3 Impact of uncertainty on the overall decision  378 

Understanding the impact of uncertainty on decisions is a crucial step in assessing its influence. This 379 

impact must also be communicated clearly and unambiguously (EFSA Scientific Committee, 2018a, b). 380 

In the context of read-across, the “decision” refers to the confidence in the ability of the read-across 381 

to address a data gap. While this differs from EFSA’s process of making an overall risk assessment 382 

decision, the same principle(s) can be applied. Additionally, considering the effect of individual 383 

uncertainties can help organise the overall uncertainty assessment in a read-across, indicating that 384 

uncertainties with a high impact should be prioritised. In contrast, those with a lower impact may be 385 

less significant to the overall evaluation.  386 

The impact of each uncertain area on the overall assessment conclusion, such as the read-across 387 

assessment used to fill data gaps, was evaluated. Each of the seven uncertainty factors has a different 388 

level of impact, categorised as none, low, moderate, or high, as shown in Tables 2a and 2b for the two 389 

toxicological endpoints considered (skin sensitisation and repeated dose toxicity respectively).  390 

The “sensitivity” of each of the uncertainty factors was considered for read-across as a whole and 391 

noted in Tables 2a and 2b. All factors were considered to have potentially high impact with the 392 

exception of metrics for chemical similarity. The definition of impact in areas of uncertainty for skin 393 
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sensitisation and repeated dose toxicity involves different aspects of impact. It is expected that each 394 

toxicological endpoint will have a unique set of impacts. Thus, the sensitivity towards read-across is 395 

associated with the relative “magnitude” of the factor, which is specific to a particular endpoint and 396 

could be adapted to the context, e.g., to account for metabolically activated skin sensitisers, or chronic 397 

toxicity with a specific mode of action. To achieve the overall impact on the uncertainty conclusion, 398 

the endpoint-specific magnitude may be used to counter the sensitivity, i.e., whilst an uncertainty 399 

factor may have the potential for high impact in the overall read-across process, impact may be 400 

reduced for a particular endpoint, as demonstrated in Tables 2a and 2b.  401 

For skin sensitisation (Table 2a), the most significant impact on the magnitude of uncertainty related 402 

to read-across concerns molecular similarity in toxicodynamics, specifically whether the source 403 

molecule exhibits the same mechanism of reactivity and the same or greater rate of reactivity than 404 

the target molecule. Reactivity is currently well understood through the presence of functional groups 405 

(Enoch et al., 2011) and is considered to be the fundamental driving force for skin sensitisation 406 

(Wareing et al., 2017). It can also be represented by in chemico data (Alépée et al., 2023) or reactivity 407 

estimates from quantum chemical calculations (Enoch and Roberts, 2013). Uncertainty arises when a 408 

biotic or abiotic step is required to form the reactive species (Yordanova et al., 2021; 2024); this has a 409 

significant impact, especially when transformation products involve directly reactive molecules, but is 410 

not relevant and can be disregarded for others. Uncertainty regarding chemical properties related to, 411 

or directly assessing, skin penetration is less critical than overall reactivity as skin penetration, per se, 412 

is required but not a crucial driver of skin sensitisation. Therefore such properties are considered to 413 

have a moderate impact. Variations in skin penetration are acceptable, provided that the source 414 

molecule exhibits equal or greater skin penetration than the target (Gilmour et al., 2020). The impact 415 

of uncertainty in the chemical class is low, as in skin sensitisation, read-across depends more on 416 

reactivity, which can be independent of chemical class. As noted above, the impact of chemical 417 

similarity metrics is low due to inconsistent overall scores.  418 

The magnitude of impact of individual uncertainties in repeat dose toxicity is significant for aspects of 419 

toxicokinetics, especially those related to molecular clearance (Table 2b). This also indicates that 420 

uncertainty related to toxicokinetic properties and chemical class is similarly high (Date et al., 2020). 421 

Uncertainty in toxicodynamics will be minimal unless a specific mechanism of action, such as a 422 

pesticidal mechanism, is identified and characterised. 423 

The purpose of considering the impact of individual uncertainties on the read-across assessment 424 

conclusion is to ensure flexibility in assessing each of the uncertainty sources and to support 425 

adaptability across the various endpoints typically considered in a robust safety assessment (see 426 

Tables 2a and 2b). While the effects can be generalised, it is acceptable to modify the influence with 427 
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appropriate, context-specific justification. Thus the user or evaluator of a read-across assessment is 428 

encouraged to update and adapt the impact in accordance with existing knowledge and the state-of-429 

the-art.  430 

 431 

 432 

433 
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Table 2a. Overall impact of the seven types of uncertainty identified in Section 3.2 on data gap filling through read-across for skin sensitisation.  434 

 435 

  436 

Source of Uncertainties in Read-Across to 

Impacting on the Overall Uncertainty 

(Outcome Statement) 

Sensitivity of 

Uncertainty to Read-

Across 

Magnitude of Uncertainty Relating to Skin 

Sensitisation  

Overall Impact on the Uncertainty of the Final 

Outcome (Read-Across for Data Gap Filling for 

Skin Sensitisation) 

Qualitative impact of metrics of chemical 

similarity on uncertainty in read-across for data 

gap filling (for skin sensitisation) 

Low Low Low impact 

Qualitative impact of chemical class on 

uncertainty in read-across for data gap filling 

(for skin sensitisation) 

High Low Low impact 

Qualitative impact of molecular similarity 

relating to toxicodynamics on uncertainty in 

read-across for data gap filling (for skin 

sensitisation) 

High High High impact 

Qualitative impact of molecular similarity 

relating to toxicokinetics on uncertainty in 

read-across for data gap filling (for skin 

sensitisation) 

High Where relevant, low impact Low impact 

Qualitative impact of molecular similarity 

relating to the formation of common 

metabolites or degradants on uncertainty in 

read-across for data gap filling (for skin 

sensitisation) 

High Where relevant, high impact; where not applicable, no 

impact (and need not be assessed) 

When metabolism is relevant to skin 

sensitisation – high impact, otherwise – low 

impact 

Qualitative impact of chemical properties 

relating to toxicokinetics on uncertainty in 

read-across for data gap filling (for skin 

sensitisation) 

High Moderate Moderate impact 

Qualitative impact of toxicological data quality 

chemical properties on uncertainty in read-

across for data gap filling (for skin sensitisation) 

High High High impact 
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Table 2b. Overall impact of the seven types of uncertainty identified in Section 3.2 on data gap filling through read-across for repeat dose toxicity.  437 

 438 

 439 

 440 

Source of Uncertainties in Read-Across to 

Impacting on the Overall Uncertainty 

Sensitivity of 

Uncertainty to Read-

Across 

Magnitude of Uncertainty Relating to Repeat Dose 

Toxicity 

Overall Impact on the Uncertainty of the Final 

Outcome (Read-Across for Data Gap Filling for 

Repeat Dose Toxicity) 

Qualitative impact of metrics of chemical 

similarity on uncertainty in read-across for data 

gap filling (for repeat dose toxicity) 

Low Low Low impact 

Qualitative impact of chemical class on 

uncertainty in read-across for data gap filling 

(for repeat dose toxicity) 

High High High impact 

Qualitative impact of molecular similarity 

relating to toxicodynamics on uncertainty in 

read-across for data gap filling (for repeat dose 

toxicity) 

High For a specific mode of action, high; where no specific 

mode, low  

Where a specific mode is present, high impact; 

otherwise - no impact 

Qualitative impact of molecular similarity 

relating to toxicokinetics on uncertainty in 

read-across for data gap filling (for repeat dose 

toxicity) 

High High High impact 

Qualitative impact of molecular similarity 

relating to the formation of common 

metabolites or degradants on uncertainty in 

read-across for data gap filling (for repeat dose 

toxicity) 

High Where relevant, high; where not applicable, no impact 

(and need not be assessed) 

When metabolism is relevant to (sub-)chronic 

toxicity – high impact, otherwise – no impact 

Qualitative impact of chemical properties 

relating to toxicokinetics on uncertainty in 

read-across for data gap filling (for repeat dose 

toxicity) 

High High High impact 

Qualitative impact of toxicological data quality 

chemical properties on uncertainty in read-

across for data gap filling (for repeat dose 

toxicity) 

High High High impact 
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3.4 Examples of applying the proposed scheme to assessing uncertainties of chemical 441 

pairings 442 

 443 

3.4.1  Assessment of overall uncertainty for a read-across to fill a data gap for skin 444 

sensitisation 445 

2-Benzylidene-3,7-dimethyloct-6-enal lacks an EU REACH dossier, and no data on skin sensitisation 446 

were found. Therefore, it was used as the target for this illustration of uncertainty assessments of 447 

read-across predictions for skin sensitisation. It is a C17H22O analogue, specifically a benzylidene with 448 

an aldehyde group attached to the alpha-carbon of the benzyl-alkene and an unsaturated branched 449 

aliphatic substituent on the beta-carbon of the benzyl-alkene. Its mechanism of sensitisation involves 450 

a benzylidene Michael addition (Enoch et al., 2008; 2011). Using 2D structure analysis to classify 451 

potential substances for read-across sources initially, the focus was on the benzylidene-substituted 452 

aldehydes with carbon chains ranging from C15 to C20. Literature searches identified only two 453 

compounds, 2-benzylideneoctanal and 3,3-diphenylprop-2-enal, with relevant in vivo data (i.e., local 454 

lymph node assay (LLNA) concentration required for a three-fold increase in lymph node cell 455 

proliferation compared with vehicle control (EC3) values). A subsequent search for smaller 456 

benzylidene-substituted aldehydes that could cause skin sensitisation revealed several compounds in 457 

the C9 to C13 range with reliable data; however, they were not evaluated as they were less similar to 458 

the analogues chosen. 459 

The uncertainty schemes for using 2-benzylideneoctanal and 3,3-diphenylprop-2-enal as source 460 

substances are presented in Tables 3 and 4, respectively. Tables 3 and 4 draw upon and interpret 461 

information that would normally be captured in the data matrix to support read-across. More detailed 462 

descriptions of the mechanism of action of the target substance, 2-benzylidene-3,7-dimethyloct-6-463 

enal, and a summary of the mechanisms of action and EC3 potency of various compounds that are 464 

relevant to it are reported in Supplementary Information 2.  465 
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Table 3. Uncertainty analysis of the read-across of skin sensitisation from 2-benzylideneoctanal to 2-benzylidene-3,7-dimethyloct-6-enal. 466 

Data gap to be filled: skin sensitisation 2D structure Key Properties Relating to Uncertainty 

Target molecule: 2-benzylidene-3,7-dimethyloct-6-enal  

CAS # 84041-79-2 

SMILES notation: CC(CCC=C(C)C)/C(=C\C1=CC=CC=C1)/C=O 

 

https://pubchem.ncbi.nlm.nih.gov/compound/6365928  

 
Structure from: 

https://comptox.epa.gov/dashboard/chemical/details/

DTXSID401267459  

Molecular Weight (MW): 242.4 Da* 

Log P (estimated): 5.18* 

Skin Permeability:  logarithm of the permeability coefficient (log 

Kp) [log(cm/h)] = -0.677** 

 

 

Source molecule: 2-benzylideneoctanal 

CAS # 101-86-0 

SMILES notation: CCCCCC/C(=C\C1=CC=CC=C1)/C=O 

 

https://pubchem.ncbi.nlm.nih.gov/compound/1550884  

  

 
Structure from: 

https://comptox.epa.gov/dashboard/chemical/details

/DTXSID4026684 

Molecular Weight (MW): 216.3 Da* 

Log P (estimated): 4.68* 

Skin Permeability: log Kp [log(cm/h)]: -0.699** 

 
 

 

Type and overall impact of uncertainty (refer to Table 2a) Associated uncertainty to the read-across  

Type of uncertainty  
Impact on overall uncertainty of 

the type of uncertainty 

Very 

low 
Low Moderate High Notes 

Metrics of chemical 

similarity 

Low impact  X   Maximum Common Substructure (MCS Tanimoto): 0.63  

(http://chemmine.ucr.edu/similarity/)   

Chemical class Low impact X    Similar molecular formula and the same functional groups. Both 

aldehyde-substituted benzylidene with a β-alkyl group  

Molecular similarity relating 

to toxicodynamics 

High impact X    Both have the same functional group ,-unsaturated carbonyl, and 

no other functional group relevant to reactivity. As such, both are 

capable of acting by the same mechanisms of action (Michael addition 

and Schiff base formation)*** 

Rate of reactivity is similar, being moderately reactive with GSH**** 
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Molecular similarity relating 

to toxicokinetics 

Where relevant, low impact X     Functional groups associated with highly similar absorption and 

distribution within the skin, in addition to the same metabolic 

pathways and elimination routes 

Molecular similarity relating 

to the formation of common 

metabolites or degradants 

Where relevant, high impact X    Both direct-acting electrophiles have the same metabolic pathways  

Chemical properties relating 

to toxicokinetics 

Moderate impact X    Highly similar ADME parameters, particularly with regard to skin 

absorption. Highly similar log P, MW, etc.  

Source data quality Moderate impact X    Multi-replicates of LLNA following OECD TG 429 

Overall uncertainty The overall uncertainty is very low given the structural similarity between the two molecules. The highest-impact uncertainty for these analogues regarding skin sensitisation is 

the reactive mechanism of action. Both molecules have identical functional groups relevant to reactivity and similar reactivity rates, as identified by the in silico profilers; 

therefore, very low uncertainty is justified. If required, further experimental data (e.g., in chemico NAMs) could support this. The impact of metabolism/degradation for these 

compounds is low, as they are direct-acting. 

The two molecules are very similar in terms of physicochemical properties, particularly those affecting skin sensitisation, and meet the criteria stated in Table S1 for very low 

uncertainty. There is a negligible difference in predicted skin permeability. 

Low uncertainty in the chemical similarity metric does not significantly affect the overall uncertainty, as it has minimal impact. 

*Data from US EPA CompTox Dashboard (link under structure) 467 

**Values from VEGA model: Skin Permeation (LogKp) model (Potts and Guy) 1.0.1 468 

***OECD QSAR Toolbox (ver 4.8) Protein binding by OASIS 469 

****OECD QSAR Toolbox (ver 4.8) Protein binding potency GSH 470 

 471 
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Table 4. Uncertainty analysis of the read-across of skin sensitisation from 3,3-diphenylprop-2-enal to 2-benzylidene-3,7-dimethyloct-6-enal. 473 

Data gap to be filled: skin sensitisation 2D structure Key Properties Relating to Uncertainty 

Target molecule: 2-benzylidene-3,7-dimethyloct-6-enal  

CAS # 84041-79-2 

SMILES notation: CC(CCC=C(C)C)/C(=C\C1=CC=CC=C1)/C=O 

 

https://pubchem.ncbi.nlm.nih.gov/compound/6365928  

 
Structure from: 

https://comptox.epa.gov/dashboard/chemical/details/

DTXSID401267459  

Molecular Weight (MW): 242.4 Da* 

Log P (estimated): 5.18* 

Skin Permeability:  logarithm of the permeability coefficient (log 

Kp) [log(cm/h)] = -0.677** 

Source molecule: 3,3-diphenylprop-2-enal 

CAS # 1210-39-5 

SMILES notation: C1=CC=C(C=C1)C(=CC=O)C2=CC=CC=C2 

 

https://pubchem.ncbi.nlm.nih.gov/compound/71027  

   
Structure from: 

https://comptox.epa.gov/dashboard/chemical/details

/DTXSID2049210  

Molecular Weight (MW): 208.26* 

Log P (estimated): 3.15* 

Skin Permeability: log Kp [log(cm/h)]: -1.536** 

 

 

Type and overall impact of uncertainty (refer to Table 2a) Associated uncertainty to the read-across  

Type of uncertainty  Impact on overall uncertainty 
Very 

low 
Low Moderate High Notes 

Metrics of chemical 

similarity 

Low impact   X  Maximum Common Substructure (MCS Tanimoto): 0.46 

(http://chemmine.ucr.edu/similarity/)   

Chemical class Low impact  X   Similar molecular formula and the same functional groups; however, 

the source molecule has two phenyl rings. Both aldehyde-substituted 

benzylidene with a β-alkyl group  

Molecular similarity relating 

to toxicodynamics 

High impact   X  Both have the same functional group ,-unsaturated carbonyl and 

no other functional group relevant to reactivity. As such, both are 

capable of acting by the same mechanisms of action (Schiff base 

formation) although the target molecule may also act as a Michael 

acceptor***  

Rate of reactivity is similar being moderately reactive with GSH**** 
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Molecular similarity relating 

to toxicokinetics 

Where relevant, low impact   X  Differences in functional groups and molecular scaffolds may be 

associated with different absorption and distribution within the skin. 

In addition, there may be differences in metabolic pathways and 

elimination routes 

Molecular similarity relating 

to the formation of common 

metabolites or degradants 

Where relevant, high impact X    Both direct-acting electrophiles have the same metabolic pathways  

Chemical properties relating 

to toxicokinetics 

Moderate impact   X  Similar ADME parameters, with regard to skin absorption, the 

permeability of the source molecule is 1 log unit lower than the 

target. Highly similar MW, but a significant difference in log P (2 log 

units).  

Source data quality Moderate impact  X   Multi-replicates of LLNA following OECD TG 429 

Overall uncertainty The overall uncertainty is moderate, based on the structural similarity between the two molecules. The highest-impact uncertainty for these analogues regarding skin 

sensitisation is the reactive mechanism of action, as the source molecule was not identified as a Michael acceptor. Both molecules are predicted to have similar reactivity rates, 

as determined by the in silico profiler. If required, further experimental data (e.g., in chemico NAMs) could support this. The impact of metabolism/degradation for these 

compounds is very low, as they are direct-acting. 

The two molecules are similar in terms of physicochemical properties, particularly those affecting skin sensitisation, with moderate uncertainty. This is attributed to a 

significant difference in log P (the source has a lower log P) and lower skin permeability.   

*Data from US EPA CompTox Dashboard (link under structure) 474 

**Values from VEGA model: Skin Permeation (LogKp) model (Potts and Guy) 1.0.1 475 

***OECD QSAR Toolbox (ver 4.8) Protein binding by OASIS 476 

****OECD QSAR Toolbox (ver 4.8) Protein binding potency GSH 477 
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Based on the results shown in Tables 3 and 4, 2-benzylideneoctanal is the more suitable source 478 

compound for filling the data gap in skin sensitisation for 2-benzylidene-3,7-dimethyloct-6-enal, as it 479 

has the lower overall uncertainty. LLNA data from lower molecular weight benzylidene-substituted 480 

aldehydes (see Supplementary Information 2) add weight-of-evidence to the read-across evaluated in 481 

Table 3. 482 

As detailed in Supplementary Information 2, aldehydes with similar hydrocarbon scaffolds, but 483 

without a carbon-to-carbon double bond or a non-conjugated carbon-to-carbon double bond (i.e., 484 

non-benzylidenealkanals), are either non-sensitisers or sensitisers through a reactive mechanism 485 

other than Michael addition. 486 

 487 

3.4.2 Assessment of overall uncertainty for a read-across to fill a data gap for repeated 488 

dose toxicity 489 

1-[1-(1-Methoxypropan-2-yloxy)propan-2-yloxy]propan-2-ol or tripropyleneglycol monomethyl ether 490 

has no REACH dossier, and no repeated dose toxicity data were found. Therefore, it was taken as the 491 

target for this illustration of assessing uncertainties read-across. It is a C10H22O4 analogue, which is a 492 

secondary alcohol with a branched saturated aliphatic scaffold containing three ether linkages, 493 

including a terminal methoxy group. Searches of the scientific literature revealed several potential 494 

read-across source substances.  495 

Explanations of the metabolic rationale for eliminating primary and tertiary alcohols but including 496 

secondary alcohols and corresponding ketones in searching for source substances for the target 1-[1-497 

(1-methoxypropan-2-yloxy)propan-2-yloxy]propan-2-ol and relevant rodent sub-chronic repeat dose 498 

toxicity data are reported in Supplementary Information 3. Using the uncertainty assessment scheme 499 

described above, four of these substances were evaluated in Tables 5 to 8. Tables 5 to 8 draw upon 500 

and interpret information that would normally be captured in the data matrix to support read-across.  501 
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Table 5. Uncertainty analysis of the read-across of sub-chronic repeated dose toxicity from 1-(1-butoxypropan-2-yloxy)propan-2-ol to 1-[2-(2-methoxy-1-502 

methylethoxy)-1-methylethoxy]propan-2-ol. 503 

Data gap to be filled: sub-chronic repeated dose 

toxicity 

2D structure Key Properties Relating to Uncertainty 

Target molecule: 1-[2-(2-methoxy-1-methylethoxy)-1-

methylethoxy]propan-2-ol 

CAS # 20324-33-8  

SMILES notation: CC(COC(C)COC(C)COC)O 
 

https://pubchem.ncbi.nlm.nih.gov/compound/30111   
Structure from: 

https://comptox.epa.gov/dashboard/chemic

al/details/DTXSID6021616  

 
Molecular Weight (MW): 206.3 Da* 

Log P (estimated): 0.38* 

Elimination half-life:  3.4 hours** 

 

Source molecule: 1-(1-butoxypropan-2-yloxy)propan-2-ol 

CAS # 29911-28-2 

SMILES notation: CCCCOCC(C)OCC(C)O 

 

https://pubchem.ncbi.nlm.nih.gov/compound/247

52 
 

Structure from: 

https://comptox.epa.gov/dashboard/chemical/details

/DTXSID8027959 

 
Molecular Weight (MW): 190.3 Da* 

Log P (estimated): 1.42* 

Elimination half-life: 3.2 hours** 

 

Type and overall impact of uncertainty (refer to Table 2b) Associated uncertainty to the read-across  

Type of uncertainty  Impact on overall uncertainty 
Very 

low 
Low Moderate High Notes 

Metrics of chemical 

similarity 

Low impact  X   Maximum Common Substructure (MCS Tanimoto): 0.69 

(http://chemmine.ucr.edu/similarity/)   

Chemical class High impact X    Same, polyether-substituted aliphatic secondary alcohol 

Molecular similarity relating 

to toxicodynamics 

Low impact X    Similar potential reactive centres: secondary alcohol and alkoxy 

groups 

Both target and source contain the alert for “Propylene Glycol Ethers 

Category (Less susceptible) No Rank” which includes four structurally 

related propylene glycol ethers or the acetates.*** 
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Molecular similarity relating 

to toxicokinetics 

High impact X    Similar absorption and distribution, and the same metabolic 

pathways and elimination routes 

Molecular similarity relating 

to the formation of common 

metabolites or degradants 

High impact X    Same, oxidation to the corresponding ketone, hydroxylation, and 

phase II glucuronidation  

Chemical properties relating 

to toxicokinetics 

High impact X    Target has a similar MW, but a higher log P by approximately 1 log 

unit. Rate of clearance is predicted to be comparable. Very low 

uncertainty is assigned based on the rate of clearance.  

Source data quality High impact X    GLP-compliant, appropriate OECD test guidelines, multiple exposure 

schemes 

Overall uncertainty The overall uncertainty is very low due to structural similarity and identical or highly similar ADME properties. The data quality from read-across is exceptional, with both 

NOAEL and LOAEL values for the three routes of exposure. On this occasion, the approximately 1 log-unit difference in log P was deemed not to influence toxicity, as clearance 

rates are expected to be similar. 

Low uncertainty in the chemical similarity metric does not affect the overall uncertainty, as it has low impact. 

*Data from US EPA CompTox Dashboard (link under structure) 504 

**Values from VEGA model: Total body elimination half-life (QSARINS) 1.0.1 505 

***OECD QSAR Toolbox (ver 4.8) Repeated dose (HESS) profiler 506 

  507 
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Table 6. Uncertainty analysis of the read-across of sub-chronic repeated dose toxicity from 1-(1-propoxypropan-2-yloxy)propan-2-ol to 1-[2-(2-methoxy-1-508 

methylethoxy)-1-methylethoxy]propan-2-ol. 509 

 510 

Data gap to be filled: sub-chronic repeated dose 

toxicity 

2D structure Key Properties Relating to Uncertainty 

Target molecule: 1-[2-(2-methoxy-1-methylethoxy)-1-

methylethoxy]propan-2-ol 

CAS # 20324-33-8  

SMILES notation: CC(COC(C)COC(C)COC)O 
 

https://pubchem.ncbi.nlm.nih.gov/compound/30111   
Structure from: 

https://comptox.epa.gov/dashboard/chemic

al/details/DTXSID6021616  

Molecular Weight (MW): 206.3 Da* 

Log P (estimated): 0.38* 

Elimination half-life:  3.4 hours** 

Source molecule: 1-(1-propoxypropan-2-yloxy)propan-2-ol 

CAS # 29911-27-1 

 

SMILES notation: CCCOCC(C)OCC(C)O 

 

https://pubchem.ncbi.nlm.nih.gov/compound/121752  
Structure from: 

https://comptox.epa.gov/dashboard/chemical/proper

ties/DTXSID3033276 

Molecular Weight (MW): 176.3 Da*  

Log P (estimated): 0.97* 

Elimination half-life: 3.1 hours** 

 

Type and overall impact of uncertainty (refer to Table 2b) Associated uncertainty to the read-across  

Type of uncertainty  Impact on overall uncertainty 
Very 

low 
Low Moderate High Notes 

Metrics of chemical 

similarity 

Low impact X    Maximum Common Substructure (MCS Tanimoto): 0.73 

(http://chemmine.ucr.edu/similarity/)   

Chemical class High impact X    Same, polyether-substituted aliphatic secondary alcohol 

Molecular similarity relating 

to toxicodynamics 

Low impact X    Similar potential reactive centres: secondary alcohol and alkoxy 

groups 
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Both target and source contain the alert for “Propylene Glycol Ethers 

Category (Less susceptible) No Rank” which includes four structurally 

related propylene glycol ethers or the acetates.*** 

Molecular similarity relating 

to toxicokinetics 

High impact X    Similar absorption and distribution, and the same metabolic 

pathways and elimination routes 

Molecular similarity relating 

to the formation of common 

metabolites or degradants 

High impact X    Same, oxidation to the corresponding ketone, hydroxylation, and 

phase II glucuronidation  

Chemical properties relating 

to toxicokinetics 

High impact X    Similar log P, MW, etc., reflecting the minor differences in the 

number of C- and O-atoms. Rate of clearance is very similar. 

Source data quality High impact  X   GLP-compliant, most appropriate OECD test guidelines, no LOAEL 

Overall uncertainty The overall uncertainty is low based on the uncertainty in the toxicological data, i.e., no reported LOAEL. The ADME and chemical properties are very similar, as are the 

toxicodynamics.  

*Data from US EPA CompTox Dashboard (link under structure) 511 

**Values from VEGA model: Total body elimination half-life (QSARINS) 1.0.1 512 

***OECD QSAR Toolbox (ver 4.8) Repeated dose (HESS) profiler 513 

  514 
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Table 7. Uncertainty analysis of the read-across of sub-chronic repeated dose toxicity from 2,6-dimethylheptan-4-ol to 1-[2-(2-methoxy-1-methylethoxy)-1-515 

methylethoxy]propan-2-ol. 516 

 517 

Data gap to be filled: sub-chronic repeated dose 

toxicity 

2D structure Key Properties Relating to Uncertainty 

Target molecule: 1-[2-(2-methoxy-1-methylethoxy)-1-

methylethoxy]propan-2-ol 

CAS # 20324-33-8  

SMILES notation: CC(COC(C)COC(C)COC)O 
 

https://pubchem.ncbi.nlm.nih.gov/compound/30111   
Structure from: 

https://comptox.epa.gov/dashboard/chemic

al/details/DTXSID6021616  

Molecular Weight (MW): 206.3 Da* 

Log P (estimated): 0.38* 

Elimination half-life:  3.4 hours** 

Source molecule: 2,6-dimethylheptan-4-ol  

CAS # 108-82-7 

SMILES notation: CC(C)CC(CC(C)C)O 

 

https://pubchem.ncbi.nlm.nih.gov/compound/7957  
Structure from: 

https://comptox.epa.gov/dashboard/chemical/details

/DTXSID8026802 

Molecular Weight (MW): 144.3 Da* 

Log P (estimated): 3.15* 

Elimination half-life: 5.6 hours** 

 

Type and overall impact of uncertainty (refer to Table 2b) Associated uncertainty to the read-across  

Type of uncertainty  Impact on overall uncertainty 
Very 

low 
Low Moderate High Notes 

Metrics of chemical 

similarity 

Low impact   X  Maximum Common Substructure (MCS Tanimoto): 0.20 

(http://chemmine.ucr.edu/similarity/)   

Chemical class High impact   X  Similar aliphatic secondary alcohols but lacking ether linkages 

Molecular similarity relating 

to toxicodynamics 

Low impact   X  Similar potential reactive centre: secondary alcohol, but missing the 

alkoxy groups 

The target contains the alert for “Propylene Glycol Ethers Category 

(Less susceptible) No Rank” which includes four structurally related 
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propylene glycol ethers or the acetates. However, this is lacking from 

the source molecule*** 

Molecular similarity relating 

to toxicokinetics 

High impact  X   Similar absorption and distribution, and the same metabolic 

pathways and elimination routes 

Molecular similarity relating 

to the formation of common 

metabolites or degradants 

High impact X    Same, oxidation to the corresponding ketone, hydroxylation, and 

phase II glucuronidation  

Chemical properties relating 

to toxicokinetics 

High impact  X   The source molecule has a greater log P, but is slower to be 

eliminated, i.e., will be more bioavailable. The slower elimination 

mitigates, to some extent, the large difference in log P.  

Source data quality High impact  X   GLP-compliant, less appropriate OECD test guidelines; test of a 

70/30 binary mixture; NOAEL reported with a safety factor of 3 

Overall uncertainty The overall uncertainty is moderate as the structural differences between the target and source analogue are significant. The ADME and chemical properties reflect the 

differences in the number of carbon atoms and the number of alkoxy groups. The quality of the data being read across is severely diminished by the test being conducted in TG 

422, where the test material is a binary mixture with 70% target chemical and does not attain a LOAEL value. 

*Data from US EPA CompTox Dashboard (link under structure) 518 

**Values from VEGA model: Total body elimination half-life (QSARINS) 1.0.1 519 

***OECD QSAR Toolbox (ver 4.8) Repeated dose (HESS) profiler 520 

  521 
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Table 8. Uncertainty analysis of the read-across of sub-chronic repeated dose toxicity from 1-propoxypropan-2-ol to 1-[2-(2-methoxy-1-methylethoxy)-1-522 

methylethoxy]propan-2-ol. 523 

 524 

Data gap to be filled: sub-chronic repeated dose 

toxicity 

2D structure Key Properties Relating to Uncertainty 

Target molecule: 1-[2-(2-methoxy-1-methylethoxy)-1-

methylethoxy]propan-2-ol 

CAS # 20324-33-8  

SMILES notation: CC(COC(C)COC(C)COC)O 
 

https://pubchem.ncbi.nlm.nih.gov/compound/30111   
Structure from: 

https://comptox.epa.gov/dashboard/chemical/details/

DTXSID6021616  

Molecular Weight (MW): 206.3 Da (1) 

Log P (estimated): 0.38 (1) 

Elimination half-life:  3.4 hours (2) 

 

 

(1) Data from US EPA CompTox Dashboard (link under structure) 

(2) Values from VEGA model: Total body elimination half-life 

(QSARINS) 1.0.1 

Source molecule: 1-propoxypropan-2-ol 

CAS # 1569-01-3 

 

SMILES notation: CCCOCC(C)O 

 

https://pubchem.ncbi.nlm.nih.gov/compound/15286 

 

 
Structure from: 

https://comptox.epa.gov/dashboard/chemical/details

/DTXSID5029217 

Molecular Weight (MW): 118.2 Da (1) 

Log P (estimated): 0.60 (1) 

Elimination half-life: 2.6 hours (2) 

 
(1) Data from US EPA CompTox Dashboard (link under structure) 

(2) Values from VEGA model: Total body elimination half-life 

(QSARINS) 1.0.1 

 

Type and overall impact of uncertainty (refer to Table 2b) Associated uncertainty to the read-across  

Type of uncertainty  Impact on overall uncertainty 
Very 

low 
Low Moderate High Notes 

Metrics of chemical 

similarity 

Low impact  X   Maximum Common Substructure (MCS Tanimoto): 0.47 

(http://chemmine.ucr.edu/similarity/)   

Chemical class High impact  X   Similar aliphatic secondary alcohol and ether linkage 

Molecular similarity relating 

to toxicodynamics 

Low impact   X  Similar potential reactive centre: secondary alcohol and a single 

alkoxy group 

The target contains the alert for “Propylene Glycol Ethers Category 

(Less susceptible) No Rank” which includes four structurally related 

propylene glycol ethers or the acetates. However, this is lacking from 

the source molecule (3) 
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(3) OECD QSAR Toolbox (ver 4.8) Repeated dose (HESS) profiler 

Molecular similarity relating 

to toxicokinetics 

High impact   X  Dissimilar absorption and distribution, but the same metabolic 

pathways and elimination routes 

Molecular similarity relating 

to the formation of common 

metabolites or degradants 

High impact X    Same, oxidation to the corresponding ketone, hydroxylation, and 

phase II glucuronidation  

Chemical properties relating 

to toxicokinetics 

High impact   X  Similar log P, but the source has significantly lower MW and faster 

predicted clearance.  

Source data quality High impact   X  GLP-compliant, less appropriate route of exposure, NOAEC highest 

concentration tested, no LOAEC 

Overall uncertainty The overall uncertainty is moderate due to the structural differences between the target and source analogue, which lead to significant differences in clearance. The ADME and 

chemical properties reflect differences in the number of carbon atoms and alkoxy groups. The quality of the data being read across is significantly reduced because the NOAEC is 

the highest concentration tested, and there is no LOAEC value. 

 525 
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 526 

Based on the results shown in Tables 5-8, 1-(1-butoxypropan-2-yloxy)propan-2-ol is the most suitable 527 

source compound for filling the data gap in subchronic repeated dose toxicity for 1-[1-(1-528 

methoxypropan-2-yloxy)propan-2-yloxy]propan-2-ol, as it has the lowest overall uncertainty. The 529 

second-best source chemical, 1-(1-propoxypropan-2-yloxy)propan-2-ol, provides additional in vivo 530 

evidence supporting the read-across based on the best chemical pairings. 2,6-Dimethylheptan-4-ol 531 

and 1-propoxypropan-2-ol are both less ideal source materials, having moderate overall uncertainty 532 

due to significant and quantifiable structural differences.  533 

  534 

3.5 Analysis of uncertainty in published read-across predictions to identify tolerable 535 

uncertainty 536 

RIFM’s published safety assessments of fragrance materials were examined. Most contained at least 537 

one example of read-across to fill a data gap for human health and, occasionally, environmental 538 

endpoints. Of the published safety assessments, 25 were chosen for assessment of the uncertainties 539 

in the read-across predictions according to the criteria stated in Section 3.2 for skin sensitisation and 540 

repeated dose toxicity. The description of the read-across process, along with a summary of the read-541 

across approaches, is summarised in Supplementary Information 4 with the outcomes of the 542 

uncertainty assessment in Tables S4.1 and S4.2.  543 

These fragrance material safety assessments represented different chemical classes within the 544 

fragrance inventory (Date et al., 2020). The endpoint distributions of read-across reflect the 545 

distribution of endpoints across over 1,500 published assessments containing one or more read-across 546 

justifications (Moustakas et al., 2022) – although only two endpoints for a small number of examples 547 

were assessed here. Aside from one judgment, which was found to be “moderate” for repeated dose 548 

toxicity, the authors considered the overall uncertainty of the read-across pairings to be “very low” or 549 

“low”. It is acknowledged that fragrance ingredients are an exceptionally data-rich segment of the 550 

chemical universe, with limited structural diversity, and that these factors contribute to the overall 551 

uncertainties being so low. The findings support the idea that tolerable uncertainty is likely ensured if 552 

the overall judgment indicates low or very low uncertainty. 553 

 554 

4 Discussion 555 

Read-across is one of the most important, if not the most widely used, in silico NAMs. Although their 556 

acceptance rates vary, they are progressively improving (Hartung and Rovida 2025). Several read-557 
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across scenarios have been identified (Patlewicz et al., 2025). The most common use is filling data 558 

gaps, especially for replacing animal tests in risk assessments for industrial and regulatory purposes. 559 

Generally, using read-across to support risk assessment involves some of the strictest acceptance 560 

criteria, with acceptability and confidence levels, along with supporting information, being 561 

determined by industrial standards or regulatory requirements. One way to evaluate read-across is to 562 

develop methods for identifying and characterising uncertainty. The recent EFSA guidance reinforces 563 

the idea of “tolerable uncertainty,” but it does not specify the acceptable levels. This study aimed to 564 

develop and utilise a novel approach to assess qualitatively the main aspects of uncertainty in read-565 

across based, in part, on EFSA’s guidance relating to uncertainty and read-across (EFSA Scientific 566 

Committee, 2018b; 2025).  567 

 568 

4.1 Qualitative assessment of the uncertainty in read-across 569 

This study identified seven core elements that contribute to uncertainty in read-across. The goal was 570 

to simplify the process of identifying uncertainty in read-across into a clear, manageable set of criteria.  571 

A variety of approaches to characterise and quantify uncertainty in in silico toxicology have been 572 

previously explored and influenced this work. These include methods such as Bayesian learning (Allen 573 

et al., 2022) and conformal predictions (Sapounidou et al., 2023), among others (Sahlin et al., 2011). 574 

The approach taken in this study was not based on statistical methods but aimed to develop a 575 

transparent, flexible, and easily applicable scheme that could be used to evaluate read-across and 576 

demonstrate tolerable uncertainty. This study employed four levels of uncertainty, based on principles 577 

outlined by the EFSA Scientific Committee (2018a, b). The four ordinal classifications of uncertainty 578 

rely on expert analysis and enough information to assess the acceptability of the read-across. The 579 

primary uncertainty levels are “very low” and "low," and it is expected that these would be acceptable 580 

for most purposes. However, only very low levels of uncertainty may be inevitably acceptable for 581 

certain uses, such as filling data gaps for regulatory-related risk assessments. Moderate levels of 582 

uncertainty may be tolerable in certain circumstances, and when the impact on the overall outcome 583 

is low. High levels of uncertainty are, in most cases, unlikely to be tolerable; the high uncertainty 584 

grading is broad (note that no very high classification is proposed) and intended to capture any level 585 

of non-tolerable uncertainty. It is unlikely for a read-across prediction with significantly high levels of 586 

uncertainty to ever advance beyond the formative phase unless it is mitigated by low, or no, impact 587 

or until further data and / or information is included to create a weight-of-evidence (Escher et al., 588 

2019; 2022).    589 
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To meet current regulatory standards and criteria, classifying uncertainty in binary terms (e.g., 590 

acceptable/unacceptable) is of little, or no, value. Ordinal classifications (e.g., classification with three 591 

or more categories) have been proposed. Schultz et al. (2015) proposed three levels: high, moderate, 592 

and low. ECHA RAAF has five AOs (ECHA, 2017). These can be broadly mapped onto the scheme 593 

proposed in this study, as demonstrated in Table 1. It is intended that every aspect of the read-across 594 

uncertainty scheme be flexible and adaptable. If there is a need to adjust the definitions or impact of 595 

the relative levels of uncertainty, this would be possible. However, schemes with a high number of 596 

classifications (i.e., more than five) often struggle to achieve a majority, let alone a consensus, of 597 

expert opinions.    598 

As illustrated in the examples (Tables 3-8), an overall uncertainty statement for the read-across can 599 

also be derived from the ordinal values in the proposed scheme. Three factors contribute to this 600 

statement: 1) the overall impact on the uncertainty of the final prediction, 2) the magnitude of 601 

uncertainty associated with the endpoint being filled, and 3) the sensitivity of uncertainty to the read-602 

across concept. However, the contributions of these factors vary. Only one uncertainty criterion 603 

(chemical-similarity metrics) has an overall impact below the high level.  604 

When the specified similarity is relevant to the read-across chemical pairing, the overall impact on the 605 

final prediction's uncertainty and the magnitude of uncertainty associated with the endpoint being 606 

filled are typically highly correlated. Therefore, overall uncertainty is usually driven by the high-impact 607 

uncertainties. The general consideration is that overall uncertainty cannot be lower than the highest 608 

level of uncertainty among the “high impact” uncertainties. Overall uncertainty can be lower than the 609 

level of uncertainty associated with “moderate/low impact" uncertainties. However, concrete 610 

examples of such occurrences are not available as failed read-across predictions are not published. 611 

Tolerable uncertainty would usually be established during the problem formulation stage of read-612 

across (EFSA Scientific Committee, 2025) and will be specific to the context and use. A key aim of this 613 

study and a notable feature of the proposed approach is to identify and define tolerable uncertainty. 614 

This method would enable the expression of levels of tolerable uncertainty, and, by applying the seven 615 

criteria in a standard format, can vastly improve their application. Applying the reported uncertainty 616 

assessment scheme to the 25 published read-across assessments for skin sensitisation (see Table S4.1) 617 

and repeated dose toxicity (see Table S4.2), we obtained only one prediction that has an overall 618 

uncertainty greater than “low”.  The overall uncertainty of moderate is explainable, and could be 619 

improved by the addition of further data to reduce uncertainty.  620 

A key feature of the proposed uncertainty assessment scheme is its flexibility. Although only skin 621 

sensitisation and subchronic repeat dose systemic toxicity are demonstrated, it can be adapted to 622 
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other endpoints. Typically, the scheme details for skin sensitisation can be easily modified for 623 

mutagenesis, clastogenesis, and likely photo irritation. Similarly, the scheme details for repeat dose 624 

toxicity should be adjustable to include fertility and developmental toxicity. 625 

 626 

4.2 Regulatory relevance of the proposed scheme and template for the assessment of 627 

uncertainty in read-across.  628 

The scheme presented provides for the pragmatic assessment of overall uncertainty in a flexible 629 

manner and the opportunity for tolerable uncertainty to be stated as part of the regulatory 630 

framework. Specifically with regard to ECHA RAAF (ECHA, 2017), the above examples are directly 631 

relatable to ECHA RAAF Scenario 2 (analogue approach for which the read-across hypothesis is based 632 

on different compounds with qualitatively similar properties). With regard to the AEs in RAAF Scenario 633 

2, the approach to assess uncertainty will directly support: 634 

• AE A.2 Link of structural similarities and differences with the proposed prediction 635 

In addition, it will provide indirect support to assess: 636 

• AE 2.2 Common underlying mechanism, qualitative aspects  637 

• AE 2.3 Common underlying mechanism, quantitative aspects 638 

The scheme will need to be adapted for each endpoint assessed, particularly with a better 639 

understanding of the impact of each of the uncertainty criteria. It is envisioned that the requirements 640 

to provide evidence to meet the information requirements within current, and future, chemicals’ 641 

legislation will dictate that overall uncertainty must be preferentially “very low” as described in this 642 

approach, or occasionally “low” with reasonable justification. These uncertainties have not previously 643 

been placed in a defined, and quantifiable context as is provided in this approach. The scheme and 644 

template also allow for the inclusion of further evidence to support the structural characterisation, 645 

such as the inclusion of NAM data.  646 

The scheme can also be adapted to meet the needs of other RAAF scenarios (not detailed herein). In 647 

addition, it can be used for other regulatory purposes, where similarity criteria may be more relaxed. 648 

An example is the recent revision of the EU Classification, Labelling and Packaging (CLP) (EC, 2024), 649 

where greater emphasis has been placed on the use of groups for harmonised classifications (CLH). 650 

CLH may allow for more relaxed consideration of similarity, for instance, putting emphasis on similarity 651 

in mode of action, rather than 2D structure. Such relaxation of criteria can be accommodated in the 652 

scheme in two ways. One possibility is that the relative impact of the uncertainty criteria could be 653 

reduced, emphasising the structural basis of the mode of action. Alternatively, in the flexible 654 
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application of the scheme, higher uncertainty in the less relevant criteria (e.g., for structural similarity) 655 

could be tolerable on an ad hoc and well-justified, basis. These latter points could be made clear in 656 

the overall problem formulation.  657 

 658 

5. Summary 659 

It has been over a decade since Ball and others broached the question, "How much uncertainty in 660 

read-across predictions is too much?" (Ball et al., 2014). Some of the earlier findings remain valid 661 

today. The differences in establishing tolerable uncertainty depend on the data gap being filled, 662 

specifically the context (regulatory or otherwise) and endpoint. Data gap ranging from observations 663 

at the molecular or cellular level to those at the organismal level. Some data gaps exist for well-studied 664 

and well-understood endpoints, while others pertain to less well-understood endpoints. Additionally, 665 

some data gaps are expressed in binary ordinal terms (toxicity or non-toxicity), while others are 666 

quantified as continuous potency. These factors impact the uncertainties associated with accepting a 667 

read-across prediction. Specific policies and/or regulations will also influence tolerable uncertainty, 668 

such as assessing every substance in an inventory or avoiding animal testing. While determining 669 

tolerable uncertainty in read-across remains expert-derived and determined on a case-by-case basis, 670 

the criteria for evaluating and standards for quantifying uncertainty have become more established.  671 

The scheme for assessing uncertainty in read-across proposed in this study is intended to be flexible 672 

and adaptable. It defines fully the levels of uncertainty and their relative impact. While different 673 

degrees of structural similarity and various data arrays are observed in published read-across 674 

predictions, the uncertainties associated with these predictions can be classified into two situations. 675 

The read-across is directly actionable based on data from a source chemical that strictly or near-strictly 676 

meets the structural definition of the target substance. However, as the structural definition of the 677 

chemical grouping becomes more lenient, uncertainty tends to increase, making the read-across not 678 

actionable without considering additional forms of chemical similarity. The approach presented herein 679 

is intended to assist in translating the concept of uncertainties in read-across into a scheme that 680 

recognises, evaluates, and details relevant and overall uncertainties. 681 
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Highlights 

• Uncertainty in read-across assessments is categorised into seven criteria 

• Read-across uncertainty has been characterised and the relative impact identified 

• Assessment of (overall) uncertainty based on chemical structure and properties 

• Simple and transparent template for uncertainty in read-across  

• Tolerable uncertainty of the accepted read-across identified 
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